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In bacteria, MscS-type mechanosen-
sitive channels serve to protect cells
from lysis as they swell during extreme
osmotic stress. We recently showed that
two MscS homologs from Arabidopsis
thaliana serve a similar purpose in the
epidermal plastids of the leaf, indicating
that the plant cell cytoplasm can present
a dynamic osmotic challenge to the plas-
tid. MscS homologs are predicted to be
targeted to both plastids and mitochon-
drial envelopes and have been found in
the genomes of intracellular pathogens.
Here we discuss the implications of these
observations and propose that MS chan-
nels provide an essential mechanism for
osmotic adaptation to both intracellular
and extracellular environments.

Most cells must face the fundamental
challenge of surviving a dynamic osmotic
environment. The concentrations of ions
and other molecules within the cell are
tightly controlled in order to provide an
optimal environment for biochemical
processes and to properly regulate cell
shape and turgor.! Hyperosmotic shock
(a sharp increase in the osmolarity of
the extracellular environment) results in
the immediate efflux of water out of the
cell and subsequent reduction in cell vol-
ume. Osmoadaptation then requires the
uptake and synthesis of ions and compat-
ible solutes, favoring the influx of water
back into the cell.* Hypoosmotic shock
(a sharp decrease in the osmolarity of
the extracellular environment) has the
opposite effect—the influx of water and
swelling of the cell—and cells must jetti-
son osmolytes rapidly in order to prevent
lysis.?
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Organellar Response to Osmotic
Stress

It has long been suspected that osmo-
regulatory mechanisms are not restricted
to the plasma membrane. For example,
early studies on chloroplasts showed that
they are capable of volume regulation
when challenged with salt stress.*> More
recently it has been demonstrated that the
nucleus can respond to osmotic stress by
changing volume, potentially altering gene
expression through changes in chromatin
condensation or nucleocytoplasmic trans-
port.®” To further investigate the molecu-
lar mechanisms underlying organellar
osmotic stress, we have focused on plastids
of the Arabidopsis thaliana leaf epidermis.
Plastids are plantspecific organelles that
arose from the ancient endosymbiosis of
a photosynthetic bacterium.® They are
essential for plant life and exist in a vari-
ety of forms, each plastid type specialized
for the functions of the tissue in which it
resides.” While the large, highly developed
chloroplasts found in the leaf mesophyll are
responsible for photosynthesis, the small
heterotrophic plastids found in the pave-
ment cells of the leaf epidermis (referred
to here as “leaf epidermal plastids”) import
energy from the cytoplasm to fuel several
essential metabolic reactions, including the
synthesis of fatty acids, amino acids, pig-
ment molecules and lipid storage.'

Plastids Relieve Osmotic Stress

in an Evolutionarily Conserved
Manner

Not their evolu-

tionary history as endosymbionts—the

surprisingly—given
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molecular mechanisms by which plastids
respond to osmotic stress resemble those
used by bacteria. When challenged with
hyperosmotic shock, bacteria selectively
accumulate ions and compatible solutes
such as glycine betaine," and experiments
both in planta and in vitro suggest that
the same is true of chloroplasts.'*"? When
challenged with hypoosmotic shock, many
bacterial species are thought to employ
(MS)

osmotic safety valves, releasing osmolytes

mechanosensitive channels as
in response to increased membrane ten-
sion." In Escherichia coli, at least three MS
channels contribute to the ability of cells
to survive hypoosmotic shock, including
MscS (Mechanosensitive channel of Small
conductance), MscL (Mechanosensitive
channel of Large conductance), and
YbdG, which is a component of MscM
(Mechanosensitive channel of Mini con-
ductance).”'® We recently demonstrated
that two homologs of MscS (MscS-Like
(MSL)2 and MSL3) from Arabidopsis
thaliana serve a similar role in the plastid
envelope.”

The leaves of plants harboring muta-
tions in MSL2 and MSL3 exhibit large,
round epidermal plastids that lack the
dynamic extensions of the envelope known
as stromules.'”® Unexpectedly, this pheno-
type does not require exposure of the plants
to environmental osmotic stress, but is
seen under normal growth conditions. We
hypothesized that plastids from ms/2 msi3
mutants are enlarged due to an inability
to release osmolytes when the cytoplasm
is hypoosmotic compared with the plastid
stroma—ijust as the cells of E. co/i mutants
lacking MscS and MscL swell to the point
of lysis under hypoosmotic shock.'® To test
this hypothesis, we used genetic, environ-
mental and growth media manipulations
to increase the cytoplasmic osmolarity of
intact plants or leaves. In each case, the
large, round phenotype of the msl2 msi3
mutant plastids was suppressed. In addi-
tion, exposing excised leaves to extreme
hypoosmotic shock resulted in the lysis of
plastids from 7s/2 ms/3 mutants but not
from wild type plants. We concluded from
these data that leaf epidermal plastids
experience dynamic hypoosmotic stress
under normal growth conditions, and that
MSL2 and MSL3 play a critical role in
protecting plastids from this stress.
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MscS Family Members in
Organelles and Intracellular
Pathogens

Phylogenetic analyses of the MscS family
have suggested that the essential role of
MscS-like channels might be extended to
other organelles or to intracellular patho-
gens.”?® Figure 1 presents the inferred
evolutionary relationship between 30
MscS homologs selected from both pro-
karyotic and eukaryotic species. The first
of the three distinct clades in this tree is
labeled “Organelles and Prokaryotes”,
and comprises homologs from free-living
and intracellular pathogenic bacterial
species, homologs predicted to localize
to plant mitochondria (e.g., Arabidopsis
MSL1),** and homologs predicted or
known to localize to plant plastids (e.g.,
MSL2 and MSL3)."® The second clade,
labeled “Prokaryotes,” comprises MscS
homologs from free-living and pathogenic
bacteria, including E. coli MscS and a
homolog from the obligate intracellular
pathogen Rickettsia typhi. The third clade,
labeled “Eukaryotes,” comprises MscS
homologs known or predicted to local-
ize to the plasma membrane of plant cells
(e.g., Arabidopsis MSL10),”! and homo-
logs encoded in the genome of obligate
eukaryotic intracellular pathogens (e.g.,
Plasmodium  falciparum,
agent in malaria). Thus, if we consider

the causative

the presence of MscS-like channels in the
genome of an organism to indicate that it
is likely to experience hypoosmotic stress
during its life cycle, the phylogenetic tree
shown in Figure 1 shows that neither
endosymbiotic organelles nor intracellu-
lar pathogens are protected from osmotic
stress by virtue of their location in the
cytoplasm.

Though MscS homologs are found in
a wide array of prokaryotic and eukary-
otic pathogens, a few obligate intracel-
lular bacterial pathogens lack detectable
MscS or MscL homologs, including
Chlamydia, Clostridia, Mycoplasma and
Ureaplasma.?? These pathogens may have
evolved alternate mechanisms for osmotic
adjustment or may inhabit isoosmotic
environments, thereby obviating the need
for MS channels. Interestingly, MscL
homologs (though not MscS homologs)
are found in the genomes of Phytoplasmas,
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cell ~wall-less obligate intracellular
pathogens that move between insect
and plant hosts.??* Perhaps, unlike the
related Mycoplasmas and Ureaplasmas,
Phytoplasmas require MS channels for
osmotic stress relief as they move from the
plant phloem (cells likely to contain high
concentrations of photosynthate) to the
insect gut, or from the phloem of source to
that of sink tissue, or during diurnal cycles
of photosynthate production.

In conclusion, the mechanosensitive
channels MscS and MscL serve as osmotic
safety valves in bacteria, presumably to
deal with rapid osmotic changes in their
extracellular environment. We recently
reported that two MscS homologs from
Arabidopsis serve the same function in
the envelope of plastids. A phylogenetic
analysis of MscS homologs presented here
suggests that the cytoplasm may pres-
ent osmotic stresses to mitochondria and
to intracellular pathogens as well. Thus,
the evolutionary relationship between
bacterial and eukaryotic MscS homologs
provides a unique opportunity to study
the osmoregulatory mechanisms used by
cells, organelles and intracellular patho-
gens to survive dynamic environmental
challenges. Furthermore, an investigation
into the contribution of MscS homologs
to the replication and virulence of both
prokaryotic and eukaryotic intracellular
pathogens may lead to the identification
of a new class of therapeutic targets.
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