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Figure 6. A, Immunoprecipitation of in vitro translation

products before and after transport into pea chloroplasts. B,

Import and processing of in vitro transcribed and translated

PBPCAl. A, Pea translation products primed with *°S methionine
were immumoprecipitated directly or after import into purified
intact pea chloroplasts according to "Materials and Methods".
Lane 1: S labeled in vitro translation products of pea poly
A RNA. Lane 2: Immunoprecipitation of CA from the translation
products seen in Lane 1. Lane 3: Total stroma following
import of radiolabeled translation products, Lane 4:
Immunoprecipitation of stromal proteins from Lane 3. B, The
products of in vitro transcription and translation of plasmid
pSPCAl before and after import into purified intact spinach
chloroplasts. Lane 1: Translation of pSPCAl radiolabeled with
S methionine. Lane 2: stromal fraction after incubation with
translation products shown in Lane 1. Closed arrows indicate
the position of precursor carbonic anhydrase, open arrows
indicate the position of processed carbonic anhydrase.
Molecular weight markers; chicken lysozyme, M. =14,400; soybean
trypsin inhibitor, M =21,500; bovine carbonic anhydrase,
M, =29,000; chicken egg white ovalbumin, M,=42,700; bovine serum

albumin, M =66,200.
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Figure 7. Western blot analysis of fresh or froZen spinach
stroma. Spinach intact chloroplasts were isolated and lysed
as described in (90). Each lane contained 35 ug of stromal
protein which was electrophoretically transferred to
nitrocellulose and probed with an antibodies raised against
spinach CA as described in "Materials and Methods". Lane 1.
Spinach stroma isolated in the absence of protease inhibitors.
Lane 2. Spinach stroma isolated in the presence of protease
inhibitors. Lane 3. Spinach stroma isolated in the absence
of protease inhibitors and stored at -20° for 7 days prior to
electrophoresis. Molecular weight markers; chicken lysozyme,
M, = 14,400; soybean trypsin inhibitor, M, = 21,500; bovine

carbonic anhydrase, M = 29,000; chicken egg white ovalbumin,

M = 42,700.

r
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Figure 8. Western blot analysis of truncated CA expressed in
B. ¢oli. Extracts were prepared from E. coli which expressed
CA as described in "Materials and Methods". 35 ug of E. coli
protein were loaded in each lane. Lane 1. Control extract,
from E. coli containing the expression plasmid lacking the

cDNA for CA. Lane 2. Extract from E. coli expressing plasmid

PKSPCA.1. Lane 3. Extract from E. coli expressing plasmid
pKSPCA-39. Lane 4. Extract from E. coli expressing plasmid

PKSPCA-43. Lane 5. Extract from E. coli expressing pKSPCA-

78. Molecular weight markers; chicken lysozyme, M, = 14,400;
soybean trypsin inhibitor, M, = 21,500; bovine carbonic
anhydrase, M = 29,000; chicken egg white ovalbumin, M =

r

42,700,
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Figure 9. Western blot of assembled CA from E. coli extracts.

Extracts were prepared from E. coli expressing CA as described

in "Materials and Methods". 45 ug protein was loaded in each
lane and subjected to electrophoresis on a 7% native
acrylamide gel. Lane 1. Control extract, from E. coli
containing the expression plasmid lacking the cDNA for Ca.
Lane 2. Extract from E. coli expressing plasmid@ pKSPCA.1l.
Lane 3. Extract from E. coli expressing plasmid pKSPCA-39.

Lane 4. Extract from E. coli expressing plasmid pKSPCA-43.

Lane 5. Extract from E. coli expressing pKSPCA-78.
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Table 2

Measurements of carbonic anhydrase activity in
E._coli expressing truncated versions of spinach
carbonic anhydrase

CA activity in lysates of E. coll was measured
as described in "Materials and Methods".

E., coli CA activity
expressing

units/mg E. ¢oli protein

Control plasmid 0
pPKSPCA.1 229.0
pKSPCA-39 4.4
pPKSPCA-43 *
pPKSPCA-78 337.7

* Indicates low but measurable carbonic anhydrase
Activity
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Slope
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Molecular Welght

Figure 10. Assembly of Truncated CA Expressed in E, goli.
Slopes were determined by plotting the molecular

weight versus the log RF for the standard proteins. The
standard proteins are indicated by the squares, and are
from left to right, bovine milk lactalbumin, M.W. 14,200;
bovine carbonic anhydrase, M.W. 29,000; chicken egg
albumin, M.W., 45,000; bovine serum albumin, M.W. 66,000
(monomer), 132,000 (dimer); jack bean urease, M.W. 272,000
(trimer), 545,000 (hexamer). The triangle indicates the
slopes and molecular weight of the truncated CAs encoded by
plasmids pKSPCA-39 and pSPCA-43, and the circle indicates
the slope and molecular weight of the truncated CA encoded

by plasmid pKSPCA.1
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CA activity was found in both plant and animal tissues
about 50 years ago. The animal CAs subsequently have been
well-characterized. The primary sequence for CA-I, CA-II and
CA-III from a number of organisms is known (2). The primary
sequences of these 3 isozymes are highly conserved from
species to species. For example, bovine and equine CA-III
share 93% homology at the amino acid level. In addition all
of the isozymes share regions of high sequence homology (2).
The crystal structures of CA-I and CA-II have been resolved,
and are highly similar. Residues at the active site have been
identified, and differences in the catalytic activity of CA-
I, CA-II and CA-III have been attributed to specific amino
acid replacements at the active site (2).

In contrast, CA from plants has been studied 1less
extensively. CAs from monocots and dicots are structurally
distinct. Although the subunit sizes of CA from monocots and
dicoté are similar, the monocot enzyme is thought to be a
dimer while the dicot enzyme is thought to be a hexamer, or
possibly an octamer (1). The amino acid composition of several
plant CAs is known (l1). However, before this study was begun
the only sequence information available was that of a small
CNBr fragment of the spinach CA (13).

In the first part of this work, a cDNA containing the
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full-length coding sequence for CA was sequenced. This is the
first full length ¢DNA for CA isolated from any photosynthetic
organism. The c¢DNA was 1,156 base pairs in 1length, and
contained an open reading frame of 957 base pairs. Analysis
of the deduced amino acid sequence of the gene product
indicated that CA 1is synthesized as a larger precursor.
Sequence comparisons revealed that the spinach chloroplast CA
has no homology with any of the animal CAs sequenced to date.

Indirect immunoprecipitation of translation products
confirmed that spinach CA (as well as pea CA) is synthesized
as a high molecular weight precursor. Following import of
the pea or spinach precursor into intact chloroplasts mature
CA was shown to have a molecular weight of approximately
30,000. The newly imported radiolabeled CA had a higher
subunit molecular weight than CA isolated from leaves or
intact chloroplasts. Most likely, the N-terminus of CA is
degraded by proteases in the organelle.

To further demonstrate that the cDNA sequence encodes
spinach CA, the coding sequence was cloned into an expression
vector. Extracts from E. coli expressing CA contained caA

activity whereas extracts from E,., coli transformed with the

vector alone contained no activity. When extracts from E. coli

expressing CA were subjected to electrophoresis on non-
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denaturing gels CA migrated with an apparent molecular weight
of approximately 200,000. Thus, CA expressed in E. coli
assembles into the hexameric catalytically active enzyme.
Whether or not the assembly of CA in E. coli is autocatalytic
was not determined.

During the past few years it has become clear that
accessory proteins, called chaperones or chaperonins, are
required for the assembly of some multimeric proteins
(36,55,63,). Whether or not this class of proteins is required

for the assembly of CA in vivo is not known. Future work with

the cloned spinach CA may begin to answer this question. Using
a system similar to that used in (59) it should be possible
to determine if chaperones or chaperonins are required for the
assembly of CA. The possible requirement for zinc in the
assembly process could also be explored using this system.
The active site is well characterized for animal CA (2).
Unfortunately, inspection of the deduced amino acid sequence
for the spinach enzyme does not show any conserved regions
with the animal CA. Because no homology exists it is not
clear which residues or areas of the plant protein may be
associated with the active site. In the animal protein three
histidine residues are important for catalysis because they

chelate the zinc atom at the active site. The spinach enzyme



73
contains six histidine residues, all 1localized in the cC-
terminal half of the protein. Site- directed mutagenesis of
these residues singly or in sets may help elucidate at least
part of the active site.

Recently the cDNA for the pea chloroplast CA was cloned
(W.J. Ogren; personal communicatiocn). The spinach and pea
sequences likely will be similar. Analysis of more sequences
for CA, as they become available, will be useful in tracing
the 1lineage of the plant and algal CAs. Molecular
evolutionists already have utilized the animal CA sequences
to this end. In addition insights into the active site of
plant CA may be gained by comparison of sequences from many
species.

Genes encoding several chloroplast proteins have been
shown to be requlated by light. For example both the Rubisco
small subunit! and the light harvesting proteins (91,92) are
regulated at the transcriptional 1level in the 1light.
Therefore, genomic DNA could be isolated using the spinach
CDNA as a probe and the upstream regions compared with those
of the other light induced genes of plants.

Finally, to determine what function plant CAs have at
the physiological level, transformation of plants with CA cDNA

or genomic cDNA may prove useful. To date only crude



74
experiments have been performed to determine a physiological
function of CA. For example, CA inhibitors or zinc starvation
have been used to inhibit the enzyme. Both of these approaches
have drawbacks because of secondary effects on photosynthesis.
If it were possible to inhibit CA without any other "“side
effects" or secondary effects a possible function for CA could
be determined. The availability of the cDNA makes it possible
to over- and under-express CA in a plant, such as Arabidopsis,
which is easily transformed. Transformation of plants with the
cDNA oriented in the forward direction would result in
overexpression of CA. Conversely, overexpression in the
reverse orientation should yield sufficient antisense RNA to
specifically depress CA levels in leaves. Such an approach

could allow us to determine the role of CA in chloroplasts.
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An Effective Method for Eliminating "Artifact
Banding" When Sequencing Double-Stranded

Templates

89
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One major limitation of dsDNA sequencing is the fregquent
occurrence of “artifact bands"; ie the ©presence of
radioactive bands of equal intensity in all four lanes at the
same position on a sequencing gel. "Artifact banding" is
likely the result of secondary structure in the template DNA
such that some, but not all, chain polymerization is
prematurely arrested at a specific point on the template. In
this case the true signal, resulting from the addition of a
ddNTP, 1is obscured by the signal derived from arrested chain
polymerization on adjacent lanes, although authentic banding
patterns are resolved in the areas above and below the
position of the artifact bands. This difficulty has been a
major deterrent to unambiguous interpretation of sequence data
obtained using dsDNA templates. DeBorde et al. (93) reported
that terminal deoxynucleotidyl transferase (TdT) significantly
reduces ambiguities when RNA templates are sequenced with
reverse transcriptase. In this brief report we show that
addition of TdT after termination reactions eliminates many
of the artifact banding patterns associated with sequencing
dsDNA.
Double-stranded template DNA was purified from
minipreparations of plasmid DNA using the method of (94) and

was sequenced according to the dideoxy chain termination
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method of (69) using Sequenase (United States Biochemicals,
Cleveland, OH) and Bg-aaTp (Dupont-NEN, Boston, MA). 3 ug
of plasmid dsDNA was denatured and subjected to 1labeling and
termination reactions according to the manufacturer's
instructions. After the dideoxy termination reaction was com-
plete, 1 ul of TAT/ANTP cocktail [made by combining 3.5 ul
of a mixture of all four dNTP's, each at 1 mM in 1X Sequenase
Buffer, pH 7.4, with 0.5 ul (8.5 Units) of terminal deoxyn-
ucleotidyl transferase (United States Biochemicals,Cleveland,
OH) ] was added to individual A, G, C and T reaction tubes.
Following an additional 30 minute incubation at 37°C,
reactions were stopped by adding 4 ul of the Sequenase "Stop
Solution"., Samples were loaded onto wedge gels made with 6%
acrylamide. Electrophoresis was performed at 70 watts
constant power, in 89 mM Tris-borate, 2 mM EDTA, pH 8.3.

Typical autoradiograms obtained when sequencing reactions
are carried out with or without the‘addition of TAT prior to
stopping the reaction are shown in figure 11. Comparison of
the autoradiograms in Panel A with those in Panel B shows that
TAT eliminates virtually all "artifact banding". Since TAT
is capable of elongating a DNA strand with a free 3' OH in a
template independent manner (95), it is 1likely that the

addition of TAT and excess dNTPs to the sequencing reaction
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mixture results in elongation of any newly formed
polynucleotide chain not terminated with a QdNTP. Thus the
artifact bands disappear while the relative mobility of any
polynucleotide chain terminated with a 4dNTP is unaffected.
Most protocols suggest that increasing the temperature during
the labeling reaction helps eliminate "artifact banding". We
have shown here that the simple addition of TAT and dANTPs to
dideoxy reactions decreases "artifact banding" without the
need to increase the reaction temperature. We have not
investigated the efficacy of TAT in eliminating "artifact
banding” which may occur when a single stranded template
and/or any other polymerase then Sequenase is used for DNA
sequencing. However, this technique should be applicable to
enzymatic sequencing methods using a variety of templates and

polymerases.
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Figure 11
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FIGURE 11. Double stranded sequencing in the presence and
absence of terminal deoxynucleotidyl transferase and
deoxynucleoside triphosphates. Panels A and B represent
sequencing reaction products obtained from identical dsDNA
templates. Double stranded sequencing templates were
previously described in (80). Control templates in Panel A
were sequenced according to the manufacturer's instructions.
The reaction products in Panel B were further extended by the
addition of TAT and ANTP's as described in the text. The left
most set of lanes in each panel were electrophoresed for a

shorter time then the lanes on the right side of each panel.
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"An Effective Mathod for Eliminating "Artifact Banding" When
Sequencing Double-Stranded DNA Templates" by T. W, Fawcett and §,
G. Bartlett which will be published in BloTechnigues. (MS# BTS0-
10} as a chapter in my dissertation., Dissertations submitted to
the Jraduate School here at LSU are included in the Universicy
Microfilms, Incorporated database. Thus, I am required to obtain
permission from the copyright holder in order for my dissertation
to be microfilmed, If you agree toallowme to use this material
in my disgertation, please indicate in your reeponse that Univer-
slty Microfilms, Incorporated may supply single coples of the
digsertation on demand.

Thank you in advance for your prompt attention to this matter.
If you require further information, I can be reached at the above
address, or by telephone at (504) 388-6220,

&4 aly your

e

Timothy W. Fawcett
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Anerican Socliety for Blochemistry and
Molecular Blology, Inec.

Editorial office

9650 Rickville Plke

Bethesda, MD 20814

Dear Editors:

I wish *o use the manuscript for the research article entitled
"Spinach Carbonic Anhydrase Primary Structure Deduced from the
Sequence of & cDNA Clone' by T. W. Fawcett, J. A. Browse, M.
Volakita and S. 6. Bartlett which was published in The Journal of
Biological Chemistry, volume 265, number 10, pages 5414-~5417, as
a chapter in my dissertation., Dissertations submitted te the
Graduate 8School here at LSU are Included in the University Micro-
tilms, Incorporated database, Thus, I am required to obtain
permission from the copyright holder in order for my dissertation
to he microfilmed. If you agree toallowme to use this material
in my dissertation, please indicate in your response that Univer-
slty Micrafilims, Incorporated may supply single coples of the
dissertation on demand.

Thank you ln advance for your preompt attention to this matter.
If you require further information, I can be reached at the above
addreses, or by telephone at (5C4) 388-~8220,
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CIRRICULUM VITA

Timothy W. Fawcett
August 1990

Date of Birth: December 10, 1955

EDUCATION
Ph.D. August 1990 Louisiana State University
Baton Rouge, LA
Major: Biochemistry, Plant
Molecular Biology
Minor: Botany
B.S. December 1982 University of New Hampshire
Durham, NH
Major: Biochemistry
PUBLICATIONS

Fawcett, T. W., Browse, J. A., Volokita, M., and Bartlett,

S. G., J. Biol. Chem. (1990) 265, 5414-5417
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Fawcett, T. W., and Bartlett, S. G. Transport and Assembly
of Spinach Carbonic Anhydrase in Intact Chloroplasts

(1990) In Preperation

Fawcett, T. W. and Bartlett, S. G. (1990) BioTechniques,

In Press

PRESENTATIONS

Fawcett,T.W., Bartlett,S.G., (1988) "“In Vitro Synthesis and
Transport of Chloroplast Carbonic Anhydrase." Presented at

Southern Section - American Society of Plant Physiologists,

Athens, GA.

Fawcett, T. W. and Bartlett, S.G., (1990) "Synthesis of CA
in E, coli". Presented at Southern Section - American

Society of Plant Physiologists, Gulfport, MsS.
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AFFILIATIONS

Membership in: Southern Section of Plant Physiology
American Association for Advancement of
Science Phi Lambda Upsilon (Honorary

Chemical Society)

AWARDS
Southern Section of Plant Physiology, 1990 Best Graduate

Student Presentation Award



Candidate: Timothy W. Fawcett

Major Field:

Title of Dissertation:

Date of Examination:

Biochemistry

June 12,1990

DOCTORAL EXAMINATION AND DISSERTATION REPORT

Spinach Carbonic Anhydrase: Prlmary Sequence, Transport
into Chloroplasts and Expression in Escherlchla coli

Approved:

S G fo Hett

: Major Professor and Chairman
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Dean of the Graduate School

EXAMINING COMMITTEE:
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