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The biological function of metalloproteins stems from the
unusual geometric and electronic structures of their metal sites.1

The relaxation of the unpaired electrons of the proteins depends
on these unusual characteristics and is, therefore, a potential source
of information about the structure and function of the proteins.1,2

Also, precise knowledge of the electron relaxation is a necessary
prerequisite of a determination of distances from the paramagnetic
relaxations of the ligand nuclei.3,4 An accurate determination of
the electron relaxation in metalloproteins is, therefore, highly
desirable. For Cu(II) complexes electron relaxation times in the
range from 0.6 to 13 ns at low magnetic field strengths have been
determined using nuclear magnetic relaxation dispersion.2,5 Re-
cently an approximate range from 0.2 to 0.8 ns was estimated
for the copper electron relaxation time in spinach plastocyanin
on the basis of the X-ray structure and proton relaxation rates
obtained at 18.8 T.6 Still, little is known about the electron
relaxation and its field dependence at the high magnetic field
strengths used nowadays in protein NMR studies.

Here we present a structure-independent NMR approach that
allows a precise determination of the size and the field dependence
of the longitudinal relaxation rate of the electron in blue copper
proteins, for example, AnabaenaVariabilis plastocyanin (A.V.
PCu(II)), at high magnetic field strengths. The approach is based
on the field dependence of the longitudinal paramagnetic relax-
ation R1p of 1H and13C nuclei in the protein.

In Cu(II) proteins theR1p relaxation of the ligand nuclei caused
by interaction between the nuclear spinI and the unpaired electron
spin S (1/2 for Cu(II)) is given by:3,7

Here τc,1
-1 ) R1e + τR

-1 + τj
-1, where R1e is the longitudinal

relaxation rate of the unpaired electron,τR
-1 is the reorientation

rate of the nuclei, andτj
-1 is the rate of exchange processes that

modulate theI-S interaction, that is, the electron self-exchange
(ESE) rate in the case ofA.V. PCu. Further,ωI and γI are the
nuclear Larmor frequency and gyromagnetic ratio, respectively,
∆ is a parameter that depends on the metal-nucleus distance and
the fraction of the unpaired electron spin delocalized to the ligand
nuclei,3,7 µB is the Bohr magneton andge the electrong-value.

If the ESE rate is sufficiently fast, as is the case with blue
copper proteins, theR1p rates can be obtained from experimental
R1o and R1d 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
system.8 For such systems the relaxation isbi-exponential, in
general, andmono-exponential in the fast- and slow-exchange
limits,9 i.e. for τj

-1 . R1p andτj
-1, R1p, respectively,R1p + R1d

being the totalR1 rate in the paramagnetic site. However, also in
intermediate cases whereτj

-1 . R1p the relaxation in the
diamagnetic site ismono-exponential for all practical delay times
(g10 ms). Under these conditionsR1p is given by:8

wherekese is the ESE rate constant (3.2× 105 M-1 s-1 for A.V.
PCu at 298 K and pH 7.5),10,11c is the total protein concentration
and fp is the fraction of oxidized protein. ForA.V. PCu(II) and
other blue copper proteinsτj

-1 ) kese ‚ c . R1d. Hence eq 2
applies to these proteins.

The R1p rates for a series of protons inA.V. PCu(II) were
determined at 9.4, 11.7, and 17.6 T.12 The plots of protonR1p

-1

rates vsωI
2 in Figure 1 immediately reveal thatτc,1 is field

dependent. Thus, according to eq 1 the nonlinearity of the plots
is compatible only with a variation ofτc,1 in the observed field
range. This is further supported by theR1p rates of a series of
R-carbons measured at 11.7 and 17.6 T. According to eq 1 the
increaseof these rates with increasing field strength is compatible
only with aτc,1 that increases with the field in combination with
the conditionωI

2 τc,1
2 < 1. This conclusion is further illustrated

by the plots of the normalized1H and 13C R1p rates vsτc,1 that
are shown in Figure 2.

Since R1e is the only component ofτc,1
-1 that can be field

dependent, the strong field dependences ofR1p for both 1H and
13C indicate thatR1e dominatesτc,1

-1 in the applied field range. In
contrast, the exchange rateτj

-1 can be ignored since the ESE rate
(kese‚c) is of the order of 103 s-1 at theA.V. PCu concentration
used here.10 Consequently, the effective correlation time is given
by τc,1

-1 ) R1e + τR
-1. Previously15 a value of 1.6× 108 s-1 was

obtained forτR
-1 at 298 K (τR ) 6.2 ns) in good agreement with

the size ofA.V. PCu (Mr 10.5 kDa). It is assumed here that all
ligand nuclei experience the sameR1e rate i.e. the electron
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relaxation is isotropic, and that possible differences in theτR
-1

rates of the individual nuclei are negligible, or have no effect on
τc,1

-1. The former holds to a good approximation because of the
moderate anisotropy of the g tensor of plastocyanins.16 The latter
was confirmed by a15N relaxation study15 which showed that
the backbone of theA.V. PCu molecule is rigid except for the C-
and N-terminals.

According to eq 1 the ratioR1p
11.7T/R1p

17.6T for a given nucleus
depends only on the spectral density term, and thereby only on
two unknowns, i.e. theR1e rates at 11.7 and 17.6 T, respectively.
Furthermore, within the experimental uncertainties the ratio will
be the same for nuclei of a given kind, that is1H or 13C, but
different for the two sets of nuclei because of their different
Larmor frequencies. Therefore, in principle only two different
R1p ratios, one from a1H nucleus and one from a13C nucleus,
are needed to determine the electron relaxation rate. Here theR1e

rates at the two magnetic field strengths were determined from a
least-squares fit of eq 1 to the experimentalR1p ratios of ten

R-carbons and threeR-protons as shown in Figure 3. Thus, only
R1p rates of nuclei of the rigid backbone of the molecule were
used for the determination in order to exclude any possible
influence onτc,1 from the higher mobility of side chain nuclei.
The obtainedR1e rates were (5.8( 0.5) × 109 s-1 and (2.6(
0.4) × 109 s-1 at 11.7 and 17.6 T, respectively. Hence,R1e

dominatesτc,1
-1.

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
as theR1p rates 1) depend onR1e and 2) can be obtained for
different kinds of nuclei at two field strengths where the rates
are field-dependent. The latter condition is, in most cases, provided
by the high field NMR spectrometers available nowadays. If no
exchange takes placeR1p ) R1o - R1d, whereR1o is the observed
nucleus relaxation in the paramagnetic species.
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Figure 1. The (nonlinear) dependence onωI
2 of the paramagnetic1H

R1p rates of Leu(14) Hδ (0), Val(41) Hγ (O), and Leu(59) Hδ (4) in A.V.
plastocyanin. The rates correspond to the1H frequencies 400, 500, and
750 MHz, respectively.

Figure 2. NormalizedR1p vs τc,1 according to eq 1; solid line,1H at
17.6 T; dashed line,1H at 11.7 T; dotted-dashed line,13C at 17.6 T; dotted
line, 13C at 11.7 T. The specificR1p rates that are indicated (b, 1H and
], 13C) correspond to the obtainedR1e rates.

Figure 3. Simultaneous least-squares fit (- - -) of eq 1 to the
experimentalR1p ratios of tenR-carbons and threeR-protons (b). The
error bars indicate the uncertainties of theR1p ratios. The uncertainties
of the experimentalR1o andR1p rates and thefp ratio were included in
the calculations of theR1p rates (eq 2) and theR1p

11.7T/R1p
17.6T ratios. An

additional eleven side chain protons were investigated. For nine of these
the experimentalR1p

11.7T/R1p
17.6T ratios are in good agreement with the

obtainedR1e rates (b). Therefore,τR
-1, R1e also for these nuclei. For

Phe87 Hδ and Ile101 Hγ (O) the ratios are too small, indicating a higher
mobility of these nuclei. For protons,R1p

11.7T/R1p
17.6T e 1 for τc,1

11.7T e 0.13
ns according to eq 1 whileτc,1

11.7T ) 0.13 ns givesτR ) 0.5 ns forR1p
11.7T

) 5.8× 109 s-1. This suggests that the observed side chain protons have
effective rotational correlation timesτR g 0.5 ns, except for Phe87 Hú

and the Ile101 CH3γ whereτR e 0.5 ns.
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