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in Escherichia coli
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Escherichia coli has been used as a platform host for studying the production of free fatty acids (FFA) and other energy-dense
compounds useful in biofuel applications. Most of the FFA produced by E. coli are found extracellularly. This finding suggests
that a mechanism for transport across the cell envelope exists, yet knowledge of proteins that may be responsible for export re-
mains incomplete. Production of FFA has been shown to cause cell lysis, induce stress responses, and impair basic physiological
processes. These phenotypes could potentially be diminished if efflux rates were increased. Here, a total of 15 genes and operons
were deleted and screened for their impact on cell viability and titer in FFA-producing E. coli. Deletions of acrAB and rob and, to
alower degree of statistical confidence, emrAB, mdtEF, and mdtABCD reduced multiple measures of viability, while deletion of
tolC nearly abolished FFA production. An acrAB emrAB deletion strain exhibited greatly reduced FFA titers approaching the
tolC deletion phenotype. Expression of efflux pumps on multicopy plasmids did not improve endogenous FFA production in an
acrAB™ strain, but plasmid-based expression of acrAB, mdtEF, and an mdtEF-tolC artificial operon improved the MIC of exoge-
nously added decanoate for an acrAB mutant strain. The findings suggest that AcrAB-TolC is responsible for most of the FFA
efflux in E. coli, with residual activity provided by other resistance-nodulation-cell division superfamily-type efflux pumps, in-
cluding EmrAB-TolC and MdtEF-TolC. While the expression of these proteins on multicopy plasmids did not improve produc-

tion over the basal level, their identification enables future engineering efforts.

Production of fuels and chemicals in metabolically engineered mi-
crobes can induce toxicity and stresses that reduce yields, titers,
and productivities (1, 2). Overcoming toxicity is a challenge to devel-
oping stable and economically viable production processes. Hydro-
phobic and lipophilic compounds, including energy-dense biofuels
such as n-butanol and hydrocarbons, intercalate in the cytoplasmic
membrane (3). Intercalation can alter membrane fluidity, membrane
protein function, and aerobic respiration (3—6). To avoid physiolog-
ical problems caused by these compounds and others, bacteria ex-
press transporters that actively cause the efflux of toxic chemicals (2,
7-9). This idea has motivated efforts to engineer cells with enhanced
export capabilities (10).

Escherichia coli has been used as a platform host for studying
the production of free fatty acids (FFA) (11-20), which can be
catalytically converted to alkanes (12, 21), and fatty-acid-derived
products such as fatty acid ethyl esters (FAEE) and fatty alcohols
(13, 22-24). FFA and FAEE are found predominantly extracellu-
larly, yet no export mechanism has been conclusively demon-
strated to date. Despite the apparent ability to excrete FFA, engi-
neered E. coli strains are subject to physiological perturbations
resulting in reduced cell viability, reduced membrane integrity,
large increases in membrane unsaturated fatty acid content, in-
duction of membrane stress responses, and a loss of proton motive
force coupled with increased expression of genes involved in aer-
obic respiration (25). One strategy to avoid these negative physi-
ological effects is to increase the export of FFA from the cell, but
this requires the identification of FFA exporters. In past studies,
the percentage of intact and viable cells was shown to greatly de-
crease in FFA-producing cells as they enter stationary phase,
whereas control cells remained fully intact (25). These observa-
tions led to the hypothesis that any genes that were essential to
FFA export would exacerbate the negative phenotypes when de-
leted.
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In this work, the phenotypes of a set of E. coli deletion mutants
were used to identify native E. coli genes involved in FFA export.
Selection of candidate genes was based on four criteria (Table 1).
First, genes previously observed to be involved in FFA import were
targeted, as a dual role in export could also be possible. This en-
compassed three genes, fadL, tolC, and prc, for which a transposon
mutagenesis screening of membrane-bound proteins identified
defective or absent growth on oleate (26). Second, genes that en-
code resistance-nodulation-cell division superfamily (RND)-type
multidrug efflux pumps, all of which associate with the TolC outer
membrane channel, were targeted on the basis of the ability to
confer resistance to sodium dodecyl sulfate (SDS), decanoate, and
bile salts (27-29). These included emrAB, acrAB, mdtABCD, acrD,
mdtEF, and acrEF. Third, several genes that encode annotated
multidrug efflux pumps were identified as having increased ex-
pression in fatty-acid-producing strains (25). These include cmr,
mdtD, mdtG, mdtK, emrAB, and mdtEF. Fourth, the transcrip-
tional-activator-encoding marA, rob, and soxS genes, many of the
members of whose regulons were upregulated in fatty-acid-pro-
ducing strains, were targeted because of their role in regulating
genes that encode drug efflux pumps such as AcrAB (30) and

Received 17 August 2012 Accepted 22 October 2012
Published ahead of print 26 October 2012
Address correspondence to Brian F. Pfleger, pfleger@engr.wisc.edu.

* Present address: Rebecca M. Lennen, Novo Nordisk Foundation Center for
Biosustainability, Technical University of Denmark, Hersholm, Denmark.

Supplemental material for this article may be found at http://dx.doi.org
/10.1128/JB.01477-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.01477-12

jb.asm.org 135


http://dx.doi.org/10.1128/JB.01477-12
http://dx.doi.org/10.1128/JB.01477-12
http://dx.doi.org/10.1128/JB.01477-12
http://jb.asm.org

Lennen et al.

TABLE 1 Targeted genes with possible FFA transport roles

Gene(s) Rationale for selection Reference(s)
tolC Prior role in alleviating FFA toxicity; outer membrane component for most MFA-type efflux pumps in E. coli; 26, 32, 49-51
member of Rob regulon

acrAB Member of Rob regulon; confers SDS and decanoate resistance 28-30

fadL Necessary role in outer membrane import of long-chain FFA; increased expression in microarray data sets 26

pre Identified role in fatty acid import 26

acrD Confers SDS resistance 28

acrEF Confers SDS resistance 28
mdtABCD Confers SDS resistance; increased expression of mdtD in microarray data sets 25,28

cmr Efflux pump; increased expression in both microarray data sets 25

mdtG Efflux pump; member of Rob regulon; increased expression in both microarray data sets 25,31

mdtK Efflux pump; decreased expression in one microarray data set and increased expression in another 25

emrAB Confers SDS resistance; increased expression in one microarray data sets 25,28
mdtEF Confers SDS resistance; increased expression in one microarray data set 25,28

marA Overlapping regulon with Rob; increased expression in both microarray data sets 25

s0xS Overlapping regulon with Rob; increased expression in both microarray data sets 25

rob Activation by FFA; increased expression in one microarray data set 25,30

ompF Outer membrane protein; indirectly in Rob regulon; strongly decreased expression in both microarray data sets 25,33

MdtG (31), the TolC outer membrane channel (32), and the outer
membrane porin OmpF (33). In our prior study, the deletion of
rob had a negative impact on viable cell counts (25). Rob is known
to be activated at a high fatty acid concentration (5 mM) and to
induce acrAB expression (29, 30). As many genes in the MarA,
Rob, and SoxS regulons have unknown functions, it may be pos-
sible to identify a new protein potentially involved in fatty acid
export by preventing the activation of an entire regulon.

Targeted genes were deleted in a plasmid-free FFA-producing
strain (TYO05), a strain containing three copies of a codon-opti-
mized acyl-acyl carrier protein thioesterase from Umbellularia
californica (BTE) under the control of an isopropyl-f3-p-thioga-
lactopyranoside (IPTG)-inducible promoter integrated into chro-
mosomal loci of B-oxidation genes (fadD, fadE, and fadAB) (34).
The same gene deletions were also made in a negative-control
strain (TY06) containing three copies of BTE with an active-site
mutation (BTE-H204A) that renders the protein nonfunctional
(35). The deletion strains were screened for decreased viability
and increased cell lysis relative to TYO05. This screening strategy
was necessitated by previous findings that exogenous addition of
lauric acid, the major species produced by TYO05, elicits lower tox-
icity than endogenous production (25). Deletions that both de-
creased viability and increased cell lysis included t0lC, acrAB, rob,
emrAB, and mdtABCD. These genes were cloned into expression
vectors in an effort to increase FFA efflux rates. Cells harboring
these plasmids were analyzed for the ability to improve FFA pro-
duction and cell viability. While all of the expressed drug efflux
pump components improved tolerance to SDS in an acrAB dele-
tion strain (i.e., were functionally expressed), none of the drug
efflux pumps, when expressed from a medium-copy-number
plasmid in a strain with intact chromosomal acrAB, increased the
FFA titer, viability, or the MIC of exogenous octanoate or decano-
ate. However, when chromosomal acrAB was disrupted, the MIC
of decanoate was increased by the plasmid-based expression of all
of the selected efflux pump genes except mdtABCD. Our findings
suggest that FFA export in E. coli is mediated primarily by AcrAB-
TolC with additional, but reduced, activity conferred by EmrAB-
TolC and possibly the MdtEF-TolC and MdtABC-TolC multi-
drug efflux systems.
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MATERIALS AND METHODS

Chemicals, reagents, enzymes, and oligonucleotide primers. Chemicals
were purchased from Fisher Scientific (Pittsburgh, PA) unless otherwise
specified. Cloning reagents were purchased from New England BioLabs
(Ipswich, MA), Fermentas (Glen Burnie, MD), Promega (Madison, WI),
and Qiagen (Valencia, CA). Oligonucleotides (see Table S1 in the supple-
mental material) were purchased from Integrated DNA Technologies
(Coralville, IA).

Strain construction. The bacterial strains and plasmids used in this
study are listed in Table 2; see also Table S2 in the supplemental material.
The primary strains used in this work are E. coli TY05 and TY06 (34).
Additional gene deletions were added by P1 phage transduction of Kan'-
encoding cassettes from the Keio collection of gene knockout mutants
(36) as previously described (12, 37). Deletion of operons (acrAB, mdtEF,
emrAB, acrEF, and mdtABCD) was performed by N Red-mediated recom-
bination of Kan'-encoding cassettes amplified from template plasmid
pKD13 (38) by using primers 13 to 22. Recombination of linear cassettes
in strain DY330 was performed as described by Thomason et al. (39).
Phage P1 lysates were prepared by using a modified liquid procedure (40),
with cells grown and infected at 30°C. These lysates were then used to
transduce the Kan'-encoding cassettes into strains TY05 and TY06. The
Kan"-encoding cassette was removed by FLP recombinase expressed on
pCP20 (41). The presence of the desired deletions and BTE or BTE-
H204A integrations was confirmed by colony PCR (primers 1 and 2, 9 to
12, and 23 to 50).

Strain TY05ara was constructed by sequential P1 phage transductions
using lysates harboring ®(AaraEp kan P_,g-araE), araFGH::kan, and
araBAD::cat loci from strains BW27271, BW27269, and NRD204, respec-
tively (42, 43). These chromosomal modifications allow homogeneous
induction with L-arabinose. Antibiotic resistance genes were removed af-
ter each transduction using pCP20, and the presence of all of the desired
loci was confirmed by colony PCR using the primers listed. TY05ara ac-
rAB::kan was also constructed by P1 phage transduction using a lysate
derived from TYO05 acrAB::kan. All loci were reconfirmed by colony PCR
of the transductant (additional primers 3 to 8).

Plasmid construction. Plasmid pBAD33* is a modified version of
pBAD33 (44) harboring a mutant form of araC with cysteine 280 con-
verted to a premature stop codon (AraC-C280%*). This mutation has been
previously observed to reduce inhibition of gene expression from the
Pyap promoter in the presence of IPTG (45), allowing the use of both
inducing agents simultaneously. The plasmid was generated by PCR using
primers 51 and 52 with template pBAD33, which introduced the C280*
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TABLE 2 Bacterial strains and plasmids used in this study”

Free Fatty Acid Export in E. coli

Strain or plasmid Relevant genotype/property”

Source or reference

Strains
TY05 K-12 MG1655 fadD::P,,.-BTE fadE::P,, -BTE fadAB::P,, -BTE 34
TY06 K-12 MG1655 fadD::P,, -BTE-H204A fadE:P,, -BTE-H204A fadAB::P,, -BTE-H204A 34
TYO05ara K-12 MG1655 fadD::P,, -BTE fadE::P, -BTE fadAB::P,, -BTE AaraFGH ®(AaraEp Pp,s- This work
araE) AaraBAD
BW25113 lacI rrnB3 ¥~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 36
JW5249-1 BW25113 AmarA752::kan 36
JW4359-1 BW25113 Arob721::kan 36
JW4023-5 BW25113 AsoxS756::kan 36
JW5503-1 BW25113 AtolC732::kan 36
JW2341-1 BW25113 AfadL752::kan 36
JW1819-1 BW25113 Aprc755::kan 36
JW2454-1 BW25113 AacrD790::kan 36
JW1040-1 BW25113 AmdtG723::kan 36
JW1655-1 BW25113 AmdtK740::kan 36
JW0826-1 BW25113 Acmr742::kan 36
JW0912-1 BW25113 AompF746::kan 36
DY330 K-12 W3110 AlacU169 gal490 pgIA8 \ 1857 A(cro-bioA) (Tet") 39
Plasmids
pBAD33 Pyap promoter, pACYC origin, Cm" 44
pBAD33* pBAD33 with araC-C280* mutation 45
pBAD33*-acrAB pBAD33* carrying acrAB under Py, , control This work
pBAD33*-mdtEF pBAD33* carrying mdtEF under Py, control This work
pBAD33*-mdtEF-tolC pBAD33* carrying mdtEF-tolC artificial operon under Py, control This work
pBAD33*-emrAB pBAD33* carrying emrAB under Py, control This work
pBAD33*-mdtABCD pBAD33* carrying mdtABCD under Py, control This work
pKD13 Template plasmid, R6K gamma origin, Amp" Kan" 38
pCP20 Carries yeast FLP recombinase under constitutive promoter control, pSC101 origin, A 41

cI857", X pg Rep(Ts), Amp* Cm"

“ For the full strain and plasmid list, see Table S2 in the supplemental material.

b Abbreviations: Tet", tetracycline resistance; Amp", ampicillin resistance; Cm", chloramphenicol resistance; Kan", kanamycin resistance; Ts, temperature sensitive.

mutation and an Xhol restriction site at the 5" and 3" ends. The PCR
product was then digested with Xhol and ligated to form plasmid
pBAD33*. Selected genes and operons were amplified by PCR from
MG1655 genomic DNA with their putative upstream ribosome binding
sites and added 5’ and 3’ restriction sites using primers 53 to 62. PCR
products were subsequently inserted into pBAD33* between the added
restriction sites. Selected operons were also inserted into pBAD33*-tolC
to generate artificial operons with folC.

Cell cultivation. All strains tested for viability and fatty acid produc-
tion were grown in an incubator shaker at 37°C and 250 rpm in 250-ml
shake flasks with 4X headspace in LB medium supplemented with 0.4%
(vol/vol) glycerol. Cultures were induced with I mM IPTG at an optical
density at 600 nm (ODg,) of 0.2 to induce the expression of BTE or
BTE-H204A. Strains were grown in biological triplicate from overnight
cultures inoculated with independent colonies. For strains harboring
transporter expression plasmids, chloramphenicol was added to a con-
centration of 34 pg/ml and cultures were induced at an OD of 0.2 with
0.2% (wt/vol) L-arabinose in addition to IPTG as described above. These
experiments were conducted with culture medium supplemented with 0.5
mM Ca®" and 0.5 mM Mg**. It has previously been noted that LB me-
dium is likely divalent cation limited (46) and these species are necessary
to stabilize outer membrane lipopolysaccharides (47).

Cell viability measurements from plate counts. Serial dilutions of cell
culture were spread onto LB agar plates as previously described (25) at the
times indicated. Individual colonies were counted after overnight incuba-
tion at 37°C and one additional night of incubation at room temperature.

SYTOX flow cytometry assays. Cell permeability was assessed by us-
ing SYTOX Green, and green fluorescence histograms were generated as
previously described (25). Two distinct populations were evident from
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the green fluorescence histograms, allowing a logarithmic-scale green flu-
orescence intensity of 420 to serve as the cutoff between cells counted as
intact (=420) and nonintact (>420) (see Fig. S1 in the supplemental
material).

Fatty acid extraction and analysis. Fatty acids were extracted and
methylated from cell cultures (with foam collapsed to obtain accurate
titers) as previously described (12, 25). To collapse foam, 200 pl of 1:10-
diluted antifoam 204 (Sigma, St. Louis, MO) in ethanol was added to each
culture and the culture was heated with gentle swirling in an 85°C water
bath for 5 to 10 min. Next, 2.5 ml of cell culture was collected and penta-
decanoic and heptadecanoic acid (Fluka, Buchs, Switzerland) internal
standards dissolved in ethanol were added, followed by the addition of 0.1
ml of glacial acetic acid and 5 ml of 1:1 (vol/vol) chloroform-methanol.
After vigorous vortexing and centrifugation, the upper aqueous layer and
cell debris were removed and the chloroform layer was evaporated under
a nitrogen stream. Residual water was removed by lyophilization, the
dried residue was methylated by the addition of 0.5 ml of 1.25 M HCl in
methanol (Fluka), and the reaction was allowed to proceed with overnight
incubation at 50°C. The reaction mixtures were quenched by the addition
of 5 ml of 100-mg/ml aqueous NaHCOj, and fatty acid methyl esters
(FAME) were extracted twice into 0.5 ml hexane. The hexane layers were
collected for analysis by gas chromatography-mass spectrometry on a
model 7890 Agilent gas chromatograph with an HP-5ms capillary column
(30 m by 0.25 mm) and a model 5975 mass spectrometer (Agilent Tech-
nologies, Santa Clara, CA) with helium carrier gas. One microliter of
sample was injected with a 1:10 split ratio, followed by a second injection
with a 1:100 split ratio for BTE-expressing cultures. The oven temperature
program was 100°C for 2 min, 150°C for 4 min, and a ramp to 250°C at a
rate of 4°C/min. Peak identification was achieved by normalizing peak
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areas to internal standard concentrations and comparison with calibra-
tion curves of an FAME standard (Supelco catalog no. 18918) with added
methyl heptadecanoate and methyl pentadecanoate (Fluka). Unsaturated
FAME not present in the standard were identified by comparison to the
National Institute of Standards and Technology Mass Spectral Database
and quantified by assuming an equivalent sensitivity ratio of the unsatu-
rated to saturated species for C,, C,,, and C,, FAME as for C,, species, of
which both saturated and monounsaturated species were present in the
standard. Each fatty acid titer reported is the mean of three biological
replicates.

MIC assays. Agar plates containing various concentrations of SDS
were prepared by mixing equal volumes of autoclaved 2X YT agar (16
g/liter Bacto tryptone, 10 g/liter Bacto yeast extract, 5 g/liter sodium chlo-
ride, 30 g/liter agar, adjusted to pH 7.0 with NaOH) and various concen-
trations of SDS (0, 0.1, 0.5, 1, 5, 10, 15, 25, and 50 mg/ml) in sterile water
plus final concentrations of 34 pg/ml chloramphenicol and 0.2% (wt/vol)
L-arabinose. Overnight 5-ml cultures of TY05 AacrAB harboring
pBAD33* or transporter genes cloned into pBAD33* were grown in LB
medium containing 34 pg/ml chloramphenicol. These cultures were di-
luted 1:100 in 5 ml LB medium containing 34 p.g/ml chloramphenicol and
0.2% (wt/vol) arabinose and grown in a shaker for 4 h at 37°C and 250
rpm. Serial 10-fold dilutions were prepared in phosphate-buffered saline,
and 3.0-pl volumes of 10™%, 107, and 10~° dilutions were spotted onto
plates containing SDS.

Agar plates containing various concentrations of FFA were prepared
by mixing equal volumes of 2 X LB agar with sterile water containing 10%
(wt/vol) stocks of FFA in ethanol with equivalent volumes of ethanol in all
plates and equimolar concentrations of NaOH to adjust the pH to 7. Pure
octanoic acid was added directly. The FFA stock was premixed with 5 ml
of 10% Brij 35 per 50 ml of the final LB agar mixture prior to neutraliza-
tion and addition of extra water or 2X LB agar to assist in dispersion.
Where applicable, final concentrations of 34 pg/ml chloramphenicol and
0.2% (wt/vol) L-arabinose or only 0.2% (wt/vol) L-arabinose were also
added to the plates. Cultures were grown as described above, except that
the TYO05 and gene deletion strains were grown in unsupplemented LB
medium.

RESULTS

Viability analysis of single gene/operon deletion strains. The
targeted genes and operons listed in Table 1 were deleted from E.
coli TY05, a plasmid-free, FFA-producing strain, and TY06, a control
strain expressing nonfunctional thioesterases. These strains do not
require antibiotics for maintenance of thioesterase expression. There-
fore, the probability of nonspecific effects resulting from altered an-
tibiotic efflux or altered membrane permeability to antibiotics caused
by FFA production was reduced. The viability of these strains was
measured at 8 h postinoculation by two methods. First, serial dilu-
tions of culture were plated and numbers of CFU per milliliter were
calculated. Second, a flow cytometry assay was performed by staining
cells with SYTOX Green nucleic acid dye, which is unable to permeate
intact inner membranes (48). While the number of CFU per milliliter
is dependent on both the absolute number of cells and the percentage
of viable and culturable cells, the flow cytometry assay also provides
the total number of cells per milliliter. Therefore, the number of CFU
per milliliter was normalized to the number of cells per milliliter ob-
tained by flow cytometry to provide a percentage of viable and cul-
turable cells comparable to the SYTOX Green assay (CFU/event ra-
tio).

The data collected were used to identify gene deletions that
decreased viability by one or ideally both of the measures in FFA-
producing TY05 but had no impact on viability in non-FFA-pro-
ducing TY06 (Fig. 1a and b). As expected, TY06 was nearly 100%
viable, as determined by the CFU/event ratio. In contrast, TY05
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exhibited a ratio of 0.43 = 0.16, with a few deletions exhibiting
statistically significantly (P < 0.05) reduced ratios. These were
TY05 AacrAB, TY05 Arob, TY05 AmdtABCD, and TY05 AemrAB.
Notably, the corresponding deletions in TYO06 exhibited no statis-
tically significant deviation from the CFU/event ratio of the base
strain, TY06, indicating that the observed reductions in viability
were specific to the condition of FFA production. Some additional
gene deletions in TY05 produced reduced average viabilities com-
pared to TY05 but with 0.15 > P > 0.10. These were TY05 AmdtEF
and TYO05 Aprc. The latter strain had plate counts approximately
equivalent to those of TYO05, but both TY06 Aprc and TYO05 Aprc
had a smaller cell size and a higher number of cells per milliliter.
Furthermore, it should be noted that TY05 AtolC exhibited counts
of CFU per milliliter much lower than those of TYO05, but also
greatly reduced flow cytometry counts and ODyg, values at 8§ h. No
reduction in counts of CFU per milliliter, flow cytometry counts,
or ODg, values were observed for TY06 AtolC compared to TY06.

The results of the SYTOX Green flow cytometry screening were
qualitatively similar to the normalized CFU counts (Fig. 1cand d).
All'TY06 background strains were nearly 100% intact. Conversely,
TY05 background strains were less than 50% intact and showed
variability that mirrored the data collected in the CFU/event ratio
screening. The correlation between normalized CFU counts and
percentages of intact cells by SYTOX Green is further supported
by scatter plots (see Fig. S2 in the supplemental material), where a
linear fit to the points produces R* values of 0.0016 for TY06
strains and 0.6984 for TY05 strains (excluding TY05 AtolC for
reasons described below). Compared to TYO05, TY05 Arob and
TY05 AacrAB exhibited statistically significant (P < 0.05) reduc-
tions in the percentage of intact cells. A few additional gene dele-
tions in TY05 produced reduced intact-cell percentages compared
to those of TY05 but with 0.15 > P > 0.10, including TY05
AmdtABCD and TY05 AemrAB. Intact-cell percentages were not
calculated for rolC deletion strains because of shifted green fluo-
rescence histograms compared to those of all other strains. Anal-
ysis of forward scatter values by flow cytometry indicated a larger
average cell size for TY05 AtolC than for other TYO05 strains, with
TY06 AtolC exhibiting forward scatter histograms similar to those
of other TY06 strains (data not shown). As the outer membrane is
permeable to SYTOX Green, a combination of changes in cell size
and/or defective efflux of SYTOX Green from the periplasmic
space may be responsible for the shifted green fluorescence histo-
grams.

A total of four gene deletions in TYO05 resulted in both reduced
CFU/event ratios and reduced percentages of intact cells com-
pared to those of TY05. These were TY05 Arob, TY05 AacrAB,
TY05 AemrAB, and TY05 AmdtABCD. Rob is a transcription fac-
tor that is known to activate its regulon upon activation by FFA
(29, 30), and deletion was previously observed to cause a lower
population density (number of CFU per milliliter) of a strain of E.
coli (K-12 strain MG1655 AfadD AaraBAD Arob) expressing BTE
on a plasmid than of the same strain without a rob deletion. Dele-
tion of marA and soxS, which encode transcription factors with
regulons overlapping that of Rob but which are activated by dif-
ferent mechanisms, previously produced no significant reduction
in the number of CFU per milliliter (25), and the same result was
obtained here. Members of the Rob regulon include acrAB and
tolC. AcrAB, EmrAB, and MdtABC are all inner membrane and
periplasmic linker protein components of drug efflux pumps that
interact with an outer membrane component, TolC (49-51).
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FIG 1 Normalized CFU counts and percentages of intact cells for single gene deletions in strains TY06 and TY05. Panels: a and b, values for strain TY06
(BTE-H204A expressing); ¢ and d, values for strain TY05 (BTE-expressing); a and ¢, normalized CFU counts (number of CFU per milliliter from plate counts
divided by the number of cells per milliliter determined by flow cytometry); b and d, percentages of intact cells measured by SYTOX Green flow cytometry assay.
Error bars are standard errors propagated by using cell counts (the number of intact cells with green fluorescence greater than 50, and the number of nonintact
cells with green fluorescence greater than 440). *, P < 0.05 (compared to TY06 or TY05); **, P < 0.01 (compared to TY06 or TY05); #, value not calculated (see

text).

MdtD is an uncharacterized putative inner membrane protein
that may function as a separate drug efflux system (51).

To further confirm the role of the identified genes in conferring
resistance to FFA, TYO05 with deletions in acrAB, rob, tolC, emrAB,
mdtEF, and mdtABCD was spotted onto plates containing various
concentrations of octanoic and decanoic acids (described in the
supplemental material). Reductions of the MIC of octanoate were
observed for TY05 AacrAB, Arob, AtolC, and AmdtABCD, while
reductions of the MIC of decanoate were observed for TYO05
AacrAB, Arob, and AtolC compared to those for baseline strain
TYO05 (Table 3; see Fig. S3 in the supplemental material). This

TABLE 3 Maximum tested concentrations of exogenously added FFA at
which growth of strain TY05 with or without gene deletions was
observed on solid medium with pH adjusted to 7.0°

Maximum tested concn (g/liter) at
which growth was observed

Strain Octanoate Decanoate
TYO05 5

TYO5 AacrAB 3 1

TYO05 AemrAB 5 5

TY05 AmdtEF 5 5

TY05 AmdtABCD 4 5

TYO05 AtolC 0 None
TYO05 Arob 4 3

“ See Fig. S7 in the supplemental material for images.
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result is consistent with prior work demonstrating hypersensitiv-
ity of an acrAB deletion strain to the exogenous addition of 5 mM
decanoate in liquid culture (29).

Fatty acid titers of single gene/operon deletion strains. Fatty
acid titers were analyzed 8 and 24 h postinoculation in separate
sets of biological triplicate cultures because of the destructive con-
ditions required to obtain accurate volumetric titers. While it
would have been anticipated that an increased percentage of non-
intact cells would result in lower fatty acid titers, statistically
equivalent titers were observed in strain TYO05 with or without all
of the gene deletions for which reduced viability was observed (see
Fig. 54 in the supplemental material).

Interestingly, FFA production at both 8 and 24 hin TY05 AtolC
was nearly abolished (Fig. 2). After 8 h, TY05 produced 428 = 29
mg/liter Cq to C,, fatty acids, while TY05 AtolC produced 12 *+ 1
mg/liter. At 24 h, TY05 produced a total of 740 = 70 mg/liter Cq to
C,, fatty acids while TY05 AtoIC produced 11 = 2 mg/liter. At 24
h, the composition of fatty acids in TY06 AtolC was very similar to
that in TY06, with total titers of predominantly C,4 to C,; fatty
acids of 163 = 7 and 149 * 4 mg/liter in TY06 and TY06 AtolC,
respectively. It is evident that the drastic change in phenotype
upon tolC deletion is specific to conditions of FFA production,
and tolC appears to be required for FFA production.

Viability analysis of double transporter gene/operon dele-
tions. The activities of many efflux pumps are masked by the basal
activity of the AcrAB-TolC complex, which confers resistance to
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FIG 2 Total fatty acid titers in TY05 and TY05 AtolC after 24 h. Fatty acids
were extracted from cultures grown for 24 h in LB plus 0.4% glycerol at 37°C.
While deletion of toIC from TY06 (non-FFA producing) had virtually no ef-
fect, deletion of rolC from TY05 (FFA producing) nearly abolished fatty acid
production, particularly of Cg4 to C,, species (gray).

the widest characterized range of compounds (27, 28). AcrAB is
also responsible for conferring resistance to SDS at concentrations
exceeding 50 mg/ml in strain TY05, while the MIC for TY05
AacrAB is <0.1 mg/ml (see Fig. S7 in the supplemental material).
The structural similarity of SDS and lauric acid and the loss of
viability observed under conditions of FFA production in TY05
AacrAB implicate AcrAB as a transporter of FFA while also sug-
gesting that AcrAB may be masking the activity of other identified
efflux pumps, all of which also confer various degrees of resistance
to SDS (27, 28) and possibly FFA. To determine if additional efflux
pumps are involved, additional genes were deleted from TY05
AacrAB. CFU/event ratios and percentages of intact cells were
determined for these strains as described above (Fig. 3). Biological
triplicates of TY05 AacrAB were independently run as negative
controls. All double deletions in TY06 were statistically equivalent
and equal in value to TY06 and TY06 AacrAB for each of the
measures. None of the double deletion TYO5 strains exhibited
CFU/event ratios or percentages of intact cells lower than those of
TYO05 AacrAB with a P value of <0.05, but TY05 AacrAB AmdtEF
was lower in both measures, with a P value of 0.14 to 0.16. Inter-
estingly, TY05 AacrAB AemrAB exhibited a phenotype very differ-
ent from that of either single deletion strain. It exhibited a higher
number of CFU per milliliter, a higher CFU/event ratio, and a
higher percentage of intact cells than TY05 AacrAB. Growth of
TYO05 AacrAB AemrAB stalled at a lower final ODg,, both in shake
flasks at the 8-h sampling point (7.7 % 0.4 for TY05 AacrAB, 5.6 =
0.5 for TY05 AacrAB AemrAB) and in a plate reader growth curve
compared to other negative-control strains (see Fig. S5 in the sup-
plemental material). This reduced level of growth may prevent the
onset of the stationary-phase cell lysis event observed in other
FFA-overproducing strains at the 8-h sampling point.

Fatty acid titers of double transporter gene/operon dele-
tions. Fatty acid titers were analyzed at 8 h (in TYO05 strains only,
Fig. 3) and 24 h postinoculation for all double deletions (see Fig.
S6 in the supplemental material). Double deletions in strain TY06
all produced fatty acid titers similar to those of TY06 and single
deletions in TY06, ranging between 145 and 170 mg/liter at 24 h.
At 8 h, similar titers were observed for TY05, TY05 AacrAB, and all
double deletions (~500 mg/liter) except TY05 AacrAB AemrAB,
where the titer was significantly reduced (177 = 26 mg/liter). Most
of the fatty acid titer reduction in this strain was in Cg4 to C,, fatty
acids. After 24 h, the fatty acid titer of TY05 AacrAB AemrAB
increased significantly (490 * 16 mg/liter) but remained lower
than those of TY05 and TYO05 AacrAB (~700 mg/liter). TYO05
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FIG 3 Normalized CFU counts, percentages of intact cells, and fatty acid titers
after 8 h for double efflux pump deletions in strain TY06 (where shown; BTE-
H204A) and TYO05 (BTE). Cultures were sampled at 8 h postinoculation. (a)
Normalized CFU counts (number of CFU per milliliter from plate counts
divided by the number of cells per milliliter from flow cytometry counts). (b)
Percentages of intact cells determined by SYTOX Green flow cytometry assay.
TY05 and TYO05 AacrAB were independently run as negative controls. (c) Total
fatty acid titers for double efflux pump deletions in TY05 at 8 h postinocula-
tion. TY05 AacrAB AemrAB exhibits much lower fatty acid production (pri-
marily reduced Cg to C,,) than other TYO05 strains. Titers lower than those of
other TYO5 strains persist in TY05 AacrAB AemrAB after 24 h (see Fig. S6 in the
supplemental material). #, data not measured.

AmdtEF exhibited a slightly decreased fatty acid titer at 24 h of
638 = 21 mg/liter.

Effects of supplemental expression of drug efflux pumps in
FFA-producing strains. TYO5ara strains harboring pBAD33%,
pBAD33*-acrAB, pBAD33*-emrAB, pBAD33*-mdtEF, pBAD33*-
mdtABCD, or pBAD33*-mdtEF-tolC (plasmids selected because
they confer increased resistance to SDS when expressed in TY05
AacrAB [see Fig. S7 in the supplemental material]) were grown in
LB supplemented with 0.4% glycerol, 34 pwg/ml chloramphenicol,
0.5 mM CaCl,, and 0.5 mM MgSO,. While the supplementation
of divalent cations succeeded in increasing the percentage of intact
cells as measured by SYTOX Green after 8 h (see Fig. S8 in the
supplemental material), plasmid-based expression of the drug ef-
flux pumps failed to increase the percentage of intact cells above
that in the empty-vector control. Furthermore, no improvement

Journal of Bacteriology


http://jb.asm.org

a.) TYO05ara

pBAD33* pBAD3* pBAD33* pBAD33* pBAD33* mdtEF
acrAB  emrAB mdtEF mdtABC  -tolC

o0H O O3 O BDE PA
08 0f DR 08 0

En BN BB OE

B DN BE DN OE

TYO05ara acrAB::kan
pBAD33* pBAD3* pBAD33* pBAD33* pBAD33* mdtEF
acrAB  emrAB mdtEF mdtABC -tolC

oo I EE! ®| | D ﬂ- DB

Octanoate (g/L)

Octanoate (g/L)

3.0
4.0
5.0

sl

FIG 4 Assays of octanoate and decanoate MICs for TY05ara and TYO05ara acrAB::kan expressing selected efflux pumps from a medium-copy-number plasmid
(pBAD33*). TY05ara (a) and TY05ara acrAB::kan (c) harboring drug efflux pumps were plated on various concentrations of octanoate. No efflux pump increased
the MIC of octanoate for TY05ara. In TY05ara acrAB::kan, expression of AcrAB and MdtEF-TolC increased the MIC after 24 h and only AcrAB increased the MIC
after 1 week of incubation (see the text). (b, d) The same strains plated on various concentrations of decanoate. No efflux pump increased the MIC of decanoate
for TY05ara. In TYO5ara acrAB::kan, plasmid-based expression of AcrAB, EmrAB, MdtEF, and MdtEF-TolC increased the MIC (see the text). Boxes denote the
maximum concentrations at which growth was observed after incubation for 1 night at 37°C and 6 days at room temperature.

in the total or Cg4 to C,, fatty acid titer was observed after 8 or 24 h
in TYO5ara harboring plasmids that encode drug efflux pumps
relative to that in TY05ara harboring the empty vector (see Fig. S8
in the supplemental material).

MICs of exogenous FFA for strains expressing drug efflux
pumps from multicopy plasmids. To determine if plasmid-based
expression of identified drug efflux pumps confers resistance to
exogenously added medium-chain-length FFA, we determined
the MICs of octanoate and decanoate for TY05ara and TY05ara
acrAB::kan harboring pBAD33*, pBAD33*-acrAB, pBAD33*-
emrAB, pBAD33*-mdtEF, pBAD33*-mdtABCD, and pBAD33*-
mdtEF-t0lC in the absence of BTE induction (Fig. 4). Strains har-
boring efflux pump expression plasmids were not able to increase
the MIC of octanoate or decanoate above that for TYO5ara/
pBAD33* (which grew on up to 5 g/liter octanoate and 5 g/liter
decanoate), consistent with prior endogenous FFA production
results. In contrast, TY05ara acrAB::kan/pBAD33* exhibited
growth at up to only 4 g/liter octanoate and 0.5 g/liter decanoate.
Two efflux pumps (AcrAB and MdtEF-TolC) complemented the
acrAB deletion and increased the MIC of octanoate. Upon a chal-
lenge with decanoate, no efflux pumps restored the baseline MIC
for TYO5ara/pBAD33* but most of the efflux pumps expressed
from multicopy plasmids enabled growth above the MIC for
TYO5ara acrAB::kan/pBAD33* (AcrAB, EmrAB, MdAtEF, and
MAtEE-TolC).

In summary, the native level of AcrAB activity is sufficient to
confer resistance to exogenous medium-chain-length FFA. Ex-
pression of AcrAB from a medium-copy-number plasmid in ac-
rAB deletion strains only restores the wild-type tolerance but does
not improve it further. When expressed from plasmids, three drug
efflux pumps (EmrAB, MdtEF, and MdtEF-TolC) partially com-
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plemented the reduced decanoate tolerance resulting from the
deletion of acrAB but had no impact in cells harboring acrAB.

DISCUSSION

Many renewable biochemicals and biofuels are toxic to the host
organism at the high concentrations required by economically
feasible bioprocesses (1, 2, 52). In particular, endogenous produc-
tion of biofuels and chemicals may result in toxic effects at con-
centrations lower than those obtained by exogenous addition of
the same compound. When produced inside E. coli, molecules
must traverse the inner and outer membranes. Therefore, the cell
cannot use strategies that are effective at combating exposure to
exogenous agents, such as reduced permeability of the outer
membrane through decreased porin expression, lipopolysaccha-
ride modifications, or other modifications of the lipid bilayer. This
phenomenon has been observed for lauric acid, as endogenous
production via BTE overexpression results in greatly reduced
measures of viability and increased cell lysis relative to both exog-
enous addition of lauric acid to the growth medium (25) and
addition of lauric acid to plates at concentrations well above the
titers present in strains producing it (data not shown).

It has been suggested that microbial efflux pumps, which con-
fer resistance to a wide range of antibiotics, solvents, and cationic
or lipophilic compounds (9, 28, 29, 53, 54), could improve the
secretion of endogenously produced compounds and confer re-
sistance to high levels of the compound accumulated in fermen-
tation broth (1, 2, 9). Furthermore, it has been suggested that
product secretion would keep intracellular concentrations low,
thereby reducing product inhibition and improving flux through
reversible reactions (2). Many efflux pumps have been isolated
from E. coli and pseudomonads that confer increased resistance to
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toxic solvents such as toluene and hexane (53, 55, 56). Competi-
tion assays have also identified drug efflux pumps from libraries
that are enriched following a challenge from a toxic level of an
exogenously added hydrophobic compound (10). These strategies
are difficult to employ when exogenous addition of the target
compound does not elicit significant growth inhibition, as is the
case for saturated C,, and longer-chain-length FFA. Additionally,
the aforementioned competition assay and other studies per-
formed with E. coli have necessitated deletion of acrAB to render
the cells sensitive to most of the compounds of interest (10, 28). In
one of these studies, a plasmid that encodes AcrB was found to be
highly enriched in competition assays against five advanced bio-
fuels (10).

We surmised that E. coli already possesses the ability to secrete
FFA via native drug efflux pumps or other transport machinery
and sought to identify the genes responsible in this study such that
they could be overexpressed to allow improved production of
FFA. The lines of evidence in support of this assumption were that
(i) the native enteric environment of E. coli is rich in fatty acids
(30); (ii) a number of drug efflux pumps, when overexpressed in
an acrAB deletion strain, confer an increased MIC of SDS, which is
structurally very similar to FFA (28); (iii) the transcription factor
Rob is activated by 5 mM decanoate, which leads to increased
transcription of acrAB (29, 30); (iv) the overlapping MarA/Rob/
SoxS regulons are upregulated in BTE-expressing cultures, yet
only when rob was deleted were decreased measures of viability
observed (25); and (v) both acrAB and tolC deletion strains were
previously shown to exhibit hypersensitivity to exogenously
added decanoate (26,29). To date, three drug efflux pump systems
have been implicated in FFA export in bacteria: AcrAB in E. coli
(29), EmhABC in Pseudomonas fluorescens cLP6a (57), and FarAB
in Neisseria gonorrhoeae (58). RND-type efflux pumps, as well as
other classes of transporters, are also implicated in the secretion of
neutral lipid species in Alcanivorax borkumensis SK2 (59). Inter-
estingly, the FarAB system was first identified on the basis of ho-
mology to E. coli EmrAB (58). Multidrug efflux systems have pre-
viously been proposed to have alternative physiological roles such
as membrane lipid turnover (60). This may be another rationale
for the observed activity in E. coli and could be related to the
induction of many efflux systems under cell envelope stress con-
ditions, as these conditions may necessitate active membrane lipid
remodeling.

Since screening could not be performed with exogenously
added lauric acid, a screening method was based on the observa-
tion that FFA production causes a significant increase in nonintact
cells as indicated by SYTOX Green staining during early stationary
phase (25). Three out of 15 single gene or operon deletions either
resulted in statistically significant reductions of both normalized
CFU counts and percentages of intact cells or nearly abolished
FFA production in the BTE-expressing cultures. Conversely, no
deletion significantly altered viability or fatty acid production in
control (non-FFA-producing) cultures. The three hits were rob,
acrAB, and tolC. We had previously identified Rob as being im-
portant to maintaining viability in another fatty-acid-producing
strain (25), likely because of its role in activating its regulon, which
includes acrAB but also a number of genes that encode proteins
with ill-defined functions. AcrAB appears to be the most impor-
tant drug efflux pump characterized in E. coli for conferring SDS
resistance (28) and resistance to exogenous FFA (29); therefore, it
is perhaps unsurprising that it was also the only single efflux pump
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deletion to render cells more sensitive to endogenous FFA pro-
duction. As further validation of their roles, rob and acrAB dele-
tion strains also grew at maximum concentrations of exogenously
added octanoate and decanoate lower than those at which strains
where these genes were intact did.

TolC, which serves as the outer membrane component of the
AcrAB drug efflux pump and many other inner membrane drug
efflux pumps, had previously been identified in a transposon mu-
tagenesis screening for membrane-associated proteins that are es-
sential for growth on decanoate or oleate as a sole carbon source
(26). However, its role was associated not with import of FFA but
rather with the remediation of an undefined toxic effect of FFA on
growth. One possibility is that TolC was necessary for the efflux of
excess toxic quantities of FFA beyond the levels that could be
processed by acyl coenzyme A synthetase (FadD). These excess
FFA either could have been imported into the periplasm by FadL,
the dominant importer of FFA across the outer membrane (61), or
could have entered the periplasm and cytosol by diffusive pro-
cesses. TolC could also play a number of secondary roles that are
unrelated to direct FFA efflux, as it has been implicated in the
extrusion of intracellular metabolites, including signaling mole-
cules such as cyclic AMP (62), siderophores for iron acquisition
(63), and excess cysteine (64). Furthermore, disruption of tolC
triggers the induction of phage shock proteins and reduced
NADH oxidase activity, suggesting a role for TolC in the mainte-
nance of inner membrane integrity or direct interaction with en-
zymes of aerobic respiration (65). Thus, while #0lC is critical for
achieving production of FFA, the precise role of TolC in efflux of
FFA remains unresolved.

A number of additional efflux pumps were identified in the
single deletion screenings as reducing normalized CFU counts
and percentages of intact cells but with P values between 0.05 and
0.15 for one or both measures. These included deletions in emrAB,
mdtEF, and mdtABCD. These three efflux pumps are also known
to confer a small increase in SDS resistance when overexpressed in
an acrAB deletion strain, in addition to acrD and acrEF (28), which
did not have any impact on viability in this study as single dele-
tions. To determine if the effects of deleting these genes and oper-
ons were masked by the presence of chromosomal acrAB, these
deletions were tested in strain TY05 AacrAB for their effects on
viability and FFA production. No differential effects versus the
deletion in acrAB alone were observed, except for in TY05 AacrAB
AemrAB, which exhibited a phenotype approaching that observed
for TY05 AtolC, with reduced levels of growth and delayed onset of
stationary phase, coupled with a dramatic reduction in FFA pro-
duction after 8 h (but largely recovered at 24 h). Thus, expression
of both acrAB and emrAB appears to be important for FFA efflux
in BTE-expressing cultures, although deletion of only one of these
operons has an impact only on viability and none on FFA titers.
We hypothesize that multiple RND-type efflux pumps may play
compensatory roles, albeit with various activities, to achieve the
same net level of excretion of FFAs until multiple inner membrane
components are deleted. Complex transcriptional regulation of
genes that encode these drug efflux pumps may be involved in
compensation of activities. For example, MprA is inferred to tran-
scriptionally repress both the acrAB and mprA-emrAB operons in
the absence of small-molecule ligands (66, 67). If FFAs can serve as
ligands for which binding to MprA mediates derepression, tran-
siently increased intracellular levels of FFAs that result from dele-
tion of acrAB could feasibly result in an increased level of expres-
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sion of emrAB. Further experiments are warranted to probe
comparative expression levels of genes that encode other efflux
pumps in TY05, TY05 AacrAB, and TY05 AacrAB AemrAB.

In conclusion, AcrAB appears to be providing a native level of
FFA efflux that cannot be exceeded by the plasmid-based expres-
sion of either acrAB or other targeted efflux pumps. This may be
due to an already high basal level of expression or saturation of
membrane protein insertion machinery. Other efflux pumps, par-
ticularly MdtEF and EmrAB, can complement the activity of Ac-
rAB, albeit with lower degrees of efficacy. New insights were
gained, including expansion of the range of substrates for these
efflux pumps to include Cg to C,, FFA, providing a newly recog-
nized mechanism for which FFA are actively excreted from cells.
Since the expression of AcrAB and other efflux pumps from plas-
mids failed to increase FFA titers, additional engineering efforts
may be required. Targets include overcoming saturation of mem-
brane protein insertion pathways, proton motive force dissipa-
tion, and negative consequences of FFA production that remained
uncorrected in this study (e.g., elevated unsaturated membrane
lipid content [25]).
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