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1 Introduction
Transferred NOE experiments are being utilized to
determine the structure of small peptide ligands bound to
proteins of molecular weight up to 106 daltons (1-4). For
larger peptides, 2D phase-sensitive NOESY is the optimal
method for obtaining transferred NOE's between all the
protons in the free ligands (1-2). In case of further
spectral overlap, transferred NOE's between protons of
selected amino acid residues can be obtained by use of the
homonuclear TOCSY-editted 2D NOESY technique (5).
Ultimately, NOE's between all the spin systems may be
resolved by use of the 3D NOESY-TOCSY experiment
(6). The resolved NOE's can be input into a procedure for
the refinement of the dynamic structures of bound ligands
(7).
In practice, the interpretation of NOESY data is
complicated by the presence of the large solvent resonance
and baseplane problems, especially for samples with very
low concentration of the material under study. In addition,
magnetization transfers from the binding protein often
result in further spectral distortions. We have been
, developing methods to improve the quantitative accuracy
| o f transferred NOE's (7-9). In this paper, we summarize
|Procedures developed for the optimized acquisition and
ssing of multi-dimensional transferred NOE spectra
• that more accurate quantitative results can be obtained
i experimental data.

jlimination of Baseline Distortions in
volution Dimensions
evel of tj ridges in 2D phase-sensitive NOESY
~ can be minimized if the FID matrix is recorded
proportional phase incrementation (TPPI) with
lulation along n (10). Since the tj interferograms
zero at the zero time for a sine-modulated
to our implementation is to start the ex-

periment at the second FID with a compensated initial
delay of,

[1]
where IN = At/2 is the increment time between successive
FID's and x9o is the width of the 90° pulse. This
implementation of the sine modulated NOESY experiment
completely removes Fj baseline distortions (Figure 1A)
with no need for any further baseline correction along this
dimension (8). Furthermore, the resulting NOESY matrix
can be phased to absorption along the F i direction with a
Oth order phase of exactly 90° (in effect, a sine transform).
This eliminates possible baseline distortions associated
with phase correction after a real Fourier transformation
(11). The procedure of delay-compensated sine modulation
has also been applied successfully along the evolution
dimensions of both homonuclear and heteronuclear 3D
experiements (9,12).

3 Ridge Suppression Along Detection
Dimension
The cause for ridges (baseline offsets and curvatures) in the
detection dimension is more complicated than that for
ridges along the evolution dimensions. There is often
need for further correction in the frequency domain. Figure
2a shows the baseline points recognized based on the first
derivative (13) of a row slice of the NOESY spectrum in
Figure 1A. The regions with sharp peaks are filled with
interpolations (linear or polynomial) from adjacent
baseline points. It is seen that the recognized baseline
includes all the broad signals in the original spectrum.
One can then construct a smooth curve through the
available baseline points with some sort of curve fitting
(Figures 2b and 2c). We adopted a simple and fast method
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Figure 1: Enhanced processing of 2D transferred NOE spectra. The FID matrix was acquired using sine-modulation along the
ti direction. All spectra were processed by use of cosine-square windows in both directions and were plotted with the same
parameters except that post-acquisition water suppression (8) was applied in (A)-(D); linear-prediction baseline correction was
applied in (B); polynomial baseline correction was applied in (C); and baseline Fourier filtering was applied in (D).
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Figure 2: Baseline fitting from incomplete data, (a) baseline points from one row of Figure 1 A. The missing points were
filled with linear interpolations, (b) one possible baseline reconstructed by Fourier smoothing, (c) an approximate baseline
calculated by a fit to a polynomial of fifth degree.
for data smoothing based on Fourier filtering (8). Figure
2b is the result of a 30-point Fourier smoothing of
Figure 2a. Figure ID shows the NOESY spectrum
(Figure 1A) after subtraction of the Fourier-filterred
baseline points along the F2 direction. In comparison to
-••• other methods (Figures IB and 1C), there is a dramatic
... improvement in the clarity of the spectrum with complete
^
elimination of broad signals from the original spectrum.

Optimized Spectral Processing
frequency domain spectrum is usually generated via a
i Fourier transform of the interferogram if the data are
"pled using the TPPI procedure (14). The computed
"jtrum contains both real and imaginary parts which are
|;cosine or sine transforms of the original real data,
ctively. Theoretically, an absorption spectrum is
ly the cosine transform of a cosine modulated FID or
i;ne transform of a sine modulated FID (10). In
however, both the real and imaginary parts have
Iculated so that they can be suitably combined
»g) to correct for possible phase distortions. For
|«mensional NMR experiments, the evolution
not
~ns can usually be sampled using the procedure of
[jpensated sine (or cosine) modulation (see section

2) to obtain well-phased interferograms (8,9,15). Thus,
the processing procedure can be greatly simplified if only
the sine or the cosine transform of the data is retained. We
thus implemented the procedures for fast sine (or cosine)
transformation (16). Compared to a real Fourier
transform, there is in principle a factor of two increase in
computational efficiency (16).
To minimize truncation artifacts, special attention
must be paid to the selection of window functions and/or
to data extension by use of linear prediction. Attenuation
of truncation is usually accompanied by broadening of
spectral peaks (14). Linear prediction data extension, on
the other hand, tends to increase the noise level of the
spectrum as a result of errors accumulated with predicted
data points (17, 18). We found that linear prediction
followed by data windowing usually gives a good compromise between spectral resolution and noise suppression
(9). In this case, truncation is removed by linear
prediction while linear prediction errors are attenuated by
window functions (18). In multi-dimensional NMR,
linear prediction should be used only with the last spectral
dimension after Fourier transformations along all other
directions. Otherwise, linear prediction parameters must
be carefully optimized to minimize error accumulation in
the intermediate stages of multi-dimensional Fourier
transformation.
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5 Sensitivity Enhanced 3D NOESYTOCSY
In the usual pulse sequence for 3D NOESY-TOCSY,
spin-locked coherence transfers are achieved by use of the
trimmed MLEV-17 sequence (Figure 3A). We replaced
the MLEV-17 sequence by a z-filtered WALTZ-16 pulse
sequence (Figure 3B) to obtain sensitivity enhancement.
This method involves post-acquisition combinations of
the FIDs acquired from sub-groups of the full phase cycle
utilized for the pulse sequence (9). The two detected FIDs

MLEV-17

B
WALTZ-16 ($,,
acq(t3)

Figure 3: Pulse sequences for 3D NOESY-TOCSY. (A).
The original 3D sequence incorporates a MLEV-17 pulse
sandwiched by two short cw spin-lock pulses (trimmed
MLEV-17). (B). The new 3D NOESY-TOCSY features
a z-filtered WALTZ-16 sequence for spin-locking. The rf
phases are cycled as 4>i=x, -x, y, -y; <{>2=-x, -x, -y -y;
fa=-x, -x, -y, -y; <j>4=x, x, y, y; <5>sl=y, y, -x, -x; <j>5=x, x,
y, y; acq=x, -x, y, -y. For the same values of l\ and t2,
<j>5 is incremented by 180 degrees and another FID is
acquired and stored in a different memory location. These
seperated FIDs can be suitably combined to obtain a
sensitivity-enhanced 3D NOESY-TOCSY spectrum
(Figure 4).
are stored in separate memory blocks for subsequent
processing. Adequate combinations of these FIDs would
restore the two orthogonal components, Ii y and l[x. If
both the Iiy and 1^ FIDs are processed to yield absorptive
spectra, they can be combined to produce a spectra with
peaks doubled in size compared to each individual
spectrum. The key to sensitivity enhancement lies in the
fact that noise components in the two spectra are
statistically independent and the post-processing combinations are then equivalent to signal averaging, reducing
noise in the process (19).

With the sensitivity-enhanced NOESY-TOCSY, we
utilized delay-compensated sine modulation along both ti
and t2 to eliminate baseline distortions. Baseline
adjustments along F3 were achieved in the frequency
domain by use of Fourier baseline reconstruction (8). An
absorptive spectrum can be obtained from Ij y if a sine
transform is applied along both tj and t2- With the Ii x
components, an absorptive spectrum can be obtained only
if a sine transform is used along t\ and a cosine transform
used along t2. However, the points of the 1^ matrix for t2
= 0 can not be sampled due to the finite widths of the 90
degree pulses. Therefore, the missing first point was
estimated via a linear prediction algorithm (17).
Alternatively, the first data point can be left as zero during
cosine transformation. Baseline offsets as a result can be
corrected afterwards in the frequency domain.
Sensitivity-enhanced NOESY-TOCSY was applied to
an anticoagulant peptide (2). The concentration of the
peptide was 6 mM and the thrombin concentration was 0.5
mM in an aqueous solvent of 90% H 2 O and 10% D2O at
pH 5.5. The experiment composed of four scans for each
of the two FIDs with each pair of fixed values for ti and
t2- The data were acquired on a Briiker AMX-500 MHz
NMR spectrometer and the 3D FID matrix (I( y or 1^ components) was of the sizes 512(t3) x 160(ti) x 62(t2).
Residual solvent signals were suppressed by linear
prediction time-domain convolution (8). The data along ti
was extended to 200 and along t2 to 80 by linear prediction
(17). Kaiser windows were used in all dimensions to
reduce the effects of error propagation in linear prediction.
Frequency-domain baseline adjustments were applied only
along the F3 spectral dimension. The final sizes of the
spectra were 512(F3) x 256(Fj) x 128(F 2 ). Figure 4A is
the F1-F2 plane sliced through the frequency of one of the
well-resolved 6CH2 protons of Pro along the F3
dimension of the Ii y 3D spectral matrix. The corresponding Ii X spectrum (Figure 4B) also contains similar
information but with somewhat reduced intensities for
some of the crosspeaks. This is probably due to the fact
that the 1^ components travel through different transfer
pathways and are much more sensitive to prolonged delays
and/or phase offsets both before and after the WALTZ-16
spin-lock pulse. Nonetheless, combination of the two
spectra still produced a sensitivity-enhanced spectrum
(Figure 4C). This is evident if one compares the NOE
crosspeaks between the aCH and PCH protons of ProfiO
and the NH proton of Glufi! (60A/61N and 60B/61N of
Figure 4) and if one inspects the selected slices (Figure 5)
through the sensitivity-enhanced spectrum compared to the.,
original spectrum.
|
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Figure 4. 3D transferred NOES Y-TOCSY spectra of an anticoagulant peptide, D S S - F - E - E - I - P - E - E - Y - L - Q G S. (A) the
plane was extracted from the conventional 3D NOESY-TOCSY I i y spectrum. Only positive levels above 0.008
are plotted. (B) the same plane as in (4A), but extracted
from the 1^ spectrum. Only negative levels below -0.008
are plotted. (C) the same plane as in (4A) and (4B), but
and the Ij y comfrom the combined spectra of both the
ponents. The contour levels are above 0.012.
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6 Summary
We have optimized procedures for both acquisition and
processing of homonuclear 2D and 3D spectra in aqueous
solutions. These include a new 3D NOESY-TOCSY
pulse sequence that can be used with sine modulation to
simplify spectral processing and to improve spectral
baselines. It is also demostrated that orthogonal
components of the spin-locked magnetizations can be
suitably combined during processing to achieve sensitivity
enhancements for 3D NOESY-TOCSY. These improved
schemes are not limited to transferred NOE experiments.
They should be of general applicability for resonance
assignments and structure determination of dilute proteins.
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