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Cell division and cell wall synthesis are closely linked complex
phenomena and play a crucial role in the maintenance and reg-
ulation of bacterial virulence. Eukaryotic-type Ser/Thr kinases
reported in prokaryotes, including that in groupA Streptococcus
(GAS) (Streptococcus pyogenes Ser/Thr kinase (SP-STK)), regu-
late cell division, growth, and virulence. The mechanism of this
regulation is, however, unknown. In this study, we demon-
strated that SP-STK-controlled cell division is mediated under
the positive regulation of secretory protein that possesses a cys-
teine and histidine-dependent aminohydrolases/peptidases
(CHAP) domain with functionally active cell wall hydrolase
activity (henceforth named as CdhA (CHAP-domain-contain-
ing and chain-forming cell wall hydrolase). Deletion of the
CdhA-encoding gene resulted in severe cell division and growth
defects in GAS mutants. The mutant expressing the truncated
CdhA (devoid of the CHAP domain), although displayed no
such defects, it became attenuated for virulence in mice and
highly susceptible to cell wall-acting antibiotics, as observed for
themutant lackingCdhA.WhenCdhAwas overexpressed in the
wild-typeGASaswell as inheterologous strains,Escherichia coli
and Staphylococcus aureus, we observed a distinct increase in
bacterial chain length.Our data reveal thatCdhA is amultifunc-
tional protein with amajor function of the N-terminal region as
a cell division plane-recognizing domain and that of the C-ter-
minal CHAP domain as a virulence-regulating domain. CdhA is
thus an important therapeutic target.

Group A Streptococcus (GAS3; Streptococcus pyogenes), a
human pathogen, is known to cause the broadest range of dis-
eases of any known pathogen (1). These diseases range from
mild pharyngitis and impetigo to severe, debilitating, and often
fatal toxic shock syndrome and necrotizing fasciitis (2–4).
Morbidity and mortality caused by GAS-associated autoim-

mune sequelae, rheumatic heart disease (5, 6), and glomerulo-
nephritis (1, 7), especially in underdeveloped and developing
countries (8), continue to challenge us clinically and scientifi-
cally (9, 10). GAS expresses an array of surface-bound and
secreted proteins, which either alone or in concert play impor-
tant roles in bacterial adhesion, invasion, and further prolifer-
ation in a variety of constantly fluctuating host environments
(11). The expression of these proteins is also bacterial growth-
dependent and controlled by the two-component regulatory
systems composed of an environmental sensor, histidine
kinase, and a response regulator, which serves as a transcription
factor (12). In other words, two-component regulatory systems
play an important role in regulating genes required for success-
ful colonization and infection by GAS. We, previously identi-
fied a novel one-component signaling system that is structur-
ally very similar to eukaryotic-type serine threonine kinase (13).
GAS mutants lacking eukaryotic-type serine threonine kinase
(SP-STK) are defective in cell division and growth but display
increased production of capsule and hemolysin (13), indicating
that SP-STK, which cotranscribes with serine threonine phos-
phatase, positively regulates bacterial growth and cell division
while negatively regulating bacterial capsule and hemolysin
production (13), which is reminiscent of the CovR-mediated
regulation (14).
The phenotypic characteristics of SP-STK mutant mimic

those reported for Gram-positive pathogen mutants that
lack Streptococcus pneumoniae/Streptococcus agalactiae
orthologs (15–17). In GAS, PscB ortholog is SPy0019, a
secreted protein of unknown function. The purified SPy0019
has been previously reported to possess a human immunoglob-
ulin binding ability and hence was termed as SibA (immuno-
globulin-binding protein of group A Streptococcus) (18).
Besides pneumococcal and group B streptococcal PcsB (15–
17), SPy0019 is structurally similar to Streptococcal mutans
GbpB/SagA (19), Streptococcus thermophilus Cse (20), Entero-
coccus faecalis/faecium (SalB/SagA) (21, 22), and Listeria
monocytogenes p45 protein (23). All of these proteins are
involved in some way in the regulation of cell division. How-
ever, the exact function of these proteins in bacterial cell divi-
sion and in particular SPy0019 in GAS cell division and patho-
genesis is not known.
Because GAS mutants lacking SP-STK display defective cell

division (13), we hypothesized that SP-STK regulates GAS cell
division by regulating the expression of SPy0019. Further, pro-
tein domain analysis of SPy0019 and its orthologs revealed the
presence of a cysteine and histidine-dependent aminohydro-
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lases/peptidases (CHAP) domain at its C-terminal end (24).
The ubiquitous presence of this domain and its possible cell
wall hydrolase activity suggest that these structurally related
proteins may have a specific role in cell wall synthesis. The
latter is closely linked with cell division. However, the role of
the CHAP domain in cell division, cell wall synthesis, or bacte-
rial pathogenesis has not been proven conclusively, partly
because of the fact that these proteins are found to be essential
for bacterial survival. Available studies are therefore limited to
conditional mutants or mutants with depleted protein expres-
sion (15, 16). In this report, we characterized the structure and
functions of SPy0019, phenotype of domain-specific GAS
mutants, and their possible roles in cell division and pathogen-
esis of GAS. In this study, we have further demonstrated the
role of this protein in bacterial chain formation. Cumulatively,
our findings indicated that SPy0019, by serving as a GAS cell
division plane recognition protein, plays a critical role in the
regulation of early events in cell division process, which in turn
help regulate cell wall synthesis and ultimately virulence. In
particular, we show that the N-terminal portion of SPy0019
plays a significant role in cell division and bacterial growth,
whereas the CHAP domain plays a significant role in the regu-
lation of GAS virulence but not in cell division or cell wall syn-
thesis. We therefore preferred to term SPy0019 henceforth as
CdhA (CHAP domain-containing and chain-forming cell wall
hydrolase from group A Streptococcus).

EXPERIMENTAL PROCEDURES

Bacterial Strain, Growth Conditions, and Cell Culture—The
wild-type GAS strain M1-SF370 (ATCC 700294) (25) and the
derived mutants were grown at 37 °C in Todd-Hewitt broth
(Difco) supplemented with 0.5% (w/v) yeast extract (THY) or
on proteose peptone blood agar plates with or without specti-
nomycin (500 �g/ml) (13). Staphylococcus aureus RN4220 was
grown in trypticase soy broth or agar as described previously
(26). Escherichia coli strains XL1-Blue and BL21 (DE3 pLysS),
were grown in Luria-Bertani (LB) broth or agar at 37 °C. The
N-terminal His-tagged expression vector pET14B (Novagen)
was used to make recombinant His6-tagged proteins. Vector
pFW5 containing the spectinomycin gene (aad9) was used to
transform M1-SF370 as described before (27, 13, 28). Vector
pDC123 (29) and pCN40tet (26) were used for the complemen-
tation experiments within M1-SF370 and S. aureus RN4220,
respectively. Culture plates and media supplemented with
ampicillin (100 �g/ml), spectinomycin (500 �g/ml), chloram-
phenicol (10 �g/ml), and tetracycline (12 �g/ml) were used for
the selection of mutants or for construction of complemented
mutant strains. Detroit 562 humanpharyngeal cell lines (ATCC
CCL138) were cultured andmaintained inMEMwith 10% FBS
at 37 °C in a humidified CO2 incubator as described previously
(13).
Production ofHis-tagged Recombinant CdhAProtein andAffin-

ity-purified Anti-CdhA Rabbit Polyclonal Antibodies—Re-
combinant CdhA and corresponding rabbit polyclonal anti-
bodies were made essentially as described previously (13).
Briefly, using M1-SF370 genomic DNA as template, the cdhA
gene (encoding 1125 bp excluding the first 72 bp, which
encodes for a signal sequence) was amplified by PCR using

gene-specific primers (primer 1 (GBSPy19-F) and primer 2
(GBSPy19-R)), sequentially digested with XhoI and BamHI,
and cloned into pET14B vector digestedwith the same enzymes
to obtain pETCdhA. E. coli XL1-Blue cells were transformed
with pETCdhA, and the recombinant His-tagged CdhA
(rCdhA) protein was expressed in E. coli BL-21 (DE3-pLysS)
strain after IPTG induction and purified by Ni�2-NTA affinity
column chromatography (Qiagen) under denaturing condi-
tions using 8 M urea as per themanufacturer’s instructions. The
purified protein was then renatured by dialyzing against 50 mM

ammonium bicarbonate, pH 8.6, concentrated, and redialyzed
against 50 mM Tris/HCl, pH 8.0. Rabbit polyclonal antibody
against rCdhA was custom-raised by Lampire Biological Labo-
ratories (Pipersville, PA) and was purified by sequential Protein
G and CdhA-DADPA affinity column chromatography as
described previously (13). Fab-specific anti-CdhA antibody
fragment after pepsin digestion was obtained as described pre-
viously (28).
Construction of cdhADeletionMutants—From the wild-type

M1-SF370 strain, two CdhA-specific isogenic mutant strains
were created. To create a mutant lacking the entire CdhA
(M1�CdhA), an upstream 930-bp PCR product (including the
first 61 nucleotides of SPy0019) obtained with primer 3
(GB19Bam-UpNt) and primer 4 (GB19Hin-UpCt) and a down-
stream 774-bp PCR product (including the last 267 nucleotides
of SPy0019) obtained with primer 5 (GB19NcoDnNt) and
primer 6 (GB19PstDnCt) were digested with BamHI/HindIII
and NcoI/PstI for upstream and downstream fragments,
respectively (for all primer sequence, see supplemental
Table S1). They were inserted serially into the MCS-I and
MCS-II of pFW5 (27) digestedwith the same enzymes to obtain
plasmid pFW5�cdhA. The resultant plasmid was then used to
transform the wild-type GAS strain M1-SF370 by electropora-
tion to obtain M1�cdhA mutant as a result of a double cross-
over homologous recombination event, which was confirmed
by PCR and DNA sequencing using flanking primers of the
genomic DNA (primer 7 (upNT-Pr3) and primer 8 (dnCT-
Pr6)) and aad9-specific primers (primers 9 and 10) in a primer
pair combinations of 7/10 and 9/8.
To elucidate the function of the C-terminal domain of

CdhA, a mutant (M1CdhA�C55) expressing a truncated
form of CdhA lacking the last 55 amino acids (the catalytic
portion of the CHAP domain (24)) was constructed (sup-
plemental Table S2). An internal fragment of 1,075 bp in size
(from nucleotide 157 to 1231 of cdhA) generated by PCR
using primer 11 (GB19C55-F) and primer 12 (GB19C55-R)
was cloned into BamHI/HindIII sites of MCS-I of pFW5
(supplemental Tables S1 and S2). The resultant plasmid
pFW5cdhA�C55 was then used to transform the wild-type
GAS strain, M1-SF370, by electroporation yielding
M1CdhA�C55 mutant (supplemental Table S2). Integrity of
the mutants was verified by colony PCR employing primer
pairs 7/10 and 9/8 or 9/2 as described above and further
confirmed by DNA sequencing.
Construction of Plasmid for Complementation of cdhA and

Overexpression of CdhA—The wild-type cdhA gene along with
its native promoter (including a 100-bp upstream region) was
amplified by PCR using primer 13 (GB19PDCHin-F) and

CdhA, a GAS Chain-forming Virulence Factor

30862 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 40 • OCTOBER 1, 2010

http://www.jbc.org/cgi/content/full/M110.153825/DC1
http://www.jbc.org/cgi/content/full/M110.153825/DC1
http://www.jbc.org/cgi/content/full/M110.153825/DC1
http://www.jbc.org/cgi/content/full/M110.153825/DC1
http://www.jbc.org/cgi/content/full/M110.153825/DC1
http://www.jbc.org/cgi/content/full/M110.153825/DC1


primer 14 (GB19PDCKpn-R) and cloned into pDC123 (29)
between HindIII and KpnI sites to obtain pDC123-cdhA. The
insert was ligated in the plasmid in the opposite orientation of
the cat gene to allow the expression of cdhA by its native pro-
moter. To understand the role of CdhA in SP-STK-mediated
regulation of cell division, the latter was used to transcom-
plement M1�STK (13) as well as M1�CdhA to obtain
M1�STK::cdhA and M1�CdhA::cdhA, respectively, as de-
scribed before (13). To understand the innate function of
CdhA, the wild-type strain M1-SF370 (M1-WT) was similarly
transformed with pDC123-cdhA to obtain M1-WT::cdhA. The
effect of the overexpression of CdhA on cell division in other
species of Gram-positive andGram-negative bacteria was stud-
ied by complementing cdhA in S. aureus RN4220 and E. coli
BL21, respectively. For S. aureus, thewild-type cdhA gene along
with a 100-bp upstream region containing its native promoter
was cloned into pCN40tet between XmaI and KpnI sites as
described recently (26) (see supplemental Table S1). The effect
of overexpression of CdhA on cell division in E. coli BL21 cells
under IPTG induction was measured as described above.
Microscopy—Growth curve patterns of the wild type,

mutants, and complemented GAS strains were monitored for
16 h in THY broth. At the late log phase of growth, the GAS
strains were harvested, washed, and subjected to light (Gram
stain, phase-contrast) and fluorescencemicroscopy followed by
scanning and transmission electron microscopy. For fluores-
cence microscopy, GAS strains were adsorbed onto the poly-L-
lysine-coated glass slides for 30 min, washed, and stained with
CdhA-specific IgGFab (1:50 dilution) followed by FITC-labeled
goat anti-rabbit IgG (Fab�-specific) (Bio-Rad; 1:50). Stained
bacteria were kept in Slow FadeTM equilibrium buffer and
stained with DAPI (1 �g/ml) for 5 min and were visualized by
fluorescence microscopy (Nikon Eclipse E600). For electron
microscopy, the wild-type, mutant, and complemented strep-
tococcal strains were grown until late log phase in THY broth,
washed once with phosphate-buffered saline, and fixed in 0.1 M

cacodylate buffer containing 2.5% glutaraldehyde and 4%
paraformaldehyde for 12–16 h at 4 °C. Samples were then pro-
cessed for transmission and scanning electron microscopy at

the Ohio State University Campus Microscopy and Imaging
Facility equipped with a NOVA nanoSEM 400 scanning elec-
tronmicroscopewith secondary and low vacuumdetectors and
cryo-capable digital TEM (Technai G2 Spirit, EFI) as described
previously (13).
Human IgG-binding Assay—To determine changes in

human immunoglobulin binding activity as a result of the
deletion of CdhA/SibA/SPy0019, an hIgG-binding assay was
carried out essentially as described previously withminormod-
ifications (30). Briefly, wild-type, mutant, and cdhA-comple-
mented GAS strains were suspended in 0.05 M Tris/HCl buffer,
pH 8.0, containing 0.5% BSA to an A600 of 1.00. Equal volumes
of the bacterial suspension and a serially diluted hIgG solution
(Sigma; starting concentration 100 �g) were mixed in a final
volume of 200�l in 96-deepwell plates for 1 h followed by same
volume of alkaline phosphatase-conjugated monoclonal anti-
body against anti-hIgG (Sigma; 1:3000) for 1 h. Bacteria were
thoroughly washed with the suspension buffer after every step
and finally resuspended in 0.05 MTris/HCl, pH 10.0, containing
5mMMgCl2. The contents of eachwell were then transferred to
a new 96-well microtiter plate and centrifuged. Indirect mea-
surement of bacteria-bound hIgGwas determined spectropho-
tometrically after adding 200 �l of ready-to-use phosphatase
substrate (Sigma) in each well and incubating further for 1 h
using a 96-well plate reader (PolarStar Galaxy, BMG). The
binding of bacteria with different concentrations of hIgG was
carried out in triplicates in three independent experiments. The
values obtained for reactions carried out with only conjugate
antibody were treated as background values and were sub-
tracted from the test values. The results were statistically eval-
uated by non-parametric two-way analysis of variance, and p
values were determined using GraphPad Prism 4 software.
Streptococcal Peptidoglycan Preparation—Peptidoglycan

from the overnight-grown culture of the wild-type M1-SF370
strain was extracted as described previously with some modifi-
cations (26, 31). Briefly, the bacterial pellet obtained from the
overnight grown culture was chilled and suspended in 4% SDS,
boiled for 30 min, and centrifuged at high speed. The pellet of
crude cell wall was then broken using FastPrep20 (MP Biomed-

TABLE 1
Microarray-based global gene expression profiles for M1�CdhA and M1CdhA�C55 and distribution of the number of differentially expressed
genes into major functional categories, including those related to GAS virulence

Functional categories
M1�CdhA M1�CdhA and

M1CdhA�C55 M1CdhA�C55

Upa
(n � 7)

Downa
(n � 60)

Total
(n � 67)

Up
(n � 3)

Down
(n � 47)

Total
(n � 50)

Up
(n � 6)

Down
(n � 100)

Total
(n � 106)

Amino acid transport 1 6 7 0 5 5 0 7 7
Carbohydrate transport 1 11 12 0 11 11 0 28 28
Cell envelope biogenesis, outer membrane 0 2 2 0 2 2 0 2 2
Cell motility and secretion 1 0 1 0 0 0 0 1 1
Co-enzyme metabolism 0 0 0 0 0 0 0 3 3
DNA replication and recombination 0 1 1 0 1 1 0 1 1
Energy production and conversion 0 5 5 0 5 5 0 10 10
Unknown function including CdhA 1 19 20 1 13 14 2 21 23
General functions only 0 2 2 0 1 1 1 8 9
Lipid metabolism 0 1 1 0 0 0 0 3 3
Post-translational modification/chaperones 0 1 1 0 1 1 0 3 3
Secondary metabolism 0 0 0 0 0 0 0 1 1
Signal transduction 0 2 2 0 2 2 0 2 2
Transcription and translation 0 1 1 0 1 1 0 4 4
Virulence 3 9 12 2 5 7 3 6 9

a Ratios of mRNA expression levels (mutant versus wild type) �2-fold (up or down) with p � 0.05 denote significantly differentiated gene (see also
supplemental Tables S4 and S5 for more details).
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ical) and subjected to sequential treatment of amylase, DNase/
RNase followed by trypsin to remove cell wall-associated car-
bohydrate, nucleic acid, and surface proteins, respectively.
Subsequently, by an additional step of boiling, all of these
enzymes were inactivated. Other cell wall-associated lipid/pro-
tein components were then released and removed by sequential
treatment of 8 M LiCl, EDTA, water, and acetone followed by
lyophilization. The acetone powder of the cell wall was then
treatedwith hydrofluoric acid followed by alkaline phosphatase
to remove lipoteichoic acid and boiling in a water bath for 5
min. Peptidoglycan thus obtained was dried and stored at 4 °C
until further use in subsequent zymogram assays.
ZymogramAssay—Acell wall hydrolase zymogramassaywas

performed using SDS-PAGE and renaturing SDS-PAGE essen-
tially as described previously (32) with the following modifica-
tions. S. pyogenes M1-SF370 peptidoglycan (0.5%, w/v) was
included in 10% polyacrylamide gels for detection of cell wall
hydrolase activity of CdhA in culture supernatants. Culture
supernatants (1.6ml) from each of the late log phase cultures of
wild-type, two CdhA-specific mutants, and cdhA-comple-
mented M1�CdhA mutant strains were separately collected
and precipitated overnight with 80% of ammonium sulfate sat-
uration at 4 °C. The resulting precipitates were centrifuged
(4 °C, 10,000 � g, 40 min) and solubilized in a fixed volume of
sample loading buffer. Proteins were then resolved on the poly-
acrylamide gel containing GAS peptidoglycan. After electro-
phoresis, the gels were washed twice in distilled water at room
temperature with gentle shaking and incubated at 37 °C (with
shaking) in 40 ml of renaturing buffer (50 mMMES/NaOH, pH
6, 0.2% (w/v) Triton X-100) for 2 days with periodic buffer
replacement after every 5–6 h. Gels were stained with 0.1%
(w/v) methylene blue in 0.01%(w/v) KOH for 2 h at room tem-
perature with gentle shaking followed by destaining with dis-
tilled water as described previously (32). The clear band on a
blue gel was perceived as cell wall hydrolase activity. Stained
gels with clear bands were scanned, and the images were
inverted to visualize the clear bands as dark bands, using
Photoshop software (Adobe).
Bacterial Adherence Assays—GAS adherence to Detroit 562

human pharyngeal cells (ATCC CCL138) was determined
essentially as described previously (13). Briefly, adherence
assays were performed for a period of 3 h using a confluent
culture of Detroit 562 cells (grown in 24-well tissue culture
plates), which were infected with the wild-type and mutant
strains (multiplicity of infection, 50:1 (bacteria/cell)). Before
infecting the confluent cell culture, washed bacteria were
water-sonicated gently on ice to disrupt the aggregates. The
number of colony-forming units in this preparation was deter-
mined prior to performing this experiment. Adherent bacteria
were removed by repeated washing and were counted on pro-
teose peptone blood agar plates as colony-forming units (cfu).
Phagocytosis/Bactericidal Assays—The ability of GAS to

resist phagocytosis and survive in human bloodwas analyzed in
a bactericidal assay as described previously (13). Briefly, 50 �l
(�150–200 cfu) of GAS grown at the late log phase was added
to freshly drawn heparinized blood (1 ml) in a sterile glass tube
and incubated at 37 °C for 3 h under constant gentle mixing.
The number of cfu in the inoculum and those obtained after

incubation in human blood were analyzed by the pour plate
method using sheep blood agar plate.M1�emm1mutant strain
(13) lacking the M protein (SPy2018) was used as a positive
control. Bacterial growth (multiplication factor) was calculated
as the mean number of cfu after 3 h divided by the initial mean
number of cfu (t � 0).

An approved Ohio State University institutional review
board protocol was obtained to draw blood from healthy non-
smoking individuals/volunteers (18–65 years of age). Awritten
informed consent was provided by study participants.
Estimation of Hyaluronic Acid of GASCapsule—The amount

of hyaluronic acid capsule of the wild-type and mutant GAS
strains was measured spectrophotometrically (640 nm) using
the standard curve generated with known concentrations of
hyaluronic acid and Stain-All chromogenic reagent (Sigma;
1-ethyl-2-[3-(1-ethyl-naptho-[1,2-d]thiazolin-2-ylidene)-2-
methylpropenyl]-naptho-[1,2-d]thiazolium bromide) in a final
volume of 50 �l as described earlier (13).
Antibiotic Sensitivity Assay—Susceptibility of the wild-type

strain and the isogenic M1�CdhA and M1CdhA�C55 to vari-
ous antibiotics was determined using the E-TestR method (AB
BIODISKNorth America Inc., Piscataway, NJ). For this, antibi-
otic-specific Etest strips containing a gradient of five represen-
tative antibiotics withMIC range as indicated (benzylpenicillin
(PG) (MIC 0.002–32�g/ml), cefotaxime (CT) (MIC 0.016–256
�g/ml), erythromycin (MIC 0.016–256 �g/ml), and clindamy-
cin (MIC 0.016–256 �g/ml), ciprofloxacin (MIC 0.002–32
�g/ml)) were used. Inoculum preparation, media, usage of
E-test antibiotic strips, incubation time, and interpretation of
the results obtained for bactericidal and bacteriostatic antibiot-
ics were according to the manufacturer’s instructions and
essentially as described (26).
Bacterial Virulence Assay—In vivo virulence of the wild-type

and mutant strains was measured in the mouse peritonitis
model. A group of 10 mice (BALB/c, 5 weeks old, 20–22 g,
Charles River Laboratories) were injected intraperitoneally
with 2 � 108 cfu. Morbidity and mortality in the infected ani-
mals were observed twice daily for 10 days. The data presented
in themortality/survival curvewere statistically evaluated using
the log rank test using GraphPad Prism4 software. The dissem-
ination of GAS in liver, spleen, kidney, and lungs was deter-
mined by enumerating the cfu on blood agar plates as �-hemo-
lytic colonies. All animal experiments were performed per the
Ohio State University institutional animal care and use com-
mittee-approved protocol. The infected animals developing the
signs and symptoms of extreme distress (e.g. due to increased
bacteremia after I/P infection), such as gasping, asyphyxia,
apnea, curved body posture with limited movements, or low
heart beat, within 24 h after or during the time of observation
after infection were euthanized for further study.
SDS-PAGE andWestern Blotting—Procedures of SDS-PAGE

of whole bacterial extracts and electrotransfer of resolved pro-
teins on PVDF membranes were performed as described (13).
Western blotswere developed using Protein-G affinity-purified
rabbit polyclonal anti-CdhA and anti-M6 (10B6)mousemono-
clonal antibody (33), followed by corresponding alkaline phos-
phatase-labeled goat anti-rabbit/mouse conjugate antibodies
to detect the expression level of CdhA and the M protein in
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culture supernatants/cell walls of GAS obtained at early, mid-
dle, and/or late log phases. Specific-reactive bands were visual-
ized using alkaline phosphatase-specific chromogenic sub-
strates (13).
Microarray Analyses and Quantitative Real-time PCR—The

complete/whole M1 genome (25) oligonucleotide-based mi-
croarray was designed, synthesized, and made by Illumina Inc.
Oligonucleotides (50–60-mer) were designated to hybridize
1,769 ORFs in the genome of S. pyogenes type M1 strain SF370
(25). The oligonucleotides were spotted onto poly L-lysine
microarray slides by a robotic microarrayer (Omni GRAD 100
microarrayer) of the Center for AppliedGenomics at the Public
Health Research Institute, University of Medicine and Den-
tistry of New Jersey (Newark, NJ).
Microarray analyses were performed to determine relative

transcript abundance of M1�CdhA and M1CdhA�C55 with
M1-SF370. Bacteria were grown in Todd-Hewitt broth until
late log phase, harvested by centrifugation, and washed twice
with sterile PBS. Total RNA was isolated from these washed
streptococcal strains using a Qiagen RNeasy minikit. High
purity and integrity of RNA was confirmed by Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). Synthesis
and labeling of cDNA were carried out using 20 �g of total
RNA, 1.5 �g of random hexamer, 0.5 mM dNTPs (except that
0.2 mM dTTP was replaced by the same amount of amino-allyl
dUTP to incorporate dUTP into first-strand cDNA) in each of
the reverse transcriptase reactions (Superscript II reverse tran-
scriptase, Invitrogen).
Purified cDNA preparations from the wild-type, M1�CdhA,

and M1CdhA�C55 mutant strains were labeled with either
Alexafluor-555 or Alexafluor-647 depending on the experi-
mental design (i.e. dye swap experiment). Differentially labeled
probes were then combined and purified. Using three inde-
pendently isolated RNA preparations from each mutant (bio-
logical replicates), a total of 11 experiments for M1�CdhA
strain (incorporating dye swaps) and seven experiments for
M1CdhA�C55 strain were performed. Signals of the bound
reagents on the microarray spots in terms of relative fluores-
cence values were measured and quantified by a laser scanner
(GenePix 4100) at 10�m/pixel resolution. The resulting images
were processed using Gene Pix Pro software (version 4.0, Axon
Instruments).
The web application CARMAweb (comprehensive R-based

microarray analysisweb service)was used for the normalization
and analysis ofmicroarray data (34). All raw data (in the formof
*.GPR files) were uploaded to the web application in the data
directory. Using an appropriate navigation tree, background
correction from the foreground signal was applied and within
microarray normalization was achieved using the Lowess
method. Genes flagged as bad spots by the scanning software
were excluded from the analysis, and all flagged spots were
given a weight of zero. The normalized data were then sub-
jected to fold-change analysis and t statistics using the Bio-
conductor multtest package. Differentially expressed genes
were defined based on cut-off value �1 	 Ratio (Log2) 	 
1
with p � 0.05. All microarray data (intensity and expression
ratio) for 11M1�CdhA experiments and sevenM1CdhA�C55
experiments have been deposited in the GEO data base with

accession numbers GSE15546 (M1�CdhA) and GSE15598
(M1CdhA�C55).
The expressed mRNA levels from microarray analysis were

confirmedby real-timePCRusing 1�g of total RNA in a reverse
transcriptase reaction to synthesize first strand cDNA accord-
ing to the manufacturer’s instruction (Roche Applied Science
RT kit). Real-time PCRs for selected genes were performed
using Brilliant SYBR Green QPCRMaster Mix (Roche Applied
Science) and specific primers (supplemental Table S3) and con-
ducted using a LightCycler� 480 (Roche Applied Science) real-
time PCR instrument. The copy numbers for all of the genes
were normalized with gyrA using at least three biological repli-
cates, and results were analyzed using Exor4 software (Roche
Applied Science) (35).
Statistical Analysis—Unless otherwise indicated, statistical

analysis was carried out from at least three independent exper-
iments and based on nonparametric two-tailed Student’s t test
with Welch’s correction using GraphPad Prism 4 software.

RESULTS

SP-STK Positively Regulates CdhA, a CHAP Domain-con-
taining Streptococcal Protein—Based on our earlier reports,
GAS lacking a eukaryotic-type serine threonine kinase
(M1�STK) is defective in cell division (13). Phenotypic charac-
teristics of this mutant were found to mimic growth- and cell
division-defective S. agalactiae (group B Streptococcus) and
S. pneumoniaemutants lackingPcsBprotein (15, 36), S. mutans
lacking GbpB protein (19, 37), and E. faecalis/faecium lacking
SagA/SalA (22, 21). PcsB, GbpB, and Saga/SalA are orthologs
and are reported to possess similar structural characteristics,
including the CHAP domain at their C-terminal ends (24, 38,
39). Based on this previous study, we hypothesized that the cell
division defects observed in the M1�STK mutant are probably
due to the down-regulation of a PcsB ortholog SPy0019/CdhA.
To confirm this, first, we complementedM1�STKGASmutant
with the wild-type spy0019 and observed by light microscopy
that the cell division defects of M1�STK were restored to the
wild-type chain-forming strain. The complemented strain dis-
playing normal chain forming ability indicated that SP-STK
directly or indirectly regulates the expression of CdhA. In the
subsequent experiments, by employing real-time quantitative
RT-PCR, we observed a significant decrease in the cdhA tran-
script abundance in the M1�STK mutant strain (Fig. 1) and
thus established a direct link between SP-STK and CdhA. Ear-
lier, CdhA/SPy0019 was identified as SibA because of its ability
to bind to human immunoglobulin (18). However, apart from
this function, the physiologically relevant role of this protein in
GAS has not been described.
CdhA Regulates GAS Growth—Based on the structural simi-

larity of CdhA with six other Gram-positive orthologs (15, 19,
21, 22, 36, 37), we predicted that the N-terminal coiled-coil
portionmay have a role in cell division/separation/aggregation,
and the C-terminal region containing CHAP domain may have
a cell wall hydrolysis/synthesis function. CdhApossesses a typi-
cal motif of the CHAP-domain at its C-terminal end
(SSX7CX13GX30GX10GX5YGH*VXVV, where X represents a
non-conserved amino acid and H* is a putative catalytic histi-
dine residue) (24, 38, 39). Because the precise functional roles of
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these regions in Gram-positive pathogens in general and GAS
physiology or pathogenesis in particular are not known, we cre-
ated two mutants using pFW5 suicide vector: one with com-
plete deletion of the cdhA gene (M1�CdhA) and the second
with deletion of the region corresponding to the C-terminal
CHAP domain (M1CdhA�C55). The latter expressed trun-

catedCdhA (amino acids 1–343) lacking the last 55 amino acids
constituting the conserved and putative catalytic histidine res-
idue (His354) responsible for conferring the cell wall hydrolase
activity (24).
Growth characteristics of the mutants (M1�CdhA,

M1CdhA�C55, and M1�STK) and the cdhA-complemented
strains (M1�Cdh::cdhA, M1-WT::cdhA, M1�STK::cdhA)
determined over a period of �17 h revealed unique patterns
(Fig. 2, A and B). Among all mutants, M1�CdhA exhibited
retarded growth, attaining a maximum A600 of 0.62 in �8 h.
This mutant was unable to grow further and in fact showed a
decrease in the A value (0.42) after an overnight incubation
(�17 h), indicating a progressive lysis of the mutant. The cor-
responding complemented strain (M1�CdhA::cdhA) grew
faster and displayed amaximumA value of 1.0 (versuswild-type
A600 of�1.3), indicating no degradation in the overnight grown
culture and hence the restoration of CdhA function. The
growth patterns of mutants expressing the truncated CdhA
lacking the CHAP domain containing C-terminal 55-residue
(M1CdhA�C55) and that of the wild-type strain were com-
parable. M1CdhA�C55, despite being devoid of the CHAP
domain with putative cell wall synthesis function, in fact
grew faster than the CdhA-overexpressing complemented
strain, M1-WT::cdhA. This indicated that the growth defect

observed in M1�CdhA is primar-
ily due to the absence of the N-
terminal region of CdhA. The
growth pattern ofM1�STK, which
displayed slow growth as reported
previously (13), when comple-
mented with cdhA, grew as fast as
the wild-type strain, indicating
that the slow growth observed of
the M1�STKmutant (13) could be
due to the down-regulation of
cdhA.
Western blot analysis of the

recombinant CdhA protein and the
proteins present in the whole cell
lysates of the strains described
above (Fig. 2,A andB) using affinity-
purified monospecific anti-CdhA
IgG showed the presence of a
43-kDa CdhA-specific reactive pro-
tein band in the wild-type and the
cdhA-complemented strains and its
absence in the M1�CdhA and
M1�STK mutant strains, thus con-
firming the integrity of these strains
also at the protein levels (Fig. 2C).
The truncated CdhA found in the
M1CdhADC55 mutant despite the
loss of the C-terminal 55 residues
migrates similarly to wild-type
CdhA (Fig. 2C, lane 4). The recom-
binant truncated CdhA (amino
acids 1–270) also migrates similarly
to the wild type (data not shown),

FIGURE 1. Physiological relationship between SP-STK and SPy0019/
CdhA. mRNA expression levels of spy0019/cdhA in the M1�STK mutant strain
in comparison with that in the wild-type M1SF370 strain. Shown is the
mean � S.E. (error bars) of three independent experiments, each in triplicate
wells.

FIGURE 2. Growth curves and integrity of CdhA-specific mutant and complemented strains. Wild-type
(M1-SF370 or M1-WT) and various isogenic mutant strains and corresponding complemented strains were
created with different strategies and were grown in THY broth as described under “Experimental Procedures.”
A, growth curves of the wild-type (M1-WT) and isogenic mutant strains (M1�CdhA mutant lacking CdhA,
M1CdhA�C55 mutant expressing truncated-CdhA, and M1�STK mutant lacking SP-STK (13)); B, corresponding
complemented strains (M1�CdhA::cdhA and M1�STK::cdhA (SP-STK mutant complemented with cdhA) and
CdhA-overexpressing strain (M1-WT::cdhA) were monitored spectrophotometrically by measuring A600
(O.D.600 nm) over a period of 18 h. Each data point represents an average of three independent readings. For
clarity, error bars have been omitted. Arrows M and L indicate middle and late log phase points for each growth
curve. C, Western blot analysis showing the presence and absence of CdhA expression in the whole lysates of
mutant, wild-type, and complemented strains using anti-CdhA IgG (lane 1), recombinant CdhA protein, and
whole cell lysates of wild type M1-SF370 (lane 2), M1�CdhA (lane 3), M1CdhA�C55 (lane 4), M1�CdhA::cdhA
(lane 5), M1-WT::cdhA (lane 6), M1�STK (lane 7), and M1�STK::cdhA (lane 8).
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indicating that the CHAP domain of CdhA does not contribute
to the migration of the whole protein in the SDS-PAGE.
CdhA Regulates GAS Cell Division and Belongs to a Class of

Proteins That Participates in the Formation of Cell Septum and
Determines Bacterial Chain Length—Indirect immunofluores-
cence microscopy of the wild-type and M1�CdhA mutant
strains using FITC-labeled affinity-purified CdhA-specific IgG
(Fab� fragment) revealed localization of CdhA protein primar-
ily in the septum (Fig. 3A, I, inset). Further, the absence of CdhA
resulted in aggregation of the bacterial cells, as shown in Fig. 3A
(DAPI stain in II). Electron microscopy of M1�CdhA clearly
revealed defective cell division, resulting in the formation of
incomplete and unorganized septa and in turn bacterial aggre-
gates (Fig. 3B). This random septa formation resulted in the
generation of ghost cells devoid of the genetic content. These
cells were confirmed as dead by fluorescence microscopy using
Live-Dead bacterial stain (Fig. 3A, IV). As shown in Fig. 3B,
M1CdhA�C55 mutant strain expressing truncated CdhA did
not display defect in cell division and the cdhA-complemented
mutant strain (M1�CdhA::cdhA) reverted back to the wild-
type phenotype, supporting our hypothesis that the cell division
function is restricted to the N-terminal region. Further, as was
also reported for the PscB protein of S. pneumoniae (15, 16),
CdhA-overexpressing M1-WT::cdhA strain displayed in-

creased chain length, confirming that CdhA indeed plays an
important role in the chain formation in GAS (Fig. 4A). How-
ever, the SEM- and TEM-based analyses of M1�STK::cdhA
revealed striking differences in the cell division restoration pat-
tern. M1�STK::cdhA strain primarily showed increase in only
chain length; however, the organized cell septation was not
completely restored, indicating that the primary function of
SPy0019/CdhA is more likely in the recognition of the division
plane but not the whole complex phenomenon of cell division
governed by a battery of proteins (40–42) and possibly gov-
erned directly or indirectly by SP-STK (13). To confirm this in
heterologous bacterial species, we examined the CdhA-overex-
pressing E. coli BL21 strain before and after IPTG induction. It
was evident that upon CdhA expression, the cococbacillary
form of uninduced E. coliwas indeed transformed into the long
chain-forming bacilli (Fig. 4B). Further, the cdhA-comple-
mented S. aureusRN4220 (which is known to divide in x, y, and
z planes and form clusters) using an S. aureus-compatible
complementation vector, pCN40tetR (26), also formed chains
with intermittent kinks (Fig. 4C). Together, light microscopy,
SEM, and TEM of the wild-type, mutant, and complemented
strains confirmed unequivocally that N-terminal domain of
CdhA is responsible for the cell division plane recognition and
chain formation.
CdhA Does Not Contribute Significantly to the Overall GAS

Ability to Bind hIgGs—SPy0019 is a secretory protein and was
previously termed as SibA based on its ability to bind hIgG
(hence named SibA) (18). Fluorescence microscopy with anti-
SPy0019 antibody indicated that SPy0019/SibA is located both
at the septum and on the surface. We therefore hypothesized
that the hIgG-binding ability of GAS may be attributed to
SPy0019, and the corresponding mutant lacks hIgG-binding
ability. In fact, to our surprise, the bacterial ligand binding
assays revealed significantly increased hIgG binding activity in
the mutant strains as compared to that in wild type (p �
0.0001), indicating that the absence of CdhA on the surface
somehow exposes the nativeGAS hIgG binding activity (Fig. 5).
This hIgG binding activity of the mutant was not reduced by
complementationwith thewild-type cdhA gene, possibly due to
homologous functions possessed by CdhA and other bacterial
immunoglobulin-binding proteins. Together, these results
indicate that although CdhA is indeed an hIgG-binding pro-
tein, it does not primarily contribute to the overall GAS hIgG
binding activity.
CdhA Hydrolyzes GAS Cell Walls—The CHAP domain-spe-

cific cell wall hydrolase/amino peptidase activity for CdhA
orthologs (15, 18, 19, 21, 22) in Gram-positive organisms has
not been reported so far. To determine the putative peptidogly-
can hydrolase activity of CdhA, the recombinant CdhA protein
and ammonium sulfate precipitates of culture supernatants
were subjected to renaturing zymogram analysis using purified
M1-SF370 peptidoglycan because our initial attempts using
acetone powder of Micrococcus luteus and S. pygenes M1-
SF370 did not yield detectable activity (data not shown). As
shown in Fig. 6, the recombinant CdhA protein and the ammo-
nium sulfate precipitates of culture supernatants of the
M1-WT,M1�CdhA::cdhA, andM1-WT::cdhA showed 43-kDa
protein-associated hydrolysis of the GAS peptidoglycan. The

FIGURE 3. Light, scanning, and transmission electron microscopy of
M1-SF370 wild-type and M1�CdhA, M1CdhA�C55, and M1�CdhA::cdhA
mutant GAS strains. A, indirect immunofluorescence microscopy of intact
wild-type SF370 and the mutant M1�CdhA strain using anti-CdhA antibody,
FITC-labeled conjugate antibody, and DAPI (blue nuclear stain). CdhA is pri-
marily located at the septum (green fluorescence in I) of M1-SF370. The inset in
the first panel shows the magnification of a region localized with CdhA in one
of the dividing bacteria. II, the M1�CdhA strain forming cluster and the
absence of green fluorescence (only nuclear staining with DAPI). III and IV
were stained with Live-Dead bacteria stain. The presence of red stain in some
portion of the clusters of M1�CdhA (IV) indicates the presence of dead bac-
teria. B, images acquired for the M1-WT, M1�CdhA, M1CdhA�C55, and
M1�CdhA::cdhA strains employing light microscopy, SEM, and TEM are
shown in left, middle, and right panels, respectively. The indicated scale mark
applies to both SEM and TEM for each strain. Light microscopy was carried
using Gram stain.
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absence of similar activities in M1�CdhA and M1CdhA�C55
supernatants clearly indicated that the CHAP domain of CdhA
indeed possesses cell wall hydrolase activity.

Absence of CdhAAdversely Affects
GAS Adherence to Human Pharyn-
geal Detroit 562 Cells—Electron
microscopy of M1�CdhA and
M1CdhA�C55 revealed significant
reduction in the size of surface elec-
tron dense fuzzy layer (Fig. 3B). The
presence of the latter is essentially
attributed to many surface proteins
(43, 44) that play a crucial role in
GAS adherence to host cells (45).
We therefore speculated that the re-
duced expression of crucial surface
proteins may significantly affect the
bacterial adherence ability to host
cells. Direct bacterial adherence
assays, using Detroit 562 pharyn-
geal carcinoma cell lines, detected
significantly reduced (cfu/well,
p � 0.001) adherence property of
M1�CdhA mutant strain in com-
parison with the wild-type strain
(Fig. 7). The mutants expressing
truncated CdhA (M1CdhA�C55),
which although adhered better (cfu/
well) thanM1�CdhA to pharyngeal
cells and displayed their surface
structure nearly normally, also ad-
hered significantly less efficiently

when compared with the wild-type strain. This indicated that
CdhA directly or indirectly controls expression of certain sur-
face proteins. The number of cfu in control wells containing
minimal essential medium without pharyngeal cells remained
the same at the end of each bacterial adherence assay, indicat-
ing that bacterial cell death ormultiplication did not contribute
to these changes.
Lack of CdhA Abrogates Antiphagocytic Function—Because

the M protein is a major virulence factor and an important
antiphagocytic molecule that contributes significantly to the
external electron dense layer of GAS (44), we predicted that the
loss of electron-dense surface layer in the M1�CdhA mutant
may in part be attributed to the loss of theMorM-like proteins.
Alternatively, we also predicted that the aggregated forms of
the mutant might not be efficiently phagocytosed because of
their size limitation. To determine whether the predicted loss
of theM protein in theM1�CdhAmutant in fact affects bacte-
rial ability to resist phagocytosis, whole blood phagocytosis
assays were performed to determine the ability of GAS to sur-
vive and multiply. BothM1�CdhA andM1CdhA�C55mutant
strains, in comparison with the wild-type strain, were readily
phagocytosed like the �emm1 mutant GAS strain (Fig. 8A),
although the M1�CdhA mutants showed a tendency to form
aggregates, andM1CdhA�C55did not show any growth defect.
The loss of the ability to resist phagocytosis in these two
mutants was therefore attributed to the loss of theM protein as
determined by Western blot analysis and not simply due to
some defects in the cell growth observed only for M1�CdhA
mutant (Fig. 8C). These results corroborated with the observed

FIGURE 4. CdhA is a bacterial cell division plane-recognizing and chain-forming factor. A, light and elec-
tron microscopy (SEM and TEM) of M1�STK and M1�STK::cdhA and M1-WT::cdhA mutant strains. B, light
microscopy of uninduced E. coli BL21 and IPTG-induced pET14B-His-CdhA-transformed (His-CdhA-overex-
pressing) BL21::cdhA strains. C, S. aureus RN4220 wild-type and pCN40tetR-cdhA-transformed (CdhA-overex-
pressing) RN4220::cdhA strains.

FIGURE 5. Comparison of human immunoglobulin binding property of
CdhA mutants with that of the wild-type GAS strain. Ligand-binding
assays were performed in 96-well formats, as described under “Experimental
Procedures.” Each data point represents an average � S.E. (error bars) of three
individual experiments performed in triplicates. Final readings represent val-
ues obtained after subtracting the average value obtained from 12 control
wells.
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4-fold (M1CdhA�C55) to 50-fold (M1�CdhA) decrease in the
emm1-specific mRNA level as determined by quantitative real-
time PCR analyses (Fig. 8B). Further, both mutants displayed
significantly reduced (p � 0.05) capsular formation as deter-
mined by hyaluronic acid contents (Fig. 8D). Almost 2-fold
increased capsular contents in the cdhA-complemented
mutant and the wild-type strains (M1�CdhA::cdhA and
M1-WT::CdhA) suggested that CdhA somehow regulates the
expression of the M protein and the capsule formation.
Absence of CdhA Increases Bacterial Susceptibility to

Antibiotics—On the basis of the functional properties of CdhA
to regulate cell division and cell wall hydrolase activity, we
hypothesized that the lack of multifunctional CdhA (cell divi-

sion and CHAP domain) may affect susceptibility to certain
antibiotics that target peptidoglycan biosynthesis. To deter-
mine this, we measuredminimum inhibitory concentrations of
various antibiotics for the wild-type and M1�CdhA and
M1CdhA�C55 strains.We included two bacterial cell wall syn-
thesis-targeting (PG and CT), two protein synthesis-targeting
(clindamycin and erythromycin), and one DNA gyrase/topo-
isomerase IV-targeting (ciprofloxacin) antibiotics using an
AB-BIODISK E-test. Significant reduction in MICs of PG (4-fold
for M1�CdhA, 3.0-fold for M1CdhA�C55), CT (22.8-fold for
M1�CdhA and 2.5-fold for M1CdhA�C55), and clindamycin
(5.4-fold for M1�CdhA, 3.9-fold for M1CdhA�C55) and only
marginal reduction (1.5–3-fold) in MICs of erythromycin and
ciprofloxacin for bothmutants indicated that presence ofCdhA
protein plays an important role in the maintenance of the cell
wall integrity; however, the hydrolase activity CdhAmay have a
limited contribution in the perceived role of controlling cell
wall composition and modeling (Fig. 9, A and B).
SPy0019 Mutants Are Attenuated for Virulence in Mice—Col-

lectively, the growth pattern, in vitro adherence, and bacteri-
cidal/phagocytosis assays strongly suggest that CdhA could
serve as a potential virulence factor and thus may have a direct
or indirect role in GAS pathogenicity. To determine this, we
employed themouse intraperitoneal infectionmodel. As shown
in Fig. 10, animals infected with the wild-type strain showed
50% mortality on day 4, whereas the M1�CdhA GAS mutant
was completely attenuated for virulence because no morbidity
or mortality was observed in infected mice during the entire
observation period. In contrast, M1CdhA�C55, despite its
growth pattern similar to that of the wild-type strain, displayed
significantly reduced virulence because only 20% mortality
was observed for the infected mice by day 10 postinfec-
tion. The virulence property of the complemented strain,
M1�CdhA::cdhA, which was able to regain the normal wild-
type growth function (Fig. 10A), was significantly restored (40%
mortality, p � 0.05), although it was partial. Further signifi-
cantly reduced bacterial load in the spleen, kidney, and other
visceral organs of the M1�CdhA-infected mice and increased
bacterial load in the complemented strain indicated that the
CHAP domain contribute significantly to the virulence-regu-
lating properties of CdhA (Fig. 10, A and B). Although trun-
cated CdhA expressing M1CdhA�C55 mutant was readily
phagocytosed by human neutrophils, total bacterial load in the
lungs of mice infected withM1CdhA�C55 was found to be sig-
nificantly higher than those in the wild-type GAS (M1SF370)-
infected mice. The resulting partial loss of GAS virulence indi-
cated that in the absence of the CHAP domain, the CdhA�C55
protein somehow helps tomodify the host response (more spe-
cifically associated with mouse lung or other organ macro-
phages) in a manner favorable for GAS (Fig. 10B). Thus, the
CHAP domain of CdhA seems to play a critical role in GAS
virulence.
CHAP Domain of CdhA Directly or Indirectly Regulates GAS

Virulence—The results described above indicated that CdhA is
a multifunctional protein, the cell division plane recognition/
chain-forming domain of which is located in the N-terminal
two-thirds of the protein, and virulence is probably regulated by
the CHAP domain. To determine the mechanism underlying

FIGURE 6. In vitro cell wall hydrolyzing property of native CdhA expressed
in GAS and recombinant CdhA. Zymographic analysis of GAS cell wall
hydrolase activity of purified CdhA and ammonium sulfate precipitates of
culture supernatants of the wild-type, CdhA-specific mutant, and cdhA-com-
plemented GAS strains as indicated.

FIGURE 7. Lack of CdhA adversely affects bacterial adherence to human
pharyngeal cells. The adherence index was determined using Detroit 562
human pharyngeal carcinoma cell lines and as a percentage of initial inocu-
lum (MOI 50:1 (bacteria/cell); i.e. 5 � 107 cfu/well). Shown is the mean � S.E.
(error bars) of three independent experiments, each performed in at least
triplicate wells.

CdhA, a GAS Chain-forming Virulence Factor

OCTOBER 1, 2010 • VOLUME 285 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 30869



the CHAP domain-mediated regulation of virulence, we ana-
lyzed microarray-based differential global gene expression
profiles for M1�CdhA and M1CdhA�C55 mutants
(supplemental Tables S4–S6), validated with quantitative RT-
PCR. Comparative analyses revealed several similarities in
terms of genes belonging to specific functional categories that
showed significant difference in their expression levels (�2-
fold, p � 0.05). Of 67 and 106 significantly differentiated genes
inM1�CdhA andM1CdhA�C55, respectively, the 50 differen-
tiated genes were identical in both strains (Table 1 and
supplemental Tables S4 and S5). Themost affected and notable
categories of genes in this commongroup belonged to virulence
(7 of 50), carbohydrate transport/metabolism (11 of 50), amino
acidmetabolism and transport (7 of 50), and energy production
(putative V-type Na� ATPase pump; 10 of 50). Among the 11
major virulence-related genes affected in M1�CdhA, 10 genes
(SPy0165-nga, SPy0167-slo, SPy0738-sagA, SPy1302-amyA,

SPy1983-scl, SPy2016-sic, SPy2018-
emm1, SPy2039-speB, SPy2043-mf,
and SPy2200-hasA) were severely
down-regulated (5–128-fold), and
three genes (SPy1357-grab, SPy712-
mf2, and SPy0711-speC) were
up-regulated (3–4-fold) (Tables 1
and 2 and supplemental Tables S4–
S6). In M1CdhA�C55 expressing
truncated CdhA lacking the last 55
residues, six (scl, hasA, amyA,
emm1, sagA, and mf) and two (mf2
and speC) of the above mentioned
virulence-related genes were down-
and up-regulated, respectively.
These results concur with electron
microscopy and in vitro (adherence,
antiphagocytic studies) and in vivo
(experimental infection model) vir-
ulence studies.

DISCUSSION

In the present study, we describe
novel domain-specific functions of
group A streptococcal secreted pro-
tein SPy0019/CdhA, which was
described earlier as “SibA” based on
the hIgG-binding ability of its
recombinant form (18). Based on
our earlier observations for the
GAS mutants lacking SPy1625 or
SP-STK (M1�STK) showing cell
division-defective phenotypes (13),
the present study was carried out to
address two important questions. (i)
Are SP-STK-regulated cell division
defects controlled by CdhA, as
Gram-positive pathogens lacking
CdhA orthologs display similar cell
division defects? (ii) What is the
contribution of CdhA in GAS

pathogenesis? The answer to the first question was readily
addressable by complementing and restoring the cell division
defects of the GAS mutant lacking SP-STK with the wild-
type cdhA. We believe that, unlike S. pneumonia PscB (15,
36) and S. mutans SagA/GtfB (46), the dispensable nature of
CdhA allowed us to further study its domain-specific bio-
chemical and biological functions in GAS pathogenesis using
domain-specific knock-out mutants. Additionally, by com-
plementing heterologus wild-type strains, E. coli and S. au-
reus, and the mutant strain, M1�STK, with the wild-type
cdhA, we also delineated the specific role of CdhA as a cell
division plane recognition protein. The latter property
seemed to be utilized as one of the earliest events in bacterial
chain formation attributed previously to streptococcal PcsB
(16, 17). Recent reports showing the autoregulatory loop
between the Ser/Thr kinase and a CdhA homolog, YocH,
found in Bacillus subtilis (47, 48) and the down-regulated

FIGURE 8. Lack of CdhA abrogates GAS antiphagocytic function by down-regulating the M protein
expression and capsule formation. A, phagocytic index of M1-WT, M1�CdhA, M1CdhA�C55, and M1�Emm.
The phagocytic index was measured as a multiplication factor (M.F.), indicating the ability of the GAS strain to
multiply in the whole human defibrinated blood as described under “Experimental Procedures.” M1�Emm
lacks the antiphagocytic M protein encoded by the emm1 gene and was used as positive control (13). B, quan-
titative real-time PCR to determine emm1-specific mRNA in the late log phase culture (growth level III) of
M1-WT, M1�CdhA, and M1CdhA�C55 GAS strains in comparison with the internal control gene (proS)-specific
mRNA. C, Western blot analysis to determine the expression of the M-protein in the (i) culture supernatants and
(ii) cell wall extracts of early (I), middle (II), and late (III) log phase-grown cultures of M1-WT (lane 1), M1�CdhA
(lane 2), and M1CdhA�C55 (lane 3) strains using the Emm1-reactive 10B6 monoclonal antibody (33). D, com-
parison of hyaluronic acid contents of the mutant M1�CdhA, M1CdhA�C55, M1�CdhA::cdhA, and
M1-WT::cdhA strains with the wild-type M1SF370 (M1-WT) GAS strains. Vertical bars represent mean � S.E.
(error bars) of three independent experiments. *, p � 0.001.
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pcsB gene in S. pneumoniae �STK mutant (49) support our
hypothesis. The designation assigned to SPy0019 as CdhA in
this study was thus based on its biochemical and biological
functions.
By light microscopy and complementation of the M1�STK

mutant with the wild-type cdhA, we provided an initial proof
that CdhA is regulated by SP-STK because, by increasing the
expression of CdhA in M1�STK mutant, it was possible to
recover the wild-type chain-forming characteristics, growth
pattern and partial restoration of cell division defects. These
phenotypes looked similar to the M1�CdhA mutant comple-
mented with wild-type cdhA. Although SEM and TEM of the
cdhA-complemented strain, M1�CdhA::cdhA, indeed con-
firmed the restoration of cell division defects, a similar study for
M1�STK::cdhA revealed the restoration of chain formation but
not the defective cell division. These results indicated that
CdhA plays an important role in certain aspects of the complex
cell division process (40–42). In particular, the ability of CdhA
to induce chain formation was confirmed when the CdhA-
overexpressing wild-type M1-SF370 strain (M1-WT::cdhA)
exhibited an extremely long chain. The ability of CdhA to con-

fer similar phenotypic effects in heterologous systems like
E. coli (BL21::cdhA) and S. aureus (RN4220::cdhA), which do
not normally form chains, unequivocally indicated thatCdhA is
a chain-forming protein. This is in contrast to PcsB from S. mu-
tans and S. agalactiae, which do not replace pneumococcal
PcsB function (16). In fact, the underexpression and not the
overexpression of PcsB in pneumococci leads to formation of
long chains of cells and excessive septal wall synthesis (16).
These contrasting results indicate that despite the structural
similarities, their biochemical and biological activities are
unique. Because S. pyogenes and E. coli divide in one plane, the
long chain formation in these organisms was very obvious as an
outcome of CdhA overexpression. In S. aureus, however,
complementation with wild-type cdhA resulted in loosely
formed clusters with short chains. Characteristically, in S. au-
reus, unlike the other two strains, these chains contained fre-
quent kinks. We believe that the kink formation in S. aureus is
due to its characteristic division pattern in three specific planes,
x, y, and z (Fig. 4C), and a long chain in one plane is due to the
S. aureus obligation to divide under the influence of CdhA until
the onset of y- and z-specific second and third signals that will
divide S. aureus in three different planes. Accordingly, it is
likely that S. aureus may possess more than one plane-recog-
nizing protein including an ortholog of CdhA. Although
SA2093 (SSA) of S. aureus is a likely ortholog (50), its function
has not been revealed so far. Although CdhA is a secreted pro-
tein, its role in cell division is underscored by its location in the
septum, as seen by fluorescence microscopy (Fig. 3A). It is not
known how CdhA is functionally integrated with the tempo-
rally regulated orchestration of several proteins, such as FtsZ,
FtsA, and/or DivA, that are involved in the complex cell divi-
sion process to achieve specific shape and forms of bacteria (41,
51, 52). Although this relation is presently under investigation,
the results showing unregulated cell division with multiple
septa in different planes in M1�CdhA and restoration of these
defects in M1�CdhA::cdhA clearly indicated that the cdhA is a
cell division plane recognition protein playing a crucial role
in early events of cell division and ultimately chain formation in
S. pyogene. Several decades ago, the induction of long chains in
GASwas attributed to the presence of typeM-specific antibody
(53). However, the molecular and genetic basis of bacterial
chain formation inGAS that is described in this study is distinct
from the trypsin-sensitive, and type-specific antibody-medi-
ated physical associations ofmore than one bacterial chain (53).
Although the mechanisms behind the direct relationship of

the absence and overexpression of CdhA with up- and down-
regulation of capsule formation are presently not known, a sim-
ilar corroborating report for pneumococcal PcsB (54) suggests
that a certain capsule regulator(s) may potentially interact with
CdhA and modulate their regulatory functions.
CdhA belongs to a class of proteins that contains the CHAP

domain (24, 38). The CHAP domain-containing proteins are in
general known to degrade the cell wall cross-links or, as an
amidase, to disrupt acetylmuramyl bonds (24, 38). Interest-
ingly, none of the CdhA orthologs in Gram-positive pathogens
have been conclusively shown to possess either in vitro or in
vivo hydrolase activity or specific biologically relevant func-
tions. The ability of CdhA to reveal in vitro zymogram-based

FIGURE 9. Lack of CdhA affects susceptibility of GAS to various antibiotics.
Comparison of antibiotic susceptibility profiles (changes in MICs) of M1�CdhA,
M1CdhA�C55, and M1�CdhA::cdhA with respect to those of M1-WT GAS strain.
MIC values were determined by E-test AB biodisk-recommended procedures. A,
representative antibiotic susceptibility profiles of PG and CT for the wild-type,
mutant, and cdhA-complemented strains. B, each bar represents an average
reading obtained with three E-strips. The -fold changes (numbers followed by �)
in MIC values are calculated as the ratio of MIC for the wild type/MIC for the
mutant. EM, erythromycin; CL, clindamycin; CI, ciprofloxacin.
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cell wall hydrolase activity only in the presence of purified GAS
cell wall peptidoglycan (Fig. 6) is probably due either to uniform
distribution of peptidoglycan in the SDS gel or to specificity
of CdhA-CHAP for M1-SF370 peptidoglycan because earlier
attempts failed when acetone powder of M. luteus and S. pyo-
genes were employed. Because cell wall synthesis and cell divi-
sion are physiologically closely linked (40, 52), we initially
attributed the cell division regulatory function to the CHAP
domain of CdhA, which, unlike other orthologs from Gram-
positive pathogens (19, 16, 22), is not essential for GAS survival.
Hence, it was possible to deriveGASmutants lackingCdhAand
that expressing truncated CdhA lacking the C-terminal 55 res-
idues encompassing the catalytic site of the CHAP domain and
to investigate their physiologically relevant functions based on
phenotypic characteristics of the derived mutants. The
M1CdhA�C55 mutant, although it did not display any in vitro
hydrolase activity, to our surprise grew like the wild-type strain
and did not show any defects in cell division, indicating that the

CHAPdomain is not involved in cell division or the cell division
plane recognition process as described above (Fig. 3B). To
reveal the precise biological role of the CHAP domain that is
directly relevant to GAS pathogenesis, we initially performed
several in vitro virulence-determining assays. Significant reduc-
tion in the abilities of M1�CdhA as well as M1CdhA�C55
mutants to adhere to human pharyngeal cells and resist phag-
ocytosis, most likely due to significant down-regulation of the
M-protein in the corresponding cell wall extracts and a signif-
icantly reduced amount of hyaluronic acid, clearly indicated
that CdhA, andmore specifically the CHAP domain, directly or
indirectly regulate GAS virulence. The complete attenuation of
M1�CdhA as determined by a mouse virulence assays and a
partial yet significant reduction inmousemortality by intraper-
itoneal injection of M1CdhA�C55 substantiate results
obtained by employing in vitro virulence factor-determining
assays. These results indicate that the CHAP domain of CdhA,
although does not participate in cell the division process

and the mutant lacking this do-
main grows like the wild-type
strain, it plays a significant role in
the GAS virulence. In other words,
the growth defects observed in
M1�CdhA (which growsmaximally
atA of 0.6) contributeminimally for
the significantly decreasedmultipli-
cation factor values in in vitro phag-
ocytosis assays and in vitro viru-
lence assays.
Because bacterial adherence and

subsequent colonization play a pri-
mary role in bacterial virulence, the
decreased virulence of M1�CdhA
and M1CdhA�C55 GAS mutants
is also due to their significantly
decreased ability to adhere to human
pharyngeal cells in addition to loss of
antiphagocytic activity. The mecha-
nism underlying the ability of CdhA
to control the expressionof other sur-
face proteins, which may play an
important role in GAS adherence, is

FIGURE 10. Absence of CdhA or its catalytic CHAP domain attenuates GAS for virulence in an experimen-
tal mouse intraperitoneal infection model. A, effects due to the deletion of the entire cdhA gene or its CHAP
domain-specific region (C-terminal 55 residues) on GAS virulence in mice were observed for M1-WT,
M1�CdhA, M1CdhA�C55, and M1�CdhA::cdhA GAS strains using the mouse intraperitoneal infection model.
Survival/mortality curves for all strains were monitored for 10 days and statistically evaluated and plotted by
the log rank test using GraphPad Prism 4 software. The SHAM-infected mice survived throughout the obser-
vation period (not shown). B, bacterial load determined in different organs (lung, liver, spleen, and kidney) from
three infected animals from each group (10 mice each) sacrificed on day 4. *, p � 0.001; **, p � 0.05.

TABLE 2
Microarray-based differentially expressed virulence-related genes and their distribution in M1�CdhA and M1CdhA�C55 mutant strains

M1�CdhA M1�CdhA and
M1CdhA�C55 M1CdhA�C55

Upa (n � 3) Downa (n � 9) Up (n � 2) Down (n � 5) Up (n � 3) Down (n � 6)

NAD-glycohydrolase SPy0165(�25)b
Streptolysin-O precursor SPy0167(�13.4)
Exotoxin C/SpeC SPy0711(�3.4) SPy0711 SPy0711(�3.1)
DNase/mitogenic factor SPy0712(�3.2) SPy0712 SPy0712(�3.1)
Streptolysin-S/SagA SPy0738(�2.3) SPy0738(�5.7)
Cyclomaltodextrin glucanotransferase/AmyA SPy1302(�6.5) SPy1302 SPy1302(�12.3)
GRAB SPy1357(�3.6)
DNase-mitogenic factor-3/Mf3 SPy1436(�4.4)
Collagen-like surface protein/Scl SPy1983(�42.2) SPy1983 SPy1983(�21.1)
M-protein/Emm1 SPy2018(�17.1) SPy2018 SPy2018(�7.5)
Exotoxin-B/SpeB SPy2039(�12.1)
Mitogenic factor SPy2043(�4.7) SPy2043 SPy2043(�3.2)
Hyaluronate synthetase/HasA SPy2200(�147) SPy2200 SPy2200(�24.5)

a Expression profile (up or down), followed by the number of virulence genes in parentheses.
b Values in parentheses following multiplication symbols denote “x-fold” changes (up or down) in the transcript levels of the corresponding gene.
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not apparent at present. We initially speculated that the incom-
plete septum formation might cause missorting of many surface
proteins and virulence factors and even their spilling in the super-
natant insteadof linking covalently to the cellwall (43, 55, 56). The
microarray analysis of the CdhA-specific mutants, however,
offered a more plausible explanation because, in addition to
Emm1, at least three other well established surface proteins, ScpA
(57), Sic (58), and Scl (59), were found to be significantly down-
regulated. This may result in cell walls without adhesins.
A functionally active CHAP domain indicated that cell wall

hydrolase activity of CdhA may play an important role in cell
wall synthesis and modulation. However, the absence of the
CHAP domain of CdhA does not influence growth and cell
division. Further, the increase in susceptibility to cell wall-act-
ing antibiotics (penicillin and cefotaxime), especially in the
absence of the CHAP domain, was only limited to 2–3-fold.
The antibiotic susceptibility pattern thus invokes a question
whether the CHAP domain of CdhA cell plays a role in cell wall
synthesis or modulation (24, 38). Thus, defective cell walls of
CdhA knock-out mutants, as revealed by high susceptibility to
the cell wall-acting antibiotics, may be an indirect outcome of
improper cell division. The recently reportedmass spectromet-
ric analysis for a pneumococcal mutant lacking the PcsB pro-
tein (CdhA homolog) revealing apparently defective wall with-
out any change in the relative amount or composition of the
peptidoglycan peptides lend support to our hypothesis (16, 54).
The function of the CHAP domain could therefore be only to
release muropeptides (57) during multiplication and until sta-
tionary phase and not the modulation of the cell wall.
The precise role of the CHAP domain of the bacterial pepti-

doglycan hydrolases in controlling bacterial virulence is pres-
ently not known. In this regard, in the present study, the results
obtained from the animal experiments showing significantly
increased streptococcal colony-forming units in the lungs of
M1CdhA�C55-infected mice as compared with those found in
the lungs of the wild-type strain-infected mice draw special
attention with regard to the specific virulence-related role of
the CHAP domain in CdhA. The presence of a large number of
cfu ofM1CdhA�C55 in lungs despite it being depleted of theM
protein and capsule indicate that lung macrophages of the
infected mouse could not phagocytose GAS expressing trun-
cated CdhA, or possibly they were phagocytosed but not killed.
The CHAP domain-containing bacterial peptidoglycan hydro-
lases have been shown to modulate muropeptide release and
host innate immune responses (60). Certain members of the
Nod-like receptor family, which are generally expressed consti-
tutively by antigen-presenting cells (e.g. dendritic cells and
macrophages) and epithelia, are capable of detecting specific
muropeptides. Signaling through the Nod-like receptor family
results in the coordinated activation of cytoplasmic, multimo-
lecular protein complexes (inflammasomes), which in turn
orchestratesmassive inflammation and tissue injury (61). Thus,
the mutant strain expressing the truncated CdhA lacking the
catalytic site of its CHAP domainmay not be able to release the
required muropeptides from the GAS that has metastatically
localized in lungs after experimental intraperitoneal infection
(Fig. 10B). This may not result in activation of Nod-like recep-
tor-associated inflammasomes in lungmacrophages and killing

of the M1CdhA�C55 in lungs. Although this could be a valid
reason for the significantly increased number ofM1CdhA�C55
in lungs and partial attenuation for mouse virulence (Fig. 10A),
the proposed hypothesis needs experimental verification.
In addition to apparent changes in the transcription profiles

of several virulence-related genes, we also observed drastic
changes in the carbohydrate and amino acid metabolism-re-
lated genes. This is in contrast to recently published results for
S. pneumoniaemutants depleted of PcsB displaying significant
defects in cell shape and morphology showed changes in only a
few genes belonging to the VicRK regulon (54). In the present
study, the most notable differentially down-regulated carbohy-
drate genes (2–4-fold) in both M1�CdhA and M1CdhA�C55
were themalM operon, lacA.1, lacA.2, lacB.1, lacD.2, and lacE.
The down-regulation of these genes in GAS has recently been
reported to inversely affect GAS virulence (62–66). Thus, the
attenuation of virulence in mutants as a result of a complete or
partial deletion of the cdhA genes can also be attributed to the
down-regulation of carbohydrate metabolism genes. Both
mutants, unlike the wild-type GAS strain, were unable to grow
efficiently in the chemically defined medium supplemented
withmaltose/maltodextrin instead of glucose (data not shown).
Transcription of PscB of S. pneumoniaeR6 andGbpB (SagA)

of S. mutans is positively regulated by their respective VicR/K
TCRSs, indicating that CdhA and its orthologs in other Gram-
positive bacteria could be a common target of VicR/K (15, 16,
46, 67). In the present study,we showed that SP-STKalso some-
how regulates the transcription of cdhA. Although the function
of VicR is regulated by its cognate histidine kinase, VicK, the
streptococcal VicR has been shown to function independently
of its cognate VicK (15, 67). It is therefore conceivable that
VicR-mediated regulation of CdhA expression is fine tuned by
SP-STK by phosphorylating VicR at its threonine residues. The
mechanism of this regulation is presently under investigation.
In summary, this is the first report showing that CdhA is an

SPy1625(SP-STK)-dependent cell wall-associated as well as
secreted GAS protein, displaying a multifunctional nature with
a cell division function located in itsN-terminal two-thirds por-
tion and the cell wall hydrolase function and major virulence
functions located in the remaining C-terminal region. Because
CdhA does not significantly contribute to the human immuno-
globulin binding property of GAS, we have annotated SPy0019
as CdhA. The mechanisms by which the CHAP domain of
CdhA controls GAS virulence and the N-terminal domain rec-
ognizes the division plane and orchestrates cell division are
presently unknown. Although host innate immune responses
may be a target for this protein for the observed virulence, the
increased antibiotic susceptibility of GAS in the absence of
SPy0019/SibA/CdhA and the virulence attenuation especially
in the absence of its C-terminal region favor this protein being
an important candidate/target for the development of newer
immunotherapeutic as well as chemotherapeutic agents.
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