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Proline caused irreversible inhibition (involving
eduction in Vmax without altering Km for RuBP) in
ubisco activity. Proline-induced suppression in
ubisco activity did not exceed beyond ;65% of the
riginal activity even upon exposure to higher levels
f proline for prolonged duration. However, NaCl-
nduced reduction in Rubisco activity was reversible.
ative PAGE analysis of Rubisco-incubated with pro-

ine showed the presence of two distinct bands corre-
ponding to ;430 and ;28 kDa, but that incubated
ith NaCl showed a single band. SDS–PAGE analysis

evealed that the ;430- and ;28-kDa bands represent
ctamers of large subunits and dimers of small sub-
nits, respectively. These results demonstrated for the
rst time that proline suppresses Rubisco activity by
ringing about dissociation of the small subunits from
he octamer core of large subunits, probably by weak-
ning hydrophobic interactions between them. © 2001

cademic Press

Proline is an imino acid that accumulates in a wide
ariety of organisms ranging from bacteria to higher
lants under abiotic stresses. It is considered to be a
ompatible solute as (1) it is a small organic molecule
ith very high solubility and hence has potential to

nfluence osmotic potential; (2) it has been shown to
rotect cellular enzymes and membranes against abi-
tic stress; (3) it acts as a good redox buffer capable
f maintaining cellular pH and ratio of NAD(P)1/
AD(P)H; (4) it scavenges and/or reduces the produc-

ion of toxic oxygen species; and (5) it does not perturb
egular metabolic events even when present at very
igh concentrations (1–10).
Proline has been well documented to protect a wide

ange of enzymes such as phosphoenolpyruvate carbox-
lase, lactate dehydrogenase, malate dehydrogenase,
lyceraldehyde-3-phosphate dehydrogenase, ribonucle-
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erature) (11–17). Further, in many of these reports it
as been demonstrated that proline can bring about
he protection of enzymes even when present at con-
entrations as high as 3 M. Earlier, we had demon-
trated that the activity of Rubisco (the most vital
nzyme for CO2 fixation) from higher plants is suscep-
ible to proline even when present at concentrations as
ow as 100 mM (18).

Chloroplasts are the major site for synthesis of pro-
ine that gets accumulated in plants under stress (19).
arlier, it had been demonstrated that proline protects
hotosystem II against photodamage or salt stress, by
cavenging or lowering the production of toxic oxygen
pecies (4, 5, 9). Contrary to this finding, we observed a
egative role for proline on purified Rubisco from Bras-
ica juncea, Oryza sativa and Sesbania sesban (18).
his observation, which might have an adaptive signif-

cance, prompted us to investigate the mechanism(s)
nvolved in the proline-induced suppression of Rubisco
ctivity. In this communication we report that proline
auses an irreversible inhibition in Rubisco activity
nder in vitro conditions by dissociating small sub-
nits from the octamer core of large subunits.

ATERIALS AND METHODS

Rubisco was purified from the leaflets of two-year-old plants of
esbania sesban (L.) Merrill (Fabaceae) growing in the campus of
amia Millia Islamia, New Delhi.

Purification of Rubisco: The plant material was washed thor-
ughly with cold tris acetate (50 mM) buffer (pH 8) containing
agnesium acetate (20 mM), EDTA (0.1 mM), b-mercaptoethanol

50 mM) and glycerol 10%. After removing the traces of the buffer by
lotting, the plant material was homogenized in a buffer having
ame composition as above along with 2% polyvinylpolypyrrolidone.
he homogenate was centrifuged at 16,000g for 20 min at 4°C and
he supernatant used for the subsequent purification. Purification of
ubisco was done as described by Sivakumar et al. (1998).

Polyacrylamide gel electrophoresis and isolation of the protein com-
onents after proline treatment. The proline-treated Rubisco sam-
le (;6 mg/ml) was subjected to molecular sieve chromatography on
Sepharose CL-6B column (20 3 2.5 cm).
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owing the protocol described by Gabriel (20). Protein elution from
he polyacrylamide gels was achieved by incubating the macerated
el strips containing the protein band of interest in 50 mM ammo-
ium bicarbonate buffer (pH 7.8) containing 0.1% SDS for 1 h at
7°C. The preparation was centrifuged at 15,000g for 10 min at 37°C,
nd the supernatant was concentrated by the use of centrifugal
ltrafiltration (Microsep, Pall Gelman, U.S.A.). SDS–polyacrylamide
el (10%) electrophoresis was carried out as described by Laemmli
21). The gels were stained with Coomassie brilliant blue R-250 for
he visualization of the protein bands. All electrophoretic analyses of
rotein preparations were done on an equal protein basis, and pro-
ein content was estimated as per the method of Bradford et al. (22).

Measurement of Rubisco activity. Rubisco (20 mg) was preincu-
ated for 5 min at 28°C in an assay mixture consisting of radioactive
aH14CO3 (0.376 mM, 0.325 mCi), Tris acetate (50 mM, pH 8.0),
agnesium acetate (5 mM), DTT (0.1 mM) and sodium bicarbonate

6 mM) in a final volume of 250 ml. The reaction was started with the
ddition of 25 ml of 20 mM RuBP. The termination of the reaction
as done after an incubation time of 10 min with the addition of 50
l of glacial acetic acid (6 N). 50 ml of the resultant mixture was
potted on a Whatmann 3MM disc for determining radioactivity in
he sample using a Wallac Liquid Scintillation Counter (Finland).

Treatment of Rubisco with proline. Equal amounts of Rubisco
ere incubated at 20 6 2°C with different concentrations of proline

or required time intervals.
The removal of proline from the medium was made possible by the

se of centrifugal ultrafiltration (Microsep, Pall Gelman, U.S.A.).
lternatively, proline was also successfully removed by exhaustive
ialysis. Apparent Km for the substrate RuBP was measured by
ssaying Rubisco activity with varying concentrations of RuBP (0.1
o 2.0 mM) under saturating levels of bicarbonate (over 6 mM) in the
resence and absence of 1 M proline.
All experiments were replicated and the data presented is the

verage from five independent experiments.

ESULTS AND DISCUSSION

Earlier, we demonstrated that incubation of purified
ubisco with proline for a short duration of 5 min

esults in a significant decline in its activity (18). This
as ascertained with Rubisco purified from higher
lant species viz. Sesbania sesban, Oryza sativa, and
rassica juncea belonging to three distinct families.

rrespective of the plant species to which it belongs,
ubisco showed decline in its activity even when ex-
osed to proline at concentrations as low as 100 mM
18). However, living organisms have been shown to
ccumulate compatible solutes like proline, glycine be-
aine and certain polyols to the levels exceeding 1 M
23–25). More importantly, chloroplast is the major site
or the synthesis proline in plants exposed to abiotic
tresses (19).
To evaluate the extent to which Rubisco activity can

e suppressed by proline, purified Rubisco from Sesba-
ia sesban was exposed to higher concentrations of
roline (ranging from 1 to 3.5 M) for 5 min and also for
rolonged time intervals (up to 60 min). As indicated in
ig. 1A, there was a decrease in Rubisco activity with

ncrease in the concentration of proline up to 2.5 M.
urther, increase in the concentration of proline did
ot bring about any additional reduction in Rubisco
237
ctivity. The extent of reduction in Rubisco activity
lso increased with duration of exposure to proline
Fig. 1B). However, regardless of the concentration of
roline or the duration of exposure to proline, the ex-
ent of reduction in Rubisco activity did not exceed
5%. Thus, about 35% of Rubisco activity was retained
ven after exposure to high concentrations of proline
or extended periods. In contrast, NaCl caused signifi-
antly higher loss in Rubisco activity (Figs. 2A and 2B).
pon exposure to 500 mM NaCl for 5 min ;80% re-
uction in Rubisco activity was observed (Fig. 2A).
urther, almost total loss in Rubisco activity was noted
pon prolonged exposure to NaCl (Fig. 2B).
Retention in ;35% Rubisco activity, in spite of its

xposure to very high levels of proline for prolonged
uration, could probably due to the dissociation of

FIG. 1. (A) Effect of various concentrations of proline. (B) Effect
f 1 M (E) and 3 M (F) proline on Rubisco activity with respect to
ime.
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mall subunits from the octamer of large subunits.
arlier, several groups demonstrated that the large
ubunit has actual catalytic sites and the small sub-
nit basically is an allosteric/regulatory protein in-
olved in enhancing the affinity of the large subunits to
O2 (26–33). Further, a number of earlier investiga-

ors have clearly shown that the dissociation of small
ubunits from the higher plant Rubisco holoenzyme
omplex results in significant reduction in the catalytic
unctioning of large subunits (28, 34–38). Schneider et
l. (33), Kaul et al. (35) and Aggarwal et al. (36) ob-
erved loss in the catalytic activity of the large sub-
nits by 70% due to the dissociation of small subunits
rom Rubisco holoenzyme complex.

To ascertain the nature of inhibition brought about
y proline, the apparent Km for RuBP and Vmax were

FIG. 2. (A) Effect of varying concentrations of NaCl on the ac-
ivity of Rubisco purified from Sesbania sesban. (B) Change in the
ctivity of Rubisco exposed to 200 (E) and 500 mM NaCl (F) for
arying time intervals.
238
roline treated) in the presence of varying concentra-
ions of RuBP under saturating levels of bicarbonate is
epicted in Fig. 3A. A significant reduction in Vmax was
bserved due to the incubation of Rubisco with proline
Fig. 3A), but the apparent Km for RuBP was unaffected.
ubstrate saturation curve as well as Lineweaver–
urk analysis clearly demonstrated that the mode of
roline induced inhibition of Rubisco activity is basi-
ally either a non-competitive reversible type or an
rreversible type of inhibition (39). Removal of proline
y dialysis or centrifugal ultrafiltration did not bring
bout any recovery in Rubisco activity. In contrast,
emoval of NaCl from Rubisco brought about a ;95%

FIG. 3. (A) Activity of purified Rubisco exposed to 0 (E) and 1 M
F) proline, as influenced by varying concentrations of RuBP in the
resence of saturating levels of bicarbonate. (B) Double reciprocal
Lineweaver–Burk plot) of the above data.
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ecovery in activity (Table 1). These results suggest
hat the proline-induced reduction in Rubisco activity
nder in vitro conditions is irreversible.
Based on these earlier reports, and our observation
herein about 35% of Rubisco activity was retained in

pite of its exposure to high levels of proline for pro-
onged duration, we hypothesized that proline might be
ausing suppression in Rubisco activity by dissociating
mall subunits from the holoenzyme complex.
To confirm if proline induced suppression in the
ubisco activity is due to dissociation of small subunits

rom the octamer of large subunits as hypothesized
bove, we compared the electrophoretic mobility of
ubisco treated with proline and NaCl with untreated
ubisco on polyacrylamide non-denaturing gel. Inter-
stingly, unlike untreated and NaCl-treated Rubisco,
hich formed a single band {corresponding to a molec-
lar mass (MM) of ;550 kDa}, proline treated Rubisco
esolved into two distinct bands corresponding to MM
430 and ;28 kDa (Fig. 4). As no band corresponding

o the holoenzyme complex (as in proline untreated

Changes in the Specific Activity of Rubisco (Purified from
eaflets of Sesbania sesban) upon Exposure to Proline (1 M)
nd NaCl (500 mM) for 5 min at 28°C and after Their Com-
lete Retrieval from the Vicinity of the Enzyme through
ialysis

nhibitor

Specific activity (mmol PGA mg1 min21)

Initial
In presence
of inhibitor

After retrieval
of inhibitor

Proline 4.09 6 0.42 1.521 6 0.21 1.532 6 0.180
NaCl 4.09 6 0.42 0.760 6 0.066 3.890 6 0.360

FIG. 4. Nondenaturing polyacrylamide gel electrophoretic anal-
sis of the purified Rubisco from Sesbania sesban. Lanes 1 and 2
epresent untreated Rubisco, lanes 3 and 4 represent Rubisco incu-
ated with 500 mM NaCl and lanes 5 and 6 represent Rubisco
ncubated with 1 M proline. (Note a distinct change in the mobility of
he proline-treated Rubisco with respect to untreated Rubisco and
he presence of a distinct additional band).
239
ample) was observed in proline treated sample it can
e concluded that retention of 35% Rubisco activity is
either due to the presence of some intact Rubisco
olecules nor due to partial dissociation of small sub-

nits from the octamer of large subunits. The two
ands obtained from the proline treated Rubisco might
e corresponding to octamer of large subunits and
imer of small subunits. The Rubisco holoenzyme com-
lex in all higher plants is composed of eight large
ubunits (which form an octamer) and eight small sub-
nits (34, 38). Small subunits have been reported to
orm dimers, which then associate with an octamer of
arge subunits (34, 37, 38).

To confirm the composition of each of the two bands
btained from proline treated Rubisco, these bands
ere eluted from the gel and after SDS treatment, each
f these protein samples subjected to SDS–PAGE. The
esults obtained are shown in Fig. 5. As expected,
ubisco which had not been treated with NaCl and
roline formed two distinct bands corresponding to
arge subunits with a MM of ;55 kDa and small sub-
nits with a MM of ;14 kDa (Lanes 1 and 2 of Fig. 5).
owever, the ;430 kDa protein fraction formed only a

ingle band corresponding to that of large subunits
ith MM of ;55 kDa (Lane 3 of Fig. 5) suggesting that

his ;430 kDa protein fraction is an octamer of large
ubunits. Additionally, ;28 kDa protein fraction of
roline treated Rubisco also formed a single band on
DS gel. This band corresponded to that of small sub-
nit with a MM of ;14 kDa (Lane 4 of Fig. 5) suggest-

ng that the ;28-kDa fraction basically was a dimer of
mall subunits. These results demonstrate for the first
ime that the decrease in Rubisco activity associated
ith proline involves dissociation of dimers of small

ubunits from the octamer of large subunits in Rubisco
oloenzyme complex.

FIG. 5. SDS–PAGE analysis of purified Rubisco prior to and
fter various treatments. Lane 1 represents untreated Rubisco, lane
represents Rubisco treated with 500 mM NaCl, lanes 3 and 4

epresent ;430 and ;28 kDa protein fractions of proline-treated
ubisco, respectively.
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eractive forces between the large and small subunits
f Rubisco is hydrophobic in nature. Additionally, it is
lso known that hydrophobic interactions between
arge subunits are stronger than that between large
nd small subunits (33, 40). Therefore, there is a pos-
ibility that proline causes dissociation of small sub-
nits from the octamer of large subunits by directly

nterfering with weaker hydrophobic interactions be-
ween them. Rajendrakumar et al. (16) had proposed
hat proline with its hydrophobic backbone can inter-
ct with hydrophobic regions of enzymes such as lac-
ate dehydrogenase. However, the presence of only a
ingle band of large subunit corresponding to a MM of
430 kDa in native gel suggests that proline does not
ave the potential to disrupt the stronger hydrophobic

nteractions between the large subunits of Rubisco.
Reconstitution of higher plant Rubisco after dissoci-

tion of the small subunits from the large subunits
nder in vitro conditions has not been successful so far

34–37). This has been attributed to the lack of chap-
rones, which are considered to be vital for the assem-
ly of large and small subunits to form the Rubisco
oloenzyme (41–46). Therefore, irreversible inhibition

n Rubisco activity caused by proline could be due to
he lack of factors that are involved in assembly of
mall subunits with the octamer of large subunits, as
e used Rubisco, which had been purified to electro-
horetic homogeneity. However, we cannot rule out the
ossibility of proline-induced inhibition to be non-
ompetitive reversible type under in vivo conditions as
haperones will be readily available and the level
turnover) of proline in cells/chloroplasts is regulated
epending on the conditions to which plants are ex-
osed (47, 48). As no organism prefers to synthesize
ny molecule in excess unless and until it is beneficial,
e believe that proline induced suppression in Rubisco
ctivity also must be having some significance for bet-
er survival of the plant under abiotic stresses that
romote proline accumulation (2, 5, 8, 9, 18). We are
resently making efforts to understand the probable
ignificance of proline induced suppression in Rubisco
ctivity in plants.
In summary, in this communication we provide

trong experimental evidence that demonstrates that
roline suppresses the activity of Rubisco by influenc-
ng its structural integrity through the dissociation of
imers of small subunits from octamer of large sub-
nits of the holoenzyme complex.
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