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ABSTRACT: Umecyanin (UMC) from horseradish root belongs to the stellacyanin subclass of the
phytocyanins, a family of plant cupredoxins. The protein possesses the typical type-1 His2Cys equatorial
ligand set at its mononuclear copper site but has an axial Gln ligand in place of the usual weakly coordinated
Met of the plantacyanins, uclacyanins, and most other cupredoxins. UMC exhibits, like other phytocyanins,
altered visible, EPR, and paramagnetic1H NMR spectra at elevated pH values and also a modified reduction
potential. This alkaline transition occurs with a pKa of ∼10 [Dennison, C., Lawler, A. T. (2001)Biochemistry
40, 3158-3166]. In this study, we investigate the alkaline transition by complementary optical spectroscopic
techniques. The contemporary use of absorption, fluorescence, dynamic light scattering, and resonance
Raman spectroscopy allows us to demonstrate that the alkaline transition induces a reorganization of the
protein and that the overall size of UMC increases, but protein aggregation does not occur. The transition
does not have a dramatic influence on the active-site environment of UMC, but there are subtle alterations
in the Cu site geometry. Direct evidence for the strengthening of a Cu-N(His) bond is presented, which
is in agreement with the hypothesis that the deprotonation of the Nε2H moiety of one of the His ligands
is the cause of the alkaline transition. A weakening of the Cu-S(Cys) bond is also observed which, along
with a weakened axial interaction, must be due to the enhanced Cu-N(His) interaction.

Type-1 (T1) blue copper proteins (cupredoxins) are
ubiquitous electron-transfer (ET)1 agents that readily accom-
modate the metal ion in both the CuII or CuI oxidation states.
These proteins are characterized by unique properties when
compared with copper coordination inorganic compounds (1,
2). This includes an intense ligand-to-metal charge transfer
(LMCT) absorption at approximately 600 nm (with a weaker
LMCT band at∼450 nm), an unusually small hyperfine
coupling constant in thegz region of their electron paramag-
netic resonance (EPR) spectra (1-4), and a high reduction
potential (2). The phytocyanins are a subclass of the
cupredoxins that are found in plants (5-10) and have
themselves been divided into three main groups (9), the

stellacyanins, the plantacyanins, and the uclacyanins. Crystal
structures of phytocyanins (7, 8, 10-12) demonstrate that
members of this subfamily possess a more openâ-sandwich
structure compared to other cupredoxins (see Figure 1),
which is stabilized by a disulfide bridge close to the active
site (7, 8, 10-12). The copper ion is strongly coordinated
by the thiolate sulfur of a Cys residue and the imidazole
nitrogens of two His residues, as in all other cupredoxins
(7, 8, 10, 11). The T1 copper sites of stellacyanins are
unusual in that they possess an axial Gln ligand (see Figure
1) (7, 11, 12), whereas the plantacyanins (and probably also
the uclacyanins) have the more customary Met in this
position (8, 10).

An intriguing feature of all phytocyanins studied to date
is a transition that occurs at high pH and results in the
oxidized protein changing color from blue to violet (5, 14-
22). The main visible absorption band shifts from∼600 nm
at neutral pH to∼580 nm at pH 11 (14-22). The weaker
electronic absorption band at lower wavelength also shifts
from ∼450 to∼440 nm upon increasing pH. For both bands,
a pKa of ∼10 is obtained for this so-called alkaline transition
(15). The transition also influences the EPR, electron nuclear
double resonance, and paramagnetic1H nuclear magnetic
resonance (NMR) spectral properties of the protein and alters
the active-site structure (15, 17, 20, 23-26). The reduction
potential is also influenced at high pH, and thus, the alkaline
transition may play a physiological role by tuning ET
reactivity (17, 18, 24). There is currently no crystal structure
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of a phytocyanin at high pH. Many studies have been devoted
to the investigation of this phenomenon (17-25), and very
recently, attention has focused on umecyanin (UMC), the
stellacyanin from horseradish roots (17, 20, 24-26). A
number of suggestions have been made for the cause of the
alkaline transition, including a conserved Lys residue
adjacent to the axial ligand (17), a change in the coordination
mode of the axial Gln ligand in the stellacyanins (23, 27),
and a change in the secondary structure because of high
molecular flexibility of the phytocyanins (15, 28). The
application of site-directed mutagenesis to the study of the
cause of the alkaline transition in UMC has recently ruled
out the axial Gln95 ligand and the conserved Lys as being
responsible for this effect (25). All of these studies of the
alkaline transition in the phytocyanins have failed to provide
a conclusive answer as to its cause, and thus, a more
comprehensive analysis of this phenomenon in a wild-type
(WT) protein has been undertaken. This has included the
use of resonance Raman (RR) spectroscopy, which provides
detailed information about the copper site geometry of
cupredoxins (29-31). Fluorescence spectroscopy has been
used to investigate the environment of the Trp residues in
UMC (Trp11 and Trp23), which should be very sensitive to
subtle structural alterations (32) induced by the alkaline
transition (Trp11 is involved in aπ-amide interaction with
the NεH2 moiety of the axial Gln ligand, and any active-site
alterations would be expected to influence its fluorescence).
It is reasonable to suppose that local geometrical changes
could induce an overall reorganization of the protein, and to
monitor this, we have analyzed the overall protein size during
the alkaline transition using dynamic light scattering (DLS)
(33).

MATERIALS AND METHODS

Materials. UMC was expressed inEscherichia coliand
isolated and purified as described previously (20). For all
optical measurements, UMC was exchanged into 20 mM Tris
at pH 7.6. To vary the pH, small quantities of 100 mM

solutions of NaOH and HCl were added to dilute UMC
solutions. The final pH value of each sample was measured
(Radiometer Copenhagen PHM82 Standard pH-meter). The
concentration of protein samples was in the range of 30-60
µM, except for RR and DLS measurements, where the
protein concentration was 0.86 mM.

Absorption Measurements. Absorption measurements were
carried out at room temperature using a dual-beam ultraviolet-
visible (UV-vis) spectrophotometer (Jasco V-550) in the
spectral region of 200-800 nm with a 2.0 nm band-pass.
For samples at pH 7.6, the UMC concentration was
determined usingε606 ) 4300 M-1 cm-1 (20). For samples
at pH values higher than 7.6, an estimatedε280 ) 15 500
M-1 cm-1 was used. Measurements were carried out at a
UMC concentration of 60µM.

DLS Measurements. The DLS technique analyses temporal
intensity fluctuations of the scattered light arising from
particles diffusing in a well-defined volume (called scattering
volume, that is the region of intersection of incident and
scattered light and which depends upon the optical geometry)
inside the investigated liquid sample (33). When fluctuations
are principally determined by Brownian motion, the average
diffusion coefficient of the scatterers can be obtained from
the intensity autocorrelation function (ACF) of the scattered
light, g2(t). This function represents the temporal correlation
of the intensity of scattered light with itself. The mathemati-
cal description of ACF obtained for monomodal size
distribution of spherical particles diffusing in a homogeneous
liquid is

whereΓ ) 1/τ ) Dq2, q ) 4πn/λ sin(θ/2) is the scattering
vector,τ is the characteristic time of the diffusion process,
n is the index of refraction of the suspending medium,λ is
the wavelength of the incident light,θ is the scattering angle,
andD is the diffusion coefficient. In this hypothesis,D is
given by the well-known Stokes-Einstein relation (eq 2)

where kB is the Boltzmann constant,T is the absolute
temperature,d is the hydrodynamic diameter of the scatterer,
andη is the viscosity of the medium (33). At each pH, the
solution viscosity has been determined using probe-DLS (34,
35) by introducing a probe with known diameter inside the
solution to measure the viscosity. The corresponding value
of d was then determined by applying the Stokes-Einstein
relation (eq 2). In all experiments, aθ ) 90° scattering
geometry and an Ar laser light source (Ion Laser Technology
Inc.) running at 488 nm and 80 mW power have been used.
The scattered light was detected by a photomultiplier and
then passed to a BI-9000 (Brookhaven Instruments) digital
correlator. All of the measurements have been performed at
25.0 ( 0.5 °C using filtered samples (0.22µm, Millipore)
to avoid the presence of dust.

Fluorescence Measurements. Fluorescence emission spec-
tra have been collected at room temperature using a Spex
Fluoromax spectrophotometer. The excitation wavelength for
the emission spectra was 295 nm (band-pass of 3.0 nm) to
minimize the signal from Tyr residues. The investigated

FIGURE 1: Structure of UMC (11) drawn with MOLSCRIPT (13)
in which the CuII ion is shown in magenta and the side chains of
the coordinating amino acids and also of Trp11 (∼7 Å from the
copper and involved in aπ-amide interaction with the NεH2 moiety
of the Gln ligand) and Trp23 (∼15 Å from the copper) are included.

g2(t) - 1 ) exp(-2Γt) (1)

D )
kBT

3πηd
(2)
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emission region was 305-525 nm (emission band-pass of
5.0 nm). All spectra were corrected for the Raman signal of
water and for auto-absorption and concentration effects.
Measurements have been carried out at a CuII UMC
concentration of 30µM.

RR Measurements. RR spectra of a 0.86 mM UMC
solution at two pH values (7.6 and 10.5) have been
investigated using a Jobin Yvon LabRam confocal system
equipped with a HeNe laser (633 nm, well inside the 600
nm absorption band of CuII UMC), and a 1800 gr/mm grating
has been employed for measurements. The spectra reported
have been acquired collecting the light, with a 40 mm
objective, reflected from a quartz cuvette that contained the
liquid sample. The laser power was 4 mW, and the system
has a spectral resolution of∼5 cm-1 and a data point
increment of 1 cm-1 in the 200-1100 cm-1 region. To
investigate some specific RR features in more detail,
measurements were also carried out over a smaller region
of the spectrum (200-400 cm-1) with higher resolution (∼2
cm-1) and a lower data point increment (0.3 cm-1).

RESULTS AND DISCUSSION

Absorption. The UV-vis spectra of CuII UMC at two
different pH values are presented in Figure 2. The spectrum
at pH 7.6 is characterized by a feature at around 280 nm
(with a shoulder at 290 nm) and two LMCT bands at∼460
nm (λ1) and∼606 nm (λ2). At pH 7.6, theε464/ε606 ratio is
0.12. As the pH increases, the features around 280 nm do
not change, while the LMCT bands shift to shorter wave-
length in agreement with previous studies (17, 20). The
relative intensity of the two LMCT bands is unaffected by
the alkaline transition.

DLS. From DLS measurements on CuII UMC, experimen-
tal ACF values have been recorded and the hydrodynamic
diameter has been obtained as a function of pH (see Figure
3). As the pH is raised, the hydrodynamic diameter of UMC
increases by∼50%. Upon lowering the pH, the hydrody-
namic diameter decreases, thus confirming the reversibility
of the alkaline transition (17, 20, 25). The increase of the
overall size of UMC during the alkaline transition mimics
the behavior of cytochromec during its alkaline transition
(36). In the case of cytochromec, it has been shown that

the alkaline transition results in a partially denatured state
that is characterized by an increase in the hydrodynamic
radius of the protein (this process is reversible), which is
smaller than what is typically observed for complete
denaturation (37). Therefore, our results suggest that the
conversion of UMC from the “neutral” to the “alkaline” form
does not involve denaturation or gross structural changes and
allow us to exclude protein aggregation occurring at high
pH. The DLS results do indicate slight alterations in the
overall protein structure are induced by the alkaline transition
in UMC.

Steady-State Fluorescence. The steady-state fluorescence
emission spectrum of CuII UMC at pH 7.6 obtained with
excitation at 295 nm is shown in Figure 4. At this excitation
wavelength, the fluorescence emission is mainly due to Trp
residues. The spectrum shows a large peak located at around
340 nm. The position of this maximum indicates that the
fluorescence-accessible Trp residues in UMC (Trp11 and
Trp23) are solvent-exposed [when a Trp residue is not
solvent-exposed, it has an emission at around 308 nm (32)].
Increasing pH has a limited effect on the fluorescence
spectrum of UMC as shown in Figure 5. This demonstrates

FIGURE 2: UV-vis spectra (25°C) of CuII UMC in 20 mM Tris
at pH 7.6 and 10.8. FIGURE 3: Dependence on pH of the protein diameter (d) extracted

from the ACF parameters. A typical experimental ACF is shown
in the inset.

FIGURE 4: Emission spectrum of CuII UMC at pH 7.6 using an
excitation wavelength of 295 nm.
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that the alkaline transition in UMC does not affect the
microenvironment of either Trp11 or Trp23. This is particu-
larly interesting for Trp11, which is involved in aπ-amide
interaction with the axial Gln95 ligand and has been
considered as a cause of the alkaline transition (25). The
results presented here highlight that the emitting Trp residues
are not involved in the alkaline transition and that the alkaline
transition does not have a dramatic effect on the overall
active-site environment (which would be expected to influ-
ence Trp11).

RR. The RR spectra of CuII UMC at pH 7.6 and 10.5 in
the spectral region 200-1100 cm-1 are shown in Figure 6.
At pH 7.6, the RR spectrum of CuII UMC shows four intense
peaks at 346, 386, 409, and 442 cm-1 and a shoulder at
around 375 cm-1, with the most intense peak being that at

386 cm-1. At lower frequency, a peak at 267 cm-1 is
detected. A well-defined signal at 742 cm-1 is superimposed
on a cluster of bands observed near 800 cm-1. The
comparison of this spectrum with those of other stellacyanins
is reported in Table 1.

It is widely recognized that excitation of a cupredoxin
within its S(Cys)f CuII LMCT band yields 4-12 funda-
mental vibrations in the 300-500-cm-1 region of the RR
spectrum (38-40). The large number of frequencies com-
pared to the single mode predicted for an isolated Cu-S
center has been ascribed to kinematic and vibronic coupling
of the Cu-S stretch with Cys ligand deformations (38). In
particular, the strongest peak in the RR spectra of blue copper
proteins results from a predominantly Cu-S(Cys) stretching

FIGURE 5: Relative quantum yield and the maximum position in
the fluorescence emission spectrum of CuII UMC as a function of
pH.

FIGURE 6: RR spectra of CuII UMC (at room temperature) at pH 7.6 (top) and 10.5 (bottom) using 633 nm excitation. Spectra have been
obtained with an integration time of 60 s and with a 40 mm objective. The main peaks are labeled.

Table 1: Resonance Raman Bands of UMC and Other Stellacyanins

STCa UMCb CSTc

RT 77 K pH 7.6 pH 10.5 pH 5.5 pH 11.2

267 269
270 273 274 274

281 283
334 (sh)
347 346 345
359 (sh) 352 351
374 (sh) 375 374 380 378

385 385 386 385 385 382
396 396

405 405 409 407 411 409
422 422 420 420

444 442 441 445 445
482 482

750 746 742 744
a Data for Rhus Vernicifera stellacyanin obtained with 600 nm

excitation (200 mW power) at room temperature (RT) and 77 K (38).
b Data from the present study at two pH values.c Data for Cucumis
satiVusstellacyanin using 568 nm excitation (160 mW power) at 77 K
and two pH values (21).

Alkaline Transition of Umecyanin Biochemistry, Vol. 44, No. 49, 200516093



vibrational mode (30). The most intense peak in the spectrum
of UMC occurs at 386 cm-1 (at pH 7.6), which has
counterparts at almost identical positions in the spectra of
Rhus Vernicifera stellacyanin (STC) (38) and Cucumis
satiVus stellacyanin (CST) (21), suggesting that the Cu-
S(Cys) bond strengths in these three proteins are very similar
(see Figure 7). The positions of the other major peaks in the
RR spectrum of UMC, arising from a combination of Cu-S
and Cu-N stretching modes, are shifted by about 2-5 cm-1

compared to the analogous signals in CST and STC. In
addition, the 409 cm-1 band has a counterpart in STC at
405 and 411 cm-1 in the spectrum of CST. The peak around
270 cm-1 in the spectra of blue copper proteins is usually
assigned as a Cu-N(His) stretching vibration (41). In UMC,
this band is located at 267 cm-1, which is a lower frequency

compared to its counterpart in STC (-3 cm-1) and CST (-7
cm-1).

In UMC, like other cupredoxins, the spectral region around
800 cm-1 possesses combination bands and overtones of the
main peaks located in the 300-500 cm-1 region. This is
usually associated with significant Duschinsky mixing of the
excited state (42). The combination bands are generated by
a principal band having the highest Cu-S character [νc Cu-
S(Cys)] (31). The νc of 386 cm-1 for UMC allows us to
quantitatively estimate a CuII-S(Cys) bond length of 2.15
Å using Badger’s rule (29) [the change in bond distance,r,
was calculated from the following relationship: (r1 - dij)/
(r2 - dij) ) (ν2/ν1)2/3, and for a bond between S and a first-
row transition metal,dij was estimated to be 1.5] which is in
good agreement with that observed in the crystal structure

FIGURE 7: Relative intensities of peaks in the RR spectra of stellacyanins. The data for STC and CST are taken from refs21 and 38,
respectively.
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(2.2 ( 0.06 Å) (11). In the UMC spectrum, a well-defined
band located at 742 cm-1, assigned to a C-S stretch (30) of
the Cys ligand, is detected.

There is a striking variability in the intensities of the
different modes in cupredoxin RR spectra, and each class
of protein has its own characteristic intensity pattern (30).
To better understand this aspect of the spectra, we have
compared the intensity of the RR patterns of selected
stellacyanins in Figure 7. Vibrational intensities are related
to the change in the geometry of the chromophore in the
electronic excited state (39) and to differences in amino acid
composition and protein structure in the vicinity of the blue
copper site (but beyond the highly conserved His2Cys
equatorial ligand set). Han et al. (39) have proposed that the
conformation of the peptide loop connecting the Cys and
His ligands has an effect on the enhancement of particular
RR modes in blue copper proteins. Thus, by comparing the
intensity patterns shown in Figure 7, it appears that the
structure in the vicinity of the active site of UMC is more
similar to that in CST than STC.

A correlation between the intensity ratio of the LMCT
bands in the UV-vis spectra of cupredoxins (ε1/ε2) and the
main Cu-S(Cys) stretching vibration has been reported for
cupredoxins (Figure 8) (30, 31). T1 Cu sites with almost
trigonal planar coordination (e.g., plastocyanin and amicya-
nin) have the highestνc Cu-S(Cys) values [and shortest Cu-
S(Cys) bonds] and possess minimal absorbance at 460 nm
in their UV-vis spectra (classic T1 sites). As T1 copper sites
become more tetrahedral (going toward the T1 site of the
green nitrite reductase), they exhibit lowerνc Cu-S(Cys)
RR frequencies [longer Cu-S(Cys) bonds] and increased
absorbance at 460 nm relative to 600 nm (31) (distorted or
perturbed T1 sites). At variance, the stellacyanins show an
almost constant value forνc Cu-S(Cys) (see Figure 8). This

could be representative of peculiar coordination geometries
in the stellacyanins as a consequence of an axial Gln ligand,
which may be related to the strength of this axial interaction
and/or to the location of the amino acids within the Cu
coordination sphere (30).

Increasing the pH from 7.6 to 10.5 preserves the overall
vibrational pattern in the RR spectrum of UMC. The 346,
375, 386, 409, and 442 cm-1 bands shift to lower frequency
by ∼1-2 cm-1 at higher pH (Figure 6). This indicates that
the Cu-S(Cys) bond length increases as a consequence of
the alkaline transition. A similar effect is observed in the
RR spectrum of CST at elevated pH (see Table 1 and Figure
7), but there are some variations. In particular, the shoulder
of the 385 cm-1 peak located around 375 cm-1 increases in
intensity with respect to the main peak in UMC, whereas in
CST, the 375 cm-1 peak becomes even more intense than
the one located at 385 cm-1 at high pH (see Figure 7). To
circumvent the difficulties related to the definition of a peak
position in the complex envelop of bands centered at∼400
cm-1, the intensity-weighted average〈νCu-S〉 (eq 3) can be
used (43)

The〈νCu-S〉 is indicative of the strength of the Cu-S(Cys)
bond, and values for UMC are listed in Table 2 along with
those extracted from published spectra for CST (21). The
〈νCu-S〉 values for UMC indicate a weakening of the Cu-
S(Cys) bond upon increasing pH in agreement with the
results of the single line analysis studies, and the same
qualitative trend is found for CST. These findings are
consistent with the results of paramagnetic NMR studies,
which have demonstrated that the alkaline transition induces
changes in the Cu active site resulting in a decreased Cu-
S(Cys) interaction (17, 24, 26). It has also been found that
the alkaline transition results in a weakening of the axial
interaction in phytocyanins regardless of whether this residue
is a Gln (as in the stellacyanins) or a Met (plantacyanins
and uclacyanins) (25).

We also observe changes in the low-frequency region
(100-300 cm-1) of the RR spectrum of UMC as the pH
increases. The feature at 267 cm-1 shifts to 269 cm-1 and
becomes more intense at alkaline pH. Because the bands
located in this region in the RR spectra of blue copper
proteins arise from the Cu-N(His) stretch (41), these results
indicate a shorter CuII-N(His) bond in the high pH form of
UMC. Additional RR spectra have been acquired over a
smaller region (200-400 cm-1) with enhanced resolution

FIGURE 8: Correlation of the Cu-S(Cys) stretching frequency with
the log(ε1/ε2) absorbance ratio for T1 Cu sites. Proteins included
are amicyanin (Ac), azurin-H46D, SOD-Cu2Cu2-H80C (green),
azurin-M121E (pH 3.9), azurin-Ml21K (pH 3.3), azurin-M121Q,
cucumber basic protein (CBP), nitrite reductase (NiR), pseudoazurin
(Paz), plastocyanin (Pc), STC, CST, and UMC. TheνCu-S in each
case isνc; the frequency that generates the combination bands (30).
The degree of T1 rhombicity decreases as log(ε1/ε2), andνc Cu-S
increase. Cupredoxins having a Met as the axial ligand are indicated
by 9, whereas cupredoxins having an axial Gln ligand are shown
asb. Data are taken from ref30 and references therein, except for
the data for UMC.

Table 2: Intensity-Weighted Average Frequency〈νCu-S〉 of the
Bands Associated with the Cu-S (Cys) Vibration in UMC and CST

protein pH
〈νCu-S〉
(cm-1) protein pH

〈νCu-S〉
(cm-1)

UMC (RT)a 7.6 396 CST (77 K)b 5.5 388
UMC (RT)a 10.5 393 CST (77 K)b 11 382

a This study.b Calculated from the data reported in ref21.

〈νCu-S〉 )

∑
νi ) 300 cm-1

500 cm-1

Iνi
νi

2

∑
νi ) 300 cm-1

500 cm-1

Iνi
νi

(3)
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(Figure 9). The results of these studies show that the Cu-
N(His) stretching vibration is shifted by 3.0 cm-1 to higher
energy when the pH increases from 7.6 to 11. Thus, we can
confirm that the alkaline transition induces a strengthening
of the Cu-N(His) bond. It has been suggested recently that
the deprotonation of the Nε2H moiety of one of the His
ligands is the most likely cause of the alkaline transition (25).
Deprotonation of a coordinated His will strengthen the bond
that it makes with CuII, and our RR results provide direct
experimental evidence for this. The strengthening of the
interaction with the His ligand explains why the CuII-S(Cys)
and CuII-S(Met) bonds are weakened at alkaline pH. The
conclusion that deprotonation of one of the His ligands is
the cause of the alkaline transition in the phytocyanins is
also consistent with a very similar effect seen at high pH in
rusticyanin (a cupredoxin but not a phytocyanin), which has
been assigned to the deprotonation of the Nε2H of its exposed
His143 ligand (44, 45).

In summary, the studies reported herein demonstrate that
the alkaline transition induces a slight reorganization of the
structure of UMC and that the overall size of the protein
increases, but that protein denaturation and aggregation do
not occur. As a consequence of the alkaline transition, there
are subtle alterations in the Cu site geometry. Direct evidence
for the strengthening of a Cu-N(His) bond has been found,
which is in agreement with the hypothesis that the depro-
tonation of the Nε2H moiety of one of the His ligands is the
cause of the alkaline transition. A weakening of the Cu-
S(Cys) bond has also been found, which, along with a
weakened axial interaction, must be due to the enhanced Cu-
N(His) interaction.
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