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Correlation of apoproteins with the genes of the major chlorophyll a/b
binding protein of photosystem II in Arabidopsis thaliana

Confirmation for the presence of a third member of the LHC IIb gene family
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The major light-harvesting complex in higher plants is LHC 11b. The LHC IIb of Arabidopsis thaliana contains 2 pigment-binding apoproteins
of 28 and 25 kDa. To determine the relationship between them and the LHC IIb gene family members, each protein was purified to homogeneity,
subjected to direct protein sequencing, and the sequences compared with those deduced from LHC 11b genes in this organism. The 28 kDa protein
is the product of Type I LHC IIb genes. The 25 kDa LHC 1lb component is distinctly different from the 28 kDa LHC IIb protein, and is more
closely related to the type I11 LHC IIb gene product of barley. Type 111 gene products lack the first 9-11 residues found in proteins of the Type
I and I genes, a region that contains a phosphorylatable threonine residue. The lack of the N-terminal residues explains why this LHC IIb
apoprotein has never been seen to be phosphorylated. and partly or wholly why it is smaller. The implication of the missing N-terminus on uptake
of LHC II precursor proteins into the plastid and of the relative organization of the LHC 1Ib subunits in the PS IT antenna is discussed.

Light-harvesting pigment-protein complex; Protein sequencing; cab gene; Photosynthesis; Membrane protein; Arabidapsis thaliana

1. INTRODUCTION

The major light-harvesting pigment-protein of higher
plant chloroplasts is LHC IIb, whose chlorophyll-caro-
tenoid binding apoproteins are associated with up to
43% of the total chlorophyll in normal plants [1]. In vivo
the pigmented LHC Ilb complex occurs as a trimer
and/or as a higher order oligomer bound to CC II {1,2].
The oligomeric LHC I1b of approximately 72 kDa con-
tains as many as 5 protein subunits of 29-25 kDa in
some species, presumably all of which are apoproteins
[1.3]. While the LHC IIb apoproteins are biochemically
similar, their origin remains equivocal. The multiple
proteins could be derived from a single precursor poly-
peptide which is processed to different sizes upon im-
port intc the chloroplast as observed in vitro [4-7] or
to different LHC IIb genes being expressed [8]. It also
remains possible that multiple LHC Ilb gene products
are each processed to different sizes upon import into
the chloroplast.

In diverse plant species the genes coding for the LHC
IIb apoproteins can be grouped into small nuclear gene
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families from approximately 3-16 members [9,10]. The
A. thaliana genome contains the smallest (3-4) number
of genes yet observed [10]. While their deduced protein
sequences are very similar (see e.g. [11]), the LHC IIb
genes themselves have been divided into two classes:
Type 1 genes which contain no introns and Type II
genes which contain one small intron [12; see also 4,13].
Similarities among the deduced LHC 11b Type I and
Type II protein sequences are greater within either
group than between the 2 groups. Although different
species contain both Type I and 11 genes, the functional
significance of the different apoproteins encoded by the
different genes is unknown.

In barley the LHC IIb complex apparently contains
at least 3 apoproteins of 28, 27 and 25 kDa, that are
immunologically related, yet distinct proteins [1,14].
The protein sequence of the first 59 residues of the 25
kDa apoprotein has been determined [14]. The sequence
is 11 or 9 residues shorter at its N-terminus than that
of the predicted mature proteins of the Type [ or I LHC
IIb genes, respectively: its N-terminal sequence contains
3 regions of relatively high divergence from the other 2
types. The differences indicate that the gene coding for
the 25 kDa protein is wholly distinct from either the
Type I or I LHC I1b genes and we termed it a Type I1I
LHC IIb gene [14]. Prior to this, Webber and Gray [15]
had reported that the N-term:nal sequence of the wheat
25 kDa LHC 1Ib protein corcesponded to the sequence
of a typical Type I1 LHC HIb gene. but a lack of simila-
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rity with the characteristic Type II residues would indi-
cate that this is not the case, Correlation of the other
barley LHC IIb subunits with their genes is more diffi-
cult since the LHC I1b gene family in barley appears to
have 8-10 gene family members (Morishige and Thorn-
ber, unpublished).

While a large number of LHC IIb genes have been
identified in several plants. it is not presently clear how
the expression of the LHC IIb gene family members
correlates to the LHC IIb proteins observed in vivo in
any plant species. A. thaliana appears to be the best
plant species to make the initial investigations. In 4.
thaliana 3 of the possible 4 gene family members have
been sequenced and they code for polypeptides of the
same sequence except for 1 amino acid difference in the
transit sequence of 1 of the 3 genes [10]. Each of the
genes is apparently expressed at the transcriptional level
[16], but it is not known how their expression is corre-
lated to the LHC IIb proteins observed in vivo. Al-
though the 3 genes appear to code for an identical Type
I mature protein, the oligomeric LHC IIb can be
resolved by SDS-PAGE into at least 2 different apo-
proteins, as in many other plant species. Since the A.
thaliana LHC I1b gene family is rather small and appar-
ently contains 3 Type [ but no Type II LHC [Ib genes
[10], this plant species should be particularly useful for
determining the sequences of the multiple LHC IIb apo-
proteins found in vivo in order to determine their real-
tionship to their genes. To this end, we have purified the
25 and 28 kDa apoproteins of LHC IIb from 4. thaliana
to homogeneity and subjected each to direct amino acid
sequencing. Our results indicate that the 25 kDa protein
has homology to the Type 11} LHC I1b gene product of
barley whose gene(s) has yet to be isolated, whereas
partial sequences of the 28 kDa subunit indicate that
this apoprotein is derived from the LHC lib Type I gene
sequences previously determined for A. thaliana [10].

2. MATERIALS AND METHODS

Arabidopsis thaliana var. Columbia was germinated and grown in
a vermiculite-soil mixture in a greenhouse under natural light condi-
tions for 5 weeks. Whole thylakoids werc isolated (17) and PS II-
enriched membrane preparations. lacking the oxygen-evolving com-
plex. were preparced [18]. Detergent solubilization of thylakoids and
fractionation of the extracts by non-denaturing polyacrylamide gel
electrophoresis (PAGE) [19] yielded the oligomeric LHC Ilb fraction,
from which the LHC 1lb apoproteins were obtained by fully-dena-
turing SDS-PAGE (see [| 8] for details).

Internal peptide fragments were obtained by cleavags of the 28 or
25 kDa LHC Ilb apoproteins with CNBr. The isolated proteins were
diluted in 98% formic acid so that the final concentration of formic
ucid was 70%. f-Mecrcaptoethanol was added to a final concentration
of 0.019% (v/v). CNBr (2-3 small crystals; 5-10 mg, Pierce Chemical
Co.) was added o the reaction mixture (typically 500 41) and cleavage
was allowed to proceed overnight in the dark at room temperature.
The reaction mixture was dried in a Speed-vac (Savant). washed with
distilled water and re-dried,

The resulting CNBr-derived peptides were resuspended in 62 mM
Tris-HCl, pH 6.8, 1% (v/v) f-mercaptocthanol, 19 (w/v) SDS. 1%
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(v/v) glycerol and heated for 5 min at 80°C. Peptide fragmetns were
sgparated on a 15% polyacrylamide gel with modifications as de-
scribed in Morishige and Thornber [18] using a Mighty Small 11
electrophoresis apparatur (Hoeffer. San Francisco) and then trans-
ferred to polyvinylidene fluoride membranes (Immobilon-P: Millipore
Corp.) in 10 mM 3-[cyclohexylamino]-i-propanesulfonic acid (CAPS)
buffer, pH 11.0, containing 10% methanol [20] in a Mighty Small
Transphor unit (Hoeffer). After lightly staining the PVDF membrane
with Coomassie blue and destaining. the detected peptide bands were
excised and subjected to N-terminal sequencing using an Applied
Biosystems 470A gas-phasc sequencer.

All electrophoresis chemicals were ultra-pure or electrophoresis
grade. Chemicals and detergents used for isolation of the apoproteins
were reagent grade. Silver staining of gels was carried out using a
Gel-Code silver staining kit (Pierce).

3. RESULTS AND DISCUSSION

We have isolated from A. thaliana the individual apo-
proteins of the major light-harvesting complex LHC I1b
associated with photosystem 1I. The oligomeric LHC
I1b pigmented complex was obtained by non-denatur-
ing PAGE of either detergent solubilized thylaloids or
PS II-enriched thylakoid extracts. Separation of the in-
dividual apoproteins of the LHC Ib oligomer was
achieved by fully-denaturing SDS-PAGE. Regardless of
its initial source (either whole thylakoids (Fig. 1A; lane
1) or PS Il-enriched membrane preparations (Fig. 1A;
lane 2)). the parified LHC IIb had an identical apopro-
tein composition (Fig. 1A: lane 3); no major protein
contaminants were apparent. The oligomeric LHC IIb
appeared to contain 2 apoprotein subunits of approxi-
mately 28 and 25 kDa (Fig. 1A; lane 3) each of which
was purified to homogeneity (Fig. 1A; lanes 4 and 5).

In order to clearly understand the relationship of the
LHC IIb gene family members and the individual LHC
I1b polypeptides encoded by them. partial amino acid
sequences of the 28 and 25 kDa polypeptide subunits
were obtained. Initial attempts to sequence either of the
LHC IIb subunits from their native amino-termini were
unsuccessful, This is in direct contrast to the 25 kDa
LHC IIb subunit from barley which had an unmodified
N-terminus [14]; however, the remaining LHC 11b apo-
proteins of barley also have blocked N-termini. The
N-terminal modification is most likely due to an acetyl
group being added post-translationally to the protein.
as observed for LHC IIb proteins in other species [21].

Because of the modified N-termini, the LHC b pro-
teins were cleaved with CNBr, producing smaller pep-
tides that were ultimately sequenced. The cleavage
products were scparated by SDS-PAGE and the result-
ing peptide maps showed that the Met residues of the
28 and 25 kDa subunits were distributed differently
(Fig. 1B; compare lanes 2 and 4). The 28 kDa LHC Ilb
yielded major peptide fragments at 23, 15.5. 9.5, 6.5 and
5.5 kDa (Fig. 1B, lane 2). Cleavage of the 25 kDa
protein resulted mainly in pentide fragments of 13.5. 7.5
and 5.5 kDa (Fig. 1B: lane 4). Thus, the difference in
the distribution of Met residues suggests that the 2 LHC
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IIb proteins are the products of substantially different
genes. In contrast, it would be expected that CNBr
treatment of the 28 and 25 kDa subunits would produce
very similar peptide maps if they corresponded to the
Type I and Il LHC IIb gene products, because of the
spatial conservation of the Met residues in the Type |
and II sequences (see e.g. [11]). The CNBr-derived pep-
tide fragments separated by SDS-PAGE were trans-
ferred to PVDF membranes. Three distinct bands from
each of the cleavage reactions were apparent after stain-
ing with Coomassie blue (data not shown) correspond-
ing to fragments of 28, 15.5 and 9.5 kDa for the 28 kDa
subunit and 25, 13.5 and 7.5 kDa for the 25 kDa subunit
on the silver-stained gel (Fig. 1B).

Sequencing of an internal fragment from the 28 kDa
subunit yielded an amino acid sequence that was essen-
tially identical to the 3 derived from the published gene
sequences of 4. thaliana LHC 11b [10]. Approximately
150 pmol of the 15.5 kDa peptide fragment of the 28
kDa LHC IIb protein was sequenced (initial yield 16%;
repetitive yield 94%) and a sequence of 32 residues was
obtained. This sequence starts at residue 74 of the pub-
lished translated gene sequence and is identical to it
(Fig. 2A). An additional minor sequence of 22 residues
was obtained at the same time which could be aligned
with the derived protein sequence beginning at residue
136 of the Type I gene (Fig. 2B). In both cases the 2
internal sequences obtained from the 28 kDa fragments
are directly preceded by Met residucs in the sequence
predicted from the gene, as would be expected. Thus,
the 28 kDa LHC 1Ib apoprotein is the apparent product
of the Type I gene(s) from A. thaliana [10].

Despite the great similarity of the Type 1 and II gene
products (see e.g. [11]). a few amino acid residues
throughout the deduced protein sequences can be used
to distinguish a Type I from a Type II LHC IIb protein.
For example, an Arg residue occurs at position 87 in all
Type I mature proteins, while a Lys is found at the
equivalent position in all the Type 1I proteins (see e.g.
[11]). Similarly, an Ala residue occurs at position 144 in
the Type I sequence and a Gly in the Type II sequence.
The partial amino acid sequences of the 28 kDa subunit
(Fig. 2A and 2B) indicate that at these positions only the
characteristic Type I residues (Arg and Ala at residues
87 and 144. respectively) are present (Fig. 2). Although
the relative amounts of Type II residues at these posi-
tions could have been below detection during sequenc-
ing. these results would indicate that the only protein
represented in the major 28 kDa protein band is that
derived from a Type I LHC IIb gene and that a Type
I gene does not occur or is not expressed in A. thaliana.
The presence of a Type I, but not Type II. gene product
correlates with the individual LHC IIb genes isolated
from A. thaliana, which encode the same mature Type
[ proteins [10]. Only Type I LHC IIb genes were isolated
using a Type I genc (ah19 from Lemna gibba [13]) as
the probe. The fourth putative LHC Ilb gene, corre-
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Fig. 1. SDS-PAGE analysis of A. thaliana LHC 1lb proteins. (A)
Coomassie blue stained gel of: (1) whole thylakoids: (2) PS H-enriched
membrane fraction: (3) LHC IIb oligomer isolated from non-denatur-
ing gels: (4) purified 28 kDa LHC IIb apoprotein; (5) purified 25 kDa
LHC IIb apoprotein. (B) Silver stained gel of CNBr cleavage products
of the 28 kDa (lane 2) and 25 kDa (lane 4) LHC IIb apoproteins,
Untreated 28 and 25 kDa proteins are in lanes | and 3. respectively.

sponding to a weakly hybridizing band on genomic
DNA blots [10], has not yet been isolated and could be
that of the 25 kDa LHC IIb component (see below).
Approximately 100 pmol of the 13.5 kDa peptide
fragment from the 25 kDa LHC IIb protein was se-
quenced (initial yield 37%: repetitive yield 88%) and its
first 24 amino acid residues were obtained (Fig. 2A).
This partial sequence gave a reasonable but far from
identical match to the only known amino acid sequences
(residues 74-96) predicted from the Type I gene sequen-
ces for LHC IIb in A. thaliana [10] and to the major
sequence of the 15.5 kDa peptide fragment from the 28
kDa LHC IIb subunit; optimal alignment is observed
atonly 11 of 24 (46%) residues (Fig. 2A). In accordance
with the putative model for the folding of LHC IIb in
the membrane [13]. residues 74-97 fall partly within the
first membrane-spanning region and are partly exposed
to the thylakoid lumen. The region around the first
trans- membrane span, including the Met correspond-
ing to residue 73 in the derived 4. thaliana LHC 1lb
sequence, is highly conserved among all LHC proteins
[22]. This Met residue appears to be highly susceptible
to cleavage with CNBr, since protein sequences ori-
ginating at this same Met residue have now been
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(A.)

A. thaliana LHC llb gene product
28kDa LHC lIb protein of A, thaliana (15.5kDa)

25kDa LHC b protein of A thaliana (13.5kDa)

(3.)

A. thaliana 28kDa LHC lib protein

A. thaiiana LHC Ilb gene

(C.)
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Fig. 2. Direct protein sequences from LHC [Ib apoproteins and CNBr-derived peptide fragments. (A) Amino acid sequences from the [3.5 and
13.5 kDa CNBr-derived peptide fragments from the 28 and 25 kDa LHC I1b apoproteins, respectively, and compared to the derived protein
sequence from the A. thaliena genes [10]. (B) Minor protein sequence from the CNBr-derived 15.5 kDa peptide of the 28 kDa LHC IIb protein
and alignment with a region from the A. thaliana gene (residues 136-157). (C) N-terminal amino acid sequence from the 25 kDa LHC IIb protein
and 7.5 kDa peptide fragment from the 4. rhaliana compared to the Type HI 25 kDa protein from barley [14] and the deduced sequence of the
mature protein from the 4. thaliana gene. (}) indicates homology. (:) indicates a conserved amino acid difference with the uppermost sequence in
each panel; (-) defines an undetermined amino acid residue: (-) within a sequence indicates a gap to produce an optimal alignment. Numbering
refers to the position from the putative cleavage site for the mature protein sequences derived from the LHC 1Ib genes.

Barley Type !l LHC 1Ib protein

obtained from the 28 and 25 kDa LHC IIb proteins and
from 2 other different LHC II proteins treated with
CNBr (Morishige and Thornber, in press). Because of
the high degree of conservation in this region. protein
sequence data from this region are useful in identifying
and comparing the different LHC proteins.
Sequencing 150 pmol (initial yield 33%; repetitive
yield 91%) of the 7.5 kDa fragment of the 25 kDa
protein resulted in a sequence with obvious homology
to the N-terminal sequence of the 25 kDa LHC IIb
apoprotein (Type HII) of barley [14], but with less homo-
logy to the A. thaliana Type 1 gene product (Fig. 2C).
Thus, after CNBr treatment it would appear that the
native N-terminus of the 25 kDa subunit was un-
blocked. Therefore, we tested whether the 25 kDa apo-
protein obtained after CNBr cleavage could also be
sequenced. Approximately 90 pmol of the 25 kDa
protein was sequenced (initial yield 29%; repetitive yield
91%) and a sequence of the first 25 N-terminal residues
was obtained exhibiting complete similarity to the 7.5
kDa CNBr fragment, partial similarity at 19 of 25
residues (76%) to the barley Type I1I LHC IIb sequence
[14], but similarity at only 14 of 25 (56%) residues to
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those in the derived sequence from the 3 Type [ LHC
11b A. thaliana genes (Fig. 2C). It is not known how the
N-terminus became unblocked during treatment with
CNBr.

Alignment of the partial sequence of the 25 kDa LHC
I1Ib protein with the protein sequences derived from the
A. thaliana LHC Hb genes (Fig. 2C) indicates that the
25 kDa component is 11 residues shorter at its amino
terminus. Although it is not known whether the sequen-
ces also vary at other positions along their entire
lengths, the difference in length at the N-terminus possi-
bly explains the difference in apparent mol. wts ob-
served for the 28 and 25 kDa proteins. Within the first
11 residues of the Type I and Type 11 LHC IIbs is a Thr
(residue 3), shown to be involved in the reversible phos-
phorylation of this apoprotein [24]. Absence of this Thr
residue in the 25 kDa subunit explains why this LHC
IIb apoprotein is not phosphorylated in vitro [1]. It is
also interesting to note that deletion of the first 18 resi-
dues of the mature wheat ¢b-1.6 LHC 1Ib gene, a Type
I LHC IIb gene, allows binding of the precursor protein
to the cnvelope, but abolishes import [25], indicating
that this region of the protein is nccessary for import
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into the chloroplast. Since this region in the 25 kDa
protein is either missing or does not display any simi-
larity until residue 17 of the Type I protein, one could
speculate that only a very short stretch of amino acids
around residue 17 or a higher order structure within the
mature sequence, which was altered by the 18 residue
deletion in the import experiments with the wheat ab-
1.6 construct, is required for proper import across the
chloroplast envelope.

In vivo the LHC IIb oligomer is an organization of
2 or more similar yet distinct pigment-proteins. The
functional and structural roles of the individual LHC
Ibs in the PS 11 holocomplex have yet to be resolved.
Electron diffraction analysis of two-dimensional crys-
tals of LHC IIb indicates that LHC IIb trimeric units
are formed via monomer interactions, which most likely
oceur in the region of the polypeptides just preceding
the first transmembrane helix of the LHC IIb proteins
[2]. If correct, absence of the first 11 residues in the Type
I11 protein could affect the assembly and arrangement
of the 25 kDa subunit with the other subunits around
the CC 11 and with the other LHC IIbs. The different
sized LHC IIb monomers would appear to associate in
varying ratios, thus creating essentially different tri-
meric LHC IIb units. This is presumably at least partly
correct since the 28 kDa protein occurs in much greater
abundance than the other LHC IIb subunit(s) (Fig. 1;
see also [1]). Multimeric LHC II subcomplexes have
been isolated from barley containing LHC Ila and LHC
I1d, 2 minor LHC II components which are similar, yet
distinct from the LHC 1Ib subunits (reviewed in [26]),
together with the 28 and 25 kDa LHC IIb subunits in
a 2:1 ratio [1]. This subcomplex is predicted to bind
closer to the core complex than another LHC IIb sub-
complex containing only the 28 and 27 kDa LHC IIb
subunits [1]. Similarly, in maize the smallest LHC IIb
component of 26 kDa, presumably equivalent to the 25
kDa protein in barley and A. thaliana. is a component
of the tightly bound LHC II, that is not phosphorylated
and does not migrate from PS II upon state transition
[27]. The importance of the 25 kDa subunit over the
other LHC IIb subunits is also demonstrated in the
Chlorina chl b-less barley mutant where increased levels
of the 25 kDa protein are observed with a virtual ab-
sence of the 28 and 27 kDa subunits [1,28]. These data
would indicate that the 25 kDa LHC IIb lies closer to
CC 11 than the other LHC Ilbs and likely serves a
structural role, linking the remaining LHC Ilbs to the
rest of CC 11 (see e.g. [1]). We are currently examining
the precise role the 25 kDa LHC 1Ib plays in the func-
tion and structure of the light-harvesting antenna com-
plex of PS II.
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