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ABSTRACT: The Met16Phe mutant of the type 1 copper protein pseudoazurin (PACu), in which a phenyl
ring is introduced close to the imidazole moiety of the His81 ligand, has been characterized. NMR studies
indicate that the introduced phenyl ring is parallel to the imidazole group of His81. The mutation has a
subtle effect on the position of the two S(Cys)fCu(II) ligand-to-metal charge transfer bands in the visible
spectrum of PACu(II) and a more significant influence on their intensities resulting in aA459/A598 ratio of
0.31 for Met16Phe as compared to aA453/A594 ratio of 0.43 for wild-type PACu(II) at pH 8. The electron
paramagnetic resonance spectrum of the Met16Phe variant is more axial than that of the wild-type protein,
and the resonance Raman spectrum of the mutant exhibits subtle differences. A CγH proton of Met86
exhibits a much smaller hyperfine shift in the paramagnetic1H NMR spectrum of Met16Phe PACu(II) as
compared to its position in the wild-type protein, which indicates a weaker axial Cu-S(Met86) interaction
in the mutant. The Met16Phe mutation results in an∼60 mV increase in the reduction potential of PACu.
The pKa value of the ligand His81 decreases from 4.9 in wild-type PACu(I) to 4.5 in Met16Phe PACu(I)
indicating that theπ-π contact with Phe16 stabilizes the Cu-N(His81) interaction. The Met16Phe variant
of PACu has a self-exchange rate constant at pH* 7.6 (25°C) of 9.8× 103 M-1 s-1 as compared to the
considerably smaller value of 3.7× 103 M-1 s-1 for the wild-type protein under identical conditions. The
enhanced electron transfer reactivity of Met16Phe PACu is a consequence of a lower reorganization energy
due to additional active site rigidity caused by theπ-π interaction between His81 and the introduced
phenyl ring.

Type 1 copper sites are found in a wide range of proteins
and are always involved in ET1 reactions. Single domain
proteins that bind a solitary type 1 copper ion as their only
cofactor are known as cupredoxins. PACu is a cupredoxin,
which is found in denitrifying bacteria where it acts as the
electron donor to a NiR (1-3). The structures of PACu from
various sources have been determined (4-10). In all cases,
the protein contains eightâ-strands, which form twoâ-sheets

giving an overallâ-sandwich topology. Additionally, PACu
possesses twoR-helices, which are located at its C terminus.
The single copper ion is buried approximately 5 Å from the
protein surface and has a distorted tetrahedral geometry, with
the metal strongly coordinated by the Nδ atoms of His40
and His81 and by the thiolate sulfur of Cys78 (see Figure
1). The copper ion is displaced from the plane of these three
equatorial ligands by∼0.4 Å in the direction of the thioether
sulfur of the weak axial Met86 ligand. The C-terminal His81
ligand of PACu protrudes through a region on the protein’s
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FIGURE 1: Active site structure of (A) PACu(II) fromA. cyclo-
clastes(8) (PDB accession code 1BQK) and (B) oxidized plasto-
cyanin from the fernD. crassirhizoma(11, 12) (PDB accession
code 1KDJ) drawn with MOLSCRIPT (13). In both structures, the
four coordinating residues are shown along with the side chain of
the amino acid that interacts with the imidazole ring of the
C-terminal His ligand. The copper ion is shown as a gray sphere
in both structures.
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surface made up of nonpolar amino acid residues, an area
crucial for the association of PACu, and other cupredoxins,
with physiological redox partners (14-17). The hydrophobic
patch has also been shown to be the region whereby two
cupredoxins associate to form the encounter complex for ESE
(18-20).

Type 1 copper sites, such as that found in PACu, have
unique spectroscopic features including an intense
S(Cys)fCu(II) LMCT transition at∼600 nm in their visible
spectra and unusually smallAz values in their EPR spectra
(21, 22). Site-directed mutagenesis studies have demonstrated
that the only active site residue required for a copper center
with type 1 spectroscopic properties is the Cys ligand (21,
23). The replacement of the other coordinating amino acids
results in a type 1 copper site with slightly altered spectro-
scopic features (21, 24-33). In almost all cases, mutation
of one of the ligating residues results in dramatically
decreased ET reactivity.

Because of the elaborate design of cupredoxins, it is not
only the coordinating residues that are of key importance to
the structure and function of the copper center. The second
coordination sphere of the metal ion is essential for producing
an efficient ET protein by helping to maintain a rigid active
site environment [the concept of an entatic (34) or rack-
induced (35) state]. One such vital residue is the Asn, which
is found adjacent to the N-terminal His ligand in most
cupredoxins and makes a number of important hydrogen-
bonding contacts in the vicinity of the copper site. These
interactions enhance the stiffness of the protein in this region,
and mutagenesis studies have highlighted the importance of
this residue (36-38). Another key residue present in the
second coordination sphere of certain cupredoxins is the Pro,
which is found immediately before the C-terminal His ligand.
In PACu, it has been shown that the Pro80Ala and Pro80Ile
mutations both affect the reduction potential of the protein
(39, 40). In the Pro80Ala mutant, this influence has been
attributed to a change in the solvation energy of the copper
center, whereas the modification in the reduction potential
observed in the Pro80Ile variant is mainly due to geometric
effects (40). Mutation of the corresponding residue in
amicyanin (Pro94) also has a significant influence on the
reduction potential of this cupredoxin (41).

The interaction of ligating amino acids at a type 1 copper
site with aromatic residues in the second coordination sphere
of the metal ion is also important (11, 12, 42-45). One
recently identified example is a novel cation-π interaction,
a noncovalent contact important in numerous biological
systems (46), between the ligand His39 and Phe13 in the
cupredoxin cucumber basic protein (45). Another non-
covalent interaction involving the ligating imidazoles and
aromatic side chains, which has recently been identified in
a cupredoxin, is aπ-π interaction (11, 12). Attractiveπ-π
interactions have been appreciated for many years and are
key factors in the structure of DNA (47), DNA intercalation
(48), the three-dimensional structures of proteins (49), and
numerous other biological and chemical systems (for ex-
ample, see refs50-55). Of particular interest for the present
investigations are the studies on Cu(II)(His)(amino acids
Phe, Tyr, or Trp) complexes, which show the existence of
intramolecular stacking between the imidazole ring of the
coordinated His and the particular aromatic side chain (51-
53). In the plastocyanin (also a cupredoxin) from the fern

Dryopteris crassirhizoma, a π-π interaction between the
C-terminal His90 ligand and the phenyl ring of Phe12 (see
Figure 1) results in this protein having a number of unusual
features (11, 12, 56). One such attribute is the absence of
protonation and dissociation of the His ligand in the reduced
protein in the accessible pH range, which occurs in all other
plastocyanins (56, 57) as well as in a number of other reduced
cupredoxins including PACu (6, 58-62). Protonation of the
C-terminal His ligand has a dramatic effect on the reduction
potential and ET capabilities of cupredoxins (56, 58, 63-
66), and it has been purported that it may have physiological
relevance (57, 62, 66).

In the structure of PACu, the solvent-exposed His81
interacts weakly with the side chain of Met16, which is
within van der Waals contact distance (see Figure 1). In this
study, we have introduced aπ-π interaction between the
His81 ligand and the phenyl group of a Phe in PACu by
constructing the Met16Phe variant. The intriguing influence
that this noncovalent interaction has on the properties of the
copper site of PACu is reported.

EXPERIMENTAL PROCEDURES

Growing Achromobacter cycloclastes and the Isolation of
NatiVe PACu. A. cycloclasteswas grown, and native PACu
was isolated and purified as described previously (67).

Cloning of the PACu Gene. A. cycloclastesIAM 1013 was
grown at 30°C in LB medium, and genomic DNA was
isolated (using the G NOME kit from BIOgene). The
genomic DNA was used as a template in polymerase chain
reactions (PCR) in which the PACu gene was amplified using
the following two primers: ccatggtgaatgcaatcaagag (forward
primer) and ccatggctagaagtcgcttagt (reverse primer). The
primer sequences were based on the DNA sequence ofA.
cycloclastesIAM 1013 PACu (68) and were designed in such
a way to include the signal sequence for the protein. The
amplified fragment was subcloned into pBluescript, digested
with NcoI, and ligated into pTrc99A (Amersham). Both
strands of the PACu insert in this plasmid (pTrcsPACu) were
sequenced.

Introduction of the Met16Phe Mutation. Mutagenesis was
carried out on the pTrcsPACu plasmid using the Quick-
Change (Stratagene) site-directed mutagenesis kit. The
following primers were utilized to bring about the Met16Phe
mutation: ggcaaggacggcgcgttcgttttcgagccggcg (forward primer)
and cgccggctcgaaaacgaacgcgccgtccttgcc (reverse primer)
with the underline codons corresponding to the introduced
amino acid. The plasmid containing the mutation (pTrcM16F)
was verified by sequencing.

Cell Growth, Protein Isolation, and Purification of Wild-
Type and Met16Phe PACus. For both the wt PACu and the
Met16Phe variant, the bacterial growth procedure and the
method used for protein isolation and purification are
identical and can be found in the Supporting Information.

UV/Vis Spectrophotometry.For UV/vis experiments, the
proteins were fully oxidized using a sufficient volume of a
20 mM solution of K3[Fe(CN)6]. The proteins were ex-
changed into 10 mM potassium phosphate. UV/vis spectra
were acquired at 25°C on a Perkin-Elmerλ35 spectropho-
tometer at various pH values.

Determination of Molar Extinction Coefficients. To de-
termine the molar extinction coefficients (ε values in M-1
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cm-1) of the Met16Phe mutant, a protein solution of a certain
concentration was prepared in 20 mM phosphate, pH 6.0.
Three separate UV/vis spectra were obtained and averaged.
Three independent protein concentrations were carried out
using the BCA protein assay kit (Pierce). In this analysis,
pure wt PACu was used to obtain the calibration plot.

EPR Spectroscopy. X-band EPR spectra were obtained on
a frozen solution of both wt and Met16Phe PACu(II) at 77
K on either a JEOL RE3X or Bruker EMX spectrometer.
The protein was exchanged into 25 mM Hepes, pH 7.6 (40%
glycerol) and either 50 mM phosphate or 50 mM acetate for
measurements in the ranges pH 5-10 and pH 3-5, respec-
tively. Spectra were simulated using the program SIMFONIA
(Bruker).

RR Spectroscopy. RR spectra were measured with samples
in 20 mM phosphate at pH 7.0 and at room temperature with
a spinning cell (1800 rpm; diameter) 5 mm). Raman shifts
were calibrated to an accuracy of 1 cm-1 using CCl4. RR
scattering was excited at 647.1 nm using a Kr+ ion laser
(Spectra-Physics model 2016) and a liquid nitrogen-cooled
CCD detector (Princeton Instruments, model LN/CCD-1100
× 300PB) attached to a single monochromator (Ritsu Oyo
Kagaku model MC-100 DG). The laser power at the
sampling point was adjusted to 20 mW.

Protein Samples for Paramagnetic1H NMR Studies.For
the paramagnetic NMR experiments, PACu(II) samples were
exchanged into 10 mM potassium phosphate in 99.9% D2O
at pH* 7.6 using centrifugal ultrafiltration units (Centricon
10, Amicon) and typically contained∼3 mM protein.

PACu(I) Samples for1H NMR InVestigations. PACu was
fully reduced by the addition of 1 equiv of sodium ascorbate,
and the protein was exchanged into 10 mM potassium
phosphate (99.9% D2O). The sample was transferred to an
NMR tube and flushed with nitrogen. A small amount of
sodium ascorbate was added to the sample to maintain the
protein in the reduced form.

NMR Sample Preparation for ESE Rate Constant Meas-
urements. For ESE rate constant measurements, Met16Phe
PACu was exchanged into 37 mM phosphate at pH* 7.6.
PACu(I) was produced as described above, with the excess
reductant exchanged out by ultrafiltration. The reduced
sample was placed in an NMR tube, flushed with nitrogen,
and sealed. Fully oxidized protein was obtained as described
above, and the excess oxidant was removed by ultrafiltration.
Small amounts of the oxidized protein were added to the
reduced sample. The concentration of PACu(II) was deter-
mined by transferring the mixed sample to a 2 mmUV/vis
cuvette and measuring the absorbance at 598 nm (ε ) 4700
M-1 cm-1). Readings were taken before and after the
acquisition of NMR spectra, with an average of the two
values used for all subsequent calculations (the values usually
differed by<0.2% of the total protein concentration).

Adjustment of the pH of Protein Samples. The pH values
of protein solutions were measured using a narrow pH probe
(Russell KCMAW11) with an Orion 420A pH meter. The
pH of the sample was adjusted using NaOD or DCl in
deuterated solutions and NaOH and HCl in H2O solutions.
The pH values quoted in deuterated solutions are uncorrected
for the deuterium isotope effect and are indicated by pH*.

NMR Spectroscopy. 1H NMR spectra were acquired on a
JEOL Lambda 500 spectrometer largely as described previ-

ously (67), and the details are given in the Supporting
Information.

Electrochemical Measurements. The direct measurement
of the reduction potential of the Met16Phe variant was carried
out using an electrochemical set up described previously (11)
with a gold working electrode modified with 4,4-dithiodi-
pyridine. The reduction potential at various pH values was
measured at room temperature in 20 mM phosphate plus 100
mM NaCl.

Kinetic Studies of the Oxidation of wt and Met16Phe
PACu(I) Mutant by the Inorganic Complex NH4[Co(dipic)2] ‚
H2O. The complex ammonium bis(pyridine-2,6-dicarbox-
ylato)cobaltate(III) (reduction potential 747 mV vs NHE) was
prepared as described previously (61) and was characterized
from its visible peak at 510 nm (ε ) 630 M-1 cm-1). The
oxidation of wt and Met16Phe PACu(I) was monitored at
594 and 598 nm, respectively, on an Applied Photophysics
SX.18MV stopped-flow reaction analyzer at 25°C. All rate
constants were obtained under pseudo-first-order conditions
(with the inorganic oxidant in greater than 10-fold excess
using protein concentrations of 10-30 µM) and were an
average of at least five determinations using the same
solutions.

The pH dependence of the oxidation of the two proteins
by [Co(dipic)2]- was studied in the range of pH 6.3-3.8.
The studies in the pH range of 6.3-5.4 were carried out in
Mes buffer, and sodium acetate buffer was used in the range
5.3 to 3.8 (all atI ) 0.10 M with NaCl). A pH jump method
was used in which the protein was in 1 mM buffer (I )
0.10 M, NaCl) in the middle of the pH range covered by the
particular buffer, and the [Co(dipic)2]- solution was made
up in 40 mM buffer (I ) 0.10 M, NaCl) at the pH that was
to be investigated. Check experiments were carried out in
which both the complex and the protein were in 20 mM
buffer (I ) 0.10 M, NaCl) at the desired pH value, and
identical results were obtained.

RESULTS

UV/Vis Spectra. The UV/vis spectrum of wt PACu(II) at
pH 8.0 is shown in Figure 2 and exhibits three intense
absorption bands at 453 (ε ) 1600 M-1 cm-1), 594 (ε )
3700 M-1 cm-1) [both due to the S(Cys)fCu(II) LMCT
transitions], and 758 nm (ε ) 1800 M-1 cm-1). The spectrum
of Met16Phe PACu(II) is also shown in Figure 2 (also at
pH 8.0) and is different to that of the wt protein. The most
intense absorption band is shifted to 598 nm in the mutant,

FIGURE 2: Part of the UV/vis spectra (25°C) of the oxidized
proteins at pH 8.0 in 10 mM phosphate.

Characterization of the Met16Phe Pseudoazurin Mutant Biochemistry, Vol. 42, No. 22, 20036855



and the molar extinction coefficient increases to 4700 M-1

cm-1. The second S(Cys)fCu(II) LMCT band is also shifted
as compared to its position in wt PACu(II) to 459 nm in the
Met16Phe variant, and its intensity decreases to 1470 M-1

cm-1. This results in aA459/A598 ratio of 0.31 for Met16Phe
PACu(II) as compared to aA453/A594 ratio of 0.43 for wt
PACu(II).

The visible spectrum of the Met16Phe mutant is pH-
dependent in the range 8.0 to 5.0 as is also the case in wt
PACu(II) (67). When the pH is lowered from 8.0, the band
at 598 nm increases in intensity while that at 459 nm
becomes less intense (the position of the bands is unaltered
in this pH range). This results in aA459/A598 ratio of 0.25 at
pH 5.0, and the pH dependence of theA459/A598 ratio (data
not shown) can be fit (three parameters, nonlinear least
squares) to eq 1 corresponding to a two state pH-dependent
equilibrium

whereR is the observedA459/A598 ratio andRH andRL are
the corresponding ratios at high and low pH, respectively,
yielding a pKa of 6.5 ( 0.1 (RH andRL values of 0.31 and
0.25, respectively, were obtained from this fit). The pKa

obtained for this effect in wt PACu(II) is 6.6( 0.1 (67).

EPR Spectra. The X-band EPR spectra of wt and
Met16Phe PACu(II) at pH 7.6 are shown in Figure 3. The
spectra of both proteins are almost unaltered by changing
pH in the range 10.0 to 3.0 and are rhombic in appearance
with that of the Met16Phe variant being slightly more axial.
This is confirmed by the EPR parameters [wt PACu(II),gx

) 2.015,Ax ) 7.3 mT,gy ) 2.053,Ay ) 1.8 mT,gz ) 2.213,
Az ) 3.5 mT; Met16Phe PACu(II),gx ) 2.015,Ax ) 7.5
mT, gy ) 2.043, gz ) 2.206, Az ) 3.8 mT] for the two
proteins. The simulation of the EPR spectra of both wt and
Met16Phe PACu(II) in thegz region is complicated by the
small signal at low field and the apparent lack of a four line
hyperfine pattern in this region. Similar features have been
observed in the EPR spectra of other cupredoxins, including
the PACu fromAlcaligenes faecalis(31, 32, 38, 69-71).
The gz and Az values that are quoted herein are therefore
preliminary and are currently the subject of further investiga-

tions (errors in these numbers have no impact on the
conclusions of the present investigation).

RR Spectra. In Figure 4, the RR spectra of wt PACu(II)
and the Met16Phe variant are compared. The large number
of bands that occur in this region of the spectrum have been
ascribed to kinematic and vibronic coupling of the Cu-S
stretch with Cys ligand deformations (72). The main band
in this region of the RR spectra of type 1 copper sites has
been used as an estimate of the Cu-S(Cys) bond strength
(73). There are slight modifications in the RR spectrum of
Met16Phe PACu(II) as compared to the spectrum of the wt
protein, and these are highlighted by the difference spectrum
shown in Figure 4.

Paramagnetic1H NMR Spectra. The paramagnetic1H
NMR spectrum of Met16Phe PACu(II) is shown in Figure
5 along with that of the wt protein, and the positions of peaks
are listed in Table 1. The directly observed hyperfine shifted
resonances in the spectrum of the wt protein have previously
been assigned [see Table 1 (67)]. In the spectrum of the
mutant, most of the shifted resonances are present in almost
identical positions as in the wt protein (see Figure 5 and
Table 1); thus, we can assume that they arise from the same
protons. The main difference between the two spectra is that
peakg, the Met86 CγH proton that is found at 13.0 ppm in
wt PACu(II), is not observed in the spectrum of the mutant.
This signal must exhibit a much smaller hyperfine shift in
the spectrum of Met16Phe and is not observed outside of
the diamagnetic region.

1H NMR Studies on the Reduced Proteins and the Influence
of pH. The 1H NMR spectra of wt and Met16Phe PACu(I)
are very similar highlighting that this mutation does not affect
the overall structure of PACu. It is interesting to note that
the resonance from a methyl group (at 1.73 ppm, data not
shown) presumably belonging to Met16 is absent in the
spectrum of the Met16Phe mutant and resonances from the

FIGURE 3: X-band EPR spectra of the oxidized proteins in 25 mM
Hepes, pH 7.6 (40% glycerol), at-196 °C.

R ) (KaRH + [H+]RL)/(Ka + [H+]) (1)

FIGURE 4: RR spectra of (A) wt and (B) Met16Phe PACu(II) in
20 mM phosphate, pH 7.0, under 647 nm excitation at room
temperature. Also shown is the difference spectrum obtained by
subtracting the Met16Phe spectrum from that of the wt protein (C).
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phenyl group of the introduced Phe16 can be identified (at
7.10 and 7.00 ppm, see Figure 6). The region of the spectrum
shown in Figure 6 contains the imidazole ring proton
resonances (Cδ2H and Cε1H) from His residues, which appear
as singlets (actually unresolved doublets) and can readily
be assigned. PACu possesses three His residues at positions
6, 40, and 81, with the latter two being copper ligands. In
the spectrum of wt PACu(I) at pH* 6.0 (see Figure 6), the
signals at 8.68 and 7.26 ppm have been assigned to the Cε1H
and Cδ2H resonances of His6, respectively, the peaks at 7.61
and 6.93 to the corresponding protons of His40, and the
resonances at 7.28 and 7.08 ppm to those protons of His81
(67). Imidazole ring protons from His residues are identified
at 8.70, 7.50, 7.35, 7.23, 7.01, and 6.37 ppm at pH* 5.8 in
the spectrum of Met16Phe PACu(I) variant (using HSE and
CPMG pulse sequences). The signals at 8.70 and 7.23, 7.50
and 7.01, and 7.35 and 6.37 ppm experience cross-peaks in
a TOCSY spectrum indicating that these pairs of protons
arise from the same His residues. The chemical shifts of the
resonances at 8.70 and 7.23 ppm are dependent upon pH*
in the range 8.3 to 5.5 (with the position of the peak at 8.70
ppm exhibiting a much larger shift over this pH range) and
can be fit to eq 2

yielding pKa* values of 7.1( 0.1. This pKa* value is typical
of a noncoordinated His residue, and we can thus assign these
two signals to His6, with the peak at 8.70 ppm arising from

the Cε1H resonance and that at 7.23 ppm being the Cδ2H
signal. This assignment is supported by the fact that in wt
PACu(I) the His6 resonances are found in almost identical
positions (vide supra and see Figure 6) and experience a
similar pH* dependence also giving rise to a pKa* of 7.1 (
0.1 (67).

In the NOESY spectrum of Met16Phe PACu(I), the His
signals at 7.35 and 7.50 ppm exhibit a strong dipolar
connectivity. Such an NOE can only occur between the Cε1H
protons of the two His ligands (His40 and His81), which
are situated 2.93 Å apart in the structure of wt PACu(I).
Furthermore, a strong NOE is observed between the His Cε1H
signal at 7.50 ppm and the Phe16 resonance at 7.00 ppm,
with a weaker NOE observed to the Phe16 peak at 7.10 ppm.
The other His Cε1H signal (at 7.35 ppm) exhibits very weak
NOEs to both of the Phe16 resonances (with a slightly
stronger NOE observed to the signal at 7.00 ppm). This
pattern of NOEs is consistent with the His Cε1H signal at
7.50 ppm belonging to His40 and that at 7.35 ppm arising
from the corresponding signal of His81 [in the crystal
structure of the reducedD. crassirhizomaplastocyanin one
of the CδH protons of Phe12 is only 2.1 Å from the His37
Cε1H proton, whereas distances of ca.>4 Å are observed
between protons on the phenyl ring of Phe12 and the
imidazole group of His90 (11, 12)]. Thus, the His signal at
7.01 ppm can be assigned to the Cδ2H of His40 and that at
6.37 ppm to the Cδ2H of His81. The observed upfield shift
of the Cδ2H of His81, due to ring current effects, is as
expected if the phenyl ring of Phe16 is parallel to the
imidazole moiety of the histidine and further supports the
assignments that we have made. In summary, the positions
of most of the His imidazole ring protons are almost
unaffected by the Met16Phe mutation. The only exception
is the Cδ2H of His81, which is upfield shifted by∼0.7 ppm
in the mutant as compared to its position in the wt protein.

At pH* values below approximately 6.0, the position of
the imidazole ring protons of the His81 ligand in wt PACu(I)
start to shift in a downfield direction (see Figure 7). The
His81 Cε1H signal is more affected than the Cδ2H peak, but

FIGURE 5: 1H NMR spectra (25°C) of wt PACu(II) and Met16Phe
PACu(II) in 10 mM phosphate (99.9% D2O) at pH* 7.6.

Table 1: Hyperfine Shifted Resonances of wt and Met16Phe
PACu(II)a

resonance
δobs (ppm) in
wt PACu(II)

δobs (ppm) in
Met16Phe PACu(II) assignmentb

a 53.5 51.0 His81 Cδ2H
b 46.0 45.0 His40 Cδ2H
c/d 33.0 32.6 His40/81 Cε1H
e 22.8 23.9 His40 Nε2H
f 17.3 17.8 Asn41 CRH
g 13.0 noc Met86 CγH
h -9.7 -9.4 Cys78 CRH

a Data recorded at 25°C in 10 mM phosphate buffer at pH 7.6.
Also included are the assignments that have been made.b For native
PACu(II) (67). c Not observed.

δ ) (KaδH + [H+]δL)/(Ka + [H+]) (2)

FIGURE 6: Part of the aromatic region of the1H NMR spectra (25
°C) of wt PACu(I) and Met16Phe PACu(I) in 10 mM phosphate
(99.9% D2O) at pH* 6.0 and 5.8, respectively.

Characterization of the Met16Phe Pseudoazurin Mutant Biochemistry, Vol. 42, No. 22, 20036857



both broaden considerably as the pH* is lowered. This
behavior is consistent with protonation of His81, but because
neither peak can be observed below pH* 5, fitting of the
data to eq 2 is impossible. In the spectrum of the Met16Phe
PACu(I) variant, the His81 imidazole ring resonances also
start to shift downfield upon lowering the pH* below∼5.5
(see Figure 7). Again, both of the signals broaden dramati-
cally and below pH* 4.8 they cannot be observed (fitting of
the data to eq 2 is therefore also impossible).

Reduction Potentials and the Influence of pH. The
Met16Phe PACu variant yields good, quasireversible, re-
sponses on a 4,4-dithiodipyridine-modified gold electrode
in the pH range 8.7 to 5.4. In all cases, the anodic and
cathodic peaks are of equal intensity and their separation is
approximately 60-80 mV at a scan rate of typically 20 mV/
s. The reduction potential at pH 8.2 is 319 mV (vs NHE),
and when the pH is lowered to 5.4, a value of 343 mV is
obtained. The dependence on pH of the reduction potential
of Met16Phe PACu is shown in Figure 8 and can be fit to
eq 3:

In eq 3, Em (pH) is the measured reduction potential,Em

(low pH) is the reduction potential at low pH,Ka
red andKa

ox

are the proton dissociation constants for the residue in the
reduced and oxidized protein, respectively, which influence
the Em (pH) value, and the other symbols have their usual
meaning. The fit of the data in Figure 8 to this equation yields
pKa

red and pKa
ox values of 7.1( 0.1 and 6.6( 0.1,

respectively.
Kinetics Studies of the Oxidation of wt and Met16Phe

PCu(I) by [Co(dipic)2] -. Linear plots of first-order rate
constants,kobs(s-1), against [Co(dipic)2]- concentration (1-
15) × 10-4 M for both wt and Met16Phe PACu(I) at pH 6.2
and 4.1 (data not shown) are consistent with the rate law
(eq 4).

The variation with pH of the second-order rate constant (kCo)
for the oxidation of both proteins is shown in Figure 9, and
the dependence ofkCo on [H+] can be analyzed in terms of
eq 5

where the various constants are as defined in eqs 6-8:

In the case of wt PACu(I), a pKa of 4.9 ( 0.1 is obtained
and values of 21 010( 490 and 3380( 510 are found for
ko and kH, respectively. For Met16Phe PACu(I), the fit of
the data in Figure 9 to eq 5 gives 4.5( 0.1, 11 020( 210,
and 2760( 430 for pKa, ko, andkH, respectively.

FIGURE 7: Dependence on pH* (25°C) of the chemical shift of
the Cδ2H (]) and Cε1H ([) resonances of His81 in the1H NMR
spectrum of wt PACu(I) and the Cδ2H (0) and Cε1H (9) resonances
of His81 in the1H NMR spectrum of Met16Phe PACu(I) in both
cases in 10 mM phosphate.

Em (pH) ) Em (low pH) +

(RT/nF) ln[(Ka
red + [H+])/(Ka

ox + [H+])] (3)

rate) kCo[PACu(I)][Co(dipic)2
-] (4)

FIGURE 8: Dependence on pH of the reduction potential (Em) of
Met16Phe PACu in 20 mM phosphate plus 100 mM NaCl at room
temperature. The line shown is obtained from a fit of the data to
eq 3.

FIGURE 9: Variation of the second-order rate constant (kCo) with
pH at 25°C for the [Co(dipic)2]- oxidation of wt PACu(I) ([)
and Met16Phe PACu(I) (9) at I ) 0.10 M (NaCl). The lines shown
are obtained from fits of the data to eq 5.

kCo )
koKa + kH[H+]

Ka + [H+]
(5)

PACu(I)H+ [\]
Ka

PACu(I) + H+ (6)

PACu(I) + Co(III) 98
ko

PACu(II) + Co(II) (7)

PACu(I)H+ + Co(III) 98
kH

PACu(II) + Co(II) + H+ (8)
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ESE Rate Constants. In a mixture of PACu(I) and
PACu(II), the slow exchange condition (74-77) applies to
protons that obey the following relationship:

wherek is the second-order ESE rate constant, [PACu]T is
the total concentration of protein, andTi,ox andTi,red (i ) 1
or 2) are the relaxation times for the oxidized and reduced
forms, respectively. In these circumstances for dilute solu-
tions containing only a small proportion (<10%) of the
oxidized form of the protein, it can be shown that eq10
applies (74-77):

whereTi is the observed relaxation time of the resonance in
the reduced protein and [PACu(II)] is the concentration of
PACu(II). Thus, a plot ofTi

-1 against [PACu(II)] will give
a straight line of slopek.

In the studies on the Met16Phe PACu mutant at pH* 7.6,
the well-resolved His81 Cδ2H resonance at 6.35 ppm has
been used in the determination ofk. The slopes of plots of
Ti

-1 against [PACu(II)] for this resonance (see Figure 10)
are 8.3× 103 M-1 s-1 for the T2 data (k2) and 9.8× 103

M-1 s-1 from theT1 data (k1). This results in ak2/k1 ratio of
0.9 highlighting that this signal is in the slow exchange
regime; thus, thek values provide the ESE rate constant [k2/
k1 ratios of∼1 are predicted for the slow exchange condition
whereas ratios in excess of 5-10 are expected for protons
in the fast exchange regime (74, 75)]. The effect of increasing
[PACu(II)] on T2

-1 is difficult to measure when ESE is so
slow, and more precise measurements are achieved from the
T1

-1 data; thus, thek1 value provides the most reliable rate
constant. Therefore, an ESE rate constant of 9.8× 103 M-1

s-1 is obtained at pH* 7.6 for Met16Phe PACu.
It should be noted that all of the above features we have

measured for wt PACu (the protein overexpressed inEs-
cherichia coli) are identical to those of the native protein
(that obtained fromA. cycloclastes). Therefore, inE. coli,
the signal sequence ofA. cycloclastesPACu is successful
in transporting the protein to the periplasm and the over-

expression host produces correctly folded PACu with the
signal peptide removed. The wt protein is contaminated with
a very small amount of PACu, which probably possesses
Zn(II) at the active site (data not shown).

DISCUSSION

UV/Vis, EPR, RR, and Paramagnetic1H NMR Spectro-
scopic Studies. The Met16Phe mutation alters the structure
of the copper site of PACu(II), as judged from the spectro-
scopic studies that we have carried out. The UV/vis and EPR
spectra for the mutant are different to those of wt PACu.
The change in intensity of the two main LMCT transitions
in the visible spectrum of Met16Phe PACu(II) leads to a
smallerA∼460/A∼600 ratio as compared to the wt protein. In
the EPR spectra, there are slight modifications in theg and
A values in the Met16Phe variant, with the most significant
alteration being a decrease in the difference between thegx

and gy values (decreased rhombicity). These features of
cupredoxins, decreased rhombicity in the EPR spectrum plus
a diminishedA∼460/A∼600 ratio in the visible spectrum, can
be rationalized with the proposed coupled distortion model
(78). This model assigns the differences seen in perturbed
type 1 copper sites (those with more rhombic EPR spectra
and enhanced absorption at around 460 nm in their visible
spectra) to an initial shortening of the Cu-S(Met) bond,
which results in a tetragonal Jahn-Teller distortion involving
coupled rotation of the Cys and Met ligands. We can
therefore conclude that the spectroscopic features of the
Met16Phe PACu variant indicate an increase in the Cu-
S(Met86) bond at the active site and a less tetragonally
distorted geometry than that found in the wt protein.

Paramagnetic NMR studies have recently been shown to
provide detailed information about the copper site structure
of cupredoxins (66, 67, 79-85). In the paramagnetic1H
NMR spectrum of Met16Phe PACu(II), most of the peaks
occur in very similar positions as in the wt protein,
demonstrating that the active site structure is not drastically
altered by this mutation (see Figure 5 and Table 1). The
spectrum of Met16Phe PACu(II) does exhibit some subtle
differences as compared to that of wt PACu(II). The main
dissimilarity between the two spectra is the absence of the
CγH proton resonance of Met86 (peak g) in the spectrum of
the Met16Phe protein. This signal must exhibit a considerably
smaller hyperfine shift in the mutant. The hyperfine shift is
composed of pseudo-contact (dipolar) and Fermi contact
(through bond) components, and in cupredoxins, the Fermi
contact contribution is much more significant (79, 80). The
smaller hyperfine shift of the Met86 CγH proton in Met16Phe
PACu(II) is therefore consistent with a decreased axial
Cu(II)-S(Met86) interaction.

The RR spectra of Met16Phe and wt PACu(II) are very
similar (see Figure 4). There are some minor alterations in
the spectrum of the mutant as compared to the wt protein,
and these are highlighted in the difference spectrum shown
in Figure 4. The small effect of the Met16Phe mutation on
the RR spectrum is consistent with previous studies, which
have shown that this technique is relatively insensitive to
subtle structural differences at type 1 copper sites (86, 87).

The visible spectrum of Met16Phe PACu(II) is pH-
dependent in the range 8.0 to 5.0 (pKa 6.5 ( 0.1). This
behavior is identical to what we have recently observed for

FIGURE 10: Plots ofT1
-1 (0) andT2

-1 (9) against [PACu(II)] for
the Cδ2H signal of His81 (6.35 ppm) in the Met16Phe variant in
37 mM phosphate at pH* 7.6 (25°C).

k[PACu]T , 1/Ti,ox - 1/Ti,red (9)

1/Ti ) (1/Ti,red) + k[PACu(II)] (10)
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wt PACu(II) (67), which is assigned to the protonation of
the surface His6 residue. The spectral changes observed upon
lowering the pH (a decrease in theA459/A598 ratio) indicate
that the Cu(II)-S(Met86) interaction is decreased further in
the Met16Phe variant under these conditions [His6 pro-
tonation also results in a decreased Cu(II)-S(Met86) interac-
tion in the wt protein].

1H NMR Studies on the Reduced Proteins and the Influence
of pH. Resonances arising from the imidazole ring protons
from all three His residues in Met16Phe PACu(I) have been
assigned in the1H NMR spectrum (see Figure 6). Addition-
ally, two aromatic ring protons from the introduced Phe16
residue have also been identified. The observed NOE pattern
between resonances from Phe16 and the two His ligands
(His40 and His81) is very similar to what has been observed
between His37, His90, and Phe12 resonances in reducedD.
crassirhizomaplastocyanin (56). The upfield shift of the
His81 Cδ2H resonance in Met16Phe PACu(I) results in this
proton having an almost identical chemical shift as in reduced
D. crassirhizomaplastocyanin (56). Therefore, the phenyl
ring of the introduced Phe16 residue is parallel to the
imidazole ring of His81 as is the case for the corresponding
groups of Phe12 and His90 in theD. crassirhizomaplasto-
cyanin structure (see Figure 1).

The pKa of 7.1 ( 0.1 for His6 determined in the NMR
studies on Met16Phe PACu(I) variant is identical to that of
the same residue in the reduced wt protein (67). The influence
of pH on the chemical shift of the imidazole ring protons of
the two His ligands is less revealing in both wt PACu(I)
and the reduced Met16Phe variant. The position of the His40
resonances is hardly affected upon lowering the pH* value
in both proteins. The His81 Cε1H and Cδ2H proton signals
shift upon lowering the pH* value (with altering pH* having
a greater influence on the Cε1H peaks) in both wt and
Met16Phe PACu(I), but they also broaden, and at pH* values
below ca. 5, it is not possible to observe these resonances.
This behavior has been observed previously in reduced
plastocyanin (88) and amicyanin (59, 89) and is consistent
with protonation of the His81 ligand, with the broadening
due to either an intermediate rate of exchange between the
protonated and the deprotonated forms of the His or the
presence of two forms of the protonated His that are
exchanging at an intermediate rate on the NMR time scale.
In amicyanin and plastocyanin, the broadening at acidic pH*
values is not as severe as in PACu(I) allowing a more
complete titration curve to be obtained. However, the
excessive broadening of the His81 imidazole ring resonances
in both wt and Met16Phe PACu(I) prevents the use of NMR
spectroscopy for determining the pKa value of this residue.
Nevertheless, the data shown in Figure 7 for the His81 Cε1H
proton signals in the two proteins indicate that the pKa of
His81 is lower in the Met16Phe variant. Thus, it would
appear that the introduction of aπ-π interaction between
the imidazole ring of His81 and the phenyl ring of Phe16
stabilizes the Cu(I)-N(His81) interaction in PACu (vide
infra).

Reduction Potentials and the Influence of pH. The reduc-
tion potential of Met16Phe PACu is 319 mV at pH 8.2, which
compares to a value of 263 mV at pH 8.1 for the wt protein
(67). The 56 mV increase in the reduction potential indicates
that the introduction of a Phe at position 16 stabilizes the
Cu(I) form of the protein over the oxidized state. This effect

could be due to increased hydrophobicity at the copper center
in the Met16Phe variant or it may be that the subtle structural
changes at the active site result in the mutant being able to
better accommodate the cuprous ion. The 24 mV increase
in the reduction potential of the Met16Phe variant upon going
to pH 5.4 can be assigned to the influence of the protonation
of His6, as is the case for the wt PACu (67). From the fit of
the data in Figure 8, the pKa

red value (7.1( 0.1) is the same
as that obtained for His6 from the NMR experiments and is
similar to that determined in the electrochemical studies on
wt PACu (67). The pKa

ox value (6.6( 0.1) is very similar
to that obtained from the influence of pH on the visible
spectrum of Met16Phe PACu(II) and also to that determined
from the pH dependence of the reduction potential of the wt
protein (67). The effect of the oxidation state of the copper
ion on the pKa of His6 is completely consistent with its
distance from the active site. The reduction potential of PACu
should also be strongly influenced by the protonation of the
His81 ligand (56, 58, 63, 64). However, the electrochemical
response of PACu at a modified gold electrode deteriorates
dramatically below pH 5.5 and so this technique is unable
to provide information about the influence of the Met16Phe
mutation on the pKa of His81 in PACu(I).

Kinetics Studies of the Oxidation of wt and Met16Phe
PACu(I) by [Co(dipic)2] -. The second-order rate constant
for the oxidation of Met16Phe PACu(I) by [Co(dipic)2]- is
considerably smaller than that for the wt protein at pH 6
(see Figure 9). This diminished reactivity is due to the
decreased driving force for the ET reaction in the Met16Phe
variant as a consequence of the increase in the reduction
potential in the mutant{the reduction potential of the
[Co(dipic)2]-/2- couple is 747 mV (61)}. The analysis of
the influence of pH on the kinetics of the oxidation of
PACu(I) is the only approach that has successfully been used
to determine the pKa value of His81 (60, 61). The protonation
of the His ligand in the reduced protein leads to a drastic
decrease in the second-order rate constant for the oxidation,
as the pH value is lowered. This method has also been used
to determine the pKa value of the protonating His ligand in
reduced amicyanin (90) and plastocyanin (91) with the results
completely consistent with those from NMR and electro-
chemical studies. The fits of the data shown in Figure 9 result
in pKa values of 4.9 and 4.5 for His81 in wt and Met16Phe
PACu(I), respectively.

Summary of pH-Dependent Measurements. The protona-
tion of the surface His6 residue (pKa

ox ≈ 6.6, pKa
red ≈ 7.1),

which is situated some 15 Å from the copper ion, affects
the visible spectrum and the reduction potential of Met16Phe
PACu in a manner similar to that observed previously for
the wt protein (67). A second and more relevant pH effect
in the context of the present study concerns the protonation
of the His81 ligand in the reduced protein. The results of
the 1H NMR experiments indicate that the pKa of His81 is
lower in the Met16Phe variant than the wt protein, but
because of the broadening of resonances at low pH, it is not
possible to quantify the difference with this approach. The
effect of pH on the kinetics of the oxidation of wt and
Met16Phe PACu(I) provides pKa values of 4.9 and 4.5,
respectively, for His81.

Rationalization of the Influence of the Met16Phe Mutation
on the pKa of His81. As stated above, the Met16Phe mutation
leads to a decrease of 0.4 pH units in the pKa of His81 in
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PACu(I). Thus, the introduced aromatic ring of Phe16, which
is involved in aπ-π contact with the imidazole ring of
His81, results in a significant increase in the stability of the
Cu(I)-N(His81) interaction. In the case ofD. crassirhizoma
plastocyanin, the contact of the imidazole ring of the His90
residue with the phenyl group of Phe12 also results in
stabilization of the Cu(I)-N(His90) interaction and pro-
tonation of His90 is not observed in the accessible pH range
(56). It is interesting to note that in the Leu12Phe variant of
spinach plastocyanin [a Leu is found at position 12 in all
other plastocyanins except theD. crassirhizomaprotein and
theProchlorothrix hollandicaprotein where it is a Pro (92)],
the pKa of the C-terminal His ligand increases to 5.7 (as
compared to 4.8 in the wt protein). NMR studies on this
mutant show that the introduced phenyl ring is positioned
parallel to the imidazole ring of the His ligand (the His87
Cδ2H proton resonance experiences a large upfield shift).
However, the clear pattern of NOEs between the introduced
Phe and the imidazole ring protons of the two His ligands
observed in the NOESY spectra of Met16Phe PACu(I) and
reducedD. crassirhizomaplastocyanin is not present in the
spectrum of the Leu12Phe spinach plastocyanin mutant. This
indicates that in the Leu12Phe variant a different structural
arrangement prevails in this region of the protein, which
actually destabilizes the Cu(I)-N(His87) interaction. Initial
modeling studies indicate that the imidazole and phenyl rings
will be offset in the Met16Phe PACu variant, as in the
structure of theD. crassirhizomaplastocyanin (11, 12),
whereas in the Leu12Phe plastocyanin variant the two ring
systems may overlap more completely. These observations
are consistent with the nature ofπ-π interactions as
postulated by Hunter and Sanders (50), whereby a more
favorable attractive force is obtained when parallelπ-systems
are offset rather than having a direct face-to-face geometry.

ESE ReactiVity. The ESE rate constant of Met16Phe PACu
is 9.8 × 103 M-1 s-1 at pH* 7.6, which compares with a
value of 3.7× 103 M-1 s-1 for the wt protein (67) under
identical conditions. The approximately 2.5-fold increase in
the ESE rate constant as a consequence of the introduction
of a Phe residue adjacent to the side chain of His81 is an
intriguing result of this study. The mutation has produced a
PACu, which is more efficient than the wt protein at the
task that it was designed for, biological ET. The reason for
the enhanced ET reactivity of the mutant protein can be
attributed to theπ-π interaction of the introduced phenyl
ring and the coordinated His81 imidazole, enhancing the
rigidity of the copper site environment and thus lowering
its reorganization energy (the effect of the Met16Phe
mutation on the ESE rate constant equates to an ap-
proximately 90 meV decrease in the reorganization energy).
It could also be that the increased ESE reactivity in the
Met16Phe variant is due to a decreased distance for ET in
the encounter complex or that protein-protein association
is facilitated (the observed effect would equate to a ca. 0.7
Å decrease in the distance for ET or an∼2 kJ/mol relative
increase in the Gibbs free energy of association of two PACu
molecules).

CONCLUSIONS

The Met16Phe mutation has a modest effect on the
spectroscopic properties, and thus the structure, of the active
site of PACu(II). The results of all of the spectroscopic

studies are consistent with a lengthening of the Cu(II)-
S(Met86) bond in the Met16Phe variant. These results
demonstrate that residues in the second coordination environ-
ment of a type 1 copper site exert a degree of control over
the structure of the active site. The aromatic ring of the
introduced Phe16 residue is involved in aπ-π interaction
with the imidazole ring of His81 and therefore mimics the
contact observed in the structure ofD. crassirhizoma
plastocyanin. This stabilizes the Cu(I)-N(His81) interaction
and produces a copper site that is more efficient at ET.
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