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Automated Projection Spectroscopy
and Its Applications

Sebastian Hiller and Gerhard Wider

Abstract This chapter presents the NMR technique APSY (automated projection
spectroscopy) and its applications for sequence-specific resonance assignments of
proteins. The result of an APSY experiment is a list of chemical shift correlations
for an N-dimensional NMR spectrum (N > 3). This list is obtained in a fully
automated way by the dedicated algorithm GAPRO (geometric analysis of
projections) from a geometric analysis of experimentally recorded, low-dimensional
projections. Because the positions of corresponding peaks in multiple projections
are correlated, thermal noise and other uncorrelated artifacts are efficiently
suppressed. We describe the theoretical background of the APSY method and
discuss technical aspects that guide its optimal use. Further, applications of
APSY-NMR spectroscopy for fully automated sequence-specific backbone and
side chain assignments of proteins are described. We discuss the choice of suitable
experiments for this purpose and show several examples. APSY is of particular
interest for the assignment of soluble unfolded proteins, which is a time-consuming
task by conventional means. With this class of proteins, APSY-NMR experiments
with up to seven dimensions have been recorded. Sequence-specific assignments
of protein side chains in turn are obtained from a 5D TOCSY-APSY-NMR
experiment.
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Abbreviations

1D (2D, 3D, 4D, 5D, 6D, 7D)  One- (two-, three-, four-, five-, six-, seven-)

dimensional

ALASCA Algorithm for local and linear assignment of side
chains from APSY data

APSY Automated projection spectroscopy

GAPRO Geometric analysis of projections

NMR Nuclear magnetic resonance

TOCSY Total correlation spectroscopy

1 Introduction

In NMR studies of biological macromolecules in solution [1—4], multidimensional
NMR data are commonly acquired by sampling the time domain in all dimensions
equidistantly [5]. With recent advances in sensitivity, such as high field strengths
and cryogenic detection devices, the time required to explore the time domain in the
conventional way often exceeds the minimal experiment time required by sensitiv-
ity considerations, so that the desired resolution determines the duration of the
experiment. This situation of the “sampling limit,” is common in three- and higher-
dimensional experiments with small and medium-sized proteins [6].

When working in the sampling limit, it is worthwhile to obtain the spectral
information by “unconventional” experimental schemes, such as non-uniform
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sampling of the time domain [7-9] or by combination of two or more indirect
dimensions [10—12]. The latter approach is also the basis for projection-reconstruc-
tion (PR-) NMR [13-16], where the projection—cross-section theorem [17, 18] is
combined with image reconstruction techniques [19, 20] to reconstruct the multidi-
mensional frequency domain spectrum from experimentally recorded projections.
Further practical acquisition and processing techniques for unconventional multi-
dimensional NMR experiments have been demonstrated [21-33]. Several of these
methods are discussed in the other chapters of this book.

The analysis of NMR spectra involves intensive human intervention, and automa-
tion of NMR spectroscopy with macromolecules is thus of general interest. Major
challenges are the distinction of real resonance peaks from thermal noise and spectral
artifacts, as well as peak overlap [34-36]. On grounds of principle, automated analysis
benefits from higher-dimensionality of the spectra [21, 37], since the peaks are then
more widely separated, and hence peak overlap is substantially reduced.

APSY (automated projection spectroscopy) combines the technique to record
projections of high-dimensional NMR experiments [15] with automated peak-
picking of the projections and a subsequent geometric analysis of the peak lists
with the algorithm GAPRO (geometric analysis of projections). Based on geometri-
cal considerations, GAPRO identifies peaks in the projections that arise from the
same resonance in the N-dimensional frequency space, and subsequently calculates
the positions of these peaks in the N-dimensional spectral space. The output of an
APSY-experiment is thus an N-dimensional chemical shift correlation list of high
quality which allows efficient and reliable subsequent use by computer algorithms.
Due to extensive redundancy in the input data for GAPRO, high precision of the
chemical shift measurements is achieved. Importantly, APSY is fully automated and
operates without the need to reconstruct the high-dimensional spectrum at any point.

In the following sections, the theoretical and practical foundations of APSY are
introduced. Several practical aspects are discussed including the sensitivity of APSY
experiments. Then, applications of APSY for the assignment of protein resonances
are described. For the backbone assignment, the high-quality APSY peak lists are used
as the input for a suitable automatic assignment algorithm. For example, the 6D APSY-
seq-HNCOCANH experiment connects two sequentially neighboring amide moieties
in polypeptide chains via the '*C” and '*C* atoms. Further applications are the backbone
assignment of unfolded proteins and the side chain assignment of folded proteins.

2 Theoretical Background

2.1 The Projection—Cross-Section Theorem

The projection—cross-section theorem states that an m-dimensional cross section,
¢ (1), through N-dimensional time domain data (m < N) is related by an
m-dimensional Fourier transformation to an m-dimensional orthogonal projection
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of the N-dimensional NMR spectrum, P,, (®), in the frequency domain [17, 18].
Thereby, P, (w) and c,, (t) are oriented by the same angles with regard to their
corresponding coordinate systems (Fig. 1).

Kupée and Freeman showed that this theorem can be utilized to record
projections of multidimensional NMR experiments. The time domain is sampled
along a straight line (Fig. 1) and quadrature detection for this cross-section c¢,, (¢) is
obtained by combing data from corresponding positive and negative projection
angles using the trigonometric addition theorem [14, 15]. The subsequent
hypercomplex Fourier transformation results in the projections P,, (®) [11, 15,
22]. Projections with a dimensionality of m = 2, with one directly recorded and
one indirect dimension, are the most practical case. For such 2D projections,
the indirect dimension is a 1D projection of the N — 1 indirect dimensions of the
N-dimensional experiment. The orientations of both ¢, (¢) and P, (w) are described
by N — 2 projections angles.

For example, in a SD APSY experiment (N = 5), three projection angles o, f3
and 7y, define the orientations of ¢, (¢) and P, (w). The two unit vectors p; and p5,
which span the indirect and the direct dimension, respectively, are given by
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Fig.1 Illustration of the prOJectlon—croqs section theorem [17-19] for a 2D frequency space with
two indirect dimensions & and j. 1D data c’ (r) on a straight line in the 2D time domain (¢, ;) (left)
is related to a 1D orthogonal projection Pn( ) of the spectrum in the 2D frequency domain
(wj, wy) (right) by a 1D Fourier transformation, F,, and the inverse transformatlon F,. The
projection angle o describing the slope of cJ (¢) defines also the slope of P}’ (w). The cross peak
Q' (black dot) appears at the position Qf in the projection. Further indicated are the spectral widths
in the two dimensions of the frequency domain, SW; and SW,. and the evolution time increments
A, Ay and A; (1)—~(4). Adapted with permission from [38]
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An N-dimensional NMR spectrum is spanned by user-defined sweep widths SW;
for each of the N dimensions (i = 1,.. ., N). For a projection spectrum defined by p,
an appropriate sweep width SW needs to be calculated (Fig. 1). Considering that the
distribution of chemical shifts in a given dimension is well described by a normal
distribution [39], the sweep width can be calculated as [40]

2

where p| are the coordinates of the vector 7 (1). The dwell time for the recording of
discrete data points, A, is then calculated as

A=1/SW, 3)

and the resulting increments for the N — 1 evolution times #;,A;, in the N — 1
indirect dimensions (Fig. 1), are given by

A =p|-A. 4

For an optimal phasing of the projection spectra in the N-dimensional space it is
advisable to sample the time domain starting at the origin (Fig. 1). Thus, all APSY
pulse sequences should allow sampling access to this time domain point with zero
evolution time.

2.2 Projections of Cross Peaks

In a set of j projections with different projection vectors p s, an N-dimensional
cross peak Q' is projected orthogonally to the locations Q/’}. Here, fis an arbitrary
numeration of the set of j projections f = 1, ..., j. In the 2D coordinate system of
projection f, the projected cross peak has the position vector Q_;’, = [V} 1, Vi o], with
vt and v} , being the chemical shifts along the projected indirect dimension and the
direct dimension, respectively. It is convenient to define the origins of both the
N-dimensional coordinate system and the 2D coordinate system in all dimensions in
the center of the spectral ranges. Then the position vector Q} in the N-dimensional
frequency space is given by

O) = Vi Prs+ Vo P2 5)
The N-dimensional cross peak Q' is located in an (N — 2)-dimensional sub-

space, which is orthogonal to the projection plane at the point Q]’} (Fig. 1). The “peak
subgroup” of an N-dimensional chemical shift correlation Q' is the set of projected
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peaks, {Q}, ..., 0/}, that arise from it. It is the key function of the GAPRO
algorithm to identify the peak subgroups in the j peak lists of the projections and
to calculate the coordinates of Q' from them.

2.3 The APSY Procedure

The APSY procedure follows the flow-chart shown in Fig. 2. It is illustrated in
Fig. 3 and the APSY input parameters are defined in Table 1. At the start, the
operator selects the desired N-dimensional NMR experiment, the dimensionality of
the projection spectra, and j sets of projection angles. The projection spectra are
recorded and automatically peak picked using the GAPRO peak picker, resulting in
Jj peak lists. The GAPRO peak picker identifies all local maxima of the spectrum
with a sensitivity (signal-to-noise) larger than a user-defined value R.,.
The position of the maximum is interpolated for each peak by a symmetrization
procedure that involves the intensities of the two neighboring data points in each
dimension [40]. The GAPRO peak picker does not attempt to distinguish real peaks
from spectral artifacts or random noise; every local maximum is identified as a
peak. The j peak lists contain peaks Qs where g is an arbitrary numeration of the
peaks and f of the projections (f = 1,..., j). GAPRO then arbitrarily selects N — 1
of these peak lists, and generates for each peak Qs a subspace L, which contains
the point Q,rand which is orthogonal to the projection f (Fig. 3b). The intersections
of the subspaces L. in the N-dimensional space are candidates for the positions of
N-dimensional cross peaks (open circles in Fig. 3b). To account for the imprecision
in the picked peak positions due to thermal noise, the calculation of intersections of

e

Selection of the N-dimen- vth arbitrary selection of Merging of the k
sional NMR experiment, N-1 peak lists (v=1, 2, .., k) peak subgroup lists
the dimensionality of the 1
projections, and j sets l
of projection angles Computation of the

Ranking of the subgroups

‘ PRIDESOGEAN BUY e and elimination of artifacts
Recording of j l. l
projection spectra Creation of peak subgroups —
l using all peak lists Final list of peak sub-
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Peak picking of the ‘
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- and elimination of artifacts N-dimensional
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Fig. 2 Flowchart of the APSY procedure. Square boxes indicate processes, and boxes with
rounded corners denote intermediate or final results. The steps surrounded with gray are repeated
k times, and thus generate £ lists of peak subgroups. Adapted with permission from [38]
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Fig. 3 Illustration of the algorithm GAPRO for N =3, j =5, k = 1 and S,,;, = 3. (a) Three
dimensional view of the situation with the unknown 3D spectrum shown as a cube in the center
and two 2D projections with o = 0° and o« = 45°. (b—e) These panels are oriented like the gray
w1/w,-plane in (a). (b) A 2D cross section through the unknown 3D spectrum is surrounded by 1D
cross sections through the five experimental 2D projections with projection angles o = 0°, 90°,
—30°, 45°, and —65°. The cyan dots mark the result of the automatic peak picking of the 2D
projections. The algorithm then arbitrarily selected N — 1 = 2 of the j projections for the first
round of spectral analysis, with o = 0° and o = —60°. The intersections of the subspaces
corresponding to the peaks in these two projections (green lines) identify eight candidate points
in the 3D spectrum (open circles). (¢) Using the subspaces from all five projections, the support S
(number of intersecting subspaces, see text) is calculated for each candidate point. Yellow and red
dots indicate S = 2 and § = 5, respectively. (d) One of the three candidate points with the highest
support (S = 5) is arbitrarily selected. All peaks in the projections that contribute to the selected
candidate point are identified as a peak subgroup (gray dots in the projections labeled with number 1).
The subspaces from this subgroup are removed from the further analysis (gray dashed lines).
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Table 1 Parameters used as part of the input for the software GAPRO

Subroutines Parameters  Description
Peak picking Ruin Signal-to-noise threshold for peak picking
Awro Frequency range along the acquisition dimension on

both sides of the water resonance within which no
peaks are picked

GAPRO core functions — Spin Minimal support value required for the identification of
an N-dimensional peak
Aviin Intersection tolerance in the directly detected dimension
Fmin Intersection tolerance in the indirect dimensions
k Number of independent GAPRO calculations from
which the final result is derived
Secondary peak filter Rgingle Signal-to-noise threshold at the back-projected peak
positions (see text)
n Allowed number of violations of Rgjngie

subspaces allows a user-defined tolerance value in the direct dimension, Av,,;,. For
each of the candidate points, the support, S, is then calculated. S is the number of
subspaces from all j projections that contain the candidate point. Thereby at most
one subspace from each projection is considered (Fig. 3c) sothat N — 1 < § < j.
For the calculation of the support, in addition to the user-defined tolerance values
for the direct dimension, Avy,;,, a tolerance for the indirect dimension, 7y, is also
required to account for the imprecision of picked peak positions. The geometric
analysis algorithm can also include aliased peaks in the experimental 2D
projections at this point of the calculation. The peaks that contribute to the support
of a given candidate point form a “peak subgroup.” The subgroups are ranked for
high S-values, and the top-ranked subgroup is selected. In case of degeneracy, one
of the top-ranked subgroups is arbitrarily selected. The subspaces contributing to
this subgroup are removed from further analysis, and new S-values for the residual
candidate points are calculated from the remaining subspaces (Fig. 3c). This
procedure is repeated until the value of S for all remaining subgroups falls below
a user-defined threshold, S,,;,. At this point in the algorithm a list of the identified
peak subgroups is generated. The subgroup identification is repeated with & differ-
ent, randomly chosen starting combinations of N — 1 projections, and k peak
subgroup lists are thus obtained (gray box in Fig. 2). These k lists are merged into
a single list, which is again subjected to ranking and elimination of all subgroups
with § < Sp,in. From the resulting final list of subgroups, the peak positions in
the N-dimensional space are calculated (Fig. 3d). Since the peak positions are
redundantly determined by the experimental data, particularly high precision can

Fig. 3 (continued) The support S of remaining candidate points is recalculated (there remains one
point with § = 5, and another one with § = 4 is shown in orange). (e) After two more rounds of
the procedure indicated in (d), two additional subgroups are identified and labeled with numbers
2 and 3, respectively. From the three subgroups, the positions of three peaks in the 3D spectrum are
calculated (black dots). Adapted with permission from [38]
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be obtained for the final result. The computational techniques used for individual
steps in Fig. 2 are described in [38, 40].

2.4 The Secondary Peak Filter

In APSY, the discrimination between artifacts and noise corresponds to
distinguishing between peaks in the projections that stem from an N-dimensional
resonance and are thus correlated and those that are uncorrelated. With a suffi-
ciently large number of independently recorded experimental projection spectra
only true N-dimensional chemical shift correlations are contained in the final peak
list. This separation can be further enhanced by applying an additional, secondary
peak filter to the final result of the GAPRO calculation. Thereby the N-dimensional
APSY peak list is “back-projected” onto the experimental projections, and the
spectral sensitivities at the resulting positions are read out. Based on user-defined
criteria, the N-dimensional GAPRO peak list can then be filtered to remove weakly
supported peaks or remaining artifacts. All peaks with more than » violations of the
threshold Rging. (Table 1) are deleted. The secondary filter thus provides an
efficient additional validation of the GAPRO result and permits the use of less
stringent parameters in the GAPRO run.

3 Practical Aspects

3.1 Sensitivity for Signal Detection in APSY-NMR Experiments

The intensity of a given multi-dimensional NMR signal varies in the individual
projections of an APSY experiment. In the following the expressions for the signal-
to-noise ratio of a given resonance are presented. This formalism can then be used
to optimize the performance of APSY-NMR experiments.

By adapting general equations for 2D spectra [5] to APSY-NMR [40], the
sensitivity of a signal in a projection of an experiment m with projection angles
@ = (a, f,...) is given by

S/0],,(8) = Ka - 5u(0) - fiu (), (6)

where the three terms K4, s,,(0) and f,,() represent, respectively, the impact of the
detected spin type A, the signal intensity at time zero, and the dependence on the
projection angles @.

K4 accounts for the properties of the detected nuclear species A (often protons),
including the probe sensitivity, the main polarizing magnetic field strength, and the
window function applied before Fourier transformation. Thus, the value of K, can
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be maximized for a detected given nucleus type A and a given NMR instrument for
all experiments that are detected on this nucleus.

sm(0) is the signal intensity of the experiment m at the time domain origin. This
factor enables a comparison of the relative intrinsic sensitivities of different APSY-
NMR experiments that are detected on the same nucleus, and can thus help to
identify high-sensitivity experiments. Values for s,,(0) can be estimated either
experimentally, e.g., from 1D NMR spectra of the time domain origins, or from
model calculations [41]. Table 2 lists calculated values for different amide proton-
detected experiments.

Finally, f,,($) describes the dependence of the sensitivity of an experiment m on
the projection angles ¢ and on the acquisition and processing parameters [40]:

L1 n(@-M@ 1 f (7) (D) (D
fm(so)—(ﬁ)q ) tmax(@)/o dr s¢.(3,0) - h(@,1).  (7)

Here, s¢,(@, t) is the signal envelope in the indirect dimension, ¢ is the number of
angles that differ from 0° or 90° (the number of subspectra to be combined for
quadrature detection is 2¢ [1 1, 15]), and n({) is the operator-chosen number of scans
recorded for each of the subspectra. ,,(, t) is the applied window function, #,.x ()
the maximal evolution time, and M () the number of indirect points sampled.

fm() is largely governed by the envelope function s¢,($, 7). It can be shown that
monoexponential relaxation in all indirect dimensions results in s¢,(3,¢) being a
monoexponential decay with a decay rate constant R;m(QB) given by

—

RZWL(SB) = ﬁl (Cé) ' R2,m~ (8)

Table 2 Theoretical sensitivities, s;,, (0), of APSY-NMR experiments for polypeptide backbone
assignments

Correlated atoms® Experiment Sm (O)b
HN-N 2D [°N,'H]-HSQC 100°
HN-N-C*-CP seq 5D APSY-HNCOCACB 11
5D APSY-CBCACONH 1044
HN-N-C*-C" intra 4D APSY-HNCACB 7
4D APSY-CBCANH 5-2¢4
HN-N-C*-H* seq 5D APSY-HNCOCAHA 17
5D APSY-HACACONH 15
HN-N-C*-H" intra 4D APSY-HNCAHA 11
4D APSY-HACANH 8
HN-N-C*-C’ seq 4D APSY-HNCOCA 32
HN-N-C*-C’ intra 4D APSY-HNCACO 7

%seq and intra stand for sequential connectivity and intraresidual connectivity, respectively. "The
data were calculated for a protein with a rotational correlation time of 10 ns [40]. “The sensitivity
of the 2D ['*N,'H]-HSQC spectrum was normalized to 100. 9For these experiments, the intensity
depends on the amino acid type. The ranges give the minimal and maximal value among the 20
common amino acid residues
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Here, 132‘,,1 is an N-dimensional vector containing the transverse relaxation rates
along all indirect dimensions, with Ré,m = 0 for constant-time evolution elements in
the dimension i. Since the standard GAPRO analysis attaches equal weight to each
projection spectrum, it is desirable to have similar sensitivities for all individual
projection experiments. If the projection angle-dependence of s¢, ({3, t) is known, (7)
provides a basis for producing similar sensitivities for all the projections used in a
given APSY experiment, since the user-defined parameters n(3), M (@), hn(@,1),
and t.x () can be individually adjusted for each projection experiment [5, 42].

3.2 Sensitivity and Speed of APSY-NMR Experiments

With a practical example we want to illustrate the performance of APSY in terms of
sensitivity and speed. The example is a 4D APSY-HNCOCA experiment with the
12-kDa protein TM 1290, of which the sequence-specific resonance assignments are
known [43]. A total of 13 2D projections were measured in 13 min (1 min per
projection). The 4D APSY-HNCOCA experiment was recorded with [U-"*C,"”N]-
labeled TM1290 at 25 °C on a 600 MHz Bruker Avance III spectrometer with a
room temperature probe. The concentration was adjusted to 1.0 & 0.05 mM, as
determined by PULCON [44]. The 13 pairs of projection angles (o, §) comprised:
(90°, 0°), (0°, 0°),(0°, 90°), (£60°, 0°), (0°, £60°), (90°, £60°), and (£20°, £70°).

In the 4D peak list generated by the algorithm GAPRO from these 13
projections, all 110 expected 4D (m;("°N), 0,(**C?), 03(**C%), o4('HY)) chemical
shift correlations were contained. With the selected short measuring time, the
intensity of the weakest NMR signals in the projections is comparable to the
intensity of the thermal noise (Fig. 4). Nonetheless, even the weakest of the 110
correlation peaks (indicated by arrows in Fig. 4) was recognized by GAPRO as a
true correlation, whereas no false 4D correlations appeared. This shows that APSY
makes use of the combined sensitivity of all the projections in the input, and that it
does not require unambiguous identification of the individual peaks in each
projection.

3.3 Selection of Projection Angles

The APSY method does not impose restrictions on the choices of the projection
angles or the number of projections, except that, on fundamental grounds, the total
number of projections must be at least N — 1 and that each indirect dimension
needs to be evolved at least once in the set of projections. On this basis, the
selection of projection angles for a given APSY-NMR experiment should be guided
by two main considerations. First, the projection angles should be distributed about
evenly in the time domain. Second, projections with large ¢ values (number of
projection angles that differ from 0° or 90°) are to be disfavored, since the
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sensitivity for the recording of the 2D projection spectra is proportional to 2~ (7).
It is further recommended that the decrease in sensitivity due to higher g-values is
compensated by adjusting the number of scans n(@) accordingly (7).

An additional improvement is achieved with the use of dispersion-optimized
projection angles, in particular if the sweep widths of the indirect dimensions are
significantly different. Dispersion-optimized projection angles adjust the
contributions of the indirect dimensions to the same size, and thus contribute
to eliminating chemical shift overlap. The dispersion-optimized, or “matching”
projection angle o* for two dimensions, 7 and j, with sweep widths SW; and SW;
is given by

SW;
SW;

€))

tano’ =

For example, if the sweep widths of two dimensions differ 11-fold (as they do for
C’and CB), then o* = 84°. A set of three projection angles with values of 60°, 84°,
and 87° would thus be a good choice, whereas a seemingly more symmetric
selection with angles of 22.5°, 45°, and 67.5° would lead to two basically identical
projections [40]. Expressions similar to (9) can be derived for combinations of three
or more dimensions.
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3.4 Optimizing the GAPRO Parameters for a Given Experiment

Among the input variables of the geometric algorithm GAPRO, three parameters
have a dominant effect on the result of the spectral analysis: Spin, AViin, and ryin
(Table 1). The selection of the minimal support Sy, iS most important, since only
candidate signals with a support S > S,,;, will be included in the final peak list.
Figure 5a shows the variation of the peak list resulting from a 4D APSY-HNCOCA
experiment when different values of S,,;, are used. The data set consisted of the 13
projections recorded with the protein TM 1290 mentioned above, for which 110
amino acids are expected. For S,,;, between 3 and 8, the final result contains all
the expected peaks. As a general guideline, it is advisable to set S,;, to about
one third of the number of input projections, and to keep Sy, > (N + 2) for an
N-dimensional experiment with 2D projections.

The two additional key parameters are the intersection tolerances for the direct
and indirect dimensions, Av;, and r,;,. A variation of these parameters shows that

a b
120 ]
P 80 -
80. 5 |
i 40

smin

c d

i 100 -
80 -
P 80
40 D

i [%]

1 AV, [Hz] 3 5 10 j 15 20

Fig. 5 Impact of APSY parameters on the result. (a) Dependence of the total number P of 4D
APSY-HNCOCA peaks of the protein TM1290 on the GAPRO parameter S, Light gray bars
represent the number of correct correlation peaks, dark gray bars the number of artifacts, and the
dotted line indicates the expected 110 peaks. (b, ¢) Dependence of the total number P of 4D
APSY-HNCOCA peaks of the protein TM1290 on the GAPRO parameters 7, and Av,i,, respec-
tively. The dotted line indicates the expected 110 peaks. (d) Impact of the number j of 2D projections
on the percentage of the expected correlations, D, for three APSY experiments with the protein
TM1290. 4D APSY-HACANH (squares), 5D APSY-HACACONH (diamonds) and 5D APSY-
CBCACONH (triangles). The data correspond to Table 3. Reproduced with permission from [40]
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each of these tolerances has to be larger than a certain minimal value, which
depends on the digital resolution, the signal line widths and the sensitivity of a
given experiment (Fig. 5b,c). If the tolerances are chosen too small, corresponding
subspaces do not intersect and correct peaks are not found. However, if the
parameters are too large, no negative effects occur in the final result except that
the computation time increases substantially due to the increasing number of
intersection possibilities. As a general guideline, it is advisable to use one to two
times the respective digital resolutions in the direct and indirect dimensions of the
2D projection spectrum as values for Av,;, and r;,, respectively.

3.5 Selection of the Number of Projections

Choosing the minimal number of projections needed for a given experiment is
important to minimize the required instrument time. A good decision on the number
of projections considers the type of APSY-NMR experiment, the expected number
of correlation peaks per amino acid residue, the size and type of protein under study,
the choice of the projection angles, and the required quality of the result. Represen-
tative examples for the number of projections needed in particular experiments are
shown in Fig. 5d and Table 3. For polypeptides with smaller chemical shift
dispersion, such as denatured proteins, a higher number of projections is required
for obtaining comparable results as for globular proteins. It should be noted that
APSY can be run using a convergence scheme which interleaves the recording of
new projections with the analysis of the existing data by GAPRO. The convergence
scheme stops the data recording as soon as a preset number of peaks have been
resolved or when the protein has been assigned.

Table 3 APSY-based backbone assignment of the protein TM1290?

4D APSY- 5D APSY- 5D APSY-

Parameters HACANH HACACONH CBCACONH
Number of 2D projections j 19 18 20
Recording time per projection 20 min 30 min 25 min
Smin 8 8 8
Sequential correlations

expected” 109 109 110
Sequential correlations

observed” 88 109 110
Intraresidual correlations

expected® 109 0 0
Intraresidual correlations

observed” 109 0 0

“The measurements were performed with a 1 mM solution of TM1290 at 25 °C on a 750 MHz
NMR spectrometer with room temperature probe. PCorrelations relevant for the automated
assignment are indicated in bold
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Note further that in many APSY experiments, some of the projections can be
measured with individually optimized, shortened pulse sequences, which omit
magnetization transfers that are not required and hence have improved sensitivity
[15]. For example, a direct projection of the o('’N)-dimension in a multidimen-
sional APSY experiment can be replaced by a standard ['°N,"H]-HSQC experiment.

4 APSY-Based Automated Resonance Assignments

4.1 Overview

APSY provides peak lists of chemical shift correlations for multidimensional NMR
experiments. Due to the averaging of a large number of observed signals in the set of
projections, the determination of the N-dimensional chemical shifts becomes very
precise. APSY is thus well suited for applications that require precise peak positions.
Here we want to concentrate on applications for resonance assignments in protein
spectra. APSY-NMR combined with a suitable assignment algorithm enables fully
automated sequence-specific assignments for globular and denatured proteins.

4.2 Combinations of 4D and 5D APSY-NMR Experiments

Strategies for sequence-specific backbone resonance assignment of polypeptides
usually contain two key elements. First, sequential NMR connectivities lead to the
identification of discrete peptide fragments of different lengths. Second, these
fragments are mapped onto the known polypeptide sequence, based on the chemical
shift statistics of the amino acid types. The vast majority of conventional backbone
assignment experiments are detected on the amide proton due to the high experi-
mental sensitivity and other practical aspects. For the same reasons, we also limit
the present discussion of APSY experiments to this nucleus. With this selection, the
"H and "N chemical shifts of the amide moiety are readily contained in each
correlation. APSY can connect two sequential amide moieties in a single experi-
ment (see below); however, usually at least two APSY experiments are needed to
connect two sequential amide moieties. As illustrated in Fig. 6, the '>C* atom is
always a nucleus available for the sequential connection, and a second matching
nucleus can be either 'H*, *CP, or '*C’. For the mapping of fragments onto the
sequence, the 3CP chemical shift increases the reliability of sequence-specific
assignments, since it allows the unambiguous distinction between different amino
acid types [45—48]. With the requirement that two chemical shifts should define the
sequential connectivities, five groups of four- and five-dimensional correlation
experiments can be devised (Fig. 6). The relative sensitivities of the APSY
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Fig. 6 Combinations of intraresidual and sequential chemical shift correlations to be recorded with
HN-detected APSY-NMR experiments for polypeptide backbone assignments of '*C,'’N-labeled
proteins. Each colored shape contains the nuclei correlated by a 4D or 5D experiment. The orange
areas contain the nuclei for which the individual correlations overlap. The notations used for the
different groups of experiments are indicated in each panel. Reproduced with permission from [40]

experiments required for these assignment strategies can be estimated by model
calculations (Table 2) [40].

As one practical example, we show the application of the HA—CA(CB) strategy to
obtain the backbone resonance assignments of the protein TM1290. TM 1290 is the
same protein as was studied in the experiment of Fig. 5. The HA-CA(CB) strategy is
realized with the three experiments 4D APSY-HACANH, 5D APSY-HACACONH,
and 5D APSY-CBCACONH. These three experiments were carried out with the
same sample of TM1290 as described above and were performed at 25 °C on a
750 MHz Bruker Avance III spectrometer with a room temperature probe. The input
for the assignment algorithm GARANT [49] consisted of the three final APSY peak
lists and the amino acid sequence [50]. Table 3 presents key parameters used for the
recording of these three experiments. The lower part of Table 3 lists the numbers of
expected and observed correlations for the three experiments used in the HA—CA
(CB) approach. All detected TM 1290 backbone resonances were correctly assigned
[40]. This example thus shows that in a total instrument time of about 1 day and with
minimal human intervention, the complete and correct sequence-specific resonance
assignments of a 12-kDa protein were obtained with the APSY-based approach.

For the assignment of larger proteins, the CB—CA and the CO-CA strategies are
preferred over the HA—-CA strategy, since they are compatible with deuteration,
which in turn increases the experimental sensitivity. The CB—CA strategy is
realized with the combination of the 4D APSY-HNCACB and the 5D APSY-
HNCOCACB experiment [51]. With this approach, the backbones of two human
proteins were assigned, the 22-kDa protein kRas at 0.4 mM concentration and a
15-kDa drug target protein (protein A) at 0.3 mM concentration (Fig. 11) [51]. For
each of the two proteins, 76 h of experiment time on a 600 MHz spectrometer with
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a cryogenic probe were used for the 2 backbone experiments (16 projections of the
4D APSY-HNCACB in 48 h and 32 projections of the SD APSY-HNCOCACB in
48 h) corresponding to a total of 3 days and assigned by the algorithm MATCH. The
overall completeness of the backbone resonance assignment was 95% for the 22-
kDa protein kRas and 98% for the 15-kDa protein A (Fig. 11), where the missing
assignments comprised segments with unfavorable protein dynamics.

4.3 Backbone Assignments with a Single 6D APSY-NMR

The combination of 4D and 5D APSY-NMR experiments thus provides backbone
assignments for perdeuterated, [U-'*C,'’N]-labeled proteins up to at least 25 kDa. For
smaller proteins up to 12 kDa an alternative and more elegant approach can be used
[50]. The pathway HN-N—C’~C*-N-H" directly connects two sequentially adjacent
amide moieties in a single experiment and with APSY the full potential of this
magnetization transfer pathway is exploited [50]. The 6D APSY-seq-HNCOCANH
experiment was recorded with a 0.9 mM solution of the protein 434-repressor(1-63) at
30 °C on a Bruker 750 MHz spectrometer with room temperature probe. A total of
25 2D projections were recorded in 40 h. The same experiment was also recorded with
a 3.0 mM solution of TM 1290 at 35 °C on a Bruker DRX 500 MHz spectrometer with
a cryogenic probe. The total spectrometer time used for the recording of 25 2D
projections was 20 h.

For 434-repressor(1-63), the resulting APSY peak list contained 56 out of 57
peaks expected from the amino acid sequence and for TM1290 all but three of the
expected peaks were obtained [43]. Both lists did not contain any artifact and
provided very precise chemical shifts. The precision of chemical shift
measurements can be directly assessed in this data set, since the resonance of
each amide moiety is part of two different 6D peaks. The amide proton chemical
shift is measured in the direct dimension g and in the indirect dimension ®,; the
amide '°N chemical shift in s and m», respectively. From the 93 amide moieties of
TM1290 that contributed to two peaks, the precision (standard deviation) for the
proton and nitrogen chemical shift measurements was 0.0014 ppm (0.72 Hz),
and 0.0137 ppm (0.69 Hz), respectively. These precise and artifact-free 6D peak
lists were used as inputs for the assignment algorithm GARANT [49], yielding the
correct sequence-specific assignment for each protein.

4.4 7D APSY-NMR Spectroscopy for the Assignment
of Non-Globular Proteins

Studies of soluble non-globular polypeptides are of great relevance for protein
folding as well as for insight into the structural basis of functional non-globular
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polypeptides [52-59]. However, the available data on this class of proteins are
scarce because they are not amenable to meaningful single-crystal studies, and
solution NMR studies have been limited by small dispersion of the chemical shifts
[60-62]. Increased interest in detailed structural and dynamic characterization of
soluble non-globular polypeptides has, however, more recently been generated
by the discovery of a rapidly increasing number of proteins that are intrinsically
unfolded in their functional state in solution [54, 55, 58]. APSY provides a fully
automated approach to solving this problem with the use of very high-dimensional
NMR.

One approach is a combination of the above-mentioned 6D APSY-
seq-HNCOCANH with the 5D APSY-HNCOCACB experiment [63]. Thereby,
the 6D APSY scheme [50] connects neighboring amide groups sequentially, and
the 5D APSY scheme measures the CP chemical shifts. These two experiments
can also be combined into a single magnetization transfer pathway, the 7D APSY-
seq-HNCO(CA)CBCANH (Figs. 7a, and 8) [63]. Magnetization of the amide
proton i is transferred with seven subsequent INEPT [64] steps to the amide proton
i — 1 (steps a—g in Fig. 7a). Along this pathway, six evolution periods are
introduced for the frequencies of the nuclei IHN,-, 15N,~, 13C’,~,1, 13CB,-,1, 13C°‘,»,1,
and ">N,_,. Thus, each seven-atom fragment of residues i and i — 1 gives rise to a
single peak, except if a proline residue or a chain end is located at either of the
positions i or i — 1.

The 7D APSY-seq-HNCO(CA)CBCANH is illustrated here with the NMR
assignment of the 148-residue outer membrane protein X (OmpX) denatured with
8 M urea in aqueous solution [71]. The experiment was recorded with 100 2D
projections in a total measuring time of 2 days (50 h) at 15 °C on a Bruker
750 MHz spectrometer with room temperature probe (Fig. 8) [38]. Out of the 142
expected peaks, 139 were actually observed [63]. The three missing peaks connect
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Fig. 7 Magnetization transfer pathways of (a) the 7D APSY-seq-HNCO(CA)CBCANH NMR
experiment and (b) the 5D APSY-HC(CC-TOCSY)CONH experiments. The dashed gray arrows
indicate INEPT magnetization transfer steps [64]. The thick gray line in (b) represents isotropic
mixing. Adapted with permission from [63] and [65]
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Fig. 8 Pulse sequence of the 7D APSY-HNCO(CA)CBCANH experiment. Radio-frequency
pulses are applied at 118.0 ppm for '°N, 173.0 ppm for "*C’, and at 42.0 ppm for '*C* and '*C".
At the start of each transient, the 'H carrier frequency is set at 8.24 ppm, indicated by “HN,” and at
the time point “H,O” the carrier is changed to 4.7 ppm. Black and white symbols represent 90°- and
180°-pulses, respectively. Unlabeled bars stand for rectangular pulses applied at maximum power.
Pulses marked with capital letters have individually adjusted lengths and shapes, depending on
their purpose. All pulse lengths are given for a 'H frequency of 750 MHz. 13C’—pulses: A, 180°,
rectangular shape, 38.3 ps; B, 90°, rectangular shape, 42.8 ps; C, 180°, I-Burp [66], 220 ps. 13ceb.
pulses: D, 180°, I-Burp (applied at 51.0 ppm), 220 ps; E, 90°, Gaussian cascade QS5 [67], 280 us; F,
180°, Gaussian cascade Q3 [67], 185 ps; H, 180°, rectangular shape, 38.3 ps. The '°N-pulses
labeled with an asterisk are centered with respect to 3 + t'g and 5, respectively. The 13C’—pulses
labeled with an asterisk are centered with respect to p + ¢s/2 and p — ts/2, respectively. The last
six pulses on the 'H line represent a 3-9-19 Watergate pulse train [68]. Decoupling using DIPSI
2 [69] on 'H and WALTZ-16 [70] on °N is indicated by white rectangles. The triangle with t,
represents the acquisition period. On the line marked PFG, curved shapes indicate sine bell-
shaped, pulsed magnetic field gradients along the z-axis with the following durations and
strengths: Gy, 600 ps, 13 G/cm; G,, 1,000 ps, 37 G/cm; Gs, 800 ps, 16 G/cm; Gy, 800 ps,
34 G/em; Gs, 600 ps, 19 G/em; Gg, 600 ps, 27 G/cm; Gy, 800 ps, 13 G/cm; Gg, 1,000 ps,
37 G/em; Go, 800 ps, 16 G/cm. Pulse phases different from x are indicated above the pulses.
Phase cycling: ¢ = Yo = ¢, = {x, —x}, ¥4 = {x, x, —x, —x}, Y6 = y. The initial delays were
1} =1 =2.Tms, 5 =1;=14.0ms, ; =15 =4.7ms, 1 =1; = 14.0ms, and tll’:tg :tg’:m =ts :t'g =0ms.
Further delays were t = 2.7 ms, { = 14.0 ms, n = 6.8 ms, A = 4.7 ms, and p = 20.75 ms.
Quadrature detection for the indirect dimensions was achieved using the trigonometric addition
theorem [11, 15] with the phases V¥, Yo, Y3, Y4—s, Y6, and Y5 for ty, to, 3, 14, ts, and t,
respectively. Evolution periods were implemented as direct evolution for #,, and in constant-
time fashion for ¢4, 5, t3, 5, and ts. For ¢4, 15, 13, and ts, semi-constant time evolution was used for
those maximal evolution periods that are too long to be accommodated in constant-time periods.
Reproduced with permission from [63]

the residues 98-101, a backbone segment that features unfavorable backbone
dynamics.

As for the 6D experiment, high precision of the chemical shift measurements is
crucial for the sequential assignments, since these rely on matching of the amide
>N and '"H chemical shifts of sequentially neighboring amide moieties. A precision
of 0.46 Hz and 0.44 Hz, respectively for the "H and '°N chemical shifts was
achieved (Fig. 9). Figure 9 also illustrates the significance of peak separation
compared to the precision of the chemical shift measurements for unfolded
proteins. This high precision enabled automated NMR assignment with the program
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Fig. 9 Precision of chemical shift measurements by the 7D APSY-seq-HNCO(CA)CBCANH
experiment. The data shown was recorded with a 3 mM sample of urea-denatured OmpX in 8 M
urea aqueous solution at pH 6.5. (a) Spectral region from the (0°,0°,0°,0°,0°)-projection, which
corresponds to a 2D ['3N,"H]-correlation spectrum. The black dots are projections of the 7D peak
positions determined by GAPRO, as represented by the [wg, w7]-correlations onto the experimen-
tal 2D projection spectrum. Orange squares indicate two clusters of overlapped signals which are
displayed on an expanded scale in (b) and (c). (b, ¢) The two different []SN,IH]—pairs contained in
each 7D signal are indicated in red ([w,, wi]-correlation) and blue ([wg, w7]-correlation).
Contours are drawn at a distance of 1.0 Hz around the peak positions projected from the 7D
data set. In (a)—(c), resonance assignments are given using one-letter amino acid symbols and the
sequence positions. (d) Histogram of the variance between the measurements of the same amide
proton chemical shift from the two 7D signals correlating two sequentially neighboring groups of 7
atoms. (e) Same as (d) for amide nitrogen-15 shifts. Reproduced with permission from [63]

GARANT [49] in spite of residual chemical shift degeneracy in some of the seven
dimensions [63].

Since the longitudinal and transverse relaxation time constants in soluble non-
globular proteins are in first order independent of the length of the polypeptide,
similar experimental sensitivities can be expected for much larger unfolded
proteins. Further, since the high precision of the APSY experiment of below 1 Hz
falls substantially below the occurring distances between pairs of neighboring
resonances in high-dimensional spaces [1, 72], similar assignment results to those
achieved with the 150 residue OmpX can be expected for other unfolded proteins
of much larger size. This has indeed been shown, where, by using the 7D APSY-
seq-HNCO(CA)CBCANH experiment, the Zweckstetter group could assign the
backbone resonances of the 441 residue Tau, a disordered polypeptide, within 5
days of measurement time, reducing the overall analysis time by more than order of
magnitude as compared to a conventional approach [73]. APSY-NMR thus has
tremendous potential for new insights into structure—function correlations of
natively unfolded proteins, as well as for key contributions to the protein folding
problem.
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4.5 Automated NMR Assignment of Protein Side Chain
Resonances

The precise APSY peak lists can also be the basis for side chain resonance
assignments of proteins. A well suited magnetization transfer pathway for this
purpose is the HC(CC-TOCSY)CONH pathway, which correlates side chain with
backbone nuclei [74-78]. With APSY, the dimensionality of this experiment can be
extended to five [65] (Fig. 7b). The pathway starts simultaneously on all aliphatic
side chain protons including the H*. An INEPT element transfers magnetization
to the covalently bound carbon. Subsequently, the magnetization is transferred
among the aliphatic carbon nuclei by isotropic mixing. At the end of the mixing
time the magnetization on the C* nucleus is transferred via the carbonyl carbon to
the amide nitrogen of the successive amino acid residue and finally to the attached
amide proton, from which the signal is acquired. For a given amino acid, the
resulting 5D APSY correlation peak list thus contains a group of C—H correlations
which have identical chemical shifts in the three backbone dimensions 0)3(13C’),
o04("°N), and os('HY).

The peak intensities of the correlation peaks in CC-TOCSY experiments depend
strongly on the amplitude of the magnetization transfer during the isotropic mixing
period and hence on the length of this period [79, 80]. There is no single mixing
time for which all C—H moieties of all 20 amino acids have sufficiently large
transfer amplitudes. This problem can be elegantly circumvented with APSY,
since the TOCSY mixing time can be varied along with the projection angles.
The analysis of the set of projection spectra with GAPRO does not require that a
given 5D peak is present in all projections. By using a set of mixing times that
enables sufficiently high transfer for all aliphatic side chain carbon moieties in
some of the projections, it is possible to cover the resonance frequencies of all C—H
moieties from all 20 amino acids in the resulting APSY correlation peak list.

Calculations of the transfer amplitudes in CC-TOCSY experiments show that the
set of three mixing times — 12 ms, 18 ms, and 28 ms — covers all protons in the 20
amino acids [65]. The mixing time of 18 ms, which is commonly used in classical
experiments, transfers magnetization from a majority of carbons in the side chains
to the a-carbon nuclei. The mixing time of 12 ms is favorable for signals which
have a small transfer at 18 ms. The long mixing time of 28 ms favors signals of long
side chains, but also signals of short side chains, which are very weak or not present
at the two other mixing times.

With these three mixing times, the 5D APSY-HC(CC-TOCSY)CONH experi-
ment was recorded with a 1 mM solution of the 12.4-kDa globular protein TM 1290
in 24 h of spectrometer time using 36 projections (Fig. 10). Based on the reference
assignment of this protein, 424 cross peaks are expected in the resulting SD APSY
correlation peak list [43]; 368 thereof were actually found in the present experi-
ment. These 368 correlations contained the chemical shifts of 97% of the aliphatic
carbons and 87% of the aliphatic protons in the protein.
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Fig. 10 2D projection of the 5D ASPY-HC(CC-TOCSY)CONH experiment with TM1290
recorded on a 750 MHz spectrometer using a TOCSY mixing time of = 17.75 ms. The projection
with angles o = —46.6°, f = 0°,y = —17.2° is shown. The region in magenta in the left panel is
shown enlarged on the right hand side. The colored dots are the projections of the final 5D APSY
peak list. Red dots indicate peaks present at the mixing time t,, = 17.75 ms, blue dots indicate
peaks only present in spectra with other mixing times. Reproduced with permission from [65]

The resulting SD APSY-HC(CC-TOCSY)CONH chemical shift correlation list
together with the known backbone assignment are the sole input for the side chain
assignment algorithm ALASCA (Algorithm for Local and linear Assignment of
Side Chains from APSY data) [65]. In the ALASCA algorithm, each 5D APSY-
HC(CC-TOCSY)CONH correlation is attributed to the residue, which has the
nearest backbone chemical shifts in the 3D space of the (m(13C’), m(lSN),
o('HY)) frequencies. Subsequently, for each amino acid in the protein, the
correlations of the TOCSY peak group are assigned to the side chain atoms by
matching the chemical shifts of the 5D correlations to statistical values from the
BMRB database [39].

As for the applications providing backbone assignments, the precision of the
chemical shifts obtained for os('HY), m4(**N), and w;(**>C”) from the 5D APSY-HC
(CC-TOCSY)CONH experiment is crucial for the assignment. It was found to be
0.5 Hz for ws('"HY), 2.3 Hz for o4('°N), and 3.6 Hz for ms('*C’), which is
substantially below the digital resolution of the individual projection spectra.
With ALASCA all 368 peaks contained in the 5D peak list of TM1290 were
correctly assigned.

The 5D APSY-HC(CC-TOCSY)CONH experiment was also used to assign the
side chains of the two larger proteins, the 22-kDa protein kRas at 0.4 mM concen-
tration and the 15-kDa drug target protein A at 0.3 mM concentration [51]. A total
of 34 projections were recorded in 51 h on a 600 MHz spectrometer equipped with
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Fig. 11 Sequence-specific resonance assignments of two proteins obtained with the APSY CA-
CB-CM strategy [51]. Data is shown for two proteins, the 15-kDa “protein A” (panels a—c) and the
22-kDa protein kRas (panels d—f). Selected sample parameters are indicated. The amide resonance
assignments are shown in blue on 2D ['°N,'H]-HSQC spectra (panels a and d), with their central
regions shown enlarged (panels b and e). The methyl group assignments are indicated in orange on
2D ['*C,'H]-HMQC spectra (panels ¢ and f). Adapted with permission from [51]

a cryogenic probe at an experiment temperature of 23 °C. The assignment yielded
for each protein nearly 90% of the Ala, Ile, Leu, Thr, and Val side chain methyl
groups (Fig. 11).

Overall, the high quality of the GAPRO peak list of the SD APSY-HC(CC-
TOCSY)CONH experiment in terms of dimensionality, completeness, precision
and very low number of artifacts provides an excellent basis for a reliable
automated assignment of aliphatic side-chain atoms. Although the TOCSY mixing
does not provide information on the direct covalent connectivities among the
carbon nuclei, the 5D peaks can be used for reliable sequence-specific resonance
assignment of aliphatic resonances, due to the availability of all five dimensions.

5 Conclusion and Outlook

This chapter presented the foundations of automated projection spectroscopy
(APSY) that uses the algorithm GAPRO for automated spectral analysis. We
showed applications of APSY for high-dimensional heteronuclear correlation
NMR experiments with proteins. Without human intervention after the initial set-
up of the experiments, complete peak lists for 4D to 7D NMR spectra, with a
chemical shift precision of below 1 Hz, are typically obtained.

The positions of the peaks in the projection spectra that arise from a real
N-dimensional peak are correlated among the projection spectra, whereas the
positions of random noise are uncorrelated. This different behavior efficiently
discriminates projected peaks against artifacts, and artifacts are therefore unlikely
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to appear in the final peak list. APSY is also well prepared to deal with inaccurate
peak positions. Since the final N-dimensional APSY peak list is computed as the
average of a large number of independent measurements, inaccurate peak positions
in some of the projections have only a small influence on the overall precision.
APSY has the advantage of relying exclusively on the analysis of experimental
low-dimensional projection spectra, with no need ever to reconstruct the parent
high-dimensional spectrum. APSY does not impose restrictions on the selection of
the number of projections or the combinations of projection angles. The experience
from our work indicates that sensitivity for signal detection rather than
overcrowding of the 2D projection spectra is the limiting factor in practical
applications of APSY-NMR with proteins.

In addition to providing automated peak picking and computation of the
corresponding chemical shift lists, APSY supports automated sequential resonance
assignment. Thus, APSY is a valid alternative to related NMR techniques. APSY
can be the first step, after sample preparation, in a fully automated process of
protein structure determination by NMR with successive automated algorithms
for the NOESY spectrum analysis and structure calculation.

APSY software and tools can be downloaded from www.apsy.ch.
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