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Measuring the Longitudinal NMR Relaxation Rates of Fast Relaxing
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A new experiment for selective determination of the relaxation
rates of fast relaxing NMR signals is presented. The experiment
is derived from the conventional inversion recovery experiment by
substituting the 180◦ inversion pulse of this experiment with a sig-
nal eliminating relaxation filter (SERF) consisting of three 180◦

pulses separated by two variable delays,11 and12. The SERF ex-
periment allows a selective suppression of signals with relaxation
rates below a given limit while monitoring the relaxation of faster
relaxing signals. The experiment was tested on a sample of 20%
oxidized plastocyanin from Anabaena variabilis, where the fast ex-
change of an electron between the reduced (diamagnetic) and the
oxidized (paramagnetic) form results in a series of average signals
with widely different relaxation rates. To ensure an optimum extrac-
tion of information from the experimental data, the relaxation rates
were obtained from the SERF experiment by a simultaneous ana-
lysis of all the FIDs of the experiment using a fast linear prediction
model method developed previously. The reliability of the relax-
ation rates obtained from the SERF experiment was confirmed by a
comparison of the rates with the corresponding rates obtained from
a conventional inversion recovery experiment. C© 2001 Academic Press

Key Words: SERF experiment; relaxation filter; linear prediction;
paramagnetic relaxation; Anabaena variabilis plastocyanin.
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INTRODUCTION

Determination of the longitudinal relaxation ratesR1 of fast
relaxing nuclear spin plays an important role in studies of
structure and function of paramagnetic metallo-proteins (1–3).
Thus, dipolar and scalar interactions of the nuclei with the
paired metal-electrons can give rise to significant enhancem
of the nuclear relaxation which, in turn, can provide valua
information about the geometric and electronic structures of
proteins. In particular, information about the relaxation of n
clei spatially close to the metal ion is important for mapping t
structure of the metal site and elucidating the functional me
anisms of the protein.

Unfortunately, the longitudinal relaxation rates of the nuc
close to the metal center are the most difficult to measure by
1To whom correspondence should be addressed. y
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conventionalR1 relaxation experiments because of poor res
tion caused by severe line broadening and signal overlap
super-WEFT experiment (4, 5) alleviates the resolution proble
by allowing observation only of resonances with fast longitu
nal relaxation while suppressing the slow relaxing signals.
virtue of the super-WEFT experiment was recently exploite
a study of the electron self-exchange rate of plastocyanin
Anabaena variabilis(6), where the self-exchange rate was
termined from the linewidths of signals in a1H super-WEFT
spectrum of the protein.

Still, the super-WEFT technique cannot be used for measu
fast R1 relaxation rates. This holds since both the relaxa
delay,tb, and the acquisition delay,ta, in the super-WEFT puls
sequence, 180◦− tb− 90◦− ta, must remain constant througho
the experiment to ensure an unchanged saturation of the
relaxing signals. That is, in the super-WEFT experiment,
condition

e−ta Rs
1 + etb Rs

1 − 2= 0 [1]

must be fulfilled (5) at least approximately, in order for signa
with the relaxation rateRs

1 to be suppressed. On the other ha
monitoring the decay of fast relaxing signals requires a varia
of the delaytb as well as a constant acquisition time,ta, as in
the inversion recovery (IR) relaxation experiment (7). Conse-
quently R1 rates cannot be determined using the super-W
experiment.

Here we present a new experiment for selective determin
of the relaxation rates of fast relaxing signals. The experime
based on a signal eliminating relaxation filter (SERF) that all
a variable delay for monitoring the relaxation of the fast relax
signals, as in the IR experiment, while retaining the capabilit
the super-WEFT experiment to suppress slow relaxing sign

THEORY

Basically the SERF experiment is derived from the conv
tional inversion recovery (IR) experiment (7) by substituting
the 180◦ inversion pulse with three 180◦ pulses separated b
9 1090-7807/01 $35.00
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two variable delays,11 and12, that is

180◦ −11− 180◦ −12− 180◦ − τ − 90◦ − ta. [2]

As shown below, proper adjustment of the delays,11 and12, in
conjunction with a systematic variation of the relaxation delaτ ,
allows a constant saturation of the slow relaxing NMR sign
while monitoring the exponential recovery of the fast relax
signals. In the following it is assumed that the transverse m
netization has vanished at the end of theτ delay resulting in a
negligible longitudinal magnetization after the 90◦ pulse. Fur-
ther it is assumed that steady-state magnetization is achiev
the end of the acquisition period,ta, after a number of dummy
scans (5). Finally, it is assumed that the applied pulses are id
180◦ or 90◦ pulses.

Under these conditions the longitudinal magnetization imm
diately after the acquisition period (Eq. [2]) is given by

Mz

M∞z
= 1− e−R1ta [3]

according to the Bloch equation (9). Here M∞z is the equi-
librium magnetization, andR1 is the longitudinal relaxation
rate. Similarly the magnetization at the start of theτ delay
can be derived by applying the Bloch equation to the seque
ta − 180◦ −11− 180◦ −12− 180◦, that is

Mz

M∞z
= e−R1(ta+11+12) − 2e−R1(11+12) + 2e−R112 − 1. [4]

Furthermore, the magnetization immediately before the◦

pulse and, thereby, the intensity of the observed resonan
given by

Mz

M∞z
= e−R1(ta+11+12+τ ) − 2e−R1(11+12+τ )

+ 2e−R1(12+τ ) − 2e−R1τ + 1. [5]

For the suppressed signals, the magnetization at the begin
of the acquisition period (Eq. [5]) must be zero; that is

e−Rs
1(ta+11+12+τ ) − 2e−Rs

1(11+12+τ )

+ 2e−Rs
1(12+τ )− 2e−Rs

1τ + 1= 0 [6]

or (
e−Rs

1ta − 2
)

e−Rs
111 − (2− eRs

1τ
)

eRs
112 + 2 = 0, [7]

whereRs
1 is the relaxation rate of the suppressed signals. T

s
signals with relaxation rates equal or close toR1 vanish or are
suppressed significantly for values of11 and12 that fulfill
Eq. [7].
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For the observed signals, the magnetization at the begin
of the relaxation delayτ (Eq. [4]) must assume the same val
independent ofτ to ensure a single-exponential decay of t
observed longitudinal magnetization. This condition is fulfill
if dMz = 0, where dMz is the dependence of the longitud
nal magnetization on11, 12, andta at the start of theτ delay
(Eq. [4]), that is

dMz =
(
∂Mz

∂11

)
12,ta

d11+
(
∂Mz

∂12

)
11,ta

d12

+
(
∂Mz

∂ta

)
11,12

dta. [8]

Sinceta is unchanged throughout the experiment, Eq. [8] redu
to

dMz =
(
∂Mz

∂11

)
12

d11+
(
∂Mz

∂12

)
11

d12. [9]

For dMz = 0, Eq. [9] gives

d12

d11
= −

(
∂Mz

∂11

)
12

/(
∂Mz

∂12

)
11

. [10]

From Eq. [4] the following two relations can be obtained,(
∂Mz

∂11

)
12

= M∞z
(
2R1e−R1(11+12)

− R1e−R1(ta+11+12)
)

[11]

and (
∂Mz

∂12

)
11

= M∞z
(
2R1e−R1(11+12)

− R1e−R1(ta+11+12) − 2R1e−R112
)
. [12]

Using Eqs. [11] and [12], Eq. [10] can be written as

d12

d11
= e−Ro

1ta − 2

2− e−Ro
1ta − 2eRo

111
, [13]

whereRo
1 is the relaxation rate of the observed protons. Fina

integration of Eq. [13] gives(
1− 2eRo

1ta
)

e−Ro
111 − e−ceRo

112 + 2eRo
1ta = 0, [14]

wherec is a constant of integration. The value ofc determines
theτ range for optimum suppression and can be chosen acc
ingly, as illustrated below. Thus, for specific values ofRs

1, Ro
1,
andc a set of11 and12 delays, that fulfill the saturation and
relaxation requirements mentioned above, can be found for each
τ value in a relaxation experiment by solving Eqs. [7] and [14]
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simultaneously. Note that in extreme cases whereRo
1 andRs

1 are
close to one another Eqs. [7] and [14] may not have a simu
neous solution.

EXPERIMENTAL PROCEDURES

Sample Preparation

Plastocyanin fromAnabaena variabilis(A.v. PCu) was pre-
pared and purified as described previously (10). The protein
was dissolved in 99.9% D2O at pH 7.16 (meter reading) and
concentration of 1.89 mM. A sample containing approximat
20% of the oxidized (paramagnetic) form (PCu(II)/PCu(I)≈
20%/80%) was prepared by adding the proper amount
K3[Fe(CN)6] to a sample of the reduced (diamagnetic) form.

NMR Experiments

All spectra were recorded at 298 K and a1H frequency of
500 MHz using a Varian Unity Inova 500 spectrometer. T
1H carrier was placed on the HDO signal (4.77 ppm relat
to TMS at 298 K (11)). The spectral width was 8000 Hz in th
SERF experiments and 9000 Hz in the IR experiments. Fourt
relaxation delays,τ , ranging from 1 to 90 ms were used in bo
types of experiment, allowing the determination ofR1 rates in the
range from 35 to 200 s−1. In the inversion recovery experiment
each spectrum consisted of 32 scans preceded by 8 dummy s
to achieve steady state condition, while the acquisition time w
1.820 s. In the SERF experiments, 512–4000 scans were use
each spectrum, while the number of dummy scans was 128–
and the acquisition time was 70 ms. Sets of11 and12 delays
corresponding to theτ values were calculated as described in t
theory section. Typical sets of delays (used to obtain the spe
in Fig. 5) are given in Table 1.

Data Analysis Using the Linear Prediction Model Method

A direct fit to the FIDs of a model that describes the FIDs a
their dependence on theR1 rates would be the optimum approac
for analyzing the SERF experiment or any other experim
consisting of a series of FIDs. Thus, for spectra withn signals
the entire set of FIDs as a function of the sampling time,t , and

TABLE 1
Typical Delays Used in the SERF Pulse Sequencea

Spectra 11/s 12/s τ/s

a 0.0664 0.1156 0.0905
b 0.1406 0.1182 0.0453
c 0.1782 0.1183 0.0226
d 0.2069 0.1184 0.0057
e 0.2150 0.1184 0.0010

a
 Used to obtain the SERF spectra in Fig. 5. The delays were calculated f
Eqs. [7] and [14] using the parametersRo

1 = 35 s−1, Rs
1 = 2 s−1, c = 1.0,

ta = 70 ms and theτ delays indicated in Fig. 5.
CATIONS 341

lta-

a
ly

of

he
ve
e
een
h

s
cans
as
d for
512

he
ctra

nd
h
ent

the delay time,τ , is given by

FID(τ, t) =
n∑

k=1

[
I∞k −

(
I∞k − I 0

k

)
e−R1,kτ

]
× exp{(2π i νk − π1ν1/2,k)t + iφk}, [15]

whereI∞k is the equilibrium intensity of thekth signal,I 0
k is the

initial intensity, R1,k is the relaxation rate,νk is the frequency,
1ν1/2,k is the linewidth, andφk is the phase of thekth signal.

In practice, this direct approach is not possible since the n
ber of signals (n) in the spectra is unknowna priori. Neither is
it feasible because of the very large amount of data involve
the analysis. Both of these problems are alleviated by the lin
prediction model method described previously (12). The first
step of this method is a fast linear prediction (FLP) analysis (13)
of the individual FIDs corresponding to the differentτ delays.
This analysis provides not only the number of signals in the sp
tra, but also estimates of the four spectral parameters of ea
then signals predicted by the FLP analysis. These parame
are the intensity,Ik(τ ), the frequency,νk, the linewidth,1ν1/2,k,
and the phase,φk, as well as the uncertainties and the corre
tions of these parameters. Thus, the FLP analysis transfer
the information contained in the spectra to the 4×n spectral pa-
rameters and the uncertainties and correlations obtained b
analysis.

However, the number of signals found by the FLP calcu
tions may vary from one FID to another, or the intensities
the predicted signals are heavily correlated because of se
overlap. Therefore, the estimated intensities of closely spa
signals are often distributed in an unpredictable way am
the signals. Consequently, a direct fit of the exponential
cay of theR1 relaxation to the time dependence of the inte
sities would be difficult and would probably lead to erroneo
results.

This problem can be overcome by creating a set of auxili
FIDs from the spectral parameters obtained by the FLP an
sis. Thus, for each experimental FID an auxiliary FID is c
ated corresponding to a specific spectral region of interest. E
auxiliary FID consists of a number of points (thet values in
Eq. [15]) equal to the number of parameters describing the
cific spectral region. The amount of data involved can, there
be reduced substantially, making the analysis feasible. Still
information contained in the auxiliary FIDs is exactly the sam
as in the spectral parameters or in the original experimental
that describes the region.

Subsequently, the six model parameters (Eq. [15]) for e
of then signals, that is, the relaxation ratesR1,k and the model
parametersI 0

k , I∞k , νk, 1ν1/2,k, andφk, can be determined by
a simultaneous nonlinear least squares fit of Eq. [15] to
complete set of auxiliary FIDs. These 6× n model param-
rom
values contain all the information of the experimental spectra.
Furthermore, reliable estimates are ensured not only of the model



IC

s
n

u
e

t

w

t
a

v
p
i

t

i

o
,

e
s

s were

s

tion
an

the
atic
ntly

erved
-

d
cu-
cay,
e

rti-
s-
nsi-
le, for
ity
sis
342 COMMUN

parameters but also of their standard deviations, since the
dard deviations and the correlations determined by the FLP a
ysis are included in the nonlinear least squares fit of Eq. [1
Thus, the linear prediction model method provides the optim
approach for analyzing the SERF experiment. It should be
phasized that the approach is generally applicable to simu
neous analyses of series of experimental FIDs, whenever
variation among the FIDs can be described by a mathema
model.

RESULTS AND DISCUSSION

As described in the Theory section a complete1H SERF ex-
periment comprises a series of one-dimensional spectra
differentτ delays, each with a corresponding set of11 and12

delays. Calculation of the11 and12 delays (Eqs. [7] and [14] )
requires typical values of the acquisition timeta and the constan
c in addition to theτ delay. Furthermore, a set of reasonable v
ues of Ro

1 and Rs
1 are required and must be assumed,Ro

1 and
Rs

1 being typical relaxation rates of the signals to be obser
and suppressed, respectively. In order to investigate the a
cability of the SERF experiment, a series of simulations us
typical values of the parametersRo

1, Rs
1, ta, c, andτ was made,

as described below.

The Relaxation Selectivity of the SERF Experiment

For the observable protons the magnetization immedia
before the relaxationτ delay (Eq. [4]) must assume the sam
value independent of theτ delay, as discussed in theory. Th
condition is fulfilled exactly for protons with relaxation rate
equal to the assumedRo

1 rate used in the calculation of the11

and12, and, to a close approximation for protons with relaxati
rates faster than the assumedRo

1 rate. This is shown in Fig. 1

FIG. 1. Simulation of the longitudinal magnetization of the observ
signals immediately before theτ delay (Eq. [4]) using the parameter

Ro

1 = 35 s−1, Rs
1 = 2 s−1, c = 1.0, andta = 70 ms. Simulations are shown

for signals with relaxation rates close to or equal toRo
1, that is (a)R1 = 30 s−1;

(b) R1 = 35 s−1; (c) R1 = 40 s−1; and (d)R1 = 50 s−1.
ATIONS

tan-
al-

5].
m
m-
lta-
the
ical

ith

l-

ed
pli-
ng

ely
e
s
s

n

d

FIG. 2. Simulation of the systematic relative error,σ , of the obtainedR1

rates caused by nonexponential decays (see text). The following parameter
used:Ro

1 = 35 s−1, Rs
1 = 2 s−1, c = 1.0, andta = 70 ms.

where the intensity as function of theτ delay is given for a serie
of signals withR1 rates equal or close to 35 s−1. The intensities
were calculated using Eq. [4], while the11 and12 delays were
obtained from Eqs. [7] and [14] usingRo

1 = 35 s−1, Rs
1 = 2 s−1,

c = 1, ta = 70 ms, and theτ delays given in Fig. 1. As it
appears from Fig. 1, the condition of constant magnetiza
is approximately fulfilled also for relaxation rates slower th
35 s−1. Consequently, also these rates can be estimated from
experimental data using Eq. [15], although a minor system
error appears if the derived relaxation rates deviate significa
from the assumedRo

1, as discussed below.
The systematic error occurs because the decay of the obs

magnetizationMz(τ ) (Eq. [5]) is only approximately single
exponential when the relaxation rate deviates fromRo

1. To esti-
mate the error, magnetization decays corresponding toR1 rates
in the vicinity of Ro

1 = 35 s−1 were calculated using Eq. [5] an
the same11 and12 delays as above. Subsequently, the cal
lated magnetizations were fitted by a single-exponential de
and the obtained relaxation ratesRfit

1 were used to calculate th
fractional deviationσ :

σ =
∣∣R1− Rfit

1

∣∣
R1

. [16]

It should be noted thatRfit
1 > R1 for R1< Ro

1, while Rfit
1 < R1 for

R1 > Ro
1. As shown in Fig. 2, the deviations are small in pa

cular forR1> Ro
1. ForR1< Ro

1, the error increases with decrea
ing relaxation rates while, at the same time, the signal inte
ties decrease because of the suppression. Thus for examp
R1 = 10 s−1 the systematic error is about 6% while the intens
is only 43%. In principle, the use of Eq. [5] in the data analy

instead of a simple single-exponential decay should eliminate
the systematic error, although it is at the expense of simplicity
in the analysis.
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FIG. 3. Simulation of the longitudinal magnetization immediately befo
the 90◦ pulse (Eq. [5]) using the parametersRo

1 = 35 s−1, Rs
1 = 2 s−1, c = 1.0,

andta = 70 ms. The suppression is shown for signals with relaxation rates
to Rs

1. (a) R1 = 1 s−1; (b) R1 = 2.0 s−1; (c) R1 = 2.5 s−1; (d) R1 = 3 s−1.

The Suppression Efficiency of the SERF Experiment

The intensities of the suppressed signals in the SERF sp
were calculated from Eq. [5] using the same11 and12 delays
as in the above investigation of the relaxation selectivity.
results are given in Fig. 3, which shows the intensities of sig
with relaxation rates in the vicinity of 2 s−1. As it appears from
Fig. 3 the suppression is most effective at the “null point” a
less effective for largeτ values and forτ→ 0. The position
of the null point can be changed by adjusting the constac
in Eq. [14]. The optimum value ofc is obtained when the nu
point appears in the middle of the appliedτ interval, making the
overall suppression most effective.

An important feature shown in Fig. 3 is the variation of t
intensities of the small signals from protons with relaxation ra
slower thanRs

1. These intensities arepositivewhenτ→ 0 while
negativefor large values ofτ . Thus, for the same values ofRo

1,
Rs

1, c, andta as above and in Fig. 1, the signals from protons w
relaxation rates of 1 s−1 are suppressed to approximately 1%and
have an orientation opposite those of the fast relaxing prot
thereby making the observation of the latter protons easier

It also appears from Fig. 3 that the suppression is less
fective for largeτ values and forτ→ 0. A lower limit for the
suppression in a1H SERF experiment can, therefore, be e
mated from the suppression atτ = 0. This is shown in Fig. 4
where the suppression is calculated for three different exp
ments. In all three cases the constantc is chosen so that the nu
point corresponds toτ = 45 ms, that is, in the middle of th
appliedτ interval. As it appears from a and c in Fig. 4, chan
ing Rs

1 from 2 to 3 s−1 with constantRo
1 andta results in a less

effective suppression of signals with 0 s−1 ≤ R1 ≤ 2.5 s−1.
That is, a larger range of suppression results in a less effe

overall suppression. Furthermore, it appears from b and c
Fig. 4 that the suppression is less effective for longer acquisit
times. That is, for a constant spectral width an attempt to
CATIONS 343
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crease the resolution by extendingta will result in a less effective
suppression.

Finally it should be noted that suppression of slow rela
ing signals in the SERF experiment is superior to the s
pression obtained in an alternative phase cycling filter exp
iment, i.e., 180◦x − 1 − 90◦x90◦x,−x − τ − 90◦x − ta, receiver
(x,−x), where1 = ln2/Rs

1 so that the phase-cycled 90◦

pulse is applied at the zero crossing of the suppressed s
A simple calculation shows that protons with relaxation ra
between 1 and 3 s−1 are suppressed only to approximate
35% of their original intensity in a phase cycling filter expe
iment optimized to suppress signals with relaxation rates
about 2 s−1. A comparison of this result with the suppressio
shown in Fig. 3 clearly illustrates the superiority of the SER
experiment.

Experimental Verification

An experimental verification of the SERF experiment w
made using the 20% oxidizedA.v.PCu sample described in th
Experimental section. The paramagnetic Cu2+ ion in the oxi-
dized form of this protein, and its fast electron self-exchange r
(approximately 400 s−1 at the applied experimental condition
(6)) ensure a fast relaxation of the observed average signa
protons spatially close to the copper ion, while protons at lar
distances are slow relaxing.

In Fig. 5, a spectrum from the SERF experiment perform
on A.v. PCu is compared with the corresponding regular o
dimensional1H spectrum. The assignments shown in Fig.
were obtained previously (2, 10). The total acquisition time was
1 h in both experiments. The SERF spectrum was recorded
512 scans and 128 dummy scans while the regular1H spectrum
consists of only 32 scans and 8 dummy scans. The different n
ber of scans results from the different repetition rates of the

FIG. 4. Simulation showing the suppression as function ofR1 for three
different experiments; (a)Ro

1 = 35 s−1, Rs
1 = 3 s−1, ta = 70 ms, andc = 1.5;

(b) Ro = 35 s−1, Rs = 2 s−1, t = 90 ms, andc = 0.8; (c) Ro = 35 s−1,

in

ion
in-

Rs
1 = 2 s−1, ta = 70 ms, andc = 1. In all experiments the constantc was

chosen so that the null point appears forτ = 45 ms, that is, in the middle of the
appliedτ interval.
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FIG. 5. Comparison of (a) a1H SERF spectrum and (b) a regular1H spectrum of an approximately 20% oxidized sample of 1.89 mM (A.v. PCu in 99.9% D2O
at pH 7.16, meter reading). The11 and12 delays used to record the1H SERF spectrum were calculated from Eqs. [7] and [14] using the parametersRo = 35 s−1,
1
Rs

1 = 2 s−1, c = 1.0, ta = 70 ms, andτ = 90.5 ms, corresponding to the longestτ delay. A total of 512 scans were used, while 128 dummy scans were applied
fτ 1

e

c

in
D

t

low

the
rom
y,

er
prior to acquisition. The1H spectrum was recorded with a saturation delay o
spectrum are from protons with fast relaxation rates, i.e., spatial close to th

experiments. As it appears from a comparison of the two spe
the slow relaxing signals are effectively suppressed in the SE
spectrum resulting in the observation of only the fast relax
signals, as in a super-WEFT spectrum. Also, the intense H
signal is effectively suppressed by the SERF pulse sequenc

The recovery of the fast relaxing signals observed in the SE
experiment is shown in Fig. 6, while a series of relaxation ra
determined by the experiment is given in Table 2. The null po

was chosen atτ = 45.3 ms, resulting in the most efficient sup
pression for thisτ delay (see Fig. 3). This is clearly observed i
Fig. 6, especially in the 4.8 to 9.0 ppm range. In spectra withτ
6 s,= 8 s, and an acquisition time of 1.820 s. All signals observed in theH SERF
paramagnetic Cu(II).

tra,
RF
g
O

e.
RF
es
int

delays different from 45.3 ms smaller peaks appear from s
relaxing signals.

The opposite dependence of the slow relaxing signals on
τ delay is also observed in Fig. 6. Thus, the two resonances f
Phe76 Hε and Phe31 Hε at 6.14 and 6.34 ppm, respectivel
are positive at shortτ delays and negative at longerτ delays,
as predicted in Fig. 3 for signals with relaxation rates slow
than the assumedRs

1. In accord with this, the relaxation

-
n
rates of the two protons were found to be 0.78± 0.04 and
1.45 ± 0.07 s−1, respectively, in a conventional IR experi-
ment; that is, both rates are smaller than theRs

1 rate of 2.0 s−1.



M (
the
l
H

COMMUNICATIONS 345

FIG. 6. Spectra in a1H SERF experiment showing the decay of a series of fast relaxing signals in an approximately 20% oxidized sample of 1.89 mA.v.
PCu in 99.9% D2O at pH 7.16, meter reading). The11 and12 delays used to record the1H SERF spectra were calculated from Eqs. [7] and [14] using
parametersRo

1 = 35 s−1, Rs
1 = 2 s−1, c = 1.0, ta = 70 ms, and theτ delays indicated in the figure. The relaxation delayτ = 45.3 ms corresponds to the nul

point where the suppression of the slow relaxing protons is optimum. The opposite dependence onτ of slow relaxing signals (see text) is observed for Phe76ε

and Phe31 Hε . The two signals are indicated in the spectrum (↑↑,↓↓) and shown in the excerpt (right).

TABLE 2
Examples of Model Parameters Extracted from the SERF Experimenta

Nucleus ν/ppmb 1ν1/2/Hz φ I 0 I∞d R1/s−1

His92 Hα 5.146± 0.002 54.3± 1.5 189± 2 60c 67± 8 53± 14
Cys89 Hα 5.3109± 0.0006 45.3± 0.6 182.8± 0.9 −132± 11 134± 7 57± 7
His39 Hε1 7.0733± 0.0002 42.6± 0.2 182.6± 0.3 −191± 6 217± 8 44.3± 1.0
His92 Hδ2 7.2536± 0.0006 42.5± 0.5 190.8± 0.9 −49± 6 52c 56± 2
His39 Hδ2 7.52787± 0.00015 44.96± 0.15 183.8± 0.2 −99.2± 1.8 108.9± 0.8 70.4± 1.8
His92 Hε1 7.7509± 0.0012 62.9± 1.0 184.6± 1.6 31.5c 34± 2 37± 4

a The linear prediction model method and Eq. [15] were used to extract spectral parameters for representative excerpts of signals in Fig. 6.

b The uncertainty caused by the imprecise position of the1H carrier on the HDO signal (4.77 ppm) is not taken into account.
c These parameters were fixed in the least square fit.
d The variation in the intensities are primarily due to negative NOEs caused by saturation of adjacent slow relaxing protons.
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TABLE 3
Corresponding R1 Rates from the SERF and Inversion

Recovery (IR) Experiments

R1/ s−1

Experiment His39 Hα His39 Hδ2 His39 Hε1

SERFa 109± 10 70.4± 1.8 44.3± 1.0
IR T1

b 109± 12 68± 10 47± 7

a The11 and12 delays applied in the1H SERF spectra were calculated from
Eqs. [7] and [14] using the parametersRo

1 = 35 s−1, Rs
1 = 2 s−1, ta = 70 ms,

c = 1 and fourteen differentτ delays in the 1 to 90 ms range.
b The pulse sequencesat−180◦−τ−90◦−AQwas used. Heresatis a satura-

tion period of 6 s with the saturation frequency equal to the HDO frequen
Theτ delays were identical to those of the SERF experiment and the acquis
time, AQ, was 1.820 s.

Finally, the reliability of the relaxation rates obtained fro
the SERF experiment was verified by a comparison with
corresponding rates obtained from a conventional IR exp
ment. Three of the fast relaxing protons, namely His39 Hα,
His39 Hδ2, and His39 Hε1, are sufficiently well-resolved in a
regular one-dimensional1H spectrum to allow a determination
of the relaxation rates from an IR experiment. As it appears fr
the comparison in Table 3, corresponding rates from the two
periments are identical within the uncertainties, thus confirm
the reliability of the rates obtained from the SERF experime
It should be noted that the SERF experiment results in m
precise rates because of the higher resolution and the hi
sensitivity of this experiment compared to the IR experimen

CONCLUSIONS

The SERF experiment presented here allows a selective m
surement of the longitudinal relaxation rates of fast relax
signals, while it suppresses slower relaxing signals. The ra
of relaxation rates of the observed and the suppressed sig
respectively, can be selected by an adjustment of the para
tersRo

1, Rs
1, andc. The applicability of the SERF experiment i

demonstrated here by measuring the relaxation rates of a s
of fast relaxing protons in a sample of partly oxidizedA.v.PCu.
However, by proper adjustment of the parametersRo

1, Rs
1, and

c, the SERF experiment can be used also in other cases w
selective observation of signals with relaxation rates within
specific range of rates is required.

A UNIX/Linux computer program for calculating the variabl

delays11 and12 from the parametersRo

1, Rs
1, c, τ , andta using

Eqs. [7] and [14] is available from the authors.
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