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A complete ¢cDNA clone encoding Euglena gracilis
chloroplast translational initiation factor 3 (IF-3 ) has
been obtained. Analysis of the sequence indicates that
the IF-3_,, mRNA contains the spliced leader found at the
5' end of nuclear encoded mRNAs in E. gracilis. The
open reading frame for IF-3,, encodes a 537-amino acid
protein. IF-3_,, appears to be divided into four domains.
The first 140 amino acids correspond to a transit peptide
required for the import of IF-3, into the chloroplast.
The mature form of IF-3_,, encompasses domains 2—4 and
is about twice the size of Escherichia coli IF-3. The sec-
ond domain has no homology to other known proteins. It
begins with a stretch of 35 residues, of which about 30%
are proline. Downstream from this region is a stretch of
about 25 amino acids with a repeating (GX), motif fol-
lowed by a very acidic region. The third domain com-
prises a region of about 175 residues and has between 31
and 37% homology to the IF-3s found in other organisms.
The IF-3 homology domain is followed by an acidic re-
gion which has no detectable homology to other se-
quences. Analysis of E. gracilis genomic DNA suggests
that there are about four copies of the IF-3 ,, gene, one of
which is probably a pseudogene. The activity of IF-3_, is
inducible by light. However, the IF-3_,, mRNA is present
in approximately equal amounts in both dark- and light-
grown cells, suggesting that the light-dependent induc-
tion of IF-3,, activity is post-transcriptional.

Two chloroplast translational initiation factors (IF-2,, and
IF-3,)! have been purified and characterized from Euglena
gracilis (1-3). IF-2,, promotes the binding of fMet-tRNA to
chloroplast 30 S ribosomal subunits. It is a large complex factor
ranging in size from 200 to 700 kDa. The active forms of IF-2
occur as dimeric, tetrameric, and probably hexameric com-
plexes of 97-200-kDa subunits. This factor has little activity in
binding fMet-tRNA to the Escherichia coli ribosomes. IF-3
enhances the poly(A,U,G)-dependent binding of the initiator
tRNA to chloroplast 30 S subunits (3, 4). In E. coli IF-3 is
thought to play several roles in the initiation process (5, 6).
First, it binds to the 30 S subunit and inhibits its association
with the 50 S subunit. In this way, IF-3 helps ensure a supply
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of 30 S subunits for initiation complex formation. Second, IF-3
promotes the conversion of a complex referred to as the preter-
nary complex to the ternary complex (7, 8). The preternary
complex contains both the mRNA and the fMet-tRNA on the 30
S subunit, but they are not yet hydrogen-bonded. In the ternary
complex, the mRNA and fMet-tRNA interact stably through
codon:anticodon hydrogen bonding. IF-3 also plays a proofread-
ing role in initiation by promoting the selection of the initiator
tRNA as opposed to elongator tRNAs in the 30 S initiation
complex (9-11). No factor directly comparable to IF-3 is found
in the eukaryotic cytoplasmic protein biosynthetic system.

IF-3,, can replace E. coli IF-3 in promoting 70 S initiation
complex formation on E. coli ribosomes. This observation sug-
gests that the chloroplast factor has retained many of the fea-
tures and functions of the corresponding prokaryotic factors.
However, IF-3,, is physically unusual compared to the bacte-
rial factor. E. coli IF-3 is a monomeric protein with a molecular
mass of 22 kDa. IF-3,, has been resolved into three forms
designated «a, 8, and vy. All of these forms of IF-3, function as
monomers but are about twice the size of the corresponding
prokaryotic factors. E. coli IF-3 is a basic protein, which has a
strong RNA binding activity (12). It binds to the 30 S subunit by
a specific interaction with the 16 S rRNA. In contrast, IF-3_, is
an acidic protein, which does not have a strong RNA binding
activity.

Both IF-2,, and IF-3,, are the products of nuclear genes in E.
gracilis. In addition, the activities of both proteins are induced
by exposure of the cells to light (13), as is the development of
the chloroplast itself. Chloroplast proteins encoded by nuclear
genes are generally synthesized in the cytoplasm as precursors
that have extensions at the N terminus. The chloroplasts of E.
gracilis are surrounded by three membranes as opposed to the
two plastid membranes observed in higher plants and in many
algae. The transit peptide for chloroplast proteins in this orga-
nism must, therefore, contain the information required to di-
rect the precursor polypeptide through all three of these mem-
branes.

EXPERIMENTAL PROCEDURES

Materials—Oligonucleotide primers were made in the Lineberger
Comprehensive Cancer Center at the University of North Carolina.
[«-**P]JdCTP (3000 Ci/mmol) was obtained from DuPont NEN. Pure
nitrocellulose blotting membranes were obtained from Schleicher &
Schuell, and Zeta-Probe Blotting Membranes were purchased from Bio-
Rad. Restriction enzymes were purchased from U. S. Biochemical Corp.,
Pharmacia, and Life Technologies, Inc. Oligo(dT)-cellulose Type 3 was
obtained from Collaborative Research. Sequenase® version 2 DNA se-
quencing kit was from U. S. Biochemical Corp. Analysis of the sequence
was done with the Genetics Computer Group (GCG) sequence analysis
programs (version 7.2, October, 1992) running on the University of
North Carolina VAX computer.

Light Induction of Chloroplast Development in E. gracilis—The
growth of E. gracilis Klebs var. bacillaris Cori (E. gracilis B) and the
light induction of chloroplast development were carried out basically as

9436

This is an Open Access article under the CC BY license.


http://creativecommons.org/licenses/by/4.0/

Chloroplast Initiation Factor 3

described (13). Cells in 50 ml of media were grown in the dark to a cell
density of 2 x 10° cells/ml. The cultures were transferred to 200 ml of
resting media and kept in the dark for 3 more days in order to exhaust
the carbon source. The cells were then either maintained in the dark or
exposed to light for 72 h. Chloroplast development was monitored by
determining the chlorophyll content per cell (14). Cells (0.32-0.58 g)
were harvested by centrifugation, and RNA was extracted according to
the procedure described (15).

Purification of IF-3_,, and Peptide Sequence Analysis—IF-3, B (mo-
lecular mass 42 kDa) was purified as described (3), except that the
TSKgel heparin-5PW column was omitted. After the TSKgel DEAE-
5PW column, about 30 pg of pure IF-3,, B was obtained for partial
amino acid sequence analysis. For this procedure, a sample of IF-3,, 8
was applied to a Hewlett-Packard hydrophobic sequencing column ac-
cording to the manufacturer’s protocol. The protein was reduced and
alkylated in situ by dripping a buffer containing 20 mm dithiothreitol,
50 mM 4-vinylpyridine in 6 M guanidine hydrochloride containing 0.5 m
Tris-HC], pH 8.6, and 5 mm EDTA through the column at room tem-
perature for 15 min. In situ proteolytic digestion with endoproteinase
Lys-C (Wako Chemicals) was performed according to Burkhart (16). In
situ CNBr cleavage was performed on a Hewlett-Packard Protein
Chemistry Station according to the manufacturer’s protocol using a 6-h
cleavage time. After digestion, peptides were separated by reverse
phase high performance liquid chromatography using a Hypersil ODS
column (2.1 x 100 mm; Hewlett-Packard) employing a linear gradient of
8-48% acetonitrile in 0.1% trifluoroacetic acid over 80 min with a flow
rate of 100 pl/min. Peptides were sequenced on the Applied Biosystem
model 477A Protein Sequencer with the model 120A PTH Analyzer.

RNA Isolation and Construction of cDNA Libraries—Total RNA was
extracted from light-grown E. gracilis essentially as described (17).
DNA was removed by lithium chloride precipitation. Poly(A)* RNA was
purified by oligo(dT)-cellulose chromatography (18). First strand cDNA
was synthesized by reverse transcription of 5 pg of poly(A)* RNA using
either random hexamers or oligo(dT),, ,; as primers and Moloney mu-
rine leukemia virus reverse transcriptase (Pharmacia). A Sephacryl?
S-400 spun column was used to select cDNAs over 400 bp. Second
strand cDNA was synthesized using RNase H nicking, followed by DNA
synthesis using E. coli DNA polymerase I as suggested by Stratagene.
EcoRI/NotI adaptors were ligated to the double-stranded cDNA by blunt
end ligation using T4 DNA ligase. The cDNA was ligated to EcoRI-
digested A ZAP II (Stratagene) and packaged with A phage packaging
extract (Stratagene). The random-primed library yielded a total of 3 x
10% independent recombinants, while the oligo(dT)-library contained 5 x
10* independent plaques. The latter library was amplified in E. coli
XL1-Blue resulting a library containing 1 x 10® plaque-forming units/
ml.

Preparation of Specifically Primed cDNA—A first strand ¢cDNA was
prepared by priming 5 pg of E. gracilis poly(A)* RNA with 60 pmol of
Primer P4 (see Table II) and 1200 units of Moloney murine leukemia
virus reverse transcriptase basically as described (19). Aliquots corre-
sponding to 1/10 of the cDNA synthesis reaction were used in the PCR
amplification reactions described below.

PCR Amplification—PCR amplifications were performed in a Perkin-
Elmer DNA Thermal Cycler. All the primers used carried a convenient
restriction site at their 5’ end (see Table II). Reaction mixtures (100 pl)
contained 60 pmol of each primer, 2.5 units of Tag DNA polymerase
(Promega), 0.2 mm dNTPs, the buffer system recommended by Perkin-
Elmer, and either 0.1 pg of genomic DNA or an aliquot of the specifically
primed cDNA prepared as described above. The template DNA was
denatured by incubation for 5 min at 94 °C followed by 5 min at 85 °C
prior to the addition of Tag DNA polymerase. Amplification reactions
were performed using an annealing temperature (T,) calculated as de-
scribed (20). During the first three cycles of PCR, the T, of the primer
without the added restriction site was used. The remaining 35 cycles
used the T, of the primer including the added restriction site. For
primer combinations that differed in T, the lower value was used in the
reaction. During each round of PCR, denaturation of the DNA was done
at 94 °C for 1 min, primer annealing was at the specified T, for 1.5 min,
and polymerization was carried out at 72 °C for 2 min. In the last cycle,
the reaction time at 72 °C was extended to 10 min to allow completion
of chains and the incubations were then cooled to 4 °C.

PCR reactions involving a second round of amplification using dif-
ferent primers were prepared as described above, except that they con-
tained 1 pl of the reaction mixture obtained from the first round of PCR.
The reaction mixtures were analyzed on 1.4% agarose or 3% NuSieve®
GTG-agarose gels. Specific bands were identified by ethidium bromide
staining and eluted from the gel using the GeneClean or Mermaid kits
from Bio101.
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Screening ¢cDNA Libraries—Approximately 1.5 x 10® plaques from
the random-primed ¢cDNA library and approximately 250,000 plaques
from the oligo(dT)-primed library were plated on E. coli XL1-Blue and
plaque hybridization was carried out as described (21). Appropriate
probes were labeled using the random priming method (22). Positive
plaques were selected, replated and rescreened until purified. The
pBluescript SK(-) phagemid clones containing positive inserts were
excised from the Lambda ZAP II and selected according to the manu-
facturer’s instructions (Stratagene).

DNA Sequencing—All the putative clones were sequenced by the
dideoxynucleotide chain termination method (23) and subjected to au-
tosequencing in the University of North Carolina DNA Sequencing Fa-
cility. M13 universal and reverse primers, as well as a number of syn-
thetic oligodeoxyribonucleotide primers derived from the IF-3,
sequence were used. Each region was sequenced completely in both
directions.

Northern and Southern Blots—RNA was analyzed on 0.9% agarose
gels in the presence of 1 M glyoxal and 50% dimethyl sulfoxide as
described (24). Total genomic DNA was prepared essentially as de-
scribed (25), and 20 pg were digested with 200-300 units of the indi-
cated restriction enzyme. Digests were run on a 0.7% agarose gel at 25
V for 17 h. RNA and DNA were transferred from the agarose gels to
Zeta-Probe blotting membranes as recommended by the manufacturer.
For hybridization reactions the blotted membranes were incubated with
2 x 107 cpm of 3?P-labeled probe (2 x 10° cpm/pg) in 1 mm EDTA, 0.5 M
NaH,PO,, pH 7.2, and 7% SDS at 65 °C for 14-18 h. The membranes
were then washed using the standard protocol described by the manu-
facturer. For reuse of the blot, it was striped by incubation in 0.1 x SSC
(0.015 M NaCl, 0.0015 M trisodium citrate) and 0.5% SDS at 95 °C for 30
min. This washing procedure was then repeated prior to reprobing the
blot.

RESULTS AND DISCUSSION

Isolation of cDNA Clones for IF-3 ., —IF-3,, is the product of
nuclear gene in E. gracilis (13). In order to obtain cDNA clones
of this factor, it was necessary to obtain partial peptide se-
quence information on this protein. Unfortunately, purified IF-
3., is an extremely sticky protein and is easily lost by adsorp-
tion onto surfaces when present at the low concentrations
resulting from its purification. Techniques commonly used to
concentrate and change the buffer of a protein sample lead to
significant losses of IF-3,, even when siliconized tubes were
used. In order to minimize loses during sequence analysis, a
method for the in situ digestion of IF-3,, was used (16). With
this approach peptides derived from IF-3,, were obtained fol-
lowing digestion with endoproteinase Lys-C or CNBr. Eight
peptides ranging from 6 to 34 amino acids in length were ob-
tained from endoproteinase Lys-C cleavage, and five peptides
were obtained from the CNBr digestion (Table I). Two sets of
peptides overlapped allowing the deduction of two longer
stretches of amino acid sequence (peptide A has 54 amino acids,
and peptide B has 32 amino acids; Table I). No sequence infor-
mation could be obtained directly from the N terminus, sug-
gesting that it might be blocked. Several of the peptide se-
quences obtained showed a significant percentage of amino acid
sequence identity to E. coli IF-3 (Table I), allowing the predic-
tion of their positions relative to each other. Other peptides,
however, showed little or no sequence identity with the pro-
karyotic factors. This observation is not surprising, since IF-3,,
is about twice the size of E. coli IF-3 and, thus, would be
expected to have significant regions of sequence with little re-
semblance to the bacterial factor.

Peptides A and B exhibited homology to their prokaryotic
counterparts, and their use formed the basis of the initial strat-
egy designed to obtain a portion of the IF-3,, gene. Based on its
sequence, peptide A was predicted to be derived from a region
of IF-3,, corresponding to a sequence near the N terminus of E.
coli and Bacillus stearothermophilus IF-3 (Fig. 1A). Peptide B
was predicted to be on the C-terminal side of peptide A. Four
degenerate oligonucleotide primers for PCR were designed
based on these peptide sequences and on the codon usage of E.
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TasLE 1
Amino acid sequences of IF-3,,, peptides*
Sequences underlined were used for designing degenerate PCR primers. The designation X represents an ambiguous residue.

Amino acid sequence

Homology to E. coli IF-3

Position % ldentity
Lys C peptides
1. LGVMSRQEALELAEAEDIDLVLVSIDTDPPV® 34-65 51
2. RFQNDLADMGK® 147-157 30
3. YPQLXLVXAVPGGRDEK —c —
4. VSMEFK® — —
5. GSRSSTLSNLGMGLGLGLGXGXGFGXGFGXGRGF — —
6. VIAERRAERDRKY —
7a. IGQHDYDVRVKQA? —
7b. FLEGGHRIK? 117-125 55
8. GRENQFVEIGRAVMK® 132-146 40
CNBr peptides
9. MGLGLGLGKGXGFGXGFGLGXGFPVEEEVEEE? —
10. MGKADAVPXKLXTFXILNXAPA —_
11. MEFKGRENQFVEIGRAVMKRFQND? 128-151 33
12. MNEDIKYPQLRLVRAVPGGRDEKLGV® 15-36 36
13. MSRQEALELAEAEDIDLVLVSIDTDP® 37-64 53

? These peptides overlap into peptide A: MNEDIKYPQLRLVRAVPGGRDEKLGVMSRQEALELAEAEDIDLVLVSIDTDPPV.
® These peptides overlap into peptide B: VSMEFKGRENQFVEIGRAVMKRFQNDLADMGK.

¢ Indicates the % identity was <20%.

4 Several ambiguities were noted in the peptide sequence that were resolved following determination of the cDNA sequence.

A

/ y Peptide A yy Peptide B , C [F-3
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7/ /!
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Fic. 1. PCR strategy used to isolate partial cDNA clones of IF-3_,. A, the relative location of peptides A and B was predicted by alignment
with E. coli IF-3. The box represents the protein sequence of IF-3,, from N to C terminus. The katched boxes represent peptides A and B. B,
schematic diagram outlining the strategy used in the amplification of a portion of IF-3,, by nested reverse transcriptase-PCR. The primers
indicated are shown in Table II. C, the amplification of the IF-3,, cDNA probe by PCR using specific primers derived from sequence information

determined from the initial clones obtained.

gracilis (Table II). Primers P1 and P2 were derived from the
sequences of peptide A. If there are no intervening sequences in
this region of the IF-3,, gene, amplification between these two
primers should produce a product of 178 base pairs. When
genomic DNA was used as a template, however, no band of the
appropriate size was observed. A similar approach was used
with primers P3 and P4. If this region of the IF-3,, gene does
not contain an intron, specific amplification between these two
primers should give a product of 109 base pairs. A specific band

of about this size was observed following PCR amplification
between this pair of primers. This fragment was subcloned into
the vector pTZ18R (U. S. Biochemical Corp.) and sequenced.
The derived amino acid sequence was consistent with the
known protein sequence, indicating that a portion of an IF-3,
gene had been cloned.

In an effort to obtain a portion of the IF-3,, cDNA, primer P4
was selected for use as a primer in the preparation of a specifi-
cally-primed cDNA starting with E. gracilis poly(A)* RNA (Fig.
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TasLe II
Nucleotide sequences of oligonucleotide primers

Primer Oligonucleotide (5’ — 3')

P1 CGGGATCCCATGAATGAGGARATRAAYTARCC
P2 GGAATTCCACIGGIGGATCXGTYTCDAT

P3 CGGGATCCCGTXTC PATGGARTTRAAYGG
P4 GGAATTCCCCCATYTCIGCSAYYTCYTT

P5 CGGGATCCCCGAGAAGCTCGGTGTGATG

P6 GGAATTCCTCTGGAAGCGCTTCATCACC

P7 GGAATTCCGGAGTCCGTGCGCAGCGAT

SL CGGGATCCTGAGTGTCTATTTTTTTTCG

Tis inosine; DisA; G,or T, RisAorG;Yis Cor T; X is I or C. The
underlined region is the added restriction site.

1B). This primer was selected since it appeared to have primed
IF-3chl] gene sequences specifically in the PCR reaction using
genomic DNA. The P4-primed cDNA was used as a template in
a first round of PCR using the antisense primer P4 and sense
primer P1 (Fig. 1B). Gel analysis of this reaction mixture in-
dicated that a large variety of PCR products were present and
that the desired product could not be obtained directly by this
method. Using this first PCR mixture as a template, additional
sets of PCR reactions were carried out utilizing a nested PCR
strategy (Fig. 1B). Specific DNA fragments of about the ex-
pected sizes were observed using primers P1 and P2 together
and primers P3 and P4 together. These DNAs were cloned and
sequenced. The peptides sequences translated from the DNA
sequences matched the known peptide sequences derived from
IF-3,,.

In order to obtain a longer probe for use in screening cDNA
libraries, two specific primers derived from the determined
DNA sequences were prepared (P5 and P6, Table II and Fig.
1C). Another PCR reaction was performed using these two
primers and the first round PCR product from the P4 primed
¢DNA as a template (Fig. 1). PCR amplification between these
two primers gave a specific product of 343 bp in length. This
fragment was used to screen ¢cDNA libraries from E. gracilis
and as a probe on Northern blots.

A random-primed cDNA library was constructed in A ZAP 11
and screened with the PCR-amplified probe. Five positive
plaques were obtained, and the phagemids were excised in vivo
and sequenced. The IF-3,-derived inserts in these recombi-
nants ranged from 0.4 to 0.9 kbp (Fig. 2). Analysis of these
clones provided 1.1 kbp of IF-3,,, cDNA sequence. Translation of
this sequence revealed that it contained most of the known
peptide sequences determined from the purified IF-3 ,, sample.
An oligo(dT)-primed library was also prepared and screened. A
1.0-kbp clone was obtained from this library which contained a
poly(A) sequence of about 100 bp and had a TGA stop codon 230
bp from the poly(A) tail. This clone overlapped the clones ob-
tained from the random-primed library, and together they pro-
vided 1.5 kbp of IF-3,, sequence information (Fig. 2).

The cDNA clones described above contained a continuous
open reading frame through the TGA stop codon, suggesting
that they did not include the 5’ end and the start codon. A
Northern blot was done in order to obtain an indication of the
size of the IF-3,, mRNA, and the results obtained suggested
that the mRNA was about 2 kb in length (see below). In order
to obtain sequences derived from the 5' end of the mRNA, we
took advantage of the observation that the majority of cytoplas-
mic mRNAs in E. gracilis have the same 26-nucleotide spliced
leader (SL RNA), which is transferred to premature mRNAs by
trans-splicing (26, 27). A special primer (SL primer, Table II)
was designed to hybridize to the 5’ end of IF-3 ,, mRNA. PCR
was then carried out using the P4-derived IF-3,, cDNA as a
template and P2 and SL as primers followed by a second round
of PCR using the SL primer and P7 (Table II, Fig. 2). The
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sequence of P7 was derived from the sequenced region of the
IF-3,, cDNA obtained from the previous clones. PCR followed
by gel analysis indicated that a specific 0.6-kb fragment was
amplified by this procedure (data not shown). Sequence anal-
ysis verified that it overlapped the previous cDNA clones on the
3’ side and that it contained the SL sequence at the 5 end.
When the DNA sequence information from this clone was com-
bined with that obtained previously, approximately 2 kbp of
c¢DNA sequence had been obtained. This length is very close to
the size predicted for the IF-3,, mRNA by Northern analysis.

Primary Sequence of IF-3,,—Sequence analysis of the IF-3,,
cDNA clones revealed that the mRNA for this protein has a
42-base 5'-untranslated region, an open reading frame of 1611
base pairs, a UGA termination codon, a 3'-untranslated region
of 230 bp, and a poly(A) tail (Fig. 3). Translation appears to
start from the first AUG codon. A putative polyadenylation
signal (AAUAAA) is not found in the 3'-noncoding region. How-
ever, such consensus sequences are present in only about 40%
of characterized plant genes (28). The open reading frame codes
for a protein of 5637 amino acids. This sequence contains all of
the peptide sequences obtained from the amino acid sequence
analysis of the purified IF-3,, confirming that the cDNA clones
obtained do indeed code for IF-3,,. A few differences were ob-
served between the protein sequence predicted from the cDNA
clones and the peptide sequence analysis. These differences are
seen in peptides 5 and 9. Amino acid sequence analysis indi-
cated the presence of an Arg at position 246, while cDNA se-
quence analysis indicated that this position was Pro. There
may be several copies of the IF-3,, gene that have slightly
different sequences (see below) resulting in the apparent dif-
ference between the amino acid and nucleotide sequences ob-
served at this position. In addition, several residues indicated
as X in the peptides in Table I could not be identified as Lys as
suggested by the cDNA sequence data. These positions may
contain post-translationally modified residues.

An examination of the sequence of IF-3,, suggests that the
protein can be divided into four regions (Fig. 4). The N-terminal
region encodes a presumptive chloroplast localization signal,
the middle region encodes a portion of the mature IF-3,, pro-
tein with no homology to other known proteins. This region is
followed by a section of about 175 amino acids that has homol-
ogy to prokaryotic IF-3. Finally there is a short C-terminal tail
region. Each of these parts of IF-3 ,, is discussed in more detail
below.

Characterization of the N-terminal Leading Sequence—The
molecular mass of IF-3;, deduced from the nucleotide sequence
is 58 kDa. The mature IF-3,, B determined by SDS-polyacryl-
amide gel electrophoresis and gel exclusion chromatography is
about 42 kDa. It is apparent that E. gracilis IF-3,, is synthe-
sized as a precursor, which is then processed. Since the N
terminus of IF-3,, is blocked, no direct sequence information on
the junction between the transit peptide and the mature pro-
tein is available. However, based on analogy to the other E.
gracilis proteins that are synthesized in the cytoplasm and
then localized to the chloroplast, a leader sequence of about 140
amino acids would be expected. Excluding the putative transit
peptide, the predicted mature form of IF-3,, would have a
molecular mass of 43 kDa, which is close to the value observed
experimentally (3). Overall, the mature form of IF-3,, is an
acidic protein with a pl of 4.9. This observation is consistent
with previous work, which indicated that IF-3,, behaves as an
acidic protein on ion exchange chromatography (4).

The chloroplasts in E. gracilis, unlike those in higher plants,
are surrounded by three membranes. The inner two mem-
branes are thought to be similar to the double membrane ob-
served in higher plant chloroplasts, while the origin of the
outermost membrane is less well understood. One school of
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N6-~-3

N6—4

N6—10

N6—12
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SL-PCR

Fic. 2. IF-3chl cDNA clones isolated from cDNA libraries and the strategy for amplifying the 5' region of IF-3 ,, cDNA. The primers
used for the amplification of the 5’ region of the IF-3,, cDNA (SL and P7) are indicated. The relative positions of the inserts derived from IF-3,
sequences present in the E. gracilis cDNA clones are represented in the bottom portion of the figure. The clone designated An3 was isolated from
the oligo(dT)-primed library. Clones designated N6-n were obtained from the random hexamer-primed library. The clone designated SL-PCR was
obtained by amplification of the 5’ end of the IF-3,; mRNA using the SL primer and primer P7 (Table II).

thought suggests that this membrane is derived from the
plasma membrane of an original eukaryotic endosymbiotant
(29), while a second group believes that it has been derived
from the endoplasmic reticulum (30). The transit peptides pre-
sent in E. gracilis proteins targeted to chloroplasts are signifi-
cantly longer than those observed for higher plant chloroplasts
since they must direct localization across this triple membrane
system. In general E. gracilis chloroplast localization signals
appear to have two domains: one that is similar to an ER-
targeting sequence and another that has the characteristics of
the envelope transit peptides seen in higher plants. It is very
likely that the first region is responsible for translocation
across the outermost chloroplast membrane, while the second
region directs import across the inner two membranes (31). The
first 40 amino acids of the IF-3,, leader have a number of
features reminiscent of ER localization signals. They contains a
stretch of hydrophilic residues at the N terminus followed by a
series of non-polar residues (LAAVCATGLLVLVLY) beginning
at amino acid 26. Application of the rules of von Heijne et al.
(32) for the prediction of ER cleavage sites suggests that an
ER-type cleavage event could occur after residues 46 or 53.
Only one authentic ER transit sequence has been analyzed
from E. gracilis (33). This sequence resembles those seen in
other organisms. It is shorter and has a lower net charge than
the “ER-like” leaders observed on chloroplast-localized proteins
in E. gracilis.

The second domain of the leader peptide is predicted to cover
residues from about 50 to 140. This second region corresponds
to the chloroplast transit peptide seen for higher plant chloro-
plasts. These signals generally lack obvious consensus se-
quences but are enriched in alanine and serine residues and
show a lower than average abundance of acidic amino acids.
These general features are found in the section of the IF-3,,
leader between positions 50 and 140. The amino acid sequence
here has about twice the normal abundance of Ala and a some-
what elevated abundance of Ser over the average chloroplast
protein. In addition, there are only 2 acidic residues in this
91-amino acid stretch. Von Heijne and Nishikawa (34) have
suggested that chloroplast transit peptides are primarily ran-
dom coils. Secondary structure predictions on residues 50-140
of IF-3 ,, were carried out using the Chou-Fasman and Garnier-
Osguthorpe-Robson algorithms (35, 36). With the exception of
the prediction of an a-helical segment between positions 125
and 140, there was no agreement between these two prediction

methods on the secondary structure of the putative chloroplast
transit sequence.

The Head Region of IF-3,—The mature form of IF-3,, is
thought to include residues from about amino acid 140 through
the C terminus at amino acid 537. The mature form is divided
into a head, an IF-3 homology domain, and a tail region (Fig. 4).
The amino acid composition of each of these regions is quite
distinct. The head region is defined as covering residues from
position 140 to the beginning of the IF-3 homology domain at
amino acid 290. TFASTA analysis of the sequences in the da-
tabases did not indicate the presence of any known sequences
homologous to the head region of IF-3,,. Analysis using the
MOTIFS or BLOCKS programs indicated that this region does
not fall into any general family of proteins (37).

The amino acid sequence of the head region shows a number
of unusual features. The first part of the head (from residues
140 to 175) is over 30% proline. Overall, the head is about 11%
proline compared with about 4-5% for the average protein. The
region of the head between residues 254 and 276 has an un-
usual (GX), motif in which Gly alternates with either a basic or
large hydrophobic residue. Use of the BLAST program (38)
indicated a relationship between the (GX), motif and the Gly-
rich regions of the keratins and several extracellular structural
proteins. The implications of this relationship are unclear. The
junction of the head and the IF-3 homology domain is rich in
acidic residues with 7 of the last 10 residues in this region being
Glu. Secondary structure predictions on the head indicates
little a-helix or B-sheet structure, presumably because of the
high percentage of Pro and Gly residues. The final 10 residues
in the acidic junction between the head and the IF-3 homology
domain are predicted to form an a-helix.

The IF-3 Homology Domain—Amino acids 290-474 encom-
pass the IF-3 homology domain. The sequence of IF-3 has been
determined from seven different prokaryotic organisms (Refs.
39—41; GenBank). A comparison of their sequences indicates
that they are all about 180 amino acids long and are reasonably
conserved (Fig. 5 and Table III). In general, these sequences fall
into three classes. 1) The IF-3s from a number of Gram-nega-
tive organisms are highly conserved (greater than 80%). 2)
There is one sequence from a Gram-positive organism (B.
stearothermophilus), which has about 50% sequence identity to
E. coli IF-3. 3) Finally, there is the sequence from Mycoplasma
fermentans, which has between 33 and 39% identity to other
IF-3 sequences. The E. gracilis IF-3,, appears to fall into a
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TGAGTGTCTATTTTTTTTCGGGTTTTTTTAAGTGTGAATCACATGGTTAGGAGCAGTTGTCTTCAATGTGACCAACCATCCCAAGGCTCTAATTCAACGT 100
M V R S s C L Q C D QP S Q G s N s-T F

TTGGGTGTGGGGGCCCGCTGGCAGCTGTGTGTGCCACTGGGCTGTTGGTGTTGGTGCT TTACTCCCCCTCATCGCAAACGGCTAATTGGTCGGCACAGGG 200
G C G G PLAAV CATSGULTLVLVLY S P S S QT ANWSAA QG

TATTTCCACAAAGGCGCTGTATCCGGCAGTGCCTGTGCCTTCCACTCTGCTGCCTGGAAGCGCGCCTGCCAAACACCAGCTGCATGTTTGGAGGGCACAT 300
I $ T K A LY P AV P VP S TULULUPGSAUPA AIKU HU QILUBVWRAH

GCGATGTCGGAGGCCACAACAAACAATTCATTCAAACAGTCATTATTTGGGTACAATGCCATCTCCTCCATTTGGCTTCAACTGGCTGGTGTGGCCGCCA 400
A M S EA TTNNS ST FIKOQSULUFGYNATIS Ss I WLQLAGVA-ABAT

CTTTCTTTGCATTTGGAGCTTTGATGGCAGCTGTAACGCAACGCAAGGAGATCGCCGTCTTCTCCGCCTCGGGTCAGGCTGCTGAGCCGGAGGGGGCGGA 500
F F A F GA L MAA AUV T QRIKETIA AV F S A SGOQAAE?PETGAE

GCCCCTGAAGCGGCCTTTTCCGTCTCCTGCTGCCAAACCTAAGCCGCTCTTCTCCACCCCGGCAAATTCCTTCAGCAACATCTTCCAGGCGCCTCCATCG 600
P L K R P F P S P A A KUP KUPULUTF S TP AN SF S NTTITVFQAUPUP S

CTGCGCACGGACTCCACCTATGGCCGAGGCCCGCGCTCGACCAGCTTCACCGACATCAGCAACTGGCCCTCCAACAACGCACTCCGCAACCCCCAGTCGG 700
L R TD S TYGRGUPR ST S F T DI S NWUP S NN ATLIRNINUPUGQS SV

TGATTGACATCGGGGGAGGAGTCGACTTCCTGGGGGACAGAAGCCCTGGAAACCCGTTCACGCGGCTGCGGGGGTCCCgGAGCTCCACCCTCAGCAACCT 800
I b I 6 GGV DF L GDUR S P GNUPUFTIRIULZRG S P s s T L S N L

CGGCATGGGCCTAGGCCTGGGGCTGGGCAAGGGCAAGGGCTTCGGCAAGGGCTTCGGCAAAGGCCGGGGGTTCCCCGTGGAGGAGGAGGTGGAGGAGGAG 900
G M G L G L G L G K 6 KG F G K6 F G K G R G F P V E E BE V E E E

CAGGAGGTGCTGTCGTGGGCCGACCGCCGGCGGGCGCTGGCGGACCCCGACGCCCCGCCGATGAACGAGGACATCAAGTACCCGCAGCTGCGGCTGGTGC 1000
Q E V L S W A DRI RIRALA ADUZPUDA APUPMNEDTIK Y P QO LRL V R

GGGCCGTGCCGGGCGGCCGGGACGAGAAGCTCGGTGTGATGTCGAGGCAGGAGGCGCTGGAGC TGGCGGAGGCGGAAGACATCGACCTCGTCCTCGTCAG 1100
A VP G G R D E K L G V M S R Q E A L E L A E A E D I DL V L V s

CATCGACACCGACCCCCCGGTGGCCAAGCTAGTAATTACTCAAGTTGAAGTACAGTCCGAGAAGAAGAAGAAGGACAGCCACAAGAAGGGGAAGGTGAAG 1200
I D T D P P V A KL VI T QVEV Q S E KK K KD S HKIK G K V K

GAGGTGAAGGAGCTGAAGGTGTCCCATAAGATCGGCCAGCACGACTACGACGTCCGCGTGAAGCAGGCCCGAAAGTTCCTGGAGGGCGGCCACCGCATCA 1300
E V K E L KV s H K I GG Q H D Y D V R V K Q0 A R K F L E G G H R I K

AGGTGTCGATGGAGTTCAAGGGGCGCGAGAACCAGTTCGTGGAGATCGGCCGCGCGGTGATGAAGCGCTTCCAGAACGACCTGGCGGACATGGGCAAGGC 1400
v s M E F XK G R E N Q F V E I G R A V M K R F Q N D L A D M G K A

GGACGCCGTGCCCAAGAAGCTCGGCACCCGGCTGATCCTGAACCTGGCCCCGGCCGGGGAGGCGCTGAAGGTGAT TGCGGAGCGGAGGGCAGAGCGCGAC 1500
D A V P K K L GG T R L I L N L A P A G E A L K V I A E R R A E R D

AGGAAAGCCGCGGCTGAGGAGGAGGGGGAGGGCGACGACCTCGACTTCGTGGACGAGAACGAGGACGAGGATGTGGAGGGGGAGGGCGAGGAGGAAGAGG 1600
R K A A A EEEGEGDDULUDUZFVDENUEDETDVEGETGTETEEE A

CCGAGGAGCTGGAGGAGGAGACAGCGGAGGGGACGGAGGTGCCAACCCGCAGCTGATCGCCGATCCGCGGGGGACAGCCACCTCCCCCCCGGCCTCCCTG 1700
E E L E E E T A E G T E V P T R § *

CCGGGGGCCGGCACCATCCGTCGTTGCGGTGCGGCGCTGCCATCAACGGCCGTCCTTGAGCTTAATGCTCCCGCCCTCCGTTGGCCCGCGGCGGTCGCCA 1800
GGTTGCTGGCCTGGCTGCCCGCAGCTCCTCCCCTCCCCGACTGACACAGTGTGGATGACCGTGATGTGCGCCTTTTCGCCTTC (A)

Fic. 3. Primary sequence of the IF-3_,, cDNA. The sequence shown begins at or very near the 5’ end of the mRNA and includes the spliced
leader. The amino acid sequence for the IF-3,, precursor is shown beginning with the first ATG codon. The residue designated P* indicates a
difference between the DNA sequence obtained and the peptide sequence information. The residues indicated as K* may be post-translationally

modified.

«a 1653 1890
E < Open Reading Frame —>] | mRNA
sL
140 290 475 5§37

Fic. 4. Organization of the IF-3chl
mRNA and polypeptide. The general r ] V//////////A I
organization of the coding sequence of IF-
3. suggests that it can be divided into a LEADER HEAD F-3 HOMOLOGY ACIDIC TAIL
leader specifying import into the chloro-
plast, a head region, a region with homol-
ogy to E. coli IF-3, and a tail region.
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Rcoli
Styph
Kpneu
Pwvulg
Smarec
Bstea
Nferm
Egchl

Ecoli
Styph
Kpneu
Pvulg
Smarc
Bstea
Mferm
Egchl

Fic. 5. Comparison of the amino
acid sequences of IF-3 from various
organisms. The alignment of the se-
quences was carried out using the
PILEUP program in the GCG software
package and the alignment was displayed
using the BOXSHADE program obtained
by FTP from netserv@EMBL-Heidel-
berg.de. The designations used are as fol-
lows.: Ecoli, E. coli; Styph, Salmonella ty-
phimurium; Kpneu, Klebsiella
pnreumoniae); Puvulg, Proteus vulgaris;
Smarc, Serratia marcescens; Bstea, B.
stearothermophilus; Mferm, Mycoplasma
fermentans; Egchl, E. gracilis (IF-3chl).
Shaded areas indicate residues conserved
in most of the IF-3 sequences determined
to date (Ref. 3941 and GenBank).

Ecoli
sStyph
Kpneu
Pvulg
Smarc
Bstea
Mferm
Egchl

Ecoli
sStyph
Kpaneu
Pvulg
Smarc
Bstea
Mferm
Egchl

Ecoli
sStyph
Kpaeu
Pvulg
Smarc
Bstea
Nferm
Egchl

TasLe III
Identity of the known IF-3 sequences (%)

Designators are defined in legend to Fig. 5.

Ecoli Bstea Mferm Puulg Smarc Kpneu Styph Egchl

Ecoli 100 52 39 86 89 97 99 34
Bstea 100 38 51 51 51 52 37
Mferm 100 38 39 39 38 33
Puulg 100 86 85 86 34
Smarc 100 89 90 31
Kpneu 100 97 34
Styph 100 34
Egchl 100

separate group and is no more closely related to the correspond-
ing factors from Gram-negative bacteria, Gram-positive bacte-
ria, or mycoplasma. The chloroplast factor shows between 30
and 40% sequence identity to all other known IF-3s (Table III).

Complete conservation of 25 of the approximately 180 resi-
dues in the homology domain is observed among all of the IF-3
sequences determined to date (Fig. 5). These residues are scat-
tered throughout the protein with the largest stretch of com-
pletely conserved residues only 3 amino acids long. There are
two clusters that appear to be more highly conserved than the
rest of the protein, corresponding to amino acids 33-54 and
117-141 using the E. coli numbering system. Numerous other
positions show conservative replacements or have been con-
served in the majority of IF-3 species. Limited information is
currently available on structure-function relationships in pro-
karyotic IF-3. The crucial residue Tyr-107 that is believed to be
important in the binding of E. coli IF-3 to 30 S subunits is
conserved in the IF-3,, sequence. Another important residue in
E. coli IF-3 is Lys-110, which is Arg in IF-3 . Site-directed
mutagenesis of E. coli IF-3 Lys-110 to Arg results in about a
15-fold lower binding constant to 30 S subunits compared to
wild-type IF-3 (42). Many of the basic residues are conserved

Chloroplast Initiation Factor 3
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between E. coli IF-3 and the homologous domain in the chlo-
roplast factor. These positively charged residues are thought to
be involved in an interaction between the initiation factor and
the 16 S rRNA in the small subunit. In contrast to the head
region, the IF-3 homology domain is predicted to have exten-
sive a-helical and B-sheet secondary structure based on the
Chou-Fasman and Garnier-Osguthorpe-Robson algorithms (35,
36).

The Tail Region of IF-3_,—The last 63 residues of IF-3,, is
termed the tail region. The sequence here does not have homol-
ogy to any protein sequence available in the databases. Anal-
ysis using the MOTIFS or BLOCKS programs failed to indicate
any relationship between this sequence and known structural
patterns. BLAST analysis suggested a relationship to the Glu-
rich region of parathymosin, although this relationship may
simply reflect the presence of Glu-rich sequences in these pro-
teins. The tail is highly acidic, and this 63-amino acid sequence
has 29 acidic residues compared to 7 basic residues. It has a pl
value of 3.69. Both the Chou-Fasman and Garnier-Osguthorpe-
Robson algorithms predict that this region is largely a-helical.
Thus, the IF-3 homology domain, which is basic, is bracketed
on both sides by acidic regions that are probably helical.

Structure of the IF-3,,, Gene—In E. gracilis single-copy DNA
sequences comprise about 12% of the genome (43). In order to
determine the copy number of the IF-3,, gene, a Southern blot
of total DNA digested with HindIIl, BamHI, and Bg!II, respec-
tively, was probed using a PCR product amplified between resi-
dues 1303 and 1397 (Fig. 6). This region was selected as a probe
because PCR amplification of these sequences using genomic
DNA as a template suggested that no introns were present in
this region (data not shown). Digestion of genomic DNA with
BamHI gave four bands of approximately equal intensity on
Southern analysis. HindIII digestion resulted in the presence
of three bands, one of which was more intense than the others.
Similarly, four major bands were observed with BglII-digested
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Fic. 6. Southern analysis of E. gracilis genomic DNA for IF-
3.1 sequences. Total DNA (20 ng) was digested with BamHI (lane A),
HindlIIl (lane B) or Bglll (lane C) and the fragments produced were
separated by agarose gel electrophoresis as described under “Experi-
mental Procedures.” Blots were probed with a PCR product amplified
between residues 1303 and 1397. The relative positions of size markers
are indicated on the left.

genomic DNA. Since none of these enzymes cuts within the
probe region, these result suggest that the E. gracilis genome
has at least four copies of IF-3,, gene. It has recently been
observed that there are multiple copies of the chloroplast elon-
gation factor Tu gene in higher plants (44).

In order to gain insight into whether one or more of the
IF-3,, genes detected could be pseudogenes, genomic DNA se-
quences between nucleotides 1228 and 1397 were amplified by
PCR. The PCR products were separated by gel electrophoresis.
Two bands were observed hybridizing to an IF-3,, probe: a
weak band of 169 base pairs, which corresponds to the size of
the product predicted from the sequence of the cDNA, and a
strong band at about 1 kb (data not shown). This observation
suggests that at least one of the IF-3,, genes has a different
organization from the others. The observation that it lacks an
intron in a region that contains an intron in the other copies of
the IF-3,, gene suggests that it might be a pseudogene.

IF-3,, activity has been resolved into three forms by chro-
matography on high performance liquid chromatography resins
(3). The a form has a molecular mass of about 34 kDa, while the
B and vy forms have molecular masses of about 42 kDa. These
three forms are functionally indistinguishable in in vitro as-
says. The existence of multiple gene copies for IF-3,, leaves
open the possibility that the chromatographically distinct
forms of this factor may arise from separate genes. It should be
noted, however, that all the IF-3_, cDNA clones obtained from
the libraries gave identical sequences throughout their over-
lapping regions. It is, thus, certainly reasonable to imagine
that the three forms of IF-3,, arise through post-translational
modification or from minor changes such as deamination
events occurring during purification. Further work will be re-
quired to examine the structure and organization of the mul-
tiple IF-3,, genes.

Effect of Light on the Expression of the E. gracilis IF-3,,
Gene—The development of the chloroplast in E. gracilis is in-
duced by exposure of dark-grown cells to light. The activities of
many nuclear-encoded proteins that function in the chloroplast
also appear to be light-inducible. For example, when dark-
grown E. gracilis cells are exposed to light, a 12-fold induction
of IF-3,, activity is observed. However, the levels of certain
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Fic. 7. Northern blot analysis of chloroplast IF-3 ,, mRNA. RNA
extracted from 1 x 10° cells was denatured with Me,SO and glyoxal and
subjected to electrophoresis on a 0.9% agarose gel. After transfer to a
Zeta-Probe membrane, the blot was hybridized with **P-labeled probe
prepared by PCR amplification between primers P5 and P6. Sizes of
RNA molecular weight markers are shown on the left. Lane A, total
RNA from E. gracilis cells exposed to light for 72 h; lane B, total RNA
prepared from cells grown and maintained in the dark.

mRNAs encoding chloroplast proteins do not appear to change
significantly in response to light, suggesting that the regula-
tion of expression of these proteins occurs post-transcription-
ally (45). The effect of light on the level of the mRNA for IF-3
has been examined by Northern analysis of RNA obtained from
light-induced or dark-grown cells (Fig. 7). Total RNA was ex-
tracted from the same number of cells so that the difference in
hybridization would reflect the change in the RNA pool per cell.
The size of the cell increases during light-induction about 2-3-
fold so that different weights of cells were used in this experi-
ment. Northern analysis (Fig. 7) indicates the presence of a
single mRNA of about 2 kb, which hybridizes to the IF-3,
probe. No significant differences in the level of IF-3;, mRNA
per cell were observed between cells grown and maintained in
the dark compared to cells that were grown in the dark and
then illuminated for 72 h to allow chloroplast development. The
Northern analysis suggests that light has no effect on the level
of the IF-3,, mRNA. Thus, the increased activity of IF-3
observed after light induction appears to be regulated post-
transcriptionally.
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