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Summary

In a screen for mutations suppressing the lethal loss

of PBP2b in Streptococcus pneumoniae we identified

Spr1851 (named EloR), a cytoplasmic protein of

unknown function whose inactivation removed the

requirement for PBP2b as well as RodA. It follows

from this that EloR and the two elongasome proteins

must be part of the same functional network. This

network also includes StkP, as this serine/threonine

kinase phosphorylates EloR on threonine 89 (T89).

We found that DeloR cells, and cells expressing the

phosphoablative form of EloR (EloRT89A), are signifi-

cantly shorter than wild-type cells. Furthermore, the

phosphomimetic form of EloR (EloRT89E) is not toler-

ated unless the cell in addition acquires a truncated

MreC or non-functional RodZ protein. By itself, trun-

cation of MreC as well as inactivation of RodZ gives

rise to less elongated cells, demonstrating that the

stress exerted by the phosphomimetic form of EloR

is relieved by suppressor mutations that reduce or

abolish the activity of the elongasome. Of note, it

was also found that loss of elongasome activity

caused by truncation of MreC elicits increased StkP-

mediated phosphorylation of EloR. Together, the

results support a model in which phosphorylation of

EloR stimulates cell elongation, while dephosphoryl-

ation has an inhibitory effect.

Introduction

The shape of bacteria depends on the shape of their

peptidoglycan sacculus. Pneumococci, which are not

true cocci, have an ellipsoidal shape that results from a

combination of septal and lateral peptidoglycan synthe-

sis. The septal cross-wall is synthesized by the divi-

some, while peripheral cell-wall elongation is carried out

by the elongasome. It is not known whether pneumo-

coccal cells alternate between septal and lateral pepti-

doglycan synthesis, or if these processes take place

simultaneously. Whatever the case, both activities must

be strictly regulated and coordinated (Zapun et al.,

2008; Philippe et al., 2014).

The peptidoglycan sacculus consists of glycan chains

of alternating b-1–4-linked N-acetylmuramic acid and

N-acetylglucosamine cross-linked by short peptides

(Vollmer et al., 2008). The synthesis of this gigantic

macromolecule involves the penicillin-binding proteins

(PBPs). Pneumococci produce six different PBPs: three

class A PBPs (PBP1a, PBP1b and PBP2a), two class B

PBPs (PBP2x and PBP2b), and the D,D-carboxypepti-

dase PBP3. Class A PBPs are bifunctional, that is, they

catalyze both polymerization of glycan chains (transgly-

cosylation) and cross-linking of stem peptides (transpep-

tidation) during peptidoglycan synthesis. Class B PBPs,

on the other hand, are monofunctional transpeptidases

that catalyze the formation of peptide cross-links

between adjacent glycan strands (Sauvage et al., 2008;

Zapun et al., 2008). PBP3 removes the terminal D-

alanine from the pentapeptide side chain, presumably to

control the extent of peptidoglycan cross-linking (Haken-

beck and Kohiyama, 1982). The class A enzymes are

individually dispensible, but a PBP1a/PBP2a double

deletion is lethal. In contrast, PBP2x and PBP2b, which

are key component of the divisome and elongasome,

respectively, are both essential (Kell et al., 1993; Berg

et al., 2013). Another essential key member of the elon-

gasome, RodA, was recently identified as a peptidogly-

can polymerase (Meeske et al., 2016). Thus, RodA and

PBP2b work together to synthesize the new wall mate-

rial that is inserted into the lateral cell-wall during cell

elongation. In addition to PBP2b and RodA, MreC,

MreD, DivIVA, RodZ and CozE have been identified as
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important for the normal function of the pneumococcal

elongasome (Alyahya et al., 2009; Land and Winkler,

2011; Massidda et al., 2013; Philippe et al., 2014;

Fenton et al., 2016; Straume et al., 2017).

Several studies have reported that the eukaryotic-type

Ser/Thr protein kinase, StkP, is a key regulator of pneu-

mococcal cell-wall synthesis and cell division (Beilharz

et al., 2012; Fleurie et al., 2012; Morlot et al., 2013;

Fleurie et al., 2014b; Manuse et al., 2016). Deletion of

StkP results in morphological alterations, increased

susceptibility to environmental stresses and reduced

virulence and transformability (Echenique et al., 2004;

Beilharz et al., 2012; Fleurie et al., 2012). StkP is a

bitopic membrane protein. The extracellular part con-

sists of four PASTA domains, while the intracellular part

is composed of a flexible approximately 65 amino acid

juxtamembrane domain of unknown function and a

kinase domain (Morlot et al., 2013; Manuse et al.,

2016). Presumably, the PASTA domains detect specific

external signals, which are relayed to intracellular effec-

tor proteins through activation of the kinase domain.

PASTA domains have been shown to bind peptidoglycan

fragments and b-lactams (Shah et al., 2008; Maestro

et al., 2011; Mir et al., 2011). It is, therefore, possible

that the PASTA domains of StkP modulate its kinase

activity by recognizing specific substructures in the pep-

tidoglycan layer. Moreover, very recently, compelling evi-

dence that the cell wall precursor lipid II acts as signal

for StkP have been reported (Hardt et al., 2017). The

PASTA domains are also responsible for targeting StkP

to the septal region, perhaps by recognizing unlinked

peptidoglycan (Beilharz et al., 2012; Manuse et al.,

2016; Grangeasse, 2016). stkP is co-transcribed with

the phosphatase phpP, which specifically dephosphory-

lates StkP and StkP target proteins. Hence, the two

enzymes operate as a functional couple (Nov�akov�a

et al., 2005; Ulrych et al., 2016).

To fully understand the biological role of StkP, the

phosphorylation targets of StkP must be identified and

their functions characterized. StkP-targets reported to

be involved in peptidoglycan synthesis or cell division/

elongation include MurC, GlmM, MapZ (LocZ), DivIVA,

FtsZ and FtsA (Nov�akov�a et al., 2005; Sun et al., 2010;

Falk and Weisblum, 2012; Fleurie et al., 2014a; Hole-

ckov�a et al., 2015). Phosphoproteomic analysis has

identified more than 80 phosphoproteins in S. pneumo-

niae (Sun et al., 2010). It is therefore likely that a num-

ber of StkP phosphorylation targets remain to be

identified and characterized. One poorly characterized

protein targeted by StkP is Spr1851. It belongs to a fam-

ily of proteins termed Jag (jag 5 spoIIIJ associated

gene) (Errington et al., 1992; Sun et al., 2010; Ulrych

et al., 2016). Jag homologs are widespread among

Gram-positive bacteria, but their function remains

unknown. In the present study we show that Spr1851

plays an important role in the regulation of cell elonga-

tion in S. pneumoniae.

Results

Deletion of spr1851 enables pneumococci to survive
without a functional elongasome

PBP2b and RodA are both essential and constitute the

core components of the elongasome. Previously, we

have observed that PBP2b-depleted pneumococci dis-

play distinct phenotypic traits. They form long chains of

oblate cells, get an altered stem peptide composition,

lose immunity to the peptidoglycan hydrolase CbpD dur-

ing competence and become hypersensitive to the auto-

lysin LytA during exponential growth phase (Berg et al.,

2013; Straume et al., 2017). Based on these findings,

we speculated that the lethality of a pbp2b null mutation

might be due to LytA-mediated autolysis, and that

Dpbp2b mutants would be viable in a DlytA background.

Attempts to replace the pbp2b gene with the kanamycin

selectable Janus cassette in lytA1 and lytA2 back-

grounds gave no colonies on the selection plates after

overnight incubation at 378C, but a few lytA1 as well as

lytA2colonies appeared after 24–144 hours. This shows

that PBP2b is essential also in cells lacking LytA. We

picked six colonies, designated GS1–6, which were sub-

jected to whole genome sequencing in order to locate

possible suppressor mutations. Three of the isolates

harboured mutations in the gene encoding the lytic

transglycosylase MltG (Spr1370) (Yunck et al., 2016).

The GS5 strain expressed a truncated form of MltG

(Daa 169–551), while the GS1 and GS2 strains pro-

duced MltG proteins with amino acid substitutions at

their C-terminal ends. GS1-MltG contained only an

A505V substitution, while GS2-MltG contained 16 amino

acid substitutions between I477 and A505. Shortly after

we had made this discovery, Tsui et al. (2016) published

the same finding, that is, that deletion of mltG removes

the requirement for PBP2b.

We, therefore, chose to focus on another possible

Dpbp2b suppressor mutation identified in the whole-

genome sequence analysis. The remaining isolates,

GS3, GS4 and GS6, contained mutations in a gene

(spr1851) encoding a protein of unknown function which

is conserved among Gram-positive bacteria. The muta-

tions resulted in truncations of the predicted protein

products (Fig. 1A, see Supporting Information Fig. S1

for details). To verify that a non-functional spr1851 gene

is able to suppress the loss of pbp2b, we first replaced

the complete spr1851 gene with the Janus cassette in

our wild-type strain RH425. The resulting Dspr1851

mutant showed marked growth defect compared with
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wild-type (Fig. 1B). Next, the Janus cassette was

removed by negative selection (Sung et al., 2001), giv-

ing rise to the SPH445 mutant strain (see Supporting

Information Table S1 for list of strains). SPH445 and the

wild-type RH425 strain were transformed with the

Dpbp2b-amplicon described above. As expected, no

transformants were obtained with the wild-type strain.

The mutant strain lacking spr1851, however, was

transformed at a normal frequency. A few colonies were

picked and cultivated in liquid media for further analysis.

The absence of the genes encoding Spr1851 and

PBP2b in these transformants was confirmed by PCR

as well as Sanger sequencing. In addition, the absence

of PBP2b in one of them (SPH446) was verified by

staining with Bocillin FL, a fluorescent penicillin that spe-

cifically labels PBPs (see Materials and Methods and

Supporting Information Fig. S2).

Similar to PBP2b, RodA is essential in S. pneumoniae

(Meeske et al., 2016; Straume et al., 2017). Due to

the close functional relationship of these proteins, we

speculated that both might be dispensable in a

Dspr1851 background. We therefore attempted to delete

the rodA gene in a strain lacking the spr1851 gene.

Interestingly, we succeeded in obtaining transformants

that upon further characterization proved to be bona fide

rodA deletion mutants (e.g., SPH447). Notably, the

growth defect observed for the Dspr1851 strain is par-

tially alleviated in the Dspr1851/Dpbp2b and Dspr1851/

DrodA double mutants (Fig. 1B). Together, these results

show that pneumococci are not only able to survive

without PBP2b or RodA in a Dspr1851 background, but

the presence of these proteins are detrimental when

Spr1851 is absent.

Spr1851 is involved in the regulation of cell elongation

in S. pneumoniae

Spr1851 contains three regions with strong homology to

previously described domains, namely Jag (� 50 aa),

KH-I (� 76 aa) and R3H (� 61 aa) (Fig. 1A). The C-

terminal KH-I and R3H domains are both known to bind

ssRNA or ssDNA, and are typically found in proteins

Fig. 1. Properties of a DeloR strain with respect to growth rate,
cell shape distribution and morphology. Panel A. Genetic map of
the S. pneumoniae genome region where eloR is located. The
EloR protein consists of 328 amino acids, and is composed of an
N-terminal Jag domain and two single-strand nucleic acid binding
domains, KH-I and R3H, at the C-terminal end. The position of
threonine 89, which is phosphorylated by StkP, and the positions of
the domain boundaries are indicated. The truncated forms of EloR
expressed by the suppressor mutants GS3, GS4 and GS6 are
shown as schematic drawings. Panel B. Comparison of the growth
rates of the SPH445 (DeloR) and RH425 (WT) strains. The
reduction in growth rate caused by deletion of eloR is nearly
abolished in strains where pbp2b or rodA (strains SPH446 and
SPH447 respectively) are deleted in addition to eloR. Panel C.
Comparison of cell shape distribution (length/width ratios) and
morphology of the SPH445 (DeloR) and RH425 (WT) strains. The
histogram representing the shape distribution of wild-type cells
(RH425) is shown in grey, while the histogram representing the
DeloR mutant strain (SPH445) is shown in orange. The number of
cells counted are indicated for each plot. The lenght/width ratio of
DeloR cells (1.56 6 0.33) was significantly different from WT
(1.91 6 0.45) (P< 0.01, Kolmogorov–Smirnov test). Scale bars in
the phase-contrast images represent 2 mm.
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regulating gene expression (Grishin, 1998; Valverde

et al., 2008; Jaudzems et al., 2012). The function of the

N-terminal JAG domain, on the other hand, remains

unknown. Considering that Spr1851 contains KH-I and

R3H domains, resides in the cytoplasm, and when

absent suppresses the requirement for PBP2b and

RodA, it is highly likely that Spr1851 functions to regu-

late the activity of the elongasome. To further corrobo-

rate this theory we used the image analysis tool

MicrobeJ (Ducret et al., 2016) to compare the cell

shape distribution (length/width ratio) of the SPH445

(Dspr1851) and RH425 (WT) strains. The results

showed that Dspr1851 mutant cells on average are sig-

nificantly less elongated than wild-type cells (Fig. 1C),

demonstrating that the elongasome is less active in the

absence of Spr1851. Hence, we concluded that

Spr1851 is involved in regulating the activity of the elon-

gasome and named the protein EloR (elongasome regu-

lating protein). Furthermore, to gain insight into the

subcellular localization of EloR we made a C-terminal

fusion to monomeric superfolder GFP, and expressed

the EloR-m(sf)gfp fusion from an ectopic locus in strain

RH425 as well as in the encapsulated S. pneumoniae

D39 strain. This showed that EloR, similar to other pro-

teins involved in cell elongation in S. pneumoniae, local-

izes to the septal area (Supporting Information Fig. S3).

StkP-mediated phosphorylation of EloR requires

functional PASTA domains

EloR has been shown to be phosphorylated on threo-

nine 89 (Sun et al., 2010; Ulrych et al., 2016). We con-

firmed this finding by constructing a strain, SPH449,

which expresses a phosphoablative (T89A) form of

EloR. To be able to immunoprecipitate and detect this

mutant protein by Western blotting, a 3xFlag tag was

added to its N-terminal end. Similarly, as a positive con-

trol, we constructed a strain (SPH448) in which a 3xFlag

tag was added to the N-terminal end of wild-type EloR.

Furthermore, to determine whether EloR is phosphoryl-

ated by StkP, we added a 3xFlag tag to wild-type EloR

in a stkP2 strain (SPH450) and a strain (SPH451)

expressing the StkPK42M mutant protein. In the latter

strain, the catalytic lysine residue of StkP (K42) was

changed to a methionine, generating a kinase dead pro-

tein (Fleurie et al., 2012). The strain (SPH448) express-

ing the wild-type 3xFlag-EloR protein displayed normal

growth, indicating that the Flag tag does not significantly

affect the functionality of the EloR protein. To detect

phosphorylation of EloR in vivo, the Flag tagged pro-

teins were immunoprecipitated with an anti-Flag anti-

body, followed by Western blotting with an anti-

phosphothreonine antibody. Our results verified that

EloR is phosphorylated by StkP on T89 (Sun et al.,

2010; Ulrych et al. 2016). The anti-phosphothreonine

antibody detected two bands of approximately equal

intensity in the lane representing wild-type EloR (Fig. 2).

As the upper band is missing in the strain expressing

the phosphoablative (T89A) form of EloR, the upper

band must represent the T89-phosphorylated form (Fig.

2). The lower band and the band detected in strain

expressing EloRT89A are both absent in the DStkP

strain. Hence, StkP must be able to phosphorylate EloR

at two different sites.

The four PASTA domains of StkP are believed to

detect extracellular signals that regulate its kinase activ-

ity. To determine if the PASTA domains are required for

StkP-mediated phosphorylation of EloR, we constructed

a strain, SPH452 (StkPDPASTA), in which the PASTA

domains (amino acids 372–659) were deleted. As dem-

onstrated in Supporting Information Fig. S4, deletion of

the PASTA domains does not affect anchoring of the

StkPDPASTA protein to the cytoplasmic membrane. Our

results clearly show that EloR is not phosphorylated in

the strain expressing StkPDPASTA (Fig. 2), strongly indi-

cating that the phosphorylation state of EloR is regu-

lated by an extracellular signal sensed by the PASTA

domains.

Further evidence that EloR is a substrate of StkP was

obtained by bacterial two-hybrid analysis. We used the

bacterial adenylate cyclase two-hybrid system (BACTH)

to test for interactions between EloR and StkP in vivo.

The system is based on the functional complementation

of T18 and T25, two fragments of the catalytic domain

of adenylate cyclase from Bordetella pertussis (see

Materials and Methods for details). Positive interactions

Fig. 2. Immunoblot detecting FLAG-tagged EloR with an anti-Flag
antibody (a-Flag) and its phosphorylated form with an anti-
phosphothreonine antibody (a-P-Thr). Lanes were loaded with
immunoprecipitates (anti-FLAG antibody conjugated to agarose
beads) derived from pneumococcal cell lysates as follows: DEloR,
cells in which the eloR gene was deleted; WT, wild-type cells
expressing FLAG-tagged EloR; EloRT89A, cells expressing the
FLAG-tagged phosphoablative form of EloR; DStkP, DstkP cells
expressing FLAG-tagged EloR; StkPK42M, cells expressing both
FLAG-tagged EloR and a kinase dead mutant of StkP; StkPDPASTA,
cells expressing both FLAG-tagged EloR and a version of StkP
where the external PASTA domains were deleted; MreC-T, cells
expressing both FLAG-tagged EloR and MreCDaa183–272.
Arrowheads indicate the position of EloR with a phosphorylated
Thr89 residue.
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elicit cAMP synthesis followed by cAMP/CAP activated

expression of b-galactosidase which converts X-gal to a

blue dye. Hence, blue colonies indicate a positive

reaction, while white colonies indicate non-interacting

proteins. When co-expressed, the T18-EloR and T25-

StkP fusion proteins gave rise to blue colonies, demon-

strating that EloR and StkP interact in vivo (Fig. 3A).

The phosphomimetic T89E mutation (EloRT89E) is not
tolerated

To gain information about the biological effects of StkP-

mediated phosphorylation of EloR, a strain, SPH456,

expressing a phosphoablative (T89A) form of EloR was

constructed and compared with wild-type (RH425) and

the DEloR mutant (SPH445). In this case, no Flag tag

was added to the EloRT89A protein. Analysis of their

shape distribution showed that the DEloR and EloRT89A

strains have highly similar profiles, and that both on

average form less elongated cells than the wild-type

strain (Fig. 4; Supporting Information Fig. S5). Since

deletion of EloR and removal of its phosphorylation site

lead to approximately the same reduction in average

cell length, it appears that the phosphoablative form of

EloR represents a less active or inactive form of the pro-

tein. It follows from this that a phosphomimetic (T89E)

mutant of EloR might represent the active form that

stimulates the activity of the elongasome and increases

cell length. To test this hypothesis we constructed an

EloRT89E mutant strain (SPH457) and analysed it as

described above. Unexpectedly, the SPH457 pneumo-

cocci were even less elongated than SPH456 cells

expressing the EloRT89A mutant protein (Fig. 4; Support-

ing Information Fig. S5). This led us to suspect that the

phosphomimetic (T89E) mutation is not tolerated and

selects for suppressors. To check for possible suppres-

sor mutations we sequenced the genomes of the

SPH445 (DEloR), SPH456 (EloRT89A) and SPH457

(EloRT89E) mutant strains, and compared them to the

parental strain (RH425). The genomes of the SPH445

and SPH456 strains did not contain suppressors, but a

potential suppressor mutation was detected in the

Fig. 3. Bacterial two-hybrid data on the interactions between
proteins involved in cell elongation. Interactions between pairs of
proteins were detected by fusing proteins of interest to adenylate
cyclase fragments T18 and T25, respectively, and co-expressing
the resulting fusion proteins in an E. coli cya2 strain as specified
by the manufacturer (Euromedex). Functional complementation of
T18 and T25 fragments restores adenylate cyclase activity resulting
in synthesis of cAMP followed by CAP activated expression of
b-galactosidase. Samples were spotted on agar plates containing
X-gal and incubated for 24 h at 308C. A colourless spot indicates a
negative result, while a blue colour indicates a positive interaction
between the pair of fusion proteins tested. Panel A. Interaction
between EloR and the Ser/Thr protein kinase StkP. Positive and
negative controls were supplied by Euromedex. Panel B.
Interactions between full-length and truncated MreC and various
elongasome proteins. Panel C. Interactions between the lytic
transglycosylase MltG and RodZ, full-length MreC and truncated
MreC respectively.
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genome of the strain expressing EloRT89E. This mutation

introduces a frameshift that causes a premature termi-

nation of mreC mRNA translation, resulting in the

synthesis of a truncated protein (MreCDaa182–272).

Pneumococcal MreC is a bitopic transmembrane protein

consisting of 272 amino acids. The N-terminal approxi-

mately 8 amino acids are located in the cytoplasm, while

the approximately 244 C-terminal amino acids are peri-

plasmic (Lovering and Strynadka, 2007). The amino

acid sequence of MreCDaa182–272 is identical to MreC up

to amino acid K181, after which they diverge. Deletion

of a single adenosine creates a frameshift that introdu-

ces a stop codon 26 amino acids downstream of K181

(see Supporting Information Fig. S6 for details).

Intriguingly, a mutation creating an almost identical

truncation of the MreC protein was detected in the

genome of a strain (SPH458) expressing an EloR pro-

tein in which the R3H domain was inactivated (EloRK3Y).

The R3H domain is characterized by the conserved Arg-

X-X-X-His (R3H) sequence motif, where the arginine

and histidine residues are required for nucleic acid

binding (Grishin, 1998; Jaudzems et al., 2012). In the

EloRK3Y mutant strain, the Arg-X-X-X-His sequence was

changed to Lys-X-X-X-Tyr (K3Y). By comparing the

genome sequence of the strain expressing EloRK3Y with

the parental strain we detected a C to T transition in the

mreC gene that introduced a premature stop codon after

amino acid I182. The resulting truncated MreC protein

was termed MreCDaa183–272.

The presence of the MreCDaa182–272 mutation in the

strain (SPH457) expressing EloRT89E suggested that the

phosphomimetic T89E mutation exerts severe stress

that is alleviated by truncation of MreC. To obtain addi-

tional evidence in support of this idea, we constructed

five new EloRT89E mutants and sequenced their mreC

genes. In three of the mutants (SPH459–461) we identi-

fied the same MreCDaa183–272 mutation as described

above for the SPH458 strain, while two of the mutants

(SPH462 and SPH463) had a wild-type mreC gene.

To determine whether the latter mutant strains had

acquired other suppressors, their genomes were

sequenced. In both of them a single adenosine was

deleted in a run of eight adenosines located 3–10 bases

downstream of the translational start codon of the gene

encoding RodZ. RodZ is a widely conserved bitopic

membrane protein known to play a role in bacterial cell

Fig. 4. Cell shape distributions. As a measurement for cell elongation, length/width ratio was computed for all counted cells and plotted as
histograms (in orange color) for EloRT89A (panel A, length/width ratio 1.65 6 0.37), EloRT89E with suppressor mutation MreCDaa182–272 (panel
B, ratio 1.53 6 0.35), ElorRK3Y with suppressor mutation MreCDaa183–272 (panel C, ratio 1.52 6 0.36), EloRGDDG with suppressor mutation
RodZDaa117–273 (panel D, ratio 1.59 6 0.36), MreCDaa183–272 (panel E, ratio 1.54 6 0.34), DMreC (panel F, ratio 1.84 6 0.42), RodZDaa5–273

(panel G, ratio 1.64 6 0.36). Wild-type RH425 (see Fig. 1C) is shown in grey for all plots for comparison. The length/width ratios of the mutant
strains are significantly different from the wild-type (P< 0.01, Kolmogorov–Smirnov test). Phase contrast microscope images of all strains are
shown in Supporting Information Fig. S5A–G. Overlaid density plots length/width ratio distributions for some of the mutants are shown in
Supporting Information Fig. S5H. The number of cells counted are indicated for each plot.
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elongation (Massidda et al., 2013; Philippe et al., 2014).

The mutation creates a frameshift that introduces a stop

codon eleven codons downstream of the RodZ start

site. Hence, it inactivates the protein.

A frameshift mutation in RodZ was also found in a

strain in which the KH-I domain of EloR had been

mutated (EloRGDDG). KH domains contain an invariant

GXXG loop in which at least one of the variable amino

acids has a positively charged side chain. The loop

forms contact with the sugar–phosphate backbone and

is crucial for nucleotide binding. It has been reported

that mutation of the two variable amino acids to aspar-

tate (GDDG) impairs nucleic acid binding without com-

promising the stability of the KH domain (Hollingworth

et al., 2012). We, therefore, constructed a mutant strain

(SPH464) where the native EloR protein was exchanged

with a version in which the GYHG loop were mutated to

GDDG. Genome sequencing of SPH464 revealed that

the five nucleotides TTTAT (nt 330–334) had been

deleted in the rodZ gene, giving rise to a frameshift after

amino acid Y116 (see Supporting Information Fig. S7

for details). The frameshift occurs in the transmembrane

segment of the resulting RodZDaa117–273 mutant protein.

Thus, while the N-terminal cytoplasmic domain is still

expressed, the complete extracellular part is missing.

Together, the results described in this section strongly

indicate that the phosphomimetic T89E mutation, and

mutations that disrupt EloR’s ability to bind single

stranded nucleic acid, are not tolerated in S.

pneumoniae.

MreC deletion and truncation mutants have strikingly

different phenotypes

To investigate whether the truncated MreC proteins

expressed by the SPH457 (EloRT89E/MreCDaa182–272) and

SPH458 (EloRK3Y/MreCDaa183–272) strains are suppres-

sors that alleviate the stress induced by the EloRT89E and

EloRK3Y mutations, a strain (SPH465) was constructed in

which the mreC gene of RH425 was replaced by the

gene encoding the truncated form of MreC (MreCDaa183–

272). As outlined above, the SPH457 and SPH458 strains

form on average much less elongated cells than the wild-

type strain (Fig. 4; Supporting Information Fig. S5). Com-

parison of the SHP457, SPH458 and SPH465 strains

show that their cell shape distribution is virtually identical,

strongly indicating that the MreCDaa183–272 mutation

rather than the EloRT89E or EloRK3Y mutations is respon-

sible for the cell rounding observed in the SPH457 and

SPH458 strains (Fig. 4; Supporting Information Fig. S5).

Comparison of the RH425 (WT) and SPH350 (DmreC)

strains, on the other hand showed that the shape

distribution of their cells is highly similar. Further

characterization of SPH465 (MreCDaa183–272), revealed

that the genes encoding PBP2b and RodA can be indi-

vidually deleted in this strain. Moreover, the growth rates

of the SPH465 (MreCDaa183–272) strain, and Dpbp2b or

DrodA mutants of this strain, are similar to wild-type

(Supporting Information Fig. S8). These interesting

results show that essential components of the elonga-

some are dispensible in strains expressing the truncated

form of the MreC protein (MreCDaa183–272). In contrast,

neither pbp2b nor rodA can be deleted in a wild-type or

DmreC background.

Truncation of MreC alters its interactions with other

components of the elongasome and stimulates

StkP-mediated phosphorylation of EloR

MreC has been reported to interact with a number of

proteins involved in cell division and elongation (van den

Ent et al., 2006). As pneumococci expressing the

MreCDaa183–272 protein are phenotypically different from

wild-type and DmreC strains, we speculated that trunca-

tion of the MreC protein might disrupt its interaction with

some partners in the elongasome without disturbing the

interaction with others. To test this hypothesis, we used

the BACTH system to study interactions between the

truncated MreC protein and proteins that we in a previ-

ous screening (unpublished results) found to interact with

full-length MreC. Strikingly, the results presented in Fig.

3B show that the interaction between MreC and MreD is

completely lost when the 90 C-terminal amino acids of

MreC are deleted. We also detected a strong reduction

in the interaction between MltG and MreCDaa183–272

compared with the interaction between MltG and MreC

(Fig. 3C). This result was obtained with T18-MltG and

T25-MreC. When the adenylate cyclase fragments were

swapped (T25-MltG and T18-MreC/T18-MreCDaa183–272),

a similar tendency was found although the difference was

less evident. In addition, our results suggest that

MreCDaa183–272 interacts less efficiently with the PBP1b,

StkP and CozE proteins than full-length MreC (Fig. 3B).

Finally, we made the interesting observation that MltG

interacts very strongly with RodZ (Fig. 3C).

As the interaction between MreCDaa183–272 and StkP

appears to be somewhat reduced compared with the

interaction between full-length MreC and StkP, we

wondered whether the truncation of MreC might affect

StkP-mediated phosphorylation of EloR. To test this pos-

sibility, we constructed a strain (SPH475) expressing a

3xFlag-tagged EloR protein and a truncated MreC protein

(MreCDaa183–272). To establish the level of EloR phospho-

rylation in the SPH475 strain, 3xFlag-EloR was immuno-

precipitated and subjected to Western blot analysis as

described above. Intriguingly, we found that the level of
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phosphorylated EloR in this strain was much higher than

in a strain expressing full-length MreC (Fig. 2).

Discussion

We identified EloR by screening for mutations that sup-

press the lethality caused by deletion of the gene

encoding the transpeptidase PBP2b. Subsequent

experiments showed that the essential peptidoglycan

polymerase RodA is also dispensable in a DEloR back-

ground. These findings demonstrate that pneumococci

can survive without a functional elongasome in the

absence of EloR. This implies that EloR and the elonga-

some are part of the same functional network. Although

the specific function of EloR remains to be determined,

several lines of evidence indicate that it has a regulatory

role. Firstly, it contains two regions with strong homology

to KH-I and R3H domains. Both domains have been

reported to bind single stranded nucleic acid (ssNA) in a

sequence-specific manner (Valverde et al., 2008; Hol-

lingworth et al., 2012; Jaudzems et al., 2012). KH

domains, which have been more extensively studied

than R3H domains, are present in a variety of proteins

from all domains of life. They are typically found in pro-

teins that regulate gene expression at the transcriptional

or post-transcriptional level (Valverde et al., 2008).

Secondly, we found that deletion of EloR significantly

reduces the average cell length of the mutant strain

compared with wild-type. This demonstrates that EloR is

needed to stimulate elongasome-mediated lateral cell

wall synthesis. Thirdly, EloR is a substrate of StkP, a

transmembrane serine/threonine kinase that is involved

in orchestrating the switching between septal and

peripheral peptidoglycan synthesis in S. pneumoniae

through phosphorylation of several proteins involved in

cell division and elongation (Nov�akov�a et al., 2005; Beil-

harz et al., 2012; Manuse et al., 2016).

To study the effect of StkP-mediated phosphorylation

on T89 we constructed strains expressing the phos-

phoablative (EloRT89A) and phosphomimetic (EloRT89E)

forms of EloR. The strain SPH456 expressing the phos-

phoablative form displayed a cell shape profile that was

highly similar to that of the SPH445 strain (DEloR).

However, in contrast to the SPH445 strain, the pbp2b

gene could not be deleted in the SPH456 strain. This

shows that the EloRT89A protein is not biologically inac-

tive, but its ability to stimulate lateral cell wall synthesis

is diminished. Unexpectedly, we observed that EloRT89A

is still being phosphorylated by StkP (Fig. 2), presum-

ably at a threonine residue located close to T89 at the

surface of the protein. Since the DEloR and EloRT89A

strains have somewhat different phenotypes, it is likely

that phosphorylation of the alternative site affects the

activity of EloR.

The strain expressing the EloRT89E phosphomimetic

form acquired additional mutations in the mreC or rodZ

gene in all cases examined. Clearly, expression of the

EloRT89E mutant protein generates stress that is allevi-

ated by truncation of MreC or loss of RodZ function.

Truncation of MreC alone resulted in a strong reduction

in average cell length, showing that this mutation

reduced or inactivated lateral cell wall synthesis (Fig. 4).

Similarly, the rodZ null mutation present in the SPH462

and SPH463 strains gives rise to less elongated cells

(Fig. 4). It follows from this that alleviation of the stress

imposed by the phosphomimetic T89E mutation requires

suppressor mutations that downregulate or inhibit the

activity of the elongasome. In pneumococci expressing

truncated MreC (MreCDaa183–272), loss of elongasome

activity is sensed by the cells, which attempt to compen-

sate by strongly increasing StkP-mediated phosphoryla-

tion of EloR (Fig. 2). Together these results support a

model in which EloRT89E and the phosphorylated form

of EloR stimulate the activity of the elongasome. Since

EloRT89E cannot be dephosphorylated by PhpP, but is

permanently active throughout the cell cycle, the T89E

mutation is probably lethal to the cell. Presumably, the

only way to escape the lethality of an overactive elonga-

some is to acquire suppressors that reduce or abolish

the activity of this peptidoglycan synthesizing machine.

Suppressor mutations in the mreC or rodZ genes were

also found in strains expressing EloR proteins containing

amino acid substitutions that reduce or abolish their abil-

ity to bind ssNA. The SPH458 (EloRK3Y) strain acquired

the MreCDaa183–272 suppressor mutation, while the

RodZDaa117–276 suppressor was acquired by the strain

(SPH464) expressing the EloRGDDG mutant protein.

Using the same reasoning as above this implies that loss

of ssNA-binding activity stimulates the elongasome, while

binding of target ssNA probably has an inhibitory effect.

As proteins containing ssNA-binding domains are often

involved in controlling protein expression by controlling

transcription or translation of specific target mRNAs, it is

plausible that EloR controls the expression of one or

several proteins that are critical for elongasome

function. Our data suggest that non-phosphorylated EloR

represses target protein expression at the transcriptional

or translational level by binding to specific ssDNA or

ssRNA sequences. Following phosphorylation of EloR by

StkP, the nucleic acid(s) in question is released and tar-

get proteins can be synthesized. Further studies are

needed to verify or reject this model.

The MreCDaa183–272 mutation gives rise to a distinct

and highly interesting phenotype that includes a strong

reduction in cell elongation and the ability to grow and

proliferate well without PBP2b or RodA. These traits

8 G. A. Stamsås et al. �

VC 2017 John Wiley & Sons Ltd, Molecular Microbiology, 00, 00–00



distinguish the MreCDaa183–272 mutant from a DMreC

strain. Hence, the truncated MreC protein cannot be

completely inactive, but must have retained some func-

tions. MreC is an abundant protein present at about

8500 dimers per cell (Land and Winkler, 2011). As men-

tioned above, the N-terminal approximately 8 amino

acids of the bitopic MreC protein is cytoplasmic, while

approximately 244 amino acids are located in the peri-

plasm. The periplasmic part of MreC consists of a helix

(aa 73–102) and two six-stranded b-barrels (aa 110–

272), where the second barrel is folded between strands

five and six of the first barrel (van den Ent et al., 2006;

Lovering and Strynadka, 2007). The crystal structure

shows that MreC dimerizes through close contact

between the N-terminal helices. There is also contact

between one globular b-barrel from each monomer,

while the other b-barrel is solvent exposed and in princi-

ple free to interact with another MreC dimer. Hence, it is

possible the MreC-dimers are able to form filaments in

vivo (van den Ent et al., 2006). The truncated

MreCDaa183–272 protein ends at position 182, which is in

the middle of the first b-strand (b6) in the second C-

terminal b-barrel. Thus the MreCDaa183–272 protein obvi-

ously lacks this domain. Since the nine C-terminal

amino acids (aa 264–272) form a b-strand (b12) that is

part of the first b-barrel, the loss of this strand probably

destabilizes the domain and alters its structure. It follows

from this that if MreC dimers form filaments, this will not

be possible for the MreCDaa183–272 protein. It is, there-

fore, conceivable that loss of filament formation causes

or contributes to the phenotype the SPH465 strain.

Since MreC has been reported to bind to a number of

different proteins (van den Ent et al., 2006), we investi-

gated whether we could detect any differences between

MreC and MreCDaa183–272 with respect to protein interac-

tion partners. The most striking result of this study was

that the interaction between MreD and MreC was com-

pletely lost when the 90 C-terminal amino acids of MreC

were deleted (Fig. 3B). The interaction between

MreCDaa183–272 and PBP1a, PBP2a and PBP2b, on the

other hand, was not affected, while the interaction

between MreCDaa183–272 and PBP1b, StkP and CozE

appeared to be somewhat reduced. Based on these

results, it is reasonable to assume that the complete loss

of interaction between MreCDaa183–272 and MreD causes,

or significantly contributes to, the distinct phenotype dis-

played by the SPH465 (MreCDaa183–272) strain. If so, it fol-

lows that MreC/MreD interaction is required for activation

of elongasome-mediated lateral cell wall synthesis. Curi-

ously, although deletion of MreD causes pneumococci to

form long chains of round or oblate cells, pbp2b cannot

be deleted in these cells (Straume et al., 2017). This

shows that loss of the MreCDaa183–272/MreD interaction

alone cannot explain all phenotypic differences between

the SPH465 strain and the strains lacking MreC or MreD.

It is, therefore, likely that the unique properties of the

MreCDaa183–272 mutant protein result from the fact that it

is no longer able to interact with some MreC partners,

while retaining the ability to interact with others (e.g., the

PBPs) (Fig. 3B).

In the present study we show that the genes encoding

the essential proteins PBP2b and RodA can be readily

deleted in a DEloR background. Hence, lateral peptido-

glycan synthesis per se is not essential for viability in S.

pneumoniae. So why is deletion of PBP2b and RodA

lethal in a wild-type background? The finding that dele-

tion of mltG also supresses the requirement for PBP2b

and RodA (Tsui et al., 2016; current study) points

toward MltG as the lethal factor. As MltG is an essential

muralytic enzyme, misregulation of this enzyme might

have fatal consequences. It is conceivable that deletion

of PBP2b, RodA and other essential components of the

elongasome results in uncontrolled MltG activity that

kills the bacterial cells. To gain support for this hypothe-

sis, we tested whether EloR regulates the expression of

the MltG protein. Comparison of MltG levels in wild-type

(SPH473) and DeloR (SPH474) cells expressing Flag

tagged MltG proteins revealed no significant differences

(Supporting Information Fig. S9). Neither is EloR

required for septal localization of MltG, as MltG localizes

to the septum in wild-type as well as DeloR cells (Sup-

porting Information Fig. S9). Instead, our results indicate

that EloR regulates the muralytic activity of MltG. Pre-

sumably, pbp2b and rodA can be deleted in a DeloR

mutant because the activity of the elongasome, includ-

ing MltG, is strongly reduced in this genetic background.

This supposition is supported by the finding that pneu-

mococcal transformants expressing EloRT89E always

contain a truncated MreC or nonfunctional RodZ protein.

The MreCDaa183–272 suppressor mutation strongly

reduces the interaction between MreC and MltG, while

the DrodZ suppressor mutation completely abolishes the

interaction between RodZ and MltG. Hence, both sup-

pressor mutations probably reduce or modulate the mur-

alytic activity of MltG in a way that helps the cell survive

the stress imposed by the phosphomimetic EloRT89E

mutant protein. The finding that PBP2b and RodA can

be deleted in a strain expressing the truncated

MreCDaa183–272 protein, further supports this model.

In conclusion, our results demonstrate that EloR regu-

lates cell elongation in S. pneumoniae. The PASTA

domains of StkP sense one or more external signals

which are relayed to EloR by transfer of a phosphoryl

group. We obtained strong evidence that the phospho-

rylated form of EloR stimulates cell elongation, while the

non-phosphorylated form is less active or inactive. Of

note, we observed that strains expressing EloRT89E

always acquired suppressor mutations that gave rise to
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a less active or inactive elongasome, demonstrating that

the constitutively activated phosphomimetic form of

EloR is not tolerated (Fig. 5). Furthermore, the finding

that StkP-mediated phosphorylation of EloR increases

strongly in a MreCDaa183–272 mutant, suggests that StkP

monitors the activity of the elongasome and responds to

changes that reduce or abolish its activity (Fig. 5). Sev-

eral elongasome proteins have been reported to be

essential (Massidda et al., 2013; Tsui et al., 2016). Our

data suggest that they are not essential by themselves.

Instead, we propose that their absence leads to misre-

gulation of the muralytic enzyme MltG, whose unre-

strained activity will be lethal to the pneumococcal cell.

Experimental procedures

Bacterial strains, cultivation and transformation

Bacterial strains used in this study are listed in the Support-

ing Information Table S1. Strains of Escherichia coli were

grown in Luria Bertani broth with shaking or on LB agar
plates at 308C or 378C. When appropriate, the following anti-

biotic concentrations were used in the growth medium:

ampicillin 5 100 mg/ml and kanamycin 5 50 mg/ml. Chemi-

cally competent E. coli was transformed by typical heat-
shock at 428C for 30 seconds. S. pneumoniae was grown in

C medium (Lacks and Hotchkiss, 1960) at 378C without

shaking. When selecting for S. pneumoniae transformants,

the pneumococcus was grown on Todd-Hewitt agar plates in

an oxygen-depleted chamber using AnaeroGenTM bags from

Oxoid. Gene knockouts or introduction of point mutations in

the S. pneumoniae genome were performed by natural

transformation. Pneumococcal cultures (1 ml) growing expo-

nentially at OD550 5 0.05–0.1 were mixed with 100–200 ng

of the transforming DNA and CSP to a final concentration of

250 ng/ml. After 2 hours of incubation at 378C, transformants

were selected on TH-agar containing the appropriate antibi-

otic (kanamycin 5 400 mg/ml, streptomycin 5 200 mg/ml and

tetracycline 5 1 mg/ml).
When following the growth of S. pneumoniae over time,

pneumococcal strains where grown in 96-well Corning NBS

clear-bottom plates in a Synergy H1 Hybrid Reader (Bio-

Tek). First, cells were grown to exponential growth phase

(OD550 5 0.2–0.3) in 5 ml volumes, collected by centrifuga-

tion at 4000g and resuspended in fresh C medium to

OD550 5 0.05. Then 300 ml cell culture were transferred to

each well of the microtiter plate and incubated in the Syn-

ergy H1 Hybrid Reader under normal atmosphere at 378C.

OD550 was measured automatically every 5 minutes.

Construction of DNA amplicons

DNA amplicons used to transform S. pneumoniae were

constructed by overlap extension PCR based on the princi-

ple of Higuchi et al. (1988). Gene knockouts created in this

Fig. 5. Model depicting EloR-
mediated regulation of the
pneumococcal elongasome. At
the appropriate stage of the
cell cycle, the extracellular
PASTA domains of StkP
sense an unknown signal
linked to elongasome activity
that is relayed to EloR through
the transfer of a phosphoryl
group. Our results indicate
that the phosphorylated form
of EloR activates the
elongasome, resulting in
synthesis of new
peptidoglycan that is inserted
into the existing peptidoglycan
layer. Cells expressing the
phosphomimetic form of EloR
(EloRT89E) always acquire
suppressor mutations in mreC
or rodZ that strongly reduce
elongasome activity. This
implies that the suppressors
alleviate the stress imposed
by a constantly activated
elongasome. Deletion of the
gene encoding EloR results in
short, rounded, cells that are
able to survive without the
essential elongasome
components PBP2b and
RodA.
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study were made by using the Janus cassette (Sung et al.,

2001), or in some cases a tetracycline resistance cassette.

Basically, approximately 1000 bp flanking regions upstream

and downstream of a desired target gene were fused the 50

and 30 end of the knockout cassette as described in previ-

ous works (Johnsborg et al., 2008; Eldholm et al., 2010).

By using a streptomycin resistant strain, the Janus cassette

can be deleted by replacing it with a DNA fragment contain-

ing flanking sequences that are homologous to the corre-

sponding regions flanking the Janus cassette in the

genome. Primers used to create DNA amplicons in the

present work are listed in the Supporting Information

Table S2. All constructs were verified by PCR and Sanger

sequencing.

PBP2b suppressor mutants

Based on our previous work with PBP2b, which showed

that cells depleted for PBP2b becomes very sensitive to

LytA (Berg et al., 2013), we chose to knock out pbp2b in

both a LytA1 and a LytA2 background. A fragment carry-

ing the Janus cassette fused to the flanking regions of

pbp2b was transformed into strain RH4 (LytA1) and RH6

(LytA2) according to standard procedure (see above).

After incubating the transformation mixture for 2 hours at

378C, cells were pelleted, resuspended in 200 ml TH-

medium and plated on TH-agar. After 24 hours of incuba-

tion at 378C, three colonies had appeared on the plate con-

taining the LytA1 strain. PCR confirmed that two of the

three transformants were bona fide Dpbp2b knockouts. Of

the two correct Dpbp2b mutants, one was genome

sequenced and named G1 (Supporting Information Table

S1). The plate with the LytA2 strain also contained 3 colo-

nies after 24 hours of incubation, 5 colonies after 48 hours

and approximately 20 new colonies after 6 days of incuba-

tion. PCR screening identified five transformants to be

bona fide Dpbp2b mutants (GS2–GS6). Strain GS1–GS6

were genome sequenced to identify possible suppressor

mutations.

Whole genome sequencing

The strains RH425, GS1–GS6, SPH445 and SPH456–

SPH464 were grown in 10 ml C medium and collected at

4000g when reaching OD550 5 0.4. Genomic DNA was iso-

lated by using the NucleoBondVR AXG 100 kit from

Macherey–Nagel according to the manufacturer’s protocol.

DNA library was created by using the Nextera XT DNA

Library Preparation Kit (Illumina) by following the protocol

of the manufacturer, and genome sequencing was done by

using an Illumina MiSeq. The RH425 raw sequences were

assembled to the reference genome S. pneumoniae R6

(NC_003098.1) using SPAdes v3.10.0 (Bankevich et al.,

2012) and annotated using the Prokka pipeline (Seemann,

2014). Genomic analysis of the GS1–GS6, SPH445 and

SPH456–464 sequences, including sequence mapping,

coverage calculation, variant calling and visualization, was

performed using Geneious v8.1.9 (Kearse et al., 2012).

Mean sequencing coverage was 503.

SDS-PAGE and immunoblotting

To detect Flag-EloR and its phosphorylated form, Flag-EloR

was first isolated from a 50 ml cell culture by performing an

immunoprecipitation assay using Anti-Flag antibodies conju-

gated to agarose beads (ANTI-FLAGVR M2 Affinity Gel,

Sigma). RH425 (WT) and pneumococci expressing Flag-

EloR in different genetic backgrounds (SPH448–SPH452)

were harvested at OD550 5 0.3, and auto-lysed in 1 ml of

binding buffer (50 mM Tris-HCl [pH 5 7.4], 150 mM NaCl,

1 mM EDTA, 1% Triton X-100) by triggering the LytA activ-

ity at 378C for 5 minutes. The lysate was incubated with 40

ml ANTI-FLAGVR M2 Affinity Gel at 48C over-night with gentle

mixing. The agarose beads were then washed 3 times in

500 ml TBS (50 mM Tris-HCl [pH 5 7.4], 150 mM NaCl) as

described by the manufacturer, before 60 ml of SDS-sample

buffer was added and the beads were heated to 958C for 5

minutes. Eight ml samples were separated by SDS-PAGE

using a 12% separation gel and the buffer conditions

described by Laemmli (1970). The Flag-fused versions of

StkP (Flag-StkP, Flag-StkPK42M, and Flag-StkPDPASTA) were

detected in the membranes from strain SPH453, SPH454

and SPH455 respectively. Flag-MltG was detected in mem-

branes from strain SPH473 and SPH474. Membranes were

isolated from 30 ml cell cultures at OD550 5 0.3 as

described by Straume et al. (2017). The membranes were

solubilized in 100 ml SDS-sample buffer, and the membrane

proteins in 15 ml volumes were separated by SDS-PAGE. A

12% separation gel was used for the MltG fusions and a

10% separation gel for the StkP fusions.
After electrophoresis, the proteins were transferred to a

PVDF membrane by electroblotting and both Flag-fused

proteins and proteins containing phosphorylated threonines

were detected as described previously by Stamsås et al.

(2017).

Microscopy techniques and construction of fluorescent
fusion proteins

Phase contrast microscopy was used to analyze the mor-

phology of different S. pneumoniae mutant strains. Pneu-

mococcal strains were pre-grown to OD600 5 0.4, then

diluted 100-fold and grown to OD600 5 0.1 prior to micros-

copy. Cells were spotted directly onto slide with a layer of

1.2% agarose in PBS. Images were acquired using a Zeiss

AxioObserver with ZEN Blue software, and an ORCA-Flash

4.0 V2 Digital CMOS camera (Hamamatsu Photonics)

using a 1003 phase-contrast objective. For cell detection

and analysis of cell morphologies, the ImageJ plugin

MicrobeJ (Ducret et al., 2016) was used. Data analysis and

plotting were performed using RStudio.

The subcellular localization of EloR and MltG was exam-

ined by fluorescence microscopy. Strains SPH468 and

SPH469 express EloR fused C-terminally to the monomeric

superfolder gfp, m(sf)gfp (Liu et al., 2017) using a Zn21

inducible promoter. EloR-m(sf)gfp was constructed by liga-

tion of the eloR gene into the plasmid pMK17 (van Raa-

phorst et al., 2017) allowing eloR to be fused to m(sf)gfp

via a flexible, domain breaking linker encoding sequence.

The plasmid pMK17 contains homology regions for integra-

tion in the non-essential bgaA locus of S. pneumoniae, and
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pMK17-eloR was transformed into S. pneumoniae RH425

and D39. The m(sf)gfp-mltG fusion was constructed by

overlap extension PCR as described above. Strain

SPH468, SPH469 and SPH470 pre-grown to OD600 5 0.4

were diluted 100-fold and grown for 2 hours prior to imag-

ing. For SPH468 and SPH469, 0.2/0.02 mM ZnCl2/MnCl2
was added to the growth medium to induce expression of

the fluorescent fusions. Imaging was performed on a Zeiss

AxioObserver with the same software, camera and objec-

tive as mentioned above. An HXP 120 Illuminator (Zeiss)

was used as a fluorescence light source. ImageJ was used

to prepare the images for publication.

BACTH-assay

The BACTH two-hybrid system is based on the comple-

mentation of the T18 and T25 domains of the adenylate

cyclase derived from Bordetella pertussis (Karimova et al.,

1998). When the T18 and T25 domains are brought

together, it will restore adenylate cyclase activity, leading to

the synthesis of cAMP, which in turn results in the expres-

sion of b-galactosidase. Proteins of interest are fused to

the T18 and T25 domain, co-expressed in a cya-E. coli

strain, and the b-galactosidase production is detected by

growing the cells on LB plates containing X-Gal. A positive

interaction between two proteins will result in blue colonies.

A negative interaction will appear as white colonies. The

BACTH assays were performed as described by the manu-

facturer (Euromedex). Our genes of interest were cloned in

frame with either the T18 or T25 encoding sequences in

specific plasmids supplied by the manufacturer, giving rise

to either N-terminally or C-terminally T18/T25 fusions. All

plasmids used in BACTH analysis are listed in Supporting

Information Table S1. The plasmids were first transformed

into E. coli XL1-Blue cells, from which they were purified.

Then, two plasmids, one encoding a T18 fusion and the

other encoding a T25 fusion, were co-transformed into cya-

BTH101 cells. Transformants were selected on LB plates

containing both ampicillin (100 mg/ml) and kanamycin (50

mg/ml). Five random colonies were grown in liquid LB at

378C with shaking. When reaching OD600 � 0.5, 2.5 ml cell

culture were spotted onto LB plates containing ampicillin,

kanamycin, 0.5 mM IPTG and 40 mg/ml X-gal. The plates

were incubated at 308C overnight. Bacterial spots that

appeared blue were regarded as a positive interaction

between the two proteins of interest. Each experiment was

repeated at least three times.

Labelling of PBPs with bocillin FL

Fluorescent labelling of PBPs with Bocillin FL was carried

according to the protocol of Rutschman et al. (2007). Expo-

nentially growing S. pneumoniae cells from 10 ml cultures

were harvested at 4000g when reaching OD550 5 0.3. The

cells were resuspended in 100 ml sodium phosphate buffer

(20 mM, pH 7.2) with 0.2% Triton X-100. The samples were

incubated at 378C for 5 minutes to allow LytA to completely

lyse the cells. The PBPs were fluorescently labelled by add-

ing Bocillin FL to a final concentration of 3.3 mM followed by

incubation at 378C for 30 minutes. The labelled PBPs were

separated by SDS-PAGE as described by Rutschman et al.

and visualized in an Azure C400 imaging system.
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Håvarstein, L.S. (2017) Identification of pneumococcal
proteins that are functionally linked to penicillin-binding
protein 2b (PBP2b). Mol Microbiol 103: 99–116.

Sun, X., Ge, F., Xiao, C.L., Yin, X.F., Ge, R., Zhang, L.H.,

and He, Q.Y. (2010) Phosphoproteomic analysis reveals
the multiple roles of phosphorylation in pathogenic bacte-
rium Streptococcus pneumoniae. J Proteome Res 9:
275–282.

Sung, C.K., Li, H., Claverys, J.P., and Morrison, D.A. (2001)

An rpsL cassette, Janus, for gene replacement through
negative selection in Streptococcus pneumoniae. Appl
Environ Microbiol 67: 5190–5196.

Tsui, H.C.T., Zheng, J.J., Magallon, A.N., Ryan, J.D.,
Yunck, R., Rued, B.E., et al. (2016) Suppression of a

deletion mutation in the gene encoding essential PBP2b
reveals a new lytic transglycosylase involved in peripheral

peptidoglycan synthesis in Streptococcus pneumoniae
D39. Mol Microbiol 100: 1039–1065.
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