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The chloroplast transit pcptidc (cTP) of pea carbonic unhydrase was shown to be processed at two different sites, giving protein subunits of two 
sites. The cleavage sites were identiiied and found to be localized immediately before and after a highly charged part, containing 8 acidic and 6 
basic rcsiducs, of the cTP. Properties of pea carbonic anhydrase produced in fkhcrichirr colishow that folding, oligomcrization and catalytic activity 
do not depend on the presence of the acidic part or the rest of the cTP. The pattern of processing of the cTP in E. coli indicates that cleavage at 

site T is specific for a chloroplastic stromal peptidase and that cleavage at site I prevents processing at site II. 
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1. INTRODUCTION 

Carbonic anhydrase (CA; carbonate hydrolyase, EC 
4.2.1.1) is a zinc-containing enzyme catalyzing the re- 
versible hydration of COZ. Mammalian CA’s have been 
thoroughly investigated, while CA from higher plants 
is less well characterized and its physiological function 
is poorly understood. CA from dicotyledonous plants 
is believed to be an oligomer composed of six identical 
subunits, each of which binds one zinc ion [l]. In C3 
plants CA is found as a soluble chloroplastic protein, 
synthesized in the cytoplasm and transported across the 
envelope membranes. The majority of the prot&ns 
found in higher plant chloroplasts are nuclear encoded 
and targeted to the stroma by an N-terminal chloroplast 
transit peptide (cTP) that is subsequently removed by 
stromal peptidases (see [2] for a review). Common fea- 
tures of cTP’s from higher plants are a high content of 
the hydroxylated residues, Ser and Thr, and very few 
acidic residues. In addition, the N-terminal part tends 
to lack charged residues, as well as Gly and Pro, and the 
C-terminal region seems to have a potential for forming 
an amphiphilic p-strand [3]. 

cDNA sequences coding for spinach CA [4,5] and pea 
CA [6,7] have been published and the derived amino 
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acid sequences show 70% identity. A comparison be- 
tween those sequences and N-terminal sequences from 
mature proteins shows that the cTP’s are rather long, 
98 and 105 residues for spinach and pea CA, respec- 
tively. The first part has the characteristics of cTP’s 
mentioned above, but remarkably the C-terminal 30-40 
amino acids contain a high number of acidic and basic 
residues with a net negative charge. Fawcett et al. [S] 
speculated that this acidic part would not be included 
in the cTP, meaning that there must be a stepwise proc- 
essing of the precursor. 

Processing intermediates have been found for the 
chloroplastic proteins pea Rubisco small subunit [S] and 
L18 ribosomal protein from C/ilu/nydonzonas [9]. How- 
ever, the intermediate cleavage sites were not deter- 
mined. In mitochondria two distinct matrix-localized 
protease activities, responsible for a two-step processing 
of some matrix targeting peptides, have been reported 
[lo]. The reason(s) for this stepwise processing has been 
speculated upon. von Heijne et al. [3] proposed that the 
N-terminal extension is required for correct folding of 
the mature protein or for assembly into larger multi- 
subunit complexes, 

In this report we demonstrate that CA purified from 
pea leaves contains subunits of two sizes corresponding 
to two cleavage sites, one before and one after the acidic 
peptide. We have also cloned and expressed pea CA in 
Escherichia cd. By modifying the expression plasmid 
we have been able to produce CA carrying different 
lengths of the transit peptide. We have purified these 
protpinu and IIPP.-! them tn inw&g&e th,~ fnlnction of ifie .w ..L Y..” “-1” . . . . . . .” . . . . w . .._ ___. _. ._ 
acidic peptide and to test whether it has any importance 
for folding and oligomerization. 
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2. MATERIALS AND METMODS 

CA was purified from homogenized light-grown pea leaves by aftin- 
ity chromatography usingp-an~inomsthylbenzencsulfonamide hydro- 
chloride (Aldrich-Chcmie) coupled to epoxy-activated CH-Sephnrose 
GB (Pharmacia, Sweden). Protein concentrations were determined by 
the method of Bradford [I I] using bovine serum albumin as standard. 
NFTcrminat amino acid sequences were determined in an Applied 
Biosystems model 477A sequencing system. Gel electrophorcsis was 
performed on a discontinous polyacrylamide gel system 1121 contain- 
ing 15% acrylamidc and 0.1% SDS or a gradient of 5-1045 ncrylamide 
under non-denaturing conditions. Scanning of Coomassie=stained gels 

was done using a LKB 2202 UitroScan Laser Densitometer. 
Initial rates ofC0, hydration were mcasurcd in a Hi-Tech stoppcd- 

flow apparatus by the changing p&indicator method [13,l4]. The 
buffer-indicator system was TAPS/Mctocrcsol purple monitored at 
573 nm. 

Isolation of chloroplasts was done by centrifugation of homogc- 
nizcd pea leaves through a cushion of 40% (v/v) Pcrooll [lS]. The 
chloroplasts were disrupted by osmotic shock plus sonication and 
centrifuged I h at 300,000 g. Soluble proteins vvcre analyzed by SDS 
PAGE and immunoblotting using anti-pea CA IgG raised in rabbits 
and pcroxidnse-conjugated goat anti-rabbit IgG (Bio-Rnd). 

Protein secondary structure was predicted using the PC/GENE soft- 
ware (IntclliGenetics Inc.) programs NOVOTNY based on the 
method of Novotny and Auffray [16], GGBMS based on the Gascuel 
and Golmard basic statistic;ll method [17] and GARNiER based on 
lhc method of Garnicr et al. [lb]. 

cDNA encoding pea CA was isolatd from a pea cDNA Agt 11 
library (Clontech Laborntorics) using the polymcrnse chain reaction 
(PCR) method. The primers wcrc designed to amplifv the coding 
region and at the same time introduce an NcoI site at tbc initial ATG 
codon and a Hind111 site downstream from the stop codon. PCR was 
run for a total of 28 cycles of the following profile: annealing 2 min 
at 40°C, extension 3 min at 7FC, dcnaturation 1 min at 94OC. The 
PCR products were cloned into a mutagcncsiticxprcssion vector 
(pACA [19]) used for production ofHCAI1, replacing the HCAII gene 
by using the Ncoi arId HirzdlIl sites in the vector. The resulting plas- 
mid was culled pPCA. Site-directed mutagenesis was done by the 
method of Kunkel [20], bnscd on host cell deficiency in the enzymes 
dUTPase (dut-) and uracil N-glycosylase (tug-). All new constructs 
were verified by sequencing thecomplete pen CA gene. For production 
of recombinant pea CA the ,?. colt’ strain BL2l/DE3 [21] was trans. 
formed with pPCA and grown at 2O’C in rich media lo Asps = 0.5. Pea 
CA synthesis was induced by the addition of 0.5 mM IPTG and the 
cells were harvested after an additional 15 11. The enzyme was purified 
from lysed cells using the same kind of affinity column as described 
above. 

3. RESULTS 

3.1. Processing of the peu CA chloropiast trmsit peptide 
(cTP1 

CA purified from pea leaves appears on an SDS gel 
as a doublet corresponding to masses of 25 kDa and 27 
kDa (Fig. 1, lane 3). Gel scanning indicates that approx- 
imately 90% of the subunits are found in the 25 kDa 
band and 10% in the 27 kDa band. To check if this 
doublet is due to proteolysis during enzyme preparation 
or to the presence of a cytosolic isozyme, pea chloro- 
plasts were isolated. A doublet with the same M, values 
is recognized by anti-pea CA antibodies in immunoblots 
of the soluble fraction from broken chloroplasts sepa- 
rated by SDS PAGE. This result supports the idea that 

ihe two bands correspond to different subunit sizes 
present within the chloroplasts. In a non-denaturing gel 
system the purified enzyme also gives a doublet but with 
a mass of around 230 kDa (data not shown). These two 
bands were excised and run in separate lanes on the 
SDS-gel shown in Fig. 1. The results show that the 
lower band from the non-denaturing gel represents oli- 
gomers composed of small subunits only (25 kDa) (lane 
1). The upper band gives a doublet corresponding to 
oligomers composed of equal amounts of small (25 
kDa) and large (27 kDa) subunits (lane 2). No band 
corresponding to unprocessed precursor protein is de- 
tected by Coomassie- or immunostaining. N-Terminal 
sequencing of the two bands from the SDS-gel gave 
Gly-Lys-Gly-Tyr-Asp-Glu for the 27 kDa subunit and 
Thr-Thr-Ser-Scr-Ser-Asp for the 25 kDa subunit. A 
comparison with the published pea CA cDNA se- 
quences [6,7] shows that the first amino acid sequence 
is located within the postulated cTP and the second 
sequence three residues after the cleavage site proposed 
by Roeske and Ogren. It thus seems as if the cTP can 
be processed at two (or three) different sites marked by 
arrows in Fig. 2. Cleavage at site 1 removes a peptide 
of 70 amino acid residues from the precursor protein. 
This peptide conforms to the characteristics of a cTP [3]. 
Cleavage at site II removes an additional 38 residue 
segment, the sequence of which is unusual for cTP’s as 
it contains 8 acidic and 6 basic residues (cf. Fig. 2). The 
large subunit, thus, contains an ‘extra’, highly charged 
peptide at its N-terminus. 

3.2. Cionitg and expression of pea CA cDNA in E. coli 
To test the function of this extra peptide we decided 

to produce the protein in E. coli. From a pea cDNA 
library we amplified and isolated two 1 kb fragments 
using the PCR technique. After cleavage with NcoI and 
Hind111 both fragments were cloned into the vector 

2 3 4 5 6 

Fig. I. SDS-PAGE analysis of pea CA. Bands excised from the dou- 
LI.. - * A 
ULbb ObiiiiiXd iii T.3*Zn'B l a l b"C_E wc.~rur!ioInne l(lower band)andlanc 
2 (upper band). Lane 3, CA purified from pea leaves; lane 4. PC& 
lane 5, PCAI; lane 6, PCAI. Molecular size mnrkers (kDa) arc shown 

to the left. 

233 
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pAC+ ,suld. the~,ne~,,,expressionl~~t~gen,~iS plasmids 
p-&c iind pPCAb .w&k:obtau+.$. .,Y&?k .+t+e ‘! kb 
iuse+ were: s&@en+d in- bothi $l&iuids tind’ both of 
them Weref~und, to &o&am the..wlrole coding region-for 
pea CA,“sta&ing’fti&r .thti.iniriat&~AT~G up to position 
1~10, ,where .the tji;;dIIJ site w&s introduced in the 
untranslated- 3’ end.; One~V~nucleotide substitution had 
OCCIK& in each’fmgrnent. probably dne to misincorpo- 
ration by the Tag polym~rase. In pPCAa. a T at posi- 
tion l68.had changed to C ieading.to substitution of a 
~hr for an Ile. In pPCAb, a C at position 132 had 
changed to T giving Phe instead of Ser. In both cases 
the substitutions are within the transit peptide before 
cleavage site I_ The two PCR fragments differ in the 
untranslated 3’ end where pPCAa has a deletion of 18 
bp as compaired to pPCAb. Interestingly, a comparison 
of the two published sequences reveals the same differ- 
ence, so that the sequence ofpPCAa and that of Majeau 
and Coleman 1’ are identical in this region, while the 
sequence of pPCAb is identical to that of Roeske and 
Ogren [6] (Table I). This could mean that there are (at 
least) two different genes, or different alleles, encoding 
chloroplastic CA in pea. Different splicing of the 
mRNA precursor is another possibility. All our subse- 
quent work was done on pPCAa, which was renamed 
pPCAt. Two other plasmids, pPCAl and pPCAs were 
constructed from pPCAt, allowing expression of CA 
containing different Iengths of the cTP. pPCAt carries 
the entire coding region, and yields CA including the 
complete cTP. In pPCA1 protein synthesis starts with 
the Met at cleavage site I, corresponding to the large 
subunit. In pPCAs the region coding for the entire cTP 
was removed and an initiator Met placed in front of the 
Gly at dcavage site Il. This gives the small subunit as 
product, starting with Gly, as confirmed by N-terminal 
sequencing. The highest yield of CA was obtained using 
pPCAs, giving typically 40 mg of homogenous enzyme 
from 600 ml of cell culture. Expression using pPCAt 
gave 20% of this yield and pPCAl only 2%. Cells trans- 
formed with pPCAl grew to a lower cell density and also 
showed a high tendency to lose its plasmid. The three 
CA products were purified from E. coli and analyzed by 
SDS PAGE (Fig. I). PCA’s (lane 4) and PCAl (lane 5) 
a= homogenous and of the same sizes as the core- 
spending subunits from pea leaves (lane 3). PCAt (lane 
6) shows multiple bands with sizes ranging from that of 
an enzyme with intact cTP to that corresponding to a 
complete removal of the cTP. Thus the protein has been 
partly processed by bacterial proteases. Note, however, 
that PCAt does not give any band corresponding to the 
large subunit. Non-denaturing gel electrophoresis of the 
three recombinant CA’s shows that oligomers of 
M, = 230,000 end larger have been formed in all cases. 
No detectable band is found at lower molecular masses 
(data not shown). 

Despite the different sizes and different degrees of 
transit pcptidc processing. the three recombinant CA’s 
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Fig. 2. Transit peptide sequence of pea CA. Charged residues are 
marked with + or -. Arrows indicate cleavage sites 1 and II. a, from 

161; b, this work. 

are all fully active with kinetic parameters for CO, hy- 
dration equivalent to CA purified from pea leaves 
(Table Ii). 

4. DISCUSSION 

The cTP’s of plant carbonic anhydrases, as proposed 
for spinach CA [4,5] and pea CA [6,7], have highly 
charged C-terminal regions with an excess of acidic res- 
idues (Fig. 2). In this report we demonstrate that the pea 
CA cTP can be cleaved at two sites, immediately before 
and after the acidic part, giving protein subunits of two 
sizes. Since site 1 is not recognized by i??. coli proteases 
and no other cTP’s have been found to contain a similar 
stretch of acidic amino acid residues, we propose that 
this site is recognized by a specific chloroplastic pepti- 
dase. The part of the cTP preceeding site I could very 
well be the functional transit peptide. 

The second cleavage site needs some consideration. 
Different N-terminal sequences of the mature protein 
have been reported, as mentioned in section 3.1. We 
found that the mature protein is 3 residues shorter than 
reported by Roeske and Ogren [6] (Fig. 2). On the other 
hand, Majeau and Coleman [7] did not obtain conclu- 
sive data from N-terminal sequencing. Moreover, our 
cloned preenzyme PCAt is processed in E. coli at several 
sites (cf. Fig. 1). N-Tertninaf sequencing of the band of 
lowest molecular weight on the SDS-gel shows that it 
starts 2 amino acids before the cleavage site we found 
in CA isolated from pea leaves. Thus, cIeavage occurs 
in a defined region but not necessarily at exactly the 
same site. It is tempting to speculate that cleavage at site 
II is not directed by a specific sequence, but rather by 
a certain secondary or tertiary structure which is prone 

Table I 

DifXrcnccs in nuclei acid sequences between Roeskc and Ogrcn [6], 
Majeau and Coleman [7] and this work 

Position Majeau and Roccke and This work Amino acid 
Coleman Ogren dif%crcnce 

114 f c C S+F 
139-141 ITC - S-t- 
274 A G G K-+K 
551 A G G K-+E 

1054-1072 missing present. + 

*Missing in pPCAa, present in pPCAb 
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to attack by proteases present in chloropl+s as well as 
hY C&L.. ‘. 

1 _, . . 

-I&-aciec part of the cTP is pre&&& minoi.but 
siguific&t Ti&ion. of the...&bu@s ‘Mjiqijn th& .@loro- 
$a&, High le$el ex+siion, of fully a+*.pea CAfmm 
E. Eoli ~g’a pied ~,~~gg’~~o region 

for small-subunits shows that&itIier, ?&c&c exten- 
sion nor. the rest of ‘ihe c*.. iti .&a&&j for correct 
folding, fok assembly into oIigqmeti or for ‘fti catalytic 
activity. MMeOver, the protein qe&&‘to’adopt a native 
conformation. even in the presence of, the entire GTP. 
Possiily the cTP forms a separate structure that is sus- 
ceptible to proteOlytic degradation in E. coli. However, 
when only the acidic part of the cTP k present, as in 
PCAl, no processing is observed. This might re&ct a 
locally perturbed structure shielding site II from attack 
by proteases. If so, a stepwise process ing of the precur- 
sor protein within the chloroplast seems unlikely. It 
seems more probable that cleavage can Occur at either 
site I or site II, thus leadiug to the formation of large 
or small subunits, Chloroplast chaperonins have bn 
found to bind to several chloroplast proteins in vitro PI, 
possibly important for folding and assembly processes 
in analogy with the situation in mitochondria. If this 
also applies to pea CA, it seems possible that the E. coli 
chaperonins bind to the cloned enzyme and fulfill this 
function. 

Computation of the secondary structure predicts an 
a-helix for the 38 residue acidic peptide. Computed pre- 
dictions are generally not accurate to more than about 
SO%, but three different methods (see section 2) all give 
an a-helix as the most probable structure. A helical 
wheel representation (Fig. 3) clearly shows that the 
acidic residues are all found one side of the wheel, while 
hydrophobic residues dominate the other side. Interest- 
ingly, not only the cTP for spinach CA contains a highly 
similar acidic part, but so do the cTP’s for tobacco CA 
[24] and Arabidopsis rhahna CA 1251. Thev are all of 
the same length with a net charge of -2, gii;ig similar 
distributions around the helical wheel. A possible inter- 
pretation is that the acidic peptide is important for inter- 
action with some other molecule or molecules, which 
might be a protein component of the chloroplast enve- 
lope essential for recognition or proper translocation. 

Table 11 

MichaeliiMenten pmeim ior CO* hydration at pH 9.0 and 25°C 

k, k&,lk 
(ms-‘) (k) @M-l -s-‘) 

CA from pea leaves 264 2.8 94 
PCAt 368 5.6 66 
PCAl 275 4.1 67 
PC&i 232 3.5 66 

Data We fitted to the Micbaelis-Menten equation by non-linear 
regression analysis. 

mea 

Fig. 3. Heiical wheel plot of residues 71400. Acidic amino acids are 
marked with a circle and basic amino acids with a box. 

If so, the receptor must be specific for CA, since similar 
acidic parts have not been found in other sequenced 
cTP’s. In contrast, competition experiments using syn- 
thetic cTP’s and purified precursor proteins expressed 
in E. coli [22,23] indicate the presence of one common 
type of receptor. However, only a limited number of 
proteins have been tcstcd so far. The possibility that the 
acidic peptide has a function within the chloroplast 
must also be considered. We know that some subunits 
within the chloroplast retaiu this peptide. Although the 
peptide is not necessary for catalytic activity, it might 
be important for the interaction with some other protein 
within the chloroplast in order to fulfill the physiologi- 
cal function of plant CA. There is not much evidence 
for a role for CA in photosynthesis, but the obvious 
hypothesis has been that chloroplasti$ CA catalyzes the 
dehydration of HCO,‘, thti generating CO, needed ‘for 
carboxylation by Rub&o [l]* Although an assoiziation 
between CA and Rubiio has not yet been. de&on- 
strated, this remains an interesting possibility. Studies 
of the interaction between CA and Rubisco should be 
facilitated by fhe availability of cloned plant CA with 
and without the acidic peptide. 

Rcknowledgemwts.- RRancial support from Stiftdsen Lars Hiertas 
Minne and 0 Each Edla Johanssons vetenskapliga stiRelse are greatly 
acknowledged. We thank Eleonorc Sk&&ad for skilfd technical ds- 
sistance and Prof. Sven Lindskog and Dr. Bengt-Harald Jonsson for 
valuable discussions of this manucript. 

REFERENCES 

fll Reed. ML and Graham. I). (198t) itt: Progress in Phytochemis- 
try. vol. 7 (Reinhold. L., Hornborne. J.B. and Swain, T., eds.) pp_ 
47-94, Pergaxnon Press, Oxford. 

{2] de Boer, A.D. and Weisbeek, P.J. (19991) Biochii. Biophys. Acta 
1071,221-255. 

235 



Volume 314, number 3 FEBS LETTERS December 1992 

[3] van Heijne, G., Stcppuhn, 1. and Herrmann. R.G. (1989) Eur. J. 
Diochem. 180, 535-545. 

[4] Burrtell, J,N., Gibbs, M.J. and Mason, J.G. (1990) Plant Physiol. 
92, 31-40. 

[5] Fnwcett, T.W., Browse, J.A., Volokita, M. and Bartlett, S.G. 
(1990) J. Biol. Chem. 265, 54145417. 

[6] Roeskc, CA. and Ogren, W.L. (1990) Nucleic Acids Rcs. 18, 
3413. 

[7] Majeau, N. and Coleman, J.R. (1991) Plant Physiol. 95,264-268. 
[S] Robinson, C. and Ellis, R.J. (1984) Eur. J. Biochem. 142. 343- 

346. 
[9] Schmidt, R.J., Gillham, N.W. and Boynton, J.E. (1985) Mol. 

Cell. Biol. 5, 1093-1099. 
[lo] Kalousek, F., Hendrick, J.P. and Roscnbcrg, L.E. (1988) Proc. 

Nntl. Acad. Sci, USA, 85, 7536-7540. 
[I I] Bradford, M.M. (1976) Anal. B&hem. 72, 248-254. 
[12] Jergil, B. and Ohlsson, R. (1974) Eur. J. Biochem. 46, 13-25. 
[13] Khalifah, R.G. (1971) J. Biol. Chem. 246.2561-2573. 
[14] Steiner, II., Jonsson, B.-H. and Lindskog, S. (1975) Eur. J. Bio- 

chcm. 59, 253-259. 
[IS] Joy, K.W. and Mills, W.R., Methods Enzymol. 148, 179-188. 

1161 Novotny, J. and Aulliay, C. (1984) Nucleic .Acids Res. 12. 243- 
255. 

[17] Gascucl, 0. and Golmard, J.L. (1988) CABIOS 4, 357-365. 
[18] Garnier, J., Osguthorpr, D.J. andRobson, B. (1978) J. Mol. Biol. 

120,97-120. 
[19] Ficrke, CA., Krebs, J.F. and Venters, R.A. (1991) in: Carbonic 

Anhydrase. From Biochemistry and Genetics to Physiology and 
Clinical Medicine (Botrc’, F., Gras, G. and Storey, D.T., eds.) pp. 
22-36, Verlag Chemis, Weinheim. 

[20] Kunkel, P.A. (1985) Proc. Nntl. Acad. Sci. USA 82, 488-492. 
[21] Studier, F.W. and Mol’fatt, B.A. (1986) J. Mel, Biol. 189, Il3- 

130. 
[22] Perry, SE., Bnvinger, W.E., Bennett, J. and Keeegstra, K. (1991) 

J. Biol. Chem. 266, 11882-I 1889. 
[23] Schnell. D.J., Blobel, G. and Pain, D. (1991) J. Biol. Chem. 266, 

3335-3342. 
[24] Majeau, N. and Coleman, J.R., EMBL accession no. M94135, 

unpublished. 
[25] Raincs, C., Horsnell, P.R., Welder, C. and Lloyd, J.C., EMBL 

accession no. X65541, unpublished. 

236 


