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ABSTRACT

Group A Streptococcus (Streptococcus pyogenes, GAS) is a human-specific
pathogen that causes a wide range of diseases and significant morbidity and mortality
worldwide. Despite over a century of research, no licensed human vaccine exists to protect
against GAS infection, which may be due, in part, to the complex regulation of its many
virulence factors and surface exposed proteins. Several virulence regulators have been well
described for GAS, including the CovRS (control of virulence regulator/sensor) two-
component system. CovRS is a negative regulator of virulence in GAS. That is, CovS
phosphorylates CovR to repress virulence gene expression. Whereas CovRS has been
extensively studied over the past two decades, my research efforts have focused on RocA
(regulator of Cov), an accessory protein to the CovRS two-component system. RocA is
believed to interact with CovS to increase CovR phosphorylation, although the molecular
mechanism of this phenomenon remains unknown.

Recent whole-genome population-based sequencing studies of serotype M28 GAS
invasive disease clinical isolates identified an unusually high number of polymorphisms in
rocA compared to other serotypes. Thus, | hypothesized that amino acid changes in RocA
result in altered RocA-RocA and RocA-CovsS protein interactions, giving rise to an altered
global transcriptome and increased virulence in serotype M28 GAS. | used naturally-
occurring clinical isolates and constructed isogenic rocA GAS mutant strains for
transcriptome sequencing (RNA-seq), in vitro virulence factor assays, and in vivo animal
infection model studies. Additionally, | performed substituted cysteine accessibility method

as applied to transmembrane orientation (SCAM™) to determine the membrane topology of



RocA and bacterial adenylate cyclase-based two-hybrid (BACTH) assays to study RocA
protein-protein interactions.

My results demonstrate that deletion of rocA results in a significantly altered GAS
transcriptome and significantly increased virulence in vivo. Naturally-occurring
polymorphisms in rocA also altered the global GAS transcriptome and increased strain
virulence. The observed virulence phenotypes are the result of altered RocA-RocA and
RocA-CovsS protein interactions. Taken together, the data add important new understanding

of the molecular pathogenesis of RocA in serotype M28 GAS.
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1. INTRODUCTION

1.1. Group A Streptococcus: A major cause of morbidity and mortality worldwide

Group A Streptococcus (Streptococcus pyogenes, GAS) is a human-specific
pathogen responsible for an immense disease burden worldwide. GAS asymptomatically
colonizes the throat and skin (1, 2). It causes a wide range of diseases, from superficial
infections, such as pharyngitis (“strep-throat™), impetigo, and scarlet fever, to invasive life-
threatening infections, such as streptococcal toxic shock syndrome (STSS) and necrotizing
fasciitis (“flesh-eating” disease) (1-3). GAS infection can also lead to serious post-infectious
immune sequelae, such as acute rheumatic fever, rheumatic heart disease, and post-
streptococcal glomerulonephritis (1, 2).

The disease burden of GAS globally is substantial. An estimated 111 million skin
infections, 616 million cases of pharyngitis, 1.78 million new cases of invasive and post-
infectious sequelae, and 517,000 deaths occur annually worldwide (4). The World Health
Organization ranks GAS as the ninth leading cause of infectious mortality (2). Over the
years, the incidence of post-infectious sequelae has decreased due to the use of antibiotics
(1). However, rheumatic heart disease is still estimated to affect 2.4 million children aged
five to fourteen (4), making rheumatic heart disease the most common cause of preventable
pediatric heart disease worldwide (2). Despite the large disease burden, and over a century
of GAS pathogenesis research (1, 2), no commercially licensed vaccine is available (5).

GAS strains are most commonly classified by the emm gene, encoding the highly
polymorphic and antiphagocytic M protein (2, 6). GAS serotypes were historically identified

using antisera against the M protein, but they are now more often identified by sequencing
1



the emm gene (1, 7). Over 220 GAS serotypes have been characterized to date (7), with
variation in the disease rate caused by GAS strains of differing serotypes (8). In high income
and industrialized countries, such as the United States and Western Europe, the majority of
GAS disease is caused by a few serotypes (2, 8, 9). In contrast, countries in Africa and the
Pacific Islands have no dominant serotype(s) (8).

The GAS genome is approximately 1.9 Mb in size, regardless of serotype (3). GAS
strains of different serotypes have approximately 90% shared gene content (the core
genome), with the remaining 10% being located in mobile genetic elements such as
prophages and integrative and conjugative elements (3). While the core genomes of GAS
strains of different serotypes differ from one another on the order of tens of thousands of
single nucleotide polymorphisms (SNPs) and insertions/deletions (indels) (3, 10), GAS
strains within the same serotype differ by tens to hundreds of SNPs and indels (10-14).
Minute genetic differences between GAS strains may cause drastic differences in virulence,
as best demonstrated by the genomic events driving the current epidemics of serotype M1
and M89 GAS strains (12, 13, 15, 16).

1.1.1. Serotype M28 GAS: Overrepresentation in puerperal sepsis and female genital
tract infections, yet underrepresentation in molecular pathogenesis research

Serotype M28 GAS strains are among the more common serotypes causing GAS
pharyngitis and invasive disease in the United States and Western Europe (2, 8, 9, 17-19).
Additionally, serotype M28 GAS are overrepresented in puerperal sepsis and female genital
tract infections (14, 17, 19-25). The overabundance may be due, in part, to the region of
difference 2 (RD2) element in the genome of most serotype M28 GAS strains (22, 26). RD2

is a 37.4 kb mobile genetic element that encodes 7 putative extracellular proteins and has



high homology to Streptococcus agalactiae, a common cause of neonatal infections (22).
Despite being a common cause of GAS infections, knowledge of the molecular pathogenesis
of serotype M28 GAS is lacking compared to other numerically important serotypes, such
as serotype M1 and M3 GAS (5, 11, 12, 14, 26-32).

1.2. Two-component systems: Major gene expression regulatory systems in bacteria

Two-component systems (TCSs) are fundamental regulatory systems used by
bacteria to sense stimuli in the environment and alter gene expression (33, 34). Classically,
a TCS is comprised of two proteins: a histidine kinase (HK) and a response regulator (RR)
(33, 34). HKs typically function as homodimers and sense a stimulus in the environment,
resulting in autophosphorylation of a conserved histidine residue. The phosphate group is
then transferred to a conserved aspartic acid residue of the RR, resulting in a conformational
change of the RR and altered expression of genes under its regulatory control (33, 34). In
pathogenic and non-pathogenic bacteria alike, TCSs are major regulators of many different
virulence factors and other transcription regulators and genes that control diverse cellular
phenotypes (33, 35, 36). Almost all bacterial species studied to date encode TCSs (33, 37),
and the apparent lack of HKs in the animal kingdom make them a possibly favorable target
for designing novel antimicrobial therapies (33, 37, 38).

HKs are most commonly composed of two main domains: an N-terminal sensing
domain and a C-terminal kinase domain. Most HKs reside in the cellular membrane,
typically having two transmembrane domains with an extracellular sensing domain in the N-
terminus (34, 35, 37), though for many HKs the exact stimulus that is sensed remains
unknown (35, 36). Not all HKs have a large extracellular loop between the transmembrane

domains. The intramembrane HKSs are hypothesized to sense stimuli in the membrane (35).



Little to no conservation of the N-terminal sensing domain sequences is observed,
suggesting a great diversity of stimuli that can be detected (34, 35). In comparison, the C-
terminal kinase domains are relatively well conserved (37, 39). Two main regions of highly
conserved sequences exist in the kinase domain (Fig. 1-1): the phosphorylatable histidine
(the H box) and the ATP binding sites (the N, D, F, and G boxes) (33, 34, 37, 39). The
conserved sequences are used for classification of HKs (35, 37), but they do not typically
predict stimuli sensed or regulatory output (35). The exact mechanism of signal transduction
from the extracellular N-terminal sensing domain through the membrane to the C-terminal
kinase domain remains unknown (34); however, many models have been proposed (40).
RRs are most commonly composed of two domains: an N-terminal receiver domain
and a C-terminal effector domain (33, 34). The N-terminal receiver domain is the site of the
phosphorylatable aspartic acid residue and the site of the RR dimerization interface (33, 34).
The aspartic acid residue resides in an acidic pocket that catalyzes the phosphotransfer from
the HK histidine to the RR aspartic acid (33, 37). Phosphorylation of the RR results in global
conformation changes in the entire protein, shifting the RR from an inactive to active state
(33). Most RRs are transcription regulators, containing a C-terminal DNA-binding motif
(33). Therefore, sensing of a stimulus by a HK will result in direct changes in gene
expression due to altered DNA-binding affinity and/or dimerization potential of the RR (33).
While most phosphorylation of RRs is carried out by phosphotransfer from HKs, small
phosphate donors, such as acetyl phosphate, can phosphorylate RRs in vivo, though at a

much slower rate (34).



H box:
SHEhR-P

VD-G-Gl (&

DNAh-FS

Fig. 1-1 Predicted structure of the GAS CovsS (control of virulence sensor) HK cytoplasmic domain.
The location of highly conserved sequences are indicated: H box (purple), N box (orange), D box (pink), F box (yellow),
and G box (magenta) (41, 42). Consensus sequences are depicted for the HPK1a family (h, hydrophobic residue) (37).

Most HKs are activated from a “kinase-off” state to a “kinase-on” state by stimuli
(33, 34). That is, activation of HKs by stimuli will result in increased phosphorylation and
activation of RRs. While all HKs are kinases, some also possess phosphatase activity (37).

Bifunctional kinases are able to phosphorylate and dephosphorylate a RR, providing an

5



added layer of regulatory control (37). While all HKs participate in phosphotransfer through
a common mechanism, one HK acts on one RR (34). The cognate HK-RR pair is typically
organized in the same operon within the bacterial genome, making identification of the pairs
relatively facile (37).

TCSs have a documented role in pathogenesis for several bacterial species (36).
While many TCSs can act independently to regulate a specific response to a specific
stimulus, often times multiple TCSs will work in tandem to deliver a shared phenotype (34).
For example, a single hybrid HK and RR regulate virulence gene expression in Bordetella
pertussis (36). In contrast, several TCSs function in a phosphorelay to regulate sporulation
in Bacillus subtilis, and in tandem to regulate virulence determinants in Salmonella enterica
(36, 43). Thus, although a TCS may have a documented role in virulence, the mechanism
for the observed phenotype is not common to all HKs (36). Understanding TCSs remains an
active field for molecular pathogenesis research.
1.2.1. TCSs of GAS

A recent analysis of 64 closed GAS genomes of varying serotypes identified 14 TCSs
(44), of which 12 TCSs are conserved (i.e., full-length intact operon present in > 85% of
strains) across serotypes (45). Of note, serotype M28 GAS typically have 13 TCSs (22).
While not all GAS TCSs have been studied to similar extents, several have proven roles in
GAS molecular pathogenesis.
1.2.1.1. M28_Spy0761-0762: Regulator of a mannose/fructose-type PTS system

M28 Spy0761-0762 is the only unnamed TCS in GAS. Deletion of the TCS RR,
M28_Spy0762, resulted in differential expression of approximately 15% of GAS genes

across 4 growth phases in a nutrient-rich medium (45). The largest difference in expression



was for the TCS itself, M28_Spy0761-0762, and an upstream operon, ptsABCD, encoding a
mannose/fructose-type PTS system (45). Deletion of M28 Spy0762 did not result in
significantly different mouse mortality in a bacteremia infection model (45). Further study
in other in vitro, ex vivo, or in vivo environments may elucidate regulatory roles besides
sugar metabolism.
1.2.1.2. YesMN: Role in cell physiology and metabolism

The YesMN TCS has not been well-studied. Expression of yesN (the RR of the TCS)
in vivo in human patients with GAS pharyngitis is not striking (46). Deletion of yesN resulted
in differential expression of approximately 40% of GAS genes across 4 growth phases in a
nutrient-rich medium (45). Besides demonstrating YesN to be a repressor of the YesMN
TCS, more genes were differentially expressed at later time points, suggesting a role for
YesMN as a regulator in the stationary growth phase (45, 47). Despite a large change in gene
expression, deletion of yesN did not result in a significantly different mouse mortality in a
bacteremia infection model (45).
1.2.1.3. VicKR: Role in osmotic stress response

The VicKR TCS has not been as well-studied as other TCSs in Gram-positive
bacteria, as VicKR are essential in B. subtilis and Streptococcus pneumoniae, and VicR is
essential in Streptococcus mutans (48-50). Although vicR was demonstrated to be essential
in GAS (51, 52), an unstable vicR deletion mutant was generated in one study (53). Deletion
of either vicR or vicK in GAS decreased growth in non-immune human blood and serum and
decreased mouse mortality in a soft tissue infection model (53). VicKR may play a role in
regulating the osmotic stress response, as deletion of vicR increased expression of opuAA

and opuABC, genes encoding proteins of an osmoprotectant transporter (53, 54).



Additionally, a very recent study identified VicK as being essential for a nonhuman primate
(NHP) in vivo vaginal colonization model (55).
1.2.1.4. MaeKR/DpiBA: Regulation of malate utilization

The MaeKR TCS, also referred to as the DpiBA TCS, is implicated in malate
utilization. MaeR is an activator of maeKR expression and the adjacent two gene operon
maePE (45). MaeP is a malate-Na* symport, and MaeE is a NAD-dependent malic enzyme
that converts malate to pyruvate (45, 56). Based on transcript expression data in maeR and
maeK deletion mutants, MaeK may sense malate and low pH to activate maePE expression
(56). The role of MaeKR in virulence remains elusive, as conflicting studies, under the
conditions tested, have demonstrated no difference in mouse mortality (45) and decreased
mouse mortality (56) in similar soft tissue infection models. A study of GAS clinical isolates
causing pediatric STSS found a significant correlation between emm87 STSS isolates and a
nonsynonymous mutation in maeK (57), suggesting a possible role for the MaeKR TCS in
invasive disease pathogenesis.
1.2.1.5. SrtKR and SalKR: Regulation of repurposed lantibiotic biosynthesis operons

Two GAS TCSs are located within lantibiotic biosynthesis operons. Lantibiotics are
antimicrobial peptides that are synthesized by Gram-positive bacteria to act against other
closely related Gram-positive bacteria (58).

The first TCS, SrtKR, is associated with a lantibiotic biosynthesis operon that
produces streptin (59). Not all GAS serotype genomes encode srtKR or have an intact
operon, and, therefore, not all GAS serotypes produce streptin (59). Besides regulating
streptin biosynthesis, SrtKR play a role in defense against nisin A, a lantibiotic produced by

Lactococcus lactis. Deletion of srtKR increased susceptibility to nisin A (60). Nisin A



induces expression of srtFEG, an ABC transporter, through SrtKR (60), suggesting that, in
GAS strains that do not produce streptin, the streptin lantibiotic locus has evolved from a
role in lantibiotic biosynthesis to defense.

The second TCS, SalKR, is associated with the lantibiotic biosynthesis operon that
produces salivaricin (58). The sal locus is not intact in any GAS serotype, and thus, no GAS
strains produces salivaricin (58, 61). A transposon mutagenesis screen identified salK and
salY, an ABC transporter of the sal locus, as attenuated mutants in a zebrafish infection
model (62). Deletion of salY decreased intracellular survival in macrophages (62), and
deletion of salK decreased survival in human blood and polymorphonuclear leukocytes (63).
SalR is a repressor of the sal locus, which is induced by an unknown heat-stable human
serum component (63).
1.2.1.6. SptRS: Role in persistence in human saliva

The function of the SptRS TCS in GAS pathogenesis was determined after a
transcriptomic study of GAS grown ex vivo in human saliva (64). sptRS had the highest
expression among all TCSs, which increased over time (64). Deletion of sptR resulted in
decreased persistence in human saliva, most likely due to altered expression of carbon
utilization genes (64). Additionally, sptR was highly expressed in vivo in human patients
with GAS pharyngitis (64), suggesting an important role for the SptRS TCS in GAS survival
in the oropharynx. A later study determined that SptR is a repressor of sptRS expression, and
deletion of sptR results in increased mouse mortality in a soft tissue infection model (45).

Also, SptS is essential for a NHP in vivo vaginal colonization model (55).



1.2.1.7. Ihk-Irr: Detection and evasion of the human innate immune response

The function of the Ihk-Irr TCS was identified in a study of GAS gene expression
during phagocytosis by human polymorphonuclear leukocytes (PMNSs) (65). Expression of
both ihk and irr increased in response to PMN exposure, and deletion of irr resulted in
increased killing by PMNs (65). Irr regulates approximately 20% of the GAS transcriptome,
including genes involved in cell wall biosynthesis and oxidative stress response (66).
Deletion of irr increased susceptibility to H202, LL-37, and cathepsin G, and decreased
virulence in mouse and NHP necrotizing myositis infection models (5, 66). Expression of
ihk and irr is induced by primary neutrophil granules (66), and they are highly expressed in
vivo in human patients with GAS pharyngitis (65), suggesting that the Ihk-Irr TCS plays a
key role in evasion of the human innate immune response.
1.2.1.8. CiaHR: Role in stress response in GAS

CiaHR is a TCS that has been relatively well studied in S. pneumoniae, where they
regulate competence, B-lactam resistance, and stress response (67, 68). Additionally, 5 small
regulatory RNAs (sRNAs) are regulated by CiaHR in S. pneumoniae, which facilitate the
control of competence (68, 69). In GAS, CiaHR play a role in acidic and oxidative stress
response (67, 70). Very recently, CiaH was demonstrated to be vital in GAS virulence in
mouse and NHP necrotizing myositis infection models (5), and to be essential in NHP in
vivo vaginal colonization and ex vivo uterine wall infection models (55). A few of the
CiaHR-regulated sSRNAs have been identified in a serotype M3 GAS strain by sequence
homology but remain unstudied (69). The SRNAs are likely to have novel regulatory roles

compared to their counterparts in S. pneumoniae, since GAS is not naturally competent (67).
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1.2.1.9. TrxTSR: Regulation of the Mga regulon

A study of the TrxRS TCS found that TrxR is a negative regulator of mga, a well-
studied stand-alone regulator (71-73). Mga controls the expression of a well-studied set of
virulence factors involved in tissue adherence and immune modulation (6, 74-80). Deletion
of trxR decreased virulence in a mouse model of soft tissue infection (71). Additional study
of the TrxRS phosphorelay did not identify a requirement of TrxR phosphorylation for
regulation of the Mga regulon (81), although it may be necessary for regulation of other GAS
genes. Unlike most GAS TCSs, trxSR is co-transcribed with an upstream open reading
frame, trxT (81). Deletion of the conserved hypothetical membrane protein resulted in a
partial trxR deletion phenotype, suggesting a possible involvement of TrxT in the TrxRS
signaling pathway (81). TrxTSR may sense asparagine to alter gene expression of virulence
factors (82).
1.2.1.10. LiaFSR: Role in acid stress response, biofilm formation, and pilus regulation

LiaSisaunique HK in GAS. Itis the only GAS HK belonging to the intramembrane-
sensing family (44). The LiaFSR system has been very well studied in B. subtilis, where it
was originally characterized (83, 84). In B. subtilis, LiaS is activated by cell membrane and
envelope damage by lipid Il antibiotics, such as bacitracin, leading to LiaR phosphorylation
and altered gene expression (83, 84). LiaF, a membrane protein co-transcribed with liaSR,
acts as a negative regulator of LiaSR (83). In S. mutans, LiaFSR play a role in resistance to
cell membrane damaging agents, acid stress response, and biofilm formation (85).

In GAS, deletion of liaS increased susceptibility to bacitracin, decreased acid stress
response, and decreased mouse mortality in a soft tissue infection model (86, 87). A study

of asymptomatic carriage strains identified a polymorphism in liaS that increased mouse
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nasopharyngeal colonization and adherence to human epithelial cells in vitro (88).
Transcriptome studies demonstrated that LiaFSR regulate spxA2, a transcriptional anti-
activator that regulates stress responses and virulence factor expression (88, 89). Further
studies discovered that LiaFSR is activated by bacitracin and, similar to S. agalactiae and S.
pneumoniae, regulates the expression of pilus and biofilm formation (90, 91). Very recently,
LiaF was found to be essential for a NHP in vivo vaginal colonization model (55).
1.2.1.11. FasBCA/fasX: Colonization/dissemination phenotype regulation by a SRNA
The FasBCA/fasX  system (fibronectin/fibrinogen binding/hemolytic
activity/streptokinase regulator) is unusual compared to other TCSs in GAS because 1) it
has two HKs (FasB and FasC) and 2) the main effector of the system is a SRNA, fasX. Initial
studies demonstrated that deletion of fasX results in a similar phenotype to deletion of
fasBCA (92), and all three proteins, FasBCA, are needed for expression of fasX (32). The
FasBCA/fasX system regulates several cellular phenotypes, including fibrinogen binding,
streptokinase activity, and cell adherence (92, 93). fasX functions by binding to the 5’
untranslated region (UTR) of mRNA transcripts and altering mRNA stability. fasX binds to
the 5> UTR of ska mRNA transcript, the gene encoding streptokinase, and increases the
stability of the mRNA, resulting in increased secreted streptokinase protein levels and
activity (94, 95). In contrast, fasX binds to the 5° UTR of mRNA transcripts for genes of the
FCT locus, encoding genes for pilus and fibronectin binding, and blocks the ribosomal
binding site, reducing translation of the mRNA and decreasing cell adherence (93, 95, 96).
Deletion of fasX decreased mouse mortality in a plasminogen-humanized bacteremia
infection model (95), demonstrating the importance of the FasBCA/fasX system to GAS

pathogenesis.
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1.2.1.12. CovRS: Regulation of virulence in GAS

Since its identification over 20 years ago (97-99), the CovRS TCS (control of
virulence regulator/sensor), also referred to as the CsrRS TCS (capsule synthesis regulation),
has been the most well-studied TCS from GAS. Initially identified as a negative regulator of
hyaluronic acid capsule synthesis, transcriptomic studies have demonstrated that CovRS
regulates approximately 10-15% of the GAS genome (14, 100-103). Of note, the CovRS
regulon differs slightly among strains of different serotypes (see below). CovRS represses
expression of many proven and putative virulence factors, such as hasABC (hyaluronic acid
capsule synthesis genes) (104), the sag operon (streptolysin S and biosynthesis genes) (105,
106); speB (streptococcal pyrogenic exotoxin B, a secreted cysteine protease) (107, 108),
ska (streptokinase) (109, 110), grab (protein-G-related a2-macroglobulin binding protein)
(111), mac (1gG endopeptidase and inhibitor of reactive oxygen species generation) (112,
113), spyCEP (interleukin-8 protease) (114), nga (NAD*-glycohydrolase) (115), and slo
(streptolysin O) (115). Additionally, CovRS regulates the expression of several transcription
regulators, including many of the TCSs mentioned above (100, 102). Since CovRS
negatively regulates the expression of many virulence factors, deletion of covRS results in
significantly increased virulence in multiple animal infection models (14, 101, 103, 107,
116-118).

Several mechanistic studies of CovR and CovS have been published, giving a
detailed understanding of their molecular pathogenesis. The covRS operon is transcribed as
two different transcripts (covR and covRS) (119), and CovR is a repressor of covRS
transcription (120). CovR binds to the promoter of several genes it regulates at AT-rich sites

(98, 105, 109, 116, 120-125), with a consensus binding site of ATTARA (122).
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Phosphorylation of CovR at aspartic acid 53 (D53), the site of phosphorylation by CovS
(123, 126, 127), results in oligomerization and increased DNA binding affinity (98, 116,
120-123). CovR can also be phosphorylated at threonine 65 (T65) by a serine/threonine
kinase (Stk), which precludes phosphorylation of D53 by CovS (127). CovR mutants with
single amino acid changes have been characterized, resulting in altered phosphorylation of
CovR by Covs, signaling from CovS to CovR, or DNA binding affinity (116, 123, 125-128).
CovR mutant strains can either function more similar to a covR deletion strain or covS
deletion strain, depending on the mutation (see below) (116, 125, 127-129). Additionally,
not all CovR mutations result in identical transcriptome and virulence profiles (116, 129),
suggesting that the regulatory output is dependent on the location and severity of the
mutation (14, 116, 128). CovsS is a bifunctional histidine phosphatase/kinase (126, 128, 130,
131). That it, CovS can both phosphorylate and dephosphorylate CovR at D53.
Transcriptomic studies of CovS kinase and phosphatase deficient mutants and CovR
phosphate site mutants revealed that differential gene expression by CovRS is dictated by
CovR phosphorylation level (128, 131).

Although the exact stimulus of the CovRS TCS in vivo is unknown, two
environmental cues have been identified in vitro (132, 133). Supraphysiological
concentrations of cationic magnesium (Mg?*) result in activation of the CovRS system,
leading to increased CovR phosphorylation and increased repression of CovRS regulated
genes (131, 132, 134, 135). In comparison, subinhibitory concentrations of the human
cathelicidin peptide LL-37 result in inactivation of the CovRS system, leading to decreased
CovR phosphorylation and decreased repression of CovRS regulated genes (128, 131, 133,

135, 136). Serotype-specific differences in response to both Mg?* and LL-37 have been
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demonstrated, which likely results from differences in basal levels of CovR phosphorylation
(128, 131). Little is known about the mechanism of action of Mg?* on CovRS, though it can
antagonize the effect of LL-37 (133, 135). A ten amino acid peptide of LL-37, RI-10, binds
to acidic residues of the CovS extracellular domain (136), suggesting that LL-37 functions
by specifically binding to Covs, rather than by damaging the cell membrane. Additionally,
CovS phosphatase knockout mutants show no altered CovR phosphorylation in response to
LL-37, suggesting that binding of LL-37 (or fragments of LL-37 containing RI-10) to CovS
activates its phosphatase activity to alleviate gene repression (128).

As observed with responses to environmental cues, serotype-specific differences in
gene regulation by CovRS have been documented (102, 103, 127, 137, 138). Although minor
changes are to be expected due to differences in gene content, a noteworthy difference is
regulation of the Mga regulon (103). The Mga regulon is regulated by CovRS to a much
greater extent in GAS serotypes that do not express hyaluronic acid capsule (103),
suggesting that a regulatory function of the CovRS TCS is to remodel the cell surface.

Although CovsS is the main factor altering CovR phosphorylation, deletion of covS
does not result in absence of phosphorylated CovR (131). That is, CovR is phosphorylated
in vivo by other mechanisms besides CovS, most likely by small phosphate donors. As such,
subtle transcriptomic changes differ between CovR and CovS mutant strains (103, 127, 129).
For example, speB transcription and secreted enzymatic activity is increased in a GAS strain
with deletion of covR, but decreased in a GAS strain with deletion of covS (129). A
mechanistic study of CovRS speB regulation has suggested that non-phosphorylated CovR

is dominant to phosphorylated CovR in repressing speB transcription (139).
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Population-based studies of GAS clinical isolates have identified covRS as highly
polymorphic genes (11, 12, 14). A recent population transcriptomic study demonstrated that
naturally-occurring CovRS mutants are not identical in gene expression and in vivo virulence
profiles, although a majority do result in a significant increase in virulence (14).
Additionally, neutrophils may select mutant covRS strains in vivo (140). However, covRS
mutation decreases survivability in competition assays with wild-type strains (102, 129), and
decreases adherence to human cells in vitro and mouse tissue in vivo (137, 141). Thus,
mutation of CovRS may decrease transmissibility, which is uncommon in population-based
studies (142).

1.3. Accessory proteins to TCSs: An added layer of regulatory complexity to TCSs

While TCSs function in a linear fashion to sense and respond to the environment,
they are not completely isolated (34). In addition to working in tandem with one another for
more complex response regulation, the phosphorelay of TCSs can be modified by accessory
proteins (also referred to as auxiliary proteins) (43). Accessory proteins are non-HKs and
non-RRs that act on the signal transduction pathway of TCSs (43). The diversity in protein
sequence of accessory protein mirrors their diversity in mechanistic function. Accessory
proteins act at multiple sites of the TCS phosphorelay, including assisting in sensing stimuli
and signal transduction, and altering phosphotransfer reactions (43, 143). The added
complexity of regulation allows for integration of multiple stimuli and regulatory proteins
for a fine-tuned cellular response (43, 143). Several accessory proteins from other bacterial
species have been well-characterized.

In Escherichia coli, the PhoQP TCS responds to extracellular Mg?* and Ca?* to

regulate ion uptake, whereas the EvgSA TCS confers acid and multidrug resistance (144).
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EvgSA TCS activation activates the PhoQP TCS via SafA (145). SafA is a small inner
membrane protein whose expression is induced by the EvgSA TCS and interacts directly
with PhoQ to increase autophosphorylation and activate the PhoQP TCS (145, 146). In
Sinorhizobium meliloti, the FeuPQ TCS is required for symbiotic infection. Within the
feuPQ operon is a third gene, feuN, encoding a small essential protein that inhibits the FeuPQ
TCS (147). FeuN is only essential in the presence of a functional FeuQ (the HK of the TCS),
suggesting that FeuN interacts with FeuQ to alter FeuQ enzymatic activity (147). FeuN may
interact with the transmembrane domains of FeuQ, as mutations in and around the
transmembrane domains of FeuQ decrease sensitivity to FeuN (147). Thus, small accessory
proteins alter TCS regulation through transmembrane interactions.

In B. subtilis, the essential YycFG TCS regulates genes involved in cell wall
metabolism. Two accessory proteins, YycH and Yycl, interact with YycG (the HK of the
TCS) to modulate kinase activity (148). While both are large membrane anchored proteins,
only the transmembrane domains of YycH and Yycl together are required for function (149).
Modeling and mutagenesis studies of YycGHI transmembrane domain interactions suggest
that YycH and Yycl interact with one another and YycG to alter YycG kinase activity (149).
Thus, two accessory proteins act in tandem to regulate TCS kinase activity through
interaction of transmembrane domains.

Several accessory proteins have functional roles in regulating pilus formation. In E.
coli, CpxP is a periplasmic accessory protein whose crystal structure has been determined
(150). CpxP dimerizes to form a cap-like structure, and each face of the dimer has different
functionality (150). The concave surface is able to bind to the periplasmic domain of CpxA

(the HK of the TCS), inhibiting activation of the CpxAR TCS, while the convex surface
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binds to misfolded proteins in the periplasm and directs them to be degraded, activating the
CpxAR TCS and expression of pilus biogenesis and stress response proteins (150). In
Pseudomonas aeruginosa, the major type IV pilin PilA interacts with PilS (the HK of the
PiISR TCS) via transmembrane domains in the inner membrane (151). The PilA-PilS
interaction activates PilS phosphatase activity, resulting in decreased PilR phosphorylation
and decreased expression of pilA (151). Thus, accessory proteins are involved in feedback
regulation of pilus biosynthesis TCS regulators.

In Staphylococcus aureus, several different accessory proteins of multiple TCSs have
been characterized. The SaeRS TCS consists of an intramembrane HK that is induced by
human neutrophil peptides to regulate virulence determinants (152). Two accessory proteins,
SaeP, a lipoprotein, and SaeQ, a membrane protein, directly interact with SaeS to promote
SaeS phosphatase activity (153). The GraSR TCS consists of an intramembrane HK that
controls cationic antimicrobial peptide resistance (154). GraX, a cytoplasmic protein, and
VraFG, a repurposed ABC transporter, are accessory proteins that sense cationic
antimicrobial peptides and signal through GraS to activate GraR (155). The essential WalKR
TCS is involved in regulation of cell wall metabolism (156). SpdC, an Abi-domain
membrane protein, interacts with WalK (the HK of the TCS) and negatively regulates
WalKR activity (157). Additionally, SpdC interacts with nine other HKs of S. aureus
through transmembrane domain interactions, suggesting that SpdC is a universal accessory
protein involved in several regulatory pathways (157).

In S. agalactiae, the CovRS TCS regulates virulence determinants in a manner
similar to the CovRS TCS in GAS. A recent study identified Abx1 as an accessory protein

to the CovRS TCS system in S. agalactiae (158). Abx1, an Abi-domain membrane protein,
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interacts directly with CovS transmembrane domains (158). Abx1 acts as an antagonist to
the CovRS TCS, either by inhibiting CovS kinase or enhancing CovS phosphatase activity
(158). abx1 is present in the core genome of S. agalactiae, but a homolog is not found in the
GAS genome (158). Animal infection studies using strains with either deletion or
overexpression of abx1 decreased mortality, suggesting that protein levels of Abx1 are
tightly regulated and important for pathogenesis (158). Sequencing studies of S. agalactiae
clinical isolates have identified protein truncation mutations of Abx1, but the molecular
pathogenesis of the Abx1 variants has not been determined (159).

Altogether, accessory proteins are diverse in amino acid composition and mechanism
of action toward TCSs in many bacterial species. Further study of the molecular mechanisms
of TCS regulation will undoubtedly lead to the identification of more accessory proteins with
new modes of regulation (43).

1.3.1. RocA: An accessory protein to the CovRS TCS in GAS

In GAS, three proposed accessory proteins have been studied. The first two, LiaF
and TrxT, are discussed above. The third has become more well-characterized in the last few
years, including many new discoveries reported in this dissertation. RocA (regulator of Cov)
IS an accessory protein to the CovRS TCS in GAS. It was initially identified in a transposon
mutagenesis study (160). RocA is a 451 amino acid protein unique to GAS with homology
to quorum sensing histidine kinases of other Gram-positive bacteria. RocA has a predicted
N-terminal transmembrane domain and predicted C-terminal putative histidine kinase
ATPase domain missing several key residues for ATP binding (160). Further study of RocA
identified truncated rocA alleles in serotype M3 and M18 GAS strains (161-164). In all

serotype M18 GAS studied to date, a SNP in rocA results in insertion of an early stop codon
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and truncation of RocA to 89 amino acids (161). In all serotype M3 GAS studied to date, a
single nucleotide deletion results in a frameshift mutation and truncation of RocA to 416
amino acids (164). Both the M18 and M3 rocA alleles increased virulence factor expression
and activity in vitro and increased virulence in animal infection models similar to isogenic
mutant strains lacking rocA (161-164), providing evidence that RocA is a negative regulator
of virulence.

Deletion of rocA in both serotype M1 and M3 GAS strain backgrounds results in an
altered transcriptome that is similar, but not identical, to CovRS mutant strain transcriptomes
(164, 165). Analysis of a panel of isogenic rocA and covRS gene deletion mutants
demonstrated that RocA functions through CovRS (164, 166). That is, a functional CovRS
TCS is required for RocA gene regulation of CovRS-regulated genes. Deletion of rocA
decreases CovR phosphorylation by CovS (164, 167), suggesting that RocA functions by
altering either CovS kinase or phosphatase activity. Mutagenesis of cytoplasmic histidine
residues confirmed that RocA is not a histidine kinase (160, 166). Further studies
demonstrated that RocA has a dosage effect, since overexpression of RocA truncation
mutants containing at least the N-terminal transmembrane domains can complement a strain
with a rocA null allele (165). Thus, the C-terminus of RocA appears to be dispensable for
regulatory activity, and RocA is a pseudokinase towards CovR (166, 168, 169).

Investigations into the role of supraphysiological levels of Mg?* and subinhibitory
levels of LL-37 on RocA gene regulation demonstrated that deletion of rocA results in loss
of LL-37 regulatory activity toward CovRS (165). Thus, LL-37 may function by interfering
with the proposed RocA-CovS protein interaction occurring in the cell membrane. Of note,

this observation provides a possible explanation for serotype-specific differences in response
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to LL-37 (131). Deletion of rocA did not alter the ability of Mg?* to affect gene regulation
through CovRS (165). Thus, some in vitro stimuli for CovRS are also sensed by RocA.

A few studies have identified GAS clinical isolates (167, 170, 171) and animal
passaged strains (172) with nonsense and frameshift mutations in rocA, resulting in a rocA
null phenotype. In serotype M89 GAS clinical isolates, several strains had deletion of one
repeat in a variable number tandem repeat (VNTR) upstream of rocA (167). The VNTR
contains three repeats, and deletion of any number of repeats results in loss of rocA
translation, due to loss of the presumed ribosomal binding site for rocA (167). However, no
SNPs that result in amino acid changes in RocA have been studied prior to the research
described in this dissertation.

The accumulation of data has led to the development of a model for RocA molecular
pathogenesis (165): RocA heterodimerizes with CovS to form a functional unit with high
kinase activity and low phosphatase activity, resulting in high levels of CovR
phosphorylation and low levels of virulence factor gene expression. Mutation of rocA
abrogates the interaction, resulting in a CovRS system with either lower kinase activity or
higher phosphatase activity, decreased CovR phosphorylation and increased virulence factor
gene expression. Although the basic mechanism of RocA gene regulatory activity is
understood, a detailed molecular mechanism is still lacking, and the role in which amino
acid changes can alter the functionality of this accessory protein and, ultimately, GAS
molecular pathogenesis, remains unknown.

1.4. Overarching hypothesis
Recent whole-genome sequence analysis of 2,101 serotype M28 GAS strains

recovered from large population-based studies of patients with invasive infections revealed
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an unexpectedly high number of missense (amino-acid changing) and nonsense (protein
truncating) polymorphisms in rocA (14, 173). In total, 48 strains were identified with
polymorphisms in rocA, resulting in 29 unique alleles (Fig. 1-2). A majority of the
polymorphisms occurred in the predicted N-terminal transmembrane domain (Fig. 1-2). The
abundance of polymorphisms of rocA was unexpected. Population-based studies of serotype
M1, M59, and M89 GAS strains did not identify a high number of rocA alleles (12, 13, 174),
suggesting that RocA may play an important role in the pathogenesis of serotype M28 GAS

in invasive infections.
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Fig. 1-2 rocA polymorphisms in serotype M28 GAS strains.

The affected codon and amino acid change conferred by each polymorphism are shown. For polymorphisms due to
nucleotide deletion, the affected nucleotide is identified. Alleles identified in multiple isolates are indicated.
Polymorphisms that result in RocA protein truncation or loss of rocA mRNA translation are shown below the protein
schematic, and polymorphisms that result in amino acid changes are shown above the protein schematic. Missense
polymorphisms in the predicted domains sufficient for regulatory activity (165) are colored red. Predicted domains of the
RocA protein using Phrye2 are indicated (TM, transmembrane domain; HATPase, histidine kinase ATPase domain) (42).
Predicted functional domains of the potential histidine kinase domain (H box, N box, F box, G box) are identified (160). #,
one strain has two polymorphisms in rocA. Adapted from Bernard et al. (173).

My overarching hypothesis is that polymorphisms in rocA result in altered RocA-
RocA and RocA-CovsS protein interaction, giving rise to an altered global transcriptome and
increased virulence in serotype M28 GAS. Results demonstrate: 1) RocA is an important
accessory protein involved in virulence in serotype M28 GAS; 2) naturally-occurring

polymorphisms in rocA alter the global GAS transcriptome and increase strain virulence;
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and 3) polymorphisms in rocA alter the physical interaction between RocA and CovS. Taken

together, the data add important new understanding of the molecular pathogenesis of RocA

specifically and accessory proteins in general.
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2. ROCA HAS SEROTYPE-SPECIFIC GENE REGULATORY AND PATHOGENESIS

ACTIVITIES IN SEROTYPE M28 GROUP A STREPTOCOCCUS”

2.1. Summary

Serotype M28 group A streptococcus (GAS) is a common cause of infections such
as pharyngitis (“strep throat”) and necrotizing fasciitis (“flesh-eating” disease). Relatively
little is known about the molecular mechanisms underpinning M28 GAS pathogenesis.
Whole-genome sequencing studies of M28 GAS strains recovered from patients with
invasive infections found an unexpectedly high number of missense (amino acid-changing)
and nonsense (protein-truncating) polymorphisms in rocA (regulator of Cov), leading us to
hypothesize that altered RocA activity contributes to M28 GAS molecular pathogenesis. To
test this hypothesis, an isogenic rocA deletion mutant strain was created. Transcriptome
sequencing (RNA-seq) analysis revealed that RocA inactivation significantly alters the level
of transcripts for 427 and 323 genes at mid-exponential and early stationary growth phases,
respectively, including genes for 41 transcription regulators and 21 virulence factors. In
contrast, RocA transcriptomes from other GAS M protein serotypes are much smaller and
include fewer transcription regulators. The rocA mutant strain had significantly increased
activity of multiple virulence factors and grew to significantly higher colony counts under
acid stress in vitro. RocA inactivation also significantly increased GAS virulence in a mouse

model of necrotizing myositis. Our results demonstrate that RocA is an important regulator

“Reprinted from “RocA has serotype-specific gene regulatory and pathogenesis activities in serotype M28
group A streptococcus” by Bernard PE, Kachroo P, Zhu L, Beres SB, Eraso JM, Kajani Z, Long SW,
Musser JM, and Olsen RJ. 2018. Infect Immun 86, e00467-18, Copyright © 2018 by American Society
for Microbiology.
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of transcription regulators and virulence factors in M28 GAS and raise the possibility that
naturally occurring polymorphisms in rocA in some fashion contribute to human invasive
infections caused by M28 GAS strains.
2.2. Introduction

Group A streptococcus (GAS) is a human-specific pathogen that causes diseases
ranging in severity from relatively innocuous pharyngitis (“strep throat”) to life-threatening
necrotizing fasciitis (“flesh-eating” disease) (1, 2). In addition, GAS is responsible for
postinfectious immune sequelae such as rheumatic heart disease and poststreptococcal
glomerulonephritis (3). The global disease burden and economic impact of GAS disease are
immense. The World Health Organization estimates that GAS causes over 700 million
superficial infections, 1.78 invasive infections, and 512,000 deaths annually (4). Despite
decades of research, there is no commercially available vaccine to prevent GAS infections.

GAS strains are commonly classified by sequence variation in the emm gene, which
encodes the highly polymorphic M protein virulence factor (3). Serotype M28 strains are
among the more common causes of GAS pharyngitis and invasive infections in the United
States and other countries (1, 5-11). Of note, serotype M28 GAS strains are strongly
associated with puerperal sepsis (7-9, 12-14). Despite the importance of M28 strains in
human disease, relatively little is known about the molecular pathogenesis of M28 GAS (1,
5, 12, 13). Historically, GAS pathogenesis research has focused on the strains of other
numerically important serotypes, such as M1 and M3 (2, 15-21).

One gene of increasingly recognized importance to GAS pathogenesis is rocA
(regulator of Cov), encoding the RocA protein (22). RocA was initially identified as a

positive regulator of the CovRS (control of virulence) two-component system, which is a
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negative regulator of virulence (22-24). Further study of rocA in multiple GAS serotypes
identified a naturally occurring nonsense mutation in all serotype M18 strains that results in
hyperencapsulation and increases carriage longevity in the mouse nasopharynx (25).
Similarly, RocA is inactivated in all serotype M3 strains by a single nucleotide deletion that
introduces a frameshift mutation, and restoration of RocA by introduction of the serotype
M1 wild-type rocA allele decreases M3 GAS virulence in a mouse model of bacteremia (26-
28). Deletion of rocA in serotype M1, M3, M6, M14, M18, and M89 GAS results in
increased expression of virulence factors known to be regulated by the CovRS system (26-
32). Although the molecular mechanisms for RocA function has not been determined, RocA
increases phosphorylation of the DNA binding response regulator CovR in the presence of
its cognate sensor histidine kinase CovS, resulting in CovR activation (28, 30). The N-
terminal transmembrane domains of RocA are crucial for the regulatory activity of RocA,
suggesting that RocA functions as an accessory protein to the CovRS system (32). However,
the role , if any, of RocA in pathogenesis has not been studied in M28 GAS.
Whole-genome sequencing studies of M28 GAS strains recovered from human
invasive infections found an unexpectedly high number of missense (amino acid-altering)
and nonsense (protein-truncating) polymorphisms in rocA (GenBank accession no.
MH884522 to MH884551) (Fig. 2-1). Previous studies of rocA in strains of other GAS M
protein serotypes identified several nonsense mutations and many frameshifting insertions
and deletions (indels) that result in protein truncation (25-28, 30-35). However, very few
rocA missense mutations have been reported in other GAS serotypes, and none have been
studied previously (25-28, 30-35). The striking increase in missense mutation frequency in

M28 strains led us to speculate that RocA has serotype-specific functions in M28 GAS
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strains. We hypothesized that RocA inactivation significantly contributes to the molecular
pathogenesis of invasive infections caused by serotype M28 GAS. To test this hypothesis,
we created an isogenic rocA deletion mutant strain and discovered that RocA regulates a
substantial portion of the M28 GAS transcriptome, including many genes encoding
transcription regulators and virulence factors. Consistent with the transcriptome data, in vitro
assays showed that RocA inactivation significantly increases the secreted activity of multiple
virulence factors and increases CFU under acid stress. The RocA-inactivated strain was also

significantly more virulent in a mouse model of necrotizing myositis.

P58S K105N
A55T | / G184W Ta42p
F53L \ Heova' 19 / H149:154V R258K TR T
E3k S\ |/ PorL| /y131H | ‘2% | s202p L VA20L N (nz3)
Tma - w5 +—{Twie }—{Tma7 -———* Ll naTPisd] |—
pd /! . o T .
-odel(Bniy# 195del(ent) | Riogr QMG /a2t \E29O ¥ e e
(n=5) Y81" 419del(1nt) 644del(1nt)  Q233*
(n=2)

Fig. 2-1 rocA is unusually polymorphic in serotype M28 GAS strains.

The affected codon and amino acid change conferred by each polymorphism are shown. For polymorphisms due to
nucleotide deletion, the affected nucleotide is identified. Alleles identified in multiple isolates are indicated.
Polymorphisms that result in RocA protein truncation or loss of rocA mRNA translation are shown below the protein
schematic, and polymorphisms that result in amino acid changes are shown above the protein schematic. Missense
polymorphisms in the predicted domains sufficient for regulatory activity (32) are colored red. Predicted domains of the
RocA protein using Phrye2 are indicated (TM, transmembrane domain; HATPase, histidine kinase ATPase domain) (106).
Predicted functional domains of the potential histidine kinase domain (H box, N box, F box, G box) are identified (22). #,
one strain has two polymorphisms in rocA.

2.3. Results
2.3.1. rocA is unusually polymorphic in serotype M28 GAS

Recent whole-genome sequencing studies of serotype M28 GAS strains recovered
from human invasive infections revealed an unexpectedly high number of missense and

nonsense polymorphisms in rocA (GenBank accession no. MH884522 to MH884551) (Fig.

53



2-1). We identified 29 unique polymorphisms (25 single nucleotide polymorphisms [SNPs]
and 4 insertions/deletions [indels]) among 2,101 M28 GAS strains. The frequency of
polymorphisms in rocA is significantly greater than expected by chance alone (P < 0.01,
Fisher’s exact test). The 29 unique polymorphisms included 17 missense mutations, 11
nonsense mutations, and one six-nucleotide deletion in the upstream noncoding region that
affects the presumed ribosomal binding site (30) (Fig. 2-1). Of note, 13/17 (76.5%) of the
missense mutations occur in the 5” end of rocA, resulting in amino acid changes in the N
terminus of RocA that may be crucial for its function as an accessory protein to the CovRS
system (32) (Fig. 2-1).

The abundance of rocA polymorphisms found in the M28 GAS strains prompted a
reevaluation of data from our previously published whole-genome sequencing studies of
large, comprehensive, population-based collections of other GAS M protein serotypes (15,
36, 37). We discovered that M1 and M59 GAS strains had a much lower frequency of rocA
polymorphisms (see Fig. A-1 in the Appendix) (15, 22, 32, 36, 37, 106). Although 29 unique
rocA polymorphisms were identified among 2,101 M28 GAS strains (13.8 rocA alleles per
1,000 M28 strains), only 16 unique rocA polymorphisms were identified among 3,443 M1
GAS strains (4.6 alleles per 1,000 strains) (15), and two unique rocA polymorphisms were
identified among 310 M59 GAS strains (6.5 alleles per 1,000 strains) (37). In contrast, 18
unique rocA polymorphisms were found among 1,193 M89 strains (15.1 alleles per 1,000
strains) (36).

The very high number of variants identified in serotype M28 GAS strains suggests

that the rocA polymorphisms are selected for during human invasive infection to alter the
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regulatory activity of RocA. We hypothesize that altered RocA activity contributes to the
molecular pathogenesis of M28 GAS.
2.3.2. Creation of an isogenic rocA deletion mutant strain

As a first step toward investigating the role of RocA in serotype M28 GAS molecular
pathogenesis, we created an isogenic rocA deletion mutant strain using allelic exchange (38).
Wild-type (WT) strain MGAS28426 was chosen as the parental strain because it is
genetically representative of serotype M28 GAS strains that commonly cause human
infections, and it has a wild-type allele for all major global transcription regulatory genes,
including covRS, ropB, mga, ccpA, and rocA. Whole-genome sequencing of the isogenic
rocA deletion (ArocA) mutant strain confirmed the absence of spurious mutations. To
determine if rocA deletion alters the growth phenotype of M28 GAS, the parental WT and
isogenic ArocA mutant strains were grown in Todd-Hewitt broth supplemented with yeast
extract (THY), a nutrient-rich medium. No significant difference in growth was observed
(Fig. 2-2A) (P = not significant [NS], two-way analysis of variance [ANOVA]).
2.3.3. Deletion of rocA in M28 GAS strain MGAS28426 results in a substantial
transcriptome change

To test the hypothesis that rocA deletion results in altered global gene transcript
levels in M28 GAS, transcriptome sequencing (RNA-seq) analysis was performed using
strains grown to mid-exponential (ME) (optical density at 600 nm [ODeoo] = 0.5) and early
stationary (ES) (ODsoo = 1.65) growth phases (Fig. 2-2A). Principal-component analysis
showed that rocA deletion markedly alters the global transcriptome of serotype M28 GAS
at both growth phases (Fig 2-2B). In total, 427 (25.8%) and 323 (19.5%) genes had

significantly altered transcript levels at ME and ES growth phases, respectively (absolute
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Fig. 2-2 Deletion of rocA significantly alters the GAS transcriptome.

(A) No significant growth difference in nutrient-rich liquid medium was observed between the parental wild-type (WT)
and isogenic ArocA mutant strains. Dashed lines represent the ODsoo 0of mid-exponential (ME) and early stationary (ES)
growth phases for cultures that were collected for RNA-seq analysis. (B) Principal component analysis of the WT and
ArocA strain transcriptomes at the ME and ES growth phases. (C) Number of genes with significantly altered transcript
levels at the ME and ES growth phases (107).

transcript fold change, > 1.5; P < 0.05 after Baggerly’s test with Bonferroni’s correction for
multiple comparisons) (Fig. 2-2C). Of these genes, 109 were common to both growth phases
(Fig. 2-2C). Many of the significantly differentially expressed genes encode transcription
regulators and proven virulence factors (see below). A complete list of genes with

significantly altered transcript levels is provided in Tables B-1 and B-2 in the Appendix.
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Table 2-1 GAS transcription regulator genes (proven and inferred) directly or indirectly regulated by RocA at mid-
exponential (ME) and early-stationary (ES) growth phases.

Fold change relative to
WTE®
Locus Tag? Gene Known or Putative Function® ME ES
M28_Spy0034 comR¢* Competence (39) -1.7
M28_Spy0104 rofAdef Regulator of fibronectin binding protein (40) -1.9
M28_Spy0153 sgaR Ascorbate utilization (41) -15
M28_Spy0184 rivRée Negative regulator of GRAB (42) 24
M28_Spy0189 yjdR Multidrug resistance transporters (41) -2.3
M28_Spy0276 nrdR? Ribonucleotide metabolism (43) 1.8
M28_Spy0522 agaR2 Carbohydrate metabolism (41) -1.9
M28_Spy0538 ralp3¢ RofA-like transcription regulator (44) -2.3 -1.8
M28_Spy0681 cpsydef Resistance to opsonophagocytic killing (45) 1.6
M28_Spy0780 srtkd Lantibiotic biosynthesis (46) 1.7
M28_Spy0872 M28_Spy0872f GntR family transcription regulator (41) -1.8
M28_Spy0889 nagR N-acetylglucosamine utilization (41) 2.8
M28_Spy0896 pdxR Pyridoxin metabolism (41) 1.8
M28_Spy0919 ciaH? 2.1
M28_Spy0920 G Acid and oxidative stress (47) 20
M28_Spy0963 M28_Spy0963' Transport (41) 2.0 -1.7
M28_Spy1346 trxR%e -1.9
M28_Spy1347 Trgie Two-component system (48) 20
M28_Spy1373 liaR%® Regulator of pilus proteins (49) -1.7
M28_Spy1384 atoR%ef Short chain fatty acid metabolism (50) 1.7
M28_Spy1420 M28_Spy1420 Mga family transcription regulator (41) -2.0
M28_Spy1445 lacR.1¢ Galactose metabolism (51) -2.3
M28_Spy1449 copYdf Copper toxicity (52) 2.4
M28_Spy1501 codYd Pleiotropic transcription regulator (53) 15
M28_Spy1531 scrR Sucrose utilization (41) -1.6
M28_Spy1545 M28_Spy1545f XRE family transcription regulator (41) 1.7
M28_Spy1546 M28_Spy1546f XRE family transcription regulator (41) 15
M28_Spy1564 sryde Streptococcal regulator of virulence (54) 31
M28_Spy1566 M28_Spy1566' XRE family transcription regulator (41) -2.5
M28_Spy1569 M28_Spy1569 MerR family transcription regulator (41) -1.6
M28_Spy1615 salR? Lantibiotic biosynthesis (55) 1.8
M28_Spy1636 M28_Spy1636 XRE family transcription regulator (41) -1.9
M28_Spy1704 mgade Multiple gene regulator (56) 22 2.0
M28_Spy1708 ihkdef Polymorphonuclear leukocyte evasion (57) 15
M28_Spy1724 ropBde Regulator of SpeB (58) -2.3
M28_Spy1750 ctsRf Stress and heat shock response (59) 2.7
M28_Spy1763 M28_Spy1763f LuxR family transcription regulator (41) -1.6
M28_Spy1769 treRf Trehalose utilization (41) -1.5
M28_Spy1782 SpxA2¢.e Stress resistance, regulator of SpeB (60) 4.0
M28_Spy1835 ywzG' Transport (41) -1.5 -2.0
M28_Spy1839 pipR Phage infection protein (41) 1.8

3Locus tag identified in the serotype M28 reference genome MGAS6180.

PKnown or putative function based on known role in GAS or inferred homology. Selected references are provided.

*Empty (blank) cells: the gene does not satisfy the P value and/or fold change requirement.

“Transcription regulators that have been previously studied in GAS.

*Transcription regulators with a proven role in GAS virulence.

Transcription regulators unique to the M28 ME RocA transcriptome compared to the M1 and M3 ME RocA transcriptomes (28, 32).
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2.3.4. RocA directly or indirectly regulates transcription regulators involved in
virulence in serotype M28 GAS

The RNA-seq data demonstrated that RocA inactivation significantly altered the
transcript levels of 41 transcription regulators in serotype M28 strain MGAS28426 (Table
2-1) (39-60). Of the 41 transcription regulators that are directly or indirectly regulated by
RocA in M28 GAS, 22 have been previously studied in GAS, 11 have inferred function by
homology with transcription regulators in other Streptococcus species, and 8 are of unknown
function (Table 2-1) (39-60). One particularly interesting regulator whose expression is
significantly altered by RocA inactivation in M28 GAS is mga (multiple virulence gene
regulator of GAS) (56). Mga regulates the expression of multiple genes encoding proven
virulence factors, including sclA (encoding a collagen binding protein) (61), fba (encoding
a fibronectin binding protein) (62), scpA (encoding C5a peptidase) (63), enn (encoding IgA
binding protein) (64), emm (encoding antiphagocytic M protein) (65), mrp (encoding M-
related protein) (66), sfbX (encoding a fibronectin binding protein) (67), and sof (encoding
serum opacity factor [SOF]) (68). Compared to the parental WT strain, the isogenic ArocA
deletion mutant strain had significantly increased transcript levels for each gene in the Mga
regulon at one or both time points (Fig. 2-3A and Tables B-1 and B-2).

To determine if the observed difference in transcript levels of genes in the Mga
regulon result in an altered phenotype, SOF activity was assayed in vitro. Consistent with
the RNA-seq data, the isogenic ArocA deletion mutant strain had significantly increased SOF

activity compared to the parental WT strain (Fig. 2-3B).
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Fig. 2-3 Deletion of rocA significantly increases the transcript levels of genes in the Mga regulon.

(A) The transcript levels of mga and eight Mga-regulated genes were significantly increased in the ArocA mutant strain
compared to the WT strain. Genomic coordinates and fold change in transcripts are shown for each gene at mid-exponential
and early stationary growth phases (P < 0.05, Baggerly test with Bonferroni correction for multiple comparisons). Points
below the 1.5-fold-change cutoff did not reach statistical significance and are included for completeness. (B) Serum opacity
factor (SOF) activity assay results. Data are shown as mean + standard deviation. ***, P < 0.001; **** P < 0.0001
(Student’s t test).

2.3.5. RocA directly or indirectly regulates transcription regulators and virulence
factors involved in the stress response in serotype M28 GAS

During infection, GAS cells are exposed to oxidative and acidic stress in purulent
lesions (69-71). Among the 41 transcription regulators that are directly or indirectly
regulated by RocA in M28 GAS, 4 are implicated in oxidative and acidic stress responses,
including the CiaHR two-component system, NrdR, and SpxA2 (Table 2-1) (43, 47, 60).
Additionally, the arcABCD operon had significantly increased transcript levels in the ArocA
mutant strain (Fig. 2-4A and Table B-1 in the Appendix). The arcABCD operon encodes the
ArcABCD proteins of the arginine deiminase pathway, which are also involved in the GAS

response to acidic environments (72-74).
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Fig. 2-4 Deletion of rocA significantly increases the transcript levels of genes encoding transcription regulators and
proteins involved in the stress response.

(A) The transcript levels of arcABCD and spxA2 were significantly increased in the ArocA mutant strain compared to the
WT strain at mid-exponential growth phase. M28_Spy1209 encodes a putative dipeptidase, and M28_Spy1212 encodes a
putative N-acetyltransferase. Genomic coordinates and fold change in transcripts are shown for each gene (P < 0.05,
Baggerly test with Bonferroni correction for multiple comparisons). (B) The transcript levels of nrdR and ciaHR were
significantly increased in the ArocA mutant strain compared to the WT strain at early stationary growth phase. Genomic
coordinates and fold change in transcripts are shown for each gene (P < 0.05, Baggerly test with Bonferroni correction for
multiple comparisons). (C) Growth of strains in THY buffered with HEPES (pH 7.5). (D) Growth of strains in THY
buffered with 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.0). (E) CFU counts of strains grown in THY buffered
with MES (pH 6.0) at 3 h. Data are shown as mean + standard error of the mean (SEM). *, P < 0.05 (Mann-Whitney test).

Because ciaHR, nrdR, spxA2, and arcABCD had significantly increased transcript
levels in the isogenic ArocA deletion mutant strain compared to the parental WT strain (Fig.
2-4A and B), we hypothesized that the isogenic ArocA deletion mutant strain is significantly
more resistant to acidic stress. To test this hypothesis, the isogenic ArocA deletion mutant
strain and parental WT strains were grown in THY alone, THY buffered to neutral conditions

using HEPES (pH 7.5), and THY buffered to acidic conditions using 2-(N-
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morpholino)ethanesulfonic acid (MES) (pH 6.0) (29). Under neutral conditions (THY alone
and HEPES, pH 7.5), the growth curves of the isogenic ArocA mutant and parental WT strain
were nearly superimposable (Fig. 2-2A and 2-4C). Consistent with our hypothesis, when
grown under acidic conditions (MES, pH 6.0), the isogenic ArocA deletion mutant strain had
a shortened lag phase and increased slope of the exponential phase compared to the parental
WT strain (Fig. 2-4D). After 3 h of growth under acidic conditions, significantly more CFU
were present in cultures of the isogenic ArocA deletion mutant strain than in those of the
parental WT strain (Fig. 2-4E).
2.3.6. Deletion of rocA results in differential transcript levels of multiple GAS virulence
factors

Several proven and putative virulence factors had significantly altered transcript
levels in the isogenic ArocA deletion mutant strain compared to the parental WT strain
(Table 2-2). Many of the differentially expressed virulence factors are known to be regulated
by the CovRS two-component system, as well as RocA, in other GAS serotypes (24, 28, 32).
Selected virulence factors genes with increased transcript levels in the isogenic ArocA
mutant strain include nga (encoding NAD®-glycohydrolase [SPN]) (38), slo (encoding
streptolysin O [SLO]) (38), spyCEP (encoding interleukin-8 [IL-8] protease) (75), mac
(encoding an IgG endopeptidase and an inhibitor of reactive oxygen species generation) (76-
78), and sse (encoding streptococcal secreted esterase [SSE]) (79). Selected virulence factor
genes with decreased transcript levels in the isogenic ArocA strain include M28_Spy0109
(encoding pilin protein) (49, 80), the sag operon (carrying streptolysin S biosynthesis genes)

(81), grab (encoding protein-G-related o2-macroglobulin binding protein) (82), ska
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(encoding streptokinase [SKA]) (83), and speB (encoding streptococcal cysteine protease B)

(84).

Table 2-2 Selected proven and putative virulence factors of GAS regulated by rocA at mid-exponential (ME) and
early-stationary (ES) growth phases.

Fold change relative to
wild-type®
Locus tag? Gene Function ME ES
M28_Spy0109 M28_Spy0109 | Pilin protein 238
M28_Spy0137 nga NAD*-glycohydrolase 6.3 7.6
M28_Spy0139 slo Streptolysin O 6.0 7.2
M28_Spy0329 spyCEP IL-8 protease 38.0
M28_Spy0540 sagA Streptolysin S precursor 27
M28_Spy0541 sagB Streptolysin S biosynthesis protein 3.4
M28_Spy0542 sagC Streptolysin S biosynthesis protein 3.2
M28_Spy0543 sagD Streptolysin S biosynthesis protein 35
M28_Spy0544 sagE Streptolysin S self-immunity protein 3.0
M28_Spy0545 sagF Streptolysin S biosynthesis protein 25
M28_Spy0546 sagG Streptolysin S export ATP-binding protein 3.1
M28_Spy0547 sagH Streptolysin S export transmembrane protein 29
M28_Spy0548 sagl Streptolysin S export transmembrane protein 27
M28_Spy0649 mac é%ﬁeiggggeptldase and inhibitor of reactive oxygen species 381
M28_Spy1098 grab Protein-G related o2-macroglobulin-binding protein 55 8.7
M28_Spy1450 sse Streptococcal secreted esterase 3.6 17
M28_Spy1672 ska Streptokinase 22 74
M28_Spy1675 sclA Collagen binding protein 19.1 41
M28_Spy1699 fba Fibronectin binding protein 41 23
M28_Spy1700 ScpA Cb5a peptidase 41 3.7
M28_Spy1701 enn I9A binding protein 1.6
M28_Spy1702 emm Anti-phagocytic M protein 35 6.0
M28_Spy1703 mrp M-related protein 23
M28_Spyl1715 sfbX Fibronectin binding protein 3.4 3.0
M28_Spy1716 sof Serum opacity factor 3.0 34
M28_Spy1721 speB Streptococcal cysteine protease B 3.2
M28_Spy1884 hasA Hyaluronan synthase 17.2
M28_Spy1885 hasB UDP-glucose 6-dehdrogenase 18.8
M28_Spy1886 hasC UTP-glucose-1-phospate uridylyltransferase 177

?Locus tag identified in the serotype M28 reference genome MGAS6180.
PEmpty (blank) cells: the gene does not satisfy the P value and/or fold change requirement.

To assess the phenotypic effect of the differential transcript levels for selected
virulence factors, a series of in vitro assays was performed. Compared to the parental WT

strain, the isogenic ArocA deletion mutant strain expressed increased amounts of
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immunoreactive SPN and SLO proteins (Fig. 2-5A). Additionally, compared to the parental
WT strain, the isogenic ArocA mutant deletion strain had significantly increased SOF, SPN,
SLO, and SSE secreted activity (Fig. 2-3B and 2-5B to D) and significantly decreased SKA
secreted activity (Fig. 2-5E). The results are consistent with the RNA-seq data and raise the

possibility that deletion of rocA in M28 GAS increase virulence.
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Fig. 2-5 Deletion of rocA significantly increases GAS virulence factor levels and activity in the culture supernatant.
(A) Western immunoblot analysis of NAD*-glycohydrolase (SPN) and streptolysin O (SLO). (B) SPN activity. (C) SLO
activity. (D) Platelet activating factor (PAF) acetylhydrolase activity. (E) SKA activity. Data are shown as mean + standard
deviation. **, P < 0.01; ***, P < 0.001; **** P <0.0001 (Student’s t test).

2.3.7. Deletion of rocA results in increased virulence in a mouse model of necrotizing
myositis

Next, we hypothesized that deletion of rocA significantly increases M28 GAS
virulence. To test this hypothesis, the virulences of the isogenic ArocA deletion mutant and
parental WT strains were compared using a well-established mouse model of necrotizing
myositis (36, 85, 86). Compared to the parental WT strain, the isogenic ArocA deletion
mutant strain caused significantly more mortality (Fig. 2-6A) and larger lesions with more
tissue destruction (Fig. 2-6B). Also, compared to infection with the parental WT strain,
significantly more CFU were recovered from mouse limbs infected with the isogenic ArocA
deletion mutant strain (Fig. 2-6C). Together, these data demonstrate that deletion of rocA in

serotype M28 GAS significantly increases virulence.
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Fig. 2-6 Deletion of rocA increases GAS virulence in a mouse model of necrotizing myositis.
(A) Kaplan-Meier survival curve (n = 40 mice/strain). *, P < 0.05 (log rank test). (B) Representative microscopic lesions
from the inoculation site of the right lower hindlimb of mice infected with the WT or ArocA mutant strain on day 1
postinoculation. The necrotic lesions are encompassed by black ovals. Original magnification, x4. (C) CFU/gram of tissue
recovered on day 3 postinoculation (n =20 mice/strain). Data are shown as mean = SEM. *, P < 0.05 (Mann-Whitney test).

ArocA

2.4. Discussion

Serotype M28 GAS strains are a common cause of pharyngeal and invasive
infections globally (1, 5-11). However, relatively little is known about the molecular
pathogenesis of M28 strains. GAS molecular pathogenesis studies have historically used
other numerically important serotypes such as M1 and M3 strains as model organisms (2).
Recent whole-genome sequence analysis of 2,101 serotype M28 GAS strains recovered from
large population-based studies of patients with invasive infections revealed an unexpectedly
high number of missense and nonsense polymorphisms in rocA (GenBank accession no.
MH884522 to MH884551) (Fig. 2-1), a finding that was not observed in our previous studies
with M1, M59, and M89 GAS (15, 36, 37). Inactivation of rocA in a genetically
representative serotype M28 GAS strain resulted in a substantial transcriptome change
(38.8% of all GAS genes) (Fig. 2-2), including many genes encoding transcription regulators
and proven of putative virulence factors. In vitro assays confirmed the RNA-seq results (Fig.

2-3 to 2-5), and the M28 RocA-inactivated strain was significantly more virulent in a mouse
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Fig. 2-7 Model of RocA contribution to the molecular pathogenesis of serotype M28 GAS.

GAS strains with a wild-type rocA gene (such as MGAS28426, left panel) have a basal level of rocA expression, RocA-
regulated genes, and a wild-type virulence phenotype. GAS strains with rocA mutations (such as ArocA, right panel) have
a substantially altered transcriptome that significantly increase virulence factor expression, stress response, and virulence.
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model of necrotizing myositis (Fig. 2-6). Taken together, these data suggest that RocA plays
a key role in M28 GAS molecular pathogenesis in human invasive infections (Fig. 2-7).
We found that deletion of rocA in a genetically representative serotype M28 GAS
strain resulted in a very substantial transcriptome change (Fig. 2-2; see Tables B-1 and B-2
in the Appendix). Previous research on RocA has led to the publication of RocA
transcriptomes form serotype M1 and M3 GAS strains (28, 32). The time point for collecting
GAS cells, the culture media used, and the process of making RNA-seq libraries for the
published M1 and M3 studies were very similar to those for our M28 RocA RNA-seq
experiment (28, 32). However, the bioinformatic processes used for analysis in each study
differed. Thus, to compare the three transcriptomes, we reanalyzed the publicly available
M1 (accession number GSE97325) (32) and M3 (accession number GSE68277) (28) RocA
RNA-seq data using a bioinformatics process identical to that for our M28 ME RocA RNA-
seq data (see Materials and Methods). In contrast to the M1 and M3 RocA transcriptomes,
we discovered a much higher number of genes directly or indirectly regulated by RocA in
M28 GAS (see Table B-3 and Fig. A-2 in the Appendix) (107). At ME growth, 427 genes
have significantly altered transcript levels in the serotype M28 isogenic ArocA deletion
mutant strain, whereas only 357 and 224 genes have significantly altered transcript levels in
the rocA deletion M1 and M3 strains, respectively (Table B-3 and Fig. A-2) (107). The
substantially increased size of the M28 RocA regulon compared to those of the M1 and M3
RocA regulons may be due, in part, to the number of genes encoding transcription regulators
that were differentially expressed (Fig. A-2) (107). Of the 41 transcription regulators directly
or indirectly regulated by RocA in serotype M28 GAS (Table 2-1), 26 had altered transcript

levels at mid-exponential growth. In comparison, RocA altered the expression of only 24
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and 15 transcription regulators in the M1 and M3 strains, respectively. That is, RocA may
regulate the expression of more genes in M28 GAS due to its effect on many different
transcription regulators. Another possible explanation for the much smaller RocA
transcriptome in M3 GAS is the experimental strategy used. The M1 and M28 RocA
transcriptomes were determined by creating isogenic deletion mutant strains lacking the
rocA gene (32). In contrast, the M3 study compared an M3 GAS strain containing the
naturally occurring rocA mutation to an isogenic strain carrying the serotype M1 wild-type
rocA allele (28). The naturally occurring RocA mutant protein in M3 GAS has partial RocA
function when overexpressed, suggesting that M3 strains may natively retain some very
limited amount of RocA activity (28, 32).

The RocA transcriptome has not been previously studied at early stationary growth
phase (28, 32). In most GAS RNA-seq studies, regulators typically alter the expression of
more genes at early stationary growth than at mid-exponential growth (24, 87-90). However,
in M28 GAS, we discovered that rocA deletion significantly altered the transcript levels of
fewer genes at early stationary growth phase (323 compared to 427) (Fig. 2-2C). Analysis
of rocA expression at both growth phases identified significantly more transcripts at mid-
exponential growth phase (see Fig. A-3 in the Appendix), suggesting that RocA is expressed
at a higher level during early growth. Additionally, more genes encoding transcription
regulators had significantly altered transcript levels at mid-exponential growth (26 at mid-
exponential growth phase compared to 19 at early stationary growth phase). The two
findings may, in part, explain the higher number of genes directly or indirectly regulated by

RocA at mid-exponential growth phase compared to early stationary growth phase.
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One possible molecular mechanism for RocA inactivation to increase M28 GAS
virulence is by decreasing CovR phosphorylation via the CovRS two-component regulatory
system. Spontaneous mutations in covR and covS have been identified in GAS strains
recovered from animals with experimental infections and humans with invasive infections
(23, 91). In general, mutations in covR or covS substantially alter the GAS transcriptome and
increase strain virulence (23, 24, 92). That is, covRS mutations may provide a fitness
advantage in some host environments. We speculate that rocA mutations may also be
selected in vivo after the initial infection is established. Although covR and covS expression
was not significantly altered in the M28 isogenic rocA deletion mutant strain (Tables B-1
and B-2), RocA increases CovR phosphorylation, which is a key step in CovRS activation
(28, 30). In support, approximately 15% of the genes that are differentially expressed in the
ArocA M28 strain are known to be regulated by CovRS in other GAS serotypes (Tables B-
1 and B-2) (24). For example, RocA inactivation significantly increased nga and slo
expression (Fig. 2-5). CovRS is known to regulate nga and slo (23, 24). Possibly important
to the role of RocA inactivation in M28 GAS virulence, increased expression and activity of
SPN and SLO was recently implicated as the central factor underlying the emergence and
global spread of epidemic clade 3 M89 strains (36, 93).

Another possible molecular mechanism for RocA inactivation to increase M28 GAS
virulence is by significantly altering gene expression independently of CovRS (Table 2-2).
That is, RocA may directly or indirectly regulate or act as an accessory protein to additional
regulatory systems in GAS. For example, the isogenic ArocA deletion mutant strain had
significantly increased transcript levels of mga and Mga-regulated genes (Fig. 2-3). Sanson

et al. demonstrated that a naturally occurring mutation in mga increased the expression of
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mga and Mga-regulated genes in M59 GAS to significantly increased virulence in mice,
nonhuman primates, and humans (94-96). In the rocA-inactivated serotype M1 and M3 GAS
strains, mga and some genes in the Mga regulon also had increased expression (Table B-3).
Possibly important to the serotype-specific effect of RocA on mga expression, the genes
comprising the Mga regulon differ in each of the three serotypes (57). Similarly, the stress
response genes ciaHR, nrdR, and spxA2 and the arginine deiminase pathway genes arcABCD
had significantly increased transcript levels in the ArocA M28 mutant strain (Fig. 2-4) (43,
47, 60,73, 74). Consistent with the RNA-seq data, the isogenic ArocA strain had increased
resistance to acidic stress, a condition encountered in purulent lesions (69-71). The
expression of spxA2 was increased in the rocA-inactivated serotype M1 and M3 GAS strains
(Table B-3). In comparison, the arcABCD genes had significantly decreased expression in
the rocA-inactivated serotype M1 GAS strain, whereas the arcABCD genes had significantly
increased expression in the rocA-inactivated serotype M3 and M28 GAS strains (Table B-
3). The molecular basis for the serotype-specific regulatory activity of RocA on arcABCD
IS unknown.

Unexpectedly, the M28 ArocA isogenic deletion mutant had significantly decreased
transcript levels of ska (Tables B-1 and B-2). The ska gene encodes streptokinase (SKA), an
important virulence factor that disrupts the host fibrinolytic system (83, 97). SKA also leads
to degradation of host extracellular matrix and basement membrane proteins. Whereas ska
has significantly decreased transcript levels in the M28 ArocA strain, it had significantly
increased transcript levels in the M1 and M3 RocA-inactivated strains (Table B-3) (28, 32).
Compared to that in the WT strain, SKA activity was significantly decreased in the M28

ArocA strain (Fig. 2-5E). The reason for the observed serotype-specific differences in
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regulation of ska is uncertain. To date, ska is known to be regulated by two different systems,
FasBCAX and CovRS (42, 98-100). We detected no significant difference in expression of
fasBCA or covRS in the M28 isogenic ArocA deletion mutant strain under the conditions
studied. Our RNA-seq protocol does not capture small RNA transcripts, so fasX, a small
RNA, could not be measured. One possible explanation for the serotype-specific regulation
of ska is that one of the 41 differentially expressed transcription regulators, including the 14
regulators that are uniquely regulated by RocA in M28 GAS (Table 2-1 and Fig. A-2) (107),
directly or indirectly regulates ska expression. Further studies will be needed to better
understand the molecular mechanisms underlying altered expression of ska.

The difference in rocA allele frequency between M28 and other M protein serotype
strains may be due to inherent genetic differences that favor a RocA-inactivated phenotype.
For example, most serotype M1 and M59 GAS strains are encapsulated (15, 37), but virtually
all M28 and epidemic clade 3 M89 GAS are capsule deficient (93, 101). Epidemic clade 3
M89 GAS strains lack the hasABC locus, which is required for hyaluronic acid capsule
production (93). M28 GAS strains have a one-nucleotide frameshifting insertion in hasA that
results in a truncated HasA protein without enzymatic activity (GenBank accession no.
MHB884522 to MH884551) (101). Thus, although the M28 rocA isogenic deletion mutant
strain demonstrated significantly increased hasABC transcript levels (Table 2-2), virtually
all M28 strains are incapable of capsule biosynthesis (see Fig. A-4 in the Appendix) (36).
Additionally, virtually all serotype M28 GAS strains have a missense mutation in mac, the
gene encoding Mac, an IgG endopeptidase and inhibitor of reactive oxygen species
generation (76-78). The missense mutation results in a loss of Mac 1gG endopeptidase

activity (77). The two phenotypic characteristics, possibly in combination with other, yet-
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unrecognized genomic factors, may predispose serotype M28, and also M89, GAS strains to
select for rocA polymorphisms that increase fitness in the invasive infection environment.
Additionally, the preponderance of missense mutations in the transmembrane domains of
RocA in serotype M28 GAS compared to the other serotype is of particular interest (Fig. A-
1). As the transmembrane domains are crucial for the regulatory activity of RocA, detailed
analyses of the missense mutations located in the transmembrane domains are warranted.

In summary, our study shows that in serotype M28 GAS, RocA directly or indirectly
regulates a substantial portion of the GAS transcriptome (38.8% of all GAS genes).,
including many transcription regulators and proven or putative virulence factors. The
number of genes and transcription regulators directly or indirectly regulated by RocA in
serotype M28 GAS is greater than that observed in RocA studies performed with serotype
M1 and M3 GAS. The M28 RocA-inactivated strain was significantly more virulent in a
mouse model of necrotizing myositis. Taken together, these data suggest that RocA plays a
key role in M28 GAS molecular pathogenesis and thus may contribute to the high number
of naturally occurring polymorphisms found in M28 strains recovered from human invasive
infections. Our findings underscore the critical need for molecular pathogenesis research
efforts to study many different microbial strains from many different genetic backgrounds
(i.e., within the same serotype and across different serotypes).

2.5. Materials and methods
2.5.1. Determination of SNPs in rocA in serotype M28 GAS strains

Whole-genome sequence analysis of the 2,101 serotype M28 GAS strains was

previously performed (GenBank accession no. MH884522 to MH884551). Six strains are

distant outliers and were excluded from further analysis. Among the remaining 2,095 M28
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strains, 20,135 single nucleotide polymorphism (SNP) sites were identified across the core
genome that spans 1,735,432 bp. Assuming that SNP sites are randomly distributed across
the core genome, 1 SNP site is expected to occur every 86 bp. Given a random distribution,
approximately 16 SNP sites are expected to occur in the rocA coding and upstream
regulatory region that spans 1,374 bp. As previously described, Fisher’s exact test was used
to demonstrate that significantly more SNP sites were identified in rocA than would be
expected to occur by random chance (17, 36, 58).
2.5.2. Construction of an isogenic rocA deletion strain

Strain MGAS28426 was selected as the serotype M28 parental wild-type (WT) strain
because it is genetically representative of serotype M28 GAS strains and has a wild-type
allele for all major global transcription regulators. The isogenic rocA deletion (ArocA)
mutant strain was constructed by deleting the entire open reading frame of rocA, as
previously described (38). Sequences for primers used are listed in Table B-4 in the
Appendix. Whole-genome sequence analysis of the isogenic ArocA mutant strain confirmed
that no spurious mutations were introduced during strain construction.
2.5.3. RNA-seq analysis

The WT and isogenic ArocA mutant strains were grown in triplicate in THY with 5%
CO2 at 37°C to mid-exponential (ME) (ODsoo = 0.5) and early stationary (ES) (ODsoo = 1.65)
growth phases as previously described (94, 95). RNAprotect Bacteria Reagent (Qiagen Inc.,
Germantown, MD) was added (2:1), and cells were lysed by ballistic disintegration
(FastPrep-96 instrument and lysing matrix B [MP Biomedicals, Santa Ana, CA]). RNA was
extracted using standard methods (RNeasy kit [Qiagen Inc., Germantown, MD]), and RNA

quality and quantity were assessed (Agilent 2100 Bioanalyzer [Agilent Technologies, Santa
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Clara, CA] and Qubit [Invitrogen, Carlsbad, CA]). RNA-seq libraries were prepared using
standard methods (ScriptSeq Complete kit [Epicentre, Madison, WI]) and sequenced with
an Illumina NextSeq Instrument (Illumina, San Diego, CA) using the default settings.

On average, we obtained 39.5 million reads/sample for the 12 samples (WT and
isogenic ArocA mutant strains grown in triplicate and collected at ME and ES growth
phases). Reads were mapped to the genome of serotype M28 GAS reference strain
MGAS6180 (12), and differential transcript analysis was performed with CLC Genomics
Workbench 10.5 (Qiagen Inc., Germantown, MD) using the default settings. Genes encoding
rRNA, tRNA, phage, and mobile genetic elements were excluded from analysis, as there are
limitations in read mapping to repetitive sequences found within the aforementioned
elements. Genes with an absolute transcript change of > 1.5-fold and a P value of < 0.05
after Baggerly’s test with Bonferroni’s correction for multiple comparisons were considered
to be significantly differentially expressed.

RocA transcriptomes from M1 and M3 GAS strains have been published (28, 32).
The time point for collecting the GAS cells at ME growth phase, the culture media used, and
the process of making the RNA-seq libraries in the published M1 and M3 studies were very
similar to those used in our M28 RocA RNA-seq experiment conducted at ME growth phase.
However, the bioinformatics process used for analysis in each study differed. To compare
the M1, M3, and M28 RocA transcriptomes, publicly available M1 and M3 RNA-seq
sequencing data (28, 32) were reanalyzed with a bioinformatics process identical to that
described above. That this, to compare the RocA transcriptomes of the M1, M3, and M28
GAS strains, we used a common bioinformatics process to analyze the three RNA-seq data

sets. Briefly, the publicly available RNA-seq reads for the M1 (accession number
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GSE97325) (32) and M3 (accession number GSE68277) (28) GAS strains were downloaded
and mapped to the serotype M1 MGAS5005 (102) and M3 MGAS315 (103) reference
genomes, respectively. Differential transcript analysis was performed with CLC Genomics
Workbench 10.5 (Qiagen Inc., Germantown, MD) using the default settings. Genes encoding
rRNA, tRNA, phage, and mobile genetic elements were excluded, as there are limitations in
the read mapping to repetitive sequences found within the aforementioned elements. Genes
not present in the M28 reference strain also were excluded from analysis. Genes with an
absolute transcript change of > 1.5-fold and a P value of < 0.05 after Baggerly’s test with
Bonferroni’s correction for multiple comparisons were considered to be significantly
differentially expressed. The differentially expressed gene were then compared across the
three strains.
2.5.4. SOF activity assay

Serum opacity factor (SOF) activity in the culture supernatants was assayed as
previously described (68), with the modification that samples were serially diluted 2-fold in
phosphate-buffered saline (PBS) with 1% sodium dodecyl sulfate (SDS) before incubation
with horse serum (1:10 sample-to-horse-serum volume). PBS with 1% SDS was used as a
negative control. Dilutions were determined to be positive for serum opacity factor activity
at an absorbance at 405 nm of greater than 0.8 (104). Mean titers of four biological replicates
were compared using Student’s t test (Prism 7 [GraphPad, La Jolla, CA]), with a P value of
< 0.05 considered to be statistically significant.
2.5.5. Growth under acidic conditions

For growth under acidic conditions, THY supplemented with 0.1 M 2-(N-

morpholino)ethanesulfonic acid (MES) (pH 6.0) (Sigma-Aldrich, St. Louis, MO) was used.
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THY supplemented with 0.1 M HEPES (pH 7.5) (Sigma-Aldrich, St. Louis, MO) was used
to determine the baseline effects of a buffered medium on GAS strain growth (29). For CFU,
cultures grown in quadruplicate were harvested at 3 h, serially diluted 10-fold, and plated
onto THY agar supplemented with 5% sheep blood. Colonies were counted after incubation
overnight. The mean CFU of four biological replicates were compared using the Mann-
Whitney test (Prism 7 [GraphPad, La Jolla, CA]), with a P value of < 0.05 considered to be
statistically significant.
2.5.6. Western immunoblot analysis of SPN and SLO in culture supernatant

GAS strains were grown to mid-exponential growth phase and pelleted by
centrifugation, and supernatants were assessed for the presence of immunoreactive NAD*-
glycohydrolase (SPN) and streptolysin O (SLO) as described previously (38).
2.5.7. SPN and SL.O activity assays

GAS strains were grown to mid-exponential growth phase and pelleted by
centrifugation, and supernatants were assayed for NAD*-glycohydrolase (SPN) and
streptolysin O (SLO) activity as previously described (85). The mean titers (SPN) and
activities (SLO) of three biological replicates were compared using Student’s t test (Prism 7
[GraphPad, La Jolla, CA]), with a P value of < 0.05 considered to be statistically significant.
2.5.8. PAF acetylhydrolase activity assay

Streptococcal secreted esterase (SSE) is a known secreted GAS virulence factor that
hydrolyzes platelet-activating factor (PAF) (79). Thus, SSE activity in culture supernatants
collected at mid-exponential growth phase was assayed with the PAF acetylhydrolase assay
kit (Cayman Chemical, Ann Arbor, MI), according to the manufacturer’s instructions with

minor modifications (31). GAS strains were grown in triplicate in THY to mid-exponential
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growth phase. Supernatants were collected by centrifugation at 4,000 rpm for 10 min. The
supernatant (10 pl) was added to assay buffer 2 (5 ul) and incubated with 2-thio-PAF (200
ul) at room temperature for 30 min. 5,5-Dithiobis(2-nitrobenzoic acid) (10 ul) was added to
each sample, mixed, and incubated for 1 min at room temperature. The absorbance of each
sample at 412 nm was measured and used to calculate the PAF acetylhydrolase activity.
Fresh THY was used as a negative control. The mean activities of three biological replicates
were compared using Student’s t test (Prism 7 [GraphPad, La Jolla, CA]), with a P value of
< 0.05 considered to be statistically significant.
2.5.9. SKA activity assay

GAS strains were grown to mid-exponential and early stationary growth phases and
pelleted by centrifugation, and cell-free supernatants were assayed for streptokinase (SKA)
activity as previously described (99). Activity was determined as the change in absorbance
overtime from the initial time point to maximum absorbance at 405 nm. The mean relative
activities of three biological replicates were compared using Student’s t test (Prism 7
[GraphPad, La Jolla, CA]), with a P value of < 0.05 considered to be statistically significant.
2.5.10. Mouse model of necrotizing myositis

Mouse necrotizing myositis studies were performed as previously described (36, 85,
86). Immunocompetent 4-week-old female CD1 mice (Envigo Laboratories, Houston, TX)
were randomly assigned to treatment groups and inoculated in the right lower hindlimb with
5 x 108 CFU of each bacterial strain in 100 pl PBS (n = 40 mice/strain). Mice were monitored
at least once daily, and mortality was determined using internationally recognized criteria
(105). Survival was compared using the log rank test (Prism 7 [GraphPad, La Jolla, CA]),

with a P value of < 0.05 considered statistically significant. For histopathological evaluation,
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mice were sacrificed on day 1 postinoculation, and limbs were processed by standard
methods (86). For quantitative culture (n = 20 mice/strain), mice were sacrificed on day 3
postinoculation. Infected limbs were amputated, placed in tared tubes containing sterile PBS,
weighed, and homogenized. Tenfold serial dilutions were grown overnight on THY agar
supplemented with 5% sheep blood, and CFU were counted. Mean CFU were compared by
the Mann-Whitney test (Prism 7 [GraphPad, La Jolla, CA]), with a P value of < 0.05
considered statistically significant. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Houston Methodist Research Institute.
Sample sizes for each experiment were determined using a power calculation.
2.5.11. Hyaluronic acid capsule assay

GAS strains were grown in triplicate in THY to mid-exponential growth phase. Cells
were collected from 10 ml of culture by centrifugation at 4,000 rpm for 10 min, and the
supernatant was discarded. The cells were resuspended in a 1:1 (vol/vol) mixture of water
and chloroform (1 ml) and vortexed for 30 s. The mixture was centrifuged (13,200 rpm, 10
min), and the resulting aqueous phase was used to assay for the presence of hyaluronic acid
capsule using the hyaluronic acid quantitative test kit (Corgenix, Broomfield, CO) according
to the manufacturer’s instructions. MGAS2221, a serotype M1 GAS strain whose capsule
production is well documented (38), was used as a positive control.
2.5.12. Accession number(s)

The serotype M28 RNA-seq data have been deposited at the National Center for

Biotechnology Information (NCBI) under BioProject no. PRINA470894.
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3. POLYMORPHISMS IN REGULATOR OF COV CONTIBUTE TO THE

MOLECULAR PATHOGENESIS OF SEROTYPE M28 GROUP A Streptococcus’

3.1. Summary

Two-component systems (TCSs) are signal transduction proteins that enable bacteria
to respond to external stimuli by altering the global transcriptome. Accessory proteins
interact with TCSs to fine-tune their activity. In group A Streptococcus (GAS), regulator of
Cov (RocA) is an accessory protein that functions with the control of virulence
regulator/sensor TCS, which regulates approximately 15% of the GAS transcriptome.
Whole-genome sequencing analysis of serotype M28 GAS strains collected from invasive
infections in humans identified a higher number of missense (amino acid-altering) and
nonsense (protein-truncating) polymorphisms in rocA that expected. We hypothesized that
polymorphisms in RocA alter the global transcriptome and virulence of serotype M28 GAS.
We used naturally occurring clinical isolates with rocA polymorphisms (n = 48), an isogenic
rocA deletion mutant strain, and five isogenic rocA polymorphism mutant strains to perform
genome-wide transcript analysis (RNA sequencing), in vitro virulence factor assays, and
mouse and nonhuman primate pathogenesis studies to test this hypothesis. Results
demonstrated that polymorphisms in rocA result in either a subtle transcriptome change,
causing a wild-type-like virulence phenotype, or a substantial transcriptome change, leading

to a significantly increased virulence phenotype. Each polymorphism had a unique effect on

TReprinted with permission from “Polymorphisms in regulator of Cov contribute to the molecular pathogenesis
of serotype M28 group A Streptococcus” by Bernard PE, Kachroo P, Eraso JM, Zhu L, Madry JE, Linson SE,
Ojeda Saavedra M, Cantu C, Musser JM, and Olsen RJ. 2019. Am J Pathol, 189, 2002-2018, Copyright © 2019
by American Society for Investigative Pathology.
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the global GAS transcriptome. Taken together, our data show that naturally occurring
polymorphisms in one gene encoding an accessory protein can significantly alter the global
transcriptome and virulence phenotype of GAS, an important human pathogen.

3.2. Introduction

Two-component systems (TCSs) are signal transduction proteins that enable bacteria
to rapidly adapt to external stimuli by altering gene expression (1). TCSs typically consist
of a stimulus-sensing histidine kinase (HK) and a cognate response regulator (2). HKs form
homodimers that sense stimuli through their amino-terminal extracellular domains. The
signal is propagated through transmembrane domains that result in autophosphorylation of
the conserved histidine. Next, the phosphate group is moved to a conserved response
regulator aspartic acid residue, resulting in a change in DNA-binding affinity or
oligomerization and altered gene expression (2-4). TCSs have been described in virtually all
human bacterial pathogens, including Salmonella enterica, Escherichia coli, Vibrio
cholerae, Bordetella pertussis, Staphylococcus aureus, and Streptococcus pyogenes (group
A Streptococcus [GAS]) (1). Inasmuch as TCSs participate in bacterial virulence but are not
present in higher eukaryotes, they are potential targets for developing new antibacterial
therapies (4,5).

TCSs are signaling modules that alter gene expression in response to one or more
external stimuli. The additional regulatory contribution of accessory proteins in fine-tuning
TCS activity is becoming increasingly understood (4). Accessory proteins may have
different functions, such as sensing external stimuli, signaling through the membrane, or
altering the HK-to-response regulator phosphotransfer reaction (4). Accessory proteins may

also connect two otherwise independent TCSs to generate a more complex regulatory
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network (6). Accessory proteins have been implicated in molecular pathogenesis, including
acid stress resistance (7), cell wall metabolism (8), antibiotic resistance (9), and virulence
factor expression (10-12). However, many key knowledge gaps bearing on accessory
proteins remain, including the effect of naturally occurring polymorphisms on gene
expression, molecular pathogenesis, and virulence phenotype.

GAS is a human-specific pathogen that causes human diseases of varying severity,
from relatively innocuous pharyngitis (strep throat) to life-threatening necrotizing fasciitis
(flesh-eating disease) (13). The global disease burden attributed to GAS is immense (14).
The World Health Organization estimates that GAS causes > 700 million infections and
512,000 deaths annually (14). GAS organisms are historically classified by the hypervariable
emm gene sequence, encoding the M protein virulence factor (15). More than 220 GAS M-
types have been identified (16). In the United States and Western Europe, GAS disease is
predominantly caused by relatively few M-types, including serotype M28 GAS strains that
commonly cause both pharyngitis and invasive infections, such as necrotizing fasciitis (17-
19).

Serotype M28 GAS strains have 13 TCSs (20-30). The control of virulence
regulator/sensor (CovRS) TCS is a well-characterized signaling system that regulates
approximately 15% of the GAS transcriptome (29-34). CovRS in GAS is a negative
regulator, and inactivation leads to substantial transcriptome changes and increased strain
virulence (29, 30). Although the external stimulus for a CovRS response in vivo is unknown,
CovS kinase and phosphatase activities can be altered in vitro by suprabiological
concentrations of Mg?* or subinhibitory concentrations of the human antimicrobial cationic

peptide LL-37 (34-37). The regulator of Cov (rocA) gene encodes RocA, an accessory
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protein to the CovRS TCS (38). RocA protein truncation mutations or whole gene deletions
in several GAS serotypes, including serotype M28 strains, result in increased virulence in
mouse infection models (39-43). Although its molecular mechanism of action is unknown,
RocA increases the activity of CovR by increasing CovR phosphorylation in a CovS-
dependent manner (40). Putative functional domains of RocA have been mapped to the
amino-terminal transmembrane domains (44), suggesting membrane interactions of RocA
and CovsS are important for signal modulation (Fig. 3-1A) (45).

Our interest in RocA is based on serotype M28 GAS whole-genome sequencing
studies of strains collected from human invasive infections (43, 46). Although previous
molecular pathogenesis studies bearing on RocA have investigated strains with laboratory-
generated gene deletions and protein truncations (39-44, 47), we discovered that the number
of missense (amino acid-altering) and nonsense (protein-truncating) polymorphisms in rocA
within the M28 population studied was higher than expected (Fig. 3-1A) (43, 46). We
hypothesized that naturally occurring polymorphisms in rocA result in altered RocA function
and contribute to the molecular pathogenesis of serotype M28 GAS invasive infections. To
test this hypothesis, clinical isolates and isogenic mutant strains were used to perform
genome-wide transcript analysis (RNA sequencing [RNA-seq]), in vitro virulence factor
assays, and mouse and nonhuman primate (NHP) pathogenesis studies.

3.3. Materials and methods
3.3.1. RNA-seq analysis
3.3.1.1. Clinical isolates grown in duplicate
GAS strains were grown in duplicate at 37°C with 5% CO: in Todd-Hewitt broth

with 0.2% yeast extract (THY) to mid-exponential (ME; ODeoo = 0.5) and early-stationary
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Fig. 3-1 Clinical isolates with naturally occurring rocA polymorphisms have altered global transcriptomes.

(A) rocA is unusually polymorphic in serotype M28 GAS strains. The affected codon and amino acid change conferred by
each polymorphism are shown. For polymorphisms due to nucleotide deletion, the affected nucleotide is identified. Alleles
identified in multiple isolates are indicated. Polymorphisms that result in RocA protein truncation or presumed loss of rocA
MRNA translation (41) are shown below the protein schematic, and polymorphisms that result in amino acid changes are
shown above the protein schematic. Missense polymorphisms in the amino-terminal transmembrane domains are red.
Predicted domains of the RocA protein are indicated (45). Predicted functional domains of the putative histidine kinase
domain (H box, N box, F box, and G box) are identified (38). Adapted from Bernard et al. (43). Copyright © American
Society for Microbiology. (B and C) Three-dimensional principal component (PC) analysis of the RNA-sequencing data
generated with the clinical isolates with naturally occurring rocA polymorphisms, an isogenic rocA deletion mutant (ArocA)
strain, and four phylogenetically matched wild-type (WT) strains at mid-exponential (B) and early stationary (C) growth
phases. Clusters were determined by average-linkage hierarchical clustering and keyed by manual inspection of the data to
determine common and differentiating features of strains within each cluster. (D) Protein schematic highlighting RocA
variants chosen for further study by generation of isogenic mutant strains. Asterisks denote stop codons. Daggers indicate
one strain that has two polymorphisms in rocA. HATPase, histidine kinase ATPase domain; TM, transmembrane domain.
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(ES; ODsoo = 1.65) growth phases, as previously described (43, 48, 49). RNAprotect Bacteria
Reagent (Qiagen Inc., Germantown, MD) was added at a 2:1 ratio, and then cells were lysed
by ballistic disintegration (FastPrep-96 instrument and lysing matrix B; MP Biomedicals,
Santa Ana, CA). RNA was extracted using standard methods (RNeasy Kit; Qiagen Inc.), and
then RNA quality and quantity were assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA) and Qubit (Invitrogen, Carlsbad, CA), respectively. cDNA
libraries were prepared using standard procedures (Ribo-Zero rRNA Removal Kit Bacteria
[Mlumina, San Diego, CA] and ScriptSeq Complete Kit [Epicentre, Madison, WI]). The
cDNA libraries were sequenced with an Illumina NextSeg500 instrument using the default
settings.
3.3.1.2. Isogenic rocA mutant strains grown in triplicate

GAS strains were grown in triplicate at 37°C with 5% CO: in THY to ME and ES
growth phases, as previously described (43, 48, 49). RNAprotect Bacteria Reagent was
added at a 2:1 ratio, and then cells were lysed by ballistic disintegration (FastPrep-96
instrument and lysing matrix B). RNA was extracted using standard methods (RNeasy Kkit),
and then RNA quality and quantity were assessed using an Agilent 2100 Bioanalyzer and
Qubit, respectively. Ribosomal RNA was removed with the MicrobExpress Kit (Ambion,
Carlsbad, CA). cDNA libraries were prepared using the NEBNext Ultra 11 Directional RNA
Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA), according to the
manufacturer’s instructions. The cDNA libraries were then sequenced using an Illumina

NextSeg500 instrument using the default settings.
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3.3.1.3. RNA-seq data analysis

On average, 14.9 million reads/sample were obtained for the phylogenetically
matched wild-type (WT) strains, the isogenic rocA deletion mutant (ArocA) strain, and the
clinical isolates with naturally occurring rocA polymorphisms (clinical isolate RNA-seq);
and 42.6 million reads/sample were obtained for the parental WT strain and isogenic rocA
mutant strains (isogenic rocA mutant RNA-seq). Reads were mapped to the serotype M28
GAS reference strain MGAS6180 genome (19) with EDGE-pro (50), and then differential
expression analysis was performed using DESeq2 version 1.14.1 (51). For the clinical isolate
RNA-seq data, genes encoding rRNA, tRNA, phage, and mobile genetic elements were
excluded from analysis, as these elements are not present in every clinical isolate (46). For
the isogenic rocA mutant RNA-seq data, genes encoding rRNA and tRNA were excluded
from the analysis, along with genes from phage 6180.2 because the parental WT strain lacks
this phage (46). Genes with an absolute transcript change of > 1.5-fold and P < 0.05 after
Wald test with Bonferroni correction for multiple comparisons were considered as
significantly differentially expressed. For principal component analysis, clusters were
determined by average-linkage hierarchical clustering and keyed by manual inspection of
the data to determine common and differentiating features of strains within each cluster.
3.3.2. Generation of isogenic rocA polymorphism strains

Strain MGAS28426 was selected as the serotype M28 parental WT strain because it
is genetically representative of serotype M28 GAS strains and because it has a WT allele for
the major global transcription regulators (43, 46). In addition, this strain is also used in
animal infection studies (43, 46). The isogenic rocA deletion mutant strain has been

previously described (43). The isogenic rocA polymorphism mutant strains were constructed
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by allelic exchange (the allele of interest was cloned from a clinical isolate with the naturally
occurring rocA polymorphism), as previously described (52). Primer sequences are listed in
Table 3-1. Whole genome sequence analysis of the isogenic rocA mutant strains confirmed

the expected rocA polymorphism and absence of spurious mutations.

Table 3-1 Primers used in this study.

Primer Sequence Remarks

rocA-3F 5’ — GCGCTAGCGAATTTCATTGGCGAATTGAC - 3’ Sanger sequencing flanking primer
rocA-5F 5’ - GCGCGGTTTACCAAGAAGCTCAAGAGTAT - 3’ Sanger sequencing flanking primer
rocA-H60Y-1 5’ - GCGTGGATCCGACGATCAAGTCGCTCTAACGGCTT - 3’

rocA-H60Y-2 5’ - GCGTGGATCCTTCCTCAGGTTAAAACGGTTGCCTT - 3’

rocA-H60Y-seq 5’ - AACCAAACTAATAGACACTAGTGGAAAAAAGGC - 3/ Sanger sequencing H60Y mutation
rocA-VNTR-seq 5’ - CTGTTAGAATGACAGAACTTATGATA - 5’ Sanger sequencing -9del (6nt) mutation (41)
rocA-P97L-1 5’ - GCGTGGATCCACAATTTGCCAGCTATTGGCGGGCA — 3’

rocA-P97L-2 5’ - GCGTGGATCCAGACTATGGATTTGCGTTATCACCG — 3’

rocA-P97L-seq 5’ - GCTCTATGTGATTGAAAATATTGGCGCCAGG - 3’ Sanger sequencing P97L mutation
rocA-G184W-1 5’ - GCGTGGATCCGATGCCACCTTTTGGAAGAATCCAA — 3’

rocA-G184W-2 5’ - GCGTGGATCCAGGCAGGGAAGGCAGAGGATATTAT - 3’

rocA-G184W-seq | 5’ - GCCTCAATAGAGTTTTGTITTTACATAACGC - 3’ Sanger sequencing G184W mutation
rocA-R258K-1 5’ — GCGTGGATCCTGACATCACAGAACGCCAAGCAAGA - 3’

rocA-R258K-2 5’ - GCGTGGATCCTGTAGACATGTTCCCCCATACAGCT - 3’

rocA-R258K-seq 5’ - CTAAACAAGTTAAATCAAGTCTGTCATCTTTAGC - 3’ Sanger sequencing R258K mutation
rocA-T442P-1 5’ — GCGTGGATCCGGACTCTCCCAATCTTTCCAAGTCA - 3’

rocA-T442P-2 5’ - GCGTGGATCCAATATAGAAAAGTTACTTAATCAAG - 3’

rocA-T442P-seq 5’ - CCAACTTGGCAAAGCTGAAATTTTAACTCTAGC - 3’ Sanger sequencing T442P mutation
tufA-TagF 5’ - GACACGCGGACTACGTTAAA - 3’

tufA-TagR 57 - CACCAACCTGACGTGRAAGA - 3' tufA TagMan primers and probes
tufA-TagP 5’ - 6FAM-CGCTCAAATGGACGGAGCTATCCTT-TAMRA - 3’

fasX-TaqF 5’ - GATATGATGGCTCGGCAGAC - 3’

fasX-TagR 5" - GCCGGGCTTTGATACTGAT - 37 fasX TagMan primers and probes
fasX-TaqP 5’ - 6FAM- TGACGATGTCAGTTGTCTTTGTTTGGA-TAMRA - 3’

BamH] sites are underlined. Seq, sequencing; VNTR, variable number tandem repeat.

3.3.3. Growth in acidic conditions
GAS strains were grown using THY supplemented with 0.1 mol/L 2-(N-
morpholino)ethanesulfonic acid (pH 6.0; Sigma Aldrich, St. Louis, MO), as previously

described (43).
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3.3.4. Western immunoblot analysis of SPN and SLO in culture supernatants

Western immunoblot analysis of NAD*-glycohydrolase (SPN) and streptolysin O
(SLO) was performed, as previously described, at ME growth phase (52). Total protein, as
determined by a bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher
Scientific, Waltham, MA), was used as the loading control.
3.3.5. Activity assays

SPN and SLO activity assay was measured, as previously described, using ME
growth phase culture supernatants (53). Serum opacity factor (SOF) activity in overnight
culture supernatants was assayed, as previously described (43). Secreted streptococcal
pyrogenic exotoxin B (SpeB) protease activity was assayed using the casein hydrolysis (milk
plate) assay, as previously described (54). Streptokinase (SKA) activity was measured, as
previously described, using ME and ES growth phase cell-free culture supernatants (43, 55).
3.3.6. Quantitative RT-PCR analysis

GAS strains were grown in triplicate at 37°C with 5% CO2 in THY to ME growth
phase, as previously described (41, 46). RNAprotect Bacteria Reagent was added at a 2:1
ratio, and then the cells were lysed by ballistic disintegration (FastPrep-96 instrument and
lysing matrix B). Standard methods were used to extract RNA (RNeasy kit). The RNA was
converted to cDNA using Superscript 111 Reverse Transcriptase (Invitrogen). Quantitative
RT-PCR was conducted using the TagMan Fast Universal PCR Master Mix (Applied
Biosystems, Foster City, CA) and an ABI 7500 Fast System instrument (Life Technologies,
Carlsbad, CA). The sequences of the TagMan primers and probes are listed in Table 3-1.
Each experiment was performed with three biological replicates and two technical replicates.

Transcript levels were measured relative to the constitutively expressed gene tufA (56).
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3.3.7. Animal infection models
3.3.7.1. Mouse model of necrotizing myositis

Mouse necrotizing fasciitis/myositis studies were performed, as previously described
(43, 53, 57, 58). Immunocompetent 4-week-old female CD1 mice (Envigo Laboratories,
Houston, TX) were randomly assigned to treatment groups and inoculated in the right lower
hind limb with 5 x 102 colony-forming units of the indicated bacterial strain suspended in
100 uL phosphate-buffered saline (n = 40 mice per strain). Mice were monitored at least
once daily, and near-mortality was determined using NIH’s Guide for the Care and Use of
Laboratory Animals (59). Survival was compared by the log-rank test. For gross and
histologic evaluation, mice (n = 3 mice per strain) were sacrificed on day 1 after inoculation
and the limbs were processed using standard methods (58).
3.3.7.2. NHP model of necrotizing myositis

A well-described NHP model of necrotizing fasciitis/myositis was used (52, 58, 60).
Briefly, NHPs (n = 8) were sedated and inoculated at a uniform depth with 1 x 10° colony-
forming units/kg in the left or right quadriceps muscle (n =4 limbs per strain). Animals were
observed and necropsied 24 hours after infection.

All animal experiments were approved by the Institutional Animal Care and Use
Committee of the Houston Methodist Research Institute (Houston, TX; AUP-1217-0058 and
AUP-0318-0016). Sample sizes for each experiment were determined with a power

calculation.
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3.3.8. Statistical analysis

All statistical analyses were performed using Prism 7 (GraphPad Software Inc., La
Jolla, CA) with three biological replicates, and P < 0.05 was considered statistically
significant.
3.3.9. Data availability

The serotype M28 RNA-seq sequence data have been deposited at the National
Center for Biotechnology Information (htpps://www.ncbi.nlm.nih.gov/bioproject; accession
number PRINA540250).
3.4. Results
3.4.1. Naturally occurring polymorphisms in rocA are associated with altered
transcriptomes in serotype M28 GAS strains

Whole genome sequence analysis of 2101 serotype M28 GAS strains recovered from
large, comprehensive, population-based collections of human invasive infections identified
29 unique polymorphisms in rocA in 48 strains (Fig. 3-1A and Table B-5) (43, 46). Unlike
other GAS serotypes previously investigated (57, 61, 62), the number of rocA allelic variants
in serotype M28 GAS was greater than expected by chance (P < 0.01, Fisher’s exact test)
(43). As a first approach to understanding the role of naturally occurring rocA
polymorphisms in serotype M28 GAS biology, RNA-seq analysis was performed on all 48
clinical isolates with naturally occurring rocA polymorphisms, an isogenic rocA deletion
mutant strain (ArocA) (43), and four phylogenetically matched WT strains. The
phylogenetically matched WT strains were included in the RNA-seq analysis to normalize
for genetic differences (beside rocA sequence) among the naturally occurring clinical

isolates that, in principle, may alter the transcriptome (Table B-5) (46). Gene expression
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analysis was conducted at ME (ODeoo = 0.5) and ES (ODeoo = 1.65) growth phases, as
previously described (43).

Principal component analysis revealed that, in general, polymorphisms in rocA result
in two distinct transcriptomes at ME growth phase (Fig. 3-1B). One rocA transcriptome
group was allied with the phylogenetically matched WT strains (cluster 1; 21/48 rocA
polymorphism strains). The second rocA transcriptome group had rocA mutant strains with
substantially altered transcriptomes that are more closely allied with the isogenic ArocA
deletion mutant strain (cluster 2; 26/48 rocA polymorphism strains). One clinical isolate with
a mutation in the mga regulatory gene had an outlier transcriptome (cluster 3) (Table B-5)
(48, 49, 63). More important, no naturally occurring rocA polymorphism strain had a
transcriptome identical to its phylogenetically matched WT strain. That is, each rocA allele
in the clinical isolates resulted in a unique transcriptome at ME growth phase.

At ES growth phase, principal component analysis revealed four different
transcriptome clusters (Fig. 3-1C). Unlike with ME growth phase (Fig. A-5), each cluster
was heavily influenced by the presence of mutations in global gene regulators other than
rocA (Fig. 3-1C). Cluster 1 strains were rocA polymorphism strains, including the isogenic
ArocA deletion mutant strain, that were allied with the WT strains. Cluster 2 strains had
mutations in covRS, cluster 3 strains had mutations in ropB, and cluster 4 had the single
strain with a mutation in mga. Consistent with the ME growth phase data, no naturally
occurring rocA polymorphism strain had a transcriptome identical to its phylogenetically
matched WT strain.

A list of each strain’s rocA polymorphism, transcriptome cluster at ME and ES

growth phases, and genes with significantly altered transcript levels compared with its
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phylogenetically matched WT strain (absolute transcript fold change > 1.5 and P < 0.05 after
Wald test with Bonferroni correction for multiple comparisons) is provided in Tables B-6
and B-7 in the Appendix.

3.4.2. Selection and construction of isogenic rocA polymorphism strains

Because the clinical isolates with naturally occurring rocA polymorphisms may have
mutations in other genes that also influence the global transcriptome (as evidenced by the
ES transcriptome data) (Fig. 3-1C and Table B-5) (46), five rocA polymorphisms were
selected for further characterization by generating isogenic mutant strains. The alleles were
selected using multiple criteria, including the following: i) the nature of the polymorphism,
with an emphasis on amino acid alterations (rather than protein truncations) in the predicted
functional domains of RocA (Fig. 3-1A) (44); ii) the predicted effect of the RocA
polymorphism based on the global transcriptome of the naturally occurring clinical isolates
(Fig. 3-1B and C); and iii) the independent recurrence of the same polymorphism in multiple
strains or the repeated presence of polymorphisms in the same codon (Fig. 3-1A). Based
mainly on these criteria, five RocA variants were selected for analysis: -9del(6nt) + H60Y
(hereinafter referred to as variable number tandem repeat [VNTR] + H60Y), P97L, G184W,
R258K, and T442P (Fig. 3-1D).

The VNTR + H60Y RocA variant was selected because its respective clinical isolate
is the only naturally occurring strain to have two polymorphisms in rocA (Fig. 3-1A). The
VNTR sequence has been previously studied in serotype M89 GAS (41). In M89 strains, the
VNTR deletion results in a lack of RocA protein translation due to a presumed loss of the
ribosomal binding site (41). The P97L RocA variant was selected because codon 97 occurs

in an inferred transmembrane domain (Fig. 3-1D), and the RocA P97L clinical isolate had a

105



rocA deletion-like transcriptome at ME growth phase (Table B-6). The G184W RocA variant
was selected because codon 184 occurs in a different inferred transmembrane domain (Fig.
3-1D) and is also polymorphic in serotype M89 GAS (Fig. A-6). The R258K RocA variant
was selected because codon 258 occurs in the H box of the putative HK domain (Fig. 3-1D)
(38). The T442P RocA variant was selected because multiple clinical isolates (n = 9)
acquired the polymorphism, a second polymorphism also occurs in codon 442 (T4421) (Fig.
3-1A), and the T442P clinical isolates had substantially altered transcriptomes compared
with their phylogenetically matched WT strains at ME growth phase (Table B-6). The
isogenic rocA mutant strains were generated using allelic exchange in parental WT strain
MGAS28426, as previously described (52). MGAS28426 was selected as it is genetically
representative of serotype M28 GAS strains (46) and contains a WT allele for all major
global transcription regulatory genes. It is also the parental strain used for the isogenic rocA
deletion mutant strain (43) and has been previously used in animal infection studies (43, 46).
Whole genome sequencing of each isogenic rocA mutant strain confirmed the absence of
spurious mutations.

To determine whether rocA polymorphisms alter the growth phenotype of serotype
M28 GAS, the parental WT strain, isogenic rocA deletion mutant strain (ArocA), and five
isogenic rocA mutant strains were grown in nutrient-rich THY. The growth curves of the
G184W and R258K isogenic mutant strains were indistinguishable from the parental WT
strain (Fig. 3-2A). In comparison, the isogenic ArocA deletion mutant strain and VNTR +
H60Y, P97L, and T442P isogenic mutant strains had a decreased lag phase (Fig. 3-2A).

However, the slope of the growth curves did not differ significantly.
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Fig. 3-2 Polymorphisms in rocA significantly alter the GAS transcriptome.
(A) Growth curve of the parental wild-type (WT) and isogenic rocA mutant strains in nutrient-rich THY. (B and C) Principal
component analysis (PCA) of the RNA-sequencing data generated from the parental WT strain and isogenic rocA mutant
strains at mid-exponential (ME; C) and early stationary (ES;D) growth phases. Each growth phase is represented by two
PCA plots that are rotated approximately 45 degrees about the PC2 axis. (D and E) Comparison of differentially expressed
genes in the isogenic ArocA deletion mutant strain and the isogenic variable number tandem repeat (VNTR) + H60Y, P97L,
and T442P mutant strains at ME (D) and ES (E) (64).
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3.4.3. Polymorphisms in rocA result in an altered transcriptome in M28 GAS strains

To test the hypothesis that naturally occurring rocA polymorphisms alter global gene
transcript levels in serotype M28 GAS, RNA-seq analysis was performed using the parental
WT strain, isogenic ArocA deletion mutant strain, and five isogenic rocA mutant strains
grown to ME and ES growth phases. Principal component analysis revealed that each rocA
polymorphism conferred a unique transcriptome that varied from the WT strain to different
extents (Fig. 3-2B and C). Whereas the G184W and R258K isogenic mutant strains had
transcriptomes more similar to the parental WT strain, the VNTR + H60Y, P97L, and T442P
isogenic mutant strain transcriptomes (hereinafter referred to collectively as the deletion-like
strains) were allied with the isogenic ArocA deletion mutant strain at both ME and ES growth
phases (Fig. 3-2B and C).

Between 1 and 319 genes (0.05% to 17.48% of GAS genes) per strain were found to
have significantly altered transcript levels at both ME and ES growth phases relative to the
parental WT strain (absolute fold change > 1.5 and P < 0.05 after Wald test with Bonferroni
correction for multiple comparisons). The R258K isogenic mutant strain had 1 and 5
significantly altered transcript levels at ME and ES growth phases, respectively. Similarly,
the G184W isogenic mutant strain had 22 and 25 significantly altered transcripts at ME and
ES growth phases, respectively. In comparison, the isogenic ArocA deletion mutant strain
and three deletion-like strains (VNTR + H60Y, P97L, and T442P isogenic mutant strains)
had a common set of 130 and 139 genes at ME and ES growth phases, respectively, that
were significantly differentially regulated (Fig. 3-2D and E) (64). Additional genes were

identified as significantly differentially expressed in some, but not all, of the deletion-like
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strains (Fig. 3-2D and E). Genes with significantly altered transcript levels in each strain are
listed in Tables B-8 and B-9.
3.4.4. Polymorphisms in rocA confer two distinct responses to acid stress in M28 GAS
RNA-seq analysis showed that genes implicated in acidic stress response had altered
transcript levels in the isogenic ArocA deletion mutant and isogenic rocA mutant strains
(Tables B-8 and B-9). For example, the arcABCD, ciaH, and spxA2 genes were significantly
differentially regulated compared with the parental WT strain (25, 65-67). Increased
resistance to acid stress, a physiological condition present in a developing purulent lesion
(68-70), is one possible advantage for GAS to inactivating RocA in vivo. To test the
hypothesis that polymorphisms in rocA alter GAS growth when exposed to acidic stress, the
parental WT strain, isogenic ArocA deletion mutant strain, and five isogenic rocA mutant
strains were grown in THY buffered with 2-(N-morpholino)ethanesulfonic acid (pH = 6.0).
Consistent with our hypothesis, the isogenic ArocA deletion mutant strain and three deletion-
like strains (VNTR + H60Y, P97L, and T442P isogenic mutant strains) grown in acidic
conditions [2-(N-morpholino)ethanesulfonic acid; pH = 6.0] had a shortened lag phase and
an increased slope of the exponential phase compared with the parental WT strain (Fig. 3-
3A). In contrast, the G184W and R258K isogenic mutant strains did not significantly differ
in overall growth from the parental WT strain (Fig. 3-3A). Taken together, the data show
that polymorphisms in rocA alter the growth phenotype of M28 GAS strains in acidic
conditions and suggest they contribute to altered molecular pathogenesis during human

invasive infections.
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Fig. 3-3 Polymorphisms in rocA result in an altered virulence phenotype in vitro.

(A) Growth curve of the parental wild-type (WT) and isogenic rocA polymorphism strains in THY buffered with 0.1 mol/L
2-(N-morpholino)ethanesulfonic acid (pH = 6.0). (B) Western immunoblot analysis of NAD*-glycohydrolase (SPN) and
streptolysin O (SLO). (C) SPN activity. (D) SLO activity. (E) Serum opacity factor (SOF) activity. Data are expressed as
means £+ SD (C-E). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus WT (one-way analysis of variance
with Dunnett multiple comparisons test). VNTR, variable number tandem repeat.

3.4.5. Polymorphisms in rocA confer different virulence factor expression and
enzymatic activity profiles in M28 GAS strains

Consistent with our previously published isogenic ArocA deletion mutant strain
transcriptome data (43), several proven and putative virulence factors had significantly
altered transcript levels in the isogenic rocA mutant strains (Table B-10). Selected virulence
factors include the Mga regulon virulence factors (48, 49, 63): sclA (71), fba (72, 73), scpA,

(74), enn (75), emm (76), mrp (77), sfbX (78), and sof (encoding SOF) (79). Other
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differentially expressed genes are CovRS regulated virulence factors (29, 30), such as nga
(encoding SPN) (52), slo (encoding SLO) (52), spyCEP (80), mac (81-83), sse (84), ska
(encoding SKA) (85), and speB (encoding SpeB) (54) (Table B-10). To measure the
phenotypic effect of differential transcript levels associated with each rocA polymorphism,
in vitro virulence factor assays were performed. The isogenic ArocA deletion mutant strain
and three deletion-like strains (VNTR + H60Y, P97L, and T442P isogenic mutant strains)
had increased expression of secreted immunoreactive SPN and SLO (Fig. 3-3B) and
significantly increased SPN NAD*-glycohydrolase, SLO cytotoxin, and SOF secreted
activity (Fig. 3-3C-E), consistent with the RNA-seq data. In comparison, the R258K isogenic
mutant strain had WT-like virulence factor expression and activity (Fig. 3-3). In contrast,
but also consistent with the RNA-seq data (Table B-10), the G184W isogenic mutant strain
had decreased expression of secreted immunoreactive SPN and SLO protein (Fig. 3-3B),
and significantly decreased secreted activity of SPN, SLO, and SOF (Fig. 3-3C-E). No
difference in secreted SpeB protease activity was observed among the isogenic mutant
strains compared with the parental WT strain (Fig. A-7). Thus, different polymorphisms in
rocA result in different in vitro virulence phenotypes.
3.4.6. Polymorphisms in rocA confer different secreted streptokinase activities

In addition to the aforementioned virulence factors, ska, the gene encoding SKA
(85), was differentially regulated in the isogenic rocA polymorphisms strains (Table B-10).
At ES growth phase, ska had the largest range of transcript levels among the common set of
genes differentially expressed by the isogenic ArocA deletion mutant and deletion-like
strains (VNTR + H60Y, P97L, and T442P isogenic mutant strains) (Table B-9). The ska

gene was also significantly differentially expressed at ME growth phase only by the T442P
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isogenic mutant strain (Table B-8). To determine whether polymorphisms in rocA decrease
secreted SKA activity, an in vitro assay was performed. At ME growth phase, the isogenic
ArocA deletion mutant strain and all five isogenic rocA mutant strains had significantly
decreased secreted SKA activity compared with the parental WT strain (Fig. 3-4A). Whereas
the G184W and R258K isogenic mutant strains (WT-like transcriptomes) had secreted SKA
activity more similar to the WT strain, the three deletion-like strains (VNTR + H60Y, P97L,
and T442P isogenic mutant strains) had markedly lower secreted SKA activity (Fig. 3-4A).
Unexpectedly, the P97L isogenic mutant strain had an intermediate level of secreted SKA
activity, and the T442P isogenic mutant strain had very low secreted SKA activity (Fig. 3-
4A). That is, the P97L and T442P isogenic mutant strains had significantly increased and
decreased secreted SKA activity, respectively, compared with the isogenic ArocA deletion
mutant strain. Similar data were observed at ES growth phase (Fig. 3-4B).

The ska gene is regulated by the CovRS and FasBCA/fasX systems (55, 86). We
hypothesized that fasX may contribute to the unexpectedly low ska transcripts and SKA
activity in the T442P strain. fasX encodes a small RNA that is regulated by FasBCA and
enhances ska transcript stability (55). Because our RNA-seq protocol cannot reliably
measure transcripts of small RNAs, such as fasX, quantitative RT-PCR analysis of fasX was
performed for the parental WT strain, isogenic ArocA deletion mutant strain, and isogenic
rocA mutant strains at ME growth phase. As expected, the T442P isogenic mutant strain had
significantly decreased expression of fasX compared with the parental WT strain (Fig. 3-
4C). Thus, differences in secreted SKA activity among the rocA polymorphism strains may,

in part, be explained by altered expression of fasX.
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Fig. 3-4 Polymorphisms in rocA result in decreased ska transcript levels and streptokinase (SKA) activity, in part,
due to altered fasX regulation.

(A and B) SKA activity at mid-exponential (ME; A) and early stationary (ES; B) growth phases. (C) Quantitative RT-PCR
analysis of fasX at ME growth phase. The logz fold changes relative to tufA are shown. Data are expressed as means + SD
(A-C). *P < 0.05, ***P < 0.001, and ****P < 0.0001 versus the parental WT strain (one-way analysis of variance with
Tukey multiple comparisons test); TP < 0.05, 7P < 0.001, TP < 0.0001 versus the isogenic ArocA deletion mutant strain
(one-way analysis of variance with Tukey multiple comparisons test). VNTR, variable number tandem repeat; WT, wild-

type.
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3.4.7. Polymorphisms in rocA confer two distinct virulence phenotypes in a mouse
model of necrotizing myositis

To determine whether polymorphisms in rocA result in altered virulence, the parental
WT strain, isogenic ArocA deletion mutant strain, and five isogenic rocA mutant strains were
compared using a well-established necrotizing myositis mouse model (43, 46, 57, 58).
Compared with the parental WT strain, the ArocA, VNTR + H60Y, and T442P isogenic
mutant strains caused significantly increased near mortality (Fig. 3-5A) and larger lesions
with more tissue destruction (Fig. 3-5B). Isogenic mutant strains containing either the
G184W or R258K amino acid replacements (WT-like transcriptomes) did not differ
significantly in virulence from the parental WT strain (Fig. 3-5A). Unexpectedly, the mouse
virulence of the P97L isogenic mutant strain, which has a rocA deletion-like transcriptome,
did not significantly differ from the parental WT strain (Fig. 3-5A).

To begin to identify the possible molecular basis of the decreased virulence
phenotype of the P97L strain, the RNA-seq data was reexamined. Compared with the other
deletion-like transcriptome strains (ArocA, VNTR + H60Y, and T442P isogenic mutant
strains), the P97L isogenic mutant strain had 10 genes with significantly altered transcript
levels (Table B-11). More important, compared with the other deletion-like transcriptome
strains, the isogenic mutant with the P97L amino acid change had significantly decreased
transcript levels of four genes (slo, prsA, mac, and sclA) encoding proven virulence factors
(52, 58, 71, 87). Thus, altered expression of slo, prsA, mac, and sclA may explain, in part,

the unexpectedly lower virulence phenotype of the P97L isogenic mutant strain.
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Fig. 3-5 Polymorphisms in rocA result in altered virulence in mouse and nonhuman primate (NHP) models of
necrotizing myositis.

(A) Kaplan-Meier survival curve for mice infected in the right hindlimb with the indicated strain. Log-rank test was
performed. (B) Representative microscopic lesions of the infected limb on postinoculation day 1. The necrotic lesions are
encompassed by boxed areas. Hematoxylin and eosin staining was used. (C) Lesion volume of NHPs infected in the
quadriceps muscle with the indicated strain. U-test was performed. (D) Representative microscopic lesions of the infected
muscle. The necrotic lesions are encompassed by boxed areas. Hematoxylin and eosin staining was used. n = 40 mice per

strain (A); n = 4 limbs per strain (C). *P < 0.05 versus wild-type (WT). Original magnification, x4 (B and D). VNTR,
variable number tandem repeat.
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3.4.8. Polymorphisms in rocA result in altered virulence in a NHP model of necrotizing
myositis

GAS is a human-specific pathogen, and some virulence factors have specificity for
human and NHP molecules (88, 89). To unambiguously demonstrate that polymorphisms in
rocA contribute to serotype M28 GAS virulence, four strains were compared using an NHP
model of necrotizing myositis. We hypothesized that the isogenic ArocA deletion mutant and
T442P (deletion-like) isogenic mutant strains are significantly more virulent than the
parental WT or G184W (WT-like) isogenic mutant strains. Consistent with our hypothesis,
the isogenic ArocA deletion mutant and T442P isogenic mutant strains caused significantly
larger lesions (Fig. 3-5C) with more tissue destruction (Fig. 3-5D).
3.5. Discussion

TCSs are used by bacteria to regulate gene expression (1). Depending on the bacterial
pathogen species and the TCS studied, regulatory activity can involve a few or many genes.
Accessory proteins interact with TCSs to fine-tune TCS regulatory activity, coordinate gene
expression across multiple regulatory networks, and contribute to complex cellular
phenotypes and virulence (4, 6-12). Across all M protein serotypes studied to date, GAS has
12 conserved TCSs (20, 90), including the well-studied CovRS TCS (29-34, 37, 91-94).
RoCA is an accessory protein to the CovRS TCS (29, 30, 43). Using several different GAS
serotype strains, it has been demonstrated that inactivation of CovRS or RocA leads to
significantly increased virulence in mice, NHPS, and human patients (29, 30, 32-34, 39-43,
47, 92, 93, 95-99). Recent whole genome sequence analysis of large, comprehensive,
population-based collections of serotype M28 GAS strains demonstrated higher numbers of

polymorphisms in rocA than expected (43, 46). Herein, we investigated the effect of different
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M28 GAS strains with a wild-type (WT) rocA gene or WT-like variant, such as R258K (red panel), have normal levels of
RocA-regulated genes and a normal virulence phenotype. Mutation of RocA at codon 184 (brown panel) results in
decreased transcript levels of some virulence factor genes but no change in virulence phenotype. In contrast, M28 GAS
strains with a deletion of rocA or loss of RocA translation (variable number tandem repeat [VNTR] + H60Y;; blue panel)
have a substantially altered transcriptome that significantly increases virulence factor expression and virulence in mice and
nonhuman primates. Similarly, mutation at codon 442 (purple panel) or codon 97 (orange panel) also results in a rocA
deletion-like phenotype. CovR, control of virulence regulator; CovS, control of virulence sensor.

naturally occurring polymorphisms in rocA on serotype M28 GAS gene expression,

virulence factor activity, and virulence in mice and NHPs (Fig. 3-6). We discovered that

117



each polymorphism resulted in either a subtly altered WT-like transcriptome or a
substantially altered rocA deletion-like transcriptome (Fig. 3-2). Each polymorphism had a
unique effect on the global GAS transcriptome. Taken together, these data suggest that
naturally occurring polymorphisms in rocA contribute to the molecular pathogenesis of
serotype M28 GAS invasive strains.

Our laboratory and others have recently used transposon mutagenesis libraries to
identify genes essential for GAS fitness, including serotype M28 GAS strains, in various
niches (60, 100-102). Consistent with the data reported herein, transposon mutagenesis
studies have shown rocA inactivation to significantly increase GAS fitness in mouse s.c. and
NHP necrotizing myositis infection models (60, 101). The RNA-seq data demonstrate that
rocA polymorphisms and rocA gene deletion significantly alter expression of many proven
and putative virulence factors (Fig. 3-3 and Table B-10) (43). As a result, rocA
polymorphisms significantly increase M28 GAS virulence (Fig. 3-5). Many RocA regulated
genes are also individually predicted by the transposon mutagenesis studies to be essential
to GAS fitness (Table B-12) (60, 100-102). For example, several transporters regulated by
RocA alter GAS fitness. Deletion of a putative methionine transporter system (encoded by
M28_Spy0263/0264/0265) and two putative export systems (encoded by
M28_Spy0625/0626/0627 and M28 Spy1711/1712) results in decreased fitness in human
saliva ex vivo and NHP muscle in vivo (60, 102). In addition, genes encoding several proven
virulence factors regulated by RocA also contribute to GAS fitness in various anatomic
niches (Table B-12) (23, 25, 60, 65, 66, 100-108). Furthermore, increased expression of nga
and slo (Fig. 3-3 and Table B-12) was recently implicated in the emergence and global

dissemination of epidemic serotype M1 and M89 GAS strains (52, 57, 61, 109, 110).
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Regulation of the ska gene by RocA in serotype M28 GAS is unique (43). Although
rocA polymorphisms in other GAS serotype strains result in increased ska transcript and
SKA protein levels, rocA polymorphisms in M28 GAS strains cause decreased ska transcript
levels and secreted SKA activity (Table B-10 and Fig. 3-4) (40, 43, 44, 47). The ska gene is
regulated by the FasBCA/fasX and CovRS systems (21, 22, 29-31, 33, 37, 55, 86), and
decreased fasX transcripts in the isogenic RocA T442P mutant strain likely resulted in a
more severely decreased SKA activity phenotype (Fig. 3-4). Our data suggest that RocA
may interact, either directly or indirectly, with the FasBCA/fasX system to alter SKA
activity. In addition, M28 GAS strains with a polymorphism in rocA have altered expression
of gidA, a tRNA modifying enzyme that affects transcript levels of genes encoding several
virulence factors, including ska (Table B-9) (111,112). Interestingly, the transposon
mutagenesis library screens found deletion of fasBCA to result in increased GAS fitness for
serotype M28, but not M1, in NHP necrotizing myositis (60). Thus, the RocA and
FasBCA/fasX systems may have serotype-specific regulatory functions.

Polymorphisms in RocA or rocA gene deletion results in significantly altered
transcript levels of speB and hasABC (Tables B-6, B-7, B-8, and B-9). The speB gene
encodes a secreted cysteine protease and well-documented virulence factor (54). Although
there were differences in speB transcript levels, there was no difference in secreted protease
activity (Fig. A-7), which may be due to the complex regulation and activation of SpeB (54).
The hasABC genes encode proteins required for synthesis of the antiphagocytic hyaluronic
acid capsule (113). All serotype M28 GAS strains have a naturally occurring nucleotide
deletion in hasA that results in a nonfunctional HasA protein and loss of hyaluronic capsule

production (43).
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RocA is hypothesized to heterodimerize with CovS to affect CovR phosphorylation
and downstream regulatory activity (34, 40, 41, 44). However, a physical interaction
between RocA and CovS (or any other transcription regulator) has not been definitively
shown. RocA inactivation alters CovR phosphorylation and transcription of CovRS
regulated genes (34, 40, 41). However, the molecular mechanism of the interaction remains
unknown. Accessory proteins are often membrane proteins (4, 7, 9-12). Structural models
predict that RocA folds similarly to an HK because of the presence of a predicted membrane-
spanning region and putative HK domain (Fig. 3-1) (38, 45, 114). However, Paluscio (115)
reported that RocA lacks HK activity. Consistent with the putative H-box being dispensable
for RocA function, the RocA R258K strain (with an amino acid change in the putative H-
box) (Fig. 3-1) retained a WT-like transcriptome and virulence phenotype (Fig. 3-6).

Jain et al. (44) have suggested that the amino-terminal transmembrane domains, but
not the carboxy-terminal domain, contribute to RocA regulatory function. The seven
predicted transmembrane-spanning domains (45, 114) may enable RocA to heterodimerize
with CovS or other TCS sensor proteins. Consistent with the idea that protein-protein
interactions are key to wild-type RocA activity, our naturally occurring and isogenic mutant
strains with rocA polymorphisms occurring in the transmembrane domains have rocA
deletion-like transcriptomes (Fig. 3-1 and 3-6). Drawing additional attention to the
transmembrane domain, the isogenic RocA P97L and G184W mutant strains generated
unexpected results relative to the parental WT strain and isogenic ArocA deletion mutant
strain (Fig. 3-6). Of note, codon 184 is also polymorphic (G184E) (Fig. A-6) and function

altering (Fig. A-8) in serotype M89 GAS strains (57).
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In contrast to published studies (44), we also demonstrate that the carboxy-terminal
domain is essential to wild-type RocA activity in serotype M28 GAS (Fig. 3-6). Mutations
in codon 442, located in the putative nonfunctional HK ATPase domain (Fig. 3-1),
independently arose multiple times (T442P and T4421) and were propagated by vertical
inheritance (n = 9 and 3 strains, respectively) (Fig. 3-1). The isogenic T442P mutant strain
had a rocA deletion-like transcriptome, virulence factor activity profile, and virulence
phenotype in mice and NHPs (Fig. 3-6). The repeated occurrence of polymorphisms at codon
442 strongly suggests selection for variation at this site in invasive strains. Additional studies
of RocA are needed to fully elucidate the functional domains of RocA.

In summary, we used transcriptome analysis, isogenic mutant strains, in vitro
virulence factor assays, and mouse and NHP pathogenesis studies to investigate the effect
of RocA amino acid variation on serotype M28 GAS biology, including host-pathogen
interactions. Our study has brought novel insight into the role of an accessory protein in
bacterial virulence and molecular pathogenesis.
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4. SINGLE AMINO ACID REPLACEMENTS IN ROCA DISRUPT PROTEIN-
PROTEIN INTERACTIONS TO ALTER THE MOLECULAR PATHOGENESIS OF

GROUP A Streptococcus?

4.1. Summary

Group A Streptococcus (GAS) is a human-specific pathogen and major cause of
disease worldwide. The molecular pathogenesis of GAS, like many pathogens, is dependent
on the coordinated expression of genes encoding different virulence factors. The CovRS
(control of virulence regulator/sensor) two-component system is a major virulence regulator
of GAS that has been extensively studied. More recent investigations have also involved
RocA (regulator of Cov), a regulatory accessory protein to CovRS. RocCA interacts, in some
manner, with CovRS; however, the precise molecular mechanism is unknown. Herein, we
demonstrate that RocA is a membrane protein containing seven transmembrane helices with
an extracellularly located N-terminus and intracellularly located C-terminus. For the first
time, we demonstrate that RocA directly interacts with itself (RocA) and CovS, but not
CoVR, in intact cells. Single amino acid replacements along the entire length of RocA disrupt
RocA-RocA and RocA-CovsS interactions to significantly alter the GAS virulence phenotype
as defined by global transcriptome, secreted virulence activity in vitro, and tissue destruction
and mortality in vivo. In summary, we show that amino acid replacements in a regulatory
accessory protein can affect protein-protein interactions to significantly alter the virulence

of a major human pathogen.

I Bernard PE, Duarte A, Bogdanov M, Musser JM, Olsen RJ. Functional consequences of amino acid changes
in an accessory protein: the molecular mechanism for RocA-mediated virulence in group A Streptococcus. Mol
Microbiol, submitted.

138



4.2. Introduction

Group A Streptococcus (GAS) is a human-specific pathogen that causes a number of
diseases ranging in severity from relatively innocuous bacterial pharyngitis (“strep throat™)
to life-threatening necrotizing fasciitis (“flesh eating” disease) (1, 2). Despite over a century
of efforts by many investigators, no licensed GAS vaccine is available (2, 3), which may, in
part, be due to the complex regulation of its many putative and proven virulence factors and
surface exposed proteins (3-27).

One major virulence regulator of GAS is the CovRS (control of virulence
regulator/sensor) two-component system. CovRS is a negative regulator of virulence,
regulating approximately 10-15% of the GAS transcriptome (27-31). That is, when
activated, CovRS decreases expression of many GAS genes and decreases virulence. In turn,
CovRS inactivation significantly increases virulence (27, 29, 31-36). Since its identification
over 20 years ago (32, 37, 38), the molecular mechanism of CovRS regulation has been
extensively studied. Although the in vivo stimulus for CovRS activation remains unknown,
CovR activation in vitro via phosphorylation by CovS can be modulated by cationic
magnesium (Mg?*) and the human antimicrobial peptide LL-37 (39-41). Many studies have
investigated the effect of single nucleotide polymorphisms and amino acid changes in
CovRS, identifying key residues and protein domains important for virulence factor gene
regulation (27, 33, 35, 41-45).

More recent study of virulence regulation in GAS has involved RocA (regulator of
Cov), aregulatory accessory protein to the CovRS two-component system (25, 46-61). RocA
is a positive regulator of CovRS (46). That is, RocA activates CovRS, which in turn,

decreases virulence factor gene expression and strain virulence. Inactivation of RocA by
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gene deletion or truncation increases virulence factor expression and strain virulence (25,
47, 51-54, 56-59, 61). In contrast to truncation and deletion mutations that can have
substantial effects on protein structure, we have recently investigated the effect of single
amino acid replacements in RocA on GAS molecular pathogenesis (25). We discovered that
many different naturally-occurring amino acid replacements result in a significantly altered
global transcriptome, secreted virulence factor activity in vitro, and virulence in vivo (25).
However, the molecular basis of RocA-CovRS interactions remains unknown.

While some aspects of RocA molecular pathogenesis have been discovered (25, 53,
56, 59, 61), many key knowledge gaps remain. First, the physical interaction between RocA
and CovsS is hypothesized to occur through their N-terminal transmembrane domains (56,
59, 61); however, mutations, including truncation, to the C-terminus unexpectedly result in
a RocA deletion-like virulence phenotype (25, 51). That is, the C-terminal cytoplasmic
domain has a yet undefined function. Second, a direct physical interaction between RocA
and CovsS has not been proven in intact cells. Third, the number, location, and boundaries of
the N-terminal transmembrane helices are unknown. Whereas some published studies
predict six transmembrane helices (55, 56, 58, 61), others predict seven (25, 46, 57, 59). A
detailed understanding of RocA topology is necessary for downstream mechanistic and
translational studies bearing on RocA-CovRS protein interactions. Fourth, although many
different amino acid replacements in RocA are proven to alter GAS virulence (25, 57), none
result in identical effects on genome-wide transcriptomes, virulence factor activities in vitro,
and virulence phenotypes in mice and nonhuman primates (25). The molecular basis for

different amino acid replacements conferring different virulence phenotypes is crucial to
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understanding the RocA-CovRS interaction specifically and accessory protein-regulatory
protein interactions in general.

To begin determining the potential role of single amino acid replacements in altering
RocA-CovRS molecular interactions, we addressed the aforementioned knowledge gaps.
Our topology studies demonstrate that RocA is a membrane protein with seven N-terminal
transmembrane helices. Additionally, using a bacterial adenylate cyclase-based two-hybrid
(BACTH) experimental methodology, and in contrast to previous reports (61), we
demonstrate that RocA directly interacts with itself and CovS, but not CovR, in intact cells.
Finally, we developed a model to explain how single amino acid replacements in RocA alter
its interaction with itself and Covs to significantly affect gene expression, secreted virulence
factor activity in vitro, and strain virulence in vivo.

4.3. Results
4.3.1. Multiple in silico membrane topology algorithms predict a consensus RocA
membrane topology

RocA is composed of two major predicted domains: a functionally important
transmembrane domain in the N-terminus and a putative histidine kinase ATPase domain in
the C-terminus (Fig. 4-1) (25, 46, 52, 56, 57, 59). Previous investigators have speculated that
either six (55, 56, 58, 61) or seven (25, 46, 57, 59) transmembrane helices exist, but the exact
number has not been experimentally determined. Furthermore, the overall topology of the
N-terminal transmembrane domain of RocA has not been experimentally determined. To
understand the mechanism by which single amino acid replacements alter the functionality

of RocA, knowledge of the precise protein topology is needed.
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We used multiple in silico protein topology algorithms to predict the membrane
topology of RocA. The algorithms included Phobius (62), Philius (63), OCTOPUS (64),
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PolyPhobius (65), SPOCTOPUS (66), SCAMPI (67), MEMSAT-SVM (68), and Phyre2
(69). These algorithms use a combination of hidden Markov models, artificial neural
networks, physical data parameters, and support vector machine-based approaches on well-
defined training sets to predict transmembrane segments in proteins based on amino acid
sequence and context and protein homology. The consensus topology predicts that RocA has
seven transmembrane helices in the N-terminal half of the protein, the N-terminus is located
extracellularly, and the C-terminus is located intracellularly (Fig. 4-1). Although none of the
protein topology algorithms predicted identical transmembrane helical boundaries (Fig. A-
9), each was generally consistent with respect to transmembrane helical boundaries. The one
outlier was MEMSAT-SVM, which predicted an eighth transmembrane helix in the C-
terminal half of RocA (Fig. 4-1 and A-9). Next, we used the modeled data, predicting a seven
transmembrane helical architecture, to guide experiments seeking to precisely determine the
membrane topology of RocA.
4.3.2. SCAM™ recapitulates the predicted in silico topology of RocA

We applied the substituted-cysteine accessibility method as applied to
transmembrane orientation (SCAMT™) methodology as a first approach to determine the
membrane topology of the N-terminal transmembrane domain of RocA (70). In this
methodology, naturally-occurring or strategically engineered cysteine residues in membrane
proteins are differentially labeled based on their cellular localization and accessibility to the
water-soluble, thiol-specific labeling reagent 3-(N-maleimido-propionyl)biocytin (MPB).
Accessible extracellular cysteine residues can be labeled by treating intact cells with MPB.
Accessible intracellular cysteine residues can be labeled by first treating cells with non-

detectable, water-soluble 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS) to
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block extracellular cysteine residues, followed by treatment of AMS-blocked sonicated cells
with MPB. Importantly, SCAM™ uses the full-length protein expressed in GAS, allowing
for topological analysis in the native host environment without disrupting the normal protein
conformation.

First, we determined the location of the six naturally-occurring cysteine residues in
RocA (C135, C144, C181, C304, C338, and C371; Fig. 4-1). Since the in silico algorithms
predicted that each is located in a transmembrane helix (C135, C144, and C181) or the
cytoplasm (C304, C338, and C371), we hypothesized that wild-type RocA would only be
labeled under conditions that allowed MPB to access the cytoplasm. We used a wild-type
rocA allele containing a FLAG-tag epitope at the C-terminus (59, 61). Whole genome
sequencing confirmed the absence of spurious mutations in this isogenic clone. No
difference in GAS growth in nutrient rich broth or secreted NAD*-glycohydrolase (SPN)
activity was observed due to the addition of the FLAG-tag epitope (Fig. A-10) (53, 56). As
seen in Table 4-1 and Figure A-11A, both of the labeling agent treatment samples contained
RocA-FLAG protein, and RocA-FLAG was only labeled with MPB under conditions that
allowed the labeling reagent to access intracellular cysteine residues. Based on these data,
we conclude that all naturally-occurring accessible cysteine residues in the wild-type RocA-
FLAG protein are located in the cytoplasm. Thus, SCAM™ can be used to differentiate
between strategically engineered intracellular and extracellular cysteine residues in RocA to

subsequently map its membrane topology.
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Table 4-1 Experimentally determined cellular location for RocA residues, as determined by SCAM™,

RocA MPB Labeling RocA-FLAGH .
o 5 S Interpretation®
Variant Extracellular Intracellular Extracellular Intracellular

WT No Yes Yes Yes Int
E3C Yes Yes Yes Yes Ext
L34C No Yes Yes Yes Int
H60C Yes Yes Yes Yes Ext
K88C No Yes Yes Yes Int
S121C Yes Yes Yes Yes Ext
Q160C No Yes Yes Yes Int
L192C Yes Yes Yes Yes Ext
Q225C No Yes Yes Yes Int

®RocA allele assayed. All variants had a C-terminal FLAG-tag. WT, wild-type RocA variant.

PDefined as band present for avidin labeling by MPB without sonication.

°Defined as band present for avidin labeling by MPB when pretreated with AMS and sonication.

dPresence of RocA-FLAG protein in indicated sample, as determined by an anti-FLAG-tag antibody.

Location of engineered cysteine residue, as defined in “RocA Variant” column. For WT, location of native cysteine residues that were
labeled by MPB. Ext, extracellular; Int, intracellular.

Based on the in silico predictions, we engineered eight cysteine residue mutants in
RocA-FLAG to determine the number and localization of the N-terminal transmembrane
helical boundaries: E3C, L34C, H60C, K88C, S121C, Q160C, L192C, and Q225C. The first
mutant (E3C) was created to determine the N-terminus locale, the next 6 mutants (L34C,
H60C, K88C, S121C, Q160C, L192C) were designed to define the intervening loops, and
the final mutant (Q225C) was created at the boundary between the N-terminal
transmembrane and C-terminal cytoplasmic domains (56, 59). Whole genome sequencing
confirmed the absence of spurious mutations in each cysteine engineered mutant strain. No
difference in GAS growth in nutrient rich broth or secreted SPN activity was observed due
to the introduction of the engineered cysteine residues (Fig. A-12). As seen in Table 4-1 and
Figure A-11B, RocA-FLAG mutants E3C, H60C, S121C, and L192C had labeling profiles
suggestive of an extracellular localization. The RocA-FLAG mutants L34C, K88C, Q160C,
and Q225C had labeling profiles suggestive of an intracellular localization (Table 4-1 and

Figure A-11B).
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4.3.3. RocA-PhoA-LacZa protein fusions are consistent with the in silico algorithm
predictions and SCAM™ results

As a second complementary method to experimentally determine RocA topology,
we used a PhoA-LacZa protein fusion system in Escherichia coli (71-78). We designed an
expression construct to fuse RocA to PhoA-LacZa. at selected amino acids based on the in
silico algorithm consensus topology predicting an intracellular or extracellular location.
Using this experimental strategy, extracellular fusions result in a protein fusion with high
alkaline phosphatase activity and low B-galactosidase activity, whereas cytoplasmic
(intracellular) fusions result in a protein fusion with low alkaline phosphatase activity and
high B-galactosidase activity. Additionally, p-galactosidase and alkaline phosphatase
activities can be measured simultaneously using this protein fusion approach, allowing for
normalization of the resulting activities and accurate localization determination (71). RocA
protein fusions were designed to occur within the six predicted intervening loops (L34, H60,
K88, S121, Q160, L192; Fig. 4-1). To determine if an eighth transmembrane helix exists and
to identify the location of the C-terminus, we also designed RocA protein fusions to occur
at A360 and D451, respectively (Fig. 4-1).

We constructed RocA protein fusions in plasmid pKTop, transformed them into E.
coli strain DH5a., and performed p-galactosidase and alkaline phosphatase assays (77, 78).
Sanger sequencing confirmed the correct protein fusions were generated with no spurious
mutations. Results are shown in Table 4-2 and Figure A-13A. In general, the RocA-PhoA-
LacZa data supported the in silico prediction model (Fig. 4-1). Our results indicated that
residues H60 and S121 are located extracellularly, and residues K88, Q160, A360, and D451

are located intracellularly, as predicted. However, assays using residues L34 and L192
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Table 4-2 Normalized activity ratios (NARs) and experimentally determined cellular location for RocA residues.

RocA Residue Initial Experlmental D§5|gn Additional Experimental D(_a3|gn
NAR Location® NAR Location
K24 - - 0.03 Int
L34 0.77 Ind 0.98 Ind
L44 - - 0.03 Int
H60 7.74 Ext 5.96 Ext
K88 0.01 Int 0.02 Int
S121 4.03 Ext 212 Ext
Q160 0.02 Int 0.02 Int
C181 - - 0.09 Int
L192 0.55 Ind 0.85 Ind
R201 - - 0.28 Int
Q225 - - 0.22 Int
A360 0.09 Int 0.13 Int
D451 0.04 Int 0.06 Int

aTerminal residue of RocA followed by PhoA-LacZa reporter.
PNAR calculated as relative alkaline phosphatase activity/relative B-galactosidase activity (78).
‘Location determined by NAR. Ext, extracellular; Ind, indeterminate; Int, intracellular.

indicated an indeterminate localization for these residues (Table 4-2 and Fig. A-13A). That
is, we could not determine whether L34 and L192 were extracellular or intracellular with
high certainty with this methodology. To better define the loops containing amino acids L34
and L192, four additional neighboring residues were chosen to create new protein fusions
(K24, L44, C181, R201; Fig. 4-1). A protein fusion at Q225 was also created to determine
the end boundary of the seventh transmembrane helix. Our results demonstrated that K24,
L44, C181, R201, and Q225 are located intracellularly (Table 4-2 and Fig. A-13B).
4.3.4. Summary of the RocA protein topology experiments

Taken together, the in silico algorithm predictions, SCAM™ data, and RocA-PhoA-
LacZa protein fusion data demonstrate that RocA has a seven transmembrane helical
architecture with an extracellularly located N-terminus and an intracellularly located C-
terminus (Fig. 4-1). The seven transmembrane helices span between: 1) residues 3-34
extracellular to intracellular, 2) residues 34-60 intracellular to extracellular, 3) residues 60-
88 extracellular to intracellular, 4) residues 88-121 intracellular to extracellular, 5) residues
121-160 extracellular to intracellular, 6) residues 160-192 intracellular to extracellular, and

7) residues 192-225 extracellular to intracellular (Fig. 4-1). In summary, for the first time,
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we have experimentally determined the membrane topology of RocA, which will facilitate
investigation into the effect of specific amino acid changes on RocA protein-protein
interactions.
4.3.5. RocA interacts with RocA and CovsS, but not CovR

After experimentally determining the membrane topological architecture of RocA,
we next investigated whether specific amino acid changes could alter RocA protein-protein
interactions. Previous attempts to demonstrate a direct interaction between RocA and CovRS
have had variable success depending on the experimental methodology used (59, 61). While
RocA-RocA and RocA-CovS interactions have been demonstrated by co-
immunoprecipitation using cell membrane preparations (59, 61), no direct interaction
between RocA and RocA, CovS, or CovR in intact cells has been demonstrated. We used
bacterial adenylate cyclase-based two-hybrid (BACTH) assays to first assess wild-type
RocA, CovS, and CovR protein-protein interactions (79-81). Briefly, RocA, Covs, and
CovR were fused to either T18 or T25, two complementary fragments of the catalytic domain
of the Bordetella pertussis adenylate cyclase. In this assay, interaction between two proteins
in E. coli brings T18 and T25 into close proximity, leading to a functional adenylate cyclase
that generates CAMP. Interactions are then quantitated by B-galactosidase activity. Sanger
sequencing confirmed the correct protein fusions were generated with no spurious mutations.

Since the BACTH constructs used in a previous study only included one set of
T18/T25 protein fusions (61), we sought to reassess the usefulness of BACTH for testing
RocA-CovRS interactions using all possible combinations of T18/T25-RocA/CovS/CovR
fusions (Table B-13 and Fig. A-14). In agreement with previously published data, we

observed direct interactions of CovS and CovS, CovR and CovR, and CovR and CovS
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Fig. 4-2 RocA interacts with itself and CovS, but not CovR.
(A-B) Representative BACTH assays performed in E. coli strain DHM1 for wild-type RocA, CovS, and CovR homodimers
(A) and heterodimers (B). White bar represents the positive control (zip = GCN4 leucine zipper motif), and striped bars
represent the negative controls (E = empty plasmid). The red line indicates the positive interaction threshold. A red asterisk
indicates a positive interaction between the two assayed proteins.

(Fig. 4-2 and A-15) (61). Additionally, our results demonstrated that RocA interacted with
itself (RocA) and CovS but not CovR (Fig. 4-2). Interaction between RocA and RocA or
RocA and CovS was only observed when T18/T25 was fused to the C-terminus of RocA
(Fig. 4-2 and A-14). That is, consistent with the experimentally determined topology of

RocA, only RocA fusions with intracellular T18/T25 (fused at the C-terminus) demonstrated
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direct protein-protein interactions. We reproduced these results using a second strain of E.
coli (Fig. A-15).
4.3.6. Amino acid changes in RocA differentially alter the interaction of RocA with
itself and CovS

After demonstrating a direct interaction between the wild-type RocA and CovS
proteins, we next tested the hypothesis that single amino acid replacements in RocA can
differentially alter its interaction with itself and CovS. We first chose to investigate the RocA
PI7L, G184W, R258K, and T442P amino acid replacements. The amino acid replacements
were selected because they have very well-known effects on the GAS global transcriptome
and virulence in mice and nonhuman primates (25). Our results demonstrated that amino
acid changes P97L, G184W, and T442P disrupted RocA-RocA interactions, whereas amino
acid change R258K did not disrupt RocA-RocA interaction (Fig. 4-3A). RocA with amino
acid change T442P disrupted interaction with CovS, whereas RocA with amino acid changes
G184W and R258K did not (Fig. 4-3B). RocA with amino acid change P97L had an
intermediate RocA-CovS interaction phenotype (Fig. 4-3B). Taken together, the BACTH
data suggest that specific amino acid changes in RocA have different effects on RocA

functionality by altering the RocA-RocA and/or RocA-CovS physical interaction.
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Fig. 4-3 Single amino acid replacements in RocA alter the interaction between RocA and itself and Covs.

(A-B) Representative BACTH assays performed in E. coli strain DHM1 for RocA homodimers (A) and RocA-CovS
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The red line indicates the positive interaction threshold. A red asterisk indicates a positive interaction between the two
assayed proteins.
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Fig. 4-4 Polymorphisms in the C-terminus of RocA are function-altering.

(A) Protein map of RocA highlighting C-terminus polymorphisms (inset, amino acids 300-451). Predicted domains of the
RocA protein are indicated (HATPase, histidine kinase ATPase domain). Predicted functional domains of the putative
histidine kinase domain (N box, F box, G box) are identified (42). (B) Growth curve in nutrient-rich THY broth. (C) SPN
activity assay. (D) SLO activity assay. (E) SKA activity assay. Data are shown as mean + standard deviation (n = 3). ***P
<0.001, ****P < 0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the parental wild-type
(WT) strain; *P < 0.05, ###P < 0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the isogenic
ArocA deletion mutant strain. (F) Representative BACTH assays performed in E. coli strain DHM1 for RocA homodimers
and RocA-CovsS heterodimers. The RocA amino acid replacements assayed are indicated (WT = wild-type RocA). White
bar represents the positive control (zip = GCN4 leucine zipper motif), and striped bars represent the negative controls (E =
empty plasmid). The red line indicates the positive interaction threshold. A red asterisk indicates a positive interaction
between the two assayed proteins.
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4.3.7. Polymorphisms in the C-terminus of RocA are function-altering

A previous study of isogenic rocA polymorphism mutants found that mutation of the
RocA C-terminus resulted in a rocA deletion-like phenotype (25). The results were
unexpected, since the C-terminus of RocA had not been previously implicated in RocA
functionality (56, 59). We therefore sought to further characterize the role of the RocA C-
terminus in GAS molecular pathogenesis. In addition to the previously studied T442P
mutation, we identified three other naturally-occurring mutations of interest in the C-
terminus of RocA, including V4201, T4421, and Q443* (glutamine 443 replaced with a stop
codon; Fig. 4-4A) (25, 57). We constructed isogenic mutant strains, and whole genome
sequencing confirmed the absence of spurious mutations. To determine if C-terminal RocA
amino acid changes alter the growth phenotype, we grew the parental wild-type strain,
isogenic ArocA deletion mutant strain, and four C-terminal rocA mutant strains in nutrient-
rich Todd-Hewitt broth with yeast extract (THY). While the growth curves of the RocA
V4201 and T4421 mutant strains were similar to the parental wild-type strain, the RocA
T442P and Q443* mutant strain growth curves were more similar to the isogenic ArocA
strain that has a shortened lag phase (Fig. 4-4B) (25).

Next, to test the hypothesis that amino acid changes in the RocA C-terminus result
in altered virulence, we performed in vitro virulence factor activity assays. The RocA V420l
and T442I isogenic mutant strains had wild-type-like secreted SPN, streptolysin O (SLO),
and streptokinase (SKA) activities (Fig. 4-4C-E). In contrast, the ArocA and RocA T442P
and Q443* isogenic mutant strains had significantly increased SPN and SLO activity, and
significantly decreased SKA activity, compared to the parental wild-type strain (Fig. 4-4C-

E). As previously observed (25), the RocA T442P isogenic mutant strain had significantly
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decreased SKA activity compared to the isogenic ArocA deletion mutant strain (Fig. 4-4E).
The SKA activity of the RocA Q443* isogenic mutant strain did not significantly differ from
the secreted SKA activity of the isogenic ArocA deletion mutant strain (Fig. 4-4E). These
results are consistent with the BACTH analysis that demonstrated RocA T442P and Q443*
variant proteins do not directly interact with themselves or CovS (that is, they behave like
rocA deletion mutants), whereas RocA V420l interacts with itself and CovS, similar to the
wild-type RocA protein (Fig. 4-4F). Interestingly, RocA T442I did not directly interact with
itself or CovsS (Fig. 4-4F).

Based on the in vitro virulence factor assay data, we hypothesized that RocA amino
acid replacements T442P and Q443* increase strain virulence. To test this hypothesis, we
compared the virulence of the parental wild-type strain, the isogenic ArocA deletion mutant
strain, and four C-terminal rocA mutant strains in a mouse model of necrotizing myositis
(13, 25, 57, 82, 83). Consistent with our hypothesis, the isogenic ArocA deletion and RocA
T442P and Q443* mutant strains caused significantly increased mortality and larger lesions
with more tissue destruction compared with the parental wild-type strain and wild-type-like
RocA V4201 and T4421 mutant strains (Fig. 4-5).

Altogether, the data demonstrate that the C-terminus of RocA, in addition to the N-
terminal transmembrane domain, is important for RocA protein-protein interactions and

molecular pathogenesis.
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Fig. 4-5 Polymorphisms in the C-terminus of RocA result in altered virulence in a mouse model of necrotizing
myositis.

(A) Kaplan-Meier survival curve for mice infected in the right hindlimb with the indicated strain (n = 40 mice/strain). *P
< 0.05, **P < 0.01, log rank test compared to the parental wild-type (WT) strain. (B) Representative gross lesions of the
infected limb on post-inoculation day 2 (n = 4 mice/strain). Abscesses are encompassed by red circles. (C) Representative
microscopic lesions of the infected limb on post-inoculation day 1 (n = 4 mice/strain). The necrotic lesions are encompassed
by black boxes. Hematoxylin and eosin staining was used. Original magnification, 4X.
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4.4. Discussion

In recent years, virulence regulation in GAS has focused on transcription regulators
such as the CovRS two-component system and its regulatory accessory protein RocA (25,
46-61). Two key knowledge gaps bearing on the molecular pathogenesis of RocA, and
accessory proteins in general, are 1) how accessory proteins interact with two-component
system proteins, and 2) how naturally-occurring amino acid replacements alter this
interaction. Herein, we demonstrate that RocA is a seven transmembrane helix regulatory
accessory protein (Fig. 4-1) that interacts with itself (RocA) and CovsS, but not CovR (Fig.
4-2). Different amino acid replacements in RocA had different effects on RocA-RocA and
RocA-Covs interactions (Fig. 4-3 and 4-4). The disrupted protein-protein interactions lead
to significant changes in gene expression, secreted virulence factor activity in vitro, and
virulence in vivo (Fig. 4-5 and 4-6) (25).

We confirmed in silico algorithm predictions of RocA membrane topology using two
independent experimental methodologies. Some previous published studies predicted six
transmembrane helices (55, 56, 58, 61). Herein, results from our topology analyses using
two independent methodologies demonstrate that RocA has seven transmembrane helices
(Fig. 4-1 and Tables 4-1 and 4-2). SCAM™ assays demonstrated that the N-terminal half of
RocA has seven transmembrane helices and the N-terminus is located extracellularly (Fig.
4-1 and Table 4-1). The SCAM™ results were confirmed with RocA-PhoA-LacZa protein
fusions. For the most part, the RocA-PhoA-LacZa. protein fusions expressed in E. coli
recapitulated the SCAM™ data, with a few indeterminate results, and determined the C-
terminus of RocA is located intracellularly (Table 4-2 and Fig. A-13). However, two major

limitations to the RocA-PhoA-LacZa protein fusion methodology are 1) it does not use the
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Fig. 4-6 Single amino acid replacements in RocA alter RocA-RocA and RocA-Covs interactions, leading to altered
gene expression and virulence.

Under normal conditions (wild-type (WT) RocA, upper left), RocA (blue) interacts with itself and CovS (black), resulting
in WT virulence factor expression and secreted activity in vitro, and virulence in vivo. The RocA G184W amino acid
change (brown, upper right) causes a loss of RocA dimerization, but retention of the RocA-CovS interaction, resulting in
decreased virulence factor expression and activity in vitro but WT-like virulence in vivo. The RocA P97L amino acid
change (orange, lower right) causes a loss of the RocA-RocA interaction and a transient RocA-CovS interaction, resulting
in increased virulence factor expression and activity in vitro but WT-like virulence in vivo. The RocA T442P (purple, lower
left) causes a loss of RocA-RocA and RocA-CovS interactions, resulting in increased virulence factor expression and
activity in vitro and increased virulence in vivo.

full-length protein to determine residue locations, and 2) it is not performed in the native

host bacterium. Numerous factors, beyond amino acid sequence, may determine the
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membrane topology of transmembrane helices (84-92). Nevertheless, our SCAM™ and
protein fusion studies suggest that factors outside of the transmembrane domain amino acid
composition may participate in membrane insertion of some RocA transmembrane domains,
particularly transmembrane domains 1 and 6.

Two recent studies have demonstrated an interaction between RocA and CovS
proteins using co-immunoprecipitation methodologies with cell membrane preparations (59,
61). However, there is no experimental evidence demonstrating direct RocA-RocA or RocA-
CovsS interaction in intact cells (61). Herein, using a BACTH assay, we unambiguously
demonstrated that RocA interacts with itself and CovS in intact cells (Fig. 4-2). In the
previous study, Jain, et al. were unable to demonstrate a direct RocA-RocA or RocA-CovS
interaction in a BACTH assay. One possible reason is due to the use of N-terminal protein
fusions (61). Given that the N-terminus of RocA is extracellularly located (Fig. 4-1), the N-
terminal RocA-T18/T25 protein fusion would also be located extracellularly, rendering a
negative result regardless of any protein-protein interaction. Consistent with the membrane
topology of RocA (Fig. 4-1), the C-terminal RocA-T18/T25 protein fusions used in our study
demonstrated direct RocA-RocA and RocA-Covs interactions (Fig. 4-2). Understanding the
topological architecture was crucial to making these discoveries and guiding downstream
experiments using RocA variants with single amino acid replacements.

A majority of the CovR/CovS-T18/T25 protein fusion construct pairs demonstrated
a positive interaction between CovS and CovS, CovR and CovR, and CovR and CovS (Fig.
4-2 and A-15). However, only a C-terminal RocA-T18 protein fusion construct was able to
directly interact with CovsS (Fig. 4-2, A-15, and A-16). The two plasmid backbones used for

the assay differ in their replication origins and copy numbers (81). pUT18 and pUT18C have
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a ColE1 high copy number replication origin, whereas pKT25 and pKNT25 have a p15A
low copy number replication origin (81). Direct interaction between RocA and CovS was
observed only when RocA was expressed from a high copy number plasmid (pUT18) and
CovS was expressed from a low copy number plasmid (pKT25/pKNT25; Fig. 4-2). Thus,
we speculate that the RocA-CovsS interaction only occurs when RocA is present in an excess
of CovS, suggesting that RocA and CovS do not merely heterodimerize. That is, under
normal conditions, RocA-CovS complexes form only when the stoichiometry of RocA to
Covs favors RocA. This discovery can explain the apparent dosage effect of RocA observed
in our study and others (Fig. A-4.2 and A-12) (56). A well-defined dosage effect is observed
in other regulatory systems, such as the LiaFSR two-component system from Bacillus
subtilis, where the accessory protein LiaF is present in excess of the histidine kinase LiaS
(93), and in GAS, where the MtsR-PrsA-SpeB virulence axis depends on relative amounts
of each protein present (13).

Different amino acid changes in RocA resulted in differentially altered RocA-RocA
and RocA-CovS physical interactions. The RocA P97L and G184W single amino acid
replacements are located in transmembrane helices and generated different protein
interaction profiles that corresponded to different virulence phenotypes as defined by
secreted virulence factor activity and mortality in mice (Fig. 4-3 and 4-6) (25). The RocA
G184W amino acid replacement resulted in a loss of interaction between RocA and RocA,
but not between RocA and CovS (Fig. 4-3). A loss of RocA interaction with itself could
increase the relative number of RocA G184W protein units available in the membrane to
interact with Covs, resulting in decrease virulence factor gene expression and secreted

activity in vitro (Fig. 4-6) (25). In comparison, the RocA P97L amino acid replacement
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resulted in a loss of interaction between RocA and RocA, and interaction between RocA
P97L and CovS was only observed for one of the two plasmid construct pairs (Fig. 4-3). A
possible explanation for an intermediate phenotype is that the RocA P97L-CovsS interaction
is more transient than that for the wild-type RocA protein. A transient interaction with CovS
could explain the observed discrepant virulence phenotype of an isogenic GAS strain with
the RocA P97L variant (25), resulting in increased virulence factor gene expression and
secreted activity in vitro, but wild-type-like virulence in vivo. In support of this idea, a recent
dual transcriptome sequencing study of GAS infected nonhuman primate muscle found rocA
transcripts to be significantly increased in vivo compared to in vitro conditions (3). Further
investigation is warranted to define the host factor(s) that possibly lead to increased rocA
expression and/or stabilize the RocA-CovS physical interaction in vivo.

Previous research has suggested that the RocA cytoplasmic domain is dispensable
for RocA-mediated CovRS regulatory functions (56, 59). Our previous study of the RocA
T442P variant demonstrated that mutation to the supposed non-functional cytoplasmic
domain results in a rocA deletion-like phenotype (25). Here, we studied naturally-occurring
amino acid changes in the C-terminus of RocA (Fig. 4-4). We demonstrated that loss of the
last nine amino acids (RocA Q443*) is sufficient to elicit a RocA deletion-like phenotype
(Fig. 4-4 and 4-5), further suggesting a regulatory role for the RocA cytoplasmic domain.
BACTH assays demonstrated that the RocA T442P and Q443* variant proteins could not
interact with themselves (RocA) or CovS (Fig. 4-4). Interestingly, the RocA T442] amino
acid replacement also resulted in a loss of RocA-RocA and RocA-CovsS interactions despite
having a wild-type-like virulence phenotype (Fig. 4-4). Taken together, the data suggest that

threonine 442, both the residue itself (T442P and T4421) and the relative positioning of this
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amino acid (T4421 and Q443%*), is crucial for a wild-type RocA-CovRS regulatory pathway.
The molecular basis for these observations is currently under investigation.

In summary, we demonstrate that RocA, an regulatory accessory protein to the
virulence regulatory CovRS two-component system, is a seven transmembrane helix protein
that directly interacts with itself (RocA) and CovS. Single amino acid replacements in both
the transmembrane and cytoplasmic domains result in altered RocA-RocA and/or RocA-
Covs interactions that affect downstream gene expression, secreted virulence factor activity
in vitro, and virulence in vivo (Fig. 4-6) (25). In total, our study provides evidence that, under
normal conditions, a full-length, wild-type RocA protein is needed to interact with CovS at
a tightly regulated stoichiometry for wild-type gene regulation, and single amino acid
replacements in an regulatory accessory protein can drastically alter the virulence of a major
human pathogen.

4.5. Experimental procedures
4.5.1. Strains and culture conditions

We used serotype M28 GAS strain MGAS28426 because it is genetically
representative of serotype M28 GAS strains circulating globally (27), it has a wild-type allele
for all major virulence factors and transcription regulators, including rocA and covRS, and it
has been used in multiple animal virulence models (25, 27, 57). Information about this strain
and its derivatives is provided in Table B-13 (25, 57, 77, 94). GAS strains were grown in
Todd-Hewitt broth supplemented with 0.2% yeast extract (THY), with chloramphenicol (10

tg mL 1) as needed. For standard cloning and PhoA-LacZa reporter fusion studies, we used

E. coli strain DH5a.. For bacterial adenylate cyclase-based two-hybrid (BACTH) assays, we
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used E. coli strains DHM1 and BTH101. E. coli strains were grown in LB broth at 37 °C
with agitation, with ampicillin (100 pg mL™t) and/or kanamycin (50 pg mL1) as needed.
4.5.2. In silico modeling and prediction of RocA membrane topology

The wild-type RocA protein sequence (GenBank AAX72469.1) was used to model
and predict the membrane topology of RocA. Multiple algorithms were used to determine a
consensus topology (Fig. 4-1 and A-9) that was used for codon selection in membrane
topology experiments. The algorithms used included: Phobius (http://phobius.sbc.su.se/)
(62); Philius (http://www.yeastrc.org/philius/pages/philius/runPhilius.jsp) (63); OCTOPUS
(http://octopus.cbr.su.se/) (64); PolyPhobius (http://phobius.sbc.su.se/poly.html) (65);
SPOCTOPUS (http://octopus.cbr.su.se/index.php) (66); SCAMPI (http://topcons.cbr.su.se/)
(67); MEMSAT-SVM  (http://bioinf.cs.ucl.ac.uk/psipred/)  (68); and  Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) (69). All membrane topology
predictions were accessed on January 17, 2020.
4.5.3. Construction of cysteine-engineered RocA-FLAG-tag plasmids and strains

Based on the predicted membrane topology of RocA (Fig. 4-1), cysteine residue
codons were engineered into a wild-type rocA gene allele with a C-terminal FLAG-tag
epitope on plasmid pDC123 expressed in the serotype M28 GAS isogenic ArocA deletion
mutant strain (25, 57). Briefly, we introduced the FLAG-tag epitope and engineered cysteine
residues into the wild-type rocA allele by PCR using primers FLAGRocA-F and the
corresponding cysteine primer-R, and FLAGRocA-R and the corresponding cysteine
primer-F (Table B-14) (25, 53). The two resulting fragments were fused together by
combinatorial PCR using primers RocA-FLAG fwd and RocA-FLAG revl. Plasmid

pDC123 was amplified using primers pDC123_fwd1 and pDC123_rev, and the two resulting
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products were circularized using the NEBuilder HiFi DNA Assembly kit (New England
BioLabs, Ipswich, MA). The resulting plasmid was transformed into the serotype M28 GAS
isogenic ArocA deletion mutant strain (25, 57). The genomes of all transformants were
sequenced to verify correct insertion of the engineered cysteine residues and FLAG-tag
epitope and absence of spurious mutations.

To ensure that the engineered cysteine residues and FLAG-tag epitope did not result
in an altered growth or secreted NAD*-glycohydrolase (SPN) activity phenotype, we
generated two additional plasmids as described above: pDC123 expressing a wild-type rocA
allele, and pDC123 expressing a wild-type rocA allele with a C-terminal FLAG-tag epitope.
These plasmids were transformed into the isogenic ArocA deletion mutant, and resulting
transformants were sequenced to verify correct plasmid and genome sequences.

4.5.4. Membrane topology studies: Substituted-cysteine accessibility method as applied
to transmembrane orientation (SCAM™)

The membrane topology of the N-terminal transmembrane helices of RocA was
determined using SCAM™ as previously described (70), with minor modifications. Strains
carrying plasmids with the engineered cysteine residues and FLAG-tag epitope in rocA were
grown to the mid-exponential growth phase, pelleted by centrifugation, washed with
phosphate-buffered saline (PBS), and resuspended in Buffer A (100 mM HEPES-KOH pH
8.1, 250 mM sucrose, 25 mM MgCI2, 0.1 mM KCI). For labeling of accessible extracellular
cysteine residues, cells were treated with 3-(N-maleimido-propionyl)biocytin (MPB; 100
uM) for five minutes, followed by quenching with 20 mM B-mercaptoethanol. Samples were
then sonicated at an amplitude of 15% for one minute. For labeling of accessible intracellular

cysteine residues, cells were pre-treated with non-detectable, water-soluble 4-acetamido-4'-
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maleimidylstilbene-2,2'-disulfonic acid (AMS; 5 mM) for 30 minutes in the dark with end-
over-end rotation to block accessible extracellular cysteine residues. Cells were pelleted and
washed twice with Buffer A to remove excess AMS, then resuspended in Buffer A. AMS-
pretreated samples were then treated with MPB (100 uM) for five minutes in total: one
minute with sonication at an amplitude of 15%, and four minutes without sonication.
Samples were quenched with 20 mM B-mercaptoethanol.

All samples were centrifuged (65,000 X g, 10 minutes, 4 °C), and the resulting
membranes were resuspended in Buffer A with 20 mM B-mercaptoethanol. Solubilization
buffer (50 mM Tris-HCI, pH 8.1, 2% SDS, 0.1 mM EDTA) was added, and the samples
were vortexed for 15 minutes at room temperature, incubated at 37 °C for 15 minutes, and
vortexed again for 15 minutes at room temperature. Samples were diluted with IP1 (50 mM
Tris-HCI, pH 8.1, 0.15 M NaCl, 0.1 mM EDTA, 2% nonaethylene glycol monododecyl
ether, 0.4% SDS) and pelleted. The resulting supernatant was transferred to a spin column
and incubated overnight with anti-FLAG-tag antibody (Abcam, Cambridge, MA, catalog #
ab2493; 1:100) with rocking at 4 °C.

Protein A/G-agarose affinity resin was added to the samples for a 90 minute
incubation at 4 °C. The resin was washed with IP1, IP2 (50 mM Tris-HCI, pH 8.1, 1 M NacCl,
0.1 mM EDTA, 2% nonaethylene glycol monododecyl ether, 0.4% SDS), and 10 mM Tris-
HCI, pH 8.1. Protein from the samples was extracted in 2X SDS sample buffer (vortexed for
15 minutes at room temperature, incubated at 37 °C for 15 minutes, and vortexed again for
15 minutes at room temperature, followed by elution via centrifugation). Samples were
subjected to SDS-PAGE, transferred to nitrocellulose membranes, and visualized with

avidin-HRP as described below. Since conclusions are only made by comparing sample
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pairs, differences in expression and/or labeling efficiency between different engineered
cysteine mutant proteins were not determined and are not important.
4.5.5. Western immunoblot analysis

For determination of RocA-FLAG protein expression, whole cell lysates prepared
from cells at the mid-exponential growth phase were subjected to SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were blocked with 5% milk in PBS
with 0.1% Tween™ 20 (PBS-T) for 1 hour before incubation with anti-FLAG-tag antibody
(Abcam, Cambridge, MA, catalog # ab2493; 1:5000) for 2 hours. Membranes were washed
with PBS-T three times before detection using SuperSignalTM West Pico Plus
Chemiluminescent Substrate (ThermoFisher Scientific, Waltham, MA). For determination
of MPB labeling, samples were subjected to SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blocked with 5% bovine serum albumin (BSA) in Tris-
buffered saline (TBS) overnight before incubation with avidin-HRP (1:5000 in 0.3% BSA
in TBS) for 2 hours. Membranes were washed with 0.3% BSA in TBS twice, 0.5% IgePal
CA-630 in TBS twice, and TBS once before detection using SuperSignalTM West Femto
Maximum Sensitivity Substrate (ThermoFisher Scientific, Waltham, MA).
4.5.6. Membrane topology studies: PhoA-LacZa protein fusions

The membrane topology of RocA was determined using a PhoA-LacZo reporter
system (78). Reporter plasmid pKTop was used (77) to create RocA fragment PhoA-LacZa
protein fusions after selected RocA amino acids (Fig. 4-1). The rocA fragments were PCR
amplified from genomic DNA of strain MGAS28426 using the appropriate primers (Table
B-14), and pKTop was cleaved using BamHI. Both the linearized vector and PCR amplified

fragment were transformed into E. coli DH5a cells as previously described (95). Plasmids
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(Table B-13) were verified for the correct insert sequence by Sanger sequencing (Table B-
14).

B-galactosidase and phosphatase assays were conducted using E. coli DH5a cells
containing pKTop-RocA protein fusion plasmids as previously described (78), with minor
modifications. Briefly, a single colony from an LB agar plate with kanamycin and 0.1%
glucose was inoculated into LB broth with kanamycin and 0.1% glucose overnight. The
overnight culture was diluted 1:100 into fresh LB broth with kanamycin and 0.1% glucose
and grown to the mid-exponential growth phase. Isopropyl-p-D-1-thiogalactopyranoside
(IPTG; 1 mM) was added, and cultures were incubated for one hour.

For the B-galactosidase assay, cells were resuspended in M63 medium (100 mM
potassium phosphate monobasic, 15 mM ammonium sulfate, 1.7 uM ferrous sulfate, 1 mM
magnesium sulfate, pH 7.0) and permeabilized with chloroform and 0.05% sodium dodecyl
sulfate (SDS). Permeabilized cells were incubated with 0.15% o-nitrophenyl-B-galactoside
(ONPG) in PM2 buffer (70 mM sodium phosphate dibasic, 30 mM sodium phosphate
monobasic, 1 mM magnesium sulfate, 0.2 mM manganese sulfate, 100 mM -
mercaptoethanol, pH 7.0) at 37 °C for one hour. Absorbance was measured, and B-
galactosidase enzymatic activity was determined as previously described (78).

For the phosphatase assay, cells were washed with wash buffer (10 mM Tris-HCI,
pH 8.0, 10 mM magnesium sulfate), resuspended in PM1 buffer (1 M Tris-HCI, pH 8.0, 0.1
mM zinc chloride, 1 mM iodoacetamide) and permeabilized with chloroform and 0.05%
SDS. Permeabilized cells were incubated with 0.15% p-nitrophenyl phosphate (pNPP) in 1
M Tris-HCI, pH 8.0, at 37 °C for one hour. Absorbance was measured, and phosphatase

enzymatic activity was determined as previously described (78).
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To determine the localization of each protein fusion, the normalized activity ratio
(NAR) was calculated as previously described (78). An NAR > 2 was considered highly
likely to be extracellular, an NAR < 0.5 was considered highly likely to be intracellular, and
an NAR between 0.5 and 2 was considered to be indeterminate.

4.5.7. Bacterial adenylate cyclase-based two-hybrid (BACTH) assays

Interactions between RocA, CovR, and CovS were assessed using BACTH assays
(79-81). Plasmids pKNT25, pKT25, pUT18, and pUT18C (Euromedex) were used for
constructing T25 and T18 fusions, respectively. The rocA, covR, and covsS alleles were PCR
amplified from genomic DNA of serotype M28 GAS strain MGAS28426 or the respective
isogenic rocA mutant strain (Table B-13) using the appropriate primers (Table B-14), and
plasmids were cleaved using BamHI. Both the linearized vector and PCR amplified fragment
were transformed into E. coli DH5a cells as previously described (95). Plasmids (Table B-
13) were verified for the correct insert sequence by Sanger sequencing (Table B-14). Once
verified, plasmids were transformed into either DHM1 or BTH101 cells for the assay. PCR
analysis was used to verify the correct plasmid backbones and inserts after transformation.

For quantification of the interaction between protein fusions, a 3-galactosidase assay
was performed as previously described (81). Briefly, a single colony from an LB agar plate
with kanamycin, ampicillin, and 0.1% glucose was inoculated into LB broth with ampicillin,
kanamycin, and 0.5 mM IPTG and grown overnight. Cultures were diluted fivefold with
M63 medium and permeabilized with chloroform and 0.05% SDS. Permeabilized cells were
added to PM2 buffer containing 0.1% ONPG. The reaction was incubated at 37 °C for 30
minutes, absorbance was measured, and B-galactosidase enzymatic activity was determined
as previously described (81). Plasmids containing GCN4 leucine zipper motifs (Euromedex)
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were used as a positive control, and empty plasmids were used as a negative control. Proteins
were considered to have a positive interaction if the resulting B-galactosidase activity was at
least five times higher than the negative controls (81).
4.5.8. Generation of isogenic C-terminal rocA polymorphism strains

Isogenic strains containing C-terminal rocA polymorphisms (25, 57) were generated
in the serotype M28 parental wild-type strain MGAS28426. The isogenic RocA T442P
mutant strain has been previously described (25). The additional isogenic C-terminal rocA
polymorphism strains (RocA V4201, T4421 and Q443*) were constructed by allelic
exchange (the allele of interest was cloned from a clinical isolate with the naturally-occurring
rocA polymorphism) as previously described (22, 25). Primer sequences are listed in Table
B-14. Whole genome sequence analysis of the isogenic C-terminal rocA mutant strains
confirmed the expected rocA polymorphism and absence of spurious mutations.
4.5.9. In vitro virulence factor activity assays

SPN and streptolysin O (SLO) activity was measured as previously described using
mid-exponential growth phase culture supernatants (83). Streptokinase (SKA) activity was
measured as previously described using mid-exponential growth phase cell-free culture
supernatants (15, 25, 57).
4.5.10. Mouse model of necrotizing myositis

Mouse necrotizing fasciitis/myositis studies were performed as previously described
(13, 25, 57, 82, 83). Immunocompetent 4-week-old female CD1 mice (Envigo Laboratories,
Houston, TX) were randomly assigned to treatment groups and inoculated in the right lower
hind limb with 5 X 108 colony-forming units of the indicated bacterial strain suspended in

PBS (n = 40 mice per strain). Mice were monitored at least once daily, and mortality was
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determined using the NIH Guide for the Care and Use of Laboratory Animals (96). Survival
comparisons were made using the log-rank test. For gross and histologic evaluation, mice (n
= 4 mice per strain per time point) were sacrificed on day 1 or day 2 post-inoculation, and
the limbs were processed using standard methods (13). All animal experiments were
approved by the Institutional Animal Care and Use Committee of the Houston Methodist
Research Institute (Houston, TX; AUP-0318-0016). Sample sizes were determined with a
power calculation.
4.5.11. Statistical analyses

All statistical analyses were performed using Prism 8 (GraphPad Software Inc., La
Jolla, CA) with three biological replicates, and P < 0.05 was considered statistically
significant.
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5. CONCLUSIONS

5.1. RocA: An important virulence regulator in the molecular pathogenesis of GAS

RocA is an accessory protein to the CovRS two-component system, a major regulator
of virulence in GAS. In the research presented in this dissertation, RocA was demonstrated
to be an important regulator of virulence in serotype M28 GAS (Chapter 2) (1). As a whole,
polymorphisms in rocA resulting in amino acid changes significantly increased GAS
virulence, as assessed by global transcriptome analysis, virulence factor activity and
necrotizing myositis infection models (Chapter 3) (2). Amino acid changes in RocA, both in
the N-terminal transmembrane domains and in the C-terminal cytoplasmic domain, result in
alteration of physical interaction between RocA and CovS (Chapter 4) (Fig. 5-1).
5.2. Polymorphisms in rocA differentially effect molecular pathogenesis

Most studies of accessory proteins have focused on the protein as a whole unit
through either gene deletions or protein truncations (3-12). A few studies have utilized
mutagenesis strategies to identify key residues in either the accessory protein or the two-
component system (TCS) proteins (5, 6, 10). Similarly, previous study of RocA in GAS has
focused on gene deletions or protein truncations (13-21). While some protein truncations are
naturally-occurring in clinical isolates or animal passaged strains (14, 15, 17, 19), no
naturally-occurring amino acid changes in RocA, or other well-described accessory proteins,
had been studied previous to the research described herein. We demonstrated that naturally-
occurring amino acid changes in RocA significantly alter the molecular pathogenesis of

serotype M28 GAS. Importantly, not all polymorphisms resulted in identical virulence
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phenotypes, as defined by transcriptome, virulence factor activity, and animal infection

models. Selected amino acid changes will be discussed in detail in the following sections.

Amino acid change @ «— Wild-type RocA ———  Amino acid change
) ) Normal RocA-RocA and Loss of RocA-RocA and
Loss of RocA-RocA interaction RocA-CovS interactions RocA-CovS interactions
CovS-CovS CovS-CovS CovS-CovS

RocA-RocA RocA-RocA
ek oA ROCA  RocA RocA RocA
|~
'

P Decreased virulence CovR WT-like virulence @ lncreased virulence

factor activity factor activity O factor activity
CovR CovR

( C°"RP) CovRP WT-like virulence ((Cowr ) @ WT-like virulence Increased virulence

’ ) | )

Decreased virulence g WT-like virulence : Increased virulence
gene expression : factor expression H factor expression

Fig. 5-1 RocA is an accessory protein to the CovRS two-component system in group A Streptococcus.

In the wild-type condition, RocA physically interacts in the membrane with itself and CovsS to affect CovR phosphorylation,
gene expression and strain virulence (middle). Some amino acid changes in RocA alter RocA-RocA interactions (left).
Other amino acid changes alter both RocA-RocA and RocA-CovS interactions to significantly increase expression and
secreted activity of virulence factors and significantly increase strain virulence (right). Created with BioRender.com.

5.2.1. RocA R258K and V420l

The RocA R258K amino acid change was chosen for further study because codon
258 is located in the H box of the putative histidine kinase ATPase domain (Chapter 3) (2).
The RocA V4201 amino acid change was chosen because it is located in the C-terminus of
RocA (Chapter 4). Isogenic mutant strains with RocA amino acid changes R258K and V420l
did not significantly differ from the parental WT GAS strain in terms of global

transcriptome, interaction with CovS, virulence factor activity in vitro, or virulence in
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necrotizing myositis infection models (Chapter 3 and 4) (2). The two amino acid changes
are conservative in nature, with one being a positively-charged residue replacing another
positively-charged residue (R258K; guanidino group replaced by an amino group) and the
other a small hydrophobic residue for another small hydrophobic residue (\VV420lI; iso-propyl
group replaced by a sec-butyl group). While it might be assumed that conservative changes
would result in a very slight change, if any in tested phenotypes, conservative changes have
been observed to cause striking changes in virulence phenotypes. For example, the Ebola
virus glycoprotein A82V amino acid change, which occurred early during the 2013-2016
epidemic in West Africa, resulted in increased infectivity (22, 23). Transcriptome analysis
of GAS clinical isolates with naturally-occurring polymorphisms in rocA demonstrated that
many had transcriptome profiles similar to clade-matched WT strains (Chapter 3) (2). Thus,
not all polymorphisms in rocA result in a significant molecular pathogenesis phenotype. This
has been observed for other major virulence regulators in GAS, including covRS and ropB
(24-28).
5.2.2. RocA P97L

The RocA P97L amino acid change was chosen for further study because codon 97
is located in an N-terminal transmembrane domain, and the clinical isolate with this mutation
had a rocA deletion-like transcriptome (Chapter 3) (2). An isogenic mutant strain with the
RocA P97L amino acid change had a rocA deletion-like global transcriptome profile and
significantly increased virulence factor activity in vitro, but a WT-like virulence phenotype
in a mouse model of necrotizing myositis (Chapter 3) (2). Further study demonstrated that

RocA P97L had a transient-like interaction with CovS (Chapter 4). Thus, the RocA amino
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acid change P97L results in an intermediate molecular pathogenesis phenotype between the
WT RocA and rocA deletion virulence phenotypes.

As rocA transcript levels are increased in vivo in invasive infection compared to in
vitro conditions (29), the RocA P97L amino acid change likely confers a minute structural
or conformational change that can be overcome with increased RocA protein levels in the
cell membrane. Amino acid P97 is predicted to be located at the N-terminus of
transmembrane domain 4, which is oriented intracellular to extracellular based on
experimental data (Chapter 4). Proline is the only natural amino acid that is actually an imino
acid. As no amide proton is present to participate in hydrogen bonding in secondary
structures such as a-helices, proline is considered a classical helix breaker and is not
commonly found in a-helices in globular proteins (30). In contrast, proline is found at a
significantly higher rate in transmembrane o-helices, typically at the ends or center of the
helix (31, 32). A proline residue in the center of an a-helix is typically associated with a
kink in the helix (32, 33), allowing for greater flexibility in the a-helix. For example, several
helical antimicrobial peptides have a central proline that produces a kinked helix, which,
when compared to a non-kinked helix, has increased antimicrobial properties and increased
selectivity to interact with negatively charged membranes (34, 35).

Due to the observed bias of proline residues in transmembrane a-helices, proline
residues in transmembrane domains have been extensively studied to elucidate their
potential structural and functional roles. In transport protein, proline residues in
transmembrane domains have demonstrated roles in transport ligand selectivity, transporter

pore size, and transporter gating mechanisms (36-40). Additionally, proline residues in
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transmembrane domains have demonstrated roles in membrane protein localization, folding,
and global conformation, as well as intra- and inter-protein transmembrane helix interactions
(32, 33, 41-44).

Several studies have demonstrated distinct phenotypes due to proline-to-leucine or
leucine-to-proline mutations in a-helices. The Fis protein from Escherichia coli is a DNA
inversion protein that contains a kinked helix centered near a proline residue (45). Mutation
of the proline to leucine (P61L) resulted in a Fis protein that retained the ability to bind DNA
but had no DNA inversion activity (45). Analysis of other Fis-P61 mutants suggest that the
leucine residue disrupts helical interactions in Fis due to the larger side chain of leucine (iso-
butyl side chain versus pyrrolidine side chain of proline) (45). Mutations in human glycine
transporter 2 (GlyT2) lead to the neurological disease hyperekplexia, also known as startle
disorder (40). A proline-to-leucine mutation localized to a transmembrane helix (P429L)
results in poor protein trafficking to the cell membrane and a non-functional protein (40).
The loss of function may be due to the loss of mobility of adjacent helixes that are important
for the transporter’s gating mechanism (40). The human erythrocyte sialoglycoprotein
Glycophorin A (GpA) is a membrane protein with one transmembrane a-helix that has a
well described homodimerization motif (46, 47). Proline mutagenesis of the transmembrane
domain residues identified leucine 57 (L57), located at the N-terminus of the transmembrane
domain, as a site of mutagenesis that retained dimerization potential (46, 47). Further study
of the L57P mutant demonstrated that proline extended the N-terminal end of the helix
without disrupting the rest of the helix or dimerization motif (47). In an additional study, a
synthetic peptide mimicking a transmembrane helix (t-Boc-AAALPF-OH) was synthesized

due to the identification of a leucine-proline-phenylalanine (LPF) motif in transmembrane
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domains of membrane proteins (30). When inserted into lipid micelles, the motif formed a
stable y-turn, a common secondary structure that includes proline residues (30). In RocA,
P97 is located in a similar motif (FPL).

Based on studies of proline residues in transmembrane domains, several hypotheses
bearing on the potential roles for P97 in RocA can be postulated. The RocA P97L amino
acid change may alter the global conformation of RocA, due to a change in transmembrane
domain length or loss of important transmembrane domain interactions, resulting in altered
RocA-RocA and RocA-Covs interactions. Alternatively, the FPL motif in RocA may fold
into a y-turn that becomes destabilized due to the P97L amino acid change. Regardless of
the molecular change that occurs, it is minute compared to other amino acid changes in
RocA, as it can be overcome in the in vivo condition (Chapter 3) (2).

5.2.3. RocA G184W and G184E

The RocA G184W amino acid change was chosen for further study because codon
184 is located in an N-terminal transmembrane domain and is polymorphic in serotype M89
GAS (G184E; Chapter 3) (2, 48). An isogenic mutant strain with the RocA G184W amino
acid change had a global transcriptome and virulence factor activity in vitro suggestive of
increased RocA activity (Chapter 3) (2). That is, the isogenic RocA G184W mutant strain
had significantly decreased virulence factor activity compared to the parental WT GAS
strain, although this did not result in decreased virulence in either a mouse or NHP model of
necrotizing myositis (Chapter 3) (2). As the pathogenesis of GAS is multifactorial, a loss
one or more specific virulence determinants may not result in decreased virulence under the
conditions tested. The RocA G184W amino acid change led to loss of RocA

homodimerization but retention of interaction with CovS, suggesting that the G184W
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mutation may lead to a relative increase of monomeric RocA to interact with CovS (Chapter
4).

RocA has limited sequence homology with histidine kinases of the HPK10 family
(13, 49). Histidine kinases of the HPK10 family have five to eight transmembrane domains
and demonstrated roles in cell-to-cell communication, such as quorum sensing (49).
Topological and functional domain studies of two HPK10 family histidine kinases, AgrC
from Staphylococcus aureus and PInB from Lactobacillus plantarum, demonstrated a role
for the last extracytoplasmic loop and transmembrane domain in inhibiting kinase activity
(50, 51). That is, positioning of the last transmembrane domain is important for normal
signaling in these two HPK10 family histidine kinases.

The sequence similarity between RocA and HPK10 family members suggests that
RocA evolved from an ancient HPK10-like histidine kinase, and, as such, may have retained
some functional aspects that have been demonstrated in HPK10 family histidine kinases.
RocA amino acid G184 is predicted to be located at the C-terminal end of transmembrane
domain 6, which is oriented intracellular to extracellular based on experimental data
(Chapter 4). Thus, amino acid G184 is located close to the last extracellular loop and,
theoretically, the last transmembrane domain. Glycine is known to be important for helix-
helix packing interactions in transmembrane helices (44). Therefore, the replacement of a
small residue (glycine; hydrogen side chain) with a larger residue (tryptophan; indole side
chain) may destroy interactions between RocA transmembrane domains required for RocA
dimerization, but may further stabilize the RocA-CovS interaction. Such a change in
interaction may result in increased CovR phosphorylation by CovS. This hypothesis is

supported by the RocA G184E amino acid change occurring in serotype M89 GAS. The
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small residue glycine (hydrogen side chain) is replaced with a different large residue
(glutamate; ethyl carboxylic acid side chain) (48), resulting in a similar virulence factor
activity profile as the RocA G184W amino acid change (Chapter 3) (2).

5.2.4. RocA T4421, T442P, and Q443*

The RocA T442P amino acid change was chosen for further study because multiple
clinical isolates acquired polymorphisms at codon 442, and clinical isolates with this
mutation had a significantly altered transcriptome compared to their phylogenetically-
matched wild-type strain (Chapter 3) (2). An isogenic mutant strain with the RocA T442P
amino acid change had a rocA deletion-like global transcriptome profile and increased
virulence factor activity and virulence in animal infection models (Chapter 3) (2). As the C-
terminus of RocA had been thought to be dispensable for CovRS regulatory activity,
additional study of polymorphisms in the C-terminus of RocA (V420l, T4421, Q443*) were
undertaken. Results demonstrated that the RocA Q443* polymorphism increased virulence
factor activity in vitro and virulence in vivo similar to the RocA T442P amino acid change
(Chapter 4). Both RocA variants lost the ability to interact with itself and CovS (Chapter 4),
demonstrating the importance of not only the C-terminus but the last 10 amino acids in
RocA-mediated CovRS interaction and regulation.

Previous studies of RocA functional domains utilized truncation mutants and
overexpression systems (18, 20). As RocA has a well demonstrated dosage effect in GAS
gene regulation (Chapter 4) (18), the characterization of the N-terminal transmembrane
domains as the regulatory domain of RocA (18, 20) may have been premature. The serotype
M3 rocA allele is truncated from 451 to 416 amino acids, containing an intact N-terminus,

and yet does not differ in any measured phenotype when compared to complete deletion of
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the rocA gene (15). Conversely, some serotype M28 GAS clinical isolates with naturally-
occurring truncation polymorphisms in rocA have transcriptomes that are more similar to a
clade-matched WT strain than a strain lacking the rocA gene (2). Taken together, the data
suggest that the major regulatory functionality of RocA most likely resides in the N-terminal
transmembrane domains that can compensate for loss of the C-terminal cytoplasmic domain
functionality when overexpressed.

The C-terminus of RocA is predicted to fold similarly to a histidine kinase ATPase
domain, although the key residues for kinase activity and ATP binding are not present, and
RocA does not have histidine kinase activity toward CovR (13, 21, 52). However, no crystal
structure of RocA has been determined, and thus the in silico prediction remains only a
prediction. As RocA is predicted to not bind ATP, the C-terminus of RocA has likely evolved
from the prototypical histidine kinase ATPase-like fold into a similar structure that allows
for a high affinity interaction with CovS. Such a structure may have a requirement of the
very last C-terminal amino acids for either stabilization of the global conformation, direct
interaction with CovS, or some other mechanism. Interestingly, an isogenic mutant strain
with the RocA T4421 amino acid change had a WT-like phenotype, but this RocA variant
was unable to interact with itself or CovS in a bacterial adenylate cyclase-based two hybrid
assay (Chapter 4). The molecular basis for this observation is unknown.

Taken together, further study of the structure of RocA, both the WT protein and
amino acid variants, is warranted to better understand how RocA interacts with itself and

CovsS and how amino acid changes alter RocA molecular pathogenesis.
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5.3. Polymorphisms in covS that result in altered RocA-CovsS interaction

The work presented in this dissertation focused on the role of polymorphisms in rocA
in the molecular pathogenesis of serotype M28 GAS, and identified several RocA amino
acid changes that alter RocA-CovS protein interactions (Chapter 4). Thus, it is likely that
polymorphisms in covS can alter RocA-CovS protein interaction as well. Most studies of
mutant CovS proteins have focused on naturally-occurring frameshifting insertion and
deletion polymorphisms rather than amino acid altering polymorphisms (53-57). As covs is
among the most polymorphic genes in population-based studies of GAS clinical isolates (28,
58, 59), some covS mutations may function primarily by altering interaction with RocA to
decrease CovR phosphorylation and increase strain virulence.

The serotype M89 GAS strains that were studied in Chapter 3 have the same
polymorphism in rocA (G184E), but have additional polymorphisms in covS and rocA (2).
The clinical isolates are of the same genetic clade and were isolated in the same geographic
region and year (48). Whole genome sequencing analysis identified only 24 polymorphisms
differing between the four serotype M89 GAS strains, providing strong evidence that the
four strains are phylogenetically related (48). As such, it is likely that the additional covS
polymorphisms were acquired after the initial rocA polymorphism (G184E) to further alter
the physical interaction between RocA and CovS. In a similar manner, of the 48 serotype
M28 GAS clinical isolates that have naturally-occurring polymorphisms in rocA, 27 (56%)
have mutations in other major global regulators, including 11 (23%) with polymorphisms in
covRS (2). Further investigation of CovS amino acid changes that alter the physical
interaction of RocA and CovS will provide insight into the precise domain(s) that interact

between the two proteins.
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5.4. RocA as a global accessory protein: Potential interactions with other TCSs

Comparison of the serotype M28 RocA regulon to a published serotype M1 CovR
regulon demonstrated an approximately 15% overlap in differentially expressed genes
(Chapter 2) (1, 60). Comparing the serotype M28 RocA regulon to eight published CovRS
regulons from serotype M1, M3, and M4 GAS only increases the differentially expressed
gene overlap to approximately 57% (1, 27, 55, 60-65). Thus, almost half of the genes
regulated by RocA in serotype M28 GAS may be regulated independently of CovRS. As the
CoVRS regulon for serotype M28 GAS has not been determined, and serotype-specific
differences in gene regulation for major global regulators of GAS have been documented,
including CovRS (55, 60, 63, 66, 67), the actual overlap may be slightly higher.

RocA is a membrane protein and may interact with other TCSs and other membrane
regulatory proteins to exert an effect on gene regulation. In S. aureus, SpdC was initially
identified as an accessory to the WalKR TCS, but can also directly interact with histidine
kinases of nine other TCSs (9). Several TCS genes are regulated by RocA in serotype M28
GAS (Chapter 2) (1), and many TCSs are known to regulate their own expression (68-70).
Additionally, 86% of differentially expressed genes in the serotype M28 RocA regulon are
regulated by another TCS in GAS (27, 55, 60-65, 69, 71-76).

An isogenic mutant strain with the RocA T442P amino acid change had significantly
decreased secreted streptokinase (SKA) activity compared to not only the parental WT strain
but also the isogenic rocA deletion mutant (Chapter 3) (2). Differential expression of fasX
may, in part, explain the very low SKA activity of the RocA T442P mutant strain (Chapter
3) (2). fasX expression is dependent on a functional FasBCA system (77), although no

difference in expression for fasBCA was observed in any of the isogenic rocA deletion and
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polymorphism strains (Chapter 3) (2). The RocA T442P variant may be able to interact with
either FasB or FasC to modulate phosphorylation of FasA and, therefore, expression of fasX.
A recent study demonstrated that the WT RocA protein from serotype M1 GAS does not
interact with the WT FasB protein (21). This finding does not preclude the possibility that
mutant RocA proteins could still interact with FasB, as mutant RocA proteins have altered
interactions with another histidine kinase, CovS (Chapter 4).

Taken together, the current data suggest that RocA, and mutant RocA variants, may
interact with other histidine kinases of TCSs or membrane regulatory proteins to alter gene
expression. Further study of multiple TCS regulons in the same GAS strain will greatly aid
our understanding of how TCS and accessory protein regulatory pathways interact and
overlap. Additional protein-protein interaction studies based on these TCS regulons are
warranted to confirm any potential interaction observed.

5.5. Streptokinase regulation in serotype M28 GAS

One RocA regulated virulence factor warranting further investigation is
streptokinase (SKA). Deletion of rocA, and several polymorphisms in rocA, in serotype M28
GAS resulted in significantly decreased ska transcript levels and significantly decreased
secreted SKA activity (Chapters 2-4) (1, 2). This is in stark contrast to study of RocA in
other GAS serotypes, where deletion or truncation of rocA resulted in significantly increased
ska transcript levels, increased immunoreactive SKA protein expression, and significantly
increased secreted SKA activity (15, 18, 19, 21). This suggests regulation of ska in serotype
M28 GAS is unique.

Two major regulatory pathways have been described for ska. The FasBCA/fasX

system positively regulates ska. FasBCA regulate the small RNA fasX, which binds to the
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5’-UTR of ska to increase the stability of the ska transcript (78). This regulatory mechanism
has been demonstrated in multiple GAS serotypes, including M28 (77-80). Deletion of rocA
in serotype M28 GAS did not result in differential expression of fasBCAX (Chapters 2 & 3)
(1, 2), suggesting that the WT RocA protein does not influence ska expression by regulating
the FasBCA/fasX system.

In contrast to the FasBCA/fasX systems, the CovRS TCS negatively regulates ska.
Both phosphorylated and non-phosphorylated CovR can bind to the ska promoter to inhibit
ska transcription, though phosphorylated CovR binds with a higher affinity (81).
Significantly increased ska transcript levels have been observed in covRS deletion mutant
strains in multiple GAS serotypes (27, 55, 56, 60-63, 65, 82, 83), although the effect of
covRS deletion on ska expression in serotype M28 GAS has not been defined. Serotype-
specific differences in gene regulation for major global regulators of GAS have been
documented, including CovRS (55, 60, 63, 66, 67). A recent population transcriptomic study
of serotype M28 GAS demonstrated two clusters of GAS strain transcriptomes, with one
cluster having exclusively covRS mutant strains (28). covRS mutant strains in the exclusive
covRS mutant cluster had significantly decreased ska transcript levels compared to the other
cluster (28), suggesting that, in contrast to other GAS serotypes, CovRS either directly or
indirectly positively regulates ska in serotype M28 GAS.
5.6. Conclusions

In summary, the major discoveries in this dissertation include: 1) RocA is an
important accessory protein involved in virulence in serotype M28 GAS; 2) naturally-
occurring polymorphisms in rocA alter the global GAS transcriptome and secreted virulence

factor activity to increase strain virulence; and 3) amino acids in RocA alter the physical
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interaction between RocA and CovS. Taken together, the data create important new

understanding of the molecular pathogenesis of RocA in GAS specifically and accessory

proteins in general. Further structural studies of RocA and CovS will provide insight into

the molecular interactions important for interaction of an accessory protein and TCS in a

major human pathogen.
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Fig. A-1 rocA polymorphisms identified by population-based, whole genome sequencing studies of M1, M28, M59, and
M89 GAS strains. The affected codon and amino acid change conferred by each polymorphism are shown. For
polymorphisms due to nucleotide deletion, the affected nucleotide is identified. Alleles identified in multiple isolates are
indicated. Polymorphisms that result in RocA protein truncation or loss of rocA translation are shown below the protein
schematic, and polymorphisms that result in amino acid changes are shown above the protein schematic. Missense
polymorphisms in the predicted domains sufficient for regulatory activity (32) are colored red. Predicted domains of the
RocA protein using Phyre2 are indicated (TM = transmembrane domain, HATPase = histidine kinase ATPase domain)
(106). Predicted functional domains of the potential histidine kinase domain (H box, N box, F box, and G box) are identified
(22). # One strain has two polymorphisms in rocA.
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Fig. A-2 Comparison of the reported RocA transcriptomes in various M protein serotypes of GAS (A) and the number of
transcription regulator genes directly or indirectly regulated by RocA (B) in serotype M1, M3, and M28 GAS (absolute
fold change > 1.5, P < 0.05, Baggerly test with Bonferroni correction for multiple comparisons) (107).
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Fig. A-3 Reads per kilobase per million mapped reads (RPKM) for rocA in the WT strain at mid-exponential (ME) and
early-stationary (ES) growth phases. Data shown as mean + standard deviation. ***P < (0.001, Student’s t-test.
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Fig. A-4 Hyaluronic acid capsule production for the parental wild-type (WT) and isogenic ArocA mutant strains.
MGAS2221 is a serotype M1 GAS strain that is known to produce capsule (36). ND = not detected.
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Fig. A-5 Clustering of clinical isolates with naturally occurring rocA polymorphisms is growth phase dependent. Three-
dimensional principal component analysis (PCA) of the RNA-sequencing data generated with the clinical isolates with
naturally occurring rocA polymorphisms, an isogenic rocA deletion mutant (ArocA) strain, and four phylogenetically
matched wild-type (WT) strains at mid-exponential (ME; A) and early-stationary (ES; B) growth phases. Each growth
phase is represented by two PCA plots that are rotated approximately 180 degrees about the PC3 axis (ME) or the PC1 axis
(ES). Clinical isolates are colored by clusters of the opposite growth phase, as determined by average-linkage hierarchical
clustering. No obvious clustering is observed with this scheme.
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Fig. A-6 rocA polymorphisms identified by population-based, whole genome sequencing studies of serotype M1, M12,
M28, M59, and M89 GAS strains. The affected codon and amino acid change conferred by each polymorphism are shown.
For polymorphisms due to nucleotide deletion or insertion, the affected nucleotide is identified. Alleles identified in
multiple isolates are indicated. Polymorphisms that result in RocA protein truncation or presumed loss of rocA mRNA
translation are shown below the protein schematic, and polymorphisms that result in amino acid changes are shown above
the protein schematic. Missense polymorphisms in the amino-terminal transmembrane domains are red. Predicted domains
of the RocA protein are indicated. Predicted functional domains of the putative histidine kinase domain (H box, N box, F
box, and G box) are identified. Asterisks denote stop codons. Daggers indicate strains that have two polymorphisms in
rocA. Adapted from Bernard et al. Copyright © American Society for Microbiology. HATPase, histidine kinase ATPase
domain; MGE, mobile genetic element; TM, transmembrane domain.
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Fig. A-7 Polymorphisms in RocA do not alter secreted streptococcal pyrogenic exotoxin B (SpeB) protease activity in a
casein hydrolysis (milk plate) assay. P = 0.9710 (one-way analysis of variance with Dunn multiple comparisons test). Data
are expressed as means + SD. VNTR, variable number tandem repeat; WT, wild type.
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Fig. A-8 The RocA G184E polymorphism in serotype M89 GAS results in decreased secreted NAD*-glycohydrolase (SPN)
activity in vitro. Data are expressed as means + SD. ****P < 0.0001 (one-way analysis of variance with Dunnett multiple
comparisons test). MGAS11027, serotype M89 parental wild-type strain; MGAS26987, serotype M89 RocA G184E
mutant; MGAS26989, serotype M89 RocA G184E and control of virulence sensor (CovS) R4441 mutant; MGAS27003,
serotype M89 RocA G184E and CovS F31I/E50G mutant; MGAS27010, serotype M89 RocA G184E mutant with an
additional mobile genetic element disrupting the rocA gene.
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MLEDFLOFLG FIFLDIIEIM LTLKLFSFVS AIPLRLENIF YLSLSMVLFQ VVFWAFFFDH FILDVVMLAQ FLFFALIALY YGKSIKAKFL MFYAFFPLVS (4)
MLEDFLQFLG FIFLDIIEIM LTLKLFSFVS AIPLRLKNIF YLSLSMVLFQ VVFWAFFFDH FILDVVMLAQ FLFFALIALY YGKSIKAKFL MFYAFFPLVS (5)
MLEDFLOFLG FIFLDIIEIM LTLKLFSFVS AIPLRLKNIF YLSLSMVLFQ VVFWAFFPDH FILDVVMLAQ FLFFALIALY YCGKSIKAKFL MFYAFFPLVS (6)
MLEDFLOFLG FIFLDIIEIM LTLKLFSFVS AIPLRLENIF YLSLSMVLFQ VVFWAFFFDH FILDVVMLAQ FLFFALIALY YGKSIKAKFL MFYAFFPLVS (7)
MLEDFLQFLG FIFLDIIEIM LTLKLFSFVS AIPLRLENIF YLSLSMVLFQ VVFWAFFFDH FILDVVMLAQ FLFFALIALY YGKSIKAKFL MFYAFFPLVS (8B)
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ISLVKRFIVF FVMPLFGMPY SVUKHNTLLI YSITCFSIFL IYRCIQVFHF DFSTWRQYFQ SHRASKLLVF TNSSMALYYL CVQGIDVMSF SLSGLATTTA (4)
ISLVKRFIVF FVMPLFGMPY SVVKHNTLLI YSITCFSIFL IYRCIQVFHF DFSTWRQYFQ SHRASKLLVF TNSSMALYYL CVQGIDVMSP SLSGLATTTA (5)
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ISLVKRFIVF FVMPLFGMFY SVVKHNTLLI YSITCFSIFL IYRCIQVFHF DFSTWRQYFQ SHRASKLLVF TNSSMALYYL CVQGIDVMSP SLSGLATTTA (8)
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RSIIVLFYFI LFLTLLIHLE RYVKONSIEA IVQQOKEYREL INYSQHLGLL YQDIQELROL LTTVSSRLKI GIEQNDISIV RLTYEGILNA EKNNAKDDRL (4)
RSIIVLFYFI LFLTLLIHLE RYVKONSIEA IVQQKEYREL INYSQHLGLL YQDIQELRQL LTTVSSRLKI GIEQNDISIV RLTYEGILNA EKNNAKDDRL (5)
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RSIIVLFYFI LFLTLLIHLE RYVKONSIEA IVQQKEYREL INYSQHLGLL YODIQELROL LTTVSSRLKI GIEQNDISIV RLTYEGILNA EKNNAKDDRL (8)
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DLTCLDKLOV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDON HEKLVIVIQSS TEQGONDSQOS (2)
DLTCLDKLQV EAIRHIVLAK LIEAKNKKELK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDON HKLVIVIQSS TKQGONDSQS (3)
DLTCLDKLQV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDOQN HKLVIVIQSS TKQGQNDSQS (4)
DLTCLDKLOV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDON HEKLVIVIQSS TERKQGONDSQOS (5)
DLTCLDKLOV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDON HKLVIVIQSS TKQGQONDSQS (6)
DLTCLDKLQV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDOQN HEKLVIVIQSS TKQGQNDSQS (7)
DLTCLDKLOV EAIRHIVLAK LIEAKNKKLK VEVSIPNCIA TFFLEVVDFT KLLSFLLDNA IEMSLETKQP CLSIAFLDON HELVIVIQSS TKQGONDSQS (8)
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VFATPALKKR DDWQFDLRNV TTILNRYDYL TISSQIHDGI LTQLIEIAKP D (7)
VFATPALKKR DDWQFDLRNV TTILNRYDYL TISSQIHDGI LTQLIEIAKP D (8)

Fig. A-9 In silico algorithm predictions of RocA membrane topology. Blue residues are predicted to be extracellular, red
residues are predicted to be intracellular, and black residues are predicted to be in a transmembrane helix. Each line, from
top to bottom, represents a different in silico prediction algorithm: 1) Phobius (62), 2) Philius (63), 3) OCTOPUS (64), 4)
PolyPhobius (65), 5) SPOCTOPUS (66), 6) SCAMPI (67), 7) MEMSAT-SVM (68), 8) Phyre2 (69).
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Fig. A-10 Addition of a FLAG-tag epitope to the C-terminus of RocA does not result in an altered cellular phenotype. (A)
Growth curve in nutrient-rich THY broth (n = 3). (B) SPN activity assay (n = 3). Decreased activity is expected for strains
carrying rocA on pDC123 due to a dosage effect of RocA (56). Data are shown as mean + standard deviation. ****pP <
0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the parental wild-type (WT) strain; ##p
< 0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the isogenic ArocA deletion mutant
strain. (C) Representative Western immunoblot using anti-FLAG-tag antibody. Equivalent amounts of whole cell lysates
were loaded. RocA has a molecular weight of ~50 kDa, but appears at approximately 40 kDa on a SDS-PAGE
polyacrylamide gel (53).
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of intracellular cysteine residues). The shift in band size is due to binding of MPB (molecular weight ~0.5 kDa) to multiple
native cysteine residues in RocA.
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Fig. A-12 Introduction of engineered cysteine residues into RocA does not result in an altered cellular phenotype. (A)
Growth curve in nutrient-rich THY broth (n = 3). (B) SPN activity assay (n = 3). Decreased activity is expected for strains
carrying rocA on pDC123 due to a dosage effect of RocA (56). Data are shown as mean + standard deviation. ****P <
0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the parental wild-type (WT) strain; ##p
< 0.0001, One-way ANOVA with Tukey’s multiple comparisons test compared to the isogenic ArocA deletion mutant
strain. (C) Representative Western immunaoblot using anti-FLAG-tag antibody. Equivalent amounts of whole cell lysates
were loaded.
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Fig. A-13 Representative 3-galactosidase and phosphatase assay results for the initial (A) and additional (B) RocA-PhoA-
LacZa protein fusion experiments. Results are shown as percentage of highest activity level detected in the experimental
design. NAR, normalized activity ratio; ext, predicted extracellular localization; int, predicted intracellular localization;
ind, indeterminate (unable to definitively provide localization).
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218



A 1009 —

* * * * * * * *

504

Relative Activity (%)

oll L fo A m

pKT25: zp E E - - CoRCowR - - CovSCovS - - RocARocA -

PKNT25: . . . E E - - CowRCovR - - CovSCowS - - RocARocA
pUT18: - E - E - CoR - CevR - CovS - GovS - RocA - RocA -
pUT18C: zp - E - E - CoR - CovR - Covs - Covs - RocA - RocA

B10I]- —

504

Relative Activity (%)

0 s TP
T
pKT25: zp E E - - CovR CowvR - - Covs Cow - - CovR CovR - - RocA RocA - - Covs Covs - - Covs CovS -
pPKNT25: - - - E E - - CovR CovR - - CovS CovS - - CovR CovR - - RocA RocA - - Covs CovS - - CovS Covs
puUT18: - E - E - Cow8 - Cov8 - CowR - CowR - RoeA - RoocA - CowvR - CowR - RoeA - RocA - RocA - RochA -

puUT18C: zip - E E - CovS - CovS - CowR CovR Roch Roch, CowR - CovR - Roch RocA, RochA - FocA

Fig. A-15 RocA interacts with CovS, but not CovR. (A-B) Representative BACTH assays performed in E. coli strain
BTH101 for wild-type RocA, CovsS, and CovR homodimers (A) and heterodimers (B). White bar represents the positive
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Fig. A-16 RocA interaction with CovS is plasmid construct-specific. Representative BACTH assays performed in E. coli
strain DHM1 for RocA homodimers and RocA-CovS heterodimers. The RocA amino acid replacements assayed are
indicated (WT = wild-type RocA). White bar represents the positive control (zip = GCN4 leucine zipper motif), and striped
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APPENDIX B

TABLES

Table B-1 Differentially expressed genes in the ArocA mutant strain compared to the wild-type (WT) strain at mid-
exponential growth phase.

Locus tag? Gene Fold change P value®
relative to WT

M28_Spy0011 ilS 1.7 <1.10E-16
M28_Spy0012 hpt 1.7 <1.10E-16
M28_Spy0013 ftsH 2.1 <1.10E-16
M28_Spy0014 M28_Spy0014 -1.9 <1.10E-16
M28_Spy0019 recO 15 1.97E-12

M28_Spy0022 purC -2.5 < 1.10E-16
M28_Spy0023 purL -2.0 < 1.10E-16
M28_Spy0024 purF -1.8 < 1.10E-16
M28_Spy0025 purM -1.9 < 1.10E-16
M28_Spy0026 purN 1.9 2.41E-12

M28_Spy0027 purH 1.7 5.92E-10

M28_Spy0028 M28_Spy0028 2.0 6.96E-08

M28_Spy0029 purD -2.6 < 1.10E-16
M28_Spy0030 purk 23 < 1.10E-16
M28_Spy0031 purk 23 1.71E-11

M28_Spy0032 M28_Spy0032 1.9 < 1.10E-16
M28_Spy0034 comR -1.7 < 1.10E-16
M28_Spy0037 M28_Spy0037 -15 4.39E-13

M28_Spy0039 M28_Spy0039 2.6 < 1.10E-16
M28_Spy0072 M28_Spy0072 2.0 5.69E-06

M28_Spy0080 pbp1b 15 < 1.10E-16
M28_Spy0104 rofA -1.9 < 1.10E-16
M28_Spy0105 sfbl -2.5 < 1.10E-16
M28_Spy0107 cpa 2.7 < 1.10E-16
M28_Spy0108 lepA 2.4 < 1.10E-16
M28_Spy0109 M28_Spy0109 28 < 1.10E-16
M28_Spy0110 eftLSL.B 1.9 < 1.10E-16
M28_Spy0111 M28_Spy0111 -1.8 <1.10E-16
M28_Spy0114 M28_Spy0114 7.7 <1.10E-16
M28_Spy0117 atoB.2 -1.5 2.17E-03

M28_Spy0132 M28_Spy0132 17 < 1.10E-16
M28_Spy0133 M28_Spy0133 15 8.77E-13

M28_Spy0137 nga 6.3 <1.10E-16
M28_Spy0138 ifs 6.4 < 1.10E-16
M28_Spy0139 slo 6.0 < 1.10E-16
M28_Spy0140 M28_Spy0140 6.4 < 1.10E-16
M28_Spy0141 M28_Spy0141 20.4 < 1.10E-16
M28_Spy0142 M28_Spy0142 3.1 4.17E-12

M28_Spy0143 M28_Spy0143 2.7 < 1.10E-16
M28_Spy0144 metB -3.0 <1.10E-16
M28_Spy0146 M28_Spy0146 28 < 1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy0147 M28_Spy0147 3.3 1.15E-02
M28_Spy0148 M28_Spy0148 2.6 1.64E-03
M28_Spy0149 M28_Spy0149 4.0 < 1.10E-16
M28_Spy0150 M28_Spy0150 3.4 < 1.10E-16
M28_Spy0151 araD 33 < 1.10E-16
M28_Spy0153 sgaR -1.5 2.63E-12
M28_Spy0155 OpUAA 2.1 < 1.10E-16
M28_Spy0156 opuABC 1.7 < 1.10E-16
M28_Spy0157 polA 15 < 1.10E-16
M28_Spy0167 M28_Spy0167 1.7 2.45E-03
M28_Spy0172 M28_Spy0172 -1.8 2.66E-04
M28_Spy0174 M28_Spy0174 -1.6 2.19E-05
M28_Spy0178 M28_Spy0178 1.9 < 1.10E-16
M28_Spy0184 rivR 2.4 < 1.10E-16
M28_Spy0187 hasC.2 16 < 1.10E-16
M28_Spy0188 gpsA 1.6 < 1.10E-16
M28_Spy0189 yjdR 23 < 1.10E-16
M28_Spy0190 M28_Spy0190 2.0 < 1.10E-16
M28_Spy0191 M28_Spy0191 2.0 < 1.10E-16
M28_Spy0196 M28_Spy0196 16 < 1.10E-16
M28_Spy0197 gltx 15 < 1.10E-16
M28_Spy0206 M28_Spy0206 2.1 7.89E-12
M28_Spy0207 M28_Spy0207 17 2.34E-06
M28_Spy0208 M28_Spy0208 -1.9 6.29E-11
M28_Spy0209 M28_Spy0209 2.0 < 1.10E-16
M28_Spy0210 M28_Spy0210 -1.6 8.55E-06
M28_Spy0211 nanH -1.8 1.81E-10
M28_Spy0212 M28_Spy0212 -1.6 6.13E-06
M28_Spy0233 bacA 15 3.18E-06
M28_Spy0266 braB 2.6 < 1.10E-16
M28_Spy0267 M28_Spy0267 -1.5 < 1.10E-16
M28_Spy0273 M28_Spy0273 1.9 < 1.10E-16
M28_Spy0286 M28_Spy0286 18 < 1.10E-16
M28_Spy0302 M28_Spy0302 -1.8 < 1.10E-16
M28_Spy0310 fhuG 1.7 < 1.10E-16
M28_Spy0311 fhuB -1.8 < 1.10E-16
M28_Spy0312 fhuD -1.8 < 1.10E-16
M28_Spy0313 fhuA -1.9 < 1.10E-16
M28_Spy0315 M28_Spy0315 18 < 1.10E-16
M28_Spy0327 ex0A 18 < 1.10E-16
M28_Spy0329 SpyCEP 38.0 < 1.10E-16
M28_Spy0330 M28_Spy0330 17 4.70E-04
M28_Spy0331 M28_Spy0331 2.0 < 1.10E-16
M28_Spy0335 nrdl -15 9.03E-06
M28_Spy0338 M28_Spy0338 133 < 1.10E-16
M28_Spy0341 M28_Spy0341 13.0 < 1.10E-16
M28_Spy0342 M28_Spy0342 2.2 < 1.10E-16
M28_Spy0343 M28_Spy0343 28 < 1.10E-16
M28_Spy0346 M28_Spy0346 3.0 < 1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT

M28_Spy0355 M28_Spy0355 15 < 1.10E-16
M28_Spy0371 M28_Spy0371 2.0 < 1.10E-16
M28_Spy0372 phoH 16 < 1.10E-16
M28_Spy0373 M28_Spy0373 18 < 1.10E-16
M28_Spy0377 M28_Spy0377 16 < 1.10E-16
M28_Spy0390 M28_Spy0390 15 1.99E-02

M28_Spy0396 fog 15 2.24E-11

M28_Spy0397 M28_Spy0397 17 < 1.10E-16
M28_Spy0398 M28_Spy0398 1.7 < 1.10E-16
M28_Spy0409 gloA 1.8 <1.10E-16
M28_Spy0410 M28_Spy0410 16 < 1.10E-16
M28_Spy0411 pepQ 1.8 <1.10E-16
M28_Spy0413 M28_Spy0413 2.7 < 1.10E-16
M28_Spy0414 M28_Spy0414 3.1 <1.10E-16
M28_Spy0426 acpA 1.6 <1.10E-16
M28_Spy0427 smc 1.6 <1.10E-16
M28_Spy0448 M28_Spy0448 15 7.35E-05

M28_Spy0449 M28_Spy0449 15 1.26E-04

M28_Spy0454 M28_Spy0454 1.8 <1.10E-16
M28_Spy0458 M28_Spy0458 23 < 1.10E-16
M28_Spy0459 M28_Spy0459 2.0 < 1.10E-16
M28_Spy0460 M28_Spy0460 1.8 8.49E-05

M28_Spy0464 M28_Spy0464 4.2 < 1.10E-16
M28_Spy0476 M28_Spy0476 -15 6.36E-12

M28_Spy0477 M28_Spy0477 1.7 < 1.10E-16
M28_Spy0479 M28_Spy0479 15 4.39E-13

M28_Spy0480 M28_Spy0480 15 < 1.10E-16
M28_Spy0481 M28_Spy0481 1.7 <1.10E-16
M28_Spy0482 gpoA 1.6 <1.10E-16
M28_Spy0483 pepF 1.7 <1.10E-16
M28_Spy0501 M28_Spy0501 -1.6 2.91E-03

M28_Spy0507 M28_Spy0507 15 1.55E-10

M28_Spy0513 M28_Spy0513 1.8 <1.10E-16
M28_Spy0517 M28_Spy0517 1.6 <1.10E-16
M28_Spy0519 M28_Spy0519 1.6 <1.10E-16
M28_Spy0520 pepD 15 6.58E-13

M28_Spy0521 adcA 1.6 <1.10E-16
M28_Spy0522 agaR?2 -1.9 <1.10E-16
M28_Spy0523 agasS -1.8 <1.10E-16
M28_Spy0536 M28_Spy536 2.4 <1.10E-16
M28_Spy0537 M28_Spy0537 2.3 2.85E-04

M28_Spy0538 ralp3 -2.3 <1.10E-16
M28_Spy0539 epf -2.2 < 1.10E-16
M28_Spy0540 sagA 2.7 < 1.10E-16
M28_Spy0541 sagB 34 < 1.10E-16
M28_Spy0542 sagC -3.2 < 1.10E-16
M28_Spy0543 sagD -35 < 1.10E-16
M28_Spy0544 sagE 30 < 1.10E-16
M28_Spy0545 sagF -25 < 1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT

M28_Spy0546 sagG 31 < 1.10E-16
M28_Spy0547 sagH 2.9 < 1.10E-16
M28_Spy0548 sagl 2.7 < 1.10E-16
M28_Spy0549 SpnA 22 < 1.10E-16
M28_Spy0572 M28_Spy0572 15 < 1.10E-16
M28_Spy0573 rexB 1.9 < 1.10E-16
M28_Spy0574 rexA 1.9 < 1.10E-16
M28_Spy0575 M28_Spy0575 16 < 1.10E-16
M28_Spy0595 M28_Spy0595 15 3.02E-04

M28_Spy0608 folC.2 16 < 1.10E-16
M28_Spy0609 M28_Spy0609 16 < 1.10E-16
M28_Spy0623 M28_Spy0623 2.0 6.22E-07

M28_Spy0625 M28_Spy0625 18 < 1.10E-16
M28_Spy0626 M28_Spy0626 2.0 < 1.10E-16
M28_Spy0627 M28_Spy0627 1.9 < 1.10E-16
M28_Spy0628 M28_Spy0628 1.9 < 1.10E-16
M28_Spy0632 M28_Spy0632 2.1 < 1.10E-16
M28_Spy0633 M28_Spy0633 17 < 1.10E-16
M28_Spy0645 murl.2 -1.5 < 1.10E-16
M28_Spy0647 M28_Spy0647 133 < 1.10E-16
M28_Spy0648 M28_Spy0648 63.8 < 1.10E-16
M28_Spy0649 mac 38.1 < 1.10E-16
M28_Spy0656 M28_Spy0656 2.2 2.19E-13

M28_Spy0657 fms 1.7 3.95E-07

M28_Spy0658 S5nA 2.9 < 1.10E-16
M28_Spy0666 M28_Spy0666 1.6 < 1.10E-16
M28_Spy0667 mvas.1 1.6 < 1.10E-16
M28_Spy0669 dyr 1.6 <1.10E-16
M28_Spy0671 clpX 1.6 <1.10E-16
M28_Spy0672 M28_Spy0672 1.6 <1.10E-16
M28_Spy0681 cpsY 1.6 <1.10E-16
M28_Spy0682 M28_Spy0682 -15 7.67E-12

M28_Spy0683 pyrF -1.6 <1.10E-16
M28_Spy0684 pyrE -1.6 <1.10E-16
M28_Spy0686 M28_Spy0686 1.9 <1.10E-16
M28_Spy0687 M28_Spy0687 1.9 <1.10E-16
M28_Spy0701 M28_Spy0701 2.1 <1.10E-16
M28_Spy0715 cpsFP 1.6 <1.10E-16
M28_Spy0716 cpsFQ 15 <1.10E-16
M28_Spy0719 M28_Spy0719 15 <1.10E-16
M28_Spy0724 M28_Spy0724 15 6.58E-13

M28_Spy0730 acoA 15 < 1.10E-16
M28_Spy0731 acoB 1.7 < 1.10E-16
M28_Spy0732 acoC 1.6 < 1.10E-16
M28_Spy0733 M28_Spy0733 15 2.63E-12

M28_Spy0734 acoL 1.6 < 1.10E-16
M28_Spy0748 cas9 -1.6 < 1.10E-16
M28_Spy0749 casl -15 < 1.10E-16
M28_Spy0752 M28_Spy0752 1.6 <1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy0754 sclB 2.4 < 1.10E-16
M28_Spy0757 ptsA 18 < 1.10E-16
M28_Spy0758 ptsB 2.1 < 1.10E-16
M28_Spy0759 ptsC 2.1 < 1.10E-16
M28_Spy0760 ptsD 2.2 < 1.10E-16
M28_Spy0764 gabD 17 < 1.10E-16
M28_Spy0765 uvrC 2.1 < 1.10E-16
M28_Spy0766 M28_Spy0766 1.9 < 1.10E-16
M28_Spy0767 M28_Spy0767 1.9 < 1.10E-16
M28_Spy0768 thdF 16 < 1.10E-16
M28_Spy0771 M28_Spy0771 16 5.93E-08
M28_Spy0772 M28_Spy0772 17 < 1.10E-16
M28_Spy0773 M28_Spy0773 16 2.27E-04
M28_Spy0774 M28_Spy0774 23 8.79E-05
M28_Spy0778 srtl -1.7 1.95E-02
M28_Spy0797 folC.1 2.1 < 1.10E-16
M28_Spy0798 folE 18 < 1.10E-16
M28_Spy0799 folP 1.9 < 1.10E-16
M28_Spy0800 folQ 1.9 < 1.10E-16
M28_Spy0801 folK 2.0 < 1.10E-16
M28_Spy0811 M28_Spy0811 16 1.96E-03
M28_Spy0833 M28_Spy0833 -15 2.19E-13
M28_Spy0835 M28_Spy0835 -15 7.32E-04
M28_Spy0846 nox 1.7 < 1.10E-16
M28_Spy0852 M28_Spy0852 15 < 1.10E-16
M28_Spy0853 M28_Spy0853 1.6 <1.10E-16
M28_Spy0858 smf -1.8 1.78E-07
M28_Spy0862 M28_Spy0862 1.6 1.51E-03
M28_Spy0863 ddh 1.7 2.56E-04
M28_Spy0871 CitG -15 <1.10E-16
M28_Spy0872 M28_Spy0872 -1.8 3.95E-12
M28_Spy0882 0adAl 15 9.94E-05
M28_Spy0883 citC 1.7 <1.10E-16
M28_Spy0884 M28_Spy0884 1.6 <1.10E-16
M28_Spy0885 xerD 1.7 <1.10E-16
M28_Spy0903 M28_Spy0903 15 1.05E-05
M28_Spy0916 M28_Spy0916 -1.8 <1.10E-16
M28_Spy0917 coaA 2.4 <1.10E-16
M28_Spy0923 phoU -1.6 <1.10E-16
M28_Spy0924 pstB -1.6 <1.10E-16
M28_Spy0925 pstB2 15 < 1.10E-16
M28_Spy0926 pstA -15 8.77E-13
M28_Spy0927 pstC -1.6 < 1.10E-16
M28_Spy0928 pstS -15 2.63E-12
M28_Spy0933 mreA 15 2.19E-13
M28_Spy0934 truB 15 < 1.10E-16
M28_Spy0935 M28_Spy0935 15 < 1.10E-16
M28_Spy0943 M28_Spy0943 18 < 1.10E-16
M28_Spy0944 M28_Spy0944 1.6 3.42E-07
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT

M28_Spy0945 M28_Spy0945 17 < 1.10E-16
M28_Spy0946 M28_Spy0946 16 < 1.10E-16
M28_Spy0947 M28_Spy0947 16 < 1.10E-16
M28_Spy0948 M28_Spy0948 17 9.12E-10

M28_Spy0951 M28_Spy0951 15 1.08E-03

M28_Spy0953 cfa -1.6 < 1.10E-16
M28_Spy0963 M28_Spy0963 2.0 < 1.10E-16
M28_Spy0964 M28_Spy0964 2.1 < 1.10E-16
M28_Spy0965 M28_Spy0965 2.2 < 1.10E-16
M28_Spy0966 M28_Spy0966 1.7 < 1.10E-16
M28_Spy1050 M28_Spy1050 2.4 < 1.10E-16
M28_Spy1051 ditD 2.2 < 1.10E-16
M28_Spy1052 ditC 2.0 < 1.10E-16
M28_Spy1053 ditB 2.4 < 1.10E-16
M28_Spy1054 ditA 2.2 < 1.10E-16
M28_Spy1055 M28_Spy1055 2.0 < 1.10E-16
M28_Spy1056 uvrB 1.6 < 1.10E-16
M28_Spy1067 M28_Spy1067 1.9 < 1.10E-16
M28_Spy1074 M28_Spy1074 2.0 < 1.10E-16
M28_Spy1075 M28_Spy1075 -1.9 <1.10E-16
M28_Spy1098 grab -5.5 <1.10E-16
M28_Spy1106 M28_Spy1106 15 1.52E-04

M28_Spy1107 M28_Spy1107 1.6 < 1.10E-16
M28_Spy1112 gapN 15 < 1.10E-16
M28_Spyl1115 nrdH 15 6.99E-06

M28_Spyl1116 nrdE.2 1.7 <1.10E-16
M28_Spyl1118 nrdF.2 1.6 <1.10E-16
M28_Spy1127 SurA 1.8 <1.10E-16
M28_Spy1136 M28_Spy1136 1.7 5.40E-03

M28_Spy1138 M28_Spy1138 1.7 9.04E-05

M28_Spy1147 kup 34 <1.10E-16
M28_Spy1150 M28_Spy1150 1.7 <1.10E-16
M28_Spy1155 M28_Spy1155 -1.6 <1.10E-16
M28_Spy1162 M28_Spy1162 1.7 1.75E-12

M28_Spy1176 artP -1.9 <1.10E-16
M28_Spy1177 artQ -1.6 <1.10E-16
M28_Spy1179 clpE 1.8 <1.10E-16
M28_Spy1193 M28_Spy1193 15 1.79E-04

M28_Spy1198 dpr 1.9 <1.10E-16
M28_Spy1207 asnA 33 <1.10E-16
M28_Spy1208 arcC 1.8 7.25E-05

M28_Spy1209 M28_Spy1209 1.7 4.58E-10

M28_Spy1210 arcD 1.7 <1.10E-16
M28_Spy1211 arcB 2.4 <1.10E-16
M28_Spy1212 M28_Spy1212 1.9 <1.10E-16
M28_Spy1213 arcA 2.2 <1.10E-16
M28_Spy1289 cas2 2.0 < 1.10E-16
M28_Spy1290 casl 1.8 < 1.10E-16
M28_Spy1291 cas4 2.0 < 1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1292 cas? 2.1 < 1.10E-16
M28_Spy1293 cas8 1.8 < 1.10E-16
M28_Spy1294 casb 1.7 1.48E-08
M28_Spy1295 cas3 1.8 < 1.10E-16
M28_Spy1341 M28_Spy1341 15 < 1.10E-16
M28_Spy1342 M28_Spy1342 15 2.19E-13
M28_Spy1345 lacz -1.8 < 1.10E-16
M28_Spy1346 trxR -1.9 < 1.10E-16
M28_Spy1347 trxS -2.0 <1.10E-16
M28_Spy1359 rocA -551.0 <1.10E-16
M28_Spy1361 recX 1.9 <1.10E-16
M28_Spy1366 M28_Spy1366 1.7 < 1.10E-16
M28_Spy1367 comFC -1.5 4.03E-03
M28_Spy1384 atoR 1.7 < 1.10E-16
M28_Spy1385 atoB 2.0 < 1.10E-16
M28_Spy1386 atoD.1 18 7.91E-05
M28_Spy1387 atoA 1.6 < 1.10E-16
M28_Spy1388 M28_Spy1388 18 6.18E-05
M28_Spy1397 pepC 2.0 < 1.10E-16
M28_Spy1415 M28_Spy1415 1.6 <1.10E-16
M28_Spy1417 M28_Spy1417 15 3.07E-12
M28_Spy1429 M28_Spy1429 1.8 < 1.10E-16
M28_Spy1434 M28_Spy1434 4.1 < 1.10E-16
M28_Spy1440 lacB.1 -1.6 3.18E-05
M28_Spy1442 M28_Spy1442 2.0 <1.10E-16
M28_Spy1443 M28_Spy1443 -1.6 8.73E-03
M28_Spyl1444 M28_Spy1444 -1.8 2.43E-07
M28_Spy1448 CcopA 1.8 <1.10E-16
M28_Spy1449 copY 2.4 <1.10E-16
M28_Spy1450 sse 3.6 <1.10E-16
M28_Spy1461 hit 1.6 <1.10E-16
M28_Spy1462 M28_Spy1462 15 <1.10E-16
M28_Spy1466 M28_Spy1466 -1.9 <1.10E-16
M28_Spy1493 M28_Spy1493 -1.6 5.44E-05
M28_Spy1498 M28_Spy1498 2.9 2.10E-02
M28_Spy1499 M28_Spy1499 38 9.29E-03
M28_Spy1500 M28_Spy1500 2.8 <1.10E-16
M28_Spy1501 codY 15 2.19E-13
M28_Spy1505 asnB 1.6 <1.10E-16
M28_Spy1506 M28_Spy1506 43 <1.10E-16
M28_Spy1507 M28_Spy1507 43 <1.10E-16
M28_Spy1525 pmi 2.3 <1.10E-16
M28_Spy1526 scrk 2.1 2.41E-12
M28_Spy1537 uvrA 1.7 < 1.10E-16
M28_Spy1543 M28_Spy1543 34 <1.10E-16
M28_Spy1544 mutY 2.2 <1.10E-16
M28_Spy1545 M28_Spy1545 1.7 1.64E-03
M28_Spy1546 M28_Spy1546 15 4.39E-13
M28_Spy1547 trx.2 1.6 1.60E-08
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1556 dinP 2.0 <1.10E-16
M28_Spy1562 M28_Spy1562 2.7 6.33E-05
M28_Spy1563 norA 2.8 <1.10E-16
M28_Spy1566 M28_Spy1566 2.5 1.10E-03
M28_Spy1568 M28_Spy1568 1.5 7.07E-05
M28_Spy1569 M28_Spy1569 -1.6 <1.10E-16
M28_Spy1570 dnaQ -1.8 <1.10E-16
M28_Spy1572 M28_Spy1572 2.1 <1.10E-16
M28_Spy1574 M28_Spy1574 1.8 7.75E-03
M28_Spy1575 M28_Spy1575 1.9 1.87E-07
M28_Spy1576 M28_Spy1576 2.3 4.17E-12
M28_Spy1580 udp -1.5 1.75E-12
M28_Spy1593 M28_Spy1593 1.6 <1.10E-16
M28_Spy1618 salX -1.5 4.22E-02
M28_Spy1620 salM -1.6 2.63E-04
M28_Spy1626 lacC.2 -1.6 3.51E-02
M28_Spy1627 lacB.2 -1.6 6.43E-04
M28_Spy1631 M28_Spy1631 17 <1.10E-16
M28_Spy1660 polC 15 6.58E-13
M28_Spy1671 Irp -1.5 1.59E-10
M28_Spy1672 ska -2.2 <1.10E-16
M28_Spy1673 M28_Spy1673 15 <1.10E-16
M28_Spy1674 relA 15 <1.10E-16
M28_Spy1675 sclA 19.1 <1.10E-16
M28_Spy1677 M28_Spy1677 -1.5 3.25E-03
M28_Spy1682 M28_Spy1682 1.6 <1.10E-16
M28_Spy1683 trpG 15 2.19E-13
M28_Spy1684 M28_Spy1684 1.7 <1.10E-16
M28_Spy1686 flar -1.6 <1.10E-16
M28_Spy1689 dppA 2.0 <1.10E-16
M28_Spy1690 dppB 2.1 <1.10E-16
M28_Spy1691 dppC 2.1 <1.10E-16
M28_Spy1692 dppD 2.0 <1.10E-16
M28_Spy1693 dppE 2.0 <1.10E-16
M28_Spy1694 M28_Spy1694 15 3.98E-05
M28_Spy1695 htpA -1.6 <1.10E-16
M28_Spy1696 Imb 1.7 3.56E-03
M28_Spy1699 fba 4.1 <1.10E-16
M28_Spy1700 ScpA 4.1 <1.10E-16
M28_Spy1701 enn 1.6 1.13E-07
M28_Spy1702 emm 35 < 1.10E-16
M28_Spy1704 mga 22 < 1.10E-16
M28_Spy1706 M28_Spy1706 17 3.00E-07
M28_Spy1707 isp 15 2.19E-13
M28_Spy1708 ihk 15 4.39E-13
M28_Spy1710 M28_Spy1710 18 < 1.10E-16
M28_Spy1711 M28_Spy1711 1.6 < 1.10E-16
M28_Spy1712 M28_Spy1712 1.7 < 1.10E-16
M28_Spyl1713 M28_Spy1713 18 < 1.10E-16
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Table B-1 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1714 M28_Spy1714 1.7 1.45E-11
M28_Spyl1715 sfoX 34 <1.10E-16
M28_Spyl1716 sof 3.0 <1.10E-16
M28_Spy1717 grm 36 <1.10E-16
M28_Spy1724 ropB 2.3 <1.10E-16
M28_Spy1725 mf -1.8 <1.10E-16
M28_Spy1728 gldA 1.5 1.36E-02
M28_Spy1729 mipB 1.6 1.67E-02
M28_Spy1731 M28_Spy1731 2.1 3.97E-03
M28_Spy1736 M28_Spy1736 -1.9 <1.10E-16
M28_Spy1739 pbp2A 21 <1.10E-16
M28_Spy1740 M28_Spy1740 2.2 <1.10E-16
M28_Spy1741 M28_Spy1741 1.6 <1.10E-16
M28_Spy1742 M28_Spy1742 1.6 <1.10E-16
M28_Spy1752 ahpC 1.6 < 1.10E-16
M28_Spy1753 ahpF 1.6 < 1.10E-16
M28_Spy1758 fhs.2 2.1 1.63E-02
M28_Spy1760 M28_Spy1760 2.3 4.37E-05
M28_Spy1761 hutH 2.3 5.13E-03
M28_Spyl1762 hutG -1.9 <1.10E-16
M28_Spy1763 M28_Spy1763 -1.6 6.18E-07
M28_Spy1766 pepO 3.1 <1.10E-16
M28_Spy1767 dexS -1.5 <1.10E-16
M28_Spy1769 treR -1.5 2.33E-10
M28_Spy1771 M28_Spy1771 -1.5 2.47E-04
M28_Spyl1776 M28_Spy1776 -1.5 <1.10E-16
M28_Spy1782 SpXA2 4.0 <1.10E-16
M28_Spy1818 uviB 2.5 <1.10E-16
M28_Spy1826 cadD -1.6 4.02E-03
M28_Spy1827 cadC -1.9 8.77E-13
M28_Spy1828 M28_Spy1828 1.7 <1.10E-16
M28_Spy1829 M28_Spy1829 2.0 <1.10E-16
M28_Spy1830 M28_Spy1830 2.0 <1.10E-16
M28_Spy1835 ywzG -1.5 2.39E-03
M28_Spy1866 M28_Spy1866 -15 2.45E-04
M28_Spy1875 M28_Spy1875 2.7 <1.10E-16
M28_Spy1881 M28_Spy1881 2.0 <1.10E-16
M28_Spy1882 M28_Spy1882 2.1 <1.10E-16
M28_Spy1884 hasA 17.2 <1.10E-16
M28_Spy1885 hasB 18.8 < 1.10E-16
M28_Spy1886 hasC 17.7 < 1.10E-16
M28_Spy1891 trsA -15 2.19E-13
M28_Spy1893 M28_Spy1893 17 < 1.10E-16

Bold font indicates significant differential expression in both growth phases.

Locus tag identified in the serotype M28 reference genome MGAS6180.
°P value after Bonferroni correction.
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Table B-2 Differentially expressed genes in the ArocA mutant strain compared to the wild-type (WT) strain at early-
stationary growth phase.

Locus tag? Gene Fold change P value®
relative to WT
M28_Spy0001 dnaA 2.1 2.48E-10
M28_Spy0003 M28_Spy0003 2.1 3.84E-04
M28_Spy0004 M28_Spy0004 22 5.06E-08
M28_Spy0005 pth 3.2 <1.10E-16
M28_Spy0006 trcF 24 2.19E-13
M28_Spy0007 M28_Spy0007 2.3 2.68E-08
M28_Spy0009 M28_Spy0009 2.5 2.50E-03
M28_Spy0010 M28_Spy0010 2.4 1.25E-10
M28_Spy0011 tilS 25 < 1.10E-16
M28_Spy0012 hpt 2.8 < 1.10E-16
M28_Spy0013 ftsH 1.6 3.43E-02
M28_Spy0014 M28_Spy0014 -1.9 6.04E-06
M28_Spy0017 sibA -1.7 1.89E-02
M28_Spy0019 recO 1.8 1.30E-02
M28_Spy0023 purL 2.0 3.72E-06
M28_Spy0024 purF 2.0 3.79E-05
M28_Spy0025 purM 2.0 2.96E-04
M28_Spy0026 purN 2.9 7.89E-12
M28_Spy0027 purH 2.9 < 1.10E-16
M28_Spy0028 M28_Spy0028 2.4 2.86E-07
M28_Spy0029 purD -3.2 <1.10E-16
M28_Spy0030 purg -34 <1.10E-16
M28_Spy0031 purkK -3.2 <1.10E-16
M28_Spy0033 purB -1.6 1.25E-02
M28_Spy0035 ruvB 1.7 3.31E-02
M28_Spy0044 rplD -1.7 1.38E-03
M28_Spy0045 rplw -2.0 4.91E-10
M28_Spy0047 rpsS -1.6 1.61E-04
M28_Spy0048 rplVv -1.9 < 1.10E-16
M28_Spy0051 rpmC -1.8 5.90E-07
M28_Spy0052 rpsQ -1.9 6.74E-06
M28_Spy0053 rpIN 2.1 4.65E-08
M28_Spy0054 rpIX 2.1 8.78E-09
M28_Spy0055 rplE -1.8 1.53E-12
M28_Spy0056 rpsN -1.8 2.28E-03
M28_Spy0058 rplF 16 1.40E-02
M28_Spy0059 rpIR 16 1.08E-02
M28_Spy0060 rpsg -1.7 3.79E-04
M28_Spy0064 adk 17 1.47E-03
M28_Spy0078 M28_Spy0078 35 < 1.10E-16
M28_Spy0079 tyrS 2.3 1.02E-09
M28_Spy0082 rpoC -1.6 8.59E-03
M28_Spy0091 M28_Spy0091 25 4.22E-06
M28_Spy0096 M28_Spy0096 2.0 1.13E-02
M28_Spy0097 M28_Spy0097 25 3.15E-07
M28_Spy0098 trx.1 2.1 1.79E-03
M28_Spy0105 sfol 1.9 7.77E-04
M28_Spy0113 prtF2 2.2 1.53E-07
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy0115 atoE -1.8 1.28E-02
M28_Spy0137 nga 7.6 < 1.10E-16
M28_Spy0138 ifs 73 < 1.10E-16
M28_Spy0139 slo 7.2 1.15E-06
M28_Spy0140 M28_Spy0140 7.7 < 1.10E-16
M28_Spy0143 M28_Spy0143 4.4 < 1.10E-16
M28_Spy0144 metB 2.7 < 1.10E-16
M28_Spy0145 leus -1.5 7.42E-03
M28_Spy0149 M28_Spy0149 2.3 1.79E-04
M28_Spy0150 M28_Spy0150 -1.9 3.35E-02
M28_Spy0156 opuABC 2.0 2.39E-06
M28_Spy0178 M28_Spy0178 2.0 7.43E-05
M28_Spy0187 hasC.2 1.6 4.48E-03
M28_Spy0196 M28_Spy0196 -1.9 4.44E-05
M28_Spy0206 M28_Spy0206 2.5 1.16E-03
M28_Spy0207 M28_Spy0207 2.4 1.90E-02
M28_Spy0208 M28_Spy0208 2.1 1.18E-03
M28_Spy0225 rpsG 1.7 2.84E-02
M28_Spy0231 M28_Spy0231 1.7 3.18E-02
M28_Spy0238 M28_Spy0238 1.8 2.00E-08
M28_Spy0239 nifs3 17 1.21E-09
M28_Spy0242 M28_Spy0242 1.8 6.46E-04
M28_Spy0244 oppA -1.6 2.54E-02
M28_Spy0247 oppD -1.6 2.94E-02
M28_Spy0248 oppF -1.8 4.37E-04
M28_Spy0253 M28_Spy0253 2.6 4.34E-09
M28_Spy0255 nadD 2.2 2.12E-04
M28_Spy0256 M28_Spy0256 2.0 8.62E-05
M28_Spy0260 M28_Spy0260 2.5 4.81E-02
M28_Spy0267 M28_Spy0267 3.3 < 1.10E-16
M28_Spy0270 gidB 2.1 1.12E-04
M28_Spy0276 nrdR 1.8 7.84E-03
M28_Spy0282 murC 1.7 4.63E-02
M28_Spy0283 M28_Spy0283 1.8 1.70E-02
M28_Spy0291 M28_Spy0291 1.8 1.32E-03
M28_Spy0302 M28_Spy0302 2.0 8.21E-04
M28_Spy0315 M28_Spy0315 1.6 5.87E-03
M28_Spy0328 IctO 3.3 1.03E-04
M28_Spy0330 M28_Spy0330 2.1 4.99E-02
M28_Spy0333 M28_Spy0333 1.8 2.31E-02
M28_Spy0334 nrdF.1 18 5.97E-03
M28_Spy0338 M28_Spy0338 14.4 < 1.10E-16
M28_Spy0341 M28_Spy0341 78 < 1.10E-16
M28_Spy0342 M28_Spy0342 17 1.08E-02
M28_Spy0359 mtsC -15 2.54E-02
M28_Spy0366 rrf -1.9 2.61E-02
M28_Spy0371 M28_Spy0371 -18 4.63E-02
M28_Spy0420 M28_Spy0420 -18 4.12E-04
M28_Spy0426 acpA 2.0 2.10E-03
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy0427 smc 1.6 8.26E-03
M28_Spy0463 M28_Spy0463 18 1.30E-04
M28_Spy0474 lysS 17 4.61E-02
M28_Spy0475 M28_Spy0475 2.2 3.05E-05
M28_Spy0482 gpoA 16 2.23E-04
M28_Spy0493 M28_Spy0493 17 7.40E-05
M28_Spy0494 M28_Spy0494 1.9 4.56E-03
M28_Spy0506 kgdA 1.9 1.13E-03
M28_Spy0514 dinG 16 3.04E-02
M28_Spy0515 aspC 1.9 4.45E-09
M28_Spy0516 asnS 1.6 1.46E-03
M28_Spy0531 M28_Spy0531 2.4 1.15E-07
M28_Spy0532 gyrB 1.7 1.36E-04
M28_Spy0533 M28_Spy0533 1.9 5.73E-06
M28_Spy0538 ralp3 -1.8 3.41E-03
M28_Spy0573 rexB 15 3.08E-02
M28_Spy0581 rmiD 17 2.93E-02
M28_Spy0625 M28_Spy0625 2.0 1.10E-06
M28_Spy0626 M28_Spy0626 18 1.22E-05
M28_Spy0632 M28_Spy0632 26 < 1.10E-16
M28_Spy0633 M28_Spy0633 2.2 5.09E-07
M28_Spy0634 czcD 1.8 5.71E-03
M28_Spy0636 rimM 2.4 4.67E-07
M28_Spy0637 trmD 2.1 2.42E-04
M28_Spy0682 M28_Spy0682 -1.8 1.80E-03
M28_Spy0693 bcaT 25 6.36E-12
M28_Spy0694 M28_Spy0694 2.7 8.55E-09
M28_Spy0695 M28_Spy0695 2.3 3.26E-02
M28_Spy0697 M28_Spy0697 1.7 4.92E-03
M28_Spy0708 apt 2.2 4.94E-05
M28_Spy0709 dnaD 2.4 4.26E-07
M28_Spy0710 nth 2.2 1.44E-04
M28_Spy0742 femD -15 5.27E-06
M28_Spy0744 hemN 1.7 5.05E-03
M28_Spy0764 gabD -1.9 6.24E-04
M28_Spy0767 M28_Spy0767 -1.6 1.76E-02
M28_Spy0768 thdF 2.2 9.94E-04
M28_Spy0780 SrtK 1.7 1.06E-02
M28_Spy0792 M28_Spy0792 1.8 1.56E-02
M28_Spy0801 folK 1.6 1.84E-02
M28_Spy0803 potA 1.8 2.42E-06
M28_Spy0804 potB 18 5.25E-03
M28_Spy0824 M28_Spy0824 3.0 2.62E-10
M28_Spy0825 M28_Spy0825 28 9.47E-11
M28_Spy0836 tdk2 22 3.26E-04
M28_Spy0838 hemK 1.7 2.57E-02
M28_Spy0848 ayrA 1.7 8.34E-05
M28_Spy0853 M28_Spy0853 2.4 2.19E-13
M28_Spy0854 M28_Spy0854 37 < 1.10E-16
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy0855 M28_Spy0855 3.7 < 1.10E-16
M28_Spy0864 satD -18 2.22E-03
M28_Spy0865 satE 2.0 3.60E-05
M28_Spy0873 M28_Spy0873 4.2 < 1.10E-16
M28_Spy0874 M28_Spy0874 2.7 1.04E-07
M28_Spy0875 M28_Spy0875 31 6.58E-13
M28_Spy0876 oadB 2.6 2.72E-07
M28_Spy0877 M28_Spy0877 2.2 5.22E-03
M28_Spy0878 citD 23 6.31E-05
M28_Spy0879 CitE 25 3.19E-07
M28_Spy0880 CitF 22 1.15E-05
M28_Spy0881 citx -1.9 7.08E-03
M28_Spy0882 oadAl -18 1.04E-02
M28_Spy0884 M28_Spy0884 18 2.02E-03
M28_Spy0889 nagR 2.8 4.46E-10
M28_Spy0890 M28_Spy0890 21 4.35E-03
M28_Spy0891 guaA 18 1.89E-02
M28_Spy0896 pdxR 18 1.14E-02
M28_Spy0897 rnhB -16 9.39E-03
M28_Spy0915 cdd 16 3.81E-04
M28_Spy0917 coaA 2.4 1.93E-05
M28_Spy0918 rpsT 2.4 1.24E-05
M28_Spy0919 ciaH 21 2.63E-09
M28_Spy0920 ciaR 2.0 4.11E-06
M28_Spy0949 pcrA 17 4.19E-03
M28_Spy0963 M28_Spy0963 1.7 1.20E-02
M28_Spy0965 M28_Spy0965 -16 3.36E-03
M28_Spy1050 M28_Spy1050 17 1.85E-02
M28_Spy1051 ditd 15 2.45E-02
M28_Spy1070 M28_Spy1070 23 8.88E-04
M28_Spy1074 M28_Spy1074 2.1 2.20E-03
M28_Spy1098 grab 8.7 < 1.10E-16
M28_Spy1109 udk 2.7 7.22E-07
M28_Spyl1111 M28_Spy1111 21 6.13E-09
M28_Spyl1115 nrdH 4.4 < 1.10E-16
M28_Spyl1116 nrdE.2 2.2 1.07E-11
M28_Spy1118 nrdF.2 23 2.88E-10
M28_Spy1127 SurA 1.9 3.05E-02
M28_Spy1144 M28_Spy1144 18 2.82E-02
M28_Spy1147 kup 4.0 < 1.10E-16
M28_Spy1148 deaD 18 2.12E-03
M28_Spy1149 prfC 22 9.91E-09
M28_Spy1151 murF 21 3.57E-05
M28_Spy1152 ddIA 2.0 2.75E-02
M28_Spy1154 M28_Spy1154 25 1.13E-03
M28_Spy1156 M28_Spy1156 17 2.78E-02
M28_Spy1178 M28_Spy1178 24 4.44E-04
M28_Spy1206 M28_Spy1206 17 9.31E-04
M28_Spy1207 asnA -18 3.07E-02
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1289 cas2 2.7 4.43E-10
M28_Spy1290 casl 2.9 7.98E-06
M28_Spy1291 cas4 2.7 <1.10E-16
M28_Spy1292 cas? 2.2 3.60E-07
M28_Spy1293 cas8 3.2 <1.10E-16
M28_Spy1294 cas5 34 <1.10E-16
M28_Spy1295 cas3 4.0 <1.10E-16
M28_Spy1296 valS EW 1.02E-04
M28_Spy1300 M28_Spy1300 1.6 5.00E-02
M28_Spy1338 M28_Spy1338 1.9 3.66E-02
M28_Spy1356 M28_Spy1356 -1.9 7.33E-04
M28_Spy1359 rocA -193.2 <1.10E-16
M28_Spy1370 cysM -1.8 8.77E-13
M28_Spy1371 M28_Spy1371 -1.8 2.05E-05
M28_Spy1373 liaR 17 1.12E-05
M28_Spy1382 gmk 1.9 2.82E-04
M28_Spy1388 M28_Spy1388 1.7 1.77E-02
M28_Spy1392 M28_Spy1392 15 2.92E-02
M28_Spy1394 M28_Spy1394 2.5 8.55E-07
M28_Spy1409 ftsL 2.2 4.22E-05
M28_Spy1410 mraw 2.4 2.97E-06
M28_Spy1417 M28_Spy1417 17 2.83E-03
M28_Spy1420 M28_Spy1420 2.0 3.80E-03
M28_Spy1421 M28_Spy1421 17 1.25E-02
M28_Spy1425 M28_Spy1425 2.0 2.63E-06
M28_Spy1426 M28_Spy1426 -1.8 6.30E-05
M28_Spy1430 M28_Spy1430 -1.9 2.73E-04
M28_Spy1441 lacA.1 2.0 2.01E-03
M28_Spy1442 M28_Spy1442 2.4 1.31E-05
M28_Spy1443 M28_Spy1443 2.6 7.45E-03
M28_Spy1444 M28_Spy1444 2.6 5.75E-03
M28_Spy1445 lacR.1 2.3 6.85E-05
M28_Spy1450 sse 1.7 4.65E-02
M28_Spy1458 M28_Spy1458 1.6 1.89E-02
M28_Spy1465 M28_Spy1465 2.0 1.77E-03
M28_Spy1471 manO 2.2 3.76E-05
M28_Spy1473 accD -1.9 3.62E-05
M28_Spy1476 fabz -1.9 3.17E-05
M28_Spy1477 accB 2.1 2.16E-09
M28_Spy1478 fabF 2.8 <1.10E-16
M28_Spy1479 fabG 2.8 < 1.10E-16
M28_Spy1480 fabD 2.4 2.19E-13
M28_Spy1481 fabK 2.0 1.45E-08
M28_Spy1493 M28_Spy1493 -18 4.18E-02
M28_Spy1495 gatB -1.9 4.60E-06
M28_Spy1496 gatA -15 6.41E-03
M28_Spy1506 M28_Spy1506 25 1.18E-09
M28_Spy1507 M28_Spy1507 26 3.25E-10
M28_Spy1520 shr 17 2.23E-04
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1526 scrk -1.8 5.68E-03
M28_Spy1527 endoS -2.0 6.99E-07
M28_Spy1528 M28_Spy1528 2.9 1.03E-11
M28_Spy1529 SCrA -3.2 < 1.10E-16
M28_Spy1530 scrB -2.2 1.35E-07
M28_Spy1531 scrR -1.6 4.61E-02
M28_Spy1534 efp 16 2.15E-03
M28_Spy1538 corA 1.9 7.14E-04
M28_Spy1549 muts2 16 2.31E-03
M28_Spy1552 M28_Spy1552 18 1.66E-04
M28_Spy1553 spi 1.9 2.05E-05
M28_Spy1558 M28_Spy1558 18 4.05E-03
M28_Spy1559 M28_Spy1559 18 2.74E-02
M28_Spy1564 srv 3.1 < 1.10E-16
M28_Spy1571 M28_Spy1571 1.9 9.91E-04
M28_Spy1578 deoC -2.1 1.84E-09
M28_Spy1579 nupC -2.1 < 1.10E-16
M28_Spy1580 udp -3.0 <1.10E-16
M28_Spy1583 M28_Spy1583 18 5.40E-03
M28_Spy1584 M28_Spy1584 23 4.89E-07
M28_Spy1585 M28_Spy1585 2.1 1.20E-05
M28_Spy1591 pgk -1.6 2.08E-02
M28_Spy1598 M28_Spy1598 1.7 7.26E-03
M28_Spy1601 ropA 25 6.15E-10
M28_Spy1602 M28_Spy1602 1.6 2.74E-02
M28_Spy1615 salR 1.8 8.45E-04
M28_Spy1620 salB 1.9 1.57E-04
M28_Spy1636 M28_Spy1636 1.9 8.05E-04
M28_Spy1670 msmK 2.7 <1.10E-16
M28_Spy1672 ska 74 <1.10E-16
M28_Spy1675 sclA 41 <1.10E-16
M28_Spy1687 smeZ 2.0 7.04E-04
M28_Spy1689 dppA 2.7 <1.10E-16
M28_Spy1694 M28_Spy1694 1.7 4.71E-03
M28_Spy1695 htpA 1.7 2.41E-12
M28_Spy1696 Imb 2.0 4.30E-08
M28_Spy1699 fba 2.3 <1.10E-16
M28_Spy1700 ScpA 3.7 <1.10E-16
M28_Spy1702 emm 6.0 <1.10E-16
M28_Spy1703 mrp 2.3 1.62E-07
M28_Spy1704 mga 2.0 7.01E-04
M28_Spy1715 sfoX 3.0 <1.10E-16
M28_Spy1716 sof 34 <1.10E-16
M28_Spy1718 prsA 2.4 2.52E-06
M28_Spy1719 M28_Spy1719 33 <1.10E-16
M28_Spy1720 spi -3.2 5.35E-07
M28_Spy1721 speB 32 8.12E-07
M28_Spy1722 M28_Spy1722 -2.9 < 1.10E-16
M28_Spy1723 M28_Spy1723 2.8 1.97E-12
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Table B-2 Continued.

Locus tag? Gene Fold change P valueP
relative to WT
M28_Spy1736 M28_Spy1736 1.7 2.26E-02
M28_Spy1750 ctsR 2.7 2.85E-12
M28_Spyl1762 hutG -1.8 1.09E-05
M28_Spy1764 rpsB 28 < 1.10E-16
M28_Spy1765 M28_Spy1765 1.5 4.48E-04
M28_Spy1773 nrdG 1.7 4.33E-03
M28_Spy1774 M28_Spy1774 1.8 1.13E-04
M28_Spy1775 M28_Spy1775 1.6 4.01E-06
M28_Spyl1776 M28_Spy1776 1.7 2.95E-03
M28_Spy1779 M28_Spy1779 1.9 3.60E-02
M28_Spy1780 M28_Spy1780 1.5 1.11E-06
M28_Spy1781 M28_Spy1781 1.6 1.63E-03
M28_Spy1824 rpmF 1.7 1.32E-03
M28_Spy1829 M28_Spy1829 2.0 1.99E-05
M28_Spy1830 M28_Spy1830 2.5 5.70E-12
M28_Spy1835 ywzG -2.0 5.73E-05
M28_Spy1836 M28_Spy1836 2.5 2.19E-09
M28_Spy1837 M28_Spy1837 2.8 < 1.10E-16
M28_Spy1839 pipR 1.8 7.00E-04
M28_Spy1871 M28_Spy1871 3.1 4.39E-13
M28_Spy1872 trmuU 2.8 < 1.10E-16
M28_Spy1875 M28_Spy1875 2.8 < 1.10E-16
M28_Spy1878 cbiO1 2.1 5.02E-05
M28_Spy1879 M28_Spy1879 2.1 6.47E-05
M28_Spy1880 M28_Spy1880 2.3 5.19E-09
M28_Spy1881 M28_Spy1881 2.8 1.38E-11
M28_Spy1882 M28_Spy1882 4.1 < 1.10E-16
M28_Spy1887 M28_Spy1887 2.1 7.38E-06
M28_Spy1888 recF 2.0 1.66E-04
M28_Spy1889 M28_Spy1889 3.1 < 1.10E-16

Bold font indicates significant differential expression in both growth phases.
?Locus tag identified in the serotype M28 reference genome MGAS6180.
°P value after Bonferroni correction.

Table B-3 Differentially expressed genes in the rocA null mutant strain compared to the wild-type (WT) strain of serotype
M1, M3, and M28 GAS at mid-exponential growth phase.

Locus tag® Gene Fold change relative to WT®
M1 M3 M28

M28_Spy0002 dnaN 17

M28_Spy0008 diviC 19

M28_Spy0011 tils 21 2.1 7

M28_Spy0012 hpt 23 7

M28_Spy0013 ftsH 18 21

M28_Spy0014 M28_Spy0014 15 16 19

M28_Spy0015 M28_Spy0015 21

M28_Spy0017 SibA 15 20

M28_Spy0019 recO 15

M28_Spy0020 plsX 15
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0021 acpP.1 16

M28_Spy0022 purC 3.6 4.6 25
M28_Spy0023 purL 4.4 5.6 2.0
M28_Spy0024 purF 3.2 4.2 -1.8
M28_Spy0025 purM 4.1 35 -1.9
M28_Spy0026 purN 34 36 -1.9
M28_Spy0027 purH 3.3 75 1.7
M28_Spy0028 M28_Spy0028 -7.0 -2.0
M28_Spy0029 purD -45 -5.2 -2.6
M28_Spy0030 purg -4.6 -4.3 -2.3
M28_Spy0031 purK -4.0 -3.4 -2.3
M28_Spy0032 M28_Spy0032 -1.9
M28_Spy0033 purB -1.6 -2.1

M28_Spy0034 comR 1.7
M28_Spy0037 M28_Spy0037 -15
M28_Spy0038 M28_Spy0038 -15

M28_Spy0039 M28_Spy0039 19 2.6
M28_Spy0042 rpsJ -1.5

M28_Spy0044 rplD -15

M28_Spy0046 rplB -1.5

M28_Spy0047 rpsS -1.5

M28_Spy0048 rplv -1.5

M28_Spy0049 rpsC -1.5

M28_Spy0053 rpIN -1.7

M28_Spy0056 rpsN -2.0

M28_Spy0058 rplF -15

M28_Spy0071 M28_Spy0071 2.4

M28_Spy0072 M28_Spy0072 -1.6 -2.0
M28_Spy0077 adcB -1.8

M28_Spy0078 M28_Spy0078 2.3

M28_Spy0080 pbplb 15
M28_Spy0083 M28_Spy0083 2.0

M28_Spy0091 M28_Spy0091 -15

M28_Spy0104 rofA -1.9
M28_Spy0105 sfhl 25
M28_Spy0106 M28_Spy0106 2.0

M28_Spy0107 cpa -2.7
M28_Spy0108 lepA 24
M28_Spy0109 M28_Spy0109 2.8
M28_Spy0110 eftLSL.B -1.9
M28_Spy0111 M28_Spy0111 -1.8
M28_Spy0114 M28_Spy0114 13.3 16.8 7.7
M28_Spy0115 atoE -1.8

M28_Spy0117 atoB.2 -1.5
M28_Spy0119 atoA.2 -2.2

M28_Spy0121 M28_Spy0121 2.2 -15

M28_Spy0122 sloR 2.2 2.2

M28_Spy0124 ntpl -2.1

M28_Spy0125 ntpK -2.9
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Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0126 ntpE 3.3

M28_Spy0127 ntpC 25

M28_Spy0129 ntpA 2.3

M28_Spy0130 ntpB 1.7

M28_Spy0132 M28_Spy0132 1.7
M28_Spy0133 M28_Spy0133 15
M28_Spy0136 nusG 1.6

M28_Spy0137 nga 13.0 6.3
M28_Spy0138 ifs 13.4 6.4
M28_Spy0139 slo 11.4 6.0
M28_Spy0140 M28_Spy0140 6.4
M28_Spy0141 M28_Spy0141 39 10.5 20.4
M28_Spy0142 M28_Spy0142 3.1
M28_Spy0143 M28_Spy0143 2.7
M28_Spy0144 metB -3.6 -10.3 -3.0
M28_Spy0146 M28_Spy0146 2.1 2.8
M28_Spy0147 M28_Spy0147 3.3
M28_Spy0148 M28_Spy0148 2.6
M28_Spy0149 M28_Spy0149 3.2 -4.0
M28_Spy0150 M28_Spy0150 -34
M28_Spy0151 araD -3.3
M28_Spy0153 sgaR -1.6 -1.5
M28_Spy0155 OpuAA 2.4 2.1 2.1
M28_Spy0156 OpUABC 2.1 2.2 1.7
M28_Spy0157 polA 15
M28_Spy0164 M28_Spy0164 2.1

M28_Spy0167 M28_Spy0167 47 1.7
M28_Spy0168 nadC -1.9

M28_Spy0171 M28_Spy0171 -2.0

M28_Spy0172 M28_Spy0172 -1.8
M28_Spy0173 tgt -15

M28_Spy0174 M28_Spy0174 -1.6
M28_Spy0175 M28_Spy0175 2.3

M28_Spy0178 M28_Spy0178 15 1.9 1.9
M28_Spy0180 speG 1.9 2.1

M28_Spy0184 rivR 3.8 24
M28_Spy0187 hasC.2 1.6
M28_Spy0188 gpsA 1.6
M28_Spy0189 yjdR -1.9 -1.9 2.3
M28_Spy0190 M28_Spy0190 2.0 -1.6 2.0
M28_Spy0191 M28_Spy0191 2.0 -1.9 -2.0
M28_Spy0193 M28_Spy0193 -15

M28_Spy0196 M28_Spy0196 1.6
M28_Spy0197 gltX 15
M28_Spy0206 M28_Spy0206 -3.0 2.1
M28_Spy0207 M28_Spy0207 21 -1.7
M28_Spy0208 M28_Spy0208 -33 -1.9
M28_Spy0209 M28_Spy0209 -2.0
M28_Spy0210 M28_Spy0210 2.0 -1.6
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Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0211 nanH 2.1 -1.8
M28_Spy0212 M28_Spy0212 2.9 -1.6
M28_Spy0216 ksgA 1.6

M28_Spy0229 M28_Spy0229 -15

M28_Spy0233 bacA 15
M28_Spy0234 mecA 15

M28_Spy0242 M28_Spy0242 1.8

M28_Spy0243 dacA2 1.8 2.7

M28_Spy0245 oppB -15

M28_Spy0246 oppC 22

M28_Spy0248 oppF 15

M28_Spy0252 M28_Spy0252 1.5

M28_Spy0261 M28_Spy0261 1.6

M28_Spy0262 M28_Spy0262 1.6 15

M28_Spy0266 braB -2.5 -2.6
M28_Spy0267 M28_Spy0267 -1.9 -15
M28_Spy0273 M28_Spy0273 1.8 2.1 1.9
M28_Spy0274 covR -1.8

M28_Spy0275 covS -1.8

M28_Spy0279 pgdA -1.5

M28_Spy0286 M28_Spy0286 1.8
M28_Spy0287 M28_Spy0287 1.6 1.9

M28_Spy0289 M28_Spy0289 17

M28_Spy0290 M28_Spy0290 15

M28_Spy0297 M28_Spy0297 15

M28_Spy0302 M28_Spy0302 -1.8
M28_Spy0306 hiyX -1.5

M28_Spy0307 pflC 15

M28_Spy0309 M28_Spy0309 -17

M28_Spy0310 fhuG 2.2 -1.7
M28_Spy0311 fhuB 21 -1.8
M28_Spy0312 fhuD 2.4 -1.8
M28_Spy0313 fhuA -1.8 -1.9
M28_Spy0315 M28_Spy0315 1.8
M28_Spy0327 ex0A 1.8
M28_Spy0329 spyCEP 7.3 92.5 38.0
M28_Spy0330 M28_Spy0330 -1.8 -1.7
M28_Spy0331 M28_Spy0331 25 2.0
M28_Spy0332 metS -16

M28_Spy0335 nrdl -15
M28_Spy0337 SpYA 1.9 29

M28_Spy0338 M28_Spy0338 13.3
M28_Spy0341 M28_Spy0341 13.0
M28_Spy0342 M28_Spy0342 -1.8 2.2
M28_Spy0343 M28_Spy0343 2.8
M28_Spy0345 speJ 3.0

M28_Spy0346 M28_Spy0346 3.0
M28_Spy0350 M28_Spy0350 -15

M28_Spy0355 M28_Spy0355 15
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Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0357 mtsA 2.0

M28_Spy0367 M28_Spy0367 1.8

M28_Spy0368 msrA.2 1.8

M28_Spy0370 M28_Spy0370 1.8

M28_Spy0371 M28_Spy0371 17 2.0
M28_Spy0372 phoH 1.6
M28_Spy0373 M28_Spy0373 1.8
M28_Spy0377 M28_Spy0377 16
M28_Spy0379 M28_Spy0379 17

M28_Spy0380 M28_Spy0380 17

M28_Spy0390 M28_Spy0390 15
M28_Spy0395 rgg2 15

M28_Spy0396 fpg 15
M28_Spy0397 M28_Spy0397 17
M28_Spy0398 M28_Spy0398 1.7
M28_Spy0404 M28_Spy0404 -15

M28_Spy0405 pcp -15

M28_Spy0407 M28_Spy0407 -1.6

M28_Spy0409 gloA 1.8
M28_Spy0410 M28_Spy0410 1.6
M28_Spy0411 pepQ 1.8
M28_Spy0413 M28_Spy0413 15 2.7
M28_Spy0414 M28_Spy0414 15 3.1
M28_Spy0420 M28_Spy0420 -1.6

M28_Spy0423 VicR 1.6

M28_Spy0426 acpA 1.6
M28_Spy0427 smc 1.6
M28_Spy0433 metK1 21

M28_Spy0444 M28_Spy0444 1.9

M28_Spy0445 M28_Spy0445 21

M28_Spy0446 M28_Spy0446 2.0

M28_Spy0447 M28_Spy0447 1.6

M28_Spy0448 M28_Spy0448 15
M28_Spy0449 M28_Spy0449 15
M28_Spy0454 M28_Spy0454 -25 -3.2 -1.8
M28_Spy0456 M28_Spy0456 -1.6

M28_Spy0458 M28_Spy0458 23
M28_Spy0459 M28_Spy0459 2.0
M28_Spy0460 M28_Spy0460 21 3.3 1.8
M28_Spy0464 M28_Spy0464 2.0 4.2
M28_Spy0476 M28_Spy0476 -1.9 -15
M28_Spy0477 M28_Spy0477 -1.7
M28_Spy0479 M28_Spy0479 21 2.0 15
M28_Spy0480 M28_Spy0480 1.8 15
M28_Spy0481 M28_Spy0481 1.8 17
M28_Spy0482 gpoA 1.6
M28_Spy0483 pepF 1.7
M28_Spy0484 ppc 18 -1.7

M28_Spy0494 M28_Spy0494 -2.4
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Locus tag? Gene ML N3 NI28
M28_Spy0496 regR 16

M28_Spy0501 M28_Spy0501 2.9 -1.6
M28_Spy0507 M28_Spy0507 15
M28_Spy0513 M28_Spy0513 1.8 1.8
M28_Spy0517 M28_Spy0517 1.6
M28_Spy0519 M28_Spy0519 1.6
M28_Spy0520 pepD 15
M28_Spy0521 adcA 16
M28_Spy0522 agaR2 2.4 -1.9
M28_Spy0523 agas 2.6 -3.6 -1.8
M28_Spy0524 rpmE 2.0

M28_Spy0527 M28_Spy0527 2.0

M28_Spy0528 M28_Spy0528 -1.9 -2.0

M28_Spy0536 M28_Spy0536 2.4
M28_Spy0537 M28_Spy0537 2.3
M28_Spy0538 ralp3 -1.7 -2.3
M28_Spy0539 epf -2.3 -2.2
M28_Spy0540 sagA -35 -2.7
M28_Spy0541 sagB 32 -34
M28_Spy0542 sagC 32 -32
M28_Spy0543 sagD -34 -35
M28_Spy0544 sagE -3.2 -3.0
M28_Spy0545 sagF -3.0 25
M28_Spy0546 sagG 2.6 31
M28_Spy0547 sagH 2.3 2.9
M28_Spy0548 sagl -2.4 -2.7
M28_Spy0549 SpnA -1.8 -1.9 -2.2
M28_Spy0552 M28_Spy0552 15

M28_Spy0553 atpE 2.2

M28_Spy0555 atpF 1.6

M28_Spy0572 M28_Spy0572 15
M28_Spy0573 rexB 1.6 1.9
M28_Spy0574 rexA 17 1.9
M28_Spy0575 M28_Spy0575 1.6
M28_Spy0576 rpsU -75

M28_Spy0586 rgpEc 1.6

M28_Spy0592 M28_Spy0592 1.6

M28_Spy0593 pepT -1.5

M28_Spy0595 M28_Spy0595 -15
M28_Spy0602 M28_Spy0602 -15

M28_Spy0608 folC.2 1.6
M28_Spy0609 M28_Spy0609 1.6
M28_Spy0622 carA -1.6

M28_Spy0623 M28_Spy0623 -2.0
M28_Spy0625 M28_Spy0625 1.8
M28_Spy0626 M28_Spy0626 -15 2.0
M28_Spy0627 M28_Spy0627 1.9
M28_Spy0628 M28_Spy0628 1.9
M28_Spy0632 M28_Spy0632 -15 1.8 2.1
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Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0633 M28_Spy0633 1.8 1.7
M28_Spy0635 gczA 17

M28_Spy0641 fruR 1.9

M28_Spy0642 fruB 15

M28_Spy0644 murl.1 2.2

M28_Spy0645 murl.2 -15
M28_Spy0647 M28_Spy0647 155 133
M28_Spy0648 M28_Spy0648 254 63.8
M28_Spy0649 mac 239 52.4 38.1
M28_Spy0651 M28_Spy0651 15

M28_Spy0652 M28_Spy0652 15 17

M28_Spy0656 M28_Spy0656 -2.2
M28_Spy0657 fms -1.7
M28_Spy0658 S5nA 5.2 2.9
M28_Spy0660 SptR 16

M28_Spy0666 M28_Spy0666 16
M28_Spy0667 mvasS.1 1.6
M28_Spy0669 dyr 1.6
M28_Spy0671 clpX 15 16
M28_Spy0672 M28_Spy0672 16
M28_Spy0681 cpsY 1.6
M28_Spy0682 M28_Spy0682 -1.7 -15
M28_Spy0683 pyrF -1.6 -1.6
M28_Spy0684 pyrE -1.6 -1.6
M28_Spy0686 M28_Spy0686 15 2.3 1.9
M28_Spy0687 M28_Spy0687 15 2.0 1.9
M28_Spy0688 ung -1.7

M28_Spy0689 pyrC -1.5

M28_Spy0693 bcaT 1.6

M28_Spy0696 M28_Spy0696 1.9

M28_Spy0697 M28_Spy0697 1.8

M28_Spy0701 M28_Spy0701 21
M28_Spy0709 dnaD 17

M28_Spy0715 cpsFP 1.6
M28_Spy0716 cpsFQ 15
M28_Spy0719 M28_Spy0719 15
M28_Spy0722 M28_Spy0722 -1.8

M28_Spy0724 M28_Spy0724 2.2 -15
M28_Spy0725 M28_Spy0725 21

M28_Spy0730 acoA 15
M28_Spy0731 acoB 1.7
M28_Spy0732 acoC 1.6
M28_Spy0733 M28_Spy0733 15
M28_Spy0734 acoL 15 1.6
M28_Spy0748 cas9 -1.6
M28_Spy0749 casl -1.5
M28_Spy0752 M28_Spy0752 -1.6
M28_Spy0754 sclB 25 8.7 24
M28_Spy0755 msrB 1.7 1.9
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0757 ptsA 2.7 1.8
M28_Spy0758 ptsB 39 2.1
M28_Spy0759 ptsC 2.2 2.1
M28_Spy0760 ptsD 2.7 2.2
M28_Spy0762 M28_Spy0762 2.0

M28_Spy0764 gabD 1.7
M28_Spy0765 uvrC 15 2.1
M28_Spy0766 M28_Spy0766 19
M28_Spy0767 M28_Spy0767 1.9
M28_Spy0768 thdF -1.6 -1.6
M28_Spy0771 M28_Spy0771 -16
M28_Spy0772 M28_Spy0772 1.7
M28_Spy0773 M28_Spy0773 -16
M28_Spy0774 M28_Spy0774 2.3
M28_Spy0778 srtl -1.7
M28_Spy0779 SrtR 1.8

M28_Spy0780 srtK 17

M28_Spy0797 folC.1 1.5 2.1
M28_Spy0798 folE 1.6 18
M28_Spy0799 folP 1.5 1.9
M28_Spy0800 folQ 15 1.9
M28_Spy0801 folK 2.0
M28_Spy0811 M28_Spy0811 -1.6
M28_Spy0816 radC -1.8

M28_Spy0823 M28_Spy0823 15

M28_Spy0831 guaC -3.7

M28_Spy0832 xpt -6.4

M28_Spy0833 M28_Spy0833 8.1 -1.9 -15
M28_Spy0835 M28_Spy0835 -15
M28_Spy0846 nox 2.1 1.7
M28_Spy0852 M28_Spy0852 1.9 15
M28_Spy0853 M28_Spy0853 1.6
M28_Spy0858 smf -35 -1.8
M28_Spy0862 M28_Spy0862 -1.6
M28_Spy0863 ddh -1.7
M28_Spy0866 gid -2.0

M28_Spy0871 CitG -1.8 -15
M28_Spy0872 M28_Spy0872 -1.8
M28_Spy0873 M28_Spy0873 2.4

M28_Spy0882 oadAl 15
M28_Spy0883 CitC 1.7
M28_Spy0884 M28_Spy0884 1.9 1.6
M28_Spy0885 xerD -1.9 -1.7
M28_Spy0892 M28_Spy0892 2.0

M28_Spy0898 M28_Spy0898 1.8

M28_Spy0899 fhs.1 15

M28_Spy0900 IplIA 1.9 17

M28_Spy0901 M28_Spy0901 15

M28_Spy0902 M28_Spy0902 15
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy0903 M28_Spy0903 15
M28_Spy0915 cdd 15 2.0

M28_Spy0916 M28_Spy0916 -1.8
M28_Spy0917 coaA 1.9 2.4 2.4
M28_Spy0919 ciaH 15 1.7

M28_Spy0920 ciaR 17

M28_Spy0923 phoU 1.7 -1.6
M28_Spy0924 pstB -1.6 2.3 -1.6
M28_Spy0925 pstB2 2.0 -16 -15
M28_Spy0926 pStA -1.9 1.7 -15
M28_Spy0927 pstC -1.9 -18 -16
M28_Spy0928 pstS -1.9 2.0 -15
M28_Spy0933 mreA 16 15
M28_Spy0934 truB 15
M28_Spy0935 M28_Spy0935 15
M28_Spy0938 M28_Spy0938 1.7

M28_Spy0942 M28_Spy0942 1.7

M28_Spy0943 M28_Spy0943 2.0 25 18
M28_Spy0944 M28_Spy0944 1.9 1.9 16
M28_Spy0945 M28_Spy0945 2.0 2.0 1.7
M28_Spy0946 M28_Spy0946 1.9 2.2 16
M28_Spy0947 M28_Spy0947 1.8 2.3 1.6
M28_Spy0948 M28_Spy0948 15 1.7
M28_Spy0950 M28_Spy0950 2.3

M28_Spy0951 M28_Spy0951 -15
M28_Spy0953 cfa 2.9 -16
M28_Spy0954 M28_Spy0954 1.7

M28_Spy0955 M28_Spy0955 2.0 -18

M28_Spy0956 M28_Spy0956 -18

M28_Spy0957 M28_Spy0957 -16

M28_Spy0958 glms 1.9

M28_Spy0962 dnaE 15

M28_Spy0963 M28_Spy0963 2.0
M28_Spy0964 M28_Spy0964 2.1
M28_Spy0965 M28_Spy0965 2.2
M28_Spy0966 M28_Spy0966 16 17
M28_Spy1040 malF 17

M28_Spy1043 malA -15

M28_Spy1044 malD 17

M28_Spy1045 malC -16

M28_Spy1046 amyA -1.5

M28_Spy1050 M28_Spy1050 16 2.4
M28_Spy1051 ditD 17 2.2
M28_Spy1052 dltC 2.3 2.0
M28_Spy1053 ditB 16 2.4
M28_Spy1054 dltA 2.2
M28_Spy1055 M28_Spy1055 1.9 2.3 2.0
M28_Spy1056 uvrB 1.6
M28_Spy1067 M28_Spy1067 2.1 -1.9
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy1074 M28_Spy1074 2.0
M28_Spy1075 M28_Spy1075 2.9 -1.9
M28_Spy1076 M28_Spy1076 -1.6 1.6

M28_Spy1098 grab 2.8 4.4 5.5
M28_Spy1099 murz 1.6

M28_Spy1104 M28_Spy1104 23

M28_Spy1106 M28_Spy1106 15
M28_Spy1107 M28_Spy1107 15 16
M28_Spy1112 gapN 15
M28_Spy1115 nrdH 15
M28_Spy1116 nrdE.2 1.7
M28_Spy1118 nrdF.2 16
M28_Spy1119 M28_Spy1119 -1.6

M28_Spy1124 M28_Spy1124 -15

M28_Spy1127 SurA 1.7 3.0 18
M28_Spy1129 M28_Spy1129 1.7 32

M28_Spy1131 M28_Spy1131 25

M28_Spy1132 M28_Spy1132 2.0

M28_Spy1133 nagB 5.8

M28_Spy1136 M28_Spy1136 -1.9 5.6 1.7
M28_Spy1138 M28_Spy1138 75 1.7
M28_Spy1139 sodA 3.2

M28_Spy1147 kup 6.1 -11.4 34
M28_Spy1150 M28_Spy1150 17
M28_Spy1154 M28_Spy1154 1.6

M28_Spy1155 M28_Spy1155 -1.6
M28_Spy1156 M28_Spy1156 -1.6

M28_Spy1159 pyrD 2.0 2.2

M28_Spy1161 pmtA 2.6 -2.0

M28_Spy1162 M28_Spy1162 1.7
M28_Spy1176 artP -1.9 -2.6 -1.9
M28_Spy1177 artQ -1.8 -2.8 -1.6
M28_Spy1179 clpE 1.8
M28_Spy1181 M28_Spy1181 1.6

M28_Spy1183 divIVAS 1.6

M28_Spy1189 ftsA 1.6

M28_Spy1193 M28_Spy1193 15
M28_Spy1198 dpr 22 15 1.9
M28_Spy1207 asnA -3.0 4.4 -33
M28_Spy1208 arcC 2.6 74 1.8
M28_Spy1209 M28_Spy1209 -2.6 48 1.7
M28_Spy1210 arcD -2.7 49 1.7
M28_Spy1211 arcB -2.4 53 24
M28_Spy1212 M28_Spy1212 2.4 6.4 1.9
M28_Spy1213 arcA -2.2 49 2.2
M28_Spy1289 cas2 2.0
M28_Spy1290 casl 1.8
M28_Spy1291 casd 2.0
M28_Spy1292 cas7 2.1
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy1293 cas8 1.8
M28_Spy1294 cas5 1.7
M28_Spy1295 cas3 1.6 1.8
M28_Spy1341 M28_Spy1341 15
M28_Spy1342 M28_Spy1342 15
M28_Spy1345 lacZ 2.0 1.9 -1.8
M28_Spy1346 trxR 1.7 -1.9
M28_Spy1347 trxS 1.8 2.0
M28_Spy1352 M28_Spy1352 -1.9

M28_Spy1359 rocA -135.9 -551.0
M28_Spy1361 recX 1.9
M28_Spy1365 M28_Spy1365 2.0

M28_Spy1366 M28_Spy1366 2.0 15 1.7
M28_Spy1367 comFC 15
M28_Spy1374 liaS 1.5

M28_Spy1375 liaF 1.9

M28_Spy1380 priA -1.6

M28_Spy1384 atoR 1.7
M28_Spy1385 atoB 2.0
M28_Spy1386 atoD.1 1.8
M28_Spy1387 atoA 16
M28_Spy1388 M28_Spy1388 1.8
M28_Spy1389 M28_Spy1389 -1.7

M28_Spy1390 luxS -2.0

M28_Spy1393 M28_Spy1393 15

M28_Spy1394 M28_Spy1394 1.7

M28_Spy1397 pepC 2.0
M28_Spy1400 M28_Spy1400 15

M28_Spy1415 M28_Spy1415 -15 1.6
M28_Spy1417 M28_Spy1417 15
M28_Spy1423 glpO 2.0

M28_Spy1424 glpK -1.8

M28_Spy1425 M28_Spy1425 24

M28_Spy1429 M28_Spy1429 1.6 25 1.8
M28_Spy1431 nagA -1.7

M28_Spy1434 M28_Spy1434 2.1 24 41
M28_Spy1438 lacD.1 2.3

M28_Spy1439 lacC.1 32

M28_Spy1440 lacB.1 2.7 -1.6
M28_Spy1441 lacA.1 2.9

M28_Spy1442 M28_Spy1442 2.7 -2.0
M28_Spy1443 M28_Spy1443 2.3 -1.6
M28_Spy1444 M28_Spy1444 2.1 -1.8
M28_Spy1447 copZ -1.7

M28_Spy1448 COpA -1.7 -1.8
M28_Spy1449 copY -2.4
M28_Spy1450 sse 2.9 26.2 3.6
M28_Spy1459 M28_Spy1459 15

M28_Spy1461 hit 1.6
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy1462 M28_Spy1462 25 15
M28_Spy1466 M28_Spy1466 -1.8 2.8 -1.9
M28_Spy1468 manL -15 1.6

M28_Spy1469 manMm -15

M28_Spy1470 manN 1.7 1.9

M28_Spy1475 accC -15

M28_Spy1478 fabF -15

M28_Spy1482 acpP.2 2.2

M28_Spy1486 dnal -1.7

M28_Spy1488 grpE 1.7

M28_Spy1489 hrcA -15

M28_Spy1493 M28_Spy1493 -16
M28_Spy1498 M28_Spy1498 2.9
M28_Spy1499 M28_Spy1499 3.8
M28_Spy1500 M28_Spy1500 -2.8
M28_Spy1501 codY 1.9 15
M28_Spy1503 M28_Spy1503 1.6

M28_Spy1505 asnB -1.5 1.6
M28_Spy1506 M28_Spy1506 43
M28_Spy1507 M28_Spy1507 43
M28_Spy1513 M28_Spy1513 1.5

M28_Spy1520 shr 2.3

M28_Spy1522 acpS -2.1

M28_Spy1523 alr -2.0

M28_Spy1525 pmi 2.3
M28_Spy1526 scrk -8.4 2.1
M28_Spy1527 endoS 6.4

M28_Spy1529 SCrA -5.6

M28_Spy1530 scrB -1.8

M28_Spy1531 scrR -1.9

M28_Spy1537 uvrA 1.7
M28_Spy1539 M28_Spy1539 -1.6 -1.6

M28_Spy1543 M28_Spy1543 39 5.3 34
M28_Spy1544 mutY 1.6 25 2.2
M28_Spy1545 M28_Spy1545 17
M28_Spy1546 M28_Spy1546 15
M28_Spy1547 trx.2 1.6 1.6
M28_Spy1554 recD -1.6

M28_Spy1556 dinP 2.0
M28_Spy1557 pfl -2.2 -1.5

M28_Spy1559 M28_Spy1559 1.7

M28_Spy1562 M28_Spy1562 -2.7
M28_Spy1563 norA -2.8
M28_Spy1566 M28_Spy1566 -2.5
M28_Spy1567 M28_Spy1567 1.6

M28_Spy1568 M28_Spy1568 15
M28_Spy1569 M28_Spy1569 -1.6 -1.6
M28_Spy1570 dnaQ -1.8
M28_Spy1572 M28_Spy1572 2.1
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Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy1574 M28_Spy1574 1.8
M28_Spy1575 M28_Spy1575 1.9
M28_Spy1576 M28_Spy1576 2.3
M28_Spy1577 M28_Spy1577 1.8

M28_Spy1578 deoC 15

M28_Spy1580 udp -15
M28_Spy1585 M28_Spy1585 1.6

M28_Spy1592 IppC -15

M28_Spy1593 M28_Spy1593 16
M28_Spy1597 fba -1.8

M28_Spy1608 M28_Spy1608 2.0

M28_Spy1615 salR 1.6 2.2

M28_Spy1616 salK 1.6

M28_Spy1618 salX 2.2 -15
M28_Spy1620 salM -4.9 -1.6
M28_Spy1622 lacG -3.3

M28_Spy1623 lacE 35

M28_Spy1624 lacF 5.3

M28_Spy1625 lacD.2 4.2

M28_Spy1626 lacC.2 4.1 1.9 -1.6
M28_Spy1627 lacB.2 4.7 1.9 -16
M28_Spy1628 lacA.2 4.6

M28_Spy1629 lacR.2 15

M28_Spy1631 M28_Spy1631 17
M28_Spy1641 M28_Spy1641 -15

M28_Spy1642 M28_Spy1642 -1.6

M28_Spy1650 M28_Spy1650 -34

M28_Spy1655 M28_Spy1655 -4.4

M28_Spy1660 polC 15
M28_Spy1662 eep -1.5

M28_Spy1671 Irp -1.5
M28_Spy1672 ska 21 15.4 22
M28_Spy1673 M28_Spy1673 15
M28_Spy1674 relA 15
M28_Spy1675 sclA 8.3 19.1
M28_Spy1676 nrdl.1 -1.7

M28_Spy1677 M28_Spy1677 -15
M28_Spy1678 malT -1.9

M28_Spy1682 M28_Spy1682 1.6
M28_Spy1683 trpG -1.7 15
M28_Spy1684 M28_Spy1684 1.7
M28_Spy1686 flaR -1.6
M28_Spy1689 dppA 21 2.0
M28_Spy1690 dppB 1.7 2.1
M28_Spy1691 dppC 2.1
M28_Spy1692 dppD 1.7 2.0
M28_Spy1693 dppE 1.8 2.0
M28_Spy1694 M28_Spy1694 15
M28_Spy1695 htpA -1.8 -1.6

247




Table B-3 Continued.

Fold change relative to WT®

Locus tag? Gene ML N3 NI28
M28_Spy1696 Imb -1.8 1.7
M28_Spy1699 fba 4.1
M28_Spy1700 SCpA 8.6 4.1
M28_Spy1701 enn 1.6
M28_Spy1702 emm 35
M28_Spy1704 mga 1.8 2.2
M28_Spy1706 M28_Spy1706 1.7
M28_Spy1707 isp 15
M28_Spy1708 ihk 15
M28_Spy1710 M28_Spy1710 18
M28_Spy1711 M28_Spy1711 16
M28_Spy1712 M28_Spy1712 1.7
M28_Spy1713 M28_Spy1713 18
M28_Spy1714 M28_Spy1714 1.7
M28_Spy1715 sthX 34
M28_Spy1716 sof 3.0
M28_Spy1717 grm 3.6
M28_Spy1719 M28_Spy1719 37

M28_Spy1720 spi -3.7

M28_Spy1721 speB -3.5 -3.3

M28_Spy1723 M28_Spy1723 -4.9

M28_Spyl1724 ropB -1.9 2.8 23
M28_Spy1725 mf 25 -1.8
M28_Spy1728 gldA 15
M28_Spy1729 mipB 1.6
M28_Spy1731 M28_Spy1731 55 21
M28_Spy1733 M28_Spy1733 -4.6

M28_Spy1734 M28_Spy1734 -1.7

M28_Spy1736 M28_Spy1736 -2.7 -1.9
M28_Spy1739 pbp2A 1.6 21
M28_Spy1740 M28_Spy1740 1.8 3.2 2.2
M28_Spy1741 M28_Spyl1741 15 1.6
M28_Spy1742 M28_Spy1742 1.6
M28_Spy1744 M28_Spyl1744 -1.8

M28_Spy1747 groEL 1.9

M28_Spy1748 groES 1.9

M28_Spy1751 csp -2.0

M28_Spy1752 ahpC 15 1.6
M28_Spy1753 ahpF 1.6 1.6
M28_Spy1758 fhs.2 -3.0 -2.1
M28_Spy1760 M28_Spy1760 -2.3
M28_Spy1761 hutH -2.6 -2.3
M28_Spy1762 hutG -1.7 -2.0 -1.9
M28_Spy1763 M28_Spy1763 -1.6
M28_Spy1766 pepO 1.8 2.6 31
M28_Spy1767 dexS -1.8 -2.2 -1.5
M28_Spy1768 M28_Spy1768 -2.2

M28_Spy1769 treR -1.5
M28_Spy1770 M28_Spy1770 -1.9
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Table B-3 Continued.

Locus tag® Gene Fold change relative to WT®

M1 M3 M28
M28_Spy1771 M28_Spyl771 21 15
M28_Spy1773 nrdG 18
M28_Spy1774 M28_Spy1774 17
M28_Spy1775 M28_Spy1775 17
M28_Spy1776 M28_Spy1776 15
M28_Spy1779 M28_Spy1779 25
M28_Spy1780 M28_Spy1780 18
M28_Spy1781 M28_Spy1781 18
M28_Spy1782 SpXA2 27 22 4.0
M28_Spy1815 M28_Spy1815 15
M28_Spy1818 wiB 25
M28_Spy1821 M28_Spy1821 17
M28_Spy1826 cadD 16
M28_Spy1827 cadC 19
M28_Spy1828 M28_Spy1828 17
M28_Spy1829 M28_Spy1829 22 20
M28_Spy1830 M28_Spy1830 21 17 20
M28_Spy1835 ywzG 15
M28_Spy1836 M28_Spy1836 18
M28_Spy1837 M28_Spy1837 18
M28_Spy1838 M28_Spy1838 17 21
M28_Spy1866 M28_Spy1866 2.8 15
M28_Spy1873 sdhB 18
M28_Spy1874 sdhA 21
M28_Spy1875 M28_Spy1875 17 27
M28_Spy1881 M28_Spy1881 22 2.0
M28_Spy1882 M28_Spy1882 17 22 21
M28_Spy1884 hasA 18.8 250.6 17.2
M28_Spy1885 hasB 18.0 1814 188
M28_Spy1886 hasC 16.3 97.2 177
M28_Spy1889 M28_Spy1889 18
M28_Spy1890 guaB 17 18
M28_Spy1891 trsA 16 15
M28_Spy1893 M28_Spy1893 24 17
M28_Spy1895 M28_Spy1895 22

Bold font indicates transcription regulators regulated by RocA.
4L ocus tag identified in the serotype M28 reference genome MGAS6180.
PEmpty cells: the gene does not satisfy the P value and/or fold change requirement.

Table B-4 Primers used to construct the isogenic rocA deletion mutant strain.

Primer Sequence Remarks
rocA-DEL-1 5’ - GCGTGGATCCGAATTGACTAAGGCATTTCCTCAGGT - 3’ BamHl site underlined
rocA-DEL-2 5’ - TGAGTGATTATTAATACCTTTAACATTCAAAATATGTTATCACATCTCGA - 3’

rocA-DEL-3 5’ - TCGAGATGTGATAACATATTTTGAATGTTAAAGGTATTAATAATCACTCA - 3’

rocA-DEL-4 5’ - GCGTGGATCCCCCAAGAGAACCTTCCGAGAACCTT - 5’ BamHl site underlined
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Table B-5 Clinical isolates with naturally-occurring rocA polymorphisms and the phylogenetically-matched wild-type

(WT) strains.

Strain Subclade RocA polymorphism Mutations in other global regulatorsi
MGAS28166 1A V104G

MGAS28204 1A E256*

MGAS28245 1A Q223*

MGAS28411 1A -9del(6nt)

MGAS28426 1A WTH

MGAS28941 1A 195del(8nt) RopB N108D

MGAS7893 1A-mga T442P Mga 1479T, TrxR A289V, FasB S28F
MGAS7895 1A-mga T442P Mga 1479T, TrxR A289V, DpiA T141I
MGAS7904 1A-mga T442P Mga I1479T, TrxR A289V, RopB K71E, FasA 532del(6nt)
MGAS7909 1A-mga T442P Mga 1479T, TrxR A289V, CcpA G202D, FasA 532del(6nt)
MGAS7966 1A-mga T442P Mga I1479T, TrxR A289V, FasA 532del(6nt)
MGAS7967 1A-mga T442P Mga I1479T, TrxR A289V, FasA 532del(6nt)
MGAS7995 1A-mga T442P Mga I1479T, TrxR A289V

MGAS8020 1A-mga T442P Mga 1479T, TrxR A289V

MGAS10816 1A-mga E3K Mga I1479T, RofA K141R, CcpA K108N, M28_Spy0762 A108V
MGAS12250 1A-mga T442P Mga I1479T, TrxR A289V

MGAS28330 1A-mga WT Mga 1479T

MGAS11107 1B WT

MGAS28101 1B T4421 RopB S143N

MGAS28253 1B P58

MGAS28652 1B T4421 RopB 1156T, CovR G35A, Mga 567ins(1nt)
MGAS28706 1B T4421 CcpA D106G, CovR R66C, FasB 134ins(1nt)
MGAS28742 1B Y81* RopB M76l, YesN V1771

MGAS29146 1B A55T CovS Q8*

MGAS29160 1B 419del(1nt)

MGAS29250 1B Q443*

MGAS29251 1B Q225*

MGAS29298 1B Q157*

MGAS29336 1B Q146*

MGAS29395 1B 644del(1nt)

MGAS29454 1B R106*

MGAS29460 1B -9del(6nt)

MGAS29475 1B V4201 RopB A245T, CovR G618, CovS M391l, VicK R83C/T3191
MGAS29555 1B 419del(1nt)

MGAS29562 1B -9del(6nt) + H60Y'

MGAS29596 1B -9del(6nt)

MGAS31960 1B A164V RivR R195H

MGAS31968 1B A164V RivR R195H

MGAS31971 1B A164V RivR R195H

MGAS31997 1B PO7L

MGAS32013 1B AL64V RiVR R195H, CovR R66H

MGAS32014 1B AL64V RivR R195H, CovR R66H

MGAS32031 1B AL64V RivR R195H, RopB 1195F, CovS 1206del(5nt)
MGAS12241 2A S202P

MGAS27961 2A WT M28_Spy0761 T380M

MGAS28050 2A R258K Covs 1332L

MGAS28299 2A Y131H

MGAS28553 2A F53L

MGAS28632 2A -9del(6nt)

MGAS28677 2A G184W CovS 98ins(11nt)

MGAS28689 2A K105N FasB A414V, CovS 75del(1nt)

MGAS28912 2A H149Y CovS R216C

+WT: Wild-type allele. These strains are the phylogenetically-matched WT strains used in the clinical isolate RNA-seq analysis.

1All strains have a mutation in RopB (K11R) compared to the reference strain MGAS6180, and this is the wild-type allele. All subclade
1B strains have two RivR mutations (Q278R + R279Q), and all subclade 2A strains have a RivR (M91V), in addition to the other mutations
listed (46).

Table B-6 RNA-seq analysis at the mid-exponential (ME) growth phase of clinical isolates with naturally-occurring rocA
polymorphisms. Differential expression was conducted for each strain against its phylogenetically-matched wild-type (WT)
strain (see Table B-5). Included as a separate file (Table B-6.xIsx).
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Table B-7 RNA-seq analysis at the early-stationary (ES) growth phase of clinical isolates with naturally-occurring rocA
polymorphisms. Differential expression was conducted for each strain against its phylogenetically-matched wild-type (WT)
strain (see Table B-5). Included as a separate file (Table B-7.xIsx).

Table B-8 RNA-seq analysis at the mid-exponential (ME) growth phase of isogenic ArocA deletion mutant and rocA
mutant strains. Differential expression was conducted for each strain against the parental wild-type (WT) strain.

Strain ArocA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy0017 sibA 2.0 1.9 1.6 18
M28_Spy0029 purD 1.7 -1.6 2.2 -1.8
M28_Spy0030 purg -1.6 -1.5 2.1 -1.6
M28_Spy0031 purK -1.9
M28_Spy0104 rofA 2.6 25 -1.9 1.7
M28_Spy0105 sfbl -2.4 -2.5 -1.9
M28_Spy0107 cpa -2.0 -1.9 -1.6
M28_Spy0108 lepA -1.9 -1.9 -1.6
M28_Spy0109 M28_Spy0109 -1.7 -1.6 -1.5
M28_Spy0113 prtF2 15 1.9
M28_Spy0114 M28_Spy0114 2.6 2.7 2.6 2.6
M28_Spy0117 atoB.2 -15 -1.6
M28_Spy0118 atoD.2 -1.6
M28_Spy0119 atoA.2 -15 -15
M28_Spy0137 nga 25 25 25 -25 23
M28_Spy0138 ifs 25 25 25 -2.6 23
M28_Spy0139 slo 24 24 24 -2.6 22
M28_Spy0140 M28_Spy0140 37 35 35 -2.1 3.6
M28_Spy0141 M28_Spy0141 11.8 13.1 9.0 -1.9 9.7
M28_Spy0142 M28_Spy0142 5.6 6.2 43 4.9
M28_Spy0143 M28_Spy0143 23 2.1 21 -1.6 6.9
M28_Spy0144 metB 22 21 -1.8 -1.8
M28_Spy0146 M28_Spy0146 -1.7
M28_Spy0148 M28_Spy0148 -2.0
M28_Spy0149 M28_Spy0149 -2.0
M28_Spy0151 araD -1.8 -1.7 -2.0
M28_Spy0167 M28_Spy0167 -15 -15
M28_Spy0184 rivR -1.7
M28_Spy0189 yjdR 1.7 -1.6 1.7
M28_Spy0190 M28_Spy0190 -1.7 -1.6 -1.7 -15
M28_Spy0191 M28_Spy0191 -1.8 -1.7 -1.8 -1.6
M28_Spy0206 M28_Spy0206 -1.7 -1.6 -1.8 -15
M28_Spy0207 M28_Spy0207 -15 -1.7
M28_Spy0208 M28_Spy0208 -15 -1.7
M28_Spy0209 M28_Spy0209 -1.6 -15
M28_Spy0210 M28_Spy0210 -15 -1.6 -15
M28_Spy0211 nanH -1.5 -1.5
M28_Spy0212 M28_Spy0212 -15 -1.6
M28_Spy0262 M28_Spy0262 1.6
M28_Spy0273 M28_Spy0273 2.0 2.0 1.9 1.9
M28_Spy0329 spyCEP 11.2 115 9.5 2.4 10.7
M28_Spy0338 M28_Spy0338 4.6 45 43 -2.8 5.1
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Table B-8 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy0341 M28_Spy0341 6.1 5.4 55 2.5 6.1
M28_Spy0342 M28_Spy0342 4.0 3.8 3.7 -1.6 4.0
M28_Spy0343 M28_Spy0343 25 25 2.3 2.3
M28_Spy0346 M28_Spy0346 1.6 6.9 6.0 2.3
M28_Spy0413 M28_Spy0413 1.6
M28_Spy0414 M28_Spy0414 1.6
M28_Spy0454 M28_Spy0454 -15
M28_Spy0464 M28_Spy0464 1.6
M28_Spy0476 M28_Spy0476 -15
M28_Spy0477 M28_Spy0477 -1.6 -15 -15
M28_Spy0501 M28_Spy0501 -15 -17
M28_Spy0502 M28_Spy0502 -15 -1.8
M28_Spy0521 adcA 1.9 1.8 15 1.6
M28_Spy0523 agas -1.7 -1.6 -17
M28_Spy0528 M28_Spy0528 -15 -15 -15
M28_Spy0536 M28_Spy0536 2.3 21 -2.2 -1.7
M28_Spy0537 M28_Spy0537 22 2.0 -24 -1.8
M28_Spy0538 ralp3 -2.8 2.4 -25 2.0
M28_Spy0539 epf -1.8 -16 -1.6
M28_Spy0540 sagA 2.3 2.3 -25 22
M28_Spy0541 sagB -2.0 -2.0 -2.2 -1.9
M28_Spy0542 sagC -2.1 -2.0 -2.3 -1.9
M28_Spy0543 sagD -2.1 -2.1 -2.3 -1.9
M28_Spy0544 sagE -2.1 -2.0 -2.2 -1.9
M28_Spy0545 sagF -1.9 -1.9 -2.0 -1.7
M28_Spy0546 sagG -2.0 -1.8 -2.1 -1.7
M28_Spy0547 sagH -2.0 -1.9 -2.1 -1.8
M28_Spy0548 sagl -2.0 -1.9 -2.1 -1.8
M28_Spy0593 pepT -1.5 -1.5
M28_Spy0594 ebsA -1.6 -1.5
M28_Spy0595 M28_Spy0595 -1.6 -15
M28_Spy0596 M28_Spy0596 -1.6 -1.6
M28_Spy0597 cmk -1.7 -1.6 -1.5 -1.5
M28_Spy0625 M28_Spy0625 2.1 2.0 17 2.1
M28_Spy0626 M28_Spy0626 2.3 2.2 1.8 2.2
M28_Spy0627 M28_Spy0627 2.3 2.2 1.8 2.2
M28_Spy0628 M28_Spy0628 2.3 2.3 1.8 2.2
M28_Spy0647 M28_Spy0647 11.3 12.9 7.1 9.5
M28_Spy0648 M28_Spy0648 18.3 20.4 11.3 14.5
M28_Spy0649 mac 235 25.7 14.1 18.4
M28_Spy0683 pyrF -15
M28_Spy0684 pyrE -15
M28_Spy0754 sclB 2.1 2.0 2.0 1.9
M28_Spy0833 M28_Spy0833 -15
M28_Spy0851 M28_Spy0851 1.5
M28_Spy0871 CitG -15 -1.5
M28_Spy0873 M28_Spy0873 2.3 2.0 25 -1.9
M28_Spy0874 M28_Spy0874 -1.9 2.1
M28_Spy0875 M28_Spy0875 2.3 2.1 2.4 -1.8
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Table B-8 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy0876 oadB -1.9 -1.9 -2.0 -1.7
M28_Spy0877 M28_Spy0877 2.3 2.1 23 -2.0
M28_Spy0878 citD -1.9 -1.9 -1.9 -1.6
M28_Spy0879 GitE -1.9 1.8 21 17
M28_Spy0880 citF -1.9 1.7 -1.9 -1.6
M28_Spy0881 citX -1.6
M28_Spy0882 oadAl 1.7 1.7 1.7 15
M28_Spy0885 xerD -1.9 17 21 16
M28_Spy0903 M28_Spy0903 15 15
M28_Spy0904 M28_Spy0904 15 15
M28_Spy0905 M28_Spy0905 15
M28_Spy0906 M28_Spy0906 15
M28_Spy0917 coaA 15 15 15
M28_Spy0923 phoU -15 15 -15
M28_Spy0924 pstB 15 15
M28_Spy0925 pstB2 15 15
M28_Spy0926 pstA 15
M28_Spy0943 M28_Spy0943 15 15
M28_Spy0944 M28_Spy0944 15 15
M28_Spy0945 M28_Spy0945 15 15
M28_Spy0946 M28_Spy0946 15
M28_Spy0947 M28_Spy0947 15
M28_Spy0953 cfa 2.0 18 21 1.9
M28_Spy0963 M28_Spy0963 24 22 2.0 22
M28_Spy0964 M28_Spy0964 24 23 2.0 23
M28_Spy0965 M28_Spy0965 25 23 2.0 23
M28_Spy0966 M28_Spy0966 15
M28_Spy0968 spd1 -8.9 8.2 71 7.4
M28_Spy0969 speC -9.5 8.2 7.0 76
M28_Spy0970 M28_Spy0970 2.9 25 2.8 2.7
M28_Spy0973 M28_Spy0973 1.7 16
M28_Spy0975 M28_Spy0975 -16 -1.6 15
M28_Spy0978 M28_Spy0978 -16 -1.6 15
M28_Spy0979 M28_Spy0979 -1.6
M28_Spy0980 M28_Spy0980 -16 1.7 16
M28_Spy0983 M28_Spy0983 -1.6
M28_Spy0986 M28_Spy0986 17
M28_Spy0987 M28_Spy0987 18 -1.6
M28_Spy0988 M28_Spy0988 1.7
M28_Spy0989 M28_Spy0989 -16 -1.6 16
M28_Spy0995 M28_Spy0995 -15
M28_Spy0996 M28_Spy0996 -16
M28_Spy0999 M28_Spy0999 2.0 17 21 17
M28_Spy1000 M28_Spy1000 16 1.7 15
M28_Spy1001 M28_Spy1001 3.1 27 2.9 2.4
M28_Spy1002 M28_Spy1002 -3.0 25 3.1 2.4
M28_Spy1003 M28_Spy1003 2.7 21 2.6 22
M28_Spy1004 M28_Spy1004 21 17 2.0 17
M28_Spy1005 M28_Spy1005 -1.9 16 -1.8 7
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Table B-8 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy1006 M28_Spy1006 -1.7 -1.6
M28_Spy1007 M28_Spy1007 2.0
M28_Spy1008 M28_Spy1008 -1.9
M28_Spy1009 M28_Spy1009 -1.9 -1.7 -1.8 -1.7
M28_Spy1011 M28_Spy1011 1.7 -1.8 -15
M28_Spy1012 M28_Spy1012 -1.8 -15 -1.9 1.7
M28_Spy1013 M28_Spy1013 2.3 1.7 2.2 -1.8
M28_Spy1014 M28_Spy1014 22 -1.7 -2.2 -1.8
M28_Spy1015 M28_Spy1015 -1.8 -2.0 -1.8
M28_Spy1016 M28_Spy1016 -2.0 -2.0
M28_Spy1017 M28_Spy1017 -1.9
M28_Spy1018 M28_Spy1018 -2.0 -1.7 =21 -1.7
M28_Spy1020 M28_Spy1020 -2.0 -2.0
M28_Spy1023 M28_Spy1023 -15
M28_Spy1026 M28_Spy1026 -1.6
M28_Spy1049 M28_Spy1049 15
M28_Spy1052 ditC 15
M28_Spy1053 ditB 15
M28_Spy1054 dItA 15
M28_Spy1055 M28_Spy1055 15 15 15
M28_Spy1098 grab -3.0 -1.8 -2.5 25 -2.1
M28_Spy1127 SUrA 1.6 15 1.6 15
M28_Spy1132 M28_Spy1132 1.7 -1.5 1.7 -1.6
M28_Spy1133 nagB -2.7 -2.1 -2.9 -2.1
M28_Spy1137 M28_Spy1137 -1.6 -1.6 -1.8 -1.6
M28_Spy1138 M28_Spy1138 -1.9 -1.8 -1.6 -1.7
M28_Spy1141 comeC.1 -1.5
M28_Spy1150 M28_Spy1150 15
M28_Spy1161 pmtA -1.5 -1.6
M28_Spy1207 asnA -2.5 -2.1 -2.3 -2.1
M28_Spy1208 arcC 21 1.9 2.1 1.9
M28_Spy1209 M28_Spy1209 2.1 1.9 22 1.9
M28_Spy1210 arcD 21 1.8 2.3 1.9
M28_Spy1211 arcB 2.7 2.2 3.1 23
M28_Spy1212 M28_Spy1212 2.7 2.1 3.2 24
M28_Spy1213 arcA 2.8 2.2 34 24
M28_Spy1308 M28_Spy1308 -1.8 -1.8 -15
M28_Spy1314 M28_Spy1314 1.7 -1.6
M28_Spy1322 M28_Spy1322 -15 -1.6
M28_Spy1325 aspA -1.6 -15
M28_Spy1326 M28_Spy1326 2.2 2.2 -1.9 -1.9
M28_Spy1330 M28_Spy1330 -15
M28_Spy1331 M28_Spy1331 -15 -15
M28_Spy1336 M28_Spy1336 -1.6 -1.6 2.0 -1.6
M28_Spy1345 lacZ -1.8 -1.8 1.7 -15
M28_Spy1346 trxR 1.7 -1.6 -1.6
M28_Spy1347 trxs 1.7 -1.5 -15
M28_Spy1348 M28_Spy1348 -15
M28_Spy1359 rocA -184.8 -1.9
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Table B-8 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy1415 M28_Spy1415 2.1 2.0 1.6 18
M28_Spy1416 M28_Spy1416 2.2 2.1 1.7 2.0
M28_Spy1417 M28_Spy1417 24 2.3 1.9 2.1
M28_Spy1429 M28_Spy1429 2.3 2.2 1.8 18
M28_Spy1430 M28_Spy1430 -1.8 -15 -1.8 -15
M28_Spy1431 nagA -1.5
M28_Spy1433 M28_Spy1433 15 1.6
M28_Spy1434 M28_Spy1434 2.2 1.9 22 -15 1.9
M28_Spy1443 M28_Spy1443 -1.7 -1.8
M28_Spy1447 copZ -1.8 -1.7 =21 -1.6
M28_Spy1448 copA -2.6 2.3 -2.8 21
M28_Spy1449 copY -32 25 -3.1 25
M28_Spy1450 sse 2.0 1.8 21 -1.6 1.7
M28_Spy1486 dnaJ -1.8
M28_Spy1487 dnakK -17
M28_Spy1488 grpE -2.0 -15
M28_Spy1489 hrcA -1.6 -15 -2.2 -1.7
M28_Spy1505 asnB 2.2 22 1.9 1.9
M28_Spy1506 M28_Spy1506 4.7 4.6 3.8 37
M28_Spy1507 M28_Spy1507 4.6 45 3.7 -15 37
M28_Spy1520 shr 1.6 1.6
M28_Spy1521 isp2 -1.6 -15 -1.5
M28_Spy1526 scrk -2.9 -2.7 -3.0 -2.6
M28_Spy1527 endoS -1.7 -1.6 -1.9 -1.6
M28_Spy1528 M28_Spy1528 -1.9 -1.7 -2.3 -1.9
M28_Spy1529 SCrA -2.6 2.3 -2.8 22
M28_Spy1530 scrB -1.6 -1.5
M28_Spy1543 M28_Spy1543 1.8 2.0 1.6 1.8
M28_Spy1544 mutY 1.7 1.6 1.7 16
M28_Spy1570 dnaQ -1.5
M28_Spy1572 M28_Spy1572 24 25 2.1 2.1
M28_Spy1573 M28_Spy1573 24 24 2.1 1.9
M28_Spy1574 M28_Spy1574 2.1 2.4 2.1 2.0
M28_Spy1575 M28_Spy1575 2.5 2.5 2.2 2.1
M28_Spy1576 M28_Spy1576 2.8 2.6 22 2.1
M28_Spy1593 M28_Spy1593 2.1 1.9 17 1.8
M28_Spy1623 lac 2.2 2.0 -2.7 -2.0
M28_Spy1624 lacF -1.9
M28_Spy1625 lacD.2 232 2.7 -3.8 2.7
M28_Spy1626 lacC.2 3.0 22 3.0 23
M28_Spy1627 lacB.2 2.8 2.4 3.2 27
M28_Spy1628 lacA.2 43 36 5.1 3.9
M28_Spy1672 ska 2.4
M28_Spy1675 sclA 6.1 6.2 5.6 -2.6 6.3
M28_Spy1686 flar -15
M28_Spy1689 dppA 1.7 1.6 1.6 15
M28_Spy1699 fba 24 2.5 2.4 -1.8 2.3
M28_Spy1700 SCpA 25 2.6 25 -1.8 24
M28_Spy1701 enn 1.7
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Table B-8 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy1702 emm 1.7 1.6 1.8 -1.8 16
M28_Spy1703 mrp 2.3
M28_Spy1704 mga 1.9 1.9 1.9 1.7
M28_Spy1715 stbX 15 1.5 15 15
M28_Spy1716 sof 1.7 1.7 1.7 1.7
M28_Spy1718 prsA 1.9 2.0 16
M28_Spy1721 speB -1.6 1.7
M28_Spy1724 ropB -2.6 2.4 -24 21
M28_Spy1725 mf -15 -15
M28_Spy1726 M28_Spy1726 2.1
M28_Spy1731 M28_Spy1731 -1.7
M28_Spy1736 M28_Spy1736 -1.8 -1.6 -2.0 -1.7
M28_Spy1745 M28_Spy1745 -1.6 -15 -1.6
M28_Spy1746 M28_Spy1746 -1.8 -1.6 -1.8
M28_Spy1748 groES -1.8
M28_Spy1751 csp 2.0
M28_Spy1755 hutu -1.6 -1.7 -17 -15
M28_Spy1761 hutH -1.8
M28_Spy1766 pepO 17 1.6 17 1.6
M28_Spy1770 M28_Spy1770 -1.7 -1.8 -1.6
M28_Spy1771 M28_Spy1771 -1.9 -1.8 -1.9 -16
M28_Spy1777 nrdD -1.5 -1.5
M28_Spy1782 SPXA2 15 -15
M28_Spy1789 M28_Spy1789 -1.5
M28_Spy1790 M28_Spy1790 -1.5
M28_Spy1793 M28_Spy1793 2.1
M28_Spy1794 M28_Spy1794 -2.0 -1.9
M28_Spy1796 M28_Spy1796 -1.9 -1.6 -1.9 -15
M28_Spy1798 M28_Spy1798 -15 -1.6 -15
M28_Spy1799 M28_Spy1799 -1.7 -1.8 -1.6
M28_Spy1800 M28_Spy1800 -1.9 -2.0
M28_Spy1804 M28_Spy1804 -1.9 -2.0
M28_Spy1805 M28_Spy1805 -1.6
M28_Spy1809 M28_Spy1809 -1.7
M28_Spy1813 M28_Spy1813 34 33 3.0 -2.1 24
M28_Spy1830 M28_Spy1830 -15
M28_Spy1838 M28_Spy1838 -1.9 -1.7 -2.0 -1.7
M28_Spy1839 pipR -1.5 -1.5 -1.5
M28_Spy1846 M28_Spy1846 -1.6
M28_Spy1848 M28_Spy1848 -1.6 -15
M28_Spy1849 M28_Spy1849 -1.9 -1.9 2.1 1.7
M28_Spy1850 M28_Spy1850 -1.9 1.7 -16
M28_Spy1861 M28_Spy1861 1.7
M28_Spy1875 M28_Spy1875 1.9 1.9
M28_Spy1881 M28_Spy1881 15 15
M28_Spy1882 M28_Spy1882 1.7 15 1.7 16
M28_Spy1884 hasA 48.0 49.6 311 26.1
M28_Spy1885 hasB 54.4 56.8 35.7 30.0
M28_Spy1886 hasC 46.3 46.7 30.3 255
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Table B-9 RNA-seq analysis at the early-stationary (ES) growth phase of isogenic ArocA deletion mutant and rocA mutant
strains. Differential expression was conducted for each strain ag

ainst the parental wild-type (WT) strain.

Strain AFOcA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy0005 pth 15
M28_Spy0012 hpt 1.7
M28_Spy0013 ftsH 15
M28_Spy0014 M28_Spy0014 1.7 -1.8 -15 -1.7
M28_Spy0018 prsA2 -1.6 -1.6
M28_Spy0023 purL -15
M28_Spy0024 purF -15
M28_Spy0027 purH -15
M28_Spy0029 purD 1.8 1.7 -1.8 -1.9
M28_Spy0030 purg -1.6 -1.6 -1.7 -1.9
M28_Spy0031 purk 1.7 -1.8 -1.9 -1.8
M28_Spy0032 M28_Spy0032 -15
M28_Spy0033 purB -1.7 -1.6 -1.7 -1.5
M28_Spy0034 comR -1.5 -1.5
M28_Spy0036 M28_Spy0036 -1.6 -1.6 -15 -1.6
M28_Spy0037 M28_Spy0037 2.2 2.2 2.1 -1.9
M28_Spy0038 M28_Spy0038 22 2.1 -2.1 -1.9
M28_Spy0039 M28_Spy0039 -2.3
M28_Spy0044 rplD -1.6
M28_Spy0045 rplw -16
M28_Spy0046 rplB -16
M28_Spy0047 rpsS -1.6
M28_Spy0048 rplv -16
M28_Spy0049 rpsC -1.7
M28_Spy0050 rplP -1.6
M28_Spy0051 rpmC -1.7
M28_Spy0052 rpsQ -1.6
M28_Spy0053 rpIN -1.7
M28_Spy0054 rplX -1.6
M28_Spy0055 rplE -1.6
M28_Spy0056 rpsN -1.6
M28_Spy0057 rpsH -1.6
M28_Spy0058 rplF -1.6
M28_Spy0059 rpIR -15
M28_Spy0060 rpsE -1.6
M28_Spy0064 adk 1.7 1.9 17 1.8
M28_Spy0065 infA 15 15 1.6
M28_Spy0066 rpmJ 15 1.6
M28_Spy0067 rpsM 15 15 15
M28_Spy0068 rpsK 15 15
M28_Spy0069 rpoA 15 15
M28_Spy0070 plQ 15 15
M28_Spy0083 M28_Spy0083 -1.9 2.0 -1.7 -1.9
M28_Spy0099 M28_Spy0099 1.6
M28_Spy0103 M28_Spy0103 15
M28_Spy0105 sfbl 1.7
M28_Spy0113 prtF2 2.0 17 2.0 1.8
M28_Spy0120 M28_Spy0120 -15 -15
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Table B-9 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy0137 nga 6.1 5.9 41 5.1
M28_Spy0138 ifs 7.3 7.0 4.7 5.8
M28_Spy0139 slo 48 49 3.1 4.0
M28_Spy0142 M28_Spy0142 -1.8
M28_Spy0143 M28_Spy0143 3.0 2.4 2.7 2.9
M28_Spy0144 metB 2.3 2.0 2.1 1.7
M28_Spy0155 OpuAA -1.7 -2.0
M28_Spy0156 OpuABC -1.6 -15 -1.8
M28_Spy0167 M28_Spy0167 1.7
M28_Spy0184 rivR -1.6 -1.7
M28_Spy0191 M28_Spy0191 -15 -1.8 -15
M28_Spy0195 M28_Spy0195 15
M28_Spy0196 M28_Spy0196 25 25 -24 21
M28_Spy0223 prgA -1.6 -15 -1.6
M28_Spy0224 rpsL 15 17
M28_Spy0225 rpsG 1.6 17
M28_Spy0227 plr -1.5
M28_Spy0242 M28_Spy0242 1.8 15 1.8 15
M28_Spy0244 oppA -1.9 -1.9 -1.8 -1.7
M28_Spy0245 oppB -1.9 -1.8 -2.0 -1.6
M28_Spy0246 oppC -1.7 -1.6 -1.9 -1.5
M28_Spy0247 oppD -1.7 -1.5 -1.8
M28_Spy0248 oppF -1.6 -1.5 -1.7
M28_Spy0257 M28_Spy0257 15 1.6
M28_Spy0262 M28_Spy0262 25 2.2 -2.1 -1.6
M28_Spy0263 M28_Spy0263 -1.8 -15 -1.6
M28_Spy0264 M28_Spy0264 -1.6 -1.6
M28_Spy0265 M28_Spy0265 -15 -1.6
M28_Spy0271 lemA -1.5
M28_Spy0272 M28_Spy0272 -1.6
M28_Spy0300 M28_Spy0300 -15
M28_Spy0307 pfiC -1.8 -1.6 -15
M28_Spy0310 fhuG 15
M28_Spy0313 fhuA 1.8 1.9
M28_Spy0316 upp 1.6
M28_Spy0317 clpP -1.8 -1.9 -1.6 -1.6
M28_Spy0332 metS 15
M28_Spy0337 SpyA 2.1 1.8 1.7 1.6
M28_Spy0338 M28_Spy0338 2.6 2.6 2.1 2.7
M28_Spy0339 M28_Spy0339 -15 -1.6 -1.5 -1.6 1.7
M28_Spy0341 M28_Spy0341 1.8 1.7 1.8
M28_Spy0343 M28_Spy0343 1.5 15 15
M28_Spy0344 M28_Spy0344 1.6
M28_Spy0345 spel 1.7 1.6 1.6 1.5
M28_Spy0346 M28_Spy0346 1.5 2.6 25 15
M28_Spy0356 mtsR 1.7 1.7 -15
M28_Spy0357 mtsA -1.8 -1.9 -1.6
M28_Spy0365 pyrH -15
M28_Spy0366 ref -1.6 -1.7
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Table B-9 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy0371 M28_Spy0371 2.0 1.7 1.7
M28_Spy0386 M28_Spy0386 15
M28_Spy0420 M28_Spy0420 15 1.5
M28_Spy0421 M28_Spy0421 1.6 1.5
M28_Spy0423 vicR -15 -1.5
M28_Spy0424 vicK -15 -1.5
M28_Spy0425 vicX -15 -1.5
M28_Spy0426 acpA 1.6
M28_Spy0428 rgg3 -1.8 21 -1.8 -1.9
M28_Spy0451 M28_Spy0451 -1.8 -1.6 -17
M28_Spy0452 M28_Spy0452 -1.6 -15 -1.6
M28_Spy0453 ftsY -15 -1.6
M28_Spy0465 ptsK -15 -15 -15
M28_Spy0466 Igt -15 -15 -15 -15
M28_Spy0467 M28_Spy0467 -1.6 -16 -15 -15
M28_Spy0468 M28_Spy0468 -1.7 -15 -17 -15
M28_Spy0479 M28_Spy0479 -15 -15 -15 -15
M28_Spy0498 agaD 2.0
M28_Spy0499 agaw 1.9
M28_Spy0500 agaV 1.9
M28_Spy0501 M28_Spy0501 1.8
M28_Spy0505 M28_Spy0505 15
M28_Spy0508 M28_Spy0508 -15
M28_Spy0513 M28_Spy0513 21 -1.8 -2.0 -1.6
M28_Spy0521 adcA 29 2.8 21 2.3
M28_Spy0532 gyrB -1.5
M28_Spy0539 epf 15
M28_Spy0543 sagD 15 1.6
M28_Spy0544 sagE 1.6 1.7
M28_Spy0545 sagF 1.7 1.7 15
M28_Spy0546 sagG 1.7 1.7
M28_Spy0547 sagH 1.7 1.7 1.6
M28_Spy0548 sagl 1.7 1.7
M28_Spy0549 SpnA 15 15
M28_Spy0550 M28_Spy0550 15 15
M28_Spy0571 M28_Spy0571 -1.5 -15
M28_Spy0572 M28_Spy0572 -1.6 -15 -15
M28_Spy0574 rexA 15
M28_Spy0575 M28_Spy0575 15
M28_Spy0599 rpl36 1.6
M28_Spy0607 gor -1.5 -1.5 -15
M28_Spy0625 M28_Spy0625 -15
M28_Spy0632 M28_Spy0632 2.1 2.1 1.9 1.8
M28_Spy0633 M28_Spy0633 2.1 2.3 1.7 2.0
M28_Spy0635 gczA 1.5 15 15
M28_Spy0637 trmD 1.6
M28_Spy0638 trxB 1.6
M28_Spy0641 fruR 2.8 2.1
M28_Spy0642 fruB 25 -1.9 -1.8
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Table B-9 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy0643 fruA -1.8 -17
M28_Spy0648 M28_Spy0648 24 2.3
M28_Spy0649 mac 2.1 1.9
M28_Spy0657 fms -2.0 -2.2
M28_Spy0670 M28_Spy0670 15
M28_Spy0673 M28_Spy0673 15 15
M28_Spy0674 clpL 1.7 2.0 2.0 2.4
M28_Spy0682 M28_Spy0682 -1.6 -15 -15
M28_Spy0696 M28_Spy0696 -15 -15
M28_Spy0703 hflX 15 1.6
M28_Spy0704 M28_Spy0704 1.6 15 1.6 15
M28_Spy0705 elaC 1.6 15 15
M28_Spy0706 M28_Spy0706 15
M28_Spy0707 recJ 1.6 1.6 16
M28_Spy0708 apt 15 1.6
M28_Spy0709 dnaD 1.7 1.9 15
M28_Spy0710 nth 1.8 15 1.9 1.6
M28_Spy0711 M28_Spy0711 15 1.6
M28_Spy0712 M28_Spy0712 15
M28_Spy0722 M28_Spy0722 24 23 22
M28_Spy0723 M28_Spy0723 2.7 2.8 23
M28_Spy0724 M28_Spy0724 2.6 2.8 21
M28_Spy0725 M28_Spy0725 2.0 23
M28_Spy0755 msrB -1.8 -1.7 -1.6 -1.5
M28_Spy0758 ptsB -1.8 -1.8
M28_Spy0759 ptsC -1.7
M28_Spy0760 ptsD -1.6
M28_Spy0768 thdF 1.6
M28_Spy0772 M28_Spy0772 1.7 1.8
M28_Spy0782 srtT 15
M28_Spy0783 srtC 1.6 15
M28_Spy0784 srtB 1.6 15
M28_Spy0785 srtF 15
M28_Spy0786 Srte 15
M28_Spy0802 murB 15
M28_Spy0803 potA 1.6 1.6
M28_Spy0804 potB 1.6 15 15
M28_Spy0805 potC 1.6 15 15
M28_Spy0809 malP 1.8 1.7 1.6 15
M28_Spy0810 malE 1.6 15
M28_Spy0823 M28_Spy0823 15
M28_Spy0824 M28_Spy0824 1.7 1.5
M28_Spy0825 M28_Spy0825 1.6 1.6 1.8 1.6
M28_Spy0826 pta 1.7 -1.6
M28_Spy0827 M28_Spy0827 1.7
M28_Spy0828 M28_Spy0828 -1.6
M28_Spy0830 M28_Spy0830 -1.6
M28_Spy0834 apbE 1.8
M28_Spy0845 M28_Spy0845 1.6 1.6 1.5

260




Table B-9 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy0851 M28_Spy0851 25 -2.0 -2.0 -1.7
M28_Spy0852 M28_Spy0852 2.3 -2.0 -2.1 -1.9
M28_Spy0853 M28_Spy0853 -2.2 2.2 -2.2 2.1
M28_Spy0854 M28_Spy0854 -2.6 2.7 -2.9 2.7
M28_Spy0855 M28_Spy0855 2.3 2.4 -2.4 2.3
M28_Spy0862 M28_Spy0862 23 1.8
M28_Spy0863 ddh 16
M28_Spy0866 gid 1.8 1.8
M28_Spy0867 oadA2 15
M28_Spy0873 M28_Spy0873 2.0 -1.8 -1.9 -1.8
M28_Spy0874 M28_Spy0874 21 21 -2.9
M28_Spy0875 M28_Spy0875 24 2.2 -2.6 -1.9
M28_Spy0876 oadB 21 2.0 -2.2 -1.9
M28_Spy0877 M28_Spy0877 2.0 2.0 -2.2 -19
M28_Spy0878 citD 2.0 -1.9 -2.2 -1.8
M28_Spy0879 CitE -1.9 -1.8 -2.0 -1.8
M28_Spy0880 citF -1.8 -1.7 -2.0 -1.9
M28_Spy0881 citX -1.7 -1.7 -1.9 -1.8
M28_Spy0882 oadAl -1.7 -1.7 -1.9 -1.9
M28_Spy0891 guaA 15
M28_Spy0892 M28_Spy0892 1.6
M28_Spy0893 M28_Spy0893 1.9
M28_Spy0896 M28_Spy0896 1.6 1.6
M28_Spy0910 pgmA -1.7 -1.5 -1.6
M28_Spy0917 coaA 1.6
M28_Spy0919 ciaH 1.5 15 15 1.5
M28_Spy0932 SpxAl -1.5 -1.5
M28_Spy0936 M28_Spy0936 15 15
M28_Spy0943 M28_Spy0943 -1.7
M28_Spy0944 M28_Spy0944 -1.7
M28_Spy0945 M28_Spy0945 -1.7
M28_Spy0946 M28_Spy0946 -1.6
M28_Spy0948 M28_Spy0948 -1.9
M28_Spy0949 pcrA 1.6 15
M28_Spy0951 M28_Spy0951 -1.7 2.0 -1.7
M28_Spy0953 cfa -1.7 -1.7 -15 -1.5
M28_Spy0962 dnakE -1.5 -1.6
M28_Spy0973 M28_Spy0973 -1.8
M28_Spy0983 M28_Spy0983 -1.8
M28_Spy0985 M28_Spy0985 -1.9
M28_Spy0987 M28_Spy0987 -1.9
M28_Spy0988 M28_Spy0988 -2.0
M28_Spy0989 M28_Spy0989 -2.3
M28_Spy0990 M28_Spy0990 -1.9
M28_Spy0991 M28_Spy0991 -1.9
M28_Spy0994 M28_Spy0994 -1.8 -1.9
M28_Spy1001 M28_Spy1001 2.3 2.4 -2.6 2.7
M28_Spy1002 M28_Spy1002 -1.9 -1.9 24 2.2
M28_Spy1003 M28_Spy1003 -1.6 -1.6
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Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy1004 M28_Spy1004 15
M28_Spy1014 M28_Spy1014 -15
M28_Spy1019 M28_Spy1019 -18
M28_Spy1020 M28_Spy1020 -1.9
M28_Spy1021 M28_Spy1021 1.8
M28_Spy1022 M28_Spy1022 2.0 -1.9 -1.6 -18
M28_Spy1023 M28_Spy1023 -15
M28_Spy1024 M28_Spy1024 1.7
M28_Spy1025 M28_Spy1025 1.7 -1.6 -1.8
M28_Spy1027 M28_Spy1027 -16 -15 -1.6 -15
M28_Spy1043 malA 2.5 2.3
M28_Spy1044 malD 2.4 2.3
M28_Spy1045 malC 2.4 2.3
M28_Spy1049 M28_Spy1049 15 1.7
M28_Spy1050 M28_Spy1050 17 1.7 15 16
M28_Spy1051 ditD 1.6 1.6 15 15
M28_Spy1052 ditC 16 16
M28_Spy1053 ditB 16 16 15
M28_Spy1054 dItA 16 15 15
M28_Spy1055 M28_Spy1055 15
M28_Spy1057 glnH 2.8 2.2 32 2.3
M28_Spy1058 gInQ.2 2.4 2.0 2.4 2.1
M28_Spy1059 M28_Spy1059 16 1.6 15
M28_Spy1067 pnuC 1.9 17 16
M28_Spy1068 M28_Spy1068 16
M28_Spy1069 obg 15
M28_Spy1076 M28_Spy1076 15
M28_Spy1098 grab 2.4 2.0 1.9 27
M28_Spy1099 murZ 1.6
M28_Spy1101 inlA 2.2 2.3 1.6 2.0
M28_Spy1109 udk 2.0
M28_Spyl1111 M28_Spyl1111 17 15 16 16
M28_Spyl1115 nrdH 2.0
M28_Spyl1116 nrdE.2 1.7
M28_Spy1127 SUurA 15
M28_Spy1128 M28_Spy1128 1.9
M28_Spy1130 pepB 15
M28_Spy1131 M28_Spy1131 1.8
M28_Spy1139 sodA -2.1 -1.8 -1.8 -1.5
M28_Spy1144 M28_Spy1144 1.7
M28_Spy1148 deaD 1.9
M28_Spy1149 prfC 15
M28_Spy1151 murF 1.6
M28_Spy1152 ddIA 1.7
M28_Spy1153 recR 1.6
M28_Spy1154 M28_Spy1154 15
M28_Spy1173 folD 15
M28_Spy1179 clpE 21 22 2.1 -1.8
M28_Spy1198 dpr -16
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Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy1200 M28_Spy1200 1.5
M28_Spy1201 M28_Spy1201 15 1.6
M28_Spy1216 M28_Spy1216 1.7 -1.6 1.7
M28_Spy1289 cas2 1.6 16 1.7
M28_Spy1290 casl 1.6 16 1.7
M28_Spy1291 cas4 1.6 1.6 1.7
M28_Spy1292 cas7? 15 1.7
M28_Spy1293 cas8 1.8
M28_Spy1294 casb 1.7
M28_Spy1295 cas3 1.7 1.6 1.7
M28_Spy1297 M28_Spy1297 -1.6
M28_Spy1298 M28_Spy1298 -15
M28_Spy1306 M28_Spy1306 -1.6 -1.8
M28_Spy1308 M28_Spy1308 -1.7
M28_Spy1309 M28_Spy1309 -1.6 -1.6 -1.8
M28_Spy1310 M28_Spy1310 -1.6
M28_Spy1311 M28_Spy1311 -1.6
M28_Spy1314 M28_Spy1314 -1.7
M28_Spy1316 M28_Spy1316 2.0
M28_Spy1318 M28_Spy1318 -1.8
M28_Spy1321 M28_Spy1321 -1.7
M28_Spy1322 M28_Spy1322 -15 -17 -1.9
M28_Spy1323 M28_Spy1323 -15 -1.8
M28_Spy1324 M28_Spy1324 -1.6
M28_Spy1325 aspA -1.5
M28_Spy1326 M28_Spy1326 -1.7 -1.6 -1.6
M28_Spy1329 M28_Spy1329 1.6
M28_Spy1333 M28_Spy1333 -15 -15
M28_Spy1334 M28_Spy1334 -1.6 -1.6 -15
M28_Spy1336 M28_Spy1336 2.7 2.2 -2.6 -1.7
M28_Spy1338 M28_Spy1338 1.8 2.0
M28_Spy1339 aroB 1.7 1.7
M28_Spy1340 M28_Spy1340 1.8
M28_Spy1359 rocA -18.3 -1.7
M28_Spy1366 M28_Spy1366 -1.6
M28_Spy1368 comFA 23 1.9 1.9 1.7
M28_Spy1371 M28_Spy1371 -1.6 -1.6
M28_Spy1372 M28_Spy1372 -1.5
M28_Spy1393 M28_Spy1393 -15
M28_Spy1394 M28_Spy1394 1.8
M28_Spy1402 aapA 1.5 15
M28_Spy1409 ftsL 1.9 1.6 2.1
M28_Spy1410 mraw 1.7
M28_Spy1411 M28_Spy1411 -15
M28_Spy1412 M28_Spy1412 -15
M28_Spy1413 proA -1.5 -15
M28_Spy1425 M28_Spy1425 2.2 2.0 2.1 -1.9
M28_Spy1426 M28_Spy1426 -1.6 1.7
M28_Spy1427 glys 1.7 -1.5 -1.8
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Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy1428 alyQ -1.6 -15 -1.5
M28_Spy1430 M28_Spy1430 -1.9 2.1
M28_Spy1449 copY -1.9
M28_Spy1450 sse 1.6 15
M28_Spy1472 serS 2.8 2.4 2.2 -1.9
M28_Spy1473 accD 2.8 3.2 2.5 3.2
M28_Spy1474 accA 2.7 3.1 2.4 3.2
M28_Spy1475 accC 2.8 32 2.6 33
M28_Spy1476 fabz 3.0 35 2.7 35
M28_Spy1477 accB 31 3.6 29 3.6
M28_Spy1478 fabF 32 3.6 29 35
M28_Spy1479 fabG 3.6 41 34 39
M28_Spy1480 fabD 37 4.0 35 37
M28_Spy1481 fabK 41 43 41 4.0
M28_Spy1482 acpP.2 2.8 33 3.0 2.9
M28_Spy1483 fabH 33 3.6 36 31
M28_Spy1484 fabT 34 35 37 31
M28_Spy1485 phaB 33 33 37 2.9
M28_Spy1486 dnaJ -1.6 -1.8 -17 -1.9
M28_Spy1487 dnakK 2.3 2.6 -24 2.9
M28_Spy1488 grpE -2.3 -2.7 -2.5 -3.0
M28_Spy1489 hrcA 2.7 -3.0 -2.8 -33
M28_Spy1495 gatB -15
M28_Spy1501 codY -1.8 -1.8 1.7 1.7
M28_Spy1503 M28_Spy1503 -1.7
M28_Spy1506 M28_Spy1506 1.6 15
M28_Spy1507 M28_Spy1507 1.6 15
M28_Spy1514 M28_Spy1514 1.8 15
M28_Spy1515 M28_Spy1515 2.3 1.8
M28_Spy1516 fhuC 2.1 1.7
M28_Spy1517 M28_Spy1517 1.9 1.7
M28_Spy1518 M28_Spy1518 1.7
M28_Spy1519 shp 1.7 1.6
M28_Spy1521 isp2 -1.9 -1.7 -1.8 -1.6
M28_Spy1526 scrk -1.5 -1.6 -1.7 -1.8
M28_Spy1537 uvrA -1.6 -1.6
M28_Spy1544 mutY 15
M28_Spy1545 M28_Spy1545 1.5 15
M28_Spy1546 M28_Spy1546 1.5 15 1.5
M28_Spy1555 M28_Spy1555 1.7 -1.5 -15
M28_Spy1562 M28_Spy1562 -1.6 -1.6
M28_Spy1571 M28_Spy1571 -1.5
M28_Spy1580 udp 1.7
M28_Spy1582 rpsN2 1.6 15 15 1.5
M28_Spy1588 glnA 1.9 1.8 1.8
M28_Spy1589 M28_Spy1589 2.0 1.8 1.8 1.6
M28_Spy1591 pgk -1.6
M28_Spy1596 rpmB 1.6 15 1.8
M28_Spy1599 pyrG 1.8 1.6 1.7
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Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI7L G184W R258K T442P
M28_Spy1609 M28_Spy1609 16 1.6
M28_Spy1611 hsdS -1.5
M28_Spy1635 rplM 1.8
M28_Spy1636 M28_Spy1636 2.0 1.9 1.7
M28_Spy1637 M28_Spy1637 2.0 2.0 1.7 18
M28_Spy1641 M28_Spy1641 1.5
M28_Spy1642 M28_Spy1642 1.6 15
M28_Spy1643 cysS 15 1.6 15
M28_Spy1644 M28_Spy1644 1.6 1.6 15
M28_Spy1647 M28_Spy1647 15 15
M28_Spy1648 M28_Spy1648 15
M28_Spy1666 M28_Spy1666 -1.6
M28_Spy1669 dexB -1.9
M28_Spy1670 msmK -1.9 -1.9 -1.9 -1.7
M28_Spy1672 ska 2.8 25 -25 -7.8
M28_Spy1673 M28_Spy1673 -1.6 -15 -17 -15
M28_Spy1675 sclA 4.6 4.6 2.6 41
M28_Spy1679 M28_Spy1679 -1.7 2.0 -1.8 -1.8
M28_Spy1680 M28_Spy1680 -1.9 21 -2.0 -1.9
M28_Spy1681 M28_Spy1681 2.0 2.0 -2.0 -1.9
M28_Spy1689 dppA 1.6 1.7 1.6
M28_Spy1690 dppB 1.9 2.0 15 1.6
M28_Spy1691 dppC 2.0 2.0 15 1.6
M28_Spy1692 dppD 2.1 2.1 15 1.7
M28_Spy1693 dppE 2.0 2.0 1.6
M28_Spy1695 htpA 1.9 1.8 15 1.5
M28_Spy1696 Imb 15
M28_Spy1699 foa 15 15
M28_Spy1700 SCPA 2.0 1.8 15 -1.6
M28_Spy1702 emm 4.3 4.1 3.1 -1.5 3.9
M28_Spy1703 mrp 15 1.6 2.1
M28_Spy1704 mga 1.7 1.8
M28_Spy1711 M28_Spy1711 1.8
M28_Spy1712 M28_Spy1712 1.7 15
M28_Spy1713 M28_Spy1713 1.6 15
M28_Spy1715 sfbX 2.2 2.1 1.8
M28_Spy1716 sof 1.9 1.8 1.7
M28_Spy1718 prsA -5.6 -4.3 -35 -3.4
M28_Spy1719 M28_Spy1719 5.5 -4.0 -3.2 -3.0
M28_Spy1720 spi 5.2 -3.6 2.9 2.9
M28_Spy1721 speB 5.3 -3.9 3.0 2.9
M28_Spy1722 M28_Spy1722 5.6 -3.9 3.2 2.9
M28_Spy1723 M28_Spy1723 5.5 -3.9 3.1 2.8
M28_Spy1724 ropB -1.5
M28_Spy1725 mf 2.1 2.1 1.9 1.8
M28_Spy1727 M28_Spy1727 -1.6 -1.6 -1.6
M28_Spy1734 M28_Spy1734 -15
M28_Spy1735 M28_Spy1735 -1.5
M28_Spy1739 pbp2A -15 -1.5 -15
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Table B-9 Continued.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y P97L G184W R258K T442P
M28_Spy1740 M28_Spy1740 -15 -15 15
M28_Spy1747 groEL -3.2 -3.2 -3.6 -3.5
M28_Spy1748 groEs -4.0 -3.7 41 -3.6
M28_Spy1749 clpC 2.3 2.2 24 -2.0
M28_Spy1750 ctsR 18
M28_Spy1751 csp 2.2 2.0 1.8 -1.9
M28_Spy1755 hutU 1.9
M28_Spy1756 M28_Spy1756 2.0
M28_Spy1758 fhs.2 1.9 16
M28_Spy1759 M28_Spy1759 1.9
M28_Spy1760 M28_Spy1760 1.9
M28_Spy1761 hutH 18 17
M28_Spy1776 M28_Spy1776 17
M28_Spy1784 cinA 15
M28_Spy1785 tag -1.6 15
M28_Spy1786 ruvA -1.6 15
M28_Spy1787 ImrP 1.7 15
M28_Spy1788 mutL -1.6 15
M28_Spy1797 M28_Spy1797 17
M28_Spy1799 M28_Spy1799 17
M28_Spy1823 hisS 16 15 -15
M28_Spy1829 M28_Spy1829 -15
M28_Spy1838 M28_Spy1838 -15 7
M28_Spy1840 M28_Spy1840 16 18 -1.8 18
M28_Spy1841 M28_Spy1841 16 18 -1.8 18
M28_Spy1848 M28_Spy1848 -1.9
M28_Spy1849 M28_Spy1849 23 2.4
M28_Spy1860 M28_Spy1860 -1.9
M28_Spy1861 M28_Spy1861 -1.6
M28_Spy1870 gidA 18 17 16 1.7
M28_Spy1871 M28_Spy1871 18 1.8 17 1.7
M28_Spy1872 trmuU 1.7 17 16 1.7
M28_Spy1881 M28_Spy1881 15 16 15
M28_Spy1882 M28_Spy1882 15 1.8
M28_Spy1884 hasA 6.5 5.6 3.2 31
M28_Spy1885 hasB 7.5 6.5 3.6 3.7
M28_Spy1886 hasC 42 36 22 22
M28_Spy1897 M28_Spy1897 17 18 1.7 17
M28_Spy1898 htrA 18 18 1.7 18
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Table B-10 Differential expression of proven virulence factor genes.

Strain ArOCA RocA RocA RocA RocA RocA
Locus Tag Gene VNTR + H60Y PI97L G184W R258K T442P
M28_Spy0137 nga 2.5/6.1 25/5.9 2.5/4.1 -2.5/NS NS/NS 2.3/5.1
M28_Spy0139 slo 2.4/4.8 2.4/4.9 2.4/3.1 -2.6/NS NS/NS 2.2/4.0
M28_Spy0329 SpyCEP 11.2/NS 11.5/NS 9.5/NS -2.4/NS NS/NS 10.7/NS
M28_Spy0649 mac 235/2.1 25.7/1.9 14.1/NS NS/NS NS/NS 18.4INS
M28_Spy1450 sse 2.0/1.6 1.8/INS 2115 -1.6/NS NS/NS 1.7INS
M28_Spyl1672 ska NS/-2.8 NS/-2.5 NS/-2.5 NS/NS NS/NS -2.4/-78
M28_Spy1675 sclA 6.1/4.6 6.2/4.6 5.6/2.6 -2.6/NS NS/NS 6.3/4.5
M28_Spy1699 foa 2.4/15 25/1.5 2.4INS -1.8/NS NS/NS 2.3INS
M28_Spy1700 SCpA 2.5/2.0 26/1.8 25/15 -1.8/-1.6 NS/NS 2.4INS
M28_Spy1701 enn NS/NS NS/NS NS/NS -17INS NS/NS NS/NS
M28_Spy1702 emm 1.7/4.3 1.6/4.1 1.8/3.1 -1.8/-15 NS/NS 1.6/3.9
M28_Spy1703 mrp NS/1.5 NS/NS NS/1.6 NS/NS NS/NS 2.3/2.1
M28_Spy1715 sfbX 15/2.2 15/2.1 1.5/NS NS/NS NS/NS 15/1.8
M28_Spy1716 sof 1.7/1.9 1.7/1.8 1.7INS NS/NS NS/NS 1717
M28_Spy1721 speB -1.6/-5.3 NS/-3.9 -1.7/-3.0 NS/NS NS/NS NS/-2.9

Data are shown fold change compared to the parental wild-type strain at mid-exponential (ME) and early-stationary (ES) growth phases,
ME/ES. NS, the gene did not reach statistical significance.

Table B-11 RNA-seq analysis at the mid-exponential (ME) and early-stationary (ES) growth phases of isogenic P97L
mutant strain compared to the isogenic ArocA, VNTR + H60Y, and T442P mutant strains.

Growth Phase Locus Tag Gene Fold Change
ME M28_Spy0647 M28_Spy0647 -1.8
ME M28_Spy0649 mac -1.8
ME M28_Spy1718 prsA -15
ES M28_Spy0139 slo -15
ES M28_Spy0141 M28_Spy0141 1.7
ES M28_Spy0832 xpt 26
ES M28_Spy0833 M28_Spy0833 24
ES M28_Spy0973 M28_Spy0973 -15
ES M28_Spy0989 M28_Spy0989 1.7
ES M28_Spy1675 sclA -1.7

Table B-12 Comparison of genes differentially regulated by RocA and RocA polymorphism mutants and genes identified
as important for fitness in transposon mutagenesis studies. Included as a separate file (Table B-12.xlsx).
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Table B-13 List of strains and

plasmids used in this study.

Strain or Plasmid Use/Description Ref
Strains
E. coli
DH5a Cloning and protein fusion membrane topology studies (94)
DHM1 Bacterial adenylate cyclase-based two hybrid (BACTH) studies Euromedex
BTH101 Bacterial adenylate cyclase-based two hybrid (BACTH) studies Euromedex
S. pyogenes
MGAS28426 Serotype M28 parental wild-type strain (57)
ArocA MGAS28426 with deletion of the entire rocA gene (57)
RocA P97L MGAS28426 in which the rocA allele has been replaced with an allele with a P97L (25)
substitution
RocA G184W MGAS28426 in which the rocA allele has been replaced with an allele with a G184W (25)
substitution
RocA R258K MGAS28426 in which the rocA allele has been replaced with an allele with a R258K (25)
substitution
RocA V4201 MGAS28426 in which the rocA allele has been replaced with an allele with a V4201 This study
substitution
RocA T4421 MGAS28426 in which the rocA allele has been replaced with an allele with a T4421 This study
substitution
RocA T442P MGAS28426 in which the rocA allele has been replaced with an allele with a T442P (25)
substitution
RocA Q443* MGAS28426 in which the rocA allele has been replaced with an allele that has a stop This study
codon at codon 443
Plasmids
pKTop Protein fusion membrane topology vector expressing dual reporter PhoAzz.472/LacZs-eo, 77)
p15A ori; kanamycin resistance
pKTop-RocA-K24 pKTop derivative expressing RoCAi1-24/ Ph0A22-472/LacZ4-60 This study
pKTop-RocA-L34 pKTop derivative expressing ROCA1-3s/ PhoA22.472/LacZ4-s0 This study
pKTop-RocA-L44 pKTop derivative expressing RoCA1-44/ PhoA22-472/LacZ4-60 This study
pKTop-RocA-H60 pKTop derivative expressing RocAi-s0/ PhoA22-472/LacZs-s0 This study
pKTop-RocA-K88 pKTop derivative expressing RocAu.ss/ PhoA22.472/LacZ.60 This study
pKTop-RocA-S121 pKTop derivative expressing RoCA1-121/ PhoAzz-472/LacZ4-60 This study
pKTop-RocA-Q160 pKTop derivative expressing RocAu-160/ PhoA22-472/LacZ4-60 This study
pKTop-RocA-C181 pKTop derivative expressing RocAi-1s1/ PhoA2z-472/LacZ4-60 This study
pKTop-RocA-L192 pKTop derivative expressing RoCA1-102/ PhoA2;-472/LacZs-60 This study
pKTop-RocA-R201 pKTop derivative expressing RoCAi-201/ PhoA2z-472/LacZ4.60 This study
pKTop-RocA-Q225 pKTop derivative expressing RoCA1-225/ PhoAzz-472/LacZs-c0 This study
pKTop-RocA-A360 pKTop derivative expressing RocAu-sso/ PhoA2z-472/LacZs-60 This study
pKTop-RocA-D451 pKTop derivative expressing RoCA1.451/ PhoA2z-472/LacZ4-60 This study
pKNT25 BACTH vector designed to express T25 fused to the C-terminus of an inserted Euromedex
polypeptide; p15A ori; kanamycin resistance
pKNT25-CovR pKNT25 derivative expressing CovR fused to T25 This study
pKNT25-CovS pKNT25 derivative expressing Covs fused to T25 This study
pKNT25-RocA pKNT25 derivative expressing RocA fused to T25 This study
pKNT25-RocA-P97L pKNT25 derivative expressing RocA with a P97L substitution fused to T25 This study
pKNT25-RocA-G184W pKNT25 derivative expressing RocA with a G184W substitution fused to T25 This study
pKNT25-RocA-R258K pKNT25 derivative expressing RocA with a R258K substitution fused to T25 This study
pKNT25-RocA-V4201 pKNT25 derivative expressing RocA with a V4201 substitution fused to T25 This study
pKNT25-RocA-T4421 pKNT25 derivative expressing RocA with a T4421 substitution fused to T25 This study
pKNT25-RocA-T442P pKNT25 derivative expressing RocA with a T442P substitution fused to T25 This study
pKNT25-RocA-Q443* pKNT25 derivative expressing the first 442 amino acids of RocA fused to T25 This study
pKT25 BACTH vector designed to express T25 fused to the N-terminus of an inserted Euromedex
polypeptide; p15A ori; kanamycin resistance
pKT25-CovR pKT25 derivative expressing CovR fused to T25 This study
pKT25-CovS pKT25 derivative expressing CovsS fused to T25 This study
pKT25-RocA pKT25 derivative expressing RocA fused to T25 This study
pKT25-zip pKT25 derivative expressing leucine zipper of GCN4 fused to T25 Euromedex
puUT18 BACTH vector designed to express T18 fused to the C-terminus of an inserted Euromedex
polypeptide; ColE1 ori; ampicillin resistance
pUT18-CovR pUT18 derivative expressing CovR fused to T18 This study
pUT18-CovS pUT18 derivative expressing CovS fused to T18 This study
pUT18-RocA pUT18 derivative expressing RocA fused to T18 This study
pUT18-RocA-P97L pUT18 derivative expressing RocA with a P97L substitution fused to T18 This study
pUT18-RocA-G184W pUT18 derivative expressing RocA with a G184W substitution fused to T18 This study
pUT18-RocA-R258K pUT18 derivative expressing RocA with a R258K substitution fused to T18 This study
pUT18-RocA-V420I pUT18 derivative expressing RocA with a V420l substitution fused to T18 This study
pUT18-RocA-T4421 pUT18 derivative expressing RocA with a T442I substitution fused to T18 This study
pUT18-RocA-T442P pUT18 derivative expressing RocA with a T442P substitution fused to T18 This study
pUT18-RocA-Q443* pUT18 derivative expressing the first 442 amino acids of RocA fused to T18 This study
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Table B-13 Continued.

Strain or Plasmid Use/Description Ref
Plasmids
puT18C BACTH vector designed to express T18 fused to the N-terminus of an inserted Euromedex
polypeptide; ColE1 ori; ampicillin resistance
pUT18C-CovR pUT18C derivative expressing CovR fused to T18 This study
pUT18C-CovS pUT18C derivative expressing CovsS fused to T18 This study
pUT18C-RocA pUT18C derivative expressing RocA fused to T18 This study
pUT18C-zip pKT18C derivative expressing leucine zipper of GCN4 fused to T18 Euromedex
pDC123-RocA pDC123 in which PhoA has been replaced with RocA and its native promoter This study
pDC123-RocA-FLAG pDC123 in which PhoA has been replaced with RocA with a C-terminal FLAG-tag and | This study
its native promoter
pDC123-RocA-E3C-FLAG pDC123 in which PhoA has been replaced with RocA with a E3C substitutionanda C- | This study
terminal FLAG-tag and its native promoter
pDC123-RocA-L34C-FLAG pDC123 in which PhoA has been replaced with RocA with a L34C substitution and a This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-HB60C-FLAG pDC123 in which PhoA has been replaced with RocA with a H60C substitution and a This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-K88C-FLAG pDC123 in which PhoA has been replaced with RocA with a K88C substitution and a This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-S121C-FLAG pDC123 in which PhoA has been replaced with RocA with a S121C substitution and a This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-Q160C-FLAG pDC123 in which PhoA has been replaced with RocA with a Q160C substitutionand a | This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-L192C-FLAG pDC123 in which PhoA has been replaced with RocA with a L192C substitution and a This study
C-terminal FLAG-tag and its native promoter
pDC123-RocA-Q225C-FLAG pDC123 in which PhoA has been replaced with RocA with a Q225C substitution and a This study
C-terminal FLAG-tag and its native promoter
Table B-14 List of primers used in this study.
Name Sequence (5’ to 3°) Use Ref
pDC123-fwdl TGACAAATGATCAGAACTTAAGGCGATTAAG pDC123-RocA-FLAG This study
plasmid construction
pDC123-fwd2 GCCTGACTGATCAGAACTTAAGGCGATTAAG pDC123-RocA plasmid This study
construction
pDC123-rev TGCCACTCAATTATAAAAGCCAGTCATTAGG pDC123 plasmid This study
construction
ROCA-FLAG-fwd | GCTTTTATAATTGAGTGGCAATAACAAC pDC123 plasmid This study
construction
ROCA-FLAG-revl | TAAGTTCTGATCATTTGTCATCGTCGTC pDC123-RocA-FLAG This study
plasmid construction
ROCA-FLAG-rev2 | TAAGTTCTGATCAGTCAGGCTTAGCTATT pDC123-RocA plasmid This study
construction
FLAGRocA-F TTGAGTGGCAATAACAACTCAAG RocA-FLAG flanking This study
rimer
FLAGROCA-R TCATTTGTCATCGTCGTCCTTGTAGTCGTCAGGCTTAGCTATTTCTATTAACTG gocA—FLAG flanking This study
primer
RocA-E3C-F GAAGGATARATGTTATGTGATTTTCTTC pDC123-RocA-E3C-FLAG | This study
plasmid construction
RocA-E3C-R GAAGAAAATCACATAACATTTATCCTTC pDC123-RocA-E3C-FLAG | This study
plasmid construction
RocA-L34C-F CAATTCCGTGTCGCCTGAAAAAT pDC123-RocA-L34C- This study
FLAG plasmid construction
RocA-L34C-R ATTTTTCAGGCGACACGGAATTG pDC123-RocA-L34C- This study
FLAG plasmid construction
RocA-H60C-F CTTTCCAGACTGTTTCATTCTTG pDC123-RocA-H60C- This study
FLAG plasmid construction
RocA-H60C-R CAAGAATGAAACAGTCTGGAAAG pDC123-RocA-H60C- This study
FLAG plasmid construction
RocA-K88C-F GGTAAATCAATAAAAGCTTGTTTTTTAATG pDC123-RocA-K88C- This study
FLAG plasmid construction
RocA-K88C-R CATTAAAARACAAGCTTTTATTGATTTACC pDC123-RocA-K88C- This study
FLAG plasmid construction
RocA-S121C-F GGTATGCCTTATTGTGTTGTTAAAC pDC123-RocA-S121C- This study
FLAG plasmid construction
RocA-S121C-R GTTTAACAACACAATAAGGCATACC pDC123-RocA-S121C- This study
FLAG plasmid construction
RocA-Q160C-F CGCCAATATTTTTGTTCACATAGAG pDC123-RocA-Q160C- This study
FLAG plasmid construction
pKTopl TCAGCGGGTGTTGGC pKTop plasmid sequencing This study
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Table B-14 Continued.

fwd

plasmid construction

Name Sequence (5’ to 3°) Use Ref

RocA-Q160C-R CTCTATGTGAACARAAATATTGGCG pDC123-RocA-Q160C- This study
FLAG plasmid construction

RocA-L192C-F CGCCTTCTTGTTCAGGACTTG pDC123-RocA-L192C- This study
FLAG plasmid construction

RocA-L192C-R CAAGTCCTGAACAAGAAGGCG pDC123-RocA-L192C- This study
FLAG plasmid construction

RocA-Q225C-F GCGTTATGTAAAATGTAACTCTATTG pDC123-RocA-Q225C- This study
FLAG plasmid construction

RocA-Q225C-R CAATAGAGTTACATTTTACATAACGC pDC123-RocA-Q225C- This study
FLAG plasmid construction

rocA-VNTR-seq CTGTTAGAATGACAGAACTTATGATA RocA-FLAG plasmid (53)
sequencing

rocA-P97L-seq GCTCTATGTGATTGAAAATATTGGCGCCAGG RocA-FLAG and pKTop (25)
plasmid sequencing

rocA-seql TTTGCTACACCGGCTTTGA BACTH, RocA-FLAG, and This study
pKTop plasmid sequencing

rocA-seq2 TCTGCGAGCTAATTGTGAGATAG RocA-FLAG and pKTop This study
plasmid sequencing

rocA-seq3 CTTTGAATGACTATGACAAGTTTATGGTTTTG RocA-FLAG plasmid This study
sequencing

Flag-seq CAATAGCTTGACATAGTAGGGATG RocA-FLAG plasmid This study
sequencing

pKTop-RocA-fwd | GCCTGCAGGTCGACTCTAGAGGATCCCATGTTAGAAGATTTTCTTCAATTTTTAGGA pKTop-, pKNT25-, and This study
pUT18-RocA plasmid
construction

pKTop-K24 GGGCCGAGCTCGGTACCCGGGGATCCTTTAACGTTAACATAATTTCAAT pKTop-RocA-K24 plasmid This study
construction

pKTop-L34 GGGCCGAGCTCGGTACCCGGGGATCAAGCGGAATTGCACTTACA pKTop-RocA-L34 plasmid This study
construction

pKTop-L44 GGGCCGAGCTCGGTACCCGGGGATCAAGTGATAAATAAAAAATAT TTTTCAGG pKTop-RocA-L44 plasmid This study
construction

pKTop-H60 GGGCCGAGCTCGGTACCCGGGGATCATGGTCTGGAAAGARAGCC pKTop-RocA-H60 plasmid | This study
construction

pKTop-K88 GGGCCGAGCTCGGTACCCGGGGATCCTTAGCTTTTATTGATTTACCATAGTATAGG pKTop-RocA-K88 plasmid This study
construction

pKTop-S121 GGGCCGAGCTCGGTACCCGGGGATCTGAATAAGGCATACCAAACAATGG pKTop-RocA-S121 plasmid | This study
construction

pKTop-Q160 GGGCCGAGCTCGGTACCCGGGGATCTTGAAAATATTGGCGCCAGG pKTop-RocA-Q160 This study
plasmid construction

pKTop-C181 GGGCCGAGCTCGGTACCCGGGGATCACACAAGTAATATAGAGCC pKTop-RocA-C181 This study
plasmid construction

pKTop-L192 GGGCCGAGCTCGGTACCCGGGGATCTAAAGAAGGCGACATCACATC pKTop-RocA-L192 This study
plasmid construction

pKTop-R201 GGGCCGAGCTCGGTACCCGGGGATCACGAGCAGTCGTT pKTop-RocA-R201 This study
plasmid construction

pKTop-Q225 GGGCCGAGCTCGGTACCCGGGGATCTTGTTTTACATAACGCTC pKTop-RocA-Q225 This study
plasmid construction

pKTop-A360 GGGCCGAGCTCGGTACCCGGGGATCAGCATTATCTAACAAAAATGACAATAGC pKTop-RocA-A360 This study
plasmid construction

pKTop-D451 GGGCCGAGCTCGGTACCCGGGGATCGTCAGGCTTAGCTATTTCTATTAACTG pKTop-RocA-D451 This study
plasmid construction

M13-fwd GTAAAACGACGGCCAGT BACTH and pKTop This study
plasmid sequencing

M13-rev CAGGAAACAGCTATGAC BACTH and pKTop This study
plasmid sequencing

pKTopl TCAGCGGGTGTTGGC pKTop plasmid sequencing This study

pKTop2 CAACCGGTGTCAAAACCT pKTop plasmid sequencing This study

pKTop3 CTGCCTCACTGAATTCGG pKTop plasmid sequencing This study

pKTop4 TCTCGCCAATTTGCCCAC pKTop plasmid sequencing This study

pKTop6 GGTAAGCGGTAAGGCATCTATAC pKTop plasmid sequencing This study

rocA-H60Y-seq AACCAAACTAATAGACACTAGTGGAAAARAGGC BACTH and pKTop (25)
plasmid sequencing

rocA-R258K-seq CTAAACAAGTTAAATCAAGTCTGTCATCTTTAGC BACTH and pKTop (25)
plasmid sequencing

pKNT25-CovR- GCCTGCAGGTCGACTCTAGAGGATCCCATGACARAGAAAATTTTAATTATTGAAGATGA pKNT25- and pUT18- This study

fwd ABRG CovR plasmid construction

pKNT25-CovR- AATTCGAGCTCGGTACCCGGGGATCTTTCTCACGAATAACGTATCCC pKNT25-, pUT18-, and This study

rev pUT18C-CovR plasmid
construction

pKNT25-Covs- GCCTGCAGGTCGACTCTAGAGGATCCCATGGAAAAT CAGAAACAAAAACAGAAG pKNT25- and pUT18-CovS | This study
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Table B-14 Continued.

T4421, and Q443* RocA
mutations

Name Sequence (5’ to 3°) Use Ref

pKNT25-CovS- AATTCGAGCTCGGTACCCGGGGATCACTCTCTTTAGACTGGGCC pKNT25-, pUT18-, and This study

rev pUT18C-CovsS plasmid
construction

pKNT25-RocA- AATTCGAGCTCGGTACCCGGGGATCGTCAGGCTTAGCTATTTCTATTAACTG pKNT25-, pUT18-, and This study

rev pUT18C-RocA plasmid
construction

pKNTzs_Q443. AATTCGAGCTCGGTACCCGGGGATCGGTTAAAATGCCATCATGAATCTG pKNT25. and pUTlg. This StUdy

rev RocA-Q443* plasmid
construction

pKT25-CovR-fwd | GCTGCAGGGTCGACTCTAGAGGATCCCATGACAAAGAAAATTTTAATTATTGAAGATGA pKT25-CovR plasmid This study

ARRG construction

pKT25-CovR-rey | TTACTTACTTAGGTACCCGGGGATCTTTCTCACGAATAACGTATCCC pKT25-CovR plasmid This study
construction

pKT25-CovS-fwd | GCTGCAGGGICGACTCTAGAGGATCCCATGGAARATCAGAAACAAAAACAGAAG pKT25-CovS plasmid This study
construction

pKT25—CovS—rev TTACTTACTTAGGTACCCGGGGATCACTCTCTTTAGACTGGGCC pKT25.CovS p|a5m|d This study
construction

pKTZS-RocA.f\Nd GCTGCAGGGTCGACTCTAGAGGATCCCATGTTAGAAGATTTTCTTCAATTTTTAGGA pKT25.R0CA p|a5mid This s[udy
construction

pKT25-RocA-rev TTACTTACTTAGGTACCCGGGGATCGTCAGGCTTAGCTATTTCTATTAACTG pKT25-RocA plasmid This study
construction

pUT18C-CovR- CACTGCAGGTCGACTCTAGAGGATCCCATGACAAAGAARATTTTARTTATTGAAGATGA | pUT18C-CovR plasmid This study

fwd ARRG construction

pUT18C-Covs- CACTGCAGGTCGACTCTAGAGGATCCCATGGAAAATCAGAAACAAAAACAGAAG pUT18C-Covs plasmid This study

fwd construction

pUTlBC_RocA_ CACTGCAGGTCGACTCTAGAGGATCCCATGTTAGAAGATTTTCTTCAATTTTTAGGA pUT18C—RocA p|a5m|d This StUdy

fwd construction

pKTop5 AGTGAGCGCAACGC BACTH plasmid This study
sequencing

pKNT25-seq TCGGGGCTGGCTTAAC BACTH plasmid This study
sequencing

T25-seql GCCTGGCGCATGG BACTH plasmid This study
sequencing

T25-seq2 GTGGAATGGGGGTTGAC BACTH plasmid This study
sequencing

T18-seql TCGGTGCCCACTGC BACTH plasmid This study
sequencing

T18-seq2 ACTGAGCAGRACAATCCTTTC BACTH plasmid This study
sequencing

covR-seql GATGACTGCGCGTGATTCTA BACTH plasmid This study
sequencing

covR-seq2 ACGGGCAAGTAGTTCTTCAAT BACTH plasmid This study
sequencing

covS-seql GGTCTCTTACAACGTTGGG BACTH plasmid This study
sequencing

covS-seq2 GGGATTGGCTTGTCTATTCTC BACTH plasmid This study
sequencing

covS-seq3 GCGTGGATCCGTCCCTCARATGAGCCTTGTACGCG BACTH plasmid This study
sequencing

covS-seqd GRAAGGGCAGTCGAGTCATTAG BACTH plasmid This study
sequencing

covS-seq5 GCCAGGAGATGATTCTTCGTTAT BACTH plasmid This study
sequencing

rocA-T442P-1 GCGTGGATCCGGACTCTCCCAATCTTTCCAAGTCA Construction of isogenic C- | (25)
terminal rocA
polymorphism strains;
BamH] site underlined

rocA-T442P-2 GCGTGGATCCAATATAGAAAAGTTACTTAATCAAG Construction of isogenic C- | (25)
terminal rocA
polymorphism strains;
BamHI site underlined

rocA-T442P-seq CCAACTTGGCAAAGCTGAAATTTTAACTCTAGC Sanger sequencing V420, (25)
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