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ABSTRACT All sequenced histidine tRNAs have one addi-
tional nucleotide at the 5' end when compared to other tRNA spe-
cies. Sequence analysis of histidine tRNA genes from Drosophila
melanogaster and Schizosaccharomyces pombe showed that the
terminal guanylate residue of the mature tRNAs is not encoded
by the genes. Analysis of the products from in vitro transcription
of these genes in extracts from Drosophila Kc cells demonstrated
that the 5'-terminal nucleotide present in the mature tRNA is
added post-transcriptionally. The addition reaction requires ATP.
A portion of the mature tRNAs are then modified at the 5'-ter-
minal pG. Analysis of the RNA species formed during the in vitro
maturation of the Drosophila histidine tRNA primary transcript
uncovered the following maturation scheme: (i) the primary tran-
script is processed by RNase P at the 5' end to form an inter-
mediate precursor; (ii) the 3'-flanking sequence is endonucleolyti-
cally removed, and a guanylate moiety is added to the 5' end to
form mature-sized histidine tRNA; and (iii) a fraction ofthe 5'-ter-
minal guanylate residues then undergoes modification. In contrast
to the capping of eukaryotic mRNA, the guanylate addition to his-
tidine tRNA results in the formation of a (3'-5')-phosphodiester
bond. There are no precedents for the post-transcriptional addi-
tion ofnucleotides (in phosphodiester linkage) to the 5' end ofRNA
precursors.

Eukaryotic tRNAs are formed from precursor molecules that
contain a 5'-leader sequence, a 3'-flanking sequence and, in
some cases, an intervening sequence. The maturation of pre-
cursor RNAs is a multistep enzymatic process (1, 2). The 5'-
leader sequence is cleaved accurately by an endonuclease ac-
tivity similar to RNase P at a position seven bases upstream of
the constant uridine residue (position 8 of the mature tRNA)
(3, 4). After removal of the 3'-flanking nucleotides, the C-C-A
terminus of mature tRNA is added, and the intervening se-
quence, if present, is excised (5, 6). Nucleotide modification
occurs at various stages during the maturation process (7).

All histidine tRNAs of known sequence are one nucleotide
longer at the 5' end than are other tRNA species. Histidine
tRNAs that have been sequenced include species from prokary-
otic (8), eukaryotic (9, 10), and mitochondrial (11, 12) origin. It
was not previously clear whether the additional nucleotide at
the 5' end is formed by "aberrant" RNase P processing of the
tRNA precursor or by an unknown maturation reaction.

In this report we show that a novel post-transcriptional nu-
cleotide addition is responsible for the formation of the 5' ter-
minus of histidine tRNAs. We have investigated the maturation
in vitro of eukaryotic histidine tRNA, making use of cloned
Drosophila melanogaster and Schizosaccharomyces pombe his-
tidine tRNA genes. We discovered that the 5'-terminal nu-
cleotide of histidine tRNA from D. melanogaster and S. pombe

is not encoded in the respective genes but is added post-
transcriptionally.

MATERIALS AND METHODS
General. Enzymes were obtained from commercial sources

and used as described by the suppliers. [y-32P]ATP was pre-
pared as described (13). Guanosine, guanosine 5'-[a,/3-meth-
ylene]triphosphate (pp[CH2]pG), cGMP, and GTP were ob-
tained commercially.

Plasmid DNA. A 1. 1-kilobase DNA fragment (BamHI/
HindIII) was isolated from the D. melanogaster DNA insert
contained in plasmid p38B10 (14). This fragment hybridized to
Drosophila histidine tRNA and was cloned into pBR322, form-
ing plasmid p48FHis. The plasmid pYM7.2 (15) contains a 271-
base pair S. pombe DNA fragment (with HindIll and BamHI
ends) cloned into pBR322. Covalently closed circular plasmid
DNA was prepared by standard methods (16). DNA sequence
determination was performed by the method of Maxam and
Gilbert (17).

In Vitro Transcription of Cloned tRNA Genes and Analysis
of RNA Products. DNA from plasmids p48FHis and pYM7.2
was transcribed in a Drosophila Kc cell extract (18). The tran-
scription products were resolved by electrophoresis on thin
polyacrylamide gels (19); 5'-end analysis ofthe eluted RNAs was
carried out by digestion with RNase T2 and RNase A. The hy-
drolysates were analyzed by polyethyleneimine (PEI)-cellu-
lose thin-layer chromatography by using 1 M ammonium for-
mate (pH 3.5) (20) or 0.75 M potassium phosphate (pH 3.5) as
the solvent. Two-dimensional oligonucleotide mapping ofRNA
transcripts was carried out by standard methods (21). Separation
in the first dimension was by electrophoresis at pH 3.5 on cel-
lulose acetate; separation in the second dimension was by hom-
ochromatography on PEI-cellulose thin-layer plates (22).

Guanylate-Addition Reaction. RNA isolated from transcrip-
tion reactions was reincubated at 240C for 90 min under tran-
scription reaction conditions (30 mM Hepes-KOH, pH 8.0/3
mM dithiothreitol/8 mM creatine phosphate/100 mM KC1/3
mM MgCl2) in nucleotide-depleted Drosophila Kc cell extract
with supplemental nucleotides or nucleoside triphosphates (0.5
mM). The reaction volume was 40 ,ul. Nucleotide-depleted ex-
tract was prepared by chromatography of the supernatant from
centrifugation of the Drosophila Kc cell extract at 100,000 X
g (S-100) on DEAE-Sephadex A-25 and CM-Sepharose 6B (D.
L. Johnson, personal communication). The chromatographed
extract was dialyzed against 20mM Hepes-KOH, pH 7.9/5 mM
MgCl2/2 mM dithiothreitol/0. 1 mM EDTA/20% glycerol/
100 mM KCI and stored in liquid nitrogen. Separation of or-

Abbreviations: pp[CH2]pG, guanosine 5'-[a,,B3methylene]triphosphate;
PEI, polyethyleneimine.
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5' -CACCCGATGTkiCCGTGATCGTCTAGTGGTTAGGACCCCACGTTGTGGCCGTGGTAACCCAGGTTCGAATCCTGGTCACGGCA TGTTGAAACAAACATTGTCACGGAGTTGGGTATTTTTTTACA-3'
_a

SP 5 '-CTACTGTACT*CTCACATGGTC CAGTGGTTAAGAC TCATCGTTGTGGCCGATGCGAC CCAGGTTCGATTCCTGGTGTGGGCA.GTTTATTTATMTTTTGTTTAAATTATTAATTACTTGTATA-3 '
* _

FIG. 1. DNA sequences of the noncoding strand of histidine tRNA genes from Drosophila (DM) and S. pombe (SP). The mature tRNA coding
sequences are boxed. Transcription initiation sites are indicated by dots and the termination sequences by wavy lines.

thophosphate from pG was required to quantitate the addition
reaction and was performed by thin-layer chromatography with
Avicel cellulose (2-propanol/concentrated HCI/water, 70:15:15,
vol/vol).

RESULTS
Histidine tRNA Gene Sequences. The nucleotide sequence

of the Drosophila histidine tRNA gene contained on the plasmid
p48FHis was determined by standard methods (17) and is shown
in Fig. 1 together with the S. pombe histidine tRNA gene se-
quence present on the plasmid pYM7.2 (15). The mature tRNA
coding sequences are 75% homologous and contain no inter-
vening sequences.

In Vitro Transcription of Histidine tRNA Genes. Efficient
transcription of the cloned histidine tRNA genes was obtained
in an extract from Drosophila Kc cells (18). RNA transcripts
formed were resolved by polyacrylamide gel electrophoresis
(Fig. 2). From a calculation of the length of the transcripts and
from 5'-end analysis (see below), the following conclusions (con-
firmed by two-dimensional chromatography) were reached.
The primary transcript of the Drosophila gene initiates with
pppA at position -5 in the gene sequence (Fig. 1) and has a
length consistent with termination at the site indicated in Fig.
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1. The primary transcript contains both 5'- and 3'-flanking se-
quences. The 5'-flanking nucleotides found in the primary tran-
script were removed in the Drosophila intermediate precursor
RNA. The mature-sized tRNA is formed after endonucleolytic
removal of the 3'-flanking nucleotides from the intermediate
precursor. These intact, 3'-flanking sequence fragments are
noted in Fig. 2. The array of primary transcripts transcribed
from the S. pombe clone correspond in length to RNAs (initiated
at nucleotide -6 in the gene) that have terminated at different
sites in the termination region (see Fig. 1).

5'-End Analysis ofRNA Transcription Products. RNA tran-
scripts were eluted from gel slices and digested with RNase T2
and RNase A. The nucleoside 5'-triphosphate 3'-monophos-
phates liberated from the 5' terminus of the primary transcript
were identified by thin-layer chromatography. By using tran-
scripts formed in the presence of different nucleoside [a-
32P]triphosphates, it was possible to determine the exact RNA
initiation site based on the known DNA sequence (Fig. 1). The
Drosophila tRNA gene primary transcript initiates with pppA
(at position -5), and the S. pombe RNA, with pppG (at position
-6). The 5'-terminal nucleotides of processed RNAs (inter-
mediate precursor and mature-sized tRNA) were also identified
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FIG. 2. In vitro transcription of histidine tRNA genes in Drosoph-
ila Kc cell extract. Autoradiograms of gel electrophoretic separations
of RNA transcribed from plasmids p48FHis (Drosophila clone, DM)
and pYM7.2 (S. pombe clone, SP). [a-32P]GTP was used as the source
of radiolabel.
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FIG. 3. Characterization of the 5' end of RNA transcribed from
p48FHis DNA. Autoradiogram of RNA digestion products separated
by PEI-cellulose thin-layer chromatography. Intermediate precursor
(lane 1) and mature-sized tRNA (lane 2) were digested with RNase T2
and RNase A.
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by thin-layer chromatography (Fig. 3). The Drosophila inter-
mediate precursor RNAs have pGp at the 5' end, as do those
from S. pombe (data not shown), whereas the mature-sized RNA
is heterogeneous, containing either pGp or a modified pGp at
the 5' end. The nature of the modification is not known.

Two-Dimensional Oligonucleotide Mapping of Processed
RNAs. Intermediate precursor and mature-sized Drosophila
tRNA and mature-sized S. pombe tRNA were digested with
RNase A and subjected to two-dimensional oligonucleotide
mapping (Fig. 4). Secondary analysis identified the oligonu-
cleotides containing the 5' ends ofRNA transcripts. These oli-
gonucleotides and their sequences are indicated in Fig. 4. The
5'-terminal sequence ofthe Drosophila intermediate precursor
is pGpCp, which corresponds to positions 1 and 2 of the DNA
sequence (Fig. 1). We conclude that the intermediate precursor
RNA is an RNase P cleavage product of the primary transcript.
The two-dimensional maps of the mature-sized RNA of Dro-
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sophila and S. pombe showed three 5'-terminal oligonucleo-
tides (see Fig. 4 B and C). Approximately 5% of the molecules
contained pGpCp at the 5' end, the same 5' end as in the in-
termediate precursor. The remaining molecules had a pGp-
GpCp terminus, and approximately 70% of these contained a
modified 5' pG. This analysis demonstrates that a pG moiety
is added to the 5' end of the intermediate precursor and that,
in our extract, a portion ofthe histidine tRNA population is then
modified at the 5' pG.

Nucleotide Requirements for Guanylate Addition to Histi-
dine tRNA. The nucleotide requirements for addition of a
guanylate residue were investigated by reincubation ofpurified
Drosophila primary transcript RNA (formed in the presence of
[a-32P]GTP) in a nucleoside triphosphate-depleted Drosophila
extract. The reactions were supplemented with guanosine de-
rivatives (Fig. 5). Additional radioactivity was not included in
these reactions. Processing of the primary transcript by RNase
P without guanylate addition results in the 5'-terminal se-
quence pGpCp ..., where the radioactive phosphate is at the
5' terminus. Guanylate addition will form pGpGpCp ..., where
the labeled phosphate is located internally.

After incubation of purified intermediate precursor RNA
(data not shown) or of primary transcript RNA in the extract,
mature-sized tRNA was resolved by polyacrylamide gel elec-
trophoresis (Fig. 5). The mature-sized tRNAs have slightly dif-
ferent mobilities, possibly due to incomplete C-C-A addition
at the 3' terminus. After RNase T2 digestion of the mature-
sized tRNA; the 5'-terminal nucleotides were isolated. To dis-
tinguish between the two possible 5' termini (pGp and pGp),
the pGp residues arising from the 5' termini were digested with
nuclease P1 to hydrolyze the 3' phosphate. The pG and ortho-
phosphate formed were separated as described. Occurrence of
[32P]orthophosphate indicates that guanylate addition has oc-
curred in the mature-sized tRNA (pG*GpCp ...), whereas the
presence of [32P]GMP (DG) indicates that addition has not
occurred.

After autoradiography, the amount of radioactivity in the
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FIG. 4. Two-dimensional chromatographic analysis of RNase A
digests of transcription products. (A) Drosophila intermediate precur-
sor RNA labeled with [a-32P]CTP; (B) Drosophila mature-sized tRNA
labeled with [a-32P]GTP. (C) S. pombe mature-sized tRNA labeled with
[a-32P]GTP.

FIG. 5. Autoradiogram of gel electrophoretic separation of RNA
processing products. Drosophila histidine tRNA primary transcript
labeled with [a.32P]GTP was processed in nucleoside triphosphate-de-
pleted Drosophila Kc cell extract. Supplements to the extract are in-
dicated at the top of each lane. The control lane contains products of
a Drosophila histidine tRNA gene transcription reaction as size mark-
ers (in base pairs). The 5'-terminal nucleotides of the RNAs were de-
termined as described.
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Table 1. Analysis of guanylate addition reaction in nucleoside
triphosphate-depleted Drosophila extract supplemented with
various compounds

Supplements % addition
None 9
ATP 12
GTP 10
ATP + GTP 61
ATP + GMP 66
ATP + guanosine 46
ATP + pp(CH2]pG 17
ATP + cGMP 49

phosphate and pG spots was quantitated. Percentage ofaddition
ofpG was calculated as the amount ofphosphate divided by the
amount of phosphate plus pG. The results of this experiment
CTable 1) demonstrate that the addition reaction requires ATP
(presumably as an energy source) and a guanosine substrate.

DISCUSSION
We have studied the in vitro maturation of the 5' end of Dro-
sophila and S. pombe histidine tRNA, making use of in vitro
transcription of cloned tRNA genes. Transcription of the genes
initiates with a purine as is generally the case in tRNA gene
transcription (23). However, the long transcribed 3' flank ofthe
Drosophila gene is an unusual feature in tRNA gene organi-
zation. Analysis of the in vitro transcripts (see RNAs in Fig. 2)
demonstrates that the 5'-leader sequence is removed before the
3'-flanking sequence. Analysis ofthe 3' fragments indicates that
an endonucleolytic cleavage occurs at the 3' end of the mature
coding sequence and that transcription termination occurs pref-
erentially at two of the seven thymidylate residues in the ter-
minator (D. Frendewey, personal communication).

The nucleotide sequence of the Drosophila histidine tRNA
gene predicts that the extra nucleotide at the 5' terminus ofthe
corresponding tRNA will be pA. However, Altwegg and Kubli
(9) found the extra nucleotide to be pG. We provide experi-
mental evidence that, at least in vitro, the 5'-terminal guanylate
residue in Drosophila and S. pombe mature histidine tRNAs
is added post-transcriptionally. Post-transcriptional guanylate
addition to the 5' end of tRNA has not been observed with any
other cloned tRNA genes transcribed in Drosophila Kc cell ex-
tract (ref. 18; unpublished observations) or in Xenopus and
HeLa cell extracts. It appears that the reaction is specific for
histidine tRNAs.

The proposed sequence of enzymatic steps involved in the
formation of the 5' terminus of histidine tRNAs is shown in Fig.
6. The RNA sequence of the primary transcript corresponds to
the DNA sequence. The 5'-flanking sequence of the precursor
tRNA is removed, most probably by an RNase P activity, at the
site where all other tRNAs have their mature 5' end. Although
we do not know whether this nuclease is RNase P in Drosophila,
we have converted the Drosophila histidine tRNA gene primary
transcript in vitro, using purified S. pombe RNase P (4), to an
RNA identical to the intermediate precursor RNA. In a reaction
that requires ATP, a guanosine derivative is linked through a
(3'-5')-phosphodiester bond to the 5'-terminal nucleotide ofthe
intermediate precursor. In a fraction of the mature histidine
tRNAs, this added residue undergoes modification. The addi-
tion reaction occurs after removal ofthe 3'-flanking nucleotides
because the Drosophila intermediate precursor tRNA (Fig. 2)
is not matured at the 5' end (shown in Fig. 6). However, it re-
mains to be determined whether guanylate addition precedes
or follows the addition of the 3'-terminal C-C-A sequence.
The role of the ATP, which is required for addition of a guan-

pppApUpGpUpApGpCpCp . . .

RNase P

pGpCpCp ...

ATP
G addition

G source

pGpGpCpCp-...

Modification

pGPGpCpCp ...

Primary transcript

Intermediate precursor

Mature sized tRNA

Mature tRNA

FIG. 6. Scheme of reactions involved in the maturation of the 5'
end of Drosophila histidine tRNA.

ylate residue (Table 1), is not clear. Conceivably ATP is needed
to activate the phosphomonoester at the 5' end of the inter-
mediate precursor tRNA. GTP does not serve as an energy
source for the addition reaction. The structure of the guanylate
moiety that is added is also not known. The -failure of the non-
hydrolyzable GTP analog pp[CH2]pG to support addition im-
plies that the initial step is not addition of guanosine 5'-tri-
phosphate. As expected, GMP (pG) is a good substrate in the
addition reaction. Although guanosine serves as a source for the
added guanylate residue, it might require 5'-phosphorylation
in the cell extract before it is able to serve as a substrate in the
guanylate addition reaction. Because cGMP supported the ad-
dition reaction, cGMP may be an intermediate substrate for
guanylate addition. However, it is likely that cGMP was hy-
drolyzed to form GMP, which is a substrate for the addition
reaction.
The recent findings by Cech et aL (24) of a series of phos-

photransfer reactions involved in splicing Tetrahynena rRNA
precursors led us to consider the possibility that the guanylate
addition reaction of histidine tRNA is coupled to the cleavage
ofthe 5'-leader sequence in a concerted reaction. However, this
mechanism is unlikely for the guanylate addition reaction be-
cause the primary histidine tRNA transcript can be converted
by RNase P into the intermediate precursor tRNA, which was
shown to be a substrate for guanylate addition.
The nature of the guanylate modification is unclear. Two-

dimensional chromatographic comparison of the isolated mod-
ified pGp (see Fig. 3) with authentic standards shows that the
modification is not simply m'G, m2G, or m7G. Preliminary data
show that the 5'-terminal phosphate ofthe tRNA formed in vitro
is insensitive to phosphomonoesterase treatment. Therefore,
it appears that the phosphate is modified. The guanosine may
also be modified. Modification of the 5' guanylate was not ob-
served during sequence analysis of Drosophila histidine tRNA
(9), although the published data do not rule out this possibility.
However, histidine tRNA from HeLa and mouse cells contains
a modified guanylate residue at the 5' terminus (25). Thus,
modification of the 5'-terminal nucleotide of histidine tRNA
does occur in vivo in some organisms.

It has been known for several years that histidine tRNAs pos-
sess one additional nucleotide at the 5' end when compared to
other tRNAs. The sequence data (26) on prokaryotic and eu-
karyotic tRNAs reveal that, with the possible exception of bac-
teriophage T5-encoded histidine tRNA, the extra nucleotide is
guanylic acid. The extra nucleotide is base-paired in prokaryotic
and organelle tRNAs but not in eukaryotic cytoplasmic tRNAs.
In addition to the gene sequences from Drosophila and S.
pombe reported here, histidine tRNA genes have been se-
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quenced from Euglena (M. J. Hollingsworth and R. B. Hallick,
personal communication) and maize (27) chloroplasts, S. cere-
visiae (28, 29) and Neurospora (12) mitochondria, and E. coli
(L. M. Hsu, personal communication). In the organelle and
prokaryotic histidine tRNA genes, the 5'-terminal tRNA se-
quence and the gene sequence correspond. It will be interest-
ing to learn whether in these organisms, guanylate addition
takes place or whether an "aberrant" RNase P cleavage gives
rise to the 5' terminus of the histidine tRNAs.

It seems reasonable to postulate that the unusual structure
at the 5' end of histidine tRNA serves a specific purpose in the
cell. The Drosophila histidine tRNA sequenced by Altwegg and
Kubli (9), which does not contain a modification of the 5'-ter-
minal guanylate residue, was identified by aminoacylation.
Therefore, it is possible both histidine tRNAs, modified and
unmodified at the 5'-terminal nucleotide, are present in vivo
and that only the tRNA unmodified at the 5'-guanylate residue
is aminoacylated and functional in translation. Another function
of histidine tRNA may be regulated by the extent to which the
histidine tRNA population in vivo is modified at the extra 5'
nucleotide.
Note Added in Proof. Han and Harding (30) have determined the se-
quence ofa histidine tRNA gene from mouse. The DNA sequence con-
tains a cytidylate residue at the position that corresponds to the 5'-ter-
minal unpaired guanylate residue present in the homologous tRNA (25).
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Sharp, T. Dingermann, and D. DeFranco for many helpful comments
and critical reading of the manuscript. This work was supported by
grants from the National Institutes of Health and from the National
Science Foundation. B.A. was a Deutsche Forschungsgemeinschaft
Postdoctoral Fellow.
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