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A number of factors at all stages of data processing which affect the accuracy of de-

termination of

relaxation parameters in

15N.1abeled proteins is discussed.

Methods which allow to improve accuracy of the determined parameters are pre-
sented using data obtained for Cucurbita maxima trypsin inhibitor.

Recently the relationship between the inter-
nal dynamics of macromolecules and their hi-
ological functions has been the subject of
much research [1, 2]. *C and/or !°N relax-
ation measurements provide unique experi-
mental data for characterization of intra-
molecular motions over a wide range of time
scale [3, 4]. Information about the dynamics
of a protein from the °N NMR relaxation
studies is typically based on the measure
ments of '°N longitudinal (T;) and transverse
(T3) relaxation times and the steady-state
heteronuclear 15N{]H} Overhauser enhance
ment (NOE) giving access to the mobility of

N-H vectors [5, 6]. Sufficiently good accuracy
of those relaxation parameters is crucial in
further steps of the analysis of molecular mo-
tions.

General rules for optimal design and pro-
cessing of relaxation measurements have
been worked out for one-dimensional pulse se-
quences [7-9] and they remain valid for multi-
dimensional NMR techniques as well. There
is, however, a number of factors at all stages
of processing of relaxation data for biological
molecules which should be especially carefully
taken into account due to their strong influ-
ence on accuracy of the relaxation parame-
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ters. Sufficiently fine spectral digitization, ef-
ficient baseline correction, and careful choice
of threshold and integration limits during pro-
cessing of NMR spectra are of special impor-
tance. Data reduction leading to the experi-
mental values of relaxation parameters also
requires some precaution. Separate Ty and/or
T9 measurements should be processed to-
gether with the use of a multiparameter non-
linear least-squares procedure [10]. Dynamic
NOE measurements [11] are preferred over
steady-state NOE ones as they allow to save to-
tal experimental time and to improve accu-
racy. The factors mentioned above have been
analyzed and their importance evaluated us-
ing Ty, T and NOE measurements performed
for a small protein, the Met8-Leu mutant of
squash trypsin inhibitor, CMTI-I (M8L), com-
posed of 29 amino-acid residues. Neverthe
less, it should be stressed that an ill-designed
and/or ill-performed experiment cannot be
saved by applying sophisticated processing
methods.

MATERIALS AND METHODS

NMR sample. 1°N-labeled CMTI-I (M8L) re-
combinant protein was obtained by expres-
sion of a synthetic gene in Escherichia coli as
described pl‘ﬂ\"iﬂuﬂl{ [12] and growing bacte-
ria on glucose and 5N ammonium sulfate as
the only source of nitrogen. The protein was
purified by reversed-phase HPLC. All experi-
ments were performed at 303 K on a 3 mM
15N-labeled protein sample in a solution con-
taining 100 mM NaCl (pH = 7.0) and 10% D30.
NMR spectra were acquired on a Varian
Unity+ 500 MHz spectrometer equipped with
a 5 mm tripleresonance gradient probe.

NMR experimenits. The gradient sensitiv-
ity enhanced HSQC pulse sequence [13] with
options for T}, Ty and Ty, measurements of
15N nuclei [14] was used to determine T;(*°N)
and To('°N) values. 1°N{*H} steady-state and
dynamic NOEs were measured with a pulse se-
quence included in Varian Vnmr 6.1 software.

Evolution time in two sets of Ty measure-
ments was set to the following values: 10, 30,
50, 90, 130, 210, 290, 410, 530, 650, 770, 890
ms and 10, 40, 60, 80, 100, 140, 180, 320, 440,
660 ms, respectively. For Ty measurements, a
Carr-Purcell-Meiboom-Gill pulse (CPMG
pulse) train with refocusing delay of 625 us
was used during the evolution delay. To values
were obtained from two experiments with evo-
lution times of 10, 30, 50, 90, 130, 190, 250 ms
and 10, 30, 50, 90, 130, 170, 230, 290 ms, re-
spectively. The delay between the 180°('H)
pulses used to suppress cross-correlation ef-
fects [15] was 5 and 10 ms for the T and Ty
measurements, respectively. In dynamic NOE
measurements 'H presaturation time was set
to: 0, 80, 200, 600 and 2100 ms. All spectra
were recorded with a spectral width of 1500
Hz in the F; dimension and of 6000 Hz in the
Fy dimension. 2048 and 256 complex data
points in time domain were collected in the
phase sensitive hypercomplex mode [16] with
16 scans (T and T5) or 24 scans (NOEs) per t;
increment. A recycling delay of 1.6 s (T; and
T5) and 3 s (steady-state and dynamic NOE)
was employed and 15N decoupling during ac-
quisition of data was performed using 3.2 kHz
GARP sequence [17]. All NMR data were pro-
cessed using NMRPipe software [18]. Spectra
were transformed by applying cosine squared
bell weighting function in both time dimen-
sions with 4Kx2K points in the Fp and F; di-
mensions, respectively. Analysis of two-di-
mensional spectra and cross-peak integration
was performed using the XEASY program
[19]. Relaxation parameters were determined
by fitting the cross-peak integrals as a func-
tion of evolution time to a single-exponential
decay.

RESULTS AND DISCUSSION

Baseline correction

The quantitative use of NMR spectroscopy
requires accurate peak integration. In turnm,
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the integrals are very sensitive to small
changes in the baseline of the spectrum. Base-
line corruption can arise from several sources
and it is inherent in many NMR experiments
[20]. On the other hand, the accuracy of relax-
ation data can be strongly deteriorated due to
improperly performed baseline correction.
Despite a certain arbitrariness, a baseline cor-
rection is usually carried out in the frequency
domain by fitting the baseline to a polynomial
which may then be subtracted. If a baseline
correction in two-dimensional spectra be
comes doubtful one can resort to partial pro-
jections of one-dimensional spectra obtained
as sums of all traces showing a given correla-
tion signal. Baseline correction and integra-
tion procedures in NMR application softwares
usually work more efficiently in the case of
one-dimensional spectra than of twodimen-
sional ones. This is demonstrated by standard
errors of Ty and Ty data obtained for six
amino-acid residues of the CMTI-I (M8L) pro-
tein (Fig. 1). These residues were chosen be-
cause they exhibited the lowest signal to noise
ratios and, thus, the highest relaxation time
inaccuracies within the whole set of data.
Inappropriate baseline correction procedure
resulted in decreased accuracy of data as com-
pared with that without baseline correction.
Use of partial projections, however, allowed to
improve data accuracy.

Choice of threshold

In multidimensional spectra, peaks below a
given level are routinely discarded in order to
avoid excessive noise. The cutoff limit called a
threshold is usually adjusted well above an av-
erage noise amplitude. Adjustment of the
threshold, similarly as a distorted baseline,
strongly influence the determined values of
relaxation times. In order to demonstrate this
influence, the Lorentzian signals (halfwidth
equal to 1 Hz) were calculated for six evolu-
tion times, t, in simulated T o experiments
and plotted within the range +5 Hz (Fig. 2a).
Integrals of those signals calculated for three
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Figure 1. Standard errors of T} and T; data ob-
tained for six amino acid residues of CMTI-I
(MBL) protein, displaying the lowest signal to
noise ratios.

Inappropriate baseline correction of two-dimensional
spectra resulted in a larger scatter of data and in-
creased standard error. On the other hand, calculation
of partial projections followed by baseline correction of
one-dimensional spectra improved the accuracy of cal-
culated parameters.

threshold positions were used as input data
for the calculations of relaxation times.

Shift of threshold brings about significant
changes of calculated relaxation times Tiq)c.
They differ from the value assumed in simula-
tions (T = 1 s) much more than one could ex-
pect from their standard deviations (Fig. 2b).
Intensity changes vs. evolution time are not
single-exponential any more and particular
deviations of data points from curves calcu-
lated by nonlinear least-squares procedure are
opposite for too high (A) and too low (C)
threshold adjustment (Fig. 2c).

Collective data processing

For longitudinal (T;) and transverse (T) re-
laxation times it can happen that measure-
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Figure 2. (a) Artificially generated Lorentzian sig-
nals with halfwidth of 1 Hz plotted within the
range of +5 Hz which mimic signal decay in a re-
laxation time experiment (assumed T = 1 s).

Hornzontal line B represents zero level, whereas lines
A and C correspond to the threshold adjusted at height
0.05- Iy above and below line B, respectively; I is a sig-
nal intensity at evolution time ¢ = 0.

(b) Relaxation times calculated from signals pre-
sented in Fig. 2{a) which were integrated relative
to three different zero levels.

Positive threshold (A) resulted in a decreased value of
relaxation time, T = 0.72 3 and negative threshold (C)
resulted in an increased value, T = 1.68 s,

{c¢) Deviations of individual integrals from the
best fits obtained for misadjusted threshold lev-
els.

ments will not be feasible in a single approach
owing to the necessity of extended measure-
ment time if high resolution in indirectly de-
tected dimension, sufficient number of evolu-
tion times and satisfactory signal to noise ra-
tio are expected. In such a case, improvement

in accuracy can be obtained by measuring a
given relaxation time several times. Then it is
far better to process collectively individual
data sets using appropriate weighting factors,
if necessary [10].

The relaxation times 7T determined for
CMTI-I (M8L) in two separate measurements
exhibited smaller errors when processed to-
gether as shown in Fig. 3. The first and second
measurement comprised 12 and 10 evolution
times, respectively.

Improvement of NOE data accuracy

Accurate values of heteronuclear Over-
hauser effect are indispensable to the analysis
of molecular motions in proteins. However,
unexpected NOE values were measured occa-
sionally in proteins [21-23] and no explana-
tion could be given for such observations.
Heteronuclear ’N{'H} Overhauser enhance-
ments can be measured either in a steady-
state or applying a progressive saturation (dy-
namic NOE). In the steady-state method NOE
is calculated from the intensity ratios in two
spectra measured either with or without Bl
saturation. Presaturation time or relaxation
delay, ¢, should be much longer than the lon-
gest Ty value in a molecule: t4> 5 - T or, pref-
erably, t3> 10 - Ty [24]. Such measurement is
usually repeated several times. On the other
hand, in the dynamic NOE a series of spectra
with increasing presaturation time of 'H nu-
clei is measured. NOE builds up with a time
constant equal to the relaxation time Tj. It
should be pointed out that the Ty values can be
determined in a separate, high accuracy ex-
periment. Therefore, dynamic NOE measure-
ments can be processed either using T data
derived from separate measurements or NOE
and T; raw data can be processed together.
For this very reason a dynamic NOE measure-
ment allows to determine NOE values more
precisely than a steady-state measurement in
a given experimental time.

NOEs for CMTI-I (M8L) were measured us-
ing both methods discussed (Fig. 4). Steady-
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Two independent measure-
ments were processed either
separately or collectively.
The latter processing al-
lowed to improve the acecu-
racy of data.

state results are averages of four separate measurement comprised five spectra ob-
measurements; total experimental time of tained at different 'H presaturation times; to-
eight 2D spectra was 111 h. The dynamic NOE  tal experimental time of five 2 D spectra was
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Two different experimental
methods were used. In the
dynamic method the NOEs
values were calculated from
five spectra obtained at dif-
ferent ‘H presaturation
times with T values derived
from a separate measure-
ment. The steady-state re-
sults were averages of four
separate measurements.
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70 h. Despite significantly shorter experimen-
tal time almost half of the NOE data calcu-
lated from the dynamic NOE experiment ex-
hibited better accuracy than those determined
by the steady-state method.
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