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Abstract: A general NMR method is presented that allows a precise determination of the second-order
rate constant, kese, for the electron self-exchange in blue copper proteins, from the longitudinal relaxation
rates of the nuclei in the protein. The method relies on the use of partly oxidized (paramagnetic) samples
of the protein. In contrast to previous NMR approaches for the determination of electron self-exchange
rates, the applicability of the method extends beyond the slow-exchange limit, keseC < R}, i = 1, 2, where
cis the protein concentration, and Rj, is the paramagnetic relaxation enhancement of the observed nuclei.

Introduction Kes€ <Ry i=1,2 (1)

The biological function of blue copper proteins is electron
transfer. As an example, plastocyanins transfer electrons fromHere kese is the second-order ESE rate constantjs the
cytochromef to the chlorophyll reaction center P700 in concentration of the protein, amRl, andRy, are the paramag-
photosystem t. The determination of electron transfer rates netic enhancements of the longitudinal and transverse relaxation
therefore plays an important role in studies of the function of rates, respectively. When this condition is fulfilled, the observed
blue copper proteins. The rate and mechanism of the electronrelaxation rateR,, of the diamagnetic signal is given by
transfer process can be studied conveniently through the electron
se_If-exchange (ESE) thz_it characterizes bl_ue copper proteins. In R,=Ry+ kes&fp i=1,2 2)
this context, plastocyanin frominabaenavariabilis (A.v. PCu)

is of particular interest since its ESE rate is considerably larger ) . . L
whereRy is the relaxation rate of the diamagnetic site in the

than that of other plastocyanifs. _ ;
Studies of electron transfer processes have so far been@0Sence of exchange, arig is the molar fraction of the

hampered by the lack of precise methods for the determinationParamagnetic species. Equation 2 also holds if the signals of
of the rate constants. Previously it was shown that the electront® two sites overlap (see below). Thus, if eq 1 is fulfilled, the
self-exchange rate can be estimated from the paramagnetic lind@te constankesecan be obtained from the dependenceRqof
broadening in regular one-dimensional (1) NMR spectra ~ ©n the fractionf, using eq 2.
of mixtures of the oxidized (paramagnetic) and the reduced However, normally it is unknown a priori whether eq 1
(diamagnetic) forms of blue copper protefitspr from the applies. Consequently, signals may be ruled out as potential
paramagnetic enhancement of the longitudinal relaxation ratescandidates for thé.s. determination even if they are strongly
of the protong. Recently the line broadening approach was affected, or erroneous exchange rates may be derived. A method
improved by exploiting the super-WEFT technique to suppress for determining the exchange rates that does not require the
the signals of slow relaxing nucléiThis approach increases fulfillment of eq 1 is therefore highly desirable. Here we present
the spectral resolution by reducing the number of signals. a general approach that allows the determination oksheate
Moreover, the fast relaxing signals observed in the spectra areconstants from the longitudinal relaxation rates, independent of
also those that contain information about the electron-exchangethe slow-exchange condition.
rate.

The approaches just mentioned are based on the slow-Thegretical Section
exchange conditicn

In partly oxidized samples of a blue copper protein, the time
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equations for a two-site exchange systeifhus, Mq(t) takes
the form

My(t) = C, exp@.it) + C, exp@,t) + My 3

wherel, 12, C1, andC; are constants that are given’by

\

A= :—ZL[(kld + k) — \/(kld - klp)2+ 41— Tty késecz}
(4)

dp=— %{(kld + Kyp) + \/(kld - klp)2 + 41— f)f, kgsecz}
(5)

C={( + k(Mg — MY —
(1 — f)kesf(M? — MO}/ (A, — 1) (6)

Co={—(y + k(Mg — Mg) +
(1 = f ke (M5 — MO} (A, — 4,) (7)

Herekig = fokes€ + Rig, andkip = (1 — fp)kes€ + Rip + Ria.
Furthermore My and M, are the equilibrium magnetizations
in the diamagnetic and the paramagnetic site, respectively.
Finally, Mg and Mg are the corresponding magnetizations
immediately after the perturbation in the two sites.

According to egs 4 and 3,; andA; are both negative. Also
it can be shown that,| is significantly smaller tham,|, and
that |C4| is significantly larger thanC,| for all f, values used
here. Consequently, the recovery of the longitudinal magnetiza-
tion is dominated entirely by the first exponential in eq 3 and
is, therefore, effectively single-exponential. This holds regardless

Materials and Methods

A sample ofA.v. plastocyanin prepared and purified as described
previously was kindly supplied by Prof. Jens Ulstrup, of the Technical
University of Denmark. The protein was dissolved in 99.9%®OCat
pH 6.9-7.1 (meter reading). The partly oxidized samples were prepared
by mixing the appropriate amounts of the reduced and the oxidized
form of A.v. PCu. The protein concentrations of the samples used in
the NMR experiments were 0.47, 0.95, and 1.89 mM, respectively,
and the fraction of oxidized PCfj,, was in the range from 0 to 0.33.
All samples contained 50 mM NacCl.

The NMR experiments were carried out at 298 K aiddrequencies
of 500 and 800 MHz, using Varian Unity Inova 500 and Unity Inova
800 spectrometers. THe, relaxation rates of the four amide protons,
C89'¥H, E9O¥H, MO7NH and N40'", were used to evaluate the method.
All four amide proton signals are well resolved in@ Furthermore,
they are slow exchanging under the applied experimental conditions,
with signals still visible weeks after dissolution in@. In comparison,
the total time for each relaxation experiment was from 0.5 to 2 h
depending on the protein concentration. Therefore, their signal intensi-
ties are unaffected by the proton-deuteron exchange during the
relaxation experiments. The longitudin&f relaxation rates were
obtained at 500 MHz by conventional Bl inversion-recovery (IR)
experiments consisting of 11 partly relaxed spectra. To eliminate
systematic errors, the partly relaxed spectra were recorded in a random
order. The number of data points in the spectra was 32 768, and the
sweep width was 9000 Hz. No window function was used, while zero
filing was applied once. The fraction of oxidizel.v. PCu in the
samples was estimated from the relaxation rates of three nuclei that
fulfill the fast-exchange conditiorR{, < kes€), as described previousty.
For each sample the weighted average of the three oxidation degrees
was used. This approach allows a highly precise determinatidg of
since theRy, rates can be determined accurately and are obtained from
the same experiments as the.rates. The rates were normalized using
a freshly prepared 5% oxidized sample. The oxidation degree of this
sample was determined optically, using the strong absorbance at 597
nm of the oxidized form. Th&,, relaxation rates were extracted from

of whether the reduced and oxidized species have separatgne experimental data by using the linear prediction model mefhod.
signals or an average signal is observed. Under these conditionsthe reliability of the experimentaR;, rates is strongly indicated by

the observed longitudinal relaxation raRy,, is given by

o —

1= 2R+ Rypt Koo _

1 2
Ryt Kes€)?
\/( - 2 ) - kesé:prlp 8

For f, = 0, eq 8 reduces t®, = Rig, While Ry, depends
approximately linearly offy, in the case of paramagnetic samples
with small f, fractions and constant protein concentration.
Therefore, the two parametelRs, andkesein eq 8 are heavily

Ry

the excellent and mutual agreement of the large amount of rates
obtained at different, fractions and protein concentrations (see below
and Figure 2).

Results and Discussion

Two regions of the one-dimensional (1B NMR spectrum
of a partly oxidized sample d&.v. PCu are shown in Figure 1.
The indicated assignments are those obtained previdusly.

A series ofkeserate constants derived from the experimental
Riodata is given in Table 1. The rate constants in columné 2
were derived assuming that the slow-exchange condition is

correlated and cannot be determined independently from thefulfilled. Thus, for each of the individual protein concentrations,

variation ofRy, with f,. However, the three parametég;, Ry,
andkeseCcan be determined independently fromsimultaneous
analysis of the dependence &, on f, and the protein
concentrationc, using eq 8. This holds irrespective of the
fulfillment of the slow-exchange condition. In contrast, the
rate constant cannot be determined frigmin thefastexchange
limit, Ryp < kes&, since in this cas®y, is independent offese®
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0.47, 0.95, and 1.89 mM, the rate constants were obtained by
a least-squares fit of eq 2 to tg, data at different fractions

of oxidized PCu/,. Immediately, the difference between the
obtained rate constants reveals that the slow-exchange condition
applies only in a few cases. Further, the trend observed for the
data in columns 24 of Table 1 is supported qualitatively by
the following two considerations.
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J. M.; Jespersen, L.-L.; Ulstrup, Biochemistry1996 35, 7021-7031.
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Figure 1. Two parts of the 500 MHz 1BH NMR spectrum of a 1.89 mM solution of 14.2% oxidiz&d. PCu in 99.9% RO at pH 7.0 (meter reading)

and 298 K. The indicated assignments were obtained previéusly.
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Figure 2. The longitudinal relaxation rateR;,, of the E90 amide proton

at different PCu concentrations and at different fractions of oxidized PCu.
The following concentrations were used: 0.47 mA),(0.95 mM @), and
1.89 mM (). The curves correspond to the least-squares fit of eq 8.

0.1 0.3

Table 1. Electron Self-Exchange Rate Constants Kese (M~1 s71) of
A.v. PCu?

ksse x 1075
nucleus 0.47 mM 0.95 mM 1.89 mM Kgee X 1075
N4QONH 1.424+0.12 1.33+0.08 1.52+0.11 -
C8g\H 1.244+0.07 0.96+0.08 0.76+0.14 1.45+0.27
E9OW 1.46+0.10 1.09+0.06 1.07£0.07 1.48+0.16
MO7NH 0.86+0.07 0.49+0.02 0.31+0.01 1.79+0.41
weighted average 1.560.13

aAt 298 K and pH 7.0° Obtained from a least-squares fit of eq 2 for
three different concentrations of the protein; that is, the slow-exchange
condition is assumed to be fulfilled Obtained from a least-squares fit of
eq 8, that is, without the slow-exchange restriction.

First, for nuclei close to the slow-exchange regime, that is,
kes€ < Ryp, a Taylor expansion of the square root term in eq 8,

Kes
Ry

Rio=Ry+ kesé:fp[l - (1- fp) +

p

2
Kook (1 —2)@— 1) =] (9)
Ry

shows that théeserate constants derived from eq 2 are smaller
than the actual value if the slow-exchange condition is not
fulfilled. Experimentally, this tendency is observed for the

protons C8Y8, E9Q'H, and M9 (Table 1). In particular, the
smallkeserate constants derived from the relaxation of NM97
indicate that this proton does not fulfill the condition at any of
the applied protein concentrations. For the N&@roton, on

the other hand, th&escrate is approximately constant in the
applied concentration range, indicating that the slow-exchange
condition is fulfilled within this range.

Second, the protons spatially closest to the copper atom are
those most likely to fulfill the slow-exchange condition, since
they will have the largestiR,, rates if the point dipole
approximation is valid for the paramagnetic Cu(ll) site. Ac-
cording to the solution structure 8fv. plastocyanir?, the amide
protons are located at the following distances from the copper
atom: 3.70 (N40M), 5.89 (C89H), 5.41 (E9®H), and 6.80 A
(M97NH), Quialitatively, these distances support the suggestions
that the N40OH proton fulfills the slow-exchange condition and
that the MOTH proton is outside the slow-exchange regime at
all the applied protein concentrations.

As described in the Theoretical Section, a determination of
kese Without a preknowledge of the slow-exchange condition
requires a determination &%, as a function of both the protein
concentration andy. The last column in Table 1 lists tH@se
values obtained from a least-squares fit of eq 8 toRhgates
of the three amide protons C89 E9OVH, and MO7H,
respectively. For each one of the three individual protons, a
simultaneous fit was performed to all tRg, rates obtained at
the appliedf, fractions and protein concentrations. Thus, for
each proton the following five parameters were obtained: the
kese rate, theRy, rate, and ondRyq rate for each of the three
protein concentrations. An example of the fits is shown in Figure
2. For the N40" proton a least-squares fit of eq 8 could not be
made since it&y, rates are in the slow-exchange regime (eq 1)
at all f, fractions and protein concentrations applied here and
are, therefore, independent of the paramagnetic relaxation
enhancement®,p, according to eq 2. As it appears from Table
1, the threekserate constants derived from eq 8 are identical
within the uncertainties obtained in the least-squares fit.
Furthermore, thesécse rate constants are larger than the
constants obtained at the individual protein concentrations using
eq 2. The most striking result is thesevalue obtained for the
M97NH proton. As shown by the data in columns2in Table
1, this proton is far from the slow-exchange regime. Neverthe-
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less, the proton gives the same ESE rate constant as ti&' E90  In conclusion, the data in Table 1 show that the approach

and C8%" protons within the uncertainties. The larger uncer- described here is generally applicable for precise determinations

tainty of the rate constant obtained from M%7stems from of keserate constants, by including nuclei that do not fulfill the

the limited influence of the ESE rate on the relaxation of this slow-exchange condition. Thus, tkgcrate constants obtained

nucleus. from eq 8 are identical within the experimental uncertainties,
The averageescrate constant of (1.58 0.13) x 10° M~* independent of the fulfilment of this condition. In addition, the

s 1 obtained here is smaller than the value found previously approach allows a determination Rf, of the observed nuclei,

for Aw. PCu using the line broadening approach and the super-ihat can provide valuable information about the geometric and
WEFT techniqué.However, in that study the determination of electronic structure at the metal site.
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