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ABSTRACT  Yeast cells sensitive to the eukaryotic protein syn-
thesis inhibitor trichodermin have been transformed with autono-
mously replicating recombinant plasmids carrying DNA frag-
ments of the genome of a trichodermin-resistant yeast strain. After
selection for trichodermin-resistant cells, several transformants
yielded a plasmid containing a 13.5-kilobase (kb) DNA fragment
that encodes the trichodermin resistance gene, fcml, and the gene
for ribosomal protein L3, the largest of the yeast ribosomal pro-
teins. Cells carrying this plasmid are resistant to trichodermin and
to the related drug verrucarin A as well as to the unrelated dru

anisomycin. This pattern of resistance is similar to that exhibite

by strains carrying a chromosomal copy of temI. Moreover, poly-

ribosomes prepared from transformed cells are resistant to tri-
chodermin when tested in an in vitro protein synthesis assay. Sub-
cloning of the 13.5-kb DNA fragment revealed that the gene for
tcml and the gene for protein L3 are contained within a 3.2-kb seg-
ment. These results suggest that the gene for trichodermin resis-

tance in yeast specifies ribosomal protein L3.

Studies of Escherichia coli have yielded a wealth of information
on cell strategies for efficient modulation of production of ribo-
somes (1). Similar work with Saccharomyces cerevisiae has been
hampered by lack of information on the genetic arrangement of
ribosomal components. Recently, however, Petes (2) has shown
that all 100 copies of the rRNA genes are present in tandem ar-
ray on chromosome XII. In contrast, Woolford et al. (3) isolated
the genes for four ribosomal proteins and found them all to be
unlinked.

For our studies on the regulation of ribosomal protein biosyn-
thesis, it was necessary to isolate a ribosomal protein gene that
could express a phenotype at the level of the intact cell. A likely
candidate was the gene specifying resistance to trichodermin.
Trichodermin, a substituted 12,13-epoxytrichothecene, has
been shown to inhibit eukaryotic protein synthesis by blocking
the peptidyl transferase (elongation) step (4). In S. cerevisiae,
resistance to trichodermin is conferred by a single gene, teml,
located on chromosome XV (5). The 60S ribosomal subunits of
strains carrying tcml exhibit altered binding of trichodermin (6),
and thus teml appears to be a genetic marker for a component of
the 60S ribosomal subunit.

This report describes the isolation of a plasmid which carries
a fragment of yeast DNA specifying resistance to trichodermin
(Tem®). The plasmid, pTCM, was obtained by the transforma-
tion of intact yeast cells (7) with a clone bank of DNA from a
strain carrying tcml. When introduced into yeast cells, pTCM
renders sensitive cells partially resistant to trichodermin. Fur-
thermore, polyribosomes from such transformed cells are also
partially resistant to trichodermin. The plasmid carries the gene
for the 60S ribosomal protein L3. Both the resistance gene and
ribosomal protein gene are contained within the same small seg-
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ment of DNA. Therefore, we suggest that L3 is the protein re-
sponsible for Tem® in yeast.

METHODS

Strains, Media, and Chemicals. The following strains were
used: E. coli, C600 (F~ leuB pro™ thi~ lacY rK~ mK~); S. cere-
visiae, HF-T1 (a his4-864 tcml), a derivative of a spontaneous
Tem® strain provided by C. McLaughlin [the Tem?® trait of HF -
T1 was found to be tightly linked to pet17 (data not shown) and
it is therefore allelic to the tcm1 locus described previously (5)];
HF100-8A (a his4-846 lys5 aro2 trp5 cyh2 teml); JC 27 (a leu2-
3 leu2-112 his4) obtained from J. Cohen; HF-D100, a diploid
obtained by mating JC27 with HF100-8A; and DBY703 (a
his3-A1 trpl-289 ura3-52) obtained from David Botstein.
LB (rich medium) for E. coli and YPD (rich medium) and SD
(minimal medium) for yeast were used throughout. Trichoder-
min was the generous gift of W. O. Godtfredsen.

Construction of Clone Bank and DNA Preparation and Iso-
lation. The yeast transformation vector YEp13, obtained from J.
Broach, consists of the bacterial plasmid pBR322 (carrying the
genes for resistance of E. coli to ampicillin and tetracycline)
joined to a portion of the yeast 2-um plasmid (allowing autono-
mous replication in yeast) and also carrying the yeast LEU2 gene
(allowing selection in leu2 strains) (8). DNA from the Tem®
strain HF100-8A was prepared by the method of Cryer et al. (9),
purified further by buoyant density centrifugation in KI (10),
digested with BamHI, ligated to YEp13 at the BamHI site
within the tetracycline gene, and used to transform E. coli C600.
This process yielded 4200 ampicillin-resistant, tetracycline-sen-
sitive transformants which were divided into eight different
pools of about 500 clones. Each pool of clones was grown on ster-
ile nitrocellulose filters and the filters were incubated in liquid
LB (containing ampicillin at 20 ug/ml), providing precultures
for preparation of plasmid DNA by standard procedures. Plas-
mid DNA from yeast transformants was prepared according to
a procedure developed by J. Cohen (personal communication).
Plasmid YEp6 (obtained from David Botstein) carries the yeast
HIS3 gene. The gene was purified by digesting YEp6 with
BamHI and recovering the 1.7-kilobase (kb) fragment (contain-
ing HIS3) from an agarose gel.

Yeast Transformation. Approximately 10° spheroplasts of the
strain JC27 were transformed with 25 ug of each pool of plasmid
DNA by the procedure of Hinnen et al (7) to yield about 10*
Leu®* transformants per pool. Tem?® cells were selected from
among these transformants by homogenizing the agar medium,
allowing the cells to grow out for several generations in liquid
SD, and then plating about 106 cells per pool on SD plates con-
taining histidine and trichodermin at 2 ug/ml.

Abbreviations: Tem® and TemS, trichodermin resistance (resistant) and
sensitivity (sensitive); kb, kilobase pairs.
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Table 1. Maintenance of plasmids pTCM and YEp13 in yeast transformants

Cloning Growth conditions c(:’l;ﬁ:a:, Phenotype, %

vector Cells grown in Cells plated on no. Leu*,Tem® Leu*,Tem® Leu”,Tem®

pTCM YPD YPD 400 5 0 0
YPD YPD + Tem 20 100 0 0
YPD + Tem YPD 400 50 0 0
YPD + Tem YPD + Tem 200 100 0 0

YEp13 YPD YPD 400 0 50 0
YPD YPD + Tem 0 —_ —_ —

Strain JC27, harboring cloning vector YEp13 or pTCM, was grown in liquid SD medium containing histidine. The cultures
were then diluted into nonselective (YPD) or selective [YPD + trichodermin (Tcm)] medium for growth for 10-12 doublings -
(to =10%/ml). Then they were diluted and approximately 500 cells were plated on the solid medium. “Viable colonies” shows
the numbers of colonies that grew on the solid media. These colonies were replica plated to SD + His (to determine Leu phe-
notype) and to YPD + trichodermin (to determine Tem phenotype). The percentage of the replica-plated colonies that grew

is shown under “Phenotype.” The trichodermin concentration was 10 ug/ml throughout.

R Loop Positive Translation. Supercoiled plasmid DNA was
relaxed by heating to 70°C, hybridized under R-loop conditions
with yeast poly(A)* RNA, and separated from unhybridized
RNA as described by Woolford et al. (3). RNA was released from
the DNA by incubating at 100°C for 1 min and was translated in
a wheat germ extract. The translation products were analyzed
on one- and two-dimensional polyacrylamide gels as described

(11).

RESULTS

Strategy for Transformation of Yeast to Tcm®, Antibiotic-
resistance mutations which lead to alterations in the primary
structure of ribosomal proteins are generally recessive because
ribosomes do not function alone but as polyribosomes. Never-
theless, using diploids heterozygous for tcml, we found that
Tem® can be codominant at low drug concentrations. This ob-
servation suggested that it might be possible to select resistant
transformants from a sensitive recipient, provided that the
preexisting (sensitive) ribosomes are first diluted by several
generations of growth after transformation. Therefore, we con-
structed a clone bank of DNA from a Tem? strain, using as a vec-
tor a plasmid carrying the yeast LEU2 gene. A leu2, TemS strain
was transformed with this plasmid DNA and transformants were
obtained by selecting first for Leu™ colonies in a medium lacking
leucine. These Leu* transformants were then screened for
Leu*, Tem® cells on medium lacking leucine and containing 2
ug of trichodermin per ml, the lowest concentration that pre-

vented growth of the recipient strain while permitting growth of
a diploid heterozygous for tcm1.

Analysis of Tem® Transformants. When colonies of Leu*
transformants were recovered and plated on trichodermin-con-
taining medium, several colonies of resistant transformants
were found. To determine if the resistance of these transform-
ants resulted from a plasmid-associated gene or a spontaneous
chromosomal mutation, we examined the segregation of the
Leu* and Tem® phenotypes.

A useful characteristic of yeast cells transformed with 2-um
DNA-containing plasmids is the loss of these plasmids during
mitotic growth under nonselective conditions (12-14). If Tecm®
is due to the presence of a YEp13 plasmid carrying the resis-
tance gene, this trait should be mitotically unstable and cosegre-
gate with Leu™ after growth in rich medium. To test this predic-
tion, cells were grown for about 10 generations in rich medium
and then were plated and tested by replica plating onto minimal
medium to determine their Leu* phenotype and onto rich me-
dium containing trichodermin to determine their resistance
phenotype. [Controls demonstrated that all cells maintained on
SD (selective) medium were Tcm® (data not shown).] An exam-
ple of the segregation pattern for one transformant is shown in
Table 1. The top two lines show that, of cells carrying the resis-
tance trait, 95% had lost their plasmid (5% Leu*) after nonselec-
tive growth. Nevertheless, those cells that retained their Leu*
phenotype were also Tem? and those that retained their resis-
tance phenotype were also Leu®. Selection for Tcm® was as ef-
fective in maintaining the Leu* phenotype as was growth in SD

Table 2. Antibiotic resistance of strains used in this study

Resistance in vivo®

Resistance in vitro*
% amino acid incorporation

Trichodermin
Strain genotype* Trichodermin Verrucarin A Anisomycin Cycloheximide in trichodermin (10 ug/ml)
Jc27 [YEp13] + - - - - 37 + 4
HF-T1 teml + + + - 77 £ 12
HF - D100 +/teml + + + - 56 + 8
JC27 [pTCM] +/ltem™] + + + - 55 + 2

* + indicates the wild-type (sensitive) allele of tcml.

* The strains were grown in SD medium containing histidine and diluted to give about 10° single colonies on SD + His plates.
The colonies were then replica plated to SD + His plates containing trichodermin (10 ug/ml), verrucarin A (5 ug/ml), an-
isomycin (100 ug/ml), or cycloheximide (2 ug/ml). +, Growth; —, failure to grow. Although both the diploid and the pTCM
transformant grew on all the drug-containing plates (except cycloheximide), both strains grew slowly (compared to HF-T1)
and no difference in growth rate could be discerned.

* Cell extracts were prepared essentially as described by Gallis and Young (15). Incubation without added template was carried
out at 30°C. At 2-min intervals, 10-ul samples were removed to filters which were processed to determine hot-acid precipitable
radioactivity. The incorporation was linear for 6 min and plateaued by 8—10 min which was identical behavior to that reported
previously (15). The initial rate of incorporation was determined by least squares analysis and ranged from 8000 to 25,000

cpm/min in the absence of trichodermin.
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medium. Despite the fact that their plating efficiency on tri-
chodermin was halved, 100% of the cells grown in rich medium
containing trichodermin were found to be Leu*. These results
demonstrate that both the Leu* and Tcm® phenotypes cosegre-
gate and are mitotically unstable, suggesting that the resistance
trait of the transformants is plasmid associated. On the other
hand, attempts to demonstrate cosegregation of the traits during
meiosis were frustrated by the fact that virtually all the meiotic
products recovered were Leu™ and TemS. This failure may be
due to the high degree of instability of the Tem® plasmid (com-
pare lines 1 and 5 in Table 1).

To examine the plasmids present in Tcm® transformants,
DNA was extracted from three resistant yeast transformants and
used to transform E. coli to ampicillin resistance. Plasmid DNA
was then isolated from a single ampicillin-resistant bacterial
transformant for each of the three original yeast transformants.
Digestion of these plasmids with BamHI revealed that all three
consisted of the same two fragments, one corresponding to the
YEp13 vector (10.7 kb) and another of =13.5 kb. When one of
these plasmids, denoted pTCM, was reintroduced into strain
JC27, 100% of the Leu* transformants tested were also Tem®.
These results support further the conclusion that the Tem® trait
is plasmid associated. On the other hand, no transformants were
observed when JC27 was transformed with pTCM and the cells
were plated directly in minimal medium containing trichoder-
min at 2, 5, or 10 ug/ml. This result is consistent with the sug-
gestion that the Tcm® gene of the pTCM encodes a ribosomal
protein because challenging transformants immediately with
the drug did not allow the sensitive ribosomes to be diluted by
-resistant ribosomes.
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F1G. 1. Growth of strains in the presence of trichodermin. Stock
cultures of each strain described in Table 2 were diluted into SD + His
and grown overnight to midlogarithmic phase. Each culture was then
diluted to an initial density of =2 x 10° cells per ml (Klett = 10) and
allowed to grow to Klett = 15. Each culture was then divided into four
aliquots to which were added 0, 2, 5, and 10 ug of trichodermin per ml.
The cell density of each was then monitored as a function of time. 0, No
drug; O, trichodermin at 2 ug/ml; A, trichodermin at 5 ug/ml; e, tri-

-chodermin at 10 pg/ml.
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Evidence That pTCM Carries the tcml Gene. In order to
establish that the Tem® trait carried on pTCM is actually the
tcml locus described previously, we compared several physio-
logical aspects of the Tcm® transformants to those of strains hav-
ing a chromosomal copy of tcml.

Grant et al. (5) reported that mutants carrying the tcml gene
are cross-resistant to other trichothecene antibiotics as well
as to the unrelated drug anisomycin. The Tem® transformants
were resistant to the trichothecene derivative verrucarin A as
well as to anisomycin, suggesting that pTCM specifies the same
gene product as tcml (Table 2). The transformants were not re-
sistant to cycloheximide, an unrelated inhibitor of 60S ribosome
function.

As a second test that pTCM carries tcml, we measured the
effect of various concentrations of trichodermin on the growth
of the same strains described in Table 2. Both the diploid het-
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FIG. 2. Analysis of translation products of mRNA hybridized to
various plasmids. Total yeast mRNA was R-looped to various plasmids,
recovered, and translated in a wheat germ extract. The translation

‘product was extracted: and analyzed on a one-dimensional 10-15%
polyacrylamide gradient gel containing NaDodSO, (17). The major
product of pTCM and the only product of the subclone pTCM (3.2), 1a-
beled 1, has the same mobility as the largest protein of the purified ri-
bosomal proteins (60S + 40S). Plasmid A14, which contains the gene
for ribosomal protein 73, was added to two hybridizations as a positive
control. Ava/Sal and Sal/Bam represent the two halves of pTCM (3.2)
cut with Sal I and Pst (see Fig. 4 and text). “Poly(A)*” and “Blank” rep-
resent - translation products with or without the addition of total
mRNA, respectively.
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pTCM

Fic. 3. Two-dimensional electrophoresis of translation products of mRNA hybridized to pTCM. A portion of the translation Prod}lct from PTCM
(Fig. 2) was analyzed on a two-dimensional gel [(pH 5, 8 M urea/NaDodSO, (11)] (Right). The major product is indicated by “1” as it migrates directly

over spot 1 of purified ribosomal proteins (Left).

erozygous for tcml and the transformant containing pTCM are
able to grow in drug concentrations at least as high as 10 ug/ml,
although neither strain grew as well as the resistant haploid at
the same concentration (Fig. 1). The similarity of the effect of
trichodermin on the growth of the transformant and of a heter-
ozygous diploid suggests again that the pTCM specifies the
same gene product as tcml. However, at all concentrations of
trichodermin, the transformant grew slightly faster than the
heterozygous diploid, despite the fact that the transformant
grew slower in the absence of the drug. This result suggests that
the transformant contains a greater proportion of resistant gene
products than does the heterozygote.

To demonstrate that the Tem® of the transformants was not
due to the development of a permeability barrier, we deter-
mined the effect of trichodermin on amino acid incorporation by
cell extracts (Table 2). These assay conditions measure run-off
from endogenous polysomes (15). Although a given concentra-
tion of trichodermin is far less effective in inhibiting protein syn-
thesis in vitro than it is in slowing cell growth (16), it is apparent
that in vitro the resistance of both the transformant and a diploid
heterozygous for tcml is intermediate between the wild type
and the homozygous resistant strain. These data are consistent
with the transformant containing a mixture of resistant and sen-
sitive ribosomes, suggesting that pTCM carries the gene for a
component of the 60S ribosome.

Evidence That pTCM Encodes Ribosomal Protein L3. Be-
cause the gene product of the tcml locus was unknown, we used
a positive translation assay (3) to determine if pTCM carries-a
ribosomal protein gene. Yeast poly(A)* RNA was incubated with
pTCM plasmid DNA under conditions that allow the formation
of DNA-RNA hybrids (R loops). The hybridized RNA was re-
covered from the R loops and translated in the presence of
[**S]methionine in a wheat germ cell-free translation assay. A
one-dimensional NaDodSO,/polyacrylamide gel displaying the
3S-labeled products showed a prominent band, corresponding
in mobility to the largest ribosomal protein (Fig. 2). The three
less-intense bands also were seen with other clones of YEp13
and probably represent genes on the vector. Analysis with a
two-dimensional polyacrylamide gel system that displays basic
proteins demonstrated a prominent radioactive spot comigrat-
ing with ribosomal protein 1 (Fig. 3). Because we have shown
that this protein can be faithfully translated in vitro (17) and be-
cause no other yeast protein migrates in this position, we sug-
gest that the product of the tcml locus in yeast is ribosomal pro-
tein 1. This assignment has been verified by analyzing the

translation product on a different, two-dimensional gel system
(18) in which a single spot appeared over a protein called L3 in
the standard nomenclature (19, 20). L3 and 1 have been shown
to be identical by peptide analysis (21).
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FiG. 4. Restriction map of pTCM and its subclone pTCM (3.2). Re-
striction sites that delineate the various portions of the cloning vector
YEp13 are shown in circular figure at top. Heavy broken line, pPBR322
sequences; heavy continuous line, 2-um DNA sequences; light broken
line, LEU2 structural gene. The map, drawn roughly to scale, of the
13.5-kb BamHI fragment was determined by a series of single and dou-
ble restriction digests of either the intact plasmid or of the BamHI frag-
ment purified from a_preparative agarose gel. E, EcoRI; K, Kpn I; X,
Xho1; H, HindIlI; Ps, Pst I; Pv, PvuI; S, Sal I; A, Ava 1. Two additional
Sal I and Ava I sites in the left half of the BamHI fragment have been
omitted for clarity. The fragments that hybridize with mRNA are
shown with a double line. The figure below this fragment shows the
3.2-kb Ava I/BamHI segment subcloned in pBR325.
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Subcloning of pTCM. The 13.5-kb BamHI fragment of
pTCM (Fig. 4) is sufficient to encode several yeast genes. To
determine if the gene for Tem® and the gene for ribosomal pro-
tein L3 are contained within the same smaller segment, we sub-
cloned a portion of pTCM. The transcribed regions of pTCM
were identified by hybridization of poly(A)* [*2P]RNA to a
Southern blot of a restriction digest. Only the 3.9-kb Pou I-Sal
I and the 1.5-kb Sal I/BamHI fragments were found to be com-

- plementary to poly(A)*RNA. For convenience, we constructed
asubclone, pTCM (3.2), with the 3.2-kb Ava I/BamHI segment
(Fig. 4), expecting the Sal I site to lie within the sequence en-
coding protein L3.

Plasmid pTCM (3.2) was analyzed by the R-loop translation
assay (3). The only *S-labeled product found by both one-di-
mensional (Fig. 2) and two-dimensional (not shown) polyacryl-
amide gel electrophoresis was ribosomal protein L3. Thus,
pTCM (3.2) is indeed a subclone containing the gene for protein
L3. To ascertain that the Sal I site of pTCM (3.2) is within the
gene, we digested the plasmid with Sal I and Pst 1, separated

.the fragments on a 0.8% agarose gel, recovered the DNA from
the gel, and analyzed the two halves of the plasmid by R-loop
translation. mRNA for ribosomal protein L3 was found to be
complementary to both segments (Fig. 2), confirming that the
Sal I site is within the mRNA coding for L3.

Finally, to determine if pTCM (3.2) retains the tcml gene, we
digested the plasmid with BamHI and ligated it to a 1.7-kb
BamHI fragment containing the HIS3 gene of yeast. This HIS3
derivative of pTCM (3.2) was introduced into DBY703, a
his3,TcmS strain. Because His* transformants of DBY703 were
found to be partially Tcm®, pTCM (3.2) must contain. the tcml
gene.

DISCUSSION

The data presented above suggest that the plasmid pTCM con-
tains the gene responsible for Tcm® and that this gene specifies
.ribosomal Sprotem 1 (L3). When transformed with pTCM,
Leu~,Tem® cells become Leu* and can grow in the presence
of trichodermin at 10 ug/ml. As has been observed in other
transformants (12-14), growth in nonselective medium fre-
quently leads to loss of the plasmid. Loss of pTCM leads to
simultaneous loss of both the Leu* and Tem® phenotypes. The
plasmid is maintained by growth either in the absence of leucine
-or in the presence of trichodermin. Therefore, pTCM contains
a gene conferring Tem®.

Several lines of evidence suggest that the Tecm® gene on
pTCM is the same as the tcml gene from the donor strain.
Transformants as well as the donor are cross-resistant to other
trichothecenes as well as to the structurally unrelated drug ani-
somycin. Extracts of a transformant show about the same resis-
tance, in vitro, as do extracts of a strain heterozygous for tcml.
Although, in vivo, transformants are somewhat more resistant
to trichodermin than are cells heterozygous for tcml, they are
far less resistant than the homozygous donor strain.

Several lines of evidence suggest that the Tem® gene on
pTCM specifies ribosomal protein 1 (L3). The intermediate re-
sistance of the transformants as well as of the heterozygote, both
in vivo and in vitro, suggests that the gene specifies a ribosomal
component rather than a modifying enzyme. Failure to select
directly for Tem® suggests that sensitive products (i.e., ribo-
somes) must be diluted out. Finally, both the resistance gene
and the gene for the 60S protein L3 are contained on a 3.2-kb
DNA segment. Because at least 1.5 kb from the middle of that
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segment-is required to code for L3, whose molecular weight is
about 50,000, there is not sufficient room for another gene.
Therefore, L3 is responsible for Tem®.

Although mutants resistant at the ribosome level to crypto-
pleurine, cycloheximide, and trichodermin have been known
for a number of years, only recently has an altered ribosomal
protein been detected, in a strain resistant to cycloheximide
(22). Thus, it is gratifying to identify L3 as the protein respon-
sible for Tecm®. Of further interest is the fact that the 60S sub-
units of all eukaryotic ribosomes studied have two proteins dis-
tinctly larger than all other ribosomal proteins. It seems likely
that these two proteins are homologous among the eukaryotes.
The fact that an alteration in the largest 60S protein of yeast
leads to Tcm® suggests which protein might be responsible for
Tem® mutants of other species—e.g., Chinese hamster (23).

Note Added in Proof. Transtormation of yeast with a non-autonomously
replicating plasmid, which occurs by recombination between homolo-
gous segments of the plasmid and host chromosomal DNA (7), followed
by genetic mapping of the integrated plasmid confirmed that the 13.5-
kb TemP fragment is derived from the teml locus.
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