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ARTICLE INFO ABSTRACT

Keywords: Components of specialized secretion systems, which span the inner and outer membranes in Gram-negative
Sporl{latlf’ﬂ bacteria, include ring-forming proteins whose oligomerization was proposed to be promoted by domains
G.ermma.??n " called RBM for “Ring-Building Motifs”. During spore formation in Gram-positive bacteria, a transport system
Ring-Building Moti called the SpollIA-SpollQ complex also assembles in the double membrane that surrounds the forespore
RBM

Secretion systems following its endocytosis by the mother cell. The presence of RBM domains in some of the SpollIA proteins led to

YheN the hypothesis that they would assemble into rings connecting the two membranes and form a conduit between

SpollIAG the mother cell and forespore. Among them, SpoIlIAG forms homo-oligomeric rings in vitro but the oligomeri-

SpollIAH zation of other RBM-containing SpollIA proteins, including SpolIIAH, remains to be demonstrated. In this work,

Bacillus subtilis we identified RBM domains in the YhcN/YlaJ family of proteins that are not related to the SpollIA-SpollQ
complex. We solved the crystal structure of YheN from Bacillus subtilis, which confirmed the presence of a
RBM fold, flanked by additional secondary structures. As the protein did not show any oligomerization ability in
vitro, we investigated the structural determinants of ring formation in SpoIIIAG, SpoIIIAH and YhcN. We showed
that in vitro, the conserved core of RBM domains alone is not sufficient for oligomerization while the p-barrel
forming region in SpollIAG forms rings on its own. This work suggests that some RBMs might indeed participate
in the assembly of homomeric rings but others might have evolved toward other functions.

1. Introduction

Specialized secretion systems found in Gram-negative bacteria allow
the transport of molecules across their double-membrane cell envelope
(Costa et al., 2015; Green and Mecsas, 2016). Components of these
nanomachines include ring-forming proteins from the SctJ (PrgK) and
SctD (PrgH) families, which are part of the inner membrane platform in
Type-III secretion systems, and from the SctC (InvG) and GspD secretins
from Type-IIl and Type-II secretion systems, respectively (Bergeron
et al., 2015; Filloux and Voulhoux, 2018; Hu et al., 2018; Korotkov et al.,
2011; Worrall et al., 2016; Yan et al., 2017). Homo-oligomerization of
these proteins involves a family of domains called RBM for “Ring-
Building Motif” (Spreter et al., 2009). These domains contain a core
region displaying low sequence identity but a conserved wedge-shaped

* Corresponding authors.

fold composed of a three-stranded p-sheet packed against two a-helices.
Two main secondary structure topologies have been observed so far:
RBMs found in proteins of the inner membrane platform of T3SS display
an afpop fold while RBMs found in outer membrane proteins (secretins)
display a pappa fold (Zeytuni et al., 2017). Finally, additional secondary
structures can be present at the N-terminus or C-terminus, or inserted
within the RBM core (Johnson et al., 2020; Levdikov et al., 2012;
Meisner et al., 2012; Rodrigues et al., 2016; Trouve et al., 2018; Zeytuni
et al., 2017).

Because the cell envelope of Gram-positive bacteria possess a single
membrane, double-membrane spanning machineries are not necessary
for secretion. During spore formation in Gram-positive bacteria how-
ever, the mother cell engulfs the developing spore, encasing it with a
double membrane (Higgins and Dworkin, 2012; Tan and Ramamurthi,
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2014). Communication between the two cells involves the assembly of a
large multi-protein complex spanning the outer and inner forespore
membranes, that may be involved in transporting metabolites or pro-
teins, required for spore development (Morlot and Rodrigues, 2018;
Riley et al., 2021). The architecture of this macromolecular machinery,
called the SpolIIA-SpolIQ complex, remains mysterious but its compo-
nents display structural similarities with essential constituents of
specialized secretion systems (Camp and Losick, 2008; Meisner et al.,
2008; Morlot and Rodrigues, 2018; Zeytuni and Strynadka, 2019). In
particular, some of the SpolIIA-SpolIQ proteins possess RBM domains
and one of them, called SpolIIAG, forms large 30-mer rings that display
remarkable similarities with SctJ, SctD and FliF rings from Type-III
secretion systems (Bergeron et al., 2015; Johnson et al., 2020; Rodri-
gues et al., 2016; Zeytuni et al., 2017). Ring formation by SpoIlIAG
provided structural evidence that the SpolIIA-SpolIQ complex serves as
a transport machinery between the mother cell and forespore; however,
assembly of a transenvelope channel requires oligomerization of other
SpolIIA-SpolIQ proteins. Since SpollIAF, SpollIAH and GerM also
possess RBM domains (Levdikov et al., 2012; Meisner et al., 2012;
Trouve et al., 2018; Zeytuni et al., 2018), they represent obvious can-
didates for the formation of rings which would lean to that of SpoIIIAG.
However so far, ring oligomerization of these proteins remains to be
demonstrated.

Here, we discovered that four genes unrelated to the SpoIIIA-SpoIIQ
complex also contain a putative RBM domain (Fig. S1). These genes,
called yutC, ylaJ, yhcN and coxA, are transcribed during sporulation in
B. subtilis and all have oG-dependent promoters, implying that their
expression takes place in the forespore during late stages in the process
(Eichenberger et al., 2004; Steil et al., 2005). In this study, we focused
on the yhcN gene, which generates one of the most abundant mRNAs in
spores (Korza et al., 2019). YheN encodes a lipoprotein anchored in the
spore inner membrane, but YheN is also detected as a processed form
(encompassing residues N40 to E189) in material released from germi-
nating spores (Bagyan et al., 1998; Chirakkal et al., 2002; Kuwana et al.,
2002; Zheng et al., 2016). The putative RBM domain in YhcN encom-
passes residues D78 to N150, and is located downstream of a region
predicted to be unstructured (residues A24 to N77). Intriguingly, this N-
terminal region displays a high level of asparagine, as observed in the
small, acid-soluble spore proteins (SASPs), which contribute to DNA
protection in dormant spores and are degraded upon spore germination
to provide amino acids required for spore outgrowth (Setlow, 2006,
1995, 1988). The implication of this high content of asparagine residues
in YheN however remains mysterious so far. In the absence of YhcN,
B. subtilis spores germinate slower than wild-type ones, due to impaired
loss of heat resistance, slower DPA (dipicolonic acid) release and spore
rehydration (Johnson and Moir, 2017). The later defect was shown to be
related to SleB-associated cortex hydrolysis (Johnson and Moir, 2017).
However, since YhcN inactivation also affects the loss of heat resistance
and DPA release, this protein was proposed to play an additional role in
earlier germination events. Altogether, these observations suggest that
YhceN might have various roles in spore germination and outgrowth, and
might be functionally linked to RBM-containing transport proteins,
SASPs and/or cortex degrading enzymes.

In this study, we sought to provide further insights into the structure
and function of YhcN’s putative RBM domain. We provide data indi-
cating that YhcN has only a minor role in spore germination, that ap-
pears to be independent of SleB. On the other hand, we solved its crystal
structure, which confirmed the presence of a RBM domain. Like
SpollIAH however, YhcN does not show any ability to oligomerize in
vitro. To further determine the structural determinants of RBM domain
oligomerization, we explored the capacity of different YhcN, SpollIAH
and SpollIAG recombinant constructs to oligomerize. Our data suggest
that the conserved core of RBM domains alone might not be sufficient to
trigger oligomerization when proteins are isolated from their cellular
context. By contrast, the p-triangle region inserted in the RBM core of
SpolIIAG can form rings on its own. Altogether, this work questions the
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ring-triggering function associated with RBM domains and suggests that
some of these domains, including YhcN RBM, might have evolved to
fulfill different roles.

2. Results and discussion
2.1. YhcN has a non-essential role in spore germination and outgrowth

A first attempt to identify functional homologues of YhcN using a
standard protein blast search (https://blast.ncbi.nlm.nih.gov) was un-
successful, indicating that YhcN does not display strong sequence
identity with characterized protein domains. On the other hand, a search
for remote protein homology using the HHpred server (https://toolkit.
tuebingen.mpg.de) (Zimmermann et al., 2018) identified secondary
structure similarity with the SctJ, SctD and FliF family of RBM-
containing proteins involved in T3SS, suggesting that YhcN might be a
ring-forming component of a new transport machinery.

As a first step in the characterization of YhcN, we investigated its
cellular localization using a C-terminal mCherry fusion. YhcN-mCherry
displayed a uniform membrane localization around the engulfed fore-
spores from about 3 h after the onset of sporulation (Fig. 1A). In support
of this observation, a similar localization pattern delineating the
engulfed membrane was observed when YhcN was immunolabeled with
anti-YheN sera (Fig. 1B).

In order to carry out a structure-function study of YhcN, we sought to
prepare AyhcN deletion strains that were previously reported to be
affected in spore germination, outgrowth or colony-forming ability
(Bagyan et al., 1998; Johnson and Moir, 2017). YhcN was previously
shown to be linked to the cortex lytic activity of SleB, which becomes
essential for cortex degradation upon inactivation of the CwlJ hydrolase
(Ishikawa et al., 1998; Johnson and Moir, 2017). Recruitment and
localization of a CwlJ-YFP fusion to the spore surface is SafA-dependent
(McKenney and Eichenberger, 2012). CwlJ, however, is not detected in
coat extracts prepared from a AcotE mutant strain (Amon et al., 2020).
Possibly, and as described for inner coat proteins (Costa et al., 2004),
recruitment of CwlJ to the surface of the developing spore might be
SafA-dependent, but the protein does not persist in stable association
with the spore when the outer coat fails to be formed, as in a AcotE
mutant. In any event, in a AcotE mutant, the accumulation of CwlJ in the
spore is diminished and the CwlJ-dependent hydrolysis of the cortex
during germination is impaired (Amon et al., 2020; Bagyan and Setlow,
2002). We thus used a AcotE mutant, in which cortex hydrolysis was
shown to require SleB and the presence of YhcN (Ishikawa et al., 1998;
Johnson and Moir, 2017). We found that the colony-forming ability of
AyhcN spores was 82% (+£7%, n = 3) compared to wild-type, and that
yhcN deletion did not show a strong cumulative effect on the colony-
forming ability of AcotE spores (62% + 6%, n = 3 for AcotE spores;
46% + 3%, n = 3 for AcotE AyhcN spores) (Fig. 2A). Upon closer in-
spection of spore outgrowth, the yhcN deletion slowed down spore
outgrowth by about 30 min when compared to the wild-type strain
(Fig. 2C-D), in agreement with previous reports (Bagyan et al., 1998;
Johnson and Moir, 2017). However, the absence of yhcN had little effect
on the outgrowth of AcotE spores (Fig. 2C-D). Altogether, these exper-
iments indicate that impairment of YhcN has only a mild effect on spore
outgrowth and colony-forming ability, and that this effect is not strongly
related to CotE-dependent processes, such as cortex degradation by SleB.

To exclude a potential role in sporulation that might have been
missed previously, we analyzed key aspects of the sporulation cycle,
including the activity of sigma factors, the assembly of the coat and heat
resistance of the mature spores. Absence of YhcN neither affected the
activation of sigma factors (Fig. S2) nor the localization of major coat
proteins (SpoIVA, SpoVM, SafA, SpoVID and CotE) (Fig. S3). In heat-kill
assays, AyhcN spores were only slightly affected compared to wild-type
(97% + 11%, n = 3, Fig. 2B), most likely due to their slight defect in
colony-forming ability. Finally in the absence of CotE, deletion of yhcN
only mildly reduced heat resistance, as the sporulation efficiency
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Fig. 1. YhcN localizes uniformly around the forespore. A. Representative images of YhcN-mCherry localization during a sporulation time-course. The mCherry
signal is false-coloured green in the merged images. Cell membranes were visualized with the TMA-DPH fluorescent dye and are false-coloured red in the merged
images. B. Inmunofluorescence localization of YhcN observed 3 h after the onset of sporulation. B. subtilis cells expressing a GFP-SpolIQ (GFP-IIQ) fusion protein
were labeled using anti-YhcN serum and secondary Cy3-conjugated anti-rabbit IgG. The GFP and Cy3 signals are false-coloured red and green, respectively, in the

merged image. Scale bars, 1 pm.

decreased from 59% (+£19%, n = 3) in the AcotE background to 53%
(£12%, n = 3) in the AcotE AyhcN double mutant (Fig. 2B). Altogether,
these results indicate that YhcN is not a major player in spore devel-
opment and likely has a non-essential role in spore germination,
outgrowth and colony-forming ability.

2.2. YhcN displays structural similarities with RBM domains

To get structural insights into the soluble domain of YhcN, we pro-
duced a recombinant construct encompassing residues Ala24 to Glu189
(Fig. 3A) as a Hisg-SUMO fusion (HS-YhcNas4.g189) and purified it to
homogeneity (see the Methods section). The purified YhcNa24.g189 pro-
tein formed needle-shaped crystals (Fig. 3B) that diffracted to a reso-
lution of 1.77 A (see Table 1 for data collection and refinement
statistics). To solve this structure by molecular replacement, templates
were selected according to structural homology predictions performed
through the HHpred server. As none of the closest predicted homologues
(including SctJ RBM2 from Salmonella typhimurium, SctJ RBM2 from
Escherichia coli EPEC, SpollIAH from B. subtilis and MamB from Desul-
famplus magnetovallimortis) yielded a structure solution, we performed
ab initio phasing. Ab initio phase determination was achieved by locating
three helices of 14 residues using the ARCIMBOLDO LITE program
(http://chango.ibmb.csic.es/) (Sammito et al., 2013). The high quality
of the first model obtained with this strategy allowed building a YheN
model from residue Arg79 to Prol86 but no electron density was
observed from Ala24 to Asp78. Mass spectrometry analysis of dissolved
crystals provided an experimental molecular weight of 18,703 Da
(theoretical value of 18,702 Da), indicating that the N-terminal region of
YhcN had not suffered from proteolytic degradation. We therefore
deduce that the absence of electron density for the region encompassing
residues Ala24 to Asp78, which is not predicted to contain any

secondary structure (prediction performed using the Jpred 4 server,
https://www.compbio.dundee.ac.uk/jpred/), is due to flexibility in the
crystal.

YheN crystal structure contains a three-stranded f-sheet (f1p2p3)
packed against two a-helices (ala2) on one side and two C-terminal
a-helices (a304) on the other side (Fig. 3C). Its overall fold resembles
RBMs displaying the affap topology. Consistent with this, the DALI
server detected structural similarities between YhcN and RBMs found in
inner membrane components of various secretion systems (Morlot and
Rodrigues, 2018; Spreter et al., 2009). The a1p1p202p3 region of YheN
aligns best with the RBM domain of SpoIIIAH from B. subtilis (PDB entry
3UZ0, RMSD (root-mean-square deviation) of 1.78 A, 15% sequence
identity, 32% sequence similarity over 64 residues) (Fig. 3D). It super-
imposes to a lesser extent onto the RBM2 of SctJ from S. typhimurium
(PDB entry 5TCP, RMSD of 2.41 10\, 10% sequence identity, 30%
sequence similarity over 64 residues) (Fig. 3E), the RBM2 of FliF from
S. typhimurium (PDB entry 6SD2, RMSD of 2.42 A, 21% sequence iden-
tity, 33% sequence similarity over 69 residues) (Fig. S4A), the RBM2 of
SctD from S. typhimurium (PDB entry 5TCP, RMSD of 2.51 A, 7%
sequence identity, 32% sequence similarity over 63 residues) (Fig. S4B),
the RBM core of B. subtilis SpollIAG (PDB entry 5SWC3, RMSD of 2.64 A,
13% sequence identity, 31% sequence similarity over 64 residues)
(Fig. S4C) and SpolIIAF (PDB entry 6DCS, RMSD of 3.89 A, 7% sequence
identity, 21% sequence similarity over 65 residues) (Fig. S4D). The
structural similarities between YhcN and ring-forming domains found in
secretion systems suggest that YhcN might be a component of a new
transport system, or a ring-forming protein that might have evolved
toward a new function (see the Discussion section).

More intriguingly, the DALI server also detected structural similar-
ities between YhcN and the C-terminal metal-binding domain of MamM
from Magnetospirillum gryphiswaldense (PDB entry 6H8A, r.m.s.d. of 3.03
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Fig. 2. YhcN is mildly involved in spore outgrowth and colony formation. A-B. Average colony-forming ability of spores (:STDEV, n = 3) (A) or sporulation
efficiency (£STDEV, n = 3) (B) of AyhcN (bHC120), AcotE (bHC77) and AyhcN AcotE (bHC126) cells relative to wild-type cells (bDR2413). For colony-forming
ability assays (A), purified spores were plated onto solid medium without heat treatment. For sporulation efficiency assays (B), spores were collected 24 h after
the onset of sporulation and were treated at 80 °C for 20 min prior to plating onto solid medium. C-D. Average outgrowth time-course (=STDEV, n = 2) of untreated
(C) and heat-treated (D) wild-type (WT, bDR2413, green curve), AyhcN (bHC120, red curve), AcotE (bHC77, blue curve) and AyhcN AcotE (bHC126, yellow curve)
spores in nutrient-rich medium (LB), monitored by measuring the optical density at 600 nm (ODgoonm). Optical density first decreases during spore germination and
then increases during outgrowth and vegetative growth.

A 124 78 189 Cc Fig. 3. Ab initio crystal structure of YhcN from
B. subtilis. A. Domain structure of YhcN from
B. subtilis showing the lipobox (hatched area), the
invisible flexible region in the crystal structure (in
grey) and the RBM domain (green to orange shade).
B. Needle-shaped crystals of YhcN obtained in 100
mM HEPES pH 7.5, 20% (w/v) PEG 8,000. Scale bar,
100 pm. C. Ribbon representation of YhcN with the
RBM core coloured in green and the two additional
C-terminal o-helices coloured in orange. f-strands,
Additionnal a-helices, N- and C-termini are labeled. D. Overlay of

helices YheN with SpoIlIAH from B. subtilis (PDB entry
3UZ0). The RBM cores of YhcN and SpollIAH are
respectively coloured in green and violet, and their
additional secondary structures are respectively col-
oured in orange and pink. E. Overlay of YhcN with
the second periplasmic RBM (RBM2) domain of
S. typhimurium SctJ (PDB entry 5TCP, in violet).
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Table 1

Data collection and refinement statistics.

Data collection
Name of dataset
X-ray source
Wavelength A)
Scan range (°)
Oscillation (°)
Space group
Unit-cell parameters

a A

b, A

¢ A

o, °

B, °

v,°
Number of molecules in ASU
Resolution (last shell), A
Completeness, %
I/6(D)
Rsym', %
Unique reflections
Observed reflections [1/6(I) > 1]
Wilson B factor, A%

DIRECT ab initio PHASING
ARCIMBOLDO model (residues)
Correlation coefficient (%)
Refinement and model statistics
Resolution (last shell), A

4YhcN_A2 1
ID30A-3 (ESRF)
0.9677

250

0.1

P2;2,2;

31.48

52.28

134.13

90.00

90.00

90.00

2

1.77 (1.77-1.87)
98.3 (98.4)
13.16 (2.75)

6.6 (55.7)
22,053 (3,302)
102,053 (15,716)
35.01

209
40.76

1.77 (1.77-1.82)

R-factor’, R-free 0.205, 0.234
rmsd from target’
Bond lengths, A 0.009
Bond angle, ° 1.193
Mean B factor (A% 41.57
Ramachandran plot
Core, % 93.2
Allowed, % 6.8
Disallowed, % 0

Values in parentheses are for the outermost shell of data.

" Rsym = (2(ABS(I(h,i) — (I(h))))/(Z(1(h,D))).

¥ R-factor = jjFoj — jFcjj/jFoj where Fo and Fc are the observed and
calculated structure factor amplitudes, respectively.

§ R-free is the R-factor calculated with 5% of the reflections chosen at
random and omitted from refinement.

" Performed by Procheck.

! rmsd of bond lengths and bond angles from ideal geometry.

A, 12% sequence identity, 35% sequence similarity over 695 residues)
(Fig. S4E), which belongs to the family of cation diffusion facilitators
that control metal cation homeostasis (Cotrim et al., 2019). However,
YhceN does not possess a transmembrane transport domain as found in
MamM, no metal ion was detected in the crystal structure of YhcN and
none of the MamM metal-binding residues are conserved in YhcN. It thus
appears unlikely that YhcN is a homologue of MamM C-terminal
domain.

2.3. YhcN and SpollIAH do not form rings in vitro

Although the region encompassing residues Arg79 to Asnl50 in
YhceN resembles RBM cores found in ring-forming proteins, no YhcN
oligomer was detected in the crystal structure or in solution. The
asymmetric unit of YhcNao4.g189 contains two molecules whose interface
buries a surface of 389.8 A2, The contacts between the two YheN mol-
ecules only involve electrostatic interactions, which likely result from
crystal packing (Fig. 4A-B). In addition, YhcNa24.5189 in solution was
detected as a monomer by SEC-MALLS analysis (apparent molecular
weight of 21.04 + 1.24 kDa, Fig. 4C).

Furthermore, when the YhcN crystal structure is superimposed onto
one protomer of the SctJ RBM2 or SpollIAG homodimers observed in
oligomeric rings, the two C-terminal a-helices of YhcN overlay the
adjacent SctJ or SpoIlIAG protomer (Fig. 4D-E). A steric hindrance of
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the canonical RBM oligomerization interface is also observed in the
B. subtilis SpolIIAH protein, which contains a N-terminal helix that packs
against the p-sheet of the RBM core (Fig. 4G-H) (Levdikov et al., 2012;
Meisner et al., 2012; Morlot and Rodrigues, 2018). Based on the struc-
tural similarities between SpollIAH and the SctJ family of proteins,
SpollIAH was proposed to form a homomeric ring oligomer but so far,
SpollIAH was only detected as a monomer in solution (Levdikov et al.,
2012; Meisner et al., 2012). We thus reasoned that shielding of the ring
oligomerization interface by additional secondary structures in YhcN
and SpoIlIAH might be the reason why these proteins are not able to
form rings in vitro.

To investigate this, we produced and purified truncated constructs of
YhcN deleted from the two C-terminal a-helices (YhcNa24.N150, Fig. 4F)
and of SpollIAH deleted from the N-terminal region and the a0 helix
(AHg129.k218, Fig. 4I). SEC-MALLS analysis provided consistent apparent
molecular weights of 14.47 + 0.37 kDa for YhcNa24.N150 (theoretical
value of 14.25 kDa) (Fig. 5A) and 9.67 + 0.20 kDa for AHgj29.x218
(theoretical value of 9.81 kDa) (Fig. S5A). However, both constructs
showed very little chemical shift dispersion in the methyl proton region
(0 to 1 ppm) and in the amide proton region (8 to 10 ppm) when
analyzed by 1D liquid-state NMR (Fig. 5C for YhcNa24.n150 and Fig. S5B
for AHgy29.x218)- In addition, a Anog parameters of 0.75 was calculated
for both YhcNa24-N150 and AHgyag9.x218 (Fig. SE and Fig. S5C, respec-
tively), indicating a poor proton density (Schanda et al., 2006). These
observations are characteristic of unfolded proteins, showing that
proper folding of YhcN and SpoIIIAH RBM cores requires the presence of
the flanking additional secondary structures. In parallel, we tested
whether truncation of the N-terminal Asn-rich disordered region of
YhcN, encompassing residues A24 to N76, would trigger in vitro oligo-
merization by purifying a YhcNpyg.g1g9 construct. 1D liquid-state NMR
analysis showed a very large chemical shift dispersion in the methyl
proton region (0-1 ppm) and in the amide proton region (8-10 ppm),
indicative of a very well folded protein (Fig. 5D). Nonetheless, YhcNpyg.
E189 (theoretical molecular weight of 12.7 kDa) was only detected as a
low-molecular weight species by SEC-MALLS (15.93 + 1.0 kDa, Fig. 5B),
showing that the presence of the N-terminal Asn-rich region is not what
prevents the RBM domain to form rings. If YhcN and SpolIIAH are ring-
forming proteins, it thus appears that their RBM domain is not sufficient
to promote ring oligomerization in vitro.

2.4. The p-triangle region of SpollIAG is required and sufficient for ring
formation in vitro

The ring-forming protein SpollIAG has a non-conventional RBM
domain made of a RBM core (a1f1p8a239, encompassing residues K90
to A125 and residues P182 to S229) and a f-triangle region (p2-f7,
encompassing residues T126 to K181) (Fig. S5D) (Rodrigues et al., 2016;
Zeytuni et al., 2017). The former region forms a ring in which the pro-
tomers interact through an interface similar to those observed in RBM2
of SctJ, RBM3 of SctD, and in RBM2 and RM3 of FliF (Bergeron et al.,
2015; Johnson et al., 2020; Worrall et al., 2016). The p-triangle region
forms a unique tubular structure composed of a f-ring and a p-barrel.
The disordered region encompassing residues S51 to K88 was not visible
in the cryo-electron microscopy structure of SpollIAGgss.s229 reported
previously and was shown to be unnecessary for SpollIAG ring forma-
tion (Rodrigues et al., 2016; Zeytuni et al., 2017). To determine which
region in SpollIAG is required for ring formation, we produced and
purified truncated soluble constructs deleted from the B-triangle region
(AGss1-s229A(1128-K180)) OF containing only the p-triangle region (AGrj26.-
K181)-

The AGgs1-s220A(1128-K180) construct eluted as two main species by gel
filtration: a high-molecular-weight species (peak 1 in Fig. SSE-F) and a
low-molecular-weight species (peak 2 in Fig. S5E-F). 1D liquid-state
NMR performed on peak 2 indicated that the protein is poorly folded
(Fig. S5G-H). On the other hand, observation of the protein fraction
eluting close to the void volume (peak 1) by negative-stain electron
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Fig. 4. Analysis of YhcN oligomerization. A. Rib-
bon representation of the two YhcN molecules pre-
sent in the asymmetric unit, shown in two different
orientations. The YhcN RBM core is coloured in
green, the C-terminal a3 and a4 helices are coloured
in orange. B. Close-up view of the electrostatic in-
teractions established by the two molecules of YhcN
in the asymmetric unit. Residues involved in the
intermolecular contacts are labeled and shown as
atom-coloured sticks. C. SEC-MALLS analysis of
YhcNa24.180 (SEC650 column). Chromatograms are
displayed with the absorbance at 280 nm (Axgonm) as
a black line and arbitrary units displayed on the left
axis, and molecular weight estimation as a green line
with values (in Da) displayed on the right axis. The
estimated average molecular weight is detailed on
the graph. D-E. Ribbon representations of YhcN
(RBM core in green, C-terminal helices in orange)
superimposed onto two adjacent protomers from the
ring formed by SctJ RBM2 from S. thyphimurium (D,
PDB entry 5TCP, in light and dark grey) or from the
ring formed by SpollIAG from B. subtilis (E, PDB
entry 5WC3, in light and dark grey). F. Schematics of
the truncated constructs of YhcN showing the flex-
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microscopy showed that it mainly contains large aggregates (Fig. S5I).
The p-triangle region of SpolIIAG thus appears to be required for proper
folding of the protein and thus for ring oligomerization.

By contrast the AGrigexkig1 construct, which contains only the
pB-triangle region, formed rings, as observed by negative-stain electron
microscopy (Fig. 5G). Due to the heterogeneity and large polydispersity
of this sample, no apparent molecular weight could be deduced from
SEC-MALLS analysis. However when we measured the dimensions of the
SpolIlIAGT126.k181 rings, their inner diameter was similar (~8 nm) to the
inner diameter of AGgs1.s229 rings (Rodrigues et al., 2016; Zeytuni et al.,
2017), suggesting that the p-triangle region of SpollIAG is sufficient to
form the 30-mer p-barrel observed previously (Rodrigues et al., 2016;
Zeytuni et al., 2017).

Altogether, these observations indicate that the p-triangle region of
SpollIAG is necessary and sufficient for ring formation while the RBM
core region is not sufficient to promote SpolIIAG oligomerization in vitro.
In SpollIAG, the RBM core might thus rather play a role in stabilizing the
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(eq) yS1am Jenoajo

ible region invisible in the crystal structure (in grey),
the RBM core (in green) and the C-terminal a3 and
a4 helices (in orange). G-H. Ribbon representations
of SpollIAH (AH) from B. subtilis (PDB entry 3UZO0,
RBM core in violet, a0 N-terminal helix in pink)
superimposed onto two adjacent protomers from the
ring formed by SctJ RBM2 from S. thyphimurium (G,
PDB entry 5TCP, in light and dark grey) or from the
ring formed by SpollIAG from B. subtilis (H, PDB
entry 5SWC3, in light and dark grey). Note that the
additional secondary structures of the RBM domains
of YheN and SpollIAH (in orange and pink, respec-
tively) hinder the canonical oligomerization inter-
face of SctJ RBM2 and of the SpollIAG RBM core. I.
Schematics of the truncated constructs of SpollIAH
showing the invisible flexible region in the crystal
structure (in grey), the RBM core (in violet) and the
N-terminal a0 helix (in pink).

150

RBM core

129 218

218

ring than in initiating its oligomerization.
3. Discussion and conclusions

The structural characterization of the YhcN protein reported here
reveals a new RBM domain involved in spore germination. YhcN con-
tains a disordered N-terminal region, a RBM core made of a three-
stranded p-sheet packed against two a-helices, and two additional C-
terminal a-helices. Despite the presence of the RBM core and similar to
the RBM-containing sporulation protein SpolIIAH, YhcN does not oli-
gomerize in vitro. Nonetheless, in vivo, the assembly of SpollIAH rings
might be triggered by the membrane environment, including membrane
anchoring and/or contacts with A-Q proteins. Regarding YhcN, its
cellular context, such as N-terminal lipidation and yet-to-be identified
partners, might also be required for ring formation. More specifically,
one might speculate that upon interaction with partner(s), the C-ter-
minal a3 and a4 helices could move away from the RBM core, exposing
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Fig. 5. Analysis of the oligomerization ability of YhcN and AG truncated constructs. A-B. SEC-MALLS analysis of YhcNaz4.n150 (A, Superdex 75 column) and
YhcNpys.r189 (B, SEC650 column). Chromatograms are displayed with the absorbance at 280 nm (Azgonm) as a black line and arbitrary units displayed on the left axis,
and molecular weight estimation as a green line with values (in Da) displayed on the right axis. The estimated average molecular weight is detailed on the graph.
C-D. 1D 'H NMR spectra of YhcNass.n150 (C) and YheNpyg.rig9 (D) showing zones in which the signal arises from folded (blue shadows) or random coil (pink
shadows) regions. The graph zones corresponding to protons linked to carbons of the main chain (Ha), protons located in NH, NH,, aromatic, aliphatic and methyl
groups, or protons from the buffer and water are also indicated. E-F. Overlays of 1D reference (black) and saturated (red) spectra for YhcNa24.n150 (E) and YheNp7s.
r189 (F). The Ayor parameter is an independent measurement of the compactness of the protein. A value of 0.75 reveals a low proton density due to an unfolded
protein conformation. By contrast, the Axor parameter of 0.35 indicates a high proton density that corresponds to a well folded protein. G. Negative-stain electron
microscopy analysis of the truncated construct of SpolIIAG containing only the p-triangle region (AGr126.x181)- Large field (left panel) and close-up (right panel) views

show the presence of rings. Scale bars throughout, 20 nm.

an oligomerization interface. Since the YhcNa24.n150 construct does not
form rings, it is unlikely that this putative oligomerization interface
consists in the RBM core alone, but it might involve both the RBM core
and the C-terminal a-helices. As DPA release is affected in the absence of
YheN (Johnson and Moir, 2017), putative partners might include SpoVA
and SpoVV components of the DPA channel (Ramirez-Guadiana et al.,
2017; Setlow, 2014).

Somewhat intriguingly, however, while RBM domains have been
proposed to promote ring formation, only a few RBM-containing pro-
teins have been shown to form ring-like structures when produced in a
heterologous system and isolated from physiological protein partner(s).
Those proteins include the SpollIAG component from the SpollIA-
SpolIQ sporulation complex in B. subtilis, the FliF component of the
S. thyphimurium flagellum and various secretins from type-II and type III
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secretion systems (Chami et al., 2005; Hay et al., 2017; Howard et al.,
2019; Johnson et al., 2020; Rodrigues et al., 2016; Tosi et al., 2014; Yan
et al., 2017). All these proteins contain a RBM core and an additional
region that assembles into a homo-oligomeric p-barrel. In this work, we
show that the B-barrel domain is required and sufficient for SpollIAG
ring formation, suggesting that p-barrel regions are critical determinants
for the oligomerization of RBM-containing proteins in vitro. On the other
hand, proteins that only contain RBM core domains form recombinant
oligomeric rings in very rare cases. For example, the highly conserved
SctJ and SctD components of the inner membrane platform of T3SS do
not oligomerize when produced out of their native environment (Ber-
geron et al., 2015, 2013; Spreter et al., 2009). To our knowledge, the
only recombinant construct forming rings of RBM domains is the one
containing the NO, N1 and N2 subdomains of the XcpQ secretin from
Pseudomonas aeruginosa (Douzi et al., 2017). Less obviously, the SctJ
component of E. coli T3SS forms a helical assembly in crystallo (Yip et al.,
2005).

In this context, one might thus question the term “ring-building-
motif” that was attributed to this fold. While these motifs might be prone
to oligomerize, proper ring formation seems to require an additional
region, the cellular environment and/or protein partners in many cases.
In the case of RBM-containing proteins that have not yet been shown to
form ring oligomers in their cellular context, an alternative hypothesis is
that their RBM domain(s) might have evolved to fulfill different roles.
The acquisition of additional secondary structures might for example
have allowed these proteins to establish interactions with yet-to-be
identified heteromeric partner(s). Finally, regarding YhcN, which has
so far not been involved in any transport machinery, we cannot exclude
that its apfoap fold results from a convergent structural evolution. In
other words, YheN function might be totally unrelated to the ring-
forming function of RBM found in secretion proteins. Instead, the
structure of its globular domain might have converged towards a RBM,
whose fold appears to be rather simple.

In this regard, the outgrowth phenotype of yhcN mutant spores calls
to mind the phenotype caused by mutations in the gene coding for the
germination protease (GPR), which initiates degradation of SASPs in the
forespore (Sanchez-Salas and Setlow, 1993). In support of this idea,
YhcN harbors a high content of asparagine residues (16.4% over the
whole protein sequence), as observed in SASPs, and displays a KLEVADE
sequence, which is reminiscent of the KLEIASE sequence responsible for
the recognition and degradation of SASPs by the GPR protease (Bagyan
et al., 1998; Setlow, 1988). In that respect, it is interesting to note that
yhcN is in an operon with the yhcO gene (Fig. S1) (Eichenberger et al.,
2004; Steil et al., 2005), whose mRNA is also detected in spores (Korza
et al., 2019), and that codes for a protein with strong structural simi-
larity to the peptidase domain of collagenases from Clostridium tetani and
Clostridium histolyticum (Eckhard et al., 2013). It is thought that the
amino acids released from SASP degradation are important for the
reactivation of protein synthesis during outgrowth (Sanchez-Salas and
Setlow, 1993; Traag et al., 2013). While it is unlikely that YhcN per se
forms a transporter, it is tempting to speculate that the protein is part of
a transport system that allows amino acids released from extracellular
proteins to be used for protein synthesis during outgrowth. In other
words, amino acids released from both internal (via SASP proteases) and
external sources (via YhcN/YhcO) would be used for germination and
outgrowth.

4. Methods
4.1. Bacterial strains and plasmids
Strains, plasmids and oligonucleotides used in this study are listed in

Table S1. All B. subtilis strains were derived from the prototrophic strain
PY79 (Youngman et al., 1983).
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4.2. Fluorescence microscopy

Live-cell epifluorescence microscopy was performed using a Zeiss
Axioplan 2 microscope equipped with 100x objective N/A 1.4. A 250 pL
aliquot of sporulating cells at the desired time-point was pelleted by
centrifugation and then resuspended in 10 pL of resuspension medium
containing the membrane dye TMA-DPH (1-(4-trimethylammonium-
phenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate) (0.05 mM). A 2
pL aliquot of the cell suspension was spread on a 2% (w/v) agarose pad
prepared in resuspension medium set using a gene frame (Bio-Rad), and
then covered with a glass coverslip (#1.5) for imaging. CFP and GFP
fluorescence was acquired using an exposure time of 800 ms, and YFP,
mCherry and TMA-DPH fluorescence was acquired using an exposure
time of 400 ms.

Immunostaining was adapted from Harry et al. (Harry et al., 1995).
Bacteria were fixed for 15 min at room temperature (RT) and 35 min on
ice with 2% (v/v) paraformaldehyde, 0.02% glutaraldehyde (Electron
Microscopy Sciences) in 10 mM PBS pH 7.5, washed three times in PBS
and resuspended in 50 mM glucose, 20 mM Tris-HCI pH 7.5, 10 mM
EDTA. Lysozyme was added to a final concentration of 2 mg-ml~! and
cells were transferred onto multiwell slides coated with poly L-lysine
(Sigma). The slides were air-dried and treated for 5 min with methanol
(—20 °C) and 30 sec with acetone (— 20 °C). After air drying, the wells
were pre-treated with 2% (w/v) bovine serum albumin in PBS (BSA-
PBS) for 30 min at RT prior to incubation for 1 h with a 1:200 dilution of
anti-YhcN rabbit antibodies (Covalab) in BSA-PBS. The slides were then
washed 10 times with PBS and incubated for 1 h with a 1:200 dilution of
Cy3-conjugated goat anti-rabbit immunoglubulin G (Jackson Immu-
noresearch) in BSA-PBS. After extensive wash with PBS, the slides were
mounted using Vectashield antifade mounting medium (Vectorlabs).
Samples were observed with a two-deck Olympus IX83 optical micro-
scope equipped with a UPFLN 100X O-2PH/1.3 objective and an ORCA-
Flash4.0 Digital sCMOS camera from Hamamatsu. Images were acquired
using the Volocity software package.

4.3. Spore outgrowth, colony-forming ability and sporulation efficiency
assays

For spore outgrowth and colony-forming ability assays, spores from
25 mL of sporulating wild-type (bAT87), AyhcN (bHC120), AcotE
(bHC77) or AyhcN AcotE (bHC126) cells (induced by resuspension) were
harvested by centrifugation 27 h after the onset of sporulation. Spores
were washed with 20 mL of MilliQ H»0 and treated with lysozyme (1.2
mg-mL~1) at 37 °C for 1 h. SDS was added to a final concentration of 2%
and spores were incubated for a further 20 min at 37 °C. Spores were
harvested by centrifugation and then washed seven times with 20 mL of
MilliQ H0.

Spore outgrowth time courses were performed by inoculating 25 mL
of LB medium with purified spores to an initial optical density at 600 nm
(ODgponm) of approximately 0.1. Spore suspensions were either heat-
treated (80 °C for 20 min) or untreated prior to incubation at 37 °C
with aeration. Spore germination and outgrowth were monitored for
two biological replicates per strain by measuring ODggonm OVer time.
Colony-forming ability of spores was determined as the total number of
CFUs (colony-forming units) compared with wild-type CFUs from puri-
fied spores plated on LB agar without heat treatment. Sporulation effi-
ciency was determined in 24-30-h cultures as the total number of heat-
resistant (80 °C for 20 min) CFUs compared with wild-type heat-resis-
tant CFUs.

4.4. Protein production and purification

The N-terminus of all recombinant constructs were fused to a hex-
ahistidine tag followed by the SUMO cleavage site of the Ulp1l protease
(His-SUMO tag) (Marblestone et al., 2006) and produced in E. coli BL21
(DE3) STAR cells. Cells were grown at 37 °C under agitation (180 RPM)
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in 2-L baffled flasks containing 500 mL of Terrific Broth medium (BD
Biosciences) supplemented with ampicillin (100 pg-mL™!) until the
ODgoonm reached 0.8. After the cultures were cooled to 25 °C, produc-
tion of recombinant proteins was induced with 0.5 mM IPTG (isopropyl
B-D-1-thiogalactopyranoside) and cultures were further grown for 18 h
at 25 °C. Following centrifugation, cell pellets were resuspended in 1/
40th volume of a lysis buffer containing the Complete™ cocktail of
protease inhibitors (Roche), 50 mM Tris-HCI pH 8.0, 500 mM NaCl, 25
mM imidazole and 10% (v/v) glycerol). Cells lysis was performed using
a cell disruptor (Microfluidics) at 15 kPsi, and cell debris were pelleted
by centrifugation at 40,000 x g for 30 min at 4 °C. The centrifugation
supernatant was loaded on a 8-mL Ni-NTA agarose resin (Qiagen)
equilibrated with the lysis buffer. After extensive washing, the fusion
protein was eluted with a linear 0-100% gradient of elution buffer (50
mM Tris-HCl pH 8.0, 300 mM NaCl, 500 mM imidazole, 10% (v/v)
glycerol) over 10 column volumes. Elution fractions were pooled, mixed
with a 1:200 M ratio of a His-tagged Ulp1 protease sample (Uehara et al.,
2010), and dialyzed overnight at 4 °C against 100 volumes of dialysis
buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10% (v/v) glycerol).
Cleavage reactions were loaded onto a 8-mL Ni-NTA resin to remove the
His-SUMO tag and His-Ulp1, and the untagged protein was collected in
the flow through fractions. Pooled flow-through fractions were
concentrated with Amicon Ultra Centrifugal Units with a molecular
weight cutoff of 3 or 10 kDa (Millipore) and were injected onto an
Enrich™ SEC650 10 x 300 gel-filtration column (Biorad). Proteins were
eluted in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, and concentrated
before protein concentration was measured using absorbance at 280 nm.

4.5. Mass spectrometry analyses

Protein samples were denaturated and diluted to 5 uM in 0.03% TFA.
Four pL of cooled samples (10 °C) were first desalted using a reverse
phase-C8 cartridge (Zorbax 300SB-C8, 5um, 300 um ID x 5 mm, Agilent
Technologies) and eluted in 67% acetonitrile, 0.03% TFA, for mass
spectrometry detection. Liquid Chromatography Electrospray Ionization
Mass Spectrometry (LC/ESI-MS) analysis was performed using a 6210
LC/ESI-TOF mass spectrometer interfaced with an HPLC binary pump
system (Agilent Technologies). Mass spectra were recorded in the
300-3200 m/z range, in the positive ion mode with spectra in the profile
mode. The MS spectra were acquired and the data processed with the
MassHunter workstation software (v. B.02.00, Agilent Technologies)
and with the GPMAW software (v. 7.00b2, Lighthouse Data, Denmark).

4.6. NMR analyses

Conventional 'H 1D NMR and 1D HET-SOFAST experiments were
performed on a 700 MHz spectrometer (Bruker Avance III HD Liquid)
equipped with a triple resonance cryo-probe. Quantitative compactness
measurements (Schanda et al., 2006) were obtained recording two 1D
HET-SOFAST data sets with and without a band-selective inversion
pulse covering the aliphatic region. Data were acquired at 25 °C and
processed using the Topspin3.5 software (Bruker, Inc.) and the NMRIlib
library (Favier and Brutscher, 2019). The time domain data were
multiplied with a 90° phase-shifted sine-bell apodization function and
zero-filled to 8192 complex data points prior to Fourier transformation.
The reference and saturated intensities were obtained by integrating the
spectra from 8.5 to 9.5 ppm.

4.7. SEC-MALLS analyses

SEC-MALLS analyses were performed using ENrich™ SEC650 (Bio-
rad) or Superdex 75 (Pharmacia) 10x300 gel-filtration columns con-
nected to an analytic system including a L2130 pump (Hitachi), an Elite
LaChrom L-2400 UV detector (Hitachi), an Optilab T-rEX refractometer
(Wyatt technologies) and a DAWN HELEOS-II multi angle laser light
scattering detector (Wyatt technologies). The column and the systems
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were equilibrated in 10 column volumes of 25 mM Tris-HCI pH 8.0, 150
mM NacCl. Fifty pl of protein samples concentrated at a minimum of 2
mg-mL~! were injected with a flow rate of 0.5 mL-min~!. Protein con-
centration was quantified online by measuring the differential refractive
index and using an averaged refractive index increment dn/dc of 0.185
mL-g~!. Accurate weight-averaged molar mass determination was per-
formed with the Astra 6 software (Wyatt Technologies) and curves were
represented with Excel (Microsoft office 2013).

4.8. Negative-stain electron microscopy

The protein concentration was adjusted to 0.05 mg-mL ™! in 25 mM
Tris-HCI pH 8.0, 150 mM NaCl, before preparation of samples using the
negative-stain Mica-carbon Flotation Technique (MFT). Samples were
absorbed on the clean side of a carbon film on mica, stained with 2% (w/
v) sodium silico tungstate. Samples were then transferred to a 400-mesh
copper grid, which was subsequently air-dried. Images were taken with
defocus values between 1.2 and 2.5 pm on a Technai 12 FEI LaB6
electron microscope operating at 120 kV accelerating voltage. Images
were acquired with a calibrated nominal magnification of 30,000, using
a CCD Gatan ORIUS SC1000 camera (Gatan, Inc.).

4.9. Protein crystallization and X-ray data collection

High-throughput crystallization trials were performed with a Carte-
sian PixSys 4200 crystallization robot (Genomic Solutions, U.K.).
Hanging drops containing 100 nl of protein (48, 24 or 12 mg-mL™!) and
100 nl of reservoir solution were set up in 96-well Crystal Quick plates
(Greiner) and incubated at 20 °C. Initial crystal hits were refined
manually by setting up hanging drops containing 1 uL of purified
YhcNao4.g189 sample (48 or 24 mg/ml) and 1 L of reservoir solution in
24-well plates (Molecular Dimensions) incubated at 20 °C. Needle-
shaped crystals (dimensions of about 20 x 20 x 100 um) were finally
obtained within 2 days in 100 mM HEPES pH 7.5, 20% (w/v) PEG 8,000.
Before flash freezing into liquid nitrogen, crystals were soaked for 5 to
30 sec in a cryo-protecting solution containing 100 mM HEPES pH 7.5,
21% (w/v) PEG 8,000 and 15% (v/v) glycerol. X-ray diffraction data
were collected at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France), on the ID30A-3 (MASSIF-3) beamline. The experi-
mental beamline parameters and data quality of the collected images
were monitored with MxCuBE (Gabadinho et al., 2010). Statistics on
data collection and refinement are summarized in Table 1.

4.10. Structure determination and refinement

Following indexation and integration of the diffraction data using
the XDS program suite (Kabsch, 2010) (see Table 1), ab initio phase
determination was achieved using the ARCIMBOLDO_LITE program
(Sammito et al., 2013) to combine the location of a-helices with PHASER
(McCoy et al., 2007) and density modification with SHELXE (Thorn and
Sheldrick, 2013). Based on secondary structure predictions performed
by the JPRED4 server (http://www.compbio.dundee.ac.uk/jpred/), we
searched for three a-helices containing 14 residues in coiled mode, using
27 cores of the Cobalt cluster at the CCRT (http://www-hpc.cea.fr/e
n/complexe/cert.htm.). This strategy yielded a model of high quality,
allowing automated building of the YhcN model (from R79 until P186)
using Phenix (Terwilliger et al., 2008). The structure of YhcN was
completed by cycles of manual building with COOT (Emsley and Cow-
tan, 2004), addition of water molecules with ARP/wWARP (Langer et al.,
2008) and refinement with REFMAC (Murshudov et al.,, 2011), as
implemented in the CCP4 program suite. Stereochemical verification
was performed with PROCHECK (Laskowski et al., 1993), secondary
structures were assigned with DSSP (Kabsch and Sander, 1983) and
figures were generated with PyMol (http://www.pymol.org). Co-
ordinates of the final refined model were deposited at the Protein Data
Bank (PDB, http://www.rcsb.org) and were assigned PDB entry code
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