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Abstract: The 800-MHz'H NMR spectra of oxidized plastocyanin from spinach are here reported. All hyperfine-
shifted signals have been assigned through saturation transfer with the reduced diamagnetic species. To detect
the copper(ll)-bound cystein@CH, signals, a technique has been applied which is based on irradiation of
regions where such signals are expected but not detected, and the corresponding saturation transfer on the
reduced species is observed. At the end, a full spectrum is reconstructed which permits, for the first time, the
completeH NMR signal assignment of an oxidized blue copper protein. These data are discussed in terms of
the factors affecting the line width as related to the electronic and geometric structure of the metal center. A
Karplus-type relationship is proposed between the contact shift of the Cgs€d4, protons and the Cu

S—C—Hp dihedral angle.

Introduction signals. IndeedH NMR spectra and partial signal assignments

o . . 0 .
1H NMR sbectroscopy of copper(ll) proteins suffers due to of oxidized amicyanifiand azurirt? two blue copper proteins,
P Py pper(ll) protei . y have been reported. However, not all theNMR signals from

the long electronic relaxation times of the ibithe NMR lines h N-bound ligand Id be identified
are broad beyond detection, either because of dipolar relaxation,t e copper(ll)-bound ligan 'S could be entified.
The present work describes a successful attempt to record

especially for protons that are within a sphere ef54A radius . A
from the metal, or because of contact relaxation for protons (€ complete spectrum of a blue copper protein, which involves
the exploitation of high magnetic field (800 MHz) and an

belonging to ligand residues, or both. Tetragonal copper(ll) is ) O
particularly difficult to investigate because its electronic relax- a!JdaC'OUS app_roac_h. The high field IS _helpful becau_se the nu_clear
dipolar relaxation is much more efficient than Curie relaxation

ation times are 45 ns! and the proton line width of a nucleus ‘ i of the si £l . 10 KD o
at, e.g, 4 A (or at any distance if experiencing a contact or a protein of the size of plastocyanin (ca. 0 .a) containing
aS= 1/, ion with relatively long electronic relaxation times; as

hyperfine coupling of, e.g., 1 MHz) is about“li8z at a Larmor . . . ;
frequency of 500 MHz. The situation is somewhat better for & consequence, the NMR signal line width either decreases or

blue copper proteins. They are characterized by the presencéemains constant \.Nith .increasing field, wherea§ the lines appear
of a metal ion strongly bound to two histidines and one cysteine SharPer at higher field in a ppm scaleThe audacious approach

(NS coordination), in addition to a fourth weakly bound igand CONSists of saturating a signal that is too broad to be detected,
(Met-S in all cases except for stellacyanin, featuring a GlIn- simply assuming that such S|gr_1al IS present in & certain region
Oe bound to copp8) in a distorted tetrahedral geometry? of the spectrum and by observing saturation transfer effects in

For this type of copper center the relatively small energy gap the spectrum of the reduced form. In this way, the protons of

between the ground and excited states causes the electroni(r:he cqppgr(ll)-coordlnated cysteine have been Io_cated. The
relaxation times to decrease about 1 order of magnitéide, investigation was performed on spinach plastocyanin, a water-

inducing a corresponding line width narrowing of the NMR soluble blue copper protéifiinvolved in the photosynthetic
electron-transfer chait#:14
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Experimental Section

Protein Purification. Plastocyanin extraction from 1.5 kg of spinach
leaves was carried out by homogenizing the leaves, previously rinsed
with distilled water, n 3 L of 10 mM potassium phosphate buffer, pH
7, containing 50% acetone (v/v) using a Waring blender, and keeping
the homogenate at 4C for 30 min. The undissolved material was
removed by centrifugation (500R Protein precipitation was carried
out by slowly adding cold-{20 °C) acetone (up to 75%) to the clear
supernatant. The pellet obtained after centrifugation was redissolved
in 20 mM potassium phosphate buffer, pH 7. The subsequent purifica-
tion procedure was adapted from a previously published méthod,
modified by adding a final hydrophobic interaction chromatographic
step on a Toyopearl HW-65C column. Plastocyanin was eluted using
a linear gradient (6020%) of ammonium sulfate and finally dialyzed.
The purity and concentration of the protein were monitored using a
CARY-3 UV/vis spectrophotometer. The absorbance ratigAsq7 for
the purified oxidized plastocyanin was 1.15. The protein concentration
was determined using a value of 4.9 mMcm™? for the extinction
coefficient of oxidized plastocyanin at 597 rifn.

NMR Spectroscopy.NMR samples were prepared in both deuterated
and nondeuterated 50 mM phosphate buffer (pH 7.5) using a Centri-
con-3 concentration cell. The final concentration of plastocyanin was
ca. 24 mM. Excess of potassium ferricyanide or sodium ascorbate

was added to the samples in order to achieve complete protein oxidation

or reduction, respectively.
IH NMR spectra were acquired using a Bruker Advance 600 and

Bertini et al.

3 (ppm) 40
Figure 1. *H NMR spectra at 298 K of oxidized spinach plastocyanin
(50 mM phosphate buffer, pH 7.5 in,8) at 600 (A) and 800 MHz
(B). The asterisk indicates a resonance belonging to the reduced form.
Signal | is barely resolved at 600 MHz. Its exceedingly large line width
originates from a phasing artifact due to the proximity of intense signals
from the diamagnetic envelope of the spectrum.

and 24 scans/experiment. The mixing time for NOESY was 100 ms,

Bruker Avance 800 spectrometers operating at the Larmor frequenciesWhile the spin-lock time for TOCSY was 40 ms. The total recycle time

of 600.14 and 800.14 MHz, respectively. Al NMR measurements were
performed at 298 K unless otherwise specified. The reported pH values
were not corrected for the deuterium isotope effect. The spectra were
calibrated at different temperatures using the residual HOD signal and
the empirical relationshipruop = —0.012 + 5.11 ppm, where is the
temperature irfC.16 Water peak suppression was achieved either by
selective saturation of the water signal or by using the superWEFT
pulse sequence.

For oxidized plastocyanin, nonselectiVe values were measured
using the inversiorrecovery method? 1D saturation transfer spectra
were recorded in difference mode using two reference frequencies to
the immediate left and right of the irradiated signal, according to the
scheme “or-off(left) —on—off(right)” as previously describetf:?°
Recycle delays (AGQ- RD) and irradiation times were 30 and-3800
ms, respectively.

1D saturation transfer spectra carried out in order to detect signals
unobservable in the norm&i NMR spectrum were performed using
an “on—off” scheme where “on” values were varied from 10 to 1400
ppm and “off” values were positioned symmetrically to the “on” values
with respect to the frequency of either thetHsignal or the signals to

(RD + AQ) was 2 s inboth cases.

2D EXSY spectra were recorded on mixtures of oxidized and reduced
plastocyanin in TPPI mod&,with 2K x 1K data point matrixes if2
andF1 dimensions, respectively, acquiring 2048 scans/experiment. The
remaining water signal was eliminated by a WEFT pulse sequence
(180°—7—), which preceded the EXSY sequeriéd& he total recycle
time for EXSY experiments was 40 ms, thedelay in the WEFT
sequence was 40 ms, and the mixing time was set to 4 ms.

A squared sine bell weighting function with variable phase shift was
used to process all 2D spectra. The data were processed using the Bruker
standard software package. Protons were added to the coordinates of
oxidized spinach plastocyanin (PDB code 1A86ising the DOCK3.5
program suité’-28

Results

IH NMR Spectra of Oxidized Spinach Plastocyanin.To
verify the small influence of the Curie contribution to the proton
transverse relaxation rates, thd NMR spectra of oxidized
spinach plastocyanin were recorded at 200, 600, and 800 MHz.

which saturation transfer is observed. This scheme was originally The spectrum acquired at 200 MHz did not reveal any resolved
proposed to resolve NOEs from overlapped but observable hyperfine- features outside the diamagnetic envelope. The spectrum
shifted signals in high-spin heme protéihisut has never been used in  recorded at 600 MHz is shown in Figure 1A, while the spectrum

an attempt to detect the presence of a signal broad beyond detectioryecorded at 800 MHz is shown in Figure 1B. Increase of spectral

through its saturation transfer effects.
2D NOESY?? and TOCSY spectra of reduced plastocyanin were
recorded at 298 and 303 K using TPPI mé#léK x 1K data points,

(14) Chitnis, P. R.; Xu, Q.; Chitnis, V. P.; Nechustai, Rhotosynth.
Res.1995 44, 23—-40.

(15) Kato, S.; Shiratori, I.; Takamiya, Al. Biochem1962 51, 32—40.
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1993 115 12020-12028.
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(18) Vold, R. L.; Waugh, J. S.; Klein, M. P.; Phelps, D. E.Chem.
Phys.1968 48, 3831-3832.

(19) Banci, L.; Bertini, I.; Luchinat, C.; Piccioli, M.; Scozzafava, A.;
Turano, PInorg. Chem.1989 28, 4650-4656.
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(24) Bodenhausen, G.; Ernst, R.RAm. Chem. So¢982 104, 1304
1309.

resolution upon passing from 600 to 800 MHz is evident,
unambiguously indicating that the Curie contribution in plas-
tocyanin is negligible, as expected for copper(ll)-containing
systems. Therefore, the analysis was performed using 800 MHz
data.

The 800-MHz 'H NMR spectrum clearly shows eight
downfield and two upfield hyperfine-shifted signals (Table 1),
which obey Curie temperature dependence (decrease in shift
with temperature increasing) (Figure 2) as predicted for
uncoupled systems containing a single paramagnetic metal ion.
Only one signal (signal E) appears to be exchangeable, as it

(25) Chen, Z. G.; de Ropp, J. S.; Hernandez, G.; La Mar, Gl.M\m.
Chem. Soc1994 116, 8772-8783.

(26) Xue, Y.; Okvist, M.; Hansson, O.; Young, Brotein Sci.1998 7,
2099-2105.

(27) Kuntz, 1. D.Sciencel993 257, 1078-1082.

(28) Kuntz, I. D.; Meng, E. C.; Shoichet, B. Acc. Chem. Red.994
27, 117-123.
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Table 1. Summary of the 800-MH2H NMR Studies on the Hyperfine-Shifted Signals of the Oxidized Spinach PlastocyanizOih H

signal label chemical T1 T, obsd saturation
(OXl/red) shift (ppm) (ms) (ms) transfer (ppm) assignment

Ala 51.6 2.0 0.14 7.01 &R His-87
B/b 47.1 2.7 0.09 7.56 &2 His-37
Clc 35.6 <1 nd 7.74 H1 His-87
D/d 35.6 <1 nd 7.19 H1 His-37
Ele 31.4 nd 0.48 11.67 N2 His-37
F/f 235 2.3 0.23 1.70 P2 Met-92
Glg 17.0 6.7 0.94 4.20 ¢ Asn-38
H/h 13.0 1.3 0.29 2.25 L Met-92
1/i -15 1.1 0.71 2.80 A1 His-37
Jij —-8.0 <1 0.18 5.42 Ht Cys-84
Wiw —19.0+0.1 nd 7.9 0.2 10.20 NH Asn-38
X/x 650+ 14 nd 5194+ 33 3.26 H51 Cys-84
Yly 489+ 5 nd 3294+ 14 2.92 H52 Cys-84
Zlz 19.2+ 0.2 nd 11.8+ 0.6 6.03 Ho His-37

and = not determined® In kHz.

A L AR ] shown in Figure 3, while the downfield section of the 2D EXSY
60 : A ] spectrum, showing exchange connectivities for signals E and
— 50 f W B 4 G, is given in Figure 4.
g_ b ] Upon saturating signals A, B, and the two overlapped signals
% 40 _ .’.’H__*__._,__.C,D 1 C, D, saturation transfer with signals-d at 7.01, 7.56, 7.74
E 30 fF e—= * * o——e— E | and 7.19 ppm, respectively, was observed. The chemical shift
(f_“ 50 [ oo —o—o oo g 1 of signals a-d in the spectrum of the reduced diamagnetic form
S) [ o—eo —o —9o —0——0o ¢ ] immediately indicates that signals# belong to the nonex-
E of = *H changeable aromatic protong®land H1 of His-37 and His-
5 : ] 87 in the paramagnetic oxidized protein. In the TOCSY
OF oo —o—9o o oo | ] spectrum, scalar connectivities between signals pairs (a,c) and
10 t_ ——o o o o o o J - (b,d) were observed, allowing their pairwise assignment to the
N S L - two different histidines. The longitudinal relaxation times of
3.2 3.3 3.4 3.5 3.6 signals A-D can be used to perform the assignment of signals
1000/T (1/K) A—D to H62 and H1 His protons using the structural data

Figure 2. Experimental temperature dependence for the hyperfine- available on plastocyanin from spindehand other source®:3°
shifted signals in théH NMR spectrum of oxidized spinach plasto-  In all blue copper proteins, the two histidines are bound to the
cyanin. metal through the Bl nitrogen, so that both ¢4 protons lie
significantly closer to the copper(ll) ion thardR protons (ca.
was not observed in the spectrum recorded in deuterated waterg vs ca. 5 A); therefore, their; values should be much shorter
All hyperfine-shifted signals are characterized by very short than those corresponding to théprotons. The longitudinal
longitudinal and transverse nuclear relaxation times (Table 1). relaxation times for signals A and B were determined with
Analysis of the relative signal intensities indicates that each reasonable accuracy (Table 1), while those of signals C and D
signal accounts for one proton. are so short that they are difficult to measure. Therefore, pairs
Saturation Transfer Experiments on Hyperfine Shifted A,C and B,D correspond to pairs ofdd,Hel protons of the
Signals. The 'H NMR assignment of the hyperfine-shifted two copper(ll)-bound histidines. This assignment is unequivo-
signals of the oxidized spinach plastocyanin was carried out cally confirmed by the observation of strong NOESY cross-
through 1D saturation transfer and 2D EXSY experiments peaks between signals ¢ and d, which, according to the available
performed on samples containing approximately equal amountsstructural data, should be observed between His-8¥ &hd
of the oxidized and reduced forms of the protein, in combination His-37 Hel.
with 2D TOCSY and NOESY spectra of the reduced protein.  The only exchangeable hyperfine-shifted signal E gives an
The latter 2D spectra were recorded at two different temperaturesExsy cross-peak with signal e at 11.67 ppm (Figure 4). This
under the same experimental conditions as the saturation transfer
experiments. These spectra were thoroughly compared with the gg ﬁuss, Jj MM; Féeemalg, :. g..hMc_)I. Es/{/oljlggg 1652, (53215533. -
ot i i oore, J. M.; Case, D. A, azin, W. J.; Gippert, G. P.; Ravel, 1.
NOESY and TOGSY patierne of all rescies relevant to the = CSUS, R Wi & Esgenceiosl a1 3ia 317 *
_ i " ; (33) Collyer, C. A.; Guss, J. M.; Sugimura, Y.; Yoshizaki, F.; Freeman,
present work could be unambiguously identified and confirmed. H. C.J. Mol. Biol. 199Q 211, 617-632.
1D saturation transfer and 2D EXSY experiments could be A_;(S\j‘r)ig’r']‘t"";?-EJ_-JMM'ngg%I_Cl-ggi %plp‘;géf-szg_c*‘az'”v W. J.; Case, D.
successfully performed because of the favorable electron self- (35) Guss, J. M.; Bartunik, H. D. Freeman, H.&zta Crystallogr 1992

exchange rate determined for spinach plastocyanin (upper limitB4g 790-811.
=1 x 10/ M7t sL lower limit = 3 x 10* M~ s71), in S (36) Redinbc(:), M. IE Cascioég.;g(tzhogk%i&Md Pé Rice, D.; Merchant,
: : : .; Yeates, T. OBiochemistr , 10560-10567.
agreement with previous re:_su?t)le saturation transfer spectra (37) Bagby. S.. Driscoll, P_%; S‘arvey’ T.S.. Hill, H. A @iochemistry
obtained upon saturating signals A, B, C, D, F, H, |, and J are 1994 33, 6611-6622.
(38) Badsberg, U.; Jorgensen, A. M. M.; Gesmar, H.; Led, J. J;
(29) Driscoll, P. C.; Hill, H. A. O.; Redfield, CEur. J. Biochem1987, Hammerstad, J. M.; Jespersen, L. L.; UlstrupBibchemistry1996 35,
170, 279-292. 7021-7031.
(30) Kyritsis, P.; Denninson, C.; Ingledew, W. J.; McFarlane, W.; Sykes, (39) Romero, A.; De la Cerda, B.; Vareda, P. F.; Navarro, J. A.; Hervas,
A. G. Inorg. Chem.1995 34, 5370-5374. M.; De la Rosa, M. AJ. Mol. Biol. 1998 275 327-336.
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' Figure 4. 800-MHz'H NMR EXSY spectrum at 298 K of spinach
T plastocyanin (50 mM phosphate buffer, pH 7.5 isOhl obtained using
a mixing time of 4 ms. Other conditions are described in the
i Experimental Section. The sample contained approximately equal
amounts of oxidized and reduced forms of the protein. The upper trace

I A \“’M o represents the reference spectrum. The exchange cross-peaks are due
v to interactions between the following signals (uppercase letter stands
i for the oxidized form, whereas the lowercase for the reduced form):
(1) A—a, (2) B-b, (3) E-¢, (4) Ff, (5) G—g. For the assignment of
these signals, see Table 1.

T | .
cross-peaks. Therefore, signals F and H belong to the same spin
Figure 3. 800-MHz'H NMR 1D saturation transfer difference spectra pattern.

at 298 K of spinach plastocyanin (50 mM phosphate buffer, pH 7.5in = gjona) G, characterized by the long@stand T, among all
H;0). The sample contained approximately equal amounts of oxidized hyperfine-shifted signals (Table 1), yields saturation transfer with

and reduced forms of the protein. The upper trace represents the : | t4.20 h ! Is | and J sh turati
reference spectrum. The other traces are 1D saturation transfer spectras,'gna g at .20 ppm, whereas signais [ an show saturation

labeled according to the saturated signals. These difference spectra werdf@nsfer with signals i and j at 2.80 and 5.42 ppm, respectively.

obtained using the *“onoff(left) —on—off(right)” scheme already Detection of Signals Broadened “Beyond Detection”A
reported for 1D NOE experiment$2° The “off(left)” and “off(right)” downfield contact shift of a few hundred ppm is expeétdar
irradiation positions were 51.& 6.2, 47.1+ 5.6, 35.6+ 1.9, 23.5+ the 8-CH, protons of the copper(ll)-bound cysteine because of

3.8,13.0+£ 0.6,-1.5+ 0.4, and—8.0+ 1.2 ppm for traces A, B, C the large direct electron spin delocalization observed in
+ D, F, H, I, and J, respectively. Positive signals are artifacts due to plastocyanind®42 According to this estimate, none of the
off-resonance effects. observed hyperfine-shifted signals correspond to the Cys-84
pB-CH, protons. Furthermore, none of the signals of reduced
plastocyanin, detected by saturation transfer experiments, display
chemical shifts expected for these protons (Table 2). Increasing
the spectral window of théH NMR spectra of oxidized
plastocyanin to a very large frequency range (down to 1200
ppm downfield) did not result in the direct detection of the Cys-
84 3-CHj; proton signals. However, “blind” high-power irradia-
tion in this spectral region was expected to result in the
observation of saturation transfer to the Cysf8&H, protons

in the reduced form, because of the favorable electron self-

signal is assigned to the exchangeableeRlIgroton of one of

the two copper-bound histidines. As evidenced from the
structures of plastocyanins, His-87 MMlies on the protein
surface and is probably in fast exchange with bulk water. This
fact accounts for the observation of only one histidinee®H
signal in the NMR spectra of all reduced plastocyanins
investigated so far at neutral pH and room temperature (Table
2). Attempts to lower this proton exchange rate for spinach
plastocyanin by decreasing the pH of the solution resulted in
protein precipitation. Following the above considerations, signal

E is assigned to His-37 Né2 proton, in agreement also with (40) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Soc.
the observed chemical shift of signal e in other plastocyanins 1991 113 1533-1538.
(Table 2). (41) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.;

. . . . Hodgson, K. O.; Solomon, E. . Am. Chem. S0d.993 115 767-776.
Signals F and H show saturation transfer with signals f (1.70 (492) George, S. J.; Lowery, M. D.; Solomon, E. |,;3Craéer’ SILRAM.

ppm) and h (2.25 ppm), which, in turn, are correlated by TOCSY Chem. Soc1993 115 2968-2969.
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Table 2. 'H NMR Assignments for Cu-Bound Residues in Reduced Plastocyanins

french bean, parsley, Anabaenavariabilis, pea, spinach, spinach,
reduced 303K,pH 7 308K,pH 7.3 298K, pH 7.0 303K, pH 6.0 308K, pH 7.3 298K,pH 7.5
plastocyanin (ref 43) (ref 37) (ref 38) (ref 44) (ref 29) (this work)
His 37
Ha 5.93 5.70 5.96 5.95 5.98 6.03
HpA1 2.77 3.53 (2.58) (2.77) (2.70) 2.80
Hp2 3.51 2.61 (3.54) (3.48) (3.48) 3.53
Ho2 7.57 7.70 7.50 7.53 7.59 7.56
Hel 7.16 7.06 7.05 7.15 7.13 7.19
NHe2 11.50 11.50 11.52 11.62 11.58 11.67
Cys 84
Ha 5.33 5.21 5.28 5.35 5.36 5.42
Hp1 3.22 2.93 (3.33) (3.18) (3.22) 3.26
Hp2 2.92 3.24 (2.88) (2.87) (2.88) 2.92
His 87
Ha 5.17 5.18 5.14 5.20 5.16 5.21
HpA1 3.89 3.79 (3.80) (3.88) (3.86) 3.93
Hp2 3.43 3.40 (3.38) (3.45) (3.44) 3.48
Ho2 7.00 7.00 7.18 7.08 7.00 7.01
Hel 7.67 7.59 7.65 7.72 7.66 7.74
Met 92
Ha 4.78 4.65 4.50 4.67 4.59 4.65
HpA1 (2.31) (1.81) (1.88) (2.31) 1.40
Hp2 (2.31) (2.28) (2.18) (2.31) 2.36
Hy1 (1.98) (1.65) (1.44) (2.20) 2.25
Hy2 (2.15) (2.07) (1.44) (2.20) 1.70
€—CH;z 0.54 0.51 0.57 0.57 0.55

aThe chemical shifts of protons for which stereospecific assignment was not performed are reported in parentheses.

exchange rate found in this system. Indeed, a sample irradiation i i‘
at 500 ppm downfield with 65 W for 30 ms resulted in a 65
. . . . ~ ppm
difference 1D spectrum showing two saturation transfer signals
X (3.26 ppm) and y (2.92 ppm). The shift of these two signals e 99 ppm

is in very good agreement with the reported shifts of Cys-84

B-CH, protons in reduced plastocyanins (Table 2). The precise

location of the corresponding resonances in the oxidized form ———— ~~ 136 ppm

was then achieved by designing a “saturation transfer profile” W

experiment: a classical NMR NOE difference spectroscopy

scheme was usedwhere “on” and “off” pulses were centered

at regular frequency intervals and positioned symmetrically with

respect to the average shift of the saturation transfer signals x

and y (3.09 ppm). A very large spectral window (freri400

to —1400 ppm) was sampled in steps of -BI60 ppm.

Observation of the build-up and decay of the intensity of signals - 503 ppm

x and y as a function of the sampled frequency provided the

location of extremely broad signals. The traces of the 1D

saturation transfer experiments as a function of decoupler

position are shown in Figure 5. The corresponding intensities

of signals x and y are reported in Figure 6A as a function of

the irradiation frequency. In this way, the positions of signals _—

X (at 650 ppm) and Y (at 489 ppm) for Cys-$4CH, in the

oxidized protein could be obtained (Figure 6 and Table 1). The

very large line width of signals X (519 kHz) and Y (329 kHz),

determined using a Lorentzian fit to the curves shown in Figure

6A, prevents their direct observation in the Bl NMR

spectrum. \VV\/“J\/\/V“”V/\” 1375 ppm
The assignment of signals X and Y as CysfB&H, protons , .

is further supported by the presence of a TOCSY pattern & (ppm) 4 3

comprising signals x, y, and j. The presence of signal j in this

pattern indicates unambiguously that signals j and J correspon

to the Cys-84 H proton in the reduced and oxidized species, D.O ! L . )

: L ) . 20), revealing positions of signals x and y. The sample contained
respec'Flver. To our "_”OW'edQe' this is the first time ever that approximately equal amounts of oxidized and reduced forms of the
NMR signals of nuclei belonging to copper(ll)-bound cysteine  protein, The symmetric “onoff” scheme used to acquire these spectra
have been located in th NMR spectrum of blue copper s described in detail in both the Experimental Section and the Results
proteins. and Discussion. Each trace arises from setting the decoupler irradiation

The presence of additional broad signals in the near downfield at a different downfield position, as indicated.

348 ppm

750 ppm

dFigure 5. Portions of the 800-MH2ZH NMR saturation transfer spectra
at 298 K of spinach plastocyanin (50 mM phosphate buffer, pH 7.5 in
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‘ " Chart 1

X: Cys-84 Hp1
Y: Cys-84 Hp2

Intensity

1400 1200 1000 800 600 400 200 O
Chemical Shift (ppm)

z B
W: Asn-38 NH W
Z: His-37 Ha
Pl
@
c
[
=
Table 3. Factorization of the Observed Chemical Shifts for
Oxidized Spinach Plastocyanin
. ‘ . Cu—H
150 100 50 0 50 100 angle® distance Oops  Odia  Odp  Ocon A
Chemical Shift (ppm) (degt  (A*  (ppm) (ppm) (ppm) (ppm) (MH2)
Figure 6. 'H NMR spectrum of oxidized spinach plastocyanin His 37
containing signals not observable in the normal spectrum. The positionsHa 142.3 2.8 19.2 6.03 5.2 8.0 030

- : - Hp1 107.7 4.4 -15 280 -11 -32 -0.11
and line widths of signals X, Y (panel A) and W, Z (panel B) were Hp2 98.0 33 353 —34

obtained using saturation transfer experiments (see Experimental Sectio 5 043 5.0 471 756 —1.0 405  1.45
and Results and Discussion) by plotting the intensity of the respective Hel 72:8 3:0 35:6 7:19 _3:5 31:9 1:14
exchange connectivities with the reduced species as a function of the g2 80.4 4.9 31.4 11.67 —1.0 20.7 074
decoupler irradiation frequency.

Asn 38
. . . . NH 117.2 39 -190 102 -0.8 —284 -1.02
and upfield regions of the spectrum, possible obscured by signalsy, 112.9 6.5 17.0 42 —-03 131 047
A—H and I, J, was checked by performing a similar saturation
. . . . . Cys 84
transfer profile using lower irradiation power (28 W) and finer 86.0 49 —-80 542 —-11 -12.3 —-0.44
sampling (5 ppm, with “off” irradiation placed symmetrically  Hp1 62.2 3.4 650 3.26 -1.1 648 232
with respect to the residual water signal). All saturation transfer Hp2 58.6 3.2 489 2.92 —0.7 487 17.4
signals from resonances-Al that were observed using the His 87
conventional 1D NOE irradiation scheme (Figure 3) were also Ha 87.6 5.2 521 —0.9
observed in this saturation transfer profile experiment (those Hp1 66.0 2.8 3.93 —3.0
from upfield signals appeared as positive in the difference HA2 62.6 4.0 348 —0.7
- . . Ho2 96.9 51 516 7.01 -0.9 45.5 1.63
spectra). In addition, two new saturation transfer signals were |,y 1239 31 /6 774-03 282 101
observed at 10.20 (signal w) and 6.03 ppm (signal z) whose NHe2 1155 5.0 ’ " 05 ' '
intensity profiles pointed to undetected signals W and Z, Met 92
centered at-19.0 and 19.2 ppm, with line widths of 7.9 and 20.7 6.6 465 0.7
11.8 kHz, respectively (see Figure 6B and Table 1). HB1 30.7 4.7 140 15
Full Sequence-Specific Assignment of Copper Ligand  HB2 38.7 4.4 236 13
Protons. Chart 1 shows the environment of the copper ion in Hyl 22,5 4.5 130 225 22 86 031
) . Hy2 4.9 5.1 235 170 19 199 0.71
spinach plastocyanin (PDB code 1AG6). In reduced plastocya- ~CHs  32.0 39 055 25

nin, a TOCSY cross-peak pattern which includes signals z (6.03
ppm), i (2.80 ppm), and k (3.53 ppm) is observed. NOESY 2These parameters were obtained using the X-ray structure of
connectivities are also observed among these signals and signal@*dized spinach plastocyanin (PDB code 1AGE).

E"Sd ég{e¥ﬁgfel¥oi1§s'ggﬁgliog££ n(ajr:jli OII Z;_tgeHrz)lez-;?boer width of signal Z in the oxidized form with respect to signal |
assigned as the Al\/’lx pattern ofa’coordi,nated histiaine. Dipolar is fully consigtent with the distances from the metal estimated
connectivities are observed between signals z and x, and betweelé,r%m 'Bt\he ava|Ia|1bIe _Is_trglctursal datda@-lz.]? A, HtBhl 4'1 A, Hs2 i
signals k and j. Signals x and j have been previously assigned™ "~ ."" seei ?S.O ?I e 3 ;n Icl(én Irms the dS' er?ospem Ic
to Cys-84 KB and Hx protons, respectively. From the available _as&gnm;eré to Elgn? ai’ﬂ_l'b |gn§1 ’ c_orrelsgz)on C;r_lg I'ﬁﬁ-fz,t b
structural data, it clearly appears that the observation of the 'hs.de(;(pec. N tho d? aimos ?s roa asfstlﬁna a? IS 'Oe?/ cf) €
dipolar connectivities with Cys-84 is expected for His-37 but Id endlnl et |am{agnfe Ic rEglonhob@ € jpec rlu%r} t?]y or
not for His-87. Therefore, it is possible to assign signals b, d, reduced piastocyanins from Frenc aand parsiey’ Is the

i, k, and z to His-37. By looking at the dipolar connectivities, stereospecific assignment of the methylene protons of His-37

e stereospeciic assignment of signalsx and y a5 Cyfa H 710 VB2 avalnle, buthe o assgnmers ae 1 dsagrec,
and H32, respectively, as well as signals i and k to His-371H ) P 9 P

and H32, respectively, is also obtained. The much larger line  (43) Chazin, W. J.; Wright, P. El. Mol. Biol. 1988 202, 623-636.
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in this work for His-37 and Cys-84 methylene protons is in azurin and their mutants reported recefdth},some similar
agreement with the former and in disagreement with the latter. features can be observed, consistent with the similar coordination
After performing the assignment of the complete His-37 spin environment in all these proteins. The spectrum of oxidized
pattern, signals A/a and C/c can be immediately assigned toamicyaniff shows two signals at 43 and 27.5 ppm assigned to
His-87 H)2 and H1 protons, respectively. The combined Ho02 and NH2 protons of His-37 (spinach consensus sequence),
analysis of TOCSY and NOESY spectra resulted in the a signal at 50 ppm assigned to His 8324 and two signals at
assignment of the complete pattern of His-87 in reduced 12 and 11.1 ppm assigned as gemipalH, Met-92 protons,
plastocyanin:3-CH, protons at 3.48 (signal I) and 3.93 (signal in agreement with the present assignment. Two upfield signals
m) ppm and . at 5.21 ppm (signal n). The observed dipolar at—2.5 and—9.5 ppm were assigned ag2and H51 protons
connectivities which involve His-83-CH, protons resulted also  of His-37, respectively. If the similarity in shifts between these
in stereospecific assignment of signals m and | gitdnd H32 proteins holds, then the most upfield signal should be assigned
protons of His-87. Such stereospecific assignment is in agree-as the Ht proton of Cys-84, while the stereospecific assignment
ment with that derived for French bean and parsley plastocyaninsof the signal at-2.5 ppm should be reversed. Finally, a signal
(Table 2). None of the aliphatic His-87 protons are detected at 14.1 ppm with line width similar to that of the signal G
outside the diamagnetic region in the spectrum of oxidized observed for spinach plastocyanin is assigned as thpriiton
spinach plastocyanin. of Cys-84. This is inconsistent with the present assignment, as
Once the sequence-specific assignment of His-37, Cys-84,signal G belongs to Asn-38dJ and the H proton of Cys-84
and His-87 was achieved, the careful analysis of dipolar is here unambiguously attributed to signal J. In the case of
connectivities expected between the protons belonging to theseazurin, the assignment of signals corresponding to the spinach
residues and those belonging to Met-92, as well as NOESY plastocyanin signals G and J was analogous to that of amicya-
and TOCSY connectivities among the Met-92 proton signals, nin'® and, therefore, equally inconsistent with the present data.
permitted the identification of the complete spin pattern and

stereospecific assignment of signals belonging to Met-92 jn Piscussion

reduced plastocyanin: ddat 4.65 ppm, I#1 at 1.40 ppm, |42 Separation of Contact and Pseudocontact Contributions

at 2.36 ppm, kt1 (signal h) at 2.25 ppm, #2 (signal f) at 1.70  to the Hyperfine Shifts. The isotropic chemical shift of the
ppm, ands-CHz at 0.55 ppm. The assignment footdnde-CHz hyperfine shifted signals is composed of three contributions:
is consistent with that previously reported for reduced spinach (i) the Fermi contact shift, due to delocalization of unpaired
plastocyanin (Table 2), whereas signal assignment foahkd spin density on the nuclei of the coordinating residues, (ii) the

Hy protons is novel. In conclusion, signals H and F in the pseudocontact shift (or rotational average of the dipolar shift)
NMR spectrum of the oxidized protein belong to Met-92H due to the anisotropy of the magnetic moment of the unpaired
and Hy2 protons. electron on the metal ion interacting with nuclear magnetic
In summary, allH NMR hyperfine-shifted signals belonging moments through space, and (iii) the diamagnetic shift, i.e., the
to copper(ll)-bound amino acid residues in oxidized spinach shift of the nuclei in the diamagnetic system:
plastocyanin have been assigned by observation of exchange,
dipolar, and scalar connectivities. The reported assignment is Oobs= Ogon T Ope T Vyia (1)
in good agreement with the proton relaxation rates and is
consistent with the availabléH NMR assignments of the Often, the lack of knowledge of either pseudocontact or
reduced plastocyanins from spindtand other sourcé§3843.44 diamagnetic contributions prevents determination of the contact
(Table 2). contribution, which directly reflects the distribution of unpaired
The least paramagnetic signal G should belong to an aminospin density over the nuclei of the coordinating residues,
acid residue not directly coordinated to copper(ll), because it providing information on the electronic structure of the metal
does not show any saturation transfer with signals assigned tosite. In our case, the diamagnetic contribution is directly
copper(l)-bound residues, for which the assignment has beenavailable from the spectrum of the reduced form. The pseudo-
fully performed. However, the pseudocontact contribution that contact contribution can be calculated using the structure of the
can be calculated for any of the protons in the neighborhood of protein?6 and the magnetic susceptibility tensor. The latter is
the copper(ll) ion, based on the known structures of plastocya- not available, but in copper(ll) systems its parameters are
nins, cannot justify the observed chemical shift for signal G. approximately proportional to the square of tlyetensor
Therefore, signal G is shifted not only by a pseudocontact parameterd! The g-tensor for spinach plastocyanin was deter-
contribution but also by some contact interaction with the mined and shown to have axial symmethyAssuming that, in
copper(ll) ion. A scalar connectivity between signals g and w solution, this tensor has the same direction, the pseudocontact
(Table 1) is detected in the TOCSY spectra. These two signalscontribution to the chemical shift can be determined using the
belong to a four-signal TOCSY pattern identified as arising from following equation, valid for axial systent&4’
Asn-3829:37.38.43445jgnal w corresponds to the backbone NH
proton and signal g to the ddproton. The X-ray structure of Uo yBZS(S—i- 1) 5 5
spinach plastocyari indicates the presence of a strong  OpdPPM)=,— (8cod 6 - 1)@’ — g) x 10°
hydrogen bond between Asn-38 NH and the copper(ll)-bound T okTP )
Cys-84 $ (the N—S distance is 3.4 A). This observation may

explain the sizable contact shifts experienced by the Asn-38 where 4, is the magnetic permeability of vacuumg is the

NH and Hx protons. electron Bohr magnetork is Boltzmann’s constanfT is the
Comparison with Literature Data on Other Blue Proteins. - -

By comparing the!H NMR 800-MHz spectrum of oxidized 19%5)15?2'5?1'&5'5\2’\3; Gewirth, A. A.; Solomon, E.J. Am. Chem. Soc.

spinach plastocyanin to the 600-MHz spectra of amicyanin,  (46) McConnell, H. M.; Chesnut, D. B.. Chem. Physl958 28, 107—

117.

(44) Ubbink, M.; Lian, L. Y.; Modi, S.; Evans, P. A,; Bendall, D. S. (47) Kurland, R. J.; McGarvey, B. R.. Magn. Resonl97Q 2, 286—
Eur. J. Biochem1996 242 132-147. 301.
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absolute temperature,is the distance between the proton and respectively. A similar angular dependence for the hyperfine
the copper ion, and is the angle between the metadroton coupling constant of cysteine methylene protons has been also

vector and they, axis.

reported for Fe-S protein®® Using the structural data for

As expected, the calculated pseudocontact contribution to thespinach plastocyanin and the hyperfine coupling constants
observed chemical shifts is rather small (Table 3). Its magnitude determined here by NMR, a parametrization for eq 4 gBes

varies from+5.2 ppm for Hx of His-37 to—3.5 ppm for His-
37 Hel. The contact contributiodcon, to the observed chemical
shifts for the assigned proton signals in oxidized spinach

= 19.6 MHz andC/B = 0.30. Equation 4 accounts also for the
1H ENDOR data on poplar plastocyanin, which were interpreted
using a cos 0 angular dependend@ thereby explaining the

plastocyanin can then be obtained from eq 1, and the valuesreversed stereospecific assignment.
are reported in Table 3. It appears that the contact shift is by  Sulfur K-edge XAS studié$ indicate that, in plastocyanin,

far the major contribution to the overall chemical shift. The
value of the hyperfine coupling constaith, can be obtained
from the following equatiorté47

A1 OcornkT

h™ 27g,usSS+1)

®)

whereyy is the nuclear magnetogyric ratigay is the average

g value, and the other symbols have been already defined. The

hyperfine coupling constants, calculated from the contact
contribution to the hyperfine shifts, are reported in Table 3.
Electronic and Steric Considerations.The hyperfine con-

stants observed for the copper(ll)-bound cysteine are much
larger than in the case of His and Met residues, indicating that

a much larger fraction of unpaired spin density is delocalized

over Cys-84. This result is in agreement with theoretical studies

on plastocyanin which indicate the presence of a strang
interaction between the singly occupied coppgr orbital
and cysteip S p orbital, together with a weaker and equivalent

o overlap between the same metal orbital and the two imidazole

rings of histidines, and a similarly weak interaction with the
methionine ligand?®

The values of the hyperfine coupling constants displayed by

the imidazole ring protons ¢1 and H)2 are similar for both
His-37 and His-87, indicating similar spin delocalization on
these residues. These values agree well WS hENDOR data

on poplar plastocyanin, interpreted as indicating a spin delo-

calization of ca. 5% on each His residtfe.

The very large values of the hyperfine coupling constants
for Cys-843-CHj; protons obtained using NMR (23.2 and 17.4
MHz for HB1 and H32, respectively) agree well with those
obtained by!H ENDOR on poplar plastocyanin (16 and 27

the copper site has ca. 38%-8ys character in the highest
energy half-occupied molecular orbital. Cu L-edge absorption
XAS studied? indicate that this blue copper site is very covalent
with only ca. 40% Cu @y character in the half-occupied
molecular orbital. These experimental datare in excellent
agreement with the results of EPR and SC&3W calcula-
tions#548 An electron spin density of 1.6% and 1.2% can be
estimated to be localized on the 1s orbital of Cys-§Ltnd
Hp2, respectively, using the values of the hyperfine coupling
constants of thg-CH, protons determined by NMR and that
of the free hydrogen atom (1420 MM}y These high values
are qualitatively in agreement with all the above results but do
not allow a quantitative estimate of the electronic delocalization
on the copper(ll)-bound cysteine because spin polarization
effects could also be operative. It is noticeable that the hyperfine
constant of the Cys-84 dd proton is much smaller that that
observed for th@-CH, protons, and negative in sign. This can
be largely explained using eq 4 applied to the &om, which
leads to a small spin density delocalization; the negative sign
can be interpreted as revealing the presence of spin polarization.

Some electron density is also present on Asn-38, possibly
due to the H bond between the peptide NH group of this residue
and the copper(ll)-bound cysteine sulfur (see hyperfine coupling
constants in Table 3). The sizable value of the hyperfine
coupling constant of the NH proton may be accounted for by
the high spin density on the cysteine sulfur. The reversal in
sign of the hyperfine coupling constant upon passing from the
NH to the Hx proton of Asn-38 is consistent with the presence
of a spin-polarization mechanism.

It is interesting to compare the hyperfine shifts of plastocyanin
with those observed in Gusystems (purple copper site), the
only other oxidized copper center, related to that of plastocyanin,

MHz),4049except for the stereospecific assignment. The presentfor which 'H NMR studies are availabR57 The structure of
assignment is based on NOESs from the two methylene protonsthe Cth center shows the presence &(SCys) cluster in which

to residues located at opposite sides of fh€H, pair, and

therefore it is unambiguous. The structures of spinach and poplar

plastocyanins indicate that the two €8—C—Hf dihedral
angles are similar in magnitude and opposite in sigi7/
+66° for HA1 and —50°/—50° for HB2 in spinach/poplar
plastocyanins), consistent with the observation of similar
hyperfine shifts for cysteine Bl and HB2. If this structural

each copper ion is further coordinated to a histidine and weakly
interacting with a fourth ligand (a methionine sulfur or a peptide
carbonyl oxygerff=62 In the oxidized state, a single electron is

(50) Bertini, I.; Capozzi, F.; Luchinat, C.; Piccioli, M.; Vila, Al. Am.
Chem. Soc1994 116, 651—660.

(51) Solomon, E. I.; Lowery, M. DSciencel993 259, 1575-1581.

(52) Beringer, R.; Heald, M. APhys. Re. 1954 95, 1474.

(53) Bertini, I.; Bren, K. L.; Clemente, A.; Fee, J. A.; Gray, H. B,;

feature is conserved in solution for spinach plastocyanin, and Luchinat, C.; Malmstrom, B. G.; Richards, J. H.; Sanders, D.; Slutter, C.

given the electronic structure of this site, then the angular
dependence of the shift is of the type

% — (sir? 0 + C/B)(Bpy )

where ps is the total spin density on sulfur, aigland C are
parameters related to and o spin distribution mechanisms,

(48) Gewirth, A. A.; Solomon, E. J. Am. Chem. So@988 110 3811
3819.

(49) Roberts, J. E.; Cline, J. F.; Lum, V.; Freeman, H.; Gray, H. B.;
Peisach, J.; Reinhammar, B.; Hoffman, B. 1. Am. Chem. Sod984
106, 5324-5330.

E.J. Am. Chem. S0d.996 118 11658-11659.

(54) Dennison, C.; Berg, A.; De Vries, S.; Canters, G. WMEBS Lett.
1996 394, 340-344.

(55) Luchinat, C.; Soriano, A.; Djinovic-Carugo, K.; Saraste, M.;
Malmstrom, B. G.; Bertini, 1J. Am. Chem. S0d997, 119, 11023-11027.

(56) Dennison, C.; Berg, A.; Canters, G. \Biochemistry1997, 36,
3262-3269.

(57) Salgado, J.; Warmerdam, G.; Bubacco, L.; Canters, GBI\~
chemistry1998 37, 7378-7389.

(58) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376,
660—-669.

(59) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
chi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
Sciencel995 269 1069-1074.

(60) Wilmanns, M.; Lappalainen, P.; Kelly, M.; Sauer-Eriksson, E.;
Saraste, MProc. Natl. Acad. Sci., U.S.A995 92, 11955-11959.
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fully delocalized over the mixed-valence €iCu" chro- 7
mophore>363Considering that most of the unpaired electron in
oxidized plastocyanin is delocalized between one copper and.< 6

T

Dominant Contact
Transverse Relaxation) ]

T
® N38Ha
MO2Hy 2

L

one sulfur atom, whereas the unpaired electron i iSshared —H87Hs2
among two copper and two sulfur atoms, the observation that & S f C84Hg ~_

the shifts of cysteine protons in %5557 are about half of ®  Mo2Hy1 H37H52
those in spinach plastocyanin indicates that the covalency of H37NHe 2

4 HITHBY @
the Cu-SCys bond is essentially the same in the two systems

Metal-Nucleus Distance

and the smaller shift is due to the halved unpaired electron ha CBaript
density on the sulfur atoms. The same argument holds for the § 5 | ° % 084Hﬁ;
shifts of the histidine ligands, which are approximately half in H37He 1

Cua with respect to those in plastocyanin. These observations : i

are consistent with ENDOR daf4The peculiarity of the Ctt Dominant Dipolar ]

SCys bond is further evidenced by comparing the NMR Transverse Relaxation

properties of copper(ll) plastocyanin with those of metal- 2 b (')'1 — ; ’ 1'0
substituted blue copper proteins. The Gy§H, hyperfine shifts " Hyperfine Coupling Constant (MHz)

of cobalt(ll)- and nickel(ll)-substituted blue copper protéfiss 7°

are much smaller than those observed here for copper(ll) Figure 7. Metal

(absolute value)
proton distances vs hyperfine coupling constants for

plastocyanin, despite the larger number of unpaired electronsjigang protons in plastocyanin. Protons falling to the left of the line
on the metal center, directly indicating that metal substitution experience dominant dipolar relaxation, while protons to the right

modifies the covalency of the MSCys bond and, as a

consequence, the degree of spin delocalization.
Considerations on Nuclear Relaxation and Signal Ob-

servability in Copper Proteins. Signal detection in copper(Il)

experience dominant contact relaxation.

distance. Another source of dipolar relaxation is Curie spin
relaxation’®74However, Curie spin relaxation is important only

proteins, i.e., signal line widths, depends on both dipolar and when electronic relaxation is at least 2 orders of magnitude
contact contributions to transverse relaxation through the faster than the rotational correlation time of the molecule, which

relationshipAv = 1/aT,). In turn, dipolar relaxation depends
on the reciprocal of the sixth power of the metalcleus

is not the case here. Ligand centered terms may be imp6&rtant
but are difficult to assess: they are somehow related to the

distance, while contact relaxation depends on the square of thepresence of unpaired spin density delocalization, and therefore
hyperfine coupling constant. Both depend on the electronic their effect can hardly be separated from contact relaxation.

relaxation time of the metal, which, in the case of copper(Il)

plastocyanin, is the dominant correlation time. The relevant

equations, due to Solomon and Bloember§ef,are

2,242 2
1, 1 (40| VNG s S+ 1)
T, (dip) = 7|7 : G 4z +
31Sl 13rSZ
2 2+ 2_ 2 (5)
1to" 1+ ogT
1[A) T,
Tz_l(con)=§ﬁ S+ 1)z + | (6
+ os'Ty)

wherets, andzs, are the longitudinal and transverse electronic
relaxation times, respectively, andis the metat-nucleus

(61) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
chi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
Sciencel996 272 1136-1144.

(62) Ostermeier, C.; Harrenge, A.; Ermler, U.; Michel, Ptoc. Natl.
Acad. Sci. U.S.A1997, 94, 10547-10553.

(63) Karpefors, M.; Slutter, C.; Fee, J. A.,; Aasa, R.; Kallebring, B.;
Larsson, S.; Vanngard, Biophys. J.1996 71, 2823-2829.

(64) Gurbiel, R. J.; Yang-Cheng, F.; Surerus, K. K.; Werst, M. M.;
Musser, S. M.; Doan, P. E.; Chan, S. |.; Fee, J. A.; Hoffman, BJMAM.
Chem. Soc1993 115 10888-10894.

(65) Vila, A. J.FEBS Lett.1994 355 15-18.

(66) Salgado, J.; Jimenez, H. R.; Donaire, A.; Moratal, J.Bvr. J.
Biochem.1995 231, 358-369.

(67) Piccioli, M.; Luchinat, C.; Mizoguchi, T. J.; Ramirez, B. E.; Gray,
H. B.; Richards, J. Hinorg. Chem.1995 34, 737-742.

(68) Salgado, J.; Jimenez, H. R.; Donaire, A.; Moratal, J.Bvr. J.
Biochem.1995 231 (2), 358-369.

(69) Vila, A. J.; Fernandez, C. Q. Am. Chem. S0d.996 118 7291-
7298.

(70) Donaire, A.; Salgado, J.; Moratal, J.-Biochemistryl998 37, 7,
8659-8673.

(71) Solomon, I.Phys. Re. 1955 99, 559-565.

(72) Solomon, |.; Bloembergen, N. Chem. Physl956 25, 261-266.

Nuclear longitudinal relaxation in copper(ll)-containing systems,
at variance with transverse relaxation, is affected only by dipolar
relaxationt

2 [\ naus’ S + ) B
15|47 (® 1+ oz

s
1+ odr?

T, X(dip) = +

()

Therefore, a simultaneous analysis of both nuclear relaxation
rates may provide a reasonably complete picture. The electronic
relaxation time of copper (assuming = ts,), estimated using
Table 3, ranges between 0.2 and 0.8 ns, in reasonable agreement
with the values previously proposed for other blue copper
proteins®—8 It is remarkable that, among the 14 protons for
which the assignment was performed, seven are relaxed mainly
by dipolar contributions and the other seven by contact
contributions (Figure 7). For protons with relatively large
hyperfine couplings, contact relaxation is dominant. The most
striking example is provided by thg-CH, protons of the
copper(ll)-coordinated cysteine, whose large line widths {300
600 kHz) are totally determined by the contact interaction, with
a dipolar contribution accounting only for% kHz.

In conclusion, NMR signals from residues noncoordinated
to copper(ll) centers, i.e., experiencing only dipolar broadening,
should not be too difficult to observe: the dipolar line width of
a prota 6 A from the metal is predicted to be only about 100
Hz and, therefore, already amenable to the classical multidi-
mensional experiments used for solution structure determination.

(73) Gueron, MJ. Magn. Resonl975 19, 58.

(74) Vega, A. J.; Fiat, DMol. Phys.1976 31, 347-355.

(75) Banci, L.; Bertini, I.; Luchinat, C.; Scozzafava, &. Am. Chem.
S0c.1987, 109 2328-2334.
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The situation will be even more favorable for heteronuclei, on the Cu+-S—C—Hp dihedral angle is of the sind type.
whose dipolar relaxation is reduced with respect to that of Insights into the electronic structure of the system have been
protons by factors of 16 fot3C, 42 for2H, and 97 forl®N, gained that complement data obtained from ENDOR experi-
because of their smaller magnetogyric ratios. ments. A relatively large share of unpaired spin density is
delocalized on the sulfur of the copper(ll)-bound cysteine. The
analogies found with the Gucenter indicate a similar nature
The accomplishments of the present work are summarized of the Cu-S bond in these two systems.
below: (4) Nuclear relaxation properties reveal a large contribution
(1) The 800-MHz'H NMR spectra of oxidized spinach  of contact interactions in Cyg-CH, protons and His b2

plastocyanin were recorded, and relatively sharp hyperfine protons, whereas dipolar coupling is more important for His
shifted signals were observed. The complete assignment of thesg4c1 as well as for the remaining aliphatic protons.
signals was performed using 1D and 2D NMR experiments

tailored for detecting fast relaxing signals. , Acknowledgment. Dr. R. Agalarov is acknowledged for
(2) The -CH, proton signals for the coordinated cysteine (ocpnical assistance. This work was supported by Progetto
residue were detected for the first time in a copper(ll) protein \iURST “NMR di metallo-biomolecole paramagnetiche”, by
by d‘?"'s'“g a “blind” saturation transfer experiment that - onsorzio Interuniversitario di Risonanze Magnetiche di Met-
ex_pl_0|ted the favorable elec_tron exchange properties betweenalloproteine Paramagnetiche (CIRMMP), by Linkage NATO
oxidized and reduced proteins. Grants LG950035 and LG970518, and by INTAS-96-1752.

be(lg)n -irr?e tgcm;agg hyepr%r If)l?t?ojr?;lp“rg?ei(rznorr:esst%ﬁtssf\?vter%rzggj- NMR data were acquired at the PARABIO Large Scale Facility,
ging pp P University of Florence, Italy.

lated from the contact shifts, after correcting for the small
pseudocontact contributions. The dependence of the contact shifiA983833M

Concluding Remarks



