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Accumulation of compatible solutes, by uptake or de novo synthesis, enables bacteria to reduce the difference
between osmotic potentials of the cell cytoplasm and the extracellular environment. To examine this process in
the halophilic and halotolerant methanogenic archaebacteria, 14 strains were tested for the accumulation of
compatible solutes in response to growth in various extracellular concentrations of NaCl. In external NaCl
concentrations of 0.7 to 3.4 M, the halophilic methanogens accumulated K+ ion and low-molecular-weight
organic compounds. j-Glutamate was detected in two halotolerant strains that grew below 1.5 M NaCl. Two
unusual ,8-amino acids, N.-acetyl-13-lysine and 1-glutamine (3-aminoglutaramic acid), as well as L-a-glutamate
were compatible solutes among all of these strains. De novo synthesis of glycine betaine was also detected in
several strains of moderately and extremely halophilic methanogens. The zwitterionic compounds (j3-
glutamine, N,-acetyl-I3-lysine, and glycine betaine) and potassium were the predominant compatible solutes
among the moderately and extremely halophilic methanogens. This is the first report of j3-glutamine as a
compatible solute and de novo biosynthesis of glycine betaine in the methanogenic archaebacteria.

Prokaryotic and eukaryotic microorganisms have evolved
mechanisms to adapt to osmotic stress ranging from low
solute concentrations in spring water to saturated solutes in
salt brines (38). In environments where the extracellular
solute concentration exceeds that of the cell cytoplasm,
microorganisms accumulate low-molecular-weight organic
compounds, known as compatible solutes, that enable them
to minimize water loss and maintain cell turgor pressure (42).
These compounds function by reducing the difference be-
tween the osmotic potentials of the cell cytoplasm and the
extracellular environment, thus maintaining a constant tur-
gor pressure, and by protecting enzymes from the low water
activity caused by solute accumulation (4, 9, 16, 37). Com-
patible solutes in eukaryotic organisms include proline and
betaine in plants (15, 35), glycerol in lower fungi (22), and
polyols, proline, and amino acids in marine algae (39).
Eubacteria also contain a broad spectrum of osmotically
active solutes, including potassium, proline, glutamic acid,
glutamine, -y-aminobutyric acid, alanine, and glycine betaine
(9, 40).

Several types of compatible solute have been identified in
archaebacteria. The predominant compatible solute in ex-
tremely halophilic archaebacteria such as Halobacterium
and Halobium species is potassium (11); organic compatible
solutes do not accumulate to a large extent in these organ-
isms. Methanogenic archaebacteria, however, accumulate
1-amino acids as compatible solutes in response to external
NaCl concentrations. ,B-Glutamate accumulates in thermo-
philic strains of methanococci as well as the mesophile
Methanogenium cariaci (26, 28), and the 13-amino acid
derivative N8-acetyl-13-lysine accumulates in Methano-
sarcina thermophila and M. cariaci (30). Glycine betaine
also accumulates as a compatible solute in several marine
methanogens (27). In M. cariaci, the betaine was not syn-
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thesized de novo but was transported into the cells from the
medium (27).

In previous studies, methanogens were cultured between
0.05 and 1.5 M NaCl, which is an optimal NaCl range for
growth of slightly halotolerant organisms (28, 30). The
present work is a survey of compatible solutes in halotoler-
ant (<1.5 M NaCl), moderately halophilic (1.5 to 3 M), and
extremely halophilic (>3 M) methanogenic archaebacteria
grown in various salt concentrations. The occurrence and
intracellular concentrations of several unusual ,B-amino ac-

ids, including ,B-glutamine (3-aminoglutaramic acid) and Nr-
acetyl-,B-lysine, and de novo biosynthesis of glycine betaine
were documented in response to changes in the extracellular
concentration of NaCl.

MATERIALS AND METHODS

Bacterial strains. Strains used in this study (Table 1) were
provided by I. M. Mathrani, D. R. Boone, and R. A. Mah.
Methanohalophilus strains Z7301, Z7302 (=OCM130),
Z7401 (=OCM131), and Z7404 (=OCM 132) and Methano-
coccus halophilus Z7982 (=OCM160, =DSM3094) were
described by Zhilina (43, 44). Strains FDF1 (=OCM59),
FDF2 (=OCM66), SD1 (=OCM134), SF2 (=OCM133),
Ret-1 (=OCM57), and Cas-1 (=OCM135) were described by
Mathrani et al. (19, 20). Strain GS-16 (=OCM58) was de-
scribed by Kiene et al. (12), strain SF-1 (=OCM13,
=DSM3243) (18) was isolated by R. A. Mah, and Methano-
halophilus mahii SLP (=OCM68, =DSM5219) was de-
scribed by Paterek and Smith (23).
Media. Sterile media were prepared under an N2-C02

atmosphere (4:1) by a modification of the Hungate technique
(1). The basal medium consisted of the following additions in
deionized water (grams per liter): MgCl2 6H20, 3; KCl, 2;
CaCl2 2H20, 0.1; K2HPO4, 0.4; NH4Cl, 1; cysteine-
HCl H20, 0.5; NaHCO3, 4; and resazurin, 0.001. Vitamin
(41) and trace element (5) solutions were each added to a
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TABLE 1. Occurrence of compatible solutes in halophilic and halotolerant methanogens

Strain NaCl growth Medium Presence of compatible solute'range (M)a salinity' o-Glu 1-GIu NABL 13-Gin Gly-B

Halotolerant
Methanohalophilus strain Cas-1 0.5-1.5 0.7 + + + +
Methanococcus halophilus Z7982 0.5-1.5 0.7 + + + +
Methanohalophilus strain GS-16 0.2-1.2 0.7 + - + +

Moderately halophilic
Methanohalophilus strain FDF1 1.2-2.9 2.0 + - + + +
Methanohalophilus strain FDF2 1.2-2.9 2.0 + - + +
Methanohalophilus strain SF1 1.7-2.6 2.0 + - + + +
Methanohalophilus strain SF2 1.7-2.6 2.0 + - + + +
Methanohalophilus strain SD1 1.0-3.4 2.0 + - + + +
Methanohalophilus strain Ret-1 1.4-2.9 2.0 + - + +
Methanohalophilus strain Z7301 1.4-3.0 2.0 + - + + +
Methanohalophilus strain Z7401 0.7-3.1 2.0 + - + + +
M4ethanohalophilus mahii SLP 1.0-2.6 2.0 + - + +

Extremely halophilic
Methanohalophilus strain Z7302 1.7-4.3 3.4 + - + + +
Methanohalophilus strain Z7404 1.7-4.3 2.0 + - + + +

a Data from references 19, 20, 43, and 44.
b Molar NaCI concentration used for screening.
c a-Glu, L-ox-glutamic acid; 13-Glu, 13-glutamate; NABL, N,-acetyl-p-lysine; ,-GIn, ,B-glutamine; Gly-B, glycine betaine.

final concentration of 1% (vol/vol). The medium pH was
adjusted to 7.2 before sterilization. The substrates trimeth-
ylamine (TMA), methanol, and Na2S 9H20 were sterilized
individually by autoclaving and added to the medium at final
concentrations of 20, 50 mM, and 1 mM, respectively,
immediately prior to inoculation. NaCl, glycine, choline, and
glycine betaine were added to the basal medium at the
indicated concentrations. All glassware was acid cleaned
prior to use.

Cell growth. Cells were grown at 37°C and harvested
during mid-exponential growth by centrifugation at 6,000 x
g for 15 min. Cell growth rates were monitored by measuring
the rate of methane production with a gas chromatograph
equipped with a thermal conductivity detector. Prior to
high-pressure liquid chromatography (HPLC) analysis for
compatible solutes, six sequential culture transfers were
made with each strain in a defined basal medium.

Cell volume determination. Cell volumes were determined
by measuring the differential retention of [14C]glucose and
3H20 in cell pellets as described previously (3, 30). Cell
counts were determined with a Petroff-Hausser counting
chamber under a phase-contrast microscope.

Determination of intracellular potassium ion concentration.
Cultures (100 ml) were harvested under anaerobic conditions
and centrifuged for 15 min at 6,000 x g at 4°C. Pellets
(approximately 1011 cells) were washed once with 10 ml of an
anaerobic LiCl solution equiosmolar to the growth medium
and then extracted with n-butanol at 95°C (33, 34). The
supernatant was separated from cell debris by centrifuga-
tion. The cell debris pellets were washed once with deion-
ized water, and the supernatants were pooled. Nitric acid
(15.4 N) was added to the pooled supernatant to a final
concentration of 1% (vol/vol). Potassium analysis was per-
formed with a multichannel inductively coupled argon emis-
sion spectrometry system equipped with an ultrasonic neb-
ulizer. The intracellular potassium ion concentration
(millimolar) was calculated by the following equation: [(mi-
cromoles of ion in pellet)/(molecular weight of ion)]/[total
pellet volume (cell volume x total cell number)].

Extraction of compatible solutes. Cell pellets that contained

approximately 10" cells (prepared as described above) were
extracted twice by heating for 5 min at 65°C in 1 ml of 70%
(vol/vol) ethanol-water. Significant amounts of compatible
solutes were not detected in the supernatant, indicating that
cell leakage was minimized during the cell harvesting pro-
cess. Pooled extracts were centrifuged at 5,000 x g for 5
min, filtered through 0.2-p.m-pore-size PTFE membrane
filters (Gelman Sciences), and lyophilized (30).

Ion-exchange HPLC analysis of primary amines. Dried
ethanol cell extracts were dissolved in deionized H20,
applied to a Sep-Pak C18 column (Waters Associates), and
eluted with 0.1% trifluoroacetic acid in water-methanol (7:3).
A dual-pump HPLC system (Waters Associates) equipped
with a gradient programmer (model 720) was used to deliver
a linear pH gradient ranging from pH 3.17 to 9.94. The eluant
was monitored after o-phthalaldehyde postderivatization
with a fluorescence spectrophotometer (excitation at 340 nm
and emission at 455 nm) (30).
NMR spectroscopy. Dried ethanol extracts were sus-

pended in 0.5 ml of nuclear magnetic resonance (NMR)
buffer (10 mM potassium phosphate [pH 7.2], 0.1 mM
EDTA, 50% D20) for NMR analysis. 13C NMR spectra were
obtained at 75.4 MHz on a Varian XL-300 spectrometer with
acquisition parameters as described previously (26). Under
these conditions, all carbons with directly bonded protons
have comparable nuclear Overhauser effects (nOe's) and are
not saturated. 13C chemical shifts were standardized with
respect to external dioxane at 67.4 ppm. 1H NMR spectra
(300 MHz) of the extracts (with presaturation of the bulk
water resonance) were determined by adjusting the sample
pH to 5.0 and changing the solvent to 15% D20 so that amide
protons could be detected. 15N NMR spectra (30.4 MHz)
were obtained from extracts in NMR buffer that contained
85% H20 and 15% D20. Acquisition parameters were
12,005-Hz sweep width, 6,000 points, 900 pulse angle, 15-s
recycle delay, WALTZ decoupling of the protons, and 500
transients.

Glycine betaine assay. Glycine betaine concentrations in
the ethanol extracts (5 to 10 ,ul) were detected and quantified
by absorbance of their periodide derivatives (6, 31). Briefly,
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samples were diluted 1:1 with 2 N H2SO4, to which cold
KI-12 (40 ,ul) was added per 50 ,ul of acidified sample in a cold
tube, and the reactants were vortexed. The samples were
stored for 16 h at 4°C and then centrifuged (13,000 rpm for 15
min at 4°C). The supernatant was removed, and the peri-
odide crystals were dissolved in 1.0 ml of 1,2-dichloroethane
(reagent grade) for 2 h at 20°C. The A365 of the supernatant
was measured with a UVIKON model 810 spectrometer.
Glycine betaine standards and unknowns were analyzed in
triplicate. Although this method is nonspecific for glycine
betaine and other quaternary amines, 13C NMR spectros-
copy confirmed that these samples contained no quaternary
ammonium compounds other than glycine betaine. Concen-
trations of glycine betaine obtained by this method were
consistent with those determined by NMR.

Chemicals. Ion-exchange elution buffers, o-phthalalde-
hyde, and amino acid standards were HPLC grade (Pierce
Chemical Co., Rockford, Ill.). All other chemicals were
reagent grade. [14C]glucose and 3H20 were obtained from
ICN Radiochemicals (Irvine, Calif.). 15NH4Cl (99% 15N) was
obtained from Cambridge Isotope Laboratories (Cambridge,
Mass.) and used without further purification.

RESULTS

Identification of 0-glutamine as a compatible solute. The
soluble pool of primary amines in 14 strains of halotolerant
and halophilic methanogens was examined by HPLC analy-
sis. Strains were grown in a basal medium with either
methanol or TMA as a substrate. Yeast extract was excluded
from the medium because it contains glycine betaine, which
has an inhibitory effect on the de novo biosynthesis of
compatible solutes in some methanogenic organisms (27,
30). The HPLC elution profile of the extract from one
representative moderate halophile, Methanohalophilus
strain FDF1, grown in 2.4 M NaCl is shown in Fig. 1. Peaks
corresponding to aspartic acid, a-glutamate, and N,-acetyl-
,B-lysine, as well as one peak that did not correspond to any
known amino acid, were obtained (Fig. 1A). Ne-acetyl-13-
lysine and the unknown compound were the predominant
primary amines in these cells. The elution of the unidentified
compound at 31.5 min, immediately before leucine (31.8
min), suggested that it was zwitterionic. Acid hydrolysis of
the extract prior to HPLC analysis caused a shift in the
retention time of the unidentified peak to that of ,B-glutamate;
the N.-acetyl-p-lysine peak was converted to 1-lysine (Fig.
1B).
The '3C NMR spectrum of Methanohalophilus strain

FDF1 cell extract (Fig. 2A) revealed three organic mole-
cules, which were identified from their chemical shifts (parts
per million from tetramethylsilane). These compounds in-
cluded the primary amines N,-acetyl-p-lysine (178.8, C-1;
39.2, C-2; 50.0, C-3; 30.3, C-4; 25.1, C-5; 39.5/39.7, C-6;
174.9, C-7; 22.7, C-8) and L-a-glutamate (175.6, C-1; 55.4,
C-2; 27.7, C-3; 34.1, C-4; 182.3, C-5) and the quaternary
amine glycine betaine (169.7, C-1; 66.9, C-2; 54.1, C-3). Five
other carbons with chemical shifts which did not correlate
with known compounds were also detected: 178.3, 175.5 (see
insert of Fig. 2A), 47.3, 39.0, and 37.2. Since HPLC analysis
detected only primary amines, the unknown peak was not
glycine betaine. The five unassigned 13C chemical shifts
were characteristic of the shifts yielded by 1-glutamine. To
confirm this, an 'H NMR spectrum of the extract in 85%
H2O and 15% D2O at pH 5.0 was obtained. Under these
conditions, amide protons (e.g., NH of N,-acetyl-p-lysine)
do not exchange rapidly with water and give rise to reso-

G1)C.)
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0

0

20 30
Elution Time (min)
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FIG. 1. HPLC ion-exchange chromatography of ethanol extracts
of Methanohalophilus strain FDF1 grown in basal medium contain-
ing 2.4 M NaCl before (A) and after (B) acid hydrolysis with 6 N HCI
at 950C for 12 h. The dashed line represents the pH of the elution
buffer. Abbreviations: Asp, a-aspartic acid; ot-Glu, a-glutamate;
P-Glu, P3-glutamate; 13-Lys, P3-lysine; NABL, N,,acetyl-p3-lysine.

nances of -7 to 8 ppm. Besides the amide proton of the
N.-acetyl-p3-lysine (30) (Fig. 2B), two other amide reso-
nances were detected. These resonances were consistent
with the N-H bonds of 13-glutamine (3-aminoglutaramic
acid); two resonances indicated that there was a barrier to
rotation around the C-N bond and that the two protons were
nonequivalent. This is a common occurrence for amides, and
the 'H chemical shift difference for P3-glutamine is compara-
ble for what is observed with L-at-glutamine.

Biosynthesis of betaine as a compatible solute. Glycine
betaine was detected in several species of moderately and
extremely halophilic methanogens that were grown in de-
fined basal medium with TMA or methanol as the sole source
of carbon and energy (Table 1). To confirm glycine betaine's
synthesis de novo, Methanohalophilus strain FDF1 was
grown in basal medium that contained methanol and
'5NH4Cl instead of 14NH4Cl. The 'H-decoupled '"N NMR
spectrum (Fig. 3) of an extract from these cells indicated
incorporation of the label into glycine betaine. Identification
of the glycine betaine '"N was verified by comparing extract
shifts with those of a concentrated solution of authentic
glycine betaine. Since the betaine nitrogen has no directly
bonded protons, its '"N resonance will not display a large
nOe like the NH resonances of 13-glutamine, L-ot-glutamate,
and N .-acetyl-13-lysine. Therefore, its intensity compared
with that of the 13-amino acids does not reflect the relative
concentration of that species.
When Methanohalophilus strain FDF1 was grown with

TMA at a salt concentration of 2.4 M, the intracellular ratio
of glycine betaine to N,,-acetyl-13-lysine was about 1:1. This
ratio changed to 2.5:1 when methanol rather than TMA was
used as a substrate. The basis for the different ratios of those
zwitterionic compounds is not known.
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FIG. 2. (A) 13C NMR spectrum (75.4 MHz) of an extract from Methanohalophilus strain FDF1 grown in 2.4 M NaCI. Carbons belonging
to N.-acetyl-p-lysine (NABLys), glycine betaine (Gly-Bet), and glutamate (Glu) are labelled. Carbons marked with an asterisk are assigned
to ,B-glutamine. (B) 1H NMR spectrum (300 MHz) ofan acidic (pH 4.5) extract of Methanohalophilus strain FDF1, showing two nonequivalent
amide protons assigned to the ,B-glutamine (P-Gln) as well as the single N,-acetyl-13-lysine (NABLys) amide resonance in the 7- to 8-ppm
region of the spectrum. At this pH, only the amide protons are observed. The amino protons exchange too rapidly with water and are thus
not detected.

Compatible solutes of halotolerant and halophilic methano-
gens. In two halotolerant methanogens, Methanohalophilus
strain Cas-1 and Methanococcus halophilus Z7982, L-a-
glutamate and N.-acetyl-p-lysine were the predominant
compatible solutes (Table 1 and data not shown). P-Gluta-

mate and ,-glutamine were also present but at lower levels
relative to N8-acetyl-p-lysine. The intracellular concentra-
tions of N.-acetyl-p-lysine and ,B-glutamine increased when
the NaCl concentration in the medium increased from 0.7 to
1.7 M, whereas the amounts of a- and P-glutamate remained

NABLys NH3+

Gly-Bet

NABLys NH

P-GIn NH

I rr
-200 -2f

15N Chemical Shift (ppm)

FIG. 3. "5N NMR spectrum (30.4 MHz) of an ethanol extract of Methanohalophilus strain FDF1 grown on 15NH4Cl in 2.4 M NaCl. The
major resonances are identified as belonging to the free amino (-NH3+) and amide (-NH) nitrogens of p-glutamine (p-Gln) and
N,-acetyl-p-lysine (NABLys) and the -N(CH3)3' group of glycine betaine (Gly-Bet). The free amino groups belonging to aspartate and
L-a-glutamate (which are detected considerably lower concentrations by HPLC), overlap the major resonances in the -322- to -335 ppm
region, and so are not easily distinguished. Chemical shifts are referenced to external HNO3.
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FIG. 4. Intracellular concentrations of compatible solutes of
Methanohalophilus strain Z7401 grown in basal medium with the
indicated concentrations of NaCl. Symbols: A, aspartate; 0, arg-
inine; O, a-glutamate; 0, N,-acetyl-P-lysine; A, P-glutamine; *,
glycine betaine.

constant. A third halotolerant strain, Methanohalophilus
strain GS-16, exhibited similar behavior except that p-gluta-
mate was not detected.
The HPLC profiles of all nine strains of moderately

halophilic methanogens, including Methanohalophilus strain
FDF1 (Fig. 1A), were similar; a-glutamate, P-glutamine,
N.-acetyl-p-lysine, and glycine betaine were the predomi-
nant compatible solutes (Table 1). Glycine betaine was
detected in six of the eight strains of moderate halophiles
examined. Within the salt range for optimal growth of these
organisms (1.4 to 2.7 M), the concentration of each zwitter-
ionic species increased in response to an increase in the
extracellular NaCl concentration in the medium. The ratio of
N.-acetyl-p-lysine to P-glutamine was typically 5:1 at NaCl
conditions less than 1.4 M and then gradually decreased to
2:1 within the NaCl range of 1.7 to 2.75 M.
The profile of compatible solutes in the extremely halo-

philic methanogen Methanohalophilus strain Z7302 was sim-
ilar to that in the moderately halophilic methanogens (Table
1) except for the difference in the ratios of N,-acetyl-p-lysine
to P-glutamine, which were 1:1 and 1:2 at 1.7 and 4.3 M
NaCl, respectively.

Intracellular concentrations of compatible solutes. The in-
tracellular concentration of each compatible solute was
determined in strains of moderate halophiles grown in an
NaCl range of 0.7 to 2.4 M. In Methanohalophilus strain
Z7401, the level of P-glutamine increased gradually from
0.02 to 0.2 M as the external NaCl concentration increased
from 0.7 to 2.4 M (Fig. 4). The intracellular concentration of
N.-acetyl-p-lysine, which ranged from 0.1 to 0.34 M in
Methanohalophilus strain Z7401, was higher than that of
f-glutamine at each NaCl concentration tested (Fig. 4).
Also, the intracellular levels of glycine betaine increased
from 0.07 to 0.6 M. In contrast, the intracellular concentra-
tion of a-glutamate decreased slightly between 0.7 and 1.0M
NaCl and then remained essentially constant at 0.1 to 0.13
M. The three zwitterionic species, P-glutamine, N,-acetyl-
P-lysine, and glycine betaine, were the predominant compat-
ible solutes in this strain. The low levels of aspartate and
arginine remained constant over 0.7 to 2.4 M NaCl (Fig. 4).
Similar results were observed with the other moderate
halophilic strains, FDF1 and FDF2, except that FDF2

0.2

0

0.

0

a(-Osp a-glu NABL (-gin ot-arg

FIG. 5. Intracellular concentrations of compatible solutes in
Methanohalophilus strain Z7401 grown in 2.1 M NaCl basal medium
with (1) and without (O) the addition of 0.5 mM glycine betaine.
Abbreviations: a-asp, aspartic acid; a-glu, a-glutamic acid; NABL,
N.-acetyl-p-lysine; P-gln, P-glutamine; a-arg, arginine.

lacked the ability to synthesize glycine betaine (data not
shown).

Effects of exogenous compatible solutes on the intracellular
concentrations of compatible solutes. When Methanohalo-
philus strain Z7401 was grown in medium containing 0.5 mM
glycine betaine, the intracellular concentrations of P-glu-
tamine, N -acetyl-p-lysine, and a-glutamate were less than
in the absence of added glycine betaine (Fig. 5). This
observation indicated that this strain preferentially accumu-
lated glycine betaine from the medium rather than synthesize
other primary amines as compatible solutes. The presence of
neither choline, which can be converted to glycine betaine
by various aerobic eubacteria, nor glycine caused lower
intracellular concentrations of P-glutamine, Ne-acetyl-p-
lysine, or a-glutamate.

Intracellular concentration of potassium ions. The intracel-
lular concentration of potassium ions in Methanohalophilus
strain FDF1 was examined in cells grown in vanous concen-
trations of NaCl (Table 2). When the extracellular NaCl
concentration was in the range of 1.7 to 2.7 M, intracellular
potassium increased from 0.6 to 1.1 M, which was 20- to
40-fold higher, respectively, than the extracellular K+ con-
centration (0.031 M).

Balance of extracellular and intracellular osmolarity. The

TABLE 2. Extracellular and intracellular osmolarity of
Methanohalophilus strain FDF1

NaCl Intracellular compatible solute concn (M)a
concn of Osmo-
medium larity
(M) a-Glu NABL 13-Gin Betaine K+ Zwitterionsb Totalc

1.4 2.7 0.17 0.24 0.07 0.16 ND
1.7 3.4 0.20 0.47 0.20 0.30 0.61 0.97 1.77
2.0 4.1 0.17 0.46 0.17 0.31 0.73 0.94 1.84
2.4 4.8 0.13 0.54 0.25 0.40 0.76 1.19 2.08
2.7 5.5 0.17 0.81 0.39 0.65 1.13 1.85 3.15

a For abbreviations, see Table 1, footnote c.
b Concentration of all zwitterions such as ,B-glutamine, N8-acetyl-13-lysine,

and glycine betaine.
c The intracellular osmolarity, which includes K+, L-a-glutamate, and all

detected zwitterionic species.
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moderate halophile Methanohalophilus strain FDF1 synthe-
sized a-glutamate, glycine betaine, P-glutamine, and Ne-
acetyl-p-lysine as compatible solutes (Table 1). When the
saline concentration was increased from 1.4 to 2.7 M, the
intracellular levels of p-glutamine, N,-acetyl-p-lysine, and
glycine betaine increased about six-, three-, and fourfold to
0.39, 0.81, and 0.65 M, respectively (Table 2). In contrast,
the concentration of a-glutamate remained at approximately
0.2 M over this NaCl range. The intracellular osmolarity as
determined by the sum of a-glutamate, total zwitterions, and
K+ was within 40 to 60% of the extracellular osmolarity
(Table 2).

DISCUSSION

The methanogenic archaebacteria, like many eubacteria
and eukaryotes, accumulate compatible solutes, thus reduc-
ing the osmotic potential between the cell interior and its
exterior in environments with high solute concentrations (26,
28, 30). In this study, nine moderately halophilic, two
extremely halophilic, and three halotolerant methanogens
were screened for compatible solutes. These halophilic
methanogenic archaebacteria were originally isolated from
various hypersaline environments all over the world (e.g.,
Arabat Peninsula, Austriala, Portugal, Senegal, and United
States). All strains tested synthesized a-glutamate, Ne-
acetyl-p-lysine, and p-glutamine, a primary amine that has
not been previously identified as a compatible solute (Table
1). Several strains also synthesized p-glutamate or glycine
betaine. However, glycine betaine was not observed in the
three halotolerant strains, and of all strains tested, p-gluta-
mate was detected in only two halotolerant strains. The
intracellular concentration of every compatible solute in-
creased with the osmolarity of the growth medium except for
a-glutamate and p-glutamate, which remained at relatively
constant concentrations in all strains examined. At high
extracellular NaCl concentrations, the levels of p-glutamine
and N.-acetyl-p-lysine, as well as those of L-a-glutamate and
glycine betaine, attained high intracellular concentrations.
One of the moderate halophiles, Methanohalophilus strain
FDF1, at the upper range of its salt tolerance (2.7 M),
contained 0.4 M p-glutamine, 0.8 M N,-acetyl-p-lysine, and
0.7 M glycine betaine (Table 2). The total intracellular
osmolarity of this strain, which comprised all organic and
inorganic compatible solutes, was approximately 40 to 60%
of the osmolarity of extracellular solutes over the entire
range (1.7 to 2.7 M) of NaCl levels tested. One of the few
extremely halophilic methanogens thus far isolated, Metha-
nohalophilus strain Z7302, can grow in a medium containing
4.3 M NaCl (25%, wt/vol), and it also synthesizes a-gluta-
mate, p-glutamine, N,-acetyl-p-lysine, and glycine betaine
as compatible solutes.
A stepwise synthesis of compatible solutes in response to

the extracellular osmolarity was observed in the halophilic
methanogens. L-a-glutamate, the predominant intracellular
solute at low salt levels, increased to a threshold concentra-
tion and remained relatively constant. This threshold con-
centration may have been maintained to prevent perturba-
tion to cell physiology due to the accumulation of charged
species (30). N -acetyl-p-lysine synthesis occurred at an
intermediate salt concentration (>0.3 M [30]), whereas
p-glutamine and glycine betaine accumulated only at higher
NaCl concentrations (>0.5 M). N.-acetyl-p-lysine, p-glu-
tamine, and glycine betaine are zwitterionic species at phys-
iological pH, which suggests that they can accumulate as
intracellular solutes without perturbing cell metabolism (21).

p-Amino acids, while rare in nature, have been reported in
biological systems (7). p-Glutamate and p-lysine have been
detected in marine eubacteria and eukaryotes, but their
concentrations and physiological roles have not been deter-
mined (8, 36). Besides establishing the presence of Ne-
acetyl-p-lysine and p-glutamate in the halophilic methano-
genic archaebacteria, we also identified a third p-amino acid,
p-glutamine. This is the first report of p-glutamine as a
compatible solute. Since p-amino acids are not considered to
be good substrates for L-a-amino acid biosynthetic enzymes,
their accumulation should not interfere with cell metabolism
(25). The accumulation of the p-amino acids and N,-acetyl-
p-lysine in the methanogenic archaebacteria demonstrates
that these species have evolved alternative biosynthetic
pathways for generating compatible solutes to adapt to
osmotic stress (30).
Nonmarine eubacteria (24), marine (13, 14), and slightly

halotolerant methanogens (27, 30) preferentially accumulate
glycine betaine as a major compatible solute. Exogenous
addition of glycine betaine to Methanohalophilus strains
Z7401 and FDF2 partially suppressed intracellular accumu-
lation of p-glutamine, N,-acetyl-p-lysine, and a-glutamate,
indicating that these halophilic methanogens preferentially
accumulate glycine betaine rather than synthesize it or the
three p-amino acids (Fig. 5). These halophilic methanogens
and possibly others possess both a biosynthetic pathway for
de novo synthesis of glycine betaine and a transport system
for glycine betaine accumulation. Although high levels of
glycine betaine can be achieved by both means, glycine
betaine transport rather than synthesis would be bioenerget-
ically more efficient.
The moderate halophilic methanogenic archaebacterium

Methanohalophilus strain FDF1 accumulates potassium in
the range of 0.6 to 1.1 M (Table 2). The high internal
potassium ion concentration also occurs in the extremely
halophilic archaebacteria Halobacterium sp. and Halobium
sp. (2, 17) and in the nonhalophilic methanogenic archaebac-
teria (10, 29, 32). Like the extremely halophilic archaebac-
teria, the halophilic methanogens exhibit a high intracellular
salt requirement. Unlike the extreme halophiles that accu-
mulate only potassium in response to osmotic changes, the
halophilic methanogens use both organic compatible solutes,
N.-acetyl-p-lysine, p-glutamine, glycine betaine, and inor-
ganic ions in response to the extracellular solute concentra-
tion. This is the first report of de novo synthesis of glycine
betaine by the methanogenic bacteria. The synthesis of
p-amino acids as compatible solutes, in this case p-glutamine
and N.-acetyl-p-lysine, appears to be a unique characteristic
of methanogenic archaebacteria.

ACKNOWLEDGMENTS

We thank R. Mah for helpful advice and suggestions.
This work was supported in part by grants from the Department of

Energy (DE-FG03-86ER13498), the University of California Sys-
temwide Biotechnology Research and Education Program, the Na-
tional Center of Intermedia Transport Research at UCLA, and NIH
grant GM 33463 (M.F.R.).

REFERENCES
1. Balch, W. E., G. E. Fox, L. J. Magrum, C. R. Woese, and R. S.

Wolfe. 1979. Methanogens: reevaluation of a unique biological
group. Microbiol. Rev. 43:260-296.

2. Christian, J. H. B., and J. A. Waltho. 1962. Solute concentra-
tions within cells of the halophilic and non-halophilic bacteria.
Biochim. Biophys. Acta 65:506-508.

3. Cover, W. H., R. J. Martinez, and S. C. Rittenberg. 1984.
Permeability of the boundary layers of Bdellovibrio bacterio-

VOL. 173, 1991



5358 LAI ET AL.

vorus 109J and its bdelloplasts to small hydrophilic molecules. J.
Bacteriol. 157:385-390.

4. Csonka, L. N. 1989. Physiological and genetic responses of
bacteria to osmotic stress. Microbiol. Rev. 33:121-147.

5. Ferguson, T. J., and R. A. Mah. 1983. Isolation and character-
ization of an H2-oxidizing thermophilic methanogen. Appl.
Environ. Microbiol. 45:265-274.

6. Grieve, C. M., and S. R. Grattan. 1983. Rapid assay for
determination of water soluble quaternary ammonium com-
pounds. Plant Soil 70:303-307.

7. Griffith, 0. W. 1986. P-Amino acids: mammalian metabolism
and utility as a-amino acid analogues. Annu. Rev. Biochem.
55:855-878.

8. Henrichs, S. M., and R. Cuhel. 1985. Occurrence of 13-amino-
glutaric in marine bacteria. Appl. Environ. Microbiol. 50:543-
545.

9. Imhoff, J. F. 1986. Osmoregulation and compatible solutes in
eubacteria. FEMS Microbiol. Rev. 39:57-66.

10. Jarrell, K. F., G. D. Sprott, and A. T. Matheson. 1984. Intra-
cellular potassium concentration and relative acidity of the
ribosomal proteins of methanogenic bacteria. Can. J. Microbiol.
30:663-668.

11. Javor, B. 1989. Hypersaline environments: microbiology and
biogeochemistry, p. 101-124. Springer-Verlag, New York.

12. Kiene, R. P., R. S. Oremland, A. Catena, L. G. Miller, and D. G.
Capone. 1986. Metabolism of a reduced methylated sulfur
compounds in anaerobic sediments and by a pure culture of an
esturine methanogen. Appl. Environ. Microbiol. 52:1037-1045.

13. Landfald, B., and A. R. Strom. 1986. Choline-glycine pathway
confers a high level of osmotic tolerance in Escherichia coli. J.
Bacteriol. 165:849-855.

14. Le Rudulier, D., and T. Bernard. 1986. Salt tolerance in Rhizo-
bium: a possible role for betaines. FEMS Microbiol. Rev.
39:67-72.

15. Le Rudulier, D., A. R. Strom, A. M. Dundekar, L. T. Smit, and
R. C. Valentine. 1984. Molecular biology of osmoregulation.
Science 224:1064-1068.

16. Mackay, M. A., R. S. Norton, and L. J. Borowitzka. 1984.
Organic osmoregulatory solutes in cyanobacteria. J. Gen. Mi-
crobiol. 130:2177-2191.

17. Matheson, A. T., G. D. Sprott, I. J. McDonald, and H. Tessier.
1976. Some properties of an unidentified halophile: growth
characteristics, internal salt concentration, and morphology.
Can. J. Microbiol. 22:780-786.

18. Mathrani, I. M., and D. R. Boone. 1985. Isolation and charac-
terization of a moderately halophilic methanogen from a solar
saltern. Appl. Environ. Microbiol. 50:140-143.

19. Mathrani, I. M., D. R. Boone, and R. A. Mah. 1988. Isolation
and characterization of four halophilic methanogens. Abstr.
88th Annu. Meet. Am. Soc. Microbiol., no. 123.

20. Mathrani, I. M., B. M. Ollivier, D. R. Boone, and R. A. Mah.
1987. Enrichment and enumeration of methanogenic, sulfate-
reducing, and cellulolytic bacteria from Lake Retba, a hyper-
saline lake in Senegal, West Africa. Abstr. 87th Annual Meet.
Am. Soc. Microbiol., no. 174.

21. Measures, J. C. 1975. Role of amino acids in osmoregulation of
non-halophilic bacteria. Nature (London) 257:398-400.

22. Meikle, A. J., R. H. Reed, and G. M. Gadd. 1988. Osmotic
adjustment and the accumulation of organic solutes in whole
cells and protoplasts of Sacharomyces cerevisiae. J. Gen.
Microbiol. 134:3049-3060.

23. Paterek, J. R., and P. H. Smith. 1985. Isolation and character-
ization of a halophilic methanogen from Great Salt Lake. Appl.
Environ. Microbiol. 50:877-881.

24. Riou, N., and D. Le Rudulier. 1990. Osmoregulation in Azo-

spirillum brasilense: glycine betaine transport enhanced growth
and nitrogen fixation under salt stress. J. Gen. Microbiol.
136:1455-1461.

25. Roberts, M. F., B.-S. Choi, D. E. Robertson, and S. Lesage.
1990. Free amino acid turnover in methanogens measured by
15N NMR spectroscopy. J. Biol. Chem. 265:18207-18212.

26. Robertson, D. E., S. Lesage, and M. F. Roberts. 1989. P-Amino-
glutaric acid is a major soluble component of Methanococcus
thermolithotrophicus. Biochim. Biophys. Acta 992:320-326.

27. Robertson, D. E., D. Noll, M. F. Roberts, J. A. G. F. Menaia,
and D. R. Boone. 1990. Detection of the osmoregulator betaine
in methanogens. Appl. Environ. Microbiol. 56:563-565.

28. Robertson, D. E., M. F. Roberts, N. Belay, K. 0. Stetter, and
D. R. Boone. 1990. Occurrence of ,3-glutamate, a novel os-
molyte, in marine methanogenic bacteria. Appl. Environ. Mi-
crobiol. 56:1504-1508.

29. Schonheit, P., D. B. Beimborn, and H.-J. Perski. 1984. Potas-
sium accumulation in growing Methanobacterium thermoau-
totrophicum and its relation to the electrochemical proton
gradient. Arch. Microbiol. 140:247-251.

30. Sowers, K. R., D. E. Robertson, D. Noll, R. P. Gunsalus, and
M. F. Roberts. 1990. N,-acetyl-p-lysine: an osmolyte synthe-
sized by methanogenic archaebacteria. Proc. Natl. Acad. Sci.
USA 87:9083-9087.

31. Speed, D., and M. Richardson. 1968. Chromatographic methods
for the isolation and identification of the products of choline
oxidation. J. Chromatogr. 35:497-505.

32. Sprott, G. D. 1989. Inorganic ion gradients in methanogenic
archaebacteria: a comparative analysis to other prokaryotes, p.
9-120. In T. J. Beveridge and R. T. Doyle (ed.), Metal ions and
bacteria. John Wiley & Sons, Inc., New York.

33. Sprott, G. D., and K. F. Jarrell. 1981. K', Na+, and Mg+2
content and permeability of Methanospirillum hungatei and
Methanobacterium thermoautotrophicum. Can. J. Microbiol.
27:444 451.

34. Sprott, G. D., K. M. Shaw, and K. F. Jarrell. 1984. Ammonium/
potassium exchange in methanogenic bacteria. J. Biol. Chem.
259:12602-12608.

35. Stewart, C. R., and A. D. Hanson. 1980. Proline accumulation as
a metabolic response to water stress, p. 173-189. In N. C.
Turner and P. J. Kramer (ed.), Adaptation of plants to water and
high temperature stress. John Wiley & Sons, Inc., New York.

36. Summons, R. E. 1981. Occurrence, structure and synthesis of
3-(N-methylamino)glutaric acid from Prochloron didemnii. Phy-
tochemistry 20:1125-1127.

37. Truper, H. G., and E. A. Galinski. 1986. Concentrated brines as
habitats for microorganisms. Experientia 42:1182-1187.

38. Vreeland, R. H. 1987. Mechanisms of halotolerant in microor-
ganisms. Crit. Rev. Microbiol. 14:311-356.

39. Wegmann, K. 1986. Osmoregulation in eucaryotic algae. FEMS
Microbiol. Rev. 39:37-43.

40. Wohlfarth, A., J. Severin, and E. A. Galinski. 1990. The
spectrum of compatible solutes in heterophic halophilic eubac-
teria of the family Halomonadaceae. J. Gen. Microbiol. 136:
705-712.

41. Wolin, E. A., M. J. Wolin, and R. S. Wolfe. 1963. Formation of
methane by bacterial extracts. J. Biol. Chem. 238:2882-2886.

42. Yancey, P. H., M. E. Clark, S. C. Hand, R. D. Bowlus, and
G. N. Somero. 1982. Living with water stress; evolution of
osmolyte systems. Science 217:1214-1222.

43. Zhilina, T. N. 1983. New obligate halophilic methane-producing
bacterium. Microbiology (USSR) 52:290-297.

44. Zhilina, T. N. 1986. Methanogenic bacteria from hypersaline
environments. Syst. Appl. Microbiol. 7:216-222.

J. BACTERIOL.


