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Acinetobacter baylyi long-term stationary-phase protein StiP is a
protease required for normal cell morphology and resistance
to tellurite

Blake Reichert, Amber J. Dornbusch, Joshua Arguello, Sarah E. Stanley, Kristine M. Lang,
C. Phoebe Lostroh, and Margaret A. Daugherty

Abstract: We investigated the Acinetobacter baylyi gene ACIAD1960, known from previous work to be expressed during long-term
stationary phase. The protein encoded by this gene had been annotated as a Conserved Hypothetical Protein, surrounded by
putative tellurite resistance (“Ter”) proteins. Sequence analysis suggested that the protein belongs to the DUF1796 putative
papain-like protease family. Here, we show that the purified protein, subsequently named StiP, has cysteine protease activity.
Deletion of stiP causes hypersensitivity to tellurite, altered population dynamics during long-term batch culture, and most
strikingly, dramatic alteration of normal cell morphology. StiP and associated Ter proteins (the StiP-Ter cluster) are therefore
important for regulating cell morphology, likely in response to oxidative damage or depletion of intracellular thiol pools,
triggered artificially by tellurite exposure. Our finding has broad significance because while tellurite is an extremely rare
compound in nature, oxidative damage, the need to maintain a particular balance of intracellular thiols, and the need to regulate
cell morphology are ubiquitous.
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Résumé : Nous avons fait ’étude du geéne ACIAD1960 d’Acinetobacter baylyi, qui selon des travaux antérieurs serait exprimé au
cours de la phase stationnaire prolongée. La protéine codée par ce géne a été libellée « protéine hypothétique conservée » et est
entourée de protéines putatives de résistance a la tellurite (« Ter »). Une analyse de la séquence a indiqué que la protéine
appartiendrait a la famille hypothétique DUF1796 regroupant des protéases semblables a la papaine. Nous démontrons dans cet
ouvrage que la protéine purifiée, baptisée StiP, fait preuve d’une activité cystéine protéase. La délétion de stiP entraine une
hypersensibilité a la tellurite, des changements dans les dynamiques de populations lors de cultures prolongées en lots, et un
changement manifeste et profond de la morphologie cellulaire normale. StiP et les protéines Ter associées (le groupe StiP-Ter)
sont donc importantes dans la régulation de la morphologie cellulaire, et répondent vraisemblablement au dommage oxydatif
et a ’épuisement des réserves intracellulaires de thiols qui seraient provoqués artificiellement par une exposition a la tellurite.
Notre constatation a un impact d’envergure, car étant entendu que la tellurite est une substance extrémement rare dans la
nature, il en est tout autrement du caractere universel du dommage oxydatif et du besoin de maintenir un certain équilibre de
thiols intracellulaires et de réguler la morphologie cellulaire. [Traduit par la Rédaction]

Mots-clés : phase stationnaire prolongée, résistance a la tellurite, DUF1796, domaine Ter, division cellulaire.

Starvation during long-term stationary phase (LTSP) can serve as a
laboratory model for these natural competitive conditions, which
bacteria are thought to experience in natural settings such as soils
(Finkel 2006). This model has been used primarily to study Escherichia

Introduction

Acinetobacter species are ubiquitous soil organisms that encoun-
ter competition for catabolic substrates in nature. Acinetobacter
baylyi ADP1 was originally isolated from a strain termed BD4,

which was isolated from soil using minimal medium with an
unusual catabolic substrate, meso-2,3-butanediol, as the sole
carbon source (Barbe et al. 2004; Taylor and Juni 1961a, 1961b).
Like other Acinetobacter spp., strain ADP1 exhibits catabolic ver-
satility, able to use diverse substrates such as alkanesulfonates,
p-hydroxybenzoate, catechol, and salicylate esters, to name a
few (Barbe et al. 2004). These characteristics suggest that the
genus excels in its ability to oxidize diverse resources in the
face of intense competition.

coli, though in previous work we discovered that A. baylyi cells can
also be studied during LTSP. An initially clonal population of bacteria
incubated in batch culture for weeks experiences 5 growth stages:
the familiar lag, exponential, and (immediate) stationary phases, fol-
lowed by death phase and LTSP. For clarity’s sake, we refer to the
phase that immediately follows exponential growth as “immediate
stationary phase”, and to the final stage of life in batch culture as
“long-term stationary phase”.

Prior to LTSP, most of the cells die, releasing cellular contents
including DNA (Finkel and Kolter 2001; Zambrano et al. 1993).
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Dead cells serve as a source of nutrition for starving survivors,
which continue to reproduce despite the fierce competition for
increasingly limited resources. Starving populations in LTSP are
highly dynamic. Firstly, for each newly dead cell, slightly less than
one new cell is “born” (reviewed in Finkel 2006). Secondly, cells in
LTSP have a mutation rate approaching 1 mutation in 600 bp, much
higher than that of cells during exponential phase (Finkel 2006). In
fact, the initially clonal population of cells becomes genetically het-
erogeneous, and mutants that have beneficial traits arise and take
over the population, until another more fit mutant arises, in a cycli-
cal process that requires mutagenic DNA replication and repair pro-
cesses (reviewed in Zinser and Kolter 1999, 2000, 2004; Zinser et al.
2003).

Other physiological changes that take place during LTSP have
been described. For example, E. coli, Geobacter sulfurreducens, and
A. baylyi cells become smaller and more spherical (Helmus et al.
2012; Lostroh and Voyles 2010; Zambrano et al. 1993). These
changes suggest alterations in the synthesis of cell envelope
components and in the regulation of the initiation of chromo-
some synthesis. Genes expressed during LTSP also indicate
physiological traits such as use of DNA as a catabolic substrate,
at least in E. coli. Their consumption of DNA requires proteins
that are homologous to competence genes found in naturally
competent organisms such as A. baylyi (Finkel and Kolter 2001).

In previous work, we examined A. baylyi cells during LTSP and
identified 30 lacZ reporter fusions that are highly induced during
LTSP compared with very low expression during exponential growth
(Lostroh and Voyles 2010). The 30 induced genes include ones encod-
ing anabolic and catabolic enzymes, gene expression proteins, DNA
repair and competence proteins, stress response proteins, envelope
proteins, and conserved hypothetical proteins. We became partic-
ularly interested in one of the conserved hypothetical proteins,
ACIAD1960, because its coding sequence is surrounded by a
group of enigmatic “tellurite resistance genes.” Tellurite resis-
tance has long been observed in some isolates of pathogenic
bacteria, but the phenotype is puzzling because tellurite is
extremely rare, while tellurite resistance and “Ter” proteins
required for that resistance are widespread (Chasteen et al.
2009). The finding that ACIAD1960 is expressed during LTSP
suggested to us that Ter proteins might have a role to play
during starvation or other stressors, such as oxygen radicals or
DNA damage, which are both encountered during LTSP and are
also common in natural environments.

The focus of this work is therefore to ascertain whether ACIAD1960
encodes an actual protein (rather than a hypothetical one) and to
make progress discovering physiological activities associated with it.
Toward that end, we used sequence analysis to examine the evolu-
tionary history, genomic context, predicted domains, and predicted
phenotypes of ACIAD1960. Next, we cloned ACIAD1960 in an E. coli
expression vector and purified the protein, and subsequently ex-
amined whether it has the cysteine protease activity predicted
by a DUF1796 annotation. Finally, we tested the phenotypes
predicted to be associated with deletion of the ACIAD1960 gene
and of surrounding “tellurite resistance” genes. Our results prompt
removing ACIAD1960 and its homologs from the realm of “hypothet-
ical”, and establish that DUF1796 proteins have cysteine protease
activity. We name the A. baylyi protein StiP to reflect its discovery as
a long-term stationary-phase induced protein and its biochemical
protease activity. Through study of a strain lacking stiP, we have also
uncovered a novel link between so-called tellurite resistance pro-
teins and regulation of cell division, which could be of broad signif-
icance.

Materials and methods

Culture conditions
Acinetobacter baylyi was obtained from the American Type Cul-
ture Collection (ATCC 33305; Manassas, Virginia, USA). Insertion—
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deletion mutants were obtained from Genoscope (de Berardinis
et al. 2008). ADP1 was routinely maintained on Minimal Davis
Agar (Sigma-Aldrich, St. Louis, Missouri, USA) with 10 mmol/L suc-
cinate (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Mutants were maintained on Luria-Bertani (LB) (10 g tryptone
(Beckton, Dickinson, and Company, Franklin Lakes, New Jersey,
USA), 5 g yeast extract (Beckton, Dickinson), 10 g NaCl/L agar (Thermo
Fisher Scientific)) containing 10 pg/mL kanamycin (Thermo Fisher
Scientific). Cells were grown at 37 °C, with high aeration for all
broths.

Sequence analysis

For sequence analysis, we used the Kyoto Enzymes, Genes, and
Genomes database (KEGG), which provides tools to discover or-
thologs in other organisms (proteins with statistically significant
similarity to the query, encoded by any of the other complete
genomes in the database; www.genome.jp (Kanehisa and Goto
2000; Kanehisa et al. 2012)). To find domain predictions, we used
the KEGG Motif tool and the National Center for Biotechnology
Information Conserved Domain Database and C-DART tools (Geer
et al. 2002; Sayers et al. 2012; Wheeler et al. 2003). To examine
evolutionary history, we used the KEGG Gene Cluster tool, which
examines whether adjacent genes in the query organism are
found adjacent to one another in other organisms in the database,
which indicates that the adjacent genes tend to travel together
over evolutionary time. We also used the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) tool (version 9.05),
which identifies predicted protein interactions based on the genomic
contexts of the genes that encode them, on high throughput experi-
mental data, expression data, and interaction data documented in
publication (Szklarczyk et al. 2011).

Cloning of the ACIAD1960 gene into pET15b

ACIAD1960 (UniProt: Q6FAX7; Punta et al. 2012) was cloned from
A. baylyi genomic DNA using polymerase chain reaction (PCR).
Primers were obtained from Sigma-Genosys. The forward primer
sequence is 5-GAAGGATTTTAGCCATATGGCGATTATCAATAAAGA-
TAAAGC-3' and contains an Ndel restriction site (underlined). The
reverse primer sequence contains a BamHI restriction site (under-
lined) and is 5'-TGCCCCTAAAGGATCCGATAACATAAAATTATCC-
TTTCCCC-3'. PCR amplification conditions consisted of 10 ng of
genomic DNA in the presence of 0.3 pmol/L primers, using KOD
Hot Start Master Mix (EMD Millipore, Billerica, Massachusetts,
USA). Cycling conditions consisted of an initial polymerase activa-
tion step of 95 °C for 2 min, followed by 30 cycles of denaturation
0f 95 °C for 20 s, annealing at 56 °C for 10 s, elongation at 70 °C for
20 s, with a final elongation of 72 °C for 5 min. The purified PCR
product (QIAquick PCR purification kit, Qiagen, Valencia, Califor-
nia) and the pET15b vector (Novagen, Madison, Wisconsin) were
digested using Ndel and BamHI restriction endonucleases (New
England Biolabs, Ipswich, Massachusetts) and dephosphorylated
using calf intestinal phosphatase (New England Biolabs). The PCR
product and vector were ligated using T4 DNA ligase (New England
Biolabs) and transformed into One Shot Topl0 cells (Invitrogen,
Carlsbad, California) for plasmid isolation. The cells were plated onto
LB plates containing 50 pg/mL ampicillin.

Expression of the cysteine protease

To induce expression of the protein, freshly transformed indi-
vidual colonies in E. coli BL21(DE3)pLys cells (Invitrogen) were
grown overnight in 2 mL of LB media containing 50 pg/mL ampi-
cillin. To 250 mL of media, 1.25 mL of the overnight culture was
added and incubated at 37 °C while shaking at 225 r/min. When
the optical density at 600 nm was between 0.4 and 0.6 ODU,
isopropyl-B-p-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mmol/L, and protein expression continued
for a further 3 h. Cells were harvested by centrifugation at 9000g
at 4 °C. Cell pellets were stored at —80 °C until purification.
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Protein purification

The pET-15b vector adds a 6x histidine tag to the N terminus of
the protein, which facilitates purification over Ni-NTA agarose
resin (Qiagen). The cell pellets were thawed on ice, and suspended
in 15 mL of lysis buffer (100 mmol/L NaH,PO,, 10 mmol/L Tris-Cl,
PH 8.0). Cells were lysed by sonication using ten 1s bursts. Lysate
was cleared by centrifugation at 9000g, 4 °C for 20 min. Cleared
lysate was incubated with 6 mL of Ni-NTA agarose resin at 4 °C for
1h. Resin was loaded into a chromatography column, excess buf-
fer was eluted, and the column was washed with four 6 mL frac-
tions of lysis buffer. Elution of the protein consisted of four 6 mL
washes with buffer A (100 mmol/L NaH,PO,, 10 mmol/L Tris—Cl,
PH 6.3). Samples were stored on ice to minimize potential auto-
proteolysis. Additional large molecular mass proteins were re-
moved by a 15 min centrifugation step using Amicon Utracel 50K
centrifugal filters (EMD Millipore). After this final purification
step, the sample was concentrated using an Amicon Utracel
10K centrifugal filter. Fractions were assessed for purification by
SDS-PAGE on 4%-20% gels (BioRad, Hercules, California, USA),
and visualized by Coomassie staining. Protein concentration was
determined by the BCA Protein Assay (Thermo Fisher Scientific).
Additionally, all fractions were assessed by enzyme activity assay
to test for the presence of protease activity. Samples were stored
at 4 °C, with the addition of leupeptin to a final concentration of
2 mmol/L.

Enzyme activity assay

The esterase activity of the enzyme was determined spectrophoto-
metrically on a Cary 100 UV-Vis spectrophotometer at 405 nm, using
p-nitrophenyl acetate (pNPA; Sigma-Aldrich) as a substrate. Assay
conditions were 12 mmol/L Tris-sulfate (pH 7.6), at room tempera-
ture. Samples were equilibrated in appropriate buffer using Amicon
Ultra centrifugal 10K filters. At this pH and wavelength the molar extinc-
tion coefficient of p-nitrophenol, £ = 9000 L/(mol-cm) (Morillas et al.
1999) A 35 mmol/L pNPA stock solution was made in methanol. For
an assay, in a 1 mL cuvette, pNPA was added to a final concentration
of 0.100 mmol/L in assay buffer. To this, 200 pL of purification frac-
tion was added to initiate the reaction. One unit of esterase activity
is defined as the amount of enzyme that hydrolyzes 1 pmol of
PNPA per minute. Affinity labeling with bromopyruvic acid was
carried out as follows. A 100 mmol/L bromopyruvic acid (Sigma-
Aldrich) stock solution was made in deionized water. The assay
conditions were as described above, but with the solution in
the cuvette brought to a final concentration of 5 mmol/L bro-
mopyruvic acid prior to adding enzyme.

Tellurite resistance

Overnight cultures in LB (with kanamycin for the mutants)
incubated at 37 °C with high aeration were used to inoculate
broth containing potassium tellurite (K,TeO;; Sigma-Aldrich),
using 1:1000 dilution. Tubes were incubated with high aeration at
37 °Cfor 24 h, after which the density of cell growth was measured
using optical density at 600 nm (ODg,). Cultures with OD,, of
1.0 or higher were diluted in sterile saline (10 g/L NaCl) and the
ODg,, of the dilution was used instead to calculate the actual
ODg, of the densest cultures. Control cultures without tellu-
rite were used to normalize the values to 100%. The nonpolar
insertion—deletion mutants in stiP and some of the genes that
surround it were obtained from the whole-genome collection at
Genoscope (de Berardinis et al. 2008). The insertion site was
confirmed by PCR.

Population growth dynamics

Cells were grown in Minimal Davis Broth (Sigma-Aldrich) sup-
plemented with 10 mmol/L succinate for 18—-24 h at 37 °C with high
aeration, supplemented with 10 pg/mL kanamycin for the mu-
tants. Seven-day growth curves were done using 25 mL of this
broth in flasks, at 37 °C with high aeration. Colony-forming units
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per millilitre were determined using 10-fold dilution and plating
on LB (wild-type cells) or LB-kanamycin (mutant cells). Yields from
cells grown in LB for 18-24 h at 37 °C with high aeration, supple-
mented with 10 pg/mL kanamycin for the mutants, were deter-
mined using 10-fold dilution and plating on LB (wild-type cells) or
LB-kanamycin (mutant cells).

Atomic force microscopy (AFM)

Cells were grown in LB for 18-24 h at 37 °C with high aeration,
supplemented with 10 pg/mL kanamycin for the mutant. Next
they were inoculated 1:25 into fresh broth and incubated for 4 h at
37 °Cwith high aeration. After 4 h, 1.5 mL of cells was collected by
brief microcentrifugation. Cells were washed by resuspending in
1mlL ofice-cold sterile Milli-Q water, then pelleted again, a total of
3 times. After the third resuspension, a dilution series was pre-
pared in ice-cold sterile Milli-Q water. To mount the cells for im-
aging, 1 cm mica disks (Ted Pella, Redding, California, USA) were
attached to an AFM mounting puck using adhesive. We used tape
to cleave the mica, resulting in a very smooth surface, and then
applied 15 pL of each dilution to the mica. Samples were air-dried
at room temperature for at least 24 h before imaging. Mutant and
control wild-type cells were prepared in parallel.

Samples were imaged with a Multimode AFM and Nanoscope
IlIa controller made by Digital Instruments (now owned by
Bruker, Ewing, New Jersey, USA). We used standard silicon canti-
levers (f = 300 kHz) operated in tapping mode, and images were
acquired in air at ambient conditions.

The only image postprocessing performed was to planefit AFM
images to correct for tilt. To quantify the observed morphology
changes, we measured the length and width of a random sam-
pling of cells in multiple images. To randomly choose cells to
measure, we assigned a number to every cell in an image, and
then used an online number generator to select 100 cells at ran-
dom (www.random.com, accessed October 2012). Looking at cross-
sections of the cell shape, the length or width of a cell was defined
as the measured distance between the local minima associated
with the ends of the cell for the long or short axis, respectively.

Results

As discussed in the Introduction, as a result of our work on
genes active during LTSP, we chose ACIAD1960/stiP as our gene of
interest. Subsequently, our first step was to use bioinformatics to
suggest possible properties of this gene to explore further.

Bioinformatics

Predicted domains

We used 2 tools to compare the sequence of StiP with that of other
conserved proteins: the National Center for Biotechnology Informa-
tion (NCBI) Conserved Domain Architecture Retrieval Tool and the
Kyoto Enzymes, Genes, and Genomes (KEGG) database. According to
both databases, StiP (ACIAD1960; UniProt Q6FAX?7) is predicted to be
383 aa in length, with a calculated molecular weight of 42 995 and a
calculated pI of 5.96 (Barbe et al. 2004; http:/fweb.expasy.org/cgi-bin/
compute_pi/, accessed 7 June 2013; Artimo et al. 2012).

Looking further, we find StiP has various predicted domains,
depending on which database is used to call the domains as shown
in Fig. 1. As of 7 June 2013, the NCBI Tool identified nearly the
entire length of the protein as Domain of Unknown Function
(DUF) number 2983 (DUF2983; Geer et al. 2002; Sayers et al. 2012;
Wheeler et al. 2003). On the same date, the KEGG database found
multiple domains including a phosphoribosyl transferase (PRTase)
for the N-terminal 2/3 of the protein, a PELOTA domain for the
C-terminal 1/3, and a DUF1796 papain-like cysteine protease domain
overlapping these 2 (Hunter et al. 2012; Kanehisa and Goto 2000;
Kanehisa et al. 2012).

< Published by NRC Research Press
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Fig. 1. Predicted domains in StiP. The KEGG and NCBI databases were used to analyze the amino acid sequence of ACIAD1960. The protein is
shown at the top (white fill). It is 383 aa long, and tic marks above the protein indicate every 50 aa. Predicted domains are depicted beneath
the protein: DUF1796 probable cysteine protease (diagonal stripes), PRTase (black fill), PELOTA (grey fill). The 4-point star indicates the

approximate position of the autocatalytic cleavage site for the protease.
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Fig. 2. Genes associated with StiP through proximity, annotation, predicted function, or STRING. The stiP gene is filled in black and labeled,
and a few other genes are marked with their ACIAD number. Genes 1950, 1951, and 1970, outlined in grey, are neighboring genes included only
for context. Predicted operons are marked by solid black lines above the genes (Price et al. 2005). A dotted black line beneath the arrows
marks the “TerY-P Triad” (Anantharaman et al. 2012). Proteins predicted to be composed of domains that occur at least twice in this set of
related genes are filled to indicate the domains as follows: TerY domain, black dots on white background; TerD domain, black diagonal on
white background; 2 consecutive nonoverlapping TerD domains: grey diagonal on white background; TerD,vWA, black diagonal on grey
background; TerY-C domain, black dots on grey background; TerC domain, vertical stripes. Table 1 provides more information on the protein

annotations.
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Search tool for the retrieval of interacting genes and proteins
(STRING)

In a second bioinformatic inquiry, we used the STRING tool
(version 9.05), which identifies predicted protein or genetic inter-
actions based not only on sequences but also on high throughput
experimental data, expression data, and interaction data docu-
mented in publication (Szklarczyk et al. 2011).

The stiP gene is found in a STRING network with 10 genes,
all of which are encoded nearby. Note that A. baylyi genes are num-
bered consecutively with the “ACIAD” prefix. The 10 genes are
ACIAD1952, ACIAD1953, ACIAD1955, ACIAD1957, ACIAD1958, ACIAD1959,
ACIAD1961, ACIAD1962, ACIAD1963, and ACIAD1968. STRING networks
for these 10 proteins ultimately lead to a larger network that includes
all of the genes from ACIAD1952 to ACIAD1969 inclusive, and as their
similar numbers indicate, they are all encoded in 1 block on the
A. baylyi chromosome, which we have designated the StiP-Ter clus-
ter. The evidence connecting these proteins includes similar gene
order in many organisms (“neighborhood” in the STRING parlance),
gene fusion data (in which the gene encoding protein StiP has been
fused to one of the other genes in the network, creating a multi-
domain protein), and co-occurrence in many genomes.

The proteins in the StiP-Ter cluster and their annotations are
given in Fig. 2 and detailed in Table 1. Many of these proteins are
annotated as tellurite resistance proteins, as denoted by “Ter”
domains, suggesting StiP may also be required for such resistance.
In A. baylyi, StiP is encoded in a cluster that encodes proteins with
TerD, TerC, and TerY domains (Anantharaman et al. 2012; Barbe
et al. 2004). Given the strong association of StiP’s STRING network
with tellurite resistance, for completeness, we also include in
Fig. 2 and in Table 1, A. baylyi genes at other loci that contain TerC
domains.

Proteins with TerD domains are predicted to assemble into a
supramolecular structure that binds to Ca?* or other ions, and
that might synthesize a small intracellular messenger (Anantharaman

Los o X OO0 D> NI

stiP 1957 1956

[m> [

3451 3666

Table 1. Acinetobacter baylyi tellurite-resistance-related
proteins.

ACIAD No. Annotated domains

1969 TerY

1968 TerD

1967 TerY

1966 TerY-C

1965 PP2C_2 phosphatase?

1964 STYKIN kinase®

1963 ATP-grasp®

1962 PRTase_2, TRSP#

1961 Haloacid dehalogenase-like hydrolase
1960 StiP; PRTase_1, PELOTA_12/DUF1796

1959 TIM-Barrel C-C_bond_lyase“

1958 TerD, TerD¢

1957 TerD

1956 TerC/DUF475P integral membrane protein
1955 TerD

1954 TerD, VWA-TerF-like?

1953 AIM244

1952 TerD

2252 TelA¢

2254 DUF41644

3451 TerC/DUF475° integral membrane protein
3666 TerC/DUF475° integral membrane protein®

Note: Data is from Anantharaman et al. 2012; Kanehisa and
Goto 2000; Kanehisa et al. 2012.

20Often found in association with other Ter stress proteins.

PThe solidus (/) in the domain name indicates that the pre-
dicted domains overlap.

‘Protein has 2 adjacent, nonoverlapping TerD domains.

dAnnotated name is KlaA/KilA.

¢Amino acids 88-290 of a 326 aa protein.
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et al. 2012). Proteins with TerY domains are predicted to assem-
ble into a complex with a kinase and a phosphatase (in A. baylyi,
ACIAD1965 and ACIAD1964), possibly resulting in synthesis of a
small intracellular messenger molecule (Anantharaman et al.
2012). Finally, proteins with TerC domains are predicted to have
7 transmembrane helices and might also have intramembrane
metal binding sites (Anantharaman et al. 2012). The inner mem-
brane TerC proteins may form a complex with the TerD domain
proteins (Anantharaman et al. 2012).

Taken together, these results suggest that StiP is part of a large
group of proteins that carry out a complex function or functions
related to detecting and responding to one or more environmen-
tal stressors of which tellurite is one.

KEGG gene clustering

KEGG “gene clusters” are groups of spatially contiguous genes
that are also spatially contiguous (or nearly so) in other genomes,
identified using sequence comparisons of the proteins encoded by
each gene. Gene clusters indicate the set of genes has remained
physically together over large amounts of time suggesting a com-
mon functional role. Furthermore, closely related gene clusters
appearing in organisms distantly related to the query genus, but
not in close relatives to the query genus, imply that the cluster of
genes moved together by way of horizontal (lateral) gene transfer.

The KEGG Gene Cluster Tool finds stiP in a cluster that includes
all the genes from ACIAD1955 through ACIAD1969. This gene cluster
is not found in close relatives of A. baylyi. Although the database
contains 1lisolate of Acinetobacter oleivorans, 1isolate of Acinetobacter
calcoaceticus, and 12 isolates of Acinetobacter baumannii, the cluster
is not found in any of these Acinetobacter spp. genomes. In con-
trast, the 5 most similar gene clusters are only found in distant
relatives of A. baylyi (degree of relation to A. baylyi given in paren-
theses): (i) Pseudomonas syringae pv. Tomato DC3000 (same order,
Pseudomonadales), (ii) Pseudomonas putida ND6, (iii) Pseudomonas
syringae pv. Phaseolicola 1448A, (iv) Pseudomonas syringae pv. Sy-
ringae B728a, and (v) Burkholderia sp. strain 383 (same phylum,
Proteobacteria). That this gene cluster is found not in close
Acinetobacter relatives but rather only in other genera suggests
A. baylyi acquired the genes through horizontal gene transfer
and the genes probably contribute to a common functional
role.

Because genes ACIAD1952 and ACIAD1953 were in a STRING with
stiP but not in the same gene cluster, we queried the KEGG data-
base again and found those 2 genes are in their own gene cluster.
The 1952-1953 cluster, like the larger cluster described in the previ-
ous paragraph, is not found in any of the Acinetobacter genomes
in the database but rather is found in distant relatives including
(i) 3 Pseudomonas genomes (same order, Pseudomonadales), (ii) Aromato-
leum aromaticum EbN1 (same phylum, Proteobacteria), (iii) Thiocystis vio-
lascens (same phylum, Proteobacteria), and (iv) Allochromatium vinosum
(same phylum, Proteobacteria). These results further substantiate the
acquisition of this block of genes by A. baylyi through horizontal gene
transfer. Using ACIAD1954 to seed another gene cluster search iden-
tifies gene clusters that were also found using StiP or ACIAD1952 and
ACIAD1953 to perform the search. Overall, the KEGG database identi-
fied 147 genomes that contain close StiP homologues, all of which are
in the context of a StiP-Ter cluster containing at least 1 protein with
a Ter domain. The genomes include very distant relatives, such as
species assigned to phyla Acinetobacteria, Firmicutes, and Deinococcus—
Thermus.

Bioinformatics summary

Considered as a whole, the bioinformatics analysis suggests
that StiP is part of a cluster of proteins that has spread through a
variety of bacterial lineages via horizontal gene transfer, and that
they probably share a function, which might be adapted to par-
ticular, though related, purposes within any given organism. The
physiological role of this cluster is predicted to include the ability
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Fig. 3. SDS-PAGE analysis of StiP purification. Samples were run on a
4%-20% SDS-PAGE gel and visualized with Coomassie Blue staining.
Lanes: 1, Broad-range molecular mass standards; 2, cell lysate;

3, combined nickel affinity resin elution fractions 1 and 2; 4, combined
nickel affinity resin elution fractions 3 and 4; 5, postcentrifugal
analysis of sample from lane 3; 6, Postcentrifugal analysis of sample
from lane 4. Image was converted to greyscale from a color photo.
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to survive metal oxyanion and (or) other oxidative stressors, of
which tellurite is one. The analysis also suggests that the StiP
protein in particular is composed of several domains, which may
include a PRTase, a PELOTA domain, or a papain-like cysteine
protease domain. With this information to guide us, our next step
was to clone the protein and test its activity.

Purification of the stiP gene product

The gene encoding StiP was cloned using PCR from A. baylyi
genomic DNA and inserted into a pET15b vector. This vector adds a
6x histidine tag at the amino terminus of the protein, which facili-
tates protein purification. Expression in Escherichia coli BL21(DE3) cells
resulted in soluble protein as demonstrated by comparing the solu-
ble proteins in negative control cells with that of soluble proteins in
cells induced to express StiP (data not shown). In Fig. 3, lane 2 shows
the SDS-PAGE results for the lysate with a band just beyond the
31.0 kDa mass standard.

To minimize potential degradation of the gene product, we
developed a 1day purification protocol that consists of 2 steps. The
first step uses affinity chromatography and takes advantage of
the 6x histidine tag on the protein. The protein was bound to the
Ni-affinity resin at pH 8.0 and eluted with a buffer at pH 6.3. The
results of this purification step are shown in Fig. 3 (lanes 3 and 4),
which represent sequential elutions of protein off of the column.
In the second purification step, the remaining high molecular
mass proteins are removed by a 15 min centrifugal step, using
Ultracel 50K centrifugal filters. The final results of the 2-step pu-
rification produce a gene product that is greater than 99% homo-
geneous, as shown in Fig. 3 lanes 5 and 6, which result from
sequential elutions shown in lanes 3 and 4, respectively.

The expected size of the ACIAD1960 gene product containing
the added sequence of the 6x histidine tag is 45 158 Da. The mo-
lecular mass of the purified gene product, based on SDS-PAGE
analysis, was estimated to be ~32 400 Da. This result suggests that
this protein undergoes an autocatalytic removal of a proregion of
~120 aa (including 20 non-native amino acids from the added 6x
histidine tag), and supports the prediction that it is a protease.
Given that the band corresponding to the 32.4 kDa product is
already present in the cell lysate (Fig. 3, lane 2), it seems that
autoprocessing occurs continuously.
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Table 2. Purification table for StiP.
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Total protein ~ Total activity Specific activity Purification
Fraction (mg) (mmol/min) (mmol/(min-mg))  Yield (%) factor
Cell lysate 511 0.292 0.0057 100 1
Ni-NTA resin 5.4 0.173 0.0318 59.3 5.6
Post-centriprep 0.5 0.0492 0.1007 16.8 17.3

Fig. 4. StiP is a cysteine protease. The esterase activity of purified
StiP (6 pmol/L) was monitored at 405 nm, in the absence (black line)
and presence (grey line) of a cysteine-specific affinity label (5 mmol/L
bromopyruvic acid). The activity decreased from 1.67 x 103 to 1.49 x
10~* units, a reduction of 91%.
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All papain-like cysteine proteases are synthesized as inactive pre-
cursors and undergo proteolytic autoprocessing of an N-terminal
proregion to become activated (Kagawa et al. 2000; Mach et al. 1994;
Quraishi and Storer 2001; Vernet et al. 1991, 1995; Zinovkin et al.
2003). Further, elution with a buffer of lower pH appears to facilitate
autoprocessing, consistent with previous findings that acidic condi-
tions favor this event (Mach et al. 1994; Vernet et al. 1991, 1995).

Taken together, the bioinformatics and the protein purification
results imply that this protein is a papain-type cysteine protease
because (i) this was one of the possible domain types suggested by
bioinformatics and (ii) cysteine proteases autoprocess a proregion
for activation, which is consistent with the smaller size of the
purified protein, respective to its predicted gene size. These re-
sults suggested we should test the purified protein for cysteine
protease activity.

Test of stiP for cysteine-specific proteolytic activity

We first assessed whether the gene product had proteolytic activ-
ity. We performed esterase activity assays using p-NPA as a substrate.
This substrate is commonly used to measure proteolytic activity;
cleavage releases the pigmented compound O-nitrophenol. Figure 4
and Table 2 give these results. In Fig. 4, the black line shows the
p-NPA kinetic profiles for the purified gene product. Based on this
activity assay, the results of the 2-step purification are shown in
Table 2. Overall, this protocol results in a 17.3-fold increase in purifi-
cation of the gene product, with an ~17% yield in activity of enzy-
matic activity.

To further test whether the protein is a cysteine protease, we
used 5 mmol/L bromopyruvic acid, an active site cysteine-specific
affinity label. Only proteases that have an active site cysteine are

Fig. 5. Mutations in the stiP-ter cluster cause hypersensitivity to
potassium tellurite. Overnight cultures of cells in Luria-Bertani
(with kanamycin in the case of the mutants) were used to inoculate
fresh broth containing 6.25 mmol/L potassium tellurite, then their
survival rate was measured after 18 h of incubation. stiP and many of
the genes associated with it show a statistically significant
sensitivity to tellurite, as indicated by the stars. WT, wild type.
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inactivated by bromopyruvic acid (Alliel et al. 1982; Kameshita
et al. 1979).

As shown by the gray line in Fig. 4, the presence of this com-
pound reduced the activity by 91%, supporting identification of
the gene product as a cysteine protease.

Effects of stiP deletion on:

Cell growth in the presence of tellurite oxyanion

Having substantiated the prediction that StiP is a cysteine pro-
tease, we investigated another bioinformatic prediction, namely
that StiP is part of a cluster of proteins with a collective function
that includes the ability to survive metal oxyanion and (or) other
oxidative stressors, of which tellurite is one.

To test this prediction we grew wild-type A. baylyi and stiP::kan-tdk
nonpolar insertion-deletion mutants (de Berardinis et al. 2008) in
the presence of potassium tellurite (K,TeO,). This gene cassette was
designed to be nonpolar and it has been experimentally determined
to be non-polar in a whole-genome study in which the cassette was
used to determine the essentiality or dispensability of 97% of the 3197
annotated protein-coding genes in A. baylyi (de Berardinis et al. 2008).
We also tested insertion—-deletion mutants missing one of the sur-
rounding genes predicted to share the tellurite resistance function.
After 24 h we assessed population growth using optical density. The
results showed that deletion of stiP or any 1 of 7 of its 11 neighbors led
to a statistically significant reduction in cell growth in the presence
of tellurite (p < 0.05 using a 1-tailed, unpaired, equal variance Stu-
dent’s t test) (Fig. 5). This indicates that stiP and most of its neighbors
are required for normal cell growth in the presence of potassium
tellurite. Note that the ACIAD1958::kan-tdk mutant is not as sensitive
to tellurite as the stiP::kan-tdk and ACIAD1959::kan-tdk mutants, so that
the kan-tdk cassette, designed to be nonpolar and shown to be non-
polar in many other contexts (de Berardinis et al. 2008), is likely not
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Fig. 6. Long-term cultures of ACIAD 1960::kan-tdk mutants compared with wild type. Minimal succinate broth cultures were inoculated 1:1000
using overnight broths as the inoculum. Colony-forming units (CFU/mL) were determined at 18 h, 2 days, and 7 days postinoculation using
serial dilution. The results of 8 independent trials of wild type ((]) and mutant (@) are depicted. By day 7, the mutant population is

significantly lower than the wild-type population (p = 0.02).
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causing the loss of tellurite resistance in the stiP::kan-tdk mutant due
to polar effects.

To test whether tellurite directly affects the activity of StiP, as
opposed to having a more indirect effect on StiP via its environ-
ment, we characterized StiP’s enzymatic activity in the presence
of K,TeO, in experiments like those shown in Fig. 4. Specifically,
we found no change in activity of StiP in the presence of 1 mmol/L
K,TeO, (data not shown), suggesting that TeO,2- resistance is not
directly linked to altered StiP activity under the conditions that
we tested. To our knowledge, there are no publications regarding
the effects of TeO,2- ion on cysteine proteases.

The stiP gene first came to our attention not because of any
functional association with tellurite but because of its high ex-
pression during LTSP (Lostroh and Voyles 2010). Because of this
expression pattern, we next examined whether inactivation of stiP
affects population dynamics during long-term batch culture.

Population growth during LTSP

To test the effects of deleting stiP on population growth during
LTSP, we inoculated wild-type A. baylyi and a stiP::kan-tdk insertion—
deletion mutant into flasks of minimal succinate broth and grew
them at 37 °C with high aeration. We sampled this broth at 18 h,
2 days, and 7 days postinoculation and used serial dilution to mea-
sure the density of cells at these times as shown in Fig. 6. LTSP com-
mences at about 2 days postinoculation, after the cessation of death
phase. The data represent 8 independent trials of each strain, and the
stiP::kan-tdk mutant has significantly lower population after 7 days of
incubation (p = 0.02, Student’s t test).

The data presented thus far show that StiP is a cysteine protease
and that its absence renders cells sensitive to tellurite and to one
or more stressors that occur during death phase and LSTP. Expo-
sure to tellurite may mimic that stress, which could be oxidative
damage, including damage to DNA. In bacteria, a response to DNA
damage can sometimes cause alterations to cell morphology, so
we next turned our attention to imaging mutant cells using AFM.

Cell morphology
To measure cell morphology we imaged wild-type and stiP::kan-tdk
mutant cells by AFM, as shown in Fig. 7. Figure 7a shows an image of

Table 3. Mean length and width measurements for cell populations
in Fig. 7.

Wild type stiP::kan-tdk stiP::kan-tdk

(Fig. 7a) (Fig. 7b) (Fig. 7c¢)
Length (um) 1.440.3 1.8%0.5 1.940.9
Width (um) 0.9+0.1 0.8%0.2 0.8+0.1
Length/width (p.m) 1.60.4 2.440.9 2.4%1.2

Note: To better show cell detail, images are 10 pm x 10 pm panels cropped from
30 wm x 30 pm larger images. Measurements here were taken on a random sample
0f 100 cells/image from the larger images. Given uncertainties are 1 standard devi-
ation from the mean.

wild-type A. baylyi, and Figs. 7b and 7c show images of 2 independent
samples of the stiP::kan-tdk mutant. Multiple independent samples of
the wild type all looked like Fig. 7a, indicating a fairly homogeneous
population of cells. In contrast, the mutants display highly variable
cell morphology as evident from the disparate appearance of cells in
Figs. 7b and 7c. Figures 7b and 7c are representative of the kinds of
cells observed on multiple independent mutant samples. Table 3
gives mean length, width, and length/width ratios for a random sam-
pling 0f100 cells from each of the panels in Fig. 7. The measurements
confirm the qualitative observations that the wild-type cells are con-
sistently shorter and wider than the mutant. In addition, the relative
homogeneity of the wild type is quantitatively evident in lower stan-
dard deviations for its measured values as compared with the mu-
tant.

Discussion

The results documented in this paper demonstrate that the
ACIAD1960 protein, found in Acinetobacter and in many other species,
should no longer be considered hypothetical. We have named it StiP
to reflect its initial experimental description as a LTSP starvation-
induced gene and the new discovery, reported here, that it encodes a
cysteine protease.

StiP has been predicted to be composed of a variety of domains,
of which a cysteine protease was only one. Our results (Fig. 3) show
autocatalytic removal of an approximately 12.7 kDa peptide, con-
sistent with the predicted size of proregion sequences of papain-

< Published by NRC Research Press



Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by COLORADO COLLEGE - TUTT LIBRARY on 01/06/14
For personal use only.

Reichert et al.

Fig. 7. The stiP::kan-tdk mutant has altered size and morphology.
Atomic force microscopy images of (a) wild-type Acinetobacter baylyi
and (b) and (c) stiP::kan-tdk mutant. All images are 10 pm x 10 pm.
The wild-type cells are a relatively homogeneous population of
coccobacillary cells with mean length/width ratio of 1.6. In contrast
the mutant cells display a highly variable cell morphology but are
on mean more rod shaped with an mean length/width ratio of 2.4.

like cysteine proteases (Kagawa et al. 2000; Mach et al. 1994;
Quraishi and Storer 2001; Vernet et al. 1991, 1995; Zinovkin et al.
2003). This autocatalytic cleavage removes part of the predicted
PRTase domain, calling into question whether that domain as-
signment is correct. Furthermore, the predicted protease domain
also overlaps the PELOTA domain, also calling that annotation
into question. Among the 2387 bacterial genomes in the KEGG
database (accessed 28 July 2013), there are 147 close StiP homo-
logues. While KEGG still predicts them to have a protease domain,
following on a 2012 paper (Anantharaman et al. 2012), some other
databases have replaced the protease prediction entirely, leaving
only the PRTase (IPRO11215) and PELOTA (IPR028157) predictions.
Our results suggest that these particular revised predictions,
based on sequence comparisons rather than on experimental
data, are incorrect.

Additionally, we showed that stiP is part of a large cluster of
genes likely dedicated to a common function. Mutations in the
cluster create hypersensitivity to tellurite oxyanion. In addition,
absence of stiP creates a mild growth defect in cells during long-
term batch culture. Finally, we showed that absence of stiP dra-
matically alters the morphology of the cells.

This group of properties associated with the StiP-Ter cluster may
at first appear disparate; however, we postulate that a common
thread weaves them together. In overview, the connection we hy-
pothesize is as follows. Both tellurite exposure and LTSP are stressful
conditions in which cells likely have oxidative damage to macromol-
ecules, including DNA. LTSP and DNA damage are also both associ-
ated with changes in cell morphology. These observations are
relevant because A. baylyi cells have a unique response to DNA dam-
age and an unusual complement of DNA repair and cell division
genes. This unique response occurs in the absence of the LexA and
SulA proteins, responsible for changes in the morphology of E. coli in
response to damaged DNA, and in the absence of the FtsEX proteins,
which comprise a septum-associated ABC transporter that is re-
quired for cell division in E. coli and sporulation in B. subtilis, under
certain environmental conditions (Garti-Levi et al. 2008; Reddy 2007).
Acinetobacter baylyi also lacks a clear OxyR homolog; OxyR and SoxR
are the 2 redox-sensitive regulators that control the E. coli response to
oxidative stress (Blanchard et al. 2007; Pomposiello and Demple
2001).

Acinetobacter baylyi lacks homologs of lexA, sulA, fisE, ftsX, and
oxyR, leaving open the possibility that other genes play their es-
sential roles. We observed that stiP is important for A. baylyi’s
ability to withstand stressors such as those encountered in the
presence of tellurite and during long-term batch culture. In light
of these observations and the well-known connections between
stress, DNA damage, cell morphology, and cell division, we hy-
pothesize that StiP and its associated Ter proteins play a role in
regulating cell division in the presence of such stressors. In the
remainder of this discussion we elaborate on our experimental
results in light of this theory.

We consider first the growth defect observed in the presence of
tellurite. Tellurite resistance is an unusual phenotype that is difficult
to understand because of a lack of tellurite in natural environments
(Taylor 1999). Nevertheless, historically tellurite resistance has been
a useful property for isolating pathogenic bacteria and has resulted
in the discovery of various Ter operons, such as TelA-KlaB, KilA-
KlaA, and “Ter” clusters, which are necessary for resistance to tellu-
rite in those pathogens (Anantharaman et al. 2012; Chasteen et al.
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2009; Taylor 1999; Taylor et al. 2002; Turner et al. 2001; Whelan et al.
1995). We used the KEGG database and found that in 147 bacterial
genomes, StiP homologues are found in the midst of such Ter clus-
ters (Anantharaman et al. 2012). In A. baylyi specifically, StiP is sur-
rounded by genes with TerD, TerC, and TerY domains, which in
general are predicted to participate in multiprotein complexes
(Anantharaman et al. 2012).

Tellurite is toxic because it causes redox stress and oxidative
damage (Fuentes et al. 2007; Sandoval et al. 2011; Turner et al.
1999, 2001). Tellurite causes redox stress because it oxidizes cyto-
plasmic thiol pools, which normally serve as a source of reductant
and which maintain the cytoplasm in its normal reduced state
(Fuentes et al. 2007; Turner et al. 1999, 2001). Tellurite also causes
oxidative damage by inducing the presence of reactive oxygen
species, which can independently and directly damage macromol-
ecules such as lipids, proteins with redox-sensitive sulfhydryl
groups, and DNA (Perez et al. 2007; Sandoval et al. 2011). While we
have not completed physical characterization of StiP and so can-
not say whether the protein has any redox-sensitive sulfhydryl
groups, we do know that StiP contains 4 cysteines, including one
in its active site. Others have found that biosynthesis of cysteine
itself'is also affected by exposure to tellurite (Chasteen et al. 2009;
Fuentes et al. 2007).

The ubiquity of tellurite resistance genes, despite the lack of
tellurite in most environments, probably indicates that artificial
exposure to tellurite in the laboratory mimics or even exaggerates
a stress response that is provoked by normal aerobic metabolism.
This contention is supported by work in Streptomyces coelicolor, in
which Ter domain proteins do not confer resistance to tellurite
but are among the most abundant proteins in the cell during
normal aerobic growth (Anantharaman et al. 2012; Sanssouci et al.
2011, 2012; Thomas et al. 2012). Pathogens that infect animals are
also exposed to reactive oxygen species during their normal colo-
nization of animals, for example when the bacteria are ingested
by macrophages. In Yersinia pestis, a StiP-Ter cluster is induced
during growth inside cultured macrophages (Anantharaman et al.
2012; Ponnusamy et al. 2011).

StiP-Ter clusters are also associated with many other phenotypes
in still other organisms, suggesting that these genes have been
adapted to purposes other than tellurite resistance and (or) resis-
tance to oxidative stress. For example, in E. coli, ter genes are needed
for resistance to certain bacteriophages, colicins, and cell-envelope-
targeting antibiotics (Collins et al. 2010; Taylor 1999; Taylor et al.
2002; Whelan et al. 1995, 1997). Furthermore, DNA damage caused
not by reactive oxygen species but by methyl methanesulfonate,
mitomycin C, or UV can be counteracted by a Clostridium ter cluster
cloned on a multicopy plasmid (in E. coli) (Anantharaman et al. 2012;
Azeddoug and Reysset 1994). Finally, in extremely radiation- and
desiccation-resistant Deinococcus spp., a StiP-Ter cluster is induced by
DNA damage, ionizing radiation, and desiccation (Liu et al. 2003;
Makarova et al. 2007; Tanaka et al. 2004).

Ter proteins have also been found to be induced in response to
other environmental triggers not necessarily categorized as
“stressful”, further suggesting that the genes have been adapted
for species-specific purposes. For example, in the plant pathogen
Streptomyces scabies, a TerD-containing protein was expressed in
response to a waxy plant molecule called suberin (Langlois et al.
2003). In another streptomycete, S. coelicolor, a StiP-Ter cluster is
associated with phenotypes that are reminiscent of the stiP phe-
notypes we observe in A. baylyi. For example, the cluster is required
for normal spore morphology, similar to the A. baylyi stiP gene’s ef-
fects on cellular morphology (Anantharaman et al. 2012; Sanssouci
et al. 2011, 2012). Furthermore, these proteins are needed for normal
aerobic growth of S. coelicolor (Thomas et al. 2012), reminiscent of the
requirement for StiP during exponential aerobic growth of A. baylyi
in general purpose media (When we examined cell morphology in
Fig. 7).
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Thus, we see that A. baylyi, which lacks the typical bacterial DNA
damage related LexA-SulA system for regulating the cell cycle in
response to DNA damage, appears to use a stiP-ter cluster of genes
to regulate cell morphology, possibly in response to oxidative
damage and (or) alterations to the normal thiol:redox buffering of
the cytoplasm. Acinetobacter baylyi also lacks FtsE and FtsX, which
form a transmembrane complex that is normally part of the sep-
tum formation apparatus in most bacteria. The stiP-ter cluster of
genes in A. baylyi putatively encodes several different transmem-
brane proteins, including a putative transporter that could con-
ceivably substitute for FtsE and FtsX function. Finally, A. baylyi
lacks an obvious OxyR homologue; in E. coli and many other bac-
teria, OxyR is a redox-sensitive transcription regulator that in-
duces genes needed to survive oxidative stress. It is possible that
one or more of the proteins in the StiP-Ter cluster in A. baylyi are
redox sensitive and play a role in gene regulation.

Drawing all of these strands of evidence together, we therefore
hypothesize that the stiP-ter cluster of genes in A. baylyi contrib-
utes to regulating cell morphology in response to DNA damage or
in response to oxidative stress or a loss in cytoplasmic thiol:redox
buffering capacity. Certainly, other organisms have adapted ho-
mologous stiP-ter clusters to some as yet unknown purpose in a
DNA damage response, as part of a response to aerobic growth
(which inevitably causes reactive oxygen species and oxidative
damage), or have adapted those clusters for use in regulating or
creating spore morphology. There are several possible mechanis-
tic explanations for why the loss of StiP protein, through deletion
or through a lack of proper synthesis, folding, or active site for-
mation, could cause alterations to cellular morphology. First, loss
of StiP protease activity would result in the abnormal accumula-
tion of uncleaved target proteins. Their cleaved derivatives might
be necessary for detecting or responding to cell size or shape.
Second, if StiP is part of a multi-Ter protein complex, parts of that
complex may not be able to assemble properly in the absence of
StiP, or if the proteins normally cleaved by StiP are part of a
multi-Ter protein complex, the absence of StiP could indirectly
cause a loss of a functional multi-Ter protein complexes.

The discovery of a new group of stress-induced genes important
for cell morphology in bacteria that lack the typical SOS response is
certainly intriguing and has broad significance. Our work contrib-
utes another piece to the puzzle, helping to explain why so-called
tellurite resistance proteins are common even though tellurite
oxyanions are rare: natural competitive conditions that are mim-
icked by LTSP are very common in nature, as are oxidative damage
and the need to maintain a particular balance of intracellular thiols.
The need to regulate cell morphology is similarly ubiquitous. Tellu-
rite resistance genes can apparently be adapted for many essential
processes and may be important for cell division in many species. In
future work, we will look more closely at how StiP-Ter clusters affect
cell morphology under normal and stressful conditions, and we will
more thoroughly characterize the biophysical properties of StiP and
any Ter proteins with which it interacts.
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