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ABSTRACT The Tol-Pal system of Gram-negative bacteria helps maintain the integ-
rity of the cell envelope and ensures that invagination of the envelope layers during
cell fission occurs in a well-coordinated manner. In Escherichia coli, the five Tol-Pal
proteins (TolQ, -R, -A, and -B and Pal) accumulate at cell constriction sites in a man-
ner that normally requires the activity of the cell constriction initiation protein FtsN.
While septal recruitment of TolR, TolB, and Pal also requires the presence of TolQ
and/or TolA, the latter two can recognize constriction sites independently of the
other system proteins. What attracts TolQ or TolA to these sites is unclear. We show
that FtsN indirectly attracts both proteins and that PBP1A, PBP1B, and CpoB are dis-
pensable for their septal recruitment. However, the B-lactam aztreonam readily inter-
feres with the septal accumulation of both TolQ and TolA, indicating that FtsN-
stimulated production of septal peptidoglycan by the FtsWI synthase is critical to
their recruitment. We also discovered that each of TolA's three domains can sepa-
rately recognize division sites. Notably, the middle domain (TolAll) is responsible for
directing TolA to constriction sites in the absence of other Tol-Pal proteins and
CpoB, while recruitment of TolAl requires TolQ and that of TolAlll requires a combi-
nation of TolB, Pal, and CpoB. Additionally, we describe the construction and use of
functional fluorescent sandwich fusions of the ZipA division protein, which should
be more broadly valuable in future studies of the E. coli cell division machinery.

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 circumfer-
ence of the mother cell at the site where constriction will eventually occur. In the
well-studied bacterium Escherichia coli, this machinery contains over 30 distinct pro-
teins. We studied how two such proteins, TolA and TolQ, which also play a role in
maintaining the integrity of the outer membrane, are recruited to the machinery.
We find that TolA can be recruited by three separate mechanisms and that both pro-
teins rely on the activity of a well-studied cell division enzyme for their recruitment.
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The septal ring (SR) in E. coli includes over 30 distinct protein components. Ten of
these (FtsA, -B, -1, -K, -L, -N, -Q, -W, and -Z and ZipA) are normally essential for both cell
fission and survival and can be considered the core SR components. The lack of any
one core protein prevents steps i and/or ii noted above and results in the formation of
long and smooth multinucleoid filamentous cells that eventually die (1, 2). Formation
of the SR starts with the accumulation of cytoplasmic FtsZ and its membrane-associ-
ated interaction partners FtsA and ZipA at the future site of constriction to form an in-
termediate dynamic assembly, called the FtsZ ring or Z-ring (1, 3). Within this assembly,
treadmilling polymers of FtsZ move along the inner circumference of the cell as FtsA
and ZipA hold them closely apposed to the inner surface of the IM (4, 5). The Z-ring
then attracts FtsEX and FtsK, followed by recruitment of FtsBLQ, a complex of the FtsQ,
-L, and -B proteins. FtsBLQ then attracts the sPG synthase FtsWI consisting of the pepti-
doglycan glycosyltransferase FtsW and the PG transpeptidase Ftsl (PBP3), a class B
monofunctional penicillin-binding protein (1, 2, 6). Finally, maturation to a constric-
tion-competent apparatus requires FtsN, a bitopic IM protein that is normally required
to trigger and sustain the constriction process and whose accumulation at the SR is sig-
nificantly reinforced by the constriction process itself (1, 2, 7, 8).

FtsN acts on either side of the IM to indirectly stimulate the conversion of FtsWI
from an inactive (“off”) to active (“on”) sPG synthase and is proposed to do so by affect-
ing the conformational states (from off to on) of FtsA in the cytoplasm and the FtsBLQ
subcomplex in the periplasm (8-12). Evidence for this has come in part from the isola-
tion of mutant “superfission” (SF) variants of FtsA, -B, -I, -L, and -W that bypass the
requirement for FtsN to various degrees (8, 9, 13-15).

Besides FtsWI, which is dedicated to producing septal PG, the bifunctional class A
PBP's PBP1B and PBP1A also contribute to sPG synthesis during cell constriction in
addition to their roles in cylindrical PG synthesis during cell elongation (16-18).
Neither PBP1A nor 1B is individually essential for cell survival, but the absence of both
leads to cell lysis (19, 20). Biochemical evidence indicates that FtsN also interacts with
PBP1B and modestly stimulates its activity (18, 21, 22).

Like PBP1A and PBP1B, many other noncore SR proteins that are individually dis-
pensable for cell survival, per se, nevertheless play significant roles in the cell fission
process, in particular at steps iii (sPG splitting) and iv (OM invagination) (1, 2).

The Tol-Pal system constitutes one intriguing subset of such SR proteins (23, 24).
Tol-Pal consists of the polytopic IM-protein TolQ, the bitopic (N-in) IM-proteins TolR
and TolA, the periplasmic protein TolB, and the lipoprotein Pal (25, 26) (Fig. 1A). The
latter is an abundant OM species that binds stem peptides of the underlying PG layer
in a reversible manner (27-29). The system is highly conserved among Gram-negative
bacteria (30, 31) and is essential to the survival of some but not all species. While it is
not essential to the viability of E. coli K-12, cells lacking a functional Tol-Pal system dis-
play a variety of phenotypes (25, 26). These include reduced OM barrier function and
increased sensitivity to detergents and other antibacterials (23, 24, 32-35), the prodi-
gious release of large OM vesicles from cell division sites and cell poles (23, 33, 36), and
inefficient OM invagination and sPG splitting during cell fission, causing the formation
of cell chains especially in low-osmotic medium (23, 37-41).

TolQ, TolR, and TolA form a complex in the IM, where TolQ and R use proton motive
force (pmf) to “energize” TolA (42-47). TolA contains 421 residues and 3 domains called
TolAl (TolA™2), TolAll (TolA%8-319), and TolAlll (TolA3'4421), the latter two of which reside
in the periplasm (48) (Fig. 2A). TolAl includes the transmembrane (TM) anchor (TolA™434),
which interacts with both TolQ and TolR within the IM bilayer (49-51). TolAll is almost
entirely a-helical, likely folds into a three-stranded coiled-coil, and forms a stalk-like
structure that places TolAlll roughly equidistant (~10 nm) to the IM and OM (48, 52, 53).
TolAlll is a globular domain with a well-defined structure and binds TolB (53-60).

TolQ and R form a proton channel and belong to a larger family of proton/ion con-
ductors that drive a variety of dynamic envelope processes in bacteria (61-63). In the
case of the Tol-Pal system, proton flow through the TolQ/R channel is proposed to be
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FIG 1 Strains lacking one or more genes of the tolQ-cpoB cluster. (A) The organization of tol-pal and cpoB genes on the E. coli chromosome is depicted.
Hooked arrows indicate the direction of transcription and the locations of predicted promoters (117). Chromosomal fragments that were replaced with aph
(kanamycin resistance) to yield the various deletion derivatives of strain TB28 (wt) are indicated below the schematic. Numbers correspond to the first and
last base pairs of replaced fragments, counting from the start of to/lQ. Columns on the right list corresponding strain names, genotypes, and whether the
cells formed chains in LBNS medium (+) or displayed a normal division phenotype (—). (B to M) Cell chaining caused by nonpolar deletions in tolQ, tolA,
tolR, tolB, or pal. Differential interference contrast (DIC) images of chemically fixed cells of strains LP55 (AtolQ) (B and C), LP54 (AtolR) (D and E), LP49
(AtolA) (F and G), LP53 (AtolB) (H and 1), MG5 (Apal) (J and K), BL78 (AcpoB) (L), and TB28 (wt) (M). Strains carried pLP146 (Pg,p:tolQ) (C), pLP225 (Pyap:tolR)
(E), pCH555 (PgapiitolA) (G), pMGAS5 (PgapiitolB) (1), pCH525 (Pgapi:pal) (K), or the vector control pBAD33 (Pg.p:) (all others). Cultures were grown to density
overnight in regular LB (0.5% NaCl), diluted 200-fold in LBNS (no added NaCl) with 0.05% arabinose, and further incubated for ~5 mass doublings to
optical density at 600 nm (OD,,,) of 0.6 to 0.7 before fixation. Bar equals 10 um.

coupled to a conformational change in TolA, likely within TolAll more specifically (43),
that allows TolAlll to be chemically cross-linked in vivo to Pal or a Pal-containing complex
(24, 42, 46, 64, 65). Thus, “energized” TolA may adopt an extended conformation, allow-
ing it to reach through the PG mesh toward the OM (23, 42). Although some Pal can be
recovered from cells with TolA in cross-linked complexes, two-hybrid assays and bio-
chemical analyses of purified proteins indicate that TolAlll and Pal do not interact directly
(57, 58) (our unpublished results). While it is difficult to exclude that a Pal-binding
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FIG 2 Recruitment of TolA“2°2 (~TolAll) to division sites in the absence of other Tol-Pal
components. (A) Schematic showing domain organization and other features of the E. coli TolA
protein. Domain TolAll (TolA*319) s linked to domains TolAl (TolA™2) and TolAlll (TolA3'%42") by
stretches of five and three glycine residues, respectively. TolAl includes the cytoplasmic N-terminal
peptide (TolA''3), the transmembrane helix (TM, TolA'*3%), and some periplasmic residues (TolA3542),
TolAll is dominated by a long stretch of residues (TolAS2%%) with a high propensity to adopt the
a-helical coiled-coil fold as predicted with Paircoil2 (P score cutoff = 0.03) (118). TolAlll (TolA3'#42") is
a well-defined C-terminal periplasmic domain of known structure (53-55). (B to G) Fluorescence (left)
and DIC (right) images of live LP57 (A[tolQ-cpoB]) cells producing GFP fusions to full-length TolA'#2!
(TolAl-11+11) (B), TolA™?2 (~TolAl+1l) (C), TolA™™"" (~TolAl) (D), MalF>3°-TolA%-2°2 (~TolAll) (E), MalF>3°-
RodZ'392%5-TolA?*42! (~TolAlll) (F), or full-length TolQ (G). MalF?3° (M) includes the first transmembrane
helix (MalF'3%) of the MalF protein (89), and RodZ'**2* (L) corresponds to the periplasmic linker that
connects the TM and C-terminal domains of the RodZ protein (90). Fusions were encoded on lysogenic
phages ANP4 (P, :gfp-tolA) (B), ACH512 (P, :gfp-tolA'2%?) (C), ACH483 (P,,.:gfp-tolA'""") (D), ACH549 (P,
gfp-malF?3°-tolA*2?) (E), or ACH536 (P, :gfp-malF***-rodZ'32*>-tolA?***") (F) or on plasmid pCH516 (P,
tolQ-gfp) (G). Cells were grown for ~3.5 mass doublings to ODg,, = 0.5 to 0.6 in M9-maltose medium
with 37 uM (B to F) or 5 uM (G) IPTG. Bar equals 2 um.

lac**

interface might only present itself on the “energized” form of TolA, it is more likely that
the apparent TolA-Pal interaction in vivo is mediated by bridging molecules. One
obvious candidate for such an intermediary is the TolB protein (57, 58).

TolB is fully periplasmic and has an N-terminal globular domain that binds TolAlll
and a C-terminal B-propeller domain that binds Pal (57, 58, 60, 66, 67). TolB-bound Pal
cannot also bind PG (64, 68, 69). In turn, binding of Pal to the B-propeller of TolB allos-
terically reduces the affinity of TolB for TolAlll in vitro, while the capture of the N termi-
nus of TolB by TolAlll likely reduces the affinity of TolB for Pal in an opposite manner
(58). This predicts that, in vivo, PG-free Pal weakens the TolB-TolA interaction (58, 70)
and/or that TolA reduces the interaction between TolB and Pal (40, 60, 71).

Although their half-lives are probably short, heterotrimeric TolA-TolB-Pal complexes
are still sufficiently stable to be readily detectible in vitro (58). This is of interest consid-
ering our previous proposal that the Tol-Pal system helps invaginate the OM by estab-
lishing waves of transient OM-PG connections (via direct Pal-PG interactions) and/or of
OM-IM connections (via direct or indirect Pal-TolA interactions) that trail the core SR as
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it constricts the IM and forms the two new polar PG caps (23). Even if TolA and Pal do
not interact directly, transient TolA-TolB-Pal ternary complexes could play a significant
role in promoting OM invagination during cell fission. Alternatively, Tol-Pal-mediated
OM invagination could be primarily driven by transient Pal-PG interactions within the
SR, where repeated cycles of Pal-PG binding and unbinding are promoted by the inter-
actions of energized TolA with TolB-Pal (freeing Pal to bind PG) and of free TolB with
Pal-PG (freeing PG, and forming TolB-Pal again) (40, 60, 71).

The E. coli tol-pal locus comprises 7 genes (ybgC, tolQ, tolR, tolA, tolB, pal, and cpoB),
(co)transcribed from promoters upstream of ybgC and tolB (72) (Fig. 1A). YbgC is a cyto-
plasmic thioesterase with no obvious role in cell division or other Tol-Pal functions
(73-75). CpoB (YbgF) is completely periplasmic and contains an N-terminal coiled-coil
domain and a C-terminal TPR-repeat domain (72, 76, 77). CpoB also plays either no role
or only a minor role in classical Tol-Pal functions (72, 78). However, CpoB does bind
TolA (57, 76), and both proteins can form a higher-order complex with PBP1B (77, 78).
Moreover, within this complex, CpoB and TolA modulate the murein glycosyltransfer-
ase (GT) and transpeptidase (TP) activities of PBP1B in a manner that is, at least in part,
dependent on the energization status of TolA and, hence, on TolQ and TolR functions
(78).

Like the five Tol-Pal proteins (23), CpoB accumulates at the SR at or shortly after the
initiation of cell constriction (78). What attracts these proteins to sites of division is an
interesting question. We previously determined that accumulation of TolR or Pal at the
SR requires the presence of at least one of the other four Tol-Pal proteins but that both
TolQ and TolA can localize to division sites independently of other Tol-Pal components
(23). What attracts TolQ or TolA to these sites is unclear. We found here that FtsN
attracts both proteins to the SR in an indirect fashion and that PBP1A, PBP1B, and
CpoB are dispensable for their septal recruitment. However, the B-lactam aztreonam
readily interferes with the septal accumulation of both TolQ and TolA, indicating that
FtsN-stimulated production of sPG by the FtsWI synthase is normally critical to their
recruitment.

To better understand how the TolA protein accumulates at sites of cell constriction,
we also studied what part of the protein is responsible for this localization. Notably,
the results show that each of the three TolA domains can contribute to septal localiza-
tion, but that they do so under different requirements. We found that domain TolAll is
both required and sufficient for septal accumulation of TolA in the absence of the
other four Tol-Pal proteins and CpoB. In addition, domain TolAl is recruited to division
septa provided the cells produce TolQ, whereas TolAlll is recruited to septa provided
cells produce TolB, Pal, and CpoB.

Finally, we describe the construction of fluorescent variants of the ZipA protein that
retain essential ZipA function. These variants were used in some of the experiments
described here and should be more broadly valuable in future studies of the E. coli cell
division machinery.

RESULTS

A set of isogenic strains that lack one or more of the five Tol-Pal components
and/or CpoB. E. coli mutants of various genetic backgrounds that lack TolQ, TolR, TolA,
or Pal are known to display a cell chaining phenotype in low-osmotic medium (23, 37,
38). To better compare the phenotypes of such mutants and those associated with loss
of TolB or CpoB, we generated a set of isogenic derivatives of strain TB28 (wild type
[wt]) in which one of each of these components is missing (Fig. 1A). Strain MG5 (Apal)
was described before (23). Strains BL78 (AcpoB) and LP49 (AtolA) were generated by
Ared-mediated recombineering, and LP53 (AtolB), LP54 (AtolR), and LP55 (AtolQ) were
obtained by transduction of the corresponding mutation from the Keio collection (79)
into TB28.

As anticipated, LP55 (AtolQ), LP54 (AtolR), LP49 (AtolA), and MG5 (Apal) cells formed
distinct chains when grown in LB medium lacking added NaCl (LB no salt [LBNS]) (Fig. 1B,
D, F, and J). In addition, LP53 (AtolB) cells formed similar chains in this medium (Fig. TH).

January 2022 Volume 204 Issue 1 e00464-21

Journal of Bacteriology

jb.asm.org 5


https://jb.asm.org

Hale et al.

TABLE 1 Localization of TolA derivatives in the absence of other Tol-Pal proteins and CpoB“

GFP fusion® % of cells with accumulation®

Phage Residues TolA domain(s) + + + — == nd
ANP4 -TolA™421 I+ 49 11 40 191
ADE2 -TolA'-328 I+l 35 12 53 321
ACH512 -TolA™292 1+ 48 10 42 503
ACH483 -TolA™" | 4 12 84 348
ADE3  -TolA™¢0 | 1 5 94 364
ACH509 -MalF?3°-TolA47-421 111 35 13 52 372
ACH510 -MalF?3°-TolA%7-328 1] 34 15 51 282
ACH549 -MalF?3°-TolA%7-292 1y 34 14 52 228
ACH536 -MalF?3°-RodZ'3%-2°5-TolA29442" |I| 0 1 99 528

aLP57(A[tolQ-cpoB]) cells lysogenic for the indicated phage were grown for ~3.5 mass doublings to ODg,, = 0.5
to 0.6 in M9-maltose medium with IPTG and imaged live. IPTG was used at 25 or 37 uM for each lysogen, and
the results from both conditions were combined.

bIndicated are the name of the lysogenic phage encoding the fusion under the control of the lac regulatory
region, the TolA residues encoded, and the presence of intact TolAl (TolA'2), TolAll (TolA*®3'°), and/or TolAlll
(TolA3*42) domains in the fusion (48). I indicates that the encoded TolAll domain is slightly truncated at its C-
terminal end. GFP is N terminal in all cases. MalF#3° includes the first transmembrane helix of MalF (MalF'®=3%)
(89). RodZ'3%%** corresponds to the periplasmic linker domain of the RodZ protein (90).

Percentage of cells in which the GFP fusion accumulated strongly (+ +) or weakly (+ —) at sites of cell
constriction or appeared evenly distributed along the periphery of cells (— —).

Number of cells scored.

Importantly, cell chaining in LBNS by each of the five mutant strains could be completely
corrected by the expression of the missing gene from a plasmid (Fig. 1C, E, G, |, and K).
Thus, if any of the deletions in these strains caused polarity, the effects on expression of
surrounding genes were too weak to result in cell chaining by themselves.

We also used recombineering to generate several strains deleted for two or more
genes in the tolQ-cpoB cluster, and each displayed the cell chaining phenotype in LBNS
also observed with the single gene deletions described above (Fig. 1A). Moreover, in
each single- or multiple-gene tol-pal mutant, the cell chaining was largely suppressed by
growth in regular LB (containing 0.5 or 1.0% NaCl) or in M9 minimal medium as noted
before for some of the deletion mutants (23). We infer that the lack of one or more of
the five Tol-Pal proteins in E. coli results in a similar cell chaining division defect, which is
consistent with observations from various subsets of tol-pal mutants of Vibrio cholerae
(80), Pseudomonas putida (81), Erwinia chrysanthemi (82), Caulobacter crescentus (24),
Pseudomonas aeruginosa (83), Shewanella oneidensis (84), and E. coli (40, 41).

In contrast, BL78 (AcpoB) cells showed no overt division defects in LBNS (Fig. 1L),
which correlates with the absence of other Tol-Pal-associated phenotypes in cells lack-
ing CpoB (72, 78, 85).

TolA or TolQ accumulation at division sites does not require the other four Tol-
Pal proteins, CpoB, PBP1A, or PBP1B. We previously showed that a functional fluo-
rescent fusion of green fluorescent protein (GFP) to full-length TolA (GFP-TolA'-42
or GFP-TolA) accumulated at sites of cell constriction and that it does so even when
TolQ, TolR, TolB, and Pal are missing (23). Similarly, a fusion of full-length TolQ to
GFP (TolQ'-239-GFP or TolQ-GFP) accumulated at constriction sites independently of
TolA, TolR, TolB, and Pal (23). The finding that TolA interacts with CpoB (57, 76, 78)
raised the possibility that the latter played a role in the recruitment of TolA to con-
striction sites. To test this, we examined the location of GFP-TolA in cells of strain
LP57 (AtolQ-cpoB), which lacks the consecutive tolQ, tolR, tolA, tolB, pal, and cpoB
genes (Fig. 1A). The fusion was encoded on chromosomally integrated lysogenic
phage ANP4 (P.:gfp-tolA) with its production placed under transcriptional control
of the lac regulatory region. Cells were grown in M9-maltose medium, a condition
that suppresses cell chaining, and then imaged by fluorescence and differential in-
terference (DIC) microscopy. GFP-TolA accumulated at constriction sites in LP57
(ANP4) (AtolQ-cpoBIP,,.::gfp-tolA]) cells (Fig. 2B and Table 1), implying that CpoB is
not required for TolA localization.
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Like GFP-TolA (23), the TolQ-GFP fusion retained function as based on its ability to
suppress cell chaining and detergent sensitivity of LP55 (AtolQ) cells (see Fig. S1 in the
supplemental material; also data not shown). In addition, TolQ-GFP still accumulated
sharply at constriction sites in LP57/pCH516 (AtolQ-cpoB/P,,.::itolQ-gfp) cells (Fig. 2G).
Thus, neither any of the other four Tol-Pal proteins nor CpoB is required for the recruit-
ment of TolA or TolQ to sites of cell constriction.

Given the evidence that TolA can interact with PBP1B in vitro and in vivo (78) and
that PBP1B itself accumulates at cell fission sites (86), we also examined the localization
of GFP-TolA and TolQ-GFP in derivatives of LP57 that additionally lacked PBP1B or
PBP1A as a control. Cells lacking both PBP1B and a functional Tol-Pal system are prone
to lysis and grow poorly (87). Accordingly, strain CH237 (AtolQ-cpoB AponB) grew
poorly in both rich and minimal medium, and cultures contained a significant amount
of cell debris. Even so, GFP-TolA and TolQ-GFP still accumulated at constriction sites of
both CH236 (AtolQ-cpoB AponA) and CH237 (AtolQ-cpoB AponB) cells (Fig. S2), imply-
ing that PBP1A and PBP1B are also dispensable for the recruitment of TolA or TolQ to
sites of cell constriction.

TolA domain Il (TolAll) accumulates at division sites in the absence of Tol-Pal
and CpoB proteins. To identify the part(s) of TolA involved in directing the protein to
division sites, we studied derivatives of GFP-TolA in which one or two of the three TolA
domains were missing or replaced with part of an unrelated protein. We first con-
structed a set of derivatives of the moderate-copy-number plasmid pNP4 (P, :gfp-tolA)
(23) and then crossed each with ANT5 to obtain a corresponding set of lysogenic
phages (88). Western blot analyses indicated that none of the GFP-TolA derivatives
used in this study were subject to excessive degradation (Fig. S3). Still, only the GFP
fusion to full-length TolA was able to correct the chaining phenotype of LP49 (AtolA)
cells in LBNS medium (Table S1), which parallels previous findings that each of TolA's
three domains is required to maintain OM integrity (49, 50).

The phages were integrated into the chromosome of LP57 (AtolQ-cpoB) and result-
ing lysogens were examined by microscopy as above. Fusions encoded by ADE2 (GFP-
TolA'328) or ACH512 (GFP-TolA™2°2) lack most or all of TolAlll (Fig. 2A). They still accu-
mulated at division sites, however, showing that this domain of TolA is not required for
its localization (Fig. 2C; Table 1).

In contrast, fusions lacking both TolAll and Ill, encoded by ACH483 (GFP-TolA™'11)
or ADE3 (GFP-TolA'-9), no longer accumulated at division sites but appeared evenly
dispersed along the membrane (Fig. 2D, Fig. 3C, and Table 1). These results implied
that TolAl is not sufficient, and also suggested that TolAll is required, for TolA to recog-
nize division sites in LP57 (AtolQ-cpoB) cells. Accordingly, fusions in which TolAl had
been replaced with a portion of the MalF protein (89), which includes its N-terminal
cytoplasmic residues (MalF?'8) and first transmembrane helix (MalF'®-3>, TM1), accumu-
lated at division sites, provided they contained TolAll (Fig. 2E; Table 1). Septal localiza-
tion patterns of GFP-MalF#3°-TolA47-328 and GFP-MalFZ3°-TolA47-292 (GFP-M-TolAll for
short) were similar to that of GFP-MalF?3°-TolA*47-42" (Table 1), reinforcing the notion
that TolAlll does not contribute to septal localization of TolA in LP57 (AtolQ-cpoB) cells.
In contrast, substitution of the TolAll portion in GFP-MalF#3°-TolA47-421 with the peri-
plasmic linker domain of the RodZ protein (90) yielded a fusion encoded by ACH536
(GFP-MalF239-RodZ139-255-TolA294421 or GFP-M-L-TolAlll) that appeared evenly distrib-
uted along the periphery of cells but failed to accumulate at sites of constriction (Fig.
2F; Table 1). We conclude that TolAll represents or contains a septal localization deter-
minant that allows TolA to accumulate at division sites independently of the other Tol-
Pal components and CpoB.

TolQ-dependent recruitment of TolA to division sites mediated by domain |
(TolAl). As discussed above, fusions lacking the TolAll domain failed to accumulate at
division sites in cells of strain LP57 (AtolQ-cpoB) (Fig. 2; Table 1). However, several of
these fusions did show such accumulation in cells of strain LP49 (AtolA) that only lack
chromosomally encoded TolA (Fig. S4; Table S1). This included the fusions GFP-TolA™ "
(Fig. S4D) and GFP-TolA™ (Fig. 3A; Fig. S4E), which bear an intact TolAl domain but
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GFP-TolA™6°

AtolA

A(tolR-pal)

A(tolQ-cpoB)

FIG 3 TolQ-dependent recruitment of TolAl (TolA™) to division sites. Fluorescence (left) and DIC
(right) images of lysogenic derivatives of strains LP49 (AtolA) (A), LP51 (A[tolR-pall) (B), and LP57
(A[tolQ-cpoB]) (C and D), carrying ADE3 (P,,.:gfp-tolA™) integrated in the chromosome. The cells in
panel D also harbored plasmid pLP146 (Pg.p:tolQ). Cells were grown for ~3.5 mass doublings to
ODyy, = 0.5 to 0.6 in M9-maltose medium with 37 uM IPTG and either no (A to C) or 0.02% (D)
arabinose and were imaged live. Bar equals 2 um.

lack TolAll and TolAlll. These results suggested that TolAl can recognize division sites in-
dependently of TolAll but in a manner that requires one or more of the proteins that
are absent in LP57 (AtolQ-cpoB). To assess the septal localization requirements of TolAl,
we examined the localization patterns of GFP-TolA™¢° (GFP-TolAl) in several additional
strains (Fig. 3; Table 2). This showed that the fusion accumulated at division sites in
LP49 (AtolA), LP50 (AtolA-pal), and LP51 (AtolR-pal) cells (Fig. 3A and B; Table 2) while it
failed to do so in both LP57 (AtolQ-cpoB) and LP56 (AtolQ-tolA) cells (Fig. 3C; Table 2).
Thus, septal localization of GFP-TolA'° correlated precisely with retention of an intact
tolQ gene in these deletion strains. Accordingly, production of TolQ from plasmid
pLP146 (Pgap:tolQ) or pLP147 (PgapitolQR) resulted in the accumulation of GFP-TolA'-6°
at division sites in LP57(ADE3) cells (Fig. 3D; Table 2). In contrast, the production of just
the TolR protein from pLP225 (Pgap:itolR) was ineffective in causing septal localization of
GFP-TolA™%° in these cells or in cells of strain LP56(ADE3)/pLP225 that, besides full-
length TolA, only lack the TolQ protein (Table 2).

We conclude that TolQ is required to direct TolAl to division sites. In comparison,
none of the other Tol-Pal components (TolR, TolB, and Pal) or CpoB by themselves or
in combination appeared to direct the localization of TolAl. A role for TolQ in the
recruitment of TolAl is nicely consistent with the findings that TolQ itself accumulates
at constriction sites independently of the other Tol-Pal proteins and CpoB (Fig. 2G)
(23), and that TolQ and TolA interact via their transmembrane domains (49, 50).

Recruitment of TolA to division sites via TolAlll. Interesting localization behavior
was also observed with the GFP-M-L-TolAlll (GFP-MalF23°-RodZ'39-255>-TolA294-421) fusion
protein in which both domains | and Il of TolA have been replaced. Like the GFP-TolAl
fusions described above, this fusion did not accumulate at septal sites in LP57 (AtolQ-
cpoB) cells (Fig. 2F, Table 1, and Table 3) but did do so in cells of strain LP49 (AtolA)
(Fig. 4B, Fig. S4K, Table 3, and Table S1). Septal localization in the latter case was de-
pendent on TolAlll because a version of the fusion lacking this domain (GFP-MalF?-3°-
RodZ'39-2%%) distributed evenly along the membrane of cells instead (Fig. 4A; Table 3).
Another GFP-M-L-TolAlll variant (GFP-MalF23°-ZipA86-145-TolA294-421), wherein the linker
between the MalF and TolAlll domains was derived from ZipA (91) instead of RodZ,
similarly accumulated at constrictions in LP49 (AtolA) cells (Fig. S4J). Interestingly, how-
ever, a variant lacking an extended linker altogether (GFP-MalF?-3°-TolA2°4427) failed to

January 2022 Volume 204 Issue 1 e00464-21

Journal of Bacteriology

jb.asm.org 8


https://jb.asm.org

Septal Recruitment of TolQ and TolA

TABLE 2 TolQ-dependent septal localization of GFP-TolA-5°

Host? Plasmid
Row Name Genotype Still present© Name Genotype Accumulation at septa®
1 LP49  AtolA tolQRB, pal, cpoB +
2 LP57 A(tolQ-cpoB) —
3 LP50  A(tolA-pal) tolQR, cpoB +
4 LP51  A(tolR-pal) tolQ, cpoB +
5 LP56  A(tolQ-tolA)  tolB, pal, cpoB -
6 LP56  A(tolQ-tolA)  tolB, pal, cpoB pLP225  Pgy.outolR -
7 LP57  A(tolQ-cpoB) pBAD33  Pgpr -
8 LP57  A(tolQ-cpoB) pLP147  PgupitolQR +
9 LP57  A(tolQ-cpoB) pLP146  PyputolQ  +
10 LP57  A(tolQ-cpoB) pLP225  Py.,utolR -

aStrains lysogenic for ADE3 (P, ::gfp-tolA'*°) and harboring the indicated plasmid (rows 6 to 10 only) were grown

for ~3.5 mass doublings to OD,, = 0.5 to 0.6 in M9-maltose medium with 37 uM IPTG (all rows) and either no
(rows 1 to 5) or 0.02% (rows 6 to 10) arabinose.
bGFP-TolA'° distributed evenly along the periphery of cells (—) or accumulated at sites of cell constriction (+).
Genes of the tolQ-cpoB cluster that are still present on the chromosome.

do so (Fig. S4lI; Table S1). These results suggest that for TolAlll to be attracted to con-
striction sites in LP49 (AtolA) cells, it needs some freedom of movement to recognize
recruiting molecules at these sites, perhaps because they reside some distance away
from the IM.

To determine the septal localization requirements of TolAlll, we examined the local-
ization patterns of GFP-M-L-TolAlll in other strains that lack one or more of the Tol-Pal
proteins (Fig. 4 and 5; Table 3). The fusion still accumulated at constrictions in LP56
(AtolQ-tolA) cells (Fig. 4C), showing that TolQ and TolR are dispensable for this localiza-
tion pattern. In contrast, the fusion failed to accumulate at division sites in strain LP50
(AtolA-pal) (Fig. 4D), indicating that TolB, Pal, and/or CpoB played a role in the recruit-
ment of GFP-M-L-TolAlll to these sites.

We tested the requirements for these proteins in strain LP57 (AtolQ-cpoB), lysogenic
for ACH536 (P,.::gfp-malF?3°-rodZ'3%-25>-tolA2°442) and carrying one of several plas-
mids encoding tolB, pal, and/or cpoB under control of the ara regulatory region.
Consistent with its localization in LP56(ACH536) cells (Fig. 4C), GFP-M-L-TolAlll

TABLE 3 Septal recruitment of TolAlll by TolB, Pal, and CpoB

Journal of Bacteriology

Host? Plasmid
Row Name Genotype Still present® Name Genotype Accumulation at septa®
1 TB28 wt tolQRAB, pal, cpoB +
2 LP49 AtolA tolQRB, pal, cpoB +
3 LP56 A(tolQ-tolA) tolB, pal, cpoB +
4 LP50 A(tolA-pal) tolQR, cpoB -
5 BL78 AcpoB tolQRAB, pal -
6 LP57 A(tolQ-cpoB) -
7 LP57 A(tolQ-cpoB) pBAD33 Peapt -
8 LP57 A(tolQ-cpoB) pMG45 PgapitolB -
9 LP57 A(tolQ-cpoB) pCH546 Pgapi:cpoB -
10 LP57 A(tolQ-cpoB) pCH518 PgapitolB pal -
1 LP57 A(tolQ-cpoB) pCH545 Pganpal cpoB -
12 LP57 A(tolQ-cpoB) pCH528 Pgapi:tolB pal cpoB +
13 LP57 A(tolQ-cpoB) pCH544 PgantolB pal® cpoB -
14 LP57 A(tolQ-cpoB) pCH548 PgaoiitolB pal cpoB° -
15 LP49 AtolA tolQRB, pal, cpoB -
16 LP57 A(tolQ-cpoB) pCH528 PyaniitolB pal cpoB —

aStrains lysogenic for ACH536 (P,, ::gfp-malF*3°-rodZ'**2>>-tolA****?") (rows 1 to 14) or ACH543 (P,,.:

:gfp-malF?3°-rodZ'**2*°) (rows 15 and 16) and transformed with the

indicated plasmid (rows 7 to 14 and 16) were grown for ~3.5 mass doublings to OD,, = 0.5 to 0.6 in M9-maltose medium with 37 M IPTG and either no (all rows) or 0.01%
(rows 7 to 14 and 16) arabinose. Note that the results in rows 7 to 14, and 16 were the same with or without the addition of arabinose. See also Table S2.

bGFP fluorescence distributed evenly along the periphery of cells (—) or accumulated at sites of cell constriction (+).

<Genes of the tolQ-cpoB cluster that are still present on the chromosome.
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FIG 4 Recruitment of TolAlll (TolA??*#?") to division sites does not require TolQ or TolR. Fluorescence
(left) and DIC (right) images of lysogenic derivatives of strains LP49 (AtolA) (A and B), LP56 (A[tolQ-
tolA]) (C), and LP50 (A[tolA-pal]) (D), carrying ACH543 (P,,.::gfp-malF?3°-rodZ'3%->*%) (A), or ACH536 (P,
gfp-malF?3°-rodZ'*°2>%-tolA***42") (B to D) integrated in the chromosome. Cells were grown for ~3.5
mass doublings to ODyy, = 0.5 to 0.6 in M9-maltose medium with 37 uM IPTG and imaged live. Bar
equals 2 um.

accumulated at the vast majority (~90%) of division sites in LP57(ACH536) cells carry-
ing plasmid pCH528 (Pgap:itolB pal cpoB), even in the absence of added arabinose (Fig.
5B, Table 3, and Table S2). Notably, such accumulation at division sites did not occur
when, instead of plasmid pCH528, cells carried derivatives that lacked intact tolB
(pCH545 [Pgapipal cpoBl), pal (pCH544 [PgapiitolB pal® cpoBl) or cpoB (pCH518 [PyapiitolB
pall), even in the presence of arabinose (Fig. 5C to E, Table 3, and Table S2). Rather,
GFP-M-L-TolAlll appeared dispersed along the membrane in almost all (>95%) cells
lacking TolB or CpoB as well as in the great majority (>87%) of those lacking intact Pal.

LP57 [AtolQ-cpoB] Peap::

t;i S —— tolB pal cpoB

B

ACH543

ACH536
Olea
W
(%
L
%
k
L
3
Q
[ve]

FIG 5 Efficient recruitment of TolAlll (TolA?°442) to division sites requires TolB, Pal, and CpoB.
Fluorescence (left) and DIC (right) images of strain LP57 (A[tolQ-cpoB]) carrying ACH543 (P, :gfp-
malF?3°-rodZ'3°2>%) (A), or ACH536 (P, .:gfp-malF*3°-rodZ'3%-?*>-tolA?°**?') (B to E) integrated in the
chromosome, and harboring plasmid pCH528 (Pg.:tolB pal cpoB) (A and B), pCH518 (Pg,p:tolB pal)
(C), pCH545 (Pgapiipal cpoB) (D), or pCH544 (PgapitolB pal® cpoB) (E). Cells were grown for ~3.5 mass
doublings to OD,, = 0.5 to 0.6 in M9-maltose medium with 37 uM IPTG and imaged live. Bar equals
2 pum. Plasmid pCH544 is identical to pCH528, except for a frameshift at codon 53 of the Pal open
reading frame (ORF). The arrowhead in panel E points at a rare septal accumulation of the GFP-M-L-
TolAlll fusion that was seen in this population of cells at an approximately 6-fold lower frequency
than that of panel B (see Table S2).
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Some of these cells did still show an apparent accumulation of GFP-M-L-TolAlll at the
site of constriction (e.g., Fig. 5E, arrowhead), but their frequency was at least 6-fold
lower than in populations of LP57(ACH536)/pCH528 cells producing all three proteins
(Fig. 5; Table S2).

We infer that all three of the TolB, Pal, and CpoB proteins are required for the effi-

cient recruitment of the GFP-M-L-TolAlll fusion to sites of cell constriction.

Septal recruitment of TolQ in the absence of FtsN. FtsN is the last core protein to
accumulate strongly at the SR and helps trigger the active cell constriction phase of the di-
vision process (1, 2, 7, 8). We previously showed that TolQ and TolA fail to accumulate at
SRs in filaments of the FtsN-depletion strain CH34/pMG20 (AftsN/Pgap:T bfp-ftsN71-19),
implying a direct or indirect role for FtsN in SR recruitment of the Tol proteins (23). An indi-
rect role seemed most likely because production of the Tat-targeted periplasmic fusion
containing the small essential domain of FtsN ("TBFP-FtsN”'-19%) was sufficient to restore
both cell division and the recruitment of TolQ and TolA to constriction sites of these
AftsN cells (23), and because a green fluorescent version of this periplasmic fusion
(TTGFP-FtsN71-195) did not accumulate at these sites but appeared evenly distributed
throughout the periplasm (7).

An indirect role for FtsN in septal recruitment was shown to be correct for the full-
length TolA protein because GFP-TolA still accumulated at division sites in AftsN
ftsAE124A cells, which lack any part of the FtsN protein and rely on a mutant superfission
variant of the FtsA protein for viability instead (13). However, TolQ was not included in
this study, and two-hybrid analyses have since provided evidence for a direct interac-
tion between periplasmic portions of TolQ and FtsN, suggesting that septal recruit-
ment of TolQ might involve direct physical contact with FtsN (38).

To assess whether TolQ can still recognize division sites in the complete absence of
FtsN, we examined the localization of plasmid-encoded TolQ-GFP in cells of strain
CH238 (A[tolQ-cpoB] ftsBF>6A) and of its AftsN derivative CH239 (A[to/Q-cpoB] ftsBE>%A
AftsN). Besides lacking the tolQ-cpoB gene cluster, these strains also carry a strong
superfission allele of the ftsB division gene, which promotes cell constriction and allows
cells to survive and divide in the complete absence of FtsN (8). The strains displayed
phenotypes typical for ftsBE>°A ftsN* (CH238) or ftsBE>°A AftsN (CH239) cells (8). Thus,
CH238 cells were smaller than normal and displayed some cell shape defects (Fig. 6A,
C, and F) while CH239 cells were modestly elongated (Fig. 6B, D, and G).

Notably, TolQ-GFP still accumulated strongly at constriction sites in cells of both
strains (Fig. 6A and B), demonstrating that the reported interaction between FtsN and
TolQ (38) is not required for recruitment of TolQ to these sites. We conclude that FtsN
plays an indirect role in the recruitment of TolQ to division sites.

Role of FtsN in septal recruitment of TolAll. We also examined the localization of
GFP-TolA in CH239 (A[tolQ-cpoB] ftsBE>%A AftsN) cells. Surprisingly, this fusion failed to
accumulate at sites of cell constriction. Instead, GFP-TolA distributed along the cell pe-
riphery and actually appeared to be excluded to some extent from constriction sites in
a subset of cells (Fig. 6D; Fig. 7A). The GFP-M-TolAll fusion (GFP-MalF?3°-TolA%7-292)
showed a similar distribution in this strain (Fig. 6G; Fig. 7D), which was consistent with
the evidence discussed above where domain Il determined the localization pattern of
the TolA protein in the absence of other Tol-Pal proteins and CpoB. In contrast, both
GFP-TolA and GFP-M-TolAll still accumulated at constriction sites in strain CH238
(A[tolQ-cpoB] ftsBE>%4), indicating that their failure to do so in CH239 (A[tolQ-cpoB]
ftsBESA AftsN) cells was due to the absence of ftsN rather than to the presence of the
ftsBE>%A allele (Fig. 6C and F). Indeed, septal accumulation of either fusion in CH239 cells
could be restored by production of the periplasmic fusion containing the essential
peptide of FtsN (EFtsN), encoded on plasmid pMG20 (Pgap:TTbfp-ftsN7'-19%) (Fig. 6E and
H). Western blot analyses indicated that the absence of FtsN did not reduce the stabil-
ity of GFP-TolA or GFP-M-TolAll (Fig. S5). Together, these results implied that the ability
of TolA, and more specifically of its TolAll domain, to accumulate at constriction sites
in the absence of the other Tol-Pal proteins and CpoB is dependent on some function
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FIG 6 Localization of TolQ and TolA in the absence of FtsN and other Tol-Pal proteins. GFP
fluorescence (left) and DIC (right) images of CH238 (A[to/Q-cpoB] ftsB**) (A, C, and F) or CH239
(A[tolQ-cpoB] ftsB¥** AftsN] (all other panels) cells carrying either plasmid pCH516 (P, :tolQ-gfp) (A,
B), or lysogenic for ANP4 (P, :gfp-tolA) (C to E) or ACH549 (P, :gfp-malF>>° -tolA*’>*?) (F to H). The

cells in panels E and H additionally carried plasmid pMG20 (Pgup:""bfp-ftsN7'1%), encoding a
periplasmic fusion containing the essential domain of FtsN (fFtsN). Cells were grown for ~3.5 mass
doublings to ODg,, = 0.5 to 0.6 in M9-maltose medium with 5 uM (A and B) or 37 uM (C to H) IPTG
and with 0.1% (E and H) or no (all others) arabinose, and imaged live. Bar equals 2 um. Note that
both full-length TolA (D) and the TolAll domain (G) fail to accumulate at division sites in the
complete absence of FtsN and actually appear to be partially excluded from such sites in some of the
cells (arrowheads).

of EFtsN that is not readily compensated for by FtsB®A when FtsN is completely
absent.

The likely reason that GFP-TolA was previously observed to still accumulate at con-
striction sites in AftsN ftsAF124A cells is that these also still produced all five Tol-Pal pro-
teins and CpoB (13). Based on our results described above, this would have allowed
recruitment of full-length TolA to division sites by TolQ (in a TolAl-dependent manner)
and possibly also by TolB, Pal, and CpoB (in a TolAlll-dependent manner), even in the
absence of FtsN. Accordingly, septal accumulation of GFP-TolA (Fig. 7B and C) but not
that of GFP-M-TolAll (Fig. 7E and F) could be restored in CH239 (A[tolQ-cpoB] ftsBE>6A
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FIG 7 Localization of TolA in the absence of FtsN depends on other Tol-Pal proteins and CpoB.
Fluorescence (left) and DIC (right) images of live CH239 (A[tolQ-cpoB] ftsBE°* AftsN) cells lysogenic for
ANP4 (P, :gfp-tolA) (A to C) or ACH549 (P, .:gfp-malF*3° -tolA*2°?) (D to F), and carrying plasmid
pPBAD33 (Pgap) (A, D), pLP146 (Pgap:itolQ) (B, E), or pCH528 (PyapiitolB pal cpoB) (C, F). Cells were
grown for ~3.5 mass doublings to ODyy, = 0.5 to 0.6 in M9-maltose medium with 37 uM IPTG.
Arabinose was either omitted (C, F) or was added to 0.02% when cultures reached ODyy,= 0.3 (all
others). Bar equals 2 um. Arrowheads point at division sites at which GFP-TolA (A) or GFP-M-TolAll (E)
fluorescence appears relatively low. The star in panel F marks a cell in which GFP-M-TolAll appears to
have weakly accumulated at the site of constriction.

AftsN) cells upon production of TolQ from plasmid pLP146 (Pg.p::tolQ) or upon copro-
duction of the TolB, Pal, and CpoB proteins from pCH528 (Pgap::tolB pal cpoB).

FtsN is proposed to indirectly stimulate the activities of sPG synthases FtsW/PBP3
(FtsW/Ftsl, FtsWl) and PBP1B via interactions with FtsA in the cytoplasm and with the
FtsBLQ subcomplex in the periplasm, while superfission variants of FtsA (such as
FtsAF1244) or FtsBLQ (such as FtsBE>°ALQ) are thought to spontaneously adopt confor-
mations that promote sPG synthase activities even when FtsN is lacking (2, 6, 8, 9, 12,
18). In addition, FtsN was found to interact directly with PBP1B and to modestly stimu-
late its PG synthase activities in vitro (16, 18, 21, 92). Thus, the fact that neither TolQ
nor TolA accumulated at SRs in FtsN-depleted, but otherwise wild-type, cells suggested
that their recruitment may, at least in part, depend on sPG synthesis (23). As shown
above, neither PBPTA nor PBP1B is required for recruitment of TolQ-GFP or GFP-TolA
to constriction sites and, as might be expected, the same was true for recruitment of
the GFP-M-TolAll fusion (Fig. S2).

To assess whether sPG synthesis by the essential sPG synthase FtsWI is required for
recruitment of TolQ and/or TolA to constriction sites, we monitored TolQ-GFP or GFP-
TolA localization after blocking the transpeptidase activity of FtsWI with aztreonam (93,
94). For these experiments, we employed strains that also produced a newly developed
functional fluorescent version of the ZipA protein, as described in the following section.

Functional fluorescent versions of the essential division protein ZipA. ZipA is a
type Ib (N-out) bitopic inner membrane protein and an essential component of the SR (91).
It directly binds FtsZ and FtsA, helps anchor FtsZ polymers to the IM and accumulates with
FtsZ and FtsA at the prospective division site during the earliest stages of SR development
(91, 95-98). ZipA contains 328 residues that form a small periplasmic peptide (ZipA'3), a TM

January 2022 Volume 204 Issue 1 e00464-21

Journal of Bacteriology

jb.asm.org

13


https://jb.asm.org

Hale et al.

TABLE 4 Functional fluorescent ZipA sandwich fusions

Result in LB® Result in M9-glucose medium®
Strain? Genotype Length?  Width? n® Length¢ Width? n®
TB28  wt 4.18(0.88) 0.90(0.07) 838 2.43(0.50 0.96 (0.08 2,027

) ) )

CH119 TB28,yfeN<>aph  4.24(0.89) 0.90(0.07) 609 2.53(0.53)  0.97 (0.09) 1,764
CH125 CH119, zipA-rfp*¥  4.14(1.00) 0.87 (0.09) 1622 2.74(0.58)  0.97 (0.08) 2,177
CH128 CH119, zipA-gfp>" 4.18(0.97) 0.96 (0.08) 1480 2.61(0.57) 0.98(0.09) 2,158

aCells were chemically fixed, imaged with phase contrast optics, and analyzed using MicrobeJ software (115).
bCells were grown for ~5 mass doublings to OD,, = 0.65 to 0.70 before fixation.

<Cells were grown for ~3.5 mass doublings to OD,, = 0.55 to 0.60 before fixation.

9Mean in micrometers, with standard deviation in parentheses.

eNumber of cells measured.

helix (ZipA*?7), a highly charged domain (ZipA2°%>), a flexible linker domain that is rich in
proline and glutamine residues (P/Q domain, ZipA%'8), and a globular FtsZ-binding do-
main (ZipA'86-328) (Fig. S6) (91, 95, 99). In our experience, the production of ZipA variants
with N-terminal extensions is poorly tolerated by cells, and, although fusions of fluorescent
proteins to the C terminus of ZipA still bind FtsZ and localize to the SR, they cannot com-
pensate for the absence of native ZipA (91, 100; and data not shown). Because a functional
fluorescent version of ZipA would be useful for a variety of studies, we explored whether
the in-frame insertion of a fluorescent protein (FP) within the P/Q linker domain of ZipA
would yield a ZipA'-FP-'ZipA sandwich fusion (ZipA-FPSY, for short) that retains ZipA func-
tion. We and others previously used a similar approach to obtain functional fluorescent
versions of MreB and FtsZ (90, 101).

To replace chromosomal zipA with alleles encoding ZipA-FPSW fusion proteins, we
built recombineering strains that allow the use of galK as a (counter)selectable marker
(102). For example, strain CH121/pCH279 (AgalK [Ac1857 cro-bioA<>tetA] zipA<>Pgy,:
galK yfeN<>aph/P,,.:ftsAR?%%W) does not carry galK at its normal chromosomal position
(AgalK) but rather carries it on an expression cassette (Pgy,:galK) that replaced codons
161 to 164 of zipA, which encode poorly conserved residues within the P/Q domain of
ZipA (Fig. S6). Despite lacking intact ZipA, these cells grow well in the presence of IPTG
(isopropyl-B-p-thiogalactopyranoside) due to the production of the superfission variant
of FtsA (R286W) (103), encoded on plasmid pCH279. The P,,::galK cassette in these cells
was next replaced via recombineering with mCherry (red fluorescent protein [RFP]) or
superfolder GFP (;-GFP) open reading frames using 2-deoxy-galactose to counterselect
GalK* nonrecombinants. The recombinants grew well in the absence of IPTG in both
cases, suggesting they were phenotypically ZipA*, and the recombinant zipA-rfp>W or
ZipA-5:gfpsV alleles could subsequently be readily introduced into TB28 (wt) cells by P1-
mediated cotransduction with the nearby yfeN<>aph marker. Thus, the substitution of
four residues within the P/Q domain of ZipA with RFP indeed yielded a functional red
fluorescent ZipA'-1%°-RFP-ZipA'%>-328 sandwich fusion (ZipA-RFPS%W), and substitution with
<GFP similarly yielded a functional green fluorescent version (ZipA-g:GFPSW).

Notably, the dimensions of CH125 (zipA-rfpSW AyfeN) and CH128 (zipA-¢gfpsW
AyfeN) cells were virtually identical to those of the zipA* parents CH119 (AyfeN) and
TB28 (wt) upon growth in either rich or minimal medium (Table 4), indicating that the
sandwich fusions support normal cell division. In addition, fluorescence microscopy
showed that both fusions localize to the SR, as expected (Fig. 8 and 9 and data not
shown). Thus, fluorescent versions of ZipA that retain most, if not all, of the functional-
ity of the native protein are available.

Septal recruitment of TolQ and TolA depends on Ftsl (PBP3) PG transpeptidase
activity. Accumulation of ZipA is a good proxy for the presence of a Z-ring and its
localization should not be affected by inhibition of sPG synthesis (7, 96, 104). To assess
the effects of aztreonam on the localization of TolQ-GFP and GFP-TolA, therefore, we
used cells in which the localization of ZipA could be monitored as well. Strain CH241/
pCH633 (AtolQ zipA-rfp>W/Pgap:tolQ-gfp) is a AtolQ derivative of CH125 (see above) that
encodes ZipA-RFP*W under native regulatory control on the chromosome and TolQ-
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FIG 8 Septal accumulation of TolQ and TolA depends on Ftsl (PBP3) activity. Live cells were imaged with DIC
(A, D, G, and J), RFP-fluorescence (B, E, H, and K), and GFP fluorescence (C, F, |, and L) optics. Two cultures of
each strain were grown in parallel for ~3.5 mass doublings to ODg,, = 0.5 to 0.6 in M9-maltose medium
without arabinose (A to F) or in M9-glucose medium with 0.02% arabinose (G to L). Aztreonam (to 1 wg/mL)
was added to one of the parallel cultures (D to F and J to L) ~2 mass doublings before imaging. Bar equals
20 um (Ato Cand G to l) or 25 um (D to F and J to L). (A to F) Cells of strain CH241/pCH633 (AtolQ zipA-
rfpSW/Pgap:tolQ-gfp). Note the presence in panels A to C of small cells without a ZipA-RFPSW (~ZipA) or TolQ-
GFP (~TolQ) ring (cell 1), or with a ZipA ring and peripheral distribution of TolQ (cells 5, 6, and 7); larger cells
with a ZipA ring in which TolQ has not yet accumulated in a clear ring (cells 2 and 3); constricting cells with
both a ZipA ring and a TolQ ring (cells 8 and 9); and a cell with TolQ strongly accumulated at the deep
constriction from which ZipA has mostly departed already (cell 4). In comparison, note the failure of TolQ to
strongly accumulate with ZipA rings in the aztreonam-treated cells in panels D to F. (G to L) Cells of strain
CH242/pCH634 (AtolA zipA-rfpSW/Py,n:gfp-tolA). Note the presence in panels G to | of smaller nonconstricting
cells with a ZipA ring and a peripheral distribution of GFP-TolA (~TolA) (cells 2, 6, and 9); constricting cells
with both a ZipA ring and a TolA ring (cells 4, 5, 7, and 8); and cells with a deep constriction from which ZipA
has mostly already relocated but at which TolA is still strongly concentrated (cells 1 and 3). In comparison,
note the failure of TolA to strongly accumulate with ZipA rings in the aztreonam-treated cells in panels J to L.

GFP under control of the ara regulatory region on the plasmid. Upon growth of
CH241/pCH633 in medium without aztreonam, a clear ZipA-RFPW ring was observed
in most preconstriction and constricting cells (Fig. 8A and B). In contrast, TolQ-GFP
localized in a somewhat grainy pattern along with the entire envelope of preconstric-
tion cells and appeared to strongly accumulate with ZipA-RFPSW only in cells with a
visible constriction (Fig. 8A to C). In addition, in deeply constricted cells that were likely
about to separate into two sisters, TolQ-GFP still accumulated at the cell junction while
most ZipA-RFPSW molecules had already departed this site (e.g., cell 4 in Fig. 8A to C).
These results are consistent with previous evidence showing that the Tol-Pal proteins
join the SR machinery in an FtsN-dependent manner at a relatively late stage of the di-
vision cycle that is near coincident with the initiation of active cell fission (23), and that
a ZipA-mCherry fusion departs this machinery relatively early during the terminal
stages of the fission process (105).

As expected, growth of CH241/pCH633 in the presence of aztreonam (1 wg/mL) led
to the formation of filamentous cells with ZipA-RFPSW strongly accumulated in one
medial ring or multiple evenly spaced rings. In contrast, the bulk of TolQ-GFP fluores-
cence formed a grainy pattern along the cell periphery, and the fusion accumulated
with any resident ZipA-RFPSW ring only weakly, if at all (Fig. 8D to F).
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FIG 9 Septal accumulation of TolA is very sensitive to interference with PBP3 activity. Live cells were imaged
with DIC, and GFP and RFP fluorescence optics as indicated. Cultures of strain CH244 (A[tolQ-cpoB) zipA-rfp")
carrying pCH633 (Py,p:itolQ-gfp) (A, C, and E) or pCH634 (Py,,::gfp-tolA) (B, D, and F) were grown in parallel for
~3.5 mass doublings to ODg,, = 0.6 to 0.7 in M9-glucose medium with 0.005% (A, C, and E) or 0.03% (B, D,
and F) arabinose. Aztreonam was omitted (A and B) or added to 20 ng/mL (C and D) or 50 ng/mL (E and F) ~2
mass doublings before imaging. Bar equals 2.0 um. Sites of cell constriction with strong accumulations of ZipA-
RFPSW are evident in panels E and F. While clear accumulations of TolQ-GFP at these sites can still be seen (E,

stars), GFP-TolA appears to be partially excluded from such sites (F, arrowheads).

Strain CH242/pCH634 (AtolA zipA-rfp>V/Pgap::gfp-tolA) was similarly used to monitor the
effects of aztreonam on the localization pattern of TolA. As illustrated in Fig. 8, the localiza-
tion patterns of GFP-TolA in untreated (Fig. 8G to |) and aztreonam-treated (Fig. 8J to L)
CH242/pCH634 cells were very similar to those of TolQ-GFP in untreated (Fig. 8A to C) and
treated (Fig. 8D to F) CH241/pCH633 cells, respectively.

Hence, recruitment of both the TolQ and TolA protein to the SR largely depends on
the TP activity of PBP3 (Ftsl). These results are consistent with the evidence that septal
recruitment of both TolQ (Fig. 6B) and TolA (13) depends on FtsN in an indirect manner
and suggest that active sPG synthesis by FtsWI plays an important role in attracting
both these proteins to the site of constriction.

Septal recruitment of GFP-TolA in the absence of other Tol proteins and CpoB
is particularly sensitive to interference with Ftsl (PBP3) activity. Although the
ftsBE56A superfission allele allows cells to grow and divide in the absence of FtsN,
ftsBE>A AftsN cells display a mild filamentous/chaining phenotype, suggesting that sPG
synthesis is inefficient or slow (8, 15). Therefore, the failure of GFP-TolA and GFP-TolAll
to accumulate at constriction sites of CH239 (A[tolQ-cpoB] ftsBE>°A AftsN) cells (Fig. 6
and 7) suggested the possibility that the ability of TolA to concentrate at these sites in
the absence of other Tol-Pal components and CpoB is particularly sensitive to the activ-
ity level of FtsWI sPG synthases.

To further explore this possibility, we examined the effects of low concentrations of
aztreonam on the location of TolQ-GFP or GFP-TolA in cells of strain CH244 (A[to/Q-cpoB]
ZipA-rfp>") harboring pCH633 (Pyap:tolQ-gfp) or pCH634 (Pgapigfp-tolA), respectively. Cells
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of this strain lack the Tol-Pal proteins and CpoB but produce native FtsB and FtsN, and
ZipA-RFPSW as the sole source of ZipA. In the absence of aztreonam, TolQ-GFP and GFP-
TolA accumulated at the vast majority (>90%) of constriction sites in CH244 cells, as
expected (Fig. 9A and B; Table S3). Exposure to 20 ng/mL aztreonam for 3.5 h caused only
a slight elongation of cells and did not noticeably affect TolQ-GFP or ZipA-RFPW |ocaliza-
tion (Fig. 9C and D). However, this low drug concentration significantly affected the local-
ization pattern of GFP-TolA. Thus, the fusion now accumulated at only a minority (<30%)
of constriction sites and instead appeared dispersed along the periphery of most cells
(Fig. 9D; Table S3). Upon exposure to 50 ng/mL aztreonam, the cells became more dis-
tinctly elongated but most (~90%) still showed at least one clear constriction (Fig. 9E and
F). While a significant fraction of TolQ-GFP molecules still accumulated at these sites (Fig.
9E; Table S3), this was not observed with GFP-TolA. In fact, the fusion often appeared par-
tially excluded from sites of constriction (Fig. 9F; Table S3), reminiscent of its localization
pattern in CH239 (A[tolQ-cpoBl] ftsBE>6A AftsN) cells in the absence of aztreonam (Fig. 6D
and 7A). These results support the idea that septal accumulation of TolA in the absence of
other Tol-Pal proteins and CpoB is indeed significantly more sensitive to the activity level
of FtsWI than septal accumulation of TolQ under the same conditions.

DISCUSSION

We generated an isogenic set of E. coli TB28 (MG1655, AlaclZYA) (106) derivatives in
which one or more of the genes that encode the five proteins of the Tol-Pal system
and CpoB were substituted with aph (Kanr). All strains lacking one or more compo-
nents of the Tol-Pal system showed a similar cell chaining phenotype in low-osmotic
medium, and complementation experiments indicated that this phenotype was not
due to polar effects of the substitutions on the expression of nearby genes (Fig. 1, and
data not shown). Although not detailed here, we note that the newly generated Tol-
Pal- strains also shared other morphological features with the previously characterized
strains FB20229 (tolA::EZTNKAN-2), MG5 (Apal), and MG4 (A[tolQ-pall) that are evident
even when cell chaining is substantially suppressed by growth in a medium of stand-
ard osmolarity (LB or M9). These include a high fraction of cells with a visible constric-
tion, a local expansion of the periplasmic space at sites of cell constriction, a prodigious
release of large OM vesicles from constriction sites and cell poles, and a squat cell
shape ([23] and data not shown). The results are consistent with previous work on sub-
sets of tol or pal mutants of E. coli (23, 37, 38, 40, 41) and other Gram-negative species
(24, 80-84), and imply that the lack of each one of the five Tol-Pal proteins causes a
delay in OM invagination during cell fission.

In contrast, lack of the CpoB protein did not lead to an overt cell division phenotype
(Fig. 1L), suggesting it plays a relatively minor or redundant role in the process. The
lack of CpoB also did not prevent TolQ-GFP or GFP-TolA from accumulating at constric-
tion sites (Fig. 2; Table 1), implying that neither the other Tol-Pal proteins nor CpoB is
required for full-length TolQ or TolA to recognize these sites.

Our studies of domain deletion/substitution derivatives of GFP-TolA showed that
periplasmic domain Il of TolA (TolA%7-292) is responsible for the recognition of constric-
tion sites in cells lacking all other Tol-Pal proteins and CpoB (Fig. 2; see Fig. S2 in the
supplemental material; Table 1). Other than linking IM-bound domain TolAl with peri-
plasmic domain TolAlll, the precise properties and functions of TolAll are still enig-
matic. It consists of 263 residues with Ala (40%), Lys (19%), Glu (15%), and Asp (5%) as
the most abundant and contains several tandem repeat sequences. Circular dichroism,
analytical centrifugation, solution X-ray scattering, and molecular modeling data indi-
cate that TolAll has an elongated stalk-like shape that is likely formed by a coiled-coil
of three extended a-helices with one running anti-parallel to the other two (48, 52, 53).
This arrangement is thought to allow for structural plasticity of TolAll, which may be
critical in coupling the dissipation of PMF by TolAl-bound TolQR complexes in the IM
to movement of the TolAlll domain toward Pal or Pal-TolB complexes in the OM (42,
43, 46, 53, 58).
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How TolAll or TolQ recognize constriction sites is unclear. The failure of Tol-Pal pro-
teins to accumulate at septal rings in FtsN-depleted filaments suggested that their
recruitment might depend on active cell constriction and the accompanying synthesis
of sPG (23). Accordingly, whereas the PG synthases PBP1A and PBP1B were individually
dispensable for their septal localization (Fig. S2), TolQ and TolA failed to accumulate at
constrictions and/or septal rings upon inhibition of the transpeptidase activity of the
FtsWI sPG synthase with aztreonam (Fig. 8). Still, interesting differences in the localiza-
tion behavior of TolQ and TolA in the absence of other Tol-Pal proteins and CpoB were
noted. First, septal localization of TolA (and TolAll) appeared significantly more de-
pendent on normal FtsWI activity than that of TolQ. This was seen when A(to/Q-cpoB)
cells were treated with low concentrations of aztreonam (Fig. 9; Table S3) and in
A(tolQ-cpoB) AftsN ftsBE>6A cells in which FtsWI activity is presumed suboptimal due to
the absence of FtsN (Fig. 6). Under these conditions, moreover, GFP-TolA or GFP-M-
TolAll fusions appeared partially depleted from some constriction sites, an unexpected
pattern that we have not observed with TolQ-GFP thus far (Fig. 6, 7, and 9; Table S3).
Together with the fact that TolAll (periplasm) and TolQ (mostly IM and cytoplasm) pre-
dominantly reside in different cell compartments (47, 107, 108), these results render it
unlikely that TolAll and TolQ recognize the same septal target. The observation that
GFP-TolA or GFP-M-TolAll fusions can become partially depleted from constriction sites
in A(tolQ-cpoB) cells with suboptimal sPG synthase activity suggests that the TolAll do-
main also interacts relatively weakly with nonseptal molecules that are distributed
along the cell envelope of the cylindrical part(s) of the cell. The latter may then hinder
free diffusion of TolA into the septal region when the concentration of the septal target
is suppressed. In any event, although it is now clear that septal recruitment of both
TolQ and TolA requires the catalytic activities of FtsWI, additional work will be required
to identify the actual direct septal targets of TolQ and TolAll.

Studies of domain deletion/substitution derivatives of GFP-TolA further revealed
that septal accumulation of TolA can also be mediated by TolAl or TolAlll provided that
one or more of the other products of the tol-cpoB gene cluster is present in the cell as
well. The presence of TolQ was sufficient to recruit GFP-TolAl fusion proteins to cell
constrictions. In contrast, recruitment of GFP-M-L-TolAlll to such sites was not depend-
ent on TolQ or TolR but required the coproduction of TolB, Pal, and CpoB.

Genetic and chemical cross-linking experiments provided evidence that TolAl inter-
acts directly with TolQ within the IM bilayer, involving contacts between the TM of
TolA and TM1 of TolQ (49, 50). Our results indicate that this interaction is sufficiently
strong for TolQ to recruit TolA to cell constrictions and that TolR, TolB, Pal, and CpoB
are dispensable for this interaction to occur (Fig. 3 and 7, and S4).

In contrast, the more elaborate requirements for septal recruitment of TolA294-421
(~TolAlll) suggest it involves multiple interactions. TolB and CpoB were previously
found to bind TolA2°442" directly and noncompetitively, although relatively weakly as
well (K, in 40 to 60 uM range) (57, 58, 76). Based on chemical cross-linking results,
TolAlll was also thought to directly engage Pal (42, 64). However, supporting genetic
or biochemical evidence for a direct TolA-Pal interaction has been lacking, and subse-
quent evidence for TolB acting as an intermediary in vitro suggests that TolA-TolB and
TolB-Pal heterodimers and TolA-TolB-Pal heterotrimers are the more physiologically
relevant protein complexes existing in vivo (58, 69). Because TolB, Pal, and CpoB are all
required for the efficient septal accumulation of GFP-M-L-TolAlll, it is possible that this
is driven by the formation of four-member complexes (~CpoB-TolAlll-TolB-Pal) at cell
constriction sites. The tripartite TolAlll-TolB-Pal complex is predicted to be quite unsta-
ble (58), but it is conceivable that the addition of CpoB has a stabilizing effect. In this
regard, it is interesting that recent residue coevolution and molecular docking studies
support the existence of an even larger TolB-centric complex with TolB bound to TolR,
TolA, Pal, and CpoB (109). However, one confounding issue is understanding why any
proposed multimember complex containing TolAlll, TolB, Pal, and CpoB would prefer-
entially exist at the constriction site of cells that cannot form functional TolQRA
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complexes in the inner membrane (such as those shown in Fig. 4B and C, 5B, and 7Q).
Septal recruitment of both TolB and Pal is dependent on the presence of functional
TolQ, R, and A but independent of CpoB (40) (our unpublished results). Thus, it is not
obvious how they help drive GFP-M-L-TolAlll to septal sites if they are not concen-
trated at these sites themselves. CpoB still appears to accumulate at constrictions in
AtolA cells (78) but whether this reflects specific localization or is due to the expanded
periplasmic volume at these sites in Tol- cells (23) is unclear. However, even if TolB and
CpoB molecules were dispersed throughout the periplasm of TolQAR-minus cells, the
expanded periplasmic volume at constriction sites in such cells would cause their num-
bers to be high at these sites relative to other cell sites. Perhaps weak and transient peri-
plasmic interactions of TolAlll with TolB and CpoB and/or with complexes containing the
latter two and Pal drive GFP-M-L-TolAlll toward constriction sites by mass-action.
Alternatively, if CpoB does still specifically accumulate at constriction sites in cells lacking
functional TolQRA, TolB, and Pal might somehow stimulate or stabilize the TolAlll-CpoB
interaction without themselves becoming stably associated with the complex. Another
possibility is that TolB, Pal, and CpoB all contribute to the generation or modification of
some molecular feature at constriction sites that is attractive to TolAlll but that they are
not a stable part of. More work is required to understand the septal localization of GFP-
M-L-TolAlll in cells that lack TolQ, TolR, and native TolA. Nevertheless, our results render
it likely that all three domains of TolA contribute to its recruitment to, and/or its reten-
tion at, constriction sites in wt cells.

Here, we also described the generation and application of functional fluorescent
variants of the ZipA division protein that were created by the insertion of RFP or ;:GFP
within its P/Q domain. These sandwich fusions did not display any obvious loss of ZipA
functionality, which is concordant with the recent finding that the P/Q domain itself is
largely dispensable for ZipA function (110). Availability of these fusions, expressed
from the native chromosomal zipA locus or ectopically, should be useful for a variety of
future studies on the E. coli cell division machinery.

MATERIALS AND METHODS

Strains, genetic constructs, and growth conditions. Strains and genetic constructs (plasmids and
lysogenic phages) used in this study are listed in Tables S4 and S5, respectively, and their origin or con-
struction is detailed in the supplemental material. Unless stated otherwise, cells were grown at 30°C in
LB (1% tryptone, 0.5% yeast extract, 0.5% NaCl, pH = 7.0), LBNS (1% tryptone, 0.5% yeast extract,
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,CI,
2.0 mM MgSO,, 0.1 mM CaCl) (111) supplemented with 0.2% Casamino Acids, 50 wg/mL L-tryptophan,
50 uM thiamine, and 0.2% of either maltose (M9-maltose) or glucose (M9-glucose). When appropriate,
the medium was supplemented with 50 wg/mL ampicillin (Amp), 25 ng/mL chloramphenicol (Cam),
25 pg/mL kanamycin (Kan), 50 wg/mL spectinomycin (Spec), or 12.5 ug/mL tetracycline (Tet). Amp or
Kan concentrations were reduced to 15 and 10 ng/mL, respectively, when cells carried bla or aph inte-
grated into the chromosome. Arabinose, IPTG (isopropyl-B-p-1-thiogalactopyranoside), and/or aztreo-
nam were included in the media as indicated. Reagents were obtained from Fisher Scientific or
MilliporeSigma. Other details are specified in the above.

Microscopy, immunoblotting, and other methods. Imaging was performed on a Zeiss Axioplan-2
microscope system as previously described (8, 112). For some experiments, cells were chemically fixed
as described (113) before microscopy. To measure cell dimensions, images were analyzed with Fiji soft-
ware (114), using the MicrobeJ (115) or Object) (116) plugin as specified in the relevant table captions.
No (— —), weak (+ —) or strong (+ +) septal localization of fusion proteins was scored by eye from fluo-
rescent and corresponding DIC images relative to similar images of cells producing GFP-MalF?3°-
RodZ'3°2%%, which distributes evenly along the inner membrane (e.g., Fig. 4A and 5A). A subset of repre-
sentative cells was analyzed with the Fiji Plot Profile function to measure the distribution of signal along
a line drawn lengthwise across each cell, and the ratio of peak signal at midcell (septum) and that at the
cell pole with the highest signal was determined. Our classification of septal localization corresponded
approximately with ratios smaller than 2.1 (no localization), between 2.1 and 2.6 (weak localization), and
larger than 2.6 (strong localization). Western blot analyses with anti-GFP antibodies (Rockland) were
done essentially as before (106).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 9.2 MB.
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