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Summary

Group A Streptococcus (GAS) is an exclusive human

pathogen that causes significant disease burden.

Global regulator RopB of GAS controls the expres-

sion of several major virulence factors including

secreted protease SpeB during high cell density.

However, the molecular mechanism for RopB-

dependent speB expression remains unclear. To

understand the mechanism of transcription activa-

tion by RopB, we determined the crystal structure of

the C-terminal domain of RopB. RopB-CTD has the

TPR motif, a signature motif involved in protein–

peptide interactions and shares significant struc-

tural homology with the quorum sensing RRNPP

family regulators. Characterization of the high cell

density-specific cell-free growth medium demon-

strated the presence of a low molecular weight

proteinaceous secreted factor that upregulates

RopB-dependent speB expression. Together, these

results suggest that RopB and its cognate peptide

signals constitute an intercellular signalling

machinery that controls the virulence gene expres-

sion in concert with population density. Structure-

guided mutational analyses of RopB dimer inter-

face demonstrated that single alanine substitutions

at this critical interface significantly altered RopB-

dependent speB expression and attenuated GAS

virulence. Results presented here suggested that a

properly aligned RopB dimer interface is important

for GAS pathogenesis and highlighted the dimeri-

zation interactions as a plausible therapeutic target

for the development of novel antimicrobials.

Introduction

Group A Streptococcus (GAS), also known as Strepto-

coccus pyogenes, is an exclusive human pathogen that

causes a broad spectrum of diseases that range from

mild pharyngitis and impetigo to the life threatening

necrotizing fasciitis (Cunningham, 2000). The morbidity

and mortality of GAS infection are high as the organism

causes an estimated 616 million cases of pharyngitis

worldwide, and 660,000 invasive infections that result in

163,000 deaths annually (Ralph and Carapetis, 2013).

Although the milder clinical manifestations caused by

GAS are treatable with antibiotics, invasive infections

are recalcitrant to antibiotic therapy and surgical inter-

ventions are often required. Given the lack of a vaccine

for humans, continued investigations into basic virulence

regulatory pathways are warranted to identify novel ther-

apeutic options.

GAS produces a myriad of secreted or membrane-

bound virulence factors, including superantigens,

membrane-bound toxins, nucleases and secreted pro-

teases (Olsen and Musser, 2010). A secreted cysteine

protease, known as streptococcal pyrogenic exotoxin B

(SpeB), is a major virulence factor that causes host tis-

sue damage and promotes disease dissemination

(Carroll and Musser, 2011). SpeB is produced abun-

dantly during natural infection and genetic inactivation

of speB attenuates GAS virulence in several animal

models of infection including the necrotizing fasciitis

model (Gubba et al., 1998; Johansson et al., 2008).

Additionally, abrogating SpeB protease activity with

either antibodies or small molecule inhibitors confers

protection against GAS infection (Bjorck et al., 1989;

Kapur et al., 1994). Given its importance in GAS

pathogenesis, the production of active SpeB from its

transcription to the mature enzyme is subjected to

stringent, multilayered regulation (Carroll and Musser,

2011; Shelburne et al., 2011).

Transcription of speB is directly controlled by a global

regulator known as regulator of proteinase B (RopB)
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(Carroll et al., 2011). RopB significantly influences the

expression of � 25% of the GAS genome during station-

ary growth phase (Carroll et al., 2011). The RopB regu-

lon includes diverse sets of genes that are involved in

virulence, stress responses, two-component signalling,

metabolism and host interactions (Carroll et al., 2011).

Consistent with its role as a key virulence regulator,

inactivation of ropB resulted in decreased GAS virulence

in various animal models of infection (Carroll et al.,

2011). Further evidence that the ropB signalling pathway

is important to GAS pathogenesis is provided by patho-

genomic studies of clinical GAS isolates. Whole genome

sequencing analysis of serotype M1 and M3 GAS

strains from epidemics of invasive infections revealed

that the gene encoding ropB is polymorphic and under

selective pressure during natural infection in some indi-

viduals (Beres et al., 2010; Nasser et al., 2014).

RopB belongs to the Rgg-family of transcription regu-

lators (Shelburne et al., 2011). Though the RopB

regulon comprises a large number of genes, the RopB-

dependent regulation of speB is the best characterized

(Neely et al., 2003). The ropB and speB genes are tran-

scribed divergently (Neely et al., 2003). RopB binds to

operator elements present in the intergenic region

between the ropB and speB transcription start sites and

activates speB transcription in a growth-phase-

dependent fashion (Neely et al., 2003). Although RopB

is essential for speB expression, ectopic expression of

RopB during the exponential growth phase failed to

decouple the growth phase dependency of speB expres-

sion, indicating that one or more stationary growth-

phase-specific factors are required for activation of speB

expression by RopB (Neely et al., 2003).

Our previous structural modelling studies with RopB

and the crystal structure of Rgg from Streptococcus

dysgalactiae revealed that Rgg regulators share signifi-

cant structural homology with the Rap-NprR-PlcR-PrgX

(RNPP)-family of transcription regulators (Shelburne

et al., 2011; Parashar et al., 2015). Members of the

expanded Rgg-RNPP (RRNPP) family regulators sense

bacterially encoded small, secreted oligopeptides as sig-

nals to monitor population density, and differentially

mediate gene regulation (Rocha-Estrada et al., 2010).

Rgg regulators constitute the largest subgroup of the

RRNPP family of regulators and control a variety of cel-

lular processes such as competence, biofilm formation

and virulence (Rocha-Estrada et al., 2010). Phylogeneti-

cally, members of the Rgg family of regulators are cate-

gorized into three subgroups (Fleuchot et al., 2011).

The members of Group I and II share a similar genetic

arrangement in which the cognate peptide signals are

encoded in the immediate genetic vicinity of the regula-

tor (Fleuchot et al., 2011). RopB forms the third major

group of Rgg regulators and lacks a recognizable small

peptide-coding region in its immediate vicinity (Fleuchot

et al., 2011). Our earlier studies indicated that the

secretion signal sequence of the virulence factor regula-

tor (Vfr) constitutes the inhibitory peptide signal for

RopB and negatively regulates RopB-dependent speB

expression at low cell density (Shelburne et al., 2011).

However, the biochemical identity of the inhibitory pep-

tide remains unknown. Additionally, evidence regarding

the presence of a high cell-density-specific activating

peptide signal is lacking.

To help elucidate the molecular mechanism of RopB-

dependent gene regulation, we determined the crystal

structure of the C-terminal domain of a truncated form

of RopB lacking 55 amino acids at the N-terminus. The

crystal structure revealed the presence of a peptide-

binding motif, the tetratricopeptide repeat (TPR) motif,

which is involved in peptide recognition in the structur-

ally characterized members of RRNPP-regulators. Fur-

thermore, characterization of the secretome from high

cell-density GAS growth revealed the presence of small,

secreted proteinaceous factor(s) that upregulate RopB-

dependent speB expression. Notably, the structure-

guided mutational analysis of RopB demonstrated the

significance of the dimer interface in RopB-mediated vir-

ulence regulation. The aforementioned studies open

new potential avenues for the development of small anti-

microbial molecules by targeting the intersubunit interac-

tions that are critical to GAS virulence.

Results

Crystal structure of RopB

To obtain insights into the structure of RopB, we

attempted to crystallize the full-length RopB in its unli-

ganded state. The recombinant full-length RopB formed

higher order oligomers larger than hexamer and failed

to crystallize. Thus, we constructed a truncated form of

RopB that has the entire C-terminal domain (RopB-

CTD, amino acids 56–280) but lacks the N-terminal

DNA-binding domain (amino acids 1–56). Both the

native and selenomethionine-derivatized RopB-CTD pro-

teins crystallized in the space group P3212 and the

crystals diffracted to 3.5 Å resolution. Initial phases

were obtained by the multiwavelength anomalous dis-

persion (MAD) method using selenomethionine-

derivatized RopB-CTD crystals (Hendrickson, 1991).

Data collection, phasing and structure refinement statis-

tics are summarized in Supporting Information Table S1.

Each asymmetric unit has two subunits of RopB.

Despite the low resolution of the diffraction data, the

molecule was traced to its entirety. However, the high

solvent content (�70%) of the crystal and the
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low-resolution diffraction data hampered the structure

refinement and resulted in relatively higher Rfree values.

The individual subunits of RopB within the asymmetric

unit are identical as they can be superimposed onto

each other with a root mean square deviation (rmsd)

below 1 Å over 223 aligned main chain carbon atoms.

Each subunit is composed of 12 a-helices with the C-

terminal helices a2-a11 forming the characteristic TPR

motifs, whereas the a12 forms the ‘capping helix’ (Fig.

1A). Each TPR motif is composed of a pair of antiparal-

lel helices, and RopB-CTD has a total of 5 TPR motifs

that are arranged in tandem (Fig. 1A and C). This pack-

ing of TPR motifs generates a right-handed super heli-

cal structure, which results in the formation of a concave

internal channel and a convex outer surface (Fig. 1B).

The N-terminal helix, a1, (helix a4 in full-length struc-

tures) bridges the C-terminal ligand-binding domain to

the DNA-binding domain in the structures of other

RRNPP regulators (Supporting Information Fig. S1) (Shi

et al., 2005; Declerck et al., 2007; Parashar et al.,

2015). Additionally, the helix a1 is engaged in intersubu-

nit interactions with the C-terminal domain of the oppos-

ing subunit of a dimeric structure of RRNPP regulators

(Supporting Information Fig. S1) (Shi et al., 2005;

Declerck et al., 2007; Grenha et al., 2013; Parashar

et al., 2015). However, the lack of the N-terminal DNA-

binding domain in the RopB-CTD structure confers

motional freedom to helix a1 and results in an extended

conformation (Supporting Information Fig. S1). As a

result, helix a1 does not participate in interdomain inter-

actions in the RopB-CTD structure (Supporting Informa-

tion Fig. S1). Interestingly, the analogous helix a1 from

symmetry-related molecules in the RopB-CTD crystal

occupies positions similar to helix a1 in full-length

RRNPP regulator structures and engages in interdomain

interactions (Supporting Information Fig. S1). Thus, a

similar bridging role for helix a1 is likely in the full-length

RopB structure and the interdomain contacts between

helix a1 and the C-terminal domain of opposing subunits

may be critical for RopB function.

RopB-CTD forms a dimer around a crystallographic

two-fold axis in the crystals (Fig. 1B). To determine

whether RopB-CTD exists as a dimer in solution, we

analysed the purified RopB-CTD by size exclusion chro-

matography. The elution volume of RopB-CTD indicated

a molecular mass of �60.3 kDa, which is slightly larger

than the theoretical molecular weight of the RopB-CTD

dimer (55.8 kDa; Supporting Information Fig. S2). The

dimer interface of RopB-CTD is formed by structural ele-

ments from the entire molecule and the intersubunit

interface buries a total of �1000 Å2 surface area (Gre-

nha et al., 2013). Specifically, the linker region connect-

ing the C- and N-terminal domains, the loops

connecting helices a7 and a8, helices a9 and a10, heli-

ces a11 and a12 and the first two turns of helix a11

participate in the dimerization interactions (Fig. 1B). The

dimer interface I is composed of side chains of C222,

Y224 and R226 located in the loop between helices a9

and a10 engage in interactions with their two-fold sym-

metry counterparts (Fig. 3A and B). The dimer interface

II has the side chain of I255 in the N-terminal half of

helices a11 engaged in two-fold related stacking interac-

tions (Fig. 3A and B). Additional dimerization inter-

actions between the two DNA-binding domains of the

dimers were observed in the full-length structures of the

RRNPP family regulators (Shi et al., 2005; Grenha

et al., 2013; Zouhir et al., 2013).

The TPR domain of RopB contains a concave surface

that bears resemblance to the ligand-binding pockets

observed in the peptide-bound structures of RRNPP-

family regulators (Fig. 1B and C and Supporting Infor-

mation Fig. S3) (Shi et al., 2005; Grenha et al., 2013;

Zouhir et al., 2013). When the RopB structure was ana-

lysed by the ligand binding site prediction program, Con-

sensus Approach (COACH) (Terwilliger and Berendzen,

1999), the predicted high confidence site overlapped

with the concave surface of each subunit (Fig. 1B).

Structural elements that line the concave surface include

helices a2, a6, a8 and a12. Helices a6, and a8 form

the floor of the binding pocket, whereas helices a2, and

a12 form the lateral walls of this pocket (Supporting

Information Fig. S4). The surface of the binding pocket

is lined with two surface-exposed asparagines, namely

N152, and N192, which are highly conserved and

involved in protein–peptide backbone interactions

among RRNPP regulators (Shi et al., 2005; Grenha

et al., 2013; Zouhir et al., 2013) (Supporting Information

Fig. S5).

The structural analysis of RopB-CTD also revealed

the presence of a Cys160-Cys160 disulfide bond

between two dimer molecules. However, substitution of

C160 with serine (C160S) failed to alter RopB regulatory

activity (Supporting Information Fig. S6A–D), suggesting

that the observed intersubunit disulfide bond is a crystal-

lographic artifact and dispensable for the biological func-

tion of RopB under laboratory growth conditions.

A stationary phase-specific secreted signal molecule

activates RopB-dependent speB expression

Since TPR motifs are typically involved in protein–

protein interactions (PPI) (Cerveny et al., 2013) and

similar structural elements in TPR-motif containing

RRNPP-family regulators are implicated in peptide bind-

ing (Yang et al., 2013), we hypothesized that RopB is a

peptide-sensing protein and mediates gene regulation in

response to cell-density-specific signalling peptides. In

Crystal structure of RopB 1121
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accordance with this, our earlier studies indicated that the

amino-terminal signal sequence of Vfr protein constitutes

the inhibitory signal of RopB during low cell density (Shel-

burne et al., 2011). However, a high cell density-specific

activation factor for RopB-dependent gene regulation is

yet to be identified. To test the hypothesis that a

stationary-phase-specific secreted peptide functions as

an activation signal for RopB-mediated speB expression,

we performed a secretome swapping experiment. GAS

strains grown to mid-exponential growth phase (ME) were

exposed to cell-free culture filtrate obtained from GAS

grown to either mid-exponential (ME SEC) or stationary

phase of growth (STAT-SEC). After incubation for 60 min

with the respective secretomes, GAS cells were har-

vested and speB transcript levels were measured by

quantitative reverse transcriptase PCR assay (qRT-PCR).

GAS from the STAT-SEC swapped culture showed an

�2000-fold increase in the speB transcript level relative to

the culture exposed to the ME growth filtrate (ME-SEC),

suggesting that the activation factor for RopB-dependent

speB expression is present in stationary phase secre-

tome (Fig. 2). As RRNPP-family regulators sense

secreted small peptides (Rocha-Estrada et al., 2010), we

then isolated the low molecular weight component of the

stationary phase secretome by ultrafiltration with a YM-3

filter (�3 kDa STAT SEC) and tested for activity. Low

molecular weight secretome caused an approximate

1300-fold increase in the speB transcript levels compared

to the GAS growth in ME growth filtrate (Fig. 2). To ascer-

tain that RopB was required for the secreted factor-

dependent upregulation of speB, we performed the analo-

gous experiment with an isogenic DropB mutant strain.

Consistent with our hypothesis, no increase in the speB

transcript level was detected in the DropB strain in

response to the wild type stationary-phase-specific secre-

tome (Fig. 2). Finally, to investigate whether the activation

factor is proteinaceous, we treated the total secretome

(STAT-SEC) with proteinase-K and tested the treated

sample for activity. As expected, the Prot-K treated STAT-

SEC lost its ability to activate speB expression (Fig. 2).

Collectively, these results demonstrate that low molecular

weight proteinaceous activation signal(s) are secreted in

the culture supernatant of stationary-phase GAS cultures

and activate RopB-dependent speB expression in a

growth phase-dependent manner.

Integrity of RopB dimer interface is critical for speB

expression

To determine the importance of the RopB dimer interface

to its gene regulation, we introduced single alanine substi-

tutions at residues C222, Y224 and R226 of dimer inter-

face I, and I255 of dimer interface II (Fig. 3A and B).

Although the side chain of C227 is not directly involved in

dimerization interactions, the whole genome sequencing

analysis of GAS serotype M3 strains identified a naturally

N N

C
C

MNVDEFLFISNNFKQYKEFIDMDTAKHYFECRNIEGLNHILDSYKDSKSTKEKNLFALVKVL

 
LATLTEEDCLTERTYLSNYLINIETWSHYETVLFNNCMFILESCFIEMVFSKVIVNLDKYNTLR

YYGNESIRMFVNMLILFIQRQEYDKASEILAKIEDYQLNDDCLYERCCVSFFDGIIGLINGKEG

AEQKCVQILEIFQLLNCKTIHHMFQTYLEAIKHKLS

TPR1

TPR2

TPR4 TPR5

TPR3

CAPPING HELIX

A)

C)

B)

N
TPR1

C

TPR2

TPR3

TPR4

TPR5

1

1
2 2

3

34 4

5 5

7

6

8
9

1011
12

6

7
8

9

10

11

12

Fig. 1. Crystal structure of
RopB-CTD.
A. Ribbon representation of
the individual subunit of RopB-
CTD highlighting the positions
of the 5 TPR motifs. Each
TPR motif and the capping
helix are colour coded and
labelled. The amino- and
carboxy-termini of the
molecule are labelled as N
and C, respectively.
B. Ribbon diagram of the
crystallographic RopB-CTD
dimer. Individual subunits of a
dimer molecule are colour-
coded. The N- and C-termini
are labelled and the 0

indicates the structural
elements from the second
subunit of a dimer. The
putative ligand-binding pocket
predicted by the program
‘COACH’ is depicted with
spheres.
C. Amino acid sequence of
RopB-CTD with the
corresponding structure
elements are marked and
colour-coded as in panel A.

1122 N. Makthal et al. �

VC 2015 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology, 99, 1119–1133



occurring Cys to Tyr substitution at C227 that attenuated

GAS virulence (Carroll et al., 2011). Thus, we included

C227 in the alanine mutational analysis and character-

ized the mutants for RopB-dependent speB expression.

Our previous studies indicated that GAS gene expres-

sion in trans from plasmid pDC123 resulted in gene over-

expression relative to the expression levels from the

genome (Shelburne et al., 2011; Sanson et al., 2015). To

circumvent the gene dosage effect, we constructed isoal-

lelic mutants with single alanine substitutions at the target

residues. The isoallelic mutant strains differ from the wild

type strain only by the introduced single amino acid sub-

stitution. When grown in nutrient rich THY medium, no dis-

cernable differences were observed in the growth kinetics

of wild type and isoallelic mutant strains (Supporting Infor-

mation Fig. S7). To ascertain that the single alanine sub-

stitutions do not alter the expression levels of ropB, we

measured ropB transcript levels in wild type and isoallelic

mutant strains by qRT-PCR. We found similar expression

levels of ropB in both the wild type and mutant strains

(Fig. 3C). Further, sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) analysis of the purified

mutant recombinant proteins revealed that their solubility

was comparable to that of the wild type RopB-CTD, indi-

cating that the single alanine substitutions do not compro-

mise RopB solubility (Fig. 3D).

To determine whether the single alanine mutations at

the dimer interface alter RopB-dependent speB regula-

tion, speB transcript levels were measured by qRT-PCR

in wild type and mutant strains grown to stationary

phase of growth. Consistent with the structural predic-

tions, single alanine substitutions at the interface resi-

dues drastically reduced speB transcript levels and the

speB expression in the mutant strains was comparable

to that of isogenic DropB mutant strain (Fig. 3D). How-

ever, the alanine substitution at C227 did not alter speB

expression as the C227A mutant retained wild type lev-

els of speB expression (Fig. 3E). Subsequently, we

investigated whether the observed differences in speB

transcript levels caused alterations in the secreted SpeB

enzyme levels and the SpeB enzymatic activity, by

Western immunoblotting and the protease activity indi-

cator plate assay respectively. When cell free culture

supernatants derived from wild type or mutant strains

grown to stationary phase were analysed, immunoreac-

tive SpeB was detected only in wild type and C227A

mutant strains (Fig. 3F and G). Consistent with the tran-

script level analysis, none of the dimer interface mutants

had detectable levels of secreted SpeB (Fig. 3F). Simi-

larly, a zone of clearance on casein agar plates indica-

tive of SpeB proteolytic activity was observed only in

wild type and C227A mutant strains, whereas the dimer

interface mutant strains lacked secreted SpeB protease

activity (Fig. 3G). Collectively, these data demonstrate

that the integrity of the dimer interface is important for

RopB function and alterations at this critical interface

significantly affect RopB-mediated speB expression.

Alanine substitutions at dimer interface destabilizes

RopB

To elucidate the biochemical basis for the observed reg-

ulatory defects in RopB mutant proteins, we character-

ized the secondary structure composition and

dimerization of the recombinant mutant proteins by far-

UV circular dichroism (CD) spectroscopy and size exclu-

sion chromatography respectively. As the full-length

recombinant RopB forms a higher order multimer, it is

likely that the single alanine substitutions in full-length

RopB may not reveal the potential defects. Thus, we

introduced the single alanine substitutions into RopB-

CTD and analysed the purified recombinant proteins for

solubility, folding and dimerization. The CD spectra of

wild type recombinant RopB-CTD have the double nega-

tive minima at 208 and 222 nm with a zero intercept at

200 nm, corroborating the structural findings that RopB

is predominantly a helical protein (Fig. 4A). As expected,

the CD spectra of the recombinant C227A mutant pro-

tein superimposed well with that of the wild type protein
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(Fig. 4A). Although the height of the negative peaks in

the CD spectra of mutant proteins vary, the single ala-

nine mutants at the dimer interface retained similar sec-

ondary structure features. Importantly, the CD spectra at

208 and 222 nm exhibited negative ellipticity, and the

absorbance ratio at these wavelengths (A222/A208) for

the mutant proteins was comparable to that of wild type

RopB-CTD (Fig. 4A). We next assessed the ability of

the purified wild type and mutant proteins to form dimers

by size exclusion chromatography. The wild type RopB-

CTD eluted as a single peak and the elution volume cor-

responded to the molecular weight of the RopB-CTD

dimer (Fig. 4B). However, with the exception of C227A,

the elution profile of individual mutant proteins contained
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coloured in green, whereas the dimer interface II is shaded in red. Analogous residues from the same interface of opposing subunits are
coloured in dark and light shades.
C. qRT-PCR analysis of ropB gene transcript levels in ropB isoallelic mutant strains. The data were graphed as the mean 6 standard deviation.
D. Immunoblotting detection of recombinant WT RopB-CTD and its mutant derivatives by anti-RopB polyclonal rabbit antibody and
chemiluminescence.
E. qRT-PCR analysis of speB transcript levels in WT and ropB isoallelic mutant strains as determined in B.
F. Western immunoblot analysis of secreted SpeB in filtered growth media from indicated strains. Growth media collected were probed using
anti-SpeB polyclonal rabbit antibody and chemiluminescence. The masses of molecular weight markers (M) in kilodaltons (kDa) are marked.
G. Milk plate assay to assess SpeB protease activity. Protease activity was determined by the presence of clear zone around the bacterial
growth.
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two distinct peaks; peak 1 eluted as a large multimer or

aggregate with an estimated molecular weight larger

than 200 kDa whereas peak 2 that corresponded to the

dimeric species (Fig. 4B). Consistent with the in vivo

phenotype, the elution profile of C227A resembled that

of the wild type (Fig. 4B). SDS-PAGE analysis of the

pooled fractions from peaks 1 and 2 indicated that both

fractions contain RopB (Fig. 4C). These results suggest

that single alanine substitutions at the dimer interface

may weaken the intersubunit interactions resulting in the

gradual shift of the defective recombinant mutant pro-

teins into an inactive multimeric or aggregate form.

Previous whole genome sequencing analysis of epidemic

serotype M3 GAS strains identified several single nucleotide

polymorphisms in the ropB-coding region resulting in nonsy-

nonymous amino acid substitutions (Beres et al., 2010; Car-

roll et al., 2011). The majority of these substitutions

significantly altered RopB regulatory activity and attenuated

GAS virulence (Carroll et al., 2011). Interestingly, a few of

the characterized polymorphisms, which include C222Y,

Y224H, R226Q and C227Y, occur in the RopB dimer inter-

face. To test the hypothesis that the naturally occurring

mutations alter the oligomerization properties of RopB, and

thereby its regulatory activity, we constructed three recombi-

nant variants of RopB-CTD; Y224H, R226Q and C227Y,

and assessed their solubility, secondary structure content

and dimerization. Consistent with our hypothesis, the three

recombinant mutant proteins retained wild type-like solubil-

ity, and helicity, but differed in their size exclusion chroma-

tography elution profiles (Fig. 5A and B). As observed in the

single alanine mutants, all three mutant recombinant pro-

teins eluted in two peaks, corresponding to the dimer and

the higher order structure (Fig. 5B), indicating that the natu-

rally occurring mutants alter the regulatory function of RopB

by affecting the integrity of the dimer interface.

Conserved asparagine residues in the TPR motif and
interdomain contacts are critical for RopB-dependent
speB expression

Comparisons of the structural and amino acid sequen-

ces between RopB and the structurally characterized
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Fig. 4. Effect of single alanine substitutions at RopB dimer interface on secondary structure and oligomerization.
A. Far-UV CD spectra of recombinant wild type (WT) and mutant RopB-CTD in 20 mM Tris pH 7.5 were recorded in the range 200–260 nm at
room temperature. A protein concentration of 0.2 mg/ml was used and the spectra were reported in units of mean residue molar ellipticity and
plotted against wavelength.
B. Purified recombinant WT and mutant RopB-CTD proteins were run on a superdex 200 size exclusion column. The minor peak at elution
volume 8.5 ml observed for defective recombinant mutant proteins is indicated with arrows. The elution volumes corresponding to molecular
weight markers (in kDa) are shown on the top.
C and D. The presence of RopB-CTD in the fractions of peaks 1 (C) and 2 (D), as assessed by Western immunoblotting.
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RRNPP-family members identified structural elements

that may contribute to transcription activation by RopB.

All the RRNPP family regulators contain highly con-

served asparagine residues in the concave surface of

the TPR motifs and their side chains participate in pro-

tein–peptide interactions (Declerck et al., 2007). RopB

has two conserved asparagines, namely N152 and

N192, on the concave surface of the putative peptide-

binding pocket and it is likely that they are critical for

gene regulation by RopB (Fig. 6A) (Supporting Informa-

tion Fig. S5). Further, a closer look at the RopB struc-

ture identified interdomain interactions between the TPR

motif in the C-terminal domain of one subunit and the

linker helix a1 of the symmetry mate-related subunit.

Specifically, the downward-facing side chain of Y182

from helix 6 of one subunit is in close proximity to E59

and F62 of the linker helix a1 (Fig. 6A). Consistent with

this, similar interactions between the side chains of

N180 from the TPR motif of helix 6 of one subunit and

E61 of the linker helix of the opposing subunit of the

Rgg2 dimer were observed (Parashar et al., 2015).

Based on these observations, we hypothesized that

such interdomain interactions are important and contrib-

ute to gene regulation by RopB.

To investigate the roles of these residues in RopB-

dependent speB expression, we generated isoallelic

mutant derivatives that resulted in single alanine substi-

tution at each of these residues. All the mutant strains

had wild type growth phenotype, wild type level ropB

expression and protein solubility (Fig. 6B and C, Sup-

porting Information Fig. S5). However, consistent with

their predicted significance, alanine substitutions at the

peptide-binding residue, N192, and at the interdomain

interface residues, E59 and Y182, caused a drastic loss

of RopB regulatory activity (Fig. 6D–F). All the mutant

strains had speB transcript levels that are comparable

to that of the isogenic DropB mutant (Fig. 6D). This phe-

notype was extended to the secreted SpeB protein lev-

els and the proteolytic activity of SpeB on protease

activity indicator plates (Fig. 6E and F). To test the

hypothesis that the side chain of conserved asparagine

N192 is critical for peptide sensing by RopB, we carried

out secretome swap assay. Growth of the isoallelic

N192A mutant strain in the presence of either total or

low molecular weight secretomes failed to cause early

induction of speB expression (Fig. 2), suggesting that

the side chain of N192 is likely involved in RopB-peptide

interactions. Taken together, these data indicate that the

surface-exposed conserved asparagine and the interdo-

main interactions between the opposing subunits of the

dimer are critical for the regulatory function of RopB.

Structural alterations in RopB due to single alanine

substitutions significantly attenuate GAS virulence
in the invasive mouse model of infection

To test the hypothesis that the functional residues identi-

fied in the RopB-CTD structure are critical for RopB-
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Fig. 5. Effect of naturally
occurring amino acid
substitutions at the RopB
dimer interface on the
secondary structure and
oligomerization.
A. Far-UV CD spectra of
recombinant wild type (WT)
and mutant RopB-CTD were
recorded and analysed as
described in Fig. 4.
B. Analyses of purified
recombinant WT and mutant
RopB-CTD proteins on a size
exclusion column. The minor
peak at elution volume 8.5 ml
observed for defective
recombinant mutant proteins
is indicated with arrows.
C and D. The presence of
RopB-CTD in the fractions of
peaks 1 (C) and 2 (D), as
assessed by Western
immunoblotting.
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dependent speB expression in vivo and contribute to

GAS pathogenesis, we tested the isoallelic mutants of

ropB for their contribution to GAS virulence using an

intramuscular infection model that mimics the histopa-

thology seen in human necrotizing fasciitis (Olsen et al.,

2010). Parental serotype MGAS10870, DropB and

DspeB mutants and one representative isoallelic single

alanine substitution per interface, E59A and Y182A from

the interdomain interface, C222A and I255A from the

dimer interface and N192A in the peptide-binding

pocket, were included in this study. As expected, strain

MGAS10870 was significantly more virulent than all the

tested strains, whereas DropB and DspeB strains had

significantly attenuated virulence (Fig. 7A). Consistent

with our in vitro observations, all the tested isoallelic ropB

mutant strains were significantly attenuated compared to

the wild type (P< 0.001; Fig. 7A). To further elucidate the

role of RopB structural elements in GAS pathogenesis at

the cellular level, we performed histopathologic analysis

of intramuscular tissue lesions. Visual and microscopic

examination of the excised limbs demonstrated that all

SpeB-deficient strains caused significantly smaller lesions

with less tissue damage and dissemination (Fig. 7B).

Taken together, these data demonstrate that the key func-

tional residues identified in the crystal structure of RopB-

CTD are critical for RopB-mediated gene regulation in

vivo and alterations of these structural components signif-

icantly attenuate GAS virulence.

Discussion

Evidence accumulated over decades emphasizes the

importance of SpeB protease activity in the pathogene-

sis of severe invasive GAS infections (Olsen et al.,

2010; Carroll and Musser, 2011; Carroll et al., 2011).

Although significant advances have been made in

understanding of the contribution of SpeB to GAS viru-

lence and other aspects of SpeB biogenesis, the mech-

anism of speB transcription regulation by RopB remains
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Fig. 6. Characterization of isoallelic
ropB mutant strains at the putative
ligand-binding pocket and
interdomain interface.
A. Ribbon representation of RopB-
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transcript levels by qRT-PCR.
C. Immunoblotting to detect
recombinant WT RopB-CTD and its
mutant derivatives. Characterization
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unclear. Previous studies showed that alterations in pH,

salt concentration and nutrient availability in GAS growth

conditions influence speB expression (Chaussee et al.,

1997; Loughman and Caparon, 2006). However, our ear-

lier studies indicated that GAS-derived low cell density-

specific peptide signals negatively influence RopB-

dependent speB expression (Shelburne et al., 2011).

In this study, the crystal structure of RopB-CTD

revealed that it contains the TPR domain, a highly con-

served structural feature present in all the peptide-

binding bacterial intracellular transcription regulators

(Fig. 1A). Additionally, we also demonstrated that the

GAS-derived proteinaceous factor, which is specific for

high cell density, decouples RopB-mediated growth

phase-dependent speB expression (Fig. 2). Although

the amino acid sequence of the peptide signals remains

elusive, the structural and biochemical data presented

herein suggest that speB expression is controlled by

intercellular signalling machinery, consisting of cytosolic

receptor RopB and population density-specific secreted

peptide signals.

A DALI structural homology analysis using RopB-CTD

dimer identified several RRNPP family regulators as

RopB structural homologs. The closest three homologs

are Rgg-like protein from Listeria monocytogenes (PDB

code: 4RYK), Rgg2 from S. dysgalactiae (PDC code:

4YV9) and PrgX from Enterococcus faecalis (PDB code:

2AWI; Supporting Information Fig. S3) (Shi et al., 2005;

Parashar et al., 2015). The high degree of structural

homology that RopB-CTD shares with RRNPP
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Fig. 7. Single alanine substitutions at key residues identified in RopB-CTD structure decreases GAS virulence in mouse models of infection.
A. Ten outbred CD-1 mice per strain were injected intramuscularly with 1 3 107 CFU of each strain. Kaplan-Meier survival curve with P values
derived by log rank test.
B. Histopathologic analysis of hindlimb lesions from mice infected with each indicated strain. SpeB producing strains caused large lesions with
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regulators and the binding pocket prediction analyses

indicate that RopB is a peptide-sensing protein that

belongs to the RRNPP family of transcription regulators

(Supporting Information Fig. S3). Although RRNPP reg-

ulators interact specifically with their respective peptide

signals, several features of protein–peptide interactions

are highly conserved. The protein–peptide signal con-

tacts occur within the TPR domain of the regulators and

the interactions occur between the peptide backbone

and conserved asparagines in the binding pocket with

few specificity determinant contacts (Supporting Infor-

mation Fig. S4 and S5; Declerck et al., 2007). Consist-

ent with this, RopB has two surface-exposed asparagine

residues in the TPR domain, N152 and N192, and

amino acid substitutions at either of these residues

impaired the RopB regulatory activity and attenuated

GAS virulence (Fig. 6A; Supporting Information Fig. S5)

(Carroll et al., 2011; Olsen et al., 2012). As the identity

of the cognate peptide signals for RopB is unknown, the

direct evidence for the role of conserved asparagine res-

idues in RopB-peptide interactions remains to be eluci-

dated. However, the side chains of the asparagine

residues are surface-exposed within the putative ligand-

binding pocket and are located away from RopB dimer

interface (Fig. 6A). Further, secretome swap assays

indicated that the side chain of N192 is important for

sensing the activation factor present in the stationary

phase growth culture supernatant and modulate RopB-

dependent gene regulation (Fig. 2). Thus, it is likely that

they are not involved in RopB oligomerization and the

side chains of N152 and N192 might engage in similar

protein–peptide interactions.

Structural findings along with the secretome swap

assay results indicated that RopB is most likely a

peptide-sensing transcription regulator that mediates

gene regulation in response to cell-density-specific pep-

tide signals. Although these results have parallels with

other RRNPP family regulators, significant differences

exist regarding the genetic origin of the likely peptide

signals and the mechanism of peptide-dependent gene

regulation. With the exception of PrgX from E. faecalis,

genes encoding the cognate peptide signals for all the

structurally characterized members of RRNPP family

regulators are located adjacent to the respective regula-

tor (Slamti and Lereclus, 2002; Zouhir et al., 2013).

However, the activation peptide signal for PrgX, cCF10,

is encoded as part of the secretion signal sequence of a

lipoprotein (Antiporta and Dunny, 2002). A close exami-

nation of the genetic elements surrounding the ropB

coding region failed to identify an open reading frame

bearing resemblance to a bacterial intercellular peptide

signal. Thus, the cognate peptide signals for RopB are

likely encoded in a distant genetic location. Consistent

with this, a low cell density-specific signal arising from

the secretion signal sequence of Vfr negatively regu-

lates RopB-dependent gene regulation (Shelburne et al.,

2011).

Our findings demonstrate that RopB-CTD exists as a

dimer in solution and that the integrity of the dimer inter-

face is critical for RopB function. Given the conservation

of the overall structural fold between RopB-CTD and

other structurally characterized RRNPP members, it is

likely that similar interactions are involved in the homodi-

merization of full-length RopB. Consistent with this,

mutational analysis of the key residues at the RopB

dimer interface drastically affected the regulatory activity

of RopB in vivo and significantly attenuated GAS viru-

lence. Although a naturally occurring substitution,

C227Y, significantly altered RopB function, single ala-

nine mutant derivative C227A exhibited wild type-like

phenotype in speB expression, secreted SpeB levels,

SpeB proteolytic activity and GAS virulence (Carroll

et al., 2011) (Fig. 3A–G). To better understand the

potential role of C227 to RopB dimerization, we mod-

elled the alanine or tyrosine side chains at C227 and

analysed the potential consequences. Although C227 is

not directly involved in intersubunit interactions, it is

located immediately adjacent to the key dimerization

contact, I255 of dimer interface II, and involved in intra-

subunit interactions. Thus, substitution with a smaller

amino acid such as alanine at C227 might be tolerated

and could explain the wild type-like phenotype of C227A

observed in this study. However, replacement of C227

with a bulkier aromatic amino acid tyrosine might intro-

duce steric clashes and interfere with the stacking inter-

actions between the side chains of I255 from the

opposing subunits (Fig. 3B). As a result, C227Y substi-

tution might be disruptive to RopB dimerization, thereby

affect the gene regulation by RopB.

Subsequent biochemical characterization of the

mutants indicated that the single alanine substitutions at

the dimer interface did not affect protein solubility, sec-

ondary structure and dimerization. However, the dimer

interface mutants with defective regulatory phenotypes

exhibited a tendency to form either a higher order multi-

mers or aggregates (Fig. 4B). This observation raises

the possibility that single alanine substitutions at the

dimerization core weaken the intersubunit interactions,

which leads to defective dimerization, exposed patches

of hydrophobic amino acids and subsequent aggrega-

tion. Although this could be a contributing factor towards

altering RopB regulatory activity, it is worth mentioning

that the predominant population of the mutant protein

remains as a dimer (Fig. 4B). This leads to an alterna-

tive possibility that the dimer interface might have an

additional role beyond dimerization. It is plausible that

the integrity of the dimer interface is critical for peptide-

induced signal transduction to the N-terminal DNA
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binding domain, and thereby its regulatory function.

Findings from the structural characterization of PlcR

from B. thuringiensis in different conformational states,

namely, apo, peptide- and peptide-DNA-bound, and

NprR from B. cereus in its peptide bound state lend sup-

port to this hypothesis. Structural studies of PlcR in vari-

ous conformational states revealed that peptide binding

to the TPR domain triggers structural changes in the cap-

ping helix, which results in the local rearrangement of the

dimer interface. These structural changes are further trans-

duced downstream to the linker helix that connects the two

domains and results in unlocking of the DNA-binding domain

that is compatible for DNA binding and gene regulation (Gre-

nha et al., 2013). Similarly, alterations in the dimer interface

of NprR did not affect peptide binding but they resulted in

drastic loss of the NprR regulatory activity, suggesting that

intact dimerization interactions are required for the bound

peptide to induce conformational changes in NprR (Yang

et al., 2013). Thus, we speculate that the local structural

changes caused by single alanine substitutions compromise

the structural integrity of the dimer interface, which leads to

destabilization of the dimerization interactions and/or inter-

ference with peptide-induced allosteric changes in RopB.

Conclusion

In conclusion, the structural fold of RopB and characteri-

zation of high cell density GAS secretome demonstrated

that RopB senses and responds to secreted peptide sig-

nals and mediate gene regulation. Our structure-guided

mutational analysis combined with the characterization

of naturally occurring variants at the RopB dimer inter-

face underscores the critical role of intersubunit interac-

tions in the virulence regulation by RopB. Although the

peptide-binding pocket of RRNPP regulators offers an

attractive therapeutic target (Parashar et al., 2015), the

dimerization interface identified in this study presents a

promising antimicrobial target for the development of

anti-infective agents. Given the rising interest in the

development of PPI inhibitors, this homodimeric interac-

tion surface of RopB presents a viable alternative to

peptide binding inhibitors (Gabizon and Friedler, 2014).

In this regard, the structural studies of RopB provide a

starting point for dissecting this important virulence reg-

ulatory pathway and characterizing various critical struc-

tural features in these regulators as potential anti-

infective targets.

Experimental procedures

Bacterial strains, plasmids and growth conditions

Escherichia coli DH5a strain was used as the host
for plasmid constructions and BL21(DE3) strain was used

for recombinant protein overexpression. Strain MGAS10870

is a previously described invasive serotype M3 isolate

whose genome has been fully sequenced (Beres et al.,

2010). MGAS10870 is representative of serotype M3

strains that cause invasive infections and has a wild-type

sequence for all major regulatory genes including ropB

(Beres et al., 2010). Escherichia coli strains were grown in

Luria-Bertani broth (EMD chemicals). All GAS growth was

performed routinely on Trypticase Soy agar containing 5%

sheep blood (SA; Becton Dickinson) or in Todd–Hewitt

broth containing 0.2% yeast extract (THY; DIFCO). When

required, ampicillin or chloramphenicol was added to a final

concentration of 80 mg/ml or 8 mg/ml, respectively, with E.

coli growth.

Protein overexpression and purification

The coding region of either the full-length or C-terminal

domain (RopB-CTD) (amino acids 56-280) of ropB gene of

strain MGAS10870 was cloned into plasmid pET-21b and

protein was overexpressed in E. coli strain BL21 (DE3).

Protein overexpression and purification for both full-length

RopB and RopB-CTD were carried out as described previ-

ously (Shelburne et al., 2011). Briefly, cells were grown at

378C till the A600 reaches 0.5 and induced with 0.5 mM

IPTG at 138C overnight. Cell pellets were suspended in

50 ml of buffer A [20 mM Tris HCl pH 8.5, 100 mM NaCl,

10% glycerol and 1 mM Tris 2-carboxyethyl phosphine

hydrochloride (TCEP)] supplemented with one protease

inhibitor cocktail pellet and DNaseI to a final concentration

of 5 mg/ml. Cells were lysed by a cell disruptor (Constant

Systems) and cell debris was removed by centrifugation at

15,000 rpm for 30 min. RopB was loaded to a pre-

equilibrated Ni-NTA agarose column and bound RopB was

eluted using buffer A containing 200 mM imidazole. The

concentrated RopB and RopB-CTD was buffer exchanged

into storage buffer (20 mM Tris HCl pH 8.5, 200 mM NaCl,

10% glycerol and 1 mM TCEP) by size exclusion chroma-

tography with Superdex 200 G column. The protein was

purified to> 95% homogeneity and concentrated to a final

concentration of �20 mg/ml. The selenomethionine-

derivatized RopB-CTD (Semet RopB-CTD) was overex-

pressed using the methionine inhibitory pathway (Doubli�E
and Carter, 1997) and purified as described for native

RopB.

Crystallization, data collection and structure
determination

Crystallization was performed using the vapour diffusion

method at room temperature by mixing either equal vol-

umes or 2:1 ratio of protein and the crystallization reservoir

solution. Crystals appeared in reservoir solution containing

2.6–2.9 M potassium formate, 0.1 M Tris pH 8.5, 1%

PEG2000, 0.15 M potassium chloride and 5 mM EDTA after

2 days of incubation at room temperature. The native and

semet-RopB-CTD crystals diffracted to 3.5 Å resolution.

The MAD diffraction data were collected using semet-

RopB-CTD crystals at Advance Light Source beam line

8.3.1 (Berkeley, CA). Data were processed with MOSFLM
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(Leslie, 2006) and SCALA (Collaborative, 1994). The crys-

tals belong to space group P3212 with unit cell dimensions

of a 5 94 Å, b 5 94 Å, c 5 178.3 Å. Ten (6 methionine per

subunit) out of possible 12 selenium sites were located

using SOLVE (Terwilliger, 1999) and density modification

and initial automated model building were carried out using

RESOLVE (Slamti and Lereclus, 2002). After iterated

rounds of model building using ‘COOT’ (DeLano, 2002) and

refinement using Phenix (Adams et al., 2010), the final

refined model had a Rfree of 31.3% and Rwork of 27.6%.

The final model contains residues 58–280 of both subunits.

Selected data collection, phasing and refinement statistics

are given in Supporting Information Table S1. All structure-

related figures were generated using Pymol (DeLano,

2002).

Culture supernatant swapping experiments

To characterize the activation factor for RopB-dependent

speB expression present in the stationary growth phase

culture supernatant of GAS, the wild type strain was grown

to stationary phase (A600> 1.5). Cell-free culture superna-

tants were prepared by centrifugation and filtering through

a 0.22 mm membrane filter. To obtain the low molecular

weight component of the culture supernatant, the samples

were filtered using YM-3 (3 kDa cut-off filter) membrane.

Proteinase K (Prot-K) treated culture supernatants were

prepared by incubating the secretome with proteinase K

(0.15 mg/ml) for 1 h at 378C and the enzyme was removed

by YM-10 (10 kDa cut-off filter) filtration. Swapping experi-

ments were performed as described below. The cell

pellets of the wild type and isogenic DropB mutant strains

grown to mid-exponential phase (A600 � 1.0) were resus-

pended in the indicated secretomes prepared from either

mid-exponential or stationary phases of GAS growth and

incubated at 378C for 1 h. Transcript level analyses by qRT-

PCR and secreted SpeB levels determination by immuno-

blotting were performed as described below.

Transcript level analysis by qRT-PCR

GAS growth was incubated with two volumes of RNAprotect

(Qiagen) for 10 min at room temperature and harvested by

centrifugation. RNA isolation and purification were per-

formed using an RNeasy kit (Qiagen). Purified RNA was

analysed for quality and concentration with an Agilent 2100

Bioanalyzer. cDNA was synthesized from the purified RNA

using Superscript III (Invitrogen) and qRT-PCR was per-

formed with an ABI 7500 Fast System (Applied Biosys-

tems). Comparison of transcript levels was done using DCT

method of analysis using tufA as the endogenous control

gene (51, 58). The qRT-PCR primers and probes used are

listed in Supporting Information Table S3.

Western immunoblot analysis of SpeB in the culture

supernatant

Cells were grown to stationary phase of growth and har-

vested by centrifugation. The culture supernatant was fil-

tered and the filtrate was concentrated two-fold by speed-

vac drying. Equal volumes of the samples were resolved on

a 15% SDS-PAGE gel, transferred to a nitrocellulose mem-

brane and probed with polyclonal anti-SpeB or anti-RopB

rabbit antibodies. SpeB was detected by secondary anti-

body conjugated with horseradish peroxidase and visual-

ized by chemiluminescence using the SuperSignal West

Pico Rabbit IgG detection kit (Thermo Scientific).

Creation of ropB isoallelic strains

Isoallelic strains containing single amino acid substitutions

in RopB were generated as previously described (Carroll

et al., 2011). Site-directed mutagenesis was performed

using a template that has a DNA fragment with approxi-

mately 600 bp on either side of the ropB coding region into

the multicloning site of the temperature-sensitive plasmid

pJL1055 (Li et al., 1997). The resultant plasmids were

electroporated into group A streptococci and colonies with

plasmid incorporated into the GAS chromosome were

selected for subsequent plasmid curing. DNA sequencing

was then performed to ensure that no spurious mutations

were introduced.

Site-directed mutagenesis of RopB

The quick change site-directed mutagenesis kit (Strate-

gene) was used to introduce single amino acid substitutions

within the ropB coding region in plasmid pET21b-ropB

and mutations were verified by DNA sequencing. The

primers used to introduce the substitutions are listed in

Supporting Information Table S3.

CD measurements

To determine the secondary structure content of the RopB-

CTD wild type and recombinant mutant proteins, far-UV

spectra were recorded at 258C using a Jasco model 715

spectropolarimeter. Purified recombinant proteins diluted to

0.2 mg/ml in 20 mM Tris-HCl pH 7.5 were used to record

far-UV CD spectra. The reported CD spectra are the aver-

age of two scans normalized after subtraction of the buffer

spectra.

Gel filtration chromatography

Size exclusion chromatography was used to determine the

oligomerization states of recombinant wild type and mutant

derivatives of RopB-CTD. A Superdex column (GE health-

care) was calibrated using cytochrome C (Mr 12,400), car-

bonic anhydrase (Mr 29,000), bovine serum albumin (Mr

66,000), alcohol dehydrogenase (Mr 150,000) and b-

amylase (200,000). The KAverage (Kave) was calculated

using the equation Kave 5 (VE–VO)/(VT–VO), where VT, VE

and VO are the total column volume, elution volume and

void volume of the column respectively. A standard graph

was obtained by plotting the logarithm of the molecular

weight (Mr) versus the Kave (Graphpad prism). The Kave of
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each marker as well as the experimental samples were the

average value of two or more experiments.

Mouse infection studies

Virulence of the isoallelic mutant GAS strains was

assessed using the intramuscular mouse model of infection.

The protocol for the animal infection experiments was

approved by the Institutional Animal Care and Use Commit-

tee of HMRI. For intramuscular infection, 10 female 3–4

week-old CD1 mice (Harlan Laboratories) were inoculated

in the right hindlimb with 1 3 107 CFU of each strain and

monitored for near mortality. Results were graphically dis-

played as a Kaplan-Meier survival curve and analysed

using the log-rank test (Prism6). For histopathology,

infected hindlimbs were examined at 24 and 72 h postino-

culation. Hematoxylin and eosin stained sections from

excised lesions were examined in a blinded fashion with a

BX5 microscope and photographed using a DP70 camera

(Olympus).
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