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ABSTRACT Seedlings grown in darkness, i.e., etiolated
seedlings, lack chlorophyll and most other components of the
photosynthetic apparatus. On illumination, the plastids be-
come photosynthetically competent through the production of
chlorophylls and proteins encoded by certain chloroplast and
nuclear genes. There are two types of photosynthetic cells in
leaves of the C4 plant maize: bundle sheath cells (BSC) and
adjacent mesophyll cells (MC). Some proteins of the maize
photosynthetic machinery are solely or preferentially localized
in MC and others in BSC. A particular gene may be photo-
regulated up in one cell type and down in the other. Tran-
scripts of the nuclear gene rpl29, encoding the chloroplast
ribosomal protein L29, increase in abundance about 17-fold
during light-induced maturation of plastids. There is about 1.5
times more L29 protein in ribosomes of greening leaves than
in ribosomes of unilluminated leaves; the L29 contents of MC
and BSC are about the same. However, L21 is present about
equally in plastid ribosomes of unilluminated and illuminated
seedlings. In contrast to both L29 and L21, the fraction of the
ribosome population containing L2 is about the same in MC
and BSC of etiolated leaves but, on illumination, the propor-
tion of the ribosome population with L2 increases in BSC but
not in MC. The existence of different subpopulations of plastid
ribosomes—e.g., those with and without L21 and/or L29
during development—evokes interesting, but as yet unan-
swered, questions about the roles of different types of ribo-
somes in differentiation.

When germinated and grown in darkness, angiosperm seed-
lings are etiolated. They lack chlorophyll and many protein
components of the photosynthetic apparatus. On illumination,
the required components of the photosynthetic apparatus
form, and the seedlings become photosynthetically competent.

Maize is a C4 plant. Certain steps in photosynthetic carbon
fixation are limited to the mesophyll cells (MC) of the leaf, and
other photosynthetic processes, including carbon dioxide fix-
ation by ribulose bisphosphate carboxylase, are limited to the
adjacent bundle sheath cells (BSC). MC have both of the two
photosynthetic energy transducing photosystems (PSI and
PSII), but BSC are poor in the oxygen evolving PSII. MC and
BSC are morphologically distinct in etiolated leaves. In the
course of light-induced development, genes for some compo-
nents of the photosynthetic apparatus are expressed in both
MC and BSC, but others are expressed differently in the two
types of cells.

Plastid genes whose transcript levels change on illumination
of dark-grown seedlings have been identified by hybridizing
mRNAs prepared from unilluminated and illuminated leaf
tissues against restriction fragments of plastid DNA (e.g., 1-3).
Genes for the large subunit of ribulose bisphosphate carbox-
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ylase and genes for components of the energy-transducing
elements of the photosynthetic apparatus are prominent
among those whose expression has been shown to be promoted
on illumination of dark-grown maize seedlings.

To broaden the search for light-induced genes that are
expressed differently in MC and BSC beyond plastid genes and
certain known nuclear genes, we undertook a differential
display analysis (DDA) of cDNA fragments generated from
populations of polyadenylated mRNAs of etiolated and green-
ing maize leaves. Although some chloroplast mRNAs are
polyadenylated (4), the vast majority of plant polyadenylated
mRNAs are of nuclear origin. We report here that the
subpopulations of ribosomes in MC and BSC of etioplasts and
of chloroplasts of greening leaves differ in regard to the
presence or absence of L.29 as well as ribosomal protein L2.
The fraction of the population containing L.21 does not appear
to change.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth. Maize seed (Zea mays: FR 9
cms X Fr 37; Illinois Foundation seeds, Champaign, IL) were
germinated and grown in moist vermiculite at 28°C in a dark
room for 9 or 10 days. Seedlings then were either kept in the
dark (etiolated plants) or illuminated with incandescent lamps
(designated “W” or “white”’) of approximately 1,500 lux or red
light (“R”) [fluorescent tubes (GE F4OR Red) filtered
through Roscolux (Rosco, Port Chester, NY) Fire no. 19
plastic] for 8, 24, or 36 hr (plants illuminated for these periods
are designated W8, W24, W36, R8, R24, and R36).

To investigate the diurnal and circadian rhythms of abun-
dance of L29 mRNA, plants were grown at 28°C in a growth
chamber under 16-h light/8-h night cycles for 10 days. Illumi-
nation was provided by white fluorescent lamps (1,500 lux)
from 6 a.m. to 10 p.m. In continuous light experiments, plants
were maintained in constant light after 10 p.m. In continuous
darkness experiments, plants were kept in darkness after 6 a.m.

mRNA Differential Display Analyses. Three hundred ng of
total RNA (after DNase I treatment) from the second leaves
of 10-day-old etiolated seedlings or dark-grown seedlings
illuminated with incandescent lamps or with red light for 8, 24,
or 36 hr before harvest were reverse transcribed in 20-ul
reaction mixtures with Superscript II reverse transcriptase
(Life Technologies, Gaithersburg, MD). A degenerate oli-
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go(dT) T12MG, T12MC, T12MA, or T12MT (where M rep-
resents a mixture of dG, dA, or dC) was used as a primer
(Integrated DNA Technologies, Coralville, IA). Reactions
were carried out in a thermocycler (Ericomp, San Diego): 65°C
for 5 min, 37°C for 1 hr, and then 95°C for 5 min. Reverse
transcriptase was added after 10 min at 37°C. Reverse tran-
scriptase was omitted from control reactions.

One-tenth of the cDNA was then amplified by PCR in a
solution containing 4 nM dNTP, 1 nM of the corresponding
T12MN, and 0.8 nM arbitrary 10 mer (OP-differential display
reverse transcription 1-26, Operon Technologies, Alameda,
CA) in a total of 20 ul of PCR reaction (Perkin-Elmer/Cetus).
Parameters for the 40-cycle PCR were: denaturations at 94°C
for 20 sec, annealing at 40°C for 75 sec, and extension at 72°C
for 20 sec. The last cycle was followed by a 5-min extension at
72°C. Radio-labeled PCR amplification products were ana-
lyzed by electrophoresis in denaturing 6% polyacrylamide gels.
To confirm the reproducibility of amplification for selected
bands, we repeated the reactions at least three times with
different preparations of cDNA.

Recovery and Reamplification. The cDNA band (No. 40),
later found to contain L29 mRNA, was excised from the gel,
rehydrated in 100 wl distilled H,O for 10 min, and boiled for
15 min. Debris was removed by centrifugation, and the cDNA
in the supernatant was precipitated by the addition of 250 ul
100% ethanol. The pellet was redissolved in 10 ul H,O. Then,
5 ul of the cDNA solution was used to reamplify the DNA for
35 cycles in a total volume of 40 ul with the same primer set
and PCR conditions that were used in the initial RT-PCR,
except that no radioactive dNTP was included, and 20 nM
dNTPs was used. The PCR products in 30 ul of the above were
run on a 1.5% agarose gel and stained with ethidium bromide.
A DNA fragment of about 400 bp was excised, recovered, and
used as a probe for Northern blot analyses.

5" Rapid Amplification of cDNA Ends (RACE) Assays and
c¢DNA Cloning. A ¢cDNA fragment predicted to encode the
amino-terminal region of maize L.29 was isolated by using the
Marathon cDNA Amplification Kit (CLONTECH). One ug
poly(A+) RNA was extracted from the second leaves of
10-day-old illuminated with incandescent lamps for 8 hr before
harvest. The antisense primer 5'-GTCTGACCACAAT-
GCTCTGCTTCC-3" was used in the amplification of L29
cDNA. PCR amplification was performed according to the
manufacturer’s instructions. DNA products were subjected to
electrophoresis in a 1% agarose gel, recovered, and cloned into
the PCR II vector by using the TA cloning kit (Invitrogen).

Isolation of Bundle Sheath Strands (BSS) and Mesophyll
Protoplasts (MP). BSS and MP were prepared essentially as
described previously (7).

RNA Isolation and Northern Blot Hybridization. To pre-
pare RNA, second leaves of etiolated or greening plants or
frozen BSS were ground to a fine powder in liquid N, and
extracted with acid guanidinium thiocyanate solution. The
extract was treated with phenol and chloroform as described
previously (8). Frozen MP were put directly into the guanidium
thiocyanate solution. RNA samples (20-30 ug) were dena-
tured, resolved by electrophoresis in 1% agarose gel containing
2.2 M formaldehyde, and transferred to Gene Screen mem-
brane (Dupont/NEN, Boston, MA) by standard capillary
blotting techniques. Specific probes were generated by labeling
reamplified or cloned cDNA fragments with [a-3?P]dCTP
(Dupont/NEN) with a random primer DNA labeling kit (Life
Technologies). After hybridization at 42°C (for probe from
mRNA differential display experiments) and high-stringency
washes at 63°C in 0.2X SSC/0.1% SDS solution, the blots were
exposed to Kodak X-omat SR films with intensifying screens.
Hybridization with a partial cDNA fragment of the maize 23S
rRNA was used as a loading control.

DNA Sequencing and Computer Analysis. Cloned reampli-
fied PCR fragments or 5'-RACE products were completely
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sequenced from two directions automatically by using an
Applied Biosystems model 373A DNA sequencer at the Bos-
ton University Medical Center. The nucleic acid and deduced
amino acid sequences were compared with sequences in the
database server at the National Center for Biotechnology
Information by using the BLAST network service (9).

Antigen, Antibodies, and Immunoblotting. By using keyhole
limpet hemocyanin as the carrier protein, an antibody was
raised in rabbits against a synthetic peptide corresponding to
amino acids 128 to 146 (EQGINKRLSRKLDRLWKQS) of
L29. The peptide was synthesized and the antibody was
generated at Research Genetics (Huntsville, AL).

Antibodies against maize chloroplast ribosomal proteins L2
(10, 11) and L21 (12) were kindly provided by Alap Subra-
manian.

Western blotting was performed according to the proce-
dures described in Santa Cruz Biochemicals Research Appli-
cations (Santa Cruz Biotechnology Santa Cruz, CA) with the
following exceptions. For L29 ribosomal proteins alone, the
blots were blocked for 1 hr at room temperature with 4% milk
in TBST (tris-buffered saline plus 0.05% Tween). Primary
antibody incubation was for 1 hr [1:400 in 2% milk plus 2%
BSA (Sigma)], followed by three 5-min washes in TBST.
Secondary antibodies were incubated for 1 hr against rabbit
1gG (purchased from Santa Cruz Biochemicals) (1:2,000 in 2
+ 2% solution) followed by three 5-min washes in TBST and
one 5-min wash in TBS. Blots were developed in Luminol for
1 min, per the Santa Cruz Biochemicals protocol. For L2, L.21,
and L29 Western blots, blots were blocked for 1 hr at room
temperature in 4% milk in TBST. Primary antibodies were
incubated for 1 hr at room temperature (L29 at 1:200; L2 at
1:2,000; L21 at 1:1,000) in 2% milk plus 2% BSA in TBS + t,
followed by three 5-min washes in TBS + t. Secondary
antibodies were incubated as above.

RESULTS

mRNA Differential Display. DDA was used to identify
fragments of transcribed sequences of genes whose expression
is stimulated by light during the development of etiolated Z.
mays leaves. With anchor primer TI12MG and arbitrary primer
AP12 (GATCTAACCG), a unique band (No. 40, Fig. 14) was
detected only in the samples from greening leaves illuminated
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FiG. 1. DDA of cDNAs derived from mRNAs from etiolated and
illuminated maize leaves and Northern blot analyses of these mRNAs.
(A) Part of a gel from a DDA done with primers T12MG and AP12
(GATCTAACCG) is shown. Total RNA preparations from 10-day-old
etiolated maize leaves (D) and greening leaves illuminated with white
light (W) or red light (R) for 8 hr or 24 hr were subjected to differential
display reverse transcription-PCR. Band No. 40 represents the light-
regulated cDNA segment of L.29. (B) Confirmation of the differential
expression pattern of L29. Twenty-five ug of total RNA from etiolated
leaves (D) or greening leaves illuminated with blue light (B) or red
light (R) for 8 hr or 24 hr was fractionated electrophoretically in a 1%
formaldehyde agarose gel, transferred, and probed with [-32P]dCTP-
labeled cDNA of reamplified fragment No. 40. A single band of about
0.8 kbp was detected in both blue light- and red light-treated samples
but not in the etiolated samples. Equal loading was confirmed by 23S
rRNA hybridization.
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with white or red light for 8 or 24 hr. By using a cDNA fragment
(399 bp, indicated by the two arrows in Fig. 24), amplified from
the DNA eluted from this band as a probe, and RNA samples
prepared from etiolated leaves or greening leaves, an intense
message about 0.8 kbp in length was detected by Northern blot
analysis of the sample from greening leaves (Fig. 1B). Both
blue and red light induced the expression of gene No. 40 to the
same extent, indicating that phytochrome may be involved in
inducing expression of this gene.

Isolation and Sequence Analysis of L29. A homologue of the
cDNA sequence in clone No. 40 (from our DDA reverse
transcription PCR experiments) could not be identified among
listed sequences with known functions in any of the DNA
databases we examined. Consequently, we used 5’-RACE to
clone the full-length ¢cDNA. With a gene-specific primer
(underlined sequence in Fig. 24) along with a RACE adapter
primer, we amplified a 580-bp cDNA fragment from a total
RNA preparation from greening leaves illuminated with white
light for 8 hr. As shown in Fig. 24, ligation of these two
fragments resulted in a full-length cDNA clone (782 bp, as
expected from Northern blot analysis) of L29 (light-inducible
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ribosomal protein L.29). The sequence identified by DDA was
the same as that of the cDNA clone that had been isolated
(from base 384 to the 3’-end), except that there were three
mismatched bases located in the upstream primer AP12, which
confirmed degenerate binding of the upstream primers that
had been noted previously (5, 6). Two methionine codons were
found at the beginning of the ORF (Fig. 24). The nucleotide
sequence surrounding the first methionine codon corre-
sponded well to the Kozak consensus translation initiation
sequence, with purines at the —3 and at the +4 positions (13).
Therefore, the first of these methionines is likely to be the start
codon for this protein. Translation of the ORF in the L29 clone
predicts a protein of 161 amino acids, of which 51 are charged
residues (32 basic and 19 acidic amino acids). This protein
would be expected to have a mass of 18,093 Da. Within the
predicted protein sequence, there are: one potential cAMP/
cGMP-dependent protein kinase phosphorylation site, four
potential protein kinase C phosphorylation sites, and three
N-myristylation sites (Fig. 24). The protein would be basic,
with a calculated isoelectric point of 11.3 (pI 11.3). A hydrop-
athy plot showed no highly hydrophobic domains typical of

A
1: GCGAAAACGCGAGCGCTGCGGAACAACG
29: ATG GCG ACG ATG TCT CTT GCC GCG GCG TCA CCC CTC GCC TCC ATT CCC CGC GGC ATC GCC GCT CAG GCT CCT TGC
1: met ala thr met ser leu ala ala ala ser pro leu ala ser ile pro arg gly ile ala ala gln ala pro cys
104: GCG GCA TTC CTG TCC ATC CGC TTA GGT GGC GCG ACG GCG ACG CGG TTC GCT GGA CTG GCG GTG GCC TCG CAG CCA
26: ala ala phe leu ser ile arg leulglylgly ala thr ala thrlarglphe alaLgly leu ala val ala ser|gin pro
* * *
179: GCG GAG CGT CGC GCC GCG GCG ATG GTC GCG ATG GCG AAG AGG GAG CAG GAG CTG GAG GAG ATC CGG GCC ATG ACG
51: ala glu arg arg ala ala ala met val ala met ala lys arg glu gln glu leu glu glu ile arg ala met thr
254: ACG GAA CAG ATG GAR GAG GAG GTG GTA GAC CTC AAG GGG GAG CTT TTC CTG CTC CGC CTT AAG CGC TCG GCG CGC
76: thr glu gln met glu glu glu val val asp leu lys gly glu leu phe leu leu arg leu lys arg ser ala arg
* * *
329: CAG GAG TTC ARG AAC AGC GAG TTC AGC CGC ATG CGC AAG AGG ATT GCT CGT ATG CTA ACC GTG AAA AGA GAG CGG
101: gln glu phe lys asn ser glu phe ser arg met arg lys arg ile ala arg met leu thr val lys arg glu arg
404: GAA ATT GAA CAA GGA ATC AAT AAA AGA TTG TCT AGG AAG CTT GAT AGG AAA TGG AAG CAG AGC ATT GTG GTC AGA
126: glu ile glu gln gly ile asn lys arg leu ser arg lys leu asp arg lys trp lys gln ser ile val val arg
* * *
479: CCA CCA CCA TCT CTA AGG GGG AAC AAA GAG GAG TAG AAAGCCGCAAAAAGAGGGCAATGTGCAAAAGTCGTTTCATGCGAGTGTTGC
151: pro pro pro ser leu arg gly asn lys glu glu stop
* * *
566: AGGAAGGTCCCTTCATGATTTCAACCCTTATTGCGTTGTTATGTATTCCATGTTTACATTTTGCTAAGCATTGCTATCTGAATCTGAATTTCAGTTGTT
665: AGTCTCTTCTGTAAATTTTGACTTATTTAAATTTACACTTCTATCTGTGTTATCAGTAATTGAGGATGGCCAGTCATTTGCACCTGGAAGGTGCATGCT
764: TCCTTGCCAAAAAAAARAAAR
4—
B A
BACST L29 (1)MKAK------ ETRELTTAEIEQKIKALKEELFNLRFQLATGQLENTARIRQVRKDIARMKTIIRERELAA--NK(66)
MAIZE L29 (61)M-AKREQELEEIRAMTTEQMEEEVVDLKGELFLLRLKRSARQEFKNSEFSRMRKRIARMLTVKREREIEQGINK (133)
BACSU L29 (1)MKAN------ EIRDLTTAEIEQKVKSLKEELFNLRFQLATGQLENTARIREVRKAIARMKTVIREREIAA--NK(66)
CONSENSUS MA EIR TT E LK ELF LR Q RK IARM T REREI NK

FiG. 2. L29 is a maize homologue of B. stearothermophilus ribosomal protein L29. (4) The nucleotide sequence and the deduced amino acid
sequences are numbered at the left. The two primers used in the DDA are labeled with arrows. Four bases in the AP12 primer did not match the
cDNA sequence. The gene-specific primer used in a 5'-RACE reaction is underlined. Three N-myristylation sites are boxed, and four potential
protein kinase C phosphorylation sites are marked with asterisks. The boldfaced letters (amino acids 133-136) designate the potential
cAMP/cGMP-dependent protein kinase phosphorylation site (accession no. AF 147725). (B) The amino acid alignment of the homologous regions
of maize L29, B. stearothermophilus (BACST) and Bacillus subtilis (BACSLI) is shown. Double and single dots indicate amino acid identity and
similarity, respectively. Gaps represented by dashes were inserted to maximize the sequence identity. Consensus amino acids are residues that are
identical in the three proteins. Numbers in parentheses indicate the position of the start of an amino acid sequence with respect to the initiator
methionine of the corresponding protein. B. stearothermophilus 1.29 exhibited the highest identity with maize L.29 of all sequences in the NCBI
protein databases at the time of submission. The region of L29 that can be crosslinked to 23S rRNA in ribosomes of B. stearothermophilus (16)
are underlined, and the crosslinked lysyl residues are in boldface type (K). Accession numbers for the bacterial L29 proteins shown: B.
stearothermophilus (SPIP04457) and B. subtilis (SPIP12873).
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proteins that span the membrane in an a-helix conformation
(data not shown).

A search of the National Center for Biotechnology Infor-
mation (NCBI) DNA databases failed to reveal the L29
nucleotide sequence. A search of the NCBI protein database
against the predicted protein sequence of L29 revealed that
L29 might encode a maize homologue of eubacterial ribosomal
protein L29. As shown in Fig. 2B, the middle part of L29 (from
amino acid 61 to 133) had more than 45% identity to the
Bacillus stearothermophilus ribosomal protein L29 (65% sim-
ilarity). We also detected sequence similarity to ribosomal
protein L.29 of other species, such as Halobacterium halobium
(SPIP28538, 34% identity, 63% similarity), E. coli (SPIP02429,
26% identity, 63% similarity), and to the yeast 60S ribosomal
protein L35 (SPIP39741, 32% identity, 59% similarity). Most
of the prokaryotic L.29 ribosomal proteins are about 70 aa in
length, whereas the eukaryotic homologues of L29 [such as
that of yeast (14) and rat L35 (15)] have C-terminal extensions
of 56 aa. Similarly, the maize L29 has a 29-aa C-terminal
extension, but L.29 also has a 69-aa-long N-terminal extension;
database searches failed to identify its homologue. The N-
extension with moderate hydrophobicity was rich in Ala res-
idue (21 of 69 amino acids; 30%). All three potential N-
myristylation sites (amino acids 34-39, 35-40, and 43-48) were
located in this region (Fig. 2A4). It is possible that the plant
N-extension functions as a trafficking signal and/or subcellular
plastid localization signal.

The two regions of the sequence underlined in Fig. 2B have
been found to crosslink to 23S rRNA in B. stearothermophilus
ribosomes by using UV and a-iminothiolane (16). These two
sequences are also found in the conserved region of maize L29;
the second sequence (amino acids 120-133) is particularly well
conserved. It is likely that L29 binds to the ribosome through
interaction between this conserved site and 23S rRNA.

Light-Dependent Accumulation of L29 mRNA. We studied
the time course of L29 mRNA expression induced in dark-
grown seedlings by white light using full-length cDNA as a
probe in Northern blot experiments. Leaves from 10-day-old
dark-grown seedlings and leaves from seedlings illuminated
with white light for the indicated times were collected sepa-
rately from each sample, and total RNA was extracted for
electrophoresis and Northern analyses. Low but detectable
hybridization signals were observed in samples from etiolated
leaves (lane D in Fig. 3). L29 mRNA increased about 3-fold
after 2-hr illumination with white light; the maximum increase
of about 17-fold occurred after 8-hr illumination. After 30 hr
of illumination, there was only about five times more 129
mRNA than in etiolated leaves (Fig. 3). Within the next 6 hr
of illumination, the amount of L29 mRNA increased a little
initially then declined to the baseline level after illumination
for 36 hr. But with further illumination, the amount of L29
mRNA increased again, peaked at 40 hr at a somewhat lower
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Fi6. 3. Time course of L29 mRNA accumulation in leaves on
illumination of etiolated maize seedlings. Total RNA was extracted
from leaves of 10-day-old etiolated (D) or greening plants illuminated
with white light for the number of hours indicated and fractionated
electrophoretically in a 1% formaldehyde agarose gel (25 ug/lane).
After transfer to Gene Screen filter (DuPont/NEN), the filter was
hybridized with [a-3?P] dCTP-labeled maize 129 full-length cDNA,
and 23S rRNA probe was used to assess loading differences.
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F16. 4. 129 mRNA levels during a day-night cycle. (Upper) Maize
seedlings were grown under a 16 hr/8 hr day-night cycle for 10 days.
Illumination was from 600 to 2200 daily. Leaf tissue was harvested
every 2 hr. (Lower) Two sets of 10-day-old seedlings grown under the
16 hr/8 hr day-night cycle were transferred to continuous darkness at
2200 or continuous light at 600, respectively. Leaf tissue was harvested
from these plants at the indicated times. The Northern blotting
procedure is the same as in the experiment shown in Fig. 3.

level than the first peak, then declined to a level about 5-fold
above that in etiolated leaves by 48 hr of illumination (data not
shown). Inasmuch as similar fluctuations had been observed in
light-harvesting chlorophyll a/b binding protein mRNA (17)
during continuous illumination of etiolated seedlings, it
seemed possible that L29 mRNA fluctuations, like those of
LHCP, might be circadian. Fig. 44 shows that the amount of
L29 mRNA in leaves of 10-day-old maize seedlings growing
under a 16-hr day/8-hr night cycle differs in light and in
darkness. In darkness, the mRNA level declined, but it reached
a minimum after only 2 hr in light. Then it rose and peaked at
the end of the light period (2200). The maximum and minimum
levels differed by more than 3-fold. To investigate whether a
circadian rhythm is involved in the control of L29 mRNA
accumulation, a set of 10-day-old maize seedlings grown under
a 16-hr day (6 a.m.-10 p.m.)/8-hr night cycle was maintained
in continuous darkness after 10 p.m., and another set was
placed in continuous light at 8:00 a.m. As shown in Fig. 4B,
transfer of plants to continuous darkness led to a decrease in
L29 mRNA levels over the indicated time to a barely detect-
able level at 1600 at day 2 (i.e., 42 hr in darkness). In contrast,
transfer of plants to continuous light resulted in sustained high
levels of L29 mRNA. These results suggest that L.29 expression
is light dependent but not circadian.

L29 mRNA was about as abundant in leaves from 10-day-old
seedlings growing under constant white light as in leaves of
dark-grown seedlings illuminated for 6 hr (data not shown).
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F1G. 5. Association of L29 protein with ribosomes isolated from
etioplasts and chloroplasts. L2, L.21, and L29 in ribosomes from MC
and BSC of etiolated and greening plants. (4) Immunoblot for
ribosomal protein L29 in ribosomes isolated from purified etioplasts
(E) and from chloroplasts (Chl) of dark-grown plants illuminated for
10 hr (18). (B) Representative immunoblots for ribosomal proteins L2,
L21, and L29. Ribosomes were isolated from MC of etiolated leaves
(EM), from BSC of etiolated leaves (EBS), from MC and BSC of
dark-grown plants illuminated for 10 hr (LM and LBS, respectively) (7,
18). The lanes were loaded with equal amounts of rRNA.
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Association of L29 Protein with Ribosomes. To determine
whether the L29 protein is indeed a component of ribosomes
and whether it is more abundant in greening than in etiolated
leaves and in separated MC and BSC, a synthetic peptide
corresponding to a portion of the L.29 protein was synthesized
and used as an antigen to raise antibodies in rabbits. The
antibodies were used to detect L29 protein in Western blots of
proteins in leaf ribosomes.

Fig. 54 shows that L29 protein is in plastids and that the
amount of immunoreacting protein is much greater after
illumination. The experiment was performed by isolating
etioplasts and chloroplasts (from homogenates of leaves of
10-day-old dark-grown unilluminated seedlings and similar
seedlings illuminated for 10 hr before harvest, respectively) by
differential centrifugation as washed 1,200 X g pellets and
preparing ribosomes pelleted through a 1 M sucrose cushion
from the plastids (18).

There is about 1.5 times more L.29 in MC and BSC ribosomes
prepared from leaves of dark-grown seedlings after illumina-
tion for 10 hr [Fig. 5B, light MC (LM) and light BSC (LBS),
respectively] than before illumination [Fig. 5B, etiolated MC
(EM) and etiolated BSC (EBS): LM/EM = 1.64 * 0.28;
LBS/EBS = 1.56 = 0.96. There was no significant difference
between the amount of the protein in MC and BSC ribosomes
(LM/LBS = 1.17 = 0.61).

These observations of the L29 protein drew our attention to
the question of whether other chloroplast ribosomal proteins
change when etiolated seedlings are illuminated. To address
this issue, the same Western blots used in the L29 experiments
described above were exposed to antibodies against chloro-
plast ribosomal proteins L2 (10, 11) and L21 (12). As is shown
in the representative Western blots in Fig. 5B, unlike L29, the
amounts of L21 protein in MC and BSC are about equal and
are not affected by illumination: LM/EM = 1.06 = 0.21;
LBS/EBS = 0.93 + 0.21. Furthermore, L2 protein increases in
BSC but not MC on illumination of etiolated seedlings for 10
hr: LM/EM = 0.97 + 0.17; LBS/EBS = 1.46 * 0.36.

The relative amounts of a ribosomal protein present in a
given cell type under different conditions were calculated from
densitometer scans of four Western blots of proteins in ribo-
somal pellets. Extracts were prepared from MC and BSC
isolated from dark-grown unilluminated or illuminated (10 hr)
plants (7). Ribosomal pellets were prepared by centrifugation
of ribosomes through 1 M sucrose cushions (18). Western blot
gels were loaded with equal amounts of RNA. The entire
experiment, from growing plants through Western blotting,
was carried out independently twice, and the proteins in each
pellet were analyzed twice in Western blots. Thus, MC and
BSC were isolated from two separately grown sets of illumi-
nated (LM and LBS) and unilluminated (EM and EBS)
dark-grown seedlings and the proteins in each pellet were
analyzed by Western blotting twice.

DISCUSSION

This research was undertaken initially to identify nuclear genes
whose poly(A)-containing mRNAs change in abundance on
illumination of dark-grown maize seedlings. One gene identi-
fied by DDA is rpl29, which encodes the plastid ribosomal
protein L.29. We have determined the sequence of the gene and
have investigated several aspects of 7p[29 expression, including
alterations in the contents of mRNA in leaves of dark-grown
unilluminated and illuminated seedlings. We have also as-
sessed the L29 protein content of ribosomes in such seedlings.
The later work led us to investigate the abundance of two other
chloroplast ribosomal proteins, L2 and L21, in the ribosomes
of BSC and MC of unilluminated and illuminated dark-grown
seedlings. Most interestingly, these studies have revealed that
the proportions of the populations of maize plastid ribosomes
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that contain or lack particular proteins vary substantially
during photoregulated MC and BSC maturation.

Relatively small amounts of mRNA encoded by rpl29 are
present in leaves of 10-day-old dark-grown maize seedlings.
Transcripts of this gene are about 17-fold more abundant in
leaves of such seedlings after they have been illuminated for 8
hr. In contrast, the pool of transcripts of the maize plastid gene
rps4, encoding plastid ribosomal protein S4, increases only
about 20% during 16 hr of illumination of dark-grown maize
seedlings (19). Thus, transcripts of some, but not all, genes for
maize plastid ribosomal proteins increase greatly during light-
induced development.

The L29 protein is present in ribosomes of etiolated leaves,
and it increases about 1.5-fold on illumination. There is no
striking difference between the amounts of L29 protein in MC
and BSC; this is the case in both etiolated or greening leaves.

Studies with E. coli ribosomes have shown L29 to be involved
in peptidyl transferase activity (20). Yet, the viability of E. coli
strain AM111.5 shows that the L29 protein is not required for
growth and thus is not essential for protein synthesis by
ribosomes. The E. coli strain AM is erythromycin dependent
(21). AM111, an erythromycin-independent revertant of AM,
lacks ribosomal proteins S17 and L29 (21, 22). AM111-5,
selected as a faster-growing spontaneous derivative of AM111,
lacks L29 alone (23). These observations, together with ours
presented here, suggest that BSC and MC at least of etiolated
maize leaves contain two different populations of functional
chloroplast ribosomes with respect to L.29: one class with and
the other without L.29. One way of looking at these data is that
if all the ribosomes in leaves of dark-grown illuminated seed-
lings have L29, then only about 60% of the plastid ribosomes
in leaves of unilluminated plants contain L29. Thus the data
indicate that the proportions of the populations of plastid
ribosomes with and without L.29 are different in etiolated vs.
greening leaf cells.

The chloroplast ribosomal protein L21, like L.29, is encoded
by a nuclear gene (12, 24). Unlike L29, the L21 content of the
ribosomes is about the same in etiolated and greening leaves.
The L2 protein, which in angiosperms is encoded in chloro-
plasts, behaves differently from either L21 or L29: L2 is present
in about equal amounts in MC and BSC ribosomes of etiolated
leaf tissue but on illumination of dark-grown seedlings, the
amount of the protein in ribosomes increases in BSC but not
MC. In other words, the fraction of chloroplast ribosomes
containing L2 is greater in ribosomes of green than in etiolated
BSC, but the L2-containing fraction of MC ribosomes is about
constant. These observations on L29, L2, and L21 emphasize
that there are substantial differences in expression patterns
among chloroplast ribosomal protein genes and, consequently,
in the protein compositions of plastid ribosome populations
during cell differentiation.

A striking demonstration that a change in expression of a
ribosomal protein gene can affect development is provided by
the observation that a mutation in one of the three genes
encoding cytoplasmic ribosomal protein S18 (S18A) in Arabi-
dopsis results in plants with pointed first leaves, reduced fresh
weight, and retarded growth (25). The three genes are all
transcribed and encode completely identical proteins; how-
ever, no transcript is detected from the mutated gene, desig-
nated S18A. The three genes appear to be transcribed differ-
ently in various tissues of the organism. There are several other
reports of individual copies of a plant ribosomal protein gene
being transcribed in a tissue-specific manner as well as of single
genes with multiple promoters that are active under different
conditions (e.g., 26-31).

Other cases of differences in expression among plant ribo-
somal protein genes have been reported. Bisanz-Seyer et al.
(32) found that proteins of the plastid 70S ribosomes did not
accumulate synchronously during the germination of spinach
seedlings: one group of ribosomal proteins could be detected
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in dry seeds or after 24 hr of imbibition, whereas a second
group of ribosomal proteins accumulated only after 3-5 days
of development. Koyama et al. (33) reported that during the
greening of barley leaves, the amounts of two proteins present
in cytoplasmic, 80S, ribosomes of etiolated leaves decreased
during greening, but six other ribosomal proteins increased as
greening proceeded. The number of copies of the other
cytoplasmic ribosomal proteins did not change during
greening.

It is not known whether plastid or E. coli ribosomes com-
posed of different proteins, e.g., those with vs. those without
L.29 or with vs. without L.21, etc., can all translate the same set
of messages at all or with the same or different efficiencies.
Koyama et al. (33) summarize reports of ribosome heteroge-
neity and ribosomal protein differences (particularly phos-
phorylation) that have been observed under various conditions
in organisms ranging from E. coli to higher plants and human
cells and the suggestions that have been made that such
differences could affect translation. If there are such qualita-
tive differences, are they important in differentiation?

We have dealt only with ribosomal proteins associated with
ribosomes, but there are other ways, besides undemonstrated
but possible qualitative effects on translation, in which changes
in the populations of free ribosomal proteins could affect
development. There are now a number of examples of ribo-
somal proteins that have extraribosomal functions. For exam-
ple, the E. coli 30S ribosomal protein S16 is an endonuclease
(34), the E. coli ribosomal protein L7/L12 has a helix-turn-
helix motif similar to that found in DNA-binding regulatory
proteins (35), and E. coli S1 is a component of the replicase of
some RNA phages (36). Wool (37) has reviewed the literature
on extraribosomal functions of ribosomal proteins and pointed
out that a number of eubacterial, archeabacterial, and mam-
malian ribosomal proteins contain zinc finger motifs, that a
number of rat ribosomal proteins have leucine zipper-like
motifs, and that ribosomal proteins may also function in DNA
replication, transcription, RNA processing, and DNA repair
aside from their roles as part of the translational apparatus in
the ribosome. Directly to the point here are two recent reports
regarding bacterial L29. First, Dantec et al. (38) report that P46
of Spiroplasma citri has a 129 N-terminal domain and a
C-terminal domain involved in DNA-inverted repeat sequence
binding. They conclude that P46 is the L29 ribosomal protein
of S. citri and that it is bifunctional. Second, Sharpe and Craig
(39) have determined that in E. coli, L29 and the acyl carrier
protein together stimulate the binding of the Tn7-encoded
protein TnsD to the specific site attTn7 on the bacterial
chromosome.

Coming to understand ribosome anatomy as well as the
order of assembly of ribosomal proteins and how ribosomes
function in protein synthesis stand as landmarks of biochem-
istry, molecular biology, and molecular genetics. Yet, so far we
appear to have only a few glimpses of extraribosomal roles of
a few of the proteins, and we are totally unaware of how
alterations in ribosome composition come to influence devel-
opment. Considering the large amount of work that has been
done on ribosomes and ribosomal proteins over many years, we
are surprised to realize that we know almost nothing about how
organisms use them in cell differentiation and development.
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