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Abstract

Efflux pumps belonging to the resistance-nodulation-division (RND)
superfamily in bacteria are involved in antibiotic resistance and solvent
tolerance but have an unknown physiological role. EmhABC, a RND-type
efflux pump in the hydrocarbon-degrading bacterium Pseudomonas
fluorescens LP6a, extrudes hydrophobic antibiotics, dyes and polycyclic
aromatic hydrocarbons (PAHS) including phenanthrene and anthracene
but not naphthalene. Because PAH substrates of EmhABC are also
carbon sources for LP6a, the authentic physiological role of this pump in
LP6a was determined. The effects of physico-chemical factors such as
temperature or antibiotics on the activity and expression of EmhABC were
examined in order to deduce its authentic role(s) in LP6a. Based on
expression studies, efflux assays and membrane fatty acid analysis,
induction of EmhABC expression by physico-chemical factors is linked to
modulation of membrane fatty acids. Physico-chemical factors such as
variation in incubation temperature, pH and increased Mg?* concentration
induced the expression of EmMhABC, whereas pump substrates such as
phenanthrene and chloramphenicol did not. The active efflux of
phenanthrene decreased the efficiency of phenanthrene degradation by
LP6a but the presence of EmMhABC was important for efficient degradation
of naphthalene. This suggests that the activity of EmhABC in LP6a has
implications for bioremediation and biocatalytic transformation of PAHs

and heterocycles. The deleterious effect of an antibiotic or other



compound on cell membrane integrity and fatty acid composition may be
the signal that initiates the induction of the EmhABC efflux pump, and
inducers of bacterial efflux pumps may include environmental factors
rather than the substrates per se. For effective treatment of bacterial
infections, the factors affecting a bacterial pathogen in its environment and
the effect of the antibiotic on the membrane should be considered. These
observations suggest that the EmhABC efflux pump may be involved in
the management of membrane stress. Efflux of fatty acids replaced as a
result of membrane damage or phospholipid turnover may be the
authentic physiological role of the EmhABC efflux pump in P. fluorescens

LP6a.
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1. Introduction

Efflux pumps of the resistance-nodulation-division (RND)
superfamily are major determinants of antibiotic resistance and virulence
(Kumar and Schweizer 2005; Martinez et al. 2009) but may have other
unidentified functions that may be associated with the environment.
Identification and the characterization of the RND-type efflux pump
EmhABC in Pseudomonas fluorescens LP6a revealed that polycyclic
aromatic hydrocarbons (PAHS) are substrates of the pump as well as
hydrophobic antimicrobials (Bugg et al. 2000; Hearn et al. 2003). Unlike
other substrates of RND efflux pumps, PAHs have no known deleterious
effects on P. fluorescens (Bugg et al. 2000; Hearn et al. 2003), so efflux of
PAH compounds that can be utilized as sole source of carbon and energy
was unexpected (Bugg et al. 2000; Foght and Westlake 1996). The
atypical trend of effluxing a usable carbon substrate discovered in P.
fluorescens LP6a (Bugg et al. 2000; Hearn et al. 2003) raised my interest
to do a follow up study to determine the “authentic” physiological role of
the EmhABC efflux pump in this strain. Here “authentic substrate(s)” is
defined as naturally occurring compounds present in the natural
environment, or compounds produced by or components of bacterial
species expressing RND efflux pumps, in contrast to anthropogenic

substrates such as semisynthetic or synthetic antimicrobials.



1.1.History of bacterial efflux pumps

In 1976, the first example of an efflux pump was discovered
(Juliano and Ling 1976; Kartner et al. 1983). The P-glycoprotein,
discovered in mammalian tumour cells, is responsible for the efflux and
resistance to anti-tumour drugs (Juliano and Ling 1976; Kartner et al.
1983). Shortly after the discovery of the P-glycoprotein, the tetracycline
efflux pump was found in Escherichia coli in the late 1970’s (Ball et al.
1980; Levy and McMurry 1978; McMurry et al. 1980). The tetracycline
efflux pump is plasmid-encoded and was assumed to be acquired from
tetracycline-producing species by horizontal gene transfer (Davies 1994;
Pang et al. 1994). This assumption was disproven by evidence gathered
from subsequent study of efflux pumps in bacteria and archaea (George
and Levy 1983a; Paulsen et al. 2001). Efflux pumps genes are not
exclusively plasmid-encoded, nor specific for a single antibiotic nor are
they present only in antibiotic-producers (George and Levy 1983a, b).
Indeed, genes encoding most efflux pumps described to date are located
on the chromosome (Hearn et al. 2003; Paulsen et al. 2001). Screening of
available bacterial genome sequences revealed that efflux pumps
comprise 6-18% of all transporters found in bacteria (Kumar and
Schweizer 2005; Martinez et al. 2009; Paulsen et al. 1998), which in

essence highlights their importance to bacterial cells.



1.1.1. Bacterial efflux pump classes

Bacterial efflux pumps are grouped into five classes based on their
energy source, the number of protein components (single or multiple), the
number of transmembrane segments (TMS) and the substrates
transported (Piddock 2006). The five classes comprise the major facilitator
superfamily (MFS), the adenosine triphosphate (ATP) — binding cassette
(ABC) superfamily, the small drug resistance (SMR) family, the multidrug
and toxic compound extrusion (MATE) family and the resistance-
nodulation-division (RND) superfamily (Lubelski et al. 2007; Law et al.
2008; Tseng et al. 1999; Chung and Saier 2001; Moriyama et al. 2008).
The characteristics of these efflux pumps are listed in Table 1.1. The RND

efflux pumps will be the major focus of the remainder of this review.

Table 1.1 Features of different classes of bacterial efflux pumps

Bacterial efflux pumps*

Features
ABC MATE MFS RND SMR
Energy source ATP Na+ gradient Proton Proton Proton
Number of lor3 1 lor3 3 1
component
Number of TMS 6 12 12 or 14 12 4
D
. rygs., Drugs,
Drugs, amino Drugs, Drugs, cationic
Substrates . . . dyes,
acids, sugars  cationic dyes cationic dyes dyes, .
cations
solvents
AcrAB-
MacAB-Tol EmrAB-Tol EmrE
Example aCLmrAO <, NorM, YdhE mrNor AO < TolC, Qr2(r:C,
EmhABC

* Sources for the data on bacterial efflux pumps can be found in Kumar and Schweizer
(2005) and Nikaido (2009)



1.2.What are RND efflux pumps?

RND efflux pumps are integral membrane proteins (Dinh et al.
1994; Paulsen et al. 1997) that play a key role in acquired or intrinsic
multidrug resistance in Gram-negative bacteria (Martinez et al. 2009;
Nikaido 2009; Nikaido and Takatsuka 2009; Tikhonova et al. 2011). While
this family of efflux pumps is common in Gram-negative bacteria
(Zgurskaya and Nikaido 2000), representatives have been found in all
domains of life (Blair and Piddock 2009; Tseng et al. 1999). So they are
“an ancient, ubiquitous and diverse family” (Tseng et al. 1999) of efflux
pumps. Most RND efflux pumps are encoded by genes located on the
chromosome (Kumar and Schweizer 2005) and are conserved in most
bacterial species (Piddock 2006; Morita et al. 2006). However, plasmid-
encoded RND efflux pumps such as the TtgGHI in Pseudomonas putida
DOT-T1E have been reported (Rodriguez-Herva et al. 2007).
The RND efflux pump functions as a three-component system in
association with an outer membrane protein (OMP) and a periplasmic
adaptor protein (PAP) formerly referred to as the membrane fusion protein
(Blair and Piddock 2009; Dinh et al. 1994; Kumar and Schweizer 2005;
Paulsen et al. 1997). Similar to MFS and SMR efflux pumps (Table 1.1),
RND efflux pumps are powered by the proton motive force (Nikaido 1996).
Most RND efflux pumps have 12 TMS (Kumar and Schweizer 2005) or 6

TMS in Mycobacterium jannaschii (Tseng et al. 1999). AcrAB-
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Figure 1.1 Schematic of a RND efflux pump based on the MexAB-OprM/AcrAB-TolC
model by Symmons et al. (2009). RND transporter (MexB) is embedded in the inner
membrane (IM); MexA, the periplasmic adaptor protein, is connected to the IM by a fatty
acid (zigzag line) and the outer membrane protein OprM is the exit channel in the outer
membrane (OM). CP, cytoplasm; PP, periplasm; H, proton; and Orange circle, efflux

pump substrates (e.g. antibiotics).



TolC is an example of a RND efflux pump in E. coli, involved in the efflux
of cationic dyes and antibiotics (Ma et al. 1993; 1995). The structures of
AcrB of E. coli and MexB of P. aeruginosa have been solved by
crystallography (See schematic of RND efflux pumps in Fig. 1.1; Murakami
et al. 2002; Seeger et al. 2006; Sennhauser 2009; Symmons et al. 2009)
and found to have common features (Blair and Piddock 2009; Sennhauser
2009) discussed below.

1.2.1. Structure and function of RND efflux pumps

RND efflux proteins such as AcrB associate with the PAP (AcrA)
and OMP (TolC) to span the entire cell envelope (Symmons et al. 2009).
The AcrB is the energy transducer and is responsible for substrate binding
(Murakami et al. 2006; Takatsuka and Nikaido 2009). Each protomer of
the AcrB asymmetric homotrimer contains 12 trans-membrane (TM) a-
helices and two large periplasmic loops, which connect TM1 with TM2 and
TM7 with TM8 (Eicher et al. 2009; Murakami et al. 2002; Takatsuka and
Nikaido 2009). The periplasmic loops of RND efflux pumps such as AcrB
and MexB (Fig. 1.1) extend 7 nm into the periplasm (Eicher et al. 2009;
Trepout et al. 2010) and can be divided into TolC docking and porter
domains. Contrary to the presumption that the PAP, AcrA, connects AcrB
to TolC, new evidence shows that the AcrB docking domain interacts with
the TolC periplasmic domain in the periplasm (Symmons et al. 2009;
Tikhonova et al. 2011). The direct interaction of AcrB and TolC periplasmic

domains was supported by genetic experiments and in vivo cysteine



cross-linking studies (Tamura et al. 2005; Weeks et al. 2010). Because
there is limited interaction between AcrB and TolC, AcrA is thought to
stabilize the AcrB-TolC assembly (Tikhonova et al. 2011). AcrA crystal
structure suggests it interacts with both AcrB and TolC and may be
involved in the recruitment of TolC (Mikolosko et al. 2006; Tikhonova et al.
2009; 2011). AcrA interacts with AcrB with its lipoyl-binding, a—B-barrel
and membrane proximal domains, whereas interaction with TolC is via its
a-helical hairpin (Lobedanz et al. 2007; Symmons et al. 2009). Detailed
reviews of the structure and mechanism of RND efflux pumps are
available in the literature (Blair and Piddock 2009; Eicher et al. 2009).

1.2.2. Mechanism of transport by RND efflux pumps

Substrate transport in RND efflux pumps is hypothesized to occur
by the functionally rotating mechanism based on X-ray crystallography
studies of the asymmetric trimer of AcrB (Murakami et al. 2006;
Sennhauser et al. 2007; Pos 2009; Takatsuka and Nikaido 2009). Each
protomer goes through a cycle of three-step conformational changes (i.e.
access [loose], binding [tight] and extrusion [open]) during substrate export
(Takatsuka and Nikaido 2009). Substrate transport through these
conformational changes is initiated by the protonation of one of the key
residues (Asp407, Asp408, Lys 940 or Thr978) in the AcrB
transmembrane domains (Li and Nikaido 2009). Biochemical studies by
Takatsuka and Nikaido (2009) and Seeger et al. (2008) with disulfide

cross-linking, in addition to the behaviour of covalently linked AcrB



protomers, have confirmed the functional rotating mechanism of substrate
transport. This mechanism supports substrate capture in the periplasm but
is unclear on how and where hydrophobic substrates such as PAHs that
partition into the inner membrane (Pos 2009) are captured. A full review
on the functional rotating mechanism can be found in Eicher et al. (2009).
Substrate capture and binding by the periplasmic domains is well
characterized using chimeric constructs of RND efflux pumps (Murakami
et al. 2002; Ohene-Agyei et al. 2012). Ohene-Agyei et al. (2012) also
recently reported substrate capture from the cytoplasm by mutating
conserved phenylalanine residues on the cytoplasmic side of the central
cavity of the MexB efflux pump in P. aeruginosa to alanine residues.
Hearn et al. (2006) reported that mutations in some conserved central
cavity residues of the EmhABC efflux pump transmembrane domain
affected the transport of PAHSs that likely partitioned into the inner
membrane. The evidence that the transmembrane domains of RND efflux
pumps is involved in substrate binding is contested by Nikaido and
Takatsuka (2009) who hypothesize that the transmembrane domain of
these pumps is solely for proton translocation. Thus the exact mechanism

has yet to be fully resolved.

1.3.RND efflux pump divisions
Phylogenetic analysis of RND efflux pumps by Tseng et al. (1999)

defined seven distinct families within the superfamily along with putative



proteins that do not fall into any of the seven families (Meguro et al. 2005).
These seven families are:(1) the hydrophobe/amphiphile efflux-1 (HAE1)
family, (2) the heavy metal efflux (HME) family, (3) the nodulation factor
exporter (NFE) family, (4) the SecDF protein-secretion accessory protein
family, (5) the hydrophobe/amphiphile efflux-2 (HAE2) family, (6) the
eukaryotic sterol homeostasis (ESH) family, and (7) the
hydrophobe/amphiphile efflux-3 (HAE3) family (Meguro et al. 2005; Tseng
et al. 1999). Proteins in the seven families have similar sizes and
topological patterns (Tseng et al. 1999).

The HAE1, HME and NFE families are found in Gram-negative
bacteria (Tseng et al. 1999). HAE1 efflux pumps such as AcrB in E. coli
are involved in the transport of drugs and other hydrophobic compounds
(Nikaido 1996), whereas the HME and NFE families respectively export
heavy metals (Rensing et al. 1997) and lipooligosaccharide signaling
molecules required for the nodulation of legumes by rhizobia (Baev et al.
1991, Gottfert 1993). The HAE2 family of efflux pumps is found in Gram-
positive bacteria; an example is the actinorhodin transport-associated
protein Actll3 in Streptomyces coelicolor (Férnandez-Moreno et al. 1991).
The ESH family pumps are found in eukaryotes, for example the human
Niemann-Pick C disease protein that is involved in cholesterol
homeostasis (Loftus et al. 1997). The seventh family, i.e. HAES, is found
in archaea and spirochetes and is functionally uncharacterized but

assumed to be involved in drug efflux because of their similarity to the



HAEZ2 family (Tseng et al. 1999). The following sections are focused on

the HAE1 family of RND efflux pumps.

1.4.Substrates of RND efflux pumps

The association of a HAE1 RND efflux pump with the OMP and
PAP allows for effective efflux of substrates across the inner and outer
membrane of the Gram-negative cell to the extracellular medium
(Lomovskaya and Totrov 2005; Nikaido 1996). The HAE1 family of RND
pumps effluxes structurally diverse compounds, but mostly drugs and
hydrophobic compounds (Nikaido 1996). Examples (Table 1.2) include
hydrophobic antibiotics such as tetracycline and chloramphenicol (Hearn
et al. 2003; Nikaido 1996), solvents such as toluene (Kieboom et al. 1998;
Ramos et al. 1998), cationic dyes such as ethidium bromide, crystal violet
and rhodamine 6G (Hearn et al. 2003; Nikaido 1996) and detergents
(Zgurskaya and Nikaido 2000). Other substrates of the HAE1 efflux pumps
are bile salts (Nikaido 1996), fatty acids (Ma et al. 1995), polycyclic
aromatic hydrocarbons (PAHSs) such as phenanthrene, anthracene and
fluoranthene (Bugg et al. 2000; Hearn et al. 2003; 2006), and quorum
sensing molecules (Evans et al. 1998; Kohler et al. 2001; Minagawa et al.
2012). Structures of some HAEL efflux pump substrates are shown in Fig.
1.2.

A HAEL1 efflux pump may have preference for one or more of the

different categories of substrates listed above. The well-studied AcrAB-
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Table 1.2 Substrates, regulators and inducers of some RND efflux pumps®

Organism RND system Substrates” Regulator Inducers”
E. coli AcrAB-TolC AC,BS,CM,CP,CV,EB,FA,FQ,ML,NO,0O AcrR, MarA, SoxS, Rob, SdiA BS, ET, FA,
S, PN, SDS, TC,TM, TR, TX NaCl, SAL
P. aeruginosa MexAB-OprM AC, AG, CM, CP, CV,EB, ML, NO, OS, MexR, NalC (PA3721), NalD PCP
PN, SDS, SF, TC, TM, TR
P. aeruginosa MexXY-OprM AG,FQ, ML, TC MexZ AG, ML, TC
P. putida TtgABC CM, FL, OS, PN, TC TtgR CM, FL, TC
P. fluorescens EmhABC CM, FQ, PAHs, R6G, TC EmhR TC

& Data on RND efflux pumps included in this table can be found in Alguel et al. (2007); Hearn et al. (2003); Jeannot et al. (2005); Ma et al. (1995);
Muller et al. (2007); Nikaido (2009).
® Abbreviations: AC, acriflavine; AG, aminoglycosides; BS, bile salts; CM, chloramphenicol; CP, cephalosporins; CV, crystal violet; EB, ethidium
bromide; ET, ethanol; FA, fatty acids; FL, flavonoids; FQ, fluoroquinolones; ML, macrolides; NO, novobiocin; OS, organic solvents; PAHSs,

polycyclic aromatic hydrocarbons; PCP, pentachlorophenol; PN, penicillins; R6G, rhodamine-6-G; SAL, salicylate; SDS, sodium dodecylsulfate;

SF, sulfonamides; TC, tetracyclines; TM, trimethoprim; TR, triclosan; TX, Triton X-100.
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Figure 1.2 Some substrates of RND efflux pumps in the HAE1 family.

TolC efflux pumps in E. coli and MexAB-OprM in P. aeruginosa have

broad substrate specificity for different antibiotics, fatty acids and cationic

dyes (Nikaido 2009). Others like the P. putida Ttg and Srp efflux pumps
have high affinity for organic solvents although they still efflux

antimicrobials (Kieboom et al. 1998; Ramos et al. 1998). Gram-negative
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bacteria that have non-functional efflux pumps are susceptible to various
antimicrobial substrates, whereas over-expression of efflux pumps such as
AcrB confers multi-drug resistance on E. coli (Blair and Piddock 2009).
1.5.Prevalence of the HAE1 family of RND efflux pumps

Homologues of HAE1 efflux pumps in E. coli and P. aeruginosa are
present in other aerobic and anaerobic Gram-negative species (Ikeda and
Yoshimura 2002; Kumar and Schweizer 2005). Examples of clinically
relevant Gram-negative bacteria include the CeoAB-OpcM of Burkholderia
cepacia, responsible for the efflux of chloramphenicol and
fluoroquinolones (Zhang et al. 2001) and the MtrCDE RND pump of
Neisseria gonorrhoeae, which is involved in the efflux of antibiotics, dyes
and detergents (Hagman et al. 1995). In Gram-negatives that may be of
biotechnological relevance, TtgABC, TtGDEF and TtgGHI in P. putida
DOT-T1E have been studied extensively for their role in toluene tolerance
(Ramos et al. 1998; Mosqueda and Ramos 2000; Rojas et al. 2001,
Rodriguez-Herva et al. 2007). The EmhABC efflux pump in P. fluorescens
LP6a is responsible for the efflux of PAHs such as phenanthrene and
anthracene in addition to hydrophobic antibiotics and dyes (Bugg et al.
2000; Hearn et al. 2003). The discovery and function of the EmhABC
efflux pump will be discussed in detail section 1.11.

RND-type efflux pump genes have been identified in anaerobic
bacteria such as Desulfatibacillium alkenivorans and Geobacter species

that can anaerobically degrade hydrocarbons (Aklujkar et al. 2009;
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Callaghan et al. 2012) based on bioinformatics annotation of their
sequenced genomes. The function of the putative HAE1 efflux pumps in
these anaerobic bacteria has not been demonstrated as most research on
RND efflux pumps has been performed using aerobic bacteria. A report on
a functional AcrAB-TolC homolog, XepCAB in the anaerobe
Porphyromonas gingivalis, showed that it is responsible for the extrusion
of rifampin, puromycin and ethidium bromide (lkeda and Yoshimura 2002).

1.6.Regulation of expression of RND efflux pumps

Some RND efflux pumps are produced constitutively, whereas

others are inducible. The TtgABC efflux pump of P. putida is produced
constitutively and its expression is not affected by the presence of solvent
substrates (Duque et al. 2001; Teran et al. 2006). Conversely, the TtgDEF
and TtgGHI efflux pumps in the same strain are induced by sub-lethal
concentrations of toluene (Mosqueda et al. 1999; Rojas et al. 2003). Also,
more than one RND efflux pump can be functional concurrently in a
bacterial cell (Poole 2008). For example, 12 RND efflux pumps have been
identified in the P. aeruginosa genome (Kumar and Schweizer 2005;
Poole 2008), of which 11 have been characterized and some are known to
be expressed simultaneously (Kumar and Schweizer; 2005, 2011). MexAB
and MexXY are simultaneously expressed in P. aeruginosa, thus boosting
the resistance of this microbe to a wide range of antimicrobial compounds

(Llanes et al. 2004). Because RND efflux pumps are energy-driven,
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induction of genes that encode constitutively expressed or inducible efflux
pumps is complex and tightly coordinated (Poole 2008, Table 1.2).

1.6.1. Local regulation

Local regulators are involved in the regulation of RND efflux pump
gene transcription (Kumar and Schweizer 2005). Most operons encoding
RND efflux pumps have a linked regulatory gene that is typically
divergently transcribed from the efflux pump genes (Kumar and Schweizer
2005), however the effector molecules that bind to these regulators are
unknown (Nikaido 2009). The best-characterized local regulators of RND
efflux pumps are in the TetR repressor family (Li et al. 1995; Orth et al.
2000). AcrR in E. coli is a TetR-like repressor able to repress acrAB and
acrR expression (Kumar and Schweizer 2005). Mutations in acrR resulted
in over-expression of the acrAB genes and increased resistance to
fluoroquinolones (Wang et al. 2001). Other local regulators of RND efflux
pumps of the TetR family include MexZ in P. aeruginosa, involved in
repression of mexY (Westbrock-Wadman et al. 1999), and SmeT in
Stenotrophomonas maltophilia that represses the expression of genes
encoding the SmeDEF efflux pump (Zhang et al. 2001). In P. aeruginosa,
the linked regulator of RND efflux pump genes is either a repressor or an
activator (Kumar and Schweizer 2005). For example, MexR is a repressor
of the MarR family (Li et al. 1995) that represses the transcription of the
mexAB genes (Evans et al. 2001). Over-expression of the main efflux

pump of P. aeruginosa, the MexAB-OprM efflux pump that has a broad
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substrate range, is usually caused by mutations in the adjacent repressor
gene mexR (Higgins et al. 2003; Saito et al. 1999). However, over-
expression of MexAB-OprM is not always dependent on mutations in
mexR (Beinlich et al. 2001; Ziha Zafiri et al. 1999). MexT a member of the
LysR family of regulators activate the transcription of the mexEF genes in
P. aeruginosa (Kohler et al. 1999) but mutations in mexT do not cause
over-expression of mexEF (Masuda et al. 2001; Sobel et al. 2005). Over-
expression of mexEF-oprN in P. aeruginosa is caused by mutations in a
gene that encodes the synthesis of an uncharacterized protein, PA2491
(Sobel et al. 2005). Another RND efflux pump in P. aeruginosa, MexCD-
OprJ, which confers resistance to different antimicrobials, cationic dyes
and organic solvents, is only expressed in strains with mutations in the
nfxB gene (Poole et al. 1996). In P. putida S12, Sun et al. (2011) found
that binding of the local repressor SrpS of the SrpABC efflux pump to
organic solvent substrates or to its antirepressor SrpR induces the
expression of the SrpABC efflux pump. The clinical implication of local
regulators is that most pathogenic bacteria that over-express RND efflux
pumps carry mutations in the local regulatory gene (Nikaido 2009).

1.6.2. Global regulation

Global regulators also regulate expression of RND efflux pumps.
The best-studied example is the acrAB operon in E. coli, which is
positively regulated by global activators of the AraC family: MarA, SoxS

and Rob (Grkovic et al. 2002; Li and Nikaido 2004; Nikaido 2009). The
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level of AcrAB regulation by MarA and SoxS depends on their
concentration in the cell (Nikaido 2009). MarA is regulated by MarR, a
repressor protein that is inactivated by salicylate (Li and Nikaido 2004,
Nikaido 2009). The repressor SoxR, which is inactivated by superoxide
(Nikaido 2009), determines SoxS concentration in the cell. Rob is
inactivated when it is bound to molecules such as fatty acids (Rosner et al.
2002) and bile salts (Rosenberg et al. 2003). In P. aeruginosa, the global
regulator MvaT has been shown to repress the expression of MexEF-
OprN efflux pump (Westfall et al. 2006). This indicates that substrates in
the natural environment of a bacterium may be the inducers of its RND
efflux pumps.

1.6.3. Regulation by two-component systems

Some RND efflux pumps are regulated by two-component systems,
which play a role in bacterial adaptation to their environment (Kumar and
Schweizer 2005). The two-component systems involved in the regulation
of RND efflux pump genes are often located nearby, so the response
regulators act as an activator. For example in E. coli, the BaeSR and
EVgAS two-component systems regulate expression of the MdtABC and
the AcrAB-TolC pumps respectively (Baranova and Nikaido 2002;
Nagakubo et al. 2002; Eguchi et al. 2003). The PhoP-PhoQ two-
component system, which responds to the concentrations of Ca®* and
Mg®" in the environment, has also been linked to the activation of RND

efflux pumps (Eguchi et al. 2003).
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1.7.New opinions concerning the role(s) of RND efflux pumps in
bacteria
Generally, RND efflux pumps are regarded as a mechanism of

detoxification based on their involvement in the efflux of antibiotics and
solvents that are toxic to the bacterial cell. Over the years, other functions
of RND efflux pumps in Gram-negative bacteria have been uncovered
such as cell-cell communication (Minagawa et al. 2012), membrane stress
response, oxidative and nitrosative stress responses (Evans et al. 1998;
Fraud et al. 2008; Jeannot et al. 2005), and removal of toxins and toxic
metabolites (Helling et al. 2002; Taylor et al. 2012; Tian et al. 2010). If the
authentic substrates of RND pumps are not antibiotics or solvents, the
question arises, ‘what are the authentic substrates of these pumps in
bacterial cells or what promotes the assembly of these pumps’? Although
there is controversy about the authentic physiological role(s) of RND efflux
pumps in bacteria, evidence has been reported in the literature that they
have physiological functions beyond antibiotic efflux. Recently, Kumar and
Schweizer (2011) reported the over-expression of MexEF-OprN in P.
aeruginosa to be dependent on metabolic stress but independent of
antibiotic exposure. P. aeruginosa mutants expressing the Mex-RND efflux
pumps have been isolated in experimentally infected mice in the absence
of antibiotics (Poole et al. 2008). In addition, RND efflux pumps transport
structurally diverse compounds but are not induced by some of the

substrates transported (Table 1.2). The P. fluorescens LP6a EmhABC
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efflux pump is not induced by phenanthrene although this PAH is a
substrate (Bugg et al. 2000; Hearn et al. 2003). Bile salts are substrates
and inducers of the AcrB efflux pump of E. coli (Nikaido 2009; Thanassi et
al. 1997), but there is also a physiological aspect in that bile salts are
found in the environment where E. coli thrives (Thanassi et al. 1997).

Expression of MexXY in P. aeruginosa is induced by antibiotics that
interact with the ribosome, such as tetracycline, chloramphenicol,
macrolides and aminoglycosides, in a concentration-dependent manner
(Jeannot et al. 2005; Masuda et al. 2000). On the other hand, antibiotics
that target the cell wall such as B-lactams, or fluoroquinolones that
interfere with DNA replication, do not affect the expression of mexXY
(Jeannot et al. 2005) emphasizing that the MexXY may have additional
functions in P. aeruginosa. Expression studies by Jeannot et al. (2005)
showed a physiological relationship between the MexXY efflux pump and
ribosome disruption, as follows: ribosome disruption by antibiotics leads to
mistranslation of proteins, production of abnormal polypeptides and the
induction of a protein (PA5471) with unspecified function (Morita et al.
2006; Poole et al. 2008). In turn, the PA5471 induced by the presence of
abnormal polypeptides directly or indirectly induces mexXY expression in
P. aeruginosa (Morita et al. 2006). Other reports of substrate induction of
RND efflux pumps include induction of TtgDEF and TtgGHI in P. putida
DOT-TL1E by toluene (Mosqueda et al. 1999; Rojas et al. 2001).

Conversely, TtgABC is expressed at high levels in the presence or
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absence of toluene (Duque et al. 2001). This indicates that toluene may
not be the primary inducer of Ttg efflux pumps but that the effect of
toluene on the cell membrane may be the trigger that induces their
expression.

The association of the cell membrane with efflux pump expression
was established by Fraud et al. (2008) and Muller et al. (2007) who
attributed the up-regulation of RND efflux pumps to membrane-damaging
agents. Fraud et al. (2008) tested the effect of several membrane-active
agents such as detergent, solvents and cationic antimicrobials on the
expression of mexCD-oprJ in P. aeruginosa and found that they all
induced the expression of the efflux genes in an AlgU-dependent manner.
AlgU is a homologue of the RpoE sigma factor of E. coli, which regulates
the expression of several genes involved in envelope stress response
(Fraud et al. 2008; Poole 2008). This suggests an apparent connection
between membrane damage and the recruitment of RND efflux pumps.
Fraud et al. (2008) concluded that MexCD-OprJ may be responsible for
the efflux of membrane fatty acids damaged or replaced due to the action
of or adaptation to the membrane-active agent. In addition, MexCD-OprJ
may be involved in normal membrane turnover to repair membrane stress
because of bacterial growth (Fraud et al. 2008; Poole 2008). To this effect,
Poole (2008) has proposed two models for the induction of Mex efflux
pumps in P. aeruginosa. Induction of RND efflux pumps may be the

consequence of the action of the efflux pump substrates (Poole 2008).
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1.8.Function of RND efflux pumps in the environment

The role of RND efflux pumps in the survival of bacterial species in
their environment have been documented over the years. RND efflux
pumps in Gram-negative bacteria found in the soil, such as Pseudomonas
species, are mainly involved in the efflux of foreign compounds found in
that environment (Hearn et al. 2003; Huertas et al. 2000; Nikaido 2009). P.
fluorescens LP6a isolated from petroleum-contaminated soil (Foght and
Westlake 1991) efflux PAHs such as phenanthrene (Bugg et al. 2000;
Hearn et al. 2003), a component of petroleum (See section 1.10 for more
details), in addition to hydrophobic antibiotics. Buckley et al. (2006)
showed that prolonged colonization of chickens by Salmonella species is
dependent on the AcrAB-TolC efflux pump. Although this finding was
countered with the explanation that AcrAB-TolC is required for survival in
the presence bile salts found in the chicken intestine (Nikaido 2009;
Webber et al. 2009), this does not explain the involvement of the efflux
pump in the in vitro adhesion to and invasion of epithelial cells and
macrophages by Salmonella species (Webber et al. 2009). Salmonella
species lacking the AcrAB-TolC efflux pump have also been shown to
have reduced ability to kill infected mice (Nishino et al. 2006). In the plant
pathogen P. syringae, loss of the PseABC RND efflux pumps caused
decreased secretion of lipopeptide phytotoxins, thereby reducing its ability

to invade the plant host (Kang and Gross 2005). While there may be
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explanations for the function of RND efflux pumps in the environment, loss
of function of some RND efflux pumps of P. aeruginosa resulted in loss of
invasiveness in epithelial cell cultures by unknown mechanisms (Hirakata

et al. 2002).

1.9.What is the connection? Environmental factors, bacterial cell

membranes and RND efflux pumps

Because the bacterial membrane delimits the cell from the
environment, it is “fashioned” strategically to be modulated in response to
environmental perturbations (Denich et al. 2003; Zhang and Rock 2008).
Slight changes in membrane fatty acids (FA) or phospholipid head group
composition can change the lipid packing within the membrane, thereby
affecting its stability, fluidity and lipid-protein interaction (Denich et al.
2003; Phillips et al. 2009; Zhang and Rock 2008). Logically therefore,
perturbation of the cell membrane will affect stability and function of RND
efflux pumps that are embedded in the cytoplasmic membrane (Denich et
al. 2003; Lomovskaya and Totrov 2005). Although phospholipid head
groups are modified in response to environmental changes, the
modification of the FA chains is more pronounced (Denich et al. 2003).

A common mechanism for modifying bacterial membrane FAs is to
change the ratio of saturated to unsaturated FAs (Russell 1984).
Saturated FAs are packed closely in the membrane giving more rigidity

and stability to the membrane (Hazel and Williams 1990), whereas
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unsaturated FAs have a kink in their structure due to the cis-double bond
(Fig.1.3) and cannot pack as closely as saturated FA, causing the
membrane to be de-stabilized (Gruner et al. 1985; Hazel and Williams
1990). Some bacterial species also have an alternative mechanism to
convert existing cis-unsaturated FAs to their trans-isomers (Diefenbach et
al. 1992). Trans-unsaturated FAs do not pack as closely as saturated FAs
because they retain a slight kink in their conformation (Fig. 1.3) but
behave like saturated FAs in the membrane (Diefenbach et al. 1992;
Zhang and Rock 2008). Changes in the ratio of cis:trans unsaturated FA
are observed in the absence of growth in P. putida strains exposed to
phenol (Diefenbach et al. 1992) or toluene (Junker and Ramos 1999).
Both changes in the ratio of saturated:unsaturated FAs and cis:trans
unsaturated FAs are short-term responses to modify the cell membrane
(Russell 1984). Long-term changes in the cell membrane composition
include changes in the FA chain length and branching (Russell 1984).
Changes in the proportion of cyclopropane FAs, which increase the fluidity
of the cytoplasmic membrane, are also common in Gram-negative
organisms (Eze and McElhaney 1981; Russell 1984).

Deviation from optimum environmental factors such as
temperature, pH, pressure, divalent cations and chemicals, nutrients,
water activity and the age of culture affects the cell membrane
composition (Denich et al. 2003) and probably the function of proteins

embedded in the membrane such as RND efflux pumps. For example,
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Figure 1.3 Various conformations of membrane fatty acids found in the Gram-negative
bacterial membrane.

the proportion of long chain and saturated FAs increases with increased
temperature (Keweloh et al. 1991), whereas unsaturated and short chain
FAs are preferred at lower temperatures (Kim et al. 2001). While there is
extensive literature on the effect of environmental factors on the
membrane fatty acid composition of different bacteria, there is no
information on how these changes in membrane composition affect the
stability and function of RND efflux pumps.

Accumulation of FA degradation products due to membrane
modification in response to environmental factors or membrane turnover
would cause the disruption of the cell membrane (Zhang and Rock 2008).

These FA degradation products must be recycled or eliminated from the
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bacterial cells to maintain cell membrane integrity (Zhang and Rock 2008).
Recycling is the preferred method of removing these degradation products
because it is more energy efficient (Zhang and Rock 2008) but some are
eliminated from the cells through unknown mechanism(s). There is a
possibility that RND efflux pumps are involved in the transport of such
degradation products of FAs (Fraud et al. 2008; Poole 2008). In addition to
the association of the Mex efflux pump with efflux of fatty acids (Fraud et
al. 2008), the MFS transporter LpIT is also involved in the transport of
membrane lipids (Harvat et al. 2005). LpIT is an integral membrane
protein of the major facilitator superfamily of membrane transporters
involved in the transportation of 2-acylglycerol-phosphoethanolamine, a
membrane-disruptive product from the turnover of
phosphatidylethanolamine (Harvat et al. 2005). Recently, Doughty et al.
(2011) showed that hopanoids found in some bacterial membranes are
substrates of the HpnN efflux pump in Rhodopseudomonas palustris.
Hopanoids are bacterial lipids that play important roles in cell membrane
adaptation to temperature, desiccation, pH and cellular differentiation (Jiao
and Newman 2007). FA degradation products may be authentic substrates
of RND efflux pump since most substrates of these efflux pumps identified

to date affect the cell membrane composition and/or integrity.
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1.10.Pseudomonas fluorescens LP6a, a model to study the
natural function of RND efflux pumps
P. fluorescens LP6a was isolated from petroleum condensate-

contaminated soil by Foght and Westlake (1991) for its ability to use PAHs
such as naphthalene, phenanthrene, anthracene and 2-
methylnaphthalene as sole carbon and energy sources (Foght and
Westlake 1996). The wild-type LP6a strain can also co-metabolize a
variety of hydrocarbon compounds including fluorene, acenaphthene and
the heterocyclic aromatic compound dibenzothiophene because its
aromatic-degrading enzymes have broad substrate specificity (Foght and
Westlake 1996). P. fluorescens belongs to the Pseudomonadaceae family,
which are Gram-negative rods phylogenetically classified as Gamma-
proteobacteria (Woese et al. 1985). Pseudomonas species are aerobes
and facultative aerobes, non-fermentative chemoorganotrophs capable of
utilizing a wide variety of organic substrates (Woese et al. 1985). The PAH
catabolic genes in strain LP6a are located on a 63 kb plasmid (pLP6a),
separated into the upper- (NahA-F) and lower- (NahG & H) pathways
(Foght and Westlake 1996). The arrangement of the PAH catabolic genes
into two separate clusters is analogous to archetypal NAH plasmids such
as the NAH7 and pWWa60 of P. putida 1064 and P. putida NCIB 98163 but
the restriction pattern of plasmid pLP6a is unique (Foght and Westlake
1996). PAHSs such as phenanthrene and anthracene used as carbon

substrates by P. fluorescens LP6a readily partition into the cell membrane
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because of their hydrophobic nature. Efflux of PAHs by P. fluorescens
LP6a was first reported by Bugg et al. (2000). Subsequently Hearn et al.
(2003) identified an efflux pump of the RND superfamily to be responsible
for PAH efflux in P. fluorescens LP6a (See section 1.11). Although efflux
of hydrocarbons such as toluene had been reported previously in P. putida
strains (Kieboom et al. 1998), efflux of PAHs by P. fluorescens LP6a
seems counterproductive because it expends energy to extrude PAHs that
are substrates of cytoplasmic catabolic enzymes. PAH efflux in P.
fluorescens LP6a is independent of biodegradation because the efflux
genes (emhABC) are located on the chromosome (Hearn et al. 2003;
2006). Mutants of P. fluorescens have been generated such as a cured
strain lacking the pLP6a catabolic plasmid (Foght and Westlake, 1996)
and strain cLP6a-1, which is the emhB disruptant mutant of the cured
strain (Hearn et al. 2003). The availability of a variety of mutants and the
presence of apparently conflicting mechanisms of efflux and catabolism
makes study of efflux and biodegradation of PAH compounds possible

using P. fluorescens LP6a as a model organism.

1.11.The EmhABC efflux pump
Experiments intended to study PAH uptake (Bugg et al. 2000) led to
the discovery of the EmhABC efflux pump in P. fluorescens LP6a (Hearn
et al. 2003). EmMhABC is a HAE1 RND-type efflux pump identified by and

characterized for its role in the efflux of PAHSs, hence the name Emh
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(efflux of multicyclic hydrocarbons) (Hearn et al. 2003; 2006). The RND
protein EmhB presumably associates with EmhA (the PAP) and EmhC
(the OMP). Based on protein homology, the RND protein EmhB is 85%
identical to TtgB, which plays a role in solvent tolerance of P. putida DOT-
T1E, and to the antibiotic exporting pump ArpB in P. putida S12 (Hearn et
al. 2003). The EmhABC efflux pump also shares 80% identity with MexB
in P. aeruginosa PAO1 and 67% identity with AcrB in E. coli (Hearn et al.
2003). A putative TetR regulatory protein, EmhR, is located upstream of
the emhABC genes but transcribed divergently from the efflux operon
(Hearn et al. 2003). EmhR is assumed to be a local transcriptional
regulator of the emhABC genes (Hearn et al. 2003), an assumption
confirmed by the work of another group (Tian et al. 2010) who determined
that EmhR is a repressor of an EmMhABC homolog in P. fluorescens 2P24.
Identified substrates of the EmhABC efflux pump (Table 1.2) include the
PAHSs phenanthrene, anthracene and fluoranthene but not naphthalene;
the hydrophobic antibiotics chloramphenicol, tetracycline, ciprofloxacin
and nalidixic acid; the quaternary ammonium cation dequalinium; and the
cationic dye rhodamine 6G (Bugg et al. 2000; Hearn et al. 2003; 2006).
The efflux of phenanthrene and anthracene was a surprise as these
compounds are non-, or slightly toxic to P. fluorescens LP6a cells carrying
the EmhABC efflux pump (Bugg et al. 2000; Hearn et al. 2003) or other

hydrocarbon-degrading species (Sikkema et al. 1995). Efflux of
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phenanthrene is not unique to EmhABC efflux pump; it is a substrate of

other efflux pumps such as SrpABC and MexAB-OprM (Hearn et al. 2003).

1.12. Significance of RND efflux pumps in bacteria

Regardless of the proposal that antibiotics, solvents and PAHs are
incidental substrates of RND efflux pumps, their efflux has clinical (Poole
2008) and biotechnological significance. The interest that has been
generated to determine the authentic substrates of the HAE1 family of
RND efflux pumps in particular is to understand why this efflux pump
transports antimicrobials and hydrocarbon compounds. Identifying the
authentic substrates and function of RND efflux in Gram-negative bacteria
will be useful to effectively combat antibiotic resistance and improve
biotechnological processes involving the use of hydrocarbon solvents or
PAHS.

1.12.1. Clinical significance

Bacterial infections can be difficult to treat because of multiple
antibiotic resistance due to membrane adaptations and RND efflux pumps.
The sensitivity of Gram-negative bacteria to a particular antibiotic
decrease when they possess functional RND efflux pumps that transport
the antibiotic. For instance, P. fluorescens strain cLP6a-1 with a disrupted
EmhB efflux pump was more sensitive than the wild type to hydrophobic
antibiotics transported by this pump (Hearn et al. 2003; 2006).

Temperature and pH affect the efflux of antibiotics by Serratia marcescens
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(Begic and Worobec 2007), supporting the idea that environmental factors
affecting the cell membrane may induce the expression of RND efflux
pumps. Over-expression of Mex efflux pumps of P. aeruginosa, a soil
dwelling bacterium, in cystic fibrosis patients (Poole et al. 2008) may occur
because of the change in environmental temperature. Knowledge of the
natural substrate(s) and inducers of RND efflux pumps, how RND efflux
pumps are regulated and what environmental factors promote their
expression will help in selecting effective antibiotic therapies (Poole 2008).
If the perturbation of the cell membrane is the trigger for the recruitment of
RND efflux pumps, then development of an antibiotic that will not perturb
the membrane may be a useful option.

1.12.2. Biotechnological significance

Degradation of hydrocarbon pollutants by bacterial species such as
Pseudomonas is a safe and cheap method of removing these toxic
compounds from a contaminated environment (Daugulis 2001; Mohn et al.
2001) compared to physicochemical methods such as incineration (Mallick
et al. 2011). The involvement of RND efflux pumps in hydrocarbon efflux
may or may not be beneficial for biotechnology. The presence of RND
efflux pumps in bacterial species used for remediation of environments
contaminated with solvents such as toluene may be beneficial to reduce
the concentration of toluene that accumulates in the cell membrane to
manage the effect of toluene on the membrane. Bacterial species such as

P. putida that can survive high concentrations of toluene or other organic
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solvents because of RND efflux pumps may be useful tools in
bioremediation or biotransformation involving organic solvents.
Conversely, efflux of PAHs such as phenanthrene in P. fluorescens LP6a
may reduce the concentration available for biodegradation since
catabolism of these compounds occurs in the cytoplasm (Bugg et al.

2000).

1.13. Thesis overview and research objectives
The main objective of my research was to identify the authentic

role(s) and substrates of the EmhABC efflux pump of P. fluorescens LP6a
strains. Remarkably, environmental factors such as temperature were
inducers of EmMhABC efflux pump (Chapter 2, Adebusuyi and Foght 2011).
The other objective was to understand how the presence or up-regulation
of the EmhABC efflux pump affected the biodegradation of phenanthrene,
an EmhABC substrate (Chapter 3, Adebusuyi et al. 2012), of naphthalene,
a non-substrate (Chapter 4) and the transport of antibiotic substrates such
as chloramphenicol (Chapter 5). From this study, up-regulation of
EmhABC efflux pump was found to be dependent on membrane FA
modulation. Suggestions are made for future studies (Chapter 6) on how
to apply the knowledge of bacterial RND efflux pumps for biotechnological
purposes and to study the function of these pumps in anaerobic
hydrocarbon-degrading hydrocarbons. This research describes the link

between environmental factors, the bacterial membrane, and RND efflux
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pumps, which are membrane integral proteins. Besides the identification of
novel inducers of the EmMhABC efflux pump, alternative substrates of this

efflux pump were also discovered.
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2. An alternative physiological role for the EmhABC efflux pump in

Pseudomonas fluorescens cLP6a’

2.1.Introduction

The role of resistance-nodulation-division (RND) efflux pumps in
efflux of antibiotics, solvents and polycyclic aromatic hydrocarbons (PAHS)
by Gram-negative bacteria (Hearn et al. 2003; Kieboom et al. 1998;
Nikaido 1996) raises the question of their “authentic” physiological role in
bacteria. Knowledge of the authentic substrates and inducers of RND
efflux pumps will be useful to effectively combat antibiotic resistance and
improve biocatalytic processes such as production of enantio-pure
compounds from hydrocarbons or bioremediation of PAH pollutants.
Previous studies seeking the inducers of genes encoding RND efflux
pumps focussed on known substrates of the pumps (Fraud et al. 2008;
Morita et al. 2006). However, such studies showed that substrates are
often not inducers, and the pumps are present and active in bacterial cells
that have not been exposed to antibiotics or solvents (Morita et al. 2006;
Piddock 2006). Furthermore, genes encoding RND efflux pumps can be
induced by stress responses such as ribosome disruption or membrane-
damaging agents (Fraud et al. 2008; Jeannot et al. 2005; Lin et al. 2005;

Poole 2008). These observations suggest a physiological

! A version of this chapter has been published. Adebusuyi AA, Foght JM (2011) An
alternative physiological role for the EmhABC efflux pump in Pseudomonas fluorescens
cLP6a. BMC Microbiol 11:252 doi:10.1186/1471-2180-11-252
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function for RND efflux systems beyond the transport of antibiotics or
solvents.

The first step in identifying the authentic physiological role of RND
efflux pumps is to determine the effect of physico-chemical factors on
efflux pump activity and expression of genes that encode them. A common
physical factor affecting the composition and physiology of bacterial cells
is incubation temperature (Cebrian et al. 2008; Denich et al. 2003), which
influences bacterial cell membrane fatty acid (FA) composition (Denich et
al. 2003; Kim et al. 2001). Altered membrane FA composition is an
adaptation mechanism used by bacteria to compensate for changes in
membrane fluidity caused by physiological or biochemical stress. Fluidity
of the membrane affects the interaction of lipids and proteins (including
RND efflux pumps) anchored in the membrane and in turn permeation and
transport of hydrophobic molecules across the membrane [Denich et al.
2003; Phillips et al. 2009; Sikkema et al. 1995). Changes in the resiliency
of cells grown at different temperatures to various environmental stresses
have been reported (Cebrian et al. 2008). However, increased resistance
to antibiotics, environmental stresses, or membrane-damaging agents has
not previously been linked to the effect of growth temperature on
increased activity of efflux pumps or expression of their genes.

This work describes the identification of an alternative physiological
role for EmhABC, a RND efflux pump in Pseudomonas fluorescens LP6a.

This efflux pump is a good model for investigating a physiological role for
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RND-type efflux pumps because it extrudes PAHs considered non-toxic to
the cells as well as hydrophobic antibiotics (Bugg et al. 2000) and dyes
(Hearn et al. 2003). EmhABC expression is not induced by its PAH
substrates (Hearn et al. 2003). PAH transport can be monitored in the
absence of PAH metabolism (Hearn et al. 2003) by using strain cLP6a, a
cured strain of P. fluorescens LP6a lacking the PAH catabolic plasmid
pLP6a (Foght and Westlake 1996). Comparing the properties of cLP6a
with its emhB disruption mutant, strain cLP6a-1 (Hearn et al. 2003) allows
inference of a physiological role for the RND efflux pump EmhABC based
on the effects of growth temperature, antibiotics or PAHs on its activity and

expression in relation to membrane FA changes.

2.2.Methods

2.2.1. Bacterial strains and growth conditions

P. fluorescens cLP6a is a cured strain of the wild type P.
fluorescens strain LP6a that lacks the catabolic plasmid pLP6a (Foght and
Westlake 1996) and cannot metabolize PAHSs. Strain cLP6a-1 is an emhB
disruption mutant of the cured strain (Hearn et al. 2003). Strains were
grown to stationary phase (unless otherwise indicated) in 100 ml of
trypticase soy broth (TSB) (Difco) with gyratory shaking at 200 rpm at
10°C, 28°C (the optimal growth temperature; Foght and Westlake 1991) or
35°C. TSB inoculated with strain cLP6a-1 contained kanamycin (Sigma) at

25 pg ml™ to maintain the gene disruption. Growth was measured as
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optical density at 600 nm (ODggo) using an Ultrospec 3100 pro UV/Visible
spectrophotometer (GE Healthcare Bio-Sciences), diluting the TSB blank
and culture sample with distilled water as necessary. Naphthalene and
phenanthrene were added at a final concentration of 5 mmol I, either
dissolved in N,N-dimethylformamide (ACS grade, Anachemia) and added
to cultures used for RNA extraction or added as a suspension of crystals
to cultures used for FA extraction.

2.2.2 Phenanthrene efflux assay

Efflux of [9-'*C]phenanthrene (96.5% radiochemical purity;
Amersham) was determined using a rapid centrifugation method (Bugg et
al. 2000) conducted at room temperature (~22°C). The final concentration
of radiolabeled plus unlabeled phenanthrene in the assay medium was 6.4
MM, which corresponds to 90% of its aqueous solubility limit at that
temperature and ensures that insoluble phenanthrene does not confound
measurement of cell-associated radiolabel. P. fluorescens cLP6a and
cLP6a-1 cells were harvested by centrifugation, washed once with
potassium phosphate buffer [pH 7] and re-suspended in the same buffer at
room temperature at an ODggp Of 1.0. Cell suspensions were used
immediately in the rapid assay to prevent long-term FA composition
changes, and phenanthrene efflux was measured over a period of only 25
min. At time zero radiolabelled phenanthrene was added to the cell
suspension and thereafter samples were withdrawn at timed intervals,

collecting the cells by using a microfuge. The concentration of
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phenanthrene in the cell pellet (umol/g) was calculated from the amount of
14C in the pellet fraction, the initial phenanthrene concentration and the cell
dry weight, as previously described by Bugg et al. (2000). Sodium azide
(Fisher Scientific) was added 9 min into the assay to a final concentration
of 120 mM as an inhibitor of active transport (Bugg et al. 2000). All efflux
assays were performed using independent triplicate cultures. Steady state
concentrations pre- and post-azide addition were calculated and
statistically evaluated by analysis of variance (ANOVA) in Excel 2007.

2.2.3 Antibiotic sensitivity assays

The minimum inhibitory concentration (MIC), the lowest
concentration of antibiotic that inhibits growth, was measured as turbidity
(ODeno) using a Powerwave XS spectrophotometer (BioTek). The MICs of
tetracycline, streptomycin, nalidixic acid, erythromycin and
chloramphenicol were determined using the microtiter broth dilution
method (Wiegand et al. 2008) for P. fluorescens cLP6a and cLP6a-1
grown at 10°C, 28°C or 35°C.

2.2.4 RNA extraction

P. fluorescens cLP6a cells were grown in TSB to logarithmic,
stationary or death phase at 28°C; to stationary phase at 10°C, 28°C or
35°C; or to stationary phase in the presence of antibiotics
(chloramphenicol or tetracycline at ¥4 MIC) or PAHs (naphthalene or
phenanthrene at 5 mmol I'). At point of harvest, 10 ml of culture was

stopped by adding 1.25 ml of ice-cold ethanol/phenol solution (5% water-
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saturated phenol, in ethanol). Total RNA was immediately extracted from
the harvested cultures using MasterPure™ RNA Purification Kit (Epicentre
Biotechnologies) according to the manufacturer’s instructions. Total RNA
recovered was dissolved in 100 pl of nuclease-free water and treated with
10 pl of 10x DNase | buffer and 10 units of RNase-free DNase | (Ambion):
the reaction was incubated at 37°C for 30 min, stopped with 5 pl of 50 mM
EDTA [pH 8] and then 1 ul of SUPERase«In (Ambion) was added before
storage at -80°C. The purity and concentration of the RNA extracted from
each culture sample was determined using an Agilent 2100 bioanalyzer
(Agilent Technologies).

2.2.5 Reverse-transcription-PCR (RT-PCR)

A RNA-primer hybridization mix containing 2 pl DNase-treated total
RNA and 10 ng/pl random hexamer primers (Invitrogen) was incubated in
a thermocycler at 70°C for 10 min followed by 25°C for 10 min. The 60 pl
cDNA synthesis mixture contained the RNA-primer mix, 0.5 mM dNTP
mix, 1x first strand buffer (Invitrogen), 10 mM dithiothreitol, 0.5 U/pl
SUPERase*In (Ambion) and 6.7 U/ul SuperScript Il reverse transcriptase
(Invitrogen). The mixture was incubated at 25°C for 10 min, 37°C for 60
min, 42°C for 60 min and then at 70°C for 10 min to inactivate the

SuperScript 1ll. cDNA was stored at -80°C until used for real-time PCR.
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2.2.6 Primer design for quantitative real-time PCR (qPCR)

Primers were designed for gPCR using Primer Express® Software
v3.0, which considers factors such as amplicon size, homology with other
genes, secondary structure and the estimated duplex melting temperature
(Tm). Primers were designed using partial sequences retrieved from
GenBank (www.ncbi.nlm.nih.gov/genbank/) for emhA (AAQ92180), emhB
(AAQ92181) and emhC (AAQ92182) of P. fluorescens cLP6a (Hearn et al.
2006) and the 16S rRNA gene of P. fluorescens pf0-1 (NC_007492) (Silby
et al. 2009), the latter being used as the endogenous control. Primer pairs

designed for each gene are listed in Table 2.1.

Table 2.1 Primers for g°PCR analysis

Gene Forward primer (5'—3') Reverse primer (5'—3’)
emhA CGGTGAGCCGTCAGGAATAC TTGATCTGGGCGCTTTGC
emhB GTCCCACTGGCGATTTCC CCGTGATCATACCGCCAATAA
emhC GATCGCCTGGCGCAACT CTTTCGCAGTCTGCTCATTCC
16S rRNA GGAGACTGCCGGTGACAAACT TGTAGCCCAGGCCGTAAGG

2.2.7 RT-qPCR

gPCR of cDNA was performed using an ABI 7500 Fast Real-Time
PCR System (Applied Biosystems). Each 10-ul RT-qPCR reaction mixture
containing 2.5 pl cDNA and 0.4 uM of each corresponding primer specific
for target genes or the endogenous control was incubated with a reaction

mixture (Molecular Biology Services Unit, Edmonton, Canada) comprising
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5 pl 2x qPCR reaction mix with SYBR Green (Molecular Probes) as the
detection dye and ROX (Invitrogen) as a normalizing dye. The PCR
conditions consisted of a denaturation cycle at 95°C for 2 min, followed by
40 cycles at 95°C for 30 s and 60°C for 1 min, and a dissociation cycle at
95°C for 15 s, 60°C for 1 min, 95°C for 15 s and then 60°C for 15 s. The
melting curve generated at the end of real-time PCR cycles was analysed
to confirm the absence of non-specific double stranded DNA-SYBR Green
hybrids.

RT-gPCR data analysis was performed using the gene expression
study function of the ABI 7500 software v2.0 (Applied Biosystems). The
fluorescence of SYBR Green is measured against ROX at the end of each
PCR cycle in the ABI 7500 Fast Real-Time PCR System. The comparative
Cr method (2722°T) was used to calculate the relative quantities of nucleic
acid sequence of target genes in each sample (Wong and Medrano 2005).
Cr (threshold cycle) is the fractional cycle number at which the SYBR
Green fluorescence passes the baseline signal (Wong and Medrano
2005). The expression levels of target genes were normalized against that
of the 16S rRNA gene (endogenous control). RNA obtained from P.
fluorescens cLP6a cultures grown at 28°C to stationary phase was used
as the calibrator sample in this study. Statistical analysis of data was
performed using ANOVA (Excel 2007).

2.2.8 Membrane integrity assay

Membrane integrity of P. fluorescens cLP6a cells grown to
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stationary phase at 10°C, 28°C or 35°C was determined using a
modification of the method described by Niven and Mulholland (1998). Cell
samples (1 ml) were harvested by centrifugation, re-suspended in 1 ml of
phosphate-buffered saline and adjusted to an ODgg 0Of 1.0. Propidium
iodide (PI; Invitrogen), either alone or with the membrane-disrupting agent
cetyltrimethylammonium bromide (CTAB,; Sigma), were added to final
concentrations of 30 pmol I and 1 umol I"* respectively; untreated cells
were included as parallel controls. After 30 min incubation at room
temperature, fluorescence of 100-pul cell samples was measured in a 96-
well microplate using a Synergy HT Multi-mode Microplate Reader
(BioTek) at excitation and emission wavelengths of 500 nm and 600 nm
respectively.

2.2.9 Phospholipid fatty acid (FA) extraction and identification

Total cell lipids were extracted using the Bligh-Dyer method (Bligh
and Dyer 1959) modified by White and Ringelberg (1998) from 10 mg
lyophilized cLP6a or cLP6a-1 cells grown to stationary phase at different
temperatures or in the presence of antibiotics (at 1/4 MIC) or PAHs (5
mmol I'). Fatty acid methyl esters (FAME) were prepared from extracted
total lipids using mild alkaline methanolysis (Guckert et al. 1985), dried
under a stream of N, and re-dissolved in 500 pl chloroform (HPLC grade,
Fisher Scientific). FAME were analysed by gas chromatography with mass
spectrometry (GC-MS) on an Agilent 6890N GC with a model 5973 inert

mass selective detector (Agilent) fitted with an Agilent HP-5MS capillary
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column (30 m x 0.25 mm ID, 0.25 pum film thickness; J + W Scientific).
Helium was used as the carrier gas with a temperature program of 150°C
(1 min) increasing to 190°C at 1.5°C min™, then 25°C min™ to 290°C (held
for 4 min). Sample peaks were compared to Bacterial Acid Methyl Ester
Mix standards (Supelco, Sigma Aldrich) and quantified by calculating
individual FAME peak areas as a percentage of the total FAME in each
sample (Londry et al. 2004).

2.2.10Free FA assay

P. fluorescens strains cLP6a and cLP6a-1 cultures grown to
stationary phase at 10°C, 28°C or 35°C were harvested by centrifugation.
The culture supernatants were filtered using a 0.22 pm Millex-GS filter unit
(Millipore), then 50 pl of the filtrate was assayed for free FA using a free
fatty acid quantification kit (Abcam) according to the manufacturer’'s

protocol.

2.3 Results
2.3.1 EmhABC enhances growth at supra-optimal temperature
The growth curves for P. fluorescens strains were determined at
10°C, 28°C or 35°C to allow sampling at the appropriate phase of growth
in subsequent studies. The optimum growth temperature for wild type P.
fluorescens LP6a is 28°C (Foght and Westlake 1991), 10°C is a growth-
permissive sub-optimal temperature, and 35°C is ~2°C below the

maximum growth temperature of P. fluorescens LP6a wild type. Strains
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cLP6a and cLP6a-1 grown in seed cultures at 28°C were transferred to
fresh medium and incubated at 10°C, 28°C or 35°C and growth was
monitored for 48 h. The growth curves of cLP6a and cLP6a-1, measured

as ODeoo, Were similar to each other at 10°C (Fig. 2.1a) and at 28°C (Fig.
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Figure 2.1 Growth of P. fluorescens strains cLP6a and cLP6a-1 at (a) 10°C, (b) 28°C or
(c) 35°C determined as ODgoo. Each data point is the mean of three independent cultures,
and error bars, where visible, indicate the standard deviation.
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2.1b). The lag phases of both cLP6a and cLP6a-1 were longer at 10°C
than at 28°C but the maximum ODggp achieved was greater at 10°C. The
maximum ODsggo achieved by cLP6a and cLP6a-1 was lower at 35°C and
growth of the two strains was dissimilar (Fig. 2.1c). The growth yield for
strain cLP6a-1 at 35°C was about half that measured at 10°C and 28°C,
and ~70% that of strain cLP6a at 35°C. Thus, disruption of emhABC in
strain cLP6a-1 impaired its growth rate and cell yield at the supra-optimal
temperature.

2.3.2 Phenanthrene efflux by EmhABC is affected by

incubation temperature

To measure activity of the EmhABC efflux pump, a rapid efflux
assay (Bugg et al. 2000) was performed using **C-phenanthrene. In the
efflux assay, suspensions of cLP6a and cLP6a-1 harvested at stationary
phase were incubated with **C-phenanthrene at a concentration below its
aqueous solubility limit, to avoid any effects of dissolution on
phenanthrene bioavailability. Partitioning of phenanthrene into the cells is
very rapid, achieving steady state in less than 1 min (Bugg et al. 2000). At
timed intervals, the radiolabel associated with the cell pellet is measured,
and the steady state concentration is the sum of efflux and partitioning of
phenanthrene. A significant increase in the concentration of phenanthrene
associated with the cell pellet after addition of sodium azide indicates
inhibition of active efflux, resulting in phenanthrene accumulation in the

cell. A constant high concentration of phenanthrene in the pellet both
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before and after azide addition indicates absence of efflux. Therefore, the
relative activity of EmhABC at different incubation temperatures can be
determined by comparing the difference between the steady state cell-
associated phenanthrene concentrations during active efflux (pre-azide
addition for strain cLP6a) and in the absence of efflux (in strain cLP6a-1
and post-azide addition for strain cLP6a); the greater the difference
between phenanthrene concentrations in the pellets, the greater the efflux
pump activity and consequently the more phenanthrene extruded from the
cells. Importantly, because the centrifugation assay is so rapid (~25 min
duration), the observed effects must be due to existing efflux pumps and
membrane fatty acid (FA) composition rather than being influenced by
induction of emhABC transcription or long-term membrane modifications
through de novo synthesis of FA.

Because incubation temperature affects FA composition and fluidity
of membranes, which in turn can affect protein-lipid interactions and
integral membrane protein activity (Denich et al. 2003), the effect of
growth temperature over a 25°C range on subsequent phenanthrene efflux
activity was determined. The cell-associated phenanthrene prior to azide
addition was 1.34 + 0.19 pumol/g, 1.93 £ 0.34 pmol/g and 2.30 + 0.36
pmol/g in cLP6a cells grown at 10°C, 28°C and 35°C respectively,
indicating reduced efflux activity with increasing growth temperature.
Consistent with previous work (Hearn et al. 2003), cLP6a cells grown at

28°C exhibited active efflux of phenanthrene (Fig. 2.2a): the steady state
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Figure 2.2 Partitioning of phenanthrene into the cell pellet of P. fluorescens strains,
determined using a rapid efflux assay: (a) strain cLP6a grown at 10°C, 28°C or 35°C; (b)
strain cLP6a-1 grown at 10°C, 28°C or 35°C. The vertical dashed line indicates the

addition of azide (120 mM). Each data point is the mean of three independent
experiments, and error bars, where visible, indicate the standard deviation.

concentrations of phenanthrene associated with the cell pellet before (1.93

+ 0.34 umol/g ) and after (5.28 £ 0.56 pumol/g ) azide addition were
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significantly different (P < 0.0001).

Efflux assays were also performed with the emhB disruption strain
cLP6a-1 (Fig. 2.2b) to determine the steady state concentration of
phenanthrene in the absence of efflux in the cells. As expected, there was
no evidence of phenanthrene efflux by mutant cLP6a-1 at 28°C and 35°C,
as the steady state concentrations of cell-associated phenanthrene were
unchanged before and after azide addition. Notably, the cell-associated
phenanthrene prior to azide addition was significantly greater in cLP6a-1
cells grown at 28°C (6.60 £ 0.50 umol/g) than in the parallel cLP6a cells
(1.93 £ 0.34 umol/g; P < 0.0001) (Fig 2.2). Thus, EmhABC is the sole
efflux system responsible for phenanthrene efflux in cLP6a cells grown at
28°C and 35°C. The cell-associated phenanthrene concentration in
cLP6a-1 cells grown at 35°C before azide addition (4.32 £ 0.19 umol/g)
was significantly lower (P < 0.0001) than in cells grown at 28°C (6.60 +
0.50 umol/g; Fig. 2.2b), suggesting that phenanthrene partitioning into the
cells was affected by changes in membrane FA composition induced by
the incubation temperature. Unexpectedly, in cLP6a-1 cells grown at 10°C
(Fig 2.2b) the cell-associated phenanthrene concentrations pre- (4.35 +
0.42 umol/g) and post- (7.50 + 0.16 pmol/g) azide addition were
significantly different (P < 0.0001), consistent with efflux subsequently
inhibited by azide. This observation suggests the activity of another
phenanthrene efflux pump(s) present and active at 10°C but not at 28°C.

A second efflux pump expressed or active at low temperature would also
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explain why cLP6a cells grown at 10°C accumulated the lowest measured
concentration of cell-associated phenanthrene prior to azide addition (Fig.
2.2a): this could result from the combined activity of EmhB plus the
postulated alternate efflux pump at the low temperature.

The difference in cell phenanthrene concentration in the presence
and absence of efflux in cLP6a grown at 10°C (6.18 + 0.002 pumol/g) was
significantly greater (P < 0.002) than in cLP6a cells grown at 28°C (5.46 £
0.03 umol/g). Because a putative pump was likely induced at 10°C in
addition to EmhB (Fig. 2.2b), the actual difference in cell pellet
phenanthrene concentration due to the activity of EmhB in strain cLP6a
grown at this temperature (3.01 + 0.07 pmol/g) was significantly lower (P <
0.001) than in cells grown at 28°C. Similarly, the difference in
phenanthrene concentrations for strain cLP6a grown at 35°C (2.07 + 0.06
pmol/g) was less than in cells grown at 28°C. These results indicate that
the activity of EmhB was reduced due to sub- or supra optimal incubation
temperature. Therefore, incubation temperature affects phenanthrene
efflux by the EmhB efflux pump.

2.3.3Incubation temperature affects sensitivity to antibiotics

The effect of incubation temperature on antibiotic efflux by
EmhABC was investigated to confirm the phenanthrene efflux assays. The
sensitivity of cLP6a and cLP6a-1 cells grown at 10°C, 28°C or 35°C to

various antibiotics was measured indirectly as MICs to test the effect of

61



temperature on efflux of known antibiotic substrates of the EmhABC pump

(Hearn et al. 2003; 2006). As expected, the emhB mutant strain (cLP6a-1)

Table 2.2 Antibiotic sensitivity of P. fluorescens strains cLP6a and cLP6a-1 incubated at
different temperatures. Antibiotic sensitivity was measured as minimum inhibitory
concentration (MIC). Values shown are representative data from two independent
experiments.

MIC (ug ml™) 2
P. fluorescens
strains Incubation -\ CcL ER NL TE

temperature

cLP6a 10°C 512 64 128 32 2
28°C 512 32 128 32 2
35°C 256 8 64 32 1

cLP6a-1 10°C 512 4 32 2 0.125
28°C 512 1 8 <1 0.125
35°C 512 <0.5 8 <1 <0.063

® AP, ampicillin; CL, chloramphenicol; ER, erythromycin; NL, nalidixic acid; TE,
tetracycline

was more sensitive to such antibiotics than strain cLP6a grown at a
comparable incubation temperature (Table 2.2), exhibiting a 216-fold
difference in MIC for chloramphenicol, nalidixic acid and tetracycline, and
a 4- to 8-fold difference for erythromycin. Both strains showed similar
sensitivity to ampicillin, which is not a substrate of EmhABC (Hearn et al.
2003; 2006). Smaller differences in MIC values (<8-fold, or no difference)
were observed within a single strain incubated at different temperatures

for some antibiotics.
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2.3.4 emhABC expression is affected by incubation
temperature and growth phase

Changes in the activity of EmhABC in cLP6a cells grown at different
temperatures could reflect differential expression of emhABC, differential
EmhABC translation or changes in the membrane physiology of the cells
as a result of deviation from the normal growth temperature. Thus, the
effect of incubation temperature on the expression of emhABC and on the
cell membrane physiology was determined. It is assumed that the
emhABC genes form an operon based on their homology to the ttgABC
and mexAB-OprM efflux operons (Hearn et al. 2003). Expression of the
emhABC genes in cLP6a cells incubated at different temperatures and
grown to different phases was determined using RT-gPCR to identify the
condition(s) that induce emhABC transcription. The reference level of
expression (i.e., calibrator) was defined as that exhibited by cLP6a cells
grown to stationary phase at 28°C. Expression at 28°C was dependent on
growth phase: emhABC genes were induced ~20-35 fold in log phase
cells, and ~6-fold in death phase cells (Fig. 2.3). Sub- and supra-optimal
incubation temperature also increased expression ~10-fold at 10°C and
~32-fold at 35°C in stationary phase cells. The presence of tetracycline in
the growth medium at 28°C induced emhABC by ~10-fold. Induction levels
obtained for all these conditions were significantly different (P < 0.005)

from the calibrator. In each case, except for logarithmic growth, the three
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emhABC genes were expressed at equivalent levels, but during log phase
their expression followed the trend emhA>B>C.

Expression of emhABC genes did not increase in stationary phase
cells incubated at 28°C in the presence of chloramphenicol, naphthalene

or phenanthrene although chloramphenicol and phenanthrene are known
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Figure 2.3 Expression of emhABC in P. fluorescens strain cLP6a grown to stationary
(Stat), logarithmic (Log) or death phase at 28°C; grown to stationary phase at 10°C or
35°C; grown to stationary phase at 28°C in the presence of chloramphenicol (CL) or
tetracycline (TE) at % MIC; or grown to stationary phase at 28°C in the presence of
naphthalene (Nap) or phenanthrene (Phen) at 5 mmol I"*, determined using RT-gqPCR.
The values shown are the fold-difference in expression of emhABC compared to
expression levels in cells grown to stationary phase at 28°C (calibrator = 1). Each bar
represents the mean of two independent experiments performed in duplicate. Error bars,
where visible, indicate the average deviation. Asterisks indicate significant differences.

substrates of EmhABC efflux pump. This is consistent with the hypothesis

that PAHs and antibiotics are not primary substrates of resistance-
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nodulation-division (RND) efflux pumps (Piddock 2006; Poole 2008). The
observation by Hearn et al. (2003) that emhABC genes are not induced by
PAHs was confirmed by the current study. Conversely, antibiotics such as
tetracycline and chloramphenicol that inhibit ribosomal function were
shown to induce the expression of mexY, which encodes the MexY efflux
pump in P. aeruginosa PAO1, but their effect on expression was
concentration-dependent (Jeannot et al. 2005). Induction of emhABC by
tetracycline but not chloramphenicol (Fig. 2.3) may likewise depend on
concentration. Because single sub-lethal concentrations of antibiotics were
tested in this study we cannot make any conclusions about the effect of
chloramphenicol on emhABC expression. Dimethylformamide, the water-
miscible solvent used to add the PAHSs, did not affect expression of
emhABC genes in parallel control incubations.

2.3.5 Incubation temperature affects cLP6a membrane

integrity

Because the activity of EmhABC was low but the expression of the
emhABC was high in cLP6a cells grown at 35°C compared to other
incubation temperatures, it was hypothesized that membrane integrity and
(or) changes in membrane FA components might be responsible for these
observations. To test the hypothesis, cell membrane integrity was
determined using fluorescent dyes to determine the effect of incubation
temperature on membrane permeability. Propidium iodide (PI) is a

fluorescent reporter molecule that cannot cross intact cell membranes
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(Niven and Mulholland 1998). Therefore, cell fluorescence in the presence
of Pl only occurs if membrane integrity is compromised, allowing PI to
penetrate and interact with intracellular DNA. Cetyltrimethylammonium
bromide (CTAB) is a cationic surfactant that can permeabilize bacterial cell
membranes and thus increase Pl penetration. The fluorescence value of
cells exposed to Pl with CTAB treatment or without CTAB treatment
represents, respectively, the total number of cells (with artificially induced
membrane permeability) and the number of cells naturally exhibiting
compromised membrane integrity (Niven and Mulholland 1998). A
permeability index can be calculated as the percentage of the net
fluorescence value of Pl-treated cells in the absence of CTAB relative to

that in its presence. In Fig. 2.4 the permeability index of cLP6a cells grown
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Figure 2.4 The permeability index of P. fluorescens cLP6a cells grown to stationary
phase at 10°C, 28°C or 35°C. See text for definition of permeability index. Each bar

represents the mean of three culture sub-samples. Asterisks indicate significant
differences.
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to stationary phase increased with higher incubation temperature: cells
grown at 10°C, 28°C or 35°C had permeability indices of approx. 9%, 12%
and 20% respectively. This indicates that, as anticipated, cLP6a cells
exhibit increasingly compromised membrane integrity when grown at
35°C, just below the maximum permissive growth temperature.

2.3.6 Membrane FA content is modified in response to

incubation temperature

Temperature is well known to cause modification of membrane FA
content (Denich et al. 2003; Kim et al. 2001). Therefore, the membrane FA
profiles of strain cLP6a grown to stationary phase at 10°C, 28°C or 35°C
in the presence of PAHSs or antibiotics were quantified to determine the
effect of temperature on cell membrane FA composition (Table 2.3). Strain
cLP6a grown at 28°C in the absence of PAHs and antibiotics was used as
a reference. Generally, incubation temperature caused greater changes in
the proportions of saturated-, unsaturated- and cyclopropane-FA than the
other conditions tested. Compared to 28°C, cells grown at 10°C
responded by decreasing the total saturated membrane FA by half to
~20%, decreasing cyclopropane-FA from 43% to 7% and concomitantly
increasing total unsaturated FA from 14% to 72%, primarily represented
by the cis-isomers of 16:1A9 and 18:1A9. Cells grown at 35°C responded
with slight increases in total saturated and cyclopropane-FA and a 4-fold
decrease in total unsaturated FA. In the presence of tetracycline, cLP6a

cells responded with a ~2-fold increase in unsaturated membrane FA and
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Table 2.3 FA composition of P. fluorescens strain cLP6a under different growth conditions.Strain cLP6a cultures were grown to stationary phase
at 10°C, 28°C or 35°C, or grown at 28°C in the presence of PAHs (naphthalene or phenanthrene, at 5 mmol I-1) or antibio tics (tetracycline or
chloramphenicol, at %1 MIC). FA contents are expressed as the mean weight % of total FA detected in two measurements; deviation from the
mean was typically <1% and at most 3% of the measured values.

FAs as % of total FA detected?®

Total
° - o - Total Total Cvelo-
@ @ @ @ Saturated FAs Unsaturated FAs Y
. < < ~ < < o FAs
Growth conditions e e o < T e - @ <. <. -
<t n [{e] o © N~ > [ee] [} [} >
— - — - - — (8] — - - (8]
10°C 0.2 0.2 199 34.0 7.0 0.3 6.6 0.3 30.5 0.7 0.4 20.9 72.2 7.0
28°C 1.0 0.2 40.4 4.6 1.6 0.3 40.0 1.2 7.6 ND" 3.1 43.1 13.8 43.1
35°C 0.6 0.2 44.6 1.3 0.1 0.3 44.1 1.9 2.1 0.1 4.9 47.6 3.6 49.0
28°C with naphthalene 0.6 0.1 40.8 55 3.2 0.2 36.5 1.2 9.3 0.3 2.3 42.9 18.3 38.8
28°C with phenanthrene 0.7 0.2 40.1 4.7 1.9 0.3 39.7 1.2 7.9 ND 3.3 425 14.5 43.0
28°C with tetracycline 1.0 0.2 40.3 14.5 ND 0.3 325 1.0 8.6 ND 1.6 42.8 23.1 34.1
28°C with 1.1 0.2 41.0 6.6 ND 0.4 40.1 1.3 6.2 ND 3.1 44.0 12.8 43.2

chloramphenicol

® FA nomenclature: number of carbons; saturation (:0); mono-unsaturation (:1); position of double bond calculated from the carboxyl end (A9);

cis- (c) or trans- (t) isomer; cyclopropyl ring (cy)

® not detected
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a ~25% decrease in total cyclopropane-FA but unchanged total saturated
membrane FA. There were no major changes in the proportions of
different membrane FA in cells incubated with chloramphenicol,
naphthalene or phenanthrene. Consistent with observations of emhABC
gene induction, tetracycline but not chloramphenicol induced major
changes in membrane FA content (although both antibiotics are substrates
of EmMhABC), possibly due to the sub-inhibitory concentration of
chloramphenicol used in the assay or because tetracycline is a better
substrate of EmhABC efflux pump. In contrast, the PAHs naphthalene and
phenanthrene did not induce major FA changes likely because cLP6a is
adapted to growth on PAHSs, having been isolated from a hydrocarbon-
contaminated soil (Foght and Westlake 1996).

2.3.7 Free FA are substrates of EmhABC

| investigated the possibility that free FA released from membranes
damaged by stress or undergoing rapid phospholipid replacement are
substrates of the EmhABC efflux pump. The concentration of free FA was
determined in the cell-free medium of strains cLP6a and cLP6a-1 grown at
10°C, 28°C or 35°C to stationary phase. The concentrations of free FA in
the cell-free medium of cLP6a and cLP6a-1 cultures incubated at 10°C or
28°C (Fig. 2.5) were not significantly different (P < 0.4 or P <0.8
respectively). However, there was a significant difference (P < 0.04) in the

concentration of free FA in the medium of cLP6a and cLP6a-1 cultures
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incubated at 35°C. Higher concentrations of free FA were observed in the

medium of cLP6a cultures grown at 35°C in the presence of a functional
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Figure 2.5 Free FA concentration in filtered medium from cLP6a and cLP6a-1 cultures
grown to stationary phase at 10°C, 28°C or 35°C. Each bar represents the mean of two
independent experiments, and error bars, where visible, indicate the average deviation.
Asterisks indicate significant differences.

EmhABC pump compared to cultures of cLP6a -1 lacking EmhB,
consistent with the involvement of EmhABC in the transport of FA

originating from membranes under stress or rapid turnover.

2.4 Discussion
Efflux pumps of the resistance-nodulation-division (RND)
superfamily are common in Gram negative bacteria (Nikaido and
Takatsuka 2009; Poole 2008) and are well studied for their role in
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antibiotic resistance and solvent tolerance in many Pseudomonas species
(Blair and Piddock 2009; Rodriguez-Herva et al. 2007). However, these
may not be the native or dominant physiological functions of RND pumps
in bacteria. Piddock (2006) and Poole (2008), among others, have
suggested that RND pumps fulfill other crucial roles, including
management of diverse physico-chemical and biochemical stresses,
guorum sensing and virulence. One of the stress-responsive roles
proposed for RND efflux pumps such as MexCD-OprJ in Pseudomonas
aeruginosa (Fraud et al. 2008; Poole 2008; Stickland et al. 2010) is the
export of membrane constituents released by FA replacement due to
natural turnover of membrane components during cell growth or resulting
from membrane damage. Results obtained in this study are consistent
with that proposal: EmhABC appears to play a role in efflux of replaced
membrane FA in response to temperature-induced membrane
perturbation, in addition to its demonstrated function of transporting
hydrophobic antibiotics, dyes and PAHs (Hearn et al. 2003). Reciprocally,
because RND efflux pumps are membrane-associated protein complexes,
EmhABC activity may in turn be influenced by modulation of FA content in
response to membrane stressors like temperature and hydrophobic
compounds (Denich et al. 2003) that partition into lipid bilayers. As
expected, results obtained indicate that temperature affects cell growth,
FA content (measured as fatty acid methyl esters) and membrane integrity

(measured as permeability index). In addition, it is now shown that
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temperature affects expression and activity of the EmhABC RND efflux
pump (measured by using RT-gPCR, phenanthrene efflux and antibiotic
MIC assays).

The FA content of cLP6a followed the expected trends at 10°C and
at 35°C, shifting towards unsaturation and saturation respectively (Denich
et al. 2003; Zhang and Rock 2008). The FA content of the membrane
affected the partitioning of phenanthrene into the membrane, since cLP6a-
1 cells grown at 35°C contained lower fractions of phenanthrene in the
absence of active efflux compared to those grown at 28°C. This
observation is consistent with the rationale that saturated FA pack closely,
hindering partitioning of hydrophobic molecules like PAHSs into the lipid
bilayer (Denich et al. 2003) whereas angular cis-unsaturated FA pack
more loosely, facilitating partitioning. The observed changes in FA with
temperature are also consistent with results from the membrane integrity
assay in which the permeability index increased with temperature.

Growth temperature also affected EmhABC activity in cLP6a,
possibly indirectly through membrane perturbation including the
modulation of FA. cLP6a cells having high unsaturated FA content (i.e.,
72% in cells grown at 10°C) and greater membrane integrity had higher
efflux activity than cells with lower proportions of unsaturated FA (i.e., 14%
at 28°C or 4 % at 35°C) and increased permeability. This observation
suggests that increased unsaturated FA content may allow efficient or

stable association of the three protein components of RND efflux pumps,
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which spans two membranes and the periplasm.

The enhanced phenanthrene efflux observed in cLP6a at 10°C is
consistent with the additive effect of EmhABC with a postulated alternate
efflux pump that is active at 10°C. The presence of an alternate pump in P.
fluorescens is not unexpected, as multiple efflux pumps have been
identified in other Pseudomonas species (Kieboom and de Bont 2001;
Poole 2008) and additional efflux pumps were invoked by Hearn et al.
(2003) to explain anthracene and fluoranthene efflux in P. fluorescens
strain cLP6a.

The induction of emhABC genes was observed in cLP6a cells
exhibiting major changes in membrane FA composition due to sub-optimal
growth conditions, namely at 10°C, 35°C and in the presence of
tetracycline. Expression was also increased in logarithmic phase cells,
which undergo rapid synthesis and turnover of FA, and in death phase
cells that experience membrane deterioration. The relationship between
induction of emhABC genes and membrane FA modulation indicates that
the EmhABC efflux pump may be involved in the extrusion of replaced
membrane FA as a result of membrane turnover. This possibility is further
supported by the higher concentration of free FA in the medium of cLP6a
cultures grown at 35°C concomitant with high membrane permeability and
over-expression of emhABC genes. Comparable results were obtained
recently by Stickland et al. (2010) who reported that over-expression of

mexCD-oprJ efflux genes in P. aeruginosa leads to up-regulation of FA
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secretion and fitness impairment. Over-expression of emhABC genes in
cLP6a cells grown at 35°C may be explained either as compensation for
reduced activity of EmhABC (caused by the modulation of the FA content)
or may be due to increased membrane permeability and membrane FA
turnover. According to Denich et al. (2003), damage to the membrane is
still possible even with modulation of membrane FA quantity or
composition to maintain fluidity and integrity. This conclusion is supported
by the observation of similarly high levels of emhABC over-expression in
log phase cells. Such cells may have compromised cell membranes due to
rapid phospholipid synthesis and turnover since membrane integrity is
temporarily affected by physical cell wall reconstruction at the sites of cell
division during the log phase of growth (Mailaender et al. 2004; Muller and
Nebe-von-Caron 2010). It is unclear why there was differential expression
of the three emhABC genes in log phase cells (emhA>B>C), although
stability of the transcripts may differ as a result of rapid cell growth. The
effect on membrane integrity was confirmed by the higher permeability
index at 35°C. Similarly, the reduced cell yields and growth rates at 35°C
compared to 10°C or 28°C, along with altered FA content, are consistent
with compromised cell membranes at the higher temperature. The
negative effects of the compromised membrane on growth are muted by
the presence and activity of EmhABC, allowing cLP6a cells to out-grow
cLP6a-1 at supra-optimal temperature.

The discovery that EmhABC activity influences growth of P.
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fluorescens cLP6a (and by extension wild type LP6a) at supra-optimal
temperature suggests a role for efflux in temperature adaptation in the
environment, and may apply to other Gram-negative species. For
example, P. aeruginosa and Salmonella strains lacking RND efflux pumps
are unable to colonize and infect their hosts (Hirakata et al. 2002; Nishino
et al. 2009), which may in part result from an inability to adapt to host
temperatures higher than the external environment. Temperature also may
affect efflux-mediated antibiotic resistance although the effect on MIC was
not pronounced in P. fluorescens cLP6a. It will also be interesting to
examine whether temperature-sensitive efflux of antibiotics is a general
phenomenon in other Gram-negative bacteria. Because bacterial cells are
commonly exposed to temperature changes in the environment, we
propose that RND efflux pumps in Gram-negative bacteria may play a
major role in management of temperature-induced membrane damage.
This study focussed on modifications to the FA portion of
membrane lipids since phospholipid head group modification is typically
less dynamic and critical in bacteria (reviewed by Denich et al. 2003), but
it is possible that head group composition also changed in response to
temperature, PAHs and/or antibiotics. Other indirect effects such as
decreased proton motive force resulting from damaged membranes could
also be factors. Such possibilities are incentives for clarifying the natural
physiological roles of RND efflux pumps in Gram-negative bacteria in

anticipation of devising new methods for combating antibiotic resistance or
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improving hydrocarbon transformation for bioremediation or biocatalytic
processing of hydrophobic substrates.

The alternative and likely the primary physiological role of EmhABC
in P. fluorescens cLP6a is the efflux of membrane FA replaced as a result
of adaptation to membrane stress caused by physico-chemical stressors
(See Fig. 6.1). Efflux of incidental substrates such as hydrophobic

antibiotics, PAHs or dyes may be a consequence of membrane stress.
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3. The EmhABC efflux pump decreases efficiency of phenanthrene

biodegradation by Pseudomonas fluorescens strain LP6a?

3.1 Introduction

Phenanthrene is a low-molecular-weight polycyclic aromatic
hydrocarbon (PAH) (Mallick et al. 2011) considered to be non- or slightly-
toxic to hydrocarbon-degrading bacterial cells because of its low
bioavailability (Sikkema et al. 1995). Phenanthrene is a common PAH
pollutant in soil, largely introduced into the environment along with other
PAHSs through fossil fuel extraction, processing, transport and use
(Cerniglia 1992; Wammer and Peters 2005). There is need for efficient
methods of removing PAHs from contaminated soils because of their
toxicity and potential for bioaccumulation. Bioremediation using natural or
genetically modified microorganisms in a controlled environment (e.g., in
an ex situ bioreactor) with appropriate nutritional conditions can be a cost-
effective and nonhazardous option for cleaning PAH-contaminated soils
(Daugulis 2001; Mohn et al. 2001). Thus, bioremediation has great
potential to replace physico-chemical remediation technologies such as
incineration and solvent extraction (Mallick et al. 2011; Samanta et al.

2002; Van Hamme et al. 2003). It is therefore desirable that bacterial

°A version of this chapter has been published. Adebusuyi AA, Smith AY, Gray MR, Foght
JM (2012) The EmhABC efflux pump decreases the efficiency of phenanthrene
biodegradation by Pseudomonas fluorescens strain LP6a. Appl Microbiol Biotechnol
doi:10.1007/s00253-012-3932-4
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species employed for the remediation of contaminated environments
degrade the pollutant efficiently. Bacterial transformation of hydrocarbons
for biocatalysis or biorefining (Foght 2004) is another potential technology
in which efficient microbial catabolism of the hydrocarbon substrate is
desirable.

Phenanthrene is a substrate of the EmhABC efflux pump of
Pseudomonas fluorescens strain LP6a (Bugg et al. 2000; Hearn et al.
2003) and other efflux pumps in Pseudomonas species (Hearn et al.
2003), which suggests that PAH efflux may be a common phenomenon in
PAH-degrading strains. In Chapter 2, it was shown that the EmhABC
efflux pump is not induced by phenanthrene (Adebusuyi and Foght 2011;
Hearn et al. 2003) however, the efflux of phenanthrene via this pump may
affect the rate at which it is degraded. The efficiency of PAH
biodegradation depends on environmental factors such as bioavailability of
the substrate (Cerniglia 1992), temperature, pH and salinity (Ulrich et al.
2009) and cell properties such as adhesion to hydrocarbons
(Abbasnezhad et al. 2011a; 2011b) but the effect of efflux on efficiency of
PAH biodegradation has not been studied previously.

Phenanthrene efflux can be examined independently of its
catabolism in P. fluorescens LP6a because the genes encoding EmhABC
are located on the chromosome (Hearn et al. 2003) whereas the PAH
catabolic genes are located on a plasmid (Foght and Westlake 1996).

Because efflux of a substrate may reduce its availability for catabolism by
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cytoplasmic enzymes, it was hypothesized that phenanthrene
biodegradation would be greater in an emhB mutant than in the wild type.
This study determines how the efflux of phenanthrene affects the rate and
extent of its degradation by comparing wild-type P. fluorescens strain
LP6a and a mutant with a disrupted emhB gene (strain WEN; wild type
PAH catabolism, efflux negative). Whether metabolites of phenanthrene
and dibenzothiophene are substrates of the EmhB efflux pump was also
determined to understand how efflux might influence PAH biodegradation
and the fate of PAH metabolites during bioremediation, and to extend the

known range of substrates of the EmhB efflux pump.

3.2 Materials and methods

3.2.1 Chemicals

Phenanthrene (Fig. 3.1a) (98% pure) and o-terphenyl (>99% pure)
were purchased from Aldrich Chemical Co. [9-**C]Phenanthrene (96.5%
radiochemical purity ; 19.3 mCi mmol™) and 2-aminobenzoic acid were
purchased from Amersham (Arlington Heights, IL, USA) and Analar (BDH
Ltd, Poole, England) respectively. [U-**C]D-glucose was purchased from
New England Nuclear (Boston, MA, USA), N,N-dimethylformamide (ACS
grade) from Anachemia (Montreal, QC, Canada), dibenzothiophene (DBT;
98% pure) (Fig. 3.1b) from Fluka Chemika (Sigma — Aldrich, Steinheim,
Switzerland) and dichloromethane (HPLC grade) was purchased from

Fisher Scientific Co.
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OH
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S
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Figure 3.1 Proposed degradation pathway of a, phenanthrene (Mallick et al. 2011) and b,
dibenzothiophene (Bressler and Fedorak 2001) in P. fluorescens.
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3.2.2 Bacterial strains and growth conditions

Table 3.1 lists the bacterial strains used in this study. P. fluorescens
LP6a wild-type strain contains the 63 kb PAH catabolic plasmid pLP6a
(Foght and Westlake 1996) and chromosomally-encoded emhABC genes
(Hearn et al. 2003) that are expressed constitutively but are also inducible
by some antibiotics (Chapter 2; Adebusuyi and Foght 2011). Two mutants
were used as negative controls for biodegradation assays: cured strain
cLP6a, which cannot metabolize PAHs (Foght and Westlake 1996) but
retains EmhABC activity (Bugg et al. 2000); and strain cLP6a-1, an emhB
disruption mutant of the cured strain (Hearn et al. 2003). To construct the
mutant strain WEN (wild type PAH catabolism, efflux negative) that carries
pLP6a but has a disrupted emhB gene, plasmid pLP6a was purified from
LP6a cells using the method of Casse et al. (1979) and introduced into

cLP6a-1 by electroporation using a Gene Pulser (Bio-Rad Laboratories,

Table 3.1 Bacterial strains used in this study

Pseudomonas
fluorescens Characteristics Reference or source
strains
LP6a Wild-type containing PAH+cataboIic Foght and Westlake
plasmid pLP6a, emhABC (1991)
; . -
WEN Km' emhB’ transposon mutant containing This study
pLP6a
cLP6a Cured LP+6a strain lacking pLP6a, Foght and Westlake
emhABC (1996)
cLP6a-1 Km" emhB’ transposon mutant lacking Hearn et al. (2003)

pLP6a
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Mississauga, Ontario). Mutants were selected on Bushnell Haas agar (BH
[see below] plus 1.5% wi/v Bacto Agar [Difco Laboratories, Detroit, MI])
containing 25 pg ml™ kanamycin and vapour phase naphthalene as the
sole carbon source. The presence of pLP6a in WEN was confirmed by
extracting the plasmid and comparing it to the restriction pattern and
fragment sizes of the plasmid in LP6a.

3.2.3 Phenanthrene biodegradation assay

Each 250 ml Erlenmeyer flask used for biodegradation experiments
contained 25 ml Bushnell Haas (BH) medium [g I"}]: magnesium sulphate
0.2; calcium chloride 0.02; potassium hydrogen monophosphate 1.0;
potassium dihydrogen phosphate 1.0; ammonium nitrate 1.0; ferric
chloride 0.05; final pH 7 — 7.2. After heat-sterilization, 50 pl 2-
aminobenzoate dissolved in 95 % ethanol and 50 pl phenanthrene
dissolved in dimethylformamide were added to the medium to yield final
concentrations of 0.5 mM and 2.8 mmol I'* (500 mg I'") respectively. As
determined in Chapter 2, dimethylformamide at the concentration used
does not induce the EmhABC efflux pump (Adebusuyi and Foght 2011). 2-
Aminobenzoate, a non-metabolized inducer of the PAH catabolic genes in
P. fluorescens LP6a (Foght 2004), was added to decrease the lag phase
and enhance the rate of PAH biodegradation. Inocula for biodegradation
assays were grown in 100 ml trypticase soy broth (TSB; Difco) at 28°C
with 200 rpm gyratory shaking. Overnight cultures were harvested by

centrifugation at 10,000 x g for 5 min and washed once with 0.1 M
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potassium phosphate buffer (pH 7). The harvested cells were re-
suspended in the same buffer then re-adjusted to an optical density at 600
nm (ODego) of 3.0 and inoculated into sterile medium at 25 pl per flask.
TSB or BH media inoculated with strain WEN or cLP6a-1 contained
kanamycin (Sigma Chemical Co.) at 25 pg ml™* to maintain the gene
disruption.

Cultures of P. fluorescens strains LP6a, WEN and cLP6a incubated
with phenanthrene as sole carbon source were sacrificed at intervals and
biodegradation was monitored by extracting and quantifying residual
phenanthrene using gas chromatography with mass spectrometry (GC-
MS). At the point of sampling, 250 pl 4N H,SO,4 was added to culture
flasks to achieve pH < 1, then 100 pl of o-terphenyl dissolved in
dichloromethane was added to each flask to a final concentration of 1.4
mM before extraction of phenanthrene using 10 ml dichloromethane. The
solvent extract was dried over sodium sulphate. Aliquots of the solvent
extract were transferred to screw-cap glass vials with Teflon liners.
Phenanthrene concentrations in each sample extract were quantified on
an Agilent 6890N GC with a model 5973 inert mass selective detector
(Agilent, Palo Alto, CA) fitted with an Agilent HP-5MS capillary column (30
m x 0.25 mm ID, 0.25 um film thickness; J + W Scientific, Folsom, CA).
Helium was used as the carrier gas with a temperature program of 90°C (1
min) increasing to 280°C at 10°C min™ (held for 5 min). The

phenanthrene peak area was compared to the peak of o-terphenyl, which
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served as both an extraction and surrogate standard for phenanthrene
guantification.

3.2.4 Mineralization and transformation of radiolabelled

phenanthrene and glucose

Mineralization and metabolite production by P. fluorescens strains
LP6a, WEN, cLP6a and cLP6a-1 incubated with radiolabeled substrates
were measured as cumulative **CO, evolution and *C-water-soluble
products as described by Ulrich et al. (2009). Experiments were performed
using biometer flasks containing 25 ml BH medium, 250 mg I™* *C-
phenanthrene or 0.1% *2C-glucose, 0.5 mM 2-aminobenzoate and 25 L
of inoculum suspension (ODggo = 3.0). Each flask also contained either [9-
“Clphenanthrene or [U-*C]D-glucose to provide ~100,000 disintegrations
per minute (dpm). The side arm of each biometer flask contained 10 ml 1
N KOH as a CO, trap. Flasks were incubated at 22°C with gyratory
shaking at 100 rpm. Mineralization experiments were performed in
triplicate except for controls (cLP6a and cLP6a-1), which were performed
as single cultures. Abiotic (No cells) and killed cell (heat killed LP6a cells)
controls were also performed using the same method as single cultures to
account for radiolabel sorption to glassware and partitioning into cells,
respectively.

Cumulative **CO, trapped in the KOH in the side arm of biometer
flasks was measured as described by Ulrich et al. (2009). Water-soluble

phenanthrene metabolites were measured in supernatant samples from
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the culture medium as follows: At intervals, 1-ml culture samples were
collected and centrifuged at 13,000 x g for 10 min to remove insoluble
residual **C-phenanthrene and cells. A 0.5-ml aliquot of the clarified
supernatant was transferred to scintillation vials containing 10 ml ACS
Fluor (Amersham Biosciences, UK Ltd). Samples were dark-adapted for
30 min to reduce chemiluminescence before counting with a Beckman
LS3801 liquid scintillation counter. The percentage of label associated with
the supernatant or KOH fraction over time was calculated relative to the
initial radiolabel added to the culture (Abbasnezhad et al. 2011a) after
correcting for background radiation (31 dpm, using samples of the
aqueous phase and KOH sampled at time zero).

3.2.5 Phenanthrene metabolite efflux

Strains LP6a, WEN and cLP6a were grown to stationary phase at
28°C in TSB medium, harvested by centrifugation at 10,000 x g for 5 min
and washed once with 0.1 M potassium phosphate buffer. Harvested cells
were resuspended in 20 ml of buffer and incubated at 28°C with 0.5 mM 2-
aminobenzoate and 2.8 mmol I phenanthrene. After 3 h incubation, the
cultures were harvested by centrifugation and the supernatants were
filtered using a 0.22 pum pore size Millex-GS filter unit (Millipore).
Supernatant samples (15 ml) were extracted as described for the
phenanthrene biodegradation assay. The extracts were derivatized by
trimethylsilylation using N, O-bis(trimethylsilyl)-trifluoroacetamide (Pierce

Chemical Co; Rockford, IL, USA) according to manufacturer’s instructions
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and analyzed using GC-MS. The peak corresponding to the phenanthrene
early open ring metabolite (Fig 3.1a) was presumptively identified in the
gas chromatogram based on the appropriate molecular ion and fragment
mass spectrum.

3.2.6 DBT metabolite efflux

Strains LP6a and WEN were grown, harvested and washed as
described above, and resuspended in 20 ml 0.1 M potassium phosphate
buffer in 125 ml screw cap flasks at a final ODgoo Of 3. At time zero, 2-
aminobenzoate and DBT were added to LP6a and WEN cultures to
achieve a final concentration of 0.5 mM and 5 mmol I respectively.
Sodium azide, an inhibitor of active transport and therefore of EmhABC
activity (Bugg et al. 2000), was added to replicate cell suspensions at a
final concentration of 30 mM either at time zero or after 60 min incubation.
No azide was added to parallel suspensions. Culture samples (1 ml) were
collected every 30 min and clarified by centrifugation at 10,000 x g for 2
min. The absorbance of the supernatant was measured using an
Ultrospec 3100 pro UV-visible spectrophotometer (GE Healthcare) at 472
nm and 390 nm, corresponding respectively to the absorption maxima of
the DBT intermediate metabolite trans-4[2-(3-hydroxy)-thianaphthenyl]-2-
0xo0-3-butenoic acid (HTOB) and the dead-end product of DBT metabolism
(3-hydroxy-2-formylbenzothiophene) (Bressler and Fedorak 2001; Foght
and Westlake 1996; Kodama et al. 1973) (Fig. 3.1b). The molar absorption

coefficient of HTOB is ~31,300 M cm™ at 472 nm (Foght and Semple,
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unpublished results) and the coefficient of 3-hydroxyformylbenzothiophene

is 12,400 M™* cm™ at 390 nm (Bressler and Fedorak 2001).

3.3 Results
3.3.1 EmhABC activity decreases mineralization and
transformation of phenanthrene

A preliminary experiment was conducted to determine whether
EmhABC activity affected the rate and/or extent of phenanthrene
biodegradation, monitored by extracting residual phenanthrene from
sacrificed replicate cultures and quantifying normalized peak areas using
GC-MS analysis. Within 6 d of incubation the emhB™ mutant strain WEN
had degraded 7.8 = 0.3 mg of the initial 12.5 mg phenanthrene added per
culture (500 mg L™) compared to 5.4 + 0.5 mg in LP6a cultures, an
increase of 44% over the wild type. Whereas strain WEN degraded more
phenanthrene, the growth of strain LP6a on phenanthrene was slightly
more efficient during the logarithmic phase of growth than that of strain
WEN. The control strain lacking PAH catabolism (cLP6a) did not grow on
nor degrade phenanthrene (< 0.02 mg loss), as expected. The inference
was that EmhB activity improved growth during rapid cell division in the
presence of phenanthrene (as previously observed in chapter one;
Adebusuyi and Foght 2011) but decreased the total amount of
phenanthrene degraded, warranting further examination of the effect of

efflux on biodegradation.
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Notably, GC-MS analysis of residual substrate indicates only that
phenanthrene has been altered sufficiently to decrease chromatogram
peak area, but cannot distinguish between complete oxidation to CO,
(mineralization) or partial oxidization to metabolites (transformation). To
determine the fate of the biodegraded phenanthrene, LP6a, WEN and the
control strains cLP6a and cLP6a-1 were incubated with **C-phenanthrene.
Mineralization was measured as cumulative **CO, production and
transformation was measured as accumulation of water-soluble radiolabel
(i.e., polar metabolites) in the culture supernatant (Fig. 3.2). Consistent
with previous observations (Abbasnezhad et al. 2011a; Foght and
Westlake 1991), P. fluorescens LP6a exhibited a low degree of
phenanthrene mineralization. However, the maximum rate of
phenanthrene mineralization was enhanced in the absence of efflux in
WEN cultures (1.07 £ 0.01% h-1) compared to strain LP6a (0.39 £ 0.04%
h-1), resulting in a significantly (P < 0.001) greater production of **CO, by
WEN (8.0 £ 0.7%) than LP6a (3.5 £ 0.7%) by 12 h of incubation (Fig.
3.2a). This effect is likely not due to differences between the strains in
phenanthrene uptake since partitioning into the cells is extremely rapid
(within seconds; chapter 1, Fig. 2.2; Bugg et al. 2000; Hearn et al. 2003).
Transformation of phenanthrene to water-soluble metabolites exceeded
the proportion mineralized, as expected (Foght and Westlake 1991, 1996),
and the maximum amount of radiolabel recovered in the aqueous phase

was greater in the WEN culture (64 £ 1%) than in the LP6a culture (29
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5%) (Fig. 3.2b). Partitioning of polar metabolites into the supernatant of
WEN cultures in the absence of efflux is consistent with the observations
of Bugg et al. (2000) that inhibition of energy-dependent efflux by LP6a
cells did not affect accumulation of phenanthrene metabolites in the
culture supernatant. The appearance of **C-metabolites in the emhB’
WEN culture supernatant is presumably due to diffusion and/or the
presence of an additional efflux pump, as discussed below. Phenanthrene
was neither transformed nor mineralized by control strains cLP6a and
cLP6a-1, which had levels of **CO, (0.3%) and aqueous phase radiolabel
(~8%) equivalent to abiotic and killed cell controls. The latter radiolabel
fraction includes the water-soluble fraction of **C-phenanthrene (~0.5% of
initial dpm added, based on phenanthrene aqueous solubility of 1.18 mg I**
[Eastcott et al. 1988]). Notably, metabolism of the unknown radiolabeled
contaminant(s) in the [9-**C]phenanthrene does not contribute to either
14C0O, or polar metabolite fractions in LP6a or WEN cultures, since there
was no evidence of metabolism by either cLP6a or cLP6a-1 cultures.

To determine whether the effect of EmhABC activity on degradation
was specific to phenanthrene, the cultures were grown with [U-**C]D-
glucose, which is not known to be a substrate of this or any other RND

efflux pump. All strains tested (LP6a, WEN, cLP6a-1 and cLP6a-1)

92



©
o

o
%
— 8 .
(%]
@
E -B-| P6a
¢ 61
3 -=5-WEN
2 . —-e—cLP6a
[0)] -
£ ——cLP6a-1
% —o—Abiotic
= 2 1 ——Killed cells
R
0
Time (h)
b 2 80
©
ey
a
g
3 60
3
=4 -8 P6a
£ 40 -=-WEN
pel
g —8—clLP6a
§ —&—cLP6a-1
g 20 —o—Abiotic
b3 —2—Killed cells
IS
2
D L] L] 1
0 5 10 15
Time (h)

Figure 3.2 Mineralization and transformation of phenanthrene by P. fluorescens strains
LP6a, WEN, cLP6a and cLP6a-1 and two negative controls (abiotic and killed cell
incubations). P. fluorescens strains were incubated in medium containing ~100,000 dpm
[9—14C]phenanthrene at 22°C and induced with 0.5 mM 2-aminobenzoate. The percentage
of initial **C recovered as: (a) **C0O,and (b) polar products in the aqueous culture
supernatant (with minor contribution from soluble phenanthrene, ~0.5%, detected in the
abiotic and killed cell control cultures) is shown. Each data point represents the mean of
three independent experiments except for single controls; error bars, where visible,
indicate the standard deviation.

mineralized the radiolabeled glucose at a similar rate (~2.8% h™) and to a

similar extent (~20%) (Fig. 3.3a), and depletion of the water-soluble
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Figure 3.3 Mineralization and transformation of [U-14C]D-glucose by P. fluorescens
strains LP6a, WEN, cLP6a and cLP6a-1. P. fluorescens strains were grown in medium
containing ~100,000 dpm [U-**C]D-glucose at 22°C. The percentage of **C recovered as
(a) *CO,and (b) water-soluble radiolabel in the culture supernatant (primarily as **C-
glucose, presumably with minor contributions by polar metabolites) is shown. Each data
point represents the mean of three independent experiments except for single controls;
error bars, where visible, indicate the standard deviation.

substrate was equivalent in all cultures (Fig. 3.3b). Therefore, disruption of

the EmhB efflux pump does not have a general inhibitory effect on

94



degradation of a compound such as glucose that is not a substrate of the
pump, but does increase degradation of phenanthrene, an EmhABC
substrate.

3.3.2 EmhABC extrudes certain phenanthrene and

dibenzothiophene pathway metabolites

Based on the results of mineralization assays it was unclear
whether the difference in the rate and extent of phenanthrene degradation
measured for LP6a and WEN cultures was due solely to phenanthrene
efflux or whether efflux of metabolite(s) might also contribute to the
observed phenotypes. Therefore efflux of trans-4-(1-hydroxynaphth-2-yl)-
2-0x0-3-butenoic acid (Fig. 3.1a), an early open-ring metabolite in the
phenanthrene pathway used by P. fluorescens LP6a (Foght and Westlake
1996) was examined. Its efflux to the aqueous medium by strain LP6a but
not by WEN was confirmed by extraction, derivatization and GC-MS
analysis of supernatants from resting cell suspensions incubated with
phenanthrene. The LP6a culture supernatant yielded a GC-MS peak
corresponding to the double trimethylsilyl derivative of trans-4-(1-
hydroxynaphth-2-yl)-2-oxo-3-butenoic acid (parent ion at m/z 388 and
fragment major ions at m/z 271, 229, 147 and 73). No corresponding peak
was observed in the efflux negative WEN strain despite phenanthrene
catabolic activity, or in the efflux positive cLP6a strain lacking
phenanthrene catabolism. Based on this evidence, it was revealed that a

substantial portion of the radiolabel detected in the aqueous phase of the
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LP6a culture described above corresponds to the phenanthrene open-ring
metabolite trans-4-(1-hydroxynaphth-2-yl)-2-oxo-3-butenoic acid, whereas
the greater proportion of water-soluble radiolabel in the WEN culture
represents later metabolites in the phenanthrene catabolic pathway (Fig
3.1a).

Dibenzothiophene (DBT; Fig3.1b) is a polycyclic heteroaromatic
compound that is co-metabolized by wild type P. fluorescens LP6a using
the same upper pathway enzymes as phenanthrene but does not serve as
a growth substrate, being only partially transformed to 3-hydroxy-2-formyl-
benzothiophene (Foght and Westlake 1996). Unfortunately, DBT is not
commercially available in radiolabeled form, precluding conventional efflux
assays (Bugg et al. 2000), but its partially oxidized intermediates are
highly coloured (Kodama et al. 1973), making it ideal for
spectrophotometric analysis. Therefore, to further characterize the
substrate range of EmhABC for aromatic metabolites, suspensions of
LP6a and WEN cells incubated with 5 mmol I* DBT were monitored for
accumulation of metabolites in the supernatant, specifically the
intermediate trans-4-[2-(3-hydroxy)-thianaphthenyl]-2-oxo-3-butenoic acid
(HTOB, an analog of the phenanthrene open-ring metabolite) and the
dead-end product 3-hydroxy-2-formyl-benzothiophene (Fig. 3.1b). Sodium
azide was added at different time points to some replicate cell
suspensions to differentiate between proton-driven efflux and passive

diffusion.
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LP6a extruded HTOB to the aqueous phase in an energy-
dependent process that was inhibited by addition of azide at time zero or
after 60 min of incubation (Fig. 3.4a). Unexpectedly, the emhB WEN strain
also exported HTOB in the absence of azide (Fig. 3.4b), suggesting that
an alternate efflux pump is responsible for extruding this metabolite from
the emhB mutant. In the absence of azide the rate of HTOB efflux by LP6a
was >50% faster than its efflux by WEN (0.033 + 0.003 AU min™ versus
0.020 + 0.001 AU min™), and LP6a accumulated approximately twice as
much HTOB in the supernatant within 4 h (Fig. 3.4a and 3.4b). This
observation can be explained by the combined activity of both the
EmhABC and an alternate pump in LP6a versus the alternate pump alone
in WEN. Once active efflux was halted by addition of azide, there was no
further increase in HTOB in the culture supernatants of LP6a and WEN
(Fig. 3.4a and 3.4b), suggesting that diffusion of this DBT intermediate is
not significant during the 4-h incubation period. The lack of diffusion of
HTOB was consistent with the presence of this metabolite in its
deprotonated form at culture medium and intracellular pHs well above the
probable pKa, in the range of 2-3, by analogy to pyruvate. In contrast 3-
hydroxy-2-formylbenzothiophene, the dead-end metabolite of DBT,

accumulated in the culture supernatants of both LP6a and WEN cultures
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Figure 3.4 Extracellular accumulation of the DBT early open ring metabolite trans-4[2-(3-
hydroxy)-thianaphthenyl]-2-oxo-3-butenoic acid (HTOB) or the dead-end metabolite 3-
hydroxy-2-formylbenzothiophene by LP6a or WEN cultures, measured
spectrophotometrically at 472 or 390 nm, respectively. Each data point represents the
mean of three replicate subsamples and error bars, where visible, indicate the standard
deviation. (a) Extracellular accumulation of HTOB in LP6a cultures, with or without azide
addition as indicated. (b) Extracellular accumulation of HTOB in WEN cultures, with or
without azide addition as indicated. (c) Extracellular accumulation of HTOB (circles) or 3-
hydroxy-2-formylbenzothiophene (triangles) by LP6a (closed symbols) or WEN cultures
(open symbols) with addition of azide at 60 min (HTOB data redrawn from panels a and
b)
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at similar rates, which continued even after azide addition (Fig.3.4c). This
indicates that 3-hydroxy-2-formylbenzothiophene is not a substrate of
either EmMhABC or the putative alternate efflux pump. Furthermore, its
appearance in the supernatant is consistent with passive diffusion. This
result also suggests that azide did not inhibit the DBT catabolic pathway,
since the end-product continued to accumulate extracellularly for at least
3h after azide addition at approximately the same rate as before azide
addition.

Longer-term incubations were conducted to examine the fate of the
DBT metabolites. Samples collected at 24 h and 48 h from the LP6a and
WEN cell suspensions incubated with DBT in the absence of azide
showed that HTOB and 3-hydroxy-2-formylbenzothiophene continued to
accumulate in the supernatant and represented ~4—10% each of the initial
DBT present by 24 h (Table 3.2). Consistent with the short-term
incubations (Fig. 3.4a and 3.4b), the HTOB concentration in LP6a
supernatants was approximately twice that in WEN, but 2-formyl-3-
benzothiophene accumulation was similar in both culture supernatants.
The HTOB concentrations in the supernatants were stable between 24
and 48 h, indicating that HTOB was not re-internalized for further
metabolism. A slight decrease in 2-formyl-3-benzothiophene concentration
was observed between 24h and 48 h, which may be due to abiotic

dimerization to thioindigo (Bressler and Fedorak 2001).
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Table 3.2 Proportion of DBT measured in culture supernatant as metabolites, detected by
spectrophotometry and calculated using molar absorption coefficients (see Methods).

DBT metabolites detected in culture
supernatant

trans-4-[2-(3-
hydroxy)-
thianaphthenyl]-2-
0x0-3-butenoic acid

3-hydroxy-2-formyl-
benzothiophene

(HTOB)
P. fluorescens Incubation a % of A @ % of
strain time 472 DBT® 390 DBT®
24 h 14.9 95 4.0 6.4
LP6a
48 h 14.5 9.3 3.5 57
24 h 7.4 4.8 3.3 54
WEN
48 h 7.2 4.6 25 4.1

& Absorption units at maximum absorption wavelength
® based on 5 mmol L™ DBT added at time zero

3.4 Discussion

The aerobic biodegradation of PAHs and limitations of the process
are well documented (e.g., Cerniglia 1992; Abbasnezhad et al. 2011b).
While it has been shown that biodegradation is a better option for the
removal of hydrocarbon pollutants in the environment than physico-
chemical methods such as incineration, limitations to biodegradation
remain a barrier to process optimization, for example in ex situ bioreactors
(Daugulis 2001). To date, bacterial features that may affect degradation of
hydrocarbons, other than the regulation of catabolic gene expression and
enzyme specificity, have received little attention (Abbasnezhad et al.

2011a; Van Hamme et al. 2003).
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RND efflux pumps are common in Gram-negative bacteria and
have been associated with solvent tolerance in Pseudomonas species
(Poole 2008; Ramos et al. 1998), many of which are known for their ability
to degrade hydrocarbon compounds (Van Hamme et al. 2003). Efflux of
toxic substrates such as toluene was assumed to improve biodegradation
whereas efflux of PAH growth substrates that are considered non- or
slightly-toxic to hydrocarbon-degrading bacterial cells should follow the
opposite trend. The assumption that efflux of toxic substrates should
improve biodegradation of the toxic substrate toluene was not supported
by the evidence presented by Hernandez et al. (2009). They reported that
the activity of the TtgGHI efflux pump in P. putida DOT-T1E had no effect
on degradation of toluene, although it confers tolerance to toluene
(Hernandez et al. 2009). Following the discovery of PAH efflux via a RND
efflux pump in P. fluorescens LP6a and other PAH-degrading strains
(Bugg et al. 2000; Hearn et al. 2003), how the presence of a RND efflux
pump affects the biodegradation of PAH substrates was investigated. Here
the first evidence that a RND efflux pump involved in the extrusion of
PAHSs reduces the rate and extent of their biodegradation by decreasing
the intracellular concentration of the parent compound as well as some of
its metabolites was presented. It was also proposed that an alternate,
unknown efflux pump is involved in the extrusion of at least one metabolite
of dibenzothiophene. Pseudomonas species are well-known for

harbouring multiple efflux pumps (Kieboom and de Bont 2001; Poole
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2008), consistent with the latter proposal. Whether this putative alternative
pump is the same as that proposed for fluoranthene efflux (Hearn et al.
2003) or fatty acids in Chapter 2 (Adebusuyi and Foght 2011) in wild type
P. fluorescens LP6a is yet to be tested.

This study also has expanded the known substrate range of the
EmhABC pump to include open-ring metabolites of phenanthrene and
dibenzothiophene, but not the dead-end metabolite of DBT transformation.
The consequence of effluxing a growth substrate such as phenanthrene
and its metabolite(s) is decreased biodegradation efficiency, as shown by
decreased mineralization of **C-phenanthrene. P. fluorescens LP6a
expends energy (via the proton gradient) to efflux phenanthrene and at
least one of its metabolites to the extracellular medium, even though they
are growth substrates. This efflux in wild type P. fluorescens appears to be
counter-productive and superfluous for PAH degradation, since WEN cells
unable to efflux phenanthrene were able to utilize it at a faster rate than
the wild type and tolerated the presence of phenanthrene (i.e., apparently
experienced no toxic effects due to its partitioning into the cell membrane).
Conversely, the pump imparts a selective advantage through resistance to
hydrophobic toxins; e.g., strain WEN with a disrupted emhB gene is more
sensitive to hydrophobic antibiotics such as chloramphenicol, which is a
substrate of the EmMhABC efflux, compared to the wild-type strain LP6a
with an intact emhB gene as shown in Chapter 2 (Adebusuyi and Foght

2011). The location of PAH catabolic genes on a plasmid versus the
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chromosomal emhABC genes suggests that PAH biodegradation is
dispensable whereas efflux by EmMhABC is a core function. Thus, rather
than being a primary role for EmhABC, efflux of PAHs may be a
consequence of the broad substrate-range of EmhB due to the
hydrophobic amino acids in the presumed active site of the EmhB protein
(Hearn et al. 2006). The better growth of strain LP6a versus WEN during
the logarithmic phase of growth when cells are rapidly dividing
corroborates the previously proposed physiological function of the
EmhABC efflux pump in Chapter 2 as a mechanism to mitigate membrane
damage (Adebusuyi and Foght 2011). Supporting this interpretation, in
addition to antibiotics, RND pumps have been associated with efflux of
structurally unrelated substrates such as quorum sensing molecules, bile
salts and fatty acids (Poole 2008; Adebusuyi and Foght 2011). The
energetic cost to the wild type strain of effluxing metabolites of a non-
growth substrate such as DBT (and possibly DBT itself, although this is
untested) is unknown. Efflux is however not always associated with fithness
cost (Olivares et al. 2012). It is possible that a benefit of this efflux is
export of toxic intermediates, but also possible that it is a futile non-
specific activity.

The results of this study show that phenanthrene is transformed by
wild type P. fluorescens primarily to water-soluble products of unknown
toxicity that will be more mobile in an aqueous phase than the parent

compound. These products would not be detected by GC-MS in a
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contaminated environment undergoing bioremediation unless suitable
extraction conditions and derivatization were used: if depletion of the
parent compound was the only criterion assessed during bioremediation,
the extent of pollutant degradation would be greatly over-estimated. The
role of efflux pumps in decreasing the efficiency of complete oxidation of
hydrophobic organic contaminants and increasing the export of partially
oxidized metabolites has environmental implications as this activity could
contribute to accumulation of toxic mobile hydrocarbon metabolites as well
as increased biological oxygen demand down-gradient of the
contamination source. This phenomenon also has consequences for ex
situ bioremediation treatments such as bioreactors (Daugulis 2001) and
biopiles (Mohn et al. 2001), among others, because aqueous effluents and
leachates could harbour significant concentrations of pathway
intermediates and dead-end metabolites. The magnitude of the impact of
metabolite efflux is shown by the efflux of HTOB, which amounts to about
10% of DBT metabolized by P. fluorescens LP6a (Table 2.2), and
apparently does not re-enter the cells via active or passive transport for
further transformation.

The significance of this study is that it reveals yet another factor
affecting efficient bioremediation of environmental pollutants by influencing
the rate, extent, production and export of biodegradation products. This is

also a consideration in the selection or manipulation of strains that may be
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used for transformation of hydrocarbon (or other) substrates in

bioconversion or biorefining (Foght 2004).
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4. EmhABC efflux pump is involved in naphthalene tolerance but not

efflux in Pseudomonas fluorescens LP6a

4.1 Introduction
Three major mechanisms are used by Gram-negative bacteria to

tolerate the presence of toxic compounds, namely modification of cell
membrane composition to overcome the initial shock of the toxic
compound partitioning into membranes, extrusion of the compound via
efflux pumps and metabolism of the toxic compound to less toxic
metabolites (Huertas et al. 2000; Ramos et al. 2002). The effective
removal of PAHs, which are high priority pollutants (U.S. EPA 2002), from
contaminated sites via bioremediation is desirable. Pseudomonas
fluorescens LP6a, isolated from petroleum condensate-contaminated soil
(Foght and Westlake 1996) was selected as the model organism for this
study because (1) it can metabolize a wide variety of polycyclic aromatic
hydrocarbons (PAHSs) (Chapter 3; Adebusuyi et al. 2012; Foght and
Westlake 1996), (2) it effluxes certain PAHs by using the EmhABC efflux
pump (Bugg et al. 2000; Hearn et al. 2003), (3) it modifies its membrane
fatty acid (FA) composition when stressed (Chapter 2; Adebusuyi and
Foght 2011) and (4) a suite of catabolic and efflux mutants is available for
study (Foght and Westlake 1996; Hearn et al. 2003). The wild-type strain
LP6a can metabolize a wide variety of PAHs because it harbours a

catabolic plasmid, pLP6a, carrying naphthalene catabolism genes
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homologous to well studied plasmid NAH7 (Foght and Westlake 1996),
whereas the EmhABC efflux pump is chromosomally-encoded (Hearn et
al. 2003).

The tri-cyclic PAHs phenanthrene and anthracene are both
degraded and effluxed by LP6a, whereas the bi-cyclic PAH naphthalene,
although degraded by this strain, is not a substrate of the EmhABC efflux
pump (Bugg et al. 2000; Hearn et al. 2003). Although the reason for this
substrate selectivity in EmhABC is unknown, specific amino residues in
the periplasmic domain of RND efflux proteins such as AcrB and MexB are
involved in substrate binding (Murakami et al. 2006; Sennhauser et al.
2009) and such binding sites in EmhB for naphthalene may not exist. The
octanol-water partition coefficient (log Koy) of a compound correlates with
the degree of hydrophobicity and toxicity of that compound (Sikkema et al.
1994; 1995). Hydrocarbon compounds having log Ko, between 2 — 4 such
as toluene (log Kow = 2.5), are highly toxic to bacterial cells (Osborne et al.
1990; Sikkema et al. 1995) because they increase membrane fluidity,
disrupt bilayer stability and membrane structure, cause membrane
swelling and reduce the normal functioning of membrane associated
proteins. Naphthalene has a log Koy, of 3.3, which should allow it to
partition into the cell membrane more effectively than phenanthrene with a
log Kow Of 4.5 (Patton et al. 1984). Therefore naphthalene is potentially
more toxic to bacteria than phenanthrene (Ramos et al. 2002), possibly

causing membrane stress requiring modification of membrane fatty acid
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composition. Supporting this proposal, P. fluorescens strain cLP6a, a
cured mutant of LP6a unable to metabolize PAHSs, had increased
membrane unsaturated fatty acid (FA) composition, especially trans-
unsaturated FAs (UFAs), when exposed to naphthalene (Chapter 2;
Adebusuyi and Foght 2011).

It was shown in Chapter 2 that in addition to PAH and antibiotic
efflux, EmhABC has an additional role in mitigating membrane damage in
P. fluorescens LP6a and is involved in the transport of replaced
membrane FAs (Adebusuyi and Foght 2011). There is evidence that the
presence of EmhABC decreases the efficiency of phenanthrene
degradation in strain LP6a because of the efflux of phenanthrene and its
early open-ring metabolite (Chapter 3; Adebusuyi et al. 2012). Here, the
role of EmMhABC in P. fluorescens LP6a tolerance to naphthalene and how
its presence affects the efficiency of naphthalene biodegradation was

investigated.

4.2 Materials and methods
4.2.1 Bacterial strains and growth conditions
Bacterial strains used for this study are listed in Table 4.1. Cured
strain P. fluorescens cLP6a (Foght and Westlake 1996) and its emhB
disruption mutant cLP6a-1 (Hearn et al. 2003), both incapable of PAH

metabolism, were used for electron microscopy, efflux, growth, membrane
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FA composition and membrane permeability assays. Wild-type P.

fluorescens LP6a (Foght and Westlake 1991; 1996) and the wild-

Table 4.1 Bacterial strains used in this study.

Pseudomonas
fluorescens Characteristics Reference
strains
Wild-type containing PAH catabolic Foght and
LP6a lasmid pLP6a, emhABC" Westlake
P pLFoa, (1996)
WEN Transposon mutant of LP6a Adebusuyi et al.
containing pLP6a, emhB’, Km' (2012)
Cured LP6a strain lacking pLP6a, Foght and
cLP6a emhABC” Westlake
(1996)
cLP6a-1 Transposon mutant of LP6a lacking Hearn et al. (2003)

pLP6a, emhB’, Km'

type EmhB disruption mutant (WEN; Adebusuyi et al. 2012), both of which
are capable of utilizing PAHs such as naphthalene and phenanthrene as
carbon source, were used for naphthalene biodegradation, FA
composition and membrane permeability assays. P. fluorescens LP6a has
been deposited with the University of Alberta Microfungus Collection and
Herbarium as Pseudomonas fluorescens UAMH 11620. All strains were
grown to stationary phase on trypticase soy broth (TSB; Difco
Laboratories, Detroit, MI) with 200 rpm shaking at 28°C, the optimum
growth temperature (Foght and Westlake 1996). Crystals of naphthalene

were added to TSB cultures used for electron microscopy, growth,
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membrane FA composition and membrane permeability assays to achieve
a final concentration of 5 mmol L™ unless otherwise stated. Gene
disruption in strains cLP6a-1 and WEN was maintained with 25 pg ml™
kanamycin (Sigma Chemical Co., St. Louis, Mo).

4.2.2 Rapid efflux assays

Efflux of [U-**C]naphthalene (Sigma Chemical Co.) was determined
using the rapid centrifugation method performed at ~ 22°C (Bugg et al.
2000). Washed cell pellets of strains cLP6a and cLP6a-1 were re-
suspended in 0.1 M potassium phosphate buffer pH [7.0] to an optical
density at 600 nm (ODgoo) of 1.0. Efflux assay buffer contained **C-
naphthalene plus unlabeled naphthalene at a final concentration of 120
MM and ~ 100 000 disintegrations per minute (dpm). This concentration of
naphthalene corresponds to ~ 53% of its aqueous solubility at 22°C to
ensure complete dissolution. Efflux assays were performed in 35 ml serum
bottles sealed with Teflon stoppers to eliminate volatility losses and
sampling was accomplished using 18-gauge needles (Bugg et al. 2000).
The energy inhibitor sodium azide (Fisher Scientific Co.) was added 9 min
into the assay to a final concentration of 120 mM. All efflux assays were
performed using three independent cultures.

4.2.3 PAH biodegradation assay

Degradation of naphthalene (0.32 mg ml™) and phenanthrene (0.5
mg ml™) by P. fluorescens strains LP6a and WEN were assayed as

previously described in Chapter 3 (Adebusuyi et al. 2012).
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4.2.4 Growth assays

Growth of strains LP6a, WEN, cLP6a and cLP6a-1 in TSB with or
without PAHs was measured as protein concentration using the
bicinchoninic acid microplate assay (Pierce, Rockford, IL) rather than
optical density, to avoid spectrophotometric interference by crystals of the
PAH substrate. For bidegradation assays, LP6a strains were grown in
Bushnell Haas medium [g I™']: magnesium sulphate 0.2; calcium chloride
0.02; potassium hydrogen monophosphate 1.0; potassium dihydrogen
phosphate 1.0; ammonium nitrate 1.0; ferric chloride 0.05; final pH 7 — 7.2
with naphthalene or phenanthrene as sole carbon source. Cell pellets
were lysed by re-suspending in 0.1 ml of 0.1 M sterile NaOH and
incubating at 60°C for 30 min then the lysed cell samples were assayed
for protein according to manufacturer’s instructions. Absorbance of the
assay liquid at 562 nm was determined using a PowerWave XS Microplate

Spectrophotometer (BioTek, Winooski, VT).

4.2.5 Phospholipid fatty acid (FA) extraction and identification

Total cell lipid extraction, fatty acid methyl ester (FAME) preparation
and FA analysis of strains cLP6a and cLP6a-1 cultures grown to stationary
phase at 28°C in the absence or presence of 5 mmol L™ PAHs were
performed as previously described in Chapter 2 (Adebusuyi and Foght

2011).
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4.2.6 Transmission electron microscopy

P. fluorescens strains cLP6a and cLP6a-1 were grown in 50 ml
TSB medium at 28°C to stationary phase in the presence or absence of 5
mmol L™ naphthalene, added as crystals. Cells were harvested by
centrifugation for 2 min at 5,000 x g and washed once with 0.1 M
potassium phosphate buffer (pH 7.0). Cell debris due to cell lysis was not
observed in the electron micrographs of strains cLP6a and cLP6a-1
processed using this method. Cell samples were fixed in 2%
glutaraldehyde for 2 h and then washed three times in 0.1 M potassium
phosphate buffer (pH 7.2). Samples were post-fixed with 1 % osmium
tetroxide (OsO, in the same buffer) for 2 h and washed twice. Dehydration
was achieved using a graded series of ethanol washes (50%, 70%, 90%
and 3 changes of absolute ethanol). After dehydration, samples were
embedded in Spurr low viscosity embedding resin (Electron Microscopy
Sciences, Hatfield, PA), sectioned using ULTRACUT E (Reichert-Jung
Ultramicrotome) then stained with uranyl acetate and lead citrate. Thin
sectioned samples were examined using a Philips Morgagni 268
transmission electron microscope (Philips-FEIl, Hillsboro, Oregon, USA)
operating at 80 kV with Gatan Orius CCD camera.

4.2.7 Membrane permeability assay

Membrane permeability of P. fluorescens strains LP6a, WEN,
cLP6a and cLP6a-1 grown to stationary phase at 28°C in TSB in the

presence of 5 mmol L™ PAHs was determined as previously described
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(Chapter 2: Adebusuyi and Foght 2011). Briefly, harvested P. fluorescens
strains suspended in 1 ml of phosphate-buffered saline were adjusted to
an ODgq Of 1.0 then treated with 30 pmol I propidium iodide (P!;
Invitrogen), either alone or with 1 pmol I™* cetyltrimethylammonium
bromide (CTAB; Sigma). Untreated cells were included as parallel
controls. After 30 min incubation at room temperature, fluorescence of
100-ul cell samples was measured in a 96-well microplate using a Synergy
HT Multi-mode Microplate Reader (BioTek) at excitation and emission

wavelengths of 530 nm and 590 nm respectively.

4.3 Results

4.3.1 Naphthalene is not a substrate of EmhABC

Efflux assays were performed using strains cLP6a with functional
EmhB efflux pump and its emhB disruptant mutant cLP6a and 120 uM
naphthalene instead of the 5.7 uM used by Bugg et al. (2000) to confirm
that naphthalene is not a substrate of the EmhABC efflux pump. A
significant increase in cell-associated **C-naphthalene after the addition
sodium azide would indicate active efflux to the extracellular medium
(Bugg et al. 2000; Hearn et al. 2003), however addition of sodium azide
had no effect on the accumulation of naphthalene in strain cLP6a (Fig.
4.1), indicating lack of active efflux of naphthalene. Likewise, no significant
change in radiolabel partitioning to the supernatant was observed after

azide addition.
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Disruption of emhB in strain cLP6a-1 also had no effect on the
amount of *C-naphthalene that accumulated in the cell pellet fraction

compared to cLP6a cells (Fig. 4.1). This confirms that naphthalene is not a
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Figure 4.1 Fraction of [U-"*C]naphthalene in the cell pellet of P. fluorescens strains
cLP6a and cLP6a-1 and supernatant fraction determined using a rapid efflux assay.
Partitioning of [U—”C]naphthalene for strain cLP6a (squares) or strain cLP6a-1 (circles) in
cell pellet (closed symbols) and supernatant (open symbols). The vertical dashed line
indicates the addition of azide (120 mM). Each data point is the mean of three
independent experiments, and error bars, where visible, indicate the standard deviation.

substrate of the EmhABC efflux pump, in accordance with the conclusions
of Bugg et al. (2000) and Hearn et al. (2003). In addition, there was no
evidence of energy-dependent uptake of naphthalene in strains cLP6a and
cLP6a-1 (Fig. 4.1) although Whitman et al. (1998) have previously
reported this activity in other naphthalene-degrading P. fluorescens

strains.
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4.3.2 EmhABC mitigates naphthalene toxicity

Growth of P. fluorescens strains LP6a, WEN, cLP6a and cLP6a-1

in TSB medium was determined as increased protein concentration over

time. All strains grew to similar density by 24 h (Fig. 4.2), which showed
that the disruption of emhB in strains WEN and cLP6a-1 does not affect
growth compared to the wild-type strain in the absence of naphthalene.

Strains cLP6a and cLP6a-1 were also used to test the effect of
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Figure 4.2 Growth of four P. fluorescens strains in TSB medium at 28°C measured as
protein concentration at 24 h and 48 h in the presence (Nap) or absence of 5 mmol L™
naphthalene. Each data point is the mean of three independent experiments and error
bars, where visible, indicate the standard deviation. Asterisks indicate significant
differences.
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naphthalene in the absence of metabolism combined with presence or
absence of a functional EmhB efflux pump. Both strains were grown in
TSB broth in the presence of 5 mmol L™ naphthalene. In the presence of
naphthalene, by 24 h and 48 h of incubation the protein concentrations of
strain cLP6a cultures were 28 + 12% (P < 0.02) and 31 + 17% (P < 0.02)
less than in the absence of naphthalene, respectively. Growth of strain
cLP6a-1 was inhibited to a greater extent in the presence of naphthalene:
by 24 h incubation, cLP6a-1 cultures contained only 4% (P < 0.0001) of
the protein concentration of the cultures incubated in the absence of
naphthalene. The protein concentration in strain cLP6a-1 cultures
incubated with naphthalene increased over the next 24 h of incubation
(Fig. 4.2) reaching about 65 + 12% of the protein concentration in cLP6a-1
control cultures. cLP6a and cLP6a-1 cultures incubated in the presence of
naphthalene had statistically similar protein concentrations by 48 h of
incubation (P < 0.4), suggesting that the deleterious effect of naphthalene
on strain cLP6a is mitigated by the presence of the EmhABC efflux pump.
However, since naphthalene is neither a substrate (Fig. 4.1) nor an
inducer (Adebusuyi and Foght 2011) of this efflux pump it raises the
guestion of how mitigation is achieved. The ability of strain cLP6a-1 to
recover from the initial shock of the presence of naphthalene also
suggests that it takes at least 24 h to achieve other form(s) of resistance
against naphthalene versus that which is achieved rapidly in the presence

of EmhABC.
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4.3.3 P. fluorescens strains modify membrane composition
and physiology in the presence of naphthalene

We determined the effect of naphthalene on membrane
composition and physiology to understand how EmhABC functions to
mitigate the toxic effect of naphthalene on P. fluorescens strain cLP6a.
Parallel cultures incubated with phenanthrene, which has a higher log Kqw
and is considered non-toxic, for comparison. Rather than analyzing at a
selected incubation time,, cultures were grown to stationary phase to
avoid dynamic changes associated with growth phase differences. The
membrane FA composition of strains cLP6a and cLP6a-1 incubated in
TSB at 28°C with or without PAHs was determined using fatty acid methyl
ester (FAME) analysis. Because strains cLP6a and cLP6a-1 do not
metabolize PAHs, any change in membrane composition and physiology
is due to exposure to naphthalene or phenanthrene rather than
metabolites. In the presence of naphthalene, strain cLP6a with a functional
EmhB efflux pump exhibited only slight changes in its membrane FA
content (Table 4.2), notably a two-fold increase in the trans-UFA content.
Although the percentage of trans-UFA in P. fluorescens strains is low, this
is consistent with adaptation to naphthalene by increasing membrane
rigidity to reduce partitioning of naphthalene into the membrane. Trans-
UFAs, similar to saturated-FAs, decrease membrane fluidity and provide
resistance to solvents (Zhang and Rock 2008), whereas cis-UFAs cause

looser packing of the membrane FA and thus increase membrane
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Table 4.2 FA composition of P. fluorescens strains cLP6a and cLP6a-1 incubated in TSB
at 28°C to stationary phase with or without 5 mmol L™ naphthalene. FA contents are
expressed as the mean weight % of total FA detected in two measurements. Deviation
from the mean was typically <1% and at most 3% of the measured values.

% of total fatty acid detected *

cLP6a® cLP6a-1
Fatty acid 28°C 28°C with 28°C with 28°C 28°C with 28°C with
naphthalene  phenanthrene naphthalene  phenanthrene
14:0 1.0 0.6 0.7 0.6 0.3 0.6
15:0 0.2 0.1 0.2 0.1 0.1 0.1
16:0 40.4 40.8 40.1 39.7 36.6 38.8
16:1A9c 4.6 55 4.7 3.7 21.3 5.2
16:1A9t 1.6 3.2 1.9 2.1 5.7 2.9
17:0 0.3 0.2 0.3 0.1 0.7 0.4
cyl7 40.0 36.5 39.7 40.4 8.5 36.8
18:0 1.2 1.2 1.2 1.3 5.3 15
18:1A9c 7.6 9.3 7.9 8.3 20.9 10.0
18:1A9t ND° 0.3 ND 0.3 0.4 ND
cy19 3.1 2.3 3.3 35 0.3 3.8
Total saturated FA 43.1 42.9 42.5 41.8 43.0 41.0
Total cis-unsaturated FA 12.2 14.8 12.6 12.0 42.2 15.2
Total trans-unsaturated FA 1.6 35 1.9 2.4 6.1 2.9
Total cyclopropane FA 43.1 38.8 43.0 43.9 8.8 40.6

¢ FA nomenclature: number of carbons; saturation (:0); mono-unsaturation (:1); position
of double bond calculated from the carboxyl end (A9); cis (c) or trans- (t) isomer;
cyclopropyl ring (cy)

® Data for strain cLP6a from Adebusuyi and Foght (2011)

¢, not detected

fluidity (Denich et al. 2003; Zhang and Rock 2008). The other changes in
membrane FA composition of strain cLP6a incubated in the presence of
naphthalene are the slight but statistically significant increase in the total
cis-UFAs from 12.2% to 14.8% (P < 0.02) and concomitanat decrease in
the total cyclopropane-FAs content from 43.1% to 38.8% (P < 0.001). The
FA profile of strains cLP6a and cLP6a-1 incubated with phenanthrene was
similar to that of controls lacking phenanthrene.

120



Although there were only slight modifications in the FA composition
of strain cLP6a-1 compared to strain cLP6a in the absence of naphthalene
(Table 4.2), the difference between the strains in the presence of
naphthalene was striking. Cis- and trans-UFAs increased ~ 3- to 4-fold in
the emhB mutant strain cLP6a-1 in the presence of naphthalene, whereas
there was a substantial decrease in both cyclopropane-FAs (Table 4.2).
The total percentage of cyclopropane-FA decreased ~ 4-fold to 8.8% in
strain cLP6a-1 compared to 38.8% in strain cLP6a. This indicates that
naphthalene interferes with the synthesis of cyclopropane-FAs, which are
formed by modifying existing cis-UFAs in P. fluorescens strains (Londry et
al. 2004; Zhang and Rock 2008). Notably, EmhABC counteracts the
inhibition of cyclopropane-FA formation by naphthalene, because strain
cLP6a with functional EmhB formed cyclopropane-FA. Phenanthrene also
caused a slight increase in cis-FAs with concomitant decrease in
cyclopropane FAs in the emhB™ mutant cLP6a-1 (Table 4.2). This suggests
that although phenanthrene may not be inhibitory to LP6a strains like
naphthalene, it also elicits membrane modification in these strains that is
mitigated by the EmhABC efflux pump.

Transmission electron microscopy of thin-sectioned cells grown to
stationary phase in TSB with naphthalene showed that naphthalene had
no apparent effect on the structure of strain cLP6a compared to a control
(Fig. 4.3a and 4.3b). This supports the FAME analysis results where only

minor membrane FA changes occurred in this efflux-competent strain
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Figure 4.3 Transmission electron micrographs of P. fluorescens strains cLP6a and
cLP6a-1 incubated in TSB medium to stationary phase at 28°C with or without 5 mmaol Lt
naphthalene: (a) strain cLP6a without naphthalene (control), (b) strain cLP6a with
naphthalene, (c) strain cLP6a-1 without naphthalene (control) and (d) strain cLP6a-1 with
naphthalene. Scale bar on electron micrographs is 100 nm.

during incubation with naphthalene. Conversely, cLP6a-1 cells incubated
with naphthalene exhibited a different cell surface, in agreement with
major changes in their membrane FA composition (Fig. 4.3c and 4.3d).
The membrane of thin-sectioned cLP6a-1 cells incubated with
naphthalene (Fig. 4.3d) appeared thicker and convoluted compared to
controls. This is consistent with the proposal that the EmhABC efflux is

important to maintain membrane integrity in the presence of naphthalene.
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4.3.4 Naphthalene affects membrane integrity in the absence
of EmhB and metabolism

The membrane permeability of P. fluorescens strains LP6a, WEN,
cLP6a and cLP6a-1 incubated in TSB with or without 5 mmol L™ of PAHs
was determined to confirm if the major changes in the membrane FA and
membrane morphology in the absence of EmhB compromised membrane
integrity. In the absence of PAH (controls), the membrane permeability
index (a measure of the number of cells with compromised membrane in a
culture sample; Chapter 2; Adebusuyi and Foght 2011) of all the strains
were similar (~ 16%; P = 0.05). The permeability index of strains LP6a and
cLP6a incubated with naphthalene was similar to controls (Fig. 4.4).
Likewise, the permeability index of strain WEN, an emhB™ mutant with the
ability to degrade naphthalene, did not increase in the presence of
naphthalene. Conversely, the membrane permeability of strain cLP6a-1
lacking the ability to degrade or efflux naphthalene increased greatly in the
presence of naphthalene, with > 4-fold increase in permeability index
compared to controls (Fig. 4.4). Increased membrane permeability of
strain cLP6a-1 incubated with naphthalene is in agreement with the results
of FAME analysis and electron microscopy. This indicates that efflux and

degradation of naphthalene by LP6a strains confers tolerance to it and
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Figure 4.4 Membrane permeability indexes of P. fluorescens strains LP6a, WEN, cLP6a
and cLP6a-1 incubated in TSB medium to stationary phase at 28°C with or without 5
mmol L™ naphthalene or phenanthrene. Each data point is the mean of three
independent experiments, and error bars, where visible, indicate the standard deviation.

that ability to degrade naphthalene in combination with membrane
modification in the absence of efflux is sufficient to eventually overcome
the deleterious effects of naphthalene on these strains. Also, the changed
cell wall (Fig. 4.3d) and membrane FA composition (Table 4.2) combined
with increased permeability (Fig 4.4) may allow increased penetration of
the osmium tetroxide and lead citrate, resulting in darker cytoplasmic
stains (Fig. 4.3d). As expected, the membrane permeability index of LP6a

strains incubated with phenanthrene was similar to controls (Fig. 4.4).
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4.3.5 Naphthalene metabolism obviates efflux

Naphthalene is a carbon substrate (Foght and Westlake 1996) and
has been shown here to be inhibitory to P. fluorescens strains, as evident
from the results of membrane FA composition (Table 4.2) and cell
morphology (Fig. 4.3), but it is not a substrate of EmhABC efflux pump
(Fig. 4.1) nor an inducer of emhABC expression (Adebusuyi and Foght
2011). Therefore, the difference in the efficiency of biodegradation of
naphthalene and phenanthrene (an EmhABC substrate) was examined.
Growth of strains LP6a and WEN was similar when phenanthrene was
used as the sole carbon source (Fig. 4.5a) indicating that phenanthrene
had little or no toxic effect on strain WEN with disrupted emhB gene. On
the other hand, the growth of strain WEN was slower when naphthalene
was the sole carbon source (Fig. 4.5b). Although WEN cells recovered
from naphthalene inhibition by 96 h of incubation, reduced growth of the
emhB disruptant mutant on naphthalene supports FAME analysis results
that EmhABC is important to suppress the effect of naphthalene-
(Adebusuyi and Foght 2011). The estimated rate of naphthalene
degradation by wild-type strain LP6a with functional EmhB efflux pump
and strain WEN with disrupted emhB was compared to that of
phenanthrene in both strains (Fig. 4.5b). Naphthalene was degraded at a
faster rate (7x 10 mg ml™* d*) than phenanthrene (3x 102 mg mI™ d*) by
the wild-type strain LP6a. The rate of naphthalene degradation was

calculated using data obtained at 24 h of incubation. Within 24 h, ~56% of
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Figure 4.5 Growth on and metabolism of naphthalene and phenanthrene by P.
fluorescens strains LP6a and WEN; (a) protein concentration (closed symbols) and
phenanthrene degradation (open symbols) of abiotic controls, LP6a and WEN cultures
grown at 28°C and (b) protein concentration (closed symbols) and naphthalene
degradation (open symbols) of abiotic controls, LP6a and WEN cultures grown at 28°C.
LP6a (squares), WEN (triangles) and abiotic (circles). Each data point is the mean of two
pseudo-replicates, and error bars, where visible, indicate the standard deviation.
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the naphthalene had been degraded, whereas only 14% of phenanthrene
was degraded (Fig. 4.5b). This suggests that naphthalene concentration in
the cells and the medium is greatly reduced by metabolism thus making
the need for efflux redundant. Consistent with the results presented in
Chapter 2, phenanthrene degradation is unhindered in strain WEN
(Adebusuyi et al. 2012). In parallel with growth inhibition, naphthalene

degradation was hindered in strain WEN compared to strain LP6a.

4.4 Discussion

Naphthalene, a priority environmental pollutant (U.S. EPA 2002)
and component of petroleum and coal tar (Cerniglia 1992), can be
degraded by many Pseudomonas species that carry naphthalene
catabolic genes on a plasmid (Foght and Westlake 1991; 1996). P.
fluorescens LP6a, isolated from petroleum-contaminated soil, can use
naphthalene and other PAHs such as phenanthrene as sole source of
carbon and energy (Foght and Westlake 1991). On the other hand, LP6a
possesses a RND-type efflux pump, EmhABC, which transports
phenanthrene and anthracene as well as hydrophobic antibiotics but not
naphthalene (Bugg et al. 2000; Hearn et al. 2003). Substrate capture and
binding has been shown to occur in periplasmic domains of RND efflux
pumps but not in the transmembrane domains (Murakami et al. 2006;
Sennhauser et al. 2009). Since hydrophobic compounds such as PAHs

are expected to partition into the inner membrane, the mechanism of PAH
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capture and selectivity by the EmhABC efflux pump is unknown. Because
naphthalene is poetentially toxic to LP6a but not effluxed by EmhABC, the
involvement of this pump in the tolerance to naphthalene was examined.

As expected, naphthalene is inhibitory to the P. fluorescens strains
tested here, revealed as growth inhibition and altered cell membrane
composition and morphology. In general, PAH compounds are assumed to
be non- or slightly toxic to hydrocarbon-degrading bacteria (Sikkema et al.
1995) but their metabolites may be toxic to these bacteria. These
observations were due to the effect of naphthalene and not its metabolites
because the assays were performed using LP6a mutants incapable of
metabolizing naphthalene. Although it has been previously shown that
naphthalene cause changes in bacterial cell membrane fatty acid
composition, most studies determining the toxicity of naphthalene to
bacteria have been performed using strains capable of utilizing PAHs
(e.g., Kahng and Kyoungphile 2002; Kallimanis et al. 2007; Mrozik et al.
2004). Use of PAH-degrading strains to determine PAH toxicity makes it
difficult to discern the effect of the parent compound on the cell because
the results are camouflaged by the effect of metabolites.

Results of FAME analysis, growth and membrane permeability
assays of mutants of LP6a exposed to naphthalene presented in this study
showed that the EmhABC efflux is indirectly involved in the mitigation of
the deleterious effects of naphthalene. EmMhABC is required by LP6a

mutants for uninhibited growth in the presence of naphthalene and for
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efficient metabolism of naphthalene. Increased membrane trans-UFAs in
cLP6a and cLP6a-1 cells exposed to naphthalene is consistent with
adaptation to the presence of a membrane stressor (Junker and Ramos
1999). Increased trans-UFA content decreases membrane fluidity in
response to membrane stresses (Denich et al. 2003; Zhang and Rock
2008). This indicates that naphthalene had a fluidizing effect on P.
fluorescens cLP6a membrane that wascounteracted by membrane FA
changes.

Cyclopropane-FAs are formed by the addition of a methylene group
across the double bond of pre-existing phospholipid cis-FAs by
cyclopropane synthase (Pini et al. 2009) during transition from logarithmic
to stationary phase of growth (Londry et al. 2004; Zhang and Rock 2008).
Although naphthalene inhibited the growth of strain cLP6a-1, all
membrane FAs were extracted from cultures in stationary phase, so
changes in the percentage of cyclopropane-FAs reported here represent
changes due to the presence of naphthalene rather than any effect of
growth phase. Cyclopropane-FAs have been shown to confer resistance
to acid in Escherichia coli (Chang and Cronan 1999), and to organic
solvents and freeze drying in P. putida (Munoz-Rojas et al. 2006; Pini et
al. 2009). They are known to generally enhance the viability of cells in
harsh environments and play an important role in the ability of bacterial
pathogens to survive in the environment (Zhang and Rock 2008). cLP6a-

1, the mutant lacking EmhB and unable to metabolize naphthalene, was
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particularly unable to convert cis-UFA to cyclopropane-FA (Table 4.2)
causing significant change in its membrane morphology and membrane
permeability (Fig. 4.3d) with growth inhibition. This indicates that
naphthalene may have indirectly or directly reduced the expression of
cyclopropane synthase and in turn the production of cyclopropane FAs,
and that cyclopropane FAs are important for maintaining membrane
integrity of LP6a strains in the presence of membrane stressors. The exact
role of EmMhABC in the process of cis-FA conversion to cyclopropane-FA is
unknown although EmhABC has been previously associated with free fatty
acid transport (Adebusuyi and Foght 2011). This infers that cyclopropane-
FAs are involved in the survival of LP6a in its natural environment and that
cis-UFA may be substrates of the EmMhABC efflux pump. Other RND efflux
pumps such as AcrAB-TolC in Escherichia coli are also involved in FA
transport (Nikaido 1996). Replaced or damaged membrane FAs due to
natural membrane turnover or adaptation to membrane stressors are
either re-cycled or eliminated to prevent accumulation and toxic effects in
bacterial cells (Zhang and Rock 2008). Alternatively, RND efflux pumps
may be involved in the transport of membrane lipids such as hopanoids
required for stress resistance in the outer membrane of Gram-negative
bacteria (Doughty et al. 2011). This supports the idea that RND efflux
pumps play other role(s) in Gram-negative bacteria related to the

environment and that antibiotics, solvents, or PAHs are incidental
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substrates of these efflux pumps (Adebusuyi and Foght 2011; Martinez et
al. 2009).

In LP6a, a combination of membrane modification, efflux of
replaced or damaged FAs, and metabolism is involved in overcoming the
deleterious effect of naphthalene. Efflux is likely an indispensable
mechanism in LP6a because genes that encode the EmhABC efflux pump
are located on the chromosome (Bugg et al. 2000; Hearn et al. 2003),
whereas the ability to metabolize PAHSs is disposable since the PAH
catabolic genes are located on a plasmid (Foght and Westlake 1996).

In Chapter 2, it was shown that the EmhABC decreases the
efficiency of phenanthrene degradation in strain LP6a due to efflux of
phenanthrene as well as its metabolite(s) (Adebusuyi et al. 2012). In
contrast, EmhABC is important for efficient degradation of naphthalene
because it mitigates the deleterious effect of naphthalene on the cell
membrane to enhance growth and metabolism. This implies that RND-
type efflux pumps present in other bacterial species that degrade
naphthalene (and possibly other hydrocarbons that affect bacterial cell
membrane) may be equally important for efficient the degradation.
Selection of bacterial strains with or without a hydrocarbon extruding RND
efflux pump for use in bioremediation or biocatalytic process involving
hydrocarbons may depend on the target compound and the type of
process since it is important to use microbes that degrade and also exhibit

tolerance to the pollutants they degrade (Fillet et al. 2012).
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5. Chloramphenicol efflux and the induction of the EmhABC efflux

pump in Pseudomonas fluorescens cLP6a’

5.1 Introduction

Chloramphenicol is a broad-spectrum antibiotic whose use has
been limited to topical treatment of bacterial infections due to toxicity to
humans (Aakra et al. 2010; Schwarz et al. 2004; Xaplanteri et al. 2003).
Recently there has been renewed interest in the use of chloramphenicol in
treating certain bacterial infections because it is effective against some
multidrug-resistant bacteria pathogens (Fernandez et al. 2012; Maviglia at
al. 2009). Chloramphenicol inhibits protein synthesis in bacteria by
blocking the peptidyltransferase function of the 50S ribosomal subunit
(Aakra et al. 2010; Drainas et al. 1987; Xaplanteri et al. 2003). Bacteria
have developed several mechanisms to reduce uptake or intracellular
concentration of chloramphenicol including enzymatic inactivation by
acetylation (Aakra et al. 2010; Fernandez et al. 2012), modification of its
target site, decreased outer membrane permeability (Schwarz et al. 2004)
and active efflux into the extracellular medium (Adebusuyi and Foght
2011; Jeannot et al. 2005).

Uptake of chloramphenicol by bacterial cells occurs via an energy-
dependent process but is dependent on the growth medium, growth phase

of the cells, temperature and pH (Abdel-Sayed 1987; Burns and Smith

% A version of this chapter has been submitted for publication.
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1987). Chloramphenicol is a substrate of most efflux pumps of the
resistance-nodulation-division (RND) superfamily but the physico-chemical
factors that affect its efflux have not been examined. Antibiotics that
associate with or disrupt ribosomes, such as chloramphenicol and
tetracycline, have been reported to induce expression of RND efflux
pumps such as TtgABC in Pseudomonas putida DOT-T1E (Teran et al.
2003) and MexXY in P. aeruginosa (Jeannot et al. 2005; Poole 2008).
Contrary to the proposed model of RND efflux pump induction by
ribosome-disrupting antibiotics (Jeannot et al. 2005), chloramphenicol did
not induce expression of the EmhABC efflux pump (Adebusuyi and Foght
2011).

It was revealed in Chapter 2 that growth phase, incubation
temperature and tetracycline induced the emhABC genes encoding the
EmhABC efflux pump (Adebusuyi and Foght 2011). This induction
correlated with major changes in the membrane fatty acid composition and
membrane damage and turnover during growth, supporting the proposal
that EmhABC is involved in the mitigation of membrane damage in this
strain.

The activity and expression of RND efflux pumps, which are major
determinants of antibiotic resistance, may be influenced by the bacterial
environment (Martinez et al. 2009) given that they play other physiological
roles in bacteria (Adebusuyi and Foght 2011; Piddock 2006; Poole 2008).

Three different physico-chemical parameters were selected to determine
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effects of membrane modulation and proton potential on chloramphenicol
efflux by EmhABC: (a) temperature, for its effect on membrane fatty acid
composition; (b) pH, for its effect on the proton motive force; and (c) Mg**,
for its effect on outer membrane stability. The effect of chloramphenicol
and tetracycline on the cell envelope of P. fluorescens strains was also
compared to determine why chloramphenicol is not an inducer of emhABC
expression. Identification of factors influencing induction or determining
why a particular antibiotic induces expression of a RND efflux pump will be
useful in developing new strategies to combat antibiotic resistance in

pathogenic bacteria.

5.2 Materials and methods

5.2.1 Bacterial strains and growth conditions

P. fluorescens cLP6a (Foght and Westlake 1996) and its EmhB
disruption mutant cLP6a-1 (Hearn et al. 2003) were used in this study. P.
fluorescens strains were grown to stationary phase on trypticase soy broth
(TSB; Difco Laboratories, Detroit, MI) at 10°C, 28°C or 35°C with 200 rpm
shaking. Gene disruption in strain cLP6a-1 was maintained with 25 pg ml™
kanamycin (Sigma Chemical Co.).

5.2.2 Rapid efflux assays

The efflux of chloramphenicol D-threo [dichloroacetyl-1-**C] (99%
radiochemical purity; American Radiolabeled Chemicals, Inc. St. Louis,

MO) was determined using the rapid centrifugation method performed at
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~22°C (Bugg et al. 2000). To test the effect of incubation temperature on
the activity of the EmMhABC efflux pump, strains cLP6a and cLP6a-1 grown
to stationary phase at 10°C, 28°C or 35°C were used for efflux assays.
Strains cLP6a and cLP6a-1 were re-suspended to an optical density at
600 nm (ODggp) of 1.0 in 0.1 M potassium phosphate buffer pH 7 or pH
5.8, or pH 7 in the presence of 5 mM MgCl; to test the effect of
temperature, pH and divalent cation, respectively, on chloramphenicol
transport by the EmhABC efflux pump. The buffer used for efflux assays
contained 20 pl of **C- chloramphenicol to give ~ 100 000 disintegrations
per minute (dpm) and a final concentration of 0.073 uM. The energy
inhibitor, sodium azide (Fisher Scientific Co.) was added to the cell
suspension 9 min into the assay to a final concentration of 120 mM. All
efflux assays were performed using three independent cultures. Rapid
efflux assays were performed over a period of only 25 min to prevent long-
term changes in membrane fatty acids composition. The concentration of
chloramphenicol associated with the cell pellet fraction was calculated
based on the fractional amount of **C associated with the cell pellet at
each time point, the initial concentration of **C-chlorophenicol added and
the dry weight of P. fluorescens strains corresponding to ODggo of 1.0, as
previously described by Bugg et al. (2000).

5.2.3 RT-gPCR

Total RNA was extracted from harvested cultures of P. fluorescens

cLP6a grown to stationary phase at 28°C in TSB medium supplemented
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with 5mM MgCI; or with a starting pH of 5.8. Total RNA extraction, reverse
—transcription PCR (RT-PCR) and quantitative real-time PCR (QPCR)
were performed as previously described in Chapter 2 and Adebusuyi and
Foght (2011). A P. fluorescens cLP6a culture grown to stationary phase in
TSB at 28°C (the optimum growth temperature for cLP6a) was used as the
calibrator sample (control) and the 16S rRNA gene of P. fluorescens pf0-1
(NC_007492) (Silby et al. 2009) was used as the endogenous control.
Statistical analysis of data was performed using ANOVA (Excel 2007).

5.2.4 Antibiotic sensitivity assays

The minimum inhibitory concentrations (MICs) of tetracycline,
streptomycin, and chloramphenicol were determined using the microtiter
broth dilution method (Wiegand et al 2008) for P. fluorescens cLP6a and
cLP6a-1 grown at 10°C, 28°C (with or without 5 mM MgCl,, or starting pH

of 5.8), or at 35°C.

5.2.5 Phospholipid fatty acid (FA) extraction and identification

Total cell lipid extraction, fatty acid methyl ester (FAME) preparation
and analysis of cLP6a and cLP6a-1 cultures grown to stationary phase at
28°C in the absence or presence of chloramphenicol or tetracycline (at 1/4
MIC) were performed as previously described in Chapter 2 and
Adebusuyi and Foght (2011).

5.2.6 Membrane permeability assay

The membrane integrity of P. fluorescens cLP6a and cLP6a-1 cells

grown to stationary phase at 28°C in the absence or presence of ¥ MIC
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chloramphenicol or tetracycline was determined using a modification
(Adebusuyi and Foght 2011) of the method described by Niven and

Mulholland (1998).

5.3 Results

5.3.1 Physico-chemical factors affect chloramphenicol efflux

Rapid efflux assays were performed to determine the effect of
incubation temperature, presence of the divalent cation Mg®* and pH on
the efflux of chloramphenicol by the EmhABC efflux pump. The results of
this 25 min long assay represent short-term effects of the physico-
chemical factors tested on the activity/expression of the EmhABC efflux
pump. Change in concentration of chloramphenicol in the cell pellet
fraction due to efflux (Fig. 5.1a) is calculated as the difference between
steady state concentration of **C-chloramphenicol associated with the cell
pellet fraction in the absence of efflux (strain cLP6a-1, after azide addition)
and in the presence of efflux (strain cLP6a, before azide addition) as
described by Adebusuyi and Foght (2011). The higher the change in
chloramphenicol concentration, the lower the concentration of
chloramphenicol associated with the cell pellet fraction. This value is
normalized to the dry weight of the cells in each assay. The concentration
of chloramphenicol associated with the cell pellet fraction due to efflux

decreased in cells grown at 10°C (Fig. 5.1b) compared to 28°C, the
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Figure 5.1 Rapid efflux assay for chloramphenicol in P. fluorescens cLP6a; (a) sample
calculation for concentration of chloramphenicol effluxed; (b) concentration of
chloramphenicol effluxed by P. fluorescens cLP6a under different conditions, determined
using a rapid efflux assay. 28°C, 10°C and 35°C: cells grown at 28°C (the optimum
growth temperature), 10°C or 35°C respectively, then harvested and re-suspended in 0.1
M phosphate buffer at pH 7; MgCl,: cells grown at 28°C then re-suspended in 0.1 M
phosphate buffer at pH 7 + 5 mM MgCl,; pH 5.8: cells grown at 28°C then re-suspended
in 0.1 M phosphate buffer at pH 5.8. Each bar is the mean of three independent
experiments, and error bars, where visible, indicate the standard deviation. Asterisks
indicate significant differences.
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optimum growth temperature of P. fluorescens strains (Foght and
Westlake 1996). A calculated mass of 2.20 £ 0.14 nmol of
chloramphenicol g™ cells (dry weight) was removed by strain cLP6a grown
at 10°C, which was significantly different (P < 0.004) and about 33 £ 4 %
greater than that removed by cells grown at 28°C (1.65 + 0.05 nmol g™%).
The increased concentration of chloramphenicol removed by cells grown
at 10°C may be due to the activity of the EmhABC efflux pump in
combination with that of another postulated RND pump activated at this
temperature, as suggested in Chapter 2 for phenanthrene efflux in the
same strain (Adebusuyi and Foght 2011). Conversely, change in the
concentration of chloramphenicol associated with strain cLP6a grown at
35°C was very low (0.26 + 0.17 nmol g™*) and significantly less (~ 84%; P
< 0.008) than that of control cells grown at 28°C. This indicates that
incubation temperature affects chloramphenicol efflux by the EmhABC
efflux pump in strain cLP6a.

Presence of the divalent cation Mg®* (5 mM) or low pH [5.8] in the
efflux assay medium decreased the concentration of chloramphenicol
associated to the cell pellet by 26 + 4 % or 51 + 6% respectively. In the
presence of 5 mM MgCl,, 1.23 + 0.10 nmol g™* of chloramphenicol was
changed due to efflux, which significantly (P < 0.009) differs from the
change by the control containing no MgCl; (Fig. 5.1b). Likewise, only 0.82
+ 0.13% nmol g* (P < 0.007) of chloramphenicol was changed due to

efflux when transport assays were performed in phosphate buffer pH 5.8
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compared to pH 7. Clearly, these results showed that the efflux of
chloramphenicol by the EmhABC efflux pump is affected by the physico-
chemical factors tested and in turn the concentration of chloramphenicol

that accumulate in cLP6a cells and possibly its antimicrobial efficacy.

5.3.2 Physico-chemical factors induce emhABC expression

Because changes in the concentration of chloramphenicol effluxed
by the EmhABC efflux pump under different conditions may be due to
differential transcription of the emhABC genes, the effect of physico-
chemical factors on emhABC transcription was determined. In a previous
chapter (Chapter 2; Adebusuyi and Foght 2011), emhABC genes were
shown to be induced in P. fluorescens strain cLP6a grown at 10°C and
35°C compared to a control at the optimum growth temperature of 28°C.
Decreased activity of EmhABC in cLP6a cells grown at 10°C or 35°C was
probably compensated by increased expression of the emhABC. Similarly,
in this study the emhABC genes were induced ~8-fold in the presence of
MgCl, and ~2-fold when the growth medium was slightly acidic [pH 5.8]
compared to the control (P < 0.003; Fig. 5.2). There was no significant
difference in the expression of emhABC genes in the presence of 5 mM
MgCl, (P > 0.1) or at pH 5.8 (P > 0.5). This suggests that decreased
EmhABC activity due to environmental conditions induces expression of

the emhABC operon.
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Figure 5.2 Expression of emhABC in P. fluorescens cLP6a grown to stationary phase at
28°C in the presence of 5 mM MgCI, or at pH 5.8, determined using RT-gPCR. The
values shown are the fold-difference in expression of emhABC compared to expression
levels in cells grown to stationary phase at 28°C (control = 1). Each bar represents the
mean of two independent experiments performed in duplicate. Error bars, where visible,
indicate the standard deviation. Asterisks indicate significant differences.

5.3.3 Sensitivity of P. fluorescens strains to antibiotics is
influenced by physico-chemical factors
The effect of physico-chemical factors affecting chloramphenicol
efflux on its antimicrobial efficacy was determined using the MIC assay.
Sensitivity of strains cLP6a and cLP6a-1 to tetracycline, another substrate
of the EmhABC efflux, and to streptomycin, a non-EmhABC substrate
(Hearn et al. 2003) was also determined. As expected, strain cLP6a with

active efflux was less sensitive to chloramphenicol and tetracycline
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compared to strain cLP6a-1, which lacks EmhB, exhibiting = 4-fold

differences in the MICs of the antibiotics (Table 5.1). Decreasing the

Table 5.1 Antibiotic sensitivity of P. fluorescens strains cLP6a and cLP6a-1 incubated at
different temperatures at pH 7, at 28°C at pH 5.8, and with or without MgCI2 at 28°C, pH
7. Antibiotic sensitivity was measured as minimum inhibitory concentration (MIC).Values
shown are representative data from two independent experiments.

P. MIC (ug ml™) 2
fluorescens
strain Temperature  pH MgCl, ST CL TE
10°C 7 <0.02mM 8 128 4
28°C 7 <0.02mM 4 16 2
cLP6a 35°C 7 <0.02mM 4 8 0.5
28°C 7 5mM 8 64 16
28°C 5.8 <0.02 mM 4 16 0.125
10°C 7 <0.02mM 4 16 2
28°C 7 <0.02 mM 2 4 0.5
cLP6a-1 35°C 7 <0.02 mM 2 2 <0.063
28°C 7 5mM 4 8 4
28°C 5.8 <0.02 mM 2 <0.5 <0.063

& ST, streptomycin; CL, chloramphenicol; TE, tetracycline

incubation temperature to sub-optimal (10°C) caused significant decrease
in the sensitivity of strains cLP6a and cLP6a-1 to chloramphenicol (4 fold
increase in MIC; Table 5.1). Significant increase in resistance of strain
cLP6a-1 (lacking EmhB) grown at 10°C to chloramphenicol and
tetracycline is consistent with the presence of an alternative antibiotic
efflux pump induced at this incubation temperature (Adebusuyi and Foght
2011). There was no significant difference in the MIC for tetracycline in

strain cLP6a grown at 10°C compared to the control grown at 28°C. The
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induction of the emhABC genes in cLP6a cells grown at 28°C may have
decreased the sensitivity of this control culture to tetracycline. Growth at
35°C made P. fluorescens strains more sensitive to chloramphenicol and
tetracycline. Increased membrane permeability of P. fluorescens strains
grown at 35°C may explain the increased sensitivity of the strains at this
temperature (Adebusuyi and Foght 2011). There was a 4- or 8-fold
increase in MICs of chloramphenicol or tetracycline for strain cLP6a grown
in TSB with added 5 mM MgCl,. In contrast there was no significant
difference in the sensitivity to chloramphenicol of strain cLP6a -1 grown in
the presence of MgCl, compared to the control, whereas an 8-fold
increase in tetracycline MIC was obtained for strain cLP6a-1 grown in the
presence of Mg?*. The decreased sensitivity of strains cLP6a and cLP6a-
1 to chloramphenicol and tetracycline in the presence of Mg?* may be
explained as a combination of increased expression of the EmhABC efflux
pump (Fig. 5.2) and the protection of the cell membrane by the divalent
cation. Divalent cations such as Ca** and Mg** stabilize the cell
membrane by interacting with negatively charged phospholipid polar head
groups (Denich et al. 2003; Lee et al. 2007). Decreasing pH of the growth
medium from ~7 to 5.8 had no effect on the sensitivity of strain cLP6a to
chloramphenicol but did make the cells considerably (8-fold) more
sensitive to tetracycline (Table 5.1). The overall trend observed for the
MIC assays was that decrease in the efflux of chloramphenicol caused by

physico-chemical factors appears to be offset by increased emhABC
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expression. Under the test conditions, there was no significant difference
in the susceptibility of P. fluorescens strains to streptomycin, which is not a
substrate of EmhABC but a ribosome-interacting antibiotic (Busse et al.
1992; Hearn et al. 2003).

5.3.4 EmhABC activity mitigates the deleterious effect of

chloramphenicol on cLP6a membrane

To determine why tetracycline and not chloramphenicol induces
transcription of emhABC, the effect of these antibiotics on cell membrane
permeability of strains cLP6a and cLP6a-1 was examined. Fatty acid
methyl ester (FAME) analysis was used to determine the effect of
antibiotics on membrane fatty acid composition. Cell membrane integrity
was determined using a permeability assay performed with propidium
iodide (PI, a fluorescent reporter molecule that cannot cross intact cell
membranes) and cetyltrimethylammonium bromide (CTAB, a cationic
surfactant that can permeabilize bacterial cell membranes and thus
increase Pl penetration), as described in Chapter 2 (Adebusuyi and Foght
2011). The permeability index of strains cLP6a and cLP6a-1 grown in the
presence of chloramphenicol or tetracycline was determined as defined by
Niven and Mulholland (1998).

Chloramphenicol caused only minor changes in the membrane fatty
acid (FA) content of strain cLP6a (Table 5.2) and the membrane integrity
of cLP6a was not affected compared to the control (Fig. 5.3). Conversely,

a major change in the cell membrane FA and increased membrane

147



Table 5.2 FA composition of P. fluorescens strains cLP6a and cLP6a-1 grown to
stationary phase at 28°C in the absence or presence of antibiotics (tetracycline or
chloramphenicol, at %1 MIC). FA contents are expressed as the mean weight % of total
FA detected in two measurements; deviation from the mean was typically <1% and at
most 3% of the measured values.

FA classes as % of total FA detected

Total Total Total Cvclo-
P. fluorescens Growth conditions Saturated Unsaturated y
; FAs
strains FAs FAs
28°C 421 14.9 43.0
28°C with
cLP6a chloramphenicol® 44.0 12.8 432
28°C with
tetracycline® 42.8 23.1 34.1
28°C 41.4 16.3 42.3
cLP6a-1 28°C with 43.2 33.8 22.9
chloramphenicol
28°C with tetracycline 42.2 25.0 32.7

¢ Data from Adebusuyi and Foght (2011)

permeability (~2.5-fold) was observed in the EmhB mutant strain cLP6a-1
grown in the presence of chloramphenicol. The total unsaturated FA in
strain cLP6a-1 increased, whereas the percentage of cyclopropane FA
decreased in the presence of chloramphenicol (Table 5.2). This is similar
to the effect of naphthalene on strain cLP6a-1 (Chapter 4) and consistent
with the down-regulation of the cyclopropane synthase in P. putida when
exposed to chloramphenicol (Fernandez et al. 2012). On the other hand,

tetracycline caused an increase in total unsaturated FAs and
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Figure 5.3 The permeability index of P. fluorescens strains cLP6a and cLP6a-1 grown to
stationary phase at 28°C with or without ¥ MIC of chloramphenicol or tetracycline. Each
bar represents the mean of three culture sub-samples. Asterisks indicate significant
differences.

decrease in cyclopropane FAs in strains cLP6a and cLP6a-1 even though
the permeability indices of both strains were similar to controls (Fig. 5.3).
These results indicate that chloramphenicol affects the cell membrane in a
different manner than tetracycline. The EmhABC efflux pump mitigated the
permeabilizing action of chloramphenicol since strain cLP6a with a
functional EmMhABC was not affected whereas the EmhB disruptant

mutant, cLP6a-1 had compromised membrane integrity.

5.4 Discussion
The bacterial cell membrane delineates bacteria cells from the

environment, regulates movement of solutes in and out of the cell, and
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stabilizes the structure of membrane-embedded proteins (Denich et al.
2003). Besides the changes in the cell membrane compaosition to prevent
toxic hydrophobic chemicals from accumulating in the membrane (Denich
et al 2003), RND efflux pumps, which are embedded in the cell membrane
of most Gram-negative bacteria, are also engaged. This family of efflux
pumps extrude mostly hydrophobic compounds (Martinez et al. 2009) that
would otherwise accumulate and cause damage to the cell membrane.
RND efflux pumps have been studied mainly because of their involvement
in antibiotic resistance (Nikaido 1996; Zgurskaya and Nikaido 2000) and
most studies are based on identification and characterization of new efflux
pumps or identification of substrates that induce expression of an efflux
pump (Hearn et al. 2003; Kieboom et al. 1998). This focus gives little
insight to why efflux is important to bacterial survival in the natural
environment, as suggested by their presence and conservation in most
Gram-negative bacteria (Poole 2008).

Results presented here show that three different types of physico-
chemical factors (temperature, pH and divalent cation) that affect the cell
membrane physiology also influence the efflux and efficacy of
chloramphenicol, as shown by the results of the rapid efflux and MIC
assays. These physico-chemical factors are inducers of the emhABC
genes that encode the EmhABC efflux pump. Deviation in incubation
temperature from the optimum for a bacterial species is known to cause

stress to the cell membrane and induction of emhABC expression
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(Adebusuyi and Foght 2011; Denich et al. 2003). Induction of emhABC
that encodes the proton-dependent EmhABC efflux pump (Hearn et al.
2003) by lower pH was expected and was observed. However, induction
of emhABC expression by the divalent cation Mg®*, which stabilizes
bacterial cell membranes, was unexpected. Divalent cations previously
have been associated with bacterial resistance to antibiotics and survival
under harsh growth conditions (Lee et al 2007; Mao et al. 2001; Zgurskaya
and Nikaido 1999). Although stabilization of the bacterial cell membrane
has been the only mechanism used to explain the role of divalent cations
in bacterial survival and antibiotic resistance, divalent cation induction of
substrate efflux by RND efflux pumps (Zgurskaya and Nikaido 1999) or
association of cations with efflux pump function (Mao et al. 2001) hint at
an additional mechanism. This additional mechanism may be the induction
(whether direct or indirect) of RND efflux pump genes as supported by the
results obtained in this study.

The results of the MIC assay suggests that another efflux pump
may be involved in chloramphenicol and tetracycline transport in both
strains cLP6a and cLP6a-1 cells grown at 10°C as previously suggested in
Chapter 2 (Adebusuyi and Foght 2011). Also important is the fact that
efflux of chloramphenicol was very low in cLP6a cells grown at 35°C but
had only slight effect on its efficacy at this temperature, which may be a
complementary effect of the over-expression of the emhABC genes at this

growth temperature (Chapter 2; Adebusuyi and Foght 2011).
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Although chloramphenicol and tetracycline have been reported to
induce RND efflux pumps in strains of P. putida (Teran et al. 2003) and P.
aeruginosa (Jeannot et al. 2005; Poole 2008), other efflux pumps such as
the MexAB-OprM in P. syringiae (Vargas et al. 2011) and EmhABC in
strain cLP6a (Adebusuyi and Foght 2011) are not induced by
chloramphenicol. Notably, experiments determining induction of these
RND efflux pumps by chloramphenicol were performed under different
conditions: induction seems to be dependent on the growth phase
(Adebusuyi and Foght 2011; Jeannot et al. 2005; Vargas et al. 2011) of
the cells used for gene expression assays. Tetracycline caused major
changes in the membrane FA composition of P. fluorescens in both the
presence and absence of the EmMhABC, whereas the effect of
chloramphenicol on the membrane was only apparent in the absence of
EmhABC activity. This suggests that EmhABC helps counter the
membrane-damaging effect of chloramphenicol and that the mode of
action of chloramphenicol and tetracycline may be the determining factor
for emhABC induction by tetracycline but not chloramphenicol. Although
both chloramphenicol and tetracycline inhibit protein synthesis, they bind
to different sites of the ribosome and possibly trigger specific bacterial
responses (Fajardo and Martinez 2008). Moreover, tetracycline uptake
and efflux is dependent on the presence of Mg®* because it is transported
across the membrane of Gram-negative bacteria such as Escherichia coli

as a Mg?*-chelate complex (McMurry et al. 1980; Yamaguchi et al. 1990).
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Since the results of this study showed that Mg?* is an inducer of emhABC,
the induction of emhABC and probably other efflux pump genes by
tetracycline (Adebusuyi and Foght 2011; Jeannot et al. 2005) may be due
to increased intracellular concentration of Mg®* as a consequence of
tetracycline transport.

In summary, it is shown that the physico-chemical factors of
temperature, pH and divalent cation affect the efflux of chloramphenicol in
P. fluorescens cLP6a because they induce the expression of emhABC.
This emphasizes the point that efflux pumps play other physiological roles
in Gram-negative bacteria beyond antibiotic efflux (Adebusuyi and Foght
2011; Poole 2008). Knowledge of the other physiological roles is desirable
to understand and combat antibiotic resistance. In clinical settings, these
factors should be studied before determining the dosage of an antibiotic to
be used for treating a bacterial infection. In addition, the action of an
antibiotic on the cell envelope should be taken into account when

developing new strategies to combat bacterial resistance.
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6. Synthesis, conclusions and future perspective

6.1 Synthesis

The EmhABC efflux pump is a “win, lose” mechanism in
Pseudomonas fluorescens LP6a. In Chapters 2, 4 and 5, the function of
EmhABC to enhance LP6a survival in the presence of environmental
stressors was highlighted. The function of the EmhABC pump is linked
with the modulation of membrane fatty acids (FA), confirming an
alternative “authentic” role for this pump in LP6a (Chapters 2 and 4). Efflux
of replaced membrane FAs seems impossible based on the evidence that
substrates are captured in the periplasmic domain of resistance-
nodulation-division (RND) efflux pumps (Murakami et al. 2006;
Sennhauser et al. 2009). However, FAs are hydrophobic compounds like
many identified substrates of RND efflux pumps, and efflux of PAHs
(Hearn et al. 2003; 2006) as well as membrane lipids such as hopanoids
(Doughty et al. 2011) that partition into the bacterial inner membrane
supports the possibility of replaced membrane FA efflux. In addition to
tetracycline and temperature, other physico-chemical factors such as pH
and Mg?" are also inducers of EmhABC efflux pump (Chapter 5)
supporting the perspective that efflux pumps play other physiological roles
in bacteria beyond antibiotic resistance (Chapter 1; Adebusuyi and Foght

2011; Kumar and Schweizer 2011; Piddock 2006).
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The presence or over-expression of RND efflux pumps increase
virulence and bacterial resistance to antimicrobials but come with a fithess
cost (Alonso et al. 2004; Hirakata et al. 2002). While fitness cost was
thought to be a result of metabolic burden placed on the cells by the over-
expression of efflux pump genes, Olivares et al. (2012) recently showed
that over-expression of MexEF-OprN in P. aeruginosa did not cause any
growth impairment in this strain but produced other physiological changes
in the cells. Here, consistent with the finding of Olivares et al. (2012), it
was shown that the fitness cost may be impairment of other cell functions
due to membrane stress and not necessarily the result of a metabolic
burden of over-expressing the efflux pump (Chapter 2; Adebusuyi and
Foght 2011). Impaired growth resulting from increased incubation
temperature was suppressed by the over-expression of the EmhABC
efflux pump. This suggests that over-expression of efflux pumps is a
response to improve the survival of bacteria in the presence of
environmental stressors and may not constitute a fitness cost to the cells.

While local and global regulators may be involved in the
transcriptional regulation of RND efflux pumps, only a few effector
molecules for global regulators such as SoxS have been identified
(Chapterl; Grkovic et al. 2002). This study hints at the likely involvement
of environmental parameters as the effectors that trigger local or global

regulatory responses, although this proposal is untested.
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In Chapters 3 and 4, the presence of RND efflux pumps in
hydrocarbon-degrading bacteria was shown for the first time to slow down,
accelerate or complicate bioremediation processes (e.g., accumulation of
toxic metabolite in the environment; Chapter 3). This indicates that the
presence of a RND efflux pump may be an important feature to consider
when selecting bacterial strains for use in bioremediation or biocatalysis of
hydrocarbon compounds. This supports the idea that there are both
advantages and disadvantages associated with the presence of RND
efflux pumps in Gram-negative bacteria.

For human beings, the discovery of bacterial RND efflux was
initially perceived as a curse because they are major determinants of
bacterial virulence and antibiotic resistance (e.g., review by Piddock
2006). Increases in antimicrobial resistance complicate antibiotic treatment
of bacterial diseases because certain members of most of the known
classes of antibiotics are substrates of RND efflux pumps. Various efflux
pump inhibitors (EPIs) such as Phenylalanyl-Arginyl-B-Naphthylamine
(PABN) have been suggested for use in combination therapy to inactivate
efflux and allow the antibiotic to reach inhibitory concentrations in the cells
(Kumar and Schweizer 2005; Pagés and Amaral 2009; Renau et al. 1999).
PABN and other EPIs have been shown to block the efflux of levofloxacin,
a fluoroginolone and other antimicrobials in P. aeruginosa, E. coli and
Salmonella enterica (Pagés and Amaral 2009; Renau et al. 1999). The

challenges associated with the use of EPIs are that resistance may be
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developed towards them as well. For instance, PABN is a substrate of the
MexB efflux pump of P. aeruginosa (Lomovskaya et al. 2007). In addition,
EPIs may be toxic to and inhibit eukaryotic transporters that are
structurally and functionally similar to bacterial efflux pumps (Kumar and
Schweizer 2005). Research on efflux pumps has dwelt on the negative
aspects of their presence in bacteria as it affect humans, but they can be
beneficial as well to humans if their function is exploited appropriately (see

section 6.3).

6.2 Conclusions
The authentic role of the EmhABC efflux pump in P. fluorescens LP6a is
adaptation to variation in environmental factors (both physical and
chemical) by mitigating membrane damage (Fig. 6.1). In the case of
chemical membrane stressors, the EmhABC efflux pump often takes care
of both the stressor and the consequence of the stress on the membrane.
Since environmental factors are cues for the induction of RND efflux
pumps, new antimicrobial drugs should be designed and strains to be
used for microbial remediation or biocatalysis of hydrocarbon compounds
should be selected with consideration of the environmental factors

affecting the bacterial species to be eradicated or used.
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Figure 6.1 Proposed model for induction and substrate transport of P. fluorescens LP6a
EmhABC efflux pump. Membrane maodification in the presence of physico-chemical
factors triggers the efflux of released and/or damaged fatty acids (zigzag line),
constituents of the inner membrane (IM) and/or outer membrane (OM) and sometimes
the membrane-damaging agents themselves (antimicrobial agents, polycyclic aromatic
hydrocarbons, orange circle). CP, cytoplasm; PP, periplasm; H*, proton.

6.3 Future perspective
There are potential benefits (clinical and biotechnological) that can
be gained from the knowledge of RND efflux pumps. As stated in previous
chapters, RND efflux pumps transport a variety of structurally diverse
compounds such as antibiotics, PAHSs, solvents, fatty acids, and
metabolites. Discussed below is how the knowledge of efflux pump
substrates and inducers can be utilized for beneficial purposes in the

future.
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6.3.1 The possibility to ‘tweak’ efflux pumps to modulate

substrate specificity

The periplasmic (Elkins and Nikaido 2002; Mao et al. 2002),
transmembrane (Middlemiss and Poole 2004) and outer membrane
protein docking (Hearn et al. 2006) domains and the central cavity (Yu et
al. 2003) of RND efflux pumps are responsible for substrate recognition,
specificity and translocation (Tikhonova et al. 2002; Murakami et al. 2004).
It is possible to tweak bacterial efflux pumps to improve affinity for
substrates (Hearn et al. 2006) or to enable the efflux of a desired product.
This type of efflux pump is referred to as a ‘designer’ pump (Dunlop 2011)
and may be the focus of research for the next decade.

Designer efflux pumps can be achieved by site-directed
mutagenesis of amino acid residues located in critical domains of a RND
efflux pump to increase or decrease affinity for a particular substrate
(Hearn et al. 2006; Middlemiss and Poole 2004; Murakami et al. 2006;
Sennhauser et al. 2009). It is also possible to design chimeric pumps with
RND efflux components from different organisms (Tikhonova et al. 2002).
This may be useful for industrial fermentation processes in which certain
bacterial species are safer to work with. The RND efflux pump
components of another strain with specificity for a targeted compound can
be combined with the outer membrane protein and periplasmic adaptor
protein of the preferred bacterial species. Alternatively, the complete RND

efflux pump system from a different bacterial strain with the required
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specificity can be introduced into a production strain. The ability to
engineer efflux pumps opens new opportunities to improve microbial
production of platform chemicals, secondary metabolites and biofuels
(Dunlop et al. 2011) and also to improve or speed up biocatalysis and
bioremediation of hydrocarbon compounds.

6.3.2 Efflux pumps and biofuels

With the current push for green energy (Dunlop 2011), one of the
areas of RND efflux pump research for beneficial purposes is the
production of biofuels. Recently efflux pumps have been engineered to
efflux certain biofuels (Dunlop 2011) with more ongoing work to expand
the possibility of using this strategy to generate more fuels synthesized by
microbes. In the production of second-generation biofuels such as 2-
butanol, terpenoids and higher lipids from lignocellulosic feedstocks,
toxicity of feedstock components such as organic acids and phenolic
compounds and end-products (Fischer et al. 2008; Sakai et al. 2007) is
one of the major limitations to commercial production of these fuels by
microbes. To achieve high biofuel productivity, microbial producing strains
must be able to tolerate toxic compounds during fermentation. Recently,
Dunlop et al. (2011) heterologously expressed HAE1 efflux pumps in an E.
coli host and found that some of these efflux pumps improved tolerance to
feedstock constituents and products, and thereby increased production of
biofuels such as longer chain alcohols, alkanes, alkenes and cyclic

hydrocarbons (Dunlop 2011; Dunlop et al. 2011).
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6.3.3 Development of antimicrobial drugs and other
mechanisms of treating bacterial infections

Membrane stress has been highlighted in this study as the main
trigger for induction and function of the EmhABC efflux pump (Chapter 1,
Adebusuyi and Foght 2011) and likely other bacterial efflux pumps as well
(Fraud et al. 2008). This suggests that the antimicrobial efficacy of a
compound may be improved if it has little to no effect on the membrane of
pathogenic bacteria. In the future, drugs may be designed to have no
effect on bacterial membrane. This may be a good start in reducing the
occurrence of antimicrobial resistance due to efflux and/or membrane
modification. Other ways to treat bacterial infections without the use of
drugs may be by modulating the environment of bacterial cells.

6.3.4 Efflux pumps in anaerobes

Anaerobes are a major group of bacteria involved in in situ
remediation of hydrocarbon pollutants in oil spills and oil sand tailings
ponds (Foght 2008). Genome sequences of some of the anaerobic
species such as Desulfatibacillum alkenivorans isolated from polluted
environments revealed the presence of RND efflux pumps in these
species (Callaghan et al. 2012). These anaerobes are exposed to various
toxic chemicals in their environment but there have been no studies to
determine how they survive high concentrations of toxic chemicals. Future
studies to determine the role of RND efflux pumps in anaerobes isolated

from polluted sites may be worthwhile as these efflux pumps may be
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engineered into industrial strains to improve tolerance to toxic compounds,

thereby increasing product yield.
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