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Abstract: The detection and structural characterization of
protein—ligand interactions by solution NMR is central to func-
tional biology research as well as to drug discovery. Here we
present a robust and highly automated procedure for obtaining
the resonance assignments necessary for studies of such interac-
tions. The procedure relies on a combination of three automated
projection spectroscopy (APSY) experiments, including the new
4D APSY-HNCACB, and the use of fractionally deuterated protein
samples. This labeling pattern increases the experimental sen-
sitivity on the one hand, but it leads to peak multiplets on the
other hand. The latter complications are however overcome by
the geometric APSY analysis of the projection spectra. The three
APSY experiments thus provide high precision chemical shift
correlations of the backbone and side chain methyl groups,
allowing a reliable and robust assignment of the protein by
suitable algorithms. The present approach doubles the molecular
size limit of APSY-based assignments to 25 kDa, thus providing
the basis for efficient characterization of protein—ligand interac-
tions at atomic resolution by NMR, such as structure-based drug
design. We show the application to two human proteins with
molecular weights of 15 and 22 kDa, respectively, at concentra-
tions of 0.4 mM and discuss the general applicability to studies
of protein—protein and protein—nucleic acid complexes.

Structural characterization of protein—ligand interactions by
NMR requires sequence-specific resonance assignment of the
protein.* The assignment of backbone and side chain resonances
by conventional methods typically requires two weeks of instrument
time and up to several weeks of interactive spectraanalysis. Efficient
assignment procedures based on conventiona triple-resonance
experiments or reduced dimensionality spectroscopy using semi-
automated analysis have enabled considerably shorter durations®*°
but usualy still require either long acquisition or analysis times.
Therefore, the application of NMR in industrial settingsis generally
limited to ligand binding detection and no structural characterization
of the protein—ligand interaction is performed.

Automated projection spectroscopy (APSY) provides a method
for efficient automatic resonance assignment of proteins.** In an
APSY experiment, chemical shift correlations for a high-dimen-
sional NMR experiment are calculated geometrically from low-
dimensional projections by the dedicated algorithm GAPRO. One
of its main advantages is the robustness in delivering precise, high-
dimensional peak lists, which are devoid of artifacts.'® The high
dimensionality of the APSY experiments alows the use of a
minima number of experiments and resolves overlap problems.
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With the APSY pesak lists, assignment algorithms obtain sequence-
specific resonance assignments with high reliability.*>** APSY -
based backbone assignment has so far been reported for proteins
up to 12 kDa in a fully automated way™* and up to 19 kDa in a
semi-interactive procedure.** The limiting factor for the amenability
of APSY to larger proteins is the low sensitivity of the high-
dimensional NMR experiments for high molecular weight proteins
rather than spectral crowding.*? Thus, in order to further expand
the size limit for the APSY -based automated analysis, the sensitivity
of the APSY experiments has to be improved. In this work, we
present a new protocol for APSY -based automated assignments of
the backbone and the aliphatic side chain resonances of large,
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Figure 1. The APSY CB-CA-CM sequentia resonance assignment strategy.
(A) Chemical shift correlations obtained by the 5D APSY-HNCOCACB*®
(red), the 4D APSY-HNCACB (blue), and the 5D APSY-HC(CC-TOC-
SY)CONH?*® (green). Each correlation contains the nuclei marked by colored
circles. The 4D APSY-HNCACB gives rise to an intra- and interresidual
correlation (solid and dashed line, respectively). For the 5D APSY-HC(CC-
TOCSY)CONH experiment, H*-C* denotes an aliphatic moiety. (B) Subset
of 2D APSY projection spectra of the 22 kDa kRas. The small colored
squares denote the APSY experiment type in the same color code as in
(A). The first two projections are recorded in more than one experiment,
indicated by multiple squares. The projections correspond to correlations
of a single nucleus in the indirect dimension with the amide proton in the
direct dimension, as indicated above each spectrum. The sweep widths/
carrier frequencies in the indirect dimensions are given below the spectra.
The direct dimension shows 0(*HM) of the range of 6—10 ppm. The
individual projection spectra of the 5D and 4D experiments were recorded
in 80 and 153 min, respectively, at a temperature of 23 °C on a 600 MHz
spectrometer equipped with a cryogenic probe head.
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partially deuterated proteins, which enables the characterization of
protein—ligand complexes at atomic resolution in afast and efficient
way (Figure 1).

For the backbone assignment, we selected the “CA-CB” assign-
ment strategy (Figure 1A).*” The CA-CB strategy requires the
recording of two APSY NMR experiments, the 5D APSY-
HNCOCACB*® and the previously undescribed 4D APSY-
HNCACB (Figure 2). In this experiment, each backbone amide
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Figure 2. Pulse sequence used for the 4D APSY-HNCACB experiment.
The 3C* and *C’ chemical shifts are resolved in two separate dimensions,*®
tz and tp, respectively, using two constant-time periods on C* (2y = 13.6
ms). All experimental details are included in the Supporting Information.

moiety gives rise to a pair of 4D chemica shift correlations,
combining the *H;, °N;, 3C%, 3CP, and the *H;, °N;, 3C%.,, 3CF4
chemical shifts, respectively. For glycine residues the C* chemical
shift is recorded in both the C* and C? dimensions. The main
advantage of the APSY 4D-HNCACB compared to a conventional
3D HNCACB experiment is that the direct result from the APSY
experiment is a precise, complete, and artifact-free 4D peak list, in
which the C* and C? chemical shifts are readily correlated.
Backbone assignment is achieved by combining the APSY 5D and
4D peak lists to fragments and then by mapping these fragments
onto the sequence based on their C* and C? chemical shifts. The
availability of two chemical shiftsleadsto minimal ambiguity when
building the spin system fragments, and the characteristic C#
chemical shift information allows reliable mapping of even short
fragments on the amino acid sequence.*” Furthermore, for large
proteins, the CA-CB strategy has the highest possible sensitivity,
and it is compatible with backbone deuteration, which is aso a
requirement for larger target molecules (Figure 1B, Table S1). These
features make the CA-CB strategy the method of choice for
automated backbone assignment of proteins above 20 kDa.

Side chain chemical shift correlations are recorded with the 5D
APSY-HC(CC-TOCSY)CONH experiment, and they are added to
the assigned backbone by matching 3C’, 1°N, and *HN chemical
shifts with the ALASCA algorithm.*® For the purpose of ligand
binding characterization, among all amino acid side chains we focus
on the methyl groups of lle, Val, Leu, Thr, and Alaresidues. These
moieties feature high intrinsic sensitivity and are often located in
positions structurally close to the bound ligand. Therefore, a
fractionally deuterated protein sample is used, produced by E. coli
cells in ®N-labeled minima medium with 99.8% D,O and
[U-H,3C]-glucose.*®2° With this protocol, methyl groups are
protonated to 50—100%, but the o position is protonated to
5—8%.%* The backbone deuteration increases the sensitivity of the
experiments substantially, and a single sample can thus be used
for both backbone and side chain assignment. For example, the
5D APSY-HNCOCACB experiment with afractionally deuterated/
protonated sample of the 22 kDa protein kRas has a sensitivity
gain of 10 over a fully protonated sample (Figure 3A and B).*®

A drawback of the fractional labeling scheme is a resulting
heterogeneous deuteration, leading to multiple NMR signals for
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Figure 3. Effects of fractional deuteration on backbone and side chain
spectra. (A) The (0°, 0°, 0°) 2D-projection of the 5D APSY-HNCOCACB
experiment’® of protonated kRas and (B) same for 80% fractionally
deuterated kRas.*® Differences in intensity of a factor of 10 are achieved
for several resonances. Selected C* assignments are indicated in red. (C—F)
Disentangling isotope shift multiplets of methyl resonances with APSY
geometric analysis. 2D projection spectra (gray background) from the 5D
APSY-HC(CC-TOSCY)CONH experiment, where the 3C¥,; (green, E)
and the *H3' ;; (red, D) chemical shifts are correlated with the *HY; chemical
shift respectively. (F) Part of the methyl region of a [**C,'H] ct-HSQC
spectrum of kRas (1—180), where the triplets due to the different deuterium
isotope shifts of CH3, CH,D, and CHD, isotopomers are resolved. Note
that in the APSY projections D and E the multiplet structures are not
resolved, but precise peak positions are nevertheless calculated (dashed
lines). Black circles mark the final APSY peak positions, which are shifted
from the CH3; peak positions according to the admixture of the other methyl
isotopomers. In C, HN diagonal peak positions are illustrated. All spectra
were recorded with same experimental conditions as those in Figure 1B.

CHs/CH,D/CHD, isotopomer moieties due to isotope shifts (Figure
3F). This potential setback is however overcome during the APSY
analysis by recording the individual projection spectra of the 5D
APSY-HNCOCACB at reduced digital resolution, thereby collaps-
ing the triplets into a single, broader resonance peak (Figure 3E).
Since the five-dimensional APSY peak position is obtained from
al projections by geometrical averaging, the resulting precision is
still very high (Figure 3C—F). We term the resulting approach for
automated backbone and side chain methyl assignment APSY CA-
CB-CM.

We demonstrate the feasibility of the APSY CA-CB-CM
approach with two human proteins that are typical targets for NMR
drug discovery projects, the 22 kDa protein kRas at 0.4 mM
concentration and a 15 kDa drug target protein (protein A) at 0.3
mM concentration. These data sets were recorded using standardized
sets of projection angles (Tables S2—S7), following the generaly
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valid sensitivity considerations for projection spectra given in ref
11, which include the use of sweep-width matching angles to
optimize the spectral resolution.>** For each of the two proteins,
76 h of instrument time were used for the two backbone experiments
(13 projections of the 4D APSY-HNCACB in 33 h and 32
projections of the 5D APSY-HNCOCACB in 43 h) and an
additional 44 h for the side chain experiment (34 projections of
the 5D APSY-HC(CC-TOCSY)CONH), summing up to a tota of
5 days. The backbone resonances and side chain C—H moieties
were analyzed and assigned to the protein spin systems in a matter
of minutes by routines in CARA and MATCH.*® Data handling,
including processing of spectra, brief visua inspection of results
of the different algorithms, and format changes of data amounted
to half aday of total human interaction.

The overall completeness of the backbone resonance assignment
was 95% for the 22 kDa protein kRas and 98% for the 15 kDa
protein A (Figures 4 and S2). The missing assignments comprise
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Figure 4. Structural characterization of the kRas—GDP protein—ligand
interaction based on APSY experiments. (A) APSY -based backbone and
(B) APSY -based side chain resonance assignments were used to assign
intermolecular NOE signal's (D) between [U-*3C,**N]-kRas and the unlabeled
ligand GDP. (D) 2D plane from a 3D NOESY spectrum, which is *3C/**N-
edited in dimensions w1/w, and *C/*N-filtered in the direct dimension ws.
An expansion of aplane at the GDP H8 resonance in w3 (7.9 ppm) is shown.
(E) NOEs (yellow broken lines) between the hydrogen atoms of GDP and
of methyl groups of kRas (white spheres) are shown in a structural model
based on the solution structure (C; PDB 1aa9).%

the stretches 46—48 and 74—79 in kRas and two residues in protein
A due to unfavorable protein dynamics in these segments. Further,
for both proteins, nearly 90% of the Ala, lle, Leu, Thr, and Va
side chain methyl groups were assigned (Figure 4B).

These assignments provide the basis for the efficient character-
ization of different protein—ligand interactions. In the first example,
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the APSY assignments enabled the structural characterization of
the kRas—GDP complex with intermolecular NOES, determining
the orientation of the ligand GDP in the binding pocket (Figure
4D and 4E). In the second example, a set of compounds that bind
protein A had previousdy been identified in a large library
screen.*24 Using the APSY resonance assignments, their precise
binding site within the extensive interaction surface of the protein
was determined by chemical shift mapping (Figures S1 and S2).

In summary, the CA-CB-CM resonance assignment procedure
presented here relies on APSY experiments with an extended size
limit. The successful application of the process to the 22.4 kDa
protein kRas at 0.4 mM protein concentration implies that routine
backbone and side chain methyl assignments can be expected for
proteins up to at least 25 kDaat 1 mM concentration, thus covering
the statistical majority of proteins currently studied by solution
NMR spectroscopy (Figure S3). Five days of experiment time and
a single protein sample are sufficient for the entire assignment
process, thus overcoming the time-consuming bottleneck of reso-
nance assignments even in high-throughput settings. The APSY
assignments obtained from the CA-CB-CM procedure provide the
basis for the subsequent characterization of protein—ligand and
protein—protein interactions, notably enabling structure-based drug
design by NMR. Further applications, such as for automated protein
structure determination, are readily imaginable.

Acknowledgment. We thank Gerhard Wider, Chrystéle Henry,
Armin Widmer, and Alain Dietrich for discussions and technical
support and Andrea Saenger and René Hemmig for the protein A
sample.

Supporting Information Available: Table on parameters leading
to the choice of the overall strategy (Table S1); PDB statistics (Figure
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projection angles and data analysis (Tables S2—S7). This materia is
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