Journal of Biomolecular NMRL7: 231-237, 2000.

';:‘ KLUWER/ESCOM

231

© 2000KIluwer Academic Publishers. Printed in the Netherlands.

Off-resonance effects in®N T, CPMG measurements

Dmitry M. Korzhnev, Eugene V. Tischenko & Alexander S. Arsefiev
Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Ul. Miklukho-

Maklaya 16/10, Moscow 117871, Russia

Received 31 January 2000; Accepted 18 April 2000

Key words:backbone dynamics, conformational exchange, proteins, relaxation

Abstract

The systematic difference betweEnvalues obtained from CPMG arfd, experiments was observed for backbone

15N nuclei of bacterial ribonuclease barnase. Theoretical consideration suggests that the observed difference is
caused by off-resonance effects of 1§ulses of the CPMG pulse train. Namely, at off-resonance conditions
T1-dependent secondary echo coherence pathways considerably contribute to the signal decay in the CPMG ex-
periment and result in systematic (up to 10%) offset-dependent overestimatith 83 measured by the CPMG
technique. Under certain circumstances off-resonance effects result in depend&ht@o6n CPMG frequency,

which might be erroneously interpreted as conformational exchange on the millisecond time-scale. A procedure
for numerical correction of°N 7> (CPMG) data is proposed.

Introduction

Data on transverse relaxation tinfe for backbone

(Palmer et al., 1992). The effects of cross-correlated
cross-relaxation are suppressed by applicatiohHbf
180 pulses during the relaxation period (Palmer et al.,

15N nuclei are essential to study pico—nanosecond 1992). It was recently shown that oscillations due to

as well as micro—millisecond dynamics of proteins
(Palmer et al., 1996). Measurements BN 7>

are usually based on the Carr—Purcell-Meiboom-Gill
(CPMG) sequence (see e.g. Farrow et al., 1994). Al-
ternatively,’>N 7> might be obtained by performing
T1, experiments (Peng et al., 1991; Zinn-Justin et al.,
1997; Mulder et al., 1998). Both methods appear to
be useful in studies of protein internal mobility. For
example, it was shown thdk, and 7> (CPMG) data
complement each other when considering motions
on the micro—millisecond time-scale (Mulder et al.,
1999).

For accurate characterization of protein dynamics
one need$®N 7> measured at high precision and free
of any systematic error. Special care is taken to get rid
of undesirable effects leading to the systematic devi-
ation of experimental®N 7> from the actual values.

A high 1°N pulse repetition rate in the CPMG pulse
train is used to remove the effects of scalar coupling

*To whom correspondence should be addressed. E-mail:

aars@nmr.ru

off-resonance effects of 18@ulses might result in
substantial errors iff, measured by the CPMG tech-
nigue (Ross et al.,, 1997). Apart from oscillations,
due to off-resonance effects magnetization during the
CPMG sequence precesses out of the XY plane and
decays with the effective relaxation time depending
both onT; and 7». In other words, off-resonance
effects populate the coherence pathways where the
magnetization spends some time along the Z direction,
allowing multiple stimulated echoes (Simbrunner and
Stollberger, 1995). In consequence Bf > T» this
effect will lead to overestimation of the measurgEd
value.

Here we report on a systematic difference between
5N 77, obtained from CPMG anth,, experiments for
small extracellular ribonuclease barnase fi®atillus
amyloliquefaciensTheoretical consideration suggests
that the observed difference is accounted for by offset-
dependent overestimation @ (CPMG) due to off-
resonance effects of 18@ulses of the CPMG pulse
train.



232

Methods

The measurements dfy, off-resonancely, and 7>
(CPMG) for 1N nuclei of barnase were carried out
on a 600 MHz tH) Varian Unity spectrometer. Spec-
tra were acquired at 3@ on a 1.0 mM sample
of uniformly *°N labeled protein dissolved in 90%
H20/10% DO 10 mM potassium phosphate buffer at
pH 6.5.

The pulse sequences of Farrow et al. (1994) were
used forl>N 71 and 7> (CPMG) measurements. The
90° 1N pulse length was 5¢4s. DelaysA of the A-
18Qx)-A CPMG block were 250, 300, 400, 500 and
600us. TheT> (CPMG) experiment withh = 500us
was repeated with three differeliN carrier frequen-
cies. The values ofy andT, (CPMG) were obtained
by fitting of an exponent to the decay of signal in-
tensities in spectra recorded with 12 relaxation delays
ranging from 10 to 1000 ms ify, and from 0 to 200 ms
in T, (CPMG) experiments. The measurétll 71 and
T> (CPMG) values appear to be quite uniform over
the sequence of barnase wiftlh ranging from 480 to
560 ms and’; ranging from 120 to 140 ms.

The measurements of off-resonarfag were car-
ried out using the pulse sequence described by Mulder
et al. (1998). Alignment of°N magnetization along
the effective field was performed using a 5 ms tanh/tan
adiabatic pulse. Off-resonan@g, were measured for
16 offsets of the!®N spin-lock field ranging from
—5000 to 5000 Hz from the center of the spectrum.
The spin-lock field strength was 109030 Hz. For
each spin-lock offset the value Bf, was obtained by
fitting of an exponent to the decay of signal intensities
in 12 spectra recorded with spin-lock lengths ranging
from 10 to 250 ms.1®N T, were obtained by least
square fitting of experimentdl,, data by theoretical
Ty, calculated using the equation (Peng et al., 1991):

1 1 1

— = — cog(0) + — sir(0) 1

11, T1 Tz ()
where 6 = arctanw/), o is the spin-lock field

strength 2 is the resonance offset from the carri€r,

is the experimentdN longitudinal relaxation time.
Temperature calibration and control in all experi-

ments were performed as described in Orekhov et al.

(1999). A one-dimensionaH spectrum was recorded

in one scan immediately after each experiment. The

methyl resonance in this spectrum, which position

with respect to the solvent (lock) is most tempera-

ture sensitive, was used as an indicator of the mean
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Figure 1. Difference AT, betweenT, (CPMG) and7> obtained

from off-resonancel’y, measurements for backbof@N nuclei of

barnase plotted versdSN resonance offsets from the carrier fre-

quency of 180 pulses of the CPMG pulse train. Delaysof the

A—lSCRI(X)—A CPMG block are (a) 250s and (b) 50Qus.

-400

ca. 0.3-0.4 K inT> (CPMG), 0.1 K inTy, with the
longest 250 ms spin-lock and less than 0.1 Kjrex-
periments. The appropriate temperature compensation
was performed il (CPMG) experiments. Besides,

in order to reduce temperature oscillatidagCPMG)

was recorded in an interleaved manner (Orekhov et al.,
1999). Thus, the temperature drift within individual
experiments and the temperature difference between
different experiments did not exceed 0.1-0.2 K.

Results and discussion

The differencesAT, between the values off2
(CPMG) andT; calculated from7y and Ty, data are
plotted versus resonance offset from the carrier fre-
guency of 180 pulses of the CPMG sequence in Fig-
ure 1. As can be seen from the figure the valueSif

temperature of the sample. The sample heating was 72 obtained fromTy, data are systematically lower
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Figure 2. Schematic representation of the effective rotation of mag-
netization during the CPMG sequence. The angleand & are
given by Equation 2.
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After 2n repetitions of thex—lSOE’X)—A CPMG block,
magnetization is not aligned along the X axis, but
precesses on the surface of a cone determined by the
angles® and ® (Figure 2). Thus, offset-dependent
oscillations of amplitude sf{®) are superimposed to
the exponential decay of the experimentally observed
X-component of the magnetization. These oscillations
might lead to deviation of°N 7> (CPMG) from the
actual values.

The above consideration (Ross et al.,, 1997) is
valid, however, only in the case dfi = 7>. An
accurate analysis of relaxation during the CPMG se-
guence is available through numerical simulations.
Rigorously, evolution of 16 components of magnetiza-
tion corresponding to product operators of a two-spin
system should be considered (see, e.g., Allard et al.,
1998). However, the numerical analysis showed that at
standard CPMG settings used’*N 7> experiments
the simulations can be safely carried out using the

than those measured by the CPMG technique. Besidesmaster equation for th€N nucleus alone:

that, the differenceAT, strongly depends on reso-
nance offset from thé®N carrier frequency in CPMG
experiments: i.e.AT> has a clearly defined minimum
at zero offset and wings symmetric with respect to
zero offset. Similar dependencies were observed with
shifted N carrier frequency irf> (CPMG) experi-

ments (data not shown), which clearly suggests that
the observed difference is caused by off-resonance ef-

fects in the CPMG sequence. LargéN 7> (CPMG)
values as compared # obtained fronily, data were
also noted by Lee et al. (1998) for HIV-1 nucleocapsid
protein and by Lee and Wand (1999) for ubiquitin, but
remain unexplained.

(E/2) 0 0 0 0 (E/2)
i (Nx) 0 YT @ —y (Nx) 3)
dt <Ny> - 0 —Q1/Tr wy (Ny)

(Nz) —2F oy —wyx1/T1 (Nz)

where(N,), (Ny) and(N,) are X, Y and Z-components

of 15N magnetization,E is the unity operatorw,
and w, are the X and Y components of the radio-
frequency field (in frequency units, is the'N offset
from the carrierF = Mo/ T1, Mo is equilibrium®®N
magnetization. The solution of Equation 3 is written
as:

B(r) = exgd—RnA#].. exd—R1A#1]1B(0) 4)

Off-resonance effects in the CPMG sequence were whereB(0) corresponds to the initial conditionR;

theoretically considered by Ross et al. (1997). It was
shown that theA-lS({’X)-A)Zn CPMG block might be
regarded as a single rotation of magnetization by an
angle 2rb about an effective axis in the XZ plane of
the rotating frame tilted to the X axis by an angbe
(Figure 2). The angle® and ® (Figures 2 and 3)
depend on resonance offset from the car¢®y, in-
terpulse delay2A), and field strength of the pulse{

in frequency units):

tan(®) = cog\) cot(®) + sin() sin~1(0) cot(¢p/2)
(2)

cog®/2) = cog\) cogd/2) — sin(h) cog6) sin(¢p/2)

where A QA, 0 arctaiw/Q), & = kmnx

V1+ (w/ Q)2 kis the factor accounting for pulse
imperfection ¢ = 1 for a perfectly calibrated pulse).

is a 4x4 matrix (Equation 3) at the\t; period cor-
responding to a radio-frequency pulse or chemical
shift evolution. If1°N 73, 7> values, resonance off-
set from the carrie(2) and pulse field strengttw)

are known one might generate the trace of the X-
component of°N magnetization sampled at a differ-
ent number of repetitions of a single CPMG block
(single CPMG ‘block’ means two repetitions of the
A-18QF,,,-A fragment). An apparent relaxation time
Toappis then obtained by least square fitting of an ex-
ponent to the generated decay of the X-component of
15N magnetization.

We have carried out the numerical simulation of
the CPMG sequence for ®N nucleus with 7y
600 ms andl> = 100 ms (these relaxation times
correspond t? = 0.936,1e = 0, 1r = 7.141 ns cal-
culated using Lipari and Szabo (1982) spectral density
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Figure 3. Angles ® and ® (Figure 2; Equation 2) plotted versus resonance offset from the carrier frequency°opa@s of the CPMG

sequence. (a,b) Curves 1, 2, 3 and 4 correspond to dalafs00, 400,

300 and 250s, respectively. (c,d) Delag is 500us, curves 1 and

2 correspond to 10% and 5% underestimate pulse length, curve 3 is the exact pulse, curves 4 and 5 are 5% and 10% overest?hated

pulse length. The exact 9d°N pulse length is always 54s.

for the backbone NH vector at 600 MHZH) spec-
trometer frequency). The simulation was performed
for 15N offsetsQ ranging from—2000 to 2000 Hz,
for different 90 °N pulse lengths (40, 54 and 7G)
and different delaysA of the A-lS(K,(X)-A CPMG
block (250, 300, 400 and 500s). The results of the
numerical simulation (Figure 4) show that the appar-
ent relaxation timé@2appis always overestimated with
respect to the actual value. The maximal difference
AT; betweenTzappand the actual? value reaches 3—
10%, depending on CPMG settings, foiN offsets

Q typical for proteins (e.g. ranging from1000 to
1000 Hz at 600 MHz {H) spectrometer frequency).
In particular, T2appincreases with increasing 96°N
pulse length (Figure 4a) and depends on delapf
the A-18(K,(X)-A CPMG block (Figure 4b). The effect
of oscillations, predicted by Ross et al. (1997), be-
comes observable near the extreme values 6{8in
(Equation 2; Figures 3 and 4). However, far <

500 s and a®N spectral width typical for proteins
the oscillations negligibly affect the calculated effec-
tive relaxation timeTzapp Also, until off-resonance
oscillations are negligible the relaxation tirfigapp is
almost independent of both the number of sampling
points in the generated CPMG decay and the particular
sampling scheme. The overestimationZékpp corre-
lates with the angl& (Equation 2; Figures 3 and 4) —
the maximal deviation of ® from 2w corresponds to
the maxima oAT> = Toapp— 7>.

The simulation of magnetization decay during the
CPMG sequence provides the means for numerical
correction of experimentdl, (CPMG) data. The cor-
rection is performed as follows: first, the apparent
relaxation timeTzappis calculated as described above
on the basis of experiment& and7, (CPMG) val-
ues, resonance offset from the cargeand pulse field
strengthw; then, the difference\T> between simu-
latedT2appand experimental, (CPMG) is subtracted



from the experimental’> (CPMG) value. It is no-
table that for small\ 7» the relative differencé& >/ T
corresponds te- A R2/ Ro for relaxation rates.

The proposed procedure f@p (CPMG) correc-
tion requires perfectly calibrated 18N pulses. The
simulations show that overestimation @$app con-
siderably depends on settings of the 18BN pulse
length in the CPMG sequence (Figure 4c; see also
Figure 3c,d). In some cases over- or underestimation
of pulse length results in oscillations #appfor 1°N
resonance offsets typical for proteins (Figure 4c). It
is clear that radio-frequency (RF) field inhomogeneity
will result in a different pulse length for different parts
of the sample. Thus, Figure 4c might be regarded as an
illustration of the expected accuracy of the correction
procedure in the case of amplitudeRF field inhomo-
geneity — for an RF field varying withid5% under
the conditions of Figure 4c one should expect ca. 2%
uncertainty in the correctetb value.

The model calculations presented here were car-
ried out for a protein of intermediate sizer( =
7.141 ns) assuming 600 MHZHK)) spectrometer fre-
quency. It is notable that an overestimation!8N
T> (CPMG) is expected to increase for a protein of
large size and for higher magnetic fields — i.e., with
increase of the difference betwettN transverse and
longitudinal relaxation rates.

The observed offset-dependent difference between
T»> (CPMG) andT» obtained from7y and Ty, data for
15N nuclei of barnase (Figure 1) is well reproduced
by numerical simulations (see Figure 4b). However,
even at zero offset experiment@l (CPMG) systemat-
ically exceed the values obtained framandTy, data
(Figure 1). This points to additional sources of sys-
tematic error in eithel> (CPMG) orTy, experiments.
Among these sources might be an inhomogeneous RF
field of 180 pulses of the CPMG pulse train, spin-lock
field inhomogeneity and power losses after RF irradia-
tion in theTy, experiment (Guenneugues et al., 1999),
inaccurate calibration of the spin-lock field strength
affectingT» obtained by least-square fitting Bf, data
(for our Ty, data set a 50 Hz underestimated spin-lock
field results in ca. 2% underestimatgs).

Ross et al. (1997) considered transfer of the errors
arising due to off-resonance oscillationgin(CPMG)
experiments to motional parameters obtained from the
subsequent data analysis. It is clear that the offset-
dependent overestimation &N 7> (CPMG) would
also resultin substantial errors in motional parameters.
In particular, overestimation df, leads to underes-
timation of the overall rotation correlation timer
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terizing deviation of apparent relaxation tirfigapp (CPMG) from

the actual7» value versus resonance offset from the carrier fre-

quency of!'>N 18C° pulses of the CPMG sequen&app (CPMG)

was calculated by fitting of an exponent to the decay of transverse

15N magnetization generated using Equations 3 and 4 for different

CPMG settings (actudly = 600 ms andl, = 100 ms). (a) Exact

15N 90° pulse length= 70, 54 and 4Qus (from top to bottom),

A = 500us. (b) Exact!®N 90° pulse length= 54 s, A = 250,

300, 400 and 50Q.s (from top to bottom at 1000 Hz offset). (c)

A = 500 s and different!>N pulse length: 5% underestimated:

dashed line; exact (90pulse of 54us): bold solid line; and 5%
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obtained from th@’/T> ratio (Kay et al., 1989). In the

subsequent ‘model-free’ analysis one should expect

Conclusions

erroneous values of order parameters and correlationlt was shown that off-resonance effects of 1p@lses

times of internal motions or even wrong selection of
the model of spectral density function (Korzhnevetal.,
1997).

The dependence 8PN 7> on pulse repetition rate
in the CPMG sequence is often used for identification
of conformational exchange on the micro—millisecond
time scale (Orekhov et al., 1994). In some cases off-
resonance effects might result in dependenc&hif
T, on the CPMG frequency, similar to those charac-
teristic of millisecond conformational exchange. From
Figure 4b it is clearly seen that fdPN offsets ||
ranging from 500 to 1000 HZapp increases with
increasing CPMG pulse repetition rate, which might

of the CPMG sequence lead to considerable offset-
dependent overestimation BN 7> values. This over-
estimation is due t4°N magnetization precessing out
of the XY plane during the CPMG sequence and de-
cays with a rate constant depending Bnand 7».
Several experimental schemes were proposed to en-
sure that the magnetization precesses in the XY plane
for all considered nuclei. Czisch et al. (1997) pro-
posed to apply field gradients during the CPMG pulse
train. Zwecksteller and Holak (1998) proposed to use
adiabatic instead of hard 18@ulses. However, the
authors noted that the effects of diffusion, if field gra-
dients are applied, or evolution of the magnetization

be erroneously interpreted as evidence of millisecond during relatively long adiabatic pulses should be care-

conformational exchange.
Using 7> (CPMG) data without correction for off-

fully accounted for when using these methodsTer
measurements. Thus, to obtain accurate valué\f

resonance effects results in erroneous detection of T, it seems to be reasonable to ugg instead of
conformational exchange for several residues of bar- 7, (CPMG) measurements or perform the numerical

nase. Two sets of°N 7, data were considered: (i)
raw experimentdl> (CPMG) and (ii)T2 (CPMG) cor-
rected using the procedure described above. PNe

T, data recorded with different delaysof the CPMG
sequence were fitted by two models: (i) the ‘simple’
model (the data were approximated by constBt
and (ii) the model of two-state conformational ex-
change (Bloom et al., 1965; Orekhov et al., 1994).
The selection of the appropriate model was carried
out as described in Mandel et al. (1995): i.e., a more
complex ‘exchange’ model is accepted if the ‘sim-
ple’ model is rejected based on tlyé criterion with

95% confidence and an F-test confirms that reduction

of x2 loss function is meaningful with at least 80%
confidence. With these criteria, on the basis of raw
experimentall> (CPMG) data the amide groups of

seven residues of barnase: T6, G9, G40, G53, F56,

G61 and Y103, were found to be involved in millisec-

ond conformational exchange. It is notable that the
15N resonance offset from the carrier for all of these
residues exceeds 600 Hz at 600 MH) spectrome-

ter frequency. For another two residues, N58 and E60,

the ‘exchange’ model is accepted if 70% F-test con-
fidence is assumed. The analysis of the corre@ted

(CPMG) data showed that most of the observed con-

formational exchange is artificial. If the corrected data

correction of7> (CPMG) data. In fact, usind@y, in-
stead ofT> (CPMG), due to errors associated with
off-resonance effects in the CPMG experiment, was
also suggested by Tjandra et al. (1996) and Ross et al.
(1997). It should be noted, however, that the accuracy
of 7> obtained fronfy, data might be substantially de-
teriorated by inhomogeneity of the spin-lock field and
power losses after long RF irradiation (Guenneugues
etal., 1999).
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