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If the ESE rate is sufficiently fast, as is the case with blue
copper proteins, thRy, rates can be obtained from experimental
R, and Ry rates, that is, the rates in a partly oxidized
(paramagnetic) and a reduced (diamagnetic) sample, respectively,
using generalized equations for relaxation in a two-site exchange
systent For such systems the relaxation bsexponential, in
general, andnoneexponential in the fast- and slow-exchange
limits,? i.e. for rj 1 Rlp andr < Rup, respectivelyRip + Rug
being the totaR; rate in the paramagnetic site. However, also in
intermediate cases whe > Ry, the relaxation in the
diamagnetic site imonaexponential for all practical delay times
(=10 ms). Under these conditioig, is given by®
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The biological function of metalloproteins stems from the R — .0)- (R —R
unusual geometric and electronic structures of their metal ssites. 10~ Kese ©) * (Rio 10
The relaxation of the unpaired electrons of the proteins depends Rig— Kese C* o
on these unusual characteristics and is, therefore, a potential source
of informaiion about the structure and function nf tne protéms. wherekesis the ESE rate constant (3:22 106 M1 s for A.v.
Also, precise knowledge of.the elelctron relaxation is a Necessalypc, at 298 K and pH 7.8%;!1cis the total protein concentration
prerequisite of a determination of distances from the para_magneticandf is the fraction of oxidized protein. Fok.o. PCu(ll) and
relaxations of the ligand nuclét: An accurate determination of
the electron relaxation in metalloproteins is, therefore, highly other blue copper proteinq = Kese* € > Rug. Hence eq 2
desirable. For Cu(ll) complexes electron relaxation times in the applies to these proteins. .
range from 0.6 to 13 ns at low magnetic field strengths have been The Ry, rates for a series of protons i.v. PCu(ll) were
determined using nuclear magnetic relaxation dispersidRe- determined at 9.4, 11.7, and 17.62TThe plots of protorR;;
cently an approximate range from 0.2 to 0.8 ns was estimatedrates vso? in Figure 1 immediately reveal that, is field
for the copper electron relaxation time in spinach plastocyanin dependent. Thus, according to eq 1 the nonlinearity of the plots
on the basis of the X-ray structure and proton relaxation rates is compatible only with a variation ofc, in the observed field
obtained at 18.8 ?.Still, little is known about the electron  range. This is further supported by tRg, rates of a series of
relaxation and its field dependence at the high magnetic field o-carbons measured at 11.7 and 17.6 T. According to eq 1 the
strengths used nowadays in protein NMR studies. increaseof these rates with increasing field strength is compatible
Here we present a structure- |ndependent NMR approach thatonly with az. that increases with the field in combination with
allows a precise determination of the size and the field dependencethe conditiona; 7 c1 < 1. This conclusion is further illustrated
of the longitudinal relaxation rate of the electron in blue copper by the plots of the normalizetH and *3C Ry, rates vsr.; that
proteins, for example, Anabaenaariabilis plastocyanin A.v. are shown in Figure 2.
PCu(ll)), at high magnetic field strengths. The approach is based  Since Ry, is the only component otcl that can be field
on the field dependence of the longitudinal paramagnetic relax-
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ation Ryp of H and**C nuclei in the protein.

In Cu(ll) proteins theRy, relaxation of the ligand nuclei caused
by interaction between the nuclear spend the unpaired electron
spin S (%, for Cu(ll)) is given by37”
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Here rcl = Rie + ‘L’R + r , where Rle is the longitudinal
relaxation rate of the unpaired electraR, is the reorientation
rate of the nuclei, and is the rate of exchange processes that
modulate thd — Sinteraction that is, the electron self-exchange
(ESE) rate in the case &.v. PCu. Furtherw, andy, are the
nuclear Larmor frequency and gyromagnetic ratio, respectively,
A is a parameter that depends on the metaicleus distance and
the fraction of the unpaired electron spin delocalized to the ligand
nuclei®’ ug is the Bohr magneton angk the electrong-value.

S(S+ 1)gaug vf A?
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dependent, the strong field dependencengffor bothH and
13C indicate thaRye dommates:cv in the applied field range. In
contrast, the exchange rate' can be ignored since the ESE rate
(keseC) is of the order of 1®s™* at theA.v. PCu concentration
used heré0 Consequently, the effective correlation time is given
by 7.1 = Rie + 75" Previously® a value of 1.6x 10® s™! was
obtained forrR at 298 K gr = 6.2 ns) in good agreement with
the size ofA.w. PCu M, 10.5 kDa). It is assumed here that all
ligand nuclei experience the sani®. rate i.e. the electron
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Figure 1. The (nonlinear) dependence mf of the paramagnetiéH Figure 3. Simultaneous least-squares fit (— —) of eq 1 to the
Rup rates of Leu(14) H(0), Val(41) H (O), and Leu(59) M (a) in A.v. experimentalRy,, ratios of tena-carbons and three-protons ®). The
plastocyanin. The rates correspond to thefrequencies 400, 500, and  error bars indicate the uncertainties of fRg ratios. The uncertainties
750 MHz, respectively. of the experimentaR;, and Ry, rates and thé, ratio were included in
" the calculations of th&, rates (eq 2) and th&;> "R " ratios. An
c . . . : additional eleven side chain protons were investigated. For nine of these
Wl aod the experimentaR;. "R ratios are in good agreement with the
A T obtainedR,. rates @). Therefore,r,;1<< Rie also for these nuclei. For
29 s P S T Phe87 H and 1le101 H (O) the ratios are too small, indicating a higher
— SN e mobility of these nuclei. For proton&g; 7R " < 1 for r;5"" < 0.13
N ! AN ns according to eq 1 while;}"" = 0.13 ns givegr = 0.5 ns forRy, "’
2 ] ; RN RN = 5.8 x 1®° s L This suggests that the observed side chain protons have
4 s / i : effective rotational correlation times > 0.5 ns, except for Phe87¢H
% sl Sl and the 1le101 Ckf wheretr < 0.5 ns.
~ ~-1°c_176T
o -
& o ] - o-carbons and three-protons as shown in Figure 3. Thus, only
sl ; T =TT Ry, rates of nuclei of the rigid backbone of the molecule were
1" FARN W 16T used for the determination in order to exclude any possible
. p . ' . - influence ont.; from the higher mobility of side chain nuclei.
00 05 10 15 20 25 The obtainedr, rates were (5.8: 0.5) x 10° st and (2.6+
o e T, (ns) 0.4) x 10° st at 11.7 and 17.6 T, respectively. HendR.

T
a (3]

dominatesr, ;.

In conclusion the proposed method applies to blue copper
proteins with fast ESE rates and does not require any knowledge
of the structure of the protein. It should be applicable also to
other metalloproteins even when no exchange takes place, as long

N . . . . as theRy, rates 1) depend oRe and 2) can be obtained for
relaxation is isotropic, and that possible differences in#fle jitarent kinds of nuclei at two field strengths where the rates
rates of the individual nuclei are negligible, or have no effect on 5¢ fie|d-dependent. The latter condition is, in most cases, provided
7.1- The former holds to a good approximation because of the py the high field NMR spectrometers available nowadays. If no

moderate anisotropy of the g tensor of plastocyaffiihe latter exchange takes pladd, = Ry, — Rig, WhereRy, is the observed

the backbone of thA.v. PCu molecule is rigid except for the C-
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Figure 2. NormalizedRy, vs 7¢1 according to eq 1; solid lineH at

17.6 T; dashed linéH at 11.7 T; dotted-dashed lin&C at 17.6 T; dotted
line, 1°C at 11.7 T. The specifi®y, rates that are indicate®( *H and

<&, 13C) correspond to the obtaindR] rates.




