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ABSTRACT

We have determined the nucleotide sequence of a cDNA en-
coding spinach (Spinacia oleracea) chloroplastic carbonic anhy-
drase (CA). The open reading frame encodes a protein consisting
of a transit peptide and a mature CA protein with a predicted
mass of 24,116 daltons. This represents the first report of a
nucleotide sequence of a plant CA.

Carbonic anhydrase (carbonate dehydratase 4.2.1.1; abbre-
viated CA2) catalyses the hydration of CO2 to HC03- (and
the dehydration of bicarbonate) in a reaction that occurs at a
significant rate even in the absence of a catalyst.

In plants there are different forms ofCA ranging in molec-
ular mass from 140 to 250 kD with subunit molecular masses
ranging from 26 to 34 kD (7). The intra- and intercellular
distribution of CA also varies among different plant types,
being located in the chloroplasts of C3 plants and in the
cytosol of mesophyll cells in C4 plants. The taxonomic diver-
sity of plant CA has been demonstrated using anti-spinach
(21) and anti-maize leaf CA antibodies (JN Burnell, unpub-
lished results) and by polyacrylamide gel electrophoresis (1).
More is known about CA in animals, with six isozymic

forms having been identified. The amino acid sequences are
known for many of the animal isozymes (5, 6, 29), and the
three-dimensional structure of two of them has been deter-
mined (20).
As part of a wider project to study the control of expression

of CA in C3 and C4, and so-called C3-C4 intermediate plant
species, we have isolated clones from a spinach leaf cDNA
library in Xgt 11 using antibodies to spinach leafCA and have
identified and characterized these clones. In this paper we
report on the isolation, identification, and sequence analysis
of a cDNA for spinach CA.

MATERIALS AND METHODS

Materials

Restriction enzymes were obtained from either Boehringer-
Mannheim or Pharmacia-LKB; DNA ligase from either Bio-
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labs or Bresatec, Adelaide, South Australia; DNA polymerase
I large fragment (Klenow fragment) from Bresatec; Xgtl 1 from
Promega; radioactive compounds from Bresatec or Amer-
sham; Sephacryl S-300 from Pharmacia-LKB; DEAE-cellu-
lose 52 from Whatman; pTZ I 8R, pTZl9R and the Sequenase
sequencing kit from United States Biochem. Corp., Cleveland,
OH. All other chemicals were from Sigma Chemical Co., Ajax
Chemicals, or BDH.

Monospecific antibodies against spinach leafCA (raised in
rabbits) were generously provided by Professor S. Miyachi
(University of Tokyo, Japan). (For characterization of the
antibodies see ref. 21. The CA antibodies cross-reacted with
only a single band on a Western blot of total spinach leaf
protein and cross-reacted with only the major protein band
of purified spinach leaf CA which ran with a mobility which
coincided with a mol wt of 26 kd.)

Methods

Purification of Spinach Leaf Carbonic Anhydrase (for N-Ter-
minal Sequencing)

The method of purification of spinach leaf CA was based
on a previously published method (14). Spinach (Spinacia
oleracea) leaves (350 g) were homogenized in 700 mL of
buffer containing 20 mm phosphate, 0.1 M NaCl, and 1 mM
EDTA, pH 6.8 (extraction buffer). Following filtration and
centrifugation (10 min at 30,000g), the supernatant was frac-
tionated with solid (NH4)2SO4 and the protein precipitating
between 30 and 50% saturation was redissolved in 75 mL of
buffer, dialysed against extraction buffer, and run through a
column (35 x 3 cm) of DEAE-cellulose 52. The active un-
bound fractions were pooled and concentrated by precipitat-
ing with solid (NH4)2SO4 added to 65% saturation, and the
redissolved protein was dialyzed against 20 mM Hepes-KOH
(pH 7.0). The protein was applied to a column of DEAE-
cellulose equilibrated with 20 mM Hepes-KOH (pH 7.0), and
the CA was eluted with a 500 mL linear KCI gradient (0-0.2
M). The active fractions were pooled and the protein concen-
trated by (NH4)2SO4 (65% saturation) and the redissolved
concentrated protein (3 mL) was applied to a column of
Sephacryl S-300 (96 x 1.5 cm) equilibrated with 20 mm
phosphate, 0.1 M NaCl, and 1 mm EDTA (pH 6.8) and eluted
with the same buffer. Fractions were collected and assayed
for activity and protein and the peak fraction was dialysed
against water for 24 h and used for N-terminal amino acid
sequencing.
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SDS-PAGE (3) and protein determination in crude extracts
and (NH4)2SO4 fractions (2) and in purified fractions (30)
were conducted as described previously.

Assay of Carbonic Anhydrase

Carbonic anhydrase was assayed at 0°C following the
change in pH as described by Burnell and Hatch (4).

N-Terminal Sequence Determination

Approximately 200 pmol of protein were analyzed by Ed-
man degradation in an Applied Biosystems 477A protein
sequencer.

Isolation of Carbonic Anhydrase cDNA Clones-Screening
with Antibodies

A cDNA expression library in phage Xgtl 1 was constructed
from spinach leafpoly(A+) RNA and screened for CA antigen
expression using the method of Huynh et al. (10). Antigens
were adsorbed to IPTG-impregnated nitrocellulose filters
(Amersham) for 3 h and the filters incubated with spinach
CA antibodies overnight at 4°C. Bound antibodies were vis-
ualized using alkaline phosphatase bound to goat anti-rabbit
antibodies (Promega).

Screening with a Nucleic Acid Probe

The Xgtl 1 cDNA expression library was also screened using
a nick-translated cDNA probe obtained from a clone initially
identified using the antibody screening method. The DNA
was labeled using a commercial nick translation kit (Bresatec)
and [a-32P]dCTP.

cDNA Nucleotide Sequence Determination

Recombinant phage Xgtl were isolated from 100 mL
cultures by precipitation with polyethylene glycol 6000-8000/
dextran sulfate and CsCl centrifugation as described by Miller
(18). The DNA was digested with EcoRI, and isolated inserts
were subcloned into pTZ18R/19R. Sequencing was carried
out by the dideoxy method of Sanger et al. (25).

RESULTS

Isolation and Characterization of cDNA Coding for
Carbonic Anhydrase

About 4 x 104 recombinant plaques were screened for CA-
fl-galactosidase fusion protein with antibodies raised against
spinach leafCA. Three confirmed positive clones were found;
all three clones were subsequently shown to be the same. Pure
clones were grown on Y1088 cells and DNA isolated. Diges-
tion of the phage DNA (XCA clone LCA 48) with EcoRI
yielded two fragments of 200 and 790 bp which were sub-
cloned into pTZ 18R and pTZ 19R. Subclones were also
generated by exploiting a HaeIII and a HindIll sites within
the 790 bp EcoRI fragment. Sequence of these subclones was
obtained from the reverse primer site in pTZ. Sequence
through the internal EcoRI site was obtained using a HindIII-
KpnI fragment from the Xgtl 1 clone (LCA 48) containing
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about 800 base pairs of X DNA, subcloned into pTZ19R. A
17 base pair oligonucleotide (ACGCAGTGTTGCACCTT)
specific to a sequence in the large EcoRI fragment (position
390-406) was used as the primer for sequencing this subclone.
LCA 48 contains a continuous open reading frame of 809

nucleotides and 47 5 '-untranslated and 170 3 '-untranslated
nucleotides in the noncoding region including a single puta-
tive polyadenylation site (position 920) (Fig. 1). The protein
sequence predicted from the open reading frame consists of
254 amino acids with a molecular weight of 29,653.

Protein Purification and Amino Acid Analysis

The chloroplastic CA was purified from spinach leaf tissue
approximately 60-fold and SDS-PAGE ofthe purified enzyme
indicated that the CA was 98.7% pure (results not shown).
The protein band indicated a molecular mass of about 26 kD.
All the CA activity of a sample of purified spinach leaf CA
could be titrated with spinach leaf CA antibodies. The CA
antibodies cross-reacted with only the major protein band of
purified leaf CA. The N-terminal amino acid sequence of the
purified CA was determined using an Applied Biosystems
protein sequencer. The sequence of the 20 N-terminal amino
acids was determined and found to match exactly part of the
deduced amino acid sequence. This also identified the proc-

-40 -20 -1

Not A V a A I A A
CTTTCGCCGCCCCCGCCCCTATCATCACCCCTACTTTGAAAGAAGAT ATG GCA TAC GAA GAA GCC ATC GCT GCC
30 60 90
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360 390
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900 930

TAATCATCCATCTTTGCCAAAATT 3OMrAAGTTTGTGATGATGAAAAAAAAMAA

Figure 1. Nucleotide and amino acid sequence of spinach leaf car-
bonic anhydrase. The transit peptide sequence is shown in bold
letters. The underlined sequence denotes the amino acid sequence
determined by N-terminal amino acid sequencing. The boxed section
denotes the polyadenylation signal.
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essing site for the transit sequence and indicated that the
mature protein consists of 221 amino acids.

Northem Hybridization

Northern hybridization of total spinach leaf RNA with
nick-translated EcoRI insert (780 bp) showed a single hybrid-
izing band approximately 1000 bases long (not shown).

DISCUSSION

We have isolated and sequenced a cDNA complementary
to mRNA for spinach leaf chloroplast CA. The sequence
contains an open reading frame encoding a polypeptide of
254 amino acid residues. The identity of the deduced protein
with CA was verified by (a) antibodies against purified spinach
leaf chloroplast CA bind to the fusion protein, (b) N-terminal
amino acid analysis of purified CA, and (c) the amino acid
composition of the protein deduced from the nucleotide
sequence. The amino acid composition calculated for the
predicted mature enzyme is in good agreement with that
determined by amino acid analysis of purified spinach CA
(14) (Table I).
Two CA isozymes are present in spinach leaves: a cytosolic

and a chloroplastic form (1, 13, 24). The cytosolic form is the
only isozyme present in etiolated leaves (24). The chloroplas-
tic form is located in the stroma (11, 22, 23, 31). CA is

Table I. Comparison of Deduced and Experimentally Determined
Amino Acid Composition of Spinach Leaf Chloroplast Carbonic
Anhydrase

Amino Acid
Composition Amino Acid

Derived from the Composition of
Amino Acid Nucleotide Purified CA

Sequencea

Residues mol % Residues mol %

Ala 19 5.60 21 8.64
Asn 8 3.79
Asp 10 4.77 21 8.64
Arg 4 2.59 4 1.65
Cys 6 2.57 7 2.88
Gln 6 3.19
Glu 15 8.03 22 9.05
Gly 21 4.97 24 9.88
His 6 3.41 6 2.47
lIe 9 4.22 10 4.12
Leu 18 8.45 20 8.23
Lys 18 9.57 18 7.41
Met 4 2.18 4 1.65
Phe 14 8.54 15 6.17
Pro 12 4.83 14 5.76
Ser 13 4.69 16 6.58
Thr 8 3.35 11 4.53
Trp 2 1.54 2 0.82
Tyr 8 5.41 8 3.29
Val 20 8.22 20 8.23
Total residues 221 243
Mol wt 24,116 26,266

a From ref. 14.

encoded in the nucleus and requires a transit peptide for
passage through the chloroplast membrane. The deduced
polypeptide corresponds to the larger precursor and contains
the transit peptide. The site of cleavage was determined by
sequencing the N-terminus of the purified enzyme. The se-
quence of the first 20 N-terminal amino acid residues of the
mature protein was identical with that deduced from the
nucleotide sequence (Fig. 1) and similar to that reported for
spinach leaf CA by Hewett-Emmett et al. (8). This result
indicates that the mature enzyme and the transit peptide of
CA from spinach contains 221 and 33 amino acid residues,
respectively, and have mol wt of 24,116 and 3,537. In this
and in previous studies (14, 28), the mol wt ofthe mature CA
subunit was estimated to be between 26 and 28 kD as deter-
mined by SDS-PAGE. The difference between these values
and the value we obtained from the sequence analysis is
probably due to the inaccuracy inherent in estimations made
by gel electrophoresis.
The amino acid composition of the mature enzyme as

deduced from the nucleotide sequence is in good agreement
with that determined by amino acid analysis of purified CA
(Table 1); however, this comparison is improved when the
amino acid composition is calculated assuming a mol wt of
24 kD as compared to 26 kD (see ref. 14).

In addition to the open reading frame, the nucleotide
sequence also contains 47 bp of 5'-untranslated and 170 bp
of 3'-untranslated sequence with a poly(A) tail. It has been
recognized that poly(A+) mRNAs possess a conserved poly(A)
addition signal, AATAAA, usually found 10 to 30 nucleotides
upstream from the poly(A) tail (19). This signal is present in
the CA mRNA and is shown boxed in Figure 1. That the
northern blot analysis showed a single hybridization band
indicating that either the transcript for the cytosolic form of
the enzyme is so rare that it cannot be seen or that there is
little sequence homology between the chloroplastic and cyto-
plasmic forms. The former suggestion seems the most likely.
A transit peptide of 33 amino acids in length is encoded by

the nucleotide sequence assuming that translation is initiated
at the methionine codon at nucleotide 1. Lutcke et al. (16)
and Joshi (12) have surveyed a large number of plant mRNAs
to define the plant AUG translation initiation consensus
sequence the most frequently used consensus sequence being
AACAAUGGC. The G and C 3' to the AUG were preferred
in 85 and 77% of the mRNAs, respectively. None of the
specific nucleotides 5' to the AUG were preferred in more
than 62% of the mRNAs surveyed. Therefore, in its context
the methionine codon at nucleotide 1 is a plausible AUG
translation initiator.
The transit peptide consists mainly of hydrophobic and

hydroxylamino acid residues like other transit peptides (26,
27); however, unlike other transit peptides it has a net negative
charge due to a preponderance of glutamic acid residues. A
transit peptide of 33 amino acids is about the same size as the
transit peptides used to transport peptides of the light-har-
vesting complex of PSII and the spinach ATP synthase
gamma-subunit (JG Mason, unpublished results) into the
chloroplast but is smaller than those associated with the
transport of the small subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase, ferredoxin, and plastocyanin (15, 26,
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28), pyruvate,P3dikinase (17), and spinach ATP synthase delta
subunit (9). Furthermore, the transit peptide for spinach CA
resembles all other transit peptides so far reported beginning
with the sequence MA, but it does not conform in that it
lacks the three major blocks of amino acid homology shared
by the transit peptides of the light-harvesting complex of PSII
or the small subunit ofribulose- 1 ,5-bisphosphate carboxylase/
oxygenase (see ref. 15).
There is very little sequence homology between the spinach

chloroplast CA and any of the animal CA isozymes so far
sequenced.
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