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Summary

The maize mutation high chlorophyll fluorescence 60-mutable 1 (hef60-m1), generated through Activator
(Ac) tagging, has insufficient photosynthetic electron transport. Here we show that the Hcf60 gene
encodes a protein with substantial amino acid similarity to plant plastid and bacterial ribosomal small
subunit protein 17 (RPS17) proteins. The lack of detectable HCF60 transcripts in mutant leaves, and
insertion of the transposed Ac element 17 bp upstream of the start of translation in the mutated locus,
suggest that little if any RPS17 is produced. The mutant phenotype is consistent with reduced plastid
translation. Seedling lethal hcf60-m1 plants display temperature and light-dependent chlorophyll
deficiencies, a depletion of plastid rRNA pools, and few high-molecular-weight polysomal complexes.
Growth under moderate light conditions (27°C, 100pEm2sec™’) allows for substantial chlorophyll
accumulation in mutant leaves, yet the number of functional photosystem Il complexes appears low.
Nevertheless, the presence of a limited but intact C, system indicates that some plastid translation

occurs.

Introduction

Full chloroplast function is dispensable for short-term
viability in higher plants, as endosperm reserves support
heterotrophic growth of young seedlings prior to photo-
synthetic development. Albino plants deficient in plastid
ribosomes undergo cell division and expansion as well as
organ initiation and development, if supplied with nutrition
(Zubko and Day, 1998). The short-term viability of such
defective seedlings facilitates identification of genes im-
portant for chloroplast development and function through
mutagenic screens. Numerous loci involved in plastid
development, division, pigment biosynthesis, transcription
and RNA processing, photosynthetic function, protein
import and light perception have been uncovered (re-
viewed by Leon et al., 1998; Mullet, 1988; Somerville, 1986).
However, there are few higher plant mutations that are
known to directly affect plastid translation or plastid
ribosomes.
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Pigment-deficient mutations in higher plants are often
associated with reduced plastid translation or ribosome
instability, but most are the result of pleiotropic effects.
Disruption of chlorophylls or carotenoids, either through
mutation or treatment with bleaching herbicides, results in
photo-oxidative damage leading to plastid ribosome
depletion and reduced plastid translation (Borner etal.,
1976; Mayfield etal, 1986; Reiss etal, 1983). Other
mutations have stronger associations to plastid transla-
tion, but a direct role is unclear as the primary gene
product remains unknown or the function is not evident.
Mutations in this category include maize virescents 3, 12
and 76 which display a cold-sensitive plastid ribosome
depletion (Hopkins and Elfman, 1984), and maize iojap
striping 1 (Han etal, 1992; Walbot and Coe, 1979)
associated with reduced plastid ribosomes. Close examin-
ation of maize high chlorophyll fluorescence 7, chloroplast

317



318 Neil Schultes et al.

protein synthesis 1 (cps1) and cps2 mutations reveal
significant plastid translation deficiencies, including a
depleted plastid ribosome content, a reduced polysome
pool and depressed translational efficiency, suggesting
that these mutations directly affect plastid translation
(Barkan, 1993). The coupling of plastid message RNA
processing with translation is revealed in chloroplast RNA
processing 1 (Barkan etal.,, 1994); however the exact
function of the affected locus is unknown.

Only a few mutations in higher plants are known to
directly affect plastid ribosomes. The Arabidopsis thaliana
paleface 1 mutant lacks sufficient rRNA methylase activity,
resulting in cold sensitivity and plastid ribosome depletion
(Tokuhisa etal., 1998). In Nicotiana, mutations in the
plastid-encoded 16S rRNA and S12 genes confer antibiotic
resistance (Galili etal., 1989; Svab and Maliga, 1991). Here
we characterize the first higher plant mutation in a nuclear-
encoded plastid ribosomal protein. Through Activator-
transposable element tagging, the maize high chlorophyll
fluorescent 60-mutable 1 (hcf60-m1) mutation was iso-
lated. This unstable pale green seedling lethal mutation
exhibits characteristics of plastid ribosomal mutations,
including temperature and light-sensitive pigmentation,
reduced photosynthetic capacity, reduced plastid ribo-
some content, and reduced plastid polysome size.
Molecular cloning and characterization revealed that the
chloroplast ribosomal small subunit protein 17 (RPS17)
was disrupted in hcf60 mutants.

Results

High chlorophyll fluorescence 60 mutant phenotype

Sectored pale green plants were identified in a screen of
M, families derived from selfed kernels enriched for Ac
transposition from the p-vv locus on chromosome 1S
(Dellaporta and Moreno, 1993). Due to the characteristic
fluorescence signal, dark-adapted pale green mutant
sectors display upon illumination with UV light (325 nm):
the mutation was designated high chlorophyll fluores-
cence 60 (hcf60) (Miles, 1994). The mutation segregates as
a recessive trait (52 mutants per 230 total progeny) and is
seedling lethal, even though mutant plants often display
dark green revertant sectors on otherwise yellow to pale
green colored leaves (Figure 1).

Chlorophyll accumulation in hcf60-m1 mutant seedlings
is both temperature- and light-sensitive. Mutants grown at
17°C, 100 uE m~2 sec™" appeared albino, those grown under
more moderate conditions at 27°C, 100uE m2sec™" ap-
peared pale green, and those grown under greenhouse
conditions at approximately 24-27°C, <400uEmZ2sec”
appeared very pale green to yellow (Figure 1). Revertant
sectors were phenotypically wild-type. Mutant but not
revertant tissue was virescent, greening from the leaf tip to

the base under moderate conditions, and to a lesser extent
under greenhouse conditions. Spectroscopic analysis of
chlorophyll content revealed that greenhouse- and low-
temperature-grown mutants were severely pigment defi-
cient (Table1). In contrast, mutant leaves grown under
27°C, 100uE m2sec™" contained near-wild-type levels of
chlorophyll; older leaves had a higher pigment content but
still showed an altered chlorophyll a/b ratio (Table 1). No
gross deficiencies in other photosynthetic pigments rela-
tive to chlorophyll a content were observed in mutant
leaves grown under 27°C, 100 uE m2sec™, indicating no
block in carotenoid synthesis (Table2). Higher levels of
antheraxanthin and zeaxanthin in mutant tissue may
reflect a light-stress response and elevated photoprotec-
tive pathways (Demmig-Adams and Adams, 1996).

Hcf60 mutants have reduced photosynthetic capacity

The high chlorophyll fluorescent phenotype suggested a
blockin electron transport (Miles, 1994). To further examine
this possibility, chlorophyll fluorescent yield measure-
ments were performed on plants grown under moderate
conditions in order to probe the functional state of PSII.
Dark-adapted wild-type leaf tissue yielded a characteristic
low minimal chlorophyll a fluorescence (F,), a sharp rise to
maximal fluorescence (F,) upon illumination with a
saturating light pulse, and a gradual relaxation arriving
back at the F, level (Figure 2a). This reflects the change in
Qa, from fully oxidized to reduced state followed by a
gradual return to oxidized state. In contrast, dark-adapted
mutant hcf60-m1 leaf tissue displays an aberrant fluores-
cent transient induction signature marked by an extremely
high F, level, asmall F,,, peak and a relaxation curve dipping
below F, (Figure 2b). Similar transient signatures were
observed for mutants grown under dim illumination
(2.5uEm2sec”’, 27°C), but no appreciable signal was
observed for greenhouse-grown tissue (data not shown).
Few complete photosystem Il (PSIl) complexes are func-
tional in hcf60 mutant leaves, as indicated by low photo-
chemical quenching, ¢, (0.51+0.04 mutant versus
0.92:+0.01 wild-type); high non-photochemical quenching,
gn (0.7£0.01 mutant versus 0.42+0.06 wild-type); de-
pressed F,/F, values (0.16+0.04 mutant versus 0.72+0.02
wild-type); low quantum yield ¢Il (0.05+0.01 mutant versus
0.55+0.01 wild-type); and the aberrant mutant fluorescent
transient induction signature. Previous reports indicated
that hcf60-m1 also exhibits disruptions in PSI activity
(Miles, 1994). Wild-type and hcf60 mutant leaves grown
under moderate conditions were assayed for changes in in
vivo absorbance at 820nm in saturating far-red light, an
indicator of Pyoo photo-oxidation. Mutant tissue yielded
only 40% of the wild-type signal (data not shown). Together
these results suggest that both PSI and PSIl are severely
impaired in the hcf60 mutant.
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Figure1. Pigmentation of sectored hcf60
mutant seedling leaves grown under vary-
ing conditions.
(a) Seedlings grown at 17°C, 100uE m™
sec.
(b) Seedlings grown at 27°C, 100pEm™
sec.
(c) Seedlings grown in the greenhouse.
Table 1. Leaf chlorophyll content under different growth conditions
17°C, 100 uE m~2sec™ 27°C, 100 uE m~2sec™ Greenhouse
1st leaf 1st leaf 2nd leaf 1st leaf
WT hcf60 WT hcf60 WT hcf60 WT hcf60
Total chlorophyll 0.3850.42 >0.002£0.00017 1.11£0.15 0.79*0.1 1.3+0.2 0.71+0.17 0.89*0.077 0.026 = 0.012
ug mg™" tissue n=4 n=4 n=7 n=7 n=7 n=7 n=4 n=3
Total chlorophyll 100 >0.5 100 71 100 55 100 2.9
% WT
Chlorophyll a/b 212+0.2 - 254+0.22 1.89*0.16 2.65*0.26 1.97 +0.12 3.02 £0.11 2.87 £0.23
The low level of photosystem activities suggests that Table2. HPLC pigment analysis
even under mild growth conditions, photosynthesis is
severely impaired. To determine if the C, photosynthesis Pigment concentration
cycle is intact and functional, the CO, compensation point (mol per 100 mol chlorophyll a)
of l.76f60-r.n7 leaf tissue was dett.ermi.ned. The CO, compfan- 1st leaf 2nd leaf
sation point measures the equilibrium CO, concentration
achieved between CO, fixation into the Calvin cycle and Pigment WT hef60 WT hcf60
release via respiration of tissue in a closed system. These
ts are dependent on functional light and dark Chiorophyll a 100 100 100 100
measurement P allig Chlorophyll b 33 54 32 51
photosynthetic reactions, and are sensitive assays for Lutein 14 15 16 17
complete C4 function. As shown in Figure 3, mutant tissue Zeaxanthin nd 25 nd 35
grown under moderate conditions can achieve a low CO, Antheraxanthin 0.4 2.8 0.4 4.2
Violaxanthin 16 19 30 18

compensation point characteristic of maize and other C,
plants. However, mutant tissue reaches equilibrium at a
slower rate than wild-type tissue, suggesting that the rate
of CO, fixation is low. Revertant tissue acts as wild-type,
whereas greenhouse-grown mutant tissue never achieves
equilibrium but continues to accumulate CO,, indicating
that the rate of photosynthesis is insufficient to overcome
cellular respiration (data not shown). Mutant tissue
samples with no visible revertant sectors were chosen
for analysis to minimize the contribution of revertant cells
to the analysis.

© Blackwell Science Ltd, The Plant Journal, (2000), 21, 317-327

nd, No discernible peak detected on HPLC.
Each data set is from four leaf samples; plants grown at 27°C,
100 uE m~2sec™.

Hcf60 is due to insertion of Ac

The hcf60-m1 mutation was identified in Ac-containing
lines in which transpositions were selected and M,
populations generated. Genetic segregation and DNA blot
analysis revealed that a novel transposed-Ac element
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Figure 2. Chlorophyll fluorescent yield measurements.

(a) Chlorophyll fluorescent induction kinetics of dark-adapted wild-type
leaf.

(b) Chlorophyll fluorescent induction kinetics of dark-adapted hcf60-m1
leaf.

F, and F,, denote the minimal and maximal chlorophyll a fluorescence of
dark-adapted leaves.
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Figure 3. CO, compensation point analysis.

Time courses of averaged CO, concentration measurements for hcf60-m1
and wild-type sibling seedling leaf tissue grown at 27°C, 100 uE m~2sec”.
CO, concentration is measured in p.p.m.

(tr-Ac) cosegregated with the hcf60 mutant phenotype.
In Figure 4(a), DNA from individual plants segregating
the hcf60-m1 phenotype was digested with EcoRl,
fractionated and probed with Ac-specific sequences.
The resulting blot shows a novel 4.7kb band (labeled
tr-Ac) present in all mutants (lanes 5-10), but segregat-
ing among wild-type individuals (lanes 1-4). The tr-Ac
and adjacent genomic DNA was cloned, and DNA blot
analysis reveals that the flanking genomic DNA se-
quences identify wild-type Hcf60 and putatively Ac-
tagged hcf60-m1 fragments (Figure 4b). In Figure 4(b),

DNA from all wild-type individuals displays an 11kb
EcoRl DNA fragment (lanes 1-5, black arrow) corre-
sponding to Hcf60, and some individuals contain a
4.7kb EcoRl fragment (lanes 3-5, gray arrow) corre-
sponding to hcf60-m1. Mutant individuals all display the
4.7 kb EcoRI fragment, but lack the wild-type 11kb EocRI
fragment (lanes 6-10). All individuals contain a cross-
hybridizing 4.6kb EcoRl fragment (star). Additional DNA
blot analysis of 28 hcf60-m1 mutants revealed no wild-
type 11kb EcoRl fragments (data not shown). These
segregation data reveal a close linkage between a novel
tr-Ac and the hcf60 mutation.

If the tr-Ac were responsible for the mutant phenotype,
then excisions of the tr-Ac that restored Hcf60 function
would give rise to phenotypically wild-type tissue that
would also show the molecular genotype of a hetero-
zygote. In Figure 4(c) DNA from wild-type, mutant and
representative revertant sector tissues was digested with
Xbal, fractionated and probed with flanking genomic DNA.
The wild-type sample is a heterozygote containing a Hcf60
hybridizing band at 12kb (black arrow) and a hcf60-m1
band at 6kb (gray arrow) (lane 1). The mutant sample
displays the 6kp Ac fragment (lane 2). Revertant sectors
(lanes 3-5) all appear as heterozygotes displaying both the
12kb Hcf60 and 6kb hcf60-m1 fragments. We have
analyzed DNA isolated from revertant sectors from nine
independent mutant plants: all display DNA fragments
characteristic of heterozygotes (data not shown). All
samples display lower molecular weight cross-hybridizing
bands (stars). The results link the restoration of Hcf60
phenotype with the genotype of Ac excision and indicate
that the tr-Ac is responsible for the mutation.

Comparison of the DNA sequence of hcf60-m1 genomic
DNA with a full-length wild-type cDNA reveals that an Ac
element has inserted 17 bp upstream from the predicted
ATG codon in a region sharing sequence similarity with
the Ac end (Figure 5a). The Acinsertion displaces the Hcf60
transcription start sites from the coding region. In addition,
Ac transcription proceeds in the opposite direction from
the Hcf60 coding region, suggesting that read-through
transcription is unlikely (Figure 5a). Indeed, RNA blot
analysis does not detect Hcf60 transcript in mutant tissue
(Figure 6b).

Hcf60 encodes the plastid S17 ribosomal protein

RNA blot analysis reveals that the 0.7 kb Hcf60 transcript is
present in both seedling leaf and root tissue (Figure 6a). A
full-length ¢cDNA was isolated and characterized from a
maize cDNA library. The 638 bp cDNA clone includes 26 bp
of 5 UTR sequence, a predicted open reading frame of
399 bp followed by 212 bp of 3" UTR region (Figure 5a). The
predicted HCF60 protein shares significant sequence and
predicted structural similarity with plant chloroplast and

© Blackwell Science Ltd, The Plant Journal, (2000), 21, 317-327
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(a) Segregation analysis with an Ac probe. A novel 4.7 kb DNA restriction fragment containing a transposed Ac (tr-Ac) was detected in a family segregating
hcf60 mutant phenotypes. Lanes 1-4 contain genomic DNA from wild-type seedlings digested with EcoRI. Lanes 5-10 contain genomic DNA from hcf60
mutant seedlings digested with EcoRI. The DNA blot was probed with internal 700 bp EcoRI-Hindlll Ac sequences.

(b) Segregation analysis with flanking genomic DNA. Genomic DNA flanking the novel tr-Ac was used as a probe (pNS274). Lanes 1-5 contain genomic
DNA from wild-type seedlings digested with EcoRIl. Lanes 6-10 contain genomic DNA from hcf60 mutant seedlings digested with EcoRl. Black arrows

denote Hcf60 DNA fragments; gray arrows hcf60-m1 DNA fragments.

(c) Revertant sector analysis. Lanes 1 and 2 contain genomic DNA from heterozygous wild-type and hcf60 mutant seedling, respectively, digested with
Xbal. Lanes 3-5 contain genomic DNA from somatic revertant sectors isolated from different hcf60 mutant tissue, digested with Xbal. DNA blot was
probed as in (b). Black arrows denote Hcf60 DNA fragments; gray arrows hcf60-m1 DNA fragments.

many prokaryotic 30S ribosome subunit S17 proteins
(Figure 5b) (Altschul etal., 1997). Analysis of the mutant
genomic locus reveals no intron sequences in the
predicted coding region (data not shown), as also
observed for the homologous Arabidopsis Rps17 locus
(Thompson etal., 1992). Pairwise alignments show high
levels of identity with rice RPS17 (63/71% identity/similar-
ity), Arabidopsis RPS17 (54/71%) and pea RPS17 (44/75%),
and lower ranges with representative prokaryotic Bacillus
stearothermophilus (26/43%), Escherichia coli (28/47%)
and Thermus thermophilus (38/44%) S17 proteins.
Overall secondary structures in the core of the proteins
are conserved. Predicted B-sheet regions overlap among
the S17 proteins and align with the five p-sheet domains
observed in the tertiary structure of B. stearothermophilus
S17 (data not shown) (Golden etal., 1993). Hydrophobic
amino acids in the core of the protein are conserved
(Figure 5b, circles) (Golden etal., 1993), and positively
charged amino acids believed to interact with rRNA are
also conserved (Figure 5b, plus) (Jaishree etal., 1996). Key
residues identified by mutational analysis are also con-
served among all S17 proteins, including the histidine
involved in neamine resistance (Figure 5b, solid arrow)
(Yaguchi etal., 1976) and serine important in temperature
sensitivity (Figure 5b, open arrow) (Herzog etal., 1979).

It is likely that the extra N-terminal residues common to
all plant RPS17 proteins and lacking in prokaryotic S17
proteins correspond to chloroplast transit sequences. The

© Blackwell Science Ltd, The Plant Journal, (2000), 21, 317-327

HCF60 N-terminus exhibits amino acid composition and
distribution characteristic of transit sequences (Cline and
Henry, 1996) and is predicted to contain a chloroplast
transit peptide cleaved at amino acid 43 (Emanuelsson
etal., 1999). In addition, cleavage and import of pea RPS17
protein occurs in the presence of isolated chloroplasts
(Gantt and Key, 1986), supporting the plastid localization
of plant RPS17 proteins.

Chloroplast ribosomes are depleted and polysome size is
reduced in hcf60-m1

If HCF60 were a component of the chloroplast ribosome
complex, its absence in hcf60 mutant plants would
probably reduce the translational potential of hcf60
chloroplasts. Steady-state levels of Hcf60 transcript were
monitored through RNA blot analysis to determine gene
expression profiles in wild-type and mutant tissue. In wild-
type seedlings the gene is expressed in roots and etiolated
leaves and strongly in green leaves (Figure 6a), as has
been observed for the Arabidopsis Rps17 gene (Thompson
etal., 1992). However, no transcript is detected in mutant
leaf tissue grown under greenhouse conditions or even
under moderate conditions (Figure 6b, lanes 2, 4 and 6)
despite being abundant in similarly grown wild-type
leaves (Figure 6b, 1, 3 and 5). Northern analysis also
revealed that in hcf60 mutant leaves, transcript for rbcl is
depleted compared to the wild-type, whereas message
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(a) DNA sequence of HCF60 locus. Capital letters indicate coding region and deduced amino acid sequence for HCF60; lower case letters represent 5" and
3’ untranslated regions of the HCF60 cDNA. Genomic junction sequence aligns the Ac-tagged hcf60-m1 sequence above the wild-type cDNA sequence in
the 5’ region. Italic characters and arrow indicate Ac sequences; triangle, insertion site; bold characters, bp differences between the genomic and cDNA 5

UTR sequences. The EMBL accession number is Y19204.

(b) Amino acid sequence alignment of RPS17 proteins. cCLUSTALW alignment of maize HCF60 with plant RPS17 and representative bacterial RPS17 proteins

(Thompson etal.,

1994). Black boxes denote amino acid identity; shaded boxes, amino acid similarity. Solid arrow indicates conserved amino acid

involved in neamine resistance; open arrow, conserved amino acid important for temperature sensitivity. Circles denote conserved hydrophobic residues;
plus marks conserved charged amino acids. Rice RPS17 (gh# 3777598); A. th. (Arabidopsis thaliana) RPS17 (sp.# P16180) (Gantt and Thompson, 1990); pea
RPS17 (sp.# P17092) (Gantt and Thompson, 1990); B. st. (Bacillus stearothermophilus) RPS17 (gb# 443236) (Herfurth etal., 1991); E. co. (Escherichia coli)
RPS17 (sp.# P02373) (Yaguchi and Wittmann, 1978); T. th. (Thermus thermophilus) RPS17 (sp.# P24321) (Jahn etal., 1991). Alignment presentation with
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accumulation for atpB is unaffected (Figure 6c).
Destabilization of rbcL message has been observed in
mutants affecting chloroplast ribosome content and poly-
some accumulation (Barkan, 1993).

Previous studies have also correlated reduced plastid
rRNA accumulation with a reduced polysomal content
(Barkan, 1993). rRNA levels were compared between hcf60
mutant and wild-type plants. Ribosomal RNAs were
monitored by electrophoresis to determine the relative
abundance of cytoplasmic versus plastid ribosomes. As
expected, wild-type leaf tissue contains abundant plastid
rRNA due to high numbers and size of functional
chloroplasts as compared to wild-type root rRNA (compare
1.6 and 1.15kb RNA, Figure 7a, lanes 1 and 2). In contrast,
mutant leaf tissue is severely depleted in chloroplast rRNA
when grown under greenhouse or even moderate condi-
tions (Figure 7a, lanes 3 and 4). Digitized image analysis

shows that mutant leaves contain less plastid rRNA than is
present in wild-type leaves (comparing the ratios of the
3.2kb cytoplasmic rRNA and plastid 1.6kb RNA frag-
ments). Mutant leaves grown under moderate conditions
contain 14% (+1.5, n=3) and mutant leaves grown under
greenhouse conditions contained 12.8% (+5.3, n=5) wild-
type levels of rRNA.

To examine the role of HCF60 in plastid polysome
accumulation, leaf extracts were isolated from wild-type
and mutant hcf60 tissue and fractionated over sucrose
gradients prior to RNA blot analysis (see Experimental
procedures). In wild-type leaves, rbcL and atpB transcripts
are predominantly associated with large polysomes, while
in hcf60 mutant leaves the bulk of these transcripts are
associated with monosomes or are present as free RNA
species (Figure 7b). The decreased number of plastid
ribosomes is probably due to inefficient translation initia-

© Blackwell Science Ltd, The Plant Journal, (2000), 21, 317-327
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Figure 6. Gene expression analysis.

(a) Tissue expression of HCF60. Lane 1 contains RNA from wild-type
green seedling leaf; lane 2, RNA from wild-type etiolated seedling leaf;
lane 3, RNA from wild-type seedling root, probed with Hcf60 cDNA
(pHCF60-7B) or ubiquitin (ubi) sequences. All lanes contain
approximately 5pg total RNA.

(b) Expression of HCF60 in mutant tissue. Lanes 1, 3 and 5 contain RNA
from wild-type maize seedling leaves. Lanes 2, 4 and 6 contain RNA from
sibling hcf60 mutant seedling leaves. Seedlings were grown under
greenhouse conditions (lanes 1-4) or at 27°C 100puE m2sec™ (lanes 5
and 6). RNA blots probed with HCF60 and ubi sequences. All lanes
contain approximately 5ug total RNA.

(c) Plastid transcription. Expression of plastid-encoded atpB and rbclL
genes was monitored in wild-type (lane 1) and hcf60 mutant (lane 2)
sibling seedling leaves. RNA blot was probed with atpB (2.2kb) and rbcL
sequences (1.6 and 1.8kb).

tion rather than inefficient translation elongation. Altered
translation elongation would tend to accumulate large
polysomes, as has been observed in cells treated with
ribosome translation inhibitors and in maize bundle
sheath defective 2 mutant tissue (Brutnell etal., 1999;
Klaff and Gruissem, 1991).

Hcf60 locates to chromosome 8L

The Hcf60 locus was mapped to chromosome 8L in crosses
employing B-A translocation lines (Beckett, 1978). Mating

© Blackwell Science Ltd, The Plant Journal, (2000), 21, 317-327
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Figure 7. Chloroplast ribosome and polysome analysis.

(a) rRNA comparison. Total RNA was isolated from wild-type
greenhouse-grown seedling leaf (lane 1), root (lane 2), and hcf60 mutant
leaf grown in the greenhouse (lane 3) or at 27°C, 100uE m2sec™" (lane 4).
Cytoplasmic rRNA forms correspond to 3.2 and 1.85kb; organelle rRNA
corresponds to 1.6 and 1.15kb RNAs. 2 g total RNA were denatured and
run on a native 1 X MOPS agarose gel.

(b) Polysome accumulation. RNA blots containing fractionated aliquots of
sedimented wild-type or hcf60-m1 leaf tissue were probed with rbcL and
atpB sequences. Arrow indicates increasing sedimentation of fractions.

between hcf60 heterozygotes and lines carrying TB-8La or
TB-8Lc translocations resulted in pale green, often soma-
tically unstable F, progeny at 6% (19/219) and 8.3% (128/
1543), respectively. Crosses between hcf60-m1 heterozy-
gotes and maize lines harboring other mutations mapping
to chromosome 8L and exhibiting high chlorophyll
fluorescent, virescent or pigment-deficient phenotypes
(including hcf102, virescent 16 and 21, japonica 1,
yellow-024-5, white lutens 3, white 0-53-4, w0-34-16 and
w8963) resulted in complementation in the F; progeny,
establishing that hcf60-m1 is not allelic.

Discussion

Both the plastid and nuclear genomes encode plastid
ribosomal proteins (RPs). Of the approximately 60 plastid
RPs in higher plants, 21 are plastid encoded, and 16 of the
remaining 39 nuclear-encoded RPs have been character-
ized (reviewed by Subramanian, 1993; Sugiura etal., 1998).
We have shown that the maize hcf60-m1 mutation is
caused by Ac insertion into the Rps17 locus, and is one of
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the few higher plant mutations directly affecting plastid
ribosome proteins.

Genetic, molecular and gene expression data all support
the conclusion that an Ac insertion is responsible for the
hcf60 mutant phenotype. An Ac insertion was identified
that showed linkage with the mutant phenotype, and
somatic excisions of this element restored a wild-type
phenotype. The insertion of Ac in the hcf60 5" UTR region
displaces promoter and the putative transcription start site
approximately 4.5kb from the coding region of the gene.
Furthermore, no Hcf60 transcript was observed in mutant
tissue, which retains photosynthetic capacity. Nuclear and
plastid translation must still occur in such mutant tissue.
Together these data suggest that an Ac-induced disruption
of Hcf60 transcription results in the mutant phenotype and
gene expression profile.

Hcf60 encodes a plastid RPS17 protein, as clearly
deduced from the high level of amino acid sequence
similarity, common secondary structures and conserved
key amino acids important for structure and function
shared with other plant and bacterial RPS17 proteins.
Nuclear magnetic resonance structure data for bacterial
S17 protein (Golden etal., 1993; Jaishree etal., 1996), and
cross-linking studies with bacterial ribosomes (Urlaub
etal., 1997), place the S17 protein in the 30S subunit
interacting with the 16S rRNA molecule. RPS17 is believed
to be involved in ribosome assembly (Herzog etal., 1979)
and translational fidelity (Yaguchi etal., 1976).

Light- and temperature-dependent leaf pigment content,
altered chlorophyll a/b ratios, virescence and high chloro-
phyll fluorescence are common among higher plant
mutants which directly or indirectly affect plastid ribosome
integrity and translational activity. Depressed photo-
chemistry and a lower overall rate of photosynthesis
suggest that the hcf60 lesion does not affect a specific
photosynthetic component, but is consistent with reduced
levels of many photosynthetic components. The high
chlorophyll fluorescent phenotype indicates that electron
flow through or subsequent to PSIlI is inadequate for the
level of excitation. Aberrant chlorophyll fluorescence
induction signals also indicate that photochemically com-
petent PSIl complexes are rare. Relaxation of fluorescence
below the F, level, a high level of non-photochemical
quenching and a low PSIl quantum yield suggest a
dissociation of peripheral PSIl antenna complexes from
light-harvesting units or excited PSIl complexes that are
unable to siphon off excess electrons through electron
transport. Arabidopsis hcf109, 110 and 114 mutants all
exhibit similarly aberrant chlorophyll fluorescent induction
profiles, and are all depleted in PSIl components (Meurer
etal., 1996). Mutant leaf tissue appears to have reduced PSI
activity, as observed from reduced absorption and relax-
ation signals of mutant tissue exposed to pulses of far-red
light, and from previous reports (Miles, 1994). Despite the

severely depressed photochemistry, a low CO, compensa-
tion equilibrium point can be achieved in non-light-stressed
mutant tissue. This indicates that intact photochemistry, a
complete Calvin cycle and C, photosynthetic machinery is
present and functioning. The extremely slow rate of
attaining CO, equilibrium indicates that these photo-
synthetic enzymes and complexes are limited.

The low steady-state levels of polysome-associated rbcL
and atpB transcripts in hcf60 mutants suggest that HCF60
is required for polysome accumulation. Plastid ribosomal
RNA content in mutant leaf tissue is at least eightfold
lower than in wild-type leaf tissue, and reflects either
increased turnover of unassembled rRNA or lower levels
of rRNA transcription due to reduced plastid translation in
mutant tissue. As with other maize mutants that affect
plastid ribosomes, rbclL transcripts accumulate at low
levels (Barkan, 1993; Brutnell etal., 1999). The depletion
of rRNA and polysome pools indicates that plastid
translation is compromised. A deficit in photosynthetic
membrane complexes and enzymes results in poor
photosynthetic capacity and other phenotypes discussed
above. Nevertheless, low levels of photosynthetic activity
are still present.

The data support the hypothesis that hcf60 plastid
ribosome reduction and polysome accumulation result
from a deficit or lack of RPS17; however the absence or
depletion of this protein from ribosomes has yet to be
confirmed. Plastid translation may be compromised, either
because insufficient RPS17 is present and few ribosomes
accumulate, or because ribosomes that lack RPS17 func-
tion poorly. It is possible that a duplicate maize Rps17 gene
is expressed and yields low levels of RPS17. Maize DNA
blots probed with Hcf60 and flanking genomic sequences
reveal the presence of several DNA bands (data not shown
and Figure 4b,c), suggesting additional Rps17-like genes.
However, similarly probed RNA blots clearly show that
little if any transcript is produced in mutant tissue,
indicating that any closely related Rps17-like genes are
not expressed at a high level. Any additional Rps17-like
genes producing RPS17 would exhibit reduced nucleic
acid sequence similarity to Hcf60.

Alternatively, plastid ribosomes which lack RPS17 may
function poorly. Plastid and bacterial ribosome function is
resilient, and can withstand loss or mutation of a number
of protein components and still function. The tsp-17
mutation in Chlamydomonas reinhardtii confers resistance
to thiostrepton and results in the loss of plastid ribosomal
protein L23 (homologue of bacterial ribosomal protein
L11) and slow growth (McElwain etal., 1993). In E. coli,
mutants that lack any of 16 ribosomal proteins are
nevertheless viable and slow-growing (Dabbs, 1991).
Through a variety of immunological tests, one such E.
coli mutant was found to lack ribosomal proteins S17 and
L29 (Dabbs etal., 1983; Stoffler-Meilicke et al., 1985). This
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is consistent for a role of ribosomal proteins guiding rRNA
molecules into proper three-dimensional structures critical
for ribosome function (Stern etal., 1988). The loss of any
particular protein (such as HCF60) would compromise the
efficiency of translation but not prevent it altogether.

It is interesting to note that of the 16 dispensable
ribosomal genes in E. coli, 15 of the plant homologues
are encoded in the nucleus (Subramanian et al., 1990). This
correlation supports the hypothesis (Barkan, 1993) that
additional higher plant mutations which affect ribosome
stability or polysome accumulation, or diminish plastid
translation, disrupt other nuclear-encoded plastid ribo-
some protein genes.

Experimental procedures

Maize stocks and genetics

The Activator (Ac) transposon mutagenesis strategy used to
generate hcf60-m1 has been described previously (Dellaporta and
Moreno, 1993). Mutant hcf60-m1 plants were back-crossed to W22
maize lines and thereafter selfed. Maize stocks obtained from the
Maize Cooperation Stock Center (Urbana, IL, USA) include yellow-
024-5 (#8011); v16 and v21 (#801B and 804A); japonica 1 (#810B);
white lutens 3 (#827J); white 0-53-4 (#804D); wo0-34-16 (#804F);
w8963 (804H); TB8-La (#806A); TB-8Lc (#809A); and hcf120
(Donald Miles, University of Missouri, USA).

Maize was grown at The Connecticut Agricultural Experiment
Station, Hamden, CT, USA during the summers of 1990-98.
Seedlings were grown under greenhouse conditions or in growth
facilities at the indicated temperature and light conditions under
16h light/8h dark conditions in MetroMix 200 (Scotts-Sierra
Horticultural Products Company, Maryville, OH, USA).

Pollen from plants carrying B-A translocations affecting
chromosome 8L arms was scored as semiviable and used to
fertilize heterozygous hcf60 plants. For complementation crosses,
plants homozygous or heterozygous for chromosome 8L muta-
tions were selfed and used as recipients for pollen from selfed
wild-type individuals in an hcf60 segregating family. Progeny were
grown in sand benches under greenhouse conditions, and scored.

Pigment analysis

Four 8mm diameter leaf discs from the first or second leaf of 10-
day-old seedlings grown under greenhouse conditions, at 27°C,
100pE m~2sec™, or from 24-day-old seedlings grown at 17°C,
100 uE m~2sec™, were extracted in 80% acetone at —20°C for total
chlorophyll determination. Total chlorophyll concentration was
determined using a Spectronic Genesys 5 spectrometer
(Spectronics Instruments Inc, Rochester, NY, USA) and calculated
according to Arnon (1949). For pigment analysis, similar amounts
of leaf tissue from seedlings grown at 27°C, 100 uE m2sec™" were
extracted in 85% acetone at -20°C. Individual pigments were
separated by reverse-phase HPLC analysis as described by
Peterson and Havir (2000).

Light measurements

Chlorophyll fluorescence yield and changes in far-red light
absorbance were measured using the Walz pulse amplitude
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modulation system (H. Walz, Heffeltrich, Germany) as previously
described (Peterson, 1994; Peterson and Havir, 2000). For
chlorophyll fluorescence yield measurements, 10-day-old seed-
lings grown at 27°C, 100uEm™sec™ were dark-adapted for
several hours prior to measurement. Leaves were assayed in a
Walz probe given a saturating pulse at 6500 umol photons m~2
sec™' for 0.7 sec, then were superimposed with actinic illumina-
tion at 110 umol photons m=2sec™" at 30 sec intervals. Modulation
frequency of the measuring beam was 1.6kHz for F, measure-
ments, and was set at 100kHz for all other measurements. For
AAgz far-red determinations, hcf60 mutant and wild-type leaves
were measured as previously described (Peterson, 1994).

CO, compensation point data

Four 5mm diameter leaf discs from 2-week-old seedlings grown
under greenhouse conditions or at 27°C, 100 uE m~2sec”! were
placed on wet Whatmann no. 3MM paper in 50 ml syringes at
27°C, 100uE m~2sec”'. At timed intervals, 5ml samples were
withdrawn and analyzed in an infrared analyzer (Model 865;
Beckman, Palo Alto, CA, USA) over a period of 3h to ensure that
the CO, concentration had reached equilibrium, as previously
described (Schultes etal., 1996). Data were derived from two or
three independent samples.

Nucleic acid manipulation

Maize genomic DNA was prepared as described by Chen and
Dellaporta (1993). Total RNA was isolated with TRIzol (Gibco BRL,
Gaithersburg, MD, USA) according to the manufacturer’s recom-
mendations. DNA was fractionated on agarose gels (Ausubel
etal., 1989) and transferred to Zetaprobe GT membrane (Bio-Rad,
Richmond, CA, USA) according to the manufacturer. Total RNA
was fractionated on formaldehyde agarose gels prior to transfer
to Zetaprobe GT membrane and RNA blot analysis. Probes for
DNA and RNA hybridization analysis were labeled with *2P-dCTP
by random priming (Feinberg and Vogelstein, 1984).
Hybridization conditions for DNA and RNA blots were as
previously described (Brutnell and Dellaporta, 1994). The genomic
4.7kb EcoRl Ac-tagged hcf60 locus was cloned into pBSK
(Stratagene, La Jolla, CA, USA) generating plasmid DPG1846.
From DPG1846 a 0.7 kb BamHI-Clal fragment flanking the Hcf60-
m1 coding region and a 1.5kb BamHI-Clal fragment containing
hcf60-m1 and Ac sequences were subcloned into pBSK to
generate pNS274 and pNS275, respectively. PNS275 insert was
used to screen approximately 400000 plaques from a B73 maize
c¢DNA library derived from vegetative apices (courtesy of J.
Langdale University of Oxford, UK) to isolate wild-type HCF60
cDNAs. Approximately 20 clones were isolated and the DNA
sequence of a full-length 0.7 kb clone (pHCF60-7B) was obtained
(W.M. Keck, Biotechnology Resource Laboratory, Yale University,
USA). DNA and protein sequence information were analyzed on
Lasargene software (DNASTAR Inc., Madison, WI, USA). PSKUBI,
containing maize ubiquitin DNA sequences, was used as a control
in RNA blots (Christensen etal., 1992). Comparison of plastid
rRNA was determined by fractionating serial dilutions of dena-
tured total RNA on agarose gels for each sample. Digitized image
of the ethidium bromide-stained gels was captured on The Imager
(Appligene, Pleasanton, CA, USA). The ratio of the 1.6kb
organelle rRNA relative to the 3.2kb cytoplasmic rRNA was
determined for each sample using public domain NIH Image v1.61
software. Average values reflect analysis of at least three
independent samples.



326 Neil Schultes et al.

Polysome experiments

Polysomes were isolated from leaf tissue as previously described
(Brutnell etal., 1999). RNA was fractionated on 1.2% agarose
formaldehyde gels, blotted onto Nylon membranes and hybri-
dized with a 3?P-labeled DNA fragment of maize chloroplast DNA
(pZMC460) that recognizes rbclL and atpB sequences.
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