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ABSTRACT

The PcrA/UvrD helicase functions in multiple pathways that promote bacterial genoihigystab
including the suppression of conflicts between replication and transcription and facilitating the
repair of transcribed DNA. The reported ability of PcrA/UvrD to bind and backtrack RNA
polymerase (1,2) might be relevant to these functions, but the structural basis for this activity is
poorly understood. In this work,endefine a minimal RNA polymerase interaction domain

PcrA, and report its crystal structure at 1.5 A resolution. The domain adopts a Tudor-like fold
that is similar to other RNA polymerase interaction domains, including that of the prototype
transcription-coupled repair factor Mfd. Removal or mutation of the interaction domain reduces
the ability of PcrA/UvrD to interact with and to remodel RNA polymerase compiexaso.

The implications of this work for our understanding of the role of PcrA/UvrD at the interface of

DNA replication, transcription and repair are discussed.



INTRODUCTION

Helicases are ubiquitous, abundant and diverse enzymes playing a wide variety of different roles
in cellular nucleic acid metabolism (3). Several superfamilies (SF) of these enzymes have been
described on the basis of primary structure and SFI and Il, which are non-hexameric helicases,
are by far the largest groups (4). Bacterial cells typically encode several SFI enzymes that
function in different genome replication, maintenance and expression pathways (5). Structural
studies have shown that SFI enzymes share highly conserved core helicase domains responsible
for ATP-dependent DNA translocation and unwinding, and that their targeting to different
pathways is often achieved via the modular addition of different specificity domains, either

flanking or inserted within the core helicase domains (6).

An interesting example is provided by the UvrD helicase (also annotated Helicase II, or PcrA in
many gram positive bacteria includiBgcillus subtilig which has been implicated in nucleotide
excision repair (NER), mismatch repair, homologous recombination and rolling circle replication
mechanismg7-13). This multi-functionality is reflected in the ability of UvrD/PcrA to interact
physically and functionally with many different partner proteins including UvrB, MutL, MutS,
RecA and RepC/D (13-20). We and others have recently shown that PcrA/UvrD also interacts
with RNA polymerase (1,14,21), and this interaction could be important for the UvrD-dependent
backtracking of stalled RNA polymerase (1). It was suggested that this activity helps to recruit
the NER machinery to sites of UV damage, acting as an alternative pathway of transcription-
coupled repair in addition to the well-characterised Mfd pathway (for reviews see (22-25)). This

ability of UvrD to remodel RNAP-DIA complexes might also be relevant to the ability of



PcrA/UvrD to suppress conflicts between replication and transcription, a property it shares with
the very closely related helicase Rep (although Rep does not interact with RNAP) (26-28). The
extreme C-terminal region of PcrA/UvrD is important for interaction with both RNAP (14,29)

and UvrB (30). However, despite its apparent role as a protein interaction hub that targets the
helicase to physiological substrates, there is no clear phenotype established for removal of the C-
terminal domain (CTD), and its structure has never besaived. In thirteen structures of the
PcrA/UvrD protein from various organisms, this region of the protein was either removed to aid

crystallisation or is disordered in the final model (31-Z)plementary Figure J).

In this report, we define a small folded RNA polymerase interaction dom&aabacillus
stearothermophilu®crA and have solvats structue at high resolution. Based on its similarity

to other Tudor-like domains, we identify conserved residues on its surface that are likely to be
directly involved in the interaction with RNAP. Mutation of these residues, or the complete
removal of the interaction domain, substantially reduces the ability of PcrA/UvrD to bind to

RNAP and to remodel transcription elongation compléxestro.



MATERIALS AND METHODS

Protein expression and purification

His-taggedE. coliRNAP holoenzyme was purified as described (37). GreB protein was a gift

from Terence Strick. Purified ParB protein was a gift from James Taylor. Biotinylated BSA

protein was purchased from ThermoScientific. UvrD and U3 were purified from

BL21(DE3) cells transformed with pETDUET-UvrD (15) or pETDUET-UYf8*, which was

made from pETDUET-UvrD by site directed mutagenesis. Cells were grown at 37°C §gpan A

of ~0.5 before being used to inoculate 1 litre of LB+ 100 PO DPSLFL @1L-Q02R DQ $
When cells reached ars#y of 0.2 they were transferred to 18°C and when thg ikached ~0.5,

1 mM IPTG was added to induce protein expression. Cultures were then grown overnight at
18°C and the cells were harvested by centrifugation at 4°C. The cell pellet was resuspended in
20 ml of lysis buffer (20 mM TrigHCl pH 8.3, 10% (v/v) glycerol, 200 mM NaCl, 5 mM EDTA

pH 8.0, 0.5 mM EGTA pH 8.0, 1 mM DTT) containing 4 mg of lysozyme and incubated on ice

for 30 minutes. 250 O VRGLXP GHR[\FKRODWH zZDV DGGHG DQG FHOC
for another 30 minutes. To increase the UvrD solubility, NaCl concentration was increased to
y450 mM by adding 1.2 ml 5 M NaCl and stirring for 15 min at 4°C. The cells were lysed by
sonication and the soluble fraction was recovered by centrifugation. In order to precipitate the
UvrD saturated ammonium sulphate was added gradually to the supernatant until 30% saturation
was reached. The protein was allowed to precipitate for 1 hour in an ice waterbath and was
recovered by centrifugation at 4000 rpm for 30 minutes. The pellet was resuspended in buffer
(20 mM Tris#HCI pH 8.3, 20% (v/v) glycerol, 400 mM NaCl, 2 mM EDTA pH 8.0, 0.5 mM

EGTA pH 8.0, 1 mM DTT) and was slowly diluted in buffer A (20 mM BHE! pH 8.3, 20%



(v/v) glycerol, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0 and 1 mM DTT) until the salt
concentration was approximately 200 mM NacCl (or 100 mM for the (AFOmutant). This

was then loaded onto a 5 ml Heparin column (GE) on an AKTA FPLC. The protein was eluted
from the column using a NaCl gradient in buffer A. Fractions containing the protein of interest
were combined and diluted in buffer A until the salt concentration was approximately 200 mM
NaCl (or 100 mM for the UvrtY®®* mutant). Protein was loaded onto a 1 ml MonoQ column

(GE) on an AKTA FPLC. The protein was eluted using a NaCl gradient in buffer A. Fractions
containing only the protein of interest were dialysed at 4°C overnight against storage buffer

(20 mM Tris#HCl pH 8.3, 200 mM KCI, 1mM EDTA pH 8.0, 2 mM DTT, 20% (v/v) glycerol).
8YU'G& ZDV SXULILHG IURP %/ '( FHOOWUWDR] bfavdéstipdd G ZL WK
(15).

Biotinylated PcrA and biotinylated PcrA-Ct (including residues 653-724 of the native protein)
were produced using vectors and purification protocols that have been described previously (14).
An equivalent vector for expression of biotinylated PcrA-sCt was created by deleting a short
region of the PcrA-Ct construct. This yielded a vector for overexpression of the extreme C-
terminal region of PcrA (residues 673-724) fused to an N-terminal AviTag sequence (MSG LND
IFE AQK* IEW HEG GG,; the asterisk indicates the position of the biotinylated lysine). This
protein was overexpressed and purified using the same method as for the PcrA-Ct construct.
Constructs for the expression of the histidine-tagged PcrA C-terminus were produced by cloning
synthetic DNA (Invitrogen) into the pET47b vector (Novagen). The PcrA-Ct construct expresses
a protein with an N-terminal hexa-histidine tag fused via a 3C cleavable linker to residues 653-
724 ofGeobacillus stearothermophili®crA. The sequence of the tag is MAH HHH HHS AAL

EVL FQG *PGG G where the asterisk indicates the position of 3C cleavage. The PcrA-sCt



construct only codes for residues 673 to 724 of the native PcrA protein, but is otherwise
equivalent to PcrA-Ct. Point mutations were made in all of the above vectors using the
QuikChange Il kit (Invitrogen) and the constructs were verified by DNA sequencing

(Sequencing service, University of Dundee). His-tagged PcrA-Ct and his-tagged PcrA-sCt were
overexpressed in BL21(DE3) with appropriate antibiotics and harvested using the same protocol
as for full length PcrA (14). Following sonication, the proteins were bound to a 5 ml HisTrap
column (GE Healthcare) in a buffer containing 50 mM Tris-Cl, pH7.5 and 200 mM NacCl, and
eluted over a 20 mM to 500 mM imidazole gradient. Where appropriate, the his-tag was removed
ZLWK +59 & SURWHDVH RYHUQLJKW DW 272& 7KHUPR 6FLHQWL
dialysing against a buffer containing 50 mM Tris-Cl, pH7.5, 1 mM EDTA, 200 mM NaCl and 20
mM imidazole. The cleaved protein was re-passed over the HisTrap column to remove HRV 3C
protease contamination and PcrA S-Ct was collected in the flow-through. The cleaved (or
uncleaved) protein was finally purified using a Superdex75 gel filtration column (GE Healthcare)
in a buffer containing 50 mM Tris-Cl, pH7.5, 1 mM EDTA, 1 mM DTT and 200 mM NacCl.

Peak fractions were pooled and concentrated using a 3 kDa cut-off spin concentration device.
Where appropriate, removal of the tag was verified by separation using a 10-20% Tris-tricine gel
by comparison with the his-tagged protein. The concentration of protein was determined by
spectrophotometry using a theoretical extinction coefficient of 1108&#. The protein was

snap frozen and stored at °80in a buffer containing 50 mM Tris-Cl, pH7.5, 1 mM EDTA, 200

mM NacCl, 1 mM DTT and 10% glycerol.

Crystallization, structure determination and structure analysis.



The PcrA-sCt protein (with the his-tagged removed) was concentrated to 20 mg/ml in a buffer of
50 mM Tris (pH 7.5), 1 mM EDTA, 200 mM NaCl and 10% glycerol. Crystals were grown

using the sitting-drop vapor diffusion method at 18°C by mixing 0.2 ul protein solution with 0.2
pl precipitant solution containing 3.5 M sodium formate pH 7.0. Crystals were harvested and
frozen using the precipitant solution. A mercury derivative was prepared by soaking the crystals
for 4 hours in cryosolution (3.5 M sodium formate pH 7.0) containing 10 mM ethyl mercury
phosphate, and then freezing. X-ray diffraction data were collected at 100K using a Rigdku FR-
X-ray generator and PILATUS 300K detector. The data were processed and scaled using the
HKL3000R program (38). A single mercury site was found by direct methods in SHELXD (39).
Heavy-atom refinement and phasing (using SIRAS) were performed using SHARP (40). Solvent
flipping and density modification were performed using SOLOMON (41) and Parrot (42),
respectively. An initial model was built automatically using Buccaneer (43) and the final
structure model was manually rebuilt using Coot (44) with refinement in Refmac (45) and
Phenix (46). Diffraction data and refinement statistics are listed in Table 1, and the co-ordinates
of the structure have been deposited at the PDB under ID code 5DMA. Figures showing the
conservation of residues in PcrA mapped onto the structure were created using ConSurf (47) and
PyMOL. The multiple sequence alignment was based on 150 unique sequences that were the
most similar to th&. stearothermophiluBcrA C-terminus using the ConSurf default input

settings.

Pulldown assays

Pulldown assays were performed as in previous work (14) using either streptavidin-coated

magnetic beads (New England Biolabs) for biotin-tagged bait proteins or substitdtiigM



magnetic beads (New England Biolabs) for his-tagged bait proteins. Briefly, DNA/RNA-
depleted extracts @acillus subtilis168 were produced as described previously @&)illus

sultilis was chosen as the source for the bait proteins because the PcrA from this organism is
highly similar (85%) to its orthologue frofa. stearothermophilysand because the annotated
proteome is important for the proteomics analysis (below). Nevertheless, it should be noted that
our pulldown experiments may be susceptible to false negatives because of the different
Bacillaceaespecies used for bait and prey proteins. The prepared extracts were then used as the
prey in pulldown experiments. Purified bait proteins were incubated at near saturating
concentrations with magnetic beads to allow binding. The baited beads were washed and added
to B. subtiliscell extracts to allow binding with partner proteins. The beads were separated from
the cell extract and washed before bait and prey proteins were harvested from the beads by
boiling in SDS-PAGE sample buffer. The pulldown experiments were analysed by SDS-PAGE
followed by either western blotting withan arBii $3 DQWLERG\ 548)),ordEFD P
mass spectrometry. Details of sample preparation for mass spectrometry can be found in the

Supplementary Information.

Construction of templates forin vitro transcription assays

Linear DNA templates foin vitro transcription reactions were constructed by PCR amplification

from pSRT7A1 (49) using Pfu DNA polymerase. Templates containing the T7A1 promoter

ZHUH DPSOLILHG XVLQJ WICHGRKCATOTAMTARASCHL-PBQ G *WKH
downstream p® H UATTACTGGAGGGGATGGGG-+ WR SURGXFH D OnthES SURGX
template transcription can be stalled by nucleotide starvation at +20 by omitting UTP.

Transcription can also be chased to the template end to produce a transcript of 60 nt. Linear



biotinylated DNA templ&VH ZDV PDGH LQ D VLP tbtihyatPdu@s@Qddatd XVLQJ D

primer and DNA templates were purified using the QIAEX Il DNA extraction kit (Qiagen).
Plasmid pSRTB8B3+500 was created by inserting a 504 bp fragment amplified fre&mcthle

rpoB gene between the Ncol and Xhol sites located between the T7A1 promoter and the
tandemly repeated BbvCl sites of pPSRTB8B3 (50). On the resulting template transcription from
the T7 promoter can be stalled at +20 by UTP starvation, or allowed to run to a downstream
terminator to produce a 764 nt transcript. A biotinylated closed-circular plasmid template
carrying a biotin-dT at position +585 on the transcribed strand was generated by annealing a
biotin-dT-containing oligonucleotide into BbvCl-nicked plasmid pSRTB8B3+500, as described

in (50).

In vitro transcription time course and transcript release assays
For time course assays, transcription initiation complexes were formed by incubating20 nM
coli RNA polymerase holoenzyme with 2 i§DNA template for 5 minutes at 37°C in repair
buffer (40 mM HEPES, pH 8.0, 100 mM KCI, 8 mM Mg{C4% glycerol (v/v), 5mM DTT, 100

J PO %br&nscription elongation complexes stalled at +20 were then formed by nucleotide
starvation: the preformed transcription initiation complexes were mixed with an equal volume of

NTP stall mix in repair buffer (final concentrations 180 ApU, 10 "M ATP, 10 M GTP, 2

M CTP, 0.5Ci/ul [ -*3P] CTP) and incubated for 5 minutes at 37°C. Aliquots of the stalled

elongation complexes were incubated with UvrD or its derivatives at the concentrations indicated
for 5 minutes at 37°C. Transcription elongation was then allowed to continue for 5 minutes at
f& E\ DGGLQJ D 3FKDVH" RI 0 173V WRJIJHWKHU ZLWK

only a single round of transcription took place. Reactions were stopped with an equal volume of



urea stop mix (7 M urea, 10 mM EDTA, 1% SDS, 2 x TBE, 0.05% bromophenol blue, 0.05%
xylene cyanol). Samples were heated for 3 minutes at 90°C and resolved on a 15%
polyacrylamide/7 M urea denaturing gel. Gels were analysed using a Molecular Dynamics
Typhoon Phosphorimager and ImageQuant software. For comparison of RNAP remodelling
activity as shown in Figure 5, the data were normalized across multiple gels by determining the
total intensity of the remodelling products for any given protein at any given timepoint (see black
bar in Figure 5A) and dividing this value by the highest value observed for the wild type activity
on each gel (typically the final timepoint). This value therefore represents a relative remodelling
activity compared to maximal wild type activity. The error bars represent the standard error of

the mean for wild type (six experiments) or mutant UvrD (four experiments each) respectively.

For transcript release assays, stalled transcription elongation complexes were formed as

described above, but using biotinylated template DNA. DNA containing the stalled complexes

was bound to streptavidin paramagnetic beads (NEB) by incubating each reaction with beads

taken from an equal volume of bead suspension (and washed twice with repair buffer) for 10

minutes at 20°C. The beads were then washed three times in equal volumes of repair buffer to
UHPRYH XQERXQG '1$ DQG 51%3 —0 8YU' Hliudte bfthed ZDV DG ¢
reaction where indicated and reactions were incubated for 5 minutes at 37°C. Transcription

reactions were chased by adding 100 uM NTPs and 10 pg/ml rifamipicin for 5 minutes at 37°C.

A magnet was used to separate pellet and supernatant fractions and the supernatant was added to
20 ul urea stop mix (fraction S). The pellet was resuspended in 20 ul repair buffer and added to

20 ul urea stop mix (fraction P).



For transcript-release experiments in which backtracking was analysed with GreB, reaction
volumes were scaled up and 1 uM UvrD or its derivatives were added tB aliuots

containing stalled transcription elongation complexes. Transcription reactions were chased as
described above. A magnet was used to separate pellet and supernatant fractions and 20 ul of the
supernatant was added to 20 pl urea stop mix (fraction S). The beads were resuspendked in 80
repair buffer and a 2B sample was added to 20 pl urea stop mix (fraction P). The remainder of
the bead suspension was split into 20 ul aliquots. 1 uM GreB was added where indicated and
reactions were incubated for 5 minutes at 37°C. Then 100 uM NTPs were added where indicated
and reactions were incubated for 5 minutes at 37°C. Reactions were stopped with 20 pl urea
stop mix. Samples were heated for 3 minutes at 90°C and resolved on a 15% polyacrylamide/7
M urea denaturing gel. Gels were analysed using a Molecular Dynamics Typhoon in

Phosphorimager mode and ImageQuant software.

ATPase assays

The ATPase activity of UvrD and its derivatives was measured using an enzyme linked assay in
which ATP hydrolysis is coupled to NADH oxidation essentially as reported previously (51).
However, ATPase assays were modified in that reactions were carried out at 37°C using 1 nM
UvrD, 2 mM ATP and 2 uM ssDNA (47 nt). The ATPase activity of PcrA and its derivatives

was measured using the same linked assay, according to the method described in (34).

TFO displacement (DNA translocase) assays
TFO assays were carried out essentially as described in (49). Assays were carried out on a linear

plasmid template, pSRTB2EV, a derivative of pSRTB2 (50), in which an EcoRYV site had been



introduced downstream of the TFO binding site by site-directed mutagenesis. This template was
linearised by EcoRYV, creating a blunt end 33 bp downstream of the triplex end. Assays were
performed in repair buffer and the TFO containing DNA template was incubated with 1 pM

UvrD or its derivatives and 100 pM NTP mix. 0.25 mg/ml Proteinase K and 10 mM @af&

added to the GSMB stop buffer and reactions were incubated for 30 minutes at 20°C before

loading onto the gel to eliminate bandshifting by UvrD.



RESULTS

Structure of a Tudor-like RNA polymerase interaction domain in PcrA

We have shown previously that the CTDGfstearothermophiluBcrA (PcrA-Ct; residues 653-

724) is necessary and sufficient for interaction with RNA polymerase using affinity pulldown
assays from extracts Bfcillus subtilis(14) (seeSupplementary Figure 1. Secondary

structure predictions using Jpred (52) sugepkttat this region of the protein includes

significant region of natively disordered protein that is poorly conserved. However, this is
followed by a very highly conserved region that is predicted to consist entirely of beta-sheet
(residues 673-724). Furthermore, the domain identification algorithms Ginzu (53) and Phyre2
(54) both predict that this beta-sheet region will fold into a Tudor-like domain. Despite very low
primary structure homology, these algorithms identify RapA and CarD respectively as templates
for homology modelling. Interestingly, these are both bacterial RNAP interaction partners
containing conserved Tudor-like domains (55,56). Therefore, we hypothesized that the extreme
C-terminus of PcrA adopts a Tudor fold and that this interacts directly with RNA polymerase. To
test this idea, we designed a new shorter version of the PcrA CTD using the homology models as
a guide. This construct, which we call PcrA-short Ct (PcrA-sCt), includes residues 673-724 of

the native PcrA protein. Moreover, to produce the CTD of PcrA in greater quantities than we had
achieved previously using a biotin-tag (14), we engineered plasmids for expression of PcrA-Ct
and PcrA-sCt with a cleavable histidine tag at the N-terminus. Using this system, we were able to
obtain large amounts of highly pure protein either with or without theSiagplementary

Figure 2). To confirm that the shorter CTD construct retained the ability to interact with RNAP,

we performed affinity pulldown experiments using the his-tagged PcrA-sCt protein as bait and



nucleic acid-depleted cell extracts as prey (14). As expected, the original PcrA-Ct construct
efficiently pulled down RNA polymerase fromBacillus subtilisextract in a dose-dependent
manner. In agreement with our hypothesis, the shorter PcrA-sCt construct retained the ability to
pulldown RNAP, and the efficiency was comparable to PcrASQpplementary Figure 2. For
reasons that will be discussed below, we also investigated whether the PcrA CTD was able to
bind to DNA. However, no interaction between the PcrA CTD and either single- or double-

stranded DNA was detected using gel shift assaypglementary Figure 3.

Crystals of PcrAsCt (with the histidine tag removed) were obtained using the sitting drop

vapour diffusion method. The structure was solved usimgavy atom derivative at a final

resolution of 1.5A (Ree = 22.2%) Figure 1). The final model includes all of the residues of the
native PcrA sequence (W673 to V724) and an N-terminal glycine from the tag linker region. As
predicted, the extreme C-terminal region of PcrA adopts a Tudor-like fold consisting of 5 anti-
parallel b¢a strands that form &/ Z L VW H G closély FesewblesWther bacterial Tudor

domains such as those found in RapA, CarD and Mifglfe 2) (57-61). A search with DALI

(62) also reveals strong similarity to NusG (63) and to eukarydfit. VW R Q HndludibgG HU V~
PHF1 (64). These histone readers are responsible for the recognition of methylated lysine
residues in chromatin. Many structures of Tudor domains interacting with their partner proteins
or peptides have shown that one particular face of the fold is often responsible for the interaction
(65), although there are apparent exceptions including RapAKBRIré 2). In histone readers,
WKLV IDFH LQFOXGHV DyicalyddrepB WeLrRetRyated side/ ¢hBINGf a lysine
residue. Interestingly, some key residues that form this aromatic cage appear to be equivalent in

PcrA (eg W684, F705). However, PcrA also features a charged lysine residue (K712) in this



region. Although not common for Tudor domains in general, this lysine residue is strongly
conserved within PcrA/UvrD orthologues (Figure 1D). We were especially interested to compare
our structure with the complex of the Mfd Tudor domain bound to RNA polymerase, because
PcrA/UvrD has been reported to function in an alternative TCR pathway (1). The structure of
Thermus thermophilusifd bound to RNAP shows thétbinds to the soF D O Ordibn (60)

and this is also true of the Tudor domain fountliycobacterium tuberculosiSarD (58,61). In

both of those structures, the Tudor domain forms a continuous anti-parallel beta-sheet with the
partner protein, whicks further stabilised by side-chain interactions. Conserved residues that are
important for interaction with RNAP include a lysine residue (K36D.ithermophilusvifd) that

is somewhat similarly positioned to the aforementioned K712 in PcrA (57). However, it should
be noted that there is no apparent sequence homology between the Tudor-like domains of PcrA

and Mfd.

Conserved amino acids required for binding RNA polymerase

Several highly conserved residues cluster together on the surface of the PcrA Tudor fold that
frequently forms a protein:protein interface in other systénggi(es 1 and 2. We reasoned

that these residues might be directly involved in the interaction with RNA polymerase. To test
this hypothesis, windividually mutated several of them (H681A, W684A, K712A and L714A

and tested the ability of the resulting CTD constructs to interact with RNAP in pulldown assays.
The mutant PcrA-sCt proteins were purified using the same method as for wild type and their CD
spectra were all characteristic ofheet as expected, suggesting normal global folding
(Supplementary Figure 4. The pulldown assays revealed that each of the single mutant

proteins had a severely reduced ability to bind to RNA&uUfe 1C). Indeed, western blotting of



the gelswithanante 1$3 VXEXQLW DQWLERG\ VXJJHVWHG WKH ELQGLC
EDLW" FRQWURO DQG mBRRIE®ddmral @xpeivhBntMisiBg-s&0RIQRArB (a

protein not known to bind RNAP).

The K712A and L714A mutations were also made in the contexdudiflength biotinylated
PcrA construct used in our previous studies. These mutant proteins displayed a greatly reduced
ability to interact with RNAP, but the binding was reproducibly higher than backgréiugd ¢
3A). Moreover, ahas been shown previously (14), the complete deletion of thefl@nbthe
full length protein dramatically reduces binding to RNAP. In order to validate these experiments
and to test for protein interactions of the CTD in an unbiased fashion, we also analysed the
pulldown experiments using mass spectroyndRelative quantification of prey proteins was
performed by comparing total ion scor8sVLQJ WKH QR EDLW ™ GEHWeBBRZQ DV D
andSupplementary Table ). The relative ion score for the PcrA bait acts as an internal control,
showing enrichment over control for full length constructs, and a reduced enrichment for the
PcrA-Ct construct as would be expected based on the different polypeptide lengths. The results
for the wild type PcrA bait reproduced our previously published experiments showing that it
interacts with many proteins in the cell extract (see also (14%apdlementary Table 1for
full details). Prominently these include both core and accessory subunits of RNA polymerase

c / ),&s well as a variety of sigma factors. Other enriched proteins of interest include
YvgS/HelD (a SF1 helicase also known to associate with RNAP), UvrB (a known PcrA binding
partner involved in NER), DNA pol | (a DNA repair specific and bypass polymerase) and LigA
(an NAD+-dependent DNA ligase originating from the same operon as Hagyé€s 3B). In

good agreement with the western blotting analysis, mass spectrometry showed that mutation



(K712A or L714A) or removal of the PcrA CTD substantially reduced or almost eliminated the
interaction with core RNAP subunits respectively. These data show that the mutated residues are
critical for the RNAP binding function of the CTD, and that the apparent residual binding we

have observed probably occurs at a different site in the PcrA protein. Interestingly, a concomitant
reduction inseveral other interaction partners including UvrB and YvgS was also detected. This

is consistent with two possibilities that cannot be distingu$fased on these experiments.

Either the CTD of PcrA is important for direct interaction with all of these proteins, or the other
proteins are associated with the RNAP subunits that are pulled down by PcrA. In this respect it
should be noted that PcrA/UvrD interacts directly with RNAP and UvrB (1,14,15), and that
YvgS/HelD interacts directly with RNAP (66). In distinct contrast, the removal or mutation of

the CTD of PcrA did not affect the apparent interaction with DNA pol | or LigA, whereas the

CTD alone bound poorly to these proteins, showing that they must interact mainly with the N-
terminal region of PcrA. Importantly, this observation confirms that the mutant PcrA proteins
remain largely folded, as would be exmetihased on CD analysis of the CTD variants alone

(see above). This assertion is further supported by analysis of the DNA-dependent ATPase

activity, which is similar or slightly better than wild type for both mutant protdiablé 2).

The UvrD CTD is important for the remodelling of RNAP transcripts

Due to differences in the manner in which it was discovered in the model org&hisuinilis

andE. coli, the helicase studied here is often annotated as PcrA in Gram-positive organisms and
UvrD in Gramaegative organisms. It was therefore of considerable interest to &S tiwi

UvrD was recently shown to induce backtracking of RNARitro, causing it to slide backwards

on the DNA and bringing abouttt @ LVSODFHPHQW R 1| W K Hn the Hofve sikel WKH 5139



(1). To reproduce this activity and to probe the potential role of the @Nitro transcription

reactions were performed in which wild type or mutant UvrD was incubated with RNAP (both

from E. coli) that had been stalled 20 nt downstream of the T7A1 promoter by omission of UTP.

7KH UHDFWLRQ ZDV WKHQ 3FKDVHG ™ ZLW H#sutersingle D@ ULIDPSL

conditions.

In initial experiments, both circular and linear DNA templates were used, and these were also
biotinylated so that displacement of RNAP could be monitored by examining the release of the
transcript into the supernatant using a pulldown apprdagure 4A). In the absence of UvrD,

the RNAP forms long transcripts indicative of processive transcription elongation (Figure 4B;
lanes 2, 3, 7 and 8). Shorter RNA transcripts are formed in a UvrD-dependent manner regardless
of whether the template is circular or linear, and these transcripts generally remain in the pellet
fraction Figure 4B). This is consistent with UvrD causing backtracking of RNAP as reported
previously (1), and this was confirmed by adding the transcript cleavage factor GreB (which
removes theH[ WUXGLQJ + SRUWLRQ RI WKH QDVFHQW 51% DQG WK
to generate full length transcripSuypplementary Figure 5,lanes 1-13, see Figure Legend for
details). In addition to backtracking, we also observed efficienDiependent displacement of

short RNA transcripts into the supernatant, and this phenomenon was only observed with the
linear templateKigure 4B, see asterisBsinterestingly, the size of these released transcripts is
equivalent to the size of the major GreB-cleavage prod8cigplementary Figure 5,compare

lanes 9 and 11), which are indicative of favoured backtracking positions for RNAP on the
template. In the absence of UvrD, several transcripts that are longer than the distance from the

promoter to the end of the template were observed. Such transcripts result from transfer of



RNAP from the end of one DNA molecule to the start of another (67). Interestingly, addition of
UvrD abolishes this entb-end transfer, possibly by backtracking RNAP away from the DNA

end, or by dissociating it from the DNA altogether. Together, these experiments show that UvrD
is capable of remodeling transcription elongation complexegro, by promoting both the

reversible backtracking of RNAP, and the premature release of short RNA transcripts from linear

templates.

We next performed experiments on free linear template DNA using mutant UvrD proteins in
which the CTD was either removed or mutatégjgre 5). The very strong conservation of
primary sequence in the CTBpplementary Figure J) allows the facile design of mutations

in E. coliUvrD (8'Y U Qior UvrD‘"%®4) that are equivalent to those we have studied in PcrA. In
the absence of UvrD, RNAP transcribed the template DNA to produce products which
correspond to transcription to the end of the tempRti(e 5A; lane 1 +60). As expected, in

the presence of wild type UvrD a series of shorter RNA transcripts were obdeiyae GA,
compare lane 1 with lanes 2-5). This effect was UvrD dose-dependent, but less efficient than has
been reported previously (1). On these substrates, UvrD-dependent RNAP remodelling was
substantially reduced in the absence of the CHiBufes 5A and5B, compare lanes 2-5 with

lanes 6-9). However, it was still possible to observe backtracking of RNAP on linear DNA
templates using this mutant, especially when bound to streptavidin coated magnetic beads
(Supplementary Figure 5. The deletion of the CTI3 particularly effective at decreasing the
premature release of RNA into solution that is observed on linear tempiafese(5A and

Supplementary Figure § see asterisks). Mutation of the highly conserved lysine in the CTD



(K708A) also reduced the remodeling of RNAP-RNA complexes relative to wild type, albeit not

to the same extent as does the complete removal of the E3ldés 5A and 5B.

Together, these experiments indicate that the CTD is important but not essential for catalysing
backtracking and RNA release from RNAP during transcrigtiontro. To eliminate the

possibility that the mutant proteins were simply unfolded, or that the observed remodeling

defects reflected a reduced ability of the mutant proteins to move along DNA we assayed for
ATPase and DNA translocase activity. These experiments showed that UvrD proteins in which
the CTD had been either mutated or deleted retained ssDNA-dependent ATPase and translocase
activities that were either comparable to, or even better than, wild type acliaitle (2 and

Figure 5C). This is broadly consistent with previous experiments on a UvrD protein with a 40

amino acid C-terminal deletion which displayed wild type ATPase and helicase activity (68).



DISCUSSION

Superfamily | helicases are highly abundant and often multi-functional enzymes playing diverse
roles in bacterial nucleic acid metabolism. Interestingly, several recent studies have shown that
these enzynssfunction at the interface of DNA replication, transcription and repair. In rapidly
dividing bacterial cells the replication and transcription of DNA occur on the same template at
the same time. Conflicts between the two systems are inevitable and can lead to genomic
instability, and so cells have developed systems that either reduce their occurrence oeminimis
their impact (reviewed in (69)). For example, some Superfamily | helicases have been shown to
help the replisome bypass physical barriers including transcription complexes in various model
organisms. However, the mechanisms by which they do so are only recently becoming apparent
and may vary widely. liE. coli, the SF1 helicases Rep, UvrD and DinG have all been shown to
resolve replication:transcription conflicts (26,27,70). Rep functions as a component of the
replisome itself, by associating with the replicative helicase DnaB, and loss of this interaction
results in transcription:replication conflicts (26,71). In distinct contrast, UvrD interacts directly
with RNA polymerase (1), and an equivalent interaction has also been demonstrated in the
orthologous PcrA enzyme (14,21,72). However, recent woBaaillus subtilisshows that

deletion of the PcrA CTD does not affect its essential role in resolving replication:transcription
conflicts, whereas elimination of its ATPase/helicase activity does (27). Although perhaps
surprising, this result is consistent with the long standing observation that Rep and UvrD share
an essential function i. coli(73,74), despite the fact that Rep does not interact with RNA
polymerase. Nevertheless, the extremely high conservation of the PcrA/UvrD CTD region would

suggest either that there is some unappreciated complexity in observing a phenotype associated



with its deletion and/or that it has a different role that is also (presumably) related to
transcription. Indeed, recent experiments have sugdidsit UvrD can backtrack RNA

polymerasen vitro andin vivo (1,2). We have shown here that this backtracking function is
perturbed, albeit not entirely eliminated, by deletion or mutation of the CTD. Therefore, this
work potentialy identifies separation of function mutants that can be used to study the
backtracking role of PcrA/UvrD specifically (25). In this respect, it is interesting and important

to note that the loss of the PcrA/UvrD CTD has no apparent effect on nucleotide excision repair,
mismatch repair or the resolution of transcription:replication confhicts/o (see

Supplementary Figure 6and accompanying legend.5,27,68,75). This implies that efficient

RNAP remodelling is not important for any of these processes, at least in certain circumstances.
A key challenge for future experiments will be to rationalise how the extreme multi-functionality
displayed by helicases like PcrA/UvrD relates to the spectrum of protein:protein interactions that

they can form, and how these different aspects of their function are regulated.

We have further defined the minimal RNAP polymerase interaction domain in the C-terminal
region usingG. stearothermophiluBcrA as a model system. We have shown for the first time
that this adopts a Tudor fold in common with several other bacterial proteins involved in
modulating transcription. Removal of the CTD of PcrA causes either no reducaoncolest
reduction in ATPase, helicase and translocase activitigro (14,32). A similar analysis of

UvrD showed no change in translocase activity and either no change or a moderate increase in
ATPase (this work and (15,68,75)) Moreover, our biochemical analysis shows that the isolated
CTD of PcrA does not bind to either single- or double-stranded DNA (Supplementary Figure 3).

Therefore, despite the location of this domain in the vicinity of the displaced strand during DNA



unwinding,it does not seem to be involved in directly stimulating helicase activity, and may
even have an attenuating effect on the ATPase. Simple point mutations in the CTD of PcrA
greatly reduce RNAP binding but have no significant effect on the ssDNA-dependent ATPase
activity. These mutations map to alimeonserved surface on the CTD of PcrA/UvrD

orthologues. It is noteworthy that the same region of the Tudor fold is frequently observed to be
the interaction interface for many other Tudor domains that are quite diverse at the level of
primary structure. Given that Tudor domains are well-characterised as readers of methylated
lysines in eukaryotic chromatin, a highly speculative possibility is that PcrA/UvrD might interact
with RNAP following post-translational modifications of lysines or arginines. These are

abundant in bacterial proteins including RNAP but their function is usually unclear (76,77).

We do not know precisely where the CTD of PcrA/UvrD engages RNA polymenasehybrid
data and far western blots have suggested that the PcrA CTD contacts the N-terminal region (aa
1- R 1 WsHhdnit (29). Given that related Tudor domains in Mfd and CarD/CdnL family
proteins make contact with thé& region (which is found within aa 1-400), an intriguing
possibility is that PcrA/UvrD and Mfd compete for the same interaction patch on RNAP.
However, we do not currently favour this possibility because we do not observe a dominant
negative effect of the CTD upon Mfd functiomvitro (data not shown). It is also quite possible
that the C-terminal Tudor domain is not the only determinant of the RNAP interaction, and
feasible that the details of the interaction differ between the UvrD and PcrA proteins studied
here. Such factors would complicate the interpretation of any phenotypic analysis, and might
also explain why the PcrA/UvrD mutants used in this study retain a limited ability to bind or

backtrack RNA polymerase. Indeed, far western blots have suggested that an additional region in



the N-terminus of PcrA is important for an interaction withK ddubunit of RNAP irBacillus

subtilis (29). Moreover, crosslinking experiments withcoli UvrD and RNAP also suggest an
interface involving the N-terminal helicase region (1). Further support for a more extensive
interface is provided by analogy with RapA. A structure of RapA bound to RNAP shows that,
althoughits Tudor domains are important for the inter-protein interactions as expected, the entire
RapA protein including the core helicase regions also plays a role in the interactions (59). A final
complexity is that the interaction could be modulated by a regulatory signal. For example, the
ability of UvrD to backtrack RNAP has recently been shown to be enhanced by the presence of
the small molecule alarmone ppGpp: this effect is likely due in part to changes in the properties
of RNAP, but may also reflect an altered interaction between UvrD and RNAP (2). These

guestions will be the subject of further study.
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Table 1. X-ray data collection and refinement statistics for PcrA-Gt

Hg Native
Data collection statistics
Wavelength (A) 1.54 1.54
Space group P321 P321
Cell dimensions (a, b, c) (A) 50.4,50.4, 40.4 50.5, 50.5, 40.2
Resolution (A) 50-1.7 (1.8-1.7) 504.5 (1.6#.5)
Observed/unique reflections 41952/6980 92776/9252
Data redundancy 6.0 (3.0) 10.0 (5.1)
Completeness (%) 99.3 (98.7) 99.9 (98.9)
Rsym (%) 7.5 (15.8) 3.4 (18.5)
| 1) 33.6 (8.1) 61.6 (7.7)
Refinement statistics
Resolution range (A) 30.6
Reflections (work/test) 9167/43
Ruork/Riree (%) 19.5/22.
Number of atoms (protein/water) 407/65
Average B-factor (protein/solvent) {A 15.2/25.
RMSD in bond length (A)/bond angle 0.007/1.

*Values in parentheses refer to the highest resolution shell.



Table 2. ssDNA-dependent ATPase activity of PcrA and UvrD

Protein ATPase (§)?
Wild type PcrA 12.1+0.8
PcrA K712A 15.8+0.7
PcrA L714A 189+1.8
Wild type UvrD 81.1+ 3.0
8YU'G& 194.9+ 7.5
UvrD K708A 82.8:19.8

a. ATP hydrolysis was measured using a coupled assay as described in the Materials and
Methods under conditions of saturating ATP and ssDNA. The values reported are the mean

turnover number and the standard error of the mean for three independent experiments.
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Figure Legends

Figure 1. The crystal structure of an RNAP interaction domain in PcrA helicase

(A) Crystal structure of the Tudor-like CTD of PcrA. The co-ordinates have been deposited at

the PDB under PDB ID code: 5DMA. The structure is coloured according to residue

conservation with the least conserved residues in cyan, through white, to most conserved

residues in magenta. The protein is shown in ribbons format with side chains only shown for the

amino acids which were selected for site-directed mutagenesis studies. (B) A second view of the

structure, facing the putative RNAP binding surface. (C) Affinity pulldown assays using the his-

tagged proteins indicated as bait &atillus subtiliscell extract as prey. The upper panel shows

an SDS-PAGE gel analysis of the cell extract following pulldown using baited magnetic beads.

7KH EDLW SURWHLQ LV LQGLFDWHG DW WKH WRS RI WKH JHO
subunits of RNAP. The lower panel shows western blot analysis of the same gel using a

monoclonalDQWLERG\ DJDLQVW WKH V X Badidn\e ERmo&kiphll RO \PHUDV

the pulldown with ParB (a centromere binding protein that is not known to interact with RNAP)

is included as a second negative control for non-specific pulldown of RNAP. (D) Weblogo

format multiple sequence alignment of the CTD of ~250 PcrA/UvrD homologues. The residues

that were mutated in this study are highlighted using their residue numbers frGm the

stearothermophilu®crA protein.

Figure 2. Comparison of Tudordik e domains and their interactions with partner proteins
(A) Structure of the CTD of PcrA (PDB: 5DMA; this work). (B) Superimposition of the RNAP

interaction domain oE. coli Mfd (cyan) (PDB: 2EYQ; (57)) with a complex between the Mfd



RID(EOXH D QdemalrKddARNAP polymerase (brown) (PDB: 3MLQ; (60)). (C) The

complexof CdUJ' UHG ERXQG WWubulit kkown]l(®BB: 4KBM; (58)). (D) Complex
EHWZHHQ WKH VHFRQG 7XGRU G R Pdubuit BIREAPSBlueRUDQJH DQG
(PDB:4S20; (59)). (E) Complex between the Tudor-like domain of NusG (green) and ribosomal
protein s10 (yellow) (PDB:2KVQ; (63)). (F) The PHF1 protein (turquoise) in complex with a

peptide (white) shown in stick format and containing a trimethylated lysine residue (red)

(PDB:4HCZ; (64)).

Figure 3. Mutation of the PcrA CTD reduces binding to RNA polymerase.

(A) Affinity pulldown assays using the biotinylated proteins as baitBawuillus subtiliscell

extract as prey. The upper panel shows an SDS-PAGE gel analysis of the cell extract following
SXOOGRZQ XVLQJ EDLWHG PDIJQHWLF EHDGV 7ikstbubitsURZ VLJC
of RNAP. The lower panel shows analysis of the same gel using a monoclonal antibody against

the Esubunit of RNA polymerase. Note that the K712A and L714A mutations were made in the
context of full length (FL) PcrA. (B) Quantification of the pulldown experiments using mass
VSHFWURPHWU\ XVLQJ WKH EDLW SURWHLQV LQGLFDWHG DQC
Relative lon Score value shown is the total ion score for the prey divided by the equivalent value

in the control: a measure of relative abundance of the prey. The enrichment of PcrA in the

pulldown samples reflects the presence of the bait protein and acts as an internal control.

Selected results are shown for the subunits of RNA polymerase and for several other proteins

that are discussed in the text. Further and more detailed results are shown in Supplementary

Table 1.



Figure 4. UvrD remodels RNAP transcripts on circular and linear INA templates

(A) Schematic of the linear and circular DNA templates used for transcription reactions in this
work. (B) Remodelling assay for both circular and linear DNA templates as indicated. Reactions
were performed either with or without 1 uM UvrD as described in the methods. Biotinylation

tags in the template DNA molecules allow the pulldown of the template into a pellet fraction (P)
leaving a supernatant fraction (S) which only contains transcripts released into solution. The stall
lanes show the stalled transcript product at +20 without the addition of chase nucleotides. All
other lanes show transcripts formed following re-initiation of transcription from +20 with a
nucleotide chase. Asterisks highlight the position of the principal transcripts that are released into

solution by the action of UvrD

Figure 5. Mutation or removal of the CTD reduces UvrD-dependent remodelling of RNAP
transcripts, but not DNA translocase activity.

(A) Transcript remodelling assay on linear template DNA. An example gel is shown which has
been uniformly contrast enhanced. Lane 1 shows the transcripts arising from the activity of
RNAP on a linear DNA construct containing a T7/A1 promoter (Figure 4A) in the absence of
UvrD. The major product is the result of transcription to the end of the template that results in a
60mer which is indicated on the gel. Lanes 2-5 show the effects of adding increasing
concentrations of wild type UvrD (0.05, 0.1, 0.5, 1 uM), resulting in many shorter transcripts in
an area of interest marked by the black bar. The bands that are marked with an asterisk are those
which are released into free solution by the action of UvrD (see Figure 4 for details). (B)
Quantification of the data shown in panel A for the region of interest shown by the black bar.

The data were normalized as described in the methods to provide a measure of the RNAP



transcript remodelling activity of the mutant UvrD proteins relative to wild type. The error bars
represent the standard error of the mean for six or four independent experiments for wild type or
mutant UvrD constructs respectively. (C) The DNA translocase activity of wild type and mutant
UvrD proteins was measured with a triplex displacement assay as described in the methods. The
error bars represent the standard deviation about the mean for four or three independent

experiments for wild type or mutant UvrD constructs respectively.
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SUPPLEMENTARY METHODS

Electrophoretic Mobility Shift Assays

The DNA-binding activity of purified PcrA-sCt was analysed by TBE-PAGE gel shift. Serial
dilutions of PcrA-sCt, to the indicated concentrations, were incubated with 20 nM radiolabelled
substrate (147 base ssDNA oligonucleotide or 147 base pair dsDNA as indicated) in a buffer
containing 50 nM HEPES-KOH pH 7.5, 100 mM KCI, 2.5 mM Mg@L1 mg/mL BSA, 1 mM

DTT and 2.5 % (v/v) Ficoll in a 20 pl reaction volume. Samples were incubated at room
temperature for 30 mins followed by 5 mins on ice. 10 ul of each were loaded onto a 6%
acrylamide/bis-acrylamide (29:1) gel in 90 mM Tris, 150 mM Boric acid (final pH 7.5), 1 mM
EDTA. Gels were pre-run at 150 V, 4°C for 30 mins in a buffer identical to their composition,
and run post-loading at 150 V, 4°C for 1 hr. For imaging, gels were dried under vacuum and
exposed to a phosphor screen, which was subsequently scanned by a Phosphor-Imager (Typhoon
FLA 9500, GE Healthcare Life Sciences). ParB protein was used as a positive control for DNA

binding.

Circular dichroism spectroscopy

CD spectroscopy was used to assess the folding of wild type and mutant PcrA CTDs. CD spectra
were collected at 2C using a 0.1 cm quartz cuvette in a JASCO J-810 spectropolarimeter.
Samples were prepared by dialysing untagged proteins into phosphate buffered saline (PBS, 8.2
mM disodium hydrogen phosphate, 1.8 mM potassium dihydrogen phosphate, 137 mM sodium
chloride and 2.7 mM potassium chloride (pH 7.4)) at the concentrations indicated. Data was

acquired across a 190-260 nm absorbance scan using a band width of 1.00 nm, time constant of 1



s, scan rate of 100 nm/min, and accumulation of 64 scans, and then normalised to molar
ellipticity (MRE (deg.cri.dmol™)) by calculation of the concentration of peptide bonds and the

cell path length. A buffer only baseline was subtracted from all datasets.

Mass spectrometry sample preparation

Each gel lane was cut into slices and each slice subjected to in-gel tryptic digestion using a
ProGest automated digestion unit (Digilab UK). The resulting peptides were fractionated using
Dionex Ultimate 3000 nanoHPLC system in line with an LTQ-Orbitrap Velos mass spectrometer
(Thermo Scientific). In brief, peptides in 1% (vol/vol) formic acid were injected onto an

Acclaim PepMap C18 nano-trap column (Dionex). After washing with 0.5% (vol/vol)
DFHWRQLWULOH YRO YRO IRUPLF DFLG SHSWLGHV ZHUH
PepMap C18 reverse phase analytical column (Dionex) over a 150 min organic gradient, using 7
gradient segments (1-6% solvent B over 1minute, 6-15% B oveiiriles, 15-32% B over 58
minutes, 32-40% B over 3minutes, 40-90% B over 1minutes, held at 90% Briougs and

then reduced to 1%B ovemiinute.) with a flow rate of 300 nl min Solvent A was 0.1%

formic acid and Solvent B was aqueous 80% acetonitrile in 0.1% formic acid. Peptides were
ionized by nano-electrospray ionization at 2.1 kV using a stainless steel emitter with an internal
GLDPHWHU RI P 7 KH U PaRill&rF temi2iatlrélofF25@ Q Garldem mass

spectra were acquired using an LTQ- Orbitrap Velos mass spectrometer controlled by Xcalibur
2.1 software (Thermo Scientific) and operated in data-dependent acquisition mode. The Orbitrap
was set to analyze the survey scans at 60,000 resolution (at m/z 400) in the mass range m/z 300
to 2000 and the top twenty multiply charged ions in each duty cycle selected for MS/MS in the

LTQ linear ion trap. Charge state filtering, where unassigned precursor ions were not selected



for fragmentation, and dynamic exclusion (repeat count, 1; repeat duration, 30s; exclusion list
size, 500) were used. Fragmentation conditions in the LTQ were as follows: normalized

collision energy, 40%; activation ¢, 0.25; activation time 10ms; and minimum ion selection
intensity, 500 counts. The raw data files were processed and quantified using Proteome
Discoverer software v1.2 (Thermo Scientific) and searched against the UBigtbtilis

database using the SEQUEST (Ver. 28 Rev. 13) algorithm. Peptide precursor mass tolerance
was set at 10 ppm, and MS/MS tolerance was set at 0.8 Da. Search criteria included
carbamidomethylation of cysteine (+57.0214) as a fixed modification and oxidation of

methionine (+15.9949) as a variable modification. Searches were performed with full tryptic
digestion and a maximum of 1 missed cleavage was allowed. The reverse database search option
was enabled and all peptide data was filtered to satisfy false discovery rate (FDR) of 5%. The
Proteome Discoverer softwidH JHQHUDWHY D UHYHUVH 3SGHFR\" GDWDEDYV
database and any peptides passing the initial filtering parameters that were derived from this
decoy database are defined as false positive identifications. The minimum cross-correlation

factor (Xcorr) filter was readjusted for each individual charge state separately to optimally meet

the predetermined target FDR of 5% based on the number of random false positive matches from

the reverse decoy database. Thus each data set has its own passing parameters.

Phenotypic analysis of UvrDIC (UvrD %)

Sensitivity to UV light was assayed as described (1). The frequency of rifampicin resistant
colonies was monitored by inoculating 10 ml of LB with 0.1 ml of an overnight LB culture of the
relevant strain and growing with shaking at 37°C to an A650 of 0.4. 10-fold serial dilutions of

the culture were made using 56/2 salts and 5 ul of each deletion spotted onto LB plates to



estimate total numbers of colony-forming units/ml after growth overnight at 37°C. Estimation of

the numbers of rifampicin resistant colonies was made by plating 100 ul of the mid-log phase
FXOWXUH RQWR /% FRQWDLQLQJ J PO ULIDPSLFLQ $GGLWL
were pelleted by centrifugation and each pellet resuspended in 100 pl of 56/2 salts prior to
SODWLQJ RXW RQWR /% FRQWDLQLQJ J PO ULIDPSLFLQ 1XI
were estimated after overnight growth at 37°C. The fraction of rifampicin resistant colonies was
calculated by dividing the number of rifampicin resistant colonies by the total number of

colonies after correcting for dilution factors. Viabilitywfrd'rep cells was monitored usirgy

plasmid loss assay as described previo(&lyThe strains used were: (i) JAO31 (pAMAQEC

rep )/ GODF,=<% 0UERY; (i) JAO33 (pAM403(lac’ rep’ )/ ODF,=<$ GXYU' GKIU

0 U +t8); (iii) VEO16 (pAM403(lac” uvrD')/ GO DF,=<$*CYNID Q! G:thBl S



SUPPLEMENTARY FIGURE LEGENDS

Supplementary Table 1- Mass spectrometry analysis of pulldown experiments using PcrA,
3FUS$ &7' 3FUS$ Res7* and PcrA“"*** as baits.

Total ion scores are used as a measure of abundance when comparing the same prey protein
between datasets. The relative ion score (RIS), which is a measure of relative abundance versus
the 3Q R EdDritrdl éxperiment, is shown for each PcrA bait construct. The RIS celumn

include a red histogram to highlight the high relative abundance scores. Note that, to aid
visualisation of the data, an arbitrary high score of 100 has been used in place of a value of
infinity in cases where the prey was not detected in the control. Prey proteins that are discussed
in the text are highlighted in yellow. The PcrA detection row (which acts as an internal control
because it is detecting the bait protein) is highlighted in green. The table shown here contains
data in which the wild type RIS value is >2 and the wild type ion score is >10 in order of
descending wild type total ion score. The complete raw datasets for these experiments, including
values for the whole proteome and a more detailed account of all the mass spectrometry

parameters, are available from the corresponding author upon request.

SFigure 1. Structure of the PcrA/UvrD helicase

(A) Crystal structure of PcrA helicase (3PJR; (3)) colour coded by subdomains according to the
key. Note that the CTD (purple) is not observed as it is disordered. (B) Primary structure diagram
of PcrA indicating the domain organisation. Numbers indicate the positions of domain
boundaries. (C) Sequence alignmenEotoli UvrD, B. subtilisPcrA andG. stearothermophilus

PcrA. The alignment is colour-coded according to conservation with darker blue segments more



conserved. Note the high conservation of the final ~50 amino acids that fold into a Tudor-like

RNAP interaction domain.

SFigure 2. Purification and RNAP binding ability of the PcrA-sCt protein.

(A) Schematic showing the primary structure of wild type PcrA, his-tagged PcrA-Ct and his-
tagged PcrA-sCt proteins. The sequence of the tag is shown and the site of cleavage by HRV 3C
protease is marked with an asterisk. (B) SDS-PAGE gel showing purified PcrA-sCt protein with
the his-tag either intact or cleaved as indicated. (C) Dose-dependent pulldown of RNAR from
subtilislysate by the his-tagged PcrA-sCt protein is comparable to that by the his-tagged PcrA-Ct
protein, which is equivalent to the construct used in our previous studies (4). The position of the

D Q Gubunits of RNAP is indicated with an arrow.

SFigure 3. Purified PcrA-sCt protein does not bind DNA.

Electrophoretic mobility shift assays were performed as described in the methodB.using
subtilisParB protein as a positive control. No DNA binding activity was detected for either
single- or double-stranded DNA substrates under these conditions at concentrations up to 5 uM

PcrA-sCt.

SFigure 4. The CD spectra for wild type and mutant PcrA sCt domains are similar.
Top panel: CD spectra for the proteins indicated were obtained at 0.25 mg/ml as described in the
Materials and Methods. The K712A mutant was not available at this concentration. Lower panel:

CD spectra for the proteins indicated were obtained at 0.16 mg/ml. All of the spectra are



characteristcof VKHHW DV H[SHFWHG EDVHG RQ WKH FU\VWDO VWU

proteins are globally folded.

SFigure 5. The UvrD-dependent short RNA transcripts that remain associated with the

template DNA are backtracked.

5HPRGHOOLQJ DVvVvD\V ZHUH SHUIRUPHG ZLWK HLWKHU ZLOG \
test for backtracking, as described in the main methods section. Lane 1 shows the stalled

transcript product (+20) without addition of the chase nucleotides, whereas lanes 2, 3 and 4 show

the transcripts formed following re-initiation of transcription using the chase and pulldown with
streptavidin beads. Lane 2 shows the total transcript population (T), Lane 3 shows the free RNA
transcripts released into the supernatant (S) and lane 4 shows the transcripts that remain

associated with RNAP and the DNA template in the pellet (P). Lane 5 shows the effect of

treating the pellet fraction with GreB which cleaves any transcripts that are in a backtracked

RNAP complex. Lane 6 shows the effect of"arfucleotide chase which will restart transcription

following transcript cleavage by GreB. Lane 7 is a control to show the effect d¥'ttiea®e step

but without addition of the GreB factor. Lanes 8-19 show equivalent experiments performed in

WKH SUHVHQFH RI ZLOG W\SH 8YU' RU 8YU'l& $VWHULVNYV KL.
transcripts that are released into solution by the action of UvrD. Note that these correspond with

the position of prominent cleavage products formed by the action of GreB.

SFigure 6. Deletion of the C-terminal domain of UvrD does not impact on nucleotide

excision repair, mismatch repair or the ability of cells to survive in the absence of Rep.



$ uvrD cells display increased sensitivity to 254 nm UV light as comparedmifd’ cells
due to a defect in nucleotide excision repair (5) (compare also i with ii). In contrast, a
chromosomal allele encoding UvrD lacking the C-terminal 73 amino asid3; ®*’, does not
confer increased sensitivity to UV (compare iii with i). This supports the conclusion that UvrD
lacking the C-terminus can function in nucleotide excision repair (6) at least up to the highest
UV dose tested herevrD*, uvrD*®* D Q GvrD strains are TB28 (MG1658 ODF,=<$
uvrD)(7), N6632 (MG16550 OD F,=<$ 0 X X2) and&E1M(MG165510DF,=<$ XY U'
®47..<kan>). (B) Increased spontaneous acquisition of resistance to rifampicin is conferred by a
defect in mismatch repair ability, evinced by the elevated frequency of rifampicin resistant
FRORQLHV IR\DRHGasEDNipared withvrD* (8) (compare also i with ii). The

D' cells is similar to that afivrD* (compare iii with

frequency of rifampicin resistance urr
i), indicating that loss of the UvrD C-terminus does not result in a defect in mismatch repair. The
strains used are identical to those in A abov&. uiirD (rep cells are inviable on rich medium
since either Rep or UvrD is needed to act as an accessory replicative helicase to aid fork
movement along protein-bound DNA (2,9). Viability can be monitored using a very low copy
and highly unstable plasmid, pRC7, that encodetatheperon and eitharvrD or rep (2).

Reention or loss of pRG@p can be monitored in strains bearing a chromosomal deletion of the
lac operon by blue/white screening on LB plates containing X-gal and IPTG (2,7). The

instability of pRC7 results in a very high rate of plasmid loss in the absence of antibiotic
selection for the plasmid but only if the plasmid-less genotype of the strain confers viability, as
for uvrD® (rep cells (2) (see also i). ConsequentlvrD (rep cells cannot lose pR@&p

D1-647

(compare ii with i). In contrastivr trep cells can form white plasmidless colonies (iii),



indicating that UvrD lacking the C-terminal domain can compensate for the absence of Rep and

confer viability. The strains used are shown in the methods.
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Accession Description WT Score WT RIS TD Score TD RIS deltaC Score deltaC RIS K712A Score K712A RIS L714A Score
DNA-directed RNA pol! subunit beta' O: illus subtilis (strain

P37871 168) GN=poC PE=1 SV=4 - [RPOC_BACSU] 305.75 3518.07 11.51 4555.28 14.90 703.91 2.30 1081.84 3.54 839.20 274
DNA-directed RNA poly subunit beta O illus subtilis (strain

P37870 168) GN=rpoB PE=1 SV=2 - [RPOB_BACSU] 180.09 2938.50 16.32 3329.66 18.49 537.17 298 798.47 4.43 715.37 3.97
ATP-dependent DNA helicase PcrA OS=Bacillus subtilis (strain 168)

-GN=pcrA PE=1SV=1 - [PCRA_BACSU] 39.83 1361.33 34.18 155.88 391 1039.72 26.11 1383.22 34.73 1411.15 35.43
DNA-directed RNA polymerase subunit alpha OS=Bacillus subtilis (strain

P20429 168) GN=1poA PE=1 SV=1 - [RPOA_BACSU] 93.01 569.90 6.13 1170.25 12.58 217.57 234 244.99 2.63 243.58 262
Helicase IV OS=Bacillus subtilis (strain 168) GN=helD PE=1 SV=1 -

032215 [HELD_BACSU] 3.40 331.03 97.47 315.60 92.93 0.00 0.00 32.44 955 10.50 3.09

034996 DNA polymerase | OS=Bacillus subtilis (strain 168) GN=polA PE=3 SV=1 - 336 32552 96.92 50.34 14.99 234.81 69.91 162.82 48.48 233.80 69.61
[DPO1_BACSU]
DNA gyrase subunit A OS=Bacillus subtilis (strain 168) GN=gyrA PE=1

P05653 Sv=1- [GYRA_BACSU] 52.41 325.34 6.21 53.50 1.02 301.23 5h/5) 218.37 417 301.72 5.76
Chaperone protein DnaK OS=Bacillus subtilis (strain 168) GN=dnaK PE=1

P17820 SV=3 - [DNAK_BACSU] 133.04 274.88 2.07 102.79 0.77 226.32 170 118.31 0.89 157.68 119
Putative sporulation transcription regulator WhiA OS=Bacillus subtilis

006975 (strain 168) GN=whiA PE=3 SV=1 - WHIA_BACSU] 109.29 225.02 2.06 184.84 1.69 154.66 1.42 252.83 231 240.40 220
Uncharacterized protein YydD OS=Bacillus subtilis (strain 168) GN=yydD

Q45598 PE=4 SV=1 - [YYDD_BACSU] 50.59 185.91 3.67 159.06 3.14 156.12 3.09 294.60 5.82 305.46 6.04

P39138 O e O e L 74.85 181.57 243 85.68 114 176.12 235 77.42 103 113.11 151
[ARGI_BACSU]

032210 Glyoxal reductase OS=Bacillus sublls (strain 168) GN=yvgN PE=1 SV=1 - 67.29 171.84 255 56.62 084 133.36 198 40.90 061 83.72 124
[GR_BACSU]
Unct i HTH-type 1al regulator YraN OS=Bacillus

007906 subtilis (strain 168) GN=yraN PE=3 SV=1 - [YRAN_BACSU] 45.63 171.39 3.76 120.55 264 111.68 245 152.02 333 181.29 3.97
Pur operon repressor OS=Bacillus subtilis (strain 168) GN=purR PE=1

P37551 SV=1 - [PURR_BACSU] 5.52 157.76 28.57 73.85 13.38 85.52 15.49 139.19 25.21 147.60 26.73
Succinyl-CoA ligase [ADP-forming] subunit alpha OS=Bacillus subtilis

P80865 (strain 168) GN=sucD PE=1 SV=3 - [SUCD_BACSU] 66.73 142.32 213 64.29 0.96 157.77 2.36 72.17 1.08 95.64 1.43

031498 DNA ligase OS=Bacillus sublils (strain 168) GN=ligh PE=3 SV=1 - 533 135.61 25.47 1564 294 89.04 16.72 110.99 20.84 133.16 25.01
[DNLJ_BACSU]
RNA polymerase sigma-F factor OS=Bacillus subtilis (strain 168) GN=sigF

P07860 PE=1 SV=1 - [RPSF_BACSU] 3.26 117.89 36.17 108.44 33.27 43.09 13.22 41.74 12.80 75.05 23.02
Chemotaxis protein CheA OS=Bacillus subtilis (strain 168) GN=cheA PE=1

P29072 SV=2 - [CHEA_BACSU] 43.20 108.02 2.50 77.80 1.80 75.01 174 49.29 1.14 53.91 1.25
Putative phytoene/squalene synthase YisP OS=Bacillus subtilis (strain 168)

006728 GN=yisP PE=1 SV=2 - [YISP_BACSU] 0.00 106.33 100.00 73.85 100.00 34.41 100.00 53.33 100.00 62.18 100.00
Putative peptide biosynthesis protein YydG OS=Bacillus subtilis (strain 168)

Q45595 GN=yydG PE=4 SV=1 - [YYDG_BACSU] 51.63 104.44 2.02 226.83 4.39 124.25 241 218.82 4.24 176.90 3.43
UVrABC system protein A OS=Bacillus subtilis (strain 168) GN=uvrA PE=3

034863 SV=1 - [UVRA_BACSU] 16.89 104.15 6.17 57.19 3.39 92.36 5.47 126.33 7.48 169.74 10.05
Uncharacterized metallophosphoesterase-like protein YydB OS=Bacillus

Q45600 subtilis (strain 168) GN=yydB PE=3 SV=1 - [YYDB_BACSU] 37.61 102.73 273 96.67 257 84.99 2.26 165.58 4.40 152.53 4.06
DNA-directed RNA polymerase subunit omega OS=Bacillus subtilis (strain

035011 168) GN=rpoZ PE=3 SV=1 - [RPOZ_BACSU] 7.41 98.01 13.23 115.19 15.55 15.66 211 34.00 4.59 18.44 2.49
RNA polymerase sigma factor SigX OS=Bacillus subtilis (strain 168)

P35165 GN=sigx PE=1 SV=2 - [SIGX_BACSU] 248 94.69 38.17 55.38 22.32 15.15 6.11 43.35 17.47 53.26 21.47

P94541 Ribonuclease HIll OS=Bacillus subtilis (strain 168) GN=rnhC PE=1 SV=2 - 43.94 93.02 212 122.49 279 73.91 168 18251 415 147.25 335
[RNH3_BACSU]
Endonuclease Ill OS=Bacillus subtilis (strain 168) GN=nth PE=3 SV=1 -

P39788 [END3_BACSU] 20.78 90.04 4.33 58.62 2.82 87.71 4.22 126.88 6.11 158.72 7.64
Type-2 restriction enzyme BsuMI component YdiS OS=Bacillus subtilis

034885 (strain 168) GN=ydiS PE=2 SV=1 - [YDIS_BACSU] 1.68 88.90 53.02 20.66 12.32 141.56 84.43 180.04 107.38 142.50 84.99
HTH-type transcriptional regulator lolR OS=Bacillus subtilis (strain 168)

P46337 GN=iolR PE=3 SV-=1 - [IOLR_BACSU] 0.00 88.06 100.00 20.39 100.00 84.25 100.00 113.77 100.00 126.47 100.00
Unct i { YrbE O subtilis (strain 168)

005389 GN=yrbE PE=3 SV=2 - [YRBE_BACSU] 10.88 87.09 8.00 66.16 6.08 153.52 14.11 91.21 8.38 132.50 12.18
Phospholipase YtpA OS=Bacillus subtilis (strain 168) GN=ytpA PE=1 SV=1

034705 - [PLBAC_BACSU] 33.06 85.59 2.59 129.29 391 66.44 201 137.50 4.16 105.78 3.20
DNA-directed RNA pol subunit delta O illus subtilis (strain

P12464 168) GN=rpoE PE=1 SV=1 - [RPOE_BACSU] 6.86 84.58 12.32 187.43 27.30 10.32 1.50 20.99 3.06 24.20 353
NH(3)-dependent NAD(+) synthetase OS=Bacillus subtilis (strain 168)

P08164 GN=nadE PE=1 SV=5 - [NADE_BACSU] 34.08 83.36 245 21.06 0.62 76.76 225 20.97 0.62 47.42 1.39
Uncharacterized protein Ykrk OS=Bacillus subtilis (strain 168) GN=ykrK

031656 PE=4 SV=1 - [YKRK_BACSU] 17.63 79.52 451 44.14 2.50 51.86 294 86.84 4.93 72.51 411
Polyribor ide nu i 1sferase O subtilis (strain 168)

P50849 GN=pnp PE=1 SV=3 - [PNP_BACSU] 29.91 74.99 251 24.83 0.83 73.13 245 13.87 0.46 20.06 0.67
Phosphoribosylformylglycinamidine synthase subunit PurL OS=Bacillus

P12042 subtilis (strain 168) GN=purL PE=1 SV=2 - [PURL_BACSU] 34.63 69.36 2.00 41.75 121 54.81 1.58 46.61 135 94.16 272
ATP-dependent heli iclease subunit A O: illus subtilis (strain

P23478 168) GN=addA PE=1 SV=2 - [ADDA_BACSU] 0.00 69.21 100.00 39.06 100.00 34.72 100.00 48.97 100.00 74.53 100.00
RNA polymerase sigma-H factor OS=Bacillus subtilis (strain 168) GN=sigH

P17869 PE=1 SV=1 - [RPSH_BACSU] 11.33 69.15 6.10 65.06 5.74 9.66 0.85 21.48 1.90 22.78 2,01

034857 Eeegfséng]os:B“'"”S sublils (strain 168) GN=rok PE=1 SV=1 - 0.00 68.58 100.00 38.63 100.00 53.68 100.00 91.97 100.00 77.07 100.00




Uncharacterized ATP-dependent helicase YwgA OS=Bacillus subtilis

P94503 o G A P S T e 0.00 68.42 100.00 50.74 100.00 1838 100.00 36.35 100.00 55.32 100.00
034949 g‘:‘gﬂ;’lﬁ‘:ﬁi‘é;Tg&zssgﬁfé:g'is"c:'l’??;'L%‘;j;%s?ﬁz%d"”S 13.92 67.52 485 37.16 267 115.70 8.31 109.26 7.85 122.50 8.80
034942 “ém'r:igeg‘ée:’; 2\’;‘:\1"_9[';;?;?;\%23]: Bl il (G 453) 1559 65.11 4.18 18.82 121 8.38 0.54 53.28 3.42 91.14 5.85
034384 ggiga;avci‘i”zﬁjcpé’é‘f&gei OS=Bacillus subtils (strain 168) GN=yceE 25.15 57.11 227 42.00 167 47.47 1.89 24.93 0.99 28.89 115
P54391 EEZ'}a;‘i,CLi'i_Zﬁ’p’.’L"_'SLTCYS"LF] @IS S 15 (S 1) =TT 18.13 56.61 3.12 111.48 6.5 34.82 192 49.89 275 2421 2.44
P06574 Eg:lpg\'f;_’?;‘;;E’_";;BC';S;‘” 0S=Bacillus subtilis (strain 168) GN=sigB 7.13 55.80 7.82 82.96 11.63 35.84 5.02 43.76 6.14 45.46 6.37
P29141 rl'_:":lr Pyl [SUBS':’;?;‘J’;" @ Al Sl i 263) Eh=T 1.89 54.08 28.67 2177 11.54 58.83 31.18 123.06 65.23 9217 48.85
P54616 (Esr“r";:'n[fgé')?,:‘”;;&"sgg ’g\”/':;'as[s /{';CETC?S]' 0S=Bacillus subtiis 23.49 53.75 2.29 26,57 113 63.25 2.69 21.22 0.90 40.63 173
P17922 2'&?3’*:'?'1’:’:;2’\“22"9?;ig;‘_aﬁ‘ggm OEEEEIS SHlATS (6t 163) 16.28 49.85 3.06 14.87 091 105.73 6.50 12.43 0.76 9.37 058
P94461 ZUZ‘;,STE:: E:‘é‘iigs'\‘t;]oszBaCi"us subtilis (strain 168) GN=priA PE=3 0.00 49.85 100.00 3.58 100.00 26.33 100.00 25.73 100.00 57.50 100.00
005521 ?g:)"g"ji’r‘:l"gé’:{‘?yfﬁ‘f'}gé;’i’gf\iﬁ’;&ex CE=EEElS TS (e 8.57 49.24 5.74 12.80 1.49 50.05 5.84 59.25 6.91 57.28 6.68
034526 gbgilnfi’s'sﬁf;fgssifszBad"“s subtilis (strain 168) GN=ala$ PE=3 21.39 49.16 2.30 11.17 0.52 99.48 4.65 22.60 1.06 34.41 161
Q04778 HTHtype gzzgcg\'ﬁi"a; ;ﬁgﬂiﬁ;@gsloszsaci"”s Suils (eitetm 45 0.00 47.16 100.00 9.92 100.00 36.67 100.00 14.55 100.00 12.76 100.00
034303 gf;nﬂ’gg’gﬂ“’;};’zg&if;%’f'lc"[?g‘;:‘i’; :Cc'jslt)]("s:Ba°i"“s subiils 0.00 46.79 100.00 20.22 100.00 2272 100.00 10427 100.00 92.33 100.00
034921 ggzgagcfl'i_zﬁjT’gf_'szg;ﬂ]OSzBaCi"“S sublils (strain 168) GN=ytol 9.40 45.20 481 17.61 187 45.88 4.88 90.35 9.61 118.09 1256
P94463 r;:;°sn\y/'='2':"\‘[’:&°;’_"gfggﬂ]""ase ©OS=Bacillus sublils (strain 168) GN=fmt 15.82 45,07 285 8.46 053 37.36 236 9.46 0.60 218 014
031718 25:235[:3(&‘2?3 :ééﬁ]‘)s:%c"'”s sublils (strain 168) GN=ykzG PE=3 0.00 44.63 100.00 56.89 100.00 7.89 100.00 7.64 100.00 10.03 100.00
P96714 g;iga;avci‘;"zﬁjv\’/’g’ée_'g :(":"gS]OSzBaCi"”S sublils (strain 168) GN=ywqB 8.88 4312 4.86 75.35 8.49 0.00 0.00 77.13 8.69 45.42 512
Q45498 25:26_3[\7(2%‘? AYCkéBU]O S=Bacillus sublilis (strain 168) GN=yktB PE=1 3.02 42.04 1391 29.80 9.86 50.06 1657 3554 1177 30.74 1315
P71021 2%":3;‘;@1?:?;2{2”19_"[g’l'\‘z’r_}g’:’c’;&szB“i"”S subtilis (strain 168) 12.05 41.86 3.47 55.10 457 56.24 467 37.87 3.14 40,92 3.40
035025 gf;i’g;;’gm}ggf;g;%’!'f_"ﬁg‘?;i’;?éﬁfﬁB“"'“S SLLHE 0.00 41.85 100.00 8.88 100.00 78.47 100.00 116.49 100.00 81.94 100.00
P55873 Z%if?’;;f_‘;glgfgu‘zo 0S=Bacillus subilis (strain 168) GN=rpIT PE=1 17.81 4159 2.34 83.35 4.68 124.51 6.99 118.06 6.63 118.99 6.68
006974 ;:;:1 e GF_'B :\?:Cgi:]c SIS (G 158) Gk FE=S 20.20 4118 2.04 51.36 2,54 36.83 1.82 51.30 2,54 56.75 281
032236 gmr‘gyﬁ; g;’ffg’\’/‘flr‘_a'[;';;e;i;\%gsﬁ 0OS=Bacillus subtilis (strain 168) 0.00 40.25 100.00 18.08 100.00 21.13 100.00 1332 100.00 30.78 100.00
P23477 g{riin e d(‘iB Py Sv'i:"z"i“[‘;gl;‘_;‘;\%';‘lijls © T ekl 0.00 39.24 100.00 6.26 100.00 35.65 100.00 18.81 100.00 37.11 100.00
P13792 g'gi";:cmzssplmﬁss?S?'a"i:‘hizg‘g&i:ﬂzg’gz;i%{'zg?’[’;ﬁ‘gg‘_:fgu] 14.25 38.91 273 2233 157 2032 1.43 26.30 1.85 33.34 2.34
P37524 e _'[N OC_B'ACSS’]‘@" C b il (it d6) SR Siee = 14.86 38.44 2,59 26.73 1.80 4124 277 15.41 1.04 30.22 2,03
P37940 i;’s’;°§;‘;E';’I:‘2:;“gf;°g\eliisf[g%’é‘2iigfg;l?]szBac"'”S subtilis (strain 13.00 37.36 287 32.41 2.49 90.69 6.98 62.09 478 74.58 5.74
P54476 ;{;’flal_"&i"gf_";;'g;ﬁ & EesEaellis el (i 1) G FE=S 1021 36.86 361 3177 311 34.92 3.42 52.58 5.15 46.66 457
P37599 g\'}iT"‘[ac"EE’i/’fg\”cgEe]V 0S=Bacillus subilis (strain 168) GN=cheV PE=1 10.54 36.19 343 018 0.87 44.32 420 36.86 350 20.50 194
P39601 LD (Stmi'n lngGH,:‘Z;:cC e S\,':'Z’_eg[’;‘\';‘(‘;ggz‘égfB“i"”5 13.40 35.00 261 4211 314 16.88 1.26 37.55 2.80 27.69 207
Transcriptional regulator and biotin acetyl-CoA-carboxylase synthetase
A3F320 (Fragment) OS=Bacillus subtilis (strain 168) GN=birA PE=4 SV=1 - 445 34.96 7.86 7.68 173 24.07 541 37.16 836 39.60 8.90
[A3F320_BACSU]
032264 “g”:"i’;ll’é‘;_zF;Eﬂ Bl T B ACSCU] Sublils (strain 168) 1652 3371 2.04 11.39 0.69 58.56 355 3112 188 23.70 1.44
P10726 sgfl”g\')’f‘;f?;i;igr_";:égﬁ;‘” OS=Bacillus sublils (strain 168) GN=sigh 0.00 32.02 100.00 9.73 100.00 6.68 100.00 441 100.00 3.98 100.00
P24139 gf?;sel‘ggeéﬁjjgsg ;ﬁz“;@i’ﬁiﬁ:ﬁgfgﬁ;ﬂc OS=Bacillus subiilis 11.69 32.80 281 43.39 an 10.39 0.89 1952 167 19.03 163
034635 Zﬁszg'a‘;'g;eéi‘g ot (S :Be_‘;f\'(‘:asitlc sublils (strain 168) 2.80 3222 1117 17.82 6.18 2177 7.55 2154 747 21.75 9.62
034484 g;‘:hli°sn\i;‘:1f"_"[1;;‘:gelg‘izaigSZU?SzBac"'“s sublils (strain 168) GN=mapB 13.42 3211 239 30.07 2.25 34.02 254 26.10 1.95 2633 1.96
P40762 Uncharacterized HTH-type transcriptional regulator YvmB OS=Bacillus 218 30.97 14.21 18.18 8.34 10.23 469 17.77 8.15 36.13 16.57

subtilis (strain 168) GN=yvmB PE=3 SV=1 - [YVMB_BACSU]




Pl (e} illus subtilis (strain 168) GN=pta

P39646 e 1364 3095 227 1754 1.29 10329 757 2188 1.60 1245 091
P39118 (13*ﬁf‘;’fgh;'gE:;ggjff?gﬁggi’é“;‘égﬁ 0S=Bacillus sublils (strain 168) 9.07 30.80 3.40 24.62 272 11.06 122 52.17 5.75 42.29 467
P39776 ;yE’:iigf/’:ff’?;zgagfafcg&&mc"'“s Sitlis (il 468) GrEaie 6.34 29.94 472 12.50 1.97 9.90 156 37.02 5.84 55.47 8.75
P39586 ggi';a;‘ffl'if[e\fv\’/’;’éii; :(‘ZNSbL‘J:] 0S=Bacillus subils (strain 168) GN=ywbC 7.80 29.90 3.83 53.85 6.90 9.20 118 13.22 160 12.60 161
P39845 ;:‘E":ftsa\‘/'zzsy?g‘x:fgi“cnglﬁ =zl SIS (il 268 Ehsa 13.00 29.83 2.29 4759 3.66 47.74 367 16.36 1.26 25.82 1.99
P39610 ?Siiﬁg‘;ﬁgfje 0S=Bacillus sublilis (strain 168) GN=pdxK PE=1 SV=1 - 1354 29.30 2.16 7.84 0.58 3255 2.40 0.00 0.00 19.12 1.41
Q795R8 ggi';?ff;[’%‘;’:ﬁ;égﬁloszB“i""S SIS (@ AE) EhSiP 8.64 29.28 339 54.84 6.34 14.84 172 22.74 263 18.68 216
P81102 gﬁi%ed (':“22(:'31)g\r/“:’;’_'e[s‘c‘féf_esfggu?szBac"'”s subtilis (strain 168) 372 20.23 7.87 14.04 378 16.99 457 10.10 514 26.10 7.02
P39914 ggf;agffl’i_zm‘;’;:‘:;ggd]OszBac"'“S Sulsls (i 455) @RSy 216 28.77 13.33 755 350 9.62 4.46 8.03 372 3.80 176
P80240 Lﬁ’:‘zsgi‘g’gfi"ggiﬁ”_”g;‘;f;ﬁggf Bacillus subiilis (strain 168) 11.23 28.68 255 33.85 301 20.92 186 17.06 152 10.18 171
P14802 ENWO)(D PIIE=3 sv-=2 § [Yoxn_g:ézg] Ui (i A6 8.33 27.69 332 35.18 422 59.39 713 22.87 2.75 32.76 3.93
P54452 ggi'la;‘/cfl”zle‘;g‘é‘é‘ig A?;S] 0S=Bacillus subils (strain 168) GN=yqeG 11.15 2751 247 63.11 5.66 20.05 1.80 10.61 1.76 19.16 172
P24219 22:3 v [RP;_B A:SLa]m' @ il SIS e 1) Eh=aglL 3.66 27.35 7.48 69.67 19.05 0.00 0.00 13.89 3.80 7.18 1.96
P40737 R”;i;"gi‘sx’ggu?szmd"”s subtilis (strain 168) GN=yxxD PE=1 SV=1 - 7.37 26.91 365 20.00 271 21.39 2.90 1251 1.70 407 055
P96582 gml:’nge;::fcsr'\‘;gg“a[‘L';g'gi:’L'égﬁ CrE=ERGlE SIS i K6 7.15 26.38 3.69 26.37 3.69 45.27 6.33 48.10 6.73 57.03 7.98
P94443 gz{?ﬁ;’ggﬁig‘\i]ﬁ‘l'_e?;’fé‘;;fgsﬁz%d"“5 subtilis (strain 168) 0.00 25.86 100.00 235 100.00 11.61 100.00 15.29 100.00 23.70 100.00
031796 zc:iﬁi?sgg_"é‘j:?gafq CESEEGlE SIS (il 6 EhEIT FE= 7.90 25.35 321 9.08 115 40.33 511 22.98 291 27.70 351
P94544 g'r:i\pl;lx ey 53:51 f[F',OLX_B AC';"L'J;( o illus subtilis (strain 168) 3.86 24.74 6.41 9.00 233 55.41 14.35 68.55 17.76 111.78 28.95
P54717 :L:gtlyv‘:: g;:;cgs‘zi"ln_afé‘l’_f;’éa_‘g;g:aOs:B“i"“s Sulsils (i 46 173 23.78 13.78 248 144 239 139 22.60 13.10 18.93 10.97
Q45065 ggi'laglcfl'if[e‘f,\";’_‘_eélgﬁ OS=Bacillus subtilis (strain 168) GN=yneT 9.64 23.19 2.40 7.26 075 26.16 271 14.16 147 12.12 126
P71047 f;ff:ﬁ.vis'gﬁﬁfﬁ;ﬁ"?ﬁfg‘;ﬁ{e.gﬁ,'\a,ﬁ'é’;f'é'fcgﬁ]:Bm"“s Saills 9.98 22.88 2.29 1355 136 15.35 154 10.23 1.02 1831 183
034827 g&‘;’;f:?::g:ﬁ‘ég@;ﬁ?:;ﬁ';Sé:g"is"c:'l’_e?;"'f&‘:\;j;zgs%?:Bad"“S 185 2277 1234 5.06 274 30.91 16.74 2225 12,05 35.81 19.40
007001 ;;'bt'i"s (S"ai'n 1sz:‘)Tgr:Z$5 ek svﬂ fﬁ%‘i}%‘?’_g{‘gsﬁfzﬁ’ac"'“s 1052 2226 211 1087 1.03 1961 186 2082 1.98 18.96 1.80
031648 g:f:hyj‘(’fg‘;gzzesds'\\‘/:fe‘}’\'{‘g‘éf_eé:scesﬁ?(; 0S=Bacillus subilis (strain 168) 7.63 22.18 201 43.38 5.69 0.00 0.00 7.4 0.94 657 0.86
034357 ;'g:;egi’l"z"l"liTsf:zfg‘:ggz]os*“i"“s Sulsils (i 4E19) @SR 268 22,07 8.25 553 2,07 17.39 6.50 15.99 5.97 18.39 6.87
Pg0871 Sszz’a}é‘éelis_gf‘ce&]“ 0S=Bacillus subilis (strain 168) GN=ywrO PE=1 529 21.80 412 3.76 071 2253 426 9.05 171 7.28 138
P36843 i‘é%i)"gz:;;g":;:fs\}zz 3 ARG’JT’;?(":QE]‘J C St il 7.87 2155 274 10.08 128 15.62 198 0.00 0.00 18.34 233
034752 gﬁﬁ’g“f:;:ilns\‘lzl ¢ [LG{B ACoU) 0 subtilis (strain 168) 0.00 21.44 100.00 2272 100.00 372 100.00 19.51 100.00 6.84 100.00
P32395 (L;l\‘l-;he;n Y ;;‘E=1 iyl [DCUP_BCACSU] SUlBilS (G ) 9.21 21.10 2.29 22.66 2.46 36.19 3.93 14.67 1.59 14.65 159
034948 ga?yf;geggig g’sﬂi’?ﬁ’iﬁg}%‘;g{sﬂm"“5 subtilis (strain 168) 9.77 21.05 215 15.47 158 32.00 328 10.82 111 25.68 263
P39156 2‘3:%?;:%”!2"231"1“a}ey\',svf?_eéféﬂm CE=EEGlE SIS EiEn K 198 20.41 10.33 5.84 2.96 24.79 1255 0.00 0.00 3.46 175
032078 ggi'laglcfl'if[e‘fu’x‘;‘_egpgﬁ 0S=Bacillus subilis (strain 168) GN=yua& 8.26 20.16 2.44 47.65 577 56.01 6.78 40.78 4.94 22.92 278
P54390 gs:f??sg{g‘_eé’l\;gg]OszBaCi"“S SUlkls (il 16 ERRB = 213 19.75 9.27 281 132 15.03 7.05 12.76 5.99 442 2,07
006724 ggi';ag/cfl”z[e\fl g;"_‘;':gs'ﬂ(] OS=Bacillus sublilis (strain 168) GN=yisk 5.92 10.48 3.29 13.10 221 47.90 8.09 14.44 2.44 13.69 231
P46354 g"’\‘":";u:ngff‘;s:‘zs_"[';‘m:iesi\gsssraCi"”S Sulsilis (i 46) 553 19.36 350 15.42 2.79 38.11 6.89 16.10 291 1353 2.45
Q45499 g‘é’ig"g&ﬂ“f‘[‘;ﬁ‘gg’iﬁfgﬁSzBBCi"“5 subiilis (strain 168) GN=suhB 1.89 19.35 1024 443 234 18.30 9.68 2,07 1.10 6.57 3.47
P94363 g{;’:‘;e/'[‘::al"a‘:_'g‘é‘;ﬂ;e’ sl sl i L) Eh=alin FE=L 6.49 10.31 207 733 113 13.63 2.10 10.44 161 10.67 3.03
P37954 g\‘;’:AZB_C[jz’/ﬁ;TE;’:(’:‘gS]B 0S=Bacillus subilis (strain 168) GN=uvrB PE=1 161 18.92 11.75 7.25 450 0.00 0.00 0.00 0.00 362 225
P96628 [F’S’g‘;flf‘ljgfél‘s]os*“i"“s SUBAIS (G ) GRS HE= S=l = 7.73 18.65 241 27.12 351 2,63 0.34 29.11 377 23.24 301
031593 Putative efflux system component YhbJ OS=Bacillus subtilis (strain 168) 7.03 18.39 261 5.43 0.77 18.29 2.60 10.80 154 372 0.53

GN=yhbJ PE=3 SV=1 - [YHBJ_BACSU]




Acetoin utilization protein AcuB OS=Bacillus subtilis (strain 168) GN=acuB

P39066 e [ e 265 1825 6.87 28.04 1056 1455 5.48 6.93 261 6.05 228
P96608 gﬁi%mcgig;\s\iﬂy.dﬁge;ﬁalggﬁ]m:%d"us subtilis (strain 168) 5.10 17.97 353 6.44 1.26 36.86 7.23 8.38 1.64 17.45 3.42
032248 i}N:yva Pé=1 ;:/= = [YVB';_;B“;C;(J;’K e Sulsilis (i 46) 8.32 17.81 214 19.87 2.39 25.17 3.02 11.55 1.39 19.26 231
P32727 (Tsrt""‘:;ﬂgg’gﬁ;ﬁ:{‘g'gzi’;"g&:‘;"a[‘,'\j’SSp:i‘;:‘C"‘SLSIA OS=Bacillus sublilis 6.09 1763 290 1004 165 4119 6.77 21.03 3.46 25.92 426
P71036 (PS'::;‘:? Ggggfxx‘:gff‘;ﬁ {eglh\'{"a,;"’\" :_ “E’;’rc(;ﬁ]: el sl 182 17.57 9.67 4.02 221 14.46 7.96 14.65 8.07 24.42 13.45
031737 gE‘;qag/cfl'{Z[e‘fl_gg‘_eél\é'gﬁloszBac"'us subtilis (strain 168) GN=ylq8 0.00 17.54 100.00 14.26 100.00 331 100.00 9.74 100.00 7.47 100.00
Q45599 ggi’;as\‘ffl’if;;%gfg‘égﬁ CE=elvs eulails (STRm 63 GSEE 317 17.52 553 532 1.68 13.07 413 13.83 437 11.63 367
Q45549 ;’é‘:;cs”\fgg"a‘[',\";’g;i?;géﬁ OS=Bacillus subilis (strain 168) GN=nrdR 8.18 16.89 2.06 20.01 244 17.50 214 16.27 1.99 19.31 236
034305 ggi’;aglcflﬁ_zm‘ggfg‘;g"sﬁloS=Bac“'“s SIS (el 26E) GNSEe) 365 16.71 457 533 146 14,50 3.97 6.20 1.70 8.08 221
007939 gg‘;’;ag/cfl”z[e\fl g;"_‘;':gs'ﬂ] OS=Bacillus sublils (strain 168) GN=yisT 0.00 16.42 100.00 34.42 100.00 10.28 100.00 8.98 100.00 2.98 100.00
034841 ggiqas\‘ffz’i_zﬁjcfé;‘fg‘/\z’sﬁ el SIS i 68 EhEyEsE 6.85 16.32 238 11.48 168 8.38 122 16.08 235 759 111
P54159 gg‘;’la;‘/cfl'if[e‘fp'g;‘_e;\épsﬁ 0S=Bacillus subilis (strain 168) GN=ypbR 5.07 15.80 311 576 114 11.61 2.29 8.37 165 0.00 0.00
007636 ggi’;agffl’if;fgfﬁ:\g';s]05:5“"'“5 Suliils (i 458) EvEL 0.00 15.73 100.00 13.61 100.00 2121 100.00 5.60 100.00 10.19 100.00
032126 555233[\1(3;";'; :é’éi?szBaCi"us subtilis (strain 168) GN=yut& PE=1 7.46 15.67 2.10 7.99 107 16.79 225 777 1.04 3.95 053
P54512 ;::fcsn\gggna?mri#‘rlgg%gﬁ CE=EEGlE SIS il 6 EhEiR 0.00 15.63 100.00 7.06 100.00 3.09 100.00 379 100.00 378 100.00
P96642 gg‘;’las\‘/cfl'i»z[e‘f[)'g‘;‘_eg‘égi 0S=Bacillus subilis (strain 168) GN=yddE& 332 15.49 466 6.89 2.08 9.42 2.84 6.79 2.04 7.23 218
P37252 gﬁ:ﬁ:;"‘:‘:;yg‘cjge ;Ts&f‘g‘:‘ggl?lszaad"“s Sulkills (el 168 441 15.49 351 316 072 3.46 078 6.24 141 453 1.03
P04948 ;%“‘S?fng:g's?se 0S=Bacillus subilis (strain 168) GN=thrB PE=3 SV=2 - 2.10 15.41 7.34 9.82 4.68 11.38 5.42 15.00 7.15 556 2,65
034381 gmp’iﬁ: gz":s?frsi‘cfl"?‘[s’f;f:‘;g‘;ﬁloszBac"'“s Sl (i 46) 0.00 15.38 100.00 30.39 100.00 7.60 100.00 11.15 100.00 11.33 100.00
Q796Y8 g;‘fg"sevpfl"f’igecd;i‘g‘ALfG OS=Bacillus subtilis (strain 168) GN=ygaF 0.00 15.32 100.00 16.39 100.00 21.78 100.00 10.19 100.00 4.94 100.00
031675 é’f‘y:::’eg ey sv=1. i [é‘ﬂ‘éhca_sg Accsu] il sl it ) 7.50 15.20 2,04 5.60 0.76 8.15 1.09 2,07 0.28 8.49 113
P71019 2"&';"gkg;‘;‘;‘g’;:’gf;:pz"flﬁ_xgg’;"":é'gze] 0S=Bacillus sublils (strain 376 15.24 4.05 181 0.48 44.93 11.95 562 1.50 545 145
P94588 ggi’;a;‘ffl’i_zm’ﬁig‘ AL‘?L‘J:] CrE=EEGlE SIS il K6 EREE 5.06 14.90 2.94 27.95 552 857 1.69 2282 451 1351 267
P94512 Zﬁi;i:;"PE:S sv:‘z ° EYé o B AcYSSf o subtilis (strain 168) 471 14.63 3.10 0.00 0.00 352 0.75 0.00 0.00 281 0.60
P50843 ?S'gzﬁlx’l'g‘é;'gﬁ’:'i;m o S\;:rlo?[aliTJIlJI'_BI/:\CSU] OS=Bacillus sublilis 573 1441 252 0.00 0.00 15.56 272 346 0.60 0.00 0.00
P71015 gmgg‘;g 'lgaé’fgﬂs”\‘/i:;‘a_'['gg'se;igA%bSﬁ 0OS=Bacillus subtilis (strain 168) 182 14.39 7.90 9.90 5.44 20.25 11.12 16.89 9.27 26.07 14.32
031504 2‘,‘\“:;:2 :’ séz sviots '[Y'E'E;ig :ééucl SIS (G A53) 0.00 14.20 100.00 4.03 100.00 15.68 100.00 12.29 100.00 35.45 100.00
031727 gszf?’iiﬂ\'ﬂ"ée_ig :(':”;5105:8“"'”5 subtilis (strain 168) GN=yImE PE=3 5.99 14.15 2.36 7.95 1.33 13.86 231 0.00 0.00 1231 2.05
P42976 é’;ﬁ%f:g'?g:?gﬁ‘gF_’“f;i’:fée_éfg;'&se @IS S (6t 465) 6.82 14.01 2.05 777 114 28.62 4.20 178 0.26 11.28 165
P45043 ?gg)pg’,‘\ffr;?E“Eg;;ﬁ’lazrgaf‘*[;:gz”_hﬁzsgj 0S=Bacillus subtilis (strain 4.93 13.60 276 12.10 2.45 0.00 0.00 35.22 7.15 14.93 3.03
P94559 2‘,‘\“‘:3‘5’; oo [YSNB_BZ(S:’;?J]C Sl (i 153) 0.00 1359 100.00 2277 100.00 10.83 100.00 6.93 100.00 10.09 100.00
P55340 [Fgg‘;’gjfgsﬁls:%d“”s subtilis (strain 168) GN=ecsB PE=4 SV=1- 3.88 13.39 3.45 18.57 4.78 0.00 0.00 6.77 174 12.48 321
034970 f;:::;ﬂ%;?,:gsﬁ;:‘:zﬁ’;‘\i;’:f'_ ’;ﬂi’;ﬁfg}g’;&’;ﬂ“i"”s SLbtis 375 1331 355 30.70 8.20 0.00 0.00 8.65 231 5.70 152
P49778 Egr;g_ziﬁg;a;]‘m P OS=Bacillus sublilis (strain 168) GN=efp PE=3 SV=2 - 0.00 13.06 100.00 9.52 100.00 451 100.00 9.97 100.00 10.26 100.00
P32730 gg‘;’j‘agffl'i_zﬁwg‘_i:\g';‘zl°S=Ba°"'”s sublils (strain 168) GN=yixP 0.00 12.97 100.00 13.69 100.00 1043 100.00 11.04 100.00 10.89 100.00
034592 éﬁ:}{g;':;;”gsﬁrf‘i['zg;'sfg‘A\::‘gZ]O S=Bacillus sublils (strain 168) 6.06 12.85 212 11.85 1.95 1097 181 237 039 6.86 113
POB567 gg’:ff?gﬁu{‘:fgg&a' ©OS=Bacillus sublils (strain 168) GN=dnal PE=1 514 12.67 2.46 2.26 044 0.00 0.00 441 086 0.00 0.00
P94359 ggff‘;avci‘i”_zﬁjx’:(’g‘_e&é’;ﬁ OS=Bacillus sublils (strain 168) GN=yxk" 0.00 12.66 100.00 0.00 100.00 23.04 100.00 13.43 100.00 5.00 100.00
032044 (Ssigg:ﬁ’igg;‘deﬁ;z‘g‘;Ei‘g%f:f’_‘?;ige;:%&s:Ba‘:i"“s subiils 368 12.63 343 0.00 0.00 1159 315 535 1.45 10.42 283
P39694 ComE operon protein 1 OS=Bacillus subtilis (strain 168) GN=comEA PE=1 0.00 12.26 100.00 14.18 100.00 556 100.00 2519 100.00 15.41 100.00

SV=1 - [COMEA_BACSU]




Uncharacterized beta-barrel protein YwiB OS=Bacillus subtilis (strain 168)

007624 GN=ywiB PE=1 SV=1 - [YWIB_BACSU] 0.00 11.98 100.00 8.62 100.00 217 100.00 10.26 100.00 6.98 100.00
Fe i imidine-DNA subtilis (strain 168)

034403 GN=mutM PE=3 SV=4 - [FPG_BACSU] 3.08 11.98 3.88 0.00 0.00 8.99 292 10.83 351 18.48 5.99
Central glycolytic genes regulator OS=Bacillus subtilis (strain 168)

032253 GN=cggR PE=1 SV=1 - [CGGR_BACSU] 1.66 11.78 7.08 235 141 29.48 17.72 38.68 23.25 37.74 22.68
Ferric uptake regulation protein OS=Bacillus subtilis (strain 168) GN=fur

P54574 PE=1SV=2 - [FUR_BACSU] 1.90 11.75 6.20 8.91 4.70 10.00 5.27 7.37 3.89 474 2.50
Uncharacterized protein YcsD OS=Bacillus subtilis (strain 168) GN=ycsD

P42961 PE=3 SV=2 - [YCSD_BACSU] 0.00 L 775 100.00 14.26 100.00 181 100.00 352 100.00 11.25 100.00
HTH-type transcriptional regulator CymR OS=Bacillus subtilis (strain 168)

034527 GN=cymR PE=1 SV=2 - [CYMR_BACSU] 2.39 11.59 4.85 5.30 222 21.35 8.94 12.05 5.04 10.36 4.34
Putative rRNA methy YIbH O subtilis (strain 168)

034331 GN=ylbH PE=3 SV=2 - [YLBH_BACSU] 3.20 11.43 357 39.99 12.49 24.54 7.66 13.00 4.06 15.98 4.99
Uncharacterized HTH-type transcriptional regulator YdzF OS=Bacillus

031494 subtilis (strain 168) GN=ydzF PE=3 SV=1 - [YDZF_BACSU] 5.36 11.42 213 14.47 270 1.96 0.37 10.39 1.94 10.14 1.89
Resolvase homolog YokA OS=Bacillus subtilis (strain 168) GN=yokA PE=3

032006 SV=1 - [YOKA_BACSU] 3.67 11.29) 3.07 3.31 0.90 1.97 0.54 38.65 10.52 24.10 6.56
Transcriptional regulator CtsR OS=Bacillus subtilis (strain 168) GN=ctsR

P37568 PE=1 SV=1 - [CTSR_BACSU] 3.97 10.74 271 10.81 272 4.65 117 5.35 1.35 4.82 121
Putative ril N YdaF O: subtilis (strain

P96579 168) GN=ydaF PE=1 SV=1 - [YDAF_BACSU] 0.00 10.54 100.00 9.46 100.00 18.99 100.00 8.88 100.00 2.30 100.00
Oxalate decarboxylase OxdC OS=Bacillus subtilis (strain 168) GN=oxdC

034714 PE=1 SV=1 - [OXDC_BACSU] 3.71 10.37 2.80 4.88 1.32 6.81 1.84 0.00 0.00 1.93 0.52
33 kDa chaperonin OS=Bacillus subtilis (strain 168) GN=hs|O PE=1 SV=1 -

P37565 [HSLO_BACSU] 275 10.35 3.76 0.00 0.00 9.17 3.34 0.00 0.00 2,03 0.74
Uncharacterized HTH-type transcriptional regulator YwhA OS=Bacillus

P70993 subtilis (strain 168) GN=ywhA PE=3 SV=1 - [YWHA_BACSU] 0.00 10.33 100.00 6.43 100.00 23.34 100.00 17.88 100.00 28.87 100.00
Uncharacterized phosphatase PhoE OS=Bacillus subtilis (strain 168)

007617 GN=phoE PE=3 SV=1 - [PHOE_BACSU] 1.86 10.29 5155 6.34 3.42 14.37 TllD 3.77 2.03 8.29 4.47
Uncharacterized ABC transporter ATP-binding protein YhcG OS=Bacillus

P54591 subtilis (strain 168) GN=yhcG PE=3 SV=1 - [YHCG_BACSU] 0.00 10.29 100.00 5.70 100.00 17.01 100.00 11.59 100.00 10.33 100.00
Uncharacterized protein Yxjl OS=Bacillus subtilis (strain 168) GN=yxjl

P94352 PE=3 SV=1 - [YXJI_BACSU] 3.32 10.24 3.09 13.38 4.04 7.67 231 4.82 1.45 6.83 2.06
Ribosome-recycling factor OS=Bacillus subtilis (strain 168) GN=frr PE=1

P81101 SV=2 - [RRF_BACSU] 3.59 10.22 2.85 15.50 4.32 28.96 8.08 6.45 1.80 6.48 181
Putative aliphatic sulfonates-binding protein O. illus subtilis (strain

P40400 168) GN=ssuA PE=2 SV=1 - [SSUA_BACSU] 3.67 10.16 277 4.39 1.20 0.00 0.00 0.00 0.00 0.00 0.00
TPR repeat: ining protein YpiA O! subtilis (strain 168)

P54389 GN=ypiA PE=3 SV=1 - [YPIA_BACSU] 0.00 10.03 100.00 105.97 100.00 3.82 100.00 1.90 100.00 3.68 100.00

PO4548 Fatty acid metabolism regulator protein OS=Bacillus subtilis (strain 168) 1.60 10.03 5.94 8.26 4.90 364 216 254 150 437 259

GN=fadR PE=1 SV=1 - [FADR_BACSU]
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