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Limited proteolysis of ribulose-bisphosphate carboxylase with trypsin or endopeptidase Lys C causes the 
loss of the carboxylase and oxygenase activities, without disrupting the binding of bisphosphates or the reac- 
tions normally associated with activation of the enzyme. Gel electrophoresis of the non-denatured enzyme 
indicates that the L,S, quaternary structure of large and small subunits is unaffected by this treatment. How- 
ever, electrophoresis in denaturing conditions shows that the L subunit is smaller as a result of the removal 
of two short polypeptides, each approx. 1000 Da. The loss of activity is associated with the removal of the 
second peptide. The amino acid composition of the isolated peptides indicates that both originate from the 
N-terminus of the L subunit. Over protracted periods of exposure to the proteases a third smaller peptide 
is also released from the N-terminus of the L subunit. The S subunit is not affected by these treatments. 
The carboxylase isolated from a number of photosynthetic species exhibits a differential response to this 

limited proteolysis. 

Ribulose-bisphosphate carboxylase Enzyme inactivation Proteolysis Bisphosphate binding Carbamylation 

1. INTRODUCTION 

Ribulose-bisphosphate (P2) carboxylase, the 
most important COz-fixing enzyme of photosyn- 
thetic organisms, catalyses a competing oxygenase 
reaction [ 1,2]. The opportunity now exists of in- 
troducing specific structural changes in the enzyme 
[3], to attempt to engineer either a better carbox- 
ylase or to reduce the wasteful oxygenase activity. 
It is helpful when designing these modifications ra- 
tionally to know at least all of the regions of the 
protein sequence, if not the individual amino 
acids, that contribute to the active-site structure. 

In the absence of X-ray crystallographic infor- 
mation, the use of typical, e.g. active-site affinity 

Abbreviation: APMSF, p-amidinophenylmethylsul- 
phony1 fluoride 

reagents [4] and atypical, such as diazomethane 
[5], reactions of protein chemistry in addition to 
sequence comparisons of the enzyme from many 
diverse organisms has pinpointed at least 6 con- 
served regions of the large (L) subunit that must be 
close to the catalytic site. One particular region 
from residue 195 to 204 in the spinach enzyme con- 
tains two conserved amino acids of known func- 
tion; lysine at position 201 is the residue that is car- 
bamylated by CO2 during activation [5], and 
aspartate at position 198 is involved in the co- 
ordination of the essential metal ion [3]. 

Apart from some photosynthetic bacteria, the 
usual quaternary structure of the enzyme is a com- 
plex hexadecameric arrangement of L and small 
(S) subunits. The carboxylase from some 
photosynthetic organisms, e.g. cyanobacteria, 
readily loses the S subunit from the L&S structure, 
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generating an inactive Lg core. Activity can be 
readily restored on readdition of the S subunit [6]. 
Although catalysis is lost as the S subunit is re- 
moved, the protein is still able to bind bisphos- 
phates effectively [7] and can be carbamylated. 
Thus, either the S subunit contributes amino acids 
essential for catalysis, or it induces changes to the 
conformation of the L subunit to bring all essential 
amino acids into the correct orientation to restore 
activity. 

Here, we present data that show that the carbox- 
ylase from higher plants, exposed to limited pro- 
teolysis, loses catalytic activity without any signifi- 
cant disruption of the bisphosphate-binding site or 
the reactions associated with activation. However, 
unlike the enzyme from cyanobacteria, it still re- 
tains the L& quaternary structure, although the L 
subunit is reduced in size. 

2. MATERIALS AND METHODS 

Ribulose-P2 carboxylase was purified from 
wheat, spinach and barley as described [8,9]. The 
carboxylase from Rhodospirillum rubrum was the 
recombinant enzyme expressed in an E. coli host as 
described by Gutteridge et al. [3] (see also [lo]). 

2.1. Activation and assay 
The purified enzyme from the higher plant 

sources was activated by dissolving the protein 
(stored as a freeze-dried powder) in 0.1 M Bicine 
(pH 8.2) containing 10 mM NaHCOs and 40 mM 
MgC12 and incubated for 30 min at 40°C to obtain 
the maximum activity. The R. rubrum carboxylase 
was activated in the same buffer with 50 mM 
NaHC03 and 40 mM MgClz for 30 min at 25°C. 
The activated enzymes were then stored for the 
duration of the experiments at 25°C. The carbox- 
ylase activity was determined as the incorporation 
of ‘“CO2 into acid-stable products after ribulose- 
PZ carboxylation [ 1 I, 121. 

2.2. Proteolysis 
Proteolysis of the carboxylase species was per- 

formed using a fixed ratio of trypsin (TPCK- 
treated from Sigma) or endopeptidase Lys C 
(Boehringer) to enzyme as described in section 3. 
The carboxylase concentration was usually 
15 mg/ml. For the preparation of peptides, pro- 
teolysis was usually performed in NHdHCO3 
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(10 mM) pH 7.5. The carboxylase was freed of 
non-volatile salts by rapid centrifugal gel filtration 
through Sephadex G-25 (fine) 1131 into 10 mM 
NH4HC03. 

The peptides produced during trypsinolysis were 
isolated either by centrifugation through semi- 
permeable cones (Amicon CFSOA), dialysis against 
a large volume of the volatile buffer, or gel filtra- 
tion using a 50 x 2.5 cm Sephadex G-25 (fine) col- 
umn. Centrifugation with the cones was adopted 
to follow the time course of peptide release with 
either protease and 0.01 ml APMSF (1 mM) was 
added to the centrifuge tubes to inhibit any small 
amount of protease that passed through the mem- 
brane with the peptides. The cones were spun at 
1000 x g for 5 min. Separation of individual pep- 
tides was achieved using 10 x 10 cm TLC silica gel 
plates (Whatman) developed in a butanol, acetic 
acid, water (3: 1: 1) solvent. 

The amino acid composition of the peptides, 
either as mixtures or isolated from the TLC plates, 
was determined by automated amino acid analysis 
(LKB 4400) after acid hydrolysis in 6 N HCl at 
105°C for 22 h in sealed evacuated vials. 

The inactive enzyme resulting from trypsinolysis 
was also recovered free of the protease and pep- 
tides by passage through a Sephacryl S200 column 
(2 x 40 cm) equilibrated with 10 mM NH4HC03. 

Fig. 1. Inactivation of ribulose-Pz carboxylase from 
different photosynthetic species. In all cases, I5 mg/ml 
of the carboxylase in 10 mM NHdHC03 (pH 7.5) was 
treated with trypsin (0.04 mglml) at WC and ahquots 
taken at set times for assay. The loss of the carboxylase 
activity was determined for the enzymes from (a) R. 

rubrum, (b) barley, (c) wheat and (d) spinach. 
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2.3. Gel electrophoresis 
Electrophoresis in polyacrylamide gels was per- 

formed using a slab apparatus (Biorad) and the 
discontinuous buffer system of Laemmli [23]. Gel 
and reservoir buffers were supplemented with 
0.1% (w/v) SDS for the electrophoresis of 
denatured proteins. Gels were stained as in [8]. 

3. RESULTS 

The loss of activity of the carboxylase from 
wheat which occurs with the addition of a small 
quantity of trypsin is shown in fig.1. With a pro- 
tease/carboxylase ratio of 1:400 (w/w), 80% of 
the activity was lost in 20-30 min. The rate of in- 
activation was not constant, being initially fast, 
but then proceeded for a further 2 h before 
depleting the remaining 20%. Fig. 1 also compares 

123456 1 2 12 3 

the effect of the same concentration of trypsin on 
other species of the carboxylase. The purified en- 
zyme from spinach was inactivated as rapidly as 
the wheat enzyme, whereas the carboxylase from 
barley was much more resistant to the treatment. 
The enzyme from the photosynthetic bacterium R. 
rubrum, which is composed of a dimer of L 
subunits and has no S subunit, was only marginally 
affected by the trypsin. 

Clearly, the susceptibility of the carboxylase to 
the proteolysis could simply be due to a general ef- 
fect of the trypsin cleaving randomly at basic 
residues of either the L or S subunits. Alternative- 
ly, the process might be much more specific, par- 
ticularly as lysine residues have been identified as 
being essential for catalysis. Two of these basic 
amino acids occur at positions 175 [14] and 201 
[15] of the primary sequence, that along with Lys 

A B C 
Fig.2. Polyacrylamide gradient gels of trypsinolysed wheat carboxylase. (A) A gradient gel (lo-20%), containing 0.1% 
SDS, of the enzyme at different times after exposure to trypsin showing that the site of action of the protease is the 
L subunit. Tracks l-3, carboxylase samples taken at 10 s, 8 and 30 min after proteolysis with 40gg/ml trypsin. Tracks 
5 and 6, carboxylase treated for 15 and 45 min with 8 @g/ml trypsin. The carboxylase concentration was 15 mg/ml and 
the proteolysis was halted by injecting samples into boiling buffer containing 0.1% SDS. Track 4, untreated 
carboxylase. (B) A similar gel of the inactive carboxylase, freed of the protease after 45 min before electrophoresis, 
compared to the untreated enzyme (left track). (C) The carboxylase was the same as that in (B) except that the 
proteolysis was for 75 min and the electrophoresis on a 4-20070 gradient non-denaturing gel. The standard proteins from 

the top in the left-most track were thyroglobulin, ferritin and BSA. 
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334 [15] compose part of the active site. Similarly, 
arginine groups have also been implicated, 
possibly binding the phosphate groups of the 
substrate ribulose-P2 [ 161 or bisphosphate 
effecters. 

To locate the target of the trypsin action, un- 
treated and trypsinolysed wheat carboxylase were 
electrophoresed on an SDS-polyacrylamide gra- 
dient gel. Fig.2A is a photograph of the stained gel 
which shows that the cleavage is far from random. 
The S subunit was unaffected by trypsin whereas 
the L subunit lost two peptides, I and II, peptide 
I being apparently greater in size than II. 

Tracks 5 and 6 of fig.2A show the effect of ex- 
posing wheat carboxylase to the same concentra- 
tion of trypsin used to produce the inactivation 
data plotted in fig. lc. The L subunit is significant- 
ly degraded to two lower M, polypeptides Lt and 
LII after 10 s. The proteolysis was repeated with 
5-fold less trypsin to relate more closely the loss of 
activity with the release of either one or both pep- 
tides (fig.2A, tracks l-3). In track 2 the distribu- 
tion of the L subunit after 15 min proteolysis is ap- 
prox. 30% intact, 70% without peptide I (i.e. 
LI + LII) and 40% without II. The activity of the 
enzyme determined at the same time as the sample 
was denatured for electrophoresis was 40% of an 
untreated carboxylase control. Thus the loss of 
peptide II must account for the major part of the 
inactivation (see section 4). 

The effect of trypsin on the activity of the car- 
boxylase could be due to a number of factors, 
especially as catalysis is dependent on, e.g. activa- 
tion reactions such as carbamylation [17] and an 
intact quaternary structure. Any change to the 
gross structure of L and S subunits was in- 
vestigated by electrophoresis in non-denaturing 
conditions. Enzyme that had been treated with 
trypsin was first freed of the protease by gel filtra- 
tion (see section 2). The mobility of the native car- 
boxylase was compared with that of the treated en- 
zyme by electrophoresis on a gradient gel (fig.ZC) 
to show that the L& quaternary structure was not 
dramatically affected. Confirmation that the tryp- 
sinolysed and protease-free carboxylase was com- 
posed of S subunits associated with the modified L 
subunit was obtained by running an SDS gel of the 
treated enzyme (fig.2B). In this particular exam- 
ple, trypsinolysis was not complete before gel 
filtration and the L subunit therefore ran as a 

doublet of LI and LII. 
There are also direct ways of investigating 

disruption that may have occurred to the active 
site. The activation process, which is a necessary 
pre-requisite before catalysis can proceed, involves 
the carbamylation of Lys 201 at the active site by 
CO2 and then co-ordination of the essential metal 
ion [ 171, usually Mg’” . The activating COZ and the 
metal can be trapped irreversibly with the tight 
binding transition state analogue, 2-carboxy- 
arabinitol bisphosphate (2CABP) [18]. When the 
trypsinolysed carboxylase (protease-free) was car- 
bamylated with H14C0: in the presence of Mg2+ 
and 2CABP, 75% of the enzyme molecules had 
bound t4C02. This compared favourably with the 
untreated enzyme (80%). Furthermore, the rate of 
release of the bound 14C02 from the quaternary 
complex was equally slow for both forms of the 
carboxylase. 

The gel data of fig.2 indicate the loss of 2 pep- 
tides from the L subunit. Indeed, 2 peptides 

’ Table 1 

The amino acid compositions of the peptides released 
from wheat ribulose-Pz carboxylase 

N-terminal Peptide I Peptide II C-terminal 
sequence sequence 

D - tr. tr. 2 
T 2 1.6 - 1 
S 1 0.7 - - 
E 2 1.3 - 2 
P 1 0.9 - 1 
G 2 1.8 - 
A I 1.2 1 
V 1 _ 0.8 1 
I - - 2 
Y - tr. 
F 1 - 1.0 2 
K 2 1.0 1.2 2 

The compositions of peptides I and II were determined 
from acid hydrolysate of mixtures released by either 
trypsin or Lys C or isolated from thin-layer plates. The 
amino acids were quantitated with respect to a 
norleucine internal standard and then normalised 
relative to Iysine for peptide I and phenylaIanine for 
peptide II. The ratio of I to II was constant as the 
quantities increased during the proteolysis (see section 
3). The N- and C-terminus compositions were 

determined from DNA sequences. tr., trace 
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predominated and could be isolated after tryp- 
sinolysis of the carboxylase. The compositions of 
the peptides cleaved from the L subunit of the 
wheat enzyme were determined, being collected 
and isolated by various methods (see section 2) and 
analysed for their amino acid content after acid 
hydrolysis. It is clear from a comparison of these 
compositions shown in table 1, with the N- and C- 
terminal sequences deduced from the DNA se- 
quence for wheat L subunit (T. Dyer and M.W. 
Saul, unpublished), that both peptides originate 
from the N-terminus. 

The mixture of the two peptides obtained after 
trypsinolysis contained variable amounts of some 
other amino acids possibly as a result of the ac- 
cumulation of other peptides from the carbox- 
ylase. Thus, to ensure that the effect of proteolysis 
on the carboxylase activity and structure could on- 
ly be due to the loss of N-terminal peptides, a 
second protease with greater specificity, endopep- 
tidase Lys C, was used. Lys C produced identical 
results to trypsin at similar concentrations, except 
the peptide mixtures were significantly less con- 
taminated with other amino acids. 

4. DISCUSSION 

The only example of the inactivation of ribulose- 
PZ carboxylase without the loss of other functions 
such as substrate binding or activation is the en- 
zyme from cyanobacterial sources that readily and 
reversibly loses the S subunit [6]. It was con- 
sidered, therefore, that limited trypsinolysis of the 
higher plant carboxylase might be disrupting the 
interaction between the L and S subunits. 
However, there is no evidence from the gel elec- 
trophoresis that the S subunit dissociates from the 
intact enzyme, or indeed that the interaction with 
the L subunit is weakened (not shown), rather it is 
the removal of a short length of the L subunit that 
destroys the activity. 

This is the first report that the region encom- 
passing the N-terminus of the enzyme is important 
for catalysis. From the time course of peptide 
release revealed by SDS gels, at the highest concen- 
trations of protease the degradation of the carbox- 
ylase is apparently complete within 70 min, 
although some 510% of the activity still remains. 
Thus, the peptides that are removed may not con- 
tribute amino acids essential for the reaetion 

mechanism, but most likely ensure the correct 
geometry of the active site for catalysis to proceed. 
The absence of any disruption to the amino acids 
involved in activation, i.e. carbamylation, metal 
co-ordination or even to bisphosphate binding, 
suggests that additional residues are utilised for 
these processes. For example, amino acids that 
catalyse proton abstraction from or donation to 
ribulose-Pz [19] which are essential to the reaction 
mechanism of the carboxylase [20] could be 
displaced without disturbing activation or 
substrate binding. However, the susceptibility of 
this region of the L subunit to the proteases in- 
dicates that it must be exposed to the solution on 
the surface of the polypeptide and not buried be- 
tween either two L subunits or an S and L subunit 
in the hexadecameric structure of the intact 
enzyme. 

The particular lysine in the N-terminal sequence 
(see fig.3) that is the first site of proteolytic action 
cannot be resolved unambiguously. The amino 
acid compositions of isolated peptides indicate that 
cleavage at the lysine at position 8 generates Lr and 
peptide I and the remaining L subunit is then fur- 
ther processed at position 14 to give LII and pep- 
tide II. However, it is also likely that some L 
subunit molecules are cut directly at position 14 
generating a peptide composed of I and II that may 
only then be cleaved by trypsin or Lys C. Thus, 
there is apparently no obligatory process of 
L-Lr-Lrr, although over the shortest periods of 
exposure to the proteases the gel data of fig.2 sug- 
gest there may be a slight preference for Lys 8. On- 
ly peptide II from the wheat enzyme has yielded to 
sequencing confirming its location as 9-14 of the 
L subunit. Peptides I or I + II do not sequence 
because of a blocked N-terminus. The L subunit of 

I L 

c---I Lr 

+n - L. ~ 

I r+II B 

Fig.3. The N-terminal sequence of wheat carboxylase (T. 
Dyer and M.W. Saul, unpublished) showing the 

proposed position of action of trypsin. 
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wheat carboxylase is further degraded, but only 
after protracted exposure to the proteases. The 
presence of increasing amounts of valine, glycine, 
alanine and lysine in acid hydrolysates of the 
isolated peptides suggests that Lys 18 is the next 
most susceptible position on the L subunit. 

The other species of carboxylase inactivated by 
trypsin produced similar results to the wheat en- 
zyme concerning the pattern of L subunit pro- 
teolysis. Certainly, the peptides released from 
spinach carboxylase give the expected composition 
of that N-terminal sequence. The rates of peptide 
release also correlated well with rates of inactiva- 
tion of the various carboxylases. The reason for 
these differential rates obtained with, e.g. barley 
compared to wheat, is readily explained by the 
replacement of Lys 14 by a glutamic acid. 
However, the carboxylase from tobacco which has 
about the same rate of inactivation as barley does 
not have this difference. Presumably, other 
regions of the tertiary or quaternary structure of 
these enzymes determine the resistance to 
proteolysis. 

An impo~ant aspect arising from the amino acid 
composition of the Lys peptides isolated from 
spinach or wheat carboxylases is that the L subunit 
is apparently not post-translationally modified, 
i.e. the N-terminal composition is that expected 
from the DNA sequence. However, the ease with 
which trypsin can remove the N-terminal peptide 
suggests that in those reports of L subunit process- 
ing, e.g. in the enzyme from barley [21] (but see 
also [25]) and spinach [22), it may have been due 
to general proteolysis rather than a specific 
modification post-translatjonally, a process that 
would have been readily detected as a fall in the 
specific activity of the enzymes being investigated. 
Clearly, the susceptibility of the carboxylase to 
protease action may explain the variability of the 
specific activity of the enzyme that often accom- 
panies its isolation and purification (see e.g. [24]). 
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