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Abstract: High resolution nuclear magnetic resonance (NMR) spectroscopy in solution is an established technique
in structural biology. Detailed functional and structural studies of biological macromolecules by NMR require the
assignment of the chemical shifts to specific nuclei. In biological applications, the necessary data is usually
obtained from a number of two- and three-dimensional (2D and 3D) NMR experiments. Often, these data cannot
be fully analyzed by automated computer programs due to insufficient separation and resolution of the signals
in the available spectra. Then, complete resonance assignment requires manual interaction and can become a
long and labor-intensive task. Automated projection spectroscopy (APSY) allows the substantial improvement of
the resolution by providing spectral information from four and higher dimensional experiments without measuring
the full spectrum, which would by far exceed any acceptable measuring time. APSY only measures a series of
projections of the high-dimensional spectrum which can be obtained in a much shorter time. Peak picking of the
projection spectra provides the basis for the calculation of the high-dimensional chemical shift correlation space
by the algorithm GAPRO. The resulting high-dimensional peak lists are commonly artifact-free and of exceptional
precision. Along with their high number of correlated nuclei they provide an ideal basis for reliable automated
assignment. We will introduce the basic concepts of APSY, illustrate them with an application of a 6D APSY-seq-

HNCOCANH experiment, and discuss some practical aspects.

Keywords: APSY - Automated assignment - Automated projection spectroscopy -
High-dimensional experiments - Novel sampling approaches

Introduction

Nuclear magnetic resonance (NMR) in
solution is a widely used tool in structural
biology to provide data for studies of struc-
tural, functional and dynamic properties of
biological macromolecules.l' The molecu-
lar weight of biological macromolecules
studied with solution NMR ranges from
approximately 3 to 100 kDa (kg/mol); the
size of the investigated molecules is thus
significantly larger than of those in usual
chemistry applications. This results in
several conceptual differences; especially
the larger transverse relaxation rate and
consequential line broadening leads to sig-
nificantly lower sensitivity and resolution
in NMR spectra of biological macromol-
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ecules. Broad signals and a much higher
number of resonances make it impossible
to separate individual resonance frequen-
cies (chemical shifts) in '"H NMR spectra,
which are often sufficient for chemical
applications. For improved separation 2D
or 3D NMR spectra are measured. These
multidimensional spectra often include
frequencies of nuclei other than 'H preva-
lent in biological macromolecules such as
13C and "N for proteins and in addition *'P
for RNA and DNA. Due to their low natu-
ral abundance *C and "N isotopes must be
enriched to >98% upon production of the
macromolecules for sufficient sensitivity
of the spectra.

A detailed analysis of NMR spectra
requires the assignment of the chemical
shifts to the individual nuclei. This assign-
ment procedure is usually based on multi-
dimensional spectra that use the bonding-
electron-mediated isotropic (scalar) cou-
pling to correlate covalently bound nuclei.
With a suitable radio-frequency pulsing
scheme (pulse sequence) magnetization
(coherence) is transferred via the through-
bond interactions along the nuclear path-
way of interest to a final nucleus, usually
a proton, on which the signal is detected
as free induction decay (FID). The chemi-

cal shift information of a nucleus along the
pathway can be included by repeating the
transfer many times and at the same time
incrementing the appropriate evolution pe-
riod in the pulse sequence. The chemical
shifts manifested during the evolution peri-
ods are indirectly detected through ampli-
tude-modulation of the signals contained
in the FID. Fourier transformation in the
acquisition dimension and subsequently in
the indirect dimensions leads to the multi-
dimensional correlation spectrum.
Conventional NMR experiments are
limited to two or three correlation di-
mensions even though they may include
more nuclei along the coherence transfer
pathway. For higher dimensional experi-
ments unacceptable acquisition times are
obtained since the overall measurement
time scales with the product of the num-
ber of points in the indirect dimensions.
Whereas a 3D experiment takes one to
three days, a 4D experiment can easily
take weeks to months, and a 5D or even
higher-dimensional experiment would take
years. Even 3D experiments are often ac-
quired with reduced resolution in the indi-
rect dimensions to stay within acceptable
measurement times. Impaired resolution
and limited dimensionality leads to signal
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Fig. 1. Visualization of the frequently used image-based 3D reconstruc-
tion method as an illustration for the underlying concept of automated
projection spectroscopy (APSY). A set of images (corresponding to 2D
projections) of the object are taken from different angles. For a grid of
characteristic points their coordinates in 3D space are calculated based
on their varying position in the different projections; the resulting grid
serves as a basis to create a spatial 3D model of the object. For a faithful
3D reconstruction further steps such as texture reconstruction would be
necessary. However, for APSY the crucial information, the multidimen-
sional coordinates (chemical shifts), is available at this point.

overlap, which impedes automated assign-
ment strategies. Thus, numerous 2D and
3D correlation spectra are required and
manually supported analysis becomes nec-
essary, which is not only a labor-intensive
task but can also lead to biased results.
New acquisition schemes enable acquisi-
tion of high-dimensionality experiments!2!
within an acceptable time. One promising
approach is automated projection spectros-
copy (APSY)2f1 which allows experiments
to be measured with high dimensionality
(23) and optimal spectral resolution.
APSY is based on projection spec-
troscopy which descends from reduced
dimensionality experiments.[?al The latter
are based on the simultaneous (instead of
sequential) incrementation of several evo-
lution periods from more than one indirect
dimension. Separation of individual com-
ponents of the signals obtained with this
sampling pattern leads to spectra which
correspond to projections of the high di-
mensionality signal space — the concept of
projection spectroscopy.3! From a series of
projections the full spectrum can be recon-
structed.32<l There are a number of recon-
struction algorithms; however, all of them

Fig. 2. lllustration of the

principle of automated projection spectroscopy

(APSY) with a selection of 12 2D projections from a 6D APSY-seg-
HNCOCANH experiment measured on the protein ubiquitin. This figure
includes a subset of all 2D projection spectra; only projections with evo-
lution periods for the amide group nuclei H, N, and C’_,, are shown. The
nuclei contained in the indirect dimensions are indicated in the top left
corner of the individual projections. In the cube shown in the center their
calculated 3D peak positions are illustrated representative for the hardly
visualizable full 6D space. The values specified at the bottom right of
each spectrum are the projection angles o, B, y and 8. The horizontal axis

of the projection spectra represents the acquisition dimension with the
chemical shifts of H_,. In the indirect dimension (vertical axis) the posi-
tions of the 2D cross peaks are angle-dependent superpositions of the
chemical shifts of the nuclei indicated in the individual projections.

introduce some artifacts which reduce
spectral quality and make the necessary
peak peaking difficult. APSY circumvents
these problems since it does not use recon-
struction. For APSY a series of projections
(usually 2D projections) of an NMR ex-
periment with typically 4 to 7 dimensions
is measured, processed, and peak picked.
The resulting chemical shift correlation
lists (peak lists) of the projections are then
used to calculate the full high-dimensional
peak list with the algorithm GAPRO.2]
This algorithm also filters artifacts which
potentially appear in any NMR spectrum,
and averages the chemical shift informa-
tion from the already quite well-resolved
2D projections, leading to accurate and
artifact-free peak lists with highly precise
chemical shift values. An adequate set of
these peak lists provides a reliable basis for
subsequent automated assignment strate-
gies.

The basic idea of APSY is illustrated
in Fig. 1. Based on a series of pictures (2D
projections) of an object a model in 3D
space can be calculated. From a network
of characteristic points identified in the im-
ages their exact position in 3D space can be

calculated by analyzing their relative posi-
tion in different images taken from differ-
ent angles — a similar procedure is applied
by the algorithm GAPRO. Image-based
reconstruction would proceed with more
details, such as e.g. the texture, but for
APSY the required information is already
attained at this point: the key information
is not the spectrum but the chemical shifts
in the multidimensional space. The ap-
proach to select the essential information
(chemical shifts) already in the projection
spectra allows obtaining the pure high di-
mensionality peak position information
fast and in high quality. In the following
section we will outline the APSY concept;
a more detailed account can be found in a
recent review.[4]

The Basic Concepts of APSY

Automated projection spectroscopy
(APSY) makes the information content
of n-dimensional (nD) NMR experiments
available by analyzing a series of 2D
projections of the nD spectrum at differ-
ent projection angles (Fig. 1 and 2). The
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value of the dimensionality » must be at
least 3; 4D and 5D APSY experiments are
the most common ones, the APSY experi-
ment with the highest dimensionality so far
has seven dimensions; relaxation imposes
limits to the dimensionality. The experi-
ments used in APSY are often similar to
corresponding conventional experiments,
e.g. employing the same magnetization
transfer pathways. The main differences in
the pulse sequences are modifications to
measure the resonance frequencies for all
nuclei along the pathway. Thus, APSY ex-
periments usually contain additional evo-
lution periods, i.e. more indirect dimen-
sions resulting in higher dimensionality of
the experiment. Since the method allows
for longer evolution periods and therewith
better resolved spectra the pulse sequence
is designed to minimize the influence of
scalar coupling and relaxation whenever
feasible. The acquisition of 2D projections
of the nD signal space is accomplished by
measuring data points on a cross section
in the time domain, as is illustrated with
dots in Fig. 3. The projection-cross sec-
tion theorem states that a cross section in
the time domain corresponds after Fourier
transformation to a projection at the same
angle in the frequency domain.b! In prac-
tice, the simultaneous incrementation of
two different evolution periods leads to
a modulation of the chemical shifts with
each other resulting in a splitting of the sig-
nal into two. They correspond to the sum
of the projections with angles o which
are not separated. For the separation into
single projections with angle +a and —a a
second spectrum recorded with the same
projection angle is required, but with a
change in the pulse sequence analogous
to quadrature detection (i.e. distinction of
positive and negative frequencies) in indi-
rect dimensions of multidimensional ex-
periments.13¢6l In general, m projected di-
mensions result in a splitting into 2" sig-
nals which correspond to 2¢V projections
along 2D angle sets each with the same
(m—1) non-orthogonal projection angles. A
set of 20" gpectra is measured in a way
that the separate projection spectra can be
extracted upon proper addition/subtraction
of these measured spectra, as is described
by Hiller et al.2f1 From the set of 2D projec-
tions of the nD experiment APSY does not
reconstruct the original spectrum (or chair
in Fig. 1), but calculates only the resonance
positions (chemical shifts) in the nD ex-
periment (Fig. 2), thus the result of APSY
will be a list of the chemical shifts of the
peaks that are present in the nD spectrum.

In the APSY procedure the information
content of the set of 2D projection spec-
tra is extracted by a simple peak picking
algorithm.[l From k projection spectra k
peak lists are obtained which are passed to
the algorithm GAPRO.[2f1 This algorithm
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Fig. 3. The sampling patterns in the time
domain with two indirect dimensions are il-
lustrated by black dots for five projections as
used in automated projection spectroscopy
(APSY). The rectangular area filled with circles
represents a conventional sampling scheme
for the indirect dimensions of a 3D experiment.
The axis labeled with t_and t are the evolution
periods of nuclei xandy. AQ, _and AQ__ are
the maximal evolution periods in the respective
dimension. The sampling cross section for the
projection labeled with ‘resolution-optimized’
represents the projection for which both evolu-
tion periods can be fully exploited.

forms the ‘heart’ of APSY, and accounts
for most of its features and advantages.
From a subset of the peak lists of the pro-
jections GAPRO calculates possible peak
positions, candidate peaks, in the nD spec-
trum and evaluates them by counting the
number of 2D peak lists in which the pro-
jection of the nD peak appears — the sup-
port value. The candidate point with the
highest support value (or a random choice
of one when equal support values exist) is
included in an nD peak list and removed.
The support of any other candidate point
is reduced by the number of projections
where it coincides with the removed peak.
The procedure is repeated until the sup-
port values reach a user-defined thresh-
old value, which represents the minimal
number of projections in which each final
multidimensional peak should appear. At
this point these iteration steps are repeated
with a new random subset of projection
peak lists. After the user-defined repetition
value, the results from the different runs
are averaged leading to highly accurate and
precise nD chemical shift values due to sta-
tistical selection and averaging effects. The
precision of an APSY peak list lies usually
beyond any feasible experimental spectral
resolution, since the chemical shifts are av-
erages from a series of peak positions in the
projection spectra. The final chemical shift
precision depends on the signal separation,
on the number of measured projections and
on the resolution in the projection spectra.
Precision improvements of a factor of 10 to
100 with respect to conventionally deter-

mined chemical shift values are common
when using APSY.

For projection spectra the choice of
projection angles is an important criterion
for optimal separation of signals. There are
two main factors to be considered when
creating a suitable set of projection an-
gles: resolution and dispersion. For APSY
usually 2D projections are measured for
which the number of points measured in
the indirect dimension can be set to the
experimentally optimal value to optimize
resolution, in contrast to conventional 3D
or even higher-dimensional spectra. There
is one angle set for each combination of
indirect dimension nuclei which allows
maximal resolution for all included nuclei,
such as the cross section in Fig. 3 which
is indicated with ‘resolution-optimized’.
The maximal experimentally possible
resolution is determined by constant-time
evolution limits, or coupling or relaxation
induced signal modulations. Dispersion
optimization in APSY aims at balancing
the distinct chemical shift ranges of dif-
ferent nuclei, as is explained in detail by
Hiller et al.I”l Another aspect for the selec-
tion of angle sets arises from the effect that
the sensitivity of any measured spectrum
is reduced by a factor of V2 per additional
indirect dimension. In APSY this effect is
minimized by measuring not more than
three simultaneously incremented evolu-
tions per projections, i.e. not more than two
non-orthogonal projection angles are used.

At present there is a wide variety of
published and established APSY-type ex-
periments for protein backbone and side
chain assignment.[8] For nucleic acids a
pivotal experiment has been published: a
5D APSY-HCNCH sugar-to-base correla-
tion experiment.®l Further experiments
for the assignment of large proteins and
nucleic acids are currently being final-
ized. An application with a 6D APSY-seq-
HNCOCANH experiment/32l is presented
in the next section.

Sequential Protein Backbone
Assignment with a 6D APSY-seq-
HNCOCANH Experiment

In order to clarify the APSY concepts
we illustrate them with a 6D APSY-seq-
HNCOCANH experiment.[32l This experi-
ment results in a 6D peak list which can di-
rectly be used for sequence-specific protein
backbone assignment. The pulse sequence
of the experiment transfers the magneti-
zation through covalent bonds starting at
the protons of the backbone amide groups
'H, and proceeding via "N, “C’_, .
and "N_ to 'H,_,, where the signal is de-
tected. The indices i and i—1 represent the
relative residue number counted from the
amino acid where the transfer starts. The
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chemical shift of each nuclei on the coher-
ence transfer pathway (Fig. 4) is measured
with an evolution period. All five evolution
periods use time periods which are neces-
sary for the magnetization transfer also in
conventional versions of the experiment.
However, the 'H, and “C’,  evolution peri-
ods require some additional time to obtain
sufficient resolution. The combination of
transfer and evolution time periods makes
the cost in sensitivity of the 6D APSY ver-
sion compared to conventional versions
rather low.

The 6D APSY-seq-HNCOCANH ex-
periment was measured with the protein
ubiquitin, which has 76 amino acids includ-
ing three prolines whose amide is tertiary
and therefore not covered with this experi-
ment. 33 projections were acquired within
6 hours; some of these projection spectra
are presented in Fig. 2. The measurements
were performed with a 1.9 mM sample at
25 °C on a Bruker 500 MHz (11.7 Tesla)
NMR spectrometer equipped with a cryo-
genically cooled probe and operated by the
software Topspin 3.0 (Bruker, Karlsruhe,
Germany). Spectral sweep widths of 1900
Hz, 1723 Hz, 1509 Hz, 3521 Hz, 1723 Hz
and 7002 Hz were set for 'H,"N, ®C’_,
BC®_, PN, and the acquisition dimension
'H_,, respectively, and maximal evolution
times of 30 ms, 28 ms, 20 ms, 20 ms, 28 ms
and 73 ms were used. The experimental pa-
rameters were entered in one 6D parent data
set from which automatically an evolution-
optimized angle set for the projections was
calculated and the corresponding experi-
ment data sets were created. The measured
data was serially processed, in our case
with the software PROSA, 1% but any other
processing software can be used as well.
Peak picking in the 33 projection spectra
and the subsequent calculation of the 6D
HNCOCANH peak list was accomplished
by GAPRO resulting in 72 cross peaks.
With the assignment software MARS
1.20111 100% of the resonances which are
expected for ubiquitin with this experi-
ment were sequence-specifically assigned
to the backbone atoms of ubiquitin. All
6D correlations which would start or end
on a proline residue or on the N-terminal
amino acid are naturally not appearing in
the 6D peak list; for ubiquitin correlations
with glycine 53 are not detected, a residue
which is usually missing already in con-
ventional ["*N,'H]-HSQC experiments.[!2]
For ubiquitin a maximum of 92% of all
backbone resonances can be assigned with
a 6D HNCOCANH experiment, which we
achieved. The computational time required
for all processing steps including GAPRO
and MARS analysis was less than 5 min
on a standard computer work-station.
Including some interactive steps such as
copying data, starting software, evaluating
the data and optimizing parameters, the

25
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Fig. 4. Schematic representation of the mag-
netization transfer pathway and matching
procedure for the 6D APSY-seq-HNCOCANH
experiment.® The experiment is intended for
sequence specific backbone resonance as-
signment of proteins. The relative position

of the amino acid in the protein sequence is
labeled with i, i-1 and i-2, with i denoting the
amino acid where the magnetization transfer
starts. The chemical shifts in the 6D peak list
resulting from this experiment are matched
via the 'H and "*N values and connected to
fragments which can be sequence-specifically
assigned to the protein backbone. The match-
ing procedure is illustrated with the bold line
around the "H-"*N group and the word MATCH.

total time required for the backbone reso-
nance assignment was about 1 hour once
data accumulation was finished.

The 6D APSY compares favorably to
conventional 2D and 3D experiments us-
ing the same HNCOCANH coherence
transfer pathway. For example a 3D H_ -
N_,-N, experiment with the same maximal
number of points in the indirect dimen-
sions as the 6D would take approximately
21 hours, more than three times as long as
the full 6D APSY-seqg-HNCOCANH. In
the assignment procedure the >N chemical
shifts in the 3D spectrum must be matched.
Since the spectral resolution in the N di-
mensions is at best about 20 Hz (0.4 ppm
at 500 MHz) in many cases manual inter-
action will be required, and even this may
fail in some cases of resonance overlap.
In contrast, APSY profits from an optimal
separation of the signals in six dimensions
and provides with 'H and "N in the amide
group two chemical shifts for matching
compared to only one in the 3D experi-
ment. Further, APSY results in an average
precision of 0.004 ppm and 0.0004 ppm in
the N and 'H dimension, respectively, de-
termined as average chemical shift devia-
tion for the same backbone 'H-*N group
measured in different dimensions.

Discussion

APSY provides a method which takes
advantage of the resolution of high-dimen-
sional spectra. Only low-dimensional pro-
jection experiments (mostly only 2D) are
measured, and based on peak positions in

these projections the nD peak list is cal-
culated without reconstruction of the nD
spectrum. These nD peak lists offer excep-
tionally high chemical shift precision and
provide an ideal basis for subsequent au-
tomated resonances assignments. The high
precision of APSY peak lists was indepen-
dently confirmed by an application with an
unfolded protein with 441 amino acids(!3!
which was sequence-specifically assigned
using APSY. Due to resonance overlap and
pure resolution this assignment could not
have been obtained based on conventional
NMR spectra.

For a successful and efficient applica-
tion of APSY, e.g. for the assignment of a
protein, some points must be considered.
Most criteria for a sample to be suitable for
APSY are identical to conventional appli-
cations of biological NMR methods. The
sample to be investigated must be a highly
pure solution of the molecule of interest
with a concentration of more than 500 uM
in a volume >280 pl. Salts can reduce the
NMR sensitivity severely and should not
exceed a concentration of ~100 mM. Most
high-dimensionality experiments with pro-
teins and RNA/DNA require isotope-label-
ing with BN and "*C. A further important
point is the stability of the molecule: any
change in the sample such as degradation
during the measurements can impede the
quality of the spectra and consequentially
impair an automated assignment proce-
dure. The magnetization transfer pathways
in high-dimensional NMR experiments
can take a substantial time, and transverse
relaxation may reduce the sensitivity. For
example for a folded, globular protein re-
laxation will limit the application of APSY
to a maximal size of 15 to 20 kDa, whereas
for an unfolded protein the size can be as
large as 50 kDa.l!31 When the protein is
deuterated the molecular weight range
for a folded protein can be extended to
about 25 kDa, and even more when spe-
cial transverse relaxation optimized tech-
niques (TROSY)!!4 are used. The useful-
ness of a particular APSY experiment for
the molecule of interest can be checked by
measuring the 2D projections of the mul-
tidimensional experiments with only one
type of nucleus in the indirect dimension.
These are the orthogonal projections, such
as the tree projections on the top left of
Fig. 2; their sampling pattern is indicated
in Fig. 3 along the axes. Comparison with
conventional 2D heteronuclear correlation
experiments allows estimating the sensitiv-
ity and completeness of the high dimen-
sionality APSY spectra.

Ausual set of APSY experiments for au-
tomated assignment on proteins consists of
4D and 5D experiments, e.g. of a4D APSY-
HACANH, a 5D APSY-HACACONH and
a 5D APSY-CBCACONH experiment.[”}
The use of higher dimensional experi-
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ments such as the discussed 6D APSY-seq-
HNCACONH experiment or the 7D APSY-
HC(CC-TOCSY)CONH experiment(8®! is
limited to samples with strong signals such
as unfolded (non-globular), small and/or
highly concentrated proteins. The pulse
programs of the experiments, the projec-
tion setup script for Bruker spectrometer,
and the software GAPRO are provided on-
line (www.apsy.ch). The assignment proce-
dure (matching) can performed by alterna-
tive software to MARS, 11l ¢.g. MATCH,[13]
GARANT!®l or FLYA.I7I

The method is being further developed
in our group for applications on proteins
and nucleic acids. The APSY principle,
however, might be useful also for other ap-
plications of NMR beyond our scope. Any
high-dimensionality experiment can profit
from the concept. For 3D experiments we
recommend it for cases where exceptional-
ly high precision of the final chemical shift
values are required, since APSY allows the
precision to be controlled with the number
of measured projections.
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