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Abstract: A target-oriented approach for the acquisition of information in biomolecular NMR spectroscopy
is being developed. This approach combines concurrent data accumulation, processing, and monitoring of
spectral quality. Real-time estimation of parameters allows acquisition to be stopped when results are
complete and have a specified precision. The technique is based on multidimensional decomposition, which
can process incomplete data. An incremental nonuniform sampling scheme ensures the optimization of
resolution sensitivity. To validate this method, 3D HNCO spectra of three biomolecular systems (8 kDa
ubiquitin, 22 kDa barstar—barnase complex, and 82 kDa malate synthase G) are processed incrementally
at small acquisition time steps. The range of molecular sizes illustrates applicability in both sample- and
sensitivity-limited regimes. In each case, the target was to acquire all backbone resonances in the spectra.
For the three systems, the targets are achieved after 4.5 min, 1.6 h, and 22 h of acquisition time, respectively.
A number of other targets that can be similarly monitored as a function of time are discussed.

Introduction A promising solution in both cases is given by an incremental

acquisition and concurrent data analysis. So far, this approach

are focused on obtaining relevant spectroscopic information hgs bgen demonstrited onIy.|.n the con.te>'<t of reduced dimen-
while eliminating noise and artifacts. This is the common aim of sionality techniqueld-#for acquiring an optimized set of spectral

pulse sequence and hardware development as well as multi_projectipns fpr §ignal identification. An alternative to reduped
nuclear isotope labelingHowever, the precision of each signal dimensionality is a scheme often referred to as nonuniform
and the completeness of results are rarely addressed on a method§@MPpling in the time domattf. This scheme does not limit
logical level. The focus of this work is to develop techniques Measurements to projections and gives greater flexibility in
for monitoring the quality and content of acquired information OPtimizing spectral sensitivity and resolution. Nonuniform
concurrently with data collection. First, such integration should Sampling, however, requires special processing methods, e.g.,
provide a lock-on-target, i.e., to continuously control progress nonuniform Fourier transforrf;'> maximum entropy? or
toward the acquisition of signals of interest. Subsequently, it Mmultidimensional decomposition (MDD)}**’ the latter is
becomes a time optimization tool for obtaining complete and applied in this study. Notably, these processing techniques deal
precise data. This approach is illustrated on three protein systemgvith data sampled in arbitrary (nonuniform) fashion and, as such,
of increasing size and complexity: 8 kDa ubiquitin, 22 kDa are also applicable for reconstructing spectra from the reduced
barstar-barnase complex, and 82 kDa malate synthase G.  dimensionality data. Recently, a method related to MDD was
A precise judgment of the experiment’s time allocation and applied to the projection data and could be considered for
selection of acquisition parameters can only be done from the incremental acquisition in the frequency dom&in.
spectra themselves. In conventional approaches, a whole
spectrum must be recorded before processing, quality validation, (7) Kim, S.; Szyperski, TJ. Am. Chem. So@003 125, 1385-1393.
and analysis. This often results in recording either insufficient (® Fdman. L Lupulescu, A.; Scherf, J. Am. Chem. S02003 125 9204-
or highly redundant data. The problems are well known and (9) Orekhov, V. Y.; Ibraghimov, I.; Billeter, MJ. Biomol. NMR2003 27,
are sometimes referred to as “sensitivity-limited” and “sampling- (10, ﬁ;deémam, V. A Taylor, H. S.; Shaka, A.1J.Magn. Reson1998
limited” regimes. The former may be alleviated, for example, 11) 153%155?1?15' R Bahrami. A Tonelli M. Hallenaa. K- Markley. 3. L
by increasing measurement time; the latter has recently receiveo‘ J_gAm_ Chem. S0Q005 127 12528-12536. 98 B Yol b
a lot of attention and is addressed by several “fast” approdcHes.
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Table 1. Spectral Parameters of the 3D HNCO Experiments INUS schedule from a prerecorded complete reference data set for each
barstar— malate system. The R-MDD procedufre(eqs 13, below) was implemented
bamase synthase in a home-built softwaremddNMR This software is available from

ubiquitin? complexa Gb the authors.
Samples Theoretical Basis
sample conc (mM) 1.7 1.2 0.5
MW (kDa) 8 22 82 The MDD Model. The multidimensional decomposition
Spectra (MDD) model assumes that all essential features of an
fEfef?‘fsce in thf te);t fb'l Ug'z EBCZ 5‘204 éV'SG M-dimensional matrix can be described as the sum of a small
Nno. or transients, n _di .
interscan delay, D1 (s) 07 12 075 075 15 number of tensqr produpts of one dimensional vectors. MD[?
spectral width (Hz) has been used in a variety of fields as a tool for data analysis
F3(H) 12 500 12 500 9565 and signal processing since the early 1970s under various names,
F1(<C) 2000 2350 1506 such as parallel factor analysis, canonical decomposition, and
F2(5N) 2000 2800 1700 " )

time domain size (points) three-way decompositiol.When applied to NMR spectra, the
F3(H) 1024 1250 613 MDD can be formulated as follows. Given a mat8xvith sizes
Fl(fC) 32 64 28 N, of its M dimensionsih= 1, ...,M) and elementSn2...nw

digiiflr«’a\ls)olutiorf oH ¢ 6N?E§pm) 64 54 the algorithm finds scalar numbefa and normalized vectors
F3(H) T 0015 0.0125 0.026 BEM with elements’F™(ny) (Nm = 1, ..., N, such that the
F1(3C) 0.310 0.183 0.357 following norm becomes minim&P
F2(5N) 0.771 0.540 0.519

frequency domain size (points) B Bl o B2 Br=My12 B2
F3@H) 240 292 153 IG-[S— ;( a’F ®"F .. F)|I"+ i;( a)” (1)
F1(3C) 64 128 64
F2(5N) 64 128 128

H spectrometer 800 800 600 Here, the symbol®” denotes the tensor product operation and

. ”f’eq“ency ('V”'t'z) Lo 20 84 168 220 the matrix S corresponds to an experimentd-dimensional

. t?niaa;remen ' ' ' ' ' NMR spectrum in time and/or frequency domain representation.

In the case of sparse (nonuniform) sampling, only a fraction of

aFor ubiquitin and barnasebarstar complex, two spectra were recorded the elements i8 is measured, and the matfs which contains
(with twice the number of transients). Only parameters that differ between elementyn ..o € {0,1}, indicates the absence or presence
the two are presented in the second columns; peak identification was ~onLne,...n o . .
performed usingH—15N assignments? *H, 13C, 15N assignment from the  Of @ particular data point. Accordingly, the symbel describes
BMRB entry 5471 was used for peak identification. Out of 653 BMRB the element-wise multiplication of matrices. The last term
assignments, 638 peaks were found in the full spectrum and used as target%‘epresents Tikhonov regularization with the paramétevhich
¢ The digital resolution is defined as the inverse of the acquisition time. . .

can be used to improve the convergence of the MDD algorithm.

The summation indeg runs over the number of components
used for decomposition. The range of this index depends on
the type of spectrum. For example, for the 3D HNCO spectrum
it is roughly equal to the number of protein backbone amide
groups.

The original MDD method assumes no restriction on a
particular form of the signal line-shape vectdizs™ In all

In this work, we introduce a method of targeted acquisition
(TA) that involves concurrent data accumulation using incre-
mental nonuniform sampling (INUS), data processing using
MDD, and monitoring of spectral quality. A choice of quality
scores and a set of signals for monitoring constitute user-defined
targets, which depend on the type of experiment and a priori
knowledge about the system under study. For example, in this : . - R
work, TA aims for an optimal measurement time allocation to practical cases_, _the theory pr(_edlcts the NMR time domam signal
detect the backbone signals and is used to monitor the precisiorFlS a superposmoq of a relatively small numbgr of sine waves
of signal positions and intensities. The corresponding scoreshat can be amplitude-modulated by relaxation or by other
are defined for a set of a priori determined lists of signals with 'actors. This autoregressive property can be incorporated into
known assignments. the MDD moo_lel%7 The model _defm(_es a family of possible line

shapes and includes decaying sine waves as a subclass. In
Experimental Section particular, each of the time domain shapg# of lengthNy, is

represented as a productk, vectors of lengthdy, so thatN
Table 1 shows details of the NMR experiments performed. The _de ) P Ko gfftm "
= (dm)Km:

proteins were'*C'>N-labeled (except for barstar): ubiquitin (Ubi),
barstar-barnase complex (BBc), and malate synthase G (MSG), with
the last also fully deuterated. NMR experiments were performed at 25

°C on Varian spectrometers with Larmor frequencies of 800 MHz (Ubi . . ) L
and BBc spectra) and 600 MHz (MSG), equipped with a room- This equation defines a second decomposition to the shapes

temperature pulsed-field gradient triple-resonance probe. The spectrumbtained in the first decomposition (eq 1). The second MDD
of MSG was measured in the group of Professor L. Kay (Toronto decomposition reduces the number of unknowns in the least-
University). For Ubi and BBc, 3D HNCO spectra were recorded using squares minimization of eq 1. After replacing vecttis' for
gradient sensitivity-enhanced pulse sequence from the BioPack libraryall 5 in eq 1 by the right-hand side of eq BJ-dimensional
(Varian Inc.); for MSG, a TROSY version of the experiment from the  decomposition becomes am (— 1 + K.)-dimensional one.
Toronto NMR library was used.

In this work, the INUS schedule described below was implemented (19) KFUSkali JMBitRankadfcomp?Si'ﬁ%]' and gniqéjelness fOSr 3-I\évt?y a'r\1|d ’t\lh-Wély
. . . . arrays. InMultiwvay data analysisCoppi, R., Bolasco, S., Eds.; North-
off-line, i.e., quartets of 1D FIDs representing hypercomplex data points Holland Elsevier Science Pub.- Amsterdam/New York, 1989,

in the two indirect dimensions were extracted in accordance with an (20) Ibraghimov, I.Num. Linear Algebra AppR002 9, 551-565.

PEM =A@ A2 @ AVK 2)
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Figure 1. Targeted acquisition procedure. Actual data from several

consecutive TA steps (columns) for Ubil exemplify a direct connection
between the amount of sampled data (indicated as percentages in the upp
panels) and the fraction of detected target peaks in the MDD reconstructions

€,

following procedure to generate the INUS schedules. First, a
pair of integer indices is randomly selected that corresponds to
the acquisition timest{,t;). The pair is then added to the
sampling schedule table if the corresponding value of the
probability distributionP(t,t2) is larger than another randomly
generated number ranging between 0 and 1; otherwise, the index
pair is discarded. This process is repeated until the sampling
table contains the requested number of data points for each step.
In this work, we used an additional optional condition in which
the points are not repeated. This condition ensures that at the
last INUS step the sampling table corresponds to a re-ordered
but complete reference data set without repetitions. For all
épectra we had 128 steps, and the numbers of points generated

(indicated as percentages and elapsed measurement times in the bottorfOr €ach step were 8, 32, and 12 for Ubil,2, BBc2,4, and MSG,

panels). The INUS schedule, i.e., pairs of time domain increments in the
13C' 15N dimensions acquired at each TA step, are shown as dots in the
upper panels. The rightmost column is given for comparison and represents
a conventional reference spectrum.

Subsequently, the vectdF™, with Ny, unknown elements, is
defined by a much smaller number of parametéisogqy(Nm).
Although input spectrun® may have a significant fraction
of missing data, the output shap#s™ are complete, and the
complete spectrum reconstructi®i can be calculated:

= Z(ﬂaﬂFl®ﬁF2...®ﬂFM) €)

The overall procedure can be understood as filling gaps in
the original matrixS using an interpolation model. The complete
spectrum is further processed as usual with Fourier transform,
linear prediction, etc.

Algorithm for the Generation of the INUS Schedule.
Figure 1 (top panels) illustrates the idea of the INUS schedule.
At each step, a small fraction of data points from a putative
complete uniform sampling schedule is randomly selected and
measured. To enhance the sensitivity of the experiment, the
sampling schedule is matched to the decay of spin coheréhces.
Occasionally, owing to random selection, the measurement of

some data points may be repeated. Thus, the INUS schedulé®

can contain any number of points, which naturally allows for
the reduction or extension of time allocation for multidimen-
sional experiments, depending on spectra sensitivity.

The schedule matches a two-dimensional probability density
function for the indirect evolution dimensions. The function is
defined on a two-dimensional griti ;) determined by spectral
widths and maximal acquisition timeg ( ,t>..) in the dimen-
sions. The distribution is obtained as a product of the two
envelopesP(ty,tz) = P1(t))-P2(t). The envelope functiorB1(t;)
and P2(t;) are devised to match the signal coherences in the
indirect dimensions for a particular system and experiment.
Because &@°N chemical shift evolves in all our experiments
during a constant delay, the envelope in this dimension is a
constant functionP2(t;) = 1. The envelope of the signals in
the 13C’ dimension,P1(t;) = exp(-ti/T), is the exponential
decay with transverse relaxation tinfg, which is an input
parameter for the procedure and should be roughly estimated
for each protein system (Table 1). However, unless @
acquisition time exceeds,, the results are insensitive to this
parameter. For a given probability distribution, we use the

(21) Barna, J. C. J.; Laue, E. D.; Mayger, M. R.; Skilling, J.; Worrall, S. J. P.
J. Magn. Reson1987, 73, 69—77.

respectively. Thus, an INUS schedule is a table of evolution
delays {1,to) spanning maximal acquisition times and spectral
widths in the indirect dimensions and grouped sequentially into
a certain number of steps. The algorithm is implemented as a
stand-alone program and is available from the authors. Itis also
included in a standard BioPack package (Varian Inc.), which
has a corresponding interface that allows setting up an INUS
schedule for any multidimensional experiment.

Procedure for Targeted Acquisition with INUS. The
targeted acquisition procedure is illustrated in Figure 1. At each
step, an incrementally increasing data set is processed using
the MDD algorithm to obtain the reconstructed spectrum. The
data set is then evaluated in the frequency domain to monitor
completeness and quality of signal content. The general
procedure is described below, along with additional/alternative
procedures that were performed in this work for method
validation and comparison with the reference spectra.

1. Define targets, e.g., number of anticipated signals and
scores for monitoring their quality. To define the target on num-
ber of signals, count the peaks in a 2D heteronuclear single
guantum coherence (HSQC) or 2D projection spectrum, or esti-
mate the number of signals from a protein amino acid sequence.
In general, targets are determined by a problem in consideration
nd depend on available routines for evaluating regular multi-
dimensional spectra, e.g., peak-pickers. Targets can use available
a priori knowledge about a protein system, e.g., known peak
positions in some of the dimensions. They can be defined for
selected signal subsets and can be based on various quality
scores and peak parameters. The precision of parameters of indi-
vidual signals, e.g., peak positions and intensities, can be ob-
tained using the Jackknife procedéfeyhich basically compares
results obtained with partially different input data. In this work,
we monitored the differences in values of the signal parameters
obtained on consecutive TA steps. Also in this study, the MDD
reconstructions were evaluated by comparison with the conven-
tionally obtained reference spectrum. We monitored the fol-
lowing parameters: total number of peaks in the raw peak list
provided by the automatic peak-picker, number of peaks from
the target list containing all assigned backbone signals, number
of false peaks, accuracies of the peak intensities and positions
in the 13C' dimension, and precision of tHéC' frequencies.

2. Prepare a table with thacrementallNUS schedule (see
above), a list of pairs of indices in the indirect dimensions
grouped sequentially into a number of steps (128 in this work).

(22) Efron, B.The jackknife, the bootstrap, and other resampling pl&tiety
for Industrial and Applied Mathematics: Philadelphia, PA, 1982:vB2
pp.

J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006 13423



ARTICLES Jaravine and Orekhov

The following procedure is performed for each TA step: 100 [ A — —
3. A new portion of the data comes from a spectrometer that
is running an experiment without interruption in accordance with R
the INUS schedule. In this work, the INUS schedule was
implemented off-line; i.e., data were extracted from complete

@
e
} ) 8 50
uniformly sampled reference spectra rather than actually being o
2
=

MSG

measured. b=

4. The time domain of the directly detected dimensiighi¢ o=—e Ubi2
converted into thenmrPip&?® format and processed in the 0 CLll
conventional way, i.e., Fourier-transformed using & 8Qifted 1E B
squared sine-bell window function and zero-filling to 2K points. g;' =

5. To organize fast parallel calculations, the spectrum is split ‘5: 01 i
into ~20 overlapped segments in the directly detecte®l 5 E
dimension (e.g., amide range 6:0%.7 ppm for Ubi). The -7 C -
segment data are converted into the format required for the 2 0.01k L\ ‘\
MDD software. To account for possible incomplete reconstruc- =

tion of signals on the segment bordersdig), only the central 0.001 )
28-point parts (of 32) were merged to obtain the whole spectrum =" 4
reconstruction, while the overlapping four-point margins were c
discarded.

6. The number of components is determined for each spectral ;2 /-\.’
segment by counting the approximate number of peaks in the _.. 0.1 h\r
2D H—15N projections. To account for the presence of possible < ———

minor peaks and some large noise features or spectral artifacts
the number was increased by 30%. Unless the number of

T T TrrmT

components is too small, the results are rather insensitive to 0.01E L I B BLRALL e o e a .
this parameter. If estimates for individual segments are not 0.01 0.1 1 10
available, a maximal value can be used as a default, e.g., one- Tacq , hours

quarter of the total number of expected peaks in the spectrum. fjgre 2. Evaluation of the spectral content and quality of the HNCO

7. The minimization of eq 1 is performed to obtain shapes spectra for the 128 INUS steps: (A) percentage of detected backbone peaks;
AVi and amplitudesa for all componentss. Segment minimiza- (B) mean accuracies of the chemical shiftsrCunits of digital resolution;
tion i f d ind dent calculati hich naturall (C) accuracies of the peak intensities, normalized to the median peak
Ion Is per ormg a_ls Independent calculations, which naturally amplitude. Color code: light green, Ubil; green, Ubi2; light blue, BBc2;
allows parallelization. To speed up the convergence of the plue, BBc4: and red, MSG.

algorithm, a solution from the previous TA step is used as an . . .
gor Ui previou pis U list detected at each TA step. The target lists for Ubi, BBc, and

initial approximation, except for the first step, in which random . ; .

numbers are used instead. Convergence of the minimization!vISG contain 70, 10l,land 638 signals, respectllvely, as shown
T . . . in Table 2. All these signals correspond to assigned backbone

routine is established by extending the computation for an

additional period with no further decrease in the residual. amide peaks found in the reference spectra. For peak identifica-

_ i i ipe3
8. The shape¥' (eq 2) are calculated. These are time domain tion, the same automatic procedure frmmmrﬁpe? was used
) ) in both the reference and MDD reconstructions. This was done
(t1,t2) and frequency domainui) profiles.

9. The reconstructed spectrum is calculated from the shape for consistent and reproducible comparison: .The lists of peaks
and. amplitudes for each segment using eq 3. The segments af’for the reference spectra were manually verified. Raw 3D peak
. . o fists were matched with the target list. The sizes of the raw
merged into a regular 3D data set (in tharPipeformat), and peak lists exceeded the target number byl8% because of
then the time domain signal i andt, is multiplied with a

. . . ) . signals from the side chains and unassigned minors. However,
squared cosine-bell window function, zero-filled to double size, . . "
: the lists contained no false peaks except for a few verified peak-
and Fourier-transformed.

. . . . picker failures. The curves in Figure 2A are the sigmoid
10. The peak-picking routinpkFFindROlirom the nmrPipe . functions of acquisition time. Initially, a few strong peaks

package is u_sed on the recon_structed 3D spectrum to (_)pta'nappear, followed by detection of the bulk of peaks with average
theraw peak list and count the signals. The exact peak positions

in th K lists were refined maximum in thr int intensity, and trailed by a few weak peaks. For ubiquitin, the
interSoIF;?iac‘)n sis were refined as a maximu ee-po large sensitivity allows the detection of all HNCO backbone

L correlations with only one scan in 4.5 min. It takes 3 times
11. Target Scores are calculat_eq and the decision is maCIeIonger for the spectrum with double the number of scans and a
whether the experiment can be finished. 50% longer interscan delay. This situation is a clear sample-
Results and Discussion limiting regime. In other words, the same number of data points
. . . ... is required regardless of sensitivity. For BBc, the situation is
Figure 2 .presents. the results of the incremental acquisition sample-limited for the majority of peaks and sensitivity-limited
as a functlgn of tlmg. Cgmpleteness (,Jf the reconstructed ¢, 5 fe\y of the weakest signals. The latter group determines
spectrum (Figure 2A) is defined as a fraction of the target peak ye 114 fime (about 2 h) required to obtain all target correlations
(23) Delaglio, F.; Grzesiek, S Vuister, G. W.; zhu, G.; Pleffer, J.; Baa, 11 0Ot BBC spectra. The MSG curve exemplifies the sensitivity-
Biomol. NMR1995 6, 277—293. limited regime. Parts B and C of Figure 2 illustrate a gradual

13424 J. AM. CHEM. SOC. = VOL. 128, NO. 41, 2006
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Table 2. Results of the MDD Calculations for Five 3D HNCO Spectra

Ubil Ubi2 BBC2 BBc4 MSG
INUS
sampling bias id3C’, T, (ms) 50 30 25
MDD Calculations

average CPU tinfdfor ~20 regions 0.0026 0.0064 0.0511

(min, max) per one TA step (h) (0.0006, 0.0070) (0.0018, 0.0135) (0.0017,0.1242)
the same, relative to the experimental  0.327 0.112 0.097 0.050 0.297

time, per step (0.083, 0.900) (0.028, 0.294) (0.028, 0.206) (0.014, 0.101) (0.010, 0.723)

Peak Number Targets

target no. of peak&Npeaks 70 (72) 101 (106) 638 (699)
reference, raviNpeaks 70 70 108 114 733
target 50%

stepy 5 5 5 4 39

Npeaks raw/target/falsé 49/48/® 57/56/F 49/47/1 48/48/0 338/316/0

timed (h) (% total time) 0.04 (3.9%) 0.12 (3.9%) 0.33 (3.9%) 0.53 (3.1%) 6.70 (30.5%)
target 95%

stepy 9 8 13 8 85

Npeaks raw/target/falsé 68/68/0 68/68/0 97/9511 100/99/0 639/606/0

time? (h) (% total time) 0.07 (7.0%) 0.19 (6.2%) 0.85 (10.2%) 1.05 (6.2%) 14.61 (66.4%)
target 100%

stefy 11 9 30 12 128

Npeaks raw/target/falsé 70/70/0 70/70/0 103/101/0 104/101/0 732/638/0

timed (h) (% total time) 0.09 (8.6%) 0.21 (7.0%) 1.97 (23.4%) 1.58 (9.4%) 22.0 (100%)
S/Niun spectrum(S/Nsoog) 333 (62) 610 (107) 85 (17) 126 (23) 24 (15)

aThe computation times are those required on a single-processor iMac PowerPC G5 1.8 GHz. Calculations for MSG were performed on the HPC Linux
cluster (ww.nsc.liu.se) with Intel Xeon processors (2.2 GHz), where each of the segments was given a separate processor. The times for MSG are scaled b
a factor of 0.812 to closely correspond to the iMac performahd&imber of amide signals corresponding to published assignments2* BBic, BMRB
entry 7126; and MSG, BMRB entry 5471. The figures in parentheses give the total number of backbone amide HN groups in the amino aciti&teguence.
number (of 128 total) when 50% (95% and 100%) of the peaks from the target peak list is obtdiaed. is the number of all peaks detected by an
automated peak-picker, “target” is the number of raw peaks which have a backbone assignment, and “false” is the number of peaks not found in the
corresponding reference (within tolerances of digital resolution). The raw peaks can include several attenuated side-chain peaks (eks ftirB8g2a
or BBc4).2 The peak is a fault of the peak-picker: it is a part of thaoise tail of the correct signal in several early reconstruction steps; it did not appear
in subsequent steps with more input data (i.e., above 5% datag peak is a fault of the peak-picker: it was centered directly on the border of the C
region, which caused flickering of the peak position between the upper and lower borders of the speleteasurement time required to record data used
for the TA step presented. The number in parentheses is the time relative to the complete expeBigaat:to-noise ratio (S/N) in the full reference
spectrum for a peak with median intensity. In parentheses are the S/N values extrapolated from the reference using square-root dependenogeah measure
time corresponding to a 50% target on the number of peaks.

improvement in accuracy of the positions and intensities of the

detected peaks. After about 90% of the peaks are acquired, the 1 _g;éiig

accuracies of the chemical shifts and the peak intensities level —ai%

off below digital resolution and fraction of a percent, respec- =10%.
0.1

tively. &
The use of the reference spectrum and a well-defined target_E

set of signals allowed us to validate the subject method by g

demonstrating the gradual improvement in completeness and® 0.01

accuracy of the signals of interest. In practical applications, a e

target peak list can be a set of peaks picked in a 2D correlation

spectrum that is recorded and analyzed in a few minutes before 0.001

setting up a series of multidimensional experiments. The

precision of the spectral parameters can be obtained concurrently

with data accumulation using a Jackknife/Bootstrap algorithm. 0.0001 s s s . L . . h

Figure 3 shows how the precision of carbonyl chemical shifts 50 100

of individual peaks, defined as the difference in values at two peak number

successive steps, gradually improves as the number of measure=igure 3. Precision of the chemical shifts ()f the individual backbone:

. . resonances (sorted in descending order) detected at various TA steps in the
ments used for the BBc4 spectral reconstructions INCreases.gpcy spectrum. A version of the Jackknife procedure determines precision
Good precision is obtained after the majority of peaks are as the difference in shift estimation between two successive steps,
described by the MDD model. normalized to acquisition digital resolution (refer to Table 1). The precision

Similar to a conventional experiment, where peak line shapes Y4/°s 0 TASIERE . 6 1.5, ana 14, conespondin 0 31,35 47,03
and intensities do not change with an increasing number of
transients, in the INUS, additional measurements only improve could be very weak and require too much time. The sigmoid
signal precision, while noise level gradually decreases. When shape of the curves in Figure 2A with a steep slope at the half
all expected peaks are obtained with a requested precision, therdeight permits an optimal measurement time to be estimated at
is no need to continue acquisition; and vice versa, it makes sensdhe early stages of data acquisition. Indeed, 50% (95%) peaks
to continue the experiment if some expected peaks are still notare detected at 3.9 (7.0), 3.9 (6.2), 3.9 (10.2), 3.1 (6.2), and
detected. It must be kept in mind, though, that some signals 30.5% (66.4%) of the total experimental time for the five graphs
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in Figure 2A. Thus, doubling the time taken to obtain the first form data collection targeted at acquisition of biomolecular
half of the signals is sufficient to obtain about 95% of the peaks. information of interest. The examples illustrate that the approach
The estimates are rather tolerant of the errors in target is applicable to both small and large protein systems, as it offers
estimation; values close to these were obtained using the targebptimization of measurement time allocation, depending on
peak numbers inferred from the amino acid sequences. Ad-experiment sensitivity. The use of matched sampling offers
ditional time allocation to detect the remaining weak signals sensitivity enhancement per unit time. Targeted acquisition can
largely depends on their sensitivity. considerably enhance the performance of automated and inte-
The MDD calculations are computationally demanding. grated protocols that have exploded in the second phase of
However, when the directly detected dimension was split into structural genomid3122528 pecause such protocols depend
a number of spectral regions, the parallel (on a Linux cluster) critically on quality and completeness of input data. For
calculation times for each TA step were always shorter than example, when acquisition is coupled with concurrent sequential
the corresponding measurement times. This observation provesssignment, more data and improved precision of peak positions
the feasibility of concurrent real-time acquisition and analysis can progressively reduce ambiguity until assignment is ac-
of INUS data. Without a computer cluster, a single up-to-date complished.
computer (PowerPC G5 1.8 GHz) is adequate to assess the ) )
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