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ABSTRACT: The axial copper ligand methionine has been replaced by a glutamine in the cupredoxin
amicyanin fromParacoccusVersutus. Dynamic and structural characteristics of the mutant have been
studied in detail using UV/Vis, EPR, NMR, cyclic voltammetry, and isomorphous metal replacement.
M99Q amicyanin is a blue copper protein with significant spectral and structural similarities to the other
cupredoxins umecyanin, stellacyanin, and M121Q azurin. In addition, the functional properties of M99Q
amicyanin, as reflected in the electron self-exchange rate constant and midpoint potential (165 mV), have
been assessed and compared to values for M121Q azurin. For the latter protein, the published midpoint
potential was corrected to the much lower value of 147 mV at pH 7,I ) 0.1 M. These values are very
similar to the midpoint potential of stellacyanin, which naturally possesses an axial glutamine ligand and
has the lowest reduction potential for a naturally occurring cupredoxin. A remarkable feature of M99Q
amicyanin, in the reduced state, is the relatively high pKa* value of 7.1 for its His96 ligand.

Amicyanin fromParacoccusVersutus(1-3) is a type 1
blue copper protein (cupredoxin) (4). These proteins have
long fascinated spectroscopists because of an intense elec-
tronic (charge transfer) absorption near 600 nm, and an
unusually small hyperfine coupling in thegz region of their
EPR1 spectra (5). Moreover, their small size and single,
mononuclear, redox center have facilitated numerous struc-
tural (4, 6) and electron transfer (7, 8) studies.

The copper-binding site of cupredoxins always involves
three strong equatorial ligands, the Nδ1 of two histidines and
the Sγ of a cysteine, forming a copper-containing trigonal
plane. A fourth, weaker, axial ligand pulls the copper out of
the equatorial plane (6). In amicyanin, the coordinating

residues are His54, Cys93, His96, and Met99 (see Figure
1). In azurin, the equatorial ligands are His46, Cys112, and
His117. Azurin is unique among the cupredoxins in that it
possesses two weak axial ligands: the Sδ from Met121 and
the backbone carbonyl oxygen of Gly45 (see Figure 1).
Structural and spectroscopic work carried out to date on both
native and mutant cupredoxins suggests that there is a
continuum of structures, ranging from type 1 “axial” (es-
sentially trigonal coordination plus a long bond to the axial
ligand) via type 1 “rhombic” (distorted tetrahedral) and type
1.5 (tetrahedral) to type 2 (square planar) (9). In this series
of structures, the axial bond is gradually shortened while
the Cu-S(Cys) bond length increases. A correlation has been
postulated between the length of the Cu-S(Cys) bond and
the ratio between the electronic absorptions at 450 and 600
nm, and the degree of rhombicity in the EPR spectrum,
properties which, likewise, reflect the strength of the axial
bond. A stronger axial interaction pulls the copper out of
the Cys-containing equatorial plane, both decreasing the axial
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FIGURE 1: Representations of the active sites of Cu(II) amicyanin
from P. Versutus(2) and Cu(II) azurin fromA. denitrificans(15).
In both cases, the copper ion is indicated by a black sphere.
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symmetry of the EPR spectrum and influencing the cysteine-
to-copper charge-transfer bands, at 450 and 600 nm [as the
site becomes less axial, the S(Cys)f Cu(II) CT band at
∼450 nm is seen to increase in intensity while that at 600
nm becomes less intense]. Solomon et al. (5) have suggested
that the weakness of the axial interaction forces strong
binding between the cysteine and the copper. The combined
effort of the trigonal plane, holding the copper in place, and
the protein matrix, keeping the axial ligand at bay, ensures
that the geometrical differences between the copper site in
both oxidation states is minimized. Thus, there exists a low
Franck-Condon barrier, which facilitates rapid electron
transfer.

Most of the cupredoxins studied to date contain a meth-
ionine as the axial ligand. An important subgroup exists in
which the axial ligand is the side chain amide oxygen of a
glutamine (CBP belongs to this class but possesses an axial
methionine ligand) (10-13). These proteins belong to the
cupredoxin subdivision called phytocyanins, which are
distinguished by internal sequence homologies, an interstrand
disulfide bridge, a somewhat openâ-barrel structure, and
relatively solvent-accessible His ligands (10-13).

Earlier work (14), concerning the replacement of the axial
methionine ligand by glutamine inAlcaligenes denitrificans
azurin, yielded an excellent spectroscopic and structural
model for stellacyanin, which is the best-studied phytocyanin.
In the current work, we have constructed the analogous
mutant inP. Versutusamicyanin, to study this physiologically
relevant copper site interconversion in more detail. The
differences betweenwt azurin and amicyanin, which high-
lights the need for this study, include the presence in azurin
of the carbonyl oxygen of Gly45 (15), which interacts
electrostatically with the copper, from an axial position,
leading to a trigonal bipyramidal active site (see Figure 1).
Additionally, the copper site of amicyanin is much more
solvent exposed (2, 15), with the C-terminal ligand histidine
protruding into the solvent. A final important difference
between azurin and amicyanin is that the active site of the
latter, in the reduced state, exhibits protonation of its exposed
histidine ligand (16, 17), a property it shares with the
plastocyanins (18, 19) and the pseudoazurins (20, 21).
Protonation is known to occur at His96 of amicyanin with a
pKa* of 6.7 (16, 22, 23). The low-pH form of Cu(I)
amicyanin is therefore 3-coordinate. Consequently, the Cu(I)
oxidation state is stabilized, which results in an observed
increase in the redox potential (23). The dissociation of His96
also disrupts the electronic coupling pathway between the
copper and external redox partners and may increase the
Franck-Condon barrier for electron transfer. Thus, the
electron-transfer reactivity will decrease (16). Active-site
protonation has not been observed for azurin.

Currently, there is no example in the cupredoxin literature
of the same mutation made in two different proteins where
the structural and mechanistic consequences of the mutations
have been studied in detail. We therefore have constructed
the M99Q amicyanin mutant and have characterized this
variant and compared the results to those obtained for the
corresponding mutation in azurin (M121Q).

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis, Protein Preparation, and
Purification. Mutagenesis of Met99 to Gln was performed

using a modified version of the unique-site elimination
method (24). Successful mutagenesis was confirmed by
sequencing the amicyanin gene. Heterologous expression,
isolation, and purification of M99Q amicyanin were per-
formed as described earlier (3). This led to a high amount
(90%) of colorless, nonoxidizable, and nonreconstitutable
(with copper) amicyanin, which could not be separated from
the Cu(I)-protein by ion-exchange chromatography. To
improve the yield of Cu-protein, an unfolding/refolding
procedure was devised, resulting in apo-protein. The unfold-
ing/refolding procedure involved complete denaturation of
the protein at pH 8.0 in 6 M Gdn-HCl, in the presence of 50
mM EDTA to chelate all divalent metal ions present, and 2
mM DTT to prevent formation of protein dimers by disulfide
bridges. Refolding of apo-M99Q amicyanin was achieved
by diluting the denaturation mixture rapidly 1:50 in 10 mM
HEPES buffer, pH 8.0, in the presence of 5 mM DTT. For
the incorporation of copper or cobalt, the protein was
dialyzed against either 250 mM NH4Ac at pH 8.0 or 10 mM
MES (pH 6.5), respectively. After this step, the protein was
incubated in 250 mM NH4Ac containing 10 mM Cu(NO3)2

at pH 8.0 or in 10 mM MES containing 1 mM CoCl2 (pH
6.5), respectively. The solution was left at room temperature
for 1 h after which free metal ions were removed by dialysis.
Finally, the protein was dialyzed against 10 mM HEPES at
pH 8.0, and unfolded or misfolded protein was removed on
a DEAE ion-exchange column at pH 7.8 (10 mM phosphate)
using a linear gradient of 0-150 mM NaCl. The yield of
correctly refolded, metal-reconstituted protein was ap-
proximately 60%. M121Q azurin fromA. denitrificanswas
isolated as described earlier (14) and was a kind gift from
Mrs. Ing. G. C. M. Warmerdam. Ultrafiltration (Amicon)
with 10 kDa cutoff membranes (Millipore) was used to
exchange M99Q amicyanin and M121Q azurin into various
buffers and to concentrate samples.

UV/Vis Spectroscopy.Electronic spectra were recorded at
298 K (20 mM HEPES, pH 8.0) on a Shimadzu UV-2101PC
UV/Vis spectrometer. The extinction coefficient of oxidized
M99Q amicyanin was determined by titrating the reduced
protein by K3[Fe(CN)6] and plotting the absorbance at 600
nm as a function of the added oxidant. The extinction
coefficient was obtained directly from the initial slope of
this plot.

EPR Spectroscopy.X-bandcwEPR spectra were recorded
on a JEOL JESRE2X spectrometer at 77 K, interfaced with
an ES-PRIT330 data manipulation system. DPPH was used
as the reference. The protein samples contained∼1 mM
Cu(II) M99Q amicyanin in 40% glycerol, 10 mM HEPES
at pH 8.0. The spectra were simulated as described previously
(25) using a simulation program kindly provided by W. R.
Hagen.

NMR Sample Preparation.For the acquisition of NMR
spectra, a sample of Co(II) M99Q amicyanin was prepared
in 10 mM phosphate at pH 7.0 in either 90% H2O/10% D2O
or 99.95% D2O, and typically contained 3-4 mM protein.
The protein was exchanged into the appropriate buffer by
ultrafiltration either in a stirred cell (Amicon, 5 kDa cutoff
membrane) or in centrifugal ultrafiltration units (Centricon
10, Amicon). The pH values of samples were adjusted using
0.1 M NaOH or NaOD, and 0.1 M HCl or DCl as
appropriate, and the pH meter readings of all D2O solutions,
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denoted as pH*, were not corrected for the deuterium isotope
effect.

For the determination of the electron self-exchange rate
constant, M99Q amicyanin was exchanged into deuterated
17 mM phosphate buffer at pH* 8.2 (I ) 0.05 M). Samples
were reduced by adding aliquots of 0.1 M sodium dithionite
made up in 0.1 M NaOH, or using a 0.1 M sodium ascorbate
solution. Fully oxidized protein was obtained using a 0.1 M
solution of K3[Fe(CN)6]. The excess reductant or oxidant
was removed by ultrafiltration. Reduced samples which were
to be used for pH titrations were in 20 mM phosphate buffer
(99.95% D2O) and contained small amounts of sodium
ascorbate to prevent reoxidation.

1H NMR Spectroscopy.1H NMR spectra were acquired
on either a Bruker WM300, a Bruker DMX600, or a Varian
Unity 500 spectrometer. In some cases, 1D spectra were
acquired by presaturating the H2O or D2O signal. One-
dimensional spectra of the Cu(I) protein were also acquired
using Hahn Spin-Echo (HSE) [90°-τ-180°y-τ-] (τ ) 60
ms) and Carr-Purcell-Meiboom-Gill (CPMG) [90°-τ-
(180°y-2τ)n-180°y-τ] (n ) 59,τ ) 1 ms) pulse sequences.
The sum of these two spectra was used to identify singlets
in the aromatic region. The super-WEFT (26) sequence (d1-
180°-τ-90°-acq, where d1 is the relaxation delay and acq
is the acquisition time) was also used to suppress the D2O
signal, and also to observe fast relaxing signals in the
diamagnetic region, in the spectra of Co(II) M99Q amicya-
nin. 1D spectra were acquired with spectral widths ranging
from 10 to 600 kHz and were processed using 0-100 Hz of
exponential line broadening as apodization. Steady-state 1D
NOE difference spectra were acquired at two different
temperatures to eliminate any chance of spectral overlap
using the approach of Banci et al. (27).

WEFT-NOESY spectra were acquired using recycle times
of 20-30 ms and mixing times in the range 3-10 ms. The
spectral width in both dimensions was typically 50-100 kHz
with 512 experiments and approximately 4096 scans per
experiment. The spectra were processed into 2048× 1024
data points with resolution-enhancing windows used in both
dimensions.

The spin-lattice (T1) relaxation times of the hyperfine-
shifted resonances were determined using the super-WEFT
sequence with a total effective relaxation delay (d1 plus acq)
ranging from 30 to 100 ms. The interpulse delay (τ) was
varied between 0.1 ms and the total effective relaxation delay.
An exponential fit of the plots of peak intensity againstτ,
for a particular signal, yielded itsT1 value.

Self-Exchange Rate Constant Determination. For the
determination of the electron self-exchange rate constant,
NMR spectra were obtained of the Cu(I) protein containing
various amounts of the Cu(II) species. The concentration of
the Cu(II) protein present was determined by transferring
the NMR sample to a 2 mm path length cuvette and
measuring the absorbance at 600 nm (ε ) 4200 M-1 cm-1).
The concentration of Cu(II) protein was determined im-
mediately before and after the measurement of the NMR
spectra, and an average of the two values was used in the
calculations. The effect of increasing concentration of the
oxidized protein on the line width of the resolved imidazole
ring resonances of the two histidine ligands was measured.
The self-exchange rate constant,kese, is obtained from the
slope of plots of the exchange-induced line broadening,

∆T2
-1, against the concentration of oxidized protein (28):

Determination of Reduction Potentials.Cyclic staircase
voltammetry (CV) was performed using the setup described
by Hagen (29). The measurements were carried out at 298
K with a scan rate of 20 mV/s with a computer-controlled
µAUTOLAB potentiostat with GPES 4.3 software (Eco-
Chemie, The Netherlands). The saturated calomel electrode
was calibrated with quinhydrone (Sigma). For M99Q ami-
cyanin, the working electrode was a flame-treated glassy
carbon disk. M121Q azurin fromA. denitrificans was
measured using a gold disk working electrode, which had
been cleaned (30) and modified with 4,4′-dipyridyl disulfide.
The samples (∼50 µM) were in 100 mM phosphate, pH 7.0
(I ) 0.22 M), except for the experiments concerning the pH
dependence of the reduction potential of M121Q azurin. In
the latter case, the protein was in 50 mM glycine hydro-
chloride, MES, HEPES, or CHES buffer (I ) 0.1 M, NaCl),
depending on pH. The potentials as measured by CV (100
mM phosphate at pH 7.0) were confirmed by the following
method. Redox buffers were prepared using different ratios
of K3[Fe(CN)6] and K4[Fe(CN)6], and Na[Fe(EDTA)] and
Na2[Fe(EDTA)], respectively. The redox buffers were 5 mM
in concentration and in 100 mM phosphate, pH 7.0 at 298
K. Known amounts of protein were added, and the potential
of the solution was measured with a saturated calomel
electrode. The ratio of oxidized over reduced protein was
determined optically and fitted to the Nernst equation as a
function of the measured potential. Redox titrations with K3-
[Fe(CN)6] failed to yield reproducible values for the midpoint
potential of M99Q amicyanin, since the absorbance was not
stable as a function of time at the higher degrees of oxidation.
However, the initial points of the titration could be used to
determine the extinction coefficient at 600 nm (vide supra).

RESULTS

Purification. The purification of M99Q amicyanin was
performed according to the protocol for thewt protein (3).
Unlike thewt protein, M99Q amicyanin appears to predomi-
nantly contain a colorless species (up to∼90%) as judged
from the ratio of absorption at 280 and 600 nm. Addition of
solutions of K3[Fe(CN)6] or Cu(NO3)2 does not increase the
intensity of the 600 nm peak in the absorption spectrum,
thus excluding the possibility that the colorless species is
either reduced or apo-amicyanin. It is known from heter-
ologously expressed azurins, in particular its M121Q variant
(14), that a colorless species is co-isolated which contains
Zn(II) at the active site (31, 32). Therefore, the nonblue form
of M99Q amicyanin is probably Zn protein. Furthermore,
unfolding and refolding of the protein in the presence of
EDTA led to apo-amicyanin which could be fully reconsti-
tuted with Cu(II). This further suggests occupation of the
active site by a divalent cation. It is striking that most axial
methionine to glutamine mutants of cupredoxins to date,
M121Q azurin (14), M92Q plastocyanin (33), and M99Q
amicyanin (this study), have such a high affinity for Zn(II).
In the case of plastocyanin, this results in it being very
difficult to obtain copper-containing axial Met to Gln mutants
(33, 34).

∆T2
-1 ) kese[Cu(II) M99Q amicyanin] (1)
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UV/Vis and EPR Spectroscopy.The UV/Vis spectrum of
Cu(II) M99Q amicyanin is shown in Figure 2, together with
the spectrum ofwt amicyanin. The absorption maxima and
the extinction coefficients are listed in Table 1, together with
the values forwt and M121Q azurin fromA. denitrificans.
There is no pH dependence of the absorption spectrum of
M99Q amicyanin or M121Q azurin, unlike all native
phytocyanins (10, 35, 36). The absorption maxima at 596
and 460 nm (wt) are slightly red-shifted in the amicyanin
mutant, contrary to the azurin case (see Table 1). The
extinction coefficients at 465 and 600 nm have both increased
with respect to the analogous bands inwt amicyanin, albeit
not by the same factor. This results in an increase in the
ratio of ε460/ε600 from 0.10 for wt to 0.18 for M99Q
amicyanin. A similar increase occurred for the analogous
mutation in azurin (14). This increase of the absorption ratio
has been shown to be indicative of a more “rhombic” site,
i.e., of a larger distance of the copper ion to the equatorial
plane (37). This is supported by the EPR data, shown in
Figure 3 and listed in Table 2. Simulation of the X-band
EPR spectrum indicates an increase in the splitting ofgx and
gy of M99Q amicyanin as compared towt amicyanin. This
increase in rhombicity is smaller than in the case of the
analogous mutation in azurin. A distinct feature of the EPR
spectrum of M99Q amicyanin is the very small value for
the hyperfine couplingAz (27 × 10-4 cm-1). Such a small
value is usual for cupredoxins with an axial glutamine ligand
(14, 38-40). In fact, when put into a Va¨nngård-Peisach-
Blumberg plot, that is withgz plotted againstAz, an empirical
relationship transpires fitting all cupredoxins with a coor-
dinating oxygen close together (see Figure 4).

Co(II)-Substituted M99Q Amicyanin.The UV/Vis spectra
of Co(II)-substitutedwt and M99Q amicyanin are shown in
Figure 5. The main S(Cys)f Co(II) LMCT band has shifted
to 314 nm in Co(II) M99Q amicyanin compared to 337 nm

in the Co(II)wt protein. The second LMCT band has likewise
undergone a blue shift, as a result of the mutation, from 389
to 367 nm. The LF transitions in the 450 to 750 nm region
have also been modified in the M99Q variant but still have
intensities in the range expected for Co(II) in a distorted
tetrahedral environment (εmax > 250 M-1 cm-1).

FIGURE 2: UV/Vis absorption spectra ofwt (dashed) and M99Q
(solid) amicyanin in 20 mM HEPES buffer, pH 7.0, at 298 K.

Table 1: UV/Vis Parameters ofwt and Mutant Amicyanins and
Azurinsa

wt amicyaninb M99Q amicyaninc wt azurind M121Q azurind

460 (0.4) 465 (0.8) 460 (0.6) 452 (1.2)
596 (3.9) 600 (4.2) 619 (5.1) 610 (6.0)
750 (sh) 870 (0.9) 780 (sh) 810 (1.0)

a Peak maxima are in nm and extinction coefficients (in parentheses)
are in mM-1 cm-1. b Reference (1). c This study.d Reference (14).

FIGURE 3: X-band EPR spectra ofwt (dashed) and M99Q (solid)
amicyanin in 20 mM HEPES buffer, pH 7.0, with 40% glycerol at
77 K.

Table 2: X-band EPR Parameters ofwt and Mutant Amicyanins
and Azurinsa

wt amicyaninb M99Q amicyaninc wt azurind M121Q azurine

gx 2.033f 2.030 2.039g 2.028h

gy 2.050f 2.052 2.057g 2.083h

gz 2.239 2.270 2.258 2.287
Az 58 27 62 35

a Az in ×10-4 cm-1. b Reference (1). c This study.d Reference (64).
e Reference (14). f From measurements at W-band [see ref (65)]. g From
measurements at W-band [see ref (52)]. h From measurements at
W-band [see ref (66)].

FIGURE 4: Modified Vänngård-Peisach-Blumberg plot: cupre-
doxins with oxygen ligation (b) and without oxygen ligation (9),
including exogenous ligands (68). M99Q amicyanin is indicated
by ([).
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Assignment of the Paramagnetic1H NMR Spectrum of Co-
(II) M99Q Amicyanin.The 1H NMR spectrum of Co(II)
M99Q amicyanin is shown in Figure 6 along with the
previously assigned spectrum of Co(II)wt amicyanin (41).
The isotropically shifted resonances are listed in Table 3
along with theirT1 values and line widths. The two far-shifted
broad resonances, signals a and b, in the spectrum of Co(II)
M99Q amicyanin belong to the two CâH protons of the
Cys93 ligand. This is consistent with the large amount of
spin density on this ligand (5, 42) and is in complete
agreement with previous studies on other Co(II)-substituted
cupredoxins (43, 44), and in particular those with an axial
glutamine ligand (45, 46).

The spectrum of Co(II) M99Q amicyanin possesses one
downfield-shifted exchangeable resonance with an intensity
equivalent to one proton at pH 7.0 and 308 K (peak g, see
Figure 7A). A second exchangeable resonance (peak d)
increases in intensity at lower temperature (see Figure 7C).
These observations are consistent with peak g belonging to
the Nε2H proton of the buried His54 ligand, while peak d
corresponds to the Nε2H proton of the more exposed His96
ligand (2). 1D NOE difference experiments demonstrate
strong dipolar couplings between peaks g and i (Figure 7B)
and peaks d and h (Figure 7D). The reverse NOEs, i.e.,

between peaks i and g and also between peaks h and d, were
also observed (data not shown). The small line width of peaks
i and h and their relatively longT1 relaxation times indicate
that these protons are not within 4 Å of themetal ion, and
therefore must belong to the Cδ2H resonances of His54 and
His96, respectively (this is the expected pattern when the
histidine coordinates via its Nδ atom). The very broad
resonance c, upon irradiation, shows an NOE to signal g
(Figure 7F). This clearly identifies resonance c as the Cε1H
of the imidazole ring of His54 because this proton is much
closer to the metal ion, hence its much broader nature and
shorterT1 value. The second, very broad signal in this region
of the spectrum, peak e, can therefore be assigned to the
Cε1H of His96.

FIGURE 5: UV/Vis absorption spectra of Co(II)-substituted forms
of wt (dashed) and M99Q (solid) amicyanin in 20 mM HEPES
buffer, pH 7.0, at 298 K.

FIGURE 6: 1H NMR spectra (300 MHz) of Co(II)wt amicyanin
(313 K) in H2O (pH 8.0) (A) and Co(II) M99Q amicyanin (308 K)
at pH 7.0 in H2O (B) and D2O (C).

Table 3: Hyperfine-Shifted Resonances of Co(II) M99Q Amicyanin
at 306 K and pH 7.0a

resonance δ (ppm) T1 (ms) ∆ν1/2 (Hz) assignment

a 245.5 nd 1550b Cys93 CâH
b 231.2 nd 1460b Cys93 CâH
c 126.2 <0.5 ms 4800 His54 Cε1H
d 77.1c nd 1135 His96 Nε2H
e ∼66 nd nd His96 Cε1H
f 64.2 7.8 520 Gln99 CγH
g 58.6 10.2 320 His54 Nε2H
h 50.5 11.0 300 His96 Cδ2H
i 49.2 29.7 260 His54 Cδ2H
j 24.3 12.6 220 Cys93 NH
k -6.1d nd 495d Gln99 CγH
l -22.1 5.6 420 Gln99 Nε2H

a Data recorded at 500 MHz. Also included are the spin-lattice (T1)
relaxation times, the chemical shifts, the peak widths (∆ν1/2), and the
assignments that have been made.b Measured at 300 MHz.cThis
resonance was observed at 278 K and 600 MHz.d Measured from a
1D NOE experiment at 600 MHz.

FIGURE 7: Reference (A, C, and E) and difference (B, D, and F)
spectra corresponding to 1D NOE experiments performed in H2O
(pH 7.0) on Co(II) M99Q amicyanin. Spectra A-D were recorded
at 600 MHz, and at 308 K for spectra A and B and at 278 K for
spectra C and D. Spectra E and F were recorded at 300 MHz and
at 308 K.
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In the WEFT-NOESY spectrum shown in Figure 8, peak
f shows a strong NOE to signal k, which is made up of at
least two overlapping resonances. This strong NOE is
consistent with a geminal pair of protons. Peak f, in a 1D
NOE difference experiment, also shows a weak NOE to the
exchangeable resonance l (data not shown). An NOE is
clearly observed between peaks k and l in the NOESY
spectrum (Figure 8). All of these observations, along with
similar studies carried out on other cupredoxins with an axial
glutamine ligand (45, 46), clearly point to these three
resonances belonging to the axial glutamine ligand with
peaks f and k being the CγH protons and peak l belonging
to one of the Nε2H protons.

Finally, the exchangeable signal j can be tentatively
assigned as the NH of Cys93. This conclusion is based upon
the observation of an NOE between one of the CâH
resonances of Cys93 (peak b) and peak j in a 1D NOE
difference experiment in which resonance b was irradiated
(data not shown).

Reduction Potentials.M121Q azurin yielded good, quasi-
reversible responses on a 4,4′-dipyridyl disulfide-modified
gold electrode. The anodic and cathodic peaks were of equal
intensity, and their separation was approximately 60 mV at
a scan rate of 20 mV/s. The peak currents were proportional
with the (scan rate)1/2. The midpoint potential of M121Q
azurin showed a gradual increase from pH 9.0 to pH 4.5
with a slope of∼10 mV/pH unit (see Figure 9). At pH 7.0,
a value of 147 mV for the midpoint potential of M121Q
azurin (see Table 4) was found. This value is quite different
from that reported previously (263 mV; see ref14) from a
redox titration of this protein with the [Fe(CN)6]3-/4- couple
(410 mV). The erroneous nature of this value must be due
to the large difference between the potential of the metal
complex used and that of the protein. Because of this large
discrepancy, the midpoint potential of M121Q azurin was
also determined by an alternative method. In this, the ratio
of oxidized to reduced protein was determined as a function
of the solution potential, and the CV data could be confirmed

(see Table 4). For M99Q amicyanin, the CV response was
not ideal. Although the response was quasi-reversible, as
judged from the scan rate dependence of the peak currents,
the anodic and cathodic peaks were never of equal area and
amplitude. Nevertheless, the value estimated from CV at pH
7.0 (165 mV) fits nicely with that obtained by the alternative
method described above (see Table 4).

pKa of His96 Determined by1H NMR. The histidine
resonances of Cu(I) M99Q amicyanin were identified by
examination of the singlets in the aromatic region (6.0-8.5
ppm) of the spectrum (see Experimental Procedures). A pH-
dependent displacement of two singlets in this region was
observed. By analogy towt amicyanin, the singlets were
assigned to the Cε1H and Cδ2H protons of His96 with their
pH dependence being due to the protonation of the Nδ1 of
His96, and with the Cε1H proton assigned on the basis of its
greater sensitivity to pH (47). The chemical shift of these
two singlets, especially of the Cε1H resonance, could be
followed during the entire titration, down to pH* 5.6, where
detection was impossible due to severe broadening of the
signal [analogous to the situation found forwt amicyanin
(16)]. The pH dependence of the chemical shift of the Cε1H
proton of His96 is shown in Figure 10. The pKa* of His96
was determined from the chemical shift data using the
equation:

whereδH andδL are the chemical shifts at high and low pH,
respectively. A three-parameter nonlinear least-squares fit
of the data yielded a pKa* of 7.1 for the Nδ1 of His96 in
Cu(I) M99Q amicyanin.

Electron Self-Exchange Rate Constant Determination.The
electron-transfer reactivity of M99Q amicyanin was exam-

FIGURE 8: Part of the WEFT-NOESY spectrum of Co(II) M99Q
amicyanin in H2O at 308 K with a mixing time of 5 ms.

FIGURE 9: Reduction potential of M121Q azurin as a function of
pH (b), as measured by CV (see Experimental Procedures). A linear
fit (slope 9.5( 2 mV/pH unit) is shown as a solid line.

Table 4: Redox Potentials ofwt and Mutant Amicyanins and
Azurinsa

wt amicyanin M99Q amicyaninwt azurin M121Q azurin

CV 250( 3b 165( 5d 268( 2e 147( 5d

titration 260( 2c 165( 30d 286( 4e 136( 25d

a Values in mV vsNHE; all values quoted were obtained at pH 7.0.
b Reference (23). c Reference (1). d This study.e Reference (67).

δ ) (KaδH + [H+]δL)/(Ka + [H+]) (2)
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ined by measuring the electron self-exchange (ese) rate
constant using1H NMR spectroscopy. The measurements
were performed at pH* 8.2, well above the pKa* of His96
(vide supra) and thus where the pH dependence of the
reactivity is expected to be minimal. An ese rate constant of
1.1 × 104 M-1 s-1 was determined for M99Q amicyanin,
which is approximately 12-fold smaller than the value of
1.3 × 105 M-1 s-1 found for wt amicyanin under identical
conditions (16).

DISCUSSION

UV/Vis Spectrum of Co(II) Amicyanin. The electronic
spectrum of Co(II) M99Q amicyanin is consistent with a
tetrahedral Co(II) site (LFεmax > 250 M-1 cm-1, vide supra).
A blue shift of the main S(Cys)f Co(II) LMCT band is
observed in the UV/Vis spectrum of Co(II) M99Q amicyanin
when compared to Co(II)wt amicyanin. A similar effect has
also been observed in Co(II) azurin upon making the M121E
(48) and M121Q (45) mutations. In the case of the former
variant, the oxygen atom of a carboxylate group coordinates
the metal ion in the axial position. This results in the observed
blue shifts being much greater due to the enhanced polarity
of the carboxylate side chain. The optical spectrum therefore
shows that in Co(II) M99Q amicyanin the coordination of
the introduced glutamine most probably occurs via its side
chain carbonyl oxygen. The spectrum of Co(II) M99Q
amicyanin is also very similar to that of Co(II) stellacyanin
(49), further supporting coordination via the side chain
oxygen of the glutamine (11, 14), and is also reminiscent of
the spectrum of Co(II) mavicyanin (50).

The Paramagnetic1H NMR Spectrum of Co(II) M99Q
Amicyanin.The assigned paramagnetic1H NMR spectrum
of Co(II) M99Q amicyanin (Figure 6 and Table 3) provides
detailed structural information about the metal binding site
of this protein. Most importantly, the observation of one of
the Nε2H protons of Gln99 clearly demonstrates that the
introduced axial ligand coordinates to Co(II) via its side chain
carbonyl oxygen. Coordination by the deprotonated side
chain amide nitrogen would result in the remaining proton
on this atom being extremely close to the metal ion and its
resonance being very broad and having a much shorterT1

relaxation time than peak l possesses.
Table 5 lists the hyperfine shifts of the assigned peaks of

Co(II) M99Q amicyanin along with the analogous signals

in Co(II) wt amicyanin. Also included are the shifts of the
corresponding resonances in Co(II)wt azurin, Co(II) M121Q
azurin, and Co(II) stellacyanin. In the case of Co(II) azurin
[from Pseudomonas aeruginosawhich has a paramagnetic
1H NMR spectrum for the Co(II) protein almost identical to
that of theA. denitrificansprotein], the orientation of the
magnetic susceptibility (ø) tensor has been determined. This
has allowed the Fermi-contact contribution to the isotropic
shifts of protons on the ligating residues to be resolved from
their pseudo-contact (dipolar) part (51). The orientation of
the ø-tensor results in the isotropic shifts of the CâH
resonances of the cysteine ligand being mainly Fermi-contact
in origin. Additionally, the shift of the Cγ1H proton of the
axial Met ligand is composed mainly of a Fermi-contact
contribution, whereas the shift of the Cγ2H proton of this
residue is mainly dipolar in origin. The orientation of the
ø-tensor is very similar inwt azurin and in the M121Q azurin
mutant (52). This is especially so when you consider the
z-axis of the tensor, and so the pattern of dipolar and Fermi-
contact contributions to the isotropic shifts of protons on the
axial ligand will also hold when a glutamine ligand is present
at the active site of a cupredoxin (45, 46, 51). It should be
remembered, however, when making comparisons between
cupredoxins possessing axial Met and Gln ligands, that the
Gln CγH protons are four bonds from the metal ion whereas
the Met CγH protons are only three bonds away.

An interesting feature of the1H NMR spectrum of Co(II)
M99Q amicyanin is the shift of the Cys93 CâH protons. In
Co(II) wt amicyanin, these two resonances are thought to
overlap at 285 ppm (Table 5). In the M99Q mutant, the two
protons are resolved by∼16 ppm, and their shifts are
considerably smaller. The resolution of the Cys CâH
resonances in Co(II) M99Q amicyanin indicates slight
differences in the Co(II)-Sγ-Câ-Hâ dihedral angles, a
modified orientation of the magnetic susceptibility tensor,
or a combination of these two effects as compared to Co(II)
wt amicyanin. The reduced shift of the Cys CâH resonances
provides indirect evidence of a stronger axial interaction at
the active site of M99Q amicyanin as compared to thewt
protein as well as indicating a weaker Co(II)-S(Cys) bond
in the former.

When compared to other cupredoxins which possess an
axial glutamine ligand, the isotropic shifts observed for the
Cys CâH protons appear to be larger in M99Q amicyanin
(see Table 5). This suggests that the Cu-S bond is relatively
stronger in M99Q amicyanin versus the other glutamine-
ligating cupredoxins. A similar conclusion is also drawn from
comparisons of the isotropic shifts of these cysteinyl
resonances inwt amicyanin as compared to other Co(II)-
substituted cupredoxins with an axial methionine ligand (41).

The isotropic shifts of the CγH protons of the axial
glutamine ligand in Co(II) M99Q amicyanin are very similar
to those observed for Co(II) M121Q azurin and Co(II)
stellacyanin. The shift of the observed Nε2H signal of Co-
(II) M99Q amicyanin and M121Q azurin is also very similar
[the corresponding resonance was not observed in Co(II)
stellacyanin]. All of this information points to very similar
modes of coordination of the axial glutamine ligand in these
three proteins, with the homology between Co(II) M99Q
amicyanin and Co(II) stellacyanin being greatest (see Table
5). Considering that the shift of the Cγ1H protons of the axial
glutamine ligand is mainly contact in origin, it is perhaps

FIGURE 10: Position of the His96 Cε1 proton resonance of M99Q
amicyanin as a function of pH* (b). The solid line is the result of
a simulation using eq 2.
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interesting to speculate that the strength of the axial bond in
Co(II) stellacyanin and Co(II) M99Q amicyanin is almost
identical, and slightly greater than that in Co(II) M121Q
azurin. This difference in bond strength might also be
reflected in the slightly larger metal Cu-O(Gln) distance
observed in the crystal structure of stellacyanin compared
to M121Q azurin (11, 14). Another interesting aspect of this
study is the effect the Metf Gln mutation has on the shifts
of the CγH resonances of the axial ligand in amicyanin and
azurin. In thewt proteins, the Co(II)-S(Met) interaction is
much stronger in amicyanin due to the absence of a second
axially interacting ligand in this protein (41). It seems that
the strength of the original Co(II)-S(Met) bond of thewt
protein is of no consequence, and both the azurin and
amicyanin variants have a very similar active site.

The shift pattern of the protons on the two histidine ligands
is remarkably similar in all of the glutamine-ligating cupre-
doxins (see Table 5). For the Cδ2H and the Nε2H resonances,
the contact contribution dominates (51), so the comparable
chemical shift values are an indication of very similar
coordination of the histidines in these proteins. The His Cε1H
protons, which are close to the paramagnetic center and
experience large pseudo-contact shifts, also exhibit similar
shift patterns in the three proteins which have axial glutamine
ligands. This not only supports the similar coordination mode
of the histidine ligands, but also confirms the very similar
orientation of the magnetic susceptibility tensor in these
proteins.

Spectroscopy and Redox Properties of the Cu Site.The
previous section demonstrates that the metal sites of Co(II)-
substituted M99Q amicyanin and M121Q azurin are exceed-
ingly similar. Spectroscopic and electrochemical studies
indicate that the Cu(II) proteins also have very comparable
active sites. The data in Tables 1 and 2 show that the
electronic structure of the Cu(II) site is very similar in both
proteins, and that it is very similar to the spectroscopy of
the glutamine-ligand-containing phytocyanins (14, 38-40).
The copper site is type 1 rhombic, and the axial ligand is
the carbonyl oxygen of the glutamine side chain. The
mutation of the axial Met to Gln has caused almost exactly

the same spectral changes in the Cu(II) forms of amicyanin
and azurin, despite the structural difference at the active sites
of both wt proteins.

The resemblance of the effect of the mutation in both
proteins is also reflected in the electrochemistry of the
mutants. We have determined the redox potential of M99Q
amicyanin and M121Q azurin by two independent methods.
In contrast to the value erroneously reported earlier (14),
M121Q azurin has a much lower redox potential thanwt
azurin. This large decrease in potential versus the parental
wt protein (1) is also observed for M99Q amicyanin (Table
4). It is not surprising that the introduction of Gln has the
effect to lower the redox potential, and this has been
anticipated by many researchers to date (14, 53). This is also
in line with the reduction potential of stellacyanin (54, 55).
It is thought that the introduced oxygen ligand has a
preference for Cu(II) over Cu(I) and thus leads to the
lowering of the reduction potential. What is striking, is that
the effect of the mutation on the potential is about equally
large (lowered by roughly 100 mV) for both amicyanin and
azurin, despite the structural differences between bothwt
proteins. In addition, a comparable decrease in the reduction
potential was observed in a number of other Metf Gln
mutated type 1 copper sites (rusticyanin, plastocyanin, and
bilirubin oxidase) (33, 56, 57) and a comparableincrease
was observed for the opposite, Glnf Met mutation in a
number of phytocyanins (58, 59). This indicates that in
general, substituting the axial methionine by glutamine or
vice versa has a limited influence on the reduction potential
of the blue copper site, namely, 35-160 mV (33, 56-59).
A similar limited effect on the reduction potential has been
observed in cases where other amino acids are involved in
axial ligation (60-62). Considering the large range of
reduction potentials encompassed by type 1 sites, the nature
of the axial ligand cannot be the only factor in controlling
this parameter. Clearly other features such as the orientation
of protein dipoles around the copper site and variations in
the solvent accessibility of the metal ion are important.

The reactivity in terms of the electron self-exchange rate
constant has been measured for M99Q amicyanin. It amounts

Table 5: Observed Hyperfine Shifts in ppm in the1H HMR Spectrum of Co(II) M99Q Amicyanin Compared with the Corresponding Values
for Co(II) wt Amicyanin (41)a

ligandb proton
Co(II) wt
amicyanin

Co(II) M99Q
amicyanin

Co(II) wt
azurin

Co(II) M121Q
azurin

Co(II)
stellacyanin

His Cδ2H 52.6 49.2 48.9 47.2 45.3
Cε1H 117.5/37.8c 126.2 76/90c 83/125c 115
Nε2H 62.5 58.6 75.6 73.4 74.4

Cys CâH2 285 231/245d 222/262d 183/224d 180/206d

His Cδ2H 51.0 50.5 56.7 56.8 51.4
Cε1H 117.5/37.8c ∼66 76/90c 83/125c 86
Nε2H 74.0 77.1 64.4 67.4 63.4

Met Cγ1H 130.7 39.2
Cγ2H 10.0 -14.7
CεH3 74.5 -5.7

Gln Cγ1H 64.2 46.4 66.2
Cγ2H -6.1 -12.8 -5.8
Nε2H -22.1 -26.4

Gly CR1H 49.0 5.9
CR2H -26.3 -10.5

a Also included in the comparison are the values for Co(II)wt azurin (45), M121Q Co(II) azurin (45), and stellacyanin (46). b From top to
bottom, His54, Cys93, His96, and Met99 forwt amicyanin; His54, Cys93, His96, and Gln99 for M99Q amicyanin; His46, Cys112, His117, Met121,
and Gly45 forwt azurin; His46, Cys112, His117, and Gln121 for M121Q azurin; His46, Cys87, His92, and Gln97 for stellacyanin.c These resonances
have not been assigned to a particular His.d Stereospecific assignments have not been made.
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to 1.1× 104 M-1 s-1, vs 1.3× 105 M-1 s-1 for wt amicyanin
under identical conditions (16). The rate constant in the
mutant protein is still fairly high, and M99Q amicyanin is a
perfectly redox-active protein. The small drop in the ese rate
constant (12-fold) suggests that the integrity of the Cu site
in this protein is still intact in both oxidation states. In
M121Q azurin, the drop in the ese rate constant caused by
the mutation is somewhat larger,∼63-fold (14). In the latter
case, the drop in rate was attributed fully to a considerable
conformational change that occurs upon reduction; the Cu
adopts an almost linear coordination between Cys112 and
His46 (14). The decrease in ese for the amicyanin mutant is
not so severe, thus suggesting that conformational changes
at the active site of M99Q amicyanin upon reduction or
oxidation at pH 8 are somewhat smaller than in the case of
M121Q azurin (but vide infra).

In the case of three different cupredoxins, plastocyanin,
amicyanin, and pseudoazurin, it is clearly established that
in the reduced protein the C-terminal histidine ligand
protonates (16-21). This has been suggested to correspond
with the relatively small number of residues separating the
coordinating residues in the ligand-bearing loop (20), but
recent loop-directed mutagenesis studies on amicyanin have
shown that this is too simple a concept (63). While the pKa

of the His is already high inwt amicyanin, pKa* 6.7 (16), in
M99Q amicyanin it is even higher (pKa* 7.1). The reason
for the high pKa in wt amicyanin is not completely understood
at present. One possibility is that the more exposed nature
of the active site in this protein may be significant. We do
not think that the increase in pKa in the M99Q variant is the
result of a grossly different structure around the metal center
(14). It seems more likely that the origin of the higher pKa

is due to a weakening of the metal-His bond in the mutant
with respect towt amicyanin. Thus, analogous to M121Q
azurin, the Gln in M99Q amicyanin has the property to
weaken the bond between the C-terminal His and Cu(I)
relative to thewt proteins. It is interesting to observe that in
the reducedwt azurins the C-terminal histidine has been
found not to titrate with pH. As judged from the small
variation of the redox potential with pH (see Figure 9), this
property appears to be conserved in the M121Q azurin
variant. The observed small and gradual change of the redox
potential with pH can be fully explained by invoking a
gradual change in the overall charge of the M121Q azurin
with pH.

CONCLUSIONS

The paramagnetic1H NMR studies on Co(II) M99Q
amicyanin demonstrate that the active site of this protein is
very similar to those of Co(II) M121Q azurin and Co(II)
stellacyanin. Interestingly, even though the Co(II)-O(Gln)
interactions are very similar in these three proteins, the Co-
(II)-S(Cys) bond is stronger in M99Q amicyanin. Another
interesting conclusion from this part of the study is that in
both amicyanin and azurin, which have distinct differences
in the strength of the bonds to the axial ligands at their active
sites (2, 15, 40), the axial Metf Gln mutation results in
variants with very similar axial Co(II)-O(Gln) bonds.

The spectroscopic and mechanistic studies on the copper
proteins demonstrate that M99Q amicyanin and M121Q
azurin are comparable. This similarity implies that the effect

that the introduced glutamine has on the copper site is not
related to the starting structures in which the axial ligand is
replaced. The more important effect is the interaction of the
copper with the introduced oxygen. Thus, even though in
wt azurin the interaction of Cu(II) with Gly45 leads to an
increase in the Cu-S(Met) distance as compared towt
amicyanin (3.11 vs 2.84 Å), this effect is not translated to
the Metf Gln mutants. This conclusion is also supported
by the spectroscopic similarities between these two mutants
and the phytocyanins which possess an axial glutamine
ligand. In the reduced form, both mutants appear to display
a weakened His-Cu bond with respect to their parentalwt
proteins. It remains to be determined whether in this respect
these mutants are good models for Cu(I) phytocyanins. In
other words, whether all cupredoxins containing an axial
glutamine ligand, including the phytocyanins, are character-
ized by a labile Cu-His bond.
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