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ABSTRACT

Cloned Drosophila melanogaster tRNA genes have been transcribed in a
homologous cell-free extract isolated from a Schneider II cell line. The
major product of the reaction is a tRNA precursor which is processed to a
tRNA sized species. The kinetics of transcription has been followed for 5
different valine tRNA gene clones. The results demonstrate formation of a
stable transcription complex with at least two kinetic steps. While the
rate of formation of the transcription complex is similar for different
clones, the ultimate rate of transcription varies dramatically. Comparison
of the DNA sequence of the tRNA genes suggests that rate determining nucleo-
tides lie outside the canonical tRNA split-internal promoters.

INTRODUCTION

To identify the components essential for gene expression, cell-free
transcription systems in which purified DNA templates can be selectively
transcribed have been developed. RNA polymerase III cell-free transcrip-
tion systems have been prepared from Xenopus oocytes 1), Xenopus kidney
cells (2), human KB cells (2,3), mouse plasmacytoma cells (2), HeLa cells
(4), Bombyx mori posterior silk glands and ovaries (5), and Drosophila Kc
cells (6). These extracts accurately transcribe 5S RNA (1,2,6), tRNA (5,
6,7) and VA RNA (2,3,4,6) genes as well as the Alu family of DNA sequences
(8,9).

Fractionation of such cell-free extracts has indicated that there are at
least two factors required for tRNA transcription (10) and at least one other
factor required for 5S RNA transcription (11,12,13). 1In the case of 5S RNA
transcription, one of the components has been shown to form a stable complex
with the DNA and has been implicated in control of 5S RNA gene expression
(13).

DNA sequences required for transcription of tRNA genes have been in-
vestigated by deleting or altering nucleotides in the genes. Deletions

originating at either 5' or 3' end have demonstrated that two internal
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regions of the tRNA coding sequence (the split-promoter) are required (5,
14-17). Nucleotides outside the split-promoter can affect the rates of
transcription and the positions of such nucleotides have been set both
within the tRNA coding region (17) and in the 5' flanking sequences (4,
5,18). The sequences which alter the rates of transcription are poten-
tial targets for regulation of tRNA gene expression.

In this paper we report the characterization of a cell-free trans-
cription system from Drosophila Schneider II cells which accurately tran-
scribes a number of different cloned Drosophila tRNA genes.

MATERIALS AND METHODS

Cell culture. Drosophila Schneider II cells (obtained from C. Laird,

U. of Washington) were grown in glass rolling bottles at room temperature
(22-25°C) in Drosophila medium (Gibco Lab.) supplemented with 13% fetal
bovine serum (Gibco Lab.) and 50 ug/ml gentamycin (Sigma). Cells were
harvested at a cell density of approximately 0.5 - 1.0 x 107 cells/ml.
Plasmid DNA. The recombinant plasmids used are described in Fig. 5.
Plasmids pDt55-0.3 and pDt55-0.6 contain fragments isolated from pDt55
which contained two identical genes coding for tRNAZal. pDt55-0.3 contains
an 0.3 kb fragment bounded by nucleotides 54 and 371 and plasmid pDt55-0.6
carries a 0.6 kb fragment bounded by nucleotide 371 and a Hinfl R.endo-

nuclease site at approximately nucleotide 1000. DNA sequences of the
tRNAZal plasmids are reported in Addison et al. (19) and the sequence of
pDt78R has been completed (20). Plasmid DNA was prepared as described by
Larsen et al. (21). DNA was purified by two successive cesium chloride
equilibrium centrifugation steps.

Preparation of Drosophila cell-free extract (S.100). Cells were
harvested by centrifugation and washed three times with 30 mM Tris-HC1

(pH 7.9), 120 mM KC1, 5 mM MgCl2 and 0.5 mM DTT. The centrifuged cell

pellet was weighed and the cells were resuspended in 2 volumes (1 volume =
1 gm packed cell weight) of a hypotonic buffer [10 mM Tris*HC1 (pH 7.9),

10 mM KC1l, 1.5 mM M3012 and 0.5 mM DTT]. The cells were allowed to swell
for 1 hour on ice and then were broken by 12 strokes of a B-type Dounce
homogenizer (cell lysis was generally greater than 95%. To the lysate was
added 0.125 cell volume of 0.23 M Tris°*HCl (pH 7.9), 1.27 M KC1l, 0.04 MgCl2
and 0.5 mM DTT, and the lysate was centrifuged at 100,000 x g for 60 min
(2,3). The supernatant was collected, glycerol was added to a final con-

centration of 20% (v/v) and then stored in aliquots at -70°C.
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In vitro transcription and electrophoretic analysis of RNA. Tran-

scription reactions were performed in a final volume of 50 pl containing
20 mM Tris-HCl (pH 7.9), 80 mM KCl, 5 mM MgCl,, 3 mM DIT, 2.5 ug/ml a-
amanitin, 6 U/ml creatine phosphokinase, 5 mM creatine phosphate (6), 10%
glycerol, 60 uM each of the three unlabelled ribonucleoside triphosphates,
25 uM [a-32P]UTP (3-5 Ci/mmole), plasmid DNA and 25 pl Drosophila S-100
extract.

Transcription reactions were stopped by the addition of 2.5 ul of
2 mg/ml Proteinase K and sodium dodecyl sulfate (SDS) to 0.5%. After 30
min. at room temperature, the mixture was phenol extracted and ethanol pre-
cipitated. The RNAs were analyzed by electrophoresis on 10% polyacrylamide
gels containing 7 M urea. To determine the radioactivity in specific RNA
bands, the appropriate gel bands were excised using the autoradiographs as
templates and the Cerenkov radiation was measured.

RNA.DNA hybridization. pBR322, pDt4lR and pDt78R DNAs were bound to
cellulose nitrate filters (Schleicher and Schuell, BA85) and hybridization

reactions were carried out as described by Larsen et al. (21).

RNA-DNA hybridizations were performed in 1 ml of a buffer containing
20% formamide, 6XSSC (pH 7.0) and 0.1% SDS at 65°C for 24 hours. The
hybridization vial contained 2 blank, 2 pBR322 and either 2 pDt41R or 2
pDt78R filters (6XSSC in 0.9 M NaCl, 0.09 M sodium acetate).

The RNA used for hybridization was obtained from the appropriate ex-
cised gel bands by soaking them for 48 hrs. at 4°C in a solution containing
0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA and 0.1% SDS and

then ethanol precipitation.

RESULTS
Synthesis of distinct RNA species directed by plasmid DNA containing

Drosophila tRNA gene. The cell-free extract from Drosophila Schneider II

cells was tested for its ability to initiate specific transcription on an
exogenous template containing a tRNAgil gene. Fig. 1 shows the polyacryl-
amide gel electrophoresis of the RNAs synthesized by the extract. Incuba-—
tion with increasing concentrations of DNA containing a cloned tRNA gene
(lanes 3 to 8) resulted in the synthesis of two major products (designated
RNA-I and RNA-II) which were not present in a minus DNA control (lane 1) or
when pBR322 DNA was added (lane 2). The larger RNA, RNA-I, was the pre-
dominant product in transcription reactions. The size of RNA-I produced in

the reaction varied with the DNA template; for example, the RNA-I product
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o-12 3 4 5 S © RNA cpm hybridized % input cpm
species Vial 1 Vial 2 hybridized

pBR322 [pDt78R |pBR322 |[pDt78R | pDt78R |pDt41R
RNA-I 220| 7517 1471 5794 20.0| 15.5
RNA-II 159 | 1408 141 680 3.7 1.8
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Figure 1. Transcription of pDt78R and hybridization of in vitro products.

Left portion shows an autoradiogram of gel analysis of RNA products directed
by increasing concentrations of pDt78R DNA (lanes 3-8). Lane 1 shows endo-
genous transcrip&%gn and lane 2 shows transcription directed by pBR322 DNA.
Lane 9 is a tRNA marker. Right portion shows the results of hybridization
of isolated,RNA-f and RNA-II to nitrocellulose bound plasmid DNA. Each hybrid-
ization contained approximately 36,000 cpm of transcription product.

directed by pDt55-0.3 DNA was estimated to be 100 nucleotides long, while
the RNA-I product in Fig. 1 was 95 nucleotides. However, the size of
RNA-II, the smallest of the specific RNA products, was constant for all
DNA templates. Different templates showed different patterns of bands bet-
ween RNA-I and RNA-II and different ratios of RNA-I:RNA-II. Processing
experiments in which RNA-I was isolated from acrylamide gels and reincu-
bated with S-100 extract showed that RNA-I could be converted to RNA-II
(data not shown).

To demonstrate that RNA-I and RNA-II were copies of the tRNA gene,
labeled in vitro product directed by pDt78R was eluted from bands on poly-
acrylamide gels and hybridized to nitrocellulose bound pDt78R and pDt4l1R
plasmid DNA, both of which contain Drosophila tRNAgzl genes (20,22). Analysis
of heteroduplexes between pDt78R and pDt41R has shown that the only homology
in the Drosophila insert lies in the tRNA gene sequence (22). Thus, if RNA-I
and RNA-II were authentic tRNA transcripts, they should hybridize to both
pDt78R and pDt4lR DNAs. The result of one such hybridization analysis is
shown in Fig. 1. RNA-T hybridized to pDt78R and pDt41R DNAs 34 and 39 times
more than to their respective pBR322 controls. Therefore, most of the RNA
contained in the RNA-I band hybridized specifically to Drosophila DNA containing

tRNAggl gene. The efficiency of hybridization of RNA-II to pDt78R and pDt41R
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Figure 2. Time course assay with pDt55-0.3 as template. Inset: polyv 1
acrylamide gel of transcription products. Lane 1 contains 25I-tRNA a
marker. Reactions in lanes 2-14 were stopped after 10, 20, 30, 45, gO, 75,
90, 105, 120, 150, 180, 210 and 240 min. of incubation, respectively. Arrows
a, b and c designate the positions of RNA-I, intermediate RNA species and
RNA-II, respectively. The RNA bands were excised from the polyacrylamide gel,
the sum of the radioactivity present in bands a, b and ¢ was plotted against
time of incubation.

DNAs was about 5-8 fold lower than that of RNA-I. The reason for this is not
clear; it is possible that RNA-II has a greater secondary structure which
makes it less accessible for hybridization. The lower hybridization to pDt4lR
was not totally unexpected because detailed hybridization studies showed that
the efficiency of hybridization of purified tRNAgzl to pDt4lR DNA was 30-50%

lower than to pDt78R DNA (23).

Kinetics of transcription from cloned tRNA genes. To investigate the

rates of transcription directed by different templates, we first examined the
time course of RNA synthesis in detail. A typical time course of synthesis
is shown in Fig. 2. A distinct lag was observed in the rate of synthesis
lasting approximately 30 min. Following the lag in the reaction, the rate of
synthesis was linear for up to two hours. All plasmids tested showed this

biphasic time course of synthesis. The length of the lag period was effective-
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Figure 3. Rates of transcription of
”’,,,—0 different recombinant plasmids
carrying tRNAY2! gene. Transcription
sol reactions containing varying amounts
of pDt55-0.3 (@ ), pDt78R ( W ),
pDt92R ( 0 ) and pDt120R ( O ).
The sum of the radioactivity present
in the major transcription products
was plotted against DNA concentration
expressed as gene equivalents. The
gene equivalent numbers were derived
by assuming that 0.1 ug of pDt55-0.3
contained 1 gene equivalent. Gene
{1 equivalents for the other plasmid
DNAs were derived by normalizing to
the molecular weight of pDt55-0.3 DNA.

Gene Equivalents

ly the same regardless of the slope of the linear portion of the synthesis
curve. The linear slope of the time course extrapolated to 20 min. on the
abscissa, indicating that an assembly step requiring approximately 20 min, is
necessary for the linear rate of transcription between 40 and 120 min.

The DNA dependence of the transcription reaction was investigated using a
90 min. reaction time since this was well within the linear portion of the time
course. The concentration of DNA yielding maximum tRNA transcription varied
between plasmids, hence we determined the DNA dependence of the rate of tran-
scription from the initial slope of the DNA curve (Fig. 3). The two tRNAZal
plasmids derived from pDt55 (22), pDt55-0.3 and pDt55-0.6 (data not shown)
transcribed at very high rates (2 x 104 dpm/ug DNA/min.). Plasmids pDt92R and
pDt120R carrying variant genes for tRNAZal (Fig. 5, 20) directed transcription

at rates 8 and o fold lower than pDt55-0.3, respectively. pDt78R (tRNAyal) was

3b
transcribed at a rate 3-4 fold lower than that of pDt55-0.3 (or pDt55-0.6).
Stability of the transcription complex. One possibility for the differ-

ence in transcription rates for the plasmids was that a complex required for

initiation of the linear rate of synthesis was more stable for some plasmids
than others. To examine this question, a complex stability experiment was
designed using pDt78R and pDt55-0.3 as templates. One of the two templates
was added at a concentration just below its optimum DNA concentration. At
increasing intervals, the second template was added and each reaction incubated
for an additional 90 min. The transcription products (RNA-I) were analyzed on

polyacrylamide gels (Figs. 4A and 4B).
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Figure 4. Stability of transcription complex. 0.8 pg of the first DNA was
incubated with the $-100 extract for 5, 10, 15, 20, 25, 30, 35, 45, 55, and
65 min. before 0.8 ug of the second DNA was added. All reactions were in-
cubated for 90 min. after addition of the second DNA. RNA-I directed by
pDt55-0.3 and pDt78R are indicated by a and b, respectively.

4A. (Left panel): pDt78R as the first DNA; pDt55-0.3 as the sec?nd DNA
(lanes 1-10, respectively). Lane 11: pDt78R alone; lane 12: 125I—tRNAaa mark-
er.

4B. (Right panel): pDt55-0.3 as the first DNA, pDt78R as the second DNA
(lanes 2-11). Lane 1: tRNA marker; lane 12: pDt55-0.3 alone.

When pDt78R was added to the reaction first, addition of pDt55-0.3 up to
15 min. later totally inhibited synthesis of the pDt78R primary product (Fig.
4A). After 20 min., addition of pDt55-0.3 DNA had no effect on pDt78R tran-
scription. When pDt55-0.3 was added to the reaction first, no synthesis of

of pDt78R was detected, regardless of when it was added to the reaction
(Fig. 4B).

DISCUSSION

Sequence dependence of transcription rate. The results presented in this

study showed considerable variation in the transcription rate from 5 different
Val

cloned Drosophila tRNAval genes. Two plasmids carrying genes for tRNA4
(pDt55-0.3 or pDt55-0.6) were transcribed 3-4 times more efficiently than the
DNA containing a tRNAgzl gene (pDt78R). The tRNA sequence in these plasmids

is identical to that of the isoacceptor species to which they have been assign-
ed (19,20). These are, therefore, bona fide tRNA genes, or are homologous to
bona fide tRNA genes (21). Two plasmids, pDt92R and pDt120R, which have coding

Val

sequences highly related but not identical to tRNA4 (Fig. 5319) were tran-—

cribed 8 and 6 fold less efficiently than pDt55-0.3, respectively. The tRNA
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A. 5' Flanking Sequences.

-40 -20 +1
pDt55-0.3  GGTCGCTGAAGTTGACCTCT CTGCCGCTTAAGTTTCAACT GTTT
pOt55-0.6  GTGECTCACAAGAGGCTCTT CGGACGGACTATATTCAACT 6TTT

DT8R ACTTTATAATATAGGTCTTE TGATGTCAGCACCGCCACAA GTTT
:g:;g:' TTATCTTAAATTGTCTATGA GGAAAACGTTCETCATCCGA GTTT

8. Internal Sequences.

+1 T
:g:gg:g-z GTTTCCGTGETGTAGCGGTT ATCACATCTGCCTAACACGC AGAAGGCCCCCGETTCGATC CCGGGCGGAAACAGETGATA AACTTTTTTTTTAGTTTTT

pOt78R GTTTCCGTAGTGTAGCEETT ATCACGTGTGCTTCACACEC ACAAGGTCCCCGETTCGAAC CCGEGCGEGAACATGCGATC CTTTTTGAATTAATTTATC
:::;g:' GTTTCCGTGETETAGTEETT ATCACATCCGCCTAACACEC GGAAGECCCCCGETTCAATC CCGGGCGGAAACAGTTGGAA TTTATTTTTTGCTAAATAT
Consensus Sequences
tRNA'E genes .. GTRETGTAGYGETT AAGG'CCCCGGTTCRA:C ({11178

Ciliberto et al. t o RGYNNARYGE.. .oeovnininnninnns caennnnnn nweTcRanN c.....
Wofstetter et al. ... .RGCGYAGTNG. . e ...CGETTCGATC CC6. ..
Sharp et al. e RNYNNRYNGE. . ooeutenneeenneeann eeeaaanns sehrcchur cc. ...

Figure 5. DNA sequences of coding regions egltRNAyal genes. Section A com-
pares the 5' flanking sequences of the tRNA genes. +1 denotes the first
nucleotide of the tRNA coding region and -40 is 40 nucleotides 5' to the
coding region. The difference between pDt92R and pDt120R at position =37 is
indicated.

Section B shows the DNA sequences of the tRNA coding regions of the
plasmids. The 5' and 3' ends of the coding regions are indicated by +1 and
T, respectively. DNA sequences are from references 19 and 20.

The proposed splegipromoter regions are shown along with the consensus
sequences in the tRNA genes for the indicated region. Abbreviations used
are R, purine; Y, pyrimidine; N, is any base.

sequence found in pDt92R and pDt120R is not present in any of the three major
tRNAVal species isolated from RPC-5 columns (20,24). Whether these variant
genes code for any of the minor isoacceptors or whether they are expressed in
vivo at all is not known.

Previous work on the sequences required for tRNA production has defined
two essential regions within the tRNA gene. The nucleotides in these regions
have been designated as the internal, split-promoter and have been localized
by three groups to lie within nucleotides 8 to 18 and 51 to 62 of the mature
tRNA sequence (15,16,17). The split-promoter regions of the tRNAVa1 genes we
have studied share a high degree of homology and correspond to the canonical
sequences (Fig. 5). The differences that exist in the split-promoter regions
of the tRNAval genes are found in positions which by consensus show flexibil-
ity. For example, base transitions at nucleotides 9, 16 and 57 occur where
all three canonical sequences indicate only purine or pyrmidine. At position
59 (base transversion), two of the three canonical sequences indicate any nu-
cleotide (N). We favour the interpretation that the difference in the rates
of transcription documented in Fig. 3 is primarily the result of sequences out-
side the tRNA coding region. Flanking sequences have been shown to affect the

rate of tRNA transcription by a number of previous studies (5,14,18). Searches
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of the nucleotides upstream from the valine tRNA genes have revealed no common
sequences ahead of either efficiently or poorly transcribed genes (Fig. 5;19,20).
Plasmids pDt55-0.3 and pDt55-0.6 which are both transcribed at very high rates
show very little homology beyond position -7. However, deletion of sequences
beyond position -18 in plasmid pDt55-0.3 and subsequent recloning into pBR322
decreased the transcription by two fold (Rajput et al., unpublished observa-
tions). This suggests that some modifying sequences are found beyond that

point.

Kinetics of tRNA transcription. The experiments reported above on the

rate of transcription give kinetic evidence for the multiple components of the
transcription complex. Data in Fig. 4 show that the transcription complex is
stable during the course of the reaction. Stable association of a specific
transcription factor has been shown for 5S RNA genes and has been implicated in
a mechanism for regulation of transcription of oocyte and somatic variants of
these genes (12,13).

The formation of the transcription complex appeared to be limited by a
rather slow event which required 20-30 min. for maximal completion. This time
was relatively constant regardless of the final rate of transcription. How-
ever, some component acted very quickly with pDt55-0.3 to form an exclusive
association. Thus, it appears that before RNA polymerase begins to accumulate
transcription products, at least two events must take place: 1) the formation
of the exclusionary complex (which was more rapid with pDt55-0.3 than with
pDt78R) and 2) the slower step leading to the complex needed to direct the
linear rate of transcription.

The cause for the differences in the linear rates of transcription between

different tRNA'A!

plasmids is so far unclear, but we would suggest two possibil-
ities. First, there may be sequence dependent effects on the turnover rate of
the polymerase caused by changes in elongation and termination as well as ini-
tiation. Second, it is possible that some component of the transcription com-—
plex other than the polymerase cycles after each initiation event; kinetics of
reassociation of this component could be dependent on the stable portion of the

complex and the DNA template sequence.

ACKNOWLEDGEMENTS

We thank J.B. Hudson and Linda Wilson for help with growing and maintaining
the Drosophila (Schneider II) cell line. This work was supported by grants from
B.C. Health Research Foundation, 63(80-1) and 68(81-1) to G.B.S. and R.C.M. and
from Medical Research Council, Canada 7364 to R.C.M.

6549



Nucleic Acids Research

*To whom correspondence should be addressed.

REFERENCES

1. Ng, S.Y., Parker, C.S. and Roeder, R.G. (1979) Proc. Natl. Acad.
Sci. USA 76, 136-140.

2. Weil, P.A., Segall, J., Harris, B., Ng, S.Y. and Roeder, R.G. (1979)
J. Biol. Chem. 254, 6163-6173.

3. Wu, G-J. (1978) Proc. Natl. Acad. Sci. USA 75, 2175-2179.

4. Fowles, D.M. and Shenk, T. (1980) Cell 22, 405-413.

5. Sprague, K.U., Larson, D. and Morton, D. (1980) Cell 22, 171-178.

6. Dingermann, T., Sharp, S., Appel, B., DeFranco, D., Mount, S.,
Heiermann, R., Pongs, Olaf and S511, D. (1981) Nucleic Acid. Res.
9, 3907-3918.

7. Robinson, R.R. and Davidson, N. (1981) Cell 23, 251-259.

8. Duncan, C.H., Jagadeeswaran, P., Wang, R.R.C. and Weissman, S.M.
(1981) Gene 13, 185-196.

9. Haynes, S.R. and Jelinek, W.R. (1981) Proc. Natl. Acad. Sci. USA
78, 6130-6134.

10. Segall, J., Matsui, T. and Roeder, R.G. (1980) J. Biol. Chem. 255,
11986-11991.

11. Engelke, D.R., Ng, S-Y., Shastry, B.S. and Roeder, R.G. (1980)

Cell 19, 717-728.

12. Bogenhagen, D.F., Wormington, W.M., Brown, D.D. (1982) Cell 28,
413-421,

13. Pelham, H.R.B., and Brown, D.D. (1980) Proc. Natl. Acad. Sci. USA
77, 4170-4174.

14. DeFranco, D., Schmidt, O. and S811, D. (1980) Proc. Natl. Acad.
Sci. USA 77, 3365-3368.

15. Hofstetter, H., Kressmann, A. and Birnstiel, M.L. (1981) Cell 24,
573-586.

16. Cilberto, C., Trabani, C. and Cortese, R. (1982) Proc. Natl. Acad.
Sci. USA 79, 1921-1925.

17. Sharp, S., DeFranco, D., Dingermann, T., Farrell, P. and S811, D.
(1981) Proc. Natl. Acad. Sci. USA 78, 6657-6661.

18. DeFranco, D., Sharp, S. and S511, D. (1981) J. Biol. Chem. 256,
12424-12429.

19. Addison, W.R., Ashell, C.R., Delaney, A.D., Gillam, I.C., Hayashi, S.,
Miller, R.C., Rajput, B., Smith, M., Taylor, D.M. and Tener, G.M.
(1982) J. Biol. Chem. 257, 670-673.

20. Addison, William, R. (1982) Ph.D. Thesis, University of Britisch
Columbia.

21. Larsen, T.M., Miller, R.C., Spiegelman, G.B., Hayashi, S., Tener, G.M.,
Sinclair, D. and Grigliatti, T. (1982) Mol. Gen. Genet. 185, 390-396.

22. Miller, R.C., Tener, G.M., Bradley, R. and Scraba, D.G. (1981)

Gene 15, 361-364.
23. Larsen, T. (1982) M.Sc. Thesis, University of British Columbia.
24. Dunn, R., Addison, W.R., Gillam, I.C. and Tener, G.M. (1978)

Can. J. Biochem. 56, 618-623.




