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Abstract
Bacillus subtilis is a soil-dwelling Gram-positive bacterial species that has been extensively
studied as a model of biofilm formation and stress-induced cellular differentiation. The tetrameric
protein, SinR, has been identified as a master regulator for biofilm formation and linked to the
regulation of the early transition states during cellular stress response, such as motility and
biofilm-linked biosynthetic genes. SinR is a 111-residue protein that is active as a dimer of dimers,
composed of two distinct domains, a DNA-binding helix-turn-helix N-terminus domain and a C-
terminal multimerization domain. In order for biofilm formation to proceed, the antagonist, SinI,
must inactivate SinR. This interaction results in a dramatic structural rearrangement of both
proteins. Here we report the full-length backbone and side chain chemical shift values in addition
to the experimentally derived secondary structure predictions as the first step towards directly
studying the complex interaction dynamics between SinR and SinI.
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Biological context
Bacteria have a plethora of defense mechanisms in their arsenal to help them cope with their
rapidly changing, and often harsh, microenvironments. The most robust and dependable
method at their disposal is the formation of a biofilm. Generally, a biofilm can be described
as a complex community of cells that have adhered to a surface and “glued” themselves
together in an extracellular polymeric matrix of DNA, polysaccharides, and protein. In
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recent years, biofilms have taken center stage in microbial research, because they are
capable of being both a great tool and, simultaneously, our worst enemy (Hall-Stoodley et
al. 2004). Clinically, biofilms are responsible for the rapidly increasing population of
antibiotic resistant infections caused by such familiar species as methicillin-resistant
Staphylococcus aureus (MRSA) and multi-drug resistant Acinetobacter baumannii. From an
industrial point of view, biofilms are a costly hazard that can disrupt production, utilities,
and slow shipping schedules (Fux et al. 2005). Yet, biofilms also have the potential to be a
tremendous aid as a bioremediation tool (i.e. water purification and treatment, hazardous
waste degradation) and as an alternative fuel source (Logan 2009; Singh et al. 2006).

Over the last few years, the non-pathogenic, soil-dwelling bacterial species, Bacillus subtilis,
has become a well-studied model organism for biofilm formation in Gram-positive species.
With the exception of the response regulator, Spo0A, the most important regulatory protein
in B. subtilis biofilm formation is the master repressor, SinR (Kearns et al. 2005). SinR
regulates the expression of two vital biofilm operons, the eps and the tapA-sipW-tasA
operons, which control the biosynthesis of biofilm matrix components (Chu et al. 2008). In
order to initiate biofilm formation, the bacteria have to sequester SinR using two key
components: SinI and SlrR. SinI is a major antagonist for SinR and binds to the C-terminal
domain, disrupting the multimerization event required for activity; while, SlrR controls the
function of SinR through an epigenetic switch (Chai et al. 2009, 2010b). In low
concentrations, the interaction between SinR and SlrR has a similar result to the SinR–SinI
interaction, but as the concentration of SlrR increases, the SlrR–SinR complex further
promotes biofilm formation by repressing a series of motility and autolysin genes that
prevent chain formation, thus re-purposing SinR to aid in biofilm formation (Chai et al.
2010a).

SinR is a 111-residue protein (13 kDa) that forms a functional tetramer with two distinct
domains: the N-terminal DNA binding domain and the C-terminal multimerization domain.
The N-terminal domain (residues 1–69) is a well-conserved cro/C1-type helix-turn-helix
(HTH) domain. The C-terminal domain (residues 74–111) is a unique helical bundle domain
that is the site of both dimerization and tetramerization, and the region targeted by SinI,
which interacts with the C-terminus to break up the SinR tetramer forming a heterodimer
(Kearns et al. 2005). For SinI to disarm SinR, a series of energy intensive hurdles must be
overcome. SinI must first dissociate from its own homodimer, disrupt the SinR
homotetramer interface, and then trigger the dissociation of the SinR homodimer to form the
extremely stable SinI:SinR heterodimer (Scott et al. 1999). As a first step toward understand
the complex dynamics of this mechanism and to improve upon the existing structural models
for this protein, we report the backbone and side chain chemical shift assignments of the full
length SinR protein and their resulting secondary structure prediction.

Methods and experiments
The plasmid containing the full length SinR (SinRFL) from B. subtilis used in this study was
provided by Prof. Richard Losick at Harvard University. The N-terminal domain (SinRN,
residues 1–69) vector was created using the QuikChange® II site-directed mutagenesis kit
(Agilent Technologies) to introduce a stop codon after E69; while, the C-terminal domain
(SinRC, residues 69–111) was extracted from the SinR gene using PCR and cloned into
pET-28a (EMD Millipore) with a thrombin-cleavable N-terminal His6-affinity tag. All three
expression constructs were transformed into E. coli BL21(DE3) cells (EMD Millipore) for
expression. The proteins were uniformly label with 13C/15N using M9T media supplemented
with ammonium chloride (15N) and/or D-glucose-13C6 at 34 °C. Protein expression was
induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) when the cultures
reached an OD600 of −0.7. The cells were harvested by centrifugation 6–8 h post-induction
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at 11,000×g and stored at −80 °C. In addition to the uniformly labeled cultures, SinRC was
cultured in a selective-labeling media (Griffey et al. 1985) in order to incorporate
[13C6, 15N2] lysine and [13C6, 15N] leucine (SinRC-Sp).

SinRFL was resuspended and sonicated in Buffer A (10 mM Tris Base, 300 mM NaCl, 1
mM EDTA, 0.3 mM DTT, 10 mM MgCl2, and 0.02 % sodium azide at pH 8.0) prior to
clarification through centrifugation at 20,000×g for 25 min. The lysate supernatant was
decanted and passed over SP-Sepharose HP (GE Healthcare) and eluted using a gradient
from 300 mM to 1 M NaCl (Buffer A with the addition of 700 mM NaCl). Following
elution, SinRFL was dialyzed back into Buffer A and then passed over Heparin-Agarose
Type I (Sigma-Aldrich), where the protein was eluted using Buffer B (50 mM Tris Base,
800 mM NaCl, 1 mM EDTA, 0.3 mM DTT, 10 mM MgCl2, and 0.02 % sodium azide at pH
8.5). SinRN was purified as described above using the following Buffer C (10 mM Tris
Base, 10 mM NaCl, 1 mM EDTA, 0.02 % sodium azide at pH 7.9) and an elution gradient
from 10 mM to 500 mM NaCl for both resins in place of Buffers A and B.

SinRC and SinRC-Sp were resuspended in Buffer D (50 mM Tris Base, 300 mM NaCl, 0.02
% sodium azide at pH 7.9), sonicated, and passed over Ni–NTA Agarose (QIAGEN)
following clarification via centrifugation as stated above. The protein was eluted from the
resin using a gradient from 0 mM to 500 mM imidazole (Buffer D with 500 mM imidazole).
After pooling the eluted protein, the tag was immediately cleaved from the dilute protein
using thrombin (EMD Millipore) and incubated at room temperature overnight to
completely remove the affinity tag. The cleavage reaction was terminated using a 10 min
incubation with AEBSF (Acros Organics) and passed over Phenyl-Sepharose (Sigma-
Aldrich) to remove the tag and thrombin. Prior to NMR experimentation, all three proteins
were extensively dialyzed into 20 mM MES, 200 mM NaCl, 0.02 % sodium azide at pH 6.0.

All NMR experiments were performed at 310 K on either a Varian Inova 600 MHz or a
Bruker Avance 700 MHz, both equipped with cryoprobes. Backbone chemical shifts were
assigned in a sequential manner from the following experiments: 2D [15N–1H] HSQC, 2D
[15N–1H] TROSY-HSQC, HNCO, HN(CA)CO, CBCA(CO)NH, HNCACB, and C(CO)NH
(15 and 18 ms). Sidechain proton chemical shifts were assigned using the following
experiments: HBHA(CO)NH, H(CCO)NH, 15N-TOCSY-HSQC (50 and 75 ms), and an
HCCH-TOCSY. The SinRC-Sp chemical shifts were assigned using the following: 2D
[15N-1H] HSQC, CBCANH, HNCACB, 15N-TOCSY-HSQC (50 and 75 ms), and an
HCCH-TOCSY. Aromatic assignments were made from a 13C-aromatic NOESY (80 ms).
Data was processed using NMRPipe (Delaglio et al. 1995) and analyzed using NMRView
(Johnson and Blevins 1994). Dihedral angles and secondary structure predictions were
calculated using the program TALOS+ (Shen et al. 2009) and Cα chemical shift index
deviations (Wishart and Sykes 1994).

Assignments and data deposition
Overall, 99 % of the assignable backbone amide residueshave been identified with the
exception of second residue as shown in the 2D [1H–15N] TROSY-HSQC spectrum (Fig. 1)
using full length SinR in combination with the individual domains (SinRN, SinRC, SinRC-
Sp) to aid in deconvoluting peak overlap. Nearly complete total carbon (98 %) and proton
(97 %) assignments have also been obtained. Using a combination of TALOS + and the
Wishart Cα chemical shift index prediction method (Fig. 2), the second structure of both
domains was found to fit the cro/C-1 HTH DNA-binding domain (5 helix bundle) and the
unique SinI binding domain that were observed in the X-ray crystal models by the
Wilkinson group (Colledge et al. 2011; Scott et al. 1999). The chemical shift assignments
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have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) underthe accession
number 19008.
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Fig. 1.
2D [1H–15N] TROSY-HSQC spectrum of 450 μM SinR protein from Bacillus subtilis in 20
mM MES, 200 mM NaCl, and 0.02 % sodium azide at pH 6.0 and 310 K using a 700 MHz
spectrometer (solid boxes represent peaks that are low intensity, open boxes highlight
arginine Hε–Nε chemical shifts)
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Fig. 2.
a Chemical shift index (CSI) plot for SinR Cα chemical shifts using the Wishart–Sykes
identification method where dense positive regions indicate helices and dense negative
regions represent β-strands; b TALOS+ secondary structure predictions where a dense
negative region reflects an α-helix and a dense negative region is a β-strand; c TALOS+
predicted S2 order parameter values based on the random coil index (RCI) for residue
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