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A novel 1—1 a-linked glucose disaccharide with sulfate at C-2 of one of the glucose moieties, 1-(2-O-sulfo-
a-D-glucopyranosyl)-a-p-glycopyranose, was found to be the major organic solute accumulated by a Natrono-
coccus sp. and several Natronobacterium species. The concentration of this novel disaccharide, termed sulfotre-
halose, increased with increasing concentrations of external NaCl, behavior consistent with its identity as an
osmolyte. A variety of noncharged disaccharides (trehalose, sucrose, cellobiose, and maltose) were added to the
growth medium to see if they could suppress synthesis and accumulation of sulfotrehalose. Sucrose was the
most effective in suppressing biosynthesis and accumulation of sulfotrehalose, with levels as low as 0.1 mM
being able to significantly replace the novel charged osmolyte. Other common osmolytes (glycine betaine,
glutamate, and proline) were not accumulated or used for osmotic balance in place of the sulfotrehalose by the

halophilic archaeons.

When cells encounter changed osmotic pressure due to al-
terations in external NaCl, they can respond in various ways.
They can accumulate inorganic cations with the appropriate
counterion (organic or inorganic), transport or synthesize a
neutral organic compatible solute, or use some combination of
the two strategies (2, 7, 11, 23, 47). Osmotic behavior has been
studied with many different types of bacteria. In eubacteria,
there are several different types of organic solutes that have
been used as osmolytes, including sugars (glucose, sucrose, and
trehalose), polyols (glycerol, mannitol, and glucosylglycerol),
free amino acids (glutamate, glycine, and proline), and deriv-
atives such as glycine betaine (16, 29, 44). Archaebacteria, a
much less studied group, exhibit both types of osmotic strate-
gies. Aerobic halophiles (e.g., Halobacterium halobium) have
been found to accumulate high levels of potassium and sodium
in the cell to balance external osmotic pressure (17, 18, 37, 40).
Methanogens, an anaerobic subgroup of archaebacteria, not
only accumulate inorganic cations (31) but also have been
found to accumulate several organic solutes in response to
changes in osmotic pressure (33). Notably, these organisms
synthesize several B-amino acids (e.g., B-glutamate and B-glu-
tamine) and derivatives (e.g., Ne-acetyl-B-lysine) as compatible
solutes (21, 30, 34, 38). Betaine is another commonly found
osmolyte that has been detected in several methanogens (32,
33) but has not been reported to play a role in other archaea.

Natronococcus and Natronobacterium spp. are a distinct
group of haloalkaliphilic archaebacteria which grow under
high-salt and high-pH conditions (17, 39). More specifically,
optimum growth occurs at a pH of 9.0 to 10.0, an NaCl con-
centration of 3.0 to 4.0 M, and a very low Mg>" concentration.
These organisms are typically isolated from hypersaline soda
lakes and are characterized by a distinct reddish color which is
due to the presence of bacterioruberins (17). Currently, there
is not much known about the physiology of these organisms,
with most of the work done thus far concentrating on the lipid
composition of these archaebacteria (9, 17, 39).
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Since Natronococcus and Natronobacterium spp., like all
other bacteria, must have some sort of strategy to deal with
osmotic stress, it was of interest to see if they chose to accu-
mulate inorganic ions, like other aerobic halophilic archaea, or
if they chose to synthesize and accumulate organic solutes
(much like the halophilic Methanohalophilus portucalensis
([formerly called strain FDF1] [21, 30]). The present work
involves the use of nuclear magnetic resonance (NMR) spec-
troscopy to identify and quantify the organic compatible sol-
utes found in Natronococcus and Natronobacterium spp. Anal-
ysis of the data shows a novel 1—1 «-linked glucose
disaccharide with sulfate at C-2 of one of the glucose moieties
to be the major organic solute present in all these organisms
grown in defined medium. The concentration of this novel
disaccharide, termed sulfotrehalose, increased with increasing
external NaCl, behavior consistent with its identity as an os-
molyte in these archaea.

MATERIALS AND METHODS

Chemicals. D,O (99.9%) was obtained from Sigma Chemical Company; D,O
(99.999%) was obtained from Cambridge Isotope Laboratories. Kojibiose, a
1—2-linked glucose disaccharide, was a gift from Irwin Goldstein, University of
Michigan Medical School. Other disaccharides (including sucrose, trehalose,
cellobiose, and maltose), amino acids (L-a-glutamate and glycine), and deriva-
tives (glycine betaine) were obtained from Sigma Chemical Company.

Cell growth. Natronococcus occultus (ATCC 43101), Natronobacterium gregoryi
(ATCC 43099), Natronobacterium magadii (ATCC 43098), and Natronobacte-
rium pharaonis (ATCC 43100) were grown to mid-log phase in defined haloal-
kaliphilic (DH) medium at 40°C with shaking (200 rpm). The composition of DH
medium was as follows (grams per liter): NaCl, 200; KH,PO,, 1; MgSO,, - 7H,O,
0.2; Casamino Acids, 5; Na,COs3, 18. Trace elements were added as 1 ml per liter
of medium. The trace element solution contained (in grams per liter)
ZnSO, - TH,0, 0.10; MnCl, - H,O, 0.03; H3;BOj, 0.3; CoCl, - 6H,O, 0.2;
CuCl, - 2H,0, 0.01; NiCl, - 6H,0, 0.02; Na,MoO, + H,O, 0.03. The cells were
harvested by low-speed centrifugation (5,000 X g, 15 min, 4°C), and each pellet
was washed three times with 3.4 M NaCl before lyophilization. This served to
remove any organic medium adhering to the cells. Cells of N. occultus were also
grown in DH medium with varying concentrations of NaCl.

Determination of cell volume. The intracellular volume of N. occultus grown in
3.4 M external NaCl was determined by measuring the differential retention of
[**Clinulin and *H,O in cell pellets as described previously for methanogens
(38).

Extraction of intracellular solutes. The lyophilized cell pellets were extracted
with 70% ethanol as described previously (20, 32). The entire cell pellet was
divided into four to six smaller tubes, and each tube was resuspended in 1 ml of
70% ethanol. This was critical for maximum disruption and extraction of small
molecules from these cell pellets. Each tube was vortexed for approximately 5
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min, bath sonicated for 5 to 10 min, and then centrifuged for 10 min at 10,000
rpm in an Eppendorf Microcentrifuge. The supernatants were collected, and the
procedure was repeated four to five times. All of the ethanolic supernatants were
collected, and the solvent was removed under vacuum. The remaining film was
frozen and then lyophilized overnight to remove traces of ethanol. As an aid to
identifying solutes by NMR spectroscopy, it is often useful to determine if
observed components are acid labile. Spectral changes can indicate the presence
of amide, ester, or glycosidic linkages. For NMR analyses of the sensitivity of
organic solutes in N. occultus to acid, lyophilized ethanol extracts were dissolved
in 1 M H,SO, and incubated at 100°C for a period of 1 to 6 h. Samples were then
neutralized and examined by '*C NMR spectroscopy. The amounts of solutes
found in different ethanol extracts were normalized to total cell protein deter-
mined from the cell pellet remaining after the ethanol extraction. This material
was dissolved in 30 to 60 ml of water by bath sonication, and its protein content
was measured by the Bradford assay (1). Values for solute concentrations were
reported as micromoles per milligram of cell protein.

Purification of disaccharide. Pooled ethanol extracts (containing primarily the
disaccharide and glutamate with smaller amounts of other sugars) were lyophi-
lized and resuspended in water to a concentration of 10 to 20 mg/ml. Extracts
were then applied to a column (2 by 1 cm) packed with ToyoPearl TSK quater-
nary aminoethyl resin and eluted with a gradient of 0.05 to 0.5 M ammonium
bicarbonate. The column was then rinsed with 2 M NaCl to remove adsorbed
bacterioruberins. 'H NMR spectroscopy was used to ensure the purity of the
disaccharide.

Paper chromatography and high-pressure liquid chromatography (HPLC)
analysis of carbohydrates. Samples were spiked with a ['*C]glucose standard
prior to hydrolysis. The purified disaccharide was hydrolyzed to its monosaccha-
ride units by incubation in 70% formic acid overnight at 100°C. To analyze the
constituent monosaccharides, the hydrolyzed sample was reduced with sodium
[*HJborohydride (6) to label all reducing sugars. The identity of the reduced
sugars was determined by descending paper chromatography with Whatman no.
1 paper strips developed in an ethyl acetate-glacial acetic acid-formic acid-water
(18:3:1:4) solvent system for 20 h (35). The Ry value of the reduced glucose
standard (distance migrated from the origin compared to the total distance
between the origin and the solvent front) was compared to that from the disac-
charide. The chemical composition of the disaccharide was also examined by
HPLC analysis of the *H-labeled hydrolysis products on a Whatman Partisil PAC
column equilibrated with 29% water in acetonitrile (14).

The total hexose content in a hydrolyzed disaccharide stock solution was
estimated with a tetrazolium blue assay for reducing equivalents (25). A standard
curve was constructed from glucose. The assay is sensitive over a range of 0 to 10
wg of glucose in 100 pl. Total sulfate in the hydrolyzed purified sample was
measured by the BaCl,-gelatin method (10) with K,SO, to construct the stan-
dard curve. The sulfate (micromoles) in 10, 50, and 100 pl of disaccharide stock
solution was compared to the amount of reducing equivalents (micromoles) in
the same volumes of disaccharide stock and used to determine the ratio of sulfate
to reducing equivalents in the disaccharide sample.

Preparation of samples for NMR. The lyophilized ethanol extract was dis-
solved in 1 to 2 ml of D,0 (99.9% for *C spectra, 99.999% for 'H spectra). The
pH of the dissolved sample was adjusted to be between 6.9 and 7.1. The sample
was centrifuged for 10 min at 10,000 rpm in an Eppendorf Microcentrifuge. A
thin top layer was discarded, and the rest of the aqueous layer was removed for
NMR analysis (500-pl sample volume).

NMR spectroscopy. All NMR experiments were carried out on a Varian Unity
500 spectrometer. The 'H total correlation spectroscopy (TOCSY), hetero-
nuclear multiple quantum coherence (HMQC), and nuclear Overhauser effect
spectroscopy (NOESY) and several '*C experiments were performed with a
5-mm inverse probe. The remaining 'H correlation spectroscopy (COSY) and
natural abundance '*C spectra were acquired with a broadband probe. 'H
WALTZ-decoupled '*C NMR (125.7-MHz) spectra were acquired with the
following parameters: 25-kHz sweep width, 65,024 datum points, 90° pulse width
(18 ws at a transmitter power of 55 for the indirect probe and 11 ps at a
transmitter power of 54 for the broadband probe), and a 1.0-s delay time. A total
of 1,000 to 10,000 transients were acquired, and the resulting free induction
decays were processed with 4-Hz line broadening. The '"H NMR (500-MHz)
spectra were acquired with an 8,000-Hz sweep width, 19,200 datum points, 90°
pulse width (4.8 s at transmitter power 63 for the indirect probe, 22.0 ps at
transmitter power 63 for the broadband probe), a 1.0-s delay time, and 256
transients. The residual water was presaturated.

The amount of solute present in each extract sample (micromoles) was deter-
mined by integrating resonances for the organic solutes and comparing their
intensities to that of 6 wmol of dioxane added as an internal standard. These
values were then normalized (micromoles per milligram of protein) with the total
protein content of the cells obtained from a Bradford assay on the resuspended
pellet from the ethanol extraction. '*C chemical shifts were referenced to diox-
ane at 67.4 ppm; 'H chemical shifts were referenced to residual HDO at 4.75

pm.
All of the two-dimensional experiments used standard Varian software, with
suppression of residual water by presaturation. 'H-'*C HMQC experiments used
56 scans per tl increment, a 0.500-s delay time, a 0.171-s acquisition time, '*C
decoupling during acquisition, and a raw data matrix size of 512 by 256. A Jcyy
of 140 Hz was used to generate the delay period for evolution of C-H coupling.
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FIG. 1. 'H-decoupled *C NMR spectrum of an ethanol extract of N. occul-
tus grown in minimal medium in the presence of 3.4 M NaCl.

The matrix was zero filled and processed with 1,024 in f1 and 2,048 in f2. COSY
experiments used a 1.600-s delay time, a 0.426-s acquisition time, decoupling on
during predelay and pulse, 16 scans per t1 increment, and a raw data matrix size
of 1,024 by 512. The matrix was zero filled with 1,024 in f1 and 1,024 in {2 prior
to processing. TOCSY experiments used a 1.500-s delay time, a 0.197-s acquisi-
tion time, decoupler on during predelay only, 20 scans per t1 increment, a mixing
time of 0.060 s, and a raw data matrix of 512 by 256. NOESY experiments used
a 2.0-s delay time, a 0.189-s acquisition time, a 0.500-s mixing time, decoupler on
during predelay, 16 scans per t1 increment, a raw data matrix size of 2,048 by 256,
and zero filling with 2,048 in f1 and 1,024 in f2.

RESULTS

Intracellular organic solutes in Natronococcus and Na-
tronobacterium spp. N. occultus cells grown in DH medium
containing 3.4 M NaCl, the optimum salt concentration, were
examined for the accumulation of organic solutes. The natural
abundance *C NMR spectrum of an ethanol extract exhibited
12 major resonances between 62 and 100 ppm (Fig. 1). The
occurrence of 12 distinct resonances of equivalent intensity in
this chemical shift range could indicate that a disaccharide was
the major solute present in these extracts. There were also
minor "*C resonances (1/10 to 1/5 of the major resonances) in
the carbohydrate region, notably at 94.0, 73.3, and 70.4 ppm.
These (and presumably others that overlapped with the major
resonances) could represent a carbohydrate related to the ma-
jor species. None of the major organic solutes used as os-
molytes by other archaea (e.g., a- and B-glutamate, Ne-acetyl-
B-lysine, glycine betaine, B-glutamine, di-myo-inositol-1,1'-
phosphate and derivatives, and glucosylglycerate) appeared to
be present at significant levels in this sample based on the
absence of the corresponding resonances (4, 21, 30, 33, 38). '°C
NMR spectra of extracts of N. pharaonis, N. magadii, and N.
gregoryi also exhibited the same 12 resonances, indicating that
the same solute was present in all of the halophilic, alkaliphilic
archaea under these growth conditions. These organisms also
exhibited resonances for glutamate.

Characterization of the major organic solute by NMR spec-
troscopy. Since the chemical shifts of this solute did not match
up with any of the common disaccharides (12), a number of
two-dimensional NMR experiments were performed to char-
acterize this compound. Analysis of the TOCSY spectrum in-
dicated the presence of two major spin systems consistent with
hexoses (Fig. 2A). In this experiment, spin magnetization is
transferred through bonds along a spin system [for a typical
carbohydrate, this would be C(1)-H to C(6)-H], and the cross-
peaks indicate the identities of all the spins in a given hexose
ring. The crosspeaks were fairly well resolved and easily pro-



J. BACTERIOL.

3148 DESMARAIS ET AL.
A B spin A spin
- system system
- oW T P
- . DA P P
[ oy -
= > o
40 . & @ @ T e
/é\ H fb D & E -
g - : !
: : !
o ﬁ 1 1
50 + .: E
o E - &
1 '
» -3 - -
v
] ] | l
5.0 4.0
OH (ppm)
9
36 | B @
2 4
8 ¢
38 | 6 &
2 8 @06
o 3
R -5‘,
= 40 | 5
[Z=] 5 @
3
42 |
o
i | | | | |
78 74 70 66 62
dC (ppm)

FIG. 2. Contour plots of TOCSY (A) and 'H-'*C HMQC (B) experiments for an ethanol extract of N. occultus grown in the presence of 3.4 M NaCl. (A) Dotted
lines illustrate how resonances belonging to a particular hexose spin system are identified. (B) Identities of each peak are labeled by the appropriate carbon number.
The chemical shift region containing the two anomeric carbons is not shown; hence, these two carbons are not labeled on the plot.

vided 11 of the 12 proton chemical shifts (in Fig. 2A, the dotted
lines connect resonances in each spin system). The results of
the COSY spectrum provided connectivities between hydrogen
atoms in each ring system, allowing one to assign each reso-
nance in a spin system to a particular proton on the ring. This
information together with the coupling constants derived from
the 'H spectrum indicated that the first four protons in each
ring system were consistent with glucose stereochemistry with
the C-1 oxygen in an « orientation in both rings. An extract
from N. occultus was hydrolyzed in 1 M H,SO,; after 2 h, the
13C spectrum showed no residual 12-line pattern but only res-
onances identified as the a- and B-anomers of glucose (data

not shown). Since only one type of sugar monomer, glucose,
was present, the 12 resonances in the unhydrolyzed sample
must represent a glucose dimer.

An HMQC experiment was carried out in order to correlate
"H with '*C chemical shifts (Fig. 2B). This experiment uses
'H-'3C coupling to identify protons attached to individual car-
bons (numbers on Fig. 2B label each C-H; the 'H and '*C
chemical shifts are summarized in Table 1). A comparison of
'H and "*C chemical shifts of the unknown solute with those
for glucose showed significant differences for both C-1 reso-
nances (they occur at values consistent with only a-anomers
present) and for one of the C-2 positions. The downfield-
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FIG. 3. 'H-decoupled '*C NMR spectrum of a sample containing an ethanol
extract of N. occultus grown in 3.0 M NaCl with authentic kojibiose added.
Dioxane (6 pmol) is present as an internal standard.

shifted C-2 was either an indication of the position of a glyco-
sidic linkage or a chemical modification of that hydroxyl group
(42, 46).

If the abnormal C-2 chemical shift was due to an a(1—2)
linkage, the compound could be a-kojibiose (15) or a deriva-
tive. In solution, kojibiose occurs with both a- and B-anomers
at the reducing sugar of the disaccharide in equilibrium (15,
42). For comparison, the unknown glucose dimer exhibited
only a orientations for both C-1 groups. When authentic
kojibiose was added to the extract, its >C resonances clearly
did not overlap with the resonances of the unknown disaccha-
ride (Fig. 3). Hence, the unknown disaccharide in these ar-
chaea cannot be the neutral glucose dimer kojibiose.

Disaccharides show a strong positive NOE between protons
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TABLE 1. 'H and '3C chemical shifts of the novel disaccharide

accumulated by N. occultus

Spin system A

Spin system B

Carbon 8¢ (ppm)* 8y (ppm)”  Carbon 8¢ (ppm)* 8y (ppm)”
C-1 94.56 5.28 C-1 92.33 5.56
C-2 71.80 3.75 C-2' 77.63 4.35
C-3 73.45 3.92 C-3’ 71.30 4.10
C-4 70.04 3.62 C-4' 70.30 3.68
C-5 72.64 4.00 C-5' 72.91 3.94
C-6 60.84 3.90 C-6' 61.21 3.88

@ The 3C chemical shifts were referenced with respect to added dioxane at
67.4 ppm.
b The 'H chemical shifts were referenced with respect to residual HDO at 4.75

attached to the carbons involved in the glycosidic bond. In the
NOESY contour plot for the unknown disaccharide, there is a
strong positive NOE between the C-1 protons of each spin
system [Fig. 4; note the (1,1") and (1',1) crosspeaks]). This is
diagnostic for a glycosidic bond involving C-1 of each spin
system. The a(1—1)-linked glucose dimer is trehalose, a non-
reducing sugar characterized by only six resonances since it is
a symmetric molecule. In fact, the three distinct small reso-
nances also observed in the carbohydrate region (Fig. 1) are
consistent with the '*C chemical shifts for authentic trehalose
(C-1, 94.0; C-2, 73.0; C-3, 73.3; C-4, 70.5; C-5, 71.8; and C-6,
61.4 ppm). The abnormal **C shift of one of the C-2 carbons in
the disaccharide could indicate chemical modification of the
trehalose to generate a molecule in which the two glucose rings
are differentiated by a chemical modification. No other car-
bons are detected in the '*C spectrum, so that an acetylated or
methylated group is also not an option. Phosphorylation would
introduce *'P-*C (or *'P-'H) coupling, and none was ob-
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FIG. 4. Contour plot from a NOESY experiment for an extract of N. occultus grown in 4.0 M NaCl. The dashed lines identify crosspeaks indicative of NOEs between
the C-1 and C-1’ protons [labeled as (1,1") and (1',1)]; crosspeaks representing NOEs between the C-1 and C-2 protons, labeled as (1,2) and (1’,2"), are also indicated.
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FIG. 5. Radioactivity profile of the paper chromatogram (A) and HPLC
elution profile (B) of the hydrolyzed and reduced disaccharide labeled with *H
(O) compared to the standard [*C]glucitol (CJ).

served. A reasonable alternative is sulfation of the C-2 hy-
droxyl group. This would not introduce any coupling, and when
it has occurred in carbohydrates, it shifted the carbon bearing
the sulfate downfield by about 5 ppm compared to the parent
sugar residue (27).

Chemical analysis of the disaccharide. Chemical methods
were used (i) to confirm that the disaccharide was composed of
only glucose moieties and (ii) to quantify the sulfate content.
The disaccharide was purified from the extract (which could
contain inorganic sulfate or other sulfated species) by quater-
nary aminoethyl anion-exchange chromatography. As expected
for a compound with a negative charge, the disaccharide bound
to the resin; it was eluted with 0.05 M ammonium bicarbonate.
Fractions were monitored by 'H NMR to ensure that there
were no other organic solutes or that the disaccharide was not
altered by this procedure. The sample was hydrolyzed in formic
acid and then reduced with sodium [*H]borohydride to yield
labeled glycitols. Confirmation of the unknown compound as a
glucose dimer was carried out with paper chromatography to
separate all labeled monosaccharides. The labeled material
formed from hydrolyzing and reducing the disaccharide exhib-
ited a single peak that comigrated with ["*CJglucitol (Fig. 5A).
Similarly, when the hydrolyzed sample was eluted from an
HPLC PAC column, only a single *H-labeled peak comigrating
with ['*C]glucitol was detected (Fig. 5SB).

The total sulfate content of the hydrolyzed disaccharide
stock solution was monitored by the BaCl,-gelatin method.
The stock solution contained 55 pg of SO,>~ per 100 wl; this
corresponded to 0.58 pmol of SO,>~ per 100 ul (Fig. 6A).
Reducing equivalents of glucose in the same hydrolyzed stock

J. BACTERIOL.

solution were also determined (Fig. 6B); the value for glucose
was divided by two since the disaccharide is composed of two
glucose units. There were 95 pg (0.53 pmol) of reducing equiv-
alents per 100 pl of the disaccharide stock solution. The ratio
of sulfate content to disaccharide was then estimated as 1.1:1.0.
Thus, there is one sulfate group for the trehalose unit. The
presence of a sulfate group typically causes a 5-ppm downfield
shift of the carbon to which it is attached (27). The only carbon
whose shift is markedly different from that of the carbons in
trehalose is C-2. Hence, the combination of the NMR data
with the sulfate assay identifies the novel osmolyte in haloal-
kaliphilic archaea as trehalose with a sulfate group on C-2,
2-sulfotrehalose or 1-(2-O-sulfo-a-D-glucopyranosyl)-a-D-gly-
copyranose.

Effect of external NaCl and exogenous solutes on sulfotre-
halose. N. occultus was grown in media containing various
NaCl concentrations (2.5, 3.4, and 4.0 M NaCl) in order to see
if the amount of sulfotrehalose varied with external salt. The
disaccharide was significantly lower in cells grown in 2.5 M
NaCl and decreased slightly in cells grown with the higher level
of NaCl (Fig. 7). Two or more extracts were examined at each
external NaCl concentration to get a good estimate of the
errors in determining the sulfotrehalose concentrations. Thus,
this sulfated disaccharide exhibited an osmotic response (al-
though not a simple linear response) in these cells. At the
lower NaCl concentration (<3.0 M) at which there was less
disaccharide, a-glutamate (also anionic) was also accumulated.
The a-glutamate also contributed to osmotic balance, making
up about 30% of the total organic solute present. While at the
highest NaCl concentration examined, 4.0 M, the levels of
sulfotrehalose decreased compared to what was detected in 3.4
M NaCl, no other organic solute was accumulated.
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FIG. 6. (A) Determination of the sulfate content of the hydrolyzed disaccha-
ride. O, K,SO, standard; m, 10, 50, and 100 pl of the disaccharide stock solution.
(B) Correlation of the microgram glucose-reducing equivalents in the disaccha-
ride stock solution.
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FIG. 7. Dependence of intracellular sulfotrehalose (micromoles per milli-
gram of protein) on external NaCl (molars). Error bars represent the averages of
two or more ethanol extracts of cells grown at a given NaCl concentration.

The cell volume of N. occultus grown in 3.4 M NaCl was
estimated to be 3.12 pl/mg of protein by using *H,O-["*CJinu-
lin to monitor permeable and impermeable volumes. Thus, the
intracellular concentration of sulfotrehalose for these cells was
estimated as 0.9 M. Initial estimates of internal K concentra-
tion indicated that ~1 M K* was present in these cells (16a),
making it the counterion of sulfotrehalose. This amount of
K" -sulfotrehalose is not enough to balance the osmotic pres-
sure produced by 3.4 M external NaCl. Presumably, other
species (e.g., large organic solutes that would be NMR invisi-
ble, Na™, and inorganic anions) are present and also contribute
to osmotic balance.

N. occultus was also grown in medium containing a fixed
amount of NaCl (3.4 M) with 10 mM exogenous solutes added
to see if other solutes could be internalized and suppress sul-
fotrehalose synthesis and accumulation. Cells grown in the
presence of 10 mM glycine, glycine betaine, and L-a-glutamate
all synthesized and accumulated the disaccharide rather than
internalize these exogenous molecules. None of these com-
pounds were accumulated to NMR-detectable levels. Given
the typical size of these extracts and the signal-to-noise avail-
able, that would translate to a solute occurring in the cells at
less than 50 mM.

Exogenous sugars, in contrast to amino acids, affected sul-
fotrehalose accumulation. Cells grown in the presence of tre-
halose, a likely precursor, exhibited a mix of the negatively
charged sulfotrehalose and the neutral disaccharide. When the
cells were grown in the presence of 10 mM sucrose, the sucrose
was internalized, and disaccharide synthesis was completely
suppressed. The natural abundance '*C spectrum of the cell
extract showed only sucrose resonances. Cells were grown in
varying amounts of sucrose to determine in which concentra-
tion range sucrose could only partially suppress biosynthesis of
sulfotrehalose. Cells grown in 1 mM sucrose only contained
sucrose as a solute. However, when the cells were grown in 0.1
mM sucrose, both disaccharides were detected in roughly sim-
ilar amounts. These results indicate that exogenous sucrose, a
neutral disaccharide, can substitute for sulfotrehalose, a neg-
atively charged disaccharide, as long as the external sucrose
concentration is greater than 0.1 mM (Fig. 8). The total
amount of organic solutes as a function of external sucrose
concentration is shown in the inset in Fig. 8. Interestingly,
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when only a small amount of sucrose (0.1 mM) was present in
the medium, the total amount of both solutes accumulated
(~1.5 wmol/mg of protein) was about half of the sulfotrehalose
accumulated when the cells were grown without added sucrose
(2.8 pmol/mg of protein). However, with more and more su-
crose available the total amount of organic solute increased
well above the normal amount of sulfotrehalose at this NaCl
concentration. The reason for this behavior is not clear, but it
is compatible with changes in inorganic ions being a driving
force in balancing different osmolytes. Cells were also grown in
media supplemented with 10 mM cellobiose, myo-inositol, or
maltose. Only the cells exposed to maltose showed significant
internalization of exogenous solute, although maltose was not
as effectively accumulated as sucrose and represented around
50% of the solute pool under these conditions.

The N. occultus cultures used for the previous experiments
were all grown in a defined minimal medium. Cells were also
grown in a rich medium (with yeast extract added) to see if
organic solute composition varied. Natural abundance '*C
spectra showed no resonances for sulfotrehalose. In fact, there
was little organic material present in these extracts. This sug-
gests that under some growth conditions the cells can use
inorganic ions exclusively as osmolytes. In rich medium, this
strategy is preferred over de novo synthesis of the sulfotreha-
lose.

DISCUSSION

It was originally thought that halophiles used inorganic ions
such as potassium ions as the solutes to balance external os-
motic pressure (9, 17). However, a number of organic com-
pounds serve as osmolytes in these organisms. Betaine and
glutamate, both osmolytes in nonhalophilic eubacteria and eu-
karyotes, accumulate in a wide variety of halophilic eubacteria
(16, 44). The halophile Ectothiorhodospira halochloris accumu-
lated glycine betaine, trehalose, and ectoine (16), the last of
these a solute more recently shown to be associated with a wide
variety of halophilic organisms isolated from different environ-
ments (for an example, see reference 5). There are few exam-
ples of halophilic archaea that have been examined in any
detail. Aerobic Halobacteria spp. appear to use inorganic ions,
notably cations (17, 18, 37, 40), rather than any organic solutes
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FIG. 8. Dependence of intracellular sulfotrehalose (O) and sucrose (@) lev-
els (micromoles per milligram of protein) on the concentration of sucrose added
to the medium. The inset shows the dependence of total organic solute (sulfotre-
halose plus sucrose) on external sucrose concentration.
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in response to osmotic stress. In contrast to those aerobic
archaea, Methanohalophilus strain FDF1, a halophilic meth-
anogen, synthesizes a number of organic compatible solutes.
Its major organic osmolytes, Ne-acetyl-B-lysine, B-glutamine,
and glycine betaine, are zwitterionic molecules, although an-
ionic osmolytes (a-glutamate and glucosylglycerate) are also
accumulated under some conditions (21, 30). This methanogen
also accumulates high concentrations of K* (roughly 1 to 2 M)
between 1.4 and 2.7 M external NaCl (21); that cation also
plays a role in osmotic balance.

Sulfotrehalose is the first (and so far only) organic osmolyte
detected in halophilic alkaliphilic archaea grown under opti-
mum conditions in minimal medium. Small amounts (millimo-
lars or micromolars) of glycine betaine had previously been
detected in Natronococcus and Natronobacterium strains, but
this material was associated with lipids in a complex that did
not exhibit osmotic behavior (9). The choice of sulfotrehalose
is also unique in that it is the first sulfated sugar to be used as
an osmolyte by any organism. A variety of sugars have been
found in other organisms as compatible solutes, but few have
been detected in true halophiles. Sucrose and trehalose, both
neutral molecules, have been accumulated in cyanobacteria
such as Anabaena spp. as well as some plants and animals (29,
37), while the disaccharide B-fructofuranosyl-a-mannopyrano-
side was found to accumulate in some strains of the soil bac-
terium Agrobacterium tumefaciens in response to changes in
osmotic strength (36). Anionic carbohydrates are rarer and
include glucosylglycerate, mannosylglycerate, di-myo-inositol-
1,1'-phosphate and related compounds (4, 30). In each case,
the carbohydrates used for osmotic balance are ones in which
the reducing end of the sugar is involved in a glycosidic bond
or is otherwise modified. High intracellular concentrations of
reducing sugars can result in nonenzymatic glycation of a wide
spectrum of macromolecules. Glycation products form from
reactive dicarbonyl intermediates that arise from oxidation of
the so-called Amadori product (1l-amino-1-deoxyketose),
which is produced by the reaction of reducing sugars with
protein amino groups (13). These glycation end products result
in cross-linked proteins with severe physiological consequences
(3, 24). To avoid these detrimental reactions, cells use a strat-
egy that modifies the reducing end (e.g., formation of treha-
lose, glucosylglycerol, or glucosylglycerate) or reduces its re-
activity. A 12 linkage as in sucrose is much less reactive than
other linkages. However, sucrose is not a common osmolyte in
extreme halophiles. The addition of a sulfate group to one of
the glucose rings of trehalose is a novel strategy, and sulfotre-
halose has not been detected in any other organisms thus far.
The only sulfur-containing compound identified thus far that
might have an osmotic role in cells is dimethylsulfoniopropi-
onate. Dimethylsulfoniopropionate is synthesized and accumu-
lated by algae and plants (8, 26, 28) and possibly by some
cyanobacteria (43, 45). However, this zwitterionic methylsul-
fonium derivative is neither a carbohydrate nor a major os-
molyte in bacteria.

Sulfotrehalose biosynthesis may be related to glycolipid bio-
synthesis since a number of carbohydrates, including sulfated
moieties, have been detected in the glycolipids of halophiles.
For example, a 1—6-linked diglucosyl sugar was identified in
one of the glycolipids of a Natronobacterium strain from India
(41). Extreme halophilic archaea isolated from Spanish salt
ponds were found to contain a number of glycolipids, including
a sulfated diglycosyl diether termed S-DGD (19). Sulfated
lipids are not unique to halophilic archaea since a halophilic
nonalkaliphilic archaebacterium called strain 172 was found to
contain a phytanyl-sesterterpenyl-1-[2,6-(HSO5),-a-Manp-
1—2-Glep]-sn-glycerol (22). Thus, the enzymology to prepare
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sulfated glycosyl derivatives as in sulfotrehalose may be linked
to lipid biosynthesis in these organisms. Since intracellular
sulfotrehalose levels respond to external NaCl, linking os-
molyte enzymology with membrane components might gener-
ate a useful regulatory scheme.

The intracellular concentration of K*-sulfotrehalose in N.
occultus grown in 3.4 M external NaCl is ~1 M. This value is
only one-third of that of the external NaCl, indicating that an
osmotic gradient exists for the cells. This strongly suggests that
there must be other inorganic ions (e.g., Na*, Cl~, and
polyphosphate) or large organic solutes (possibly macromole-
cules) that are NMR invisible to help balance the 3.4 M exter-
nal NaCl. What controls synthesis of the organic anion sul-
fotrehalose is not clear, although there are a few hints. If these
halophilic alkaliphiles are grown in a rich medium, they no
longer synthesize and accumulate sulfotrehalose. This may
suggest an energy hierarchy in the cells. Accumulation and
maintenance of an inorganic ion gradient are energetically
costly. In rich medium, there is presumably a larger amount of
substrate for growth (or more easily metabolized substrates),
so that an ion gradient can be easily established and main-
tained. In the defined medium, the cost of the ion gradient may
now be comparable to that of synthesizing sulfotrehalose. The
enzymes of many halophiles have evolved to require high in-
tracellular ion concentrations, and the Natronococcus and Na-
tronobacterium spp. may have a similar dependency. Thus,
while sulfotrehalose can replace some of the inorganic anions,
it cannot totally replace them. Furthermore, the charge of the
sulfotrehalose is less relevant because it can be effectively re-
placed by sucrose, which is a neutral sugar. Clearly, what reg-
ulates synthesis and accumulation of sulfotrehalose will be an
interesting area to investigate in the future.
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