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To fortify their cytoplasmic membrane and protect it from osmotic
rupture, most bacteria surround themselves with a peptidoglycan
(PG) exoskeleton synthesized by the penicillin-binding proteins
(PBPs). As their name implies, these proteins are the targets of
penicillin and related antibiotics. We and others have shown that
the PG synthases PBP1b and PBP1a of Escherichia coli require the
outer membrane lipoproteins LpoA and LpoB, respectively, for
their in vivo function. Although it has been demonstrated that
LpoB activates the PG polymerization activity of PBP1b in vitro,
the mechanism of activation and its physiological relevance have
remained unclear. We therefore selected for variants of PBP1b
(PBP1b*) that bypass the LpoB requirement for in vivo function,
reasoning that they would shed light on LpoB function and its
activation mechanism. Several of these PBP1b variants were iso-
lated and displayed elevated polymerization activity in vitro, in-
dicating that the activation of glycan polymer growth is indeed
one of the relevant functions of LpoB in vivo. Moreover, the loca-
tion of amino acid substitutions causing the bypass phenotype on
the PBP1b structure support a model in which polymerization ac-
tivation proceeds via the induction of a conformational change in
PBP1b initiated by LpoB binding to its UB2H domain, followed by
its transmission to the glycosyl transferase active site. Finally, phe-
notypic analysis of strains carrying a PBP1b* variant revealed that
the PBP1b-LpoB complex is most likely not providing an important
physical link between the inner and outer membranes at the di-
vision site, as has been previously proposed.
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he peptidoglycan (PG) layer forms a protective shell that
surrounds the cytoplasmic membrane of bacteria to prevent
osmotic rupture and provide cells with their characteristic shape
(1). This complex macromolecule is composed of glycan strands
crosslinked to one another by attached peptide chains to form
the exoskeletal matrix. Because of its essentiality and uniqueness
to bacteria, the PG layer is an important therapeutic target.
Many antibiotics in our current arsenal block PG assembly, with
penicillin and related beta-lactam drugs being the most well-
known and widely used. These molecules target major PG syn-
thase enzymes called penicillin-binding proteins (PBPs) (1).
The PBPs function in the final stage of the three-part pathway
for PG biogenesis (1). Precursor synthesis begins in the cyto-
plasm with the production of the activated sugar molecules uri-
dine diphosphate (UDP)-N-acetylmuramic acid pentapeptide
(UDP-MurNAc-peps) and UDP-N-acetylglucosamine (UDP-
GlcNAc). In the second, membrane-associated phase, UDP-
MurNAc-peps is converted to the precursor lipid-I by Mray,
which transfers phospho-MurNAc-pep to the lipid carrier
undecaprenol-phosphate (Und-P). Lipid-II is formed by MurG
via the addition of GlcNAc to lipid-I from UDP-GIcNAc. This
final precursor contains the basic monomeric unit of PG, the
disaccharide-pentapeptide. After its production, lipid-II must be
flipped by MurJ (2, 3) to expose the sugar units to the periplasmic
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space, where it can then be polymerized and crosslinked into PG
by the PBPs. The synthetic PBPs fall into two classes, A and B,
on the basis of their enzymatic activities. Class A PBPs (aPBPs)
are bifunctional enzymes that possess both PG glycosyltransfer-
ase (PGT) activity to polymerize glycan strands of PG from lipid-II
and transpeptidase (TP) activity to generate the peptide cross-
links between adjacent glycans. The class B enzymes (bPBPs), in
contrast, are only known to have TP activity (1).

To build the dynamic, cell-shaped PG matrix, the PBPs are
thought to function in the context of multiprotein complexes
that are organized by cytoskeletal elements (1). In rod-shaped
bacteria, the Rod complex is organized by the actin-like protein
MreB to promote the insertion of new PG material along the cell
cylinder for cell elongation (1). After elongation, the tubulin-like
FtsZ protein promotes the formation of the divisome (septal ring)
machine to catalyze cell division and build the PG material that
will ultimately fortify the new daughter cell poles (1). In Escher-
ichia coli, the aPBPs, PBP1a, and PBP1b are thought to play im-
portant roles in both cell elongation and cell division. Localization
and protein—protein interaction studies suggest that PBP1a primarily
participates in cell elongation, whereas PBP1b mainly functions
during cell division (4-6). However, neither aPBP is essential for
growth, indicating they can likely substitute for one another and are
not specific for a particular mode of growth.
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Although PBP1la and PBP1b are individually dispensable, si-
multaneous inactivation of both factors results in rapid cell lysis
and death (7, 8). We used this synthetic lethal phenotype to
identify outer membrane lipoproteins that are required for the
in vivo function of the aPBPs (9). LpoA is specifically required
for PBP1a function, whereas LpoB is specifically required for
PBP1b function (9, 10). Although they are unrelated, LpoA and
LpoB both span the periplasm to interact directly with their
cognate PBP (11-13), and when added to in vitro reactions, they
modulate the PGT and TP activities of their target synthases via
different mechanisms (9, 10, 14). LpoA activates the TP activity
of PBP1a, which indirectly stimulates its PGT activity, indicating
a coupling between the two active sites (10, 14). Similarly, LpoB
stimulates the PGT activity of PBP1b, which in turn provides more
material for crosslinking by the TP domain (9, 12). At present, the
mechanism of PBP activation by the Lpo factors remains unclear.
Also, because the activation has only been observed in vitro, its
physiological relevance in vivo has yet to be established.

To investigate PBP activation further, we developed a genetic
selection strategy to identify variants of PBP1b (referred to as
PBP1b*) that bypass the requirement for LpoB. Several of these
variants were purified and shown to have elevated PGT activity
in vitro, indicating that PGT activation is indeed one of the
relevant functions of LpoB in vivo. Moreover, the location of the
amino acid substitutions in the PBP1b* bypass variants support a
model in which PGT activation proceeds via the induction of a
conformational change in PBP1b initiated by LpoB binding to
the UB2H domain of the enzyme, followed by its transmission to
the PGT active site. Finally, phenotypic analysis of strains car-
rying a PBP1b* variant revealed that the PBP1b-LpoB complex
is most likely not providing an important physical link between
the inner and outer membranes at the division site, as has been
previously proposed (10).

Results

Identification of PBP1b* Variants That Bypass the LpoB Requirement
for in Vivo Activity. To identify variants of PBP1b that no longer
require LpoB (designated PBP1b*), we used the cefsulodin-
hypersensitivity phenotype of mutants inactivated for PBP1b
(AponB) or LpoB (AlpoB) (9, 10). Cefsulodin is a p-lactam that
preferentially targets PBPla and PBP1b in E. coli (15). We
reasoned that the cefsulodin hypersensitivity of AlpoB mutants
likely results from a defect in PBP1b activity and that ponB*
alleles encoding PBP1b* variants might be identified by a selection
for increased cefsulodin resistance in a LpoB™ strain background.
Therefore, cells of MM33(at#tATB309) [AlpoB AponA (Pay,:iponA)|
were plated at 30 °C on M9-arabinose agar supplemented with
0.01 pg/mL cefsulodin for the isolation of spontaneous, drug-
resistant mutants. Survivors arose at a frequency of ~107". In
addition to the ponB* alleles we sought, we anticipated a back-
ground of mutants encoding PBP1a variants with a reduced sen-
sitivity to cefsulodin or mutants overproducing resistance pumps.
To rapidly identify ponB* mutants among this expected back-
ground, we used the arabinose-dependent growth phenotype of
MM33(attATB309) [AlpoB AponA (Paa:iponA)], which results
from the simultaneous inactivation of LpoB and PBPla (9, 10).
Cefsulodin-resistant survivors were therefore screened for growth
in the absence of PBP1a induction. Survivors producing cefsulo-
din-resistant PBP1a variants or overproducing efflux pumps are
predicted to be arabinose-dependent for growth because PBPla
activity will remain essential in the absence of LpoB-stimulated
PBP1b activity. Mutants producing PBP1b* variants, in contrast,
should grow without arabinose because the PBP1b synthetic
pathway will be functional without LpoB, thus suppressing the
synthetic lethality of the PBP1a™ LpoB™ combination.

We isolated ~600 mutants resistant to 0.01 pg/mL cefsulodin.
Among these, 16 arabinose-independent mutants were identified,
bringing the overall frequency of mutant isolation to ~10~°, which
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reflects the requirement for specific missense mutations to allow
LpoB bypass. This phenotype was ~50% linked to a transposon
insertion in yadC (yadC::Tnl0) (16), located about 12 kb upstream
of the ponB gene. We therefore sequenced the ponB gene from all
the arabinose-independent isolates. In all cases, the reading frame
encoded PBP1b variants with one of five amino acid substitu-
tions (E313D, 1202F, Q411R, Q411K, and Q447K) (Fig. 1 and
SI Appendix, Table S1). Interestingly, the mutants producing
PBP1b(1202F) and PBP1b(Q447K) displayed temperature-sensitive
bypass phenotypes, such that they only promoted growth in the
absence of arabinose at 30 °C, but not 37 °C or 42 °C. Using a linked
yadC::Tnl0 marker, four unique alleles of ponB were transduced
to a fresh MM33(attATB309) [AlpoB AponA (P,.::ponA)]
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Fig. 1. Location of altered residues in PBP1b* variants. (A) Schematic of the
PBP1b primary structure: transmembrane helix (TM), UB2H domain, pepti-
doglycan glycosyltransferase (PGT), and transpeptidase (TP). (B) Crystal
structure of PBP1b (PDB: 3FWM) (19) with the locations of the altered resi-
dues in the PBP1b* variants highlighted in red, along with the catalytic
residues for both active sites in green. Domains in the structure are colored
to match those in A.
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Fig. 2. Suppression of the PBP1a™ LpoB™ synthetic lethal phenotype by PBP1b*
variants. Cells of TU121(attATB309) [AponA (P,..::ponA)], MM33(attATB309)
[AponA AlpoB (P,.::ponA)], and the indicated MM33(attATB309) derivatives
[MM100, MM102, MM104, and MM105 all with (attATB309)] harboring the
indicated PBP1b* variant were grown overnight in M9 medium with 0.2%
arabinose at 30 °C. The resulting cultures were normalized to an ODggo of 2.0
serially diluted, and 5 pL of each dilution was spotted onto the indicated me-
dium. Plates were incubated overnight at 30 °C.

background, and the LpoB-bypass phenotype was confirmed
(Fig. 2). Moreover, expression constructs producing GFP-PBP1b*
variants specifically restored viability to PBP1la™ LpoB™ cells (S
Appendix, Fig. S1). We therefore conclude that amino acid substi-
tutions E313D, 1202F, Q411R, and Q447K in PBP1b are sufficient
to bypass the LpoB requirement for PBP1b function in vivo. Vari-
ants with the substitutions E313D, 1202F, and Q411R are charac-
terized further here. The PBP1b(Q447K) variant was isolated in
a separate selection after the completion of these downstream
studies, and therefore was not subjected to additional analysis.

PBP1b* Variants Mimic LpoB Activation in Vitro. Because overpro-
duction of PBP1b(WT) does not suppress LpoB inactivation (9)
(SI Appendix, Fig. S1), one of the simplest models to explain the
LpoB-bypass phenotype of the PBP1b* variants is that the proteins
have gained the ability to synthesize PG in the absence of LpoB.
To investigate this possibility, we monitored PG synthesis in ether-
permeabilized cells (EPCs) by supplying them with UDP-MurNAc-
peps and radiolabeled UDP-["*C]GlcNAc (9). EPCs use the soluble
precursors to produce lipid-II for PG synthesis by the PBPs.
Importantly, PG synthesis in EPCs has been shown to depend
principally on PBP1b function; EPCs prepared from AponB or
AlpoB cells show greatly reduced synthesis (9) (Fig. 34).
EPCs were prepared from cells producing PBP1b* variants in
the presence or absence of LpoB. As expected, AlpoB EPCs with
wild-type PBP1b displayed greatly reduced PG synthesis activity
relative to the corresponding LpoB™ cells (Fig. 34). Conversely,
EPCs with the PBP1b* variants PBP1b(1202F), PBP1b(E313D),
or PBP1b(Q411R) showed PG synthesis activity comparable to
the wild-type control cells in both LpoB* and LpoB~ backgrounds
(Fig. 3A4). Thus, the EPC results suggest that the PBP1b* variants
no longer require LpoB for their PG synthase activity. To in-
vestigate this possibility further, we purified the above PBP1b*
variants and monitored their PGT activity, using a synthetic lipid-II
substrate. Wild-type PBP1b converts radiolabeled lipid-II into
long glycan polymers, which can be visualized by polyacrylamide
gel electrophoresis (Fig. 3B, lane 1). Note, however, that after a
15-min reaction, a significant amount of lipid-II substrate remains
unpolymerized. As shown previously (9), the addition of LpoB to
PBP1b(WT) not only stimulates its PGT activity, as indicated by
the near-complete conversion of lipid-II to polymer, but also alters
the profile of polymers produced (Fig. 3B, lane 3). The glycan
chains synthesized in the presence of LpoB are much shorter than
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those synthesized in its absence (9) (Fig. 3B, compare lanes 1 and 3).
This effect is specific for LpoB, as the addition of the noncognate
Lpo factor, LpoA, does not significantly affect PBP1b activity (9)
(Fig. 3B, lane 2). Strikingly, the PGT activity of the PBP1b*
variants alone appeared to be as robust as LpoB-activated
PBP1b(WT), as indicated by the amount of lipid-II converted to
product (Fig. 3B, compare lanes 1, 3, 4, 7, and 10). Importantly, the
profile of glycan chains produced by PBP1b(I202F) and PBP1b
(Q411R) in the absence of LpoB closely matched the shorter
polymers made by LpoB-activated PBP1b(WT). However, although
it appeared to have elevated PGT activity, PBP1b(E313D) pro-
duced long glycan chains both in the presence and absence of LpoB.
We conclude that the PBP1b* variants bypass the LpoB-requirement
in vivo because their amino acid substitutions promote the adoption
of an activated PBP1b conformation (see Discussion).

Conditional Growth of Cells Producing PBP1b* Variants in the
Absence of LpoB and PBP1a. To further characterize the in vivo
function of the PBP1b* variants, we attempted to construct
strains harboring the activated proteins, in which the genes for
both LpoB and PBP1a were deleted without an inducible copy of
ponA. We successfully deleted lpoB in PBP1a* strains producing
the PBP1b* variants. However, we were surprisingly unable to
delete both IpoB and ponA in cells producing PBP1b(I202F)
or PBP1b(Q411R), even though they supported growth of
LpoB™ PBP1A™ cells harboring an uninduced P,,:;ponA construct
(Fig. 2). This result suggests that these variants require a low level
of residual PBP1a activity to promote survival in the absence of
LpoB. In contrast, we were successful in generating strain MM119
[ponB(E313D) AponA AlpoB] harboring the PBP1b(E313D)
variant without its activator or a source of PBPla. This strain
grew poorly on standard LB medium with 0.5% NaCl, but
normal growth was restored when cells were grown in LB lacking
added NaCl (LBON) (SI Appendix, Fig. S2). Strikingly, growth of
MM119 cells was completely blocked when they were shifted to
LB with 1% NaCl, a condition in which WT cells and strains
related to MM119 harboring only two of the three mutations
[ponB(E313D), AponA, or AlpoB] grew robustly (SI Appendix, Fig.
S2A4). The growth phenotype was salt-specific and was not caused
by the addition of similar concentrations of other osmolytes (pro-
line, sucrose, or glycerol) to the medium. Visual inspection of
MM119 cells after the shift to LB-1%NaCl revealed that the
growth defect resulted from catastrophic cell lysis occurring
about 45 min after the change in medium (SI Appendix, Fig.
S2B). The time-lag required for lysis suggests the defect occurs in
response to continued growth in the presence of 1% NaCl,
rather than an immediate bursting in response to a change in
the osmotic conditions. The salt-dependent growth of MM119
may reflect partial PBP1b(E313D) inactivation in LB-1%NaCl
medium, such that it requires further stimulation by LpoB.
Similarly, the failure of the PBP1b(I202F) or PBP1b(Q411R)
variants to support growth without residual PBP1a when lpoB is
deleted may also result from a partial LpoB dependence. Ac-
cordingly, the overproduction of GFP-PBP1b(E313D) or GFP-
PBP1b(Q411R) allowed the construction and growth of AponA
AlpoB strains even on LB-1%NaCl medium (SI Appendix, Fig.
S3). This observation indicates that the main defect in the AponA
AlpoB strains harboring the PBP1b* variants is limiting aPBP
activity. Thus, although the PGT activity of the PBP1b* synthases
appears to be maximally active and unresponsive to LpoB in vitro,
the synthases retain some level of LpoB dependence in vivo (see
Discussion).

A LpoB-PBP1b Complex Is Not Required to Bridge the Inner and Outer
Membrane. It was previously shown that defects in the Tol-Pal
system result in severely impaired cell growth in LBON when
LpoB or PBP1b are also inactivated (10). The Tol-Pal system
forms a transenvelope complex that is thought to mediate outer
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Fig. 3. PBP1b* variants produce PG in the absence of LpoB. (A) EPCs were pre-
pared from strains MM127 [yadC:Tn10] and the indicated derivatives MM141,
MM135, MM133, MM143, MM43, MM49, MM131, and MM142. Reactions with
0.18 mg total protein were initiated by the addition of UDP-MurNAc-pentapeptide
and UDP-["*C]-GIcNAc. After 60 min, the reactions were boiled in 4% SDS and
filtered. Labeled PG retained on the filter was quantified by liquid scintillation
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membrane constriction during cell division (17). Because of the
observed negative genetic interaction between the Tol-Pal and
PBP1b-LpoB systems, it was proposed that the PBP1b-LpoB
complex provides an important physical link between the inner
and outer membranes that is partially redundant with the connec-
tion provided by Tol-Pal (10). However, an alternative possibility is
that it is a lack of PBP1b activity that causes the growth defect in
LpoB mutants inactivated for Tol-Pal, rather than the loss of the
outer membrane link. We used the LpoB-bypass mutants to test
this model. Cells inactivated for the outer membrane lipoprotein
Pal of the Tol-Pal complex grew to saturation in LBON, whether or
not additional LpoB is produced from a chromosomally integrated
expression construct (Py,.::lpoB) (Fig. 4). In contrast, and similar to
prior observations (10), cells deleted for both pal and lpoB required
induction of [poB from the expression construct and lysed when
LpoB was depleted (Fig. 4). The lysis phenotype of Apal AlpoB
cells depleted of LpoB was fully suppressed in cells producing
PBP1b(E313D) (Fig. 4). Thus, cell lysis resulting from the in-
activation of Tol-Pal in combination with LpoB likely results from a
defect in PBP1b activity, rather than the loss of a redundant inner—
outer membrane connection.

Discussion

The aPBPs are complex enzymes capable of both polymerizing PG
glycans and crosslinking them (1). Despite their status as impor-
tant antibiotic targets, it remains largely unclear how their bio-
chemical activities are controlled by cells to produce a uniform,
cell-shaped PG matrix. An important step forward was the iden-
tification of outer membrane lipoprotein cofactors required for
the in vivo activity of the E. coli aPBPs, PBP1a and PBP1b (9, 10).
However, although these factors are known to stimulate aPBP
activity in vitro, and their 3D structures have been solved (11-13,
18), very little is understood about the mechanisms by which the
Lpo proteins promote PBP activity and whether the activation
observed in vitro is physiologically relevant. Here, we addressed
these issues by identifying a new class of PBP variants that bypass
their normal cofactor requirement for in vivo function.

The amino acid changes identified in PBP1b, rendering it
functional in the absence of LpoB, are located in two distinct re-
gions of the structure. Three changes (1202F, Q411R, and Q447K)
are clustered in the region between the major catalytic domains just
behind the UB2H domain, where LpoB associates with PBP1b (10,
12) (Fig. 1). Variants with the I202F and Q411R substitutions were
characterized biochemically and were shown to have elevated PGT
activity. They also produced glycan chains with a length profile
similar to the WT enzyme in the presence of LpoB, which are
shorter than those produced by the WT enzyme alone. Thus, the
PBP1b(I1202F) and PBP1b(Q411R) variants behave in vitro as if
they were bound by LpoB. The correlation of their elevated PGT
activity in vitro and functionality in vivo in the absence of LpoB
provides strong support for PGT activation being a physiologically
relevant function of LpoB. In addition, the location of these sub-
stitutions near the UB2H domain suggests they induce a confor-
mational change in PBP1b that mimics LpoB binding. Therefore,
the results with these variants support a model in which LpoB
controls PBP1b activity by stimulating its transition to a more active
conformation, as opposed to interacting with the substrate to fa-
cilitate binding or other possible indirect modes of PBP1b activa-
tion. Further structural and biochemical characterization of these

counting. EPCs were prepared from three independent cultures for each
strain. Average PG synthesis activities and SDs (bars) are shown. (B) Purified
PBP1b(WT) (400 nM) and the indicated derivatives were incubated with or
without purified LpoA or LpoB (400 nM). PGT activity was then initiated with
the addition of ["*C]GIcNAc-labeled lipid-Il (4 uM). Glycan chain products and
remaining substrate were separated on an acrylamide gel (9%).
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Fig. 4. PBP1b(E313D) suppresses the growth defect of LpoB~ Pal™ mu-
tants. Cells of MM109 [Apal], MM115 [ponB(E313D) Apal AlpoB], and
MM 117 [Apal AlpoB], all containing the expression construct (attHKMM92)
[Piac::lpoB], were grown overnight in LB supplemented with 250 uM
isopropyl-p-D-thiogalactopyranoside (IPTG). The resulting cultures were
diluted 1:100 and grown to an ODggo between 0.4 and 0.6 in the same
medium at 37 °C. Cells were then washed three times in LBON and inoculated
into LBON supplemented with either 0.2% glucose or IPTG (250 uM) to an
ODggo of 0.025. Growth was then monitored at 37 °C.

PBP1b variants should provide insight into the nature of the active
conformation of the PBP1b PGT domain and how it is promoted
by LpoB binding at the distantly located UB2H domain.

Unlike the other substitutions in PBP1b resulting in the LpoB-
bypass phenotype, the E313D alteration is not proximal to the
UB2H domain, but is instead located within the PGT domain.
Similar to the 1202F and Q411R changes, the E313D alteration
also results in a stimulation of PBP1b PGT activity in vitro.
However, the observed products more closely resembled the
length distribution of glycans generated by the unstimulated WT
enzyme than the shorter products produced by LpoB-activated
PBP1b(WT) or the I202F and Q411R proteins, with or with-
out LpoB. Moreover, the length of the glycans produced by
PBP1b(E313D) was unaffected by LpoB addition. Residue E313
is located in the PGT domain in a cleft near where nascent glycan
chains would be predicted to exit the polymerase (19). Shortening
the side chain at this position by one methylene group (E to D)
has a dramatic effect on enzyme activity, suggesting that E313 may
be part of the mechanism that controls glycan polymerization. In
the absence of LpoB, the side-chain of E313 may occlude glycan
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extension, and the proposed conformational change induced by
LpoB may alter its location to remove the block and promote
activity (Fig. 5).

An additional property of the E313D change is that it generates
an enzyme that does not respond to LpoB to produce shorter
glycans. We previously proposed that LpoB-activated PBP1b
might produce shorter glycan polymers than PBP1b alone as a
result of substrate competition (9). According to this scenario,
most of the PBP1b molecules adopt an OFF conformation in the
absence of LpoB. The few that are active, however, remain in the
ON conformation and processively polymerize the supplied lipid-II
to form long polymers. In the presence of LpoB, we proposed
that a higher percentage of PBP1b molecules transition to the
active conformation, therefore increasing competition for sub-
strate such that it is exhausted before the enzymes can fully extend
the polymers. The insensitivity of PBP1b(E313D) to the effect of
LpoB on polymer length indicates that our previous substrate
competition hypothesis is unlikely to be correct. Rather, the re-
sults suggest that LpoB and residue E313 not only control enzyme
activity but also may also play direct roles in the poorly understood
process of polymer length determination.

Part of the motivation for initiating this project was to un-
derstand the physiological function of LpoB. We suspected that
cells producing constitutively active PBP1b variants might display
a phenotype that helps explain why it is important for PBP1b
activity to be controlled by LpoB in the first place. Despite testing
numerous media types and growth temperatures, we did not ob-
serve a significant growth or morphological phenotype for PBP1b*
producing cells with or without LpoB, as long as the PBP1a system
was functional. The absence of a phenotype was surprising and
suggests there may be additional levels of regulation operating to
keep the activity of the PBP1b* variants in check. Further char-
acterization of mutants producing these altered PBPs may reveal
the nature of these controls.

Model for PBP activation by LpoB

2
|

; 000000000000 00 000000000000 7.900
Inactive LpoB Activated
PBP1b PBP1b

Fig. 5. Model for PBP1b regulation by LpoB. Shown is a schematic of the
E. coli cell envelope with the inner membrane (Bottom) and partial outer
membrane (Top) bracketing the PG layer (green). (Left) PBP1b is depicted in
an inactive conformation, with the active site channel occluded in part by
residue E313, such that the lipid-Il (L-1l) substrate cannot be elongated. We
propose that the LpoB binding to the UB2H domain induces a conforma-
tional change in PBP1b (blue line) to alter the PGT active site, such that the
channel opens (Right) to allow for lipid-Il polymerization by the PGT domain
and eventual crosslinking into the matrix by the TP domain.
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In cells deleted for ponA, we were only able to delete [poB in
the ponB(E313D) background when cells were grown in LBON.
In higher-salt conditions (LB 1% NaCl), the triple AponA AlpoB
ponB(E313D) mutant lysed and failed to form colonies. Similar
attempts to generate mutants deleted for both ponA and lpoB in
the ponB(I1202F) and ponB(Q411R) backgrounds failed at all salt
concentrations. In contrast, pon4 can be deleted in all of the
strains producing PBP1b* variants, regardless of NaCl concen-
tration, when either LpoB is present or residual PBP1a is pro-
duced from an uninduced P,,,::;ponA construct. Therefore, the
fundamental defect of AponA AlpoB ponB* cells appears to be
limiting aPBP activity. Consistent with this possibility, deletion of
both ponA and IpoB was made possible at all NaCl concentrations
when PBP1b(E313D) or PBP1b(Q411R) were overproduced.
Overall, these observations suggest the PBP1b* variants retain the
ability to be stimulated by LpoB in vivo, even though the enzymes
alone appear to be as active as the LpoB-stimulated wild-type
protein in vitro. Future work will be required to determine whether
this remaining LpoB dependence reflects enhanced PGT stimula-
tion by LpoB in vivo that is not detected in vitro, or whether LpoB
possesses an additional activity unrelated to PGT activation re-
sponsible for promoting optimal PBP1b activity in vivo.

One possible alternative function previously proposed for
LpoB is the formation of a bridge with PBP1b to connect the
inner and outer membranes and facilitate outer membrane in-
vagination during cell division (10). This proposal is based on the
synthetic lethal phenotype of cells defective for both LpoB and
the Tol-Pal system. Although possible, an alternative explana-
tion for the negative genetic interaction is that PBP1b activity
becomes especially important when the Tol-Pal system is de-
fective. Our results support this latter explanation. PBP1b(E313D)
suppresses the synthetic lethal interaction between LpoB and Pal
without a bridge to the outer membrane. Thus, although recent
results further connect the activities of PBP1b and the Tol-Pal
system (20), the coordination is unlikely to involve a direct role for
the PBP1b-LpoB complex in outer membrane constriction.

In this report, we used a combination of genetics and bio-
chemistry to begin dissecting the molecular mechanisms un-
derlying the control of cell wall biogenesis. Although the results
focused on PBP1b and its control by the lipoprotein cofactor LpoB,
the PBP1D variants identified here provide valuable reagents for
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future studies aimed at understanding the function of the aPBPs
in general, and how the dual enzymatic activities of these im-
portant drug targets are regulated and coordinated.

Methods and Materials

Media, Bacterial Strains, and Plasmids. Cells were grown in LB (1% tryptone,
0.5% yeast extract, 0.5% NaCl, unless otherwise indicated) or minimal M9
media supplemented with 0.2% Casamino Acids and 0.2% sugar, as indicated.
All concentrations given as a percentage indicate wt/vol. The bacterial strains
and plasmids used in this study are listed in the S/ Appendix, Tables S2 and S3,
respectively. All E. coli strains used in the reported experiments are deriva-
tives of MG1655.

Selection and Screen for LpoB-Bypass Mutants. Cells of MM33(attATB309)
[AlpoB AponA (Pra::ponA)] were grown overnight in M9 medium containing
0.2% arabinose at 30 °C. The next morning, cultures were subcultured 1:100
into 50 mL of the same medium and grown to saturation at 30 °C. For the
selection, 5- and 10-mL volumes of culture were pelleted, resuspended in
100 pL, and plated on M9 0.2% arabinose with 0.01 pg/mL cefsulodin. Re-
sistant mutants arose at an average frequency of ~1077, based on two in-
dependent selections. Colonies were patched on M9 0.2% arabinose and M9
0.2% glucose agar to identify arabinose-independent isolates, which were
considered good candidates for mutants encoding PBP1b* variants that
function in the absence of LpoB. The ponB gene from each isolate was
amplified and sequenced. All isolates harbored mutations in ponB. A list of
the isolates and the mutations identified in the ponB gene are presented in
SI Appendix, Table S1.

Protein Purification and Enzyme Assays. PG synthesis in ether-permeabilized
cells was monitored as described previously in ref. 9 with ether-treated cells
prepared from cultures of the relevant strains grown at 30 °C. PBP1b (wild-
type or variant) and Lpo proteins were purified as previously described (9).
Glycan synthesis was assayed as described previously (9, 21). Wild-type PBP1b
or PBP1b variants (400 nM) were preincubated with or without lipoproteins
(400 nM) on ice for 30 min. Reactions were initiated on addition of proteins
to lipid-Il (4 uM) and incubated at room temperature for 15 min before heat
inactivation (90 °C, 10 min). Gel electrophoresis analysis of the products was
carried out as described previously (22).
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