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Abstract

The proteobacterial antimicrobial compound effllRACE) family of transport
proteins was only recently described. PACE fanriymsport proteins can confer resistance to
a range of biocides used as disinfectants andegtitts, and are encoded by many important
Gram-negative human pathogens. However, we are jostybeginning to appreciate the
range of functions and the mechanism(s) of trarispperating in these proteins. Genes
encoding PACE family proteins are typically consehin the core genomes of bacterial
species rather than on recently acquired mobiletyeelements, suggesting that they confer
important core functions in addition to biocide isé@nce. Three-dimensional structural
information is not yet available for PACE familygbeins. However, PACE proteins have
several very highly conserved amino acid sequenatifsrthat are likely to be important for
substrate transport. PACE proteins also displagngtramino acid sequence conservation
between their N- and C-terminal halves, suggediiag they evolved by duplication of an
ancestral protein comprised of two transmembrariedse In light of their drug resistance
functions in Gram-negative pathogens, PACE proteihmild be the subject of detailed future

investigation.

Keywords. Membrane transport; Gram-negative pathogen; Antiobial resistance; Efflux,

PACE; Bacterial transmembrane pair domain
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1.Introduction

In the broadest sense, drug resistance may ariaetively growing bacterial cells in
two distinct ways: either the drug target site listpcted from the toxic activities of the drug
by modification or bypass, or the drug cannot re#fuh target site due to degradation,
sequestration, reduced cellular entry or actilenef Efflux is a major mechanism of drug
resistance, and due to the high promiscuity in satesrecognition by the transport proteins
involved, efflux-mediated resistance is found fowale range of different antimicrobial

compounds.

Drug efflux proteins from five distinct families @fansport proteins were described
between the 1970s and 2000, and have been stuxliensieely at both the functional and
structural levels [1]. These families include th&RAbinding cassette (ABC) superfamily, the
major facilitator superfamily (MFS), the resistammdulation-cell division (RND)
superfamily, the multidrug/oligosaccharidyl-lipidfgsaccharide (MOP) flippase superfamily
and the drug/metabolite transporter (DMT) superfamin the last five years two new
transporter families that include bacterial drufjuefsystems have been identified; these are
the proteobacterial antimicrobial compound efflBACE) family and the p-aminobenzoyl-
glutamate transporter (AbgT) family [2-4]. Proteinem the PACE family transport biocides
such as chlorhexidine and acriflavine, whereas Abigimily transporters transport

sulphonamides.

2.The Acinetobacter baumannii Acel protein isa prototype for the novel PACE family of

transport proteins

Drug efflux systems, and drug resistance factorgeineral, are frequently controlled
by regulators that sense the transported drugmsibstor their downstream effects in the cell.
For example, TetR controls expression of t#B tetracycline transporter gene in response to

tetracyclines, and QacR controls expression of rthdtidrug efflux pump genejacA in
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response to cationic antimicrobials [5]. For baatesells, this regulatory control means that
efflux pump gene expression will proceed only whies pumps are required, saving cellular
resources and preventing the potential toxic effext constitutive high-level efflux pump
expression [6]. From a research perspective, itjig tegulatory control of drug efflux pump
genes means that transcriptional changes may lik tasielentify either efflux pumps that
might recognise substrates of interest, or nowdbfa that may be involved in drug resistance

or tolerance.

The Acinetobacter chlorhexidine efflux protein (Acel) was identifiéy analysing the
transcriptomic response ofcinetobacter baumannii to the membrane active biocide
chlorhexidine [2, 7].A. baumannii has recently emerged as major cause of Gram-negativ
infections in hospitals. Strains @& baumannii are becoming increasingly resistant to
antibiotics. Consequently, carbapenem-resistaainstiofA. baumannii are listed as “Priority
1: CRITICAL” targets for development of new antities World Health Organisatiof8].
Chlorhexidine is listed as an essential medicineth®y World Health Organisation, and is
commonly used as an antiseptic in wound dressingsgd washes and mouthwashes. The
transcriptome oA. baumannii ATCC 17978 cells exposed to a subinhibitory cotregion of
chlorhexidine, equivalent to half the minimum inkadloy concentration, was compared to
control cells. The major gene expression changese we genes encoding the AdeAB
components of the AdeABC multidrug efflux pump aadyene annotated as encoding a

hypothetical protein, A1S_2043].

From its sequence, the A1S 2063 gene was predictedcode an inner membrane
protein with four transmembrane helices (Fig. ITM)e gene was cloned into &scherichia
coli expression vector and was shown to confer sigmfickevels of resistance to
chlorhexidine when overexpresseddncoli. Deletion of the A1S_2063 geneAnbaumannii

ATCC 17978 and its ortholog iAcinetobacter baylyi ADP1 halved the chlorhexidine



91 resistance in the host strain, demonstrating tiatgenes had a resistance function in native
92 hosts [2, 9]. The Biolog Phenotype Microarray systeas used to screen over 200 additional
93 antimicrobials against A1S 2063 expressifg coli. This analysis demonstrated no
94  significant hits apart from chlorohexidine, suggestthat chlorhexidine had an apparent

95  specificity as a substrate [2].

96 When overexpressed iB. coli, the A1S 2063 protein was identified in the inner
97 membrane. The protein could be readily extractemmfrthe membrane by detergent
98 solubilisation and purified. The detergent-soldati protein bound to chlorhexidine with
99 high affinity (Kq in the lowuM range) as determined by tryptophan fluorescenmnching
100  and near-UV synchrotron radiation circular dichnoif2]. Transport experiments usingc]-
101 chlorhexidine demonstrated that the A1S 2063 prngietvented the high-level accumulation
102  of chlorhexidine when expressedkncoli until the proton-motive-force across the membrane
103 was collapsed using a protonophore. The proteinldcalso mediate the efflux of
104  chlorhexidine fromE. coli cells preloaded with chlorhexidine [2]. Togeth#drese results
105 suggested that the A1S 2063 protein was a novd@rlastidine efflux protein and that
106 transport is likely to be proton-coupled. The pmotevas named Acel Acinetobacter

107  chlorhexidine efflux protein I).

108 3.PACE proteinsareafamily of multidrug efflux systems conserved acr oss many Gram-

109 negative pathogens

110 Genes encoding proteins homologous to Acel aredauanthe genomes of many
111  bacterial species, including pathogens suchPsaudomonas, Klebsiella, Enterobacter,

112 Salmonella and Burkholderia species. These genes are particularly common among
113  Proteobacteria, but can be found in some Actin@iciand in a limited number of other
114 unrelated bacterial species. To determine whetlia¥, Acel, these proteins can mediate

115 chlorhexidine resistance, more than 20 phylogeaklyiciverse homologs were cloned into
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an E. coli expression system and examined by routine minimuinibitory concentration
analyses. Most of the cloned proteins were expdessedetectable levels, and about half
could confer resistance to chlorhexidine [3]. Nbgaht least two of thecel homologs found
to confer chlorhexidine resistance are also higklpressed in their native hosts,
Pseudomonas aeruginosa and Burkholderia cenocepacia, in response to a chlorhexidine

treatment [10, 11].

Additional resistance tests were performed to datex whether the antimicrobial
recognition profiles of these homologs might extdseond chlorhexidine. Many of the
proteins were able to confer resistance to seaditional biocides, including acriflavine,
proflavine, benzalkonium and dequalinium [3]. Thibstrate profile of one pump, VP1155
encoded byVibrio parahaemolyticus, was investigated using the Biolog phenotype
microarray system. In addition to chlorhexidinenbakonium, proflavine and acriflavine,
VP1155 appeared to confer resistance to 9-amirdiaeridomiphen bromide, guanazole and

plumbagin [3].

The demonstration that many Acel homologs are dbleconfer resistance to
compounds such as proflavine and acriflavine pttesetihe possibility of assaying transport
by measuring their fluorescence in real time [T2jese compounds intercalate into nucleic
acids, which leads to a quenching of their fluoeese. This property facilitates a convenient
assay for their transport in cells expressing dlaxepump [13]. Cells expressing the protein
of interest can be loaded with proflavine or aaxifhe in the presence of a protonophore, such
as carbonyl cyaniderchlorophenylhydrazone (CCCP), then washed andheegesed by the
addition of an energy source such as D-glucoseoréscence can be monitored before and
after energisation to examine transport [12]. Thésmsport experiments have been
performed for a number of Acel homologs and idedifproteins that mediate transport of

these compounds. For example, Bieenocepacia HI2424 homolog Bcen2424 2356 is able



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

to transport acriflavine, whereas at least one rothemolog encoded by this strain,
Bcen2424 5347, does not (Fig. 2). Bcen2424 2356bkas previously shown to confer
resistance to chlorhexidine, benzalkonium, profiavand acriflavine. The Biolog phenotype
microarray antimicrobial resistance tests confirraederal of these phenotypes and suggested
that Bcen2424 2356 also confers resistance to bHesraem, 9-aminoacridine, methyl

viologen, guanazole and plumbagin (Supplemental $2y.

The observation that several Acel homologs canesaiesistance to multiple biocides
and can mediate transport of the fluorescent satlestr proflavine and acriflavine led to their
designation as a new family of efflux pumps. Thasnily was called the Proteobacterial
Antimicrobial Compound Efflux (PACE) family, due tbeir abundance in Proteobacteria [3].
To date at least ten putative substrates have ideatified for PACE family proteins (Fig.
S3). Proteins from this family have been incorpedainto the Transporter Classification
Database [14] under the original family title, fi@teobacterial chlorhexidine efflux (CHX)
family (TCDB number: 2.A.117), and are capturedthe TransportDB 2.0 database [15],
which catalogues all putative transport proteinsfisequenced genomes in the NCBI RefSeq

database.
4.Predicted topology and sequence conservation in PACE pumps

All PACE family proteins analysed to date are pcestli to contain four
transmembrane-helices, organised into two tandem bacterial trearabrane pair (BTP)
domains (Fig. 1; pfam: PF05232) [16]. Given theadl size, it seems very likely that PACE
proteins function as oligomers. However, the oligom state of PACE family proteins
remains unresolved. Several PACE family proteingehseen experimentally characterised by
overexpression and purification (Henderson etusdpublished). When expressedEncoli,
these proteins localise to the inner membrane ande readily purified by extraction with a

mild detergent such as n-dode@yD-maltoside [2], or using a styrene maleic acid co
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polymer (Supplemental Fig. S4) [17]. Analysis oé thurified detergent-solubilised proteins
by far-UV circular dichroism has confirmed theighia-helical content and demonstrated

that they typically show structural stability taand 50-6C0°C [2].

A high level of amino acid sequence conservaticapgarent between members of the
PACE family. Based on an alignment of 47 diverseCEAamily proteins from a variety of
bacterial genera (Supplemental Fig. S1), four anaicid residues appear to be universally
conserved across these proteins: a glutamic asidue within transmembrane helix 1, an
asparagine residue in transmembrane helix 2, amnalaesidue at the periplasmic membrane
boundary of transmembrane helix 4 and an asparitcrasidue at the cytoplasmic membrane
boundary of transmembrane helix 4 (Fig. 1A). Thectional importance of the conserved
asparagine, alanine and aspartic acid residuesdtagt been investigated, but neutralisation
of the glutamic acid residue in the prototypical A family member Acel by substitution
with a glutamine abolished chlorhexidine resistaand transport [2]. This mutant (E15Q)
was still able to bind chlorhexidine with only diity reduced affinity compared to the
parental protein. Furthermore, the mutant proteas Wess thermostable than the parental
protein in the absence of chlorhexidine, but wamicantly more stable than the parental
protein in the presence of a molar excess of chladine, supporting a binding interaction.
These results suggest that the glutamic acid resglnot required for substrate binding. The
high conservation of this residue in PACE protdimst have different substrate specificities
suggests that it may be involved in an aspectasfsport common to these proteins, such as
an energy coupling reaction. The position of teisidue within the transmembrane region is
consistent with this possibility. In other effluxumpps from the MFS, SMR and MATE

families, membrane embedded carboxyl residuescgaate in coupling reactions [18-20].

PACE family proteins contain several highly congservamino acid residues in

addition to the four universally conserved residdds amino acid sequence conservation is



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

particularly strong close to the predicted cytoplas boundaries of the transmembrane
helices, where four amino acid sequence motifs hees identified (Fig. 1). In line with the
PACE proteins containing tandem BTP domains, thdnamacid sequence motif in
transmembrane helix 1 (motif 1A; RxxhaxxfE, wheggper case residues are conserved in
more than 90% of proteins and lower case residueas least 65% of proteins) is very similar
to that in transmembrane helix 3 (motif 1B; RxxH&eX (Fig. 1B and 1C), and the motif in
transmembrane helix 2 (motif 2A, WNxxy/fNxxFd) igery similar to that in transmembrane
helix 4 (motif 2B; Ytxxf/lynwxyD) (Fig.s 1D and 1E)he notable features of the sequence
motifs in helices 1 and 3 are the membrane-embedfethmate residue (universally
conserved in helix 1), and histidine and arginiasidues at the membrane boundary. The
motifs found in helices 2 and 4 notably containesal’aromatic residues along one helical
face adjacent to polar asparagine residues, aadpartate residue at the membrane boundary

(universally conserved in helix 4) (Fig. 1A).

Based on the distribution of charged residues withe loop regions, the N- and C-
termini of most PACE family proteins are predictedie within the cytoplasm, but this is yet
to be experimentally tested (Fig. 1). Some PACE ilfanmomologs, primarily from
Acetobacter, contain predicted N-terminal signal sequenceggeasting that the N-terminus is
moved across the cytoplasmic membrane and thatntlag exist in an alternative topology,
e.g. APAO1 04520 and APO_1949 frofMm pasteurianus IFO 3283-01 andA. pomorum
DMO0O01, respectively. Representatives of these preteave been expresseddncoli, but as
yet, no resistance or transport functions have bdentified (Hassan et al., unpublished).
These proteins may be part of a separate protdfamsuly from those that mediate drug

resistance.

5.Conservation of PACE family genes
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215 PACE family proteins are typically highly conserviedthe genome of the bacterial
216  species in which they are found. For example, genesding three different PACE proteins
217  have been identified in th& baumannii pan-genome (based on the genomes of 623 strains)
218 [7]. Of these, two were conserved in 100% or closel00% of the strains and can be
219 considered to be part of the core genome. The gare was found in only two strains and is
220 part of the accessory genome. SimilarAtobaumannii, Pseudomonas aeruginosa isolates
221  have two PACE proteins encoded in the core genord@ae in the accessory genome, which
222 is found in only a few strains, arl cenocepacia strains encode three PACE pumps in their
223 core genome [7]. This high level of conservatioggasts that PACE pumps are acquired
224  vertically and have been maintained in their hpsicges since their divergence from related
225 organisms. They are thus likely to have an impartame function that may be unrelated to
226  drug resistance. Indeed, the biocides that aregresed by PACE family pumps have only
227 been present in the environment for 50-100 yeard,aae therefore very unlikely to be the

228 physiological substrates of these proteins.

229 In contrast to the species described ab&vepli do not encode PACE pumps in their
230 core genomes; four different genes encoding PACEdhogs were found among the
231 genomes of 1986 sequendedcoli strains, but these were each found in 0.2% ofrstrar
232 less [7]. These accessory genes are likely to rhetween related species on mobile genetic

233  elements. However, there is as yet no strong evelér how these genes are mobilised.
234 6.Evolution of the PACE family

235 The conservation of sequence motifs between thand-C-terminal halves of PACE

236  proteins suggests that these proteins may haveexbly a duplication event of an ancestral
237 single BTP domain protein. To investigate thistiert the N- and C-terminal BTP domains
238 were compared between 47 diverse PACE family pret€supplemental Fig. S5). The level

239 of amino acid identity between the N- and C-termBi@&P domains in these proteins ranged
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240 from 6.6% to 33.3% (mean 23.3%). The presence o $uigh levels of sequence identity
241  between the N- and C-terminal BTP domains acrossrsi2 PACE family proteins suggests
242  that these proteins may not have diverged sigmifigasince the occurrence of the duplication
243  event(s). Along with the distribution of these mias almost exclusively within the
244  Proteobacteria, and their likely vertical acqudsitidue to their presence on the core genome,
245  this may suggest that this protein family is refaly young compared to other families of
246  transport proteins, which show lower levels of seme conservation between domains that

247  are thought to have arisen via duplication [21].

248 To further examine the evolution of PACE family @ios, the levels of sequence
249 identity between the N-terminal and C-terminal Bd&mains of different PACE proteins
250 were determined. It was found that the N-termin&@PBdomains of PACE family proteins
251 almost always have higher identity to the N-terrhiBaP domains of other PACE proteins
252  than they do to their own C-terminal BTP domainttoe C-terminal BTP domain of other
253 PACE family pumps (Supplemental Fig. S5). This ®sgg that a BTP domain duplication
254  event occurred only once in an ancestral gene,tlaadthere is little or no recombination
255 between the N- and C-terminal BTP domains in irtiiei strains. The C-terminal BTP
256 domains of different PACE pumps typically show evegher levels of sequence identity
257 than the N-terminal domains (Supplemental Fig. %) high conservation of sequence
258 within the C-terminal domain of different proteinsay reflect the involvement of the C-
259 terminal domain in a core part of the functionalciremism, whereas the N-terminal domain

260 may play a bigger role in substrate recognition.
261  7.Concluding remarks

262 The PACE family of transport proteins is one of twansporter families discovered
263 only recently to mediate drug efflux. From currgntdvailable analyses, PACE family

264  proteins display somewhat restricted drug substratognition profiles, which include
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primarily synthetic biocides such as chlorhexidamal acriflavine, rather than the multitudes
of diverse antibiotics and biocides recognisedrbpdport proteins from families such as the
RND superfamily. This may be a primary reason fer family being only recently identified,
15 years after the first descriptions of MATE faynpumps [22, 23]. However, PACE
proteins are highly conserved in a range of oppistic Gram-negative pathogens, including
A. baumannii, P. aeruginosa, B. cenocepacia and Klebsiella pneumoniae, and in serious
human pathogens such a&rsinia pestis, Francisella tularensis and Burkholderia
pseudomallei. Therefore, the role of these proteins in drug stasice warrants future

investigation.

As mentioned above, the drug recognition profild&CE pumps primarily includes
synthetic biocides, most of which have only beentha environment for 50-100 years.
However, genes encoding homologous PACE familygimstare found in the core genomes
of bacterial genera that diverged much earlier ttésy hundreds of millions of years ago.
Therefore, these proteins are likely to mediateimportant core function and may have
common physiological substrates that are yet todéscribed. The importance of PACE

family proteins is likely to extend beyond an apgudly fortuitous role in drug resistance.
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Figurelegends

Fig. 1. Predicted transmembrane topology and ceadexmino acid sequence motifs present
in PACE family proteinsAn amino acid sequence alignment of 47 diverse PA&Hily
proteins (Supplemental Fig. S1), encoded by a braade of hosts, was used to identify
amino acid sequence motifs that are conserved athesfamily. (A) Predicted topology of
PACE family proteins. Upper case characters arsawed in greater than 90% of protein
sequences and characters in lower case are codsergeeater than 65% but fewer than 90%
of the aligned protein sequences. Conserved residiee coloured (red: negatively charged,
blue: positively charged, orange: aromatic, blaatkiers). The similar amino acid sequence
motifs in helices 1 and 3 (1A and 1B, respectivelsg surrounded by purple lines, and the
similar sequence motifs in helices 2 and 4 (2A 2Bdrespectively) are surrounded by green
lines. (B-E) Sequence logos, made using WebLogd43, [showing conservation of amino
acid residues in the four sequence motifs idewtifire PACE proteins; error bars show an

approximate Bayesian 95% confidence interval [24].

Fig. 2. Acriflavine transport mediated by PACE famproteins encoded by the human
pathogenBurkholderia cenocepacia HI2424. A) Transport experiments performed usihg

coli OmniMax cells expressing the proteins of interessentially as described previously [3].
The cells were preloaded with B/ acriflavine in the presence of 1M CCCP. The cells

were washed and re-energised using glucose awihemarked with an arrow and transport
monitored fluorimetrically. Acriflavine fluoresceads quenched when it is intercalated into
nucleic acids. Therefore, its transport out of tedl is associated with an increase in
fluorescence. B) Western blot performed on thescefied in the assay, probed using His-
Probe-HRP. TheB. cenocepacia HI2424 PACE family proteins Bcen2424 2356 and
Bcen2424 5347 were expressed at easily detectewmds|after the 1-h induction used for

this assay. Bcen2424 2356 promoted the rapid efffiacriflavine, whereas Bcen2424 5347
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did not promote acriflavine transport above backgh The third PACE family protein
encoded byB. cenocepacia HI2424,, Bcen2424 5167 was not expressed and wasded
from the figure. Bcen2424 5167 and Bcen2424 5347 pdnylogenetically distinct from

Bcen2424 2356. Error bars show the standard dewiafithree replicate experiments.
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Supplemental figurelegends

Fig. S1. Amino acid sequence alignment of 47 ded?ACE family proteins. The sequences
are named by locus tag or NCBI protein accessiequé&nces were obtained from the NCBI
genomes database and aligned using ClustalX [21. dlignment is coloured according to
the level of amino acid sequence conservation &t pasition. Colours were added using the

UGENE toolkit [26].

Fig. S2. Kinetic response curves paralleling baaitgrowth for Biolog phenotype microarray
antimicrobial tests in which the pTTQ18-Bcen2424%@3plasmid facilitated a growth
advantage. Curves fa&. coli BL21 cells carrying pTTQ18 are shown in red, csri@ BL21
cells carrying pTTQ18-Bcen2424 2356 are shown eegrand regions of overlap in the
response curves of these two strains are showaelliovy. The tests were conducted according
to the manufacturer’s instructions in the presesfo@ 05 mM IPTG to promote expression of
the cloned Bcen2424 2356 gene. The curves dematdlor intensity of a redox-active dye
(y axis) over time (x axis; 30 h). (A) plate PMi2ell E12 (benzethonium chloride) (B) plate
PM14, well A3 (acriflavine), (C) plate PM14, well3B9-aminoacridine), (D) plate PM15,
well E11 (methyl viologen), (E) plate PM18, well G{3,5-diamino-1,2,4-triazole
[guanazole]), (F) plate PM18, well H12 (plumbaginiG) plate PM19, well C4

(chlorhexidine).

Fig. S3. Putative substrates of PACE family prateidentified using whole cell transport
experiments (chlorhexidine, acriflavine), conven&ib minimum inhibitory concentration
analyses, (chlorhexidine, acriflavine, benzalkoniwtequalinium) and/or higher throughput
resistance tests using the Biolog Phenotype Micagasystem (chlorhexidine, acriflavine,
benzethonium, 9-aminoacridine, methyl viologen, mle, plumbagin, domiphen). The
chemical structures were obtained from the NCBIGhdm database and viewed using the

web-based MolView tool (molview.org).
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Fig. S4. Solubilisation and purification of tRerrimonas balearica DSM 9799 PACE family
protein, Fbal 3166 [3], using styrene maleic aadpolymer and Ni-affinity purification.
Fbal 3166 protein was overexpressedt.ircoli BL21 cells grown in a 30 L fermenter using
the pTTQ18 expression system [27, 28]. Styrene imadeid co-polymer preparation,
membrane solubilisation and Ni-affinity purificatiovere performed as previously described
[17]. Samples consisting of solubilised membraragins (lane A), proteins that did not bind
to the Ni-affinity column (lane B) and purified &b3166 (lane C) were run on a 15% SDS-
PAGE gel and stained with Coomassie brilliant bR#250. The size (kDa) of co-migrated

soluble molecular weight markers is shown on tlfteside of the gel.

Fig. S5. Pairwise comparisons of the individual Bdémains in 47 diverse PACE family
proteins. The amino acid sequences of the sepadlatedins were analysed using the MatGat
tool [29] to determine the percent identity betwesth domain. The amino acid sequence
identities of each pair of domains are shown in ghawise distribution plot and coloured
according to percent identity (red: low identitgllpw: intermediate identity, and green: high
identity). The top left region of the plot showsnguarisons between the N-terminal BTP
domains of different proteins and the bottom rigkgion of the plot shows comparisons
between the C-terminal BTP domains of differentt@res. The central boxed region of the
plot represents comparisons between the N-terngioaains and C-terminal domains of the
proteins. The small boxes within this region highti comparisons between the N- and C-

terminal domains of the same protein.
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