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ABSTRACT 

A dosage series of the X chromosome site for serine-4 transfer RNA consisting 
of one of three copies in females and one to two in males was constructed to 
test whether transfer RNA expression is governed by dosage compensation. A 
dosage effect on the level of the serine-4 isoacceptor was observed in both 
females and males when the structural locus was varied. However, in males, 
each dose had a relatively greater expression so the normal one dose was 
slightly greater than the total female value and the duplicated male had the 
highest relative expression of all the types examined. Serine-4 levels in males 
and females from an isogenic Oregon-R stock were similar. Thus the transfer 
RNA levels conform to the expectations of dosage compensation. 

, 

ESPITE the dosage differential of the X chromosome in the two sexes of D Drosophila, most of the sex-linked genes exhibit a more nearly equal 
expression than expected from the number of copies of the gene present. This 
phenomenon of dosage compensation was first recognized by MULLER (1932) 
and it is characterized by the following rules: A gene on the X chromosome 
exhibits a dosage effect in a short segmental aneuploid series that gives one, 
two or three doses in females and correspondingly one or two doses in males. 
The total activity of two doses of an X-linked gene in a female, however, is 
roughly equivalent to the activity of a single dose in a male, and the total 
activity of two gene copies in duplicated males is twice as great as that in either 
the one-dose male or the two-dose female. 

Dosage compensation has been demonstrated to apply to numerous pheno- 
typic mutants (MULLER 1950), enzyme activity (SEECOF, KAPLAN and FUTCH 1969; 
LUCCHESI and RAWLS 1973; MARONI and PLAUT 1973; LUCCHESI, RAWLS and 
MARONI 1974,1977), protein level (KORGE 1970), and rates of synthesis of nascent 
chromosomal RNA along salivary gland polytene chromosomes (MUKHERJEE 
and BEERMAN 1965; MARONI and PLAUT 1973; LUCCHESI, RAWLS and MARONI 
1974; LUCCHESI, BELOTE and MARONI 1977). An exception is the 18 and 28s 
ribosomal RNA which is encoded in the proximal heterochromatin of the X 
chromosome and on the Y and thus does not achieve equal expression in the 
same manner (RITOSSA and SPIEGELMAN 1965; SPEAR and GALL 1973). The rDNA 
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is transcribed in eukaryotes by RNA polymerase I, whereas messenger RNA is 
formed by polymerase I1 (see ROEDER 1976). The present study involves a test of 
whether X-linked transfer RNA loci, transcribed by polymerase 111, follow the 
same principles of compensation as messenger RNA or whether, owing to 
considerable functional differences, a unique mechanism governs their expres- 
sion. 

Studies on the genetic localization of transfer RNA species in Drosophila 
have indicated the presence of a major site for serine isoacceptors 4 and/or 7 at 
12DE in the X chromosome (DUNN et al. 1979a; HAYASHI et al. 1980). Individually 
purified 4 and 7 hybridize to common sites on the polytene chromosomes, the 
major regions being 12DE and 23E on chromosome 2. These two isoacceptors 
are distinct transfer RNAs possessing different anticodons but with quite similar 
nucleotide contents (WHITE et al. 1975) and sequences (see HAYASHI et al. 1980). 
For this reason, the two RNA species will cross-hybridize to the structural genes 
in the chromosomes and a distinction of whether one or both types might be 
encoded at any one locus is not possible (DUNN et al. 1979a). However, since the 
12DE region is the major site of hybridization, it probably contains multiple 
gene copies in random array as to other tRNA gene clusters in Drosophila (e.g., 
HOVEMANN et al. 1980). In this regard, it was reasoned that if the locus exhibits 
a gene dosage effect, it should be demonstrable, as is the case with the 
autosomally encoded valine tRNAs (DUNN et al. 1979b). The dosage study would 
determine whether the cluster contains functional copies of 4 or 7 or both. 

To test whether the serine transfer RNA genes follow the rules of dosage 
compensation, genetic crosses were made using X;Y translocations that result 
in progeny with one, two or three doses of this region in females and one or two 
doses in males. If the tRNA loci are regulated by the same dosage compensation 
mechanism that controls most other X-linked genes, then the level of gene 
product would be expected to be directly proportional to the dosage of the short 
chromosomal segment in each sex, but the expression in males would be 
approximately twice as great per copy. If the transfer RNA loci are not affected 
by this mechanism, then a dosage effect would be expected in direct relation to 
the gene dosage regardless of sex unless a feedback of some other control is 
operative. 

Considerable advances in elucidating the processes involved with transcrip- 
tion by RNA polymerase 111 have recently been made (e.g., TELFORD et al. 1979; 
DEFRANCO, SCHMIDT and SOLL 1980; SAKONJU, BOGENHAGEN and BROWN 1980). 
It would add to an  understanding of transfer RNA expression to determine 
whether these genes are governed by dosage compensation. In addition, a 
clearer understanding of the compensating mechanism would come from a test 
of whether genes transcribed by both polymerase I1 and 111 are regulated by 
this system. 

MATERIALS AND METHODS 

Genetic crosses: A dosage series of the 12DE region of the X chromosome was constructed using 
the X;Y translocations induced by STEWART and MERRIAM (1974, 1975). These translocations were 
formed between a y marked X and a Y carrying yf on the short arm and B on the long. The two 
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translocations used were B166 and Jl. B166 is broken in the X at 12A and in the short arm of the Y. 
J1 is broken at 13A and in the Y long arm. Thus, the distal portion of the X in B166 is y B" and the 
proximal segment is y+. With J l ,  the proximal and distal markers are reversed. The translocations 
were obtained from the Mid-America Drosophila Stock Center, Bowling Green, Ohio; the breakpoint 
determinations were made by B. R. STEWART and J. MERRIAM. 

The dosage series of 12A-13A was constructed as follows. Males of T(l;Y)B166 were mated with 
females homozygous for the X-chromosome balancer FM7, y2 v B. The F1 females were crossed to 
the T(1;Y)Jl males. Females inheriting FM7, the distal element of B166, and the proximal portion of 
J1 have a deficiency for the segment of the X between the breakpoints and are phenotypically 
yBWB". Females that are FM7/J1 or B266//1 are y'BB" or y'B"B" and have two doses of all regions. 
Those progeny receiving the distal element of J1 and the proximal from B166 as well as FM7 are 
y+yCB/+ females that contain three doses of the tRNA locus. 

Among the male progeny, the FM7, y 2  v B, and B166 (y+B") flies are readily distinguished from 
the duplication males of y'ytB+ phenotype. Thus, six distinct classes are produced and, with the 
exception of the two types of euploid males, have different doses of the 12A-13A region of the X 
chromosome. Zero to 2-day-old flies were collected, sorted into the respective six classes, and frozen 
at -80" until extraction of tRNA. 

To compare profiles of wild-type males and females, an isogenic Oregon-R stock was grown, 
collected, sorted according to sex and frozen at -80' until time of extraction. 

Isolation of transfer RNA: Flies of a particular genotype were homogenized in 88% redistilled 
phenol and buffer [lo mM Tris-HC1 (pH 7.5). 10 mM magnesium acetate and 100 mM NaCI] at a ratio 
of 5 ml phenolti ml buffer per gram of flies. After centrifugation at 10,000 rpm for 10 min in a 
Sorvall SS-34 rotor, the aqueous layer was removed, brought to 1 M NaCl, and the nucleic acids 
were precipitated by the addition of 2.5 volumes of 95% ethanol (-20') and stored in the freezer for 
at least 2 hr. The precipitate was collected by centrifugation at 10,000 rpm and dissolved in the 
extraction buffer. The redissolved nucleic acids were applied to a DEAE-23 column equilibrated 
with 10 volumes of the same buffer. The column volume was 2-3 ml/g of flies initially extracted. 
The column was then washed with buffer [ lo mM Tris HCI (pH 7.5), and 10 mM magnesium acetate] 
that was 250 mM NaC1. Subsequently, the transfer RNA was eluted with 1.0 M NaCl buffer. Fractions 
absorbing at 260 nm were pooled and the RNA was precipitated by the addition of 2.5 volumes of 
95% ethanol and stored at - Z O O  overnight. The precipitate was collected by centrifugation and the 
pellet dissolved in 10 mM Tris (pH 7.5), and 10 mM Mg acetate. RNA was diluted 1/50 to 1/200 to 
determine the A~w,:A~~o ratio. 

Preparation of aminoacyl-tRNA synthetases: Crude synthetases were prepared by the method of 
TWARDZIK, GRELL and JACOBSON (1971). Twenty-five grams of frozen Oregon-R flies were homoge- 
nized in a Waring Blendor in 100 ml of extraction buffer [lo mM Tris HCl (pH 7.5), 10 mM P- 
mercaptoethanol, 10 mM magnesium acetate and 10% glycerol] for 2 min. The homogenate was 
centrifuged at 10,000 rpm in a Sorvall SS34 rotor for 20 min. The supernatant was filtered through 
Miracloth and centrifuged at 79,000 X g for 90 min in a Spinco ultracentrifuge. The supernatant was 
applied to a DEAE-23 cellulose column equilibrated with extraction buffer. The column was washed 
with extraction buffer until the bulk of the nonbinding proteins was eluted (Am < 0.10). Step 
elution of synthetase was achieved with extraction buffer at 0.30 M NaC1. Peak fractions according 
to Azso were assayed for seryl-tRNA synthetase activity. Fractions with greatest activity were 
pooled and dialyzed at 2' against 20 volumes of buffer containing 50% glycerol. Synthetase 
preparations were stored at - 8 O O .  

Aminoacylation: Aminoacylation of tRNA was performed in a reaction mix of 50 mM Tris-HC1 
(pH 8.0), 10 mM Mg acetate, 10 mM KCI, 4 mM ATP and 4 mM P-mercaptoethanol at 2.2' for 30 min. 
I4C-labeled serine (162 mCi/mmol, New England Nuclear) was at a concentration of 20 nm/ml and 
'H-valine (7 Ci/mmol, Schwarz/Mann) at a concentration of 10 nmol/ml. Crude RNA was present 
at either 5 or 10 A260 units/ml. Sufficient synthetase was present to completely aminoacylate the 
RNA in 20 min. 

The limits of each synthetase preparation were tested by aminoacylation reactions containing 5, 
10, 15 and 20 AZm units/ml of tRNA. In all cases, the level of aminoacylation was directly 
proportional to the quantity of RNA present in the reaction. 

For determination of total acceptance of amino acid by transfer RNA, the reaction volume was 
60 pl. At the end of the 30-min incubation period, 50 pl was withdrawn and applied to a numbered 
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3 MM filter paper disc (2.3 cm in diameter), allowed to dry 30 sec, and immersed in cold 10% 
trichloroacetic acid (TCA) for 15 min followed by two rinses (15 min each) in cold 5% TCA. The 
discs were then rinsed with 95% ethanol for 5 min, followed by 5 min in ether with subsequent 
drying under a heat lamp. Discs were transferred to scintillation vials and 5 ml of 0.4% 2,5-bis[2-(5- 
tert-butylbenzoxazoly1)lthiophene (BBOT) in toluene was added for scintillation spectrometry. 

RNA destined for RPC-5 separation was aminoacylated by the above procedure with the 
following modifications to recover the labeled tRNA. The reaction was stopped at 30 min by the 
addition of one-fourth of the reaction volume of 2.0 M sodium acetate (pH 4.6). To remove the 
synthetase and other proteins, the reaction mix was applied to a DEAE-23 column after dilution 
with 10 mM Mg acetate and 10 mM Na acetate (pH 4.6) to lower the ionic strength. The column size 
was 2-3 ml/g of flies originally extracted and was equilibrated with 10 column volumes of 50 mM 
NaCI, 10 mM Na acetate, and 10 mM Mg acetate buffer. After addition of the acylation mixture to 
the column, it was washed with 20 column volumes of 250 mM NaCI, 10 mM Na acetate, and 10 mM 
Mg acetate buffer to elute proteins. Finally, the aminoacylated RNA was eluted with 1.0 M NaC1, 10 
mM Na acetate, and 10 mM Mg acetate (pH 4.6). Elution was monitored by absorbance at 260 nm. 
Peak fractions were pooled and a 5O-pl sample was taken to determine the cpm/ml. 

Reversed phase chromatography: Separation of serine isoacceptors by RPC-5 was accomplished 
as follows. The column dimensions were 0.9 x 55.0 cm. Chromatography was carried out at 45". 
Both the column length and temperature were required for complete separation of the five major 
peaks, in accordance with previous observations (WHITE et al. 1975). Aminoacylated tRNA was 
applied to the column in 0.5 M NaCI. Development of the column was accomplished with a 200-ml 
linear gradient (0.68-0.78 NaCI) in a buffer of 10 mM Na acetate (pH 4.6), 10 mM Mg acetate, and 1 
mM disodium ethylenediamine tetraacetic acid and saturated with Adogen 464 (Ashland Chemical 
Co.). The initial 12.5 ml, including the column void and a fraction of the gradient, was removed, 
after which 1-ml fractions were collected at a rate of 30/hr. The elution profile was determined by 
adding 10 volumes of triton toluene BBOT and counting each vial for 10 min in a Searle scintillation 
spectometer. Background subtraction, 3H/14C discrimination, and the plotting of the chromato- 
graphic profile were performed by computer. 

Normalization of serine isoacceptors to total valine: As a means of standardization of the 
individual peaks of serine tRNAs separated on the RPC-5 columns, each value was corrected to the 
total valine in the same class of flies. To accomplish this, the respective peaks were divided by the 
total serine recovered from the same column run and this value was divided by the valine/serine 
ratio for flies of the same genotype determined in total charging experiments (see Table 3). Valine 
was chosen as a control since all three major isoacceptors have been used in tRNA gene localization 
studies and no sites of hybridization to the X chromosome are known (HAYASHI et al. 1980). The 
values from this calculation correct for variation in separate column runs and normalizes each class 
to a standard independent of the total serine or the individua! isoacceptors. It is of note that serine- 
4 (the species that responses to the dosage of 12A-13A) shows the same relative expression in the 
various genotypes whether the normalization is to total valine, serine isoacceptor Sa, 6 or 7 (ratios 
not shown for latter three). 

RESULTS 

The analysis of the chromatographic separation of the serine isoacceptors 
from the dosage series of the chromosomal region surrounding 12DE is given in 
Table 1. When the amount of radioactivity in each of the six major peaks is 
calculated and normalized to the total valine in each class of the dosage series, 
peak 4 changes in relationship to the dosage of the varied region. This species 
of RNA corresponds to isoacceptor-4, which was purified and localized to the 
12DE region by HAYASHI et al. (1980). 

It should be noted that in the nomenclature of WHITE et al. (1973), the serine 
isoacceptors were named for their elution order from reversed phase columns 
developed at 3 7 O .  However, when chromatography was conducted at 45O, the 
order of elution of 4 and 5 was reversed (see WHITE et al. 1975). Based on the 
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relative peak heights of tRNA from Oregon-R mixed sexes, this reversed elution 
was also observed in our experiments, which were performed at 45". The 
Oregon-R stock produced five major peaks that correspond in elution and 
relative expression to isoacceptors 2, 5, 4, 6 and 7 of WHITE et al. (1975). 
However, in the stocks used to produce the dosage series, an additional peak 
was resolved between 5 and 4 and the relative quantities of these two were 
changed. It is possible that these effects are caused by subdivision of the original 
peak 5, and for this reason the designations 5a and 5b have been used. 
Otherwise, the nomenclature, as shown in Figure 1 (one-dose females), corre- 
sponds to that used by WHITE et al. (1975). 

As a means of internal standardization, the radioactivity in peak 4 was 
normalized to the total valine in the respective class of flies as described in 
MATERIALS AND METHODS. When the means of the ratios from multiple column 
runs are compared, it is clear that the level of isoacceptor-4 is correlated with 
the one to three dosage in females. The dosage effect does not follow an integral 
1, 2, 3 dosage relationship, nor was it expected, since other sites of serine-4 
genes are present in the genome and would also contribute to the total amount 
of the isoacceptor (DUNN et al. 1979a; HAYASHI et al. 1980). The relative level of 
isoacceptor-4 in the one-dose male [T(Z;Y)B166] was slightly greater than the 
two-dose female. The two-dose male shows an even higher level and exhibits 
the greatest relative expression of all the genotypes. In addition to isoacceptor 
4, the shoulder on peak 2 (Fig. 1) responds to the dosage of the 12A-13A region 
in both sexes. Also, this species of tRNA is consistently present at a higher level 
in males than in females. Examples of the chromatographic profile of each of 
the six genotypes are shown in Figure 1. 

The quantitative comparison of the chromatographic profiles from the iso- 
genic Oregon-R stock is presented in Table 2. There is a similar expression of 
serine4 in the male and female. The equal expression observed between the 
two sexes, when contrasted to the one- vs. two-dose female ratio of 0.79, 
indicates that this isoacceptor exhibits dosage compensation. 

The level of total acceptance of serine and valine per A260 unit in each class 
of flies was determined (Table 3). As noted above, valine was chosen as the 
control since there are no sites of hybridization of valine tRNAs on the X 
chromosome (HAYASHI et al. 1980). In the one- to three-gene dose comparison 
in females, there is a negative correlation between picomoles accepted per A260 
unit and the segmental dosage. This effect is observed for both serine and valine 
and is therefore thought not to be a secondary effect of varying a class of serine 
genes per se. The one- vs. two-dose male comparison also shows a slight 
negative effect on the acceptance of both amino acids. This effect obscures any 
minor differences that might be expected from the dosage response of serine, 
when expressed in this way, and might be analogous to a similar phenomenon 
observed on the level of proteins in segmental dosage series (see BIRCHLER 1979; 
BIRCHLER and NEWTON 1981). 

However, when the total serine acceptance is expressed as a ratio relative to 
the total valine, this response is cancelled and a dosage effect on serine is 
observed in the one-, two- three-dosage series in females. The one-dose male 
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FIGURE 1.-Chromatographic profiles of the 12DE dosage series. Aminoacylated (14C-serine and 
3H-valine) transfer RNA from each class of flies was chromatographed on RPC-5. Each point on the 
serine curve represents the cpm per fraction minus background. The peaks are numbered from left 
to right and correspond to those shown in Table 1. 

(B166) has a slightly higher serine/valine ratio than the two-dose female and 
the duplication male has the highest ratio of all classes. 

DISCUSSION 

The results demonstrate that the transfer RNA serine-4 isoacceptors encoded 
at 12DE on the X chromosome exhibit the phenomenon of dosage compensation. 
The level of this RNA species relative to the total valine in each class of flies 
changes with the dosage of the 12A-13A region in both males and females, but 
the expression in normal males is similar to the female level. The duplication 
male produced the highest amounts. These observations are analogous to the 
phenomenology of most other X-linked genes in that they exhibit a dosage 
effect when only the structural locus is varied, but show a similar expression 
between the two sexes. 

The values from the dosage series do not conform to those expected from a 
strict dosage response. This is the anticipated result from varying only a portion 
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TABLE 3 

Total acceptance of serine and valine by tRNA from each class of the Z2DE 
dosage series and Oregon R males and females 

Serine (pmol) Valine (pmol) Ratio 
Class n (mean f S.E.) (mean k S.E.) (Ser/Val) 

One-dose female 
Two-dose female 
Three-dose female 
FM7 male 
B166 male 
Two-dose male 

Oregon R male 
Oregon R female 

5 
5 

67.19 f 1.76 
63.85 f 2.66 
49.28 f 1.97 
41.26 f 1.62 
48.58 f 1.92 
46.33 f 1.38 

28.20 f 1.50 
30.23 f 1.08 

49.11 f 1.77 
43.06 f 2.03 
32.11 f 1.32 
25.24 f 1.40 
31.63 f 1.02 
27.12 f 0.83 

55.22 f 1.91 
56.78 f 1.04 

1.37 
1.48 
1.53 
1.63 
1.54 
1.71 

0.511 
0.532 

~~ 

All values represent the mean number oi  p i ~ ~ . n d e s  of amino acid accepted per A260 unit from n 
reactions for each class of RNA noted. 

of the genes that contribute to the total serine-4 level; the autosomal loci 
contribute a background that reduces the magnitude of the effect. 

Examination of the two types of one-dose males allows a control on any 
differences in tRNA expression that might exist between the FM7 balancer 
chromosome and the one used for the induction of the XY translocations. The 
FM7 males have a level of serine-4 that is greater than the other class of one- 
dose males. There are at least three possibilities to explain this difference: (1) 
the balancer chromosome is grossly rearranged and might be duplicated for the 
serine transfer RNA genes, either on a multigene level or only involving the 
serine cluster itself; (2) the level of expression of the serine genes in the FM7 
chromosome is different from the homologous cluster in the translocated ones; 
and (3) modifying genes exist along the X chromosome that affect tRNA 
expression differently in the two instances. In addition to the higher levels of 
serine-4, the FM7 chromosome also behaves as does the duplication male as 
judged by its effect on total serine and valine acceptance per Az60 unit, by its 
negative and positive effects on serine acceptors other than 4 and by its dosage 
effect on the size of the shoulder on peak 2. The observation that the FM7 
chromosome has a greater expression of serine-4 than the other X chromosome 
used is consistent with the observation that as the dosage of 12DE increases in 
females there is not a strictly linear increase in serine-4 expression. This is the 
case because the increase in dosage is accomplished by the addition of less 
productive chromosomal regions. The one-dose female has a single copy of this 
region in an FM7 chromosome. The two-dose female is heterozygous for FM7 
and T(Z;Y)B266 or for the two translocations and the three-dose class has FM7 
plus two copies of 12A-13A that originated from the X chromosome utilized in 
the construction of the translocations. 

Regardless of the basis of this difference, we believe that it is inconsequential 
to the interpretation of dosage compensation. First of all, the one-dose females 
have less relative serine-4 than the euploid female even though the region 
present in the segmental monosomic has the greater level of expression of the 
two types in the diploid. Second, the three-dose to two-dose comparison in 
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females shows an increase that is accomplished with the addition of a segment 
that is identical to one of the two present in the heterozygous female and thus 
must truly represent a dosage effect. Third, the two doses in the duplication 
male are identical in origin to the one dose in T(I;Y)B166 males, and there is 
clearly a response from the additional copy present. Fourth, the one-dose female 
has a single copy of this region in an FM7 chromosome as do the FM7 males 
and the latter has a greater relative expression of serine-4. Fifth, the ratios of 
total serine to valine acceptance in each of the six types of flies are consistent 
with the appropriate relative expressions as expected from dosage compensa- 
tion. Finally, examination of an isogenic Oregon-R strain indicated equal serine- 
4 expression in males and females. 

In the background used to construct the dosage series, the serine 2 and 5b 
values per total valine are routinely elevated in males and serine 7 per total 
valine is consistently reduced. Both the elevation and reduction appear to be 
enhanced in the respective directions by the duplication in the male. Although 
it is possible that such effects also operate on serine-4, the levels of this 
isoacceptor nevertheless follow the predictions of dosage compensation not 
only in the male, but also in the female dosage series as well. Moreover, the 
ratio of the total serine/valine acceptance is consistent with a dosage effect and 
compensation in the appropriate genotypes. Although the analysis is compli- 
cated by the fact that not all of the serine genes are present at 12DE, by the 
possibility that serine genes other than isoacceptor 4 might be present in this 
cluster and by the effect of the dosage of 12A-13A on the total acceptance of 
serine and valine per Azm unit, the fact that serine-4 responds to the dosage of 
this region, as do other tRNAs in structural gene dosage series, suggests that 
functional serine-4 genes are present and allows a test of dosage compensation. 

Although the differences in serine-4 expression between genotypes in some 
instances are small, the six classes are aligned in the appropriate relationship 
expected from dosage compensation when both the individual isoacceptor 
values are compared or when the total serine/valine acceptance is examined. 
The probability that the six types would be arranged thusly as a matter of mere 
chance is 0.0014. In a statistical sense, this value represents a level of high 
significance (P < 0.01). 

Since most X-linked genes are transcribed by RNA polymerase I1 to produce 
messenger RNA but the transfer RNA genes are transcribed by polymerase 111, 
these observations suggest, but do not prove, that the mechanism of dosage 
compensation is indiscriminate as to the polymerase involved. The data do not 
rule out the alternative that dosage compensation of polymerase I1 and I11 genes 
is brought about by completely distinct mechanisms and the steady state levels 
of the gene products in both cases are only fortuitously similar. 
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