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Flat baselines are the basis for efficient and reliable analy-
sis of multidimensional NMR spectra, in particular for quan-
titative evaluation of NOESY spectra in solution structure
determinations of biological macromolecules (1). During
the past two decades, numerous baseline correction algo-
rithms have been developed (e.g., 2-9), but further im-
provements are still needed. In particular, strong solvent
resonances that have been incompletely suppressed during
acquisition constitute amajor source of baseline instabilities,
which often preclude a quantitative analysis of cross peaks
in the vicinity of the solvent signals. Furthermore, a fre-
guently used convolution method (10) for removal of resid-
ual solvent signals during data processing annihilates al
signals near the solvent, but without such pretreatment of
the data sets the available algorithms have only limited suc-
cess in handling baseline distortions caused by solvent sig-
nals. In the present Communication, we introduce a new,
automatic baseline-correction algorithm, IFLAT (“‘iterative
flattening’’ ), capable of correcting simultaneously baseline
distortions from strong solvent signals and from other
sources without bleaching signals close to the solvent signa
frequency.

The key feature of IFLAT is the use of a probabilistic
quantity for attributing given data points to a baseline region
of the spectrum. This replaces the strict distinction between
pure-baseline and signal data points used generally in earlier
approaches (2—8). IFLAT estimates for each data point the
probability that it belongs to a pure-baseline region. These
probabilities are then used to weigh the individual datapoints
in an approximate least-squaresfit to determine alinear com-
bination of base functions that best represents the baseline
distortion. After subtraction of this baseline function from
the spectrum, the process is repeated with updated probabili-
ties until convergence (2).

The conditional probability that a data point with intensity
y corresponds to a pure-baseline point is defined asp(b | y).
To evaluate this quantity, we assume that each data point
belongs to a positive signal, a negative signal, or a pure-
baseline region, with apriori probabilities p(s,), p(s.), and
p(b) =1 — p(s;) — p(s.), respectively. The additional
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conditional probabilitiesp(y | b), p(y | s;), and p(y | s.)
express the likelihood that a data point in a pure-baseline
region, a positive signal, or a negative signal, respectively,
has intensity y, and they are assumed to be given by normal
distributions,

p(y | b) =ﬁexp[—%<%> ]and

ply |59 = 5Wep| 2 (X)) 1

o isthe standard deviation for pure-baseline data points, and
the standard deviation for signal data points is assumed to
be g times larger. We used q = 10 throughout. O, (y) de-
notes the Heaviside function, which isequal to 1 for nonneg-
ative arguments and vanishes otherwise, and 6 _(y) = 1
— O, (y). Using these definitions and Bayes formula, the
conditional probability p(b | y) can then be calculated as

p(y | b)p(b)
p(y | b)p(b) +p(y |s:)p(s.) +p(y|s)p(s)

_ {1+gp<s+)e+<y) +p()0_(y)
q 1-p(s:)—p(s)
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In its practical implementation, IFLAT corrects each one-
dimensional cross section of a multidimensional spectrum
separately. For a given cross section consisting of n data
points with intensities y, o, . . . , Ya o taken from the original,
untreated spectrum (I = 0), the algorithm starts by setting
the parameterspy (s, ) and po(s_) to 0.05, and o, to asuitable
initial value (Fig. 1). The value of o, is obtained by sepa-
rately fitting each of the orthonormal base functionsfy, . . .,

p(bly)=
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For I = 0, set p(s,) = pys.) = 0.05 and estimate the starting
standard deviation of pure-baseline points, o;, according to

Eq. [3]
Y

Calculate for each data point i with intensity y;; the
.| probability p(bly;;) that it corresponds to a pure-baseline
point (Eq. [2])

Calculate the parameters py,1(s,), py1(s.) and oy, for the
next iteration according to Eqgs. [4] and [5]

Y

Calculate updated spectral intensities y;;,; by subtracting a
linear combination of base functions that describes the
baseline distortion of the current data (Eq. [7])

Significant
change of the baseline, i.e.,
1.05 Op1 <0y ?

FIG.1. Flow chart of the iterative baseline-correction algorithm IFLAT
(see aso the text). IFLAT is applied separately to each cross section of a
spectrum.

fn (see below) to the cross section; its value is then the sum
of the standard deviations of these fitted functions,

= 3 | (S ek

Using the conditional probabilities p(b | y) of Eq. [2] in
eachiteration,| =0, 1, 2, . . ., updated values of the parame-
ters p(s,), p(s.), and o are determined according to

[3]

Prea(S:) —% Z p(s- | yi)
PR CIED LRV
o=,/ P(b| Yi,I)Yiz,l/z p(b | yi)). [5]

i=1 i=1

The baseline distortion is represented by a linear combina-
tion of base functions, fy, . . ., f,,, and optimal valuesfor the
linear combination coefficientsay, . . . , a, are determined by
minimizing the linear least-squares expression
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x*(ag, ... am) =Y p(b|yi)(yiu— Y af(i))?. [6]
i=1 k=1
In practice, f;, ..., f, are obtained by orthonormalizing

a set of user-specified functions (examples are described
below). Since the mgjority of the n data pointsyy, .. ., Va,
usually belong to baseline regions, an efficient approximate
solution of the least-squares problem [6] can be obtained
based on the following: if the base functions are chosen to
be orthonormal with respect to the n-dimensional standard
scalar product, the orthogonality is to a good approximation
preserved after weighing of the data points with their proba-
bilities of belonging to a pure-baseline region. The updated
spectral intensities, y(”, are then obtained from the current
intensities, y;,, by recursion over al base functions f:

J 1 p(b | i) fe()yd

P =yl - 20}
B rapb |y
i=1..,n k=1 ..., m [7]

In Fig. 1, y{" = y;,,, and y© = vy,,. In order to obtain

correctly updated spectral intensities also in cases where
the above approximation is less well fulfilled, the recursive
scheme of Eq. [7] is repeated until the changes of the spec-
tral intensities are small compared to the estimated standard
deviation of pure-baseline points, o;.

One of the IFLAT applications in our laboratory is shown
inFigs. 2 and 3. Figure 2A shows a contour plot of aNOESY
spectrum of the Antp(C39S, W56S) homeodomain (C. Bar-
tels, D. Resendez-Perez, P. Guntert, D. Braun, W. J. Gehring,
and K. Wthrich, unpublished results) before baseline cor-
rection. Since the baseline distortions are most pronounced
in the direct dimension, the correction was first applied to
al cross sections along w,. The base function set consisted
of the trigonometric functions corresponding to the first four
complex time-domain data points and two functions describ-
ing contributions from the water signal to the baseline. These
were the absorptive and dispersive components of a signal
with half-width at half-height of one data point centered at
the solvent resonance frequency. After correction in the di-
rect dimension, only minor baseline distortions remained in
w1, Which were removed using as base functions the two
trigonometric functions corresponding to the first complex
time-domain data point. Figure 2B shows that a flat baseline
was thus obtained in the entire spectrum. Figure 3 shows in
more detail the ability of IFLAT to correct baseline distor-
tions arising from strong solvent signals. As an illustration,
we use the proton spin system of Thr 41 in the Antp(C39,
W56S) homeodomain, which consists of the amide proton,
C“H, CPH, and C"Hs. In the uncorrected spectrum (Figs.
3A and 3E), strong basdline distortions along w, are due to
the water signal and obliterate cross peaks close to the water
resonance frequency. For example, although the H” line can
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FIG. 2. Contour plots of a NOESY data st (11) of the Antp(C39S W56S)
homeodomain (2 mM solution of the protein in 95% H,O/5% D,O, pH 4.3, T
= 10°C, 'H frequency = 500 MHz, mixing time = 80 ms). The solvent was
suppressed using continuous-wave preirradiation during the relaxation delay and
the mixing period with a B, field of gpproximately 10 Hz (12). The time-
domain data set was recorded with 350 and 1024 complex data pointsint; and
t,, respectively. In t;, it was zerofilled to 1024 complex points and cosne
filtered, and, in t,, it was zero-filled to 2048 complex points and filtered with a
sine window shifted by 75° (13). The totd sweep width was thus 13.2 ppm in
wy and 18.2 ppm in w,, but border regions containing no peaks are not shown.
Positive and negative contour levels are plotted without distinction, and there is
afactor of two between successive levels. The arrowheads indicate the positions
a which the cross sections of Fig. 3 were taken. (A) Before basdline correction.
(B) Basdline corrected in both dimensons usng IFLAT implemented in the
program PROSA (7).

fortuitously be observed (but hardly integrated) in Fig. 3A,
the resonances of Thr 41 cannot be identified in the w, trace
of Fig. 3E, which runs parallel to the water line at a distance
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of 90 Hz. Using IFLAT, the distortions of the spectrum
could be removed without bleaching of the signals near to
the water line, and after the baseline correction the signals
of Thr 41 in the w, cross section of Fig. 3F can clearly be
identified.
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FIG. 3. Cross sections from the NOESY spectrum of Fig. 2 before
baseline correction (A, E), and after baseline correction in both dimensions
using IFLAT (B, F). For comparison (see text), traces obtained after
baseline correction with the program FLATT (6) (C, G), and after removal
of the residual water signal with the convolution method (10) followed by
baseline correction with FLATT (D, H) are aso shown. (A to D) Row
along w; at the chemical shift of C*H; of Thr 41 (w; = 1.22 ppm). (E to
H) Column at the chemical shift of H? of Thr 41 (w, = 4.72 ppm). The
chemical shifts of the four resonance lines of Thr 41 are indicated at the
top. In trace (H), the peaks identified by asterisks are artifacts resulting
from the application of the convolution routine (10).
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The principal motivation for developing IFLAT was the
limitations of the precursor program FLATT (6), in dealing
with distortions arising from solvent signals (Figs. 3C and
3G) (we choose FLATT to represent ‘‘ conventional’’ base-
line routines (2—8) in this respect). In practice, FLATT
was therefore always used in combination with a routine to
remove the solvent line during data processing, usually the
convolution method (10) . Although this combined treatment
results in a very nice baseline and virtually complete water
suppression (Figs. 3D and 3H), the signals close to the water
resonance line are reduced in intensity and some of them
are covered by artifacts (Figs. 3D and 3H).

To obtain an estimate for the width of the spectral region
covered by the residual water signal after baseline correction
with IFLAT, we analyzed cross peaks close to the water
resonance in NOESY spectra of the Antp(C39, W56S) ho-
meodomain, the killer toxin from Williopsis mrakii (unpub-
lished results), and the pheromone Er-22 from the ciliated
protozoan Euplotes raikovi (unpublished results). The
NOESY spectra were recorded in mixed solvents of 90%
H,0O/10% D,O on Bruker AMX 500, Bruker AMX 600, and
Varian Unity+ spectrometers, respectively, using preirradia-
tion for water suppression. In all cases, peaks at a distance
of 100 Hz or more from the water resonance (0.2 ppm at
500 MHz, 0.13 ppm at 750 MHz) were well resolved and
undistorted, and, in some cases, peaks as close to the water
resonance as 40 Hz could readily beidentified and integrated.

IFLAT has been implemented as a new command in the
program PROSA (7), which is available from the authors
upon regquest. The cpu times used for the baseline correction
are comparable to those needed for the more conventional
approach with the program FLATT (6, 7). For example, the

333

baseline correction shown in Fig. 2 used 59 s on an IBM
6000-590 workstation, and 1.8 s on a NEC SX3 supercom-
puter.
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