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ABSTRACT Transfer RNALyS was isolated and purified
from Drosophila melanogaster. It was iodinated in vitro
with sodium [il25liodide and hybridized in situ to the poly-
tene salivary gland chromosomes from Drosophila. Auto-
radiographs exposed three to four weeks allowed the
localization of this tRNA to the right arm of chromosome
2 between bands 48F and 49A.

In eukaryotic organisms, mutations in cistrons coding for ribo-
somal RNA that are known to be redundant have yielded con-

siderable information (1). The fact that the repeat sequences

are homogeneous poses a fundamental question of how the
duplicates retain their fidelity with one another. Transfer
RNA molecules represent another class of gene transcripts
that can be isolated with a high degree of purity and that have
been estimated to be duplicated to the extent of at least 8 gene

copies per iso-accepting tRNA in Drosophila (2). Mutations
of tRNA genes have yielded considerable data on tRNA pre-

cursors and gene structure in Escherichia coli (3), It appears
that the tRNA genes, at least of some phages of E. coli, are

clustered and may be transcribed as a transcriptional unit
(4, 5). It will be of interest to see if such situations occur in
eukaryotes where tRNA changes during development have
been implicated in possible translational control mechanisms
(6). The chromosomal localization of single species of tRNA
molecules in Drosophila by hybridization in situ would indi-
cate the extent of redundancy and the chromosomal position
of the cistrons. In addition to providing a direct test of At-
wood's (7) suggestion that mutations of the Minute class
represent sites of tRNA cistrons, a localization will permit
the use of genetic techniques (8) for the recovery of mutations
in this region. This paper reports the first cytological localiza-
tion of the genes coding for a lysine tRNA.

MATERIALS AND METHODS

The Samarkand wild-type strain of Drosophila melanogaster
was raised in large hatching cages at 220, with a standard
growth medium. The larvae were fed daily with yeast paste
from 1 day after hatching until the late third larval instar.
After anesthetization, adult flies were harvested with a

vacuum cleaner and immediately frozen on dry ice. They were

subsequently stored at either - 70° or -26°.
The tRNA was isolated by phenol extraction (9) and

DEAE-cellulose chromatography (10). The aminoacyl-tRNA
synthetases were prepared from adults by a modification of
the methods described by Twardzic et al. (11). The methods
used are described fully elsewhere (12).

Purification of Drosophila tRNAL". Crude tRNA (1-2 g)
was suspended in 0.35 M NaCl-10 mM MgCl2 and applied to
a benzoylated DEAE-cellulose (BD-cellulose) column (2.5 X
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110 cm). The column was eluted by a 10-liter linear gradient
from 0.4-1.0 M NaCl containing 10 mM MgCl2. The flow
rate was 300 ml/hr, with fractions of 23 ml each being col-
lected. Each fraction was assayed for amino-acid acceptance,
and the peak containing tRNA7Ser and tRNA5LYs was isolated
and chromatographed on a reversed phase-5 (RPC-5) column
(2.4 X 60 cm) (13). The RPC-5 column was eluted with a 2-
liter gradient of 0.6-0.7 M NaCl, containing 10mM MgCl2, 10
mM sodium acetate (pH 4.5), and 1 mM 2-mercaptoethanol,
at 180 ml/hr (370); 10-ml fractions were collected. The
second major peak from this column contained tRNA5LYs in
virtually pure form. It was isolated and further purified by
chromatography on an RPC-5 column under similar condi-
tions at pH 8.0.

Preparation and Purification of 5S RNA. 5S RNA was pre-
pared from a crude tRNA extract by chromatography on a
Sephadex G-100 column (2.5 X 195 cm) in 10 mM Tris * HC1
(pH 7.5) buffer containing 40 mM NaCl and 10 mM magne-
sium acetate. Fractions containing 5S RNA were pooled,
and the RNA was precipitated with 2 volumes of 95% ethanol
at -20° overnight. The RNA was isolated, suspended in a
buffer containing 0.45 M NaCl, 10 mM MgCl2, 1 mM 2-mer-
captoethanol, and 10 mM sodium acetate (pH 4.5), and ap-
plied to an RPC-5 column (0.9 X 60 cm). The RNA was
eluted at 50 ml/hr with a 700-ml gradient (0.55-0.65 M NaCl)
in the preceding buffer; 3.5-ml fractions were collected. Frac-
tions containing 5S RNA were pooled and extensively dialyzed
against distilled water; the RNA was isolated by freeze-dry-
ing.

Gel Electrophoresis. Different preparations of RNAs were
analyzed on 10% polyacrylamide disc gels (14) and run for
2-2.5 hr at 200 Vat 4°.

Iodination of RNA. RNA preparations were iodinated in
vitro by a modification of the technique reported by Commer-
ford (15). The reactions were carried out at 600 for 20 min in
sodium acetate at pH 4.0 instead of pH 5.0. Carrier-free
sodium ['25I]iodide (1-2 mCi; New England Nuclear Corp.)
was used for each reaction mixture containing 4 ,ig of RNA in
a total reaction volume of 20-25 ,l. Increasing the TlCl3 con-
centration to 2.4 mM approximately doubled the 1251 incorpo-
ration. The heating step in the presence of Na2SO3, which re-
moves the loosely bound iodine, was performed at 750 for 30
min (15-17). Care was taken not to overexpose the tRNA to
Na2SO3, as it can cause conversion of cytosine to uracil (18,
19).
Two techniques for separating the iodinated RNA from

the reaction mixture were most successful in reducing the



Proc. Nat. Acad. Sci. USA 71 (1974)

E
a

~ ~ ~ ~

4- ~ ~ ~
Po -j0.8

C2- 0.4

220 360 460 560
fracton no.

FIG. 1. Chromatography of Drosophila tRNA on BD-
cellulose. The peak preceding fraction number 460 (peak 7) con-

tains tRNAYO, and was pooled as indicated. See Materials and
Methods for details.

background in hybridization experiments. The first was

chromatography on a Sephadex G-10 column (0.8 X 25 cm)
in low salt buffer containing 1 mM Na2SO3, followed by exten-
sive washing of the tRNA with 0.25 M NaCl in Tris HCl
buffer (pH 7.5) on a small DEAE-cellulose column (0.8 X 3
cm). The RNA was removed by addition of 1 M NaCl, dia-
lyzed against distilled water, lyophilized, and suspended in
0.60 M NaCl-0.060 M sodium citrate, pH 7.0 for hybridiza-
tion. The second technique involved chromatography on a

small hydroxylapatite column in phosphate buffer followed
by the Na2SO3 treatment (15), then rechromatography on a

second small hydroxylapatite column and extensive dialysis
against 0.15M NaCl-0.015M sodium citrate (17).
We determined the yield of iodinated tRNA by adding 100

gg (about 2 A260 units) of carrier E. coli tRNA at the first
chromatographic step and calculating the percent recovery.

The specific activity of the final tRNA could thus be esti-
mated; it ranged between 5 X 107 and 1 X 108 dpm/,gg of
tRNA, the variability being at least partly dependent on the
age of the 1251. At the higher specific activity, there is approxi-
mately one '251-labeled cytosine per tRNA molecule. The fol-
lowing Drosophila RNAs have been iodinated: (i) crude tRNA
preparations containing 4S RNA, 5S RNA, and fragments of
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FIG. 2. Chromatography of pooled fractions from BD-
cellulose column on a preparative RPC-5 column. Solid line,
A260; dashed line, cpm [14C]lysyl-tRNA; dotted line, cpm [14C]-
seryl-tRNA. See Materials and Methods for details.

18S and 28S ribosomal RNAs; (ii) purified 5S RNA; (iii)
tRNA e', tRNAL~Y, tRNAPhe, and tRNAHi (2).

In Situ Hybridization. Salivary glands, containing polytene
chromosomes, were isolated, fixed, and squashed by standard
cytological techniques (for a recent review, see ref. 20). The
chromosomes used were obtained from larvae bearing the mu-
tation. giant (gt, 1-0.9), which prolongs the larval lifespan,
thus allowing one or two extra rounds of DNA replication,
thereby increasing the polyteny of the salivary gland chromo-
somes (21, 22). This 2- or 4-fold increase in the amplification
of chromosomal DNA should facilitate the detection by hy-
bridization in situ of genes of a lower tandem redundancy or
small size, such as those for the tRNAs. The chromosomes
were prepared for hybridization by the techniques of Gall and
Pardue (20). The hybridization was in 0.30 M NaCl-0.030 M
sodium citrate or in 0.60 M NaCl-0.060 M sodium citrate
(0.04 ,g of RNA in 50,ul per slide) for 18 hr at 650. The slides
were then dipped in Ilford K.5 liquid emulsion, dried, and
stored at 40 for various lengths of time. The emulsion was
developed in D-19 (Kodak) for 3 min.

RESULTS

tRNALYs. The results of chromatography of Drosophila
tRNA on BD-cellulose are shown in Fig. 1. The peak preced-
ing fraction 460 contained mainly tRNAs" and tRNAL";
upon chromatography on a preparative RPC-5 column at pH
4.5 (Fig. 2), it was resolved into four peaks. The second major
peak contained the tRNA5'. When this peak was isolated
and chromatographed on an RPC-5 column at pH 8.0, it
eluted as one symmetrical peak, and had an amino acid ac-
ceptance of greater than 1730 pmoles/A260 unit. In subsequent
tests on polyacrylamide disc gels under conditions where a 1%
contaminant could be detected, the tRNALY, migrated as a
single sharp band. Therefore, by usual biochemical standards,
this tRNA5L is pure.

5S RNA. The elution profile of 5S RNA from the Sephadex
G-100 column was similar to that reported earlier (23). On
an RPC-5 column, 1 minor and 2 major peaks could be de-
tected, and the two major peaks were isolated. The 5S RNAs
isolated from RPC-5 columns migrated as pure species on
polyacrylamide disc gels.

Hybridization. The utility of "S5I-labeled RNA of high
specific activity and the increased DNA content of chromo-
somes from the giant strain for hybridization experiments in
situ is well documented (17, 24). Ten- to thirty-day autoradio-
graphic exposures of chromosomes incubated with 125I-
labeled tRNALyS showed a significant amount of label over
two areas of the genome (Fig. 3). There were numerous grains
over 56EF, the 5S RNA region (arrow a, Fig. 3). In addition,
the 48F-49A region of the right arm of chromosome 2 (2R)
was consistently labeled with 25-30 grains after a 25-day ex-
posure (arrow b, Fig. 3).
There are three possible explanations for these results: (i)

the grains over 56EF result from 5S RNA contamination in
the tRNA5 preparation; (ii) the tRNA5L genes are located
at both 48F-49A and 56EF; and (iii) there are sufficient se-

quence homologies between tRNALys and 5S RNA to allow
cross-hybridization.
We attempted to eliminate one or more of these possibilities

by competitive hybridization studies. Dilution competition

3528 Genetics: Grighatti et al.
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FIG. 3. Hybridization of purified tRNA4LY to salivary gland
chromosomes from the giant mutant. (A and B) Two examples
of hybridization with '251I-labeled tRNALY8 (specific activity
about 8 X 107 dpm/ug) showing labeled material at region
56EF (a) and region 48F-49A (b). These preparations were

exposed for 27 days. Total magnification X3240.

experiments between 125-labeled 5S RNA and various
amounts of unlabeled 5S RNA were performed as a control for
the competition experiments between labeled tRNA and un-

labeled 5S RNA. Purified 5S RNA was labeled with 12-I to a

specific activity of about 3 X 107 cpm/gg and allowed to
compete for binding sites on the salivary chromosomes with
unlabeled 5S RNA at concentrations of 0, 5, 10, 25, and 50
times that of the input i251-labeled 5S RNA. After incubation
and washing, the emulsion was exposed for 40 hr. The results
are shown in Figs. 4 and 5.
The amino-acid acceptor activity an-i polyacrylamide gel

electrophoresis pattern of the tRNALY preparation suggest
that there is less than 1% contaminating material. Therefore,
enough unlabeled purified 5S RNA was added to a preparation
of '25I-labeled tRNAL" to make unlabeled 5S RNA 10% of the
total RNA present. This would be at least 10 times the maxi-
mum amount of possible contamination. This solution was

used for hybridization in situ, and the slides were exposed for
30 days. There was at least a 2-fold reduction of label at the
56EF region (from greater than 55 grains to about 29 grains)
with little or no reduction of label at the 48F-49A region
(from 20 grains to 18 grains) (Fig. 6). Subsequently, a dilution
competition hybridization was performed with solutions of
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FiG. 4. Results of competition hybridization between un-
labeled 5S RNA and '25I-labeled 5S RNA to salivary gland
chromosomes from the giant mutant, at increasing ratios of un-
labeled 5S RNA to labeled 5S RNA. The slides were incubated
for 15 hr at 65° and exposed for 40 hr. Each point represents the
mean of the number of grains over the 56EF region of 50 chromo-
somes. The 95% confidence limits were not included for the
first value since the grains are too numerous to be counted
accurately. The first point, therefore, represents the average
minimum number of grains we can detect.

25I-labeled tRNAL'Y containing unlabeled 5S RNA at 0.0,
0.02, 0.1, 0.25, and 0.5 times the amount of labeled tRNAYe.
The results were consistent with the preceding result and
suggest that the tRNAL" is slightly contaminated with 5S
RNA. When unlabeled RNA of any type (including E. coli
tRNA) was added to preparations of 125J-labeled tRNA, the
background often increased; we have no explanation for this
phenomenon.
Extended exposure (49 days) of chromosomes hybridized

with purified 125J-labeled 5S RNA (6 X 107 cpm/,Ag) showed
grains only at the 56EF region and no grains at the 48F-
49A region. Hence, there is no homology between 5S RNA
and the DNA in 48F-49A. Thus, the grains detected at 48F-
49A (Fig. 3) are not a reflection of 5S RNA contamination and
are, therefore, presumed to be a reflection of tRNA5y hv-
bridization.

DISCUSSION

Hybridization has been attempted with four purified species
of tRNA (24). The most intriguing results have been those
obtained with tRNALY'. This tRNALys preparation has been
rigorously tested and shown to be very pure by several cri-
teria. However, when hybridized to the salivary gland chro-
mosomes, it consistently gave a significant number of grains
over the 5S RNA locus, 56EF. Assuming that tRNALy' genes
are not located at 56EF, the sample obviously contains a con-
taminating species of RNA that will hybridize to this region.
We feel this result should serve as a caution to accepting any
in situ localization result too readily.
As it is difficult to purify any nucleic acid to 100% homo-

geneity, it is always possible that a preparation contains a
contaminant. If this contaminating RNA is transcribed from a
gene with significant tandem redundancy, it would produce
more grains than the RNA being localized and lead to com-
pletely erroneous results. Therefore, the assignment of any
locus by this technique should remain putative, until genetic
studies produce a more definitive answer. The final proof, even
in the well-documented localization of 5S RNA in Drosophila

Proc. Nat. Acad. Sci. USA 71 (1974)
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FIG. 5. Competition hybridization between unlabeled 5S
RNA and 125I-labeled 5S RNA to salivary gland chromosomes
from the giant mutant. Purified 125I-labeled 5S RNA (specific
activity about 3 X 107 dpm/,ug) hybridized as described in
legend of Fig. 4. Ratio of unlabeled 5S RNA to l25I-labeled 5S
RNA; (A) 0; (B) about 5; (C) about 10; (D) about 25; and (E)
about 50. Total magnification X3240.

(25), will rest with approaches such as those initiated by Nix
(8).
In addition to the label at 56EF, hybridization in situ with

1251-labeled tRNA5 consistently produced a significant
number of grains at the 48F-49A region. The number of
grains found over this region at various exposure times closely
approximates the number expected from calculations based

FIG. 6. Hybridization of 521-labeledtRNA5Y to salivary
gland chromosomes from the giant mutant in the presence of
unlabeled 5S RNA. Slides were incubated for 18 hr at 650 and
exposed for 30 days. The amount of 5S RNA is at least 10 times
the suspected 5S RNA contamination (see text). Segments of the
right arm of two different second chromosomes are shown.
Arrow a, 56EF region; arrow b, 48F-49A region. When unlabeled
RNA of any type is added, the background is often increased.
Total magnification X3240.

on tRNA genes with a 10-fold tandem redundancy. Therefore,
this might represent the region of the chromosome in which
the tRNALYO genes are located.

Competition experiments were used to determine whether
the label at the 56EF region was due to a contamination of our
tRNALY" preparation. Addition of unlabeled 5S RNA to the
'251-labeled tRNALy at a concentration at least 10 times the
maximal level of any contaminant reduced the number of
grains at 56EF by about 2-fold. This result agrees with the
control curve obtained from competition experiments in situ
between 125I-labeled 5S RNA and various amounts of un-
labeled 5S RNA, where a 10-fold excess of unlabeled 5S RNA
reduced the grain count at least 3-fold (see legend of Fig. 4).
We conclude, therefore, that the grains over the 56EF region
in hybridization experiments with '25I-labeled tRNALy' are a
result of 5S RNA contaminants in the preparation. In addi-
tion, very long exposures (49 days) of chromosomes hybridized
with purified 1251-labeled 5S RNA resulted in no label over the
48F-49A region, while the 56EF region was black with grains.
Therefore, the label over the 48F-49A region in slides hy-
bridized with 1251-labeled tRNA LY, is not due to 5S RNA, its
breakdown products, or a contaminant that is present in both
the 5S RNA and the tRNA'y preparations.

Finally, the grains at 48F-49A are not a result of contam-
ination of the tRNA7Ly, with fragments of highly redundant

3530 Genetics: Grigliatti et al.
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satellite DNA, as the only Drosophila melanogaster satellite
DNA localized to a euchromatic area is in the left arm of
chromosome 2 (26). Therefore, all of the evidence is consistent
with the conclusion that the genes for tRNAL"' are located
within the 48F-49A region of chromosome 2. The argument
made earlier in the Discussion, that this may-be a region com-
plementary to some unknown contaminant in our preparation,
cannot be eliminated, though it does seem unlikely.

It is interesting to compare our localization of purified
tRNA, with the results Steffenson and Wimber (27) ob-
tained using [3H]uracil-labeled crude 4S and 5S RNA frac-
tions. Their 4S RNA fraction produced little or no label in the
area of 48F-49A. However, they concluded the 5S fraction did
show a statistically significant amount of label at 49B, after a
6-month exposure.
In their original study of segmental aneuploidy of the

Drosophila autosomes, Lindsley et al. (28) concluded that
there was no Minute mutation associated with the 48F-49A
segment of the polytene chromosome. However, in a recent
and more intensive study, Lindsley and Day (personal com-
munication) have found that heterozygosity for a deficiency
spanning the interval from 48E to 50A produces a fly with
vestigial wings and all of the characteristics of a Minute
phenotype. From previous studies (29), it was concluded that
a series of deletions extending from 49B to 50A produces a
vestigial but not a Minute phenotype. It, therefore, appears
that there is a Minute locus in the region 48E to 49B, the pre-
cise location in which we find hybridization with 15I-labeled
tRNAL". This correlation is further supported by the genetic
localization of Minute(2)40c at 65, just two map units to the
left of vestigial (30). Hence, it is near bands 48F-49A on the
cytological map; unfortunately, this mutation no longer exists.
While we do not take this correlation as proof of Atwbod's
hypothesis that Minute mutations are lesions in the tRNA
genes, it does lend credence to his suggestion.
The extent of labeling detectable after 25-30 days is consis-

tent with considerable duplication of the genes coding for
tRNAL`S around 48F-49A, possibly as tandem repeats. This
does not eliminate the possible existence of single gene copies
for tRNALY' elsewhere in the genome. With the genetic tools
available in Drosophila, we can now expect extensive genetic
characterization of clusters of tRNA cistrons.

This work was supported by MRC Grant MT-1279 to G.M.T.,
NRC grant A-1764 and NCI Grant 6051 to D.T.S., Helen Hay
Whitney Foundation Fellowship F-281 to T.A.G., and an MRC
Postdoctoral Fellowship to B.N.W.

1. Tartoff, K. D. (1973) Genetics 73, 57-71.

2. White, B. N., Tener, G. M., Holden, J. & Suzuki, D. T.
(1973) Develop. Biol. 33, 1g5-195.

3. Schedl, P. & Primakoff, P. (1973) Proc. Nat. Acad. Sci.
USA 70, 2091-2095.

4. Squires, C., Konrad, B., Kirschbaum, J. & Carbon, J.
(1973) Proc. Nat. Acad. Sci. USA 70, 438-441.

5. Barrell, B. G., Seidman, J. G., Guthrie, C. & McClain,
W. H. (1974) Proc. Nat. Acad. Sci. USA 71, 413-416.

6. Ilan, J. (1969) Cold Spring Harbor Symp. Quant. Biol. 34,
784-791.

7. Atwood, K. C. (1968) Carnegie Inst. Wash. Publ. 627, 152.
8. Nix, C. E. (1973) Mol. Gen. Genet. 120, 309-318.
9. Kirby, K. S. (1956) Bpchem. J. 64, 405-408.

10. Kelmers, A. D., Novelli, G. D. & Stulberg, M. P. (1965)
J. Biol. Chem. 240, 3979-3983.

11. Twardzic, D. R., Grell, E. H. & Jacobson, K. B. (1971)
J. Mol. Biol. 57, 231-245.

12. White, B. N., Tener, G. M., Holden, J. & Suzuki, D. T.
(1973) J. Mol. Biol. 74, 635-651.

13. Pearson, R. L., Weiss, J. I. & Kelmers, A. D. (1971) Bio-
chim. Biophys. Acta 228, 770-774.

14. Peacock, A. C. & Dingman, C. W. (1967) Biochemistry 6,
1818-1827.

15. Commerford, S. L. (1971) Biochemistry 10, 1993-1999.
16. Getz, M. J., Attenburg, L. C. & Saunders, G. F. (1972)

Biochim. Biophys. Acta 287, 485-494.
17. Prensky, W., Steffensen, D. M. & Hughes, W. L. (1973)

Proc. Nat. Acad. Sci. USA 70, 1860-1864.
18. Shapiro, R., Servis, R. E. & Welcher, M. (1970) J. Amer.

(hem. Soc. 92, 422-424.
19. Hayatsu, H., Wataya, Y., Kai, K. & lida, S. (1970) Bio-

chemistry 9, 2858-2865.
20. Gall, J. G. & Pardue, M. L. (1971) in Methods in Enzy-

mology, eds. Grossman, L. & Moldave, K. (Academic Press,
New York), Vol. 21, part D, pp. 470-480.

21. Bridges, C. B. & Gaberchefsky, E. (1928) Z. Indukt.
Abstam. Vererbungslehre. 46, 231-247.

22. Kaufman, T. C. (1971) Genetics 71, s28-s29.
23. White, B. N. & Tener, G. M. (1973) Can. J. Biochem. 51,

896-902.
24. Grigliatti, T. A., White, B. N., Tener, G. M., Kaufman,

T. C., Holden, J. J. & Suzuki, D. T. (1973) Cold Spring
Harbor Symp. Quant. Biol. 38, 461-474.

25. Wimber, D. E. & Steffensen, D. M. (1970) Science 170,
639-641.

26. Peacock, W. J., Brutlag, D., Goldring, E., Appels, R.,
Hinton, C. W. & Lindsley, D. L. (1973) Cold Spring Harbor
Symp. Quant. Biol. 38, 405-416.

27. Steffensen, D. M. & Wimber, D. E. (1971) Genetics 69,
163-178.

28. Lindsley, D. L., Sandler, L., Baker, B. S., Carpenter,
A. T. C., Denell, R. E., Hall, J. C., Jacobs, P. A., Miklos,
G. L., Davies, B. K., Gethmann, R. C., Hardy, R. W.,
Hessler, A., Miller, S. A., Nozawa, H., Parry, D. M. &
Gould-Somero, M. (1972) Genetics 71, 157-184.

29. Lindsley, D. L. & Grell, E. H. (1968) Carnegie Inst. Wash.
Publ. 627, p. 262.

30. Ives, P. (1941) Drosophila Inform. Serv. 14, 39.

Proc. Nat. Acad. Sci. USA 71 (1974)


