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The ExPortal of Streptococcus pyogenes is a membrane microdomain dedicated to the secretion and folding
of proteins. We investigated the lipid composition of the ExPortal by examining the distribution of anionic
membrane phospholipids. Staining with 10-V-nonyl-acridine orange revealed a single microdomain enriched
with an anionic phospholipid whose staining characteristics and behavior in a cardiolipin-deficient mutant
were characteristic of phosphatidylglycerol. Furthermore, the location of the microdomain corresponded to the
site of active protein secretion at the ExPortal. These results indicate that the ExPortal is an asymmetric lipid
microdomain, whose enriched content of anionic phospholipids may play an important role in ExPortal

organization and protein trafficking.

Secretion of proteins across the single cellular membrane
plays a key role in the pathogenesis of infections caused by
gram-positive pathogens. These virulence-associated proteins
have a number of distinct postsecretion trafficking fates. Some
must be delivered into the bacterial membrane, while others
are routed to the bacterial cell wall for display on the cell
surface. Yet others are secreted into the extracellular milieu,
and a subset of these are routed to receptors on the host cell
membrane. In certain cases, secreted bacterial effector pro-
teins are translocated across a host cell membrane into the
host cell’s cytosolic compartment (26). How a gram-positive
cell coordinates protein trafficking and the specific signals re-
sponsible for correct routing are only beginning to be under-
stood.

A unique solution to the coordination problem has been
observed with Streptococcus pyogenes, a pathogen responsible
for a number of diseases ranging from superficial localized
infection (e.g., impetigo) to life-threatening invasive diseases
(e.g., necrotizing fasciitis). This bacterium possesses an ExPortal,
a distinct membrane microdomain that contains a high con-
centration of the translocons of the general secretory (Sec)
pathway, such that it is the primary cellular site for protein
secretion (33). In addition, the microdomain also accumulates
a high concentration of at least one protein (HtrA) that func-
tions as an accessory factor in postsecretion folding (34), sug-
gesting that the ExPortal functions to spatially couple secretion
with protein maturation. Localized secretion has also been
observed for two surface adhesins, M protein and protein F,
though the mechanisms responsible for site-specific targeting
remain unclear (7). Restricted distribution of the secretion
machinery is not unique to S. pyogenes, since the translocons of
Bacillus subtilis have been found to localize to specific clusters
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that follow a spiral-like pattern around the cell independently
of any known helical structures (3, 6). Taken together, these
data suggest that the ExPortal may play an important role in
coordinating the trafficking of polypeptides to a number of
different postsecretion fates.

An understanding of protein trafficking should also include
an analysis of the signals responsible for retention of proteins
at the ExPortal itself. The observation that the F,F ATPase of
S. pyogenes is found in the peripheral membrane, rather than
the ExPortal (34), shows that retention is not an intrinsic fate
of all membrane proteins. The signals may be unique, since the
localization patterns for M protein and protein F are distinct,
indicating that different signals may be playing a role in the
observed localization patterns (7). Interestingly, the ability of
the translocons of B. subtilis to cluster to discrete sites was
dependent on the presence of anionic phospholipids in the
membrane (3). Thus, it was of interest to determine the dis-
tribution of anionic phospholipids in relation to the ExPortal in
S. pyogenes.

MATERIALS AND METHODS

Strains, media, and culture conditions. Strains used included Escherichia coli
DH5a«, B. subtilis JH462 (32), and S. pyogenes HSCS (14). S. pyogenes strain
QcovR is derived from HSC5 (8), and the construction of several additional
mutant derivatives of HSCS is described below. Routine culture of S. pyogenes
was at 37°C and employed Todd-Hewitt medium (BBL) supplemented with 0.2%
yeast extract (Difco). Culture of E. coli and B. subtilis utilized LB broth at 37°C
with shaking. Proteolytic assays employed strains grown in C medium that were
cultured under the conditions previously described (25). When required, antibi-
otics were used at the following concentrations: erythromycin, 750 pg/ml for E.
coli and 1 pg/ml for S. pyogenes; spectinomycin, 100 wg/ml for both E. coli and S.
pyogenes.

DNA and computational techniques. Plasmid DNA was isolated via standard
techniques and used to transform S. pyogenes as described previously (5). Re-
striction endonucleases, ligases, and polymerases were used according to the
manufacturer’s recommendations. The fidelity of all constructs derived by PCR
was confirmed by DNA sequencing analyses. All references to genomic loci are
based on the genome of S. pyogenes strain SF370 (12). Gene assignments were
based on the information available in the Kyoto Encyclopedia of Genes and
Genomes (www.genome.jp) and were supported by subsequent interrogation of
the SF370 genome using BLAST (1) and query sequences derived from Bacillus
subtilis gene products with experimentally confirmed activities, as noted.
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FIG. 1. S. pyogenes concentrates anionic phospholipids at discrete microdomains. Various bacterial species were stained with NAO and
examined by fluorescence microscopy as described in Materials and Methods. Species included WT S. pyogenes (several representative images are
shown in panels Al to A6), E. coli (panel B), and B. subtilis (panels C1 and C2). Images presented were captured using the green fluorescent protein
filter set and are shown in grayscale. WT S. pyogenes was also stained with Nile red (panel D). The bar in each panel is equivalent to 0.5 pm.

Construction of mutants. A mutant (JWR1) with an in-frame deletion of the
gene encoding cardiolipin synthase (Spy1212) was constructed as follows: Prim-
ers clsFBamHI (AAG GAT CCG CTG ACT ACA AAC GTC TCT ATT CAG
ATG AGG) and clsRXhol (AAC TCG AG G CAA TGG TAA TAT ATC CAG
CAT CCA TCA AAC G) were used to amplify a DNA fragment carrying
Spy1212, which was subsequently inserted into pJRS233 using the restriction
sites embedded in the primers (underlined). An in-frame deletion was con-
structed by an inverse PCR technique (23) to delete an internal fragment en-
compassing approximately 1 kb of the 1.6-kb sequence using the primers cIsSIFDF
(AAC TGC AGG CTA AGG TAA GGT GCA GAC AGA TCT AC) and
cIsSIFDR (AAC TGC AGG GAA CAA TTA ACT TAG ACT ATC GTA GCC
TTT ATC). Similarly, an attempt to construct a mutant lacking phospytidyl
glycerol synthase (Spy2196) was made using amplification primers pgsABam
(AAG GAT CCG GGC ACG CCC TTC AAA AGG AGT CCC TGC TTG
ATA AG) and pgsARXho (AAC TCG AGG GGA TTT CTT CCC ATT ACT
TGC TGG CAA TGG AAT TGG) and inverse primers pgsAIFD-F (AAG AAT
TCG GAA GTA ATA AAA AGA AAG AAA GGA ATC ATT GC) and
pgsAIFD-R (AAG AAT TCC TGG ATA TGA TTA TTT TAA AGG AGC
AAG CTT T). Allelic replacement proceeded as described previously (23), with
confirmation of mutant genome structure by PCR using primers of the appro-
priate sequences. An insertion mutation in covR was introduced into JWRI as
described previously (8).

Measurement of cell-free protease activity. The amount of SpeB cysteine
protease activity in cell supernatants was determined using the substrate fluo-
rescein isothiocyanate-casein (Sigma) as described elsewhere (15). Processing of
the SpeB zymogen was monitored by Western blotting as described previously
(24). Routine addition of the cysteine protease-specific inhibitor E64 (final con-
centration, 10 mM; Sigma) to selected samples confirmed that all protease
activity monitored was due to SpeB.

Cellular fractionation and preparation of membranes. Protoplasts were pre-
pared as previously described (31) and then lysed by multiple freeze-thaw cycles
(—80°C/37°C) followed by agitation with glass beads (106 wm; Sigma) using a
reciprocating shaking device (FastPrep; Qbiogene) at a speed setting of 4.5 for
45 s, repeated four or five times. Membranes were collected by centrifugation
(120,000 X g, 4°C, 60 min) and resuspended in 1 ml of distilled water. Extraction
was performed as previously described (18). An internal standard was added

(1,1,2,2-tetramyristoyl cardiolipin; Avanti Polar Lipids), followed by 1.25 ml of
chloroform and 2.5 ml of methanol. Following 2 min of vortexing, an additional
1.25 ml of chloroform was added, followed by a 30-s vortex. Then, 1.25 ml of
distilled water was added followed by a 30-s vortex. The solution was spun at
3,000 X g for 5 min and the lower phase collected. This solution was washed twice
with a solution containing 1 part chloroform:1 part methanol:0.9 parts distilled
water. Final extracts containing the lipids were then concentrated under nitrogen
gas until samples were reduced to dryness.

Analysis of membrane composition. Analysis of the anionic phospholipid con-
tent of membranes prepared as described above was done as described previ-
ously (17). Low-energy CAD tandem mass spectrometry experiments were con-
ducted on a Finnigan (San Jose, CA) TSQ 7000 mass spectrometer equipped
with an ICIS data system or on a LCQ DECA ion-trap mass spectrometer with
the Xcalibur operation system.

Cellular staining and microscopy. Nonyl acridine orange (NAO) (catalog no.
A-1372; Molecular Probes) was added to growing cultures (C media; optical
density at 600 nm = 0.4) at a final concentration of 1 wM, which did not inhibit
growth of either S. pyogenes, B. subtilis, or E. coli upon overnight culture. Samples
were stained for 15 min at 37°C, visualized with a model DM IRE 2 microscope,
and examined for fluorescence in both the green (green fluorescent protein
filter) and red (rhodamine filter) channels. Localization of the site of secretion of
the SpeB cysteine protease was conducted using the red protease assay as
described previously (33). Nile red (catalog no. N-1142; Molecular Probes)
staining was performed under the same growth conditions at a final concentra-
tion of 10 wg/ml (9). Double staining to ensure membrane integrity was per-
formed by staining with both 10-N-nonyl acridine orange and Nile red. Images
were captured using a QImaging Retiga 1350 EX charged-coupled-device cam-
era and Openlab software (Improvision) and processed for publication using
Adobe Photoshop 7.0.

RESULTS AND DISCUSSION

Anionic lipid domains in S. pyogenes. Anionic lipids have
long been known to play an important role in protein translo-
cation across the bacterial membrane (11) and in determina-
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FIG. 2. Lipid profile of streptococcal membranes. The electrospray ionization/mass spectrometry spectra of the lipid extracts arising from the
[M-H]™ ions of cardiolipin from Cls™ cells (panel A) and from the WT (panel B). Panels C and D show the [M-H]™ ions of phosphatidylglycerol
species from the extracts shown in panels A and B, respectively. Ions from the (12:0),-cardiolipin internal standard seen at m/z 1239.8 (panels A
and B) are [M-H] ™ ions, while the ions seen at m/z 619.7 (panels C and D) are [M-2H]*~ ions. Both the [M-H]~ (panel A) and [M-2H]*~ (panel
C) ions of cardiolipin are absent in the lipid extract from Cls™ cells but are abundant in the lipid extract from WT cells (panels B and D). In
contrast, phosphatidyl glycerol is abundant from Cls™ cells (panel C) and is of relatively low abundance in the WT (panel D).

tion of the topology of membrane proteins (40). Visualization
of anionic lipids using the fluorescent dye NAO revealed that
Escherichia coli and B. subtilis membranes contain anionic
lipid-rich domains at their septal regions and at their poles (19,
28). For examination of S. pyogenes, cells from exponentially
growing liquid cultures were stained directly in the growth
medium with NAO and examined essentially as described pre-
viously (28). This revealed a nonuniform punctate pattern of
membrane staining (Fig. 1 Al to A6). However, unlike the case
with E. coli (Fig. 1 B) or B. subtilis (Fig. 1 C), where staining
was observed primarily at the poles (Fig. 1 C1) or occasionally
in a spiral-like pattern in B. subtilis (Fig. 1 C2), the single
anionic lipid-rich domain of each S. pyogenes cell was located at
a hemispherical position reminiscent of the location of the
ExPortal (Fig. 1A). The NAO stain specifically recognized this
hemispherical domain, since treatment with the nonpolar lipid
stain Nile red did not stain a particular domain but rather the
entire circumferential membrane (Fig. 1D).

Analysis of genomic information (12) revealed that S. pyo-
genes has the capacity to synthesize at least two anionic phos-
pholipids, phosphatidylglycerol (PG) and cardiolipin (CL).

When bound to PG, NAO emits green fluorescence. However,
due to its greater density of negative charge, CL arranges the
NAO molecules in a manner that results in a shift to red
fluorescence (28, 29). The NAO-stained polar domains of E.
coli and B. subtilis exhibit predominantly red fluorescence (19,
28; also data not shown). In contrast, the NAO-stained domain
of S. pyogenes consistently fluoresced green (Fig. 1A), suggest-
ing that it is enriched for PG.

Analysis of S. pyogenes anionic phospholipids. Lipid analysis
of streptococci has indicated the presence of two acidic phos-
pholipids, CL and PG, with a majority of the membrane being
composed of glycolipids (37). The genome of S. pyogenes con-
tains a single copy of pgs4 (Spy2196), encoding the enzyme
responsible for converting phosphatidic acid to PG, and a
single copy of cls (Spy1212), which encodes the enzyme that
converts PG to CL (38). Of the total phospholipid content of
bacterial cells, cardiolipin typically comprises approximately
5% and PG about 20% (22). An in-frame deletion mutant
lacking cls (herein referred to as the Cls™ mutant) was con-
structed to lack both the region encoding the enzyme’s pre-
dicted active site (38) and approximately 1 kb of additional
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FIG. 3. The ExPortal is enriched in anionic lipids. WT S. pyogenes was stained with NAO and then examined in an assay which visualized the
ExPortal as the site of secretion of active SpeB protease (33), as described in Materials and Methods. Cells were analyzed by fluorescence
microscopy and examined for NAO staining and protease localization, as indicated. An overlay of NAO and protease images is shown on the right
(Merge). Three representative groups of streptococcal cells, which are presented at various magnifications, are shown. Bars in leftmost panels are

equivalent to 0.5 pm.

sequence. Membranes were purified from both wild-type (WT)
and Cls~ strains and subjected to Bligh-Dryer extraction with
addition of a (12:0),-CL internal standard. The subsequent
negative-ion electrospray ionization/mass spectrometry analy-
sis of the Cls™ mutant extracts showed only the [M-H] ™ ion of
the internal standard (12:0),-CL at m/z 1239.9 and no detect-
able CL ions in the mass range from m/z 1300 to 1500 (Fig.
2A). This contrasted with the abundant ions corresponding to
CL that were detected in the same mass range for the WT
control (Fig. 2B). These data confirm that S. pyogenes contains
a single gene, cls, responsible for the biosynthesis of cardio-
lipin.

The lipid extracts from both strains were then analyzed for
the presence of PG species. In the mass range from m/z 600 to
800, where the [M-2H]*~ ions of CL and the [M-H]~ ions of
PG lie, major ions at m/z 691, 717, 745, 747, and 773, arising
from PG species, were observed for the Cls™ cell extract with
the CL species seen only as an [M-2H]*~ ion at m/z 619.8
[(1240.9-2)/2], arising from the internal standard (Fig. 2C). In
contrast, the WT sample had similar PG species in addition to
the corresponding [M-H]?>~ ions of CL, as seen in Fig. 1B. The
levels of PG appeared elevated in the Cls™ mutant compared
to the internal standard as a relative measure (Fig. 2D), al-
though it is possible that this increase may result from an
enhanced efficiency of PG extraction from membranes of the
Cls™ mutant. The absence of CL and the increase of PG in the
Cls™ mutant sample compared to data observed for the WT
sample are consistent with the notion that in the prokaryotic
biosynthesis pathway, two molecules of PG are involved in the
synthesis of each molecule of CL (16). The blockage of the

synthetic pathways of CL from PG in the Cls™ mutant is con-
sistent with the apparent increase in the amount of PG and the
absence of CL (22).

Cls™ mutant phenotypes. Overall, the Cls™ mutant showed
a rather modest phenotype under all conditions examined. For
example, the mutant grew at near-WT rates with all media
examined and secreted normal amounts of several toxins, in-
cluding streptolysin O and the SpeB cysteine protease, al-
though the mutant did display a defect in processing the pro
form of the latter to the active enzyme (approximately 25% of
WT rate; data not shown). Transcription regulator CovR
(CsrR) mutants overexpress the hyaluronic acid capsule and
produce colonies with a characteristic mucoid appearance (8).
Interestingly, a construction of a double CovR™ Cls™ strain
showed no apparent defect in the ability to produce mucoid
colonies compared to results for the CovR™ mutant alone
(data not shown), suggesting Cls is dispensable for production
of capsule, despite the observation that the activity of the
hyaluronate synthase enzyme is enhanced by CL in vitro (36).
These data suggest that increased levels of PG may compen-
sate for the absence of CL in membranes of the mutant. Con-
sistent with the spectral characteristics of NAO staining in the
WT, depletion of CL did not alter the staining pattern of the
anionic lipid-rich microdomain (data not shown). These data
are consistent with a lipid microdomain enriched in PG. How-
ever, analysis of a PG-deficient mutant was not possible, since
deletion of pgsA was never recovered. The method for mu-
tagenesis proceeds via the generation of a tandem duplication
of mutant and wild-type alleles in the genome that can resolve
to either allele by recombination. Typically, chromosomes with

SIN07 1S Ul AlisiaAiun uolbulysepn Ag #T0Z ‘92 ydte uo /Bio wse qgly/:dny woly papeojumod


http://jb.asm.org/
http://jb.asm.org/

VoL. 189, 2007

either allele are isolated at similar frequencies among the
progeny (4). However, while it was possible to produce the
merodiploid intermediate strain at the pgsA4 locus, all progeny
recovered following resolution of the duplication contained a
copy of the wild-type allele (30/30 tested from several inde-
pendent pools). This bias towards recovery of the wild-type
allele suggests that pgs4 may be an essential gene in S. pyo-
genes, which would not be surprising, since depletion of PgsA
in B. subtilis results in filamentous cells that eventually lyse
3, 22).

The ExPortal is a microdomain enriched in anionic phos-
pholipids. The ExPortal can be observed in live cells on the
basis of visualizing the site of secretion of active SpeB protease
in cells embedded in agarose along with a protease substrate
that is intramolecularly quenched but becomes fluorescent
when cleaved (33, 35). Examination of the Cls™ mutant showed
that CL is not required for ExPortal integrity, since the WT
and the Cls™ mutant showed identical patterns of SpeB secre-
tion (data not shown). Examination of NAO-stained WT cells
in the protease localization assay produced the expected single
membrane domains revealed by both NAO staining (Fig. 3,
NAO) and cleavage of SpeB protease substrate (Fig. 3, Pro-
tease). Furthermore, merging the NAO and protease localiza-
tion images revealed a concordance between the positions of
the anionic lipid-rich domain and the ExPortal (Fig. 3, Merge),
indicating that the ExPortal is a microdomain enriched in
anionic phospholipids.

The presence of a high concentration of anionic lipids at the
ExPortal is consistent with the importance of anionic lipids in
promoting protein secretion. A negatively charged microdo-
main could provide an efficient scaffold for targeting proteins
to the membrane for secretion via interaction with conserved
regions of positive charge in signal sequences (10, 20). In
addition, the SecA component of the translocon has a high
affinity for anionic lipids (39), and its ATPase activity is en-
hanced by the presence of acidic phospholipids (21). A local-
ized region of negative charge could also provide a mechanism
of retention of membrane proteins at the ExPortal via inter-
action with the positively charged residues.

It is unclear whether the ExPortal is restricted to strep-
tococci or is shared by gram-positive bacteria with different
morphologies. The lipid biosynthetic machinery appears to
be concentrated in the septal regions of B. subtilis cells (30),
and the anionic lipids themselves are predominantly local-
ized to the poles and nascent division sites (19). Depletion
of these anionic lipids results in the rapid mislocalization of
Sec components from sites of concentration along a helical
axis, though localization may also rely upon the expression
levels of Sec translocons (3). This may suggest that in bacilli,
anionic lipids play a vital role in the organization of the
helical subcellular apparatus around which the Sec translo-
cons may be organized. Gram-positive cocci, which gener-
ally lack any known subcellular architecture proteins, may
have developed a simpler system of organization of the Sec
translocons at a single anionic lipid-rich microdomain. How
such a domain is maintained remains an open question;
however, it is interesting to note that acidic phospholipids
may also play a role in the initiation of DNA replication via
interaction with the initiator protein DnaA (27). Thus, one
possibility for organization of the ExPortal is that a high

STREPTOCOCCAL LIPID MICRODOMAIN 805

concentration of a positively charged scaffolding protein
may assist in the segregation of anionic lipids into distinct
domains.

The fact that many naturally occurring antimicrobial agents
are also highly positively charged raises some interesting pos-
sibilities as to their mechanisms of action. For example, de-
fensins are cationic peptides produced by numerous host tis-
sues to protect against bacterial infection (13). Polymyxin B
also has a high affinity for PG (2) and can greatly decrease the
efficiency of protein translocation via the Sec pathway in in-
verted membrane vesicles (41). This raises the possibility that
these compounds may directly interfere with ExPortal-medi-
ated protein secretion via their abilities to recognize anionic
lipids, a property that could be exploited for further analysis of
protein secretion in the gram-positive cocci.
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