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Functional Linkage between Genes That Regulate Osmotic Stress
Responses and Multidrug Resistance Transporters: Challenges and
Opportunities for Antibiotic Discovery
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All cells need to protect themselves against the osmotic challenges of their environment by maintaining low permeability to ions
across their cell membranes. This is a basic principle of cellular function, which is reflected in the interactions among ion trans-
port and drug efflux genes that have arisen during cellular evolution. Thus, upon exposure to pore-forming antibiotics such as
amphotericin B (AmB) or daptomycin (Dap), sensitive cells overexpress common resistance genes to protect themselves from
added osmotic challenges. These genes share pathway interactions with the various types of multidrug resistance (MDR) trans-
porter genes, which both preserve the native lipid membrane composition and at the same time eliminate disruptive hydropho-
bic molecules that partition excessively within the lipid bilayer. An increased understanding of the relationships between the
genes (and their products) that regulate osmotic stress responses and MDR transporters will help to identify novel strategies and

targets to overcome the current stalemate in drug discovery.

G enes involved in antibiotic resistance have long been consid-
ered to have evolved from genes having other roles and func-
tions (for a review, see reference 1). Among such genes can be
included those encoding multidrug resistance (MDR) transport
proteins that extrude antibiotics from cells. This minireview pro-
poses that the evolution of specific genes that control antibiotic
levels inside cells underlies a widespread resistance mechanism.
This mechanism was a very early, primordial event associated with
the fundamental need that all cells have to maintain at a very low
level the permeability of cell membranes to ions. The principal
function of such transporters was to prevent the futile ion cycling
and energy loss that is produced by increased ion leakage induced
by membrane-disrupting amphiphiles and hydrophobic mole-
cules accumulating within the bilayer. I first address the “death by
flooding” fate that all organisms encounter when energy-requir-
ing ion transporters that maintain the osmotic balance across the
membrane are absent or defective. A brief discussion follows of
the postulated adverse hyperosmotic environments in which a
robust metabolism emerging inside protocells evolved to allow the
interplay of osmolyte and drug transporters. It is then shown how
the defenses that have been established to protect cells from the
disruption of the permeability barrier by the osmotic stress in-
duced by pore-forming antibiotics such as amphotericin B (AmB)
and daptomycin (Dap) are closely linked to the overexpression of
MDR genes involved in the protection of membrane integrity.

THE “DEATH BY FLOODING” FATE CONFRONTED BY ALL
CELLS

An increase in membrane permeability to sodium and chloride
ions, which are the most abundant ions in the external environ-
ment of most cells, leads to the “death by flooding” fate. As ini-
tially formulated by Krogh (2), all cells suspended in an isosmotic
solution of sodium chloride are under a permanent threat of os-
motic lysis because they contain nonpermeable negatively charged
molecules (proteins, nucleic acids, nucleotides, and small metab-
olites) while being immersed in an environment containing ions
to which their membranes are somewhat permeable. As a conse-
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quence, all cells need to protect themselves against flooding and
lysis, and cells expend considerable energy in maintaining the
transport mechanisms that keep intracellular levels of permeable
ions such as Na+ low.

In protocells (3), passage of ions and large molecules may oc-
cur via the insertion into the phospholipid bilayers of aqueous
pores with different pore sizes traversing the membrane (Fig. 1A).
Under such conditions, there are no significant osmotic pressure
differences across the membranes since the total number of com-
pounds unable to enter the aqueous pores is negligible. However,
with the relatively free passage of abiotically formed solutes such
as nucleotides, amino acids, and sugars across the membranes,
there is an increase in the synthesis of proteins and self-replicating
RNA macromolecules, raising the intracellular levels of imperme-
able compounds. At this stage, only those protocells with limited
membrane permeability to cations or/and anions were able to
avoid the net influx of salt and the increased risk of flooding and
loss of the membrane integrity. This selection process is postu-
lated to have facilitated the evolution of membrane proteins from
separate RNA helicases and membrane pores to the F- and V-type
ATPases (4), as well as the subsequent formation of ATP-driven
membrane pumps that remove abundant ions such as sodium
ions from the cells (Fig. 1B).

Low permeability of the lipid bilayer to ions is a key factor in
maintaining energy transduction at lower energy flux through
proton or sodium pumping. In fact, in the evolution of protocells
to archea and bacteria, maintaining a very low permeability to
Na+ and H+ ions across the glycerol-1-phosphate (G1P) and the
glycerol-3-phosphate (G3P) phospholipid membranes, respec-
tively, was essential to reduce energy loss and maximize the use of

Published ahead of print 2 December 2013

Address correspondence to B. Eleazar Cohen, ECOHEN@niaid.nih.gov.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AAC.02095-13

February 2014 Volume 58 Number 2


http://dx.doi.org/10.1128/AAC.02095-13
http://aac.asm.org

A . .
o ° " .-
i EX" ° °

o

o
e
Increased osmotic pressure

Macromolecule @ Nucleotides, @ lons
(proteins, amino acids,
nucleic acids) small metabolites
B Drug/
Na* amphiphiles
H* H* Ng*
{
{ L ]
o
H* ATP ®@ 000
o e
H*  ATP Na*/H* ABC SMR
ADP + Pi antiporter MF$S
F-type ATP @ Drugs/amphiphiles

synthase (ATPase) O Osmolytes

FIG1 (A) Increase of the transmembrane osmotic pressure from protocells to
cells (arrow). In protocells, the phospholipid membrane would have been
embedded with aqueous channels of different pore diameters that prevent the
development of a significant osmotic-pressure difference across the mem-
brane. Cell membranes display narrow ion channels that are highly selective
with respect to cations or anions of a certain size. (B) The main categories of
protein transporters that are needed to maintain the osmotic equilibrium in a
cell system in which energy is mainly provided by a chemiosmotic mechanism.
The ATP production by synthases made possible the emergence of Na+ and
H+ pumps (ATPases) that maintain the cation gradients in a steady state. The
ATP-driven ABC pumps (ABC) prevent the accumulation of membrane-dis-
rupting amphiphilic compounds within the bilayer. Secondary transporters of
the small multidrug resistance superfamily (SMR) and major facilitator super-
family (MSF) protein families allow exchange of Na+/H+ ions with drug
molecules as well as osmolytes. Members of the Nha family of Na+/H+ anti-
porters are also ubiquitously present in bacterial membranes.

the electrochemical gradients as sources of energy for the synthesis
of ATP (5). In addition, the maintenance energy that is required to
pump Na+ ions across cell membranes can be reduced by devel-
oping the capacity to withstand a positive osmotic pressure gradi-
ent across the plasma membrane, with external walls functioning
as a protective counterbalancing force against the disruptive effect
of the transmembrane osmotic pressure. In this regard, the cell
walls developed by archea, bacteria, and some eukaryotes, such as
fungi, allow these organisms to survive hypo-osmotic challenges,
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greatly expanding related capacities of adaptation to changes un-
der environmental conditions.

THE PRESERVATION OF THE INTEGRITY OF THE LIPID
BILAYER

All cells rapidly swell or shrink in the presence of a relatively small
gradient of solute concentrations between the internal and the
external media, primarily because cell membranes are composed
of lipid bilayers, which have a much higher permeability to water
and small hydrophilic nonelectrolytes such as urea or glycerol
than to salts (6). As the maintenance of a lipid bilayer with low
permeability to ions is essential for the functional organization of
the cell, any type of chemical or osmotic disruption of this barrier
represents a serious threat to cell integrity. The emergence of me-
tabolism inside the protocells was likely facilitated by the availabil-
ity of many abiotically formed organic compounds, but such com-
pounds should not partition in the lipid bilayer, for to do so might
affect the native low cation and proton permeability properties of
membrane phospholipids (7). As a consequence, another univer-
sal mechanism of membrane protection that has emerged is based
on keeping the levels of hydrophobic compounds in the bilayer at
a minimum. This role is partially played by the family of ATP-
binding cassette (ABC) transporters (Fig. 1B), which are found in
all life forms and perform many functions. They might have orig-
inally evolved to remove small hydrophobic molecules from the
bilayer (8) followed by the expansion of their role to cover removal
of a broad variety of amphiphilic compounds entering cells (9). In
this respect, the nucleotide-binding domains (NBD) of the ABC
transporters (Fig. 1B) are among the most conserved phylogenetic
DNA sequences (10). Of note, effective chemical compounds to be
developed as antibiotics need to have drug-like characteristics for
absorption that include the capacity to partition into the lipid
membrane and a low (<500) molecular weight (MW) (11). The
overlapping hydrophobic characteristics of drug-like compounds
and MDR transporter substrates are among the most important
factors contributing to the rapid development of antibiotic resis-
tance (1) and remain a serious barrier to drug therapy.

AN ALTERNATIVE TO THE “DEATH BY FLOODING” FATE OF
ALL LIVING ORGANISMS: EVOLUTION IN A HYPEROSMOTIC
ENVIRONMENT

A postulated scenario explaining how protocells first evolved is
that they flourished in a NaCl-poor external environment such as
those present in geothermal fields enriched with K+ ions, metal
sulfides, and Zn** and phosphorus compounds (12). This envi-
ronment mimics the internal K+-enriched ionic composition of
modern cells and is predicted to have preceded the evolution of
membranes that were increasingly impermeable with respect to
Na+ as protocells invaded seawater with its high NaCl concentra-
tion. The presence of this hyperosmotic environment would have
allowed cells to develop without the threat of flooding, but it
would have placed them in constant threat of water loss, which
could lead to cell death by dehydration. So in order to promote
survival in an external environment with a higher osmolarity, the
emergence of membranes with increasing impermeability to Na+
and H+ ions was accompanied by the emergence of metabolic
pathways that enhance the synthesis of small organic osmolytes
capable of balancing osmotic pressure differences across the
membranes. These metabolic pathways are well conserved in
archea, bacteria, and eukaryotes and include the synthesis of small
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solutes such as amino acids and their derivatives, as well as glycerol
and other polyhydric alcohols (13).

High osmolarity causes Escherichia coli to rapidly increase lev-
els of negative DNA supercoiling, leading to the activation of a
functionally significant set of genes involved in the osmotic re-
sponse, including the primary active transporter for the osmolytes
proline and glycine betaine (14). Such osmolytes are natural sub-
strates of EmrE, a proton-driven member of the small multidrug
resistance (SMR) family of transporters that confers resistance to a
broad variety of quaternary ammonium compounds (15) (Fig.
1B). General stress regulators in E. coli such as RpoS, which is the
sigma subunit of RNA polymerase, and quorum-sensing regula-
tors cooperate in the responses to hyperosmotic stress and pro-
mote the overexpression of MDR transporters (16). High osmo-
larity is also a well-known inducer of porins, which are proteins
located in the outer membrane (OM) of Gram-negative bacteria
(17, 18). The porins are commonly found to be downregulated in
MDR clinical isolates of enterobacteriaceae (18), an observation
that is consistent with the function of porins as nonspecific chan-
nels for the passive penetration of antibiotics through the cell wall
(19). TolC is another OM protein that is highly expressed under
conditions of hyperosmotic stress (20). TolC works synergistically
in the multicomponent transporters of the resistance-nodulation
division (RND) superfamily, the major facilitator superfamily
(MES), and the ATP-binding cassette (ABC) superfamily of MDR
efflux pumps (21). Of note, exposure of E. coli to pore-forming
cationic antimicrobial peptides (CAMPs) (22, 23) led to the up-
regulation of the marRAB operon (24). This effect requires the
presence of Rob, which may act as a signal of osmotic stress caused
by membrane disruption (24). The marRAB operon activates
MarA, Rob, and SoxS, which are transcriptional regulators of the
RND proton/drug antiporter AcrAB and other TolC-dependent
efflux pumps (25). The CAMPs are actively excreted by the Ac-
rAB-TolC transporter system (24). These findings support the
postulated complementary functional roles of the multidrug
transporters in the protection of the integrity of the cell membrane
when challenged with osmotic stresses.

After the emergence of broadly selective MDR membrane
transporters, they could have acquired by selection other more
specific physiological functions (Fig. 1B). Examples of MDR
transporters with alternative functions include the MFS proton/
drug antiporter MdfA and MdtM from E. coli, which have been
found to function in alkaline pH homeostasis by exchanging Na+
or K+ for H+ (26, 27); PsmrAB, a SMR protein from halophilic
bacteria that functions as a novel two-component Na+/H+ anti-
porter (28); and LmrP, an MFS proton/cationic drug antiporter
from Lactococcus lactis that can also mediate calcium efflux (29).

THE FORMATION OF AQUEOUS PORES BY ANTIBIOTICS:
THE CASE OF AMPHOTERICIN B

The formation of aqueous pores permeable to cations and anions
across the cell membrane represents a primary threat to the integ-
rity of the cell. As a consequence, such an action triggers signaling
pathways responsible for sensing and responding to the osmotic
stress. In the case of amphotericin B (AmB), a pore-forming nat-
ural antibiotic that has been used to treat systemic fungal infec-
tions for more than 50 years (30), the pathways that are activated
include those involved in the control of the lipid composition and
ergosterol content of the cell membrane (31, 32). Thus, AmB has
been found to downmodulate genes that are involved in the syn-
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thesis of ergosterol, fatty acid elongases, and synthetases as well as
ceramide, which are enzymes and lipid precursors required for the
biosynthesis of sphingolipids. Sterols and shingolipids are impor-
tant components of lipid rafts, the membrane microdomains that
perform important roles in the targeting and activity of signaling
proteins in eukaryote cells (33). Ergosterol is also an important
factor involved in the mechanisms of resistance to AmB due to its
critical role in the formation of the AmB aqueous pores (34).

The addition of AmB to eukaryotic cells has several outcomes,
depending on the concentration of antibiotic used and the ratio of
impermeative to permeative osmolytes that are present in the me-
dium in which cells are grown (34). For instance, when yeasts are
cultured in yeast-peptone-dextrose (YPD) medium, which uses
glucose as the main external osmolyte, the AmB-induced lysis is
avoided and the cells shrink, leading to a loss of turgor that is
followed by activation of the high-osmolarity glycerol (HOG)
pathway (35) (Fig. 2, right). The HOG pathway controls osmotic
pressure by increasing the synthesis of glycerol. In the presence of
hyperosmotic stress, the terminal Hogl kinase translocates into
the nucleus, where it interacts directly with chromatin to regulate
gene expression (36). Hogl directly controls the transcription fac-
tors Skol and Hotl as well as the redundant Msn2 and Msn4,
which are responsible for environmental stress responses (ESR)
(36). Remarkably, repression of ergosterol biosynthesis, which is
also essential for stress resistance, is mediated by Hogl via the
transcriptional repressors Mot3 and Rox1 (37). Mutational de-
fects in Mot3 and Rox1 produce hyperaccumulation of intracel-
lular Na+ (37), an indication of changes in the activity of various
ion transporters such as the Na+ ATPase (Enal) and the Na+
K+/H+ antiporter (Nhal) and K+ uptake transporter (Trk).
These ion transporters are encoded by HOG-dependent genes
(38), and all of them are upregulated by AmB in fungi (31, 32)
(Fig. 2). Other HOG-dependent genes that are strongly upregu-
lated by AmB are ctt] and hsp12 (32). Cttl is a fungal catalase that
protects cells against oxidative stress, and Hsp12 is a small stress
protein that is induced after yeasts are exposed to a short heat
shock at sublethal temperatures (39). Hsp12 protects cells against
ion leakage by decreasing the fluidity of the hydrocarbon chains
upon binding into the lipid bilayer (39). In Cryptococcus neofor-
mans, hspI2A mutants have been found to be hypersensitive to
AmB action, indicating the important role of this protein in the
preservation of the stability of the cell membrane under different
stressful conditions (40).

Notably, under conditions in which no killing of cells oc-
curred, exposure of yeast over hundreds of generations to increas-
ing concentrations of AmB has yielded resistant strains with per-
manent changes in the expression of genes such as yor! and pdri6
(41), which are members of the ATP-binding cassette (ABC) fam-
ily of transporters (9). The activation of yorl and pdrl6 is con-
trolled by the zinc finger transcription factors Pdrl and Pdr3,
which activate proteins involved in multidrug resistance and in
the translocation of plasma membrane phospholipids (9). Among
the stably overexpressed genes that also confer resistance to AmB
(41) are ictl, which encodes a lysophosphatidic acid acyltrans-
ferase that is responsible for enhanced phospholipid synthesis and
increased resistance to antifungal drugs, and ygr035C and ypl088,
which are activated by Yrm1q and Yrrl, the yeast zinc finger tran-
scription factors which are also controlled by the pleiotropic drug
resistance (PDR) gene network (9).

Another yeast gene that is also stably overexpressed during
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FIG 2 Expression of resistant genes and proteins in yeasts resulting from the action of AmB at low and high concentrations. Osmotic stress induced by AmB
activates the protein kinase Hog1, which regulates several cellular components, including glycerol production and ion transport proteins. AmB action also leads
to the activation of several members of the PDR network that are involved in multidrug resistance and other functions. High AmB concentrations lead to
intracellular acidification, resulting in the activation of the Ras-cAMP-Pka pathway, ROS production, and cell death. See the text for descriptions of all proteins

as well as of the main pathways represented in this figure.

long-term AmB treatment is gre2 (41), a HOG-dependent gene
(38) that is homologous to mammalian 3-beta-hydroxysteroid
dehydrogenases (42). When gre2A mutant yeasts were exposed to
increasing AmB concentrations, their growth efficiency was re-
duced (42), an indication of the increased ATP expenditure re-
quired to maintain the AmB-induced alterations in the membrane
properties of permeability to ions. Very similar defects in growth
efficiency were observed when gre2A yeasts were treated with
ergosterol or sphingolipid biosynthesis inhibitors as well as with
exposure to brefeldin A (42), which is a fungal toxin that has a
strong effect on the integrity of subcellular compartments, thereby
inhibiting intracellular trafficking pathways (43). The available
evidence suggests that Gre2 is involved in ergosterol metabolism,
acting as a broad-specificity reductase that prevents the accumu-
lation of ergosterol metabolic intermediaries in the endoplasmic
reticulum and other intracellular membranes during inhibition of
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ergosterol biosynthesis (42). This role may be critically important
to maintain the membrane trafficking of the PDR-network pro-
teins to the lipid rafts (Fig. 2) because this transfer requires very
specific sphingolipid and ergosterol combinations (33, 44). Nota-
bly, gre2 is one of the few yeast genes that have been clearly linked
to osmotic responses and the PDR network (45). Both gre2 and
ctt] can be activated by hyperosmotic stress via a mechanism that
involves the recruitment of Hogl and Sch9 to chromatin-associ-
ated defense gene promoters (46). The signaling kinase Sch9 is a
substrate of target of rapamycin complex 1 (TORC1) (47), a mul-
tiprotein complex that is predominantly localized in lysosomes
and vacuoles (48), where it plays an important role in the integra-
tion of diverse signals elicited by growth factors, nutrients, energy
status, and stressors (49) (Fig. 2). Yeast mutants of genes that
encode proteins involved in vacuolar trafficking and/or function
show growth sensitivities suggestive of defects in osmoregulation
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and stress survival in the presence of rapamycin (50). Of note, in
parasitic protists, a Tor3 kinase has been shown to be involved in
sensing of osmotic stress and energetic regulation (51, 52). In
Trypanosoma brucei, high osmolarity causes Tor3 to relocate spe-
cifically from the acidocalcisome organelles to the cell periphery,
where it may interacts with ion channels or/proteins directly in-
volved in osmoregulation (52).

The HOG-dependent gre2 gene and the four PDR-regulated
genes that confer stable yeast resistance to AmB are also signifi-
cantly overexpressed by long-term treatment with fluconazole
(FLC) (41). FLC is an antifungal drug that acts by inhibiting
Ergll, a key enzyme in the biosynthesis of ergosterol, leading to
accumulation of lanosterol and other ergosterol derivatives in in-
tracellular membranes (53). It appears then that the membrane
trafficking of ABC transport proteins that control the efflux of
drugs such as FLC is also facilitated by the stable upregulation
of gre2 in FLC-resistant cells. The role for Gre2 in the maintenance
of membrane trafficking of transmembrane proteins is consistent
with genome-wide data showing the growth fitness of yeast dele-
tion strains that were grown in the presence of more than 300
chemical compounds, including AmB and FLC (54). Thus, exam-
ination of these extensive MDR gene data revealed that yeast de-
letion strains are highly enriched for certain gene ontology (GO)
functions that are mainly associated with endosome transport,
vacuolar degradation, and transcription (54).

Finally, it is important that at low doses of AmB, yeasts are able
to maintain constant intracellular pH by increasing the activity of
Pmal, the H+-ATPase pump (34). However, the uncoupling ef-
fect of high AmB concentrations makes H+ pumping an energet-
ically expensive protective mechanism, leading to increased mito-
chondrial activity, reactive oxygen species (ROS) production, and
apoptosis (55). Intracellular acidification induced by high AmB
concentrations involves the activation of the Ras-cyclic AMP
(cAMP)-Pka signaling pathway, and mutations that block this sig-
naling pathway in yeast reduce or suppress the killing action in-
duced by AmB (56) (Fig. 2, left).

GENES CONFERRING RESISTANCE TO AQUEOUS-PORE-
FORMING ANTIBIOTICS IN BACTERIA

An antibiotic that acts by forming aqueous pores in Gram-positive
bacteria, the cyclic lipopeptide daptomycin (Dap) (57), has also
been shown to mediate the development of resistance by causing
the overexpression of genes involved in osmotic regulation and
maintenance of the native lipid membrane composition. Thus,
Dap-resistant (Dap-R) bacterial strains express a number of mu-
tated genes that are in different functional categories but are
mainly involved in the biosynthesis of phospholipids responsible
for maintaining membrane fluidity, phospholipid content, and
bilayer asymmetry (58, 59). Among such genes are pgsA, a gene
which is important for the production of phosphatidylglycerol
(PG), and mprF, a membrane synthase that increases the overall
synthesis of lysyl-PG from anionic PG and uses its flippase activity
to translocate the positively charged lipid across the membrane,
thus reducing the affinity for Dap and many other cationic anti-
microbial peptides (59, 60). The deletion of mprF did not signifi-
cantly affect lipid biosynthetic enzymes but led to a very distinct
upregulation of a putative Na+/solute transporter as well as of a
number of drug transporters and ABC transporter-like proteins
(61). Dap-R strains also include mutated genes encoding proteins
involved in glycine betaine transporter and accumulation, small
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transmembrane efflux proteins, and monovalent cation/H+ an-
tiporters (59, 62) as well as genes encoding proteins involved in
oxidative protection (62). However, as with AmB, sensitive bacte-
rial strains exposed to increasing Dap concentrations exhibit ris-
ing energy demands for maintaining the membrane selectivity
properties, leading to a rise in ROS production and cell death (63).

CONCLUSIONS

As water is the most abundant intracellular component, the con-
trol of its movement across cells is essential for life. This control is
primarily exerted at the level of the cell membrane, as this struc-
ture determines the magnitude of the osmotic pressure differences
arising from all cellular activities. The maintenance of low perme-
ability of the cell membrane to ions is thus crucially important for
life and must be reflected in the manner in which interactions
among certain genes and proteins developed during cellular evo-
lution. As discussed above, yeasts exposed to low concentrations
of the pore-forming antibiotic AmB alter a specific array of genes
involved in transcription and regulation of the membrane traffic
of transmembrane ion transport proteins. Such resistance genes
include the various overexpressed MDR transporters, which pre-
serve the native low permeability of the lipid membrane to ions by
eliminating hydrophobic molecules that accumulate excessively
within the lipid bilayer. MDR transporters are also involved in
the homeostasis of membrane lipidic components. In bacteria, the
resistance genes whose expression is induced by Dap also include
proline/betaine and ABC transporters, which are involved in the
universal protective responses to osmotic challenge and in the
homeostasis of membrane lipidic components.

The capacity of the active efflux of drugs by MDR transporters
to act synergistically with other resistance mechanisms is a serious
clinical concern (1, 64). The identification of a functional linkage
between the genes that regulate essential cellular functions such as
osmoregulation and MDR transporters—in both prokaryotic and
eukaryotic organisms— emphasizes the importance of developing
more-effective MDR pump inhibitors to overcome the current
spread of antibiotic resistance in bacterial and fungal organisms
(65). An increased understanding of the functional relationships
between genomic/proteomic and metabolic pathways may also
address the current need to develop more combined-drug ap-
proaches for treatment of infectious and noninfectious diseases.
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