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We have developed an approach for determining NMR structures
of proteins over 20 kDa that utilizes sparse distance restraints ob-
tained using transverse relaxation optimized spectroscopy experi-
ments on perdeuterated samples to guide RASREC Rosetta NMR
structure calculations. The method was tested on 11 proteins ran-
ging from 15 to 40 kDa, seven of which were previously unsolved.
The RASREC Rosetta models were in good agreement with models
obtained using traditional NMR methods with larger restraint sets.
In five cases X-ray structures were determined or were available,
allowing comparison of the accuracy of the Rosetta models and
conventional NMR models. In all five cases, the Rosetta models
were more similar to the X-ray structures over both the backbone
and side-chain conformations than the “best effort” structures de-
termined by conventional methods. The incorporation of sparse
distance restraints into RASREC Rosetta allows routine determina-
tion of high-quality solution NMR structures for proteins up to
40 kDa, and should be broadly useful in structural biology.

nuclear magnetic resonance | sparse data | maltose binding protein |
structural genomics | genetic algorithms

dvances in hardware, sample preparation, pulse sequence

development, and refinement techniques have expanded the
size and complexity of proteins accessible to structure determina-
tion by solution-state NMR to include proteins that, until re-
cently, were exclusively the realm of X-ray crystallography (1-3).
However, despite a number of landmark studies (4-7), only a
small percentage of structures solved by NMR and deposited in
the Protein Data Bank exceed 20 kDa in molecular weight.
Larger structures need to be assembled by combining structural
information from individual domains, and require additional
techniques to elucidate the spatial arrangement, such as shape
fitting (5) and/or paramagnetic restraints (8).

The 20-kDa general limit coincides with the two fundamental
problems in solution-state NMR: resonance overlap and progres-
sive increase in the transverse relaxation rate (1/7)). As the size
of a molecule increases, so does the rotational correlation time
and, consequently, the efficiency of 'H-'H relaxation mechan-
isms. One way to suppress these effects is to incorporate deuter-
ium into the protein sample, diluting the 'H-'H relaxation
networks and increasing '*C and >N relaxation times, resulting
in sharper line widths and dramatic improvement of the signal-
to-noise ratios (2, 9, 10). Perdeuteration is generally required
for studies of larger proteins (11-14), particularly membrane pro-
teins (15, 16).

Unfortunately, deuteration also eliminates the majority of
'"H-"H NOEs, the main source of long-range distance informa-
tion in solution-state NMR. Several methods have emerged for
reintroducing protons at selected sites to function as distance
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probes in the structure (11, 17). Methyl groups of isoleucine 61,
leucine, and valine side chains are straightforward to label with
13C and 'H isotopes in an otherwise deuterated protein sample
(12, 13) . As methyl groups are often found in the core of proteins,
“ile-leu-val (ILV) labeling” combined with back-exchange of
backbone and side-chain amide protons allows identification of
extensive networks of CH;—CH; and CH;-HY, as well as HN-HN
restraints. However, while such an ILV-labeling strategy has pro-
vided correct fold determination for proteins of up to approxi-
mately 80 kDa (4, 7), the overall sparseness of these long-range
restraints limits the accuracy of structural details.

Recently, we showed that the iterative RASREC CS-Rosetta
methodology (integrating sparse NMR data, a detailed all-atom
energy function, and advanced sampling techniques) (18) has con-
siderable promise for the determination of medium- and larger-
sized protein structures (19). We were able to determine structures
for proteins up to 25 kDa using only backbone amide-amide
(HN-HN) NOEs, residual dipolar couplings, and chemical shifts.
Nevertheless, in some cases the HN-HN backbone-only approach
is not sufficiently robust. In particular, the placement of helices is
difficult, because backbone HN-HN NOEs generally do not yield
tertiary structure restraints in helical regions.

Here, we demonstrate that high-quality 3D structures of pro-
teins in the 20-40 kDa range can be routinely determined within
the CS-Rosetta framework using a relatively small number of
sparse NOE restraints obtained using deuterated ILV-methyl proto-
nated samples. The strategy leverages methyl-methyl (CH;—CHy),
methyl-amide (CH;-HY), and amide-amide (HN-HY) NOE
contacts in conjunction with backbone chemical shift (CS) and
residual dipolar coupling (RDC) data to determine protein struc-
tures using the RASREC CS-Rosetta protocol (18). In most
cases, high-quality structures were obtained from these datasets
using a semiautomated NOE cross-peak assignment procedure
requiring minimal manual assignment efforts. In cases where
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Fig. 1. Flow chart illustrating the new NMR structure determination proto-
col. Expert NMR data analysis is shown as rounded rectangles, whereas struc-
tural modeling based on interpreted data (such as chemical shifts, peak lists,
and RDCs) is in boxed shapes.

both X-ray and conventional NMR structures are available, the
RASREC CS-Rosetta structures appear to be more accurate than
the conventionally determined NMR structures.

Results

The RASREC CS-Rosetta approach utilizes NMR data on uni-
formly deuterated ILV-methyl protonated proteins as outlined in
Fig. 1. A small number of manually assigned seed NOE contacts
(see SI Appendix, Fig. S1 and Table S1) are used as input to
CYANA (20) or one of the other available automated NOESY
assignment programs, such as AutoStructure (21), ARIA (22), or
UNIO (23). The resulting, automatically assigned NOE distance
restraints, along with backbone chemical shifts, RDC data, and
the manually assigned seed restraints, are subsequently used with-
in the RASREC CS-Rosetta protocol (18).

Rather than simply using synthetic/simulated data, we have rig-
orously developed and tested our approach on real protein NMR
data, most of which was recorded specifically for this project,
going from sample to structure for nine protein targets ranging
in size from 18 to 40 kDa, including seven “blind” targets of pre-
viously unknown structure. Details of the experimental NMR
data collection and analysis strategy are described in Methods.

NMR data were collected specifically for this study on seven
protein targets of the Northeast Structural Genomics Consortium
(NESG), designated by NESG IDs (24): SR10, SgR145, WR73,
HsR50, HmR11, HR4660B, and ER690 [maltose binding protein
(MBP) complexed to p-cyclodextrin]. For two targets (the N- and
C-terminal domains of BamC), collaborators shared their data
(25), and for two additional targets [sensory rhodopsin (26) and
MBP (4)], the data were previously published. The latter two re-
straint sets were filtered to include only those restraints that
would be obtained using ILV-methyl protonated samples.

Comparison with “Best-Effort” Conventional Structure Determination
Methods. Four of the targets (SR10, SgR145, rhodopsin, and
MBP) have both a conventionally determined solution NMR
structure and an X-ray crystal structure. These structures allowed
us to compare the results of the RASREC CS-Rosetta method
with (i) conventional automated NMR structure analysis using
CYANA (27) and (i) manual best-effort NMR analysis, which
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involves an iterative combination of manual and automated
analysis. In this study, we assume that the X-ray structure is an
accurate representation of the dominant solution structure; ac-
cordingly, the rmsd of atomic coordinates between NMR and
X-ray structure provides a measure of the accuracy of the NMR
structure. This view is supported by the NMR data (SI Appendix,
Table S2). Based on these criteria, RASREC CS-Rosetta consis-
tently outperforms conventional automated NMR analysis using
the CYANA program and the same NMR data (Table 1). The
resulting RASREC CS-Rosetta structures typically have mean
backbone C, rmsd relative to the corresponding X-ray crystal
structure of <2.0 A. Remarkably, although RASREC CS-Roset-
ta is largely automated, it also generally outperforms the pub-
lished best-effort manually refined NMR structures (Table 1).

MBP (370 residues, 7. approximately 18 ns at 37 °C) is a two-
domain protein that dynamically samples open and closed con-
formations in the absence of ligand (28). Although high-quality
NMR data for MBP can only be obtained when complexed to
B-cyclodextrin, no ligand protein contacts were employed for
structure calculation. The low-energy RASREC CS-Rosetta
structures sample the full conformational range and opening
angles (Fig. 2 4 and B), which explains the relatively high rmsd
to the crystal structure observed for the full structure [3.1 A C,—
rmsd usmg manually refined restraints (SI Appendix, Fig. S2) and
5.0 A using automatically assigned restraints (Table 1)]. The C,—
rmsd_ to the crystal structure for individual domains are lower
3.0 A and 1.9 A, respectlvely, using the published restraints
(4), and 2.0 A and 4.1 A using automatically assigned restraints
obtained from data on MBP collected specifically for this study
(Table 1 and Fig. 2 C and D). Remarkably, using the published
restraints (4), the RASREC CS-Rosetta structures for each do-
main _are closer to the reference crystal structure (1ez9) (29)
(3.0 A and 1.9 A for N- and C-terminal domains, respectively)
than the best-effort manually refined structure determined using
an even larger set of RDC restraints (3.1 A and 3.0 A, respec-
tively) including five RDC vectors (instead of just N-H) and
CSA restraints, as well as hydrogen-bond and backbone dihedral
angle restraints. RASREC CS-Rosetta also converges using just
the expert-derived backbone HN-HN NOEs and a single set of
"H-'N RDCs (SI Appendix, Table S3).

Sensory rhodopsin (225 residues) is a membrane protein for
which NOESY restraints have been generated using an ILVAMT
(ILV-Ala, Met, and Thr)-labeled, deuterated sample (26). The
information content of this restraint set is lower than expected:
Only 13% of proton—proton contacts (<8 A) are represented in
the assigned cross-peaks after expert manual analysis, compared
to an average of approximately 20% for seeded automatic assign-
ments and approximately 50% for expert assignment for the other
targets (SI Appendix, Table S7). The low information content is
probably caused by the slow molecular tumbling of the approxi-
mately 70 kDa protein—detergent complex (24 ns at 50°C)
(Table 1) and the presence of intense residual detergent signals
that made manual analysis of the spectra challenging (26). Using
this suboptimal restraint set, conventional methods were not able
to obtain well-packed structures, as documented in SI Appendix,
Fig. S8B of ref. 26. Conversely, RASREC-Rosetta yields well-
packed structures demonstrating that Rosetta is more robust than
conventional methods when facing problematic data. The ten
lowest-energy structures obtained with RASREC CS-Rosetta
usmg an implicit membrane model (SI Appendix: Methods) super-
impose with 1.7 A C,—rmsd to the X- -ray reference structure
(Fig. 34). RASREC calculations using only the NOEs that would
be obtained using an ILV-labeled sample yielded models with
1.8 A C,-rmsd to the crystal structure (1h68) (30). Furthermore,
the RASREC CS-Rosetta structure that was solved with 215 long-
range (|i — j| > 4) NOESY restraints from ILVAMT is essentially
equivalent in accuracy to the final deposited NMR structure
that used 1,536 long-range (]i —j| >5), 1,131 medium-range
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Table 1. Iterative CS-Rosetta-based approach yields more accurate structures than conventional methods for ILV-labeled protein samples

Low/median/high (A) rmsd to X-ray structure

Conventional NMR

Reference
X-ray crystal Residue ranges Automated Deposited
No. of structure used for RASREC analysis using coordinates
Target residues MW (kDa) 7.*(ns) PDB_id rmsd analysis CS-Rosetta CYANA
SR10 141 18 9 3e0o 13-25, 36-105,111-141% 1.1/1.5/2.0% 2.7/3.1/3.8 2.4/2.9/3.6
SgR145 177 22 12 3mer 21-170, 188-196" 1.2/1.4/1.6° 3.7/4.7/6.2 2.4/2.6/3.6
Rhodopsin 225 26 24 1h68 4-210 1.4/1.7/2.7" - 1.5/1.6/1.7"
FULL 370 41 18 1-370 4.1/5.0/5.7 7.8/12.3/17.2 -
mep  NTD  182(370) lez9 1-111, 260-327 1.8/2.0/2.5 1.912.7/3.2 -
cTD 178(370) 113-258, 335-370 2.8/4.1/4.7 8.2/9.0/11.8 -
FULL 370 41 18 1-370 2.4/3.1/3.2 - 3.4/3.6/3.8%
MBP* NTD 182(370) 1ez9 1-111, 260-327 2.6/3.0/3.3 - 2.7/3.1/3.5%
CcTD 178(370) 113-258, 335-370 1.2/1.9/2.1 - 2.8/3.0/3.3%

*Rotational correlation times (z.) in ns were experimentally determined from >N T; and T, (CPMG) measurements (44) conducted at 800 MHz and 298 K (310 K
for MBP) or as given in ref. 26 for sensory rhodopsin.

"Backbone Ca-rmsd to the X-ray crystal structure were calculated for the 10 lowest-energy models for RASREC CS-Rosetta, or for all structures in the deposited
NMR ensembles. Displayed are the lowest, the median, and the highest Co—rmsd.

*Loop residues for which chemical shifts were missing, or where TALOS+ predicts high flexibility, were excluded from analysis.

SThese results were obtained with the current release version of the protocol, available (as version 1.0) at: http://www.csrosetta.org. The main improvement
stems from a different scheme to map methyl restraints onto the low-resolution protein model, as described in S/ Appendix: Methods. The original protocol
(used for results without this footnote and results in Table 2) resulted in median Coa-rmsd of 2.0 A and 1.9 A for targets SR10 and SgR145, respectively.

TExcluded flexible residues; missing electron density in X-ray data at residues 1-20 and 155-164.

lILVAMT-labeled sample.

**Deposited NMR structure (Protein Data Bank ID: 2ksy) based on double labeled sample was obtained using considerably more restraints; 1,536 long-range
(i — j] = 5) for the conventional calculation vs. 185 long-range restraints for the RASREC Rosetta calculation based on the ILVAMT sample.

"Using experimental data from this work (ER690 ILV sample).
#Data from Mueller, et al. (4).

$SResults were obtained with significantly more restraints: Five RDC vectors (instead of just N-H), CSA restraints, hydrogen-bond, and backbone dihedral angle
restraints. Using only three (vs. five) one-bond RDC vectors (Co—C, N-C, and N-H) and the hydrogen-bond restraints in addition to the NOEs, we obtained
median rmsd of 3.0 A, 2.3 A, and 2.2 A for the full-protein, N-terminal domain (NTD), and C-terminal domain (CTD), respectively.

(Ji—jl £4), and 1,336 sequential restraints from additional
NMR data and expert analysis (Table 1).

Determination of Previously Unsolved Structures by RASREC CS-Roset-
ta. To test the robustness and reliability of RASREC CS-Rosetta
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Fig. 2. RASREC Rosetta results for maltose-binding protein. The calculations
used experimental data collected in this study (ER690 ILV sample). Shown are
structural superpositions of the RASREC CS-Rosetta structure (red) with the
X-ray crystal structure of the holo protein, 1ez9 (blue). (A) Histogram of the
opening angles of the 50 lowest-energy structures. (B) The RASREC CS-Roset-
ta structure with the smallest opening angle within the 10 lowest by Rosetta
energy is superimposed on the most-closed crystal structure (3 mbp). Because
the opening angle is heterogeneous (see A), we show in C and D superposi-
tions of the N- and C-terminal domains, respectively, for the structure which
best fits the RDC data among the 10 lowest by Rosetta energy.

Lange et al.

on larger proteins, we also carried out calculations on six proteins
for which the structure was not known prior to our analysis. For
four of the proteins (SgR145, WR73, HsR50, and HR4660B) we
used data from ILV-methyl protonated, U- [?H, '3C, '>N] labeled
protein samples; for the remaining two (HmR11 and BamC) we
used data from fully protonated '*C, '’N-enriched samples. NOE
restraints were obtained using seeded automated NOESY cross-
peak assignments as described in Methods, and N-H RDCs were
also used in the structure calculations. For BamC only the 62 long-
range expert seed assignments were used. In parallel, a best-effort
experimental structure was determined for each of the blind tar-
gets using conventional methodology that included both manual
and automated NOE cross-peak assignments and extensive man-
ual refinement of the NOESY peak list. For BamC and SgR145,
crystal structures were determined only after the RASREC CS-
Rosetta NMR structures were completed.

The agreement between the blind RASREC CS-Rosetta struc-
tures and the corresponding reference structure (the crystal struc-
ture for BamC and SgR145, and the conventionally determined
NMR structure for the remaining proteins) is very good for all
but one of the cases (Table 2). The C,~rmsd to the corresponding
reference structures range from 1.1-3.9 A (Table 2 and SI
Appendix, Table S5 for restriction to converged regions). The
RASREC CS-Rosetta NMR structures of both domains of BamC
were published previously (25). Subsequently, the X-ray struc-
tures of both domains became available (31). Superpositions
of the RASREC CS-Rosetta NMR and X-ray structures of the
individual domains are shown in Fig. 3 B and C; the C,~rmsds
are 2.6 A and 1.1 A, respectively (Table 2). For SgR145, an
X-ray crystal structure was also solved by the NESG consortium
using molecular replacement and manual model building only
after the RASREC calculations were completed. A superposition
of the RASREC NMR and X-ray crystal structures (1.9 A C,—
rmsd) is shown in Fig. 3D.
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Fig. 3. RASREC CS-Rosetta results for five target proteins: (A) sensory
rhodopsin, (B) BamC N-terminal domain, (C) BamC C-terminal domain,
(D) SgR145, and (E) WR73. Rosetta structures (red) are superimposed with
reference structures (blue). Each sub-figure shows the cartoon representation
of the lowest-energy structure (Left) and close up of the core region that
illustrates accuracy of side chains (Right). Protein Data Bank-accession codes
of the X-ray reference structures in A-E are 1h68, 2yh6, 2yh5, 3mer, and 2loy,
respectively.

The single failure was for HsR50, which is composed of a
p-barrel flanked by an approximately 20-residue helix and loops
with few isoleucine, valine, or leucine residues outside the barrel
region. The ILV dataset yielded 209 restraints for the RASREC
CS-Rosetta NMR calculation, which converged (within 3.7 A)
only over the p-barrel. The NMR reference structure could only
be achieved with time-consuming analysis of a fully protonated
double-labeled dataset. RASREC calculations using the restraint
set from the double-labeled sample yielded a structure with 2.2 A
rmsd to the conventional ensemble over the full sequence and
1.6 A rmsd over the p-barrel portion. The failure with the

10876 | www.pnas.org/cgi/doi/10.1073/pnas.1203013109

HsR50 ILV dataset indicates the sensitivity of the method to
uneven distributions of ILV residues throughout the structure;
problematic regions could potentially be resolved by adding
further methyl probes, such as Ala, Thr, and Met.

The RASREC approach is designed to tolerate a few incorrect
seed NOE restraints. For targets SgR145, MBP, and BamC, some
of the manual seed assignments turned out to be incorrect (SI
Appendix, Fig. S3) and were violated in the lowest-energy models.
For BamC, 10 out of 64 available long-range restraints were mis-
assigned, but remarkably these misleading restraints did not pre-
vent convergence to the correct fold. This demonstrates a consid-
erable robustness of the algorithm against spurious restraints.
Although this robustness confirms that the Rosetta force field
has a stronger impact on the resulting structures than force fields
generally have in conventional structure determination, the RAS-
REC CS-Rosetta structures still fit the ILV-NOESY data well
(SI Appendix, Table S2).

The RASREC CS-Rosetta NMR structures also have accurate
core side-chain conformations, very similar to those in the corre-
sponding X-ray crystal structures (Fig. 3). On average, 96% of the
converged core side chains in the RASREC models are in the
same y, rotamer well, and 86% have the same set of rotamer
states for all y angles (Table 3).

Discussion

We have developed a new method for determining the 3D struc-
tures of 20-40 kDa proteins that combines sparse HN-HN,
HN-CHj;, and CH; — CH;distance restraint information, RDC
data, and RASREC CS-Rosetta calculations. The method is par-
ticularly useful for determining protein structures with molecular
weights >20 kDa, where uniform deuteration with amide and
methyl protonation are required but not sufficient to produce
a high-quality experimental NMR structure comparable to those
of fully protonated and assigned proteins.

We have focused here on datasets with ILV 'H methyls because
these generally provide the most long-range distance information
per proton in the protein core. Other labeling schemes allow
introduction of 'H probes on Ala, Met, and Thr (32), and on aro-
matic protons in Phe, Tyr, and Trp (33). Restraints obtained using
these additional probes have proven useful in determining high-
quality structures up to 50 kDa (34). However, additional probes
also come at the expense of increased spectral crowding, more dif-
ficult manual expert analysis, and somewhat higher reagent cost.
Our experience suggests that adding Ala, Met, and Thr labeling
would provide the best tradeoff between spectral quality and useful
long-range contact information; the presence of additional proton
probes on Phe, Trp, and Tyr side chains is often detrimental to ra-
pid methyl assignment because of the overlap between 'Hy and
aromatic resonances in the 3D '*C NOESY-HSQC strips, which
is particularly severe in large proteins. As a result, multiple samples
might be needed to (i) assign methyls and (i) obtain aromatic-spe-
cific contacts. If such restraints are available they can be readily
used in RASREC Rosetta and are expected to increase robustness
and accuracy of the method. This is especially true in cases where
ILV residues are unfavorably distributed, as in HsR50, or in areas
of high aromatic density. Otherwise, the improvement caused by
the additional data is likely to be relatively small, as seen here
for sensory rhodopsin when comparing our results for ILV and
ILVAMT labeling.

Comparison to X-ray structures (five datasets, including two
blind datasets) demonstrates that the RASREC CS-Rosetta
approach generally provides higher accuracy than best-effort con-
ventional analysis methods given the same raw data. The core
side chains are also modeled accurately; on average, 96% of
the converged side chains adopt the correct y1 rotameric well.
Indeed, the RASREC CS-Rosetta NMR structure of target
SgR145 (MW 22.4 kDa) was sufficiently accurate to allow phas-
ing of diffraction data by molecular replacement. This finding
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Table 2. Summary of previously unknown protein NMR structures determined with RASREC CS-Rosetta protocol

Reference C, backbone rmsd to
structure Residue ranges used reference structure:
Target No. of residues MW(kDa) 7" (ns) PDB_id" for rmsd analysis low/median/high A
BamC-NTD 110(246) 30 7+ 2yh6(X-ray) 2-10, 14-102° 2.0/ 2.6/2.8
BamC-CTD 126(246) 30 8+ 2yh5(X-ray) 1-118 0.9/1.1/1.3
. SgR145 197 22.4 12 3mer(X-ray) 21-170, 188-196" 1.7/1.9/2.9!
lsgtll!rlfturesi WR73 183 21.6 13 2loy(NMR) 1-37, 66-180"" 2.4/2.5/3.2
HsR50 191 20.5 10 2lok(NMR) na unconverged'
HmR11 185 22.1 10 2Inu(NMR) 4-180" 2.9/3.4/4.6
HR4660B 174 19.5 14 2Imd(NMR) 36-162" 3.4/3.9/4.5

*Rotational correlation times (z.) in ns were experimentally determined from >N T, and T, (CPMG) measurements (44) conducted at 800 MHz and

298 K, or estimated from the molecular assembly weight.

"Entries shaded in gray are for targets for which no crystal structure is available for comparison. In these cases, the reference structure is the mean
coordinates of the manually refined ensemble of NMR structures determined by conventional methods.

*All targets were solved using RASREC CS-Rosetta before the reference structure became available.

SResidues 11-13 are missing in X-ray coordinates. We also performed (blind) calculations of the independent N-terminal domain (NTD) and obtained better

convergence with rmsd of 1.7/1.8/2.1 A for residues 3-8 and 16-109.

TExcluded flexible loop residues 155-164, which have missing electron density in X-ray structure.

IThis result was obtained using the original protocol as a blind prediction and is thus different from the result reported in Table 1 (** footnote).

**Excluded residues that fluctuate more than 2 A in reference NMR ensemble. Note that this does not take fluctuations in the Rosetta ensemble into
account. In S/ Appendix, Table S5 shows residue ranges and rmsd to the reference structure when only residues with less than 2A fluctuation in both

ensembles are used.

"This structure could not be solved with the ILV approach only. The ILV-RASREC calculation only converged on the central barrel part of the fold where it
overlays relatively well (3.7 A, 58-70, 87-179) with the reference NMR structure.

*Estimated from molecular assembly weight.

might seem surprising given that only a subset of the data used in
the conventional analysis was used in the RASREC CS-Rosetta
calculations. Relatively accurate models can be obtained with our
approach using limited data, likely because (i) the CS-based frag-
ments are reasonably accurate, (i) the Rosetta all-atom force
field is more complete than the CNS/XPLOR force fields typi-
cally used for NMR structure refinement (35-38), and (iii) the
Rosetta low-resolution force field encapsulates a considerable
amount of physical chemistry that leverages the sparse NMR
restraints to generate good starting points for Rosetta full-atom
refinement. This greatly reduces the chances of obtaining a struc-

Table 3. Accuracy of sidechain x1 rotamers

Number of Percentage
Sidechains correct rotamer
converged all y-
Target & buried* correct’ y1only* angles®
SgR145 47 42 89% 82%
SR10 36 32 86% 79%
Rhodopsin (ILV) 64 63 98% 93%
X-ray MBP—literature (ILV)" 84 83 99% 96%
reference MPB—literature (HN)" 89 88 99% 94%
MBP—this work (ILV)! 85 80 94% 90%
bamC NTD 18 15 83% 68%
bamC CTD 33 33 100% 94%
HR4660B 17 14 82% 80%
NMR WR73 37 26 70% 64%
HmR11 29 27 93% 77%

Buried and converged side chains are selected and their adopted rotamer
assignment (45) is compared to those in the reference structure (X-ray or
structure 1 of NMR ensemble).

*Side chains that are buried (SASA < 40 A?) and converged (y1 angle, SD <
10 degrees in 10 low-energy structures).

"Subset of rotamers in column 1 (converged and buried) that have a correct
x1 rotamer assignment.

*Ratio of column 2 (correct) and column 1 (converged and buried).

SPercentage of side chains that are counted in column 1 (converged and
buried) for which all side-chain torsion angles (y1,...,y4) adopt the same
rotamer state as in the reference structure.

'Data taken from the publication by Mueller, et al. (4).

IData collected specifically for this study using Northeast Structural Genomics
Consortium sample ER690.

Lange et al.

ture trapped in nonnative local minima. For the sparse NMR re-
straint sets resulting from ILV-labeled proteins, the differences
between traditional data-driven approaches and our force-field
approach appear to be larger than for restraint sets derived
for smaller targets from fully protonated samples. The improve-
ment, however, comes at the cost of a much higher computational
effort caused by the requirement to sample extensively the rugged
energy landscape generated by the Rosetta force fields (Methods
and SI Appendix, Fig. S5).

In the cases where an X-ray structure was not available to eval-
uate high-resolution accuracy, the RASREC models had the
same overall topology as conventionally determined NMR struc-
tures but better side-chain and core packing as judged by tradi-
tional knowledge-based validation methods (39, 40). The robust
RASREC CS-Rosetta method for determining atomic-resolution
NMR solution structures, demonstrated in this study for 20—
40 kDa proteins, should have a significant impact in expanding
the application of NMR to a broader range of problems in struc-
tural biology.

Methods

NMR Spectroscopy and Data Analysis. All NMR data for this study were col-
lected at either 25°C (SR10, HR4660B, WR73, SgR145, HmR11, and HsR50)
or 37 °C (MBP) on Bruker Avance 800-MHz NMR spectrometers equipped with
a triple-resonance TXI Cryoprobe. NOESY data were consistently acquired
with 300-ms U- [2H, '3C, ">N] samples and 120 ms U-['3C, ">N] samples mixing
times. Details of data collection and analysis are presented in the S/
Appendix.

Backbone '3C, '*N, and HN resonance assignments were determined using
standard 2H-decoupled transverse relaxation optimized spectroscopy—
detected triple-resonance methods. Using a set of redundant NOESY spectra,
3Cand "Hresonances of lle 61, Val y1, 2 and Leu 61, 2 methyls were assigned.
In each case, a small number of unambiguously assigned NOE interactions
were first identified and used to seed the structure-generation process.
Well-dispersed/isolated HN and the upfield shifted '3C chemical shifts of
lle 51 methyl provide ideal starting points for identification of such reliable
long-range contacts. Other isolated/shifted Val y1, 2 or Leu 61, 2 methyl
resonances in the '3C-HSQC follow; the analysis of the methyl resonances
continues toward the more overlapped regions of the spectrum. Addition-
ally, methyl to side chain tryptophan indole (Ne', He') NOEs were assigned,
providing another important source of long-range contacts. Backbone
"H-'>N RDCs were measured (or obtained from the literature for MBP) in
at least one alignment medium in all test cases except for sensory rhodopsin.
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Automatic NOESY Cross-Peak Assignment. The manually obtained seed NOE
restraints are listed in S/ Appendix, Table S1. Between 28 and 66 such manual
NOE distances per target were included. In addition, RDC data and dihedral
angle restraints where provided as input to CYANA structure calculation and
NOESY assignment runs (S/ Appendix: Methods). The resulting upper-distance
restraints were used for RASREC CS-Rosetta structure generation as de-
tailed below.

Structure Generation with RASREC CS-Rosetta. We have used the RASREC
CS-Rosetta method as described previously (18) to determine an ensemble
of target structures (S/ Appendix: Methods).

CYANA upper-distance restraints were separated into the restraints with
highest reliability (SUP = 1), Rs,; , and those with lower reliability (SUP < 1),
Rsup (SI Appendix, Table S1). This SUP entry in the CYANA .upl file is equiva-
lent to the quality of a cross-peak assignment given in the .noa output file
that is computed as: quality = 1.0-II;1.0-prob(i), where the product runs
over all initial assignments of the cross-peak and prob (i) gives the probability
of the individual initial assignment. SUP = 1 is only reached if at least one of
the individual assignments is certain i.e., prob(i) = 1 (41).

The automatic and seed restraints were converted into Rosetta flat-bot-
tom restraints (42) as described in S/ Appendix: Methods. In order to reduce
the possible impact of spurious/incorrect restraints in R,,, we combine ran-
dom pairs into ambiguous restraints (43). For random combination, restraints
are classified by their sequence separation with <5—, <20—, <50—, and >50-
residue separation. Random pairs are formed within each class. For each
decoy a new random combination is generated. As expected, including
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the automatic CYANA upper-distance restraints into the RASREC CS-Rosetta
calculations in addition to the manually assigned seed restraints improves the
accuracy for most targets (SI Appendix, Table S4).

The method requires substantial computer resources. For instance, target
HmMR11 requires 7 h on 64 machines of a Linux cluster, which has two quad-
core CPUs of 2.93-GHz Intel Xeon 5570 per motherboard (i.e., 512 compute
cores). The required time depends on several factors including size, density,
and instructiveness of the restraints, and fold complexity (see S/ Appendix,
Fig. S5). Although these computer requirements generally exceed the
in-lab resources of the average NMR lab, it is not problematic nowadays
to allocate such resources e.g., through adjunct computer centers, cloud
computing, or a grid project such as the European Grid Infrastructure
(http://www.egi.eu).
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