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Abstract: The longitudinal paramagnetic dipolar relaxation raksg, of 1°N, 13C, and'H nuclei in plastocyanin

from Anabaenavariabilis (A.v. PCu) were determined at 11.7 and 17.6 T from the corresponding experimental
relaxation rates in reduce®{y) and partly oxidizedRy,) A.v. PCu. To obtain an accuracy of the relaxation

data sufficiently high for the subsequent analysis, the experimental rates were determined by a simultaneous
least-squares analysis of all the spectra in a relaxation experiment. Also, a refined solution strudture of

PCu was determined from 1459 NOE distance restraints and 87 angle restraints by distance geometry, simulating
annealing and restrained energy minimization. The average rms deviation from the mean structure of the 20
structures with the lowest total energy is 0.75 A for the backbone atoms and 1.21 A for all heavy atoms. The
distance information of the dipolar paramagndig rates was compared with the corresponding distances in

the refined NMR solution structure. The comparison reveals that the point dipolar approximation, which assumes
thatRy, is caused by a dipolar interaction of the nuclei with thetatcentered unpaired electron of the®Cu

ion, does not apply to the heteronuclei. In the case of protons it applies only for piipper distances
shorter than~10 A. In contrast, it is found that thiey, relaxation of the'>N and!3C nuclei is dominated by

dipolar interaction with unpaired metal electron spin density delocalized onto floelals of the heteronuclei.

From theRy, rates of the heteronuclei and the metaliclei distances in the refined NMR solution structure,

the delocalized unpaired spin densiti@sof the individual’®N and3C nuclei were derived. It is found that

o™ decays approximately exponentially with the metaliclei distance and almost isotropically throughout

the protein. Possible implications of this decay for the electron-transfer pathways. ¢fCu are discussed.

Introduction ation can be applied and a sufficiently versatile set of experi-
mental data can be obtained.

In addition to these experimental complications, a precise
interpretation of the nuclear paramagnetic relaxation caused by
the electror-nuclear dipolar interaction can be difficult for two
reasons. First, botmetatcentered antigand-centered unpaired
delectron spin density can contribute to the nuclear relaxhation

which, in turn, can prevent an accurate and reliable determi-
nation of electron spin delocalization and electromiclear
distances from the paramagnetic nuclear relaxation in proteins.
Theoretical considerations suggettat this holds in particular

for paramagnetic relaxation of heteronuclei such*&sand®N.
Second, the size of the electron relaxation time and its
contribution to the effective correlation time for the electron
nuclear interaction are not always known with sufficient

Nuclear paramagnetic relaxation is a potential source of
information about the structure and function of metalloproteins
directly in their natural aqueous media. Thus, it holds informa-
tion about the electron relaxation and, thereby, about the
geometry of the metal site. Furthermore it can give information
about electron-transfer rates, electron density delocalization, an
electron spin polarization and may, in this way, provide valuable
information about possible electron-transfer pathways. In prin-
ciple, it can also yield long-range geometric distance information
that reaches beyond the upper limit-e6 A obtainable from
IH—1H dipolar interactions in NOE spectra of diamagnetic
proteins. Nuclear paramagnetic relaxation may, therefore,
provide complementary long-range distance information valu-
able in NMR determination of protein solution structures.

However, nuclear paramagnetic relaxation is a complicated accuracy. L .
function of electron-nuclear distances, molecular dynamics, _ Plastocyanin fronAnabaenavariablis (A.v. PCu) is a small
electron relaxation, electremucleus couplings, and rates of PIU€ copper protein (105 amino acidg, 10.5 kDa) which
possible exchange processes, e.g., the electron-transfer ratefunctions as an (_alectron carrier in the electron-transfer process
Moreover, precise determination of the nuclear relaxation rates ©f Photosynthesis. The fast electron self-exchange rate of this
can be hampered by excessive line widths and signal OVe”approteln makes it suitable for studies of the paramagnetic

caused by unfavorable electron relaxation rates. Determinationre:f;"f"_’Ition enhancement caused by the unpaired electron of the
of nuclear paramagnetic relaxation rates is, therefore, difficult C& 10N Thus, the fast electron self-exchange between reduced

unless conditions that simplify the nuclear paramagnetic relax- 21d oxidizedA.. PCu in mixtures of the two species provides
an excellent system for observing the2Cinduced paramag-

* To whom correspondence should be addressed: (teleph©dg) 38532

0302; (fax) (+45) 3535 0609; (e-mail) led@kiku.dk. (1) Solomon, I.Phys. Re. 1955 99, 559-565.
T University of Copenhagen. (2) Gottlieb, H. P. W.; Barfield, M.; Doddrell, D. MJ. Chem. Phys.
* The Technical University of Denmark. 1977, 67, 3785-3794.

10.1021/ja001368z CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/13/2000



9474 J. Am. Chem. Soc., Vol. 122, No. 39, 2000 Ma et al.

netic enhancement of the relaxation of the nuclei in the reducedwhere r;é = Ry + ‘cj_l and Aj/h is the electrornuclear
form. Furthermore, the relaxation time of the unpaired electron hyperfine coupling constant.

of the C#" ion in A.v. PCu was recently determined with high The third contributionR;cyrie is the Curie spin relaxation. It
accuracy? allowing a reliable estimation of the effective is due to the modulation of the interaction between the nuclear

correlation time for the electremuclear interaction. spin and the static electron magnetic moment and has thé&$orm
Here we present a detailed analysis of the paramagnetic
longitudinal relaxation oft°N, 13C, andH nuclei in oxidized 282(S+ 1)2 “u22BT 37
. X -~ 2 Ho et 1 Bo Rj
A.w. PCu using a mixed system of the reduced and oxidized Ricuie= 5|2 26 22 (4)
forms of the protein. The analysis is based upon accurate (BkT) Ty |.1+CU|TR1

determination of the size of the paramagnetic longitudinal
relaxation rates, of the nuclei in the protein and a refined Where‘[;jl =13" + tj_l. k is the Boltzman constant, is the
NMR solution structure also determined here. The combined temperature, an8y is the magnetic field strength.
knowledge of the solution structure and tRg, rates of the The Larmor frequency of the electroms, is orders of
protein allows an unraveling of the dipolar nucleatectron magnitude higher than the Larmor frequency of the nualei,
interaction, clarifies the possibilities of obtaining intramolecular i.e., 658 times that of the proton, 2600 times that of carbon,
distances from nuclear paramagnetic relaxation enhancementand 6600 times that of nitrogen. Furthermore, the effective
and yields information about delocalization of the unpaired metal correlation ratesrg,} and T;; that apply to the blue copper
electron and spin polarization in the protein. It also provides proteins are relatively slow due to the slow electron relaxation
insight into the possibility of obtaining information about rate of Cu(ll) proteins, the slow reorientation rate of the protein
electron-transfer pathways in blue copper proteins from the molecule, and the negligible contribution from the exchange
paramagnetic relaxation enhancement of the nuclei of the rate,7;-1, corresponding to the electron self-exchange process
proteins. in mixed samples of oxidized and reduckd. PCu. Therefore,
at the magnetic field strengths applied hekg: >> 1 andwste 2
> 1. Consequently, the second term in eq 2 is negligible. Also
Longitudinal Paramagnetic Relaxation of Ligand Nuclei. Ricontis negligible for nuclei more than-34 A from the copper
The longitudinal relaxation of the ligand nuclei in paramagnetic atom, since it is several orders of magnitude smaller Rap
metal complexes is affected by the unpaired electrons via threefor any practicald; values. Finally, the Curie-spin relaxation is

Theoretical Section

different mechanisms: insignificant here and can be neglected because of the small
trlTc 1 ratio of the blue copper proteins (at a field strength of
Rip = Rugip T Ricont T Ricurie 1) 11.7 T, the Curie-spin relaxation is significant onlyrif'zc 1 >

3 x 10%. Accordingly, the equation for the longitudinal
whereRy, is the total paramagnetic relaxation rate. In eq 1, the paramagnetic relaxation rate in the blue copper proteins reduces
dipolar relaxation rateRiqip, is caused by modulation of the to
dipolar interaction between the nuclear spirand the total

electron spinS (Y, for Cu(ll) proteins). Forl = Y, it is given 2(#0 2

T
S(S+ 1)gupy AT

2.2
1+a),rc11

bylv2 Rlp = 5 N (5)

4
2 (40)?

In the one center pointdipole approximation wheré& =
r[f’, as assumed in Solomon’s original formali$nthe un-

S(S+ 1)gauayin®

37 T
o+
1+ o T 1+ wsTe,

) paired electron spin density is located entirely on the metal ion.
For shorter electronnuclei distances, this approximation holds
In Solomon’s original formalismA = r,,%, wherery is the for protons’ assuming that Fermi contact interaction can be

distance between the nucleus and the unpaired electrons locatef€glected. A similar conclusion was made for carbons in a series
at the metal ion. The correlation rategkl (k = 1, 2) that of detailed relaxation studies of metal complexes of amino

acids®1% However, for longer distances and in particular in
the case of heteronuclei, the one center pedipole ap-
proximation breaks down, and dipolar interaction with unpaired
electron spin density delocalized to the, pbitals of the ligand
heteronuclei must be taken into accodih. these caseA? is
given by11

characterize the modulation of the interaction are givemcj;}y
= 13" + Re + 17, |, whererg is the reorientation correlation
time of the nuclei,R¢ is the relaxation rate of the unpaired
electron, andrj is the correlation time for any exchange
mechanism that modulates the magnetic environment of the
nuclei, e.g., the electron self-exchange (ESE) of blue copper
proteins. Furtherw, andws are the Larmor frequencies of the
observed nuclei and the electron, respectively,is the
gyromagnetic ratio of the observed nucleg, is the magnetic
permeability in vacuumyg is the Bohr magneton, amgl the
electrong value.

The relaxation corresponding to the second term in eq

Ricons IS caused by a modulation of the Fermi contact interaction  (5) Gueon, M. J. Magn. Resonl975 19, 58-66.
and is given b¥ (6) Vega, A. J.; Fiat, DMol. Phys.1976 31, 347—355.
(7) Bertini, |.; Donaire, A.; Luchinat, C.; Rosato, Rrot. Struct., Funct.,
A\2 Genet.1997, 29, 348-358.
h ]
2

A% =12+ ar_ %(p™)? + br’r %" (6)

assuming that the normalized unpaired spin density on the metal
ion (om) is ~1. The first and the second terms in eq 6 refer,
1 respectively, to the dipolar coupling of the nucleus with the

Te,2

3) (8) Led, J. IMol. Phys.198Q 40, 1293-1313.
1+ wits

(9) Led, J. JJ. Phys. Chem1984 88, 5531-5537.

(10) Led, J. JJ. Am. Chem. S0d.985 107, 6755-6765.

(11) Mispelter, J.; Momenteau, M.; Lhoste, J. Biological Magnetic
(3) Ma, L.; Led, J. JJ. Am. Chem. So200Q 122, 7823-7824. Resonance: NMR of Paramagnetic MolecuBsrliner, L. J., Reuben, J.,
(4) Solomon, |.; Blomembergen, N. Chem. Physl956 25, 261—266. Eds.; Plenum Press: New York, 1993; Vol 12, pp 28%5.

2
Rlcont= éSS+ 1)




Heteronuclei and Protons in Cu(ll) Plastocyanin J. Am. Chem. Soc., Vol. 122, No. 39, 2a08

metal-centered unpaired electron spin and the unpaired spinconsidering the larger electron delocalization to the metal-bound
delocalized to the 2porbital of the carbon or nitrogen atoms. ligand atoms (5660%).

The third term results from a correlation between the metal-  The Influence of Electron Self-Exchange on Longitudinal
centered and the delocalized unpaired electron spin. TheRelaxation.In mixed samples of oxidized and reducdke. PCu,
parametep” is the normalized unpaired electron spin density the electron self-exchange affects the NMR spectra considerably
in the 2p orbital of the heteronuclei, and is the distance from  through chemical exchange, even though the modulation of the
the nucleus to the delocalized electron spin. In the heteronuclearelectror-nuclei interactions caused by the ESE process is too
relaxation case, is averaged over Harted-ock—Slater atomic slow to influence the nucled;, relaxation (vide supra). Thus,
orbitals??i.e., r_® = [, For carbon atoms * = 1.35 x in a mixed system of reduced and oxidizad.. PCu where

10?5 cm3, while for nitrogen atoms[s =243 x 10% cm3. electron self-exchange takes place, the nuclei will exchange
In the proton relaxation case, is the G-H bond length (1.1 between two different chemical environments. In this case, the
A) or the N—H bond length (1.0 A). According to Mispelter et  observed resonances depend on both environments, and their
al.1! the values ofa and b in eq 6 are 0.16 and-0.4, time dependences are described by the McConnell equations
respectively, for heteronuclear relaxation, and 0.116 and 0.59for a two-site exchange systefh.Hence, the longitudinal
cos(2p), respectively, for proton relaxation, whepés the angle magnetization of the diamagnetic species and its time depen-
between metatproton vector and the €H or N—H bond. dence is given by the complete solution of these equatfibns:

The contribution to the relaxation rate from the delocalized ) -

unpaired electron spip?, is considerable even for small values Mq(t) = Cle/l + C:2":‘A+t + My ()
of p™. Thus, for a nucleus withy = 10 A andp™ = 0.05%, the

ratios of the three terms in eq 6 are 1:23.6:9 for nitrogens, Ao=— %{(kld +kyp) — [(Kyg — klp)2 + 4fdpr2]l/2} @)
1:7.3=2.7 for carbons, 1:0.029:0.3 cog{Xor nitrogen-bound

protons and 1:0.016:0.22 cog{2for carbon-bound protons. If 1

rw = 15 A andp™ = 0.01%, the ratios are 8.8:94-428.8 for A== S (kg + k) + [(kyg = ki) + 4 £ KV (9)
nitrogens, 8.8:29.2:16.0 for carbons, and 8.8:0.12:1.75 cos-
(2¢) for nitrogen—bound protons, while 8.8:0.065:1.31 cag)2 _ o ® 0
for carbon-bound protons. Hence, for heteronuclei the second C, = [(A + by (MG — Mg) — fK (M — M2 — 2.)

and the third terms dominate eq 6 at longer distances; i.e., the (20)
nuclear paramagnetic relaxation rai, is dominated by the

interactions with theligand-centered unpaired electron spin  C, = [—(A_ + k; (Mg — M) + f KM, — Mg)]/(/l, - 1)
density rather thenetatcentered. Even for protons, the relax- (12)

ation caused by dipolar interaction with the unpaired electron

spin density delocalized to the 2prbitals of the adjacent  HereK is the exchange rate which, in the case of electron self-
heteronucleus is significant for protons more than 15 A from exchange, is given bK = kes€C, Wherekese is the ESE rate

the metal ion. constant and is the total concentration of the protein. Further,

In the derivation of eqs 5 and 6, it is assumed that the bulk kig = foK + Rig andky, = fK + R*,  wherefy andf, are the
electron spin densities outside the loca} pbital of a given molar fraction of the diamagnetic and paramagnetic species,
heteronucleus (or in the case of protons outside the directly respectively, and?;q and R’{p(z Rip + Rug) are the intrinsic
bound heteronucleus) is located on the metal ion; i.e., it is longitudinal relaxation rates of the nuclei in the two sites,
assumed that the point dipole approximation applies to this partrespectively, in the absence of exchange. FindH§,and M;"
of the spin density. Thus, it is not taken into account that a are the equilibrium longitudinal magnetizations in the two sites,
considerable part of the electron spin density is delocalized to respectively, and\/|g and Mg are the corresponding initial
the surrounding ligand atoms and, in particular, to those directly magnetizations immediately after the radio frequency perturba-
bound to the metal ion. Canters et@investigated this problem  tjon.
by calculating the electrennuclei dipolar interaction for As shown by eq 7, the decay of the longitudinal magnetization
oxidized azurin, assuming that 40% of the electron spin was js, in general, biexponential. However, it becomes monoexpo-
delocalized to the metal-bound ligand atoms. However, the nential in two extreme cases, i.e., the fast-exchange case that

resulting dipolar interaction was equal to or only slightly larger applies wherk > R}, — Ru and the slow-exchange case that
than the interaction obtained if all the electron spin was located applies wherk < R}, — Ry, In the first case, the longitudinal

on the Cé* ion. Even for a delocalization of 5660% of the magnetization in the two sites relax with a comninrate8
unpaired electron spin density to the metal-bound residues, as

found for blue copper proteir$;!> the metal-centered point Rio=Ryy+ TRy, (12)
dipole approximation applies reasonably well for distances larger
than 3 A from the metal-bound nuckilThus, forry > 3 A, it where Ry, is the relaxation rate of the observed signal(s). In

seems reasonable to use the metal-centered point dipole apthe second case, the longitudinal magnetization in the two sites
proximation to evaluate the dipolar interaction of the nuclei with relax with individualR; rates where the relaxation rate in the

the unpaired electron spin density outside the locabPpitals. diamagnetic site is given BY
Forry < 3 A, the point dipole approximation may break do¥n. _
For blue copper proteins, this limit could be somewhat higher Rio= Ryg 1 Kf, (13)
(12) Morton, J. R.; Preston, K. B. Magn. Resor1978 30, 577-582. In the intermediate case where none of the two extreme

9§313) Cantt;r;, G. W.; Hill, H. A. O.; Kitchen, N. AJ. Magn. Reson. exchange conditions apply, the magnetization is, in principle,
1984 57, 1-23.
(14) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Soc. (16) McConnell, H. M.J. Chem. Phys1958 28, 430-431.
1991, 113 1533-1538. (17) Led, J. J.; Gesmar, H. Magn. Resonl1982 49, 444—463.
(15) Kalverda, A. P.; Salgado, J.; Dennison, C.; Canters, G. W. (18) McLaughlin, A. C.; Leigh, J. S., J3. Magn. Resorll973 9, 296—
Biochemistry1996 35, 3085-3092. 304.
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biexponential. However, if only one of the two involved
relaxation ratesR’{p and Ryg, is very small compared to the

Ma et al.

method? In the 2D heteronuclear experiment and'*N decoupling
was performed during acquisition using the WALTZ-16 schéime.

exchange rate, the second exponential in eq 7 vanishes much ©One-dimensional inversion recovery experiments were used to

faster than the first one, and the decay becomes effectively

single-exponential after a certain short delay. Consequéntly
can be obtained from a relaxation experiment with a suitable
set of time delays. In the case Af v. PCu, where th&;q4 rates

are much smaller thal, decays calculated from eq 7 are single-
exponential with rates given byA_ for any realisticRy, value,

if the delay is longer than 10 ms. Under these conditions the
observed relaxation rates are given by

Ry, + K\? 12
> — Kf,Ry,

(14)

R+ R, K

R10 =—1 2

From eq 14 the following expression can be derived:

(R,

o Rld - K)(Rlo - Rld)
Rlo - Rld - Kfp

1p (15)

Using eq 15, theRy, rates can be calculated from the

measure the longitudindH relaxation rates at 500 and 750 MHz. Each
experiment consisted of 119 spectra with delay times ranging from
0.008 t0 9.0 s. A recovery delay 8 s was applied between scans, and
32 scans were recorded for each spectrum. The relaxation delays were
chosen randomly to compensate for possible systematic drift.

The R; relaxation rates of the methine carbons/of. PCu were
obtained at 125 and 188 MHz from samples wii€ in natural
abundance using the 2D heteronucltar-'3C pulse sequencé?A
5-ms purge pulse followed by a 0.5-regradient pulse were applied
to suppress the solvent signal and the resonances fGabound
protons. The protons were saturated during*@recovery delay by
a series of 90pulses separated by 7 ms, to ensure a single-exponential
decay of the carbon magnetizatibiihe time domain signals consisted
of 128t; slices each with 2048 data points. For the series recorded at
125 MHz, the sweep width was 6025 in tHe dimension and 4400
Hz in the *3C dimension. For the series recorded at 188 MHz, the
corresponding sweep widths were 9000 and 6600 Hz, respectively. A
recovery delay of 2.5 s was applied between scans, and 256 scans were
recorded for each slice.

The 3C R; experiments consisted of nine 2D spectra with delay
times of 0.01, 0.1, 0.2, 0.4, 0.8, 1.2, 1.8, 2.5, and 4.5 s, respectively.
The entire acquisition time was 13.5 days. To eliminate errors caused
by systematic drift of the spectrometers and by minor changes in the

experimental data if exchange takes place between the diamagdegree of oxidation of the partly oxidized samples, each one of the

netic and paramagnetic sitel & 0).

nine 2D spectra was effectively recorded over the entire acquisition
period; i.e., eaclt slice in all nine 2D spectra was averaged over the

Since oxidized PCu is paramagnetic, the changes of the NMR 13 5_yay acquisition period. This was achieved by recording all 9
parameters caused by the oxidized form can be rather dramatic12gt, slices in a recurrent manner over 8 cycles with 32 scans in each

Indeed, the presence of the paramagnetic species may lead t@ycle; i.e., in each cycle, 32 scans were recorded ofitheslice =

complete obliteration of the NMR signals of nuclei close to the

1-128) in thekth spectrumk being varied from 1 to 9 for each value

metal ion, if the concentration of the paramagnetic species is of n. The same procedure was applied in Rieseries recorded &tC

sufficiently high and the electron self-exchange rate is suf-
ficiently fast.

Materials and Methods

Sample Preparation.Plastocyanin fromAnabaenavariabilis (A.v.
PCu) was prepared and purified as described previd@ghprotinin
was added during the purification to minimize enzymatic degradation
of A.w. PCu. The protein was dissolved in 99.9%Mexcept for the
15N-enrichedA.v. PCu samples and a sample used fdr NOESY
experiments where it was dissolved in 90%AL0% D,O. The protein
concentrations were from 2.9 to 3.2 mM in the sample of unlabeled
A.w. PCu and from 4.1 to 4.4 mM in thHéN-enrichedA.». PCu samples,
with 100 mM NacCl added in all cases. The pH varied from 6.9 to 7.3.
The oxidizedA.v. PCu(l) was prepared by adding an equimolar amount
of K3[Fe(CN)] to A.w. PCu(ll). The partially oxidized samples were
obtained by mixing the appropriate amountsfof. PCu(l) andA.v.
PCu(ll) or, alternatively, by adding the corresponding amount of K
[Fe(CN)] to Aw. PCu(l). Small amounts (0-60.7 mM) of sodium
ascorbate were added to the samples of reddcedPCu to maintain

the copper in the reduced state. The protein solutions were flushed},o

with nitrogen to remove oxygen, and the NMR tubes were sealed off
under nitrogen.

NMR Experiments. The NMR experiments were carried out on
Varian Unity Inova spectrometers equipped wiaxis pulsed-field

gradient triple-resonance probes, and operating at the magnetic field

strengths of 11.7 and 17.6 T, correspondingHofrequencies of 500
and 750 MHz, respectively. All experiments were performed at 298
K. The *H carrier was placed on the HDO resonance (4.774 ppm at
298 K), while the*C and!*N carriers were set at 67 and 120 ppm,
respectively. All 2D spectra were acquired with hypercomplex quadra-
ture detection in th& dimension using the Stateslaberkorn-Ruben

(19) Badsberg, U.; Jgrgensen A. M. M.; Gesmar, H.; Led, J. J;
Hammerstad, J. M.; Jespersen, L. L.; UlstrupBibchemistry1996 35,
7021-7031.

188 MHz where seven 2D spectra with delay times of 0.01, 0.1, 0.2,
0.4, 0.8, 1.2, and 2.5 s were acquired in 7 days.

The'®N R, rates were obtained at 50.7 MHz from 98 enriched
A.w. PCu samples using tHel—1°N pulse sequence by Farrow efal.

The pulsed field gradients applied in this sequence allowed a minimiza-
tion of artifacts, suppression of the intense solvent resonance, and
selection for the coherence transfer pathway that allows indirect
observation of*N through'H. The time domain signals consisted of
320t; slices each with 2048 data points. The sweep width was 10 000
Hz in the'H dimension and 2000 Hz in tHéN dimension. A recovery
delay of 1.5 s was applied between scans, and 32 scans were recorded
for each slice. Eleven 2D spectra were recorded in &a&xperiment,

with delay times of 0.010, 0.020, 0.040, 0.080, 0.160, 0.321, 0.501,
0.702, 0.903, 1.203, and 1.905 s, respectively. The entire acquisition
time was 19.5 h for each experiment. The 2D spectra in dach
experiment were recorded simultaneously using the same recurrent
procedure as applied in tHéC R; experiments.

The 'H NOESY spectra were recorded as described previdasly,
except that the water resonance was suppressed by a WATERGATE
schemé® Mixing times of 60 and 120 ms were used both isgCHand
D,0O solutions. The sweep width was 10 000 Hz in both dimensions.
33,5 coupling constants were obtained from an E-COSY speéfrum
of reducedA.v. PCu in DO recorded on a Bruker AM 500 spectrometer.

(20) States, D. J.; Haberkorn, R. A.; Ruben, DJ.Magn. Resor1982
48, 286-292.

(21) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRMagn. Reson.
1983 52, 335-338.

(22) Palmer, A. G, lll; Rance, M.; Wright P. B. Am. Chem. So&991,
113 4371-4380.

(23) Mispelter, J.; Lefere, C.; Adjadj, E.; Quiniou, E.; Favaudon, V.
Biomol. NMR1995 5, 233-244.

(24) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay,
C. M,; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L.
E. Biochemistry1994 33, 5984-6003.

(25) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—
665.

(26) Griesinger, C.; Sgrensen, O. W.; Ernst, RIRMagn. Resor987,

75, 474-492.
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The 2D spectra obtained in tHéC and®>N R; experiments were
processed using NMRPiperunning on a DEC Ultra Workstation
533au. Theé3C FIDs were zero-filled to 4096 and 512 data points and
the 1N FIDs to 4096 and 1024 data points in thendt; dimensions,
respectively. An exponential line-broadening of 5 Hz was applied in
thet, dimension, while a sine-bell window function was applied in the
t; dimension. No baseline correction was used. The processing of the
1D spectra and 2D NOESY and E-COSY spectra was performed on a
DEC3000 AXP 400 workstation using in-house written software. No
window function or zero-filling were applied for the 1R data set. In
the 2D NOESY spectra, an exponential line-broadening of 15 Hz was
used in both dimensions while a zero-filling was applied that results
in a resolution of 4.9 and 9.8 Hz poirtin t, and t; dimensions,
respectively. The window functions used for the E-COSY spectrum
were a 45 phase shifted sine bell, a 9phase shifted squared sine
bell, and a line-broadening of 5 Hz in both dimensions.

Structure Determination. Interproton distance restraints were
obtained from the NOESY experiments detailed above. The volumes
of the signals were determined by a combination of linear prediction
analysis and least-squares estima#eil. The NOEs were classified
as weak, medium, or strong with corresponding upper limits of 5.0,
3.56, and 2.85 A as described previouSlgxcept for the intraresidual
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Figure 1. Estimation of the fractiort,, of oxidizedA.v. PCu from a
plot of the relaxation enhancemen®y, — R of selected protons

0

NOEs used to characterize a preferred rotamer conformation. For thesgersys the corresponding normalized relaxation enhancements of a
NOEs, the upper limits were 4.0, 3.4, and 3.1 A for weak, medium, reference sample, using eq 12. The inset is an expansion of the left

and strong NOEs, respectively.
The structures were calculated with the program X-PLOR 3.851

part of the plot. The linear curve corresponds to a fit of eq 12 to the
experimental datdj is given by the slope of the curve. For the sample

using distance geometry, simulated annealing, and restrained energycorresponding to the actual plipt= 19.1+ 0.6%. TheerJ rates were

minimization3! The paramagnetic relaxations of tH€ and'®*N nuclei
in the metal-bound ligand residues revealed unambiguously that the

obtained from a reference sample with 5% oxidiZed PCu (ie.

05).

ref
fo

copper atom is bound to the same donor atoms as in other plastocyanins,

that is, 0N of His39, 5N of His92, yS of Cys89, andS of Met97%°

The copper atom was included in the distance geometry simulated
annealing (DGSA) and refine calculations with the geometric constraints
reported by Moore et & included in the applied parameter file, i.e.,
parallhdg.pro (X-PLOR). These constraints are the bonds between Cu
ON His39 (2.05 A), Cu-ON His 92 (2.05 A), Cu-yS Cys89 (2.12 A),

and Cu+-6S Met97 (2.90 A). A force constant of 70 kcal mblA—2

was used for all four bonds. Further, the following angles were used:
X—Cu—X angles (X= S or N) of 110 and a force constant of 10
kcal molrad=2, Cu—N—C angles of 127and a force constant of 50
kcal moftrad, and Cu-S—C angles of 120and a force constant of

50 kcal mofirad The force constant on theXCu—X angles was
chosen to allow#-28° distortions from the tetrahedral geometfylhe

van der Waals radii of the copper atom was set to 2.2 A. Finally, the
x1 angles were restrained to .80 or —60° 4= 60° for the g?g®, gt®
andt?g® conformations, respectively.

The protocols used in the structure calculation were essentially those
proposed in the X-PLOR manual (dg_sub_embed.inp, dgsa.inp and
refine.inp)3! A total of 60 substructures were calculated and run through
200 cycles of restrained energy minimization and 6-ps restrained
molecular verlet dynamics at 3000 K followed by a 10-ps cooling to
100 K and 200 cycles of restrained energy minimization. In the refine
protocol, the structures were heated to 3000 K and then slowly (20 ps)
cooled to 100 K. The time steps were 0.003 and 0.005 ps for the high-
temperature dynamics and the cooling step, respectively. Finally, the
structures were run through 200 cycles of restrained energy minimiza-
tion. The van der Waals function was represented by a simple repel
function in all calculations. The 20 structures with the lowest total
energy were selected for further analysis.

Estimation of the R; Relaxation Rates.The intensities of the signals
in the Ry experiments were determined by a least-squares fitting

(27) Delagio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR1995 6, 277—293.

(28) Gesmar, H.; Nielsen, P. F.; Led, JJJMagn. Resonl994 B103
10-18.

(29) Kristensen, S. M.; Sgrensen, M. D.; Gesmar, H.; Led,J.Magn.
Reson1996 B112 193-196.

(30) Basus, V. JMethods Enzymoll989 177, 132—-149.

(31) Bringer, A. T.X-PLORversion 3.1. A system for crystallography
and NMR Yale University: New Haven, CT, 1992.

(32) Moore, J. M.; Lepre, C. A,; Gippert, G. P.; Chazin, W. J.; Case, D.
A.; Wright, P. E.J. Mol. Biol. 1991, 221, 533-555.

proceduré® whereby all intensities of a given resonance in a series of
relaxation spectra were determined simultaneously. Since the frequency,
line width, and phase of each resonance remain unchanged through
the series, this procedure reduces the number of parameters drastically
and, thus, increases the precision by whichRheates can be obtained.

In the experiments used to determine tfd R; rates, the signals
decay toward zero, and the intensities were, therefore, analyzed by a
least-squares fit using the two-parameter exponential function:

M(t) = M® exp(—Ryt) (16)

In the experiments used to determine @ and'H R, relaxation rates,
the signals decay toward a maximum steady-state value. Accordingly
the intensities were analyzed by a least-squares fit using the three-
parameter exponential function:

M(t) = M” + (M° — M™) exp(—Ryt) (17)
In egs 16 and 17M° is the initial value of the magnetization
immediately after inversion puls&)” is the steady-state value of the
magnetization, andli(t) is the value of the magnetization at tirhe

Estimation of the Fraction of Oxidized A.». PCu. The fraction,
fp, of oxidizedA.v. PCu in the samples was monitored throughout the
study by measuring thig, rates of selected protons in the protein. When
the fast-exchange condition applies, il€.3> Ry, the fractionf, can
be obtained from th&;, andRyq rates (eq 12) using thiey, rates of a
sample with a known fraction of oxidizedlv. PCu as a reference. For
a given electron self-exchange rat€, the fast-exchange condition
applies to nuclei that have a sufficiently sld®y, rate, i.e., nuclei that
are sufficiently far away from the metal ion. Figure 1 shows plots of
(R — Rug) versus Ry — RE)/f ' for a series of resonances that
fulfill the fast-exchange condition. The linearity of the plot in Figure
1 confirms that this condition applies to the selected protons. The use
of this method to estimatl was essential in the present study, since
the oxidation degree of the samples varied slightly over time. Therefore,
f, was estimated before and after each experiment, and the avgrage
value was used in the data analysis. This procedure, in combination
with the recurrent manner in which all 2D experiments were recorded
(vide supra), ensured a reliable estimation of the effediiwealues
and, thus, of thdzy, rates.
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Table 1. Structural Statistics foA.v. Plastocycanin NORTH

Number of Constraints

total number of NOEs 1459
intraresidue NOEs 595
sequential NOEs 279
interresidue NOEs 585
¢ angle 49
xtangle 29

w angle 9

rms Deviations from NOE Restraints and from the
Idealized Geometry Used within X-PLGR

NOE (A) 0.017+ 0.003
bond length (A) 0.003% 0.0008
bond angles (deg) 1.06 0.02
improper dihedral angles (deg) 0.420.02 EAST
PROCHECK Ramachandran Analysis
most favored regions (%) 59.2
additional allowed regions (%) 36.4
generously allowed regions (%) 3.4
disallowed regions (%) 0.9
Average rms Deviations from the Mean Structure - ' W o 53
all heavy atonts(A) 1.21 = 4 {
backbone atonigA) 0.75
all -sheet heavy atorigh) 0.90
B-sheet backbone atof(d) 0.52

aFitting was done on the final ensemble of 20 refined structures
with the lowest total energy.Rms deviations for all heavy atoms and
for all N, C,, and C backbone atoms, respectively, of Thr2-Ala104.
¢ Rms deviations for all heavy atoms and for all N, @d C backbone
atoms from thg8-sheet region, respectively. TResheet region included
the residues from Thr2 to Leu7, Leul4 to Prol18, Lys20 to Lys24, Asp27
to Asn33, Pro37 to Asp44, GIn70 to Phe76, Gly83 to Cys89, and Met97
to Alal04.

Figure 2. Best-fit superposition of the 20 refined solution structures
of A.w. PCu with the lowest total energy. Only the,&,, and N
backbone atoms for the-sheet region are superimposed. This region
. . included Thr2-Leu7, Leul4-Prol8, Lys26-Lys24, Asp27Asn33,
Results and Discussion Pro37-Asp44, Glu76-Pro76, Gly83-Cys89, and Met937Alal104.

Refined Structure. The NMR solution structure dk.v. PCu
determined previoust§ was refined by including stereospecific ~ intraresidualds, andd,y proton NOEs using the same proce-
assignments of a series pfprotons and the methyl groups of dure3® Immediately five CH groups of valine, i.e., Val5, Val36,
most of the valines and leucines in the structure calculation. Val41, Val42, and Val103, could be identified g5 rotamers
The total number of NOEs was 1459, including 595 in- due to the large’Jos coupling constants. Subsequently the
traresidual, 279 sequential, and 585 interresidual NOEs. Fur- Stereospecific assignment of themethyl groups could be

thermore, 49¢ angles obtained from th&J,., coupling deduced from the intraresidudln NOEs, except for Val36
constant, 9 prolines angles, and 29* angles were included. ~ Where the stereospecific assignment was obtained from the
The structural statistics are given in Table 1. calculated structures and NOEs to spatially adjacent protons.
The conformations of the! angles and the stereospecific The remaining three_ valines, Vall5, Val29, and VaI98,_ have
assignment of the jiprotons were derived from th&l, only small®J,s coupling constants and are, therefor(_e, eni_w_er
coupling constant and the intraresidaa anddzy NOEs30:3 or g rotamers. The methyl group of Vall5 could be identified

The 3J,; coupling constants were obtained from the passive astaccording to the observedk, andd,n NOES. For Val29,
coupling in an E-COSY spectrum, definiAg,; > 11 Hz as a the stereospecific assignment was obtained from the structure,
large coupling constant arfdys < 5 Hz as a small coupling while for Val98, no stereospecific assignment of the methyl
constant. Observation of only one of the intraresidyglsignals groups could be made.
in both the E-COSY and the DQF-COSY spectrum was taken For eight of the nine prolines, stereospecific assignment of
as an indication of a large coupling constant if supported by a the -protons was made on the basis of tig; NOEs by
weaka,8 NOE, and a small coupling constant if supported by exploiting the fact that thg®-proton is always closer to the
a strongo.,5 NOE. Using these criteria, @g3, 5 g3, and 15 o-proton than thgd3-proton3* For Pro49, stereospecific assign-
t2g3 rotamers were assigned stereospecifically, of the total ment was not possible due to signal overlap of one ofotjfe
number of 578-CH, groups inA.v. PCu. Another threg-CH, NOEs. The side-chain amide protons of two Asn residues and
groups were assigned as eitgt3 or t2g® by excluding the one GIn residue were stereospecifically assigned using the NOEs
g?g® conformation on the basis of tH#,s coupling constants. ~ between the NH atoms and the adjacent methylene gtbup.
The 294! angles mentioned above were restrained according Finally, the stereospecific assignment of #x€H; groups of
to these assignments and were included in the structure6 of the 10 Leu residues was obtained from the calculated
calculation together with 27 pairs of stereospecifically assigned structure and NOEs to spatially adjacent protons.
B-CH, protons. A best-fit superposition of the backbone of the 20 structures
The stereospecific assignment of themethyl groups of with the lowest total energy is shown in Figure 2. No NOE
valine was based on thél,s coupling constant and the Violation larger than 0.2 A and no dihedral angle violation larger

(33) Wagner, G.; Braun, W.; Havel, T. F.; Schaumann, T.; Go, N,; (34) Kline, A. D.; Braun, W.; Wthrich, K. J. Mol. Biol. 1988 204,
Wiithrich, K. J. Mol. Biol. 1987, 196, 611-639. 675-724.
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Figure 3. Panels ad: fingerprint regions of the 2[R; spectra ofA.v. PCu at 11.7 T corresponding to the shortest delay time; (a) and (b) are the
1H—15N correlation spectra of reduced and 9% oxidiZed PCu, respectively; the arrows indicate the folded signal from Arg9@\land (d) are
theH—13C correlation spectra of reduced and 18% oxidi2ad PCu, respectively. The boxes in (b) an (d) indicate signals for which the intensities
are appreciably reduced in the partly oxidized. PCu. Panels e and £H inversion recovery spectra éfv. PCu at 750 MHz corresponding to
the longest delay time; (e), reducédv. PCu; (f), 15.5% oxidizedh.v. PCu.

than 5 were observed in the 20 structures. The general fold of  Assignment of NMR Spectra of Partially Oxidized A.v.

the structure is identical to that found in the previous sttfdy. PCu. The spectra of reduced and oxidiz&d. PCu (Figure 3)
However, the structure obtained here is significantly better show identical patterns with only slightly fewer signals in the
defined, in particular the helical region from Ala53 to Ser60 spectra of the oxidized form, even at relatively high PCu(ll)
which is a regulao helix in the refined structure. concentrations. This holds despite the general assumption that
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Cu(ll) proteins are less suitable for NMR studies due to severe
line-broadening and reflects the fact that the electron relaxation
in A.v. PCu(ll) is relatively fastand dominates the effective
correlation rate (vide infra). Still considerable line-broadening
is observed for a number of signals in the oxidized samples, in
particular in the!3C relaxation spectra, resulting in severe signal
overlap (Figure 3c and d).

The chemical shifts of the resonances in the partially oxidized
samples used here are only slightly different from those observed
in the reduced sample. Thus, in the 10% oxidized sample, the
changes in chemical shifts relative to those of redutedPCu
varied only from—3 to +7 Hz for the nitrogens, from-5 to
+7 Hz for the carbons, and from210 to+10 Hz for the protons.
Further, the shifts could easily be followed in the spectra with
increasingf, values. Therefore, the spectra of the partially

oxidized samples were assigned unambiguously on the basis

of previous assignment of the proton specttiof reducedA.v.
PCu and the correspondingfC and 15N spectra (to be
published).

In copper proteins, the Fermi contact shiétsc, of the nuclei

in the ligand residues are considerable, whereas pseudocontact§.1200_

shifts, wpc, caused by the dipotedipole interaction between
the nuclei and the unpaired electron of the Cu(ll) ion, are small
if the protein has a type-l copper centé@s in plastocyanins.
Therefore, the small shifts observed here show that the “well-
resolved” conditio®® (wrc > K) applies to the ligand residues
resulting in different signals for reduced and oxidiZed. PCu,
while the “exchange-narrowing” conditidh(wpc < K) applies

to the more remote residues where the Fermi contact shift is
negligible, resulting in average signals for the two forms.

The R; Rates in Reduced and Partially OxidizedA.». PCu.
The Rig and Ry, rates were measured for a series of nuclei in
A.. PCu, including the!>N and 3C, nuclei, and a series of
side-chain'®C nuclei and protons. ThBy, rates of!>N were
obtained from five partly oxidized samples with PCu(ll) ranging
from 9 to 36%, while the correspondifgC andH rates were
obtained from a sample with 18% PCu(ll). TH& rates were
measured at 11.7 T while tHéC and'H rates were measured
at both 11.7 and 17.6 T. To ensure determination of the largest
possible number of relaxation rates with the highest possible

precision, the rates were extracted by a simultaneous least-
squares analysis of all spectra in a relaxation experiment, as

described under Materials and Methods. Single-exponential

Ma et al.
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Figure 4. Examples of decay curves corresponding to the relaxation
of nuclei in A.w. PCu; (a) His39 backbon®N in reduced [, Rig =
2.1624 0.008 s1) and 9% oxidized®, Ry, = 3.76 + 0.07 s1) Aw.
PCu; (b) Leu73C, in reduced, Rig = 1.5864 0.081 s*) and 18.0%
oxidized O, Rio = 3.61+ 0.39 s%) Aw. PCu; (c) Val4l H; in reduced

(3, Rig = 1.045+ 0.061 s') and 15.5% oxidizedd, R, = 5.87 &+
0.12 s%) Aw. PCu.

decays were assumed in all cases, as discussed in the Theoretic%neous data-fitting procedure allowed an estimation of 82 C

Section. Two-parameter fits (eq 16) were used to obtain the
15N rates while three-parameter fits (eq 17) were used to extract
the 13C and'H R; rates. TypicaR; decay curves are shown in
Figure 4. The obtainedN, 13C, andH relaxation rates are
given in Supporting Information.

The Ryq4 relaxation rates were obtained for 91 of the 95
backbone nitrogens, excluding the nitrogens of the N-terminal
and the 9 proline, while th&;, rates were obtained for 87
backbone nitrogens. The, rates of two side-chain nitrogens,
His39N and Arg93N, located outside the applied sweep width
were obtained from the folded signals (see Figure 3a and b).
The uncertainties of the intensities were typicail§%, while
the uncertainties of th®N R; rates in the reduced and the 9%
oxidized plastocyanin sample were0.5% for most of the
signals and<3% for all signals. The uncertainties of tiRg,

relaxation rates from the reduced sample and ¢%ates from

the oxidized sample. In addition, tH rates of 18 of the 29
side-chain methine carbons were determined for reduced plas-
tocyanin while 13 rates were obtained for the partly oxidized
form. The uncertainties of the intensities were typicallg—

20% and the uncertainties of tt& rates<10%.

The protonR; rates were determined for 21 well-resolved
IH resonances in the aliphatic and aromatic regions of the 1D
inversion-recovery spectra. The aromatic region is shown in
Figure 3e and f. Th&; 4 andRy, rates of foura-protons, eight
methyl protons, and nine aromatic protons were obtained for
both reduced and 18% oxidized plastocyanin. The uncertainties
of the intensities were typicallg4% and the uncertainties of
the estimatedr; rates<8%.

Paramagnetic Longitudinal Relaxation of Nuclei in A.v.

rates obtained from the other oxidized samples are in the rangepCu. The experimental data including their uncertainties, i.e.,

from 0.3 to 2%.

The obtained*C rates are less precise due to the applied
natural abundance of tHéC nuclei, the relatively low protein
concentration, and the severe signal overlap. Still, the simul-

the Rig and Ry, rates, and the fractionds,, of oxidized
plastocyanin, allow a reliable estimation of tRg, rates using
eq 15 and &eserate constart at 298 K of 3.2x 1P M~1s™L,
Variation ofkesein the range from 2.6« 10°to 4.0 x 10° M~1
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s ! has only negligible influence on the calculateg rates of
the >N and®*C nuclei and most of the protons. Only the values
calculated for theRy, rates of the fast-relaxing protons of the
ligand-bound H39 residue depend significantly onkhealue.
This dependence, however, allows a lower limit of khgrate
constant to be estimated from the experimental relaxation rates
of the fastest relaxing proton, i.e., H3%-H-or this proton, the
slow-exchange conditiork(< R* Riq) and eq 13 are nearly
fulfilled because of its fasky, rate ¢~1500 st, Table S7 in
supporting Information). Accordingly, using eq 3, the raRes
=108 st andRyq = 0.63 s* obtained for H39 M atf, = 0.18
andc = 2.9 mM (Table S7) give &.serate constant of 2.
1P M1 st ie., a value that is only slightly smaller than the
value applied here.

TheRy, rates were estimated for all the 89 obsert@dnuclei
at 11.7 T. The average rates obtained from the five partially
oxidized samples are shown in Figure 5a. Ragvalues range
from 0.05 to 125 st with uncertainties typically from 5 to 20%.
Further, theRy, rates of 4lo-carbons and seven side-chain
methine carbons were estimated at both 11.7 and 17.6 T, with
rates ranging from 0.4 to 34'5at 11.7 T (Figure 5b) and from
0.4 to 185 st at 17.6 T (data not shown) with uncertainties
typically from 25 to 100%. The remainidgC nuclei, for which
the R; rates were determined, have negligible paramagnetic
relaxation enhancement. Finally, th®, of the 21 protons
investigated here are in the range from 0.2 to 1513a$ 11.7
T (Figure 5c¢) and from 0.3 to 838 kat 17.6 T (data not shown)
with uncertainties from 10 to 110%.

It should be emphasized, that the above estimation of the
Ry rates requires use of the correct, individ&ay rates in eq
15, rather than a common average valtéus, for example,
at 500 MHz the protoiR;4 rates obtained here vary considerably,
ranging from about 0:50.6 s™! for aromatic protons, over 0-6
0.7 s for the a-protons, to almost 273 for some of the side-
chain protons (see Supporting Information). In particular, it is
essential to use the propRiq rates for nuclei that are more
than 8-10 A from the metal ion where th,4 rates are larger
than the paramagnetic relaxation enhancement.

Differences between the structures or the dynamics of reduced
and oxidized plastocyanin could result in differétt rates in
the two forms. This could introduce errors in the estimadRga
rates since th&yq rates of the reduced form were used in the
calculation of theRy, rates from eq 15. As for the structures of
the two forms, an overall agreement is indicated by the identical
patterns in the spectra of reduced and oxidiged PCu (Figure
3). The structural similarity is also indicated by the correlation
shown in Figure 5, between tli®, rates of the oxidized form
and the corresponding distances in the solution structure of the
reduced form. Furthermore, observation of the same NOEs in
the'H—1H NOESY spectra of the reduced and partially oxidized
samples indicates similar secondary and tertiary structures. In
support of this agreement, it was found that the rmsd of the
backbone in reduced and oxidized plastocyanin from the fern
Dryopteris crassirhizon® is only 0.16 A in the crystal
structures and that the structure of the metal site region remains
unchanged upon oxidation. A similar agreement was found for
the backbones in the crystal structure of reduced and oxidized
poplar plastocyanif® although in this case a dissociation of
His87 from the copper atom was observed for the reduced form.

(35) Dennison, C.; Kyritsis, P.; McFarlane, W.; Sykes, A.JGChem.
Soc., Dalton Trans1993 1959-1963.

(36) Rasmussen, N. Master Thesis, University of Copenhagen, 1996.

(37) Inoue, T.; Gotowda, M.; Sugawara, H.; Kohzuma, T.; Yoshizaki,
F.; Sugimura, Y.; Kai, Y Biochemistry1l999 38, 13853-13861.

(38) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman,
H. C.J. Mol. Biol. 1986 192, 361—-387.
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Concerning the dynamics of poplar and f@ncrassirhizoma, 30
plastocyanin changes were observed in the H-bond network
upon oxidatior?”-38suggesting different flexibilities of the two
forms. For heme-containing cytochromes, an increased flexibility %5
of the oxidized form was indicated by theN relaxation rate¥
and by increased amide hydrogen exchange rates observed upon
oxidation#%42 Such changes in flexibility of the proteins could
result in a change in th&yy rates. However, even if the
relaxation enhancement of 0:66.1 s%, which is observed in
oxidized A.v. PCu for 15N nuclei about 26-25 A from the
copper ion, reflects an increase in tRgy rates caused by a
higher flexibility of the oxidized form rather than a paramagnetic 10
effect, it would only cause minor errors. Thus, for nitrogens
closer than 10 A to the copper atom, the error in Ragrates
is negligible while it is 10% for'®N ~10 A from the copper 5
ion and 60% for nitrogens-19 A from the copper ion. Errors
of this size would not significantly affect thA=13 values
discussed below.

Deviation from the Point—Dipole Approximation. A
detailed analysis of the estimat&y, rates can now be made
on the basis of the refined NMR solution structure (Figure 2) 30
using eqs 5 and 6. The analysis requires a precise knowledge
of the effective correlation rate ; = 7' + Rie + K. Recently
it was found that the longitudinal electron relaxation ra®e.
in Av. PCu is (5.84 0.5) x 10° st at 11.7 T and 298 K,
while a value of 1.6x 108 s~ was obtaine#f for 7' at 298 K 20
(tr = 6.2 ns) in good agreement with the sizefof. PCu (M,
10.5 kDa). In comparison, the ESE radds only 1 x 103 s™?
at the appliedA.v. PCu concentratiof (vide supra). Conse-
quentlyr;} is dominated entirely byR;e.

In the point-dipole approximatio in eq 2 is given by the
distancery between the Cif ion and the nuclei in the protein;
that is,A = r[f’. To test the validity here of this approxima-
tion, A3 was calculated from the obtain@d, rates at 11.7 T 5
using eq 5 and the effectivz@} correlation rate and compared
with thery distances of the refined structures (Figure 6). The
corresponding data obtained f&fC and!H at 17.6 T (see 0
Supporting Information) are in good agreement with those
shown in Figure 6b and c. As it appears from Figure 6a and b,

A~1B3 < ry for all 15N and 13C distances. The substantial and 30
systematic deviations clearly demonstrate that the paliftole
approximation does not apply to these nuclei. K, the use

of natural abundance results in a relatively higher uncertainty
of the data. Still, the deviation is clear and similar to that
observed fof®N. For'H, the deviation is less pronounced and 20
significant only forry > 10 A. A similar deviation was reported
for protons in [4Fe-4S] proteifdwhere the slope of IrRIpl
versus Inry was 5.5 rather than 6 as expected from eq 2Xor
=1,

The plots in Figure 6 reveal that the deviation increases with
increasingu values and almost isotropically within the protein.
The latter is further illustrated in Figure 7 which shows #1é/3
andry values of the backbon®N of the individual residues. 5
These observations exclude that the deviation is caused by an
association whereby the nuclei in a diamagnetic molecule is
affected by the electron of the €uion in a paramagnetic o
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Figure 6. Comparison of theA=® values of nuclei inA.v. PCu
(calculated from theRy, rates at 11.7 T, using eq 5) and the
corresponding Cunuclei distances,, in the refined structure (average
of the 20 structures in Figure 2); (a) 87 backbdpé¢ and two side-
chain®®N; (b) 413C, and seven side-chain methitf€; (c) 21 selected
H.
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30 T T r T T distances in any straightforward way. In contrast, the smaller
deviation observed fotH suggests that distance information
25 can be obtained from thigy,, rates for protons up untit10 A
\K from the metal ion, despite the delocalization of the unpaired
w0l electron spin density to the 2prbitals of adjacent heteronuclei.
— Spin Delocalization and Relation to Long-Range Electron
i Transfer. The unpaired electron spin densitigsdelocalized
;' 151 to the 2p atomic orbital of thé>N and*3C nuclei of the protein
P : were calculated from thRy, rates and they distances in the
10} ﬁ# -\INJ refined averagé\.v. PCu structure (Figure 2) using egs 5 and
%SdépL n”’% tﬂ%&) P 6. The p™ densities obtained range from 0.007 to 0.372% for
b ; ¥ 15N and from 0.02 to 0.19% fo¥C (Figure 8). As it appears
i from the two lower plots in Figure 8, the” values decrease
approximately exponentially with increasing, distances. A
% 20 20 50 50 700 least-squares analysis shows that t_he decays correspond broadly
Residue Number (see however below) to the equation

Figure 7. Variation with sequence position of th&e~13 values (J) n 0.3y — 0.5)
for 87 backboné®N nuclei in A.v. PCu calculated from thBs, rates p” =0.00011+ 0.003 """ ™ (18)

at 11.7 T using eq 5 and the corresponding-&W distancesiy, (®) o )
in the refined structure (average of the 20 structures in Figure 2). ~ Wherery isin A. Only p™ values of nuclei more thme6 A from
the copper atom were included in the fitting to omit possible

molecule. Although such associations would primarily affect €lectron delocalization caused by Fermi contact interactions with

the remote nuclei close to the surface of the protein, as observedhe copper-bound ligand residues (see the Theoretical Section).
here, the effect would be more pronounced in regions with high ~ The delocalization of the unpaired electron spin of the metal
docking probability. Furthermore, among the nuclei of the ion onto the local*N- or **C-based 2porbitals of the ligand
surface residues, the hydrogens are closer to the surface andesidues and the more remote protein structure is carried both
interact more strongly with the electron because of a larger by “direct” delocalization of excess unpaired electiensity
gyromagnetic ratio than theN and3C nuclei. Therefore, an  and by spinpolarization®> The latter refers to correlation
association would result in a larger effect 41 than on!sN between the unpaired electron spin at the metal center and 2p
and13C in sharp contrast to the observations. localized spins ofpaired electrons at the heteronuclei. Spin
Also, spin diffusion can be ruled out as a source of the densities extracted from the dipolar coupling between the local
deviation. In the case of the heteronuclei, spin diffusion is nuclear spins and the delocalized unpaired electron spin densities
effectively eliminated by théH decoupling during the evolution ~ (Figure 8) incorporate both effects. _
period (1) of the experiment (vide supra). Furthermore, for Electron density and spin polarlz_at|on deca_\y d!fferently along
protons, theoretical calculatiohssing CORMAH indicate that the bond system. Electronic density delocalization through the

spin diffusion can cause only a small increas€Q%) of the protein has been mapped in some detail in long-range electron
paramagnetic relaxation enhancementlsf and, therefore, transfer (E_T)‘E6 In some cases, a single delocalization or ET
cannot account for the discrepancy betwesn® and ry route dominates, as reflected in more or less approximately

observed here for the remote protons (Figure 6c). Finally, an €xponential decay of the ET rate along this rofitén other
increase in mobility of the observed nuclei on the picosecond ¢ases, several routes contribétereflected in more or less
time scale could in principle result in increasad? values  iSotropic exponential decays with the geometric derawceptor
since the extreme narrowing condition¢?, < 1) applies to distance. This accords roughly with a view of tunneling through
the heteronuclei at the magnetic field stréngths used here.  €nergetically and spatially averaged barriers in the structurally

practice, however, any reasonable increasg, hfin particular anisotropic environment.

for backbone heteronuclei, has only negligible effecRagand As s_hown above, the_ data in Figure 8 can be recast in
A-13 as discussed above. approximately exponential form, but the simple view of

- - N . exponential electron density delocalization from ET does not
The deviation from the poirtdipole approximation that is . . . .
straightaway carry over to unpaired spin delocalization. Expo-

clearly demonstrated by the systematic discrepancy betWeennential electron density delocalization takes the approximate
A~ andry in Figure 6 is, therefore, caused entirely by the y pp

46
delocalization of the unpaired spin of &uion onto the 2p form
orbital of the carbon and nitrogen atoms. Indeed, such delocal- B 1 A
ization is in qualitative agreement both with the uniform tzwg—Fiex;{— 5(InE)R ng (19)
D

distribution of the deviation throughout the molecule and with
the substantially smaller effect observed for the protons that 0. ] 0
are affected only by the electron delocalization onto the 2p Whereyp is the donor wave function anglg (j =1, ...,N) are.
orbitals of the adjacent heteronuclei. Hence, the experimental Wave functions for electron localization ‘on thg |nterme.d|ate
results obtained here show that the relaxation of*iNeand groups. The constanfp couples the donor with the first
13C nuclei is dominated by dipolar interaction with the delo- intermediate group is the average coupling between nearest-

palized Unpaired SPin den§ity givgn by the second and third terms (45) La Mar, G. N. InNMR of Paramagnetic Molecules. Principles and
in eq 6, while dipolar interaction with the metal-centered Applications La Mar, G. N., Horrocks, W. De W., Jr., Holm, R. H., Eds.;

i i i ] i Academic Press: New York, 1973; p 85.
unpaired electron spin given by the first term has only little (46) Kuznetsov, A. M.; Ulstrup, Electron Transfer in Chemistry and

significance. Consequently, tHe, rates of the'™N and 1_3C Biology. An Introduction to the Thearyiley: Chichester, 1999.
nuclei do not provide information about the nuctearetal ion (47) Winkler, J. R.; Gray, H. BChem. Re. 1992 92, 369-379.
(48) Moser, C. C.; Page, C. C.; Chen, X.; Dutton, PJLBiol. Inorg.
(44) Keepers, J. W.; James, T.L.Magn. Resonl984 57, 404-426. Chem.1997, 2, 393-398.
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Figure 8. Spin densitieg” in the local 2p orbitals of heteronuclei i.v. PCu; (a) 87 backbon®N and two side-chaifN; (b) 41%3C, and seven
side-chain methiné&C. Upper plots: Variation o™ with sequence position. Lower plots: Variation@fwith Cu—nuclei distance in the refined
structure ofA.v. PCu (average of the 20 structures in Figure 2). The fitted curve in the lower plot &iNtdata (inset) is given by™ = 0.00011

+ 0.00303tm — 05), The fit only includeso™ values of nuclei more ta6 A from the copper atom to omit possible electron delocalization caused
by Fermi contact interactions with copper-bound ligand residues.

neighbor intermediate groups, while is the average energy  densityand unpairedpin This is not in conflict with intramo-
gap between the donor and the intermediate group. Firdlly, lecular ET data as these rest solely on electron density decay.
is the distance along a particular route anthe intermediate (c) Spin density decay and electron density decay are different
group extension. Electron localization is thus stronger, the larger phenomena but follow the same routes through the protein. In
the energy gap and the smaller the couplings. turn, this holds implications for long-range ET. Thus, (d) spatial
Many experimental protein ET data accord with an expo- mapping of thespin density is unique by directly monitoring
nential form, with decay factors of1—1.4 A-14748 Decay experimentally the density along different specific routes. In
factors for intramolecular ET in synthetic molecular systems comparison, detection of intermediate group contributions in
are mostly smaller, i.e., 0:90.8 A-1.46 In comparison the spin  electrontransfer is always indirect and rests on the distance
delocalization in Figure 8 extends further, with a decay factor dependence of the rate constant. Furthers|&) delocalization
of ~0.3 A~L. This suggests that the spin density pattern cannot clearly follows routes in different directions. This extends to
be caused solely by electron density delocalization but must beelectron transfer which is, however, also controlled by the
assisted by spin polarization. protein surface structure. The combination of tunneling routes
In comparison with “direct” electron delocalization, spin and surface molecular recognition thus determines the sites for
polarization is an “indirect” effect>4%59The unpaired electron  actual ET*651Finally, (f) an intriguing observation is that the
density remains at the metal ion but induces spin redistribution spin delocalization ont&°N and3C of Cys89, Met66, Met97,
in paired orbitals along the peptide backbone. Spin polarization and other nearb$®N and3C nuclei is notably higher than for
is thus caused by different correlations between the metal other residues at comparable distances from the copper atom
unpaired electron and the two spins of the paired electrons inand thus falls outside the broadly exponential decay given by
15N- and*3C-based 2porbitals. This has the following implica-  eq 18. This accords with sulfur-containing residues as particu-
tions: (a) Two parallel delocalization mechanisms invoke larly efficient electron transmitters, due to their ligand function
weaker spin attenuation than only a single mechanism. (b) The(Cys89, Met97§2 or high electronic polarizability® The new
data in Figure 8 represent combined delocalization of electron

(51) Christensen, H. E. M.; Conrad, L. S.; Mikkelsen, K. V.; Nielsen,
(49) (a) Orgel, L. E.Discussions Faraday Sod958 26, 92—93. (b) M. K.; Ulstrup, J Inorg. Chem.199Q 29, 2808-2816.

Orgel, L. E.J. Chem. Phys1959 30, 1617-1618. (52) Solomon, E. I.; LaCroix, L. B.; Randall, D. WPure Appl. Chem.
(50) Levy, D. A.; Orgel, L. EMol. Phys.1961, 3, 583-587. 1998 70, 799-808.
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The detailed analysis of th&;, rates in combination with
the refined structure of the protein also allows a quantitative
determination of the unpaired electron spin densitésthat
is delocalized onto the individual heteronuclei. This determi-
nation reveals an almost isotropic, exponential decay efith
increasing distance from the metal ion with clear implications
for the long-range ET patterns of the protein. However, the
decay is slower than normally found for ET reactions, suggesting
that an extra mechanism contributes to the spin delocalization
in parallel with the electron density delocalization of ET,
namely, spin polarization of the paired electrons in bi-
and 3C-based 2p orbitals induced by the metal-centered
unpaired electron. JA001368Z
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