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MSTAPLSGFF
RSVPTLIRNE
KTVAAAKVEQ
YGELAKGQSP
VKYGGVGAAIL
EDWVKICLPA
GLVKGTLALK

GCGGCCGCAG
CTCACTCTCT
CTCTCTCCGG
CAGAAACTCT
CTCTTCTTCT
CGCTTATCCG
CCTTATTGGA
AGCTCTCAAG
CGGCAAAGGT
GACAAGAAAG
ATTCAAGAAG
CAAAGGGTCA
GTGTGTCCAT
CCGTAACATA
GCGTTGGAGC
ATTGTGGTGA
TTTCCCCTTA
AAATCTGTTT
GCCTTTGAAG
ACTAGCAAAC
GAACACTTGC
GAGCTTTGGG
CAATCCATCA
TTATCATCGT
CTTTGACTGT
TATAAAACAA
ATGAACAATT

LTSLSPSQSS
PVFAAPAPII
ITAALQTGTS
KYMVFACSDS
EYAVLHLKVE
KSKVISELGD
GGYYDFVKGA

CTTCCATAAG
CTGATCTCCG
CTTCTTTCTC
CTCTTCGTAC
TCCTCATCTT
TAACGAGCCA
GTGAAGAGAT
AAGCTTCTCA
GGAGCAGATC
CTTTCGACCC
GAGAAATACG
AAGTCCTAAG
CACACGTTCT
GCCAACATGG
AGCCATTGAA
TAGGACACAG
GATGGAAACA
ACCAGCCAAG
ATCAATGTGG
CTATTGACAT
TTTGAAGGGA
GACTTGAATT
TCATCATCAT
ATATAATATA
GATGAGTTAT
AAAGGAAAAG
GTCTTTATTA

LOKLSLRTSS
APYWSEEMGT
SDKKAFDPVE
RVCPSHVLDF
NIVVIGHSAC
SAFEDQCGRC
FELWGLEFGL

AGTCTTAGTT
CTTCTCTTCG
ACTTCACTTT
TTCTTCCACC
CCTCCTCCTC
GTTTTTGCCG
GGGAACCGAA
TCGAGAAGGA
ACAGCGGCTC
CGTCGAAACC
AAACCAACCC
TACATGGTGT
GGACTTTCAG
TTCCTCCTTT
TACGCGGTCT
TGCATGTGGT
ACTCCACTGA
TCAAAGGTTA
CCGATGTGAA
ATCCATTTGT
GGCTACTATG
TGGCCTCTCC
CATCATGACC
TATCTACCCC
CTCTCCCTCT
CAGATGATAT
TTTGTGTATC

CTAACTATAA
CCAACAAATG
CTCCTTCTCA
GTCGCTTGCC
GTCTTCCCGT
CTCCTGCTCC
GCATACGACG
AGAGCTAAAG
TTCAGACAGG
ATTAAGCAGG
TGCTTTGTAC
TTGCTTGTTC
CCAGGAGATG
CGACAAGGTC
TGCACCTTAA
GGGATCAAAG
CTTCATAGAG
TATCAGAACT
AGGGAGGCAG
GAGAGAAGGA
ACTTCGTCAA
GAAACTAGCT
ATCCATCATC
ATATGTAATT
CTACCAACTT
AGATCTTTCG
AAAARAAA
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ATACACATAT
TCGACCGCTC
ATCTTCTCTC
TCCCACCCGC
TCCGTTCCAA
TATCATTGCC
AGGCTATTGA
ACGGTTGCAG
TACTTCATCC
GCTTCATCAA
GGTGAGCTCG
AGACTCACGT
CCTTCGTGGT
AAATACGGTG
GGTGGAGAAC
GGCTTATGTC
GACTGGGTCA
TGGAGATTCA
TGAATGTTTC
CTTGTGAAGG
GGGTGCTTTT
CTGTATGAAC
ATCATCATTA
TGTAATGTGC
TCTTCATATA
TGGTTTAATT

TVACLPPASS SSSSSSSSSS
EAYDEAIEAL KKLLIEKEEL
TIKQGFIKFK KEKYETNPAL
QPGDAFVVRN IANMVPPFDK
GGIKGLMSFP LDGNNSTDFI
EREAVNVSLA NLLTYPFVRE
SETSSV

Figure 2.1. The nucleotide sequence and the deduced amino acid sequence of
¢DNA encoding chloroplast carbonic anhydrase from Arabidopsis thaliana (ecotype
Landsberg erecta). A, nucleotide sequence. The translational start site is single
underlined and the stop codon is double underlined; B, deduced amino acid sequence.
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gtggtgatta
tcctggtttt
ttattttttt
ttttgaaatc
tgttattcac
ccatgaccat
CCcCATTATTC
ACTATAAATA
ACAAATGTCG
CTTCTCAATC
GCTTGCCTCC
TTCCCGTTCC
CTGCTCCTAT
gtttcttaac
taataggggt
atttgtaaag
tagtgatagg
caaatcttgg
ttggtatttc
ggtctttagce
taaagttgct
cttccaactt
gcctttattce
aaatcacctc
acatttttga
aagaaaagtt
cgtgtgtgta
taagtcgcca
agcgaaaata
ataatgaagt
catgactcgc
actcattttc
ATGGGAACCG
CATgtaagta
tagattaata
aatactactt
atatggcagC
AGCAGATCAC
TTCGACCCCG
GAAATACGtg
tcaccaactt
aatatgcagA
GTCCTAAGgt

tttaagatga
catgataaqgg
ataaaaaaaa
ttgagctaat
cgcagctatc
gagactccgt
ACTTAAGTAT
CACATATCTC
ACCGCTCCTC
TTCTCTCCAG
CACCCGCCTC
GTTCCAACGC
CATTGCCCCT
ctacattatt
acattacata
attttacgaa
aacaaaaatc
aaactgtcac
cttatattat
gtggtactga
taattagtga
agcgtttcca
ttcaaactac
gaaatattaa
aattttggga
gctgtagtag
tgcacatgta
tctatattta
aaatcaatat
tctgaacagg
tctctactta
ttctaatttt
AAGCATACGA
tatcatcttt
aaagctaaaa
aattcataat
GAGAAGGAAG
AGCGGCTCTT
TCGAAACCAT
taatatatat
aagtggtcta
ACCAACCCTG
aaattaaaaa

gagcctgaga
gaccttatcc
gaattgaaag
attcctcatce
gctttcgtta
tcttttaaac
ATAGTAGCTT
ACTCTCTCTG
TCTCCGGCTT
AAACTCTCTC
TTCTTCTTCC
TTATCCGTAA
TATTGGgtat
tcttacataa
gatagcaaac
attattatat
ttctatagaa
atgtgtttca
ccttactatt
aagaattacc
atcacttgca
aacttcatac
ttgcttcgac
aagcgttgtc
gttagaacgt
cttcaacaaa
catatgagag
ttcattcaac
ataaaagact
ttgattgtag
attacgttca
atttggtcaa
CGAGGCTATT
tctattcgea
cattattata
ttttgtgatt
AGCTAAAGAC
CAGACAGGTA
TAAGCAGGGC
ttctatttca
gattaattaa
CTTTGTACGG
taaaactaat

gggtaagtga
tctaaacctt
aagaaaagaqg
cacaagaaaa
tcectegttece
tcccaaatct
CCATAAGAGT
ATCTCCGCTT
CTTTCTCACT
TTCGTACTTC
TCATCTTCCT
CGAGCCAGTT
acatttttac
cttacattgc
taaagttaca
agattctgca
actagcttac
catttcagtt
atcatccgtg
caaattaaca
agggaagagt
ttttgtcctt
atctagtgaa
tcattcctac
acgtaggatc
aacgattcat
cgtgtggagc
ctaccgattt
ataaaattgt
tttcaacatt
cgacaataaa
ccaacttgca
GAAGCTCTCA
tgtatacatt
aattagtaac
taactataaa
GGTTGCAGCG
CTTCATCCGA
TTCATCAAAT
tttgtttctt
ctggtccata
TGAGCTCGCA
acatatgtat
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aagaggctga
ctgagacctt
cacgtaaaag
gaagaaagtt
cacaacctca
ttcaaccaat
CTTAGTTCTA
CTCTTCGCCA
TCACTTTCTC
TTCCACCGTC
CCTCCTCGTC
TTTGCCGCTC
attcatcact
tgtttacgta
gaattttaaa
attgccattt
gaaacttcca
tttttttccce
tttgactttt
agaatcaaac
tcattttcag
attctataca
gttaaaaaac
ccaagatccg
cacgtgataa
gaaactgaga
atagtggtgt
ggttcctact
acttcatcgg
taaaacacgt
atatactagt
gAGTGAAGAG
AGAAGCTTCT
aatacatgat
gggatttttc
tgatataaac
GCAAAGGTGG
CAAGAAAGCT
TCAAGAAGGA
cttaattatg
tatatacttt
AAGGGTCAAA
atatggttgc

Figure 2.2. The nucleotide sequence of a carbonic anhydrase gene from Arabidopsis
thaliana (Landsberg erecta). The sequences of exons are capiltalized. The
translational start site is single underlined and the stop codon is double underlined

(Figure continted).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501
3551
3601
3651
3701
3751

ttataattaa
atggtggtgc
ATCACACGTT
TAGCCAACAT
tctctctata
cttgactttt
tgggttgcta
ATACGCGGTC
ccaattttta
ttattactgt
TGGGATCAAA
aaaatatctc
gatttattaa
TCATAGAGGA
TCAGAACTTG
GGtatacaaa
TTAGATCGAT
AATGTTTCAC

aaattaacat
agTACATGGT
CTGGACTTTC
GGTTCCTCCT
gatataaact
gtcttgagaa
attggcagGT
TTGCACCTTA
tttatttata
agGTGGAGAA
GGGCTTATGT
tatatccatt
atgagattag
CTGGGTCAAA
GAGATTCAGC
cacatgttca
GAGCTGATAT
TAGCAAACCT

TGTGAAGGGA ACACTTGCTT

GTGCTTTTGA
GTATGAacca
catcattatt
aatgtgcctt
tcatatatat
tttaattatg
tttatggttt
ctaccatact
tttcacattg
gatgaaactg
tttgaataaa
aataaggata
gatatccgga
cccatttagce

GCTTTGGGGA
atccatcatc
atcatcgtat
tgactgtgat
aaaacaaaaa
aacaattgtc
gattttattt
acattggaag
tcaattcaat
gtttttgatt
aactaaaaaa
tccgggacgg
tccggtacca
taaaagccta

taagaaaaag
GTTTGCTTGT
AGCCAGGAGA
TTCGACAAGg
cttctatctt
gtcgtgacat
CAAATACGGT
AGgtgaaaaa
aaagtacatg
CATTGTGGTG
CTTTCCCCTT
ttattaaaat
taaaaaatat
ATCTGTTTAC
CTTTGAAGAT
ttaattcata
AAATGCTATT
ATTGACATAT
TGAAGGGAGG
CTTGAATTTG
atcatcatca
atatatatat
gagttatctc
ggaaaagcag
tttattattt
tctatgttgt
cagtaggaaa
aacaccaagt
ttacagaatt
aaaaaatcaa
gcggatccgg
ttaactacat
tatatttaa

taattaacaa
TCAGACTCAC
TGCCTTCGTG
ttaataattt
aaaccttctg
tgactttcta
GGCGTTGGAG
aaaacaaatt
taattaattt
ATAGGACACA
AGATGGAAAC
ttaatcaatt
atacgttaat
CAGCCAAGTC
CAATGTGGCC
tcttcaatct
GATAAATGCA
CCATTTGTGA
CTACTATGAC
GCCTCTCCGA
tcatgaccat
ctaccccata
tccctcectceta
atgatataga
gtgtatcgaa
ttggtaggtt
ctgtttgaag
tgttgtttac
aaaatcttgg
aaaaaaatca
ataatgaaaa
gaaataaaaa
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aggtgtgtga
GTGTGTGTCC
GTCCGTAACA
aacacgtctg
cctcttgagt
ttttcatttt
CAGCCATTGA
aacacctgaa
ttgtatgaaa
GTGCATGTGG
AACTCCACgt
ttaataacag
tgcagTGACT
AAAGGTTATA
GATGTGAAAG
atagttagac
GGAGGCAGTG
GAGAAGGACT
TTCGTCAAGG
AACTAGCTCT
ccatcatcat
tgtaatttgt
ccaactttct
tctttegtgg
atcggttgta
aaagatgtgg
ccttacccga
atgcagtctt
gggacagaaa
ttgaatcgta
aaatgaaccg
ggcttggaaa
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At present, it is not clear whether these products represent bona fide multiple
transcription start sites, inefficient extension, or degradation of RNA. However, the
longest extension product also was the most abundant one obtained. Since the longest
extension product is an appropriate distance from the TATA and the CAAT boxes, it
likely represents the major, and perhaps only start site utilized in vivo.

Levels of transcripts for both CA and the small subunit of rubisco were
suppressed when plants were grown in 1 % CO; (Figure 2.4). CA mRNA levels
dropped dramatically in response to high CO, within 4 hours and continued to decline up
to 16 hours. After 40 hours in 1 % CO,, acclimation appears to occur since transcript
levels increase slightly. CA transcript levels returned to normal within 24 hours after
transfer from high CO- to an ambient condition (Figure 2.4B). In contrast, the levels of
ubiqutin transcripts did not change in response to CO,.

Discussion

Our CA cDNA sequence from the Landsberg erecta cultivar is identical to those
of cDNAs encoding chloroplast CA from the Columbia culitivar reported by two other
groups (Raines et al., 1992, Fett and Coleman, 1994). Conceptual translation of the CA
cDNA reveals an open reading frame encoding a precursor protein of 36.1 kD. Cleavage
of the precursor protein is predicted to yield a mature CA of 24.3 kD (Raines et al.,
1990).

Primer extension indicates that the CA transcript contains a 5’untranslated region
(UTR) of 101 nucleotides. Although there is no reported conserved sequence at the

transcription start site, the first base of an mRNA is usually adenine, flanked on either
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Figure 2.3. Primer extension for determination of the transcription start site. One
hundred fifty micrograms of total RNA were reverse-transcribed with **P-labeled primer
and Superscipt I Reverse Transcripase (RNase H'). Primer extension products and a
sequencing reaction using the same primer and genomic DNA as the template were
subjected to electrophoresis in 5 % denaturing acrylamide gel containing 7 M urea. P,
primer extension; G, guanine; A, adenine; T, thymine; C, cytosine.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CA

rbcS

Ubiquitin

Figure 2.4. Effect of CO; on steady-state levels of CA transcripts. Fifteen

micrograms of total RNA isolated from leaves of Arabidopsis plants in air or 1% CO;

and subjected to electrophoresis in a 1.2 % agarose gel containing formaldehyde. The

RNAs were transferred to nitrocellulose. Blots were hybridized with o-*P labeled

carbonic anhydrase (CA) or small subunit of rubisco (tbcS) from Arabidopsis or

ubiquitin cDNAs from Alternanthera philoxeroides then washed with 0.1X SSC at room

temperature.

A. Total RNA isolated from leaves grown in air (lane 1) orin 1% CO; (lane 2).

B. Total RNA isolated from leaves grown in air (lane 1), and leaves grown in 1 % CO,
for 4 hours (lane 2), 16 hours (lane 3), 40 hours (lane 4), or 40 hours at 1 % CO,
followed by 24 hours air (lane $5).
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side in the DNA sequence by pyrimidines. All four transcription start sites we obtained
fit this pattern.

The CA genomic clone contained 351 nucleotides of the promoter. Most
promoters have a TATA box, which has a consensus sequence of TATA(T/A)A(T/A),
located ~25 nucleotides upstream of the transcription startpoint. The TATA box also
tends to be surrounded by GC-rich sequences. A S"TTTTAAA3’sequence flanked by
GC residues is located 31 nucleotides upstream of the longest transcription obtained by
primer extension. The CAAT box is conserved in many promoters and it is often located
about 80 nucleotides upstream of the transcription start site, although it can function at
other distances. The CAAT box may also function in either orientation (Muller et al,
1988). A CAAT box in the reverse orientation, S’GTTA3’, is located 77 nucleotides
upstream of the 5’ end of longest transcription. In addition to the TATA and CAAT
boxes, the promoter contains a GT-box, an I-box, two LREs, a G-box homologous
sequence, and two AT rich palindromic sequences. The G-box, GT-box, and I-box
motifs are reported to play roles in tissue-specific and light-modulated expression of the
small subunit of rubisco (rbcS). Since CA, like rubisco, is localized in plastids, and since
levels of CA and rbcS are positively correlated (Fett and Coleman, 1944), these elements
may also be important for appropriate temporal and spatial expression of CA. A detailed
study of expression of the CA gene will be discussed in Chapter 4.

Growth of Arabidopsis plants in 1 % CO, results in a decrease in steady state
levels of CA mRNA. The response to high CO, can be detected within 4 hours, and
transcript levels are maximally inhibited after about 16 hours in 1 % CO,. Similar results

were obtained by Coleman’s group. On the other hand, Raines et al. (1992) showed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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evidence that CA transcripts increase when plants are exposed to high CO,. The reasons
for the difference between the results presented here and those of Coleman’s group, on
the one hand, and those of Raines et al (1992), on the other, are not clear. Long term
growth of some plants leads to declines in rubisco and CA activities (Porter and
Grodzinski., 1986). The resuits presented here, as well as those of Coleman’s group,
suggest that the decline in transcripts leading to the decline in activities of these enzymes

occurs within hours after plants are transferred to elevated CO,.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3
Transgenic Arabidopsis Plarits Expressing Carbonic Anhydrase in the Antisense
Orientation Require an Exogenous Fixed Carbon Source or Supplemental CO; on
Mourashige-Skoog Media.
Introduction

The supply of CO, for photosynthesis depends on the diffusion of CO, from the
atmosphere to chloroplasts. Carbon dioxide must diffuse from the atmosphere
surrounding a leaf to the carboxylation site of ribuiose-l,S-bisphosphate carboxylase /
oxygenase (rubisco) for photosynthesis to occur. Since diffusion rates depend on
concentration gradients, appropriate gradients are needed to ensure adequate diffusion of
CO- from the leaf surface to the chloroplast. Carbon dioxide diffuses from stomatal
pores to chloroplasts through substomatal cavities, intercellular air spaces, cell walls, cell
membranes and cytosols. Each portion of this diffusion pathway imposes a resistance to
CO- diffusion, so the supply of CO, for photosynthesis can be described as a series of
resistances (Jarvis, 1971).

Several enzymes are known to maintain sufficient concentrations of CO; for
rubisco in C4 plants. Since the zinc metalloenzynme carbonic anhydrase catalyzes the
reversible hydration of CO, to bicarbonate through the following net reaction,

CO, +H,0 ¥ H,CO; & HCO; +H'
CA has also been assumed to facilitate the diffusion of CO, across the chloroplast
membranes in C3 plants, although this function has not been conclusively demonstrated.

Despite the relative abundance of CA in the leaves of higher plants, this enzyme is not

27
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well characterized. In recent years, CA has been cloned from spinach (Fawcett et al.,
1990; Burnell et al., 1990a), pea (Roeske and Ogren, 1990), Arabidopsis thaliana
(Raines et al., 1992; Fett and Coleman, 1994), tobacco (Majeau and Coleman, 1992),
barley (Bracey and Bartlett, 1995), maize (U08401), sorghum (H54986), and Flaveria
bidentis (Cavallaro et al., 1994). The sequences of the mature polypeptides of
chloroplast CAs exhibit homologies exceeding 70 %. These enzymes from higher plants
are quite different from mammalian CAs in both primary sequence and multimeric
assembly. It has been suggested that the active site structure of the plant CAs is
strikingly different from the animal forms (Bracey et al., 1994), although both enzymes
have similar mechanisms of action and kcat values of 10°-10° s per subunit (Rowlett et
al., 1994).

Higher plant CAs from both C3 and C4 plants are nuclear encoded proteins.
Chloroplast CA from C3 plants is synthesized as a larger precursor containing a transit
peptide for import into the organelle. Although most of the CA of C4 plants is located in
the cytosol of mesophyll cells (Burnell and Hatch, 1988), at least one isoform from maize
also contains a transit peptide. Furthermore, cDNA encoding a cytosolic CA has been
isolated from potato, and the corresponding protein has been purified from potato leaves
(Rumeau et al., 1996). A cDNA encoding a putative cytosolic CA in Arabidopsis also
has been cloned and sequenced (Fett and Coleman, 1994). It now seems clear that C3
plants contain a cytosolic CA; however, 85 % of CA activity in C3 leaves is localized in
the chloroplast stroma.

In mammals, seven isozymes of CA have been identified (Sly and Hu, 1995).

They differ in subcellular localizations, and can be cytoplasmic (CA I, II, III, and VII),
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glycosyl phosphatidylinositol anchored to the plasma membranes of specialized epithelial
and endothelial cells (CA IV), mitochondrial (CA V), or in salivary secretions (CA VI)
(Sly and Hu, 1995). They also differ in kinetic properties, susceptibility to inhibitors, and
tissue-specific distribution. In photosynthetic microalgae, CAs have been identified in
the cytosol, periplasm, and mitochondria (Fukuzawa et al., 1990; Siiltemeyer et al.,

1993; Eriksson et al., 1996).

It has been suggested that the requirement for CA varies significantly among
photosynthetic organisms (Badger & Price, 1994). In C4 plants, the initial carboxylating
enzyme, phosphoenol pyruvate (PEP) carboxylase, uses HCO; rather than CO; as a
substrate. To provide substrate for this reaction, the CO, entering the mesophyil cells
from the atmosphere must be converted rapidly to HCO; by CA. Therefore, CA is
required as the first enzyme in this pathway (Hatch and Burnell, 1990). Several studies
indicate that the activities of both PEP carboxylase and CA may be regulated tightly in
the mesophyll of C4 plants (Burnell et al., 1990b).

Since CA is an abundant enzyme localized primarily in the chloroplast stroma, it
is thought that CA in C3 plants might facilitate photosynthesis by stimulating transport of
CO; from air through the cytosol to rubisco. However, some studies have concluded
that photosynthesis is not limited by the transfer of CO, into and across the chloroplast
(Price et al., 1994; Majeau et al., 1994). To define the role of CA in C3 plants the CA
inhibitor ethoxyzolamide has been used. A photoacoustic pulse-modulation technique
showed that the CO, uptake signal in tobacco discs could be substantially suppressed by
ethoxyzolamide (Reising and Schreiber, 1994). The effects of ethoxyzolamide on peeled

and vacuum infiltrated leaf pieces of C3 and C4 plants showed that photosynthesis at

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

limiting inorganic carbon was more severely inhibited in the C4 plants than in C3 plants
(Badger and Pfanz, 1995). However, effects of inhibitors were lower than expected.
Interpretation of inhibitor studies can be confounded by a lack of specificity as well as
failure to reach the target enzyme.

Two independent groups recently suppressed CA specifically in transgenic
tobacco using the antisense technique (Price et al., 1994; Majeau et al., 1994).
Transgenic tobacco plants grown on soil with CA levels as low as 2 % of wild type
levels were not morphologically distinct from the wild type plants. Furthermore the
antisense plants showed no measurable alteration in net CO, fixation at ambient CO,
concentrations. The authors concluded that CA in C3 plants may simply aid in the
facilitated diffusion of CO, through the cytosol and the chloroplast stroma. Therefore, it
was suggested that chloroplastic CA is either not required for efficient photosynthesis or
would only enhance CO, assimilation by about five percent (Price et al., 1994).

Alternative roles of chloroplastic CA have been suggested, including proposals
that chloroplastic CA and the chloroplastic HCOs™ pool might act to buffer against
transient pH changes in the stroma occurring as a result of rapid changes in the light
intensity available for photophosphorylation and that CA may play a role in the hydration
of compounds other than CO, (Jacobsen et al., 1975). CA activity is found in a number
of non-photosynthetic tissues including Nx-fixing root nodules, lipogenic tissues, and
thermogenic aroid spadices (Raven and Newman, 1994). However, CA’s function in
these cases also likely is to supply bicarbonate to prevent loss of fixed nitrogen or to
facilitate catabolism of fatty acids. Thus, a novel activity need not be invoked for these

non-photosynthetic CA’s.

. ———
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The failure of underexpression of CA to impact photosynthesis in transgenic
tobacco raises several questions. Why do C3 plants contain excess CA if only 2 % of
wild type levels is enough for full function? Are there roles for chloroplastic CA in C3
plants other than photosynthesis? Does underexpression of CA in other C3 plants have
an effect on photosynthesis? To address these questions, CA level was suppressed to
about 10 % that of wild type plants in transgenic Arabidopsis thaliana using the
antisense technique. These transgenic Arabidopsis plants show no morphological
differences from wild type controls on Murashige-Skoog (MS) media containing 2 %
sucrose at ambient CO, levels. However, we find that these antisense plants are not able
to grow well or die in the absence of sucrose, which is the final product of
photosynthesis, whereas wild type plants grow well in media lacking sucrose.
Supplementation of exogenous CO, is required to rescue the antisense plants on
Murashige-Skoog media lacking sucrose. In contrast to the results from transgenic
tobacco, these results from transgenic Arabidopsis imply that CA in C3 plants plays an
important role in carbon fixation.

Materials And Methods
Plant Growth. Arabidopsis thaliana wild type seeds (Wassilewskija [WS] purchased
from LEHLE Seeds) and antisense CA transgenic Arabidopsis seeds were sterilized and
sown in MS media containing either 2 % (GM) or 0 % sucrose (GMNC). Plants were
raised in a growth chamber in continuous light at 20-22°C in either ambient (0.03 %, v/v)
or elevated CO, concentrations (2 %, v/v).
Cloning of the Carbonic Anhydrase cDNA. The Arabidopsis CA gene (Kim et al.,

1994) was used as a probe to clone the full-length CA cDNA from a AGEM Arabidopsis

. —— -
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thaliana (Landsberg erecta) leaf cDNA library (Promega) as described in Chapter 2.

The cDNA contained the full length peptide coding region including the transit peptide
and was subcloned into the Bluescript KS (Stratagene) and designated pKS-ArabCA.
DNA Construct for Antisense CA Expression. To construct the antisense CA, the
binary vector pBI121(Clontech) was digested by Sacl, blunt ended with mung bean
nuclease, and then digested with Xdal. A 1.3 kb EcoRV / Xbal fragment of pKS-
ArabCA was transferred to the binary plasmid pBI121, replacing the B-glucuronidase
(GUS) gene. The resulting 12.4 kb plasmid, pBI-antiArabCA, contained the neomycin
phosphate transferase II gene (NPT II) for antibiotic selection and the antisense CA gene
fused to the cauliflower mosaic virus (CaMV) 35S promoter (Figure 3.1).

Arabidopsis thaliana Transformation and selection. The binary plasmid pBI-
antiArabCA was transformed into Agrobacterium tumefaciens LBA4404 and
transformants were selected for growth on kanamycin and streptomycin. Agrobacterium
mediated transformation of Arabidopsis thaliana (ecotype WS) chopped roots was
carried out essentially as described (Akama et al., 1992, Feldmann and Marks, 1986).
Kanamycin selection was maintained at 50 mg/L for callus and shoots. Twenty different
antisense CA transgenic plants (Ro) were obtained. The seeds obtained from the R,
generation of transgenic plants were sown on GMKm media (2 % sucrose and 50 mg/L
kanamycin). R; transgenic plants surviving on GMKm media were selected and
designated as lines S, 9, 14, 26 and 28.

Immunoblotting. Crude protein extracts were prepared from 10 day old rosette leaves

by grinding with extraction buffer (50 mM Tris-HCI, pH 8.0, | mM EDTA, 100 mM
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Figure 3.1. Construction of the antisense CA transgene. A 1.3 kb fragment
encoding the full-length CA cDNA from Arabidopsis thaliana was transferred to the
binary plasmid pBI 121 replacing the B-glucuronidase gene. Py, nos promoter; NPT II,
neomycin phosphotransferase II; nos 3°, nos terminator; Pc,mv, cauliflower mosaic virus
35S promoter; TP, transit peptide; P, PsiI; H, HindllI;X, Xbal; E, EcoRI; R, EcoRV.
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NaCl, 10 mM DTT). One hundred micrograms of leaf crude extract from wild type and
the five transgenic lines were separated on a 12 % SDS-PAGE gel and electroblotted to
nitrocellulose. Blots were successively incubated with a rabbit polyclonal antibody
directed against spinach carbonic anhydrase (Fawcett et al., 1990) and horse radish
peroxidase conjugated anti-rabbit goat IgG (Sigma). Immunoreactive species were
visualized by chemiluminescence.

CA Activity Assay. CA activity was determined at room temperature according to the
spectrophotometric method of Khalifah (1971). Each assay contained 0.5 ml of 25 mM
(N-(2-Hydroxyethyl) piperazine-N’-3-propane sulfonic acid (EPPS, pH 8.0) and 0.113
mM phenol red in a cuvette, followed by the addition of CA extract. The reaction was
initiated by the addition of CO; saturated water, and the change in absorbance (Asss) of
the indicator was recorded as a function of time. An acid calibration curve was used to
calculate the buffer factor () which was then used to convert dA/dt to millimoles of
CO;, per second per milligram protein. Initial rates of CO; hydration were determined by
extrapolating back to time zero from a linear sampling time. The hydration rate
measured using boiled protein extracts from wild type Arabidopsis was considered
spontaneous and subtracted as uncatalyzed background.

Genomic Southern unblot. Genomic DNA was isolated following the plant tissue
protocol of the Pure Gene DNA isolation kit (Pure Gene) and purified further by phenol
extractions and high salt TE precipitation. Five hundred nanograms of genomic DNA
from both wild type and antisense-CA plants were digested with PstI and separated on a
0.7 % agarose gel. After denaturation and neutralization, the gel was dried and used
directly for hybridization (Wallace and Miyada, 1987). The CaMV 35S promoter of was

|
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digested with Xbal and Hindlll, and a radioactive probe was made by random priming.

The gel was hybridized at 62°C for 16 hours and washed with 0.1X SSC at room
temperature, and then exposed to X-omat AR film (Kodak).

Results
Selection of antisense CA transgenic Arabidopsis thaliana. pBl-antiArabCA was
introduced into chopped roots of Arabidopsis thaliana (WS) by Agrobacterium
mediated transformation. Genomic Southern biots (Figure 3.2) show that the antisense
CA construct was incorporated into the genome of transgenic plants, but is not present
in the wild type. Five independent antisense transgenic Arabidopsis plants were selected
by screening several such blots. Antisense CA-9 plants show a single copy insertion
(lane 2, Figure 3.2), antisense CA-5, CA-26, and CA-28 plants show triple insertions at
different positions (lane 1, 4, and 5, Figure 3.2), and antisense CA-14 plants show four
insertions (lane 3, Figure 3.2).
Expression of CA in transgenic Arabidopsis. The suppression of CA expression in the
five different antisense transgenic plants selected for study was initially characterized
qualitatively by Western blots (Figure 3.3). Qur polyclonal antibody raised against
spinach CA (Fawcett et al., 1990) nonspecifically recognized the large subunit of
rubisco in addition to CA in the crude extract of wild type, so these bands provide a
good internal marker. The immunoblot of total soluble protein from wild type tissue
shows two different CA polypeptides at 30 kD and 26 kD (Figure 3.3) whereas neither

the 30 kD nor the 26 kD polypeptide was visualized in extracts from antisense transgenic

f
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Figure 3.2. Genomic Southern blot analysis of antisense plants. Five hundred
nanograms of genomic DNA from wild type Arabidopsis (WT) and antisense CA-S (lane
1), CA-9 (lane 2), CA-14 (lane 3), CA-26 (lane 4), and CA-28 (lane 5) transgenic plants
were digested with Ps7I and hybridized with a radiolabeled CaMV 35S promoter. Lane
M contains lambda DNA digested with Hindlll.
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