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Abstract

The Bacillus subtilis Spx protein is a global transcription factor that interacts with the C-terminal
domain of the RNA polymerase a subunit (¢CTD) and regulates transcription of genes involved in
thiol-oxidative stress, sporulation, competence, and organosulfur metabolism. Here we determined
the X-ray crystal structure of the Spx/aCTD complex from an entirely new crystal form than
previously reported (Newberry et al. 2005. Proc. Natl. Acad. Sci. USA. 102, 15839-15844).
Comparison of the previously reported sulfate-bound complex and our sulfate-free complex reveals
subtle conformational changes that may be important for the role of Spx in regulating organosulfur
metabolism.

Keywords
Bacillus subtillus; Spx; RNA polymerase; transcription

In bacteria, transcription is ensured by a single multisubunit DNA-dependent RNA polymerase
(RNAP), with a molecular mass of ~400 kDa and a subunit composition of aypBp’'®. The o
subunits play a key role in transcription initiation and activation (Gourse et al., 2000). The N-
terminal domain of o (aNTD) is essential for a dimerization (Zhang et al., 1998) and RNAP
assembly (lgarashi et al., 1991). The C-terminal domain (CTD) binds to A/T rich regions (UP
elements) at many promoters (Ross et al., 1993; Estrem et al., 1998) and contains several
determinants for interacting with transcription factors (Savery et al., 1998; Bushy et al.,
1999; Lee et al., 2000; Savery et al., 2002; Nakano et al., 2003; Ross et al., 2003; Shah et al.,
2004).

The Bacillus subtilis (Bsu) Spx protein, conserved among low GC-Gram-positive bacteria, is
a thiol-based transcriptional regulator that registers thiol-oxidative stress via an N-terminal C-
X-X-C motif (Zuber et al., 2004; Nakano et al., 2005). During thiol-oxidative stress, oxidised
Spx binds to the aCTD of RNAP and appropriates RNAP to promoters upstream of genes
whose products combat thiol-oxidative stress to induce their expression (Nakano et al.,
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2003b). In addition to its stimulatory role, Spx exerts negative control over a number of cellular
processes; such as sporulation, genetic competence (Nakano et al., 2000; Nakano et al.,
2001; Nakano et al., 2003) and organosulfur metabolism (Erwin et al., 2005; Choi et al.,
2006).

The crystal structure of the in vitro-assembled Bsu Spx/aCTD complex, crystallized in space
group R3, has been reported (Newberry et al., 2005). Spx adopts a thioredoxin fold (Martin,
1995), has substantial secondary structure homology to the Escherichia coli (Eco) ArsC protein
(Martinetal., 2001; Newberry et al., 2005) and has an internal disulphide bond formed between
residues C10 and C13, on the face of Spx opposite to the aCTD-binding determinants. It is
apparent from the structure that Spx modulates the activity of aCTD by interacting with «CTD
determinants that are essential for DNA-, transcription factor- and ¢ factor-binding. In both
the Spx and ArsC crystal structures, a sulfate ion, derived from the crystallization solution, is
bound to an arginine residue (R92 in Spx) that is part of an invariant RP1 motif conserved in
all Spx homologs and ArsC (Zuber, 2004; Newberry et al., 2005). Newberry and co-workers
speculated that R92 could bind the sulfate ion in vivo, resulting in the coordinated regulation
of genes involved in organosulfur metabolism (Zuber, 2004; Newberry et al., 2005).

In this work, we describe the crystal structure of the in vivo-assembled Spx/aCTD complex
crystallized in space group P2,242;. Although the two structures were determined from crystals
with very different crystal packing environments, the overall structures are very similar. In our
structure, no sulfate ion can be observed near Spx residue Arg92, and the conformation of the
residues surrounding the disulfide bond formed between Cys10 and Cys13 is altered. Thus,
the structure of Spx in the in vivo assembled complex reveals a sulfate-free” conformation
that Spx may adopt when regulating the expression of genes other than those required for
organosulfur metabolism.

The Bsu spx gene was amplified from Bsu strain 168 genomic DNA by the polymerase chain
reaction (PCR) using primers Bsu Ndel spx F (sense; 5'-
gggattcccatatggttacactatacacatcaccaagc-3'; the Ndel site is underlined) and Bsu BamHI spx R
(antisense; 5'-gttaggatccttagtttgccaaacgctgtgcettc-3; the BamHl site is underlined); the resulting
DNA fragment was digested with Ndel and BamHI and cloned between the Ndel and BamHI
sites of pET21a (Novagen) to create pET21aBsuSpx. The DNA encoding the Bsu aCTD (amino
acid residues 240-314) was amplified by PCR from Bsu strain 168 genomic DNA using primers
Bsu Ndel rpoA (240) F (sense; 5'-gggattcccatatgaaagaagaagatcaaaaagagaaagttcttg-3'; the
Ndel site is underlined) and Bsu Hindlll rpoA R (antisense; 5'-
gttaaagctttcaatcgtctttgcgaagtccgag-3’; the Hindlll site is underlined); the resulting PCR
product was digested with Ndel and Hindlll and cloned between the Ndel and Hindlll sites of
a pET28a-derived plasmid, creating pET28aBsu(His)gaCTD. The bicistronic Spx/aCTD co-
expression system was created by amplifying the DNA encoding Bsu aCTD amino acid
residues 240 to 314, using pET28aBsu(His)saCTD as a template and primers Liz 13 (sense;
5'-gagcggatccaattcecctc-3’; the BamHI site is underlined), which anneals upstream of the
plasmid-encoded translational enhancer, ribosome binding site, and (His)g tag; and the T7
terminator primer (antisense; 5’-gctagttattgctcagcgg-3'). The DNA fragment was digested with
BamHI and Hindlll and cloned between the BamHI and HindlIl sites of pET21aBsuSpx
creating pET21aBsuSpx/(His)gaCTD. All cloning was confirmed to be correct by DNA
sequencing.

The plasmid pET21aBsuSpx/(His)6aCTD was transformed into Eco Rosetta (DE3) cells
(Novagen) and transformants were grown at 310 K in Luria-Bertani media supplemented with
ampicillin (200 pg mL™1) and chloramphenicol (25 pg mL™1) to an Agsg nm between 0.6 and
0.8. Subsequently, ampicillin (100 ug mL 1) and isopropyl-B,D-thiogalactopyranoside (1
mM) were added to the culture. After incubation at 303 K for 3 hours the cells were harvested
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by centrifugation, resuspended in 20 mM Tris-HCI (pH 8.0 at 277 K), 200 mM NacCl, 5% (v/
v) glycerol, 5 mM imidazole, 1 mM phenylmethylsulphonylfluoride; lysed using a continuous-
flow homogenizer (Avestin), and then centrifuged to remove insoluble debris. The clarified
cell lysate was applied to a Ni2*-charged HiTrap column (GE Healthcare) equilibrated in buffer
A (20 mM Tris-HCI, [pH 8.0 at 277 K], 200 mM NaCl, 5% (v/v) glycerol, 0.5 mM -
mercaptoethanol) + 5 mM imidazole. The column was washed with 5 column volumes (cv) of
buffer A + 20 mM imidazole, 5 cv of buffer A + 40 mM imidazole and 5 cv of buffer A + 60
mM imidazole. Proteins bound to the column were eluted with buffer A + 250 mM imidazole.
After overnight cleavage with PreScission protease (GE Healthcare) to remove the (His)g tag
and dialysis against buffer A + 20 mM imidazole, a subtractive Ni2*-chelating chromatographic
step removed uncleaved (His)gaCTD and the cleaved (His)g tag, and a GST HiTrap column
(GE Healthcare) removed the protease. The sample was precipitated with ammonium sulphate
(90% saturation) and the pellet resuspended in buffer B (10 mM Tris-HCI [pH 8.0 at 277 K],
50 mM NaCl, 5 mM DTT) to give a final protein concentration of 10 mg mL™1. The sample
was applied to a Superdex 200 gel filtration column (GE Healthcare). Peak fractions eluted
from the gel filtration column were applied to a Q-Sepharose HiTrap column (GE Healthcare)
equilibrated in buffer B, and the column was developed with a linear gradient from 50 mM to
500 mM NacCl. Finally, the purified sample was exchanged into storage buffer (10 mM Tris-
HCI [pH 8.0 at 277 K], 50 mM NaCl, 5 mM DTT). The purity of the complex was judged to
be >95% as analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
Coomassie blue staining (data not shown).

Using hanging-drop vapor diffusion, initial crystals grew at 295 K from 8% (w/v) PEG 4000,
100 mM sodium acetate (pH 4.6). Crystals for structure determination were obtained at 295 K
using hanging-drop vapor diffusion against 6% (w/v) PEG 6000, 100 mM sodium acetate (pH
5.0), 10 uM CuCls, with a protein concentration of 11.5 mg mL ™1 and a protein to crystallant
ratio of 1:1.

The crystals were soaked in a solution composed of the mother liquor supplemented with 20%
(v/v) glycerol prior to freezing in liquid ethane. A full dataset was collected on a single crystal
to 2.2 A at X25, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory
(BNL). No anomalous signal due to copper ions was observed.

Using the structure of the in vitro-assembled Spx/aCTD complex (PDB ID code 1Z3E;
Newberry et al., 2005) as a search model, a solution for the in vivo-assembled complex was
obtained using MOLREP (Vagin etal., 1997). An initial rigid body between 20 to 3 A corrected
a slight conformational change in the Spx molecule. Flexible loop regions and the N-terminus
of aCTD; which differed from the search model, were built manually in O (Jones et al.,
1991). After iterative rounds of building and minimization to 2.3 A, the final model was refined
to R = 22.8%, Rfree = 28.25% using CNS (Brunger et al., 1998). The final model contained
259 water molecules and an additional nine amino acid residues (four residues are vector-
derived) appended to the N-terminus of aCTD compared to the in vitro-assembled complex.

The crystal packing environment observed in both the in vivo- and in vitro-assembled structures
is substantially different and is probably due to the additional nine amino acid residues
appended to the N-terminus of aCTD in the in vivo-assembled complex. In the in vivo-
assembled complex, which crystallized in space group P2;2421, the N-terminus of aCTD docks
into a crevice between the two domains of an Spx molecule in a symmetry related complex
(Figure 1A). Whereas in the in vitro-assembled complex, which crystallized in space group
R3, the N-terminus of aCTD contacts a symmetry related aCTD molecule and both aCTD/
aCTD and Spx/Spx contacts are required to maintain the crystal packing (Figure 1B).
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Overall, the structure of the in vivo-assembled Spx/aCTD complex is very similar to the
structure of the in vitro-assembled complex (Figure 2; Newberry et al., 2005). The aCTD in
the two different space groups superimpose with a RMSD of 0.504 A over 62 o carbon
positions. Spx is composed of two domains; the first domain (D1) is not contiguous in the
primary sequence and encompasses amino acid residues 1 to 31 and 91 to 118, while the second
domain (D2) interacts with «CTD and comprises amino acid residues 32 to 90. Superimposition
of the Spx molecules from the two structures yields a RMSD of 0.732 A over 118 o carbon
positions; providing further confirmation that the in vivo- and in vitro-assembled complexes
are very similar.

Although the crystal packing in both the in vivo- and the in vitro-assembled complexes is
different; the molecular details of many of the interactions between Spx and aCTD are similar
despite small movements of the Spx/aCTD interface. In both structures, three major
interactions define the interface between aCTD and Spx. The side chain of o residue Asn264
interacts with the side chain of Spx Thr53 and the side chain of o, Arg268 interacts with the
side chains of both Spx Asp51 and Asp54 (Figure 3A). Finally, the side chain of a VVal260
projects into a hydrophobic pocket composed of Spx residues 1le46, Gly52, Val71, Met74,
I1e76 and 1le79 (Figure 3B).

Accumulated genetic and biochemical data suggest that Spx G52 and a Y263 are important
for Spx/aCTD complex formation (Nakano et al., 2000; Nakano et al., 2001; Nakano et al.,
2003). Supporting these findings, the structure of the in vitro-assembled Spx/aCTD complex
revealed that Spx G52 and a Y263 are in van der Waals contact. Y263 is part of a hydrogen
bond network involving o residues E254, K267 and N272, all highly conserved in the RNAP
a subunits encoded by Gram-positive bacteria, but not in the a subunits encoded by Gram-
negative bacteria (data not shown). We hypothesize that one role of this hydrogen bond network
is to maintain a residues N264 and R268 in the correct position for interacting with Spx.

In the in vitro-assembled complex, a sulfate ion forms a hydrogen bond with the hydroxyl
group of S12 - which is in close proximity to the disulfide bond formed between residues C10
and C13 - and two hydrogen bonds with the side chain of R92 (Figure 4A; Newberry et al.,
2005). In our structure of the in vivo-assembled complex, both C10 and C13 form a disulfide
bond, but rather than a sulfate ion, the hydroxyl group of S12 is stabilized by a water molecule
network and the side chain of R92 is stabilized by hydrogen bonds formed between a water
molecule, the hydroxyl group of S7, the carbonyl group of G88 and the carbony! group of L90
(Figure 3B). Additionally, the side chain of residue S7 is rotated almost 180° relative to that
observed in the in vitro-assembled complex.

Conclusions

We have solved the structure of the in vivo-assembled Spx/aCTD complex crystallized in space
group P212124. Interestingly, in our structure, rather than interacting directly with Spx G52,
as observed in the in vitro-assembled Spx/aCTD complex, o Y263 participates in a hydrogen
bond network that could function to maintain o N264 and R268 in the correct orientation for
direct binding to Spx. In both the in vitro-assembled Spx/aCTD complex and Eco ArsC
structures, a sulfate ion interacts with an arginine residue (R92 in Spx) that is part of an RPI
motif conserved in all Spx homologs and ArsC (Martin et al., 2001; Newberry et al., 2005).
Newberry and co-workers hypothesized that the binding of sulfate to Spx R92 could function
to modulate the activity of Spx during organosulfur metabolism. The structure of Spx in the
in vivo-assembled complex is devoid of sulfate and presumably reveals a “sulfate-free”
conformation that Spx may adopt when regulating the expression of genes other than those
required for organosulfur metabolism.
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Despite these differences, many of the interactions between Spx and aCTD are conserved, as
is the oxidized state of Spx, suggesting that the movement of R92 or the presence or absence
of sulfate, does not modulate either the binding interface greatly or disulphide bond formation.
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Figure 1.

Crystal packing interactions. A. Crystal packing of the in vivo-assembled Spx/aCTD complex:
the N-terminus of aCTD (labeled N) docks into a crevice formed between the two domains of
a symmetry related Spx molecule. B. Crystal packing of the in vitro-assembled Spx/aCTD
complex: crystal packing is maintained by both a«CTD/aCTD interactions and Spx/Spx
interactions. The in vivo-assembled complex aCTD is colored orange and its cognate Spx
molecule is colored green. The in vitro-assembled complex aCTD is colored red and its cognate
Spx molecule is colored cyan.
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aCTD

Figure 2.

Stereoview of the superimposition of the in vivo- and in vitro-assembled complexes,
crystallized in space groups P21212; and R3, respectively. The superimposition using LSQ
was over the aCTD domain only (Isg_exp command,
http://xray.bmc.uu.se/~alwyn/Essential_O/Isq_frameset.html). The N-terminus of aCTD in
the in vivo-assembled complex is nine residues longer than in the in vitro-assembled complex.
The oCTD molecules superimpose with a RMSD of 0.504 A over 62 o carbon positions and
the Spx molecules superimpose with a RMSD of 0.732 A over 118 « carbon positions. In the
in vivo-assembled complex aCTD is colored orange and Spx is colored green; in the in vitro-
assembled complex aCTD is colored red and the Spx is colored cyan.
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Figure 3.

Molecular details of the Spx/aCTD interface. A. In both the in vivo- and the in vitro-assembled
structures, aCTD residue Asn264 and Arg268 interact with Spx residues Asp51, Thr53 and
Asp54. The residues that contribute to the overall Spx/aCTD interface are highlighted
(hydrogen bonds are shown as dashed lines). B. aCTD residue Val260 projects into a
hydrophobic pocket in Spx (the surface is colored in green for carbon atoms, red for oxygens
and blue for nitrogens).
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Figure 4.

The “sulfate-free” conformation of Spx. A. In the structure of the in vitro-assembled complex
(Newberry et al., 2005), a sulfate ion binds to Spx residues Ser12, which is adjacent to the
disulfide bond formed between residues Cys10 and Cys13, and Arg92, which is part of the
conserved Arg-Pro-lle motif (Arg92, Pro93, 11e94). B. In the structure of the in vivo-assembled
complex, no sulfate ion is present. The amine group of Arg92 is oriented “away” from the
disulfide bond and forms an interaction with Ser7 and the carbonyl groups of residues Gly88
and Leu90. It is clear that residues Cys10 and Cys13 are oxidized, as revealed by the 2fo-fc
electronic density (colored purple and contoured at 1.3c).
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