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Abstract: YbbR domains are widespread throughout Eubacteria and are expressed as monomeric units,
linked in tandem repeats or cotranslated with other domains. Although the precise role of these domains
remains undefined, the location of the multiple YbbR domain-encoding ybbR gene in the Bacillus subtilis
glmM operon and its previous identification as a substrate for a surfactin-type phosphopantetheinyl
transferase suggests a role in cell growth, division, and virulence. To further characterize the YbbR
domains, structures of two of the four domains (I and IV) from the YbbR-like protein of
Desulfitobacterium hafniense Y51 were solved by solution nuclear magnetic resonance and X-ray
crystallography. The structures show the domains to have nearly identical topologies despite a low
amino acid identity (23%). The topology is dominated by p-strands, roughly following a “figure 8” pattern
with some strands coiling around the domain perimeter and others crossing the center. A similar
topology is found in the C-terminal domain of two stress-responsive bacterial ribosomal proteins, TL5
and L25. Based on these models, a structurally guided amino acid alignment identifies features of the
YbbR domains that are not evident from naive amino acid sequence alignments. A structurally conserved
cis-proline (cis-Pro) residue was identified in both domains, though the local structure in the immediate
vicinities surrounding this residue differed between the two models. The conservation and location of
this cis-Pro, plus anchoring Val residues, suggest this motif may be significant to protein function.
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Introduction

Following closely on the heels of genome sequencing
projects, the protein structure initiative has aimed
to generate three-dimensional models of proteins
with uncharacterized structures in an effort to pro-
vide representative structures in hundreds of pro-
tein families. It is anticipated that, in many cases,
these can provide structural platforms to guide the
annotation of genes with unknown function.”> One
of the 1200+ protein families selected for structural
description, YbbR, shows little sequence similarity
to other families and was predicted to represent a
unique, undescribed portion of protein structural
space.

YbbR domains were selected for study by the
Northeast Structural Genomics (NESG) Consortium
(www.nesg.org) based on their occurrence in a large,
structurally uncharacterized domain family and the
identification genes coding these domains in human
gut metagenomics sequencing projects. YbbR
domains were first identified as subunits of the
larger YbbR protein of Bacillus subtilis. These
domains are found in Eubacteria and are particu-
larly common in genera of Gram-positive bacteria
from the phylum Firmicutes but can be found in
Gram-negative genera as well. These domains
appear in soil-borne bacteria and extremophiles as
well as human pathogens such as Bacillus anthra-
cis, Clostridium botulinum, Leptospira interrogans,
and Staphlyococcus aureus. YbbR and YbbR-like
proteins are classified as pfam® Protein Family
PF07949, and occur in seven different arrangements
from one lone domain to two, three, or four repeats
or one, two, or three sequential domains following a
DisA nucleotide-binding checkpoint domain (http:/
pfam.sanger.ac.uk). The ybbR locus of B. subtilis
defines the common four domain, sequential repeat
arrangement found in many ybbR-containing
genomes and is located in the gimM operon immedi-
ately upstream of the glucosamine-1-phosphate mu-
tase gene glmM.*

Despite the broad distribution of these domains
and the essential role of the gimM operon in pepti-
doglycan biosynthesis, and thus cell growth and divi-
sion,® the function(s) of the YbbR protein and the
YbbR domains are unknown. YbbR domains are
potentially important to the development of new
antibacterial agents for two reasons: first, the prox-
imity of ybbR to the glmM gene suggests that target-
ing YbbR domains may be part of a strategy to
interrupt peptidoglycan synthesis, and second, the
suggestion that YbbR domains are in vivo substrates
for a surfactin-type phosphopantetheinyl transferase
(Sfp-PPTase),® an important activator of nonriboso-
mal peptidic virulence factor biosynthesis and a cur-
rently recognized antibiotic target,”® suggests addi-
tional importance for targeting these domains in
drug discovery efforts.
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Table I. Summary of Conformationally Restricting
Experimental Constraints for NMR Structures

Domain I Domain IV
NOE-based distance constraints
Total 775 1127
Intraresidue [i =] 157 308
Sequential [17 —jI = 1] 223 372
Medium range [1 < i — j| < 5] 73 148
Long-range [li — j| > 5] 322 299
NOE constraints per 9.0 12.8
constrained residue
Dihedral-angle constraints 65 98
Residual dipolar coupling
constraints
Phage
N: number (Q score) n.d. 41 (0.1)
N-Co: number (Q score) n.d. 49 (0.1)
Gel
H-N: number (Q score) 64 (0.4) 43 (0.2)
PEG
H-N: number (Q score) 61 (0.2) n.d.
Total number of restricting 965 1358
constraints
rmsd of backbone atoms
Ordered regions® 0.6 A 0.7A
Entire polypeptide 2.1 A 2.1 A
NOE violations per model >0.5A 0.7 1.6
Dihedral angle violations 0 0
per model >10°
rmsd
Bond length 0.014A  0.021A
Bond angle 1.4° 1.5°
Ramachandran analysis
Most favored region (%) 89.3% 88.5%
Allowed region (%) 10.7% 9.4%
Generously allowed (%) 0.0% 1.9%
PSVS! Z-scores
Verify3D®! —2.41 —4.17
Prosall®? -1.36 -2.61
Procheck (phi-psi)®® -1.97 —2.56
MolProbity®* -1.61 —0.47

# Ordered regions were Domain I (46): 9-17,24-26,31—
37,50-55,66-72,75-78,82-91 and Domain IV (76): 9-24,
27-64, 67-68, 71-87, 89-91. n.d., not determined.

To structurally define the YbbR domains,
structures of two of four predicted YbbR domains
from the 437-residue YbbR-like protein Dhaf 0833
from Desulfitobacterium hafniense were deter-
mined using solution nuclear magnetic resonance
(NMR) spectroscopy and X-ray crystallography. D.
hafniense is an anaerobic Gram-positive bacterium
(phylum Firmicutes, class Clostridia) best known
for its ability to degrade halogenated organic com-
pounds.®!® Based on these structural studies, the
global topology of the YbbR domain was identified,
and unique structurally conserved characteristics
common to the YbbR domain family were revealed.
Structural similarity to proteins outside of the
YbbR-like family was noted, possibly indicating
more widespread occurrence of this domain in bac-
terial proteins.
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Figure 1. Structures of Domain | and IV from the Ybbr family protein of Desulfitobacterium hafniense. Panels A and C: The
ensemble of 10 structures for Domain IV and |, respectively, as calculated from solution NMR spectroscopy-observed
constraints. Nitrogen positions are depicted as blue sticks, and oxygen with red sticks. Panels B, D, and E: Ribbon diagrams
of the lowest energy solution NMR structures of Domain IV (orange) and | (cyan) and the 1.9-A X-ray crystal structure of
Domain | (deep blue), respectively, show a unique topology that is identical for both of these domains. Panel F: An overlay of
the solution structures of Domain | and IV show the similarity of these two molecules. The star marks the homology-modeled
site of phosphopantetheine modification is identified by Walsh and coworkers (2005).

Results

Structure-prediction tools utilizing YbbR domain pri-
mary sequences (mGenTHREADER and a BLAST
search of the PDB) failed to identify significant
homology to proteins deposited in the PDB. Plasmids
containing different YbbR domains from different
organisms were prepared, expressed in E. coli, and
evaluated for structural characterization using solu-
tion NMR spectroscopy and X-ray crystallography. Of
these, Domains I and IV of the YbbR-like protein of
D. hafniense expressed with a high yield were solu-
ble, stable, and either gave positive results in crystal
trials or yielded '°N-heteronuclear single quantum
coherence (HSQC) spectra consistent with proteins
suitable for structural studies. Gel filtration chroma-
tography indicated both Domains I and IV were
monomeric (data not shown). 'H, '3C, and '*N
resonances of Domains I and IV were assigned and
used to generate distance-dependent nuclear Over-
hauser effect (NOE) restraints. These distance con-
straints were combined with backbone dihedral angle
estimates and residual dipolar coupling (RDC)-
derived orientational constraints (Table I) for calcu-
lating structural models. In parallel, crystals of Do-
main I were obtained and found to diffract to 1.9 A.
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A complete dataset was collected, and the phases
were determined using single wavelength anomalous
diffraction of the selenium atoms incorporated as
selenomethionine residues.

Models of the YbbR domains calculated from so-
lution NMR measurements converged to an ensemble
of structures with an root mean squared deviation
(rmsd) for ordered backbone atoms of 0.6 A for Do-
main I and 0.7 A for Domain IV [Table I, Fig. 1(A,C)].
Protein Structure Validation Software Suite (PSVS)
analysis!! verified the high quality of these models
with global structure quality Z-scores for the critical
indices similar to those observed in high-resolution X-
ray crystal structures (Table I). It is important to note
that the ensemble rmsd determined by the PSVS
package reflects atoms in regions of the protein that
are constrained in the structure calculation (ordered
residues). Residues that are not constrained due to a
lack of measurable NOEs or RDCs appear disordered
in the structural ensemble but should not be consid-
ered dynamic based on this classification. By this
measure, the Domain IV models had a higher propor-
tion of “ordered residues” with 76 residues used for
the calculation compared with 46 residues with the
models of Domain I (see the footnote in Table I). The

NMR and X-Ray Structures of YbbR Domains



Table II. Summary of Crystallographic Information
for Domain I

Space group P432,2
Molecules per asymmetric unit 1
VM 2.11 A* Da !

a=b=448Ac =860
Aoa=p=y=90

Unit cell parameters

Resolution® 50-1.9 (1.93-1.90) A
Unique reflections 15491
Completeness 100 (100)
Redundancy 17.7 (14.3)
Roerge 0.058 (0.412)
Reryst 0.224
Reree 0.258
No. of protein atoms 669
No. of water molecules 83
Average B factor

Protein Main chain 23.1 A2

Protein Side chain 32.5 A2

Water molecules 37.3 A2
rmsd

Bond lengths 0.006 A

Bond angles 1.60°
Ramachandran statistics

Most favored region 91.8%

Allowed region 6.8%

Generously allowed 1.4%
PSVS! Z-scores

Verify3D®? 0.96

Prosall®? -1.16

Procheck (phi-psi) 53 -1.18

MolProbity®* —2.40

2 values in parentheses are for the highest resolution shell.

X-ray diffraction derived model was likewise of high
quality and has good global structure quality Z-scores
[Fig. 1(E), Table II]. The NMR and X-ray structures of
Domain I overlaid with a backbone rmsd over struc-
tured residues to 1.1 A. Despite the moderate
sequence identity between Domains I and IV of 23%,
these domains were structurally very similar and the
lowest energy models from NMR methods for the two
domains overlaid with a global backbone rmsd of 2.2
A [Fig. 1(F)].

The YbbR domains adopt the structure of elon-
gated bent cylinders, roughly twice as long as their
diameter, as shown in Figure 1(B,D,E). These
domains are comprised almost entirely of B-pleated
sheets and loops, though Domain IV had one short
a-helical segment [Fig. 1(B)]. The p-sheets were
mostly antiparallel with a section of parallel B-sheet
[Fig. 2(A)] as exemplified by residues 10-11 and 49—
50 of Domain IV. The N-terminal segment of Domain
I is well defined and nestled between two strands
[Fig. 1(D)]; however, resonances belonging to the
seven N-terminal residues of Domain IV were not
observed in the spectra, and therefore, these resi-
dues did not converge in the ensemble of models
[Fig. 1(A)]. The Domain IV N-terminal sequence was
shortened relative to that of Domain I, as a result
of construct optimization considerations used to
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enhance success in protein sample production. In
this case, the shortening may have precluded forma-
tion of stabilizing interactions and may account for
the difference in rigidity.

The topology of the YbbR domain fold can be
described as a “figure 8” with some strands coiling
around the domain perimeter and others crossing
the center as shown in Figure 2(A). A search for
structurally similar proteins using the DALI and
MarkUs bioinformatics tools'?'® returned many
matches to small segments of the YbbR domains.
However, only two proteins from this list were topo-
logically similar to the entire YbbR domain: the C-
terminal domain of the TL5 and L25 ribosomal pro-
teins from Thermus thermophilus**'® and Deinococ-
cus radiodurans,'® respectively. The amino acid
sequence of L25 is 7.8 and 13.6% identical with
Domain I and IV, respectively, and TL5 is 21.3 and
17% identical, respectively. TL5 and the Domain I X-
ray structure can be superimposed with a backbone
rmsd of 2.2 A [Fig. 2(C)]. TL5 and Domain IV over-
laid with an rmsd for backbone atoms of 3.8 A. The
general strand topology is conserved between the
TL5 protein and both YbbR domains including the
parallel B-sheets, though the loop regions are sub-
stantively different, and the TL5 protein lacks the
sixth beta strand observed in the YbbR domains
[Fig. 2(A,B)].

An interesting feature of the YbbR domains, not
present in the TL5 and L25 proteins, is the presence
of a cis-proline (cis-Pro) residue near the C-terminus
(Domain I P82, Domain IV P78). Although the loca-
tion of this cis-Pro conformation is conserved, the
local structure in the immediate vicinity surround-
ing the cis-Pro differs in Domains I and IV, as shown
in Figure 2(D). Domain IV has a shorter sequence
surrounding the cis-Pro, and the extra residues in
Domain I introduced bulges in the strand relative to
Domain IV. Despite these differences, the locations
of preceding and following Val residues (V78 and
V85 for Domain I and V75 and V80 for Domain IV)
were identical.

Three regions of Domain IV gave rise to weak or
absent NMR signals, unlike Domain I, which had
nearly uniform signal intensities. Weak NMR sig-
nals may reflect macromolecular dynamics and are
often suggestive of functional involvement.!”:!®
Measurements of residue-specific rotational correla-
tion times from cross-correlation experiments for Do-
main IV were relatively uniform as shown in Figure
3(A), though the C-terminus had markedly reduced
values, suggestive of motion on the ps-ns timescale.
In addition, the average value of 4.7 ns for the or-
dered residues of Domain IV (7-87) was indicative of
a monomeric form and consistent with the gel filtra-
tion chromatography result. Measurements of spin
relaxation rates (R;s and Rys) are likewise informa-
tive of macromolecular dynamics but, unlike the
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Figure 2. Unique structural features of Domains | and IV are conserved and are similar to the C-terminal domain of the TL5
ribosome-associated protein from Thermus thermophilus. Panel A: The unique topology of these domains forms a “figure 8"-like
fold. The structurally variable region is depicted with {}s. Panel B: The topology of the TL5 protein is very similar, though one b-
strand is missing and two additional helices are present. Panel C: An overlay of the Domain | X-ray structure (deep blue) and TL5
C-terminal domain (light orange) shows considerable differences. Panel D: The presence of a Pro residue preceded by a cis
peptide bond is observed in structures of YbbR Domains | and IV though residues in the immediate vicinity are not conserved.
However, the location of hydrophobic amino acid sidechains preceding the cis-Pro is conserved. Domain coloring is the same as

in Figure 1.

correlation time measurements from cross-correla-
tion experiments, Ros can be sensitive to slow, ps-ms
timescale motions. Decay rates for transverse mag-
netization (R3) of Domain IV amide nitrogen signals
revealed greater values for residues in three regions
of the protein (residues of the N-terminus, S28 and
Y65) that also had reduced or absent signals in

400  PROTEINSCIENCE.ORG

some of the backbone assignment experiments [Fig.
3(B)]. This behavior is not observed for Domain I
[Fig. 3(C)] and may reflect instability in Domain IV
due to the shorter N-terminal relative to Domain 1.
These measurements are consistent with slow-time-
scale dynamics within Domain IV; however, the
structural basis for these motions is not clear.

NMR and X-Ray Structures of YbbR Domains
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Figure 3. NMR spin relaxation measurements identify
dynamic regions of Domain IV that are not present in
Domain I. Panel A: A measurement of the rotational
correlation time of each NH moiety of Domain IV showed a
relatively homogenous distribution with an average for
ordered residues of 4.7 ns, suggesting ps-ns timescale
motions of the backbone are uniform excepting the highly
mobile C-terminal residues. Panel B: Measurements of the
R, spin relaxation rate identified three regions of Domain IV
with significantly larger values, suggesting the presence
slow ps-ms timescale motions. These residues likewise
have greatly reduced or absent intensity in three-
dimensional heteronuclear backbone assignment
experiments when compared to other residues in the
protein. Panel C: Similar transverse relaxation
measurements of Domain | (shown) and analysis of triple-
resonance experiments identified no regions with enhanced
relaxation rates.

Discussion

The models of Domains I and IV provide structural
templates for homology modeling of other YbbR fam-
ily proteins that may help to identify unusual con-
served structural features, which reflect domain
function. A refined amino acid alignment for the
four YbbR domains of the D. hafniense protein based
on the domain structures presented here shows con-
served features of the domains as shown in Figure
4. Primarily because of the low sequence identity
across all four of the domains (2.5 vs. 4.3% in the
structure-based alignment) as judged using a non-
structure based alignment, these features are not
evident from a simple amino acid sequence align-
ment and highlight the importance of structural in-
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formation in identifying features potentially relevant
to function. The presence of a cis-Pro residue and
the position of the Val residues identified above sug-
gest that these features are conserved to preserve a
local surface characteristic, because they alone are
unlikely to dictate the shape of the entire domain.

The similarity of the YbbR domains to the TL5
and L25 ribosomal proteins may offer insight into
the biochemical function of the YbbR domains. TL5
and L25 are believed to bind to the 5S ribosome
through their N-terminal domains, but both have
a functionally uncharacterized C-terminal domain
with a topology similar to YbbR.!* In a crystal struc-
ture of the D. radiodurans ribosome (PDB: 2zjr), for
example, the L25 protein is engaged with the 5S
ribosome, and the C-terminal domain does not
appear to interact with any component of the ribo-
some; it instead lies on the periphery of the holomo-
lecule.'® D. radiodurans mutants lacking 125 are
still viable, though growth is reduced.!® 125 and
TL5, also known as CTC proteins in different sys-
tems, are stress response factors,2%2! though again,
the role of the C-terminal domain in this response
remains undefined.

The modular often repeated arrangement of
YbbR-containing genes likewise is suggestive of
function. Similar arrangements of repeated SH2/3 or
PDZ protein—protein interaction domains are fre-
quently observed in eukaryotic systems.?? Multido-
main scaffolds often serve to organize larger protein
complexes and coordinate specific events, much like
the Shank family of proteins in the nervous system
of higher organisms.?® Similar scaffold proteins have
been described in bacterial proteomes including
FtsZ, a scaffold for cytokinesis machinery,* and
CheW, a scaffold for signal transduction in flagellar
motor regulation.?® Alternatively, YbbR repeats may
not bind proteins but another biomolecule such as a
carbohydrate or other cell wall/membrane compo-
nent, working in parallel to obtain a high avidity
interaction. Monomeric lectins, for example, often
interact weakly with cognate ligands but commonly
oligomerize to enhance affinity in manner that could
likewise be achieved by sequential repetition.2®

As mentioned in the introduction, the third do-
main of the YbbR protein from B. subtilis has been
identified as a substrate for a Sfp-PPTase.® Walsh
and coworkers identified the site of modification as
the Ser residue in a D-S-E-L-F motif. The structure
and location of this modification may now be studied
with a homology model of the B. subtilis YbbR do-
main (not shown) built using the structures of
Domains I and IV presented here. Based on this
model, the Ser acceptor residue from the B. subtilis
YbbR domain would reside at the solvent-exposed C-
terminus of a helix found between B-strands 3 and 4
of the Domain IV structure presented here. The loca-
tion of this residue, mapped onto the Domain IV
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Figure 4. A structure-based sequence alignment of the four YbbR domains in the D. hafniense YbbR protein highlights
regions of conservation not observed in a naive amino acid alignment. Structurally conserved features are highlighted.
Secondary structure features are shown above the alignment and are based on the domain structures presented herein. The
homology modeled site of Sfp PPTase modification is shown with a star.

structure and aligned sequences, is shown in Fig-
ures 1 and 4. This location is similar in terms of
local secondary structure and position on the pro-
tein/solvent boundary to the phosphopantatheine
acceptor site on acyl carrier protein.?” Interestingly,
both Domain I and III of the D. hafniense protein
contain a Ser residues in this vicinity that may be
substrates for this type of modification (Fig. 4).
Although in vivo modification of YbbR domain has
not been demonstrated, these data are consistent
with a conserved structural site for Sfp-PPTase mod-
ification. The potential of some, but not all YbbR
domains, to accept this modification suggests these
domains may assume a variety of roles in situ.

Other proteins displaying structures similar to the
YbbR domains have appeared in the Protein Data
Bank (PDB) since Domains I and IV were deposited
and contain the unique elements observed in the YbbR
structures. One protein from Streptococcus thermophi-
lus (PDB: 2kxy; Liu and Prestegard, unpublished) is
18% identical at the amino acid level to Domain IV but
shares the topology and cis-Pro architecture. Another
protein from Bacillus halodurans is only 15% identical
but shares a nearly identical topology (PDB: 2kql; Wu,
Szyperski et al., unpublished). In addition, chemical
shifts from the B. halodurans protein (Biological Mag-
netic Resonance Data Bank 16576) provide evidence
for a cis-Pro residue similar to that described herein,
based on the Cp and Cy chemical shifts.?®

Future genetic and biochemical studies will be
required to unambiguously define the role of YbbR
domains in a host organism. The structural and
sequence conservation in a wide assortment of bacte-
ria combined with the location in the genome, the
relationship to a general stress response protein,
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and role of some domains as an acceptor of phospho-
pantetheinylation combine to suggest an important
role for these proteins in the function and survival
of bacteria that express YbbR domains.

Materials and Methods

NESG targets DhR29a (Domain IV) and DhR29b
(Domain I) were cloned, expressed, and purified
based on the standard procedures of NESG to pro-
duce a uniformly °N/*®C-enriched protein samples
for NMR spectroscopy and selenomethionine-labeled
samples for X-ray crystallography.?>2° DNA encod-
ing residues 32-118 (Domain I; NESG ID DhR29B)
or 321-409 (Domain IV; NESG ID DhR29A) from
the YbbR family protein Dhaf 0833 of D. hafniense
Y51 was cloned into a pET21b vector with a non-
cleavable C-terminal hexa-His tag. These pET
expression vectors for Domain I (NESG DhR29B-31-
118-21.1) and Domain IV (NESG DhR29A-321-409-
21.2) are freely available from the PSI Materials
Repository (http:/psimr.asu.edu/). Transformed cells
were cultured at 37°C in MJ9 minimal medium?°
containing (**NH,)3S0, and U-'3C-glucose as the
sole nitrogen and carbon sources. Proteins were
purified using an AKTAexpress FPLC apparatus
with a two-step protocol consisting of HisTrap HP af-
finity and HiLoad 26/60 Superdex 75 gel filtration
chromatography. The purity of purified proteins
(>98%) was verified with sodium dodecyl sulfate
polyacrylamide gel electrophoresis and matrix-
assisted laser-desorption ionization time of flight
mass spectrometry. Extensive cloning, expression,
purification, and biophysical characterization data
are on-line in the NESG Spine database (http:/
spine.nesg.org/target.cgi?id=DhR29).2!

NMR and X-Ray Structures of YbbR Domains



Solution NMR spectroscopy and refinement

The backbone assignment and NOE experiments for
Domain IV and all RDC experiments were collected
at the University of Georgia on a Varian Inova 600-
MHz spectrometer equipped with a cryogenically
cooled probe. The backbone assignment and NOE
pulse sequences were supplied by Varian as part of
the BioPack distribution. The backbone and NOE
experiments for Domain I were collected at Pacific
Northwest National Laboratory on a Varian Inova
600- and 750-MHz spectrometers with 5-mm room
temperature probes. The NMR spectra of Domain IV
were collected using protein concentrations of 0.9—
1.1 mM in a buffer containing 20 mM MES, 200 mM
sodium chloride, 5 mM calcium chloride, 0.02% so-
dium azide, 10 mM dithiothreitol, 1x protease inhibi-
tors, 10% D,0O, and 50 pM DSS, pH 6.5 at 25 °C.
NMR spectra for Domain I were collected using simi-
lar protein concentrations in a buffer containing 20
mM ammonium acetate, 200 mM sodium chloride,
10 mM calcium chloride, 0.02% sodium azide, and
5% D-0, pH 4.5 at 25°C. Sequence-specific backbone
resonance assignments were determined using
HNCO, HNCA, HN(CO)CA, HNCACB, and CBCA
(CO)NH experiments. CCONH, HBHA(CO)NH, and
HCCH-TOCSY experiments were used for sidechain
assignment. The NOE distance constraints for
structure calculations were derived from °N-edited
NOESY-HSQC and '°C-edited NOESY-HSQC (for
the aliphatic region) taken with mixing times of 100
ms. Stereospecific valine and leucine methyl proton
assignments were obtained using the method of Neri
et al.®®> NMR data were processed using NMRPipe
and analyzed using NMRViewd (Domain IV) or
SPARKY (Domain 1).333* Backbone resonance
assignment completeness for Domains I and IV,
respectively, was: 100 and 90% for NH, 91 and 84%
for Co, 100 and 94% for Ca, and 100 and 95% for
Cb. These values do not include the N-terminal Met
or the His6 Tag residues.

For RDC measurements Domain I was partially
aligned in a positively charged (50% 3-acrylamido-
propyl-trimethylammonium chloride + 50% acrylam-
ide) compressed gel medium.?® The positively
charged gel was cast in a 3.2-mm diameter plastic
tube. The polymerized gel was first washed exten-
sively in deionized water followed by washing with
protein buffer to equilibrate pH. Finally, the gel was
washed with deionized water to remove buffer. The
swelled gel (~7-mm diameter) was trimmed to a
length of 35 mm and dried in open air for 2 days.
The gel pellet was swollen in a 5-mm Shigemi NMR
tube using the protein solution. The plunger of the
Shigemi tube was fixed at a height of 14 mm from
the bottom of the tube.

Domain I was also partially aligned in 4.2% (v/
v) C12E5 polyethylene glycol (PEG) bicelle using pre-
viously published protocols.?® Specifically, 16% (v/v)

Barb et al.

C12E5 PEG stock was prepared by mixing 50 pL of
PEG (Sigma Aldrich), 50 uL of D50, 200 pL of pro-
tein buffer (0.02% NaNj, 10 mM DTT, 5 mM CaCls,,
200 mM NaCl, 1x Protease Inhibitors, 20 mM MES
pH 6.5, 10% D50, 50 pM DSS), and 16 pL of hexa-
nol. The alignment medium was then prepared by
mixing 55 pL of 16% PEG stock with 145 uL of pro-
tein and 20 pL of D3O to reach 4.2%.

Domain IV was partially aligned in a negatively
charged (50% 2-acrylamido-2-methyl-1-propanesul-
fonic acid + 50% acrylamide) compressed gel me-
dium.?® Preparation of the negatively charged gel
was identical to the positively charged gel. Domain
IV was also aligned in 12.5 mg/mL Pf1l phage (ASLA
Biotech) using previous published protocols.?” The
alignment medium was prepared by mixing 55 pL of
Pf1 phage PEG stock with 145 uL of protein and 20
uL of DyO to reach 12.5 mg/mL concentration. In all
cases, RDCs of 'H-'°N amide pairs were measured
using a J-modulated experiment.?® N—CO RDCs
were measured according to Liu and Prestegard.>®

Backbone dihedral angles for Domains I and IV
were predicted using TALOS based on the assigned
chemical shifts of HA, CA, CB, CO, and N.*° Resi-
due-specific rotational correlation times were esti-
mated using the dipole-dipole/CSA cross-correlated
relaxation of backbone amides by the method of Liu
and Prestegard.*! Antiphase HzNx R, rates were
measured in an isotropic medium and fitted simulta-
neously with the isotropic 'J values. The structure
calculations were initially done using CYANA.*?
NOEs and RDCs from regions of Domain IV with
motional influences, as characterized by the Ry val-
ues, were not included in structure refinement. Dur-
ing the optimization stage for the NOE distance and
dihedral angle constraints, 50 structures were calcu-
lated by CYANA and 20 structures with the lowest
target energies were selected for analysis. Starting
D, and R values for each partially aligning medium
were calculated from principle order parameters
determined in PALES.*® The structural refinement
was performed using NOE distance, dihedral angle,
and orientation constraints using XPLOR-NIH; the
top 10 structures with the lowest NOE violations of
the 50 calculated structures were selected for final
structure deposition.** The results of these refine-
ments are summarized in Table I. The quality of the
structural models was verified using the Protein
Structure Validation Suite (PSVS) software (http:/
psvs.nesg.org).!! Structural ensembles were depos-
ited in the PDB as 215n (Domain I) and 213u (Do-
main IV). Chemical shift, NOESY peak list, and
NOESY fid data have been deposited in the Bio
MagResDB (Domain I-16570 and Domain IV-16568).
RDC data are available at http:/spine.nesg.org/
rdc.cgi. The rmsd determinations were made using
CHIMERA* or PyMOL (Schrédinger, LLC). Align-
ments of the NMR and X-ray models of Domain I
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included 74 Co atoms. Alignments of TL5 with
Domains I and IV included the best 34 pairs of Ca
atoms.

Crystallization, data collection, and structure
determination

The selenomethionine derivative of Domain I
(DhR29B) was crystallized by the hanging drop
vapor diffusion method at room temperature. The
protein sample (~ 15 mg/mL) was mixed with an
equal volume (2 + 2 pL) of a precipitant solution
containing 0.1M KBr, 0.1M Bis-tris (pH 7.0), and
30% (w/v) PEG 8000. Crystals grew to an approxi-
mate size of 0.4 mm x 0.8 mm x 0.8 mm in 2 weeks.
A single-wavelength anomalous diffraction dataset
was collected at beamline X4A of the Brookhaven
National Laboratory from a flash-cooled crystal after
soaking the crystal in a cryoprotectant solution con-
taining 20% (v/v) glycerol with the mother liquor.
Data were processed, scaled, and merged using the
HKL2000 program package.’® The structure was
determined by SHELX.*” ARP/wARP*® and COOT*®
were used for model building. Several cycles of simu-
lated annealing, minimization, and B-factor refine-
ment were carried out using the CNS program pack-
age.’® The R-factor, R-free, and geometry were
checked during refinements. The R-free was calcu-
lated based on 10% of randomly selected data
excluded from the refinement. The solvent molecules
located in the difference electron-density maps (¥, —
F.) were included in the final refinement. The crys-
tallographic statistics for data collection and refine-
ment are summarized in Table II. The resulting
model was deposited in the PDB as 3lyw.
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