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Roles of the DedD Protein in Escherichia coli Cell Constriction
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ABSTRACT Two key tasks of the bacterial septal-ring (SR) machinery during cell
constriction are the generation of an inward-growing annulus of septal peptidogly-
can (sPG) and the concomitant splitting of its outer edge into two layers of polar PG
that will be inherited by the two new cell ends. FtsN is an essential SR protein that
helps trigger the active constriction phase in Escherichia coli by inducing a self-
enhancing cycle of processes that includes both sPG synthesis and splitting and that
we refer to as the sPG loop. DedD is an SR protein that resembles FtsN in several
ways. Both are bitopic inner membrane proteins with small N-terminal cytoplasmic
parts and larger periplasmic parts that terminate with a SPOR domain. Though ab-
sence of DedD normally causes a mild cell-chaining phenotype, the protein is essen-
tial for division and survival of cells with limited FtsN activity. Here, we find that a
small N-terminal portion of DedD (NDedD; DedD'->%) is required and sufficient to
suppress AdedD-associated division phenotypes, and we identify residues within its
transmembrane domain that are particularly critical to DedD function. Further analy-
ses indicate that DedD and FtsN act in parallel to promote sPG synthesis, possibly
by engaging different parts of the FtsBLQ subcomplex to induce a conformation
that permits and/or stimulates the activity of sPG synthase complexes composed of
FtsW, Ftsl (PBP3), and associated proteins. We propose that, like FtsN, DedD pro-
motes cell fission by stimulating sPG synthesis, as well as by providing positive feed-
back to the sPG loop.

IMPORTANCE Cell division (cytokinesis) is a fundamental biological process that is
incompletely understood for any organism. Division of bacterial cells relies on a ring-
like machinery called the septal ring or divisome that assembles along the circum-
ference of the mother cell at the site where constriction eventually occurs. In the
well-studied bacterium Escherichia coli, this machinery contains over 30 distinct pro-
teins. We identify functionally important parts of one of these proteins, DedD, and
present evidence supporting a role for DedD in helping to induce and/or sustain a
self-enhancing cycle of processes that are executed by fellow septal-ring proteins

and that drive the active constriction phase of the cell division cycle.
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cell fission or viability per se, many have (overlapping) roles in critical or important
aspects of SR assembly and/or functions (1, 2).

The tubulin-like GTPase FtsZ forms linear homopolymers (Z polymers) and plays a
key role in cytokinesis of most prokaryotes and many plastids (2-4). SR assembly starts
with the coaccumulation of Z polymers and several core (FtsA and ZipA) and noncore
(ZapA, -C, and -D) FtsZ-binding proteins in a ring-like arrangement on the inner face of
the IM at the prospective site of fission. This intermediate assembly is often referred to
as the FtsZ or Z ring (ZR) (1, 2, 5). Z polymers have no inherent affinity for membranes,
and at a minimum, either FtsA or ZipA is needed to arrange them into a ZR in vivo (6,
7). Both bind a small conserved C-terminal peptide of FtsZ, and while ZipA is a bitopic
IM protein, FtsA binds the IM peripherally via a C-terminal amphipathic peptide (8-13).
FtsA is a subdomain variant of actin in which subdomain 1B in the “cloverleaf” structure
of typical actins is absent and an unrelated domain (1C or SHS2) resides on the other
side of the molecule instead (14, 15). Still, FtsA can readily form actin-like oligomers/
polymers (A polymers) on a phospholipid surface (16-20). In turn, these engage Z
polymers to form interpolymer complexes (IPCs) in which A polymers are sandwiched
between the membrane surface and Z polymers, keeping the latter two ~16 nm apart
(20-23). GTPase-dependent treadmilling of the Z polymer component drives move-
ment of these IPCs on the IM surface, and they can be seen to rotate around the ZR in
either direction in vivo (22, 24, 25).

Assembly of the ZR is followed by recruitment of the remaining core division
proteins in an ordered manner (ZR < FtsK < [FtsB + -L + -Q] < [FtsW + -] < FtsN)
to form a mature, constriction-competent SR apparatus (1, 2, 26, 27). The core and
noncore SR proteins then orchestrate the coordinated invagination of the IM, pepti-
doglycan (PG), and OM envelope layers and the subsequent separation of daughter
cells. PG (murein) is a mesh-like material of linear glycan strands that are cross-linked
via short peptides. It surrounds the entire IM, forming a cell-size molecule called the PG
sacculus that protects the cell from osmotic lysis, helps maintain cell shape, and
anchors other envelope components, including the OM in Gram-negative species (28).
The basic building block is lipid Il [undecaprenyl-pyrophosphoryl-N-acetylmuramic acid
(NAM)(-p-Ala-p-iGlu-m-Dap-p-Ala-p-Ala)-N-acetylglucosamine (NAG)], a lipid-linked di-
saccharide pentapeptide that is assembled on the inner face of the IM (29). Lipid Il is
then flipped to the periplasmic face of the IM (30-32), where it is used by PG
glycosyltransferases (GTs) to polymerize new glycan strands that are subsequently
cross-linked to adjacent strands by PG transpeptidases (TPs) (28).

One key task of the SR during cell fission is the generation of an ingrowing annulus
of septal peptidoglycan (sPG) that is oriented perpendicular to the cell’s long axis and
that can be viewed as an integral and dynamic component of the actively constricting
SR itself (1, 2, 33-36). The outer (OM-proximal) edge of this annulus is initially coinci-
dent with the cylindrical part of the sacculus, while new material is added to its inner
(IM-proximal) edge by IM-associated sPG synthase complexes. Central to the latter are
two of the core SR proteins, FtsW and Ftsl, which associate to form an FtsW-Ftsl
subcomplex (37-41). Ftsl is also known as penicillin-binding protein 3 (PBP3), as it is a
target of B-lactam antibiotics and possesses pp-transpeptidase activity (42-45). Recent
evidence indicates that FtsW, like its paralog, RodA, belongs to a newly recognized class
of PG glycosyltransferases (45-49). Hence, the FtsW-Ftsl subcomplex likely possesses
both enzymatic activities needed to convert lipid Il to sPG. However, though purified E.
coli FtsW was found to bind lipid Il, it has yet to display actual GT activity in vitro (41,
50). Similarly, while purified E. coli Ftsl displays TP activity on artificial substrates (44), it
so far appears to ignore natural substrates (51). Perhaps E. coli FtsW-Ftsl is not a
complete PG synthase, but it is more likely that it requires precise conditions and/or
accessory factors to stimulate its GT and TP activities with lipid Il as the starting
substrate.

In fact, a variety of evidence indicates that FtsW-Ftsl associates, at least transiently,
with a number of other factors to form larger sPG synthase complexes in vivo. These
include the other core SR proteins FtsB, -L, -N, and -Q (37, 38, 52-55) and the noncore
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bifunctional PG synthase PBP1B (39, 41, 56). The latter possesses both GT and TP
activities and likely contributes to sPG synthesis and/or to maintaining the integrity of
the sacculus as the sPG annulus is being processed into two layers of polar PG (47, 51).
FtsB, -L, and -Q form a phylogenetically well-conserved subcomplex (FtsBLQ) that is
required to recruit FtsW-Ftsl during SR maturation (57-60) and likely regulates its sSPG
synthase activities as well (61, 62).

Soon after synthesis of the sPG annulus starts, and while sPG synthases continue to
add new material to its inner edge, its outer edge begins to split into two layers that
remain continuous with the mother cell sacculus and become part of the two new
nascent cell poles. This splitting of the sPG annulus from the OM-proximal side
is accomplished by murein hydrolases, most prominently by the periplasmic
N-acetylmuramyl-L-alanine amidases AmiA, -B, and -C (34, 35, 63-66). AmiA and AmiB
activities are tightly controlled via interactions with the periplasmic protein EnvC, while
that of AmiC is regulated by the OM lipoprotein NIpD (66-69). The amidases cleave the
peptide-glycan bond, yielding denuded glycan strands that gradually detach from the
sPG mesh and are eventually degraded by lytic tranglycosylases (28, 36). Though
transient, denuded glycan strands accumulate sharply at the constricting SR, where
they serve to recruit/anchor a set of core (FtsN) and noncore (DamX, DedD, and RIpA)
SR proteins that contain a SPOR domain (36, 70, 71).

FtsN is the last core protein to accumulate strongly at the SR and helps trigger the
active cell constriction phase of the division process (1, 2). It is a bitopic IM protein with
a small cytoplasmic domain (FtsN'-3°, or NFtsN) and a large periplasmic domain
(FtsN>5-319), The former binds the 1C domain of FtsA (61, 72-74). The latter consists of
a short linker, an essential peptide of only ~19 residues (FtsN75-23, or EFtsN), a longer
linker, and a C-terminal SPOR domain (FtsN243-319 or SFtsN) that binds denuded PG
strands (36, 61, 70, 71, 75). The presence of EFtsN in the periplasm is required and
sufficient for cells to divide (61, 71). The peptide fails to accumulate at SRs by itself,
however, and needs to be overproduced to rescue AftsN cells fully. In contrast, the
SFtsN domain can localize sharply to constricting SRs when separated from other parts
of the protein but requires EFtsN, FtsW-Ftsl, and PG amidase activities to do so (61, 71).
Based on these and additional observations, FtsN is proposed to induce a positive-
feedback loop consisting of (i) FtsN-stimulated sPG synthesis; (ii) sPG splitting and
production of SPOR substrate by Ami proteins; and (iii) enhanced SR recruitment of
SPOR domain proteins, including FtsN itself (61, 71). We refer to this self-enhancing
cycle of processes as the sPG loop.

To elucidate how FtsN stimulates cell fission, we and others identified mutant
variants of other SR proteins that reduce the need for FtsN activities. Such FtsN—-
suppressing versions of SR proteins all appear to promote active cell fission “better”
than the native versions and can be described as SF (superfission) variants, encoded by
their corresponding sf mutant alleles. SF variants of E. coli FtsA, FtsB, FtsL, and FtsW that,
at least partially, bypass the requirement for FtsN have been described so far (61, 62,
76, 77). Their properties support a model wherein FtsN acts allosterically via NFtsN on
FtsA in the cytoplasm, and via EFtsN on the FtsBLQ subcomplex in the periplasm, to
stimulate sPG synthesis by FtsW-Ftsl and to help trigger and sustain the sPG loop (61,
62, 74, 77).

As mentioned above, E. coli also produces three noncore SR proteins with a SPOR
domain (71, 78). DamX and DedD have the same bitopic IM topology as FtsN, whereas
RIpA is an OM lipoprotein. High levels of DamX cause filamentation in E. coli, and this
underlies morphological switching in uropathogenic strains (79, 80). RIpA likely de-
grades denuded glycan strands, as was demonstrated for the Pseudomonas aeruginosa
enzyme (81). Even so, neither AdamX nor ArlpA single mutants of E. coli show an
obvious cell division defect (71, 78).

In contrast, AdedD single-mutant cells show a mild cell-chaining phenotype that is
exacerbated in AdedD AdamX double mutants (71, 78) or by stressful growth condi-
tions, such as high hydrostatic pressure (82) or low temperatures (83). Moreover, DedD
becomes essential in cells with reduced FtsN function, suggesting it plays an FtsN-like
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role in stimulating cell constriction (61, 71). Here, we find that an N-terminal portion of
DedD (NDedD, or DedD'-54) that includes its transmembrane helix is required and
sufficient for its function in cell division. NDedD also contains a weak SR localization
determinant that can operate independently of its C-terminal SPOR domain. Further
analyses suggest that DedD acts in parallel with FtsN to stimulate FtsW-Ftsl activity,
possibly via an interaction between DedD and the FtsBLQ subcomplex within, or near,
the IM bilayer. We propose that, like FtsN, DedD provides positive feedback to the sPG
loop.

RESULTS

An N-terminal portion of DedD (NDedD) is required and sufficient for its
function in cell division. DedD consists of a small cytoplasmic domain (DedD'-8), a
transmembrane domain (DedD®-27, or ™DedD), and a large periplasmic domain
(DedD28-229) (71, 84). The last contains a C-terminal globular SPOR domain (DedD?40-216,
or >DedD), and secondary structure predictions (85, 86) suggest that the remainder
(DedD28-139) lacks a defined structure save for five possible short a-helices, H1 to H5
(Fig. 1A; see Fig. S1 in the supplemental material).

To identify the part(s) of DedD required for its function in cell division, we created
constructs encoding various portions of DedD fused to the C terminus of either
cytoplasmic green fluorescent protein (GFP) or Tat-targeted periplasmic GFP (TTGFP)
(67) and used them in complementation assays with AdedD strains. As noted above, the
absence of DedD in otherwise wild-type (wt) cells causes a mild cell-chaining pheno-
type, but this is significantly exacerbated in AdamX cells, even though DedD-replete
AdamX cells show no obvious cell division phenotype (71, 87) (see Fig. S2 in the
supplemental material). Hence, the fusions were produced in strain BL40 [AdamX
AdedD], and cells were observed by microscopy (Fig. 1; see Fig. S2).

Production of a GFP fusion to full-length DedD encoded by pFB236 [P, :gfp-dedD]
corrected the chaining phenotype of BL40 (Fig. 1C; see Fig. S2C), as expected (71).
Notably, production of GFP-DedD'-""8 (Fig. 1D; see Fig. S2D) or GFP-DedD'->4 (Fig. 1E;
see Fig. S2E) did so as well, indicating that the N-terminal 54 residues of DedD are
sufficient to prevent cell chaining. In contrast, a GFP-DedD'-35 fusion failed to correct
cell chaining in BL40 cells (Fig. 1F; see Fig. S2F and G). Rather than accumulating along
the membrane, however, the fluorescent signal in these cells appeared to be mostly
cytoplasmic (Fig. 1F). Western analyses indicated that the fusion was not markedly less
stable than the functional ones (see Fig. S3A in the supplemental material), suggesting
that GFP-DedD'-3> may be poorly inserted or maintained in the membrane due to its
small periplasmic domain (~8 residues). Indeed, appending red fluorescent protein
(RFP) to its C terminus yielded a fusion (GFP-DedD'-35-RFP) that more clearly localized
to the cell periphery (Fig. 1G). Moreover, the fusion suppressed the chaining phenotype
of BL40 to a significant degree but, unlike GFP-DedD, GFP-DedD'-"'8, or GFP-DedD"->%,
did so incompletely even at high levels of expression (Fig. 1G; see Fig. S2H and I). Thus,
almost all of the periplasmic residues of DedD, including its SPOR domain and potential
a-helices 1 to 5, may be dispensable for its ability to suppress cell chaining in BL40
[AdamX AdedD] cells, but residues in the 36-to-54 interval clearly contribute to this
activity.

A role for residues in the 36-to-54 interval was also evident in a more stringent test
for DedD function. The ftsNs/m'17 allele (ftsN::EZTnKan-2) encodes a truncated SPOR-less
version of FtsN, due to a transposon insertion in codon 119 of chromosomal ftsN. In
otherwise wt cells, ftsN*'™777 causes a cell-chaining phenotype quite similar to that of
BL40 [AdamX AdedD] cells (71). Notably, DedD is essential for viability of ftsNs/m777 cells,
which cease cell constriction altogether upon depletion of DedD (71).

Hence, pFB236 [P, ::gfp-dedD] or one of its derivatives described above was intro-
duced in the DedD depletion strain MG19/pMG39 [ftsN*'™"77 AdedD/Pg,p::dedD], and
transformants were tested for the ability to survive in the absence of arabinose. As
expected, MG19/pMG39 cells carrying a vector control (pMLB1113AH) grew well in the
presence of arabinose but formed very long filaments that failed to survive on medium
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FIG 1 Domain analyses of E. coli DedD. (A) Schematic depiction of full-length DedD (DedD'-22°). The transmembrane domain ("™DedD) and the
C-terminal SPOR domain (°DedD) are indicated. Potential a-helices (H1 to H5), predicted to form in the periplasmic portion between ™DedD and
sDedD by the GOR IV secondary-structure prediction method (85), are indicated in black. Also shown are inserts present on plasmids that encode
fusions of various portions of DedD to GFP or T'GFP under control of the lac regulatory region. The T"GFP fusion encoded by pMG44 contains
the TorA signal peptide (hatched box) that is cleaved upon export to the periplasm via the twin arginine transport (Tat) system. M represents
residues 2 to 39 of MalF, which include cytoplasmic residues and the first transmembrane domain (TM1; MalF'°-35) of the protein (88). Some
fusions end with a nonnative Leu-Glu dipeptide (LE), as indicated. The table on the right shows (left to right) the DedD residues present in each
fusion; whether the fusion could fully (++) or partially (+—) or could not (——) correct the cell-chaining phenotype of BL40 [AdamX AdedD];
whether the fusion accumulated sharply (+++), weakly (+——), or not at all (———) at division sites in the strain; and the panel with
corresponding cell images. (B to I) Images of live BL40 [AdamX AdedD] cells carrying the vector control pMLB1113AH [P, ] (B), pFB236
[P.c:gfp-dedD] (C), pPC1 [P, :gfp-dedD'-""8] (D), pBL95 [P, :gfp-dedD'->4] (E), pBL37 [P, :gfp-dedD'-34] (F), pBL101 [P, :gfp-dedD'-35-rfp] (G),
pBL33 [P,,.:gfp-malF>-3°-dedD?8-22°] (H), or pBL27 [P, :gfp-malF?-3°-dedD?8-11#] (l). Panels C to | comprise a differential interference contrast (DIC)
image (left) and a fluorescence (FL) image (right) that corresponds to the boxed area in the DIC image. Bar, 16 um (all DIC images), 8 um (FL
images in panels H and 1), or 4 um (FL images in panels C to G). Cells were grown for ~5 mass doublings to an OD,, of 0.5 to 0.6 in LB with
50 uM IPTG. Strong septal localization of TTGFP-DedD'4°-220 was shown previously (71) and resembled that seen in panel H. Examples of weak
(GFP-DedD'-""® and GFP-DedD'->4) or very weak (GFP-DedD'-35-RFP) septal accumulations of some of the SPOR-less fusions are marked by
arrowheads in panels D, E, and G.

lacking the sugar (Fig. 2 and data not shown). In contrast, cells carrying pFB236
[P\aci:gfp-dedD] readily survived the absence of arabinose, even in the absence of added
IPTG (isopropyl-B-p-thiogalactopyranoside). Interestingly, the GFP-DedD'-># fusion res-
cued cells almost as well as full-length GFP-DedD, but neither GFP-DedD'-3> nor
GFP-DedD'-35-RFP did (Fig. 2). The inability of the latter to functionally substitute for
DedD in ftsNs'm717 AdedD cells contrasts with its ability to at least partially correct the
chaining phenotype of AdamX AdedD cells (Fig. 1; see Fig. S2) and supports the notion
that DedD residues in the 36-to-54 interval indeed contribute significantly to DedD
function.

A more surprising result of these experiments was that the same GFP-DedD'-''8
fusion that efficiently suppressed chaining of BL40 [AdamX AdedD] cells (Fig. 1; see Fig.
S2), proved to be completely ineffective in rescuing ftsNs'm''7 AdedD cells (Fig. 2 and
results not shown). As this contrasted so sharply with the ability of both a larger
(full-length GFP-DedD) and a shorter (GFP-DedD'->4) fusion to rescue such cells effi-
ciently, we considered the possibility that GFP-DedD'-''® was not produced well

April 2019 Volume 201 Issue 8 e00698-18 jb.asm.org 5


https://jb.asm.org

Liu et al.

MG19/pMG39 [AdedD ftsNS™ 17| Pyg,p::dedD]
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GFP-DedD"'"®
GFP-DedD"%
GFP-DedD"*
GFP-DedD"*-RFP
GFP-MalF?%-DedD?*?2

GFP-DedD®"
GFP-DedD"?
GFP-DedD™2¢

FIG 2 Ability of GFP-DedD and variants to rescue DedD-depleted ftsN*™?77 cells. Strain MG19/pMG39 [AdedD ftsN<'m"77/P , ::dedD] carrying one of the indicated
plasmids was grown overnight in LB with 0.5% arabinose. Cultures were serially diluted in LB to an ODg,, of 4 X 10%, and 5 ul of each dilution was spotted

on LB agar containing arabinose, IPTG, or neither, as indicated. The plates were incubated for 16 h. Save for the vector control, pMLB1113AH [P,

:], each plasmid

encoded GFP-DedD or a mutant derivative under control of the lac regulatory region. The relevant plasmid name and encoded protein are indicated on the
left and right of each row, respectively. Plasmids pFB236 and pBL272 are almost identical, except that the GFP-DedD fusion encoded by the latter carries an

additional four residues in the linker peptide that connects the GFP and DedD moieties.

and/or was unstable in this particular strain. However, Western analyses showed that
GFP-DedD'-""8 was present at about the same level as GFP-DedD or GFP-DedD'-># in
MG19/pMG39 cells, regardless of their DedD depletion state (see Fig. S4 in the
supplemental material). Since BL40 is AdamX and MG19 is not, we also considered the
possibility that the presence of DamX somehow specifically interferes with GFP-
DedD'-""8 function. However, GFP-DedD'-''® and GFP-DedD'-># appeared equally
capable of suppressing the mild cell-chaining phenotype of MG14 [AdedD], the DamX™*
parent of BL40 [AdamX AdedD] (see Fig. S5 in the supplemental material), rendering this
possibility unlikely. One remaining possibility is that, in contrast to GFP-DedD or
GFP-DedD'->4, proper functioning of GFP-DedD'-'"® depends on a property of FtsN
that is either lost or gained by its truncation to FtsNs'™117, Several scenarios can be
imagined, but additional work is required to fully understand why GFP-DedD'->4 readily
suppresses the cell division defects associated with AdedD in both FtsN+ and FtsNsIm117
cells while GFP-DedD'-""8 is incapable of doing so in the latter, specifically.

Regardless, these results established that a relatively small N-terminal portion of
DedD (NDedD), conservatively corresponding to residues 1 to 54, is sufficient to
suppress the cell division phenotypes that are associated with a AdedD mutation.
Formal evidence that NDedD is also required for this activity of DedD came from the
study of fusions in which the cytoplasmic and transmembrane portions of the protein
(DedD'-27) are replaced with a peptide (MalF?-3°) comprising the cytoplasmic N
terminus and first transmembrane helix (TM1) of the MalF protein (88). Neither GFP-
MalF2-3°-DedD28-118 nor GFP-MalF2-3°-DedD?8-22° was capable of suppressing chain-
ing of AdedD or AdamX AdedD cells or of rescuing ftsNs'm"77 cells upon depletion of
DedD (Fig. 11 and H and 2 and data not shown). Similarly, the fully periplasmic fusions
TTGFP-DedD28-118 TTGFP-DedD'4°-220, and TTGFP-DedD?28-220 also failed to correct
division defects associated with AdedD (Fig. 1A and data not shown) (71). We conclude
that NDedD is both required and sufficient for the ability of DedD to stimulate cell
fission in E. coli.

Contribution of SDedD to DedD functionality. Though the SPOR domain of DedD
(°DedD) is not required for its ability to promote normal cell division, it is likely to
contribute to DedD functionality, if only by stimulating the accumulation of NDedD at
the septal ring (71). To explore this possibility further, we studied BL40 [AdamX AdedD]
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FIG 3 Phenotype of SPOR-less DedD. (A to J) DIC images of live cells of strains BL40(iBL360) [AdamX AdedD(P,,.::gfp-dedD)]

lac*
(A to E) and BL40(iBL345) [AdamX AdedD(P,, :gfp-dedD'-"'8)] (F to J). The cells were grown for ~3 mass doublings to an
ODygq, of 0.5 to 0.6 in M9-maltose with 0 uM (A and F), 10 uM (B and G), 50 uM (C and H), 100 uM (D and 1), or 250 uM
(E and J) IPTG. Bar, 4 um. (K) Western analysis of full-length GFP-DedD and SPOR-less GFP-DedD'-""8. Nonchaining cells of
strains BL38 [AdamX] (lane 1), BL40(iBL360) [AdamX AdedD(P,,.:gfp-dedD)] (lane 2), and BL40(iBL345) [AdamX AdedD]

lac*

[Pac:gfp-dedD'-118] (lane 3) were obtained by growth as described for panel C [50 uM IPTG; BL38 and BL40(iBL360)] or J
[250 wM IPTG; BL40(iBL345)] and used to prepare whole-cell extracts. For lanes 4 to 7, the BL40(iBL345) extract (lane 3) was
diluted with that of BL38 (lane 1) to yield the fraction of the former indicated above each lane. Each lane contained 40 ug
total protein. Fusion proteins were detected using anti-GFP (a-GFP) polyclonal antibodies. Bands corresponding to the
fusions of interest are indicated by arrowheads. Migration of molecular mass standards (in kilodaltons) is indicated on the
left. Division phenotypes (A to J) and relative band intensities (K) indicated that, relative to GFP-DedD, BL40 [AdamX AdedD]
cells require a 2- to 4-fold higher level of SPOR-less GFP-DedD'-""8 to prevent cell chaining.

cells, which encode either full length GFP-DedD or SPOR-less GFP-DedD"-''8 under the
control of the lac regulatory region on a CRIM construct that is integrated at the
chromosomal attHK022 site (89). Strains BL40(iBL360) [AdamX AdedD(P,, :gfp-dedD)]
and BL40(iBL345) [AdamX AdedD(P,, :gfp-dedD'-1"8)] were grown in the presence of
different concentrations of inducer (IPTG). Division phenotypes were monitored by
microscopy and corresponding levels of GFP fusions by immunoblotting (Fig. 3).
Production of GFP-DedD already allowed normal division of BL40(iBL360) cells in the
presence of 50 uM IPTG (Fig. 3C). In contrast, at least 250 uM IPTG was required for
production of GFP-DedD'-""8 to suppress chaining of BL40(iBL345) cells to a compa-
rable extent (Fig. 3J). The accompanying Western analyses indicated that the cellular
concentration of SPOR-less GFP-DedD'-""8 needed to be elevated 2- to 4-fold relative
to full-length GFP-DedD to attain a similar level of function (Fig. 3K). These results are
compatible with the idea that *DedD indeed contributes to the efficacy of NDedD
action in cells.

Weak SDedD-independent accumulation of NDedD at division sites. Full-length
GFP-DedD accumulates strongly at cell constriction sites (Fig. 1C and 4D). This property
is maintained in all fusions containing an intact SPOR domain (Fig. 1A and H), consistent
with the conclusion that >DedD is a strong septal localization determinant of the
protein (71). Even so, several of the fusions lacking DedD still accumulated at division
sites in BL40 cells, albeit significantly more weakly than those containing it. Weak
accumulation was especially obvious with GFP-DedD'-''® (Fig. 1D) or GFP-DedD'->4
(Fig. 1E), even though the latter showed a relatively high cytoplasmic signal as well.
Even the GFP-DedD"-3>-RFP fusion appeared to be enriched at division sites, though its
accumulation seemed weaker still (Fig. 1G). In contrast, GFP-MalF2-3°-DedD?8-"'8 was
distributed evenly along the cell membrane, showing no hint of accumulation at
constriction sites (Fig. 11). These results indicate that, besides its SPOR domain, DedD
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FIG 4 Identification of residues important for DedD function. (A) DedD residues 1 to 120 are colored according to phylogenetic conservation (percent identity
in the Hogenom gene family HOG000279501 [90]); red, 100 to 98%; blue, 98 to 95%; green, 95 to 90%; brown, 90 to 75%; and black, <75%. DedD is a type
Il bitopic (N-in) inner membrane protein, and its transmembrane domain is shaded in gray. Pertinent substitutions (orange) are indicated immediately above
the affected residues. (B and C) DIC images of live BL38 [AdamX] (B) and BL40 [AdamX AdedD] (C) cells after growth for ~3 mass doublings to an OD, of 0.5
to 0.6 in M9-maltose. (D to J) Images of live BL40 [AdamX AdedD] cells carrying a single copy of iBL360 [P, :gfp-dedD] (D), iBL360(G11A) [P, ::gfp-dedDS""A] (E),
iBL345 [P,.::gfp-dedD'-"8] (F), iBL345(G11A) [P, .::gfp-dedD'-118 G11A] (G), iBL345(G11C) [P, ::gfp-dedD'-118 G11¢] (H), iBL345(P24A) [P, ::gfp-dedD'-118 P24A] (|), or
iBL345(P42G) [P, :gfp-dedD'-118 P42G] (J) integrated in the chromosome. The cells were grown as for panels B and C, but with 250 uM IPTG included in the
medium. The panels comprise a DIC image (top) and an FL image (bottom) that corresponds to the boxed area in the DIC image. Bar, 8 um (DIC images) or
4 um (FL images). The arrowheads in panels F, |, and J mark examples of the weak accumulation of GFP-DedD'-"'8 or mutant derivatives at division sites, which
are not seen in panels G and H.

G11C P24A P42G

contains a second SR localization determinant that resides in NDedD and that residues
within the 1-to-27 interval are required for the SDedD-independent recruitment of
NDedD to division sites.

While the weak accumulation of the SPOR-less fusions at division sites could be
readily observed in AdedD strains MG14 [AdedD] and BL40 [AdamX AdedD], this was
very difficult to detect in the dedD™ parent strains TB28 [wt] and BL38 [AdamX] (Fig. S6
and data not shown). This suggests that native DedD competes effectively with the
SPOR-less fusions for interaction with an SR target that helps recruit the latter in AdedD
cells and that this presumed binding partner of NDedD is of limiting abundance.
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TABLE 1 Septal accumulation of GFP-DedD'-""8 variants in BL40 [AdedD AdamX] cells?

% cells with®:

CRIM construct - - % rings without % const. with
name Variant Const. Ring const.© ring?

iBL345 WT 33 25 16 62
iBL345(G11A) G11A 80¢ 9 0 6
iBL345(P24A) P24A 75¢ 35 10 28
iBL345(P42G) P42G 39 26 28 48

aBL40 [AdedD AdamX] cells harboring the indicated P, :gfp-dedD'-"18 CRIM construct integrated in the
chromosome were grown for 4 mass doublings in M9-maltose with 250 uM IPTG to an ODg, of 0.6. Cells
(n =119 to 168) were imaged live by DIC and fluorescence optics to determine the presence and
(co)location of visible cell constrictions (const.) and accumulation of the fusion protein in weakly fluorescent
rings.

bPercentage of cells in the population with a visible constriction and/or fluorescent ring.

“Percentage of all rings at nascent division sites, where constriction was not (yet) obvious.

dPercentage of all constrictions with an associated ring.

eDue to an uncorrected chaining phenotype, over 26% of cells consisted of more than two cell units and
contained more than one constriction. Connected cell units were counted as one cell.

NDedD residues important for DedD function. Phylogenetic analyses (90) indicate
that clear orthologs of dedD are restricted to the gammaproteobacteria and that the
best-conserved residues of the protein reside in either NDedD or SDedD (Fig. 4A; see
Fig. S1). We replaced three conserved residues in NDedD and assessed their importance
to DedD function. G11 and P24 are predicted to reside in ™DedD, while P42 is
periplasmic (Fig. 4A; see Fig. S1). To allow detection of potentially subtle defects, the
single-residue substitution mutants were studied in the contexts of both SPOR-less
GFP-DedD'-""8 and full-length GFP-DedD fusion proteins encoded on single- or mul-
ticopy constructs.

As described above, when BL40(iBL345) [AdamX AdedD(P,, :gfp-dedD'-1'8)] cells
were grown in M9-maltose with 250 uM IPTG, production of GFP-DedD'-''® from the
integrated CRIM construct was sufficient to suppress the cell-chaining phenotype of the
host (Fig. 3J). The fusion accumulated weakly at cell division sites under these condi-
tions (Fig. 4F and Table 1), similar to when it was encoded on a plasmid in cells that
were grown in rich medium (Fig. 1D).

The P42G variant of GFP-DedD'-''® (GFP-DedD'-''8 P42G) also suppressed cell
chaining and showed similar weak accumulations at division sites (Fig. 4J and Table 1),
indicating that the identity of P42 is not critical for function. In contrast, G11A and P24A
variants of the fusion failed to suppress cell chaining under these conditions, indicating
that G11 and P24 are important for NDedD function (Fig. 4G and ). The possibility that
GFP-DedD'-118 G11A or GFP-DedD'-"'8 P24A was unstable and/or mislocalized to the
cytoplasm was refuted by Western analyses (see Fig. S3B) and their accumulation along
the peripheries of cell chains (Fig. 4G and I). Notably, while the P24A variant could still
be seen to further accumulate weakly at some of the division sites in these chains (Fig.
4| and Table 1), such accumulations were almost undetectable with the G11A variant
(Fig. 4G and Table 1). The latter result was strengthened by studies with a G11C variant
of GFP-DedD'-""8, which similarly failed to localize to division sites or to correct cell
chaining (Fig. 4H; see Fig. S3B). These results indicate that G11 is important not only to
NDedD function but also for its SDedD-independent recruitment to SRs.

Compared to its importance to the activity of SPOR-less GFP-DedD'-""8, the identity
of G11 appeared to be less critical to the ability of full-length GFP-DedD to sup-
press chaining of BL40 cells. Thus, production of CRIM-encoded GFP-DedD®''A in
BL40(iBL360, G11A) [AdamX AdedD(P,, :gfp-dedDS"'A)] cells did result in partial sup-
pression of cell chaining in the presence of 250 uM IPTG (Fig. 4E). In comparison,
GFP-DedDWT corrected AdedD fully (Fig. 4D) and, as discussed above, did so already at
a 5-fold lower concentration of inducer (Fig. 3C). Like GFP-DedD, the GFP-DedD®''A
fusion accumulated strongly at division sites (Fig. 4D and E), which was expected, as
both harbor an intact SDedD domain. Hence, the difference between GFP-DedDG''A
and GFP-DedD'-118 G114 activities (Fig. 4E and G) suggests that the functional defect
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associated with the G11A substitution can, to some degree, be overcome by increasing
the local concentration of the mutant variant at the SR. Indeed, when produced from
a multicopy plasmid, both GFP-DedD%"'4 and GFP-DedDP24A were capable of suppress-
ing cell chaining of BL40 cells almost as completely as either GFP-DedDP42S or GFP-
DedDWT (see Fig. S7 in the supplemental material). Thus, the G11A and P24A variants
of GFP-DedD retain sufficient DedD activity to correct cell chaining of BL40 cells upon
overexpression.

In contrast, the GFP-DedD®''” and GFP-DedDP24A variants proved completely inef-
fective in rescuing ftsNsm777 AdedD cells, even when expressed from a multicopy
plasmid at high IPTG concentration (Fig. 2). While GFP-DedD"T (encoded by pFB236 or
pBL272) readily rescued MG19/pMG39 [ftsNs'm'7 AdedD/Pgap::dedD] cells, even in the
absence of added IPTG, these variants failed to do so at any IPTG concentration. In this
more stringent test for DedD function, moreover, the P42G variant now also showed a
modest defect (Fig. 2).

We conclude that conserved residues G11 and P24 in the TM domain of DedD play
an important role in the SDedD-independent recruitment of DedD to SRs (especially
G11) and in promoting cell constriction. The identity of neither residue is absolutely
critical for DedD function in FtsN* cells, but their replacement is not tolerated in cells
relying on SPOR-less FtsNs'm117 for survival.

Absence of DedD is poorly tolerated in cells lacking PBP1B. While diminished
FtsN function in wt or ponA (lacking PBP1A) cells leads to formation of cell chains or
filaments, it causes massive cell lysis in AponB cells (61). These PBP1B-dependent
phenotypes of FtsN— cells parallel those induced by PBP3(Ftsl)-specific drugs (91-93)
and support the idea that FtsN is needed for full PBP3 activity (61).

Given that the chaining phenotype of AdedD cells resembles that of cells with
suboptimal FtsN activity (e.g., ftsN*'™"77 cells) and that DedD becomes essential in the
latter (71) (Fig. 2), it seems likely that DedD also contributes to full PBP3 activity. If so,
one might expect that depletion or absence of DedD is poorly tolerated in AponB cells
as well, and we found this to indeed be the case. In contrast to the ftsNs'm717 allele,
which is lethal in combination with AponB (61), the AdedD lesion could readily be
combined with either AponA or AponB. However, while AponA AdedD cells grew as well
as wt or single-mutant cells (Fig. 5A), AponB AdedD cells grew poorly on both solid and
liquid (minimal or rich) media (Fig. 5A and data not shown). When grown in liquid LB,
for example, overnight cultures of strain BL83 [AponB AdedD] reached an optical
density less than half that of the single-mutant parents or wild-type cells. Upon
subculture in fresh medium, BL83 [AponB AdedD] displayed an extended lag period.
This was followed by exponential growth at a rate approaching that of the single-
mutant parents in early log phase (optical density at 600 nm [ODg,,] < 0.08), after
which the apparent rate slowed markedly (Fig. 5A, orange curve). Microscopy of
cultures in mid-log phase showed the typical AdedD-associated chaining phenotype of
BL96 [AponA AdedD] cells (Fig. 5B). In contrast, BL83 [AponB AdedD] cultures contained
a mixture of cell chains, ghosts, and debris. In addition, many of the chains showed
signs of septal lysis, such as septal bulges and “rabbit ears” (Fig. 5C), similar to those
seen in the AponB single-mutant parent strain upon treatment with cephalexin (Fig. 5E).
Addition of more NaCl (to 1%) to the medium did not alleviate these phenotypes. As
expected, however, the poor growth and lysis of AponB AdedD cells could be sup-
pressed by ectopic production of full-length DedD or PBP1B (data not shown). More-
over, these AponB AdedD phenotypes were also suppressed by production of the
GFP-DedD'->4 fusion (Fig. 5A, red and green traces, and data not shown), implying that
NDedD is sufficient for this function.

Thus, AdedD is synthetically sick with AponB but not with AponA. In addition, the
PBP1B-dependent phenotypes of AdedD cells are consistent with a model in which, like
EFtsN (61), NDedD function is needed for full PBP3 activity, albeit to a lesser extent than
the former.
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FIG 5 Absence of both DedD and PBP1B causes severe cell lysis. (A) Growth curves of strains TB28 [wt]
(black), MG14 [AdedD] (dark gray), BL96 [AponA AdedD] (light gray), BL24 [AponB] (blue), BL83 [AponB
AdedD] (orange), and the DedD depletion strain BL102(iBL199) [AponB AdedD(P,, ::gfp-dedD'->4)] (red and
green). Cultures were grown overnight in LB with 500 uM IPTG [BL102(iBL199)], or without inducer (all
other strains) and diluted 200-fold in LB with 500 uM IPTG (green) or without inducer (all other curves).
Growth was continued, and ODg,, values were determined every 20 min. Note that the TB28, MG14,
BL96, and BL24 curves almost coincide. The shape of the orange curve reflects the relatively low densities
attained by overnight cultures of strain BL83 [AponB AdedD], a relatively long lag period, and a decrease
in the rate of optical density increase around 160 min. (B to E) Strains BL96 [AponA AdedD] (B), BL83
[AponB AdedD] (C), and BL24 [AponB] (D and E) were cultured in parallel as in panel A, and the cells were
imaged 3 h (B and D) (ODgq, ~0.6) or 5 h (C) (ODy,,, ~0.3) after inoculation. When the culture in panel
E reached an ODg, of 0.3, cephalexin was added to 15 pg/ml, and the cells were imaged 30 min later.
The arrows in panels C and E indicate examples of septal bulges and rabbit ears, indicative of septal lysis.
Bar, 4 um.

Parallel roles for FtsN and DedD in cell constriction. One possibility is that NDedD
acts through FtsN to stimulate cell constriction. If so, an increased level of DedD might
help alleviate the division defect seen in cells with reduced FtsN activity. As illustrated
in Fig. 6B, however, overproduction of GFP-DedD had little to no effect on the chaining
phenotype of TB77 [ftsN*'™777] cells. Conversely, moreover, overexpression of GFP-FtsN
did little to correct the chaining phenotype of BL40 [AdamX AdedD] cells (Fig. 6F). These
results rather favor a model in which FtsN and DedD act independently.
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FIG 6 DedD functions independently of FtsN. (A to J) Cells were grown for ~5 mass doublings to an ODg,, of 0.5 to 0.6
in LB with 50 uM IPTG (A, B, D, and F) or without inducer (C, E, and G to J) and were imaged live (A to F) or after chemical
fixation (G to J). Bar, 4 um. (A to F) Little to no cross-functionality of FtsN and DedD. Cells of strain TB77 [ftsNs'™?17] (A to
C) and BL40 [AdamX AdedD] (D to F) carrying pMLB1113AH [P,,.::] (A and D), pFB236 [P, :gfp-dedD] (B and E), or pCH201
[Pac:gfp-ftsN] (C and F) are shown. (G to J) EFtsN*-suppressing mutations in ftsA, ftsB, or ftsL also suppress the division
defect associated with the absence of DedD. Shown are cells of strains BL40 [AdamX AdedD] (G), CH178 [AdamX AdedD
ftsAE124A] (H), CH177 [AdamX AdedD ftsBE>A] (1), and CH181 [AdamX AdedD ftsLP235] (J). (K) Depletion of DedD from ftsBES6A
AftsN cells is lethal. Strains BL173 [ftsBE>%A AftsN] (a and b) and BL188 [ftsBE>5A AftsN AdedD] (c), carrying pMG36 [Py p::dedD]
(b and c) or the vector control pBAD33 [Py, (a), were grown overnight in LB with 0.5% arabinose. The cultures were
serially diluted in LB to an ODgq, of 1.0 X 10% and 5 ul of each dilution was spotted on LB agar containing glucose,
arabinose, or neither, as indicated. The plates were incubated for 20 h.

We previously showed that the normal requirement for the essential domain of FtsN
(BFtsN) can be overcome by EFtsN*-suppressing superfission (sf) mutations in ftsA, ftsB,
or ftsL (61). To test if they also alleviate the need for NDedD, we created three BL40
derivatives carrying representative sf alleles (ftsAF'24A, ftsBE>°A, and ftsLP°3S) and ob-
served their division phenotypes. Interestingly, each of the sf alleles indeed suppressed
the division defects of AdamX AdedD cells to a significant degree (Fig. 6G to J). The
ftsBE>6A allele was recently shown to suppress the filamentation phenotype of AdedD
cells at very low growth temperatures as well (83). As it allows cells to survive and
divide in the complete absence of any part of FtsN, ftsBE5%A is considered to be a
particularly strong sf allele (61).

Because ftsBE>6A suppresses the (lethal) division phenotypes associated with AftsN
(61) or AdedD (Fig. 6l) so efficiently, we tested whether it could compensate for the
simultaneous absence of both FtsN and DedD. Attempts to create an ftsB®>%* AdedD
AftsN strain were successful only when the strain also harbored a plasmid encoding
FtsN or DedD, however, indicating that ftsBE>°A cannot overcome the absence of both
proteins (data not shown). This was further studied using one of the resulting strains,
BL188/pMG39 [ftsBE>6A AdedD AftsN/Pgap::dedD]. This strain lacks chromosomal ftsN
and dedD but harbors a plasmid that encodes dedD under control of the ara regulatory
region. Cells of the strain survived on media containing arabinose, but they halted cell
division and died in the absence of the sugar (Fig. 6K, row ¢, and results not shown).
Thus, the viability of ftsBE>%A AftsN cells depends on DedD function, and DedD can
promote cell constriction and viability in the complete absence of any part of the FtsN
protein.

Together, these results support a model in which FtsN and DedD act in parallel to
stimulate cell constriction, with their action paths converging at or near the point at
which FtsA and the FtsBLQ subcomplex are proposed to undergo conformational
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FIG 7 Interactions of DedD'-"'® and mutant variants with other division proteins in BACTH assays. Strain
BTH101 [cya] was cotransformed with the plasmid pairs indicated at the right and bottom and plated on LB
agar containing Amp, Kan, and 0.2% glucose. Purified colonies were subsequently striped on M9-glucose agar
supplemented with Amp, Kan, 40 pug/ml 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal), and
250 uM IPTG. The plate was incubated for 48 h before imaging.

changes that promote initiation of sPG synthesis by the FtsW-PBP3 subcomplex (61).
Moreover, even if the FtsBE>6ALQ subcomplex is inherently more prone to undergo this
change than wild-type FtsBLQ (61), the action of either DedD or FtsN is apparently still
needed to stimulate the “on” conformation of FtsBE56ALQ to a sufficient degree (see
Discussion).

BACTH analyses of DedD and other septal-ring proteins. To identify potential SR
protein partners of DedD, we performed bacterial two-hybrid (BACTH) assays (94, 95).
The T18 domain was appended to the cytoplasmic N termini of full-length DedD and
of SPOR-less DedD'-"'8, and each bait fusion was coexpressed with a panel of prey
fusions, including all essential SR proteins, bearing the T25 domain at a cytoplasmic
terminus of the protein of interest (see Fig. S8 in the supplemental material). The
interaction patterns of T18-DedD and T18-DedD'-"'8 were essentially identical, with
strong apparent affinities for FtsQ and the N-terminal domain of FtsK (FtsK'-2¢); more
moderate affinities for DedD itself, FtsA, FtsL, ZipA, Ftsl, FtsB, PBP1A, PBP1B, TolA, and
FtsN; and weak or no affinities for PBP2, FtsW, FtsEX, ZapC, TolQ, and FtsZ (see Fig. S8A
and B). Though relative apparent affinities differed, the patterns were also similar to
that seen when T18-FtsN was used as bait, with the notable exception that an
interaction between FtsN and FtsL was not obvious in these assays (see Fig. S8C).

As substitution of G11 or P24 is detrimental to DedD function (Fig. 2 and 4), we
assessed if such substitutions had a significant impact on the interaction pattern of
T18-DedD'-''8, using a slightly different panel of prey fusions (see Fig. S9). While the
interaction pattern of T18-DedD'-''8 P24A did not differ greatly from that of T18-
DedD'-"'8, that of T18-DedD'-''8 G114 consistently showed a reduced signal with
T25-FtsL (Fig. 7; see Fig. S9). Accordingly, the G11C substitution resulted in a similar
reduction in the apparent interaction with FtsL (Fig. 7). These results suggest that an
interaction between NDedD and FtsL is important for the ability of DedD to stimulate
cell constriction.
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FIG 8 Roles of DedD in stimulating E. coli cell constriction. The models are based on models proposed previously
(61, 62, 71, 77, 102) and incorporate the data on DedD presented here. (A and B) Like EFtsN, NDedD stimulates
FtsW-Ftsl indirectly via the FtsBLQ subcomplex. For clarity, only the IM (gray line) and a relevant subset of SR
proteins are depicted. FtsW (W) and PBP3 (Ftsl) (I) form the core of sPG synthases (boxed) within the SR. FtsA (A)
helps tether FtsZ (Z) polymers to the cytoplasmic face of the IM. FtsB (purple), FtsL (yellow), and FtsQ (brown) form
the transmembrane FtsBLQ subcomplex (BLQ). FtsX (X) forms a transmembrane subcomplex with the cytoplasmic
ATPase FtsE (E). EnvC and the murein amidases AmiA and AmiB (Ami) reside in the periplasm. Both FtsN (N) and
DedD are bitopic IM proteins with a periplasmic C-terminal SPOR domain. Initiation of cell constriction requires
inactive sPG synthases to become active. This switch is controlled by FtsA and the FtsBLQ subcomplex, each of
which can adopt conformational states that either suppress (off in panel A), or allow/stimulate (on in panel B)
FtsW-Ftsl activity. The FtsA off (more polymeric) and FtsA on (less polymeric) conformations likely correspond to
the oligomeric state of the protein. The state of FtsBLQ is assumed to be communicated to FtsW-Ftsl via direct
interactions between the two subcomplexes. Either state of FtsA (off or on) may help to stabilize the corresponding
state of FtsBLQ, and vice versa, via direct or indirect interactions (61). The state of FtsA could be communicated to
FtsW-Ftsl indirectly via such effects on FtsBLQ (double-headed dashed lines). Alternatively, FtsW-Ftsl senses the
state of FtsA directly or via some other route (single-headed dashed lines). FtsX interacts with both FtsA and EnvC
and promotes either the on or off conformations of both proteins, depending on whether FtsEX is actively
hydrolyzing ATP or not, respectively. The state of EnvC, in turn, directly regulates whether the murein amidases
AmiA and AmiB (Ami) are active (EnvC on) or not (EnvC off). (A) Prior to the initiation of active cell fission, both FtsA
and FtsBLQ exist mostly in their off conformations. FtsEX ATPase activity is low and/or uncoupled from confor-
mational changes in its binding partners, favoring the off states of both FtsA and EnvC. No sPG is produced, and
AmiA and AmiB are inactive. (B) Both FtsN and DedD allosterically promote FtsBLQ to switch to its on conformation.
While FtsN does so in the periplasm via its essential fFtsN peptide (blue), DedD does so within or very near the
membrane via NDedD (orange). In the cytoplasm, meanwhile, NFtsN (magenta) directly binds FtsA and stimulates
the FtsA on state. FtsEX ATPase activity leads to further stimulation of this state and also promotes the EnvC on
conformation. Synthesis of the sPG annulus (sPG) is initiated, and AmiA and -B become active. As FtsW-Ftsl adds
new material to the inner edge of the sPG annulus, the amidases split its outer edge to generate the polar PG that
will shape the two nascent cell poles. Amidase action also results in a high local concentration of denuded glycan
strands (G), which are the preferred binding substrate of the SPOR domains of both FtsN and DedD. Hence,
additional FtsN and DedD molecules accumulate at the SR, and a positive-feedback loop in the cell constriction
process (sPG loop) is established. (C) Proposed roles of DedD within the sPG loop in schematic format. Factors that
promote or inhibit progress through the loop are indicated by green or red lines, respectively. FtsEX either inhibits
(ATPase inactive) or promotes (ATPase active) progress. See above and the text for further explanation.

DISCUSSION

Activation of FtsW-Ftsl-based sPG synthases within the septal ring to start produc-
tion of an sPG annulus is likely a determining step in the initiation of cell constriction
in walled bacteria (96, 97). Several other SR proteins have been implicated in regulation
of FtsW-Ftsl activities in E. coli. In the current model (Fig. 8), both FtsA and the FtsBLQ
subcomplex can exist in an “off” or “on” state/conformation that suppresses or allows/
promotes sPG synthesis by FtsW-Ftsl, respectively. In turn, the off/on state of FtsA or
FtsBLQ is regulated by additional SR proteins, in particular by FtsN (61, 62, 74, 77).

In the case of FtsA, the direct interaction of its 1C domain with NFtsN is proposed to
promote the FtsA off to on switch (61, 73, 74). In addition, this switch is likely also
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controlled by the ATP hydrolysis status of FtsEX, an ABC transporter-like SR component
composed of the ATPase FtsE and the polytopic transmembrane protein FtsX (77, 98,
99). FtsEX plays intriguing roles in both assembly and function of the SR. It joins the ZR
early and helps recruit subsequent SR proteins, including FtsK and EnvC, during SR
maturation (100-102). During active cell fission, FtsEX additionally modulates the
progress of the sPG loop by regulating both the sPG synthesis and sPG splitting
processes (Fig. 8C). Thus, the FtsX subunit interacts with FtsA and promotes either of its
conformations, depending on whether FtsEX ATPase is active (FtsA on) or not (FtsA off)
(77). In addition, FtsX interacts with the periplasmic EnvC protein on the other side of
the membrane. FtsEX ATPase activity controls the conformation of EnvC as well, in this
case to modulate the sPG-splitting activities of AmiA and AmiB (102-104). Given these
intricate roles of FtsEX in SR assembly and function, it is remarkable that the division
and viability defects of AftsEX cells can be largely alleviated by a modest increase in
osmolarity of the growth medium (98, 100, 105). As such, FtsEX is only conditionally
essential for cell fission and viability in E. coli and, like DedD, belongs to the noncore
SR components.

Several mutant superfission variants of FtsA that reduce the need for FtsN, or for
FtsEX in low-osmotic medium, have been identified (61, 76, 77, 106). One reasonable
interpretation of their phenotype is that these FtsASF variants are inherently more
prone to adopt the on conformation than the native protein. Corresponding residue
substitutions map to each of the four domains of the protein, and most FtsASF variants
display a decreased degree of self-interaction in two-hybrid assays (77, 107). Hence, the
off/on states of FtsA appear to be related to its degree of self-interaction, with longer
or circular polymers corresponding to off and shorter, noncircular oligomers or mono-
mers to on (20, 74). Accordingly, the interactions of native FtsA with NFtsN or FtsEX are
proposed to interfere with FtsA self-interaction, reducing its polymerization state in the
SR (Fig. 8) (2, 61, 62, 77).

In the case of FtsBLQ, the off-to-on switch is stimulated by direct or indirect
interaction with the EFtsN domain of FtsN in the periplasm (61, 62). So far, SF variants
of the subcomplex that bypass the need for EFtsN, or for all of FtsN, have been found
to contain residue substitutions in periplasmic CCD (constriction control domain)
subdomains of the FtsB or FtsL protein (61, 77). How these residue substitutions, or the
action of EFtsN, might affect the FtsBLQ conformation is still unclear. Even so, the
prediction is that the FtsBLQ on conformation is communicated to FtsW-Ftsl and
stimulates (or disinhibits) its sPG synthesis activities (Fig. 8) (61, 62, 77).

DedD resembles FtsN in several ways. It is a bitopic inner membrane protein with a
small cytoplasmic domain and a large periplasmic domain that ends with a C-terminal
SPOR fold. By binding PG glycan strands that have been at least partially denuded by
the action of the PG amidases, the SPOR domain acts as a strong septal targeting
domain for both proteins (36, 70, 71). We found here that, like FtsN (61, 72, 74), DedD
contains a weak septal localization determinant at its N terminus as well (Fig. 1 and 4
and Table 1; see Fig. S6 in the supplemental material). In the case of FtsN, this weak
SPOR-independent accumulation at the SR is driven by its interaction with FtsA, which
involves well-conserved residues near the extreme N terminus of NFtsN (61, 72, 74). In
comparison, the cytoplasmic domain of DedD is significantly shorter (~8 residues) than
that of FtsN (~30 residues) and not as highly conserved (Fig. 4A; see Fig. S1). In
addition, replacement of residue G11 within the predicted TM domain of DedD
abrogated its SPOR-independent accumulation at the SR (Fig. 4 and Table 1), indicating
that recruitment of NDedD to the SR is at least in part mediated by interactions of
T™MDedD within the IM bilayer. The substitutions at G11 also diminished DedD activity
(Fig. 2 and 4) and its interaction with FtsL in BACTH assays (Fig. 7; see Fig. S9).
Replacement of another conserved residue in ™DedD, P24, similarly diminished DedD
function but had less of an effect on SPOR-independent accumulation of NDedD at SRs
and on the apparent interaction with FtsL (Fig. 2, 4, and 7 and Table 1; see Fig. S9). One
attractive possibility is that the weak accumulation of SPOR-less DedD at the SR reflects
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TM-TM interactions between NDedD and the FtsBLQ complex and that these interac-
tions are also important for DedD'’s function in stimulating cell constriction.

A tentative model for DedD action in stimulating cell fission is added to those
proposed for FtsN and FtsEX in Fig. 8. In the model, DedD stimulates FtsW-Ftsl activity
via NDedD. As NDedD is small (<54 residues) and shows no obvious similarity to known
enzymes, the peptide likely acts allosterically on other SR proteins to promote cell
constriction, as has also been proposed for NFtsN and EFtsN (61, 71). The proposal that
NDedD normally contributes to FtsW-Ftsl activity is consistent with the chaining (oth-
erwise wt), lethal filamentous (ftsNs'm777), and lysis (AponB) phenotypes of DedD-
depleted cells. The peptide could communicate directly with the FtsW-Ftsl sPG
synthase subcomplex. However, the findings that NDedD interacts with all three
components of the FtsBLQ subcomplex in BACTH assays and that replacement of the
functionally important G11 residue in the transmembrane portion of NDedD reduces
the apparent interaction with FtsL most notably favor a more indirect mechanism. Thus,
we propose that NDedD interacts with the FtsBLQ complex and promotes its on
conformation (Fig. 8B). Similar indirect regulation of FtsW-Ftsl activity via the FtsBLQ
subcomplex is also proposed for the EFtsN peptide (61, 62). However, one clear
distinction between EFtsN and NDedD properties is that the former acts in the periplas-
mic compartment while action of the latter is likely confined to within, or very near, the
IM phospholipid bilayer (Fig. 8B). Another distinction, of course, is that EFtsN activity is
essential to cell division and survival in otherwise wild-type cells, while NDedD activity
becomes essential for survival only when cells suffer reduced FtsN activity.

Our studies suggest that, as with FtsN (61, 71), DedD supports cell constriction not
only by stimulating sPG synthesis, but by providing positive feedback to the sPG loop
as well (Fig. 8C). Prior to the start of constriction, the concentrations of FtsN and DedD
in the SR are still low, and FtsA and FtsBLQ exist mostly in their off conformations (Fig.
8A). For sPG synthesis to start, a sufficient proportion of FtsA and/or FtsBLQ subcom-
plexes in the SR must switch to the on state (Fig. 8B). Switching in wild-type cells could
be promoted by an increase in the concentration of FtsN and/or DedD at the SR, an
increase in FtsEX ATPase activity, stochastic fluctuations in the conformations of FtsA
and FtsBLQ themselves, or a combination of these and any number of other factors. The
production of some initial sPG, its subsequent processing by amidases, and the
SPOR-dependent recruitment of more molecules of both FtsN and DedD to the SR then
launch the sPG loop (Fig. 8C), and the cells enter a sustained and self-promoting cell
constriction phase.

Though the proposed action of DedD in promoting cell fission is consistent with the
available data, additional work is needed to test various aspects of the model more
rigorously. The simplest scenario is that both NDedD and EFtsN directly contact different
parts of the FtsBLQ subcomplex to modulate its conformation, but biochemical and/or
structural evidence will be needed to confirm or refute this. Other pertinent questions
include the following. How do FtsBLQ off and FtsBLQ on differ structurally, and how is
this sensed by FtsW-FtsI? Does FtsA communicate with FtsW-Fts| directly, via FtsBLQ, or
via some other route? How is FtsEX ATPase activity controlled? How are the activities
of all these proteins affected by the dynamics of the interpolymer complexes of FtsA
and FtsZ? Elucidation of these and related issues will be needed to provide us with a
deeper understanding of the bacterial cell constriction process and the regulation of its
initiation.

MATERIALS AND METHODS

Strains, genetic constructs, and growth conditions. The strains and plasmids used in this study are
listed in Tables ST and S2 in the supplemental material, respectively, and their construction is detailed
in the supplemental material. Unless stated otherwise, cells were grown at 30°C in either LB (1% tryptone,
0.5% yeast extract, 0.5% NaCl, pH 7.0) or M9 minimal medium (47.7 mM Na,HPO,, 22.0 mM KH,PO,,
8.6 mM NaCl, 18.7 mM NH,Cl, 2.0 mM MgSO,, 0.1 mM CaCl) (108) supplemented with 0.2% Casamino
Acids, 50 ug/ml L-tryptophan, 50 uM thiamine, and 0.2% glucose (M9-glucose) or maltose (M9-maltose).
When appropriate, the medium was supplemented with 50 ug/ml ampicillin (Amp), 25 pg/ml chloram-
phenicol (Cam), 25 png/ml kanamycin (Kan), 50 ug/ml spectinomycin (Spec), or 12.5 ug/ml tetracycline
(Tet). Amp or Kan concentrations were reduced to 15 and 10 ug/ml, respectively, when cells carried bla
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or aph integrated in the chromosome. Arabinose and/or IPTG was included in the media as indicated. For
the growth curves in Fig. 5, 0.2-ml cultures were grown with shaking at 30°C in a 96-well Falcon 353072
plate in a BioTek Synergy HT microplate reader, and the OD,, was measured every 20 min. Other details
are specified in the text.

Microscopy, immunoblotting, and other methods. Imaging was performed on a Zeiss Axioplan-2

microscope system as previously described (61, 109). For some experiments, cells were chemically fixed
as described previously (110) prior to microscopy. Western analyses with anti-GFP antibodies (Rockland)
were done essentially as described previously (63). BACTH assays (94) were performed as described
previously (95).

SUPPLEMENTAL MATERIAL

.00698-18.

SUPPLEMENTAL FILE 1, PDF file, 6.2 MB.
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