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Abstract Direct methods in NMR based structure deter-
mination start from an unassigned ensemble of unconnected
gaseous hydrogen atoms. Under favorable conditions they
can produce low resolution structures of proteins. Usually a
prohibitively large number of NOEs is required, to solve a
protein structure ab-initio, but even with a much smaller set
of distance restraints low resolution models can be obtained
which resemble a protein fold. One problem is that at such
low resolution and in the absence of a force field it is
impossible to distinguish the correct protein fold from its
mirror image. In a hybrid approach these ambiguous models
have the potential to aid in the process of sequential back-
bone chemical shift assignment when 13¢P and '3C’ shifts
are not available for sensitivity reasons. Regardless of the
overall fold they enhance the information content of the
NOE spectra. These, combined with residue specific
labeling and minimal triple-resonance data using '*C”
connectivity can provide almost complete sequential
assignment. Strategies for residue type specific labeling
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with customized isotope labeling patterns are of great
advantage in this context. Furthermore, this approach is to
some extent error-tolerant with respect to data incom-
pleteness, limited precision of the peak picking, and
structural errors caused by misassignment of NOEs.
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clouds - NMR sequential assignment - Residue type
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Introduction

Traditionally, NMR based protein solution structure
determination proceeds in a defined sequence of steps
(Cavanagh et al. 1996; Evans 1995): first, sequential
assignment of the protein backbone resonances lHN, ISN,
Be, B¢P, 13C" and 'H?, using pairs of triple-resonance
NMR experiments, second, acquisition of 'H proton and
3C carbon relayed TOCSY experiments to correlate the
"HN backbone signals with the amino-acid sidechains 'H
and 3C signals and third, 13C carbon and °N nitrogen
edited multi 3D/4D dimensional NOE spectra to assign and
identify as many distance restraints as possible. This is
followed by structure calculation applying restrained sim-
ulated annealing molecular dynamics refinement to a
covalent template starting from an extended backbone
conformation of the protein (Briinger 1993; Brunger et al.
1998). The resulting protein structures can be used to
iteratively identify and assign more and more NOE dis-
tance restraints to be used in the next round of structure
calculation and this procedure is iterated until convergence
(Nilges et al. 1997).

While this ‘standard protocol’ is almost guaranteed to
work (provided sufficient protein solubility and stability), it
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is fairly time consuming and requires a turnaround time of
a few months. This has therefore prompted the search for
alternative approaches and potentially time-saving short-
cuts reducing the time demands in NMR based structural
biology.

Usually the sequential *C%,_, connectivity information
from 3D HNCA (Kay et al. 1990) (in combination with 3D
HN(CO)CA) (Grzesiek and Bax 1993) data alone is not
sufficient for unambiguous sequential assignment due to
the large shift degeneracy of the '>C* backbone shifts
(Hoffmann et al. 2005). Further information is usually
required to make the sequential connectivity unambiguous
e.g. '3CP,_, shifts from HNCACB/CBCA(CO)NH
(Grzesiek and Bax 1992; Wittekind and Mueller 1993) (or
HN(CO)CACB) or "*C'i;_; shifts HNCO/HN(CA)CO
(Clubb et al. 1992; Kay et al. 1990), which may prove more
difficult to obtain especially in larger molecular weight
systems due to fast transverse '°N and '*C T, relaxation.

HNCA (and HNCO) and potentially HN(CO)CA spectra
can still be acquired with reasonable sensitivity even in
large molecular weight systems and in the absence of
sidechain deuteration. More complex experiments require
full or partial deuteration, especially in conjunction with
TROSY methodology (Pervushin et al. 1997; Pervushin
et al. 1998), otherwise the quality of the other triple-reso-
nance datasets is seriously compromised by fast relaxation.

Nevertheless, even in such cases NOE spectra of good
quality can be obtained without large experimental diffi-
culty (Korzhnev et al. 2004; Tugarinov and Kay 2004;
Tugarinov et al. 2005; Tugarinov et al. 2004).

In those cases the NOE connectivities can provide the
missing information required for unambiguous sequential
linkage (Hoffmann et al. 2005). In the absence of a struc-
tural model only sequential to mid-range NOEs are
interpretable. The information content of a NOE data set is
further enhanced if a three dimensional protein model (e.g.
provided by homology modeling) is available, in whose
context all "HN-'"HN NOEs, including long-range and
characteristic tertiary contacts e.g. across f-strands, can be
used for sequential linkage and placement of spin systems
onto a protein structure. This process is greatly improved
when a-priori residue typing for a number of spin-systems
is possible, which will subsequently serve as pivotal points
for sequential assignment and as check points for
validation.

One particularly interesting alternative in cases, where
no homology model of the protein of interest is available, is
to use the NOE information directly without any prior
assignment and apply the restrained simulated annealing to
an ensemble of unassigned and unconnected and non-
interacting gaseous atoms. They are condensed into a low-
resolution structural proton distribution a so-called proton
cloud, which under favorable circumstances resembles a
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low-resolution image of a protein (Grishaev and Llinas
2002a, b, ¢, 2004, 2005; Grishaev et al. 2005; Kraulis
1994). This procedure is repeated a number of times so that
a distribution of protein clouds is obtained, from which
proton densities can be derived.

In principle, these proton densities carry all the struc-
tural information. It has been demonstrated already that if a
large enough number of NOE distance restraints is avail-
able, tertiary structures of small globular proteins can be
obtained ‘directly’ without resorting to any form of cova-
lent template. The sequential NMR assignment is obtained
as a by-product in the course of the structure calculation
rather than being its prerequisite.

While such ‘direct’ approaches sound very appealing
per-se, the number of restraints required to obtain mean-
ingful structures ab-initio has been prohibitively high so far.

Different requirements apply in the case of highly
deuterated (except Val/lle/Leu methyl groups) proteins,
where due to deuteration consequently the density of NOEs
is substantially lower.

In those cases it has been already demonstrated, using the
CS-CLOUD protocol that, if the resolution of the resulting
cloud is, nevertheless, sufficient to discern individual
backbone sites, then the protein chain can be sequentially
traced through it using graph theory and consequently the
sequential NMR assignment is obtained directly and
exclusively from the NOE data (Bermejo and Llinas 2008).

In contrast, we therefore propose a hybrid approach in
which we calculate low-resolution proton density clouds
using only a minimum number of experimental NOEs,
comparable to those used to generate a low-resolution
backbone model of a protein (Gardner and Kay 1998;
Gardner et al. 1997; Kay and Gardner 1997). In turn, these
low resolution proton density clouds can then be used as a
‘mock’ structural model in combination with a minimal
amount of triple-resonance data (HNCA/HN(CO)CA only)
to support and drive the sequential assignment of HNCA/
HN(CO)CA and the NOE identification by making refer-
ences to a low-resolution PDB model. Thus we expect
more redundancy and stability, since we do not exclusively
use NOE connectivities but rely additionally on triple-
resonance data to define the chain directionality.

Once the sequential assignment has been established,
the structure determination proceeds, in a conventional
way, by simulated annealing protocols using standard
covalent protein templates. In that case the NOEs previ-
ously assigned can be sufficient to obtain the protein
backbone fold, and the model obtained such can serve as a
starting point for further refinement by iterative assignment
of ambiguous NOEs (ARIA) or similar algorithms (Nilges
et al. 1997).

Alternatively, more advanced methods of structure
generation, other than simulated annealing e.g. based on
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the ROSETTA algorithm can be used as engine for fold
generation (Bermejo and Llinas 2008; Bowers et al. 2000;
Simons et al. 1997).

Here we present a method that is capable of simulta-
neously obtaining sequential assignment and low- to mid
resolution protein backbone folds for small to mid-sized
globular proteins requiring only HNCA/HN(CO)CA input
data in conjunction with NOE derived unassigned proton
density clouds.

We show how this is simplified using different chemical
isotope labeling strategies. We also present a synthetic
strategy for residue type and position specific isotope
labeling, which is capable of producing customized '*C
labeling of either specified backbone positions ('*C*/'*C’
of Val and Ile and *C? of Leu residues) and/or strategic
sidechain methyl positions B2 of val, 3C®Y? of Leu
and *C°" of Ile residues) allowing for spectral simplifi-
cation and editing of multidimensional spectra at the same
time (Goto et al. 1999; Lichtenecker et al. 2004; Rosen
et al. 1996).

With this isotope labeling technique both: greatly sim-
plified NOE spectra providing key methyl NOEs, which
help define the protein fold, and residue type edited triple-
resonance spectra providing pivotal points for sequential
assignment can be obtained.

Materials and methods
Position specific isotope labeling

The strategy adopted for the introduction of variable
13C/"2C and "H/H isotope labeling patterns into o-keto-
butyrate and a-ketoisovalerate has been described in detail
previously (Lichtenecker et al. 2004). Generally, o-keto-
butyrate and a-ketoisovalerate are efficiently incorporated
into proteins yielding high levels (>90%) of selectively
labeled Val/lIle/Leu residues (Goto et al. 1999) Specifically
isotope labeled precursor compounds are used to direct the
isotope labeling into the desired positions (Goto et al.
1999; Lichtenecker et al. 2004; Rosen et al. 1996).

Thus using various combinations of *C/"*C and 'H/*H
introduced into the precursor compounds o-ketobutyrate
and o-ketoisovalerate Val/lle/Leu residues with unique
customized 13C,IZC,ZH,IH-labeling patterns can be pro-
duced in an otherwise uniformly '2C,'H-labeled (or
alternatively '>C,?H-labeled) protein background.

E.g. 4-"*C-o-ketobutyrate and 4-'>C-o-ketoisovalerate
are used to incorporate selectively '3C?172 13¢°! 13012
methyl labeled Val/lle/Leu residues into a protein (Lich-
tenecker et al. 2004).

Biosynthetic incorporation of 1,2-'*C,-a-ketobutyrate
and 1,2-'*C,-o-ketoisovalerate into proteins by bacterial

growth yields samples that are '’C labeled solely at
backbone C* and C’ positions of Val and Ile residues (and
CP positions in Leu residues).

Briefly, as outlined in Fig. 1, 1,2-13C2-oc-ket0butyrate
(3) and 1,2-'3C,-o-ketoisovalerate (4) were synthesized via
a common intermediate, tert-butyl-1,2-13C2-2-br0m0-
methyl-2-propenoate (2), using commercially available
13C2—bromoacetic acid (1) as labeled starting material.
Subsequent incorporation into proteins by bacterial growth
in minimal medium supplemented with compounds (3) and
(4) yields Val-'*C*/'*C’ and Tle-">C*/'*C’ labeled protein,
while backbone a-positions are 'H or “H labeled depending
on whether the bacterial growth is performed in protonated
or deuterated (*H,O/*H-glucose) media, respectively. For
Leu, only a single '*C label (originating from the carbonyl
3C of 1,2—13C2—oc—ketoisovalerate) is introduced into the
B-position of the side-chain.

Furthermore, using suitably, isotope labeled precursor
molecules backbone (Val/lle) and methyl labeling of Val/
Ile/Leu residues can be combined and just one sample
preparation is required.

Such methyl and/or backbone labeling patterns result in
residue type edited (HNCA, HN(CO)CA, HNCO) triple-
resonance and greatly simplified NOE experiments
(Lichtenecker et al. 2004).

As an example, we have applied this labeling strategy to
the C-terminal SH2 domain of the signal transduction
protein phospholipase C-y1, PLCC. PLCC SH2 domain
was produced by bacterial growth in '*C-glucose/'>NH,Cl
minimal media supplemented with 1,2-'*C,-a-ketobutyrate
and 1,2-"°C,-a-ketoisovalerate, yielding Val-*c%"3C’ and
Ile-"*C*/'3C’ (and Leu-">C*) labeling in a ">C/'>N back-
ground. Figure 2 shows two-dimensional H(N)CO and
H(N)CA spectra that were obtained for this protein sample.
As expected, only correlations belonging to Val and Ile
residues are visible in H(IN)CO and H(N)CA experiments,
while correlations belonging to Leu residues are missing
(the PLCC SH2 domain contains 5 Val and 5 Ile residues,
as well as 8 Leu residues). V28 is sequentially neighbored
to a Pro residue (P29) and can be rapidly identified in the
H(N)CA spectrum. Scrambling of isotope labels between
residues was not observed.

Input data and systems studied

A set of seven proteins (Table 1 and Supplementary Table
S1) with different fold topologies, extent of available
chemical shift assignments, varying backbone chemical
shift dispersion, and molecular weight served as model
cases for testing the procedure. Almost complete chemical
shift assignments, restraint lists and high-resolution NMR
solution structures of Cyclophilin D (unpublished results),
ICIn (PDB ID code 1ZYI, BMRB entry 5736) (Furst et al.
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Fig. 1 Outline of the reaction scheme for the production of 1,2-'3C2-a-ketobutyrate (3) and 1,2-13C,-a-ketoisovalerate (4) and biosynthetic

incorporation into Ile, Val and Leu residues
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Fig. 2 Example of '>C* and '3C’ selective labeling and residue type
edited triple-resonance. Two-dimensional H(N)CO (top) and H(N)CA
(bottom) spectra obtained for the PLCC SH2 domain. Resonance
assignments for Val and Ile (C' and C% respectively) are indicated
and were taken from the literature. (Pascal et al. 1994) Asterisks
denote correlations belonging to the disordered and highly dynamic
(Farrow et al. 1994) C-terminus of the proteins (residues S104 and
S105). V28 is adjacent to a proline residue (P29)
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2005; Schedlbauer et al. 2007) and qCRP2(LIM1) (PDB ID
code 1A7I) (Kontaxis et al. 1998) were originally manually
determined in our laboratory and could be used for refer-
ence (Table 1).

The experimentally derived NOE distance restraints
were taken from unambiguously assigned NOESY cross
peak tables obtained in the course of conventional structure
determination projects taking into account only those
NOEs that do not suffer from the problems of shift
degeneracy and spectral overlap.

‘Experimental’ NOEs used in this procedure comprised
only those key NOEs, which can be obtained with good
sensitivity and resolution in 3D and 4D heteronuclear
NOESY experiments using either globally doubly
(">N/"*C) labeled or position specifically labeled (using
suitable precursor molecules) proteins.

They comprised backbone—backbone contacts HN-H",
HN-H?, backbone to sidechain contacts: H -H*® (where
H* comprises CH; methyl groups (Val C'"?Hs, Ile C°'Hs,
Leu C°?Hj), aromatic H/H¥/H" (Phe/Tyr), and sidechain

Table 1 Proteins, and completeness of chemical shift data used

Protein # BMRB PDB C%cC*_, chich_,
Residues ID D

Cyclophilin D 165 7310 95.6/94.9 97.1/95.6

ICIn 168 5736 1ZYI  69.0/68.3 67.1/68.3

gCRP2(LIM1) 81 1A71  81.1/84.6 83.3/84.8
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amide N5’£H2 (Asn/GlIn) atoms, respectively), and side-
chain to sidechain NOEs especially methyl to methyl
contacts between (Val, Ile and Leu residues) and contacts
between methyl groups (Val/lle/Leu) and amide side
chains of (Asn/Gln) (Table 2A).

For cases where the availability of such a complete NOE
set may be overly optimistic, the effect of a less complete
restraint set involving only 'HY and CH; groups was
studied using Cyclophilin D as an example.

In this case: first, NOE distances originating from H*
atoms were omitted, and second, the distance restraints
involving aromatic H*/H*/H® (Phe/Tyr) or sidechain amide
N “H, (Asn/Gln) atoms were removed.

To investigate the influence of further different protein
fold topologies idealized NOE data sets were simulated for
a number of different proteins of varying secondary and
tertiary structures.

Backbone chemical shifts and structural data for Cal-
modulin, Carbonic Anhydrase I, Plastocyanin, and
Thioredoxin were taken from BioMagResBank and Protein
Data Bank (Supplementary Tables S1 and S2 summarize
the number of restraints available. For those test sets the-
oretical NOE distances comprising HY and CH; (Val/Ile/
Leu,) atoms were inferred directly from the PDB structures
using an interatomic distance cutoff of 6.0 A. NOE cross
peaks were assumed to occur between protons separated by
less than 6 A.

The generation of structures is described in the flow
chart of Fig. 3 and its individual stages are briefly descri-
bed below.

Restraint classification

Backbone NOEs, encompassing H™ and optional H” pro-
tons (HN-H", HN-H") were roughly classified according to
their NOESY crosspeak volumes as strong, medium and
weak, corresponding to distance limits of 1.8-2.8, 1.8-3.4
and 1.8-5.0 A, respectively. Due to the influence of spin
diffusion and consequently problems with the quantifica-
tion of NOEs originating from sidechain atoms, distances
related to backbone to sidechain and inter-sidechain NOEs
(H"-CH;, H-CH;, CH;—CH;) were uniformly restrained
between 1.8 and 6.0 A.

This tight classification scheme for restraints, which
sometimes tends to underestimate distances, was empiri-
cally chosen to counterbalance the fact that distance
restraints identified in later rounds of restraint identifica-
tion (see below) tend to be overestimates of the ‘true
distance’.

For weak NOEs small upper limit violations of up to
2.0 A ie. <7.0 A for backbone NOEs and <8.0 A for
sidechain NOEs are only penalized with a very small force
constant. This applies only a weak bias towards the dis-
tance range <5 A (for backbone—backbone)/6 A (NOEs of

Table 2 Proteins and available experimental NOE and derived restraints

Protein (atoms included)

Experimental NOEs

# bb-bb # bb-sc # sc-sc Total
(A
Cyclophilin D HN, CH; (IL,V) 247 165 50 462
Cyclophilin D HY, CH; (ILL,V), H* (F,Y), NH, (N,Q) 247 285 102 634
Cyclophilin D HN, H*, CH; (LL,V), H" (F,Y), NH, (N,Q) 846 361 218 1425
ICIn HN, H*, CH; (I,L,V), H*® (F,Y), NH, (N,Q) 336 235 82 653
qCRP2(LIM1) HN, H*, CH; (I,L,V), H" (E,Y), NH, (N,Q) 245 127 92 464
Protein (atoms included) Number of derived restraints

NOEs Round #1 Round #2 Total
B
Cyclophilin D HN, CH; (IL,V) 462 281 1251 1994
Cyclophilin D HY, CH; (IL,V), H* (F,Y), NH, (N,Q) 634 1686 3181 5501
Cyclophilin D HN, H*, CH; (IL,V), H*™ (F,Y), NH, (N,Q) 1425 6401 7977 15803
ICIn HN, H*, CH; (I,L,V), H*™ (F,Y), NH, (N,Q) 653 3607 3605 7865
gqCRP2(LIM1) HN, H*, CH; (I,L,V), H*™ (F,Y), NH, (N,Q) 464 352 4941 5757

% The number of available restraints depends on the number of atoms included in the atom density cloud calculation and the protein fold
topology, mainly f-stranded proteins have a larger number of sc-sc restraints (long-range contacts) than mainly o-helical proteins

® The number of derived restraints that are extracted as being well-conserved distances depends on the initial number of atoms included in the
atom density cloud calculation and the protein fold topology, mainly f-stranded proteins have a larger number of restraints (long-range contacts)

than mainly o-helical proteins
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Fig. 3 Flow diagram and
overview of the structure
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sidechains) while practically allowing distances up to
7-8 A accounting for possible effects of spin-diffusion.

In practice this is implemented by using a sum of two
distance restraints (1.8-5.0/6.0 A and 1.8-7.0/8.0 A) with
two different force constants.

While, strictly speaking, not absolutely required, this
was empirically found to improve convergence of structure
calculations.

Intra-residue contacts (e.g. between Val C71/2H3 and Leu
C°'?H;) can be identified through strong NOEs or from the
analysis of HCCH-COSY/TOCSY experiments, if avail-
able. For intra residue C™ ‘5#H3—CY#/ ‘S#H3 (Leu, Val) NOE
distances an upper bound of 5.0 A was employed. The
protons of the methyl groups —CHs, Gly H*'/H*2, aromatic
H°!'/H%%and H*'/H? (Phe, Tyr), as well as sidechain amides
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| Final Model |

—-N°%H, (Asn, GIn) were represented as grouped pseudoa-
toms H*# in the relevant NOE databases and molecular
structure templates, respectively. Analogously, aromatic
residues can be identified by their characteristic intraresidue
NOE contacts or by HCCH-COSY/TOCSY experiments, if
available. Corresponding distance restraints were defined
between aromatic intra-residue Phe (H** to H*, H** to H*
and H* to H) and Tyr (H* to H*) pseudoatoms in order to
achieve consistent spatial vicinity and a roughly linear
arrangement of these entities.

Structure calculations: simulated annealing I

Proton density cloud calculations (round 0) were performed
using nih-xplor software version 2.9.6 or newer
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(Schwieters et al. 2003). A simulated annealing protocol
was applied to a gaseous randomized distribution of atoms,
initially randomly spread out over a cube of 50-100 A,
which were connected only by distance restraints. Gross
errors in the NOE list can be detected at this point by
analyzing the distributions of NOEs connectivities/path-
ways between all the atoms of the distance restraint
database. Only a ‘soft square’ NOE potential and a hard
sphere vdW energy terms but no covalent (bond, angle,
torsion, improper) energy terms were applied. In brief: The
annealing protocol starts with a high temperature phase of
10 ps molecular dynamics at 4000 K using a time step of
1 fs. The initial force constants applied were fyop = 2 kcal/
mol A2 and fyaw = 4 cal/mol A*. The force constant fupper
for the ‘transition region’ of the distance restraints between
5/6 and 7/8 A (i.e. for upper limit violations <2.0 A) was
scaled relative to the experimental NOE restraints by a
factor of 100 and set to 0.02 kcal/mol A2,

During a cooling period of 100 ps the temperature was
stepwise lowered to 10 K while the force constants were
ramped up to their final values fyop = 300 kcal/mol A?
fupper = 3 kcal/mol A% and fyqw = 4 kcal/mol A*. Finally
1000 steps of Powell energy minimization were applied.
Only atomic clouds with zero restraint violations were
selected for further analysis.

Statistical analysis of conserved distances

Analysis or the resulting atomic density clouds was per-
formed using home written perl and .tcl scripts. Structural
superposition and visualization was done using MOLMOL
version 2k.2 (Koradi et al. 1996) or vmd-xplor version 1.4
(Schwieters and Clore 2001).

When analyzing the distribution of internuclear dis-
tances of the distribution of atom clouds generated above,
internuclear distances between two atoms, that are not
connected by a direct NOE restraint, are nevertheless well-
conserved. This happens when both atoms concerned are
well embedded in the network of NOEs, and connected by
a short unbroken chain of individual NOEs. The number of
intervening NOEs is typically referred to as the NOE path
length. Such consistently conserved distances can poten-
tially serve as restraints for further rounds of structure
calculations. But being conserved is necessary but not
sufficient for its restraining power. Figure 4a, ¢ (black)
correlates conserved internuclear distances extracted from
a family of clouds with their target values measured in a
reference structure. In general lack of NOEs leads to more
expanded structures. From Fig. 4a, c it is obvious that
there is a large number of such distances, which show a
clear tendency to be systematically overestimated and
there is therefore a need to filter them as illustrated in
Fig. 4b, d).

The slope of the correlation between the distances is
somewhat dependent on the classification of the original
NOE distance restraints. With our empirically optimized
NOE classification we find a slope smaller than one at this
stage.

Conserved distances were only converted into distance
restraints D;;, when the two involved atoms i and j were
connected by a NOE path length 1 of 2 < 1 < 6 individual
NOEs and when they were conserved within relatively
narrow margins. Only interatomic distances 1;; with a
standard deviation oj; < 20% of their mean values dj;
(calculated over the whole family of atomic clouds) or
0ij <5 A (in absolute numbers) were considered. The
corresponding upper bound d,,per and lower bound dioyer
were set to dj; & 20;; unless oj; became smaller than 10%
of the mean d;;. In that case dypper and djower Were redefined
as dj; = 0.2dy;, in order not to artificially ‘overrestrain’ the
system.

Furthermore, for the rarely occurring cases when the
shortest individual distance in the family of calculated
structures min(r;;) was smaller than djowe, or the largest
individual distance of the family of clouds and max(r;;) was
longer than d,per the corresponding distance restraint Dj;
was redefined to range from [min(r;) — o] to
[max(ry) + oj].

ij>

Simulated annealing II and statistical analysis II

The artificial distance restraints Dij(l) derived from the
initial family of atom clouds, as described above, were
merged with the original NOE derived distance restraints
and used for a subsequent round of structure calculation
(iteration 1) using essentially the same protocol as descri-
bed above. However, the force constant f,;feia Of those
artificial statistical Dj; was scaled down by a factor of five
relative to fyog to ensure that all original experimental
NOE distance restraints remain fulfilled. The resulting
ensemble of atom cloud distributions showed no violation
>0.5 A.

From the best structures (with respect to lowest NOE
energy values) new statistically conserved distances r”
were extracted and selected to yield another new set of
artificial distance restraints D;;®. Because of the presence
of the Dij“) during the previous, first round of structure
calculation more stringent criteria had to be applied in their
selection:

First, that the two atoms i and j involved should be
connected by a NOE path length 1 of 2 < 1 < 4 individual
NOEs. Second, that at least two independent NOE path-
ways should be present (i.e. pathways that do not share any
atom along their individual NOE route between the atoms i
and j). Third, that all atoms along the NOE pathway had at
least two additional NOE contacts with surrounding atoms.
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Fig. 4 Distance correlation plot for the protein Cyclophilin D. (a)
Atomic cloud distances r;; averaged over an ensemble of 50
structures. The clouds were generated (Simulated Annealing I, round
0) from a random gaseous proton distribution using the experimental
NOE distance restraints only. Distances found to be statistically
‘conserved’ are plotted against those of the reference structure
(black). Many distances have the tendency to be overestimated.
Application of selection criteria based also on the experimental input
NOE density (Statistical Analysis I) lead to a filtered set of distance
restraints where the (mostly) overestimated erroneous d;; are
efficiently removed (cyan). (b) Illustration of the selection criteria

And finally, that all distances between atoms i and j to any
third atom of the NOE pathway were larger than the
bounds of the experimental NOEs.

Nevertheless, the distance restraints extracted in this
second round involve atom pairs not yet directly restrained
and show a slight tendency to be overestimated. This
general trend partly compensates to some extent for the fact
that original experimental NOE restraints were set to fairly
tight values and puts the slope of the correlation back to
unity.

Applying these newly-derived artificial distances
restraints in a new round of structure calculations a new set
of atom density clouds was calculated (iteration 2).

This procedure of structure calculations and identifica-
tion of conserved distances can be repeated and iterated
until convergence (i.e. until no more indirect or remote
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used in the Statistical Analysis I (¢) Atomic cloud distances T
averaged over an ensemble of 50 structures. The clouds were
generated (Simulated Annealing II, round 1) from a random gaseous
proton distribution using the experimental NOE distance restraints
and those extracted as conserved in the previous round. Distances
found to be statistically ‘conserved’ are plotted against those of the
reference NMR structure (black). Again, application of selection
criteria based also on the experimental input NOE density (Statistical
Analysis II) leads to a filtered set of distance restraints where the
erroneous dj; are efficiently removed (cyan). (d) Illustration of the
selection criteria used in the Statistical Analysis II

distance restraints could be identified.) Typically, conver-
gence occurred after two iterations.

Applying the structure generation protocol outlined
above, convergent proton densities were obtained, which
resembled low-resolution images of a protein or parts
thereof. Converged parts of a protein structure, which were
superimposable, could be identified by analyzing the
matrix of mutual distances between atoms rj;. Distances 1
with small variations ¢j; are indicative of regions with
defined structures.

Similar to Distance Geometry (Clore et al. 1987a; Clore
et al. 1986; Clore et al. 1987b; Havel et al. 1983a; Havel
et al. 1983b), the resulting atomic clouds clustered in two
degenerate families of structures which are related to each
other as mirror images of each other, because the NOE
term is invariant to inversion or reflection. Given the
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typical resolution of the atomic clouds the correct protein
fold could not be distinguished from its inverse one and the
two families of structures remained degenerate.

The three dimensional proton density clouds obtained
were of great value in the process of sequential signal
assignment as they were capable of improving the infor-
mation content of triple-resonance data, as only distance
information is used, both the families of structures can be
used equally well.

Model driven sequential chemical shift assignment

To demonstrate the usefulness of low-resolution atom
density clouds and assess their impact in the context of
sequential assignment, they were included together with
backbone chemical shift data into sequential chemical shift
assignment. For proof of principle this was evaluated using
Monte Carlo simulated annealing (MCSA) using ‘Full
Monte’ version 2.02 assignment software (Hitchens et al.
2003) though alternative assignment software would have
probably performed equally e.g. (Jung and Zweckstetter
2004; Leutner et al. 1998; Moseley et al. 2004; Wang et al.
2005; Zimmerman et al. 1997).

Input data comprised '’N and '*C edited 3D (and 4D)
NOE information and backbone *C% and '3C%_, shifts
(and for comparison *C#, *C¥,_, 3C’; and *C’;_; when
available), which were obtained from additional, uniformly
N/'3C  labeled protein, preparations, classified by
"HN-'5N spin system. Furthermore, either the primary
sequence with or without a three-dimensional PDB model
or a proton density cloud was supplied. Residue type spe-
cific labeling as described above (when used) was included
as additional boundary condition.

Using the labeling scheme based on «-ketobutyrate and
a-ketoisovalerate facilitates a-priori identification of Val
and Ile and sequentially neighboring residues through
simplified HNCO/HNCA/HN(CO)CA spectra.

Furthermore, through careful analysis of their '*CHj
chemical shifts and NOE patterns, which must be com-
plementary to the corresponding '"HY NOE patterns they
can be uniquely linked up with their backbone 'HN
(unpublished results). Again, simplified NOE spectra based
on the o-ketobutyrate/a-ketoisovalerate labeling scheme
are best suited for that purpose due to their simplicity.

With the information of '*C% '3C’ backbone and '3C?"°
methyl shift combined Val, Ile and Leu residues could be
almost uniquely identified.

A number of different input scenarios were tested for
comparison.

Different extents of available '*C backbone chemical
shifts (*C*P.;_, or '3C*%,_, alone), different extents of
precision and completeness of '*C backbone chemical
shifts were used. The impact of a three dimensional model

was evaluated by inclusion or omission of atomic density
clouds of different resolution. To create a suitable struc-
tural model as input for assignment by Monte Carlo
simulated annealing (using the Full Monte software sys-
tem). The atom density clouds generated by structure
calculations were superimposed and clustered. And if
equivalent families of solutions existed (see below), a
number of the lowest energy density clouds were merged
for each cluster. The resulting equivalent averaged models
which were considered as representative and used as input
in the sequential assignment algorithm.

In a similar way different residue type specific labeling
strategies were evaluated, too.

The goal was to reproduce as many of the (a-priori
known) assignments as possible. For each input set of data,
ten cycles of Monte Carlo simulated annealing were per-
formed and ten assignment configurations were calculated
and evaluated with respect to correctness and uniqueness.
A sequential assignment was considered correct, if it was
reproduced in the majority of the cases, and it was con-
sidered unique, if it was consistently reproduced in ten out
of ten cases.

Simulated annealing IIT

With the sequential protein backbone and NOE assignment
available, all requirements for classical structure calcula-
tions were fulfilled and the structure generation process
could proceed to its final stage. In our hands conventional
methods using standard simulating annealing protocols
starting from extended covalent protein templates and using
assigned NOE distance restraints were completely adequate.
Only NOEs originating from residues from the parts of the
protein, that were deemed to be uniquely and reliably
assigned, were included. Optionally distance restraints
extracted from cloud models can be included improving
convergence of structure calculations. The remainder of the
protein structure was left unrestrained (except for the
restrictions imposed by the covalent bond geometry). Sim-
ilar parameters as in Simulated annealing I/II were used.

A detailed flow diagram of the complete structure gen-
eration process is summarized in Fig. 3.

Results and discussion

Residue type and position specific isotope labeling

The incorporation of isotope labels at backbone positions
of selected residues can significantly reduce the complexity
of crowded NMR spectra and allows rapid identification of

Val and Ile (and potentially Leu) residues in such proteins.
The frequency of occurrence of Ile and Val residues in

@ Springer



120

J Biomol NMR (2008) 42:111-127

proteins is 5.3 and 6.6%, respectively (Creighton 1992).
This is illustrated in Fig. 2 showing greatly simplified
residue type edited clean triple-resonance spectra with a
minimum of undesired ‘cross labeling’ between residue

types.

Extraction of artificial intramolecular distance restraints

Starting from initial atomic cloud distributions generated
using experimental or structure derived, theoretical NOE
distances only (Simulated Annealing I, round 0), the degree
of freedom of the atomic system is successively decreased
by adding further artificial D;; to the distance restraints in
subsequent round of structure calculation. The Dij(l) and
D;;® etc. for the following rounds of structure calculation
were extracted through analysis of the distances of the
atomic cloud distributions and filtering by the consistency
criteria defined in “Materials and Methods”.

Low density of restraints, as it is the case in the absence
of a covalent template, systematically resulted in overly
extended structures and distances were systematically
overestimated. Therefore small standard deviations oy of
distances d;; alone are not a sufficient criterion. For that
reason more stringent criteria taking input NOE density
around the concerned atoms into account have to be applied.

Figure 4 shows the (filtering) effect of the selection cri-
teria. Initially, a large number of distances appeared to be
conserved (black dots). When compared to the corre-
sponding distances in the reference structure, many of them
were systematically overestimated due to an insufficient
restraint density. The green dots represent those distances
that were left after application of the selection criteria
defined above. Their number is substantially reduced but
their correlation with the ‘true’ distance is greatly improved.

The number of newly obtained artificial distance
restraints in a structured part of a protein is of course
proportional to the original density of experimental NOE.
Hence, more artificial D;; were defined in regions of
extended f-sheets and f-barrels, than for predominantly
o-helical regions.

Table 2 gives a statistics of the number of additional
restraints, which can be derived from the statistical analysis
of the atom clouds. It varies with the original number of
NOE distance restraints and to some extent with the fold
topology of the proteins studied (Results for further sim-
ulated datasets are compiled in the supplementary material,
Table S2).

Structural results and quality of obtained atomic density
models

Applying the structure calculation protocol outlined above,
convergent atom densities can be obtained, which resemble
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a low-resolution image of a protein (Table 3; Fig. 5).
Superimposable atoms in the converged cloud ensemble
(after round 2) could be identified by the analysis of their
distance matrix. The occurrence of a high density of con-
served r;; indicates the presence of structurally well-defined
regions. Depending on the extent and correctness of the
initial experimental input NOE restraints, the obtained
atomic densities resemble more or less a low resolution
image of a protein.

One obvious, fundamental problem encountered at this
stage was that the resulting handedness or chirality of the
resulting protein backbone fold was undefined, because the
NOE term is invariant to inversion or reflection. Therefore,
in the absence of a covalent protein template and improper
energy terms, which define the stereochemistry around
chiral centers, the correct protein fold could not be dis-
tinguished from the inverse, wrong one. On the basis of
NOEs alone, one is left with at least two families of
solutions with degenerate energy.

Only when the resolution is sufficient that the stereo-
chemistry around chiral centers (backbone 13C°‘, Ile 3c”? ,
Thr '3C’ , which were not included in the calculation of the
atomic cloud distribution) or other chiral features e.g. the
handedness of o-helices or twist of f-sheets is resolved,
the correct model can be identified. However, this was not
the case in the present application, where typical coordi-
nate precision is limited. The results of the simulated
annealing stage II are summarized in Table 3A for simu-
lated annealing stage III in Table 3B (Results for further
simulated datasets are compiled in the supplementary
material, Table S3).

Nevertheless, the three dimensional proton clouds
obtained thereby are of great value. E.g. when used to aid
in the process of sequential signal assignment and NOE
identification. Having even limited structural information
at this stage is still useful in guiding the sequential
assignment process by making references to a low-resolu-
tion PDB model. In this context the problem distinguishing
the correct mirror image from the wrong one ceases to be a
limitation, at least at the assignment stage. The apparent
disadvantage turns out in fact to be an advantage as either
possible stereoisomer can be used in the model driven
assignment process and the selection of the correct
stereoisomer can be delayed until later.

To assess the value of a structural model in the process
of sequential shift assignment sequential assignment was
performed using Monte Carlo simulated annealing methods
with different input scenarios.

First, an idealized, i.e. complete and error-free set of
13¢*F backbone shifts was assumed. The assignment was
performed using the NOEs database with and without a
structural model in the form of an atomic density cloud.
The results are compiled in Table 4 (Results for further
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Table 3 Results of structure calculation experimental data

Protein (PDB reference)

Atoms/NOEs used

bb RMSD [1&] to mean

bb RMSD [1&] to reference

(A) Structural statistics of converged atom clouds®

Cyclophilin D

ICIn (1ZYI)
gCRP2(LIM1) (1A7I)

HN, CH3

HY, CH;, NH,, H™
HY, CH;, NH,, H"™, H*
HY, CH;, NH,, H*°, H*
HY, CH;, NH,, H*°, H*

(B) Structural statistics of covalent all atom models®

Cyclophilin D
ICIn (1ZYT)
qCRP2(LIM1) (1A7I)

HN, CH;
HY, CH;, NH,, H*°, H*
HY, CH;, NH,, H*°, H*

5.61% (1.74%)
2.62% (0.57°)
1.61% (0.41°)
0.84% (0.14%)
1.89° (1.86", 1.72°)

2.01% (0.82%
1.65% (0.63%)
2.35% (2.38", 0.85%)

5.84% (1.92%)
2.76% (0.70°)
1.71* (0.51°)
1.06* (0.30")
2.08% (1.99", 1.87°)

2.13% (0.87%)
1.84% (0.72°)
3.30% (3.07", 1.70%)

A Produced by Simulated Annealing stage II. RMSDs are quoted for the cluster of atom density clouds with the correct stereochemistry

B Produced by Simulated Annealing stage III

Remarks: CHs: stands for Ile C°'Hs, Leu C?"?H;, Val CY"?H;, Ala C’H;, Thr CY?H;
NH,: Asn H°'2, Gln H*'2, H*°: Phe H°"**"% Tyr H°"?*"2; When H* atoms were included, only the sequential H'-H* NOEs were used

* All converged residues
b p barrel (structural core)
" N-terminal domain

¢ C-terminal domain

simulated datasets are compiled in the supplementary
material, Table S4).

For obvious reasons, the ideal scenario is to have a
complete set of protein backbone shifts ('*C’, 3C?, 3¢k,
5N, 'HY) available and consequently this was used as a
‘gold standard’ for further comparisons. It turned out that
once a complete set of triple-resonance data and a complete
set of '*C* and "*C” shifts is available 90% or more of the
sequential assignments can be correctly and unambigu-
ously made right away and the improvement in the
accuracy and extent of the sequential assignment by
including "HN"-"HN NOEs together with a low resolution
proton cloud is almost negligible.

From there we could conclude that, whenever possible,
under favorable circumstances it is still preferable to follow
the standard protocol for sequential backbone assignment
using a full set of triple-resonance experiments.

The situation is different, when, for reasons of fast
relaxation, the sensitivity of triple-resonance experiments
is severely compromised, and at best only HNCO, HNCA
and HN(CO)CA experiments can be conducted with suf-
ficient quality. Typically, sequential backbone assignment,
using '*C%;_; shifts only, while possible in theory, is
usually precluded in practice due to the large '*C* shift
degeneracy. This is reflected in the extent of achievable
sequential backbone assignment, which, while still tenta-
tively correct (50-80% were correct), becomes very
instable (only 0-25% of the sequential backbone assign-
ment can be unambiguously made with confidence).

In conjunction with NOE spectra and a low-resolution
proton density cloud distribution the task becomes feasible.
NOEs, especially sequential "HN-'HN contacts help
resolving '*C* chemical shift overlap and alleviate the
problem of degeneracy in making sequential connections
between spin-systems. If, furthermore, a structural model,
e.g. a homology model or, in our case, a low resolution
proton density cloud, mid-range 'HN-'"H" NOEs and other
tertiary contacts can be interpreted in the context of the
model to improve placement of the spin-systems onto the
tertiary structure. In these cases the achievable assignment
is back to 70-97% (Table 4).

One problem is that for most residue types '*C* shifts, in
contrast to '*C*, do not carry a lot of residue type infor-
mation. This means that, while it may still possible to
sequentially link spin-systems, using their '*C%;_, shifts, it
is impossible to correctly place them in the primary
sequence of a protein. This was also reflected in our test
cases where long stretches of correctly linked spin systems
failed to be unambiguously mapped onto the amino-acid
sequence resulting in the low reliability of the assignments
(see Table 4).

This could be dramatically improved by the application
of residue type selective isotope labeling, of '*C* and '*C’
of Val and Ile and '*C""° methyl of Val, Leu and Ile resi-
dues which provides pivotal points in the sequential
assignment process and helps to correctly map the stretches
of linked spin systems onto the primary structure. In cases
where an atomic cloud model is not completely sufficient
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Fig. 5 A complication arises
from the fact, that in the absence
of any force-field terms, other
than distance restraints the
‘handedness’ or ‘chirality’ of
structures is undefined and two
equivalent symmetry related
clusters of solutions with
identical low energy exist,
which exhibit an inverted
overall fold (a, b). The two
degenerate results for the
protein Cyclophilin D are
shown. They cannot be a-priori
distinguished at this stage.
Nevertheless, they can be used
to drive the sequential
assignments using minimal
triple-resonance data. Once the
sequential shift assignment
becomes available, this
ambiguity can be automatically
resolved at the final structure
calculation stage of the
protocol, when a full all-atom
force field is employed
(including improper potentials).
Side chain NOEs are
particularly important in the
definition of the correct fold
(¢, d

to assign all '>C* (as in the case of ICIn) the last remaining
ambiguities can be resolved through residue type specific
labeling.

Interestingly, such residue type specific labeling
schemes can provide the sequential assignment of (some-
times substantial) parts of a protein even in complete
absence of triple-resonance data, given a sufficient density
of experimental NOEs (data not shown).

Interestingly, although only "HN-"HN NOEs are used
directly in the assignment algorithm, and only proton cloud
distributions with zero violations are used, the assignment
score improves slightly in the course of the structure gen-
eration process from iteration O to iteration 2, as the
accidental occurrence of false-tertiary contacts, which can
misguide the assignment process, is gradually eliminated.

A number of further factors were investigated using the
example of cyclophilinD (Table 5).
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We investigated the influence of peak picking accuracy.
Typically, the precision at which a peak position can be
determined depends on both the signal to noise ratio (S/N)
and the linewidth at half height (LW1/2). It can be
expressed as “W'"?/q\. Using typical numbers of S/N=20
and a linewidth, determined by an acquisition time in the
13C* dimension of 7 ms, random noise of an RMS of
+0.2 ppm was added to each intra '*C?% and inter *C%_,
chemical shift value.

As a result of this the extent of achievable assignment
using 13C“i,i_1 only dropped by a factor of two to 45%
(only 4.2% could be made with confidence) and 50% were
tentatively wrong.

Under such circumstances including a structural model
in the assignment resulted in a big improvement. Correct-
ness was back up to 97% and reliability to 64%. Virtually
complete and uniquely correct assignment could again be
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T?bl? ‘: RC.SUIttS Otf afsmgnment Protein PDB model Residue specific Shifts Correctly (uniquely) Incorrectly
calculations: extent o cloud® labelingb used assigned [%] assigned [%]
sequential assignment
achieved (%) CyclophilinD %, CP 99.4 (99.4) 0.6
Cc* 80.5 (14.9) 19.4
Yes Cc* 99.4 (97.4) 0
ICIn c, cf 87.3 (84.5) 13.0
Yes c*,cf o 99.1(982) 0.9
Cc* 52.8 (0) 49.0
Remarks: * An atomic density Yes C 72.7 (70.9) 218
cloud including HY, CH; Yes c 97.3 (90.0) 2.7
(LL,V), H* (FY), NH, (N,Q) Yes Yes c* 97.3 (95.5) 2.7
atoms was used asa PDB model qCRP2(LIM1) c* ¢t 94.3 (91.4) 57
to support the assignment - 857 (25.7 143
® Specific '*C labeling of Val, ; 7257 ’
Ile residues in C*, C’ and Val, Yes C 94.3 (85.7) 5.7
Tle and Leu in C7V/2/01/91/2 Yes c* 91.4 (90.0) 8.6
positions as described in Yes Yes c 100 (91.4) 0

Materials and Methods

Table 5 Effects of limited precision of chemical shifts and completeness of chemical shift database

PDB model Residue specific Completeness Completeness Correctly (uniquely) Incorrectly
cloud® labelingb C*% [%] C%_1 [%] assigned [%] assigned [%]
100 100 45.8 (4.2) 50.3
Yes 100 100 97.3 (64.2) 2.6
100 38.1 299 (3.2) 66.4
Yes 100 38.1 72.2 (16.1) 27.1
83.9 38.1 16.9 (5.2) 79.3
Yes 83.9 38.1 86.8 (11.6) 12.9
Yes 100 100 83.8 (64.9) 15.5
Yes Yes 100 100 96.7 (96.7) 32
Yes 100 38.1 85.5 (57.9) 14.2
Yes Yes 100 38.1 98.0 (90.3) 1.9
Yes 83.9 38.1 86.2 (62.5) 13.5
Yes Yes 83.9 38.1 91.5 (88.9) 8.4

HN-H"Y NOEs and '*C% and '*C%_, were used for Monte Carlo assignment by simulated annealing. The precision of the '*C* chemical shifts was
assumed to be 0.2 ppm. Various extents of C% and C%_, shifts were removed to assess the effect of gaps in the assignment. First 25 of 155
(16.1%) of the C;* shifts (those residues located in bend regions) and then 96 of 155 (61.9%) of the C*_; shifts (those residues located outside of
regular secondary structure) were removed. CyclophillinD (165 residues)

Remarks: *An atomic density cloud including HY, CH; (I,L,V), atoms was used as a PDB model to support the assignment
® Specific *C labeling of Val/lle/Leu residues in C*, C’ and C"°'°'2 positions as described in Materials and Methods

obtained when residue type selective labeling was added as
further constraint.

Next, the influence of incompleteness of the B
chemical shift database was studied. First, by deleting 96
sequential '*C%_, chemical shifts i.e. those '>C*_; asso-
ciated with ("HY; 1°N;) pairs of residues located outside of
regular secondary structure. And second, by additionally
deleting a selection of 25 intra '*C% chemical shifts

associated with residues found in bend regions of the
protein.

Using only the remaining '*C* chemical shifts only 30
and 17% rsp. were correctly assigned and the percentage of
incorrect assignments went up to 66 or 80%. Resorting to
an atom density cloud structural model brought the per-
centage of correct assignments back up to more than 70%
but only with a modest percentage of unambiguous
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assignments. To further improve upon this residue type
selective labeling is required.

Finally, the influence of substantial structural errors,
which could arise from mis-assignment of NOEs, was
studied. In our case four ‘wrong’ NOEs were deliberately
introduced by adding extra ‘fake’ distance restraints
between pairs of atoms far apart in the tertiary structure.
These restraints were chosen to simulate gross errors in
the assignment with severe structural consequences. They
included a restraint between the N- and the C-cap of an
o-helix, between the N- and the C-terminus of a f-strand,
a restraint between the top and bottom of a f-barrel and a
contact between f-strands not adjacent in a [f-sheet
(Indicated in Fig. 6a on the solution structure of Cyclo-
philin D). It should be mentioned that in practice, in this
particular case, those wrong restraints could have been
spotted in advance by an unusual distribution of NOE
contacts in the analysis of the density of restraints. All
these errors, while detrimental for the resulting proton
density cloud distributions per-se, (which were severely
distorted and did no longer resemble the protein tertiary
structure), had surprisingly little influence on the results of
the model-driven assignment process as they left the
overwhelming majority of native tertiary contacts intact

@ Reference structure

assignment obtained is only marginally lower that that
achieved with a ‘correct’ structural model applied to the
same input data.

Conclusion

To sum up, we have presented a method capable of gen-
erating low-resolution representations of protein tertiary
structures e.g. for fold validation in the complete absence
of any sequential assignment by iteratively applying sim-
ulated annealing to an ensemble of gaseous unconnected
atoms which are progressively condensed into so-called
atom density clouds, which resemble a protein structure. A
potential weakness of this method is that, with NOE dis-
tance restraints as the only source of restraints, the
stereochemistry around chiral centers is undefined, because
the correct protein fold cannot be distinguished from its
mirror image on the basis of distance restraint violation
only. Typically, obtaining a resolution high enough to be
able to identify the correct mirror image on the basis of a-
priori stereochemical knowledge (e.g. the configuration
around chiral centers, or the handedness of helices)
requires a prohibitively large number of restraints. There-
fore this decision can be deferred until later. Regardless of

L NOE Contactmap H"-H" d,;<7A Cyclophiiin D

Erroneous HN-CHS(I.L.V}-HN(F.YJ cloud

Fig. 6b; Table 6). The extent of the sequential
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Fig. 6 Structural errors, generated by misassignment of NOEs may
be detrimental for the outcome of the atomic density calculations,
which may no longer resemble a protein structure. Four such
erroneous distance restraints as indicated in (a) were introduced into
the calculation of an atomic density cloud for cyclophilinD.
Interestingly, even introduction of serious structural ‘mistakes’ does
not significantly affect the distribution of tertiary contacts. (b)
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100 150
Residue position

compares the tertiary contacts of the erroneous structural model
generated by the application of the additional erroneous distance
restraints (shown in a) with those of the reference solution structure
(determined in a conventional way). The additional erroneous tertiary
backbone contacts are highlighted by red circles in the contact map.
Their only limited effect on the assignment process is summarized in
Table 6
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Table 6 Effect of structural errors of the atom density cloud for the assignment process
Residue specific Completeness Completeness Correctly (uniquely) Incorrectly
labeling® C*% % CH % assigned % assigned %
100 100 99.3 (91.0) 0.7
Yes 100 100 99.3 (99.3) 0.7
83.9 38.1 13.1 (0) 81.3
Yes 83.9 38.1 87.6 (79.7) 12.3

A distorted atomic density cloud PDB file including HY, CH; (LL,V), H*™ (E,Y), NH, (N,Q) atoms was generated by adding four incorrect long
range NOE to the experimental input NOE database (1) L5->'CH; (facing outwards at the top of f-barrel) to 157-°'CH; (exterior at bottom
opposite site of -barrel), (2) backbone V6-HY (begin strand f52) to L17-°’CH; (end of strand £2), (3) L39-°'CHj (core of p-barrel) to L98-°'CH;
(core of f-barrel), and (4) backbone M136-HY (N-cap o2 helix) to F145- BN (C-cap o2 helix)

To assess the effect of structural errors in the atom cloud (e.g. brought about by misassignment of NOEs) this model was used to support the

assignment process

Remarks: * Specific B¢ labeling of Val/lle/Leu, residues in C*, C" and cy/otelz positions as described in Materials and Methods

their absolute stereochemistry, proton density clouds can
be used as models to drive or guide the sequential
backbone chemical shift assignment using only minimal
triple-resonance data as input. We have shown that their
inclusion into the assignment procedure substantially
enhances the information content of HNCA/HN(CO)CA
spectral information, which by itself is usually insufficient
for unique backbone assignment.

Further improvement is obtained in combination with
residue type selective isotope labeling.

We have additionally presented a novel isotope-labeling
pattern for the biosynthetic precursor compounds o-keto-
butyrate and o-ketoisovalerate, which allows selective
incorporation of isotope labels at backbone C* and C’
positions of Val and Ile residues (CP of Leu residues) by
standard laboratory procedures. Such a labeling pattern
facilitates identification of Val, Ile and Leu and sequen-
tially neighbored residues in proteins.

Using position specifically isotope labeled precursor
compounds allows spectral editing of triple-resonance
spectra and spectral simplification of multi-dimensional
NOE spectra and provides important pivotal points for the
sequential assignment process.

Once the assignment has become available for the
majority of the residues, and the key methyl groups have
been linked up to the correct backbone 'HY "N pair, the
question of the absolute stereochemistry can be resolved by
repeating the structure calculations starting from a covalent
template including all improper and chiral restraints of a
full force-field.

Alternatively, methods of bioinformatics can be used to
evaluate the structural alternatives and identify the best
solution by calculating a structural quality score.

Finally, we have shown that this algorithm is to some
extent error-tolerant with respect to data incompleteness,
limited precision of the peak picking and structural errors
caused by misassignment of NOEs.
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