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The native type 1 copper ion of spinach plastocyanin has been substituted with Co(ll). The UV/vis spectrum of this
derivative is similar to those for other Co(ll)-substituted cupredoxins. The paramagnetic *H NMR spectrum of Co(ll)
plastocyanin has been completely assigned. A number of similar studies on Co(ll) cupredoxins have been published,
but this is the first such analysis of a substituted plastocyanin that possesses the archetypal type 1 active site. A
truly representative comparison of the available paramagnetic *H NMR data for Co(ll) cupredoxins is now possible.
We demonstrate in this work that there is very little difference in the metal—ligand contacts between the Co(ll)
derivatives of cupredoxins possessing a type 1 axial site (plastocyanin) and those having perturbed (rhombic)
spectroscopic features.

Introduction introduced metal ion confers particular spectroscopic proper-
ties to the cupredoxin, which can then be used to provide

Replacement of the native mononuclear type 1 copper ion, ‘ i bout active site struct If the introduced metal
in cupredoxins with other metals has been utilized for information about active Site Structure. € Introduced meta

decades to facilitate the investigation of this key family of possesses unpaired electrons, then the associated paramag-

redox metalloproteif=?° In most of these approaches the '?9“5”‘ can be utilized_to supply de'@led structural ir_lfor_ma-
P PP tion 891214.1517.19.2Qarein we have utilized metal substitution
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Paramagnetic NMR of Co(ll) Plastocyanin

His37 . various plastocyanin$:4° These experiments benefit from
His87 the presence of the native metal but are hampered by the
relatively slow electronic relaxation of the cupric ion which
results in the isotropically shifted resonances being very
broad and difficult to observe and assign. For example the
resonances from the’d8 protons of the Cys ligand cannot
be observed directly as they are typically»200° Hz wide.
Met92 The paramagnetiéH NMR spectra of Co(ll)- and Ni(ll)-
Figure 1. Active site structure of spinach Cu(ll) plastocyanin (PDB  substituted cupredoxins possess hyperfine-shifted resonances
accession code 1AGH, drawn with MOLSCRIPT? The copper ionis  \yhich are much sharper than their counterparts in the Cu(ll)
indicated as a black sphere. .
proteins (the CH proton resonances are usually 26@GD00
qHz wide)8914.1517.192  hese sharper signals can be assigned
by analyzing dipolar connectivities utilizing known structural
information. Using this approach a detailed analysis of the
active site structure of a number of cupredoxins has been
carried ouf®12141517.1928jgwever, paramagnetic NMR has
not been used to study a Co(ll)-substituted plastocyanin
which is surprising bearing in mind that the Co(ll) protein
from bean was probably the first metal-substituted cupre-
doxin to be preparetiThe lack of paramagnetic NMR data
for a metal-substituted plastocyanin is also unexpected
considering the amount of structural information available
for this cupredoxin and given the accepted position of
plastocyanin among the cupredoxins as possessing the
: “classic” type 1 copper sit#’.5*We have therefore prepared
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the plastocyanins one of the best structurally characterize
families of redox metalloproteins. Plastocyanin consists of
af-barrel with the copper ion buried approximatélA from
the protein surface in a distorted tetrahedral geometry (see
Figure 1). Three ligands form strong bonds to the copper,
namely the thiolate sulfur of Cys84 and the Atoms of
His37 and His87. The copper ion is slightly displaced from
the plane of these three equatorial ligands toward the weakly
coordinated thioether sulfur of Met92.

Paramagnetic proton NMRH NMR) spectroscopy has
recently been shown to provide detailed information about
the active site structure of Cu(ll) cupredoxins, including
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sulfonic acid (Hepes) at pH 8.0. The solution was diluted 50-fold 3000
with 10 mM Hepes pH 8.0 containing 1 mM EDTA and 2 mM

DTT and incubated at room temperature ®h under argon to 2500
allow the protein to fold. The refolded protein was concentrated

and exchanged by ultrafiltration (3 kDa MWCO membrane) into 2000

10 mM Hepes, pH 8.0, containing 1 mM EDTA. After the removal
of DTT, the protein was loaded onto a (diethylamino)ethane
sepharose column equilibrated with 10 mM Hepes, pH 8.0, plus 1
mM EDTA. The protein was eluted with a-®250 mM NaCl
gradient in the same buffer, and the plastocyanin-containing
fractions were combined.

Co(ll) Uptake. Co(ll) uptake was performed by dialyzing 50
100 uM of apo-protein at 4°C against 10 mM Hepes, pH 8,

1500

eM'em™)

1000

500

containing 0.2-0.4 mM CoC} for 2 days. The Co(ll) plastocyanin 0 * * : —
was filtered and exchanged into 20 mM tris(hydroxymethyl)- 300 400 500 600 700 800
aminomethane (Tris), pH 8.0. A (nm)

Samples for Paramagnetic'H NMR Studies. Prior to the Figure 2. UV/is spectrum of Co(ll) spinach plastocyanin in 10 mM

paramagnetic NMR studies the substituted protein was purified on phosphate at pH 8.0 (2%0).
a Resource Q column using an AKTA prime chromatography
system (Amersham Pharmacia Biotech). For this high-resolution
ion-exchange chromatography step the protein was in 20 mM Tris,
pH 8.0, and was eluted with an ionic strength gradient created using
20 mM Tris, pH 8.0, containing 300 mM NaCl. Paramagnétic
NMR spectra were obtained with the protein in 10 mM phosphate
in 99.9% DO at pH* 7.8 and in 90% kD/10% DO at pH 7.8

and 7.0. 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 samples was adjusted gisirM NaOD or

DCI in deuterated solutions én1 M NaOH and HCI in HO
solutions. The pH values quoted for deuterated solutions are

againstr, for a particular proton, yielded if; value. Peak widths
were measured using spectra which had not undergone any baseline
correction.

Assignment Strategy.To assign the signals in the paramagnetic
IH NMR spectrum of Co(ll) plastocyanin we have used an approach
utilizing dipolar connectivities. This method requires a structural
model, and for this we have used the crystal structure of the Cu(ll)
protein (PDB accession code 1A&p Hydrogens were added to
this structure using the program Insight Il.

The NOE data were analyzed using eq 1, which is valid in the
slow-mation limit:

uncorrected for the deuterium isotope effect and thus are indicated 1o \H2y e
by PH M= 4_; 10rH6 : @
IH NMR Spectroscopy.H NMR spectra were acquired on a i Pi

Bruker Avance 300 spectrometer. All chemical shifts are quoted
in parts per million (ppm) relative to water using the relationship i, uo is the magnetic permeability of a vacuud,is Planck’s

Onpo = —0.012 + 5.11 ppm, where is the temperature ifC.43 L . . .
One-dimensional (1D) spectra were acquired using a standard sing;;leconStant ) divided by 2r, y is the magnetogyric ratio of the

. . proton,z; is the rotational correlation time of the protem,is the
pulse sequence employlng_ presaturation of th@® kbr HDO istance between the protonsndj, and p; is the Iong?tudinal
resonance during the relaxation delay. The super-water-suppressegelaxation rate i) of protoni.
equilibrium Fourier transform (WEFT) sequence {di8C0°—7—
90°—acq, where d1 is the relaxation delay and acq the acquisition Resylts
time) was used to observe fast relaxing signals. Data were acquired o . .
with spectral widths of approximately 100 kHz and were processed ~ CO(ll) Substitution of Plastocyanin. The Co(ll)-substi-
using 20-50 Hz of exponential line broadening as apodization. tuted plastocyanin has a UV/vis spectrum typical for a Co(ll)
Steady-state 1D NOE difference spectra were acquired at two cupredoxin (see Figure 2) and is sufficiently stable at pH
different temperatures (10 and 3Q) to minimize the chance of 8.0, in the absence of excess Co(ll), to allow paramagnetic
spectral overlap. For these experiments the super-WEFT sequencd MR investigations to be undertaken. However, the sample
was implemented witr values and a total relaxation delay (d1 does have a tendency to denature with time, as observed by
plus acq) ranging from 15 to 50 ms. The resonance of interest wasthe |oss of intensity in the UV/vis spectrum and the presence
irradiated duringr with a selective decoupler pulse. Spectra were of some additional peaks in the paramagnétic NMR
acquired in blocks of eight scans alternating between on-resonancespectrum (vide infra). This effect is accelerated if the sample
off-resonance in an upfield direction, on-resonance, and off- is taken to pH 7.0 or below.
resonance in a downfield direction (the offset was equal to that ParamagnetictH NMR Studies of Co(ll) Plastocyanin
utilized in the upfield direction). The off-resonance spectra were . .
subtracted from their on-resonance counterparts to produce the NOEThe paramagnetl%H NMR spectr_um of CO_(”) plastocyanln
difference spectrum. at pH 7.8 in 90% HO/10% DO is shown in Figure 3A,B.

The observed resonances in the spectrum are listed in Table

The spin-lattice (T;) relaxation times of the hyperfine shifted . . ; L
resonances were determined using an inversienovery experi- 1 along with their spirrlattice (T) relaxation times and peak

ment. For this the super-WEFT sequence was used with a totalWidths (Avi). The peaks labeled-an have properties
effective relaxation delay (d1 plus acq) ranging from 8 to 100 ms. (hyperfine shifts, line widths, ant values) which identify
The interpulse delayr] was varied between 0.01 ms and the total them as arising from protons associated with the coordinating
relaxation delay. An exponential fit of the plots of peak intensity amino acid residues. The two quite sharp peaks at around

Heren;; is the NOE observed for signalipon irradiation of signal

1504 Inorganic Chemistry, Vol. 43, No. 4, 2004
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Figure 3. H NMR spectrum (A, B) of Co(ll) plastocyanin (3TC) in 10 mM phosphate buffer in 90%,8/10% D,O at pH 7.8. Also shown are 1D NOE
difference experiments (€E) in which peaks d, h, and j were irradiated.

Table 1. Hyperfine-Shifted Resonances in th¢ NMR Spectrum of at pH 7.8 and 3C°C and thus is hardly observed. Upon
Co(ll) Plastocyanif lowering of the pH to 7.0 and decreasing of the temperature
resonance  Oops(PPM)  Ti(Ms)  Avip (Hz) assignment to 5 °C, the intensity of peak g increases considerably (see
a 299 0.5 1400 Cys84/¢H Figure 4A). These observations are consistent with peaks g
2 32451 (1)'8 1288 l\cﬂggggj and h arising from the RH protons of His87 and His37,
d 133 05 1500 His37 ¢H respectively (the His87 residue is much more solvent exposed
e 87.8 17 420 Met92'CH than His37). Irradiation of the broad signal d gives rise to a
f 804 19 420 Met92 s nuclear Overhauser effect (NOE) to peak h, while NOEs are
s 75.3 5.0 230 His87 NH lo peaxh, _
h 63.2 8.3 160 His37 RH observed between peaks h and j (see Figure-BIC This
i 60 nd ~1500 His87 C'H pattern of NOEs, along with the observed line widths and
i 55.8 18.3 100 His37 &H . . . . .
K 43.8 13.9 100 Hisg87 &H T, values of these signals, is consistent with peak d being
[ —184 27 300 Met92 &H the C'H resonance of His37 (this proton is only 3.1 A from
m —215 45 220 Meto2 EH the metal and therefore is broad and has a shydnd peak
n 525 0.5 1300  His87 €H P

j arising from the @2H proton of His37 (this proton is 5.1

aData recorded at 300 MHz and mostly at pH 7.8 and@0Included .
are the observed chemical shiffsy9, the spin-lattice (T1) relaxation times, A from the metal and thus is sharper and has a Ioﬁ'g)er

the peak widths 4v1), and the assignments that have been made. Irradiation of peak j also gives rise to an NOE to a signal at
®Measured at pH 7.0 and %. ¢ Not determined. —11.2 ppm (see Figure 3E) which is assigned to tA&HC

proton of His37. [The His37 €H and G?H protons are 2.7

A apart in the structure of Cu(ll) plastocyanin, and tHé-C
proton is situated 4.5 A from the metal which is consistent
H With the relaxation properties of the resonance-dtl.2

50 ppm have intensitiesr’10% of the other signals in the

spectrum, and their relative intensities are the same when

the sample is in 99.9% . The intensity of these signals

increases with time (this effect is accelerated at lower p

values). We therefore assign these signals to a denatured fornPP™-]

of the Co(ll) protein. At pH 7.0 and 5°C (in 90% HO/10% DO) NOEs are
Peaks g and h are resonances from exchangeable protongbserved between signals g and k (see Figure 4B,C), and

and therefore must belong to the2N protons of the two  thus peak k can be assigned to the His87ZHCproton

His ligands. Peak g is in fast exchange with the bulk solvent resonance. The broad signal i (see Figure 3B) must belong

Inorganic Chemistry, Vol. 43, No. 4, 2004 1505
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Figure 4. Reference (A) and 1D NOE difference spectra (B, C) of Co(ll)
plastocyanin (5C) in 10 mM phosphate in 90%48/10% DO at pH 7.0.
In the 1D NOE difference experiments peaks g (B) and k (C) were irradiated. F

to the C'H proton of His87, but because it overlaps with a
number of signals, and is difficult to observe at®, it was
not possible to irradiate this peak and observe the NOE to

signal g (His87 NeH). Irradiation of the His87 ¢2H Figure 5. Reference (A) and 1D NOE difference spectra-(8 of Co(l)
plastocyanin (10C) in 10 mM phosphate in 99.9%;,D at pH* 7.8. In the

resonance (peak k) also gives. rise to an NQE toa .relativ.ely 1D NOE difference experiments peaks a (B), ¢ (C), e (D), m (E), and | (F)
sharp peak at 14.2 ppm (see Figure 4C) which possibly ariseswere irradiated.

from the C*H proton of His87 [these two protons are 2.5 A

apart in the structure of Cu(ll) plastocyanin]. The irradiation to peak f. Given the distance between the Met9PL

of peak n did not give rise to NOEs to any other isotropically protons and the other protons of the Met92 side chain and
shifted resonance in the spectrum of Co(ll) plastocyanin. the T, values for these resonances, it is not surprising that
Given the relaxation properties of signal n (see Table 1), such NOEs are difficult to observe (see Table 2; vide infra).

we have tentatively assigned it to the His87K proton Irradiation of peak c gives rise to a strong NOE to peak e
which is situated 2.8 A from the metal ion in the crystal (see Figure 5C) indicating that these signals arise from a
structure of oxidized spinach plastocyanin. geminal pair of protons (the reverse NOE is observed when

The very large isotropic shifts and line widths and the short peak e is irradiated, data not shown). A weaker NOE is
T, values of peaks a and b identify them as arising from the observed to peak m upon irradiation of peak c, while weak
CPH protons of the Cys84 ligand. Attempts to observe the NOEs are observed to signals | and m upon irradiation of
NOE between these two signals were unsuccessful due topeak e (see Figure 5D). Signals | and m exhibit strong NOEs
their very shorfl; values, their broad nature, and their similar to each other (see Figure 5E,F) indicative of them belonging
chemical shifts which lead to considerable off-resonance to geminal protons. This pattern of NOEs, along with the
effects in the NOE difference experiments (this is exacerbateddipolar connectivity observed between peak a (a Cyss# C
by the high power levels required for the irradiation of these proton resonance) and signals e and | (Figure 5B), is
peaks). Irradiation of peak a gives rise to a weak NOE to consistent with resonances ¢ and e being from the Met92
signal e and a slightly stronger NOE to signal | (see Figure C’H protons and peaks | and m arising from th#@rotons
5B), while the irradiation of peak b results in a weak NOE of this ligand. The NOE observed between peaks a and |
to peak e (data not shown). These NOEs will be discussed(vide supra) identifies the former as the Cys84+C
further below. resonance and peak | as the Met¥2-Csignal [these protons

The assignment of resonances belonging to the axial Met92are only 2.2 A apart in the structure of the Cu(ll) plastocyanin
ligand begins at peak f which has an intensity equivalent to while the other Met92 ¢H to Cys84 CH distances range
three protons. Such a signal can only arise from thd;C  from 3.7 to 4.9 A]. Consequently, peak e must arise from
group of the Met92 ligand. Irradiation of peak f does not the Met92 C2H proton which is situated 2.8 A from the
give rise to NOEs to any other shifted signals in the spectrum Cys84 G*H, and peak ¢ must be the Met92& resonance
of Co(ll) plastocyanin. Likewise, irradiation of all of the other and peak m the Met92/4H signal. Finally, peak b must be
shifted signals does not result in any NOEs being observedthe Cys84 €?H which is consistent with the observation of

1506 Inorganic Chemistry, Vol. 43, No. 4, 2004
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Table 2. Calculated (Calcd) and Observed (Obsd) NORtensities for the Hyperfine-Shifted Resonances of Co(ll) Plastocyanin
peak to which NOE is obsd

resonance a b c d e g h j k [ m
irradiated calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd obsd
a 0.6 né 0.1 0.2 0.8 05
b 05 né 0.1 0.2
c 2.3 1.8 05 05
d 09 038
e 2.6 3.6 04 05 02 02
f 0.05 n¢ 0.03 nd
g 15 1.3
h 20 21
j 09 0.8
k 05 05
| 44 52
m 26 34

aUsing eq 1, ar; value of 5.8 n$? the T; values and assignments listed in Table 1 and interproton distances derived from the structure of Cu(ll)
plastocyanin (PDB accession code 1AG6 with protons added in InsigitTHe intensities of the NOEs are reported as percentages with the minus sign
omitted.© Not observed due to an insufficient signal-to-noise ratio.

an NOE to the Met92 CH (peak e; videsupra) as these and g in their EPR spectra and increased absorption4g0
protons are 2.9 A apart in the structure of Cu(ll) plastocyanin. nm in their UV/vis spectra.

NOEs are observed to a relatively sharp signatatl ppm UV/Vis Spectrum of Co(ll) Plastocyanin. The UV/vis
upon irradiation of peaks c, e, I, and m (see Figure-53; spectrum of Co(ll) spinach plastocyanin shown in Figure 2
which thus can be assigned to theHCproton of Met92. is almost identical with those published previously for the

The results of all of the 1D NOE difference experiments Co(ll) proteins from beahand cucumbérand also to those
that have been carried out on Co(ll) plastocyanin are listed of other Co(ll) cupredoxin$-¢15The main S(Cys)~ Co(ll)
in Table 2. Also included in this table are the calculated NOE LMCT bands are at 334 and 385 nm (these transitions are
intensities determined using eq 1ravalue of 5.8 ns [as  at 333 and 385 nm in bean plastocydnamd at 336 and
found for the Cu(ll) plastocyanin frolB8ynechocysti§, the 380 nm in the cucumber protéjrwith LF transitions at 501,
T, values and assignments listed in Table 1, and interproton641, and 675 nm. The intensity of the LF transitions in Co(ll)
distances derived from the crystal structure of oxidized spinach plastocyanin and the other Co(ll)-substituted plas-
spinach plastocyanitf.From the values listed in Table 2 it  tocyanind*are in the range expected for Co(ll) in a distorted
is clear that the agreement between calculated and observetetrahedral environment (> 250 Mt cm™?).
NOE intensities is very good, thus confirming all of the IH NMR Spectrum of Co(ll) Plastocyanin. The assign-
assignments that we have made. It should be noted that thements that we have made for the isotropically shifted
observation of the very weak NOEs (0.2%) required very resonances in thid NMR spectrum of Co(ll) plastocyanin
large numbers of accumulations (typically 1 000 000) on are consistent with the structural model that we have used

concentrated samples. [Cu(ll) spinach plastocyantd (see Table 2). The assigned
spectrum provides detailed structural information about the
Discussion active site of plastocyanin. Furthermore, a comprehensive

Type 1 copper sites have unique spectroscopic propertiescomparison to published data for other Co(ll)-substituted
due to the coordination environment of the cupric 1Bt cupredoxins which have been investigated by paramagnetic

o . IH NMR Tabl ken. Th

This includes an intense S(Cys} Cu(ll) LMCT band at . (see Table 3) can .be undertaken e observed
~600 i their UV/vi : it 4 LMCT band shifts o9 for the signals in the NMR spectrum of a

nm n their VIS spectra, with a secon an paramagnetic molecule arise from three contributing factors
at ~450 nm. The relative intensities of these two LMCT : .

. . . as shown in the eq 2:

bands is found to vary in cupredoxins. The electron
paramagnetic resonance (EPR) spectra of cupredoxins differ 5
in the separation between theand g values. Cupredoxins
having EPR spectra with a small difference between the g
and g values usually have little absorption &450 nm in
their UV/vis spectra and are said to possess type 1 axial
copper site§? Plastocyanin, which is referred to as possessing
the classic cupredoxin active centép!has an axial type 1
copper site as do azurin and amicyanin. Pseudoazurin an
rusticyanin possess type 1 rhombic (sometimes also referre
to as perturbed) sites having a larger separation between g

obs ™ 6dia + 6pc + 6c (2)
Here d4ia IS the shift in an analogous diamagnetic system
and o, and d. are the pseudocontact (through space) and
Fermi contact (through bond) contributions, respectively, to
the dobs The dgia Values are usually in the range of-00
pm in diamagnetic cupredoxins and are not considered here
i{he isotropic shiftdiso, IS dpc + d¢). Thedye contribution to
Oiso arises from the magnetic anisotropy and can be quite
large for Co(ll) system&*” To determine the contribution
: of dpc to the isotropic shifts requires the orientation of the

(52) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; Bonander,

N.; van Pouderoyen, G.; Canters, G. W.; Loehr, T.; Sanders-Loehr, J. magnepc susceptlbllltyxo tensor and the §X|awxa><) and
J. Am. Chem. S0d.994 116, 11489-11498. rhombic Aym) magnetic susceptibility anisotropy compo-
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Table 3. Observed Hyperfine Shift)gy9 in the 'H NMR Spectrum of Co(l
Resonances in the Spectrum of Other Co(ll)-Substituted Cupredoxins

Dennison and Sato

1) Plastocyanin Compared with thgs Values for the Corresponding

Co(l) Co(Il) azurirf Co(Il) rusticyanir
plastocyanih
ligand® proton  dobs(PPM)  dobs(PPM)  Jpc (PPM) e (PPM)  Co(ll) AmH dons (Ppm)  Co(ll) PAZ dobs (PPM)  dobs(PPM)  dpe (PPM) ¢ (PPM)
His Ho2 55.8 50.6 7.8 37.3 52.6 53.1 59.7 -1.9 53.6
Hel 133 97 85.7 4.4 118/38 57/146
He? 63.2 74.9 16.6 46.9 62.3 61.9 69.2 10.3 44.2
Cys He1 299 232 5.4 223.2 285 315/267 287/260 69.9 205
HA2 275 285 —-5.3 287.4 285 315/267 287/260 59.7 184
His Ho2 43.8 56.4 7.2 42.3 51.0 43.6 48.7 3.4 38.5
Hel 60 75 23.3 45 118/38 57/146
He2 75.3 65.8 7.5 46.8 74 71.4 80.3 19.9 48.9
Met HAL —18.4 —18.9 —25.9 5.3 —18.6 —-31.2 —31.0 —23.2 -9.8
Hp2 —27.5 —185 —26.9 6.1 —16.1 —24.4 —-13.5 —-17.4
Hr1 254 45.3 —19.5 64.4 132.5 105.8 122.9 —-115 132.5
Hr2 87.8 —19.1 —20.2 —-0.3 10.0 271.3 285.2 —19.2 301.6
CeHs 80.4 -7.3 —31.2 24 74.5 90.2 103.3 —16.9 130.3
Gly Hol 47.8 —10.5 54.2
Ho2 —29.4 —26.7 -5.9

aFrom top to bottom: His37, Cys84, His87, and Met92 for plastocyani

n; His46, Cys112, His117, Met121, and Gly45 for azurin; His54, Cys93, His96,

and Met99 for Ami; His40, Cys78, His81, and Met86 for PAz; His85, Cys138, His143, and Met148 for rustidy@hia.study at 30C and pH 7.8 (5C
and pH 7.0 in the case of the His87%2N resonance)¢ Azurin from Pseudomonas aeruginosa pH 4.5 and 37C284 d Amicyanin from Paracoccus
versutusat 40°C and pH 8.0 (the His96 &H resonance was observed atZ2and pH 5.0}°> ¢ Pseudoazurin fromhchromobacter cycloclastes 40°C

and pH 8.¢%° fRusticyanin fromThiobacillus ferrooxidangt pH 6.0 and 20

cw

nents to be calculated. These features have been determinenh Table 3 on the basis afons values, keeping in mind the

for Co(ll) azurirt* and Co(ll) rusticyaniff and are similar

in both of these derivatives. The orientation of jheensor

is not known for Co(ll) plastocyanin although a similar
orientation of thez component, relative to the axial €u
S(Met) bond, has been determined for both Cu(ll) plasto-
cyanirP® and Cu(ll) azurif [this is also very similar to what

is found for Co(ll) azurif* and Co(ll) rusticyanitf]. The
orientation of the component of the tensor in Co(ll) azurin
and rusticyanin results in negatiwi, contributions for
protons oriented toward the axial positions, and in Co(ll)
rusticyanin these are less negatiV&he xy plane of they
tensor is almost in the plane defined by thgSNequatorial
ligands in both Co(ll) azuritt and Co(ll) rusticyani#f but
exhibits a different orientation with respect to the Cofll)
S(Cys) bond in the two proteins. This altered orientation,
along with the differentAyax and Ay, values, results in
different dpc contributions for the ¢H protons of the Cys
ligand in the two proteins (see Table 3). The active site
structure of plastocyanin is more similar to that of rusticya-

key points which have been discussed in the present
paragraph.

The dqps Values listed in Table 3 for the two His ligands
are very similar in all of the Co(ll) cupredoxins. The only
exceptions to this are the His'® protons which are situated
close to the metal and thus experience labgevalues [see
data for Co(ll) azurin in Table 3]. The pattern &f,s values
for the His C'H protons are similar in Co(ll) plastocyanin,
Co(ll) pseudoazurid? and also Co(ll) amicyanitf, which
indicates similarities in the orientation of tlg component
of the y tensor in the NS plane in these three proteins.
Unfortunately the His €H protons are not observed in Co(ll)
rusticyanint’

The CH protons of the Cys ligands all exhibit very large
dobs Values in the Co(ll)-substituted cupredoxins (see Table
3) which are similar. Thé. values (and thereforé,,y for
the Cys CH protons are influenced by the CoHy'—C/—

H? dihedral angles, whereas the average shift.j is not
prone to such angular dependenée$he o4 4 values are

nin, rather than azurin (distorted tetrahedral rather than 277 ppm for Co(ll) plastocyanin (at 4TC), 260 ppm for
trigonal bipyramidal), so we assume that the orientation of co(1) rusticyanin (at 40C29), 259 ppm for Co(ll) azurif

the y tensor and theAy.x and Aym values for Co(ll)
plastocyanin will be comparable to those for Co(ll) rusti-

285 ppm for Co(ll) amicyanifS and 291 ppm for Co(ll)
pseudoazurif? In Co(Il) azurin thed, values for these two

cyanin [a similar supposition has recently be made in the protons are smalt: but in Co(ll) rusticyani&’ and probably

case of Co(ll) pseudoazuffih We therefore believe that the
Opc Values listed for Co(ll) rusticyanin in Table 3 are similar
to those for Co(ll) plastocyanin. The dissection of thg
values fromdis, provides thej. contribution which is a direct

also all of the other proteins listed in Table 3, thg:
contribution todepsis much larger (this results in averagge
values of 255.3 and 194.5 ppm in Co(ll) azdfirand
rusticyanint’ respectively). Thus, it is likely that the spin

measure of the spin density present at a particular proton.density on the Cys € protons is greater in Co(ll) azurin

Since we do not know the exact, values for Co(ll)

than in all of the other Co(ll)-substituted cupredoxins.

plastocyanin, we will compare the substituted proteins listed Fyrthermore, the spin densities on this ligand in Co(ll)

(53) Penfield, K. W.; Gewirth, A. A.; Solomon, E. J. Am. Chem. Soc.
1985 107, 4519-4529.

(54) Coremans, J. W. A,; Poluektov, O. G.; Groenen, E. J. J.; Canters, G
W.; Nar, H.; Messerschmidt, Al. Am. Chem. S04994 116, 3097~
3101.
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plastocyanin, Co(ll) rusticyanin, Co(ll) amicyanin, and Co(ll)
pseudoazurin are very similar and follow the pattern Co(ll)

(55) Ferriadez, C. O.; Sannazzaro, A. |.; Vila, A. Biochemistry1997,
36, 10566-10570.
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pseudoazurire Co(ll) amicyanin> Co(ll) plastocyanin>
Co(ll) rusticyanin.

The observed shifts of the axial Met ligand protons in the
Co(ll) proteins provides an insight into the strength of the

from paramagnetic NMR studies on the Cu(ll) proteins are
very similar to those discussed above from investigations of
the Co(ll) derivative$?4+4° Thus, the M(II)-N(His) inter-

actions appear to be very similar in all cupredoxins. The

axial interaction in the various substituted cupredoxins. The shifts observed for the Cys”8 protons are significantly

Oc values for the Met @H protons are influenced by the

smaller in the Co(ll) cupredoxins than in their Cu(ll)

Co(ll)-S*—Cr—H? dihedral angles, whereas the average shift counterpartd34%4° For example, these protons in spinach

of these protonsd( ) will not be so affected. The, a,

Cu(ll) plastocyanin are found at 650 and 490 pgpm

values are 13.1, 71.3, 163.2, 188.6, and 191.5 ppm for thecompared to 299 and 275 ppm in the Co(ll) protein. This is

Co(Il) derivatives of azurid? amicyanint® plastocyanin (at
40 °C), pseudoazuri?f, and rusticyanin (at 40C?%9), respec-

indicative of the Cys €H protons possessing much smaller
O values even though the Co(ll) centers have three unpaired

tively. It should be remembered that the azurin value includes electrons compared to one in the Cu(ll) forms. Thus the Co-

a considerable negativi. contribution and the average
value for these protons is 32.1 pgfin rusticyanit” and
probably all of the other cupredoxins listed in Table 3, the
Opc Contribution for these protons is less significant. The small
0,.av Value for Co(ll) azurin can be attributed to the very
long Co(Il)—-S(Met) bond length identified in the structure
of this substituted cupredoxin (3.49 A The bond length

to the other axial ligand (backbone carbonyl oxygen of
Gly45) is only 2.15 A in Co(ll) azurif [as compared to
2.97 A in the Cu(ll) proteiff], and thus, the introduced metal

(I —=S(Cys) bond is being much less covalent than the Cu-
(1) —S(Cys) bond® The range of shifts observed for the Cys
CPH protons in the cupredoxins listed in Table 3 is
considerably smaller than for the Cu(ll) proteffig¢>*°The
average shifts of the Cys’8 protons is 825 ppm in Cu(ll)
azurin?®570 ppm in Cu(ll) plastocyanift,450 ppm in Cu-

(1) pseudoazurin, and 270 ppm in Cu(ll) rusticyafirand
these differences have been attributed to variations in the
Cu—S(Cys) distances and the angle between the NN
plane and the CuS(Cys) vectof? The decreased spin

has a preference for the harder oxygen ligand. This resultsdensity on the Cys ligand in the Co(ll) proteins results in

in the larged. value for one of the € protons of Gly45

(see Table 3). For this reason azurin is excluded from the

the dz av values being a less sensitive measure of differences
in M(Il) —S(Cys) interactions in the substituted cupredoxins.

current comparison. The altered preference for the harderFurthermore, it would appear that the variations apparent in

axial ligand in the Co(ll) derivative as observed in azurin

will not occur in the other cupredoxins as the corresponding
backbone carbonyl oxygen is much further away from the

active site and will not interact with the metal. Of the
remainingd,ay values the outlier is that for Co(Il) amicyanin
(71.3 ppm), which is consistent with the fact that the
conformation of the Met side chain is grossly different in

the Cu(ll) proteins are not present in the Co(ll) cupredoxins.
In certain Cu(ll) cupredoxins (azurin and rusticyanin)

isotropically shifted resonances from the axial Met are not

observed shifted outside of the diamagnetic enveféfdn

the case of spinach Cu(ll) plastocyanin théHGprotons of

the Met ligand are observed at 23.5 and 13.0 gpwhereas

amicyanin compared to plastocyanin, pseudoazurin, andi" Cu(ll) amicyanin they are found at 12.0 and 11.1 pfim.

rusticyanin®’ This argument is supported by the,s values
for the Met CHj3 signals (whose). contributions will not

In Cu(ll) pseudoazurin a signal observed at 12.2 ppm has
been assigned as either a MetHprotorf® or as the EHs

which, excluding azurin, are all alike. The conclusion
therefore is that the Co(H)S(Met) interactions are compa-

shifted resonances can be observed for most of the axial Met
protons, and thép contributions to th&.ps values of these

rable in p|astocyanin’ pseudoazurin, and rusticyanin (and resonances are qUite small. Thus, detailed information can

probably also amicyanin). Th&, ., value for Co(ll) plasto-
cyanin is a little smaller than those of Co(ll) rusticyanin and
Co(ll) pseudoazurin (by-30 ppm). This indicates a slightly
decreased Co(l)S(Met) interaction in the axial type 1 site

be gleaned about the axial M(H)5(Met) interaction from

the Co(ll) proteins. The drawback of the studies on the Co(ll)
derivatives is that the metaligand bond lengths may be
altered in the substituted proteins. Thus, the observations of

(plastocyanin) as compared to those cupredoxins havingsimilar d, a, values for Co(ll) plastocyanin, Co(ll) pseudo-
distorted centers. However, this is not consistent with the azurin, and Co(ll) rusticyanin may reflect different coordina-

observed Cu(Ih-S(Met) bond lengths which are 2.88, 2.71,
and 2.88 A in plastocyanit?, pseudoazurif and rusticya-
nin > respectively.

Comparison to the Cu(ll) Cupredoxins. The conclusions

tion geometry preferences in the substituted proteins which
are not present in the Cu(ll) forms.

Various proposals have been made concerning the struc-
tural features which result in type 1 copper centers being

about the interaction between the metal and the His ligandsaxial (classic) or rhombic (perturbed).52€n all of these

(56) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters,
G. W.J. Mol. Biol 1991, 221, 765-772.

(57) Guss, J. M.; Merritt, E. A.; Phizackerley, R. P.; Freeman, HJ.C.
Mol. Biol. 1996 262, 686—705.

(58) Inoue, T.; Nishio, N.; Suzuki, S.; Kataoka, K.; Kohzuma, T.; Kai, Y.
J. Biol. Chem 1999 274, 17845-17852.

(59) Walter, R. L.; Ealick, S. E.; Friedman, A. M.; Blake, R. C.; Proctor,
P.; Shoham, MJ. Mol. Biol. 1996 262 730-751.

the strength of the CuS(Met) interaction is increased in
rhombic sites resulting in a lengthening of the-€3(Cys)
bond. From the studies that we have carried out it is apparent
that the active site structures of Co(ll) cupredoxins which

(60) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos,
B. O.J. Am. Chem. S0d.998 120, 13156-13166.
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possess either axial or rhombic type 1 sites [when in their in these differences in the Cu(ll) proteins are either not
native Cu(ll) forms] are very similar. present in the Co(ll) derivatives or do not significantly alter
Conclusions their paramagnetic NMR spectra.
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