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1 | INTRODUCTION Kumar et al., 2022; Rohs & Bernhardt, 2021). PG determines cell

shape and morphology and protects against osmotic stress (Booth
Bacterial survival depends on the regulation of the synthesis and & Lewis, 2019; Egan et al., 2020; Garde et al., 2021). The proteins
assembly of the peptidoglycan (PG) cell wall (Egan et al., 2020; that carry out the numerous steps of PG synthesis are major targets
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for clinically relevant antibiotics, for which widespread resistance
has developed (Booth & Lewis, 2019; Bush & Bradford, 2016;
Egan et al., 2020). In Gram-positive bacteria, such as Streptococcus
pneumoniae (pneumococcus; Spn), the PG cell wall also provides a
scaffolding for attachment of capsule, wall teichoic acids, and ex-
tracellular proteins and virulence factors (Booth & Lewis, 2019;
Briggs et al., 2021; Kumar et al., 2022). S. pneumoniae is a commen-
sal bacterium of the human nasopharynx and a major opportunis-
tic respiratory-tract pathogen that kills millions of people annually
worldwide, including following influenza and COVID-19 infections
(Cox et al., 2020; Sender et al., 2021; Weiser et al., 2018). S. pneu-
moniae is continuing to acquire antibiotic resistance to a broad range
of antibiotics and is now classified as a “superbug” by the CDC and
WHO (CDC, 2019; WHO, 2017).

The GpsB protein is a major regulator of PG synthesis in low-GC
Gram-positive bacteria (Claessen et al., 2008; Cleverley et al., 2019;
Fleurie et al., 2014; Rismondo et al., 2016; Rued et al., 2017). In
Bacillus subtilis (Bsu), AgpsB results in growth and morphological ab-
normality in high salt media and synthetic lethality with AezrA or AftsA
(Claessen et al., 2008; Tavares et al., 2008), while in Listeria monocy-
togenes (Lmo), AgpsB causes marked growth and division defects at
37°C and is lethal at 42°C (Rismondo et al., 2016). AgpsB mutants
of Enterococcus faecalis (Efa) also show growth defects at 45°C, but
grow normally at 37°C (Minton et al., 2022). In contrast, in deriv-
atives of serotype-2S. pneumoniae D39 progenitor strains, gpsB is
essential at 37°C, and GpsB depletion leads to drastic cell enlarge-
ment and elongation, incomplete closure of septal division rings, and
eventual cell lysis (Land et al., 2013; Rued et al., 2017). Depletion of
GpsB in Staphylococcus aureus (Sau), however, arrests cell division
without coincident cell enlargement and ultimately causes aberrant
membrane accumulation (Eswara et al., 2018).

Combined studies indicate that GpsB plays species-specific
roles in regulating PG synthesis (Cleverley et al., 2019; Hammond
et al.,, 2019). Based on genetic and biochemical studies, one role
shared by GpsB in different bacteria is as an adaptor that docks
PG synthases to other cell-wall enzymes and scaffold proteins to
form complexes for division and septal and lateral PG synthesis
(Cleverley et al., 2019; Halbedel & Lewis, 2019; Rued et al., 2017;
Sacco et al., 2022). Binding between GpsB homologs and Class A
PBPs, including PBP1(Bsu), PBPA1(Lmo), and aPBP2a(Spn) and Class
C PBP4(Sau) occurs by a conserved mechanism, wherein Arg resi-
dues in amino-terminal, cytoplasmic microdomains of the PBPs bind
to a specific site in the amino-terminal domain of GpsB (Cleverley
et al., 2019; Sacco et al., 2022). Species-specific binding to other
subsets of PG synthesis and cell division proteins occurs at other
surfaces in GpsB homologs (Cleverley et al., 2019). For example, be-
sides interacting with aPBP2a, GpsB(Spn) is in complexes with EzrA,
MreC, StkP, and possibly bPBP2x, bPBP2b, and aPBP1a, but not with
FtsZ and FtsA (Cleverley et al., 2019; Rued et al., 2017). Unlike other
GpsB homologs, GpsB(Sau) binds to a non-conserved C-terminal
tail of FtsZ, which affects FtsZ polymerization (Sacco et al., 2022).
GpsB(Sau) also interacts with teichoic acid biogenesis proteins
through binding motifs that are not widely conserved in GpsB from

other bacteria (Eswara et al., 2018; Hammond et al., 2022). The sig-
nificance of GpsB in maintaining cell wall integrity during antibiotic
stress in S. pneumoniae was underscored by a genome-wide associ-
ation study of clinical isolates that revealed significant correlation
of B-lactam resistance and the presence of gpsB variants (Mobegi
etal., 2017).

An additional important regulatory function of GpsB is the main-
tenance of protein phosphorylation mediated by conserved homo-
logs of serine/threonine kinases, StkP(Spn), PrkC(Bsu), and IreK(Efa)
(Fleurie et al., 2014; Minton et al., 2022; Pompeo et al., 2015;
Rued et al., 2017). In S. pneumoniae, phosphorylation of StkP and
other StkP substrates is significantly reduced in AgpsB mutants of
laboratory strains Rx1, R6, or R800 or upon depletion of GpsB in
D39-derived strains (Fleurie et al., 2014; Rued et al., 2017). The
link between GpsB function and protein phosphorylation was fur-
ther supported in D39-derived strains by the finding that AgpsB is
suppressed by mutations that inactivate the cognate PhpP Ser/Thr
protein phosphatase, such as phpP(G229D), which restore protein
phosphorylation (Rued et al., 2017). Notably, phpP(G229D), restores
the growth and cell morphology of AgpsB mutants to nearly those
of WT cells (Rued et al., 2017), indicating that GpsB mediates StkP
phosphorylation of one or more proteins required for exponential
growth of S. pneumoniae.

StkP(Spn) belongs to the subfamily of eukaryotic-type Ser/Thr
kinases (ESTKs) and together with cognate PP2C-type phosphatase
PhpP(Spn), constitutes a signaling system (Echenique et al., 2004;
Novakova et al., 2005). Based on phenotypes of AstkP mutants in
different genetic backgrounds, StkP has been implicated in the reg-
ulation of cell growth and cell division (Beilharz et al., 2012; Fleurie
etal.,, 2012; Giefing et al., 2010; Hirschfeld et al., 2019), competence
(Echenique et al., 2004; Rued et al., 2017; Saskova et al., 2007),
stress resistance (Saskova et al., 2007), acidic stress-induced lysis
(Pinas et al.,, 2018), capsule synthesis and virulence (Echenique
et al., 2004; Kant et al., 2023), pilus expression and adherence
(Herbert et al., 2015), and p-lactam susceptibility (Dias et al., 2009).
However, the essentiality of both gpsB(Spn) and stkP(Spn) has been
controversial. Based on numerous studies of common laboratory
strains R6 (and its derivative R800) and Rx1, gpsB and stkP have
generally been classified as non-essential (Fleurie et al., 2014, Rued
et al., 2017), despite variations in growth properties and cell mor-
phologies consistent with the presence of suppressor mutations
(Beilharz et al., 2012; Fleurie et al., 2012; Massidda et al., 2013; Rued
etal., 2017; Ulrych et al., 2021; Vollmer et al., 2019). In contrast, gpsB
and stkP are essential in D39-derived strains (Land et al., 2013; Rued
et al., 2017), from which the laboratory strains were originally de-
rived (Cuppone et al., 2021; Lanie et al., 2007; Santoro et al., 2019).
Depletion and transformation experiments clearly indicate that
gpsB is essential in D39 strains and that AgpsB mutants accumu-
late suppressor mutations (Land et al., 2013; Rued et al., 2017). In
contrast, AstkP mutants are unstable and rapidly acquire suppres-
sor mutations that cause faster growth (Beilharz et al., 2012; Rued
et al.,, 2017; Ulrych et al., 2021). Moreover, the primary cell mor-
phology changes caused by StkP depletion remain unknown, as do
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mutations in the common laboratory strains that bypass the essen-
tiality of gpsB and stkP.

Multiple proteins phosphorylated by StkP(Spn) have been iden-
tified in studies comparing global phosphoproteomes of AstkP
mutants with that of their isogenic encapsulated D39 (cps™) or un-
encapsulated D39 (Acps) parent strains (Hirschfeld et al., 2019; Sun
et al., 2010; Ulrych et al., 2021). Several proteins associated with di-
vision and PG synthesis are phosphorylated in pneumococcal cells,
including DivIVA (Fleurie et al., 2012; Novakova et al., 2010), MapZ
(LocZ) (Fleurie et al., 2014; Holeckova et al., 2014), KhpB (Jag/EloR)
(Stamsas et al., 2017; Ulrych et al., 2016; Zheng et al., 2017), MacP
(Fenton et al., 2018), FtsZ (Ulrych et al., 2021), GpsB (Hirschfeld
etal., 2019; Ulrych et al., 2021), MpgA (formerly MItG(Spn) Hirschfeld
et al., 2019; Taguchi et al., 2021; Ulrych et al., 2021), and IreB (Ulrych
et al, 2021). In addition, the pattern of protein phosphorylation
changes between exponentially growing and antibiotic stressed cells
(Ulrych et al., 2021). Nevertheless, the roles of phosphorylation of in-
dividual proteins in growing D39 cells remains problematic, because
phosphoablative and phosphomimetic mutants of cell division and PG
synthesis proteins, such as DivIVA, MapZ, and KhpB, have not con-
sistently shown aberrant phenotypes in exponentially growing cul-
tures (Fleurie et al., 2012; Grangeasse, 2016; Holeckova et al., 2014;
Manuse et al., 2016; Massidda et al., 2013; Zheng et al., 2017). It has
not yet been determined which StkP-phosphorylation proteins are re-
quired for normal exponential growth of D39 strains.

Besides phpP null mutations, AgpsB(Spn) was suppressed by
two large chromosomal duplications that also contained deletions
(Rued et al., 2017). Notably, these duplications contain murZ (Rued
et al., 2017; Wamp et al., 2020), which encodes one of two homo-
logs of the UDP-N-acetylglucosamine 1-carboxyvinyltransferase
that converts PEP and UDP-GIcNAc to Pi and UDP-N-acetyl-3-O-
(1-carboxyvinyl)-alpha-D-glucosamine in the first committed step in
the synthesis of the PG precursor Lipid Il (Brown et al., 1995; Zhou
et al., 2022). Like other low-GC Gram-positive bacteria, S. pneumo-
niae encodes two distinct homologs of this enzyme (Figure 1) (Blake
et al., 2009; Chan et al,, 2022; Du et al., 2000; Kedar et al., 2008;
Kock et al., 2004; Mascari et al., 2022; Vesic & Kristich, 2012). The
two homologs in S. pneumoniae strains were annotated as MurZ
(MurA2) (Spd_0967) and MurA (MurA1) (Spn)(Spd_1764) (Hoskins
et al., 2001) (Figure 1). The MurA-family homolog, which is the sole
enzyme present in Gram-negative bacteria (Brown et al., 1995;
Du et al., 2000; Hummels et al., 2023; Zhou et al., 2022), often
plays a predominant enzymatic role in Gram-positive bacteria and
is essential in B. subtilis, B. anthracis, and L. monocytogenes (Kedar
et al., 2008; Kock et al., 2004; Rismondo et al., 2017), and required
for normal growth of E. faecalis and S. aureus (Blake et al., 2009;
Mascari et al., 2022; Vesic & Kristich, 2012). MurZ(Spn) and
MurA(Spn) have a synthetic lethal relationship, where one homolog
functions in the absence of the other, but both homologs cannot be
deleted in the same strain(Du et al., 2000). Absence of MurAA(Efa)
and MurAB(Efa) or MurA(Sau) and MurZ(Sau) is also synthetically
lethal, where MurA-family MurAA(Efa) or MurA(Sau) is catalytically
dominant in cells (Blake et al., 2009; Mascari et al., 2022; Vesic &

Kristich, 2012). In contrast, previous biochemical studies demon-
strated that MurZ(Spn) purified from strain Ré has a considerably
ot/ K,,) for UDP-GIcNAc than
MurA(Spn) (Du et al., 2000). Consistent with these kinetic results, a
AmurZ(Spn) mutant substantially reduced the circumferential veloc-
ity of the bPBP2x:FtsW septal PG synthase, without changing the

rate of FtsZ treadmilling (Perez et al., 2019). However, the relative

higher (=3.5-fold) catalytic efficiency (k

contributions of MurZ and MurA to pneumococcal growth and phys-
iology remain unknown.

Concurrent with our previous study (Rued et al., 2017) and the
work reported here on suppression of AgpsB in S. pneumoniae D39
strains, suppressors of AgpsB were isolated in L. monocytogenes
(Rismondo et al., 2017; Wamp et al., 2020). Remarkably, these stud-
ies by Rismondo, Wamp and colleagues showed that AgpsB(Lmo) is
suppressed by mutations in genes that encode the following pro-
teins: MurZ(Lmo); ReoY(Lmo) (protein of unknown function in Bacillus
and Enterococcus species); ClpC(Lmo) (ATPase subunit of the ClpP
protease); ReoM(Lmo) (small protein that is phosphorylated by the
PrkA(Lmo) Ser/Thr kinase); and PrpC(Lmo) (cognate phosphatase
to PrkA(Lmo)) (Rismondo et al., 2016; Wamp et al., 2020, 2022). In
parallel work, Vesi¢ and Kristich linked MurAA(Efa) function to pro-
tein phosphorylation by demonstrating that overexpression of mu-
rAA(Efa) restored cephalosporin resistance to a mutant lacking the
IreK(Efa) Ser/Thr protein kinase (Vesic & Kristich, 2012).

These and other supporting data have led to a model whereby
regulation of MurA(Lmo) stability is mediated by the level of
ReoM(Lmo) phosphorylation by the PrkA(Lmo) Ser/Thr protein ki-
nase (Wamp et al., 2020, 2022). According to this model, unphos-
phorylated ReoM(Lmo) may act as an adaptor, along with ReoY(Lmo)
and MurZ(Lmo), to direct MurA(Lmo) degradation by the ClpCP(Lmo)
protease. Phosphorylation of ReoM(Lmo) by PrkA(Lmo) in response
to PG signals and stress are postulated to increase MurA(Lmo)
amount and increase PG precursor synthesis for PG synthases in re-
sponse to beta-lactam antibiotics. In support of this model, overex-
pression of murA(Lmo), but not murZ(Lmo), suppressed AgpsB(Lmo),
and amino acid changes in MurA(Lmo) were identified that un-
couple ReoM(Lmo)-mediated degradation by ClpCP(Lmo) (Wamp
et al., 2022). Moreover, reoM(Lmo), reoY(Lmo), and clpC(Lmo) muta-
tions suppress the conditional lethality of AgpsB as well as the lethal-
ity of AprkA in one genetic background of L. monocytogenes (Wamp
et al.,, 2020, 2022). Notably, Kelliher and colleagues confirmed this
general model by isolating suppressors in this set of genes that de-
crease sensitivity of AprkA(Lmo) to B-lactam antibiotics and relieve
infection-linked phenotypes (Kelliher et al., 2021). However, a link
between general protein phosphorylation by the PrkA(Lmo) Ser/
Thr protein kinase and GpsB function was not reported in L. mono-
cytogenes, and it was speculated that lack of GpsB(Lmo) leads to
misregulation of Class A PBP function that somehow signals to the
PrkA(Lmo) kinase (Wamp et al., 2020).

In this paper, we expand our previous study of AgpsB suppression
in S. pneumoniae D39. We report that most AgpsB(Spn) and AstkP
suppressors are duplications of regions containing murZ(Spn) or mu-
rA(Spn). We show that these duplications range from =20 genes to
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(a) MurZ family MurA family
Streptococ_cus MurZ (MurAz2); required MurA (MurA1)
pneumoniae for normal growth
Enterococcus faecalis MurAB MurAA,; required for normal
growth
Bacillus subtilis MurAB MurAA,; essential
Bacillus anthracis MurA2 MurA1; essential
Listeria MurZ MurA; essential
monocytogenes
Staphylococcus Murz MurA; required for normal
aureus growth

(b)

Streptococcus pneumoniae D39 SPD_0967 MurZ (MurA2)

Streptococcus pneumoniae TIGR4 SP_1081 MurA2

Streptococcus pneumoniae R6 spr0989 MurA2
Enterococcus faecalis V583 EF_1169 MurAB

—_—

0.20

Staphylococcus aureus Newman NWMN_2028 MurZ
t‘{_[ Bacillus subtilis str.168 BSU37100 MurAB
Bacillus anthracis BA_5578 MurA2

Listeria monocytogenes EGD-e Imo2552 MurZ

Streptococcus pneumoniae D39 SPD_1764 MurA (MurA1)
/—{ Streptococcus pneumoniae R6 spr1781 MurA1

Streptococcus pneumoniae TIGR4 SP_1966 MurA1

Enterococcus faecalis V583 EF_2605 MurAA

Listeria monocytogenes EGD-e Imo02526 MurA

—— Bacillus subtilis str.168 BSU36760 MurAA

—— Bacillus anthracis BA_5529 MurA1

Staphylococcus aureus Newman NWMN_2004 MurA

Escherichia coli K-12 b3189 murA

FIGURE 1 Two evolutionary branches of the MurA-family and MurZ-family homologs of S. pneumoniae and other Gram-positive bacteria.
(@) Nomenclature and function of MurA and MurZ homologs from six Gram-positive bacteria S. pneumoniae (Spn) (Du et al.), E. faecalis

(Efa) (Vesic & Kristich, 2012), B. subtilis (Bsu) (Kock et al., 2004), B. anthracis (Ban) (Kedar et al., 2008), L. monocytogenes (Lmo) (Rismondo
etal., 2017), and S. aureus (Sau) (Blake et al., 2009). (b) Partial evolutionary tree of the MurZ-family and MurA-family homologs from five
Gram-positive bacteria S. pneumoniae, E. faecalis, S. aureus, B. subtilis, and L. monocytogenes, and the single MurA-homolog in Gram-negative
bacterium E. coli. MurZ(Spn) (Spd_0967)(Spn) is phylogenetically closely related to MurAB(Efa), MurAB(Bsu), MurZ(Sau), and MurZ(Lmo), while
MurA(Spn) (Spd_1764) is phylogenetically closely related to MurAA(Efa), MurAA(Bsu), MurA(Sau), and MurA(Lmo). Note that in the original
annotation of the S. pneumoniae D39 genome, the MurZ(Spn) homolog was called “MurA1” and the MurA(Spn) homolog was called “MurA2”
(Lanie et al., 2007; Slager et al., 2018). For consistency with the field, the revised nomenclature in the table is used.

>150 genes and are anchored by different repeat sequences flank-
ing murZ(Spn) or murA(Spn), attesting to remarkable genetic plasticity
in the pneumococcal chromosome (Slager et al., 2018). Consistent
with the isolation of these duplication suppressors, we show that
overexpression of murZ(Spn) or murA(Spn) suppressed AgpsB(Spn) or
AstkP lethality. In addition, lack of the pneumococcal KhpAB RNA-
binding protein resulted in overproduction of MurZ(Spn), which ac-
counts for suppression of AgpsB(Spn) by AkhpA(Spn) or khpB(Spn).
Yet, determinations of growth, morphology, and sensitivity to fos-
fomycin indicated that MurZ(Spn) is predominant to MurA(Spn), al-
though their cellular amounts are approximately equal.

In addition, we isolated mutations containing amino-acid changes
in a region of MurZ(Spn) away from its catalytic site that suppressed
AgpsB(Spn) (without restoring Ser/Thr protein phosphorylation) or

AstkP. Other amino acid changes in this region of MurZ(Spn) acted
as suppressors, including one present in laboratory strains R6 and
Rx1. An isolated stop-codon mutation near the end of ireB(Spn) and
a constructed AireB(Spn) deletion also suppressed AgpsB(Spn) or
AstkP. However, genetic suppression and western blotting experi-
ments indicated that MurZ(Spn) and MurA(Spn) are not degraded by
the ClpCP(Spn) protease. Tn-seq and depletion experiments further
showed that StkP is essential in D39 strains and that the primary
morphology phenotype caused by lack of StkP is a defect in divi-
sion septation, resulting in longer, but not wider, cells. Altogether,
these findings support the conclusion that GpsB(Spn) and StkP are
essential in exponentially growing S. pneumoniae D39 cells, because
Ser/Thr phosphorylation by StkP is required for the regulation of
MurZ(Spn) and MurA(Spn) activity, but not their amounts.
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2 | RESULTS

2.1 | Chromosome duplications containing murZ
or murA are present in A gpsB or A stkP suppressor
strains of S. pneumoniae D39

Previously, we reported five spontaneous missense mutations in
phpP (Thr/Ser protein phosphatase) (Table 1, lines 2 and 5-8) and
two mutants containing large chromosomal duplications/deletions
(Table 1, lines 3-4) that suppress the essentiality of AgpsB in unen-
capsulated S. pneumoniae D39 (Rued et al., 2017). However, we did

not determine the basis for AgpsB suppression or how the duplica-
tions/deletions formed in these mutants. To this end, we screened
20 additional AgpsB spontaneous suppressors from independent
transformations by sequencing for phpP mutations or by PCR for
the A(spd_1029"-spd_1037’)-region deletion present in the sup gpsB-
2 and sup gpsB-3 duplication/deletion mutants (Rued et al., 2017).
Fifteen of 20 suppressors contained A(spd_1032"-spd_1036’)-region
deletions, indicative of adjacent duplications (Table 1, line 13).
Whole-genome sequencing of the remaining 5 suppressors indi-
cated that sup gpsB-8 contains an =163kb (149 genes) duplication
of Q[spd_0889-spd_1037’] (Figures 2a, S1b, and S2b; Table 1, line

TABLE 1 Analysis of spontaneous AgpsB suppressor mutations that arose in unencapsulated S. pneumoniae Acps D39°.

StkP-dependent

AgpsB suppressor  Strain Doubling Growth yield phosphorylation
designation number Genotype time (min)° (OD620)h phenotype®

1 WT parent 1U1945 38+2 1.00+0.02 WT

2 sup gpsB-1¢ 1U6442 phpP(G229D) 43+4 1.01+0.01 Similar to WT

3 sup gpsB-Zd IU5845 Alspd_1026-spd_1037’] (=6.3kb, 12 genes) 39+4 0.8+0 Reduced

Q[spd_0889"-spd_1026'] (=150kb, 137 genes)
4 sup gpsB-3¢ 1U6441 Alspd_1029’-spd_1037’] (=8kb, 9 genes) 38+3 0.88+0.03 Reduced
Q[spd_0889"-spd_1024'] (=148kb, 135 genes)

5 sup gpsB-44 1U9262 phpP(L148S) nd® nd® nd®

6 sup gpsB-Sd V6444 phpP(G117D) 41 0.99 Similar to WT

7 sup gpsB—éd IU7736 phpP(T163P) 45 1.11 Similar to WT

8 supgpsB-7d 1U11955 phpP(R125P) 38+1 1.02+0.01 Similar to WT

9 sup gpsB-8f 1U11954 Q[spd_0889"-spd_1037’] (=163kb, 149 genes) 63+ 0.38+0.05 Reduced

10 sup gpsB-S’f'g 1U11846 Q[spd_0966-spd_0986'] (=18kb, 21 genes) 69+9 0.49+0.16 Reduced
tandem repeat of region

11 sup gpsB-10° 1U11918 Q[spd_0966™-spd_0986'] (=<18kb, 21 genes) 47+2 0.66+0.06 Reduced
quadruplicate of reads

12 sup gpsB-11" 1U11914 murZ(D280Y) 52+3 0.73+0.09 Reduced

13 sup gpsB-12 to -26' Detected A[spd_1032"-spd_1036'], indicative nd¢ nd¢ nd¢
of adjacent duplication

14 sup gpsB-27j 1U7735 ireB(Q84(STOP)) 43+1. 0.71+0.04 Reduced

Abbreviation: nd, not determined.

*Transformations were performed as described in Experimental procedures. All isolates were obtained from 1U1945 (D39 Acps), except for sup gpsB-6
and sup gpsB-4, which were isolated from 1U1824 (D39 Acps rpsL1) and Rx1, respectively. Control transformations with a Apbp1b::aad9 amplicon
gave >500 colonies in 24 h, whereas AgpsB<>aad? transformations gave <10 colonies in 48 h. Mutations in the sup1-3 and sup8-11 suppressors were
located by whole-genome sequencing (see Section 4).

®Doubling times and maximal growth yields obtained within 8 h of growth in BHI broth were determined as described in Experimental procedures.
Values (means + SEM) were obtained from 2 or more independent biological experiments except for sup-5 and sup-6. Representative growth curves
are shown in Figure S4.

‘Detection of proteins phosphorylated at Thr residues was performed by Western blotting using a-pThr antibody as described in Experimental
procedures. See Results and Figure Sé for details.

dsup gpsB-1 to sup gpsB-7 are reported in (Rued et al., 2017).

“The parent strain of sup4 was Rx1.

fChromosomal duplication is depicted in Figure 1. murZ(spd_0967) is within the duplicated region.

8Additional mutation detected with whole genome sequence of 1U11846 includes a T deletion at intergenic spd_1376/spd_1377.

Pmurz(D280Y) mutation resulted from a GAC to TAC codon change. Additional mutation detected by whole genome sequence of IU11914 includes a
T deletion in spd_1348 at 347/465bp, and a G— A at intergenic spoJ/dnaA.

PCR primers specific for spd_1032 or spd_1036 (Table S1) were used to detect the deletion of spd_1032 or spd_1036 region.

iIn 1U7735 (D39 rpsL1 Acps AgpsB<>aad9), codon change that leads to ireB(Q84(STOP)) is CAA— TAA at chromosomal position 184,601. An
additional spontaneous mutation identified in IU7735 by lllumina whole-genome sequencing includes a (A) 7 — 6 deletion at chromosome position
998,228, at an intergenic site between eutD and spd_0987.
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FIGURE 2 Chromosomal duplications containing murZ or murA are present in AgpsB or AstkP suppressor strains of S. pneumoniae D39.

(a) Snapshot of genome browser output of AgpsB sup strains from genome coordinates 870 to 1100kb. Three new AgpsB suppressor strains
contain chromosomal duplication or quadruplication of multiple genes, all of which include murZ. Sup gpsB-8 contains a=163kb duplication
of chromosomal region from spd_0889’ to spd_1037’, while sup gpsB-9 and sup gpsB-10 contain a duplication or quadruplication, respectively,
of the chromosomal region from spd_0966’ to spd_0986’. sup gpsB-10 has a murZ(D280Y) mutation and no chromosomal duplication. Black
lines point to the flanking regions of the duplication found in sup gpsB-8, which are 1324-bp inverted repeats present in phtD (spd_0889)
and phtB (spd_1037), encoding 2 of the 3 pneumococcal histidine triad proteins. The red lines point to the flanking regions (spd_0966 and
spd_0986) of duplication or quadruplication found in sup gpsB-9, and -10, respectively. spd_0966 and spd_0986 are pseudogenes containing
1S1167 degenerate transposase sequences. Thick blue arrows show the gene orientations of phtB, phtD, spd_0966, and spd_0986. (b)
Snapshot of genome browser output of AstkP sup strains from genome coordinates 750 to 2000kb. (c) Sup stkP-1 contains a duplication/
deletion between phtD and phtB, and sup stkP-2 contains a duplication between spd_0966 and spd_0986. (d) Large duplications found in sup
stkP-3 and -4 are flanked by tRNA + rRNA clusters rRNA/rRNA3 and rRNA/rRNA4 respectively. Sup stkP-3 showed a decrease in sequence
reads of the four rRNA-1-4 operons (rRNA-1, rRNA-2, rRNA-3, and rRNA-4) compared to the surrounding region. It is possible that either
rRNA-2 or rRNA-3, or both rRNA-2 and rRNA-3, are deleted in this strain, but because of the sequence identity of the rRNA operons, deletion
of one or two operons manifest as a decrease of reads for all four operons.

9), sup gpsB-9 and sup gpsB-10 contain an =18kb (21 genes) duplica-
tion or quadruplication, respectively, of Q[spd_0966’ to spd_0986']
(Figure 2a and Sic; Table 1, lines 10-11), sup gpsB-11 contains a
murZ(D280Y) missense mutation as well as two other mutations
(Table 1, line 12 and footnote), and sup gpsB-27 contains a nonsense
mutation ireB(Q84(STOP)), truncating IreB by 4 amino acids, as well

as a (7 — 6) slippage mutation in an intergenic region (Table 1, line
14 and footnote). Genetic separation showed that murZ(D280Y) or
ireB(Q84(STOP)) was necessary and sufficient for AgpsB suppres-
sion (Table 2, lines 6 and 12). Consistent with involvement of MurZ
in AgpsB suppression, the duplicated regions of sup gpsB-2-3 and sup
gpsB-8-10 contain murZ (spd_0967) (Figures 2a, 3 and S1b,c).
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TABLE 2 Suppression of AgpsB or
AstkP mutation in S. pneumoniae Acps
D392

Wi LEYJE

Number of and appearance of colonies 20
to 22h after transformation®

Recipient strains Zn AgpsB<>aad9 AstkP::Pc-erm
WT (1U1824)° - o¢ >500 faint®
+ 0 >500 faint
gpsB*//P,-gpsB*(1U15877)° - 0 >500 faint
+ >500 WT' >500 faint
stkP*//P,, -stkP*(1U14974)° - 0 >500 faint
+ 0 >500 WT
murZ*//P,, -murZ*(1U13393)° - 0 >500 faint
+ >500 small >500 WT'
murA*//P, -murA*(1U13395)° - 0 >500 faint
+ >500 WT' >500 WT'
murZ(D280Y) (1U13438) = >500 small >500 WTF
murZ(1265V, Ré allele) (1U14210) - >500, small® >500 WTf
murZ(E259A) (IU17627) = >500 small >500 WTF
AkhpA (1U9036) - >500, small >500, WT
AkhpB (1U10592) = >500, small >500, WT'
AclpP (1U17138)" - 0 >500 faint
ireB(Q84(STOP)) (IU13606) = >500 small >500 WT
AireB (markerless) (IU13604) - >500 small >500 WT

@Recipient strains in D39 Acps rpsL1 (IU1824) background and amplicons were obtained as
described in Table S1. Transformations and visualization of colonies normalized to 1 mL of
transformation mixture were performed as described in Experimental procedures. All transformation
experiments were performed with Apbp1b amplicons containing the same antibiotic selections

as the positive control for detection of colonies and colony size comparison. The volumes of
transformation mixture plated were adjusted to provide =150-500 colonies for the Apbp1b control
amplicon. Transformations with control Apbp1b amplicons yielded >500 colonies per 1 mL of
transformation mixture. Transformants were confirmed by PCR reactions. Each transformation
experiment was performed 2 or more times independently with similar results.

bUnless indicated, transformed colonies were generally uniform in size and of similar size as the
recipient strain transformed with a control Apbp1b amplicon.

€0.4mM (Zn?*/(1/10)Mn?*) (IU15877, IU14974, and 1U13395) or 0.2mM (Zn**/(1/10)Mn**)
(IU13393) were added to transformation mixes and in subsequent steps to induce expression

of gpsB, stkP, murZ or murA under control of the P, zinc-inducible promoter in the ectopic bgaA
site. 1/10 concentrations of Mn?* was added to eliminate toxicity caused by addition of ZnZ*
(Jacobsen et al., 2011; Martin et al., 2017; Tsui et al., 2016). The wild-type parent strain (1U1824)
was transformed with the same Zn-containing condition to control for possible effects of Zn?* on
transformation efficiency.

4Occasional suppressor mutants were present.

“Typically only faint colonies appeared on TSAII-BA plates in the first 20h after transformation
(Figure S3). However, upon re-streaking, these mutants show heterogeneous colony sizes.
fColonies are described as WT when the colony size and appearance are similar to the recipient
strain transformed with the control Apbp1b amplicon.

8Colonies remained very small, but uniform-sized upon re-streaking on antibiotic selection plates.
This strain was stored as IU14234 and verified to be AgpsB.

"Similar results were obtained with AclpC (1U12462), AclpL (IU17136), and AclpE (IU17134) strains
as with the AclpP strain after transformation with AgpsB<>aad9 and AstkP::P_-erm amplicons.

Since GpsB plays a role in activation of pneumococcal StkP Ser/
Thr kinase activity (Fleurie et al., 2014; Rued et al., 2017), we also
isolated and characterized suppressor mutations of D39 unencapsu-
lated (Acps) and encapsulated (cps)* strains transformed with a AstkP
or A[phpP-stkP] amplicon (Tables 2 and 3). Transformants typically
appeared as faint, indistinct colonies on TSAII-BA plates after 20h

(Figure S3a; Table 2). Re-streaking these AstkP and A[phpP-stkP]
transformants resulted in heterogeneously sized, faster growing col-
onies, indicative of suppressor accumulation (Rued et al., 2017). We
interrogated six of these re-streaked transformants for the presence
of suppressor mutations (Table 3). Gene sequencing showed that
none contained mutations in murZ, but one A[phpP-stkP] suppressor
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FIGURE 3 Locations of repeated
sequences that anchor chromosomal
duplications in S. pneumoniae D39.

Blue, red, and green dots are locations

of pht genes, 1S1167 transposase, and
tRNA/rRNA gene clusters, respectively.
Duplications QZ.1 and QZ.2 result in
duplication of murZ and surrounding
genes, while QA.1 and QA.2 result in murA
duplication. QZ.1 is present in sup gpsB-8.
QZ.2 is present in sup gpsB-9, sup gpsB-10,
and sup stkP-2. QA.1 is present in sup
stkP-3 while QA.2 is present in sup stkP-4.

Q18 kb

m

@ /S1167 Transposase

contained a 14-bp duplication within the ribosome-binding site (RBS)
of ireB(Spn) (Table 3, line 9). This RBS-mutation will be described fur-
ther in a report in preparation. Only one (1/6) of the transformants
contained a A(spd_1032"-spd_1036’)-region deletion (Table 3, line 8),
indicative of an adjacent phtD-phtB duplication (Figure 2b). The ge-
nomes of the four remaining AstkP or A[phpP-stkP] transformants
were sequenced (Table 3), and all were found to contain chromo-
somal duplications containing murZ or murA (Figures 2b and S1b-
d). sup stkP-1 has a duplication containing murZ and unexpectedly, a
deletion similar to that of sup gpsB-2, except for the deletion junction
(Figure S1b). The deletion in sup stkP-1 accumulated during propaga-
tion of the initial AstkP isolate, which lacks the deletion accordingly
to PCR assays. A similar duplication/deletion was reported previ-
ously in a D39 AstkP mutant (Ulrych et al., 2021). sup stkP-2 contains
a 21-gene duplication containing murZ, similar to that of sup gpsB-9
(Figure Sic). Notably, sup stkP-3 and sup stkP-4 contain duplications
of Q[spd_1703"spd_1803’] and Q[spd_1703"-spd_1878’], respectively,
which contain murA (spd_1764) (Figures 2b and S1d). Together, these
results implicate overproduction of MurZ or MurA and point muta-

tions in murZ and ireB in AgpsB and AstkP suppression.

2.2 | Repeats in phtD and phtB, degenerate IS
elements spd_0966 and spd_0986, or tRNA/rRNA
gene clusters contribute to pneumococcal
genomic plasticity

To understand their formation, we deduced the flanking sequences
of the duplications that suppress AgpsB and AstkP (Figure 2). The

(400 to 1500 nt

identity)

duplications were grouped into four patterns: QZ.1 or QZ.2 for du-
plication of the murZ region and QA.1 or QA.2 for duplication of the
murA region (Figure 3). The flanking sequences of QZ.1 duplications
are intact and hybrid inverted repeat elements of phtD and phtB,
while QZ.2 duplications are bordered by intact direct repeats of
degenerate IS elements spd_0966 and spd_0986. The flanking se-
quences of QA.1 or QA.2 duplications consist of intact direct re-
peats of tRNA/rRNA gene clusters (Figures 2, 3, and S1).

QZ.1 duplications (Figures 3 and S1b; sup gpsB-2, -3, and - 8, and
sup stkP-1) are bordered by intact or hybrid (phtB’/phtD’) inverted
repeat elements of phtD (spd_0889) and phtB (spd_1037) generated
by homologous recombination (Figures 2a, S1b, and S2b; where
apostrophes indicate hybrid genes). phtD and phtB encode 2 of the
3 histidine triad proteins in S. pneumoniae D39 and have identical
1324-bp sequences at their 3'-ends (Table S2). During chromosome
replication when there are two copies of the genes between phtD
and phtB, the large phtD and phtB inverted repeats can recombine
to invert the order of intervening genes. Evidence for inversion
during duplication formation is presented below for sup gpsB-3
(Figure S2c-f).

However, the inverted phtD and phtB sequences cannot foster di-
rect homologous recombination to form a duplication. Consequently,
phtD and phtB must also contain short direct repeats or other elements
that enhance short-junction (SJ) duplication (Reams & Roth, 2015) that
keeps the duplication boundaries within phtD and phtB (Figures 2a,b,
Si1b, and S2b). Indeed, there are small direct repeats of 8 and 9bp and
shorter clusters of directly repeated bps within inverted phtD and phtB
that could promote SJ duplication. Of the 4 QZ.1 duplications, only
sup gpsB-8 contains intact duplicated regions, which may be aligned
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TABLE 3 Analysis of spontaneous AstkP suppressor mutations that arose in unencapsulated (Acps) and encapsulated D39 S. pneumoniae

D392
AstkP suppressor Strain Doubling Growth yield
designation number Genotype time (min)® (ODézo)b
1 WT parent of sup stkP-1 1U1824 D39 Acps rpsL1 36+2 1.0+0
2 sup stkP-1 1U16883 D39 Acps rpsL1 AstkP::Pc-erm 49+2 1.0+0
Alspd_1024"-spd_1037’] (=13.4kb, 14 genes)
Q[spd_0889-spd_1023] (=147 kb, 135 genes) Amplification of
murZ
3 WT parent of sup stkP-2, -3, 1U1945 D39 Acps 31+0.1 0.9+0.0
-5,-6
4 sup stkP-2 E740°¢ D39 Acps A[phpP-stkP]::P_-erm 39+1 0.9+0.1
Q[spd_0966-spd_0986'] (=18kb, 21 genes) Amplification of
murZ
5 sup stkP-3 1U11912¢ D39 Acps AstkP::P_-cat 51+2 0.6+0.1
Q[spd_1703-spd_1803] (=91.3kb, 101 genes) Amplification of
murA
6 WT parent of sup stkP-4 1U1690 D39 cps™ 44 +4 0.9+0.1
7 sup stkP-4 1U11456 D39 AstkP::Pc-erm 57+1 0.7
Q[spd_1703-spd_1878] (=153 kb, 176 genes) Amplification of (n=2) (n=1)
murA
8 sup stkP-5 5735 D39 Acps A[phpP-stkP]::P -erm 41 1.0
Alspd_1032"-spd_1036’] detected, indicative of adjacent (h=1) (h=1)
duplication
9 sup stkP-6 K740 D39 Acps A[phpP-stkP]::P -erm 45 1.1
14 bp-duplication detected in the RBS of ireB(Spn); duplication  (n=1) (n=1)

status not determined

WT D39 and its derivatives (D39 Acps, or D39 Acps rpsL1) were transformed with a AstkP::P -erm, AstkP::P -cat, or A[phpP-stkP]::P_-erm amplicon
as described in Experimental procedures. Typically, only faint colonies appeared on TSAII-BA plates in the first 20h after transformation (Figure S3).
However, upon re-streaking, these mutants show heterogeneous colony sizes. The larger colonies were stored and analyzed by whole-genome

sequencing.

Doubling times and maximal growth yields obtained within 8 h of growth in BHI broth were determined as described in Experimental procedures.
Values (means + SEM) were obtained from 2 independent biological experiments, except for sup4. Representative growth curves are shown in

Figures S4c,d and S20a.

“Additional mutation detected with whole genome sequence of E740 includes a sun(A324D, GCT — GAT). sun encodes rRNA small subunit

methyltransferase B.

dAdditional mutation detected with whole genome sequence of 1U11912 includes spd_0921(K420M, AAG — ATG). spd_0921 encodes a site-specific

recombinase family protein.

in the same or an inverted orientation. The other three QZ.1 duplica-
tions contain slightly different deletions of duplication junctions (la-
beled QZ.1A; Figures S1b and S2c). Similar remodeling by deletion of
duplication junctions often occurs (Reams & Roth, 2015). Interestingly,
all QZ.1 duplications create a second copy of the terC chromosomal
replication terminus, including the difg, recombination site and xerC
recombinase gene (star, Figure S1a), that mediate chromosome dimer
resolution in Streptococci/Lactococci (Le Bourgeois et al., 2007). In QZ.1
duplications, the two copies of dif, and xerS are oppositely oriented
(Figure S1b).

QZ.2 duplications are bordered by direct repeats of pseudogenes
spd_0966 and spd_0986, which contain 1S1167 degenerate trans-
posase sequences (Figure 2b and 3, and Sic; sup gpsB-9 and -10, and
sup stkP-2). spd_0966 (1492bp) shows 91% identity with spd_0986
(1477 bp), including 240-bp of identical sequence at their ends
(Table S3). The duplications are likely joined by a spd_0986/spd_0966’
hybrid element formed by homologous recombination (Figure Sic).

Similarly, QA.1 (sup stkP-3) and QA.2 (sup stkP-4) duplications are
bordered by direct repeats; in this case, of rRNA operons that
have homologous/heterologous DNA stretching over >5000bp
(Figures 2b,d, 3, and S1d; Table S4). sup stkP-3 is flanked by direct
repeats of the =6kb rRNA-2 and rRNA-3 operons, which are 99.9%
identical and contain genes for 9 tRNAs, a 5S rRNA, a 23S rRNA, a
tRNA, a 16S rRNA, and a tRNA (Table S4). The internal junction in
sup stkP-3 is likely a rRNA-3’/rRNA-2’ hybrid element (S1d). sup stkP-
4 is flanked by direct repeats of rRNA-2 and rRNA-4, with a hybrid
rRNA-4’/rRNA-2' element in the internal junction (S1d). The =5.2kb
rRNA-4 operon contains the same (100% identity) tRNA, 55 RNA,
23S RNA, tRNA, 16S rRNA, and tRNA genes as the distal portion of
rRNA-2 (Table S4). Together these results show that repeats of phtD
and phtB, degenerate IS transposase genes, and tRNA/rRNA gene
clusters act as endpoints for duplications of regions ranging from
=18kb (21 genes) to >150kb (176 genes) in the S. pneumoniae D39
chromosome.
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2.3 | Deletionsin QZ.1A duplications may enhance
fitness of A gpsB mutants

To provide a model for formation QZ.1A duplication/deletions
(Figures 2b and S1b), we assumed that the first event was forma-
tion of an intact QZ.1 inverted duplication between spd_0889’
(phtD’) and spd_1037' (phtB’), such as sup gpsB-8 (Figures 2a,
S1b, and S2b). The next event would be deletion from spd_1029’
on one side of the duplication junction to spd_1024’ on the other
side (Figure S2c). Notably, the endpoints of internal deletions of
the duplication junction are slightly different for sup gpsB-3, sup
stkP-1, and sup gpsB-2 (Figures S1b and S2c). We obtained results
consistent with this model by PCR analysis of sup gpsB-3 compared
to WT (Figure S2c-f). Primer pairs P1/P3, P1/P4, P2/P3, and P2/
P4 yielded PCR products of the expected sizes for the arrangement
shown for sup gpsB-3, but not WT, consistent with formation of
an inverted duplication followed by deletion of the rearrangement
junction (Figure S2c).

Different deletions of the spd_1032’ to spd_1036’ region were
present in most (17/26) AgpsB suppressors (Table 1, row 13).
However, A(spd_1029-spd_1037) by itself had no effect on growth
in BHI broth (Tsui H-CT, 2023, unpublished data). We therefore
checked whether AgpsB suppressor strains that have long (135-137
gene) duplications and short (9-12 gene) deletions, such as sup gpsB-
3 and sup gpsB-2, had an apparent fitness advantage over AgpsB
suppressor strains that contain (21-149 gene) duplications, but lack
duplication-junction deletions, such as sup gpsB-8 or sup gpsB-9
(Figures 2a, S1b,c; Appendix A, Table A). Consistent with this idea,
the sup gpsB-2 and -3 strains grew similarly to WT in BHI broth with
higher growth rates and yields than the sup gpsB-8 and -9 strains
(Table 1, lines 3-4 and 9-10; Figure S4a). Of particular interest, al-
though both sup gpsB-9 (Table 1, line 10) and sup stkP-2 (Table 3, line
4) contain a duplication of spd_0966’ to spd_0986’, the growth rates
and vyields of sup gpsB-9 were much lower than those of sup stkP-2.
These results indicate a difference between suppression of AgpsB
and AstkP that was also detected in other experiments described

below.

2.4 | Overexpression of murZ or murA or the
presence of murZ(D280Y) suppresses A gpsB lethality
independently of StkP-mediated Ser/Thr protein
phosphorylation

The mutants described above implicated overexpression of pneu-
mococcal murZ or murA or mutation in murZ in the suppression of
pneumococcal AgpsB or AstkP (Tables 1 and 3). To test this idea
further, we constructed merodiploid strains that overexpress murZ
or murA under the control of a Zn?*-inducible promoter from an
ectopic site. Overexpression of murZ, optimally with 0.2mM Zn in-
ducer (0.2mM ZnCl,+0.02mM MnSO,); 0.2mM (Zn?*/(1/10)Mn?*),
or MurA, optimally with 0.4mM Zn inducer (0.4mM (Zn?*/(1/10)

Mn?*), suppressed AgpsB in transformation assays (Table 2, lines
4-5; Table S5a, lines 35-39). As a control, overexpression of catalyti-
cally inactive murZ(C116S) or murA(C120S) did not suppress AgpsB
(Table S5a, lines 15-16, 19-20), indicating a requirement for catalytic
activity. Western blot controls indicated that cellular amounts of the
catalytically deficient proteins were the same as WT (Figure S15b).

Suppression of AgpsB by murZ or murA overexpression was con-
firmed by growth of AgpsB murZ*//P, -murZ* and AgpsB murA*//
PZn—murA+ merodiploid strains in BHI broth containing a range of Zn
inducer concentrations (Figure 4). Decreased ectopic expression of
murZ or murA in a AgpsB mutant led to the formation of large, elon-
gated cells that lysed (Figures 4b,d and S5; no Zn), as reported pre-
viously for AgpsB mutants (Cleverley et al., 2019; Land et al., 2013;
Rued et al., 2017). Surprisingly, suppression of AgpsB was maximal
when MurZ was overproduced by addition of Zn(0.2) inducer, which
led to an =3.6-fold increase in cellular MurZ amount (Figure 5c¢); but,
this level of MurZ Induction did not fully restore WT growth or cell
morphology to AgpsB cells (Figures 4a,b and S5a). In fact, induction
of MurZ above this level led to decreased growth rate and yield in
the AgpsB background (Figure 4a). In contrast, increasing MurA cel-
lular amount to =10-fold above WT suppressed AgpsB and largely
restored WT growth and morphology to AgpsB cells (Figures 4c,d,
5d, and S5b). Besides overexpression of murZ or murA, we tested
whether overexpression of 21 other genes involved in pneumococ-
cal division or peptidoglycan synthesis suppressed AgpsB (Table Sé).
Overexpression of these genes did not suppress AgpsB in transfor-
mation assays, while each ectopic construct complemented its cor-
responding deletion mutation (data not shown). We conclude that
moderate (=4-fold) overproduction of MurZ or MurA is sufficient
to restore growth to a AgpsB mutant, but higher overproduction of
MurZ, but not MurA, is deleterious for growth of AgpsB mutants in
BHI broth.

We also tested whether the murZ(D280Y) mutations identified
in the genetic screen suppressed AgpsB. A constructed isogenic
murZ(D280Y) mutation suppressed AgpsB in transformation assays
(Table 2, lines 1 and 6). However, the growth rate and yield of the
AgpsB murZ(D280Y) mutant were considerably reduced compared
to the WT strain (Figure 4a), and AgpsB murZ(D280Y) cells were ex-
tremely large and elongated compared to WT cells (Figures 4b and
S5b), similar to AgpsB cells depleted for MurZ that stop growing
(Figure 4a). We conclude that the murZ(D280Y) mutation only partly
suppresses the defects caused by AgpsB.

Finally, we assayed whether overexpression of murZ or murA or
the presence of murZ(D280Y) restored general Thr phosphorylation
of proteins in a AgpsB mutant. It was previously reported that AgpsB
greatly reduces Thr phosphorylation by the StkP Ser/Thr kinase in S.
pneumoniae, leading to the model that GpsB activates StkP function
(Fleurie et al., 2014; Rued et al., 2017). We showed that QZ.1A gpsB
suppressors sup gpsB-2 and sup gpsB-3 did not restore Thr phos-
phorylation of proteins, whereas the phpP phosphatase mutation in
sup gpsB-1 restored phosphorylation (Rued et al., 2017). Likewise,
all new QZ.1 and QZ.1A duplications that suppressed AgpsB from
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FIGURE 4 murZ(D280Y) and overexpression of murZ or murA partially suppress AgpsB growth and morphology phenotypes. (a,b)
Parent D39 Acps rpsL1 strain (1U1824), murZ(D280Y) AgpsB strain (IU13509), and AgpsB murZ*//P,, -murZ* (IU15860) strain were grown
overnight in BHI broth with no (1U1824, IU13509) or 0.2mM (Zn**/(1/10)Mn?*) (1U15860), respectively. Overnight cultures were diluted to
ODy,,=0.003 in the morning in BHI broth for 1U1824 and IU13509 and in BHI broth containing Zn?*/(1/10)Mn?* for IU15860 as indicated.
(a) Left, representative growth curves. Right, averages + SEMs of doubling times (DT) and maximal growth yields (OD,,) during 9 h of
growth. n denotes number of independent growths. ***p <0.001 when compared to WT strain with one-way ANOVA analysis (GraphPad
Prism, Dunnett's test). DTs and growth yields without asterisks were statistically insignificant compared to values obtained from WT. (b)
Representative phase-contrast images taken between at 3 to 3.5h for IU1824, and between 3.5 to 4.5h for [U13509 and 1U15860. Scale
bar=1pm. (c and d) Parent D39 Acps rpsL1 strain (IU1824), AgpsB murA*//P,, -murA* (IU15862), and AgpsB//P,, -gpsB* (IU16370) were
grown overnight in BHI broth with no (IU1824) or 0.5mM (Zn?*/(1/10)Mn%*) (1U15862 and 1U16370). Overnight cultures were diluted to
OD,,,=0.003 in the morning in BHI broth for IU1824 and 1U16370 and in BHI broth containing (Zn?*/(1/10)Mn?') as indicated for 1U15862.
Representative growth curves are shown along with averaged DT and growth yields. (d) Representative phase-contrast images taken at

3h for1U1824 and 1U16370 and between 4 to 4.5h for IU15862. Box-and-whisker plots of cell dimensions of these strains are shown in

Figure S5.

this study did not restore Thr phosphorylation of proteins to WT
level (Figure Séa), while phpP mutations that suppressed AgpsB did
restore Thr phosphorylation (Figure Séb). Overexpression of murZ
or murA or murZ(D280QY) also failed to restore Thr phosphorylation
of proteins in a AgpsB mutant (Figure S7a, lanes 5 and 9; Figure S7b,
lane 6). We conclude that suppression of AgpsB by overexpression of
murZ or murA or by murZ(D280Y) occurs by a Thr phosphorylation-

independent mechanism.

2.5 | Overproduction, absence, or catalytic
inactivation of MurZ(Spn), but not MurA(Spn), results
in altered growth, morphology, and sensitivity to
fosfomycin or penicillin

The relative contribution of MurZ and MurA in pneumococcal cells is
not well understood. Purified MurZ(Spn) from strain R6 has a higher
catalytic efficiency for UDP-GIcNAc substrate than MurA(Spn) (Du
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et al., 2000). By contrast, the MurA-family homolog is essential or
catalytically predominant in other Gram-positive species (Figure 1)
(Blake et al., 2009; Kedar et al., 2008; Kock et al., 2004; Mascari
etal., 2022; Rismondo et al., 2017). The growth defects of MurZ(Spn)
overproduction in the AgpsB mutant (Figure 4a,b) prompted us to
further characterize the relative roles of MurZ and MurA in WT
pneumococcal cells.

The absence of MurZ and MurA was confirmed to be syn-
thetically lethal in S. pneumoniae D39 (Table S5b, line 2 and S5c,
line 2) (Du et al., 2000). Catalytically inactive MurZ(C116S) and
MurA(C120S) also were synthetically lethal with lack of MurA
or MurZ, respectively (Table S5b, line 3 and S5c, line 3). Strains

expressing murZ-L-FLAG?® or murA-L-FLAG?® from their native chro-
mosomal loci were constructed (Table S1), and production levels
were assayed by quantitative western blotting (Figure 5). Strains
expressing murZ-L-FLAG® or murA-L-FLAG® did not show pheno-
typic differences in growth or transformation assays compared to
their WT counterparts, including synthetic lethality (Figures 5a,b
and 6a,c; Tables S5b, line 4 and S5c, line 5). Consistent with
comparable activities, high overproduction of MurZ-L-FLAG? in-
hibited growth like MurZ overproduction (Figures 5a and 6a).
MurZ-L-FLAG® and MurA-L-FLAG® amounts were comparable
(ratio=0.95+0.06 (SEM; n=2)) in bacteria growing exponentially
in BHI broth (Figure 5e). Immunofluorescent microscopy showed
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FIGURE 5 Quantitative western blot assays showing nearly equivalent cellular amounts of MurZ-L-FLAG? (-F%), MurZ(D280Y)-L-F2, and
MurA-L-F2, overproduction levels of MurZ-L-FLAG® and MurA-L-FLAG?, and lack of change when the other homolog or ClpC is deleted.
Strains tested in (a) and (c) were non-FLAG (F)—tagged murZ WT (1U1824), murZ-L-F® (IU13502), murZ(D280Y)-L-F° (1U13600), and murZ-
L—F3//P2n—murZ—L—F3 (IU13772). Strains tested in (b) and (d) were non-F-tagged murA WT (1U1824), murA-L-F3 (1U14028), and murA-L-F3//
PZn—murA—L—F3 (IU15983). Strains were grown overnight in BHI broth with no additional (Zn**/(1/10)Mn?*), and diluted to OD,,,=0.005in
the morning in BHI with no additional (Zn?*/(1/10)Mn%*), or in BHI broth containing 0.1, 0.2, 0.3 or 0.4mM (Zn?*/(1/10)Mn%*) for 1U13772,
or in BHI broth containing 0.2, 0.3, 0.4 or 0.5mM (Zn?*/(1/10)Mn?*) for IU15983. Black arrows point to the time (=3 h) when samples were
collected, except for IU13772 grown in the presence of 0.3 or 0.4mM (Zn%*(1/10)Mn?*), where samples were collected at 3.6 h (blue arrow).
(c) and (d) Quantitative western blotting using anti-FLAG antibody was performed as described in Experimental procedures. Calculated
averages and SEMs of relative MurZ-L-F® or MurA-L-F° protein amounts were obtained from three or more independent experiments

using anti-FLAG antibody. The numbers above each bar are averages + SEM obtained for the number of independent biological replicates
indicated in parentheses. Representative western blots are presented in Figure S8. (e) Representative western blot showing similar cellular
amounts of MurZ-L-F2 in AclpC or AmurA strains as in WT, similar cellular amounts of MurA-L-F2 in AclpC or AmurZ strains as in WT, and
similar cellular amounts of WT MurZ-L-F% and WT MurA-L-F2. Lane 1, Wild-type (1U1824); lane 2, murZ-L-F® (1U13502); lane 3, murZ-L-F®
AclpC (IU14082); lane 4, murZ-L-F% AmurA (lU14084); lane 5, murA-L-F° (1U14028); lane 6, murA-L-F° AclpC (IU14086); lane 7, murA-L-F®
AmurZ (1U14088). Numbers above MurZ-L-F° or below MurA-L-F2 bands are calculated protein amounts (mean+SEM) relative to murZ-L-F°
(lane 2) or murA-L-F° (lane 5) based on three independent experiments with AclpC strains and two independent experiments with AmurZ or
AmurA strains. 0.67 ug of protein was loaded into each lane. The predicted molecular masses of both MurZ-L-F° and MurA-L-F® are 48kDa;

however, MurA-L-F3 (and untagged MurA(Spn) (data not shown)) migrate slower than their predicted molecular weights.

that MurZ-L-FLAG® and MurA-L-FLAG? were distributed through-
out the cytoplasm, and not localized at division septa or equators
(Figure S9).

However, further experiments indicated that MurZ and MurA
function was not equivalent and interchangeable in cells grown in
most lots of BHI broth. AmurZ mutants usually grew slower, had a
lower growth yield, and formed larger cells than AmurA mutants in
exponential cultures (Figures 6a-d, and $10a,b). While overproduc-
tion of MurZ by =2-fold did not change growth (Figure 5a; Zn (0.1)),
higher overproduction of MurZ by =4-10 fold progressively reduced
growth rate and yield and led to smaller cells with increasingly defec-
tive morphologies (Figures 5a, 6a,b, and S10a). The impaired growth
patterns resulting from absence or overproduction of MurZ may
be due to an increase or decrease, respectively, of UDP-GIcNAc,
one of the substrates used by MurZ. UDP-GIcNAc is an important
substrate for other cellular processes such as teichoic acid and nu-
cleotide sugar synthesis (see https://www.genome.jp/kegg/pathw
ay.html#global) (Denapaite et al., 2012). Alternately, increased MurZ
amount may lead to increased metabolite flux through the PG syn-
thesis pathway that is detrimental.

In contrast, overproduction of MurA by =4-10 fold did not af-
fect cell growth or morphology (Figures 5b,d and 6c,d, and S10b).
Control experiments showed that the growth and size phenotypes
of AmurZ mutants were complemented by =2-fold overproduction
of MurZ (Figure S11a-c, Zn(0.1) and Figure 5c). AmurZ growth and
morphology defects were also complemented by overproduction of
MurA by =4-6-fold (Figure S12a-c, Zn(0.2) and Figure 5d), but not
fully at Zn(0.1), indicating that greater induction of MurA than MurZ
was required to complement AmurZ. The lack of phenotypes from
the absence or overproduction of MurA compared to MurZ may be
linked to a lower catalytic efficiency of the MurA compared to the
MurZ (Du et al., 2000).

We looked for other indications of differences in the relative
roles of pneumococcal MurZ and MurA. We found that the absence
of MurZ or overproduction of MurZ, but not MurA, caused similar

growth defects or inhibition, respectively, in the isogenic encapsu-
lated cps™ D39 progenitor strain as in Acps mutants (Figure S13).
In the Acps unencapsulated background, AmurZ and catalytically
inactive murZ(C116S) mutants were more sensitive to fosfomycin,
which covalently binds to the catalytic cysteine of MurA enzymes
(Skarzynski et al., 1996), than a AmurA mutant in disk-diffusion as-
says (Figure 6e). AmurZ mutants were also slightly more sensitive
to the p-lactam antibiotic penicillin (Figure 6e). Conversely, mod-
erate overproduction of MurZ reduced sensitivity to fosfomycin
compared to WT. We tested the effect of cephalosporins on Spn
mutants, because deletion of murAA(Efa), but not murAB (Efa), led to
increased susceptibility to cephalosporins (Vesic & Kristich, 2012).
Similarly, reduced or increased expression of murA(Lmo) also led to
increased or decreased sensitivity, respectively, to cephalosporins
(Wamp et al., 2022). By contrast, AmurZ(Spn) and AmurA(Spn) mu-
tants were equally sensitive as WT to the cephalosporin antibiot-
ics cefotaxime or cefoperazone, and to tetracycline, which inhibits
translation (Figure 6e and data not shown). To investigate whether
the absence of both MurA and MurZ causes the elongated-cell phe-
notype characteristic of GpsB depletion in the D39 background
(Land et al., 2013; Rued et al., 2017), we examined the morphology
of cells depleted of MurA in a AmurZ mutant or depleted of MurZin a
AmurA mutant. To the contrary, reduced amounts of MurZ and MurA
inhibited growth and caused formation of rounded, heterogeneously
sized cells that began to lyse (Figure S14a,b). This result is consistent
with GpsB having additional roles besides regulating MurZ and MurA
function.

Mutants expressing catalytically inactive murZ(C116S)-L-FLAG®
or murZ(C116S) phenocopied AmurZ by showing impaired growth
(Figures S15a and S16c). By contrast, a mutant expressing catalyt-
ically inactive murA(C120S)-L-FLAG® did not affect growth, simi-
lar to AmurA (Figure S15a). Quantitative western blotting showed
that murZ(C116S)-FLAG® or murA(C120S)-FLAG® were expressed
at the same level as murZ-L-FLAG® or murA-L-FLAG®, respec-
tively (Figure S15b). Consistent with its lack of catalytic activity,
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overproduction of MurZ(C116S) did not cause growth inhibition like
WT MurZ (Figure S15c). This result indicated that MurZ(C116S) is not
dominant-negative over WT MurZ, consistent with a MurZ monomer
in cells as well as in purified preparations(Du et al., 2000).

Finally, we noticed that severity of growth inhibition of AmurZ
mutants from that shown in Figure 6a varied with the lot of BHI pow-
der, although cell morphology defects similar to those in Figure 6b
were detected. Therefore, we tested whether the absence of MurZ
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FIGURE 6 Overproduction or absence of MurZ(Spn), but not MurA(Spn), alters growth, morphology, and sensitivity to fosfomycin or
penicillin. (A and B) Parent D39 Acps rpsL1 strain (IU1824), constructed murZ(D280Y) (1U13438), AmurZ (IU13536), and merodiploid murZ*//
PZn—murZJr (IU13393) strains were grown overnight in BHI broth with no additional (Zn?*/(1/10)Mn?*) and diluted to OD,,,=0.003 in the
morning in BHI broth with or without (Zn?*/(1/10)Mn?*) at the concentrations indicated. (a) Representative growth curves and averaged DT
and yields. **p<0.01; ***p <0.001 compared to WT strain by one-way ANOVA analysis (GraphPad Prism, Dunnett's test). (b) Representative
phase-contrast images taken between 3.5 to 4 h of growth for all strains and conditions, except for IlU13393 with 0.4 mM (Zn?*(1/10)

Mn?*), which was taken at 5h of growth. (c,d) Parent D39 Acps rpsL1 strain (IU1824), AmurA (IU13538), and merodiploid murA*//PZn-murA+
(IU13395) strains were grown similarly to the murZ strains described above. The DTs and growth yields of all strains and conditions were

not statistically different from the values obtained for the WT strain. (d) Representative phase-contrast images taken at 3h of growth for all
strains and conditions. All micrographs in (b) and (d) are at the same magnification (scale bar=1pm). Box-and-whisker plots of cell dimensions
of murZ(D280Y) and strains overexpressing murZ or murA are in Figure S10. (e) Disc diffusion assays were performed as described in
Experimental procedures for strains: WT parent (I1U1824), AmurZ (IU13536), AmurA (IU13538), murZ(D280Y) (IU13438), murZ(C116S)
(1U15939), murZ(D280Y) AmurA (IU17748), AkhpA (IU9036), AkhpA AmurZ (IU13542), AkhpA AmurA (IU13546), AclpP (IU12462), murZ*//P,, -
murZ* (no Zn) (1U13393), and murZ*//P, -murZ* in 0.2mM (Zn?*/(1/10)Mn?*). Mean diameters of zones of inhibition + SEM are graphed from
at least two independent biological replicates. Means and numbers of replicates (n) are shown at the tops and bottoms of bars, respectively.

* ok

p values were obtained by the Welch t-test (GraphPad Prism). *, **, and *** denote p <0.05, p<0.01, p<0.001, respectively.

inhibited cell growth and caused defective cell morphology in C+Y
medium, as occurred in animal-derived BHI broth (Figure 6a,b).
Previously, we determined the velocities of septal PG synthase com-
ponents bPBP2x and FtsW and FtsZ treadmilling in WT and AmurZ
(called AmurA1 there) in C+Y medium (Perez et al., 2019). The de-
creased velocity of bPBP2x and FtsW in the murZ mutant compared
to WT provided evidence that PG synthesis drives movement of
the PG synthase, rather than FtsZ treadmilling. Moreover, the MurZ
and MurA substrate UDP-GIcNAc is involved in multiple pathways
(Denapaite et al., 2012; Sachla & Helmann, 2021), and its amount
may change in cells grown in different media and conditions. Indeed,
we found that the absence of MurZ or MurA or their catalytic in-
activation did not inhibit growth in C+Y medium (Figure S16a) as
in most lots of BHI medium (Figure 6a). However, lack of MurZ or
its catalytic activity resulted in longer, wider, and larger cells than
WT in C+Y medium (Figure S16b,c), similar to those in BHI broth
(Figure 6b), whereas AmurA and WT cells were the same size (data
not shown). Altogether, we conclude that MurZ(Spn) and MurA(Spn)
function is not equivalent in exponentially growing D39 cells and
that in most cases, phenotypes of murZ mutants are more severe
than those of murA mutants, consistent with a predominant role of

MurZ in S. pneumoniae D39 cells.

2.6 | murZ(D280Y), murZ(1265V) present in
laboratory strains R6 and Rx1, and murZ(E259A)
alleles suppress A gpsB

murZ(D280Y) was isolated as a spontaneous suppressor of AgpsB
(Table 1, line 12), and partial AgpsB suppression was confirmed in
a reconstructed murZ(D280Y) mutant (Table 2, line 6). Compared
to WT, murZ(D280Y) AgpsB double mutants formed smaller colo-
nies in transformation assays (Table 2, line 6), had reduced growth
rate and yield (Figure 4a), and formed large, aberrantly shaped cells
(Figures 4b and S5a). However, a single murZ(D280Y) mutant grew
similarly to WT, formed marginally smaller (by 10%-20%) cells than
WT in BHI broth, and showed the same sensitivity to fosfomycin

or penicillin as WT or a murZ(D280Y) AmurA mutant (Figures 6a,b,e,
S10a, and S17c). Overexpression of murZ(D280Y) also inhibited
growth of murZ* or murZ(D280Y) merodiploid strains, similar to
overexpression of murZ (Figure S17). murZ(D280Y) was expressed
in approximately the same amount as murZ in cells growing expo-
nentially in BHI broth (Figure 5c). Finally, whereas murZ(D280Y)
partially suppresses AgpsB in transformation assays (Table 2, line 6;
small colonies), it strongly suppressed AstkP and the requirement for
Ser/Thr phosphorylation of proteins (Table 2, line 6; WT colonies;
Figures S3e, 9a-c, and S21a,b,e). Together, these results suggest
that MurZ(D280Y) has comparable enzymatic activity and cellular
amount as MurZ, but is not subjected to regulation that occurs in
AgpsB or AstkP mutants.

The MurZ(D280Y) amino-acid change is located in Domain | on a
surface distant from the active site of MurZ, which includes C116 (ca-
talysis), N23 (conformation switching), D306 (deprotonation of sub-
strate), and R398 (product release) (Figure 7) (Jackson et al., 2009;
Samlandetal.,2001; Skarzynskietal., 1996). Compared to D39 strains
(and WT serotype-4 strain TIGR4 [Tettelin et al., 2001]), R6 and Rx1
laboratory strains produce mutant MurZ(1265V) (Lanie et al., 2007),
which has an amino-acid change near MurZ(D280Y) (Figure 7).
Like murZ(D280Y), murZ(1265V) moved into the Acps D39 genetic
background partially suppressed AgpsB and strongly suppressed
AstkP in transformation assays (Table 2, lines 6-7; Figures S3e,f and
S18a-d), and D39 Acps murZ(1265V) partially suppressed AgpsB in
growth and morphology assays (Figure S18a,b). Both murZ(D280Y)
AgpsB and murZ(1265V) AgpsB double mutants formed large, elon-
gated cells (Figures 4b and S18b), reminiscent of strains depleted for
GpsB (Land et al., 2013, Rued et al., 2017). Both murZ(1265V) and
murZ(D280Y) strains grew similarly to WT (Figures 5a and 6a, and
S18a); however, murZ(D280Y) cells were marginally smaller than WT
and murZ(1265V) cells under these growth conditions (Figures S10a
and S18e). Finally, AgpsB could not be transformed into an R6 AmurZ
mutant, and AmurZ could not be transformed into an R6 AgpsB mu-
tant, consistent with a requirement for the murZ(1265V) allele to sup-
press AgpsB in Ré6-derived strains (Tables S5a, lines 42-44, and S5b,
line 7).

85UB017 SUOLULLIOD BAIER.D 3ol |dde 3y} Aq paueA0b 88 S3 o1 YO ‘SN 40 S3|NI 04 ARIGIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWRYWOD A8 | 1M ARR1q | BU1|UO//:SHNY) SUOBIPUOD PUe SWid | 8y} 83S *[£202/0T/ST] Uo Akeiqiauliuo A8|IM eIl eueIy00D AQ ZZTST  IWW/TTTT OT/I0P/W00 A8 1M AIq 1 pUUO//SANY WO} papeo|umoq ‘€ ‘€202 ‘8562S9€T



ﬂWl LEY

TSUI €T AL.

Domain |

MurZ(Spn) D306

MurA(Mtb) S368
C (T369 in MurZ (Spn))

N

1265 R398
D280
C116
E259
MurA(Lmo) $262 N23

(E262 in MurZ(Spn))

MurA(Lmo) N197
(T198 in MurZ(Spn))

FIGURE 7 MurZ(D280Y), MurZ(E259A), and MurZ(1265V) that
suppress AgpsB or AstkP are located on a face of Domain | of MurZ,
away from its active site. The predicted 3D-structure of MurZ(Spn)
from D39 strains generated using the AlphaFold v2.0 webserver

is shown in cyan, with important residues illustrated as colored
sticks. Catalytic site C116, and other residues important for MurA
enzymatic activity include N23 (conformation switching), D306
(initial deprotonation of the UDP substrate), and R398 (product
release) (Jackson et al., 2009; Samland et al., 2001; Skarzynski

et al., 1996). Although N23 and C116 are in Domain Il, and D306
and R398 are in Domain |, these four residues are in close proximity
on one side of the molecule. In contrast, D280, E259, and 1265,

for which amino acid substitutions lead to AgpsB suppression, are
located on the opposite side Domain | compared to C116. E190,
E192 and D195 are in Domain Il across the cleft from D280 and do
not lead to AgpsB suppression when substituted. Residues T198
and E262 correspond to residues MurA(Lmo) N197 and MurA(Lmo)
5262 respectively. MurA(Lmo) N197D and MurA(Lmo) S262L are
suppressor mutations of AgpsB and AprkA mutations in Listeria
monocytogenes (Wamp et al., 2022).

Based on structure, MurZ(E259) is on the same surface as
MurZ(D280Y) and MurZ(1265V) (Figure 7). murZ(E259A) also partly
suppressed AgpsB and strongly suppressed AstkP in transforma-
tion assays (Tables 2, line 8, and S5a, line 7). In contrast, analogous
amino acid changes in MurA(D281Y) and MurA(E282Y) did not sup-
press AgpsB (Table S5a, lines 11-12). Finally, MurZ(E190A E192A),
MurZ(E192A), and MurZ(E195A), which contain amino-acid changes
in Domain Il on the same side of MurZ as Domain | suppressors
MurZ(D280Y), MurZ(1265V), and MurZ(E25%9A), failed to suppress
AgpsB (Table S5a, lines 8-10). We conclude that the Domain | sur-
face close to MurZ(D280) specifically mediates escape from regula-

tion that occurs in AgpsB mutants.

2.7 | MurZ and MurA are not degraded by ClpP
protease in S. pneumoniae

MurA(Lmo) (the homolog of MurA(Spn); Figure 1), accumulates
to a high level (=10-fold over WT) in AmurZ(Lmo) (the homolog of
murZ(Spn)) or AclpC(Lmo) mutants of L. monocytogenes (Rismondo

et al.,, 2017; Wamp et al., 2020). Likewise, MurAA(Bsu) (the ho-
molog of MurA (Spn); Figure 1) is a substrate of the CIpCP protease
of B. subtilis (Kock et al., 2004), although only a marginal increase
in MurAA(Bsu) amount was detected in a AclpC mutant in a recent
study (Sun et al., 2023). Cleavage of MurA(Lmo) by the CIpCP pro-
tease is central to the model of the regulation of MurA(Lmo) cellular
amount by MurZ(Lmo) and the ReoM and ReoY regulatory proteins
in L. monocytogenes (Wamp et al., 2020. 2022). In support of this
model, AclpC, AmurZ, AreoM, or AreoY suppressed AgpsB or AprkA
(lacking Ser/Thr protein kinase) in L. monocytogenes (Rismondo
et al., 2017; Wamp et al., 2020, 2022).

Several different results indicate that MurZ and MurA cellular
amounts are not regulated by the ClpP protease and its regulatory
ATPase subunits (ClpC, CIpE, or ClpL) in S. pneumoniae. We confirmed
a previous report that cIpP is not essential and that AclpP mutants do
not cause strong phenotypes under non-stressed growth conditions
in S. pneumoniae D39 (Robertson et al., 2003). Transformation with a
AclpP::P_-erm or AclpP::P;[kan-rpsL*] amplicon resulted in numerous
uniform-sized AclpP(Spn) mutants on TSAII-BA plates, inconsistent
with the accumulation of suppressor mutations in AclpP mutants
tested for AgpsB or AstkP suppression. PCR confirmed that the WT
clpP gene was not duplicated in AclpP mutants. Antibiotic-insertion
and markerless AclpP mutants grew similarly to WT cells in BHI
broth with no obvious cell morphology defects (data not shown). In
contrast to L. monocytogenes, AclpP, AclpC, AclpE, or AclpL did not
suppress AgpsB or AstkP in S. pneumoniae D39 strains (Table 2, line
11 and footnote h; Table S5a, lines 23-26; Figure S3b). In addition,
a AclpP mutant did not decrease sensitivity of fosfomycin, which
would have been indicative of increased MurZ(Spn) or MurA(Spn)
amount (Figure 6e).

Quantitative western blot analyses further demonstrated that
MurA and MurZ amounts were unchanged in pneumococcal AclpP,
AclpC, AclpE, or AclpL mutants. MurA amounts were unchanged in
AclpP or AclpC mutants compared to WT in blots probed with anti-
body against MurA(Spn) (Figure 8a, lanes 4-6 vs. lane 1). A similar
result was obtained in strains that overproduced MurA (Figure S19a,
lower panel, lanes 4-5 vs. lane 3). In other experiments, amounts of
MurZ-L-FLAG® and MurA-L-FLAG® expressed from native chromo-
somal loci were determined in strains that did not show phenotypes
different from WT (Figures 5 and 6). The cellular amount of MurZ-
FLAG® or MurA-FLAG? was not changed in AclpP, AclpC, AclpE, or
AclpL mutants (Figure 8b,c, lanes 3-6 vs. lane 2). It could be argued
that the C-terminal epitope tags interfere with degradation of Murz-
L-FLAG® and MurA-L-FLAG? by CIpCP. If this were true, then MurZ-
L-FLAG® or MurA-L-FLAG? should suppress AgpsB. This was found
not to be the case in transformation assays (Table S5a, lines 27-28).
Last, N-terminal fusion of MurZ or MurA to FLAG or HT resulted
in lower protein levels than C-terminal fusions (Figure S19b,c); nev-
ertheless, the relative amount of remaining HT-MurZ or HT-MurA
detected did not change in a AclpP mutant (Figure $19d). We con-
clude that a ClpP-protease dependent mechanism does not regulate
the amounts of MurZ and MurA in S. pneumoniae D39, in contrast to
MurA(Lmo) (Rismondo et al., 2017) or MurAA(Bsu) (Kock et al., 2004).
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FIGURE 8 MurZ(Spn) and MurA(Spn) cellular amounts are unchanged in AclpP, AclpC, AclpL, or AclpE mutants lacking the ClpP protease
or its ATPase subunits. (a) Representative western blot probed with anti-MurA antibody of samples collected after 3.5 h of growth in the BHI
broth. Western blotting was performed as described in Experimental procedures using Licor IR Dye800 CW secondary antibody detected
with an Azure Biosystem 600. 10 uL (=4 pg) of protein samples were loaded in each lane. Lane 1, WT (1U1824); lane 2, AmurA (IU13538); lane
3, AmurZ (IU13536); lane 4, AclpP markerless (1U18663); lane 5, AclpP::P -erm (IU17146); lane 6, AclpC::P_-erm (1U15889). A standard curve
was generated by loading 2.5, 5.0, 10, 15, or 20 uL of WT (1U1824) samples (lanes 8-12). Calculated protein amounts (mean + SEM) relative to
WT (IU1824) are based on two independent experiments. Signals obtained with anti-MurA antibody were normalized with total protein stain
in each lane using Totalstain Q-NC (Azure Scientific). (b) and (c) Representative western blot using anti-FLAG antibody of samples obtained
from WT parent (IU1824), murZ-L-F3 (IU13502), murZ-L-F° AclpE (1U17150), murZ-L-F® AclpL (1U17152), murZ-L-F® AclpP (1U17154), and
murZ-L-F3 AclpC (1U14082). (b) Western blot of samples obtained from WT parent (1U1824), murA-L-F° (1U14028), murA-L-F° AclpE (1U17158),
murA-L-F° AclpL (1U17160), murA-L-F° AclpP (lU17162), and murA-L-F° AclpC (IU14086). 3 g of each protein was loaded onto lanes 1-6, and
1, 2, or 4pg of either murZ-L-F° (a) or murA-L-F> (a) lysates were loaded in lanes 8-10 to generate standard curves for quantitation. Plots of ug
of lysate obtained from 1U13502 or IU14028 loaded vs chemiluminescence signal intensities are shown to the right of the blots. Calculated
protein amounts (mean + SEM) relative to murZ-L-F° (lane 2) or murA-L-F° (lane 2) based on two independent experiments are shown.

Finally, quantitative western blotting showed that the cellular
amount of MurZ-FLAG® or MurA-FLAG® was not changed by AmurA
or AmurZ, respectively (Figure 5e, lane 4 vs. lane 2; lane 7 vs. lane
5). Consistent with this result, cellular MurA amount detected by

anti-MurA(Spn) was not changed by AmurZ (Figure 8a, lane 3 vs.
lane 1). These results indicate that in contrast to MurA(Lmo) and
MurZ(Lmo) (Rismondo et al., 2017), MurZ(Spn) and MurA(Spn) cellular
amounts are not interrelated.
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FIGURE 9 Primary phenotypes of StkP(Spn) depletion are strongly suppressed by murZ(D280Y). Parent D39 Acps rpsL1 strain (1U1824),
and merodiploid AstkP markerless//PZn-stkP’r strains containing murZ-L-FLAG® (1U19081) or murZ(D280Y)-L-FLAG® (1U19079) were

grown overnight in BHI broth with no additional (Zn?*/(1/10)Mn?*) (1U1824) or with 0.5 mM (Zn?*(1/10)Mn?*) (IU19081 and 1U19079) as
described in Experimental procedures. Strains were diluted to OD,,,=0.003 in the morning with fresh BHI broth containing no (Zn%*/(1/10)
MnZ*) or 0.5mM (Zn%*/(1/10)Mn?*). (a) Growth curves, DT, and maximal growth yields (OD,,,) during 10h of growth. (b) Representative
phase-contrast images taken at =3.5h of growth. Scale bar=1pm. Growth curves and microscopy were performed in two independent
experiments. (c) Box-and-whisker plots (whiskers, 5 and 95 percentile) of cell lengths, widths, aspect ratios, and relative cell volumes. P
values were obtained by one-way ANOVA analysis (GraphPad Prism, Kruskal-Wallis test). ***p <0.001 compared to WT. (d) Representative
western blot using anti-FLAG antibody of samples collected after 3.5h of growth, where - or+indicates the absence of presence of 0.5mM
(Zn%*/(1/10)Mn?*) in the BHI broth. Western blotting was performed as described in Experimental procedures. 6 uL (=2 pg) of protein samples
were loaded in each lane. A standard curve was generated by loading 3, 6, 9 or 12 L of 1U13502 (murZ-L-FLAG®) samples (lanes not shown).

Signal intensities obtained with anti-StkP antibody were normalized in each lane by using Totalstain Q-NC reagent (Azure Biosystems).
Calculated protein amounts (mean +SEM) relative to stkP* murZ-L-F° (IU13249) are based on two independent experiments.

2.8 | murZ(D280Y) and overexpression of
murZ or murA strongly suppress primary morphology
phenotypes of StkP(Spn) depletion

AstkP mutants have been extensively characterized in R6 and Rx1
laboratory strains that contain murZ(I1265V), which suppresses
AstkP (Table 2, line 7; Figure S3f and S18c,d) (Beilharz et al., 2012;
Echenique et al., 2004; Fleurie et al., 2012; Novakova et al., 2010;
Pinas et al., 2018; Saskova et al., 2007; Ulrych et al., 2016; Zucchini
et al., 2018). AstkP mutants have also been isolated in D39 and
TIGR4 strains (Beilharz et al., 2012; Giefing et al., 2010; Herbert
etal, 2015; Kant et al., 2023), where chromosomal duplications and
other suppressors may have arisen. In our experiments, transfor-
mants of a AstkP::P_-erm amplicon into D39 Acps strains resulted
in extremely faint colonies that when re-streaked, produced colo-
nies of variable sizes containing suppressor mutations (Table 3;
Figure S3) (Rued et al., 2017). The faint-colony phenotype of AstkP
transformants was complemented by ectopic expression of stkP*
(Figure S3c,d).

To resolve whether AstkP is essential in D39 strains, we com-
pared Tn-seq analysis of the unencapsulated WT to a AkhpB mutant
that suppresses the requirement for stkP (below; Table 2, lines 9-
10). Viable insertions in stkP were obtained in the WT strain only
in the C-terminal 144 amino acid region that contains the third and
fourth extracellular PASTA domains (P3 and P4) (Figure 10a), indicat-
ing that the intracellular, transmembrane domain, and the first two
PASTA domains (P1 and P2) are essential for exponential growth in
BHI broth in 5% CO,. The first TA insertion occurs in the WT strain
at the TAT(Y515) codon, creating a TAA stop codon (Figure 10a), and
no insertions were detected upstream of TTA(L512) codon, indicat-
ing that StkP(M1-L512) are essential under the growth conditions
tested. Moreover, the same WT Tn-seq insertion profile was ob-
tained for encapsulated D39 strain 1U1781 as for unencapsulated
strain 1U1824 growing in BHI broth or for 1U1824 growing in C+Y,
pH 6.9 medium in 5% CO, (Figure 10a-c; data not shown).

We next performed StkP depletion experiments that minimized
suppressor accumulation to determine the primary phenotypes
caused by lack of StkP. In these experiments, we constructed a
merodiploid strain with a non-polar markerless AstkP at its native
site and a zinc-regulatable copy of stkP* at an ectopic site (Figure 9).

Depletion of StkP caused cessation of growth followed by a de-
crease in OD,,, and substantial increases in the length, aspect ratio,
and relative volume, but not width (Figures 9a-c and S20a,b; no Zn
inducer). Markerless AstkP was nearly completely complemented by
an ectopic copy of stkP" (Figures 9 and S20; 0.5mM Zn inducer).
Quantitative western blots showed that no StkP was detectable
after =3-4h of depletion, and ectopic induction of StkP occurred
to =50% of the WT level (Figure S20d). In transformation assays, we
used a AstkP::P_-erm allele for selection (Table 2). The morphology
of markerless AstkP and AstkP::P -erm cells were slightly different
upon StkP deletion (Figure S20b,c), and unlike markerless AstkP,
AstkP::P_-erm was not fully complemented back to WT by ectopic
stkP expression (Figure 20a-d). This lack of full complementation,
which was not studied further here, may have been caused by retro-
polarity of the insertion construct on expression of upstream phpP
(phosphatase) or polarity of the constitutive P_ promoter on expres-
sion of downstream genes, such as spd_1541 (unknown membrane
protein). However, together, we conclude that the primary pheno-
type caused by the absence of StkP is a defect in septum formation
in dividing cells, manifested by longer, but not wider, cells compared
to WT (Figure S20b,c).

Importantly, cellular MurZ amount was unchanged by deple-
tion of StkP from its WT level (Figures 9d and S20d). This result
is consistent with the interpretation that StkP does not regulate
MurZ amount, but rather modulates MurZ activity indirectly by an
alternative mechanism. Cellular MurZ(D280Y) amount was also un-
changed by depletion of StkP from its WT level (Figure 9d), when
MurZ(D280Y) suppressed the requirement for StkP (Table 2, line 6;
Figure 9a-c). In addition, murZ(1265V), murZ(E259A), and overexpres-
sion of murZ or murA suppressed AstkP::P_-erm in transformation
assays (Table 2, lines 4-5 (+Zn inducer) and 7-8; Figure S3e-j) and
in growth and morphology assays (Figure S21). In contrast, AclpP,
AclpC, AclpE, and AclpL did not suppress AstkP::P_-erm in transfor-
mation assays (Table 2, line 11 and footnote h; Figure S3b). We con-
clude that mutations that suppressed AgpsB also suppressed AstkP.
Based on transformant colony size, the suppression of AstkP was
generally complete compared to the partial suppression of AgpsB
(Table 2; Figure S3). The stronger suppression by murZ(D280Y) of
AstkP compared to AgpsB is supported by the growth curves shown
in Figure 4a versus Figure 9a.

85UB017 SUOLULLIOD BAIER.D 3ol |dde 3y} Aq paueA0b 88 S3 o1 YO ‘SN 40 S3|NI 04 ARIGIT BUIUO AB|IA UO (SUORIPUOD-PUR-SWRYWOD A8 | 1M ARR1q | BU1|UO//:SHNY) SUOBIPUOD PUe SWid | 8y} 83S *[£202/0T/ST] Uo Akeiqiauliuo A8|IM eIl eueIy00D AQ ZZTST  IWW/TTTT OT/I0P/W00 A8 1M AIq 1 pUUO//SANY WO} papeo|umoq ‘€ ‘€202 ‘8562S9€T



370 TSUI €T AL.
—LWI LEY

(@ s 4 ™ %;)f
> E%Y e s N\
" \’\.1 W P4

B P3  (578-651)

P2  (506-577)

Intracellular P1 (434 — 505)
(366 - 433)
L I\ J
S~o No Tn Insertions in WT ! Tninsertions .
T~ oinwt L7
Te~e L ip3pa_-
Tl ! 20
WT* m ] } L Y515 U T
w | " i i | il J * | l J ]I b “%’
o A e o1 AL LRI
I DX T A Y P A 2
sun hpP stkP 1541
(b) 20
WT* | | T
. N 1 §
3
AneE | W‘ L | |3
< recU || spd 0338 sB rnpB

WT*, the same profile was obtained for unencapsulated and encapsulated strains

(C) DT (min)  Yield n
107 - WT 37+1 1.0£0.0 2

° 0.8 & AkhpA 57 £ 4*** 1.0+0.0* 2
S 0.6 -+ AkhpA AgpsB 56+ 1*** 07+0.0%** 2
8 .. - AkhpA AstkP 56+ 0%** 0.6+0.0%** 2
0] ©- AStkPIPz-stkP* noZn 81 +3*** (0.2 +0.0%** 3
00 -© AgpsBIIPz-gpsB* noZn >100 *** 0.07 £ 0.01*** 3

0123 456 7 8 9101112
Time (h)

FIGURE 10 Tn-seqdemonstrates the essentiality of StkP(Spn) and GpsB(Spn) is suppressed by AkhpB in cells growing exponentially in
BHI broth in 5% CO,,. (a) Top: Predicted 3D structure of StkP(Spn) generated using the AlphaFold v2.0 webserver. P1, P2, P3 and P4 with
indicated amino acid numbers are predicted extracellular PASTA domains. Bottom: Mini-Mariner Malgellané Tn-Seq transposon insertion
profile for the genome region covering sun, phpP, stkP, and spd_1541 in the genomes of the unencapsulated WT parent (D39 Acps rpsL1,
1U1824) or AkhpB (1U10592) strain growing exponentially in BHI broth in 5% CO,. The same WT Tn-seq insertion profile was obtained

for encapsulated D39 strain [U1781 grown in BHI broth or IU1824 grown in C+Y, pH 6.9 medium in 5% CO, (data not shown). In vitro
transposition reactions containing purified genomic DNA, Magellané plasmid DNA, and purified MarC9 mariner transposase, transformation,
harvesting of transposon-inserted mutants, growth of pooled insertion libraries exponentially in BHI broth or C+Y, pH 6.9 medium, NextSeq
75 high-output sequencing, and analysis were performed as described in Experimental procedures based on (Lamanna et al., 2022). Sortable
data for the profile shown are contained in Appendix A, Tables C and D. Tn-insertions were recovered for the WT strains in the regions
encoding P3 and P4, but not in other regions of stkP. The first TA insertion occurs in the WT strain at a TAT (Y515) codon, where the Tn
insertion creates a TAA stop codon, while there is no insertion at the upstream TTA (L512) codon, indicating that StkP(M1-L512) is essential
for viability. (b) Tn-Seq transposon insertion profiles for the genome region covering recU, spd_0338, gpsB, and rnpB of in the genomes of

the WT parent (D39 Acps rpsL1, 1U1824) or AkhpB (IU10592) strain. (c) Representative growth curves of the WT parent (IU1824), AkhpA
(IU9036), AkhpA AgpsB (IU16196) and AkhpA AstkP (IU16910) strains. Similar growth results were obtained with AkhpB (1U10592), AkhpB
AgpsB (IU12977), and AkhpB AstkP (1U16912) strains compared to the strains of AkhpA background. The growths of merodiploid strains
AgpsB//PZn-gpsB+ (lU16370) and AstkP::Pc-erm//PZn-stkP+ (lU16933) grown under conditions that result in depletion of GpsB or StkP were
shown for comparison.
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FIGURE 11 KhpA/B negatively and post-transcriptionally regulates MurZ(Spn), but not MurA(Spn), cellular amounts. (a) Summary of
suppression patterns of AgpsB, Apbp2b, ArodA, and AmreCD by AkhpA/B mutation. The absence of KhpA and/or KhpB increases the cellular
amount of FtsA, which bypasses the requirement for essential PBP2b, RodA, RodZ, and MreCD (Lamanna et al., 2022; Zheng et al., 2017).
The absence of KhpA/B also moderately increases cellular MurZ amount as shown below, which bypasses the requirement for essential
GpsB and StkP as described in the text and Figure 12. (b) Quantitative proteomic results showing relative amounts of FtsA, FtsZ, MurZ,
MurA, ClpC, and ClpP in AkhpA AkhpB (IU10596) or AkhpB (IU10592) strains compared to wild-type (IU1824). ***p <0.001. Proteomics was
performed as described in Experimental procedures, and data are contained in Appendix A, Table E. (c) Representative Western blots using
anti-FLAG antibody to determine the cellular amounts of MurZ-L-FLAG® and MurA-L-FLAG? in cells growing exponentially in BHI broth. Lane
1, WT parent (IU1824); lane 2, murZ-L-F® (IU13502); lane 3, murZ-L-F® AkhpA (IU13545); lane 4, murZ-L-F® AkhpB (IU14014); lane 5, murZ-L-F*
AkhpA AkhpB (IU14016); lane 6, murA-L-F° (1U14028); lane 7, murA-L-F° AkhpA (1U14030). 0.67 ug of total protein from each strain were
loaded in lanes 1-7. For lanes 8 to 11, 0.33, 0.67, 1.33, and 2 pg, respectively, of murZ-L-FLAG? (1U13502) lysates were loaded to generate
the standard curve at right, which showed proportionality between protein amounts and signal intensities over the range of signal intensities
obtained. (c) Relative average (+ SEM) of cellular amounts of MurZ-L-F® or murZ transcripts in mutants compared to WT from 3 independent
experiments. p values were obtained relative to WT by one-way ANOVA analysis (Dunnett's multiple comparison test, GraphPad Prism).
*p<0.05; **p<0.01; ns: not significantly different. (e) Relative average (+ SEM) cellular amount of MurA-L-F° protein in a AkhpA mutant
compared to WT from 3 independent experiments. p value was obtained relative to WT by one sample t-test (GraphPad Prism). *p <0.05.

2.9 | AkhpA or AkhpB suppress A gpsB by
increasing MurZ amount

KhpA and KhpB (EloR/Jag) are KH-domain proteins that form an
RNA-binding heterodimer (Stamsas et al., 2017; Ulrych et al., 2016;

Winther et al., 2019; Zheng et al., 2017). We previously reported
that AkhpA or AkhpB suppressed the lethal phenotypes of Apbp2b,
ArodA, AmreCD, or ArodZ elongasome mutants by increasing FtsA
amount (Lamanna et al., 2022; Zheng et al., 2017) (Figure 11a). We
also reported that AkhpA or AkhpB suppressed the lethal phenotypes
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FIGURE 12 Summary model for regulation of MurZ and MurA
enzymatic activities by StkP-mediated phosphorylation in S.
pneumoniae D39. GpsB(Spn) and possibly other ligands, such as
Lipid Il, stimulate the phosphorylation of a negative regulator of
MurZ(Spn) and MurA(Spn) enzymatic activity, but not their cellular
amounts, in the first committed step of Lipid Il synthesis for PG
synthesis. By genetic criteria presented here, the negative regulator
is unphosphorylated IreB(Spn). Phosphorylated IreB(Spn) ~P does
not bind to MurZ(Spn) or MurA(Spn), resulting in full enzymatic
activity in pneumococcal cells growing exponentially in rich media.
The absence of GpsB(Spn) significantly reduces phosphorylation
of IreB(Spn) leading to inhibition of MurZ(Spn) and MurA(Spn)
enzymatic activities and no growth. This inhibition can be relieved
by inactivation of the cognate PhpP protein phosphatase, which
allows residual phosphorylation to IreB(Spn)~P. The absence of
the StkP protein kinase and the need for protein phosphorylation
in pneumococcal cells growing exponentially in rich media can be
suppressed by inactivation or absence of the IreB(Spn) negative
regulator, by amino-acid changes in a regulatory domain of
MurZ(Spn), which is enzymatically predominant over MurA(Spn),

or by overexpression of murZ(Spn) or murA(Spn) in spontaneous
chromosomal duplications. Moderate MurZ(Spn) overproduction
sufficient to suppress the absence of StkP also occurs in the
absence of the KhpAB RNA-binding protein, which also negatively
regulates FtsA amount. This pathway provides a positive feedback
loop, such that cells growing rapidly in rich media produce Lipid

11, which may activate StkP(Spn) to fully phosphorylate IreB(Spn)
and maximize MurZ(Spn) and MurA(Spn) enzymatic activities for
the production of even more Lipid Il for PG synthesis. Evidence
for the direct interaction between unphosphorylated IreB(Spn)
and MurZ(Spn) will be presented elsewhere (Joseph M, 2023,
unpublished data). Structures predicted by AlphaFold v2.0 also
suggest that MurZ(Spn) and MurA(Spn) enzymatic activity is subject
to negative pathway feedback inhibition by binding of UDP-
MurNAc (UDP-N-acetylmuramic acid) near the catalytic sites of the
enzymes (Mizyed et al., 2005; Schonbrunn et al., 2000). See text
for additional details.

of AgpsB (Zheng et al., 2017). Tn-seq, transformation, and growth
assays confirmed that AkhpA or AkhpB suppressed AgpsB or AstkP
(Table 2, lines 9-10; Table S5a, lines 30-31; Figures 10c and S3k,I).

Transformation assays strongly implicated MurZ, but not MurA,
in AkhpA suppression of AgpsB. A AkhpA single or AkhpA AmurA
mutant could be transformed by AgpsB, whereas a AkhpA AmurZ
mutant could not be transformed by AgpsB (Table S5, lines 30,
33-34). Consistent with this result, AmurA, but not AmurZ, could
be transformed into a AkhpA AgpsB suppressed strain (Table S5b,
line 5; S5c, line 6). Thus, MurZ is required for AkhpA suppression
of AgpsB.

Consistent with these genetic results, quantitative proteomic
analysis detected a=1.8-fold (p<0.001) increase in the amount of
MurZ, but not MurA, in AkhpB or AkhpA AkhpB mutants compared
to WT (Figure 11b). As controls, the proteomic analysis also con-
firmed the previous results from quantitative western blotting that
FtsA and FtsZ amounts increased =2-fold (p<0.001) in AkhpB and
AkhpA AkhpB mutants compared to WT (Figure 11b; Appendix A,
Table E). Consistent with the proteomic results, quantitative west-
ern blotting indicated that MurZ-L-F® amount increased =1.4-fold
in AkhpA, AkhpB, or AkhpA AkhpB mutants (Figure 11c,d), whereas
MurA-L-F% amount decreased slightly in a AkhpA mutant (Figure 11e).
qRT-PCR showed that the increase in MurZ protein amount was
not paralleled by an increase in relative murZ transcript amount in
AkhpA, AkhpB, or AkhpA AkhpB mutants (Figure 11d), suggestive of
post-transcriptional regulation of murZ expression, including possi-
ble indirect effects of a KhpAB-regulated protease or regulator that
targets MurZ. Finally, phosphorylation of KhpB by StkP did not play
a role in regulating murZ expression in cells growing exponentially
in BHI broth, since a khpB(T89A) phosphoablative mutation or khp-
B(T89D) or khpB(T89E) phosphomimetic mutations did not suppress
AgpsB (Table S5a, line 32-34). Together, these results suggest that
the absence of the KhpAB RNA-binding protein results in a modest
(=2-fold) increase in MurZ(Spn), which is sufficient to suppress AgpsB
and AstkP (Tables 1 and 3, murZ duplications; Figure 5c, 0.1mM Zn
inducer), but not enough to significantly reduce fosfomycin sensitiv-
ity (Figure 6e).

3 | DISCUSSION

A large majority (25/32) of suppressors of essential AgpsB or
AstkP in S. pneumoniae D39 contained chromosomal duplications
that increase the gene dosage of murZ or murA (Tables 1 and 3).
These duplications range from =21 to =176 genes (Figures 2 and
S1), and suppressors of AgpsB also suppress AstkP, and vice versa
(Table 2). This pattern attests to the extraordinary plasticity of the
pneumococcal chromosome, as observed in other studies (Baylay
et al., 2015; Cowley et al., 2018; Johnston et al., 2013; Robertson
et al., 2003; Zheng et al., 2017). In this case, the dosage of numerous
genes adjoining murZ or murA is doubled, and in some cases quad-

rupled, resulting in overexpression of murZ or murA and many other
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essential and nonessential gene products with various functions
(Figure 2; Appendix A, Tables A1 and A2). Smaller duplications con-
taining murZ (3/25) were anchored by direct repeats of degenerate
IS elements (Figures 3 and Sic), and large duplications containing
murA (2/25) were anchored by direct repeats of tRNA/rRNA gene
clusters (Figures 2 and S1d). Deletions of duplication junctions were
not detected in these two classes of duplications, which likely arose
by recombination between the long homologous direct repeats of
the degenerate IS elements or tRNA/rRNA genes during chromo-
some replication (Reams & Roth, 2015).

In contrast, the majority (20/25) of large duplications containing
murZ were anchored by inverted repeats of the redundant phtD and
phtB genes, which encode histidine triad proteins (Figures 2, 3 and
S1b). Inverted repeats of redundant copies of genes lead to inversion
of the gene order between the repeated genes (Reams & Roth, 2015),
which occurred between phtD and phtB in isolates D39W and D39V
of the D39 progenitor strain (Slager et al., 2018). However, the re-
sults presented here indicate that even though inverted, phtD and
phtB can also anchor large duplications of about =150 genes sur-
rounding murZ. To do this, phtD and phtB must contain short direct
repeats or other elements that enhance short-junction (SJ) duplica-
tion (Reams & Roth, 2015). Indeed, there are small direct repeats of
8 and 9 bp and shorter clusters of directly repeated base pairs within
inverted phtD and phtB that could promote SJ duplication.

Moreover, few large duplications of the murZ region (e.g., sup
gpsB-8) retained an intact duplication junction (Figure 2a, S1b, and
S2b), whereas most of these duplications contained a short de-
letion of =10 genes that removed the junction region (Figure 2b,
S1b, and S2c). Remodeling of chromosome duplications by junc-
tion deletion is common and likely arises by a short-junction mech-
anism involving short, direct repeats or other elements (Reams &
Roth, 2015). PCR experiments supported the idea that the dele-
tion/insertion in sup gpsB-3 arose by a duplication of the phtD-
phtB region, an inversion within one of the duplicated regions, and
last, a short deletion of the duplication junction (Figure S2c). In
AgpsB mutants, junction deletion is correlated with faster growth
compared to long duplication without the deletion (Table 1;
Figure S4a). Together, these results indicate that the region be-
tween inverted phtD and phtB can readily be duplicated, provid-
ing an extra copy of murZ that suppresses AgpsB or AstkP. This
capacity for duplication also raises the potential that the copy of
numerous other genes in this region (Appendix A, Table A1) can be
increased in response to other stress conditions.

Besides these murZ and murA duplications, AgpsB was sup-
pressed by five separate mutations in phpP, which encodes the lone
Ser/Thr phosphatase in S. pneumoniae, by murZ(D280Y), and by ire-
B(Q84(STOP)), which truncated the homolog of the IreB(Efa) and
ReoM(Lmo) by four amino acids (Tables 1 and S5; Figure S4) (Rued
et al., 2017). Most of the mutations that partly suppressed AgpsB
also almost fully suppressed AstkP (Table 2; Figure S3). We did not
find suppressor mutations that decrease teichoic acid decoration,
analogous to those in L. monocytogenes (Rismondo et al., 2017), be-
cause pneumococcal decorations contain GalNAc, which is also an

essential component of the teichoic acid core structure (Denapaite
et al.,, 2012). As reported previously, phpP suppressor mutations
restore StkP-dependent protein phosphorylation and strongly sup-
press AgpsB, whereas the duplication suppressors do not (Rued
et al., 2017). The new phpP and duplication suppressors reported
here fit this pattern, and the murZ(D280Y) suppressor also did not
restore phosphorylation (Figures S6 and S7). The presence of murZ
or murA in all duplication suppressors suggested that overexpres-
sion of murZ or murA provides a mechanism for phosphorylation-
independent suppression of AgpsB and AstkP. Consistent with this
hypothesis, ectopic overexpression of murZ or murA was sufficient
to partially suppress AgpsB and strongly suppress AstkP (Figures 4
and 521). Likewise, suppression of AgpsB by AkhpAB, which lacks a
regulator that binds to RNA (Winther et al., 2019; Zheng et al., 2017),
depended on MurZ production and was correlated with MurZ, but
not MurA overproduction (Table S5; Figure 11). In addition, results
presented here further confirm that AkhpAB increases the cellu-
lar amount of FtsA in exponentially growing pneumococcal cells
(Figure 11a,b), which leads to suppression of peptidoglycan elongas-
ome mutations (Lamanna et al., 2022; Zheng et al., 2017).

Isolated MurZ(D280Y), constructed MurZ(E259A), and the
MurZ(1265V) allele in R6 and Rx1 laboratory strains suppressed
AgpsB and AstkP (Tables 2 and S5). Notably, the amino acid changes
in MurZ(D280Y), MurZ(E259A), and MurZ(1265V) are distant from
the catalytic region of MurZ (Figure 7). murZ(D280Y) was expressed
at the WT murZ level (Figure 5c), and AmurZ or AmurA did not change
cellular MurA or MurZ amount, respectively (Figure 5e). These re-
sults indicate a third mechanism of suppression, distinct from loss of
PhpP activity or murZ or murA overexpression. Taken together, these
results fit and extend our previous model that GpsB is required for
StkP-catalyzed protein phosphorylation, as well as for regulation of
peptidoglycan synthesis in exponentially growing cells of S. pneu-
moniae (Rued et al., 2017). These new data tie the requirement for
StkP-dependent protein phosphorylation to regulation of MurZ and
MurA activity, but not amount (Figures 5c and 9d). According to
this updated model, protein phosphorylation drops in the absence
of GpsB, which limits MurZ and MurA activity, without chang-
ing their amounts. This limitation can be overcome by decreasing
PhpP-mediated protein dephosphorylation, by increasing the cel-
lular amounts of MurZ (by =2-fold) or MurA (by =2-4-fold) by gene
duplication or loss of KhpAB, or by altering the interaction of MurZ
and MurA with a phosphorylation-dependent regulatory protein.
This interaction could potentially be with a phosphorylated positive
regulator that activates MurZ and MurA activity or with an unphos-
phorylated negative regulator that inhibits MurZ and MurA activity
(Figure 12).

The isolation of the ireB(Spn)(Q84(STOP)) suppressor impli-
cates IreB(Spn) as this regulator, and AireB suppressed AgpsB
or AstkP, consistent with negative regulation (Table 2, line 13).
Recent phosphoproteomic analyses show that MurZ or MurA are
not phosphorylated by StkP in exponentially growing S. pneumo-
niae D39 cells, whereas IreB(Spn) is a prominent phosphorylated
protein (Ulrych et al., 2021). According to the negative regulation
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model, the amino acid changes in MurZ(D280Y), MurZ(E25%9A), and
MurZ(1265V) in Domain 1 of MurZ (Figure 7) weaken an inhibi-
tory interaction between MurZ and unphosphorylated IreB(Spn),
thereby suppressing the absence of GpsB or StkP (Figure 12).
Details of the interaction between MurZ(Spn) and IreB(Spn) will
be published elsewhere (Joseph M, 2023, unpublished data).
Moreover, the observation that suppression of AgpsB is partial,
except in phpP suppressors, compared to full suppression of AstkP
(Table 2; Figures 4 and S21) is consistent with GpsB having ad-
ditional regulatory roles in peptidoglycan synthesis (Cleverley
et al., 2019; Hammond et al., 2022; Minton et al., 2022; Rued
et al., 2017), besides activating StkP. Importantly, these suppres-
sion patterns indicate that regulation of MurZ and MurA is the sole
essential requirement for StkP-dependent protein phosphoryla-
tion in unstressed D39 S. pneumoniae cells growing exponentially
in BHI broth. Strikingly, this conclusion is similar to that drawn
for L. monocytogenes, where the main function of PrkA-mediated
signaling is control of MurA stability during standard laboratory
growth conditions (Wamp et al., 2022), although the mechanisms
of MurZ/A control are different in the two bacteria.

Experiments performed parallel to this study and published
recently by Wamp and colleagues revealed similar AgpsB suppres-
sion phenotypes in L. monocytogenes, with some major differences
(Wamp et al., 2020). The conditional, temperature-sensitive AgpsB
mutation of L. monocytogenes was suppressed by PrpC(Lmo) pro-
tein phosphatase mutations, by overproduction of MurA(Lmo)
(the homolog of MurA(Spn) (Figure 1)), and by MurA(Lmo)(S262L),
which is at a similar position to MurZ(Spn)(D280Y) in Domain 1
(Figure 7) (Wamp et al., 2020, 2022). Importantly, several lines of
evidence presented here show that the mechanism of MurA homo-
log regulation is different in L. monocytogenes and S. pneumoniae.
MurA(Lmo) stability is regulated by PrkA Thr phosphorylation of
ReoM(Lmo), which is the homolog of IreB(Efa) and IreB(Spn) (Kelliher
et al.,, 2021; Wamp et al., 2020, 2022). Unphosphorylated ReoM
acts with MurZ(Lmo) and ReoY(Lmo) as adaptors for degradation of
MurA(Lmo) by the ClpCP(Lmo) protease (Rismondo et al., 2017, 2020,
2022). Hence, ReoM(Lmo) phosphorylation to ReoM(Lmo)~P makes
MurA(Lmo) available for peptidoglycan synthesis, including by a spe-
cial RodA3:PBP3 synthase that contributes to the intrinsic cepha-
losporin resistance of L. monocytogenes (Wamp et al., 2022). This
mechanism causes AmurZ(Lmo) mutants to accumulate MurA(Lmo),
which is essential in L. monocytogenes (Rismondo et al., 2017).

In contrast, MurZ(Spn) and MurA(Spn) share a synthetic lethal re-
lationship (Table S5; Figure S12) (Du et al., 2000), and a AmurZ(Spn)
or AmurA(Spn) mutation does not result in increased cellular amounts
of MurA(Spn) or MurZ(Spn), respectively (Figure 5e). Several pieces
of data in this study demonstrate that MurZ is predominant to MurA
in pneumococcal cells. This is the reverse relationship to other
Gram-positive bacteria, including L. monocytogenes, E. faecalis, and
B. subtilis, where the MurA-family homolog is often essential or pre-
dominant to the MurZ-family homolog, which is dispensable and
regulatory in the case of MurZ (Lmo) (Figure 1) (Wamp et al., 2020).
The predominance of MurZ(Spn) over MurA(Spn) was indicated by

the growth and morphology defects of AmurZ mutants in unencap-
sulated and encapsulated D39 strains grown in BHI broth or C+Y
medium (Figures 6, S10, S13, and S16) and by the increased sensi-
tivity to fosfomycin of AmurZ, but not AmurA, mutants (Figure 6e).
In addition, lower overproduction of MurZ (=2-fold) than MurA (=4-
fold) was required to suppress AgpsB (Figure 5), and overproduction
of MurZ beyond 2-fold in cells grown in BHI broth led to growth
inhibition (Figures 5 and 6) that was not observed in C+Y medium
(Figure S10a). This predominance of MurZ compared to MurA in
pneumococcal cells is consistent with the greater kinetic efficiency
of purified MurZ(Spn) compared to MurA(Spn) reported earlier by
Du and colleagues (Du et al., 2000). These combined results show
that the relative physiological roles of MurZ(Spn) and MurA(Spn) are
substantially different from those of MurA(Lmo) and MurZ(Lmo).
Likewise, MurZ(Spn) and its MurZ-family homolog MurAB(Bsu) play
very different physiological roles. Remarkably, MurAB(Bsu) was
discovered to be required for efficient spore engulfment during
sporulation of B. subtilis (Chan et al., 2022). S. pneumoniae does not
sporulate.

Other evidence strongly argues for a different mechanism of
MurA and MurZ regulation by ReoM/IreB homologs in S. pneumo-
niae compared to L. monocytogenes, B. subtilis, and E. faecalis. S. pneu-
moniae lacks homologs of the ReoY accessory factor required for
MurA degradation by ClpCP in L. monocytogenes (Wamp et al., 2020,
2022). In addition, MurA is essential in L. monocytogenes (Rismondo
et al., 2017) and likely supplies Lipid Il precursor to an additional
RodA3:PBPBS3 synthase that imparts resistance to cephalosporins
(Wamp et al., 2022). Homologs of ReoY and RodA3:PBPB3 are
also present in E. faecalis (Wamp et al., 2022), while S. pneumoniae
lacks homologs of these proteins. Most importantly, suppression
of AgpsB(Spn) is not dependent on ClpP(Spn) (Table 2) or ClpP-
associated ATPases, including ClpC(Spn) (Table S5), and MurZ(Spn)
and MurA(Spn) cellular amounts remain unchanged in a AclpP, AclpC,
AclpE, or AclpL mutants (Figures 5e and 8). In addition, cellular MurZ
amount was unaffected by depletion of StkP from its WT level
(Figure 9d and S20d). Together, these results support a model in
which StkP-mediated protein phosphorylation does not change the
amounts of MurZ(Spn) or MurA(Spn), but rather, regulates their en-
zymatic activities. Interestingly, amino-acid changes in Domain | of
MurZ(Spn) (1265V, D280Y, and E259A) and MurA(Lmo) (5262L) likely
suppress AgpsB by decreasing interactions with unphosphorylated
IreB(Spn) and ReoM(Lmo), respectively (Wamp et al., 2020, 2022).
However, amino-acid changes in Domain Il of MurZ(Spn) (E190A,
E192A, and E195A) did not suppress AgpsB (Table S5; Figure 7),
whereas MurA(Lmo)(N197D) did (Wamp et al., 2022), consistent with
different mechanisms in S. pneumoniae and L. monocytogenes.

This paper also demonstrates that the StkP Ser/Thr protein ki-
nase is essential, except for its two distal PASTA domains (P3 and
P4), in S. pneumoniae D39 progenitor strains growing exponentially
in BHI broth or C+Y, pH6.9 medium (Figure 10). PASTA domains
have been shown to bind Lipid Il in Ser/Thr protein kinases of other
Gram-positive bacteria (Hardt et al., 2017; Kaur et al., 2019; Sun
et al., 2023). We also show that the primary phenotype of StkP
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depletion is the formation of longer, but not wider, non-growing
cells (Figure 9), indicative of a septation defect that may be triggered
by decreased cellular Lipid Il amount (Figure 12). Essentiality of stk-
P(Spn) has been controversial for two reasons addressed here. First,
AstkP mutants readily accumulate gene duplications of murZ or murA
that compensate for the lack of IreB phosphorylation (Table 3), as do
other spontaneous mutations in murZ or ireB (Table 2). Consequently,
AstkP mutants in D39 strains form unusual-looking, faint colonies
with tiny centers containing suppressor mutants (Figure S3) (Rued
et al., 2017). Along this line, it was previously noted that the mor-
phology of D39 AstkP mutant cells seemed to change upon passage
(Beilharz et al., 2012). Chromosomal duplications do not result in bp
changes and are not indicated in standard whole-genome sequenc-
ing reports. The recent conclusion that AstkP is not essential in D39
likely stems from a duplication of the phtD-phtB region (Figure 2),
as indicated by increased transcript amounts in RNA-seq (Kant
et al., 2023). Suppression of AstkP by chromosomal duplications
complicates interpretations of mutant phenotypes.

Second, the R6- and Rx1-derived laboratory strains in which
previous experiments were performed carry a murZ(1265V) muta-
tion (Lanie et al., 2007) that suppresses the requirement for AgpsB
or AstkP (Table 2; Figure 518). murZ(1265V) changes an amino acid
in domain | of MurZ, near the murZ(D280Y) and murZ(E259A) sup-
pressors (Figure 7). Thus, AgpsB and AstkP appeared not to be es-
sential in studies using laboratory strains that contain murZ(1265V).
Compared to the D39 progenitor strain, these R6- and Rx1-derived
laboratory strains contain dozens of additional mutations, besides
murZ(1265V) (Cuppone et al.,, 2021; Lanie et al.,, 2007; Santoro
et al., 2019). Mutational variations may account for why the level of
AgpsB and AstkP suppression by murZ(1265V) varies in different R6
and Rx1 isolates (Beilharz et al., 2012; Rued et al., 2017).

Overall, this study reveals two different evolutionary strategies
for the regulation of MurA function in different Gram-positive bac-
teria. In all cases, MurA function is linked to StkP-dependent protein
phosphorylation in exponentially growing cells (Figure 12) (Wamp
et al., 2020, 2022). Recent biochemical studies by Minton and col-
leagues and by Doubravova and colleagues demonstrate that pu-
rified GpsB directly stimulates the activity of the Ser/Thr protein
kinases from E. faecalis and S. pneumoniae, respectively (Doubravova
L, unpublished data) (Minton et al., 2022). In L. monocytogenes, and
likely E. faecalis, unphosphorylated ReoM/IreB interacts with the
MurA-family enzyme, along with adaptors MurZ and ReoY to pres-
ent MurA to ClpCP protease for degradation, thereby inhibiting
peptidoglycan synthesis and growth (Wamp et al., 2020, 2022). In
S. pneumoniae, reduced phosphorylation, likely of IreB(Spn) (Joseph
M, 2023, unpublished data), does not change the cellular amounts
of MurZ and MurA, but decreases their enzymatic activity. This
inhibition of MurZ and MurA activity by unphosphorylated IreB is
likely not complete, leading to the residual slow growth and elon-
gated cell phenotype of AstkP strains (Figure 9a, S3, 520, and 521),
compared to the absence of growth and cell death caused by deple-
tion/deletion of MurA and MurZ (Figure S14). Thus, binding between
MurA homologs and unphosphorylated ReoM/IreB appears to be

evolutionary conserved, but S. pneumoniae did not evolve or retain
the adaptor/ClpCP degradation pathway of MurA regulation pres-
ent in L. monocytogenes and E. faecalis (Wamp et al., 2020, 2022). It
remains to be determined how the relative function and regulation
of MurZ(Spn) and MurA(Spn) change in S. pneumoniae cells subjected
to stress conditions, which alters protein phosphorylation by StkP
(Ulrych et al., 2021), besides during the exponential growth condi-
tions used here.

Finally, there is precedent for phosphorylated proteins modulat-
ing MurA activity directly. In Mycobacterium tuberculosis, MurA(Mtb)
is inactive until it binds to phosphorylated CwIM(Mtb) regulator,
which increases MurA(Mtb) enzymatic activity by 20-40-fold (Boutte
etal., 2016). Homologs of CwIM(Mtb) are absent from S. pneumoniae,
L. monocytogenes, E. faecalis, and B. subtilis (data not shown) (Boutte
etal., 2016). A MurA(Mtb)(S368P) amino-acid change suppressed the
lethal phenotype of a phosphoablative change to CwIM(Mtb)(T374A),
which is unable to be phosphorylated and activate WT MurA(Mtb)
(Boutte et al., 2016). Notably, MurA(Mtb)(S368P) is on the opposite
side of Domain | of MurA near the active site region (Figure 7), com-
pared to amino-acid changes in MurA homologs, such as MurZ(Spn)
(D280Y) and MurA(Lmo)(S262L), that likely decrease binding to un-
phosphorylated homologs of IreB/ReoM. The separate location of
amino-acid changes that result in suppression is consistent with the
different mechanisms of positive activation of MurA(Mtb) activity by
phosphorylated CwIM(Mtb) (Boutte et al., 2016) compared to nega-
tive inhibition of MurZ(Spn) activity by an unphosphorylated regula-

tor, such as IreB(Spn).

4 | EXPERIMENTAL PROCEDURES
4.1 | Bacterial strains and growth conditions

Strains used in this study are listed in Table S1. Strains were de-
rived from unencapsulated strains 1U1824 (D39 Acps rpsL1) and
1U1945 (D39 Acps), which were derived from the encapsulated
serotype-2 D39W progenitor strain 1U1690 (Lanie et al., 2007,
Slager et al., 2018). Other strains were derived from unencapsulated
laboratory strain R6 (Hoskins et al., 2001). A small number of drift
mutations that have accumulated in 1U1824 and 1U1945 compared
to IU1690 were determined by whole-genome sequencing and are
listed in Appendix A, Table B. Strains containing antibiotic markers
were constructed by transformation of CSP1-induced competent
pneumococcal cells with linear DNA amplicons synthesized by over-
lapping fusion PCR (Ramos-Montanez et al., 2008; Tsui et al., 2014,
2016). Strains containing markerless alleles in native chromosomal
loci were constructed using allele replacement via the PC-[kan-rpsL*]
(Janus cassette) (Sung et al., 2001). Primers used to synthesize differ-
ent amplicons are listed in Table S1. Bacteria were grown on plates
containing trypticase soy agar Il (modified; Becton-Dickinson), and
5% (vol/vol) defibrinated sheep blood (TSAII-BA). Plates were in-
cubated at 37°C in an atmosphere of 5% CO,. TSAIlI-BA plates
for selections contained antibiotics at concentrations described
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previously (Tsui et al., 2014, 2016). Bacteria were cultured statically
in Becton-Dickinson brain heart infusion (BHI) broth at 37°C in an
atmosphere of 5% CO,, and growth was monitored by OD,, as de-
scribed before (Tsui et al., 2016). Mutant constructs were confirmed
by PCR and DNA sequencing of chromosomal regions corresponding
to the amplicon region used for transformation. Ectopic expression
of various genes was achieved with a P, zinc-inducible promoter in
the ectopic bgaA site. 0.2 to 0.5mM (Zn%*/(1/10)Mn?*) was added
to TSAII-BA plates or BHI broth for inducing conditions. Mn?* was
added with Zn?* to prevent zinc toxicity (Jacobsen et al., 2011; Rued
etal., 2017; Tsui et al., 2016).

In all experiments, cells were inoculated from frozen glycerol
stocks into BHI broth, serially diluted, and incubated 12-15h stati-
cally at 37°C in an atmosphere of 5% CO,. Parallel cultures were set
up for each strain and condition for generation of growth curves and
collections of samples for Western blot or microscopy. For cultur-
ing merodiploid strains that require Zn?* for overexpressing murZ,
murA, gpsB, or stkP from a Zn-dependent promoter (P ) placed at
an ectopic bgaA site (Tsui et al., 2016), 0.2 to 0.5mM (Zn?**/(1/10)
Mn?*) were added to BHI broth in the overnight cultures. BHI was
supplemented with 0.2mM (Zn%*/(1/10)Mn?*) for overnight growth
of 1U15860 (AgpsB murZ*//P, -murZ*) and 1U16897 (AstkP murZ*//
P,,-murZ*), with 0.5mM (Zn?*/(1/10)Mn*") for growth of 1U15862
(AgpsB murA*//P,, -murA®) and 1U16933 (AstkP//P,, -stkP*), and with
0.4mM (Zn**/(1/10)Mn?*) for growth of 1U16915 (AstkP murA*//
PZn—murA+). The next day, cultures at OD,,,=0.1-0.4 were diluted
to OD,,,=0.003 in BHI broth with no additional (Zn?*/(1/10)Mn2*)
or the amounts of (Zn?*/(1/10)Mn?*) indicated for each experiment.
Doubling time determination was performed by first examining the
growth curves on a log scale to determine the time points when
growth was in exponential phase. Doubling times were determined
with GraphPad Prism exponential growth equation using only data
points that exhibit exponential growth. Maximal growth yields
were determined by the highest OD,, values obtained within 9h
of growth. Doubling times and maximal growth yields were com-
pared to WT strain with one-way ANOVA analysis (GraphPad Prism,
Dunnett's test). Cultures were sampled for microscopy or western

analysis at OD,,,=0.1-0.2 (early to mid-exponential phase).

4.2 | Transformation assays

Transformations were performed as previously described (Rued
et al, 2017; Tsui et al., 2016). AgpsB<>aad9, AmurZ::P_-erm,
AmurA::P_-erm, AstkP::P_-erm amplicons, and positive control
Apbp1b::P -aad? or Apbplb::P _-erm amplicon were synthesized by
PCR using the primers and templates listed in Table S1, and contain
=1 kb of flanking chromosomal DNA. All transformation experiments
were performed with no added DNA as the negative control, and
with respective Apbplb amplicons containing the same antibiotic se-
lections as the positive control for competence efficiency and colony
size comparison. The volumes of transformation mixture plated (50
to 300pL) were adjusted to provide =150 to 300 colonies with the

Apbplb amplicons. Transformations with control Apbplb amplicons
with unencapsulated or encapsulated strains typically yielded >500,
or =300 colonies per 1 mL of transformation mixture. Transformants
were confirmed by PCR reactions. Each transformation experiment
was performed 2 or more times. The sizes of colonies indicated in
Table 2 were relative to colonies transformed with the same recipi-
ent strain with a control Apbplb amplicon. For transformations in
0.2mM or 0.4mM (Zn?*/(1/10)Mn?%), ZnCl, and MnSO,, stock solu-
tions were added to transformation mixes and soft agar for plating
and spread onto blood plates containing (Zn?*/(1/10)Mn?*) to induce
gene expression under control of the P,, zinc-inducible promoter in
the ectopic bgaA site (Jacobsen et al., 2011; Rued et al., 2017). For
AstkP transformation experiments, a volume (=100 to 150pL) of
transformation mix so that =100 colonies appeared on each plate.
We ensured that there were similar numbers of the AstkP and posi-
tive control transformants, and that all the colonies appeared similar
on each plate. Pictures of colony morphologies of strains trans-
formed with AstkP::P_-erm and the control Apbp1b::P_-erm amplicon
were taken from transformation plates after 20h of incubation at
37°C post-transformation, with illumination source from under the

plates.

4.3 | Whole-genome DNA sequencing

Whole-genome sequencing was used to identify suppressor muta-
tions and to verify the genomes of constructed mutants. Strains
listed in Table 1 containing suppressor mutations that allowed
growth of a AgpsB mutant were isolated as described previ-
ously (Rued et al., 2017, Tsui et al., 2016). For strains 1U11954,
IU11846 and 1U11918, genomic DNA preparation, DNA library
construction, lllumina MiSeq or NextSeq DNA sequencing, and
bioinformatics analyses were performed as described previ-
ously (Rued et al., 2017, Tsui et al., 2016). For strains 1U16883,
E740, IU11912 and 1U11456, the NEXTFLEX Rapid DNA-Seq 2.0
kit (catalog number 5188-03) was used in place of the Nextflex
Rapid DNA-Seq kit (catalog number 5144-02) used for 1U11954,
IU11846 and 1U11918. Reads were adapter trimmed and qual-
ity filtered using Trimmomatic ver. 0.38 (http://www.usadellab.
org/cms/?page=trimmomatic), with the cutoff threshold for
average base quality score set at 20 over a window of 3 bases.
Reads shorter than 20 bases post-trimming were excluded. More
than 95% of the sequenced reads passed quality filters. Cleaned
reads were mapped to Streptococcus pneumoniae D39 genome
sequence (CP000410.2) using bowtie2 version 2.3.2. More than
97.5% of the cleaned reads mapped to the genome. Variants in
the libraries with each group against the D39 reference were
called and compared using Breseq version 0.35.1 (Deatherage &
Barrick, 2014; https://barricklab.org/twiki/bin/view/Lab/Tools
BacterialGenomeResequencing). Several spontaneous drift mu-
tations (Appendix A, Table B) that do not cause detectable phe-
notypes in the 1U1824 (D39 Acps rpsL1) and 1U1945 (D39 Acps)
unencapsulated parent strains (Table S1) (Lanie et al., 2007) were
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eliminated manually as new variants. The number of reads of each
base was also mapped to the D39 reference genome by using the
JBrowse program (Skinner et al., 2009; Westesson et al., 2013)
to detect regions containing chromosomal duplications or large
deletions (Rued et al., 2017). Sequencing data obtained with sup
gpsB-8 (accession # SRR24310104), sup gpsB-9 (SRR24310106),
sup gpsB-10 (SRR24310105), sup stkP-1 (SRR24310110), sup stkP-
2 (SRR24310109), sup stkP-3 (SRR24310108), and sup stkP-4
(SRR24310107) are deposited in NCBI as a BioProject. Associated
SRA metadata are available at https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA962082

4.4 | Celllength and width measurements

Cell lengths and widths of strain growing exponentially in BHI broth
were measured as previously described (Tsui et al., 2016). For gpsB*
strains, only ovoid-shape predivisional cells were measured. For
analysis that include AgpsB strain, all separated cells, including cells
that were constricted or narrower at midcell, were measured. Unless
indicated in the figure legends, more than 100 cells from at least 2
independent experiments were measured and plotted with box and
whiskers plot (5 to 95 percentile whiskers). p values were obtained
by one-way ANOVA analysis by using the nonparametric Kruskal-
Wallis test in GraphPad Prism program.

4.5 | RNA preparation and gqRT-PCR

RNA preparation and gRT-PCR were performed as previously de-
scribed (Tsui et al., 2016; Zheng et al., 2017). Primers used for qRT-
PCR are listed in Table S1.

4.6 | Quantitative western blotting

Cell lysate preparations using SEDS lysis buffer (0.1% deoxycholate
(vol/vol), 150 mM NacCl, 0.2% SDS (vol/vol), 15mM EDTA pH8.0) and
western blotting was performed as previously described (Cleverley
et al.,, 2019; Lamanna et al., 2022). Briefly, bacteria were grown ex-
ponentially in 5mL BHI broth to an OD,,,=0.15-0.2. Frozen pellets
collected from 1.8 mL of cultures at OD,,,=0.16 were suspended in
80uL of SEDS lysis buffer. The volume of SEDS buffer was adjusted
proportional to the OD,,, values. Protein assays were performed
with the lysates and the pg amounts of protein lysates loaded on
each lane were listed in the figure legends of each blot. The sources
of antibodies used for western blotting are as below. Primary an-
tibodies used are anti-HaloTag monoclonal antibody (Promega,
G921A, 1:1000), and polyclonal rabbit antibodies: anti- FLAG (Sigma,
F7425, 1:2000); anti-HA (Invitrogen, 71-5500, 1:1000); a-pThr anti-
body (Cell Signaling, #9381) (Rued et al., 2017), anti-StkP (1:10,000)
(Beilharz et al.,, 2012, Rued et al., 2017), and anti-MurA(Spn)
(1:7000) (see below for antibody information). Secondary antibodies

used were anti-mouse IgG conjugated to horseradish peroxidase
(Invitrogen, SZ-100, 1:3300), anti-rabbit IgG conjugated to horserad-
ish peroxidase (GE healthcare NA93AV, 1:10,000), or Licor IR Dye800
CW goat anti-rabbit (926-32,211, 1:14,000). Chemiluminescence
signals obtained with secondary HRP-conjugated antibodies were
detected using IVIS imaging system (Figures 5, 8, 11, S6-S8, and
S15), or Azure biosystem 600 (Figure S19c) as described previously
(Lamanna et al., 2022). IR signals obtained with Licor IR Dye800
CW secondary antibody was detected with Azure biosystem 600
(Figure 9, S19a,b, and S20).

The relative expression levels of murZ and murA were measured
with murZ-L-FLAG® or murA-L-FLAG® expressed from their native
chromosomal locus (Figures 5, 8, 9, 11, S8, and S15). To ensure lin-
earity of western signal values vs protein amounts, a range of pro-
tein samples of IU13502 (murZ-L-FLAG®) or lU14028 (murA-L-FLAG®)
were loaded on the same gel as the experimental samples to provide
a standard curve of pg protein amounts versus signal intensities.
These plots were performed for each western quantitation exper-
iment (see Figures 5, 8, 9, 11, S8, S15, and S20), and were used to
calculate the relative protein amounts in each sample lane by ex-
trapolation. To avoid intensity values beyond the linear range, lower
pg amounts of proteins from the induced murZ-Ll-FLAG® or murA-
L-FLAG® overexpression strains (IU13772 or 1U15983, respectively)
were loaded per lane in order for the intensity signals of these sam-
ples to stay within the linear range (Figure S8). For Figures 9d and
6 pL (=2 pg) of protein samples were loaded in each sample lane for
comparison. A standard curve was generated by loading 3, 6, 9 or
12puL of 1U13502 (murZ-L-FLAG®) samples (lanes not shown). For
Figure S20d, 10puL (=3 pg) of protein samples were loaded in each
sample lane for comparison. A standard curve was generated by
loading 5, 7.5, 10 or 15 uL of WT samples. Signal intensities obtained
with the anti-Flag or anti-StkP antibody were normalized with total
protein stain in each lane using Totalstain Q-NC reagent from Azure

biosystems in these two experiments.

4.7 | 2D-immunofluorescence microscopy

2D-immunofluorescence microscopy (2D-IFM) was performed to
examine the localization pattern of MurZ and MurA as described in
(Land et al., 2013) using a primary anti-FLAG antibody (Sigma, F7425,
1:100 dilution) and secondary Alexa Fluor 488 goat anti-rabbit IgG
(Life Technologies, Z1034, 1:100 dilution) with strains 1U13502
(murZ-L-FLAG®) and 1U14028 (murA-L-FLAG®). Nucleoid DNA was
labeled with mounting media SlowFade gold antifade reagent with
DAPI (Life Technologies, S36936).

4.8 | Antibiotic disk-diffusion assay

Strains were inoculated in 3mL BHI broth from frozen glycerol stocks
and grown at 37°C until early exponential phase (OD,,=0.09-0.15).
Cells were then diluted to OD,,,=0.009 in 1mL BHI, and 50pL of
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diluted culture was then mixed into 3mL nutrient-broth soft agar
[0.8% (w/v) nutrient broth and 0.7% (w/v) Bacto Agar (Difco)] and
poured onto TSAII-BA plates. After 15min, antibiotic Sensi-Disc™
(Becton Dickinson Pty Ltd., Fosfomycin; cat# 231709, Cefotaxime;
cat# 231606, Tetracycline; cat# 230998, penicillin; cat# 230918,
Cefoperazone; cat# 231612 (data not shown)), were placed at the
middle of plates that were incubated 37°C for 16 h prior to measure-
ment of zone of inhibition. Images of plates were taken using the
Azure imaging system, and diameters of the zones of inhibition were

measured using the Java program AntibiogramJ (Alonso et al., 2017).

4.9 | 3D structure and residue alignment

The MurZ structure from S. pneumoniae D39 was generated using
AlphaFold v2.0 (Jumper et al., 2021) on the Carbonate Research su-
percomputer at Indiana University, and images were generated using
PyMOL (Schrédinger, LLC). For amino acid sequence comparisons,
amino acid sequences of MurZ and MurA from S. pneumoniae D39
and MurA from E. coli K12 were obtained from the protein PubMed
database (https://www.ncbi.nlm.nih.gov/protein/) and aligned using
the Clustal Omega web server to determine locations of the cata-
lytic Cys, and other residues demonstrated to be important for MurA
function in other bacterial species.

4.10 | Proteomic analysis

Triplicate 30-mL cultures of wild-type (IU1824), AkhpA AkhpB
(IU10596) and AkhpB (IU10592) strains were grown in BHI broth to
an OD,,,=0.1-0.15. Cultures were then collected by centrifugation
at 16,000x g for 5min at 4°C. Cell pellets were resuspended in 1 mL
of cold PBS, centrifuged at 16,100xg for 5min at 4°C, and resus-
pended in 1mLof lysis buffer (8 M Urea, 100mM ammonium bicar-
bonate (pH 7.8), 0.5% sodium deoxycholate), and protease inhibitor
(1 mini tablet (Pierce™ A32955) per 10mL). Resuspended cells were
transferred to lysing matrix B tubes and lysed in a FastPrep ho-
mogenizer (MP Biomedicals) at a rate of 6m/s for 40s three times.
Samples were centrifuged at 16,100x g for 5min at 4°C. 700pL su-
pernatant was transferred to a new 1.5-mL tube and concentrated
using Amicon Ultra 1mL 10K membrane filters (Millipore, catalog
number: UFC501096) to =40puL by centrifuging at room tempera-
ture at 14,000x g for =45 min. Samples were washed in the spin filter
by adding 200 L of wash buffer (8M Urea, 100mM ammonium bi-
carbonate (pH7.8), 0.1% sodium deoxycholate) in the spin filter and
centrifuged at room temperature at 14,000x g for =1 h until =40puL
remains in the column. 3 x volumes (=120 L) of 100mM ammonium
bicarbonate were added to the samples to produce a final urea con-
centration of 2M. Samples were concentrated by centrifugation in
the spin column to =40pL, which were transferred to fresh 1.5mL
microfuge tubes. Spin filters were rinsed twice with 200 pL of 25mM
ammonium bicarbonate and added to the sample tubes. The protein
concentration was quantified by a Bio-Rad DC protein assay (catalog

number: 5000111) using BSA in 0.2M urea and 25mM ammonium
bicarbonate (pH 7.8) as standards. Typical protein yields were 270 to
430pg per 30-mL culture. 100 pug of protein were dried in SpeedVac
concentrator for =15 h followed by in-solution protein digestion.

Samples were denatured in 8M urea, 100mM ammonium bi-
carbonate solution, then incubated for 45min at 56°C with 10mM
dithiothreitol (DTT) to reduce cysteine residues. The free cysteine
residue side chains were then alkylated with 40 mM iodoacetamide
for 1h in the dark at room temperature. The solution was diluted
to 1M urea and 1:100 (wt/wt) ratio of trypsin was added and the
samples were digested at 37°C for 16 h. Peptides were desalted by
Zip-tip.

LC-MS/MS Analysis was performed by injection of peptides into
an Easy-nLC HPLC system coupled to an Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific, Bremen, Germany). Peptide
samples were loaded onto a 75pum x2cm Acclaim PepMap 100 C18
trap column (Thermo Scientific) in 0.1% formic acid. The peptides
were separated using a 75um x25cm Acclaim PepMap C18 analyt-
ical column using an acetonitrile-based gradient (Solvent A: 0% ace-
tonitrile, 0.1% formic acid; Solvent B: 80% acetonitrile, 0.1% formic
acid) at a flow rate of 300nL/min. Peptides were separated using a
120 min gradient. The initial solvent was 2% B. This was ramped to
4% B over 30s. The gradient then ramped up to 32% B over 114 min,
then up to 100% B over 30s and held there for the remaining five
min. The electrospray ionization was carried out with a nanoESI
source at a 260°C capillary temperature and 1.8kV spray voltage.
The mass spectrometer was operated in data-dependent acquisi-
tion mode with mass range 400-1600m/z. The precursor ions were
selected for tandem mass (MS/MS) analysis in the Orbitrap with
3scycle time using HCD at 35% collision energy. Intensity threshold
was set at 1e4. The dynamic exclusion was set with a repeat count of
1 and exclusion duration of 30s.

The resulting data were searched against a Streptococcus
pneumoniae D39 database (Uniprot UP000001452 with 1915
entries, downloaded on 02/2020) using MaxQuant version 1.6.
Carbamidomethylation of cysteine residues was set as a fixed modi-
fication. Protein N-terminal acetylation and oxidation of methionine
were set as variable modifications. Trypsin digestion specificity with
two missed cleavage was allowed. The first and main search peptide
tolerances were set to 20 and 4.5 ppm, respectively.

Perseus Version 2.0.3.0 was used for statistical analysis of the
data (Aguilan et al., 2020; Turapov et al., 2018). The fractional abun-
dance of each protein is calculated relative to the total lysate (pro-
tein area/total lysate area) and used to estimate the fold-change.
Statistical data analyzation was done in Perseus by applying the
following workflow: (a) log2 data transformation and imputation
based on normal distribution to eliminate division by zero, (b) re-
moving proteins only identified in one of replicates, (c) calculating
the mean of replicates, and (d) performing a t-test to determine pro-
teins that were statistically different between wild-type and mutant.
Average values reported in this study were calculated based on 5
replicates of wild-type and 3 replicates of mutant strains. Pairwise
Pearson correlation coefficients among replicates of the same strain
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were 20.986 for all three strains. Data from the proteomic analysis is

contained in Appendix A, Table E.

411 | Tn-seq transposon library generation and
insertion sequencing

Tn-seq transposon library generation and insertion sequencing of
WT D39 Acps rpsL1 (IU1824) and isogenic AkhpB (IU10592) are as
reported in (Lamanna et al., 2022). Tn-seq primary data for the re-
gion between sun (spd_1544) and spd_1541, which are upstream and
downstream of phpP(spd_1543)-stkP(spd_1542), respectively, are
contained in Appendix A, Tables C and D, including run summaries,
number of reads per TA site in each gene, and count ratios for each
gene in the indicated mutants compared with WT. P values for com-
parisons of the number of reads per TA site in each gene were cal-
culated by the nonparametric Mann-Whitney test using GraphPad
Prism (9.2.0).

4.12 | Purification of MurA(Spn) and generation of
anti-MurA(Spn) polyclonal antibody

E. coli strains for protein expression were derived from strain
BL21(DE3) (catalog number C2527H; NEB). Standard methods
were used for transformation of E. coli and isolation of plasmid
DNA (Sambrook et al., 1989). The plasmid for expressing the re-
combinant MurA(Spn) was prepared by first amplifying murA from
S. pneumoniae D39 genomic DNA using primer pair AJP435/AJP436
(Table S1). pHis-parallell plasmid was amplified from BL21(DE3)
pHis-parallel1 (IU6814) (Rued et al., 2017) using primer pair AJP431/
AJP432 (Table S1). PCR products were ligated by Gibson assembly,
and ligated plasmid was then transformed into E. coli a-select gold
efficiency (Bioline, Bio-85027). Protein expression plasmid was
obtained using the Qiaprep Spin Miniprep Kit (Qiagen, 27106) and
transformed into BL21(DE3) (NEB, C2527H) for protein expression.
MurA protein was purified as previously described (Du et al., 2000)
with the following modifications. Cell cultures were grown at
37°C in LB broth supplemented with 100pg/mL ampicillin to an
OD,,,=0.6-0.8 before IPTG induction (0.5mM). Cultures were
harvested by centrifugation at 8000x g for 10min at 4°C, lysed in a
French Press at 18,000 psi, and centrifuged at 12,000x g for 90 min
at 4°C. Supernates were filtered through a 0.45 um filter and loaded
onto a 5mL HisTrap HP column (Cytiva), from which bound protein
was eluted with 1.0 to 250mM imidazole gradient. The His,-tag
was cleaved off of His,-MurA with His-tagged TEV protease (1mg
TEV for 20mg of protein) (Rued et al., 2017) at 4°C during overnight
dialysis against a buffer of 100mM Tris-HCI, pH8, 300mM NacCl,
10mM imidazole, 1.0mM DTT. The proteolysis reaction products
were passed over a 5mL HisTrap HP column (Cytiva) to remove TEV
and uncleaved protein. MurA that did not bind to the second Ni-
NTA column was concentrated and loaded onto a Superdex G200
column (GE Healthcare) equilibrated with 100mM Tris-HCI, pH 8,

100mM NacCl for size exclusion chromatography. Column fractions
were analyzed for purity by SDS-PAGE, concentrated, and small ali-
quots were fast-frozen in liquid nitrogen for storage at -80°C. The
mass of purified MurA protein was verified using a Synapt G2-S mass
spectrometer. Purified MurA was sent to Thermo Fisher Scientific
for custom polyclonal antibody generation in rabbits.
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