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Most bacterial cells are surrounded by an essential cell wall composed
of the net-like heteropolymer peptidoglycan (PG). Growth and division
of bacteria are intimately linked to the expansion of the PGmeshwork
and the construction of a cell wall septum that separates the nascent
daughter cells. Class A penicillin-binding proteins (aPBPs) are a major
family of PG synthases that build the wall matrix. Given their central
role in cell wall assembly and importance as drug targets, surprisingly
little is known about how the activity of aPBPs is controlled to properly
coordinate cell growth and division. Here, we report the identification
of MacP (SPD_0876) as a membrane-anchored cofactor of PBP2a, an
aPBP synthase of the Gram-positive pathogen Streptococcus
pneumoniae. We show that MacP localizes to the division site of
S. pneumoniae, forms a complex with PBP2a, and is required for
the in vivo activity of the synthase. Importantly, MacP was also
found to be a substrate for the kinase StkP, a global cell cycle
regulator. Although StkP has been implicated in controlling the bal-
ance between the elongation and septation modes of cell wall syn-
thesis, none of its substrates are known to modulate PG synthetic
activity. Here we show that a phosphoablative substitution in MacP
that blocks StkP-mediated phosphorylation prevents PBP2a activity
without affecting the MacP–PBP2a interaction. Our results thus re-
veal a direct connection between PG synthase function and the
control of cell morphogenesis by the StkP regulatory network.
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Most bacterial cells are surrounded by an exoskeleton-like
matrix of peptidoglycan (PG) made of long glycan chains

with short peptides that are used to form an interconnected net-
work of cross-links. This material forms a continuous 3D lattice
that encases the cytoplasmic membrane, specifies cell shape, and
protects the bacterium from osmotic rupture. Cell growth and
morphogenesis are therefore critically dependent on the expan-
sion and division of the PG matrix.
PG biogenesis requires two reactions, glycan chain polymeri-

zation catalyzed by PG glycosyltransferases (GTs) and peptide
cross-linking catalyzed by transpeptidases. The class A penicillin-
binding proteins (aPBPs) possess both activities in a single en-
zyme. For many years, the GT domain of aPBPs was the only type
of PG polymerase known. However, the highly conserved SEDS
(shape, elongation, division, and sporulation) family protein RodA
was recently shown to have PG polymerase activity (1). SEDS pro-
teins are often found associated with class B PBPs (bPBPs) that
possess transpeptidase activity (2). It has therefore been proposed
that SEDS–bPBP complexes serve as a second type of bifunctional
PG synthase in bacteria (1, 2).
Rod-shaped model organisms like Escherichia coli and Bacillus

subtilis carry out two modes of cell wall synthesis, elongation and
division, each promoted by different synthetic machineries (3).
Elongation requires the Rod system, which consists of RodA and
PBP2 as the SEDS–bPBP PG synthase pair along with several ad-
ditional membrane proteins of poorly characterized function (MreC,
MreD, and RodZ) (3, 4). These factors are organized into com-
plexes by filaments of the actin-like protein MreB that are dispersed

throughout the cell cylinder (3). These synthetic machines have been
found to move circumferentially around the long axis of the cell and
movement is thought to reflect the polymerization of new cell wall
material (3). The aPBPs are not required for Rod system function
and appear to support cell elongation and cell growth while working
apart from these cytoskeletally organized complexes (2).
PG synthesis at the division site is promoted by a distinct

complex called the divisome. This system is organized by polymers
of the tubulin-like FtsZ protein, which assemble to form a ring-
shaped structure called the Z-ring at midcell. Many factors are
recruited to the Z-ring to catalyze cytokinesis, including known or
predicted PG synthases like aPBPs and the SEDS–bPBP pair
FtsW-PBP3 (3). The interplay between these different synthases at
the division site and their respective roles in building the cell
septum and eventual daughter cell poles is currently unclear.
Ovococci like the Gram-positive pathogen Streptococcus

pneumoniae also grow using elongation and division modes of PG
synthesis. However, unlike rod-shaped cells, all new synthesis occurs
at midcell (4). S. pneumoniae lacks MreB, but retains homologs of
the other Rod system components (4, 5). In ovococci, cell elongation
proceeds via the zonal incorporation of new side-wall PG material at
midcell (5). In addition, cell wall synthesis at midcell is also di-
rected inward to form the cell septum (cross-wall) that separates
the nascent daughters (6). The septal PG is eventually remodeled
to form the new cell poles. Different subsets of synthases have been
associated with elongation and septal modes of PG synthesis in
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S. pneumoniae, but the number of distinct machineries that are
needed to carry out these processes is not completely clear (5–7).
Newborn rod-shaped cells and ovococci initially undergo elon-

gation as the sole mode of PG biogenesis and then transition to a
division mode of growth (8). This switch in growth phase is unlikely
to be absolute, with some level of cell wall elongation proceeding
during septal PG synthesis (8). Nevertheless, the transition between
these growth modes and the balance between elongation and
septation are likely to be tightly controlled to maintain proper cell
size and shape. The mechanisms which govern these transitions are
poorly understood in all cell types, but the eukaryotic-like serine/
threonine kinase StkP has emerged as a key mediator of growth
mode control in S. pneumoniae (9, 10). Several morphogenetic
proteins, including DivIVA, FtsA, FtsZ, and MapZ (LocZ), have
been found to be StkP substrates (11–16). Moreover, disrupting the
normal phosphorylation of some StkP substrates causes imbalances
in PG biogenesis and morphological defects (10, 14, 17). For ex-
ample, in S. pneumoniae strain R800, a DivIVA variant that cannot
be phosphorylated displays an elongated cell phenotype indicative
of problems initiating septum synthesis (11). Furthermore, a phos-
phomimetic version of the substrate EloR (Jag/KhpB) was recently
found to overstimulate elongation (17–19). Thus, StkP appears to
modulate the balance between elongation and division modes of PG
biogenesis in S. pneumoniae and potentially the switch to the sep-
tation growth mode through changes in the phosphorylation status
of its substrates. However, to date none of the known targets of
StkP phosphorylation have been found to be directly involved in
modulating the activity of PG synthases like the aPBPs.
Here, we report the identification of MacP (SPD_0876) as a

membrane-anchored cofactor of S. pneumoniae PBP2a, a class A
PBP enzyme. We show that MacP localizes to the division site of
S. pneumoniae, forms a complex with PBP2a, and is required for
the in vivo activity of the synthase. Importantly, we report that
MacP is a substrate for the kinase StkP, which phosphorylates MacP
at residue T32. Blocking phosphorylation of MacP with a phos-
phoablative T32A substitution prevented PBP2a activity without
disrupting the MacP–PBP2a interaction. Our results thus reveal a
long sought after connection between PG synthase activity and the
StkP regulatory network.

Results
A Genetic Screen Identifies MacP as a Cofactor Required for PBP2a
Function. S. pneumoniae encodes three aPBPs: PBP1a, PBP1b, and
PBP2a. No single enzyme is essential for growth (20, 21). However, a
strain lacking both PBP1a and PBP2a could not be isolated, sug-
gesting these enzymes form a synthetically lethal pair (20). Given this
genetic relationship, we reasoned that genes encoding factors
required for PBP2a activity could be identified by screening for
mutants synthetically lethal with a pbp1a deletion. We there-
fore generated large transposon libraries in an unencapsulated
variant of S. pneumoniaeD39 (D39 Δcps) and an isogenic derivative
lacking PBP1a (Δpbp1a). The global distribution of transposon in-
sertions in the libraries were then determined using transposon se-
quencing (Tn-Seq) and compared with identify genes with insertion
profiles that differed between them (Fig. S1) (22). Using this ap-
proach, we previously found that cozE had few transposon insertions
in wild-type cells and appeared to be essential while it was readily
inactivated by insertions in cells lacking PBP1a (23). This Tn-Seq
profile suggested that CozE functions to restrain PBP1a activity to
prevent its lethal malfunction, and we confirmed this to be the case.
Here, we focused on the gene spd_0876, which had a Tn-Seq profile
consistent with it being nonessential in the wild-type background, but
essential in Δpbp1a cells (Fig. 1A and Fig. S1). The synthetic lethal
phenotype suggested that spd_0876 encodes a factor required for
PBP2a activity in vivo. Based on the results described below, we have
renamed the genemacP for membrane-anchored cofactor of PBP2a.
To verify the genetic relationship between macP and pbp1a,

we constructed strains deleted for either pbp1a or pbp2a and

harboring a zinc-inducible copy of the corresponding gene at an
ectopic locus. As expected, a strain lacking PBP1a required PBP2a
production for growth and viability, and a strain lacking PBP2a
was similarly dependent on PBP1a expression (Fig. 1B and Fig.
S2). Cells lacking MacP also required pbp1a induction for growth,
but were not affected by the status of pbp2a expression (Fig. 1B
and Fig. S2C). These results are consistent with our Tn-Seq
analysis and suggest that MacP is required for PBP2a activity.

Inactivation of aPBPs Results in a Lethal Cell Size Defect. The terminal
phenotype resulting from the simultaneous inactivation of PBP1a
and PBP2a has not been previously described. We therefore mon-
itored the effect of PBP1a depletion on morphology and cell wall
synthesis in cells lacking PBP2a. Upon PBP1a depletion, the Δpbp2a
cells displayed a progressive reduction in cell size before ultimately
lysing (Fig. 2 andMovie S1). Cell area was reduced by roughly 30%
before lysis, which corresponds to a 65% reduction in average cell
volume. Cell wall synthesis was also dramatically reduced in these
cells as assessed by labeling with the fluorescent D-amino acid 3-
amino-D-alanine (TADA) (Fig. 2A). Similar phenotypes were ob-
served in Δpbp1a cells upon depletion of PBP2a (Fig. 2 and Movie
S1). Importantly, depletion of PBP1a in cells inactivated for MacP
phenocopied the morphological and cell wall synthesis defects
observed for PBP1a depletion in Δpbp2a cells (Fig. 2 and Movie
S1). On the other hand, cells lacking MacP were unaffected by the
depletion of PBP2a (Fig. 2 and Movie S1). Similar results were
obtained when MacP was depleted in cells lacking either PBP1a or
PBP2a (Movie S2). Collectively, these experiments indicate that
aPBP enzymes in S. pneumoniae are responsible for maintaining

Fig. 1. macP is essential in cells lacking PBP1a. (A) Transposon insertion pro-
files for a select region of the chromosome for wild-type and the Δpbp1a
mutant. The height of each line in the profile represents the number of se-
quencing reads corresponding to a transposon insertion at the indicated ge-
nome position. Transposon insertions in the macP gene were significantly (P <
0.0002) underrepresented in the Δpbp1a mutant relative to wild-type. Virtu-
ally no insertions were mapped to the essential gene gluM in either strain. Tn-
seq output and statistical data for all libraries used in this study are shown in
Fig. S1. (B) Spot dilutions of wild-type D39 Δcps (wt) and the indicated deriv-
atives. Cells were grown to exponential phase in the presence of 200 μM ZnCl2.
The resulting cultures were normalized to an OD600 of 0.2, 10-fold serially
diluted, and spotted (5 μL) onto TSA 5%SB plates in the presence or absence of
200 μM ZnCl2. Plates were incubated at 37 °C in 5% CO2 and imaged.
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cell size, presumably due to their contributions to both cell elon-
gation and division activities, and that MacP is specifically required
for PBP2a function in vivo.

MacP Is an Integral Membrane Protein Recruited to Midcell Independently
from PBP2a. MacP is a small 104-amino acid protein with a single
predicted transmembrane (TM) domain at its C terminus (Fig. 3A
and Fig. S3A). Its N-terminal domain is predicted to reside on the
cytoplasmic side of the membrane, and this topology was confirmed
using a protease protection assay (Fig. S3 B and C). To investigate
MacP function and localization, we generated an N-terminal GFP
fusion (GFP–MacP) that supported wild-type cell morphology and
growth rates in cells lacking PBP1a (Fig. 3A and Figs. S4A and S5D).
Consistent with a role for MacP in cell wall biogenesis, GFP–MacP
was enriched at midcell where the bulk of PG synthesis in S.
pneumoniae takes place (Fig. 3 and Fig. S4B andC). To investigate the
functions of the N- and C-terminal domains, truncated GFP–MacP
derivatives were generated and tested for their ability to localize and
complement the growth of ΔmacP cells depleted of PBP1a. A fusion
lacking the C-terminal transmembrane domain did not complement

the ΔmacP defect nor did it localize to midcell (Fig. 3 and Fig. S5).
However, the soluble N-terminal domain was not well expressed (Fig.
S5A), so its functional status is unclear. Although nonfunctional, the
GFP-fusion to the TM domain alone was produced at levels similar
to GFP–MacP and was sufficient for midcell localization (Fig. 3 and
Fig. S5). We therefore conclude that MacP has a topology with its
N-terminal domain in the cytoplasm and that its TM domain is suf-
ficient for midcell recruitment but not full MacP function.
We next investigated the requirement of MacP for the midcell

localization of PBP2a and vice versa. Neither GFP–PBP1a nor GFP–
PBP2a recruitment to midcell was affected by the loss of MacP (Fig.
S6). Similarly, GFP–MacP localization was unaffected by the in-
activation of either PBP1a or PBP2a (Fig. S4B). We therefore
conclude that MacP and the aPBPs are recruited to midcell by in-
dependent mechanisms. Thus, rather than affecting its localization,
MacP is likely to be required for promoting PBP2a function once it
is recruited to the division site.

MacP Interacts with PBP2a. To investigate whether MacP binds PBP2a
to promote its function, we used the E. coli bacterial two-hybrid
(BACTH) system to screen for interactions between MacP and
PBP2a, as well as other components of the S. pneumoniae PG
synthetic machinery. Fusions to the T18 and T25 fragments of
adenylate cyclase were constructed and expressed in E. coli cells
lacking the endogenous adenylate cyclase gene. Positive interac-
tions that generated elevated adenylate cyclase activity were de-
tected as increased expression of a lacZ reporter gene (24). Our
analysis revealed a BACTH interaction between MacP and both

Fig. 2. Loss of essential aPBP activity results in a lethal cell size defect.
(A) Representative phase-contrast and fluorescence images of the indicated
strains. Midexponential phase cultures were diluted to an OD600 of 0.025 in
the presence or absence of 200 μM ZnCl2 inducer. Cells were grown at 37 °C
in 5% CO2 for 5 h 45 min. Cells were labeled with TADA for 15 min before
imaging on 2% agarose pads. n ≥ 3. (Scale bar, 3 μm.) Additional controls
and time-lapse movies can be found in Fig. S2A and Movie S1, respectively.
(B) Cells depleted for aPBP activity show similar reductions in cell area.
Strains were grown and imaged as described in A. Cell areas were calculated
from cell meshes generated in MicrobeTracker (40): 750 cells were measured
in total for each condition, 250 per experiment n = 3. Error bars show SD
around the mean of each experiment.

Fig. 3. MacP localizes to sites of new PG synthesis at midcell. (A) Schematic
representation of GFP–MacP and truncations used for domain analysis. The
domain architecture and membrane topology of MacP are based on pro-
tease protection data and in silico predictions shown in Fig. S3. Only the
full-length GFP–MacP fusion was functional as assayed by the ability to
complement Δpbp1a ΔmacP synthetic lethality (Figs. S4 and S5). The MacP
soluble domain was taken as residues 1–85 and the TM segment residues 86–
104. Immunoblot analysis of fusion proteins is shown in Fig. S5A. (B) Rep-
resentative fluorescent and phase-contrast images of the fusions shown in A.
GFP–MacP was enriched at sites of new PG synthesis at midcell. The fusions
shown in A were expressed from a fucose-inducible promoter in a ΔmacP
mutant inserted at the native locus. Strains were grown in Todd Hewitt
broth containing 0.5% yeast extract (THY) in the presence of 0.4% fucose at
37 °C in 5% CO2 to an OD600 ∼ 0.2. Cells were labeled with TADA for 15 min
before imaging on 2% agarose pads. n = 3. (Scale bar, 2 μm.)
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PBP1a and PBP2a (Fig. 4A). The observed interaction signals are
likely to be specific because MacP did not have positive interac-
tions with other membrane spanning S. pneumoniae cell wall syn-
thetic factors: MreC, MreD, and CozE or membrane-associated
E. coli control proteins (Fig. S7).
To further investigate the interaction between MacP and PBP2a,

we performed coimmunoprecipitations using detergent-solubilized
membrane preparations from S. pneumoniae cells. Specifically, we
immunoprecipitated GFP–PBP2a using anti-GFP antibody resin
from cells coexpressing a functional FLAG–MacP fusion. In agree-
ment with the BACTH results, FLAG–MacP efficiently coprecipi-
tated with GFP–PBP2a, but not in control preparations derived from
cells harboring an untagged PBP2a (Fig. 4B and Fig. S8). A low but
detectable amount of FLAG–MacP was also found to coprecipitate
with GFP–PBP1a (Fig. S8). We conclude that MacP resides in a
complex with PBP2a and to a much lesser extent with PBP1a. Be-
cause the interaction was detected in E. coli with these factors being
the only S. pneumoniae proteins present in the cells, we infer that
this interaction is likely to be direct. Given the weak interaction
observed with PBP1a in the coimmunoprecipitation assays and the
lack of any in vivo evidence for a functional relationship between
PBP1a and MacP (Figs. 1B and 2), the significance of the MacP–
PBP1a interaction is unclear.

MacP Is a Substrate of the StkP Kinase and Phosphorylation Is Required
for Its Activity. Analysis of the S. pneumoniae phosphoproteome
revealed that MacP is phosphorylated at residue T32 (15). Notably,
a strong StkP-dependent signal with a molecular mass of ∼15 kDa

has been observed in antiphospho-threonine immunoblots (Fig. 5A)
(14). The size of this protein is similar to MacP. Accordingly, we
repeated the immunoblot analysis using lysates derived from cells
lacking MacP or producing MacP with a phosphoablative T32A
substitution. Strikingly, the StkP-dependent signal at ∼15 kDa was
absent in these mutants without affecting other StkP-dependent
phosphorylated signals (Fig. 5A). We conclude that MacP is a sub-
strate of StkP and that the kinase phosphorylates it on residue T32.
To investigate whether phosphorylation for MacP was impor-

tant for its function, we tested the functionality of GFP–MacP
(T32A). Although this variant was stably produced, it was unable
to support the growth of ΔmacP cells depleted of PBP1a or to
prevent their lethal cell size phenotype (Fig. 5B and Fig. S5).
However, and importantly, the fusion retained its ability to localize
to midcell and to interact with PBP2a (Figs. 3A and 4B and Fig.
S7C). We therefore infer that MacP phosphorylation is required
for its ability to promote PBP2a function rather than for the for-
mation of a MacP–PBP2a complex. We next tested the function-
ality of a phospho-mimetic GFP–MacP(T32E) fusion protein (Fig.
3). This fusion was stably produced and retained its ability to in-
teract with PBP2a but, like MacP(T32A), was unable to support
growth or prevent the lethal cell size phenotype in cells depleted
of PBP1a (Figs. 3A and 4B and Fig. S7C). Although it is uncertain
whether the glutamic acid substitution fully mimicked phosphor-
ylation at threonine 32, the phenotypes raise the possibility that
PBP2a may be subject to additional regulatory control.
The requirement for StkP-dependent phosphorylation of MacP

suggested that the inactivation of StkP should result in a synthetic
lethal phenotype with Δpbp1a that mimics those observed for

Fig. 4. MacP interacts with both PBP2a and PBP1a. (A) BACTH interactions
between MacP and aPBP enzymes. E. coli strain BTH101 (Δcya) expressing pro-
tein fusions to domains (T25 and T18) of adenylate cyclase. Strains were grown
to stationary phase and 5 μL spotted on LB agar plates containing X-gal, in-
cubated at 30 °C, and imaged. The “zip” fusions are to a leucine zipper domain
and serve as both positive and negative controls. Additional controls are pro-
vided in Fig. S7. n = 3. (B) Coimmunoprecipitation of GFP–PBP2a and a functional
FLAG–MacP fusion. Each fusion was expressed from the Pzn promoter using
400 μM ZnCl2. Digitonin-solubilized membrane preparations from the indicated
strains were incubated with anti-GFP resin, washed, and eluted in sample buffer.
Immunoblots show matched samples of solubilized membrane fractions (L) and
immunoprecipitate (IP). IP samples are 20× concentrated relative to load. Frac-
tions were probed with anti-GFP and anti-FLAG antibodies. Representative blots
are shown, n = 3. Evidence of FLAG–MacP functionality, antibody specificity,
additional controls, and full immunoblot analysis are provided in Fig. S8.

Fig. 5. The in vivo function of MacP requires phosphorylation by StkP.
(A) Antiphospho-threonine immunoblot analysis of whole-cell lysates from
the indicated strains. Phosphorylated StkP and its substrates are indicated
based on work from previous studies (18, 19, 29). The positions of protein
markers are indicated in kiloDaltons. (B) GFP–MacP(T32A)/(T32E) do not
support growth of Δpbp1A cells depleted of MacP. The indicated strains
were grown to exponential phase in the presence of 200 μM ZnCl2, nor-
malized to an OD600 of 0.2, and 5 μL of serially dilutions were spotted onto
TSAII 5%SB plates in the presence of 0.2% fucose or 200 μM ZnCl2. Plates
were incubated at 37 °C in 5% CO2 and imaged. Microscopy images of lethal
cell size phenotype of MacP T32A and T32E on depletion of PBP1a are shown
in Fig. S5C. Growth curves of each strain are provided in Fig. S5D.
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ΔmacP,macP(T32A), andmacP(T32E)mutants. However, we did
not observe a significant growth defect in cells lacking MacP and
StkP upon depletion of PBP1a (Fig. 5B). Furthermore, we found
that deletion of stkP could suppress the synthetic lethality of
ΔmacP cells depleted of PBP1a (Fig. 5B). These results suggest
that MacP is critical for PBP2a activity when StkP is functional and
other substrates of the kinase are also phosphorylated (Discussion).

Discussion
The PBPs are one of our oldest and most important therapeutic
targets. It is therefore surprising how little is known about how
bacterial cells control the activity of these key cell wall synthases.
Several years ago, outer membrane lipoprotein activators were
found to be required for the activity of aPBPs in the model Gram-
negative bacterium E. coli (25, 26). LpoA is needed to activate
PBP1a, whereas the unrelated lipoprotein LpoB is needed for
PBP1b function. The role of Lpo factors as aPBP activators ap-
pears to be conserved in several related Gram-negative species (3,
25). To date, however, similar activators of aPBPs in Gram-positive
organisms have not been described. Here, we identify MacP as one
such activator required for the function of the aPBP PBP2a in
S. pneumoniae. Similar to the Lpo proteins, MacP is narrowly
distributed in bacteria. Among the Firmicutes family it is well
conserved in within the Streptococci (Fig. S9). Like lpo mutants,
deletion of macP results in phenotypes that mimic the inactivation
of its cognate PBP, which for macP is synthetic lethality with
PBP1a and a progressive reduction in cell size before ultimately
lysing when PBP1a is depleted. In addition, MacP also interacts
directly with its partner PBP like Lpo factors (25). However, unlike
the Lpo factors, which are embedded in the outermembrane and
bind specific regulatory subdomains on their target PBP, MacP is
oriented such that it likely associates with PBP2a by binding its TM
domain or N-terminal cytoplasmic tail (Fig. 6). In vitro studies have

shown that these domains increase PBP2a activity (27). However,
how MacP binding facilitates PBP2a function in vivo is not clear.
Because PBP2a localizes normally in the absence of MacP, the
complex is not required for proper PBP2a recruitment to midcell
for it to participate in PG synthesis. One possibility is that MacP
binding to the N-terminal tail could activate PBP2a by releasing it
from inhibition by another factor or by inducing a conformational
change in the PBP that stimulates its PG synthase activity. Alter-
natively, the enzymatic activity of PBP2a may be unaffected by
MacP but instead the formation of the MacP–PBP2a complex may
facilitate the association of PBP2a with other components of the
PG synthetic machinery needed for its proper function. Additional
studies will be required to distinguish among these possibilities.
Another intriguing difference between MacP and the Lpo factors

is that MacP activity is dependent on phosphorylation and therefore
its ability to promote PBP activity is subject to kinase regulation.
MacP was found to be phosphorylated at residue T32 in an StkP-
dependent manner such that it is likely to be a direct substrate of
this serine-threonine kinase. Disrupting phosphorylation by in-
troduction of a T32A substitution results in a nonfunctional MacP
that is stable and capable of associating with PBP2a in vivo, but
apparently cannot activate PBP2a.
Surprisingly, a ΔstkP mutation, which should also block MacP

phosphorylation and therefore prevent PBP2a activation, was not
found to be synthetically lethal with PBP1a inactivation. There are
several possible explanations for this result. Reports in the liter-
ature differ in their assessment of ΔstkP cell-division defects (9,
10, 28, 29). Therefore, it is possible that ΔstkPmutations are easily
suppressed (9) and that strains inactivated for StkP contain a
suppressor mutation that bypasses the MacP requirement for
PBP2a function. This explanation is in close agreement with re-
cent work in the literature, where suppressor mutations in ΔstkP
strains are thought to bypass the function of other essential cell-
division processes (30). Alternatively, MacP could be required to
overcome an inhibitory activity of StkP or one of its substrates
when it is phosphorylated. Thus, inactivation of StkP would relieve
PBP2a inhibition and bypass its requirement for MacP. In the
context of this model, MacP and its modulation by StkP would
connect PBP2a activity with the function of other factors con-
trolled by StkP phosphorylation. A better understanding of the
mechanism by which MacP promotes PBP2a activity should help
clarify the genetic relationships between stkP and macP.
How phosphorylation affects MacP activity is not known, but it

likely provides a means of integrating PBP2a activation within the
larger StkP regulatory network. StkP is the only known serine/
threonine kinase in S. pneumoniae and global phosphoproteomic
analysis has identified >70 proteins that are phosphorylated on
serine or threonine residues in vivo (15). While only a very small
number of these proteins have thus far been validated as func-
tionally relevant targets, the emerging view is that StkP-dependent
phosphorylation promotes a shift from the elongation to the di-
vision mode of cell wall synthesis. In the R800 S. pneumoniae strain
background, a DivIVA variant that cannot be phosphorylated by
StkP displays an elongated cell phenotype indicative of problems
initiating septum synthesis (13, 14), while MapZ phosphorylation
may be important for septum closure (11, 12). Here, we show that
StkP-dependent phosphorylation of MacP is critical for controlling
the cell wall synthetic activity of PBP2a. In S. pneumoniae, PBP1a
and PBP2a are functionally redundant and can each compensate
for the absence of the other. However, recent work on PBP1a
suggests that its primary role may be in zonal elongation as it re-
sides in a complex with MreC, MreD, and CozE (23, 31, 32).
Accordingly, we speculate that PBP2a activity may be more closely
tied to division. If correct, StkP-mediated phosphorylation of MacP
would function in concert with DivIVA in promoting a shift toward
the septal mode of PG synthesis. It remains an open question
whether StkP phosphorylation similarly impacts the predicted cell

Fig. 6. StkP-dependent phosphorylation of MacP is required for PBP2a activity
in vivo. Schematic model of StkP-dependent regulation of PBP2A. The protein
shapes and domains are adapted from published structural information (PDB ID
codes 3PY9 and 1O6Y) and data from Fig. S3. StkP senses an unknown signal
through its extracellular PASTA repeats triggering its kinase domain to phos-
phorylate MacP at T32. Phosphorylated MacP in complex with PBP2a then
stimulates PBP2a-dependent cell wall synthesis (+). GpsB interacts with StkP and
is required to maintain full kinase activity and is also required for PBP2a activity.
GpsB data adapted from ref. 30. CM, cell membrane; Cyto, cytoplasm.
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wall synthesis activity of the SEDS–bPBP pair FtsW–PBP2x that
plays an essential role in building the cross wall.
This work defines a direct connection between StkP kinase ac-

tivity and PBP2a function mediated by MacP (Fig. 6). Interestingly,
recent studies suggest that a second factor, GpsB, may be in-
timately involved in this regulatory pathway. Evidence suggests that
GpsB interacts with StkP (14) and is required to maintain full StkP
activity (14, 30). Furthermore, genetic analysis suggests that GpsB
is required for PBP2a activity (30). The GpsB ortholog from
Listeria monocytogenes directly interacts with the N-terminal cy-
toplasmic domain of the aPBP PBP A1 (33). Thus, one possibility
is that in S. pneumoniae, GpsB bound to PBP2a functions to re-
cruit StkP to MacP and stimulate substrate phosphorylation (Fig.
6). Future experiments will be aimed at establishing whether GpsB
and MacP function in the same or parallel regulatory pathways.
In Gram-positive bacteria, StkP, and other serine/threonine ki-

nases play important roles in bacterial cell biology (34, 35). These
bitopic membrane proteins have a cytoplasmic kinase domain and
an extracellular domain composed of PASTA (penicillin-binding
protein and serine/threonine kinase associated) repeats (36). Where
examined, these kinases act as global mediators/regulators of mor-
phogenesis (35), differentiation (34), and PG remodeling (37).
Work on several family members indicate that the PASTA repeats
recognize muropeptides or uncross-linked PG (37–39). In S. pneu-
moniae, the PASTA domains on StkP are required for function (10)
and the current thinking is that they recognize some aspect of PG
synthesis or remodeling that triggers kinase activity. A central

challenge for the future is to define what specific feature of PG or
the PG assembly process is sensed by these repeats to stimulate StkP
and ultimately trigger the activation of septal PG synthesis. Equally
important will be to identify the full suite of functionally relevant
StkP phosphorylation targets and establish how their phosphoryla-
tion might shift the balance between elongation and division modes
of PG synthesis. Answers to these questions will provide a deeper
understanding of cell morphogenesis and help identify new ways of
disrupting cell wall biogenesis for future antibiotic development.

Experimental Procedures
All S. pneumoniae strains were derived from D39 Δcps. Cells were grown in
Todd Hewitt broth containing 0.5% yeast extract at 37 °C with 5% CO2. Tn-
seq and coimmunoprecipitation assays were carried out as described pre-
viously (23). Fluorescence and phase-contrast microscopy was performed on
a Nikon Eclipse Ti-E inverted microscope. Detailed protocols are provided in
SI Experimental Procedures. Strains, plasmids, and oligonucleotides used in
this study are listed in Table S1.
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