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ABSTRACT

Escherichia coli has a ribonucleoprotein complex that
is composed of a 114 nucleotide 4.5S RNA and a 48 kDa
polypeptide (P48) that has been demonstrated to
function in translation and in the secretion of peri-
plasmic polypeptides. A small RNA of  [220 nucleo-
tides has been identified in maize mitochondria that
includes sequence identity with the highly conserved
domain of the bacterial 4.5S RNA. The transcript is
mitochondrially encoded and maps to a region upstream
of the gene for ATP synthase subunit |. The mitochon-
drial 4.5S-like RNA has 15 nucleotides of sequence
identity with the highly conserved region of the
bacterial 4.5S RNA. Sucrose density gradient centri-
fugation of a maize mitochondrial lysate demonstrated
that the 4.5S RNA is a component of a high molecular
weight complex under native conditions, and could be
disrupted by phenol. Anti-P48 immune serum immuno-
precipitated a mitochondrial protein of (U8 kDa, and
RNA gel blot analysis of the immunoprecipitation
reaction indicated that the 4.5S-like RNA co-immuno-
precipitated with the 48 kDa polypeptide. The mito-
chondrial 4.5S ribonucleoprotein complex could
function in translation or protein targeting.

INTRODUCTION

GenBank accession no. U57307

and the EF-G binding site on the 23S rRNeA\ br resulted in
increased concentrations of uncharged valyl-, glutamyl- or
alanyl-tRNA @). In addition, the 4.5S RNA is known to sediment
with ribosomes or polyribosomes in sucrose gradiéhtaifd is
released by puromycirb€7). Thus, genetic and biochemical
evidence support a role for the 4.5S RNA in translation.

The 4.5S RNA associates with a 48 kDa polypeptide (P48,
product of theffh gene) to form a ribonucleoprotein (RNP)
complex that has considerable similarity to the cytosolic signal
recognition particle (SRP) of eucaryotic cells. The SRP binds to
the hydrophobic signal sequence of nascent polypeptide chains
and targets the synthesis of these polypeptides to the rough
endoplasmic reticulum. The SRP is composed 808 nt RNA
(SRP-RNA) and six polypeptide®) @nd has secondary structure
and sequence identity with the bacterial 4.5S/P48 RINR)(

The conserved 22 nt domain of the 4.5S RNA is also conserved
in mammalian SRP-RNAS, as is the predicted secondary structure
in this region of the SRP-RNALY). P48 and SRP54, the signal
sequence binding subunit of the SRP, have 31% sequence identity
over the entire length of the polypeptides, as well as a highly
conserved GTP-binding domaih2j. In addition, SRP54 and

P48 interact with the 4.5S or SRP-RNAs interchangeable: P48
binds both 4.5S RNA and human SRP-RNA)( and SRP54
binds SRP-RNA or 4.5S RNA(,12).

Similarities between the 4.55/P48 RNP and the SRP have lead
to speculation and experimentation on the possible role of the
RNP in protein targeting in bacterigX0). Expression of 4.5S
RNA levels through a repressible promoter have been utilized to

The 4.5S RNA is a small bacterial RNA that has been identifiestudy the phenotype of 4.5S RNA limitatiéyl(0). Depletion of

from a number of procaryoted,f). The 4.5S geneff§) is

the 4.5S RNA lead to accumulation of unprocessed precursors of

essential for growth @scherichia col(3), and other procaryotic B-lactamase; in addition, maltose binding protein was depleted,
4.5S genes can compleméntoli strains depleted in the 4.5S although accumulation of precursors was not evidea)

RNA (2). The 4.5S RNA dE.coliis a 114 nucleotide (nt) transcript, Thus, processing of tifielactamase precursor was dependent on

and ffs genes from other procaryotes express small structurle 4.5S RNA. In addition, the role of P48 has been analyzed

transcripts of 105-271 nt when expressedt.icoli (2). The

through mutation of théfh gene and expression through a

procaryotic 4.5S RNAs have a highly conserved 22 nt domain aregulated promotef.8,14). Depletion of P48 polypeptide results
conserved secondary structure, although the 4.5S RNAs differimthe accumulation of precursors for secretory polypeptides such
size and have relatively little (29%) sequence identity outside ak lambda B, maltose binding protein, alkaline phosphatase and

the conserved domai@,{).

ribose binding protein. These results strongly indicate the

The function of the 4.5S RNA has been controversial andl.5S/P48 RNP must play some role in the bacterial secretory
continues to be an intriguing puzzle. Suppression analysis opathway.

4.5S RNA depletion strain &.colilead to the identification of

Recently a chloroplast homologue of the P48 polypeptide,

suppression mutations that mapped to elongation factor G (EF-8)CP, has been identified5). The 54CP protein has 44%
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sequence identity with th#h gene product, and acts as aProtein gel blots
molecular chaperone in the chloroplast stroh@ 64CP binds
the light harvesting chlorophyll a/b binding protein after impor
into the chloroplast, and may be involved in targeting the prote
to the thylakoid.

The importance of the 4.5S/P48 RNP in bacterial ge

DS—PAGE and electrotransferred to a nitrocellulose membrane.
e membrane was blocked with 10% (w/v) dried milk in the
"%BS solution (0.3% Tween 20, 20 mM Tris—HCI pH 7.5, 500 mM

%aize mitochondrial protein (1g) was separated on a 10%

g : ; Cl) at £C overnight. The blot was washed three times with
expression is clear, although the function would appear to inclu 100 ml TTBS at room temperature for 5 min. The blot was

both roles in protein synthesis and secretion. The presence of a e . AL . )
procaryotic homologue of the SRP in bacteria and chloroplaéfgsUbated with either rabbit aliiicoli PA8 immune or preimmune

: : : : rum at a dilution of 1:1000 for 1 h at room temperature. The
Era?/rg?éetgigzgoadgttgg&r:glrﬂggteerdhgRﬁ; plantmitochondria mfs‘rﬁmunoblot was washed three times with TTBS for 10 min. The

primary antibodies were detected by the alkaline phosphatase
conjugated secondary body (goat anti-rabbit IgG alkaline phospha-
MATERIALS AND METHODS tase conjugate; Sigma) at a dilution of 1:3000. Immunoblot was
then washed three times with TTBS and incubated with
5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium for
Mitochondria were isolated from 7-10 day old seedlingéeaf 5-30 min.

mays(B37N) and purified by centrifugation on a discontinuous

sucrose density gradient and resuspended in homogenizatirmeparation of mitochondrial extracts

buffer containing 0.4 M mannitol 7).

Plant material and isolation of maize mitochondria

Maize mitochondria were washed twice with 1 ml native buffer
. e . [50 mM triethanolamine-HCI (pH 7.5), 100 mM potassium
Isolation and hybridization of maize mtRNA acetate, 16 mM magnesium acetate, 1 mM dithiothreitol (DTT),

Total maize mitochondrial RNA (mtRNA) was extracted a5 + MM EDTA, 0.1% Nikkol (octaethylene glycol dodecyl ethen)]
with phenol equilibrated with 0.3 M sodium acetate (pH 5.0) anfit 4 € and collected by centrifugation at 10 @Gor 10 min ©).
subsequently with chloroformi§). Mitochondrial RNA was The mitochondrial pellet was resuspended in 1 ml native buffer

fractionated in an 8 M urea/6% polyacrylamide gelrTBE ~ containing 0.5 mM phenylmethylsulfonyl fluoride, and 1 mg/ml
buffer [TBE: 89 mM Tris-borate, 2 mM EDTA (pH 8.0)]. Gel of each of leupeptin, pepstatin, chymostatin and antipain. The
temperature was maintained at é&juring the electrophoresis. mitochondrial suspension was sonicated four times with a Biosoni-
RNAs were electro-transferred to a nylon membrane (Hybgjd-NC&{0r at maximum setting for 10 s. The mitochondrial lysate was
at 25-40 V (100 mA) at°C for 16 h. The RNAs were UV clarified by centrifugation at 10 00§ for 10 min; and the
cross-linked and the RNA blot was pre-hybridized [prehybridizatioRUPernatant was saved and stored at€80

solution of 50% formamide X5SSPE (20 mM N#&DTA, 3.6 M o

NaCl, 0.2 M NaH,POy pH 7.0), 5 Denhardt's solution (0.1% mmunoprecipitation of the RNPs

Ficoll, 0.1% pplyvinylprollidone, 0.1% bovine serum albumin),The experiment was performed essentially as descrijed (
30 ug/ml herring sperm DNA] for at least 1 h at°@2 The  apti-E coli P48 antibody was bound to protein G—agarose beads
membrane was probed wittefid-labeled oligonucleotide probe for 1 1 in phosphate buffered saline (PBS) containing 2% Triton
for 24-36 h. The sequence of the oligonucleotide is complementaty; o0 at room temperature. The antibody—protein G beads were
to the conserved domain of the 4.5S RNAGETGCTTCCTT-  \yashed once in PBS containing 1 M NaCl, and twice with native
CCGGACCTGAC-3 2). Blots were washed With<2SSPE at  pffer at room temperature. The antibody—protein G beads were
room temperature for 10 ming ESPE plus 0.1% SDS for 1 h at pen resuspended with 3 vol native buffer.

42°C and 0.1% SSPE for 10 min af42 The RNA was detected  The mitochondrial lysate 100 g protein) was mixed with

by autoradiography. 40l of a 25% slurry of antibody—protein G beads containing in
a microfuge tube. The reaction was incubated at room temperature
RNase protection for 1 h with constant rotation. The beads were washed twice with

. _ . 1 ml native buffer, transferred to a new microfuge tube, and washed
A 1.3 kbBanH|-Pst restriction fragment from maize mitochon- vice with 1 ml PBS. Immunoprecipitated RNA was eluted with
drial DNA that encoded the 4.5S-like RNA sequence was clom%g% SDS, 50 mM Tris—HCI (pH 7.5), 25 mM EDTA and |2

into pBluescript and identified as pBP1.3. Maize MRNAyy.q0en” RNA was extracted with phenol/chloroform, precipitated

(5-10pg) and 1x 1P c.p.m. T7 or T3 promoted transcripts of h ethanol ; RNA gel blot hvbridizati ith
pBP1.3 were precipitated and the RNA was collected b\g]lé oﬁ;;]nuocie?)rt]%es L:)?Joebcete}grt?he 4 Sgeng Xt ybridization wit
centrifugation. The RNA was resuspended iplt@/bridization ' '

buffer (40 mM PIPES-NaOH pH 6.4, 400 mM NaCl, 1 mM
EDTA, 80% formamide). After denaturation af 85for 10 min,
the RNA was hybridized at 48 for 4—6 h. The annealed RNA KCl was added to the mitochondrial extract to a final concentra-
was treated with 300 U RNase T1 and 100 ng RNase A ipnl300tion of 100 mM, and the extract was clarified by centrifugation at
RNase buffer (10 mM Tris—HCI pH 7.7 and 300 mM NaCl) atL0 000 r.p.m. in the microfuge as descrildei). (The supernatant
30°C for 1 h. The RNase digestion was terminated with 0.1%as then layered on a 5—20% linear sucrose gradient containing
SDS, 10Qug proteinase K. The protected RNA fragments werd0 mM Tris—HCI pH 7.0, 5 mM Mgg] 100 mM KCI, 1 mM
extracted with phenol/chloroform and precipitated. The protectadithiothreitol, 0.01% (w/v) Triton X-100 and 0.1 mM phenyl-
fragments were fractionated in an 8 M urea/6% polyacrylamidaethylsulfonyl fluoride. Gradients were centrifuged in a Beckman
sequencing gel and autoradiographed. SWA4L1TI rotor at 30 000 r.p.m. (154 0gPfor 15 h. Fractions

Sucrose gradient analysis of mitochondrial lysates
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Figure 1. RNA gel blot analysis for 4.5S-like RNA from maize mitochondria.
Maize mtRNA was fractionated on a 6% urea/polyacrylamide gel and -

electroblotted to a nylon membrane. The RNA gel blot was probed with a 22 nt
oligonucleotide that is complementary to the conserved domain of the 4.5S
RNA of E.coli. The migration of DNA size standards are indicated.

Figure 2. Identification of the coding sequence for the 4.5S-like RNA from

aize mitochondrig(A) Restriction map of the 4.5S-like mtDNA sequence.
(SOOul) were collected, RNA was extracted and analyzed b)%g)RNase protection analysis for transcription products from the pBP1.3 clone.

RNA gel blot hybridization. Radioactive BP1.3 RNA probes were hybridized with mtRNA and digested
with RNase T1 and RNase A. Protected RNA fragments were separated by

RESULTS electrophoresis and visualized by autoradiography. Lanes 1-3 used the
T7-promoted RNA probe with: 1, no mtRNA; 2, no RNase; 3, complete

Maize mtDNA encodes and expresses a 4.5S-like RNA reaction. Lanes 4-6 used the T3-promoted RNA probe with: 1, no mtRNA,; 2,

no RNase; 3, complete reaction. End-labeled DNA fragments were utilized as
In order to determine whether a small mitochondrial transcriptize standards.
with sequence similarity to the procaryotic 4.5S RNA was present

in_maize mit_ochondria, RNA gel blots were hybridizec_i with al very low degree of sequence identityl), and the remainder
oligonucleotide probe for the 22 nt conserved domain of 4.5 e majze mitochondrial 4.5S-like RNA and the procaryotic
RNA. The probe detected a Frans'crlpttﬁﬂo nt (F'.g'.l)’ and 4.5S RNAs have very little sequence identity. Although the
indicated that a small transcript with sequence similarity o the., o otic 4.55 RNAs have little sequence identity outside the
procaryotic 4.5S RNA was present in maize mitochondria.  -,nserved domain, the genes for these small transcripts comple-

TheE.coli4.5S RNA probe also hybridized to a genomic maizg, ot the phenotype of the 4.5 RNA-depleted bacterial stjain (
mitochondrial DNA gel blot. The oligonucleotide probe hybrid-y,q the sequence of the conserved domain and overall secondary
ized intensely to a 4.3 BaHl restriction fragment, and weakly oyr0tyre of the 4.5 RNAs are apparently sufficient to confer
to an additional restriction fragment (data not shown). The 4.3 k3, tion of these small transcripts.
BarH restriction fragment was mapped to a region upstream 0l g, teria| 4,55 RNAs have a highly conserved domain that can
the atpl promoter by hybridization of the 4.5S RNA probe 10, t5qeq into a stem—loop structure with characteristic bulges
restricted cosmid clones that represent the entire maize mitoch @ Figure3B shows the predicted secondary structure of the
drial genome9,20). DNA gel blot analysis of restricted plasmid g . 4 55 RNA. The corresponding region of the mitochondrial
DNA demonstrated that 4.5S RNA probe hybridized to DNy 5q jike RNA sequence can be folded into a similar structure.
sequences between tAgd and Kpnl sites. DNA sequence
analysis identified a region with sequence identity to the 4'5Iﬁteraction of the 4.55-like RNA with a P48-like
RNA probe (Fig2A). Vbebtide '

The maize mtDNA sequence represented in subclone pBPf%yp P
was shown to encode a 220 nt 4.5S-like RNA by an RNadeéheE.coli 4.5S RNA has been shown to interact with a 48 kDa
protection assay. RNA probes were preparedirbwitro  polypeptide (P48) to form a ribonucleoprotein complex. The
transcription with either T3 or T7 RNA polymerase and utilizeghresence of a maize mitochondrial polypeptide that was immuno-
in RNase protection assays (FRR). A 220 nt fragment was logically related to the P48 antigenbtoli was tested by reaction
protected from the TBromoted probe, demonstrating that thewith anti-P48 immune sera (FigA). Immune sera specifically
4.5S-like RNA was encoded by the pBP1.3 subclone. recognized a polypeptide from maize mitochondria (lane 1), that

The sequence of the 4.5S-like RNA is shown in Figatehe  was comparable in size with purified P48 fr&neoli (lane 2).
transcribed sequences are underlined (approximately nucleotid®simmune sera reacted non-specifically with a small polypeptide
101-321) and the region of sequence identity to the 4.5S RN#esent in the maize mitochondrial fractions (lanes 1 and 3).
(nucleotides 192-210) is double underlined. The region of The P48 polypeptide dE.coli has substantial amino acid
sequence identity with the 4.5S RNA includes an 18 nt sequerszquence identity with the mammalian SRP54 polypeptide of the
(GTCTAAGAAGGAAGCAGC) with 15 nt of sequence identity cytosol (L2). The polypeptide present in the maize mitochondrial
within the 22 nt conserved domain (GTCCGGAAGGAAG-fraction was specifically associated with the mitochondrial
CAGC) of theE.coli 4.5S RNA. The nucleotide sequences offraction (Fig.4B). The P48-like antigen was detected only in the
bacterial 4.5S RNAs that are outside of the conserved region ham#ochondrial fraction (lane 2) , and not in the post-mitochondrial
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Figure 3. (A) Sequence of the 4.5S-like RNA from maize mitochondria. Figure 5. Sedimentation behavior of 4.5S RNA. Sucrose gradient separation
Sequence of the 4.5S-ike RNA gene from maize mitochondria. The Of mitqchondrial lysates prepared under'native conditiéhsr( after ph(_anol
approximate transcribed sequence is single underlined, and the region ofxtraction B). After centrifugation on a linear 5-20% sucrose gradient, the

sequence identity with the 22 nt conserved domain d dwi 4.5S RNA is RNA was extracted, separated on a polyacrylamide gel, and transferred for
double underlinedB) Secondary structure of tRecoli4.5S RNA and possible RNA gel blot hybridization and probed _With the 22 nt oligonucleotidg that is
secondary structure of the maize mitochondrial 4.5S-like RNA. complementary to the conserved domain of the 4.5S RMAcofi. DNA size

standards are shown.

A ey B if the sample was extracted with phenol to disrupt protein—nucleic

97.0 = | - Lt acid interactions prior to centrifugation, the 4.5S RNA failed to

i — Tk enter the gradient (Fi§B). These results indicated that the 4.5S

v e - b RNA associates in a large complex under native conditions.

= 41 The interaction of the 4.5S-like RNA with the P48-like antigen
i == __ — W to form an RNP was demonstrated by co-immunoprecipitation of
T 6 a— 18,4 the transcript by immune sera to the polypeptide. The anti-P48

1 r 1 5 immune serum was incubated with mitochondrial Eocoli

extracts; and the antibody—antigen complex was then collected by
_ _ , _ _ _ the adsorption onto protein G—agarose beads. The immuno-
Iierograins of maize mitochoncrial proten (anes 1 and 3 or 100 ng puritedh SCiPIted complexes were extracted by phenol/chloroform and
E.coli P48 protein (lane 2) was separated by SDS—PAGE and electroblotted t e 4.5S RNA W_aS the.n deteCted by RNA gel blot analySIS (Flg.
nitrocellulose. The protein gel blots were probed with anti-P48 sera (lanes 1 an)- C(_)ntm' reactions W'th the.coli |Yf5§te deanSFrated that the
2) or preimmune sera (lane B) (P48-like polypeptide is associated with the E.coli 4.5S RNA was immunoprecipitated with immune serum
mitochondrial fraction. Total cell lysate was prepared from 7 day old maize(lane 2), but not with preimmune serum (lane 1). A 220 nt
seedlings by centrifugation at 10 0D for 15 min to separate the grangeript was detected in the mitochondrial lysate that has been
post-mitochondrial supernatant from mitochondrial pellet. Protein gel blots d with P48 . | 4) b d ble i
(30 1g) of the post-mitochondrial supernatant (lane 1) and crude mitochondrialf€at€d with anti- antisera (lane 4), but was not detectable in
pellet (lane 2) were analyzed by hybridization with anti-P48 antibody. Proteinthe lysate that was treated with pre-immune sera (lane 3). Thus,
size standards are shown along the margins. this result suggests that the 4.5S-like RNA associated with a

P48-like polypeptide in maize mitochondria.

supernatant (lane 1). The origin of the 30 kDa polypeptide thatifiscussion
detected in the crude mitochondrial fraction (lane 2) is unknown.
Thus, the P48-like antigen was specifically associated with thn RNP in maize mitochondria has been characterized that bears
mitochondrial fraction, and was not a cytosolic contaminant. similarity to the bacterial 4.5S RNA/P48 RNP. A gene for a
The 4.5S RNA inE.coli interacts physically with the P48 4.5S-like RNA is mitochondrial encoded and expresses a small
polypeptide to form an RNP complekq,10). In addition, the transcript of 220 nt. The mitochondrial 4.5S-like RNA has 15 nt
4.5S RNA is known to associate with ribosonig8)(and with  of sequence identity within the 22 nt conserved domain of the
polysomes 7). In order to determine whether the maizeprokaryotic 4.5S RNAs. The 4.5S-like RNA from maize
mitochondrial 4.5S-like RNA engages in a macromoleculamitochondria has sedimentation behavior indicated that it is
complex, the behavior of the 4.5S RNA during centrifugation wasssociated in a high molecular weight complex. In addition,
examined. RNA gel blot analysis of fractions from a 5-20% lineanaize mitochondria have®0 kDa polypeptide recognized by
sucrose gradient indicated that under native conditions ti48 antibody that is capable of immunoprecipitation of the
4.5S-like RNA moved through the gradient (F58); however  4.5S-like RNA. These results strongly support the presence of an
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o 1 2 3 4 5§ a membrane. The SRP-like targeting system of the ancestral

B St endosymbiont may have been recruited to target nuclear encoded

20— o~ 2 and imported polypeptides to the thylakoid membrane.

00— p The role of an SRP-like RNP in maize mitochondria is

154 -. a— 10 unknown. It is tempting to speculate a role in protein targeting.
- - 200 Early work on protein targeting to the inner membrane and

intermembrane space in mitochondria suggested that imported
polypeptides were first translocated to the matrix, and subse-
— 18 qguently directed through an ancestral pathway to the inner
. membrane or translocated across the inner membrane to the
intermembrane spaced). Recent studies support a stop—transfer
model for protein targeting to the inner membrane or intermem-
Figure 6. Co-immunoprecipitation of the 4.5S-like RNA with anti-P48 sera. brane space() such that proteins would never completely enter
Escherichia col{lanes 1 and 2) or mitochondrial (lanes 3 and 4) extracts werethe matrix, but would stop when associated with the inner
immunoprecipitated with antiP48—protein G complexes (lanes 2 and 4) or,

preimmune—protein G complexes (lanes 1 and 3). RNA was extracted from thglembrane' In this case, matrix targeting proteins would not be

immunoprecipitations and separated on a 6% denaturing polyacrylamide gefeduired for protein targeting.

RNA gel blots were probed wiff?P-labeled 4.5S RNA oligonucleotide and ~ Regardless of how the import and targeting controversy of

autoradiographed. Lane 5 contains total maize mitochondrial RNA. DNA sizenuclear-encoded mitochondrial polypeptides is resolved, many

standards are indicated. mitochondrial-encoded proteins are synthesized in the matrix and
targeted to the inner membrane. In several cases nuclear-encode
translation and assembly factors are known to be involved in the

RNP in maize mitochondria that is comparable in compositiopfeduction of membrane complexesg) The topological
and structure with the bacterial 4.5S RNA/P48 RNP and tH Iat|on_sh|p_between.the site of synth§5|s and qssembly is the
cytosolic SRP. same in mitochondria anq prokaryonc_ progenitors, and the
The cytosolic SRP binds the hydrophobic signal sequence an& " -like system could be involved in this process. Both ATP6
subsequently to a receptor on the endoplasmic reticulum, ther&ﬂlfgi COX2 polyp_eptldes hf”?"e hydr_ophob|c presequences which
directing translation of the polypeptide with translocation into th'¢ cleaved during the biogenesis of the mature complexes
lumen of the endoplasmic reticulum. A comparable process higg>1)- The maize mitochondrial 4.5S RNP may play a role in
recently been elucidated for bacterial secretion. The 4.55/P¥g€ting these polypeptides to the inner mitochondrial mem-
RNP has structural and functional similarity to the cytosolic SRP'@ne for subsequent assembly or translocation.
(21), and the 4.5S RNP has been shown to specifically interact
with the signal sequence of secretory proteifs A receptor for  ACKNOWLEDGEMENTS
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