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We have isolated and characterized (Fig. 1) two 
tomato nuclear genes each encoding a protein of 
256 residues with discernible sequence identity 
with other CAB polypeptides. The two genes, 
which we designate Cab 10A and Cab 10B (tomato 
genes designated Cab l through Cab9 encoded 
other CAB polypeptides of PSI and PSII [9, 10]), 
are tandemly linked and are separated by approxi- 
mately 5 kb. Each gene contains a single, short 
intron - 199 bp in CablOA, 97 bp in CablOB - 
whose position (same in both genes) was deter- 
mined by comparisons with cDNA clones. An 
intron in an equivalent position is also found in 
the tomato PSI Type II and Type III CAB genes 
[9]. Within the coding region, CablOA and 
Cab 10B are 92.5 ~o identical, but the introns and 
5' and 3' flanking regions show little similarity. 
Comparison of the sequence of the proteins en- 
coded by Cab 10A and Cab 10B with the N-termi- 
nal sequence of the homologous (see below) 
spinach protein (Fig. 2A) indicates that the transit 
peptide of the CAB10A protein consists of 48 
residues, and the transit peptide of CAB 10B con- 
sists of 46 residues. Thus, the mature CAB10A 
protein has 208 residues, with a calculated 
molecular weight of 22.6 kDa, and the mature 
CAB10B protein has 210 residues, with a calcu- 
lated molecular weight of 22.8 kDa. CAB 10A and 
CAB10B are 94.5~o identical within the mature 
part of the protein, and the sequences of the tran- 
sit peptides are less similar. 

Three hydrophobic regions are found in all 
CAB polypeptides examined to date, and it has 
therefore been hypothesized that they represent 
alpha-helices which span the thylakoid mem- 
brane, and that the three-dimensional structure of 
all CAB polypeptide is therefore similar despite 
the high level of primary sequence divergence [3, 
10]. The hydropathy plots of CAB10A and 
CAB10B also indicate 3 hydrophobic regions of 
sufficient length to traverse the thylakoid mem- 
brane (Fig. 2B). It should be noted, however, that 
algorithms to predict secondary structure (e.g. 
[4]) do not always indicate complete overlap 
between the hydrophobic regions in the CAB 
polypeptides and regions predicted to assume the 
alpha-helix conformation, and this is especially 
true with CAB 10A and CAB 10B, where no exten- 
sive alpha-helix conformation is predicted (not 
shown) anywhere between the first and third hy- 
drophobic regions. (However, these programs 
can predict alpha-helical regions in only 
50 ~o -60 ~o of the cases where they indeed occur, 
as determined with proteins whose structure has 
been experimentally determined [4]). In addition 
to possessing the three hydrophobic regions, the 
CAB10A and CAB10B proteins also share the 
two regions of sequence similarity (Fig. 2C) found 
in all CAB proteins [10]. The two conserved 
regions include the first and third hydrophobic 
regions and their immediate N-terminal regions, 
and in these regions CAB 10A and CAB 10B dis- 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers Cab lOA-M32605; Cab 10B-M32606. 
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CablO~. Cab10B 
TAGAGTACAGAAATAACAACTAAGACAGAGAA~.AAAACTAAAGGAGAAGGGAGTGTC CA 60 AAC CTCACTTTCGTTTTTAGCG CAATGTTG ATTACA~CTT~-~-X-L-~-~TI~2TCTA ~-A-~-, CA 60 
CGGGTATGGTACAAATAAGGACAGAGATGTAACTCAACACCTTATTGGTC CGAAATCTAT 120 CTAAGATGTCAY~-,-~TAGGAACCCAATATCTTCTTATTAGAGAGAGGAGAATTACAGA 120 
CCACCAGAGATCATTTGCAGATTTCATTTAT CCTA CTTGCCTC CTTACAAGGTCCCCTTT 160 GAGGTGTCCACGGGTATGGTTATGAATAGGGGACATAGAGATGGAGCTCAACATCTCATT 180 
TGATCTTATA~CTTATATCTCACTACTTCATTCATAGAASAGACACAAGAAACAA CCAT 240 GGTCAGAAATCTATCCACTAGATT~TCTG CAGAT'~A~CTACTT~CTACTT 240 
CCATAT~-~q-~CATATTACTATCATTTCCATTCTTAAACATATCAAAACAAAC ATGGCT 299 ACTATTTG CCCT C-~qq-~ATCTCATGAC CATATAACCAC.GAATCTCACTTC~TATTCAA 299 

M A AAAACAGAAACTTCGTATTTGCAGTTTACCACTATCCAAAATAAAC ATGACCACCACAT 359 
ACAACATCTGCTGCAGTGCTGAATGGTTTGAGCTCCTCTTTCTTGACTGG~GGCAACAAA 359 . - M T . T T 
T T S A A V L N G L S S S F L T G G N K CTGCTACTGCAGTGCTGAATGGCTTGAGCTCCTCTTTCTTGACTGGTOGCAAGAAAACTC 419 

AGTCAGGCCTTGTTGGCTGCTCCCCTTGCTGCCAGAGTTGGCGGTGCTGCCACTCCCAAG 419 S A T A V L N G L S S S r L T G G K K T 
S Q A L L A A P L A A R V G G A A T P K AAGCCTTGTTAGGTGCTCATGTTACTGCCAGAGTTACCACTCCCAAGAGGTTTGTTGTGG 479 

AGGTTCACTGTGCTGGCTGCTOCTGCAAAGAAATCTTGGATTCCTGCTGTAAGAGGTGGT 479 Q A L L G A H V T A R V T T P K R F V V 
R F T V L A A A A K K S W I P A V R G G CAGCTGCTGCTGTTGCTCCAAAGAAATCTTGGATTCCTGCTGTAAAATCTGGTGGCAACT 538 

GGCAATCTGGTTGACCCTGAGTGGCTCGATGGCTC GTAAGTTCACTTTATATCTCCAAC 538 A A A A V A P K K S W I P A V K S G G N 
S N L V D P E W L D G S TGGTTGACCCCGAGTGGCTCGATGGCTC GTAAGTTTA~-rr~-;ACATACACACAGTTTAT 598 

CCTCAACACCTATCCCCTAGAGATGAATCTAGGATTCAGAATTCATGTATTT~'TTCAGAT 590 L V D P E W L D G S 
CATGTATATGTGGTTCGAGCAGAAAGATTGAACCCTGAACTTGATCTAGACTCGTCTCTG 650 TT CCCTCTCTCCTCTTGTTTCATTCATTCTGTTG CAAAGGCTTAACCTTGTAT'~TAe 658 
CTCCTTTCCCCT~CGTT~-I-/-YfGCAAAGGCATAACTATATTTGAACTTGCAG GCTA 717 CTGCAG GCTCCCTGGTGACTTTGOTTTTGACCCACTTGGTCTTGGCAAGGACCCTGCAT 717 

L L P G D F G F D P L G L G K D P A 
C~£GGTGACTATGGTTT~ATC CACTTGGTCTAGGAAAGGAC C CTGCATTCTTGAAATGG 777 T CTTG AAATGGTACAGAG AAGCTGAGCTCATTCATGGCAGATGGGCAATGGCTG CTGTAT 777 
P G D ¥ G F D P L G L G K D P A F L K W F L K W Y R E A E L I E G R W A M A A V 

TACAGAGAAOCTGAGCTCATTCATGGCAGATGGGCAATGG CTGCGGT ATTG G G CATCTTT 837 TGG G CATCTTTGTTG GTCAAGCCTGGAGTGG CATTCCATGGTTTGAGGCTGGTG CTGATC 837 
Y R E A E L I H G R W A M A A V L G I F L G I F V G Q A W S G I P W F E A G A D 

GT'IT, GTCAAG CATGGAGTGGCATTCCATG GTTTGAG G CTG GTG CTGACCCTGG CG CTATT 897 CTG G CG CTATTG CACCTTTCTCTTT CGG CTCA CTTCTTGG CACTCAGCTTCTeCTCATGG 897 
V G Q A W S G I P W F E A G A D P G A I P G A I A P F S F G S L L G T Q L L L M 

GCAC CTTTCT~-~-~T~G CA CACTTCTTG GTACA CAACTTAT CCTCATGGGGTGGG TTGAG 957 GTTGGG TTGAG AG CAAAAGG TGGG T CGACTTCTTCGACAATGACTCTCAGTCTATAGATT 957 
A P F S F G T L L G T Q L I L M G N V E G W V E S K R W V O F F D N D S O S I D 

AGCAA~GATC~TCGACTTCTTCGACCCTGACTCTCAGTCTGTAGAATGGGCCACCCCA 1017 GGGCCACTCCATGGTCCAAGACTGCTGAGAACTTTGCCAACTTCACAGGCGAACAGGGTT 1017 
S K R W V D F F D P D S Q S V E W A T P W A T P W S K T A E N F A N F T G E Q G 

TC~TCCAAGACTGCTGAGAACTTCGCCAACTTCACAGGCGAACAGGGTTATCCCGGTGGC 1077 ACCCTGGTGGCAAATTCTT~ATCCTTTGGCATTAGCTC.GTACACTTAAeAATC.GAGTTT 1077 
W S K T A E N F A N F T G E Q G Y P G G ¥ P G G K F F D P L A L A G T L N N G V 

AAATTCTTCGATCCT~GGCATTAGCTGGTACACTTAACAATGGAGTTTACGTCCCTGAC 1137 ACGTCCCTGACACAGAGAAGCTTGAGAGATTAAAGCTTGCTGAGATCAAGCATTCTAGAC 1137 
E F F D P L A L A G T L N N G V Y V P D Y V P D T E K ~ E R L.K L A E I K H S R 

ACASAGAAGCTTGAGAGATTAAAGGTTGCTGAGATCAAGCATGCTAGACTTGCTATGTTA 1197 TTGCTATGTTAGCCATGTTAA'I'i-r~CTATTTTGAGGCTGGACAAGGGAAGACAeCCCTTG 1197 
T E K L E R L K V A E I K H A R L A M L L A M L A M L I F Y F E A G 0 G K T P L 

GCCATGTTAATTTTCTA,FFF~GAGGCTGGGCAAGGGAAGACACCCCTGGGAGCTCTTGGT 1257 GAGCTCTTGGTTTG TAAGAGATTCACATTAAACATTTCACTGTGAAAGAGCCG~GAGT 1256 
A M L I F Y F E A G Q G K T P L G A 5 G G A L G L 

TTG TAAGGGGTTTCGTATTAAACATTTCATTGTAAAAAGTCACTGGATGTAGAAAGAAG 1316 GTAGAAAGAAAOTAACCAAAOCTTGAATTTGTCACTTCAAG~-~-~-LTA~TCTTGATACAG 1316 
L TTATCTTCTTTATGCTCTAGCeCAAATGTAACAGTATATAATTTTAACAATGCAG~,GTA 1376 

AAATCAAAATTTGGTTGTCCCCTTTAGAAAATTCAAGATCTCCCCTTGATACAGTTTATA 1376 GC~TATGGTAGTAGAGGTTCCAATTAAATTACTCAATAATCATAACTTA~TTGAAGA 1436 
TCTTACATAACTAATATCTTCAAGAAAATATTTAATATTGGTCTGGTCTGGCCCAAGCAG 1436 AACTGGTTCAAGAACGAGTATATTTGCAGTCACAAAT~TAAATTT~TTA~TGATGCA 1496 
GACAGTGTAACAGTTGTAACAATGCA~AGGCGGAGATATGGTAGTTAAAACTCTAAT~ 1496 CAAACCCTTCCAACTAAATAATTCAACCAGGATSGCAGAO'TTGTCAGTTATTTGCTGCCT 1556 
ATGAT~G~CAGTGACTTCAAACATTTGAATACCTAGTTCACTGATAAGTATAATTT 1556 CCTGGATTTTAAGATGAAACA~-~-y~CATAT 1586 
ACAGT CACAAATAAAAATATGATCATAAATCATAACAGCAGAAACCTTCACAAGAAGATA 1616 
ACTCAACCAAGAASGTGGCATTTTCAGTGAGTTG CTGCCTTCTGG TTTATATGACCAGAA 1676 

Fig. 1. Nucleotide sequence of Cab 10A and Cab 10B. The amino acid sequence of the encoded polypeptide is shown below the 
DNA sequence. 

A SPINACH 22 KD: (NH2}AAAAPKKSWIPAVKGGGNFLDPEWL... 

TOMATO CABIOB: . ° .TPKRFVVAAAAVAPKKSWIPAVKSGGNLVDPEWL... 
***** , *** ******** **t******* 

TOMATO CAB10A: ... TPKRFTVLAAAA- -KKSWI PAVRGGGNLVDPEWL... 

C FIRST CONSERVED REGION 
CABIOA : pEWLDGSLPGDYGFDPLGLGKDPAFLI~REAELIHGRWAMAAVLG I FV 
CABIOB: ........... F ..................................... 
CAB3 : .S¥.T.EF ..... WoTA..SA..ETFAKN..L.V..e .... LGA..CVF 
CAB7 : .P ......... F ....... AS..ES.R.NQQ...v.e .... LGAA...I 

SECOND CONSERVED REGTON 
CABIOA: GY PGGKFFDPLALAGTLNNGVYVPDTEKLERLKVAE I EHARLAMLAML 
CABIOB= ................................. L ..... S ........ 
CAB3 : L .... S-. • • .G..- ........ D. P.AFA~° • .Ko • .NG .... FS.F 
CAB7 : ..... LW .... GWG ........ SGSPA. IKE. RTK...NG ...... I. 

B ~ , I , I I  , r g  

Fig. 2. A. Comparison of the N-terminal sequence of the spinach 22 kDa protein [6] with the corresponding regions in the 
CAB 10A and CAB 10B proteins. A dash represents a gap introduced to maximize identity. Dots represent additional sequence 
not determined (spinach sequence) or not shown (tomato sequence). Asterisks indicate same residues between two adjacent 
sequences. B. Hydropathy plots of CAB 10A (upper plot) and CAB 10B (lower plot). Calculations were carried out according to 
Kyte and Doolittle [5] with a window size of 15. Values above the dotted line are positive. Horizontal lines with Roman numerals 
above plots indicate the three hydrophobic regions of sufficient length (20 residues) to cross the membrane. Open bars below 
indicate the extent of sequence similarity of the CAB 10A and CAB 10B proteins with other CAB polypeptides. Arrows indicate 
the position of cleavage of the precursor. C. Comparisons of the two conserved regions of CAB polypeptides, corresponding to 
open bars in Fig. 2B. CAB3 is a PSII Type I CAB protein [7], CAB7 is a PSI Type II CAB [8]. Only the CAB10A sequence 
is shown in full. Dots in the other sequences represent residues identical to the amino acids in the equivalent positions in 

CAB10A. A dash represents a gap introduced to maximize identity. 



play substantial sequence identity with other CAB 
proteins. Outside these two regions, CAB 10A 
and CAB10B sequences display virtually no 
similarity with the corresponding regions of any 
other CAB proteins whose sequences have been 
determined. Especially noteworthy is the observa- 
tion that a highly conserved region at the C-ter- 
minus of all other CAB proteins is completely 
missing from the CAB 10A and CAB 10B proteins, 
and the latter two proteins terminate with only a 
short extension past the third hydrophobic 
domain. 

Murata et al. [6] have reported the N-terminal 
26-residue sequence of a hydrophobic, 22 kDa 
PSII protein from spinach. Spangfort et al. [11, 
12] have determined that this protein binds chlo- 
rophyll a and b and is localized in CP24, a minor 
antenna complex of PSII [2] (Spangfort et al. 
estimated the molecular weight of this protein as 
20 kDa, but the N-terminal amino acid sequence 
they obtained is identical to that determined by 
Murata et al., indicating that both groups were 
characterizing the same protein). Comparisons of 
the N-terminal sequence of the spinach protein 
with the corresponding regions in the CAB10A 
and CAB 10B proteins (Fig. 2C) show 22/26 and 
21/26 matches, respectively, indicating that these 
spinach and tomato proteins are homologous, 
and thus the CAB 10A and CAB 10B proteins are 
likely to be localized in the tomato CP24 complex. 
The high sequence identity at the mature N-ter- 
minus is especially indicative, since different types 
of CAB polypeptides show no discernible simi- 
larity among them in this region [ 10] (which is the 
reason why the terminal 26-residue sequence of 
the spinach protein did not reveal the relatedness 
of this protein to other CAB polypeptides). The 
conclusion of homology is further strengthened by 
the observation that no additional genes with high 
sequence identity to either a spinach probe en- 
coding the 22 kDa protein or a probe derived 
from the cloned tomato genes were found in the 
tomato genome by Southern blot (data not 
shown) and by the comparison of the complete 
sequence of the cDNA clone encoding the 
spinach protein (N. Wedel et al., in preparation) 
with the sequence of C a b l O A  and CablOB.  
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A PSI CAB polypeptide designated PSI 
Type II CAB protein [8, 13] has been reported to 
be present in the LHCI-680 component of LHCI. 
Stayton et al. [ 13] concluded that this CAB pro- 
tein was found also in CP24, but only because 
they made the a priori assumption that the LHCI- 
680 and CP24 were one and the same; they did 
not fractionate the thylakoid membranes into PSI 
and PSII fractions, and thus did not separate the 
two complexes, which migrated together on their 
mildly denaturing 'green' gel [1, 13]. We have 
determined that the PSI Type II CAB polypep- 
tide is not present in PSII (Hoffman and 
Pichersky, unpubl.), and the spinach homolog of 
CAB 10A and CAB 10B was found in PSII but not 
in PSI [6, 11, 12]. Sequence comparisons indicate 
that the CAB10A and CAB10B proteins are 
greater than 60~o divergent from all other CAB 
polypeptides, including the PSI Type II CAB pro- 
tein. This strongly suggests that despite the obser- 
vation that the CAB proteins ofCP24 of PSII and 
LHCI-680 of PSI appeared to be immunologically 
and spectrally identical [ 1 ], the two complexes do 
contain distinct CAB polypeptides. 
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Note added in proof 

The complete sequence of the spinach 22 kDa 
protein, deduced from the sequence of a cDNA 
clone [Spangfort et al., in Current Research in 
Photosynthesis (M. Baltscheffsky, ed.), Vol. II, 
pp. 253-256 (1990)] is greater than 90~o identical 
to CAB 10A and CAB10B. 


