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Phosphorylation Events in the Multiple Gene Regulator of Group A
Streptococcus Significantly Influence Global Gene Expression and

Virulence
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Whole-genome sequencing analysis of ~800 strains of group A Streptococcus (GAS) found that the gene encoding the multiple
virulence gene regulator of GAS (mga) is highly polymorphic in serotype M59 strains but not in strains of other serotypes. To
help understand the molecular mechanism of gene regulation by Mga and its contribution to GAS pathogenesis in serotype M59
GAS, we constructed an isogenic mga mutant strain. Transcriptome studies indicated a significant regulatory influence of Mga
and altered metabolic capabilities conferred by Mga-regulated genes. We assessed the phosphorylation status of Mga in GAS cell
lysates with Phos-tag gels. The results revealed that Mga is phosphorylated at histidines in vivo. Using phosphomimetic and
nonphosphomimetic substitutions at conserved phosphoenolpyruvate:carbohydrate phosphotransferase regulation domain
(PRD) histidines of Mga, we demonstrated that phosphorylation-mimicking aspartate replacements at H207 and H273 of PRD-1
and at H327 of PRD-2 are inhibitory to Mga-dependent gene expression. Conversely, non-phosphorylation-mimicking alanine
substitutions at H273 and H327 relieved inhibition, and the mutant strains exhibited a wild-type phenotype. The opposing regu-
latory profiles observed for phosphorylation- and non-phosphorylation-mimicking substitutions at H273 extended to global
gene regulation by Mga. Consistent with these observations, the H273D mutant strain attenuated GAS virulence, whereas the
H273A strain exhibited a wild-type virulence phenotype in a mouse model of necrotizing fasciitis. Together, our results demon-
strate phosphoregulation of Mga and its direct link to virulence in M59 GAS strains. These data also lay a foundation toward
understanding how naturally occurring gain-of-function variations in mga, such as H201R, may confer an advantage to the

pathogen and contribute to M59 GAS pathogenesis.

Group A Streptococcus (GAS) is a versatile human pathogen
that colonizes a broad spectrum of anatomical sites within the
host and causes a variety of clinical manifestations (1, 2). Given
that each host microenvironment presents unique challenges to
the pathogen in terms of nutrient availability, anatomical barriers,
and host defense responses, it is critical that GAS possess sophis-
ticated sensing systems and elicit potent adaptive responses. Such
sensory systems are coordinated in GAS by a combination of
global transcription regulators and two-component signaling sys-
tems (3-7). Global transcription regulators sense specific environ-
mental cues present at the colonization surface and transduce
those signals into a tailored transcriptional response that confers a
survival advantage to the bacteria within the host (5, 8-12). Con-
sistent with their central role in bacterial in vivo fitness and patho-
genesis, these regulators are, as revealed by genomic sequencing
studies, under strong selective pressure during human infection
(6, 8,13-16).

Genomic sequencing of ~800 serotype M59 GAS strains iso-
lated from an epidemic of invasive infections across North Amer-
ica revealed that the highest frequency of single nucleotide poly-
morphisms (SNPs) resulting in nonsynonymous amino acid
replacements occurs in the gene encoding the global regulator
multiple virulence gene regulator of GAS (mga) (13, 14). Multiple
polymorphisms in mga occur independently, suggesting that the
mgalocus is under strong evolutionary pressure during the course
of this outbreak (13, 14, 17). This is in contrast to observations
made in similar analyses of serotype M1 and M3 strains, in which
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SNPs occur predominantly in genes encoding the global regula-
tors ropB and covRS (6, 15). These observations led us to hypoth-
esize that Mga and its gene regulation are critical for the survival of
the organism in vivo and contribute to the pathogenesis of infec-
tion caused by GAS serotype M59 strains in a serotype-specific
fashion.

Mga is a global transcription regulator that controls the expres-
sion of genes involved in host cell attachment, immune evasion,
and carbohydrate metabolism during early stages of GAS infec-
tion (3, 18, 19). However, the Mga regulon in GAS has significant
interserotype variation in the composition and number of genes

Received 3 December 2014 Returned for modification 8 January 2015
Accepted 21 March 2015

Accepted manuscript posted online 30 March 2015

Citation Sanson M, Makthal N, Gavagan M, Cantu C, Olsen RJ, Musser JM,
Kumaraswami M. 2015. Phosphorylation events in the multiple gene regulator of
group A Streptococcus significantly influence global gene expression and
virulence. Infect Immun 83:2382-2395. doi:10.1128/IA1.03023-14.

Editor: A. Camilli

Address correspondence to Muthiah Kumaraswami,
mkumaraswami@houstonmethodist.org.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAL.03023-14.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.03023-14

June 2015 Volume 83 Number 6


http://dx.doi.org/10.1128/IAI.03023-14
http://dx.doi.org/10.1128/IAI.03023-14
http://dx.doi.org/10.1128/IAI.03023-14
http://dx.doi.org/10.1128/IAI.03023-14
http://iai.asm.org

(3). For example, a transcriptome analysis of Mga in GAS serotype
M1 and M4 strains indicated that it controls ~10% of genes,
whereas it influences only ~2% of genes in a serotype M6 strain
(3). Regardless, the core Mga regulon, as defined by the genes with
the highest degree of regulation and containing Mga-binding sites
in their promoters, consists of proven virulence factors, including
emm, scpA, sclA, sic, fba, and sof (3). Consistent with its critical role
in GAS gene regulation and pathogenesis, upregulation of mga in
M59 GAS increases virulence, and conversely, inactivation of mga
in several tested serotypes attenuates GAS virulence (10, 20, 21).

Mga is a 536-amino-acid-long protein that belongs to a group
of transcription regulators with phosphoenolpyruvate:carbohy-
drate phosphotransferase (PTS) regulation domains (PRDs). Mga
is predicted to have a multidomain architecture (22, 23). The
amino terminus has a conserved Mga domain 1 (CMD-1) and two
helix-turn-helix (HTH) motifs that are critical for interaction of
Mga with its target promoters (22—24). The central region of the
protein has two PRDs, and the carboxy terminus has an oligomer-
ization domain (10, 25). As in other bacterial PRD-containing
antiterminators and transcription activators, the regulatory activ-
ity of Mga is controlled by PTS-dependent phosphorylation of
conserved histidine residues in the PRDs (10).

Despite the wealth of information available about Mga-depen-
dent gene regulation, knowledge of the influence of Mga on gene
regulation in serotype M59 strains is lacking. Given that mga poly-
morphisms are prevalent in serotype M59 disease isolates, it is
important to understand the molecular mechanism of gene regu-
lation and the adaptive responses controlled by Mga in this group
of organisms. To this end, we defined the mga regulon in serotype
M59 by transcriptome sequencing (RNA-seq) experiments. Al-
though Mga phosphorylation has been demonstrated in vitro by
using recombinant PTS components, here we provide evidence
that Mga is phosphorylated in vivo in GAS cells grown in labora-
tory medium. Finally, using isogenic mutant strains with single-
amino-acid replacements at conserved histidines mimicking
phosphorylated and nonphosphorylated states of Mga, we dem-
onstrated the global influence of phosphorylation on gene regula-
tion by Mga and its contribution to GAS virulence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Strain MGAS15249
was used as the reference strain because its genome has been sequenced
and it has the wild-type sequence for all major regulators, including mga
(14). MGAS15249 is genetically representative of serotype M59 strains
that cause invasive infections (14). All GAS growth was performed rou-
tinely on Trypticase soy agar containing 5% sheep blood (SA; Becton
Dickinson) or in Todd-Hewitt broth containing 0.2% yeast extract (THY;
Difco) at 37°C with 5% CO,. When required, ampicillin or chloramphen-
icol was added to a final concentration of 80 pg/ml or 8 pg/ml, respec-
tively. Ampicillin was used for Escherichia coli growth, whereas chloram-
phenicol was used for both E. coli and GAS cultures. When appropriate,
spectinomycin was added to a final concentration of 100 pg/ml for GAS
growth. E. coli strain DH5a was used as the host for plasmid construc-
tions, and strain BL21(DE3) was used for recombinant protein overex-
pression. E. coli strains were grown in Luria-Bertani (LB) broth (EMD
chemicals). All GAS growth experiments were done in triplicate on three
separate occasions. Cultures grown overnight were inoculated into fresh
medium to achieve an initial Ay, of <0.1. Growth was monitored by
measuring the optical density at 600 nm. Bacterial strains and plasmids
used in this study are listed in Table S1 in the supplemental material.
Creation of the mga-inactivated mutant strain. An isogenic mutant
strain lacking the majority of the coding region (codons 6 through 533) of
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mga (Amga) in parental strain MGAS15249 was generated by insertional
inactivation with a spectinomycin cassette, as described previously (21).

Construction of an mga trans-complementation plasmid. To com-
plement the isogenic Amga mutant, the coding sequence of the full-length
mga gene along with its native promoter (676 bp upstream of the start
codon) was cloned into the E. coli-GAS shuttle vector pDC123 (26). The
DNA fragment was amplified by PCR from GAS genomic DNA, digested
with BglIT and Ndel, and ligated into digested vector pDC123 to generate
complementation plasmid pDC-mga. The inserts were verified by DNA
sequencing and electroporated into the isogenic Amga mutant strain to
create the Amga:pDC-mga strain. Primers used for the construction and
sequencing of the trans-complementation plasmid are listed in Table S2 in
the supplemental material.

Site-directed mutagenesis of mga. Plasmid pDC-mga containing the
wild-type mga coding region was used as a template for site-directed mu-
tagenesis. A QuikChange site-directed mutagenesis kit (Stratagene) was
used to introduce single-amino-acid substitutions into Mga that resulted
in amino acid changes of histidines to either alanine (non-phosphoryla-
tion mimicking) or aspartate (phosphorylation mimicking). Substitu-
tions were confirmed by DNA sequencing, and the plasmids with single-
amino-acid substitutions were subsequently introduced into the isogenic
Amga mutant strain. The primers used for site-directed mutagenesis are
listed in Table S2 in the supplemental material.

Construction of hexahistidine-tagged Mga. Plasmid pDC-mga con-
taining the wild-type mga coding region was used as a template. Using
site-directed mutagenesis, we introduced a hexahistidine tag at the C-ter-
minal end of the mga coding region. The presence of the histidine tag was
confirmed by DNA sequencing, and the plasmid containing mga-His
(pDC-mga-His,) was subsequently electroporated into the isogenic Amga
mutant strain, to create the wild-type—His, strain. The primers used to
introduce the histidine tag are listed in Table S2 in the supplemental
material.

RNA-seq analysis. GAS strains were grown in THY broth to the late
exponential growth phase (A4, of ~1.0), and cells were collected by cen-
trifugation. RNA isolation and purification were performed by using an
RNeasy minikit (Qiagen), and cells were treated with DNase by using the
Turbo DNA-free kit (Ambion). Purified RNA was evaluated for quality
and concentration by using an Agilent 2100 bioanalyzer and fluorometric
quantitation (Qubit RNA assay kit; Life Technologies). The rRNA was
then removed by using a Ribo-Zero treatment kit (Epicenter) and further
purified by using the Min-Elute RNA purification kit (Qiagen). The ribo-
somally depleted RNA was then used to synthesize cDNA libraries con-
taining adaptor-tagged libraries by using the ScriptSeq V2 RNA-seq li-
brary preparation kit (Epicentre). The directional cDNA library was
prepared and indexed at a single end by using reverse primers (Epicentre)
and amplified by 15 cycles of PCR. The purified cDNA libraries were then
run on a MiSeq instrument using the MiSeq v2 reagent kit (Illumina).
Approximately 2 million reads were obtained per sample, and the reads
were mapped to the MGAS15252 genome by using CLC-Biosystems
WorkBench, version 7 (CLC Bio). The expression values were obtained as
RPKM (reads per kilobase of exon model per million mapped reads) and
normalized by using quantile normalization. Differential expression was
computed by using Baggerly’s test on proportions, and P value correction
for multiple testing was performed by using the Bonferroni correction.
Genes were considered differentially expressed if the fold change was >1.5
and the Bonferroni-corrected P value was <0.05.

Phos-tag SDS-PAGE analysis of GAS cell lysates for phosphorylated
Mga. GAS strains were grown to the late exponential phase of growth
(Aggo of ~1.0). Cell pellets were resuspended in buffer A (20 mM Tris-
HCI [pH 8.0] supplemented with protease inhibitor set III [Calbiochem])
and lysed by using the FastPrep cell disruptor (MP Bio). Cleared cell
lysates were subjected to methanol precipitation, and the resulting pellet
was air dried at room temperature. The pellet was suspended in 20 mM
Tris-HCI (pH 8.0), and the total protein concentration was measured by a
Bradford assay (27). To remove the phosphoryl modification of histidines
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FIG 1 mga and emm are expressed at maximal levels during exponential phases of growth. Transcript levels of mga and emm in strain MGAS15249 were
measured by qRT-PCR. Samples were collected at the indicated growth phases for transcript analysis. Three biological replicates were grown and analyzed in
triplicate. Data graphed are means * standard deviations. Values with single asterisks (P < 0.01) and double asterisks (P < 0.001) indicate statistically
significantly different transcript levels compared to the late exponential phase of growth.

in Mga, cell lysates of the Amga:pDC-mga-His, strain were treated with
500 mM hydroxylamine-HCl for 1 h at 37°C. Typically, the lysates contain
~1.3 pg/pl of total protein content. Samples (~26 g of total protein/
sample) were subsequently diluted with loading buffer (15% 2-mercap-
toethanol, 5% SDS, 50% glycerol, 0.01% bromophenol blue) and resolved
on a 10% Bis-Tris-buffered Zn>*~Phos-tag SDS-PAGE gel (Wako Pure
Chemicals) for 3 h at 4°C. The gel was washed once in transfer buffer
(running buffer containing 20% methanol and 1 mM EDTA) and again in
transfer buffer without EDTA. Samples were transferred onto a nitrocel-
lulose membrane and probed with antihexahistidine monoclonal anti-
bodies conjugated to horseradish peroxidase (Clontech). Mga was visual-
ized by chemiluminescence using a SuperSignal West Femto IgG
detection kit (Thermo Scientific).

Transcript analysis by quantitative RT-PCR. GAS strains were grown
to late exponential phase (A, of ~1.0) and incubated with 2 volumes of
RNAprotect (Qiagen) for 10 min at room temperature. Bacteria were
harvested by centrifugation, and the cell pellets were snap-frozen with
liquid nitrogen. RNA isolation and purification were performed by using
an RNeasy kit (Qiagen). Purified RNA was analyzed for quality and con-
centration by using an Agilent 2100 bioanalyzer. cDNA was synthesized
from the purified RNA by using Superscript III (Invitrogen), and reverse
transcription-quantitative PCR (qQRT-PCR) was performed with an ABI
7500 Fast system (Applied Biosystems). Comparison of transcript levels
was done by using the AC;. method of analysis, using fufA as the endoge-
nous control gene (see Fig. S1 in the supplemental material) (28). The
TagMan primers and probes used are listed in Table S2 in the supplemen-
tal material.

Virulence studies with mouse models of infection. Virulence of the
isogenic mutant strains of M59 GAS was assessed by using a mouse model
of necrotizing fasciitis (8). Outbred immunocompetent CD1 mice
(Charles River) were inoculated intramuscularly in the right hind limb
with 5 X 10”7 CFU of each GAS strain. Near-mortality (n = 20 mice/strain)
was determined by using previously defined criteria. Results were graph-
ically displayed as a Kaplan-Meier survival curve, with a P value of <0.05
by the log rank test being considered to be statistically significant. Visual
and microscopic examinations of infected limbs collected on day 5 post-
inoculation were performed as previously described (8). Tissues were ex-
amined independently by two pathologists blind to treatment groups.
Representative micrographs were obtained with a BX5 microscope fitted
with a DB70 digital camera (Olympus, Tokyo, Japan). GAS burden (n =
20 mice/strain) in infected limbs was determined as previously described
(8, 14). Results were graphically displayed as the mean number of CFU
recovered per gram of tissue, with a P value of <0.05 by the Mann-Whit-
ney log rank test being considered to be statistically significant. Mouse
experiments were performed according to protocols approved by the
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Houston Methodist Research Institute (HMRI) Institutional Animal Care
and Use Committee (Office of Laboratory Animal Welfare [OLAW] as-
surance no. A4555-01; USDA assurance no. 740R-0192).

RNA-seq accession number. The RNA sequencing data discussed in
this publication have been deposited in NCBI’'s GENE Expression Omni-
bus and are accessible through GEO Series accession number GSE67988.

RESULTS

Growth phase-dependent gene regulation by Mga in M59 sero-
type strains. Inasmuch as gene regulation in GAS is growth phase
dependent (6, 29) and the kinetics of mga expression and mga-
dependent gene regulation in serotype M59 strains are not known,
we first measured the transcript levels of mga and its well-charac-
terized regulatory target, the emm gene, at different stages of
growth by qRT-PCR. Consistent with strains of other M protein
serotypes, transcript levels of 1ga were maximal during exponen-
tial phases of growth and decreased during the stationary growth
phase (Fig. 1). The emm transcript level mirrored the mga expres-
sion level, as it reached a peak during the mid- and late exponen-
tial phases of growth, whereas it decreased during the stationary
phase (Fig. 1). These results are consistent with a regulatory influ-
ence of mga on emm expression in serotype M59 GAS. Collec-
tively, these data indicate that Mga exerts a greater influence on
the expression of its target genes during the exponential growth
phase. Thus, analysis of gene regulation by Mga at this growth
phase may help identify the regulatory targets of Mga in serotype
M59 GAS.

Gene regulation by Mga in serotype M59 strains. Transcrip-
tome analyses to identify Mga-regulated genes in GAS serotypes
M1, M4, and M6 have been previously reported (3). The general
finding is that the composition of the mga regulon and the degree
of gene regulation by Mga showed significant variation among the
tested serotypes (3). The mga regulon in serotype M59 has not
been defined. Given that the regulatory function of Mga is under
strong selective pressure in serotype M59 during natural infection
(13, 14), determination of the mga regulon in this genetic back-
ground might shed light on Mga-regulated genes that contribute
to GAS pathogenesis in these organisms. We constructed an inser-
tionally inactivated isogenic mga mutant strain (Amga) from ref-
erence serotype M59 strain MGAS15249. In this construct, the
majority of the mga coding region (codons 6 through 533) is re-
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placed with a spectinomycin cassette. Next, we complemented this
isogenic mutant strain in trans with plasmid pDC-mga, contain-
ing the entire coding region of mga fused with its native promoter.
Successful complementation of the mutant was verified by analyz-
ing mga transcript levels in the MGAS15249:pDC, Amga:pDC,
and Amga:pDC-mga strains by qRT-PCR (see Fig. S2 in the sup-
plemental material). Target gene regulation by the trans-comple-
mented strain was also confirmed by analysis of the transcript
levels of emm by qRT-PCR, indicating that mga expressed from
the complementation plasmid is functional in vivo (see Fig. S3 in
the supplemental material). The isogenic Amga mutant strain
trans-complemented with wild-type mga (Amga:pDC-mga) was
used as a control. Using the wild-type and Amga strains, we per-
formed comparative genome-wide transcription profiling by
RNA-seq analysis. Briefly, cells were grown to late exponential
phase (Agyo of ~1.0) in THY medium, and RNA purification was
performed and cDNA libraries were generated by using commer-
cially available kits. Genes were considered differentially regulated
between the two strains if the fold change was >1.5 and the Bon-
ferroni-corrected P value was <0.05.

We found that Mga influences the expression of 144 genes (~7%
of the 1,951 total predicted genes in the genome), with 70 genes being
upregulated and 74 genes being downregulated (Fig. 2A to D; see also
Table S3 in the supplemental material). Consistent with data re-
ported previously for strains of other M protein serotypes, the differ-
entially regulated genes belonged to 3 major categories: virulence fac-
tors, nutrient metabolism and transport, and uncharacterized
hypothetical proteins (see Table S3 in the supplemental material).
Virulence genes upregulated by Mga include components of the core
mgaregulon identified in other serotypes, such as the emm, mrp, scpA,
enn, sclA, sof, and sfbX genes (Fig. 2D; see also Table S3 in the supple-
mental material). However, a key difference was that the magni-
tude of the Mga regulatory influence was more pronounced in
serotype M59 than in other tested serotypes (3). Additional
virulence factors controlled by Mga in this serotype included
the operon encoding NAD-glycohydrolase (NADase) (nga),
the intracellular inhibitor of nga (ifs), streptolysin O (SLO)
(slo), and 3 small, putative secreted peptides (MGASI15252_0178,
MGAS15252_0179, and MGAS15252_0181) (Fig. 2B; see also Table
S3 in the supplemental material). Uncharacterized hypothetical small
peptides and proteins form one of the major groups of genes activated
by Mga. Consistent with previously reported observations of strains
of other serotypes, many genes involved in nutrient metabolism and
transport were downregulated by Mga (see Table $4 in the supple-
mental material). Taken together, these data show that Mga is a reg-
ulator of global gene expression in serotype M59 GAS.

Mga is phosphorylated in vivo. To deduce the molecular
mechanism of gene regulation by Mga, we first performed mod-
eling studies with I-TASSER (30-32). Mga is predicted to share a
high degree of structural homology with AtxA, a PRD-containing
activator from Bacillus anthracis (PDB accession number 4R61)
(10, 33, 34). The predicted model has a high template modeling
(TM) score of 0.62 = 0.14 (a score of >0.5 is reliable), suggesting
that the model has the correct topology (30-32). Furthermore, the
model superimposed well with the AtxA structure, with a root
mean square deviation of 0.8 A over 420 amino acids, indicating
structural similarity between the two proteins (Fig. 3A and B). In
light of this new information, we redefined the domain boundar-
ies within Mga and attempted to elucidate the mode of gene reg-
ulation. The model shares 4 domains with AtxA: an N-terminal
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DNA-binding domain with two HTH motifs (amino acids 1 to
170), PRD-1 (amino acids 181 to 281), PRD-2 (amino acids 284 to
408), and the EIIB domain (amino acids 409 to 492) (Fig. 3A and
B). In addition, the amino acid sequence of Mga has an additional
44 amino acids in its C terminus (Fig. 3B). Of note, the side chain
of H207 aligns well structurally with the phosphorylatable histi-
dine (H199) of AtxA PRD-1, suggesting that Mga function may be
influenced by phosphorylation of H207 (Fig. 3B and C).

We next investigated if Mga in the serotype M59 strain un-
dergoes phosphorylation at histidines. Although recent data
showed that recombinant purified Mga is phosphorylated in
vitro by recombinant PTS components (10), evidence regard-
ing the phosphorylation status of Mga in vivo is lacking. To
investigate if Mga is phosphorylated in vivo, we conducted
Phos-tag SDS-PAGE and immunoblot analysis of GAS cell ly-
sates. The Phos-tag compound specifically forms a complex
with phosphorylated amino acids in the presence of divalent
cations (35-37). Phosphorylated proteins complexed with the
Phos-tag compound migrate more slowly in Phos-tag SDS-
PAGE gels than do their nonphosphorylated counterparts (11,
36-38). To detect Mga in GAS cell lysates, we constructed C-
terminally hexahistidine-tagged Mga (Mga-Hiss). To ensure
that modified Mga retained regulatory activity, we measured
the transcript levels of the emm gene in strains containing ei-
ther native Mga or Mga-His, by qRT-PCR. The modification
did not affect the regulatory function of Mga-His, (see Fig. S3
in the supplemental material). Furthermore, we tested the abil-
ity of a monoclonal anti-Hisg antibody to detect Mga in cell
lysates by immunoblotting. The results demonstrated that the
cell lysates of the Amga:pDC or Amga:pDC-mga (native) strain
lacked an immunoreactive signal, whereas the lysates of the
Amga:pDC-mga-Hisg strain had a reactive band corresponding
to the predicted molecular weight of Mga (Fig. 4A). This result
shows that the antibody can detect Mga in bacterial cell lysates
(Fig. 4A).

To test the hypothesis that Mga is phosphorylated in vivo, iso-
genic Amga mutant strains trans-complemented with either an
empty vector (Amga:pDC) or Mga-His, (Amga:pDC-mga-His)
were grown to late exponential phase in THY medium. Subse-
quently, we subjected the cell lysates to Phos-tag SDS-PAGE to
investigate the presence of phosphorylated Mga. Consistent with
our hypothesis, we observed two bands corresponding to Mga, a
slow-migrating species likely arising from phosphorylated Mga
and a fast-migrating band corresponding to nonphosphorylated
Mga (Fig. 4B). A similar analysis of cell lysates on SDS-PAGE gels
without Phos-tag revealed only one band, indicating that retarded
migration of Mga occurs only in Phos-tag gels, likely due to Mga
phosphorylation (Fig. 4B). Since Mga is hypothesized to be phos-
phorylated at conserved histidine residues and histidine phos-
phorylation is acid labile, we performed Phos-tag analysis of cell
lysates treated with hydroxylamine-HCI (39). In accordance with
histidine phosphorylation of Mga, the slow-migrating band was
absent in the hydroxylamine-HCl-treated samples, suggesting
that the shifted species corresponds to Mga phosphorylated at one
or more its conserved PRD histidines (Fig. 4B). Together, these
data provide the first evidence that Mga is phosphorylated at PRD
histidine residues in vivo.

Phosphorylation- and non-phosphorylation-mimicking
amino acid substitutions at conserved PRD-1 histidines exert a
significant influence on the regulatory activity of Mga. We next
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FIG 2 Genome-wide transcript analysis of the Amga strain compared to the wild type. (A) Gene expression in the MGAS15249 Amga strain. The relative gene
expression level in the Amga:pDC strain compared to the Amga:pDC-mga strain is shown. Mean fold changes in transcript levels of differentially regulated genes
and their respective genomic coordinates are shown (P < 0.05 compared to the wild type, determined by Baggerly’s test after applying Bonferroni’s correction
for multiple comparisons). (B to D) Genetic arrangement of significantly regulated genes in the Amga:pDC strain (genes with a >10-fold change in transcript

levels).

investigated the influence of phosphorylation events on the Mga-
mediated regulation of its target genes by introducing amino acid
substitutions at conserved PRD-1 histidines that mimic phos-
phorylated (His-to-Asp) or nonphosphorylated (His-to-Ala)
states. PRD-1 (amino acids 181 to 281) of Mga has 6 histidines
(H201, H207, H234, H242, H260, and H273), and PRD-2 (amino
acids 284 to 408) has 3 histidines (H303, H327, and H358). Pre-
vious analyses of M1 and M4 serotypes identified H207 and H273
of PRD-1 (numbered H204 and H270 in the previous study) as the
sites for PTS-mediated phosphorylation (10). Furthermore,
whole-genome sequencing analysis of serotype M59 strains iden-
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tified H201 to be highly polymorphic, and a naturally occurring
histidine-to-arginine replacement at H201 (H201R) caused in-
creased GAS virulence (13, 14, 21). Thus, we performed muta-
tional analysis of H201, H207, and H273 of PRD-1 and character-
ized the mutants for target gene regulation.

We used complementation plasmid pDC-mga as the template
to introduce the single-amino-acid replacements at 3 PRD-1 his-
tidines (H201, H207, and H273), and the resulting plasmids with
phosphorylation- or non-phosphorylation-mimicking substitu-
tions were subsequently introduced into the Amga mutant strain.
The Amga mutant strain complemented with empty vector

June 2015 Volume 83 Number 6


http://iai.asm.org

Phosphoregulation of Group A Streptococcus Mga

A)
H207
1 170

H273 H327

284 408 536

NTD

181 PRD-1 281 PRD-2 409 EIIB 494

FIG 3 Modeling studies of Mga. (A) Schematic representation of the domain architecture of Mga. Individual domains are labeled, and the domain boundaries
are indicated by the amino acid numbering at the bottom. The locations of phosphorylatable histidines are indicated and labeled. (B) Ribbon representation of
the Mga model, as predicted by I-TASSER, superimposed on the structure of AtxA from B. anthracis (PDB accession number 4R6I). Individual domains of Mga
are color-coded as shown in panel A. Individual domains of AtxA are color-coded as follows: the N-terminal domain (NTD) is in yellow, PRD-1 is in brown,
PRD-2 is in light blue, and the EIIB domain is in light pink. An additional C-terminal fragment in Mga is indicated in green. Phosphorylatable histidines, H207
and H273 of PRD-1 and H327 of PRD-2, are shown as spheres and marked by arrows. A phosphorylatable histidine (H199) in PRD-1 of AtxA is shown as an
orange sphere. (C) Ribbon representation of the model of the Mga dimer. One subunit is color-coded as described above for panel B, and the second subunit is
shown in gray. The orientation of the model in panel C is tilted and rotated on the x axis relative to that in panel B for a better representation of the dimer.

pDC123 (Amga:pDC) was used as a negative control, and the
Amga:pDC-mga strain was used as a wild-type control. When
grown in laboratory medium, growth characteristics of the wild
type, the Amga mutant strain (Amga:pDC), and strains with sub-
stitutions at PRD-1 histidines did not differ significantly (data not
shown). SDS-PAGE analysis of the mutant recombinant proteins
indicated that the solubility of the mutant proteins was similar to
that of wild-type Mga, suggesting that the mutations do not cause
drastic structural defects (see Fig. S4 in the supplemental mate-
rial).

To determine the regulatory consequences of phosphorylation
or nonphosphorylation at PRD-1 histidines, we measured the
transcript levels of mga and its regulatory targets, emm, scpA, and
sclA, by qRT-PCR. Although an arginine substitution at H201
resulted in the upregulation of the target genes (21), neither an
alanine nor an aspartate substitution at this position caused an
alteration in the regulatory activity of Mga (Fig. 5). Consistent

A) 1 2 3
—75

Mga-His > _— 50
—-37

with this, it was proposed that the H201R mutation likely either
interferes with the phosphorylation event indirectly or impedes
the phosphorylation-dependent conformational changes in Mga
and the resulting alterations in gene regulation (21). Together,
these results suggest that H201 is an unlikely candidate for phos-
phorylation in Mga.

However, analysis of the transcript levels of phosphorylation-
or non-phosphorylation-mimicking mutations at either H207 or
H273 showed significantly altered gene regulation by Mga. Inter-
estingly, depending on the histidine at which the substitutions
were made, two distinct phenotypes were observed. First, regard-
less of the nature of the substitution, alterations at H207 resulted
in a drastic decrease of Mga regulatory activity (Fig. 6A). Com-
pared to the wild type, an alanine or aspartate substitution at H207
caused 32- to 48-fold reductions in the transcript levels of emm,
scpA, and sclA (Fig. 6A). On the other hand, phosphorylation-
mimicking (H273D) or non-phosphorylation-mimicking (H273A)

Mga-P-His .,

Mga-His, o

FIG 4 Mga is phosphorylated in vivo. The isogenic mga mutant strain trans-complemented with an empty vector (Amga:pDC), the wild-type mga strain
(Amga:pDC-mga), or the hexahistidine-tagged wild-type mga strain (Amga:pDC-mga-His) was grown in THY medium to the late exponential growth phase
(Agoo of ~1.0). Cells were lysed, and cell lysates were clarified by methanol precipitation. (A) Equal concentrations of cell lysates of the Amga:pDC (lane 1),
Amga:pDC-mga (lane 2), and Amga:pDC-mga-His strains were resolved on a 10% SDS-PAGE gel and probed by monoclonal antihexahistidine antibodies. (B)
Equal concentrations of cell lysates of the Amga:pDC strain (lane 1), the Amga:pDC-mga-His, strain (lane 2), and the Amga:pDC-mga-His, strain treated with
hydroxylamine (lane 3) were resolved on a 10% SDS-PAGE gel containing 50 uM Phos-tag and ZnSO, and probed by monoclonal antihexahistidine antibodies.
Bands corresponding to nonphosphorylated Mga (Mga-His,) and phosphorylated Mga (Mga-P-His) are labeled and indicated by arrows.
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FIG 5 Phosphorylation- and non-phosphorylation-mimicking substitutions
at H201 of PRD-1 of Mga do not alter transcript levels of Mga-regulated genes.
Transcript levels of mga, emm, scpA, and sclA were measured by qRT-PCR.
Four biological replicates were grown and analyzed in triplicate. Data graphed
are means = standard deviations.

substitutions at H273 had opposing effects on gene regulation by
Mga. Importantly, the alanine substitution at H273 resulted in
slightly elevated (2- to 4-fold) levels of regulatory activity, whereas
the aspartate substitution caused a 12- to 24-fold reduction in the
transcript levels of target genes compared to the wild type (Fig.
6A). Furthermore, with the exception of the H207A substitution,
the regulatory profile observed for the mga mutants in our study is
reminiscent of the phenotypes that are typically observed in PRD-
containing proteins; i.e., phosphorylation- and non-phosphory-
lation-mimicking substitutions at phosphorylatable PRD histi-
dines result in opposing regulatory outcomes (40). We next
investigated whether the introduction of double-alanine (A/A) or
double-aspartate (D/D) substitutions at H207 and H273 aug-
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ments the regulatory effect of single-alanine or -aspartate substi-
tutions. The phenotype of mutant strains with either A/A or D/D
substitutions resembled that of single-alanine or -aspartate mu-
tants of H207, indicating that substitutions at H207 of Mga have a
dominant-negative phenotype (Fig. 6B). Collectively, these data
indicate that phosphomimetic substitution at H207 or H273 in-
hibits Mga-dependent gene regulation, whereas nonphosphomi-
metic substitution at H273 relieves this inhibition.
Phosphorylation- and non-phosphorylation-mimicking sub-
stitutions at conserved PRD-2 histidines play a lesser role in the
regulation of Mga activity. Since Mga is predicted to contain two
PRDs and PRD-2 has two conserved histidines (H327 and H358),
we sought to determine if these two histidines played a role in gene
regulation. Single-alanine or -aspartate substitutions were intro-
duced at the two histidines (H327 and H358), and the resulting
strains were characterized for target gene regulation by qRT-PCR.
Substitutions at H358 did not alter the transcript levels of emm,
scpA, and sclA, indicating that H358 is an unlikely target for phos-
phoregulation in Mga (Fig. 7). However, single-alanine or -aspar-
tate substitutions at H327, H327A, and H327D caused opposing
effects, albeit to a lesser extent than the analogous substitutions at
H207 and H273, on gene transcripts (Fig. 7). Although the non-
phosphorylation-mimicking substitution (H327A) had transcript
levels comparable to those of the wild type, the phosphorylation-
mimicking aspartate mutation resulted in a modest 2- to 3-fold
decrease in the transcript levels of target genes (Fig. 7). Consistent
with these observations, analogous studies of serotype M1/M4
identified H327 as a phosphorylation site in Mga (10). Together,

SCpA

Bl Wild type
B Amga
B H207A
B8 H207D
E H273A
B H273D

B wild type

B Amga

I H207A/H273A
I H207D/H273D

FIG 6 Phosphorylation- and non-phosphorylation-mimicking substitutions at H207 and H273 of PRD-1 of Mga alter transcript levels of Mga-regulated genes.
Isogenic mutant strains with single (A) or double (B) phosphorylation- and non-phosphorylation-mimicking substitutions at H207 and H273 of PRD-1 were
grown to the exponential phase of growth. Transcript levels of mga, emm, scpA, and sclA in the indicated strains were measured by qRT-PCR. Four biological
replicates were grown and analyzed in triplicate. Data graphed are means = standard deviations. Values with single asterisks (P < 0.05) and double asterisks (P <
0.0005) indicate statistically significantly different transcript levels compared to the wild type.
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FIG 7 Phosphorylation- and non-phosphorylation-mimicking substitutions at H327 of PRD-2 of Mga alter transcript levels of Mga-regulated genes. Transcript
levels of mga, emm, scpA, and sclA in the indicated strains were measured by qRT-PCR. Four biological replicates were grown and analyzed in triplicate. Data
graphed are means = standard deviations. Values with single asterisks (P < 0.05) and double asterisks (P < 0.0005) indicate statistically significantly different

transcript levels compared to the wild type.

these data indicate that phosphorylation and nonphosphorylation
events at H327 of PRD-2 mediate a lesser influence on Mga-me-
diated gene regulation than the phosphorylation events at PRD-1
histidines.

Phosphorylation/non-phosphorylation-mimicking substi-
tutions at PRD-1 histidines affect Mga-dependent gene regula-
tion at the global level. Given the greater influence of phosphor-
ylation/non-phosphorylation-mimicking mutations at PRD-1
histidines than at PRD-2 histidines on Mga-dependent gene reg-
ulation, we investigated the effect of these mutations on global
gene regulation by Mga. Relevant strains were grown to late expo-
nential phase in laboratory medium, and genome-wide transcrip-
tome analysis was performed by RNA-seq analysis. In accordance
with the qQRT-PCR results, 3 distinct profiles of gene expression
were observed (Fig. 8A and B). First, both substitutions at H207
resulted in an altered expression profile, with the core mga regulon
being significantly downregulated (Fig. 8A and B; see also Tables
S5 and S6 in the supplemental material). Second, depending on
the nature of substitutions at H273, an opposing pattern of gene
regulation was observed. Specifically, the non-phosphorylation-
mimicking substitution at H273 (H273A) had a pattern compa-
rable to that of the wild type, whereas the phosphorylation-mim-
icking mutation (H273D) caused a significant downregulation of
Mga-regulated genes (Fig. 8A and B; see also Tables S7 and S8 in
the supplemental material). Finally, the phosphomimetic substi-
tutions at either H207 or H273 resulted in similar genome-wide
transcription profiles, with the H207D substitution causing a
more pronounced effect on Mga-dependent gene regulation (Fig.
8A and B; see also Tables S5 and S6 in the supplemental material).
Together, these results demonstrated that phosphorylation-mim-
icking substitutions of PRD-1 histidines downregulate Mga-de-
pendent gene expression at the global level, whereas a non-phos-
phorylation-mimicking substitution at H273 of PRD-1 results in
upregulation of Mga regulatory activity.

Given the lack of opposing phenotypes for phosphorylation-
and non-phosphorylation-mimicking substitutions at H207, we
investigated whether the phosphorylation of H207 occurs in vivo.
By using C-terminally hexahistidine-tagged mga (pDC-mga-
His,) as the template, single- or double-alanine substitutions were
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introduced at H273 of PRD-1 and H327 of PRD-2. Cells were
grown to late exponential phase in THY medium, and cell lysates
were subjected to Phos-tag SDS-PAGE. Consistent with our hy-
pothesis that H207 is phosphorylated in vivo, a slow-migrating
species corresponding to phosphorylated Mga was observed with
both single- and double-alanine substitutions at H273 and H327
(Fig. 9). Thus, results from Phos-tag analysis indicated that single-
or double-alanine substitutions at H273 and H327 do not prevent
Mga phosphorylation and that additional phosphorylation events
occur in Mga, presumably at H207.
Phosphorylation/non-phosphorylation-mimicking substi-
tutions at H273 alter virulence in a mouse model of necrotizing
fasciitis. To test the hypothesis that modulation of Mga regulatory
activity by phosphorylation/non-phosphorylation-mimicking
substitutions at H273 contributes to GAS virulence, we compared
the Amga strain and the Amga strain trans-complemented with
either wild-type mga or individual mutants in an intramuscular
mouse model of infection. Consistent with the results from RNA-
seq studies, the wild-type and non-phosphorylation-mimicking
H273A mutant strains were more virulent than the Amga and
phosphorylation-mimicking H273D mutant strains (P < 0.05)
(Fig. 10A). We hypothesized that the increased virulence of the
wild-type and H273A mutant strains would manifest as a signifi-
cantly altered tissue phenotype. To test this hypothesis, we per-
formed visual and microscopic examinations of the tissue lesions.
Consistent with the near-mortality data, mice infected with the
wild-type and H273A mutant strains exhibited larger lesions with
more severe tissue damage and local dissemination than did mice
infected with the Amga and H273D mutant strains (Fig. 10B).
Given that target genes regulated by Mga are implicated in host
cell attachment and immune evasion, we next hypothesized
that phosphorylation/non-phosphorylation-mimicking mutants
would alter the bacterial burden in vivo. To this end, we compared
the GAS CFU recovered from infected limbs. The results demon-
strated that significantly more CFU per gram were recovered from
the lesions of mice infected with the wild type than from the le-
sions of mice infected with the Amga mutant (P < 0.05), suggest-
ing that Mga-dependent gene regulation is critical for GAS sur-
vival during infection (Fig. 10C). Furthermore, an increased
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FIG 8 Phosphorylation/non-phosphorylation-mimicking substitutions at
H207 and H273 of PRD-1 of Mga alter the global mga transcriptional profile.
(A) Heat map depicting the alterations in the gene expression pattern at the
globallevel in the indicated strains. (B) Heat map of transcript levels of selected
genes in the indicated strains relative to the wild type. The scheme for the color
values is shown at the bottom. Red in the key represents downregulated genes,
black represents genes not detected/not differentially expressed, and green
represents upregulated genes in the indicated strains relative to the wild type.

bacterial burden was observed for the lesions from mice infected
with the non-phosphorylation-mimicking H273A mutant com-
pared to the phosphorylation-mimicking H273D mutant (P <
0.05) (Fig. 10C). Together, these data demonstrate that the regu-
latory activity of Mga is critical for GAS survival in vivo and that
modulation of Mga function by phosphorylation/non-phosphor-
ylation-mimicking substitutions at H273 contributes significantly
to M59 GAS virulence.

Both phosphorylation- and non-phosphorylation-mimick-
ing substitutions at H207 attenuate GAS virulence in a mouse
model of necrotizing fasciitis. Unlike the opposing effects of
phosphorylation- and non-phosphorylation-mimicking substitu-
tions at H273 on Mga-dependent gene regulation, both substitu-
tions at H207 resulted in a downregulation of Mga-controlled
target genes in vitro. To investigate whether the observed in vitro
phenotype of H207 substitutions correlates with GAS pathogenic-
ity in vivo, we compared the Amga strain and the Amga strain
trans-complemented with either wild-type mga or individual
H207 mutants for near-mortality in an intramuscular mouse
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FIG 9 In vivo phosphorylation status of the wild type and various alanine
mutants of Mga, as assessed by Phos-tag immunoblot analysis. Equal concen-
trations of cell lysates from the indicated strains were resolved on a 10% SDS-
PAGE gel containing 50 M Phos-tag and ZnSO, and probed by monoclonal
antihexahistidine antibodies. Bands corresponding to nonphosphorylated
Mga (Mga-His,) and phosphorylated Mga (Mga-P-Hisy) are labeled and indi-
cated by arrows.

model of infection. Consistent with the results from RNA-seq
studies and analyses of transcript levels, both alanine and aspartate
substitutions at H207 caused a significant attenuation of GAS vir-
ulence compared to the strain trans-complemented with wild-
type mga (P < 0.05) (Fig. 11). Together, these data indicate that
both phosphomimetic and nonphosphomimetic substitutions at
H207 significantly alter M59 GAS virulence.

DISCUSSION

Population genomic analyses of the bacterial isolates recovered
from epidemics have provided unprecedented insights into the
evolution of the pathogens, genetic changes in the bacterial ge-
nome that contribute to altered virulence, and loci that are under
strong selection during natural infection (14-16, 41-46). Whole-
genome sequencing analyses of ~800 strains of GAS serotype M59
from invasive epidemics revealed that the mga locus is under
strong selection pressure, suggesting a critical role for the regula-
tory function of Mga in the pathogenesis of serotype M59 GAS
(13, 14, 17). Consistent with this, a naturally occurring single-
amino-acid replacement in Mga, H201R, caused upregulation of
various Mga-regulated toxins and conferred a hypervirulence
phenotype compared to the wild type (21). These data prompted
us to investigate the molecular mechanism of gene regulation by
Mga and the serotype-specific contribution of Mga to M59 GAS
pathogenesis.

Our findings demonstrated that Mga exerts a significant regu-
latory influence on GAS gene expression in the M59 serotype.
Depending on the composition of the core mga regulon and the
amino acid sequence of Mga, it has been classified into two distinct
alleles, mga-1 and mga-2 (18, 19, 47). To obtain insights into the
serotype-specific contribution of Mga to GAS pathogenesis, we
compared the transcriptomes controlled by mga-2 alleles from
two different GAS serotypes, M59 from our study and M4 from a
previous study. As expected, the core regulon that is composed of
the emm, mrp, scpA, enn, sclA, sof, and sfbX genes is highly regu-
lated in both serotypes (3, 18). In addition, Mga in M59 GAS
influences the expression of an operon encoding streptolysin O
(SLO) and NAD-glycohydrolase (NADase) and its intracellular
inhibitor immunity factor for Streptococcus pyogenes NADase
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FIG 10 Phosphorylation- and non-phosphorylation-mimicking substitu-
tions at H273 of PRD-1 of Mga alter M59 GAS virulence. (A) Twenty mice
were infected with each indicated strain intramuscularly, and near-mortality
was graphed as a Kaplan-Meier survival curve. Statistical significance between
strains, as assessed by a log rank test, is indicated. (B) Histological examination
of muscular lesions from mice infected with the indicated strains. The con-
fined, less destructive lesions are indicated by arrowheads, and the areas of
damaged muscle tissue with more destructive lesions are boxed. (C) Twenty
mice were infected intramuscularly, and mean CFU recovered from the in-
fected muscle tissue are shown, with P values being determined by a ¢ test.

(IFS). Both SLO and NADase are proven virulence factors and
have been implicated in intracellular survival and GAS resistance
to macrophage-mediated cytotoxicity (48-52). Beyond the core
regulon, genes regulated by Mga in the two serotypes diverge sig-
nificantly and point toward differing metabolic capabilities of the
two serotypes. Importantly, Mga-regulated genes in the M4 sero-
type involved the uptake of maltose (mmalE-malG operon involved
in maltose transport and metabolism [malE-G]), glucose (ptsG),
and mannose (ptsA-ptsD operon [ptsA-D]) as well as regulatory
proteins (ccpA and licT) involved in carbohydrate metabolism (3).
In contrast, the transcriptional response controlled by Mga in the
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FIG 11 Phosphorylation- and non-phosphorylation-mimicking substitu-
tions at H207 of PRD-1 of Mga attenuate M59 GAS virulence. Twenty mice
were infected with each indicated strain intramuscularly, and near-mortality
was graphed as a Kaplan-Meier survival curve. Statistical significance between
strains, as assessed by a log rank test, is indicated.

rial). Furthermore, Mga controls the expression of the iron uptake
system (siuADBG) in the M4 serotype, whereas it upregulates zinc
acquisition systems (/mb and phtD) in the M59 serotype (see Ta-
bles S3 and S4 in the supplemental material) (3). Together, these
data indicate the delicate differences in the serotype-specific reg-
ulation of adaptive responses by Mga and highlight the important
metabolic differences between the two serotypes. Although these
results support the hypothesis that Mga mediates gene regulation
in a serotype-specific fashion, further investigations into the con-
tribution of these Mga-controlled metabolic pathways to GAS se-
rotype M59 pathogenesis will be required to validate this hypoth-
esis.

We have demonstrated that the regulatory activity of Mga is
modulated by phosphorylation- and non-phosphorylation-mim-
icking substitutions at each of the 3 conserved histidines, H207
and H273 of PRD-1 and H327 of PRD-2 of Mga. Although the
phenotypes of alanine and aspartate substitutions at the conserved
PRD histidines of Mga are consistent with the mode of phospho-
regulation observed for other previously characterized PRD-con-
taining transcription regulators, alternative possibilities cannot be
ruled out. These possibilities include potential direct or indirect
roles for the PRD histidines in DNA binding and multimerization,
structural changes in Mga required to mediate gene regulation,
and protein-protein interactions with transcription machinery.
However, similar studies of GAS serotype M4 demonstrated that
the 3 histidines identified in our study, H207 and H273 of PRD-1
and H327 of PRD-2, are the target sites for PTS-dependent Mga
phosphorylation in vitro (10). Thus, findings from studies of se-
rotype M4 lend further support to the conclusion that alanine and
aspartate substitutions at the conserved PRD histidines of Mga
mimic nonphosphorylated and phosphorylated states, respec-
tively.

Phosphoryl modification at each of the 3 histidines inhibits
Mga-dependent gene regulation, whereas the lack of phosphory-
lation at either H273 or H327 positively influences Mga regulatory
activity. The phenotype of the H207A mutant was an exception to
the opposing modes of phosphoregulation, as the H207A muta-
tion failed to reverse the phosphorylation-induced loss of Mga
regulatory function. To understand the underlying cause for the
observed H207A phenotype, we analyzed the local environment of

M359 serotype involved nucleotide metabolism (pyrP, pyrB, MGAS152521207 in the Mga model (Fig. 3A to C). The location of H207 in the

0417, MGAS15252_0325, mutY, rnhC, and the pur operon), amino
acid metabolism (gInP, ¢lnQ, glnA, arcDABC, and carAB), fatty
acid biosynthesis (fab and acc operons), and mannose uptake sys-
tems (manXZ) (see Tables S3 and S4 in the supplemental mate-

June 2015 Volume 83 Number 6

Infection and Immunity

Mga model corresponds to phosphorylatable H199 in the crystal
structure of AtxA (33). The side chain of H199 in AtxA is involved
in an H-bonding network, with the amino acids in the loop con-
necting PRD-1 and the N-terminal DNA-binding domain. Thus,
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it was proposed that the side chain of H199 in its nonphosphory-
lated state interacts with the interdomain loop and locks the DNA-
binding domain of AtxA in an apo state. Conversely, phosphory-
lation of H199 disrupts the interactions between PRD-1 and the
DNA-binding domain, which releases the DNA-binding domain
to interact with its cognate DNA (33). However, phosphorylations
of H199 in AtxA and of H207 in Mga result in opposing regulatory
outcomes, with the phosphoryl modification of H199 causing the
activation of AtxA regulatory activity and H207 resulting in an
inhibition of Mga regulatory activity. Given the structural homol-
ogy between AtxA and Mga, it is likely that H207 in Mga is also
involved in similar critical interdomain interactions. However,
contrary to the proposed mechanism of phosphoregulation in
AtxA, the locked conformation favored by the interactions be-
tween nonphosphorylated H207 and the DNA-binding domain
might represent the DNA-bound conformation of Mga. Conse-
quently, phosphorylation of H207 might disrupt these interac-
tions and inhibit DNA binding and transcription activation by
Mga. In this model, both phosphomimetic and nonphosphomi-
metic substitutions at H207 might disrupt the interdomain con-
tacts and result in inhibition of Mga regulatory activity. Failure of
the mutants to mimic their respective phosphorylated states oc-
curs and has been documented for other PRD-containing regula-
tors (34, 53, 54).

Despite the similarities between studies on phosphorylation
of Mga in two GAS serotypes, the regulatory consequences of
Mga phosphorylation in serotype M4 are quite different from
our observations of serotype M59 (10). First, single-aspartate
or -alanine substitutions at conserved histidines failed to alter
Mga regulatory activity in a serotype M4 strain (10). In con-
trast, single-amino-acid substitutions at PRD histidines in se-
rotype M59 GAS markedly altered the regulatory phenotype.
Second, the phenotypes of non-phosphorylation-mimicking
substitutions at the histidines are indistinguishable from those
of the respective phosphorylation-mimicking mutations, as
both substitutions reduced Mga activity in a serotype M4 strain
(10). Consistent with the existing model of phosphoregulation,
non-phosphorylation-mimicking substitutions at either H273
or H327 exhibited opposing phenotypes of H273D or H327D
in serotype M59 GAS. Finally, phosphorylation at PRD-2 H327
was proposed to induce Mga activity in a serotype M4 strain
(10). Contrary to this, phosphorylation at H327 negatively im-
pacts Mga regulation in serotype M59 GAS. Comparison of the
Mga model and the AtxA crystal structure provided key in-
sights into the differing structural and functional consequences
of phosphorylation of the PRD-2 histidines. The side chain of
phosphorylatable PRD-2 H379 in AtxA is located in the inter-
face between PRD-2 and the EIIB dimerization domain (Fig.
3C). Thus, phosphorylation of H379 was proposed to weaken
the dimer interface and inhibit AtxA-dependent gene regula-
tion by causing defective dimerization (10). Contrarily, the
side chain of H327 is not involved in dimerization interactions
and is situated at the interface between PRD-1 and PRD-2 (Fig.
3C). As a result, phosphorylation of H327 is likely to have a
lesser influence on Mga multimerization but might impact
Mga-DNA interactions indirectly by its interference with the
interactions between PRD-1 and DNA-binding domains. The
observed regulatory differences between the two studies were
further extended to the virulence phenotype. In the previous
study, both the phosphomimetic and nonphosphomimetic

2392 iai.asm.org

Infection and Immunity

substitutions attenuated GAS virulence in mouse models of
infection (10). However, in accordance with the transcription
profiling and qRT-PCR results for serotype M59 GAS, a strain
with a non-phosphorylation-mimicking substitution at H273
exhibited the wild-type virulence phenotype, whereas the phe-
notype of the H273D mutant was comparable to that of the
Amga strain. Although these observations underscore the in-
creased sensitivity of the Mga regulatory network to its cognate
environmental stimuli in serotype M59, the genetic elements
that account for the differential response of Mga to phospho-
regulation in different GAS serotypes remain unknown. The
genome of strain MGAS15249 used in this study is fully se-
quenced and devoid of function-altering polymorphisms in
major GAS regulators. However, the genome sequence of the
serotype M4 strain used in previous studies has not been re-
ported.

PTS-mediated phosphoregulation has been well docu-
mented for several PRD-containing bacterial antiterminators
and transcription activators (55, 56). The regulatory proteins
often contain two PRDs, of which one PRD is modified by the
phosphorylated E1-HPr system and the second PRD is phos-
phorylated by the sugar-specific EIIB enzyme (56). Phosphor-
ylation of each PRD has opposing effects on the regulatory
activity of PRD-containing proteins (56). However, variations
of the general principles exist in the number of phosphorylat-
able histidines in each PRD, the regulatory effect of the phos-
phorylation of individual PRDs, and the role of PTS compo-
nents in the phosphorylation of PRDs (33, 34, 40, 53, 57-59).
Intriguingly, phosphorylation at both PRD-1 and PRD-2 histi-
dines negatively influences the regulatory activity of Mga,
which is contrary to the opposing effect of phosphorylation of
PRD1 and PRD2 observed in the majority of the PRD-contain-
ing regulators (34, 53, 59, 60). An exception to this phenotype
also occurs in the regulation of the antiterminator LicT from
Bacillus subtilis, in which the phosphorylation events at both do-
mains result in the same regulatory outcome (58). Additionally,
the magnitude of regulation exerted by each phosphorylation
event in Mga varies, with the modification of H207 displaying a
drastic effect, followed by an intermediate effect of H273 muta-
tions and a modest effect of H327 mutations. This raises the pos-
sibility that each phosphorylation event is additive toward the
inhibition of Mga regulatory activity and that the incremental
inhibition of Mga occurs in concert with altering environmental
cues by sequential Mga phosphorylation. Given that phosphory-
lation of the PRD histidines inhibits transcription activation by
Mga, the possible mechanism of Mga activation remains un-
known. Possibilities include activation by dephosphorylation and
the consequent relief of inhibition, as occurs in LicT from B. sub-
tilis (58), or additional unknown genetic elements that contribute
to Mga induction. The observation that induction in MtIR from B.
subtilis occurs by direct phosphorylation of a cysteine (C419) lo-
cated in the EIIB domain lends support to the latter hypothesis, as
Mga has a cysteine, C444, located in its EIIB domain (40).

Although it is evident that phosphorylation of Mga controls its
regulatory properties, the molecular mechanism behind how this
signaling event is translated to gene regulation is poorly under-
stood. However, analyses of Mga from GAS and pneumococci and
AtxA from B. anthracis provide clues to the likely mechanism. The
binding sites of Mga in the target promoters lack a consensus
sequence and display low sequence identity, suggesting that se-
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quence-independent mechanisms dictate Mga-DNA interactions
(24). Furthermore, phosphorylation of Mga does not alter DNA
binding but affects its ability to multimerize (10), indicating that
Mga oligomerization may be the regulatory target of phosphory-
lation. A similar regulatory role for phosphorylation-dependent
oligomerization was observed for AtxA (33, 61). Consistent with
this, pneumococcal Mga (Mga-Spn) binds to target promoters in
a sequence-independent fashion and mediates gene regulation by
polymerization of Mga-Spn on the target promoters (62). Based
on these observations, we propose a speculative model for gene
regulation by Mga. Regardless of the phosphorylation state,
Mga recognizes the operator sequences by indirect readout and
binds to the target promoters. Phosphorylation of PRD histi-
dines induces structural changes in Mga, which negatively in-
fluence Mga multimerization and gene regulation. Conversely,
nonphosphorylated Mga binds and multimerizes on DNA to
form a transcriptionally productive complex and mediate the
upregulation of target genes.

In conclusion, using genetic, biochemical, modeling, and
animal infection studies, we have demonstrated that Mga is
phosphorylated in vivo and that phosphorylation events at con-
served histidines of PRD-1 and PRD-2 constitute the regula-
tory switch that controls Mga regulatory activity. Phospho-
regulation influences Mga regulatory activity at the global level
and contributes significantly to the virulence of serotype M59
GAS. Further structural and biochemical characterizations of
Mga will be necessary to elucidate the phosphorylation-in-
duced molecular events occurring in Mga that lead to altered
regulatory activity.
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