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Summary. AtoS-AtoC two-component system acts directly on the
atoDAEB operon transcription to regulate the biosynthesis of short-chain
poly-(R)-3-hydroxybutyrate. This study sought to investigate the effect of
histamine and compound 48/80 on the regulation of AtoS—AtoC two-
component system in Escherichia coli K-12 MA255 (speC~, speB~) and
the isogenic E. coli strains BW25113 (atoSC") and BW28878 (AatoSC)
transformed with plasmids carrying related genes. Histamine or compound
48/80 induced or tended to reduce atoC transcription, respectively, while
neither compound showed any effect on atoDAEB operon transcription.
Moreover, histamine down-regulated poly-(R)-3-hydroxybutyrate biosyn-
thesis, whereas compound 48/80 up-regulated its biosynthesis, maximal
induction being obtained in the presence of multiple copies of AtoS—AtoC.
Interestingly, co-administration of histamine counteracted this inductive
effect of compound 48/80. The reported data provide the first evidence
for a differential modulator role of histamine and compound 48,/80 on the
AtoS—AtoC two-component system signaling in potentially pathogenic
bacteria, leading to a new perspective on their symbiotic behavior.

Keywords: AtoS—AtoC — Compound 48/80 — Escherichia coli — Hista-
mine — Poly-(R)-3-hydroxybutyrate — Two-component system

Abbreviations: aroSC", genetic locus encoding the AtoS, AtoC pro-
teins; Az, antizyme; C48/80, compound 48/80; cPHB, complexed poly-
(R)-3-hydroxybutyrate; E. coli, Escherichia coli; Gl, gastrointestinal; HI,
histamine; HK, histidine kinase; ODC, ornithine decarboxylase; PHB,
poly-(R)-3-hydroxybutyrate; RR, response regulator; SCFA, short-chain
fatty acid; TCS, two-component system

Introduction

Histamine (HI) is a biogenic amine derived from histidine
with multiple activities in inflammation, host defence
against bacterial infections, neurotransmission, gastroin-
testinal and circulatory functions and cell proliferation
(Novak and Falus, 1997; Hori et al., 2002; Akdis and

Blaser, 2003; Kakavas et al., 2006). In addition to its
well-established action though histaminergic receptors
(Akdis and Blaser, 2003; Kakavas et al., 2006), an in-
tracellular messenger role for HI with functional con-
sequences in physiological and pathophysiological
events has also been suggested (Novak and Falus, 1997).
Amongst others, naturally occurring polyamines have
been suggested to regulate mast cell secretion, while the
interconnection between HI and the basic polyamine com-
pound 48/80 (C48/80) in mast cell function has long
been established (Ennis et al., 1980; Katsu et al, 1985).

In prokaryotic cells, HI and polyamines are reported
as cellular components that enable pathogenic bacteria
to survive and to overcome host defence mechanisms
(Crosa and Walsh, 2002). In experimental peritonitis, HI
modulated the defence reactions of HI-deficient mice
against Escherichia coli infection (Hori et al., 2002).
Moreover, bacteria, including E. coli, promote the devel-
opment of the immune system in the gastrointestinal (GI)
tract (Guarner and Malagelada, 2003), where HI is a key
mediator and regulates gastric acid secretion and thus
adaptation of pathogens, like Helicobacter pylori, to their
microenvironment and to drug therapies often via two
component systems (TCS) (Guarner and Malagelada,
2003; Kakavas et al., 20006).

Polyamines appear to modulate cellular functions in
both prokaryotes and eukaryotes, at least though interac-
tion with nucleic acids and protein synthesis (Igarashi and
Kashiwagi, 2000), while their uptake and synthesis are
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negatively regulated by antizyme (Az), a polyamine-in-
ducible endogenous non-competitive protein inhibitor of
the rate-limiting biosynthetic enzyme ornithine decar-
boxylase (ODC) (Kyriakidis et al., 1978; Lioliou and
Kyriakidis, 2004). The cloning and sequencing of the
E. coli Az gene (Canellakis et al., 1993) disclosed unex-
pectedly that Az has a second function as the response
regulator (RR) of a TCS family (Hoch and Silhavy, 1993).
In particular, it was shown that Az is identical to the gene
product of atoC (Blattner et al., 1997) and therefore Az
is now referred to as AtoC, with dual function as a tran-
scriptional and post-translational regulator (Lioliou and
Kyriakidis, 2004).

Upon induction, this TCS activates the expression of the
atoDAEB operon (Lioliou and Kyriakidis, 2004; Lioliou
et al., 2005), encoding for proteins involved in short-chain
fatty acid (SCFA) catabolism (Jenkins and Nunn, 1987).
This is an essential function of the symbiotic GI flora that
digests unutilized energy substrates, like carbohydrates to
SCFAs in favor of their host (Guarner and Malagelada,
2003). The transcriptional activation of the atoDAEB oper-
on requires the phosphorylation of the AtoC RR by its
autophosphorylated partner AtoS, the membrane-bound
sensor histidine kinase (HK) of the TCS (Canellakis et al.,
1993; Lioliou et al., 2005; Grigoroudis et al., 2007). In
an ever changing microenvironment, cells maintain their
homeostasis, survival and proliferation by the adaptive
and protective cellular stress response (Tiligada et al.,
2002). Among the innumerable adaptive responses elicited
through TCSs in bacteria (Zhou et al., 2003), the regulation
of the complexed poly-(R)-3-hydroxybutyrate (cPHB) bio-
synthesis by the direct action of the AtoS—AtoC TCS on
the atoDAEB operon transcription has been demonstrated
recently (Theodorou et al., 2006, 2007). The abundantly
naturally occurring cPHB, is a ubiquitous constituent of
prokaryotic and eukaryotic cells with valuable physiologi-
cal functions, including amongst others its contribution in
Ca?" homeostasis (Reush et al., 1995).

The speculation that HI and polyamines may be involved
in interplay regulated at the level of gene expression or
metabolism remains largely elusive (Medina et al., 2003).
In contrast to polyamines, a potential interaction between
HI and nucleic acids has not received adequate attention.
Interestingly, the histaminergic H; receptor antagonist
chlorpheniramine, a 1,4 diamine, has been shown to bind
to nucleic acids and to affect protein synthesis and ODC
translation (Medina et al., 2003). Accordingly, the presence
of the imidazole ring and the hydrophobic backbone with
1,4 positive charges could allow HI to interact with nucleic
acids and proteins (Igarashi and Kashiwagi, 2000).

Consequently, this study aimed at investigating the ef-
fect of HI and the polyamine C48/80 on the signal trans-
duction of the AtoS—AtoC TCS and their contribution to
the regulation of cPHB biosynthesis by the AtoS—AtoC
TCS in E. coli. The reported data provide the first evi-
dence for a modulator role of HI and C48/80 on the
AtoS—AtoC TCS signaling in this microorganism, leading
to a new perspective on the symbiotic behavior of poten-
tially pathogenic bacteria.

Materials and methods

Bacterial strains and plasmids

E. coli K-12 strain MA255 [F~, thr~, leuB6(Am), fhuA2?, lacYl,
gInV44(AS)?, gal-6, )=, relAl?, CanR?-1, speB, speC, rpsL133(strR),
xVIA7, mtlA2, thi~] was obtained from the E. coli genetic stock Center,
Department of MCDB, Yale University, USA. E. coli K-12 BW25113
(atoSCT) [lacl" rrmB3  AlacZ4787 hsdR514  A(araBAD)567
A(rhaBAD)568 rph-1] (Haldimann and Wanner, 2001) and BW28878
(AatoSC) [lacl® rrmB3 AlacZ4787 hsdR514 A(araBAD)567 A
(rhaBAD)568 rph-1 A(atoSC)569] were a kind gift from Hirofumi Aiba
(Laboratory of Molecular Microbiology, School of Agriculture, Nagoya
University, Japan). All plasmids have been used as described previously
(Canellakis et al., 1993; Theodorou et al., 2006, 2007; Filippou et al., 2007).

Plasmids pUC-Az (Fig. 1A), containing the atoS, atoC genes and a part
of the atoDAEB operon (atoD, atoA, and two-thirds of atoE) and pCPC-
Az (Fig. 1C), containing the atoC gene and the same part of the atoDAEB
operon as pUC-Az, have been described previously (Canellakis et al.,
1993). Plasmids pUC-Az(AtoC™) (Fig. 1B) is a pUC-Az derivative that
does not express the AtoC protein due to the frame shift mutation intro-
duced at codon 28 (Theodorou et al., 2007).

Plasmid pCPGS5 (atoA-lacZ) carries a 1.2kb fragment [EcoRI (1761)-
Hincll (2943)] of plasmid pCPC-Az, containing the atoDAEB operon pro-
moter region, the atoD gene and a part of atoA gene (—419 to +1186bp
region) fused to the promoterless lacZ gene on pMLB1034 vector (Fig. 1D).
Plasmid pCPG6 (atoC-lacZ) carries a 1.337 kb fragment, containing a part
of atoS gene, the atoC promoter region and 187 bp downstream of +1 of
atoC gene (—1150 to 4187 bp region), fused to the promoterless lacZ gene
on pMLB1034 vector (Fig. 1E) (Filippou et al., 2007).

Growth conditions

E. coli were grown at 37°C through to the post-logarithmic phase of
growth, in M9 mineral medium, supplemented with 0.5% (w/v) glucose
as the carbon source and 0.1 mM CaCl,, 1 mM MgSO,, 1.7 x 1073 mM
FeSO,, 1pg/ml thiamine and 80 pg/ml DL-proline (for BW25113 and
BW28878 strains), or 50pug/ml DL-threonine (for MA255 strains).
Putrescine and spermidine were added in the culture medium of E. coli
MAZ255 at 0.05 mM (Theodorou et al., 2006; Filippou et al., 2007).

HI (Serva, Maryland, USA), at final concentrations of 0.5-5mM or
0.05-50 prg/ml C48/80 (Sigma Chem. Co, MO, USA) were added in the
cultures when Agg reached 0.2—0.3. Control cultures in the absence of any
agent were included in all experiments.

[B-Galactosidase assay

B-Galactosidase activity assays were performed following addition of HI
and/or C48/80 using the E. coli MA255 (speC~, speB™) and the isogenic
BW25113 (atoSC') and BW28878(AaroSC) strains, carrying plasmid
pCPGS or pCPG6 (Fig. 1), as described previously (Miller, 1992).
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Electrophoresis and immunoblotting

Culture aliquots of 1 ml were subjected to SDS-polyacrylamide gel electro-
phoresis using 10% (w/v) polyacrylamide gels containing 0.1% (w/v)
SDS. Gels were stained with either Coomassie Brilliant Blue R250 or silver
nitrate (Miller, 1992) and proteins were transferred to nitrocellulose mem-
branes and immunostained with rabbit polyclonal anti-AtoC, anti-AtoS
(Lioliou et al., 2005) and anti-ODC (Panagiotidis et al., 1994) antibodies.

Determination of cPHB

Culture samples were collected at specified time points and processed
for crotonic acid/cPHB determination. The quantification of cPHB
(Theodorou et al., 2006) was based on the acid-catalyzed B-elimination
of cPHB to crotonic acid, which was quantified by HPLC on an Aminex
HPX-87H ion exclusion organic acid analysis column (Bio-Rad) using a
Shimadzu (Tokyo, Japan) HPLC chromatography system. The cPHB con-

Bewwevewveedve— pCPG6(atoC-lacZ)

Fig. 1. Maps of the plasmids used in this
study. * Denotes part of the gene

tent was determined from the amount of crotonic acid using the estab-
lished conversion rate (Tagushi et al., 2001).

Results

Effect of HI and C48/80 on the transcription of the atoC
and atoDAEB operon genes

In E. coli MA255 mutant strain lacking the genes expres-
sing ODC (speC™) and agmatine ureohydrolase (speB™), HI
induced the expression of afoC, but did it not activate the
atoDAEB operon promoter (Fig. 2). Regarding the ability
of the reporter constructs to respond to HI in the isogenic
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Fig. 2. Effect of HI on the transcription of
the atoC gene and the atoDAEB operon. Ac-
tivation of atoC and atoDAEB promoters in
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Reporter constructs
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E. coli MA255 (speB~, speC~), BW25113
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E. coli strains BW25113 (atoSC'T) and BW28878
(AatoSC), a significant increase in atoC expression was ob-
served with 0.5 mM HI, yet no detectable modification was
observed at any other concentration of the amine (Fig. 2).

On the other hand, the synthetic polyamine C48/80
showed a tendency to suppress atoC expression but
it was unable to induce any significant alteration to
atoDAEB operon expression (Fig. 3).

The expression of AtoC and ODC proteins upon incu-
bation with either HI or C48/80 was confirmed by immu-
noassay in all cases (data not shown).

Modulation of cPHB biosynthesis by HI and C48/80 in E.
coli overproducing AtoS and AtoC

In E. coli BW25113 containing the pUC-Az plasmid, HI
addition did not affect growth (Fig. 4A), while the shift to
the right of the growth curve upon addition of C48/80
was indicative of an increase in the generation time
(Fig. 4B). In these cells containing multiple copies of
the AtoS—AtoC TCS, HI reduced cPHB levels (Fig. 5),
while incubation with 1pg/ml C48/80 resulted in
increases in cPHB levels (Fig. 5). Moreover, a 10-fold
increase in C48/80 concentration shifted the maximal
induction of cPHB biosynthesis at 8 h of growth (Fig. 5).

Effect of HI and C48/80 on cPHB biosynthesis in E. coli
possessing a functional AtoS—AtoC TCS

The deletion of the AfoS—-AroC genetic locus in AatoSC
cells resulted in decreased basal cPHB levels compared to
their aroSC™ counterparts (Fig. 6A). Further reduction of
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cPHB biosynthesis was observed following incubation
with 2mM HI (Fig. 6A). Moreover, upon HI addition,
the extrachromosomal introduction of multiple copies of
the AtoS—AtoC TCS by the pUC-Az plasmid in AaroSC
cells increased cPHB biosynthesis to levels similar to
those observed in the untransformed afoSC™" parent strain
(Fig. 6B). Finally, upon introduction of atoC or atoS alone
in AatoSC cells, cPHB biosynthesis in the presence of HI
remained at lower levels compared to the pUC-Az-trans-
formed cells (Fig. 6C).

On the other hand, 1 pg/ml C48/80 caused a slight en-
hancement of ¢cPHB amounts in atoSC* cells (Fig. 7A).
C48/80-mediated enhancement of cPHB biosynthesis was
more pronounced in aroSC™ cells transformed with pUC-
Az plasmid which overexpressed both components of the
TCS (Fig. 7B). In AatoSC E. coli, although the compound
was not able to complement the AatoSC phenotype and
retained the biopolymer amounts in even lower levels
(Fig. 7A), a C48/80-mediated induction was observed in
BW28878/pUC-Az cells (Fig. 7B). This phenotype was
similar to cPHB levels observed in azoSC™ cells, expressing
the endogenous copies of AtoS—AtoC TCS (Fig. 7A).
Furthermore, in pUC-Az(AtoC~) or pCPC-Az(AtoS™)-
transformed AaroSC cells cPHB biosynthesis in the pres-
ence of C48/80 increased compared to untransformed
cells, yet they failed to up-regulate the biopolymer biosyn-
thesis to the levels of AtoS—AtoC expressing cells (Fig. 7C).

HI counteracts the C48/80 effect on cPHB biosynthesis

In pUC-Az-transformed BW25113 cells, overexpressing
the AtoS—AtoC TCS, addition of 2 mM HI at 4, 8 or 4 and
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8h of growth resulted in reduced cPHB biosynthesis
(Fig. 8A). The inductive effect of 1pg/ml C48/80 on
cPHB biosynthesis was counteracted by the co-adminis-
tration of HI at any time point (Fig. 8B), the respective
cPHB levels being comparable to those observed upon
exposure to HI alone (Fig. 8A). Increased concentrations
of 10pg/ml C48/80 shifted the maximal increase of
cPHB levels from 12 to 8 h of growth (Fig. 8C). Co-ad-
ministration of HI at 4 or 8 h of growth partially antago-
nized the effect of this increased concentration of C48/80.
The amine circumvented the action of C48/80 on cPHB
biosynthesis when added at both 4 and 8h of growth
(Fig. 8C).

Discussion

The contribution of TCSs in bacterial pathogenicity
(Guarner and Malagelada, 2003) in combination to the
multiple activities of HI in the organism (Novak and
Falus, 1997; Crosa and Walsh, 2002; Hori et al., 2002;
Akdis and Blaser, 2003; Guarner and Malagelada, 2003;
Kakavas et al., 2006; Jules and Buchrieser, 2007) led this
investigation of the possible involvement of HI and
C438/80 on the AtoS—AtoC signal transduction pathway.

The effects of HI and C48/80 on atoC but not on
atoDAEB operon transcription was indicative of their se-
lectivity, in accordance to the recently reported differential
modulation of atoC transcription by structurally and func-
tionally related diamines (Filippou et al., 2007). In contrast
to the natural polyamines, the non-natural diaminopropane
has been reported to activate atoC transcription in vivo and
this activity was suggested to depend on the distance be-
tween the two amino groups (Filippou et al., 2007).

The indication that HI and C48/80 may elicit intracel-
lular actions through the AtoS—AtoC TCS pointed to the
investigation of the possible association of these agents
with cPHB biosynthesis, a downstream target of the
AtoS—AtoC TCS (Theodorou et al., 2006, 2007). HI elic-
ited an inhibitory effect on cPHB biosynthesis, irrespec-
tive of the expression or the number of AtoS—AtoC TCS
copies expressed in E. coli (Fig. 6). On the other hand,
C48/80 induced cPHB biosynthesis in E. coli, maximal
induction being observed in cultures overexpressing both
components of the AtoS—AtoC TCS (Fig. 7).

Interestingly, HI counteracted the actions of C48/80 on
cPHB biosynthesis, upon co-administration of the agents,
irrespective of the time of amine addition during bacterial
growth (Fig. 8). A competition between the AtoS—AtoC
inducers acetoacetate and spermidine has been reported
previously (Theodorou et al., 2007). However, despite the

fact that cPHB biosynthesis induction has been typically
attributed to the aftoDAEB transcriptional activation
(Theodorou et al., 2006) the mechanisms underlying the
circumvention of C48/80-mediated cPHB induction by
HI are far from clear.

It is worth noting that the effects of HI and C48/80 on
cPHB biosynthesis (Figs. 6, 7) were opposite to their
respective effects on atoC transcription (Figs. 2, 3).
Thus, the selective HI-induced activation of atoC but
not of atoDAEB operon, in combination with the inhibito-
ry effect on cPHB biosynthesis in E. coli points to multi-
ple effects of this biologically important amine (Lioliou
and Kyriakidis, 2004) in a symbiotic microorganism of
the GI flora (Guarner and Malagelada, 2003). Likewise,
the C48/80-mediated effects on aroC transcription and the
requirement of both TCS components for optimal cPHB
up-regulation in the presence of the polyamine argue for
additional mechanisms underlying the actions of the two
agents in AtoS—AtoC signaling (Lioliou and Kyriakidis,
2004). Given the physiological and pathophysiological
significance of HI (Novak and Falus, 1997; Hori et al.,
2002), the involvement of the RR of the AtoS—AtoC TCS
or ODC in a modulatory signal mediated by the biogenic
amine deserves careful consideration, without excluding
at present the contribution of additional regulatory path-
ways. Along this line of research, polycationic agents, like
C48/80, have been shown to disrupt membrane perme-
ability in E. coli and to increase Ca?t efflux (Katsu et al.,
1985).

The prominent role of HI in the host microenvironment
of many bacteria, including E. coli provide the lead for the
elucidation of yet unresolved implications of the reported
interaction of amines with the AtoS—AtoC TCS in human
physiology and pathophysiology.
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