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The Bundle sheath defective2 (Bsd2) gene is required for ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
accumulation in maize. Using a Mutator transposable element as a molecular probe, we identified a tightly linked re-
striction fragment length polymorphism that cosegregated with the bsd2-conferred phenotype. This fragment was
cloned, and sequences flanking the Mutator insertion were used to screen a maize leaf cDNA library. Using a full-length
cDNA clone isolated in this screen, we show that an abundant 0.6-kb transcript could be detected in wild-type plants
but not in bsd2-m1 plants. This 0.6-kb transcript accumulated to low levels in plants carrying an allele derived from
bsd2-m1 that conditions a less severe mutant phenotype. Taken together, these data strongly suggest that we have
cloned the Bsd2 gene. Sequence analysis of the full-length cDNA clone revealed a chloroplast targeting sequence and
a region of homology shared between BSD2 and the DnaJ class of molecular chaperones. This region of homology is
limited to a cysteine-rich Zn binding domain in DnaJ believed to play a role in protein—protein interactions. We show
that BSD?2 is targeted to the chloroplast but is not involved in general photosynthetic complex assembly or protein im-
port. In bsd2 mutants, we could not detect the Rubisco protein, but the chloroplast-encoded Rubisco large subunit
transcript (rbcL) was abundant and associated with polysomes in both bundle sheath and mesophyll cells. By charac-
terizing Bsd2 expression patterns and analyzing the bsd2-conferred phenotype, we propose a model for BSD2 in the

post-translational regulation of rbcL in maize.

INTRODUCTION

In most plants, the primary function of leaves is to fix carbon
through photosynthesis. The development of photosynthetic
competence within the leaf requires the coordinated expres-
sion of both nucleus- and chloroplast-encoded genes. In
particular, the accumulation of the most abundant photo-
synthetic enzyme, ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco), requires direct contributions from
both genomes. Higher plant Rubisco is a hexadecameric
enzyme composed of eight large subunits (LSUs) encoded
by a single chloroplast gene, rbcL, and eight small subunits
(SSUs) encoded by a small nuclear RbcS gene family (re-
viewed in Gutteridge and Gatenby, 1995). As chloroplast dif-
ferentiation in the leaf begins, light and plastidic signals
induce the accumulation of the SSU protein (Tobin and
Silverthorne, 1985; Mullet, 1988; Taylor, 1989). Concomi-
tantly, the LSU is synthesized in the stroma of the chloro-
plast where both LSU and SSU complexes are assembled
through a chaperonin-mediated process. This intricate as-
sembly process requires the precise coordination of nuclear
and chloroplast gene activities in response to both develop-
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mental and environmental signals (Mullet, 1988; Mayfield et
al., 1995).

As the name implies, Rubisco is also capable of oxygen-
ating ribulose-1,5-bisphosphate without any net fixation of
carbon. In many C, plants, including maize, Rubisco is re-
stricted to the CO,-rich environment of the bundle sheath
cell, thereby driving the carboxylase reaction over the ener-
getically wasteful oxidation reaction (Edwards and Walker,
1983). The molecular mechanisms used to localize Rubisco
to bundle sheath cells have been investigated in several C,
species, including the C, dicots amaranth (Wang et al.,
1993) and Atriplex rosea (Dengler et al., 1995) and the C,
monocot maize (Martineau and Taylor, 1985; Langdale et al.,
1988b). In these plants, transcripts and proteins encoded by
both rbcL and RbcS are present in both bundle sheath and
mesophyll cells of dark-grown plants and in young undiffer-
entiated leaf tissue. In amaranth, the compartmentalization
of Rubisco occurs relatively late in development, as leaves
undergo the metabolic transition from carbon sink to carbon
source (Wang et al., 1993). In contrast, bundle sheath cell-
specific Rubisco accumulation in A. rosea, another C, dicot,
occurs very early in leaf development, before the maturation
of bundle sheath cells (Dengler et al., 1995). In maize, the
cell-specific localization of Rubisco appears to be mediated
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by a light-dependent developmental signal (Langdale et al.,
1988b). These species-specific differences in Rubisco accu-
mulation patterns may reflect different underlying genetic
mechanisms that were exploited during the polyphyletic
evolution of the C, pathway (Moore, 1982).

Previous studies with maize have indicated that both tran-
scriptional and post-transcriptional controls mediate bundle
sheath cell-specific Rubisco accumulation in this species
(Schaffner and Sheen, 1991; Meierhoff and Westhoff, 1993;
Kubicki et al., 1994). For example, by using in vitro transcrip-
tional run-on assays, it was shown that rbcL is more actively
transcribed in bundle sheath than in mesophyll cells (Kubicki
et al., 1994). However, the differences in transcription rate
could not fully account for the differences in steady state
levels of the transcript between the two cell types, indicating
that post-transcriptional controls are also involved. Similarly,
regulatory elements have been defined in the RbcS pro-
moter that act to suppress RbcS gene expression in meso-
phyll cells (Schaffner and Sheen, 1991; Viret et al., 1994),
yet these RbcS promoter fragments are still capable of driv-
ing low-level reporter gene expression in mesophyll cells.
Furthermore, nuclear run-on experiments have demostrated
low-level RbcS transcriptional activity in mesophyll cell pro-
toplasts (Schaffner and Sheen, 1991). Therefore, post-tran-
scriptional mechanisms must also be involved in RbcS gene
regulation (Schéaffner and Sheen, 1991; Viret et al., 1994).

In addition to transcriptional control, translational and/or
post-translational controls also may regulate Rubisco accu-
mulation patterns. For example, LSU protein synthesis was
detected in isolated mesophyll cell chloroplasts (Meierhoff
and Westhoff, 1993), suggesting that rbcL may be translated
in mature mesophyll cells. Together, these data suggest that
a combination of mechanisms acts to regulate Rubisco ac-
cumulation in maize.

Despite the extensive characterization of C, photosyn-
thetic enzyme accumulation profiles in different C, plants,
the intracellular and intercellular signaling mechanisms in-
volved in establishing these patterns have remained elusive
(reviewed in Brutnell and Langdale, 1998). To identify com-
ponents of these signaling pathways, mutagenized maize
populations were screened for mutations that specifically
disrupt photosynthetic enzyme accumulation patterns in ei-
ther bundle sheath or mesophyll cells (Langdale et al., 1995).
Characterization of one of these mutants, bundle sheath
defective2-mutablel (bsd2-m1), has shown that the Bsd2
gene product regulates Rubisco accumulation; mutant
plants fail to accumulate either the SSU or LSU protein at
any time during development (Roth et al., 1996). In contrast,
all of the other nuclear-encoded C, photosynthetic enzymes
examined accumulate to wild-type levels. Because RbcS
transcripts accumulate in the appropriate spatial and tem-
poral patterns in the mutant, yet rbcL transcripts accumu-
late ectopically, we proposed that the primary defect in
bsd2 mutants is a failure to regulate rbcL gene expression.
The misregulation of rbcL prevents the accumulation of
Rubisco holoenzyme, and no photosynthesis occurs. Con-

sequently, bundle sheath chloroplasts swell, and internal
thylakoid membranes break down in the light. Interestingly,
mesophyll cell chloroplasts remain intact (Roth et al., 1996).

In this study, we used the transposon-induced allele
bsd2-m1 to clone the Bsd2 gene. We show that the gene
product has features of a cysteine-rich Zn binding domain
found in DnaJ-like proteins and that the protein is targeted
to the chloroplast. A detailed analysis of chloroplast gene
expression patterns during leaf development in both wild-
type and mutant plants has led us to propose a model
whereby BSD2 acts as a post-translational regulator of LSU
accumulation.

RESULTS

Structure and Characterization of the bsd2 Locus

Our previous phenotypic characterization of the bsd2 mu-
tant suggested that the BSD2 product regulates rbcL gene
expression. To gain insight into how this function may be
achieved and to clone the Bsd2 gene, we used the somati-
cally unstable bsd2-m1 mutant allele (Roth et al., 1996). The
bsd2-m1 allele was first identified as a variegated pale green
plant in genetic screens of active Mutator (Mu) lines (see
Methods). The instability of the phenotype of the bsd2-m1
mutant, together with the fact that it was isolated from ac-
tive Mu lines, strongly suggested that a Mu transposable el-
ement was inserted at the bsd2 locus.

Because the Mu family of transposable elements is ex-
tremely diverse (Chandler and Hardeman, 1992), several
gene-specific Mu fragments were used in DNA gel blot anal-
yses to identify a band that cosegregated with the bsd2-m1
mutant phenotype (see Methods). As shown in Figure 1, a
7.8-kb Mu8-containing Sstl restriction fragment was de-
tected in mutant individuals (Figure 1A, lanes 7 to 9) that
segregated in the wild-type siblings (Figure 1A, lanes 3 to 6).
Significantly, this fragment was absent in the progenitor
lines from which bsd2-m1 plants were generated (Figure 1A,
lanes 1 and 2). Further restriction digests of genomic DNA
identified a 1.8-kb Mu8-hybridizing Pstl fragment that also
cosegregated with the mutant allele (data not shown). This
1.8-kb fragment was cloned into a plasmid vector (pTBP6),
and sequences 5’ to the Mu element were amplified by poly-
merase chain reaction (PCR) (Bsd2.1; Figure 1C). As shown
in Figure 1B, this fragment hybridized with the 7.8-kb Sstl
fragment identified by Mu8 sequences in bsd2 mutants and
to an 8.2-kb fragment in wild-type individuals. In the progen-
itor lines, either a 6.4-kb fragment, which was not present in
segregating F, populations, or an 8.2-kb fragment was de-
tected.

These data suggest that the 7.8-kb fragment detected in
bsd2-m1 mutant plants represents the insertion of a 1.4-kb Mu8
element into the 6.4-kb Sstl fragment of the P,, progenitor
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Figure 1. Structure of the Bsd2 Gene.
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(A) DNA gel blot analysis of a segregating bsd2-m1 family hybridized with a Mu8-specific fragment. DNA from progenitor lines P, and Py, (lanes
1 and 2, respectively) or from sibling wild-type plants (lanes 3 to 6) and bsd2 mutants (lanes 7 to 9) was digested with Sstl and fractionated on an
0.8% agarose gel before transfer to a nylon membrane. DNA fragment lengths are indicated by arrows.

(B) The same filter was used as in (A) but rehybridized with a Bsd2-specific fragment, Bsd2.1.

(C) Schematic representation of the bsd2 locus. Restriction sites present in the bsd2-m1 allele are shown above the line, and those present in
the wild-type Bsd2 allele from B73 are shown below the line. The Bsd2 gene contains four exons, shown as filled boxes. The Bsd2-specific frag-
ments used as probes are represented by cross-hatched boxes. Mu8 sequences are shown as boxed vertical lines and are present in clones
pTBP6 and pTBP12. Genomic fragments containing Bsd2 exon sequences from B73 are also shown (pTBP38, pTBP65, and pTBP40) along with
the cDNA clone (pB1.1) used in subsequent RNA gel blot analysis.
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line. Wild-type individuals were either heterozygous for this
Mu-containing fragment (Figure 1B, lanes 3, 5, and 6) or ho-
mozygous for the 8.2-kb Sstl fragment present in the other
parental line, P, (Figure 1B, lane 4). DNA gel blot analysis
showed that all mutant individuals examined (34 plants)
were homozygous for the 7.8-kb Sstl fragment, whereas the
wild-type individuals examined (20 plants) were either het-
erozygous for the 7.8-kb band or homozygous for the 8.2-kb
band (data not shown). This tight linkage (<1.5 map units) of
a Mu8-containing restriction fragment with the somatically
unstable bsd2-m1 mutant phenotype suggested that we
had cloned sequences within the Bsd2 gene.

To elucidate the structure of the bsd2-m1 allele and to ex-
amine the expression of the putative Bsd2 gene, we cloned
and characterized additional genomic sequences. RNA gel
blot analysis of total RNA probed with Bsd2.1 (see Figure
1C) failed to identify a transcript in wild-type or bsd2-m1
individuals (data not shown). However, further genomic re-
striction mapping identified a 2.8-kb Sstl-Sall Mu8-hybridiz-
ing fragment that was also linked to the bsd2-m1 mutant
allele. A PCR-generated fragment (see Methods) derived
from this allele was subcloned (pTBP12) and used to gener-
ate a fragment 3’ to Mu8 sequences (Bsd2.2) (see Figure
1C). Gel blot analysis of total RNA showed that Bsd2.2 de-
tected a 0.6-kb transcript in wild-type individuals that was
not detectable in bsd2 mutants (data not shown), suggest-
ing that Bsd2 coding sequences had been cloned. The
Bsd2.2 fragment was used to screen a maize leaf cDNA li-
brary, and several cDNA clones were isolated. One of the
longest clones identified (pB1.1) was used to isolate several
genomic fragments encompassing the Bsd2 coding region
from a wild-type B73 inbred line (see Methods). Restriction
mapping of these fragments together with gel blot analysis
of genomic DNA under low-stringency conditions indicated
that Bsd2 is a single-copy gene in maize (data not shown).
These data are summarized in Figure 1C. Surprisingly, the
0.6 kb of Bsd2 coding sequence spans nearly 12 kb of ge-
nomic sequence.

The tight linkage of a Mu transposon with the bsd2-con-
ferred phenotype and the absence of the 0.6-kb transcript in
mutant plants suggested that Bsd2 sequences had been
cloned. However, the possibility remained that the Mu-con-
taining restriction fragment represented a tightly linked Mu
insertion that is not responsible for the mutant phenotype.
To eliminate this possibility, we tried to identify additional
mutant alleles of bsd2 by using both reverse genetic and di-
rected tagging strategies (see Methods). Unfortunately, nei-
ther strategy was effective in identifying another Mu-
induced bsd2 allele. However, we identified a novel mutant
phenotype in a line derived from bsd2-ml1. As mentioned
previously, bsd2-m1 was first identified as conditioning a
variegated leaf phenotype. When these plants were out-
crossed to several different inbred lines and selfed, only sta-
ble mutant phenotypes segregated in the F, progeny. This
stable mutant phenotype was associated with an absence
of Mu activity, as monitored by the lack of spots in kernels

carrying the bz-mum9 allele (Chomet et al., 1991). After two
generations of backcrossing into Mu-active lines followed
by self-pollination, several families of plants carrying the
bsd2-m1 allele were identified that displayed a novel mutant
phenotype (Figure 2A). These plants expressed low levels of
Mu activity (i.e., display few spots in the aleurone of the ker-
nel) and had slightly pale green, grainy leaves. Electron mi-
crographs of third leaf sections (Figure 2A) indicated that
this grainy appearance in the leaf is due to the presence of
both phenotypically wild-type and bsd2-ml-like mutant
bundle sheath cell chloroplasts in these intermediate or
bsd2-weak (bsd2-w) plants.

DNA gel blot analysis using bsd2-w plants indicated that
the novel phenotype was not due to the excision or rear-
rangement of the Mu8 insertion from the 7.8-kb Sstl frag-
ment found in bsd2-m1 plants (data not shown). However,
RNA gel blot analysis indicated that the putative 0.6-kb
Bsd2 transcript accumulated to low levels in bsd2-w plants
(Figure 2B). Thus, a partial restoration of the wild-type phe-
notype was associated with an increase in the levels of the
0.6-kb transcript. Furthermore, this suppression of the mu-
tant phenotype was strictly correlated with an increase in
Mu activity throughout the genome. As such, the bsd2-w al-
leles are likely to represent Mu-suppressible alleles of bsd2-
m1l. Mu suppression refers to a change in phenotype condi-
tioned by a Mu-induced allele corresponding to a change in
the activity of Mu elements in the genome (Martienssen et
al., 1990; Greene et al., 1994; Fowler et al., 1996). Thus, the
strict correlation of mutant phenotype to Mu activity in the
genome together with our finding of complete linkage be-
tween a Mu8 insertion and the bsd2-ml-conferred pheno-
type strongly suggest that we have cloned the Bsd2 gene.

To define further the bsd2 locus, we sequenced both
cDNA (pB1.1) and genomic clones (pTBP38, pTBP65, and
pTBP40). As shown in Figure 3A, Bsd2 encodes an ~0.6-kb
transcript. However, a heterogeneously sized population of
cDNA clones was isolated. The clones differed in both puta-
tive transcription start sites and polyadenylation sites. One
explanation for the heterogeneous transcript start sites is
the absence of a strong consensus TATA box motif in the
Bsd2 gene. Alternatively, the heterogeneity in 5’ end se-
quences may have been an artifact of cDNA synthesis re-
sulting from prematurely terminated cDNA transcripts during
library construction. To address this possibility, we used a
modified 5’ rapid amplification of cDNA ends procedure
(Troutt et al., 1992) to map the 5’ transcription start site (see
Methods). Results of this analysis indicated that several
start sites are used (arrows in Figure 3A). Some of these
transcription start sites were identical to the most 5’ se-
quences found in cDNA clones, indicating that multiple tran-
scription start sites are used in Bsd2 transcription. Similarly,
multiple polyadenylation sites were identified at the 3’ end
of the gene (Figure 3A, underlined sequences), suggesting
that different polyadenylation signals are recognized during
Bsd2 transcriptional processing.

As shown in Figure 3B, Bsd2 is predicted to encode a
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Figure 2. Characterization of the bsd2-w Allele.

(A) Phenotypes conditioned by wild-type (left), bsd2-w (center), and
bsd2-m1 (right) alleles. At top is the variegation pattern in kernels
carrying the bz-mum9 allele. At center (third leaf) and bottom (elec-
tron microscopy of third leaf sections), the corresponding leaf phe-
notypes associated with changes in Mu activity in the genome are
shown. Bundle sheath (BS) and mesophyll (M) cells are indicated.
The arrowheads show mutant (filled arrowhead) and phenotypically
wild-type (open arrowhead) chloroplasts present in the adjacent
bundle sheath cells of bsd2-w plants. Bars = 2 pm.

(B) RNA gel blot analysis of Bsd2 transcript accumulation patterns
conditioned by bsd2-w alleles. Total RNA was isolated from the third
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129-amino acid protein. Database searches identified both
a putative chloroplast targeting signal and a region that
shares similarity with the cysteine-rich region (CRR) found in
some members of the DnaJ class of molecular chaperones
(Kelley, 1998). In bacterial DnaJ, this region forms two Zn
fingers that are likely to be involved in protein—protein inter-
actions (Banecki et al., 1996; Szabo et al., 1996). However,
the predicted BSD2 protein lacks the N-terminal J domain
that defines the DnaJ class of molecular chaperones as well
as a cysteine- and phenylalanine-rich internal domain and
large C terminus shared in most DnaJ proteins (Kelley, 1998)
(Figure 3C). Nevertheless, searches of GenBank databases
revealed both rice and Arabidopsis expressed sequence
tags (ESTs) that share notable sequence similarity with the
Bsd2 gene. In particular, a putative rice gene that is pre-
dicted to share >58% amino acid sequence identity with
BSD2 was identified, as was a putative Arabidopsis gene
that is predicted to share >64% amino acid identity in the
CRR. The striking sequence conservation between the Bsd2
gene and the EST sequences, particularly in the CRR, sug-
gests that this region is essential for BSD2 function.
Searches of sequence databases identified only plant genes
that share identity with Bsd2. This is somewhat surprising
given the abundance of Bsd2 transcripts (see below) and
the striking similarity between the rice, maize, and Arabidop-
sis clones. These findings suggest that BSD2-like proteins
define a new class of small cysteine-rich proteins that may
be unique to plants.

BSD2 Is Targeted to the Chloroplast

Both the phenotypic characterization of bsd2 mutants (Roth
et al., 1996) and sequence analysis of the Bsd2 gene sug-
gest that BSD2 is targeted to the chloroplast. To test this
prediction, we performed an in vitro import assay using iso-
lated pea chloroplasts. A full-length cDNA clone was first
transcribed with T3 RNA polymerase. A wheat germ cell-free
lysate was then used to translate the mRNA in the presence
of tritiated leucine (Figure 4, lane 1). Incubation of the prod-
uct with intact chloroplasts in the presence of ATP resulted
in import and processing of the precursor protein to a
peptide of ~10 kD (Figure 4, lane 2). Treatment of the chlo-
roplasts with thermolysin, which degrades unbound or un-
protected proteins from the chloroplast envelope, allowed
the size of the processed protected protein to be unequivo-
cally determined (Figure 4, lane 3). Subsequent fractionation

leaf of a wild-type (Bsd2) plant, five bsd2-w individuals, and a bsd2-
m1 plant. Approximately 5 pg of RNA was used for each lane. Filters
were hybridized with the Bsd2 (pB1.1) gene-specific fragment, as in-
dicated. A maize ubiquitin fragment (Ubi) was used as a loading
control.
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TCGGGTTAGCTCTCTTGGGTGCCATCGCGGGTGGTTTTGTCGTAGCACGAACGGTGGGCGCCAAATGTTGGAACTTGC ~164
TTTCARGCGCAAGGAGGCCAACAAGGGTGAACAGTGATGACAAGAGGTTCCGTGCTAGGAGGCAATAGCATGTACCGT -86
ACi::CGCGMTCCAAATTTTGTCAGGTGCCTATTTGCAAACATAACCGGCCGTTGTTTC TCTTHREVWIRIGTGTGG -18
AT ATACTTCTGTCC TATC*CTTCTTCCACTGCCTCCC&ACCACTTCGTCCTCGCCGGCTCGCAACTCCTTG 60

E8GCGGCCACGGCGAGTCTCACTACCACTGCTCCCTCCCCTCCAGCTCTCCTCAAAGCATCAGCTCCTTTGCTTATC 138
M A ATASLTTTOTAUP S P P AULLI KA ASA AUZPULITULTI

TCCTTTCGCCCCGTCTCCCGCCACTGCAAGARCCTGTGCATCAAGACCAA CACAGAAAATGATCAGTCTGCTAARA 216
S F R PV S R HECI KN NULTUGCTII KTXATTENDGQS A K

AAGCATCAGAAGGTGAAGAGCATTCTTTGCCAGGACTGCGAAGGAAATGGGGCAATCGTATGCACCAAATGTGAAGGA 294
K H Q K vV K § I L.C Q D CE G NG A I V CT K CE G

AATGGGGTAAATTCTGTTGACTATTTTGAAGGCCGATTTAAAGCTGGATCTTTATGCTGGTTGTGCAGAGGCAAGCGT 372
N G V N S VD Y F E GRVF KA AGSULCWIUILCUR G KR

GAAATCCTATGTGGGAACTGTAATGGTGCTGGCTTCTTGGGTGGATTTCTAAGCACTTTCGATGAAACTGCGCAATAG 450
E I L. C G N CNGAGF L G G F L 8 T F D ET A

TCATCGGTTTAGCACTTTCGATGAAACTGCGCAATAGTCATCGGTTTAATTTATGTTTAAGTTACATTGAGGGACCCA 528
TAATATATGTATCGTGTTCCATGGACACATAATCATATIEN WV I TAATATTTTTAATGAATACTCCTTCGTCCAC 606
TTGATTTGGACGTTCTGGGTTTTIATAGCATGTCATGAGATTGACAAAATGACGTATGTGACCCTACTTCAACTTAAT 684

B
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BSD2 IL®OD IVETK NSVDYFEGR-FKAGS LGGFLSTFDETAQ 129
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Figure 3. Sequence Analysis of the Bsd2 Gene.

(A) cDNA and deduced amino acid sequence of Bsd2 shown with 5’ and 3’ genomic sequences (GenBank accession number AF126742).
Mapped transcription start sites are indicated by arrows. The putative TATA box and polyadenylation sites are highlighted. The position of the
Mu insertion is shown as a filled triangle, and the 9-bp duplication generated upon insertion is shown in italics. Introns are denoted with open tri-
angles. Sites of polyadenylation are underlined.



of chloroplasts showed that BSD2 localizes to the stromal
compartment of the chloroplast (Figure 4, lanes 4 and 5).

Expression Profile of the Bsd2 Gene

To examine the accumulation profile of Bsd2 transcripts in
wild-type and bsd2 plants, we performed RNA gel blot anal-
ysis. As shown in Figure 5A, Bsd2 transcripts were localized
to shoot tissues and were relatively abundant in etiolated,
light-shifted, and young (plastochron 1 to 5) leaves of wild-
type plants but were present at greatly reduced levels in the
mutant. The presence of even very low levels of Bsd2 tran-
script in bsd2 mutants was unexpected because the Mu8 in-
sertion in bsd2-m1 (see Figure 3A) displaces the promoter
elements ~1.4 kb upstream from the major transcription
start site. However, previous studies with Mu (Barkan and
Martienssen, 1991) have shown that weak promoter ele-
ments exist in the terminal inverted repeats of the Mu trans-
poson. These elements may be responsible for the very low
levels of Bsd2 gene expression seen in mutant plants. Fur-
ther experiments are under way to examine this possibility.

If the Bsd2 gene has a direct role in regulating rbcL gene
expression, it may be expected to show a similar expression
profile to the rbcL gene. To examine this possibility, we
compared the accumulation pattern of Bsd2 transcripts with
the pattern of rbcL transcript accumulation throughout the
leaf blade and sheath. In the maize leaf, a developmental
gradient exists such that older tissue near the tip of the leaf
differentiates before younger tissue located near the base.
The accumulation levels of rbcL transcripts are tightly coor-
dinated with this developmental gradient (Langdale et al.,
1988a), with levels peaking near the base of the leaf and de-
clining toward the tip (Figure 5B). The accumulation profile
of Bsd2 was similar to that of rbcL in the leaf sheath and in
the lower half of the leaf blade. However, in contrast to the
rbcL transcripts, Bsd2 transcripts accumulated to the high-
est level at the middle and tip of the leaf blade. Interestingly,
this profile of Bsd2 transcript accumulation is more similar
to the accumulation profile of the LSU protein, which gradu-
ally increases from the base to the tip of the leaf (Langdale
et al., 1987).

Our previous characterization of bsd2 mutants suggested
that BSD2 acts in both bundle sheath and mesophyll cells to
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regulate rbcL transcript accumulation patterns (Roth et al.,
1996). To examine Bsd2 gene expression in these two cell
types, we isolated bundle sheath cell strands and mesophyll
cell protoplasts from light-grown wild-type plants (see Meth-
ods). One limitation of this procedure is that it involves an
enzymatic digestion of small leaf strips in buffer to release
mesophyll cell protoplasts (Sheen and Bogorad, 1985). As
shown in Figure 5C, simply incubating tissue strips in this
buffer without enzyme resulted in an increased accumula-
tion of phosphoenolpyruvate carboxylase (Ppcl) transcripts
relative to untreated leaves that were frozen immediately in
liquid nitrogen after harvesting. Nevertheless, the cell-spe-
cific localization of Ppcl in mesophyll cells and RbcS in
bundle sheath cells was maintained throughout the proce-
dure, thus providing a reliable method for examining bundle
sheath and mesophyll cell accumulation profiles (Sheen and
Bogorad, 1985; Meierhoff and Westhoff, 1993). As shown in
Figure 5C, Bsd2 transcripts were detectable in RNA isolated
from both bundle sheath and mesophyll cells. Furthermore,
the mesophyll cell isolation procedure did not seem to in-
crease Bsd2 expression levels (cf. lanes TS and T in Figure
5C), suggesting that Bsd2 transcripts accumulated to similar
levels in both bundle sheath and mesophyll cells. Together,
these expression studies demonstrate a developmental and
tissue-specific accumulation pattern for Bsd2 transcripts
that is consistent with the suggestion that BSD2 regulates
rbcL transcript and/or LSU protein accumulation patterns in
both bundle sheath and mesophyll cells.

BSD2 Is Not a Component of the Light Signal
Transduction Pathway

As we have suggested, BSD2 appears to regulate rbcL gene
expression. However, the BSD2 protein may play an indirect
role in this process. For example, in dark-grown wild-type
plants, rbcL normally accumulates in both bundle sheath and
mesophyll cells (Nelson et al., 1984; Sheen and Bogorad,
1985, 1986b; Langdale et al., 1988b). Thus, the ectopic ac-
cumulation of rbcL in mesophyll cells of light-grown bsd2
plants (Roth et al., 1996) may result from a block in light per-
ception or signaling mechanisms. To look at this possibility,
we examined the light-responsive accumulation of both
nucleus- and chloroplast-encoded transcripts in bsd2 and

Figure 3. (continued).

(B) Protein alignment (MSA 2.1, http://www.ibc.wustl.edu/msa/man.html) of BSD2 with putative protein products encoded by ESTs . Five Arabi-
dopsis ESTs (GenBank accession numbers H36126, H37096, H35986, T45013, and T44950) were used to generate a contiguous sequence
(At.est) with obvious homology to Bsd2. Amino acids conserved between BSD2 and the putative rice (Os.est; GenBank accession number
D48303) and Arabidopsis proteins (At.est) are shown in capital letters, and similar residues are shown in lowercase letters. Dashes indicate gaps,
and dots indicate dissimilar amino acids. Conserved residues in the CXXCXGXG motif repeated four times in DnaJ are highlighted. The putative

processing site of the chloroplast transit peptide is marked by an arrow.

(C) A comparison of DnaJ structural motifs with BSD2. CF-rich, cysteine- and phenylalanine-rich domain.
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Figure 4. Chloroplast Import and Processing of the in Vitro-Synthe-
sized BSD2 Protein in Isolated Pea Chloroplasts.

Labeled protein products of an in vitro translation reaction (lane 1)
were incubated with isolated pea chloroplasts, as described in
Methods. After the import incubation, chloroplasts were washed and
analyzed either directly (lane 2) or after thermolysin treatment (lane
3). Chloroplasts containing processed BSD2 protein were fraction-
ated into stromal (lane 4) and thylakoid (lane 5) compartments. The
unprocessed precursor (Pre) and mature (Mat) BSD2 protein mi-
grated at 13 and 10 kD, respectively. The ~9-kD band present in
lane 1 may represent a BSD2 degradation product or result from in-
ternal initiation or premature termination within the Bsd2 transcript.

wild-type individuals. Transcript accumulation profiles for
both Cab, which encodes the chlorophyll a/b binding protein
of light harvesting complex Il (LHCPII; Sheen and Bogorad,
1986a), and Por, which encodes the NADPH:protochloro-
phyllide oxidoreductase that predominates in dark-grown
tissue (PORA; Santel and Apel, 1981), were identical in wild-
type and mutant plants (Figure 6). As shown, very low levels
of Cab transcript were detected in dark-grown tissue, but high
levels were detected in light-shifted tissues. Conversely, Por
transcript levels were higher in the dark-grown than in light-
shifted plants. Transcript accumulation patterns for Por,
Cab, and RbcS have been previously shown to be mediated
by phytochrome (Tobin and Silverthorne, 1985; Reinbothe et
al., 1996). Therefore, because the bsd2 mutation does not
impair the light-mediated regulation of these genes (Figure
6; Roth et al., 1996), BSD2 is unlikely to be a component of
the phytochrome signal transduction pathway.

To examine the role of BSD2 in mediating light-induced
changes in chloroplast gene expression, we compared lev-
els of rbcL and psbA transcripts between wild-type and
mutant plants (Figure 6). In contrast to wild-type seedlings,
which showed a light-induced increase in rbcL transcript
levels, the levels of rbcL transcript in bsd2 mutants were
similar in both the dark-grown and light-shifted seedlings
(Figure 6). The increased levels of rbcL transcript in dark-
grown mutant seedlings compared with those in dark-grown
wild-type seedlings may have resulted from either a specific
increase in rbcL transcription rate or an increase in rbcL
transcript stability. Alternatively, bsd2 mutants may show a
general increase in chloroplast transcription rate or tran-
script stability in the dark. To look at this latter possibility,

we examined psbA transcript levels. As shown in Figure 6,
levels of psbA transcripts were similar in wild-type and mu-
tant plants under both light regimes, indicating that misregu-
lation may be specific to the rbcL gene. Preliminary results
suggest that the light regulation of the chloroplast-encoded
psaA and psaB genes is also unaffected by the bsd2 muta-
tion (data not shown). These results suggest that BSD2 does
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Figure 5. RNA Gel Blot Analysis of Bsd2 Expression Patterns.

Total RNA was isolated from wild-type (Bsd2) or mutant (bsd2)
plants, and ~5 pg was used for each lane. Filters were hybridized
with Bsd2 (pB1.1), rbcL, RbcS, or Ppcl gene-specific fragments, as
indicated. A maize ubiquitin fragment (Ubi) was used as a loading
control.

(A) Comparison of Bsd2 transcript accumulation patterns in roots
(R), etiolated shoots (E), greening shoots (Gg), and young primordia
(P1-5) of wild-type and bsd2 plants.

(B) Hybridization to RNA from third leaves of germinating light-
grown seedlings divided into sheath (S), base (B; proximal third of
leaf), middle (M; middle third), and tip (T; distal third) sections.

(C) Hybridization to RNA isolated from purified bundle sheath
strands (BS) and mesophyll cell protoplasts (M). RNA was also iso-
lated from the third leaf of total leaf tissue (T) and from leaf tissue in-
cubated in the protoplast buffer without enzyme (TS). As an
additional loading control, an ethidium bromide-stained gel is
shown in the bottom panel, because ubiquitin (Ubi) expression is in-
duced during the isolation of mesophyll cell protoplasts.
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Figure 6. Light-Regulated Gene Expression in Wild-Type and bsd2
Plants.

RNA was isolated from etiolated (E) or greening (Gg) wild-type
(Bsd2) and mutant (bsd2) plants. Filters were probed with gene-spe-
cific fragments of Por, Cab, rbcL, and psbA, as indicated. A maize
ubiquitin fragment (Ubi) was used as a loading control.

not play a direct role in light signal transduction but that the
protein does regulate both environmental (Figure 6) and de-
velopmental (Roth et al., 1996) changes in rbcL transcript
accumulation patterns.

rbcL Transcripts Are Associated with Polysomes in
Leaves of bsd2 Plants

To characterize further the role of BSD2 in rbcL gene regula-
tion, we examined the association of rbcL transcripts with
polysomes in wild-type and bsd2 plants. Transcripts were
fractionated on 15 to 45% sucrose gradients, on the basis
that transcripts associated with polysomes have higher sed-
imentation constants than do monosomes or free RNA. The
proportion of polysome-associated to unassociated tran-
scripts provides a means to examine the efficiency of trans-
lation initiation and elongation (Barkan, 1993). As shown in
Figure 7A, rbcL and atpB transcripts from wild-type and mu-
tant plants sedimented at similar rates. Furthermore, the pri-
mary 1.8-kb rbcL transcript appeared to be processed
correctly into a 1.6-kb transcript, and both transcripts asso-
ciated with polysomes in bsd2 mutants. The association of
rbcL transcripts with large polysomes in the mutant plants
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indicated that BSD2 is unlikely to play a role in translation
initiation or the early steps of elongation (see Klein et al.,
1988). Thus, the failure to accumulate LSU protein in bsd2
mutants is probably due to a post-translational defect in
LSU stability or in Rubisco assembly.

The analysis of several high chlorophyll fluorescence mu-
tants in maize has indicated that rbcL transcripts associated
with polysomes are more stable than are unassociated tran-
scripts (Barkan, 1993). Thus, the ectopic accumulation of
rbcL transcripts in mesophyll cells of bsd2-m1 mutants may
be due to an increase in polysome-associated transcripts
relative to the wild type. To address this possibility, we iso-
lated mesophyll cell protoplasts from wild-type and bsd2-m1
mutant leaves (see Methods), and we fractionated transcripts
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Figure 7. Association of rbcL and atpB Transcripts with Polysomes.

Protein extracts were fractionated on sucrose gradients, and 10
fractions of equal volume were collected. RNA from wild-type (top)
and mutant (bottom) plants was precipitated and fractionated on
1.5% agarose gels before transfer to membranes. Blots were hy-
bridized with a fragment that recognizes both rbcL and atpB se-
quences. RNA transcript lengths are indicated at left.

(A) RNA isolated from seedling tissue.

(B) RNA isolated from mesophyll cell protoplasts.
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on sucrose gradients. As shown in Figure 7B, the low levels
of rbcL transcript that accumulated in wild-type mesophyll
cells were mostly unassociated with polysomes. However,
the majority of rbcL transcripts that accumulated in bsd2-m1
mesophyll cells were associated with ribosomes. These find-
ings suggest that rbcL transcripts accumulate ectopically in
mesophyll cells of bsd2-m1 plants because they are stabi-
lized through an association with ribosomes.

Plastid Protein Synthesis and Complex Assembly Are
Not Disrupted in bsd2-m1 Plants

Having established a role for BSD2 in the translational or
post-translational regulation of LSU, it was necessary to ex-
amine the effect of the bsd2 mutation on general chloroplast
translational processing and on the assembly of photosyn-
thetic complexes. Previous studies in maize have shown
that the stability of the chloroplast ATP synthase and cyto-
chrome f/bg complexes are dependent on the accumulation
of all the subunits within each particular complex but are in-
dependent of one another (Rochaix, 1992; Barkan et al.,
1995). Thus, the level of any particular subunit should reflect
the integrity of the complex as a whole. If BSD2 plays a gen-
eral role in complex assembly or chloroplast translation,
then components of the ATP synthase and cytochrome f/bg
complexes should be reduced in bsd2 plants.

As shown in Figure 8A, proteins encoding components of
both the ATP synthase (CFla) and the cytochrome f/bg
complex (cytochrome f and subunit IV) accumulated to simi-
lar levels in both mutant and wild-type plants grown under
low light conditions. Thus, BSD2 does not appear to be es-
sential for the accumulation or assembly of the ATP syn-
thase and cytochrome f/bg complexes in chloroplasts.
Furthermore, the nuclear-encoded proteins LHCPIlI and a
chloroplast-encoded subunit of the NAD(P)H dehydroge-
nase (NDH-H) also accumulated to wild-type levels in low-
light-grown bsd2 mutants. Notably, under moderate light
conditions, the levels of most of these proteins decreased in
mutant plants. This decrease was particularly striking for
NDH-H, which localizes preferentially to bundle sheath cells
in the closely related C, grass sorghum (Kubicki et al.,
1996). Assuming a similar pattern of expression in maize,
the decreased levels of NDH-H in bsd2 mutants may reflect
the severe disruption of bundle sheath cell chloroplast ultra-
structure seen when plants are grown under moderate light
conditions (Roth et al., 1996). Together, these findings indi-
cate that BSD2 does not play a general role in chloroplast
translation or in the accumulation and assembly of several
photosynthetic complexes within the chloroplast.

To look at the role of BSD2 in chloroplast import, we also
examined C, photosynthetic enzyme accumulation patterns.
Pyruvate orthophosphate dikinase, NAD(P)-malate dehydro-
genase, and NAD(P)-malic enzyme are nucleus-encoded
proteins that are targeted to the chloroplast stroma. The ac-
cumulation of these proteins to similar levels in mutant and

A Moderate Light Low Light

kD Bsd2 bsd2 Bsd2 bsd2

46 NDH H
33 | w— . s | Oyt f

og | MR WG B = | LHCPII

19 ) Subunit IV
B 109 PEPCase
95 PPAK
a1 MDH
C 61 ME
14 . Ssu

Figure 8. Immunoblot Analysis of Nucleus- and Chloroplast-Encoded
Proteins in Wild-Type (Bsd2) and Mutant (bsd2) Plants.

Protein was isolated from plants grown under moderate (100 wmol
m~2 sec™?) or low (10 wmol m~2 sec™1) light conditions. Blots were
challenged with antisera raised against the following proteins. Mo-
lecular weights are indicated at left in kiloDaltons (kD).

(A) Components of the photosynthetic electron transport chain. Cyt,
cytochrome.

(B) Mesophyll cell-specific C, photosynthetic enzymes: phospho-
enolpyruvate carboxylase (PEPCase), pyruvate orthophosphate diki-
nase (PPdK), and NAD(P)-malate dehydrogenase (MDH).

(C) Bundle sheath -cell-specific C, photosynthetic enzymes:
NAD(P)-malic enzyme (ME) and the LSU and SSU of Rubisco.

wild-type leaf tissue (Figures 8B and 8C) suggested that
correct chloroplast targeting and processing occurs in both
bundle sheath and mesophyll cells of bsd2 plants. Further-
more, because the enzymatic activities of pyruvate ortho-
phosphate dikinase, NAD(P)-malate dehydrogenase, and



NAD(P)-malic enzyme are similar in both wild-type and mu-
tant bsd2 plants (Smith et al., 1998), these nuclear-encoded
C, enzymes must be correctly assembled into active com-
plexes. Thus, the failure to accumulate LSU and SSU pro-
teins in bsd2 mutants (Figure 8C) appears to be caused by a
specific defect in Rubisco stability or assembly.

DISCUSSION

bsd2-m1 plants are characterized by a failure to accumulate
both the large and small subunits of Rubisco. Previous stud-
ies with both higher plants (Rodermel et al., 1988, 1996) and
algae (Schmidt and Mishkind, 1983; Spreitzer et al., 1985) have
indicated that LSU and SSU protein accumulation is depen-
dent on the synthesis or assembly of the Rubisco holoen-
zyme. When either SSU (Rodermel et al., 1988, 1996) or LSU
(Schmidt and Mishkind, 1983; Spreitzer et al., 1985) synthe-
sis is inhibited, there is a corresponding decrease in the
accumulation of the other subunit. For example, in RbcS anti-
sense tobacco plants, the decrease in LSU accumulation is pro-
portional to the decrease in SSU levels (Rodermel et al., 1996).
Furthermore, the decreased accumulation of LSU seems to
result from a block in LSU translation due to decreased as-
sociation of rbcL with polysomes (Rodermel et al., 1996).

Several lines of evidence suggest that the primary defect
in bsd2-m1 mutants is the misregulation of rbcL gene ex-
pression and not the misregulation of RbcS gene activity.
First, steady state levels of RbcS transcripts are similar in
dark-grown and light-shifted wild-type and bsd2 mutant
plants (Roth et al., 1996), whereas rbcL is aberrantly ex-
pressed in both dark- and light-grown mutants. Second,
BSD2 is targeted to the chloroplast and is therefore unlikely
to be involved in the transcriptional regulation or cytoplas-
mic synthesis of precursor SSU protein. Finally, by analogy
with the RbcS antisense experiments, a limiting amount of
SSU protein should result in a decrease in polysome-associ-
ated rbcL transcripts in bsd2-m1 plants. Instead, most rbcL
transcripts are associated with polysomes in the mutant.
Together, these findings suggest that BSD2 is not directly
involved in RbcS gene regulation.

The ectopic accumulation of rbcL transcripts in mesophyll
cells of leaves of light-grown bsd2 plants (Roth et al., 1996)
as well as misexpression in dark-grown leaves suggest that
BSD2 may regulate rbcL gene expression. Importantly, the
levels of rbcL transcript in bundle sheath and mesophyll
cells of leaves of bsd2 plants are nearly identical (Roth et al.,
1996), as are the levels of rbcL transcripts in dark-grown
and light-shifted plants (Figure 5). Although increased tran-
scription rates could account for the increased accumula-
tion of rbcL transcripts in bsd2 mutants relative to the wild
type, it seems more likely that a defect in post-transcrip-
tional regulation mediates these changes.

Support for the limited role of transcriptional rate in the
control of plastid gene expression has come from studies of
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several chloroplast genes. Although transcription rates of in-
dividual chloroplast genes can vary greatly, the relative rates
of transcription of most are maintained throughout chloro-
plast development (Deng and Gruissem, 1987). This sug-
gests that the changes observed in steady state transcript
levels of many plastid genes are mediated at the post-tran-
scriptional level (reviewed in Rochaix, 1992). Furthermore,
measurements of rbcL transcription rates in wild-type maize
plants by using in vitro run-on assays suggest that the differ-
ential expression of rbcL in bundle sheath and mesophyll
cells is mediated, in part, by post-transcriptional processes
(Kubicki et al., 1994). Thus, the increased accumulation of
rbcL transcripts in the mesophyll cells and in dark-grown
bsd2 plants is most likely due to the inability of mutant
plants to destabilize rbcL transcripts. This suggestion is
supported by the finding that rbcL transcripts are associ-
ated with polysomes in bsd2-m1 mutant mesophyll cells.
Previous studies have shown that ribosomes play an impor-
tant role in stabilizing rbcL transcripts (Barkan, 1993) be-
cause rbcL transcripts are degraded when they are not
associated with ribosomes.

The homology between BSD2 and DnaJ-like proteins has
provided some insight into how BSD2 functions to regulate
rbcL gene expression and protein synthesis. The DnaK (heat
shock protein Hsp70) system of chaperones, including the
DnaJ (Hsp40) and GrpE proteins, is an essential component
of protein metabolism both in the cytosol and organelles (re-
viewed in Hartl, 1996). These proteins interact sequentially
to prevent premature folding of nascent polypeptides and to
transfer unfolded proteins to other chaperone systems
(Szabo et al., 1994; Banecki and Zylicz, 1996). DnaJ acts
first in this cycle, binding to nascent peptide chains and
maintaining them in an unfolded state for transfer to DnaK
(Szabo et al., 1994). Although BSD2 only shows similarity to
DnaJ-like proteins over a limited domain, the functionality of
this domain has been demonstrated in vitro (Szabo et al.,
1996) and in vivo (Banecki et al., 1996). Using a rhodanese
aggregation assay (Langer et al., 1992), Szabo et al. (1996)
showed that the CRR of DnaJ was sufficient to prevent the
aggregation of rhodanese through the formation of a pro-
tein—protein complex. The eight cysteines shared between
BSD2 and the region of DnaJ responsible for preventing ag-
gregation closely resemble the Zn binding domain of C4 Zn
finger proteins. In DnaJ, these cysteines coordinate two
Zn(ll) ions (Banecki et al., 1996; Szabo et al., 1996). Nota-
bly, deletion of this cysteine-rich domain affects the in vitro
binding of the DnaJ protein to substrates (Banecki et al.,
1996; Szabo et al., 1996) and partially inhibits bacteriophage
growth in vivo (Banecki et al., 1996). Therefore, the striking
similarity between BSD2 and this domain of DnaJ suggests
that BSD2 may play a role in preventing aggregation or mis-
folding of nascent polypeptides.

One possible scenario for BSD2 function is illustrated in
Figure 9 and is based largely on a recent model of cyclic
chaperonin function by Hartl (1996). As demonstrated by in
vitro binding studies, DnaJ acts first in the chaperone cycle,



860 The Plant Cell

binding to nascent polypeptide chains (Langer et al., 1992).
Thus, a chloroplast-localized DnaJ-like protein is likely to
bind to LSU polypeptides as they emerge from the ribosome.
Indeed, chloroplast-targeted DnaJ and GrpE-like proteins
have recently been identified in pea (Schlicher and Soll,
1997). Based on the sequence similarity that BSD2 shares
with DnaJ, we propose that BSD2 acts as an accessory pro-
tein to assist a DnaJ-like protein in maintaining LSU in an
unfolded state. Because Rubisco accounts for more than
half of the soluble protein in the chloroplast (Ellis, 1979), it is
reasonable to envision the need for additional factors to pre-
vent aggregation. It is predicted that the DnaJ-LSU-BSD2
complex then associates with a DnaK-like protein through
interactions of the J domain of DnaJ, as previously outlined
(Hartl, 1996). As recently demonstrated in Escherichia coli,
the DnaK family of chaperones promotes the assembly of
both bacterial and plant Rubisco (Checa and Viale, 1997).
After an interaction with the nucleotide exchange factor,
GrpE, DnaJ, DnaK, and BSD2 proteins would dissociate
from the unfolded LSU protein, which is passed onto the
chaperonin 60/chaperonin 21 (Cpn60/Cpn21) complex. Here,
SSU and LSU complexes are assembled into the mature
Rubisco holoenzyme (reviewed in Gutteridge and Gatenby,
1995; Hartl, 1996).

bsd2 plants do not accumulate Rubisco, despite an asso-
ciation of the rbcL transcripts with polysomes. According to
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Figure 9. Model for BSD2 Action in Maize.

The model of chaperone action is based largely on the model of
Hartl (1996; see text for details). As LSU polypeptides emerge from
the ribosomes, BSD2 binds cooperatively with DnaJ-like proteins to
prevent aggregation of nascent chains. The transfer of the DnaJ-
LSU-BSD2 complex to a putative DnaK-like protein is mediated by
the J domain of a DnaJ-like protein. Transfer of the LSU to the
Cpn60/Cpn21 complex may be preceded by interactions with a
GrpE-like protein. The precursor SSU (pSSU) is processed into the
mature form (SSU) and, together with LSU, is assembled into the
holoenzyme.

our model, the absence of BSD2 would result in the aggre-
gation of the nascent peptide chain. Once released, the ag-
gregated protein would then be targeted for degradation.
The lack of LSU protein would consequently cause SSU
protein to be degraded. Although this model is consistent
with our inability to detect Rubisco protein in mutant plants,
it does not account for the ectopic accumulation of rbcL
transcripts in mesophyll cells or for the increased levels of
transcript observed in dark-grown tissue. One possible ex-
planation is that the formation of LSU aggregates attenuates
translation of polysome-bound mRNA. Ribosome pausing
has been well documented in plant chloroplasts as a mech-
anism of translational control (Klein et al., 1988; Kim et al.,
1994) that results in the accumulation of polysome-associ-
ated transcripts without accumulation of corresponding
peptides (reviewed in Gillham et al., 1994). Thus, it is possi-
ble that in the absence of functional BSD2 protein, stalled ri-
bosomes protect rbcL transcripts from degradation. Indeed,
previous studies of maize mutants have indicated that poly-
some-associated rbcL transcripts are more stable than are
unassociated transcripts (Barkan, 1993). Thus, increased
levels of rbcL transcript present in dark-grown mutants and
the ectopic polysome-associated rbcL transcripts in meso-
phyll cells of light-grown mutants may reflect an abnormally
large pool of polysome-associated rbcL transcripts resulting
from the block in LSU synthesis. In Chlamydomonas,
several mutations have been described that block the accu-
mulation of specific chloroplast-encoded proteins. Never-
theless, the transcripts encoded by these genes accumulate
to similar or increased levels in the mutants relative to the
wild type (Rochaix, 1992).

Although our model is highly speculative, experiments are
under way to test several of the predictions generated. In
particular, we have predicted a direct interaction of BSD2
with either a DnaJ-like protein or nascent LSU chains. Alter-
natively, BSD2 could be required for subsequent steps in
LSU folding or assembly of the holoenzyme complex. We
are currently generating polyclonal antibodies raised against
BSD2 fusion proteins to define further the role of BSD2 in
Rubisco assembly. It is interesting that despite many at-
tempts, it is still not possible to assemble higher plant
Rubisco in E. coli, even in cell lines overexpressing the
known chaperonin proteins. This suggests that additional
factors are required (reviewed in Gutteridge and Gatenby,
1995), and it is possible that BSD2 may be one such factor
that is essential for higher plant Rubisco assembly.

METHODS

Plant Material and Growth Conditions

Variegated bsd2-m1 plants were outcrossed as males to the maize
inbred line B73 (Pioneer Hi-Bred, Johnston, IA) and self-pollinated to
generate F, populations. These F, progeny, segregating 3:1 wild-



type to stable pale green plants, were used for protein and RNA gel
blot analyses. Selfed F; populations derived from the original varie-
gated mutant were used in DNA gel blot analysis to examine segre-
gation of Mutator (Mu)-hybridizing fragments with bsd2-m1. Mutant
plants died soon after seed reserves were exhausted; therefore, seed-
ling or third leaf tissue was used for DNA, RNA, and protein gel blot
analyses. The bz-mum9 allele was kindly provided by P. Chomet
(DeKalb Plant Genetics, Mystic, CT) and contains a Mul element in
the Bronzel (Bz1) gene (Chomet et al., 1991).

To generate additional alleles of bsd2, we used two strategies. In
collaboration with Pioneer Hi-Bred, we used a reverse genetics strat-
egy to identify Mu insertions within Bsd2 promoter and coding re-
gions (TUSC). Although several putative insertions were identified,
none of the putative insertions conferred a mutant phenotype. In the
second strategy, pollen from a highly variegated homozygous bsd2
plant was crossed onto ears of Mu-active plants. The ~3500 plants
generated from these crosses were screened in a sand bench, and
no pale green seedlings were identified.

For light-shift experiments, seedlings were grown in vermiculite at
28°C for 6 days in complete darkness. Plants were then either shifted
to a 28°C growth chamber at the beginning of a 16-hr-light (180 wmol
m~2 sec~1) and 8-hr-dark cycle or left in darkness. After 24 hours, all
tissue ~4 mm above the meristem was harvested and immediately
frozen in liquid nitrogen. Etiolated tissue was harvested at the same
time under a green safe light. We then returned plants to the growth
chamber until mutant and wild-type individuals could be scored.
Seedlings used for protein and RNA gel blot analyses were grown
under moderate (100 wmol m~2 sec~?) or low (10 wmol m=2 sec™?)
light at 28°C with 16 hr of light and 8 hr of darkness in a growth cab-
inet. Root tissue was harvested from plants grown in vermiculite;
other tissue was harvested from plants grown in soil. Plastochron 1-5
tissue was collected by harvesting tissue 2 to 3 mm above the mer-
istem before emergence of the first leaf from the coleoptile. The coleop-
tile was removed, and tissue was immediately frozen in liquid nitrogen.
Plants were then returned to the growth chamber until wild-type and
mutant phenotypes could be scored. For electron microscopy, third
leaf sections were cut from greenhouse-grown plants and fixed, sec-
tioned, and examined as previously described (Roth et al., 1996).

DNA Gel Blot and Linkage Analysis

DNA was isolated from wild-type and mutant siblings of several
bsd2-m1-segregating families and from the progenitor lines kindly
provided by W.F. Sheridan (University of North Dakota, Grand Forks).
A two-step screening strategy was used to identify Mu-containing
restriction fragments linked to the bsd2 locus. In the first round of
screening, DNA from three mutants and the two progenitor lines was
digested with the following enzymes: Sstl, EcoRl, Sall, Pstl, Xhol, or
Hindlll. The DNA was size fractionated on agarose gels, blotted to a
Zeta probe GT membrane (Bio-Rad), and hybridized as described
previously (Brutnell and Dellaporta, 1994). Sets of filters were hybrid-
ized with Mu family—specific fragments for Mul, Mul.7, Mu3, Mu5,
Mu8, and MuDr (Chandler and Hardeman, 1992) kindly provided by
V. Chandler (University of Arizona, Tucson). Most Mu-containing re-
striction fragments identified were present in the progenitor lines or
were not present in all the mutants. However, both Sstl and Pstl
Mu8-specific restriction fragments were identified that were present
in mutant but not progenitor plants. In the second round of screen-
ing, a total of 20 wild-type and 34 mutant plants from three different
bsd2-m1-segregating families were examined to establish the close
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linkage relationship between bsd2 and the Mu8-containing frag-
ments. The linkage estimate was based on our inability to detect a
single recombinant chromosome between the Mu8 element and the
bsd2 locus in 34 mutant individuals from selfed populations (i.e., <1
recombinant per 68 chromosomes screened).

Gene Isolation and Cloning

Bsd2 sequences were isolated from genomic DNA according to Hall
et al. (1998). Briefly, ~100 pg of DNA was digested with a threefold
excess of restriction enzyme (Gibco BRL) and fractionated on an
agarose gel. An ~1-cm-wide gel slice encompassing the fragments
was excised, and the DNA was eluted and then purified with an
Elutip-d column (Schleicher & Schuell). Fragments were ligated into
plasmid pBluescript Il KS+ and introduced into electrocompetent
XL1 Blue MRF’ cells (Stratagene, La Jolla, CA).

Approximately 10,000 recombinant colonies were screened by hy-
bridization for each clone. Clones were identified by colony hybrid-
ization (Sambrook et al., 1989) with either Mu8-specific (Mu8) or a
full-length Bsd2 cDNA clone (pB1.1). Genomic clones are shown in
Figure 1. Because the Sall-Sstl fragment from the mutant was unsta-
ble in pBluescript Il KS+, sequences flanking the Mu8 insertion were
cloned into pTBP12 after polymerase chain reaction (PCR) amplifica-
tion of genomic DNA by using a Mu-specific primer (P371; kindly
provided by S. Dellaporta, Yale University, New Haven, CT) and the
universal primer present in pBluescript Il KS+.

A maize leaf cDNA library was kindly provided by A. Barkan (Uni-
versity of Oregon, Eugene). Screening and isolation of cDNA clones
were performed as previously described (Hall et al., 1998).

DNA Sequence Analysis and Ligation-Anchored PCR

Plasmid subclones containing cDNA and genomic sequences shown
in Figure 3 were fully sequenced on both strands by using a Seque-
nase kit (Amersham) or at an automated sequencing facility (MWG-
Biotech, Ebersberg, Germany). Ligation-anchored PCR was per-
formed as previously described (Troutt et al., 1992), with the follow-
ing modifications. First-strand cDNA synthesis was initiated with the
Bsd2-specific primer TBp15, using Superscript reverse transcriptase
(Gibco BRL). The 3’ end of the anchor oligonucleotide was blocked
with a primary amine and the 5’ end phosphorylated during primer
synthesis (Genosys, Pampisford, UK). PCR amplification of the liga-
tion reaction was performed with the TBp14 and T3 primers. Oligo-
nucleotide primers were as follows: anchor oligonucleotide (5'-TTT-
AGTGAGGGTTAATAAGCGGCCGCGTCGTGACTGGGAGCGC-3), T3
(5'-GCGGCCGCTTATTAACCCTCACTAAA-3'), TBp15 (5'-CCTTGG-
TCTTGATGCACAGG-3'), and TBpl4 (5'-CTTGCAGTGGCGGGA-
GACGGG-3'). PCR-amplified products were cloned into the pGEM-T
vector (Promega) and sequenced. BLAST (Altschul et al., 1990),
PSORT (Nakai and Kanehisa, 1992), and BLASTP (Altschul et al.,
1997) sequence searches were performed to define structural fea-
tures of BSD2 and to identify putative Bsd2-like genes. These se-
guence data have been submitted to the GenBank database under
accession number AF126742.

Purification of Separated Bundle Sheath and Mesophyll Cells

Bundle sheath cell strands and mesophyll cell protoplasts were isolated
from wild-type B73 leaves as previously described (Hall et al., 1998).
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Intact chloroplasts were isolated from Pisum sativum var Feltham
First (Mould et al., 1991). A wheat germ cell-free lysate was used to
translate mRNA derived by T3 RNA polymerase-driven transcription
of a full-length Bsd2 cDNA clone. Chloroplasts (50 p.g of chlorophyll
in a final volume of 125 pL) in 50 mM Hepes-KOH, pH 8.0, and 330
mM sorbitol, were preincubated with 8 mM MgATP for 10 min at
25°C in the light (60 umol m~2 sec™1). A 3H-labeled BSD2 translation
mixture (12.5 pL) was mixed with an equal volume of unlabeled leu-
cine (5 mM final concentration) and added to the chloroplast suspen-
sion. Incubation was for 60 min in the light. To remove unbound
proteins, we treated chloroplasts with 0.2 mg mL~-! thermolysin on
ice. After protease treatment, chloroplasts were lysed in 10 mM
Hepes and 5 mM MgCl,, pH 8.0, for 5 min on ice. The envelope and
thylakoid membranes were then separated from the stromal fraction
by centrifugation at 15,000 rpm at 4°C for 10 min in a Biofuge 15R
(Heraeus Instruments, Hanau, Germany). Stromal and thylakoid frac-
tions were then run on a gel.

RNA Gel Blot Analysis

RNA was purified, electrophoresed on 1.2% formaldehyde-agarose
gels, blotted onto Nytran membranes (Schleicher & Schuell), and hy-
bridized as reported previously (Langdale et al., 1988a). The Ppcl
(PTN1), RbcS (pJL10), rbelL (pJL12), psbA (pSD7), Cab (LHCP 1020),
and ubiquitin (pSkuB1) cDNA clones have been described previously
(Roth et al., 1996; Hall et al., 1998). A full-length PorA cDNA clone
from barley (A7; Schulz et al., 1989) was kindly provided by K. Apel
(Swiss Federal Institute of Technology, Zurich). This clone was di-
gested with Kpnl and Bglll to yield a 3’ gene-specific fragment that
was subcloned into pBluescript Il KS+ and denoted Por.

Protein Gel Blot Analysis

Protein gel blot analysis was performed as previously described
(Langdale and Kidner, 1994). Antisera raised against CFla and cyto-
chrome f and subunit IV were kindly provided by A. Barkan, and
NAD(P)H dehydrogenase (NDH-H) antisera were provided by K.
Steinmuller (Botanisches Institute der Ludwig-Maximilians-Universi-
tat, Munich, Germany). Other antisera were as previously described
(Roth et al., 1996). With the exception of large subunit antisera, all
antibodies used were polyclonal.

Preparation of Polysomes

A procedure modified from that of Klaff and Gruissem (1991) was
used to isolate total polysomes from leaf tissue. Light-grown seed-
ling tissue (0.5 g) was ground in liquid nitrogen to a fine powder and
added to 1.5 mL of buffer (Klaff and Gruissem, 1991). The homoge-
nate was purified and adjusted to 0.5% sodium-deoxycholate, as
described by Klaff and Gruissem (1991). Aliquots of 0.5 mL were lay-
ered onto 10.5 mL of 15 to 45% sucrose gradients in 40 mM Tris-
HCI, pH 8.0, 20 mM KCI, 10 mM MgCl,, 0.5 mg/mL heparin, and 100
wg/mL chloramphenicol and centrifuged for 150 min at 40,000 rpm in
a Sorval (Du Pont) Ti 41 rotor at 4°C. Ten fractions of 650 pL were
collected corresponding to the central region of the gradient. Frac-
tions were adjusted to 0.5% SDS, 20 mM EDTA, and 80 mM Tris-
HCI, pH 9.0. RNA was extracted with 1:1 phenol-chloroform and

then 24:1 chloroform-isoamyl alcohol before precipitation with iso-
propanol. RNA was fractionated on agarose gels and hybridized with
a fragment of maize chloroplast DNA (pZMC 460) containing both
rbcL and atpB sequences (kindly provided by A. Barkan). Mesophyll
cell protoplasts were isolated as described previously (Hall et al.,
1998) from 5.0 g of seedling tissue and resuspended in 2.0 mL of
polysome buffer (Klaff and Gruissem, 1991).
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