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Fast protein-depletion system utilizing 
tetracycline repressible promoter and N-end 
rule in yeast
Sivakumar Vadivel Gnanasundram and Martin Koš
Biochemistry Center, University of Heidelberg, 69120 Heidelberg, Germany

ABSTRACT  A protein depletion by promoter shutoff or protein destabilization is an impor-
tant tool in investigation of functions of essential genes. Various approaches using different 
repressible promoters, inducible degrons, or their combinations were developed. While suc-
cessful, the current techniques have a drawback in that they require fusion of a large degra-
dation tag to the target protein and/or a change in growth conditions to repress the pro-
moter. We describe efficient protein depletion using the combination of a metabolically inert 
tetracycline repressible promoter with tetracycline aptamer and constitutive target protein 
destabilization by means of ubiquitin fusion. The target protein does not require a tag, and 
its elimination is several fold faster compared with standard promoter shutoff systems. A 
depletion time of <40 min was sufficient to achieve a robust phenotype.

INTRODUCTION
A protein depletion is a widely used approach for studying functions 
of essential genes. A protein can be depleted from a cell by, for ex-
ample, repression of the gene’s promoter, degradation or inhibition 
of its mRNA translation (RNA interference, microRNAs [miRNAs]), or 
destabilization and degradation of the protein itself. In yeast, the 
commonly used technique involves replacement of the endogenous 
promoter with a promoter that can be repressed by a small mole-
cule, usually a metabolite, added to the growth media. Repressible 
promoters from genes such as GAL1-GAL10, MET3 and MET25, 
CUP1, and heterologous TetO7 promoter have successfully been 
used (Johnston and Davis, 1984; Mountain et  al., 1991; Dohmen 
et al., 1994; Bellí et al., 1998). The presence of an appropriate me-
tabolite/small molecule in growth media leads to repression of the 
promoter and subsequent depletion of the protein of interest from 
the cell. However, the depletion often takes a long time (12 h or even 
longer) before the target protein level drops sufficiently enough to 
exhibit a detectable phenotype. On a promoter repression, the 

major factors influencing the rate of depletion are the half-life of the 
protein itself and of its mRNA. In yeast, the median mRNA half-life is 
∼20 min (Wang et al., 2002) compared with the median protein half-
life of 45 min (Belle et al., 2006). Therefore the stability of the protein 
is in most cases the major determinant of the time required for a suf-
ficient depletion. Methods to directly destabilize the protein of inter-
est have been developed. A tag containing a degradation signal is 
fused to the target protein and, upon activation of such a degrada-
tion signal, the protein is rapidly degraded. One such approach uses 
a heat-inducible degron tag fused to the protein of interest. A shift 
to a higher temperature induces a conformational change of the de-
gron tag and targets the protein for degradation (Dohmen et al., 
1994). In a more recently described auxin degradation system, a 
plant-derived auxin-binding domain directs the fusion protein to-
ward degradation after binding the hormone (Nishimura et  al., 
2009). While these systems have been successful, they share a disad-
vantage in the need to fuse a sizable tag to the protein of interest, 
which might interfere with its function. Furthermore, the change in 
the growth temperature required to activate the heat-inducible de-
gron can directly affect many cellular processes and thus might not 
be suitable for the pathways studied.

Almost 30 yr ago, it was shown that protein stability is affected 
by the N-terminal amino acid (Bachmair et al., 1986). The authors 
found that the yeast intracellular machinery efficiently recognizes a 
ubiquitin-coding sequence fused to a reporter protein and pre-
cisely cleaves off the ubiquitin moiety. Interestingly, the stability of 
the remaining reporter part was dependent on the N-terminal 
amino acid residue remaining after the ubiquitin part was removed. 
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this system, we could reduce the depletion time several fold 
to <1 h.

RESULTS AND DISCUSSION
To constitutively destabilize the target protein, we modified the ex-
isting TetO7-3HA cassette on a plasmid pMK140 (Alexander et al., 
2010) by insertion of the ubiquitin-coding sequence followed by a 
codon for a destabilizing amino acid (DAA) upstream of the 3× 
hemagglutinin (HA; 3HA) tag (Figure 1A). The resulting depletion 
cassette can be integrated in the yeast genome, in frame with the 
open reading frame of interest. The expression of the resulting fu-
sion protein ubiquitin-DAA-3×HA-proteinX is under the control of 
the TetO7 promoter. We included the 3×HA tag in the cassettes to 
allow simple detection of the targeted protein. Although we have 
not yet observed any adverse effects of the widely used 3×HA tag 
on the functionality of the several dozen proteins we have studied, 
an N-terminal tag can negatively affect the function of some fusion 
proteins. In this case, the integration cassettes can also be ampli-
fied using a reverse primer that base pairs upstream of the 3×HA 
tag and thus fuses only the DAA to the protein of interest. All the 

By introduction of different amino acids in the fusion protein be-
tween the ubiquitin and the reporter, the authors determined the 
so-called N-end rule for protein stability (Bachmair et  al., 1986; 
Varshavsky, 1996). Thus fusion of the ubiquitin followed by a de-
stabilizing amino acid residue can be used to constitutively desta-
bilize the target protein. Such ubiquitin fusion systems together 
with repressible GAL10 or CUP1 gene promoters has been used to 
improve depletion of target proteins (Cormack and Struhl, 1992; 
Park et al., 1992). However, in both cases, a change of growth me-
dia conditions was required to initiate the depletion, which in turn 
affected the metabolism of the cells.

We show here that a combination of tetracycline repressible 
promoter and a ubiquitin fusion system greatly shortens the time 
required for efficient depletion. The advantage of this combina-
tion approach is that the promoter repression is achieved by a 
metabolically inert molecule (tetracycline/doxycycline), and 
there is therefore no negative effect on the metabolism of the 
cell. The ubiquitin moiety is efficiently cleaved off in the cell, 
leaving the protein to be studied with only one amino acid 
change at its N-terminus that unlikely affects its function. Using 

FIGURE 1:  Comparison of different depletion systems. (A) Schematic representation of the depletion cassettes used. 
The promoter is indicated by a broken arrow; DAA, destabilizing amino acid; tc, tetracycline aptamer. (B) Growth of 
strains with the standard TetO7 promoter and the new TetO7-Ubi-Leu cassette during depletion. Doxycycline or ethanol 
(solvent) was added to exponentially growing cultures to a final concentration of 2 μg/ml, and optical density was 
measured at the indicated time points. (C) Reversibility of the depletion in the TetO7-Ubi-Leu-Has1 strain. Doxycycline 
or ethanol (solvent) was added to exponentially growing yeast to a final concentration of 2 μg/ml at time 0. After 8 h, 
the doxycycline/ethanol was washed away, and the cultures were monitored until the exponential growth was restored. 
(D) Viability of cells after 8 h of depletion. Two hundred cells from the TetO7-Ubi-Leu-Has1 strain were grown for 8 h 
with or without doxycycline and then plated on YPD agar; growing colonies were counted after 2 d. For all experiments, 
a mean of three independent biological replicas is shown; error bars represent SDs. The y-axes in B and C are in 
logarithmic scale.
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The time required for depletion using GAL7 promoter was ∼7 h 
(unpublished data). The results indicated that Has1p is indeed more 
rapidly depleted in the TetO7-Ubi-Leu-Has1 strain. The depletion of 
the Has1p is fully reversible. Cells depleted for 8 h resumed their 
exponential growth ∼10 h after change into media without doxycy-
cline. As Has1p is a ribosome biogenesis factor, the depleted cells 
have limiting amounts of functional ribosomes. Therefore the rather 
slow recommencement of the exponential growth is likely due to a 
reduced translational capacity of the depleted cells. The viability 
and colony-forming capabilities of the depleted and nondepleted 
cells were identical (Figure 1, C and D).

The rates of Has1p protein depletion in TetO7 and TetO7-Ubi-
Leu strains were analyzed by Western blotting (Figure 2A). We ob-
served a rapid drop of Has1p levels to below the 20% level within 
2 h of depletion in the TetO7-Ubi-Leu, while ∼75% of the protein 
remained in the TetO7 strain at the same time point, in agreement 
with the observed differences in the growth rates of the strains. 

experiments were performed in the strain YMK118, in which TetO7 
promoter is repressed by doxycycline added to the media (Alexan-
der et al., 2010). Three constructs were created, with leucine, iso-
leucine, or alanine as DAA to allow titration of the fusion proteins’ 
expression levels and of the rate of depletion. According to the 
N-end rule, proteins with leucine and isoleucine residues at their 
N-ends have expected half-lives of 10 and 30 min, respectively. Pro-
teins with alanine as their N-terminal amino acid are considered 
stable (Bachmair et al., 1986).

The resulting depletion cassettes were integrated upstream and 
in frame with the coding sequence of the essential HAS1 gene in 
the strain YMK118. We compared the growth during depletion of 
strains with our new TetO7-Leu-DAA-3HA cassette with leucine as 
the DAA and the strains carrying the standard TetO7-3HA cassette. 
While ∼6 h of depletion were required until the growth curves of the 
TetO7-Has1 strain visibly deviated from the nondepleted strain, 
only 3 h were required for the TetO7-Ubi-Leu-Has1 strain (Figure 1B). 

FIGURE 2:  Western blot analysis of Has1p levels in strains with different depletion cassettes. Protein samples from 
strains were collected at the indicated time points following the addition of doxycycline. The proteins were detected 
using antibodies against the HA tag and actin. The quantification of the blots, normalized to actin levels, is plotted on 
the right; a mean of two independent experiments is shown. The following strains were used: (A) TetO7-Has1 and 
TetO7-Ubi-Leu-Has1, (B) TetO7-Ubi-Ile-Has1 and TetO7-Ubi-Ala-Has1, and (C) TetO7-tc-Ubi-Leu-Has1 with added 
tetracycline aptamer.
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TetO7-Ubi-Leu strains, as could be expected, due to the faster 
turnover of the Ubi-Leu fusion protein. Interestingly, only the 
TetO7-Ubi-Leu-Dbp4 strain exhibited slightly slower growth in the 
absence of doxycycline, whereas the other strains were not af-
fected. It is likely that the reduced steady-state levels of Dbp4p in 
the TetO7-Ubi-Leu strain are already limiting for growth and there-
fore, upon the start of depletion, the cell growth diminishes more 
or less immediately, as evidenced by the growth curve (Figure 
4A). In this case, use of a less-destabilizing DAA, such as isoleu-
cine, can be used to increase the steady-state (nondepleted) lev-
els of the target protein.

Figures 1 and 4 show that the depletion rates (and subsequent 
growth defects) are to a certain extent protein dependent. This is 
not surprising, as various proteins play roles in different cellular 
processes, and cells might continue growing for some time even 
after a protein is eliminated. For example, while depletion of a 
ribosome biogenesis factor prevents synthesis of new ribosomes, 
the cells can use the already existing ribosomes and continue 
dividing, albeit more slowly, for a few generations. With regard to 
the use of constitutive protein destabilization, an important factor 
to consider is protein stability. Depletion of inherently unstable 
proteins with short half-lives might benefit little or not at all from 
the constitutive destabilization system presented here. On the 
other hand, the approach should work well for proteins with longer 
half-lives.

The results presented so far show that growth in the strains car-
rying the TetO7-Ubi-Leu cassette slows several hours before growth 
in the strains carrying the standard TetO7 promoter. While conve-
nient, monitoring of cell growth allows only a gross measure of the 
defects resulting from the reduced levels of the protein studied. The 
change in the growth rate cannot be used to reliably time the first 
appearance of a phenotype resulting from the target protein deple-
tion. Therefore we took advantage of the easily detectable RNA-
processing phenotypes of Has1p and Prp19p and determined the 
time of appearance of first RNA-processing defects in the depleted 
strains. The Has1p protein is essential for rRNA processing, in par-
ticular for production of the 20S pre-rRNA intermediate (Emery 
et al., 2004). Therefore we used Northern blotting to determine the 
shortest depletion time required to abolish 20S pre-rRNA synthesis. 
Surprisingly, only 40 min after the start of depletion, the 20S 

Next we compared the Has1p depletion using the TetO7-Ubi-DAA 
with leucine, isoleucine, and alanine as destabilizing residues. The 
Has1p protein was depleted fastest in the TetO7-Ubi-Leu strain 
and with an intermediate rate in the TetO7-Ubi-Ile strain. In the 
TetO7-Ubi-Ala strain, which is expected to produce a stable pro-
tein, the depletion rate was very similar to the standard TetO7 
strain (Figure 2B). Interestingly, the Has1p protein depletion did 
not show a simple exponential behavior as would be expected in 
an ideal case. An initial rapid drop in the Has1p levels was followed 
by a much slower reduction as the strain growth rate reduces. Fur-
thermore, the Leu-Has1p half-life was ∼60 min, considerably longer 
than the 10 min predicted by the N-end rule. As a component of 
large multiprotein complexes, Has1p might not be readily accessi-
ble to proteasomes. Therefore only the accessible pool of Has1p 
is degraded rapidly and the depletion of the remaining Has1p, 
present in complexes, is much slower and follows duplication of 
the cells.

The apparent longer than expected half-life could also be 
caused by an ongoing synthesis of the Has1p due to a delayed 
shutdown of its gene transcription and/or stability of its mRNA. 
However, the Northern blot analysis showed that, upon addition of 
doxycycline, the TetO7 promoter was rapidly repressed and the 
Has1p mRNA was undetectable after 20 min for all constructs 
(Figure 3). Therefore the contribution of the ongoing de novo syn-
thesis of Has1p is limited. Nevertheless, we tried to improve the 
depletion efficiency by introducing a tetracycline-responsive (tc) 
aptamer into the mRNA upstream of the initiation AUG (Figure 1A). 
Such an aptamer has been described as blocking translation upon 
binding of tetracycline (Kötter et  al., 2009). This should have 
allowed us not only to repress the transcription of the target gene 
but also to directly block its translation by addition of both doxycy-
cline and tetracycline to the media. However, inclusion of the tc 
aptamer did not further improve the depletion rate, and neither 
the growth nor the rate of Has1p protein depletion was signifi-
cantly affected (Figure 2C).

To determine whether the TetO7-Ubi-DAA cassettes can be 
used in general to reduce depletion times, we tested the strategy 
with six other essential proteins. We selected proteins from differ-
ent cellular processes and spanning three orders of magnitude in 
their cellular abundance (Table 1). Depletion of all these proteins 
in strains carrying the TetO7-Ubi-Leu cassette was significantly 
faster than in strains with only the TetO7 promoter (Figure 4). In all 
cases, the depletion time required for an obvious deviation of 
growth of the depleted versus nondepleted control strains was 
several hours shorter. The individual protein depletion was also 
faster in the TetO7-Ubi-Leu strains. The Western blotting analyses 
revealed that the steady-state levels of Bfr2p, Dbp4p, Prp19, and 
Rrn3 were reduced already in the absence of doxycycline in 

FIGURE 3:  Northern blot analysis of HAS1 mRNA levels during 
depletion. Total RNA was isolated at indicated time points after 
addition of doxycycline. The blots were hybridized with probes 
complementary to HAS1 mRNA and SCR1 RNA (loading control).

Name
Molecular function, 

process

Abundance [molecules/
cell] (Ghaemmaghami 

et al., 2003)

Bfr2p Ribosome biogenesis 15,000

Dbp4p RNA helicase, ribosome 
biogenesis

8500

Erg1p Squalene epoxidase, 
ergosterol biosynthesis

65,000

Has1p RNA helicase, ribosome 
biogenesis

—

Prp19p RNA splicing factor 11,700

Rrn3p Transcription factor for 
RNA polymerase I

138

Sec62p Protein transporter, 
translocation into 
endoplasmic reticulum

16,500

TABLE 1:  Function and abundance of proteins used in this study.
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nucleolar RNA (snoRNA) at different time points during depletion 
(Figure 5B). It is important to note that the unspliced U3 snoRNA 
(similar to unspliced pre-mRNAs) can also be detected in normally 
growing wild-type cells, explaining the weak signal present in all the 
analyzed time points. Increased levels of the unspliced U3 were de-
tected after 1–2 h in the TetO7-Ubi-Leu-Prp19 strain compared with 
8 h in TetO7-Prp19 strain. Thus, also in the case of Prp19p, the ap-
pearance of the first processing defects resulting from the protein 
depletion is largely accelerated.

In summary, the combination of tetracycline promoter shutoff 
with a constitutive protein destabilization described here represents 

pre-rRNA levels were clearly reduced and synthesis of 20S was 
barely detectable after 60 min in the TetO7-Ubi-Leu-Has1 strain 
(Figure 5A). The inclusion of the tc aptamer had only a mild positive 
effect on the depletion (Figure 5A, bottom panel). In comparison, in 
the standard TetO7-Has1 strain, the reduction in the 20S pre-rRNA 
levels was noticeable after only 240 min, with the 20S pre-rRNA 
signal comparable with the 40-min time point in the TetO7-Ubi-Leu-
Has1 strain. Therefore the depletion time required to achieve a ro-
bust measurable phenotype was reduced sixfold in the TetO7-Ubi-
Leu-Has1 strain. The Prp19p is an essential splicing factor. Northern 
blotting was used to detect unspliced, intron-containing U3 small 

FIGURE 4:  Comparison of depletion of various proteins in TetO7 and Tet07-Ubi-Leu strains. Growth curves (left) and 
Western blot analysis (middle and right) of strains depleted of essential proteins Dbp4p (A), Bfr2p (B) Erg1 (C), Sec62 
(D), Prp19 (E), and Rrn3 (F) using different depletion cassettes. Samples were collected at the indicated time points 
following the addition of doxycycline. The individual proteins were visualized using antibodies against the HA tag and 
actin. The quantification of the blots, normalized to actin levels, is shown on the right; a mean of two independent 
experiments is shown. For growth curves (left charts), the mean of three independent experiments is plotted; vertical 
y-axes are in logarithmic scale.
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Plasmids and strains
The PTetO7-ubiquitin destabilizing cassettes were generated by 
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FIGURE 5:  Analysis of RNA processing and splicing during depletion of Has1p and Prp19p 
using different cassettes. Total RNA was isolated at the indicated time points following the 
addition of doxycycline. (A) Analysis of 20S pre-rRNA synthesis in TetO7-Has1, TetO7-Ubi-
Leu-Has1, and TetO7-tc-Ubi-Leu-Has1 strains. Total RNA was separated in a 1% glyoxal 
agarose gel and blotted, and the membrane was hybridized with oligonucleotides 
complementary to 20S pre-rRNA and SCR1 RNA, which was used as a loading control. 
(B) Analysis of U3 snoRNA splicing in TetO7-Prp19 and TetO7-Ubi-Leu-Prp19 strains. The total 
RNA was separated in 6% denaturing polyacrylamide gel and blotted, and the membranes 
were hybridized with oligonucleotides complementary to the U3 snoRNA intron and 5S rRNA 
(loading control).

Supplemental Tables S1–S3. Cells were 
grown in yeast–peptone–dextrose (YPD) 
media, and depletion was initiated by ad-
dition of doxycycline to the growth media 
in the final concentration 2 μg/ml. For 
nondepleted strains, the same volume of 
ethanol (solvent) was added.

The yeast strain YMK118 and plasmids 
used to generate the depletion strains 
were deposited in the Euroscarf collection 
(Euroscarf.de).

Western blotting
Total protein extract from equal numbers of 
cells was prepared using the TCA extrac-
tion method. An equal amount of proteins 
was resolved in an 8% SDS–PAGE gel and 
transferred to an Immobilon-FL (Millipore, 
Darmstadt, Germany) membrane using a 
wet electrotransfer system (Bio-Rad, 
Munich, Germany). The membranes were 
incubated with an anti-HA (Abcam, Cam-
bridge, UK) antibody followed by anti-rab-
bit immunoglobulin G antibody coupled 
with Alexa Fluor 680 (Molecular Probes, 
Life Technologies, Darmstadt, Germany) 
and scanned on the Odyssey Clx imager 
(Li-Cor, Bad Homburg, Germany). The 
Western blots were quantified using AIDA 
software (Raytek, Berlin, Germany).

RNA isolation and Northern blotting
The total RNA isolation and Northern blotting were performed as 
previously described (Boon and Koš, 2010). Briefly, total RNA from 
0.2 ODs of cells (loading by OD units) was resolved on either 1% 
agarose or 6% denaturing polyacrylamide gels and transferred to a 
nylon membrane using wet electroblotting. The blots were hybrid-
ized with random primed [32P]-labeled probes (High Prime, Roche) 
complementary to the HAS1 gene or [32P]-labeled oligonucleotide 
complementary to the U3 snoRNA intron sequence (5′-AAGCT-
GCTGCAATGGTT-3′), 20S pre-rRNA (5′-CGGTTTTAATTGTC-
CTA-3′), 5S rRNA (5′-GATTGCAGCACCTGAGT-3′), or SCR1 RNA(5′-
ATCCCGGCCGCCTCCATCAC-3′) (Boon and Koš, 2010). The blots 
were exposed to phosphoimager plates and scanned on the FLA-
7000 imager (Fuji).
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