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ABSTRACT: Stellacyanin fromRhusvernificerais a blue copper protein in which the metal is coordinated

to a Cys, two His, and a GIn residue. It displays a low redox potential, a fast electron exchange rate, and
a reversible alkaline transition. We have studied this transition in Cu(ll)- and Co(ll)-stellacyanin by
means of electronic and NMR spectroscopy. The data indicate that a conformational rearrangement of
the metal site occurs at high pH. A drastic alteration in the GIn coordination mode, as initially proposed,
is discarded. These results show that the metal site in stellacyanin is more flexible than the sites of other
blue copper proteins. The present study demonstrates that the paramagnetic shifts of the bound Cys in
the Co(ll) derivative are sensitive indicators of the electron delocalization and conformational changes
experienced by this residue.

Blue copper proteins are ubiquitous electron transfer
proteins, which are able to accommodate the metal ion in
either Cu(ll) or Cu(l) oxidation states (Sykes, 1991; Adman,
1991; Solomonet al, 1992; Canters & Gilardi, 1993;
Malmstram, 1994). These proteins are characterized by an
intense absorption at 600 nm, a lo copper hyperfine
coupling constant, and unusually high redox potentials. The
copper is bound to one cysteine and two histidine residues
in a nearly trigonal-planar array, and a weakly coordinated A B

axial methionine is the fourth axial ligand in most of these Ficure 1: Schematic representation of the metal sites of (A) poplar
proteins (Figure 1A). Stellacyanins are an exception, since plastocyénin, from Gusst al. (1986), and (B) cucumber stella-

they, bear a GIn as axial ligand (Figu_re 1B) (Vila & cyanin, from Hartet al. (1996). The pictures were drawn with
Fernadez, 1996; Haret al, 1996). In particular, Stfrom RasMol v2.6 (Sayle, 1994), Greenford, Middlesex, U.K.).

the lacquer tredRhuswvernicifera has been considered an
outlier among blue copper proteins owing to its low redox family. In addition, gene sequences coding for proteins
potential and particular spectroscopic features (Peistah displaying a high degree of similarity wifRv St have been
1967; Reinhammar, 1970). However, recent convincing characterized in a negatively light-regulated gene product
evidence of a certain ubiquity of related proteins has beenfrom Arabidopsis thaliana(van Gyselet al, 1993) and
accumulated. The most outstanding example is cucumberloblolly pine root seedlings subjected to water deficit (Chang
St (Nersissiart al, 1996). The recently reported sequences €tal, 1996). It has recently been proposed that stellacyanins
of umecyanin from horseradish roots (Van Driessehal., constitute a subclass of plant blue copper proteins (Nersissian
1995) and mavicyanin fror@ucurbita pepdSchininaet al., et al, 1996) characterized by being glycoproteins with
1996) indicate that these proteins also belong to the sameparticular spectroscopic features, exposed metal sites, and a
GIn axial ligand. Their biological function is still unclear.
Another feature ofRv and cucumber Sts as well as
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transition is also displayed by CBP (also known as cucumber
plantacyanin), in which a Met residue is the axial ligand
(Sakuraiet al,, 1982; Nersissian & Nalbandyan, 1988).
Paramagnetic NMR is a helpful spectroscopic tool for
characterizing metal centers in proteins (Bertinal., 1993).
Cu(ll) is paramagnetic but displays slow electron relaxation
rates, which make it not suitable for NMR spectroscopy
(Bertini & Luchinat, 1996). HowevetH NMR spectra can
be recorded in Cu(ll) blue copper proteins since the electron
relaxation times are shortened owing to the existence of low-
lying excited states that arise from the strained nature of the
blue sites (Kalverdat al, 1996). In spite of this, NMR
lines are still broad. In these cases, metal substitution can
be useful for probing the metal site. When Co(ll) replaces
Cu(ll), the NMR signals of nuclei belonging to the metal

ligands display narrower lines and can be better detected and

assigned (Bertingt al, 1993). This strategy has successfully
been applied to Co(ll)-substituted wild-type (Moratal Mas-
carellet al, 1993; Salgadet al, 1995) and mutant azurins
(Piccioli et al, 1995; Salgadet al, 1996), as well as t&v

St (Vila, 1994; Vila & Ferriadez, 1996). We have studied
the high-pH transition in Cu(ll)- and Co(IRv St by means

of electronic and paramagnetic NMR spectroscopy in an
attempt to draw a structural interpretation of it.

EXPERIMENTAL PROCEDURES

Stellacyanin fromRhus vernicifera was obtained as
previously reported (Reinhammar, 1970). The apoprotein
was prepared by dialysis against thiourea, followed by
dialysis against 100 mM sodium phosphate at pH 6.0
(Blaszaket al, 1983). The Co(ll) derivative was prepared
by addition of a 4-fold excess of cobalt chloride to a buffered
solution of apoprotein, followed by dialysis against EDTA
to remove the excess metal ion. The metal uptake was
monitored by optical spectroscopy, and the Co(ll) derivative
yielded an electronic spectrum similar to the one previously
reported (McMillinet al, 1974). The electronic spectra were
recorded in Gilford Response 1l and LKB Ultraspec 2
spectrophotometers. The concentrated samples for NMR
experiments were obtained using Centricon-10 (Amicon)
concentrator units. The D solutions were prepared by
dissolving in deuterium oxide the lyophilized protein.

The NMR spectra were recorded on Bruker ACE 200,
MSL 300, and AMX 500 spectrometers operating at proton
frequencies of 200.13, 300.13, and 500.13 MHz, respectively.
All chemical shifts were referenced to the chemical shift of
water at the appropriate temperature, which in turn was
calibrated against internal DSS. 1D experiments were
performed using the superWEFT pulse sequence (180
90°) (Inubushi & Becker, 1983) or by presaturating the water
resonance. Different delays)fvere used in the superWEFT
sequence to optimize the detection of the fastest relaxing
signals. NOEs were performed by using a modified super-
WEFT sequence irradiating during the intermediate delay
(Banciet al, 1989).

RESULTS

Cu(ll) Stellacyanin. The visible spectrum of St displays
two intense thiolate-to-copper LMCT bands at 450 and 604
nm. These bands blue-shift at alkaline pH with &, pf
10.2 (Figure 2), as early reported (Peisathl., 1967). This
transition is reversible up to pH 12. Tlgsdeesoo ratio falls
at high pH (Figure 2).
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FiGurRe 2: (A) Electronic spectra dRv Stellacyanin at pH 6.1 and
11.2. (B) pH dependence of the charge transfer bands.
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Ficure 3: H NMR 500 MHz spectrum (302 K) oRv Cu(ll) St

in H,O at pH 7.

The paramagnetidH NMR spectrum of Cu(ll)St is
reported in Figure 3. The observed resonances are expected
to arise from protons belonging to copper ligands located at
rei > 5 A (Kalverda et al, 1996). The!H NMR
paramagnetic signals have unequivocally been assigned for
Cu(ll) amicyanin (Kalverdaet al., 1996). The high degree
of similarity between the present spectrum and the one of
amicyanin allows us to assign it on a comparative basis.

Three broad signals—ec are found ad > 20 ppm. Two
of them are expected to arise from nonexchangeable His
protons four bonds away from the metal ion. Since signals
a and c are present in spectra recorded in the whole pH range
and in DO solution, we assign them as the Hid2$. The
He2 His resonances are expected to fall in the same shift
range. However, we do not expect to observe these signals
owing to the high degree of solvent accessibility of the metal
site (Vila, 1994; Vila & Ferhadez, 1996). Signal b (detected
only at pH< 8) may be attributed to a42 belonging to the
axial GlIn ligand.
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Ficure 5: H NMR spectra (313 K, BD) of Co(ll) St: At 200

MHz, enlarged views of the most downfield-shifted signals recorded
at (A) pH 4.0 and (B) pH 11.3 are shown. At 300 MHz, the 80/

6.5 and 10.7. (B) pH dependence of the charge transfer and ligand—30 ppm region recorded at (C) pH 4.0 and (D) pH 11.0 is shown.

field bands.

We assign resonance e to thextdf Cys 87 and the
composite signal d to the twoqtd of Gln 97, after having
compared the present spectrum to the spectra of other blu
copper proteins (Kalverdat al., 1996). The spectrum is
insensitive to pH changes in the pH-8 range. Both signals
d and e experience upfield shifts at high pH (e moves from
12.1 to 11.9 at pH 11, whereas signal d shifts from 14.6 to
13.2 ppm).

Co(ll) Stellacyanin. The electronic spectrum of Co(ll)-
substituted St displays an intense thiolate-to-cobalt(ll) LMCT
band at 350 nm and Laporferbidden ligand field transitions
in the visible range (McMillinet al, 1974). The charge
transfer band is blue-shifted at high pH. The intensity of
the ligand field transitions in the visible spectrum does not

change at alkaline pH, and a splitting of the 640 nm band is _

observed, as shown in Figure 4A. Thié of this transition
is 10.1 (Figure 4B).
The paramagnetitH NMR spectrum of Co(ll) St shows

The signal lettering is taken from Vila and Fénakez (1996).

in different directions: the B2 resonances H and | are
downfield-shifted at alkaline pH, whereas the broad His

Signals C and D (HLs) shift upfield ¢f. Figure 5).

Resonance F, which stands for a proton belonging to the
axial GlIn ligand, is also affected. Signal F displays two
transitions with different i.s: the first one characterized
by a small downfield shift (K. ~7) and a larger upfield
one occurring at alkaline pH. Since the signal corresponding
to the geminal proton of F (signal q) is buried within other
signals in the upfield region of the spectrum (Vila &
Fernandez, 1996), we were able to monitor this resonance
by irradiating F at different pH values (Figure 6). Fitting
the pH-induced shift changes of these resonanced A,

H, I, and g) to a common sigmoideal equation yieldska p
10.2 for this transition.

DISCUSSION

20 signals shifted from their diamagnetic positions spanning Analysis of Spectroscopic DataThe cysteine-copper

from 210 to—60 ppm. The resonances corresponding to

the metal ligands have been recently assigned (Vila, 1994;

Vila & Fernandez, 1996). The NMR spectrum is not
substantially altered in the pHD range, but major changes
do occur at higher pH values (Figure 5). The broad
resonances A and B corresponding to fR€H, protons of
Cys 87 shift upfield at high pH. Itis interesting to note that

interaction in St gives rise to two LMCT bands at 450 and
604 nm, which are altered at high pH. The intensity ratio
of the LMCT bands in blue copper proteins has been
correlated with the strength of the axial ligand (etial,

1993). A GlIn ligand is able to displace the metal out of the
plane defined by the three equatorial ligands (ENS),

giving rise to a perturbed type 1 site with respect to azurin

signal B experiences a larger shift than signal A does. This and a largekssdesoo ratio (Romercet al,, 1993; Salgadet
results in a larger frequency separation between signals Aal., 1996; Vila & Ferdadez, 1996; Harét al., 1996). The
and B at alkaline pH. The His resonances experience shiftspurported binding of a deprotonated amide group at high
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Ficure 6: NOE experiments on Co(ll) St recorded at 313 K and
300 MHz in D,O solution by saturation of signal F at (A) pH 4.0,
(B) pH 10.0, and (C) pH 11.0. An irradiation time of 30 ms was
used in all cases.

pH (Thomanret al, 1991) should provide an even stronger
axial ligand field and give rise to a largessdesoo ratio, but
this does not seem to be the case in St.

The LMCT band at 350 nm in Co(ll) St shifts with a
similar pK, value, indicating that both Cu(ll) and Co(ll) St
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Table 1: Experimental Shifts and Calculated Contact Shifts for
Selected Protons in Amicyanin and Stellacyanin Recorded at 305 K

proton protein Oobs Opc Ocon
Ho Cys  azurin 188 b b

Ho Cys  amicyanin 143 -1.12 10.72
Ha Cys  stellacyanin (pH7) 121 -0.8 8.4
Hy Met  azurin <8.C¢ b b

Hy Met  amicyanin 12.0/11a  2.0/1.9¢ 7.3/6.7
Hy GIn®e  stellacyanin (pH7) 14% 2.x 10.0¢

2 From Kalverdaet al. (1996).° Not calculated® The present work.
d Calculated by using the coordinates from the structure of cucumber
St (Hartet al,, 1996) and the orientation of the magnetixis predicted
by ligand field calculations (Gewirtlet al, 1987). The diamagnetic
shifts were taken from random coil valuésThe mean value for the
two GIn y protons is reported.

amicyanin (with a shorter CuS; Met bond) there is some
spin density delocalized onto this residue (Kalveedal.,
1996). The estimated.on for St indicates a more covalent
Cu—GIn bond in St compared to the €iet bond in
amicyanin €¢f. Table 1). Instead, a decreasing trend is
observed for the H Cys contact shifts, thus indicating a
concomitant reduction of the Cu(H)Cys covalence. This
is a direct proof of the interplay between the axial ligand

experience the same transition. The splitting observed in @d the Cys residue in tuning the electronic structure of blue
the visible region for Co(ll) St suggests that a conformational Sites (Guckeret al, 1995). The present data also indicate
change is occurring in the active site. However, the unalteredtN@dconis reduced irca. 3% in Stat high pH. A weakening
spectral intensity indicates that the flattened tetrahedral Of the Cu(ll)-Cys bond has also been observed in resonance

geometry is maintained (Bertini & Luchinat, 1985).

The NMR data in the Cu(ll) and Co(ll) proteins are more
revealing. We were able to detect the Ciid NMR
resonances in both Cu(ll) and Co(Ry St. Upfield shifts
were observed at high pH for th8-CH, in the Co(ll)
derivative and for theo-CH in the Cu(ll) protein. The

Raman spectra of the high-pH form of cucumber St (Ner-
sissianet al,, 1996).

The 3-CH; Cys signals in Co(ll)-substituted blue copper
proteins are another probe of the delocalized spin density
onto the $—Cys atom (Vila & Fernadez, 1996). This is
dictated by the following equation (Bertini & Luchinat,

paramagnetic shifts are the result of several contributions: 1996):

6obs= 6dia + acon + 6pc (1)

0, =[Acog 6, + Blps = [cos” 6, + BIA][Aod  (3)

wheredi, is the shift that would be observed in an equivalent whereA andB are constant), is the M—S—Cs—Hj; dihedral

diamagnetic molecul&)n is the Fermi contact shift owing

angle { = 1, 2), andps is the spin density localized in the

to the unpaired spin density on the nucleus of interest, andcoordinating sulfur atom. The different Cys shifts may be
Opc represents the pseudocontact contribution originated in attributed to changes in these dihedral angles or to distinct

the nucleus-electron dipolar interaction (Bertini & Luchinat,

electron spin densities on the sulfur atom. For a gj$«2H,

1996). The latter term has been shown to be small for couple we define, from eq 3

protons atrcy > 5 A in blue copper proteins (Kalverdst

al.,, 1996), and its magnitude may be estimated under the

point-dipole approximation by means of

B (ﬂo)ﬂszs(s"'" 1)
P o) i

4z|  OKT

3cogH—1
Tor —) 2

2 2
[9°— 95 ( 3

whereu, is the magnetic permeability in vacuupy is the
electron Bohr magnetorf; is the electron spink is the
Boltzmann constang, and g are the parallel and perpen-
dicular components of thg tensor, andd is the angle
between the magneticaxis and the metalproton vector .
We have calculated approximadg. anddcon values for the
Cys and GIn proton resonances from egs 1 and RfoSt
(Table 1). Since the available ligand field calculations
(Gewirth et al., 1987) only predict the orientation of the
magneticz axis, we have assumed an axially symmetyic

o+, A
= 172 = %S[co§ 0, + co 0, + 2B/A] (4)

Ad =06, — 0,=ApJcos 0, —cos 6]  (5)
In blue copper proteins, the (¢a%;, + cog 6,) term ranges

between 0.5 and 0.63, whereas fhs— cos 0,) oscillates

between 0 and 0.5. The average shift is therefore less

sensitive to conformational changes and may then be useful

for reflecting the electron delocalization on the Cys ligand.

On the other hand, the shift differenc&d) should be more

sensitive to changes in the Cys dihedral angles, evesi#

a weighting factor. In St),/, shifts from 197 ppm (at pH

4) to 191 ppm (at pH 11.3), wheredas) increases from 18

to 30 ppm in the same pH range. Both parameters follow a

sigmoidal dependence with pH (not shown), thus indicating

tensor. In the case of St, this approximation introduces anthat these trends are meaningful. Since the major changes

error < 5% in the calculatedy. values.

are observed ihd, we conclude that the Cys conformation

In the case of wt azurin the proton Met resonances areis being altered at alkaline pH in St. The NMR data on
not shifted outside the diamagnetic envelope, whereas inthe Cu(ll) protein (ide suprd indicate that a minor
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change inps occurs at high pH, thus confirming that the Bertini, I., & Luchinat, C. (1996NMR of Paramagnetic Substances,

alteration of the Cys dihedral angles is the main factor in _ Elsevier Science, Amsterdam.
the Ad change at high pH. Bertini, I., Turano, P., & Vila, A. J. (1993Chem. Re. 93, 2833.

o . . Blaszak, J. A., McMillin, D. R., Thornton, A. T., & Tennent, D.
The GIn and His ligands experience a conformational | (1983)J. Biol. Chem. 2589886.

change at high pH, as monitored through NMR spectroscopy Canters, G. W., & Gilardi, G. (199FEBS Lett. 32539.
of Cu(ll) and Co(Il)St. Recent electron spin echo envelope Chang, S., Puryear, J., Dilip, M. A. D., Funkhouser, E. A., Newton,

; i R. J., & Cairney, J. (1996Phys. Plant. 97139.
module_ltlon (ESEEM) studles (_)n_cucumbe_r St have S.UQQeStedDennison, C., Kohzuma, T., McFarlane, W., Suzuki, S., & Sykes,
a reorientation of the His imidazole rings at high pH A. G. (1994)J. Chem. Soc., Chem. CommuB81.

(Nersissiaret al, 1996). All the herein reported data clearly Fields, B. A., Guss, J. M., & Freeman, H. C. (1991)Mol. Biol.

indicate that the Cu(ll) and Co(ll) coordination environments 222, 1053.

in Ry St are altered by this transition and that all the four Ge(\i\/gég,) fr\l.o'rA” gﬁgﬁnyzg-ﬁéssmugaﬂ H. J., & Solomon, E. I.

ligands are experiencing a conformational rear'rang'ement.Guckert, 1 A?y- Lower'y, M. D.. & Solomon. E. I. (1995) Am.
Co_mpar!son with _Other Blue Coppgr ProteinsThis Chem. Soc. 112817.

transition is absent in Met121GIn azurin (Romezbal., Guss, J. M., Harrowell, P. R., Murata, M., Norris, V. A., &

1993; Salgadet al,, 1996). However, it has been found in Freeman, H. C. (1986). Mol. Biol. 192 361.

CBP, in which a Met coordinates the metal ion (Saketai ~ GUsS, J. M., Merritt, E. A., Phizackerley, R. P., & Freeman, H. C.

al., 1982.; NeTrSiSSiaBt al, 1988). These ff"‘CtS’ together With. Ha(rltglges?]‘] l\l\lﬂe?!slislegh,zg.zl\;;?GHerrman, R. G., Nalbandyan, R. M.,

the herein discussed data, allow us to discard the possibility valentine, J. S., & Eisenberg, D. (199BJotein Sci. 5 2175.

that the deprotonated side-chain nitrogen of Gln 97 binds Inubushi, T., & Becker, E. D. (1983). Magn. Reson. 51128.

the metal at high pH. Kalverda, A. P., Salgado, J., Dennison, C., & Canters, G. W. (1996)

Several authors have suggested that this transition mayLoaif’nCehr?”XStg ggﬁ?ﬁri' G. W, (1990) Biol. Chem, 2652678

be triggered by the deprotonation of a Lys adjacent to the Lu, Y., LaCroix, L. B., Lowery, M. D., Solomon, E. |, Bender, C.
GlIn ligand (Romeret al, 1993; Van Driesschet al,, 1995). J., Peisach, J., Roe, J. A., Gralla, E. B., & Valentine, J. S. (1993)
Since this Lys residue is also present in Met121GIn azurin, J. Am. Chem. Soc. 115907.
some other reasons may be responsible for this change. AMalmstrom, B. G. (1994fur. J. Biochem. 223711.
closer look at the crystal structures of blue copper proteins MC,\'IV'”"”' D. R., Holwerda, R. A., & Gray, H. B. (1974proc.

atl. Acad. Sci. U.S.A. 711339.
reveals that cucumber St (Hat al, 1996) and CBP (GUSS  \joratal Mascarell, J. M., Salgado, J., Donaire, A., Jimenez, H. R.,
et al, 1996) exhibit a common folding topology, which & Castells, J. (1993)norg. Chem. 323587.
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not only restricted to the metal site. We therefore attribute 255.

the herein studied alkaline transition to the deprotonation of Peéiaggg‘i‘?'_‘evme’ W. G., & Blumberg, W. E. (1967iol. Chem.

an exposed residue, which triggers a change in the proteinpjccioli, M., Luchinat, C., Mizoguchi, T. J., Ramirez, B. E., Gray,
secondary structure. The protein framework should be H. B., & Richards, J. H. (1995norg. Chem. 34737.
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without altering its “blue” features. This phenomenon is a Romero, A., Hoitink, C. W. G., Nar, H., Huber, R., Messerschmidt,

; . A., & Canters, G. W. (1993). Mol. Biol. 229 1007.
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L - - : T M. (1995) Eur. J. Biochem. 231358.
histidine residue is detached from the metal in the acidic Salgado, J., Jimenez, H. R., Moratal Mascarell, J. M., Kroes, S.,

form of the Cu(l) proteins (Gusst al., 1986; Lommen & Warmerdam, G. C. M., & Canters, G. W. (199B)ochemistry
Canters, 1990; Dennisoet al, 1994). Stellacyanins and 35, 1810.

plantacyanins seem to be the only native blue copper proteinsSchinina M. E., Maritano, S., Barra, S., Mondovi, B., & Marchesini,
that display a conformational equilibrium in the Cu(ll) form. 'I“- (1996E) BI'OCQ'T;'- B'OPI\EI‘YS- ACtE 12928-M 5. (199Th
It still remains to be established whether or not this flexibility Selomen; E. I, Baldwin, M. J., & Lowery, M. D. (1992hem.
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