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Abstract Stereo-array isotope labeling (SAIL) has been
combined with the fully automated NMR structure deter-
mination algorithm FLYA to determine the three-dimen-
sional structure of the protein ubiquitin from different sets
of input NMR spectra. SAIL provides a complete stereo-
and regio-specific pattern of stable isotopes that results in
sharper resonance lines and reduced signal overlap, without
information loss. Here we show that as a result of the
superior quality of the SAIL NMR spectra, reliable, fully
automated analyses of the NMR spectra and structure cal-
culations are possible using fewer input spectra than with
conventional uniformly '*C/"N-labeled proteins. FLYA
calculations with SAIL ubiquitin, using a single three-
dimensional “through-bond” spectrum (and 2D HSQC
spectra) in addition to the '*C-edited and '’N-edited NO-
ESY spectra for conformational restraints, yielded struc-
tures with an accuracy of 0.83-1.15 A for the backbone
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RMSD to the conventionally determined solution structure
of SAIL ubiquitin. NMR structures can thus be determined
almost exclusively from the NOESY spectra that yield the
conformational restraints, without the need to record many
spectra only for determining intermediate, auxiliary data of
the chemical shift assignments. The FLYA calculations for
this report resulted in 252 ubiquitin structure bundles,
obtained with different input data but identical structure
calculation and refinement methods. These structures cover
the entire range from highly accurate structures to seriously,
but not trivially, wrong structures, and thus constitute a
valuable database for the substantiation of structure vali-
dation methods.

Keywords Automated structure determination -
CYANA - FLYA - SAIL - Structure validation

Introduction

Strategies for protein structure analysis by NMR have
recently seen renewed interest (Billeter et al. 2008;
Williamson and Craven 2009). The complete automation of
protein structure determination is one of the challenges of
biomolecular NMR spectroscopy that has, despite early
optimism (Pféndler et al. 1985), proved difficult to achieve.
The unavoidable imperfections of experimental NMR
spectra, and the intrinsic ambiguity of peak assignments
that results from the limited accuracy of frequency mea-
surements, turn the tractable problem of finding the
chemical shift assignments from ideal spectra into a for-
midably difficult one under realistic conditions. A variety
of automated algorithms tackling different parts of NMR
protein structure analysis have been developed and
reviewed (Baran et al. 2004; Gronwald and Kalbitzer 2004;
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Giintert 2009; Williamson and Craven 2009). Recently a
purely computational algorithm (FLYA) was published that
is capable of determining three-dimensional (3D) protein
structures on the basis of uninterpreted spectra without
manual interventions (Lopez-Méndez and Giintert 2006).

Automated protein structure determination by NMR
benefits from any method that improves or simplifies the
spectra, notably by stable isotope labeling, spectrometer
hardware with higher signal-to-noise and frequency reso-
lution, and optimized heteronuclear multidimensional
experiments. A powerful approach is stereo-array isotope
labeling (SAIL), which simultaneously achieves a four to
sevenfold increase in signal-to-noise, sharper resonance
lines, and a 40-60% reduction in the number of signals,
without sacrificing essential information about the back-
bones and the side chains of all amino acid residue types
(Kainosho et al. 2006). The resulting reduction of spectral
overlap, the higher accuracy of the frequency determina-
tion, the complete stereospecific assignment, and the
measurement of longer 'H-"H distances made it possible to
determine the high-quality solution structures of proteins
larger than 30 kDa (Kainosho et al. 2006; Takeda et al.
2008). The SAIL technique uses amino acids with a com-
plete stereospecific and regiospecific pattern of stable iso-
topes that is optimized with regard to the quality and
information content of the resulting NMR spectra. The 20
protein-constituting amino acids are prepared by chemical
and enzymatic syntheses such that in all methylene groups,
one 'H is stereo-selectively replaced by “H, in all single
methyl groups, two 'H are replaced by *H, and in the
prochiral methyl groups of Leu and Val, one methyl is
stereo-selectively ~'2C(®*H); and the other is —">*C'H(*H),.
In six-membered aromatic rings, the 2C_’H and *C-'H
moieties alternate with each other (Kainosho et al. 2006;
Torizawa et al. 2005). SAIL amino acids for the production
of protein NMR samples are commercially available from
SAIL Technologies, Inc. (www.sail-technologies.com),
and an efficient cell-free protein expression system has
been established that is suitable for the large-scale syn-
thesis of SAIL proteins without scrambling of the isotope
labels (Torizawa et al. 2004).

Guided by the ongoing assignment process, an experi-
enced spectroscopist can often identify crucial peaks with
virtual certainty and, if necessary, make an assignment on
the basis of a single, uniquely identified peak. Fully auto-
mated methods for the resonance assignment of proteins,
on the other hand, generally have a lower reliability of peak
identification than a spectroscopist who visually inspects
the spectra. A sufficient level of redundancy, e.g., the
availability of multiple peaks for a given atom, is therefore
required for the successful operation of fully automated
methods. This can be achieved by recording a set of spec-
tra that provide complementary information for the
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assignment of a given atom or group of atoms, such that the
algorithm can determine their resonance assignments from
a variety of data, without relying on the certain identifi-
cation of any specific peak (Bartels et al. 1997). The 3D
structures of three uniformly labeled 12—-16 kDa proteins
were determined with the fully automated FLYA algo-
rithm, using 13-14 3D NMR spectra for each protein
(Lopez-Méndez and Giintert 2006). However, a consider-
able amount of measurement time, about 3 weeks, was
required for each protein to record these spectra. We
therefore investigated whether the FLYA algorithm can
also be used with smaller sets of spectra (Scott et al. 2006).
For the prototypical Fes SH2 domain protein, correct
structures could be obtained from as few as five 3D spectra.
A further reduction of the input data to three 3D spectra
resulted in distorted structures with about 3 A RMSD to the
reference structure.

The combination of SAIL and FLYA (Takeda et al.
2007) is expected to facilitate the automated process,
especially for larger, less soluble, or otherwise difficult
proteins. In this report, we applied the SAIL-FLYA method
to various sets of spectra recorded with a low-concentration
sample of the SAIL protein ubiquitin. The purpose of our
study is not the determination of a new protein structure or
the application of SAIL to large proteins but to give a proof
of principle that SAIL enables the fully automated structure
determination of proteins using much smaller sets of input
spectra than are necessary with conventional uniformly
labeled proteins. Further, we characterized more than 250
SAIL-FLYA ubiquitin structures with different accuracies
by common validation parameters, and showed that an
overall validation Z score can distinguish between correct
and incorrect structures with high fidelity.

Materials and methods
Sample preparation

The SAIL ubiquitin protein sample was produced in an
E. coli cell-free synthesis system optimized for the prepa-
ration of labeled NMR samples (Takeda et al. 2007;
Torizawa et al. 2004), using 50 mg of the SAIL amino acid
mixture (SAIL Technologies). The lysate was cleared by
centrifugation at 27,000g for 20 min. After boiling at
350 K, SAIL ubiquitin was purified by ion exchange
chromatography on a DE52 column with 50 mM sodium
acetate buffer (pH 6.0) and on a MonoS 5/5 column with
50 mM sodium acetate buffer (pH 4.8) and 0.5 M NaCl,
followed by gel filtration chromatography on a Superdex
75 column with 50 mM sodium phosphate buffer (pH 6.8)
and 200 mM NaCl. The protein was concentrated to 0.1 or
04 mM and was dissolved in 90% 'H,O, 10% “H,0,
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10 mM sodium phosphate buffer (pH 6.6) and 0.01% NaNj;
for the NMR measurements.

NMR spectroscopy

NMR data were measured at 310 K on a Bruker DRX 600
spectrometer equipped with a cryogenic probe (Table 1)
and were processed with the programs NMRPipe (Delaglio
et al. 1995) and Azara (www.bio.cam.ac.uk/azara). Spectra
were recorded at a protein concentration of 0.1 mM except
for the H{CCCO)NH, HCCH-TOCSY and NOESY spectra,
for which a concentration of 0.4 mM was used. The mixing
time for the NOESY spectra was 100 ms. For comparison
with the automated assignment results, the spectra were
also manually analyzed using the program ANSIG 3.3
(Kraulis 1989; Kraulis et al. 1994).

FLYA calculations

The FLYA algorithm (Lopez-Méndez and Giintert 2006)
used as input data only the protein sequence and the mul-
tidimensional NMR spectra. Peaks were identified in the
multidimensional NMR spectra using the automated peak

picking algorithm of NMRView (Johnson 2004; Johnson
and Blevins 1994), and peak lists were prepared by
CYANA (Giintert 2003; Giintert et al. 1997). Depending on
the spectra, the preparation included unfolding aliased
signals, systematic correction of chemical shift referencing,
and removal of peaks near the diagonal or water line. The
peak lists resulting from this step remained invariable
throughout the rest of the procedure. An ensemble of initial
chemical shift assignments was obtained by multiple runs
of a modified version of the GARANT algorithm (Bartels
et al. 1996, 1997) with different seed values for the random
number generator (Malmodin et al. 2003). The peak posi-
tion tolerance was set to 0.03 ppm for the 'H dimension
and to 0.3 ppm for the '*C and '°N dimensions. These
initial chemical shift assignments were consolidated by
CYANA into a single consensus chemical shift list. Tor-
sion angle restraints were produced by the program
TALOS (Cornilescu et al. 1999), on the basis of the con-
sensus chemical shifts. Hydrogen bond restraints were not
applied. The consensus chemical shift list, the amino acid
sequence, and the unassigned NOE peak lists were used as
input data for combined automated NOE assignment
(Herrmann et al. 2002) and structure calculation by torsion

Table 1 Acquisition parameters of the multidimensional NMR spectra recorded for SAIL ubiquitin and sets of spectra used for FLYA

calculations
Spectrum Points®  Width® (kHz) Peaks FLYA run
Expected® Observed 1 2 3 4 5 6 7 8 9 10 11 12 13 14
2D spectra
['>N,'H]-HSQC 30 7.1,2.1 90 80 y
[*C,'H]-HSQC 128 7.1, 10.6 243 249 y y y y |y y |y
HB(CBCG)HE 10 7.1, 2.1 5 5 y ¥y yyyyyyyy' Yy y 'y
3D spectra for backbone assignment
HNCO 36,100 7.5, 1.0, 3.0 73 91 y y
HN(CA)CO 36,100 7.5, 1.0, 3.0 146 110 y y
CBCANH 36,120 7.5,1.0,10.6 281 262 y y 'y y
CBCA(CO)NH 36,120 7.5,1.0,10.6 141 133 y 'y y y
3D spectra for side chain assignment
HBHA(CO)NH 31, 18 7.5, 1.0, 3.6 141 256 y y y Yy y
(H)CC(CO)NH 60, 14  75,1.0,1.0 232 237 y Yy y y y y
H(CCCO)NH 40, 14 75,1.0,4.2 232 353 y vy Yy Yy Yy y
HCCH-COSY 60,60  7.5,105,3.6 575 361 y 'y y
HCCH-TOCSY 60,60  7.5,10.5,3.6 881 1,017 y y y y
3D spectra for conformational restraints
>N-edited NOESY 218,36 7.5, 1.0, 6.3 2,051 1,979 y Yy vy Yy Yy y Yy Yy 'Yy y y y y
BC-edited NOESY 218,50 7.5,3.5, 6.3 5,575 4,553 y vy Yy y vy vy yyy Yy y y |y

2 Points: complex time domain data points in the indirect dimensions. The number for the first indirect dimension refers to '°N, if present, or '*C
otherwise. The second number refers to 'H, if present, or '*C otherwise. In all 3D spectra, 512 complex time domain data points were recorded in

the directly detected 'H dimension

b Spectral widths in the directly detected dimension, and in the indirectly detected dimension(s)

¢ Number of cross peaks expected under ideal conditions, based on the knowledge of the magnetization transfer pathways for each experiment.
In the case of NOESY spectra, the expected peaks correspond to 'H-"H distances shorter than 4.5 A in the reference structure
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angle dynamics (Giintert et al. 1997). Upper distance limits
were derived from the NOESY peak intensities, according
to an inverse sixth power law for the volume-distance
relationship, and were confined to the range 2.4-5.2 A.
Structure calculations were started from 500 conformers
with random torsion angles, a number five times greater
than that of the default, to minimize the possible influence
of erroneous chemical shift assignments, particularly in
reduced data sets. Seven cycles of combined automated
NOE assignment and structure calculation by simulated
annealing in torsion angle space and a final structure cal-
culation using only unambiguously assigned distance
restraints were run. The complete calculation comprised
three stages. In stage I, the chemical shifts and the protein
structures were generated de novo. In the following stages
II and III, the structures generated in the preceding stage
were used as additional input for the determination of
chemical shift assignments. The 20 final CYANA con-
formers with the lowest target function values were sub-
jected to restrained energy minimization in explicit solvent
against the AMBER force field (Cornell et al. 1995; Ponder
and Case 2003), using the program OPALp (Koradi et al.
2000; Luginbiihl et al. 1996). The entire procedure was
driven by the NMR structure calculation program CYANA,
which was also used for parallelization of all of the time-
consuming steps. Calculations were performed simulta-
neously on 20 processors of a Linux cluster system with
Intel quad-core 2.4 GHz processors. For each set of NMR
spectra, three runs were conducted using different seed
values for the random number generators. The results of
these three runs were averaged and are presented in the
“Results and discussion” section.

The original FLYA algorithm (L6pez-Méndez and
Giintert 2006) was adapted for work with SAIL proteins
(Takeda et al. 2007), notably within the GARANT program
(Bartels et al. 1996, 1997). Parameters were optimized, and
the contribution Pr of a NOESY peak to the GARANT
scoring function in stages II and III, when a 3D structure
was available, was set to

PR:Wtotal(Pd+Ps+Pr+Pm+P5)a

with the contribution P4 for the agreement with the input
structure (see below), and the standard GARANT terms P
for the given spectrum type, P, for the density of peaks in a
spectrum, P, for the agreement with the general chemical
shift statistics, and Pg for the deviation of the chemical
shifts among the peaks involving the same atom(s) in all
spectra. The contribution for the agreement with the input
structure of the upper distance limit u associated with a
NOESY peak is given by

1 /max(dmin — ,0) 2
2 o ’

Py = wnoE exp <——
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where wnog is a weighting factor, dp;, is the minimal
distance within the conformers of a structure bundle, and
the parameter ¢ = 0.5 A indicates the size of a “signifi-
cant” violation.

Structure analysis and structure validation

The program MOLMOL (Koradi et al. 1996) was used to visu-
alize 3D structures. CYANA was used to obtain statistics on
target function values, restraint violations, etc., and to compute
RMSD values to the mean coordinates of a structure bundle for
superpositions of the backbone atoms N, C and C’ or the heavy
atoms for the structured region of the protein, residues 1-72. The
single RMSD value between the two sets of mean coordinates
was used to quantify the deviation of one structure bundle from
another. Conformational energies were calculated with OPALp
(Koradi et al. 2000; Luginbiihl et al. 1996) using the AMBER
(Cornell et al. 1995; Ponder and Case 2003) force field.

The following validation parameters were computed for
all structure bundles: (1) The logarithm of the backbone
RMSD to the mean coordinates. (2) The AMBER potential
energy (Cornell et al. 1995; Ponder and Case 2003).
(3) The percentage of residues in the most favored region
of the Ramachandran plot, defined by the program Pro-
check (Laskowski et al. 1996; Morris et al. 1992). (4) The
Verify3D score (Bowie et al. 1991; Liithy et al. 1992). (5)
The packing, the Ramachandran plot appearance, the />
rotamer normality and the backbone conformation quality
scores of the Whatcheck program (Hooft et al. 1996).
(6) The LGscore and Maxsub score of the ProQ program
(Wallner and Elofsson 2003). (7) The score of the ProSa
2003 program (Sippl 1993). In addition, we calculated an
overall Z score from the principal scores Sy, ..., S7 of the
aforementioned validation programs, defined by

S-S

Z = oS

i=1

The sign of each of the scores S; was chosen such that a
better structure has a lower score. The packing score was
selected as the principle score of the Whatcheck program,
and the LGscore as the principle score of ProQ.

Results and discussion
Spectra sets and peak picking

The NMR spectra collected for SAIL ubiquitin are listed in
Table 1, along with the experiments included in the 14
different subsets of these spectra that were used as input for
the SAIL-FLYA structure calculations with “full” and
reduced data sets. The two 2D HSQC spectra (Fig. 1) and
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the 2D HB(CBCG)HE spectrum for the assignment of
aromatic resonances in SAIL proteins (Torizawa et al.
2005), which can be measured quickly, and the two 3D
NOESY spectra that are required for obtaining the con-
formational restraints for the structural calculation, were
used in all FLYA runs as a basic spectra set. For Run 1, the
full set of three 2D and thirteen 3D spectra was employed.
Runs 2-5 were done with progressively reduced sets of
spectra for the backbone and side chain chemical shift
assignments. Runs 6-14 were performed with “minimal”
data sets that included only the basic spectra set and a
single additional 3D spectrum. Automatic peak picking
was always performed over the complete spectrum,
excluding only two narrow bands along the water line and
along the diagonal. No other spectral regions or individual
peaks were interactively excluded from peak picking.
Automated peak picking yielded between 75 and 125% of
the expected number of peaks, except for HBHA(CO)NH
(182%), H(CCCO)NH (152%), and HCCH-COSY (62%)
(Table 1).

Chemical shift assignments

As a reference we manually made chemical shift assign-
ments that were complete for the 'H backbone amide and
aliphatic protons and their directly bound '*C and "N
nuclei, except for the amide groups of Met 1 and Gly 53,
and the side-chain methyl group of Met 1.

Table 2 summarizes the chemical shift assignments and
the structural statistics for the SAIL-FLYA Runs 1-14. The
chemical shift assignments were classified into three cate-
gories. The category ‘all’ includes all assignable 'H, '*C
and, ">N atoms, the category ‘backbone and SCH,,” includes
the 'H, '°C, and '°N atoms in the protein backbone along
with the H” and C” atoms, and the category ‘other CH,’
includes the remaining side chain lH, 13C, and °N atoms,
except H” and C”. Runs 1, 10, and 11 utilized HNCO and/or
HN(CA)CO experiments for the assignment of the back-
bone carbonyl carbons, C'. The number of assigned nuclei
was higher for these runs than for those that did not include
experiments to assign the C’ chemical shifts. The accuracy
of the chemical shift assignment was evaluated in terms of
the percentages of chemical shifts that are either within the
tolerance of 0.03 ppm for "H and 0.3 ppm for '*C and "N,
equal to those made by conventional assignment (‘equal’),
different from the reference assignment (‘different’), or that
do not agree within the tolerance with the reference
assignment of any atom in the same residue (‘wrong’). The
latter type of assignment error can potentially lead to a
serious distortion of the resulting structure, unless the sub-
sequent NOESY assignment algorithm is able to discard the

erroneous assignment. '°C and '°N atoms not bound to 'H
were excluded when counting the ‘wrong’ assignments,
because they have no influence on the NOE distance
restraints and thus on the 3D structure. The percentages of
equal and different peaks do not necessarily add up to
100%, because only the shifts of nuclei that were assigned
simultaneously by both methods could be compared.

The fully automated approach with the full spectra set
(Run 1) yielded the most complete and correct chemical
shift assignments, which equaled the reference assignments
in 96.5% of all assignable chemical shifts, 97.9% of the
backbone and BCH,, chemical shifts, and 93.3% of the
outer side chain chemical shifts beyond the f position
(Table 2). Among the chemical shifts assigned by FLYA,
2.3% did not agree with the reference assignment of any
atom in the same residue. With a decreasing number of
input spectra, the percentages of equal chemical shift
assignments also decreased slightly, to 96.2-93.5% for
Runs 2-5 with a reduced number of spectra, and to 93.7-
86.5% for Runs 6—14 with minimal data sets. Similarly, the
percentages of wrong chemical shift assignments by FLYA
that did not agree with the reference assignment of any
atom in the same residue increased, to 2.7-3.4% for Runs
2-5, and to 3.8-10.1% for Runs 6-14. The lowest quality
of the chemical shift assignments was observed when
through-bond information was provided only by HNCO or
HN(CA)CO spectra for the assignment of the backbone
carbonyl carbon, C'. Relatively low assignment accuracy
also resulted when H(CCCO)NH or HCCH-TOCSY were
the only through-bond spectra used. In all other cases, the
percentage of correctly assigned peaks decreased only
slightly by 0.3—4.1% compared to the result obtained with
the full set of spectra.

NOE assignments and structure calculations

The number of assigned NOESY cross peaks varied
between 1,644 and 1,757, and the number of long-range
distance restraints ranged between 231 and 272 among
Runs 1-14, without a trend for larger numbers of confor-
mational restraints for the runs that included more spectra
(Table 2). All final structures yielded average CYANA
target function values below 0.5 AZ, except for Run 14
with a final target function value of 1.11 A? (Table 2). This
indicates that in the case of SAIL proteins, the CYANA
algorithm for automated NOESY assignment works
robustly with the chemical shift lists obtained from the
automated sequence-specific assignment step in FLYA,
despite the aforementioned variations in the correctness of
the chemical shift assignments.
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(see Table 1) of the SAIL-FLYA structure calculation of ubiquitin.
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Structure accuracy

The 3D structures that resulted from the SAIL-FLYA
calculations exhibited similar accuracy for all runs, indi-
cating convergence to a correct high-quality structure for
all 14 sets of input spectra (Fig. 2). The RMSD values to
the reference structure obtained with conventional manual
assignment varied in Runs 1-14 between 0.83 and 1.15 A
for the backbone atoms and 1.31-1.61 A for all heavy
atoms of the structured region, residues 1-72 of ubiquitin
(Table 2). These deviations are comparable to the back-
bone RMSD values of up to 0.8 A that could be observed
in a series of conventional CYANA calculations with
manually assigned chemical shifts and identical input data,
except for different randomized initial structures. The
results of the SAIL-FLYA calculations show that it is
possible with SAIL to obtain high-quality structures of the
protein ubiquitin with a minimal number of input spectra.
The choice of the single triple resonance spectrum that was
used as input in addition to the 2D spectra and the NOESY
spectra was not crucial, as indicated by the virtually
identical RMSD deviations from the reference structure for
Runs 6-14.

Fig. 2 Ubiquitin structures
obtained in SAIL-FLYA
calculations (blue)
superimposed on the
conventionally determined
reference structure of SAIL
ubiquitin (red). a Run 1.

b Run 3. ¢ Run 7. d Run 14. See
Tables 1 and 2 for details

@ Springer

Impact of through-bond aromatic assignments

A particular advantage of the SAIL technology for the
automation of protein structure analysis is that it enables
the simple and reliable assignment of the aromatic side-
chains, which typically form many long-range NOEs that
are important to define the tertiary structure of the protein.
The HB(CBCG)HE spectrum (Torizawa et al. 2005) cor-
relates the H® atoms of phenylalanine and tyrosine with the
H” atoms by through-bond magnetization transfer inde-
pendently from the intrinsically less reliable through-space
correlations of the conventional approach (Wiithrich 1986).
(The H and H® atoms are replaced by “H in SAIL pro-
teins.) To evaluate the impact of the HB(CBCG)HE
spectrum on the fully automatic SAIL-FLYA structure
calculations, we repeated the aforementioned Runs 1-14
without using the HB(CBCG)HE spectrum as input. The
results showed that the exclusion of the HB(CBCG)HE
spectrum generally did not decrease the overall percentages
of correctly assigned chemical shifts, but increased the
number of erroneous assignments of H® atoms of phenyl-
alanine and tyrosine. The structures obtained with and
without the use of the HB(CBCG)HE spectrum were of




J Biomol NMR (2009) 44:261-272

269

similar accuracy except for Runs 12 and 5, for which the
use of the HB(CBCG)HE spectrum decreased the backbone
RMSD deviations from the reference structure from 3.35 to
1.11 A and 1.44 to 1.02 A, respectively. Considering that
the 2D HB(CBCG)HE spectrum required only a small
fraction of the total measurement time, its use is advisable
for obtaining high-quality structures with SAIL-FLYA.
Ubiquitin contains two phenylalanine residues and one
tyrosine residue. A stronger impact of the HB(CBCG)HE
spectrum is to be expected for proteins containing more
aromatic residues than ubiquitin.

Validation

The validation of NMR protein structures is an important
issue that is complicated by the absence of a quality
parameter that measures the deviation of the 3D structure
from the original, un-interpreted data from the NMR
spectrometer, in a similar way as the (free) R-factor in
X-ray crystallography (Briinger 1992). As a partial remedy,
many validation parameters have been proposed that
measure the consistency of the 3D structure with either
physico-chemical principles (conformational energies,
hydrogen bonding, etc.), derived NMR data such as peak
intensities or conformational restraints, or its “normality”
in the context of the many protein 3D structures that are
available from the Protein Data Bank (Spronk et al. 2004).

Recognizing erroneous NMR protein structures (Nabu-
urs et al. 2006) is particularly important for fully automated
approaches that perform the complete structure analysis
without manual checks and corrections. Fully automated
approaches must be capable of detecting and discarding
artifact peaks in order to deal with the imperfections of
experimental NMR spectra. Such automated “noise
removal” carries, in principle, the danger of converging to
a wrong structure by excluding part of the experimental
data (Herrmann et al. 2002; Linge et al. 2001). This did not
happen with the final structures of any of the SAIL-FLYA
runs of this paper, as indicated by their small RMSD
deviations from the independently determined reference
structure. Nevertheless, the complete set of 3D structures
obtained in the course of the calculations for this paper
provided a valuable data set for substantiating the valida-
tion approaches. Since the FLYA algorithm involves three
stages (Lopez-Méndez and Giintert 2006), and Runs 1-14
were each performed three times, with and without using
the HB(CBCG)HE spectrum, the data set included a total
14 x 2 x 3 x 3 = 252 ubiquitin structure bundles of 20
conformers each. These structures were of widely varying
quality, in terms of their deviation from the reference
structure, but all were folded and free of trivial errors, such
as incorrect bond lengths, bond angles or chiralities, or
severe steric overlap (Hooft et al. 1996; Schultze and

Feigon 1997). Since they were calculated and energy-
refined in the same way, they provide a consistent set of
structures to evaluate the power of various commonly used
validation parameters (see “Methods”) to distinguish
between correct and erroneous structures. The database of
the 252 ubiquitin structure bundles is available from
www.sailnmr.org.

Figure 3 shows plots against the (logarithm of the)
backbone RMSD deviation from the reference structure for
seven validation parameters: The (logarithm of the) back-
bone RMSD to the mean coordinates, the AMBER poten-
tial energy (Cornell et al. 1995; Ponder and Case 2003), the
percentage of residues in the most favored region of the
Ramachandran plot defined by the program Procheck
(Laskowski et al. 1996; Morris et al. 1992), the Verify3D
score (Bowie et al. 1991; Liithy et al. 1992), the packing
score of the Whatcheck program (Hooft et al. 1996), the
LGscore of the ProQ program (Wallner and Elofsson
2003), and the score of the ProSa 2003 program (Sippl
1993). In addition, an overall Z score was computed from
the seven individual validation parameters, as described in
the “Methods” section. All of these validation parameters
correlated to a certain extent with the accuracy of the
structure, as indicated by the correlation coefficients in
Table 3. However, there were considerable differences.
Only the Verify3D score, the Prosa2003 score, and the
overall Z score showed a stronger correlation than the
RMSD value to the mean coordinates of the structure
bundle, which is generally considered as a bad quality
measure because it describes the precision, rather than the
accuracy, of a structure bundle. The strongest correlation,
with a correlation coefficient of 0.91, was obtained, as
expected, for the overall Z score, which incorporates con-
tributions from all seven individual scores. The overall Z
score could detect structures that are seriously wrong
(backbone RMSD to the reference >2.0 A) with high
reliability: A cutoff for the Z score that was fulfilled by
99% of the structures with RMSDs to the reference below
2.0 A included only a single structure with an RMSD
above 2.0 A (2.27 A). Given the whole data set of 252
structures, the validation parameters were thus capable of
distinguishing between correct and seriously wrong struc-
tures. On the other hand, it was difficult to detect slight
deviations from the reference structure using the validation
parameters of Fig. 3, as indicated by the low correlation
coefficients that were obtained, if only the essentially
correct structures with RMSD deviations from the refer-
ence structure of less than 2.0 A were included in the
analysis (Table 3). None of the individual validation scores
showed a correlation coefficient above 0.5 for this reduced
set of essentially correct structures. Only the overall Z
score yielded a correlation coefficient of 0.66. This better
result for the overall Z score reflects the fact that the
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Fig. 3 Validation scores of 252 3 o0
SAIL ubiquitin structure = 5@ s
bundles plotted against the z 21
backbone RMSD deviation § 2 R .
from the reference structure on a E 1 s '
logarithmic scale. a Backbone é ) P § -3
RMSD to the mean coordinates. 0.5 Tosan LA o
b AMBER potential energy z "#ﬁf; ’ .
(Cornell et al. 1995; Ponder and = 0.2 = 24
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1996; Morris et al. 1992). T % 0.4 .
d Verify3D score (Bowie et al. g 3400 o 0
1991; Liithy et al. 1992). < -0.4
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Whatcheck program (Hooft & g8 2
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black dots, respectively g 3 w0l - {i@'—‘f(- .
0.5 1 10 0.5 1 10

individual validation parameters evaluate complementary
aspects of the structural quality.

Conclusions

This study showed that it is possible to determine high
quality structures of SAIL proteins by fully automatic
structure calculation with FLYA, using a minimal number
of spectra. These results suggest that besides the structure
analysis of proteins larger than 40 kDa the SAIL method
may have another application in the fully automated
structure analysis of smaller proteins, provided that the
future production cost for SAIL proteins can be lowered
scaled-up quantities and improved syntheses of SAIL
amino acids (Terauchi et al. 2008) Typically, with uni-
formly 'C/'*N-labeled proteins, a considerable number
(up to 10) of 3D spectra are recorded that serve the
sequence-specific assignment, but do not yield conforma-
tional restraints. It would therefore be advantageous for
NMR structure analysis to reduce the measurement of such
spectra as far as possible. SAIL, in conjunction with the
FLYA algorithm, represents a significant step in this

@ Springer

2 5
RMSD to reference (A)

2 5
RMSD to reference (A)

Table 3 Correlation coefficients between various structure quality
scores and the logarithm of the backbone RMSD to the reference
structure for the structured region of residues 1-72, calculated either
over all structure bundles or only for the structure bundles with less
than 2 A RMSD to the reference structure

Structure quality score All Structures with
structures RMSD <2 A
Backbone RMSD to mean 0.77 0.38
AMBER energy 0.74 0.36
Procheck
Ramachandran most favored 0.66 0.46
Verify3D score 0.81 0.37
Whatcheck
Packing 0.69 0.31
Ramachandran 0.43 0.36
Rotamer 0.31 0.11
Backbone 0.43 0.32
ProQ score
Lgscore 0.75 0.40
MaxSub 0.65 0.41
Prosa2003 score 0.88 0.44
Overall Z score 091 0.66
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direction. A comparison of the results in this report with
the analogous FLYA calculations performed for the uni-
formly '*C/'*N-labeled protein Fes SH2 (Scott et al. 2006)
indicates a decisive improvement by SAIL-FLYA, since
the former FLYA structure calculations for the uniformly
labeled protein were unable to provide accurate structures
when only a single additional 3D spectrum was used
together with the indispensable NOESY spectra. For the
future application of SAIL-FLYA fully automated structure
determination with minimal spectra sets to larger proteins,
improvements of the FLYA algorithm and of the quality of
the NMR spectra for larger proteins may be necessary. The
reduction of assignment ambiguities by the use of spectra
with higher (effective) dimensionality and better resolution
that can be achieved by projection and non-linear sampling
techniques is particularly promising in this respect (Hiller
et al. 2005; Kupce and Freeman 2008; Luan et al. 2005;
Malmodin and Billeter 2005; Sakakibara et al. 2009;
Szyperski and Atreya 2006). Furthermore the SAIL pat-
terns may be overlap and relaxation optimized for large
proteins (Ikeya et al. 2006).
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