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Summary

Bacteria of the genera Bacillus and Clostridium form highly resistant spores, iwkineh

case of some pathogens asthe infectious agentsn exosporium forms the outermost

layer of some sporeg;plays rolesn protection, adhesion, dissemination, host targeting
pathogens, and germination control. The exosporium of the Bacillus cereus group, including
the anthrax pathogen, contains a 2D-crystalline basal layer, ovaylaitiairy nap. BclA and
related proteins form the hairy nap, and require ExsFA (BxpB) for their localisation on the
basal layer. Until now, the identity of the main structural protein components of the basal
layer were unknownlVe demonstrate here that ExsY forms one of the essential components.
Through heterologous expressiarkE. coli, we also demonstrate that Exgénself-assemble

into ordered 2D arrays thatimic the structure of the exosporium basal layer. Self-assembly
is likely to playanimportant rolan the construction of the exosporium. The ExsY aisay
stableto heat and chemical denaturants, forming a robust layer that would contoibute

overall spore resistance. Our structural analysis also provides novel insight into the location

of other molecular components anchored onto the exosporiumasBchA and ExsFA.

Introduction

Bacterial endospores are differentiated cell forms that are specialisediive extreme
environmental stress (Setlow, 2014h) some pathogens, suakBacillus anthracis and
Clostridium difficile, the spore actssthe infectious agent. Spores constitute a fascinating
system for exploration of fundamental principlesell development and assembly of
complex supramolecular structures (Henriqgues and Moran, 2007; @itathp2007;
Mckenneyetal., 2013; Jiangtal., 2015). Followinganasymmetric cell division the
forespords engulfedby the larger mother cell; subsequently, cortex peptidoglycan and

protein coat layers are laid down, surrounding the cellularicosbich the genomis



protected. Once assemliycomplete, the mature spasareleased from the mother cell. The
protein coat confers much of thgore’s resilience and resistant®biocidal chemicals and

enzymes (Henriques and Moran, 2007; Setlow, 2014).

Spores of some speciegluding Bacillus anthracis hawa exosporium (Henriques and
Moran, 2007; Stewart, 2015) thattypically a flexible envelope surrounding the spore, with
anill-defined interspace separatimgrom the protein coat. The exosporium defines the
boundary between the spore and the environment (or host) with iwimtéracts. For
pathogens, that interaction includes the first point of contact of the spore with cells of the
host’s immune system. The exosporium layer has multiple functibnanresist chenaal

and enzymatic attack; provides a surface for adhesiancanharbour enzymes that
modulate spore germination; and may protect spores from macrophage-mediated killing
(Weaveretal., 2007 Stewart, 2015). Exosporium has been most extensively studied
(reviewedin Stewart, 2015 theB. cereus group, which includ&s anthracis (causative
agent of anthraxB. cereugafood-borne pathogen) aml thuringiensis (an insect
pathogen)We restrict our attentioto thisB. cereus sensu lato group,which the

exosporium composition and structure are very similar @all., 2008); the exosporia of
other organisms, su@asB. megaterium (Manetsbergetal., 2015)C. sporogenes
(Janganaetal., 2016) andC. difficile (Diaz-Gonzaleztal., 2015) have very different

protein compositions, although the general principles of assembly might have similarities.

Across species, the basic design of the exosporium consists of a thin continuous
proteinaceous layer - the basal layer. Typically, some or all of the basaklaggstalline
(Gerhardt and Ribi, 1964; Badt al., 2008; Stewart, 2015; Jangarmal., 2016) The

external face of this layer mée embellished with filaments and appendages sisetihairy



nap’ (Gerhardt and Ribi, 1964; Driks, 2007). In thecereus sensu lato group the hairy nap

is made of collagen-like filaments (Sylvesgtal., 2003) predominantly composed of BclA,

on the outermost surface of the basal layer. This BclA glycoprotein may haveraspbee
protection (Boydstoetal., 2005) and may play a ratehost phagocytosis of the spore (Gu
etal., 2012)It has recently been showmmediateanimmune inhibition mechanism that
promotes spore persistenoemouse lung (Wangtal., 2016). ExsFA (also named BxpB)

a 17 kDa exosporium protein required for the efficient attachment of 8di#xm the nap on

the exosporium (Steichetal., 2005; Sylvestretal., 2005; Thompsoetal., 2011).

Enzymes sequesteremithe exosporium, inosine hydrolase and alanine racemase (Todd et al.,
2003; Redmonetal., 2004) may suppress premature germindtijometabolizing potential

germinants (Yartal., 2007; Chesnokowt al., 2009).

The multifunctional exosporium has a number of structural demands pladge@Bat et al.,

2008; Kaibsetal., 2011)lt is semipermeable, breachied passageasnarrowas~20 Ain
diameter; these are small enouglexclude typical proteolytic enzymes but large enaogh

allow entry of spore germinants. The crystalline basal layer farmasray of interlinked cups
openingto the external environment of the spore (Kadaal., 2011). The cups coudttasa
matrix to sequester various additional proteins and enzymes associated with the exosporium.
The exosporiunis highly deformable, which may enhance the surtaesurface contact

area.

The exosporium contains a large number of proteins; however, untivedwave understood
little of the core proteins essentialthe integrity of the exosporium and the way they
assemble; for example, the structural protein(s) responsible for the crystalline basal layer

have not been defined (Stewart, 2015). A major high-molecular weight co(r@€0 kDa)



thatis not fully dissociated on SDS-PAGIS,proposed to include BclA, ExsFA and also
ExsY (Steicheretal., 2003; Redmonetal., 2004). The ExSY proteir a strong candidate

for a major protein of the basal layéris certainly crucial for normal exosporium assembly;
B. cereus (Johnsagt al., 2006) and B. anthracis (Boydstetral., 2006) exsY mutant spores
possess only eapof exosporiumat one pole. This residual exosporiwayp contains a close
homologue of ExsY, named CotY, which has ~84% amino acid identity with ExsY with most
of the differences the extreme N-terminal region. CotY prot&ralso presenn thecap
region of the wild type exosporium (Thompsatral., 2012). Cot¥s not essential for
formation ofanexosporium, howevegssporesof a cotY mutant havanintact exosporium
fully encircling the spore (Johnsenal., 2006). The exsYcotY double mutant spore has no
exosporium (Johnsoet al., 2006) and a very thin spore coat, with loose coat fragnmetiits
preparation, demonstrating that these proteins also haveia splere coaasembly.
Formation of acapat one polds a distinctive morphological intermediateexosporium
assembly. Theapappearso be attachetb a fragile sublayer, or sac, approximately the size
of the exosporium (Boydstaet al., 2006). Extension of the ma&exosporium beyond the
capand around the developing spore requires ExsY (Boyastin, 2006; Johnsoet al.,

2006; Thompsoetal., 2012).

We previously demonstratday electron microscopy (EM) thah orthologous protein CotY,
forming part of the thick outer spore coat layer (the cindt)e non-exosporium forming,.
subtilis (and called Cot¥; here for clarity) formed ordered stacks of 2D crystalline layers
within anE. coli expression host (Jiamgal., 2015). Individual layers were made up of a
lattice of hexameric ring-like particles, somewhat reminiscent of the exosporium basal layer
of B. cereus (Baletal., 2008). Given the ~35% identity between GRthdB. cereus ExsY

proteinswe speculated that ExsY might be keyforming the crystalline lattice within the



exosporium (Jiangtal., 2015)we have investigated this here. However, until now, there
has been no definitive and direct observatioardExsY/CotY type of assembly any native

spore structure.

Our studies of coat proteins B1 subtilis suggest that self organisation plays a very

significant rolein spore construction (Jiaregal., 2015). Does self-assembly play a tiale

the extension of the exosporium around the nascent spore? What are the components and
what are the interactions between these components of the exosporium responsible for such a
robust yet thin, flexible and semi-permeable structMyeattemptto address these questions

in this paper.

Results

Strains studiedTl o identify maximally denaturing conditions, two strains were used: our
well-characterised laboratoB; cereus strain ATCC 10876 (refermedcasB. cereus) and the
nap-less straiB. thuringiensis kurstaki 4D1&nacrystalliferous derivative of theéD1

strain (Stahhetal., 1978), referretb asBt 4D11. Together these were previously used
identify the orientation of the basal layer relativehe exterior hairy nap (Kailast al.,

2011).

Isolation and disassembly of exosporium crystaM.of whole spores (Fig. 1) and of fully
washed exosporium fragments (Fig. 2A &)cconfirm the absence of naptheBt 4D11

strain. The images of thH& cereus crystal (Fig. 2A) presented less distinct lattice contrast
and a peripheral fringe reflecting the preseoicéne hairy napn this strain. Fragments from
both strains were very robustchemical treatment. With 1% SDS alone the soluble fraction,

after centrifugation, yielde@pheroidal particles’, 10— 45 nmin dimension and a few small



crystalline fragments, all less than 80-90 nm on a side (Fig. S1); the insoluble fraction still
contained large intact exosporium fragments. After 72 hours dialysis of the "soluble"
fraction, very fewspheroidal particles’ remained but crystalline fragments comparable
those seem the starting material were visible (tgp300 nm on a side, Fig. 2C); these
crystals displayed the same unit cell parametenative exosporiumie observed similar
dissociation/re-association behaviauthe soluble fraction when 8 M urea was used instead

of SDS.

Complete dissolution of exosporium crystals required incubati8M urea, 200nM DTT
and 2% (w/v) SD%it 90°C for 20 minuteg§harsh solubilisation’ conditions); nevertheless,
some particulate material remainadsuspension (Fig. 2D). Upon dialysis large amorphous

aggregates were formed but no crystals appeared.

Maximising the solubilisation of exosporium fragments for identificatibpr oteins Many
proteins have been identified constituents of the exosporium, liubas been difficulto
identify whichof these ee core building blocks essenti@ make up the repeating units of
the crystalline basal layer (Batal., 2008; Kailagtal., 2011; Stewart, 2015). The insoluble
fraction of exosporium that does not enter gels under standard conditions of SDS-PAGE
represents a major challengadentifying the main structural components of the
exosporiumlin anattemptto identify the most abundant exosporium proteins comtaon
both,we incubated extensively washed fragments of exosporiumBarareus ATCC

10876 and. thuringiensis 4D1in urea, reducing agent, detergent and héatsh
solublization’. This disruption of higher molecular weight complexes was reflecttdte

extensive dismantling of exosporium crystals, whighviewedby EM (Fig. 2D).



Proteins extracted from the fully washed crystals aftash solubilisation’ treatment were
analysedy SDS-PAGE. The exosporium samples dissociated sufficiemtbBveal the
predominancef a relatively small numbeaf intensely staining, sharp, low molecwegght
bands (Fig. 3). Unlike past protein profiles of &ucereus strain, obtained under a more
standard extraction procedure (Taetél., 2003), the most abundant protein detected was
now at 16kDa; this proteirms also abundanh theBt 4D11 strainand was identifiedasExsY
through N-terminal sequencing (SCNENKHHGS Bothuringiensis 4D11 and SCNEN for
B. cereu}. A strong bandht 32 kDain B. thuringiensis was also identifieExsY
(SXNENXHH), correspondingn sizeto a likely dimerasonly one sequence was detected.
B. cereus ATCC 10876 exosporium, sharp bands were vedibée 60 and 180 kDa along
with a residual smear of larger material. These corresyoiig position of BclAn Western
blots (Fig. 4). Staining of any high molecular weight material above ~50 kDa was very faint
for theBt 4D11 sample (Fig. 3Baswould be expected f@an exosporium depleteid BclA-
containing hairy nap. CotE (SEFREIIT) was identifeesh less prominent barad 20 kDain
theBt 4D11 extractWe were unabléo obtain N-terminal sequences from the other, more

minor bandsat <50 kDa.

Identification of additional protein3.he most abundant exosporium protein comiaathe

two strains was identified aboasExsY (Fig. 3). Western blots probed more sensitively for
the presence of additional candidate proteins from these andBottexeus sensu lato strains
(Fig. 4) using fully washed crystals aftéarsh solubilisation’ treatmentB. anthracis

samples that had not undergone salt and SDS waslalable from previous experiments
(Redmoncetal., 2004; Balktal., 2008) were included where availaldsadditional

positive controls. BclA was detectedB. cereus an®. anthracign a high molecular weight

smeared bandt ~120-250 kDa, anoh additionat ~60 kDain B. cereus. Veryittle was



detectedn the exosporium dBt 4D11. ExsFA (predicted monomer 17 kDa) was detdaoted
B. cereus an®. anthracisn the high molecular weight smear; again, only a trace was
detectedn Bt 4D11 exosporium. The very marked depletion of these two prageins
consistent with the absence of hairy mapxosporium of this strain. Another exosporium
protein ExsK (Redmondtal., 2004; Severscet al., 2009; predicted monomer 12 kDa) was
detectedn B. cereus, B. anthracis aBtl4D11in the high molecular weight smear,
indicating thait, toois a component of a stable high molecular weight complex. Fainter
bandsat 12 and 25 kDa were also presentheB. anthracis lane, possibly correspondiag
a monomer and dimeaspreviously observed (Seversetal., 2009). CotE (predictddW

20 kDa) was detectemba 20 or 8 kDa band, or botin,all B. cereus an®. thuringiensis
strains tested but was not deteate®. anthracis exosporiunasalready reportedy Giorno
etal. (Giornoetal., 2007)In B. thuringiensis, CotE was also detectesé ~38 kDa band,
probably a dimer. These data confirm the presence of CotE and ExsK caothen
exosporium oB. cereus an®. thuringiensis 4D11We canexclude CotEasamgor
component of the crystalline basal lagsthe lattice observed f@. anthracids the sameas
those of otheB. cereus sensu lato strains (Batlal., 2008); Coths required for assembly
rather than structuref the exosporium layer (Bressuire-Isoatél., 2016). Althoughve
detected ExsKB. anthracis exsK mutant spores were repadiddthve a normal intact
exosporium (Seversat al., 2009), which excludasasa strong candidate for a main
crystalline protein. This leaves Exs¥$a likely mgor component of the exosporium basal

layer, on biochemicaswell asprevious genetic grounds.

Heterologous expression of Exdte exsY gene frorB. cereus was cloned and
overexpresseth E. coli. E. coli cells expressing N- and C-terminally poly-histidine tagged

ExsY were lysedby sonicationn a urea-containing bufféo release large, crystalline,



proteinaceous sheets, (rih onanedge) (Fig. 5A and B). These sheets were formed
intracellularly (Fig. 5C and D). Cloned, untagged ExsY formed the same self-assembled
crystalline sheets, but for ease of purification, the double-tagged construgtEXH) was
used;we denote this recombinant forasrExsY. Crystals, affinity-purified on NiNTA-
agarose beads were eluted using imidazole/urea, pelleted, and resuspeneaduffer;
soluble rExsY remaineith the supernatant. Recombin&htcereus CotY also yielded
crystalline arrays (Fig. S2). However these were less abundant and substantially more

disordered than thosd rExsY.

The stability of rEsY crystals suspended 8 M urea was testad reducing, high

temperature and detergent conditions (FigA8)a control, the material from the soluble

rExsY fractionin urea above was resolved on SDS-PAGE gels into a ladder of proteins from
~20 kDa upwards. The predict®tIV of the recombinant 2HjsEXsY is 19.4 kDa. Following
Western blotting with anti-Hisantibody, the full ladder of bands was clearer, extending from
predicted monomeo hexamerln contrast much of the crystal fraction did not enter the gel,
although particularly on the Western blot, some hexamer and monomer could be detected.
We found the yieldbf monomeric rExsY was only significantly increased wierincubated
crystalsat 95°Cin the presencef 2 M DTT aswell asurea and SDS; uedthese conditions,

all crystallinity was lost (Fig. S3). This reminiscent of the behaviour of native exosporium.

Electron crystallographyVe analysedxosporium and rExsY crystaly negative staifeM

and image processing. All exosporium and rExsY fragments displayed unit cell parameters of
a = b= 80-85A, y = 120°, similatto the ‘type II’ exosporium crystals describbg us

previously (Balletal., 2008). Fourier phases for rExsY crystals BndD11 were consistent

with hexagonal symmetry (Table S1, S2). Projection maps are shdvign S4. The most
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prominent featurén all the projection mapss a lattice of rings, qualitatively similao those
we found previously (Baletal., 2008; Terretal., 2011). The projection map of crystals
reExsY (Fig. S4C) was indistinguishablegross staining pattern from tB¢4D11 map (Fig.

S4B).

For the reconstructions, interpolated Fourier amplitudes are shdwg. S5and Fig. S6.

Fig. 7A and B show surface-rendered views of the reconstructions] Eghows a
superimposition of these two density mapgive a best fit. The rExsY crystalmade up of
anopen lattice of hexameric ring-like structures. The rings are about ~46 A deep with central
channels ~27 An diameter. Thét 4D11 exosporiuns made up of a lattice of cup-like
structures, closed ofit one end. The rExsY crystal has a near-identical architecture except
that there appeats beno ‘capping’ to form cups. Fig7D shows a superimposition of the
rExsY density with that of the exosporiumEfcereus 10876. The vieswfrom the outside

of the spore (Balkktal., 2008; Kailagtal, 2011) and shows native exosporiuranarray of
cup-like structures connectég threefold-symmetric linkers (arrow). Again, although the
rExsY rings are superimposable on the nallveereus exosporium, the latter has the
additional embellishments of cappit@form cups andh addition, the threefold-symmetric

linkers (Balletal., 2008; Kailagtal, 2011).

Discussion

ExsYis an abundant and ubiquitous prot&irexosporium.

We have demonstrated that exosporium samples Bocereus an®. thuringiensis 4D11
canbe dissociated extensivelyreveal the predominance of a relatively small number of

intensely staining, sharp, low molecular weight bands (Fig. 3). This disruption of higher
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molecular weight complexes was reflectedhe extensive dismantling of exosporium

crystals (Fig. 2D).

TheBt 4D11 spores gave @as opportunityto examine the protein compositionaf
exosporium that maintains a crystalline basal layerdduée of hairy nap components. This
exosporium was depletéa not only BclA, butits anchor protein, ExsFA (Fig. 4C). The most
abundant exosporium protein (at 16 kDa) comnadnothB. cereus an®. thuringiensis
strainsis ExsY (Fig. 3), already implicatad exosporium assembig bothB. cereus and.
anthracis (Boydstoatal., 2006; Johnsoet al., 2006)lt is possible that other proteins,
which we did not interrogat®éy Western blotting, could also play a structural role. However,
we conclude that Exs¥s a major structural component of the exosporium basal layer (Fig.

4).

ExsY defines the hexagonal crystalline framework of the exosporium.

For all our rExsY constructise found large insoluble crystalline sheets assembled within the
E. coli host cell (Fig. 5). Remarkably, the distribution of denisitthe 2D projection majs
virtually indistinguishable from that of the native exosporium crystals isolatedBta@in11

(Fig. S4B and C). Th8D reconstructions frorBt 4D11 exosporium and rExsY show that the
only significant difference between the two arresya closing off of the hexameric rings

theBt 4D11 basal layetio form anarray of‘cups’ (Fig. 7A-C). Given this near-identitg
structurewe conclude that the major crystalline component within the exosporidn of

4D11is ExsY but with additional components sealing off tteps’.
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The reconstructed density of rExsY (and thaBo#D11 exosporiumganalso be
superimposed on exosporium fr@ncereus (Fig. 7D). ThB. cereus exosporium has a
structure nearly identicab that ofB. anthracis (Baletal., 2008). Thusve propose that
ExsY forms the essential repeating unit defining most of the crystalline lattice of the
exosporium bad layer, across the entiB cereus group. Whilst a number of crystalline
arrays have been identifi@éad intact native spores (Holt and Leadbetter, 1969; Get#dl.,
1970; Ebersol@tal., 1981; Plometal., 2005a; Plomptal., 2005b), thiss thefirst
definitive demonstration anin vivo crystalline array assembled franidentifiable spore

protein.

In summary, Fig. 7A represents the structfraaked ExsY. The basic moiff one of a
sixfold symmetric cylinderin B. thuringiensis 4D11 (Fig. 7B) the cylindisraugmentedby a
taperedcapthat closedt off at one end; this resulia the cup-like structure previously
revealedoy AFM (Kailasetal., 2011)In B. cereus 10876 (arf8l anthracis) theres further
augmentation with the prominethireefold symmetri¢propellei’ motif that links the rings

together (arrovin Fig. 7D).

Additional protein links form at threefold symmetric positions.

The“propeller” motif (arrowin Fig. 7D) lies on the external face of the spore buBthe
4D11 samples missing this linker density (FigB and D). Variationsn the ExsY amino
acid sequence (95% identity) betwdrcereus an®. thuringiensidHD1 (the parent strain
of Bt 4D11) are too smatb account for the extra volume of this linker. HoweB#r4D11is
devoid of ExsFA and BclA; this extra density s@eB. cereus could be accounted foyr
these extra protein components, given that mb#te disordered BclA would be blurred out

by our image processing. Indeed, we previously speculated thainleeic BclA fibres may

13



be anchoredt the threefold symmetric bridges between the cuplse exosporium basal

layer, via a link through a trimeric ExsFA anchor (Ka#aal., 2011). A2D projection
analysisof wild type and exsFA (bxpB) mutant strains of the closely relBtedthracis
exosporiums entirely consistent with this interpretation. This study localised the putative
anchor pointo somewhere on the cup rim (Rodenbatgl., 2014, butin our 3D studywe

have now determined a precise location. Thwespropose that the baséthe putative
ExsFA/BclA complexs locatedat the position of threefold symmetaythe centre of the
“propeller”; it is now seerto link the ExXsY rings together. Notably, ExsFA, BclA and ExsY
have been observéd co-migratein SDS-PAGEN positions correspondirtg higher order
complexes (Redmonret al., 2004). Taken together with our interpretation of the threefold
linkers of ExsFA and BclA bridging ExsY oligomers, this does suggest that these three
proteins interact in a single complex (Toetal., 2003; Redmonet al., 2004; Steicheat

al., 2005). However, the stabiliof the pure rExsY crystals demonstrates that this "propeller
motif" linker is notanabsolute requiremei hold together the ExsY rings of the bhs

layer. Consistent with this, while ExsFA and ExsFB are important for conferring exosporium
stability on the spore, they do not appear esseantmahkintaining basal layer crystalliniiy

sloughed-off fragments from exsF spores (Sylvested., 2005).

Exosporiums stabilized through disulphide bonding of ExsY.

A high cysteine contens characteristic of ExsY ants homologues and a high proportion of
the cysteine residues areconserved positions throughout this family. We now have strong
evidence that the cysteines' role includes cross-linking (Zéealg 1993; Jiangtal.,

2015). Cross-linking may occat three levels: within single polypeptide chains of ExsSY;
between ExsY subunits within individual hexamers; and between hexamers, thus cross-

linking the entire lattice. Our analyses suggest the presence of both inter-chain disulphides

14



within hexamers and also between hexanrete lattice. Fig. 6B shows that both heat and
reducing agent are required for the complete loss of detectable heXéeymeviously

found analogous behaviour for Cetthexamers and showed that higher order assemblies
also required reducing agent for disassembly (Jag, 2015). Treatment of rExSY crystals
with a combination of both heat and DTT was requicedestroy any ordered crystallinity.
Some monomeric material was extractable U rDTT treatment alone (Fig. 6, lane 3),
howeverwe found essentially the same population density of large cryséds untreated

samples.

Ontherole of self-organization and cross-linkingexosporium assembly.

rExsY assembles into crystalline shaatthe cytoplasm of thE. coli host. This remarkable
behaviour suggests that ExgYcapable of self-organizatioit;is unlikely thatE. coli would

have specific machinery for the assembly of this recombinant pré¢eihave previously
reported on a propensity for self-assenihlg number of spore coat proteinsBofsubtilis

(which does not havan exosporium), including the ExsY orthologue, CetYHow does this
self-organization incorporate disulphide cross-linkmghe normally reducing environment

of the host cell antly inference how could such cross-links be fornmethe native

sporangium? The hexameric nature of ExsY combined with the crystal packing over and
above this may play a role; the formation of multiple disulphide bagBgsY subunits are
recruited and precisely positioned into the highly symmetric growing hexamers and into the
higher order lattice could be a highly cooperative process; such cooperativity coulthform
exquisite mechanism for ensuring that these disulphides are exceptionally strong and resistant
to the normally reducing intracellular environment (Jiahgl., 2015). Cooperative

disulphide bond formation hasdredemonstrateth protein folding experiments, where the

equilibrium constant for additional disulphidesrery substantially increased over that of a
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single bond (Chau and Nelson, 199R)an analogous effectn ExsY crystals, the
positioning and lockingf subunits into the growing lattice could enhance the local

sulphydryl concentration thus driving the formation of additional cross-links.

Exosporium assembly stadsa ‘cap’ on one pole of the forespore (Ohye and Murrell, 1973).
In the absence of ExsY, assembly terminates effeformation (Boydstoret al., 2006;
Johnsoretal., 2006). This suggests that the remaining two thirds of the exosgerium
predominantly made of ExsY (Boydstetal., 2006; Steicheatal., 2007). ExsY self-
assemblys likely to help drive the formation of the basal-layer template. GotY
preferentially locateth the capto some degree controlldxy exclusion involving a
secondary protein with a collagen-like region, BclB (Thompstai., 2012). CotY alone

may be sufficient for cap self-assembly (Boydstetal., 2006; Steicheetal., 2007;
Thompsoretal, 2012), but not for completing the assembly beyond. Recombinantc@ntY
itself organize into crystalline sheets (Fig. S2), suggesting that self-organizatlsoan
essential featurm capassemblyWe do not know howapgrowthis limited but our
observation that recombinant CotY forms crystals that are more disordered than those of
rExsY suggests that defects nm@more prevaleni the cap. Ultimately, ExsY ay

dominate crystal growth around the rest of the spore, favoured kinetically and

thermodynamically over CotY.

In the sporangium, a thisac’ is proposedo surround the spore (Boydstenal., 2006;

Henriques and Moran, 2007) and may define a preferred interface for ExsY assembly. Fig. 8
shows a model for the role of Ex#Y exosporium growth (Henriques and Moran, 2007,
Steicheretal., 2007). Assembly starty formation of the sac sublayer (Fig. 8A) followleyl

capformation. Thecapmay incorporate domains of self-assembled CotY and ExsY. For
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assemblyo start here may require anchoring proteins e.g. ExsA and CotE (Bailey-&mith

al., 2005; Giorneetal., 2007; Henriques and Moran, 2007). The basal layer extends from the

‘cap’ around the developing spore through self-organization of predominantly Exsié; this

summarisedn Fig. 8B although this figure does not necessarily imply a strict temporal

sequence, rather a hierarchy of assembly states. The main featae®boes:

. ExsY forms hexamers.

. EXsY is targetedo the ‘sac’ and assembles into a two-dimensional lattice (Henriques
and Moran, 2007). Lattice growth may be initiagdthe ‘cap’ periphery.

. Disulphide cross-links are formed (Fig. 6).

. Additional proteins account for the plog density‘closing’ off one end okachring
leadingto the characteristiccup’ structures (Fig. 7).

. ExsFA/BxpB and BclA are coexpressed and assemble together on the developing

exosporium.

Functional implications.

The capacity for ExsY and Cothd self-organize int@nordered lattice of high symmetry
gives a possible elegant solutimngrowing the exosporium and the problem of establishing
disulphide cross-links within the intra-cellular environment. The résalhighly stable
assembly. Despite this, the exosporisrflexible enougtto form tight folds which may
confer advantages adhesiorio surfaces (Kailastal., 2011)lt is possible that cross-

linking is not fully saturatedh the natural exosporium- indegds evident that a proportion

of the natural exosporiuanbe reversibly disassembled without reducing agents (Fig. 2C).

The critical structural role playdaly ExsY is evident fromanexsY strairof B. cereus which

makes only a snilaterminalcapandan exsYcotY strain whicls completely devoiaf
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exosporium. Conversely a cotY stragrableto makean apparently intact exosporium
(Boydstonetal., 2006; Johnsoet al., 2006; Steicheatal., 2007); our model would predict

that the exosporium basal layerthis cases made entirely through ExsY self-assembly.

The underlying principles governing the assembly of the exosporium basal layer may be
similarto those across all the distantly related Bacillus and Clostridium species. Highly
ordered self-assembbf protein components into robust two dimensional arrays through
disulphide cross-linking has been demonstrate@otYss in B. subtilis spore coats (Jiaeg

al., 2015). This may emergesa general strategp aidin the construction of highly resistant
cellular structures across other species. For exaitglaotable that a cysteine-rich protein,
CdeCis required for‘exosporium’ morphogenesis and coat assembl§. difficile spores
(Barra-Carrascetal., 2013. Moreoverwe have recently demonstrated hexagonal packing

in the exosporiunm a number of other Clostridium spp. and also identified a number of
cysteine-rich exosporium proteins, CsxA, CsxB and CsxC; these bear no sequence homology

to ExsY (Janganaatal., 2016).

Experimental Procedures

Additional experimental informatiois providedin Supplementary Methods

Supplementary Information.

Endospore preparationegetative cells were grown nutrient broth and sporg@separed

usingCCY mediaaspreviously described (Todzt al., 2003).
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Isolation of exosporiunExosporium fragments were isolated using the French press method
(‘unwashed’) and washed with salt and detergent buffeidly washed”) asdescribedy

Terryetal. (Terryetal., 2011).

SDS-PAGE and Western blottingxosporium proteins were resuspendedolubilisation
buffer (50mM CHES pH 9.8, 8 M urea, 2% SDS, 2001 DTT) ; they were incubateat 90
°C for 20 minutego disrupt exosporium complexes for separabgrsDS-PAGE and
Western blottingaspreviously described (Terstal., 2011), using 10% NuPAGEMm Bis-

Tris pre-cast gels (Invitrogen).

Disassembly of the exosporiu®DS (1%) or ureé8 M) were addedo 0.1 mg of fully

washed exosporium fragments and incubat&¥ °C for 1 hour. To remove insoluble

material, the sample was centrifuggd 0,000 x g for 15 min. The solubilized fraction was
dialysed against 1 | of deionized water containing 0.05% (w/v) of sodium azide (Fluka) using
3500 MWCO Slide-A-Lyzer Mini Dialysis Units (Pierce). Fully disrupted exosporium
samples were resuspended M urea, 2% (w/v) SDS with or without the addition of 0.2 M
DTT and heatetb 90 °C for 20 min. Samples were dialysed using 3500 MWCO Slide-A-

Lyzer Mini Dialysis Units.

Expression and purification of ExsY and CotYie exsY gene frorB. cereus ATCC 10876

was cloned into pET28a, generating a construct with both N- and C-terminal poly-histidine
tags (2Hig-ExsY). An untagged exsY construct was produbgaloning into pCOLADuet-1.
EXsY over-expression was carried ouk. coli. Crystals of his-tagged ExsY were collected
by batch purification using NiNTA Agarose beads. C-terminal poly-histidine tagged CotY

crystals were similarly isolated.
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Disassembly of recombinant ExsY crystais.described previously fd. subtilis CotY

(Jiangetal., 2015), except that 95 °C was used.

Electron microscopyror details, see Supplementary Informati®amples were examined
on a Phillips CM10@t 100 kV. Images were collected ol x 1K GatanCCD camera. A
total of 51 imagesf ExsY crystals and 70 imagesRfthuringiensis 4D11 exosporium,

were collected for processing. The specimlkrangle ranged from -5@6 +50°.

Image processing and 3D reconstructiomages were initially processed using the 2dx suite
(Gipsonetal., 2007). Output Fourier phases and amplitude data were subsequently merged
using the MRC program ORIGTILTK followdaly 3D map generation using the CCP4 suite

of programs (Crowthegt al., 1996; Collaborative Computational Project, 1994

Acknowledgements

This work was fundebtly the generous financial support of the BBSRC. Qiang Wan, was
supported through the China Scholarship Council andKh®epartment for Business
Innovation and Skillswe thank Chris Hill forEM assistance and Arthur Moir for N-terminal
sequencing. Caroline Redmond, Adam Driks, Michelle Mock and Katherine Knight kindly
provided antibodies raised against BclA, CotE, ExsFA and ExsK respectvethank

Imrich Barak and Daniela Krajcikova for stimulating discussions.

Author Contributions

PAB, AM, CT andSJdesigned research. CT, SJ, D&RY andST performed research. CT,

SJ, PAB and\M analyzed data. PAB, AMCT andSJwrote the paper.

20



References
Bailey-Smith, K., Todd, S.J., Southworth, T.W., Proctor, J., MQi(2005). The ExsA
protein of Bacillus cereus required for assembly of coat and exosporium onto the spore

surface. J Bacteridl87: 3800-3806.

Ball, D.A., Taylor, R., Todd, S.J., Redmond, C., Cou{liosi, E., SylvestreP, etal. (2008).
Structure of the exosporium and sublayers of spores of the Bacillus cereus family rbyealed

electron crystallography. Mol Microbi@8: 947-958.

Barra-Carrasco, J., Olguin-Araneda, V., Plaza-Garrido, A., Miranda-Cardenas, C., Cofré-
Araneda, G., Pizarro-Guajardo, Mt,al. (2013). The Clostridium difficile exosporium
cysteine (CdeC)-rich proteis required for exosporium morphogenesis and coat assembly. J

Bacteriol195: 3863-3875.

Boydston, J.A., Chen, P., Steichen, C.T., Turnbough, C.L. (2005). Orientation within the
exosporium and structural stability of the collagen-like glycoprotein BclA of Bacillus

anthracis. J Bacteridi87: 5310-5317.

Boydston, J.A., Yue, L., Kearney, J.F., Turnbough, C.L. (2006). The ExsY protein is required

for complete formatiowf the exosporium of Bacillus anthracis. J Bactet&8: 7440-7448.

Bressuire-Isoard, C., Bornard, I., Henriques, A.O., Carlin, F., Broussol{20¥6).

Sporulation temperature reveals a requirement for @otiie assembly of both the coat and

exosporium layers of Bacillus cereus spores. Appl Environ Micro2oR32-43.

21



Chau, M.H., Nelson, J.W. (1992). Cooperative disulfide bond formatiapamin.

Biochemistry31: 4445-4450.

Chesnokova, O.N., McPherson, S.A., Steichen, C.T., Turnbough, Jr. C.L. (2009). The spore-
specific alanine racemase of Bacillus anthracisienlein suppressing germination during

spore development. J Bacteri®l: 1303-1310.

Collaborative Computational ProjetNumber 4. (1994). The CCP4 suite: programs for
protein crystallography. Acta CryBi50: 760-763.
Crowther, R.A., Henderson, R., Smith, J.M. (1996). MRC image processing programs. J

Struct Biol116: 9-16.

Diaz-Gonzalez, F., Milano, M., Olguin-Araneda, V., Pizarro-Cerda, J., Castro-Cordova, P.,

Tzeng, S.C.etal. (2015). Protein composition of the outermost exosporium-like layer of

Clostridium difficile 630 spores. J Proteomikz3: 1-13.

Driks, A. (2007). Surface appendages of bacterial spores. Mol Micré&i@23-625.

Ebersold, H.R., Luthy, P., Cordier, J.L., Mull&t, (1981).A freeze-substitution and freeze-

fracture study of bacterial spore structures. J Ultrastruc?®esl-81.

Gerhardt, P., Ribi, E. (1964). Ultrastructure of the exosporium enveloping spores of Bacillus

cereus. J Bacteri@®8:1774-1789.

22



Giorno, R., Bozue, J., Cote, C., Wenzel, T., Moody, K.S., MallozzieMl. (2007).

Morphogenesis of the Bacillus anthracis spore. J Bact&881691-705.

Gipson, B., Zeng, X., Stahlberqg, (2007). 2dx_user friendly image processingZbdr

crystals. J Struct Bidl57: 64-72.

Gould, G.W., Stubbs, J.M., and King, W.L. (1970). Structure and composition of resistant

layersin bacterial spore coats. Microbiolo§§: 347-355.

Gu, C., Jenkins, S.A., Xue, Q., Y\, (2012). Activation of the classical complement
pathwayby Bacillus anthraciss the primary mechanism for spore phagocytosis and involves

the spore surface protein BclA. J Immua88: 4421-4431

Henriques, A.O., Moran, C.P. (2007). Structure, assembly, and function of the spore surface

layers. Annu Rev Microbidbl: 555-588.

Holt, S.C., and Leadbetter, E.R. (1969). Comparative ultrastruztsedected aerobic spore-

forming bacteria: a freeze-etching study. Bacteriol 33\846-378.

Janganan, T.K., Mullin, N., Tzokov, S.B., Stringer, S., Fagan, R.P., HobbssthK.,
(2016). Characterization of the spore surface and exosporium proteins of Clostridium
sporogenes; implications for Clostridium botulinum group | strains. Food Micra®i@05-

212

23



Jiang, S., Wan, Q., Krajcikova, D., Tang, J., Tzokov, S.B., Barak,dl, (2015). Diverse
supramolecular structures formley self-assembling proteins of the Bacillus subtilis spore

coat. Mol Microbiol97: 347-359.

Johnson, M.J., Todd, S.J., Ball, D.A., Shepherd, A.M., Sylvestre, P., Mp(2006). ExsY
and CotY are required for the correct assenobihe exosporium and spore coat of Bacillus

cereus. J Bacteridi88: 7905-7913.

Kailas, L., Terry, C., Abbott, N., Taylor, R., Mullin, N., Tzokov, S.&.al. (2011). Surface
architecture of endospores of the Bacillus cereus/anthracis/thuringiensisdainéy

subnanometer scale. Proc Natl Acad Sci U8% 16014-16019.

Manetsberger, J., Hall, E.A.H., Christie, G., (2015). Plasmid-encoded genes influence
exosporium assembly and morpholagyBacillus megateriur@M B1551 spores. FEMS

Microbiol Lett 362:fnv147.

Mckenney, P.T., Driks, A., Eichenberger, P., (2013). The Bacillus sudmidlospore:

assembly and functiored the multilayered coat. Nat Rev Micld: 33-44.

Ohye, D.F., Murrell, W.G., (1973). Exosporium and spore coat formatiBacillus cereus

T.J Bacterioll15: 1179-1190.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Mengt E.C.,

al. (2004). UCSF Chimeraa visualization system for exploratory research and analysis. J

Comput Chen25: 1605-1612.

24



Plomp, M., Leighton, T.J., Wheeler, K.E., Malkin, A.J., (2005a). Architecture and high-
resolution structure of Bacillus thuringiensis and Bacillus cereus spore coat surfaces.

Langmuir21: 7892-7898.

Plomp, M., Leighton, T.J., Wheeler, K.E., and Malkin, A.J., (2005b). The high-resolution

architecture and structural dynamics of Bacillus spores. Biop8ysGD3-608.

Redmond, C., Baillie, L. W.J., Hibbs, S., Moir, A.J.G., Moir, A., (2004). Identification of

proteinsin the exosporium of Bacillus anthracis. Microbiolddpp: 355-363.

Rodenburg, C.M., McPherson, S.A., Turnbough, C.L. Jr, Dokland, T., (2014) EBfyo-
analysisof the organization of BclA and BxpiB the Bacillus anthracis exosporium. J Struct

Biol 186: 181-187.

Setlow, P., (2014). Spore resistance properties. Microbiology Spe2trum

doi:10.1128/microbiolspec. TBS-0003-2012.

Severson, K.M., Mallozzi, M., Bozue, J., Welkos, S.L., Cote, C.K., Knight, Ktlal.
(2009). Roles of the Bacillus anthracis spore protein ERs#&osporium maturation and

germination. J Bacteridl91: 7587-7596.

Stahly, D.P., Dingman, D.W., Bulla, L.A., Aronson, A(L978). Possible origin and

function of the parasporal crysialBacillus thuringiensis. Biochem Biophys Res Commun

84: 581-588.

25



Steichen, C., Chen, P., Kearney, J.F., Turnbough, C.L., (2003). Identification of the
immunodominant protein and other proteins of the Bacillus anthracis exosporium. J

Bacteriol185: 1903-1910.

Steichen, C., Kearney, J.F., Turnbough, C.L., (2005). Characterization of the exosporium

basal layer protein BxpB of Bacillus anthracis. J Bactei8dl 5868-5876.

Steichen, C., Kearney, J.F., Turnbough, C.L., (2007). Non-uniform assembly of the Bacillus
anthracis exosporium and a botteEgpmodel for spore germination and outgrowth. Mol

Microbiol 64; 359-367.

Stewart, G.C., (2015). The exosporium lagkbacterial spores: a connectimrthe

environment and the infected host. Microbiol Mol Biol R8v437-457.

Sylvestre, P., Couture-Tosi, E., Mock, M., (2003). Polymorphisthe collagen-like region
of the Bacillus anthracis BclA protein leasvariationin exosporium filament length. J

Bacteriol185: 1555-1563.

Sylvestre, P., Couture-Tosi, E., Mock, M., (2005). Contribution of ExsFA and ExsFB

proteinsto the localization of BclA on the spore surface smthe stability of the Bacillus

anthracis exosporium. J Bacterid7: 5122-5128.

Terry, C., Shepherd, A., Radford, D.S., Moir, A., Bullough, P.A., (2011). Ywdacillus

cereusits rolein germination and exosporium structure. PLoS @NE23801.

26



Thompson, B.M., Hsieh, H-Y., Spreng, K.A., Stewart, G.C., (2011) coiependencef
BxpB/ExsFA and BclA for proper incorporation into the exosporium of Bacillus anthracis.

Mol Microbiol 79: 799-813.

Thompson, B.M., Hoelscher, B.C., Driks, A., Stewart, G.C., (2012). Assembly of the BclB
glycoprotein intathe exosporium and evidence fts rolein the formation of the exosporium

“cap’ structuran Bacillus anthracis. Mol Microbid6: 1073-1084.

Todd, S.J., Moir, A.J.G., Johnson, M.J., Mdir, (2003). Genes of Bacillus cereus and

Bacillus anthracis encoding proteiofsthe exosporium. J Bacteridg5: 3373-3378.

Wang, Y., Jenkins, S.A., Gu, C., Shree, A., Martinez-Moczygemba, M., Hereld|J.,
(2016). Bacillus anthracis spore surface protein BclA mediates complement factor H binding

to spores and promotes spore persistence. PloS PHthe$j005678

Weaver, J., Kang, T.J., Raines, K.W., Cao, G.L., Hibbs, S., Tsat&.,(2007). Protective

role of Bacillus anthracis exosporiummacrophage-mediated killifgy nitric oxide. Infect

Immun75: 3894-3901.

Yan, X., Gai, Y., Liang, L., Liu, G., Tan, H., (2007). A gene encoding alanine racé&nase

involvedin spore germinatiom Bacillus thuringiensis. Arch Microbidl87: 371-378.

27



Zhang, J., Fitz-James, P.C., Aronson, A.l., (1993). Cloning and characterization of a cluster
of genes encoding polypeptides preserihe insoluble fraction of the spore co&Bacillus

subtilis. J Bacteriol75: 3757-3766.

28



Figure L egends
Figure 1. Peripheral regions of whole Bacillus spores examiedegative staifeM [Scale

bars, 200 nntA and B)]. (A)B. cereus 10876. (B}. thuringiensis 4D11.

Figure 2. Negative stairfEM of exosporium before and after disruptlmnchemical and heat
treatment [Scale bars, 100 nm]. Fully washed exosporium crystals froB1 ¢ajeus 10876
and (B)B. thuringiensis 4D11. ((B. cereus 10876 sample after treatment for 1 hour with
1% SDS alone followety dialysis of the soluble fraction. (D) After treatmenBotereus

10876 exosporium crystals with 8 M urea, 2% SDS, 0.2 M DTT and inculza®gg°C.

Figure3. (A) B. cereus 10876 and (B) thuringiensis 4D11 exosporium fragments were
isolated, washed, and treated with 8M u2a,SDS, 0.2M DTT and heated 90 °C priorto
SDS-PAGE analysis. Bands correspondmgroteins identifiedy N-terminal sequencing

are markedby *.

Figure 4. Differencesn exosporium protein composition betwdgranthracisB. cereus

andB. thuringiensis revealdoly Western blotting. Exosporium fragments isolated fi&am
anthracis (Ba)B. cereus (Bc) anB. thuringiensis (Bt) spores were either unwashed (-) or
fully washed (+) and analysed using (A) anti-BclA (B) anti-CotE, (C) anti-ExsFA or (D) anti-
ExsK antibodiesB. cereus 10876 vegetative cell extracts were aseadhegative control (-

ve).An equivalent amount of protein was adde@achgel lane.

Figure 5. EM of 2His;-EXSY crystals. [Scale bars 2um (A), 200 nm (B, C Bhdnd 0.28

nm* (B inset)]. (A) rExsY crystals from lyse#. coli cells, along with a remaining intact cell

29



and (B) smaller rExsY crystal fragment with inset displaying diffraction. Cross-section

throughE. coli cell expressing (C) pET28a control vector and (D) rExsY.

Figure 6. SDS-PAGE analysis of rExsY crystals disrupte& M urea using combinations of
2% SDS, 2 M DTT and 95° C (5). (A) Stained with Coomassie blue and (B) after Western
blotting with anti-Hig antibody. Lane 1 correspontisthe soluble fraction whereas lanes 2-9
correspondo the rExsY crystals treatlasindicated An equivalent amount of protein was

addedo each gel lane with the exception of the soluble purified fraction.

Figure 7. Surface comparisons between recombinant rExsY crystals and native exosporium
crystals [Scale bars 8 nm]. (A) rExsY crystal andBBdhuringiensis 4D11 whole spore
exosporium. Overlaysf (C) the rExsY crystal surface wigh thuringiensis 4D11 whole

spore exosporium (yellow mesh) and (D) rExsY crystal surfaceBvitereus 10876
exosporium (blue mesh). The arrow shows‘titepeller’ motif linking ‘cups’ in B. cereus.

The rExsY model was sata threshold volumef ~15 kDa/monomer. Surfaces rendered

using UCSF CHIMERA (Pettersatal., 2004).

Figure 8. Schematic diagram of the hierarchy of assembly states of exosporibhaB.

cereus group. (A) Main stagasthe assembly based on the outlryyeHenriqgues and Moran
(Henriques and Moran, 2007). The greater part of the exosporium extends out from the initial
capthrough assembly of ExsY into the basal layer. Nludéthe relative timing of hairy nap
formationatthe cap and ExsY extensi@not certain. (B) Monomeric ExsY self-assembles

into a hexameric disulphide cross-linked ardaythe nativeB. thuringiensis 4D11

exosporium additional material rounds off thep’. TheB. cereus 10876 structure indicates

that ExsFA must be addéalform ananchor for the BclA filaments of the hairy nap.
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