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ABSTRACT OF THE DISSERTATION

Mechanisms facilitating engulfment during sporulation in Bacillus
subtilis.

by

Jennifer Lynn Fredlund Gutierrez

Doctor of Philosophy in Biology
San Diego State University, 2010
University of California, San Diego, 2010

Professor Kit Pogliano, Chair

Sporulation in Bacillus subtilis begins with asymmetric division, which
generates a smaller forespore, which eventually becomes the mature spore,
and a larger mother cell, which lyses after spore development. During
engulfment, the mother cell membranes move up and around the forespore,

fusing at the top and releasing the forespore into the mother cell cytoplasm.

This dramatic cellular reorganization requires two protein machineries.
The first, SpollD, SpollM, and SpollP, is expressed in the mother cell and is
essential for engulfment. They are proposed to act as a motor, pulling the

mother cell membranes around the forespore, using peptidoglycan as a track

Xii



while they degrade it. The second, SpollQ and SpolllAH, acts as a ratchet
that constitutes a back-up mechanism for membrane migration. SpollQ is
produced in the forespore and SpolllAH in the mother cell, leaving the only
possible site of interaction at the asymmetric septum, where they form foci and

arcs around the forespore during membrane migration.

| investigated the role of SpollD by identifying and characterizing spollD
mutants unable to support sporulation and using biochemical and cell
biological experiments to define the role of SpollD in engulfment. | utilized
timelapse fluorescence microscopy and antibiotics to demonstrate that
peptidoglycan synthesis provides a second backup mechanism that facilitates
engulfment and is required in the absence of SpollQ. | examined interactions
between SpollQ/SpolllAH and SpollD/SpollM/SpollP using Fluorescence
Recovery After Photobleaching (FRAP) analysis and found that foci
characteristic of SpollQ localization depend on SpollD/SpollM/SpollP, while

immobilization of SpollQ depends on SpolllAH.

These results allow a more complete model for membrane migration
and protein localization during engulfment. Specifically, my data suggest that
SpollD cycles in and out of the complex at the leading edge of the engulfing
membrane with peptidoglycan degradation activity required for both release
from the septum and movement of the complex around the forespore. It also
suggests that SpollD/SpollM/SpolIP interact with SpollQ and localize it to arcs

at the septum, where it recruits SpolllAH. Finally, if SpollQ is deleted,
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peptidoglycan synthesis becomes required for membrane migration. Thus,
engulfment depends on redundant mechanisms for both membrane

movement and protein localization.
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Chapter |

Introduction

Roles of peptidoglycan in bacterial cellular processes

Being a bacterium isn't easy. While once, not so long ago, scientists
believed that these single-celled organisms were simply bags of disorganized
DNA and protein, this is not the case. Indeed, bacteria have solved many
engineering challenges that have allowed them to thrive on Earth for billions of
years. Through the use of cytoskeletal filaments, cell polarity, oscillating
protein localization patterns and small molecule based cell-cell
communication, bacteria organize their cells and communities in ways that are
complicated yet highly elegant. One challenge posed by the simple
architecture of their cells is how bacteria, which are under extraordinary turgor
pressure, remodel the single macromolecule (peptidoglycan) that resists this
pressure to allow for cell growth and development. Although the basics of
peptidoglycan structure and biosynthesis were described nearly 50 years ago,
many of the details of its organization, growth and three-dimensional structure
are still being explored.

My thesis research has focused on engulfment, a process that critically
depends on peptidoglycan remodeling and biosynthesis. Thus, | will here

discuss the general properties of peptidoglycan in terms of both function and



structure, current models regarding the three dimensional arrangement of
peptidoglycan around the cell, recent evidence describing the role of
peptidoglycan in cellular processes, and finally, how Bacillus subtfilis
sporulation can be utilized as a model system to learn more about some

outstanding peptidoglycan structural questions.

What is peptidoglycan?

One of the most important molecules unique to bacteria is
peptidoglycan. Consisting of a large, continuous polymer of variable thickness
between species, peptidoglycan is a key element in the bacterial cell
envelope, found outside the cytoplasmic membrane and completely
surrounding the bacterial cell, forming what is referred to as the sacculus (Fig
1). It is a prominent factor used by scientists to classify bacteria based on
their cell envelopes via the Gram stain. Using the method developed by
Christian Gram in 1884, Gram negative organisms do not retain a dye and
only have a thin layer of peptidoglycan (although two membranes), whereas
Gram positive organisms protect the same dye from being washed away and
have a thick layer of peptidoglycan (Fig 1A). Over 100 years later, the Gram
stain is still used by clinicians to quickly identify infection-causing bacteria and
allow for prescription of the most effective antibiotics for the sick patient.

Peptidoglycan has long been studied due to its unusual structure and
its presence in nearly all bacteria, with a few exceptions including

mycoplasmas and Chlamidiae (Chopra et al., 1998, Ghuysen & Goffin, 1999).



Peptidoglycan biogenesis is therefore a terrific target for both naturally
occurring and engineered antibacterial compounds, an ever-important focus of
research in the infectious disease and public health fields. Peptidoglycan has
also been used as a tool to study the evolutionary origins of eukaryotic
organelles as many peptidoglycan synthesis genes, and in some cases
peptidoglycan itself, persist in plastids and cyanelles in plants (reviewed in
(Takano & Takechi, 2010, Hashimoto, 2003)). The presence of peptidoglycan
and its precursors in organelles as well as the bacterial nature of organellar
rRNA genes (Kuntzel et al., 1981, Gray et al., 1984), together have
demonstrated that many critical organelles, including mitochondria and
chloroplasts, were once free-living bacteria.

However, being surrounded by a single molecule sacculus presents
several complications for the bacterium. First, material must be both broken
and added to the cell wall in order to accommodate cell growth without
compromising the structural integrity of the wall. Second, septal material must
be split without causing cell lysis during division. Third, the cell must be able
to import and export the large peptidoglycan precursor molecules through the
membrane. Fourth, certain developmental processes, such as sporulation,
require remodeling of the peptidoglycan and perhaps a dedicated synthetic
apparatus to create new shapes and types of peptidoglycan within the cell.
With all these engineering challenges, yet maintenance of peptidoglycan

throughout the bacteria, there must also be substantial benefits to having a



peptidoglycan layer, begging the question: what is the purpose of

peptidoglycan for an individual bacterium?

Biophysical properties of peptidoglycan

It appears the peptidoglycan serves two primary functions: keeping the
bacterium from bursting and maintaining cell shape. It is widely recognized
that peptidoglycan exists as a single polymer sac to prevent the bacterium
from lysing. Being a single molecule allows peptidoglycan to resist the turgor
pressure created by the high concentration of proteins and metabolites inside
the bacterium versus the low concentration of solutes outside the cell, a value
measured as up to 50 atmospheres in Gram positive organisms (Seltmann,
2002). What is truly amazing about the molecule, however, is that it is not only
exceptionally strong and rigid, maintaining its shape when all cell contents
have been removed, but that it is also highly elastic and porous. Koch and
Woeste (Koch & Woeste, 1992) showed that, in response to osmotic shock,
the Gram negative Escherichia coli (E. coli) sacculus can expand and shrink
reversibly up to 3-fold without tearing. This has also been shown for Bacillus
megaterium (B. megaterium) (Marquis, 1968) and Staphylococcus aureus (S.
aureus) (Ou & Marquis, 1970), two Gram positive organisms. Atomic force
microscopy (AFM) has been used to verify that the cell envelope is, in fact,
elastic and completely recovers its original shape after perturbation (Yao et al.,

1999, Vadillo-Rodriguez et al., 2009).



Recent evidence suggests that proteins also contribute to the rigidity of
the cell envelope in vivo, at least in Gram negative cells. Lpp is a lipoprotein
linking the E. coli peptidoglycan to the outer membrane, and in /Jpp mutants,
immobilized cells recovered their shape more slowly from deformations
caused by external stress applied by an AFM tip compared to wild type cells,
leading to the determination that Ipp mutants are 42% less rigid (Vadillo-
Rodriguez et al., 2009). Another study examined the influence of the
cytoplasmic protein MreB on cell wall stiffness using optical tweezers to bend
individual cells with and without an MreB depolymerizing substance (A22).
Results suggest that MreB, which forms actin-like cytoskeletal filaments (van
den Ent et al., 2001, Jones et al., 2001, Figge et al., 2004), contributes about
30% of cell stiffness to E. coli (Wang et al., 2010). As MreB is conserved in
many rod shaped Gram positive and Gram negative organisms, it seems
probable that a contribution from MreB to rigidity is being made across
species. Thus, the biophysical properties of the cell wall likely rely on the
chemical nature of the peptidoglycan itself, as well as contributions from both
cytoplasmic and extracellular proteins.

Peptidoglycan is also important in cell shape maintenance, as purified
sacculi maintain their original shape. However, cell shape itself appears to be
determined by how and where new peptidoglycan is added to the already
existing sacculus. Cytoskeletal proteins, such as MreB, MreBH, and Mbl,

within the cytoplasm have been shown to direct new peptidoglycan insertion in



Caulobacter crescentus (C. crescentus) and Bacillus subtilis (B. subtilis)
(Figge et al., 2004, Kawai et al., 2009, Carballido-Lopez, 2006, Carballido-
Lopez & Errington, 2003, Daniel & Errington, 2003). Furthermore, in C.
crescentus, another cytoskeletal element, the intermediate filament related
protein CreS, plays a role in mechanically affecting peptidoglycan structure.
Cabeen et al (Cabeen et al., 2009) found that CreS is held in the cell in a
stretched position, concomitantly exerting a compression force on the section
of the cell wall to which it is linked as CreS tries to contract into its ‘natural’
helical shape. This area of the cell becomes the shorter side of the comma
shaped C. crescentus cell, indicating that peptidoglycan insertion is slower in
the CreS side of the wall than in the opposite side. When CreS was
expressed in E. coli, the normally rod shaped cells took on bent forms,
suggesting that peptidoglycan insertion rates can be mediated simply by local
stretch rates, with more stretched peptidoglycan encouraging faster insertion
of new peptidoglycan (Cabeen et al., 2009). This also supports an idea that
will be discussed later that there is coupling between peptidoglycan synthesis
and degradation whereby peptidoglycan degradation by enzymes creates

more space in the wall, thereby encouraging faster insertion.

Peptidoglycan structure
There are two main things to consider when speaking of peptidoglycan
structure. First, what is the chemical structure of the molecule, the monomers

and the polymer? Second, what is the structure of the polymer relative to the



cell and how is new material incorporated? The basic chemical structure of
peptidoglycan was largely elucidated in the 1960s and consists of linear
glycan strands that are linked together by short peptide side chains, called
crosslinks ((Rogers, 1980), reviewed in detail in (Vollmer et al., 2008)) (Fig
1B). While the fine structure of the peptide crosslinks varies considerably,
both between species (Schleifer & Kandler, 1972) and within species,
depending on growth conditions (Mengin-Lecreulx & van Heijenoort, 1985,
Prats & de Pedro, 1989, Holtje, 1998), the gross structure of the peptidoglycan
is relatively conserved. The glycan strands themselves are made up of a
series of alternating sugar molecules. The first is N-acetylglucosamine
(GIcNAc) and the second is N-acetylmuramic acid (MurNAc), with
pentapeptides attached to and extending from the MurNAc (Fig 1B). The
sugars are linked by a $1-4 bond and the ends of glycan strands are ‘capped’
with anhydro(1-6) MurNAc. It has long been thought that the peptide side
chains extended from the glycan backbone every 90° (Labischinski et al.,
1979) due to the pitch of the sugar molecules when linked together. However,
recent evidence from crystal structures of synthetic peptidoglycan fragments
suggests that the pitch of the strand may be greater, resulting in peptide
chains extending at 120°, likely reducing the number of crosslinks possible
between adjacent strands (Meroueh et al., 2006).

There is considerable variation in the peptide crosslinks of

peptidoglycan, in their density, composition and linkage structure. Peptide



extensions are initially synthesized as five amino acid long chains, most often
consisting of: (1) L-Ala (2) D-Glu (3) m-Apm (Gm-) or L-Lys (Gm+) (4) D-Ala
(5) D-Ala. These side chains are crosslinked from one glycan strand to
another as they are inserted into the existing peptidoglycan in a reaction
facilitated by the transpeptidase domain of enzymes belonging to the
penicillin-binding protein (PBP) family (Sauvage et al., 2008). This cross-
linking usually occurs in one of two ways: in a Type A linkage, the 3" position
amino acid of one pentapeptide is linked to the 4" position D-Ala of a second
pentapeptide (Schleifer & Kandler, 1972). In Gram negative organisms, this is
usually a direct linkage, whereas in Gram positive organisms, a peptide bridge
is often involved (Schleifer & Kandler, 1972) (Fig 1B). These bridges are
thought to be important in p-lactam resistance (Chambers, 2003) and protein
anchoring (Dramsi et al., 2008, Marraffini et al., 2006). In Type B linkages, the
2" position D-Glu is linked to the 4™ position D-Ala of another peptide,
however, these linkages are generally only seen in the genus
Corynebacterium. Bacillus subtilis, the most studied Gram positive model
organism, has side chains with an identical sequence to E. coli: L-Ala-D-Glu-
Aopm-D-Ala-D-Ala and undergoes direct Type A crosslinking (Seltmann,

2002).

Models for 3D peptidoglycan arrangement
The three dimensional arrangement of peptidoglycan around the cell is

less obvious, and techniques are still lacking to definitively determine it, but



much research has been done to try and elucidate this next level of structure.
It is important to note that the organization of the Gram negative and Gram
positive sacculus may be different and that this might affect how these two
groups of organisms control peptidoglycan synthesis and degradation.
Specifically, Gram negative organisms have a much thinner layer of
peptidoglycan, so addition and subtraction of peptidoglycan must be
performed carefully in order to avoid cell rupture. A popular model proposed
by Holtje (Holtje, 1998), is called the 3-for-1 insertion model. It purports that
three glycan strands are crosslinked together before insertion into the
sacculus. Then, the two outside strands are linked onto the sacculus
surrounding one old strand. Peptidoglycan hydrolases then clip the bonds
linking the old strand into the lower layer, releasing it and effectively inserting
the trimer in its place. In this way, the sacculus both grows and is recycled
without creating any holes in the material. Most models that have been
advanced about pepidoglycan 3D structure concern the Gram negative cell
wall, largely because it is easier to study due to its thinness, but recent data
has also been generated about the suprastructure of B. subtilis peptidoglycan
(Hayhurst et al., 2008). It is also important to realize that the sacculus of any
given bacterium is under constant construction and disassembly due to growth
and division, so even if peptidoglycan can be directly viewed, it will be difficult

to distinguish newly synthesized peptidoglycan from older peptidoglycan that
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might have been remodeled. One can anticipate that most models will only be
accurate over small areas of the cell.

Two major models currently exist to explain Gram negative sacculus
structure with many variations of each being also been put forth. The
classical, and currently best supported, model was originally proposed in 1964
by Weidel and Pelzer (Weidel & Pelzer, 1964), and is referred to as the
‘layered’ model (reviewed in depth by (Vollmer & Holtje, 2004)). The layered
model was largely developed by Koch and Holtje in a series of papers in the
1990s (Koch, 2000, Holtje, 1998, Koch, 1998b, Koch, 1990, Koch, 1998a) and
proposes that glycan strands run parallel to each other and parallel to the cell
membrane (Fig 1C). The peptide crosslinks between glycan strands also are
within the plane of the membrane, creating a sheet-like layer surrounding the
cell. In this arrangement, some peptides would also extend above and below
the plane, potentially linking multiple layers of peptidoglycan together to form
the sacculus. There are many possible arrangements for the glycan strands
relative to the cell within this model, including random. However, the most
experimentally supported configuration seems to be nearly perpendicular to
the long axis (creating hoops around the middle) based on two strong lines of
evidence. First, as mentioned earlier, sacculi have been shown to possess
elastic properties that allow the cell and sacculus to expand or contract greatly
along the long axis, but only minimally in a radial direction (Koch & Woeste,

1992). This elasticity has been reliably attributed to stretch in the peptide
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crosslinks (Yao et al.,, 1999), but in order for this to be true, the peptide
crosslinks must be positioned in the plane of the cell and along the long axis.
Second, recent cryo electron tomography (cryoET) data has directly visualized
peptidoglycan in E. coli and C. crescentus sacculi as loops around the cell
perpendicular to the long axis, although they are not well ordered (Gan et al.,
2008). Although this group proposes a ‘disorganized’ layered model similar to
that in (Verwer et al., 1978), it seems reasonable that variation of such a
degree could simply be due to variation in growth of the sacculus. The layered
model is also supported by evidence from Gram positive bacteria and explains
the difference between the two types of organisms as simply variation in the
number of layers (Andre et al., 2010, Ou & Marquis, 1970).

A second, less favored, model for the Gram negative cell wall was
advanced by Dmitriev et al (Dmitriev et al., 2005, Dmitriev et al., 1999,
Dmitriev et al., 2003) and termed the ‘scaffold’ model. In this scenario, the
glycan strands are organized perpendicular to the cell membrane with
crosslinks occurring in the plane of the cell membrane (Fig 1D). This model is
consistent with sacculus elasticity in the direction of the long axis (Yao et al.,
1999) and can explain how certain E. coli mutants can adopt vastly different
shapes but maintain their peptidoglycan (Young, 2003, Varma & Young,
2004). It is also somewhat easier to reconcile the scaffold model than the
layerd model with recent crystal structures of peptidoglycan showing a 120°

rather than 90° rotation between peptide chains extending from the MurNAc
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(Meroueh et al., 2006). The strongest evidence against this model is the direct
cryo-EM visualization of the peptidoglycan structure in sacculi (Gan et al.,
2008) and experimental measurements of the dimensions of the cell wall and
periplasmic space (Matias et al., 2003, Leduc et al., 1989), which, for this
model to explain, require significant cell wall compression to have occurred in
all experimental preparations, thus rendering this model unlikely.

B. subtilis cell wall architecture has recently been visualized using AFM,
a technique capable of attaining high resolution data on hydrated samples
(Hayhurst et al., 2008). Interestingly, the evidence suggests a complicated,
elegant, and very different organization than that seen in Gram negative cell
walls. First, the authors found B. subtilis to harbor very long (up to 5000
disaccharide units, 5 um) glycan strands, with an average length of 1.3 um.
They also looked directly at the inner and outer sacculus surface and found
what they termed a ‘cabling’ pattern only at the inner surface. This loss of
structure towards the outside of the sacculus agrees with evidence that new
peptidoglycan is inserted at the inner surface of the wall and is cleaved and
moved outwards as it ages (Glauner & Holtje, 1990, Smith et al., 2000).
Further examination of partially ripped sacculi reavealed what appeared to be
a helix-like rope conformation making up the cables, which are then wrapped
radially around cell. The model is explained as small numbers of glycan
strands twisted helically into a rope. Ropes are then further helically twisted

together to form a cable, which is inserted into the sacculus. This is similar to
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the layered model proposed for Gram negative peptidoglycan except that
instead of individual glycan strands, cables of already crosslinked glycan
strands are used to create the layer, being further crosslinked to each other
within the plane. A similar configuration was suggested for Lactobacillus
helveticus, where 26 nm striations were observed in the cell wall, a spacing
similar to what was seen here, and could correspond to cable diameter (Firtel
et al., 2004).

Although this arrangement might seem to pose a unique topological
challenge for biosynthesis, models have been proposed for how this might be
accommodated in the inner wall zone space. For instance, glycan strands
have a natural right-handed twist (Leps et al., 1987, Meroueh et al., 2006), so
if one glycan strand was synthesized as a template, similar to the 3-for-1
model, other strands could be wrapped around it with subsequent crosslinking
causing the observed helical conformation. Having some internal stress in the
ropes, as would be created if this were true, would explain the unraveling seen
in AFM. Furthermore, the rope like cables described in Hayhurst should be
very strong, helping to resist the high turgor pressure of Gram positive
bacterial cells.

One important point that must be addressed is that, although there is
evidence for this model in B. subtilis and some other Bacilli (Firtel et al., 2004),
other Gram positive organisms, such as S. aureus, do not exhibit similar

glycan strand lengths (with an average of only 6 nm versus 5 um (Boneca et



14

al., 2000)) or surface features (Hayhurst et al., 2008). This suggests that there
is considerable variation in the Gram positive peptidoglycan architecture and
that homologous enzymes involved in the peptidoglycan synthesis process
may be organized or regulated differently, such that they perform the same
reactions but achieve different architectural results in different organisms. The
major differences between the architecture of the Gram positive and Gram
negative cell wall seems a bit surprising, as certain lines of evidence argue for
similar architecture in both types of organisms. For instance, porosity has
been shown to be nearly identical in Gram positive and Gram negative
organisms despite the large difference in peptidoglycan thickness, as each
allows similar penetration by fluorescent dextrans with an average pore size of
approximately 2 nm in E. coli and B. subtilis (Demchick & Koch, 1996).
Although pore size of the meshwork doesn’t require similar 3D structure, it is
suggestive. One possibility is that Gram negative organisms also utilize
peptidoglycan ropes but don’t join them into cables, resulting in thinner
patterns that can’t be directly visualized using available techniques. Gan et al
(Gan et al., 2008), observed 4 nm densities rather than the expected 1 nm
thickness in flash-frozen E. coli sacculi and, although they suggest that the
thickness is due to an artifact of processing, small cables would be an
alternate explanation. Clearly, additional studies and the development of new
techniques will be required before a definitive view of cell wall architecture can

be achieved.
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Peptidoglycan synthesis and degradation

One obvious conundrum for the bacterial cell no matter how the
peptidoglycan is oriented, is how to both grow and divide while encased in a
relatively rigid, single molecule, sacculus. In order for these processes to
occur, not only does new peptidoglycan have to be added, but existing
peptidoglycan also has to be degraded to make space for the new material
and accommodate the lengthening cell. These processes are highly regulated
and require multiple enzymes for both synthesis and degradation.
Furthermore, current evidence indicates that elongation and cell division utilize
distinct machineries for both biosynthesis and degradation, in which some
proteins are shared and others are unique to one or the other site of
biogenesis ((Alaedini & Day, 1999), reviewed in (den Blaauwen et al., 2008)).

Synthesis itself can be broken down into three stages. The first stage is
precursor synthesis. All steps of this stage occur in the cytoplasm of the cell
and occur quickly, with the result being a Lipid Il molecule (reviewed in (de
Kruijff et al., 2008)), which consists of an undecaprenyl lipid carrier attached to
a GIcNAc-MurNAc-pentapeptide and requires the enzymatic action of both
MraY (Brandish et al., 1996, Stachyra et al., 2004)) and MurG (Chen et al.,
2002, Ha et al., 2000, Mengin-Lecreulx et al., 1991). Lipid Il is thought to be
the universal peptidoglycan precursor and is used for both elongation and
divisional growth of the sacculus. During the second stage of synthesis, Lipid

Il must be flipped from the inside of the membrane to the outside. This step
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occurs at a rate too fast to rely simply on diffusion and also doesn’t occur
spontaneously (van Dam et al., 2007), but it remains unclear what protein or
proteins facilitate this reaction. RodA or a subcomplex of the localization
proteins has been proposed to serve this function (Ishino et al., 1986)
although there is no direct evidence for either of these scenarios (Fay &
Dworkin, 2009, Real et al., 2008). The third stage of peptidoglycan synthesis
occurs outside the cytoplasm, either in the Gram negative periplasm or in the
recently identified, inner-wall-zone in Gram positive organisms (Matias &
Beveridge, 2005, Matias & Beveridge, 2006, Matias & Beveridge, 2007, Zuber
et al., 2006), and encompasses polymerization of the glycan strands, peptide
crosslinking, and insertion of the strands into the sacculus.

Two types of enzymes are logically essential for peptidoglycan
synthesis outside the cytoplasm: glycosyltransferases that link together the
sugar molecules of the monomer to form the glycan strands, and
transpeptidases that link together the peptides to form the crosslinks between
the glycan strands. It is also logically true then, that the cognate enzymes for
breaking these bonds will be required to clip the peptidoglycan to allow growth
of the sacculus: endopeptidases, carboxypeptidases, or amidases to cleave
the peptide crosslinks, and muramidases, lytic transglycosylases, or
glucosaminidases to cleave the glycan strands. It has been proposed that a
complex of proteins that exhibits all of these functions, plus possibly the Lipid

Il synthesis enzymes, exists and would act as a holoenzyme, a unit that would



17

be capable of creating, degrading, and inserting peptidoglycan into the
existing sacculus (Holtje, 1996). There is considerable evidence that higher-
order complexes of the peptidoglycan synthetic enzymes occur in a variety of
organisms, including E. coli (reviewed in (den Blaauwen et al., 2008)),
Hemophilus influenza (Alaedini & Day, 1999), Pseudomonas aeruginosa
(Legaree & Clarke, 2008), Mycobacterium tuberculosis (Hett et al., 2010) and
B. subtilis (Fay et al., 2010, Vasudevan et al., 2007), but linking these
complexes with a complete set of degradative enzymes has been more
challenging and progress has only recently been reported (Uehara et al.,
2010, Hett et al.,, 2010, Legaree & Clarke, 2008, Carballido-Lopez et al.,

2006).

Peptidoglycan degradative complexes

Three cellular processes require peptidoglycan degradation (Fig 2):
daughter cell separation, septum formation, and elongation. In B. subtilis,
daughter cell separation occurs by splitting the thick peptidoglycan layer some
time after cytokinesis is complete. Splitting the septum depends on several
degradative enzymes with overlapping functions: LytC, LytD, LytE (Blackman
et al., 1998), LytF (Ohnishi et al., 1999), LytG (Horsburgh et al., 2003) and
CwlS (Fukushima et al., 2006). In E. coli, three amidases, AmiA, AmiB, and
AmiC are required for daughter cell separation (Heidrich et al., 2001,
Priyadarshini et al., 2007, Uehara & Park, 2008), and cells lacking these

proteins form long chains. However, Uehara and Park (Uehara & Park, 2008)
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observed that only 15% of products generated from peptidoglycan degradation
during separation result from amidase activity. Indeed the Ilytic
transglycosylase, SIt70 (Heidrich et al., 2001) and endopeptidase PBP4
(Priyadarshini et al., 2006) are also known to be important for cell separation.
One difficulty faced by studies of cell separation in both E. coli and B. subtilis
is that typically inactivating more than one enzyme is required before a
phenotype is observed (Blackman et al., 1998, Murray et al., 1998).

Interestingly, peptidoglycan degradation is also required for septum
formation in E. coli. During septation in E. coli, peptidoglycan is inserted only
at the leading edge of the invaginating membranes in a PBP3 dependent
manner (Wientjes & Nanninga, 1989). However, in amiABC mutants
(Priyadarshini et al., 2007), which lack three amidases, the peptidoglycan layer
remains incomplete although the membranes are completely fused. This
argues for the presence of architectural constraints on the glycan strands
during insertion that might prevent the final closure of septal peptidoglycan
and a requirement for coordination between the synthesis and degradative
machineries to complete cell division.

Recently, this interaction between these amidases and the divisome
has been elucidated. Uehara, et al (Uehara et al., 2010), showed that EnvC, a
member of the E. coli septal ring (Bernhardt & de Boer, 2004, Hara et al.,
2002), activates the amidases AmiB and AmiA in vitro to greatly increase the

rate at which they degrade peptidoglycan. In vivo activity of the separate
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domains of EnvC demonstrated that the domain responsible for localizing
EnvC to the divisome was also important for regulation of the amidase
activation by EnvC. This supports a model where, once EnvC is at the
septum, interactions between it and its localization determinant cause release
of inhibition of the activating domain and allow for EnvC to interact with AmiB
and AmiA to promote peptidoglycan degradation. This interaction is required
to allow for outer membrane fusion and cell separation (Heidrich et al., 2001,
Priyadarshini et al., 2007). An identical interaction was seen for NIpD, which
localizes to the septum, and the amidase AmiC (Uehara et al., 2010). These
findings elegantly explain how E. coli coordinates the splitting of septal
peptidoglycan with the invagination of the outer membrane.

Another example of coupling of peptidoglycan synthesis and
degradation during cell division in E. coli has been demonstrated in vitro.
PBP1b, a peptidoglycan synthesis enzyme, is present in the divisome and has
been shown to interact with the Iytic transglycosylase MItA via the structural
protein MipA (Vollmer et al., 1999). This is a key finding not only in that it
provides a concrete link between proteins that are involved in peptidoglycan
synthesis and degradation, but also in that MItA is anchored in the E. coli outer
membrane while PBP1b is in the inner membrane, so MipA must be linking the
two in the periplasm and forming a contact between the two membranes and

possibly facilitating outer membrane constrictions.
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Peptidoglycan degradation is also required for elongation of the cell to
create space in the sacculus for new peptidoglycan to be inserted. In B.
subtilis, Carballido-Lopez et al (Carballido-Lopez et al., 2006), showed an
interaction between MreBH and the peptidoglycan hydrolase LytE using both
yeast two-hybrid and in vitro co-immunoprecipitation. MreBH knockouts show
a mild shape defect (Soufo & Graumann, 2003) and MreBH colocalizes in
helical filments with MreB and Mbl, at least at the resolution achievable using
fluorescence microscopy (Carballido-Lopez & Errington, 2003), suggesting it
interacts with MreB and Mbl, both important in wall peptidoglycan insertion
(Jones et al., 2001, Daniel & Errington, 2003, Carballido-Lopez & Errington,
2003). A GFP-LytE construct also showed cylindrical cell wall localization in
an MreBH, but not MreB or Mbl, specific manner, suggesting that there is a
direct in vivo relationship between the two proteins. MreBH is cytoplasmic
where as LytE is secreted into the cell wall, leading the authors to suggest that
MreBH targets LytE for secretion. It is possible that the MreBH-LytE
interaction couples peptitdoglycan degradation and biosynthesis during
elongation.

Division and elongation both require the activity of the low-molecular
weight PBPs, which trim peptide side chains on the newly synthesized
MurNAc to regulate crosslinking (Popham & Young, 2003), although deletion
of these enzymes is rarely lethal (Denome et al., 1999). In E coli and B

subtilis, PBPS is required for maintenance of cell shape (Young, 2003, Varma



21

& Young, 2004, Ghosh & Young, 2003, Nelson & Young, 2001, Todd et al.,
1986). Interestingly, this family of proteins has not been well studied, but
seems to play a more prominent role in cell shape determination than any of
the high-molecular weight PBPs, which are responsible for both
transpeptidation and transglycoslyation of the new peptidoglycan (Sauvage et
al., 2008).

One reason peptidoglycan synthesis and degradation has been
challenging to study is that bacterial species contain multiple copies of PBP
family proteins and hydrolases, leading to functional redundancy for both
biosynthesis and degradation (Murray et al., 1998, Popham & Setlow, 1996,
Popham et al., 1999). One system where peptidoglycan synthesis is known to
occur but that is not essential is sporulation in B. subtilis, making it an
attractive model system for asking questions about peptidoglycan holoenzyme

activity and organization.

Potential coupling of peptidoglycan biosynthesis and degradation during
engulfment in B. subtilis

Endospore formation is an evolutionarily conserved process in B.
subtilis and other related Gram positive bacteria that occurs in response to
changes in the environment, such as nutrient depletion. Many dramatic
morphological changes occur during sporulation (Fig 3), each requiring a host

of specialized proteins (reviewed in (Errington, 2003, Hilbert & Piggot, 2004)).
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The first step of sporulation is an asymmetrically positioned cell division event
that relies on many of the same enzymes as vegetative cell division (reviewed
in (Errington et al., 2003)). This division event allows the onset of cell specific
gene expression that mediates subsequent steps in morphogenesis. The
second overt morphological change during sporulation is engulfment of the
forespore by the mother cell (Fig 3), a process that involves dynamic protein
localization and large-scale rearrangements of the cellular membranes, which
migrate around the forespore. The completion of engulfment releases the
forespore into the mother cell cytoplasm, where it is surrounded by two
membranes, one derived from the original outer membrane of the cell and one
from the engulfing mother cell membranes. Engulfment also allows activation
of late cell specific transcription factors required to produce proteins necessary
to direct completion of the spore coat and cortex. Finally, the mother cell lyses
to release the mature endospore into the environment where it can persist for
thousands of years (Yung et al., 2007).

Peptidoglycan synthesis during sporulation occurs in two distinct stages
and results in two discernible peptidoglycan layers in the intermembrane
space surrounding the forespore. The first layer of cell wall to be synthesized
is the germ cell wall, which is thought to serve as the template for the
vegetative cell wall after spore germination (Popham et al., 1996). This layer
of peptidoglycan is thinner than normal Gram positive peptidoglycan but has

the same chemical structure (Meador-Parton & Popham, 2000). The germ cell
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wall is synthesized by enzymes produced in the forespore using precursors
generated in the forespore membrane (Tipper & Linnett, 1976, McPherson et
al., 2001). The second layer of peptidoglycan is called the cortex. It is thick,
accounting for 80% of the spore peptidoglycan (Meador-Parton & Popham,
2000), and has a unique structure with half of the normal MurNAc units
converted to muramic lactam, which often lack tetrapeptide side chains
(Popham et al.,, 1996, Gilmore et al., 2004, Atrih et al, 1996). The
peptidoglycan in the cortex also shows reduced crosslinking, with just 2% of
available peptides crosslinked versus 44% in vegetative B. subtilis
peptidoglycan (Atrih et al., 1999, Atrih et al., 1998). The spore cortex is
synthesized by enzymes produced in the mother cell (Sekiguchi et al., 1995,
Vasudevan et al., 2007) using precursors that are made in the mother cell
membrane (Tipper & Linnett, 1976). Interestingly, cortex synthesis is
temporally regulated by the induction of enzymes that produce peptidoglycan
precursors after ¥ is activated in the mother cell (Vasudevan et al., 2007),
although the cortex synthesis enzymes SpoVD, SpoVE, SpoVB, and SpoVM
are produced much earlier by oF (Eichenberger et al., 2003).

Peptidoglycan degradation is critical for engulfment, which commences
with the process of septal thinning, whereby peptidoglycan is degraded
starting at the center of the sporulation septum. This process is mediated by
SpolID, SpollM, and SpollP, the only three proteins required for engulfment

under all conditions (Smith et al., 1993, Lopez-Diaz et al., 1986, Frandsen &
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Stragier, 1995). Peptidoglycan is also degraded at the leading edge of the
engulfing membranes by the enzymes SpollD and SpollP (Abanes-De Mello
et al., 2002, Chastanet & Losick, 2007, Aung et al., 2007, Morlot et al., 2010,
Gutierrez et al., 2010), which are the subject of Chapters 3 and 4 of this thesis.
These enzymes have been proposed to use the cell wall as a track to pull the
membranes up and around the forespore (Abanes-De Mello et al., 2002), a
model that is consistent with, but not directly proven by, results presented in
Chapter 3. The SpollD and SpollP degradative enzymes are the primary
machinery for engulfment and are essential under all conditions for this
process. Prior studies, and those in this thesis, have documented two backup
machineries for engulfment. The first is the zipper like interaction between the
forespore expressed protein SpollQ and the mother cell expressed protein
SpolllAH, which are necessary for engulfment when SpollD or SpollP activity
is reduced (Broder & Pogliano, 2006). The second backup mechanism is
peptidoglycan biosynthesis, which | show in Chapter 2 of this dissertation to be
involved in engulfment and required for membrane migration when SpollQ is
deleted.

Thus, deletion of the backup engulfment protein SpollQ demonstrates
that B. subtilis engulfment requires both peptidoglycan synthesis and
degradation, which supports a close relationship between these two
machineries. Since cortex synthesis isn’t started until after engulfment is

complete (Vasudevan et al., 2007), it is likely to be germ cell wall synthesis
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that is required for membrane migration. My studies show that peptidoglycan
synthesis and degradation are both localized at the leading edges throughout
engulfment, but resolution is limited and this does not necessarily mean there
is a direct interaction between the two complexes. Thus, additional
biochemical studies are required to determine if the engulfment machinery
interacts directly with the peptidoglycan biosynthetic enzymes, an interaction
that would occur in the intermembrane space, similar to that seen by
SpollQ/SpolllAH. Engulfment is less redundant than cell division in that it
requires fewer enzymes to degrade and synthesize peptidoglycan (there are
more than 30 hydrolytic enzymes in B. subtilis alone (Smith et al., 2000), and
12 functional PBPs in E. coli (Sauvage et al., 2008, Denome et al., 1999).
Engulfment is also dispensable for growth, making it an attractive model
system for examining how peptidoglycan synthesis and degradation are

coordinated.
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Figure 1. (Part 1) Peptidoglycan basics.

(A) The cell envelope structures of Gram negative (left) and Gram positive
(right) bacteria. OM = outer membrane, PG = peptidoglycan, IM = inner
membrane, IWZ = inner wall zone. (B) Chemical structure of GlucNAc-
MurNAc monomer showing $1-4 linkage as a zoom out from a single sheet of
crosslinked of glycan strands. Lower zoom depicts a the peptide chain and
crosslink structure of both Gram positive and Gram negative peptidoglycan.
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Figure 1. (Con't.)

(C) Layered model of peptidoglycan. Glycan strands and peptide crosslinks
are in the plane of the cell membrane forming single layer around the cell. (D)
Scaffold model of peptidoglycan. Glycan strands are perpendicular to the cell
membrane while peptide crosslinks are in the plane.
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Figure 2. Cellular processes mediated by peptidoglycan dynamics.

Gram negative and Gram positive cells are pictured. Red circles represent
peptidoglycan degradation and green circles represent peptidoglycan
synthesis. During elongation (top panels), peptidoglycan remodeling is
required for lengthening of the cylindrical cell walls. During cell division
(middle panels) septum formation and, in Gram negative organisms, daughter
cell separation require peptidoglycan synthesis and degradation. Daughter
cell separation in Gram positive organisms occurs after cell division and
requires only peptidoglycan degradation (lower panel).
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Division Thinning Migration Fusion Synthesis Release

Figure 3. Sporulation in B. subtilis.

Sporulation in B. subtilis begins with asymmetric division, dividing the cell into
the forespore (fs) and mother cell (mc) compartments. The process of
engulfment includes septal thinning, membrane migration and membrane
fusion. Peptidoglycan is indicated in gray and coat and cortex indicated with

black squiggles.
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Summary

During Bacillus subtilis sporulation, an endocytic-like
process called engulfment results in one cell being
entirely encased in the cytoplasm of another cell. The
driving force underlying this process of membrane
movement has remained unclear, although compo-
nents of the machinery have been characterized. Here
we provide evidence that synthesis of peptidoglycan,
the rigid, strength bearing extracellular polymer of
bacteria, is a key part of the missing force-generating
mechanism for engulfment. We observed that sites of
peptidoglycan synthesis initially coincide with the
engulfing membrane and later with the site of engulf-
ment membrane fission. Furthermore, compounds
that block muropeptide synthesis or polymerization
prevented membrane migration in cells lacking a
component of the engulfment machinery (SpollQ),
and blocked the membrane fission event at the
completion of engulfment in all cells. In addition,
these compounds inhibited bulge and vesicle forma-
tion that occur in spolID mutant cells unable to initiate
engulfment, as did genetic ablation of a protein that
polymerizes muropeptides. This is the first report to
our knowledge that peptidoglycan synthesis is nec-
essary for membrane movements in bacterial cells
and has implications for the mechanism of force gen-
eration during cytokinesis.

Introduction

A central question in cell biology is the nature of the forces
driving membrane movement. During endocytosis, the
cellular membrane invaginates and ultimately forms a
Accepted 24 March, 2010. *For correspondence. E-mail jonathan.
dworkin@columbia.edu; Tel. (+1) 212 342 3731; Fax (+1) 212 305
1468.

© 2010 Blackwell Publishing Ltd

lipid-bounded compartment that is distinct from the
membrane. This event rarely occurs spontaneously and is
dependent upon enzymes that facilitate this process. Pro-
teins that polymerize into filaments, such as actin and
tubulin, convert the chemical energy of polymerization
into mechanical work (Theriot, 2000; Phillips et al., 2009).
For example, actin polymerization mediates contractile
ring formation during cytokinesis in Schizosaccharomy-
ces pombe (Pelham and Chang, 2002) and facilitates
deformations of the plasma membrane seen during
endocytosis (Qualmann et al, 2000) or in protruding
lamellipodia (Mitchison and Cramer, 1996). Microtubule
polymerization drives the movement of organelles and
chromosomes (Inoue and Salmon, 1995). However, while
the polymerization of actin (Miyata et al., 1999) or tubulin
(Elbaum etal., 1996) can generate a mechanical force
that distorts membranes in vitro, it remains unclear
whether polymerization is sufficient to explain in vivo
membrane dynamics.

A process of membrane fission is seen in Bacillus sub-
tilis that are responding to nutritional limitation. As part of
this response, called sporulation, B. subtilis divides asym-
metrically and undergoes engulfment, an endocytic-like
process of membrane fission that results in one cell, the
forespore, being entirely encased in the cytoplasm of the
larger cell, the mother cell (Fig. 1A, top). Initially, an asym-
metric division septum forms generating the two differ-
ently sized cells. The subsequent increasing curvature of
this septum causes the forespore to assume a rounded
shape comprised of a double membrane separated by a
thin layer of peptidoglycan. SpollD and SpollP are autol-
ysins that hydrolyse cell wall and they have been pro-
posed to drive this membrane movement by generating a
force through a ratchet-like mechanism driven by the
hydrolysis of peptidoglycan (Abanes-De Mello etal.,
2002; Broder and Pogliano, 2006). Engulfment is also
facilitated by the formation of the SpollQ-SpolllAH
protein—protein zipper between the forespore and mother
cell, which is required for membrane migration when the
activity or levels of SpollD and SpollP are reduced
(Broder and Pogliano, 2006). During this movement, the
forespore remains attached to the mother cell but in the
final step, the forespore pinches off from the mother cell.
However, the source of the force responsible for this final
step remains unknown.
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Membrane-bound compartments in other bacteria are
thought to result from involutions of the cell membrane.
For example, magnetosomes are membrane-associated
organelles observed in magnetotactic bacteria com-
posed of crystals of magnetite that are surrounded by
a lipid bilayer (Komeili etal, 2006; Scheffel etal.,
2006) and Escherichia coli carrying mutations in a gene
necessary for proper cell shape produce membrane
invaginations and cytoplasmic vesicles (Bendezu and de
Boer, 2008). Sporulating B. subtilis strains carrying
spolID or spollP null mutations form asymmetric septa
that fail to proceed with engulfment. Instead, membrane
bulges appear gradually at the septa (Fig. 1A, bottom).
Electron microscopy (Lopez-Diaz et al., 1986; llling and
Errington, 1991; Smith and Youngman, 1993; Bylund
etal., 1994; Frandsen and Stragier, 1995) and staining
with the membrane impermeable stain FM4-64
(Abanes-De Mello et al., 2002) indicate that the bulges
in spollP and spollD mutants are continuous with the
forespore compartment. The origin of the forces which
drive bulge formation are unknown, although by analogy
with the roles of actin and tubulin polymerization in
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Fig. 1. Membrane bulge and vesicle
formation in engulfment mutants.

A. Sporulating wild-type cells undergo
engulfment where the smaller forespore
compartment becomes a free cell within the
larger mother cell (top). Strains carrying
spolID or spollP mutations are blocked at the
stage of asymmetric septation and undergo
membrane bulging, eventually leading to the
formation of membrane bound vesicles
(bottom).

B. Wild-type (AES574) and spollD strains
(JDB2494) expressing CFP (blue) under
control of a forespore-specific promoter
(Psponc) as a forespore marker were imaged at
T4 in resuspension medium and stained with
FM4-64 (red) to visualize membranes. Top,
CFP is expressed in: (i) the forespore of
wild-type cells undergoing asymmetric
septation stained with FM4-64, (ii) engulfing
cells stained with FM4-64 and (iii) engulfed
cells not stained with FM4-64. Bottom, spollD
cells contained either a continuous CFP
signal distribution between the forespore and
the membrane protrusion (‘bulge’), or two
distinguishable CFP signals separated by a
membrane (‘vesicle’).

vesicle

eukaryotic membrane fusion and fission, a protein or
peptide capable of polymerizing could serve a similar
role. Bulge formation in these mutants therefore offers a
useful system to examine candidate force-generating
mechanisms responsible for membrane movements in
bacteria.

Most bacteria contain peptidoglycan, a rigid polymer
built from disaccharide peptide monomers that can be up
to 5000 units in length (Hayhurst et al., 2008). Pepti-
doglycan monomers, also known as muropeptides, are
synthesized in the bacterial cytoplasm by a series of
essential and highly conserved enzymes that convert the
sugar UDP-GIcNAc to the lipid-linked UDP-disaccharide
pentapeptide (van Heijenoort, 2001) which is flipped
across the membrane to the outside of the cell where
cross-linking transpeptidation and polymerizing transgly-
cosylation reactions link these muropeptides to mature
peptidoglycan (Sauvage et al., 2008). While the glycan
polymers of peptidoglycan are generated by transglyco-
sylases, inhibition of the transpeptidation reaction by
vancomycin also results in a loss of this polymerization
activity in Staphylococcus aureus (Kim etal., 2008).
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Finally, since cell wall peptidoglycan has a Young's
modulus of 1.7-25 MPa (Yao et al., 1999; Francius et al.,
2008), it is up to 10* times stiffer than actin, so formation
of mature peptidoglycan would produce mechanical
work.

The requirement for peptidoglycan synthesis during
bacterial growth complicates assessment of the hypoth-
esis that it provides a driving force for membrane
movement. We have therefore examined the role of pep-
tidoglycan synthesis in three different membrane move-
ments that occur during the non-essential process of B.
subtilis sporulation. First, during the initial stages of
engulfment, the membranes surrounding the forespore
undergo a process of migration that results in the for-
mation of curved membranes. We find that inhibition of
peptidoglycan synthesis blocks this migration in a strain
missing a secondary membrane migration system requir-
ing SpollQ and we find that peptidoglycan biosynthesis
is localized to the leading edge of the engulfing mem-
brane in wild-type cells and in a mutant in which mem-
brane migration occurs asymmetrically. Second, during
the last stage of engulfment, peptidoglycan synthesis is
localized to the last site of attachment between the two
cells and antibiotics that inhibit peptidoglycan synthesis
prevent separation of the two cells and completion of
engulfment. Third, peptidoglycan synthesis occurs at
sites of bulge formation in spollD and spollP mutants
and compounds that inhibit the synthesis of muropep-
tides block the initiation of these bulges and their ulti-
mate formation as membrane-bounded, ‘vesicle’-like
compartments. Consistent with the action of these com-
pounds, a null mutation in a gene encoding a protein
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Fig. 2. Peptidoglycan synthesis during
engulfment. Engulfing cells contain sites of
active peptidoglycan synthesis.
Ramoplanin-FL (top) and FM4-64 (bottom)
staining of (A) wild-type (PY79) cells and (B)
spolID(D210A) cells; centre panel are the
overlay of the two images. (i) Ramoplanin-FL
staining at septal tips, (ii) ramoplanin-FL
staining around the forespore, (jii)
ramoplanin-FL staining restricted to the point
of contact between the advancing arms.
Diagrams shown represent ramoplanin-FL
(green) signals at different stages of
engulfment corresponding to wild-type (left)
and spolID(D210A) (right) images.

Ramoplanin

Overlay

FM4-64

necessary for the synthesis of mature cross-linked pep-
tidoglycan suppresses bulge formation. Together these
results suggest that during engulfment, membrane
migration and membrane fission require peptidoglycan
biosynthesis.

Results
Peptidoglycan synthesis during engulfment

During the process of engulfment, the asymmetric septum
becomes rounded and eventually pinches off from the
mother cell, resulting in the formation of a membrane-
bounded compartment (Fig. 1A, top). Sites of active pep-
tidoglycan synthesis in engulfing cells were identified
using a fluorescent ramoplanin that binds the reducing
end of nascent glycan chains found at the initiation sites of
peptidoglycan synthesis (Tiyanont et al., 2006). Sporulat-
ing cells showed a clear strong fluorescent signal at the
sporulation septum during engulfment (Fig. 2A, i). This
signal was due to active peptidoglycan synthesis because
treatment of sporulating cells before polar septation with
fosfomycin, an inhibitor of peptidoglycan synthesis,
showed no ramoplanin labelling (Fig. S1, middle) and a
derivative of ramoplanin that does not label lipid Il (Tiy-
anont et al., 2006) did not produce similar patterns of
staining (Fig. S1).

Ramoplanin-FL fluorescence was enriched at the
edges of the septal disk at early (Fig. 2A, i) and inter-
mediate stages of engulfment (Fig 2A, ii and Fig. S2A)
and eventually localized to the area of membrane fission
(Fig. 2A, iii and Fig. S2B). The reduced signal in other



regions of the forespore was likely not the result of
reduced accessibility to the space between the two fore-
spore membranes because forespore staining was
similar in a spollQ mutant where the forespore mem-
branes are less tightly associated (Broder and Pogliano,
2006) as compared with the wild type (Fig. S2). Once
engulfment completed and the forespore had separated
from the mother cell, the ramoplanin signal in the fore-
spore disappeared (data not shown) likely because it is
unable to cross the lipid bilayer (Hamburger etal.,
2009). Next, we took advantage of a spolID(D210A)
mutant (KP1102; Gutierrez etal., 2010) where cells
stained with FM4-64 show a clear asymmetry in mem-
brane migration (80% of cells, 53 out of 66 cells) as
exemplified by a single cell where one of the tips of the
migrating membranes advances further than the other
tip (Fig. 2B, cells ii and iii). Sites of peptidoglycan syn-
thesis showed a similar asymmetrical staining pattern
(Fig. 2B, top and middle), indicating that the pattern of
peptidoglycan synthesis during engulfment reflects the
asymmetrical migration of the membrane.

Inhibition of peptidoglycan synthesis blocks
membrane migration

During engulfment, the septal membranes migrate around
the forespore compartment ultimately resulting in the pro-
duction of a cell within a cell. The observation that
ramoplanin stained the leading edges of the engulfing
forespore (Fig. 2A, i) suggested that active peptidoglycan
synthesis was involved in this process. We examined this
possibility by performing time-lapse microscopy to follow
single sporulating cells with FM4-64-stained membranes
(Becker and Pogliano, 2007) and determining the effect
of fosfomycin, an antibiotic that specifically inhibits
MurAA, the first enzyme in the peptidoglycan biosynthetic
pathway (Walsh, 2003). When 5 mM fosfomycin was
added to wild-type cells at T1.5 after initiation of sporula-
tion and cells were imaged starting at T2, no significant
disruption could be detected in membrane migration
(Fig. 3A and B and Fig. S3). However, membrane migra-
tion during engulfment is dependent on two partially
redundant mechanisms, peptidoglycan hydrolysis by
SpollD and SpollP and the zipper-like interaction of
SpollQ with SpolllAH. In mutants with reduced hydrolase
activity, the SpollQ/SpolllAH system becomes essential
(Broder and Pogliano, 2006), so a requirement for
muropeptide synthesis for membrane migration could be
similarly masked. Consistent with this hypothesis, time-
lapse movies revealed that fosfomycin reduced mem-
brane migration in spollQ mutant cells (Fig. 3C-E and
Fig. S3A-C), as 54 out of 72 cells (75%) showed mem-
brane migration in the spo//Q mutant, but only 17 out of 55
(31%) in the spollQ mutant with fosfomycin. To ensure
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that fosfomycin did not have pleiotropic effects during
sporulation of spollQ cells, we confirmed that a fluores-
cent marker under of control was activated in spollQ cells
that showed no membrane migration in the presence of
fosfomycin (Fig. S3E).

A fluorescence-based assay to monitor completion
of engulfment

The presence of a strong ramoplanin signal at the point of
contact between the two engulfing membrane arms
(Fig. 2A, iii) suggested that peptidoglycan synthesis was
occurring at an appropriate time and place to play a role in
the separation of the outer forespore membrane from the
mother cell membrane that marks completion of mem-
brane fission during engulfment. We examined this pos-
sibility using a strain that expresses CFP only in the
forespore along with visualization of membranes by the
lipophilic fluorescent dye FM4-64 that was added just
prior to microscopy. We expressed CFP under control of a
forespore specific promoter (Ps.ic), Which is active only
upon completion of the septum and thus CFP-positive
cells must have progressed past this point in sporulation.
When asymmetric septation was completed in this strain,
the forespore contained a CFP signal that was sur-
rounded by an FM4-64 signal (Fig. 4A, panels ‘T3.5", ‘T4’;
numbers indicate the time in hours after the initiation of
sporulation). Once engulfment ends, the forespore has
detached from the mother cell and since FM4-64 does not
cross membranes (Sharp and Pogliano, 1999), the fore-
spore is no longer accessible to the dye. Thus, an
engulfed forespore had a CFP signal but no FM4-64 stain-
ing (Fig. 4A, panel TS, yellow arrow), whereas a fore-
spore that has not completed engulfment and remains
attached to the mother cell was stained with FM4-64
(Fig. 4A, panel ‘T4.5’, green arrow). This assay therefore
distinguishes cells at the pre-separation step and cells
where the membranes had completed fission and
separated.

Inhibition of muropeptide synthesis blocks engulfment
membrane fission

This fusion assay was used to determine the effect of
inhibiting peptidoglycan synthesis on completion of
engulfment. Addition of fosfomycin (5 mM) after asymmet-
ric septation at T2 of sporulation allowed membrane
migration but blocked membrane fission (i.e. the detach-
ment of the forespore from the mother cell; Fig. 4B,
bottom images). When fosfomycin was added at different
times after the start of sporulation, fosfomycin blocked
engulfment membrane fission only if it was added before
T3, but had no effect when added at T3 (Fig. 4C). A
decreasing fraction of cells containing a forespore that
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Fig. 3. Inhibition of muropeptide synthesis blocks membrane migration in a spol/Q mutant. All cultures were grown on agarose pads
composed of A+B medium at 30°C and stained with FM4-64. The initial image in each sequence was taken at approximately T2 after
sporulation initiation and arbitrarily set to t =0 min. The time of subsequent images of the membrane stain is indicated in minutes in the lower
right comer.

A. Wild type (PY79).

B. Wild type + 5 mM fosfomycin added at T1.5 after initiation of sporulation.

C. spollQ (KP575).

D. spollQ + 5 mM fosfomycin added at T1.5.

E. Histogram showing the percentage of cells where membrane migrated in AspollQ cells with (17 out of 55 cells or 75 + 5%) or without (54
out of 72 cells or 30 + 6%) 5 mM fosfomycin added at T1.5 after initiation of sporulation. Means are significantly different by t-test (P < 10°5).
For complete movies, see Fig. S3. Scale bar=1 um.
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had detached from the mother cell was observed at
fosfomycin concentrations ranging from 1 mM to 10 mM
(Fig. S4).

When 5 mM fosfomycin was added at T2 to a strain that
expressed an inducible fosfomycin-resistant allele of
MurAA (C117D), the fraction of sporulating cells that com-
pleted engulfment was significantly higher than a culture
where this allele was not expressed (Fig. 4D, Fig. S5).
Since the presence of this MurAA mutant allele by itself
did not effect engulfment (Fig. S6), fosfomycin must be
blocking engulfment membrane fission by directly inhibit-
ing muropeptide synthesis.

Inhibition of peptidoglycan synthesis blocks completion
of engulfment

The requirement of muropeptide synthesis to complete
engulfment suggests that polymerization of these mono-
mers during formation of mature peptidoglycan was also
necessary for engulfment. Vancomycin inhibits transpep-
tidation and thereby blocks the transglycosylation step
necessary for polymerization. Addition of vancomycin at
T2 after resuspension blocked enguliment membrane
fission (Fig. 5A). Importantly, this was not an effect of
blocking septal synthesis since the assay uses a fluores-
cent reporter whose activity is dependent on the comple-
tion of asymmetric septation. This inhibition did depend on
when vancomycin was added in sporulation although it
still blocked completion of engulfment in 50% of cells
when it was added as late as T3.5 (Fig. 5B). Thus,
muropeptide polymerization is necessary for completion
of engulfment defined as the release of the forespore from
the mother cell.

Topology of membrane bulges

Sporulating cells lacking either the SpollP or the SpollD
autolysins fail to initiate engulfment and instead produce
septal membrane bulges (Fig. 1A, bottom, Fig. S7;
Lopez-Diaz et al., 1986; llling and Errington, 1991; Smith
and Youngman, 1993; Bylund et al., 1994; Frandsen and
Stragier, 1995). Time-lapse microscopy of single cells
revealed that bulge formation was continuous and
occurred over a period of ~30 min (Fig. 6A, Fig. S7). To
characterize the topology and origin of these bulges in
living cells, we expressed CFP under control of a fore-
spore specific promoter (Psoic). We observed a CFP
signal in membrane bulges of a spollD null mutant indi-
cating that they had been, at least transiently, contiguous
with the forespore (Fig. 1B, ‘bulge’). In some cells, the
CFP signal in the forespore and the bulge was not con-
tinuous, and the presence of an FM4-64 signal surround-
ing these discontinuous bulges suggests that the bulge
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was transformed into a physically distinct membrane-
bounded vesicle (Fig. 1B, ‘vesicle’; Fig. S8).

Peptidoglycan synthesis in membrane bulges

What is the driving force underlying the formation of these
bulges and vesicles? They originated from the septum,
a site of prior peptidoglycan synthesis. Bulge-forming
spolID cells stained with ramoplanin-FL at T4 of sporula-
tion had a fluorescent signal associated with the septum,
indicating the presence of active peptidoglycan synthesis
(Fig. 6B). We examined whether peptidoglycan synthesis
was necessary for bulge formation by blocking it using
fosfomycin. When 5 mM fosfomycin was added at T2
of sporulation to either spollD (Fig. 6C, red) or spollP
(Fig. S9) mutants, many fewer bulges were observed as
compared with untreated cells (Fig. 6C, Fig. S9, black).
Furthermore, addition of fosfomycin at T2 also blocked
formation of vesicles that presumably originated as
bulges (Fig. 6D). This effect of fosfomycin was due to a
direct inhibition of peptidoglycan synthesis because a
spolID strain carrying the MurAA(C117D) allele exhibited
bulge formation during sporulation even in the presence
of 5 mM fosfomycin (Fig. S10).

While the inhibition of muropeptide synthesis results
indirectly in decreased levels of mature, polymerized pep-
tidoglycan, the experiments using fosfomycin do not
address the possibility that direct inhibition of synthesis of
peptidoglycan polymers from muropeptide monomers
would similarly block formation of bulges and vesicles. We
used vancomycin to answer this question, and observed
that addition of vancomycin (0.5 ng ml-') at T2 of sporu-
lation blocked bulge (Fig. 6E) and vesicle formation (Fig.
S11) in a strain lacking spollD, indicating that synthesis of
mature peptidoglycan is necessary for bulge formation.
This inhibition by vancomycin could be through an indirect
effect on lipid synthesis if reducing lipid synthesis blocked
bulge formation. We addressed this possibility by using
cerulenin, an inhibitor of an essential enzyme (FadD) in
the fatty acid biosynthetic pathway. However, addition of
cerulenin had no effect on bulge formation when it was
added to spollD cells at the same time in sporulation
(T3.5) where the inhibitory effect of vancomycin was
observed (Fig. S12). While addition of cerulenin at earlier
time points (T2; data not shown) prevented bulge forma-
tion in spolID cells, this may be due to the membrane
growth that is evident in time-lapse movies of bulge for-
mation (Fig. S7).

A peptidoglycan transpeptidase is necessary for
bulge formation

The muropeptide monomer is incorporated into mature
peptidoglycan by enzymes mediating transpeptidation



and transglycosylation reactions. During sporulation, the
transpeptidase SpoVD is necessary for the production of
mature peptidoglycan (Vasudevan et al., 2007). Acomple-
menting GFP-SpoVD fusion localizes to septal mem-
brane bulges and vesicles (Fig. 7A), similar to the pattern
observed with ramoplanin-FL (Fig. 6B). This similarity
suggested that SpoVD is involved, and perhaps neces-
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sary, for the peptidoglycan synthesis occurring in the
bulges. In fact, bulge formation is reduced in a spollP
strain lacking SpoVD (Fig. 7B, red) as compared with the
parent spollP strain (black). The result is consistent with
the inhibition of bulge formation by the transpeptidase
inhibitor vancomycin in spolID (Fig. 6E) and spolIP cells
(data not shown) and demonstrates that a protein neces-



Fig. 4. Inhibition of muropeptide synthesis blocks membrane fission.
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A. Assay of membrane fission. Top, sporulating wild-type cells (AES574) express CFP (blue) under control of a forespore specific promoter
(Pspoic). Membranes of cells at intermediate stages of engulfment (T3-T4.5, green arrow) are also stained by a membrane impermeant dye
(FM4-64, red) just before imaging; upon completion of membrane fission, cells are no longer stained by this dye (yellow arrow). Time after
resuspension is indicated. Bottom, cells at different stages of sporulation. Prior to the completion of asymmetric septation (i), no CFP (blue)
signal is observed. Following completion of asymmetric septation, a faint CFP signal is observed in the forespore (ii). As the cells proceed
through engulfment (jii), the CFP signal increases. When membrane movement is complete (iv), the forespore remains attached to the mother
cell and stained with FM4-64 (red). When the forespore is released from the mother cell (v), the CFP signal is no longer surrounded by an

FM4-64 signal.

B. Fosfomycin blocks engulfment before membrane separation. Sporulating wild-type cells were either treated with fosfomycin (5 mM) at T2
(bottom panels) or not treated (top panels). Time after resuspension is indicated.

C. Inhibition of membrane fission by fosfomycin is dependent on time of addition. Wild-type cells (AES574) were untreated (filled circles) or
fosfomycin (5 mM) was added at T1 (triangles), T2 (diamonds) or T3 (open circles) and the fraction of cells with a CFP signal not surrounded

by an FM4-64 signal was determined.

D. Fosfomycin-resistant murAA mutant engulfs normally in the presence of fosfomycin. The effect of fosfomycin on engulfment of a
merodiploid strain (JDB2426) expressing an IPTG-inducible C117D murAA allele and YFP under a forespore-specific promoter (Pgoiic-yfp)
was determined. Filled circles, both 1 mM IPTG was added at TO and 5 mM fosfomycin was added at T2; open circles, only 5 mM fosfomycin

at T2.

sary for the synthesis of mature peptidoglycan is also
necessary for bulge formation.

Discussion
Muropeptide polymerization during engulfment

Our results allow historical experiments concerning the
role of peptidoglycan biosynthesis in engulfment to be put
into a mechanistic context. Among the earliest hints of
such a role was the observation that removal of the cell
wall by lysozyme treatment leads to a block in sporulation,
but only when this treatment occurs before engulfment
(Fitz-James, 1964). Consistent with this observation, B.
subtilis exposed to vancomycin during engulfment do not
reach a phase bright state, suggesting that peptidoglycan
synthesis is required towards the end of engulfment
(Dancer, 1979). During engulfment, a thin layer of
peptidoglycan known as the germ cell wall is generated
adjacent to the inner forespore membrane (Tipper
and Linnett, 1976; Meador-Parton and Popham, 2000).
Thus, the inhibitory effect of vancomycin on engulfment
(Fig. 5) could be due to an inhibition of germ cell wall
synthesis.

Consistent with this possibility, our observation that
sites of active peptidoglycan synthesis are distributed
around the engulfing forespore (Figs 2A and 8A, top) sug-
gests that muropeptide polymerization could be mediating
earlier stages of engulfment. Protoplasts of B. subtilis that
lack peptidoglycan are still able to undergo this mem-
brane movement in a mechanism that depends on the
SpollQ-SpolllAH zipper, which is dispensable for engulf-
ment in intact cells, but which is independent of the
SpollD-SpollP peptidoglycan hydrolase proteins that are
essential in intact cells (Broder and Pogliano, 2006). Our
results demonstrate that the inhibition of muropeptide
synthesis blocks membrane migration in intact cells
lacking the SpollQ-SpolllAH zipper (Fig. 3), suggesting
that peptidoglycan polymerization comprises a mecha-

nism for membrane migration during engulfment that is
essential in the absence of the Q—-AH zipper. We therefore
propose that peptidoglycan polymerization and the
SpollQ-SpolllAH zipper comprise two redundant mecha-
nisms for force generation (Fig. 8B). Peptidoglycan
hydrolysis is required early in engulfment in order to
release the asymmetric septum from the cellular cross-
wall, and proteins that mediate this event are therefore
required for the initiation of engulfment (Abanes-De Mello
et al., 2002; Morlot et al., 2010). Peptidoglycan hydrolysis
is required throughout membrane migration (Abanes-De
Mello et al., 2002; Gutierrez et al., 2010), but it remains
unclear if it provides force for membrane migration or
plays some other role, such as removing steric barriers to
the advancing membranes.

During the last step of engulfment, membrane fission,
peptidoglycan synthesis was restricted to the zone of
contact between the advancing membranes (Fig. 2,
panel iii) and inhibition of muropeptide synthesis (Fig. 4)
or polymerization (Fig. 5) prevented detachment of the
forespore from the mother cell (engulfment membrane
fission). The production of a rigid peptidoglycan polymer
in this zone of contact could generate a mechanical
force that drives elongation of the bud neck, distorting it
into a tube, that eventually breaks, leading to cell sepa-
ration. Then, localized peptidoglycan hydrolysis would
allow the membranes to meet and rearrange (Fig. 8C). A
membrane protein, SpolllE, is necessary for mediating
this fission event during engulfment (Sharp and
Pogliano, 2003) and our results suggest that SpolllE
could interact with membrane proteins involved in pep-
tidoglycan synthesis and organize their spatial distribu-
tion at the point of membrane fission. Consistent with
this possibility, the membrane domain of SpolllE is nec-
essary for its localization to the septum and its function
in membrane fission (Sharp and Pogliano, 2003) and for
the final steps of cytokinesis at the asymmetric septum
(Liu et al., 2006).
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A Fig. 5. Inhibition of muropeptide
transpeptidation blocks completion of
engulfment.
A. Vancomycin blocks engulfment before
membrane fission. At T2 of sporulation, cells
(AES574) expressing CFP (blue) under
control of a forespore-specific promoter
(Psponc) were either treated with vancomycin
(0.5 ug mi'; bottom rows) or not treated (top
rows). Membranes were visualized with
FM4-64 (red). Time after resuspension is
indicated.
B. Inhibition of membrane fission depends on
the time of addition. The percentage of
sporulating cells completing membrane fission
was determined for untreated cells (filled
circle) or cells incubated with vancomycin
(0.5 ug mr') at T1 (triangles), T2 (diamonds)
or T3.5 (open circles) of sporulation by
resuspension.
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Muropeptide polymerization during bulge and a clear invagination that, at least in some cases, becomes
vesicle formation a membrane-bounded vesicle whose cytoplasmic con-
tents are visibly separated from that of the forespore
Membrane bulges in a spollD or spollP strain form initially (Fig. 1A, bottom; Fig. 1B). These bulges are sites of active

as a deformation of the membrane and then develop into peptidoglycan formation (Fig. 6B) and inhibiting synthesis
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of the muropeptide precursor using fosfomycin or of
mature peptidoglycan using vancomycin blocks formation
of the bulges (Fig. 6C and E). The effect of fosfomycin
was on MurAA since a merodiploid strain expressing
a resistant mutant protein (MurAAC117D) generated
vesicles even in the presence of fosfomycin (Fig. S10).
The effect of vancomycin was likely on an inhibition of
polymerization directly and not on an inhibition of pepti-
doglycan hydrolases since inhibition of polymerization
in E. coli leads to increased muramidase activity (Kohl-
rausch and Holtje, 1991). Thus, septal peptidoglycan
polymerization could exert a mechanical force on the
septal membrane that, by analogy to actin polymerization
during lamellipodial motility (Mogilner and Oster, 1996),
would drive membrane deformations (Fig. 8A, bottom).
The requirement of the SpoVD transpeptidase (Fig. 7A
and B) is consistent with the observed inhibition of bulge
formation by vancomycin (Fig. 6E) and demonstrates that
a protein necessary for the synthesis of mature pepti-
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Fig. 6. Muropeptide synthesis and
polymerization are required for bulge and
vesicle formation.

A. Time-lapse images of a bulge progressively
forming in a spollD mutant strain (JDB2395)
sporulating in a pad at 30°C and stained with
FM4-64. Initial image was taken at
approximately T2 after sporulation initiation
and arbitrarily set to t= 0 min. The time of
subsequent images is indicated in minutes in
the lower right corner. See movie Fig. S7.

B. In a spolID mutant strain (JDB2494)
expressing CFP (blue) in the forespore, bulge
and vesicles (white arrows) are sites of
peptidoglycan synthesis. Membranes were
visualized with FM4-64 (red) and newly
synthesized peptidoglycan identified by
ramoplanin-FL, a fluorescent ramoplanin
derivative (green). Time after start of
sporulation is indicated.

C. Fosfomycin blocks bulge formation. Bulges
do not form in a strain (JDB2494) lacking
spollD when 5 mM fosfomycin was added at
T2 of sporulation (red line) compared with

1 cells where no fosfomycin was added (black
line).

D. Fosfomycin blocks vesicle formation.
Percentage of cells with vesicles in strains
carrying mutations in spol/D and expressing
CFP at the forespore (JDB2494) in the
absence (black) or in the presence of 5 mM
fosfomycin added at T2 of sporulation (red).
E. Vancomycin blocks bulge formation.
Percentage of spolID cells (JDB2494) with
bulges in the absence (black) or in the
presence of 0.5 ug mi' vancomycin (red)
added at T2 of sporulation. Bulges and
vesicles were identified as defined in Fig. 1B.
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doglycan is also necessary for bulge formation. In addi-
tion, the presence of bulges only on the mother cell side
can be explained by this result as SpoVD is under control
of 6%, which is only active in the mother cell. If the fore-
spore had a higher osmotic pressure than the mother cell
because of the presence of equally sized chromosomes in
the very differently sized compartments, this pressure
could push the bulges from the middle of the septum
(Perez et al., 2000). However, we did not observe a sig-
nificant difference in forespore size between the spollP
and the spollP spoVD strains despite their observed dif-
ferences in bulge formation (Fig. S13).

Rod-shaped E. coli depleted for proteins necessary for
cell shape transform into spherical cells that contain large
intracellular, membrane-bounded vesicles (Bendezu and
de Boer, 2008). The inability of these mutant cells to couple
the rate of phospholipid synthesis to changes in shape
suggests that vesicle production is caused by overproduc-
tion of phospholipids. In B. subtilis, a similar coupling is not
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Fig. 7. Muropeptide-polymerizing enzyme is required for bulge
formation.

A. The transpeptidase SpoVD localizes to the bulges. A strain
lacking spollP and expressing a YFP-SpoVD fusion (JDB2553)
was sporulated by resuspension and images acquired at T4. Two
cells are shown. Left, YFP-SpoVD signal; middle is overlay of the
YFP-SpoVD and FM4-64 signals; right, FM4-64. White arrows
show the bulge.

B. Bulge formation is suppressed by a spoVD mutation. Percentage
of spollP (JDB2396; black) and spollP spoVD (JDB2537; red) cells
with bulges was determined. Bulge formation was assessed as
defined in Fig. 1B.

known to exist (Paoletti et al., 2007), consistent with our
observation that fatty acid synthesis was not required at
later time points where peptidoglycan synthesis was
required for bulge and vesicle formation (Fig. S12) even
though it was necessary for initial bulge formation.

Peptidoglycan polymerization as a force-generating
mechanism during cytokinesis

A basic question in microbiology is the origin of the
force underlying cell division. Although there are well-
conserved proteins known to be involved, including the
tubulin homologue FtsZ that forms constricting polymeric
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rings at mid-cell, the source of the force generating these
constrictions remains unknown (Weiss, 2004; Margolin,
2005). It has been suggested on theoretical grounds (Lan
etal., 2007; 2009; Ghosh and Sain, 2008; Allard and
Cytrynbaum, 2009) as well as from electron microscopic
observations of FtsZ polymer structure in vivo (Li et al.,
2007) that the energetics of FtsZ ring depolymerization
could provide such a force. In tubular vesicles, FtsZ forms
rings that produce visible constrictions (Osawa et al.,
2008) consistent with the ability of the constricting Z ring
to generate a force. The absence of complete septal
closure despite formation of physically distinct compart-
ments seen in some E. coli amidase mutants suggests
that, at least in these cells, membrane invagination
could be mediated solely by constriction of the divisome
(Priyadarshini et al., 2007).

Gradients of peptidoglycan synthesis generate cell
curvature in the bacterium Caulobacter crescentus
(Cabeen et al., 2009), supporting the notion that spatially
differentiated peptidoglycan synthesis produces physical
force sufficient to generate changes in cell shape that
occur during cytokinesis (Huang etal., 2008). High-
magnification images of dividing S. aureus demonstrated
the presence of peptidoglycan lying in tight apposition to
the membrane. In fact, careful measurement of the diam-
eter of the very tip of the in-growing septum indicated that
this site was the locus of peptidoglycan synthesis (Matias
and Beveridge, 2007). Thus, this synthesis could provide
a driving force for the ‘iris-like’ movement of the septum
from the initial stages of membrane invagination to the
completion of septation.

Cell wall polymerization could be used in other systems
to generate active and locally controlled forces. Although
peptidoglycan is only found in bacteria [and perhaps in the
chloroplasts of some plant cells (Machida et al., 2006)],
yeast and other fungi have rigid cell walls composed of
long polysaccharides (Cabib et al., 2001) that, similar to
peptidoglycan, are polymerized by transglycosylases
(Cabib et al., 2008). In fact, growing S. pombe exerts a
large mechanical force at its cell tips that is independent
of actin cables and sufficient to play a role in piercing
membranes during host invasion (Minc etal., 2009).
Finally, a variety of cell types such as budding yeasts can
undergo cytokinesis in the absence of an actin-myosin
contractile ring (Bi et al., 1998). Thus, polymerization of
fungal polysaccharides could serve a similar function
as muropeptide polymerization in providing a force-
generating mechanism for cytokinesis.

Experimental procedures

Microbiological methods

Bacillus subtilis strains are derivatives of PY79 (Table S1) and
details of their construction are described in Supporting infor-



mation. Standard procedures were used to prepare and
handle recombinant DNA and to transform E. coli. B. subtilis
was transformed using competent cells made by the two-step
method (Cutting and Vander Hom, 1990). Sporulation for
microscopy was conducted at 30°C and used CH medium or
25% LB for growth and A+B medium for resuspension (Sterlini
and Mandelstam, 1969). To measure completion of engulf-
ment, membranes from sporulating cells expressing CFP
under control of a forespore-specific promoter (Pspoic) were
stained with FM4-64 (1 ug mi-"). Every half hour starting at T3
a sample of cells was observed under the microscope. Cells
expressing CFP were counted and the fraction of those not
exhibiting FM4-64 staining of the forespore was determined.

Reagents

Fosfomycin and vancomycin were obtained from Sigma,
cerulenin was obtained from Cayman Chemical, and FM4-64
was from Invitrogen. Ramoplanin-FL and ramoplanin-2c were
gifts of Dr Suzanne Walker (Harvard Medical School).
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Fig. 8. Role of peptidoglycan polymerization
in engulfment.

A. Diagram shows distribution of active
peptidoglycan synthesis (green) during
membrane migration and before detachment
of the forespore from the mother cell (top) as
well as during bulge formation (bottom).

B. The polymerization of these newly
synthesized muropeptides partially drives
membrane movement and results in the
separation of the two cells. Our data suggest
that membrane movement can be mediated
either by peptidoglycan synthesis (PG; green)
or by the SpollQ-SpolllAH proteins (blue) and
that peptidoglycan hydrolysis mediated by the
DMP proteins (red) plays a necessary role in
detaching the septal peptidoglycan from the
transverse peptidoglycan. FS, forespore; MC,
mother cell.

C. Polymerization of newly synthesized
muropeptides into peptidoglycan (green) at
the point of contact between the migrating
arms of the membranes pushes the septal
membranes apart. Following detachment, the
forespore becomes an independent
membrane-bounded compartment in the
cytoplasm. This polymerization is mediated by
an unidentified
transpeptidase-transglycosylase (red).

Fluorescence microscopy

One microlitre of FM4-64 (Molecular Probes; 100 ug ml™)
was added to each sample of 100 pl of sporulating cells that
were taken at designated times after resuspension, immedi-
ately prior to collection by centrifugation. The pellet was
resuspended in 10 ul of PBS, and added to a poly-L-lysine
pre-treated coverslip. All microscopy (except Fig.2 and
Fig. S2) was performed on a Nikon Eclipse 90i with a 100x
objective using phase contrast and captured by a
Hamamatsu Orca-ER camera using Nikon Elements BR
software. CFP, YFP, FITC (Ramoplanin-FL) and TRITC (FM4-
64) exposures were 400 ms. Other microscopy was per-
formed using an Applied Precision Spectris microscope.

Dynamics of engulfing forespores

Time-lapse microscopy was performed as described (Becker
and Pogliano, 2007). Briefly, FM4-64 was added to a final
concentration of 0.5 ugml" in a 1.2% solution of molten



agar/media (A+B) and added to the well of a culture slide and
covered with a glass slide. After cooling, the slide was
removed and two air pockets were cut out of the agar leaving
a 3-5 mm agar bridge in the centre of the well. Sporulating
cells suspended in A+B with FM4-64 (0.5 pugml') were
added at T2 to the agar bridge and covered by a glass
coverslip. To prevent drying during the experiment, 50% glyc-
erol was applied to the region of contact between the slide
and the coverslip. The slide equilibrated in an environmen-
tally controlled chamber at 30°C (Precision Control Weather
Station) for at least 10 min prior to visualization. Images were
acquired using an Applied Precision Spectris microscope.

Finally, the following metric was used for defining mem-
brane migration: ‘No migration’ is defined as: 40 min of obser-
vation with no advancement of the membranes (curvature is
acceptable as long as the distance between septum edge
and cell pole does not decrease). ‘Migration’ is defined as:
advancement that is maintained for at least 20 min of
observation. In addition, cells must be observed for 40 min
without going off the screen or lysing.
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fosfomycin

ramoplanin 2c

Figure S1. Ramoplanin labels specifically engulfing forespores.
Ramoplanin-FL (left), FM4-64 (right) labeling of cells at T3.5 of sporulation.
Middle panel is the overlay of both channels. Top, PY79 wild type cells;
middle, 5mM fosfomycin was added at T1 to PY79 cells; bottom, wild type B.
subtilis cells (PY79) were incubated with ramoplanin-2c (1pug/ml) and FM4-64
(1pg/ml) at T3.5 of sporulation.
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Figure S2. Ramoplanin labeling is not affected by a spollQ mutation
Ramoplanin labelling is the same in wild type and spollQ mutant strain
(KP575). Exposure times for all images were kept constant. Intensity plots
were generated in Microsoft Excel using unaltered pixel intensity data and
show the Ramoplanin-FL signal in a single cell for each panel. Arrows
indicate alignment of the fluorescent image and the intensity plot. A. Images
taken at T2.5, cells in early stages of migration. B. Images taken at T2.5 cells
in late stages of migration.
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Figure S3 Movies. Time-lapse movies from cells in Fig.3. A. Wild type
(PY79). B. Wild type + 5mM fosfomycin added at T1.5 after initiation of
sporulation. C. spollQ (KP575). D. spollQ + 5mM fosfomycin added at T1.5.
E. spollQ strain expressing malFi,-gfp under Psponq (JFG488) + 5mM
fosfomycin added at T1.5. The first and last images show the expression of
MalF12-GFP superposed on FM4-64 staining. The initial image was taken at
approximately T2 after sporulation initiation and arbitrarily set to t=0 minutes.
The time of subsequent images of the membrane stain is indicated in minutes
in the lower right corner. 12 out of 64 cells expressing MalF2-GFP migrated,
37 out of 64 cells had a septa but no GFP.
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Figure S4. Fosfomycin dose response inhibition of engulfment.
Fosfomycin was added at T2 in sporulating cells expressing CFP as a
forespore marker (AES574). The fraction of cells showing a CFP signal and
not surrounded by an FM4-64 signal was determined. Black, no drug; red,
10mM fosfomycin; green, 5mM; and blue, TmM.
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fosfomycin

Figure S5. A strain carrying the fosfomycin resistant murAA mutant
engulfs normally in the presence of fosfomycin. A merodiploid strain
expressing inducible C7177D murAA under IPTG control and yfp under (Pspoiq)
control (JDB2426) was sporulated by resuspension. Top, both 1TmM IPTG was
added at TO and 5mM fosfomycin at T2; bottom, 5mM fosfomycin was added
at T2. Time after start of sporulation is indicated.
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Figure S6. Cells expressing MurAA-C117D engulf normally

Engulfment of a merodiploid strain expressing inducible C117D murAA allele
under Pspank control and yfp under (Pspong) control (JDB2426) was sporulated
by resuspension and 1TmM IPTG was added at TO (open circles) was
compared to a (AES574) strain (closed circles) expressing CFP under control
of a forespore specific promoter (Pspoiq)-
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Figure S7. CFP fluorescence distribution in vesicles. A strain (JDB2494)
lacking spolID and expressing CFP (blue) under control of a forespore specific
promoter (Pspoiq) as a forespore marker was imaged at T4 of sporulation. Left
image is the overlay of CFP with FM4-64 dye in red, right image is CFP only.
Bottom left, each trace represents the CFP fluorescence (arbitrary units)
across the cell length in nine separate cells. Bottom right, orange trace shows
CFP fluorescence (arbitrary units) as a function of distance along the length of
the cell indicated by orange arrow.
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Figure S8. Fosfomycin blocks bulge formation in spollP cells. Bulges do
not form in a strain (JDB2396) lacking spollP when 5mM fosfomycin was
added at T2 of sporulation (red line) compared to cells where no fosfomycin
was added (black line).
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Figure S9. Fosfomycin does not block bulge formation in spollD cells
expressing MurAA-C117A. Percentage of bulges in a spollD strain
(JDB2535) expressing YFP under control of a forespore-specific promoter and
carrying an MurAA-C117A allele under control of Psyank in the absence (black
circles) or presence of 5 mM fosfomycin (red circles) or in the presence of 1
mM IPTG added at TO and 5 mM fosfomycin (open circles).
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Figure S10. Vancomycin blocks vesicle formation. The percentage of cells
containing vesicles of a strain (JDB2494) lacking spollID and expressing CFP
as a forespore marker in the absence (black) or presence of vancomycin (0.5
mg/ml) that was added at T2 (red). Vesicles were as defined in Fig. 1B.
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Figure S11. Inhibition of lipid synthesis does not block bulge formation.
Images (top) and quantification (bottom) indicate that addition of 10ug/ml
cerulenin at T3.5 to a strain (JDB2494) lacking spollD and expressing CFP as
a forespore marker does not affect bulge and vesicle formation compared to
cells where no drug was added; parallel addition of 0.5ug/ml vancomycin to
the same strain at T3.5 blocks bulge and vesicle formation. All observations
were made at T4.5 after resuspension. White arrows indicate cells with bulges.
Asterisk indicates that for a Pearson’s X? test with one degree of freedom, the
independence hypothesis was true for the number of bulges in vancomycin
treated as compared to untreated cells (long bracket, P<0.001), but was
rejected for cerulenin treated as compared to untreated cells (short bracket,
P>0.1).
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Figure S12. Forespore size measurements. Forespore size at T3 of
sporulation was determined by measuring the length of a straight line traced
between the forespore tip and the septum. The forespore size in spollP
(KP575) mutant cells (0.69+.09um) was not different than spollPspoVD
(JDB2537) mutant cells (0.73+.1um), but was statistically significantly larger
than spollPspollQ (JDB2612) mutant cells (0.62+.09um) by student t-test.
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Table S1. Strains used in this study.

Strain Genotype Source
B. subtilis
PY79 wt Laboratory stock
JGF488 spollQ::spec amyE::Psyonq-malF12-gfp this work
KP575 spollQ::spec (Sun et al., 2000a)
KP1102 amyE::spollD(D210A) kan; spollD298 (Gutierrez, 2010)
PE177 spollD::cm spollP::tet spolIM::erm (Eichenberger et al., 2001)
AES240 sacA::Psponq-yfp cm Elowitz lab
AES574 amyE:Pgponq-cfp spec Elowitz lab
JDB1213 |spoVD::kan (Daniel et al., 1994)
JDB1448 |gltA:Pspove-yfp-spoVD cm (Fay et al., 2009)
JDB2351 |amyE:Pgpank murAA(C117D) spec this work
JDB2395 |spollD::cm this work
JDB2396 |spollP::tet this work
JDB2426 |amyE:Pspani-murAA(C117D) spec this work
SaCA.'PSpO,,Q-yfp cm
JDB2494 |\amyE::Psynq-cfp spec spollD::cm this work
JDB2513 |amyE::Pspani-murAA(C117D) spec this work
spollD::cm
JDB2535 |\amyE::Pspani-murAA(C117D) spec this work
spollD::cm sacA:Pspong-yfp kan
JDB2537 |spoVD::kan spollP::tet this work
JDB2546 |sacA::Psponq-yfp kan this work
JDB2553  |gltA::Pspove-yfp-spoVD cm spollP::tet this work
JDB2612 |[spollQ::spec spollP::tet this work
E. coli Plasmid
BL21 Laboratory stock
pAF54 this work
pDG1662 (Guerout-Fleury et al., 1996)
pMR15 this work
pKL147 (Lemon & Grossman, 1998)
pSac-Kan (Middleton & Hofmeister,

2004)
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SpollD is a membrane-anchored enzyme that degrades peptidoglycan and is essential for engulfment and
sporulation in Bacillus subtilis. SpollID is targeted to the sporulation septum, where it interacts with two other
proteins required for engulfment: SpolIP and SpolIM. We changed conserved amino acids in SpollD to
alanine to determine whether there was a correlation between the effect of each substitution on the in vive and
in vitro activities of SpolID. We identified one amino acid substitution, E88A, that eliminated peptidoglycan
degradation activity and one, D210A, that reduced it, as well as two substitutions that destabilized the protein
in B. subtilis (R106A and K203A). Using these mutants, we show that the peptidoglycan degradation activity of
SpolID is required for the first step of engulfment (septal thinning), as well as throughout membrane
migration, and we show that SpollD levels are substantially above the minimum required for engulfment. The
inactive mutant E88A shows increased septal localization compared to the wild type, suggesting that the
degradation cycle of the SpolID/SpolIP complex is accompanied by the activity-dependent release of SpollD
from the complex and subsequent rebinding. This mutant is also capable of moving SpolIP across the
sporulation septum, suggesting that SpolID binding, but not peptidoglycan degradation activity, is needed for
relocalization of SpollP. Finally, the mutant with reduced activity (D210A) causes uneven engulfment and
time-lapse microscopy indicates that the fastest-moving membrane arm has greater concentrations of SpolIP
than the slower-moving arm, demonstrating a correlation between SpolIP protein levels and the rate of

membrane migration.

Endospore formation is an evolutionarily conserved process
that allows Bacillus subtilis and related Gram-positive bacteria
to adapt to changes in the environment, such as nutrient de-
pletion. Many dramatic morphological changes occur during
sporulation, each requiring a multitude of specialized proteins
(reviewed in references 13 and 17). First, a sporulation septum
is formed near one of the cell poles, forming two separate
compartments of unequal sizes and with differing fates (Fig.
1A). The smaller of the two, the forespore, will eventually
become the spore, while the larger, the mother cell, will ulti-
mately lyse. Next, the mother cell membranes move up and
around the forespore in the poorly understood process of en-
gulfment. Although this process is superficially similar to eu-
karyotic engulfment, it is complicated by the thick cell wall that
surrounds and separates the two compartments. After engulf-
ment, the migrating membranes pinch off from the mother cell
membrane, thereby releasing the forespore into the cytoplasm
of the mother cell, where it can be enveloped with protective
coat proteins and eventually released into the environment as
a mature spore. Sporulation provides an ideal, nonessential
system for understanding how bacterial cells are capable of
undergoing dramatic morphological changes.

Engulfment involves dynamic protein localization and large-
scale rearrangements of cellular membranes and peptidogly-
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can to accommodate internalization of the forespore. The
physical basis for engulfment remains unclear, but two sepa-
rate protein machineries that contribute to engulfment have
been discovered. The first module involves the only three pro-
teins known to be required for engulfment under all physio-
logical conditions: SpolID, SpolIM, and SpolIP (16, 24, 35).
Zymography assays have demonstrated that both SpolID and
SpolIP degrade peptidoglycan in vitro (1, 8), and this function
is thought to be essential for engulfment in wild-type cells (1,
2, 8). SpolID and SpolIP are membrane-spanning proteins
that directly interact both in vivo and in vitro, as demonstrated
by coimmunoprecipitation and affinity chromatography tech-
niques (2, 8). These studies failed to demonstrate an interac-
tion between SpolIM and either SpolID or SpollP, perhaps
because SpolIM is an integral membrane protein. However,
SpolIM is required for localization of SpolID and SpolIP (2,
8), suggesting that all three proteins interact to form a pepti-
doglycan degradation module that is essential for engulfment.

The second system influencing membrane migration is the
SpolIQ/SpollIAH zipper, which is required for engulfment
only under certain conditions (2, 7, 38). SpolIQ is produced in
the forespore (23) and SpollIAH is produced in the mother
cell (19). SpolIQ and SpolIIAH interact both in vitro and in
vivo via their extracellular domains (6, 7, 10). Because these
two proteins are produced in separate compartments, the only
possible place for an interaction is the intermembrane space
between the mother cell and forespore, forming a protein-
protein zipper between the two cells. This zipperlike interac-
tion is necessary for septal localization of SpolIIAH and other
mother cell proteins (6, 10, 18) and is capable of holding the
two cells together when peptidoglycan is removed with ly-
sozyme (7). Surprisingly, digestion of the peptidoglycan with
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FIG. 1. Engulfment in B. subrilis. (A) (i) Engulfment begins with
formation of an asymmetric septum that divides the cell into the
forespore (FS) and mother cell (MC). SpolID (orange pacman) and
SpollP (green pacman) peptidoglycan degradation enzymes localize to
the center of the septum. (ii) SpolID and SpolIP thin the septal
peptidoglycan, starting from the center and moving toward the cell
edges. SpollQ (purple ball) and SpollIAH (red ball) form a zipper
across the septum, assembling foci behind the leading edges. (iii) The
peptidoglycan degradation enzymes localize to the leading edges dur-
ing membrane migration, while additional SpollQ-SpollIAH com-
plexes assemble around the forespore. (iv) Engulfment membrane
fission occurs at the top of the forespore, releasing the forespore into
the mother cell cytoplasm. (B) Burnt-bridge Brownian ratchet model
for membrane migration, adapted from earlier studies (1, 7). (C) Sche-
matic representation of the SpolID domain structure. The transmem-
brane domain (TM) and putative enzymatic domain, as defined by
Pfam (14), are indicated. Amino acid numbers are below the sche-
matic, and mutations causing in vivo phenotypes are indicated by an
“xr.

lysozyme also allows membrane migration in about half of
treated cells, in a process requiring the SpolIQ/SpolIIAH zip-
per but not the SpolIDMP peptidoglycan degradation module.
The SpollQ-SpollIAH zipper also contributes to engulfment
in living cells, since strains lacking SpolIQ or SpollIAH com-
plete engulfment more slowly than the wild type and have
synergistic engulfment defects when certain secondary muta-
tions are introduced (2, 7, 38). Together, these results strongly
support a role for the SpollQ/SpollIAH module in engulf-
ment, demonstrating that the zipper contributes to the effi-
ciency of membrane migration even when the SpolIDMP mod-
ule is present and functional. They also suggest that the
engulfment machinery displays functional redundancy and that
the zipper module provides a backup machinery for membrane
migration.

The precise role of the SpolIDMP module during engulf-
ment remains unclear. One model proposes that SpolID and
SpolIP act as a burnt-bridge Brownian ratchet (Fig. 1B) (1, 7).
This model asserts that as SpolID and SpolIP degrade pepti-
doglycan, they eliminate their own enzymatic targets, resulting
in the absence of substrate in one direction and therefore,
overall movement in the opposite direction. As the enzymes
move forward toward new targets, the mother cell membranes
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are dragged along with them because they are anchored in the
membrane. This hypothesis predicts that SpolID and SpolIP
are processive enzymes and that the SpolIDMP complex could
function as a motor, moving along peptidoglycan as a track and
pulling the membranes with it (1, 7). A second model predicts
that peptidoglycan degradation could simply remove a steric
hindrance to membrane migration (such as links between
the forespore membrane and the cell wall) and that some
other mechanism provides the force required for membrane
migration. Although the SpoIIQ-SpolITAH module can con-
tribute to membrane migration, these proteins are not al-
ways essential for engulfment in intact cells (7, 38), suggest-
ing that another unidentified system must generate the force
required for membrane movement if the DMP module does
not act as a burnt-bridge Brownian ratchet. Recent evidence
suggests that peptidoglycan biosynthesis, which is localized
to the leading edge of the engulfing membrane and neces-
sary for membrane migration in the absence of the SpolIQ-
SpolIIAH proteins, might be this missing force generating
mechanism (26).

Both models predict that the activities of SpolID and SpolIP
are essential for membrane migration. This requirement has
been demonstrated for SpolIP (8) and, while this work was
under review, for SpolID. SpolID shows no sequence similar-
ity to any characterized enzyme that degrades peptidoglycan
and thus constitutes the founding member of a new class of
enzymes that remodel peptidoglycan (1, 27). However, SpolID
does show some similarity to B. subtilis LytB (24), a protein
that enhances the activity of the amidase LytC (5, 20, 34), while
SpollP is related to LytC (14). A recent study demonstrated
that SpolIP is both an amidase and endopeptidase and that
SpolID both activates SpolIP and functions as a lytic transg-
lycosylase, cleaving peptidoglycan between NAG and NAM
(27). Together, these two enzymes degrade peptidoglycan into
its smallest repeating subunits. However, it remains unclear
which of the demonstrated or suggested biochemical functions
of SpollD are required for its various in vivo activities (inter-
action with SpollIP, localization, septal thinning, and mem-
brane migration), and it is unclear whether peptidoglycan deg-
radation activity is required throughout engulfment or only for
the initial stage of septal thinning.

We use site-directed mutagenesis to test the role of 56 con-
served amino acids in SpolID, focusing on hydrophilic amino
acids that might be involved in protein-protein interactions and
peptidoglycan degradation. We identified one mutation
(E88A) that eliminates and three others (R106A, K203A, and
D210A) that reduce peptidoglycan degradation activity and
show that SpolID activity is required for the earliest stage of
engulfment (septal thinning), as well as throughout membrane
migration. Our results confirm and extend those of Morlot et
al. (27) and also demonstrate that SpolID activity is required
throughout engulfment. Furthermore, our data indicate that
the enzymatically inactive mutant protein (E88A) shows in-
creased septal localization compared to the wild-type protein,
suggesting that peptidoglycan degradation contributes to the
release of SpolID from the septum. We propose a modified
model for the enzymatic cycle of the SpolID and SpolIP com-
plex.



MATERIALS AND METHODS

Bacterial strains, genetic ipulations, and growth conditi Bacillus sub-
tilis strains used in the present study are derivatives of the wild-type strain PY79
(39) and are shown in Table 2. Mutations and plasmids were introduced into
PY79 by transformation (12). B. subtilis strains were grown and sporulated at
37°C unless otherwise indicated. Sporulation was induced by the modified re-
suspension method (36) using 25% LB as a growth medium (4) for all cell
biological experiments. Heat-resistant spore assays were performed on cultures
grown and sporulated in DSM broth (31) for 24 h at 37°C. Cultures were then
heated at 80°C for 20 min, serially diluted, and plated on LB. Spore titers were
calculated based on colony counts.

Construction of Hisg-SpolID. The Hiss-SpolID overexpression plasmid
pSA12 was constructed in pET30a (Novagen). The spolID region encoding
amino acids 27 to 343 was PCR lified from PY79 ch ymal DNA using
the primers: 5'-GAGCCGCATTAGCACCATCATCATCATCATCAGCATA
ATAAGGAAGCGGGG and 5'-GCGGCGGTCGACTTACTTTTTCGCCAT
ATATTTATT (the Ndel and Sall restriction sites are underlined). pET30a was
used as the vector with the N-terminal His, tag encoded on the primer. PCR
fragments were digested with Ndel and Sall (New England Biolabs) and ligated
into Ndel- and Sall-digested pET30a. The ligation mix was transformed into the
Escherichia coli strain DH5« and transformants selected for on LB-kanamycin
(50 pg/ml). All constructs were confirmed to be correct by DNA sequencing.

Targeted mutagenesis of spolID. Mutations in spolID were introduced using a
site-directed mutagenesis protocol adapted from an earlier study (30). Plasmid
pKPO1 (1), an amyE-integrating vector that includes spolID, was used as the
template for initial QuikChange PCRs. Primers used in the PCRs are listed in
Table SA2 in the supplemental material and generally included 12 bp upstream
and 12 bp downstream of the mutation that substituted the native codon with a
GCA alanine codon. Plasmids were transformed into DH5« or TOP10 cells
(Invitrogen). The entire spolID coding region of the mutagenized plasmids was
sequenced by EtonBio (San Diego, CA) or Genewiz (San Diego, CA), using the
primers JGP2dp or JGPD358 (see Table SA2 in the supplemental material).
After transformation into B. subtilis, the resultant colonies were purified, patched
to DSM, and incubated at 30°C to assess the ability of each construct to support
sporulation. Mutations with a sporulation phenotype were subsequently intro-
duced into pRSE15 and pSA12, the latter encoding Hisg-tagged SpolID in an E.
coli expression construct (Novagen) (construction described above). The GFP-
spolID plasmid pRSE15 was constructed from pAAD9 (1), an amyE inserting
vector containing spolID in frame and downstream of the fusion of green fluo-
rescent protein (GFP) to the spolID promoter, translational initiation sequences,
and the first five codons encoded in pMDS14 (33). This plasmid had three
mutations in the spolID coding sequence, which were converted to wild type by
using QuikChange mutagenesis and primers RMSP12 and RMSP13 to give
pRSE10 and then using RMSP10 and RMSP11 (see Table SA2 in the supple-
mental material) to yield pRSE15.

Microscopy and image analysis. To visualize the GFP, samples from sporu-
lating cultures were taken at the indicated times, stained with a final concentra-
tion of 5 pg of FM 4-64/ml and 2 pg of DAPI/ml, and applied to poly-L-lysine-
coated coverslips (32). For membrane fusion assays, the cells were stained with
a final concentration of 5 pg of FM 4-64/ml and 4 pg of MitoTracker Green
(MTG)/ml (32). Images were collected by using an Applied Precision Spectris
optical sectioning microscope equipped with a Photometrix CoolsnapHQ charge-
coupled device camera. Images were deconvolved by using SoftWoRx software
(Applied Precision, Inc.).

Time-lapse microscopy. Time-lapse microscopy was performed as previously
described (4). Briefly, cells were grown at 37°C in 25% LB to an optical density
at 600 nm (ODgy) of 0.5 and resuspended in A+ B sporulation salts (36). A 2-ml
aliquot of each resuspended culture was shifted to a small culture tube, followed
by incubation in a roller at 30°C with FM 4-64 added to a final concentration of
0.5 pg/ml at the time of resuspension, while the remainder of the culture was
grown without dye. The unstained culture was spun down 20 min before 1, and
the supernatant used to make a 1.2% agarose/A+B pad containing 0.5 pg of FM
4-64/ml. The stained culture was spread on this pad, covered with a glass cov-
erslip, and equilibrated to 30°C for 10 min prior to viewing. Cells were grown and
imaged on the pad in a climate controlled chamber (Precision Control Weather
Station) set to 30°C.

Hisg-SpollD overexpression and purification. For purification of Hisg-SpolID,
a 250-ml culture of BL21 containing pSA12, or else pSA12 with the indicated
single amino acid substitution, was incubated at 37°C until reaching an ODy, of
0.6 to 0.8. Cultures were then induced for 3 h with 2 mM IPTG (isopropyl-g-p-
thiogalactopyranoside). Cells were harvested by centrifugation, and the pellet
was frozen at —80°C. The pellet was resuspended in buffer J (50 mM NaH,PO,,
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300 mM NaCl, 10 mM imidazole [pH 8.0]) including 2 mM phenylmethylsulfonyl
fluoride (PMSF) and sonicated to lyse the cells. Cell debris was removed by
centrifugation, and the supernatant was added to equilibrated His-Select Ni/
NTA resin (Sigma) and shaken at 4°C overnight. The slurry was added to a
column, washed with 10 column volumes of buffer J and 5 column volumes of
buffer J plus 40 mM imidazole, and eluted with buffer J plus 250 mM imidazole.
His,-SpolID protein was further purified by ion-exchange chromatography (ex-
cept for Hisg-SpolID®'%A) Protein was dialyzed into buffer A (100 mM
NaH,PO,, 10 mM TrisHC, 150 mM NaCl [pH 8]) and run over a column of
Q-Sepharose beads. The His-tagged protein was eluted by running buffer A, with
stepwise increases in NaCl concentration, over the column. Fractions of 1-ml
volume were collected and analyzed for protein content by using a spectropho-
tometer to monitor the 4,g,. Fractions containing protein were combined and
dialyzed into activity buffer (20 mM Tris-HCI, 150 mM NaCl [pH 8.0]). Protein
was stored at —80°C until use with an approximate concentration of 0.5 mg/ml.

Renaturing gel electrophoresis assay for peptidoglycan degradation activity.
Zymography was performed as previously described (15, 37) using 0.1% Micro-
coccus luteus cells (Sigma) as a substrate. Gels were rocked in renaturing solution
(25 mM Tris-HCl, 1% Triton X-100 [pH 7.2]) at 37°C overnight, imaged using an
Olympus E-410 Digital SLR camera, stained with fresh 0.01% methylene blue in
0.01% KOH for 3 h at room temperature, and then rinsed. Stained gels were
imaged using a Typhoon scanner (GE Healthcare) without an emission filter.

Western blotting. Samples for Western blots were prepared as described in
reference 9. Briefly, 1.0 ml of cell culture was harvested at the indicated time
points and precipitated by the addition of 110 pl of 50% trichloroacetic acid and
frozen overnight. Samples were spun on high for 5 min, washed with Tris buffer
(pH 8), and resuspended in 54 ul of Tris sucrose buffer (33 mM Tris [pH 8], 40%
sucrose, 1 mM EDTA, 300 pg of PMSF/ml). Lysozyme was added to a final
concentration of 1 pg/ml, and the samples were incubated at 37°C for 10 min. An
equal volume of 2X sodium dodecyl sulfate (SDS) loading buffer was added to
each sample, and the samples were heated to 42°C. Samples were applied to a
SDS-10% PAGE gel, transferred to a polyvinylidene difluoride membrane, and
probed with previously prepared antibodies to SpolID at a 1:3,000 dilution (9).
Secondary, anti-rabbit antibody conjugated to horseradish peroxidase (GE
Healthcare) was added at 1:3,000 and developed using an ECL-Plus kit (GE
Healthcare).

In-gel GFP fluorescence. The levels of GFP-SpolID proteins were assessed
using an in-gel GFP fluorescence protocol adapted from Dubnau and Davidoff-
Abelson (11). Cultures were sporulated by resuspension. At the indicated times
after initiation of sporulation, 1.5-ml samples were collected and resuspended in
45 pl of phosphate-buffered saline plus 300 pg of PMSF/ml. Lysozyme was added
to a final concentration of 1 mg/ml, and the samples were incubated at 37°C for
10 min. Then, 50 ul of fresh solubilization buffer (200 mM Tris-HCI [pH 8.8],
20% glycerol, 5 mM EDTA, 0.02% bromophenol blue, 4% SDS, 50 mM dithio-
threitol) was added, and the samples were again heated at 37°C for 10 min. A
needle and syringe were used to break up DNA and reduce sample viscosity. A
20-pl portion of the sample was applied to a SDS-10% PAGE gel and run at 60
V. GFP fluorescence was visualized by using a Typhoon scanner with 520 BP 40
emission filter and a blue (488-nm) laser.

RESULTS

Site-directed mutagenesis of spolID. SpollD is a 343-amino-
acid, membrane-spanning protein with a short cytoplasmic N
terminus, a single transmembrane domain, and a large extra-
cytoplasmic C-terminal domain (Fig. 1C). The SpolID extra-
cytoplasmic domain is conserved throughout the endospore
forming bacteria, with more distant relatives found in many
other bacterial phyla (14). Our results indicated that this do-
main was responsible for the peptidoglycan degradation activ-
ity of purified SpolID in zymography gels (see below), but until
recently (27), none of the proteins that are homologous to
SpolID have had characterized activities.

To further investigate the mechanism by which SpollD
cleaves peptidoglycan, we identified conserved amino acids in
SpolID using the CLUSTAL W program (21), which performs
multiple HMM alignments of SpolID homologues (Fig. 2). We
selected 56 conserved hydrophilic amino acids for site-directed
mutagenesis to alanine, including all conserved amino acids
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FIG. 2. Amino acids selected for mutagenesis of SpolID. Alignments of spolID were performed by using CLUSTAL W (21). The species
presented here are as follows: A, Bacillus subtilis; B, Bacillus amyloliquefaciens; C, Geobacillus thermodinitrificans; D, Clostridium perfringens; E,
Clostridium saccharobutylicum. Amino acid numbers below the alignment refer to the B. subrilis sequence for easier identification of mutations. A
red X indicates an amino acid changed to alanine and an orange circle indicates a mutant characterized in the present study. Sequence homology
is represented by color, with completely conserved amino acids indicated by royal blue, highly conserved amino acids indicated by green and weakly
conserved amino acids indicated by cyan. The putative peptidoglycan degradation domain is highlighted in purple. Recently, an alignment and
compilation of all 667 SpolID family members has become available on Pfam (14). This alignment was used to confirm our earlier alignments and
verify that all residues showing significant conservation were mutated during our study. In this more complete alignment, only six amino acids are
completely conserved, and just two of these, E88 and R106, resulted in an in vivo phenotype when changed to alanine.

identified in the putative enzymatic domain (Pfam 08486, Fig.
2, purple highlight). The entire spolID coding and promoter
region was sequenced, and the mutations were screened for the
ability to complement a spolID-null strain and support sporu-
lation both by examining pigmentation on DSM plates and by
measuring the ability to produce heat resistant spores. This
strategy identifies only amino acids that are essential for sporu-
lation. We found three amino acid substitutions within SpolID
that cause severe sporulation blocks: ES88A and R106A, con-
served residues within the putative enzymatic domain, and

K203A, which is on the C-terminal side of this domain and
within the extracellular domain (Fig. 1C). Each mutation de-
creased the viable spore counts 10,000-fold compared to that
of the wild type (Table 1). We also identified four amino acid
substitutions that cause an intermediate phenotype, ranging
from a 10- to a 1,000-fold decrease in spores (Table 1). Of
these four, we chose to characterize D210A as a representative
of the group. Importantly, all 13 codons that were mutagenized
both here and in the study of Morlot et al. (27) had similar
effects on sporulation in both studies.



TABLE 1. Spore titers of SpolID mutants®

. . Avg spore Avg sporulation
Strain SpolID mutation titer (% of wild type)
KP7 spollD298 0x10° 0.00
PY79 Wwild type 1.8 % 10% 100.00
KP1124 GFP-SpolID 2.1 x 108 116.67
KP1065 Y65A 1.8 X 108 100.00
KP1066 R66A 2.6 X 108 144.44
KP1067 E73A 2.6 X 108 144.44
KP1068 E78A 2.0 x 10° 111.11
KP1069 E79A 55x10° 305.56
KP1070 YS0A 8.4 %107 46.67
KP1071 S8TA 25 % 10° 138.89
KP1072 ESSA ) 3.5 % 10* 0.02
KP1125 GFP-SpolIDF88A 1.5 x 10* 0.01
KP1073 MS9A 2.6 % 10° 144.44
KP1074 P90A 2.6 x 10° 127.78
KP1075 K94A 1.1x 108 61.11
KP1076 E96A 3.1 % 10% 172.22
KP1077 K99A 5.0 x 10° 277.78
KP1078 Q101A 1.8 X 108 100.00
KP1079 R106A 6.5M X 10* 0.04
KP1142 GFP-SpolIDR!06A 1.1 X 10° 0.61
KP1080 T107A 1.0 x 108 55.56
KP1081 F108A 22x10% 122.22
KP1082 DI128A 1.6 X 10% 88.89
KP1083 DI129A 1.6 % 108 88.89
KP1084 T130A 2.0 % 10% 111.11
KP1085 QI134A 1.8 % 108 100.00
KP1086 Y136A 3.0 x 10° 166.67
KP1087 K137A 15 % 108 83.33
KP1088 T164A 13x 10% 7222
KP1089 T170A 1.8 % 10% 100.00
KP1090 Y171A 12x 108 66.67
KP1091 FI81A 2.7 % 10% 150.00
KP1092 S182A 1.9 x 10° 105.56
KP1093 TI83A 4.0 % 108 22222
KP1095 T188A 1.0 X 107 5.56
KP1097 E192A 23 x10% 127.78
KP1098 Y201A 13x10% 72.22
KP1099 K203A 1.0 X 10% 0.01
KP1126 GFP-SpolIDK203A 2.2 % 108 122.22
KP1100 S204A 1.6 X 108 88.89
KP1101 S207A 25x10% 138.89
KP1102 D210A 2.0 X 107 111
KP1127 GFP-SpolIDP210A 1.3 X 10° 0.07
KP1103 S213A 2.4 x10° 133.33
KP1104 K215A 3.8 % 108 211.11
KP1105 T219A 33 %108 183.33
KP1106 K220A 13 % 108 7222
KP1107 T221A 35x10° 194.44
KP1108 T223A 2.6 % 10° 144.44
KP1109 E226A 2.6 x 10° 144.44
KP1110 Q228A 3.6 x 10° 200.00
KP1111 Q229A 3.7 % 108 205.56
KP1112 K230A 2.6 X 108 144.44
KP1113 K234A 15 % 108 83.33
KP1114 S239A 13x10% 7222
KP1115 T262A 12x 108 66.67
KP1116 K282A 2.0 x 10° 111.11
KP1117 R283A 2.0 x 10° 1111
KP1118 D286A 15 % 108 83.33
KP1119 F295A 23 %108 127.78
KP1120 H297A 14 X 10° 0.08
KP1121 V299A 1.7x 108 94.44
KP1122 M301A 2.9 % 107 16.11
KP1123 Q303A 3.1x10% 172.22

“ Heat kill assays were performed (31) on strains containing each spolID
mutant. Three mutations (E88A, R106A, and K203A) drastically lowered spore
titers, while four other mutations lowered spore titers to intermediate levels
(T188A, D210A, H297A, and M301A). For this study, we focused on those
mutations causing a severe sporulation block and one mutation with an inter-
mediate spore titer as a representative of the intermediate group. Strains further
characterized in this study are indicated in boldface.
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Characterization of engulfment in the mutant strains.
Strains expressing the four mutant proteins SpolIDF584,
SpolID®R1%6A - SpolIDX2934 " and SpolIDP'%4 were further
characterized by using FM 4-64 membrane staining and fluo-
rescence microscopy to determine the stage at which sporula-
tion is arrested. SpolID™*%4, SpolID®'%*“, and SpolID¥***4
exhibited flat septa and septal bulges with no membrane mi-
gration at early time points (Fig. 3C to E), a finding similar to
that seen with a spolID-null strain (Fig. 3B). Thus, these mu-
tations block the very earliest stage of engulfment: septal thin-
ning. SpolIDP?'%4, however, displayed some septal bulging at
early time points but also showed significant membrane migra-
tion (Fig. 3F), suggesting that this mutant is slow to complete
septal thinning but able to initiate membrane migration.

We next used a membrane fusion assay (32) to determine
whether strains expressing the mutant SpolID proteins were
able to complete engulfment. This assay uses two membrane
stains, MTG, which is membrane permeable, and FM 4-64,
which is membrane impermeable and therefore unable to stain
the forespore membranes after engulfment. The completion of
engulfment is indicated by the staining of the forespore mem-
branes with the membrane permeable dye MTG but not with
FM 4-64. In wild-type B. subtilis, our observations agree with
published data (1, 22, 29) that ca. 65% of cells have completed
engulfment by 3 h after the initiation of sporulation by
resuspension (7;) at 37°C (Fig. 3G and see Table SAI in
the supplemental material). In contrast, strains expressing
SpolID™*¥4 (Fig. 31) or SpolID*?*** (Fig. 3K and Table SA1
in the supplemental material) failed to complete engulfment
by t3, ,, or £s. In a strain expressing SpolID”?'° ca. 4 and 9%
of sporangia complete engulfment by 75 and t,, respectively
(Fig. 3L and see Table SAL1 in the supplemental material). This
is consistent with spore titer data showing that this strain pro-
duces ca. 10% the level of heat-resistant spores as the wild type
(Table 1). A strain expressing SpolID®'** also shows bulges
at early time points, but, although migration sometimes ini-
tiates, forespores often maintain indents at the original septum
site and show evidence of bulge persistence (Fig. 3], arrow),
indicating that dissolution of the septum is less effective than in
a strain expressing SpolIDP2!°A, but more than in a null mu-
tant. Completion of engulfment is very rarely seen in strains
expressing SpolID®R'%A reflecting the 10,000-fold reduction in
heat-resistant spores compared to the wild type (Table 1).
Thus, R106A has a phenotype that is subtly different from
spolID-null or spolID*¥5* strains.

Bulge formation at the sporulation septum is due to a defect
in septal thinning, which allows the growing forespore to push
through the septal midpoint and into the mother cell (16, 24,
35). Bulges are apparent in all four mutant strains at early
time points, indicating that SpolID®%%4  SpolIDR'?%4
SpolID¥2%A and SpolIDP2'%4 all have a septal thinning de-
fect. However, SpolID™5 and SpoIlID*?*** show no mem-
brane migration and significant lysis is observed, exactly mim-
icking spolID-null strains. Thus, SpolID™#** and SpolID¥2%34
have severe early engulfment defects. In contrast, SpolID
shows septal bulges at early time points, indicating decreased
septal thinning, but the strain often initiates, and sometimes
completes, membrane migration. This phenotype is somewhat
similar to that of a spolIB-null strain, which also initially shows
septal bulges, followed by the initiation of membrane migra-
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FIG. 3. Mutant SpolID proteins show engulfment defects. Sporu-
lation was induced by resuspension at 37°C and samples were collected
at indicated times of sporulation (in hours). Scale bar, 1 pm. (A to E)
Membranes were stained with FM 4-64 in strains expressing a single
copy of either wild-type or mutant SpolID at the amyE locus. A, \wld
type (KP718); B, spolID null (KP7); C, SpolID* S8A (KP1077[)
SpoIID®!%A (KP1079); E, SpolID¥?3A (KP1099); F, SpollD 32108
(KP1102). Membranes in the wild type (A) show membrane migration
and no septal bulges, while membranes in spolID (B), SpolID¥*** (C),
and SpolID¥?A (E) show flat or slightly curved septa with bulges.
SpolIDP?1%A (F) shows some open bulges but also membrane migra-
tion. Migration is often strikingly asymmetric in this strain.
Spo[[DRm"‘ (D) shows an intermediate phenotype with slow migra-
tion and persistent bulges. (G to L) Fusion assays. Membranes were
stained with FM 4-64 and Mitotracker Green (MTG) to examine the
completion of engulfment. Forespores that stain green but not red
have completed engulfment membrane fission. Wild- lvg)u (G) cells
have Com?lelcd engulfment. The spolID null (H), SpolID®*%4 (1), and
SpolID¥?"A (K) show no migration and no fusion but retain septal
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tion (25, 28). In a spolIB deletion, localization of SpolIDMP is
delayed and is facilitated by SpolVFA (2). The similarity of the
SpolIDP2!%A and spolIB phenotypes could indicate that the
interaction between SpolID"?'** and SpolIP is impaired and
localization of both proteins is delayed or transient, resulting in
slow migration. SpolID®'°* has a unique presentation com-
bining elements of both the spolID-null and SpolIDP>'°* phe-
notypes with persistent septal bulges, indicating very poor sep-
tal thinning even though some membrane migration is evident.

Peptidoglycan degradation activity of the mutant proteins.
We used a renaturing polyacrylamide gel assay (zymography)
to test whether the proteins could degrade bacterial cell walls
incorporated into a gel (1, 15). Briefly, the wild type and the
four mutant SpolID proteins with in vivo phenotypes were
purified from E. coli, and 2- and 1-p.g portions of each protein
were run on two SDS-PAGE gels, one with M. luteus cells
suspended in the gel and one without. Prior experiments indi-
cated that M. luteus cells are a better substrate for examining
SpolID activity than are purified B. subtilis cell walls (1). The
recent finding indicating that SpolID cleaves only glycan
strands that have been denuded by SpolIP (27) suggests that
this substrate shows clearing because it consists of a nonuni-
form mixture of peptidoglycan targets with cells in various
stages of division and growth that might have been cleaved by
endogenous amidases. After renaturation, the M. luteus gel was
photographed against a dark background to directly visualize
lysis of the M. luteus cells as zones of clearing at the positions
of the lysozyme control band and SpolID (Fig. 4A, panel ii),
thereby excluding the possibility that an apparent cleavage was
caused by exclusion of the methylene blue stain normally used
in such assays (as suggested by Morlot et al. [27]). The gel was
then stained with methylene blue, rinsed, and then imaged
again to more clearly visualize clearing in the gel caused by loss
of peptidoglycan and, therefore, peptidoglycan degradation
activity (Fig. 4Aiii). As seen in Fig. 4A, the mutant SpolID
proteins display a range of degradation activity. SpolID8%4
showed no clearing on zymography gels, suggesting that it is
inactive. Interestingly, SpolIDF*34 forms an opaque band on
zymography gels (Fig. 4Aii) that is visible prior to staining of
the gel, while the other mutants that retain some activity form
clear areas. This suggests that SpolID®*** may be modifying
peptidoglycan, but in a way that does not cause cell lysis or
support engulfment. This result agrees with the findings of
Morlot et al. (27) and reinforces the conclusion that E88 is
involved in peptidoglycan degradation.

SpolIDP?'° shows minimal but reproducible clearing, sug-
gesting that it has a severe reduction in peptidoglycan degra-
dation activity. The ability of SpolID"?'°* to complete engulf-
ment in ~10% of sporangia suggests that the septal thinning
system in B. subtilis is robust, since enzyme activity levels well
below wild-type levels can support membrane migration.
SpolID®!%4 and SpolID¥?** show intermediate levels of

bulges. SpolID®!°A (J) shows some migration but very little fusion; an
arrow illustrates septal bulge persistence even when some migration is

D210A o P
present. SpolID (L) shows significant membrane migration but
little fusion (no fusion is shown in this panel, although 3% of cells have
fused at 15; see Table SA1 in the supplemental material).
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FIG. 4. Biochemical tests of SpolID. SpolID is indicated with arrows. (A) Renaturing gel electrophoresis assay for cell wall degradation
(zymography). Purified SpolID and mutant SpolID proteins were run on two SDS-PAGE gels. Band size is indicated on the left and amount of
protein loaded is at the top of each column: lane 1 for each protein contains 2 pg, and lane 2 contains 1 pg. (i) Gel stained with Coomassie blue
to visualize protein purity and concentration. (ii) Photograph of gel containing M. luteus cells as substrate and incubated overnight in renaturing
solution. The gel was ima%%gAwithout stain and over black paper, with clearing evidenced by the appearance of the black background through the
opacity of the gel. SpolID™* appears as an opaque band. (iii) Same gel as in panel ii, with the peptidoglycan stained with methylene blue before
imaging on a Typhoon scanner. Clearing indicates peptidoglycan degradation. Lysozyme is a positive control for peptidoglycan degradation and
bovine serum albumin (BSA) is a negative control. (B) Western blot of SpolID protein levels. Mutant constructs are inserted at amyE and indicated
above each column; time of sample collection (after sporulation initiation) is below. The upper panels show a nonspecific (ns) band bound by the
SpolID antibody and used as a loading control. Lower panels show SpolID. (C) In-gel GFP fluorescence of GFP-SpollID levels. Cell extracts were
collected from cultures containing the GFP-SpolID fusion protein indicated above each column at the time indicated below. Extracts were run on
SDS-PAGE gels, and GFP was visualized directly using a Typhoon imager.

clearing, with more clearing than SpoIlIDP?'°* but less than
the wild type. This suggests that the reductions in the pepti-
doglycan degradation activities of these mutant proteins are
not sufficient to explain their severe engulfment defect. Al-
though Morlot et al. characterized SpolID®'%%4 a5 an inactive
mutant based on their mass spectrometry assay, the protein has
clear activity on zymography gels. The different results could
be due to different buffer conditions or to different substrates
present in the M. luteus preparation used here compared to
purified peptidoglycan.

Variable accumulation of the mutant SpolID proteins in
vivo. To determine whether the mutant SpolID proteins are
stably expressed in vivo, we used Western blot analysis and
SpolID-specific antibodies to probe the steady-state levels of
the proteins throughout sporulation. These experiments
showed that levels of SpolID®*** were greater than wild-type
SpolID (Fig. 4B), either because the inability of this strain to
complete engulfment prolonged oF activity and SpolID syn-
thesis or because the mutation increased the proteolytic sta-
bility. In contrast, SpolID*2%** was undetectable at all time
points tested (Fig. 4B) despite its wild-type expression signals,
suggesting that this mutant protein is unstable and quickly
degraded. The instability of SpolID*?*# explains the obser-
vation that although this mutant protein shows significant pep-
tidoglycan degradation activity, the strain expressing this pro-
tein has a phenotype similar to that of the spolID-null strain,
with no septal thinning or membrane migration. SpolIDP?'%4
was also detected at levels below that of the wild type (Fig. 4B).
However, low protein levels do not explain the low spore titers,
because SpolID™" (1) accumulates to a level equivalent to
that of SpolIDP?' (Fig. 4B), but SpolID™*" supports ca.

40% wild-type spore production (1), whereas SpolIDP?!
produces just 10% of the level of spores compared to the wild
type (Table 1). This suggests that SpolID”?'* has an addi-
tional defect that reduces spore production, likely its reduced
peptidoglycan degradation activity. SpolID®!%4 was also de-
tected at levels well below that of the wild type, suggesting that
instability of this protein in vivo explains the absence of mem-
brane fusion in cells despite retention of peptidoglycan degra-
dation activity in vitro. The intermediate level of SpolIDR1964,
between that of SpolID*?**4 and SpolIDP>'°4, coupled with
its intermediate membrane migration phenotype, suggests that
the amount of SpolID®'%* protein available is just below the
threshold necessary to complete membrane migration in vivo.

Localization of GFP-SpollID. Wild-type and mutant SpolID
proteins were fused to green fluorescent protein (GFP) in
order to directly visualize localization of the mutant proteins.
As previously noted (1), GFP-SpolID does not localize exclu-
sively to the septum (Fig. SA) but rather shows some enrich-
ment at the leading edge of the engulfing membrane and dif-
fuse fluorescence throughout the mother cell membrane. This
localization is dependent on SpolIP (Fig. 5B) (2, 8). The only
GFP-SpolID construct that exhibited strong septal localization
was GFP-SpolID™*** (Fig. 5C), which localized almost exclu-
sively to the septal membranes. This suggests that GFP-
SpolID™¥¥4 s tightly bound at the septum (Fig. 5C, arrow),
either to peptidoglycan or to another protein, supporting a
model in which SpolID enzymatic activity is required for
movement of the protein around the forespore and also sug-
gesting that this activity releases the protein from the septum.
However, GFP-SpolID™4 was capable of relocalizing to the
edge of the septum in ca. 16% of sporulating cells (Fig. 5C,



TABLE 2. Strains used in this study

Strain Genotype Source or reference
B. subtilis
PY79 Wild type 39
KP7 spolID298 24
KP38 spollD298 amykE::spollD38-kan 1
KP718 spollD298 amyE::spollD-kan 1
KP719 spollP::tet 16
KP1065 spolID298 amyE::spollD"**-kan This study
KP1066 spollD298 amyE::spollD™***_kan This study
KP1067 spollD298 amyk::spolID*7A-kan This study
KP1068 spollD298 amykE::spolID*7-kan This study
KP1069 spolID298 amyE::spollD*"-kan This study
KP1070 spolID298 amyE::spollD"*™-kan This study
KP1071 spolID298 amyE::spollD**-kan This study
KP1072 spolID298 amyE::spollD***-kan This study
KP1073 spolID298 amyE::spollD™**A-kan This study
KP1074 spolID298 amyE::spollD™™-kan This study
KP1075 spollD298 amyE::spollD***_kan This study
KP1076 spolID298 amyE::spollD***-kan This study
KP1077 spolID298 amyk::spollDX**-kan This study
KP1078 spolID298 amyE::spollD?1"'A kan This study
KP1079 spolID298 amyE::spollD™1" kan This study
KP1080 spolID298 amyE::spollD"""-kan This study
KP1081 spolID298 amyE::spollD™'*-kan This study
KP1082 spollD298 amykE::spolIDP**A-kan This study
KP1083 spolID298 amykE::spolIDP'?*A-kan This study
KP1084 spolID298 amyE::spollD"-kan This study
KP1085 spolID298 amyE::spollD?"**-kan This study
KP1086 spolID298 amyE::spollDY"**-kan This study
KP1087 spollD298 amyk::spollDX7 kan This study
KP1088 spollD298 amykE::spolID™'*A-kan This study
KP1089 spolID298 amyE::spollD""-kan This study
KP109%0 spolID298 amyE::spollDY'7*-kan This study
KP1091 spolID298 amyE::spollD™"-kan This study
KP1092 spolID298 amyE::spollDS'**A-kan This study
KP1093 spolID298 amyE::spollD" "534 kan This study
KP1095 spolID298 amyE::spollD""5* kan This study
KP1097 spolID298 amyE::spollD*'**-kan This study
KP1098 spolID298 amyE::spollD**"*-kan This study
KP1099 spolID298 amyk::spollDX2%3A _kan This study
KP1100 spolID298 amyk::spollDS?**A-kan This study
KP1101 spolID298 amyE::spollDS""*-kan This study
KP1102 spolID298 amyE::spollDP?'™-kan This study
KP1103 spolID298 amyE::spollDS*"**-kan This study
KP1104 spolID298 amyk::spollDX*5A-kan This study
KP1105 spollD298 amykE::spolID™'A-kan This study
KP1106 spolID298 amyE::spollD**"-kan This study
KP1107 spolID298 amyE::spollD"**-kan This study
KP1108 spollD298 amyE=:spollD"** kan This study
KP1109 spolID298 amyk::spollD****-kan This study
KP1110 spollD298 amyk::spollD***A-kan This study
KP1111 spolID298 amyE::spollD%****-kan This study
KP1112 spolID298 amyE::spoll DX**"kan This study
KP1113 spolID298 amyE::spoll D****4-kan This study
KP1114 spolID298 amyE::spollDS%**-kan This study
KP1115 spolID298 amyE::spollD"*°*-kan This study
KP1116 spolID298 amyk::spollDX*2A_kan This study
KP1117 spolID298 amyE::spoll D™***-kan This study
KP1118 spolID298 amyE::spollDP**-kan This study
KP1119 spolID298 amyE::spollD™*-kan This study
KP1120 spolID298 amyk::spollD">*7A-kan This study
KP1121 spolID298 amyE::spolID"?*-kan This study
KP1122 spolID298 amyE::spollD™3"'_kan This study
KP1123 spolID298 amyE::spoll D% -kan This study
KP1124 spollD::cat:: This study
KP1125 spollD: This study
KP1142 spollD: This study
KP1126 spollID: This study
KP1127 spollD:cat: This study
KP1128 spolIP::tet amyE::gfp-spollD-cm This study
KP1129 spollD298 amykE::spollD-kan This study
AspolIPtetQP pgfp-spollP-erm
KP1137 spolID298 AspollPtetQPgfp-spolIP-erm This study
KP1130 spollD298 amyE:;VpoIlD"-lmn This study
AspolIPtetQP ypgfp-spollP-erm
KP1141 spolID298 amyk::spollD®1%A jan This study
AspolIPtetQP ypgfp-spollP-erm
KP1131 spollD298 amyk::spol DX kan This study
AspolIPtetQP ypgfp-spollP-erm
KP1132 spolID298 amyE::spoll D' -kan This study
£ ool AspolIPtetQP ypgfp-spollP-erm
. Cou
KP1133 BL21; pSA12 (His,-SpolID¥343) This study
KP1134 BL21; pSA12 (His,-SpolID?+3 ES8A) This study
KP1147 BL21; pSA12 (Hisg-SpolID?** R106A) This study
KP1135 BL21; pSA12 (His,-SpolID?7 K203A) This study
KP1136 BL21; pSA12 (Hise-SpolID?** D210A) This study
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arrowhead), demonstrating that SpolID peptidoglycan degra-
dation activity is not always required to move SpolID across
the septum.

Both GFP-SpolID¥?°** and GFP-SpolID”>'°* [ocalize in a
manner similar to that of the wild type, with some enrichment
at the leading edge of the engulfing membrane and diffuse
fluorescence throughout the mother cell membrane (Fig. SE
and F). Interestingly, fusion of GFP to SpolID***** abolished
the engulfment defect, allowing membrane migration and re-
storing spore titers to wild-type levels (Table 1), whereas fusion
of GFP to SpolIDP?'°* enhanced the sporulation phenotype,
blocking membrane migration and dropping spore titers to
essentially zero (Table 1). GFP-SpolID®'?**  although occa-
sionally seen at the edges of the septal disk, was typically
present in the mother cell cytoplasm (Fig. 5D), supporting the
conclusion that this SpolID variant is unstable.

We next examined whether GFP stabilized the mutant pro-
teins using in-gel GFP fluorescence (11). The GFP tag did not
change the relative accumulation of SpolID, SpolIDS584,
SpolID®!'%4, or SpolIDP?'* compared to Western blots of
the untagged protein, since in each case SpolID™*** accumu-
lated at higher levels than wild-type SpolID, which accumu-
lated at higher levels than SpolIDP?!%4, which was higher than
SpolID®'% (Fig. 4C). However, GFP-SpolID***** accumu-
lated to significantly higher levels than expected, since the
untagged protein could not be detected on Western blots (Fig.
4C compared to Fig. 4B). This suggests that the N-terminal
GFP tag stabilizes the SpolID*?*** mutant protein, as has
been observed for some other proteins (3). The stabilization of
SpolID¥?%3** by the GFP tag likely explains the increased abil-
ity of the GFP fusion protein to support engulfment.

Localization of GFP-SpolIP in the mutant strains. We next
investigated the ability of GFP-SpolIP to localize in strains
expressing the mutant SpolID proteins. SpolIP and SpolID
interact both in vitro (8) and in vivo (2) and the absence of
either protein alters localization of the other (Fig. 5B and H)
(2, 8). GFP-SpolIP clearly localizes to the leading edges of the
migrating membranes during engulfment (Fig. 5G, arrow), be-
coming more diffusely localized around the forespore mem-
branes after engulfment (Fig. 5G, arrowheads). In a spolID-
null strain, GFP-SpolIP remains as a sharp focus at the center
of the septum, without moving the edge of the septal disk (Fig.
5H), suggesting that SpolID is required to move SpolIP to the
leading edge of the engulfing membrane. These two clearly
distinct localization patterns allow minor variations to be dis-
tinguished in the mutant SpolID proteins. In a SpolID™%4
background, GFP-SpolIP spreads across the septum and
sometimes localizes to the edges of the septal disk (Fig. 5I), a
phenotype clearly distinct from the tight focus observed in the
spolID-null strain (Fig. SH). Thus, SpolID™** is localized at
the septum and likely capable of interacting with SpolIP to
mediate its movement across the septum, since SpolIP local-
ization is distinct from that seen in the absence of SpollD.
However, no membrane migration occurs, suggesting that the
activity of both proteins is required for membrane migration.

In the engulfment defective SpolID®'** and SpolID¥>**#
strains, GFP-SpolIP forms a tight focus at the septum center
(Fig. 5J and K), identical to the spolID-null strain. This is
consistent with Western blot data indicating that SpolID*2%34
fails to accumulate in the cell and SpolID®'%°A accumulates at



72

GFP-SpollD mmb + GFP GFP-SpollP  mmb +GFP /

L digltaltallg)d

FIG. 5. Localization of GFP fusion proteins. All cells were grown at 37°C and images taken at 7;. Membranes were stained with FM 4-64. Scale
bar, 1 pm. (A to E) GFP-SpolID localization in: A, wild type (KP1124); B, spolIP null (KP1128); C, GFPvSpol[Dl*‘“‘\ (KP1125); D, GFP-
SpolID®!%A (KP1142); E, GFP-SpolID¥%*A (KP1126); and F, GFP-SpolIDP?%* (KP1127). GFP-SpolID shows some enrichment at the leading
edge together with diffuse fluorescence throughout the mother cell membranes. The only strain showing significantly enhanced localization is
GFP-SpolID* (C), which is almost exclusively localized to the septum (C, arrow) or at the edges of the septum (C, arrowhead), although no
membrane migration is seen. Signal is also more diffuse in the spolIP-null strain (B) than in other strains, suggesting that, as previously reported,
SpolID localization depends on SpolIP (8). GFP-SpolIDR'%A (D) is diffuse in the cytoplasm, suggesting Fmtcin degradation. (G to L)
GFP-SpolIP localization in: G, wild type (KP1129); H, spolID null (KP1137); I, SpolID™** (KP1130); J, SpolID*!%A (KP1141); K, SpolIDX2%34
(KP1131); and L, SpolIDP?'%4 (KP1132). GFP-SpolIP localizes to the leading edges of migrating membranes in the wild type (G, arrow), as a
diffuse signal after fusion (G, arrowheads) and as a sharp central focus in the absence of SpolID (H). GFP-SpolIP localizes across the septum and
to the edges of the septal disk in SpolID**** (1), as a central focus in SpolID®'** (J) and SpolID¥?*3* (K), and similarly to the wild type in
SpollD”f‘““ (L, arrow), although GFP-SpolIP signal is sometimes uneven (L, double arrowhead) or lagging behind the leading edge in
SpolIDP?1% (L, arrowhead). (M to R) Diagrams representing SpolIP (green) and SpolID (orange) localization at r3 in: M, wild type; N, spolID
null; O, SpolID¥*¥A; P, SpolIDR1%6A;°Q, SpolIDX*®A; and R, SpolIDP?'%A "Panel Q summarizes the results in the strain expressing untagged
SpolIDX2%3A (which fails to accumulate) and not GFP-SpolID¥2%34,
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FIG. 6. Time-lapse microscopy of GFP-SpolIP. Sporulating cells were incubated on agarose pads at 30°C and membranes were stained with
FM 4-64. Image sequences were initiated at 7, 5 after the initiation of sporulation by resuspension and the first image was set to = 0 min. Minutes
after r = 0 is indicated in lower right of GFP image. The upper panels show FM 4-64 membranes merged with GFP-SpolIP; the lower panels show
GFP-SpolIP alone. (A) GFP-SpolIP in wild type (KP1129). GFP-SpollP is localized evenly to the leading edges throughout migration and
becomes diffuse after the completion of membrane migration. (Bi and ii) Two examples of GFP-SpolIP in a SpolID”?'A background (KP1132).
Localization corresponds with advancement of the membrane, and a faster membrane arm is indicated by arrowheads (i). GFP-SpollIP is localized
unevenly to the leading edges or diffuse throughout blebs; diffuse GFP-SpollIP is indicated by arrows (ii).

very low levels. In the SpolIDP2'%A strain, which is slow for
both septal thinning and membrane migration, GFP-SpolIP
localizes to the leading edges of the migrating membranes in a
manner similar to the wild type (Fig. 5L, arrow), except that
some cells appear to have an asymmetric distribution of GFP-
SpollIP at the leading edges (Fig. 5L, double arrowhead) and in
others GFP-SpollP foci appear to lag behind the leading edge
of the engulfing membrane (Fig. 5L, arrowhead). This suggests
that the interaction between SpolIP and SpolID"?'°* may be
weak or transient, leading to poor GFP-SpolIP localization.
Time-lapse microscopy of GFP-SpollP. If the rate of mem-
brane migration depends on SpolID and SpolIP activity, then

an increased localization of GFP-SpolIP on one leading edge
in SpolIDP?'%* cells should correlate with an increased rate of
membrane migration on that side of the sporangium. We used
time-lapse fluorescence microscopy to test this hypothesis, vi-
sualizing GFP-SpollP localization and the engulfing mem-
branes in wild-type and SpolID?'° strains (Fig. 6). In wild-
type cells, membrane migration occurs either evenly, with
membranes moving around the forespore at similar rates, or in
a inch-worm fashion, with membranes on the right side of the
forespore moving slightly forward and then membranes on the
left side moving slightly forward until meeting at the top mid-
dle. GFP-SpolIP localizes to the leading edges as a focus or



with enrichment at the leading edge together with a gradient
along the side of the forespore. Ultimately, GFP-SpolIP local-
izes as a cap at the top of the forespore (Fig. 6A and see Movie
SALl in the supplemental material). In a SpolIDP?'°* strain
with GFP-SpolIP, we observed membrane migration in only
17% of cells, with most cells forming large blebs. These blebs
are distinct from the septal bulges seen in spolID-null strains as
septal thinning appears to be complete, evidenced by deeply
curved septa. However, it appears that membrane synthesis at
the edges of the septal disk continues without advancement,
leading to membranes blebbing inward that effectively reform
a “septum,” although there might not be peptidoglycan present
in these structures. In such cells, GFP-SpollIP is localized ei-
ther in faint foci at the edges of the bleb or diffusely through-
out the bleb (Fig. 6Bii, arrows). When membrane migration
occurred in this strain, it was often strikingly asymmetric, with
one arm advancing far ahead of the other. In these cells,
GFP-SpollP is localized unevenly, with a brighter focus at the
faster moving region of the membrane (Fig. 6Bi, arrowheads;
see also Movie SA2 in the supplemental material). This sug-
gests that higher concentrations of the SpoIlID/SpolIP complex
are correlated with increased rates of membrane migration.

DISCUSSION

SpollID peptidoglycan degradation activity is essential for
septal thinning and membrane migration. SpolID degrades
peptidoglycan in vitro (1), and it was recently demonstrated to
have a novel biochemical activity, since it is a lytic transglyco-
sylase that cleaves peptidoglycan only after the peptide side
chains have been removed by SpollIP (27). We identify here
an amino acid substitution within the SpolID protein
(SpolID™*4; also identified by Morlot et al. [27]) that abol-
ishes the peptidoglycan degradation activity (Fig. 4A) and
spore formation (Table 1). The membrane morphology of the
spolID*%54 mutant exactly matches that of the spolID-null
strain at 7, and 75 (Fig. 3C and I), showing flat septa and slightly
curved septa with bulges. These bulges are thought to form due
to the lack of septal thinning because in the absence of SpolID,
SpollP is trapped at the center of the septum (Fig. SH) and
does not move. This likely causes a weak spot at the center of
the septum where SpollP is active, allowing membrane pro-
trusion from the forespore and bulge formation. The identical
structure of the membranes in a spolID-null and spolID*5%*
strain strongly suggests that SpolID-mediated peptidoglycan
degradation is essential for septal thinning, the first step in the
engulfment process.

We also identified a second mutant protein (Spoll
that degrades peptidoglycan at a much lower level than wild-
type SpolID (Fig. 4A). This mutation is slow to complete
septal thinning, showing transient septal bulges, and ultimately
initiates membrane migration and completes engulfment at
10% the level of wild type (Table 1 and see Table SA1 in the
supplemental material). By examining cells over a time
course and by using time-lapse microscopy to visualize mem-
brane migration in living cells, we found that the movement
of the membranes around the forespore was much slower in
the spolIDP?'°* strain than in the wild type (Fig. 6B). This
indicates that SpolID activity is required throughout mem-
brane migration. Together, these results show that SpolID-
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mediated peptidoglycan degradation is critical throughout en-
gulfment as predicted by both the burnt-bridge and steric
barrier models (7).

We also noted that SpolIP has an altered localization in a
strain expressing SpolIDP2!%4, Specifically, the GFP-SpolIP
signal is more mobile and less symmetrically localized to the
leading edge than in the wild type, often showing diffuse local-
ization throughout the blebbing membranes or foci behind the
leading edge (Fig. 6). This suggests that SpolID”?'** has a
reduced ability to maintain the SpolID/SpolIP complex at the
leading edge of the engulfing membrane. However, in some
mutant cells, GFP-SpolIP localizes in a manner similar to that
of the wild type, and cells exhibiting this pattern show mem-
brane migration, indicating that the correct assembly of the
SpolID/SpollIP complex is important for rapid membrane mi-
gration. The SpolIDP2!4 mutant strain also frequently shows
uneven membrane migration, and in these sporangia, the
brighter SpolIP focus is associated with the most rapidly ad-
vancing leading edge, with the less intense focus on the lagging
side (Fig. 6Bi, arrowheads). This suggests that, in this strain,
peptidoglycan degradation by the SpolID/SpolIP complex is
rate limiting for membrane migration.

Interaction with SpolIP is not important for SpolID stabil-
ity. In many complexes, the absence of one binding partner
causes degradation of the other. Importantly, we show that
SpollD is readily detectable on Western blots in the absence of
its binding partner SpolIP (Fig. 4B). This strongly suggests that
the altered levels of mutant SpolID proteins are not simply
due to a defect in SpollP interactions. In addition, the pro-
moter region of each of the mutant proteins is identical, sug-
gesting that transcription of the SpolID region is the same for
all proteins and that altered levels of protein are due either to
translational differences caused by the specific mutations or to
protein misfolding and degradation.

The SpolIDMP modaule is robust. Sporulation in B. subtilis is
a robust process, with multiple redundant pathways contribut-
ing to its completion. For example, the SpollQ/SpollIAH
module is normally dispensable for engulfment but is essential
when engulfment is compromised by mutations that decrease
the activity of the SpolIDMP complex (7, 18, 38) or when
peptidoglycan synthesis is inhibited with antibiotics (26). In
addition, the initial localization of SpolIDMP by the SpollB
septal landmark protein can also be achieved by a second
protein, SpoIVFA, when SpolIB is absent (2). Finally, syner-
gistic engulfment defects continue to be discovered that are
not readily explained by our current models of sporulation (2,
7, 18), indicating as-yet-undiscovered layers of redundancy. It
is not surprising, therefore, to discover that the SpollD,
SpolIM, and SpollIP proteins are robust as well. SpolIDP2104
degrades peptidoglycan at a significantly reduced level com-
pared to the wild type (Fig. 4A), and it accumulates at levels
below that of the wild type (Fig. 4B), and yet it still supports
membrane migration in 40% of all cells and the completion of
engulfment in 10% of cells (see Table SA1 in the supplemental
material). In addition, a previously published mutant,
SpolID™*", accumulates at levels the same as or below that of
SpolIDP?'4, and yet it supports wild-type levels of sporula-
tion. Together, this indicates that the level of peptidoglycan
degradation required for septal thinning and membrane mi-
gration is far below what is normally present in wild-type cells
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C ~ Track model

FIG. 7. Model for SpolIDMP function in vivo. (A) An engulfing B. subtilis cell with SpolID (orange), SpolIP (green), SpolIQ (purple), and
SpollIAH (red) indicated. Peptidoglycan is drawn with gray hoops representing glycan strands and short gray rods representing peptide cross-links.
The eye orients the reader to the perspective used in panels B and C. As indicated by the arrows, the DMP protein complex can move in one of
two directions relative to the long axis of the cell. If the proteins move from one glycan chain to the next (as shown in panel B and proposed by
Morlot et al. [27]), each complex would move along the long axis of the cell. If the proteins travel along one glycan chain (as shown in panel C
and proposed by Abanes-De Mello et al. [1]), then each complex would move across the short axis of the cell. (B and C) Top-down views of the
leading edge of the engulfing mother cell membrane (gray fill) advancing over the forespore peptidoglycan, drawn with gray lines representing the
glycan chains and dashed lines representing the peptide cross-links. (B) Ladder rung model, in which SpolIP moves from one glycan chain to
the next. (i) SpolIP (green) is bound in the membrane by SpolIM (blue) and to peptidoglycan. SpolID (orange) is free in the membrane. (ii)
SpolIP cleaves peptide cross-links. (iii) SpolID is recruited to the recently denuded glycan strands where it displaces SpolIP to a new target on
the next strand, laddering up the peptidoglycan. (iv) Both enzymes are in complex and bound to the peptidoglycan. (v) SpolID cleaves the glycan
strand, loses affinity for either SpolIP or the peptidoglycan, and exits the complex. (vi) Same as panel i, but membranes have advanced. (C) Track
model, similar to panel B, but depicting SpolIDMP moving along the glycan chain, such that at step iii, SpolID displaces SpolIP to the next peptide

cross-link on the same glycan strand.

and that the peptidoglycan degradation module can withstand
perturbations in both protein levels and protein activity.
Models for the role of SpolID in engulfment. Our localiza-
tion data suggest that SpolID degradation activity causes the
protein to be released from the SpolID/SpolIP complex, since
the enzymatically inactive mutant SpolIDF#84 is localized ex-
clusively to the septum, whereas only a fraction of the wild-type
protein is localized. This is not the case for wild-type SpolIP,
which is well localized to the septum and leading edge of the
engulfing membrane. This suggests that SpolIP molecules are
stably maintained at the leading edge during engulfment,
whereas SpolID moves between a localized pool where it in-
teracts with SpolIP and cleaves peptidoglycan and a delocal-
ized pool that has little or no peptidoglycan degradation activ-
ity (because of the lack of SpollP or suitable peptidoglycan
substrates). Our data further suggest that movement of SpolIP
across the septum depends on SpolID and that the inactive
SpolID™*¥* mutant protein is capable of moving SpolIP across
the septum. Based on these observations and the biochemical
data of Morlot et al. (27), we propose a revised model for how
the enzymatic activities of these proteins are coordinated and
coupled to membrane migration (Fig. 7). First, we propose that
SpolIP binds to SpolIM and the peptidoglycan at the septum
(Fig. 7B, step 1) and cleaves the peptide chains (step 2), pro-

ducing denuded glycan strands that are a SpolID substrate.
Second, we propose that SpolID binds this denuded glycan
strand (step 3), displacing SpolIP to the next available sub-
strate and moving the engulfing membrane forward (step 4).
SpolIP might move either along the same glycan strand, using
it as a track (if degradation starts at one end of the strand) or
by moving to the next glycan strand, using the glycan as a
ladder (if degradation can start within a strand). Third, we
propose that SpolID then cleaves the glycan strand (step 5)
and is released back into the delocalized membrane pool (step
6), allowing subsequent cycles of binding, degradation, and
movement of the SpolIP/SpolID complex around the fore-
spore. Our model also provides a potential mechanistic expla-
nation of the previously observed activation of SpolIP by
SpolID (27). If SpolID is indeed required to move SpolIP to
a new peptidoglycan target after cleavage, without this push
from SpolID, SpolIP would have to rely on slow release from
the peptidoglycan and diffusion after cleavage to advance.
However, if the two enzymes are added together, the rate at
which SpolIP advances should increase due to displacement of
SpolIP by SpolID, thereby producing more cleavage products
in the same amount of time.

This modified model of SpolIDMP complex organization
suggests that the complex could operate as a burnt-bridge



Brownian ratchet, thus providing force for membrane migra-
tion (1, 27). However, two additional mechanisms also contrib-
ute to membrane migration, the SpollQ-SpollIAH zipper,
which is essential for engulfment in protoplasts and in intact
cells when SpolIDMP activity is reduced (7), and peptidogly-
can biosynthesis, which is essential for engulfment in the ab-
sence of SpolIQ (26). The mechanisms by which these three
protein complexes contribute to the directionality of engulf-
ment and generate force for membrane movement are impor-
tant topics for future research.
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Table S1. Scoring of Engulfment
Strain Time Total cells % Migration % Fusion
KP718 (WT) T3 67 7.4 64
T4 121 56 76
KP1072 (E88A) T3 370 4.2 0
T4 213 0 0
KP1079 (R106A) T3 400 19.8 0.8
T4 302 22.2 2
KP1099 (K203A) T3 319 1.3 0
T4 331 3.6 0
KP1102 (D210A) T3 569 40.2 4.4
T4 351 39.6 13.4

79

Quantification of engulfment in the various mutants studied here.

Membrane fusion assays were scored for the percent of cells showing
exclusion of FM 4-64 from the forespore membrane, indicating the completion
of engulfment (% complete). The same images were scored to determine the
percent of cells showing significant membrane migration, as indicated by the
curving of the septal membrane more than half of the way around the
forespore (% migration). This shows that SpollID®%** and SpollD¥?®** have a
defect in septal thinning, with no membrane migration or complete engulfment
observed at any timepoint. These numbers also demonstrate that SpollDP%'%*
has a decreased rate of membrane migration, since only 44.6% of cells have
migrated more than half of the distance around the forespore or completed
engulfment at T3.

If this strain was blocked after membrane migration, then

one would expect a similar percent of cells with membrane migration as in
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wildtype, or 71.4% of cells should show migration at least halfway at T3.

SpolIDR'®* supports membrane migration at an even slower rate than

SpollDP?1%4,
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Table S2. Primers used in this study

Primer Name | Sequence Purpose

JGP58 ACA CAG ATG TTC GCA GTG TAT AAAAGC | Q134A

JGP59 ATG TTC CAG GTG GCA AAA AGC AAA GCG | Y136A
ACA AGC AAC GGC TAC GCA GAG AATG

JGP70 CAG AAG CT T188A
GAA AAC ATT CCG CTT GCG GAG TAT GTG

RMSIIDM1 ATT GGA G E78A
C TCC AAT CAC ATA CTC CGC AAG CGG

RMSIIDM2 AAT GTTTTC E78A
CCT GAA GCG CTG GCG GCC CAG GCG

RMSIIDM3 CTT GCC K99A
GGC AAG CGC CTG GGC CGC CAG CGC

RMSIIDM4 TTC AGG K99A
GCG CTG AAAGCC GCG GCG CTT GCC

RMSIIDM5 GCC Q101A
GGC GGC AAG CGC CGC GGC TTT CAG

RMSIIDM6 CGC Q101A
GCG CTT GCC GCC GCAACATTT ATT GTC

RMSIIDM7 AG R106A
CT GAC AAT AAATGT TGC GGC GGC AAG

RMSIIDM8 CGC R106A
GCC GCC AGA ACA GCG ATT GTC AGA

RMSIIDM9 CTGATGG F108A
C CAT CAG TCT GAC AAT CGC TGT TCT

RMSIIDM10 | GGC GGC F108A
GGC AAA ATC TTA ACG GCC AAC AAC CAG

RMSIIDM11 CCG Y171A
CGG CTG GTT GTT GGC CGT TAAGATTTT

RMSIIDM12 | GCC Y171A

RMSIIDM13 | C CCA TAT TTA GCA AGC GTC AAA AGC CC | K203A

RMSIIDM14 | GG GCT TTT GAC GCT TGC TAAATA TGG G | K203A

RMSIIDM15 | C CCA TAT TTA AAA GCC GTC AAA AGC CC | S204A

RMSIIDM16 | GG GCT TTT GAC GGC TTT TAAATA TGG G | S204A

RMSIIDM17 | GC CCA TGG GCT AAA AAG TCT CCG D210A

RMSIIDM18 | GG GCT TTT GAC GGC TTT TAAATATGG G | D210A

RMSIIDM19 | CGTC GCC TCC GCA ATG CCG GCA ACC E88A

RMSIIDM20 | GGT TGC CGG CAT TGC GGA GGC GAC G | E88A
GC CGC TGT AAAGGT TTT CGC TGC CTT

RMSIIDM21 | ATATTT CGG T219A

RMSIIDM22 | GG GCT TTT GAC GGC TTT TAAATATGG G | T219A
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Table S2 con’t

JGP71 TTGATT TGC GGT TCG TGC GAC GGG A YB65A
JGP72 TTT CAG CGC TTC AGG TGC AAA GGT K94A
JGP73 CTGGGCTTT CAG CGC TGC AGGTTT E96A
JGP74 CAG TCT GAC AAT AAATGC TCT GGC G T107A
JGP75 TGG GCT TTT GAC GCT TGC TAAATAT K203A
JGP76 CCATGG GCTTTT GACTGCTTT TAAA S204A
JGP77 CTTTTTATC CCATGG TGCTTT GAC S207A
JGP78 TGC CTTATATIT CGG TGC CTTTTT S213A
JGP79 TTT CGT TGC CTT ATA TGC CGG AGA K215A
JGP80 CTG AAATTC TGC CGC TGC AAA GGT T223A
JGP81 AAGCTTTTG CTGAAATGCTGCCGC T E226A
JGP82 GAC GCCAAGCTTTTIGTGC AAATTCT Q228A
JGP83 CAG CTT GAC GCCAAGTGCTTGCTGA K230A
JGP84 GCT AGATCC ATC CAGTGC GACGCCA K234A
JGP85 GGCTCCACTGGTGGCAGATACACAGATG D128A
JGP86 TCA CTG GTG GAT GCAACACAGATGTTC | D129A
JGP87 CTG GTG GAT GAT GCA CAG ATG TTC CAG | T130A
GCG GTA GCC AGT GCA CAA GGC AAA
JGP88 ATC T164A
JGP89 GGC AAAATC TTA GCA TAC AAC AAC CAG | T170A
JGP90 AAG GCA ACG AAAGCATTT ACA GCG GCA | T221A
CTG GAT GGA TCT GCA GCA GTA GGG
JGP91 AAG S239A
JGP92 ATT AAC GGC AAG GCA CTG AAA GGA AGA | T262A
JGP93 AAG CGA AAT GGA GCA AGA ATT ACA GTC | D286A
JGPY94 GAT TTT GAA TGG GCA CGA AAT GGA GAC | K282A
JGP95 TTT GAA TGG AAG CGA AAT GGA GAC ACA | R283A
JGP96 ATT CCC GTC TAT GCA ACC GCA AAT CAA | R66A
JGP97 TTC CAG GTG TAT GCA AGC AAA GCG GAG | K137A
JGP98 ACA GAG AAT GCA GCA GCT TAT TGG ACA | E192A
JGP99 TAT AAG GCA ACG GCAACCTTT ACA GCG | K220A
JGP100 GCA GAATTT CAG GCA AAG CT GGC GTC | Q229A
JGP101 TCC AAT CAC ATATGC TTC AAG CGG AAT | E79A
JGP102 GAC TCC AAT CACTGC CTC TTC AAG CGG | T80A
AAA GGT TGC CGG TGC TTC GGA GGC
JGP103 GAC M89A
JGP104 TTT AAA GGT TGC TGC CAT TTC GGA GGC | P90A
JGP105 GCC GTT GCT TGT TGC GAA AAA GGATGC | S182A
GTA GCC GTT GCT TGC GGA GAA AAA
JGP106 GGA T183A
JGP107 GAC GCT TTT TAATGC TGG GAT AGC ACT | Y201A
JGP108 CAT CCC CAC ACCTGC GCC AAATCCTCT | H297A
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Table S2 con’t
JGP109 TTG GCT CAT CCC TGC ACC GTG GCC AAA | V299A
JGP110 TCC GTATTG GCT TGC CCC CAC ACC GTG | M301A
JGP111 ATT CGC TCC GTATGC GCT CAT CCC CAC | Q303A
JGP112 AAG CGG AAT GTT TGC TAC GGATTG ATT | E73A
JGP113 GAA GCATCCTTT GCATCC ACA AGC AAC | F181A
GGT TGC CGG CAT TTC TGC GGC GAC
JGP116 GAC S87A
JGP117 CAC ACCGTG GCCTGC TCC TCT CGT CG | F295A
sequenci
JGPD358 GAAGCTCCTAAAGGCTCACTG ng
sequenci
JGP2dp GCTTGTCCCTGCCCATAGACT ng
GGCATGGATGAACTATACAAAATGAAACAA
RMSP101ID TTCGCAATCACAC GFP-IID
GTGTGATTGCGAATTGTTTCATTTTGTATAG
RMSP1111D TTCATCCATGCC GFP-IID
G CAT AAT AAG GAA GCG GGG GCC AGC
RMSP1211D G GFP-IID
RMSP13IID CGCTGGC CCCCGCTTCCTTATTATGC | GFP-IID




Supplementary Movie Captions
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Movie A1. GFP-SpollP localization in wild type. Cells were sporulated at
30°C in the presence of FM4-64 and placed on a 1.2% agarose/A+B pad
containing FM4-64 at t, after sporulation initiation. Cells were imaged on the
pad inside a climate-controlled chamber at 30°C. Membranes were stained
with FM 4-64. Images were collected five minutes apart for 1 hr. Membrane
migration is seen in the majority of cells in this strain and engulfment takes
approximately 50 minutes to complete. During the early stages of migration,
GFP-SpollP forms bright foci at the leading edges of the membranes. When
the membranes reach halfway, GFP-SpollP becomes an elongated focus,
forming a gradient that stretches from the leading edge backwards. After
completion of migration, GFP-SpollP forms a diffuse cap around the top half of
the forespore.

Membrane migration is usually symmetric in this strain with the leading
edges meeting directly at the top of the cell. However, in some cells, the
membranes appear to inchworm up, with the left side moving slightly ahead in
one frame and the right side moving slightly ahead in the next. This suggests
that the membranes don’t move as a single sheet up and around the

forespore.
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Movie A2. GFP-SpollP localization in a SpollDP?' background. Cells
prepared as described for Movie A1. Membrane migration is seen in few cells
in this strain. Often, open bulges form early and become closed in later
frames. The rate of membrane migration is hard to assess due to the failure of
many sporangia to complete engulfment during the data collection period, but
is likely to be >60 minutes. GFP-SpollP is seen in three distinct patterns
corresponding with different membrane migration events. In large blebs, GFP-
SpollP is diffuse throughout the bleb, sometimes forming a focus at the center
of the septum. In evenly migrating membranes, GFP-SpollP forms two,
equally bright foci, one at each leading edge. In asymmetrically migrating cells,
GFP-SpollP forms a bright foci at the leading edge that is that migrating more
quickly (more advanced) and a weak, or no, focus at the lagging edge. GFP-
SpollP tends to be dynamic in its localization in this strain, with lower intensity
than the wildtype background and with changing intensities in many foci and
throughout blebs. Together, these results indicate that the SpollDP?'%
mutation is partially defective in the stabilization of SpollP to the leading edge
and that SpollIP localization is associated with an increased rate of membrane

migration.



Chapter IV
The SpollQ landmark protein has different requirements for

septal localization and immobilization.

Abstract

The forespore membrane protein SpollQ plays a critical role in protein
localization during Bacillus subtilis sporulation, as it interacts with the mother
cell protein SpolllAH recruiting the protein to the septum that is the point of
contact between the two compartments. The SpollQ-SpolllAH complex also
localizes additional mother cell membrane proteins involved in engulfment
dependent gene expression, so the absence of SpollQ causes mother cell
proteins critical for development to be delocalized and non-functional. It has
remained unclear how SpollQ itself is targeted during sporulation, since it
localizes normally in the absence of its mother cell binding partner, SpolllAH.
We here demonstrate that septal localization of SpollQ is achieved by two
separate pathways that are each sufficient for localization, SpolllAH and the
SpolID, SpollM, SpollP engulfment proteins, which interact and are expressed
in the mother cell. SpollQ shows diffuse localization only in a mutant lacking
both  protein complexes. Surprisingly, photobleaching experiments

demonstrate that, although SpollQ localizes normally in the absence of

87



88

SpolllAH, it is no longer immobilized, demonstrating that the protein is able to
exchange subunits within a localized pool. SpollQ mobility is further increased
by the additional absence of the engulfment proteins, suggesting that this
complex interacts with SpollQ to slow down diffusion even in the absence of
SpolllAH. These data suggest that SpollQ interacts both with the engulfment
proteins and with proteins that control the onset of engulfment dependent
gene expression. They further demonstrate that apparently normal localization
of a protein in the absence of a partner can mask dramatic alterations in

protein mobility.
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Introduction

A key task in cell biology is to identify factors that contribute to targeting
of proteins to subcellular locales. An amenable system to study this is the
sporulation pathway of Bacillus subtilis, a developmental program that results
in the formation of a durable, dormant endospore and depends on localized
proteins. Sporulation commences with the relocalization of cell division
proteins from midcell to sites near both cell poles. A polar division event then
creates two adjacent cells of unequal size: a smaller forespore that will
ultimately become the spore, and a larger mother cell that lyses after
contributing to spore development (reviewed in (Errington, 2003, Piggot &
Hilbert, 2004)). Next, the forespore is internalized in a phagocytosis-like
process called engulfment, during which the mother cell membranes move
around the forespore until the leading edges of the engulfing membrane meet
and fuse, releasing the forespore into the mother cell cytoplasm (Fig. 1A). The
resulting forespore is completely enclosed within the mother cell and is
surrounded by two membranes, one derived from the original forespore
membrane and one from the engulfing mother cell membrane. Internalization
of the forespore allows subsequent steps in spore maturation, such as coat
assembly, to occur in a controlled environment, likely contributing to the

extreme durability of the final endospore.

Three pathways for protein targeting during sporulation have been

identified, all of which are important for the development of the spore. First,
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during septation the SpolIB protein localizes to potential cell division sites and
remains at the site of septation thereby forming a landmark for three proteins
produced after polar septation in the mother cell (Aung et al., 2007). These
three proteins, SpollD, SpollM and SpollP, are the only proteins known to be
required for engulfment under all conditions (Frandsen & Stragier, 1995,
Lopez-Diaz et al., 1986, Smith et al., 1993). Second, the forespore produced
protein SpollQ and the mother cell produced protein SpolllAH interact via their
extracellular domains within the septal space (Londono-Vallejo et al., 1997,
Kuroda et al., 1992 , Blaylock et al., 2004, Rubio & Pogliano, 2004) (Fig 1C), a
process that tethers both proteins to the septum, which is the only potential
site of interaction. The SpollQ-SpolllAH zipper complex subsequently targets
proteins involved in engulfment-dependent gene expression to the septum
(Fig 1B) (Jiang et al., 2005, Doan et al., 2005). Third, after the onset of the
phagocytosis-like process of engulfment, the SpoVM protein targets the
convex outer forespore membrane by directly recognizing its lipid architecture
and inserting the non-polar face of its amphipathic helix into the bilayer
(Ramamurthi et al., 2009, Prajapati et al., 2000). SpoVM then recruits SpolVA
to the outside of the developing forespore (Ramamurthi et al., 2006), together
recruiting proteins required for assembly of the spore cortex and spore coat to
the outer forespore membranes to create the structures that are critical for the
admirable resistance of the spore to heat, dessication and chemical stresses

(van Ooij & Losick, 2003, Levin et al., 1993, Driks et al., 1994).
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Two of these targeting pathways also comprise redundant pathways for
protein localization during the phagocytosis-like process of engulfment. SpollB
serves as the primary localization pathway for SpollM, a five transmembrane
domain protein that is synthesized soon after septation and that recruits
SpollP and SpollD (Chastanet & Losick, 2007, Aung et al., 2007). However, if
SpolIB is absent, the SpollQ/SpolllAH zipper acts as a backup mechanism for
SpollM localization via SpolVFA (Aung et al., 2007), a mother cell protein
targeted to the septum by SpolllAH (Jiang et al., 2005, Doan et al., 2005).
This redundancy in targeting pathways for the engulfment proteins is mirrored
by the existence of redundant pathways for engulfment itself. The SpollD,
SpollM, SpollP complex is essential for engulfment and includes two enzymes
that degrade peptidoglycan (Morlot et al., Chastanet & Losick, 2007, Abanes-
De Mello et al., 2002). Two pathways compensate for reduced SpollD,
SpollM, SpollP activity, peptidoglycan biosynthesis (Meyer et al., 2010) and
the SpollQ/SpolllAH complex (Broder & Pogliano, 2006). SpollQ is
immobilized during engulfment and the SpollQ/SpolllAH complex has
therefore been proposed to act as a stable scaffold, or ratchet, that resists the
backward motion of the engulfing mother cell membranes (Broder & Pogliano,

2006).

Curiously, although SpolllAH localization depends on SpollQ, SpollQ
remains localized in the absence of SpolllAH, forming foci and helical arcs that

look nearly identical to the protein in wild type cells (Jiang et al., 2005).
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Genetic evidence indicates that the absence of the mother cell specific sigma
factor 6 causes complete mislocalization of SpollQ (Rubio & Pogliano, 2004),
suggesting that other proteins produced by oF are responsible for SpollQ
localization. We here demonstrate that septal localization of SpollQ is
mediated by two redundant systems, SpolllAH and the SpollD/SpollM/SpollP
proteins, either of which are capable of mediating septal localization in the
absence of the other. However, we also noted that, although SpollQ localizes
normally in the absence of SpolllAH, it is no longer immobilized and diffuses
rapidly within the septum that forms the interface between the forespore and
mother cell. Interestingly, when SpollD, SpollM, and SpollP are deleted along
with SpolllAH, SpollQ is released from the septum and diffuses even more
rapidly, suggesting that the SpolIDMP engulfment proteins form a secondary
tether that helps to localize SpollQ to the sporulation septum. Using single
mutants and mutations that abolish SpollD peptidoglcyan degradation activity,
we also show that SpollM and SpollP appear to interact with SpollQ whereas
SpollID does not and furthermore, that SpollQ is immobilized even in the
absence of SpolllAH if the SpollD/SpollM/SpollP complex is itself trapped at
the septum. These findings demonstrate an intimate interaction between the
engulfment proteins and the SpollQ-SpolllAH complex that is required for

engulfment-dependent gene expression.
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Results

Localization of GFP-SpollQ is dependent on both SpolllAH and the
SpolIDMP module

Localization of GFP-SpollQ is not dramatically affected by the removal
of its only known mother cell tether, SpolllAH ((Blaylock et al., 2004, Jiang et
al., 2005) Fig. 2A-B); only elimination of all mother cell specific gene
expression by mutation of spollGB completely delocalizes GFP-SpollQ (Rubio
& Pogliano, 2004). We therefore sought to identify members of the o regulon
required for SpollQ localization. SpollQ and SpolllAH play an auxillary role in
engulfment, and disruption of spollQ in strains expressing low levels of SpollD
or SpollP or expressing GFP fusions to SpollD, SpollM, or SpollP (which
complement their respective nulls for spore formation) show a synergistic
engulfment defect (Broder & Pogliano, 2006). We therefore examined the role
of the engulfment proteins, SpollD, SpollM, and SpollP, in localization of GFP-

SpollQ.

Disruption of spollD, spollM, or spollP prevents membrane migration
and formation of GFP-SpollQ foci and arcs, but GFP-SpollQ is still retained at
the septum indicating that other mother cell proteins restrict its diffusion (Fig
2B-D). GFP-SpollQ localized to the septum in most (74-92%) spollD, spollM,
or spollP single mutant sporangia, forming a bright focus at the center or two

foci on either side of the bulges (Fig. 2B-D, J). Three GFP-SpollQ localization
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phenoytpes were observed in the spolID, spollM, spollP triple mutant: 46% of
sporangia showed septal localization, 20% were delocalized with a uniform
distribution throughout the forespore membrane and 34% showed an
intermediate localization phenotype (Fig. 2E, J). This variable and intermediate
phenotype suggests that SpollD, SpollM, and SpollP contribute to SpollQ

localization, but that another protein also can mediate SpollQ localization.

SpollQ localization was next tested in the absence of the engulfment
proteins depended on its mother cell binding partner SpolllAH by inactivating
spolllAH in the single and triple engulfment mutants. While all three single
engulfment/spolllAH mutant combinations resulted in a variety of GFP-SpollQ
localization phenotypes, the spollD spolllAH strain retained significantly more
localization than the other strains (Fig. 2I, M), with the most frequent pattern
being a focus at the septum center (32%). This was never observed in spollP
spolllAH or spolIM spolllAH (Fig. 2G-H, M) strains, which showed either
partial or completely delocalized GFP-SpollQ. These data suggest that both
SpollM and SpollP contribute to localizing SpollQ to the septum (Fig. 2D, J),
directly or indirectly. Combination of all three engulfment mutant alleles with
the spolllAH mutation resulted in random localization identical to the o null
strain in 93% of sporangia (Fig. 2F, J). These results, which were verified by
using immunofluorescence microscopy to localize native SpollQ (Fig. S1),

indicate that the SpollD/SpollM/SpollP and SpolllAG/SpolllAH complexes
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each contribute to GFP-SpollQ localization either directly or indirectly via

additional factors that they localize.

SpolllAH is required for immobility of GFP-SpollQ.

GFP-SpollQ was previously observed to be immobile during engulfment
((Broder & Pogliano, 2006); confirmed in Fig 3A), but the mechanism for
immobilization of SpollQ remains unclear. We therefore sought to determine
which of the above Ilocalization determinants were responsible for
immobilization of SpollQ by performing a Fluorescence Recovery After
Photobleaching (FRAP) analysis on GFP-SpollQ in mutants lacking SpolllAH
and/or the engulfment proteins. Sporulating cells were immobilized on
coverslips and a region of the GFP-SpollQ fluorescence was bleached with a
laser. The bleached region sometimes corresponded to a single focus and
sometimes to half of the septum depending the GFP-SpollQ localization
pattern. Recovery of the bleached region was then observed using timelapse
fluorescence microscopy and the images quantified using two different
methods. First, to obtain individual cell recovery curves, bleached and
unbleached regions were defined using polygons. The amount of
fluorescence per pixel was then determined for each region in each image of
the timelapse sequence with a correction for background signal (as described
in (Broder & Pogliano, 2006)). This allowed the recovery of fluorescence in

the bleached region and the loss of fluorescence in the unbleached region to
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be plotted for each cell. Second, to obtain average recovery curves of many
cells, we calculated the ratio of fluorescence intensity of the bleached region to
that of the unbleached region at each timepoint relative to the ratio of the
same regions before the bleach to give the corrected recovery index (cRI) (Wu
et al., 2006). We then normalized the recovery curves by defining the initial
prebleach cRI value as one and the minimum cRI ratio (immediately after
photobleaching) as zero to give the corrected fraction recovery (cFR) (as in
(Fleming et al., 2010), adapted from (Wu et al., 2006)). These values were
directly compared between cells, and averaged when all individual cells
formed an obvious group, to obtain the average time to 50% recovery relative
to the maximum recovery (t12 avg) and the average mobile fraction, or amount
of protein able to move within the septum, which is represented by the

maximum recovery in the cFR.

In wild type cells, GFP-SpollQ showed little recovery after
photobleaching, even in experiments lasting up to 5 minutes, with an average
cFR of 0.2 (20%) versus the 1.0 (100%) expected for a fully mobile protein
(Fig 3A). This indicates that that there is no movement of SpollQ between the
bleached and unbleached regions and that the protein is immobile as
previously described (Broder & Pogliano, 2006). As GFP-SpollQ appears
normally localized in the spolllAH mutant (Fig. 2B; (Blaylock et al., 2004)), we
expected that it would be immobile as in the wild type strain. In contrast, the

protein rapidly recovered to 80% the level of prebleach fluorescence, with an
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average equilibration half time (t1,2) of approximately 12 seconds (Fig. 3B, E).
This indicates that, although GFP-SpollQ localizes normally in the absence of
SpolllAH, it shows increased mobility. Strikingly, in many sporangia, GFP-
SpollQ assembled clear foci and the bleaching of individual foci often resulted
in recovery of fluorescence in the same focus as it appeared before
photobleaching. Thus, although SpollQ appears normally localized in the
absence of SpolllAH, it displays dramatically increased mobility, indicating that

the zipper-like interaction between SpollQ and SpolllAH immobilizes SpollQ.

Next, the possibility that other members of the spolllA operon affect
GFP-SpollQ mobility was addressed by examining the effect of a
spolllAA:mTn5 mutation that prevents expression of all the genes in the
spolllAA-AF operon, but does not affect expression of the spolllAG-AH operon
(Blaylock et al., 2004). This mutation had no effect on GFP-SpollQ mobility
(data not shown). We attempted to specifically deplete SpolllAH, but found
that mutations in spolllAH destabilized SpolllAG, and so were unable to
determine if both SpolllAG and SpolllAH are required for SpollQ
immobilization. However, we favor the simpler model in which SpollQ
immobilization primarily depends on SpolllAH, since the interaction between

these two proteins is remarkably robust.

We next tested if the engulfment proteins are necessary for
immobilization of SpollQ. FRAP experiments demonstrated GFP-SpollQ

showed limited mobility in the spollD, spolIM, spollP triple mutant, with the
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equilibration half times for most cells longer than the experiment duration of 3
or 5 minutes and with limited recovery similar to the mobility of the protein in
wild type cells. Thus, despite the observation that SpollQ fails to localize in
17% of sporangia lacking the engulfment proteins, it remains immobilized in
this strain (Fig. 3C). Recovery was also very slow in the single engulfment
mutants (data not shown) within which GFP-SpollQ predominantly localizes as
a focus at the septum middle. This indicates that immobilization of SpollQ

does not depend on the engulfment proteins.

Although GFP-SpollQ mobility was increased by the absence of
SpolllAH, its t12 (12s) was significantly longer than previously demonstrated
for a forespore expressed membrane protein that is not expected to
specifically interact with other proteins, MalF-GFP (4s, (Rubio & Pogliano,
2004)). We therefore speculated that, in the absence of SpolllAH, GFP-
SpollQ mobility was restricted by its interaction with other proteins. The
engulfment proteins were likely candidates, since GFP-SpollQ does not
localize in the spollD, spollM, spollP, spolllAH quadruple mutant strain.
Indeed, FRAP experiments showed that in this strain, GFP-SpollQ showed
very rapid and nearly complete fluorescence recovery after photobleaching
(Fig. 3D, E) with a t42 reduced to 2 sec and recovery >60%, similar to that of
forespore expressed MalF-GFP (Rubio & Pogliano, 2004). This indicates that,
in the absence of SpolllAH, diffusion of GFP-SpollQ is slowed by SpollD,

SpollM, and SpollP. These data suggest that one or more of these mothercell
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expressed proteins interacts with the forespore expressed SpollQ, an
interaction that would both slow SpollQ diffusion and restrict the protein to the

sporulation septum, the only point of contact between the two cells.

SpollD, SpollM, and SpolIP affect SpollQ mobility differently

To further elucidate the individual contributions of the engulfment
proteins in SpollQ immobilization, we used FRAP to examine GFP-SpollQ
mobility in mutants lacking SpolllAH and either SpollP or SpollD.
Interestingly, spollID and spollP single mutants, when combined with a
spolllAH deletion, resulted in a range of outcomes. Variability was apparent in
both the diffusion rate of SpollQ, as indicated by the recovery ti», and in
mobile fraction, which represents the amount of SpollQ that is free in the
membrane and able to diffuse at all. In contrast, the spollD, spollM, spollP,
spolllAH quadruple mutant showed a more uniform recovery pattern (Fig 3E).
For example, FRAP of the spollP spolllAH double mutant revealed equal
numbers of cells either (1) recovering faster than a spolllAH mutant with an
equilibration t42 of <5 sec but with recovery that did not reach 100%, indicating
that only a fraction of SpollQ was mobile (Fig 4A), or (2) not recovering at all,
with curves mimicking those of wild type, here shown as ty2, > 40sec (Fig 4A).
Thus, some spollP spolllAH cells had a fraction of SpollQ that was rapidly
diffusing, while others showed fully immobilized SpollQ. The spollD spolllAH
double mutants also showed two populations. A smaller subpopulation of cells

showed fully immobilized SpollQ with no recovery (t1. >40s), whereas most
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cells showed recovery curves similar to a spolllAH single mutant with a ty, of
5-20 sec and recovery to 60% of prebleach fluorescence levels (Fig 4A). This
indicates that, in the absence of SpolllAH and either SpollD or SpollP, another
protein can interact with a fraction of the SpollQ in the sporangium to restrict
its mobility. The observation that a strain lacking all three engulfment proteins
shows rapid diffusion and complete recovery and the localization data shown
above suggests that SpollM and SpollP play a more critical role in SpollQ
immobilization than SpollD, though how this is mediated (protein-protein

interactions, peptidoglycan-SpollQ interactions) remains unclear.

SpollD enzymatic mutants affect SpollQ mobility

We recently identified mutants of SpollD that are either unable to
cleave peptidoglycan (SpollD¥®*) or have reduced ability to cleave
peptidoglycan (SpollDP?'%") (Gutierrez et al., 2010). The SpollD®%®* mutant
blocks membrane migration and it also traps SpollD at the septum, suggesting
that peptidoglycan degradation contributes to the release of SpollD from the
septum. When these protein variants were introduced into a strain carrying
GFP-SpollQ, as expected, there was no effect on SpollQ mobility, and no
recovery was seen during three minute FRAP experiments (data not shown).
However, when combined with a spolllAH deletion, SpollDF®** resulted in
immobilization of SpollQ in 20 of the 22 cells tested (Fig 4B) with localization
of GFP-SpollQ most often confined to a solid line across the septum (Fig 2G).

Thus, the enzymatically inactive mutant of SpollD reduces SpollQ mobility in
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the absence of SpolllAH, whereas the complete absence of SpollD protein in
the null mutant strain increases SpollQ mobility in the absence of SpolllAH.
We previously demonstrated that this enzymatically inactive mutant effectively
‘locks down’ SpollD at the septum (Gutierrez et al., 2010), suggesting that
peptidoglycan degradation is necessary for SpollD dynamics. The FRAP data
suggest that this protein is capable of also trapping SpollQ in an immobile
complex, even in the absence of SpolllAH, further suggesting that SpollQ

interacts with one or more members of the SpollD/SpollM/SpollP complex.

GFP-SpolllAH depends on the same proteins as SpollQ for localization
and immobility.

Previous results indicated that SpolllAH localizes in a manner similar to
SpollQ, being enriched around the forespore and co-localizing with SpollQ
(Blaylock et al., 2004, Doan et al., 2005). We were interested in determining if
SpolllAH was immobilized by interaction with SpollQ, and therefore
constructed a GFP fusion to the N-terminus of SpolllAH. GFP-SpolllAH
produced striking foci associated with the forespore membrane (Fig 5A). The
spollQ mutation resulted in decreased, though not completely random,
localization to the mother cell cytoplasm and membrane as previously reported
(Blaylock et al., 2004, Doan et al., 2005). This confirms that SpollQ is the
primary localization determinant of SpolllAH (Fig 5B). Removal of either one
or all three essential engulfment proteins, SpollD, SpollM, and SpollP, had no

effect on GFP-SpolllAH localization and the protein localized both to the
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septum and to the septal bulges produced in these mutants (Fig. 5C-F). This is
in contrast to a previous localization study of epitope-tagged SpolllAH by
immunofluorescence microscopy, which showed an early localization defect in
the absence of the engulfment proteins (Blaylock et al., 2004). We found no
evidence for this defect, and suggest that the difference is either due to
differences in the procedure or the epitope tag. We conclude that the
engulfment proteins do not contribute to apparent residual targeting of

SpolllAH in the absence of SpollQ.

Based on observations of GFP-SpollQ dynamics during FRAP
experiments, we hypothesized that GFP-SpolllAH would also be immobilized
in @ manner that depends on its partner SpollQ. Indeed, photobleaching of
GFP-SpolllAH resulted in very limited recovery similar to the wild type strain
(Fig. 6A). A similar phenomenon was observed in strain missing spollP (Fig.
6B). In contrast, the absence of SpollQ allowed rapid and nearly complete
recovery of photobleached GFP-SpolllAH, with an 80% mobile fraction and
recovery half-times near 25 seconds (Fig 6C, D). Curiously, this recovery was
not as fast as that of GFP-SpollQ in the absence of SpolllAH, suggesting that
diffusion of SpolllAH is further restricted by some other interaction, perhaps
with proteins encoded by the spolVFA-FB and spolllAA-AF operons, which
interact with SpolllAH and localize to the septum in a SpolllAH dependent
manner (Blaylock et al., 2004, Doan et al., 2005, Jiang et al., 2005). Further

studies are required to determine if any of these proteins interact with
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SpolllAH in the absence of SpollQ. Together our FRAP data indicate that the

interaction between SpollQ and SpolllAH immobilizes both proteins.
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Discussion

We here use fluoresecence recovery after photobleaching (FRAP) to
demonstrate that the interaction between the forespore protein SpollQ and the
mother cell protein SpolllAH immobilizes both proteins during engulfment. This
immobilization is consistent with the ability of this protein complex between the
two cells of the sporangium to facilitate engulfment by preventing backwards
movement of the migrating membrane (Broder & Pogliano, 2006).
Interestingly, although immobilization of each protein depends on the other
(Fig 3A, 6A), the septal localization of just one of these proteins, SpolllAH,
depends on the other. SpollQ remains localized in the absence of SpolllAH
(Blaylock et al., 2004, Rubio & Pogliano, 2004) and it diffuses more slowly
than an unfettered membrane protein (Rubio & Pogliano, 2004, Broder &
Pogliano, 2006), suggesting that SpollQ interacts with atleast one other
protein in addition to SpolllAH (Fig 2). Indeed, when we eliminated the
engulfment proteins, SpollD, SpollM, and SpollP, in conjunction with
SpolllAH, SpollQ failed to localize (Fig 2) and its mobility increased to match
that of a freely diffusing membrane protein (Fig 3). This strongly suggests that
we successfully eliminated all SpollQ interacting proteins from the septum.
These data indicate that septal localization of the forespore-expressed SpollQ
protein can be mediated by its interaction with either one of two mother cell
tethers, the SpolllAH protein or the SpollD/SpolIM/SpollP complex of

engulfment proteins. It also demonstrates that formation of the SpollQ-
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SpolllAH complex that bridges the two cells of the developing sporangia

immobilizes both proteins.

Based on these findings, we propose a model where newly synthesized
SpollQ is inserted into the forespore membrane where it interacts with the
engulfment protein complex, SpollD, SpollM and SpollP, which localize via the
septal landmark protein SpollB (Aung et al., 2007). This would create a high
concentration of SpollQ near the SpolIDMP complex, which would then
facilitate recruitment of SpolllAH to the septum. The subsequent interaction
immobilizes both SpollQ and SpolllAH, perhaps because the complex spans
septal peptidoglycan that either remains after septal thinning or is synthesized
during engulfment (Meyer et al., 2010). Interestingly, SpollQ foci and arcs
depend on the engulfment proteins rather than on SpolllAH. We therefore
speculate that these correspond to the deposition and localization of SpollQ
along the path taken by the engulfment protein complex as it moves around

the forespore during membrane migration.

Further evidence that the engulfment proteins interact with SpollQ
comes from the observation that if SpollD is unable to be released from the
septum (Chapter 3, (Gutierrez et al., 2010)), then SpollQ is immobilized even
in the absence of SpolllAH. This suggests a direct protein-protein interaction
between SpollQ and one, or more, of the engulfment proteins that is capable
of immobilizing SpollQ when the engulfment protein complex is locked at the

septum by the enzymatically inactive SpollD mutant. We propose that, in a
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wild type cell, the interaction between SpollQ and the engulfment proteins is
transient and specifically released during the peptidoglycan degradation cycle
(Morlot et al., Gutierrez et al., 2010). Our data suggest that SpollQ might
primarily interact with SpollP or SpollM, rather than SpolID. First, in each
single engulfment mutant, SpollQ localizes to the septum center in most cells
(Fig 2), but in the triple spollD, spolIM, spollP mutant, SpollQ is diffuse along
the septum. The engulfment proteins localize in the sequence SpollM, then
SpollP, then SpollD (Chastanet & Losick, 2007, Aung et al., 2007), so the
SpollQ localization pattern suggests that the first two engulfment proteins to
arrive at the septum (SpollM then SpollP) likely interact redundantly with
SpollQ. Second, the FRAP recovery curves for the spollD spolllAH and spollP
spolllAH double mutant strains each show variable mobilization of SpollQ,
with each strain having a subpopulation of cells with immobilized SpollQ, as
well as those with increased SpollQ mobility. The immobile population
suggests that the remaining engulfment protein, SpollM, can interact with
SpollQ and sometimes immobilizes it in the absence of SpolllAH, perhaps
suggesting that SpolllAH competes with the engulfment proteins for SpollQ
binding. The second population of spollP spolllAH cells revealed freely
diffusing SpollQ with individual cell recovery ti, <5s (Fig 4), but with variable
amounts of SpollQ free in the membrane, suggesting that SpollIM might bind
SpollQ until it becomes saturated, leaving different amounts of SpollQ free in

the membrane depending perhaps on how much SpollQ has been produced.
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The second population of curves in the spollD spolllAH background recovered
at rates similar to the spolllAH single mutant (Fig 4), suggesting that SpollQ
interacts with both SpollP and SpollM, and that these interactions are
sufficient to explain the reduced recovery rates observed in the spolllAH

mutant compared to a freely diffusing membrane protein.

The immobilization of SpollQ and SpolllAH observed here
demonstrates that the interaction between the two proteins is very strong and
not easily reversible, and thus that monomers do not cycle in and out of the
complex. It also demonstrates that the complex does not diffuse around the
membrane as a unit. Hence, we propose that the large SpollQ/SpolllAH
complex that is predicted to form in the intermembrane space (Camp & Losick,
2009, Camp & Losick, 2008, Meisner et al., 2008) could be held in place by
septal peptidoglycan. Though individual monomers of SpollQ diffuse freely
between the foci in the absence of SpolllAH, once the complex is formed, it
could be too big to follow the track potentially left by SpollD, SpollM, and

SpollP on their way up and around the forespore during engulfment.



108

Materials and Methods

Strains, genetic manipulations and growth conditions

Strains (Table 1) are derivatives of B. subtilis PY79 (Youngman et al.,
1984). Mutations were introduced by transformation (Dubnau & Davidoff-
Abelson, 1971). Sporulation was induced by resuspension (Sterlini &
Mandelstam, 1969) at 37°C with the modification that initial growth was
performed using 0.25X LB in most cases. When used, CH medium was
prepared using casein hydrolysate from EMD, due to variability in the ability of

Oxoid brand casein hydrolysate to support sporulation.

Genetic constructions

An N-terminal GFP fusion to SpolllAH expressed from the spolllAA
promoter was created as follows. A 600 bp fragment encoding the spolll/AA
promoter was amplified via PCR with Pfu polymerase using oligonucleotides
DB121  (5-ACTGAAAGGATCCGGGCTTGTTGTAAACGTGCCG-3’)  and
DB209 (5-TTT ATC ATT ACT AGT TTG TTT TTT AAG CAT CAG AGC CTC
CTC CTT TCT ACC G-3’), digested with BamHI and Spel, and ligated into
BamHI/Spel-digested pMDS14 (Sharp & Pogliano, 2002) to create plasmid
pDB141. The 654 bp spolllAH gene was then amplified using oligonucleotides
DB177 (5-GGAGGATGGGCCCATGCTTAAAAAACAAACCG-3’) and DB178

(5'-TCCCTCATTCGGGCCCTTATTTAGAGGGTTC-3’), digested with PspOMI,
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and ligated into Eagl-digested pDB141 to create plasmid pDB142. DNA
sequencing was performed by Eton Bioscience Inc. (San Diego, CA). The
various spollD mutants were inserted at the thrC locus by subcloning out of
pKPO1 or PCR products from the amyE locus of strains KP1102 and KP1072
(Gutierrez et al., 2010). SpollD constructs were digested using enzymes
BamHI and Sfol and inserted into pDG1664 (Guerout-Fleury et al., 1996)
digested with BamHI and SnaBl, eliminating the erm” cassette on the plasmid.
All plasmids were initially transformed into PY79 and verified to be kanR, ermS,
spcS to ensure proper integration of the plasmid at the thrC locus. These
mutant were combined with a spolllAH knockout generated from pDB102.
pDB102 is pMutinFLAG with a Kpnl/HindllI-digested PCR product created with
primers DB163 and DB164 cloned in. When campbelled in this interrupts the

spolllA operon after spolllAG, creating a spolllAH null.

Microscopy, deconvolution, image analysis, and Fluorescence Recovery
After Photobleaching (FRAP)

Imaging of FM 4-64 stained cells was performed as described (Rubio &
Pogliano, 2004), using an Applied Precision Spectris microscope equipped
with a Quantified Laser Module (described in (Liu et al., 2006)). Image files
were deconvolved using SoftWoRx (15 iterations on conservative setting).
TIFFs were saved from medial focal planes, adjusting the GFP images to

eliminate background fluorescence in vegetative cells that do not express
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GFP, and the FM 4-64 images to eliminate fluorescence outside the cells.
Photobleaching experiments to assess GFP-SpollQ or GFP-SpolllIAH mobility
used cells from t,5 or t3 of sporulation, that were concentrated, stained with
FM 4-64 and applied to poly- -lysine treated coverslips. Prebleach images
were collected for both FM 4-64 and GFP. Photobleaching was achieved using
a 0.05 sec pulse of a 488 nm argon laser at 50% power or a 0.3 second pulse
at 30% power, and subsequent GFP images were collected at appropriate
intervals for either 30, 82, 125, 180 or 300 seconds, depending on the
observed recovery time of the GFP fusion. Three sec exposure times were
used for GFP-SpolllAH, 0.5 sec for GFP-SpollQ. Quantification of FRAP
experiments was performed as described (Fleming et al., 2010). Control
experiments demonstrated that identical mobility was observed on timelapse

pads (Becker & Pogliano, 2007), which are made without poly- -lysine.
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Tables



Table 1. Strains used in this study

Strain

AR126

AR139

AR140

AR200

DB149

DB150
DB151
DB153
DB188
DB284
DB351
DB542
DB553
DB554
DB555
DB556
DB557

DB558
DB631

DB632

KP845

Genotype
AspollQ::spec, amyE::Psponq. GFP-spollQ-cm

AspollQ::spec, amyE:: Psponq. GFP-spollQ-cm,
ASpollP::tet

AspollQ::spec, amyE::Psponq. GFP-spollQ-cm,
spolIM-mls

AspollQ::spec, amyE:: Psponq. GFP-spollQ-cm,
spollD298, spollM-mls, AspollP::tet
AspollQ::spec, amyE:: Psponq. GFP-spollQ-cm,
spollD298, spolIM-mls, AspollP::tet, spolllAGH-
kan

AspollQ::spec, amyE::Psponq. GFP-spollQ-cm,
spolllAGH-kan, spollIM-mls

AspollQ::spec amyE::Psponq. GFP-spollQ-cm r
AspolllAGH-kan AspollP::tet

AspollQ::spec amyE:: Psponq. GFP-spollQ-cm
AspolllAGH-kan, spollD::cat::tet

spollD298, spollM-mls, AspollP::tet

AspollQ::spec, amyE:: Psponq. GFP-spollQ-cm,
spollD298

spollD298, spolIM-mls, AspollP::tet, spolllAGH-
kan

spolllAG::pMutinFLAG-erm, amyE::Pspoiia. GFP-
spolllIAH-cm

amyE::Pspoina. GFP-spolllAH-cm

amyE::Pspoina. GFP-spolllAH-cm, AspollQ::spec
amyE::Pspoina. GFP-spolllAH-cm, AspollP::tet
amyE::Pspoima. GFP-spolllAH-cm, spolIM-mls
amyE::Pspoima. GFP-spolllAH-cm, spollD298,
spollM-mls, AspollP::tet

amyE::Pspoima. GFP-spolllAH-cm, spollB::erm
spolllAG::pMutinFLAG-erm, amyE::Pspoiia. GFP-
spolllAH-cm, AspollQ::spec
spolllAG::pMutinFLAG-erm, amyE::Pspoiia. GFP-
spolllAH-cm, AspollP::tet

AspollQ::spec, amyE::Psponq. GFP-spollQ-cm
(same As AR126)

Reference

or source
Lab
collection
Lab
collection

Lab
collection
Lab
collection

This work

This work

This work

This work

Lab
collection
This work

This work

This work

This work
This work
This work
This work
This work

This work
This work

This work

Lab
collection
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Table 1 con’t

XJ459 spolllIAGH-kan Lab
collection

XJ461 AspollQ::spec, amyE:: Psponq. GFP-spollQ-cm, Lab
spolllIAGH-kan collection

JFG510  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; thrC::Pspoup-spollD=*-kan

JFG513  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; thrC::Pspoup-spollDP?'%-kan

JFG514  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; thrC::Psponp-spollD-kan

JFG520  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work

spollD298; thrC::Psyoup-spollDP?"%-kan;
spolllAG::pMutinFLAG-erm

JFGS522  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; thrC::Psponp-spollD-kan;
spolllAG::pMutinFLAG-erm

JFGS524  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; thrC::Pspoup-spollD=*-kan;
spolllAG::pMutinFLAG-erm

JFG526  AspollQ::spec; amyE:: Pgsponq. GFP-spollQ-cm; This work
spollD298; spolllAG::pMutinFLAG-erm

pDB102  spolllAG::pMutinFLAG-erm (spolllAH-) This work
pDB142  Pspoiian.GFP-SpolllAH-Cm This work
pJFG77  thrC::Pspoip-spollD-kan This work
pJFG78  thrC::Pspoip-spollDP?'*-kan This work

pJFG79  thrC::Pspoip-spolIDF*® -kan This work
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Figure 1. The process of engulfment during Bacillus subtilis sporulation

(A) The smaller forespore (FS) and larger mother cell (MC) initially lie side by
side. Engulfment commences with septal thinning (i), during which septal
peptidoglycan (light gray) is degraded. The mother cell membrane then
the forespore into the mother cell cytoplasm (step iv). (B) Engulfment in intact
cells requires three mother cell membrane proteins, SpollD (pacman), SpollM
(oval), and SpollP (pacman) that localize to the septum and leading edge of
the engulfing membrane. SpollD and SpollP degrade peptidoglycan,
suggesting that engulfment might be mediated by the processive degradation
of the peptidoglycan adjacent to the forespore membrane, which could move
the mother cell membrane around the forespore. The SpollQ (dark gray) and
SpolllAH (light gray) ratchet provides a backup mechanism for membrane
migration (Broder & Pogliano, 2006). Membrane movement facilitated by
peptidoglycan synthesis is indicated by the PG box and arrow, this machinery
becomes required if SpollQ is deleted (Chapter 2/ (Meyer et al., 2010)). Figure
adapted from (Chapter 2/(Meyer et al., 2010)). (C) The zipper-like interaction
between the forespore membrane protein SpollQ (labeled Q, gradient) and the
mother cell membrane protein SpolllAH (labeled AH, grey) localizes SpolllAH
(Blaylock et al., 2004, Doan et al., 2005), which recruits additional mother cell
proteins (Doan et al., 2005, Blaylock et al., 2004). (D) Localization of SpollQ in
wt, a spollIAH deletion, and " deletion.
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Figure 2. Localization of GFP-SpollQ in different spo backgrounds.

Samples were taken at t, 5 after resuspension at 37°C and stained with FM 4-
64 (red, left column) to visualize membranes. GFP images (green) are on the
right with overlaid images in the middle. (A) AR126 (AspollQ, gfp-spollQ) (B)
AR140 (spolIM-mls, AspollQ), gfp-spollQ) (C) KP848 (spollP::tet, AspollQ), gfp-
spollQ) (D) DB284 (spollD298, AspollQ, gfp-spollQ) (E) AR200 (spollD298,
spolIM-mls , spollP::tet, AspollQ, gfp-spollQ), (F) XJ461 (AspolllAG-H-kan,
AspollQ, gfp-spollQ), (G), DB150 (AspolllAGH-kan, spollM-mls, AspollQ, gfp-
spollQ), (H) DB151 (AspolllAGH-kan, spollP::tet, AspollQ, gfp-spollQ) (1)
JFG526 (spollD298, AspolllAGH-erm), (J) DB149 (spollD298, spollM-mls ,
spollP::tet, AspolllAGH-kan, AspollQ, gfo-spollQ), (K) JFG526 (spollDF%%,
AspolllAGH-erm), (L) JFG520 (spollD”?"% AspollIAGH-erm), (M) Summary of
GFP-SpollQ localization in spo backgrounds.
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Figure 3. (Part 1) Photobleaching experiments demonstrate that immobility of
GFP-SpollQ is primarily dependent on SpolllAH.

Left column: After photobleaching, images were collected, quantified and
plotted (see Experimental Procedures) to show the adjusted mean pixel
intensity of the bleached (black squares) and unbleached (unfilled squares)
regions and the theoretical pixel intensity value following equilibration between
these regions (dashed line). Images of GFP-SpollQ (green) and FM 4-64-
stained membranes (red) of photobleached cells are shown to the right of
each graph. Images below each plot show GFP-SpollQ during the experiment.
Bleached regions are indicated by a yellow circle.

Right column: Individual photobleached cell recovery curves were generated
and normalized using the equations in (Wu et al., 2006), then averaged at
each timepoint. The average curve including standard error bars is shown
with corrected fraction recovery (cFR) on the y-axis and time on the x-axis. A
cFR of 1 represents complete recovery.

(A) KP845 (AspollQ::spc, gfp-spollQ), (B) XJ461 (AspollQ::spc, gfp-spollQ,
spolllAGH-kan),
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Figure 3. (con’t) Photobleaching experiments demonstrate that immobility of
GFP-SpollQ is primarily dependent on SpolllAH.

Columns defined in caption for Figure 3, Part 1. (C) AR200 (AspollQ::spc, gfp-
spollQ, spollD298, spollM-mls, AspollP::tet), (D) DB149 (AspollQ::spc, gfp-
spollQ, spolllAGH-kan, spollD298, spollM-mls, AspollP::tet), (E) Frequency
with which the various phenotypes were observed in individual cells subjected
to FRAP. Bars indicate time for fluorescence to reach 50% of the whole cell

fluorescence value after the first post-bleach time point. This is also shown in
cFR format for easy comparison.
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Figure 4. GFP-SpollQ dynamics in mutant backgrounds

Histograms representing (A, upper) the distribution of time to 50% recovery
relative to each cell’'s maximum recovery and (lower) mobile fraction (level of
recovery/free 11Q) of GFP-SpollQ in JFG526 (AH- IID-, blue), DB151 (AH- IIP-,
red), and DB149 (AH- IIDMP-, green). DB151 shows a tightly grouped
population at fast ty» but a broad range of mobile fraction whereas JFG526
shows a slower ti»> and more tightly grouped, higher mobile fraction. (B)
Average cFR of GFP-SpollQ in XJ461 (AH-) compared to JFG524 (AH-,
IIDF®), a strain with a SpolID variant incapable of cleaving peptidoglycan.
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Figure 5. Localization of GFP-SpolllAH in different spo backgrounds.

Samples were taken at t, 5 (A-F) after resuspension and stained with FM 4-64
(red, left column). GFP images (green) are on the right with overlaid images in
the middle. (A) DB553 (gfp-spolllAH) (B) DB554 (AspollQ::spc, gfp-spolllAH),
(C) DB555 (AspollP::tet, gfp-spolllAH) (D), DB556 (spollM-mls, gfp-spolllAH),
(E) DB557 (spollD298, spollM-mls, AspollP::tet, gfp-spolllAH), (F) DB558
(spolIB::erm, gfp-spolllAH).
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Left column shows an example of one cell of each strain with the black
squares representing the unbleached region and white squares representing
the bleached region, while the right column shows the averaged corrected
fraction recovery. (A) DB542 (spolllAH, gfp-spolllAH), (B) DB632 (AspollP,

spolllAH, gfp-spolllAH), (C) DB631 (AspollQ, spolllAH, gfp-spolllAH),

(D)

Frequency with which the various phenotypes were observed in individual
cells subjected to FRAP and comparison cFR graph.
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Figure 7. Model of SpollQ/SpolllAH/SpolIDMP interactions.

Cartoon depicting proposed interactions at the sporulation septum and
SpollQ/SpolllAH localization. (A) When SpolllAH (red) is present, SpollQ
(purple) localizes into a higher order structure independent of SpolIDMP.
When SpolllAH is missing, SpollQ organizes into a higher order structure
across the septum and is highly mobile within that framework. When SpolllAH
and SpolIDMP are deleted, SpollQ is diffusely localized and freely mobile
within the forespore membranes. (B) At the start of septal thinning, SpollQ
transiently interacts with the SpollD (orange), SpollP (green) and SpollM
(blue) complex. A local concentration of SpollQ is created near the
engulfment proteins, which localizes SpolllAH. SpollQ and SpolllAH for a
complex behind the leading edges dictated by the concentration gradient,
which forms continuously during engulfment.
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Supplementary Figures
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Figure S1. Immunofluorescence of SpollQ

To verify GFP-SpollQ localization in these mutant backgrounds, native SpollQ
localization was analyzed using immunofluorescence with antibody raised to
the soluble domain of SpollQ. As we observed for GFP-SpollQ, native SpollQ
appeared punctate in the spolllAG-AH background, showed smooth septal
localization in the spollD, spollM, spollP triple mutant background, and
exhibits more random localization in the spolllAG-AH, spollD, spollM, spollP
background. These experiments suggest that GFP-SpollQ reliably mimics
untagged, native SpollQ. Samples were processed for immunofluorescence
as described in Materials and Methods. Immunofluorescence samples were
taken at t» 5 and stained with FM 4-64 (membranes in red), DAPI (DNA in blue)
and SpollQ (in green). (A) XJ459 (AspolllAG-H-kan), (B) DB188 (spollD298,
spollM-mis , spollP::tet), (C) DB351 (spollD298, spollIM-mls , spollP::tet ,
AspolllAG-H-kan). Localization patterns for GFP-SpollQ observed for fixed
cells are the same as with live cells.



125

A JFG522
1.4

1.2
1.0
0.8
& 0.6
0.4

0.2

00 & ‘
_0-50 40 90 140 190
i time (s)

Grouped- analyzed by avg

B JFG526

time (s)

04— A A7 X\
R :

.0-40 40 90 140 190
time (s)

Ungrouped- not analyzed

Figure S2. Examples of groupings of individual FRAP curves and how they

were analyzed.



126

Acknowledgement
Chapter 1V, in full, is currently being prepared for submission to
Molecular Microbiology. Gutierrez, Jennifer; Broder, Dan; Pogliano, Kit. The
dissertation author was the primary investigator and author of the manuscript.

Permission of all authors has been obtained.



Chapter V

Conclusions and perspectives

Sporulation in B. subtilis provides an attractive model system to study
the normally essential cellular processes of division and growth. Septum
formation, peptidoglycan synthesis, peptidoglycan degradation, membrane
movement, membrane fission, and DNA translocation all occur during
sporulation, but can be perturbed and studied without killing the cell.
Engulfment, one of the early steps during sporulation, provides a non-
essential system to examine the mechanisms by which protein complexes and
peptidoglycan biosynthesis are localized within the cell, and to elucidate the
mechanisms by which peptidoglycan biosynthesis and degradation are

coupled.

Although it has long been known which proteins are required for
engulfment, recent advances in imaging technology have allowed visualization
of these proteins, leading to a deeper understanding of their functions (Aung
et al., 2007, Chastanet & Losick, 2007, Camp & Losick, 2008, Doan et al.,
2005, Broder & Pogliano, 2006, Jiang et al., 2005, Blaylock et al., 2004, Rubio
& Pogliano, 2004, Abanes-De Mello et al., 2002). The localization patterns of
SpollD, SpollM, and SpollP and biochemical data demonstrating

peptidoglycan degradation has led to the popular proposal that these proteins
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act as a motor, localizing to the leading edges of the engulfing mother cell
membranes and using pepdidoglycan as a track to physically pull the
membranes around the forespore (Abanes-De Mello et al.,, 2002). The
localization of SpollQ and SpolllAH (Blaylock et al., 2004, Rubio & Pogliano,
2004) combined with cell morphology during protoplast assays demonstrated
that SpollQ and SpolllAH have a strong enough interaction to hold the
forespore and mother cell compartments together when peptidoglycan is
removed (Broder & Pogliano, 2006). This strongly supports a model where
SpollQ and SpolllAH act as a zipper to facilitate membrane migration and
localize other proteins to the septum (Broder & Pogliano, 2006). Thus, the
prevailing view is that engulfment is mediated by the peptidoglycan degrading
activities of SpollD and SpollP, in a process supported by the strong
interaction between SpollQ and SpolllAH. However, a significant deficit in
current models for engulfment is the lack of direct evidence in support of
SpolID/SpollM/SpollP  motor activity. As SpollQ and SpolllAH are not
essential for engulfment, if SpollD, SpollM and SpollP are not part of a motor

complex, other machinery must support membrane movement.

My studies of SpollD, peptidoglycan synthesis, and the
SpollQ/SpolllAH zipper helped clarify what happens at the leading edges of
the migrating membranes during engulfment. First, | identified that
peptidoglycan synthesis serves as a novel back-up mechanism for engulfment

that is required for membrane migration in the absence of the zipper, thereby
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filing one gap in current models. Second, | demonstrated that the lytic
transglycoslase activity of SpollD is required throughout engulfment and
proposed a mechanism that explains how SpollD, SpollM, and SpollP might
provide force for the migrating membranes. This model also accounts for the
current localization and biochemical data. Third, | have shown that both
members of the SpollQ/SpolllAH zipper are primary localization determinants
for each other and are responsible for immobilizing each other. | have also
shown that the SpollD/SpollM/SpollP complex interacts with SpollQ to localize
it during engulfment. This finding also suggests coordination between the

different machineries that facilitate engulfment during B. subtilis sporulation.

Peptidoglycan synthesis is conditionally required for engulfment
My studies demonstrate that peptidoglycan synthesis is required for
membrane migration when the SpollQ/SpolllAH zipper is absent (Chapter 2),
and this fills a significant gap in current models for engulfment. Specifically, if
the SpollD/SpollM/SpollP degradative machinery does not function as a
motor, previous models could not provide an alternative machinery that might
generate force and thereby explain why the SpollQ/SpolllAH zipper was
dispensible. Now, peptidoglycan synthesis is predicted to provide a
mechanism of force generation through polymerization of glycan strands
immediately behind the leading edges, substituting for the ratchet created by

the zipper. Thus, this finding suggests that the SpollD, SpollM, and SpollP
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proteins might not provide force for engulfment, but could instead simply
remodel the peptidoglycan to accommodate membrane migration that is
promoted either by Brownian motion that is captured by the SpollQ/SpollllAH

zipper or by new peptidoglycan synthesis.

Based on regulation of peptidoglycan precursors in the mother cell,
cortex synthesis cannot begin until engulfment is complete (Vasudevan et al.,
2007), strongly suggesting that it is specifically germ cell wall synthesis that is
required for engulfment. The arrangement of the peptidoglycan synthesis
enzymes relative to the SpollD/SpollM/SpollP machinery is unknown, but they
likely trail behind the degradative enzymes and provide force during
engulfment. Though the germ cell wall may provide a track ahead of
SpollD/SpollM/SpolIP, this seems unlikely given that blocking peptidoglycan
synthesis in the presence of the zipper has no effect on rate of membrane
migration (Chapter 2) and if the track were eliminated, a decrease in rate of
membrane migration would be expected. It will be interesting to see if the
forespore-expressed peptidoglycan synthesis enzymes interact directly with
the SpollD/SpollM/SpollP degradation enzymes, as they both localize to the
leading edges. If so, this would be the first example of a peptidoglycan
holoenzyme containing both biosynthetic and degradative enzymes in a model
organism. It may be possible to explore this question using the SpollD®%*
mutant that abolished peptidoglycan degradation in co-immunoprecipitation

DE88A

experiments. Spoll is stuck at the septum (Chapter 3) and immobilizes
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other proteins, including SpollQ, that normally appear to have weak or

transient interactions with the engulfment proteins (Chapter 4).

Beyond its requirement for membrane migration, we also showed that
peptidoglycan synthesis is required for engulfment membrane fission (Chapter
3). Use of peptidoglycan synthesis to create force is a novel mechanism, but is
supported by the rigidity of the molecule (Theriot, 2000). Similar effects have
likewise been seen for polymerization of cytoskeletal filaments in yeast and
other eukaryotes (Yao et al., 1999, Francius et al., 2008). The implications for
this are far-reaching and suggest that peptidoglycan synthesis could play a
role in membrane fission during bacterial cell division, although it does not
appear to serve this function in E. coli (Priyadarshini et al., 2007). Perhaps
force generation by peptidoglycan polymerization requires a thicker layer of
peptidoglycan, as is present in Gram positive organisms, in order to generate

force.

Roles of the SpolID, SpollM, SpollP complex during engulfment

It has long been known that SpollD, SpollM, and SpollP are the only
essential proteins for engulfment (Frandsen & Stragier, 1995, Lopez-Diaz et
al., 1986, Smith et al., 1993, Sun et al., 2000b, Abanes-De Mello et al., 2002,
Driks & Losick, 1991), but their biochemical roles in this process have only

recently been elucidated. Chastanet and Losick (Chastanet & Losick, 2007),
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were able to show that the peptidoglycan hydrolysis activity of SpollP was
required for septal thinning in vivo using mutants that were unable to cleave
peptidoglycan. | utilized a similar strategy in my studies, first identifying
SpolID variants that did not support sporulation in vivo and then investigating
their activity in vitro. SpollD variants were found that were either unable to
cleave peptidoglycan or had limited activity in vitro, and then phenotypes were
monitored by fluorescence microscopy to show that SpollD peptidoglycan
degradative activity is required throughout engulfment in vivo. This was the
first demonstration of SpollD in vivo requirements, as previous studies had

only examined in vitro activity (Abanes-De Mello et al., 2002).

Through examination of protein localization and biochemical assays
and incorporation of recent data elucidating the peptidoglycan cleavage
mechanisms of SpollD and SpollP (Morlot et al.), | proposed a mechanism for
the sequential degradation of peptidoglycan by SpollD, SpollM, and SpollP
(Chapter 3). This model proposes that SpollP binds to and cleaves
peptidoglycan allowing SpollD binding, which moves SpollP around the
forespore. SpollD then cleaves peptidoglycan and is released from the
complex. This mechanism fits with models suggesting SpollD/SpollM/SpollP
can use peptidoglycan as a track to generate force and move the mother cell
membranes up and around the forespore during engulfment (originally
proposed by (Abanes-De Mello et al., 2002)). A logical next step will be to

finally determine whether SpollD/SpollM/SpolIP act as a motor. Processivity is
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a key requirement of the motor model and kinetic experiments using purified
proteins on synthetic or homemade substrates (similar to what was done in
(Morlot et al. 2010)) using varying amounts of protein and substrate would

help to demonstrate whether the complex is processive, at least in vitro.

SpollQ localization versus immobilization

| showed that immobilization of SpollQ in the membrane, a property
required for the proposed ratchet function of the SpollQ/SpolllAH zipper, is
dependent primarily on SpolllAH and vice versa (Chapter 4). However, in the
absence of SpolllAH, SpollQ maintained a wildtype localization pattern that
was dependent on SpollD, SpollM, and SpollP. This finding is significant for
two reasons: first, it shows interaction between the engulfment machineries,
and second, it highlights the limitations inherent when imaging fluorescent
proteins. Although the GFP-SpollQ localization pattern is identical with and
without SpolllAH, SpollQ mobility and function is vastly different. By taking a
single still image, although we gain the extremely useful knowledge about
where a protein is within the cell, we have no way of knowing whether it is
active, inactive, mobile, immobile, or enroute to its site of action. This
reinforces the requirement for using a variety of complementary techniques

(biochemical, epifluorescence, FRAP) to verify conclusions.
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Interactions between engulfment machineries

An important aspect of my studies is that interactions have now been
demonstrated between two of the three engulfment machineries and further
interactions can be predicted and investigated using models presented here.
First, the SpollD/SpolIM/SpollP engulfment complex is responsible for the
helical pattern and foci that are displayed by SpollQ-GFP (Chapter 4). As
SpollQ and SpolllAH have been hypothesized to function as large complex
(Camp & Losick, 2009, Meisner et al., 2008), this interaction could be
important in facilitating localization to areas where peptidoglycan has been
recently degraded and prior to synthesis of the germ cell layer. It is also
possible that SpollD, SpollM, and SpollP interact with peptidoglycan synthesis
enzymes to direct new insertion and that the newly made peptidoglycan
localizes SpollQ. One way to distinguish the two is to localize GFP-SpollQ in
the presence of antibiotics that block peptidoglycan synthesis: if localization is
normal, then it is likely that SpollQ localization is not dependent on
peptidoglycan synthesis, only on SpollD/SpollM/SpollP. This could be further
investigated using FRAP and examining SpollQ mobility in a spolllAH mutant
with peptidoglycan synthesis inhibitors, if there is an interaction between
SpolID/SpollM/SpollP and the peptidoglycan synthesis machinery or between
SpollQ and peptidoglycan synthesis machinery, the rate of SpollQ recovery
should increase. Coupled with localization data, this should elucidate the

specific interactions occurring during engulfment.
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Introduction

Engulfment in B. subtilis is known to require only three proteins: SpollD,
SpollM, and SpollP (Frandsen & Stragier, 1995, Lopez-Diaz et al., 1986,
Smith et al., 1993). It was recently shown that the localization of these
proteins depends primarily on the SpollB septal landmark protein and
secondarily on SpolVFA (Aung et al., 2007), which relies on the
SpollQ/SpolllAH zipper ((Doan et al., 2005), Chapter 4). SpolIB itself has a
similar localization pattern to the engulfment proteins, initially localizing at the
septum center, relocalizing to the edges of the septal disk and following the
migrating membranes up and around the forespore (Aung et al., 2007). SpollB
is not essential and spol/B mutant strains show an early bleb phenotype that is
eventually overcome, presumably due to the late localization of SpollD and
SpollP as SpolVFA is produced later than SpollB.

SpollB is a 37kD, single-transmembrane protein with a coiled-coil
domain both inside and outside the cell. It is expressed under the SpoOA
promoter (Margolis et al., 1993) and therefore is present before septation
begins during sporulation. The extracytoplasmic coiled-coil is implicated in
recruitment of SpollIM (Shum, unpublished results), but is not required for
SpollB localization to the septum, suggesting that either the cytoplasmic
domain or putative cell wall binding domain of SpollB is responsible for its

initial localization.
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How SpollB arrives at the septum is an important question for
understanding engulfment efficiency as it directly affects SpollDMP
localization. SpolIB is known to localize to the septum in an FtsZ dependent
manner, since it gives no signal at potential division sites, as determined by
DAPI staining of the chromosome, if FtsZ is depleted (Aung et al, 2007).
However, it remains unclear what division protein specifically recruits SpollB
or even if protein-protein interactions mediate this step. An alternate and
interesting possibility is that the septal peptidoglycan itself is being used as a
signal similar to divisome assembly in Streptococcus pneumoniae (Morlot et
al, 2004). Because the the cell wall is stationary, it is possible that it is
modified in some way by a sporulation protein or a division protein so that
SpolIB can recognize it. In support of this, SpollB contains a putative cell wall
binding domain similar to the autolysin CwIC (Errington et al, 2003).
Analogously, SpollB has not been seen to directly interact with SpolIDMP,
leading to the hypothesis that SpollB localizes SpolIDMP by further modifying
the peptidoglycan so that it is recognized by the hydrolase complex.

Another intriguing aspect of SpollB function in engulfment is the
characteristic cleavage pattern observed on western blots (Abanes-De Mello
et al., 2002). Perhaps the SpollB cleavage is important during engulfment due
to the timing: it is not seen until timepoints corresponding to the initiation of
engulfment (2 hours at 37°) even though SpolIB is transcribed and localized to

the center of the polar septum before this event. This is also the approximate
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time at which SpollB-mCherry, a fluorescent fusion protein (Shaner et al.,
2004), changes its localization pattern from the center of the sporulation

septum to the leading edges (Aung et al., 2007).
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Results

SpollIB-mCherry localization in late-divisome mutants

The divisome in B. subtilis is composed of FtsZ, a group of early
division proteins that arrive at the septum shortly after FtsZ, and a group of
four late division proteins that all interact with each other and are largely co-
dependent for localization (reviewed in (Errington et al., 2003)). The late
division proteins, PBP2b, FtsL, DivIC and DivIB, are all essential except DivIB,
which is only required at high temperatures. To investigate which late-division
protein might interact with SpollB and recruit it to the septum, | obtained a
series of genetic constructs with specific domains of each late division protein
swapped out for unrelated E. coli protein domains ((Thompson et al., 2006,
Bramkamp et al., 2006)). These constructs were created in such a way as to
determine which domains of the late-division proteins were important for
vegetative growth and are under inducible promoters.

First, | examined SpollB-mCherry, a red fluorescent protein fusion
(Shaner et al., 2004), in the presence of DivIB and DivIC domain swaps that
contained only the extracytoplasmic portion of each protein fused with the
cytoplasmic and transmembrane domain from an unrelated E. coli protein,
TolR. In both the control and domain swap strains, SpollIB-mCherry localized
to the septum in wildtype fashion (Fig 1A-D), suggesting that these proteins do
not facilitate SpollB localization. | next examined SpollIB-mCherry in a strain

containing an FtsL chimera at amyE that has an unrelated cytoplasmic domain
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but still retained its own transmembrane and extracytoplasmic domains. Again,
SpolIB-mCherry localized properly in this background (Fig 1E-F). | was unable
to test SpollIB-mCherry in a PBP2b deletion as all parts of that protein are
essential for growth of the cell. However, based on process of elimination,
PBP2b seems a likely candidate to interact with SpollB. It should be noted
that these experiments do not completely rule out DivIB, DiviC, and FtsL as
SpolIB interacting partners, as the constructs tested here cannot provide
useful information if SpollB localization is facilitated by its putative cell wall

domain, which is extracytoplasmic.

SpollB bacterial two-hybrid assays

Because the division proteins are essential and localization
experiments were inconclusive, | used bacterial two-hybrid assays to further
probe SpollB localization determinants (Karimova et al., 1998). SpollB was
cloned into both bait and prey vectors for screening against a library of all the
division proteins. This was part of a collaborative effort with the Jeff Errington
lab, that created and curates the library. First, the C and N-terminal domains of
SpolIB were cloned separately into each vector and later the full-length SpollB
protein was cloned. When screened against each other, the SpollB constructs
showed no B-galactosidase activity (Fig 2A), suggesting that they did not self
interact. When screened against the division protein library, there were only
two positive hits. These hits were not replicated in the corresponding bait/prey

switched vectors and may be non-specific. However, the only hits were with
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PBP2b, one with the full-length SpollB construct and one with the C-terminal,
extracytoplasmic domain of SpollB (Fig 2B and data not shown). Though
considerably weak, this evidence supports the hypothesis that PBP2b

localizes SpollB to the septum.

Identification of the SpollB cleavage site

Western blots have shown that SpollB is cleaved following localization
to the sporulation septum. In order to investigate this cleavage event, it was
necessary to identify the proteolysis site. | therefore immunoprecipitated
SpolIB-FLAG from samples collected 3.5 hours after the initiation of
sporulation, a timepoint after the cleavage event (Fig 3). The purified eluent
was transferred to a PVDF membrane and stained with Ponceau to reversibly
visualize the protein. The major band corresponded to cleaved SpollB-FLAG
based on size (approx 32 kDa) and was sent for N-terminal sequencing which
identified the cut site as between A58 and A59, in close agreement with earlier
estimates of its location based on the apparent size of the proteolytic products
on SDS PAGE. This cleavage event should release a soluble, 58 amino acid,
N-terminal product from the 275 amino acid, transmembrane-containing, C-
terminal region of SpolIB.

The specific protease that recognizes and cleaves SpollB at A58 is also
unknown and examination of the sequence adjacent to the cut site revealed
no clues. To determine if proteolysis is regulated by sporulation, Western blot

analysis of SpollB was performed on strains lacking either ", 6%, SpolVFA,
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SpolVB, SpolID, or SpollP and revealed that SpollB cleavage is under the
control of the early mother cell transcription factor, oF, which becomes active
immediately after polar septation. However, cleavage was not directly
mediated by SpolVFA, SpolVB, SpollD, or SpollP themselves, as cleavage of
SpollB did occur in these mutant backgrounds (Fig 4B-C).

To further investigate the cleavage event, | constructed a truncated
version of SpollB on a plasmid that is missing amino acids 5-58, which
simulates the cleaved protein. This construct contains 600 bp of upstream
DNA to include the promoter and any other regulatory elements, and was
inserted in the dispensable amyE locus in B. subtilis to examine its effects on
engulfment. | also created and inserted the corresponding full-length SpollB
cassette. To assay the ability of these mutants to support sporulation, they
were moved into a strain that lacked spollB at its native site and was missing
spolVFA, the secondary localization pathway for SpolIDMP (Aung 2007). |
performed heat kills on these mutants and found that neither the full-length or
truncated construct supported sporulation (Fig 5), suggesting that either
important regulatory elements for SpollB are more than 600 bp upstream of
the start, or that the mRNA was unstable because enough downstream

sequence was not included during the construction.

SpollIP localization requires the extracytoplasmic domain of DivIB
Interestingly, GFP-SpollP localized normally in a strain with a DivIB

domain swap, but was diffuse throughout the mother cell membranes in a
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DdivIB strain (Fig 6). This was unexpected as SpollB-mCherry localized
normally in both backgrounds and SpollB is the primary localization
determinant of SpollM, which localizes SpollP (Chastanet, Aung).
Maintentance of this localization pattern at later timepoints (up to t4) suggests
that SpolVFA, the backup mechanism for SpolIDMP localization (Aung et al.,

2007), also is not localized at the septum.
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Conclusions

Attempts made here to determine how SpollB recognizes the septum
were unsuccessful. However, | was able to demonstrate that SpollB
localization to the sporulation septum is not dependent on the intracellular
domains of the late division proteins DiviB, DivIiC, and FtsL, nor the
transmembrane domains of DivIB and DivIC (Fig 1). As SpolIB localization is
dependent on the late division proteins (Shum), if the intracellular domain of
SpollB is responsible for its localization, these results suggest that PBP2b
interacts with SpollB. Consistent with this, bacterial two-hybrid assays
showed a weak interaction between some SpollB constructs and PBP2b (Fig
2).

As well, | showed that the extracytoplasmic domain of DivIB is required
for SpollP localization but not SpollB localization (Fig 6). This is unexpected
as SpollP localizes in a cascade downstream from SpollB (Aung et al. 2007)
and suggests that simply the presence of SpollB is not what localizes later
proteins, but that SpolIB either functions in some way at the septum, possibly
acting on the peptidoglycan, or is modified after arriving at the septum.
Whatever occurs after SpollB localizes seems to require the extracytoplasmic
domain of DivIB.

The cleavage site of SpollB was also identified and corresponds to the
alanine at position 58. This cleavage would completely remove the

cytoplasmic coiled-coil domain of SpollB suggesting that an interaction
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between SpollB and another protein is terminated, as coiled-coils are known
to mediate protein-protein interactions. This could allow for altered SpollB
localization or could prime SpolIB for an interaction with SpolIDMP by causing
a conformational change or simply creating more space at the membrane.
However, other possibilities for the role of the cleavage event exist. Proteolysis
is known to play a role in other aspects of sporulation, namely o activation,
where cleavage of SpolVFA in the mother cell membrane by SpolVB causes a
destabilization of the SpolVFB inhibition complex, allowing the SpolVFB
protease to cleave pro-o¥, thereby activating o in the mother cell (reviewed in
(Errington, 2003)). This mechanism provides an example within sporulation
that cleavage can both end a protein function (SpolVFA) or initiate a protein
function (O'K), suggesting many interesting possibilities for the role of SpollB

cleavage in engulfment initiation.
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Materials and Methods

Bacterial strains, genetic manipulations and growth conditions.

Bacillus subtilis strains used here are derivatives of the wild type strain
PY79 (Youngman et al., 1984) and are shown in Table 1. Mutations and
plasmids were introduced into PY79 by transformation (Dubnau & Davidoff-
Abelson, 1971). B. subtilis strains were grown and sporulated at 30°C unless
otherwise indicated. Sporulation was induced by the CH resuspension method
(Sterlini & Mandelstam, 1969) for all cell biological experiments. Heat-resistant
spore assays were performed on cultures grown and sporulated in DSM broth
(Schaeffer et al., 1965) for 24 hrs at 37°C. Cultures were then heated at 80°C

for 20 minutes, serially diluted and plated on LB.

Construction of amyE::spollB and amyE::spollBtrunc vectors.

spollB plus 600 bp upstream DNA was PCR amplified from PY79
chromosomal DNA using primers JGP39 and JGP40 (Table 2), digested with
EcoRV and inserted in the pSMART vector from Lucigen to create pJFG12.
This plasmid was mutagenized using a modified QuickChange protocol
((Chiba et al., 2007), Chapter 3) and primers JGP53 and JGP54 to delete DNA
corresponding to amino acids 5-58 of SpollB and create pJFG27. JGP56 and
JGP57 (containing engineered Bglll sites) were then used to amplify full-length
spollB off pJFG12 and truncated spollB off pJFG27. PCR products were
cleaned and inserted in the pCR2.1 TOPO vector (Invitrogen) to create

pJFG38 and pJFG30 respectively. pJFG38 and pJFG30 were digested with
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Bglll and inserted into the amyE integrating vector pDG1730 (Guerout-Fleury

et al., 1996) digested with BamHlI to create pJFG39 and pJFG40.

Construction of bacterial two-hybrid vectors.

Either the N-terminal region, C-terminal region or full-length SpollB was
amplified off of PY70 chromosomal DNA and inserted in the vectors
associated with the BACTH kit (Karimova et al., 1998), all digested with Xbal
and Kpnl. All full-length clones were generated using primers JGP7 and
JGP23. N-terminal clones were generated using primers JGP7 and JGP22 for
insertion into all vectors. C-terminal clones were generated using primers
JGP6 and JGP23 for insertion into pUT18 and pKT25N and with primers JGP6

and JGPS8 for insertion into pKT25 and pUT18C.

Co-Immunoprecipitation of SpollB-FLAG.

Co-immunoprecipitation was performed as described in (Blaylock et al.,
2004). Briefly, 1L cultures of PY79 and DB157 were grown to t3.5 and spun
down. The pellet was washed once with 40mL SMM buffer and respun. The
pellet was washed with 10mL SMM and lysozyme added to a final
concentration of 1mg/mL. The solution was incubated at 37°C for 15min,
pelleted and stored at -80°C overnight. The pellet was resuspended in 12 mL
SolnB (20mM HEPES, 150mM NaCl, 1mM EDTA, pH 7.5) with leupeptin
(1uL/mL), pepstatin(1uL/mL) and PMSF (5ul/mL) plus 200uL 10%DDM and

iced 30 min. The lysate was spun at 40,000rpm, 30min, 4°C. The
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supernatant was saved and mixed with M2mouse anti-FLAG beads (Sigma)
overnight at 4°C. The slurry was centrifuged gently to separate the unbound
fraction, washed with Soln B, then eluted by resuspension of the beads in 2X

SDS loading buffer and incubated 42°C for 15 min.

Microscopy and image analysis.

To visualize GFP, samples from sporulating cultures were taken at the
indicated times, stained with a final concentration of 5 mg/mL FM 4-64, 2
mg/mL DAPI and applied to poly-L-lysine coated coverslips (Sharp & Pogliano,
1999). To image mCherry, cells were stained with a final concentration of 4
mg/mL Mitotracker Green (Sharp & Pogliano, 1999). Images were collected
using an Applied Precision Spectris optical sectioning microscope equipped
with a Photometrix CoolsnapHQ CCD camera. Images were deconvolved
using SoftWoRx software (Applied Precision Inc.).

Western blotting.

Samples for Western blots were prepared as described in (Chiba et al.,
2007) and Chapter 3. Briefly, 1.0 mL of culture was collected at the indicated
timepoints and precipitated by addition of 110 uL 50% tri-chloro-acetic acid
(TCA) and frozen overnight. Samples were spun on high, washed with Tris
buffer (pH 8) and resuspended in 54 mL Tris Sucrose Buffer (33 mM Tris, pH
8, 40% Sucrose, 1 mM EDTA, 300 ug/mL PMSF). Lysozyme was added to a
final concentration of 1 ug/mL and samples were incubated at 37°C, 10

minutes. An equal volume of 2X SDS loading buffer was added to each
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sample and samples were heated to 42°C. Samples were applied to a 12%
SDS-PAGE gel, transferred to a PVDF membrane and probed with antibodies
to SpollB at a 1:1000 dilution (R320, bleed3) or antibodies to FLAG (Sigma) at
a 1:5000 dilution. Secondary, anti-rabbit antibody conjugated to HRP (GE
Healthcare) was added at 1:3000 and developed using the ECL kit (GE

Healthcare).
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Table 1. Strains used in this study
strain genotype source
PY79 wit ref
JFG30 spollB-mCherry-kan; murB::pVK3::divIBcat(Pspac-BBB) this work
JFG31 spollB-mCherry-kan; murB::pVK12::diviBcat(Pspac-RRB) this work
JFG32 spolIB-mCherry-kan; amyE::pVK13::cat(Pspac-RRC); AdivIC- this work
spc
JFG33 spolIB-mCherry-kan; amyE::pVK14::cat(Pspac-CCC); AdivIC- this work
spc
JFG34 amyE::pVK14::cat(Pspac-CCC); AdivIC-spc; spollB-FLAG-erm | this work
JFG35 amyE::pVK13::cat(Pspac-RRC); AdivIC-spc; spollB-FLAG-erm | this work
JFG40 murB::pVK3::diviBcat(Pspac-BBB); spollB-FLAG-erm this work
JFG41 murB::pVK12::diviBcat(Pspac-RRB); spollB-FLAG-erm this work
JFG42 spollB-FLAG-erm; spollP::tet this work
JFG43 spolIB-FLAG-erm; spollD298 this work
JFG93 spollB-his::pJSA1his-cm; spollGB::erm this work
JFG49 diviB::spc; spollP::tet; amyE::P,p-gfp-spollP-cat this work
JFG60 murB::pVK3::diviBcat(Pspac-BBB); spollP::tet; amyE::P;p-gfp- this work
spollP-cat
JFG62 murB::pVK12::diviBcat(Pspac-RRB); spollP::tet; amyE::P;p-gfp- | this work
spollP-cat
JFG94 spollB-his::pJSA1his-cm; spollAC::erm this work
JFG95 ftsL::pSG441-kan-Pspac-pbp,; sacA::PspollD-cre-spc; spollB- this work
mCherry; amyE::cat-Pxyl-dll
JFG96 ftsL::pSG441-kan-Pspac-pbp; sacA::PspollD-cre-spc; spollB- this work
mCherry; amyE::cat-Pxyl-FtsL
JFG123 spollB::erm; AspolVFAB-cat this work
JFG248 amyE::spollB-spc this work
JFG251 amyE::spollBtrunc-spc this work
JFG252 amyE::spollB-spc; spollB::erm this work
JFG254 amyE::spollBtrunc-spc; spollB::erm this work
JFG256 amyE::spollB-spc; spollB::erm; AspolVFAB-cat this work
JFG257 amyE::spollB-spc; spollB::erm; AspolVFAB-cat this work
JFG258 amyE::spollBtrunc-spc; spollB::erm; AspolVFAB-cat this work
JFG259 amyE::spollBtrunc-spc; spollB::erm; AspolVFAB-cat this work
JFG118 spolVFAB::cat; spollB-FLAG-erm this work
JFG119 spolVB::spc; spollB-FLAG-erm this work
DB157 spollIB-FLAG-erm this work
DB177 spollPhis::pJSA1his-Cm this work
KP161 spollGB::erm ref
KP176 spollAC::erm ref
JS51 diviB::spc; spollB-mCherry-kan this work
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Table 2. Primers used in this study

Primer name

Sequence

JGP6 GGT CTC TAG AGT CGG GGA ATA AAG AAG CG

JGP7 GGT CTC TAG AGG AGG AAG CGG AAT TGA AA

JGP8 GGT CAC GGT ACCTTATTT TAC CGAC GGC TAA CAG

JGP22 CCG CCG GGTACCCGTCTTTTTACCGGTTT

JGP23 GGT CAC GGT ACCCGT TAT TTT ACG ACG GCT AAC AG

JGP39 CCC GGATAT CTT ATT TTA CGA CGG CTA ACA GCT CCT GCT GA
JGP40 CCC GGA TAT CGT ATC CCG CAG CAG AGC TTG TGA CAG

JFG56 GGG GAGATC TTACCG AAGAAAGGCCCAC

JGP57

GGG GAG ATC TAT CAAGTC AAAAGC CTCC
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Figure 1. SpollB-mCherry localization in division mutant backgrounds.

All images taken at T2.5 at 30°C. Membranes were stained with Mitotracker
Green. SpollB-mCherry localizes to the division septum (and leading edges
where applicable in all mutant backgrounds. (A) SpollB-mCherry in CCC (wild
type DivIC) JFG33. (B) SpollB-mCherry in RRC (domain swap DivIC), JFG32.
(C) SpollB-mCherry in BBB (wild type DivIB), JFG30. (D) SpollB-mCherry in
RRB (domain swap DivIB), JFG31. (E) SpollB-mCherry in LLL (wild type
FtsL), JFG96. (F) SpollB-mCherry in dLL (domain swap FtsL), JFG95.
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pKT25::SpolIB

p25-N::SpolIB

Figure 2. Bacterial two-hybrid screen results.

(A) SpollB C-terminal and N-terminal constructs do not show self interaction
in bacterial two-hybrid assays. (B) SpollB full length constructs show one
potential interaction with PBP2b. Spot of interest is boxed.
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37kD

spolIB-FLAG PY79

Figure 3. SDS-PAGE gel of co-immunopurified SpolIB.

Two identical gels were run, one was transferred to a membrane, reversibly
ponceau stained, and the band of interest was cut out and sent for protein
sequencing at the UCSD core facility. The second gel is pictured here and
stained with Coomassie blue. The band indicated with the arrow corresponds
to the protein product that was sequenced.
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Figure 4. Western blots showing SpollB cleavage in mutant backgrounds.

(A) Antibodies against SpollB showing lack of cleavage in ¢ and ot mutant
backgrounds. Samples from T2.5. (B) Antibodies against FLAG. All strains
contain SpollB-FLAG and the mutation indicated above the lane. SpollB-
FLAG is cleaved in the absence of known proteases SpolVFB and SpolVB.
(C) Antibodies against FLAG. SpollB-FLAG is cleaved in the absence of
peptidoglycan hydrolases SpollD and SpollP and is not dependent on the
cytoplasmic domain of DivIB or DivIC.
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Figure 5. Spore titers of SpollB and SpollBtrunc strains.

Strains harboring either amyE::spollB or amyE::spollBtrunc were sporulated,
heated to 80°C for 20 minutes, diluted and spotted on plates to assay the
ability of strains of strains to produce heat-resistant spores. The dilution is
indicated above, and the strain is on the right. Image contrast was inverted for
easier viewing.
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membranes tagged protein merge

Figure 6. Localization of SpollB and SpollP in various diviB mutants.

(A) SpollB-mCherry localizes to the leading edges in a diviB mutant.
Membranes stained with Mitotracker Green, images taken at T3. (B) GFP-
SpollP does not localize in a diviB mutant, despite SpollB localization at T3
(upper) or T4 (lower). Membranes stained with FM4-64.
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