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Abstract Colobanthus quitensis (Kunth) Bartl. is widely
distributed from Mexico to the Antarctic. C. quitensis is
a freezing resistant species that accumulates sucrose in
response to cold. We tested the hypothesis that low
temperature modifies the kinetic properties of C. quit-
ensis sucrose phosphate synthase (SPS) to increase its
activity and ability to synthesize sucrose during cold
acclimation. Cold acclimation caused a fourfold incre-
ment in sucrose concentration and a 100% increase in
SPS activity, without changes in the level of SPS protein.
Cold acclimation did not affect the optimal temperature
and pH for SPS activity. However, it caused a tenfold
increase in the inhibition constant (K;) for inorganic
phosphate (Pi) calculated as a function of fructose-6-
phosphate (Fruc-6-P). SPS from cold acclimated plants
also exhibited a higher reduction of its Michaelis con-
stant (K,,) for glucose-6-phosphate (Gluc-6-P) with re-
spect to non-acclimated plants. We suggest that the
increase in C. quitensis SPS K; for Pi and the increase in
activation by Gluc-6-P in response to cold keep SPS
activated, leading to high sucrose accumulation. This
may be an important adaptation that allows efficient
accumulation of sucrose during the harsh Antarctic
summer.
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Introduction

The Antarctic is characterized by low temperature with
strong winds. Photosynthetic active radiation (PAR)
may vary between 50 and 2,000 pmol photons m 2 s,
while the average summer temperature in the Maritime
Antarctic is about 3°C. These conditions make it a
hostile territory for vascular plants (Alberdi et al. 2002).
Considering these harsh conditions, it is remarkable that
two vascular plants, Deschampsia antarctica and Colo-
banthus quitensis have been able to colonize the Mari-
time Antarctic, (Xiong et al. 1999; Bravo et al. 2001;
Lewis-Smith 2003). Both plants grow in summer,
remaining under the snow during winter.

Colobanthus quitensis (Kunth) Bartl. (Caryophylla-
ceae) is a dicot that inhabits from Southern Mexico
17°N down to 68°42’S in the Maritime Antarctic (Lewis-
Smith and Poncet 1987). This latitudinal amplitude and
habitat isolation have allowed the generation of ecotypes
(Gianoli et al. 2004). The Antarctic ecotype is cold
resistant (Bravo et al. 2001), with numerous biochemical
properties that could be advantageous for colonizing
some parts of the Antarctic. For example, the photo-
synthetic rate of this plant at 0°C is about 30% of its
optimum (Xiong et al. 1999). Furthermore, it has the
capability to increase heat dissipation when exposed to a
combination of high light and low temperature (Pérez
et al. 2004). C. quitensis also accumulates compatible
solutes, mainly sucrose, in response to cold treatment
(Bravo et al. 2001).

Plants accumulate sucrose in response to several
environmental stress factors, including water deficit
(Zrenner and Stitt 1991) and low temperature (Guy et al.
1992; Uemura and Steponkus 2003). This compound
may play an essential role in osmoregulation and cryo-
protection in many plant tissues (Santarius 1992). Su-
crose is synthesized from triose phosphates (TP) from
the Calvin Cycle and maltose from starch. These com-
pounds are transported to the cytoplasm by a triose
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phosphates/phosphate translocator (TPT) and a maltose
translocator (Niittyla et al. 2004). Sucrose is then syn-
thesized in the cytoplasm by sucrose phosphate synthase
(SPS, EC 2.4.1.14) and sucrose phosphate phosphatase
(SPP, EC 3.13.24) from fructose-6-phosphate (Fruc-6-P)
and UDP-Glucose (UDP-Gluc). The kinetic properties
of leaf SPS vary in different species. Some leaf SPS are
allosterically activated by glucose-6-phosphate (Gluc-6-
P) and inhibited by inorganic phosphate (Pi). These
compounds appear to compete for the same binding site
and have antagonistic effects (Amir and Preiss 1982;
Sinha et al. 1997). The regulatory site, however, has not
been characterized (Huber and Huber 1996).

Low temperature can modify the kinetic properties of
SPS. In potato tubers, cold acclimation increases the
affinity for the substrates and decreases the affinity for
Pi, probably because new isoforms are expressed (Re-
imholz et al. 1997). It has been suggested that these
mechanisms increase sucrose synthesis, even though SPS
decreases its activity at low temperature (Deiting et al.
1998). Little is known on the mechanisms of SPS regu-
lation by low temperature in C. quitensis. Therefore,
the purpose of this work was to characterize SPS from
C. quitensis and determine the effect of cold acclimation
on SPS kinetic properties. We hypothesized that cold
acclimation increases SPS activity in C. quitensis due to
an increase in the amount of enzyme or a modification
of SPS kinetic properties.

Materials and methods
Plant material and growth conditions

Colobanthus quitensis (Kunth) Bartl. was collected in
King George Island, Maritime Antarctic (62°22°S;
59°43’W). Plants were reproduced vegetatively in plastic
pots, using a soil: peat mixture (3:1) and maintained at
13 to 15°C in a growth chamber (Forma Scientific. Inc.,
Marietta, OH, USA) with a photon flux density of 100-
120 pumol m~2 s~ at the top of the canopy and a 16/8 h
light/dark period. Plants were fertilized with Phostrogen
(Solaris, Buckinghamshire, UK) using 0.2 g 17! once
every 2 weeks.

Cold acclimation treatment

Plants kept for at least 2 months in 16/8 day length,
15°C and 100 + 10 pmol m 2 s~! (non-acclimated)
were transferred at 4°C (cold-acclimated) for 7 or
21 days. Samples of mature leaves were taken at 0, 7 and
21 days. SPS activity, kinetic constants, and relative
amounts of SPS protein were measured.

Sugar extraction

Samples of mature leaves were homogenized and
extracted with ethanol (86%) for 24 h, and then centri-

fuged at 12,000 g for 10 min. The supernatant was de-
pigmented in a mixture of 1:3 (v/v) with chloroform. The
aqueous fraction was freeze-dried overnight. The dry
residue was resuspended in 500 pl of methanol. Xylose
was used as an internal standard to calculate carbohy-
drate losses during the extraction procedure.

Sucrose content was determined by high performance
thin layer chromatography (HPTLC) according to Lee
et al. 1979, using a Silicagel plate 60 F 254 (Merck,
Darmstadt, Germany) pretreated with a 0.1 M meth-
anolic potassium phosphate solution. HPTLC plates
were developed five times in acetonitrile: water (85:15
v/v). For quantitative analyses a standard calibration
curve was performed using sucrose (Merck, Darmstadt,
Germany) from 0.1 to 0.3 mg/ml. The position of
sucrose was visualized by the diphenylamine/aniline
reagent at 105°C. For quantitation, the plate was scanned
at 520 nm.

Enzyme extraction

Samples of fresh tissue were frozen in liquid nitrogen
and stored at —80°C until used. The samples were
ground to a fine powder using mortar and pestle with
liquid nitrogen and suspended in extraction buffer
(0.15 g of fresh tissue per 900 pul buffer), consisting of
40 mM Hepes (pH 7.5), 15 mM MgCl,, 10 mM DTT,
2% w/v PEG, 0.1 % Triton X-100 and 2 mM benz-
amidine. The homogenized tissue was subsequently
centrifuged at 12,000 g at 4°C and the supernatant was
desalted and depleted of endogenous substrates in a G-
25 Sephadex column that had been previously equili-
brated with assay buffer consisting of 40 mM Hepes (pH
7.5), 15 mM MgCl, and 1 mM DTT.

Enzyme assay

SPS activity was measured in a reaction mixture, which
contained 40 mM Hepes (pH 7.0), 15 mM MgCl,,
1 mM DTT, 20 mM UDP-Gluc, 15 mM Fruc-6-P.
(pyruvate kinase [7.2 U ml™'], lactate dehydrogenase
[11.3 U ml™'] ), using 0.8 mM phosphoenol pyruvate
and 0.3 mM NADH as substrates. Uridine 5’-diphos-
phate, one of the products formed in the reaction be-
tween UDP-Gluc and Fruc-6-P, was then used as a
substrate for the conversion of phosphoenol pyruvate to
pyruvate by pyruvate kinase. Finally, pyruvate was re-
duced to lactate by lactate dehydrogenase using NADH
as a reductant. SPS activity was measured at 30°C fol-
lowing the oxidation of NADH at 340 nm (Hauch and
Magel 1998). The values are expressed as velocity of
NADH oxidation (umol of oxidized NADH per minute)
at 30°C and pH 7.5 in conditions of initial velocity.
Blanks without Fruc-6-P were used to evaluate forma-
tion of uridine 5-diphosphate independently of SPS
activity. These values were subtracted from the total
activity. The contribution of these blanks to the total
velocity of NADH oxidation was always less than 10%.



For kinetic studies, the concentrations of substrates
and effectors (Pi and Gluc-6-P) were varied as specified
in the plots. Kinetics parameters were determined from
three independent enzymatic assays by means of non-
linear regression Lineweaver-Burk plots (GraphPad
Prism 4.0, San Diego, CA, USA) and confirmed by
Eisenthal Cornish-Bowden direct linear plots (not shown).

Protein extraction and protein quantification

After treatments 0.2 g of C. quitensis leaves were mac-
erated and homogenized with 600 ul of extraction buffer
at 4°C. The extraction buffer was 0.06 M Tris—HCI, pH
6.8 containing 1% SDS, 2,5% of -mercaptoethanol and
5% glycerol (Laemli 1970). The extracts were kept for
2 min at 80°C and centrifuged for 10 min in a micro
centrifuge at 14,000 g. Protein was measured in the su-
pernatants by the colorimetric method of Bradford
(1976), using a BSA calibration curve (Bio-Rad, Her-
cules, CA, USA). The extracted protein was kept at
—20°C until the western analysis was carried out.

Western analysis

Extracted proteins were separated on a SDS-PAGE gel
as described by Laemli (1970). The stacking gel was
made at 5% of polyacrylamide (w/v) and the resolving
gel was made at 10% of polyacrylamide (w/v). Each gel
was loaded with 15 pg of total proteins. The electro-
phoresis was run at 100 v in the stacking gel and 200 v in
the resolving gel using a Mini-Protean II chamber (Bio-
Rad, Hercules, CA, USA). Prestained protein standards
of known molecular weights were run in the same gel.
The proteins were transferred to a polyvinylidenefluo-
ride (PVDF) membrane (Immobilon-P, Millipore, Bed-
ford, MA) by using a mini trans blot cell (Bio-Rad,
Hercules, CA, USA) for 1 h. The membranes were
blocked with 10% non-fat powdered milk solution made
in 20 mM Tris pH 7.5 containing 500 mM NaCl (TBS
buffer). The membrane was then incubated over night
with a rabbit polyclonal primary antibody against po-
tato tuber SPS (1:300). The membrane was washed three
times for 15 min with TTBS (TBS buffer containing
0.1% Tween 20). The secondary antibody was an alka-
line phosphatase-goat-anti-rabbit IgG (Sigma, St Louis
MO, USA) diluted 1:1000 in 5% non-fat milk solution
in TBS buffer. The membrane was developed with
Sbromo-4chloro-3indolyl phosphate (BCIP) and nitro-
blue tetrazolium (NBT) in 100 mM Tris-HCI, pH 9,
containing 100 mM NaCl and 5 mM MgCl,. Band
intensities in the westerns blots were densitometrically
quantified with the Sigma Gel Program 1.05 (SPSS, Inc.
Chicago IL, USA).

The polyclonal anti-SPS antibody was donated by
Dr. Donald Ort from the University of Illinois, Urbana,
IL, USA. A further description of this antibody can be
found in Deiting et al. (1998).
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Results

Effect of cold acclimation on sucrose accumulation
and SPS amount and specific activity

After 21 days of cold acclimation, sucrose concentration
increased fourfold with respect to non-acclimated con-
trols (Fig. 1a). In the same period, SPS specific activity
increased only two times (Fig. 1b). An additional band
of higher molecular mass was recognized by the anti-
body in cold acclimated plants. Total SPS protein,
however, remained nearly constant with just a slight
increase of 18% at 7 days of cold acclimation (based on
densitometric measurements of inset in Fig. 1b).

Effect of cold acclimation on SPS kinetic parameters

The assays to determine kinetic constants were per-
formed at 30°C and pH 7.0 because these were the
optimal conditions for SPS activity in extracts from
control plants and cold acclimated ones (Fig. 2). Cold
acclimated plants exhibited higher SPS activity over a
wide range of pH, from 5.5 to 8.5 (Fig. 2a) and of
temperature, from 10 to 35°C (Fig. 2b). Interestingly, a
twofold higher SPS activity was observed at 0°C in cold
acclimated plants, with respect to non-acclimated plants
(Fig. 2b).

SPS K., for Fruc-6-P did not significantly change
during acclimation at 4°C, being 1.4 mM in all assayed
conditions (Fig. 3a). The K, for UDP-Gluc was 4.6 mM
in the non-acclimated control and 2.7 and 3.0 mM after
7 and 21 days of cold acclimation, respectively (Fig. 3b).
SPS Viax for Fruc-6-P and UDP-Gluc doubled from
0.02 pmol/min in non-acclimated control to 0.046 pmol/
min after 21 days of cold acclimation (Fig. 3).

Effect of Gluc-6-P and Pi on SPS kinetic parameters

Pi decreased SPS activity in all conditions studied, while
Gluc-6-P increased it (Fig. 4). The increase in SPS
activity by Gluc-6-P was higher in cold acclimated plants
than in non-acclimated controls (Fig. 4a). Conversely,
the inhibition of SPS activity by Pi was higher in non-
acclimated controls than in cold acclimated plants
(Fig. 4b). These results allowed us to determine the
concentrations to be used in the studies of activation by
Gluc-6-P and inhibition by Pi of SPS. Gluc-6-P behaved
as an activator of C. quitensis SPS, as in other species. In
order to evaluate the influence of cold acclimation on the
activation produced by Gluc-6-P, 5 mM of this com-
pound was added to the protein extract on non-accli-
mated plants. This addition induced a threefold decrease
in the K, for Fruc-6-P and sixfold in the K, for UDP-
Gluc, with respect to the untreated extract from non-
acclimated plants. In cold acclimated plants (21 days at
4°C), the addition of 5 mM Gluc-6-P induced a fivefold
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Fig. 4 Effect of Gluc-6-P (a) and Pi (b) on the initial velocity of leaf
SPS of Colobanthus quitensis from (filled circle) non-acclimated
control, (open circle) cold acclimated for 7 days, and (open triangle)
cold acclimated for 21 days. These assays were performed under

decrease in the K, for Fruc-6-P and 14-fold for UDP-
Gluc with respect to untreated extracts (Table 1).

The inhibitory effect of Pi on SPS was studied at
different substrate concentrations and increasing Pi
concentration. Double reciprocal graphs as a function of
Fruc-6-P exhibited typical parallel lines as Pi increased
in extracts from cold acclimated and non-acclimated
plants, indicating an uncompetitive type of inhibition for
Fruc-6-P (Fig. 5 a, ¢, ¢). However, the same graph as a

limiting concentrations of substrates (4 mM UDP-Gluc and 2mM
Fruc-6-P). a Gluc-6-P concentrations were 0, 1, 2, 3, 4, 5, 6 mM,
b Pi concentrations were 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 15, 20,
30 mM

function of UDP-Gluc exhibited increasing slope lines as
Pi concentration increased in all acclimation treatments,
indicating competitive inhibition of this compound for
UDP-Gluc (Fig. 5 b, d, ).

When the influence of cold acclimation on Kii (inhi-
bition constant calculated from the intercepts) and Kis
(inhibition constants calculated from the slopes) for Pi
was determined, we found that Kii as a function of Fruc-
6-P increased tenfold with respect to controls in plants



Table 1 Effect of Gluc-6-P on substrate affinity of SPS
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Gluc-6-P (mM)

Ky (mM)

Fruc-6-P

Acclimation time (days)

UDP-Gluc

Acclimation time (days)

0 7 21 0 7 21
0 1.9 1.4 1.5 4.6 3 2.8
1 1.5 0.7 1 2.1 23 1.3
3 1.1 0.7 0.4 1.1 1.1 0.5
5 0.6 0.5 0.3 0. 0. 0.2

The K, of SPS for Fruc-6-P and UDP-Gluc was measured in extracts of leaves of C. quitensis harvested after 0, 7 and 21 days of cold
acclimation. UDP-Gluc was 20 mM and Fruc-6-P was 10 mM

Fig. 5 Double-reciprocal plots
of initial velocity of SPS versus Controls 2507 (a) 5007 (b)
Fruc-6-P concentration (a, c, e) y
or UDP-Gluc concentration (b, 5 150 2007 4001
d, ) in the presence of (open 2 100
triangle) 5 mM, (filled diamond) 5 1507 > 3007
3 mM (open circle) 1 mM and = ™ 500+
the absence (filled circle) of Piin
controls plants (a, b), in 30 -15 0 100 -
presence of (open triangle) [Pi]mM
15 mM, (filled diamond) 10 mM ' ' ' ' ' ' ' ' __ ' ' '
(open circle) 4 mM and the -15 -1.0 0.5 0.0 05 1.0 15 -15 -1.0 05 00 0.5 10 15
absence (filled circle) of Pi in 1/[Fruc-6-P] 1/[UDP-Gluc ]
cold acclimated plants for
7 days (c, d), in presence of . .
(open triangle) 20 mM, (filled 7 days acclimation 55 (c) 5007 (d)
diamond) 15 mM (open circle)
6 mM and the absence (filled . 100 200+ 500 4001
circle) of Pi in cold acclimated §' e
for 21 days (e, f). In order to k) . 1507 5250 > 3001
calculate Ki the intercepts and £ = -
slopes of the double-reciprocal 100 2001
plots were replotted as a .30 -15 0 15 -15 -5 5 15
function of the Fruc-6-P (insets Pi [mM ] /50’ Pi [mM] 1007
in a, ¢, e) or as a function of A
UDP-Gluc (inset b, d, f) 45 -1.0 05 0.0 0.5 1.0 1.5 45 1.0 05 0.0 05 10 15
1/[Fruc-6-P] 1/[UDP-Gluc ]
21 days acclimation 100- 300 1
(e) (f)
751 500
‘é& _ 2001
2 sof 5250 =
-30-15 0 15 Z -15 -5 5 15 100
Pi [mM] Pi[mM]
r T T T T 1 r T T 4 T T 1
-15 10 -05 0.0 0.5 1.0 1.5 -5 10 -0.5 0.0 05 1.0 1.5
1/[Fruc- 6-P] 1/[UDP-Gluc]

exposed to 21 days of cold acclimation (from 3 to
30 mM, insets of Fig. 5 a, ¢, e). Kis as a function of
UDP-Gluc increased from 5 to 12 mM (insets of Fig. 5
b, d, f) in 21 day cold acclimated plants with respect to
the non-acclimated controls. This decrease in the affinity
for Pi induced by cold acclimation is consistent with the
cold induced increase in SPS activity.

Discussion

Exposure of C. quitensis to low temperature resulted in a
300% increase in sucrose accumulation in leaves after
21 days of cold acclimation. A similar change has been
described for Deschampsia antartica, the other vascular
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plant that has colonized the Maritime Antarctic (Zufi-
ga-Feest et al. 2005). The activity of SPS, the key enzyme
in sucrose biosynthesis appears to be positively modu-
lated, leading to sucrose accumulation under cold
acclimation conditions. Although, the specific activity of
SPS after 21 days of cold acclimation doubled, there was
not a concomitant increase in SPS synthesis, exhibiting
just a transient increase of 18% at 7 days of cold accli-
mation. Thus, the increase in SPS activity is mainly due
to changes in the regulatory properties of the enzyme.

Gluc-6-P and Pi are modulators of SPS activity.
Gluc-6-P is a positive allosteric regulator and Pi is a
negative allosteric regulator (Amir and Preiss 1982;
Sinha et al. 1997). We propose that the increase in SPS
activity caused by cold acclimation is mainly due to an
increase in the affinity of SPS for Gluc-6-P, as shown by
the greater decrease in the K, (using the same concen-
trations of Gluc-6-P) in cold acclimated plants than in
non acclimated ones (Table 1). This increase in activity
results in a higher sucrose accumulation. An increase in
the concentration of Gluc-6-P has been observed in cold
acclimated Festuca arundinacea (Pérez et al. 2001). If a
similar change would occur in C. quitensis, the activation
of SPS would be favoured even more.

Pi content increases tenfold during cold acclimation
in Arabidopsis thaliana (Hurry et al. 2000). This would
cause a decrease in SPS activity because Pi is an inhibitor
of the enzyme. However, in C. quitensis, SPS Ki for Pi as
a function of both substrates increased significantly
during cold acclimation (Fig. 5). This loss of affinity for
Pi would favour a higher SPS activity under cold accli-
mation conditions and, therefore, higher sucrose accu-
mulation even if an increase in Pi similar to that
described for Arabidopsis would occur in cold accli-
mated plants of C. quitensis.

Several hypotheses could explain the changes in the
inhibition constants for Pi and in the K, induced by the
activator Gluc-6-P observed after cold acclimation: (1) a
conformational change in the enzyme could modify the
affinity of allosteric binding sites, as a response to cold
acclimation. (2) It is also possible that a posttransla-
tional modification could be triggering these changes in
the enzyme, as in other systems. For example, phos-
phorylation plays a key role in the regulation of enzymes
related to osmotic stress (Toroser and Huber 1997).
Finally, (3) it is possible that the new band observed in
cold acclimated plants (inset of Fig. 1b) is a new isoform
of SPS, which possesses this new allosteric affinity, as it
has been reported for potatoes (Reimholz et al. 1997).
Nonetheless, this remains to be demonstrated for
C. quitensis during cold acclimation.

Our experiments allow us to conclude that upon cold
acclimation of C. quitensis intracellular sucrose doubles,
most likely due to an increase in the Vmax of SPS. This
increase in V., would be produced by activation of SPS
caused by an increase in the affinity for Gluc-6-P and
reduction in the affinity for Pi. Considering the physio-
logical concentrations of these effectors in other plants
(Stitt et al. 1984; Theodorou and Plaxton 1993), it is

likely that the detected changes in the kinetic parameters
are physiologically relevant in the acclimation of
C. quitensis to low temperature and, therefore, for its
survival in the Antarctic.
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