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Surface layers (S-layers) are paracrystalline protein monolayers that envelop
archaeaand some bacteria, including Bacillus anthracis. S-layer subunitsin
B. anthracis are tethered to the underlying cell wall through glycopolymers

that are covalently attached to the peptidoglycan (PG) meshwork. Cell growth
inthis rod-shaped organism occurs by dispersed PG synthesis throughout the
cell cylinder. How the crystalline lattice expands in lockstep with the cell wall
has remained unclear. Here, using fluorescently labelled S-layer subunits and
high-resolution imaging, we show that S-layer expansion during B. anthracis
growth is mediated by pervasive hoop-like cracksin the lattice. Pulse-chase
experiments reveal two modes of S-layer assembly at these cracks: dispersed
and focused. Our data suggest that local pulling forces on the S-layer array
generated by dispersed cell wall synthesis and expansion of the underlying
PG cause crack formation, with ensuing dispersed and focused synthesis
enabling S-layer expansion with bacterial growth.

Surface layers (S-layers) encapsulate most archaea and many bacte-
ria and serve as the outermost envelope layer for these organisms*?.
These protein monolayers have been implicated in a myriad of
envelope-associated functions, including the maintenance of enve-
lope integrity®™, cell shape®’, adherence?®, biofilm formation® and
virulence'® and even the emergence of multicellularity. In Bacillus
anthracis, the S-layer is critical for pathogenesis and has been impli-
cated in maintaining shape and integrity’, enabling adherence" and
modulating the hostimmune response®'. Importantly,immunization
with B. anthracis S-layer proteins (SLPs) provides protectionin amouse
model of inhalational anthrax™. In addition, subcutaneous injection
of nanobodies directed against the S-layer has been shown to clear a
B. anthracisinfectionin amouse model®. These findings highlight the
therapeutic potential of disrupting the S-layer and motivate a more
holistic and mechanistic understanding of S-layer assembly.

Inmost cases, SLPs have abipartite architecture, with an assembly
domain that makes lateral interactions to form the two-dimensional
crystalline lattice and a domain that anchors the lattice to the under-
lying cell envelope™®. In archaea, SLPs are typically anchored to the
cytoplasmic membrane via a transmembrane segment or through

interactions with a membrane-bound protein”. In Gram-negative
bacteria, SLPs bind the O-antigen of lipopolysaccharide on the
outer leaflet of the outer membrane'"”. In Gram-positive bacteria,
the SLPs are anchored to the underlying cell wall via secondary cell
wall polysaccharides (SCWPs)?°* (Fig. 1a). These glycopolymers are
covalently attached to the peptidoglycan (PG) matrix at one end and
non-covalently interact with the SLP anchoring domain at the other.
Cell wall synthesis in rod-shaped bacteria like B. anthracis occurs via
dispersedincorporation of glycan strands throughout the cell cylinder.
Howthecrystalline lattice expandsin concert with the cell wall during
growth has remained unclear.

S-layer assembly has been studied most extensively in the
Gram-negative bacterium Caulobacter crescentus and the actinobac-
terium Corynebacterium glutamicum. In C. crescentus, SLPs are prin-
cipallyincorporatedinto the S-layer at amid-cell zone where most PG
synthesis occurs*?. In the polar-growing C. glutamicum, new cell wall
synthesis occurs at the cell poles, and SLPs are similarly incorporated
into the S-layer at these sites”. By contrast, much less is known about
S-layer assembly in Gram-positive bacteria. In Clostridiodes difficile,
immunofluorescence microscopy using antibodies that recognize SLP
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variants found that new S-layer assembly occurs at discrete patches
along the cell body that appeared to co-localize with new cell wall
synthesis, assayed with fluorescent D-amino acids (FDAAs)”. It was
therefore hypothesized that SLPs are incorporated into the S-layer at
specific sites of local PG synthesis. However, a more recent study in
whichthe cell wall was visualized after pulse labelling with FDAAs sug-
gests that C. difficile grows via dispersed PG synthesis®®, as observed in
rod-shaped bacterialike Bacillus subtilis. Finally, a study published over
adecade ago used fluorescent protein fusions to the B. anthracis SLP
Sap and observed large patches of Sap-mCherry fluorescence on the
cell surface”. Although intriguing, this fusion was only partially func-
tional, making it difficult to draw conclusions. Thus, how Gram-positive
bacteria assemble their S-layer remains unknown.

Here weinvestigated B. anthracisS-layer assembly during growth
using a functional Sap variant that could be labelled with fluorescent
dyes combined with widefield and super-resolution microscopy. We
discovered that during cell elongation, hoop-like cracks that are per-
pendicularto the longaxis of the cell are formed throughout the S-layer
lattice. Our data indicate that crack formation is due to local pulling
forces onthe S-layer array that are generated by dispersed PG synthe-
sis and expansion of the underlying cell wall. Two modes of S-layer
assembly occur at these cracks: dispersed and focused. Our findings
are consistent with a model in which dispersed insertion throughout
the cell cylinder involves the incorporation of newly synthesized Sap
into the cracks followed by resealing of the crystal lattice. The sealed
lattice guarantees that the next crack in the S-layer is equally likely
to occur inside or outside the newly assembled material, resulting
in dispersed assembly. Our data suggest that the focused assembly
mode results from the failure of newly incorporated Sap subunits to
seal the crack owing to either insufficient Sap protein or the forma-
tionof agrainboundary in the crystal lattice. The formation of aweak
seamensures thatit will continue to expand as the underlying cell wall
expands. Continuous rounds of fill-in without sealing result in large
regions of focused S-layer assembly. Experimentsin whichweinduced
denovo assembly of anS-layer raft are fully consistent with this model
for S-layer assembly. Collectively, our results provide a mechanistic
picture of S-layer expansion during B. anthracis growth and provide a
framework for S-layer assembly in other rod-shaped bacteria that grow
by dispersed cell wall synthesis.

Results

Visualizing the S-layer inlive cells using fluorescent dyes

B. anthracis has two SLPs, Sap and EA1, that are growth-phase regu-
lated*. Sap is produced during the exponential phase, whereas EA1
is synthesized as cells enter the stationary phase. Accordingly, to
investigate S-layer expansion during growth, we focused on Sap. To
label Sap subunits using maleimide-conjugated fluorescent dyes,
we constructed a strain in which serine 405, located in an unstruc-
tured loop in its assembly domain, was substituted with cysteine®
(Fig. 1b). The sap(S405C) mutation, referred to as sap®*, was gener-
ated by allelic exchange at the native sap locus. To assess whether
the mutation impaired Sap function, we visualized the cells using
phase-contrast microscopy. B. anthracis cells lacking sap are defective
in cell separation®’, forming long septate chains (Extended DataFig. 1a).
The chain length of the sap®* strain was indistinguishable from that
of the wild type (Extended Data Fig. 1a). Furthermore, the S-layer
of the sap®* strain was qualitatively similar to that of the wild type
as assessed using transmission electron microscopy (Fig. 1c and
Extended Data Fig. 1b). To label and visualize the S-layer during growth,
sap®* cells were collected inthe early-exponential phase (ODq, - 0.15),
washed with PBS and then incubated with maleimide-STAR RED for
10 min. Unincorporated dye was removed, and the cells were imaged
using fluorescence microscopy. As shownin Fig. 1d, the dye labelled
the entire cell surface (Fig. 1d and Extended Data Fig. 1c). Importantly,
surface fluorescence was virtually undetectable in wild-type sap® cells

(Fig. 1d and Extended Data Fig. 1c), indicating that the fluorescence
signal was due to Sap®* labelling.

We next monitored the S-layer during growth and the station-
ary phase (Fig. 1e). The sap®*® strain was grown in rich medium and
at time points along the growth curve; cells were collected, labelled
with maleimide-STAR RED and imaged as described above. In
early-exponential growth (0D, ~ 0.15), the fluorescently labelled
S-layer was largely uniform (Fig. 1f). However, in the mid- and
late-exponential phases (ODg, of ~0.6 and ~2.8, respectively), we
observed unlabelled regions on the cell surface, suggesting that
the S-layer array did not fully encapsulate the bacterium. Of the
mid-exponential cell chains, ~67% showed at least one unlabelled
region, and on average, these regions appeared every -8.75 um along
the cell cylinder (Supplementary Fig. 1a). In the stationary phase
(ODg¢g ~ 6), uniform fluorescent labelling was again observed. Finally,
in the late-stationary phase (0D, ~ 11), ~75% of the cells contained
at least one unlabelled patch (Fig. 1f and Supplementary Fig. 1b). We
reasoned that the dark patches in the late-stationary phase were due
tothe formation of unlabelled arrays of the EA1SLP. In support of this
idea, Sap™*staining was uniformin the late-stationary phaseinastrain
lacking eag that encodes EA1 (Extended Data Fig. 2c,d). However, the
unlabelled regions were still present in the mid- and late-exponential
phases in the Aeag mutant (Extended Data Fig. 2d). To investigate
whether our labelling method was responsible for the distinct S-layer
patterns observed in the mid- and late-exponential phases, we gener-
atedastraininwhich an ALFA tag was inserted in the same unstructured
loop in the assembly domain and visualized the S-layer using fluo-
rescently labelled anti-ALFA nanobodies® (Extended Data Fig. 2a,b).
As shown in Fig. 1f, S-layer labelling of Sap*-* was similar to that of
Sap®* at all growth phases. We conclude that the absence of Sap**
labellingin discrete regions along the cell surface during the mid-and
late-exponential phasesisnotalabellingartefact and likely reflects the
inability of Sap production to keep pace with growth (‘Discussion’).
Accordingly, toinvestigate S-layer assembly during cell elongation, we
restricted our analysis of Sap®*localization to cells in early-exponential
phase (0D, ~ 0.1-0.4).

Analysis of S-layer expansion during growth reveals two modes
of assembly

Toinvestigate how the Sap S-layer expands during growth, we labelled
sap®” cells in the early-exponential phase with maleimide-STAR
RED, returned the cells to rich medium after removing unincor-
porated dye and then imaged the S-layer over time (Fig. 2a). In this
‘cold-chase’ experiment, all newly synthesized Sap®* protein is unla-
belled. Accordingly, any dark regions on the cell surface reflect newly
incorporated Sap into the S-layer. We observed two types of unla-
belled Sap incorporation: (i) dark bands that grew larger over time
and (ii) areduction in Sap-STAR RED signal throughout the cell sur-
face (Fig. 2a-c and Extended Data Fig. 3). Both required ongoing PG
synthesis (Supplementary Fig. 2). We refer to the former as focused
assembly and the latter as dispersed assembly and address eachmode
separately below.

Dark bands were present in the majority of cell chains by 45 min
(Fig. 2a and Supplementary Fig. 3) and are consistent with focused
and continuous incorporation of unlabelled Sap at specific sites
along the cylinder. To investigate whether focused S-layer assembly
was due to focused expansion of the underlying cell wall, we labelled
the cell wall PG with FDAAs™® before pulse labelling of Sap®* and then
monitored the cell wall and S-layer over time. As shown in Fig. 2a, the
FDAA signal decayed uniformly along the lateral wall (Fig. 2a and
Extended Data Fig. 3b). Similar results were obtained with a different
FDAA dye (Extended DataFig. 3c). Importantly, dual-colour pulse-chase
labelling of the cell wall during growth is consistent with dispersed PG
synthesis throughout the cell cylinder (Extended Data Fig. 3d), similar
to B. subtilis and other rod-shaped bacteria®. These results indicate
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Fig.1|Visualizing the B. anthracisSap S-layer. a, Schematic of the B. anthracis
cellenvelope. The Sap S-layer is tethered to the cell wall PG via SCWPs. The
cytoplasmic membrane (mem) is also shown. b, Structure of anin vitro-grown
Sap S-layer lattice (PDB 9G93). The six Ig-like domains (D1-D6) of a single Sap
assembly domain are highlighted. S405in an unstructured loop of the D3 domain
is substituted with cysteine in Sap®. ¢, Representative transmission electron
micrographs of the indicated strains. The S-layer (carets) isindicated. WT, wild
type.d, Representative fluorescence images of the indicated strains labelled
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with maleimide-STARRED. Cells in cand d were collected in early-exponential
phase (ODg, ~ 0.15). e, Growth curves of the indicated strains in rich medium.
Dataare mean *s.d. of three biological replicates. Arrows (i-vi) indicate the

time points at which cells were imaged in f.f, Representative fluorescence
images of the indicated strains labelled with maleimide-STAR RED (sap®**) or
anti-ALFA-ATTO488 (sap*™) at the indicated time points (i-vi). Dark bands on
the cell surface in mid/late-exponential phase (yellow carets) and dark patches in
stationary phase (white carets) are indicated.

that the focused S-layer expansionis not due to focused PG synthesis.
Toexplore whether the focused S-layer expansion occurred at cell divi-
sion sites, we visualized the cell membranes and newly incorporated
unlabelled Sap®* using time-lapse fluorescence microscopy. Figure 2b
shows that the focused S-layer expansion does not specifically occur at
divisionsites (Fig.2b and Supplementary Video1). Similar results were
obtained using snapshots to avoid phototoxicity during time-lapse
imaging (Extended Data Fig. 4a).

Finally, we investigated whether the focused Sap incorporation
was duetolocalized secretion of Sap protein. We generated a functional
YFP fusion to the essential SecE component of the SecYEG translocon.
Theyfp gene was fused to secE by allelic exchange such that the fusion
was expressed under native control. The S-layers of the yfp-secE strain
and the wild type were indistinguishable based on fluorescence label-
ling and transmission electron microscopy (Supplementary Fig. 4).
Analysis of YFP-SecE using fluorescence microscopy revealed that it
localized uniformly in the cytoplasmic membrane throughout growth
(Extended DataFig.4b-d). Althoughitis possible that not all YFP-SecE
proteins were incorporated into SecYEG translocons or that a subset
of translocons function in Sap secretion, the data suggest that Sap is
secreted everywhere along the cytoplasmic membrane. Collectively,
these experiments suggest that focused S-layer expansionis anintrinsic
feature of S-layer assembly (‘Discussion’).

Next, we investigated the reduction in labelled Sap-STAR RED
signal along the entire cell surface during growth—a process we refer
toas dispersed S-layer assembly (Fig. 2b). As Sap proteins are anchored
tothe cellwalland B. anthracis shedsiits PG during growth®>¢, we first
investigated whether the reduction in Sap signal along the cylinder
was due to subunit shedding. We quantified the average Sap-STAR
RED fluorescence intensity per unit area at each time point during
the cold chase. The normalized intensity decayed exponentially
with a half-life of ~25 min (Fig. 2d). Importantly, the doubling time of
B. anthracis under our assay conditions was also ~25 min, suggesting
that the reduction in normalized intensity was due to signal dilu-
tion as the cell elongates, rather than subunit shedding. In a com-
plementary approach, we analysed the Sap-STAR RED in the culture
medium and the surface-associated protein at each time point in
the cold chase shown in Fig. 2a (Methods). An identical volume of
culture was collected at each time point, and the proteins in the cul-
ture medium were precipitated using trichloroacetic acid (TCA). The
surface-associated proteins were extracted from the cell pellet using
urea, followed by TCA precipitation. The two fractions were then
resolved using polyacrylamide gel electrophoresis and visualized
using in-gel fluorescence (Fig. 2e). The vast majority of the labelled
Sap remained surface associated over the entire cold-chase time
course. Thus, the reduction in labelled Sap along the cell cylinder in
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Fig. 2| Two modes of Sap S-layer assembly. a, Top: schematic of the cold-chase
assay. sap® cells were labelled with maleimide-STAR RED, returned to growth
medium and imaged at later time points. Bottom: representative fluorescence
images of the S-layer at the indicated times after the return to growth. The cell
wall PG was labelled with the FDAA ATTO488-D-lysine-NH, for 2 h before pulse
labelling of Sap®*. The fluorescence images were processed identically with

the same min/max intensities applied. Contrast-enhanced images from 60 min
after chase are shown to visualize the homogeneous loss of FDAAs along the
cellcylinder. b, Representative time-lapse images of sap®* cells that were pulse
labelled with STARRED at the indicated time points. The cells were continuously
labelled with the membrane dye FM4-64. Septa (white carets) and dark bands
thatlack Sap-STARRED (blue carets) are highlighted. ¢, Kymograph of time-lapse
images of Sap-STAR RED along one side of the cell cylinder (indicated inb). Time
points when some of the dark regions appeared are highlighted with blue carets.
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d, Normalized Sap-STAR RED intensities along one side of the cell cylinder (n =15
technical replicates per time point) were plotted at the indicated times during
the cold chase. Data are presented as boxplots where the minimum, maximum,
centre and bounds of each box indicate the lowest, highest and median (50th
percentile) values, and interquartile range (IQR; 25th to 75th percentile) of the
data, respectively. Lower and upper whiskers extending from the edge of each
boxindicate1.5x the IQR range. The pink dashed curve represents an exponential
decay fit of the raw data. Similar results of the intensity decay were obtained in
three biological replicates. e, Representative in-gel fluorescence and Coomassie
staining of Sap° protein present in the culture medium or extracted from the
cell surface. The same volume of culture was removed and processed at each time
pointafter pulse labelling. Newly synthesized unlabelled Sap®* during the cold
chase accounts for the increase in Coomassie-stained Sap®* over time and serves
asa control for loading. Molecular weight markersin kDa areindicated.

our cold-chase experiment likely reflectsinsertion of unlabelled Sap
subunits throughout the S-layer. Collectively, these results reveal
two modes of S-layer assembly during growth: Sap subunit insertion
throughout the S-layer and focused, continuous insertion at discrete
regions along the cell cylinder.

S-layer expansion is mediated by hoop-like cracks

Tovisualize both the old and newly synthesized S-layer, we performed
dual-colour pulse-chase experiments using spectrally distinct dyes
(Fig.3a). Importantly, using 10 pM maleimide-STAR GREEN or CF594,
we could label virtually all accessible Sap®*® subunits, ensuring that
the second dye (STAR RED) used in the chase labelled newly synthe-
sized material (Extended Data Fig. 5a and Supplementary Fig. 5). By
contrast, the anti-ALFA nanobodies were unable to bind all accessible
Sap”'™ subunits and were therefore not used in these experiments.
Figure 3 shows an example of a dual-colour pulse-chase experiment.
Sap®* was labelled with STAR GREEN, and the cells were returned to
rich medium at an OD,, ~ 0.1. At the indicated time points, the cells
were collected, labelled with STARRED and then directly imaged. Simi-
lar to the cold-pulse experiments, there were two modes of S-layer
assembly. We observed newly incorporated Sap-STAR RED throughout

the S-layer as well as focused incorporation in regions that lacked
Sap-STAR GREEN (Fig. 3a and Extended Data Fig. 5b). Quantification
ofthefluorescenceintensity aftera30 min chase revealed that focused
incorporation per unitlength was -1.8-fold greater than the dispersed
insertion (Supplementary Fig. 6). These data are consistent with the
idea that the bands of focused insertion consist entirely of new Sap®®
subunits, whereas regions of dispersed insertion are composed of old
and new Sap®®.

Wenote thatinsome of the areas of focused synthesis, we observed
unlabelled regions between the old (green) and new (red) Sap S-layer
(Fig. 3a, red carets). These dark regions suggested that newly synthe-
sized Sap assembles separately from the older material rather than
becoming incorporated into the existing crystal lattice. However, we
found that these dark regions are due to the difference in fluorescence
intensities of the two dyes and the contrast required to visualize both
oftheminthe merged image. Experiments in which we used the same
fluorescent dye for the pulse and chase, with the pulse dye containing a
traceamount of the second colour, revealed a continuous S-layer signal
spanning old and newly assembled Sap protein (Extended Data Fig. 5c).
Thus, the assembly of new S-layer is templated on the pre-existing
material. Finally, we observed a few dark regions flanked by newly
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Tilted view of new Sap®”®
after 3D reconstruction

Fig. 3| Both S-layer assembly modes involve incorporation of new Sap
subunits into hoop-like cracks. a, Top: schematic of the dual-colour pulse-chase
assay. The S-layer was labelled with STAR GREEN (or CF594 for STED), and the
cells were returned to rich medium. At later time points, newly synthesized Sap®*
subunits were labelled with STAR RED. Bottom: representative fluorescence
images of the S-layer at the indicated times after the return to richmedium. The
fluorescence images of individual dyes were processed identically with the same
min/max intensities applied. The contrast was adjusted in the merged images

to visualize both dyes. Examples of focused (yellow boxes) and dispersed (white
boxes) insertion of new Sap-STAR RED are highlighted and enlarged below.

Dark regions between green and red Sap (red carets) and between two bands of

red Sap (blue caret) are indicated. b, Representative STED image of sap™* cells

15 min after growth in rich medium. Dual-colour image (top) features both old
and newly incorporated Sap subunits. Grey-scale image (bottom) shows new Sap
synthesis. Dispersed (white carets) and likely focused (yellow caret) insertions
areindicated. Corresponding confocal and STED images of the boxed region are
shownon theright. ¢, Representative confocal image of cells 15 min after chase.
Sum of z-slices of 3D confocal images features both old and newly incorporated
Sap subunits. Enlarged single-colour and merged images of the boxed region are
shown below. d, Tilted view of the 3D reconstruction of the newly synthesized
Sap-STARRED imageinc.

synthesized (red) S-layer (Fig. 3a, blue caret). We suspect that these
darkregions arereal gapsintheS-layer resulting frominsufficient Sap
production as cells enter the mid-exponential growth phase (Fig. 1f).

To visualize S-layer assembly at higher resolution, we performed
adual-colour pulse-chase and visualized the S-layer using stimulated
emissiondepletion (STED) super-resolution microscopy. After al5 min

chase, we detected faint foci of new S-layer along most of the cell sur-
faceinadditionto fluorescentlines that crossed the long axis of the cell
(Fig. 3b and Extended Data Fig. 6a). We suspect that this localization
pattern reflects the two modes of S-layer assembly described above.
The faint fociand the thin and faint fluorescent lines reflect dispersed
Sapinsertionthroughout the S-layer, and the thicker fluorescent lines
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Fig. 4 |S-layer nucleation and cracking revealed from de novo reconstruction.
a, Representative fluorescence and phase-contrast images of a strain lacking sap
and eagand harbouring an IPTG-inducible allele of sap™°. At the indicated times
after IPTG addition (0.5 mM), Sap®* was labelled with STAR RED and visualized.
Examples of Sap-STAR RED rafts that look like discrete lines on the cell surface
are highlighted (white carets). b, Kymographs of fluorescence recovery after
photobleaching (FRAP) images. A region containing a Sap-STAR RED raft (i)

and aregionon the cell surface lacking a raft (ii) were imaged before and after
photobleaching.Images acquired directly after bleaching are indicated, and

red arrows point to the bleached region. A subset of images during recovery

are shown on the right. ¢, Top: schematic of the dual-colour pulse-chase assay.
After 90 min of Sap™* expression, the cells were labelled with STAR GREEN
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=

Cell surface

S-layer
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and then returned to rich medium containing IPTG. At later time points, newly
synthesized Sap®* subunits were labelled with STARRED, and old and new S-layer
materials were visualized. The fluorescence images were processed identically
with the same min/max intensities applied. Boxed regions are enlarged below
with contrast enhanced to visualize both dyes. d, Representative STED image

of cells 15 min after chase. Dual-colour image features old S-layer (green) and
newly incorporated Sap subunits (red). Enlarged confocal and STED images of
the boxed region are shown on the right. e, Top: representative time-lapse of cells
with STAR RED-labelled S-layer rafts grown on a BHl agarose pad supplemented
with IPTG. Kymograph of time-lapse images of Sap-STAR RED along one side of
the S-layer raft indicated in the top panel.

are the focused insertions at specific sites along the cylinder. Finally,
we turned to three-dimensional (3D) confocal imaging to visualize
S-layer assembly. As shownin Fig. 3¢, thismethod revealed fluorescent
lines that traversed the long axis of the cell that were similar to those
observed using STED (Fig. 3c and Extended Data Fig. 6b). Importantly,

the tilted view of the 3D reconstructed image revealed fluorescent
hoops of newly assembled S-layer material (Fig. 3d and Supplementary
Video 2). These findings support amodel in which hoop-like cracksin
the crystalline lattice are generated during cell elongation and new Sap
subunits areincorporated into the array at these positions.
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Fig. 5| Schematic model of S-layer expansion during growth. a, Schematic of
the two modes of S-layer assembly. Pervasive hoop-like cracking generates gaps
(dark lines) in the lattice (green). The gaps are filled by incorporation of newly
synthesized Sap (red lines). The Sap subunits either seal the crack, reconstituting
the crystal lattice, or fail to do so. In the latter case, aweak seamin the lattice (thin
black line) ensures additional rounds of localized expansion and Sap insertion
asthe cell elongates, resulting in focused S-layer assembly. In regions where the
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crack gets sealed, cell growth generates additional cracks that are dispersed
throughout the region, resulting in dispersed S-layer assembly. b, Schematic

of S-layer assembly during growth. Top: dispersed cell wall PG synthesis during
growth generates local pulling forces on the S-layer array via SCWP tethers. The
pulling forces crack the lattice and drive its expansion. New Sap proteins (red) are
incorporated into the S-layer at the edge of the crack.

S-layer nucleation and cracking revealed by de novo

S-layer formation

To gain deeper insight into S-layer assembly, we constructed a strain
in which we could monitor de novo S-layer formation. We fused the
sap®* allele to an IPTG-regulated promoter and inserted the fusion
at aneutral chromosomal locus in a strain lacking the native sap and
eag genes. We grew the cells in the absence of IPTG, then induced the
expression of Sap®*and monitored its localization after labelling with
maleimide-STARRED (Fig. 4a). Before IPTG addition, fluorescent Sap*
was virtually undetectable. After 15 min of induction, the fluorescently
labelled protein was observed, albeit faintly, along the entire cell body.
However, by 30 min, we detected a few fluorescent patches on the
cell surface that increased in number over the next 45 min (Fig. 4a).
Many of the Sap®* patches in the widefield images look like discrete
fluorescent ‘lines’ along the cell surface (carets in Fig. 4a), suggesting
that the newly synthesized proteins assembled into an S-layer lattice
rather than a non-specific aggregate. Experiments described below
are consistent with this conclusion. These data suggest that there is
acritical concentration of Sap that is required to nucleate an S-layer
array,and once nucleated, the array grows insize (0.6-1.2 pminlength)
while other nucleation events occur along the cell body. Importantly,
fractionation experiments indicate that Sap®*® expressed under IPTG
control remained cell associated (Extended Data Fig. 7a). These findings
suggest that Sap can diffuse along the cell surface until it encounters
anarray.

Toinvestigate Sap dynamics, we performed fluorescence recovery
after photobleaching experiments on the Sap®* fluorescent arrays
and on the fainter Sap®”* fluorescent signal present throughout the
cell cylinder. The bleached region of the S-layer lattice did not recover
during the 90 srecovery period (Fig. 4b). However, the labelled Sap*
that was not associated with a fluorescent patch recovered rapidly
(<4 s) (Fig. 4b and Extended Data Fig. 7b,c), which likely reflects the
movement of Sap subunits on the cell surface, inthe PG meshwork and
possiblyinthe periplasmic space between the cytoplasmic membrane
and the PG”. These data support the idea that Sap proteins diffuse on
the cell surface, but once they associate with an S-layer array, they
becomeimmobile. Furthermore, the lack of mobility of the fluorescent

patch (Fig. 4b) suggests that these patches are stably tethered to the
underlying cell wall.

To investigate how the fluorescent arrays are assembled, we per-
formed dual-colour pulse-chase experiments. Sap®® expression was
induced for 90 min and then stained with STAR GREEN, unincorpo-
rated dye was removed, and the cells were grown in rich medium in
the presence of IPTG. At later time points, the newly synthesized Sap®*
was labelled with STAR RED, and the S-layer rafts were visualized using
fluorescence microscopy (Fig. 4c and Extended Data Fig. 8). Within
15 min of new Sap®* synthesis, we could detect Sap-STAR RED associ-
ated with green rafts. The red signal was principally localized at the
edges ofthearray, consistent with theidea that newly synthesized Sap®*
diffuses along the cell surface and incorporates into the preformed
lattice. At 45 min, we observed gaps in the green fluorescent arrays
that contained STAR RED Sap®*. Finally, by 75 min, the green patches
were largely replaced by red fluorescence. These findings provide
additional support fortheideathat the fluorescent patches areindeed
S-layer arrays, rather than aggregates, and suggest that the immobile
lattice cracks as the cell grows, allowing newly synthesized Sap to fill
the gaps. Multiple rounds of cracking and fill-in dilute the old material
thatis supplemented with newly synthesized red Sap”.

We used STED microscopy to provide a higher-resolution view
of raft assembly. Consistent with the diffusion-and-incorporation
model, we found that newly synthesized Sap®* (red) encircled the
preformed S-layer lattice (green) (Fig.4d and Extended DataFig.9). To
monitor the spatiotemporal cracking of the S-layer raft, we performed
acold-chase experiment and monitored the fluorescent S-layer lattice
using time-lapse microscopy. We induced Sap®* for 90 min, labelled
the proteins with maleimide-STAR RED and then followed the fate
of the labelled lattice over time. During cell elongation, the S-layer
raft cracked at multiple sites, and the dark patches that were formed
increased in size over time (Fig. 4e and Supplementary Video 3). The
cracks and dark patches were strikingly similar to those observed in
our cold-chase experiments with the natively expressed Sap®* that fully
encapsulated the cell (Fig. 2c). The fragmentation of the S-layer rafts
indicates that the pulling forces exerted on the array during growth
are local. This suggests that dispersed cell wall synthesis along the
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cellcylinder generates local pulling forces that are transduced by the
SCWPtethersto the S-layer above.

Discussion

Altogether, our studies reveal that B. anthracis S-layer expansion during
growth occurs through hoop-like cracks in the paracrystalline lattice
thatare perpendicular to the long axis of the cell. Our datasuggest that
these cracks occur along the entire cell cylinder and are mediated by
local pulling forces onthe S-layer lattice that are generated by dispersed
PG synthesis and expansion of the underlying cell wall. The datasuggest
that the two modes of S-layer assembly, dispersed and focused, initiate
with hoop-like cracks (Fig. 5).Inthe case of dispersed S-layer assembly,
we hypothesize that newly synthesized Sap subunits are incorporated
into the cracked S-layer, resealing the crystalline lattice. Accordingly,
thenext crack thatoccursis equally likely to occurinside or outside the
newly assembled material. We propose that focused S-layer assembly
arises from newly incorporated Sap subunits filling in a crack but fail-
ingtosealit. Thisfailure could be due to insufficient Sap protein or the
formation of agrainboundary thatisincapable of sealing and reconsti-
tuting the crystal lattice. In either case, a weak seam in the monolayer
is produced that will continue to expand as the cell elongates (Fig. 5).
Continuous rounds of fill-in without sealing followed by expansion
dueto cell elongation generate regions of focused S-layer assembly.

Intriguingly, we found that little Sap proteinislost from the S-layer
during growth, despite reports of active cell wall turnover as B. anthra-
ciselongates®*%. We suspect that cell wall hydrolases cleave and release
relatively small PG fragments that can diffuse through the S-layer lat-
tice. These fragments would have few SCWP tethers linking them to
the S-layer. Loss of the non-covalent interactions between the SCWPs
and the Sap subunits that are held in place by lateral interactions within
the lattice would result in PG release while leaving the S-layer intact.
We envisionthat asimilarloss of interactions between the SCWPs and
Sap subunits could occur during S-layer expansion. In these cases,
local pulling forces could disrupt these tethers, but neighbouring
free and unstrained SCWPs would bind these Sap subunits, securing
thelatticein place.

Our de novo S-layer assembly experiments provide additional
insightinto S-layer expansion. The data suggest that free Sap subunits
can diffuse along the cell surface until they encounter and assemble
intoanS-layer raft. We suspect that these mobile subunits are dimers or
small oligomers with two or more SCWP binding sites, enabling move-
ment alongthe surface while remaining tethered to the underlying PG
meshwork. Furthermore, the immobility of the S-layer rafts indicates
that once asufficient number of tethers are formed, the lattice canno
longer move. Cracking and movement of these rafts only occur during
growth when local pulling forces exerted on a sufficient number of
SCWP tethers overcome lateral interactions in the S-layer.

An additional finding in this study that merits discussion is the
absence of a Sap array on regions of the cell surface during mid- and
late-exponential growth. We propose that Sap production is unable
to keep pace with cell elongation during these growth phases. In this
model, newly synthesized Sap proteins areincorporated at the edges
of a hoop-like crack but are unable to completely fill it. As the cell
elongates, this gap in the S-layer continues to expand, generating
the dark regions observed in our cold-chase experiments. Evocative
freeze-fracture images published in the 1960s revealed crystalline
lattices that fully encapsulate the microbe studied® *°, We suspect
that these images were generated from slow-growing organisms for
which subunit production could keep pace with elongation or from cells
imaged inthe stationary phase when little to no growth occurs. To our
knowledge, no freeze-fractureimages with this level of resolution exist
for B. anthracis, likely because of its pathogenic potential. However, we
note thatgapsinthe B. anthracis S-layer have been previously observed
with partially functional fluorescent protein fusions to Sap**' and
separately using electron microscopy*’. Furthermore, recent studies

onthe C. glutamicum S-layer revealed incomplete S-layer coverage®*.

Accordingly, the incomplete encapsulation of the bacterium with an
S-layer may be more common than previously appreciated and sug-
gests that models in which the S-layer functions as a physical barrier
to protect cells from external threats merit re-evaluation.

In conclusion, we have shown that the B. anthracis S-layer assembly
during growth involves pervasive hoop-like cracks in the paracrystal-
line lattice. These cracks are formed by local pulling forces gener-
ated by expansion of the underlying PG. The incorporation of new
Sap subunits to fill these cracks leads to both dispersed and focused
S-layer assembly. We propose that dispersed assembly involves seal-
ing the hoop-like cracks, whereas focused synthesis results from a
failure to seal them, ensuring additional rounds of expansion and
fill-in. This mechanism of S-layer expansion is likely to be broadly
conserved among Gram-positive bacteria that elongate by dispersed
cell wall synthesis.

Methods

Bacterial strains and media

All B. anthracis strains were derived from BaR1, the plasmid-free
non-pathogenic Sterne derivative B. anthracis 9131 (ref. 44). B. anthracis
cellswere culturedinbrain heartinfusion (BHI) broth or agar at 37 °Cunless
indicated otherwise. When required, BHI medium was supplemented
with chloramphenicol (5 pg mI™), erythromycin (5 ug ml™), kanamycin
(25 pg ml™) or spectinomycin (300 pg ml™). IPTG was used at 0.5 mM.

Strain and plasmid construction

Deletions, point mutations and integration of transgenes at neutral
chromosomal loci were generated by allelic exchange using pMini-
MAD3 or pFR50, both derived from pMAD®. The plasmids were
prepared in Escherichia coli strain SC110 and electroporated into
B. anthracis followed by selection on BHI agar supplemented with
spectinomycin or erythromycin as described previously*. A colony
was then grown in 5 ml BHI-spec or BHI-erm at 30 °C. After 10 h of
growth, the culture was serially diluted, plated on BHI-spec or BHI-erm
plates and incubated overnight at 42 °C to select for cells with a sin-
gle crossover integration (loop-in). A single colony was then grown
without selectionin5 mIBHIat 30 °C for 24 h. The culture was serially
diluted and plated on BHI agar or BHI supplemented with the second
antibiotic. Plates were incubated overnight at 37 °C. Colonies were
screened for loop-out by sensitivity to spectinomycin or erythro-
mycin. Allelic exchange was confirmed using PCR. Tables of strains
(Supplementary Table 1), plasmids (Supplementary Table 2) and oli-
gonucleotide primers (Supplementary Table 3) and a description of
plasmid constructions can be found in Supplementary Information.

Growth conditions and labelling

B. anthracis strains were cultured identically for all experiments in
this study. In brief, a freshly streaked colony from a BHIl agar plate was
used toinoculate3 mlBHImedium. The cells were grown withinaroller
drumat37 °Cfor 2 h. This exponentially growing preculture was used to
inoculate BHImediumat an OD, of 0.02and grown at37 °Ctoan OD,
of ~0.15. The cellswere then labelled with maleimide-conjugated dyes
or anti-ALFA nanobodies as described below and imaged or returned
to fresh medium for pulse-chase experiments.

For maleimide-conjugated dyes, 2 ml of cells expressing Sap®* at
0Dy, of ~0.15 was pelleted, washed once with PBS and incubated in
0.5 ml PBS with 10 pM maleimide-STAR RED (Abberior), STAR GREEN
(Abberior) or CF594 (Biotium) for 10 min at room temperature in
the dark. For ALFA-tag labelling, cells expressing Sap*'™ were col-
lected, washed identically and thenincubated in 0.5 mI PBS with 25 nM
anti-AFLA-ATTO488 (Nanotag) for 10 min in the dark. After labelling,
cells were washed once with PBS to remove unincorporated dye or
unbound nanobodies, concentrated and spotted on a1% PBS agarose
padforimaging. For pulse-chase experiments, the cells were inoculated
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in BHI at an OD,, of 0.1. At time points during growth, cells were col-
lected and imaged, or labelled and then imaged as described above.
For time-lapse microscopy, 5 pg ml™ FM4-64 was included in the BHI
agarose pad to visualize cellmembranes. Forimaging the cell wall PG,
ATTO488-D-lys-NH, (15nM), HADA (100 pM) or NADA (100 pM) was
added to the cell culture for 1-2 h before collection.

For analysis of the S-layer following fosfomycin treatment,
early-exponential sap® cells (ODy,, ~ 0.1) were incubated in BHI with
fosfomycin (350 pg ml™) for 45 min, then labelled with STAR RED in
PBS and returned to fresh BHImedium in the presence of fosfomycin.
Cellswere visualized after 0 min, 15 min and 30 min. Shorterincubation
times with fosfomycin before Sap®*labelling did not fully stop growth
during the chase; increasing the concentration of fosfomycin caused
excessive lysis during the chase.

Light microscopy

Widefield microscopy of live cells was performed at 30 °C using aNikon
Ti2-Einverted microscope (100x oil objective, numerical aperture (NA)
1.45). For snapshots, 50% illumination power and 100 ms exposure
were used for fluorescent channels. For time-lapse imaging, cells were
placed on BHI agarose pads for 30 min at room temperature before
imaging. For image acquisition, 10% illumination power and 100 ms
exposure were used. The phase-contrast images were acquired with
100 ms exposure using 98% transmitted light.

Three-dimensional confocal microscopy was performed at room
temperature using a Leica Stellaris 8 Falcon microscope (63x oil objec-
tive, NA1.4). Cells were collected and immediately fixed in 2.6% formal-
dehyde and 0.04% glutaraldehyde in PBS for 30 min before imaging.
The highest possible resolution was applied under ‘Lightning’ mode
using 2% of the laser power, a gain of 10 and a zoom factor of 3 for
image acquisition. The focal plane was adjusted manually, and then a
total range of 3 um depth was applied to acquire the full image stack
with 136 nm between slices. The final pixel size was 35.54 nm. The 3D
reconstruction was generated in Image].

STED microscopy was performed at room temperature using an
Abberior STEDYCON microscope mounted on a Nikon N-SIM (100x oil
objective, NA1.4). Cells were collected and fixed as described above. A
smallregion of interest containing 1-3 bacteria was chosen forimaging.
Fluorescence was collected through a 1.1 Airy unit pinhole@650 nm.
Confocalimages were first acquired using no depletion laser, an aver-
age pixel dwell time of 10 ps pixel™and 2-line accumulations. An excita-
tion power of 10 (CF594) or 0.2% (STAR RED) was used. STED images had
anaverage pixel dwell time of 50 ps pixel™ and 5-line accumulations. A
100% (CF594) or 1% (STAR RED) excitation power was used. CF594 and
STARRED were spectrally filtered from 575 nm to 625 nm, and 650 nm
to 700 nm, respectively, using a Si avalanche photodiode detector.
Both confocal and STED images had a pixel size of 25 nm.

Fluorescence recovery after photobleaching experiments were
performed at room temperature using a Zeiss LSM 980 confocal
microscope (100x% oil objective, NA 1.4). The Py-sap®® Asap Aeag
strainwas grownin BHIsupplemented with 0.5 mMIPTG for 1.5 h (final
ODy,, ~ 0.25), followed by dye labelling and mounting ona 1% BHI aga-
rose pad supplemented with 0.5 mM IPTG. Manually selected regions
alongthe cell cylinder (-500 nmsized spot) were bleached (pixel dwell
time ~7 ps) using 100% laser power at 639 nm. Images before and after
bleaching were acquired using 2% laser power and a 0.38 s framerate.
Fluorescence recovery was monitored for -90 s post-bleaching.

Electron microscopy

Transmission electron microscopy was performed using aJEOL1200EX
microscope. A 500 pl volume of bacterial cell culture was collected
and immediately mixed with 500 pl of 2x electron microscopy fixa-
tive solution containing 2.5% formaldehyde, 1.25% glutaraldehyde
and 0.06% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4) in a
1.7 mImicrofuge tube, followed by centrifugation to fix cells as pellets.

The pelleted cells and supernatant were incubated overnight at 4 °C.
Samples were then washed 3x with cacodylate buffer and incubated
with1% osmiumtetroxide and 1.5% potassium ferrocyanide for 1 h. After
washing 3x with water, samples were stained with 1% uranyl acetate in
water for1 hand then washed 3x with water. Samples were dehydrated
with an increasing gradient of ethanol solutions (50%, 75%, 95% and
100%) for 15 min each, followed by incubation with propylene oxide
for1h,and embeddedin Epon that was mixed 1:1with propylene oxide.
Samples were allowed to polymerize at 60 °C for 48 hand sectioned to
athickness of 50-60 nm before imaging.

Sap fractionation and in-gel fluorescence and

Coomassie staining

Surface-associated and released Sap®* proteins were extracted or
collected, concentrated and analysed as follows. Cells expressing
Sap“**were labelled using maleimide-STARRED as described above and
inoculated into BHI medium. At the indicated times, an equal volume
of culture (1 ml) was removed, and the cells were pelleted via centrifu-
gation. A 900 pl volume of the culture medium was removed, mixed
with 100 pl of 100% TCA (10% final) and placed onice. The rest of the
supernatant was carefully removed, and the cell pellet was resuspended
in1mlof3 Mureain PBS and incubated at 95 °Cfor 10 minto extract the
surface-associated Sap* protein. The mixture was then centrifuged
(16,000g,10 min), and 900 pl of supernatant was removed, mixed with
100 pl of 100% TCA and placed on ice. After 30 min incubation onice,
the TCA-precipitated Sap®® from the culture medium and extracted
fromthe cell surface was collected via centrifugation (16,000g,10 min).
The pellets were washed once with ice-cold acetone and then resus-
pended in 100 pl of 0.5 M Tris-HCI (pH 8.0) with 4% sodium dodecyl
sulfate (SDS). A 10 pl volume of the TCA-precipitated material was
mixed withan equal volume of 2x Laemmli SDS sample buffer contain-
ing10% B-mercaptoethanol and resolved via SDS-polyacrylamide gel
electrophoresis using a 4-20% polyacrylamide Mini-PROTEAN TGX
gel (Bio-Rad). The gel was visualized on a Bio-Rad ChemiDoc using
647 nmex. and then stained with InstantBlue (Abcam). The InstantBlue
staining serves asaloading control, documenting the increase intotal
labelled + unlabelled Sap®* during the cold chase.

To monitor Sap®* proteins in the context of the native S-layer
(Fig. 2e), 10 ml of cells (0D, ~ 0.15) was labelled with STAR RED and
resuspended in 10 ml fresh BHI medium. Every 15 min, 1 ml of culture
was collected and fractionated. To determine whether Sap®* expressed
inthe absence of the native S-layer gets shed (Extended Data Fig. 7a),
2 mlof cell culture after 2 hIPTG induction (ODg,, ~ 0.6) was collected
and fractionated.

Statistics and reproducibility

Microscopy images shown in Figs. 1c,d,f; 3a,b; 4a,c,d; and Extended
DataFigs.2b-d;3a-d; 4a,b; 5a-c; 6a; 7a; 8aare representative of experi-
ments from two or more biological replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

No large-scale datasets were generated in this study. All relevant data
areavailablein the supplementary material. Raw dataforallgraphsand
uncropped gelimages have beenuploaded as source data. Primers, syn-
thetic DNA constructs and strains used can be found in supplementary
tables. Source data are provided with this paper.
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Extended Data Fig. 1| Visualizing the B. anthracis Sap S-layer. (a) The sap®*®
alleleis functional. Representative phase-contrastimages of the indicated
strains (left). Chain length distributions of the WT (n = 410), Asap (n = 203), and images of the indicated strains. Early exponential phase cells were labelled with
sap strains (n =146) (right). Data are presented as violin plots with median maleimide-STAR RED and imaged. The fluorescence images were processed

(centre white circle) and interquartile range (25" to 75" percentile, bounds of the identically with the same min/max intensities applied.
gray boxes) indicated. Data are from 3 biological replicates. (b) Representative

transmission electron micrographs of the indicated strains. The S-layer (pink
carets) is indicated. (c) Representative fluorescence and phase-contrast

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-026-02544-8

LY U1L) T —— KADFTSKDFKQ ------

SapS405C (sap™) - KADFTCKDFKQ------

SapS405ALFA (sapitFa) ----- KADFTSRLEEELRRRLTEKDFKQ------
b

anti-ALFA-ATTO488

anti-ALFA-ATTO488

(o
ODyy, 0.15 0.56 2.90 6.67 10.56 10.82
o \
% \'\I‘\ AN
|\ AN 7 'y
5 ¥V 3 W = o
© - \ ' « - Ly
5 um ¥ 4

=\

0D 0.15

600

=l

sap®s Aeag

0.58

autoscaled

Extended Data Fig. 2| Dark patches in the Sap S-layer in stationary phase
arelostinthe absence of eag. (a) Diagram of amino acid substitutions at S405
inSap. Serine-405 was replaced with cysteine in sap®* and with the ALFA tag in
sap"™. (b) Representative immunofluorescence and phase-contrast images of
WT and sap*™ cells. Early exponential phase cells (ODy, - 0.15) were labelled
withanti-ALFA-ATTO488 nanobodies. The fluorescence images were processed

2.63

identically with the same min/max intensities applied. (c,d) Representative
fluorescence and phase-contrast images of sap®® and sap®* Aeag throughout
growth. Dark bands in mid- and late-exponential growth phases (yellow carets)

and dark patchesin stationary phase (white carets) are highlighted. The
fluorescenceimagesin (c) and (d) were autoscaled.
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Extended DataFig. 3 | Focused S-layer assembly is not due to focused cell wall
assembly. (a) Schematic of the cold-chase assay (top). sap™* cells were labelled
with STAR RED and returned to growth medium and imaged at timepoints after.
Representative fluorescence images of the S-layer at the indicated times after the
return to growth (bottom). Images were autoscaled to highlight the dark bands
of newly synthesized unlabelled Sap®*. (b) The cell wall PG was labelled with the
FDAA ATTO488-D-lysine-NH, for 2 h prior to pulse-labelling Sap*. The images
shown are the same asin Fig. 2a, except that they are autoscaled to more clearly
visualize the homogenous loss of FDAAs along the cell cylinder. (c) The cell wall
PG was labelled with the FDAAHADA for 2 h prior to pulse-labelling Sap*.

The fluorescence images were processed identically with the same min/max

"9 60 min

contrast enhanced

intensities applied. Contrast-enhanced images from 60 min after chase are
shown to visualize the homogeneous loss of FDAAs along the cell cylinder.

(d) Schematic of the pulse-chase assay (top). WT cells were labelled during
growth in BHI supplemented with100 uM HADA, washed with PBS, then returned
to fresh BHI supplemented with 100 pM NADA and imaged at timepoints

after. Representative fluorescence images of labelled cells at the indicated
times after the return to growth (left). The fluorescence images for each
channel were processed identically with the same min/max intensities applied.
Contrast-enhanced image of NADA labelling 5 min after chase was enlarged to
more clearly visualize the homogeneous incorporation of NADA along the cell
cylinder (right).
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Extended Data Fig. 4| Focused S-layer assembly does not co-localize with fromaregion of the B. anthracis genome that contains secE. The data are from a

division sites nor can it be explained by the localization of Sec translocons.
(a) Schematic of the cold-chase assay (top). sap®* cells were labelled with STAR
RED and returned to growth medium and imaged 60 min later. Representative
fluorescence image of the S-layer (bottom). The cells were continuously
labelled with HADA during the 60 min growth to visualize division septa,
instead of the membrane dye FM4-64 used in Fig. 2b. Septa (white carets) are
highlighted. (b) Representative fluorescence and phase-contrast images of a
strain expressing a functional YFP-SecE fusion. (c) Transposon-insertion profile

transposon-sequencing experiment reported in Ramirez-Gudiana et al. Adeep
transposon library was generated in B. anthracis and insertion sites and their
abundancein the library were determined by deep sequencing and mapping to
the reference genome. Each vertical line indicates a transposon insertion site.
The height of the line reflects the number of sequencing reads at this position.
The paucity of insertions in secE is consistent with the idea that SecE is essential
for viability. (d) Growth curves of WT and yfp-secE fusion strains in rich medium.
Data are means + s.d. of 3 biological replicates.
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Extended Data Fig. 5| New Sap is incorporated into the S-layer at the edge of
the cracked lattice. (a) 10 pM maleimide-STAR GREEN labels virtually all free
Sap®*subunits in the S-layer. Schematic of the assay (top). Early exponential
phase sap™* cells were labelled with STAR GREEN (10 pM) or incubated with
PBS, washed, and then immediately labelled with STAR RED. Representative
fluorescence and phase-contrast images are shown (left panels). A similar
experiment was performed in which early exponential phase sap*™ cells

were incubated with anti-ALFA-ATTO488 (25 nM) or PBS, washed, and then
immediately incubated with anti-ALFA-AF647. Representative fluorescence and
phase-contrastimages are shown (right panels). The min/max values used to
scale the images for each color are indicated below. (b) Dual-color pulse-chase
images in Fig. 3a we autoscaled to more easily visualize old and new Sap subunits

inthe S-layer lattice. (c) Schematic of the pulse-chase assay used to determine
where newly synthesized Sap is incorporated into the S-layer lattice. Early
exponentially growing sap®* cells were pulse labelled with a mixture of STAR
GREEN and STAR RED at a molar ratio of 99:1. The cells were returned torich
medium and grown for 30 min. The newly synthesized Sap®* was then labelled
with STAR GREEN. The trace amount of STAR RED-labelled Sap was used to
monitor the old S-layer lattice and to identify dark bands that are sights of
focused S-layer assembly. STAR GREEN fluorescence reports on both old and new
S-layer and reveals continuous signal across the boundary. Three boxed regions
areenlarged on the right. The junction between old and new S-layer are indicated
with white carets.
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Extended Data Fig. 6 | STED and confocal images of S-layer assembly during
growth. (a) Schematic of the dual-color pulse-chase imaging assay (top). Early
exponentially growing cells were labelled with maleimide-CF594 then returned
to growth medium for 15 min. The newly synthesized Sap* was labelled with
STARRED and the cellsimaged by confocal (left) and STED (right) microscopy.
The STED images are the same as those shown in Fig. 3b. (b) Early exponentially

growing cells were labelled with maleimide-STAR GREEN then returned to growth
medium for 15 min. The newly synthesized Sap®* was labelled with STAR RED and
the cellsimaged by confocal microscopy. Sum of z-slices of 3D confocal images
of old (left), new (middle), and merged (right) Sap®* after the 15-min chase. The
same field-of-view is showninFig.3c.
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Extended Data Fig. 7| Sap®* expressed under IPTG control is not shed into

the culture medium. (a) Representative in-gel fluorescence and Coomassie
staining of Sap®* protein present in the culture medium or extracted from the
cellsurface. The indicated strain was grown in rich medium with or without IPTG
(0.5 mM) for 2 h, labelled with maleimide-STAR RED, and equivalent OD, units
were processed. Molecular weight markers in kDa are indicated. (b) Fluorescence

images from a FRAP experiment in which aregion containing a Sap-STAR RED

raft was bleached (top) or aregion on the cell surface lacking a raft was bleached
(bottom). Theimages acquired directly after bleaching are indicated and ared
arrow points to the bleached region. (c) Time-lapse fluorescence images acquired
identically to the FRAP experiment in (b) but without photobleaching. Two
regions containing a Sap-STAR RED raft and one region lacking a raft are shown.

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article https://doi.org/10.1038/s41564-026-02544-8

a
+IPTG == GREEN o +IPTG e RED B——
—_— e —_— —_—
9Omin = = e Xmin —=— AR
X=15 min X=45 min

IPTG

Y

©

w

g.. .

9]

| =t

Py

©

(%]

ke}

(]

)

on

©

§

o

o
'—
o
&
o
o
@
£

Extended Data Fig. 8| De novo S-layer assembly dynamics revealed by material were visualized. Representative fluorescence and phase-contrast
dual-color pulse-chase. (a) Schematic of the dual-color pulse-chase assay (top). images at the indicate times after chase (bottom). The fluorescence images for
After 90 min of Sap®* expression, the cells were labelled with STAR GREEN and each color were processed identically with the same min/max intensities applied.
then returned to rich medium with (or without) IPTG. At time points after, newly (b) Merged images of old and new Sap®* at indicated times after chase. The
synthesized Sap®* subunits were labelled with STAR RED and old and new S-layer images used in the merge are from panel a (+ IPTG).
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Extended Data Fig. 9| Newly synthesized Sap®* incorporates into the existing

S-layer lattice. Schematic of the dual-color pulse-chase assay (top). After 90 min

of Sap®* expression, the cells were labelled with maleimide-CF594 and then
returned to rich medium containing IPTG. 15 min later, newly synthesized Sap®*

old Sapers

new Sap®s merge

subunits were labelled with STAR RED and old and new S-layer subunits were
visualized. Representative confocal and STED images (bottom). These images
come from the same field-of-view as shown in Fig. 4d.
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