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Trypiie peplide sequences from the 22 kDa polypeptide of tomuto LHCT were used. 1o construet u probe for gene cloning. The two genes cloned.

cabl) and cabl2, encode proteing of 251 snd 250 rexiducx that are B8% identicu] In averall umine aeid sequence und 9% identical in the deduced

mature protein. Buch gene iX present in a single capy per hapleid genome: ealll on chromoseme 3 und cobl2 on chromaseme 6, und cuch hus

2 intrans located in similar positions (6 [ntrons in other members of the Chl a/l-binding (CAB) pratein gene fumily, Camparison of the umine

acid sequences of LHCL LHCIL CP3¥ and CP24 polypeptides cenfirmis that all CABx share twa regions of very high similarity which include

the first and third transmembrane helicex aind the stroma-exposed sequences preceding them. Hawever, near the Neterminus and between the con-
served regions, the LHCT polypeptides have sequence motifs which appear to e PSlapecitic.

Photosystem l‘lighl-harvexting camplex: C?h!umphyn aftCAB) pratein; Gene, cahl 1y Gene, cabl 2y Lyeapersican

I. INTRODUCTION

The chlorophyll a/b-binding (CAB) light harvesting
antennas of higher plants comprise a diverse group cf
-chlorophyll-protein complexes, one associated with
Photosystem I (LHCI) and three with Photosystem 11
(LHCII, CP29and CP24) [1-3]. Their polypeptides are
immunologically related [4-6], and comparison of se-
quences obtained to date by gene cloning indicate that
they are part of a large gene family [7,8],

Genomic and cDNA clones encoding. three of the
four LHCI polypeptides have been isolated and
characterized in tomato [9~12]. We report here the
isolation and characterization of ¢cDNA clones for 2
tomato genes, cabll and cabl2, which encode the
fourth LHCI protein (Type 1V). Comparison of the
deduced amino acid sequences for all four of the LHCI
polypeptides” shows that while they are structurally
related to the CAB polypeptides of PSII in having. the
two' highly conserved regions characteristic of all Chl
a/b-binding polypeptides, outside of these regions they
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have some unique sequence motifs which may be in-
volved in their association with Photosystem 1.

2. METHODS

2.1 Isolation and protein sequencing of tomato LHCI polypeptides
Lycopersicon esculentum var, Best of All , was grown in &-niixture

“of soif and vermiculite-under natural illumination in a greenhouse.

P8I particles (PS1-200) were made according to [13)with a Triton/Chl
ratio of 6.25. LHCI was prepared by solubilizing PS1-200 in 1%
dodecyl maltoside, 130 mM NaCi, 10 mM Tricine, pH 8.0, and frac-
tionating on a 0.2-1,0 M sucrose gradient [14].

Polypeptides were separated by clectrophoresis for 22 h at 17 mA
on 22 e¢m long 14% polyacrylamide gels containing 0.8 M Tris, pH
8.8, and 0.i1% SDS, a 4° [15) and clecirotransferred ~onto
nitrocellulose membranes for tryptic hydrolysis-or immunostaining,
or onto polyvinylidene difluoride (Immobilon P) membranes for N-
terminal sequencing, LHCI was identified by Western blotting using
antibodies raised against barley CPla (CP1+ LHCI) [5). Subunit 1l
(psaD gene product) was identified using antisera donated by Drs R,
Malkin and N, Nelson. ’

Protein bands on nitrocellulose membranes were cut out, digested
on the support with trypsin [16) and separated by narrow-bore re-
versed phase HPLC on a Waters peptide analyzer equipped with a
Vydac C-4 column. Individual peptides were collected manually and
sequenced using standard pulsed-liquid-phase or solid-phase sequenc-

“ing procedures [17], For'N-terminal sequencing, Coomassie-stained

bands [18] were excised and sequenced in an Applied Biosystems
Model 477 protein’ sequenator.

2.2 Gene cloning and sequencing )

Oligonucleotides were prepared using sequences derived from 2. of
the tryptic peptides: for PGSVNQDPIF, the sense 20-mer 5'-
GTA/T/G/CYAA(C/TICA(G/A)GA(C/TYCCA/T/G/CYAT(A/T-
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(NSGIAAENTZCGIAT | Plavnid DNA (0.1 xg) rom & omate feal
DN library [10] wax mml s the souree Tor DNA amplifivation with
Tagp DNA polymerase (33 eyeles st 927, 37° a0d 73" For 200, wnd X
el respevtively k. Afer ampliticaion, mml armplificd IJW\ Wik Pise
o vhraughy & Sephades €30 colum; then Tabelled with P wilag the

randome-primer meviiod. The Tabetled DNA wis usddd dx & probe to

sereay lomato gendaic aad beal CONA libeariey in the ambda-phage
vestors Chasron 18 and Charon 16, rapectively L0, 19). Probe Libel:
ling, library sereening and the isalation and charierization of clone
wan done wy previewly deveribed [10,20), DNA wis sequenced by
chiemieal [21] and enzymatic [22) methods,

3. RESULTS

The resolution of tomato  PSI200 and LHCI
polypeptides on a long separating gel is shown in Fig. 1.

The LHC polypeptides were clearly separated from the

Subunit [T (psaD) polypeptide, which was identified by
Woestern blotting using twa different antisera (data not
shown). The LHCI polypeptides were immunostained
(lane a) with antisera raised against the barley camplex
CPla(CPI + LHCI){5). The lowest LHCI polypeptide
(22 kDa) was the most strongly stained band in all
preparations. A similar predominance of one polypep-
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Fig. 2, Structure of cabl! and cab)2,
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Fig. 1. Polypeptides 6f tomato LECH (ab) and PSE200 (). Lane g,

b ¢

immunodecorated with anti«CPla, which recognizes the LHCI

polypeptdes (3] lanes b, ¢, Coomassie stained. The psal) palypeptide

Witk u}vnnned by immunebloning with 1wo independent antisern
{elata not shown),

Qanid
o bn ND
l i:i..‘]i |l ahr.
3 Kb

cabil N
ATCUCCTCAMTCTCCATCTAACACATSTTTTCTTACTAAGACTTATTACTAACCAAAT
GTCAAATTCTTATTCCACAACACCAGATTTRCCAATCCCAAATATTTTCOTCCCTTCTAA
CAAACAMTACATTCTTTGCATCATAGCCACAAACATAACGATAACACACATTTCTTCTA
ATTGGCTACTCTOTANTTCACAACCCAATCCCAGTCGTCAAAATTCCCATTCAAATACAA
GCACATTTTTTCCATACACACAACTAAMCATCAATTATATTCATAACATAAGACTATAAA
ATGGCCAC!‘GTMCMCG CAAGCOTC CGCCCCuGTmCCﬂCCATCCGCCACTMCACA
H T T Q A S A AV P P P S8 AT T
AGG'{TCC'!'CMCGGATCATCCCCTAM(-'\‘MACACACAmﬂm'TAMTCATCMCG
R F § 8§ 6 K L NR D F 8P K 8 5§ 17
ﬂGTmACMﬂCATTCAMGmMCLAMMMGGNMTGCCTTCCAGGCITMCC
L-5 ¥ N 8§ P R K £ L P G L T
TC‘!‘C;‘MgﬁQCmMTGzMG GTMT ATGTACAT’H‘CMTACMTCATCATM
L K 5
CAAATGTGTCATTTCTCTTTGCTTCATACAGACTACTAACAACTTGTAATATATAATGG
TTTCTTGTAG TCﬂ'GCGGCTCACMTCGT’“‘TGATCCA'H"GGGAC'I'CGCGCAGCATCCG

40
120
160
240
300
J60
420
480
939

599
658
G 0 F. 14 AR P
GAGMCFNAGATCGT’N‘G'N‘CAGGCTGAGC’I‘AGTGMCGCTCGATCGGC‘TAN‘H‘GCGT 8
N R ¥ Q E L H G A
GmCAGGGATG'ﬂ‘AC‘PACﬂGACGTI'PTCAC'TAGCAMGCCTTC'!TMCGTACCMM

A
'mmmcncc'rccAAMTé)\dAéﬁiﬁ‘x’r‘c‘é;x’rcméc’rd&caﬁAm ¢ GAG
W Y D G ¥ s T £

ﬂﬁATmeCACTACGmAMTX‘CGACCﬂGGCMGACA’H‘MG%#
P I L -y v e X Q 1 o
ATTTTCAMGAGCTACAGTTTIC CCTCCTAATC AN A
E s P P N E V G ¥ D
GGTGGCA I'ﬂ'rCMCCCAC‘TCMC‘T‘!'! CCACCCACAT’TGGACG:AMGG T'l‘
P L
2 G

778
838
890
958

8 o 1018
CATCAGCTCCGCGTGTGTAT'TAT'FATTATC

1077
A N
GTATGTATATAAGTTAAACTCTTTCTGTCGATTTGCAG GCAGA’X‘NGCAATCTTAGCAT

1136

G R AN
TT'I‘PGCGATT'PATAGTGCMCACN\HTG’JOACACGM:(GCGACLA’I’I’PGACM(.‘H‘GTTGC 1196
F L P Q
AGCACA'H'I‘CAGACCCATGGCACMTACCA’I‘TATCC GTA

H I S D P W H N T I Q T F 8 M

GAG ATGMGMAAACMMACAOAGAGNH‘PNH‘GTMA
CAATGOANCTCTACTGTACATAGCAACTAAAATTOTATGTCACATTCATTTATATAGCAC
TACTACTATCATATITCTTOAMATTTCCCAAG TAGTTCTATTAATTAGCATTGAAAGAG
CAATCATATATCACCATCATCGCACGACOTCGCGCGACTACAMTCAAATTTTTTAAL

1255

1315
1375
1425
1433

(Above) Restriction maps. Arrows indicate direction of transcription. Cleavage sites: Bg, Bg/ 11; Bm, Bam

HI; D, Dral; H, Hindl11; N, Neol, P, Pstl; and X, Xbal. (Below) Nucleotide and deduced amino acid sequences. Intron positions were determined

by comparison with cDNA clones. Exact matches to 22 kDa tryptic peptides X PGSYNQDPIFK, XGYPGXIFNPLNFA and XXXXNLLOXLSDP

are boxed (X denotes amino acid not unambiguously identified);'similar but not identical sequences are uniderlined in cab12, ‘Arrow-head denotes

the most likely transit peptide cleavage site [28]. The sequence corresponding to the DCCD-labeled.pea 20 kDa polypeptide ol [32] is underlined
. with dots.
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ticle has been observed in LHCI from some other higher
plantse - [23,24) and the green alga Chlamydomonas
rheinhardiii [25]. The antibady did net detect the minor
polypeptitles of 17 and |1 kDa reported in maize and
barley LHCI (26,27].

The amino acid seéquences of three tryptic peptides
from the 22 kDa LHCE band (Type IV, Fig. 1) were uni-
que but clearly related 1o sequences in the Type T and
Type HI tomae LHCT proteins [11,12]. Twao of them
appeared to belong to adjacent regions by comparison
with other CAB sequences and were therefore used to
prepare synthetic oligonucleotides far amplification of
the intervening gene segment by the polymerase chain
reaction. The sequence of one-tryptic peptide from the

“band labelled Type 1 (Fig. 1), (K)GIFPN, uniquely
identified it as the C- tcnmnus of cabba, the first LHCI
gene isolated [9].

The amplifiecd DNA segment was used as a probe to
isolate two different cDNA clones and the correspond-
ing genomic clones (Fig. 2). We designated the two
genes cabl) and ¢abl2; genes cabl through cabl0 en-
code other CAB polypeptides of PSI and PSII [7,8,19).
The gene cabll encodes a protein-of 251 amino acid
residues, and cab12 encodes a very similar polypeptide
of 250 residues (88% overall sequence identity).

All 3 tryptic peptide sequences derived from the 22
kDa LHCI band were identical to sequences encoded by
cabll (boxed), and two were identical to cab12-encoded
sequences.  Although the sequence XGYPGXIFN-
PLNFA matched a cabl12 sequence it should not have
been produced by tryptic cleavage of a cabi2-encoded
protein because the precceding Lys has been replaced by
Glu, The third sequence, NLLQXLSDP, differs in one
residue (L instead of I) from the corresponding cabl2
peptide. This suggests that the cabll gene codes for
most of the 22 kDa LHCL polypeptide produced by
tomato leaves. In our tomato ¢cDNA library the fre-
quency of clones for cabll is approximately 100 times
that of cab12; work i8 in progress to determine whether
cabl12 mRNA is also rare in vivo,

Comparison of the sequences of the ¢DNA and
genomic clones revealed that both cabll and cabl2 con-
tain two introns in identical positions (Fig, 2); the first
intron is in the same position as an intron found in the
Type Il and Type 111 LHCI CAB genes and in the CP24
CAB genes [11,12,19]; the second intron is in the same
position as one found in-the Type 1 LHCI CAB genes
[9]. Since cabil and cabl2 have the same number and
position of introns, as well as 88% sequence identity,
we consider them both to be Type IV LHCI. -~

~ DNA from .cabll and cabl2 was used to probe

Southern blots of tomato (Lycopersicon esculentum)
and its close relative, L. pennellii, to determine if addi-
tional genes encoding the Type IV.LHCI CAB protein
existed in the genomes of these plants (Fig. 3). With one
exception, only two hybridizing fragments were observ-
" ed in all restriction digests. probed with ¢abl2 under
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Fig. 3. Southern blots of L. pennellii and L. esculeniuny genomic
DNA. (A} Probed with the 0.8 kb Neol«BaniH1 fragment from the
¢ah12 cONA clone, Odd-numbered lanes, L. pednéllii DNA: even-
number Janes, L. eserlennen DNA; digested with Hindl I (lanes1,2);
Beil) Qanes 1,4y, Nbal (lanes 8,63 Dral (lanes 7.8); EcoRV (faney
9.10)1 dind EcoRl Qanes 11,12). H)bndumion conditions were 6 X
S8C, 65%, wihing conditions were 2 X-'88¢C, 65%, so that both Type

STV genes were detected with the eob12 probe, (B) Higher stringency

hybridization with the 0.7 kb Hind111=-Pst 1 fragment from the cablil

¢DNA clone. Lanes 1-6 are replicas of lanes 7-12 in (A), Hybridiza-.

tion conditions as in- A but washed with 0.1 X 88C, 65°. Numbers at
lelt indicate positiow-and size (in kb) of marker fragments,

low-stringency conditions (Fig. 3A, lanes 1-12), where
the probe hybridizes with both c¢abl) and cabi2 genes
(the second Dra I bands of about 1 kb are faint and may
not be visible in-the printed figure), The three hybridiz-

<ing fragments in the EcoRI1 digest of L. pennellii (Fig.

3A, lane 11) are likely the results of an EcoRI site oc-
curring inside one of these two genes. The fragments
containing cabl1 were identified under high stringency
conditions (Fig.. 3B, lanes 1-6). In the case of Hindlil,
comparison of the L, esculentum restriction map (Fig.
2A) and the Southern blot (Fig. 3A, lane2) showed that
cabtl is.on the 4,0 kb fragment and cab12 onthe 3.0 kb
fragment. The cloned HindIIl fragments were fine-
mapped and Southern blotted to rule out any tightly-
linked duplications; no additional CAB genes were
found (data not shown). We therefore conclude that L.
esculentum and L. pennellii both contain the two genes
encoding the Type 1V'CAB polypeptide of LHCI."

Due to the presence of polymorphisms in fragment
sizes between the two species of Lycopersicon (Fig. 3),
we were able to map the two loci in segregating F2’s of
the interspecific cross [20]. Results indicate that cab'1
maps.to chromosome: 3, approximately 4 ¢M from the
marker TG242, and the cabl2 gene maps to
chromosomes 6, approximately 7 ¢cM from marker
TG275 (data not shown).
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4. DISCUSSION

LHCI can be subdivided inte LHCL730 and
LECI-680, with fluorescence emission maxima at 730
and 680 nm respectively (23,28]. Ikeuchi er al.{29] have
reported partial peptide sequences from all four of the
mature LHCI polypeptides of spinach and pea, in-
cluding a spinach 20 kDa polypeptide of LHCI-730
‘with an N-terminal sequence that closely matches that
of tomato cabll and cabl2-encaded polypeptides,
starting with Lys5! and Lys$2 (Fig. 2, arrowheads). In
tomato, most of this protein appeared to be N-
terminally blocked, but a low level of clearly iden-

CpPI9~1
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ttiable amino acids were detected in cyeles 4(Gin),
GiLeu), 9(.cu) and 10(Ala), suggesting that the transit
peplice of the tomato Type 1V precursor polypeptide is
also removed at this point, giving a mature polypeptide
of 200 residues. The fact that there is Gin rather than
Glu at the 4th position and Ala rather than Thr at the
10th position is consistent withi the tryptie peptide
results which indicate that the dominant pelypeptide in
the tomato 22 kDa band originates from cabll rather
than cabl2. By comparison with their peptide sequences
from spinach and pea, Tkeuchi et al.[29] also confirmed
that the tomato cab6A B (LHCI Type 1) genes encode
the other LHCI-730 CAB polypeptide. and that the

- - -
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Fig, 4. Comparison of tofnato CAB protein sequences, Thick wavy lines, predicted trans-membrane helices; betas, predicted beta turns. The two

regions of high sequence similarity are enclosed in solid boxes. Seque.nce corrgsp‘onding !
with dots. C-terminal tryptic peptide identifying cab6A polypeptide is underlined. Dashed boxesare
to highly conserved residues discussed in text, (a) LHCI Type 1V(cabl1}

: (b) LHCI Typell(cab?); (c) L.

to pea 20 kDa DCCD-labeled polypeptide {32] is underlined
proposed LHCl-specific motifs, Arrows point
HCi Typelll(cab8), (d) LHCI Typel(cabbA);

(e) LHCII Typel(cab3C); (f) LHCII Typell{cabd); (g) CP29 Typel(cab9); and (h) CP24 Type i(cabl0A). =
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tomato cab? (LHCI Type 1) and cad8 (LHC! Type 11}
genes encode the two  polypeptides - of tomate
LHCI-680.

Fig. 4 shows the deduced amino acid sequences of the

four types of LHCI genes lined up with the sequences
for Type I and 1T LHCL (cabd and cabd), Type I CP2Y
(cab9) and the CP24 polypeptide (cabl 0A). All the pro-

teins have three hydrophobie reglons long enough to be

trans-membrane helices (heavy wavy lines). There is-a
high degree of conservation (353% identity plus conser-
~vative substitutions) in the two homology regions
diagnostic of CAB proteins (boxed). These regions in-
clude the first and third trans-membrane helices and the
highly polar sequences N-terminal to them which are
enriched in turn-promoting amino acids (Asp, Gly,
-Pro). According to the current model for LHCH
topology (301, the N-termini of helices | and 3 are ¢x-
posed on the siroma side of the thylakoid membrane.
Within the highly conserved regions, ail CABs should
have the same folding pattern, with the core 3D confor-
. mations within-1.2-1.5 A (root mean square deviation)
of each other [31]. Direct evidence for the 22 kDa
polypeptide having the same relative orientation comes
from DCCD-labelling of pea CAB polypeptides [32]. A
DCCD-labeled CNBr fragment of a pea 20 kDa
polypeptide had the sequence LXPEVFTSIGIINVP
“ which matches the corresponding cabll and cabl2 se-

quences except for an Ile/Leu substitution (Figs 2 and
4). Since DCCD was used under conditions where it

reacts with acidic residues in a hydrophobic environ-
ment [32], this supports the location of a Glu within the
first membrane-spanning helix.

Arrows in Fig, 4 mark the positions of conserved His,
Asn and GIn residues that could be ligands to the Chl
Mg*? atoms, as well as several conserved Glu, Gln and
Arg residues within trans-membranec helices. There are
- also a number of highly conserved Leu and aromatic
residues. The conserved polar residues could be involv-
ed in H-bonding to polar groups on the porphyrin rings
(33]. Note that there are a number of charged residues
within the predicted trans-membrane helices; this is
comparable to the situation in bacteriorhodopsin where
the trans-membrane helices have a number ofionizable
side-chains that are not part of the proton pore {34].

Differences between LHCI and the PSII CAB
polypeptides can be seen in Helix 2 and the sequences
flanking it. The PSI LHCI sequences have very short
connectors between the first conserved region and Helix

2. With the exception of cab6A, the LHCI’s have longer

connectors between Helix 2 and the second conserved
region, In all four LHCI polypeptides, this connector
has more positively-charged residues than in the PSII
polypeptides. The CP24 polypeptide also has a long
connector, but it has 6 negative charges and no detec-
table similarity with the other CAB polypeptides. In ad-
dition to this region, predicted to-be exposed on the
_stromal side of the membrane, there is a second motif
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near the N-terminus whwh appeurs ta be LHCl-speelﬂe
(Fig. 4). These motif sequences could be inveolved in
specific binding to the PSI core or other PSI proteins,
or could be required for targetting the protein to PSI
during assembly of the holocomplex. In addition, Helix
2 appears to have some periodicity in conserved

- residues: this could indicate that one side of it is making

speeific econtacts with other proteins,
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