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ABSTRACT

Monomeric and dimeric chloroplast tRNA precursors from

Euglena gracilis DNA were synthesized

using

an

in

vitro

transcription system. The lengths of the 3'- and 5'- ends of these
precursors were varied to identify processing intermediates, and
to study the effect of the structure of the tRNA precursors on the
processing reactions.

All of these pre-tRNAs, independent of

their structure, are processed to mature tRNAs in both spinach
and pea chloroplast soluble extracts. 5'- and 3'-endonucleases are
involved in the cleavage of 5'- and 3'-ends of the pre-tRNAs.
These two reactions are not ordered in vitro.

Exonuclease and

CCA-adding activities can be detected in the soluble extract.
RNase P catalyzes the 5'-endonucleolytic cleavage of pretRNA transcripts. An RNase P was purified> 68,000-fold to neaor
homogeneity

from

isolated

chloroplasts

of

Pisum

sativum.

Purification was achieved by chromatography on DEAE-cellulose,
heparin-agarose and FPLC Mono S columns. The purified enzyme
migrates as a 27,000 dalton polypeptide during SDS-PAGE.

The

molecular weight of the native form of the enzyme is estimated to
be 22,000 based on gel filtration chromatography.

The enzyme

does not appear to contain an essential RNA component.

The

highly purified enzyme has an absolute requirement for divalent
cations (5 mM optimal Mg2+), and is stimulated by K+ (150 mM

°
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optimal). The enzyme activity is inhibited by heparin (50% at 18
ug/ml), and by yeast tRNA (80% at 1 mg/ml), but is slightly
stimulated by poly A (0.1- 2 mg/ml).
Ribonuclease P2 catalyzes the cleavage of large multimeric
tRNA precursors to smaller immature tRNA precursors in E. coli.
A distinct pea chloroplast 5'-tRNA endonuclease resembling the
RNase P2 activity was identified.

The novel RNase P2-like

activity was separated from the previously described RNase Plike enzyme by ammonium sulfate precipitation and phenyl
sepharose, FPLC Mono Q, and heparin agarose chromatography.
The >65-fold partially pure RNase P2-like

activity cleaves

multimeric precursor-tRNAs differently than RNase P.

The

dimeric pre-tRNAPhe-Cys is processed but not the resulting 5'extended intermediates.

The novel activity is resistant to

micrococcal nuclease treatment.
A tRNA 3'-endonuclease activity from pea and spinach
chloroplasts

was

characterized

based

on

chromatographic

properties. Molecular mass was estimated to be 55,000 by rate
zonal glycerol gradient centrifugation.
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Thesis Outline

This chapter introduces som.e of the fascinating aspects of
tRNA molecules and chloroplasts.

Chloroplasts, with their

ability for photosynthesis and subsequent light induction of
chloroplast genes and coordinate regulation of nuclear and
organelle genes are unique.

Post-transcriptional processing and

translational regulation play key roles
expression.
process.

in chloroplast gene

tRNA molecules are central to the translational

The unique importance of translational regulation for

chloroplast gene

expression,

therefore,

chloroplast tRNA biosynthesis

even

makes

more

the

study of

interesting.

In

addition, the evolutionary study of chloroplast RNA processing
enzymes and their catalytic mechanisms is an interesting way to
journey from the "RNA world"

to

the

present.

A better

understanding of chloroplast tRNA maturation could lead to new
insights into chloroplast translational

regulation.

In this

dissertation I present a characterization of tRNA processing in
plant chloroplasts.
In the next chapter of this
chloroplast in

thesis,

spinach and

pea

vitro tRNA processing pathways for various

synthetic pre-tRNA transcripts from Euglena and spinach tRNA
genes are examined. The length of the 3'- and 5'- precursor ends of
mono

and

dicistronic

precursor

tRNAs

was

systematically

modified to allow the identification of processing intermediates

18

and to study the effect of the structure of the precursor on the
processing pathway.
molecules

are

In the following chapters these pre-tRNA

used

as

substrates

for

endonuclease enzyme assays and as

5'-

and

3'-

tRNA

tools for analysis and

comparison of substrate specificity.
To

investigate

the

biochemical

mechanisms

of

tRNA

biosynthesis and the role tRNA processing enzymes may play in
the regulation of this process I began the purification and
characterization of the 5'- and 3'-endonuclease activities.

I

focused on RNase P because of my interest in ribozymes and the
evolutionary relationship between eubacterial enzymes and their
functional analogs among chloroplasts, nuclei and mitochondria.·
In Chapters

III

and

IV

the

purification

and

biochemical

characterization of the pea chloroplast RNase P
presented.

Few chloroplast RNA

activity is

processing enzymes

have

previously been characterized or purified.
In Chapter V, I present evidence for the existence of a novel
second chloroplast 5'-tRNA endonuclease activity.

Substrate

specificity was compared to the chloroplast RNase P-like activity.
The novel activity resembles the E. coli RNase P2.

The RNase

P2-like activity was partially purified and characterized.
Chapter

VI

includes

preliminary

work

on

the

characterization of 3'-tRNA processing in chloroplasts.
Finally, a model for plant chloroplast tRNA processing is
presented in the thesis summary.
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CHAPTER 1.

INTRODUCTION

Photosynthesis occurs in the chloroplasts of plants and some
protozoa and the pigmented membranes of some prokaryotes. The
chloroplast has a network of internal membranes, the thylakoids,
which are surrounded by a soluble matrix called the stroma.

In

higher plant chloroplasts a double envelope membrane separates
the chloroplast components from the rest of the cell.

The

conversion of light energy to utilizable high-energy chemical
intermediates takes place at the thylakoid membrane.

The

process is mediated by 1) chlorophylls; 2) related light-harvesting
pigments; 3) enzymatic components of the electron transport
chain leading to ATP production and reduced NADPH; and 4)
specific

thylakoid

membrane

chlorophyll

binding

proteins

(Halliwell, 1984).
Chloroplasts have their own genome, and transcription and
translation systems.

The stromal or "soluble" phase of the

chloroplast contains enzymes involved with the C02 fixation
cycle, enzymes directing chlorophyll biosynthesis, fatty

acid

synthesis, starch metabolism as well as the RNA and protein
synthesis machinery.

This machinery includes the chloroplast

genome, DNA and RNA polymerases, ribosomes, transfer RNAs
and RNA processing enzymes.

The components of the protein-

20

synthesizing apparatus of the mitochondria, chloroplasts and
nucleocytoplasm are structurally different (Nivison et al., 1986).
The chloroplast translation system produces much of the total
leaf cell protein, as up to 50% of the total cellular ribosomes can
be chloroplast ribosomes (Ellis, 1978). The best studied stromal
protein, ribulose bisphosphate carboxylase/oxygenase (RUBISCO),
the large subunit of which is made within the chloroplast (Blair,
1973; Criddle, 1970), can comprise 50% or more of the total
soluble leaf protein and is considered by many to be the most
abundant protein in nature (Kung, 1977). Many other chloroplast
proteins are nuclear-encoded, including some ribosomal proteins
and

the

aminoacyl-tRNA

sYllthetases.

Aminoacyl-tRNA

synthetases catalyze the binding of amino acids to their cognate
tRNAs and therefore have a potential role in translational
regulation (Steinmetz and Weil, 1986). Because many chloroplast
proteins are nuclear-encoded gene products, the chloroplast must
coordinate gene regulation with the nucleocytoplasm.
Chloroplasts

are

an

excellent

system

to

study

gene

regulation because of their unique transcription and translation
apparatus.

The regulation of chloroplast gene expression is

accomplished by controls at the level of transcription, posttranscription and translation. The transcription of most plastid
genes

increases

during

the

initial

stages

of

chloroplast

biogenesis, and then decreases with chloroplast maturation. RNA
transcripts

of

the

genes

related

to

the

2:

transcriptional/translational

apparatus

Hordeum

examples

vulgare

(barley),

from
being

chloroplasts
the

of

(rpoB-RNA

polymerase subunit), (rps16- 168 rRNA), (trnfM-trnG), and (trnK)
genes, reach their highest levels prior to the transcripts of
photosynthesis genes, such as
(Baumgartner et aI., 1993).

rbcL, atpB, psaA, and petB

During light-induced chloroplast

development the overall transcription rate increases, as do the
levels of gene-specific transcripts.

Because many chloroplast

genes have upstream prokaryotic-like promoter sequences, it was
first assumed that differential transcript levels were due to
varying promoter strengths. In fact, differential accumulation of

psbD mRNA in chloroplasts is due to differential light-activated
transcription (Baumgartner et aI., 1993). However, using run-on
transcription assays, it was shown that overall transcriptional
activities were not correlated with plastid DNA levels of spinach
chloroplasts and tomato chromoplasts, and that the levels of
some gene-specific transcripts

did

not

correlate

with their

promotor strengths and transcription rates (Gruissem et aI.,
1989).

It was suspected that the accumulation of specific

transcripts must also be related to the RNA transcript stability
and post-transcriptional processing (Deng and Gruissem, 1987;
Deng et aI., 1987).
Posttranscriptional

modification

of

primary

RNA

transcripts, and the resulting effects on RNA stability is the
major mechanism for the regulation of chloroplast gene expression
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in higher plants

and Euglena

(Baumgartner

et

al.,

1993;

Gruissem, 1989; Gruissem et al., 1989; Hollingsworth et al.,
1984). Differential RNA transcript stability can be accomplished
by the targeting of specific regulatory proteins to the 3'-inverted
repeat CIR) sequences which are found on specific transcripts
(Stern and Gruissem, 1987; Stern et al., 1989). Increased levels
of psbA mRNA in barley chloroplasts is mainly due to selective
stabilization of the psbA mRNA (Baumgartner et al., 1993). The
chloroplast psbB operon pre-mRNA in land plants, which encodes
the

psbB-psbT-psbH-petB-petD

polycistron,

is

differentially

processed at intercistronic sites producing various mono-, di- and
polycistronic

intermediates

Herrmann, 1988).

(Barkan,

1988;

Westhoff

and

In Euglena, the intercistronic processing of

chloroplast polycistrons may also influence the translation and/or
stability of mRNAs

(Stevenson,

1994).

For example, the

intercistronic processing of the Euglena psaA operon, which
encodes a tRNALys and proteins of the photosystems I and II,
varies depending on growth conditions (Stevenson and Hallick,
1994).
The translational regulation of chloroplast gene expression
is

particularly

chloroplast.

exciting because

of its

uniqueness

to

the

Light-induced translational regulation has been

studied in many species.

Although the mRNAs for several

photosynthetic proteins are present in plastids of dark grown
cells, their corresponding protein products are not detected.
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During light-induced
involved

with

chloroplast.

chloroplast

photosynthesis

biogenesis,
accumulate

these
rapidly

proteins
in

the

This increase in proteins is not correlated to an

increase in mRNA levels nor to dramatic changes in protein turnover.

Instead, there is growing evidence that the synthesis of

photosynthetic proteins is inhibited in dark grown cells (Berry et
aI., 1986; Klein and Mullet, 1987). Any of the stages of protein
synthesis are potential translational regulatory sites, including
initiation,

elongation,

termination

polypeptide from the ribosome.

and

release

of

nascent

For example, barley chloroplast

chlorophyll apoprotein synthesis is blocked during elongation
when cells are grown in the dark.

Upon light induction, the

synthesis of chlorophyll is related to the coordinate induction of
chlorophyll apoprotein (Gamble and Mullet, 1989). Interestingly,
the

synthesis

of chlorophyll

may be

directly regulated

by

chloroplast tRNA processing. Chlorophyll-a is synthesized from
eight delta-aminolevulinate (ALA) molecules.

In plants, delta-

ALA is formed from the intact carbon skeleton of glutamate.
delta-ALA synthesis proceeds via three enzyme-catalyzed steps.
The first of these steps is the charging of glutamate by ligation to
an "RNA cofactor" called delta-ALA-RNA, in a reaction which is
identical to that in protein synthesis (Kannangara et aI., 1988).
Not surprisingly, the delta-ALA-RNA was identified as the
chloroplast

tRNA GIu.

The

chloroplast

tRNA GIu

is

first

transcribed as a polycistron with tRNATyr and tRNAAsp.

It is
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suspected that the tRNAGlu "cofactor" is somehow different than
the tRNAGlu used for protein synthesis (Kannangara et al., 1988).
Differential posttranscriptional processing of the pre-tRNA GIu
polycistronic transcript could facilitate the production of a
modified tRNAGlu molecule.

Therefore, tRNAs are linked to

translational regulation not only because of their obvious role in
charging of amino acids for protein synthesis, but also because of
their potentially more complex roles as regulatory cofactors.
Knowledge of the tRNA maturation pathway and the processing
enzymes

involved

will

provide

useful

information

towards

understanding more about the gene regulatory apparatus in
chloroplasts.
Chloroplasts

also

provide

a

good

system

to

examine

evolutionary relationships between eubacteria and eukaryotes
because they exhibit features characteristic of both biological
domains, as well as features which are unique to the organelle. A
prokaryotic progenitor is implicated for all chloroplasts in the
endosymbiont theory of chloroplast evolution (Margulies, 1976).
Despite this prokaryotic origin, chloroplasts often have features
which are more characteristic of the nucleocytoplasm.

Higher

plant chloroplasts in particular often have more in common with
their

nuclear

organisms.

counterparts

than

the

chloroplasts

of

other

The chloroplast of the photosynthetic protozoan

Euglena gracilis, for example, is closer evolutionarily to the
eubacteria Escherichia coli than are the land plant chloroplasts.

2S

Higher plant and Euglena chloroplast genomes share extensive
homologies in tRNA, rRNA, and protein gene coding sequences.
However, their genomes differ in their organization and structure
of rRNA, mRNA and tRNA genes. Evolutionary divergence of the
two chloroplasts can be examined by using Euglena as well as
higher plant tRNAs, in pea and spinach processing experiments.

The higher plant chloroplast genome.

Chloroplast DNAs of

higher plants are supercoiled duplex chromosomes ranging in
length from 120 kbp to 217 kbp.

Higher plant chloroplast

genomes from pea and spinach fall within the average size of 120
and 160 kbp.

The complete DNA sequence of a few plant

chloroplast genomes have been reported including Marchantia

polymorpha (liverwort), Nicotiana tabacum (tobacco), Oryza sativa
(rice), and Pinus thunbergii (black pine) (Hiratsuka et a1., 1989;
Ohyama et a1., 1986; Shinozaki et a1., 1986; Tsudzuki et a1.,
1994).
rRNA and mRNA organization:

The ribosomal RNA operons of

spinach and most higher plants are located in large inverted
repeats which separate the remainder of the genome into large
and small single copy regions.

Spinach rRNA operons consist of

the tRNA genes trnV 2 and trnI 2, the trnA, and the four higher
plant rRNA genes encoding the 16s, 23s, 5s and 4.5s (distal to the
5s gene) rRNA subunits of the spinach ribosome.

Higher plant

chloroplast DNAs contain most if not all of the genes for proteins

----------~~~--
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synthesized in the chloroplast (ca. 100 genes) (Gray et al., 1984;
Palmer, 1985; Shinozaki and Sugiura, 1986).

Higher plant

chloroplast mRNA genes usually do not contain introns.
chloroplast mRNAs are co-transcribed with tRNA

Some

genes

in

spinach chloroplast soluble extracts. For example, the psbA gene
lies immediately upstream of trnH and is co-transcribed with the
tRNA gene in vitro. When the upstream psbA gene was removed,
the spinach trnH gene was not transcribed (DeLuca-Flaherty,
1985).
tRNA organization:

The discovery of specific transfer RNA

molecules in chloroplasts

dates

back to

1968

(Aliyev and

Philippovitch, 1968). Almost two decades later the complete DNA
sequences of three chloroplast genomes were reported, and it was
determined that the plant chloroplast genome encodes a complete
set of its. own tRNA genes.

Although some nuclear-encoded pre-

tRNAs are transported to plant mitochondria, pre-tRNAs are not
known to cross the chloroplast membrane nor to function in
chloroplast protein synthesis.

The liverwort chloroplast DNA

codes for 31 tRNA genes and the higher plant chloroplast genomes
of tobacco and rice code for 30 tRNA genes. Generally, land plant
chloroplast tRNA genes are non-clustered in the genome.

6 of

these tRNA genes are split by large intervening sequences of 325
to 2526 bp. 5 of these 6 introns are Group II-like introns.

The

chloroplast tRNALeu(UAA) from land plants contains a Group I
intron which is similar to the prokaryotic tRNALeu.
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The Euglena chloroplast genome.

The complete DNA

sequence of the Euglena genome has been published (Hallick et
aI., 1993). In contrast to the higher plants, many of the Euglena
mRNA genes contain introns.

psbA operons.

Two examples are the rbcL and

The Euglena genome has at least 155 introns,

accounting for nearly 40% of the genome (Hallick et aI., 1993).
The organization of the Euglena chloroplast ribosomal RNA
(rRNA) genes is similar to that for the E. coli rRNA operon. The

Euglena rRNA operon, which is present in three tandem repeats
on the Euglena chloroplast chromosome, consists of the genes for
tRNAIle and tRNAAla and the genes encoding the 16s, 23s and 5s
RNA subunits of the Euglena ribosome.

In contrast to the

solitary spacing of higher plant tRNAs, most of the 31 Euglena
tRNA genes are found in clusters similar to the prokaryotic gene
organization (Hallick et aI., 1993).

tRNA structure.

Most tRNAs can be folded into a cloverleaf

secondary structure. This cloverleaf model waG predicted in 1965
from the first known RNA sequence, tRNAAla from yeast (Holley
et aI., 1965). tRNA molecules vary between 72 and 95 nucleotides
in length. The 3 nucleotides of the anticodon are in the middle of
the chain, and the 3'- end always terminates with the sequence
-CCAOH. Despite the overall similarity of tRNAs, there are some
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interesting differences between the eubacterial, chloroplast, and
nuclear-encoded molecules.
Some distinguishing features of tRNAs from various sources
are summarized in Table 1-1. Interestingly, Euglena chloroplast
tRNA structure and organization resembles the eubacterial tRNA
in many ways in which the higher plant tRNA resembles the
nuclear tRNA.

This is not that surprising since the Euglena

chloroplasts are closer evolutionarily to the eubacteria than are
the plant chloroplasts. The eubacteria and Euglena chloroplast
tRNAs are mostly multicistronic, whereas the higher plant
chloroplast and nuclear tRNAs are usually monocistronic.

The

yeast dimeric tRNASer-tRNAMet gene locus is an exception.
Although most higher plant and nuclear tRNAs are encoded as
single tRNAs in the genome, they are often part of multicistronic
transcription units consisting of rRNA or mRNA. The differences
in gene organization may be directly related to the differences in
tRNA promoters (Soll, 1993).
The promoters for chloroplast tRNAs are varied. The higher
plant chloroplast tRNA genes have two classes of promoters
(Gruissem et aI., 1986a; Gruissem and Zurawski, 1985). The first
type is a two-part prokaryote-like promoter which is located
upstream of the encoded tRNA. The E. coli promoter is defined by
two regions: 1) The "-35" region from initiating transcriptional
nucleotide with consensus sequence: 5'- TTGACA; 2) The "-10"
nucleotide with consensus sequence:

5'-TATAAT. The conserved

Table 1-1 tRNA features
Source

General
Organization

Promoter

fMet-tRNAMet

CCA addition

Introns

Eubacteria

multicistronic

external

yes

encoded

tRNALeu Group I

Euglena
chloroplasts

multicistronic

unknown

yes

added

none

Land plant
chloroplasts

monocistronic

external &internal

yes

monocistronic (1)

internal

no

Eukaryotic nuclear

partially encoded & tRNALeu Group I &
added
5 Group"
added

13-60 nt (protein
catalyzed)

(1) except for yeast tRNASer.tRNAMet gene locus

N
..0
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sequences are separated by 17+/- 1 bp.

Minor changes are

tolerated by E. coli RNA polymerase so long as they do not involve
invariant bases or distance between the two regions. The spinach
prokaryote-like tRNA promoter is also defined by the "-35" and "10" two conserved regions with consensus sequences of 5'-TTGCTT
and 5'-TATAAT respectively, and by an essential 17 +/- bp gap
between the two consensus sequences.

The second type of

chloroplast tRNA promoter, exemplified in the spinach trnRl and

trnSl genes, appears to resemble the eukaryotic nuclear tRNA
genes.

The nuclear tRNA genes contain internal promoter

sequences. The promoter for Euglena chloroplast tRNA genes is
unknown but believed to be external (DeLuca-Flaherty, 1985;
Stevenson, 1994).
Chloroplast

tRNAs

include

the

prokaryote-like

tRNAMet which is not found in nuclear tRNAs.

fMet-

However, unlike

the bacterial tRNA genes, the chloroplast tRNA genes do not
encode the 3'-terminal CCA and therefore require a nuclear-like
nucleotidyltransferase activity to catalyze the CCA addition.
One of the most interesting features which distinguishes all
four types of tRNAs listed in Table 1.1 is the presence of

introns~

Eubacterial tRNAs generally do not contain introns except for the
tRNALeu. tRNALeu from several prokaryotes contains a Group I
self-splicing intron. Curiously, the Euglena chloroplast tRNAs do
not contain introns.

Despite the abundance of introns in other

types of Euglena chloroplast genes, the Euglena tRNALeu coding
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sequences do not contain a Group I intron.

Conversely, the land

plants have maintained a Group I intron in their prokaryotic-like
tRNALeu. In addition, 5 other land plant chloroplast tRNAs have
acquired

Group

II

introns.

Some

of

these

introns

are

characterized by large open reading frames (ORFS) encoding
maturases

believed

to

be analogous

to

the

intron-encoded

maturases found in some mitochondrial genes (Bonitz et aI., 1980;
Bonnard et aI., 1985; Boyer and Mullet, 1988; Neuhaus and Link,
1987; Osiewacz and Esser, 1984; Sugita et aI., 1985). The nuclear
tRNA genes have a distinct type of intron (only 13-60 bp), which
have a protein-catalyzed splicing mechanism (Ogden et aI., 1980).
It is not well understood how these differences in tRNA structure

may

effect

their

posttranscriptional

processing

pathways.

However, the primary nucleotide sequences and secondary and
tertiary structures of tRNAs are central to their various cellular
functions.

Posttranscriptional modifications

to the primary

precursor transcripts often determine which role a tRNA will
play.

tRNA function.

Transfer RNA's major function is to carry

activated amino acids for protein synthesis (LaPointe and Giege,
1991). The tRNA is charged by the attachment of an amino acid
through its carboxyl group to the 2'- or the 3'- carbon of the ribose
of the terminal adenosine residue.

tRNAs interact with both

proteins and RNA. During translation, tRNA molecules interact

32

with aminoacyl-tRNA synthetases, initiation factors, elongation
factor Tu (EF-Tu), elongation factor G (EF-G), ribosomal proteins,
and peptidylhydrolase (Bjork, 1990). The average tRNA interacts
with an estimated 40 proteins during its life cycle (Soll, 1993).
tRNA

-

RNA

interactions

include:

1)

the

codon-anticodon

interaction with mRNA, and 2) the tRNA interaction with the
ribosome. The tRNA anticodon interacts near nucleotide 1400 of
16 S rRNA (Ciesiolka et aI., 1985), and the tRNA acceptor end is
close to the RNA component of the peptidyl transferase center
(Noller et aI., 1992). When tRNAs act as carriers of activated
amino acids, the activated amino acids may be used intact or may
require further modifications. The following additional roles for
uncharged tRNA were recently reviewed in (SolI, 1993): 1) Selfcleavage of tRNA (Dirheimer et aI., 1972; Werner et aI., 1976), 2)
Primer for reverse transcriptase (Chapman et aI., 1992; Harada
et aI., 1979; Kikuchi et aI., 1986), 3)
RNA Polymerase III-(TRIIIR).

Transcription Factor for

Recently,

the

"transcription

factor" activity was determined to act by protecting the genomic
DNA from strand-breakage by an extract-specific endonuclease
activity.

The tRNA nature of "transcription factor" may be a

general phenomenon also existing in other eukaryotic organisms.
The tRNAIle-IAU from nuclear extracts of the silk gland of Bombyx

mori and two yeast isoleucine tRNAs with the anticodons IAU and
UAU all demonstrate high TFIIIR activity (Young et aI., 1991).
In addition to these functions, tRNA genes may act as integration
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sites for prokaryotic genetic elements.

Plasmids, phages, and

retroelements often target bacterial tRNA genes for their host
attachment sites (Soll, 1993).

Lastly, several human diseases

have been strongly linked to mutations in certain mitochondrial
tRNA genes (Lestienne, 1992). The study of tRNAs is important
for expanding our analysis of these many reactions involving
tRNA. One approach towards increasing our knowledge of tRNA
in general is to study the RNA processing enzymes involved in
tRNA biosynthesis.

tRNA biosynthesis.

Transfer RNA's are first transcribed as

precursors

with extended

processing

events

must

5'occur

and

3'-ends.

to

produce

Several
mature

tRNA
tRNAs.

Endonucleolytic cleavage of 5' leader sequences occurs via the
RNase P enzyme and 3' trailer sequences are removed by exoand/or endonucleases. In addition, the biosynthesis of functional
tRNAs often requires CCA-adding enzymes, a variety of base
modifiers, intron excision, and RNA editing (Soll, 1993).

5 ' ·End Maturation: RNase P.
endonucleases exist in E. coli.

At least three different 5'-tRNA
The best studied of these

activities is RNase P. Using RNase P defective E. coli mutants,
it was shown that RNase P is involved with 5'-end processing of
virtually all E. coli tRNAs (Schedl and Primakoff, 1973; Schedl et
aI., 1974).

A summary of RNase Ps from various sources is
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presented in Table 1-2.
eubacteria,

RNase P has been identified in the

archaebacteria

and

eukaryotes.

Although

the

archaebacteria are as different evolutionarily from the eubacteria
as they are from the eukaryotes (Woese, 1987), their RNase P
enzymes are more similar to the E. coli RNase P than to the
eukaryotic RNase Ps. RNase P will be discussed in more detail in
the following chapters.
In addition to the RNase P, at least two other 5'-tRNA
endonuclease

activities

from

E.

coli

have

previously

been

described, both in vivo and in vitro. These endoribonucleases are
the RNase III, which is involved with rRNA processing, and
RNase P2 (Schedl et al., 1973; Schedl et al. 1974; Bikoff et al.,
1975; Dunn, 1976; Schedl et al., 1976; Lund et al., 1980; McClain
et al., 1987; and Robertson et al., 1980). RNase P2 is involved
with

processing

multimeric

RNA

precursors

to

smaller

intermediates. RNase P2 is likely the same as the RNase E and
RNase 0 activity.

These enzymes will be further discussed in

Chapter V.

3' End Maturation:
Base modifiers.

Exonucleases; Nucleotydyltransferases;

3'-end maturation is different for prokaryotes

and eukaryotes. A detailed pathway has been determined for the
3'-end processing of the E. coli tRNATyr (Cudny et al., 1981). The
eubacterial 3'-end processing involves endonuclease cleavage up to
7 nt before the mature 3'-end.

The remaining nucleotides are
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Table 1-2. RNase P from various sources
Source

RNA component

Bacteria
E. coli &8. subtilus

400 nt

Archaea
H. volcanii
S. so/fataricus

434 nt
308 nt

Eukarya
H.sapien
Xlaevis
S. cerevisiae

341 nt
320 nt
369 nt

(40 kDa To antigen)
(ppt. by anti·Th antibodies)
100 kDa

Mitochondria
S. cerevisiae
S. libuligera

490 nt
140 nt

105 kDa

ruan et al., 1991)

Darr et al., 1992)
Lygerou, et al., 1994)

protein
119 amino acids
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trimmed by exonuclease D, until the encoded CCA is at the
mature 3'-end.

Unlike eubacterial processing, nuclear 3'-tRNA

processing involves an endonucleolytic cleavage precisely at the
mature 3'-end" (Frendewey et al., 1985).

The 3'-terminal CCA

sequence must be added post-transcriptionally by the enzyme
CTP(ATP):tRNA

nucleotidyl

transferase

(Deutscher,

1984).

Chloroplast 3'-tRNA end maturation will be discussed in Chapter
VI.
At various stages of maturation, tRNA molecules also
undergo posttranscriptional modifications to specific nucleotides
(Yokoyama and Nishimura, 1993).

tRNAs from all organisms

have the highest density of modified nucleosides among the
cellular RNAs.

This concentration of modified nucleosides can

alter protein and nucleic acid recognition sites by creating local
chemical microenvironments (Bj ork, 1990 ).

Modifications are by

rearrangements/substitutions (excision of the original base and
transglycosylase-mediated insertion of a

preformed

modified

base), or by insertion of additional groups such as methylation
(SolI, 1993).

The modified nucleotides are located in several

specific regions of the tRNA molecules, incI uding the first
position of the anticodon, the residue next to the 3'-side of the
anticodon, and the T'I'C-Ioop (which contains ribothymidine and
pseudouridine). Interestingly, the source of the tRNA determines
the degree to which the nucIeosides will be modified (SolI, 1993).
For example, the content of modified nucIeosides increases with
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evolutionary development, with human tRNAs having up to 25% of
their bases modified (Steinberg et aI., 1993).

Several of the

structures of the modified nucleotides have been determined, but
less is known about the base modifying enzymes. Modified bases
have been identified in chloroplast tRNA (Greenberg et aI., 1984;
Schon et aI., 1986). Posttranscriptional base modifications may
differentiate tRNA molecules for subsequent altered processing
and function.

For example, base modifications may be involved

with distinguishing the chloroplast tRNAGlu which is involved
with chlorophyll synthesis.

Chloroplast tRNA processin.g.
chloroplasts

of Euglena

and

Soluble protein extracts from
spinach,

capable

of

accurate

transcription and processing of chloroplast tRNA genes, have been
described (Gruissem et aI., 1983a; Gruissem et aI., 1983b;
Gruissem

et aI.,

1982; Gruissem

et

aI.,

It

1983).

was

demonstrated by RNA fingerprinting of the intermediates and
products that cloned Euglena and spinach tDNA was accurately
transcribed and processed when added to chloroplast extracts
from Euglena and spinach.

Likewise, HeLa extract-derived pre-

tRNAs were shown to be accurately processed in both Euglena and
spinach extracts, as analyzed by DNA fingerprinting.

Evidence

for the existence of chloroplast RNA processing enzymes was
based on the appearance of these correctly processed tRNAs.
Chloroplast

nucleotidyltransferase

and

tRNA

base
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modification

Euglena

have

(pseudouridilate)
previously

activities

been

reported

from

spinach

(Greenberg,

and
1985;

Greenberg et a1., 1984; Greenberg et a1., 1986; Gruissem et a1.,
1982).

Spinach chloroplast nucleotidyltransferase was equally

active

with

tRNAs

from

spinach

chloroplasts,

Euglena

chloroplasts and E. coli. A pseudouridylate synthetase activity
which modifies uridine nucleosides into pseudouridine in the
correct position of the spinach chloroplast tRNAMet has been
detected in a spinach chloroplast transcription extract.

Base

modifications were not required for the addition of 3'-CCA in vitro
(Greenberg et a1., 1984). Purification and characterization of the
these RNA processing enzymes is an essential step towards
understanding

the

processing pathways.

mechanisms

of

the

chloroplast

tRNA
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Chapter II.

PROCESSING OF IN VITRO PRECURSOR tRNA TRANSCRIPTS
IN PEA AND SPINACH CHLOROPLAST SOLUBLE EXTRACTS

Introduction

Higher plant and Euglena gracilis chloroplast tRNA genes
have been extensively characterized (Bohnert H. J., 1982; Hallick,
1983; Whitfeld and Bottomley, 1983).

Many chloroplast tRNA

genes are part of polycistronic transcription units, being cotranscribed either with other tRNAs, with mRNAs, or in the case
of trnI and trnA, within the rRNA operons. Euglena chloroplast
tRNA genes are often clustered.

Two different transcription

systems have been described for chloroplasts (Greenberg et aI.,
1984; Greenberg et aI., 1985; Gruissem et aI., 1983a; Gruissem et
aI., 1983b; Joussaume, 1973). The TAC (transcriptionally active
chromosome) RNA

polymerase

activity is

tightly bound

to

chloroplast DNA and transcribes rRNA genes (Briat et aI., 1979;
Briat and Mache, 1980; Greenberg et aI., 1984; Hallick et aI.,
1976). The soluble RNA polymerase extract is active in tRNA and
mRNA transcription and tRNA proc"essing (Greenberg et aI., 1984;
Greenberg et aI., 1986; Gruissem et al., 1983b; Tewari and Goel,
1983).

Coupled

in

vitro

transcription

and

processing

of

chloroplast tRNA genes has been studied in extracts of HeLa
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cells, and of Euglena, spinach and tobacco (Nicotiana tabacum)
chloroplasts (Greenberg et aI., 1984; Gruissem et aI., 1983b;
Gruissem et al., 1982; Yamaguchi-Shinozaki, 1987).

To study

RNA processing uncoupled from the transcriptional apparatus, a
polycistronic

tRNA VaLtRNAAsn-tRNAArg

precursor

was

synthesized from Euglena DNA in a He La cell transcription
extract. The resulting trimeric transcript was gel purified and
incubated in Euglena and spinach chloroplast extracts (Greenberg
et aI., 1984; Gruissem et aI., 1983b). A processing pathway was
proposed which included a eubacterial-like RNase P activity and a
eubacterial-like

3'-end

maturation

endonuclease/if

exonuclease

and

system
a

3'

involving

a

3'

tRN A -nucl eotidyl

transferase activity (CCA-adding enzyme) (Greenberg et aI.,
1984).
In the present study, chloroplast tRNA processing was
analyzed by incubating various tRNA precursor substrates in pea
and spinach chloroplast soluble protein extracts. Both mono- and
polycistronic pre-tRNAs are converted in vitro to mature, tRNAsized products via pathways that involve tRNA specific 5'
endonuclease (RNase P-like) and 3' endonuclease

activities.

These endonuclease reactions are not ordered in vitro for any of
the Euglena

substrates

tested.

The

resulting

tRNA-sized

products are substrates for tRNA-nucleotidyltransferase, but this
reaction does not occur unless CTP and ATP are present. The pea
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and spinach tRNA processing pathways appear to be identical in
pea and spinach chloroplast extracts.
To investigate chloroplast tRNA processing and to create
substrates for activity assays to facilitate characterization and
purification of the processing enzymes, precursor tRNAs were
synthesized in vitro using Sp6, T7, or T3 RNA polymerase.

I

analyzed monomeric and dimeric Euglena tRNA precursors and
Annie Marion-Poll continued this analysis using trimeric Euglena
precursors. Pre-tRNA substrates of a spinach pre-tRNAMet and
pre-tRNA Val were also constructed.

Spinach precursors included

two different single tRNAs: one which contains a characteristic
land plant Group II intron and the second which did not have an
intron.

Experimental Procedures

Materials.

Enzymes and chemicals were purchased from

Bethesda Research Labs (GIBCO-BRL) (Gaithersburg, MD), New
England Biolabs (Beverly, MA), Promega Biotechnology (Madison,
WI),

U.S.

Biochemicals

(Cleveland,

OH),

Sigma

Chemical

Company (St. Louis, MO), and BIORAD (Richmond, CA).

DEAE

cellulose (DE-52) was obtained from Whatman and used without
further treatment. Sp6 and T7 polymerases were obtained from
Promega and T3 RNA polymerase was from Stratagene Cloning,
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Inc. (La Jolla, CA). Ultra-pure urea was from Schwarz-Mann.

x-

ray film was from Kodak. Radionucleotides were purchased from
NEN Research Products, DuPont Company (Boston, MA) and ICN.
Spinach (Spinacea oleracea) and Pea (Pisum sativum var. Little
Marvel) seeds were obtained from Carolina Biological Supply.
The Bluescribe vectors

pBS+I-

were

purchased from

Vector

Cloning Systems (San Diego, CA). The Bluescript vectors (pKS+Iwere from Stratagene.

GENECLEAN was purchased from BIO
Host bacterial cells were E. coli strains

101 (La Jolla, CA).

Jm101 (supE, thi, D(lac-proAB), F' [traD36, pro 36, proAB,

laclqlac Z D M15]}, and XLI-Blue {recAl, endAl, gyrA96, thi,
hsdR17,

(rk-,

mk+),

supE44 ,

relAl,

1-,

lac-,

[F',

proAB,

laclqZDM15, tn10(tet)]} (Bullock et aI., 1987).

Construction of recombinant plasm ids as templates for pretRNA synthesis.

Restriction

enzyme

digestions

and

preparation of vectors were done according to the specifications of
the

manufacturer.

restriction

Vectors

enzyme(s)

phosphatase (CIP).

and

were
treated

routinely
with

digested
calf

with

intestinal

Insert DNA was routinely gel purified by

GENECLEAN. Ligations were performed in a 10 III reaction with
0.1

Ilg vector

in a

2:1

ratio

of insert:vector pmole

ends.

Competent JM101 and XLI-Blue cells were prepared according to
the procedure of Hanahan (Hanahan, 1985). Large-scale plasmid
DNA preparations were done using the CsC} method of Maniatis.
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Mini-plasmid DNA preparations were performed by a boiling-lysis
method of Sambrook et a1. (1989). Mono- and dimeric tRNA genes
were subcloned into the RNA expression vectors pBS M13(-) and
Sp64 for pre-tRNA substrate synthesis.

The organization of the

recombinant plasmids used to prepare pre-tRNA

processing

substrates is shown in Figures 2-1, 2-2 and 2-3. These plasmids
contain different fragments of Euglena gracilis Klebs strain Z
(Hallick,

1984)

and

spinach

chloroplast

DNA.

Euglena

chloroplast tRNAs were chosen for analysis because: (1) they have
already been shown by RNAse T1 fingerprinting to be accurately
processed at the 5' and 3' ends in the spinach extract; (2) all of
the

. products

of

transcription/processing

a

homologous

reaction

have

Euglena-coupled
been

fingerprinted

(Gruissem et aI., 1982); and (3) both mono- and dicistronic
precursor

tRNAs

could

be

readily

constructed.

Spinach

chloroplast DNAs were chosen to provide a homologous substrate
for the spinach extract and to analyze both monomeric tRNAs
with and without introns.
Plasmid pEZC514.714 contains a 189 bp Dra I fragment of
pEZC514 DNA ligated in opposite orientations in the Sma I site
of the plasmid pBSM13(-) (Marion-Poll et aI., 1988).

This

fragment contains a 28 bp 5' leader, and 82 bp trnL gene, an 86 bp
spacer and the 5' end of psbA locus.
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Figure 2·1. Structure of the DNA templates used for in vitro
transcription of pre.tRNALeu. The top lines represent a part
of the physical map of the plasmid containing the Euglena
chloroplast DNA insert (solid line) in between the
restriction sites.

cloning

When the restriction site used for cloning is

deleted, it is represented in brackets. Part of the DNA template
consists of vector DNA (dotted line).

The RNA substrates

synthesized from the DNA template are represented under the
DNA templates. The first base represented on the left side is the
starting point of the transcription. Pre-tRNALeu DNA templates
are shown.

4S

Plasmid pEZC800.3 was constructed by subcloning a 600 bp
Sau 3A-HinDIII fragment of pEZC800 into the Bam HI and HIlI
sites of the plasmid Sp64. The 600 bp fragment contains Euglena
dimeric trnF-trnC genes separated by a 1 bp spacer (Hallick,
1984). This fragment contains 180 bp 5' leader, a 73 bp trnF, a 1
bp spacer, a 72 bp trnC, and a 154 bp 3' trailer.
Plasmid pSOCE55.3 was constructed by subcloning a 290 bp
Xbs/Sau3a fragment of pSOCE55, which contains the spinach
trnM2 gene, into the XbaIlBamHI site of pGEM4 vector DNA.

Plasmids pSOCE55.10 and pSOCE55.12 were constructed by
subcloning a 1.65 kbp EcoR1 fragment of plasmid pSOCE55
(Gruissem et aI., 1986b) containing the trnM2 and trnVl loci into
opposite orientations in the EcoR1 site of the plasmid pKS (+/-)
pSOCE55.12.4 is a deletion clone of pSOCE55.12 which
contains a

truncated tRNA Val gene.

Deletion clones

were

obtained by digestion of pSOCE55.12 DNA with restriction
enzyme, treatment with exonuclease III, mung bean nuclease and
religation as previously described by (Yepiz-Plascencia et aI.,
1990).

Preparation of the chloroplast soluble extract.

Spinach and

pea soluble extracts were prepared as previously described for
spinach by (Gruissem et aI., 1986b) with minor modifications.

6

week old spinach leaves and 14 day old pea leaves were cut fresh
with

steel

razor

blades

and

used

immediately

for

the
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pEZC800.3
START

SITE
Fnu-4HI

Sau3a

__ l_y

ImF

180

I

73

1'80

73

1'80

1'80

Figure

2·2.

73

73

The

H I
PO
H
ri
ri

Oral

I-ti)III

I'IIuIi

__ 1___

ImC

257m

154

0180 nI

72

302

72

482

628nl

808 nI

72

pre.tRNAPhe.tRNACys

template

and

transcripts are represented. A description of symbols is given
in Fig. 2-1.
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pSOCE55.10
CalRI

)(bal

CalRI

T3

IRNA Met

+--

-

T7

IRNA Val
1.2Kb

+-pSOCE55.12
Xbal

CalRI
13

IRNA Val

+--

~~
IRNA Val

-

EcoRI
T7

IRNA Mat
@1.6Kb

+-pSOCE55.12.4
Xbal CalRI
T7

CalRI
T3

truncated IRNA Val

+--

@

-

IRNA Met

-

Xbal

I

OBKb

tRNA Met

Figure 2-3. Structure of the DNA templates used for in vitro
transcription of pre-tRNAMet and pre-tRNAVal. The top lines
represent a part of the physical map of the plasmid containing the
spinach chloroplast DNA insert in between the cloning restriction
sites. The RNA substrates synthesized from the DNA template
are represented under the DNA templates. The circled T3 or T7 is
the starting point of the transcription.
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starting material. A polytron was used to grind the leaves using
short bursts at setting #4.

In vitro transcription of recombinant plasmid DNAs in
chloroplast transcription extract.

In vitro transcription was

performed as previously described by (Gruissem et aI., 1986b).

In vitro run-off transcription of Sp6/T7/T3 generated pretRNAs.

Recombinant plasmid DNAs were linearized by

digestion with the restriction enzymes indicated in Fig. 1-4 for
use as templates for pre-tRNA synthesis. The DNA was extracted
with phenol, chloroform, isoamyl alcohol (25:24:1; v:v:v), then with
ether, precipitated with ammonium acetate and ethanol, washed
twice with 70% ethanol, dried and resuspended in water.

The

Sp6, T7 and T3 RNA polymerase reaction mixtures were prepared
according to the supplier's

recommendations

(Promega)

and

incubated for 1 hour at 37 0 C with [a- 32 p] UTP [3000 or 800
Ci/mmol] as a radioactive precursor.

After transcription, the

RNA was extracted with phenol, then with chloroform:isoamyl
alcohol (24:1), followed by ether, and precipitated with ammonium
acetate and ethanol, washed twice with 70% ethanol, dried, and
resuspended in water. [a· 32 p] UTP-Iabeled pre-tRNA transcripts
were then used directly as substrates for
assays.

riboendonuclease
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In vitro processing of Sp6/T7/T3 generated [(X.32P].labeled
precursor tRNAs.

The processing reaction mixture contained

56 III of soluble extract, 136 III of standard reaction buffer of 10
mM HEPES pH 7.9, 20 mM KC1, 12.5 mM MgCI2, 0.1 mM EDTA,
17% glycerol and 1 or 2 III (2000 cpm) of precursor tRNAs.
Aliquots were removed from the mixture at 0, 0.5, 1, 5, 7.5, 10, 15,
30, and 60 minutes. The reactions were stopped by the addition
of 25 III of reaction mixture to 50 III of standard reaction stop
buffer [0.25 mg/ml yeast tRNAs, O.IM EDTA, 2 M ammonium
acetate, 50 ug/ml proteinase K, 0.5% SDS], and incubated at 65 0 C
for 10 min.

In some reactions the proteinase K, SDS and heat

treatment were eliminated.

After phenol/chloroform/isoamyl

alcohol extraction, ethanol precipitation, and 70% ethanol wash,
the RNAs were resuspended in standard loading dye of 0.3% (w/v)
xylene cyanol, 0.3% (w/v) bromophenol blue, 10 mM sodium-EDTA
and

95%

(v/v)

deionized

formamide,

and

separated

by

electrophoresis on a 40 cm x 20 cm x 0.4 mm 6% or 8%
acrylamidel7 M urea gel. Precursors and processing products were
detected by autoradiography.

Results

Several tRNA precursors were synthesized from Euglena and
spinach chloroplast DNA for use as substrates for investigating
the enzymatic activities involved in in

vitro processing of

so

monocistronic and polycistronic tRNA precursors.

Pre-tRNAs

with varying 5' and 3' end lengths were constructed to facilitate
the identification of intermediates.

The differences in the

substrates were used to study the effect of precursor structure on
the processing pathway, and to investigate the general question of
dicistronic

precursor

tRNA

processing.

Substrates

were

developed which could be optimized for analysis of individual
enzymatic reactions.

Coupled transcription and processing in chloroplast soluble
protein extract.

To begin the analysis of the chloroplast

soluble extract it was first necessary to test the modified, scaledup

chloroplast

preparation

for

active

transcription

and

processing. Known chloroplast tRNA genes were incubated in the
extract and transcription and processing was detected.

To test

the new subclones for accuracy before making the phage promoterdirected transcripts, the pEZCBOO.3 and pSOCE55.3 plasmids
were added to the soluble extract for comparison with their parent
clones.

The

results

of the

linked

transcription-processing

experiment using the parent clone DNA and the phage promoter
DNA clones is shown in Figure 2-4. The extract was active in both
transcription and processing

Euglena DNA is transcribed

Although it appears that the"
more efficiently than the spinach

DNA, this difference may be due to other factors, such as the

Sl
12345

Figure 2·4.

,...

~

Coupled transcription and processing of cloned

Euglena and spinach chloroplast DNAs in

the

soluble

spinach chloroplast extract. Polyacrylamide gel electrophoresis
of in vitro transcription products from the spinach chloroplast
soluble extract. Reactions were done under standard conditions.
RNA was detected by autoradiography.

Template DNAs used:

Lane 1, pEZCBOO; Lane 2, pEZCBOO.3; lane 3, pSOCE55; Lane 4,
pSOCE55.3; Lane 5, No DNA.

The arrow points to the mature

tRNA of approximately 75 nt.

RNA size was determined from

comparison to RNA molecular weight markers.
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purity and intactness of the DNA.

In vitro processing of monocistronic tRNA precursors

RNA

precursors containing the tRNALeu (Fig. 2-1) were synthesized
using T7 (pEZC514.713) or T3 RNA polymerases (pEZC514.714
and 715) and incubated in a spinach or pea chloroplast soluble
extract.

Different processing intermediates could be identified

according to their size. Four RNA products each are observed for
two of the precursors from pEZC514.713 and 715 (not shown) and
five RNA products for the pEZC514.714 precursors as shown in
Fig. 2-5.

On several occasions the two bands representing the

tRNA molecule attached either to the 5'-leader or to the 3'-end
appeared at the same time, as expected if either the 5'- or the 3'endonucleolytic cleavage can occur first.

On other occasions, the

5'-cleavage reaction appeared to precede the 3'-cleavage reaction
or the 3'-cleavage reaction appeared to precede the 5'-cleavage
reaction as shown in Fig. 2-5. More experiments are necessary to
determine if these differences are due to subtle changes in the
standard reaction

conditions

or to the

status

of different

chloroplast enzyme preparations. These processing intermediates
disappear when the substrate is exhausted. In contrast, the RNA
products corresponding to tRNA, 5'- (for pEZC514.714) and 3'ends accumulate. The 5'-end is visible only for the pEZC514.714
transcripts because of its relatively large size. The 5'-ends of the
other two substrates would have run off the gel.

The processing
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Figure 2·5

In vitro Processing Of Monocistronic tRNA

Precursors.

Polyacrylamide gel electrophoresis of in vitro

processing reaction in the spinach chloroplast soluble extract.
Reaction conditions are described in Experimental Procedures.
Aliquots of reaction were removed and reaction was stopped at
the minutes indicated above each lane.
autoradiography.

RNA was detected by
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intermediates are the same for the spinach and the pea extracts
for each of the three precursors. The pre-tRNALeu transcripts are
optimal substrates for further purification of the 3'-endonuclease
from either pea or spinach, because the appearance of the 3'distal RNA is an unambiguous reaction product, and because the
reaction proceeds independent of any other processing activities.
Precursor/product relationship of the pre-tRNALeu processing
assay of Fig. 2-5 is graphed in Fig. 2-6. The two possible in vitro
processing pathways of the tRNALeu precursors are summarized
in Figure 2-7.
Another monocistronic substrate was used to investigate the
effect of the length of the 3'-end of the precursor on the processing
reaction and also to identify the processing intermediates of the
dimeric

precursor

described

below.

This

precursor

was

synthesized with Sp6 RNA polymerase from the dimeric trnF-trnC
template of pEZC800.3 plasmid DNA that had been linearized
with Fnu4HI near the 5'-end of the trnC gene (Fig. 2-2).

The

resulting transcript is pre-tRNAPhe with a 4 nucleotide (nt) 3'end, corresponding to the 1 nt spacer between tRNAPhe and
tRNACYs and 3 nt of the tRNACys. Processing of the pre-tRNAPhe
(180 nt 5 leader and 4 nt 3 trailer) is not shown. Only the 5'-end
and the 3'-end attached to the tRNA and the tRNA are visible.

S5

Figure. 2·6.

PrecursorlProduct relationship of the pre·

tRNALeu in vitro transcript in soluble chloroplast protein
extracts.

The processing assay from Figure 2-5 showing the

disappearance

of the

pre-tRNALeu

and

the

appearance

processing intermediates and products at different time

poi~ts

of
is

depicted in the graph. CPM of RNA were determined as described
in experimental procedures.
precursor;

Symbols are:

(254 nt) unprocessed

(203 nt) tRNALeu with extended 3'-end;

(132)

tRNALeu with extended 5'-end; (121 nt) 3'-end; (85 nt) tRNALeu;
(50) 5'-end.
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5'-

+

3'-

+

3'-

Figure 2·7. Processing pathway of the tRNALeu precursors
according to the results shown in Figure 2·3. 5'· = 5'· leader,
3'· = 3'· leader. CCA·addition to the 3'·end is dependent on ATP
and CTP addition to the reaction mixture (data not shown).
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In vitro processing of dicistronic tRNA precursors
Dimeric transfer RNA precursors containing the tRNAPhe and
tRNACys (Fig. 2-2) were synthesized using Sp6 RNA polymerase.
Four different precursors were created with varying 3'-end lengths
by linearization of the plasmid pEZC800.3 with either Fnu4 HI,
DraI, HinDIII or Pvull. Processing of the DraI run-off transcript
is shown in Fig. 2-8. Precursor/product relationship of the in vitro
processing of the pre-tRNAPhe-Cys is graphed in Fig. 2-9.

It is

evident from the graph that the processing reaction (standard
reaction

conditions

described

in

Procedures)

approximately 50% cleavage within a few minutes.

reaches

The reaction

is reaching completion by 10 minutes and is nearly complete by
30 minutes. Between 30 to 60 minutes there is a slight increase
in mature tRNA which probably corresponds with a decline in the
tRNAPhe-Cys dimer.

A slight decrease in free 5'-end also occurs

between 30 to 60 minutes which is most likely due to a nonspecific exonuclease activity.

The 5'-end represented by closed

diamonds in the graph increases initially at the same time as the
5'-mature, 3'-extended intermediate. The decline of this mature
3'-extended intermediate coincides with the increase at 5 min of
the 3'-end.

The decline in the 313 nt intermediate at 5 min

coincides with the appearance of the 154 nt product. This is the
size for both the dimer tRNA with no extensions as well as the
size of the 3'-end.

59

---t[][J~-
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Figure

-

2·8.

precursors.

In

vitro

[J [J tRNA-Cys
tRNA-Phe

73
72

processing of dicistronic

tRNA

Polyacrylamide gel electrophoresis of in vitro

processing reaction in the spinach chloroplast soluble extract.
Reaction conditions are described in Experimental Procedures.
Aliquots of reaction were removed and reactions were stopped at
0, 0.5, 1, 5, 7.5, 10, 30, and 60 min.
autoradiography.

RNA was detected by
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Figure 2-9.

Precursor/Product relationship of the pre-

tRNAPhe-Cys in vitro transcript in soluble protein extracts.
The disappearance of the pre-tRNAPhe-Cys and the appearance of
processing intermediates and products at different time points is
shown in the graph. Symbols are: (480 nt) unprocessed precursor;
(300 nt) tRNAPhe-Cys with extended 3'-end;
with extended 5'-end;
(180 nt) 5'-end;

(253 nt) tRNAPhe

(226 nt) tRNA Cys with extended 3'-end;

(154 nt) 3'-end;

(72-76 nt) tRNAPhe and

tRNACYs. CPM of RNA products were determined as described in
Procedures.
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Figure 2·10. Processing pathway of tRNAPhe·Cys precursor
according to the results shown in Figure 2·9.

The pathway

was based on the detection of 5'-extended, 3'-mature dimeric
intermediates, 3'-mature, 5'-extended dimeric intermediates, 5'mature, 3'-extended monomeric intermediates and 3'-mature, 5'extended monomeric intermediates. 5'- = 5'- leader, 3'- = 3'- end.
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Exonucleases and CCA-Adding Enzyme

Exonuclease activity

can be observed during processing of some of the precursor
transcripts (Fig. 2-8), especially for the longer reactions. The 5'and 3'-end products appear to be the most susceptible

to

exonuclease degradation resulting in a progressive decrease of
RNA size with time (Fig. 2-8). Exonuclease activity appears to be
quite low in most preparations of crude soluble extracts and may
not playa specific role in tRNA maturation.

In the partially

purified processing extract, however, the exonuclease appears
more active. This will be discussed further in Chapter 3. It has
not been determined whether the precursor tRNAs are protected
from exonuclease degradation by components which are present in
the crude extract but are

removed

during the

purification

procedure or if the exonuclease activity is more active due to
coincidental enrichment during the purification.

It appears that

both factors are contributing.
In addition to the processing enzymes so far described, the
spinach and pea chloroplast crude RNA processing extracts are
very active in 3' tRNA nucleotidyl transferase activity (CCAadding enzyme) (Greenberg, 1985).

CCA-adding activity is

characterized by an increase in size by one to three nucleotides of
the mature tRNA after longer reaction times, as seen in Fig. 2-8.
Since we routinely omit ATP and CTP from the processing assay
the activity shown in Fig. 2-8 is probably due to residual
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nuc1eotides from the transcription reactions during substrate
preparation.

Discussion
Most

chloroplast

transfer

RNA

genes

are

initially

synthesized as cistrons of polycistronic transcription units.
Maturation of these primary transcripts to tRNAs active in
protein

synthesis

requires

extensive

post-transcriptional

processing. Transfer RNA processing reactions include nucleolytic
cleavages

to

convert

primary

transcripts

into

tRNA-sized

products, addition of CCA to the nascent 3'-termini, posttranscriptional base modifications, and aminoacylation.

In the

present study, pathways and enzymatic steps necessary for
maturation of mono- and dicistronic pre-tRNAs to tRNA-sized
products in both spinach and pea chloroplast in vitro processing
extracts have been determined.

Euglena tRNAs, processed to

maturity in vitro, have been previously shown to have correct 5'and 3'- ends (Greenberg, 1985; Gruissem et al., 1982).

However,

the intact 5'-extensions and 3'-trailers were not detected and so
the nature of the cleavage activity was not known. Based on the
observations for the 6 different tRNA species and 12 different
substrates which were examined, the chloroplast tRNA processing
reactions are both substrate- and extract-specific.

1)

No

Sp6/T7/T3 generated pre-tRNAs either from Euglena or spinach
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were processed in Euglena extracts. 2) Spinach pre-tRNAs were
processed in spinach and pea extracts to discrete reaction
intermediates and end-products.

Further experimentation is

required to identify these reaction products. 3) All Euglena pretRNAs tested were processed in spinach and pea extracts.

Two

endonucleases could account for the endonucleolytic processing
reactions for the Euglena chloroplast pre-tRNAs. One enzyme is a
5'- endonuclease, analogous to the E. coli RNase P (Altman,
1982), that cleaves the 5'-leader sequence from the pre-tRNA and
leaves a mature 5'- phosphoryl end. Several RNase P enzymes are
known to have an RNA component that is required for catalysis
including E. coli (Kole et a1., 1980), HeLa cell mitochondria
(Doers en, 1985), B.

subtilus

(Gardiner,

1980), veal

heart

(Akaboshi, 1980), and Schizosaccharomyces pombe (Kline, 1981).
It was speculated that the chloroplast enzyme also utilizes an

RNA moiety for catalysis, but such a species had not yet been
demonstrated.

The second enzyme is a 3'-endonuclease that

cleaves the 3'- OH terminus that becomes the substrate for CCA
addition by tRNA-nucleotidyltransferase.

It was important to

begin purification of these two enzymes to determine whether
these two endonucleases are the only enzymes involved.
RNA processing enzymes are potential sites for
transcriptional regulation of chloroplast gene expression.

postThe

focus in this study has been on processing of mono- and dicistronic
pre-tRNAs, but the approach and processing extracts described
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will also be useful for testing tRNA-mRNA, tRNA-rRNA, and
mRNA-mRNA cistrons. It will be of interest to determine if any
of the enzymatic activities described in the present study are
involved in the maturation of mixed primary transcripts, and the
regulation of the expression of these cistrons.
There are two major features of the 5'- and 3'- endonuclease
activities in the pea and spinach chloroplast extract. First, the
two enzyme activities have very broad substrate specificity for
sequence, length, and RNA structure heterogeneity at the 5'- and
3'- ends of the tRNAs.
analysis

in

By contrast, based on a preliminary

collaboration

corresponding endonuclease

with

Annie

activities

Marion-Poll,

from

Euglena

the

gracilis

Interestingly, an Euglena

chloroplasts are more restrictive.

extract which transcribed and processed Euglena cloned DNA in a
coupled transcription-processing reaction was not permissive for
the Sp6/T3/T7 transcripts. This may be due to the lack of base
modifications on the phage polymerase-synthesized pre-tRNA
molecules.

Other labs have reported reduced in vitro RNA

processing of some precursor transcripts which were transcribed
by the E. coli phage RNA polymerases.
Second, there is no obligatory order for the endonuclease
activities in vitro for the two classes of Euglena substrates
characterized here, as well

as

the

trimeric substrates

characterized by Marion-Poll et a1. (1988).

Processing can occur

at either end of the tRNA first.

for

By contrast, others found that
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chloroplast tRNA 5'- end maturation preceded 3'-end maturation
since no processing intermediate product corresponding to the 5'end + tRNA was observed (Yamaguchi-Shinozaki, 1987).

It is

likely that the difference here is due to the kinetics of the
reaction and not to an ordered sequence of events. Differences in
enzyme preparations may account for different levels of activities.
I used only freshly grown leaves for the chloroplast preparations,
whereas other labs have purchased their spinach leaves from
grocery stores.

The question of whether the RNase P activity was

a ribonucleoprotein was controversial. Preliminary studies using
crude extracts were previously used to demonstrate that the
activity was sensitive to treatment with microccocal nuclease
(MN).

However, these experiments did not test for Ca++-

dependent MN sensitivity and so the results were not conclusive
(Greenberg, 1985).
In conclusion, a biochemical and enzymatic analysis of
chloroplast tRNA processing pathways has been initiated. As a
first step, a series of new substrates were generated for studying
chloroplast RNA processing in purified in vitro preparations. Two
predominant endonuclease activities seem to be responsible for
converting pre-tRNAs into tRNA-sized precursors. The fact that
5'- endonuclease activity does not have to precede 3'- endonuclease
activity

as

previously

reported

(Greenberg

et

aI.,

1984;

Yamaguchi-Shinozaki, 1987) should facilitate further purification
and characterization of these enzymes.
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In the following chapters, these substrates are used for the
purification of chloroplast RNase P, the characterization of
enzyme properties and as tools for comparison of substrate
specificity of distinct activities.

It was important to purify the

chloroplast enzymes based on the enzyme assay because it was
not possible to use either genetics or DNA sequence similarity to
detect putative chloroplast genes of tRNA processing enzymes.
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CHAPTER III.

PURIFICATION OF A PEA CHLOROPLAST RNase P-LIKE
ACTIVITY

Introduction

RNAs are first transcribed as precursor molecules requiring
post-transcriptional modifications.

Processing of chloroplast-

encoded precursor tRNAs occurs in the chloroplast (Bohnert H. J.,
1982; Hallick, 1983; Whitfeld et aI., 1983).

Chloroplast stromal

extracts are functional in transcription of tRNA genes and
accurate processing of tRNA precursors (Greenberg et aI., 1984;
Greenberg et aI., 1986; Gruissem et aI., 1983a; Gruissem et aI.,
1983b; Gruissem et aI., 1982; Gruissem et aI., 1983).

In the

previous chapter, chloroplast tRNA processing activities were
described that included specific 5'- and 3'-tRNA endonucleases.
Alternative

5'-pre-tRNA

processing pathways

were

proposed

based on the detection of two types of in vitro processing
intermediates: 1) 5 ' -mature tRNAs with 3'-extensions, and 2) 3'mature tRNAs with 5'-extensions.

Others have reported the

detection of only the first type of in vitro intermediate (5'-mature
tRNAs with 3'-extensions).

Therefore, a chloroplast pre-tRNA

processing scheme with 5'-processing preceding 3'-processing was
proposed (Wang, 1988; Yamaguchi-Shinozaki,

1987).

These
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differences may be due to the kinetics of the in vitro processing
reaction. Interestingly, Delp et al. (1991) more recently concluded
that chloroplast tRNA processing had 3'-end cleavage preceding
RNase P activity, detecting only the second type of processing
intermediate

(3'-mature

tRNAs

analysis (Delp et aI., 1991).

with 5'-extensions) by peR

RNA species from exon specific

primers for three maize chloroplast tRNAs with introns were
examined. In this chapter I continue the characterization of the
chloroplast tRNA processing enzymes, focusing on RNase P
because

of an interest in ribozymes

and the

evolutionary

relationship between eubacterial ribozymes and their functional
analogs

in

eukaryotes

and

their

organelles,

specifically

chloroplasts.
RNase

P

catalyzes

the

site-specific

hydrolysis

of

a

phosphodiester bond in pre-tRNA molecules resulting in a mature
phosphorylated 5'-end (Altman et aI., 1993; Pace and Smith,
1990).

The enzymes from Escherichia coli (Kole et aI., 1980;

Robertson et aI., 1972; Stark et aI., 1978) and Bacillus subtilus
(Gardiner, 1980; Gardiner, 1985) have been most extensively
studied.

RNase

ribonucleoproteins

Ps

from

consisting

E.

coli
of

a

and

B.

protein

subtilus
subunit

are
of

approximately 14-kDa and an essential catalytic RNA component
of approximately 400 nt (Gardiner, 1985; Reed et aI., 1982; Reich
et aI., 1986; Stark et aI., 1978). The RNA subunit is responsible
for binding specificity and catalysis.

Important nucleotides for
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catalysis and substrate (Burgin and Pace, 1990; Guerrier et aI.,
1989) and metal binding (Kazakov and Altman, 1991) have been
determined via photo-affinity labeling and mutational analyses.
The protein subunit stabilizes the pre-tRNA / RNase P RNA
complex by shielding electrostatic repulsion between those RNAs
(Reich et aI., 1988). The RNA component, apart from the protein
subunit, is

functional

in vitro under nonphysiological

salt

conditions (Guerrier-Takada et aI., 1983).
The archaebacterial RNase Ps are similar in structure to
the eubacterial enzymes (Lawrence et aI., 1987).

RNase P

activity has been studied in partially purified preparations of the
extreme thermophile Sulfolobus solfataricus and the methanogen
halophile
organisms

Halobacterium
from

the

two

volcanii:
main

each

are

representative

archaebacterial

subgroups.

Although the holoenzyme and protein composition is unknown, cofractionating RNAs of 308 and 434 nt were detected in the
respective enzyme preparations.

However, these RNAs have not

been shown to be catalytic (Pace et aI., 1990; Darr et aI., 1992).
Eukaryotic RNase Ps have been identified in the cytosol and
mitochondria from human HeLa cells (Bartkiewicz et aI., 1989;
Gold, 1986), frog oocytes (Castano et aI., 1986; Doria et aI., 1991),
yeast (Engelke et aI., 1985; Kline, 1981; Krupp et aI., 1986; Mao
et aI., 1980) and in the chloroplasts of higher plants (Marion-Poll
et aI., 1988; Wang, 1988; Yamaguchi-Shinozaki, 1987).

The

structures of the eukaryotic RNase Ps differ dramatically from
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the E. coli and B. subtilus

enzymes.

The mitochondrial and

nuclear RNase Ps are also ribonucleoproteins. Although several
RNase P RNAs have been determined, little is known about the
RNase P holoenzymes. The protein subunits are varied, and the
RNA components often do not fit the eubacterial secondary
structure RNA folding model (Darr et aI., Pace et aI., 1989; James
et aI., 1988).

In addition, the RNA sequences of the RNA

components are widely divergent.

The exception is

a

core

consensus RNA sequence, consisting of two short conserved
regions which are 5'- and 3'- to a variabl,e unconserved gap region
(James, 1989). For example, the mitochondrial enzyme from S.

cerevisiae has a nuclear-encoded 105 kDa protein subunit and a
mitochondrial-encoded 490 nucleotide RNA
contains the RNase P consensus sequence.

component which
Interestingly, while

the protein is always required for catalysis, only small fragments
of the RNA (about 100 nt) are needed for enzyme activity (Morales
et aI., 1992; Morales et aI., 1989).

Perhaps most significantly,

the eukaryotic RNase P's appear to require protein for catalysis.
The popJ gene for a yeast nuclear RNase P protein subunit was
recently determined

to

encode

a

100.5

kDa

basic protein.

Interestingly, this protein is also a protein component of the
RNase MRP ribonucleoprotein which processes the 5.88 rRNA in
the mitochondria (Lygerou, 1994). The human RNase P contains a
40 kDa To antigen protein which also is a protein subunit of the
human RNase MRP (Yuan, 1991). Unlike the E. coli M1 RNA and
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the B. subtilus

P RNA, the isolated RNA components of other

known RNase P'S are not catalytic in the absence of protein
subunits.
Chloroplast RNase P activity appears to lack an RNA
component.

Wang et a1.

(1988)

reported that

chloroplast RNase P activity in a

a

spinach

relatively crude spinach

chloroplast extract did not contain a eubacterial-like essential
RNA component. These conclusions were based on four criteria:
1) Weak binding to anion-exchange resins; 2) Banding with bulk
protein

on

CsS04

gradients

(1.28

g/ml)

instead

of

the

characteristic ribonucleoprotein banding (1.6 g/ml); 3) Resistance
to degradation by micrococcal nuclease; and 4) Lack of RNase P
consensus sequence as determined by a chloroplast genome search
(Wang, 1988).
The biochemical properties of eukaryotic RNase Ps also
differ

significantly

from

their

eubacterial

counterparts.

Generally, the high divalent cation concentrations (> 40 mM
Mg2+), which are often standard reaction conditions for bacterial
RNase P activities, are inhibitory to the eukaryotic enzymes.
A chloroplast RNase P activity has not previously been
purified or its properties characterized.

Enzyme purification

should lead to the location of the chloroplast RNase P gene(s).
Purification of this enzyme has been difficult because of its
relatively

low

abundance,

the

existence

of

cofractionating

endogenous RNases, and enzyme lability. In this chapter I report

a > 68,000-fold purification to near homogeneity of a chloroplast
RNase P.

Experimental Procedures

All operations were performed at 0 0 -4 0 C unless stated
otherwise.

Some experimental procedures are described in the

previous chapter.

Materials.
Chemical Co.

Heparin agarose was purchased from Sigma
The pre-packed FPLC columns Mono S HR 5/5,

Mono S HR 10/10, Mono Q HR 5/5, and Superose 6, and the resins
(S) Sepharose, (Q) Sepharose, were purchased from Pharmacia
LKB Biotechnology.

Chromatography Buffers.

Buffer A: 50 mM HEPES, pH 8.0,

20 mM KCI, 10% glycerol, 1 mM DTT, 0.1 mM EDTA; Buffer B:
Buffer A with 1 M KCI; Buffer C:

50 mM Tris-HCI, pH 7.9, 50

mM KCI, 10% glycerol, 0.1 mM EDTA;

Buffer D: Buffer C with 1

M KCI; Buffer E: Buffer C with 0.5 M ammonium sulfate. Buffer

E:

Buffer A with 160 mM KCI;

5X GR mix'

mM sodium

pyrophosphate, 0.25 M N-2-hydroxyethylpiperazine-N'-2' ethane
sulfuric acid [pH 6.8], 1.65 M sorbitol, 10 mM EDTA, 5 mM
MgCI2, 5 mM 2-mercaptoethanol .

7S

5' - tRNA endonuclease assay.

Standard reactions contained

-0.1 pmol [a.- 32 P]pre-tRNA and 3 J.l.1 processing extract in 30 J.l.1
final volume Standard Reaction buffer [50 mM HEPES (pH 8.0),
100 mM KCI, 8 mM MgCI2, 0.1 mM EDTA, 2 mM nTT (added
fresh), and -10% glycerol]. After a 10 min assay at 25 0 C, 30 J.l.1
Stop buffer (0.25 rug/ml yeast carrier tRNA, 0.1 M EDTA and 2 M
ammonium acetate) was added to the reaction.

RNA was

phenol/chloroform extracted, ethanol precipitated, washed with
70% ethanol and dried. Pellets were resuspended in 1 J.l.1 loading
dye and loaded onto 0.4 mm thick 8% polyacrylamide 7 M urea
gels.

After autoradiography, gels were analyzed by either laser

densitometry scanning of autoradiographs, Cerenkov radiation
counting of bands cut out of gels, or Betascope analysis of bands
in gels.

Counts were determined for RNA species and corrected

for background for each determined area.

Enzyme activity was

calculated by measuring the percent of pmol of substrate which
was converted into 5 '-mature products.

Isolation of chloroplasts.
previously

described

modifications.

by

Chloroplasts were isolated as
(Gruissem

et

aI.,

1986b)

with

10 kg of 14 day old pea leaves were harvested

fresh and used immediately. Approximately 200 gm batches of
leaves were covered with IX GR mix and were ground in a Sorvall
polytron using short bursts at setting #4.
through 4 layers of Miracloth.

The brei was filtered

The remaining homogenate was
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mixed with additional IX GR mix and was again disrupted in the
polytron.

The filtrate was then centrifuged in a JS4.2 rotor at

3000 rpm in a J6B centrifuge in 500 ml bottles for 1 minute. The
supernatant was decanted and the chloroplast pellets were
resuspended gently using a camel hair brush and then layered
onto 12 Percoll step gradients.

40-80% step gradients were

prepared in 250 ml polycarbonate bottles by layering 100 ml of
40% percoll mix on top of 100 ml of 85% percoll mix.

Gradients

were centrifuged for 1 hour at 4000 rpm in the JS4,4 rotor. Intact
chloroplasts were harvested from the interface between the 40%
and 80% steps and washed three times with IX GM mix.

Preparation of soluble protein extract.

The soluble protein

extract was prepared as described by Gruissem et a1., (1986b).
Briefly, the intact chloroplasts were lysed hypotonically in 50 mM
Tris, 1 mM EDTA and centrifuged at 27,000 x g for 15 minutes.
The supernatant was centrifuged 100,000 x g for 3 hours in 0.5 M
ammonium sulfate. The 100,000 x g supernatant was designated
Fraction II (Fig. 1).

Purification of chloroplast RNase P:
DE·52 chromatography I.

250 ml of DE-52 cellulose resin was

first equilibrated to 1 M Tris, pH 7.9, at 4 0 C with successive
washes.

Resin was then equilibrated to buffer E.

The soluble

protein crude Fraction II was passed directly over the column.
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The column was washed with the starting buffer and the flowthrough fraction was collected.

Protein was monitored by a

modified Bradford microassay method. The flow-through fractions
containing protein were pooled. The proteins were precipitated by
adding finely powdered ammonium sulfate to a final concentration
of 57%, gently mixing for 30 minutes, and centrifuging for 20
minutes at 12,000 x g.

The (NH4)2S04 precipitate pellet was

resuspended in 150 mls of Buffer A and is designated Fraction III
(Fig. 1).

Heparin agarose chromatography I.

Fraction III (Fig. 1) was

dialyzed for 12 hours at 4 0 C against two changes of Buffer A and
loaded onto a 200 ml Heparin agarose column.

Proteins were

step-eluted off the column with sequential salt concentrations of
200, 600, and 1M KCI.

The 500 ml RNase P activity recovered

from the 600 mM step was concentrated to 250 ml using an
Amicon Diaflo concentrator (30K MW cut-off) according to the
manufacturer's specifications.

The sample was equilibrated to

Buffer C by dialysis and designated Fraction IV (Fig. 1).

DE·52 chromatography II.

DE-52 cellulose resin was first

equilibrated to 1 M Tris, pH 7.9, at 4 0 C as described above. 216
mg of Fraction IV was loaded onto a 25 ml DE-52 column which
was

preequilibrated

to

Buffer

C.

Flow-through

fractions

containing the RNase P activity were collected and pooled.
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Additional tRNA processing activities were eluted off the column
during a linear salt gradient from 50 mM KCI to 1 M KCl. 25 ml
fractions were collected and aliquots were dialyzed and assayed
for processing activity. The RNase P activity in the flow-through
fractions was designated Fraction V (Fig. 1).

Heparin agarose chromatography II.

Fraction V (Fig. 1) was

loaded directly onto a 25 ml heparin agarose column which was
preequilibrated with Buffer C.

After the flow-through fraction

passed through the column, the column was washed with 5 column
volumes of Buffer C. Bound proteins were eluted off the column
with a linear 0.05-1 M KCI gradient of buffers C and D.
fractions

were collected.

Aliquots

assayed for processing activity.

were

15 ml

microdialyzed

and

Fraction P contained RNase P

activity and was concentrated to 1 ml with an Amicon centriprep
30 according to the manufacturers specifications. The RNase P
fraction was designated Fraction VI (Fig. 1) and was equilibrated
to Buffer A by dialysis.

FPLC Mono S chromatography.

A 1 ml FPLC Mono S column

was equilibrated to Buffer A. Fraction VI (Fig. 1) was loaded onto
the column via injection. After the flow-through fraction passed
through the column, the column was washed with 5 column
volumes of Buffer A. Proteins were eluted off the column with a
linear 0.02-1 M KCI gradient of buffers A and B. 270 ul fractions
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were collected and aliquots were microdialyzed and assayed for
activity. Fractions 30-36 were pooled, concentrated with Amicon
centricon 30, and designated Fraction VII (Fig. 1).

FPLC Superose 6 chromatography.

100 ug of Fraction VII

was loaded onto a 24 ml FPLC Superose 6 gel filtration column.
The 24 ml column was equilibrated with Buffer F containing 160
mM KCI.

The flow rate was 0.5 mllmin.

The column was

precalibrated with 900 ug of a mix of the following marker
globular proteins: bovine thyroglobulin (670 kDa), bovine gamma
globulin

(158

kDa),

chicken

ovalbumin

(44

kDa),

horse

myoglobulin (17 kDa), and cyanocobalamin (1.3 kDa). Kav values
were plotted versus the known log molecular weights, where Kav =
(Ve - Vo)/(Vt - Vo); Ve, elution volume of each protein; Vo, column
void volume; Vt, total column volume.

Precursor tRNA substrates.

Precursor tRNA substrates have

been described previously in Chapter 2. Pre-tRNALeu was used
for all enzyme assays reported here.

Template DNA was

PEZC514.714 which was linearized by restriction enzyme digest
with EcoRI. The 253 nt precursor transcript consists of a 50 nt 5 'leader sequence, an 82 nt tRNALeu and a 121 nt 3'-trailer
sequence.
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Protein samples were electrophoresed by 10%

Electrophoresis.

linear or 5-13% gradient SDS-polyacrylamide gels according to
Laemmli

(Laemmli,

1970)

with

modifications

by

BioRad.

Proteins were routinely electrophoresed through a 4% stacking gel
at 10 mAmps and through a running gel at 30 mAmps until the
dye front reached the bottom of the gel.

When SDS-PAGE was

used to calculate polypeptide size, the polypeptide of interest was
electrophoresed into the linear portion of the gel. High and low
molecular weight standards (Bio-Rad) were the following: myosin
(200,000),

E.

coli

f3-galactosidase

(116,250),

rabbit

muscle

phosphorylase b (97,400), bovine serum albumin (66,200), hen egg
white ovalbumin (45,000), bovine carbonic anhydrase (31,000),
soybean trypsin inhibitor (21,500), and hen egg white lysozyme
(14,400).

Polypeptides

were

visualized

by

staining

with

Coomassie Blue or silver stain.

Protein assay.

Protein concentrations were determined by the

method of Bradford (Bradford, 1976) with modifications by
Biorad.

UV crosslinking.

UV crosslinking was performed as described

by (Stern et aI., 1989) with minor changes. 0.1 Ilg of poly A was
pre-incubated at 25 0 C in a 13 III reaction with 0.5 Ilg chloroplast
protein (Mono S fraction 30, Enzyme preparation II), and RNA
processing buffer for 5 minutes.

3.2 fmol (2 Ill) of uniformly
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radiolabeled pre-tRNALeu was then incubated at 25 0 C in the 15
JlI reaction for 10 minutes. Reaction tubes were opened, covered
with Saran Wrap, and placed under a germicidal lamp (6 cm) at a
light intensity of approximately 1 milliwatt/cm 2 . After 30 min, 5
Jlg of RNase A was added to the reaction and incubated 30 min, at

37 0 C. Laemmli buffer was added to the reaction and the sample
was boiled for 5 min before analysis by SDS-PAGE.

Gels were

dried in cellophane and labeled polypeptides were detected by
autoradiography.

Micrococcal nuclease assay.

MN assay was performed as

previously described by (Wang, 1988). Briefly, 3 JlI of chloroplast
RNase P enzyme (Mono S fraction 22, Enzyme Preparation III)
was preincubated with 1 JlI of Micrococcal nuclease (MN) (0, 5, 10,
20, or 40 units/JlI per tube), and 1 JlI of 10 mM Ca++ for 20
minutes at 37 0 C. MN digestion was stopped by addition of 1 JlI
(100 nmol) EGTA. 3 JlI of either sterile H20 or poly A (to a final
concentration of 1 mg/ml) was then added to reaction tubes.
Finally, 21 JlI of substrate mix containing 0.1 pmol pre-tRNA Leu
in standard processing reaction buffer was added to each tube and
incubated for 10 minutes at 25 0 C.

tRNA processing reaction

products were recovered by standard reaction conditions as
described in Experimental Procedures.

20 ug proteinase K was

used in place of MN for one reaction. The following variables were
also tested as controls for the reaction: 1) no enzyme extract; 2)
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no EGTA addition 3) 0 and 10 minute preincubation times; 4) no
MN treatment.

Detection of RNA by 3'·end labeling.

This procedure was

performed as previously described by Chang and Clayton (1987).
Briefly, 8 Ilg of chloroplast RNase P enzyme extract (Mono S
column fraction 30, Enzyme Preparation II) was 3'-end labeled
with [a- 32 p]pCp either
digestion.

1) directly or

2) after proteinase K

Samples to be proteinase K digested were incubated

for 30 minutes and then extracted twice with phenol/chloroform
and precipitated with ethanol. 3'-end labeling was for 16 hours at
4 0 C in 40 III volume containing [precipitated enzyme extract, 50
mM HEPES (pH 7.5),15 mM MgCI2, 3 mM DTT, 0.4 ug BSA, 10%
(v/v DMSO), 30 uM ATP, 60 IlCi of [a- 32 p]pCp (2000 Ci/mmol),
and 20 units T4 RNA ligase].

End-labeled products were

recovered by ethanol precipitation and electrophoresed on 8%
polyacrylamide/7 M urea sequencing gels. 10 J.1g of RNA Markers I
from Boehringer Mannheim was 3'-end labeled as size markers.

Enzyme preparation II.

RNase P activity in Enzyme

preparation II was prepared as described above with the following
changes. Step 1) Approximately 190 ml intact chloroplasts were
lysed in Buffer A, brought to 10% glycerol, frozen in liquid N2,
thawed to 4oC, and then disrupted by dounce homogenizer. 98.75
ml of 4 M ammonium sulfate was then added to make the
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chloroplast solution 0.5 M ammonium sulfate. This crude fraction
was then centrifuged for 60 minutes at 100,000 x g. Step 2) The
resulting supernatant was loaded onto a 500 ml DE-52 column (as
described above).

The flow-through fraction was collected and

proteins were precipitated as described above. The protein pellet
was resupended in Buffer C and equilibrated to Buffer C by
dialysis. The heparin agarose I column was omitted. Step 3) The
sample was then loaded onto a low salt DE-52 column which was
prepared as described for Enzyme preparation I.

The resulting

flow-through fractions which contained RNase P activity were
pooled and loaded directly onto the next column.

Step 4)

The

next column was a 75 ml Tris-buffered heparin agarose column
which was prepared as described above. Proteins were eluted off
the heparin agarose column via a KCI salt gradient (260-520 mM
KCl) using a total volume of 500 ml. The fraction size was 14 ml.
RNase. P activity peaked in heparin agarose fractions

4-8.

Fractions 4-12 were pooled, concentrated by Centriprep 30 and
equilibrated to Buffer A. Step 5) The concentrated sample was
then applied to a preequilibrated 8 ml FPLC Mono S preparative
column. The procedure for the Mono S column was as described
for Enzyme Preparation I, except that volumes were scaled-up 8fold. Fraction size was 1.5 ml with a flow-rate of 4 mllmin.

Enzyme preparation III.

Chloroplast enzyme extract was

prepared as described above for Enzyme Preparation II with the
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following changes to improve efficiency and optimize yield.

Step

1) 8 day old pea leaves (6 Kg) were used as starting material.
The 100,000 x g supernatant was prepared as described above.
The first

DE-52

column was

omitted.

The

100,000

x

g

supernatent was therefore precipitated directly with ammonium
sulfate as described above except that the centrifugation was for
60 minutes at 27,000 x g. The resulting 30 ml protein pellet was
resuspended in a total volume of 150 ml (Q) Sepharose Column
Buffer [Buffer C with 80 mM KCI].

Step 2)

The second DE-52

anion exchange column was replaced with a 200 ml (Q) 8epharose
anion exchange column. The (Q) Sepharose column was prepared
by equilibration in (Q) Sepharose column buffer, equilibration
with high salt (1 M KCl) (Q) Sepharose column buffer, and then
extensive washing until final equilibration was 80 mM KCI (Q)
Sepharose column buffer. RNase P fraction was loaded onto the
column and the unbound flow-through fraction (about 5500 mg
protein in 300 ml) was collected, concentrated by Amicon 30
concentrators, and diluted up in (S) Sepharose column buffer
(Buffer A).

Step 3)

The heparin agarose column was replaced

with an (8) 8epharose cation exchange column. The (Q) Sepharose
fraction was loaded onto an (S) Sepharose column which had been
preequilibrated according to·the procedure described above for the
(Q) Sepharose except that the buffers used were Buffer A and

Buffer A with 1 M KCl.

Proteins were eluted off the column by

sequential KCl steps of 125 mM, 400 mM and 1M. Fraction size
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was 50 ml. Fractions were assayed for RNase P activity. Step 4)
The peak RNase P activity was retained in (S) Sepharose column
fraction 400.3 (38 mg protein). This sample was concentrated and
equilibrated to Buffer A and then loaded onto an FPLC Mono S, 8
ml preparative column according to the procedure described for
Enzyme Preparation II. "The fraction size was 1.5 ml with a flowrate of 4 mllmin.
sample loading.

Flow-rate was reduced to 0.5 mllmin during
Proteins were monitored by absorbance at 280

nm. Fractions were assayed for enzyme activity.

Peak RNase P

activity was detected in Mono S column fractions 22-27.

Results

Assay for chloroplast RNase P activity
A

direct

assay

for

chloroplast

RNase

P

activity

is

the

measurement of the conversion of precursor tRNAs into 5 '-mature
tRNAs and free 5 '-ends.

Typically, 0.1 pmol 32P-Iabeled pre-

tRNALeu was incubated for 10 min at 25 0 C with each fraction
using standard reaction conditions as described in Experimental
Procedures.

The

reaction products

were

separated

on 8%

polyacrylamide gels by electrophoresis. The percentage substrate
processed was determined by calculating the ratio of the two
reaction products (5 '·end product and 5 '-mature tRNA with 3 '.
extension) to the combined total of the unprocessed pre-tRNA and
the two reaction products. The pmol processed was determined by
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calculating the

% substrate

processed x

pmol/reaction/min.

Results of a typical 5'-specific tRNA processing assay are shown
in Fig. 3-3.

Purification of chloroplast RNase P
Chloroplast RNase P was purified from gradient-isolated, intact
chloroplasts using seven separate chromatographic steps as
outlined in Fig. 3-1 and summarized in Table I.

200 ml of pea

chloroplasts were lysed and centrifuged to remove membranes and
membrane-bound proteins. The resulting supernatant was run on
the first DE-52 column. The column was equilibrated with a 0.5M
ammonium sulfate high salt buffer to solubilize nucleic acidbinding proteins. Most of the nucleic acids and half of the total
protein bound to the column. Approximately 95% of the RNase P
activity was in the flow-through fraction, yielding a

2-fold

increase in enzyme purity. The RNase P activity was precipitated
in a 55% ammonium sulfate cut of the DE- 52 column flow-through
fraction. The ammonium sulfate pellet was resuspended in buffer
A and equilibrated to buffer A by dialysis.
The resuspended active fraction was then loaded onto the
first, heparin agarose

column.

Proteins

were

eluted

with

sequential steps of 0.2, 0.6, and 1 M Kel in order to keep the
proteins concentrated and to preserve a high yield of both the 5'and 3'-tRNA endonucleases at this preparative stage of the
purification. During pilot experiments, the elution profiles for the
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Figure 3-1.

Flow-chart for the purification of chloroplast

RNase P from P. sativum. Intact chloroplast extracts from 10
Kg of Pisum sativum leaves were used as starting material for the
stromal extract containing pre-tRNA processing enzymes.

The

numbers indicate salt concentration. The numbers in bold-type
indicate the salt concentrations at which the RNase P activity
elutes.
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TABLE I. Purification of chloroplast RNase P

Fraction
number

1/1

iV
V
VI
VII.32

Purification
step

Crude
DE-52 (i)
Heparin Agarose (i)
DE-52 (II)
Heparin Agarose (II)
FPLCMonoS

Total
protein

.Total
activity

Specific
activity

Purification

mg

units

units/ug

-fold

10340
4837
216
52
2
0.0013

320,540
298,102
56,160
35,464
21,317
2,828

0.031
0.062
0.26
0.682
10.6
2,121

2
8.5
22
343
68,145

00
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chloroplast RNase· P and the chloroplast 3'-tRNA endonuclease
activities overlapped significantly in a broad salt elution range.
(The partial purification of the 3'-tRNA endonuclease is discussed
in Chapter VI.) The 600 mM KCI step elution fraction (Fraction
IV, Fig. 1) contained the RNase P activity and excluded 96% of the
total protein loaded onto the column.
increased

to

0.26

activity

The specific activity was

units/Ilg

yielding

an

8.5-fold

purifica tion.
Fraction IV (Fig. 3-1) was concentrated, desalted, and
loaded onto the second, DE-52 cellulose column, preequilibrated
with a 50 mM KCI low salt buffer.

The unbound flow-through

fraction contained approximately 60% of the RNase P activity and
is referred to as Fraction V (Fig. 3-1). A significant amount of
additional 5' tRNA endonuclease activity remained bound to the
column during a salt gradient elution. To rule out the possibility
that RNase P activity was present in the unbound flow-through
fraction because the resin capacity had been exceeded, an aliquot
of Fraction V (Fig. 3-1) was reloaded onto fresh DE-52 resin.
100% of this RNase P activity remained in the unbound flowthrough fraction.
activity

which

The bound activity may have been RNase P
was

retained

due

to

an

aggregation

components in the extract such as nucleic acids.

with

Alternatively,

the RNase P- like activity which binds DEAE-cellulose at 50 mM
KCI may be a different enzyme. In Chapter V, the hypothesis of a
second RNase P- like activity in the chloroplast extract is
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examined further.

In case the bound activity represented a

different enzyme, only the unbound flow-through fractions were
pooled. These fractions contained 24% of the total protein loaded
onto the column so the purification after this step was 22-fold.
Heparin agarose column II was equilibrated with a Tris
buffer rather than a HEPES buffer, precluding a buffer change or
concentration for the starting Fraction V (Fig. 3-1).

Because

heparin agarose is a polyanionic resin, I wondered if a different
RNase P elution profile could be achieved by substituting the
polyanionic HEPES buffer for the anionic Tris buffer.

In

pilot

experiments the elution profile for the RNase P activity was
different for the two buffers.

Excellent additional purification

was obtained on the Tris-buffered second heparin agarose column.
A linear salt gradient using Buffer C yielded a narrow peak of
RNase P activity in Heparin agarose Fraction P (Fraction VI, Fig.
3-1).

While 96% of the protein loaded onto the column was

removed from the RNase P activity at this step, close to 60% of
the enzyme activity was recovered, resulting in a 343-fold purified
activity.

Fig. 3-2 is a silver-stained SDS-PAGE analysis of the

peak RNase P fractions corresponding to the initial stages
outlined in Fig. 3-1 and Table 3-1.
The next stage of the purification was a Mono S FPLC
column.

Peak RNase P activity eluted in fractions 30-34 at

approximately 420 mM KCI.
fractions is shown in Fig. 3-3.

A processing assay of column
The degradation of pre-tRNA
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II

III V

200
116
66

42.7

3 1

21.5
14.4

Figure 3-2.
fractions.

Silver-stained SDS-PAGE of peak RNase P
Lanes I-V correspond to the stages outlined in the

purification scheme (Fig. 3-1) and Table 3-1. 'l'he locations of the
molecular weight protein standards (Biorad) are indicated on the
left.
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substrate in fraction 36 is most likely due to an endogenous,
nonspecific RNase activity which routinely fractionates off of the
Mono S column adjacent to peak RNase P activity.

The activity

(Fig. 3-4) and protein (Fig. 3-5) elution profiles are shown.
Purification can be visualized by comparison of the starting
sample, loaded onto the Mono S column in lane P, and the peak
fraction VII.32 (Table 3-I), because equal volumes of Fraction VI
(Fig. 3-1) were assayed for processing activity (Fig. 3-3) and
loaded onto the SDS-PAGE (Fig. 3-5). Only the 27- and 36-kDa
polypeptides are present across the peak Mono S fractions in the
SDS-PAGE profile.

94% of the protein loaded onto the column

was removed from the RNase P activity while about 80% of the
activity was retained.

The specific activity for the Mono S

fraction 32 (Fraction VII.32, Table 3-I) is 2121 activity units/ug.
The RNase P activity in this fraction is therefore purified
approximately 68,OOO-fold from the crude chloroplast extract.

Superose 6 Gel Filtration Chromatography: A 36·kDa polypeptide is
fractionated away from the peak RNase P activity.
To maintain enough total protein to recover activity after the gel
filtration column, the Mono S fractions

30-36

were

pooled

(Fraction VII, Fig. 3-1), concentrated and applied to the FPLC
Superose 6 gel filtration column. RNase P activity eluted sharply
off the column beginning at Superose 6 fraction 35 as shown in the
tRNA processing assay in Fig. 3-6.

Protein concentration of the
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-0-

CJ-

IRNA + 3'-end

Figure 3-3. 5'-pre-tRNA processing in FPLC Mono S column
fractions.

Processing of 32P-Iabeled pre-tRNALeu in Mono S

column fractions 10-66. Reaction products were separated on an
8% polyacrylamide gel and detected by autoradiography. Location
of precursor and products are indicated on the right.

Lane P is

the enzyme sample (Fraction VI, Fig. 3-1) which was loaded onto
the Mono S col umn.
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Figure 3-4. Elution profile of Mono S column. The activity
profiles of the Mono S column fractions 0-70 are shown.

The

dotted line indicates the KCl concentration used in the gradient
elution.

Enzyme activities were measured as in Experimental

Procedures and are indicated by % substrate processed (closed
circles). Fraction size was 270 ul with a flow rate of 1 mllmin.
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Figure 3·5.

Silver·stained SDS·PAGE of Mono S column

fractions. Lanes 27-40 correspond to Mono S column fractions.
MW markers are on the left.

Lane P is the enzyme sample

(Fraction VI, Fig. 3-1) which was loaded onto the Mono S column.
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peak RNase P fractions were too low to be measured by Bradford
microassay and no silver-stainable bands were detected in the
peak

RNase

concentrated

P
and

fractions
analyzed

after
by

Superose

6

SDS-PAGE.

fractions
Although

were
no

polypeptides were detected in the RNase P fractions, a 36-kDa
polypeptide, separated 7 fractions away from the peak RNase P
activity, was detected by SDS-PAGE (data not shown). Since the
peak Mono S fractions

contained only the 36- and 27 -kDa

polypeptides and a 36-kDa polypeptide also appears in inactive
gel filtration fractions, it appears that the 27-kDa polypeptide
(which was not detected after the gel filtration column) is the
RNase P enzyme.

Physical properties of chloroplast RNase P

The apparent

molecular weight of chloroplast RNase P was determined for the
native and denatured protein. The two polypeptides in the peak
fraction were determined to be 36- and 27-kDa by SDS-PAGE (Fig.
3-7). The molecular weight of the native enzyme was estimated to
be 22,000 using gel filtration on the FPLC molecular sieving
matrix Superose 6 as shown in Fig. 3-8.

Since a

36-kDa

polypeptide was fractionated away from the peak RNase P
activity during the gel filtration column, it appears that the 27kDa polypeptide correlates with the 22,000 native molecular
weight and is the monomeric subunit of the pea chloroplast RNase

P.
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J
t

tRNA processing in Superose 6 gel filtration

fractions. Processing of 32P-labeled pre-tRNALeu in Superose 6

column fractions 26-43. Lane + is the starting material for the
column (Fraction VII, Fig. 3-1). The arrow indicates the RNase P
reaction product: cleaved 5 '-end of the pre-tRNA.
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Molecular

weight

determination

chloroplast RNase P by SDS·PAGE.

of

pea

The molecular mass of

reduced and denatured RNase P was 27 kDa. For each molecular
weight marker protein the relative mobility (Rf) was plotted
versus log molecular mass.

(Rf = d s Idf·, where d s is sample

distance and df is dye front distance.) The best-fitting straight
line defined by these points was drawn.

The molecular weight

marker proteins and their (molecular masses) were:

lysozyme

(14.4 kDa), soybean trypsin inhibitor (21.5 kDa), bovine carbonic
anhydrase (31 kDa), ovalbumin (45 kDa), and bovine serum
albumin (66.2 kDa).
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A 27· kDa polypeptide exhibits RNA binding properties
I was interested in determining if any polypeptides in a highly
purified chloroplast RNase P extract specifically bind the pretRNA substrate. This would provide additional evidence that the
protein was an RNase P.

Uniformly radio labeled pre-tRNALeu

was UV crosslinked to polypeptides in a subsequent 1000-fold
purified RNase P enzyme preparation (described in Experimental
Procedures as the

Mono S

column fraction

30

of Enzyme

Preparation II). A 27-kDa polypeptide was specifically labeled by
the pre-tRNA substrate in the presence of excess poly A.

The

results of an autoradiogram of the SDS-PAGE are shown in Fig. 39. Lane 1 is the RNase P fraction. Lane 2, lacking the RNase P
enzyme, is a negative control to eliminate nonspecific labelling.
Other proteins which were visualized by silver stain were not
specifically labeled.

A silver-stained SDS-PAGE containing the

column fraction 30, which was used for the UV crosslinking
experiment, is shown in Fig. 3-10.

The Mono S fraction 30

contained several major polypeptides by silver stain which were
either not labeled at all or were by only trace amounts.

The 27-

kDa polypeptide, however, was only a faint silver staining band at
this stage in the purification. Therefore, the 27-kDa polypeptide
exhibited strong RNA binding properties. This evidence supports
the conclusion that the 27-kDa polypeptide is the chloroplast
RNase P.
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Estimation of the molecular weight of the

chloroplast RNase P enzyme by Superose 6 gel filtration.
Estimation of the molecular weight of the chloroplast RNase P
enzyme. 100 ug of protein of (Fraction VII. Fig. 3-1) was
chromatographed through a Superose 6 column which had been
precalibrated with 900 ug of a mix of the following marker
globular proteins: bovine thyroglobulin (670 kDa). bovine gamma
globulin

(158

kDa).

chicken

ovalbumin

(44

kDa).

horse

myoglobulin (17 kDa). and cyanocobalamin (1.3 kDa). Kav values
were plotted versus the known log molecular weights. where Kav =
(V e - Vo)/(Vt - V o ); Vet elution volume of each protein; V o • column
void volume; Vt. total column volume.
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Absence of an RNA component:

Micrococcal nuclease

sensitivity; 3'·end labeling.
The highly purified pea chloroplast RNase P activity was
tested for MN and proteinase K sensitivity using the protocol of
Wang et al (Wang, 1988). Results are shown in Fig. 3-11. RNase
P activity was slightly inhibited by the addition of increasing
concentrations of MN but was

100% restored for each MN

concentration following addition of Poly A, indicating the enzyme
is not RNase sensitive.

Pre-tRNALeu was used as a control for

MN activity and was 100% degraded by the addition of MN in the
presence of Ca++ and the absence of EGTA. RNase P was almost
100% inactivated by addition of proteinase K in place of MN.
Based on these results the RNase P does not have an exposed
RNA component similar to the eubacterial RNase P. However, the
presence of small internal RNAs may not be ruled out based on
MN sensitivity experiments. To test for internal RNAs I used the
sensitive method of 3'-end labeling of RNA molecules present in
the highly purified column fractions which are shown in the SDSPAGE of Fig. 3-10. Aliquots of peak column fractions were either
3'-RNA-end-Iabeled

directly

or

after

pre-treatment

proteinase K, SDS, phenol/chloroform extraction (Fig. 3-12).

with
The

RNA species, present in the fractions before and after protein
extraction, were compared.

RNA

molecules of tRNA size were

detected in the fractions, but these were significantly reduced
with increasing purification, in contrast to the enrichment for
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1

2

Figure 3·9. Detection of 27· kDa RNA binding polypeptide by
UV

crosslinking.

Reaction

conditions

are

described

in

Experimental Procedures. Size of MW markers are indicated on
the right. The arrow on the left points to the 27-kDa band which
is radiolabelled by the pre-tRNA. Lane 1: chloroplast RNase P
active fraction (Mono S fraction 30 of Enzyme Preparation II);
Lane 2: no RNase P enzyme.
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30

31

32

33

.14

Silver-stained SDS-PAGE of Mono S column

fractions used for UV crosslinking and 3'-end labeling. Lanes
16-33 correspond to Mono S column fractions, described in
Experimental Procedures as

Enzyme preparation III.

MW

markers are on the right. Lane S is the enzyme sample loaded
onto the column. Lane 30 is the peak RNase P fraction.

IDS

RNase P activity.

A larger RNA species was detected in the

fractions both before and after proteinase K/phenol treatment,
but this RNA did not appear to be cofractionating specific to the
peak RNase P activity.

It appears that this enzyme does not

contain an essential RNA component.

Endogenous ribonuclease activity
During the MN sensitivity experiment an unexpected and
interesting result was obtained for some of the controls.

The

purpose of the control was to test how preincubation of the RNase
P extract (10 units MN at 37 0 C for

0, 10, and 20 min.) would

effect the processing reaction both with and without Ca++.

Two

additional controls were a positive control without MN added (but
with Ca++), preincubated at 37 0 C for 20 minutes, and a negative
control of a sample identical to the MN/Ca++/37 oC, preincubation
for 20 minutes, but with sterile water in place of RNase P extract.
Although preincubation did not seem to effect the RNase P
activity, it had a dramatic effect on a nonspecific endogenous
ribonuclease activity (refer to Fig. 3-3).

Two important points

from these results are: 1) That the preincubation at 37 0 C for 20
minutes, before adding RNA substrate, somehow stimulated the
nonspecific RNase activity to degrade the RNA substrate during
the subsequent RNase P reaction. 2) That the MN (in a non-Ca++
dependent
nonspecific

manner) is
RNase

protecting

degradation.

the
This

RNA
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from
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Figure 3·11. Micrococcal nuclease assay. Reaction conditions
are described in Experimental Procedures. Chloroplast RNase P
activity was preincubated with 5, 10, 20, or 40 units MN. Poly A
was then added to one set of reactions while sterile H20 was
added to the reactions without poly A.

Control lanes are:

(+)

proteinase K, instead of MN; (-) enzyme, containing H20 instead
of RNase P;

untreated RNA, which is the untreated and

unprocessed pre-tRNALeu substrate.

Pre-tRNALeu was then

added to the reactions under standard tRNA processing reaction
conditions as described in Experimental Procedures.
products are indicated on the right.

Reaction

10~

untreated

~

Figure 3·12.

.phenol/proteinase K

:A_ _"'"

, _ _-..I

3'.End.labeling of RNase P

active column

fractions. Autoradiography of polyacrylamide gel electrophoresis
of 3'-end-Iabeled RNA products. Lanes 21-34, are Mono S column
fractions before or after protein extraction.

The crude and

Fraction H lanes are the crude stromal extract and the starting
material for the column.
activity.

Fraction 30 had the peak RNase P
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accomplished in two ways. First, the nonspecific RNase activity
could have an RNA component which is being degraded and thus
inactivated by the MN. (This is most intriguing but probably less
likely since the MN effect is seen both in the presence and
absence of added Ca++.) An alternative explanation could be that
the MN is binding to the nonspecific RNase and competes for the
RNase binding to the RNA substrate.

Further experiments such

as addition of poly A to this nonspecific RNase reaction are
required to test this theory.

Discussion
An RNase P activity was purified> 68,000 fold from pea
chloroplasts.

The Mono S column peak fractions contained only

the 27- and 36-kDa polypeptides. The next column step (Superose
6 gel filtration) separated the 36-kDa band away from the peak
RNase P fraction.

Under nondenaturing conditions, the purified

RNase P activity eluted off the Superose 6 column consistent with
a native molecular weight of 22,000.

It appears that the pea

chloroplast RNase P consists of a 27-kDa monomeric polypeptide.
A 27-kDa

polypeptide

from

a

lOOO-fold

purified

RNase

P

preparation exhibited strong RNA binding properties based on UV
crosslinking experiments, consistent with the conclusion that the
pea chloroplast RNase P is a 27-kDa polypeptide. It will now be
possible to sequence both polypeptides to rule out the unlikely
possibility of overlapping 36-kDa and/or 27-kDa polypeptides in
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the

peak fraction

and

thus

to

unequivocally

identify

the

polypeptide species that co-elutes with the activity.

It was generally presumed that the chloroplast RNase P
activity would have an RNA component similar to the eubacterial
enzymes. It was later demonstrated by Wang et al. (1988) that
an RNase P activity from a relatively crude spinach chloroplast
extract was not irreversibly inactivated by MN treatment but
rather was reversibly inhibited by MN. Based on this experiment
and

results

from

buoyant

density

and

anion

exchange

experiments, Wang et aI. (1988) concluded that the spinach
chloroplast RNase P activity lacked an essential RNA component.
However, the presence of small internal RNAs can not be ruled
out based on substrate masking experiments. For example, yeast
mitochondrial RNase P is functional with small fragments of the
490 nt Saccharomyces cerevisiae
(Morales et aI., 1989).

holoenzyme RNA component

The gene for an even smaller naturally

occuring yeast RNase P RNA component (140 nt) has been
discovered for Saccaramycopsis fibuligera

(Wise and Martin,

1991).
The purified enzyme does not appear to contain an RNA
component for the following reasons: 1) RNase P activity was not
retained on either a DE-52 cellulose anion exchange resin at 50
mM KCI or on a (Q) Sepharose anion exchange column resin at 80
mM KCI.

2) While proteinase K treatment completely inhibited

the RNase P reaction, the activity was only slightly inhibited by
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increasing concentrations ofMN. The inhibited activity was 100%
restored at each MN concentration following addition of Poly A.
3) Cofractionating RNA was not detected in highly purified
fractions following RNA 3'-end labeling. 4) A computer search of
the chloroplast genome did not detect the "consensus sequence"
for

the

bacterial

RNase

P

RNA

component

(unpublished

observation). The consensus sequence is composed of a 5'-region
(nucleotides 61-74 in E. coli) of GAGGAAAGUCC, and a 3'-region
(nucleotides 353-360 in E. coli) of cccGGCUU (Darr, 1992). The
minimal 5'- and 3'-sequences for the yeast mitochondrial RNase P
RNAs are AGGAAAGUC and auauGCUU respectively.

Although

the 5'- and 3'-sequences are present separately in the chloroplast
It is

genome, they were not adjacent to each other.

not

necessarily significant that the 5'- and 3'-consensus sequences
were found individually, because any set of nine base pairs has a
random likelihood of being detected in the size of the chloroplast
genome.

On the other hand, since the minimal 3'- and 5'-

sequences are present, it is still a possibility that an RNase P
RNA component gene exists, and perhaps is transpliced in vivo.
Alternatively, the consensus sequence could be less conserved in
the chloroplast genome and therefore not yet detected.
nuclear RNase P RNA consensus
identical

nucleotides

nucleotides in the

in the

sequence

5'-sequence

has

The

only seven

and

two

identical

3'-sequence (5'-GGAAgGUC

and

3'-GacU)

Another even less likely possibility is that an RNase P RNA
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component gene could be nuclearly encoded.
the chloroplast has not been reported.
encoded

precursor

tRNAs

are

RNA transport into

However, some nuclear-

transported

into

plant

mitochondria. If an RNA is involved with this chloroplast RNase
P activity, it may be acting as a cofactor involved with substrate
recognition but not as an essential catalytic component. Another
intriguing possibility is that the catalytic RNA component for the
chloroplast RNase P reaction is the precursor tRNA itself.
Further experiments are needed to address these questions.
RNase P activity did not bind to DE-52 anion exchange resin
at 50 mM KCI. However, a significant percentage of total RNase
P-like activity was retained on the DE-52 low salt column. Based
on this result, I questioned whether the bound activity was
binding by a secondary interaction (Le. to nucleic acids) or if a
second RNase P-like activity existed in the crude extract.

The

hypothesis that a second 5'-tRNA endonuclease activity was
present in the pea chloroplast extract was later tested and is the
subject of Chapter V.
To consider how an RNase P-like enzyme consisting of a
monomeric protein subunit could facilitate the RNase P reaction,
it is important to consider the best-known RNase P, which is
essentially an RNA enzyme. The catalytic mechanism of E. coli
RNase P is not completely known.

It was determined several

years ago that RNase P catalysis is not facilitated by a
trans esterification reaction, as exemplified in the self-splicing
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intron in Tetrahymena.

However,

the

underlying chemical

catalysis mechanism of both RNA enzymes may still be similar
(Pace et al., 1990). RNase P is a metalloenzyme (Smith and Pace,
1993). Steitz has proposed that the chemical catalysis for several

RNA enzymes including Group I and Group II self-splicing
introns, snRNPs, and RNase P, is achieved by a "two divalent
metal ion mechanism" (Steitz and Steitz, 1993). The role of the
RNA would be to position the two metal ions 3.9 A apart, and to
provide three specific binding sites for the substrate RNA. In the
two-metal ion mechanism, the first metal ion activates the
attacking H20 or the 2'-hydroxyl of the ribose in the cleavage site
of the RNA substrate.

This 2 '-hydroxyl thus becomes the

hydrogen bond donor (Smith et aI., 1993). The second metal ion
coordinates and stabilizes the oxyanion leaving group.

Both

metal ions participate in stabilizing the pentacovalent transition
state (Steitz et al., 1993). Would the switch from an RNase P
RNA catalytic "subunit" to a protein catalytic subunit require a
complete change in the enzyme's catalytic mechanism?
not.

Perhaps

Interestingly, phosphoryl transfer reactions which are

catalyzed by many protein enzymes, such as the 3', 5'-exonuclease
of E. coli DNA polymerase I, are also facilitated by a two-divalent
metal ion chemical catalysis mechanism (Steitz et aI., 1993).
Weiner and Maizels (1987) have proposed that RNase P is
an RNA enzyme because it is a "molecular fossil from an ancient
RNA world".

They propose in their "genomic tagging" model for
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the

origin of protein

synthesis

that

RNase

P

evolved

to

distinguish genomic and functional RNA molecules by catalyzing
the cleavage of the 3'-terminal tRNA-like "tag" structures, which
are found today on single-stranded RNA viruses.

The model

proposes that the origin of tRNA molecules, and thus the advent
of protein synthesis, resulted as a by-product of the detagging of
genomic RNA molecules by the RNase P activity (Weiner and
Maizels, 1987). Pace argues that RNase P is an RNA enzyme not
because RNase P may be a molecular fossil from an ancient RNA
world but rather because the inherent properties of RNA as a
catalyst give RNA an advantage as an enzyme (Pace et aI., 1990).
Pace notes two properties which may confer this advantage.

The

first property is a relatively large size. At 130 kDa, RNA could
extend a large exposed area for macromolecular interactions. The
second advantageous property is the ability to form a "magnesium
fist". The high density of negative charges on an RNA enzyme and
the lack of large hydrophobic cores characteristic to most proteins
may promote the condensation of many cations into a small "deep
catalytic pocket" (Pace et aI., 1990).
Perhaps RNase P originated in the ancient RNA world,
diverged widely over time and yet retained an RNA moiety
wherever the inherent properties of RNA as an enzyme conferred
an advantage. On the other hand, when conditions existed where
RNA did not give an advantage it evolved into a protein enzyme.
What conditions, then, would favor the transition from an RNA
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enzyme into a protein enzyme?

One may speculate that the

intracellular and intraorganellar environment could play an
important role. If the constraint of requiring a "magnesium fist"
was removed by high intracellular and intraorganellar ion
concentration, for example, the advantage of an RNA enzyme
might decrease. It has been estimated that the potassium and
chloride concentrations in the land plant chloroplasts are similar
to those of the cytoplasm of plant cells, about 100-300 mM
(Barber, 1976).

In the light, the concentration of impermeant

metabolites and ions in the stromal phase can rise due to a net
solute loss to the cytosol (Barber, 1976).

For example, the

stromal Mg2+ level may rise by a total of 22 mM in the light
(Barber, 1976). We can speculate that since the chloroplast has
this system for sequestering high ion content, this may effect the
mechanism

of

the

enzymes

present,

especially

effecting

advantages of methods of ion concentration such as the "Mg++
fist" .
In the next chapter, a characterization of some of the
biochemical properties of the highly purified chloroplast RNase P
activity is initiated.
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CHAPTER IV.

BIOCHEMICAL PROPERTIES OF HIGHLY PURIFIED PEA
CHLOROPLAST RNase P-LIKE ACTIVITY

Introduction

In vitro reaction requirements for several RNase P activities
have been studied. The most complete analysis is of the M1 RNA
and P RNAs, which are the catalytic RNAs of the E. coli and B.

subtilus RNase P holoenzymes (Guerrier-Takada et aI., 1983).
These holoenzymes consist of one protein subunit and one RNA
component.

The eubacterial RNA component is the catalytic

subunit of the enzyme and is active, in vitro, without protein
under

nonphysiological

salt

conditions.

One

role

of

the

eubacterial RNase P protein subunit is to stabilize the pre-tRNA
-Ml RNA complex by screening electrostatic repulsion between
those RNAs. The M1 and P RNAs cleave pre-tRNAs at an optimal
NH4CI or KCI concentration of 0.3-1 M (or higher) and an optimal
MgCl2 concentration of 20-200 mM.

The high ionic strength

substitutes for the RNase P protein in the in vitro reaction by
facilitating the binding of pre-tRNA to the catalytic RNA. As the
ionic strength of the reaction medium is increased, the Michaelis
constant (Km) for the pre-tRNA decreases.

At optimal salt
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conditions, the Km of the M1 RNA for pre-tRNA substrates is
similar to that of the holoenzyme, 10- 8 - 10- 7 M.

Therefore, the

RNA subunit is responsible for binding specificity as well as
catalysis (Pace et aI., 1990).
The

biochemical

properties

of

some

nuclear

and

mitochondrial RNase P activities have also been examined.
Generally, like the bacterial enzymes, these enzymes have broad
pH

optima, centering near pH

8.0

and

monovalent

cation

requirements are in the 60 to 200 mM range. However, unlike the
prokaryotic

enzymes,

KCI

approximately 400 mM.

often

becomes

inhibitory

at

For example, requirements for the

mitochondrial and cytosolic enzymes from HeLa cells differ only
slightly from each other, while having major differences with the
eubacterial

RNase

P

with

respect

to

divalent

metal

ion

requirements (Bowman and Altman, 1980; Doersen, 1985; Kline,
1981; Morales et aI., 1989).

The nuclear and mitochondrial

enzymes often require a Mg2+ range of approximately 1 to 10 mM,
with concentrations above 40 mM being inhibitory.
The

biochemical

properties

of

a

5 '-specific

tRNA

endonuclease from chloroplasts have not previously been reported.
However, some requirements for the total tRNA processing
reaction in chloroplast extracts are known.

Chloroplast tRNA

processing activities were examined using crude Euglena extracts
(DeLuca-Flaherty, 1985).

Two points were revealed about the

combined tRNA processing activities, which were separated from
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the RNA polymerase activity using in vitro substrates: 1) tRNA
production was completely inhibited by 20 mM EDTA, and 2) The
processing reaction increased sharply with higher temperatures.
Some reaction requirements for the combined tRNA processing
activities of a relatively crude spinach chloroplast soluble extract,
using in vitro maize tRNA substrates, have also been reported
(Wang, 19BB). The complete tRNA processing reaction required 520 mM MgCl2 and was stimulated by 50-100 mM KCI.
To characterize the RNase P activity, it was purified away
from other processing activities in the crude extract.

In this

chapter I report the first analysis of biochemical properties of a
chloroplast RNase P activity.

Experimental Procedures

Experimental procedures have been described in previous
chapters.

Effects

of

temperature,

pH,

concentration on enzyme activity.

KCI,

MnCI2

and

MgCl2

The RNase P reaction was

examined using Fraction VII (fig. BA, BC, BD), Fraction V (Fig. BB,
BC,) from Enzyme preparation I and Mono S Fraction 22 (Fig. BC,

fig.

9A,

9B,

9C.) from

Enzyme

preparation III

(Enzyme

preparation I and III are described in Experimental Procedures).
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Standard

reaction

Experimental

conditions

Procedures.

were

used

For the

as

described

temperature

in

sensitivity

experiment the reaction tubes were equilibrated to one of the
temperatures, enzyme was added, and reactions were allowed to
proceed for 10 minutes. pH dependence was determined by adding
enzyme extract to standard reaction mix containing Tris buffer at
reaction temperature and dilution.

Effect of KCI or divalent

cation concentration were tested by adding enzyme extract to
standard reaction mix with increasing concentrations of KCI,
MgCl2 or MnCl2 added to either KCI-free or Mg2+-free standard
reaction mix.

Effects of RNA processing inhibitors on enzyme activity.
Inhibitor (2.4 ml) was added to standard reaction mix containing
17.6 JlI Reaction buffer (pH 7.8), 2 JlI pre-tRNALeu (0.1 pmol), and
2 JlI of enzyme to reach final concentration of 10, 20, 100 and 1000
Jlg/ml heparin; 10, 100, 1000 and 2000 Jlg/ml poly A; and 1, 10, 20,

100 and 1000 Jlg/ml yeast tRNA.
resuspended in sterile water.

Heparin and poly A were

Yeast tRNA was pretreated with

phenol, chloroform and ethanol precipitation before resuspending
in sterile water.

Km determination.

Km for the pre-tRNALeu was determined

by a Lineweaver-Burk plot analysis.

1/v in fmol/min (10- 3 ) was

plotted versus 1I[S] in JlM where v was the reaction rate during
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the linear portion of the reaction curve, and [8] was the substrate
concentra tion.

Results

Requirements for the chloroplast RNase P reaction using the
highly purified enzyme:
Temperature optima.

The enzymatic cleavage reaction

increased with temperature up to at least 47 0 C.

Results are

shown in Figure 4-1. Temperature dependence may be occuring in
two phases. In the first phase, the processing activity increased
from < 20% to about 70% substrate processed with increasing
temperatures from 0 0 to 37 0 C.

The optimum temperature for

enzyme activity was from 30 0 to 37 0 C.

The result of the first

phase is most likely due to the actual temperature effect on the
enzyme. The result seen in the second phase is probably due to
the temperature effect on the RNA substrate. The concentration
of substrate may have been limiting in this experiment because
up to 70% of the

substrate

was

processed at

the

higher

temperatures. This limitation could also account for the shape of
the activity curve. In the second phase the activity continued to
increase to approximately 90% processed substrate from 37 0 to
47 0 C. Above 47 0 C the 5 '-specific processing activity could not be
accurately measured due to the nonspecific degradation of the
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Figure 4·1.

Effect of increasing temperature

on

pea

chloroplast RNase P activity. Enzyme activity was measured
by detection of the conversion of precursor RNA into the two 5'endonuclease specific products.

Pre-tRNALeu was

used

as

substrate. Reactions were performed under standard conditions
except for the variable being tested.
triplicate experiments.

Results are averages of
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substrate.

Higher temperatures may predispose the precursor

tRNA substrate to cleavage by both the RNase P and endogenous
RNase activity.

pH dependence.

The enzyme was active in the relatively broad

pH range of6.5 to 9.5 with an optimum of pH 7.4 -7.5 (Figure 4-2).
The enzyme was 50% and 80% of optimum activity at pH 6.5 and
9.5, respectively.

Interestingly, the pH curve may be increasing

between pH 8.5 and 9.5. This increase would most likely be due
to the pH effect on the substrate. Partial denaturation of tRNA
occurs above pH 9 (Ghosh and Deutscher, 1978) and could
therefore

make

precursor

tRNA

substrates

more

readily

accessible to cleavage.

KCI requirements.
activity

dramatically.

Kel concentration affects the RNase P
The

effect

of

the

ionic

strength

requirement is presented in Fig. 4-3 (tRNA processing assay), and
Fig. 4-4 (graph). Peak activity occurs around 150 mM KeI.

The

relative activity is reduced sharply to 48% of optimum by 300 mM
KeI.

Divalent cation requirements.

The purified enzyme had an

absolute requirement for divalent cations. The effect of the metal
ion concentration is presented in Fig. 4-5. The processing reaction
had a requirement for Mg2+ with an optimal concentration near 5
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Figure 4·2. Effect of pH on pea chloroplast RNase P activity.
Enzyme activity was measured by detection of the conversion of
precursor RNA into the two 5 '-endonuclease specific products.
Pre-tRNALeu was used as substrate.

Reactions were performed

under standard conditions except for the variable being tested.
Results are averages of duplicate experiments.

Similar results

were obtained in duplicate experiments using a separate enzyme
prepara tion.
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... unprocessed pre-IRNAleu
"'tRNALeu +3'-end

Figure 4·3. Pre·tRNA processing assay showing the effects
of Kel concentrations on chloroplast RNase P activity. PretRNALeu was used as substrate. Reactions were performed under
standard conditions except for the change in Kel concentrations,
which are indicated from 0 to 300 mM, above each sample lane.
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Effect of Kel on pea chloroplast RNase P

Enzyme activity was measured by detection of the

conversion of precursor RNA into the two 5 -endonuclease specific
1

products.

Pre-tRNALeu was used as substrate.

Reactions were

performed under standard conditions except for the variable being
tested. Results are averages of duplicate experiments.
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Effect of divalent cations on pea chloroplast

RNase P activity.

Reactions were performed under standard

conditions given in Experimental Procedures except for
variable

being tested.

experiments.

Results

are

averages

the

of duplicate

Closed circles represent the MgCl2 profile.

Open

circles and closed squares represent the MnCl2 profiles for
enzyme preparation (I) of Chapter 3 and enzyme preparation (III)
of Chapter 5, respectively.
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mM.

The activity was 100% inhibited at 15 mM MgCI2.

The

requirement for Mg2+ as the divalent cation could be replaced by
Mn 2 + which produced a similar activity profile.

The optimal

concentration for Mn 2+ was 3.5 mM. At 15 mM MnCl2 the activity
was reduced to 5% of optimum.

RNA processing inhibitors.

The effects of inhibitors on

enzyme activity are shown in the tRNA processing assay in Fig. 47.

Enzyme activity was 50% of maximum at 18 Jlg/ml heparin

(Fig. 4-8).
heparin.

86% of enzyme activity is inhibited at 1 mg/ml

Addition of poly A to standard reaction mix up to 2

mg/ml did not inhibit enzyme activity (Fig.4-9). On the contrary.
activity was slightly increased by 100-2000 mg/ml poly A. Excess
poly A may be protecting pre-tRNA substrate from degradation by
endogenous chloroplast RNases.

Enzyme activity was 50% of

maximum at 650 Jlg/ml yeast tRNA (Fig.4-10).
sharply between 100 and 1000 Jlg/ml tRNA.

Activity dropped
Activity was 80%

inhibited by 1 mg/ml.

Km determination.

The approximate Km of the chloroplast

RNase P for the pre-tRNALeu was determined to be 2 x 10- 5 M
using the

Lineweaver-Burk

plot

method.

This

is

only

a

preliminary result because the experiment has not been repeated
and the enzyme activity was highly purified but not homogeneous.
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Figure 4-6.

Effects of RNA processing inhibitors on pre-

tRNALeu processing in vitro. Lanes 0-2000 represent the RNA
inhibitor in Jlg/ml for heparin (A), tRNA (B), and poly A (C). Lane
N is without enzyme.
are shown on the right.

Unprocessed tRNA and 5 '-mature product
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Discussion

In the previous chapter a pea chloroplast RNase P activity
was purified and described as a 27-kDa monomer protein with a
native molecular weight of 22,000, which lacked the characteristic
catalytic RNA subunit of eubacteria.

This enzyme is different

from the known RNase P enzymes of bacteria and the eukaryotic
mitochondrial and nuclear enzymes.

In this chapter, the highly

purified pea chloroplast RNase P activity is further characterized.
Although many of the biochemical properties are characteristic of
RNase P enzymes, there are some important differences.
differences

may

be

related

to

the

composition discussed in Chapter III.

differences

in

These
subunit

Characteristic of most

RNase Ps, the enzyme activity demonstrated a broad pH range
centering near pH 7.5 to 8.0.

1

The 5 -specific activity increased

with temperature up to 470C, consistent with the reports for the
complete tRNA processing reactions for both the Euglena and
spinach crude chloroplast extracts (DeLuca-Flaherty, 1985; Wang,
1988). The temperature profile for the E. coli RNase P RNA also
resembles the chloroplast enzyme.

The activity of the E. coli

RNase P RNA increases dramatically from 30-60 0 C and then is
reduced to near 100% inhibition at 70 0C (Waugh, et aI., 1989).
The requirement of the chloroplast RNase P for the presence
of Mg2+ (and/or Mn 2 +) and a monovalent cation for optimum
activity is similar to all other known RNase P activities (Bowman
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et aI., 1980; Doersen, 1985; Gardiner, 1980; Kline, 1981; Koski et
aI., 1976; Robertson et aI., 1972).

A comparison of the ionic

requirements for several RNase Ps is shown in Table 4-1.

The

Mg2+ optima differentiates the bacterial enzymes from

the

eukaryotic and pea chloroplast enzymes. The range of monovalent
cation requirements for the pea chloroplast RNase P is very
similar to many eukaryotes and B. subtilus (100-200 mM),
however, the activity profile for the chloroplast enzyme is more
narrow, with the 150 mM optimum concentration being a sharp
activity peak.
The RNase P activity was 50% inhibited by heparin at 18

J.Lg/ml. Addition of yeast tRNA only had a significant inhibitory
effect at 1 mg/ml. Interestingly, E. coli showed a similar response
to the addition of bulk tRNA to the reaction, whereas both chick
embryo and KB human cytoplasmic RNase Ps were close to 100%
inhibited by addition of only 3 J.LM bulk tRNAs (Bowman et aI.,
1980). Chloroplast enzyme activity was slightly stimulated by
the addition of poly A up to 2 mg/ml.
Knowledge of an enzyme's properties provides important
clues towards understanding the enzyme's catalytic mechanism.
The

pea

chloroplast

RNase

P

reaction

requirements

were

characteristic of many RNA processing enzymes; but they differed
from the eubacterial RNase P enzymes with respect to ionic
selectivity. As for all known RNase Ps, metal ions -either MgCl2
or MnC12- were an absolute reaction requirement.

However,
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Table 4-1. Ionic optima for RNase Ps from various sources.

K+ /NH4+

Mgf+

Mgf+

Mn++ can

optima

required

optima

replaooMg++

Rsubtilus

100-200mM

yes

60-90mM

yes

(1)

MIRNA

0.3-1M

yes

20-200mM

yes

(2)

PRNA

0.3-1M

yes

20-200mM

yes

(2)

Olik~

100mM

yes

5mM

no

C3)

HeI..a~

60mM

yes

0.1-10mM

yes

(4)

Y~

100-200mM

yes

2-lOmM

yes

(5)

HeLa-mt

80mM

yes

().8mM

no

(4)

Yeastmt

75mM

yes

10mM

yes

(6)

Pea-<hlnuplast

150mM

yes

5mM

yes

Sample

(1)
(2)
(3)
(4)

(Gardiner, 1985)
(Pace et aI., 1990)
(Bowman et aI., 1980)
(Doersen, 1985)
(5) (Kline, 1981)
(6) (Morales et aI., 1989)

(He£)
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unlike the eubacterial enzymes, the optimum divalent cation
range was narrow, between 1-10 mM. KCl was essential; but the
KCl profile was also more narrow than the prokaryotic enzymes
with a dramatic decline by 300 mM.

Differences here may be

directly due to the lack of an RNA component. High ionic strength
shields the electrostatic repulsion of an RNA catalytic subunit
and tRNA substrate. One would predict RNA processing enzymes
would require di- and monovalent cations but if concentrations
are too high, it

could weaken the

protein-tRNA substrate

interactions. It was important to characterize the highly purified
enzyme to avoid potential interference from the additional tRNA
processing enzymes in the chloroplast soluble protein extract.
The results of the biochemical properties of the chloroplast
RNase P are consistent with the conclusion in the previous
chapter that the higher plant chloroplast RNase P differs from
the eubacterial and other RNA-containing RNase P enzymes in
major ways while remaining similar in other ways.
There is a great difference between the eubacterial RNase P
enzymes which contain a large catalytic RNA subunit and a small
non-catalytic protein subunit, and the eukaryotic enzymes which
are not as clearly defined but appear to require protein for
catalysis and may have smaller essential RNA components.
Biochemical properties are also clearly different and most likely
are directly related to these differences in subunit composition.
The chloroplast RNase Ps do not appear to have RNA components
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at all. Also, the mono- and divalent cation profiles are even more
restrictive than the cytosolic and mitochondrial activity profiles.
Although it was previously believed that tRNA processing in
chloroplasts would resemble processing in prokaryotes because of
their eubacterial lineage, it appears that chloroplast processing
is more similar to nucleocytoplasmic tRNA processing.

Many

features of the higher plant chloroplast tRNAs actually resemble
the eukaryotic nuclear tRNAs more closely.

Eubacterial tRNAs

are generally organized into multicistronic transcription units
with external

promoters

(Gegenheimer

and

Apirion,

1981);

whereas plant chloroplast tRNAs are generally monocistronic
(Shinozaki et a1., 1986) and may have internal promoters similar
to the cytosolic tRNAs (Gruissem et a1., 1986b).

Other tRNA

features, including intron structure have been discussed in
Chapter 1.

It will now be important to characterize a plant

nuclear RNase P and compare these with other cytosolic enzymes
and the chloroplast RNase P.
Comparison of reaction requirements of similar activities
from the same source can assist in identifying distinct enzymes.
In the following chapter biochemical as well as chromatographic
properties are used to compare two different putative chloroplast
RNase P-like activities from pea.
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CHAPTER V.

EVIDENCE FOR TWO 5'-tRNA ENDONUCLEASE ACTIVITIES
IN CHLOROPLASTS

Introduction

tRNA synthesis involves the endonucleolytic processing of
precursor RNAs to mature tRNAs.

In every known example,

maturation of the 5'-end of the precursor tRNA involves an
endonucleolytic cleavage precisely at the 5'-termini.

At least

three different 5'-tRNA endonucleases exist in E. coli. The best
studied of these activities is the ribonucleoprotein RNase P.
Using RNase P defective E. coli mutants it was shown that RNase
P is involved with processing of virtually all E. coli tRNAs (Schedl
et aI., 1973).
A second endoribonucleolytic activity is the RNase III
activity.

In E. coli, RNase III is involved in the processing of

rRNA transcription units, which contain tRNAs between the 16S
and 23S rRNA sequences, and in some cases, at the 3'-ends of 5S
rRNA sequences. In vitro processing of the 30S rRNA precursor
with RNase III or RNase P yields a large tRNA precursor; when
both RNase III and RNase P are used, small pre-RNAs with
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mature 5'-ends and extended 3'-ends are observed (Lund et al.,
1980).

In an RNase-Ill-defective E. coli mutant strain, T4

tRNA GIn is not produced, although the other T4 tRNAs are
present (McClain et al., 1987).

Therefore, the RNase III is

involved with tRNAGln biosynthesis. The singular feature of T4
tRNA GIn is that it maps to the 5' side of all other T4 tRNAs and
therefore, may require processing of a large 5' leader before it is
released from the precursor. Under certain reaction conditions in

vitro, RNase III has an endonucleolytic activity that can cleave
pre-tRNATyr (Robertson et al., 1980).
A third endoribonucleolytic activity found in E. coli is the
RNase P2 activity.

RNase P2 was first characterized as the

activity responsible for the partial cleavage of large precursor
RNAs which resulted in the accumulation of smaller precursors
which were found in RNase P deficient mutant cells.

At first it

was not known whether this was a different activity than the
RNase III activity (Dunn, 1976). Using RNase P and RNase III
deficient mutants, it was shown that at least one additional
specific endonucleolytic RNase existed in E. coli.

Properties of

this activity resembled the already discovered RNase P2 enzyme
and is likely the same enzyme.

RNase P deficient mutant cells

contain many small ·precursor RNAs which are not primary
transcripts

but

instead

are

cleavage

products

of

larger,

multimeric precursor RNAs (Schedl et al., 1973; Schedl et al.,
1974; Schedl et aI., 1976). In vitro, a partially purified E. coli
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RNase P2 is capable of cleaving a number of dimeric and
multimeric precursor RNAs to yield molecules containing one or
more tRNA sequences with extended 3' and 5' terminals. Another
proposed function of RNase P2 could be as an rRNA precursor
processing enzyme.

In earlier studies Sakano and Shimura

suggested the enzyme RNase 0 had properties similar to RNase
P2, (Sakano and Shimura, 1975) but it was later reported
(Shimura and Sakano, 1977; Shimura et al., 1978) that RNase 0
was the same activity as RNase III. Schedl et al (Schedl et aI.,
1974; Schedl et aI., 1976) used as substrates the large precursor
RNAs that accumulate in RNase P deficient mutant cells to study
RNase P and RNase P2 activity in vitro.
RNase P4 is yet another eubacterial endoribonucleolytic
activity. It has been partially purified (Bikoff et aI., 1975) and is
believed to be distinct from RNase P2 and III. It may be involved
in processing of the primary transcript from the tRNATyrl gene to
yield a precursor RNA which is similar to that found in RNase P
deficient mutant cells.
Substrate structure effects tRNA processing. In particular,
the 3'-terminus of the tRNA substrate effects the eubacterial
RNase P activity dramatically. The nucleotide sequence at the 3'
terminal of precursor RNAs is involved in recognition of the
substrate by bacterial RNase Ps.

3' terminal sequences are

important for processing of bacteriophage T4 tRNAs by RNase P
both in vivo and in vitro. These pre-tRNAs need a complete CCA
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sequence before efficient cleavage by RNase P (Seidman and
McClain, 1975). By contrast, when 3-4 nucleotides were removed,

in vitro, from the 3' end of the E. coli pre-tRNA1 Tyr, the RNase P
activity was reduced by 50% (Robertson et al., 1980).
Eukaryotic tRNA

processing differs

substantially from

eubacterial tRNA maturation. Eukaryotes may contain multiple
RNase P activities, specific to the nucleus, mitochondria and
chloroplast (Pace et al., 1990).
Chloroplast tRNAs have a varied gene arrangement.

Most

tRNAs in the photosynthetic protist Euglena gracilis, for example,
are transcribed as multicistronic transcription units similar to
the eubacterial multimeric pre-tRNA structure.

By contrast,

most higher plant chloroplasts have tRNAs which are singly
spaced throughout the genome.

Although these tRNAs are not

clustered, it is proposed that many tRNAs are co-transcribed with
mRNA

and

rRNA

transcription

units.

Various

pre-tRNA

transcripts may require alternative tRNA processing pathways.
Chloroplast stromal extracts from Euglena and spinach
contain all the necessary components for transcription and
maturation of chloroplast

tRNAs

(Greenberg

et

al.,

1984;

Greenberg et al., 1986; Gruissem et al., 1983a). In Chapter II, 5'and 3'-endonuclease activities were detected using 16 different
synthetic precursor tRNAs

in pea

and

spinach chloroplast

extracts. Others obtained similar results for chloroplast extracts
from tobacco and spinach (Wang, 1988; Yamaguchi-Shinozaki,
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1987).

In Chapter III, a chloroplast RNase P activity was

purified >68,OOO-fold to near homogeneity using the pre-tRNALeu
substrate.

The enzyme did not appear to contain an essential

RNA component, consistent with the report of a chloroplast
RNase P activity from a relatively crude spinach extract (Wang,
1988).
During the purification of the chloroplast RNase P, the
enzyme activity was detected in two different DE-52 column
fractions.

One hypothesis was that two different tRNA 5'

endonucleases were present in the chloroplast extract.
chapter,

I

present

evidence

for

two

chloroplast

In this
5'-tRNA

endonuclease activities. The novel activity resembles an RNase
P2 with respect to substrate recognition.
like

activity

was

partially

The novel RNase P2-

purified

>

60-fold

and

a

been described

in

characterization of biochemical properties was initiated.

Experimental Procedures

Some experimental procedures

have

previous chapters.

Materials.

Phenyl Sepharose was purchased from Pharmacia

LKB Biotechnology. Affigel blue resin was from Biorad.
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Chromatography buffers:

Buffer A:

20 mM KCI, 50 mM

HEPES (B.O), 10% glycerol(S Sepharose & Mono S); Buffer B: 1 M
KCI, 50 mM HEPES (B.O), 10% glycerol; Buffer C: 1 M ammonium
sulfate, 20 mM HEPES (B.O), 10% glycerol, 0.1 mM EDTA (Phenyl
Sepharose); Buffer D: 20 mM ammonium sulfate, 20 mM HEPES
(B.O), 10% glycerol, 0.1 mM EDTA; Buffer E: 40 mM KCI, 50 mM

HEPES (B.O), 10% glycerol, 0.1 mM EDTA (Affigel Blue) &
(Heparin Agarose); Buffer F: Buffer E with 200 mM KCI; Buffer

.0:: Buffer E with 376 mM KCI; Buffer H: Buffer E with 500 mM
KCI; Buffer J: Buffer E with 1 M KCI; Buffer K: BO mM KCI, 50
mM Tris (7.9), 10% glycerol, 1 mM EDTA (Mono Q);

Buffer L:

Buffer G with 700 mM KCI.

Isolation of Chloroplasts.

Chloroplasts were prepared

according to Materials and Methods in Chapter III with the
following changes:

1) 20 lbs of Little Marvel pea seeds were

imbibed for 4 hours before planting,
harvested after nine days,

2) 10 Kg of leaves were

3) Leaves were ground in polytron

using 250 ml IX GR buffer per 150 g leaves, and 4) After
squeezing brei through 4 layers of Miracloth, the plant material
was ground a second time in the polytron.

Precursor tRNA substrates.

Pre-tRNALeu (transcribed from

pEZC514.714, Fig. 2-1) and pre-tRNAPhe-Cys (transcribed from
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pEZC900.3-Dra I, Fig. 2-2) were the substrates used in this
chapter.

Column chromatography of RNase P2·like activity
Phenyl

Sepharose

chromatography:

equilibrated with Buffer C.

The

resin

was

The ammonium sulfate supernatant

was loaded directly to column. The column was washed with 5
column volumes of buffer C. Proteins were removed from resin by
step elution with Buffer D. Fraction size was 50 ml. Aliquots of
fractions were removed, dialyzed and assayed for processing
activity.

Fraction 20.3 was concentrated and equilibrated to

buffer K.
Mono Q FPLC chromatography:
with Buffer K.

The resin was equilibrated

Fraction 20.3 was loaded onto the Mono Q via

injection and washed with 5 ml buffer K.

Proteins were eluted

from the column during an 80-700 mM linear salt gradient.
Fraction size was 1 ml. Aliquots were dialyzed and assayed for
processing activity.

The peak fractions 6 and 7 were pooled,

concentrated and equilibrated to buffer E.
Heparin Agarose chromatography: The resin was equilibrated
with Buffer E. The pooled fraction, of Mono Q 6 and 7, was loaded
onto the Heparin agarose column followed by 5 column volumes
Buffer E. Proteins were eluted off the column using step elutions
of buffers F, Hand J, sequentially.

500 JlI fractions were
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collected and aliquots were dialyzed and assayed for processing
activity.

Column chromatography of RNase P activity
(S) Sepharose chromatography: The ammonium sulfate pellet
(Fraction A.III, Fig. 1) was resuspended in and equilibrated to
buffer A by dialysis, before loading it onto the pre-equilibrated
(S) Sepharose column.

The 150 ml column was washed with 5

column volumes of buffer A. Proteins were eluted off of the (S)
Sepharose column during a 0.02-1 M KCI linear gradient.

The

fraction size was 50 ml. Aliquots were dialyzed and assayed for
processing activity. Peak fractions were pooled, concentrated and
equilibrated to buffer E.
Affigel Blue chromatography: The peak fraction (Fraction A.IV,
Fig. 1) was loaded onto the pre-equilibrated (Buffer E) Affigel
Blue column. Following a wash with Buffer E, the proteins were
eluted off the resin using step elutions with buffer G and buffer J,
sequentially. Fraction size was 15 ml.

Aliquots were dialyzed

and assayed for processing activity. Peak fractions were pooled,
concentrated and equilibrated to buffer K.
Mono Q chromatography:

A 1 ml Mono

Q column was

equilibrated to buffer K. The peak fraction (Fraction A.V, Fig. 1)
was loaded onto the column via injection. Proteins were eluted off
the column using an 80-700 mM KCI linear gradient of buffers K
and L. The fraction size was 1 ml. The flow rate was 1 mllmin.
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Aliquots were dialyzed and assayed for processing activity. Peak
fractions were pooled, concentrated and equilibrated to buffer E.
The RNase P activity was in the unbound flow-through fraction.

Effects
Reaction

of

MnCl2

conditions

concentration
have

been

on

enzyme

previously

activity.

described

in

Experimental Procedures of Chapter 3. Mono Q fraction 6 and 7
were pooled and concentrated before being used for this assay.

Effects of RNA processing inhibitor on enzyme activity.

2.4

III heparin (res upended in sterile water) was added to standard
reaction mix to reach final concentration of 10, 20, 100 and 1000
Ilg/ml heparin.

Reactions contained 17.6 III Reaction buffer (pH

7.8), 2 III pretRNALeu (-pmol), and 2 III of enzyme.

Mono Q

fraction 6 and 7 were pooled and concentrated before being used
for this assay.

Micrococcal nuclease assay.

Reaction conditions have been

previously described in Experimental procedures of Chapter III.

Results

Assay for chloroplast RNase P2 activity.

The direct assay for

chloroplast RNase P2 activity is the same assay that has been
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The two

described in previous chapters for RNase P activity.
different

5'-tRNA

endoribonuclease

are

activities

not

During the

distinguished from each other in fractions I and II.

initial stages of the purification the extract also contained a 3'
tRNA endonuclease activity which was detected by the same
assay.

Partial

purification

of

two

endoribonuclease activities.
activities

were

purified

pea

chloroplast

5'·tRNA

Chloroplast RNase P-like
from

gradient-isolated,

chloroplasts from 9 day old pea leaves using

s~veral

intact
separate

chromatographic steps as outlined in Fig. 5-1 and summarized in
Table 5-1.

In order to optimize the yield of intact chloroplasts

from

already 50-fold scaled-up

the

chloroplast

preparation

described in Chapter III, the following three changes were made:
1) pea leaves were harvested earlier, 9 days instead of 14 days; 2)
250 ml IX GR buffer was used per 150 gm leaves; 3) the ground
leaf tissue was saved on ice and ground a second time.

22 ml

intact chloroplastslKg pea leaves were isolated rather than the
previously described 14.3 ml intact chloroplastslKg pea leaves.
This is a 35% increase of intact chloroplastlleaf tissue.
To test the hypothesis that a second chloroplast 5'-tRNA
endonuclease activity existed, it was necessary to optimize
conditions which would yield the novel activity.

Based on

previous experiments, it was suspected that the second activity
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bound anion exchangers while the first activity did not.

It was

presumed, then, that the enzyme must have a negatively charged
component. Based on these assumptions, I eliminated all initial
anion exchange or low salt centrifugation steps which could bind
and partially separate the activity, and began the fractionation of
the

crude

soluble

extract

with

an

ammonium

sulfate

precipitation.

Separation of the novel chloroplast RNase P2 activity from
the RNase P activity during ammonium sulfate precipitation
and column chromatography.

The previously described 27-

kDa RNase P activity is precipitated by 57% ammonium sulfate.
The

novel

chloroplast RNase

supernatent.

P2

activity remained in the

The ammonium sulfate SN (Fraction III) had a

higher activity than Fraction I and II. The increase of the total
novel activity of RNase-P like

activity in Fraction III is

attributed to the removal of inhibitory factors present in the
cruder fractions.

The ammonium sulfate precipitate contained

most of the 27-kDa RNase P activity and was purified following
an

optimized

purification

scheme

of

a

previous

preparation as described in Experimental Procedures.

enzyme
The final

fraction containing this RNase P-like activity was the unbound
flow-through fraction of the Mono Q FPLC column.

A new

purification scheme was then developed for the isolation of the
novel second activity.

14i

10 Kg Pea leaves
Grind leaves
Percoll gradient
( 220 ml intact ct

'"

)

lysis

( Crude extract. I
(

II

(

)

Pellet

(

Pellet.A.1II

+
(

(
(
Figure 5-1.

A.IV

+

)

)
Affigel Blue
Chromatography

+

Mono 0
Chromatography

A. VI

)

Ammonium Sulfate ppt
57% cut

~
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Supernatant.B. III

(5) Sepharose
Chromatography

+

A.V

Centrifugation at
100,000 x g
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+
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)

)

Phenyl Sepharose
Chromatography
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(
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B.IV

)
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Mono 0
Chromatography

+

Heparin Agarose
Chromatography

B.V

B. VI

)
)

Flow-chart for the separation and

partial

purification of two distinct RNase P activities from P.
sativum chloroplasts.

TABLE I. Partial purification of novel pea chloroplast RNase P2-like activity

Fraction
number

I
II
III
IV
V
VI

Purification
step

Crude
100,000 x g SN
Ammonium sulfate SN
Phenyl Sepharose
Mono
Heparin Agarose

a

Total
protein

Total
activity

Specific
activity

Purification

mg

units

units/ug

-fold ....

10165
9400
715
18
1.3
0.042

7319
9588
290290
21060
5512
1102

0.00072
0.00102
0.406
1.17
4.24
26.2

1
2.9
10.44
64.5

**The -fold purification is calculated using Fraction III as a starting point because the total
activity in Fractions I and II is less than in subsequent fractions. The reduced activity in
Fractions I and II is attributed to inhibitory factors present in the crude extract. Similar
results were obtained from three separate enzyme preparations.
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Purification of a novel RNase P2·Hke activity
Phenyl Sepharose chromatography:

The ammonium sulfate

supernatant (Fraction III, Fig. 5·1) was loaded directly onto a
pre-equilibrated (Buffer C) Phenyl Sepharose column.

Phenyl

Sepharose was chosen to allow for rapid protein concentration and
buffer change from

high to low salt concentration.

Proteins

generally bind hydrophobic resins at high salt and elute at
decreasing salt concentrations.
step elution.

Fractions were eluted following

A column profile is

presented in Fig.

5-2.

Approximately 60,000 total activity units were recovered in the
Phenyl Sepharose fractions

E20.1, E20.2

recovery is only 20% of starting activity.

and E20.3.

This

Phenyl Sepharose

fractions E20.1, E20.2 and E20.3 were not pooled at this stage,
however,

because

fractions

E20.1

and

E20.2

contained

a

nonspecific RNase activity and the specific RNase P2-like activity
of fraction E20.3 was much higher.

Phenyl Sepharose fraction

E20.3 was carried through to the next step and is designated
Fraction IV in Table 5-1.

FPLC

Mono

Q

chromatography:

Based

on

previous

observations, we predicted the second 5' tRNA endonuclease
activity would bind anion exchangers.

Because the weak anion

exchanger DE-52 cellulose previously yielded a broad elution
profile, I used the strong anion exchanger FPLC Mono Q for the
next chromatography step.

The resin was equilibrated with
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Figure 5·2.

Elution profile of Phenyl Sepharose column.

Enzyme activity was step-eluted by decreasing concentrations of
KeI.

Enzyme activity was

Procedures

and

is

indicated

measured
by

as

shaded

in

Experimental

bars.

Protein

concentration, solid bars, was monitored by Bradford assay of
individual fractions. Fraction size was 50 mI.
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Figure 5·3

Elution profile of Mono Q column.

Enzyme

activity (thin line) was eluted by a KCI gradient. Enzyme activity
was

measured

as

in

Experimental

Procedures.

Protein

concentration (thick line) was monitored by Absorbance at 280
nm. Fraction size was 1 ml with a flow rate of 1 mllmin.

15~

Buffer K before the sample was loaded onto the column.

The

activity eluted sharply off the column in fractions 6 and 7 at 218
to 246 mM KCI during a linear salt gradient. A column profile is
presented in Fig. 5-3. Approximately 25% of the activity loaded
onto the column was recovered in the two peak fractions while
almost 93% of the total protein was removed from the active
fraction, yielding a 3.5-fold purification at this step.

Heparin

agarose

chromatography:

Resin

was

equilibrated with Buffer E. Sample eluted off the column in the
flow through wash fraction 4. Because the RNase P2-like activity
eluted off the column in a relatively narrow elution peak during
the flow-through wash it appears to be fractionating off the
column due to a molecular gel-sieving effect rather than true ionexchange.

The column elution profile is presented in Fig. 5-4.

Only 20% of the activity loaded onto the col umn was recovered in
Fraction VI, while 97% of the protein was removed from the
RNase P2-like activity. Therefore, this purification step yielded a
6.2-fold purification. The concentration of the Fraction VI was
low and the enzyme activity was extremely labile.

Comparison of biochemical properties of the two activities:
Enzyme lability:

exchange

columns

Recovery of enzyme activity off of the ion
was

typically 50-90% for the

previously
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Figure 5·4

Elution profile of Heparin Agarose column.

Enzyme activity was step-eluted by increasing concentrations of
KCI (dotted line). Enzyme activity (thin line) was measured as in
Experimental Procedures. Protein concentration (thick line) was
monitored by Bradford assay of individual fractions.
size was 500 ul.
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Contrary to this, only 20-26%

described RNase P activity.

activity was recovered on each column for the novel RNase P2-like
activity.

Furthermore, the novel RNase P2-like activity was

dramatically reduced after one freeze and thaw, while

the

previously described RNase P activity could be frozen and thawed
at least three times without significant loss of activity.

Divalent cation dependence:

The effect of MnCl2 as the divalent

cation for the tRNA processing reaction is shown in Fig. 5-5. The
activity is about 5% of optimum without addition of MnCI2,
reaches maximum stimulation at about 4 mM MnCl2 and then
activity drops sharply to 20% of the optimum value by 15 mM
MnC12.

This

curve

is

characteristic

of many

eukaryotic

endoribonuclease reactions. It is almost identical to the MnCl2
curve of the previously described pea chloroplast RNase P enzyme,
which had an optimal MnCl2 concentration of 3.5 mM.

RNA processing inhibitor:

The effect of increasing heparin

concentrations on the RNase P2-like activity is depicted in the
graph of Fig. 5-6.

We predicted that heparin inhibition would

have occurred only at higher heparin concentrations in comparison
to the previously described chloroplast RNase P activity, since the
RNase P2-like enzyme does not bind Heparin agarose as strongly
as the RNase P-like enzyme. However, like the MnCl2 curve, the
heparin inhibition curve was almost identical to the previously
described

chloroplast RNase

P

result.

Interestingly,

50%

inhibition of processing activity occurs at 18 ug/ml for both
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Figure 5·5

Effect of MnCl2 concentration on chloroplast

RNase P2·Hke activity.

Enzyme activity was measured as

described in Experimental Procedures. Pre-tRNALeu was used as
substrate. Reactions were performed under standard conditions
except for the variable being tested.
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Effect of heparin concentration on chloroplast
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Enzyme activity was measured as

described in Experimental Procedures. Pre-tRNALeu was used as
substrate.
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activities. RNase P2 activity was 75% inhibited at 100 uglml and
approximately 91% inhibited at 1 mg 1m!.

Existence of an RNA component?
Because

this

5'-tRNA

endonuclease

activity

binds

anion

exchangers so strongly, it was originally suspected that this novel
activity would be a prokaryotic-like RNase P, containing a large
essential RNA.

Therefore, the novel activity was tested for

micrococcal nuclease (MN) sensitivity. The effect of proteinase K
and MN treatment of Fraction B.IV is presented in Fig. 5-7.
Proteinase
Micrococcal

K

treatment

nuclease

inhibits

treatment

the

only

processing
weakly

activity.

inhibits

the

processing activity. When 1 mglml poly A is added to the MN
treated extract, 100 % of processing activity is restored.

We

conclude from this data that the slight MN inhibition was due to
"substrate masking" effect (Wang, 1988) and that the enzyme does
not contain an essential prokaryotic-like RNA component.

More

experiments are required to rule out the possibility of a smaller,
internal RNA component which is not available to the MN for
degradation.

Substrate recognition
The two chloroplast 5'-tRNA endonuclease activities process pretRNA substrates differently. The processing assay and pathway
scheme are presented in Figs. 5-8 and 5-9. Both activities cleave
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MN
poly A

Figure 5·7.

10 20 40 5 10 20 40 10 10

- - - -++++

----(-}XT

Micrococcal nuclease and proteinase K

treatment of chloroplast RNase P2·like activity. Reactions 14 (without poly A) and 5-8 (poly A added) are of pre-tRNALeu
processing, following preincubation at 37 0 C with 5-40 units MN
and, then addition of poly A.
reaction 9.

Preincubation was omitted for

Reaction 10 (without Ca++) is a Ca++ dependent

control for the MN effect of reaction 2.

Reaction 11 is without

pretreatment; 12 was treated with proteinase K instead of MN;
and 13 was unprocessed substrate.
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o

Figure 5·8.

Substrate Recognition. This figure depicts an

autoradiograph and schematic diagram of the results of a 20 min.
standard processing reaction of the 480 nt pre-tRNAPhe-Cys
substrate. No enzyme (lane 1), pea chloroplast RNase P (lane 2)
and pea chloroplast RNase P2-like activity (lane 3) are compared.
Schematic represents the 480 nt pre-tRNAPhe-Cys with extended
5' and 3' ends, 5'- and 3'-extended intermediates, mature tRNAPhe
(boxes) and free 5'-end.
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III!I-!II.:--226 nt

Putative processing pathways of precursor

tRNAPhe-Cys by RNase P and RNase P2 activities from highly
purified chloroplast stromal extract.

It is not determined

whether the one nt spacer between the tRNAs is present on the 5'·
processed intermediates.
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dimeric pre-tRNAPhe-Cys substrate with extended 5' and 3' ends.
The novel RNase P2-like activity cleaves this substrate in two
ways, creating three different intermediates. Cleavage at the 5'_
end yields a 5'-end product and a dimeric tRNAPhe-Cys-3'-extended
intermediate while processing at the single nucleotide between
the two tRNAs yields
intermediate
intermediate.

and

one

one 5'-extended
3'-extended

These three different

monomeric tRNAPhe
monomeric

intermediates

tRNACys
are

processed further by the novel RNase P2-like activity.

not

On the

other hand, the RNase P-like activity cleaves the two of these
three intermediates which have 5'-extensions.

The dimeric

tRNAPhe-Cys-3'-extended intermediate is processed at the single
nucleotide between the two tRNAs yielding the 5'-tRNAPhe
product and the monomeric 3'-extended tRNACys intermediate.
The monomeric 5'-extended tRNAPhe intermediate is cleaved at
the 5'-end yielding the 5'-end and mature tRNAPhe products. The
two RNase P-like activities do not exhibit 3'-tRNA endonuclease
activity as

neither cleaves

the

3'-extensions

of the

tRNA

pre curs ors .

Discussion

In Chapter III a pea chloroplast RNase P activity was
purified> 68,OOO-fold to near homogeneity. The purified enzyme
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was a 27-kDa monomeric protein, which did not contain an
essential

RNA

component.

This

discovery

was

somewhat

surprising since an RNA maturation system that more closely
resembled the eubacteria was predicted based on the eubacterial
origin of the chloroplast.

Differences between the chloroplast

RNase P and the E. coli RNase P were further detailed in Chapter
IV as the reaction requirements of the purified enzyme were
examined.
In this chapter, an RNase P2-like activity was identified
from pea chloroplasts, involved with 5 '-processing of multimeric
RNA transcripts, in vitro. During the purification of the RNase P
enzyme a

possible second chloroplast 5 '-tRNA

activity was

detected.

In this

chapter, I

endonuclease

present

a

new

purification scheme to separate these two putative activities.
Evidence was consistent with the existence of two chloroplast 5 'tRNA endonuclease activities.

Based on substrate recognition,

the novel 5 '-endonuclease activity resembles an RNase P2-like
enzyme.
The chromatographic properties of the two pea chloroplast
enzymes differed dramatically.

1)

The RNase

P

enzyme

precipitated during a 57% ammonium sulfate cut while the RNase
P2-like

activity

remained

in

the

57%

ammonium

sulfate

supernatant 2) The two enzymes differed with respect to binding
of anion exchange resins. The RNase P-like enzyme did not bind
Mono Q Sepharose at 80 mM KeI.

The RNase P2-like enzyme
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bound Mono Q Sepharose at 80 mM KCI and eluted sharply off the
column at 230 mM KCI during a linear salt gradient. 3) The two
enzymes also bound cation exchangers differently. Both activities
bound to the polyanionic resin heparin-agarose at 40 mM KCl.
RNase P-like activity eluted off the resin at approximately 300
mM KCl. The novel RNase P2-like activity eluted off the column
after 4 column volumes of 40 mM KCI wash buffer, perhaps
resulting from a very weak ionic interaction and/or a molecular
sieving effect with the resin.

The chromatographic properties of

these two putative enzymes were consistent in three separate
large-scale pea chloroplast preparations.
I originally thought that this novel activity might be a
eubacterial-like

RNase P activity and considered whether two

RNase Ps (eukaryote-like and prokaryote-like) were present in the
chloroplast extract due to the two types of chloroplast tRNAs that
have previously been described in Chapter 1 (eukaryote-like
internal promoter tRNAs and prokaryote-like external promoter
tRNAs). However, the RNase P2-like activity does not contain an
essential eubacterial-like RNA because, unlike the prokaryotic
RNase P enzyme, the chloroplast RNase P2 activity is readily
inhibited by proteinase K treatment and is not destroyed by
micrncoccal nuclease treatment.
Most

interestingly,

the

two

chloroplast

5'-tRNA

endonuclease activities interact with substrates differently. Both
activities process the 5'-ends of the dimeric pre-tRNAPhe-Cys
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substrate with extended 5' and 3' ends. The novel RNase P2-like
activity

does

not

further

process

the

three

resulting

intermediates. However, the previously described 27-kDa enzyme
processes both the monomeric 5'-extended- tRNAPhe intermediate
and the dimeric tRNAPhe-Cys -3'-extended intermediate.

Neither

highly purified enzyme shows 3'-endonuclease activity.
It is not that surprising that the chloroplast would have two

5'-tRNA endonuclease activities. At least three distinct enzymes
are active in tRNA processing in E. coli in vivo. In addition, many
chloroplast genes are transcribed as

polycistronic precursor

transcripts. Differential post-transcriptional RNA processing of
polycistrons is an important mechanism for gene regulation in the
chloroplasts of land plants and Euglena gracilis. (Barkan, 1988;
Stevenson et aI., 1994; Westhoff et aI., 1988).
enzymes

which

can

differentiate

between

Processing

mono-,

di-

or

polycistronic transcripts could playa central role in this type of
gene control.
Chloroplast

tRNA

maturation

is

particularly

exciting

because of its evolutionary implications. Land plant chloroplasts
are derived from chlorophytae, a direct eubacterial progenitor
(Manhart and Palmer, 1990). Despite these prokaryotic origins,
chloroplast RNA processing is unique. For example, the enzymes
involved with the maturation of the chloroplast pet D mRNA, in

vitro, were determined to be biochemically distinct from their
bacterial counterparts (Stern and Gruissem, 1989).

Chloroplast
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tRNA processing may represent a transitional stage of evolution.
The chloroplast pre-tRNA 3'-processing and CCA adding activities
share features of both eubacteria and eukaryotic nuclear tRNA
processing systems (Oommen et aI., 1992).

E. coli encodes the

CCA-end in the pre-tRNA while the eukaryotic nuclear pre-tRNAs
do not contain the CCA.

These nucleotides must be added by

nucleotidyltransferase after 3'-end cleavage.

In chloroplasts,

many pre-tRNAs encode a C or CC after 3'-end cleavage which are
retained as the first and second nucleotides of the CCA-end
sequence (Oommen et aI., 1992).

This unique system of 3'-end

maturation appears to be a combination of both the eubacterial
and eukaryotic mechanisms.
The MnCl2 requirements and the effects of the

RNA

processing inhibitor, heparin, were tested for the novel RNase P2like activity. Different activity profiles were expected, based on
the chromatographic and substrate recognition differences of the
two activities.

Surprisingly, there was a striking similarity in

both the MnCl2 activity profile and the heparin inhibition curve
for the RNase P-like and RNase P2-like enzymes.

The MnCl2

optimal concentrations were essentially identical, at 3.5 mM and
4 mM, respectively.

Both activities were 50% inhibited by 18

ug/ml heparin. This result was particularly interesting because of

the different Heparin agarose column elution profiles for the two
activities.

One hypothesis is that the two activities are two

versions of the same enzyme.

The RNase P2-like activity could
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include

a

subunit

or cofactor which confers

specificity

on

substrate recognition. Because of the RNase P2's strong binding
to anion exchangers it is interesting to consider whether this "cofactor" could be an RNA. Although I conclude from the MN assay
that the activity does not have an essential eubacterial-like RNA
component, I

performed those

experiments

with

monomeric

tRNAs. It would now be interesting to repeat the MN assay using
the dimeric substrate and see if the processing pattern is altered.
Another

interesting

hypothesis,

mentioned

briefly

in

Chapter III, is that the tRNA substrate is itself acting as the
essential catalytic RNA component of the chloroplast RNase P.
The two different activities could actually be protein "cofactors"
which provide the exquisite specificity that is required for the
endoribonuclease reaction. Chloroplasts could gain an advantage
with this type of reaction given the small size restraints of the
chloroplast genome and the versatility of tRNA

molecules.

tRNA's have previously demonstrated a self-cleaving activity in
the presence of lead (Behlen et al., 1990; Dirheimer et al., 1972).
The mixing of a Euglena chloroplast tRNA and pea protein
subunit should not necessarily preclude this type of reaction, in

vitro.

RNase P activity was restored when in vitro "subunit

mixing" experiments were performed using RNase P protein
subunits from the HeLa cell nucleus and RNase P M1 RNA (Gold,
1986).
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In the following Chapter, the analysis of chloroplast tRNA
processing is continued with a preliminary characterization of a
3'-tRNA endonuclease activity.
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CHAPTER VI.

CHARACTERIZATION AND PARTIAL PURIFICATION OF
CHLOROPLAST 3' tRNA ENDONUCLEASE ACTIVITY

Introduction

At least three posttranscriptional tRNA processing events
must occur to produce mature tRNAs.

5'-flanking sequences are

cle,aved via the RNase P enzyme, whereas 3'-trailer sequences are
removed by endo and/or exonucleases (Deutscher, 1984).

In

addition, functional tRNAs require a 3'-terminal CCA sequence.
During protein biosynthesis amino acids are esterified to the
tRNA's 3'-terminal adenosine residue.
sequence is

determined

differently

The 3'-terminal CCA
for

the

tRNAs

of the

eubacteria and the eukaryotic nuclei and organelles.
The most extensive analysis

of bacterial tRNA 3'-end

processing has been of the Escherichia coli tRNATyr (Gegenheimer
et aI., 1981). The E. coli tRNATyr gene, as with all E. coli tRNA
genes, encodes the terminal CCA74-76 sequence (Fournier and
Ozeki, 1985).

The first step in 3'-end processing involves an

endonuclease which cleaves the 3' trailer 7 nucleotides (nt)
downstream of base A76.

The following step involves the

exonuclease RNAse D which trims the remaining 3'-nucleotides
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until the mature CCA terminus is exposed (Cudny et aI., 1981;
Deutscher, 1984).

CCA occupies position 74-76 from the first

base of the mature tRNA in the standardized tRNA numbering
scheme.
Eukaryotic 3'-pre-tRNA maturation differs from the E. coli
tRNA processing pathway. Unlike the eubacterial tRNA genes,
the 3'-terminal CCA sequence is not encoded in the nuclear DNA
and therefore must be added post-transcriptionally by the enzyme
CTP(ATP):tRNA nucleotidyl transferase (Deutscher, 1984).

In

contrast to E. coli, 3'-end processing for eukaryotes requires an
endonucleolytic cleavage precisely at the mature 3'-end.
The chloroplast tRNA 3'-pre-tRNA processing pathway has
characteristics of both the prokaryotic and nucleocytoplasmic
pathway.
coli,

do

In general, chloroplast tRNA genes, in contrast to E
not

encode

the

terminal

tRNA

3'-CCA

sequence.

Chloroplast 3'- tRNA processing activities have previously been
described.

Chloroplast

stromal

extracts

contain

a

tRNA

nucleotidyltransferase activity (Greenberg et aI., 1984). Spinach
chloroplast nucleotidyltransferase was equally active with tRNAs
from spinach chloroplasts, Euglena chloroplasts and E. coli
(Greenberg,

1985).

Although

the

chloroplast

tRNA

genes

resemble the nuclear tRNAs by not encoding the 3'-terminal
sequence, not all chloroplast tRNAs require the full addition of
CCA.

Many chloroplast tRNA genes encode a C at position 74

which is not removed during processing but

which can be
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incorporated as the first base of the CCADH terminus (Dommen
et al., 1992). When the cleavage specificity of 3'-tRNA processing
nucleases of spinach chloroplast and wheat germ nuclear tRNAs
was examined, it was concluded that the chloroplast tRNA 3'processing endonuclease cleaves after nucleotide 74 regardless of
the nature of the surrounding sequences (Dommen et aI., 1992).
This specificity differs from that of the plant nuclear/cytoplasmic
processing nuclease, which cleaves after base 73.

Since 3'-CCA

mature tRNA is not a substrate for either activity, they further
conclude

that

these

3'-tRNA

endonucleases

must

require

processing of a 3'- terminal extension on the substrate that
extends past nucleotide 76. It is predicted that this substrate
specificity prevents mature tRNA from counterproductive cleavage
by the 3' processing system (Dommen et al., 1992).
A characterization of a 3' processing activity in crude

Euglena extracts was

previously initiated (DeLuca-Flaherty,

1985). Some reaction requirements for the 3' processing activity
in crude Euglena extracts were the following: 1) Slightly MN and
EGTA sensitive, 2) Reaction inhibited by EDTA, and 3) Reaction
favored at >25 C.

In this chapter, preliminary chromatographic

properties for the pea chloroplast 3'-tRNA endonuclease activity
are presented.
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Experimental Procedures
Chloroplasts, soluble protein extracts, and pre-tRNA substrates
were prepared as described in previous chapters.

The activity

assay was performed the same way as has been described in
previous chapters for the 5 '-endonuclease assay except that the
conversion of precursor into 3 ' -specific products was measured.

Materials.

Avidin agarose was from Sigma.

Partial purification of the 3' tRNA endoribonuclease activity:
DE·52 Column chromatography.

The preparation of Fraction

IV, (Fig. 6-1.) was described in Experimental Procedures of
Chapter 3.

Fraction IV, (Fig. 6-1) was loaded onto the pre-

equilibrated DE-52 column II as described in Chapter 3.

The

column was washed with Buffer X until the flow-through fraction
was through the column.

Bound proteins were eluted during a

linear KCI gradient from 0.04-1 M KCI. Fractions were collected,
dialyzed to reaction buffer and assayed for processing activity.

Rate-zonal glycerol gradient centrifugation

Step gradients

were prepared as previously described by (Tewari et aI., 1983)
with modifications. Briefly, step gradients contained five 2 ml
steps of 40, 30, 25, 20, and 15% glycerol in [50 mM HEPES (8.0),
2 mM DTT, 350 mM KCI, and O.IM EDTA]. 2 ml of sample in 10%
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glycerol and gradient buffer was loaded onto the top.

Gradients

were centrifuged in Beckman SW41 tubes at 40,000 rpm for 40 hr.
Fraction size was 1 ml. The pellet at the bottom of the gradient
was resuspended in 400 ul sample buffer. Protein concentration
was monitored by Bradford assay.

Molecular weight protein

standards were run in separate gradients.

Standards, (kDa /

Stokes radius in A), were RNase A (137 / 16.4), BSA (67 / 30.5),
Chymotrypsinogen A (25 /20.9), and Ovalbumin (43 /35.5).

Results

Assay for chloroplast 3' tRNA endonuclease activity
A direct assay for chloroplast 3' tRNA endonuclease activity is
the measurement of the conversion of precursor tRNA into 3'
mature tRNA and the 3' end product.

The chloroplast RNase P

activity, which produces 5'-cleavage products, can also be detected
in the activity assay.

The presence of the RNase P activity

throughout the purification caused a mixture of both 5'-mature as
well

as

unprocessed

substrate

to

be

available

for

3'-end

processing. In future experiments. the purified RNase P activity
could be used to process the pre-tRNA substrate to generate 5'mature, 3'-extended substrates for the 3'-endonuclease assay.
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Partial purification of chloroplast 3' tRNA endonuclease
Chloroplast 3' tRNA endonuclease was partially purified from
gradient purified intact chloroplasts from 14 day old pea leaves
using five separate chromatographic steps as outlined in Fig. 6-l.
Chromatography steps were performed as described in
Chapter III through the second DE-52 cellulose column.

After

Fraction IV (Fig. 6-1) was loaded onto the DE-52 column II, the
bound proteins were eluted with a 0.04 -1 M KCI linear gradient.
3'-tRNA processing activity bound the DE 52 column at 40 mM
KCI and was eluted at approximately 300 mM KCI in fractions 6
and 7, as shown in the processing assay of Fig. 6-2. Most of the
DE-52 column fractions shown in Fig. 6-2 also contained a 5'_
endonuclease activity.

Physical properties of chloroplast 3' tRNA endonuclease
The apparent molecula,r weight of the enzyme was estimated for
the native protein to be 55,000 using rate zonal sedimentation in
a glycerol gradient. The protein (Fig. 6-4) and activity (Fig. 6-5)
profiles of the glycerol gradient fractions

are shown.

The

fractions 6 and 7 contained 3'-endonuclease activity. The elution
volume of the 3'-endonuclease activity was plotted against a
standard curve of the elution volumes of the MW standards.
Several polypeptides in the peak 3'-endonuclease fractions 6 and
7 are visible by silver-stain. A polypeptide of approximately 55
kDa

is

present in

these

two

peak

fractions,

but

further

17·
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6-2.

Processing

+-tRNA

of

chromatography fractions of a

• +- 5'-end

pre-tRNALeu

in

DE-52

pea chloroplast extract.

Lanes 1-13 are column fractions. Lane (-) has no enzyme.

Lane

(+) is the starting fraction (Fraction II, Fig. 1) which was loaded

onto

the

DE-52

column.

Unprocessed

tRNA

substrates,

intermediates and peak 3'-tRNA endonuclease is detected in lane
6 and 7.

An RNase P-like activity is detected in the starting

fraction (+) and in lane 2-11 and 13.
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Estimation of the molecular weight of the 3'·

tRNA endoribonuclease activity by rate·zonal centrifugation.
Fractions were removed from gradient and protein concentrations
were determined by Bradford assay.
centrifuged in individual gradients.

MW standards

were

The fractions 6 and 7

contained 3'·endonuclease activity. The elution volume of the 3'·
endonuclease activity was plotted against a standard curve of the
elution volumes of the MW standards.
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approximate 55 kDa polypeptide.
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purification is required to draw conclusions as to the subunit
composition.

Discussion

A chloroplast 3'-tRNA endonuclease activity from pea has
been partially purified and several chromatographic properties
have been determined.

Molecular mass was estimated to be

55,000 by rate zonal glycerol gradient centrifugation.
The 3'-tRNA endoribonuclease binds to and readily elutes of
various

resin types.

The activity precipitates

in

a

57%

ammonium sulfate cut of a crude soluble protein extract.

The

activity binds to the polyanionic resin Heparin agarose at 40 mM
KCI (pH 8.0) and elutes at 250 mM KCI.

Not surprisingly, the

activity binds the strong cationic exchanger Mono S FPLC column
at 40 mM KCI (pH 8.0) and elutes off this resin at the higher saIt
concentration of 300 mM KCI. The activity also binds the anion
exchange resin DE-52 cellulose at 40 mM KCI (pH 7.9) and elutes
off at approximately 350 mM KCI.

Interestingly, strong binding

to both anion and cation exchangers is a

characteristic of

ribonucleoproteins and can be a very useful tool for enzyme
purifica tion.
The chloroplast 3'-tRNA endonuclease from pea may be
related to the spinach 3'-endonuclease (Stern et aI., 1989) and the
3'-endonuclease

from

mustard

(Nickelsen

and

Link,

1989;
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Nickelsen and Link, 1993). Both of these activities catalyze the
cleavage of mRNA, and rRNA.

The mustard enzyme has also

processed one substrate containing a tRNA, however it failed to
cleave a different pre-tRNA substrate.

Nickelsen et a1. (1993)

determined the mustard enzyme to be a 54 kDa monomeric
protein by SDS-PAGE analysis. This size in in close agreement
with the 55 kDa estimated size of the pea enzyme. It would be
interesting to test whether the pea 3'-endoribonuclease also
recognizes mRNAs and rRNAs as substrates.

Based on the size

similarity with the mustard enzyme it may be the same activity.
In Chapters 3 and 4 I discussed how chloroplast 5'-tRNA
maturation did not resemble the eubacterial tRNA processing
mechanism as was previously predicted. The chloroplast RNase P
did not contain an essential eubacterial-like RNA component and
biochemical properties were more like
enzymes.

eukaryotic RNase

P

Chloroplast 3'-end maturation also differs from the

eubacterial tRNA processing mechanism.

In Chapter 2 a 3'-

endonuclease activity was identified which cleaved precisely at
the 3'-end and did not require an exonuclease to trim sequences.
Others have also reported a 3'-endonuciease responsible for
chloroplast 3'-end maturation (Wang, 1988; Yamaguchi-Shinozaki,
1987).

A

characterized

chloroplast
from

CCA-adding activity

chloroplast

extract

was

previously

(Greenberg,

1985).

Oommen et a1. (1992) further analyzed chloroplast 3'-processing
and determined that chloroplast CCA addition was different from
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eukaryotic processing because, although chloroplasts lack the
prokaryote-like encoded CCA sequence, many chloroplast tRNAs
encode a C or a CC and, therefore, only require addition of one or
two nucleotides.

Chloroplast 3'-processing is therefore unique.

The chromatographic data presented in this chapter represent an
important starting point for large-scale purification of the 3'tRNA endonuclease. If it turns out to be the same enzyme as the
mustard 3'-endonuclease, than it could have broader implications
for rRNA and mRNA processing because the mustard enzyme
cleaves substrates containing rRNA, mRNA and a tRNA. Because
many chloroplast tRNAs are transcribed as polycistrons, a 3'endonuclease which cleaves all three types of substrates could be
important for overall gene expression.
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CHAPTER VII.

SUMMARY

An analysis of chioroplast tRNA processing has been initiated.
Chloroplast pre-tRNAs were constructed in vitro as substrates for
various RNA processing reactions. 5'- and 3'-tRNA endonuclease
activities were identified.
I focused on studying the 5'-tRNA endonuclease activity,
purifying the activity > 68,OOO-fold from intact chloroplasts.
Chloroplast RNase P was different from the eubacterial RNase P
enzymes.

Most significantly, the chloroplast enzyme does not

appear to contain an essential RNA component. Several reaction
requirements and biochemical properties of the highly purified
enzyme were examined, revealing differences with the eubacterial
RNase Ps but similarities to the eukaryotic enzymes.
A distinct chloroplast 5'-tRNA endonuclease activity was
identified which was highly labile, proteinase K sensitive, and
MN resistant.

The substrate recognition of this novel activity

resembled an RNase P2.
The existing model for chloroplast tRNA maturation when I
began this project was that it closely resembled the eubacterial
system. The model predicted a single eubacterial-like RNase P
activity responsible for 5'-cleavage and a prokaryote-like 3'-end
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maturation system using both exonucleases and endonucleases.
To summarize the work presented in this thesis I conclude with a
revised model for chloroplast tRNA maturation in Fig. 7-1. This
model

includes

an

RNase

P2-like

activity

which

cleaves

multimeric transcripts, a eukaryotic-like RNase P enzyme which
cleaves all 5'-ends, a 3'-endonuclease which generates mature 3'ends, and a nonspecific ribonuclease (perhaps with an RNA
component) which may be involved with degradation of processed
ends or of "unprotected" RNAs.

This ribonuclease was most

active in increasingly pure fractions.

Not only did the activity

seem to copurify near the RNase P-like activity, but the RNA
substrates seem to be more susceptible to degradation in the
more purified fractions, perhaps due to a loss of protection from
other components in the extract. The crude extract also seems to
be protecting the 5'-endonuclease enzymes, especially the RNase
P2-like activity, being increasingly unstable with purification.
As more functions of tRNAs become known, it increases the
likelihood that tRNA processing could play an important role in
overall gene regulation, especially since many of the interesting
"functions"

of

tRNA

seem

to

be

directly

related

to

transcription/translation. tRNAs are directly involved with gene
regulation on several levels. Most obviously, they are central to
translation. In addition, tRNA's can directly regulate their own
transcription, in the case of the silkworm tRNAAla, by acting as a
transcription factor for RNA polymerase III (Dunstan et a!.,
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1994a; Dunstan et aI., 1994b; Sullivan et aI., 1994; Young et aI.,
1991).

The chloroplast tRNAGlu is directly involved with the

coordination

of chlorophyll

chlorophyll-binding

biosynthesis

apoprotein

synthesis.

and

light

induced

Lastly,

tRNAs

(tRNAGln, tRNAGly, or tRNAMet) are required "cofactors" for the
murine endoribonuclease.
sequence

found

in

the

This

enzyme

spacer

of

cleaves
mouse

a

specific
pre-rRNA

(CCCCCGGUUUGU) (Nashimoto, 1992).
The order of tRNA processing and the resulting population
of processing intermediates could be a factor in the production of
the various tRNAs which have these key regulatory functions. For
example, constitutive processing pathways could result in the
correct ratio of tRNAs for standard translation. A change in 5'-or
3'-endonuclease could alter the pool of tRNA intermediates and
thus change the kinetics of subsequent reactions. The structure of
the active murine endonuclease "cofactor" is a 5'-extended, 3'mature tRNA. Interestingly, synthesis of RNase P RNA, from E.

coli, is known to increase 100-fold (from 1 to 100 RNase P RNAs
per 1000 tRNAs per cell) under certain growth conditions.
Detailed studies of substrate specificity using the purified
tRNA processing enzymes, which have been characterized in this
thesis, may uncover more tRNA regulatory pathways in the
chloroplast.
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5'-end-------3'-end

Figure 7·1.

A model for chloroplast tRNA processing.
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APPENDIX

ABBREVIATIONS
ATP-adenosine triphosphate
bp-base pair
C-degrees centigrade
CTP-cytodine triphosphate
DNA-deoxyribonucleic acid
EDT A-ethylenediamine tetraacetic acid
EGTA-ethyleneglycol-bis (2-aminoethylether) -N ,N'-tetraacetic
acid
g-gram
GTP-guanosine triphosphate
HEPES-N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
kbp-kilobase pair
mRNA-messenger ribonucleic acid
ul-microliter
mg-milligram
ml-milliliter
uM-micromolar
mM-millimolar
rpm-rota tions per minute
rRNA-ribosomal ribonucleic acid
TAC-transcription ally active chromosome
tRNA-transfer ribonucleic acid
trn-gene locus for a tRNA, single capital letter designates amino
acid to which it is esterified
UTP-uridine triphosphate

186

REFERENCES
Akaboshi, E., Guerrier-Takada, C. and Altman, S. (1980). Veal
heart ribonuclease P has an essential RNA component.
Biochemistry Biophys. Res. Commun. 96, 831-837.
Aliyev, K. A. and Philippovitch, 1. 1. (1968). Differences of tRNA
and amino acyl-tRNA synthetases of chloroplasts and cytoplasm
from pea seedlings. Mol. BioI. 2, 364-373.
Altman, S., Kirsebom, L. and Talbot, S. (1993). Recent studies of
ribonuclease P. Faseb J. 7, 7-14.
Altman, S., Baer, M., Guerrier-Takada, C. and Reed, R. (1982).
Transfer RNA processing and gene regulation. In Gene Regulation,
B. O'Malley, ed. (New York: Academic Press), pp. 207 -217.
Barber, J., (1976). Ionic regulation in intact chloroplasts and its
effect on primary photosynthetic processes. In Topics in
Photosynthesis. The Intact Chloroplast, (1), New York: Elsevier
Scientific Publishing Co., pp. 89-134.
Barkan, A. (1988). Proteins encoded by a complex chloroplast
transcription unit are each translated from both monocistronic
and polycistronic mRNAs. Embo J. 7, 2637-2644.
Bartkiewicz, M., Gold, H. and Altman, S. (1989). Identification
and characterization of an RNA molecule that copurifies with
RNase P activity from HeLa cells. Genes Dev. 3, 488-499.
Baumgartner, B. J., Rapp, J. C. and Mullet, J. E. (1993). Plastid
genes encoding the transcription/translation apparatus are
differentially transcribed early in barley (Hordeum vulgare)
chloroplast development: Evidence for selective stabilization of
psbA mRNA. Plant Physiol. 101, 781-791.
Behlen, L. S., Sampson, J. R., DiRenzo, A. B. and Uhlenbeck, O. C.
(1990). Lead-catalyzed cleavage of yeast tRNA Phe mutants.
Biochemistry 29, 2515-2523.
Berry, J. 0., Nikolau, B. J., Carr, J. P. and Klessig, D. F. (1986).
Mol. Cell. BioI. 6, 2347 -2353.
Bikoff, E. K., La Rue, B. F. and Gefter, M. L. (1975). In vitro
synthesis of transfer RNA. II. Identification of required
enzymatic activities. J. BioI. Chem. 250,6248-6255.

187

Bjork, G. R. The role of modified nucleosides in tRNA
interactions. In Transfer RNA in Protein Synthesis, D. L.
Hatfield, B. J. Lee and R. M. Pirtle, eds. (Cleveland, Ohio: CRC
Press), pp. 23-68.
Blair, G. E. and Ellis, R. J. (1973). Protein synthesis in
chloroplasts. I. Light-driven synthesis of the large subunit of
fraction I protein by isolated pea chloroplasts. Biochim. Biophys.
Acta. 319, 223-234.
Bohnert, H. J., Crouse, E. J. and Schmitt, J. M. (1982).
Organization and expression of plastid genomes. In Encyclopedia
of Plant Physiology, (14B). B. Pathier and D. Boultier, eds. (New
York: Springer-Verlag), pp. 475-530.
Bonitz, S., Coruzzi, G., Thalenfeld, B., Tzagoloff, A. and Macino,
G. (1980). Assembly of the mitochondrial system: structure and
nucleotide sequence of the gene coding for subunit I of yeast
cytochrome oxidase. J. BioI. Chem. 255, 11927-11941.
Bonnard, G., Weil, J. H. and Steinmetz, A. (1985). The intergenic
region between the Vicia faba chloroplast tRNA(CAALeu) and
tRNA(UAALeu) genes contains a partial copy of the split
tRNA(UAALeu) gene. Curr Genet. 9, 417-422.
Bowman, E. J. and Altman, S. (1980). Identification of
ribonuclease P activity from chick embryos. Biochim. Biophys.
Acta. 613, 439-447.
Boyer, S. K. and Mullet, J. E. (1988). Pea chloroplast tRNALys
(UUU) gene: transcription and analysis of an intron-containing
gene. Photosyn. Res. 17, 7-22.
Bradford, M. M. (1976). A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 84, 248-254.
Briat, J., Laulhere, J. and Mache, R. (1979). Transcription
activity of a DNA-protein complex isolated from spinach plastids.
Eur J Biochem. 98, 285-292.
Briat, J. F. and Mache, R. (1980). Properties and characterization
of a spinach chloroplast RNA polymerase isolated from a
transcriptionally active DNA-protein complex. Eur J Biochem.
Ill, 503-509.

18~

Burgin, A. B. and Pace, N. R. (1990). Mapping the active site of
ribonuclease P RNA using a substrate containing a photoaffinity
agent. Embo J. 9, 4111-4118.
Castano; J. G., Ornberg, R., Koster, J. G., Tobian, J. A. and
Zasloff, M. (1986). Eukaryotic pre-tRNA 5 '-processing nuclease:
copurification with a complex cylindrical particle. Cell 46, 377387.
Chang, D. D. and Clayton, D. A. (1987). A Mammalian
Mitochondrial RNA Processing Activity Contains NucleusEncoded RNA. Science 235, 1178-1184.
Chapman, K. B., Bystrom, A. S. and Boeke, J. D. (1992). Initiator
methionine tRNA is essential for Ty 1 transposition in yeast.
Proc. Natl. Acad. Sci. 89, 3236-3240.
Ciesiolka, J., Gornicki, P. and Ofeng and, J. (1985). Identification
of the site of crosslinking in 16S rRNA of an aromatic azide
photoaffinity probe attached to the 5 '-anticodon base of A site
bound tRNA. Biochemistry 24, 4931-4938.
Criddle, R. S., Dau, B., Kleinkopf, G. E. and Huffaker, R. C.
(1970). Differential synthesis of ribulosediphosphate carboxylase
subunits. Biochim. Biophys. Res. Commun. 41, 621-627.
Cudny, H., Zaniewski, R. and Deutscher, M. P. (1981). Escherichia
coli RNase D: catalytic properties and substrate specificity. J
BioI Chem. 256, 6533-5637.
Darr, S. C., Brown, J. W., and Pace, N. R. (1992). The varieties of
ribonuclease P. TIBS. 17, 178-182.
Delp, G., Igloi, G. L. and Kossel, H. (1991). Identification of invivo processing intermediates and of splice junctions of tRNAs
from maize chloroplasts by amplification with the polymerase
chain reaction. Nuel. Acid Res. 19, 713-716.
DeLuca-Flaherty, C. R. (1985). Messenger RNA Transcription and
Co-Transcript Processing In Euglena gracilis Chloroplast Soluble
Extract. Ph.D. dissertation, University of Colorado, Boulder,
Colorado.
Deng, X. W. and Gruissem, W. (1987). Control of plastid gene
expression during development: the limited role of transcriptional
regulation. Cell 49, 379-387.

189

Deng, X. W., Stern, D. B., Tonkyn, J. C. and Gruissem, W. (1987).
Plastid run-on transcription. Application to determine the
transcriptional regulation of spinach plastid genes. J. BioI. Chem.
262, 9641-9648.
Deutscher, M. P. (1984). Processing of tRNA in prokaryotes and
eukaryotes. Crit. Rev. Biochem. 17, 45-71.
Dirheimer, G., Ebel, J. P., Bonnet, J., Gangloff, J., Keith, G.,
Krebs, B., Kuntzel, B., Roy, A., Weissenbach, J. and Werner, C.
(1972). Structure primaire des tRNA. Biochimie. 54, 127-144.
Doersen, C., Guerrier-Takada, C., Altman, S. and Attardi, G.
(1985). Characterization of an RNase P activity from HeLa cell
mitochondria. J. BioI. Chem. 260, 5942-5949.

Doria, M., Carrara, G., Calandra, P. and Tocchini-Valentini, G. P.
(1991). An RNA molecule copurifies with RNase P activity from
Xenopus laevis oocytes. NucI. Acids Res. 19, 2315-2320.
Dunn, J. J. (1976). RNase III cleavage of single-stranded RNA. J.
BioI. Chem. 251, 3807-3814.
Dunstan, H. M., Young, L. S. and Sprague, K. U. (1994). TFIIIR is
an isoleucine tRNA. Mol. Cell. BioI. 14, 3588-3595.
Dunstan, H. M., Young, L. S. and Sprague, K. U. (1994).
tRNA(IleIAU) (TFIIIR) plays an indirect role in silkworm class
III transcription in vitro and inhibits low-frequency DNA
cleavage. Mol. Cell. BioI. 14, 3596-3603.
Ellis, R. J. (1978). Plant Proteins. London: Butterworth.
Engelke, D. R., Gegenheimer, P. and Abelson, J. (1985).
Nucleolytic processing of a tRNAArg-tRNAAsp dimeric precursor
by a homologous component from Saccharomyces cerevisiae. J. BioI.
Chem.260, 1271-1279.
Fournier, M. J. and Ozeki, H. (1985). Structure and organization
of the transfer ribonucleic acid genes of Escherichia coli K-12.
Microbiol Rev. 49, 379-397.
Frendewey, D., Dingerman, T., Cooley, L. and SolI, D. (1985).
Processing of precursor tRNAs in Drosophila. Processing of the 3'-

190

end involves an endonucleolytic cleavage and occurs after 5' end
maturation. J. BioI. Chem. 260, 449-454.
Gamble, P. E. and Mullet, J. E. (1989). Translation and stability
of proteins encoded by the plastid psbA and psbB genes are
regulated by a nuclear gene during light-induced chloroplast
development in barley. J BioI Chem. 264, 7236-7243.
Gardiner, K. and Pace, N. R. (1980). RNase P of Bacillus subtilis
has an RNA component. J. BioI. Chem. 255, 7507-7509.
Gardiner, K. J., Marsh, T. L. and Pace, N. R. (1985). Ion
dependence of the Bacillus subtilus RNase P reaction. J. BioI.
Chem.260, 5415-5419.
Gegenheimer, P. and Apirion, D. (1981). Processing of procaryotic
ribonucleic acid. Microbiol Rev. 45, 502-541.
Ghosh, R. K. and Deutscher, M. P. (1978). Purification of potential
3' processing nucleases using synthetic tRNA precursors. Nucl.
Acids Res. 5, 3831-3842.
Gold, H. A. and Altman, S. (1986). Reconstitution of RNAase P
activity using inactive subunits from E. coli and HeLa cells. Cell
44, 243-249.
Gray, M. W., Sankoff, D. and Cedergren, R. J. (1984). On the
evolutionary descent of organisms and organelles: a global
phylogeny based on a highly conserved structural core in small
subunit ribosomal RNA. Nucl. Acids Res. 12, 5837-5852.
Greenberg, B. M. (1985). Transcription and Processing of
Chloroplast Transfer Ribonucleic Acid. Ph.D. dissertation,
University of Colorado, Boulder, Colorado.
Greenberg, B. M., Gruissem, W. and Hallick, R. B. (1984).
Accurate processing and pseudouridylation of chloroplast transfer
RNA in a chloroplast transcription system. Plant Mol. BioI. 3,
97-109.
Greenberg, B. M., Gruissem, W. and Hallick, R. B. (1986).
Accurate transcription and processing of 19 Euglena chloroplast
tRNAs in a Euglena soluble extract. Plant Mol. BioI. 6, 89-100.
Greenberg, B. M., Narita, J. 0., DeLuca, F. C., Gruissem, W.,
Rushlow, K. A. and Hallick, R. B. (1984). Evidence for two RNA

191

polymerase activities in Euglena gracilis
Chem.259, 14880-14887.

chloroplasts. J. BioI.

Greenberg, B. M., Narita, J. 0., DeLuca, F. C. and Hallick, R. B.
(1985). Properties of chloroplast RNA polymerases. In Molecular
Biology of the Photosynthetic
Apparatus, K. Steinbeck, C.
Arnzten, L. Bogorad, S. Bonitz, eds. (Cold Spring Harbor, New
York: Cold Spring Harbor Laboratory) , pp. 303-309.
Gruissem, W. (1989). Chloroplast gene expression: how plants
turn their plastids on. Cell 56, 161-170.
Gruissem, W., Elsner, M. C., Latshaw, S., Narita, J. 0., Schaffer,
M. A. and Zurawski, G. (1986a). A subpopulation of spinach
chloroplast tRNA genes does not require upstream promoter
elements for transcription. NucI. Acids Res. 14, 7541-7556.
Gruissem, W., Greenberg, B. M., Zurawski, G. and Hallick, R. B.
(1986b). Chloroplast gene expression and promoter identification
in chloroplast extracts. Methods Enzymol. 118, 253-270.
Gruissem, W., Greenberg, B. M., Zurawski, G., Prescott, D. M. and
Hallick, R. B. (1983a). Biosynthesis of chloroplast transfer RNA
in a spinach chloroplast transcription system. Cell. 35, 815-828.
Gruissem, W., Narita, J. 0., Greenberg, B. M., Prescott, D. M. and
Hallick, R. B. (1983b). Selective in vitro transcription of
chloroplast genes. J. Cell Biochem. 22, 31-46.
Gruissem, W., Prescott, D. M., Greenberg, B. M. and Hallick, R. B.
(1982). Transcription of E. coli and Euglena chloroplast tRNA
gene clusters and processing of polycistronic transcripts in a
HeLa cell-free system. Cell. 30, 81-92.
Gruissem, W. and Zurawski, G. (1985). Identification and
mutational analysis of the promoter for a spinach chloroplast
transfer RNA gene. EMBO J. 4, 1637-1644.
Guerrier, T. C., Lumelsky, N. and Altman, S. (1989). Specific
interactions in RNA enzym(:,l-substrate complexes. Science 246,
1578-1584.
Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N. and
Altman, S. (1983). The RNA moiety of ribonuclease P is the
catalytic subunit of the enzyme. Cell. 35, 849-857.

192

Hallick, R. B., Greenberg, B. M., Gruissem, W., Hollingsworth, M.
J., Karabin, G. D., Narita, J. 0., Nickoloff, J. A., Passavant, C. W.,
and Stiegler, G. L. (1983). Organization and expression of the
chloroplast genome of Euglena gracilis. In Structure and Function
of Plant Genomes, O. Ciferri and L. Dure III, eds. (New York:
Plenum Press) , pp. 155-166.
Hallick, R. B., Hong, L., Drager, R. G., Favreau, M. R., Monfort, A.,
Orsat, B., Spielmann, A. and Stutz, E. (1993). Complete DNA
sequence of Euglena gracilis chloroplast DNA. Nucl. Acids Res. 21,
3537-3544.
Hallick, R. B., Lipper, C., Richards, O. C. and Rutter, W. J.
(1976). Isolation of a transcriptionally active chromosome from
chloroplasts of Euglena gracilis. Biochemistry 15, 3039-3045.
Hallick, R. B., Hollingsworth, M. J. and Nickoloff, J. A. (1984).
Transfer RNA genes of Euglena gracilis chloroplast DNA. Plant
Mol. BioI. 3, 169-175.
Halliwell, B. (1984). Chloroplast Metabolism. The structure and
function of chloroplasts in green leaf cells. Oxford, England:
Clarendon Press.
Hanahan, D. (1985). Techniques for transformation of E. coli. In
DNA Cloning, D. M. Glover, ed. (Oxford, England: IRL press) , pp.
109-135.
Harada, F.,
tRNA for
Nucleotide
Chem.254,

Peters, G. G. and Dahlberg, J. E. (1979). The primer
Moloney murine leukemia virus DNA synthesis.
sequence and aminoacylation of tRNA Pro . J. BioI.
10979-10985.

Hiratsuka, J., Shimada, H., Whittier, R., Ishibashi, T., Sakamoto,
M., Mori, M., Kondo, C., Honji, Y., Sun, C. R., Meng, B.-Y., Li, Y.Q., Kanno, A., Nishizawa, Y., Hirai, A., Shinozaki, K. and Sugiura,
M. (1989). The complete sequence of the rice (Oryza sativa)
chloroplast genome: intermolecular recombination between
distinct tRNA genes accounts for a major plastid DNA inversion
during the evolution of the cereals. Mol Gen Genet. 217, 185-194.
Holley, R. W., Apgar, J., Everett, G. A., Madison, J. T., Marquisee,
M., Merrill, S. H., Penswick, J. R. and Zamir, A. (1965). Structure
of a ribonucleic acid. Science 147, 1462-1465.

193

Hollingsworth, M. J., Johanningmeier, U., Karabin, G. D., Stiegler,
G. L. and Hallick, R. B. (1984). Detection of multiple, unspliced
precursor mRNA transcripts for the Mr 32,000 thylakoid
membrane protein from Euglena gracilis chloroplasts. NucI. Acids
Res. 12, 2001-2017.
James, B. D., Olsen, G. J., Liu, J. S. and Pace, N. R. (1988). The
secondary structure of ribonuclease P RNA, the catalytic element
of a ribonucleoprotein enzyme. Cell. 52, 19-26.
JouBsaume, M. (1973). Mise en evidence de deux formes de RNA
polymerase dependente du DNA dans les chloroplastes isoles de
feuilles de pois. Physiol Veg. 11, 69-82.
Kannangara, C. G., Gough, S. P., Bruyant, P., Hoober, J. K., Kahn,
A. and von Wettstein, D. (1988). tRNA Glu as a cofactor in deltaaminolevulinate biosynthesis:steps that regulate chlorophyll
synthesis. TIBS. 13, 139-143.
Kazakov, S. and Altman, S. (1991). Site-specific cleavage by
metal ion cofactors and inhibitors of M1 RNA, the catalytic
subunit of RNase P from Escherichia coli. Proc. NatI. Acad. Sci. U
S A. 88, 9193-9197.
Kikuchi, Y., Ando, Y. and Shiba, T. (1986). Unusual priming
mechanism of RNA-directed DNA synthesis in copia retroviruslike particles of Drosophila. Nature 323, 824-826.
Klein, R. R. and Mullet, J. E. (1987). Control of gene expression
during higher plant chloroplast biogenesis. Protein synthesis and
transcript levels of psbA, psaA-psaB, and rbcL in dark-grown and
illuminated barley seedlings. J. BioI. Chem. 262, 4341-4348.
Kline, L., Nishikawa, S. and SoIl, D. (1981). Partial purification
of RNase P from Schizosaccharomyces pombe. J. BioI. Chem. 256,
5058-5063.
Kole, R., Baer, M. F., Stark, B. C. and Altman, S. (1980). E. coli
RNAse P has a required RNA component in vivo. Cell 19, 881887.
Koski, R. A., Bothwell, A. L. M. and Altman, S. (1976).
Identification of a ribonuclease P-like activity from KB cells. Cell
9, 101-116.

194

Krupp, G., Cherayil, B., Frendewey, D., Nishikawa, S. and SolI, D.
(1986). Two RNA species co-purify with RNase P from the fission
yeast Schizosaccharomyces pombe. EMBO J. 5, 1697 -1703.
Kung, S. D. (1977). Expression of chloroplast genome in higher
plants. Annu. Rev. Plant Physiol. 28, 401-437.
Laemmli, U. K. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685.
LaPointe, J. and Giege, R. (1991). Transfer RNAs and aminoacyltRNA synthetases. In Translation in eukaryotes, H. Trachsel, ed.
(Boca Raton, Florida: CRC Press) , pp. 35-68.
Lawrence, N., Wesolowski, D., Gold, H., Bartiewicz, M., GuerrierTakada, C., McClain, W. H. and Altman, S. (1987).
Characteristics of ribonuclease P from various organisms. Cold
Spring Harbor Symp. Quant. BioI. 52, 233 - 238.
Lestienne, P. (1992). Mitochondrial DNA mutations in human
diseases: A review. Biochimie. 74, 123-130.
Lund, E., Dahlberg, J. E. and Guthrie, C. (1980). Processing of
spacer tRNAs from rRNA transcripts of Escherichia coli. In
Transfer RNA: Biological Aspects, D. SolI, J. N. Abelson and P. R.
Schimmel, eds. (Cold Spring Harbor, New York: Cold Spring
Harbor Laboratory) , pp. 123-138.
Lygerou, Z., Mitchell, P., Petfalski, E., Seraphin,
Tollervey, D. (1994). Genes and Dev. 8, 1423-1433.

B.,

and

Manhart, J. R. and Palmer, J. D. (1990). The gain of two
chloroplast tRNA introns marks the green algal ancestors of land
plants. Nature 345, 268-270.
Mao, J., Schmidt, O. and SolI, D. (1980). Dimeric transfer RNA
precursors in S. pombe. Cell. 21, 509 - 516.
Margulies, L. (1976). Origin of Eukaryotic Cells. New Haven,
Connecticut: Yale University Press.
Marion-Poll, A., Hibbert, C. S., Radebaugh, C. A. and Hallick, R.
B. (1988). Processing of mono-, di- and tricistronic transfer RNAs
precursors in a spinach or pea chloroplast soluble extract. Plant
Mol. BioI. 11, 45-56.

195

McClain, W. H., Foss, K., Schneider, J., Guerrier, T. C. and
Altman, S. (1987). Suppressor and novel mutants
of
bacteriophage T4 tRNA(Gly). J Mol BioI. 193, 223·226.
Morales, M. J., Wise, C. A., Hollingsworth, M. J. and Martin, N. C.
(1989). Characterization of yeast mitochondrial RNase P: an
intact RNA subunit is not essential for activity in vitro. NucI.
Acids Res. 17, 6865-6881.
Morales, M. J., Dang, Y. L., Lou, Y. C., Sulo, P. and Martin, N. C.
(1992). A 105-kDa protein is required for yeast mitochondrial
RNase P activity. PNAS. 89,9875-9879.
Neuhaus, H. and Link, G. (1987). The chloroplast tRNALys(UUU)
gene from mustard (Sinapis alba) contains a class II intron
potentially coding for a maturase-related polypeptide. Curr
Genet. 11, 251·257.
Noller, H. F., Hoffarth, V. and Zimniak, L. (1992). Unusual
resistance of peptidyl transferase to protein extraction
procedures. Science. 256, 1416-1419.
Nickelsen, J. and Link, G. (1989). Interaction of a 3' RNA region
of the mustard trnK gene with chloroplast proteins. Nucl. Acids
Res. 17, 9637-9648.
Nickelsen, J. and Link, G. (1993). The 54 kDa RNA-binding
protein from mustard chloroplasts mediates endonucleolytic
transcript 3' end formation in vitro. Plant J. 3, 537-544.
Nivison, H. T., Fish, L. E. and Jagendorf, A. T. (1986). Translation
by isolated pea chloroplasts. In Methods in Enzymology, (182) A.
Weissbach and H. Weissbach, eds. (New York: Academic Press) ,
pp.282·295.
Ogden, R. C., Knapp, G., Peebles, C. L., Kang, H. S., Beckmann, J.
S., Johnson, P. F., Fuhrman, S. A. and Abelson, J. N. (1980).
Enzymatic removal of intervening sequences in the synthesis of
yeast tRNAs. In Transfer RNA: Biological Aspects, D. SolI, J. N.
Abelson and P. R. Schimmel, eds. (Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory) , pp. 173-190.
Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T., Sano,
S., Umesono, K., Shiki, Y., Takeuchi, M., Chang, Z., Aota, S.,
Inokuchi, H. and Ozeki, H. (1986). Chloroplast gene sequence

196

deduced from the complete sequence of liverwort Marchantia
polymorpha chloroplast DNA. Nature 322, 572-574.
Oommen, A., Li, X. and Gegenheimer, P. (1992). Cleavage
specificity of chloroplast and nuclear tRNA 3'-processing
nucleases. Molec. and Cell. BioI. 12, 865-875.
Osiewacz, H. D. and Esser, K. (1984). The mitochondrial plasmid
of Podospora anserina: A mobile intron of a mitochondrial gene.
Curro Genet. 8, 299-305.
Pace, N. R. and Smith, D. (1990). Ribonuclease P: function and
variation. J BioI Chem. 265, 3587-3590.
Pace, N. R., Smith, D. K., Olsen,G. J. and James, B. D. (1989).
Phylogenetic comparative analysis and the secondary structure of
ribonuclease P RNA--a review. Gene 82, 65-75.
Palmer, J. D. (1985). Comparative organization of chloroplast
genomes. Ann. Rev. Genet. 19, 325-354.
Reed, R. E., Baer, M. F., Guerrier, T. C., Donis, K. H. and Altman,
S. (1982). Nucleotide sequence of the gene encoding the RNA
subunit (M1 RNA) of ribonuclease P from Escherichia coli. Cell 30,
627-636.
Reich, C., Gardiner, K. J., Olsen, G. J., Pace, B., Marsh, T. L. and
Pace, N. R. (1986). The RNA component of the Bacillus subtilis
RNase P. Sequence, activity, and partial secondary structure. J.
BioI. Chem. 261, 7888-7893.
Reich, C., Olsen, G. J., Pace, B. and Pace, N. R. (1988). Role of the
protein moiety of ribonuclease P, a ribonucleoprotein enzyme.
Science 239, 178-181.
Robertson, H. D., Altman, S. and Smith, J. D. (1972). Purification
and properties of a specific Escherichia coli ribonuclease which
cleaves a tyrosine transfer ribonucleic acid presursor. J. BioI.
Chem.247, 5243-5251.
Robertson, H. D., Pelle, E. G. and McClain, W. H. (1980). RNA
processing in an Escherichia coli strain deficient in both RNAse P
and RNase III. In Transfer RNA: Biological Aspects, D. SolI, J. N.
Abelson and P. R. Schimmel, eds. (Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory), pp. 107-122.

197

Sakano, H. and Shimura, Y. (1975). Sequential processing of
precursor tRNA molecules in Escherichia coli. Proc. Natl. Acad.
Sci. 72, 3369-3373.
Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular
Cloning A Laboratory Manual. Cold Spring Harbor, New York:
Cold Spring Harbor Press.
Schedl, P. and Primakoff, P. (1973). Mutants of Escherichia coli
thermosensitive fer the synthesis of transfer RNA. Proc. Natl.
Acad. Sci. 70, 2191.
Schedl, P., Primakoff, P. and Roberts, J. (1975). Processing of E.
coli tRNA precursors. Brookhaven Symp. BioI. 26, 53-76.
Schedl, P., Primakoff, P. and Roberts, J. (1976). In
processing of E. coli tRNA precursors. Cell 8, 581-594.

vitro

Schon, A., Krupp, G., Gough, S., Berry, L. S., Kannangara, C. G.
and SoIl, D. (1986). The RNA required in the first step of
chlorophyll biosynthesis is a chloroplast glutamate tRNA. Nature
322, 281-284.
Seidman, J. G. and McClain, W. H. (1975). Three steps in
conversion of large precursor RNA into serine and proline transfer
RNAs. Proc. Nat!. Acad. Sci. 72, 1491-1495.
Shimura, Y. and Sakano, H. (1977). Processing of tRNA precursors
in Escherichia coli. In Nucleic acid-protein recognition, H. J.
Vogel, ed. (New York: Academic Press) , pp. 293.
Shimura, Y., Sakano, H. and Nagawa, F. (1978). Specific
ribonucleases involved in processing of tRNA precursors of
Escherichia coli: Partial purification and some properties. Eur. J.
Biochem. 86, 267.
Shinozaki, K., Ohme, M., Tanaka, M., Wakasugi, T., Hayashida,
N., Matsubayashi, T., Zaita, N., Chunwongse, J., Obokata, J.,
Yamaguchi-Shinozaki, K., Ohto, C., Torazawa, K., Meng, B. Y.,
Sugita, M., Deno, H., Kamogashira, T., Yamada, K., Kusuda, J.,
Takaiwa, F., Kato, A., Tohdoh, N., Shimada, H. and Sugiura, M.
(1986). The complete nucleotide sequence of the tobacco
chloroplast genome: its gene organization and expression. EMBO
J.5, 2043-2049.
Shinozaki, K. and Sugiura, M. (1986). Organization of chloroplast
genomes. Adv Biophys. 21, 57-78.

198

Smith, D. and Pace, N. R. (1993). Multiple magnesium ions in the
ribonuclease P reaction mechanism. Biochemistry 32, 5273-5281.
SolI, D. (1993). Transfer RNA: An RNA for All Seasons. In The
RNA World. (Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press) ,pp. 157-184.
Stark, B. C., Kole, R., Bowman, E. J. and Altman, S. (1978).
Ribonuclease P: An enzyme with an essential RNA component.
Proc. Natl. Acad. Sci. USA. 75, 3713-3721.
Steinberg, S., Misch, A. and Sprinzl, M. (1993). Compilation of
tRNA sequences and sequences of tRNA genes. Nucl. Acids Res.
21, 3011-3015.
Steinmetz, A. and Weil, J. H. (1986). Isolation and
characterization of chloroplast and cytoplasmic transfer RNAs. In
Methods in Enzymology, (118) A. Weissbach and H. Weissbach,
eds. (New York: Academic Press), pp. 212-231.
Steitz, T. A. and Steitz, J. A. (1993). A general two metal ion
mechanism for catalytic RNA. Proc. Natl. Acad. Sci. USA. 90,
6498-6502.
Stern, D. B. and Gruissem, W. (1987). Control of plastid gene
expression: 3' inverted repeats act as mRNA processing and
stabilizing elements, but do not terminate transcription. Cell 51,
1145-1157.
Stern, D. B. and Gruissem, W. (1989). Chloroplast messenger
RNA 3' end maturation is biochemically distinct from prokaryotic
messenger RNA processing. Plant Mol. B. 13, 615-625.
Stern, D. B., Jones, H. and Gruissem, W. (1989). Function of
plastid mRNA 3' inverted repeats. RNA stabilization and genespecific protein binding. J. BioI. Chem. 264, 18742-18750.
Stevenson, J. K. (1994) Transcription and Intercistronic RNA
Processing of Polycistronic Operons of the Euglena gracilis
chloroplast. Ph.D. dissertation, University of Arizona, Tucson,
Arizona.
Stevenson, J. K. and Hallick, R. B. (1994). The psaA operon premRNA of the Euglena gracilis chloroplast is processed into
photosystem I and II mRNAs that accumulate differentially
depending on the condition of cell growth. Plant J. 5, 247-260.

199

Sugita, M., Shinozaki, K. and Sugiura, M. (1985). Tobacco
chloroplast tRNALyS(UUU) gene contains a 2.5-kilobase pair
intron: An open reading frame and a conserved boundary sequence
in the intron. Proc. Natl. Acad. Sci. 82, 3557-3561.
Sullivan, H. S., Young, L. S., White, C. N. and Sprague, K. U.
(1994). Silk gland-specific tRNA(Ala) genes interact more weakly
than constitutive tRNA (Ala) genes with silkworm TFIIIB and
polymerase III fractions. Mol. Cell. BioI. 14, 1806-1814.
Tewari, K. K. and Goel, A. (1983). Solublization and partial
purification of RNA polymerase from pea chloroplasts.
Biochemistry 22, 2142-2148.
Tsudzuki, J, Ito, S., Tsudzuki, T., Wakasugi, T. and Sugiura, M.
(1994). A new gene encoding tRNA pro (GGG) is present in the
chloroplast genome of black pine: a compilation of 32 tRNA genes
from black pine chloroplasts. Curro Genet. 26, 153-158.
Wang, M. J., Davis, N. W. and Gegenheimer, P. (1988). Novel
mechanisms for maturation of chloroplast transfer RNA
precursors. EMBO. 7, 1567-1574.
Waugh, D. S., Green, C. J. and Pace, N. R. (1989). The design and
catalytic properties of a simplified ribonuclease P RNA. Science
244, 1569-1571.
Weiner, A. M. and Maizels, N. (1987). tRNA-like structures tag
the 3' ends of genomic RNA molecules for replication:
Implications for the origin of protein synthesis. Proc. Natl. Acad.
Sci. USA. 84, 7383-7387.
Werner, C., Krebs, B., Keith, G. and Dirheimer, G. (1976). Specific
cleavages of pure tRNAs by plumbous ions. Biochim. Biophys.
Acta. 432, 161-175.
Westhoff, P. and Herrmann, R. G. (1988). Complex RNA
maturation in chloroplasts. The psbB operon from spinach. Eur. J.
Biochem. 171, 551-564.
Whitfeld, P. R. and Bottomley, W. (1983). Organization and
structure of chloroplast genes. Ann Rev Plant Physiol. 34, 279310.

200

Wise, C. A. and Martin, N. C. (1991). Dramatic size variation of
yeast mitochondrial RNAs suggests that RNase P RNAs can be
quite small. J. BioI. Chem. 266, 19154-19157.
Woese, C. R. (1987). Bacterial evolution. Microbiol. Rev. 51, 221271.
Yamaguchi-Shinozaki, K., Shinozaki, K. and Sugiura, M. (1987).
Processing of precursor tRNAs in a chloroplast lysate. FEBS Lett.
215, 132-136.
Yepiz-Plascencia, G. M., Radebaugh, C. A. and Hallick, R. B.
(1990). The Euglena gracilis Chloroplast Rpob Gene - Novel Gene
Organization and Transcription of the RNA Polymerase Subunit
Operon. Nucl. Acids Res. 18, 1869-1878.
Yokoyama, S. and Nishimura, S. (1993). Structures of modified
nucleosides found in tRNA. In Transfer RNA, D. SolI and U. L.
RajBhandary, eds. (Washington, D. C.: American Society for
Microbiology) , pp.
Young, L. S., Dunstan, H. M., White, P. R., Smith, T. P., Ottonello,
S. and Sprague, K. U. (1991). A class III transcription factor
composed of RNA. Science. 252, 542-546.
Yuan, Y., Tan, E. and Reddy, R. (1991). The 40-kilodalton to
autoantigen associates with nucleotides 21 to 64 of human
mitochondrial RNA processingl7-2 RNA in vitro. Mol. Cell. BioI.
11, 5266-5274.

