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Summary

As an organism that has evolved to live in environments ranging from soil to the cytosol of
mammalian cells, Listeria monocytogenes must regulate the secretion and activity of protein
products that promote survival within these habitats. The post-translocation chaperone PrsA2 has
been adapted to assist in the folding and activity of L. monocytogenes secreted proteins required
for bacterial replication within host cells. Here we present the first structure/function investigation
of the contributions of PrsA2 to protein secretion and activity as well as to bacterial virulence.
Domain swap experiments with the closely related L. monocytogenes PrsAl protein combined
with targeted mutagenesis indicate distinct functional roles for the PrsA2 peptidyl-prolyl
isomerase (PPlase) and the N- and C-terminal domains in pathogenesis. In contrast to other PrsA-
like proteins described thus far in the literature, an absolute in vivo requirement for PrsA2 PPlase
activity is evident in mouse infection models. This work illustrates the diversity of function
associated with L. monocytogenes PrsA2 that serves to promote bacterial life within the infected
host.
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Introduction

Bacterial pathogens depend upon the activity of secreted protein products to establish
infection within a susceptible host. Secreted virulence factors establish the first contact with
host cells and aide in bacterial attachment, invasion, and/or subversion of host immune
defenses. Bacteria have thus developed a variety of secretion systems and mechanisms to
fold, stabilize, and deliver active proteins across the bacterial membrane. For Gram-negative
bacteria, complex secretion machineries have evolved that facilitate transit of proteins across
the double membrane and, in some cases, directly into host cells (Cascales, 2008; Desvaux
et al., 2009; Donnenberg, 2000; Gerlach and Hensel, 2007; Marlovits and Stebbins, 2010).
In Gram-positive bacteria, the majority of proteins are thought to be secreted in an unfolded
state across the single bacterial cell membrane to enter the Gram-positive periplasmic space
that exists between the membrane and the cell wall (Matias and Beveridge, 2005, 2006,
2008; Sarvas et al., 2004; Simonen and Palva, 1993; van Wely et al., 2001) The periplasm
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of Gram-positive bacteria presents a challenging environment for protein folding and
function as a result of its characteristic high cation concentration, low pH, and high density
of negative charge (Sarvas et al., 2004). Optimal protein folding, activity, and localization
under such conditions likely requires dedicated protein chaperones as well as proteases to
ensure secreted protein function and to maintain optimal secretion homeostasis.

Listeria monocytogenes is a Gram-positive bacterium that transitions between life in the
outside environment and life within the cytosol of infected mammalian host cells (Dussurget
et al., 2004; Freitag, 2006; Freitag et al., 2009; Scortti et al., 2007). L. monocytogenes
adaptation to life within a mammalian host is accompanied by large increases in the number
and amount of secreted proteins and by the regulated release of factors that facilitate
intracellular survival (Mueller and Freitag, 2005; Port and Freitag, 2007; Shetron-Rama et
al., 2003; Alonzo and Freitag, 2010; Port and Freitag, 2007). Many of the physiological
changes that enable bacterial replication within the cytosol initiate at the transcriptional
level, mediated primarily by activation of the virulence regulator PrfA, but also occur at the
translational and post-translational levels (Desvaux et al., 2006; Desvaux and Hebraud,
2006; Desvaux et al., 2009; Desvaux et al., 2010; Freitag et al., 2009; Johansson et al.,
2002; Loh et al., 2009). Secreted virulence factors such as the cytolysin listeriolysin O
(LLO) and the broad specificity phospholipase PC-PLC, both of which mediate phagosomal
membrane lysis, are produced at increased levels within the host but are sequestered in a
folded and functional state at the bacterial surface until environmental conditions trigger
their release (Geoffroy et al., 1987; Glomski et al., 2002; Marquis and Hager, 2000; Portnoy
et al., 1992; Schnupf and Portnoy, 2007). Secreted virulence proteins are thus not only
synthesized by L. monocytogenes in greater abundance during host cell infection but they
may also be sequestered at the bacterial surface. Proper folding is required to prevent the
accumulation of inactive proteins at the membrane-cell wall interface and the triggering of a
membrane stress response; incorrectly folded proteins are rapidly degraded by quality-
control proteases (Hyyrylainen et al., 2001; Hyyrylainen et al., 2005; Sarvas et al., 2004).

Recent studies have suggested that the ability of L. monocytogenes to regulate secreted
protein stability, function, and localization during replication within host cells depends upon
the activity of a chaperone known as PrsA2 (Alonzo and Freitag, 2010). PrsA2 is one of two
secreted chaperones in L. monocytogenes predicted to function as a peptidyl-prolyl
isomerase (PPlase) within the Gram-positive periplasm (Alonzo et al., 2009; Alonzo and
Freitag, 2010; Zemansky et al., 2009). L. monocytogenes mutants lacking PrsA2 are
severely attenuated for virulence such that bacterial burdens in the livers and spleens of
infected animals are reduced by more than 100,000-fold; and the protein appears to be
directly involved in maintaining secreted virulence factor stability and activity (Alonzo et
al., 2009; Zemansky et al., 2009). Functioning in conjunction with the secreted heat shock
protease/chaperone HtrA, PrsA2 has been hypothesized to play a critical role in countering
secretion stress resulting from the activation of PrfA within the host cell cytosol and the
subsequent increase in protein secretion (Alonzo and Freitag, 2010). While PrsA2 has been
demonstrated to be essential for pathogenesis, no functional role has yet to be ascribed to the
second highly similar L. monocytogenes secreted PPlase/chaperone PrsAl (Alonzo et al.,
2009; Alonzo and Freitag, 2010).

The PrsA protein of Bacillus subtilis shares a high degree of sequence similarity with PrsA2
and has been extensively studied (Hyyrylainen et al., 2001; Hyyrylainen et al., 2010; Jacobs
et al., 1993; Kontinen et al., 1991; Kontinen and Sarvas, 1993; Vitikainen et al., 2001;
Vitikainen et al., 2004; Vitikainen et al., 2005; Wahlstrom et al., 2003). In contrast to L.
monocytogenes PrsAl and PrsA2, B. subtilis PrsA is an essential protein that is directly
involved in the proper folding of a diverse repertoire of secreted proteins (Kontinen et al.,
1991; Kontinen and Sarvas, 1993; Vitikainen et al., 2005). Recently the essential role for
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PrsA in B. subtilis viability was associated with gross cell wall structural defects imparted
by a loss of Penicillin Binding Protein (PBP) stability and/or activity upon PrsA depletion
(Hyyrylainen et al., 2010). Both PrsAl and PrsA2 of L. monocytogenes are anticipated to
have the same fold as B. subtilis PrsA with helical N and C-terminal domains surrounding a
central PPlase domain (Alonzo et al., 2009; Tossavainen et al., 2006; Vitikainen et al.,
2004). The PPlase domain of B. subtilis PrsA has been demonstrated to be functional in
vitro, and while the domain itself is indispensable, its enzymatic activity may be dispensable
for protein function in vivo (Tossavainen et al., 2006; Vitikainen et al., 2004). In other
Gram-positive organisms, including Lactococcus lactis (where the PrsA protein completely
lacks PPlase activity), the PPlase domain is not required for chaperone activity (Drouault et
al., 2002; Missiakas et al., 1996; Rouviere and Gross, 1996). Thus far, only limited
information exists regarding structural and functional aspects of most PrsA-like proteins,
despite their pivotal contributions to Gram-positive protein secretion.

In this study, we investigated the functional contributions of the PrsA2 N- and C-terminus
and PPlase domains to protein secretion and activity as well as bacterial virulence. Our
findings indicate distinct functional roles for the PPlase and the N and C-terminal domains
that significantly impact L. monocytogenes pathogenesis. In contrast to PrsA-like proteins
described thus far in the literature, we have identified an in vivo requirement for the PPlase
domain of L. monocytogenes PrsA2 through the use of mouse infection models. This work
illustrates the functional diversity of L. monocytogenes PrsA2 that enables bacterial life
within the infected host.

Predicted structural organization of L. monocytogenes PrsA2 and PrsAl

L. monocytogenes PrsA2 shares a significant degree of amino acid similarity with PrsA of
Bacillus subtilis (45% identity, and 65% similarity) [Fig 1A and B and (Adler et al., 2009)].
B. subtilis PrsA is a chaperone comprised of N and C-terminal domains that are moderately
conserved among other PrsA homologues, as well as a highly conserved central parvulin-
type PPlase domain [Fig 1B and (Tossavainen et al., 2006; Vitikainen et al., 2004)].
Chemical cross-linking studies indicate that B. subtilis PrsA forms dimers and possibly
multimers in solution (Hyyrylainen et al., 2010). The predicted modular organization of L.
monocytogenes PrsA2 and PrsAl is similar to that of B. subtilis PrsA with N and C-terminal
domains flanking a central PPlase domain, and heat stable PrsA2 dimers are visible when
the purified protein is subjected to SDS-PAGE with and without chemical crosslinking (Fig.
1C). The PPlase domains of the three proteins share identical putative active site residues
(Fig. 1B).

Construction of PrsA1/PrsA2 domain swap mutants reveals specific functional
contributions of the PrsA2 N and C-termini

Previous studies have indicated that PrsAl has no apparent functional overlap with PrsA2
for virulence-associated activities (hemolytic activity, cell-to-cell spread, and phospholipase
activity) or for bacterial virulence in mice despite sharing a high degree of amino acid
sequence similarity (58% identity and 75% similarity) [(Alonzo et al., 2009; Alonzo and
Freitag, 2010) and Fig. 1B]. To gain a better understanding of PrsA2 structure/function and
to further explore the apparent lack of functional redundancy between PrsA2 and PrsAl,
mutant proteins were constructed containing different domain combinations of the PrsAl
and PrsA2 N-terminal, C-terminal, or PPlase domains. Six mutants comprising different
domain combinations were constructed (P1N-P1P-P2C, P2N-P1P-P1C, P1N-P2N-P1C,
P2N-P2P-P1C, PIN-P2P-P2C, and P2N-P1P-P2C) and introduced into a AprsAl AprsA2
mutant strain using the integrative plasmid vector pPL2 (Lauer et al., 2002) (Fig. 1D). Each
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mutant protein was confirmed to be stably expressed, secreted, and localized at the cell
surface as demonstrated by Western blot analysis of bacterial surface preparations and in
comparison to wild type PrsA2 expressed in AprsAl AprsA2 + pPL2-prsA2 complement
strains (Fig. 1D). Antibodies directed against PrsA2 recognized PrsAl albeit with reduced
affinity (Fig. 1D), however approximately equivalent amounts of the chimeric mutant
protein were determined to be expressed in L. monocytogenes when the apparent abundance
of detectable protein was corrected based on the affinity of antibody recognition (Figs. 1D
and Fig. S1).

Strains containing each of the six domain swap chimera proteins were tested for
complementation of PrsA2-associated phenotypes as reflected by hemolytic activity,
phospholipase activity, and the ability to form zones of clearing or plaques in monolayers of
fibroblast cells (Alonzo et al., 2009) (Table 1). All constructs that contained the PrsA2 N-
terminal domain restored nearly all of the defective phenotypes of AprsAl AprsA2 strains
with the exception of the P2N-P1P-P1C construct which did not restore hemolytic activity.
In contrast, two chimeric constructs (PAN-P1P-P2C and P1N-P2P-P2C) fully complemented
hemolytic activity but not phospholipase activity or plaque formation (Table 1); these
chimeras shared the PrsA2 C-terminus. Chimeras containing the PrsA2 PPlase domain in
conjunction with either one of the PrsA2 N or C terminal domains demonstrated increased
complementation of PrsA2-associated activities over corresponding chimeras with PrsAl
PPlase (see P1IN-P2P-P1C, P2N-P2P-P1C and P1N-P2P-P2C) (Table 1). The PrsA2 PPlase
domain therefore appears to enhance protein activity for chimeras lacking either the PrsA2
N terminal or the C terminal domain, however when both PrsA2 N and C terminal domains
were present the protein was fully functional regardless of the source of the PPlase domain
(see P2N-P1P-P2C, Table 1). Taken together, the data from PrsAl - PrsA2 protein chimera
experiments point to a critical role for the PrsA2 N-terminal domain in chaperone function
as well as to a distinct role for the C-terminal domain relating to LLO-dependent hemolytic
activity. The PrsA2 PPlase domain enhances protein activity in PrsA2-PrsAl chimeras that
lack either the PrsA2 N or C terminal domains, suggesting that the conserved PPlase differs
in function between PrsA2 and PrsAl.

Targeted mutagenesis within the N and C terminal domains of PrsA2 suggests that
multiple contact sites are required for protein function

Although limited structural information exists for PrsA-like proteins from Gram-positive
bacteria, the X-ray crystal structure of a related molecule, the E. coli periplasmic chaperone/
PPlase SurA, has been determined (Bitto and McKay, 2002, 2003; Xu et al., 2007). PSI-
BLAST searches reveal that L. monocytogenes PrsA2 shares significant sequence identity in
its N and C terminal domains with the corresponding regions of E. coli SurA (J. Whisstock,
unpublished). The SurA N-terminal domain features a loose cluster of helices followed by 2
distinct PPlase domains that can be deleted without loss of chaperone function (unlike the
central PPlase domain of B subtilis) (Behrens et al., 2001; Bitto and McKay, 2002, 2003;
Rouviere and Gross, 1996; Xu et al., 2007). The SurA C-terminal helices are folded back
onto the N-terminal domain. Together the N-and C-terminal regions form a cleft that most
likely is central to chaperone function and overall SurA activity (Bitto and McKay, 2003).
Based on sequence alignments with SurA, it is suggested that L. monocytogenes PrsA2
similarly has a loose N terminal helical domain followed by a single central PPlase domain
and a C-terminal helix. Using SurA as a template for the structure of PrsAz2, it is suggested
that the N and C terminal domains of PrsA2 are predicted to come together to form a
substrate binding cleft (Fig 2A). We further suggest that two small areas within the N
terminus are predicted to contribute to the chaperone binding cleft (#1 and #2 in Figs. 2A
and 2B). Additionally, two regions within the C terminal domain that vary between PrsA2
and PrsAl are predicted to form the base of the cleft (#3 and #4 in Figs. 2A and 2B).
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To test whether individual residues within the predicted SurA-like chaperone binding cleft
contribute to PrsA2 chaperone activity, selected mutations were introduced in the cleft as
depicted in Fig. 2A. Six targeted mutations were introduced into the N-terminal portion of
PrsA2 (F77A, Q105A, F77A + F102A, F102A + Q105A, F77A + Q105A, and F77A +
F102A + Q105A) and three larger PrsAl for PrsA2 domain swaps within the C-terminal
base of the cleft (DKPATKTTFEKDKKA — VKKTEKGTYAKEKAN, QKTLKKEYK —
TAALKKELK, or both swaps combined) (Fig. 2B). Mutant gene constructs were introduced
into the L. monocytogenes AprsAl AprsA2 double deletion strain on the integrative plasmid
pPL2, and Western blot analysis of the strains indicated that the mutant proteins were stably
expressed on the bacterial surface (Fig 2C). Surprisingly, nearly all of the mutant constructs
fully restored hemolytic and phospholipase activities as well as plaque formation (Table 2).
Strains containing the N terminal prsA2 F77A + F102A and prsA2 F77A + F102A + Q105A
mutations were modestly compromised for plaque formation, and prsA2 F77A + F102A for
hemolytic activity, whereas none of the C terminal substitution mutants were affected for
activity (Table 2). Thus, while the substitution of large domains of PrsA2 with PrsAl
resulted in significant alterations in PrsA2 activity, the introduction of more targeted
mutations within these regions had little effect. These results suggest at least one of two
possibilities: (1) despite the predicted structural similarity, PrsA2 differs significantly from
SurA in its structural organization, and/or (2) multiple substrate contact sites contribute to
PrsA2 chaperone function such that the loss of contacts in select regions can be functionally
compensated by contacts in other regions of the protein.

Functional investigation of the PrsA2 PPlase domain

The PrsAl/PrsA2 domain swap experiments suggested that the PrsA2 PPlase domain
contributes to PrsA2 activity based on its ability to enhance the activity of constructs lacking
either the N or C terminal domain of PrsA2 (Table 3). To further explore the functional
contributions of the PrsA2 PPlase domain while also investigating potential modularity in
function for the N and C- terminal domains (Alonzo et al., 2009; Alonzo and Freitag, 2010),
we constructed a PrsA2 N+C terminal fusion protein that lacked the entire PPlase domain.
The PrsA2 N+C terminal fusion construct comprises amino acids 1-135 of the N-terminus
of the protein and 229-293 of the C-terminus (Fig 3A). In addition, a second mutant was
constructed that contained an amino acid substitution (D174A) within the predicted active
site of the PrsA2 PPlase domain; the construction of this mutant was based on a similar
mutant described for B. subtilis PrsA (Tossavainen et al., 2006). The PrsA2 N+C terminal
fusion, as well as PrsA2 D174A, were confirmed to be stably expressed and secreted by
AprsA2 strains (Fig. 3A and B).

Because the PPlase activity of PrsA-like proteins in a number of organisms appears to be
either dispensable or completely non-functional (Drouault et al., 2002; Missiakas et al.,
1996; Rouviere and Gross, 1996; Vitikainen et al., 2004; Weininger et al., 2010), we first
determined whether PrsA2 and PrsAl displayed any PPlase activity in vitro. C-terminal his-
tagged fusion proteins of PrsA2, PrsAl, PrsA2 D174A, and PrsA2 N+C were purified (Fig.
3B) and used in a standard protease-coupled assay developed for the detection of PPlase
activity (Fischer et al., 1984; Fischer et al., 1989; Fischer et al., 1992; Harding et al., 1989;
Missiakas et al., 1996; Rouviere and Gross, 1996; Takahashi et al., 1989; Tossavainen et al.,
2006; Vitikainen et al., 2004). The assay measures the efficiency of PPlase-catalyzed cis —
trans isomerization of a commercially available tetrapeptide substrate that, following cis
conversion to the trans isomer, is recognized and cleaved by chymotrypsin to result in
yellow color formation. The rate of tetrapeptide cleavage was observed to increase
substantially upon the addition of 6 uM PrsA2 (Fig. 3C) and to increase in a concentration
dependent manner (Fig. 3D). Although the PrsA2 activity on this tetrapeptide substrate was
weak in comparison to the positive control bovine cyclophilin (0.1 uM) (Fig. 3C), it was

Mol Microbiol. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alonzo et al.

Page 6

similar to that previously reported for B. subtilis PrsA and E. coli SurA (Missiakas et al.,
1996; Rouviere and Gross, 1996; Tossavainen et al., 2006; Vitikainen et al., 2004).

To confirm that the PrsA2 PPlase domain was responsible for the observed PPlase activity,
the same assay was used to detect activity for the PrsA2 N+C fusion and the PrsA2 D174A
active site mutant (predicted to have ~50% activity based on a similar B. subtilis PrsA
substitution mutant) (Tossavainen et al., 2006). As anticipated, the PrsA2 N+C mutant was
unable to catalyze the cis — trans isomerization of the tetrapeptide substrate, displaying a
rate of isomerization that was similar to that of tetrapeptide substrate alone (Fig. 3E). PrsA2
D174A catalyzed cis — trans isomerization but at a reduced rate in comparison to wild type
PrsA2 (Fig. 3E). Lastly, PrsAl was found to exhibit only weak PPlase activity based upon
its modest acceleration of tetrapeptide cleavage in comparison to PrsA2 (Fig. 3F). Taken
together these results confirm that both PrsA2 and PrsAl have bona fide PPlase activity.

PrsA2 PPlase activity is not required for the restoration of hemolytic or phospholipase
activity nor for intracellular growth or cell-to-cell spread

In B. subtilis, as well as in other bacteria, the parvulin-like PPlase activity of PrsA appears
dispensable for many if not all of its associated functions (Drouault et al., 2002; Missiakas et
al., 1996; Rouviere and Gross, 1996; Vitikainen et al., 2004; Weininger et al., 2010). To
investigate whether PrsA2 PPlase activity makes a detectable contribution to LLO or PC-
PLC activity or to bacterial growth and spread within infected cell monolayers, we
examined the ability of the prsA2 N+C construct lacking the PPlase domain to complement
AprsA2 mutant strain defects. The prsA2 N+C construct restored hemolytic activity of a
AprsA2 mutant to 85% of wild type levels (Fig. 4A), and appeared to fully restore
phospholipase activity based on zones of opacity on egg yolk agar plates (Fig. 4B). Most
strikingly, prsA2 N+C fully complemented the severe cell-to-cell spread defect of the
AprsA2 mutant (Fig. 4C). These data indicate that the PPlase domain of PrsA2 is
dispensable for PrsA2 functions relating to LLO and PC-PLC activity as well as bacterial
growth and spread within cell monolayers.

PrsA2 PPlase activity is required for full virulence in animals

To assess a potential requirement for the PrsA2 PPlase activity during animal infection,
mice were infected with4prsA2 strains containing a pPL2 plasmid integrated copy of either
wild type, prsA2 N+C, or prsA2 D174A active site mutant. As previously described, a
AprsA2 mutant is severely attenuated for virulence in mice based on the bacterial burdens
recovered from the liver and spleen at 72 hours post-infection (100,000-fold and 10,000-fold
fewer bacteria in livers and spleen respectively in comparison to mice infected with wild
type L. monocytogenes) (Fig. 5). In contrast, complementation with wild type prsA2 restored
virulence to wild type levels. L. monocytogenes strains containing prsA2 N+C partially
restored virulence, however the bacterial burdens recovered from liver and spleens were still
136- and 167-fold lower than those recovered from mice infected with wild type bacteria
(Fig. 5). Consistent with the loss of PPlase activity resulting in a virulence defect, the prsA2
D174A partial activity mutant restored bacterial virulence to a greater degree than the
PPlase deficient N+C mutant, but to a lesser degree than PrsA2 containing a fully functional
PPlase domain (Fig. 5). These experiments indicate a role for PrsA2 PPlase activity in
bacterial virulence within infected animals.

Analysis of bacterial supernatant proteins reveals putative PrsA2 PPlase-dependent

substrates

To identify proteins whose stability and/or localization may be dependent upon PrsA2
PPlase activity, we isolated supernatant proteins from wild type, 4prsA2, and prsA2 N+C
strains and compared the protein profiles (Alonzo and Freitag, 2010). Interestingly, pPL2-
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prsA2 N+C nearly fully restored the secreted protein profiles associated with AprsA2
mutants to those observed for wild type based on 2D-gel patterns (F. Alonzo, unpublished
data). Nine proteins were identified in wild type supernatants that were not present in those
derived from the AprsA2 + pPL2-prsA2 N+C strain, suggesting a possible role for PPlase
activity for stability and/or localization of these proteins (Table 3). Most striking from the
list of nine proteins was that three were predicted penicillin binding proteins (Lmo1438,
Lmo02039, and Lmo2229), while two had functions associated with modification of the
bacterial cell surface (Lmo02505, and Lmo0927). Additional proteins identified included a
flagellar hook-associated protein (Lmo0706), and three proteins of predicted cytosolic
function (PykA, ComEC, and a threonyl tRNA synthetase). These results indicate that while
the secreted protein profiles of a AprsA2 mutant can be largely restored by the introduction
of prsA2 N+C, a subset of proteins consisting primarily of PBP’s and cell surface modifying
enzymes require the presence of the PrsA2 PPlase domain for stability and/or correct
localization.

PrsA2 PPlase is required for optimal resistance to B-lactam antibiotics

Given that the PrsA2 PPlase domain may be important for L. monocytogenes PBP folding
and/or activity, we assessed whether bacterial strains lacking PrsA2 PPlase exhibited any
change in sensitivity to f-lactam antibiotics. Minimal inhibitory concentrations (MICs) for
bacterial growth in the presence of either a p-lactam antibiotic (Penicillin G), or ribosomally
targeted antibiotic (gentamicin) were determined for mutant and wild type strains. Wild
type, AprsA2, AprsA2 + pPL2-prsA2, and AprsA2 + pPL2-prsA2 N+C exhibited identical
MICs (0.32 ug/ml) with gentamicin (Fig. 6A), however the AprsA2 and AprsA2 + pPL2-
prsA2 N+C strains displayed increased sensitivities to Penicillin G (0.02 and 0.04 pg/ml
respectively) in comparison to wild type and the AprsA2 + pPL2-prsA2 complemented strain
(both had an MIC of 0.08 ug/ml) (Fig. 6B). These data support a role for PrsA2 PPlase
activity in the folding and/or activity of L. monocytogenes PBPs.

Discussion

As an organism that has evolved to live in environments ranging from soil to the cytosol of
mammalian cells, L. monocytogenes must adjust and regulate the expression and activity of
protein products that enable survival and replication within these diverse and specific
habitats. The secreted chaperone PrsA2 has been adapted to facilitate the folding, stability,
and activity of L. monocytogenes secreted proteins required for bacterial survival within host
cells (Alonzo et al., 2009; Alonzo and Freitag, 2010; Zemansky et al., 2009). PrsA2 is
required for bacterial fitness under conditions of PrfA activation (such as within the cytosol)
where the abundance of L. monocytogenes secreted protein products dramatically increases
from the levels observed for bacteria in broth culture (Alonzo and Freitag, 2010). In this
work we have initiated the first structure/function analysis of this critical virulence
chaperone and have identified distinct functional roles for its active PPlase domain and for
the N and C terminal domains in L. monocytogenes pathogenesis and drug resistance. The
existence of two functionally distinct and non-essential PrsA-like proteins in L.
monocytogenes has provided an exceptional opportunity to define and compare novel
mechanistic aspects and substrate specificities for two members of an important class of
Gram-positive post-translocation secretion chaperones.

As PrsAl and PrsA2 share significant homology and yet share no apparent functional
overlap (Alonzo et al., 2009; Alonzo and Freitag, 2010), domain swapping experiments
yielded a ready means for examining and defining functional regions of PrsA2. PrsAl has
yet to be associated with any secreted protein substrate or phenotype, thus the domain swap
constructs also provided a method to test whether portions of the protein were indeed
functional. Comparisons of PrsAl and PrsA2 chimeric mutants indicated that the PrsA2 N-
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terminus plays an important role in mediating PrsA2 substrate interactions, as the
introduction of this domain alone in place of the PrsA1 N terminus resulted in the near full
complementation of AprsA2 associated phenotypes with the exception of hemolytic activity
(Table 1). In comparison, experiments in B. subtilis using pentapeptide insertional analysis
of PrsA also suggested that the N-terminus of the protein has a number of residues critical
for chaperone activity. Similarly, even partial truncations and at least two pentapeptide
insertions within the C-terminus were found to abrogate function (Vitikainen et al., 2004).
In contrast to the PrsA2 N terminal domain, the C terminal domain restored at least partial
hemolytic activity whenever it was present, but failed to restore either phospholipase activity
or plaque formation. These results indicate distinct functional roles for the PrsA2 N and C
termini, while also demonstrating that PrsAl domains are at least partially functional when
combined with PrsA2. The PrsA2 PPlase domain appeared to enhance PrsA2 function, and
was sufficient to increase L. monocytogenes plaque formation in cell monolayers when
provided together with the PrsA1 N and C terminal domains (Table 1). PrsAl and PrsA2
thus share both structural and sequence homology while maintaining distinct functional
substrate specificities.

Predicted structural similarities between E. coli SurA and L. monocytogenes PrsA2
suggested contact regions that could contribute to the formation and specificity of the PrsA2
chaperone binding cleft (Bitto and McKay, 2002, 2003; Xu et al., 2007) (Fig. 2). Consistent
with this predicted model, L. monocytogenes PrsA2 forms heat resistant dimers in solution
(Fig. 1B). However, targeted mutagenesis of the predicted contact sites within the proposed
substrate binding cleft region had at best modest effects on PrsA2-associated activities
(Table 2). These modest effects could either indicate that the actual structure of PrsA2
differs significantly from that of SurA, or alternatively that multiple amino acid contact sites
make up the substrate binding pocket, such that loss of one or more amino acids does not
prevent substrate binding. Given that PrsA2 potentially interacts with a significant number
of substrate proteins (Alonzo and Freitag, 2010), it seems feasible that multiple residues may
contribute to low affinity or transient chaperone interactions.

The enhanced rate of cleavage of the tetrapeptide substrate (Suc-Ala-Phe-Pro-Phe-
pNitroanilide) in the presence of chymotrypsin confirmed that PrsA2 is a bone fide prolyl
cis — trans isomerase (Fig. 3). Removal of the PPlase domain or the introduction of a point
mutation within the active site either abolished or diminished PPlase activity, confirming the
central domain of PrsA2 as the source of PPlase activity. While functional, PrsAl had far
less PPlase activity than PrsA2 in the presence of the same tetrapeptide substrate (Fig. 3F).
The two proteins may either have altered substrate specificities or differ in their rates of
catalysis as a result of amino acid variations within the conserved PPlase domain. B. subtilis
PrsA has also been shown to have PPlase activity associated with its central domain
(Tossavainen et al., 2006; Vitikainen et al., 2004) and it would be interesting to compare
functional similarities between B. subtilis PrsA and L. monocytogenes PrsA2 versus PrsAl.
The activity of bacterial parvulins toward the commercial tetrapeptide substrates used in this
work is low in relation to PPlases of other organisms (compare the activity of bovine
cyclophilin to PrsA2 in Fig. 3) (Fischer et al., 1984; Fischer et al., 1989; Fischer et al.,
1992; Harding et al., 1989; Missiakas et al., 1996; Rouviere and Gross, 1996; Takahashi et
al., 1989; Tossavainen et al., 2006; Vitikainen et al., 2004). Both B. subtilis PrsA and E. coli
SurA also display weak activities using the same tetrapeptide substrates (Missiakas et al.,
1996; Rouviere and Gross, 1996; Tossavainen et al., 2006; Vitikainen et al., 2004),
suggesting that this substrate may not be optimal for this class of PPlases.

PrsA2 is unique thus far from other PrsA-like proteins in that a functional requirement for
the PrsA2 PPlase activity can be demonstrated in vivo. Evidence in other organisms has
suggested that the PPlase activity of PrsA-like proteins is dispensable, with some PrsA-like
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molecules lacking any apparent activity associated with the domain. In B. subtilis the PPlase
domain itself is indispensable for function, though PPlase enzymatic activity may be
dispensable (Drouault et al., 2002; Missiakas et al., 1996; Rouviere and Gross, 1996;
Vitikainen et al., 2004). With PrsA2, the PPlase domain as well as its enzymatic activity
were found to be required for the restoration of full virulence to a prsA2 deletion strain in
animal infection models (Fig. 5). While the N and C-terminal PrsA2 fusion protein was
sufficient for the restoration of a number of in vitro defects (hemolytic activity,
phospholipase activity, and plaque formation), the absence of the PPlase domain restored
only partial virulence in animals (Fig. 4 and 5). Consistent with a requirement for PPlase
activity, the PrsA2 partial function mutant (prsA2 D174A) complemented the virulence
defect of a prsA2 deletion mutant more fully than the prsA2 N+C mutant, but still did not
reach wild type levels (Fig. 5). Proteomic analysis of supernatant proteins from wild type
and the prsA2 N+C complemented deletion strain identified at least nine proteins whose
localization was altered in the absence of the PrsA2 PPlase domain (Table 3). Five of the
nine proteins had predicted functions relating to cell wall biosynthesis or remodeling; these
included three PBPs (Lmo01438, Lmo2039, and Lmo02229), a cell wall hydrolase (Lmo2505,
or P45), and Lmo0927, a lipoteichoic acid synthase.(Schubert et al., 2000; Webb et al.,
2009). The association of PrsA2 PPlase activity with cell wall synthesis and remodeling
proteins is notable in light of work in B. subiltis, where a critical role for PrsA in promoting
PBP folding/activity and bacterial surface integrity was recently described (Hyyrylainen et
al., 2010). Proteomic analyses of prsA2 deletion mutants in L. monocytogenes has
previously revealed a substantial number of mislocalized PBPs, as well as cell wall
remodeling enzymes (Alonzo and Freitag, 2010). The association of PBP activity with
PrsA2 PPlase activity was further established biologically in that the prsA2 N+C construct
was unable to complement increased bacterial sensitivity to Penicillin G exhibited by
AprsA2 mutants. Alterations in cell wall structure and/or stability may account for the
residual virulence defect observed for strains containing prsA2 N+C.

The study of PrsA2 functional activity in L. monocytogenes provides an opportunity to gain
a better understanding of the role of these enzymes in Gram-positive protein secretion and
physiology. PrsA-like proteins have been targeted for study based on their potential ability
to facilitate the folding and stability of heterologous proteins with commercial value (Kim et
al., 2005; Lindholm et al., 2006; Vitikainen et al., 2005). PrsA-like proteins have been
implicated in the pathogenesis of other Gram-positive bacteria (Ma et al., 2006; Williams et
al., 2003), but little remains known regarding the substrate specificities of these proteins or
their mechanisms of action. Based on our findings, we speculate that the PrsA2 PPlase
domain and N and C-terminal domains each contribute to the recognition of distinct
substrates, but may share functional overlap in terms of chaperone activity. Future studies
focused on the investigation of PrsA2 with individual substrate proteins will provide
additional insight into the fundamental processes underlying post-secretion protein folding
and regulation of secreted virulence factor activity in L. monocytogenes.

Experimental Procedures

Bacterial strains, media and culture conditions

The bacterial strains used in this study are listed in Table 4. L. monocytogenes 10403S
containing either a deletion of prsA2 (NF-L1651), or a deletion of both prsA2 as well as
prsAl (NF-L1631) was used to assess the pPL2-based complementation of the PrsA2 N+C
terminal fusion and PrsA1/PrsA2 domain swap chimeras respectively (Alonzo et al., 2009;
Alonzo and Freitag, 2010). Escherichia coli strains TOP10, DH5a. 1/g, and SM10 were used
for construction and propagation of recombinant plasmids. All bacterial strains were grown
overnight at 37°C with shaking in brain heart infusion broth (BHI) (Difco Laboratories,
Detroit, MI) or Luria broth (LB) (Invitrogen, Carlsbad, CA) unless otherwise described.
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Antibiotic concentrations used were as follows: chloramphenicol, 15 pg/ml (E. coli) and 5
pg/ml (L. monocytogenes); ampicillin, 100pg/ml; and streptomycin, 200 pg/ml. In all cases,
the integration plasmid pPL2 was used for complementation studies (Lauer et al., 2002).

Construction of PrsA2 (N+C) and complementation studies

A B. subtilis PrsA (N+C) mutant was previously described and used as a model for
construction of L. monocytogenes PrsA2 (N+C) (Vitikainen et al., 2004). Briefly, splicing
by overlap extension polymerase chain reaction (SOEing PCR) was used to fuse bases 1—
405 of the prsA2 coding sequence (corresponding to amino acids 1-135) with bases 687—
882 (corresponding to amino acids 229-293). Initially, two DNA fragments were generated
by PCR using primer pairs NC-a/NC-b and NC-c/NC-d (all oligonucleotides are listed in
Table 3). The two fragments (~1060 base pairs and ~200 base pairs) were purified and used
in a second PCR reaction to generate a fragment of ~1260 base pairs containing both Kpnl
and Sacl restriction sites. The fragment was digested and subcloned into appropriately
digested pPL2, introduced into E. coli SM10 by electroporation, and subsequently
introduced into L. monocytogenes AprsA2 (NF-L1651) by conjugation (Freitag, 2000; Lauer
et al., 2002). The resulting strain expressing a truncated PrsA2 (200 amino acids) lacking its
putative PPlase domain (93 amino acids) was designated NF-L1674.

Construction of PrsA1/PrsA2 domain swap chimeras

Construction of domain swap mutants between PrsAl and PrsA2 was carried out using
SOEing PCR. Briefly, six constructs were generated, each containing various combinations
either of the PrsAl or PrsA2 N-terminus, PPlase domain, or C-terminus. The constructs are
indicated as follows: P2N-P1P-P1C, P1N-P1P-P2C, P1N-P2P-P1C, P2N-P2P-P1C, P1N-
P2P-P2C, and P2N-P1P-P2C (Fig. 1C). These variants allowed for assessment of each
domain’s contribution to PrsAl and/or PrsA2 function. The oligonucleotides used for
construction of each mutant PrsA protein are shown in Supplemental Table 1 and described
briefly below. An initial series of PCRs were performed to generate fragments
corresponding to each domain of interest (PrsAl or PrsA2). The total number of initial PCRs
required was based on the overall number of swaps for that particular construct. For
example, to generate the DNA fragment corresponding to P2N-P1P-P1C only two initial
PCRs were needed (one fragment corresponding to the prsA2 promoter and N-terminus
together, and a second fragment corresponding to the coding sequence of the PrsAl PPlase
and C-terminal domains together). In contrast, a more complex domain swap, such as P1N-
P2P-P1C required four initial PCRs corresponding to the prsA2 promoter (all constructs
were designed to be under the control of the prsA2 promoter region), PrsAl N-terminus,
PrsA2 PPlase, and PrsAl C-terminus respectively. The resultant fragments generated by the
initial PCRs for each of the constructs described were combined and used in a second
SOEing PCR reaction to generate a fragment of approximately 1.5kb (corresponding to the
full length chimera of the swapped prsAl and prsA2 sequences). The fragments (designed to
contain Kpnl and Sacl restriction sites) were subcloned into appropriately digested pPL2 and
sequenced to confirm the presence of the expected domains and validate correct fusion
junctions prior to conjugation into L. monocytogenes. Upon confirmation of each prsA
chimera, the recombinant plasmids were introduced into SM10 E. coli by electroporation,
followed by introduction into L. monocytogenes AprsAl AprsA2 (NF-L1631) via
conjugation. DNA sequencing was again used to confirm each domain swap construct in L.
monocytogenes. Strain designations are indicated in Table 4.

Construction of PrsA2 targeted mutations

Targeted PrsA2 mutations were constructed based on either predicted substrate contact sites
(as determined by molecular modeling of the E. coli SurA chaperone binding cleft as well as
similarities to B. subtilis PrsA) or variation between the PrsAl and PrsA2 amino acid

Mol Microbiol. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alonzo et al.

Page 11

sequences (Alonzo et al., 2009; Bitto and McKay, 2002, 2003; Xu et al., 2007). Ten PrsA2
mutants were generated by either site-directed mutagenesis (F77A, F77A + F102A, Q105A,
F77A + QL05A, F102A + Q105A, F77A + F102A + Q105A, and D174A), or SOEing PCR
[a swap of the coding regions for amino acids 225-239 (#3) or 254-262 (#4) or both (#3 +
#4) of prsA2 for prsAl] and used in subsequent complementation studies. Site-directed
mutagenesis was carried out using a kit provided by USB (Cleveland, OH). Briefly,
recombinant pPL2 containing full-length prsA2 (pNF1255) was purified and used in a PCR
reaction containing mutagenic primer (77-FtoA, 77-AtoF, 102-FtoA, 105-QtoA, 174-DtoA)
and a non-mutagenic common primer in pPL2 (pPL2common). After PCR, the parent
plasmid (not mutated) was digested by incubation in the presence of Dpnl for one hour. The
PCR mixture was subsequently transformed into E. coli TOP10 and transformants screened
for the presence or absence of the desired mutation by PCR and DNA sequencing. For small
amino acid swaps between PrsAl and PrsA2, SOEing PCR was used as described above
using the primers listed in Supplemental Table 1. Upon confirmation of each prsA2 mutant,
the recombinant plasmids were introduced into SM10 E. coli by electroporation, followed
by introduction into L. monocytogenes AprsAl AprsA2 (NF-L1631) via conjugation. DNA
sequencing was again used to confirm each mutant construct in L. monocytogenes. Strain
designations are designated in Table 4.

Expression and purification of PrsAl, PrsA2, PrsA2 (D174A), and PrsA2 (N+C) 6X-his-
tagged proteins

The DNA sequence corresponding to the mature form of the PrsA2 enzyme lacking its N-
terminal signal peptide [amino acids 22-294 (PrsAl) and 21-293 (PrsA2)] was amplified
from L. monocytogenes 10403S genomic DNA (for wild type prsAl and prsA2), or pPL2
vectors containing prsA2 (N+C) or prsA2 (D174A) using primer pairs PrsAl-6hisA/
PrsAl-6hisB and PrsA2-6hisA/PrsA26hisB to generate an ~1.5 kb PCR product containing
Ncol and Bglll restriction sites. The product was digested with Ncol and Bglll and
subcloned into appropriately digested pQE60 C-terminal 6X-His expression vector (Qiagen,
Valencia, CA) followed by transformation into DH5a 1/q E. coli. The resulting strains were
designated NF-E1764 (prsA2-6his), NF-E1965 (prsAl-6his), NF-E1942 [prsA2 (N
+C)-6his], and NF-E1969 [prsA2 (D174A)-6his].

Expression and purification of recombinant PrsA2 proteins was carried out using the
methods described by the supplier of the pQE60 vector (Qiagen, Valencia, CA). Briefly, a 4
ml overnight culture of each strain was inoculated at a 1:50 dilution into 100 mls of LB
containing ampicillin (100 pg/ml). The culture was grown with shaking at 37°C until an
approximate ODggg nm of 0.5, at which point IPTG was added at a final concentration of 0.8
mM. Cultures were allowed to continue growing for another 5 hours followed by
centrifugation at 8500 RPM for 15 minutes and subsequent freezing of the bacterial pellet at
—80 °C overnight. Bacterial cell lysates were prepared by resuspending the bacterial pellet in
20 ml of Wash Buffer (500 mM NaPQO,4, 300 mM NaCl, 10 mM imidazole, pH 7.4) followed
by the addition of Lysozome (0.3 mg/ml) (Sigma, St. Louis, MO) and protease inhibitor
cocktail (Pierce, Pittspurgh, PA). The cell suspension was subsequently sonicated 10X on
ice (10 sec. On, 30 sec. Off) followed by the addition of Triton X-100 (final concentration
1%) and incubation at room temperature for 30 minutes. Lysates were clarified by
centrifugation at 11,000 RPM for 30 minutes followed by passage through a 0.22 pum sterile
filter. Purification of PrsA2/PrsAl from bacterial lysates was carried out by metal affinity
chromatography using Cobalt resin as described by the supplier (Pierce, Pittsburgh, PA).
The eluted protein fraction was dialyzed overnight against final storage buffer (20 mM
HEPES, 140 mM NacCl, 10% glycerol, ImM DTT, pH 7.4), aliquoted, and frozen at —80 °C.
Final protein concentration and purity was determined using the Bicinchoninic Acid Assay
Kit (Pierce, Pittsburgh, PA) and SDS-PAGE analysis.
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Protease-coupled assay for peptidyl-prolyl isomerase activity

An assay measuring the ability of peptidyl-prolyl isomerases to catalyze the cis-trans
interconversion of small tetrapeptide substrates covalently linked to p-nitroanilide has been
previously described (Fischer et al., 1984; Fischer et al., 1989; Fischer et al., 1992; Harding
et al., 1989; Missiakas et al., 1996; Rouviere and Gross, 1996; Takahashi et al., 1989;
Tossavainen et al., 2006; Vitikainen et al., 2004). Purified PrsA proteins were added to 1ml
of assay buffer (20 mM HEPES, 140 mM NaCl, 1 mM DTT, pH 7.4) on ice at the final
concentrations specified in the text. After allowing the protein to equilibrate in the assay
buffer for ~5 minutes on ice, the tetrapeptide substrate (Suc-Ala-Phe-Pro-Phe-pNitroanilide)
was added at a final concentration of 37.5 uM and mixed by pipetting up and down. The
protein + peptide solution was immediately added to a cuvette containing a 10 ul solution of
chymotrypsin (20 ug/ul) for a final chymotrypsin concentration of 0.2 mg/ml. Upon addition
of chymotrypsin, the entire solution was mixed by pipetting up and down three times,
followed immediately by measurement in a spectrophotometer at 390 nm. This was the
“zero” time point. Beginning at 10 seconds and every 10 seconds thereafter (for a maximum
of six minutes) measurements were read to follow color formation over time (cleavage of
the trans form of the tetrapeptide substrate by chymotrypsin). Assays were carried out a
minimum of three times for each PrsA protein/concentration tested. Cleavage of the
tetrapeptide substrate in the absence of PrsA was used as a negative control and addition of
CyclophilinA from calf thymus (Sigma, St. Louis, MO) was used as a positive control for
PPlase activity. Where described PPlase inhibitors were added (both to test the purity of
purified protein samples and confirm the inhibition of Cyclophilin by CyclosporinA) at the
following concentrations: CyclosporinA (5.0 uM), FK-506 (5.0 uM), and Juglone (7.0 uM)
(Vitikainen et al., 2004).

PrsAl and PrsA2 chemical crosslinking

Chemical crosslinking was done as previously described by Miner et. al (2008) for PrfA
with minor modifications. After separation of purified protein samples by SDS-PAGE,
proteins were transferred to PVDF membranes, and PrsAl and PrsA2 were detected using a
1:2500 dilution of a monoclonal antibody directed against the 6His tag in 1X PBST
(Phosphate buffered saline solution plus 0.05% Tween-20) followed by incubation with a
1:2500 dilution of a polyclonal Goat-anti Mouse secondary antibody conjugated to alkaline-
phosphatase (SouthernBiotech, Birmingham, AL). Bands were visualized colorimetrically
with the addition of 10ml of a BCIP/NBT Plus solution (SouthernBiotech, Birmingham, AL)

Measurement of hemolytic activity

The hemolytic activity for all strains tested was measured as previously described (Alonzo et
al., 2009; Alonzo and Freitag, 2010; Camilli et al., 1989). Bacterial cultures were grown for
five hours from a 1:10 dilution of overnight culture in LB. Supernatants were collected and
normalized based on Optical Density (OD) at 600 nm. Bacterial cultures at higher OD were
appropriately diluted into fresh LB to match that of the bacterial culture with the lowest
overall OD. Serial dilutions of the culture supernatant were added to phosphate buffered
saline (PBS) (pH 5.0) containing 1ImM DTT and incubated for 30 minutes at 37°C, after
which 100 pl of washed sheep’s red blood cells (RBCs) were added followed by additional
incubation for 30 minutes at 37°C. Bacterial supernatant/RBC mixtures were pelleted by
centrifugation in a microcentrifuge for 1 minute at maximum speed, and the supernatant
dilution resulting in 50% lysis of blood cells was determined based on visual inspection of
the pellet. Hemolytic units are described as the reciprocal of the dilution resulting in 50%
lysis of RBCs. All hemolysin assays were conducted a minimum of 5 times and data shown
is an average of all experiments.
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Measurement of bacterial phospholipase activity

The measurement of bacterial secreted phospholipase activity on solid egg yolk agar plates
was conducted as previously described (Mueller and Freitag, 2005). Briefly, single colonies
of each strain tested were struck onto solid egg yolk agar containing activated charcoal
(0.2%) and glucose-6-phosphate (25mM) to enhance the prfA dependent expression of plcB
(YYeung et al., 2005). Plates were incubated for 24 hours at 37°C followed by visual
inspection of the zone of opacity (indicative of phospholipase activity) surrounding the
bacterial streaks. Results were obtained from a minimum of three independent experiments.

L2 plaque assays

Plaque assays were conducted as previously described (Sun et al., 1990). Monolayers of L2
fibroblasts in six-well culture dishes were infected at a multiplicity of infection (MOI) of 30
bacteria to 1 fibroblast for 1 hour. Infected monolayers were subsequently washed three
times with PBS followed by addition of a DMEM/Agarose overlay containing gentamicin
(10 pg/ml) to kill extracellular bacteria. After 72 hours, plagues were measured using a
micrometer. Data shown are an average of the plagques measured from a minimum of three
independent experiments with wild type plaque size set to 100%.

Animal infections

All animal procedures were approved by the University of Illinois at Chicago (UIC) Animal
Care Committee (ACC) and were conducted in the Biological Resources Laboratory (BRL).
2 x 10% colony forming units of each of the strains tested was injected via tail into 6-8 week
old female Swiss Webster mice (Harlan, Madison, WI) as previously described (Alonzo et
al., 2009). After 72 hours, mice were sacrificed, and livers and spleens were isolated,
homogenized and plated on solid media for enumeration of bacterial burden to each organ.

Preparation of bacterial surface proteins for Westen blot and supernatant proteins for two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)

Bacterial surface and supernatant protein isolation was conducted as previously described
(Alonzo et al., 2009; Alonzo and Freitag, 2010; Port and Freitag, 2007). To isolate surface
proteins, 25 ml of bacterial culture (grown for 5 hours in BHI and normalized to ODggonm
1.4) was collected by spinning in a floor centrifuge at 9000 RPM for 30 minutes. The
resultant bacterial pellet was resuspended in 200 ul of 2% SDS boiling buffer (2% SDS, 5%
B-mercaptoethanol, 10% glycerol, 60 mM Tris, pH 6.8), boiled for 5 minutes, and clarified
by centrifugation at 11,000 RPM for 30 minutes. For supernatant proteins used in 2D-PAGE
studies, 200 ml of bacterial culture was collected after 5 hours of growth in BHI, and
supernatants were collected and precipitated with trichloro-acetic acid as previously
described (Alonzo and Freitag, 2010; Port and Freitag, 2007). Precipitated proteins were
resuspended in 5% SDS boiling buffer (5% SDS, 5% B-mercaptoethanol, 10% glycerol, 60
mM Tris, pH 6.8) and sent to Kendrick Labs for electrophoresis. All supernatant samples
were prepared on three independent occasions and used for 2D-PAGE resulting in a
minimum of two biological replicates for all gels. Samples from biological replicates were
each analyzed a minimum of three times resulting in three technical replicates to validate
consistency between samples.

2D-PAGE analysis of bacterial secreted proteins

Two-dimensional gel electrophoresis of supernatant proteins from wild type or AprsA2 +
pPL2-prsA2(N+C) strains was conducted by Kendrick Labs using the carrier ampholine
method of isoelectric focusing as previously described and indicated below (O’Farrell,
1975). Isolelectric focusing was carried out in a glass tube of inner diameter 2.0 mm using
2% pH 4-8 mix ampholines (GE Healthcare, Piscataway, NJ and Serva, Heidelberg,
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Germany) for 9600 volt-hrs. One pg of an IEF internal standard, tropomyosin, was added to
the sample. This protein migrated as a doublet with lower polypeptide spot of MW 33,000
and pl 5.2. A tube gel pH gradient plot was determined with a surface pH electrode. After
isoelectric focusing and equilibration for 10 minutes in Buffer O (10% glycerol, 50mM
dithiothreitol, 2.3% SDS and 0.0625 M Tris, pH 6.8), each tube gel was sealed to the top of
a stacking gel that overlaid a 10% acrylamide slab gel (0.75mm thick). SDS slab gel
electrophoresis was carried out for about 4 hrs at 15 mA/gel. The following proteins were
used as molecular weight standards: myosin (220,000), phosphorylase A (94,000), catalase
(60,000), actin (43,000), carbonic anhydrase (29,000) and lysozyme (14,000) (Sigma-
Aldrich, St. Louis, MO). These standards appear along the basic edge of the Coomassie blue
stained 10% acrylamide slab gel. The Coomassie blue stained gels were dried between
sheets of cellophane with the acid edge to the left.

Protein identification by LC-MS-MS tandem mass spectrometry

To identify protein spots whose abundance was altered between wild type and AprsA2 +
pPL2-prsA2 N+C, gels were placed on a light box and visually inspected for spots clearly
present in one gel but entirely absent from the other (Alonzo and Freitag, 2010). Identified
spots were cut from the gel using a clean scalpel blade, and placed in 200 pl of deionized
water for further processing. The remainder of the protein spot digestion and mass
spectrometry analyses were carried out by the Proteomics Core Facility, part of the Research
Resources Center and the University of Illinois at Chicago, as previously described and
indicated below (Alonzo and Freitag, 2010). Spots were cut into 1 mm cubes with a scalpel
followed by washing the spots with 100 mM ammonium bicarbonate, reduction with
dithiothreitol in ammonium bicarbonate, and alkylation with iodoacetamide in the dark.
Samples were digested overnight with Promega Modified Sequencing Grade Trypsin in
ammonium bicarbonate (Promega, Madison, WI). Peptides were liberated using three
consecutive extractions with ammonium bicarbonate at 37°C followed by sample
concentration using a speedvac.

LC/MS/MS was carried out using a Thermo Instruments LTQ-FT equipped with a Dionex
Ultimate 3000 two-dimensional microcapillary HPLC system (Thermo Fisher Scientific,
Waltham, MA). Peptides were separated on a C18 column eluting with a gradient.
Generated peak lists were extracted from the resulting chromatograms as MGF files (Mascot
Generic Format) using ReAdW (Institute for Systems Biology, Seattle, WA) and in-house
software, then searched using a Mascot 2.2 search engine (Matrix Science, Boston, MA)
against the List_monocyt Listeria monocytogenes NCBI database (53458 sequences;
14892194 residues) using a peptide tolerance of 10 ppm and carbamidomethylation of
cysteine and oxidation of methionine as variable modifications. Scaffold 2.4 (Proteome
Software, Portland, OR) software was used to merge and display only the results with a 95%
confidence and 2 or more unique peptide matches. The average false discovery rate was
between 3%-5% as estimated by Mascot using automated decoy database searching. Mascot
scores >46 were considered statistically significant P < 0.05.

SDS-PAGE and Western Blot analyses

All protein samples were run on 10% SDS-PAGE gels for 1.5 hours at 180V. Prior to
staining, gels were fixed in a 50% methanol 7% acetic acid solution followed by washing
3X for 15 minutes in deionized water. Gels were subsequently stained for 1 hour with Bios-
safe Coomassie R-250 (Bio-Rad, Hercules, CA), followed by destaining overnight in 1 L
water prior to image acquisition. For Western blots, proteins were transferred to poly-
vinylidine di-fluoride membranes at 30V for 1 hour, followed by blocking in PBS + 0.05%
Tween (PBST) containing 5% milk for an additional hour. 20 mls PBST containing primary
polyclonal antibody against PrsA2 (1:2,500 dilution) was then incubated with the
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membranes for 1.5 hours, washed three times for 10 minutes each with PBST, and incubated
for an additional hour with a 1:2,500 dilution of secondary polyclonal antibody conjugated
to alkaline phosphatase (Southern Biotech, Birmingham, AL). Blots were developed via the
addition of BCIP-NBT-Plus (5-bromo-4-chloro-3-indolylphosphate- nitroblue tetrazolium)
(Southern Biotech, Birmingham, AL) for approximately 5 minutes. All images were
acquired using an Alpha Imager 2200 (Alpha Innotech, San Leandro, CA).

Determination of antibiotic minimum inhibitory concentrations (MICs)

Serial dilutions of either gentamicin or PencillinG were made into brain heart infusion media
in 4 ml polypropylene test tubes. Each tube was subsequently inoculated with 2 ul of
overnight culture of the following strains (wild type, AprsA2, AprsA2 + pPL2-prsA2, and
AprsA2 + pPL2-prsA2 (N+C). Inoculated cultures were allowed to incubate at 37°C for 16
hours followed by determination of the minimal antibiotic concentration required for
complete inhibition of bacterial growth. MICs were repeated a minimum of three times in
duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. L. monocytogenes PrsA2 domain organization and construction of PrsAl/PrsA2
domain swap mutants

(A) llustration of the predicted domain architecture of PrsA2. Included are an N-terminal
signal peptide (orange), an N-terminal domain of 135 amino acids (blue), a central PPlase
domain of 93 amino acids (green), and a C-terminal domain of 66 amino acids (red). (B)
Chemical crosslinking of purified PrsAl and PrsA2. 500ng of purified PrsAl and PrsA2
proteins were chemically crosslinked with 10uM of sulfo-ethylene glycol
bis[succinimidylsuccinate] (+S) or Bis[sulfosuccinimidyl] suberate (+B) for 1 hour at room-
temperature followed by SDS-PAGE and western blotting for detection of PrsA dimers. All
data is representative of at least three independent experiments. (=), no crosslinker added.
(C) Amino acid sequence alignment of L. monocytogenes PrsA2 and PrsAl and B. subtilis
PrsA. Each domain is colored as in (A). The four amino acids known to be critical for
PPlase activity in B. subtilis PrsA are highlighted in yellow. (D) PrsA1/PrsA2 chimeric
domain swap mutants introduced into AprsAl AprsA2 mutant strains using the site-specific
integration vector pPL2. Each construct is under the expression control of the prsA2
promoter. The six constructs generated are shown along with respective Western blots using
PrsA2 polyclonal antibody. Because all of the constructs generated contain a substantial
portion of the PrsAl protein, a Western blot was also performed on equivalent amounts (500
ng) of PrsAl and PrsA2 using polyclonal PrsA2 antibody. Based on differences in antibody
recognition of PrsAl and PrsA2, approximately equivalent amounts of chimera proteins
were expressed in L. monocytogenes (see also Supplementary Fig. S1).
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Figure 2. The structure of E. coli SurA indicating the position of mutations introduced in this
study

(A) The structure of SurA was used as a guide to design mutations in PrsA2. By analogy
with SurA, PrsA2 is predicted to act as a dimer with contributions from both the N and C-
terminus of each monomer. PPlase domain (red), N-terminus of monomer 1 (green), N-
terminus of monomer 2 (light blue), C terminus of monomer 2 (yellow and blue). Purple
regions represent predicted contact regions for substrate binding in the C-terminus of
monomer 2 and the N-terminus of monomer 1. (B) Amino acid sequence alignment of
PrsA2 and PrsAl. Black shading indicates identical amino acids between PrsA2 and PrsAl;
gray shading indicates similar amino acids; and red highlighting represents the four initial
regions of the putative substrate binding cleft targeted for mutagenesis. Western blot of the
nine mutants is shown (C).
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Figure 3. The central domain of PrsA2 has PPlase activity

(A) Upper panel: construction of a PrsA2 N+C mutant lacking the entire central PPlase
domain. Lower panels: PrsA2 Western blots of AprsA2 + pPL2- prsA2, AprsA2 + pPL2-
prsA2 N+C, andAprsA2 + pPL2-prsA2 D174A surface proteins to confirm synthesis and
localization of PrsA2 mutant constructs. (B) SDS-PAGE gel of purified recombinant PrsA2
(N+C), PrsA2, PrsAl, and PrsA2 (D174A) (3 pg loaded). (C-F) Purified PrsA2, PrsA2 (N
+C), PrsA2 (D174A), and PrsAl proteins were used in a protease coupled assay for peptidyl
prolyl isomerase activity. (C) PrsA2 has PPlase activity. 6.0uM PrsA2 (4p) accelerates the
rate of cleavage of the tetrapeptide substrate Suc-Ala-Phe-Pro-Phe-pNA compared to the
negative controls [no PPlase (X) and Cyclophilin + cyclosporine A (o)]. Cyclophilin (0.1
uM) (o) is shown as a positive control for PPlase activity. (D) PrsA2 exhibits a dose-
dependent increase in activity. PrsA2 at the following concentrations [0.1 uM, 1 uM, 3 uM,
6 uM, and 10 uM (all 4)] was used in the same PPlase assay as (C). The rate of substrate
cleavage was measured at increasing concentrations of PrsA2 protein. (E) PPlase activity
resides in the central parvulin-like domain and Aspartate 174 maintains optimal activity. A
PrsA2 (N+C) (m) terminal contruct lacking its PPlase domain is no longer capable of
catalyzing the cis — trans isomerization of the tetrapeptide substrate, while PrsA2 (D174A)
(A) displays a modest decrease in activity compared to wild type PrsA2 (4). (F) PrsAl is
less active than PrsA2 for PPlase activity. 6 uM and 10 uM (both V) PrsAl are far less
efficient and promoting cis—trans isomerization than 6 uM PrsA2. In C, D, E, and F; X, No
PPlase added.
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Figure 4. The PPlase domain of PrsA2 is not required for restoration of in vitro defects
associated with a AprsA2 mutant

AprsA2 + pPL2- prsA2, and AprsA2 + pPL2-prsA2 N+C mutants were used to assay
restoration of hemolytic activity, phospholipase activity, and plaque formation compared to
that of wild type and a AprsA2 mutant. (A) Hemolytic activity was determined by measuring
the ability of bacterial culture supernatants to lyse sheep’s red blood cyles. Hemolytic units
are described as the reciprocal of the dilution resulting in 50% lysis of RBCs. (B)
Examination of PC-PLC based phospholipase acticity. Phospholipase activity was measured
by streaking strains onto egg yolk agar followed by incubation at 37°C for 24 hours and
examining the zone of opacity that is formed. (C) L2 plaque formation assays to measure
cell-to-cell spread. L2 cells were infected for 1 hour with each strain followed by the
addition of gentamicin in an agarose overlay. Plaques were measured after 72 hours and are
reflected as % of wild type.
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Figure 5. The PPlase domain is critical for restoration of virulence in animal models of infection
Mice were intravenously infected with 2 x 104 CFU of wild type (e), AprsA2 (o), 4prsA2 +
pPL2- prsA2 (X), AprsA2 + pPL2-prsA2 N+C (V), and 4prsA2 + pPL2-prsA2 D174A (m).
At 72 hours post-infection livers and spleens were isolated, homogenized, and plated for
bacterial CFU on solid BHI agar plates. CFU from the livers and spleens of a minimum of
five mice are shown as scatter plots. Solid lines indicated the median value for each group.
Statistical significance was calculated using a 1-way ANOVA with Tukey’s multiple
comparison test. Statistically significant difference compared to WT and 4prsA2 + pPL2-
prsA2 are indicated (***, P <.0001).
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Figure 6. The PPlase domain of PrsA2 is required to maintain wild type levels of resistance to p-
lactam antibiotics

The minimum inhibitory concentration required to prevent growth of wild type,
AprsA2,4prsA2 + pPL2- prsA2, and AprsA2 + pPL2-prsA2 N+C was determined by
inoculation of each strain into broth culture containing serial dilutions of either gentamicin
(A) or penicillinG (B). Statistical significance was calculated using a 1-way ANOVA with
Tukey’s multiple comparison test. Statistically significant difference compared to WT and
AprsA2 + pPL2- prsA2 are indicated (***, P <.0001).

Mol Microbiol. Author manuscript; available in PMC 2012 June 1.



Alonzo et al. Page 26

Table 1

Plaque formation, and hemolytic and phospholipase activities of domain swap mutants.
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PrsA2 Chimeric Construct | Plaque Size (% WT) | Hemolytic Units | Phospholipase Activity
PrsA2 (Full length) 100 +/-3.16 100 +/- 9.5 +
PrsAl (Full length) 20.2 +/— 0.98*** 31.8 +/— 4/4*** -
AprsAlaprsA2 20.0 +/— 2.10*** 37.5 +/— 3.5%** -
P2N-P1P-P1C 102.8 +/— 2.80 44,0 +/— 5.8*** +
P1N-P1P-P2C 23.3 +/— 3.40*** 88.0 +/— 8.0 -
P1N-P2P-P1C 72.5 +/— 1.30%** 40.8 +/— 4.2%** -
P2N-P2P-P1C 100.1 +/—- 8.60 80.0 +/— 13.6 +
PIN-P2P-P2C 61.6 +/— 1.60*** 66.7 +/— 6.7 -
P2N-P1P-P2C 101.7 +/— 8.60 100 +/- 6.2 +

Statistical significance was calculated using a 1-way ANOVA with Tukey’s multiple comparison test. Statistically significant difference compared
to PrsA2 (Full Length) (AprsA2 + pPL2- prsA2) are indicated (***, P<.0001)
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Table 2

Plaque formation, and hemolytic and phospholipase activities of targeted mutants.
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PrsA2 Targeted Construct

Plague Size (% WT)

Hemolytic Units

Phospholipase Activity

PrsA2 (Full length)

100 +/- 3.16

100 +/- 9.5

+

AprsAlAprsA2 20 +/— 2.10*** 37.5 +/— 3.5%** -
F77A 97.9 +/-1.40 75+/-8.3 +

Q105A 97.5+/-1.71 72.5 +/-13.6 +

F77A + Q105A 91.45 +/— 1.42%** 78.3+/-9.3 +
F77A + F102A 78.5 +/— 1.10%** 54.4 +/- 1.8** +
F102A + Q105A 95.16 +/— 2.06 71.7 4/-10.2 +
F77A + F102A + Q105A 81.3 +/— 1.41%** 84.2 +/-11.1 +
P1—P2 #3 103.2 +/—1.90 78 +/- 6.9 +
P1—P2 #4 100.4 +/—1.70 78 +/- 6.9 +
P1—-P2 #3 + P1— P2 #4 97.2 +/-1.81 88.9+/-73 +

Statistical significance was calculated using a 1-way ANOVA with Tukey’s multiple comparison test. Statistically significant differences compared

to PrsA2 (Full Length) (AprsA2 + pPL2- prsA2) are indicated (***, P< .0001, **,P<.005).
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Table 4
Bacterial strains used in this work
Strain Genotype Designation Reference
TOP10 E. coli host strain for recombinant pPL2 plasmids
SM10 E. coli conjugation strain for recombinant pPL2 plasmids
DHb5a I/q E. coli host strain for recombinant PrsAl, PrsA2, N+C,
D174A expression vectors
NF-L100 L. monocytogenes 10403S wild type
NF-L1651 | L. monocytogenes 10403S AprsA2 AprsA2 (Alonzo et al.,
2009)
NF-L1631 | L. monocytogenes 10403S AprsAlaprsA2 AprsAlaprsA2 (Alonzo and
Freitag, 2010)
NF-L1656 | NF-L1651 + pPL2- prsA2 AprsA2 + pPL2-prsA2 (Alonzo et al.,
2009)
NF-L1924 | NF-L1631 + pPL2-prsA2 AprsAlaprsA2 + pPL2-prsA2 (Alonzo and
Freitag, 2010)
NF-L1674 | NF-L1651 + pPL2-prsA2 (N+C) AprsA2 + pPL2-prsA2 (N+C) This work
NF-L1672 | NF-L1651 + pPL2-prsA2 (D174A) AprsA2 + pPL2-prsA2 (D174A) This work
NF-L1885 | NF-L1631 + pPL2-(p2n-p1p-plc) P2N-P1P-P1C This work
NF-L1887 | NF-L1631 + pPL2-(p1ln-plp-p2c) P1N-P1P-P2C This work
NF-L1991 | NF-L1631 + pPL2-(p1n-p2p-plc) P1N-P2P-P1C This work
NF-L1990 | NF-L1631 + pPL2-(p2n-p2p-pic) P2N-P2P-P1C This work
NF-L2021 | NF-L1631 + pPL2-(p1n-p2p-p2c) P1N-P2P-P2C This work
NF-L1892 | NF-L1631 + pPL2-(p2n-plp-p2c) P2N-P1P-P2C This work
NF-L2024 | NF-L1631 + pPL2-prsA2 (F77A) AprsAl AprsA2 + pPL2-prsA2 (F77A) This work
NF-L2026 | NF-L1631 + pPL2-prsA2 (F77A + F102A) AprsAl AprsA2 + pPL2-prsA2 (F77A + This work
F102A)
NF-L3003 | NF-L1631 + pPL2-prsA2 (Q105A) AprsAl AprsA2 + pPL2-prsA2 (Q105A) This work
NF-L3014 | NF-L1631 + pPL2-prsA2 (F77A + Q105A) AprsAl AprsA2 + pPL2-prsA2 (F77A + This work
Q105A)
NF-L3012 | NF-L1631 + pPL2-prsA2 (F102A + F105A) AprsAl AprsA2 + pPL2-prsA2 (F77A + This work
F102A)
NF-L3016 | NF-L1631 + pPL2-prsA2 (F77A + F102A + Q105A) AprsAl AprsA2 + pPL2-prsA2 (F77A + This work
F102A + Q105A)
NF-L2027 | NF-L1631 + pPL2-prsA2 (P1—P2 #3) AprsAl AprsA2 + pPL2-prsA2 (P1—P2 #3) This work
NF-L2028 | NF-L1631 + pPL2-prsA2 (P1—P2 #4) AprsAl AprsA2 + pPL2-prsA2 (P1—P2 #4) This work
NF-L3001 | NF-L1631 + pPL2-prsA2 (P1—P2 #3 + P1—-P2 #4) AprsAl AprsA2 + pPL2-prsA2 (P1—P2 #3 This work
+ P1—P2 #4)
NF-E1942 | DH5a I/q + pQE60 - prsA2(N+C) PrsA2 (N+C)-6his This work
NF-E1965 | DH5a I/q + pQE6O - prsAl PrsAl-6his This work
NF-E1764 | DH5a I/q + pQE60 - prsA2 PrsA2-6his This work
NF-E1969 | DH5a I/g + pQE6GO — prsA2(D174A) PrsA2 (D174A)-6his This work
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