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Abstract  

The photosynthetic apparatus of plant chloroplasts contains two photosystems, termed Photosystem I (PSI) 
and Photosystem II (PSII). Both PSI and PSII contain several types of chlorophyll a/b-binding (CAB) poly- 
peptides, at least some of which are structurally related. It has been previously shown that multiple genes 
encoding one type of PSII CAB polypeptides exist in the genome of many higher plants. In tomato, there 
are at least eight such genes, distributed in three independent loci. Genes encoding a second type of CAB 
polypeptides have been isolated from several plant species, but the precise location of the gene products has 
not been determined. Here we show that tomato has two unlinked genes encoding this second type and that 
this type of CAB polypeptide is also localized in PSII. 

Introduct ion  

Photosystems I and II (PSI and PSII), localized in 
the thylakoid membranes of plant chloroplasts, 
each contain several types of chlorophyll a/b- 
binding (CAB) polypeptides (for review see ref. 
[2]). The CAB polypeptides of each photosystem, 
together with the non-covalently bound chlo- 
rophyll and other pigment molecules, form ag- 
gregates known as Light Harvesting Complex I 
(LHCI) and LHCII  (of PSI and PSII, respectively) 
which harvest light energy for the process of pho- 
tosynthesis. In the absence of  protein sequence 
data, the CAB proteins have been shown to be a 
heterogenous mixture by several techniques [10, 14, 

28, 34]. Immunological comparisons have demon- 
strated that several CAB proteins in both PSI and 
PSII are structurally related to each other [10, 14] 
although substantial structural divergence between 
the PSI CAB proteins, on one hand, and the PSII 
CAB proteins, on the other hand, has occurred [10, 
14, 341. 

Recently it has been demonstrated that, in both 
monocotyledonous and dicotyledonous plants, one 
type of  PSII CAB polypeptides is encoded by a set 
of 3 - 2 0  nuclear genes per haploid genome [5, 6, 9, 
11, 12, 18, 20, 21]. The tomato genome contains 
8-10  genes encoding this type of PSII CAB poly- 
peptide [26, 27]. Genes encoding a second type of 
CAB polypeptides have been described in several 
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species [17, 26, 27, 29, 31], but the precise location 
of  their products in the thylakoid has not been de- 
termined. We report here that two genes of  this sec- 
ond type exist in the genome of  the dicot plant 
Lycopersicon esculentum (tomato). We have used a 
full-length cDNA clone of  one of  these tomato  
genes to synthesize a precursor CAB polypeptide in 
vitro. The precursor was imported into isolated pea 
chloroplasts, and their thylakoid membranes were 
then fractionated to separate the two photosystems 
and determine the suborganellar location of  the 
processed, mature protein. The results demonstrat-  
ed that this second type of CAB polypeptides is 
localized in PSII.  Cloning and sequencing of  CAB 
genes, coupled with the assignment of  the gene 

products to either PSI or PSII,  will provide us with 
the amino acid sequences of  PSI and PSII  CAB 
proteins, and this structural information will hope- 
fully help in elucidating the mechanistic details of  
the functions of  these polypeptides. 

Materials and methods 

cDNA cloning 

The construction of  one tomato  leaf cDNA library 
was previously described [4]. A second tomato  leaf 
cDNA library was a gift from Dr Danny Alexander, 
ARCO Plant Research Institute, Dublin, CA, USA. 
It was constructed according to the procedure of  
Alexander et al. [1]. 

Library screening 

The tomato  cDNA library of  Bernatzky and Tanks- 
ley [41 was first screened under non-stringent con- 
ditions (6 x SSC, 60°C, washing at 2 x SSC, 
60°C) with a mung-bean CAB cDNA probe. The 
mung-bean cDNA, which encodes a major  compo-  
nent of  L H C I I  [32], was used initially because at 
this stage of  our investigation cloned tomato  CAB 
sequences were not yet available. A tomato  cDNA 
clone which hybridized weakly, relative to other 
tomato  CAB cDNA clones, to the mung-bean 
probe was isolated. This clone, designated p3-48, 

was shown by DNA sequencing to be an incomplete 
cDNA clone, and it was then used, under stringent 
conditions (hybridization: 4 × SSC, 70°C; wash- 
ing: 0.1 × SSC, 70°C), as a probe to isolate fuller- 
length cDNA clones from the tomato cDNA library 
provided to us by Dr D. Alexander. Two clones, 
designated pCAB4 and pCAB5, isolated from this 
library are the subject of  this report. 

D N A  isolation, Southern blots, restriction digest 
and subcloning 

The procedures employed are described and refer- 
enced in Pichersky et al. [26]. 

Nucleotide sequence determination 

The chemical method [22] was employed 
described in Pichersky et al. [26]. 

a s  

Genetic mapping 

Linkage analysis of  isozyme and cDNA markers 
with CAB-related restriction fragments was as 
previously described [3, 4, 33]. F2 progeny DNA, 
isolated from a cross between L. esculentum (a 
derivative of  cv. VF36) and L. pennellii, was digest- 
ed with EcoRV (pCAB4 probe) or DraI (pCAB5 
probe), Southern blotted [30] and hybridized to 
nick-translated insert as described in Pichersky et 
al. [26]. After hybridization, the blots were washed 
under high stringency conditions (0.1 x SSC, 
68 °C). 

SP6 vectors and in vitro transcription and 
translation 

An EcoRV - EcoRI fragment containing the 
Cab-lB gene [26] was cloned into SP64 vector [23]. 
To remove an ATG triplet upstream from the in- 
itiating ATG codon [26], 22 base pairs from the 
EcoRV site were eliminated using Bal-31 ex- 
onuclease prior to cloning into the SP64 vector. 



The Cab-3C gene, contained on a 1.3-kb 
Hind l I I -XbaI  fragment (this fragment has an in- 
ternal HindlII site; the 1.3-kb fragment was ob- 
tained by partial HindlII digest) [26] was also 
cloned into SP64. Cab-4 was cloned into SP64 
making use of  the HindlII site on the cDNA 
(Fig. 2) and the XbaI site from the polylinker of  the 
plasmid used in the construction of  the cDNA li- 
brary [1]. 

In vitro transcription was carried out according 
to Melton et al. [23] except that the rNTP concen- 
tration was reduced to 250/~M and the dinucleotide 
GpppG was added to a final concentration of  
500/~M. The addition of  GpppG resulted in the 
'capping' of  the mRNA produced. The in vitro syn- 
thesized mRNA was translated in the wheat germ 
system described by Erickson and Blobel [13] using 
35S-methionine to label the proteins. With this 
wheat germ system, we have found that capping of  
the mRNA was essential for translation. 

Import of  CAB precursors into chloroplasts and 
localization of  processed CAB polypeptides with- 
in the chloroplasts 

Isolation of  pea chloroplasts and import of 
labelled precursors into isolated chloroplasts were 
carried out according to Schmidt et al. [28]. After 
import, the chloroplast mix (0.5 mg chlo- 
rophyll/ml) was incubated with thermolysin (final 
concentration 100/~g/ml) at 0°C for 30 min. Isola- 
tion of  thylakoid membranes and fractionation to 
PSI and LHCII  were according to Mullet et al. [25] 
and Darr et al. [10] and references therein. Western 
blots were performed as described in Darr et al. [10] 
except that after incubation with the polyclonal an- 
tibodies, Protein A conjugated to alkaline phos- 
phatase was used instead of  the anti-mouse anti- 
bodies. 

Results and discussion 

cDNA isolation and genetic mapping 

In previous studies, five genetic loci (designated 
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Cab-1 through Cab-5) containing CAB-related se- 
quences were identified and mapped in the tomato 
genome [33]. Two of  these, Cab-1 on chromosome 
2 and Cab-3 on chromosome 3, were each shown 
[26] to contain several genes which encode proteins 
with over 90°70 homology to pea PSII CAB poly- 
peptides [6] and also to reported CAB sequences 
from petunia [12], Arabidopsis thaliana [21], wheat 
[20] and Lemna gibba [18] (the latter two species 
are monocots). The tomato loci Cab-4 (on chromo- 
some 7) and Cab-5 (on chromosome 12) were deter- 
mined to be single-gene loci on the basis of the 
minimum size of  DNA fragments from these loci 
which hybridized to the CAB probe [33]. The 
Cab-4 and Cab-5 genes also did not hybridize as 
strongly as Cab-l, Cab-2, and Cab-3 genes did to 
probes derived from either a mung-bean CAB gene 
or from tomato Cab-1 and Cab-3 genes [26, 27, 33]. 

We have now isolated cDNA clones which were 
synthesized from mRNA transcribed from the 
Cab-4 and Cab-5 genes. Figure 1A shows the 
EcoRV-restricted DNA of  segregating F2 progeny 
(see Materials and methods, section 'Genetic map- 
ping' for description of  the cross) observed on a 
Southern blot when the insert in plasmid pCAB4 
(see Material and methods, section 'Library screen- 
ing' for designation of  plasmids) was used as a 
probe. Under the high-stringency hybridization 
conditions used (see Materials and methods, 
'Genetic mapping'), over 80070 of  the bound probe 
was hybridized to a DNA fragment of  3.6 kb (the 
L. esculentum allele), to a DNA fragment of  slight- 
ly faster mobility (the L. pennellii allele) or to both 
(the heterozygous F2), thus identifying these frag- 
ments as carrying the gene from which the insert in 
pCAB4 was obtained. Previous co-segregation 
analysis with isozyme and cDNA markers has iden- 
tified the L. esculentum 3.6-kb EcoRV fragment as 
constituting the Cab-4 locus on chromosome 7 (see 
ref. [33] for details on the linkage). Fig. 1B shows 
segregation analysis of  F2 progeny DNA digested 
with DraI, with the insert in pCAB5 as a probe un- 
der the same stringent conditions used in Fig. 1A. 
Under these conditions, the probe bound almost 
exclusively to a DNA fragment of  2.5 kb (the L. es- 
culentum allele), a slightly smaller fragment (the L. 
pennellii allele) or to both (the heterozygous F2). 
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Fig. 1. F2 segregation analyses. A: F2 progeny DNA digested with EcoRV and hybridized to the insert of  pCAB4. The numbers at right 
refer to size of  restriction fragments in kilobases (kb). B: F2 progeny DNA digested with DraI and hybridized to the insert of  pCAB5. 
Hybridization conditions were as described in the 'Genetic mapping '  section in Materials and methods.  See text for details. 



The 2.5-kb DraI fragment, which thus carries the 
gene from which the insert in pCAB5 was made, 
has been previously mapped to the Cab-5 locus on 
chromosome 12 [33]. 

Sequences of pCAB4, pCAB5 and encoded 
proteins 

The nucleotide sequences, together with the 
predicted amino acid sequences, of the cDNA 
clones corresponding to Cab-4 and Cab-5 are 
shown in Fig. 2. pCAB4 encodes a CAB polypep- 
tide of 265 amino acids, and also contains 58 base 
pairs (bp) upstream from the initiating methionine 
codon and 39 bp downstream from the termination 
codon TGA plus a poly-A tail of about 50 bases 
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(Figs. 2, 3). The coding region in pCAB4 is approx- 
imately 70°70 homologous to tomato CAB genes 
from the Cab-1 and Cab-3 loci. pCAB5 is an in- 
complete cDNA clone; its sequence specifies the 
entire mature polypeptide and eight amino acids of 
the transit peptide (Figs. 2, 3). Within the overlap- 
ping CAB-coding sequences of pCAB4 and 
pCAB5 there is 88°70 homology at the nucleotide 
level, and the mature CAB polypeptides (229 ami- 
no acids) differ by only four amino acids (1.7070 
divergence). 

CAB protein localization 

To determine whether the CAB polypeptides en- 
coded by the divergent lineage of CAB genes are 
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Fig. 2. Nucleotide sequences of  pCAB4 and pCAB5 cDNAs and the predicted amino acid sequences of  the encoded CAB polypeptides. 

All non-coding sequences, and the pCAB4 coding sequence, are shown in full. The coding sequence of  pCAB5 is shown only when 
it differs from that  of  pCAB4. The amino acid sequence (one-letter symbols) is shown above, and, when different, the amino acid speci- 
fied by pCAB4 is on the left, the amino acid specified by pCAB5 is on the right. The locations of  the HindIII site in pCAB4 and the 
BglII sites in pCAB4 and pCAB5 are also indicated. The arrow indicates the putative processing site of  the precursor in the chloroplast. 
The pCAB5 clone is incomplete; an  asterisk indicates the extent of  the sequence available. 
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Fig. 3. CAB protein sequence comparisons.  The predicted CAB protein sequences encoded by the tomato Cab-lB and Cab-3C [26], 
Cab-4 and Cab-5 (this report), and the Lemna gibba genes LGAB30 [18] and LGAB19 [17] are shown. Only the top sequence is shown 
in full; other sequences are shown only when they differ from the top sequence. A dash represents a gap introduced to maximize homolo-  
gy. The numbering refers to the longest polypeptide (CAB-3C). The CAB-5 sequence is derived from an incomplete cDNA clone; an 
asterisk indicates the extent of  the sequence available. The arrow indicates the putative processing site of  the precursor in the chloroplast. 

localized in PSII or PSI, we imported both types of 
tomato CAB precursors into isolated pea chlo- 
roplasts and studied their distribution inside the or- 
ganelle. The import of protein precursors by isolat- 
ed chloroplasts is now a routine procedure [8, 15] 
and it is also well established that chloroplasts of 
pea and other higher plants will import, process, 
and assemble with fidelity precursors from diverse 
higher plant species [7, 24, 28]. The CAB protein 
precursors were obtained by cloning the full-length 

cDNA from pCAB4 and the intronless Cab-lB and 
Cab-3C genes into the in vitro transcription system 
SP6 [23] in order to obtain functional RNA, fol- 
lowed by in vitro translation (see Material and 
methods). 

Import of in vitro synthesized, radioactively 
labelled tomato CAB-1B, CAB-3C and CAB-4 
precursor proteins by isolated pea chloroplasts was 
followed by fractionation into PSI and LHCII, the 
light-harvesting complex of PSII (see Materials and 
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methods). The fractionation method used, linear 
sucrose gradient, results in a major green band at 
the top of the gradient and a second green band at 
the bottom of  the gradient; the upper band con- 
tains the LHCII complex, the lower band contains 
the entire PSI fraction [25]. Essentially all TCA- 

precipitable radioactivity was located in fractions 
corresponding to the upper chlorophyll peak 
(Fig. 4A, B). 

To determine the degree of  separation of PSI and 
LHCII, we used the CAB polypeptides of the two 
photosystems as markers; these proteins were de- 

Fig. 4. Localization of  CAB-1B, CAB-3C and CAB-4 polypeptides in the chloroplast. Import  of  in vitro synthesized CABdB,  CAB-3C 

and CAB-4 precursors into pea chloroplasts was followed by isolation of  thylakoid membranes  and further fractionation into PSI and 
PSII complexes (see text for details). 
A: chlorophyll content of  fractions (0.5 ml) obtained after sucrose gradient centrifugation o f  solubilized thylakoid membranes  following 
import  experiments; fraction 1 is the top of  the gradient. 
B: TCA-precipitable counts  of  the 20 fractions from each of  the three thylakoid fractionations following import.  
C: SDS-PAGE of  fractions of  pea thylakoid fractionation experiments. Lane 1 - LHCII  (the light-harvesting complex of  PSII). Lane 8 

- PSI. Lanes 1 and 8 are samples not from an import  experiment and are stained with Coomassie  blue. Lanes 2 through 7, Western 
blots with anti-CAB antibodies of  fractionated thylakoids after import  experiments (see text for details). The samples are from: Lane 2 - 

first chlorophyll peak of the CAB-IB experiment (fractions 4 - 6 ) ,  lane 3 - 1st chlorophyll peak of  the CAB-3C experiment (fraction 
3 -  5), lane 4 - 1st chlorophyll peak of  the CAB-4 experiment (fraction 3 - 5 ) ,  lane 5 - second chlorophyll peak of  the CAB-1B experi- 
ment  (fraction 16-18),  lane 6 - 2nd chlorophyll peak of  the CAB-3C experiment (fraction 18-20) ,  lane 7 - 2nd chlorophyll peak 
of  the CAB-4 experiment (fraction 16-18).  The arrows point to the PSI CAB proteins in the PSI1 fractions and the PSII CAB proteins 

in the PSI fractions. 
D: SDS-PAGE. Lane 1 - molecular weight markers and their size, in kDa, lane 2 - tomato PSI fraction and lane 3 - tomato LHCII  
fraction, all stained with Coomassie  blue. Lanes 4, 5 and 6 - autoradiography of  samples from the first chlorophyll peak of  the 
CAB-IB, CAB-3C,  and  CAB-4 import  experiments, respectively. Lane 7, 8 and 9 - autoradiography of  in vitro synthesized CAB-IB, 
CAB-3C, and pCAB-4 precursors, respectively. 
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tected by the Western blotting technique using anti- 
bodies made against a Vicia f a b a  PSI CAB poly- 
peptide (a gift from Dr Kenton Ko). The antibodies 
in this polyclonal antibody preparation recognize 
the same proteins in pea PSII and PSI as does an 
anti-pea CAB monoclonal antibody, as well as one 
additional protein in PSII (compare our Fig. 4C, 
lanes 1 and 8, with Darr et al. [10], Fig. 4 lanes g, 
h and i). This technique was chosen because of  its 
greater sensitivity in detecting proteins over the 
Coomassie blue staining method. Western blots 
were performed on samples consisting of  50°7o of  
the protein content of  a pool of  three fractions 
coinciding with the first or second chlorophyll 
peaks obtained in the fractionation of  thylakoids 
following each of  the three import experiments (a 
total of  six samples). The blots (Fig. 4C, lane 2 
through 7) demonstrate that the first chlorophyll 
peak in each fractionation experiment contained 
very little PSI CAB polypeptides as compared with 
PSII CAB polypeptides, whereas a substantial en- 
richment of  PSI CAB polypeptides as compared 
with PSII CAB proteins is evident in the second 
chlorophyll peaks (the ratio of  PSII complex units 
to PSI complex units in thylakoid membranes is 
considerably greater than 1; see, for example, 
Fig. 4, lane A in Darr et al. [10]. 

Our identification of  PSI and PSII CAB proteins 
is based on the identity between the patterns of  our 
Western blots with that obtained with an anti-CAB 
monoclonal antibody ( 'MLH12',  see text and 
Fig. 4, lanes g, h and i in Darr et al. [10]). Note, 
however, that MLHI2  and our polyclonal antibod- 
ies react to a different extent with some of  the CAB 
proteins in PSI. Because of  the different degree of  
cross-reactivity with different CAB polypeptides 
exhibited by our polyclonal antibody preparation 
as well as by the monoclonal, the intensity of  stain- 
ing of  the different CAB proteins in Fig. 4C lanes 
2 - 7  is not an indication of  their abundance rela- 
tive to each other  (in addition, some uneven fading 
of  the stain used in the blotting technique in con- 
junction with the alkaline phosphatase has oc- 
curred, especially in the wide bands). We have ob- 
served with duplicate CAB protein samples stained 
with Coomassie blue and Western blotted (data not 
shown) that the width of  each protein band is a bet- 

ter indication of their relative abundance. 
Samples from the fractions of the two chlo- 

rophyll peaks of each of  the three import experi- 
ments were also subjected to SDS-PAGE followed 
by autoradiography. In this experiment, only one 
tenth of  the protein content of  the corresponding 
fraction was used in order to avoid distortion of  
bands caused by overloading the gel. The autoradio- 
graphs demonstrate that the fractions from the first 
chlorophyll peaks contained the imported and 
processed tomato CAB-1B, CAB-3C, and CAB-4 
polypeptides (Fig. 4D, lanes 4, 5, and 6, respective- 
ly). In the case of  CAB-3C (lane 5), a single band, 
coincident with the most abundant tomato PSII 
protein (Fig. 4D, lane 3), was observed. In the 
CAB-1B experiment (lane 4), a band of  similar mo- 
bility as that of  CAB-3C was observed and, in addi- 
tion, a minor band of  slightly smaller molecular 
weight was also evident. Multiple processed CAB 
polypeptides following in vitro import have been 
previously observed [18], but the relevance of this 
observation for the in vivo import and maturation 
processes of  CAB polypeptides is not clear. The 
processed CAB-4 (lane 6) appears to be a smaller 
protein than either CAB-1B or CAB-3C; the 
labelled CAB-4 band coincides with the faster- 
migrating of  the two minor protein bands observed 
just below the abundant CAB polypeptide band in 
Fig. 4D, lane 3. Autoradiography of  the fractions 
from the second chlorophyll peak of  each fractio- 
nation experiment for the same period of  time as 
for the fractions of  the first peaks (10 d) revealed 
no labelled polypeptides (data not shown), consis- 
tent with the profiles of  the TCA-precipitable 
counts. 

Although the fractions of  the first chlorophyll 
peaks are slightly contaminated with PSI, there are 
clearly more PSI CAB proteins in the second peak 
than in the first peak in every fractionation experi- 
ment. Yet, the labelled protein is associated with the 
first chlorophyll peak, which is highly enriched in 
LHCII,  and not the second one. Thus, our results 
indicate that the CAB-1B, CAB-3C and CAB-4 
proteins are all localized in LHCII,  the light- 
harvesting complex of  PSII. Although we have not 
tested CAB-5 and each protein encoded by the rest 
of  the CAB genes in the Cab-1 and Cab-3 loci, be- 



cause of  their strong structural homologies to the 
tested CAB proteins it is reasonable to assume that 
they too are localized in LHCII .  

It should be noted that  Kohorn and Tobin [19] 
have shown that the transit peptide of  a Lemna gib- 
ba CAB protein (encoded by the gene LGAB19, see 
next section) similar to the tomato  CAB-4 and 

CAB-5 could direct the import  of  an in vitro altered 
CAB protein into the chloroplasts and its subse- 
quent targeting to the thylakoid membrane. Fur- 
thermore, some of  the processed protein was as- 
sociated with PSII.  However, the majori ty of  the 
processed forms of  this aberrant CAB polypeptide 
was found elsewhere in the thylakoids. The failure 
to demonstrate exclusive association of  this protein 
with PSII  was attributed to the nature of  the 
changes induced in it [19]. In the import  experi- 
ments reported here, we have used naturally occur- 
ring CAB precursors, and in all cases, including the 
one involving the import  of  the CAB-4 precursor, 
most  of  the imported and processed proteins were 
associated with the PSII  complex. Furthermore, 
unlike the situation in the study by Kohorn and 
Tobin, no additional molecular forms of  the pro- 
teins were found elsewhere in the thylakoids; the 
autoradiographs of  SDS-PAGE of  unfractionated 
thylakoids from each of  our import  experiments 
gave identical patterns (data not shown) to that ob- 
tained in autoradiographs of  SDS-PAGE of  the 
corresponding PSII  fractions (Fig. 4D, lanes 4 - 6 ) .  

In pea, the major  fraction of  the PSII  CAB poly- 
peptides is encoded by a set of  genes with high ho- 
mology to the tomato  Cab-1 and Cab-3 genes [5, 6, 
9, 26]. A minor fraction of  slightly smaller molecu- 
lar weight PSII  CAB polypeptides is also observed 
[28]; however, at present it is not known whether 
this fraction is encoded by gene(s) homologous to 
the tomato  Cab-4 and Cab-5 genes. 

Protein sequence comparisons 

CAB-4 and CAB-5 proteins show 85% homology 
in the mature part  of  the protein with the tomato  
CAB-1 or CAB-3 proteins, and less than 50% ho- 
mology in the transit peptides (Fig. 3). In compari-  
son, CAB-4 and CAB-5 are 92% homologous in 
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the mature part  with the protein encoded by a CAB 
gene, designated LGAB19, from the monoeot  spe- 
cies Lemna gibba [17]. Another  Lemna gibba CAB 
gene, LGAB30 [18], encodes a protein with over 
90% homology to the tomato  CAB-1 and CAB-3 
proteins but only 83% homology to the CAB-4 and 
CAB-5 (Fig. 3). These comparisons suggest that 
the tomato  genes in the Cab-1 and Cab-3 loci and 
the Lemna gibba gene LGAB30 belong to one CAB 
gene lineage, which we designate Type I PSII  CAB 
genes, and the tomato  genes Cab-4 and Cab-5 and 
the Lemna gibba gene LGAB19 belong to a second 
CAB gene lineage, which we designate Type II PSII  
CAB genes. These results further suggest that the 
two lineages diverged from each other before the 
split of  the monocots  and dicots. A similar conclu- 
sion was reached independently by Smeekens et al. 
[29] based on a partial sequence of  cDNA clone for 
Type II PSII  CAB gene from the dicot Silene 

pratensis. 
Although the function of  the CAB polypeptides 

is understood, the precise roles of  the distinct types 
of  CAB polypeptides is not well understood. Ex- 
perimental evidence and theoretical considerations 
have been used to predict the conformation of  the 
CAB polypeptides in the thylakoid membranes [17, 
18]. Sequence comparisons of  CAB variants can 
identify (1) segments of  the CAB proteins which are 
highly conserved and might possibly carry out an 
invariable function such as binding chlorophyll a 
and b, and (2) other regions which are less con- 
served and might serve other functions. For this 
analysis to produce optimal results, however, we 
first need to know the exact function of  each CAB 
polypeptide. In comparisons of  the Type I and Type 
II CAB polypeptides (Fig. 3) segments of  relatively 
high sequence conservation are clearly discernable 
(e.g., aa 70-120  and 190-240).  It is interesting to 
note that the second half of  each of  these two 
regions is predicted to span the thylakoid mem- 
brane and the first half of  each is on the stromal 
side of  the membrane in the model of  Karlin- 
Neumann  et al. [17]. Furthermore, these two 
regions are also conserved (although to a lesser ex- 
tent) in a PSI CAB polypeptide whose cDNA clone 
we have recently isolated [16]. Other regions are less 
conserved, and in particular the N-termini of  the 
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mature CAB polypeptides show considerable diver- 
gence (see also ref. 26). This is an interesting ob- 

servation in view of  the fact that the N-termini of  
pea CAB polypeptides have been assigned both 
structural and functional roles (see discussion in 
Pichersky et al. [26] and references therein). 

Structure of  the Cab-4 gene 

The Lemna gibba CAB gene LGAB19, but not 
LGAB30, contains an intron [17, 18]. The tomato 
Cab-1 and Cab-3 genes are known to lack introns 
[26]. I f  the tomato Cab-4 and Cab-5 genes belong 
to the same lineage as LGAB19, they might also be 
expected to contain introns. Since we have not been 
successful in our attempts to isolate genomic clones 
containing the Cab-4 and Cab-5 genes (our genom- 
ic libraries do not contain these genes), we tested 
this possibility in the following way. pCAB4 was 

restricted with the enzymes HindlII and BgllI and 
run on agarose gel side by side with tomato genom- 
ic DNA restricted with the same enzymes. The gel 
was then blotted and probed with the 0.6-kb 
Hindl I I -Bgl l I  fragment from pCAB4 (Fig. 2) fol- 
lowed by washing under stringent conditions 
(0.1 × SSC, 68 °C) for a total of  1 h. The 0.6-kb 
Hindl I I -Bgl l I  fragment of  pCAB4 encompasses 
the coding sequence of  the N-terminal 75°7o of  the 
gene. In LGAB19, the single 84-bp intron is found 
about 2007o into the coding sequence [17]. Two frag- 

ments of  0.7 and 1.5 kb were observed in the 
genomic blot (Fig. 5 lane B), both of  which are 
larger than the 0.6-kb Hindl I I -Bgl l I  fragment o f  
pCAB4 (Fig. 5 lane A). Prolonged washing under 
the same stringent conditions resulted in much low- 
er radioactivity in the 1.5-kb band with only minor 
reduction in the radioactivity bound to the 0.7-kb 
fragment (data not shown), suggesting that the 
1.5-kb fragment corresponds to the Cab-5 gene and 
the 0.7-kb fragment corresponds to the Cab-4 gene. 

The observation that the genomic 
Hindl I I -Bgl l I  fragment derived from Cab-4 is ap- 
proximately 100 bp longer than the 0.6-kb 
HindlI I -BglI I  fragment in the cDNA clone 

pCAB4 (Fig. 5) demonstrates that Cab-4 does pos- 
sess intron(s). This result cannot determine une- 

Fig. 5. Southern blot analysis. Samples were run on 1% agarose 
gel, blotted to nitrocellulose paper, and probed with 32p_ 
labelled 0.6 kb HindlII-BgllI fragment from pCAB4 under 
stringent conditions (see Materials and methods). Lane A, 
pCAB4 restricted with HindlII and BgllI, Lane B, tomato 
genomic DNA restricted with the same enzymes. The size of the 
observed fragments, in kilobase, are shown on the right. The 
0.7-kb fragment in lane B is from Cab-4 (see text). 

quivocally the number and exact position of  in- 
trons, but because of  the small difference in size 
between the genomic and cDNA fragments it is 
likely that only a single intron is present in this part 
of  the Cab-4 gene. At present we do not know 
whether Cab-5 contains introns. A petunia Type II 
PSII CAB gene whose sequence was recently 
reported also contains a single intron in the same 
position as in the Lemna giba LGAB19 gene [31]. 
This petunia gene encodes a protein whose mature 
part differs by four residues from that of CAB-5 
and seven residues from that of  CAB-4 (1.7070 and 
3.1070 divergence, respectively), a level that is consis- 
tent with the taxonomic relationship between petu- 
nia and tomato (both are in family Solanaceae) and 
the generally high level of  Type I PSII CAB protein 
sequence conservation among diverse plant species. 

The data presented in this paper, together with 
data from other laboratories, indicate that there is 



s u b s t a n t i a l  h e t e r o g e n e i t y  f o r  P S I I  C A B  p r o t e i n  se- 

q u e n c e s  s p e c i f i e d  b y  t h e  g e n e t i c  sy s t em.  W h e t h e r ,  

a n d  t o  w h a t  ex t en t ,  a d d i t i o n a l  d i v e r s i t y  is g e n e r a t e d  

b y  p o s t - t r a n s l a t i o n a l  m o d i f i c a t i o n  o f  C A B  po ly -  

p e p t i d e s  in vivo is s t i l l  a n  o p e n  q u e s t i o n .  B o t h  

m o n o c o t s  a n d  d i c o t s  c o n t a i n  a t  l e a s t  t w o  t y p e s  o f  

P S I I  C A B  p o l y p e p t i d e s  (as  d e f i n e d  he re ) ,  Type  I 

a n d  Type  I I ,  a n d  t h e s e  a re  s u b s t a n t i a l l y  d i v e r g e n t  

f r o m  e a c h  o t h e r  b u t  s t r o n g l y  c o n s e r v e d ,  w i t h i n  

types ,  a c r o s s  spec ies .  T h e s e  o b s e r v a t i o n s  s t r o n g l y  

s u g g e s t  s o m e  d i f f e r e n c e s  in  f u n c t i o n  fo r  t h e  t w o  

types .  
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