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NMR spectroscopy provides high-resolution structural infor-
mation of biomolecules in near-physiological conditions.
Although significant improvements were achieved in NMR
spectroscopy in the last 20 years,! the increase in genome
sequencing data has created a need for rapid and efficient
methods of NMR-based structure determination.’¥ NMR
data acquisition can be accelerated significantly when sensi-
tive spectrometers are combined with new methods for
sampling chemical shifts in multidimensional NMR experi-
ments.) Therefore, data analysis and in particular the
requirement to assign side-chain chemical shifts to specific
atoms is the major bottleneck of rapid NMR-based structure
determination. Herein, we present a method, termed
FastNMR (fast structure determination by NMR) that
enables automatic, high-resolution NMR structure determi-
nation of one-domain-sized proteins from unassigned NMR
data. By using FastNMR, the de novo structure of the 65-
residue cone snail neurotoxin conkunitzin-S2 was determined
automatically.

Although good progress has been made towards predic-
tion of 3D protein structures from amino acid sequences, the
quality of the predictions is still limited.”! These problems
may be overcome when a limited number of easily accessible
NMR spectroscopic data is combined with ab initio meth-
ods.®l To obtain high-resolution protein structures, exper-
imental distance information is required. The distance
information can be extracted from NOE spectra with little
manual intervention when assignment of NOE peaks and
structure calculation are performed iteratively.” " To deter-
mine the correct structure, however, a nearly complete and
error-free manual assignment of chemical shifts is essential."!
Alternatively, if excellent, unambiguously identified NOESY
peak lists are available, it may be possible to obtain a 3D
protein structure in the absence of any chemical-shift assign-
ments from the distance information provided in NOESY

[*] J. Korukottu, M. Bayrhuber, Dr. P. Montaville, V. Vijayan,

Dr. Y.-S. Jung, Dr. S. Becker, Dr. M. Zweckstetter
Department of NMR-Based Structural Biology
Max Planck Institute for Biophysical Chemistry
Am Fassberg 11, 37077 Géttingen (Germany)
Fax: (+49) 551-201-2202
E-mail: mzwecks@gwdg.de

[**] We thank Christian Griesinger for useful discussions, Karin Giller
and Kamila Sabagh for technical assistance, and Baldomero M.
Olivera for the cDNA clones of Conk-S1 and Conk-S2. This work was
supported by the Max Planck Society. M.Z. is the recipient of a DFG
Emmy Noether fellowship (ZW 71/1-5).

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

HWILEY

3.7 InterScience’

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

spectra.’>1?l FastNMR differs from these approaches in that it
starts from unassigned chemical shifts, NOEs, and residual
dipolar couplings (RDCs), avoids wrong structures by cross-
validation, works for experimental data, requires only a
limited number of NMR spectra, and produces high-resolu-
tion (<1 A) structures.

The strategy of FastNMR is based on an approach that has
proven to be robust in manual structure determination. This
includes usage of information from triple-resonance experi-
ments for sequential backbone assignment, use of iterative
NOE assignment and structure calculation, and structure
refinement by using RDCs (see the Supporting Information).
The key to the success of FastNMR is, however, the
simultaneous determination of the backbone assignment
and the protein fold prior to analysis of NOE data. This is
achieved by iterative RDC-enhanced backbone assignment
and fold determination by using the assignment program
Mars and the ab initio program Rosetta.l** The next step is to
get from a protein backbone to a 3D structure including side
chains. For this aim, side chains are built onto the protein
backbone and proton and carbon chemical shifts are pre-
dicted from the ensemble of the 20 lowest-energy Rosetta-
NMR structures by using empirical formulas and artificial
neural networks."!8! Experimental chemical shifts are then
matched to the predicted values and assigned based on the
minimal chemical-shift difference. The structure of the
protein backbone and the assignment of backbone and side-
chain chemical shifts are subsequently used for automated
NOE assignment by using the program Cyana.”! Cyana,
however, is not only used for NOE assignment. All distance
constraints involving proton chemical shifts, which could not
be unambiguously assigned by comparison with predicted
values, are treated as ambiguous NOEs. In this way, the
assignment of side-chain chemical shifts is partially done as
part of the automated NOE assignment. By using the NOE-
based 3D structure, the prediction of chemical shifts is
improved and a second round of automated NOE assignment
is performed. Finally, all experimental data are combined and
a high-resolution structure is obtained (see the Supporting
Information). FastNMR is automatically performed; that is,
FastNMR takes lists of unassigned NMR data as the input and
outputs a high-resolution 3D structure.

FastNMR was tested on the 60-residue conkunitzin-S1
(Conk-S1) and the 76-residue protein ubiquitin. For both
proteins, 3D structures as well as chemical-shift assignments
are known allowing evaluation of FastNMR.??! Further-
more, the high-resolution structure of the 65-residue toxin
conkunitzin-S2 (72% sequence identity to Conk-S1) was
determined by FastNMR. Neither NMR data nor a 3D
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structure were previously available
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Table 1: Structural statistical data of the investigated peptides.”!

for Conk-S2. Figure 1 and Table 1

Conk-S1 Ubiquitin Conk-S2
show that, for all three proteins, 2CA7 FastNMR 1D3Z" FastNMR FastNMR
FastNMR calculated high-resolu- |07 e oo 551 464 17441 635 570
tion 3D structures from unassigned |- g-range 113 72 731 119 160
NMR data. The spread in the  medium-range 73 57 291 106 79
ensemble of 20 lowest-energy  short-range 365 335 722 410 331
structures was below 0.7 A for the
backbone and below 1.4 A for all  Number of dihedral angles 126 126 98 127 167
heavy atoms. The manually and Violations >5° 34£1 341 0 1+£1 241
automatically determined struc- o ofrpes 190 190 200 200 138
tures were of similar energy. The ppc types 12,34 1234 123 123 123
FastNMR structures of Conk-S1
and ubiquitin deviate by 0.4 A  Energy [kcalmol™] —1267.2 —1387.9 —2767.9 —2247.6 —1025.0
and 0.6 A, respectively, from the
conventionally determined struc- Ramachandran plot [%]
tures. 2 The FastNMR calcula- M‘ost favored 88.2 87.5 95.0 95.5 84.5

. . Disallowed 2.0 1.0 0.0 0.0 1.9
tion of each protein was completed
in less than 24 h. Coordinate precision [A]"
In FastNMR, the assignment of ~ Backbone atoms 0.6 0.7 0.3 0.4 0.6
side-chain resonances is performed  All heavy atoms 1.2 1.4 0.9 1.1 1.2

automatically by comparison with
values predicted from protein
backbones established early in the
FastNMR calculation. Tests show
that the root-mean-square devia-
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Figure 1. FastNMR 3D structure of a) Conk-S2, b) ubiquitin, and

c) Conk-S1. d) Comparison of the total energy with the deviation from
the native structure of Conk-S1 in FastNMR stability tests (see the
Supporting Information).
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[a] Statistics for ensembles of 20 structures. [b] Structure recalculated based on experimental restraints
of 1D3Z. [c] None of the structures exhibited distance violations greater than 0.5 A. [d] Only 58 % of the
long-range NOEs are nonredundant. [e] 1, 2, 3, 4 refer to the RDCs 'Dy4, 'Dens 'Deacs Deatiar
respectively. [f] Defined as the average rmsd difference between the final 20 FastNMR structures and the
mean coordinates for residues 2-72 (ubiquitin), 3-60 (Conk-S1), and 5-60 (Conk-S2).

tion (rmsd) between predicted and experimental chemical
shifts is 0.19 ppm for protons and 1.1 ppm for carbons visible
in HCCONH- and CCONH-TOCSY spectra (see the Sup-
porting Information)."!81 Accordingly, assignments are only
considered when the difference between predicted and
measured chemical shift is less than 0.3 ppm for protons and
1.3 ppm for carbons. In addition, when two experimentally
observed 'H chemical shifts belonging to the same residue (as
established by HCCONH and CCONH-TOCSY spectra)
differ by less than 0.3 ppm, then all NOE signals owing to
either of the two shifts are considered as ambiguous during
the automated NOE assignment. By using this approach, all
experimentally observed carbon chemical shifts of Conk-S1,
Conk-S2, and ubiquitin were assigned unambiguously. 'H
chemical shifts, however, are often degenerate and about
10% of the measured side-chain 'H chemical shifts could not
be assigned unambiguously (see the Supporting Information).

Previously, it was suggested that for successful automated
NOE assignment at least 90 % of all proton chemical shifts
have to be assigned.!'¥ FastNMR in its current implementa-
tion, however, only uses 3D CCONH- and HCCONH-
TOCSY NMR experiments and only approximately 60 % of
all protons were assigned by FastNMR prior to starting the
NOE analysis (see Table S2 in the Supporting Information).
For all the protons for which no experimental chemical shifts
are available, FastNMR uses predicted chemical shifts for
automated NOE assignment. As the predicted chemical shifts
are not very accurate, the window size that is used for
matching NOEs to 'H chemical shifts was increased from
0.05 ppm to 0.3 ppm. Furthermore, NOE distance restraints
assigned to protons with predicted chemical shifts are used in
the final structure refinement only if the same proton
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(predicted chemical shift) is assigned to two or more NOE
peaks and the experimental chemical shift of the two NOE
peaks differ by less than 0.1 ppm. In combination with the
backbone conformation that is already established prior to
the NOE analysis, this allows the determination of high-
resolution protein structures.

FastNMR was applied to NMR data of three proteins with
all the inherent difficulties of peak overlap, missing backbone
resonances, noise peaks, and multiple conformations. NOE
peaks with multiple chemical-shift assignments are fully taken
into account by the use of ambiguous distance constraints. In
addition, we tested the impact of reduced data quality and
incorrect backbone assignments (see the Supporting Infor-
mation). Despite these complications, FastNMR produced
high-resolution structures, including the de novo structure of
Conk-S2. These results demonstrate that FastNMR is highly
robust.

Cross-validation ensures that no incorrect structures are
produced by FastNMR: For signal assignment and protein-
backbone-structure determination, only RDCs and chemical
shifts are used, whereas during automated NOE assignment
RDC:s are not used. Thus, in case the initial protein backbone
is incorrect, it is unlikely that a sufficient number of NOEs
were assigned during automated, structure-based NOE
assignment. Even if a large enough number of NOEs are
assigned, the NOE-based structure will likely differ signifi-
cantly from the initial structure of the protein backbone and
disagree with the RDCs. Therefore, in the final stage of
FastNMR, when all experimental data are combined, con-
vergence to a low-energy structure is not possible. This is can
be determined from Figure 1d and additional stability tests:
A low total energy is only obtained by FastNMR for correct,
high-resolution structures. In addition, FastNMR structures
have to pass the following check points: 1) atthe end of each
stage, FastNMR structures must have converged to a unique
conformation, 2) structural changes during FastNMR must
differ by less than 3.5 A from the initial backbone structure to
the high-resolution structure, 3) more than 85% of the
backbone resonances must have been assigned before the
automated NOE assignment is started, and 4) FastNMR
structures have to pass the standard NMR spectroscopy
quality criteria, such as a low number of violations of the
experimental restraints (Table 1).

FastNMR in its current implementation is limited to
domain-sized proteins. This is mainly because the only
experiments that are used for extraction of side-chain
chemical shifts are CCONH- and HCCONH-TOCSY experi-
ments. The capabilities of these experiments decreases with
increasing molecular weight of the protein and also do not
allow access to chemical shifts of aromatic groups. A larger
number of chemical shifts will be available when 3D HCCH-
COSY and 3D HCCH-TOCSY spectra™ are incorporated
into FastNMR. In addition, aromatic chemical shifts can be
obtained from two-dimensional (Hg)Cy(C,Cs)H,, and (Hp)Cy-
(C,CsC)H, spectra.™ The incorporation of these experi-
ments into FastNMR is in progress.

In conclusion, we have demonstrated that it is possible to
determine high-resolution structures of domain-sized pro-
teins within 24 h of starting from unassigned chemical shifts,
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RDCs, and NOE peak lists. We have also used this approach
to determine the de novo structure of the neurotoxin Conk-
S2. FastNMR runs automatically, avoids wrong structures by
cross-validation, works for experimental data, requires only a
limited number of NMR spectra, and produces high-resolu-
tion structures. No manual assignment of chemical shifts or
interresidue correlations is required.

Experimental Section

Ubiquitin and Conk-S1 were produced recombinantly as described
previously.??? The production and structural details of Conk-S2 will
be reported elsewhere. NMR spectra were recorded on Bruker 600-,
700-, or 900-MHz spectrometers according to availability. A detailed
list of the spectra and the conditions used can be found in the
Supporting Information. Referencing of spectra, peak picking, and
peak grouping were performed by using the program Sparky. Torsion
angles y, were obtained from 2D "N-C? and “C-"*C" spin-echo
difference experiments.””! NOE peak volumes were derived from 3D
5N- and C-edited NOESY spectra.?*»! RDCs were measured from
interleaved 3D TROSY-HNCO and 3D CBCA(CO)NH spectra.!
For the calculations, a cluster of ten 3.06-GHz Linux PCs was used;
however, most calculation steps use only a single CPU. The structure
of Conk-S2 has been deposited in the protein databank (PDB code
2J6D). Software for the use of FastNMR is available from the authors
upon request.
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