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Abstract

Surface layers (Bayers) are protective protein coats which form arcalhdrchaea anchost
bacterial cellsClostridium difficile is a grampositive bacterium withraSdayer coveringits
peptidoglycan cell wall. The-ayer inC. difficile is construad mainly of Sayer protein A
(SlpA), which is a key virulence factor for these bactenml an absolute requirement for
disease Studyingthe formation and maintenance of ti@ difficile S4ayer will allow the
discovery of specific therapeutic interviemis in the future. Hergve usemicroscopy to
examine the subcellular localization 8fayer growth and SIpA secretion. Webserved
formation ofSdayer at specific sites thabincide with cell wall synthesiswhile conversely

the secretion of SIpA frorthe cell is delocalized. We conclude thas delocalized secrain

of SIpA leads to @oolof precursor in the cell wall which is available to repair openings in the

S-ayerformed during cell growth or following damage.



Introduction

Clostridium difficile infection (CDI) of the guis the major cause of antibiotic assoadiate
diarrhoegHull & Beck, 2004)andcan lead severiaflammatory complication@Napolitano &
Edmiston, 2017)This grampositive baterium has its cell wall encapsulatedh a surface
layer (Slayer) TheSHayer is a proteinaceous, paracrystallnmeywhich acts as a protective
semipermeable shelhich caninteract with thehost(Merrigan et al., 2013and is essential
for virulence(Kirk et al., 2017) In C. difficile the Skayer consistsnainly of SIpA, the most
abundansurfaceprotein(Wright et al., 2005). SlIpA is produced as a-pretein(Figure 1A)
that issecreted angrocessed by Cwp84 intow molecular weight (LMW) and high molecular
weight (HMW) SLP subunits(Kirby et al., 2009)(Figure B). These twosubunitsform a
heteralimeric complexwhich can then bencorporatednto the crystalline lattice of the-S
layer, that isanchored to cell walbolysaccharide R8 via three cell wall bindingCWB?2)
motifs within the HMW region(Willing et al., 2015)Figure 1A).

The production andesretion ofSH4ayer components arenergetically expensive for the cell
suggesting thahe process will display evolved efficien¢yowever,it is notyetclear hows-

layer formation ispatialy regulated anavhetherSIpA is targeted to areas of cellular growth
before or after secretiqirigure IC). C. difficile express two homologs of tie coli cytosolic
protein exportATPase SecA SecAl and SecARFagan & Fairweather, 2011These two
SecAsare thoght to promote posgranslational secretion through the general secretory (Sec)
pathway.SecAz2is required for efficient SIpA secretio(Fagan & Fairweather, 201andis
encodeddjacent t@lpA on the chromosom@lonot et al., 2011)t has beeshownthatsome
Se@2 systens secret specific substratesiewed by (Bensing, Seepersaud, Yen, & Sullam,
2014) which may ease the burdenthe general Sec systeandhelpto spatially or temporally

regulate secretion

As an obligate anaerolfRansom, Ellermeier, & Wess2015)C. difficile hasbeen notoriously
difficult to visualize using standard microscopy techniques with commonly wsggen-
dependent fluorescent proteiasdthis is further complicated by intrinsautofluorescence in
the green spectruniTo ciraumvent these problems, we have usedariety oflabeling
techniques to avoidthe requirement foroxygen maturationand any overlap with
autofluorescencdJsing fluorescence microscopye identifed areas of Sayer biogenesis
and SIpA secretion tdetermingf this S{ayer componenits specifically targeted to growing
parts of the cellFirstly, we probed the localization of newly synthesizetager which was



detected at discrete regiomsich coincided with areas of newaell wall biosynthesis We
continued by studying the internal localization of SecA2 and SIpA, disogvirat SIpA is
secretedill over thecytoplasmicmembraneHaving observed delocalized secretion of SIpA
yetlocalized new surface-fayer we conclude that there is a pool of SthAt resides within

the cell wall which is available eep out andonstructregions of the developing I18yer.

Results
Newly synthesized S-layer co-localizes with areas of new cell wall

During exponential growttC. difficile cells are constantlgrowing and dividing, requiringhe
productionof new peptidoglycarcell wall and the accompanyir@fayer. Peptidoglycan can
be labelledby growingC. difficile cellsin the presence ahe fluorescent Eamino acid, HCE
aminaD-alanine HADA), (Kuru et al., 2012)Chasingell wall stainingwith unlabeled media
revealssites ofnewly synthesizegeptidoglycarthatappear lessmtenseor HADA at dividing
septum(Figure 2S1) Combining this withthe inducibleexpressiorof the immunologically
distinct SlpAr20201in C. difficile strain630 (Figure 2S2), allowedareas of newly asseled
S-ayerto bevisualizedby immunofluorescenc@~igure A and S2B). Tracing the intensity
of cell wall staining withthesignal fromnewly synthesized surface Slpévealsa crudeantr
correlation (Figure 2B and 2Sand suggests that newl&yer is formed at areas of newly
formed underlying cell wallThe aeas of newly synthesized cell wdhat are void of
SIpAr2o201 Signal are likely to befilled with endogenous SlpAo that is expressed at much
higherlevels, ob&rved in extracellular extrac{Bigure 22A).

During cell divisionat the septuna large amount of new surface Slpan bedetectedFigure
3). This staining pattern suggests tBalayer is actively being formezh the mother cebhver
the newlysynthesized cell wallpreparingeachdaughtercell with a newS4ayer cap before
cell division is completeNumerous cellslisplayareas of new cell walit one oftheir poles
that coeinsideswith new S-Hayer staining(Figure 3), we interpret these asew daughtercells
that have compted cell division during the HADAstain chase New polar Slayer can be
sorted into three categosiestaining dstributed over the wholeell cap, on the tip of the cap
or at the sides of theew capclose to theolder cell wall(Figure 3) Daughter cellsvith their
polescompletelycovered in new $ayer havemost likelyexpresse®lpAr2o0201throughoutell
division and haveSIpAr2o291 distributedall overthe new Sayer cap The apeof thecell cap



marks the final place afew daughter cell formaticend thoseapsstained just at the tipave
probablyexpresse®dIpAr20201 towards thdinal stages of divisioras thetwo daughtercells
separatand thecap is completedAreasstained at the connecting edge between the pole and
themain bodyof the cellmustrepresenareas ofjrowthonce theSdayercap wadully formed
whencell division was completed ogetherthese staining pattes support the hypothesisat
S{ayer isassemblean the mother cell at the septaonform polarcapsfor the daughtercells

to maintain a continuoysrotectivebarrierfollowing cell separation
SecA2 localization in C. difficile

As newly synthesizedsdayer is formed aspecific points on thecell surface (Figure 3)we
wanted tadentify if theseareascorrelatewith concentrateghointsof SIpA secretiorfrom the
cytosol. Having designatedsites of secretionvould allow the efficient targeting of -fayer
precursors to wherthey areneededAs it has beershownthat SecAZ2is essential for cell
survival (Dembeket al., 2015)and performsa critical role in SIpA secretionFagan &
Fairweather, 2011jve assumethatintracellular positioning of SecARill revealwhereSIpA
is secretedTo confirm this, we set outto create a functional, fluorescenthgged SecA2 for
monitoringSecA2localizationby microscopyA C. difficile strain630 mutantwas generated
thatencodesa Ctierminal SNAP-tagged SecA2SecA2SNAP)on the genome in thariginal
locus andunderthe control of thanative promoterSecA2SNAP wasthe only SecAZrotein
detectedn membrane fractions by westemmundlot analysis(Figure 4S1A) andwhen
stained withTMR-Star, this protein species was the only one visualizeohigel fluorescence
(Figure 4S1B)Cells expressing SecA2NAP displayed similar growth dynamics to tivédd-
type parental strair(Figure 4S1C) suggeshg that the fusion protein is fully functionas
SecAZ2 is essential for growttimaging celldoy widefield microscopy revealed that SecA2 is
distributed througbut the cell and notlocalized to specific areas (Figure 4A)Higher
resolution, Aryscan confocal images displayed the same widespitestidbution but with
pockets ohigher intensity signglFigure 8). By combining SecA2ocalizationwith HADA
chase stainingnd new Sayer labelling, no correlationbetweenSecA2 within the cell and
areas of newlysynthesizedS4ayer on the cell periphergould bedetermined(Figure 4B)
Together these datggesthat SecA2 is nahe determining factan localization of news-

layergrowth

SIpA secretion from C. difficile



Although SecA2was visualizedhroughout the cell, SecA2 has additiosetretorysubstrates
So it is possible thagecretion of SIpA itself may be locadid.Although immunofluorescence
has been used to detect surface SRyer pore size is thought to be too small towathccess
of antibodies to protein located in the cell wall or indeed within th€l€atjan & Fairweather,
2014).To discover where SIpA is being secreted from the tsth different SIpA fusion
proteins wereconstructedan SIpA-SNAP fusion that can be secreted amdound in the
extracellular fraction and SNAP taggedIpA-dihydrofolate reductase (SIpBHFR) fusion
thatassociates with themembranecell fraction(Figure5A & 5S1A).DHFR is a fast folding
proteinthat has been used to block gmdbe proteirtranslocation mechanisms for many years
(Arkowitz, Joly, & Wickner, 1993; Bonardi et al., 2011; Eilers & Schatz, 1986; Rassaly et
1989). Expressing SIpADHFR decreases the secretion radtive C. difficile extracellular
proteins(Figure 53.B) andleads to thebuild-up of precursorSIpA within the cell (Figure
5S2A). The decrease iextra@lular proteinsis also dependent on th&8IpA-DHFR signal
sequencéFigure 59B). Togetherthese findingsshowthat SIpADHFR fusionused in this
investigationis specifically targeted to amatcupies the same secretahannelrequired for
wild-type SlpAsecretion To prevent protein secretipthe DHFR domaimmust first fold
correctly (Arkowitz et al., 1993)and will therefore only prevent secretion via the post
translational pathwayThe lack of SIpADHFR sighal in the extracellular fraction (Figure
5S1A) showsfor the first timethat SIpA is exclusively pogtanslationally translocatetlsing
these twoSNAP fusion proteins we can now prollee intercellular localizationof SIpA
secretionSIpA-DHFR-SNAP) andlocalization onceecreted (SIpASNAP).

Widefield images display a diffuse SIFBNAP signabn the celkurfacewith a halo ofTMR-
Starsignal surrounding most of the ce{lsigure B and C). 8rface intensity plotseveal a
broad crossection of TMR-Starintensity across the cell width (PhaseTWMdR-Star signal,
Figure 5D) Within these crossections there aat peals of TMR-Starsignal with smaller
peakstowards thecell periphery(Figure 5D) this correlates with the large-gel florescace
signal observefbr SIpA-SNAP-TMR-Starin the extracellular fraction of cells (Figure 5S1A).
Cells expressing SIpAHFR-SNAP show soméeterogeneityf expressiorn(Figure & and
F), perhapgaused byeaky expressioteading toa negativeselective pressure for the plasmid
andthe drastic effects thiBHFR fusion protein has on secretion (Figurd Gy Again, the
signal from SIpADHFR-SNAP appears diffuse throughout the cell and not located at specific
sites(Figure 5E and F)Signal intengy traces reveal a narrohnMR-Starsignal peak towards

the interiorof the cell(Figure 5G),suggesting a more intracellulacationfor SIpA-DHFR-



SNAP than SIpASNAP which fits with SIpA-DHFR-SNAP being trapped in the cell at the
membrane(Figure 5SA). The distribution of signal in thesenages suggest th&IpA
secretioroccursall over the cell andot just at sitesvherenew Slayeris beingformed

Discussion

For an Sayer to function correctly it must completely encapsulatedtiéde la Riva, Willing,
Tate, & Fairweather, 2011; Kirk et al., 201¥Ye proposénerethat Sdayer is assembledt
areas of newly synthesized peptidoglycan to maintain a stdbige6that continually protects
the C. difficile cell. Althoughnewly synthesize&IpA is secretedrom all regionsof thecell,
only arelatively smallproportion of this was detected at the surfadss irregularitysuggests
that C. difficile possesgeserve of SIpA beneath the -fayer in the cell wall (Figure §.
Although excessSIpA production and storageill be quite energetically expensive for tedl,
this reservoir of SlpAcould providea positive fithness advantage a&jyowing cells to respond
quickly torepairgapsin this important barriefFigure §. Examples okelf-repairmechanisms
are presenthoroughall forms oflife from intracellularvesicularmediatednembranéenhealing
(McNeil & Baker, 2001; Tang & Marshall, 2014p to a tissue level such as wound healing
(Greaves, Ashcroft, Baguneid, & Bayat, 2Q118)addition to allowing rapidepair, having a
stockpile of SIpA in the cell wallC. difficile may alsocreate a buffer so lese novo SIpA
translationandtranslocation is required to safely comple#d division. The amount of SIpA
that lays below the -fayer should be studied further taleterminewhat proportion of

extracellular SIpA is part of the-l8yer and how much is in reserve.

Although the Slayer is a rigd structure (Mescher & Strominger, 19/8acturesn the Slayer
must formto allow the cells to growOur data suggests thagw SIpA emergethrough these
gapsto be incorporatehto the crystalline latticedigher resolution imaging techniques may
allow direct obsenation these gaps inthe Stayer andhow the separate $ayer sections
assemld. Future workcould also examindghe localization of intracellular cytoskeletal and
motor proteins that power cell growth (Colavin, Shi, & Huang, 2@b8)howthe localization

of these relatéo areas of newly formingell wall andS4ayeralong thdateral wall

We have also demonstrated for the first tiivegt SIpA is secreted pestnslationally Proteins
transported irthis way usually interact with cytosolic chaperones that prevent foldingtprior
translocation(Kim & Kendall, 2000) The identity of these chaperones atite exactrole



SecA2 plays in SIpA secretion has yet to be determigate SIpAmust undergo a post
secretion protease modificatifiigure 1)(Kirby et al., 2009) having a dweltime in the cell
wall will allow time for correctprocessing. However thelso poseshe question of hows-
layer componentdocatedthere are preventedfrom oligomeriang (Takumi, Koga, Oka, &
Endo, 1991)prior to assembly at theurface It is tempting to speculate that theleyer
assembly pathway may also involve extracellular chapsrtmdacilitate processing and
targeting while preventing premature sasisemblyTherevelation that theris a poolof SIpA
in the cell wall and theccessibilityof the cellwall to drugs may provide opportunities tbe
identification of novel narrow spectruntargets thataffect theassembly of this essential

virulence factor.

In summary, we havieund that Sayer is formed at sites of cell wall synthesis and there is an

underlying supply othe S-layer precursor, SIpA, located throughout tek wall.



Methods
Media and Growth Conditions

All straing plasmids and oligaucleotides useth this investigatioraredisplayed in Table .1
CA434 and NEB5a. E. coli were grownn LB brothor on LBagar supplemented wittb pg/ml
chloramphenicoffor plasmid selectionC. difficile were grown in reducedY (3% Bacto
tryptose, 2% yeast extralr broth or on Brain Heart Infusionagar under strict anaerobic
conditions. Cultures were supplemented witlh pg/ml thiamphenicolwhen selecting for

plasmids.

For SIpA-DHFR-Strep expressionpacteriawere subculturedfrom overnight cultures to an
ODsoo of 0.05 grown for 30 minuteshensupplementedith 200 puMmethotrexateBacteria
werethen grown for durther30 minutes before expressiohSIpA-DHFR-Strepwas nduced
with 20 ng/ml anhydrotetracyclingAtc). Bacteriawere grown for a furthe8 hoursbefore

harvesting att,000 xgfor 10 minat4°C.
Molecular Biology

Chemically competeriE. coli were transformedby heat shockusing standard methodsd
plasmidswere transferretb C. difficile strain630by conjugation using thie. coli donorstrain
CA434(Kirk & Fagan, 2016)Standard molecular biology techniques were used for restriction
digest and ligationdNA modificatiors were performed using Phusion Higidelity DNA
Polymerase (Thermo Fisher) and Q5 Sif@irected Mutagenesis Kit (NEB)s per

manufacturersnstructions.

Gene editing o€C. difficile 630wasachieved throughllele exchangeasinga construct based
on pMTLsc7315s described b@artmaret al (Cartman, Kelly, Heeg, Heap, & Minton, 2012)

Microscopy

TMR-StarStaining:cells were grown from an OD 0.05 to 0.4 and treated with 250 MR-
Starfor at least 30ninutes.Transientexpressiorof SIpA-SNAP or SIpADHFR-SNAP was
induced for1l0 minutes with 10 ng/mAtc or 20 ng/ml for 1 hourfor in-gel fluorescence

experiments

HADA Staining:Cells were grown to an Qg of approximatelyd.1 beforegheaddition 0f0.5
mM HADA and continued growth faat least2 hoursto an ORgo of 0.5-0.6 To chase the



HADA staining cells weresubsequently harvestatl4,000 x g for 5 minutesyith care being
taken not to expose the cells tq aiashed once by resuspension in 8 ml reduced TY and finally
resuspended iBx the originalvolume ofreduced TY medialhe cells were then grown for 25
minutes before indueg the expressionof SIpAr20201 With 100 ng/mlAtc for the final 5

minutes

Fixation: Cells were harvesteat 4,000 x g for 5 minutes at@,washed two times in 1 ml ice
cold PBS with spins at 8,000 x g for 2 min a€4efore being fixedith 4% paraformaldehyde

in PBS for 30 minutes at room temperatukéer fixation, cells were washed three times in
PBS Forimmunofluorescenctne fixed cells werblocked overnighwith 3% BSA in PBS at
4°C. Cells werdarvested a8,000 x g for 2 min at 4°C, resuspended in 1:500 Primary antibody
(Mouse Miti-027 SlpAr2020:LMW SLP) and incubated abom temperaturéor 1 hour.Cells

were thenwashed three times in 1 ml 3% BSA in PBS before being resuspended in 1:500
secondary antibodyzpat antimouse€y5, Thermo Fishgr Cellswereincubated fod hourat
room temperaturghenwashedthree times in 3% BSA in PBS before being resuspended
PBS Washed cells werdried down to glass cover slippdmounted witiSlowFade Diamond
(ThermoFishej.

Images were taken on a Nikon Ti eclipse widefield imaging microsesipg NIS elements
software o ZEISS LSM 880 with Airyscansing ZEN imaging softwarémage J based FiJi

was used for image analysis.
Céll Fractionation

Extracellular glycine preparation: Cells were harvestetiO00 x g for 5 minutes at 4°[ all
the folowing wash steps bacteriadls we spun &,000 g for 2 minutes. élletswere washed
twice by resuspensiom 1 ml ice cold PBSCells were treated withO pl per ODsooU of
extraction buffe0.2 M Glycine, pH 2.2)and incubated at room temperature for 30 miniates
strip extracellular proteinsStripped ells wereharvestedand the supernatantcontaining
extracellular protein, wasken and neutralized with 0.15 pbM Tris pH 8.8 ped ul extract
The strippectells were washed twice in 1 ml ice c&#&8S before beinfrozen at-80C. Cells
were thawed and theesuspended in 11.5 pl per @B cell lysis buffer PBS, 1x protease
inhibitor cocktail, 5 mM EDTA,20 ng/ml DNase, 120 mg/mpurified CD27L endolysin
(Mayer, Garefalaki, Spoerl, Narbad, & Meijers, 2011)sis was induced by incubating at
37°C shaking for 30 minute€ell membranes were harvestey centrifugatiorat 20,000 xg

for 20 minutesard the solubleintracellular protein fractiometainedbefore thepdlet was

1C



washedtwice with 1 ml PBS Membranes were solubilized using 11.5 pl pejpdD
solubilization buffer (1xPBS, 1x Protease Arrest, 5 mM EDTA, 20 ng/ml DNas%l
sarkosy) and agitatedby rotating for1 hourat room temperaturdnsolublematerial was
harvestedat 20,000 xg for 5 minuteand the solubilized membrane fraction was taken
Alternatively, for the SNAP tagged SIpA constructs; cells lysates wengesnpnted with
1.5% srkosyl, incubated for 1 hour ahdrvestedat 20,000 xg fob minutes to create a total

cellular extract.
Protein Gels

Proteins were separated using standard-BBGE techniques on a miprotein Il system
(Bio-Rad)before being eithegnalyzedor in-gel florescence on@hemiDoc imaging system
(Bio-Rad), staind with Coomassie or transferred to nitrocellulose membranes usinga semi
dry blotter Bio-Rad) for western blot analysi8and intensities we measured using Image
Lab Software (BieRad).

Statistics

Statistics were performed in Origin using emay analysis of variance (ANOVA), a difference

with p <0.05 was considered significant.
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Main Figure L egends
Figure 1. Schematic diagram of the C. difficile S-layer and the SIpA secretory pathway.

A: Domain structure of SIpA precursor proteuith signal sequence (Pink), low molecular
weight region (LMW, Red) and high molecular weight region (HMW, Btha)contairsthree
cell wall binding domains (CWEL-3 inGrey).

B: Schematic diagram of SIpA secretion and processirg thfficile. SIpA (Pink/Red/blue
line) is translated in the cytosol (light green) and targeted for secestioss the membrane
using SecA2 (Purfe oval) most likelyvia the SecYEG Channel (Yellow/Orang&wp&
(Scissors)kleaves SIpA into low molecular weight (LMW, Regheresand high molecular
weight (HMW, Bluesphere} Sdayer protein (SLP) subunit§he HMW and LMW SLPs
assemble to fornheteredimers thatincorporate into the &&yer. The surface of the-tayer
consists largely of exposed LWS$LPanchored to the cell wall (light blue) via cell wall biding

domains of the HMW compone(dee A)

C: Models of SIpA integration into the-I8yer. (i) unfoldedSIpA (red line) is secreteftiom
specific pointson the cellmembrane directedby gaps in the $ayer or cell wall (colored as
in Figure 1B), nely processed SIpA (LMW orange circles, HMW light blue ovals) is
transported directly througliné cell wall for integration into the-&yer. Alternatively; (ii)
SIpA is translocated across the cell membrane at muttifge A pool of SIpA lays within the

cell wall ready to fill gaps in the-Byer.
Figure 2: New surface S-layer colocalizes with areas of new peptidoglycan synthesis.

A: Airyscan confocal image of@. difficile 630cell grown with HADA to label peptidoglycan
cell wall (Blue) and chased to reveal darker areas of newly synthesized celfhimithase
was followed by a short expiaen of SIpAr2o201Whichwas specificallymmunolabeledvith
Cy5 (White) Yellow bar indicates the region used for the intensity plot iBdale bar indicates
3 um.

B: Intensity plot depicting signdtom HADA (Blue) and Cy5 (Grey) along the yellokar
illustrated inA.
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Figure 3: S-layer formation during cell division.

Airyscan confocal imagesf C. difficile 630 cells duringandimmediatelyafter cell division
with HADA labelled peptidoglycan cell wall (blue) and new surf@iir20201immunolabeled
with Cy5 (white). Large dark areasgacking HADA staining markcell wall synthesis at the
septum between cells amewly produced celpole. Scale bar indicates 3 pr@n the right
hand side of eaatow is a schematic diagraithustraing theposition of new surfac8lpAr20291
(HMW SLP, spotted ight blue and LMW SLP, spotted orangeas detectedin the
corresponding microscopy images against the position of endogenous surfage (GIpAV
SLP, dark blue and LMWSLP, red) The position of newly synthesized cell wadl displayed

in brown/white stripes.

Figure 4: SecA2-SNAP localization and new S-layer.

A: Widefield phase contragteft panel3 andfluorescent (right panglimagesof wild type C.
difficile 630 or 630secA2-snap cells stained witiMR-Star(red). Scale bar indicates 3 um.

B: Airyscan confocal image displaying SecSANAP-TMR-Star signal distribution inC.

difficile 630 cellsScale bar indicates 3 pm.

C: Airyscan confocal imagshowingthe localization of SecASNAP-TMR-Star (red) in
relation to the synthesis of cell walllafk patchedacking blue HADA stain) and ewly
synthesized $ayer(Cy5, white). $ale bar indicates 3 um.

Figure5: Sites of S-layer secretion.

A: Schematic diagram of SIpBNAP (left panel) and SIpADHFR-SNAP (ight panel)in C.
difficile 630 cells ¢olored as in Figure DBwith SNAP tag represented as amange coill
SIpA-SNAP is exported and cleaved into LM8LP and HMW SLP-SNAP which can bind
TMR-Star. The DHFR domain (a@rk gray oval)of SIpA-DHFR-SNAP blocksthe trankcon
channel during export, leaving thi&R-Starbound SNAP tag in the cytosol.

B: Widefield phase contrast (left panels) dlubrescenfTMR-Starsignal (right panelspf C.
difficile 630 cells imagedavith and without inductiof SIpA-SNAP expression

17



C: Overlay of signal in the induced sampfeo(n B) with areas taken for the plprofiles

labelled(yellow lines i-iii) .

D: SIpA-SNAP profile plotsof i-iii (from C) of phase contrast signdléck) andTMR-Star
signal ¢ed).

E: SIpA-DHFR-SNAP inC. difficile 630 cells (labelled as iB).
F: Overlay of signal in the induced sampi®i(n E, labelled as irC).

G: SIpA-DHFR-SNAP profile plots of ii (from F) (Labelled as iD).

Figure 6: Model of S-layer in the cell wall.

Schematic flow diagram of SIpA secretion anthyer formation(colored as in Figure 1C).
During normal cell growth SIpA is targeted by SecA2 for secretion all owecytosolic
membrane. A store of SIpA resides within the cell wall wheres iprocessed ready for
integration into the $ayer (i). Gaps may form in the-Byer due to cell growth or injury (ii)
SIpA in the cell wall diffuss out (i) and fills openings in the Byer (iv).

Supplemental Figure L egends
Figure 2S1: C. difficile 630 HADA staining chase time course

A: Widefield microscopy displayingghase contrasupper panels) antluorescencglower
panels)of HADA stainedC. difficile 630cells chasedor 0, 10, 20or 30min without HADA
(as described in Method$JADA staining at the center of a dividing cell can be characterized
as septum stained (left) gratchesof reducedHADA stainng beingsmaller than 360 nnim

length (middle)r larger (ight).

B: Graph displaying the population distribution of dividi@gdifficile 630cellscharacterized
for HADA staining in widefield microscopy (as in Figure 2S1A) when chaseHA®DA for
0, 10, 20 or 30 minutes (T0, n=56; T10, n=62; T20, n=71; T30, n=I8&)percentage of the

total counted population are displayed\abeach bar.
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Figure 2S2: Antibody specificity for SIpAr20201 LMW SLP.

A: Top panelCoomassie stain @8DSPAGE separateektracellular extracts fror@. difficile
630 cells grown for three hours with the indicated amount of anhydrotetracgitirjeto
induce protein expressiohower panelWesternmmundlot to detecSIpAr20201 LMW SLP

in the same extracellular extracts.

B: Widefield microscopy o€. difficile 630 cells with pRPF238 (encoding Skpfeoi:LMW-
TetracysteineThe etracystein€Tc) tag was useduringother labelling experiments that were
unsuccessful (data not showimduced (lottom panelspr not inducedtop panelswith 100
ng/ml Atc for 5 minutesSurface SlpAz0201was immunolabeled witRy5 (magenty Scale

bar indicates 6 um

Figure 2S3: Further images of new surface S-layer

Further examples dairyscan confocal imageadisplayingC. difficile 630 cells prepared as in
Figure 2with HADA label peptidoglycan cell wall (BlughewSIpAr20201immunolabeled with
Cy5 (White)and yellow bar regions used for intensity plot grapiignsity plot graphdisplay
HADA (Blue) and Cy5 (Greysignalwith upper and lower graphs corresponding to the higher

and lower cell region markeglith yellow bars irthe left panels, respectively.

Figure 4S1: SecA2-SNAP isfunctional in C. difficile.

A: Westernmmundlot showing the distribution of SecA extracellular(E), cytosolic (C)
andmembrane (M) fractions from vditypeC. difficile 6300r cells expressing a genomic copy
of asecA2-SNAP fusion loaded at the same @dgU.

B: In-gel fluorescence of SecARNAP-TMR-Starfrom cell extracts expressing SecSRAP
(labelled as in A).
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C: Growth curve of wild-typeC. difficile 630(wt) or 630secA2-SNAP. Following inoculation
at anODeoo0f 0.05, growth was followed by measuri@fsoohourly. Shown are the mean and

standarcerrorof duplicate cultures.

Figure5S1: SIpA-SNAP, SIpA-DHFR-SNAP, SIpA-DHFR expression and localization

A: FluorescencdlisplayingSNAP- TMR-Starsignalfrom extracellularE) or cellular (C)C.
difficile 630extracts expressinglpA-SNAP or SIpA-DHFR-SNAP.

B: SDS PAGE analysief extracellular extractstained with coomassi@ipper panel)or
membrane fractionanalyzedoy Western immunoblot with aantistrep-tag antibody(lower
panel) fromC. difficile 630 cellsexpressindull length SIpADHFR or SIpADHFR lacking a
signal sequenc@\SS). Protein expression was induced wifl ng/ml Atc for 180 min as

indicated.

Figure 5S2: Characterization of a SIpA-DHFR fusion protein

A: Westernimmundblot analysisof C. difficile R20291 expressing aBlpA-DHFR-3xHA
fusion. Protein expression was induced (+) #iBhng/mlAtc for 1 hourandintracellular cell
extracts (membrane and cytosol) wemnalyzedby SDS PAGEfollowed by Western
immunoblot using an ankilA antibody to show expression 8fpA-DHFR-3xHA (top panel),
anti-SIpAr20201to visualize accumulation of native SIpA precursor in the cytosol (middle panel)
and antAtpB as a membrane protein and loading toain(bottom panel). Samples from

triplicate cultures are shown.

B: Quantification ofaveragdold change of intracellula®lpAr20201 precursomandintensity
from A. Native SIpAr2o2015ecretion is blocked by expressionS§pA-DHFR-3xHA. Asterisk

indicatesasignificant differencép < 0.05).
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Table 1: Strains, plasmids and oligonucleotides used in this study

Strain Characteristics Source

630 C. difficile strain 630 [1]

R20291 C. difficile strain R20291 [2]

CA434 E. coli strain CA434 (HB101 carrying R702) [3]

CA434/SIpAr20291 CA434 containing pRPF233 {PSIpAr2029) [4]

CA434/SIpAr20201LMW Tc  CA434 containing pRPF238 {PSIpAr20291: LMW -T¢) This Study
_ CA434 containing pJAKO8&Pet SIpAszc-hDHFR-Myc-

CA434/SIpAsso DHFR-SNAP AP) This Study

CA434/SIpAsac-SNAP CA434 containing pJAK023 (& SIpAszc-SNAP) This Study
: CA434 containing pPOE002 PSIpAssc-hDHFR-Strep

CA434/SlpAsso-DHFR-Strep Tag Il) This Study

CA434/ASSSIpAs3c-DHFR-  CA434 containing pPOE011 PAsignal SequencAN2-A24)-SlpAszc-hDHFR-Myc-

Strep Strep Tagll) This Study
: CA434 containing pPOE003 PSIpAs30-hDHFR-Myc-

CA434/SlpAssc-DHFR-3XxHA 3xHA) TRSISway

y CA434 containing pPOE032 (pMTLSC7315 with

CA434/SecAZ::SecABNAP secA2Short LinkerSNAP) This Study

630_secAZSNAP 630 expressing genomic tagged SeNRAP This Study

630/SIpAr20291 630 containing pRPF233 PSIpAr2029) This Study

630/SIpAR20201:L MW Tc 630 containing pRPF238 £PC. diff R20291 SIpATc) This Study

' 630 containing pJAKO085 (& SlpAszc-hDHFR-Myc-
630/SlpAssrDHFR-SNAP AP) This Study
630/SIpAs3o-SNAP 630 containing pJAKO023 (& SIpAezc-SNAP) This Study
' 630 containing pPOE002 £PSIpAessc-hDHFR-Strep Tay
630/SlpAs30-DHFR-Strep ) This Study
: 630 containing pPOEO011 {PAsignal SequencAN2-A24)-SIpAss-hDHFR-Myc-Strep
630/ASS SIpAszo-DHFR-Strep Tagll This Study



630 containing pPOEO003 {PSIpAszo-hDHFR-Myc-

630/SIpAssc- DHFR-3XHA 3xHA) This Study
. R20291 containing pPOEOO03 . diff 630 SIpA-
030/SIpAsr DHFR-3XHA i DHER Myc-3xHA) This Study
Plasmid Characteristics Sour ce
pRPF233 Pret SIpAR20201 [4]
pRPF238 Pret SIpAR20201: LMW -TC This Study
pJAK085 Pret SIpAszc-hDHFR-Myc-SNAP This Study
pPOEO023 Pret SIpAs30-SNAP This Study
pPOE002 Pret SIpAs3oc-hDHFR-Strep Tag lI This Study
Pret Asignal Sequenca(N2-A24)-SlpAszc-hDHFR-Myc-

PPOEO11 Strep Tagll This Study
pPOEO003 Peet SIpAs3c-hDHFR-Myc-3xHA This Study
pPOEQ032 pMTLSC7315 with secAZhort LinkerSNAP This Study
pJAKO67 pPMTLSC7315 with SecAZBNAP This Study
PMTLSC7315 [5]

Oligo Sequence Function Source
RE721 g'CI;CACTCGAGGTTCGTCCGCTGAATTGTATTGTTXhol_DHFR_FW q This Study
RF722 GTCACTCGAGCAGATCTTCTTCGCTAATC DHFR_Xhol_Rev This Study
RE723 '(‘il _IC_:QGGATCCTCATCATTACAGATCTTCTTCGCTDHFR_MyC_BamHI_Rev This Study
RF789 GCAACTACTGGAACACAAG delete SlpAsignal sequence ForThis Study
RF790 CATTTCTTAAATTCCTCCCAAC delete SlpAsignal sequence Re\This Study

CCGGACTATGCAGGATCCTATCCATATGACGTT Add triole HA tag on SIpA-
RF811 CCAGATTACGCTCCGTAAGGATCCTATAAGTTTT P gon>ip This Study

AAT c DHFR For



GACGTCATAGGGATAGCCCGCATAGTCAGGAACAd triple HA tag on SIpA-
ATCGTATGGGTAAACCTCGAGCAGATCTTCTTC DHFR Rev
Change linker in pJAKO67
RF1079 TGCTAAGGCCGATAAAGATTGTGAAATGAAGAG (SecA2SNAP in pMTLsc7315) This Study
to AEAAAKA For
Change linker in pJAK067
RF1080 g_%-GCCTCAGCGTTAAATTTATATAAGTATTGCA(SecAzsNAP in pMTLsc7315) This Study
to AEAAAKA Rev

RF812 This Study

CGTAGAAATACGGTGTTTTTTGTTACCCTATCAA : :
RF635 TCTATAAATTAAATGTTGTCC SecA2 left with 315 overlap  This Study
RF638 CGGATTTTGGTCATGAGATTATCAA GGCAT SecA2 right with 315 overlap This Study

ATTACCTTTAACAGTTAATCTATATC
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