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Abstract

Poikilothermic organisms are exposed to frequent changes in environmental conditions and their survival depends on their ability to

acclimate to such changes. Changes in ambient temperature and osmolarity cause fluctuations in the fluidity of cell membranes. Such

fluctuations are considered to be critical to the initiation of the regulatory reactions that ultimately lead to acclimation. The mechanisms

responsible for the perception of changes in membrane fluidity have not been fully characterized. However, the analysis of genome-wide

gene expression using DNA microarrays has provided a powerful new approach to studies of the contribution of membrane fluidity to gene

expression and to the identification of environmental sensors. In this review, we focus on the mechanisms that regulate membrane fluidity, on

putative sensors that perceive changes in membrane fluidity, and on the subsequent expression of genes that ensures acclimation to a new set

of environmental conditions.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Various kinds of environmental stress, such as temper-

ature stress and osmotic stress, cause alterations in the

physical properties of the membrane lipids in living cells.

It seems likely that cells perceive these alterations via

sensory proteins embedded in their membranes. These

proteins transfer the signals from the environment to

networks of signal-transduction pathways, with the resul-

tant regulation of gene expression [1,2]. Chemical and

genetic modification of the physical properties of mem-

brane lipids can have similar effects on the expression of

genes that are involved in the acclimation of cells to

various conditions [3–5]. The physical state of membrane

lipids also acts directly to regulate the activity of

membrane-bound proteins, such as the translocators of

small molecules, ion channels [6], receptor-associated

protein kinases [7,8], and sensor proteins [9,10].

Until recently, studies of the influence of membrane

fluidity on gene expression have been limited to studies of

a small number of genes whose expression has been

examined by Northern blotting, focusing on the feedback

regulation of membrane fluidity and on genes that are

responsible for the maintenance of the physical properties

of membrane lipids [1–3,8]. However, since DNA micro-

arrays that cover the entire genomes of various organisms

have become available, it has been possible to analyze the

genome-wide expression of genes, which are associated

with acclimation. The use of DNA microarrays, in

combination with the site-directed mutagenesis of genes

that are responsible for the maintenance of membrane

fluidity, has provided a very powerful method for studies

of the contribution of membrane fluidity to gene expres-

sion and for identification of various sensors of environ-

mental conditions.

In this review, we shall focus on the mechanisms that

regulate the fluidity of membrane lipids on putative sensors

that perceive changes in membrane fluidity, and on the

subsequent expression of genes that ensure acclimation to a

new set of environmental conditions. In particular, we shall

discuss findings obtained by the analysis of genome-wide

gene expression with DNA microarrays.
2. Modulation of membrane fluidity

2.1. Measurements of membrane fluidity

The extent of molecular disorder and molecular motion

within a lipid bilayer is referred to as the fluidity of the

membrane. Several methods can be used to monitor
membrane fluidity. The most common method involves

measurements of the anisotropy of the fluorescence polar-

ization of 1,6-diphenyl-1,3,5-hexatriene (DPH) [11–13].

DPH is incorporated into membranes in parallel to the acyl

chains of membrane lipids and the fluorescence of DPH is

only weakly depolarized when it interacts stably with

rigidified membranes [12]. However, since DPH is not

completely free to rotate within membranes, the extent of

the interactions between DPH and membrane lipids is

restricted. Thus, this method is unsuitable for quantitative

measurements of membrane fluidity. Another method,

Fourier transform infrared (FTIR) spectroscopy, can be

used for quantitative analysis of the physical state of

membrane lipids [14]. FTIR spectroscopy allows us to

monitor the disorder of the acyl chains of lipids and the

interactions between lipids and membrane proteins in

terms of the frequency of the symmetric CH2 stretching

mode near 2.81 cm�1. This frequency decreases by

approximately 2–5 cm�1 upon the transition of the

membrane lipids from an ordered to a disordered state.

Thus, low and high frequencies of the CH2 stretching

mode correspond to the rigidified and fluid states of

membrane lipids, respectively.

2.2. Effects of changes in temperature

The effects of changes in temperature on membrane

fluidity have been demonstrated by DPH fluorescence

polarization in fish [15,16], bacteria [17], and cyanobac-

teria [5]. The cited studies focused on the effects of low

temperature and demonstrated clearly that membrane

fluidity decreases with a decrease in temperature (Fig.

1). Recently, these changes have also been examined by

FTIR spectroscopy [14,18]. In the cyanobacterium Syn-

echocystis, the frequency of the CH2 stretching mode in

isolated cytoplasmic membranes and in isolated thylakoid

membranes decreases with a decrease in temperature

[14,18].

The effects of high temperatures on the physical state

of membranes have also been studied, albeit less

extensively [4,19]. High temperatures cause the fluid-

ization of membranes (Fig. 1), which can lead to

disintegration of the lipid bilayer. It is clear that both

increases and decreases in temperature modulate mem-

brane fluidity.

2.3. Effects of osmotic stress

The effects of hyperosmotic stress on membrane fluidity

have been examined using DPH [13,20]. When phospholi-

pid vesicles were exposed to hyperosmotic stress that was



Fig. 1. Schematic representation of changes in membrane structure and the

behavior of lipid bilayers under low- and high-temperature stress. Low

temperatures cause brigidificationQ of membranes, whereas high temper-

atures cause bfluidizationQ of membranes.
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due to the addition of polyethylene glycol to the medium, an

increase in anisotropy was observed [20]. A similar effect

was observed in yeast when glucose was added to the

medium to raise the osmolarity [13]. These findings suggest

that hyperosmotic stress might reduce membrane fluidity

similarly to low-temperature stress. However, more studies

are necessary to confirm this possibility in the biological

membranes of living organisms.

The effects of hypoosmotic stress on membrane fluidity

have not been studied in detail but it has been suggested that

hypotonic stress might fluidize membranes similarly to heat

stress.

Aliphatic alcohols cause the fluidization of membranes

and they are often used to simulate heat and hypotonic

stress [5,21,22]. However, the relevance of such an

approach is questionable, since heat stress and benzyl

alcohol (both of which provoke the fluidization of

membranes) induce different sets of genes in Synechocystis

[18]. Thus, the physiological impact of heat stress and that

of membrane fluidizers on cell membranes might be rather

different.

2.4. Effects of the unsaturation of fatty acids

The dependence of membrane fluidity on the extent of

unsaturation of fatty acids in membrane lipids is a well-

characterized phenomenon, which has been demonstrated in

animals [23], fish [24,25], fungi [26,27], plants [28,29],

bacteria [17,30], and cyanobacteria [2,31,32]. Cyanobac-

teria are particularly suitable for studies of such phenomena

[33] because the number of unsaturated bonds in their fatty

acids can be altered by genetic manipulation of the genes

that encode the fatty acid desaturases [34,35]. We have used

two strains of cyanobacteria, namely, Synechocystis sp. PCC
6803 (hereafter Synechocystis) and Synechococcus sp. PCC

7942 (hereafter Synechococcus), to study the effects of the

unsaturation of fatty acids on membrane fluidity. Synecho-

cystis is characterized by the presence of four genes,

designated desA, desB, desC and desD, for fatty acid

desaturases and by its ability to synthesize fatty acids with

four double bonds. Thus, its membrane lipids contain high

levels of unsaturated fatty acids (Fig. 2A).

When the desA and desD genes were inactivated in

Synechocystis, a dramatic decrease in membrane fluidity

was detectable in the resultant desA�/desD� strain (Fig. 3),

which had lost the ability to acclimate to low temperatures

[35]. Thus, the unsaturation of fatty acids increases

membrane fluidity, and such an increase is necessary if

cells are to tolerate chilling and to survive at low temper-

atures [1,36,37]. It should be noted that the optimal

temperature for the growth of these cyanobacterial strains

is close to 35 8C, and they experience cold stress when the

temperature falls to 20–25 8C.
Unlike Synechocystis, Synechococcus has only a single

D9 desaturase and it synthesizes mono-unsaturated fatty

acids exclusively (Fig. 2B). When the desA gene of

Synechocystis, which encodes the D12 desaturase, was

introduced into the genome of Synechococcus, the resultant

desA+ strain produced considerable amounts of di-unsatu-

rated fatty acids [34] (Fig. 4B). This charge resulted in a

considerable increase in membrane fluidity (our unpub-

lished results), which was linked to the ability of cells to

survive at a low temperature (Fig. 4).

A clear effect of membrane rigidification on cold-

induced gene expression was demonstrated recently by

genome-wide analysis, using DNA microarrays, of wild-

type and desA�/desD� cells of Synechocystis [18]. Sixteen

genes whose expression was not induced by cold in wild-

type cells (for example, several heat-shock genes, such as

hspA, clpB1, dnaK2) became strongly cold-inducible upon

rigidification of membrane lipids. The level of cold-

inducible expression of another group of 17 genes was

increased from two- to three-fold upon rigidification of the

plasma membrane [18]. These results indicate that expres-

sion of a relatively large number of cold-inducible genes is

controlled by membrane fluidity.

2.5. Fluidity feedback by desaturation of fatty acids

Three of the four genes for desaturases in Synechocystis

(desA, desB, and desD) are cold-inducible [32,38,39]. The

enhanced synthesis de novo of these three fatty-acid

desaturases under cold stress and the subsequent introduc-

tion of additional double bonds into the fatty-acyl chains of

membrane lipids are involved in the maintenance of

membrane fluidity in the liquid-crystalline phase and

prevent the membranes from undergoing phase transition

to the lethal gel phase [40]. The induction by low temper-

atures of the expression of genes for desaturases, to

compensate for a decrease in membrane fluidity, is a



Fig. 2. Desaturation of polar glycerolipids in cyanobacterial cells. (A) Desaturation in wild-type cells of Synechocystis is catalyzed by four acyl-lipid

desaturases, with formation of C18:4 fatty acid (left panel). Site-directed mutagenesis of the desA and desD genes (shown by daggers) prevents the synthesis of

polyunsaturated fatty acids and only mono-unsaturated fatty acids are produced (right panel). The molecular species of lipids in Synechocystis are mainly C18

with minor levels of C16 at the sn-1 position and C16:0 at the sn-2 position. Desaturation occurs exclusively at the sn-1 position. n=0, 1, 2, 3, 4 corresponds to

the number of double bonds in the fatty-acyl chains. (B) Desaturation in wild-type cells of Synechococcus is catalyzed only by the acyl-lipid D9-desaturase and

only mono-unsaturated fatty acids are produced (left panel). Transformation of this strain with the desA gene for the D12-desaturase of Synechocystis leads to

enhanced formation of di-unsaturated fatty acids (right panel). In Synechococcus, most of the molecular species are C16 with minor levels of C18 at the sn-1

position and C16:0 at the sn-2 position. Desaturation occurs at the sn-1 and sn-2 positions.
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widespread phenomenon that can be observed in almost all

taxa of poikilothermic organisms, from bacteria to plants,

fish, and animals [24,31,32,41,42].

Synthesis of unsaturated fatty acids to compensate for a

decrease in membrane fluidity at a low temperature was

demonstrated first in Escherichia coli [17] and the

phenomenon was designated bhomeoviscous acclimationQ.
More recently, the existence of a feedback loop between

membrane rigidification and the compensatory expression

of genes for desaturases was demonstrated by the chemical

hydrogenation of unsaturated fatty acids in the plasma-
membrane lipids of Synechocystis [1,3,38]. Palladium-

catalyzed saturation of a small portion of plasma-membrane

lipids at the optimal growth temperature caused the

immediate induction of the desaturases that desaturate fatty

acids in membrane lipids. These enzymes reversed the

chemically induced rigidification of membrane lipids and

returned them to their normal fluid state [3].

It is important to note that the cold-induced enhancement

of the expression of the genes for desaturases depends on

the extent of the shift in temperature and not on the absolute

temperature [3,38]. When cells acclimated to 36 8C are



Fig. 4. Transformation of Synechococcus sp. PCC 7942 with the desA gene

for the D12 desaturase of Synechocystis leads to enrichment of membrane

lipids with di-unsaturated fatty acids (A). The transformed cells, desA+, are

able to acclimate to low temperatures, in contrast to wild-type cells which

are unable to do so, as demonstrated by growth curves for wild-type and

transformed cells at 35, 25 and 20 8C (B). OD750—optical density of cells

measured at 750 nm.

Fig. 3. Site-directed mutagenesis of the desA and desD genes of

Synechocystis leads to enrichment of membrane lipids with mono-

unsaturated fatty acids (A). As a result, the membrane fluidity decreases,

as monitored by FTIR spectroscopy (B). The mutant strain desA�/desD� is

unable to acclimate to low temperatures, as demonstrated by growth curves

of wild-type and mutant cells at 35, 25 and 20 8C (C). OD750—optical

density of cells measured at 750 nm.
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transferred to various lower temperatures, the accumulation

of transcripts of genes for desaturases becomes apparent

only below 30 8C. However, when cells have been

acclimated to 32 8C, the accumulation of the transcripts

becomes apparent below 26 8C [38].

We might expect that the desaturation of fatty acids might

also compensate for the rigidification of membrane lipids in

cells exposed to hyperosmotic stress. However, genome-

wide analysis of transcription in Synechocystis, using DNA

microarrays, indicated that hyperosmotic stress does not

activate the transcription of genes for desaturases [43].

Nevertheless, in Bacillus subtilis, hyperosmotic stress

decreases the fluidity of cell membranes and subsequently

increases the levels of unsaturated fatty acids in membrane

lipids [44]. This phenomenon might be due to the enhanced

expression of the genes for desaturases, or to the activation of

desaturases. This problem requires further careful analysis.
In some bacteria, cis–trans isomerization of unsaturated

fatty acids plays an important role in the regulation of

membrane fluidity [45,46]. The conversion of cis-unsatu-

rated fatty acids to trans-unsaturated fatty acids apparently

occurs with considerable efficiency in the adaptation of

membrane fluidity to changes in the cellular environment

[47,48].

The transcriptional control of homeostasis in the unsatu-

ration of fatty acids and the fluidity of membrane lipids of

warm-blooded animals and humans has been also proposed

[23]. It has been suggested that membrane fluidity might be

regulated by changes in levels of oleate and polyunsaturated

fatty acids relative to the total level of fatty acids, as well as

by changes in levels of cholesterol relative to the total level

of lipids.

The expression of all the genes for the enzymes involved

in the biosynthesis of cholesterol is regulated at the

transcriptional level by a common mechanism [49,50].

The promoters of these genes contain sterol-responsive

elements (SREs) that bind transcription factors known as

SRE-binding proteins (SREBPs), as described in detail

elsewhere [23,51]. The promoters of several genes for

enzymes involved in fatty acid biosynthesis, such as acetyl-

CoA-carboxylase, fatty acid synthase, and stearoyl-CoA-

desaturase, also contain SRE-like elements and some

SREBPs specifically activate the biosynthesis of fatty acids

[23]. Thus, the biosynthetic pathways for the synthesis of



Table 1

Genes that are induced by cold in cyanobacteria

Gene Gene product Cyanobacterium

Genes for desaturases

desA D12 desaturase Synechocystis sp. PCC 6803

Synechocystis sp. PCC 6714

Synechococcus sp. PCC 7002

Spirulina platensis

desB D3 desaturase Synechocystis sp. PCC 6803

Synechococcus sp. PCC 7002

desC D9 desaturase Synechococcus sp. PCC 6301

Synechococcus sp. PCC 7002

Synechococcus vulcanus

desD D6 desaturase Synechocystis sp. PCC 6803

Spirulina platensis

Genes for RNA-binding proteins

rbpAl RNA-binding protein (Rbpl) Synechocystis sp. PCC 6803

Anabaena variabilis M3

rbpA2 RNA-binding protein (Rbp2) Anabaena variabilis M3

rbpA3 RNA-binding protein (Rbp3) Anabaena variabilis M3

rbpB RNA-binding protein (RbpB) Anabaena variabilis M3

rbpC RNA-binding protein (RbpC) Anabaena variabilis M3

rbpF RNA-binding protein (RbpE) Anabaena variabilis M3

rbpF RNA-binding protein (RbpF) Anabaena variabilis M3

crhB RNA helicase (CrhB) Anabaena sp. PCC 7120

crhC RNA helicase (CrhC) Anabaena sp. PCC 7120

deaD RNA helicase (DeaD) Synechocystis sp. PCC 6803

Genes for caseinolytic proteases

clpB Molecular chaperone (ClpB) Synechococcus sp. PCC 7942

clpPl Protease (ClpP) Synechococcus sp. PCC 7942

clpX Unknown Synechococcus sp. PCC 7942

Genes for ribosomal proteins

rpsU 30S ribosomal subunit (S21) Anabaena variabilis M3

rpsl2 30S ribosomal subunit (S12) Synechocystis sp. PCC 6803

rps13 30S ribosomal subunit (S13) Synechocystis sp. PCC 6803

rpl1 50S ribosomal subunit (L1) Synechocystis sp. PCC 6803

rpl3 50S ribosomal subunit (L3) Synechocystis sp. PCC 6803

rpl4 SOS ribosomal subunit (L4) Synechocystis sp. PCC 6803

rpl11 SOS ribosomal subunit (L11) Synechocystis sp. PCC 6803

rpl2(j 50S ribosomal subunit (L20) Synechocystis sp. PCC 6803

rpttl 50S ribosomal subunit (L2I) Synechocystis sp. PCC 6803

rpl23 50S ribosomal subunit (L23) Synechocystis sp. PCC 6803

fus Elongation factor EF-G Synechocystis sp. PCC 6803

Genes for other proteins

rpoA a subunit of RNA polymerase Synechocystis sp. PCC 6803

rpoD j70 factor of RNA polymerase Synechocystis sp. PCC 6803

cbiM Cobalamin biosynthetic prot. Synechocystis sp. PCC 6803

cytM Cytochrome cM Synechocystis sp. PCC 6803

ndhC NADH dehydrogenase

subunit 3

Synechocystis sp. PCC 6803

ndhD2 NADH dehydrogenase

subunit 4

Synechocystis sp. PCC 6803

ndhD6 NADH dehydrogenase

subunit 6

Synechocystis sp. PCC 6803

folE GTP cyclohydrolase I Synechocystis sp. PCC 6803

Ssl1633 CAB/ELIP/FLIP superfamily Synechocystis sp. PCC 6803

hliA High light-inducible protein Synechocystis sp. PCC 6803

Genes for proteins of as yet unknown function

slr1544 Synechocystis sp. PCC 6803

slr0082 Synechocystis sp. PCC 6803

Table 1 (continued)

Gene Gene product Cyanobacterium

Genes for proteins of as yet unknown function

sll0551 Synechocystis sp. PCC 6803

sll0668 Synechocystis sp. PCC 6803

slr1974 Synechocystis sp. PCC 6803

slr0955 Synechocystis sp. PCC 6803

The complete list of genes is available on the internet at http://

www.genome.ad.jp/keg/expression.
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cholesterol (a membrane rigidifier) and oleate (a membrane

fluidizer) are interrelated. In mammalian cells, chemical

fluidizers of membranes induce the synthesis of cholesterol

[52,53], as predicted by the hypothesis of bhomeoviscous

acclimationQ which was proposed initially for bacteria and

plants. The existence of a sensor of the fluidity of plasma

membranes in animals has been predicted [23], but such a

sensor has not yet been identified. Nevertheless, in animals,

changes in membrane fluidity do affect the activities of G

proteins, which are components of signal-transduction

systems, such as those involved in photoreception, taste,

and olfaction [21], and are linked to transmembrane

receptors. It has been demonstrated that the fluidization of

membrane lipids can activate heterotrimeric G proteins

directly on the cytosolic face of the plasma membrane.
3. Perception of low temperature

3.1. Cold-inducible genes in cyanobacteria

There are several comprehensive reviews of the

responses of cyanobacteria to cold stress [1,2,31,32,54]. It

has been proposed that cold-inducible genes can be grouped

into six categories, as follows: (1) genes for fatty acid

desaturases that are responsible for adjustments in mem-

brane fluidity; (2) genes for RNA-binding proteins (Rbps)

that, probably, serve as RNA chaperones similarly to the

Csp proteins of E. coli and B. subtilis; (3) genes for RNA

helicases that destabilize the secondary structures of

mRNAs, thereby overcoming inhibition of the initiation of

translation at low temperatures; (4) genes for ribosomal

proteins, an excess of which is necessary for acclimation of

the translational machinery to cold; (5) genes for casein-

olytic proteases that participate in the renewal of Photo-

system II; and (6) various other genes that do not fall in any

of the other five categories. The availability of genome-wide

DNA microarrays of Synechocystis has provided new

opportunities for studies of responses of the entire genome

to cold stress [55]. The expression of close to 50 genes is

strongly induced in Synechocystis under cold stress (Table

1). In addition to the abovementioned groups, some other

important genes appear to be induced at low temperatures,

namely, the rpoA gene for RNA polymerase; the sigD gene

for sigma factor D; the fus gene for elongation factor EF-G;

the hliA, hliB, and hliC genes that encode high light-

http://www.genome.ad.jp/keg/expression
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inducible proteins, which are involved in the regulation of

photosynthesis; the ndhD2 gene for subunit 4 of NADH

dehydrogenase; the cytM gene for an alternative form of

cytochrome c; several genes that are expressed in response

to oxidative stress; and several genes for proteins of as yet

unknown function (Table 1). Thus, it is evident that cold

stress enhances the expression of many genes whose

products control membrane fluidity, transcription, trans-

lation, and the energy status of the cell.

3.2. A sensor of cold stress in cyanobacteria

The cold sensor histidine kinase 33 (Hik33) was

originally identified in Synechocystis as a regulator of the

cold-inducible expression of the desB gene, which encodes

the N3 desaturase, after random mutagenesis of a strain that

carried a reporter gene in which the desB promoter had been

fused to the gene for a bacterial luciferase and targeted

mutagenesis of almost all the genes for histidine kinases in

this organism [56,57]. Subsequent analysis of the genome-

wide pattern of gene expression using DNA microarrays

demonstrated that Hik33 regulates the expression of 28 of

the 45 cold-inducible genes [55].

The amino acid sequence of the Hik33 sensory histidine

kinase contains several conserved domains, namely, a type-

P linker [58], a leucine zipper and a PAS domain [59] (Fig.

5A). The type-P linker consists of two helical regions, in

tandem, that transduce stress signals via intramolecular

structural changes, which occur as a result of interactions

between the two helical regions and lead to intermolecular

dimerization of the protein [58,60,61]. The PAS domain

senses oxidative stress [59], which might accompany cold

stress shortly after a drop in temperature [62,63]. Several of

the genes that are induced by oxidative stress are also

induced by cold stress in Synechocystis (Table 1). This

observation suggests that cells might experience oxidative

stress at the early stages of cold stress. However, our results

with DNA microarrays indicate that Synechocystis perceives

oxidative stress and cold stress as two distinctly different

signals (our unpublished results). The structural features of

Hik33 suggest that cold stress might promote a conforma-

tional change in the type-P linker, with the subsequent

activation of Hik33 as a result of dimerization of the protein

(Fig. 5B) [2]. Thus, cold stress might trigger the dimeriza-

tion of Hik33.

There are two transmembrane domains in the amino-

terminal region of Hik33 (Fig. 5) [53]. The results of

analysis by FTIR spectroscopy [14,18] strongly suggest that

Hik33 might recognize a change in membrane fluidity at

low temperatures [2]. This possibility was tested by

mutation of the hik33 gene in desA�/desD� cells. In the

resultant desA�/desD�/hik33� mutant cells, the expression

of Hik33-regulated genes (hliA, hliB, and sigD) was no

longer inducible by cold [18]. Thus, it appears that Hik33

perceives a decrease in membrane fluidity as the primary

signal of cold stress. Membrane fluidity depends, in its turn,
on the extent of fatty acid unsaturation. It is possible that the

cold-induced rigidification of the plasma membrane might

lead to dimerization and the auto-phosphorylation of Hik33.

However, the exact way in which Hik33 perceives changes

in membrane fluidity at the submolecular level remains to be

clarified.

In B. subtilis, the histidine kinase DesK was identified as

a cold sensor that regulates the cold-inducible expression of

the des gene for the D5 desaturase (Fig. 5C) [64].

Resembling Hik33, DesK is a membrane-bound sensor.

Each monomer of DesK has four transmembrane domains

and a histidine kinase domain. However, in contrast to

Hik33, DesK lacks PAS and leucine zipper domains.

The desK gene forms an operon with the desR gene,

which encodes a response regulator that binds specifically to

the promoter region of the gene for the DesK desaturase.

Induction of expression of the desaturase in B. subtilis by

the DesK–DesR two-component system is inhibited by the

addition of exogenous unsaturated fatty acids or isoleucine

[30,64]. This observation suggests the presence of a

feedback loop between the function of the sensor and the

extent of fatty acid unsaturation. However, the actual signal

that is perceived by DesK upon cold shock remains to be

identified. It should be noted that the Desk–DesR two-

component system regulates the cold-inducible expression

of the des gene for the D5 desaturase while, by contrast, the

cyanobacterial Hik33 sensor regulates the expression of

approximately 30 cold-inducible genes.

3.3. Cold-inducible gene expression in plants

Large numbers of cold-inducible genes have been

identified in plants [62,63,65–79]. These genes include

genes for fatty acid desaturases [36,42,80], confirming the

key role of the desaturation of fatty acids in membrane lipids

in the regulation of membrane fluidity and the acclimation

of plants to low temperatures, as postulated above

[1,29,31,81,82].

In Arabidopsis thaliana, DNA microarray analysis of the

expression of 8000 genes revealed that the expression of

218 genes is induced by cold [63]. These genes could be

classified into several groups, such as genes for transcription

factors, signal transducers, transporters, enzymes involved

in the synthesis of cell walls and enzymes involved in the

response to oxidative stress.

3.4. Cold sensing in plants

The discovery of the CBF cold-regulation pathway in

plants led to further progress in the characterization of

transduction of the low-temperature signal [70,71,79,83–

88]. An analysis of the transcriptional control of two cold-

inducible genes (rd29A and cor15a) in A. thaliana led to the

identification of a cold-responsive element, the CRT/DRE

[(C-repeat)/(dehydration-responsive element)], in their pro-

moters [71]. Members of a family of AP2-domain tran-



Fig. 5. A hypothetical scheme for the structure and activation of cold-sensing histidine kinases. (A) Domain structure of Hik33 of Synechocystis. TM1 and

TM2, transmembrane domains 1 and 2; Linker, type-P linker; Leu, leucine zipper; PAS, PAS domain. (B) Hypothetical scheme for the activation of Hik33 upon

a decrease in temperature. A decrease in temperature rigidifies the membrane, leading to compression of the lipid bilayer (shown by arrows). This compression

forces the membrane-spanning domains to move closer together, changes the linker conformation, and leads finally to dimerization and auto-phosphorylation of

the histidine kinase domains. (C) The activation of DesK of B. subtilis at low temperatures. Each monomeric subunit of DesK has four distinct transmembrane

domains. Phosphorylation might occur upon rigidification of the cytoplasmic membrane and movement of the transmembrane domains closer together, as in the

case of Hik33.
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scription factors, namely, DREB1 (DRE-binding protein)

and CBF (CRT-binding factor), bind to the CRT/DRE

element and activate transcription [70–72,89]. Expression of

the genes for these transcription factors was induced rapidly

upon cold treatment of plants. Moreover, at normal temper-

atures, the overexpression of CBF1, CBF2, and CBF3 in

transgenic Arabidopsis enhanced the expression of 41

genes, 30 of which had been identified as cold-inducible

genes in wild-type plants [63]. Thus, CBF transcription
factors might regulate the expression not only of cold-

inducible genes but also of genes whose expression is

induced by other signals. By contrast, some of the cold-

inducible genes did not appear to be under the control of the

CBF pathway, suggesting that some other regulatory system

might exist for the cold-inducible regulation of approx-

imately 60 genes [63].

Despite the accumulation of important data about the

transduction of cold signals, little is known about cold
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sensors in plants. The experiments that demonstrated the

induction of the expression of genes for desaturases (see

above) and the experiments with fluidizers and rigidifiers of

membrane lipids [66,69,90,91] suggest that membrane

rigidification might be involved in the perception of cold

signals. However, the actual sensors of low temperature in

plants remain to be identified.

In the mammalian nervous system, Ca2+-permeable

channels have been identified as cold sensors [92–96].

Calcium ions play important regulatory roles as second

messengers in many signal-transduction pathways [97–99].

The rapid influx of Ca2+ ions into plant cells under cold

stress [100,101] suggests that Ca2+ channels or some non-

specific ion channels might function as cold sensors in

plants [101,102]. However, direct experimental evidence is

required to confirm this hypothesis.
4. Perception of high temperature

Heat stress increases membrane fluidity [5,19]. If a cold

sensor is activated by rigidification of the plasma membrane

[2,3,56], it is reasonable to predict that a putative heat sensor

in the membrane might be activated by membrane fluid-

ization. However, no membrane-located candidate for a heat

sensor has been identified to date. Nevertheless, it has been

demonstrated that, in Saccharomyces cerevisiae, genetic

enhancement of the extent of saturation of fatty acids in

plasma-membrane lipids enhances the expression of the gene

for heat-shock protein 90 (Hsp90) [4]. It appears that, in the

yeast cells, the expression of the heat-shock gene depends on

the fluidity of the membrane [4,19]. Evidence to support this

possibility was obtained in studies of the responses of

Synechocystis cells to heat shock [5,103]. At the normal

growth temperature, the membrane fluidizer benzyl alcohol

activated transcription of the hspA gene as efficiently as heat

stress. However, other studies do not support the putative

involvement of membrane fluidity in heat-induced gene

expression. Replacement of polyunsaturated fatty acids by

mono-unsaturated fatty acids in the membrane lipids of

Synechocystis by site-directed mutagenesis [35] (Fig. 3) did

not affect the heat-induced expression of genes [18]. More-

over, we observed that benzyl alcohol and heat treatment

each induced an essentially different set of genes. Genes

whose expression was induced by both the fluidizer and heat

treatment comprised a group that included genes whose

expression is induced by various kinds of stress, such as heat,

salt, and hyperosmotic stress. These genes are so-called heat-

shock genes, namely, hspA, cplB, htpG, dnaJ, dnaK2,

groESL and cpn60 (representing a group of chaperonins),

sodB, sigB, and some other genes that are affiliated with

different classes of metabolic and regulatory genes. These

findings suggest that treatment with benzylalcohol is not a

substitute for heat shock. Thus, sensing of heat via the

detection of increases in membrane fluidity remains a

controversial issue.
In E. coli, the heat signal is transduced, in part, via the

CpxA–CpxR two-component system [104–107]. CpxA is a

histidine kinase that contains two transmembrane regions

and CpxR is a response regulator of heat-inducible genes

[108–110]. The activity of CpxA is influenced by the

composition of membrane lipids [111], suggesting that this

sensor might perceive changes in membrane fluidity. This

regulatory system has, however, been found only in E. coli,

Salmonella typhi and Yersinia pestis and it has not been

found in any other bacteria examined to date [112]. Thus,

these organisms may have heat sensors that differ from

CpxA in terms of primary structure and, possibly, in terms

of the nature of signal perception.

A histidine kinase, HsfA, and a response regulator, HsfB,

were recently identified in Myxococcus xanthus as compo-

nents of a heat-transducing system [113]. HsfA appears to

be a soluble protein with a phosphate-receiver domain and,

thus, it is likely to be a transducer rather than a heat sensor

[113]. A heat-sensitive transient receptor potential channel

has been represented as a heat sensor in mammalian

keratinocytes [96,114], but no heat sensors have yet been

identified in any photosynthetic organisms.
5. Perception of osmotic stress

5.1. Hyperosmotic stress-induced gene expression

An increase in extracellular osmolarity causes the

outward movement of water from cells, decreasing the

cytoplasmic volume and cell turgor and, ultimately, induc-

ing plasmolysis [7]. Studies of the expression of genes in

response to hypertonic stress have focused mainly on

bdefense genesQ that ensure the synthesis of compatible

solutes, such as proline, glycine betaine, trehalose, and

sucrose [7,8].

Our recent analysis of genome-wide patterns of tran-

scription indicated that the expression of 257 genes is

induced upon exposure of Synechocystis cells to hyper-

osmotic stress [43]. The products of these genes are

responsible for the synthesis of components of cell walls

and membranes and the phosphate-transport system. The

gene products also include regulators of photosynthesis,

signal transduction, gene expression and protein turnover,

and they catalyze the synthesis of glucosylglycerol, the main

compatible solute in Synechocystis [115,116]. Similar

phenomena have been observed in studies of genome-wide

transcriptional responses to hyperosmotic stress in yeast

[117–120]. Moreover, in both Synechocystis [43] and yeast

[8], a relatively small number of genes is induced by

hyperosmotic stress specifically. Most of the genes induced

by hyperosmotic stress are also induced by other kinds of

stress, such as cold, heat, salt, and strong light [18,43,55,

121–124]. Among the entire complement of hyperosmotic

stress-inducible genes, quite a substantial number of genes

encode proteins of as yet unknown function. At present, it is
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difficult to conclude anything about the roles of these genes

in acclimation to hypertonic stress. Further investigations

with genetically engineered mutants are necessary if we are

to elucidate the roles of these genes in the responses of cells

to hyperosmotic stress.

5.2. Sensors of hyperosmotic stress

In E. coli, a membrane-integrated histidine kinase, EnvZ,

is a putative osmosensor that perceives hyperosmotic stress

and transmits the signal to induce the expression of

hyperosmotic stress-inducible genes [10,125]. EnvZ regu-

lates the expression of the omp genes that encode outer-

membrane porins [126].

Application of membrane fluidizers, such as procaine

and chlorpromazine, stimulates the phosphorylation of

EnvZ and the transfer of a phosphate group to the response

regulator OmpR [9,127–129]. These findings suggest that

the activity of the osmosensor might be regulated by

changes in the physical state of membrane lipids.

In Lactococcus lactis, OpuA, an osmoregulated trans-

porter of quaternary ammonium compounds, has the

properties of an osmosensor and an osmoregulator, and it

plays a key role in the protection of L. lactis from

hyperosmotic stress [130,131]. Reconstitution of an active

OpuA system in artificial membrane vesicles composed of

phospholipids demonstrated that OpuA is both essential and

sufficient for the hyperosmotic activation of the uptake of

glycine betaine by bacterial cells. The application of

cationic (tetracaine and chloropromazine) and anionic

(dipyrimidole) amphipathic molecules, which interact with

the charged head groups of phospholipid molecules and

alter the physical properties of phospholipid membranes,

activated OpuA under iso-osmotic conditions to the same

extent as the activation observed under hyperosmotic

conditions, suggesting strongly that changes in the fluidity

of membrane lipids lead to the activation of OpuA [130].

The osmosensing systems and transduction of osmotic

signals in yeast were reviewed by Hohmann in 2003 [8].

Cells of S. cerevisiae have two membrane-integrated

proteins, Sho1p and Sln1p, which are putative hyper-

osmosensors. Sho1p has four transmembrane domains and

an SH3 domain for protein–protein interactions at its

carboxyl terminus but it lacks kinase and phosphatase

regulatory domains [132]. Thus, it is unlikely that Sho1p

itself is a sensor of hyperosmolarity. However, it might

operate in association with some other sensing protein(s),

which has not yet been identified. Sln1p is a histidine kinase

with a response-regulator domain and two transmembrane

domains, and its role as a sensor of hyperosmolarity is well-

documented [133,134]. This sensor activates the high

osmolarity glycerol (HOG) MAP kinase pathway for the

expression of genes for the synthesis of glycerol, which is a

major compatible solute in S. cerevisiae [8,135]. It remains

to be determined whether sensing of hyperosmolarity by

Sln1p is modulated by membrane fluidity. At present, we
can only postulate that this transmembrane sensory protein

might perceive membrane rigidification or mechanical stress

during the cell shrinkage that occurs as a result of the efflux

of water under hyperosmotic stress.

One problem associated with studies of Sln1p in yeast is

that cells were exposed to hyperosmotic stress via addition

of NaCl to the culture medium [8,119,136]. However, NaCl

has two kinds of effect on cells: it can induce hyperosmotic

stress and it can induce ionic stress [137]. In Synechocystis,

salt stress due to 0.5 M NaCl and hyperosmotic stress due to

0.5 M sorbitol induce the expression of very different sets of

genes [43]. These observations imply that salt stress and

osmotic stress might be sensed by different sensor mole-

cules, although the existence of common sensors cannot yet

be excluded.

Genome-wide analysis of transcription in Synechocystis

with DNA microarrays indicated that Hik33, which was

identified originally as a cold sensor (see above), controls

the inducibility by hyperosmotic stress of nearly 60% of

hyperosmotic stress-inducible genes [122]. Hik33 controls

the expression of genes whose products are involved in the

synthesis and maintenance of cell walls and membranes, in

formation of a phosphate-transport system, in protection of

the photosynthetic apparatus, and in certain other phenom-

ena that are important for acclimation to hyperosmotic

stress. In particular, Hik33 controls the osmostress-inducible

expression of the ndpK gene for nucleoside-diphosphate

kinase, which catalyzes the synthesis of nucleoside triphos-

phates and acts as a regulator of signal transduction via the

histidine-specific phosphorylation of the osmosensors EnvZ

and CheA [138–140]. It is very likely that Hik33 recognizes

changes in membrane fluidity as the primary signal of both

cold stress and hyperosmotic stress. However, details of the

molecular mechanism of signal perception remain to be

clarified.

The histidine kinase AtHK1 of Arabidopsis can comple-

ment mutations in the osmosensor Sln1p in S. cerevisiae.

Therefore, it is likely that AtHK1 is a plant hyperosmo-

sensor [141]. Such complementation implies that this

histidine kinase from Arabidopsis can substitute for the

osmosensor in yeast and can efficiently transduce a signal to

a downstream MAP-kinase cascade. At present, AtHK1 is

the only putative osmosensor identified in plants. The

molecular mechanisms of osmosensing in plants remain

unknown and further detailed investigations at the sub-

molecular level are required in view of the importance to

agriculture of plants that can withstand environmental stress.

5.3. Sensors of hypoosmotic stress

The molecular mechanisms by which cells perceive

hypoosmotic stress are poorly understood. Research in this

field has focused mainly on volume-regulated or stretch-

activated channels, which were identified many years ago in

biophysical and physiological studies of mammalian and

bacterial cells. Such channels are thought to play a role in
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the regulation of cell volume by controlling the export of

solutes and ions from the cell. The best-studied system is the

bacterial MscL (mechanosensitive channel of large con-

ductance) [6,142,143]. This protein mediates the non-

selective export of solutes from bacterial cells upon their

exposure to severe hypoosmotic shock [144,145]. Modeling

based on the crystal structure of MscL [146], as well as

results of cross-linking and mutagenesis experiments,

supports a two-stage model of channel opening, which

leads to an increase in pore diameter of 1–13 2. In this

model, membrane tension leads to a conformational change

from a closed conformation to a closed-expanded and

eventually open conformation, in which certain transmem-

brane helices are twisted dramatically within the membrane

[6,144,145,147].

Our recent studies of the MscL of the freshwater

cyanobacterium Synechocystis revealed that this protein

might sense not only membrane hypertension but also the

membrane depolarization that occurs under cold stress

[148]. In addition to the role of MscL in the regulation of

cell volume, as postulated in E. coli [149–151], the

cyanobacterial MscL functions as an outward Ca2+ channel

in response to cold stress [148].

A functional (as distinct from structural) homolog of the

bacterial MscL in yeast is the channel protein Fps1p

[152,153]. Several possibilities for the functions of Fps1p

have been proposed. The regulatory domain of Fps1p might

fold so that it closes the channel, as in the case for the gated

K+ channels in animal cells [93,154]. Alternatively, exten-

sion of the protein might help to orient the Fps1p

transmembrane domains in the membrane such that they

are specifically sensitive to membrane stretching, as is the

case for MscL [144,155]. To date, all attempts to identify

proteins that interact with Fps1p have failed [8]. Further

studies of possible sensors will require defined systems in

vitro, composed of purified proteins. The power of such

systems became evident recently, when it was demonstrated

that the activity of BetP, an osmoregulated betaine-carrier in

Corynebacterium glutamicum, was regulated by the internal

concentration of K+ ions rather than by mechanical stimuli.

Hence, this protein functions as a chemosensor, with K+

ions acting as the concentration-dependent second messen-

ger that transduces the signal of cell shrinkage [156]. A

similar mode of regulation has been proposed for KdpD in

the two-component sensor of K+ status in E. coli [7].

At present, there is no direct evidence of changes in

membrane fluidity upon exposure of cells to hypotonic

stress. Therefore, the involvement of membrane fluidity in

the regulation of a cell’s response to hypotonic stress

remains the focus of assumptions and speculation.
6. Multifunctional sensors

There appears to be substantial cross-talk among

regulatory pathways that control the responses to various
kinds of stress and hormonally regulated cascades

[2,62,122,157–164]. It is now clear that different environ-

mental stimuli can be perceived by common sensory

proteins. For example, the histidine kinase Hik33 of

Synechocystis was first identified as a component of a

system that endows resistance to drugs that inhibit photo-

synthesis [165]. We subsequently characterized Hik33 as a

cold sensor that appears to perceive membrane rigidification

under cold stress [56,57]. Then Hik33 was found to be

involved in the sensing of hyperosmotic stress [122] and of

salt stress [124]. Studies with DNA microarrays indicate

that Hik33 controls different sets of genes under different

kinds of stress. The mechanism(s) by which Hik33

recognizes cold stress, salt stress, and osmotic stress are

still in question. It is likely that Hik33 perceives changes in

membrane fluidity that occur under cold stress and hyper-

osmotic conditions [2,18,164]. It remains unclear whether

changes in the physical motion of fatty acids in membrane

lipids or changes in the surface charges of membrane lipids

alter the conformation of Hik33, with its resultant activation

[2]. Our recent observation that cold stress causes depola-

rization of the plasma membrane [148] does not exclude the

possibility of the involvement of surface charge. Sln1p in

yeast, which was characterized initially as an osmosensor, is

also involved in perception of oxidative stress and heat

stress [117,118,166–168].

The existence of multifunctional sensors has been

discussed in plants [62]. Cold, drought, and salinity induce

a transient influx of Ca2+ ions into the cytoplasm of plant

cells [169,170]. Therefore, it has been suggested that Ca2+

channels might be multifunctional sensors that sense stress-

induced perturbations in plasma membranes, which might

include changes in the fluidity of membrane lipids [69,91].

The existence of sensors that perceive a variety of signals

related to environmental conditions is an intriguing discov-

ery. Considering membrane fluidity as the key parameter

that allows cells to perceive environmental signals appro-

priately, we can conclude that there might be sensors that

perceive changes in the physical state of the membrane, no

matter what the nature of the stress that is responsible for the

perturbations within the membrane. Such sensors should be

bound to membranes or, at least, associated with membranes

as are, for example, Hik33, Sln1p, and mechanosensitive

Ca2+ and K+ channels.
7. Conclusions and perspectives

It has been postulated that a change in membrane fluidity

might be the primary signal in the perception of cold stress

and, possibly, of osmotic stress. However, the molecular

mechanisms that control perception and transduction of

these signals via membranes have not been fully charac-

terized. The availability of the complete genomic sequences

of many organisms and DNA microarrays provide powerful

new tools for the study of genome-wide expression of
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individual genes and for the identification of groups of

genes that are induced specifically and non-specifically

under certain stress conditions. Such analyses also allow us

to identify the sensors and transducers of various types of

environmental stress.

It is very likely that the rigidification of membrane lipids

at low temperatures and under hyperosmotic stress is the

primary trigger for the corresponding acclimatory responses

in cells. In cyanobacteria, Hik33 perceives these changes.

However, an additional cold sensor probably exists since not

all of the cold-induced genes in cyanobacteria are controlled

by Hik33 and, therefore, by membrane fluidity [55]. The

involvement of membrane fluidity in the perception of heat

stress remains controversial [5,18]. More precise investiga-

tions are necessary if we are to understand how membrane

fluidity contributes to the perception of temperature and

other environmental signals.

It is possible that some common sensor(s) (such as

Hik33) recognizes the rigidification of membrane lipids

irrespective of the nature of the stimulus (for example, cold

stress, hyperosmotic stress, or salt stress). We do not yet

know how sensory transmembrane proteins recognize a

change in the membrane’s physical state, nor do we know

what distinct domains and amino acids are involved in

signal perception. It is essential that efforts now be made to

identify specific lipids or lipid domains that interact with

each sensor and that participate in the modulation of its

conformation and/or activity. When we understand how

organisms respond to environmental stresses, we shall be in

a better position to protect economically important plants

and animals from such stresses.
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