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The de novo synthesis of compatible solutes is an essential
part of the cellular osmotic stress response. Upon an osmotic
challenge, it is regulated by the immediate biochemical activa-
tion of preformed enzymes and by activation of gene expres-
sion. Whereas the transcriptional response has been investi-
gated intensively, the mechanisms by which enzymes are
activated in osmotic stress situations are still elusive. Here, we
address this topic for the moderately halotolerant cyanobacte-
rium Synechocystis sp. PCC 6803, which synthesizes glucosylg-
lycerol as a compatible solute. The key enzyme of the glucosyl-
glycerol pathway (GgpS) is inhibited by nucleic acids in a
sequence- and length-independent manner. The protein binds
DNA, RNA, and heparin via a salt-dependent electrostatic in-
teraction with the negatively charged backbone of the polyan-
ions. Mechanistically, DNA binding to the enzyme causes non-
competitive inhibition of Ggp$ activity. The interaction of the
enzyme and nucleic acids under iz vivo conditions is indicated
by the co-purification of both after cross-linking in Synecho-
cystis cells. We propose a novel mechanism of activity regula-
tion by the nonspecific salt-dependent binding of an enzyme
to nucleic acids.

All living bacterial cells maintain a proper turgor pressure
as the driving force for cell growth (1). Turgor is caused by
water influx into the cell, which is driven by the different wa-
ter potentials of the cytoplasm and the cell’s surrounding. The
osmotic homeostasis is challenged by a change in water avail-
ability, which is caused mainly by drought and/or increasing
external salt concentrations. Cells exposed to increased salt
concentrations have to cope with two major problems: the
maintenance of a low internal ion concentration despite high
concentration gradients across the cytoplasmic membrane
and the increase in the internal osmotic potential by the efflux
of water (2). Under these conditions, the accumulation of
compatible solutes was found to be essential in most bacteria
(3, 4). Compatible solutes are low molecular weight com-
pounds like sugars or amino acids and their derivatives, which
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are accumulated in high concentrations to establish the re-
quired osmotic potential without perturbation of the cellular
metabolism (5). Additionally, they are able to protect cellular
macromolecules directly by stabilizing their hydration shell
(6). The accumulation of compatible solutes is achieved by
either de novo synthesis or uptake. Both processes are part of
the immediate response to osmotic stress and comprise the
direct activation of preformed enzymes. Synthesis of trehalose
in Escherichia coli is regulated by modulation of enzyme ac-
tivities, as is proline synthesis in Bacillus subtilis and synthesis
of glucosylglycerol in the cyanobacterial model strain Syn-
echocystis sp. PCC 6803 (7-9). Following the rapid activation
of enzymes, their activity must be tuned during the subse-
quent acclimatization to adjust the osmotic potential of the
cytoplasm in relation to the external stress condition. How-
ever, mechanisms that cause activation and regulation of en-
zymes involved in the synthesis of compatible solutes are un-
known (3).

Here, we focus on the synthesis of glucosylglycerol (GQ)
in Synechocystis sp. PCC 6803 (hereafter Synechocystis; Re-
action 1).

GgpP
GGP GG

GgpS
ADP-Glc + G3P

REACTION 1

The key enzyme is the glucosylglycerol-phosphate synthase
(GgpS), which uses ADP-glucose (ADP-Glc) and glycerol
3-phosphate (G3P) as precursors for the formation of glu-
cosylglycerol phosphate (GGP), a reaction of second order.
The intermediate is dephosphorylated by the second enzyme
of the pathway, the glucosylglycerol-phosphate phosphatase
(GgpP) (9). Cells unable to accumulate glucosylglycerol are
not able to survive at higher salt concentrations (9). When de
novo protein synthesis has been inhibited, glucosylglycerol
synthesis is activated immediately following an increase in salt
concentration, which demonstrates that the enzymes of the
glucosylglycerol pathway are preformed but inactive in Syn-
echocystis cells under low salt conditions (9). We report the
identification of nucleic acids as inhibitory factors and ad-
dress the biochemical mechanism of inhibition. We describe
the nonspecific salt-dependent binding of the GgpS protein to
nucleic acids and the concomitant noncompetitive inhibition
of enzyme activity and propose a novel model for GgpS regu-
lation under in vivo conditions.

JOURNAL OF BIOLOGICAL CHEMISTRY 3235


http://www.jbc.org/cgi/content/full/M110.157032/DC1

Novel Mechanism of Osmoregulation

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—Synechocystis sp. strain
PCC 6803 was cultivated photoautotrophically in BG11 me-
dium buffered with 20 mm TES* at pH 8.0 and aerated by
CO,-enriched air (5%) and continuous light (150 microein-
steins m 2 s~ 1) at 30 °C. The construction and cultivation of
the Synechocystis ggpS™ mutant have been described previ-
ously (10). Analogous to the ggpS™ strain, a ggpS_strep™ strain
was constructed to produce a GgpS protein harboring a C-
terminal Strep-tag. The Strep-tag-encoding sequence was
introduced at the C terminus using appropriate 3'-primers for
amplification of the ggpS gene. E. coli cells were grown in LB
medium at 37 °C in shaker flasks. The strain DH5amcr (11)
was used for cloning, and the strain BL21(DE3) (12) was used
for expression.

Expression, Purification, and Activity Measurement of the
GgpS Enzyme—For heterologous expression, the ggpS gene
was cloned into the vector pASK-IBA3 (IBA GmbH, Got-
tingen, Germany) according to the supplier’s manual. Ex-
pression of the ggpS-strep gene was induced by the addition
of anhydrotetracycline (2 pug/ml) at an A, of 1, and cells
were harvested 6 h later by centrifugation at 5000 X g for 5
min. The cells were resuspended in wash buffer (100 mm
Tris-HCI, pH 8.0, and 150 mm NaCl) and disrupted by
passing three times through a French pressure cell press
(SLM-AMINCO) at 18,000 p.s.i. After centrifugation at
15,000 X g for 20 min, the supernatant was subjected to
Strep-tag purification (IBA GmbH) according to the manu-
facturer’s protocol. The purified GgpS enzyme was frozen
in liquid nitrogen and stored at —80 °C until further use.
The activity of the GgpS enzyme and the glucosylglycerol
content was determined as described previously (13). For
analyzing the impact of nucleic acids on GgpS$ stability, the
enzyme was incubated with or without DNA (1 uMm) at 30
and 4 °C, and the activity was determined upon the addi-
tion of 200 mMm NaCl. Glycerol 3-phosphate and ADP-glu-
cose for enzyme assays were purchased from Sigma.
Salmon sperm DNA was obtained from Invitrogen, and
heparin was purchased from Sigma. All other chemicals
not provided by the aforementioned kit suppliers were of
analytical grade and purchased from Carl-Roth GmbH Co.
KG (Karlsruhe, Germany).

Preparation and Treatment of Synechocystis Cell Extracts—
Cells were collected by centrifugation at 20,000 X g for 5 min,
and the pellet was resuspended in buffer A (20 mm Tris male-
ate, pH 7.5, and 10 mm MgCl,) and disrupted using FastPrep®
treatment (Thermo Savant) using glass beads after the addi-
tion of 0.1 mg/ml DNase I (Roche Diagnostics). After centri-
fugation at 20,000 X g for 30 min, the supernatant was ap-
plied to a PD10 desalting column (GE Healthcare) to remove
low molecular weight compounds. The protein content was
estimated using Bradford reagents and adjusted to 10 ug/ul.
Detection of the GgpS protein was performed as described
previously (10). The nucleic acid content of samples was de-

*The abbreviation used is: TES, N-tris(hydroxymethyl)methyl-2-aminoeth-
anesulfonic acid.
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termined photometrically. To remove proteins, proteinase K
(400 pug/ml; New England Biolabs) was applied (24 h, 40 °C)
and inactivated (20 min, 95 °C), and the result was checked by
Coomassie Blue staining after separation of proteins by SDS-
PAGE and determination of the protein concentration ac-
cording Bradford (14).

Limited Proteolysis—Purified Ggp$S protein or BSA as a
control (each at 200 ug/ul) was incubated with salmon sperm
DNA (2.5 pg/ul) at 37 °C and trypsin (20 ng/ul). At different
time points, aliquots (20 ul) were taken, sample buffer (2%
SDS and 1% B-mercaptoethanol) was added, and samples
were incubated at 98 °C for 10 min. For SDS-PAGE analysis,
1.5 g of proteins/lane were applied.

Strep Protein Interaction Experiment—The assay was basi-
cally performed as described previously (15). Briefly, the Syn-
echocystis ggpS_strep™ strain expressing the ggpS-strep gene
under the control of a constitutively active psbA2 promoter
(10) was grown in the presence of 18 or 554 mm NaCl. At an
Ao 0f 1, 1% formaldehyde was added, and after 20 min, the
cells were harvested by centrifugation at 2000 X g for 10 min.
The cell pellet was resuspended, washed, and disrupted using
a French® press (see above). After centrifugation at 15,000 X
g for 20 min, GgpS-Strep purification was performed using a
Strep-Tactin-Sepharose column (see above). Samples were
subjected to SDS-PAGE analysis, and the nucleic acid content
was determined photometrically. For detection of the GgpS
protein, an anti-Ggp$ antibody or an anti-Strep-tag antibody
was applied.

EMSA—A DNA fragment (233 bp) was amplified by PCR
using primers M13uni (GTAAAACGACGGCCAGT) and
M13rev (CAGGAAACAGCTATGAC) and the circular plas-
mid pDRIVE (Qiagen, Hilden, Germany) as a template. An
RNA fragment (250 nucleotides) was obtained by in vitro
transcription of a Synechocystis rnpB gene fragment as de-
scribed previously (10). For the assays, nucleic acids (35 nm
DNA and 70 nm RNA) were incubated with GgpS protein (4.4
uM) in the absence or presence of substrates and/or NaCl
(200 mm) at room temperature for 5 min, and after the addi-
tion of glycerol (10% final concentration), samples were sub-
jected to agarose gel electrophoresis (2%, 80 V). In cases in
which NaCl was applied, the agarose gel and the running
buffer contained NaCl (200 mm). Alternatively, 35 nm DNA
was incubated with increasing protein concentrations (0 —850
nMm). Visualization of nucleic acids was done by ethidium bro-
mide staining, and band intensities were determined densito-
metrically (PC-BAS software, Raytest).

Heparin and DNA Binding Assay—GgpS binding to heparin
was analyzed by incubation of 210 ug of purified GgpS pro-
tein in buffer A with 300 ul of HiTrap™ heparin-Sepharose
(GE Healthcare). The matrix was thoroughly washed with 20
ml of buffer A, and the protein was eluted with buffer A as
well as increasing salt concentrations from 0 to 2 m NaCl. The
elution fractions were separated by SDS-PAGE, and the pro-
tein was visualized by Coomassie Blue staining. All experi-
ments were performed at least in triplicate, and means = S.D.
of a typical example are shown.
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FIGURE 1. Impact of salt and cell extract on the activity of the GgpS pro-
tein. The activity of the purified GgpS protein was determined in the ab-
sence or presence of salt (200 mm NaCl), and inhibition of GgpS activity by
Synechocystis cell extract was tested before (Syn) and after boiling for 30
min at 100 °C (Syn boiled) or after proteinase K treatment (Syn ProtK). Inhibi-
tion of GgpS by nucleic acids was tested by the addition of salmon sperm
DNA (2.5 ng/pul).

RESULTS

GgpS Activity Modulation in Vitro and Identification of the
Inhibitory Factor—To address the regulation of GgpS§, the
protein was heterologously expressed as a Strep-tagged vari-
ant in E. coli and purified to apparent homogeneity (data not
shown). At first, independence of the activity of the purified
GgpS protein on the salt concentration was confirmed by per-
forming an enzyme assay in the presence of low (~10 mm)
and high (up to 200 mm) NaCl concentrations (Fig. 1). Fur-
thermore, an inhibition of GgpS$ activity by Synechocystis cell
extract of ~90% was observed (Fig. 1). The subsequent addi-
tion of 200 mm NaCl resulted in almost complete reactivation
of the GgpS enzyme (Fig. 1). Several strategies were applied to
identify the putative interaction partner of GgpS in Synecho-
cystis cell extracts. To re-evaluate the hypothesis of a protein-
protein interaction being responsible for GgpS inactivation
(16), proteins were removed from the cell extract by boiling
and subsequent proteinase K treatment. In an enzyme assay,
however, the same degree of inhibition of GgpS after the addi-
tion of protein-free cell extract was observed (Fig. 1). We con-
cluded that the inhibition of GgpS under in vitro conditions is
mediated in a protein-independent manner.

Assuming that a low molecular weight compound could act
as an inhibitory factor, preparative HPLC separation of Syn-
echocystis cell extract was conducted, but no particular frac-
tion containing the inhibitor was obtained (data not shown).
Furthermore, interaction of the Ggp$S protein with remaining
lipids and/or membranes in the cell extract was investigated;
however, the GgpS$ activity was not affected by the addition of
polar lipid extracts of E. coli (data not shown). Although the
cell extracts were treated with DNase I, small DNA fragments
were still present (~1.5 ug ul™') and may affect GgpS activ-
ity. To test the hypothesis that these remaining DNA frag-
ments may have been affecting Ggp$ activity, protein-free
salmon sperm DNA (~900-bp fragments) was added to the
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FIGURE 2. Impact of the DNA concentration, length, and sequence on
GgpS activity. Ggp$ activity was assayed in the presence of artificial dou-
ble-stranded DNA fragments or single-stranded DNA probes (inset). The
double-stranded DNA probes were ~0.9 kb, and 1 um equals 0.625 ug/ul
DNA. As single-stranded DNA probes, hexanucleotides consisting of six
adenosine (A), thymidine (7), or cytosine (C) nucleotides were applied

(4 mm) in the absence (black bars) or presence (gray bars) of 200 mm NaCl.
Co, control (no DNA addition).

enzyme assay. Interestingly, in the presence of these DNA
fragments at 2.5 pg/ul, the GgpS activity was found to be re-
duced to ~1% (Fig. 1). Upon the addition of 200 mm NaCl,
this inhibition was abolished. Thus, the same pattern of salt-
dependent reversible inhibition of the GgpS activity by Syn-
echocystis cell extract was demonstrated with DNA fragments,
suggesting that DNA acts as an inhibitory factor for the Ggp$
enzyme.

Biochemical Characterization of GgpS Inhibition by DNA—
The dose dependence of enzyme inhibition by DNA was ana-
lyzed by applying artificial DNA fragments of ~0.9 kb (Fig. 2).
A strong inhibition was observed with a K, value of 67 * 6.8
nM (R* = 0.996). In the presence of high DNA concentrations,
no complete inhibition was observed with a remaining activity
of 11 = 1.4% (Fig. 2). In the presence of 200 mm NaCl, no in-
hibitory effect of the nucleic acids was observed, as already
described. For investigation of the length and sequence speci-
ficity of the inhibitory nucleic acids, single-stranded DNA
probes consisting of six adenosine, thymidine, or cytidine res-
idues were applied in a standard enzyme assay. The hex-
anucleotides were added at a concentration of 4 mm and
caused inhibition of GgpS activity (Fig. 2). In the presence of
200 mm NaCl, inhibition was abolished, indicating that even
small single-stranded DNA fragments can inhibit GgpS activ-
ity in a length- and sequence-independent but salt-dependent
manner. Subsequently, the kinetic parameters of the GgpS
enzyme activity were determined in the absence or presence
of inhibitory DNA concentrations. K, and V., values were
derived from the Michaelis-Menten plots by nonlinear regres-
sion (Fig. 3 and Table 1). For the substrate ADP-glucose, a K,
of ~0.5 mm under all conditions was found, whereas the V, .
value dropped from 354 to 217 nmol/s/mg of protein at in-
creasing DNA concentrations. For the substrate glycerol
3-phosphate, again a constant K|, value of ~0.7 mm was
found, whereas the V, . value shifted from 411 to 275 nmol/

max
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FIGURE 3. Impact of nucleic acids on kinetic parameters of the Ggp$
enzyme. The GgpS activity was determined in the absence (A) and pres-
ence of 0.02 ug (O) or 0.05 ug () of double-stranded DNA and increasing
substrate concentrations (ADP-glucose (ADP-Gluc; A) or glycerol 3-phos-
phate (G3P; B)). The results are presented in a Michaelis-Menten plot.

TABLE 1

Kinetic parameters (K,,, and V.. ) of the GgpS enzyme in the absence
or presence of inhibitory DNA concentrations
For details, see the legend of Fig. 3.

K. Vinax R
mm nanokatals/mg of protein
ADP-glucose
0 nm DNA 0.48 + 0.07 354+ 18 0.99
0.4 nmMm DNA 0.51 * 0.06 319 = 14 0.99
1 nm DNA 0.41 * 0.04 217 =7 0.99
Glycerol 3-phosphate
0 nm DNA 0.71 = 0.07 411 + 16 0.99
0.4 nmMm DNA 0.72 £ 0.13 357 =27 0.99
1 nm DNA 0.75 + 0.09 275 *+ 14 0.99

s/mg of protein upon the addition of increasing DNA concen-
trations. The different V., and comparable K, values indi-
cate a noncompetitive inhibition of GgpS$ by nucleic acids for
both substrates (Table 1). The K; value was estimated to be
~2 uM in the case of both substrates.

Furthermore, the GgpS$ activity was determined in the pres-
ence of increasing DNA and salt concentrations (Fig. 4).
Again, GgpS$ activity was not affected by salt concentrations
up to 200 mm NaCl, but at low salt concentrations, a signifi-
cantly decreased enzyme activity was found. Without the ad-
dition of NaCl, GgpS activity was decreased to 15% in the
presence of 0.5-4.3 um (0.3-2.5 ug/ul) DNA. At increasing
salt concentrations, Ggp$ activity was regained, with lower
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FIGURE 4. Salt-dependent inhibition of GgpS$ activity by nucleic acids.
The GgpS activity was tested at indicated salt concentrations in the absence
(O) or presence of 0.5 um (A), 1 um (), 2.1 um (<), or 4.3 um (V) double-
stranded DNA. The data were fitted according to sigmoid functions, and K,
values for the release of inhibition by NaCl at the different DNA concentra-
tions are shown in the inset.

amounts of NaCl required for the reactivation of GgpS at low
DNA concentrations (Fig. 4). At 200 mm NaCl, GgpS inhibi-
tion was abolished even in the presence of 4.3 um DNA. The
results indicate that GgpS activity can be modulated by the
DNA and salt concentrations in an antagonistic manner. K,
values of inhibition were found to be 51 mm NaCl at 0.5 uMm
DNA, 57 mm NaCl at 1 um DNA, 66 mMm NaCl at 2.1 um
DNA, and 84 mm NaCl at 4.3 um DNA, demonstrating a lin-
ear relationship between the salt concentration and GgpS in-
activation by nucleic acid (Fig. 4).

Binding of Nucleic Acids and Heparin to the GgpS Enzyme—
To investigate whether inhibition of GgpS activity by DNA
depends on the binding of nucleic acids to the protein,
EMSAs were performed. According to the observation that
the GgpS$ protein activity was inhibited by random DNA frag-
ments in a sequence- and length-independent manner, artifi-
cial 233-bp DNA fragments obtained by PCR as described
under “Experimental Procedures” were applied at 35 nm (Fig.
5). In the presence of 4.4 um GgpS, a defined DNA band was
found to be retarded during electrophoresis, confirming bind-
ing of GgpS molecules to the DNA fragments. In the presence
of 5 ug of BSA, no shift in the DNA fragment was observed
(data not shown). In addition, the same experiment was per-
formed in the presence of 200 mm NaCl, and no DNA shift
was detected (Fig. 5). At lower protein concentrations, less
DNA was shifted, indicating the binding of a multitude but
different number of enzyme molecules per DNA fragment,
causing the observation of a DNA smear. However, binding
occurred in a protein concentration-dependent manner (Fig.
5). At a GgpS/DNA molar ratio of 8, 50% of the DNA frag-
ment was bound; at a GgpS/DNA ratio of 18, no free DNA
was found (Fig. 5). In an additional EMSA, it was demon-
strated that the GgpS enzyme also bound RNA (Fig. 5). Again,
in the presence of high salt concentrations, binding of RNA to
GgpS was abolished, pointing to an electrostatic interaction.
Furthermore, the independence of length or sequence implies

asEve

VOLUME 286+NUMBER 5+FEBRUARY 4, 2011



A

DNA RNA
kbpgmt
= bound
2 — - DT\T:
15 = bound
1 _ < RNA
07
0.5 »
04 __
03 — - free
02 — DNA/RNA
- + + + + GgpS
- - 4+ -+ N

B GgpS

free
DNA

80
60
40
20

free DNA (%)

0 5 10 15 20 25
molar ratio GgpS / DNA

FIGURE 5. Binding of GgpS to nucleic acids. EMSAs were performed using
purified Ggp$ protein, a 233-bp DNA fragment obtained by PCR, or a 250-
nucleotide RNA fragment obtained by in vitro transcription. Incubation and
agarose gel electrophoresis were performed at low or high salt concentra-
tions of 0 and 200 mm NadCl, respectively. GgpS (4.4 um) and DNA (35 nm) or
RNA (70 nm) were applied (A), or DNA (35 nm) was incubated with increasing
GgpS concentrations (0—850 nm; B). The amount of free DNA at all of GgpS/
DNA molar ratios was quantified by densitometry (C). The positions of
shifted and nonshifted nucleic acids are indicated by arrows. kbp, kilobase
pairs; knt, kilonucleotides.

a common mechanism of binding, namely the interaction
with the negatively charged backbone of nucleic acids. To test
this hypothesis, the binding of GgpS to heparin, which resem-
bles the backbone structure of nucleic acids, was investigated.
Purified Ggp$S protein was bound to heparin-Sepharose beads,
and the release of the protein was dependent on the salt con-
centration. At 0—500 mm NaCl, only traces of the loaded
GgpS protein was eluted, but at 2 M NaCl, the majority of the
loaded GgpS protein was eluted (Fig. 6A). Furthermore, the
determination of GgpS activity in the presence of heparin re-
vealed a strong inhibition at 10 ug of heparin (Fig. 6B). As with
our observations with nucleic acids, this inhibition was abolished
in the presence of NaCl (Fig. 6B). In conclusion, salt-dependent
DNA/RNA and heparin binding, as well as inhibition of GgpS$S
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FIGURE 6. Heparin binding to GgpS and impact on enzyme activity.

A, the binding of the Ggp$ protein to heparin was proven by affinity purifi-
cation using 210 pg of recombinant purified Ggp$S protein and the indi-
cated NaCl concentrations for elution. M, marker; In, input. B, the impact of
heparin on Ggp$S enzyme activity was analyzed in the absence (O) and pres-
ence (A) of 200 mm NaCl.

activity, indicates that the protein interacts with the nucleic acid
backbone via an electrostatic interaction.

Subsequently, the question of whether the conformation of
the GgpS enzyme was affected by DNA binding was ad-
dressed. GgpS protein was subjected to degradation by trypsin
in the absence or presence of DNA concentrations that are
sufficient for complete inhibition of the GgpS enzyme activity,
and the occurrence of degradation products was followed
(supplemental Fig. S1). As a control, degradation of BSA in
the absence and presence of DNA was analyzed, but no differ-
ence in the degradation pattern was observed under these
conditions (data not shown). For the GgpS enzyme, degrada-
tion was slower in the presence of DNA, indicating an altered
accessibility for the protease in the presence of DNA (supple-
mental Fig. S1). This implies that GgpS could be protected by
DNA interaction. However, the thermostability of GgpS was
not improved in the presence of DNA (data not shown). Fi-
nally, the impact of glycerol 3-phosphate and ADP-glucose
binding to Ggp$S on protein-DNA interaction was studied.
The addition of glycerol 3-phosphate did not alter the electro-
mobility of the protein-DNA complex, whereas the addition
of ADP-glucose caused a reduced electromobility pointing to
the binding of more GgpS molecules to the DNA (supplemen-
tal Fig. S2). The addition of ADP had no comparable impact,
excluding that the presence of a charged molecule affected
GgpS conformation and/or GgpS-DNA interaction.

GgpS-Nucleic Acid Interaction under in Vivo Conditions—

To address GgpS-nucleic acid interaction in vivo, the Strep
protein interaction experiment method was applied by ex-
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pression of the ggpS-strep gene in Synechocystis and perform-
ance of cross-linking by formaldehyde in the absence or pres-
ence of NaCl. After purification of the GgpS-Strep protein,
the concentration of co-purified nucleic acids was deter-
mined. In samples not treated with formaldehyde, no DNA
was detected. After formaldehyde treatment of cells, however,
0.077 g/l protein and 0.303 g/l nucleic acids were co-
purified in the absence of salt. In the presence of salt, 0.090
pg/ul protein and 0.135 pg/ul nucleic acids were co-purified.
The results corroborate the findings obtained in the in vitro
studies and indicate an interaction of Ggp$ with nucleic acids
under in vivo conditions.

DISCUSSION

The regulation of GgpS enzyme activity by an unknown
factor present in Synechocystis cell extracts was described
>20 years ago, and many attempts have since been under-
taken to identify this factor (9, 17, 18). We can now prove that
it is not a protein but rather the binding of nucleic acids in the
cell extract that is responsible for GgpS inactivation. Our
findings concur with all previous observations made by our-
selves and others. (i) The regulatory potential of the cell ex-
tract could not be removed by boiling or by precipitation with
acetone. (ii) Separation of the cell extract by HPLC caused
dilution of nucleic acids by differential retention of heteroge-
neous DNA fragments. (iii) Purification of native GgpS en-
zyme by ion exchange chromatography caused removal of
nucleic acids and resulted in maximal salt-independent activ-
ity (18). (iv) A comparable extent of inhibition of Ggp$
activity by adding cell extract (1.5 pg/ul nucleic acids) or the
corresponding amount of DNA was observed. (v) The degra-
dation pattern during proteolysis was identical after adding
cell extract or DNA (supplemental Fig. S1 and data not
shown). In conclusion, our results demonstrate that the nu-
cleic acids, still present in the cell extract upon DNase I treat-
ment, indeed cause the inhibition of Ggp$ activity and repre-
sent the thus far unidentified inhibitor.

GgpS Protein Belongs to the Large Family of Polyanion-
binding Proteins—Based on its ability to bind to nucleic acids
and heparin, Ggp$ belongs to the large family of polyanion-
binding proteins also known as heparin-binding proteins (19,
20). More than 100 such proteins have been identified. They
interact with cellular polyanions like DNA, RNA, actin, tubu-
lin, and polyphosphates (19). The interaction of heparin-bind-
ing proteins and polyanions is nonspecific and has been dem-
onstrated on the structural level for FGFs (19, 21). The
binding to polyanions depends on the electrostatic interaction
of positively charged protein surface areas and negatively
charged molecules. The addition of salt interferes with this
interaction and releases the polyanion from the protein sur-
face. GgpS binds salt-dependently to heparin, RNA, and well
as DNA probes of different length and sequence, indicating
that the binding is nonspecific and does occur via electrostatic
interactions with the backbone of the nucleic acids, as ob-
served for other polyanion-binding proteins (19). Addition-
ally, the ion dependence of GgpS$ activation in the presence of
cell extract was found to follow the Hofmeister series, indicat-
ing a positive correlation between activation and the chao-
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tropicity of the respective ion (16). Because of the nonspecific
binding of GgpS$ to polyanions, polyphosphate could, in prin-
ciple, be an alternative binding partner. However, under our
experimental conditions, Synechocystis cells do not accumu-
late polyphosphate (22). Therefore, we assume that nucleic
acids represent the only relevant binding partners for GgpS
under in vivo conditions. In comparison, the DNA concentra-
tion applied under in vitro conditions (up to 2.5 ug/ul) is
smaller than the concentration of nucleic acids found in Syn-
echocystis cells (11-15 ug/ul), indicating the relevance of the
inhibitory effect under in vivo conditions (23).

Binding of Nucleic Acids to GgpS Causes Noncompetitive
Inhibition—Ggp$S enzyme activity measurements in the pres-
ence of inhibitory concentrations of DNA revealed a noncom-
petitive inhibition for the substrates glycerol 3-phosphate and
ADP-glucose. In conclusion, substrate binding at the active
site of the GgpS enzyme was not impaired. This noncompeti-
tive inhibition is in agreement with binding of inhibitor to the
substrate-free GgpS$ protein, proven by the EMSAs. Binding
of nucleic acids to GgpS seems not to induce a strong confor-
mational change. In total, 55 recognition sites for trypsin are
present in the GgpS sequence, and it seems likely that, upon a
strong conformational change, a different fragmentation pat-
tern could be observed because alternative sites are accessible
to the trypsin treatment. In conclusion, binding of DNA
seems to protect the GgpS enzyme from proteolysis by shield-
ing. The assumption that no conformational change occurs
upon DNA binding is in agreement with the lack of protec-
tion of GgpS from heat inactivation by DNA interaction.

Interestingly, binding of ADP-glucose to Ggp$S induces a
conformational change because binding of DNA to GgpS$ was
stronger in the presence of this substrate. This implies that,
upon ADP-glucose binding to GgpS, the affinity or the num-
ber of DNA interaction sites was altered. In conclusion,
GgpS-DNA interaction could be of even more relevance un-
der in vivo conditions.

The most likely putative binding sites at the GgpS protein
surface are the exposed basic amino acids. A sequence com-
parison with the trehalose-phosphate synthase protein of
E. coli, for which the three-dimensional structure was solved
(24), and the trehalose-phosphate synthase enzymes of Myco-
bacterium tuberculosis and Propionibacterium freudenreichii,
both of which have been previously identified as polyanion-
binding proteins or as affected by heparin (25, 26), revealed a
high degree of similarity between the GgpS and trehalose-
phosphate synthase sequences, particularly with respect to
conservation of residues in the catalytic center (24). Interest-
ingly, basic amino acids (Lys, Arg, and His) are mostly accessi-
ble in trehalose-phosphate synthase, or they are predicted to
be accessible in Ggp$S and are therefore potentially able to
contribute to nucleic acid or heparin binding (supplemental
Fig. S3). In addition, salt stress-dependent regulation of treha-
lose-phosphate synthase enzyme activity could be achieved by
a comparable mechanism.

Internal Salt Concentration Can Serve as a Trigger for GgpS
Regulation—W e propose that the inactivation of GgpS occurs
through its binding to nucleic acids at low salt concentrations
also in Synechocystis cells. Upon a sudden increase in the ex-
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ternal salt concentration, the influx of ions causes liberation
of GgpS and thereby its activation. Accumulation of glucosyl-
glycerol facilitates salt stress acclimatization, including the
decrease in the internal ion concentration, which results in
rebinding of GgpS$ to nucleic acids and thereby its inactiva-
tion. Accordingly, the GgpS protein has to be present already
under low salt conditions, which is the case (23), and the in-
ternal salt concentration serves as a trigger for activation and
regulation of glucosylglycerol synthesis. Correspondingly, an
influx of sodium and chloride ions was observed in the cya-
nobacterial strains Synechococcus 6311 and Synechocystis PCC
6714 upon an increase in the external salt concentration (27,
28). During acclimatization, the internal ion concentration
remains at higher levels than in cells grown under low salt
conditions (23, 27, 28). These observations are consistent with
our model of activation of Synechocystis GgpS enzyme by the
salt-dependent liberation from nucleic acids. Application of
non-ionic osmotic stress conditions to Synechocystis cells, e.g.
by the addition of sorbitol, did not cause activation of GgpS,
and consequently, no glucosylglycerol accumulated because it
is not accompanied by the influx of high amounts of ions (13).
In summary, our novel model of stress-dependent enzyme
activity regulation by the electrostatic interaction of a protein
with nucleic acids may represent a common mechanism used
by bacteria in the immediate osmotic stress response.
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