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Mechanisms of Action of Escapin, a Bactericidal Agent in the Ink
Secretion of the Sea Hare Aplysia californica: Rapid and Long-Lasting
DNA Condensation and Involvement of the OxyR-Regulated
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The marine snail Aplysia californica produces escapin, an L-amino acid oxidase, in its defensive ink. Escapin uses L-lysine to
produce diverse products called escapin intermediate products of L-lysine (EIP-K), including a-amino-£-caproic acid,
A'-piperidine-2-carboxylic acid, and A*-piperidine-2-carboxylic acid. EIP-K and H,0, together, but neither alone, is a powerful
bactericide. Here, we report bactericidal mechanisms of escapin products on Escherichia coli. We show that EIP-K and H,O,
together cause rapid and long-lasting DNA condensation: 2-min treatment causes significant DNA condensation and killing, and
10-min treatment causes maximal effect, lasting at least 70 h. We isolated two mutants resistant to EIP-K plus H,O,, both having
a single missense mutation in the oxidation regulatory gene, oxyR. A complementation assay showed that the mutated gene,
0xyR(A233V), renders resistance to EIP-K plus H,0,, and a gene dosage effect leads to reduction of resistance for strains carrying
wild-type oxyR. Temperature stress with EIP-K does not produce the bactericidal effect, suggesting the effect is due to a specific
response to oxidative stress. The null mutant for any single DNA-binding protein—Dps, H-NS, Hup, Him, or MukB—was not
resistant to EIP-K plus H,0,, suggesting that no single DNA-binding protein is necessary to mediate this bactericidal effect, but
allowing for the possibility that EIP-K plus H,O, could function through a combination of DNA-binding proteins. The bacteri-
cidal effect of EIP-K plus H,O, was eliminated by the ferrous ion chelator 1,10-phenanthroline, and it was reduced by the hy-
droxyl radical scavenger thiourea, suggesting hydroxyl radicals mediate the effects of EIP-K plus H,0,.

,VI any natural and synthesized chemicals have been identified
as bactericidal agents that target and inactivate essential
metabolic pathways. One class of bactericidal agents is the reactive
oxygen species (ROSs). ROSs are highly active free radicals con-
taining oxygen, and they include peroxide and superoxide. Hy-
drogen peroxide (H,0,) is a relatively weak peroxide of ROSs, but
it generates a powerful ROS, hydroxyl radical (HO-), through the
Fenton reaction (14, 15, 23).

H,0, and other ROSs can have diverse deleterious effects on
cells. They can interact with membrane lipids and proteins, result-
ing in loss of membrane fluidity and structural integrity, which in
turn can affect cell integrity and function (14, 15, 23). They can
also damage DNA and cause single-strand breaks that accumulate
in cells (3, 15, 17, 23). Such DNA damage can block DNA replica-
tion and transcription (14, 15, 23).

Bacteria have evolved mechanisms to protect themselves from
ROSs. They decompose ROSs using enzymes, such as catalase and
glutathione peroxidase, or using antioxidants, such as ascorbic
acid. This protective mechanism can be induced by stress. For
example, Escherichia coli treated with a nonlethal dose (10 uM) of
H,0, induced the production of 30 proteins and a tolerance for
higher doses of H,O, (7). Twelve of these proteins were “carly,”
defined as being synthesized at a maximal rate during the first 10
min following addition of H,O,, and their synthesis returned to
normal rates by 30 min after addition. The other 18 proteins were
“late,” with their maximum rate of synthesis 10 to 30 min after the
addition of H,0O,. Notably, 9 of these 12 early proteins belong to
the oxyR regulon, including catalase. Bacteria are highly sensitive
to H,O, in the oxyR deletion mutant (7).

ROSs are produced in a variety of contexts. They are generated
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during cellular respiration associated with normal metabolism.
Stressors, such as starvation and induced oxidative stress, can
cause bacteria to produce and accumulate high levels of ROSs,
which they can use in competitive interactions (25, 30, 32). ROSs
are also produced by other organisms as natural antimicrobial
agents. For example, a marine snail, the sea hare Aplysia califor-
nica, produces an L-amino acid oxidase, aplysianin A (9), which is
likely used to prevent bacterial fouling of the sea hare’s egg cap-
sules (12).

A paralog of aplysianin A, called escapin, has been purified
from the ink gland of the sea hare (34). Escapin normally func-
tions as an antipredatory chemical defense (12), but it also has
broad antimicrobial activity, both bacteriostatic and bactericidal
(34), indicative of its evolutionary roots (12, 13). Escapin uses
L-lysine as its primary substrate to produce diverse products (21,
34). Escapin deaminates L-lysine to generate a-amino-g-caproic
acid, H,0,, and ammonia (NH;). a-Amino-eg-caproic acid forms
an equilibrium mixture of several compounds, which we collec-
tively call escapin intermediate products of L-lysine (EIP-K).
EIP-K reacts with H,O, to produce a mixture of decarboxylation
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products called escapin end products of lysine (EEP-K). Interest-
ingly, the mixture of EIP-K plus H,O,, but not EIP-K, EEP-K,
H,O,, or EEP-K plus H,0,, shows rapid, powerful, and long-
lasting bactericidal activity, much more than H,O, alone (22).
The composition of EIP-K equilibrium mixture changes with the
pH level (21). A cyclic deaminated product, A'-piperidine-2-car-
boxylic acid, dominates at any pH level, but the linear form,
a-amino-g-caproic acid, becomes more prevalent at lower pH
values (21), which is biologically significant because sea hare ink is
acidic (27). This increase in the relative amount of a-amino-g-
caproic acid in EIP-K at low pH values is correlated with an in-
crease in bactericidal activity (22). Furthermore, the synergistic
bactericidal effect of EIP-K and H,O, requires their simultaneous,
not sequential, presence (22). Together, these results suggest that
the powerful bactericidal effect of EIP-K plus H,0, is due to syn-
ergy involving a-amino-&-caproic acid and H,0, (22).

The goal of this study is to understand mechanisms underlying
the bactericidal effect of EIP-K plus H,0,. We pursued two lines
of experiments. In the first set, we followed up on our observation
that EIP-K plus H,O, causes DNA condensation. DNA conden-
sation is commonly associated with antimicrobial agents that in-
hibit protein synthesis, most notably chloramphenicol (35). If
DNA condensation is long lasting, it can be bactericidal (2). Con-
sequently, we hypothesized that DNA condensation is a major
cause of the bactericidal effect of EIP-K plus H,O,. To test this
idea, we examined the time course of DNA condensation in rela-
tion to treatment with EIP-K plus H,0, and examined whether
DNA condensation and bactericidal activity occurred under the
same treatment conditions. Our second line of investigation into
the bactericidal mechanism of EIP-K plus H,O, was to isolate
mutant bacterial strains resistant to EIP-K plus H,0,, followed by
comparison of the mutants’ genotype relative to the wild-type
strain. Given that our two mutants had a single missense mutation
in the oxidation regulatory gene, oxyR, we performed comple-
mentation assays, and we used ferrous ion chelators, hydroxyl
radical scavengers, and temperature stress to evaluate if the bacte-
ricidal and DNA condensation effects of EIP-K plus H,O, are due
to oxidative stress created by free radicals.

MATERIALS AND METHODS

Preparation of oxidative products of L-amino acids by escapin. To pro-
duce EIP-K, 55 mM L-lysine monohydrochloride (Sigma-Aldrich, St.
Louis, MO), 1 mg/ml escapin, and 0.13 mg/ml catalase (Sigma-Aldrich,
MO) in double-deionized water (ddH,O) were incubated at 30°C with
shaking for up to 24 h. This solution was filtered using an Amicon Ultra-4
centrifugal filter device (Millipore Corp., Billerica, MA) to remove esca-
pin and catalase and then stored at —80°C until it was used further. The
purity of EIP-K was checked by nuclear magnetic resonance (21). The
concentration of EIP-K is expressed as the starting concentration of L-
lysine monohydrochloride (21, 22).

Bacterial strains. The bacterial strains used in our experiments in-
clude the following: (i) E. coli strain MC4100 (from John Beckwith, Har-
vard Medical School); (ii) E. coli resistant strains 1 and 2 (RS1 and RS2)
(isolated from E. coli strain MC4100, as described below); (iii) E. coli strain
NT3 (MC4100 lac*) and individual DNA-associated protein (derived
from NT3) mutant E. coli strains, including AHupA, AHns, AHimA, and
AMukB (from Nancy Trun, Duquesne University); and (iv) E. coli strain
ZK126 (W3110 tna-2 AlacU169) and its stationary-phase DNA-binding
protein mutant, ADps, E. coli strain (from Roberto Kolter, Harvard Med-
ical School).

Bacterial-culture preparation. E. coli MC4100 was used as a test strain
and also as a parental strain for the generation of two strains resistant to
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EIP-K plus H,O,. The cells were stored as a —80°C stock. For culturing the
cells, the stocks were incubated at 37°C overnight in Luria-Bertani (LB)
medium, and the overnight culture was diluted 100 times to regrow until
it reached log phase (density, ~3 X 10° cells/ml; optical density at 600 nm
[ODggol, ~0.5). After washing with phosphate-buffered saline (PBS)
(containing 8 gNaCl, 0.2 g KCl, 1.44 g Na,HPO,, and 0.24 g KH,PO, in 1
liter solution, pH 7.3), the bacteria were resuspended in PBS to a density of
6 X 10° cells/ml. Experiments on the AHupA, AHns, AHimA, and AMukB
mutant strains and their parental strain (NT3) were performed at 30°C.

RS1. E. coli MC4100 cultured cells were treated with 13.75 mM EIP-K
plus 3 mM H,0,, which are the most effective conditions for the bacteri-
cidal assay (22), and spread onto solid LB plates. Surviving colonies were
taken from the plates and reinoculated until they reached a density of
~3 X 108 cells/ml (log phase; OD¢, ~0.5) in LB medium. The cells were
washed with PBS and then treated with EIP-K plus H,O, and spread onto
solid LB plates as before. This process was repeated four times until it
yielded a colony that was insensitive to treatment with EIP-K plus H,O,,
as measured by less than 1 log unit reduction in the number of bacterial
CFU. This ensured resistance rather than persistence.

RS2. Bacteria from the culture preparation were treated for 40 min
with a mutagen, 2% ethyl methanesulfonate (Sigma-Aldrich). This was
followed by repeated treatment with EIP-K plus H,O, as described above
for isolation of RS1.

Nucleoid staining to evaluate DNA condensation. To stain DNA,
bacteria were washed with PBS and incubated for 10 min in 10 ug/ml
DNA staining agent, Hoechst 33342 (Molecular Probes, Eugene, OR). The
bacteria were then placed between a microscope slide (Superfrost; Fisher
Scientific, Waltham, MA) and a cover glass with mounting solution, glyc-
erol, and anti-fading agent, triethylenediamine (DABCO; Sigma-Al-
drich). Images were captured using a Nikon Eclipse 80i microscope under
X 1,000 magnification. Images of stained cells were captured in transmit-
ted light to observe the shape and location of cells and/or in UV light to
observe the distribution of DNA in the cells. When images were taken
from samples during 1.5 to 70 h of treatment, the samples were kept at
room temperature.

The size and shape of nucleoid staining, and thus DNA condensation,
were analyzed using CellProfiler cell image analysis software (Broad Insti-
tute; http://www.cellprofiler.org). The length of the major axis and the
form factor (which represents shape, with 0.0 indicating a line and 1.0
indicating a perfect circle) of the nucleoid of each cell were quantified.
Data from >50 cells were used for each treatment, and the treatments
were statistically analyzed using analysis of variance (ANOVA), followed
by Scheffé post hoc tests.

Bactericidal assay. Bacteria (with PBS, pH 7.3) prepared as described
above were treated with 13.75 mM EIP-K plus 3 mM H,0, for different
time periods (0, 2, 4, 6, 8, and 10 min) in the time course experiments and
for 10 min in all other experiments. Experiments were performed at 37°C
in a Thermomixer (Eppendorf, Hamburg, Germany) for all strains except
AMukB and its parental strain (N'T3), for which they were performed at
30°C. Samples were serially diluted in log-unit steps with PBS, and serial
dilutions were plated on petri dishes with solid LB agar. The plates were
incubated overnight at 37°C, and counts of viable cells were determined
by enumeration of CFU with appropriate dilutions.

Genomic DNA preparation. Genomic DNA of RS1, RS2, and their
parental strain, MC4100, were purified with a Qiagen Genomic-tip 100/G
and a Genomic DNA Buffer Set (Qiagen Inc., Valencia, CA), using the
manufacturer’s protocols. To remove high-affinity DNA-binding pro-
teins and to ensure better DNA quality for the whole-genome sequence,
the DNA solution was purified in two sequential steps: (i) DNA was first
treated with a mixture of equal volumes of phenol and chloroform-iso-
propanol (24:1) to separate it into phenol and aqueous phases; (ii) the
aqueous phase was mixed with an equal volume of chloroform-100%
isopropanol (24:1 mixture). After purification, the DNA was precipitated
using 66% ethanol with 0.1 M sodium acetate (NaOAc, pH 5.2), and the
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FIG 1 DNA condensation in E. coli MC4100. (A) Light micrographs of DNA condensation under different treatments. (a) Control (ddH,O, used as a solvent in
the other treatments); (b) 3 mM H,O,; (¢) 13.75 mM EIP-K; (d) 13.75 mM EIP-K plus 3 mM H,0,. Cells were stained with Hoechst to label DNA, and images
were taken by simultaneously presenting UV and transmitted light. Scale bar, 5 wm. (B and C) Quantification of DNA condensation using the length of the major
axis of the nucleoid (B) and the form factor, where 1.0 is a perfect circle and 0.0 is a straight line (C). The treatments in panels B and C were the same as in panel
A. The values are means and standard errors of the mean (SEM), and the number of cells (1) used for each treatment is shown in the bar. The asterisks indicate
that treatments are significantly different from the control. In panel B, there is a significant treatment effect (one-way ANOVA; F; |5, = 389.17; P < 0.001), and
post hoc Scheffé tests (a [level of significance] = 0.05) show that (H,0,) = (EIP-K) > (control) > (EIP-K plus H,O,). In panel C, there is a significant treatment
effect (one-way ANOVA; F;5 55, = 355.01; P < 0.001), and post hoc Scheffé tests (e = 0.05) show that all treatments differ from each other, except the control

and H,O,.

pellet was washed with 70% ethanol. DNA was reconstituted in 10 mM
Tris buffer (pH 8.0) for sequencing.

Localization of mutations. Whole-genome sequencing was con-
ducted by the Interdisciplinary Center for Biotechnology Research of the
University of Florida (http://www.biotech.ufl.edu), using a 454 Genome
Sequencer (GS-FLX; Roche, Branford, CT). The results for RS1 and RS2
were mapped against the genome sequence of the parental strain,
MC4100. Fifteen mutations were detected in RS1 and 22 mutations in
RS2. Eleven mutations were common to both RS1 and RS2 but different
from the parental strain, and these were further tested by high-fidelity
PCR (Roche) and DNA sequencing using an ABI sequencer. To avoid bias
from a single replication mistake during the PCR process, the entire PCR
product, notjust a single cloning product, was sequenced. This process led
to the identification of a single gene mutation in both RS1 and RS2: oxyR.

Cloning of the oxyR gene. Primers were designed to amplify oxyR of
MC4100 (wild-type oxyR) and oxyR of RS1 [oxyR(A233V)] for comple-
mentation assays. The 5" primer included an Ndel restriction site to pro-
vide a start codon and no redundant nucleotide in the N terminus (5'-G
GATGGATACATATGAATATTCGT-3"). The 3’ end included an Xhol
restriction site (5'-TTAAACGGTCTCGAGTTAAACCGC-3'). PCR was
applied using a high-fidelity PCR system (Roche). Wild-type oxyR and
oxyR(A233V) fragments of the expected size were individually cloned into
a pET29a vector carrying a T7 promoter (Novagen, Madison, WI). The
mutated fragments were confirmed by DNA sequencing using an ABI
sequencer.

Complementation assay. Plasmids pET29a, pET29a-oxyR™" (wild-
type oxyR), and pET29a-0xyR(A233V) [oxyR(A233V)] were transformed
into E. coli MC4100 or RS1. A single colony was taken from each trans-
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formed plate and cultured to stationary phase (ODg,, > 2.0). Cultures
were diluted to an ODg, of ~0.1 and cultured anew. The same treatments
were applied as in the bactericidal assay.

RESULTS
EIP-K plus H,O, causes rapid and long-lasting DNA condensa-
tion in E. coli MC4100. The structure of the DNA of E. coli
MC4100 was visualized by examining cells stained with Hoechst
under simultaneous UV and transmitted illumination. Cells that
were treated for 10 min with either ddH,O (control), 13.75 mM
EIP-K, or 3 mM H,0, showed a variety of nucleoid morphologies,
including cells with relaxed DNA in which the nucleoid filled most
of the cell volume and cells with condensed DNA in which the
nucleoid had various irregular shapes (Fig. 1). On the other hand,
the nucleoid of cells treated with 13.75 mM EIP-K plus 3 mM
H,O, for 10 min had a significantly different morphology (Fig.
1A, d) than the control or cells undergoing the other treatments:
they were nearly uniform spheres and significantly shorter (Fig.
1B) and rounder (Fig. 1C) and thus more condensed. DNA con-
densation caused by EIP-K plus H,0, is further indicated by the
fact that ~80% of cells under this treatment had a form factor of
>0.8 and ~50% had a form factor of >0.9, whereas only ~20% of
the control cells had a form factor of >0.8 and ~5% had a form
factor of >0.9 (data not shown).

DNA condensation has been reported for treatment with anti-
biotics, such as chloramphenicol (CAM), that inhibit protein syn-
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FIG 2 Effect of chloramphenicol, an inhibitor of protein synthesis, on DNA
condensation in comparison to that of EIP-K plus H,O,. The treatments in-
cluded control (ddH,O, used as a solvent in the other treatments), 13.75 mM
EIP-K plus 3 mM H,0,, and 100 ug/ml CAM. The values are means and SEM,
and the number of cells (n) for each treatment is shown in the bar. There is a
significant treatment effect for major axis length (one-way ANOVA; F, 14,5, =
526.68; P < 0.001) and form factor (F, 14,3 = 394.99; P < 0.001). Post hoc
Scheffé tests (« = 0.05) show that all treatments differ from each other in
major axis length, as well as in form factor. The asterisks indicate that the
treatments are significantly different from the control.

thesis (35). In our experiments, either CAM or EIP-K plus H,O,
induced DNA condensation, but to different degrees (Fig. 2A) and
with different forms (Fig. 2B). EIP-K plus H,O, compacted DNA
into a tighter area, with nucleoid diameters around half that in-
duced by CAM. EIP-K plus H,O, induced solid and homogeneous
condensation, whereas CAM induced heterogeneous condensa-
tion with a dense ring and a hollow center (Fig. 2C).

The effect of treatment of cells with EIP-K plus H,O, for 10
min on nucleoid structure was long lasting. The cells retained
similar high degrees of DNA condensation at 1.5, 25, or 70 h after
a 10-min treatment with EIP-K plus H,O, (Fig. 3). The DNA of
control cells showed a low degree of condensation at 1.5, 25, or 70
h, and the nucleoid of control cells was significantly longer than
that of cells treated with EIP-K plus H,O, (Fig. 3). Thus, DNA
condensation lasts much longer than the time of exposure to
EIP-K plus H,O,, with a 10-min treatment causing condensation
lasting at least 70 h.

Incubation of E. coli MC4100 in EIP-K plus H,O, caused
changes in both killing and DNA condensation. The shortest
treatment time, 2 min, produced a 2-log-unit bactericidal effect,
and incubation for 6 to 10 min caused a maximal (8-log-unit)
effect (Fig. 4A). Similarly, a 2-min treatment with EIP-K plus
H,O, caused robust DNA condensation (Fig. 4B).

E. coli mutants resistant to EIP-K plus H,0, treatment are
mapped at oxyR. Two E. coli colonies resistant to EIP-K plus
H,0,, designated RS1 and RS2, were isolated and identified as
described in Materials and Methods. They showed similar pheno-
types, so only data for RS1 are described here. RS1 displayed only
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FIG 3 Brief treatment with EIP-K plus H,O, causes long-lasting DNA con-
densation in E. coli MC4100. The treatment was a 10-min incubation in either
control (ddH,O; open bars) or 13.75 mM EIP-K plus 3 mM H,O, (shaded
bars), followed by incubation in PBS buffer for either 1.5, 25, or 70 h. The
values are means and SEM, and the number of cells (n) for each treatment is
shown in the bar. For each treatment time, the control values are significantly
greater than the EIP-K plus H,O, values, as indicated by the asterisks (Students
t test; P < 0.001).

avery weak bactericidal effect (<1-log-unit reduction in the num-
ber of CFU) at various concentrations of either EIP-K or H,O,
(data not shown). Treatment of RS1 cells with 13.75 mM EIP-K
plus 3 mM H,0, also did not cause DNA condensation, as the
form factor and length of cells were within 10% of those of wild-
type cells (data not shown). The effect of pH on the bactericidal
action of EIP-K plus H,O, was examined for RS1, since pH is an
important factor in bactericidal activity for the parental strain
(22). For both RS1 and the parental strain, the bactericidal effect
of EIP-K plus H,O, was greater at pH 6 than at pH 8, although the
magnitude of the effect was much greater for the parental strain
(22) than for RS1 (data not shown).

A high concentration of H,0O, is lethal for the parental strain,
and 15 mM H,0O, produced a 4-log-unit bactericidal effect (data
not shown). Higher concentrations of H,0O, were tested on RSI.
For RS1 cells, H,0, concentrations up to 40 mM were not bacte-
ricidal, and 60 mM H, O, produced only a slight bactericidal effect
(<1-log-unit reduction in the number of CFU) (Fig. 5); however,
a 4-log-unit bactericidal effect was produced by treatment with 40
mM H,0, plus 13.75 mM EIP-K, and a maximal effect was pro-
duced by 60 mM H,0, plus 13.75 mM EIP-K (Fig. 5).

Of the 11 mutations that we identified by genomic sequencing
as common to RS1 and RS2, only one was confirmed by high-
fidelity PCR. It was a single missense mutation in oxyR, with a
C-to-T transition that changes the amino acid in position 233
from alanine to valine [i.e., oxyR(A233V)]. A complementation
assay was conducted to determine whether oxyR(A233V) is the
sole mutated gene responsible for resistance to EIP-K plus H,O, in
resistant strains. Parental E. coli MC4100 without any plasmid, E.
coli MC4100 carrying the empty-vector plasmid, and E. coli
MC4100 carrying the wild-type oxyR plasmid were not resistant to
EIP-K plus H,0,, but E. coli MC4100 carrying the oxyR(A233V)
plasmid showed resistance to treatment (Fig. 6A). Resistance to
treatment also occurred when RS1 was used as a host for various
plasmids. A small but statistically significant decrease (1 log unit)
in the number of CFU occurred for RS1 carrying the wild-type
oxyR plasmid (Fig. 6B), probably due to a dose effect from the
plasmid. Since an unknown leakage of expression occurred, we
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bactericidal activity (A) and DNA condensation (B an C) in E. coli MC4100.
The values are means and standard errors of the mean for three experiments,
each run in duplicate or triplicate. (A) There is a significant effect of treatment
time with EIP-K plus H,O, on the number of CFU (one-way ANOVA, F, ; =
83.86; P < 0.0001), and post hoc Scheffé tests (a« = 0.05) show that the un-
treated group (time = 0) is significantly different than all treated groups.
(B and C) The negative control, “control 10 min,” is 10-min exposure to
ddH,O0, and the number of cells (1) for each treatment is shown in the bars.
One-way ANOVA for nucleoid length (B) shows a significant effect of treat-
ment time (F5 5,33 = 320.35; P < 0.001), and post hoc Schefté tests (o = 0.05)
show that the control group is significantly different than the other groups, as
indicated by asterisks. One-way ANOVA for form factor (C) shows a signifi-
cant effect of treatment time (F5,433; = 394.99; P < 0.001), and post hoc
Scheffé tests (e = 0.05) show that the control group has a nucleoid that is
significantly rounder than the other groups, as indicated by asterisks.

2min 4min 8min 10min

were able to observe the plasmid effect on E. coli MC4100, a strain
lacking the factor (T7 RNA polymerase) essential to overproduce
genes carried by the T7 promoter. This result indicates that the
mutation in oxyR(A233V) renders resistance to EIP-K plus H,0,,
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FIG 5 Bactericidal effect of high concentrations of H,O, with EIP-K on a
resistant E. coli strain. White bars, control (untreated; time zero); light-gray
bars, treated for 10 min with H,O, at the indicated concentration; dark-gray
bars, treated for 10 min with H,O, at the indicated concentration plus 13.75
mM EIP-K. The values are means and standard errors of the mean for three
experiments, each run in triplicate. Two-way ANOVA shows a significant
treatment effect (F,,5; = 96.02; P = 0.0000001), a significant concentration
effect (F(, 13 = 57.15; P = 0.0000001), and a significant treatment-concentra-
tion interaction effect (F, ,5; = 26.87; P = 0.000004). The asterisks indicate
that the effect of EIP-K plus H,O, on the resistant strain is significantly affected
by the concentration of H,0,.

and a gene dosage effect leads to reduction of resistance for resis-
tant strains carrying wild-type oxyR.

The oxyR(A233V) strain overexpresses antistress proteins, es-
pecially oxidative-stress proteins (8), and these antistress proteins
can be induced in E. coli by incubation in low concentrations of
H,0, (7). Thus, we wanted to test if our E. coli MC4100 strain can
be induced to tolerate higher concentrations of EIP-K plus H,O,
when incubated in a low concentration of H,O,. Indeed, such
incubation resulted in E. coli with lower sensitivity to EIP-K plus
H,0, (Fig. 7).

Evaluation of the roles of DNA-associated proteins in medi-
ating the bactericidal and DNA condensation effects of EIP-K
plus H,0,. We hypothesized that EIP-K plus H,O, causes DNA
condensation by targeting DNA-binding proteins. Two candidate
targets are Dps (DNA-binding protein from starved cells) and
H-NS (histone-like nucleoid-structuring protein). According to
our hypothesis, H,O, induces oxidative stress, which triggers
OxyR to overexpress Dps, which self-aggregates and binds to
DnaA, thus causing DNA condensation (5). Also according to our
hypothesis, EIP-K stabilizes the DNA-Dps complex by inhibiting
the activity of the Dps-dissociating enzyme, ClpX, or by stabilizing
the Dps-DnaA complex and thus preventing DNA replication.
EIP-K plus H,O, might also cause DNA condensation and induce
the bactericidal effect through H-NS, since these effects can result
from overexpression of H-NS (29). To examine the involvement
of Dps, we used a Adps E. coli mutant strain and overproduced
Dps in wild-type E. coli. Our results showed that treatment of the
Adps E. coli strain with EIP-K plus H,0, caused DNA condensa-
tion (data not shown) and bactericidal activity (Fig. 8B) and that
EIP-K treatment of cells overproducing Dps did not cause DNA
condensation (data not shown) or bactericidal activity (see Fig.
S1A in the supplemental material). To test the potential role of
H-NS in DNA condensation mediated by EIP-K plus H,O,, we
performed experiments with a Ahns E. coli mutant strain. Our
results showed that treatment of this strain with EIP-K plus H,O,
caused DNA condensation and bactericidal activity (Fig. 8A).
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FIG 6 Complementation assay of E. coli MC4100 (A) and E. coli resistant strain 1
with plasmids containing the wild-type or mutant oxyR gene (B), using pET29a as
the vector. The conditions were as follows: no vector (None), vector alone, vector
plus parental oxyR (oxyR"™), and vector plus the mutant oxyR gene
[oxyR(A233V)]. Each bacterial type was treated with control (ddH,0O), 3 mM
H,0,, and 13.75 mM EIP-K plus 3 mM H,0,. The values are means and SEM for
four experiments, each run in duplicate. The asterisks indicate significant differ-
ences between cells without any plasmid (None) and any of the vector conditions
under EIP-K-plus-H,O, treatment. (A) Two-way ANOVA for the wild-type
strains shows that the plasmid type effect is not significant (F; o) = 2.57; P =
0.085), the treatment effect is significant (F5 ;4 = 91.01; P < 0.00000001), and the
interaction effect is significant (Fi ;o) = 9.02; P < 0.0001). Given the significant
interaction effect, we performed a one-way ANOVA for the EIP-K-plus-H,O,
treatment and found a significant effect (F; ,; = 46.64; P = 0.00005), and Scheffé
post hoc tests show that the bactericidal effect of vector plus oxyR(A233V) is signif-
icantly less than that of vector plus wild-type oxyR or vector alone. (B) Two-way
ANOVA for resistant E. coli strain RS1 shows a significant plasmid effect (F; ,,; =
6.33; P = 0.0031), a significant treatment effect (F|, ,,; = 7.38; P = 0.0037),
and a significant treatment-plasmid interaction effect (Fj4 ,,) = 13.85; P =
0.000002). A subsequent one-way ANOVA for EIP-K plus H,O, shows a
significant effect (F54; = 22.11; P = 0.00017), and Scheffé post hoc tests
show that the bactericidal effect of vector—wild-type oxyR, but not vector-
oxyR(A233V) or vector alone, is greater than that of the control.

We also examined the roles of other DNA-associated proteins
by testing other mutant strains defective for a single protein, mu-
tants for one subunit of Hu (a histone-like protein; AhupA), one
subunit of IHF (integration host factor; AhimA), and MukB (a
chromosome-partitioning protein; AmukB). None of these mu-
tants alone was resistant to EIP-K plus H,O, (Fig. 8A). Thus, our
results support the conclusion that no single DNA-binding pro-
tein is necessary to mediate this bactericidal effect of EIP-K plus
H,0,, but the possibility still remains that DNA-binding proteins
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FIG 7 Effect of adaptation to H,O, on the bactericidal activity of H,O, plus
EIP-K in E. coli MC4100. Bacteria were pretreated with 100 uM H,O, or the
same amount of ddH,O for 1 h, followed by a bactericidal assay using control
(ddH,0), 1 or 3 mM H,0, alone, or 1 or 3 mM H,0, plus 13.75 mM EIP-K.
The values are means and SEM for one experiment run in duplicate. Two-way
ANOVA shows a significant adaptation effect (F, ;o) = 16.48; P = 0.003), a
significant treatment effect (F, o) = 16.25; P = 0.001), and a significant adap-
tation-treatment interaction effect (Fj, o) = 16.21; P = 0.001). The asterisks
indicate that H,O, pretreatment reduces the bactericidal effect of H,O, plus
EIP-K.

mediate this effect but that any can substitute for the effects of the
others.

Temperature stress does not substitute for oxidative stress.
H,0, generates hydroxyl radicals, which are known to damage
cellular components (18, 19). We hypothesized that the bacteri-
cidal effect of EIP-K plus H,O, results in part from the oxidative
stress associated with hydroxyl radicals. To examine whether the
bactericidal effect is specific to oxidative stress or whether it gen-
eralizes to other stressors, we used E. coli MC4100 to examine
whether heat or cold shock has the same bactericidal effect as
EIP-K plus H,0,. Our results showed that EIP-K alone at any
temperature between 0 and 45°C has no significant bactericidal
effect (less than 1-log-unit change in CFU) and that H,0, is re-
quired in combination with EIP-K to evoke the bactericidal effect
(Fig. 9). Thus, heat or cold shock response does not substitute for
oxidative stress from H,0O,.

Hydrogen peroxide functions as a hydroxyl radical form.
Hydrogen peroxide is reactive with ferrous ions, leading to the
generation of hydroxyl radicals (14, 23). To test whether H,O,
or hydroxyl radicals are involved in the bactericidal effect of
EIP-K plus H,O,, we used FeSO, (10 uM) to generate hydroxyl
radicals, a ferrous ion chelator (100 uM 1,10-phenanthroline)
to prevent the formation of hydroxyl radicals, or a hydroxyl
radical scavenger (10 mM thiourea) to remove hydroxyl radi-
cals that were generated (Fig. 10). The bactericidal effect of
EIP-K plus H,O, was eliminated by the presentation of 1,10-
phenanthroline and significantly reduced by thiourea. EDTA at
the same concentration as 1,10-phenanthroline (100 uM) did
not affect bactericidal activity, demonstrating a specific effect
for ferrous ions.

DISCUSSION

Broad bactericidal activity has been found for escapin, an L-amino
acid oxidase, and L-lysine, its substrate, both present in the defen-
sive ink secretion of the sea hare A. californica (34). The products
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FIG 8 Effects of null mutations of DNA- associated proteins (A) and a Dps
null mutant strain (B) on bactericidal activity. (A) Treatment with 13.75 mM
EIP-K plus 3 mM H,0, and untreated (number of cells at time zero). The
values are means and SEM for two experiments, each run in triplicate. NT3 is
the parental strain for the Ahup, AhimA, Ahns, and AmukB mutants, and
ZK126 is the parental strain for the Adps mutant. Two-way ANOVA shows a
significant treatment effect (F, ,;; = 68.96; P = 0.0000001), a nonsignificant
mutant effect (F5,,) = 1.27; P = 0.314), and a nonsignificant treatment-
mutant interaction effect (Fq,,) = 1.269; P = 0.313. The lack of asterisks
indicates that the mutant strains showed effects similar to those of the wild type
under EIP-K-plus-H,O, treatment. (B) Various concentrations of H,O,,
alone or with 13.75 mM EIP-K, and 13.75 mM EIP-K alone were tested on a
Dps null mutant strain and compared with the wild-type (WT) strain or the
Dps null mutant. The values are means and SEM for one experiment run in
duplicate.

of the escapin-lysine reaction have been identified (10), and
among them, H,0, and EIP-K together account for the powerful
bactericidal effect (34). In this study, we examined the mechanism
underlying this bactericidal activity in E. coli.

Escapin products cause long-lasting DNA condensation with
atime course similar to that of the bactericidal effect. During the
cell cycle, DNA dynamically changes its morphology, unwinding
to allow DNA transcription and replication, followed by DNA
condensation to allow separation and movement of replicated
DNA to form the two daughter cells, again followed by DNA un-
winding. Since the growth phases of the cells in our culture system
were not synchronized, we observed cells in various stages of DNA
condensation. Nonetheless, our results clearly show that brief
treatment with the ink secretion of sea hares, and more specifically
with EIP-K plus H,O,, causes long-lasting DNA condensation,
while treatment with either EIP-K or H,O, alone does not (Fig. 1
and 2). The condensation results in most (>50%) cells having a
spherical and condensed nucleoid (i.e., a form factor of >0.9),
which is a form present in only 5% of the control cells. The con-
densation lasts for at least 70 h after treatment and thus is long
lasting. The effect is rapid, as a 2-min exposure causes maximal
DNA condensation and also kills 90% of the bacterial cells (Fig. 4).
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FIG 9 Effect of temperature on the bactericidal effect of EIP-K plus H,O,.
Bacteria were grown at 37°C to exponential phase and then treated with
ddH,O (control), 13.75 mM EIP-K, 3 mM H,0,, or 13.75 mM EIP-K plus 3
mM H,0,, each at six temperatures between 0 and 45°C. The values are means
and SEM for one experiment run in duplicate. Two-way ANOVA shows a
significant treatment effect (F;,5 = 253.90; P = 0.0000001), a significant
temperature effect (Fj5,, = 3.25; P = 0.026), and a significant treatment-
temperature interaction effect (F},5,5 = 6.53; P = 0.00002).
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This long-lasting DNA condensation indicates inhibition of
DNA transcription and replication, resulting in an arrested cell
cycle and cessation of cell division, even long after removal of the
chemical treatment. This bactericidal effect is reminiscent of the E.
coli toxin-antitoxin system, where arresting the cell cycle with
toxin for more than 6 h in the absence of antitoxin causes cell
death (2). This long-lasting DNA condensation associated with
cell death also occurs with exposure to other chemicals, such as
CytlAa (an insecticidal crystal protein purified from Bacillus thu-
ringiensis) (24) and H-NS (a bacterial DNA-binding protein) (16,
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FIG 10 Effects of ferrous ion chelators, hydroxyl radical scavengers, or ferrous
ions on the bactericidal activity of EIP-K plus H,O,. Bacteria were pretreated
with a ferrous chelator, 1,10-phenanthroline (100 uM), and hydroxyl radical
scavengers, mannitol (100 M) and thiourea (10 mM), for 30 min, followed by
treatment with ddH,O (control), 13.75 mM EIP-K, 3 mM H,0,, or 13.75 mM
EIP-K plus 3 mM H,O,. EDTA (100 uM) and FeSO, (10 wM) were presented
at the same time as the treatment with escapin products. The values are means
and SEM for two experiments, each run in duplicate. Two-way ANOVA shows
a significant treatment effect (Fj; 5 = 145.34; P = 0.0000001), a significant
chelator effect (Fy, ,5; = 128.50; P = 0.0000001), and a significant treatment-
chelator interaction effect (F,, ,5 = 58.57; P = 0.0000001).
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29). It is interesting that the shape of the condensed nucleoid
induced by EIP-K plus H,O, is similar to that induced by these
other chemical agents (4). On the other hand, the antibacterial
agent chloramphenicol, which inhibits protein synthesis and is
bacteriostatic, produces a nucleoid that is condensed, but less so,
and with a different shape than that produced by EIP-K plus
H,0,: with chloramphenicol, most of the DNA is in the perimeter
of the nucleoid and its center is without DNA (11). Collectively,
these results suggest that the bactericidal effect of EIP-K plus H,0,
may be similarly mediated by DNA condensation, resulting in
inhibition of metabolic reactions, leading to cell death.

OxyR(A233V) confers high resistance to EIP-K plus H,0,. A
change in the amino acid composition or sequence of a protein
can alter its structure and consequently lower its affinity for
antibiotics, thus giving bacteria containing such proteins more
resistance to antibiotics (26, 28). We applied this concept to
identify potential targets of EIP-K plus H,O,. In our isolation
of strains resistant to EIP-K plus H,O,, bacteria were repeat-
edly treated with EIP-K plus H,O, to ensure that they lost
sensitivity to the treatment and thus to differentiate between
persistent cells and resistant cells. We identified two resistant
strains, RS1 and RS2, and showed that they are resistant to
H,O, under conditions lethal to the parental wild-type strain.
The parental strain is killed by >10 mM H,0,, but RS1 can
tolerate up to 40 mM H,O, with very little cell death (Fig. 5).
Comparison of whole-genome sequences of the parental and
mutant strains, coupled with a complementation assay (Fig. 6),
showed that both RS1 and RS2 have a single amino acid muta-
tion (A233V) in the oxyR gene and that this gene provides
resistance to EIP-K plus H,0,. OxyR is a dual transcriptional
regulator protein that senses oxidative stress and regulates an-
tioxidant genes, including the oxidative-stress regulator (oxyR)
itself, catalase (katG), alkyl hydroperoxide reductase (ahpC
and ahpF), and glutathione reductase (gorA) (31). oxyR is re-
quired to sense H,O, and to induce its regulation, and cells
with oxyR deleted are hypersensitive to H,0O, (7). An identical
single point mutation of oxyR(A233V) is reported in E. coli
strain K-12 and named oxyR2 (8). The oxyR2 mutant strain
(also called the constitutive strain) overexpresses OxyR-regu-
lated proteins, such as catalases and peroxidases, in the absence
of oxidative stress. Christman et al. showed that oxyR2 has the
same level of production of oxyR mRNA as the wild type (8).
Therefore, they hypothesized that the alanine-to-valine muta-
tion causes a significant conformational change that affects its
regulatory activity. oxyR(A233V) is a constitutive mutant that
overproduces anti-oxidative-stress genes, including Dps, cata-
lase (an H,O, scavenger), and peroxidase genes, under non-
stress conditions (7). This may explain the resistance of RS1
and RS2 to EIP-K plus H,0,, since H,O,, an essential compo-
nent of the bactericidal effect, is removed by overexpression of
catalase. This explanation is supported by a lack of bactericidal
activity upon treatment of the resistant strains with 40 mM
H,O,, but killing occurs at higher concentrations.

The relationship between bactericidal and DNA condensa-
tion effects of escapin products. The close correlation between
the bactericidal and DNA condensation effects of EIP-K plus
H,0, suggests that DNA condensation is a potential mecha-
nism behind the bactericidal effect. Is there a link between the
oxyR gene and DNA condensation? Does the mutant strain
simply eliminate H,O,, or does it also permanently avoid in-
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tensive DNA condensation? Knowing this is important in iden-
tifying the targets of EIP-K plus H,O,.

Both the bactericidal activity and DNA condensation are
absent in the resistant strains, and the complementary assay
shows that the single mutated gene oxyR(A233V) is responsible
for conferring resistance to EIP-K plus H,O,. This mutation
has been widely shown to overexpress anti-stress proteins, es-
pecially oxidative-stress proteins (7). Previous studies showed
that those anti-stress proteins can be induced in E. coli by in-
cubation in low concentrations of H,O, (7). Indeed, the bac-
tericidal effect of EIP-K plus H,0O, decreases when bacteria are
preincubated in 100 uM H,0, (Fig. 7). This is similar to the
0xyR(A233V) strain, which overproduces catalase, leading to
removal of H,0,, which is essential for the bactericidal effect of
EIP-K plus H,O,. It is still not clear whether the resistance of
this mutant is due to removal of H,O, or whether the mutant
also overexpresses other stress proteins that prevent DNA con-
densation. However, mutations of oxyR2 [oxyR(A233V), mis-
takenly called oxyR(A234V) in reference 8] could not be gen-
erated by H,O, treatment alone but could be generated only
through random mutagenesis (7, 8). Under our experimental
conditions, H,O, is not lethal, and the damage caused by stress
associated with H,O, is repaired through the bacterial oxida-
tive response. These observations suggest that EIP-K plus H,0,
produce a strong environmental stress response that causes the
bactericidal effect or is followed by triggering mutation in
genes mediating the global stress regulator oxyR. We hypothe-
size that the strong environmental stress is oxidative stress. Our
results show that temperature stress does not induce the same
response (Fig. 9), and thus, the response seems to be specific for
oxidative stress.

Mechanisms underlying the effects of escapin products on E.
coli. What are the molecular causes of EIP-K-plus-H,O,-medi-
ated DNA condensation? Although the concentration of H,0,
that we used under our conditions is not lethal to bacteria, the
cells may have experienced some degree of oxidative stress.
DNA is one target for oxidative stress, and cells have protective
mechanisms to ensure DNA fidelity. The most direct protective
factors are DNA-binding proteins. Under environmental
stress, DNA-binding proteins play important roles in modify-
ing supercoilicity to protect DNA. One DNA-binding protein,
Dps, is under OxyR regulation in exponential-phase cells that
experience oxidative stress, and Dps is also overexpressed in
the oxyR constitutive mutant, oxyR(A233V) (1). Dps self-ag-
gregates, sequesters DNA, and forms alarge DNA-Dps conden-
sate to protect cells from oxidative stress. Dps is thought to be
a cell cycle checkpoint. Binding of Dps and DnaA, the DNA
replication initiator, inhibits the unwinding step and thus in-
terferes with initiation of DNA replication (6). Another DNA-
binding protein, H-NS, when overproduced increases the bac-
tericidal activity and causes perfectly spherical DNA
condensation (29), as did treatment with EIP-K plus H,0O, in
our experiments. H-NS is a repressor of many genes and traps
RNA polymerase (10, 16), so when H-NS is overexpressed, it
represses metabolic pathways. The H-NS null mutant affects
chromosome partitioning and delays initiation of DNA repli-
cation (20). Thus, we hypothesized that Dps or H-NS mediates
the effect of EIP-K plus H,O, on DNA condensation. Our tests
of this hypothesis, either by using mutant E. coli strains (Adps
and Ahns) or by overexpressing Dps in the wild-type strain,
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showed neither Dps nor H-NS alone is necessary for EIP-K-
plus-H,0,-mediated DNA condensation (Fig. 8; see Fig. SI in
the supplemental material). Our expectation was that the strain
overexpressing Dps would be sensitive to EIP-K alone, since
the abundance of Dps would mimic the effect of H,O, and the
Adps mutant that lacked Dps would be resistant to the bacteri-
cidal and DNA condensation effects of EIP-K plus H,O,. Our
negative results may be due to the ability of Dps, N-HS, and
other DNA-binding proteins, such as histone-like proteins or
condensin-like proteins, to functionally substitute for each
other (33). Consequently, the function of either a Dps or an
H-NS null mutant might be substituted for by other DNA-
binding proteins.

Hydroxyl radicals may play an important role in the bacte-
ricidal activity of EIP-K plus H,O,. Ferrous ions are an
essential factor in the production of hydroxyl radicals from
hydrogen peroxide (3, 14, 15, 17, 23). We showed that 1,10-
phenanthroline, a membrane-permeable ferrous ion chelator,
prevents the bactericidal effect while EDTA at the same con-
centration does not (Fig. 10), demonstrating the specificity of
the membrane-permeable chelator for ferrous ion, and not just
any ferrous ion. Treatment with thiourea, a remover of hy-
droxyl radicals, inhibits the bactericidal effect significantly
though incompletely (Fig. 10), demonstrating that the effect
may be through hydroxyl radicals.

In conclusion, we propose the following model for the bac-
tericidal effect of EIP-K plus H,O,. EIP-K plus H,O, causes
bacterial DNA to condense into a tight spherical nucleoid. A
well-organized compacting mechanism, such as that mediated
by DNA-binding proteins, is responsible for this effect. This
DNA condensation is long lasting, which suggests it is due to
damage to DNA-unwinding mechanisms. Arresting the initia-
tion of DNA replication, preventing DNA segregation proper-
ties, and negatively affecting enzymes that resolve DNA-bind-
ing protein from DNA are possible reasons to keep DNA
condensed. Oxidative stress is well known to induce protection
by causing bacteria to overproduce anti-oxidative-stress pro-
teins, such as catalase and Dps (1, 7). DNA is a favorite target of
ROSs, and DNA condensation is a way to avoid attack from
ROSs. EIP-K may play a role in stabilizing the oxidative re-
sponse from H,O, and in inducing this long-lasting DNA con-
densation. In our model, we speculate that EIP-K may affect
ClpXP protease, which regulates Dps degradation (30), and
then maintain the self-aggregated form of Dps with DNA or
maintain Dps-DnaA binding and thus inhibit DNA replication
(6). However, we know very little of the effects of EIP-K, and
heat shock stress does not induce the same effects as H,O, when
combined with EIP-K. Also, since EIP-K and H,O, must be
present simultaneously to have their effect (22), we hypothe-
size that the unstable reaction products of H,0O, and EIP-K are
the active compounds in this bactericidal effect, and under-
standing the chemistry of this mixture is important.
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