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Abstract: Temperature caused marked modulation of phosphpgnuiate carboxylase (PEPC, EC 4.1.1.31) in lesdslof
Alternanthera pungengC, plant) as well adycopersicon esculentu; species). The optimal incubation temperature for
PEPC activity inA. pungensvas 45 °C compared to 30 °ClinesculentumA. pungendost nearly 61% of PEPC activity on
exposure to a low temperature of 15 °C, comparashtp about a 33% loss in the casd.oesculentumThe G enzyme was
less sensitive to supra-optimal temperature anceraensitive to sub-optimal temperature than thahefG species. Further
as the temperature was raised from 15 °C to 5aH&e was a sharp decrease in malate sensitiviBESfC. The extent of
such a decrease in, @lants was more than that in §pecies. Arrhenius plots that were constructeglbiting the activity of
PEPC against the reciprocal of temperature in btise@ce or presence of malate exhibited abrupt elsamg“break-points” at
only one point of 17T in A. pungensvhile at two points corresponding®and 27C in case of.. esculentumThe activation
energy of PEPC from. pungensvas less compared to thatlofesculentunin the temperature range of 10 t@7However,
the activation energy of PEPC froM pungenswas less than that df. esculentumabove the temperature of °27 The
activation energy increased by 2 to 4 fold at terapees below 1°C, in case of botiA. pungensndL. esculentumThus, our
results show the activity and malate sensitivitfP&PC can be influenced in relation to high temioeestolerance of Oplants,
which can be physiologically significant.
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C, plants differ from G plants in several features,
including their light and temperature responses 12]. The

Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.3fmperature optima for photosynthesis and growthCin
which catalyses the primary step of phosphoenoimtai plants are usually higher than those fog fants [13].

(PEP) carboxylation in £and CAM plants, is regulated by However, the & plants are quite sensitive to cold
internal metabolites, its common inhibitor beinglata and (€MPeratures. The cold sensitivity, Gathway has been

its activator glucose-6-phosphate (Glu-6-P). Stdpes Sudgested to be related to the cold sensitivitykey G,
progress has been made in our knowledge of bioaitigmi €NZYMeS, such as pyruvate phosphate dikinase (PRIDK)

and molecular biology of PEPC in not only @lants, but PEPC [14-16].

also G species and legume root nodules. Several authorsN€ cold sensitivity of PPDK in Cplants is well
have periodically reviewed the literature on theparties, €Stablished and the mechanism of cold inactivatioRPDK

regulation and functions of PEPC particularly in the past IS Studied in detail [15, 17-18]. In contrast, teports on
decade [1-10]. cold sensitivity of PEPC have been quite confligtiThere

1. Introduction
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are reports which suggest PEPC is sensitive to colof 125 mg) were extracted in a chilled mortar apdtje with
temperature [19, 20], while others could not detany 500 ml of extraction medium containing 100 mM TRIEA
significant change in the properties of PEPC atdcol(pH 7.3), 10 mM MgGl, 2 mM K;HPQ,, 1 mM EDTA, 10%
temperature [18, 21]. Further, some of these empmais (v/v) glycerol, 10 mMp-mercaptoethanol, 10 mM NaF, 2
involved either long term exposures of plants asrsierm  mM phenylmethylsulphonyl fluoride (PMSF), 10 mg™ml
exposure of purified enzymes and thus involved dige chymostatin was used, instead of PMSF. However, PMS
experimental material. was used routinely, as it was found to be quiteatiffe in
On illumination, the activity of PEPC is enhancegd23  avoiding proteolysis in the case oA&. pungens The
fold along with a marked decrease in the malatsiseity of homogenate was centrifuged at 15 000 g for 5 muh the
the enzyme. These changes during the light aativadire supernatant was used as ‘crude extract’. A smajlat was
due to mainly the phosphorylation of the enzyme2[323].  kept aside, prior to centrifugation, for chloroghggtimation.
Despite being a cytosolic enzyme, theREPC is modulated = Maximum PEPC activity was assayed by coupling to
markedly by light as well as temperature. The iilliml NAD-malate dehydrogenase (NAD-MDH) and monitoring
effects of either temperature or light on the agtivand NADH oxidation at 340 nm in a Shimadzu 1601 UV-¥isi
regulatory properties of £ PEPC have been studied spectrophotometer at a temperature of °@0 The assay
extensively [24-26]. However, there are only a feports on  mixture (1 ml) contained 50 mM TRIS-HCI (pH 7.3)ptM
the interactive influence of light and temperatuneqp PEPC  MgCl,, 0.2 mM NADH, 2 U of NAD-MDH, 2.5 mM PEP,
[20, 27]. The interaction between light and tempeewhile  0.05 mM NaHCQ, and leaf extract equivalent to 1 pg of
modulating both the activity and regulatory projestof chlorophyll. The sensitivity of PEPC to malate vedecked
PEPC in leaf discs and leaves oAmaranthus by adding malate to make a final concentration 5friM in
hypochondriacushas recently been reported [28]. Earlierthe assay mixture. Each assay was done in triplitateach
studies were carried out in vitro. Compared to dkeailable sample.
literature on the properties and mechanism of lagtivation
of PEPC, in @ plants, the literature on the regulation by
temperature of PEPC is quite limited [2]. The prestudy is
an attempt to characterize the temperature respaiseEPC
from a typical G plant, Alternanthera pungenand compare
with that of a G plant, Lycopersicon esculentum
Experiments were conducted on leaf discs so agrtolate
physiological situationin vivo. The results indicate that the
changes in kinetic and regulatory properties of EERe
examine critically with temperature changes encenaut by
C, and G species.

2.3. Incubation of Leaf Discs at Different Temperature

Thirty leaf discs were floated on distilled watara 5 cm
diameter Petri dishes and were left in darknesg for After
predarkening, the leaf discs were incubated 30 maiin
required temperature in the range of°5to 50C in a
themo-statically controlled water bath. At the erid30 min
in each temperature, the leaf discs were extragtesl
described above) and the extract was examined ERCP
activity.

2.4. Estimation of Chlorophyll

2. Materialsand Methods Chlorophyll was estimated by extraction with 80%vjv
2.1. Plant Material and Growth Conditions acetone [29].

Plants of Alternanthera pungen$l.B.K (C, plant) was 2> Replicationsand Statistical Analysis

propagated by transplantation of cuttings 4ydopersicon  aj experiments were repeated 3 to 5 times on ifie
esculentumMill (C; species) were raised from seeds. Th%ays. The average values *SE are presented. iBtist

plants were grown in earthen pots filled with SO“anaIysis of the data was done using the softwagen&lot
supplemented with farmyard manure. They were 9roWRyersion 10.0).

outdoors in the field, in the campus of the Univgrsif
Hyderabad under a natural photoperiod of approxipat2
h and temperatures of 30-40 °C day/25-30 °C nigthie 3. Results
upper fully expanded leaves were hg\rvested, abG@ut 2fter
sunrise. Leaf discs (each o 0.2 cm) were prepared from 5
4- to 6- week-old plants dAlternanthera pungenand 2- to
4-week-old plants ofycopersicon esculentum

The optimal temperature for PEPC activity in leesfcd of
pungenswas 45C compared to 3¢ in L. esculentum
(Figure 1 (a)). The response of enzyme to temperatas
quite dramatic when plotted as the % of maximunivagt
2.2. Extraction and Assay of PEPC (Figure 1 (b)). The decrease at@avas much higher in case
of L. esculentumthan that ofA. pungens Similarly the
The extraction and assay of PEPC were conductetkecrease in activity of PEPC at temperatures ahBv@ was
following the standard method previously descrifigt] 23]). much greater in the case @&f pungensthan that inL.
The temperature range testedAn pungengC, plant) was esculentumThus, the QPEPC was less sensitive to supra-
15°C to 55C and forL. esculentun{C; species) was i6 - optimal temperatures and more sensitive to subvabti
50°C. Thirty leaf discs (each @f 0.2 cnf and a total weight temperatures than that of €pecies. As the temperature was
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raised from 15 °Cto50 °C, there was a sharp deer@as
malate sensitivity of PEPC. The extent of such erelese in
C4 plants was more than that in C3 species wheeprbhgme
was assayed at 0.05 mM bicarbonate (Figure 1 g
extent of malate inhibition was always higher irseafL.
esculentunthan that ofA. pungens
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Figure 1. The activity of PEPC in extracts from leaf discsAtiErnanthera
pungens (¢plant) and Lycopersicon esculentuny gpecies) after exposure
to varying temperatures. (a) The activity of PERCr@presented as either
enzyme units of umol fahl h* (b) or % of its maximum. The activity of
PEPC in extracts from leaf discs of Alternanthetangens (¢ plant) and

Lycopersicon esculentum {Cspecies) after

exposure

to varying

temperatures. The preincubation time for leaf digses 30 min for each
temperature. The experiments were done on at theest different days and
the average values SE are represented. The maxotaiity of PEPC in A.
pungens and L. esculentum were 1273298 and 29.44¢#4l mg Chl h?,
respectively. (c) Effect of temperature on the meatensitivity of PEPC in
extracts prepared from the leaf discs of Alternarthpungens (£plant) or
L. esculentum (€species), exposed to different temperatures. TEhigityt
was measured at 30 °C and assayed in the absenmesence of either 0.5
mM malate (A. pungens) or 2 mM malate (L. esculehtdurther details
were as described in figure 1b.
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Arrhenius plots were constructed by plotting thevity of
PEPC against the reciprocal of temperature in theemrce
(Figure 2 (a)) or presence of malate (Figure 2. (b}Jjese
enzyme activities were measured after exposindgtifediscs
to a range of 1T to 45C in case ofA. pungensand 16C to
35°C in case ofL. esculentum Arrhenius plots exhibited
abrupt changes or “break-points” at only one pofrt7°C in
A. pungen&C,) while at two points corresponding °C7 and
27°C in case of.. esculentuntCs). The patterns of Arrhenius
curves in presence of malate were quite similathtse in
the absence, with similar breaks in the slope.
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Figure 2. Arrhenius plots of PEPC activity in the absencenafate or in the
presence of malate during the assay. The pointseeeages of three to five
seperate experiments. The activity of PEPC wasméted in the extracts
prepared from leaf discs of Alternanthera punger®, (plant) or
Lycopersicon esculentum {Gpecies), exposed to varying temperatures.
Further details were as in Figure 1. The ‘breaksmsi are indicated by
arrows.

The activation energy of PEPC frofn pungensvas less
than that fromL. esculentumn the temperature range of 10
to 27°C (Table 1). However, the activation energy of PEPC
from A. pungensvas less compared ta esculenturrabove
the temperature of 2C. The activation energy increased by
2 to 4 fold at temperatures below°C7 in case of bottA.
pungen<C,) andL. esculentunfCs).
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4. Discussion observations. At low temperature, the sensitivityP&PC to
malate was very high in maize [31], but was qude lin

The temperature can cause quite striking change®in gy,phvilum fedtschenkoi [32]. Lowering the tempera
only the activity but also the regulatory propestef PEPC .01 25 °C to 3 °C not only decreased the catalgtipacity

in both G and G plants. The optimal temperature for PEPCq¢ pepe, byt also caused a considerable redutiooug 10-
in A. pungens(C,) .was.4§C compared tO.SP(]: N L. fold) in the sensitivity of PEPC to malate [32].
esculentum(C; species) is not surprising (Figure 1). The e gecrease in malate sensitivity of PEPC can atsar
af:'uvmes of P.EPC and NADP-ME in desalted extrdodsn due to the proteolysis of the enzyme. However,ahthors
different species of sugarcane showed no largegei®after g6 confident that this is not the reason duringséh
incubating the enzyme at various temperatures 8018 0 pseryations. There was no detectable change ipritein
0'C [16]. In contrast, PEPC in extractsRfmaximumost up  |eyeis as indicated by the western blots [24]. Thanges in

to 50% of its activity after incubation for 60 e 0'C while activity of PEPC due to temperature were reverstblea
the enzyme fronP. miliaceumwas stable [21]. Our results .,k ed extent [24].

confirm that the ¢PEPC is quite sensitive_ to sub-optimal  Arrhenius plots revealed differences between noy the
temperatures compared to the PEPC gfiécies. _ Csand G plants, but also the pattern in presence or alesenc
The sharp increase in the activity of PEPC withyt majate (Figure 3 (a and b)). As the temperatuas raised,
temperature,  particularly —above 5 could Dbe ne acfivation energy was lowered in bath pungens(C,
physmloglcally S|gn|f|cant,_as the temperaturcemected to plant) and inL. esculentum(Cs species). The changes in
rise from about 10 to & in the morning to 3510 40 at  ctivation energy as indicated by  discontinuities
midday, on a typically clear and sunny day. Thermeaiance (« eakpoints”) in Arrhenius plots at a criticalmgerature
of high enzyme activity at warm temperatures, tbogewith ... be an indication of the cold lability of PEP@M

a sharp decrease in the malate sensitivity of PWREalso  jigterent species [23, 33-34]. The break at@in case of ¢

noticed in other ¢plants [24]. A combination Qf Iight and plants suggests that the @zyme does not respond much to
warm temperature could amplify the photoactivatairthe  omheratures, above 7. In contrast, the absence of such

PEPC, as observed in case Bferia densa[30] and eak and the continuation of slope indicate thag t
Amaranthus paniculatu20]. The marked reversibility of the  ,ivation energy continues to decrease fgPEPC as the

effect of temperature on PEPC in case of bofha@d G o mperature rises from 27 to 45C. The presence of malate
plants [24] is an additional indication of the [HbES ihcreased significantly the activation energy irthb@, and
physiological relevance of temperature effects BR@. C. species (Table 1). Such increase in activationggnef

These results demonstrate clearly the marked cBangBepc in presence of malate, an inhibitor, is Idgisamalate
induced by temperature in the sensitivity of PEB@nalate. being an effective inhibitor may slow down the

As the temperature was raised from 15 °Cto50 °@etwas  hermodynamic responses of PEPC. But in presence of
a marked decrease in malate sensitivity of PEP@.e&ltent - iate the activation energy increased nearly oib-bver
of such a decrease in, @lants (79% to 46%) was more than that in the absence of malate, during the temperatinge of
that in C3 species (59% to 29%) (Figure 2). ThRBP@  1pc to 27C in bothA. pungensand L. esculentumThe

appeared to be highly sensitive to malate at colfiieq studies made earlier on the activation gpef PEPC
temperatures, while becoming relatively insensitvenalate again were conflicing. Some of the reports indicat

at warm temperatures. The extent of malate inbibilS  yiscontinuity in the Arrhenius plots of PEPC [19hile
quite high inL. esculentuncompared wittA. pungensAgain  ,ihars did not observe such break points [18].
the limited reports in the literature had confligti

Table 1. Activation energy (kcal md) of PEPC in extracts from leaf discs of Alternattn pungens (Cplant) or Lycopersicon esculentums(§pecies)
exposed to different temperatures.

Temper ature range (°C) Alternanthera pungens (C4 plant) Lycopersicon esculentum (Cj species)
Activation energy (kcal mol™)
Enzyme activity in the absence of malate

10-17 13.8 18.3
17-27 3.8 9.1
27-35 or 27-4%8 29 1.23
Enzyme activity in the presence of malate

10-17 23.0 31.0
17-27 6.1 12.5
27-35 or 27-48 4.5 1.03

&The range was 27-35 for Lycopersicon esculentuamd 27-48C for Alternanthera pungens

For Amaranthus cruentushe activation energy rapidly present data indicates thaj @lants have special adaptation
increased below 2C, but it is not clear whether it mechanism, which modifies to survive and maintaighh
extrapolates to infinity at the same temperature iras rate of photosynthesis under conditions of highperature.
Sorghum bicolaror at a slightly lower temperature [35]. The This is to conclude that high temperature toleraoteC,
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plants is not only the presence of heat shock p®stéut
may be a greater part of thermo stability of theboaylating
enzymes. Further, studies are essential
molecular basis of modulation by temperature of @EPC4
plants.

to chaizete

5. Conclusions

leaf discs ofAlternanthera pungenfC,) compared to that of
Lycopersicom esculentu(s). There was a strong contrast
in the temperature optima for PEPC activity in ldafcs of
Alternanthera pungenand Lycopersicom esculentunThe
steep increase in activity of PEPC with rise in penature
could be physiologically significant, as the tengtare is
expected to rise from about 10 to°C5n the morning to 35
to 4°C at midday, on a clear and sunny day. As thé!2]
temperature was raised, the activation energy aasrid in
both Alternanthera pungenand Lycopersicom esculentum

The changes

in activation energy as indicated b

discontinuities (“breakpoints”) in Arrhenius plas a critical
temperature can be an indication of the cold lghdf PEPC
from different species.
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