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Summary

Bacterial pathogens are exposed to toxic molecules inside the host and require efficient systems to
form and maintain correct disulfide bonds for protein stability and function. The intracellular
pathogen Francisella tularensis encodes a disulfide bond formation protein ortholog, DsbA, which
previously was reported to be required for infection of macrophages and mice. However, the
molecular mechanisms by which F. tularensis DsbA contributes to virulence are unknown. Here,
we demonstrate that F. tularensis DsbA is a bifunctional protein that oxidizes and, more
importantly, isomerizes complex disulfide connectivity in substrates. A single amino acid in the
conserved cis-proline loop of the DsbA thioredoxin domain was shown to modulate both
isomerase activity and F. tularensis virulence. Trapping experiments in F. tularensis identified
over 50 F. tularensis DsbA substrates, including outer membrane proteins, virulence factors, and
many hypothetical proteins. Six of these hypothetical proteins were randomly selected and
deleted, revealing two novel proteins, FTL_1548 and FTL_1709, which are required for F.
tularensis virulence. We propose that the extreme virulence of F. tularensis is partially due to the
bifunctional nature of DsbA, that many of the newly-identified substrates are required for
virulence, and that the development of future DsbA inhibitors could have broad anti-bacterial
implications.
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Introduction

The constant struggle between bacterial pathogens and their hosts ultimately determines
health or disease. Host cells use a variety of strategies to thwart intracellular bacteria,
including generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS)
(Ray et al., 2009, Thi et al., 2012). Conversely, successful bacterial pathogens encode an
array of defensive proteins, including superoxide dismutase (SOD) and catalase-peroxidase
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(Imlay, 2003). Despite these defensive mechanisms, the bacterial envelope, including
surface-exposed outer membrane proteins (OMPs), is vulnerable to ROS- and RNS-induced
damage (Imlay, 2003, Graves, 2012). Whereas misoxidized OMPs can be removed by
mechanisms such as outer membrane vesiculation (Manning & Kuehn, 2013), bacterial
oxidoreductase pathways repair damaged proteins in a much more efficient manner. Because
many bacterial virulence factors require disulfide bonds for proper folding and function,
oxidoreductase studies are important for understanding bacterial pathogenesis and
developing novel therapeutics (Heras et al., 2009).

The oxidoreductase pathway has been well-studied in E. coli. Disulfide bond formation
protein A, DsbA, forms disulfide bonds between consecutive cysteine residues in envelope
proteins as they pass through the inner membrane translocation system (Bardwell et al.,
1991, Kadokura & Beckwith, 2009, Berkmen et al., 2005). The E. coli DsbA (EcDsbA)
structure includes a thioredoxin domain (Martin et al., 1993), with a pair of redox-active
cysteines in a cysteine — any amino acid — any amino acid — cysteine (CXXC) motif and a
cis-proline (cisPro) loop that are separated in the primary amino acid sequence but adjacent
in the three-dimensional structure (Ren et al., 2009). DsbB is an inner membrane-bound
quinone reductase that reoxidizes reduced DsbA via a disulfide bond exchange reaction
(Bader et al., 1999). Because DsbA tends to misoxidize substrates that require non-
consecutive disulfide bonds (Berkmen et al., 2005), the DsbC-DshD pathway is responsible
for editing mismatched disulfide bonds. Cytosolic electrons are transferred to inner
membrane-bound DsbD, which then reduces DsbC (Katzen & Beckwith, 2000). DsbC
functions as the major isomerase to correct mismatched disulfides either from DsbA
misoxidation or external oxidative stress (Zapun et al., 1995).

Francisella tularensis is a Gram-negative bacterium that is the causative agent of the
zoonotic disease tularemia. Due to its low infectious dose, multiple routes of infection, and
high morbidity and mortality rates, F. tularensis is one of the most dangerous pathogens
known (Dennis et al., 2001, Keim et al., 2007). F. tularensis recently was designated a Tier
1 Select Agent, highlighting that it is a severe threat to human health and has the potential to
be used as a bioterrorism agent. Two F. tularensis subspecies are clinically significant:
subsp. tularensis (Type A) and subsp. holarctica (Type B). Whereas Type A and B strains
share 99% genomic sequence identity, they have distinct geographic distributions and
virulence (Keim et al., 2007). Despite recent advances in F. tularensis research, little is
understood about detailed mechanisms of F. tularensis virulence (Celli & Zahrt, 2013).
Previous studies demonstrated that F. tularensis DsbA (FtDsbA; FTT_1103 in Type A strain
SchuS4; FTL_1096 in Type B Live Vaccine Strain [LVS]) is an OMP required for
intracellular replication and animal death (Huntley et al., 2007, Qin et al., 2009). FtDsbA,
also referred to as FipB (Francisella infectivity potentiator protein B), is distinct from other
bacterial DsbA orthologs in that it contains two putative domains: an amino-terminal
Forskolin-binding protein-N (FKBP-N) dimerization domain found in macrophage
infectivity potentiator (Mip) proteins and a carboxy-terminal DsbA-like domain (Qin et al.,
2011). A very recent study reported that the FtDsbA/FipB amino-terminal Mip domain
possesses isomerase activity but only in the presence of another F. tularensis Mip ortholog,
FipA (FTT_1102) (Qin et al., 2014). In that same study, the FtDsbA/FipB amino-terminal
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Mip domain was found to be dispensable for intracellular replication and virulence in mice.
Conversely, other studies have shown that the thioredoxin-like CXXC motif in the carboxy-
terminal DsbA-like domain was required for virulence in macrophages and mice (Qin et al.,
2011, Schmidt et al., 2013). Whereas many of those previous studies referred to FtDsbA as
an essential virulence factor, the true role of FtDsbA in virulence remains obscure for a
number of reasons. First, the well-characterized function of EcDsbA and other bacterial
DsbA proteins in substrate disulfide bond formation (McMahon et al., 2014) suggests that
FtDsbA performs a similar function and is not a direct virulence factor. Although a
generally-accepted definition of “virulence factor’ does not exist (Casadevall & Pirofski,
2009), we presumed that FtDsbA does not directly interact with or damage the host and,
thus, is not a true virulence factor. However, given that FtDsbA knockouts were deficient
for virulence in mice and macrophages, we predicted that FtDsbA substrate identification
would reveal any number of new virulence factors. Second, the difference between the
periplasmic localization of EcDsbA (Bardwell et al., 1991) and outer membrane localization
of FtDsbA (Huntley et al., 2007) indicated that FtDsbA might have unique functions or
characteristics that confer its extreme virulence.

Here, we sought to fully characterize the molecular function(s) of FtDsbA, to assess if
FtDsbA contributes to differences in Type A and Type B virulence, and to identify FtDsbA
substrates. By comparing FtDsbA sequences from 26 Type A and Type B strains, we
discovered a naturally-occurring amino acid polymorphism in the cisPro loop that modulates
FtDsbA isomerase activity and F. tularensis virulence. More importantly, we generated a
FtDsbA CXXS active site mutant to trap DsbA-substrate complexes in F. tularensis and
identified over 50 FtDsbA substrates, including OMPs, virulence factors, and 25
hypothetical proteins. Using biochemical and genetic approaches, we verified that DsbA
oxidizes disulfide bonds in these substrates and isomerizes mismatched disulfide bonds to
promote fully-functional proteins. The results from this study clarify the role of FtDsbA in
virulence, reveal that the cisPro motif modulates FtDsbA disulfide isomerase activity, and
offer a new subset of F. tularensis virulence factors for future investigations.

Amino acid polymorphism in FtDsbA cisPro-1 residue modulates virulence

Previous studies have demonstrated that FtDsbA is required for F. tularensis virulence in
mice and host cells, that the FtDsbA CXXC active site is required for virulence, and that
FtDsbA possesses oxidoreductase activity (Qin et al., 2011, Straskova et al., 2009, Qin et
al., 2009, Schmidt et al., 2013). However, major questions still remain about the detailed
molecular mechanisms by which FtDsbA promotes virulence and if differences between
Type A and Type B FtDsbA contribute to known differences in subsp. virulence. To begin
to address these questions, Type B LVS DsbA (FTL_1096) and EcDsbA (YP_491589.1)
sequences were compared to confirm that FtDsbA is a DsbA ortholog and to reveal
thioredoxin-fold molecular features that may indicate function. Despite only 10% sequence
identity, the carboxy-terminal portion of LVS DsbA encodes a DsbA-like domain, including
a conserved CXXC active site motif and a putative cisPro motif (Gly-Ala-Pro; Figs. S1A
and S1B). The thioredoxin cisPro motif and the amino acid immediately amino-terminal
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(cisPro-1) to the conserved proline were first described in E. coli and subsequent evidence
has confirmed the importance of the cisPro-1 residue side chain in various thioredoxin-fold
proteins, including DsbA and DshC, affecting both redox properties and substrate
interactions (Ren et al., 2009). Next, SchuS4 (FTT_1103) and LVS DsbA amino acid
sequences were compared, demonstrating over 99% sequence identity between the C-
terminal DsbA-like domains, including identical CMYC active site motifs (Fig. 1A).
Interestingly, only one amino acid difference exists between SchuS4 and LVS DsbA-like
domains and is located in the cisPro motif: Gly-Thr-Pro (GTP) in SchuS4 and Gly-Ala-Pro
(GAP) in LVS (Fig. 1A). This cisPro-1 amino acid polymorphism suggested that SchuS4
and LVS DsbA may possess different redox properties and that FtDsbA may have different
redox properties from EcDsbA, which encodes Gly-Val-Pro (GVP; Fig. S1A) (Quan et al.,
2007). Importantly, the FtDsbA cisPro-1 amino acid polymorphism was not isolate-specific,
as DsbA sequences for all available Type A and Type B F. tularensis genomes in the
GenBank database were compared, demonstrating that all 15 sequenced Type A strains
encoded GTP and all 9 sequenced Type B strains encoded GAP in the cisPro motif (Fig.
S1C).

Previous studies demonstrated that both SchuS4 and LVS dsbA knockouts were avirulent in
mice (Qin et al., 2009, Straskova et al., 2009). For the purposes of this study, we generated
our own LVS AdsbA and confirmed that it was completely avirulent in mice (LDsg > 107),
whereas wild-type (WT) LVS quickly killed all mice (0% survivors by day 5 post-infection;
LDsg ~ 10%; Fig. S2). To test whether the FtDsbA cisPro-1 polymorphism contributed to
differences in F. tularensis virulence, we replaced the entire LVS dsbA (including amino-
terminal Mip domain and carboxy-terminal DsbA domain) either with a C-terminal
histidine-tagged (His-) LVS DsbA, His-LVS DsbA A285T (Type A cisPro-1 residue), or
His-SchuS4 DsbA (all knock-in constructs included both the amino-terminal Mip domain
and carboxy-terminal DsbA domain). Mouse infection experiments demonstrated that WT
LVS DsbA and His-LVS DsbA had identical median time-to-death (7 days; Fig. 1B), despite
two His-LVS DsbA-infected mice surviving through days 12 and 13 post-infection.
Interestingly, infection of mice with either His-LVS DsbA A285T or His-SchuS4 DshA
resulted in identical median time-to-death (11 days; Fig 1B), which were both significantly
delayed when compared with either WT LVS or His-LVS DsbA. These results were
unexpected, given that Type A F. tularensis is generally-accepted to be more virulent than
Type B F. tularensis. To assess possible replication defects in the LVS isogenic mutants due
to genetic manipulation, we monitored the in vitro growth of each isogenic knock-in strain
in liquid media but did not observe obvious growth defects (Fig. S3). Next, we examined
DsbA protein expression of each isogenic knock-in strain by western blot, with elongation
factor (EF)-Tu (FTL_1751) serving as a loading control. When compared with WT LVS
DsbA protein expression (set to 100%), His-LVS DsbA (70+7% of WT), His-LVS A285T
DsbA (47+5% of WT), and His-SchuS4 DsbA (45+3% of WT) exhibited significantly
reduced levels of DsbA expression (Fig. 1B inset). To more accurately quantitate DsbA
expression levels, we compared mRNA transcript levels from WT dsbA and each of the
three dsbA knock-in variants by gRT-PCR, with RNA polymerase subunit a (FTL_0261)
serving as the reference gene. gRT-PCR results indicated that dsbA transcripts in each of the
knock-in strains (His-LVS DsbA, His-LVS A285T DsbA, and His-SchuS4 DsbA) was
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approximately half of WT dsbA (Fig. 1B inset). At this time, we are unable to completely
explain why dsbA knock-in variants express DsbA at lower levels than WT, but suspect that:
(1) the C-terminal histidine tag may affect RNA or protein stability; (2) nucleotide scars
created both upstream and downstream of dsbA during knock-in generation may affect
transcription; (3) the cisPro-1 residue may affect DsbA protein stability in F. tularensis, as
indicated by decreased levels of DsbA in His-LVS A285T DsbA and His-SchuS4 DsbA
versus WT and His-LVS DsbA. Regardless, differences in DsbA expression levels did not
completely explain identical median time-to-death of WT DsbA and His-LVS DsbA (Fig.
1B). To test whether observed virulence differences might be recapitulated in a different F.
tularensis strain background, we performed similar FtDsbA knock-in experiments in
SchuS4, replacing SchuS4 dsbA with either LVS dsbA or SchuS4 dsbA T285A (Type B-like
cisPro-1 residue). However, we did not observe any SchuS4 virulence differences in mice
when comparing WT and dsbA knock-in strains (Fig. S4), likely due to the highly-infectious
nature of SchuS4 (LD1gg approx. 40 CFU). Although we cannot completely rule out that
differences in DsbA expression contributed to differences in LVS virulence in mice (Fig.
1B), our results demonstrated that the DsbA cisPro-1 residue differs between Type A and
Type B F. tularensis strains and that this single amino acid polymorphism significantly
alters F. tularensis virulence in the host. Based on these findings, we speculated that
inherent DsbA characteristics, such as enzymatic activity or redox properties, likely
contributed to observed differences in mouse virulence.

FtDsbA oxidizes protein disulfide bonds

Previous studies reported oxidoreductase activity of FtDsbA (Straskova et al., 2009,
Schmidt et al., 2013). In addition, although a F. tularensis DsbB ortholog was identified, its
function was not assessed and its association with DsbA is still unknown (Qin et al., 2008).
Analogous to the E. coli DshA-DsbB pathway, we speculated that the F. tularensis DsbB
ortholog functions as the upstream oxidizing partner of DsbA. Here, cadmium sensitivity
was tested as an indicator of oxidase capacity in F. tularensis, as E. coli AdsbA previously
was reported to be cadmium sensitive due to the high affinity of Cd2* for protein free thiols
(Vallee & Ulmer, 1972). WT LVS, LVS AdsbA, LVS AdsbB, or various LVS dsbA point
mutants were grown in the presence of increasing concentrations of cadmium (0 — 200 pM).
WT LVS was resistant to concentrations up to 200 pM cadmium, but both AdsbA and AdsbB
were cadmium sensitive (Fig. 2A). Notably, AdsbA was three times more cadmium sensitive
than AdsbB, similar to the cadmium phenotype previously reported for E. coli (Stafford et
al., 1999). Complementation of AdsbA with LVS dsbA, LVS dsbA A285T, or SchuS4 dsbA
equally restored cadmium resistance (Fig. 2A). However, complementing with LVS dsbA
CXXS (active site mutant) or LVS dsbA CXXS&A285T (contains both a CXXS mutation
and the Type A cisPro-1 residue) failed to restore cadmium resistance to WT levels (Fig.
2A). These results indicate that the CXXC active site, but not cisPro-1 residue, plays a major
role in FtDsbA oxidase activity.

To examine the role of FtDsbhA in OMP oxidation, we used 4-acetoamido-4’-
maleimidylstilbene 2,2’-disulfonic acid (AMS) trapping to assess the redox status of
FtDsbA and two predicted FtDsbA substrates, FopA and MipA. AMS covalently modifies
free thiols, adding 500 Da/thiol to reduced proteins, thus retarding SDS-PAGE migration.
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FopA, the Francisella outer membrane protein A, and MipA, an ortholog of the Legionella
pneumophila macrophage infectivity potentiator, each contain two cysteine residues, are
known F. tularensis OMPs (Huntley et al., 2007), and both have been reported to play roles
in F. tularensis virulence (Chong et al., 2013, Rasko et al., 2008). In AMS trapping assays,
DsbA was fully oxidized in WT LVS but partially reduced in AdsbB (Fig. 2B), suggesting
that DsbB oxidizes DsbA. In WT LVS and AdsbB, FopA and MipA were oxidized whereas
in AdsbA, both FopA and MipA were partially reduced (Fig. 2B). Complementation of
AdsbA either with LVS dsbA, LVS dsbA A285T, or SchuS4 dsbA restored oxidation of both
FopA and MipA. However, complementation of AdsbA with either LVS dsbA CXXS or
LVS dsbA CXXS&A285T failed to restore the full oxidation of either FopA or MipA.
Together, these results demonstrate that Type A and Type B DsbA possess similar oxidase
activities, the CXXC active site is required for FtDsbA oxidase activity, the cisPro-1 residue
does not substantially affect FtDsbA oxidase activity, and oxidase activity may not explain
the observed in vivo virulence differences between Type A and Type B cisPro-1 residues
(Fig. 1B).

cisPro-1 residue controls FtDsbA isomerase activity and correlates with bacterial

virulence

In E. coli, the DsbA-DshB pathway oxidizes protein disulfide bonds, whereas the DshD-
DshC pathway respectively reduces and isomerizes mismatched disulfide bonds due to
DsbA misoxidation or external oxidative stress. Interestingly, many Gram-negative
pathogens do not have a DshC-DshD pathway but, rather, encode multiple DsbA homologs
to maintain high levels of disulfide bond oxidation (Kpadeh et al., 2013, Heras et al., 2009,
Jameson-Lee et al., 2011, Tinsley et al., 2004). To better understand the F. tularensis Dsb
system, we searched the LVS genome for Dsb orthologs but did not find obvious DsbC or
DsbD orthologs. However, in addition to the FtDsbA ortholog (FTL_1096) used throughout
this study, we discovered a second DsbA ortholog, FTL_1550, that contains both a CXXC
active site motif and a predicted cisPro motif (lle-Leu-Pro; Fig. S5A). We generated a
AFTL_1550 strain and found that it was fully-virulent in mice (Fig. S5B). Additionally, we
examined the redox status of the two predicted DsbA substrates described above, FopA and
MipA, in a AFTL_1550 strain. Neither FopA nor MipA redox status was affected by
AFTL_1550 (Fig. S5C), demonstrating that FTL_1550 does not oxidize FopA or MipA and
indicating that FTL_1550 may not be involved in the oxidation of other substrates. In this
same assay both FopA and MipA were partially reduced in a AdsbA strain (Fig. S5C),
indicating that DsbA (FTL_1096) is the major oxidoreductase in F. tularensis. Although it is
possible that FTL_1550 has a unique set of substrates (not tested here) or has low levels of
intrinsic disulfide bond oxidoreductase activity, our results indicate that either FtDsbA
(FTL_1096) compensates for FTL_1550 function or FTL_1550 and/or its substrates are not
involved in F. tularensis virulence.

Given that F. tularensis appears to lack a DsbC-DsbD pathway and other functional DsbA
orthologs, we hypothesized that FtDsbA could function both as a disulfide oxidoreductase
and an isomerase. Another group very recently tested a similar hypothesis but concluded
that FtDsbA/FipB isomerase activity was localized to the amino-terminal Mip domain and
required another protein, FipA (FTT_1102), for full isomerase activity (Qin et al., 2014). To
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mimic the oxidative stress encountered during host infection and test if FtDsbA possessed
isomerase activity, WT and AdsbA were grown in the presence of the redox-active metal
copper to compare sensitivities. We decided to use copper for two primary reasons: First,
copper rapidly and randomly oxidizes unpaired cysteines through a superoxide mechanism
(Kachur et al., 1999, Matsui Lee et al., 2000) and E. coli DshC isomerase activity previously
was shown to be required for copper resistance (Hiniker et al., 2005). In that same study, E.
coli AdsbA was as copper resistant as WT E. coli, demonstrating that EcDsbA plays a minor
role in copper resistance (Hiniker et al., 2005); Second, F. tularensis likely is exposed to
copper during mammalian infections as copper has been shown to be specifically released
into phagosomes and enhances the bactericidal activity of infected macrophages (White et
al., 2009). Here, WT LVS was copper resistant, AdsbA was extremely copper sensitive, and
complementation with LVS dsbA, LVS dsbA A285T, or SchuS4 dsbA restored copper
resistance (Fig. 3A). As expected, complementation with the LVS dsbA CXXS active site
mutant did not restore copper resistance (Fig. 3A) because CXXC is required for F.
tularensis oxidoreductase activity (Schmidt et al., 2013, Vecerkova et al., 2014). In
reference to the second DsbA ortholog, FTL_1550, described above; FTL_1550 was found
to be as copper resistant as WT, indicating that FTL_1550 does not affect F. tularensis
isomerase activity (Fig. S5D). Whereas these results suggest that FtDsbA can isomerize
mismatched disulfide bonds, limitations of the copper sensitivity assay prevented us from
more quantitatively comparing isomerase activities between Type A and Type B DsbA or
correlating isomerase activity with the cisPro-1 residue.

To more accurately quantitate differences between Type A (SchuS4) and Type B (LVS)
FtDsbA isomerase activities, we measured the conversion rate of scrambled hirudin, a 7-
kDa protein containing 3 disulfide bonds, into its native disulfide-bonded conformation
(Hiniker et al., 2007). Whereas LVS and SchuS4 DsbA isomerized equimolar amounts of
hirudin by 30 min (Fig. 3B and C), LVS DshA was more efficient at isomerizing hirudin at
10 min (Fig. 3C) and had isomerized a majority of the hirudin by 22 min (Fig. 3C). These
results suggest that LVS DsbA is a more robust isomerase than SchuS4 DsbA. Given that
the initial step of isomerizing mismatched disulfide bonds is disulfide bond reduction, we
next compared disulfide reductase activity for LVS DsbA and SchuS4 DsbA using an
insulin reduction assay. In agreement with the hirudin refolding assays, LVS DsbA
exhibited stronger reductase activity than SchuS4 DsbA (Fig. 3D). Interestingly, FtDsbA
reductase activity was directly correlated with the cisPro-1 residue, as LVS DsbA A285T
(Type A cisPro-1 residue) exhibited weaker reductase activity than LVS DsbA (Fig. 3D),
and SchuS4 DsbA T285A (Type B cisPro-1 residue) exhibited stronger reductase activity
than SchuS4 DsbA (Fig. 3D). Because the cisPro-1 residue has been predicted to regulate
the redox potential for many thioredoxin fold proteins (Ren et al., 2009), we next measured
the redox potential of LVS and SchuS4 DsbAs using a glutathione redox equilibrium assay,
demonstrating that LVS DsbA was more reducing (-159+3 mV; Fig. 3E) than SchuS4 DsbA
(-132+3 mV; Fig. 3E). Compared to EcDsbA (=118 mV; (Wunderlich et al., 1993)), both
Type A DsbA and Type B DsbA are more reducing; however, compared to E. coli
thioredoxin (-270 mV; (Krause et al., 1991)) both Type A DsbA and Type B DsbA are
much more oxidizing. These results suggest that the redox potential of FtDsbA, mediated by
the cisPro-1 residue, carefully balances oxidase and reductase functions for optimal
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isomerase activity. Similar conclusions have been made for the human protein disulfide
isomerase, PDI, which has a redox potential of —160 mV (Chambers et al., 2010). Overall,
these results demonstrated that Type A and Type B FtDsbA isomerase activities (Fig. 3B
and C) correlated with the Type A and Type B FtDsbA virulence differences observed in
our mouse pulmonary infection model (Fig. 1B), suggesting that FtDsbA substrates in the
LVS with complex disulfide bond connectivity patterns (i.e., more than three cysteines)
heavily rely on efficient isomerase activity for correct folding and function.

Identification of FtDsbA substrates that are virulence factors

Whereas the above results revealed that FtDsbA is a bifunctional protein possessing both
oxidase and isomerase activities, the connection between these functions and F. tularensis
virulence still was unclear. Presumably, FtDsbA catalyzes disulfide bonds to correctly fold
any number of substrates, including envelope proteins and virulence factors. To identify
FtDsbA substrates in F. tularensis, we designed a molecular trapping assay using the LVS
DsbhA CXXS mutant described above to form intermolecular DsbA-substrate disulfide-
bonded complexes. Based on previous reports noting that the CXXC active site motif of
other thioredoxin superfamily members could be mutated to trap substrates (Depuydt et al.,
2009, Motohashi et al., 2001, Denoncin et al., 2010, Sturm et al., 2009), we proposed that
the FtDsbA CXXS mutant would be able to form inter-molecular disulfide bonds with
substrates, but would lack the ability to release these substrates in the absence of a reducing
agent such as 2-mercaptoethanol. In addition, robust Type B FtDsbA isomerase activity in in
vitro assays (Fig. 3A, B, and C) suggested that there should be ample FtDsbA-substrate
disulfide bond-linked complexes in bacterial lysates. FtDsbA-substrate complexes were
affinity purified from LVS lysates, separated by non-reducing SDS-PAGE (Fig. S6), the
DsbA-substrate complex lane was excised from the gel, and substrates were identified by
mass spectrometry analyses. Two independent analyses were performed, with over 50
putative FtDsbA substrates shared between the two analyses (Table 1), including known
OMPs and virulence factors. Roughly 80% (42/53) of the FtDsbA substrates contain at least
3 cysteines in their amino acid sequence (Table 1) and 20 of these substrates contain an odd
number of cysteines (Table 1), indicating that they may require FtDsbA isomerase activity
to form correct (i.e., non-consecutive) disulfide bond linkages.

Given that the purpose of this trapping analysis was to identify proteins that have a more
direct role in virulence, we anticipated that previously-described OMP virulence factors
containing cysteines, including FopA (Chong et al., 2013) and MipA (Rasko et al., 2008),
would form complexes with DsbA. Indeed, the identification of FopA and MipA as FtDsbA
substrates (Table 1) was consistent with our AMS trapping assays (Fig. 2B), confirming that
FtDsbA directly oxidizes both proteins. Two additional known virulence factors, FTL_1306
and FTL_0325, were identified as DsbA substrates (Table 1), providing further evidence
that FtDsbA is unlikely to be a virulence factor itself, but is required for isomerizing and
catalyzing disulfide bonds in virulence factors. FTL_1306, designated as DipA, is a surface-
exposed OMP that contains 4 cysteines and recently was shown to be required for in vitro
and in vivo virulence of SchuS4 (Chong et al., 2013). The DipA cysteine distribution pattern
is conserved between Type A and Type B strains, with the first cysteine (C1) predicted to
serve as a lipo-cysteine, and the three remaining cysteines likely require FtDsbA isomerase

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Renetal.

Page 9

activity for correct disulfide bond formation (Fig. 4C). FTL_0325, an OmpA-like protein, is
an OMP that also contains 4 cysteines and has been reported to be required for in vitro and
in vivo virulence in both LVS and SchuS4 (Mahawar et al., 2012, Robertson et al., 2014,
Mahawar et al., 2013). FTL_0325 recently was shown to be a lipoprotein (Robertson et al.,
2014), indicating that the first cysteine is a lipo-cysteine and the three remaining cysteines
likely require FtDsbA isomerase activity for correct disulfide bond formation. Three
additional OMPs also were identified as FtDsbA substrates, further validating the utility of
our molecular trapping approach: Pal, Tul4-A, and Tul4-B (Table 1) (Huntley et al., 2007).
Whereas Tul4-A was reported not to be essential for LVS virulence (Forestal et al., 2008),
both Tul4 proteins are well-known to stimulate strong T cell responses that protect from
lethal F. tularensis challenge (Ashtekar et al., 2012, Kaur et al., 2012, Valentino et al.,
2009). Additional DsbA substrates include type IV pilus components FTL_0181, FTL_0359,
and FTL_1029 (Table 1). Type IV pili are important for adherence to host cells by many
pathogens (Giltner et al., 2012) and a previous study demonstrated that Type 1V pili are a
virulence determinant for F. tularensis (Salomonsson et al., 2011). Two proteins from the
Francisella pathogenicity island (FPI), PdpE/Hcp (Barker et al., 2009) and PdpB/IcmF (de
Bruin et al., 2011), also were identified as FtDsbA substrates (Table 1). The FPI consists of
16-19 ORFs, many of which are required for virulence in macrophages or mice, and is
proposed to form a Type VI-like secretion system in Francisella (Broms et al., 2010).
Finally, the identification of DshB (Table 1) validates our above results suggesting that
DshB-DsbA constitute an oxidation pathway in F. tularensis (Fig. 2B).

More importantly, our FtDsbA-substrate trapping assay identified 25 hypothetical proteins
in F. tularensis (Table 1), which have not been previously studied and lack homology to any
other proteins in the GenBank database. Given the extreme virulence of F. tularensisand
our identification of other FtDsbA substrates that are known F. tularensis virulence factors
(e.g., FopA, MipA, DipA, FTL_0325), we predicted that many of these hypothetical proteins
(Table 1) also would be virulence factors. To test this prediction, we performed a limited
genetic screen by randomly selecting and independently deleting six hypothetical proteins,
FTL_0424, FTL_0878, FTL_1548, FTL_1581, FTL_1678, and FTL_1709, that contained
more than three cysteines. Of the these six hypothetical proteins, two were found to be
required for F. tularensis virulence in a mouse pulmonary infection model: FTL_1548 (Fig.
4A) and FTL_1709 (Fig. 4B). Whereas both deletion mutants were significantly attenuated
in mice, AFTL_1548 was completely avirulent, with 100% of mice surviving through day 20
post-infection. These results demonstrate that many FtDsbA substrates are virulence factors
and highlight the importance of our FtDshA-substrate trapping approach to identify novel F.
tularensis virulence factors.

To validate that the identified FtDsbA substrates (Table 1) were directly oxidized by
FtDsbA and were not artifacts of our trapping approach, we assessed the redox status of
DipA (FTL_1306) and newly-identified virulence factors FTL_1548 and FTL_1709 in LVS
lysates using AMS trapping, as described above. Whereas each of the three proteins contains
four cysteines, the protein sizes, cysteine organization patterns, and other molecular features
differ among the three proteins (Fig. 4C). As noted above, DipA is a predicted lipoprotein,
with the first cysteine (C1) likely serving as the lipoprotein acylation motif (LEQC), and the
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three remaining cysteines likely require FtDsbA isomerase and oxidoreductase activities to
correctly form one disulfide bond (Fig. 4C). Hypothetical protein FTL_1548 has no
predicted lipo-cysteine, thus all four cysteines likely require FtDsbA isomerase and
oxidoreductase activities to correctly form up to two disulfide bonds (Fig. 4C). For
hypothetical protein FTL_17009, the first cysteine (C1) is predicted to serve as a lipoprotein
acylation motif (LVTSC), and the three remaining cysteines potentially require FtDsbA
isomerase and oxidoreductase activities to correctly form one disulfide bond (Fig. 4C). In
AMS trapping assays, DipA, FTL_1548, and FTL_1709 were nearly completely oxidized in
the presence of WT FtDsbA (AMS+; Fig. 4D). However, in AdsbA, substantial amounts of
all three proteins were observed in reduced forms in the presence of AMS (AMS+; Fig. 4D).
Considering that this direct redox assessment demonstrated that all three of the examined
substrates required FtDsbA for oxidation (Fig. 4D), these results strongly suggest that the
majority of FtDsbA substrates identified in this study (Table 1) require FtDsbA for correct
disulfide bond formation and protein function.

Interestingly, careful analysis of the DipA redox status in the presence of AMS revealed that
DipA may not be a lipoprotein (Fig. 4D). As noted above, if DipA were a genuine
lipoprotein, the first cysteine (C1) should be acylated (Fig. 4C), one disulfide bond should
be present, and one free cysteine to be available for modification by AMS. Surprisingly,
addition of AMS to the WT strain did not result in a molecular weight shift of DipA (Fig.
4D), indicating that no free cysteines were available for AMS modification (i.e., two
disulfide bonds were present in DipA; no free thiols; no acylated lipo-cysteine). Further,
when AMS was added to AdsbA, two reduced forms of DipA were observed (Fig. 4D),
suggesting that DipA was present in a fully-reduced form (four free cysteines; upper reduced
band) and a partially-reduced form (two free cysteines and one disulfide bond; lower
reduced band). AMS trapping results for FTL_1548 were as expected. When AMS was
added to WT, no FTL_1548 molecular weight shift was observed (Fig. 4D), indicating that
FTL_1548 contains two disulfide bonds. In AdsbA, two reduced forms of FTL_1548 were
observed in the presence of AMS (Fig. 4D), indicating a fully-reduced form (four free
cysteines; upper reduced band) and a partially-reduced form (two free cysteines and one
disulfide bond; lower reduced band). Current studies in our laboratory are investigating the
mechanisms by which FTL_1548 contributes to F. tularensis virulence, including
determining if FTL_1548 is an integral membrane protein, assessing FTL_1548 surface-
exposure, studying if FTL_1548 interacts with host cell proteins, and investigating if
FTL-1548 is required for SchuS4 virulence. AMS trapping results for FTL_1709 also were
as expected, indicating that FTL_1709 is a lipoprotein. When AMS was added to WT, a
small (approx. 500 Da) molecular weight shift was observed for FTL_1709 (Fig. 4D),
indicating that the first cysteine (C1) is acylated, one disulfide bond is present, and only one
free cysteine was available for AMS modification (i.e.,, FTL_1709 is a lipoprotein). In
AdsbA, one reduced band and one oxidized band were observed for FTL_1709 when AMS
was added (Fig. 4D), indicating that three cysteines were modified by AMS. To confirm that
FTL_1709 is a lipoprotein, we grew WT in the presence or absence of the antimicrobial
compound globomycin, a selective signal peptidase Il inhibitor (Hussain et al., 1980), and
analyzed whole-cell lysates by Western blot analysis for increased FTL_1709 molecular
weight. In the presence of globomycin (10 or 25 ug mi~1), FTL_1709 was primarily
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observed at a slightly larger molecular weight, indicating an uncleaved precursor form (Fig.
S7). From the same WT lysates, known F. tularensis lipoproteins Pal and Tul4-A
(Godlewska et al., 2009, Sjostedt et al., 1991, Huntley et al., 2007) were also observed at
increased molecular weights in the presence of globomycin (Fig. S7), indicating similar
uncleaved precursor proteins. For FTL_1548 and DipA, globomycin did not result in
increased molecular weights (Fig. S7), providing further evidence that neither protein is a
lipoprotein. As controls, globomycin did not result in increased molecular weights for either
integral OMP FopA or cytoplasmic protein EFTu (Fig. S7). Whereas both AMS trapping
and globomycin inhibition studies suggest that FTL_1709 is a lipoprotein, additional
analyses such as Triton X-114 partitioning (Radolf et al., 1988) or [3H] palmitate labeling
(Belisle et al., 1994) may be needed to confirm that FTL_1709 is a lipoprotein. Our
laboratory currently is performing detailed characterizations of FTL_1709, including
assessments of FTL_1709 outer membrane localization and surface exposure, studying the
role of FTL_1709 in SchuS4 virulence, and investigating why FTL_1709 only partially
attenuates (6 day delay in time-to-death) F. tularensis.

Discussion

As an intracellular pathogen, F. tularensis encounters at least temporary phagosomal ROS
or RNS exposure before it escapes into the cytosol (Chong & Celli, 2010). Previous studies
demonstrated that although F. tularensis encodes both superoxide dismutase and catalase to
counteract oxidative stresses, mutants of either gene exhibited varying levels of attenuation
in macrophages and mice, suggesting that F. tularensis possess additional mechanisms to
counteract oxidative stress (Melillo et al., 2009, Melillo et al., 2010, Lindgren et al., 2007).
Indeed, F. tularensis has been shown to inhibit neutrophil activation by two mechanisms,
one involving a series of five to six bacterial-encoded acid phosphatases which suppress or
neutralize the neutrophil ROS burst and a second involving inhibition of neutrophil NADPH
oxidase activity by an unknown bacterial factor (McCaffrey et al., 2010, Mohapatra et al.,
2013). Thus, although it appears that F. tularensis can inhibit or neutralize a majority of the
host ROS burst, any residual ROS could damage the bacteria, its virulence factors, and
restrict bacterial growth. The results of this study suggest that the bifunctional nature of
FtDsbA adds another layer of ROS protection, by reducing and isomerizing misoxidized
disulfide bonds in envelope proteins, including OMPs and virulence factors, and re-
oxidizing disulfide bonds to restore protein folding and function.

Disulfide bond oxidation is known to be required for bacterial virulence (Heras et al., 2009)
but this is the first study that correlates disulfide bond isomerase activity with bacterial
virulence. During the review of this manuscript, we became aware of a very recently-
accepted manuscript demonstrated similar oxidase and isomerase activities for FtDsbA (also
referred to as FipB; (Qin et al., 2014)). However, that study found that both isomerase and
oxidase activities of FtDsbA/FipB required another F. tularensis accessory protein, FipA
(FTT_1102; immediately upstream of FtDsbA/FipB). Additionally, that study noted that
although the amino-terminal Mip domain of FtDsbA/FipB was required for isomerase
activity, the Mip domain, and thus isomerase activity, was not essential for intracellular
growth or mouse virulence (Qin et al., 2014). To put those findings in context with the
findings from our study: First, we focused solely on one protein, FtDsbA, and found that
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FtDsbA alone possessed both oxidoreductase and isomerase activities; Second, we focused
our molecular analyses on the carboxy-terminal portion of FtDsbA, given that this contains
the DsbA-like domain; Third, we found that a single amino acid polymorphism in the
cisPro-1 residue of the DsbA-like domain modulated both isomerase activity and virulence;
Fourth, we trapped and identified over 50 FtDsbA substrates, including known and newly-
identified virulence factors. Taken together, our studies clarify the role of FtDsbA in
virulence, provide evidence that FtDsbA plays an indirect role in virulence, and propose a
new set of F. tularensis virulence factors (Table 1) for future studies.

As reviewed earlier, many groups have published studies on FtDsbA. Whereas most of those
studies aimed to characterize molecular aspects of various FtDsbA mutants that resulted in
defects in intracellular replication and/or virulence in mice, our primary interest was to trap
and identify FtDsbA substrates in order to potentially reveal new virulence factors. One
other group had a similar goal, but used proteomic analysis to compare LVS and AdsbA
protein profiles, speculating that proteins that depend on FtDsbA for folding would either
increase or decrease (due to instability) in abundance in the absence of FtDsbA (Straskova
et al., 2009). That group only identified 10 total proteins with significantly altered
expression in AdsbA, five of which, FTL_1060, FTL_1306 (DipA), FTL_1521, FTL_1532,
and FTL_1579, also were identified here. Whereas the overlap between that study and our
trapping approach is encouraging, we identified substantially more FtDsbA substrates (53
total) and the vast majority of our FtDsbA substrates contain more than two cysteines,
indicating that they require FtDsbA for complex disulfide bond connectivity. As compared
with the previous study, our thiol trapping method was much more stringent, requiring
covalent linkages between FtDsbA and substrates. As proof of stringency differences
between the two studies, one of their proposed FtDsbA-interacting proteins, FTL_0694,
does not contain any cysteines and was not identified in our analysis.

The lack of DsbC and DsbD orthologs in F. tularensis originally led us to speculate that, in
addition to oxidoreductase activity, FtDsbA also may possess isomerase activity. Our
prediction and demonstration of the bifunctional nature of FtDsbA is not unfounded, as
Legionella pneumophila DsbA2 recently was reported to exhibit both oxidoreductase and
isomerase activities (Kpadeh et al., 2013). Here, we demonstrated FtDsbA oxidase and
isomerase activities in vitro and in F. tularensis, and showed a positive correlation between
isomerase activity and F. tularensis virulence. We propose that the bifunctional activity of
FtDsbA is not serendipitous, but is an efficiency mechanism used to promote intracellular
pathogenesis. Compared with the E. coli DsbC/DsbD isomerase/reductase pathway which
consumes cytosolic NADPH/ATP to correct mismatched disulfide bonds (Katzen &
Beckwith, 2000), bifunctional FtDsbA is much more efficient by directly cycling electrons
between itself and protein substrates to form correct disulfide bonds. As noted above, F.
tularensis encounters at least temporary ROS or RNS exposure before it escapes into the
cytosol and FtDsbA may gain additional efficiency by using phagocyte oxidative stress as a
disulfide bond oxidative source. Intrinsic chaperone activity (Schmidt et al., 2013), which
recognizes misfolded proteins, may further enhance FtDsbA efficiency. However, these
efficiencies appear to come with a tradeoff. Whereas the E. coli DsbC/DsbhD pathway
tolerates = 10 mM copper by consuming extra NADPH (Ren et al., 2009), F. tularensis is
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completely inhibited by > 100 uM copper (Materials and Methods), indicating that FtDsbA
cannot counteract strong oxidative stress. These observations indicate that FtDsbA
isomerase and oxidoreductase activities are largely dependent on ROS inactivation
mechanisms, including SOD, catalase-peroxidase, and acid phosphatase (Chong & Celli,
2010). Although speculative, our FtDsbA results and the work of others (Kpadeh et al.,
2013) suggest that any bacterium with merged isomerase and oxidoreductase activities, and
the ability to inactivate phagocyte ROS, could be a successful intracellular pathogen.

One surprising finding was that Type B DsbA conferred increased virulence when compared
with Type A DsbA in the F. tularensis LVS (Type B) background (Fig. 1B). These results
need to be interpreted with caution, as they do not suggest that Type B F. tularensis strains
are more virulent than Type A F. tularensis strains. At this time, we cannot definitively
explain these paradoxical results but we offer the following possibilities: First, as noted in
the Results, we did observe decreased FtDsbA expression among isogenic knock-in strains,
including approximately 50% decreased expression of His-LVS A285T (Type A-like) and
His-SchuS4 DsbA. Whereas it remains possible that reduced expression of Type A or Type
A-like FtDsbA contributed to the observed differences in virulence between DsbA variants,
the reduced expression of His-LVS DsbA does not fully-explain these virulence differences.
Second, although our virulence comparison of isogenic FtDsbA knock-in strains suggests
that the increased virulence of Type B DsbA may be directly attributed to the cisPro-1
residue Ala (WT LVS DsbA and His-LVS DsbA) versus the Type A DsbA cisPro-1 residue
Thr (His-LVS A285T and His-SchuS4 DsbA), we cannot rule out the possibility that
differences in the cisPro-1 residue, and associated isomerase activities, may have conferred
different substrate specificities. As previously noted, detailed studies in E. coli have
demonstrated that variations in the cisPro-1 residue affect substrate specificity (Ren et al.,
2009). Indeed, by placing the Type A cisPro-1 residue (His-LVS A285T) or Type A DsbA
(His-SchuS4 DsbA\) in the Type B background (LVS), we may have limited the pool of
virulence substrates for Type A FtDsbA and, thus, the full virulence potential of Type A
DsbA may have been masked in LVS. Potential substrate differences are highlighted by the
fact that although LVS and SchuS4 share 99.3% genetic identity, there are at least 35 genes
with sequence variations (nonsense mutations, frameshifts, single nucleotide deletions
resulting in protein fusions, and large nucleotide deletions) between LVS and SchuS4
(Rohmer et al., 2006). Taken together, it remains possible that our observed differences
between Type A and Type B FtDsbA virulence were due to differences in FtDsbA substrate
specificity and/or available substrates.

The cisPro motif of thioredoxin proteins is of great interest because of its role in substrate
specificity. Mutation of the conserved proline residue in the EcDsbA cisPro motif resulted in
delayed substrate release during co-translocational oxidation, allowing for substrate trapping
and identification (Kadokura et al., 2004). Importantly, more recent evidence suggests that
the cisPro-1 residue of thioredoxin-fold proteins may modulate substrate specificity (Ren et
al., 2009). The EcDshA cisPro-1 residue side chain is spatially located within 4 A of the
CXXC active site and amino acid substitutions of the cisPro-1 residue directly affected
EcDsbA substrate interactions and redox properties, primarily due to side chain
hydrophobicity (Ren et al., 2009). That study suggested that the cisPro-1 side chain has
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steric effects that dominate the binding interface between thioredoxin fold proteins and
substrates. Here, we discovered inherent differences in the cisPro-1 residue of Type A (Thr)
and Type B (Ala) F. tularensis strains. These residues differ in their side chain
hydrophobicity and, thus, it is not surprising that we observed differences in Type A and
Type B FtDsbA reductase and isomerase activities. Importantly, the novel finding from this
study was the discovery that differences in isomerase activity directly correlated with
differences in mammalian virulence (i.e., enhanced isomerase activity of Type B FtDsbA
correlated with the virulence of the LVS in mice).

This study demonstrates the utility of carefully analyzing subtle genetic changes to
understand protein function and bacterial virulence. We discovered that, as compared to
EcDsbA, FtDsbA is a bifunctional protein encoding both isomerase and oxidase activities.
Further, a single amino acid polymorphism in the FtDsbA cisPro motif affects both
isomerase activity and virulence in animals. Together, these activities are necessary for the
structure and function of proteins that are directly involved in virulence (Fig. 5). Although
not directly tested here, those functions likely include processes involved in host cell
attachment, invasion, and intracellular survival (Fig. 5). Our identification of FtDsbA
substrates, including known OMPs and virulence factors, the discovery of new virulence
factors such as FTL_1548 and FTL_1709, and a large number of yet uncharacterized
FtDsbA substrates, highlights the utility of our DsbA-substrate trapping approach. This
study provides a detailed molecular mechanism to explain why FtDsbA mutants are
attenuated and may aid in the development of inhibitors against intracellular pathogens that
require DsbA for virulence, including F. tularensis, L. pneumophila, Mycobacterium
tuberculosis, and Burkholderia pseudomallei (Kpadeh et al., 2013, Ireland et al., 2013,
Chim et al., 2013).

Experimental procedures

Bacterial strains, plasmids, and culture conditions

A complete list of bacterial strains and plasmids used in this study are listed in Table S1.
Following all federal and institutional select agent and biosafety regulations, F. tularensis
Type A strain SchuS4 and Type B strain LVS were obtained from BEI Resources. All work
with SchuS4 was conducted under strict BSL3 containment conditions at the University of
Toledo Health Science Campus BSL3 laboratory, including the use of liquid-impervious
personal protective equipment (PPE) and powered air purifying respirators (PAPRs). All
work with LVS was performed using BSL2 containment conditions. F. tularensis stock
cultures were grown at 37 °C with 5% CO,. Routine F. tularensis growth was performed on
modified Mueller-Hinton agar (MHA): Mueller-Hinton broth (Becton Dickinson) was mixed
with 1.6% (wt vol™1) Bacto Agar (Becton Dickinson), autoclave sterilized, cooled to 55 °C,
and further supplemented with 0.1% (wt vol™1) glucose, 0.025% (wt vol™1) iron
pyrophosphate, 2.5% (vol vol™1) donor calf serum (Mediatech), and 2% (vol vol™1)
IsoVitaleX (Becton Dickinson). F. tularensis for mouse infection experiments were grown
on Brain Heart Infusion (BHI) agar, prepared as previously described (Hazlett et al., 2008).
Following conjugation, F. tularensis was grown on modified chocolate agar (CHOC):
Mueller-Hinton medium was mixed with 1% (wt vol~2) tryptone, 0.5% (wt vol™1) NaCl, and
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1.6% (wt vol™1) agar, autoclave sterilized, cooled to 55 °C, and further supplemented with
1% (wt vol~1) bovine hemoglobin powder (Neogen), 0.1% (wt vol™1) glucose, and 2% (vol
vol™1) IsoVitaleX (Becton Dickinson). For AMS trapping and DsbA-substrate trapping
experiments, F. tularensis was grown on chemically-defined medium (CDM) agar, prepared
as previously described (Chamberlain, 1965). For cadmium sensitivity assays, CDM
contained only 0.02% cysteine to facilitate F. tularensis growth but minimize spontaneous
protein disulfide bonds oxidation. When needed, F. tularensis growth media were
supplemented with 200 mg L™1 hygromycin (Hyg), 10 mg L™ kanamycin (Kan), or 100 mg
L1 polymyxin B (PxB). When needed, sucrose was added to MHA or CHOC at a
concentration of 8% (wt vol™1) prior to autoclave sterilization. To test for potential growth
defects of F. tularensis isogenic mutants, bacteria were initially grown on MHA, then
inoculated into liquid Mueller-Hinton medium supplemented with 1.23 mM calcium
chloride dihydrate, 1.03 mM magnesium chloride hexahydrate, 0.1% (wt vol™1) glucose,
0.025% (wt vol™1) iron pyrophosphate, and 2% (vol vol™1) IsoVitaleX. F. tularensis were
adjusted to an optical density at 600 nm (ODggg) of 0.005 to 0.01 and growth was monitored
over a period of 15 h based on ODgpg measurements of the liquid cultures. E. coli XL-10
gold was routinely used for plasmid manipulation and recombinant protein expression. E.
coli S17-1 was used as the donor for F. tularensis conjugation. E. coli were grown using
Luria-Bertani (LB) broth or agar at 37 °C, supplemented as needed with 200 mg L™1 Hyg,
50 mg L~ Kan, or 100 mg L=1 ampicillin (Amp).

Sequence alignments and bioinformatics predictions

Amino acid sequence alignments were performed using either BlastP analysis (http://
blast.ncbi.nlm.nih.gov) or ClustalW alignment (MacVector, version 12.6) with E. coli DsbA
(YP_491589.1), LVS DsbA (FTL_1096), and SchuS4 DsbA (FTT_1103) sequences.
Conserved domains were predicted using the conserved domain database search within
BlastP. Conserved residues in the F. tularensis DsbA cisPro motif were identified by
comparing either 15 Type A DsbA sequences available from GenBank or 9 Type B DsbA
sequences available from GenBank. Type A and Type B cisPro motif sequence logos were
generated by WebLogo, version 2.8.2 (http://weblogo.berkeley.edu/logo.cgi). Signal
peptidase cleavage sites were predicted by SignalP 4.1 (http://www.cbs.dtu.dk/services/
SignalP/). Lipoprotein acylation motifs were predicted by LipoP 1.0 Server (http://
www.chs.dtu.dk/services/LipoP/).

DsbA cloning, site-directed mutagenesis, and overexpression constructs

F. tularensis LVS and SchuS4 genomic DNA were extracted using TRIzol reagent
(Invitrogen). LVS and SchuS4 DsbA coding sequences (complete genes, including both the
amino-terminal Mip domain and carboxy-terminal DsbA domain) were PCR-amplified
using High Fidelity Platinum Taq Polymerase (Life Technologies), digested with Nco | and
Bgl Il (New England Biolabs), and ligated into similarly-digested pQE-60 (Qiagen) using T4
DNA Ligase (New England Biolabs). The resulting C-terminal 6x histidine fusion-tagged
LVS and SchuS4 DsbA coding regions served as templates for subsequent amplifications,
mutant generation, or recombinant protein expression. DsbA mutants, including LVS dsbA
A285T, LVS dsbA CXXS, LVS dsbA CXXS & A285T, and SchuS4 dsbA T286A, were
generated using the QuikChange Site-Directed Mutagenesis kit (Stratagene) and primers
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encoding the indicated DsbA mutations. Briefly, PCR amplification was performed using
PQE-LVS DsbA or pQE-SchuS4 DsbA and one of the designated mutation primers,
products were digested with Dpn |, precipitated using Pellet Paint (Novagen), suspended in
ddH,0, transformed into XL-10 gold chemically-competent cells (Agilent), and incubated
on LB-Amp plates at 37 °C overnight to select ampicillin-resistant colonies. Clones were
randomly selected, plasmid DNA was purified, and DNA sequencing was performed to
confirm the intended point mutation and verify integrity of the remainder of the dsbA coding
sequence. For AMS trapping and redox assessments of FTL_1306, FTL_1548, and
FTL_17009, full-length coding regions of each gene were PCR-amplified as described above,
digested with Nco | and BamH | (New England Biolabs), and ligated into similarly-digested
pQE-60 as described above. The resulting C-terminal 6x histidine fusion-tagged constructs
(FTL_1306-His, FTL_1548-His, and FTL_1709-His) were confirmed by DNA sequencing
before each histidine-tagged coding region was further sub-cloned into pFNLTP6-gro-GFP
(Maier et al., 2004) using restriction enzymes EcoR | (New England Biolabs) and BamH 1.
Overexpression constructs were electroporated into electrocompetent LVS using 0.1 cm gap
electroporation cuvettes and a GenePulser Xcell electroporation unit (2500 V, 25 uF
capacitance, 600 € resistance; BioRad). Electrocompetent LV'S were prepared by washing
the bacteria 3p with a solution containing 0.5 M sucrose and 1 mM EDTA, pH 7.5.

F. tularensis gene knock-outs and knock-ins by homologous recombination

Splicing-overlap extension (SOE) PCR was used to generate three-component gene knock-
out or knock-in constructs. For gene knock-out constructs, the full coding region of the
targeted gene was replaced with the FLP recombination target (FRT)-flanked Pfn-
kanamycin resistance cassette (FRT-Pfn-kan-FRT) from pLG66a (Gallagher et al., 2008).
For knock-in constructs, the full coding region of the targeted gene was replaced with either
LVS dsbA, SchuS4 dsbA, or the one of site-directed dsbA mutants described above. For both
gene knock-out and knock-in constructs, approx. 500 bp upstream and downstream regions
immediately adjacent to the targeted gene were PCR amplified, SOE PCR was used to fuse
the three DNA components (e.g., upstream region, FRT-Pfn-kan-FRT, downstream region),
the resulting amplicon was digested with Apa I, and the amplicon was ligated into Apa I-
digested pTP163 (Robertson et al., 2013). Constructs were transformed into E. coli S17.1
and conjugation was performed with F. tularensis on CHOC plates without antibiotics. For
gene knock-outs, transconjugants were initially recovered on CHOC supplemented with Kan
and PxB, passaged once on MHA supplemented with Kan to allow secondary
recombination, and finally passaged on MHA supplemented with Kan and 8% (wt vol™1)
sucrose to select for clones that had undergone deletion of both the wild-type gene and the
sacB sucrose sensitivity marker. For dsbA knock-ins, transconjugants were initially
recovered on CHOC supplemented with PxB, passaged once on MHA to allow for
secondary recombination, and finally passaged on MHA supplemented with 8% (wt vol™1)
sucrose to select for clones that had undergone deletion of both the Kan cassette and the
sacB sucrose sensitivity marker. DsbA expression was quantitated (Fig. 1B inset) from WT,
AdsbA, and isogenic knock-in strains (His-LVS DsbA, His-LVS DsbA A285T, His-SchuS4
DsbA) by diluting each strain to equivalent ODgpg 0.55 measurements and preparing lysates
in SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE and immunoblot
analyses were performed as previously described (Huntley et al., 2007). DsbA and EF-Tu
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were detected in immunoblots using rat polyclonal antisera generated in previous studies
(Huntley et al., 2007). EF-Tu was used as the loading control for each bacterial strain and
DsbA expression levels were quantitated by densitometry analysis using ImageJ (http://
rsb.info.nih.gov/ij/index.html). DsbA expression levels for each isogenic strain are presented
as percent expression relative to WT LVS DsbA (set to 100%).

RNA Isolation and quantitative RT-PCR

Total bacterial RNA was isolated using TRIZOL (Invitrogen) following the manufacturer's
protocol and was treated with DNase | to remove any residual genomic DNA. RNA was
further purified using RNeasy RNA Mini Kit (Qiagen). SuperScript Vilo (Life
Technologies) was then used to reverse transcribe 1 ug of RNA. Quantitative real-time PCR
(QRT-PCR) reactions included 10-fold dilutions of cDNA, HotStarTaq Plus DNA
Polymerase (Qiagen), SYBR Green (Life Technologies), 1x PCR buffer, and 0.2 uM of each
primer. gRT-PCR primers were designed using PrimerQuest (Integrated DNA
Technologies). dsbA primers were 5’-DsbA 5’-GCTGGCGCAGATATGACTAAAG-3’ and
3’-DshA 5’-GCAGGAGCTATTACTAGGAATGG-3’. RNA polymerase subunit a
(FTL_0261) served as the internal control. FTL_0261 primers were 5’-rpoAl 5’-
AGATCAGCCAATAGCTACTTTGACA-3’ and 3’-rpoAl 5’-
TCGGTTGGTATCGCAGAAAGTATTC-3’. All gRT-PCR reactions were performed in
triplicate and samples without reverse transcriptase were used as negative controls to assess
genomic DNA contamination. gRT-PCR reactions were performed and analyzed using a
CFX96 Real-Time PCR Detection System instrument (Bio-Rad). Relative dsbA mRNA
levels (Fig. 1B inset) were calculated based on FTL_0261 mRNA expression and are
presented as percent values relative to WT LVS (set to 100%).

Mouse infections

Mouse infections were performed essentially as previously described (Huntley et al., 2008).
Groups of 5 to 8 C3H/HeN female mice (6 to 8 weeks old; National Cancer Institute) were
anesthetized with a ketamine, xylazine, and acepromazine cocktail and were inoculated
intransally (i.n.) with 20 pl of wild-type or isogenic LVS strains (10 CFU in PBS; based on
previous ODggg measurements and bacterial enumeration studies). Inocula were grown on
CDM (Fig. 1) or BHI (Fig. 4) as described above, serially-diluted, and plated in quadruplet
to confirm CFU. Mice were monitored daily through day 20 post-infection or until mice
succumbed to infection. Differences in mean time-to-death were calculated for each
infection group using the log-rank Mantel-Cox test (GraphPad Prism5 software).

4-acetoamido-4’-maleimidylstilbene 2,2’-disulfonate (AMS) trapping

F. tularensis LVS, isogenic FtDsbA, or overexpression strains were grown overnight on
CDM agar plates, bacterial growth was scraped and diluted to ODggq of 0.05 in CDM liquid
medium, equal volumes were inoculated into 50 ml of fresh CDM liquid medium, and
cultures were grown for 18 h at 37 °C. Following 18 h of growth, bacteria were adjusted to
ODggg of 0.5, pelleted by centrifugation at 16,000 p g for 1 min, lysed in 10% (vol vol™1)
trichloroacetic acid (TCA), and precipitated overnight at 4 °C. Precipitated proteins were
washed 3 with cold acetone, suspended in a buffered solution containing 1200 mM Tris-HCI
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pH 7.5, and 1% (wt vol~1) SDS, with or without 10 mg mI~1 AMS, and incubated in the
dark at 30 °C for 30 min followed by 37 °C for 10 min. AMS alkylation was stopped by the
addition of SDS loading buffer (2% [wt vol™1] SDS, 50 mM Tris, 10% [vol vol=1] Glycerol,
142 mM 2-mercaptoethanol), proteins were separated by SDS-PAGE, and immunoblot
analyses were performed as previously described (Huntley et al., 2007). DsbA, FopA, and
MipA were detected in immunoblots using rat polyclonal antisera that were generated in
previous studies (Huntley et al., 2007). FTL_1306-His, FTL_1548-His, and FTL_1709-His
were detected in immunoblots by anti-His antibody (Qiagen).

Spot titers for cadmium and copper sensitivity assays

For cadmium sensitivity (oxidase activity) assays, F. tularensis LVS and isogenic dsbA
knock-in strains were grown overnight on CDM agar plates, bacterial growth was scraped
and diluted to ODggg of 1.0 (approx. 108 CFU ml~1) in PBS, and 2 pl of each bacterial strain
was spotted onto CDM agar plates containing 0, 50, 100, 150, or 200 uM cadmium chloride
(Sigma-Aldrich). Following incubation at 37 °C for 48 h, colony growth on each plate was
assessed and imaged using an Omega Imager (UltraLum). For copper sensitivity (isomerase
activity) assays, F. tularensis LVS and isogenic dsbA knock-in strains were grown overnight
on MHA plates, bacterial growth was scraped and diluted to ODgqg of 1.0 (approx. 10° CFU
ml~1) in PBS, bacteria were 10-fold serially diluted, and 2 ul of each bacterial dilution was
spotted onto MHA plates or MHA plates containing 30 uM (Fig. 3) or 40 uM (Fig. S4)
copper(ll) chloride (Sigma-Aldrich). Preliminary experiments demonstrated that WT LVS
was inhibited by copper concentrations > 100 uM. Following incubation at 37 °C for 48 h,
colony growth on each plate was assessed and imaged. All spot titer assays were performed
in duplicate or triplicate to verify results.

Recombinant protein expression and purification

Non-signal sequence containing regions of F. tularensis LVS dsbA (pQE-LVS nsDsbA),
SchuS4 dsbA (pQE-SchuS4 nsDsbA), LVS A285T mutant dsbA (pQE-LVS nsDsbA
A285T), and SchuS4 T285A mutant dsbA (pQE-SchuS4 nsDsbA T285A) were generated as
described above. Ligations were transformed into E. coli XL-10 chemically-competent cells
and sequence verified. Bacteria were grown in LB broth to an ODggg of 0.5, protein
expression was induced for 4 h by the addition of isopropyl p-D-thiogalactopyranoside
(IPTG) to 50 pM, bacteria were pelleted by centrifugation, and frozen overnight at —20°C to
aid in lysis. Cell pellets were suspended in 20 mM Tris and 0.5 M NaCl, sonicated for 30
min at 1 min intervals, insoluble material was removed by centrifugation at 10,000 u g, and
supernatants were collected for affinity purification over pre-equilibrated Ni-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) columns. Eluted recombinant proteins were further purified
by anion exchange chromatography using Q Sepharose Fast Flow (GE Healthcare),
concentrated in Amicon Ultra-4 centrifugal filter units with 30-kDa cutoff (Millipore),
concentrations were determined using the BCA protein assay (Thermo Scientific), and
purity (> 90%) was assessed by SDS-PAGE and Imperial protein staining (Thermo
Scientific).
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Isomerase activity assays with scrambled hirudin

F. tularensis LVS and SchuS4 DsbA isomerase activities were quantitated by measuring the
rate of scrambled hirudin refolding, essentially as previously described (Hiniker et al.,
2007). LVS and SchuS4 DsbA were reduced by incubation with 20 mM dithiothreitol (DTT)
for 2 h at 4 °C, the reactions were desalted on NAP-5 columns (GE Healthcare), and protein
fractions were collected. DsbA concentrations were determined by absorbance at 280 nm
using extinction coefficients of 17,880 cm~1M~1. Scrambled hirudin (BoTai Bio-Tech,
Dalian, Liaoning, China) was diluted to 24 uM in refolding buffer (100 mM sodium
phosphate, 1 mM EDTA, pH 7.0) and incubated with or without 24 uM DsbA (LVS or
SchuS4) in refolding buffer. Following incubation for 1, 2, 10, 22, or 30 min at room
temperature, reactions were quenched by the addition of 10% (vol vol~1) formic acid.
Reaction products were separated by reversed-phase HPLC (Waters) on a Vydac 218TP54
C18 column (W.R. Grace) at 55 °C using an acetonitrile gradient (19 to 25%, 30 ml) in
0.1% (vol vol™) trifluoroacetic acid, eluted proteins were detected by absorbance at 220 nm,
and data analyzed by Empower 2 software (Waters).

Reductase activity assays

The abilities of LVS DsbA, SchuS4 DsbA, LVS A285T mutant DsbA, and SchuS4 T285A
mutant DsbA to catalyze the reduction of human insulin in the presence of DTT were tested
essentially as previously described (Holmgren, 1979). A stock solution of 872 uM insulin
was freshly prepared in 100 mM potassium phosphate buffer, pH 7.0, and 2 mM EDTA for
each assay. Reaction components were directly added to spectrophotometer cuvettes
containing 100 mM potassium phosphate buffer, pH 7.0, 2 mM EDTA, and 0.33 mM DTT.
Reactions were started by the simultaneous addition of 131 uM insulin and 5 pM of a DsbA
variant, in a final reaction volume of 0.8 ml. After thorough mixing, cuvettes were
immediately placed into a spectrophotometer, and 650 nm measurements were recorded
once per minute for 140 min. In all experiments, the non-catalyzed (no DsbA variant added)
reduction of insulin by DTT was monitored in a control reaction.

Redox potential measurements

The redox potentials of LVS and SchuS4 DsbhA were measured by incubating each protein
in degassed redox buffers containing various concentrations of L-glutathione reduced (GSH)
and L-glutathione oxidized (GSSG), as previously described (Bessette et al., 1999). Briefly,
1 uM of each DsbA protein was incubated for 16 h at room temperature with 1 mM GSSG
and 0 to 10 mM GSH, in buffer containing 100 mM sodium phosphate and 1 mM EDTA,
pH 7.0. The resulting samples were subjected to AMS trapping as described above, products
were separated by SDS-PAGE, stained as described above, the amounts of reduced and
oxidized DsbA in each reaction were quantitated by densitometry (ImageJ; National
Institutes of Health), and the ratios of reduced DsbA to oxidized DsbA were calculated as
reduced DsbA ratios (Fig. 3). To calculate the GSH/GSSG redox buffer potential (mV), the
equation of =240 + In([GSH]%/[GSSG])*8.31x295/(2x9.64x10) was used to convert the
GSH and GSSG concentrations in each reaction to mV (Fig. 3).
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DsbA-substrate trapping and mass spectrometry protein identification

WT LVS dsbA was replaced in the genome with a LVS dsbA CXXS mutant (His-tagged)
through homologous recombination as described above to trap DsbA-substrate complexes.
LVS DshA CXXS mutant and AdsbA (negative control) bacteria were grown in 4 L liquid
CDM for 18 h at 37 °C, pelleted by centrifugation at 8000 y g for 30 min, suspended and
lysed in 10% TCA, and precipitated overnight at 4 °C. Precipitated proteins were washed 3
with cold acetone, 100 mM iodoacetamide was added to quench free thiols, DshA-substrate
complexes were purified by Ni-NTA agarose affinity chromatography, and elution fractions
were concentrated in Amicon Ultra-4 centrifugal filter units with 50-kDa cutoff (Millipore).
DsbA-substrate complexes were treated with or without 142 mM 2-mercaptoethanol,
proteins were separated by SDS-PAGE, stained as described above, the non-reduced sample
lane was divided into five sections based on molecular weight (< 50 kDa; 50 to 75 kDa; 75
to 100 kDa; 100 to 150 kDa; and > 150 kDa), and sections were excised from the gel.
Excised gel sections were subjected to in-gel proteolysis, LC/MS/MS analysis, database
searching, and false-discovery-rate assessment, essentially as previously described (Llarrull
et al., 2011, Alves et al., 2013). Briefly, extracted trypsinized in-gel digests were extracted
and desalted with a C18 ZipTip (Millipore) prior to LC/MS/MS analysis. Samples were re-
suspended in 10 ul of 1% (vol vol~1) formic acid. Duplicate injections of approx. 2.5 pl of
the material were loaded onto a 100 pm x 100 mm C18BEH column (Waters) running at
750 nl min~1. A 60 min gradient (5 to 45% [vol vol~1] acetonitrile; 0.1% [vol vol~1] formic
acid) was used for separation (Waters Acquity) and ESI-LC/MS/MS spectra were acquired
on an LTQ Velos Orbitrap (Thermo Scientific) running a data-dependent TOP10 method, as
previously described (Li et al., 2012). Peak lists were generated using RAW2MSM (Mann
lab) and database searching was performed using Paragon within ProteinPilot (ABSciex)
(Shilov et al., 2007) with thorough mode (Orbitrap specifications) and a current version
(April 2013) of the F. tularensis FASTA protein database (NCBI). False discovery rates (not
needed as FDR for top hits was approx. 0%) were determined using the target-decoy
approaches in (Elias & Gygi, 2007, Tang et al., 2008). Two independent trapping and mass
spectrometry identification analyses were performed, with duplicated proteins considered
positive DsbA substrates. Proteins identified from AdsbA lysates were designated as non-
specific contaminants and were excluded as potential DsbA substrates.

Globomycin inhibition assays

Globomycin (Sigma) was dissolved in dimethyl sulfoxide (DMSO) to a stock concentration
of 1 mg/mL. Overnight cultures of F. tularensis were grown in Mueller-Hinton medium to
an ODgqq of 0.2 as described above, globomycin was added to final concentrations of either
1, 10, or 25 pg/ml, or a final concentration of 2.5% DMSO (vol/vol) was added as a control,
and cultures were incubated with shaking at 37°C for an additional 12 h. Bacteria were
harvested by centrifugation and lysed for SDS-PAGE and immunoblot analyses as described
above. EFTu, FopA, Tul4-A, Pal, FTL_1306, FTL_1548, and FTL_1709 were detected in
immunoblots using rat or mouse polycloncal antisera.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. FtDsbA cisPro-1 residue amino acid polymor phism modulates virulence
A. Amino acid alignment of FtDsbA from SchuS4 (Type A strain) and LVS (Type B strain).

The purple underline indicates the predicted DsbA domain. The yellow box indicates the
predicted DshA CXXC active site. The blue box indicates the predicted cisPro motif.

B. Groups of C3H/HeN female mice were intranasally-infected with 104 CFU of isogenic
LVS strains containing either WT LVS DsbA (n=21), His-LVS DsbA (n=21), His-LVS
DsbA A285T (n=13), or His-SchuS4 DsbA (n=13). Mean time-to-death differences were
calculated by log-rank Mantel-Cox test (* P < 0.05 versus WT LVS DsbA; **** P < (0.0001
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versus WT LVS DsbA). Inset top, analysis of WT and isogenic knock-in DsbA protein
expression. Bacterial lysates from WT LVS, AdsbA strain, or AdsbA strains with isogenic
knock-ins of either His-LVS DsbA, His-LVS A285T DsbA, or His-SchuS4 DsbA were
separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotting was performed
using antiserum specific for either DsbA or EFTU (loading control; antibodies indicated to
the right of each blot). Densitometry was used to quantitate DsbA expression levels in each
isogenic knock-in strain, relative to WT (set to 100%), with % expression + standard
deviation (S.D.) noted on the top of the DsbhA blot. Inset bottom, analysis of WT and
isogenic knock-in dsbA mRNA levels by gRT-PCR. RNA was purified from overnight
cultures grown on CDM agar. The relative % dsbA mRNA levels + S.D. were normalized to
RNA polymerase subunit o for each isogenic knock-in strain.
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Fig. 2. FtDsbA oxidizes protein disulfide bonds
F. tularensisWT LVS, AdsbA, AdsbB, or AdsbA complemented with either LVS dsbA, LVS

dsbA A285T, SchuS4 dsbA, LVS dsbA CXXS, or LVS dshA CXXS&A285T were tested in
cadmium sensitivity assays (A) by spotting 108 CFU of each bacterial strain onto CDM
containing increasing concentrations of cadmium (0 to 200 pM) and AMS trapping assays
(B) to examine the redox status of DsbA and predicted DsbA OMP substrates FopA and
MipA, following growth in liquid CDM. Bacteria were lysed and precipitated in TCA,
incubated without (-) or with (+) 10 mg mI~1 AMS, separated by SDS-PAGE, transferred to
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nitrocellulose, and immunoblotting was performed using antisera specific either for DsbA,
FopA, or MipA, as noted in the left margin of each blot. Reduced and oxidized forms of
each protein are noted in the right margin of each blot.
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Fig. 3. FtDsbA cisPro-1 residue modulates disulfide isomer ase activity
A. Copper sensitivity assays were performed by spotting 108 CFU of WT LVS, LVS AdsbA,

or AdsbA strains complemented with either LVS dsbA, LVS dsbA A285T, SchuS4 dsbA, or
LVS dsbA CXXS onto MHA with or without 30 uM copper.

B. Invitro refolding of disulfide scrambled hirudin by LVS or SchuS4 DsbA. Equimolar
amounts of reduced DsbA and scrambled hirudin were mixed, aliquots were removed at 1, 2,
10, 22, and 30 min (Y-axis), acid-quenched, and evaluated by 220 nm absorbance following
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reversed phase HPLC (X-axis). Presented data is representative of two independent
experiments.

C. HPLC profile analysis of percent hirudin (from panel B) refolded by either LVS or
SchuS4 DsbA versus time.

D. Insulin reductase activity was assayed for SchuS4 DsbA, LVS DsbA, SchuS4 T285A
DsbA, and LVS A285T DsbA over a period of 140 min. Presented data is representative of
three independent experiments.

E. FtDsbA redox potentials (mV) were measured by quantitating the ratios of reduced and
oxidized LVS or SchuS4 DsbA following overnight incubation in degassed glutathione
redox buffers. The calculated redox potential, + standard deviation, for LVS DsbA was
159+3, and for SchuS4 DsbA was 132+3. Presented data is representative of three
independent experiments.
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Fig. 4. Identification of FtDsbA substratesthat are virulence factors
A. Groups of C3H/HeN female mice were intranasally-infected with either 104 CFU of WT

LVS (n=16) or LVS AFTL_1548 (n=13). Mean time-to-death differences were calculated by
log-rank Mantel-Cox test (**** P < 0.0001 versus WT LVS).

B. Groups of C3H/HeN female mice were intranasally-infected with either 104 CFU of WT
LVS (n=13) or LVS AFTL_1709 (n=13). Mean time-to-death differences were calculated by
log-rank Mantel-Cox test (**** P < 0.0001 versus WT LVS).

C. llustration of DsbA substrates FTL_1306 (DipA), FTL_1548, and FTL_1709. Predicted
N-terminal leader sequences (grey) and signal peptidase | or Il cleavage sites (SS) are
indicated for each protein. Yellow circles indicate relative positions of cysteine residues in
each protein. For FTL_1709, C1 (yellow circle with vertical line) indicates the putative lipo-
cysteine acylation site.

D. AMS trapping assays to examine the redox status of DsbA substrates FTL_1306 (DipA),
FTL_1548, and FTL_1709. Histidine-tagged plasmid-overexpressing strains (noted on the
right margin of each blot) were grown in liquid CDM, bacteria were lysed and precipitated
in TCA, incubated without () or with (+) 10 mg mI~1 AMS, prepared without (<) or with
(+) DTT, separated by SDS-PAGE, transferred to nitrocellulose, and immunaoblotting was
performed using an anti-6x histidine monoclonal antibody. Reduced and oxidized status of
each protein are noted in the right margin of each blot. Molecular mass standards with sizes
(in kDa) are noted on the left side of each blot.
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Fig. 5. FtDsbA protein disulfide isomer ase activity and its correlation with bacterial virulence
A. Unlike EcDsbA, FtDsbA is a bifunctional protein that oxidizes and isomerizes disulfide

bonds. FtDsbA directly oxidizes correct disulfide bonds or oxidizes into mismatched
intermediates, then subsequently reduces and isomerizes the mismatched disulfides to form
correct disulfide bonds.

B. FtDsbA is not a direct virulence factor but, rather, is responsible for folding many
envelope proteins, including OMPs and virulence factors, into their correct, functional
conformation. The collective effects of these substrates explain the essential role of DsbA in
F. tularensis virulence.
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