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ABSTRACT ExoU is a potent type Il secretion system effector that is injected di-
rectly into mammalian cells by the opportunistic pathogen Pseudomonas aeruginosa.
As a ubiquitin-activated phospholipase A, (PLA,), ExoU exhibits cytotoxicity by cleav-
ing membrane phospholipids, resulting in lysis of the host cells and inhibition of the
innate immune response. Recently, ExoU has been established as a model protein
for a group of ubiquitin-activated PLA, enzymes encoded by a variety of bacteria.
Bioinformatic analyses of homologous proteins is a powerful approach that can
complement and enhance the overall understanding of protein structure and func-
tion. To conduct homology studies, it is important to have efficient and effective
tools to screen and to validate the putative homologs of interest. Here we make use
of an Escherichia coli-based dual expression system to screen putative ubiquitin-
activated PLA, enzymes from a variety of bacteria that are known to colonize hu-
mans and to cause human infections. The screen effectively identified multiple
ubiquitin-activated phospholipases, which were validated using both biological and
biochemical techniques. In this study, two new ExoU orthologs were identified and
the ubiquitin activation of the rickettsial enzyme RP534 was verified. Conversely,
ubiquitin was not found to regulate the activity of several other tested enzymes.
Based on structural homology analyses, functional properties were predicted for
AxoU, a uniqgue member of the group expressed by Achromobacter xylosoxidans.

IMPORTANCE Bacterial phospholipases act as intracellular and extracellular enzymes
promoting the destruction of phospholipid barriers and inflammation during infec-
tions. Identifying enzymes with a common mechanism of activation is an initial step
in understanding structural and functional properties. These properties serve as criti-
cal information for the design of specific inhibitors to reduce enzymatic activity and
ameliorate host cell death. In this study, we identify and verify cytotoxic PLA, en-
zymes from several bacterial pathogens. Similar to the founding member of the

group, ExoU, these enzymes share the property of ubiquitin-mediated activation. Citation Tessmer MH, Anderson DM, Pickrum
The identification and validation of potential toxins from multiple bacterial species AM, Riegert MO, Frank DW. 2019. Identification
provide additional proteins from which to derive structural insights that could lead and verification of ubiquitin-activated bacterial

R X X . K phospholipases. J Bacteriol 201:200623-18.
to paninhibitors useful for treating a variety of infections. https://doi.org/10.1128/JB.00623-18.
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domain and catalytic dyad motifs, over 4,400 potential enzymes have been bioinfor-
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TABLE 1 Orthologs of P. aeruginosa ExoU used in this study

Journal of Bacteriology

No. of amino

Organism acid residues % identity? GenBank accession no. Reference

Pseudomonas aeruginosa PA103 687 WP_003134060.1 (ExoU) Finck-Barbancon et al. (40)

Achromobacter xylosoxidans MCW clinical 595 219 MK248684 (AxoU) NH44784-1996 is used as a
isolate GN008 reference sequence (41)

Aeromonas diversa ATCC 43946 669 47.8 MK249729 (AdiU) Farfan et al. (42)

Legionella longbeachae JV595 (ATCC 33462)b 652 20.1 WP_003634365.1 (LIbU) Leggieri et al. (43)

Legionella pneumophila Philadelphia 1 LP02° 665 20.1 WP_010948114.1 (VpdA) Chien et al. (44)

Rickettsia prowazekii Madrid E 598 20.2 WP_004599065.1 (RP534) Housley et al. (29)

Vibrio vulnificus CMCP6¢ 779 19 WP_011079573.1 (Vvul) Testa et al. (45)

aBiology WorkBench ALIGN, for optimal global alignment of two protein sequences.
bLegionella genomic DNA was generously provided by Joseph Vogel, Washington University.

<V. vulnificus strain CMCP6 was generously provided by James Oliver, University of North Carolina at Charlotte.

matically identified in sequenced bacterial genomes (4). Conservation of the patatin
motif suggests that these enzymes may serve a fundamental function in a broad array
of bacteria. The biological function of the patatins in bacteria is poorly understood,
however.

Early bioinformatic information suggested that genes encoding patatin-like en-
zymes are overrepresented in bacterial pathogens (5). A subclass of proteins, including
ExoU from Pseudomonas aeruginosa, possess a patatin domain that is responsible for
catalytic activity and C-terminal extensions that are predicted to have a variety of
functional attributes (5). ExoU serves as a model enzyme for this subgroup of larger
patatins; it is a type Ill secretion system (T3SS) substrate that is injected directly into the
cytoplasm of host cells and is well characterized both biologically as a toxin and
biochemically as an A, phospholipase. The C-terminal extension of ExoU consists of a
linker domain (amino acid residues 480 to 581) and a four-helix bundle (6, 7) and is
essential for phospholipase activity, despite being distal from the patatin domain.
Subsequent studies have demonstrated that the four-helix bundle is required for
ubiquitylation of ExoU at K178 in host cells (8). It also serves as a membrane localiza-
tion/stabilization domain (9-11), binding to phosphatidylinositol 4,5-bisphosphate
(PIP,) with high affinity (6). Binding to and cleavage of PIP, at focal adhesion complexes
in eukaryotic cells is postulated to be responsible for the observed cytoskeletal collapse
at early time points during ExoU intoxication (12). The linker domain was recently
shown to be important for binding to monoubiquitin, a cofactor required for enzymatic
activity (13, 14).

In previous studies, we identified patatin-like enzymes, from a variety of bacteria,
that contain C-terminal extensions. Of the 17 potential candidates, 3 ExoU orthologous
enzymes from bacteria with different ecological niches (Photorhabdus asymbiotica,
Burkholderia thailandensis, and Pseudomonas fluorescens) were tested for ubiquitin-
activated phospholipase activity (15). All tested enzymes were catalytically active only
in the presence of ubiquitin, indicating that the activation mechanism is conserved
across multiple species of Gram-negative bacteria. Comparisons of different orthologs
for toxicity in eukaryotic and prokaryotic systems, enhancement of enzymatic activity
by PIP,, or binding to different liposome compositions, however, yielded no consistent
pattern that correlated with pathogenic versus nonpathogenic or intracellular versus
extracellular lifestyles of the bacteria containing the ExoU orthologs (15). These results
suggest that the ubiquitin-activated patatins may have multiple biological roles and
may differ structurally.

This study focuses on patatin-like enzymes from bacteria associated with human
hosts, as either pathogens or opportunists (Table 1). By limiting the producing bacteria
to a specific lifestyle, it was anticipated that the enzymes might share common
properties important for colonization of mammalian tissues. A series of primary and
secondary screens was used to demonstrate that enzymes from Aeromonas diversa,
Rickettsia prowazekii, and Achromobacter xylosoxidans possess phospholipase activity
regulated by a noncovalent interaction with human monoubiquitin. A cloned ortholog
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from Legionella longbeachae (LIbU) was shown to possess minor phospholipase activity
in the presence or absence of human monoubiquitin. While requiring ubiquitin for
activity, the enzyme from Achromobacter xylosoxidans is predicted to possess a struc-
tural organization that differs significantly from that of ExoU. Ultimately, understanding
both the similarities and the differences of this group of enzymes may provide insights
into the activation mechanism and ideally will lead to the development of specific
inhibitors that may be applicable to a diverse set of bacterial pathogens, as therapeutic
agents.

RESULTS

Ortholog sequence alignments and homology. Previously studied enzymes from
P. asymbiotica, B. thailandensis, and P. fluorescens were queried for ubiquitin activation,
based on their significant sequence homology (~35% to 50%) to ExoU (15). The open
reading frames encode amino acid sequences that are highly homologous, but the
bacteria potentially producing each ortholog inhabit different environments. While the
enzymes shared ubiquitin as a common cofactor, they differed in a number of bio-
chemical properties, suggesting that their biological roles might be divergent. In this
study, candidate enzymes were queried based on the criteria that they might play roles
in colonizing human hosts. Generally, the selected enzymes shared significantly less
homology to ExoU (~20% amino acid identity), except for a protein assembled from 2
contigs in Aeromonas diversa (~48% identity) (Table 1). Despite the low sequence
homology, alignments of the catalytic domains revealed the highly conserved GXSXG
and DGX motifs that are present in all patatin-like phospholipases (Fig. 1). Additionally,
there was a conserved GGGX(K/R) motif that provides the oxyanion hole necessary for
catalysis. The only other region of significant homology mapped to a conserved
B-hairpin and helix preceding the catalytic aspartate (residues 280 to 323) (Fig. 1).
Outside these regions and the catalytic domain, sequence homology and alignment
confidence decreased significantly. Identifying which, if any, of these orthologs are
activated by ubiquitin may provide insight into the activation mechanism.

Bacterial cytotoxicity as an indicator of ubiquitin interactions. To determine
whether ubiquitin plays a role in activation in the presence of biological membranes,
we screened for toxicity in an expression system utilizing independent induction of the
putative toxin and monoubiquitin in Escherichia coli. ExoU, ExoU orthologs, or predicted
noncatalytic control constructs were expressed in E. coli BL21(DE3)/pJY2. Ubiquitin and
the putative toxin genes were cloned in compatible plasmids (pCola-Duetl and
pJN105, respectively) and transformed individually into a single host. Strains containing
both plasmids were grown in the presence of glucose or fucose (16) to repress gene
expression and then were tested by transferring cultures to growth conditions with
both arabinose and isopropyl-B-p-1-thiogalactopyranoside (IPTG) inducers. Bacterial
cell death is a measure of activation of the candidate phospholipase by ubiquitin. As an
initial screen, cultures were serially diluted and plated on agar plates with glucose
(growth controls) or plates with IPTG and arabinose (test) (Fig. 2A and B).

LIbU (Legionella longbeachae), VpdA (Legionella pneumophila), and VvuU (Vibrio
vulnificus) showed little to no cytotoxicity under both repressive and inducing condi-
tions (Fig. 2B). In contrast, AxoU (Achromobacter xylosoxidans), AdiU (Aeromonas di-
versa), and RP534 (Rickettsia prowazekii) exhibited significant toxicity only under induc-
ing conditions, suggesting that these enzymes are active and cytotoxic (Fig. 2A). As a
control for enzymatic activity, we performed the same experiments with variants
expressing bioinformatically predicted catalytic serine-to-alanine (SA) mutations (Fig.
2A and B). AxoU S201A, AdiU S126A, and RP534 S100A were not cytotoxic, suggesting
that the cytotoxicity observed in the wild-type (WT) strains was due to phospholipase
activity. To test whether cytotoxicity was ubiquitin dependent, we performed the same
assay with strains containing only the pJN105 plasmid encoding a parental enzyme (see
Fig. ST in the supplemental material). Arabinose-induced constructs exhibited no
detectable cytotoxicity, compared to glucose-repressed controls. BL21 strains with
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FIG 1 Protein sequence alignment of the patatin domain for each ExoU ortholog. Red boxes indicate identical residues for all enzymes, while yellow boxes
indicate similar or identical residues for a significant portion of the orthologous enzymes. Alignments reveal conserved motifs surrounding the catalytic amino
acids (downward arrows) but show strong divergence elsewhere. Standard nomenclature for protein secondary structure is used; m indicates a 3, helix, «
indicates an a-helix, B indicates a B-sheet, and TT indicates a tight turn.
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FIG 2 Screen for ubiquitin activation of orthologous phospholipases in bacteria and protein expression controls. (A and B) Strains expressing ExoU or an
orthologous enzyme and human monoubiquitin were grown on agar plates containing glucose. Growth was emulsified, normalized to the same ODg,,, and
diluted serially (10° to 10-7), and each dilution was spotted on control medium (glucose) or induction medium (arabinose and IPTG). AxoU, AdiU, and RP534
induced with arabinose and IPTG showed significant growth defects, compared to glucose-repressed controls, indicating cytotoxicity. (C and D) Relative protein
expression of clones used in the bacterial surrogate toxicity assay. Cultures with BL21 pJY2 pJN105 His-tagged parental enzyme (C) or SA derivatives (D) were
grown and lysates were prepared after induction with arabinose for 3 h. Samples were collected, subjected to Western blot analysis, and probed with anti-His
MAb. Anti-DnaK antibody was used as a loading control. MWM, molecular weight markers.

LIbU, VpdA, and VvuU with catalytic SA mutations grew similarly to control plates with
glucose (Fig. 2B).

In previous studies, protein expression in the bacterial cytotoxicity assay was
variable, likely due to differences in codon usage or protein stability. To ensure that
each protein was expressed, Western blot analyses were performed with BL21 hosts
containing JN105 clones with a parental enzyme in the absence of ubiquitin. All clones
were constructed with the pET15b ribosome binding sequence and 6 histidines at the
N terminus, to provide a tag for detection. ExoU and AdiU were expressed at compa-
rable levels (Fig. 2C). RP534, LIbU, and VpdA were expressed but at lower levels than
ExoU or AdiU. AxoU and VvuU were undetectable. To ensure that the differences in
protein expression were inherent to the protein and not due to toxicity of the parental
enzyme, SA derivatives were also subjected to protein expression studies (Fig. 2D). SA
alleles reproduced a pattern of expression similar to that of the parental clones,
indicating that there was no inherent toxicity reducing the amount of protein detected.
To determine whether the levels of transcription were similar for each clone, RNA was
extracted at time points ranging from 0.5 to 1.5 h after addition of arabinose (induced)
or glucose (uninduced), and reverse transcription (RT)-PCR was performed with primers
optimized and specific for ExoU and each ortholog. Results shown in Fig. S2 suggest
that, during growth in arabinose, transcription of each clone was induced to a level
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FIG 3 Kill curves for each ortholog and SA control strain. BL21(DE3) pJY2 strains containing plasmids
encoding ubiquitin (pCola Duet 1) and a parental or SA toxin (pJN105) were induced with both IPTG and
arabinose for the indicated time periods (x axis). At each time point, samples were removed from the
induced culture and plated on medium that rescues surviving cells. All assays were performed in

triplicate, and the average values for CFU per milliliter were plotted. Vertical bars indicate standard
deviations. (A) Assays with ExoU, AdiU, RP534, and AxoU. (B) Assays with ExoU, VpdA, LIbU, and VvuU.

similar to that of ExoU. Additionally, regions of the pJN105 plasmid encoding AraC and
the pBAD promoter and operator regions were subjected to double-strand nucleotide
sequence analysis. These regions were identical in each clone. Overall, our results
suggest that the observed differences in protein expression may be due to differences
in codon usage (translation) or posttranslational differences in peptide stability.

To perform a more quantitative assessment of toxicity, strains were grown under
inducing conditions, and aliquots were plated, over a 3-h time course, on medium that
rescues live cells retaining each plasmid (Luria-Bertani [LB] medium-glucose plates
with chloramphenicol [pJY2], gentamicin [pJN105 with toxin gene], or kanamycin
[pCola, encoding human ubiquitin]). The resulting colonies were counted, and the data
were plotted as CFU per milliliter with respect to time postinduction. These analyses
recapitulated the spot plate results, as ExoU, AdiU, AxoU, and RP534 exhibited signif-
icant reductions in CFU per milliliter over the time course of the experiment (Fig. 3A).
Strains with VpdA, LIbU, and VvuU lacked detectable cytotoxicity (Fig. 3B). The lack of
toxicity of VvuU may be due to a lack of protein expression under these conditions (Fig.
2C); however, AxoU was not detected in the expression assay but demonstrated
enhanced cytotoxicity. Changing the catalytic serine to an alanine in each toxic clone
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FIG 4 AK release and protein expression. (A) AK release assay. Expression clones encoding ExoU
orthologs and SA variants as eGFP fusion proteins were transfected into Hela cells for 24 h. Supernatants
were collected and tested for AK activity. An increase in RLU when SA variants are compared to parental
enzymes indicates release of AK as a result of cellular lysis. AK release experiments were performed at
least 3 times, each point in triplicate. Error bars are standard deviations, and the data bars are the means.
(B) Analysis of protein expression. Western blot analysis of HelLa cells transfected for 24 h with eGFP
fusion constructs encoding catalytically defective enzymes was performed. GAPDH serves as a loading
control. Antiserum to GFP was used to detect GFP fusion proteins. MWM, molecular weight markers.

eliminated detectable cytotoxicity. Conversely, there was no change in the growth of
nontoxic orthologs with SA mutations. These results further support the hypothesis
that toxicity is caused by phospholipase activity, and they predict that AdiU, RP534, and
AxoU would be toxic to eukaryotic cells.

AdiU and AxoU are toxic to HelLa cells. To test the cytotoxicity of the orthologs on
mammalian membranes, Hela cells were transfected with eukaryotic expression con-
structs encoding ExoU, ExoU orthologs, or SA variants as green fluorescent protein
(GFP) fusion proteins. In contrast to the bacterial cytotoxicity system expressing only
monoubiquitin, mammalian cells contain a variety of ubiquitin isoforms, including
modified ubiquitin proteins. Importantly, the cellular environment also may contain
cofactors, other than ubiquitin, that trigger activity. If activated, ExoU or orthologous
enzymes should lyse the cells, resulting in the release of adenylate kinase (AK) into the
supernatant. AK activity converts ADP to ATP, which can in turn be used by firefly
luciferase, allowing toxicity to be measured as luminescence. Cell culture supernatants
were collected 24 h posttransfection, subjected to centrifugation to remove any re-
maining cells, and assayed for AK activity. The resulting data were plotted to compare
cytotoxicity with that of SA variants (Fig. 4A). In preliminary experiments, VvuU and
VvuU SA were not toxic, were undetectable in protein expression assays regardless of
conditions, and were not analyzed further in either prokaryotic or eukaryotic hosts (data
not shown). Similar to the bacterial toxicity assays, LIbU and VpdA demonstrated little
to no AK activity. Interestingly, RP534 also did not show cytotoxicity to eukaryotic cells,
despite being toxic to prokaryotes. Both AdiU and AxoU exhibited significant cytotox-
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icity, comparable to that of the positive control, ExoU. Cytotoxicity was abrogated when
SA variants were tested, supporting the hypothesis that the cytotoxicity of AdiU and
AxoU is caused by phospholipase activity.

Protein expression from cells transfected with a SA derivative of each gene was
assessed by Western blot analysis using anti-GFP antibodies (Fig. 4B). AdiU S126A and
AxoU S201A were expressed as well as, or better than, the ExoU S142A control. LIbU
and VpdA were undetectable (Fig. 4B), despite extensive efforts to optimize transfec-
tion conditions and reagents. Each clone, including VvuU, was reconstructed as a
C-terminal fusion in pEGFPN1 (toxin-enhanced GFP [eGFP]) and used in transfection
studies. Our results were identical, in that only ExoU, AdiU, and AxoU fusion proteins
were detectable (data not shown). As a control for translation, we codon optimized the
vpdA gene (Integrated DNA Technologies, Inc., Coralville, IA) for HelLa cell expression
(Text S3). The optimized vpdA gene was transfected under a number of conditions but
little to no protein was detectable, suggesting that VpdA is produced but is highly
unstable (data not shown). Only a breakdown product was observed for RP534, likely
explaining the lack of cytotoxicity in Hela cells, compared to our bacterial toxicity
assays. ExoU and AdiU were detected as two distinct bands, while AxoU appeared as a
single fusion protein. These results suggest that, similar to ExoU (8), AdiU may be
modified by ubiquitin after delivery into eukaryotic cells.

AdiU, RP534, and AxoU exhibit ubiquitin-dependent PLA, activity in vitro. In
vivo assays are limited by the composition of different membranes and variable levels
of protein expression and stability. To determine whether the orthologous proteins
possess ubiquitin-dependent activity, each gene was cloned into pET15b, expressed,
and purified. For each ortholog, protein expression was optimized regarding temper-
ature and length of time for induction, as well as medium composition. Different buffer
conditions were used to optimize both protein purification efforts and enzyme activity
measurements. These experiments resulted in separate purification protocols for AxoU
and RP534, as described in Materials and Methods. Unfortunately, we were unable to
purify VpdA in large enough quantities to perform activity assays. Protein quantities
were determined using absorbance at 280 nm. Purity was assessed by detection of
protein bands in Coomassie-stained SDS-polyacrylamide gels and by Western blot
analysis with an anti-His antibody (Fig. 5B and C). Notably, AxoU was purified without
an N-terminal His tag and therefore was undetectable in the Western blot analysis. Due
to variability in the purity of the enzymes, we consider the activity assays semiquan-
titative. Despite this limitation, we can confidently assess both ubiquitin dependence
and phospholipase A, (PLA,) specificity of these enzymes. Activity assays were per-
formed in 50-ul reaction volumes with approximately 10 nM ExoU or orthologous
enzyme, in the presence or absence of 50 uM monoubiquitin. All enzymes tested
exhibited at least some phospholipase activity (Fig. 5A). LIbU had the lowest activity,
which was the same in both the presence and the absence of ubiquitin, suggesting that
LIbU phospholipase activity is not ubiquitin dependent or that the PLA, substrate PED6
[N-([6-(2,4-dinitrophenyl)aminolhexanoyl)-2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanolamine, tri-
ethylammonium salt] is not optimal. RP534 exhibited a small amount of activity that
was ubiquitin dependent under our assay conditions. AxoU and AdiU exhibited mod-
erate activity, compared to the ExoU control, and both activities were ubiquitin
dependent.

Modeling and structural analysis of cytotoxic ExoU orthologs. Since only AxoU
and AdiU were ubiquitin dependent and cytotoxic in all of the aforementioned assays,
we attempted to model these protein structures, to look for similarities that may better
indicate the ExoU activation mechanism. Based on amino acid sequence alignment,
AdiU shares over 40% identity to P. aeruginosa ExoU (Table 1 and crystal structure
under PDB ID 3TU3 [7]) and Pseudomonas fluorescens ExoU (crystal structure under PDB
ID 4QMK [17]). RosettaCM (18) was used to perform multitemplate modeling with the
4QMK (17) and 3TU3 (7) structures. Approximately 2,000 decoys were generated, as
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FIG 5 (A) In vitro PLA, activity assays. ExoU and orthologs were purified and tested for in vitro PLA, activity using PED6 as a substrate.
All tested constructs exhibited at least some PLA, activity, and all except LIbU were regulated by the presence of ubiquitin (Ub). LIbU
exhibited equal activity in both the presence and the absence of ubiquitin. Assays were performed in triplicate. Error bars are standard
deviations, and the data bars are the means. (B) Coomassie-stained SDS-polyacrylamide gel analysis of each protein used in the enzyme
assay. (C) Western blot analysis of purified proteins probed with antihistidine antibody at a 1:10,000 dilution. AxoU was purified without

a tag and is not detectable in this analysis.

described in Materials and Methods. The top 10 scoring models were aligned, and all
were within 5 A root mean square deviation (RMSD) of the top scoring structure. Most
of the observed variance came from regions in which residues are not resolved in both
the 3TU3 and 4QMK structures. Excluding these regions, the top 10 scoring structures
were all less than 2.0 A RMSD apart (Fig. S3A). Additional variation likely derives from
flexible regions of the protein; for example, the L3 loop in the membrane localization
domain (MLD) is flexible and exhibits variation. The models align to the crystal structure
of ExoU with less than 2.2A RMSD (Fig. S3B). Combined with the biological and
enzymatic analyses, modeling data support the hypothesis that AdiU is similar struc-
turally and functionally to ExoU.

AxoU possesses low sequence homology (~22%) to P. aeruginosa ExoU (3TU3 [7])
and P. fluorescens ExoU (4QMK [17]) despite being ubiquitin activated and cytotoxic to
both prokaryotes and eukaryotes. Due to the low sequence homology, we were unable
to obtain quality homology models of AxoU. Using conserved motifs as reference
points, we were able to compare secondary structure predictions (19) for the AxoU
catalytic domain with the secondary structure of ExoU (Fig. 6). These comparisons
revealed the conserved o/B-hydrolase fold of AxoU. The most apparent alignments
correspond to the six B-strands forming a primarily parallel B-sheet (ExoU B5 to 87 and
B9 to B10) with a single antiparallel strand on one end (ExoU B8) (Fig. 6A). Alignment
of the AxoU predicted secondary structure with these elements of ExoU (Fig. 6B) is
consistent with the sequence alignments (Fig. 1). Since this fold is highly conserved
among all patatin-like phospholipases, it is likely that AxoU takes on a similar fold.
Additionally, we can observe two B-strands preceding the catalytic aspartate (ExoU B1’
and B2'). These B strands are hypothesized to fold into a B-hairpin, as observed in most
other patatin-like phospholipases (patatin, VipD, cytosolic PLA,, and PlpD) (1, 20-23).
While these residues are not resolved in the ExoU crystal structure, PSIPRED also
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FIG 6 Structural comparison of ExoU and AxoU. (A) Cartoon representation of the ExoU catalytic domain. The structure (PDB ID 3TU3) and annotations were
obtained from the report by Halavaty et al. (7). Conserved regions are highlighted and correspond to the alignments. Green, conserved GGGX(K/R) motif (ExoU
B5-a2 and AxoU B3-a5); red, catalytic serine and conserved GXSXG motif (ExoU B6 and AxoU 4); tan, conserved residues in ExoU B7 and AxoU 5. (B)
Secondary structure alignment of ExoU (top) and AxoU (bottom). AxoU secondary structure was predicted using the PSIPRED server and compared to the known
structure of ExoU (PDB ID 3TU3) (7). ExoU secondary structure annotation is the same as used by Halavaty et al. (7) except for 31" and 82', which are not resolved
in the crystal structure but are predicted by PSIPRED. Alignments in the central area are reference locations from Fig. 1. Vertical lines indicate the approximate
locations of these sequences. The colors of the boxes correspond to structural elements highlighted above. Black boxes were not resolved in the crystal
structure.

predicts that these residues form B-strands in ExoU. The folding of this B-hairpin is likely
a major mechanism for regulation of ExoU and ubiquitin-activated orthologs. Outside
the catalytic domain, we were unable to make reasonable secondary structure com-
parisons. Considering the patatin domain as being central to the protein, AxoU appears
to be composed of approximately 148 N-terminal residues and 56 C-terminal residues.
Accordingly, we separated AxoU into three domains, i.e., N-terminal, catalytic, and
C-terminal. Each domain was searched against the Protein Data Bank independently
using BLAST, and these searches yielded no significant matches.

To better assess the structure of the N-terminal domain, we attempted to perform
ab initio modeling using several applications, including Rosetta, BCL::Fold, QUARK, and
I-TASSER (24-28). All applications yielded low confidence results, with significantly
different folds. Secondary structure predictions suggest that the N terminus consists of
four a-helix segments. This is significantly different from the N terminus of ExoU, which
is much shorter (~70 amino acids) and interacts primarily with its chaperone, SpcU
(6, 7).

The C-terminal domain of AxoU is far shorter than that of ExoU. In ExoU, this region
consists of a bridging domain that has been shown to interact with ubiquitin (14) and
a four-helix bundle that serves as a MLD (9-11). We utilized Rosetta to perform ab initio
modeling of the C-terminal domain of AxoU (27, 28). The top scoring model has a
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globular fold of small helices. The next nine models have RMSDs between 1.6 and 5.9 A,
with respect to the top model (Fig. S4). Notably, the first 10 residues of the top models
do not align well. It is possible that these residues form a flexible linker between the
catalytic domain and the C-terminal domain of AxoU or they are normally stabilized by
the catalytic domain. PSIPRED predicts, although with relatively low confidence, that
these residues take on a coil conformation. The analogous region of ExoU is a B-strand
that is part of a B-sheet formed with N-proximal residues of ExoU. If the first 10 residues
are excluded from the alignment (RMSD,,_s¢), then the structures align with RMSD;;_s¢
values of 0.71 to 3.6 A. These structures do not yield significant similarity to that of the
ExoU C terminus, despite the fact that AxoU is ubiquitin activated. A major caveat of
predictive modeling is that the models may differ significantly from the actual struc-
tures. This would be particularly true if the AxoU C-terminal domain makes significant
tertiary contacts with the rest of the AxoU structure. Interestingly, AxoU is predicted to
have two B-strands preceding the catalytic domain. It is possible that these strands
form a sheet with residues directly following the AxoU catalytic domain, as seen in ExoU
and VipD (7, 20). If so, this places the N- and C-terminal domains of AxoU in close
proximity.

DISCUSSION

Identifying members of a protein family is generally accomplished bioinformatically
by searching for conserved domains. Patatin and patatin-like enzymes are expressed by
many microorganisms. By definition, they display a patatin domain, which is respon-
sible for lipase activity, but they can differ dramatically in their biochemical properties
and amino acid sequences outside the catalytic domain. These data suggest that the
patatin enzyme family is likely composed of different subgroups that may possess
diverse biological activities, including facilitating replication and transmission of patho-
genic species of bacteria.

A model patatin-like enzyme that plays a prominent role in the pathogenesis of P.
aeruginosa is ExoU. ExoU is composed of several functional domains that bind its
chaperone SpcU, stabilize membrane interactions by binding PIP,, and regulate phos-
pholipase activity such that the enzyme is expressed only within eukaryotic cells.
Activation of ExoU depends on a noncovalent interaction with ubiquitin, a molecule
that is present only in eukaryotic cells. In this study, the ubiquitin-mediated activation
of ExoU is exploited in a surrogate toxicity assay to identify other members of this
subgroup that may be associated with pathogenesis. Importantly, we postulated that
the members of the ubiquitin-activated patatin subgroup may share structural prop-
erties that will help define the mechanism of activation, a key step in the rational design
of therapeutically useful inhibitors.

The method for identifying ubiquitin-activated enzymes involves simple cloning and
assays for bacterial or eukaryotic cell viability postinduction or posttransfection. Screens
are performed in vivo to provide native membrane substrates. Verification assays
include protein expression coupled with protein purification and in vitro enzyme assays
with a phospholipid mimetic, PED6. With this work flow and mutagenesis analyses of
predicted catalytic residues, we identified three enzymes that can be integrated into
the ExoU subgroup. Ubiquitin-activated molecules include AxoU (Achromobacter xy-
losoxidans), AdiU (Aeromonas diversa), and RP534 (Rickettsia prowazekii). RP534 was
shown previously to exhibit PLA;, PLA,, and lyso-PLA, activities independent of a
eukaryotic cofactor (29). Activity was stimulated by the addition of bovine liver super-
oxide dismutase 1 (SOD1), a cofactor that was initially identified by Sato et al. as being
required for ExoU activation (30). We subsequently demonstrated that SOD1 was
modified by ubiquitin and that the addition of ubiquitin to the ExoU enzyme reaction
mixture allowed detection of activity when PED6 was used as a substrate (31). Our
results verify that ubiquitin enhances the PLA, activity of RP534; however, the enzyme
differs from the ExoU subgroup in its biochemical profile.

Enzymes from Legionella (VpdA [L. pneumophila]l and LIbU [L. longbeachae]) and
Vibrio (VvuU) were also tested. VvuU was undetectable in any expression system and

February 2019 Volume 201 Issue 4 e00623-18

Journal of Bacteriology

jb.asm.org 11


https://jb.asm.org

Tessmer et al.

could not be characterized further. VpdA and LIbU were noncytotoxic in bacterial
and eukaryotic toxicity assays and were detectable as recombinant proteins in bacteria
but were undetectable after transfection. Originally identified as a VipD homolog, VpdA
does not appear to bind Rab5 (32), a required cofactor for VipD phospholipase activity.
VpdA is conserved, is expressed, and appears to be translocated by L. pneumophila (33),
suggesting that it serves a biological purpose. Expression of VpdA in yeast results in
significant cytotoxicity (34). In our hands, however, VpdA was not stable enough to be
purified using standard techniques, and the lack of cytotoxicity in both eukaryotic and
prokaryotic systems indicates that ubiquitin likely is not involved in regulating enzy-
matic activity. LIbU was stable enough for purification and demonstrated minor phos-
pholipase activity, independent of ubiquitin. The limitations of our work flow include
failure to express protein in one or more systems, which is likely related to the inherent
stability of the enzyme. Our analyses suggest that the biological screens are sensitive
and specific for identifying potential members of the ExoU-like subgroup of phospho-
lipases that are likely involved in bacterial pathology versus bacterial physiology. These
enzymes would be defined by their ability to kill prokaryotes (supplemented with the
correct cofactor) and eukaryotes and likely would be able to degrade a broad range of
lipid substrates.

To overcome the biochemical limitations of protein stability in different hosts, it will
be imperative to develop better predictive algorithms both to identify members of
specific protein subgroups and to predict structural and functional properties. We
utilized secondary structure predictions and computational modeling techniques to
perform a structural analysis of the two ubiquitin-activated enzymes that most closely
fall into the ExoU subgroup. AdiU, similar to previously studied orthologs (15), shares
significant sequence and structural homology to ExoU. The comparative models gen-
erated using RosettaCM are likely very close to the native AdiU structure.

In contrast, AxoU has very low sequence homology to ExoU, even within the
catalytic domain. Despite this major difference, AxoU has been shown to be a ubiquitin-
activated phospholipase. Secondary structure analysis of AxoU in comparison to ExoU
allowed us to identify the boundaries of the AxoU catalytic domain, revealing a
significantly longer N terminus and shorter C terminus. The N terminus of ExoU
functions primarily as a chaperone binding domain (6, 7, 35). Truncation of the N
terminus (to residue 52) has little to no effect on the toxic activity of ExoU (36). Amino
acid 52 is located a few residues from the start of the catalytic domain. The N-terminal
region of AxoU is significantly longer. Taken together with the dramatically truncated
C-terminal domain, the N terminus of AxoU may have additional functional roles.
Unfortunately, we were unable to model the N terminus of AxoU with any confidence.
Secondary structure predictions suggest an entirely helical domain.

The C terminus of ExoU contains two important functional domains that mediate
ubiquitin binding and membrane localization (MLD). Ab initio predictions of the
C-terminal domain of AxoU, however, could not be confidently aligned with either the
MLD or ubiquitin binding domain of ExoU. ExoU catalytic activity is significantly
impaired when the C terminus is truncated by only 9 residues (8). Due to the lack of an
identifiable MLD or ubiquitin binding domain within the C terminus of AxoU, the
N-terminal region may have one or both functions. Secondary structure predictions are
consistent with the presence of a B-sheet that brings the N- and C-terminal domains of
AxoU together, as seen in ExoU and VipD (7, 20). The analogous B-sheet is thought to
play a crucial role in the activation of VipD and may be a conserved mechanism in
bacterial phospholipases activated by eukaryotic cofactors (21). The close proximity of
these two domains may have allowed a domain rearrangement that transferred the
ubiquitin binding domain, the MLD, or both, to the N-terminal domain of AxoU.
Identifying the location of ubiquitin binding to AxoU should shed light on the activa-
tion mechanisms of both AxoU and ExoU. Future studies will seek to establish the
significance of AxoU during infection, as well as the structural factors shared between
AxoU and ExoU that allow ubiquitin-mediated activation.
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MATERIALS AND METHODS

Reagents. The antibodies used for Western blot detection are as follows: mouse antiubiquitin
(product no. sc-271289; Santa Cruz Biotechnology), mouse anti-His (product no. 27-4701-01; GE Health-
care), anti-GFP (product no. MMS-118R; Covance), anti-glyceraldehyde-3-phosphate dehydrogenase
(anti-GAPDH) (product no. SC-32233; Santa Cruz Biotechnology), anti-DnaK (product no. 8E2/2; Enzo),
and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (product no. F-21453; Invitrogen).
Each ExoU ortholog was amplified from chromosomal DNA purchased from ATCC, obtained as a gift, or
purified using Qiagen 100 genomic tips (Table 1). Primers were designed and synthesized by Integrated
DNA Technologies, Inc. Platinum Pfx DNA polymerase was used to amplify each gene (Invitrogen). For
each vector used (pEGFPN1, pEGFPC1, pET15b, or pJN105), plasmid DNA was purified using a midiprep
protocol (PureYield; Promega) and digested with restriction endonucleases to generate an oriented
insertion. Gene amplifications were designed for Gibson assembly using the NEB Builder HiFi DNA
assembly master mix. All resulting clones were subjected to double-stranded DNA sequence analysis to
ensure that no other mutations were introduced as a result of PCR amplifications. The clone encoding
human monoubiquitin was described previously (15) and was expressed from pCola Duet1 (50 wg/ml
kanamycin). Mutations in each gene were introduced using a Q5 mutagenesis kit from New England
Biolabs.

In vivo toxicity assays. The bacterial dual expression assay was performed as described previously
(15) except that the ubiquitin clones were constructed in pCola Duet-1. Briefly, BL21(DE3)/pJY2 strains of
E. coli (30 wg/ml chloramphenicol) were transformed with each expression plasmid. pJN105 plasmids
contained histidine-tagged ExoU (selected with 5 ug/ml gentamicin), an orthologous gene, or derivatives
constructed to be defective in phospholipase activity and were selected on medium with 5 ug/ml
gentamicin and 30 ug/ml chloramphenicol. Toxin genes or their noncatalytic derivatives were induced
with 0.5% arabinose. pCola Duet-1 plasmids contained a human monoubiquitin gene and were retained
by selection on 50 ng/ml kanamycin. IPTG was added to the medium at 0.5 mM as the inducer. Strains
containing both toxin and ubiquitin expression constructs were grown overnight at 30°C on agar plates
containing 5 ug/ml gentamicin, 30 wg/ml chloramphenicol, 50 ug/ml kanamycin (triple antibiotics), and
0.5% glucose. Several colonies were harvested, and an emulsion was standardized to an optical density
at 600 nm (ODyg,,) of 3.0. The emulsion was rested statically at 30°C for 40 min and then was diluted in
broth with triple antibiotics, IPTG, and arabinose to measure CFU over time (kill curves) or was diluted
serially, with each dilution being applied directly to agar medium containing inducers (IPTG and
arabinose) or glucose (spot plates).

Protein expression from bacterial cells was tested in BL21(DE3)/pJY2 strains containing only the
pJN105 ExoU ortholog constructs. Bacterial cells were grown overnight at 30°C on agar plates (5 ug/ml
gentamicin, 30 ug/ml chloramphenicol, and 0.5% glucose), and an emulsion was made and standardized
as described for kill curve analyses. The emulsion was diluted to an OD,,, of 0.25 and induced with 0.5%
arabinose. Samples containing cells and growth medium were removed after 3 h, diluted into SDS
sample buffer, boiled, and subjected to Western blot analysis with antiserum to the histidine tag.

To test toxicity in eukaryotic cells, each ortholog or noncatalytic derivative was subcloned into
pEGFPC1, encoding a C-terminal (eGFP) fusion to the putative toxin N terminus (eGFP-toxin). HelLa cells
(CCL-2 from ATCC) were seeded at a density of 5.75 X 10* cells in a 24-well plate and were grown
overnight at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), with 5% CO.,. Cells were washed two times with Hanks’ balanced salt solution (HBSS) and
transfected with the FUGENE HD transfection reagent (Promega) mixed with 400 ng DNA/well, in
triplicate, at the ratio of 3.2 ul FUGENE/1 ug DNA, according to manufacturer’s instructions. The eGFP
control plasmid was transfected under the same conditions. After 24 h, the contents of each well were
mixed, and 100 ul of sample was removed and subjected to a 10-min centrifugation at 2,300 X g at 4°C.
Approximately 50 ul of supernatant was added to 50 ul of Toxilight substrate to measure AK release from
lysed cells. Relative light units (RLU) were measured during a 1-s interval.

Western blot detection of eGFP-ortholog chimeric proteins was conducted using cells from 60-mm
plates seeded with 6.8 X 10° cells. Cells were transfected with 4.0 ug of plasmid DNA at a 3.0 ul
FUGENE/1 ng DNA ratio. After 24 h of incubation, cells were scraped in 900 ul sucrose buffer (250 mM
sucrose, 3 mM imidazole, and cOmplete mini protease inhibitors [EDTA-free; Roche] in phosphate-
buffered saline [PBS]), transferred to a microcentrifuge tube, and collected by centrifugation at 5,000 X g
for 15 min at 4°C. Floating cells in the culture medium were also collected by centrifugation at 680 X g
for 10 min and were combined with the harvested cells. Cell pellets were combined with 50 ul of 2 lysis
buffer (6 MM imidazole, 2X cOmplete mini protease inhibitors [EDTA-free], 100 ug/ml DNase, and
100 pg/ml RNase in PBS), and 50 ul of 5X protein sample buffer was added. After 15 min of incubation
at room temperature, samples were boiled for 5 min prior to analysis by SDS-PAGE and Western blotting.
GFP-tagged proteins were probed with an anti-GFP monoclonal antibody (MAb) (1:5,000 dilution),
followed by HRP-conjugated anti-mouse IgG (1:10,000 dilution). As a loading control, GAPDH was probed
with an anti-GAPDH MADb (1:2,000 dilution) and HRP-conjugated anti-mouse IgG.

mRNA assessment. Total RNA was isolated from 1 X 108 cells from each time point, utilizing TRIzol
Max bacterial RNA isolation reagents (Ambion). RNA was further purified using RNAeasy columns,
according to the manufacturer’s instructions (Qiagen). RNAs were quantified using Qubit reagents and
fluorometer (Thermo Fisher Scientific) and were diluted to 25 ng/ul for DNase treatment with ezDNase
(Invitrogen). Approximately 200 ng of RNA was incubated with DNase at 37°C for 15 min. DNase-treated
RNA was diluted to 1 ng/ul and reverse transcribed with SuperScript IV VILO master mix (Invitrogen).
Controls included no-reverse transcriptase mixtures. PCRs were performed with SSo Advanced Universal
IT Sybr green SMx reagents (Bio-Rad). Plasmid DNA with each ortholog gene was quantified with Qubit
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reagents. For each experiment, plasmid DNA was titrated in triplicate (107 to 10" copies). Copy number
was calculated and plotted for each time point over a period of 1.5 h. Each time point for each growth
condition was performed in triplicate. Primers were designed using the Integrated DNA Technologies
website and verified in melt curve analyses as containing a single predominant peak.

Protein purification and enrichment. All orthologous enzymes were expressed from E. coli strain
BL21(DE3) containing the pLysS plasmid. BL21(DE3)/pLysS/pET15b ExoU, -pET15b AdiU, and -pET15b
LIbU cells were grown in LB medium (30 wg/ml chloramphenicol and 100 pg/ml ampicillin) at 37°C to an
ODg,, of 0.5 and were induced with 0.5 mM IPTG for 3 h. Cultures were subjected to centrifugation
(12,000 X g at 4°C) to harvest bacterial cells after induction. Pellets were stored at —80°C until purifica-
tion. ExoU, AdiU, and LIbU were purified using metal affinity chromatography, as described previously
(15). Histidine-tagged RP534 was expressed from pET15b and purified as described by Housley et al. (29).

AxoU protein expression and purification. Untagged AxoU was coexpressed with its chaperone
SacU, containing an N-terminal histidine tag, from pET15b in E. coli BL21(DE3)/pLysS. Cells were grown
at 37°C in yeast extract nutrient broth with chloramphenicol (30 wg/ml) and ampicillin (100 wg/ml) to an
0Dy, of 0.5 and then were induced with 0.25 mM IPTG for 3 h at 37°C. Induced cells were harvested by
centrifugation at 12,000 X g at 4°C and were stored at —80°C.

Frozen pellets were suspended in lysis buffer containing protease inhibitors (32 ug/ml benzamidine,
64 ng/ml leupeptin, 3.2 ug/ml pepstatin, and 32 ug/ml aprotinin) and 32 ug/ml DNase I. Suspensions
were lysed by passage through a cold French pressure cell. Cell lysates were subjected to centrifugation
(30,000 X g at 4°C for 20 min) to remove cell debris. The supernatant fraction was then applied to a
gravity flow column containing 3 ml of Talon metal affinity resin charged with cobalt. The column was
washed according to the manufacturer’s recommendations and eluted with 50 mM sodium phosphate-
300 mM Nacl (pH 7.0) with 0.02% EDTA. The chaperone-toxin complex was then concentrated to 500 ul
using an Amicon Ultra-15 centrifugal filter with a 30-kDa molecular weight cutoff (MWCO). Size exclusion
chromatography was performed on the concentrated samples using a HiLoad 16/600 Superdex 200-pg
column (GE) on an AKTA Explorer 10 fast protein liquid chromatography (FPLC) system. Fractions
containing the chaperone-toxin complex were then applied to an additional gravity flow Talon metal
affinity column, as described previously. AxoU was eluted in 25 mM HEPES-300 mM NaCl-6 M urea with
20% glycerol (pH 7.5). Urea was removed from the eluent by dialysis overnight at 4°C, using a Spectra/Por
7 regenerated cellulose dialysis membrane with a 10-kDa MWCO, in 25 mM HEPES-300 mM NacCl with
20% glycerol (pH 7.5). The dialyzed product was quantified using absorbance at 280 nm and was stored
at —80°C.

Purification of recombinant monoubiquitin. Monoubiquitin was expressed, tag free, from E. coli
AR58(DE3)/pJY2 from pET15b. These strains were grown in Terrific broth at 37°C, to an ODg,, of 0.5 to
0.7. Protein expression was induced with 0.25mM IPTG for 3 to 4h. Cultures were harvested by
centrifugation, as described previously, and bacterial pellets were stored at —80°C until purification.
Frozen pellets were suspended in 20 ml 50 mM sodium acetate buffer (pH 7.3) with 32 ug/ml benzami-
dine, 64 ug/ml leupeptin, 3.2 ug/ml pepstatin, and 32 wg/ml aprotinin and were lysed by three passes
through a French pressure cell. Lysates were cleared by centrifugation at 30,000 X g at 4°C for 20 min.
The supernatant was collected, acidified to pH 4.5 using glacial acetic acid, and diluted to 40 ml with
50 mM sodium acetate (pH 4.5). Precipitated protein was removed by centrifugation at 30,000 X g at 4°C
for 20 min. The supernatant was collected and filter sterilized. Cation exchange chromatography was
performed on the filtered supernatant using a HiPrep SP FF 16/10 cation exchange chromatography
column (GE) on an AKTA Explorer 10 FPLC system. Samples were loaded onto the column at 0.5 ml/min
and washed with 5 column volumes. Ubiquitin was eluted over 10 column volumes by a linear gradient
of 50 mM sodium acetate (pH 4.5) with 0 to 0.5 M NaCl. Eluted fractions were analyzed by SDS-PAGE.
Fractions containing ubiquitin were identified after SDS-PAGE and Coomassie blue staining. Fractions
containing ubiquitin were pooled and concentrated using an Amicon Ultra-15 centrifugal concentrator
with a 3-kDa cutoff. Size exclusion chromatography was performed on concentrated ubiquitin using the
same FPLC system and a HiPrep 26/60 Sephacryl S-200 column with 50 mM phosphate-150 mM NaCl (pH
7.0). Ubiquitin fractions were pooled and concentrated.

All purified proteins were quantified by absorbance at 280 nm. Extinction coefficients were calculated
using the ExPASy ProtParam tool (37). Protein was aliquoted and stored at —80°C until used in activity
assays.

In vitro enzyme activity assays. Activity assays were performed in triplicate as described previously
(38), with the following modifications. Reaction mixtures (50 ul) contained 50 mM morpholineethane-
sulfonic acid (MES) buffer, 750 mM monosodium glutamate, 50 uM PED6, and 50 uM monoubiquitin.
Reactions were initiated by adding 5 ul of 100 nM enzyme, resulting in 10 nM enzyme per reaction. The
PED6 fluorophore was excited with 488-nm light, and fluorescence readings were taken at 530 nm every
minute for 60 min. Linear ranges were fit to determine slopes in relative fluorescence units (RFU) per
minute and were normalized to the RFU of wells containing 50 ul of 10 uM boron-dipyrromethene
(BODIPY) to obtain an enzymatic rate.

Molecular modeling. Comparative modeling of AdiU was conducted using RosettaCM from Rosette
3.8. Initial threaded structures were prepared for the 3TU3 and 4QMK structures using the setup_
RosettaCM.py script distributed with Rosetta; 3TU3 and 4QMK structures were weighted equally. Rosetta
scripts were used to run the RosettaCM protocol to generate 2,000 decoys, using the options described
in Protocol S1 in the supplemental material. Decoys were sorted by score, and the top 10 results were
used for structural analysis.

Ab initio modeling for the C terminus of AxoU was conducted using the Rosetta AbinitioRelax
application. Three-mer and 9-mer fragment files were generated using the Robetta server (39). The
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AbinitoRelax application was used with the options described in Protocol S2, to generate 50,000 decoys.
Decoys were sorted by score, and the top 10 results were used for analysis. Structural alignments and
figure making were performed with open-source PyMol version 2.1.0.

Accession number(s). Nucleotide sequences for A. diversa ATCC 43946 adiU and A. xylosoxidans

GNO008 axoU have been submitted to GenBank under nucleotide accession numbers MK249729 and
MK248684, respectively.
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