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The hydroxypropionaldehyde (HPA) system is a natural defense system synthesized by the probiotic
bacterium Lactobacillus reuteri. To elucidate which of the molecules composing the HPA system
(3-hydroxypropionaldehyde (3-HPA), reuterin (HPA dimer), and HPA hydrate) is responsible for the potent
antimicrobial activity in biological systems, a combination of biochemical, genetic, and proteomic assays
was used. The HPA system reacts with sulfhydryl-containing compounds such as cysteine and reduced
glutathione (GSH) in solution. In situ, GSH knock-out Escherichia coli is significantly more susceptible to
HPA-mediated cell death than E. coli wild type; GSH supplementation protects either bacteria from HPA
attack. Proteomic analysis of HPA-treated bacteria (Haemophilus influenzae) revealed induction of redox-
and heat shock-related proteins. A new antimicrobial mechanism of HPA is proposed, whereby the activity
of HPA leads to depletion of free SH— groups in GSH and proteins through the action of 3-hydro-
xypropionaldehyde, causing an imbalance of the cellular redox status, ultimately resulting in cell death.
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INTRODUCTION

The antimicrobial activity of the hydroxypropionaldehyde
(HPA) system is directed against a wide range of organisms such
as Gram-positive and Gram-negative bacteria, against the yeast
Saccharomyces cerevisiae, and against the protozoan Trypanoso-
ma cruzi (I). Pathogens such as Listeria monocytogenes and
Escherichia coli O157:H7 in food are also inhibited (2). HPA
showed synergistic or additive effects on L. monocytogenes and
Staphylococcus aureus growth when used in combination with
other antimicrobial substances (3). HPA was also shown to be
effective in sanitizing biological tissues and for hemoglobin poly-
merization in blood substitute preparations (4, 5). Accordingly,
several authors have proposed the use of HPA as an antimicrobial
agent in food and pharmaceutical preparations [reviewed by
Vollenweider and Lacroix (6)]. 3-Hydroxypropionaldehyde
(3-HPA) is produced by a bacterial species, Lactobacillus reuteri,
that has been used as a probiotic for over two decades in a variety
of functional foods and healthcare products (7). The probiotic
activity of this strain, both in vitro and in vivo, is partly attributed
to its ability to produce HPA (8, 9). 3-HPA is produced from
glycerol with a coenzyme Bi,-dependent glycerol dehydratase
and further reduced to 1,3-propanediol (Figure 1) (6). Once in the
medium, 3-HPA undergoes a reversible dimerization and hydra-
tion, resulting in an active equilibrium (here referred to as
HPA, HPA system) between 3-HPA, HPA dimer (reuterin),
and HPA hydrate (Figure 1). The composition of HPA is
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Figure 1. Formation of 3-Hydroxypropionaldehyde (3-HPA), HPA hydrate,
HPA dimer, and 1,3-propanediol from glycerol and the compounds propanal
and acrolein. Enzyme 1: coenzyme B4o-dependent glycerol dehydratase;
enzyme 2, NADH-dependent 1,3-propanediol oxidoreductase.

pH- and temperature-dependent, forming mainly aldol dimers
and polymers, or hemicacetal dimers, acetal trimers, and
polymers in biological tissues at elevated temperatures (10,11).
The presence of the different HPA forms and derivatives makes
determination of the mechanism of action of an individual
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molecule very complicated, and the mode of action is not fully
understood.

The HPA dimer, also called “antibiotic reuterin”, was con-
sidered to be the antimicrobial compound, competing with its
D-ribose-like structure for ribonucleotides in the binding site of
ribonucleotide reductase, thus inhibiting DNA synthesis and
leading to cell death (7). The above hypothesis does not explain
the observed inhibition of thioredoxin, a protein participating
in cellular redox regulation (/, 72), and various authors have
referred to reuterin as the mixture of all three components. At a
concentration of 30 mM, where HPA acts as antimicrobial, the
HPA system is composed of HPA hydrate (69%), 3-HPA (27%),
and a minor percentage of HPA dimer (reuterin) as shown by
NMR analysis (/3). The hydrated and aldehyde forms are there-
fore most likely the active forms of HPA. Because HPA has
attracted attention from the food and pharma industries for its
potential use in the preservation of meat and milk products and in
the sterilization of biological material, the safe use of this com-
pound requires an understanding of its mode of action. In this
study we elucidated the mode of action of HPA, using indirect
methods.

EXPERIMENTAL METHODS

Reagents and Materials. Unless otherwise stated, chemicals were
purchased from Sigma-Aldrich. Acrolein was freshly distilled; NAD " was
prepared as a filter-sterilized stock solution (10 mg/mL) and stored at
=20 °C.

Production and Purification of 3-HPA. Biotechnological produc-
tion and purification of 3-HPA was done on site as previously des-
cribed (13).

Reaction of Aldehydes with Amino Acids. Individual stock solutions
(10 mM) of amino acids, GSH, and aldehydes were prepared in distilled
water. For reactivity tests, stock solutions were diluted to 2 mM with
potassium phosphate solution (0.12 M final concentration) at pH 4.4, 7.0,
or 8.9.

Unbound 3-HPA and acrolein were quantified using the colorimetric
method (Trp—HCI test) (13). Sulfhydryl groups (SH— groups) in cysteine
and GSH were determined using Ellman’s reagent (/4). Standards (0—
80 uM) of cysteine, cysteine—HCI, or reduced glutathione (GSH) were
prepared in potassium phosphate buffer (0—80 uM, 0.1 M, pH 7.0).
Samples were diluted to a concentration range of 0—80 uM in a total
volume of 990 uL with potassium phosphate buffer (0.1 M, pH 7.0). The
reaction was started with 10 4L of Ellman’s reagent [10 mg of
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) in 250 uL of dimethyl sulf-
oxide (DMSO)]. Absorption at 412 nm was read after 10 min of incubation
at room temperature (Uvikon 810 P, Kontron Instruments or Varian
UV—vis spectrophotometer, Cary Bio 1, Cary Inc.).

Toxicity of Aldehydes to E. coli. Bacterial Cultures. The E. coli
K-12 AB1157 wild type strain and its GSH deficient (gshA20::Tn10kan)
derivative JTG10 were obtained from the E. coli Genetic Stock Center
(Department of Molecular, Cellular, and Developmental Biology, Yale
University, New Haven, CT) (15, 16).

Stock cultures were prepared by incubating the bacteria overnightin LB
broth (Difco) at 37 °C. Kanamycin was added (50 ug/mL) to the medium
for the propagation of JTG10. Incubation was performed in Erlenmeyer
flasks with baffles in a temperature-controlled (37 °C) shaker (150 rpm/
min) to ensure adequate oxygenation. Stock cultures were prepared by
freezing cultures of E. coli AB1157 and JTG10 in a solution containing
20% (v/v) glycerol at —80 °C. Experimental cultures were prepared by
inoculating E. coli stock culture to 1% into LB broth. Cultures were
propagated for 15 h (overnight) under conditions similar to those des-
cribed above for the stock culture.

Incubation with Aldehydes. A 5 mL volume of an E. coli overnight
culture was added to 100 mL of fresh medium, incubated at 37 °C as
described for the stock culture, and grown to an ODggq of 0.6. Cells were
centrifuged for 10 min at 3000g and 10 °C and resuspended in 105 mL of
M09 salt solution (Difco). The ODgoy was adjusted to 0.5 with M9 salt
solution. Five milliliters of the cell suspension was added to 50 uL of
freshly prepared aldehyde at the desired concentration or to the M9 salt
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solution. Cell viability and SH— content were determined at = 0 and
after 60 min of incubation at room temperature. At least three independent
repetitions of this experiment were done with triplicate sampling.

Cell Viability. For viable cell enumeration of the JTG10 strain, samples
were diluted in M9 salt solution, and 10 uL was plated in duplicate on LB
agar containing kanamycin (50 ug/mL) and incubated for 24 h at 37 °C.
Viable cell numbers were determined as colony-forming units (CFU/mL).

Determination of free SH— groups. SH-groups in cysteine and GSH
were determined using Ellman’s test (/4). Standards in a concentration
range from 0 to 80 uM were prepared with cysteine, cysteine—HCI, or
reduced glutathione (GSH) in potassium phosphate buffer (0.1 M, pH
7.0). Samples were diluted with 990 uL of potassium phosphate buffer
(0.1 M, pH 7.0). The reaction was started with 10 4L of Ellman’s reagent
(DTNB) in 250 uL (DMSO). Absorption was read after 10 min of
incubation at room temperature at 412 nm. Cell suspensions (5 mL each,
prepared as described under Incubation with Aldehydes) were centrifuged
for 10 min at 6000g and 10 °C. The pellets were resuspended with a pipet,
avoiding oxygenation, in 300 uL of B-PER lysis buffer (Pierce). A volume
of 130 uL of this suspension was mixed with the same amount of 2.5%
(w/v) sulfosalicylic acid (SSA) for GSH determination or with M9 salt
solution for determination of total SH— content (/7). The suspensions
were incubated for 15 min at4 °C and centrifuged for 15 min at 10000g and
4 °C. The supernatant (150 uL) was transferred into 840 uL of potassium
phosphate buffer (0.15 M, pH 7.0), and 10 L of Ellman’s reagent was
added. The samples were mixed by inversion and incubated for 10 min at
room temperature. Absorption was read at 412 nm against the corre-
sponding blank, similar to the sample but lacking bacterial cells.

Aldehyde Toxicity on H. influenzae RDKW?20. The nonpathogenic
strain of H. influenzae (ATCC 51907) was obtained from the American
Type Culture Collection (Rockville, MD). Strain and culture preparation
was done as described (18). Cells were inoculated into MHY (Mueller—
Hinton broth, Merck, 38.0 g/L) supplemented for stock preparation, with
the addition of yeast extract (5.0 g/L), NAD" (15 mg/L), and hemin
(15 mg/L), grown to an ODsy5 of 0.3—0.4 and stored at —80 °C in 20%
glycerol. A volume of 25 mL of minimal medium (/9) was inoculated with
2 mL of stock culture and incubated overnight at 37 °C under shaking
(200—220 rpm). Overnight cultures were diluted with minimal medium to
an ODsos of 0.05 and grown to an ODsgs at 0.4. Five milliliters of these
cultures was transferred into 10 mL sterile round, screw-capped glass
cuvettes (WTW), and 50 uL of aldehyde stock solution was immediately
added to a final concentration of 0—10 mM. The cuvettes were incubated
in a shaking water bath (150 rpm) at 37 °C. Bacterial growth was moni-
tored by reading the optical density with a WTW photometer at 595 nm.

Proteomic Analysis. Proteomic analysis of H. influenzae was done as
previously described (20). Immobilized pH gradient (IPG) strips were
purchased from Amersham Pharmacia Biotechnology, acrylamide was
purchased from Serva, and the other reagents for the polyacrylamide gel
preparation were obtained from Bio-Rad (Hercules). Carrier ampholytes
(pH 3.5—10 “Resolyte”) were purchased from BDH Laboratory Supplies.
CHAPS, thiourea, and benzyldimethyl-n-hexadecylammonium chloride
(16-BAC) were from Sigma. Urea, dithioerythritol, and EDTA were
obtained from Merck.

Preparation of H. influenzae Cells for Metabolic Labeling. H. influen-
zae was grown in minimal medium with reduced methionine content
(0.6 uM) to an ODsg5 of 0.4 (19). The cultures were then transferred into
5 mL tubes, inhibitors were added, and incubation was continued in a
shaker at 150 rpm and 37 °C. Cells incubated in the absence of inhibitors
were used as a control. Aliquots (1 mL) were removed from the cultures
after 10 and 30 min of incubation, 0.7 MBq of L-[**S]-methionine
(Amersham Radiochemicals, GE Healthcare Europe GmbH) was added,
and incubation was continued for 2 min. Cells were then rapidly chilled on
ice, centrifuged, washed in PBS buffer, and resuspended directly in sample
buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris base,
65 mM 1,4-dithioerythritol, and 2% carrier ampholytes. The extracts were
centrifuged at 100000g, and the supernatant was recovered. The amount of
radioactivity incorporated in the supernatant was determined in a model
2500 TR liquid scintillation counter (Packard Instrument Co.).

Two-Dimensional (2-D) Electrophoresis. The 2-D gel electrophoresis
was performed as reported (27). Aliquots containing 4 x 10° cpm of
radioactivity were applied on IPG strips at the basic end of the strips.
Isoelectric focusing was initiated at 200 V, and the voltage was gradually
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increased to 5000 V over 8 h and kept at 5000 V for a further 12 h.
Separation into the second dimension was performed on 1 mm thick 12%
polyacrylamide gels. After electrophoresis, gels were dried on 3MM What-
man filter paper and exposed to Phosphorlmager screens (Molecular
Dynamics, Sunnyvale, CA). Images were analyzed with PDQuest software
(Bio-Rad).

Two-dimensional gels were matched and data stored in an Oracle
database. Parallel gels (one sample per time point and concentration with
the corresponding control) were run with the same batch of strips, the same
isoelectric focusing run, the same batch of SDS-PAGE gels, and the same
SDS-PAGE run. Three pairs of gels obtained under identical conditions
were generated for each inhibitor, concentration, and incubation time. The
spot intensities were normalized such that the sum of all spot intensities
was equal for all gels. Spot intensity data were exported to Microsoft
Excel. Means of spot intensities and the p values (paired ¢ test) from all
three gels were calculated. Gels were matched with a reference gel to
determine spot identities (/8,20). Representative 2-D images of the soluble
protein fraction analyzed on pH 3—10 IPG strips are shown in the
Supporting Information (Figure S1). Approximately 1100 spots were
counted with PDQuest software. The reproducibility of separation was
high, although some variations were observed, mainly in the acidic, high
molecular mass region.

Statistics. All average results are presented as mean + SE. ANOVA
was performed using the general linear model of SPSS 16.0. Significant
differences between treatments were determined using the LSD multiple-
comparison test, with a significance level of <0.05. For the proteomic
analysis the paired 7 test (Excel, 2003) was used.

RESULTS AND DISCUSSION

In this study, the chemical reactivity of HPA was studied in
vitro using simple amino acid based molecules. These results were
validated in a biological system, using bacterial cells (E. coli) con-
taining defined metabolic mutations. Comparison of protein
expression patterns of HPA—treated and control H. influenzae
provided important new insights into the metabolic response of
bacteria to HPA treatment. Together, the results led to the hypo-
thesis that 3-HPA is the active compound.

The chemical reactivities of the HPA hydrate and HPA dimer
are expected to be low because of their trihydroxy respectively
ribose-like structure. In contrast, the chemical reactivity of 3-HPA,
containing both a hydroxyl and an aldehyde functional group,
is expected to be higher (22—25). Aldehydes can react with
DNA, amino, sulfthydryl (SH— groups), or hydroxyl groups
(OH groups).

Chemical Reactivity of HPA with Amino Acid Based Molecules.
The HPA binding to individual amino acids was tested to better
understand the mechanism of protein binding and enzyme inhi-
bition. Unbound HPA was quantified after 1.25 h of incubation
with equimolar amounts (2 mM) of HPA with neutral (G, A, S, V,
L, I), basic (R, K, H), aromatic (F), heterocyclic (W), or sulfur-
containing (M, C, C—HCI) amino acids at defined pH using the
Trp—HCI test. HPA concentrations were not significantly differ-
ent in controls (no amino acid) and samples with neutral, basic, or
aromatic amino acids (results not shown). In contrast, a strong
and pH-dependent decrease of unbound HPA was observed after
incubation with cysteine—HCI and cysteine, both of which con-
tain a free sulfhydryl group. The results showed a higher reactivity
of free cysteine than of cysteine—HCI, reflecting the higher stability
of cysteine—HCI. HPA did not react with methionine (M) contain-
ing a protected SH— group. A small but significant binding of HPA
to tryptophan (W) and histidine (H) was observed at all pH values
(4.4, 7.0, 8.9) (results not shown).

To validate the above results obtained by measuring free HPA,
additionally SH— groups were measured (see Figures 2 and 3).
Reduced glutathione, a tripeptide containing one SH— group
(y-glutamyl-cysteinyl-glycine, GSH), was also tested. Concen-
trations of SH— groups (Ellman) and HPA (Trp—HCI) showed
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Figure 2. Reactivity of HPA with cysteine—HCI (C—yg), cysteine (C),
and reduced glutathione (GSH). Equimolar amounts (2 mM) of HPA and
cysteine or GSH were incubated in water or buffer. After 1.25 h, the amount
of free 3-HPA or SH— groups was determined (mean of n=3—14, + SD).
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Figure 3. Reactivity of propanal, HPA, and acrolein with cysteine and reduced
glutathione (GSH). Equimolar amounts (2 mM) of aldehydes and cystei-
ne—HCI (C—ygy), cysteine (C), or GSH were incubated in water or buffer.
Atter 1.25 h, the amount of free sulfhydryl groups was determined. Univariate
analysis of variance was performed using the Tukey HSD as post hoc test.

no significant differences in the control. The amount of HPA and
SH— groups of cysteine measured by either test gave identical
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results (p > 0.05). HPA was bound to GSH, albeit to a lesser
extent than to cysteine, even though cysteine and GSH have
similar reduction potentials (—0.25 and —0.264 mV, respectively)
and pK, values for protonation of the thiol group (8.3 and 8.6,
respectively). However, the reaction of the a-amino group of
cysteine with glutamate and the addition of glycine to the
C-terminus reduce the metal-catalyzed thiol oxidation of cysteine
in GSH. Therefore, the reactivity of cysteine is higher than GSH
reactivity.

In Vitro Reactivity of Propanal, HPA, and Acrolein with Cysteine
and GSH. Reactivity of HPA was compared to that of other
aldehydes. Two closely related 3-carbon aldehydes were chosen:
propanal, a simple n-alkanal, and acrolein, an o,-unsaturated
aldehyde.

Figure 3 shows the amount of free SH— groups after the
reaction of the aldehydes with C, C—HCI, and GSH at different
pH values. The concentration of free SH— groups without
aldehyde addition (control) was not significantly affected by
pH. Aldehyde addition decreased the concentration of free
SH— groups in a pH- and aldehyde-dependent manner. Propanal
resulted in a small but significant decrease of free SH— groups
after incubation with C and C—HCI for all tested pH values,
except at pH 4.4 with C, and showed no significant reactivity with
GSH. HPA showed a strong and pH-dependent reactivity with C
and C—HCI, but no significant reactivity with GSH. Acrolein
reacted strongly with all SH-containing molecules, leaving <25%
free SH— groups (except GSH, pH 4.4, 35%)).

HPA Inhibition of Microbial Growth and Influence on Intracel-
lular GSH Concentration. In vivo, GSH can be maintained in
millimolar concentrations and has a function as a redox buffer.
E. coli K12 (AB1157) wild type (wt) was chosen for this study,
especially because the intracellular GSH concentration is well-
known and has been monitored after treatment with various toxic
molecules including H,O, (15), acrolein (26), and chlorine (27).
Studies in our laboratory showed that the minimal inhibition
concentration (MIC) for E. coliis between 7.5 and 15 mM HPA.
The MIC for lactobacilli was in the range of 15—40 mM and that
for L. reuteriin the range of 30—50 mM (28). We chose short-term
incubations with concentrations of propanal and HPA as high as
15 mM in this study to prevent an adaptive metabolic response to
aldehydes and because this is the MIC for these bacteria (28). The
toxic effect of acrolein was too strong at 15 mM concentration
and was decreased to 0.5 mM, resulting in an equal toxicity as
HPA (15 mM). The viability of E. coli was not decreased by
different pH values in the solvent alone (M9 salt solution, control,
Figure 4). Addition of HPA and acrolein decreased cell viability
with increasing pH, with no toxicity at pH 5 and maximal viability
losses of log 3.5 and log 4.5, respectively, after 60 min of
incubation at pH 8.9. These data are consistent with the in vitro
tests.

A pH of 7.4, nearest the cytoplasmic pH of E. coli (29), was
chosen for further experiments. The potential role of GSH in the
detoxification of HPA, propanal, and acrolein was tested by
adding or not adding external GSH to bacterial cultures of wild
type E. coli (AB1157) or a mutated E. coli with a deletion in the
gene encoding the GSH formation (JTG10) (Figure 5). No loss of
bacterial viability was observed after incubation in M9 salt
solution (control) and propanal with or without exogenously
added GSH (15 mM) (p > 0.05). HPA and acrolein showed a
higher toxicity for JTG10 mutant than for the parent wild type
strain AB1157. GSH addition (15 mM) completely restored cell
viability. Quantification of intracellular SH— groups was done in
the following experiments to investigate whether HPA and acro-
lein altered the content of bacterial sulfhydryl groups (SH—
groups) in vivo. SH— group containing molecules that are not
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Figure 4. Toxicity of 3-carbon aldehydes to E. coliwild type (AB1157) at
different pH values. E. coli in the exponential growth phase was resus-
pended in M9 salts alone or in M9 salts containing propanal (15 mM), HPA
(15 mM), or acrolein (0.5 mM). After 0 and 60 min of incubation at room
temperature, cell viability was determined (mean of n = 3—4). Univariate
analysis of variance was performed using the Tukey HSD as post hoc test.
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Figure 5. Toxicity of 3-carbon aldehydes to E. coli (AB1157) and E. coli
lacking GSH (JTG10) at pH 7.4. Treatment was as described in Figure 4.

precipitated with trichloroacetic acid (TCA) can be attributed to
GSH (the most abundant soluble, low molecular weight SH com-
pound), whereas TCA-precipitated SH— groups can be attrib-
uted to protein-linked SH— groups (17).

Intracellular GSH concentration in wild type E. coli incubated
with M9 salt solution was about 5-fold higher (Figure 6) than in
the mutant E. coli (10.43 & 2.68 vs 2.06 = 0.53 umol of GSH/10'?
cells) and is in agreement with reported data (27). The amount of
GSH in the wild type strain AB1157 did not significantly change
after treatment with propanal. In contrast, HPA and acrolein
significantly reduced the intracellular GSH level in ABI157
immediately after aldehyde addition, depleting almost all intra-
cellular GSH after 60 min. When GSH (15 mM) was added to the
medium, the intracellular GSH level in AB1157 cells increased
immediately after aldehyde treatment on average about 6-fold
(62.5 4 22.2 umol of GSH/10'? cells), and after 60 min approxi-
mately 9-fold (89.6 £ 25.6 umol of GSH/10'? cells). No significant
differences were observed for the three aldehydes.

In the JTG10 strain, HPA and acrolein treatment significantly
decreased the GSH levels after 60 min compared to the control.
When GSH (15 mM) was added to the medium, the intracellular
GSH level in JTG10 cells increased to values nearly as high as for
the wild type.

Depletion of GSH has a negative influence on the redox status
of proteins and the amount of unprotected protein-bound SH—
groups (PSH— groups) after aldehyde treatment. PSH— groups
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Figure 6. Intracellular GSH content of E. coli after treatment of 3-carbon
aldehydes with or without the presence of external GSH. E. coli (AB1157)
and mutant, lacking GSH (JTG10), in the exponential growth phase were
resuspended in M9, pH 7.4, salts alone or in M9 salts containing propanal
(15 mM), HPA (15 mM), or acrolein (0.5 mM) with or without supplementa-
tion of GSH (15 mM). After 0 and 60 min of incubation at room temperature,
intracellular GSH content was determined (mean of n = 3).

25

AB1157 JTG10 —O— M9salts pH 7.4
20 —&— Propanal
—&— HPA
15 —&— Acrolein
10 % i ,
A Py —e
51 - : g\.
AB1157 + GSH JTG10 + GSH

'y
wm

pmol GSH/ 1012 cells
= b3

o o

0 time (minutes) 60 0 time (minutes) 60

Figure 7. Protein-bound SH— content of E. coli after treatment of
3-carbon aldehydes with or without external GSH addition. Treatment
was as described in Figure 6. After 0 and 60 min of incubation at room tem-
perature, intracellular protein-bound SH— content was determined (mean
of n=3).

in E. coli in M9 salt solution were significantly lower in JTG10
(GSH-deficient) than in the AB1157 (wild type) strain (6.73 £
0.55 vs 10.23 £ 2.01 umol of PSH/10'?) (Figure 7).

The amount of PSH— groups in AB1157 cells decreased
significantly after 60 min for the control (M9 salts, 30%) and
aldehyde treatments (60%). In JTG10, the initial level of PSH—
groups tested was lower than in the AB1157. After 60 min, the
PSH— content of cells incubated with M9 salts or propanal showed
no further decrease, in contrast to cells incubated with either HPA
or acrolein (which were not significantly different from each other).
When GSH was added, neither AB1157 nor JTG10 showed
significant decreases in intracellular PSH— groups (Table 1).

The treatment of E. coli AB1157 and JTG10 with HPA or
acrolein significantly decreased PSH— levels after 60 min in both
strains. Exogenous GSH addition prevented this decrease in the
AB1157 strain and even significantly increased PSH— over the
control level in JTG10 (6.73 + 0.55 umol of PSH/10'? cells).

In Vivo Inhibition of H. influenzae. The mechanism of HPA
toxicity was further elucidated by analyzing HPA-induced meta-
bolic changes in a living model system. We chose H. influenzae as
our model system, because the protein map of this organism has
been fully described (20). Dose-dependent toxicity of propanal
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Table 1. Amount of Exposed Protein-Bound SH— Groups (PSH— Groups,
Micromoles of PSH/10'2 Cells)?

min AB1157 AB1157 GSH JTG10 JTG10 GSH
0 756+257a 10.96+3.72¢ 5.33+0.61d 8.23+2.15f
60 2.86+1.20b 9.51+1.91¢ 2.39+0.86e 7.99 £2.44f

@Values are the average of HPA and acrolein treatments. Data are presented as
means of 6—10 replicates. The same letters indicate no significant difference.

and HPA on growth was determined to identify the optimal
concentration for metabolic analysis (Figure 8).

Propanal showed no growth inhibition at 0.1, 0.5, or 1.0 mM
and minor but significant growth inhibition after 120 min for 5
and 10 mM; HPA, in contrast, significantly inhibited growth in a
dose-dependent manner at concentrations of 0.5—10 mM. For 5
and 10 mM HPA, all growth was already stopped after 20 min of
incubation.

Protein Expression Profile in Response to HPA and Propanal.
For proteomic studies H. influenzae cells were incubated in
minimal medium without (control) or with the presence of
propanal or HPA (1 mM). After 10 and 30 min, proteins were
labeled with L-[**S]-methionine. Extracted, soluble proteins were
then separated by 2-D gel electrophoresis (Figure S1, Supporting
Information). The expression of 570 proteins was analyzed.
Proteins showing a significant (p < 0.05) difference in expression
to the control (paired ¢ test) were selected for further analysis.
About 65% of these proteins could be identified by mass
spectrum analysis and subsequent comparison with the databank,
resulting for the propanal treatment in 29 proteins (10 min) and
37 proteins (30 min) and for HPA treatment in 37 proteins
(10 min) and 47 proteins (30 min). After 10 and 30 min of pro-
panal treatment, 31 and 22% proteins changed expression, res-
pectively, whereas HPA treatment changed the expression of 69
and 85% proteins after 10 and 30 min, respectively.

Protein induction was at a level of 24% after 10 min for
propanal and HPA. After 30 min, the number of induced proteins
dropped to 5 and 19%, respectively (Figure 9A). In contrast,
Protein repression after 10 min was at a level of 7 or 45% for
propanal or HPA, respectively. After 30 min, even more proteins
were repressed, with 16 and 66%, respectively (Figure 9A).

Propanal had little effect on protein expression, as shown by
the small mean induction and repression (Figure 9B). HPA, in
contrast, showed a higher mean induction, with maximal values
of 234.4 and 160.0, respectively, after 10 and 30 min. The mean
repression was smaller and comparable for both time points with
maximal values of 19.0 and 25.8. The proteins repressed by HPA
treatment were mainly housekeeping proteins from different
pathways (amino acids, fatty acids, purines, energy, translation,
transport). Proteins increased after 10 min of HPA treatment
either are involved in the redox status of the cell (GSH reductase,
gor; peroxidoxin, tagD), are stress-related proteins (groES, surA),
or reinforce the cell envelope (ADP-L-glycero-pD-mannoheptose-6-
epimerase, rfaD). After 30 min, in addition to the housekeeping
proteins, proteins from energy metabolism pathways were re-
pressed, whereas four heat shock-related proteins (groES, grpE,
hsIV, htrA) were induced. A detailed list of the expression profiles
is presented in the Supporting Information.

Reactivity of 3-HPA, HPA Hydrate, HPA Dimer, Propanal, and
Acrolein. 3-HPA was shown to react with sulfthydryl (SH—)
groups present in the amino acid cysteine, in reduced glutathione
(GSH), and in proteins. 3-HPA, as a bifunctional compound
containing a hydroxyl and a carbonyl group, showed intermedi-
ate reactivity compared to propanal and acrolein. Propanal, a
simple alkanal, showed low reactivity with SH— groups, and the
highly electrophilic, a,f-unsaturated acrolein showed a high
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Figure 8. Growthinhibition of H. influenzae after treatment with propanal or HPA. H. influenzae was grown to an ODsgs of 0.430 in a minimal medium, and then
propanal (0—10 mM) or HPA (0—10 mM) was added and the ODsg5 was followed. Different letters (a—c) indicate significant differences (mean of six
independent experiments with n = 3). Univariate analysis of variance was performed using the Tukey HSD as post hoc test.
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Figure 9. Protein expression of Haemophilus influenzae: (A) number of
proteins (%) induced or repressed after treatment; (B) mean induction or
repression after treatment (with maximal values). H. influenzae was grown
to an ODsgs of 0.430 in @ minimal medium, with propanal (solid) or HPA
(shaded) addition (1 mM final concentration). Proteins were extracted after
10 (white) and 30 (grey) min, and their expression was compared to the
control (minimal medium).

reactivity as already found by other researchers (30 —34). Physi-
cally, the differences in reactivity can be explained by comparison
of the '3C and/or {'"H} NMR data for propanal, acrolein (35),
and HPA (/3). The NMR studies of these three aldehydes revealed
important differences in the shifts (in ppm) of their carbon atoms
[CI (aldehyde), C2, C3]. The aldehydes have a higher electrone-
gativity (2200 ppm) in C1 than the HPA hydrate (88.6, 39.3, 57.7
ppm) and the HPA dimer (97.5, 32.1, 65.0, 94.5, 36.4, 56.8 ppm),
although the latter is not directly comparable as it possesses six
carbon atoms (Figure 1), making the HPA aldehyde probable to be
the active ingredient of the HPA system (/3). The differences in the
reactivity of these aldehydes can be seen in C2 and C3: propanal
(203.21, 37.28, 6.04 ppm), acrolein (194.44, 138.53, 137.96 ppm),
3-HPA (203.3, 43.1, 60.4 ppm). The reactivity of C2 in acrolein is
due to the a,f-unsaturated double bond. Comparison of the C3
carbon atoms reveals also important differences, explaining the
differences in reactivity between the molecules. Higher shifts (ppm)
are correlated with lower electron density, indicating that the
molecule became more electrophilic, resulting in a higher reactivity

with nucleophilic molecules such as SH— groups. The differences
are also reflected by the relative toxicity of these molecules.
Acrolein is highly toxic [oral lethal dose (LDs) for rats < 0.046
g/kg] due to the presence of an aldehyde group combined with a
double bound (C2—C3, o.f-unsaturated aldehyde), reacting
mainly with lysine and sulfhydryl groups (36). Propanal does not
contain a double bound and is far less reactive and therefore less
toxic (oral LDs for rats = 1.4 g/kg) (37). Ribose, the HPA dimer
related compound, is not toxic. Following the rules of the struc-
ture—activity relationship of molecules (36), the above facts lead us
to the conclusion that 3-HPA is the active ingredient in the HPA
system.

Further proof for this was found in the chemical reactivity of
HPA with cysteine and GSH, which is increased when the SH—
group becomes more negative with increasing pH (pH 7.0 or
8.9) (37). This indicates that the aldehyde (3-HPA) is the reactive
molecule in the HPA system, forming adducts with accessible
SH— groups in proteins, leading to their inhibition. This hypoth-
esis explains also the observed inhibition of thioredoxin and
ribonucleotide reductase, both enzymes with SH— groups parti-
cipating in their catalytic activities (38 —40). Our in vivo data from
experiments with E. coli support this hypothesis. HPA induces a
depletion of GSH in E. coli followed by an attack on protein-
linked SH— groups, ultimately leading to cell death. Exogenous
GSH addition increased intracellular GSH concentrations up to
9-fold (except for the acrolein-treated mutant, with which no
GSH increase could be observed) and prevented alteration of
protein thiols in all treatments, thus rescuing the bacteria.

The proteomic approach showed the first insights into the
intracellular response of the model bacterium H. influenzae to
subtoxic concentrations of propanal and HPA. After incubation
of cells with the aldehydes, proteins were extracted and identified
by sequence matching with the database (20). Analysis of pro-
tein expression profiles after propanal treatment (1 mM) re-
vealed only minor changes of a few housekeeping proteins (see
Supporting Information).

HPA treatment in contrast significantly altered the expression
of several proteins, with more proteins repressed than induced,
although the expression levels of induced proteins underwent
more change than repressed proteins. Repressed proteins could be
assigned to enzymes involved in the synthesis and processing of
DNA, RNA, and proteins, the major metabolic pathways (house-
keeping proteins), or to energy metabolism. Specifically, proteins
showing increased expression after 10 min of HPA treatment were
involved in the redox status of the cell. These include glutathione
reductase (gor, 3.4-fold induced), which was also observed in
E. coli treated with acrolein (26), and in vitro (bovine GSH
reductase) by acrolein, crotonaldehyde, and cinnamaldehyde (38).
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Thioredoxin-linked peroxidase activity (tagD, also tpx, 4.8-fold
induced) or is an enzyme with a conserved cysteine, using thior-
edoxin to reduce peroxides and protect enzymes (39). Similarly,
HI0719 (19.7-fold induced) is involved in the binding of o-keto
acids or a,[-unsaturated acids and was suggested to be involved in
the isoleucine biosynthetic pathway (40). Other proteins involved
in cell survival that were also found to be induced include surA
(1.1-fold induced) and groES (9.7-fold induced), both of which
ensure correct protein folding (39,47), as well as rfaD (also known
as htrM; 234.41-fold induced), which has a role in cell envelope
synthesis and the protection of outer membrane proteins during
folding (42). Interestingly, the latter protein is induced by heat
shock proteins. Prolonged treatment of the cells with HPA (30 min
total) resulted in the induction of other heat shock induced
proteins, including grpE, preventing the aggregation of stress-
denatured proteins in association with DnaK (39) or participating
in stabilizing mRNAs (43), as well as hsI'V and htrA, two proteases
involved in degradation of abnormal proteins (44, 45).

Recently, authors reported the expression of genes within the
OxyR regulon of E. coli after HPA treatment (46). E. coli mutated
in oxyR was more susceptible for HPA treatment, and cysteine-
supplemented E. coli or Clostridium difficile was more resistant
to HPA treatment. The results found by these authors that
HPA induces oxidative stress and modifies cellular thiol groups
correspond to our findings.

The involvement of SH— groups explaining the inhibitory
mechanism of HPA on both ribonucleotide reductase and thior-
edoxin was already considered by Sjoberg (1, 47). Both enzymes
are indeed tightly involved in the SH— redox reactions of the cell,
having unprotected SH— groups in their active center, and their
reactivity is directly dependent on the availability of redox
molecules (48—50). Ribonucleotide reductases are especially
vulnerable because they require a protein radical for acti-
vity (57, 52). Another target might be coenzyme B;,-dependent
glycerol dehydratase. This enzyme is inhibited during the bio-
conversion of glycerol to 3-HPA by substrate analogues (53), but
it uses a radical mechanism for activity and might therefore be
inhibited by the aldehyde 3-HPA.

Our data provide important new insights into the mechanism
of the HPA activity. We could pinpoint the antimicrobial active
form through a novel approach. We demonstrated that the
aldehyde, 3-HPA, is responsible for the antimicrobial activity.
After treatment with a HPA mixture, the cell orchestrates an
antioxidant defensive response against the action of HPA, by
increasing the expression of enzymes regenerating the redox
system. Depending on 3-HPA concentration, GSH depletion
leads to loss of protein-bound SH— groups. Then the cell res-
ponds by inducing repair proteins, preventing aggregation of
proteins and helping to refold denatured proteins, especially to
reinforce the outer membrane. In addition, misfolded proteins are
degraded. Ultimately, however, this response will be insufficient
for cells to survive continued stress. Our data are supported by the
recently published work of Schaefer et al. (46).

The use of HPA as an antimicrobial in the food industry has
therefore to be considered carefully in each case, as the increased
reactivity of the aldehyde and formation of acrolein at elevated
temperatures could affect the taste and safety of the products. The
ability to control HPA activity by means of pH and temperature
opens new prospects for the use of HPA in pharmaceutical and
medical applications, in which a “low reactive” precursor could
be highly desirable. 3-HPA could be used alone or in combination
with other treatments to inhibit pathogenic bacteria or fungi in
humans, animals, or plants or proliferating cells. Tests on the
inhibition of individual enzyme activities are under way to further
elucidate the reactivity of HPA with proteins.
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