Biophysical
Chemistry

ELSEVI Biophysical Chemistry 89 (2001) 13-24

www.elsevier.nl/locate/bpc

Re-evaluation of osmotic effects as a general adaptative
strategy for bacteria in sub-freezing conditions

Carol A. Mindock®, Mayya A. Petrova®, Rawle 1. Hollingsworth***

 Department of Biochemistry, Michigan State University, East Lansing, MI 48824-1319, USA
bDepartment of Chemistry, Michigan State University, East Lansing, MI 48824-1319, USA
‘MSU / NSF Center for Microbial Ecology, Michigan State University, East Lansing, MI 48824-1319, USA

Received 8 June 2000; received in revised form 19 September 2000; accepted 25 September 2000

Abstract

We studied the molecular mechanisms of adaptation of a Siberian psychrophilic bacterial strain. Upon adaptation
to 4°C from 24°C, the major changes observed were in the membrane and cell surface chemistry. There was no
evidence for the formation of so-called ‘compatible metabolites’ that are thought to be responsible for the survival at
very low to sub-freezing temperatures. The membrane fatty acids were shorter with an increased amount of
unsaturation in the 4°C cells compared to the 24°C cells. The absence of a significant amount of phosphorylation in
the membrane lipids at 4°C compared to the levels at 24°C was another significant difference. At 4°C, the cell size
was reduced in volume by a factor of ~ 14 compared to its size at 24°C. The polar polysaccharide capsular layer was
also significantly reduced. There were no significant changes in the protein profiles indicating that antifreeze proteins
were not being produced. The results obtained here are consistent with observations and established theories and
principles on and about the behavior of water in confined spaces. These indicate that ordering effects, surface charge
and polarity are the key determinants of the freezing point and the type of ice structure that will be formed when
water is confined to an area of the size of a bacterial cell. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The processes bacteria use to allow them to
survive and function at close to freezing tempera-
tures and below is a mystery that has fueled much
interest and spawned several theories. It is gener-
ally believed that there are two major physical or
physico-chemical threats that the bacterium needs
to respond to in these temperatures regimes. The
first is ice formation within the cell which might
lead to cell lysis because of the volume increase
on expansion of water as ice is formed. The
second is the increased salinity outside the cell as
ice formation leads to the separating out of pure
water (as ice) and a corresponding increase in salt
concentration leading to an osmotic gradient
across the cell membrane. It is thought that a
general mechanism to counteract both of these
phenomena would be an increase of solute con-
centration inside of the bacterial cell. The gener-
ally accepted adaptative response is an increase
in the intracellular amounts of certain
metabolites, especially glycine betaine, glycerol,
mannitol, and sorbitol both as cryo-protectants
and as osmolytes [1-3].

The underlying assumption in the popular the-
ory on how bacteria adapt to sub-freezing condi-
tions is that water in the confined spaces of a cell
has the same physico-chemical properties of bulk
water. Contrary to this notion, it is a well es-
tablished fact that water in confined spaces (such
as in a bacterial cell) has very different properties
to those of bulk water. At the heart of this are the
ordering effects some surfaces have on adsorbed
water. When in close proximity to an ordered
surface, water can become highly ordered and, as
a result, have a lower freezing point, altered ionic
solubilities, increased viscosity, and reduced di-
electric constants compared to bulk water [4-10].
This ordering effect can extend as far as 1 pm
from the surface [5,7]. The typical bacterial cell is
only a few microns in its smallest dimension and
its interior is, therefore, a highly confined space.
Because of the profound effects of surfaces on
the physical properties of water and on the phase
transition between liquid water and ice, the dis-
cussion of low temperature adaptation and freeze
resistance of bacteria is one of the properties of

confined water and not of the bulk properties of
water.

The freezing point of water is a function of the
structure of the ice that will be formed. When
bulk water freezes it typically forms a crystalline
ice having a hexagonal packing arrangement (ice
I,). This is the most stable form of ice. The
situation with ice formation on surfaces is differ-
ent. When ice films are deposited at temperatures
below 120°K on ultra-clean platinum surfaces,
this non-charged ordered surface causes a net
alignment of the water molecules resulting in
polarization of the ice. This form of ferroelectric
ice is called ice XI, and unlike the ice formed in
bulk water is amorphous rather than crystalline in
nature [11-15]. Several groups have shown that
the ability to form ice on a surface, as well as the
structure of ice formed, is dependent upon the
characteristics of that surface. The ice crystal
structures formed in various porous sol-gel silicas
and ordered aluminosilicates was shown to be
highly influenced by the pore size, pore shape,
filling factor, and thermal history. Also, the neu-
tron diffraction patterns often indicated the pres-
ence of a hybrid having both cubic (a metastable
form of ice) and hexagonal ice characteristics [16].

Self-assembled amphiphilic systems such as
long-chain alcohol’s are good model systems for
studying the effects of biomembranes on ice-for-
mation. The ability of self-assembled amphiphilic
alcohols to cause ice nucleation was found to be
dependent on the aliphatic chain length. It was
found that the longer chain alcohols form more
crystalline monolayers and caused ice nucleation
at higher temperatures than the shorter chain
alcohols. Short chain alcohols have a higher de-
gree of tilt away from the surface plane and are
much more fluid, which decreases the tempera-
ture at which they cause ice nucleation. The
freezing point of water in contact with functional-
ized hydrocarbon layers with 14-16 carbons in
the chain was found to be —14°C [17]. Mixtures
of chain lengths have even lower freezing point
depression effects.

As discussed above, the ordering of water on a
surface, especially an ordered, non-polar hydro-
carbon, can dramatically reduce the tendency of
water to freeze thus, affording a high level of
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cryoprotection. Quite apart from depressing the
freezing point of water, a highly ordered water
surface has reduced solvent properties for salts
and metabolites. This effectively forces solutes
away from the surface and (in the case of a cell)
towards the center causing an artificially high
solute concentration there. There are, therefore,
two water phases within the cell. The water layer
near the surface is highly ordered and therefore,
has a lower freezing point. The water in the
middle has a very high solute concentration and
also has a lower freezing point due to colligative
effects. The various alterations in bacterial cell
surface chemistry, especially at the level of the
membrane lipids can thus play key roles in sur-
vival of cells at sub-freezing temperatures. The
foregoing discussion also indicates that the pro-
duction of osmolytes might not necessarily be an
appropriate response.

In this report, we study the molecular mecha-
nisms of low temperature adaptation in a psy-
chrophilic bacterial strain. The organism was
isolated from a permafrost sediment core of age
60—-100 thousand years from the Siberian tundra
zone on Kolyma-Indigirka Lowland (152-162°E
and 68-72°N). Soil temperatures in this region
are typically below —10°C. We conclude that
during low temperature adaptation, changes in
membrane chemistry and no increase in osmolyte
concentrations are important for adaptation.

2. Materials and methods
2.1. Isolation and culture

The core sample was obtained by rotary drilling
without any solution or chemical reagents, and
the extracted core temperature was no higher
than —7°C. Using the previously described meth-
ods of sampling, storage, transportation, and con-
tamination control [18], it was shown that the
micro flora in the samples were native and not
the result of contamination. The organism stud-
ied (designated 45-3) was isolated from a sample
at a core depth of 4.0 m. The bacterium was a
Gram positive, existed as rods and V-forms in
young cultures and coccus type in old cultures.

Based on its morphological properties and 16S
rRNA sequence it was classified as an Arthrobac-
ter sp. (Jim Tiedje, Center for Microbial Ecology,
Michigan State University, Michigan; personal
communication). For the adaptation studies, the
strain was cultured in trypticase soy broth, shak-
ing at moderate speeds at 4 and 24°C, but was
metabolically active at temperatures well below
4°C.

2.2. NMR spectroscopy

Nuclear magnetic resonance (NMR) spectra
were recorded on a Varian VXR-500 spectrome-
ter (500 MHz). Chemical shifts for samples in
d,-methanol are quoted relative to the proton
resonances at 4.78 and 3.30 ppm, and for samples
in D,O relative to the proton resonance at 4.65
ppm. For the double quantum filtered-correlated
spectroscopy (DQF-COSY) experiments, a total
of 256 data sets with 24 transients at 2048 points
each were acquired. The total correlated spec-
troscopy (TOCSY) experiments were also per-
formed by using a total of 256 data sets with 24
transients at 2048 data points each and with a
mixing time of 90 ms.

2.3. Hydrophobicity analysis

Cells from 4°C and 24°C cultures were diluted
to the same optical density. Glass coverslips
coated with chlorotrimethylsilane were dipped
into the cultures for several minutes and then
rinsed thoroughly in a stream of fresh media. The
coverslips were placed on slides and the cells
were then stained with several drops of 0.1%
acridine orange for 5 min. The coverslips were
again washed thoroughly using fresh media. The
cells were viewed using rhodamine iso-thiocyanate
(RITC) optics with excitation and primary barrier
filters at 529 and 550 nm, respectively.

2.4. Total lipid extraction

Cells from the 4 and 24°C cultures were stirred
with 60 ml water, 130 ml chloroform, and 15 ml
methanol, at 30°C for 12 h. The layers were
separated by centrifugation. The aqueous layers
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were extracted once more with 30 ml chloroform
for 15 min, and the organic layers were then
combined. The aqueous layers were again cen-
trifuged and the clear solutions were kept. The
organic layers were analyzed by NMR spectro-
scopy (using d,-methanol as the solvent) and by
thin layer chromatography (TLC) using 10:4:2:2:1
chloroform /acetone /methanol /acetic acid/
water. TLC analyses were performed on silica gel
plates. The spots were visualized by spraying ei-
ther with orcinol or 10% phosphomolybic acid in
ethanol and heating at 120°C to visualize the
organic components. Dissolution of the total lipids
in d,-methanol resulted in a methanol insoluble
oily residue. This residue was dissolved in d-chlo-
roform and analyzed by NMR spectroscopy and
electrospray mass spectrometry.

2.5. Polysaccharide isolation

The aqueous layers form the total lipid extracts
were concentrated to 4 ml and 12 ml of ethanol
was added. The polysaccharide which precipitated
was recovered with a glass rod and dissolved in 10
ml of water, and 10 mg MgCl,, and 10 units each
of RNase A and DNase were added. The solu-
tions were kept at room temperature for 2 h.
They were then dialyzed for 4-5 h, changing the
water twice during that time, lyophilized and the
resulting solids were weighed. These polymers
were analyzed by NMR spectroscopy (using D,O
as the solvent) and by gas chromatography-mass
spectrometry (GC-MS) after converting them to
alditol acetate derivatives [19]. The remaining
aqueous alcoholic solution was centrifuged to re-
move any precipitated solids. The supernatants
which contained free amino acids, carbohydrates,
and the like were removed and analyzed by NMR
spectroscopy (using D,O as the solvent) and a
sample subjected to amino acid analysis on a
Waters Millipore system which included a WISP
710B autosampler, a Waters 510 pump, and a
Waters 440 absorbance detector.

2.6. Fatty acid methyl ester analysis

Total cells from cultures grown at 4 and 24°C
were methanolysed in 2% HCI in methanol at

75°C for 30 h. The suspensions were blown to
dryness, and 1 ml H,O and 2 ml hexane were
added. After vigorous shaking, the mixture was
centrifuged and the hexane layer was removed
and concentrated to dryness. The resulting fatty
acid methyl esters were analyzed by gas chro-
matography (GC) and GC-MS using a 30-m DB1
column. The temperature program was a ramp
from 160°C to 320°C at 3°/min. The final temper-
ature of 320° was held for 20 min.

2.7. Lipid headgroup analysis

Approximately 5 mg of total lipids (isolated as
described above) from cells cultured at 4 and
24°C were dried, and then 0.5 ml of 2 M trifluo-
roacetic acid was added. The lipids were hydro-
lyzed at 120°C for 1.5 h. The lipid headgroups
were obtained by adding 0.5 ml of H,O and
extracting twice with two volumes of CHCl;. The
chloroform layers were removed and combined.
The aqueous layers, containing the lipid head-
groups, were dried and analyzed by NMR spec-
troscopy (using D,O as the solvent).

2.8. Protein analysis by SDS-PAGE

Total cell lysates were prepared from 4 and
24°C cultures by adding two volumes of 10 mM
Tris—HCI, pH 8.0 and 3 mg/ml lysozyme and
incubating for 1 h on ice. One volume of 2X
sodium dodecylsulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer solution
[0.125 M Tris—HCI (pH 6.8), 0.04% sodium dode-
cylsulphate (SDS), 10% glycerol, 5% B-
mercaptoethanol, 0.0025% bromophenol blue]
was then added. The samples were mixed well,
boiled for 5 min, and centrifuged briefly to re-
move any precipitate. The lysates from 4 and
24°C cultures were separated using Laemmli’s
discontinuous buffer system [20] on 12% poly-
acrylamide slab gels containing 0.32% bisacryl-
amide, 0.375 M Tris—HCl (pH 8.8), and 0.1%
SDS. The stacking gel contained 4% polyacryl-
amide, 0.1% bisacrylamide, 0.125 M Tris—HCI
(pH 6.8), and 0.1% SDS. Electrophoresis was
carried out at 80 V for approximately 3 h. Gels
were stained in a solution of 0.1% Coomassie
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blue in 40% methanol/10% acetic acid, and
destained in a solution of 40% methanol /10%
acetic acid.

2.9. Transmission electron microscopy

Arctic strain 45-3 cells from 4 and 24°C cul-
tures were negatively stained with 1.5% potas-
sium phosphotungstate and viewed by transmis-
sion electron microscopy.

3. Results and discussion

The major changes observed in the permafrost
bacterium 45-3 on adaptation to low tempera-
tures were alterations in its size and cell surface
structures. Transmission electron microscopy re-
vealed that there was a dramatic difference in cell
sizes for bacteria grown at the two temperatures.
Those grown at the higher temperature had twice
the length and more than twice the diameter of
the cells grown at the lower temperature. Since
the bacteria were rods at both temperatures, this
represented a difference in volume of a factor of
~ 14. Electron microscopy also indicated that the
4°C cells had only a very small capsular polysac-
charide layer and therefore, a very non-polar
membrane surface since these took up the ionic
stain only with difficulty. The hydrophobicity as-
say confirmed this. Cells from the 4°C culture
(Fig. 1a) attached to the silanized coverslips with
a coverage per unit area of 18 times those from
the 24°C culture (Fig. 1b). The mass of the capsu-
lar polysaccharide recovered from the cells cul-
tured at 4°C was less by a factor of 4.8 compared
to that recovered from the 24°C cells. This reduc-
tion in capsule size at the lower temperature is
very beneficial from another perspective. At low
temperatures, the presence of a thick capsular
polysaccharide coating would impede water flux
through the cell and prevent nutrients from en-
tering or metabolic waste from leaving due to
decreased motional dynamics and slower diffusiv-
ity of molecules. In addition to this, Vogler [21,22]
has pointed out that water on hydrophobic sur-
faces is less dense with a more open hydrogen-

(a)

(b)

Fig. 1. Fluorescent micrographs using RITC optics (at the
same magnification) of Arctic strain 45-3 stained with 0.1%
acridine orange attached to silanized coverslips. (a) Cells
cultured at 4°C. (b) Cells cultured at 24°C.

bonded network than water in contact with hy-
drophilic surfaces and is less likely to freeze.
Significant alterations also occurred in the
membrane lipid structures. Thin layer chromatog-
raphy of the total lipids from the 4 and 24°C cells
showed three major components which, based on
standards, were identified as triacylglycerol, dia-
cylglycerol and free fatty acids. The identies were
later confirmed by NMR spectroscopy. The levels
of triacylglycerol were much higher in the cells
grown at 4°C and appeared as a methanol insolu-
ble oil that was soluble in chloroform or hexane.
In the case of the 4°C cells, triacylglycerols ac-
counted for more than half the total lipids. Dia-
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cylglycerol was the next predominant component,
while only traces of phosphoglycerol were pre-
sent. Other minor components were observed in
the lipid preparations from the 24°C cells but the
quantities were too small to allow characteriza-
tion. Triacylglycerol probably serves as an energy
source and not as a membrane component. Its
presence, though, precluded a meaningful esti-
mate of the total amount of membrane lipids
obtained from the 4°C cells. Triacylglycerol is
only sparingly soluble in methanol, however, and
this was used as a way of separating it from the
total lipids for NMR analyses. Its identity was
confirmed by electrospray mass spectrometry. The
mass spectrum showed a peak at m /z 605 due to
the protonated form of a triacylglycerol species
containing two C12 and one C10 fatty acid with a
total of 3 double bonds between them. Signals for
other homologous species separated by 14 or 28
mass units i.e. 1 or 2 methylene groups (e.g. m /z
591 and 619) were also present. An independent
NMR spectroscopy analysis was also performed.
The recovery of lipids (excluding triacylglycerol)
from the 4°C cells was ~ 6 mg per gram (wet
weight) and approximately half this amount for
the 24°C cells.

Proton NMR and two-dimensional DQF-COSY
and TOCSY experiments (not shown) of the total
lipids from the 4 and 24°C cells were performed.
The two dimensional experiments indicated that
the signals between 5.30 and 5.43 ppm were due
to vinyl protons because of correlations with those
at ~ 2.05 ppm. These were much more abundant
in the lipids from the 4°C culture than from the
24°C culture. Connectivities between signals
assignable to diacylglycerol and triacylglycerol
were also evident. In the spectrum of the 24°C
lipids, extra signals due to the glycerol group of
phosphatidylglycerol at 3.71 and 4.12 ppm were
also observed.

The 'H NMR spectra of the isolated lipid
headgroups of the 4°C cells (after precipitating
triacylglycerol with methanol) showed definitively
that the only lipid headgroup was glycerol (Fig.
2a). The two doublet of doublets at 3.47 and 3.57
ppm were assigned to the C1 and C3 protons of
glycerol. The multiplet at 3.7 ppm was assigned to
the proton on carbon 2 of glycerol. The lipid

headgroup components of the 24°C cells were
glycerol and phosphoglycerol (Fig. 2b). The
chemical shifts of the glycerol signals were the
same as mentioned above. Two doublet of
doublets at 3.65 ppm and 3.76 ppm were assigned
to the C1 and C3 protons of phosphoglycerol. The
multiplet at 3.84 ppm was assigned to the proton
on carbon 2 of phosphoglycerol. From this data
the proportion of phosphoglycerol was de-
termined to be 40% by integration of the peaks.
This method is much more reliable than charring
the TLC plates and integrating densitometer
traces. Gas chromatography and gas chromatog-
raphy-mass spectrometry of the fatty acid methyl
esters of the membrane lipids from the 4 and
24°C cells indicated the major lipid in both cell
types was an ante-iso C,5 lipid. The 4°C cells,
however, contained a large amount of a Cis,
lipid, and in general had shorter chain lengths
and a greater degree of unsaturated and branched
chains (Table 1). The cells cultured at 24°C con-
tained a much smaller amount of the C,;., lipid,
while the relative proportion of iso C,q, ante-iso
C,c and C,; increased over the 4°C cells.

These results show that the synthesis of charged
lipid components was almost totally suppressed
during low temperature adaptation in this bac-
terium. Only diacylglycerols and triacylglycerols
(which were likely contaminants of the membrane
preparation) were found in the membrane of the
4°C cells, but the 24°C cells contained both phos-
phatidylglycerol and diacylglycerol. Smaller
amounts of triacylglycerol were also found. The
degree of unsaturation was higher and the aver-
age length shorter in the fatty acid chains of 4°C
cells compared to 24°C as was expected if the
average motional dynamics (fluidity) of the mem-
brane lipids was to be conserved. Because no
charged lipids are present in the membranes of
the 4°C cells, there is no need for counter ions to
be localized there to stabilize the lipid head-
groups. The incorporation of shorter acyl chains
and the decrease in lipid headgroup stabilization
maintains a more fluid membrane such that the
membrane surface is less likely to act as a tem-
plate for ice formation whilst the uniformity of
the membrane surface could serve to maintain a
highly ordered layer of water which, as discussed
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Fig. 2. 'H NMR spectra of the lipid headgroups from the bacteria grown at (a) 4°C and (b) 24°C. The only lipid headgroup in the
4°C cells was glycerol. The two doublet of doublets at 3.47 and 3.57 ppm were assigned to the C1 and C3 protons of glycerol. The
multiplet at 3.7 ppm was assigned to the proton on carbon 2 of glycerol. The lipid headgroups of the 24°C cells were glycerol and
phosphoglycerol. The chemical shifts of glycerol were the same as mentioned above. The two doublet of doublets at 3.65 and 3.76
ppm were assigned to the C1 and C3 protons of phosphoglycerol. The multiplet at 3.84 ppm was assigned to the proton on carbon 2
of phosphoglycerol.
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Table 1
Percent of fatty acid methyl ester derivatives in the total
methanolysate of the cells grown at 4 and 24°C in order of
elution.*

Structure % in 4°C cells % in 24°C Cells
Cisq 1.75 0.00
iso-Cyy 3.55 1.89
n-Cyy 2.38 1.78
Cisa 17.82 0.87
anteiso-Cis 58.95 67.04
iso-Cy 7.90 10.39
n-Cyq 4.70 8.72
anteiso-C,; 2.96 9.31

*Trace amounts (< 0.1%) of other fatty acids were seen by
GC-MS, namely anteiso-C,; in the 4°C culture and n-C,5 and
n-Cg in both cultures.

earlier, would be more resistant to freezing as the
temperatures decreases.

To determine whether other proposed mecha-
nisms of low temperature adaptation (such as the
production of osmolytes and/or anti-freeze pro-
teins) are utilized by this bacterium, analysis of
the cytoplasmic components as well as the total
protein profiles were carried out for cells cultured
at 4 and 24°C. Proton NMR spectroscopy was
used to provide a comprehensive determination
of the relative amounts of the various metabolic
intermediates elaborated by strain 45-3 at 4°C
and 24°C. Analyses were carried out on the su-
pernatant of the ethanol precipitation of the
aqueous layer which would contain free amino
acids, sugars, sugar alcohols, and nucleotides.
Proton NMR spectra of these fractions from the
4 (Fig. 3a) and 24°C cells (Fig. 3b) indicated that
the major components were amino acids. Two-di-
mensional DQF-COSY (Fig. 4) and TOCSY (data
not shown) experiments showed that these were
glutamate, valine, glycine, methionine, threonine,
and a compound tentatively identified as 3-
aminobutyric acid. These results were in agree-
ment with amino acid analyses. From the NMR
spectra, the relative proportions of the amino
acids in each culture did not change significantly
between cells cultured at the two temperatures.
Signals for common osmolytes such as free sugars
and sugar alcohols such as glycerol, sorbitol and

mannitol, which have proton shifts in the 3.0-4.5
ppm region were noticeably absent or at most
present in only trace amounts. Signals for the
methyl group of glycine betaine (~ 3.2 ppm), an-
other common osmolyte was also absent.

Total lysates from cells cultured at 4 and 24°C
were run on 12% SDS-PAGE gels (Fig. 5). There
were no significant changes in the protein pro-
files, either in new proteins produced or sup-
pressed, from the two cell cultures. Also there
were no significant changes in the amounts of the
various proteins produced at both temperatures,
as was confirmed by running subsequent gels of
total cellular proteins from other cultures grown
at these two temperatures.

These results show no evidence for the pres-
ence of such common compatible solutes as
glycine betaine, glycerol, glucose, sorbitol, and
mannitol in the 4°C cells. This was definitively
determined by amino acid analysis and by NMR
spectroscopy. Signals for these metabolites were
completely absent from the NMR spectra of the
4°C cells. Therefore, in this bacterium, the induc-
tion of catalytic systems (enzymes) involved in the
synthesis of metabolites is not triggered by low
temperature when within a few degrees of freez-
ing. This was also clear from SDS-PAGE where
there were no new protein bands, and no increase
in the relative amounts of bands found in 24°C
cultures was observed for the 4°C cells. The lack
of a dramatic increase in new protein synthesis on
going from 24 to 4°C indicates that anti-freeze
proteins, which would need to be produced in
large quantities, cannot be involved as well.

We have shown here that colligative (bulk)
effects are not necessarily important for adapta-
tion to low temperatures that can result in freez-
ing. Surface ordering effects and the exclusion of
solutes in aqueous solutions from ordered sur-
faces are, however, extremely important and pow-
erful effects. These are well recognized pheno-
mena that are utilized in desalination systems. In
a membrane-based desalination system, water is
passed through membranes and only pure water
flows through because the water close to the
pores in the membrane is ordered and excludes
solutes [4]. Organization of water at the mem-
brane surface in a manner that still allows flow
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Fig. 3. 'H NMR spectra of the cytoplasmic metabolites. (a) Cells cultured at 4°C. (b) Cells cultured at 24°C. The peaks are labeled
with the one letter amino acid codes. The major components were glutamate (E), valine (V), glycine (G), methionine (M), threonine
(T), and a compound tentatively identified as 3-aminobutyric acid (also see Fig. 4). Note that there are no significant differences in

the relative proportions of amino acid components.

(as in desalination membranes) and reduces the
freezing point is an excellent adaptative strategy.
One way of accomplishing this would be for the
cell to increase the relative amount of (mem-
brane) bound water by reducing the cell size to

increase confinement, and changing the mem-
brane surface chemistry so that the proportion of
ions and polar molecules on its surface is re-
duced. The water thus, arranged will not freeze
and the small amount of un-ordered water in the
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Fig. 4. Two-dimensional DQF-COSY spectrum of the cytoplasmic metabolites from cells cultured at 4°C. The cross peaks are

labeled with one letter amino acid codes.

center of the cell (if any) will contain all of the
electrolytes and will not freeze because of colliga-
tive effects.

This Siberian permafrost strain 45-3 was cho-
sen for these adaptation studies because of its
broad growth range of 0-30°C. It is adapted to an
environment with a consistently lower tempera-
ture than the more modern day bacteria that now
live on the permafrost surface. This strain has a
96% 16S rRNA sequence identity with Arthrobac-
ter pascens. It also has similar rod /coccus growth
cycles, cell size, and fatty acid profiles to this and
other modern day Arthrobacter strains from vari-
ous habitats including farm and deep subsurface
terrestrial environments and human clinical ma-
terials [23—26]. This indicates that the adaptation

mechanism described here is not a peculiarity of
ancient bacterial strains but should also be found
in current Arthrobacter species.
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