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data for NMR / X-ray crystal structure pairs
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gies for structural biology. The Northeast Structural Genomics Consortium was one of several PSI
centers. NESG used both X-ray crystallography and NMR spectroscopy for protein structure deter-
mination. A key goal of the PSI was to provide experimental structures for at least one representa-
tive of each of hundreds of targeted protein domain families. In some cases, structures for identical
(or nearly identical) constructs were determined by both NMR and X-ray crystallography. NMR spec-
troscopy and X-ray diffraction data for 41 of these “NMR / X-ray” structure pairs determined using
conventional triple-resonance NMR methods with extensive sidechain resonance assignments have
been organized in an online NMR / X-ray Structure Pair Data Repository. In addition, several NMR
data sets for perdeuterated, methyl-protonated protein samples are included in this repository. As
an example of the utility of this repository, these data were used to revisit questions about the pre-
cision and accuracy of protein NMR structures first outlined by Levy and coworkers several years
ago (Andrec et al., Proteins 2007;69:449-465). These results demonstrate that the agreement
between NMR and X-ray crystal structures is improved using modern methods of protein NMR
spectroscopy. The NMR / X-ray Structure Pair Data Repository will provide a valuable resource for

new computational NMR methods development.

Keywords: protein NMR spectroscopy; X-ray crystallography; structural bioinformatics; accuracy

and precision of NMR structures

Introduction
The National Institutes of General Medical Sciences
(NIGMS) Protein Structure Initiative was established
in 2000 as advances in genomic sequencing, bioinfor-
matics, and methods for rapid determination of protein
3D structures by X-ray crystallography and NMR con-
verged to suggest the potential for “genomic-scale” pro-
tein structure determination.! The long-term goal of
the Protein Structure Initiative (PSI) was to provide
3D structural information for most proteins in nature.
The vision of the PSI was to make 3D protein struc-
ture information an integral part of biology research.
Over the past 15 years, the PSI program has pro-
vided more than 6800 new protein structures into the
public domain (http:/sbkb.org/). The primary mission
of the PSI was to complement traditional structural
biology research by determining 3D structures of pro-
teins (or protein domains) selected primarily to provide
extensive coverage of the largest protein domain fami-
lies. In the final phase of PSI, PSI-Biology, these struc-
ture determination efforts were coupled with specific
biomedical driving projects. These PSI protein struc-
tures are being used as templates for modeling tens of
thousands of homologous proteins,? and provide a data-
base of protein structures and biophysical properties
(e.g., chemical shifts) that allow researchers to more
accurately predict and design protein structures. The
PSI program also developed extensive databases of
protein sample production information, improved pro-
tocols for using existing technologies, and new technol-
ogies that are just beginning to have their most
significant impact in structural biology research.>™
The Northeast Structural Genomics Consortium
(NESG) was one of four Large-Scale Centers for struc-
ture production. NESG scientists used broad biologi-
cal, genomic, and bioinformatics criteria, together
with protein targets selected from specific biological
projects, to (i) provide significant structural coverage
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of a large number of protein sequences in nature, (ii)
develop and disseminate novel and/or improved tech-
nologies for structural biology and bioinformatics, and
(iii) make these structures, structure production data,
and the associated reagents and technologies publicly
available to the worldwide scientific community. A
hallmark of the NESG was the combined use of both
protein crystallography and NMR spectroscopy in
high throughput protein structure determination.
More than 1200 NMR and X-ray crystal structures
were deposited in the PDB by NESG scientists.

The primary mission of the NESG consortium in
its first 10 years was structural coverage of large pro-
tein domain families consisting of many sequences with
unknown 3D structures.’>® The aim was to determine
a representative structure for each of these domain
families. Representative proteins were selected based
on their “modeling leverage” which was a measure of
how many additional sequences could be accurately
modeled using the structure of the representative pro-
tein. In the interest of broad structural coverage, a pro-
cess evolved in which having completed a 3D structure
for one representative from a protein domain family,
the family was scored as “covered”, and additional work
on the same domain family was deprioritized. In partic-
ular, if the domain family was “covered” by an X-ray
crystal structure, work on the corresponding NMR
structure was suspended, and vice versa. However, in a
limited number of cases both NMR and X-ray crystal
structures were produced for the same (or similar) pro-
tein construct. These pairs of NMR and X-ray crystal
structures for identical (or nearly identical) sequences
are referred to here as “NMR / X-ray structure pairs.”
These structure pairs were in fact a byproduct of the
primary goal of the PSI program. However, together
with the corresponding protein sample production and
raw experimental data (structure factors, crystalliza-
tion conditions, NMR resonance assignments, NOESY
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Table I. Data Sets for 41 NESG NMR | X-Ray Pairs Determined by Conventional Triple-Resonance NMR Methods
on Fully Protonated Samples

NESG No. of Solution NOESY 5N-H

Uniprot id Method target id PDB id BMRB id residues® oligomer state peak lists RDC data
Q7VV99 NMR BeR31 2K2E 15702 150 Monomer No Yes
XRAY BeR31 3CPK n.a’ 150 n.a. n.a.
Q9AAR9 NMR CcR55 2JQN 15281 114 Monomer Yes No
XRAY CcR55 200Q n.a. 114 n.a. n.a.
Q481E4 NMR CsR4 2JR2 15317 67 Dimer Yes Yes
XRAY CsR4 20TA n.a. 67 n.a. n.a.
Q8KFZ1 NMR CtR107 2KCU 16097 158 Monomer Yes Yes
XRAY CtR107 3EOH n.a. 158 n.a. n.a.
Q8KC80 NMR CtR148A 2KO1 16486 79 Dimer Yes Yes
XRAY CtR148A 3IBW n.a. 79 n.a. n.a.
Q24NW5 NMR DhR29B 2KPU 16570 89 Monomer Yes Yes
XRAY DhR29B 3LYW n.a. 89 n.a. n.a
Q251Q8 NMR DhR8C 2KYI 16961 63 Dimer Yes Yes
XRAY DhR8C 3IPF n.a. 63 n.a. n.a.
QI9RZE3 NMR DrR147D 2KCZ 16100 146 Monomer Yes No
XRAY DrR147D 3GGN n.a. 146 n.a. n.a.
P65294 NMR ER382A 2JNO 15079 52 Monomer No No
XRAY ER382A 3FIF n.a. 52 n.a. n.a.
Q39VCh NMR GmR137 2K5P 15844 70 Monomer No No
XRAY GmR137 3CWI n.a. 70 n.a. n.a.
QY547 NMR HR1958 1XPW 6344 144 Monomer Yes No
XRAY HR1958 1TVG n.a. 144 n.a. n.a.
P62195 NMR HR3102A 2KRK 16640 76 Monomer Yes No
XRAY HR3102A 3KW6 n.a. 76 n.a. n.a
Q15811 NMR HR3646E 2KHN 16250 111 Monomer Yes Yes
XRAY HR3646E 3FIA n.a. 111 n.a. n.a.
Q9Y3C8 NMR HR41 2K07 6546 167 Monomer Yes No
XRAY HR41 3EVX n.a. 167 n.a. n.a.
Q01826 NMR HR4435B 2L1P 17092 72 Monomer Yes Yes
XRAY HR4435B 3NZL n.a. 72 n.a. n.a.
Q12906 NMR HR4527E 2133 17169 80 Monomer Yes Yes
XRAY HR4527E 3P1X n.a. 74 n.a. n.a.
P15056 NMR HR4694F 2105 17030 84 Monomer Yes Yes
XRAY HR4694F 3NY5 n.a. 85 n.a. n.a.
P20700 NMR HR5546A 2KPW 16572 111 Monomer Yes Yes
XRAY HR5546A 3JTO n.a. 111 n.a. n.a.
Q5FJ43 NMR LaR80A 2LFI 17754 113 Monomer Yes Yes
XRAY LaR80A 3Q69 n.a. 113 n.a. n.a.
E3YVT8 NMR LkR112 2KPP 16563 105 Monomer Yes Yes
XRAY LkR112 3LD7 n.a. 92 n.a. n.a.
Q70294 NMR MbR242E 2KKO 16368 101 Dimer Yes Yes
XRAY MbR242E 3GW2 n.a. 101 n.a. n.a.
Q8KNE9 NMR MiR12 2LUZ 18547 182 Dimer Yes Yes
XRAY MiR12 4FPW n.a. 182 n.a. n.a.
Q6LYF9 NMR MrR110B 2K5V 15849 95 Monomer Yes No
XRAY MrR110B 3EOE n.a. 95 n.a. n.a.
P03495 NMR OR8C 2KKZ 16376 131 Monomer Yes No
XRAY OR8C 2RHK n.a. 131 n.a. n.a.
Q8U1U6 NMR PfR193A 2KL6 16385 105 Monomer Yes Yes
XRAY PfR193A 3IDU n.a. 118 n.a. n.a.
Q880Y4 NMR PsR293 2KFP 16186 117 Monomer Yes No
XRAY PsR293 3H9X n.a. 117 n.a. n.a.
Q6N882 NMR RpR324 2KW2 16805 93 Monomer Yes Yes
XRAY RpR324 3LMO n.a. 93 n.a. n.a.
Q55544 NMR SgR209C 2106 17031 148 Dimer Yes Yes
XRAY SgR209C 30SJ n.a. 148 n.a. n.a.
P74795 NMR SgR42 2J72 15604 58 Monomer Yes No
XRAY SgR42 3C4S n.a. 58 n.a. n.a.
Q8EF26 NMR SoR77 2JUW 15456 72 Monomer Yes No
XRAY SoR77 2QTI n.a. 72 n.a. n.a.
Q97RM2 NMR SpR104 2L3A 17175 73 Dimer Yes No
XRAY SpR104 30BH n.a. 73 n.a. n.a.
P50833 NMR SR213 2HFI 16113 123 Monomer Yes Yes
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info:x-wiley/pdb/2K2E
info:x-wiley/pdb/3CPK
info:x-wiley/pdb/2JQN
info:x-wiley/pdb/2O0Q
info:x-wiley/pdb/2JR2
info:x-wiley/pdb/2OTA
info:x-wiley/pdb/2KCU
info:x-wiley/pdb/3E0H
info:x-wiley/pdb/2KO1
info:x-wiley/pdb/3IBW
info:x-wiley/pdb/2KPU
info:x-wiley/pdb/3LYW
info:x-wiley/pdb/2KYI
info:x-wiley/pdb/3IPF
info:x-wiley/pdb/2KCZ
info:x-wiley/pdb/3GGN
info:x-wiley/pdb/2JN0
info:x-wiley/pdb/3FIF
info:x-wiley/pdb/2K5P
info:x-wiley/pdb/3CWI
info:x-wiley/pdb/1XPW
info:x-wiley/pdb/1TVG
info:x-wiley/pdb/2KRK
info:x-wiley/pdb/3KW6
info:x-wiley/pdb/2KHN
info:x-wiley/pdb/3FIA
info:x-wiley/pdb/2K07
info:x-wiley/pdb/3EVX
info:x-wiley/pdb/2L1P
info:x-wiley/pdb/3NZL
info:x-wiley/pdb/2L33
info:x-wiley/pdb/3P1X
info:x-wiley/pdb/2L05
info:x-wiley/pdb/3NY5
info:x-wiley/pdb/2KPW
info:x-wiley/pdb/3JT0
info:x-wiley/pdb/2LFI
info:x-wiley/pdb/3Q69
info:x-wiley/pdb/2KPP
info:x-wiley/pdb/3LD7
info:x-wiley/pdb/2KKO
info:x-wiley/pdb/3GW2
info:x-wiley/pdb/2LUZ
info:x-wiley/pdb/4FPW
info:x-wiley/pdb/2K5V
info:x-wiley/pdb/3E0E
info:x-wiley/pdb/2KKZ
info:x-wiley/pdb/2RHK
info:x-wiley/pdb/2KL6
info:x-wiley/pdb/3IDU
info:x-wiley/pdb/2KFP
info:x-wiley/pdb/3H9X
info:x-wiley/pdb/2KW2
info:x-wiley/pdb/3LMO
info:x-wiley/pdb/2L06
info:x-wiley/pdb/3OSJ
info:x-wiley/pdb/2JZ2
info:x-wiley/pdb/3C4S
info:x-wiley/pdb/2JUW
info:x-wiley/pdb/2QTI
info:x-wiley/pdb/2L3A
info:x-wiley/pdb/3OBH
info:x-wiley/pdb/2HFI

Table 1. Continued

NESG No. of Solution NOESY 5N-'H

Uniprot id Method target id PDB id BMRB id residues® oligomer state peak lists RDC data
XRAY SR213 2IM8 n.a. 123 n.a. n.a.
031818 NMR SR384 2JVD 15476 46 Monomer Yes Yes
XRAY SR384 3BHP n.a. 52 n.a. n.a.
P71066 NMR SR478 2JS1 15350 72 Dimer Yes Yes
XRAY SR478 2GSV n.a. 72 n.a. n.a.
Q2S6C5 NMR SrR115C 2KCV 16084 91 Monomer Yes Yes
XRAY SrR115C 3MA5 n.a. 91 n.a. n.a.
P95883 NMR SsR10 2JPU 15265 121 Monomer Yes No
XRAY SsR10 2Q00 n.a. 121 n.a. n.a.
Q8ZRJ2 NMR StR65 2JN8 15089 107 Monomer Yes No
XRAY StR65 2ES9 n.a. 107 n.a. n.a.
ETUZA7 NMR StR70 2J7ZT 7178 134 Monomer No No
XRAY StR70 2ES7 n.a. 134 n.a. n.a.
B2D8H3 NMR UuR17A 2KRT 16648 112 Monomer Yes No
XRAY UuR17A 3K63 n.a. 117 n.a. n.a.
Q8P6W3 NMR XcR50 1XPV 6363 78 Monomer Yes No
XRAY XcR50 1TTZ n.a. 78 n.a. n.a.
Q99U58 NMR ZR18 1PQX 5844 83 Monomer No No
XRAY ZR18 2FFM n.a. 83 n.a. n.a.

2 The reported construct length excludes small (~8 residue) purification tags present in some constructs, unless these puri-

fication tags provided well-defined atomic coordinates.
b n.a. - not applicable

spectra and peak lists, residual dipolar coupling (RDC)
data, etc.), the NMR / X-ray pairs are particularly use-
ful for testing new methods for protein NMR structure
determination and structure validation.”® These data
sets are a unique and valuable resource for the broader
scientific community.

As an example of the unique value of NMR / X-
ray pairs in methods development for structural bio-
informatics, in 2007 Levy and coworkers'® explored
fundamental questions of the precision and accuracy
of NMR structure ensembles'®! using 148 NMR /
X-ray pairs culled from the Protein Data Bank. This
study reported that for every one of these 148 pro-
tein structure pairs, the backbone root-mean-square
distance (RMSD) over core atoms of the crystal
structure to the mean NMR structure is larger than
the average RMSD of the members of the NMR
ensemble to the mean NMR coordinates. Three-
quarters of these structure pairs were reported to
have backbone RMSDs between the X-ray crystal
structure and mean NMR structure of more than
twice the average RMSD within the NMR ensem-
ble.’® The authors concluded that this difference is
real, but could not determine the underlying bio-
physical or statistical basis for this difference in pre-
cision (the RMSD of atomic coordinates within the
NMR ensemble) and accuracy (the RMSD between
the mean NMR structure coordinates and the X-ray
crystal structure). This landmark article presents an
open question to the structural biology community,
which nearly a decade later still has not been
adequately addressed.

In this article, we present an organized data
repository containing both raw and processed data for
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41 NESG NMR / X-ray pairs for which the NMR
structure was determined using fully protonated sam-
ples. These 3D structures are for pairs of identical (or
very similar) protein constructs. The repository
(http://spine.nesg.org/mmrdata) includes raw and proc-
essed NMR data, NMR resonance assignments, and
X-ray crystallography structure factor files. For many
of these proteins, we also provide NOESY time
domain data, NOESY peak lists, and RDC data
mapped to the corresponding resonance assignments.
We also provide data sets for seven additional perdeu-
terated, methyl protonated protein samples,® three of
which have X-ray crystal structures available.

Results

NMR / X-ray structure pair data repository
Forty-one (41) protein structures have been deter-
mined in the NESG project by both NMR and X-ray
crystallography using conventional triple resonance
NMR methods on fully protonated protein samples
(Table I). NMR data and structure factors for these 41
structures are collected together in a single data
repository, the NESG NMR / X-ray Structure Pair
Data  Repository  (http:/spine.nesg.org/mmrdata).
These structures have also all been deposited in the
Protein Data Bank (Supporting Information Table
S1). These proteins and protein domains range in size
from 46 to 182 residues. The NMR structures include
both monomers and homodimers. Some of these pro-
teins form higher-order oligomers in the crystal struc-
ture. A few of these structures have been published
as independent papers,>'? while others are currently
being used for follow-up structure—function studies.
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http://spine.nesg.org/nmrdata
http://spine.nesg.org/nmrdata
info:x-wiley/pdb/2IM8
info:x-wiley/pdb/2JVD
info:x-wiley/pdb/3BHP
info:x-wiley/pdb/2JS1
info:x-wiley/pdb/2GSV
info:x-wiley/pdb/2KCV
info:x-wiley/pdb/3MA5
info:x-wiley/pdb/2JPU
info:x-wiley/pdb/2Q00
info:x-wiley/pdb/2JN8
info:x-wiley/pdb/2ES9
info:x-wiley/pdb/2JZT
info:x-wiley/pdb/2ES7
info:x-wiley/pdb/2KRT
info:x-wiley/pdb/3K63
info:x-wiley/pdb/1XPV
info:x-wiley/pdb/1TTZ
info:x-wiley/pdb/1PQX
info:x-wiley/pdb/2FFM

Table II. Data Sets for 2H,>C,’”?N-ILV(CH5) Protein Samples

NESG No. of Solution NOESY N-'H

UniProt id Method target id PDB id BMRB id residues® oligomer state peak lists RDC data
P74712 NMR SgR145 2KW5% 16806 194 Monomer Yes Yes

XRAY SgR145 3MER? n.a. 194 Monomer n.a. n.a.
Q92786 NMR HR4460B 2LMD? 18112 163 Monomer Yes Yes
P54155 NMR SR10 2KZN? 17008 143 Monomer Yes Yes

XRAY SR10 3E00 n.a. 144 Monomer n.a n.a
Q93573 NMR WR73 2LOY? 16833 181 Monomer Yes Yes
Q5V502 NMR HmR11 2LNU? 18180 182 Monomer Yes Yes
Q9HRE7 NMR HsR50 2LOK* 18215 189 Monomer Yes Yes
POAEX9 NMR ER690 2MV0* 25237 370 Monomer® Yes Yes

XRAY ER690 1DMB? n.a. 370 Monomer® n.a n.a

2 Lange et al.®

> Not determined by NESG consortium.?
¢ Complex bound to B-cyclodextrin.

4 Not determined by NESG consortium.?*

¢ The reported construct length excludes small (8 residue) purification tags present in some constructs, unless these purifi-

cation tags provided well-defined atomic coordinates

The X-ray crystal structures are solved to resolu-
tions of 1.20-2.80 A. Both structure factor data and suc-
cessful  crystallization (Supporting
Information Table S2) are available for all of the X-ray
crystal structures, and extensive chemical shift data
are available for all of the NMR structures. NMR data
available for the fully-protonated protein targets
include NMR restraints (41 targets), NOESY peak lists
(36 targets), 3D NOESY time domain data (29 targets),
and backbone N-'H residual dipolar coupling data
mapped to the corresponding resonance assignments
(23 targets, with 17 RDC data sets recorded using at
least 2 alignment media) (Table I). These data can be
downloaded as a complete set from the NMR / X-ray
Structure Pair Repository (http:/spine.nesg.org/
nmrdata/).

Determining larger protein structures (20-70
kDa) by NMR is challenging but highly feasible.!3-1%
For such larger proteins, deuteration becomes neces-
sary to circumvent the efficient spin relaxation prop-
erties resulting from their slow rotational correlation
times.'®1%17 Backbone and sidechain amide hydro-
gens (HY) can be exchanged back into the protein
sample, providing backbone and sidechain HN-HY
NOE data. However, removing protons also elimi-
nates long-range NOESY information from side-
chains except for selectively protonated side-chain
moieties. The difficulty in determining accurate struc-
tures with no or limited side-chain information (i.e.,
sparse NMR data) is a major bottleneck that currently
prevents routine application of NMR to larger sys-
tems. Several NMR data sets have been generated in
NESG projects on perdeuterated proteins®*®22 which
are labeled with **C—"H methyl groups of Ile(51), Leu,
Val, and/or Ala residues. These data, along with sev-
eral other “sparse NMR data” sets generated for pro-
teins ranging in size from 143 to 370 residues (Table
II), are also included in the NMR / X-ray Structure
Pair Data Repository.

conditions
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Many of these same NMR and X-ray crystallogra-
phy data sets have already been used for new NMR
technology development. Some of these structures
have been used to assess the value of NMR structures
for phasing the corresponding X-ray diffraction data
using the method of molecular replacement.” A large
number of these structures have also been used to
explore refinement of NMR structures using NMR-
data-restrained Rosetta calculations,®?® and a few
have been used to explore de novo structure generation
using restrained CS-Rosetta.”?® Coordinates and input
restraint files for 39 restrained-Rosetta refined NMR
structures generated by Mao et al.,® are also available
in the NMR / X-ray Structure Pair Data Repository.

Precision and accuracy of NMR structures
Using the NMR / X-ray structure pairs deposited by
NESG in the PDB, we re-examined questions raised
by Snyder et al.'' and Andrec et al.'° on the relation-
ships between the precision and accuracy of NMR
structures. NMR structures are typically presented as
an ensemble of 10—20 conformers, each of which is an
approximately equally good fit to the experimental
NMR restraints. As a convention, the wwPDB NMR-
VTF has recommended that the “representative NMR
structure” is defined as the single conformer in the
ensemble that is most similar to all the others?%; that
is, the medoid of the conformer distribution. The
NMR-VTF has also recommended that ill-defined
regions (i.e., regions of the polypeptide structure that
are not converged in the NMR ensemble) are excluded
in computing RMSDs of atomic coordinates used to
define the medoid conformer. These calculations were
done using the PDBStat software package,?® where
well-defined vs. ill-defined regions are determined
using a variance matrix analysis provide by the Find-
Core22” algorithms of PDBStat.

In this study, the convergence within the ensemble
was characterized by the average (and standard

NMR—X-Ray Structure Pairs
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http://spine.nesg.org/nmrdata
info:x-wiley/pdb/2KW5
info:x-wiley/pdb/3MER
info:x-wiley/pdb/2LMD
info:x-wiley/pdb/2KZN
info:x-wiley/pdb/3E0O
info:x-wiley/pdb/2LOY
info:x-wiley/pdb/2LNU
info:x-wiley/pdb/2LOK
info:x-wiley/pdb/2MV0
info:x-wiley/pdb/1DMB

Table III. Comparisons of RMS,,s and RMSx,,; for Different Sets of NMR | X-Ray Pairs

Number of RMS..s RMSxia
pairs used in ] ] ] ] ] ]
Data set analysis Mean (A) S.D. (A) Median (A) Mean (A) S.D. (A) Median (A)
PDB 145 0.76 0.25 0.76 1.60 0.68 1.49
NESG 41 0.95 0.37 0.87 1.41 0.55 1.29
NESG/R3 39 0.83 0.40 0.76 1.19 0.41 1.11

Structures with RM Sy, > 3.5 A were excluded from analysis.

deviation) RMSD between each member of the NMR
ensemble and the representative structure (i.e., the
medoid conformer). This metric, which we call RMS,,
is a proxy for the precision of the NMR structures. The
“accuracy” of the structure was assessed as the
RMSxi., the backbone RMSD between the medoid
NMR conformer and the X-ray crystal structure, again
excluding regions of the NMR structure that are ill-
defined in the NMR ensemble, as well as atoms of the
X-ray crystal structure for which atomic positions are
not defined. Using RMSx;.; as a measure of structural
accuracy assumes that the “true” structure is the corre-
sponding X-ray crystal structure, which may not
always be a correct assumption (see Discussion
section).

In the following statistical analyses, three sets of
NMR / X-ray pairs were considered. The “NESG” set
(Table I) includes 41 NESG/NMR pairs (Table I of
NMR / X-ray Structure Pair Data Repository http://
spine.nesg.org/nmrdata). The “NESG/R3” set is a sub-
set of the NESG structure pairs which have been
energy-refined using restrained Rosetta refinement
with version Rosetta.v3, as described by Mao et al.® Of
the 40 Rosetta-refined structures described in the origi-
nal publication (Table III of NMR / X-ray Structure
Pair Data Repository http:/spine.nesg.org/nmrdata/),
NESG target DrR147D was excluded from NMR / X-
ray structure comparisons because its solution NMR
structure is a monomer solved at pH 4.5, while its X-
ray structure is a dimer solved at pH 6.0, and NMR
studies demonstrate that there is a significant struc-
tural change over this pH range.® The “PDB” set of
NMR / X-ray pairs includes 145 of the 148 pairs used
by Andrec et al.,*° chosen so as to provide comparison
with these benchmark results. Two of the original pairs
(NESG targets HR1958 and ZR18) were excluded from
the PDB set because they are in the NESG set, and one
pair was excluded because of inconsistencies in atom
naming conventions. The resulting PDB set does not
include any NESG pairs.

The RMS,,s and RMSx, values for each pair
from the various groups of NMR / X-ray pairs (Sup-
porting Information Table S3) are shown as step
plots (0.2 A bins) in Figure 1. Mean, standard devia-
tions, and median values are summarized in Table
III. For most of the structures in all three data sets,
the structural variability within the NMR ensemble
is smaller than the difference between the NMR and
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X-ray crystal structures. This RMSD difference is
smaller for the NESG NMR / X-ray pairs (median
RMS, = 0.87 A vs. median RMSx, = 1.29 A) than
for the larger set of non-NESG structure pairs
selected from the PDB (median RMS,,, =0.76 A vs.
median RMSx¢. = 1.49 A). The difference between
median RMS,,,; and RMSx;,; is smaller still for the
restrained Rosetta refined NESG/R3 structures
(median RMS,,;=0.76 A vs median RMSxia = 1.11
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Figure 1. Backbone RMSDs to the medoid conformer within
NMR ensembles are generally smaller than RMSDs between
the medoid conformer and the corresponding X-ray crystal
structure. Histogram plots of backbone RMSDs within each
NMR ensemble (RMS,,s—red solid lines), and between the
medoid NMR conformer and the X-ray crystal structure
(RMSx1—blue dashed lines), showing the numbers of struc-
ture (n) in each 0.2 A bin. Data are presented for NMR / X-
ray pairs of A: PDB set of 145 pairs, B: NESG set of 41 pairs,
and C: NESG/RS3 set of 39 pairs, a subset of the NESG set
that have been energy minimized using the restrained
Rosetta protocol.® These sets of NMR / X-ray pairs are
defined in the text.
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Figure 2. NESG NMR structures are more like corresponding X-ray crystal structures than the PDB NMR structures. Scatter
plots between RMS,,s, providing an estimate of the convergence of the NMR ensemble, and RMSy;,,, comparing the medoid
NMR conformer with the corresponding X-ray crystal structure. The three solid lines in each plot indicate the points for which
RMSya/RMS,s ratios are 1:1, 2:1, and 3:1, respectively. A: Comparison of PDB set (open black circles) and NESG set (closed
red circles) NMR / X-ray structure pairs. B: Comparison of PDB set (open black circles) and NESG/R3 set (closed red circles) of

NMR / X-ray structure pairs.

A). This trend is also obvious from the mean values
of RMSxqa1: PDB set (mean RMSxq, = 1.60 + 0.68 A),
NESG set (mean =1.41 *+ 0.55 A), and the NESG/R3
set (mean RMSx, = 1.19 = 0.41 A). The methods used
by the NESG consortium generated NMR structures
that are more like the corresponding X-ray crystal
structures than those used to generate the PDB pairs
analyzed by Andrec et al. However, for all three distri-
butions of Figure 1, Kolmogorov—Smirnov statistical
tests?® show that the RMSxy. distributions are dis-
tinct (i.e., significantly higher) from the corresponding
RMS,, distributions (P < 0.001).

Andrec et al. observed that for every one of the 148
NMR / X-ray pairs selected in their study,
RMS,, s < RMSx;a, with 76% of the structure pairs hav-
ing an RMSD of the crystal structure to the mean NMR
structure more than a factor of two larger than the
average RMSD of the NMR ensemble.’® Using the
essentially same set of 145 PDB NMR / X-ray pairs,
with the methods of superimposition and RMSD analy-
sis described in the Methods and Materials section, we
see this same trend (Fig. 2). For convenience, we define
for each NMR / X-ray pair the parameter I' = RMSx;./
RMS.,s. While most PDB NMR / X-ray pairs have

I' > 2, most NESG and NESG/R3 pairs have I' < 2 (Fig.
2). For the PDB, NESG, and NESG/R3 pairs, the mean
values of " are 2.29 + 1.06, 1.58 = 0.56, and 1.61 = 0.69,
respectively (Table IV). In fact, many of the NESG and
NESG/R3 pairs have values of T" close to unity (Fig. 2).
More specifically, the percentage of pairs with RMSx;.
within two standard deviations of the corresponding
mean RMS,,; are 7.6%, 29.2%, and 46.1% for the PDB,
NESG, and NESG/R3 NMR / X-ray pairs, respectively
(Table IV). However, ~70% of NESG pairs (and ~55%
of NESG/R3 pairs) have RMSxy, significantly greater
than the corresponding RMS,, as originally observed
by Andrec et al.'° for most of the NMR / X-ray pairs in
the PDB data set.

Examination of discrepancies between precision
and accuracy

We also examined the backbone structures of NMR
ensembles and corresponding X-ray crystal structures
using the PyMOL molecular graphics program.?® The
nine NESG or NESG/R3 structure pairs with smallest
and largest values of I' are shown graphically in
Figures 3 and 4, respectively. Examination of these
images suggests that at least some of the structures

Table IV. Comparisons of RMS,,; and RMSx,,; for Different Data Sets of NMR | X-Ray Pairs

T' = RMSxta/RMSs

Number of
pairs used in % RMSxta1
Data set analysis Mean (A) S.D. (A) < RMSgnst+ 2 S.D.
PDB 145 2.29 1.06 7.6%
NESG 41 1.58 0.56 29.2%
NESG/R3 39 1.61 0.69 46.1%

Structures with RMSx;. > 3.5 A were excluded from this analysis.
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2JR2* 20TA
I' 0.89

I' 1.00

2J72 3C4S
I 0.94

I 1.01

2JUW 2QTI
I' 0.99

2L06* 30SJ
I 1.02

2L3A* 30BH
I 1.02

2JN8 * 2ES9
I 1.02

2HFI* 2IM8
I 1.03

Figure 3. Examples of NESG NMR / X-ray pairs with low I' = RMSy;a/RMSg,,s. Nine NMR / X-ray pairs, from the NESG or
NESG/R3 sets, with lowest values of T'. For each ensemble, the superimposed backbone (N, Ca, C') trace of the X-ray crystal
structure (gold) and representative NMR conformer (dark blue) are shown, together with the converged well-defined (blue) and
non-converged ill-defined (gray) backbone structures of the ensemble of the NMR conformers. lll-defined N- and C-terminal
segments are excluded from these images, but ill-defined internal loops are included. The PDB id of the NMR structure is fol-
lowed by the PDB id of the X-ray structure. NMR structures refined with restrained Rosetta are indicated with asterisk

following the PDB id.

with large values of T also have low values of RMS,;
that is, these ensembles tend to be very tight bundles.
Plots of T vs RMS,.,s (Supporting Information Fig. S1)
support this impression, although the correlation
between I' vs. RMS,,,¢ is only modest.

We further examined several of the PDB NMR / X-
ray pairs which have unusually high RMSx;,. Only
three NESG pairs (targets CtR107, HR4435B, and
UuR17A) have RMSxi.1 > 2.5 A (Fig. 5), while none of
the NESG/R3 pairs have RM Sy, > ~ 2.0 A. Restrained
Rosetta refinement makes the NESG structures more
like the corresponding X-ray crystal structures. On the
other hand, many of the 145 PDB pairs have
RMSxia > ~2.5 A, and several have RMSx, > 3.5 Ain
“well defined” regions (Fig. 6). These pairs may be use-
ful for assessing methods of protein NMR structure
validation. Two of the most significantly different PDB
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NMR / X-ray pairs (not illustrated in Fig. 6) are PDB
ID’s 2EZN/3EZM (RMSx¢ = 16.3 A) and 1QLZ/114M
(RMSxia = 19.2 A), which upon examination appear to
be domain-swapped dimers in the crystal structures,
but simple monomers or dimers in the corresponding
NMR structures.

Discussion

Resource for community

The NMR / X-ray Structure Pair Data Repository
was developed from experimental data sets gener-
ated in the NESG program as a resource for the
broader community.
Although most of these same data are available in
the Protein Data Bank and BioMagResDB, it is val-
uable to have the NMR / X-ray structure pairs

structural  bioinformatics
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info:x-wiley/pdb/2EZN/3EZM

2J7T* 2ES7
I 1.92

2KCV *
I' 2.30

3MAS 2KL6* 3IDU

I' 2.35

I' 242

I' 248

I' 262

2JS1 2GSV
I 2.78

2KRT 3K63
I' 3.08

2KW2* 3LMO
I' 469

Figure 4. Examples of NESG NMR / X-ray pairs with high RMSys / RMSgs. Nine NMR / X-ray pairs, from the NESG or NESG/
R3 sets, with highest values of I'. The color coding of backbone traces is the same as in the legend of Figure 3. The PDB id of
the NMR structure is followed by the PDB id of the X-ray structure. NMR structures refined with restrained Rosetta are indi-

cated with asterisk following the PDB id.

collected together on one site and characterized as a
consistent data set for new methods development.
These structures include all «, all B, « + B and o /B
structures (Supporting Information Table S4 and
Fig. S2). The NMR / X-ray Structure Pair Data
Repository complements more comprehensive data-
bases such at the PDB?® and BioMagResDB,>! as a
specialized site for NMR / X-ray structure pairs. Of

particular value are wunprocessed NOESY time
domain free-induction decay (FID) and peak list
data for proteins for which both NMR and X-ray
crystal structures have been determined. Another
asset of this data set are the crystallization condi-
tions listed in Supporting Information Table S2
which were not previously available to the commu-
nity. Protein expression vector plasmids for these

2KCU 3EOH
RMS,. 2.57 A

2L1P 3NZL
RMS y,,; 2.69 A

2KRT 3K63

RMSD,,_ 2.82 A

Xtal

Figure 5. Examples of NMR / X-ray pairs with lower structural similarity. The three NMR / X-ray pairs from the NESG set with
RMSyqa > 2.5 A. The color coding of backbone traces is the same as in the legend of Figure 3. The PDB id of the NMR struc-

ture is followed by the PDB id of the X-ray structure.
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1X04 1XMT
RMSXt 354 A
al

2TMP 1BR9
RMS,,, 3.60 A

18SN 2SAK

RMSXtaI 4.02A

1HPW 1QVE
RMS 4.04 A
Xtal

1JYT 1F35 10N4 1XZO

RMS,,., 4.96 A RMSXtaI 564 A

1GMO0 1DQE

1LA3 10MV

RMS 6.10 A RMSXtaI 6.24 A

Xtal

Figure 6. Examples of NMR / X-ray pairs with very low structural similarity. Eight NMR / X-ray pairs from the PDB set with low
structural similarity (RMSxta > 3.5 A). The color coding of backbone traces is the same as in the legend of Figure 3. The PDB id
of the NMR structure is followed by the PDB id of the X-ray structure. These “outliers” were excluded from the statistical

analyses.

same protein constructs are also available from the
PSI Materials Repository (PSI-MR) (http://psimr.asu.
edu), which will enable further studies of these pro-
teins and/or engineered variants. It is anticipated
that this curated set of NMR / X-ray structure pairs
will continue to grow as new NMR / X-ray structure
pairs are completed.

The major point of this work is to organize the
NESG NMR data (e.g., NOESY peak lists and RDC
data) for NMR / X-ray pairs, and make them more
accessible to the community for methods develop-
ment. As a representative example of the kind of
analysis that can be done, we compared NMR and
X-ray structures determined by the NESG consor-
tium. These structures were determined using tools
like Talos+ and Rosetta which use information from
X-ray crystal structures available in the Protein
Data Bank. In earlier work,® we assessed and dis-
cussed the impact of Rosetta refinement; the result-
ing structures are indeed closer to the corresponding
X-ray crystal structures. The Rosetta refined struc-
tures also have stronger phasing power in molecular
replacement studies. This does not appear to be an
artifact, but rather an improvement in the NMR
structures resulting from using low energy confor-
mations of fragments from the Protein Data Bank.®

Analysis of “well-defined” and “ill-defined”
regions of the protein structure

One of the most commonly used and generally
accepted methods for distinguishing ‘well-defined’

Everett et al.

(i.e., converged) from “ill-defined” (i.e., not well-con-
verged) residue backbones is the dihedral angle order
parameter (DAOP).32 This method underlies the
Cyrange program,®® the recommended convention for
distinguishing well-defined and ill-defined regions of
solution protein NMR structures.?® As discussed else-
where, 2527 the DAOP method has the advantage of
being fast, simple, and widely used by the protein
NMR community. However, it has some significant
shortcomings. The DAOP cannot distinguish local
from long-range order; for example, it is not possible
to identify two well-defined “domains” or secondary
structure elements which are themselves well-defined
from the data, but connected by a flexible linker.*
Secondly, this approach is backbone oriented, and
does not provide a distinction between residues with
“well-defined” and “not well defined” sidechains, or
sidechains that are only partially “well-defined.” In
this work, we used the “FindCore2” variance matrix
algorithm?” to identify well-defined atoms by parti-
tioning atoms into core and non-core sets based on the
variance in distances to all of the other atoms in the
structure. The resulting “core atom sets” can be used
to superimpose conformers, and for structure quality
assessment. Comparisons of these two methods,
DAOP and FindCore2, have been presented else-
where.?>?7 The resulting well-defined and ill-defined
residue ranges identified by FindCore2 are similar to
those indicated by Cyrange. However, these earlier
studies®®?” also demonstrate special value of atom
specific designators of structural precision over the
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current standard convention of defining only residue
ranges of the well-defined regions of the protein NMR
structure.

For the NESG and NESG/R3 structures pairs,
there is generally good agreement between NMR
and X-ray coordinates in regions that are well-
defined in the corresponding NMR structures. How-
ever for some of the structure pairs from the PDB
set shown in Figure 6, even well-converged regions
of the NMR structure may diverge significantly from
the corresponding X-ray crystal structure. There is
no simple metric to predict where well-defined
regions of the NMR structures diverge from the cor-
responding X-ray crystal structures.

We also assessed the question of whether miss-
ing X-ray electron density relates to particular char-
acteristics of the NMR ensemble. There is generally
a good correlation between well-defined atoms in the
NMR structures and atoms for which positions could
be determined from the electron density; most resi-
dues that are well-defined in the NMR structures
also have reported atomic coordinates and electron
density. The fraction of well-defined residues in the
NMR structures that do not have electron density
is<1% (i.e., 0.39%, 0.53%, and 0.09% for the NESG,
NESG/R3, and PDB structure pair sets, respec-
tively). The few well-defined residues in the NMR
structures lacking electron density are tabulated in
Supporting Information Table S5.

Ground truth structures and protein dynamics

Throughout this analysis of structural similarities
between NMR and corresponding X-ray crystal struc-
tures, it was implicitly assumed that the X-ray crystal
structure is the “ground truth structure.” This is
clearly an oversimplification. The protein structure in
solution samples is a Boltzmann distribution of states,
in dynamic equilibrium. The conformation(s) selected
for in the crystallization process need not correspond
to the most populated conformer in solution, as lattice
packing effects may stabilize excited conformational
states of the protein structure. These intrinsic dynam-
ics also undermine a basic assumption made by most
NMR-based structure modeling methods: that every
conformer in the ensemble should best-fit all of the
experimental distance, chemical shift, and residual
dipolar coupling data. In fact, a Boltzmann distribu-
tion of conformers should be modeled to fit these
ensemble-averaged NMR data. The X-ray crystal
structures themselves also have uncertainties in
atomic positions which were not accounted for in our
analyses. In addition, these X-ray crystal structures
were all solved under cryogenic conditions (~70 K),
while the NMR structures were determined at 298—
303 K.%° In some cases, crystallization required condi-
tions of pH and buffers that are significantly different
than those used in the solution NMR structures.
Hence, these NMR / X-ray pairs have intrinsic short-
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comings for assessing the “accuracy” of the NMR
structures. Indeed, there is no “single ground truth
structure.” Rather, the solution structure of the pro-
tein is a condition-dependent, Boltzmann-weighted
distribution of conformers, and ideally should be mod-
eled as such based on the experimental NMR data.
The NMR / X-ray Structure Pair Data Repository pro-
vides useful data for developing such methods.

RMSy;,, and RMS,,,s
Andrec et al.'° pointed out that most NMR structures
are more different from the corresponding X-ray crystal
structure than would be anticipated from the uncer-
tainty in atomic coordinates indicated by RMS,,s. Some
93% of the PDB NMR / X-ray structure pairs used in
these earlier studies have RMSx;, larger than two
standard deviations of RMS,,; above the corresponding
mean value of RMS,,.. On the other hand, 30% of
NESG NMR / X-ray structure pairs have values of I
close to unity, with RMSx;, within two standard devia-
tions of the corresponding mean value of RMS,,,. The
restrained-Rosetta protocol increases this to about 45%
of the NMR / X-ray pairs. Many of these NESG struc-
tures were refined using backbone ?N—'H residual
dipolar coupling data and restrained energy minimiza-
tion in explicit water using the program CNS. Visual
examination of NESG and NESG/R3 pairs with
RMSxia1 > RMS,,s reveals that many of these have
especially low values of RMS,,.. This suggests that
some methods used to generate NMR structure ensem-
bles may underestimate the uncertainty of NMR struc-
ture atomic coordinates,'*® and illustrates the
urgent need to develop more statistically reliable meth-
ods for estimating such uncertainty, such as Bayesian
methods that can propagate uncertainties in experi-
mental measurements to uncertainties in atomic
positions 3940

Despite advances over the past two decades in the
analysis of protein structures and dynamics from NMR
data, the full potential of NMR data for modeling the
dynamic structures of proteins has not yet been real-
ized. Our analysis of NESG NMR / X-ray pairs pre-
sented in this study opens as many questions as it
answers. The work demonstrates the need to develop
improved computational methods for modeling dynamic
protein structures as Boltzmann ensembles,*'™° the
shortcomings of the current NMR ensembles in esti-
mating the uncertainty and precision of NMR structure
models,>®* and the challenges in using X-ray crystal
structures as ground truth descriptions of solution-
state protein structures.”®'° Hopefully, the NMR / X-
ray Structure Pair Data Repository (http:/spine.nesg.
org/mmrdata), together with access to the expression
plasmids and crystallization conditions, will challenge
and enable the broader structural bioinformatics mod-
eling community to develop new methods and algo-
rithms to address these important technological issues
that define our understanding of protein structure.
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Methods and Materials

Protein sample production

Proteins were produced using standard protocols for
protein sample production in E. coli expression
hosts. Genes were cloned from genomic DNA, cDNA
libraries, or from synthetic genes, into modified pET
expression systems,*® expressed in BL21(DE3) E.
coli, and purified following standard protocols of the
NESG consortium.*”™ [U-"N, 5%'Cl-, [U-'N,
U-'3Cl-, and [U-2H,'3C,'N; 'H-Ile-51,Leu-5,Val-y
Ala-B protonated]-enriched proteins were expressed
using MJ9 minimal media.’® Selenomethione
(SeMet) was incorporated using MJ9 media supple-
mented with SeMet.?! The [U-°N, 5%'3C]-enriched
protein samples were generated for stereo-specific
assignments of isopropyl methyl groups of valines
and leucines®® and for RDC measurements.’® The
final purified protein samples generally include a
short N-terminal tag, with sequence MGHgSHM or
a short C-terminal Hexa-His tag. Samples were
characterized by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) (typ-
ically >98% homogeneous) and Matrix Assisted
Laser Desorption/Ionization - Time of Flight
(MALDI-TOF) mass spectrometry (generally >98%
isotope enriched). Buffer optimization using
['N-'H]- heteronuclear single quantum coherence
(HSQC) spectra recorded using a robotic sample
changer and 600 MHz 1.7-mm micro cryogenic probe
was often carried out, as described previously.®* Oli-
gomerization states were determined using analyti-
cal gel filtration with static light scattering
detection.*”*° The purified proteins were dissolved
at 0.2-1.5 mM concentrations in 90% Hy0/10%
2H,0 NMR buffers,*"*? which are defined in the
PDB header files. Oligomerization states under
NMR conditions were generally verified in the NMR
tube by 1D '*N T/T, measurements.?*

NMR data collection and structure
determination

NMR data were recorded at Miami University, Pacific
Northwest National Laboratory, Rutgers, The State
University of New dJersey, The State University of
New York at Buffalo, and The University of Georgia,
using Varian or Bruker AVANCE 600, 750, 800, and/or
850 MHz spectrometers. NMR data were generally
processed using the program NMRPipe®® and visual-
ized using the program SPARKY3 (T. D. Goddard and
D. G. Kneller, University of California, San Francisco).
Protein NMR spectra were generally obtained at
298 K, except where noted differently in the PDB
header file, and chemical shifts were referenced to
internal  2,2-dimethyl-2-silapentane-5-sulfonic  acid
(DSS). Resonance assignments and structures were
determined by protocols that have been outlined in
detail elsewhere.®®®® Additional details of data
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collection and processing are provided on the NESG
Wiki  site  (http://www.nmr2.buffalo.edu/nesg.wiki/
Main_Page). Sequence-specific resonance assignments
were determined by automated methods using the pro-
grams AutoAssign®®° and/or PINE,?! followed by man-
ual analysis and refinement. Backbone dihedral angle
restraints were derived from chemical shift data using
the program TALOS+.%2 Residual dipolar coupling
measurements were made at University of Georgia
on a 600 MHz Varian INOVA spectrometer. Samples
were aligned with phage, polyacrylamide gel, or
polyethylene-glycol-alkyl bicelles, and RDCs were col-
lected wusing either interleaved HSQC-TROSY or
J-modulation sequences, as described elsewhere.®364
3D structures were generally determined using initial
automated analysis with the programs CYANA,® and/
or AutoStructure,®® followed by manual refinement of
NOESY peak list data. NMR structures were further
refined by restrained energy minimization using the
program CNS®%" with explicit water, Xplor-NIH,®®
CNSw,®® and/or restrained Rosetta,® as outlined on the
NESG Wiki site (http://www.nmr2.buffalo.edu/nesg.
wiki/Main_Page).

Validation of the experimental NMR structures
NMR data statistics, structural statistics, and global
structure quality factors including Verify3D,”
Prosall,’* PROCHECK,™ and MolProbity”™ raw and
statistical Z-scores were computed using the Protein
Structure Validation Software (PSVS) server.”* Reso-
nance assignments were validated using the Assign-
ment Validation Software (AVS) server.” The global
goodness-of-fit of the final structure ensembles with the
NOESY peak list data was determined using the RPF/
DP analysis program’®”” which assesses how well
structural models fit with the NOESY peak list and
chemical shift assignment data. The NESG standards
for global structure-quality scores [Z scores computed
using PSVS verl.4 for knowledge-based structure qual-
ity metrics Verify3D, Prosall, PROCHECK (backbone
and all dihedral angles), and MolProbity clashscore
that are more positive than Z = —3, and DP score-
> 0.73] were used on more recent (i.e., deposited after
2007) NMR structures to evaluate the quality of each
structure. In addition, a closer examination of the local
structure quality using graphical RPF/DP analysis
tools was performed to identify potential problem areas
in the structural models. If either global or local struc-
tural problems were identified, then this information
was reported back to the researcher performing the
structure determination, and the researcher was asked
to carefully re-examine the experimental data to
resolve these issues. Chemical shift and other NMR
data were deposited in the Biological Magnetic
Resonance Bank®! and coordinates in the Protein Data
Bank.*°
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X-ray crystallography and structure
determination

Most initial crystallization conditions were identified
using a robotic 1536-well microbatch-under-oil
screen in which plates were incubated for 1 week at
4°C before transfer to 18°C for continued observation
for 4—6 weeks.”®" After optimization, crystals useful
for structure determination were generally grown in
drops composed of 1.0 pL of protein and 1.0 pL of
precipitant solution under paraffin oil. The crystals
were generally cryoprotected with ethylene glycol or
glycerol prior to flash-freezing in liquid nitrogen for
data collection. In most cases, selenomethionyl sin-
gle- or multiple-wavelength anomalous diffraction
(SAD or MAD) data sets®® were collected at the peak
wavelength of the selenium K edge using beamline
X4A at the National Synchrotron Light Source
(2=0.97903 A). The diffraction data were processed
with the HKL2000 package.®! Some structures were
solved by molecular replacement®? using the 3D
structures of homologs as templates (Supporting
Information Table S2). The programs Shelxe/d®® or
Resolve® were used to locate a selenium site and to
calculate phases. The models were completed using
iterative cycles of manual rebuilding in Coot®® and
then refined using the programs Phenix®® or CNS.®7
The quality of the final structure was assessed using
the PSVS™ server, including PROCHECK.™ The
atomic coordinates and structure factors for all
structures were deposited in the Protein Data
Bank.?°

Calculation of structural superimpositions

and RMS distances

For each NMR and X-ray structure pair, the amino
acid sequences for which coordinates were available
were aligned and the coordinate files were edited so
that both the NMR and X-ray structure included
identical subsets of the amino acid sequence. For oli-
gomeric structures, discrepancies arise since the
oligomer state, and even the protein—protein inter-
face, can be different between the NMR structure
and the biological unit reported for the crystal struc-
ture. For this reason, only chain A of multiple-chain
NMR and/or X-ray structures was used for struc-
tural comparisons. NMR ensembles were analyzed
using the FindCore2?” software module of the
PDBStat software®® to identify well-defined and ill-
defined backbone coordinates. Following the recom-
mendations of the world-wide PDB NMR Structure
Validation Task Force, the well-defined regions were
then used to determine the medoid conformer®®; that
is, the representative conformer from the NMR
ensemble most similar to all of the other conformers
in the ensemble. The RMSD of each conformer (for
well-defined regions) to this representative con-
former was then computed. The average value of
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this RMSD (RMS,,;) provides a measure of the pre-
cision of the NMR ensemble. This representative
structure was then superimposed on the X-ray crys-
tal structure using residues common to the well-
defined regions of the NMR structure and the
reported coordinates of the X-ray crystal structure
(i.e., excluding atoms which are not observed in the
X-ray crystal structure). These superimposed pairs
were then used to determine the RMSD between
NMR and crystal structures, RMSx;a. <RMSxia>
was calculated by computing the backbone RMSD
between each conformer of the NMR ensemble and
the X-ray crystal structure, for well-defined regions
of the NMR structure ensemble, and averaging these
values. As shown in Supporting Information Figure
S3, RMSxiaq and <RMSxi> are essentially the
same when calculated using the well-defined regions
of the protein NMR structure.

Statistical methods

Structure superimpositions and RMSD values were
computed with the PDBStat program.?
RMSD distributions were compared using the two-
sample Kolmogorov—Smirnov test® in order to deter-
mine whether they were significantly different from
one another.
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