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Amicoumacin A induces cancer cell 
death by targeting the eukaryotic 
ribosome
Irina V. Prokhorova1,*, Kseniya A. Akulich2,3,*, Desislava S. Makeeva2,3, Ilya A. Osterman4, 
Dmitry A. Skvortsov4, Petr V. Sergiev4, Olga A. Dontsova2,4, Gulnara Yusupova1, 
Marat M. Yusupov1 & Sergey E. Dmitriev2,5,6

Amicoumacin A is an antibiotic that was recently shown to target bacterial ribosomes. It affects 
translocation and provides an additional contact interface between the ribosomal RNA and mRNA. The 
binding site of amicoumacin A is formed by universally conserved nucleotides of rRNA. In this work, 
we showed that amicoumacin A inhibits translation in yeast and mammalian systems by affecting 
translation elongation. We determined the structure of the amicoumacin A complex with yeast 
ribosomes at a resolution of 3.1  Å. Toxicity measurement demonstrated that human cancer cell lines are 
more susceptible to the inhibition by this compound as compared to non-cancerous ones. This might be 
used as a starting point to develop amicoumacin A derivatives with clinical value.

Development of small molecule translation inhibitors is needed for progress in antibacterial as well as anticancer 
therapy1,2. Amicoumacin A (Fig. 1a) is an isocoumarin antibiotic that was found among secondary metabolites of 
a number of soil and marine bacteria3–5. Antimicrobial, antiulcer, and anti-inflammatory activity was described 
for this antibiotic3,4. The toxicity of amicoumacin A5 and closely related compounds6 towards cancer cell lines was 
described, although it was not compared to toxicity for non-cancerous cell lines.

In a recent study7, X-ray crystallographic structure of amicoumacin A bound to a Thermus thermophilus 
ribosome as well as biochemical and genetic analysis of bacterial translation inhibition has been reported. It 
appeared that amicoumacin A binds a conserved site between the E-site mRNA codon and 16S rRNA. The anti-
biotic contacts only the RNA backbone and nucleobases of rRNA. A number of antibiotics such as pactamycin7,8, 
kasugamycin9, and edeine10 occupy binding sites on the 30S subunit that overlap that of amicoumacin A7. All of 
them either prevent mRNA accommodation in the ribosome or disturb mRNA geometry. In contrast, amicou-
macin A mediates additional contacts between the ribosome and mRNA, which may explain its interference with 
translocation.

The crystal structure of bacterial ribosome in complex with amicoumacin revealed that antibiotic interacts 
with universally conserved nucleotides of the small subunit rRNA7. This suggests that amicoumacin A may also 
target the eukaryotic ribosome. In support of this assumption, some clinically important effects of the antibiotic 
on living animals were detected3,5. However, no direct evidence of its activity in eukaryotic translation systems 
has been reported.

Although the major principles of protein biosynthesis are uniform in all domains of life, the bacterial and 
eukaryotic translational machineries substantially differ in some particular components, including ribosome con-
stituent elements11–13. The elongation cycle is mostly conserved and assisted by homologous elongation factors12, 
while the difference is notable in translation initiation factors and mechanisms14,15. Here, we used two evolu-
tionary distant eukaryotic systems (i.e., mammalian and fungal) to assess inhibitory activity of amicoumacin A. 
We applied in vitro translation and mRNA transfection approaches as well as a toe-printing technique to show 

1Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), INSERM U964, CNRS UMR7104, Université 
de Strasbourg, 67404, Illkirch, France. 2Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow 
State University, Moscow, 119234 Russia. 3School of Bioengineering and Bioinformatics, Lomonosov Moscow State 
University, Moscow, 119234 Russia. 4Department of Chemistry, Lomonosov Moscow State University, Moscow, 
119234 Russia. 5Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, 119991, Russia. 
6Department of Biochemistry, Biological Faculty, Lomonosov Moscow State University, Moscow, 119234 Russia. 
*These authors  contributed equally to this work. Correspondence and requests for materials should be addressed to 
M.M.Y. (email: marat@igbmc.fr) or S.E.D. (email: dmitriev_sergey@genebee.msu.ru)

received: 13 April 2016

Accepted: 18 May 2016

Published: 14 June 2016

OPEN

mailto:marat@igbmc.fr
mailto:dmitriev_sergey@genebee.msu.ru


www.nature.com/scientificreports/

2Scientific RepoRts | 6:27720 | DOI: 10.1038/srep27720

that amicoumacin A inhibits translation in yeast and mammalian systems by affecting translation elongation. 
We also compared human cancerous and non-cancerous cell lines for their susceptibility for protein synthesis 
inhibition by the antibiotic. The structure of the amicoumacin A complex with yeast ribosomes was determined 
by X-ray crystallography at resolution up to 3.1 Å. While the overall binding site of amicoumacin A in eukaryotic 
ribosomes appeared to be the same as in bacterial ones, certain differences in the elements of the binding site may 
provide a framework for designing selective inhibitors on the basis of the amicoumacin A scaffold.

Results
Amicoumacin A inhibits mammalian mRNA translation. Mammalian mRNAs are known to utilize 
a wide spectrum of translation initiation pathways14,16. This prompted us to start the analysis of amicoumacin A 
activity in eukaryotes by using mammalian systems. The two most well studied modes of eukaryotic ribosome 
recruitment are cap-dependent scanning17 and viral IRES-mediated initiation18. Structural study of the amicou-
macin A in the complex with bacterial 70S ribosome showed that inhibitor mediates additional contacts between 
mRNA and rRNA in the small ribosomal subunit E-site. It could therefore interfere with eukaryotic mRNA 
translation not only at the elongation step but also during scanning of mRNA leader. Keeping this in mind, we 
created a set of luciferase mRNA reporter constructs that included both cap-dependent and IRES-dependent 

Figure 1. Amicoumacin A inhibits mammalian mRNA translation. (a) Chemical structure of amicoumacin 
A. (b) Inhibition of reporter mRNA translation by amicoumacin A in HEK293T cells. Error bars represent the 
standard deviations of the mean values for at least three independent experiments. (c) Inhibition of reporter 
mRNA translation by amicoumacin A in Krebs-2 cells S30 extract. (d) Ribosome stalling by amicoumacin 
A and other antibiotics in rabbit reticulocyte lysate as revealed by toe-printing assay. Cross signs denote 
components added to the reaction mixture. Final concentrations of the additives were as follows: 15 mM 
Mg(OAc)2 (lane 1); 0.2% EtOH (lane 2); 2 mM GMPPNP and 0.2% EtOH (lane 3); 2 mM GMPPNP and 100 μ M  
amicoumacin A (lane 4); 100 μ M amicoumacin A (lane 5); 100 μ M amicoumacin A and 1 mM cycloheximide 
(lane 6); 1 mM cycloheximide and 0.2% EtOH (lane 7); 2 mM GMPPNP, 100 μ M amicoumacin A and 1 mM 
cycloheximide (lane 8). Note that the toe-print pattern produced by the 48S complex (lanes 3, 4 and 8) differs 
from that made by the elongating 80S ribosome (lanes 5–7), in accordance with the previous observation23.  
(e) Inhibition of ribosome movement along mRNA by amicoumacin A. The antibiotic concentrations were 0, 1, 
10 or 100 μ M (in lanes 1–2, 3, 4 and 5–6, respectively).
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transcripts. To exclude possible impact of transcription and other DNA-related events, we took advantage of the 
mRNA transfection technique19.

We prepared polyadenylated transcripts that encoded either Renilla luciferase (Rluc) or firefly luciferase 
(Fluc). The former contained the 5′ -untranslated region (5′ UTR) of the human β -actin mRNA and were 
m7G-capped. Thus, its translation should reflect a behaviour of a regular cellular mRNA. In contrast, each of the 
Fluc encoding transcripts harboured one of three well-characterized viral IRESs in their 5′ UTR. We used IRES 
elements that differ in translation initiation mechanisms and have different initiation factor (eIF) requirements. 
Encephalomyocarditis (EMCV) IRES requires the same set of eIFs as the Actin-Rluc, except for the cap-binding 
protein eIF4E; it places the 40S ribosome subunit into its internal region, so there is only a limited scanning event 
across a few nucleotide-long initiation window in this case18. Hepatitis C virus (HCV) IRES binds the 40S directly 
and loads it precisely onto its AUG start codon; thus, it does not require any mRNA-binding eIF4 factors, and 
it is also, under some conditions, able to initiate translation via eIF2-independent pathways18. Cricket paralysis 
virus (CrPV) IRES does not need initiation factors or Met-tRNAi at all, since it utilizes the most exotic initiation 
mechanism ever18. Thus, in the two last cases, there is not even a limited scanning during translation initiation.

We transfected the reporter mRNA constructs into cultured HEK293T cells and measured the luciferase activ-
ity after 2 hours of expression. Increasing concentrations of Amicoumacin A were added to the culture medium 
just before the transfection. The short incubation period allowed us to minimize secondary effects that could 
appear if prolonged incubations with the drug were used. Translation of both scanning- and IRES-dependent 
mRNAs were inhibited by amicoumacin A in a micromolar concentration range (Fig. 1b). Almost identical inhi-
bition curves were obtained for Actin-Rluc and EMCV-Fluc mRNAs, while translation of both HCV-Fluc and 
CrPV-Fluc were slightly more resistant to the drug.

The difference we observed could be explained by either an additional inhibitory action of the antibiotic 
on the scanning process or by some indirect effects of the drug. It is long time known that some protein syn-
thesis inhibitors cause ribotoxic stress response in mammalian cells, including eIF2 phosphorylation and par-
tial inactivation20,21. In agreement with the latter, we detected a slight increase in eIF2α -P level in treated cells 
(Supplementary Fig.1). To investigate this further, we performed an in vitro translation experiment in the mam-
malian cell-free system that closely recapitulates in vivo conditions22. We did not observe significant differences 
between scanning- and IRES-dependent translation in this system (Fig. 1c). Thus, the effect of amicoumacin A 
on mammalian mRNA translation is most likely limited to the elongation stage and does not depend on initiation 
mode.

To dissect this issue unambiguously, we monitored ribosome progression along the capped β -globin mRNA 
by toe-printing in rabbit reticulocyte lysate23. We observed a clear toe-print band corresponding to a ribosome at 
the AUG codon (Fig. 1d). The pattern of the toe-print from amicoumacin A arrested ribosomes, the single band 
at position + 17 relative to the AUG (Fig. 1a, lane 5), matched that of the 80S particles23. There were also a few 
minor bands with a three-nucleotide periodicity (Fig. 1a, lane 5) that probably reflected positions of ribosomes 
that avoided antibiotic-mediated arrest at the AUG. Importantly, we did not detect any antibiotic-dependent 
bands at the upper part of the gel (besides the full-length cDNA signal), which could be interpreted as toe-prints 
from the stalled scanning complexes. In agreement with this, there was no amicoumacin-induced difference in 
signal intensity of 48S complex toe-prints obtained at the AUG codon with GMPPNP (Fig.1d, lanes 3 and 4). It 
should be noted that pronounced ribosome stalling at the AUG could be observed only at rather high antibiotic 
concentration (100 μ M), while lower concentrations also caused a gradual decrease in the full-length cDNA signal 
intensity (Fig. 1e). Obviously, under these concentrations the antibiotic was unable to arrest the majority of the 
elongating ribosomes during the first elongation step and generated a series of ribosomal complexes halted at dif-
ferent positions on the mRNA that could not be visualized as distinct toe-print bands. In summary, these results 
clearly showed that amicoumacin A inhibits translation elongation in mammalian systems.

Amicoumacin A inhibits translation in yeast. Another eukaryotic system that is widely used for anal-
ysis of translation inhibitors is budding yeast. We monitored yeast culture growth in the presence of increasing 
amicoumacin A concentrations. However, we did not observe substantial growth inhibition up to the highest 
antibiotic concentration we used (Fig. 2a, Supplementary Fig. 2). We hypothesized that this tolerance could be 
due to one or more of the following: a limited amicoumacin A penetration through the yeast cell wall, its efficient 
removal out of the cell, or metabolization of the drug by living yeast cells.

To exclude any effect not related to translation, we performed an in vitro experiment in yeast cell-free system 
(Fig. 2b). Two luciferase-encoding transcripts with either artificial leader (CAA19cI-Fluc) or a 5′  UTR from the 
natural yeast GCN4 gene (GCN4-Fluc) were used. Both mRNAs initiate translation by canonical scanning mech-
anism, although the latter one bears four uORFs in their leader and is a subject of a eIF2-P-mediated translational 
control17. Translation of both mRNAs was inhibited by increasing concentrations of amicoumacin A, and the 
effect was slightly higher for CAA19cI-Fluc. This result indicates that cell integrity protects yeast ribosomes from 
amicoumacin A inhibition in vivo, while the ribosomes themselves are highly susceptible to inhibition.

Structure of the amicoumacin A complex with yeast ribosome. The ability of amicoumacin A to 
inhibit yeast ribosomes prompted us to use this system for structural study. For this, we applied the procedure 
to determine the structures of 80S ribosome from Saccharomyces cerevisiae in complex with translation inhib-
itors24. We prepared the crystals of 80S ribosome as described and introduced amicoumacin A by soaking at 
concentration 200 μ M during post-crystallization treatment. The dataset was collected from a single crystal, and 
data with a maximum resolution of 3.1 Å were included for refinement. An initial unbiased difference electron 
density map (Fobs −  Fcalc) was calculated using the model of vacant 80S yeast ribosome (PDB entry 4V88). The 
amicoumacin A molecule was located in the E-site of small ribosomal subunit after manual inspection of the 
peaks of positive electron density (Fig. 3a). The atomic model of amicoumacin A and its geometry restraints were 
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generated with the help of a Grade web server (Global Phasing, http://grade.globalphasing.org). The structure of 
80S-amicoumacin A complex was refined with Phenix.refine25. Final statistics of the data collection and refine-
ment are shown in Table 1.

Amicoumacin A interacts mostly with rRNA residues in helixes 23 and 24 (Fig. 3c). It is involved in stacking 
with G904 (G693 in bacteria) in the tip of h 23. The antibiotic is located within the hydrogen bond distance from 
2′ -OH of ribose of U999 (U788), oxygen of the phosphate group of U1769 (U1506), and from Watson-Crick 
edges of nucleotides A1005 (A794) and C1006 (C795).

We compared the structure of amicoumacin A bound to the yeast ribosome to the structure of the bacterial 
ribosome from Thermus thermophilus in complex with amicoumacin A reported previously7 (Fig. 3b–d). We did 
not observe the ions coordinated by amicoumacin A in contrast to the structure with bacterial ribosome that 
can be attributed to the lower resolution of the obtained data (3.1 Å here compared to 2.4 Å in7). Otherwise, the 
conformation adopted by amicoumacin A in bacterial and in eukaryotic ribosomes is very similar. A small shift in 
the position of 2,3-dihydroxy-5-aminohexandiamide tail can be attributed to the absence of mRNA in the present 
model. Remarkably, the contacts of amicoumacin A with the eukaryotic ribosome are preserved in the absence 
of functional ligands.

The differences in the binding site of amicoumacin A in bacterial and yeast ribosomes7 are found in the pro-
teins uS11 and uS7 (Fig. 3c,d). The loop of uS7 in a bacterial ribosome is located within 3.9 Å from the isocou-
marin moiety of amicoumacin A and is more than 10 Å away in the eukaryotic ribosome. The C-terminal tail 
of uS11 contains an eukaryote-specific extension and is oriented differently in the 80S ribosome. It does not 
reach the amicoumacin A binding pocket in the Thermus thermophilus 70S ribosome, while in the yeast 80S 
ribosome the terminal leucine of uS11 forms a hydrophobic interaction with the isobutyl group of amicoumacin 
A. The mutations in the C-terminus of uS11 are known to confer resistance to cryptopleurine and emetine26,27. 
Cryptopleurine and emetine along with pactamycin bind small subunit E-site in a similar way making strong 
stacking interactions with G90424,28. On the basis of the structure, we can hypothesize that these mutations would 
also lead to resistance of the yeast translation to amicoumacin A in vitro. Interestingly, cryptopleurine and eme-
tine are active only in eukaryotes, while pactamycin is a universal inhibitor.

Amicoumacin A preferentially inhibits cancerous cell lines. Cancerous transformation usually is 
accompanied by hyperactivation of translation machinery29,30. High demand for protein biosynthesis makes 
cancerous cells more sensitive to inhibitors of translation than normal cells. In order to evaluate a potential of 
amicoumacin A as a possible anti-cancer compound, we determined its toxicity towards the MCF-7 breast cancer 
cells, the A549 lung cancer cells, and two cell lines of non-cancerous etiology (HEK293T embryonic kidney and 
VA13 lung fibroblast cell lines), using the MTT assay (Table 2). The concentrations of amicoumacin A that caused 
50% growth inhibition or cell death (IC50) roughly matched that of inhibition of reporter mRNA translation 
(Fig. 1). This argues for the idea that translation is the primary target of amicoumacin A in mammalian cells. As 
expected, cancer cells appeared to be 2–4 times more susceptible to amicoumacin A inhibition than the cell of 
non-cancerous etiology. There were also a correlation between IC50 and the cell culture growth rates that were 
decreased in the raw: A549≈ HEK293T >  MCF7 ≫  VA13. Although selectivity is not high, it may lay the basis for 
further work on improvement of amicoumacin A properties as an anti-cancer chemical.

Discussion
Ribosomes are one of the most conserved molecular assemblies, and at the same time they are the target of many 
antibiotics. A large cohort of protein synthesis inhibitors affects both bacterial and eukaryotic ribosomes1,24. As 
a rule, these antibiotics bind to the conserved sites of the ribosome. In an earlier report, amicoumacin A was 
demonstrated to inhibit bacterial ribosomes by providing additional interactions between mRNA and rRNA7. 
Movement of mRNA was suggested to be inhibited by amicoumacin A.

Figure 2. Amicoumacin A action on yeast S. cerevisiae. (a) Yeast culture growth in the presence of 
amicoumacin A. OD600 values were divided to that in a plate well without the drug and taken at the time point 
of 11 h (when these ratios were minimal, as shown in Supplementary Fig. 2). The maximum concentration of 
the drug used in this experiment (10 μ M) was equal to 4.2 μ g/ml amicoumacin A added into the medium. Error 
bars represent the standard deviations of the mean values for three replicates. (b) Inhibition of reporter mRNA 
in vitro translation by amicoumacin A in the yeast cell-free system. Error bars represent the standard deviations 
of the mean values for three independent experiments.

http://grade.globalphasing.org
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In eukaryotes, ribosome movement along mRNA occurs not only during elongation but also upon the initi-
ation step of protein synthesis. Mammalian cells utilize diverse mechanisms of interaction with mRNA during 
translation initiation14,16. In the canonical pathway, small ribosomal subunit moves along 5′ UTR searching for 
a start codon17. In contrast, some viruses employ internal ribosome binding using a variable set of initiation 
factors depending on their IRES type18. In this work, we demonstrated that amicoumacin A does not affect any 
mode of translation initiation that we have tested. In contrast, it inhibits eukaryotic ribosome movement along 
mRNA during the elongation stage of protein synthesis in a similar way as it does with bacterial ribosome. The 
only effect of amicoumacin A on translation initiation is the slight phosphorylation of eIF2 due to induction of 
stress response.

Figure 3. Structure of the amicoumacin A complex with yeast ribosome. (a) Difference electron density 
map of amicoumacin A in complex with 80S ribosome. The map is contoured at 2σ . Amicoumacin A is shown 
in yellow. (b) Comparison of amicoumacin A conformation in yeast 80S and bacterial 70S ribosome. The 
70S ribosome from T. thermophilus (PDB entry 4W2F) in complex with amicoumacin A (shown in blue) was 
aligned on the 80S ribosome based on the helix 23 in 18S or 16S rRNA (ribosomal components are omitted for 
clarity). (c) The binding pocket of amicoumacin A in small ribosomal subunit E-site. Two orientations of the 
80S ribosome in complex with amicoumacin A are shown in the upper panel. The view from the side of the 40S 
head is shown on the left, and the view from the subunit interface is shown on the right (60S subunit is omitted 
for clarity). The 40S subunit is colored in wheat, and the 60S subunit is in light blue. The binding pocket of 
amicoumacin A is magnified in the lower panel. Amicoumacin A is shown in yellow, rRNA residues (in wheat, 
proteins uS11 and uS7) in green, and magnesium ions in brown. Interactions of amicoumacin A are depicted 
with the dashed lines. (d) Comparison of the amicoumacin A binding site in a yeast 80S ribosome with the 
one in bacterial 70S ribosome from T. thermophilus. Amicoumacin A is shown in blue, rRNA residues in grey, 
protein uS7 in violet, and magnesium ions in dark green (PDB entry 4W2F).
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Inhibition of the eukaryotic protein synthesis may be employed for the development of anti-cancer or immu-
nosuppressive agents2. In 2012, the first protein synthesis inhibitor targeting the eukaryotic ribosome, omacetax-
ine mepesuccinte (homoharringtonine), was approved by the FDA for treatment of chronic myeloid leukemia31. 
Recently, a number of well-known translation inhibitors were shown to possess high activity against breast cancer 
cells32. In line with this, we demonstrate here that toxicity of amicoumacin A for cancer cell lines is several times 
higher than for non-cancerous cell lines.

Amicoumacin A is the universal translation inhibitor since its binding pocket in the E-site of the small ribo-
somal subunit is highly conserved (Fig. 3). It interacts either with universally conserved rRNA residues or with a 
backbone of rRNA and mRNA in a sequence-independent manner. Comparison of the structures of amicouma-
cin A complexes with bacterial7 and eukaryotic ribosomes paves the way to the development of derivatives that 
may have better selectivity. While the RNA elements of the amicoumacin A binding site are absolutely identical 
for bacterial and eukaryotic ribosomes, structures of ribosomal proteins surrounding amicoumacin A on the 
ribosome are different (Supplementary Fig. 3). C-terminal amino acid of yeast ribosomal protein uS11 is located 
at 3.6 Å from the isobutyl group of amicoumacin A. Mutations of uS11 make yeast ribosomes resistant to the inhi-
bition by cryptopleurine and emetine26. These translation inhibitors bind a site overlapping that of amicoumacin 
A24. C-terminus of uS11 is not well resolved in the structure of bacterial ribosomes from Thermus thermophilus 
in complex with amicoumacin A (Supplementary Fig. 3a). However, more detailed analysis and comparison with 
the structure of uS11 in the Escherichia coli ribosome reveals a 1 Å shift of Cα  of the C-terminal amino acid inter-
acting with isobutyl group of amicoumacin A (Supplementary Fig. 3b)33. Moreover, this amino acid is a valine in 
E. coli and leucine in S. cerevisiae.

A conserved loop of the ribosomal protein uS7 is located 3.9 Å from the isocoumarin part of amicoumacin 
A in the bacterial ribosome and is more than 10 Å away in the yeast 80S structure (Supplementary Fig. 3c). 
Large deviations can be attributed to the different states of the ribosome in two structures (classical in T. ther-
mophilus compared to ratcheted in S. cerevisiae). Since this loop has a special importance in the process of start 
codon selection during translation initiation34, we focused our attention on this particular structural element. 
We aligned uS7 from the structure of a yeast ribosome to the uS7 in bacterial ribosome to model its possible 
orientation to amicoumacin A (Supplementary Fig. 3d). The alignment shows that this loop can reach the ami-
coumacin A binding site of yeast ribosomes but adopts different conformation compared to bacterial ribosomes. 
Altogether, derivation of the isocoumarin part and the isobutyl moiety of the amicoumacin A scaffold might 

Space group P21

Data collection

Cell dimensions

 a, b, c (Å) 434.23 287.91 304.12

 α , β , γ  (°) 90 99.11 90

 Resolution (Å) 103.62-3.10 (3.20–3.10)

 Rmeas* * 22.80 (159.10)

 I/σ I 6.92 (1.02)

 CC1/2 99.00 (44.20)

 Completeness (%) 99.97 (100.00)

 Redundancy 6.64 (5.11)

Refinement

 Resolution (Å) 103.619–3.100

 No. unique reflections 1329824

 Rwork/Rfree 0.2009/0.2478

 Total No. atoms 410489

 Average B-factor 79.520

 R.m.s deviations

 Bond lengths (Å) 0.009

 Bond angles (°) 1.356

Table 1.  Data collection and refinement statistics.

Cell line C/NC* IC50, μM (IC50, μg/ml)

A549 C 0,2 ±  0,1 (0,08 ±  0,04)

MCF7 C 0,3 ±  0,1 (0,13 ±  0,04)

HEK293T NC 0,55 ±  0,03 (0,23 ±  0,01)

VA13 NC 1,2 ±  0,2 (0,51 ±  0,08)

Table 2.  Toxicity of amicoumacin A to human cell lines. The cytotoxicity was assayed by the MTT test. The 
concentrations of amicoumacin A in the growth media that caused 50% growth inhibition or cell death (IC50) is 
presented in both μ M and μ g/ml scale. * - ‘C’ – cancerous cell line; ‘NC’ – non-cancerous cell line.
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increase selectivity of the compound towards bacterial or eukaryotic ribosomes and may provide new properties 
to the drug with respect to a modulation of the start codon selection process.

Another intriguing possibility is using the amicoumacin scaffold for designing mRNA-specific translation 
inhibitors. For example, the HCV IRES domain II binds in close proximity35,36 to the amicoumacin A binding site 
on the ribosome (Supplementary Fig. 4). Although the original drug did not show any preferential inhibition of 
the HCV IRES directed translation (Fig. 1b,c), one may suggest that its derivatives could interfere specifically with 
the IRES domain II placement onto the ribosomal E-site.

In summary, we presented evidence for amicoumacin A activity toward the eukaryotic ribosome in both 
mammalian and yeast systems, we revealed structural details of its interaction with the yeast 80S ribosome, and 
we showed a relative selectivity of the drug toward human cancer cell lines. Our study could be used for rational 
drug design aiming to improve amicoumacin A therapeutic potential.

Methods
Reagents. Amicoumacin A isolation was described earlier7. The purified antibiotic was dissolved in ethanol 
to concentration of 2.5 mM.

Plasmid constructs and in vitro transcription. The plasmids pbG coded for the rabbit β -globin mRNA37,  
pActin-Rluc38, pActin-Fluc, and pEMCV-Fluc22 were described earlier. Modified pHCV-Fluc with a complete 
HCV IRES and a single AUG codon in the initiation region was a gift from I. Terenin. To obtain CrPV IRES  
cDNA, PCR with a plasmid gifted by A. Komar was used with primers GGCGCACTAGTCAGCTGAAAGC 
AAAAATGTGATCTTGCTTG and С GC CGGCGCCGGGCCTTTCTTTATGTTTTTGGCGTCAAGCT
TATTTTCTTGTTTATCTTGAAATGTAGCAGGTAAATT. The PCR product was then treated with PvuII 
and NarI and inserted into the pEMCV-Fluc plasmid digested by the same enzymes, resulting in the plas-
mid pCrPV-Fluc. Prior to in vitro transcription, pbG was linearized at the EcoRI site. For synthesis of the 
polyadenylated mRNAs encoding the firefly and Renilla luciferases, a 50T-tailed PCR product was used 
as a template, as described previously22,38,39. In the case of the CrPV-Fluc, the template was generated with 
CGCCGTAATACGACTCACTATAGGGAAAGCAAAAATGTGATCTTGCTTG as the forward primer. For the 
transcription, the RiboMAX kit (Promega) was used. The resulting transcripts were precipitated with 2M LiCl. 
The IRES containing mRNAs were uncapped, whereas for all other transcripts, Vaccinia Capping System (NEB) 
was used to obtain 100% capped products.

Toe-printing of ribosomal complexes in rabbit reticulocyte lysate. Ribosomal complex assem-
bly was performed in the nuclease treated RRL (Promega, L4960), as described previously40. Briefly, the reac-
tion was initiated in a total volume of 9 μ l containing 7 μ l of RRL, 2 u of RiboLock RNase inhibitor (Thermo 
Scientific), and 2 μ l of water solution of either an antibiotic, 10 mM GMPPNP·Mg, or 75 mM of Mg(OAc)2, as 
indicated. The mixture was incubated for 5 min at 30 °C, then 1 μ l of mRNA solution (0.5 pmol/μ l) was added 
followed by incubation for an additional 10 min. After that, 10 μ l of RT Mix (including [32P]-labeled primer 
TCACCACCAACTTCTTCCAC) was added, according to40. The mixture was incubated for 20 min at 30 °C. The 
resulting cDNAs were then purified by thorough phenol/chloroform extraction, precipitated with ethanol, and 
analyzed on 6% sequencing gel along with a sequence ladder obtained from the corresponding plasmid with the 
same primer and the Sequenase 2.0 DNA sequencing kit (USB/Affymetrix). Radioactive bands in the dried gels 
were visualized using the Typhoon FLA 9500 Phosphorimager (GE Healthcare Life Sciences).

Mammalian cell growth and mRNA transfection. HEK293T cells were cultured and transferred into 
24-well plates 12–16 h before transfection, as described39. The transfection was performed using Unifectin-56 
(Unifect Group, Russia). The standard protocol was modified to obtain maximal mRNA transfection efficiency 
according to41. Amicoumacin A ethanol stock was diluted with water to obtain 100x solutions, as indicated, and 
was added to the medium right before addition of the transfection complexes. All manipulations were performed 
in such a way to minimize time of holding the cells out of CO2 box and to avoid cooling the plate. Two hours after 
the transfection, cells were harvested, and luciferase activities were analyzed with the Dual Luciferase Assay kit 
(Promega). All the transfections were repeated at least three times in different cell passages.

Yeast strain and growth conditions. The BY4741 (MATa his3Δ 1 leu2Δ 0 met15Δ 0 ura3Δ 0) yeast strain 
was grown in a YPD medium (2% glucose, 2% bacto-peptone, 1% yeast extract) to exponential phase and inoc-
ulated into liquid YPD at OD600 of 0.05. Growth rates (OD600) were measured every 5 min in a 24-well plate in 
the Infinite 200 PRO microplate reader (Tecan Trading AG, Switzerland) at 30 °C with continuous shaking.

Mammalian and yeast cell-free systems and in vitro translation assays. Krebs-2 ascite cells S30 
extract was prepared as described previously22. Yeast cell-free extract was prepared according to42 with the follow-
ing changes: homogenated cells were centrifugated once for 15 min at 20000 g, and chromatographic fractionation 
and nuclease treatment stages were omitted.

Translation experiments in the mammalian system were performed in a total volume of 10 μ l, which contained 
5 μ l of the S30 extract, translation buffer (20 mM Hepes-KOH pH 7.6, 1 mM DTT, 0.5 mM spermidine-HCl, 
0.8 mM Mg(OAc)2, 8 mM creatine phosphate, 1 mM ATP, 0.2 mM GTP, 120 mM KOAc, and 25 μ M of each amino 
acid), 2 u of RiboLock RNase inhibitor (Thermo Scientific), 0.5 mM D-luciferin, 0.25 pmol mRNA, and 1 μ l of ami-
coumacin A solution, as indicated. Translation reactions in the yeast system were performed in a total volume of 
15 μ l, containing 7.5 μ l of the extract, translation buffer (25 mM Hepes-KOH pH 7.4, 2 mM DTT, 3 mM Mg(OAc)2, 
12 mM creatine phosphate, 1 mM ATP, 0.4 mM GTP, 126 mM KOAc, and 50 μ M of each amino acid), 3 u  
of RiboLock RNase inhibitor, 50 μ g/ml creatine phosphokinase, 1 mM D-luciferin, 0.12 pmol mRNA, and 1 μ l of 
amicoumacin A solution, as indicated. Translation mixtures were incubated in a white 384-well plate (F-bottom, 
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non-binding polystyrol, Grenier GR-781904) and covered by a PCR plate seal at 30 °C (for the mammalian sys-
tem) or 25 °C (for the yeast one) in the TECAN reader with continuous measurement of the luciferase activity 
(integration time 3 s). Light intensities at 25 min were taken as luciferase activity values.

Ribosome complex crystallization, structure determination, and analysis. 80S ribosomes from 
the yeast S. cerevisiae were purified and crystallized, as previously described43. The 80S ribosome complex with 
Amicoumacin A was formed by soaking 80S ribosome crystals with 0.2 mM of antibiotic for 2 h at 4 °C during 
post-crystallization treatment. A single crystal was used for data collection at the SOLEIL synchrotron with the 
beam line PROXIMA1. We attenuated the beam of the incoming photon flux to collect redundant data in 4 data-
sets of 90° that were subsequently merged together. Diffraction data were reduced using the XDS suite44.

The structure was solved by rigid body refinement of the deposited 80S ribosome structure (PDB 4V88) using 
Phenix.refine25. Electron density maps were inspected manually. Peaks of positive electron density were observed 
in both ribosomes from the asymmetric unit, but the quality of the density allowed us to model the antibiotic 
only in one ribosome. Coordinates and restraints for amicoumacin A were generated online with the Grade web 
server (Global Phasing, http://grade.globalphasing.org) using SMILES strings from the PubChem database45. 
Ligand fitting and remodelling of ribosomal binding sites were performed manually using Coot46. Final refine-
ment of atomic coordinates, atomic displacement parameters, and occupancies was performed with Phenix.
refine. Crystallographic statistics are reported in Table 1. Figures of structures were prepared using PyMOL 1.5 
(Schrödinger, http://pymol.org/). Ribosomal proteins were named throughout the manuscript according to the 
newly established nomenclature47. Atomic coordinated and structure factors for the 80S-amicoumacin A struc-
ture have been deposited in the Protein Data Bank (http://pdb.org/pdb/home/home.do) under accession code 
5I4L.

MTT assay. Cytotoxicity was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium 
bromide) assay based on the method described by Ferrari and co-workers48, with some modifications. 4000 cells 
per well for VA-13 cell line and 3000 cells per well for MCF7, HEK293T and A549 cell lines were plated out in 
135 μ l of DMEM/F12 media in a 96-well plate and incubated at 37 °C, 5% CO2 for 18 h before treatment. Then 
we added 15 μ l of the drug (as a media/DMSO solution, the final DMSO concentrations in the media were 1%) 
and incubated the cells for additional 72 h. Amicoumacin A in final concentrations of 50 nM–100 μ M (eight 
dilutions), in triplicate, was applied. 2 nM–6 μ M doxorubicin was used as a positive control. At the end of the 
incubation we added MTT into the media (up to 0.5 mg/ml), incubated the cells for 2 h, followed by removing 
the media and addition of 100 μ l DMSO. The amount of MTT reduced by cells to its blue formazan derivative was 
measured spectrophotometrically at 565 nM using a plate reader and normalized to the values for cells treated 
with the media/DMSO only. IC50 was calculated with “GraphPad Prism 5” software (GraphPad Software, Inc., 
San Diego, CA).

References
1. Wilson, D. N. Ribosome-targeting antibiotics and mechanisms of bacterial resistance. Nature reviews. Microbiology 12, 35–48 

(2014).
2. Pelletier J, P. S. W. In Translational control in biology and medicine (ed Sonenberg N. Mathews M. B., Hershey J. W. B.) 855–895 (2007).
3. Itoh, J. et al. Amicoumacin-A, a new antibiotic with strong antiinflammatory and antiulcer activity. The Journal of antibiotics 34, 

611–613 (1981).
4. Itoh, T. S. et al. Isolation, physicochemical properties and biological activities of amicoumacins produced by Bacillus pumilus. Agric. 

Biol. Chem. 46, 1255–1259 (1982).
5. Li, Y. et al. Five new amicoumacins isolated from a marine-derived bacterium Bacillus subtilis. Marine drugs 10, 319–328 (2012).
6. Canedo, L. M. et al. PM-94128, a new isocoumarin antitumor agent produced by a marine bacterium. The Journal of antibiotics 50, 

175–176 (1997).
7. Polikanov, Y. S. et al. Amicoumacin a inhibits translation by stabilizing mRNA interaction with the ribosome. Molecular cell 56, 

531–540 (2014).
8. Brodersen, D. E. et al. The structural basis for the action of the antibiotics tetracycline, pactamycin, and hygromycin B on the 30S 

ribosomal subunit. Cell 103, 1143–1154 (2000).
9. Schuwirth, B. S. et al. Structural analysis of kasugamycin inhibition of translation. Nature structural & molecular biology 13, 879–886 

(2006).
10. Pioletti, M. et al. Crystal structures of complexes of the small ribosomal subunit with tetracycline, edeine and IF3. The EMBO 

journal 20, 1829–1839 (2001).
11. Hershey, J. W., Sonenberg, N. & Mathews, M. B. Principles of translational control: an overview. Cold Spring Harbor perspectives in 

biology 4, (2012).
12. Ganoza, M. C., Kiel, M. C. & Aoki, H. Evolutionary conservation of reactions in translation. Microbiology and molecular biology 

reviews: MMBR 66, 460–485, table of contents (2002).
13. Melnikov, S. et al. One core, two shells: bacterial and eukaryotic ribosomes. Nature structural & molecular biology 19, 560–567 (2012).
14. Malys, N. & McCarthy, J. E. Translation initiation: variations in the mechanism can be anticipated. Cellular and molecular life 

sciences: CMLS 68, 991–1003 (2011).
15. Myasnikov, A. G., Simonetti, A., Marzi, S. & Klaholz, B. P. Structure-function insights into prokaryotic and eukaryotic translation 

initiation. Current opinion in structural biology 19, 300–309 (2009).
16. Shatsky, I. N., Dmitriev, S. E., Andreev, D. E. & Terenin, I. M. Transcriptome-wide studies uncover the diversity of modes of mRNA 

recruitment to eukaryotic ribosomes. Critical reviews in biochemistry and molecular biology 49, 164–177 (2014).
17. Hinnebusch, A. G. The scanning mechanism of eukaryotic translation initiation. Annual review of biochemistry 83, 779–812 (2014).
18. Lozano, G. & Martinez-Salas, E. Structural insights into viral IRES-dependent translation mechanisms. Current opinion in virology 

12, 113–120 (2015).
19. Andreev, D. E., Terenin, I. M., Dmitriev, S. E. & Shatsky, I. N. Pros and cons of pDNA and mRNA transfection to study mRNA 

translation in mammalian cells. Gene 578, 1–6 (2016).
20. Iordanov, M. S. et al. Ribotoxic stress response: activation of the stress-activated protein kinase JNK1 by inhibitors of the peptidyl 

transferase reaction and by sequence-specific RNA damage to the alpha-sarcin/ricin loop in the 28S rRNA. Molecular and cellular 
biology 17, 3373–3381 (1997).

http://grade.globalphasing.org
http://pymol.org/
http://pdb.org/pdb/home/home.do


www.nature.com/scientificreports/

9Scientific RepoRts | 6:27720 | DOI: 10.1038/srep27720

21. Zhou, H. R., Lau, A. S. & Pestka, J. J. Role of double-stranded RNA-activated protein kinase R (PKR) in deoxynivalenol-induced 
ribotoxic stress response. Toxicological sciences: an official journal of the Society of Toxicology 74, 335–344 (2003).

22. Dmitriev, S. E., Andreev, D. E., Adyanova, Z. V., Terenin, I. M. & Shatsky, I. N. Efficient cap-dependent translation of mammalian 
mRNAs with long and highly structured 5′ -untranslated regions in vitro and in vivo. Molekuliarnaia biologiia 43, 108–113 (2009).

23. Dmitriev, S. E., Pisarev, A. V., Rubtsova, M. P., Dunaevsky, Y. E. & Shatsky, I. N. Conversion of 48S translation preinitiation 
complexes into 80S initiation complexes as revealed by toeprinting. FEBS letters 533, 99–104 (2003).

24. Garreau de Loubresse, N. et al. Structural basis for the inhibition of the eukaryotic ribosome. Nature 513, 517–522 (2014).
25. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta crystallographica. 

Section D, Biological crystallography 66, 213–221 (2010).
26. Paulovich, A. G., Thompson, J. R., Larkin, J. C., Li, Z. & Woolford, J. L., Jr. Molecular genetics of cryptopleurine resistance in 

Saccharomyces cerevisiae: expression of a ribosomal protein gene family. Genetics 135, 719–730 (1993).
27. Rhoads, D. D. & Roufa, D. J. Emetine resistance of Chinese hamster cells: structures of wild-type and mutant ribosomal protein S14 

mRNAs. Molecular and cellular biology 5, 1655–1659 (1985).
28. Wong, W. et al. Cryo-EM structure of the Plasmodium falciparum 80S ribosome bound to the anti-protozoan drug emetine. eLife 3, 

(2014).
29. Bhat, M. et al. Targeting the translation machinery in cancer. Nature reviews. Drug discovery 14, 261–278 (2015).
30. Silvera, D., Formenti, S. C. & Schneider, R. J. Translational control in cancer. Nature reviews. Cancer 10, 254–266 (2010).
31. Al Ustwani, O., Griffiths, E. A., Wang, E. S. & Wetzler, M. Omacetaxine mepesuccinate in chronic myeloid leukemia. Expert opinion 

on pharmacotherapy 15, 2397–2405 (2014).
32. Cuyas, E. et al. Anti-protozoal and anti-bacterial antibiotics that inhibit protein synthesis kill cancer subtypes enriched for stem 

cell-like properties. Cell Cycle 14, 3527–3532 (2015).
33. Noeske, J. et al. High-resolution structure of the Escherichia coli ribosome. Nature structural & molecular biology 22, 336–341 

(2015).
34. Visweswaraiah, J., Pittman, Y., Dever, T. E. & Hinnebusch, A. G. The beta-hairpin of 40S exit channel protein Rps5/uS7 promotes 

efficient and accurate translation initiation in vivo. eLife 4, e07939 (2015).
35. Yamamoto, H. et al. Molecular architecture of the ribosome-bound Hepatitis C Virus internal ribosomal entry site RNA. The EMBO 

journal 34, 3042–3058 (2015).
36. Quade, N., Boehringer, D., Leibundgut, M., van den Heuvel, J. & Ban, N. Cryo-EM structure of Hepatitis C virus IRES bound to the 

human ribosome at 3.9-A resolution. Nature communications 6, 7646 (2015).
37. Dmitriev, S. E., Terenin, I. M., Rubtsova, M. P. & Shatsky, I. N. Minor secondary-structure variation in the 5′ -untranslated region of 

the β -globin mRNA changes the concentration requirements for eIF2. Molekuliarnaia biologiia 37, 421–428 (2003).
38. Shagam, L. I., Terenin, I. M., Andreev, D. E., Dunaevsky, J. E. & Dmitriev, S. E. In vitro activity of human translation initiation factor 

eIF4B is not affected by phosphomimetic amino acid substitutions S422D and S422E. Biochimie 94, 2484–2490 (2012).
39. Dmitriev, S. E. et al. Efficient translation initiation directed by the 900-nucleotide-long and GC-rich 5′  untranslated region of the 

human retrotransposon LINE-1 mRNA is strictly cap dependent rather than internal ribosome entry site mediated. Molecular and 
cellular biology 27, 4685–4697 (2007).

40. Terenin, I. M. et al. Sliding of a 43S ribosomal complex from the recognized AUG codon triggered by a delay in eIF2-bound GTP 
hydrolysis. Nucleic acids research 44, 1882–1893 (2016).

41. Andreev, D. E., Dmitriev, S. E., Terenin, I. M. & Shatsky, I. N. Cap-independent translation initiation of apaf-1 mRNA based on a 
scanning mechanism is determined by some features of the secondary structure of its 5′  untranslated region. Biochemistry. 
Biokhimiia 78, 157–165 (2013).

42. Altmann, M. & Trachsel, H. Translation initiation factor-dependent extracts from yeast Saccharomyces cerevisiae. Methods 11, 
343–352 (1997).

43. Ben-Shem, A. et al. The structure of the eukaryotic ribosome at 3.0 A resolution. Science 334, 1524–1529 (2011).
44. Kabsch, W. Xds. Acta crystallographica. Section D, Biological crystallography 66, 125–132 (2010).
45. Bolton, E. E., Wang, Y., Thiessen, P. A. & Bryant, S. H. In Annual Reports in Computational Chemistry Vol. Volume 4 eds A. Wheeler 

Ralph & C. Spellmeyer David) 217–241 (Elsevier, 2008).
46. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta crystallographica. Section D, Biological 

crystallography 66, 486–501 (2010).
47. Ban, N. et al. A new system for naming ribosomal proteins. Current opinion in structural biology 24, 165–169 (2014).
48. Ferrari, M., Fornasiero, M. C. & Isetta, A. M. MTT colorimetric assay for testing macrophage cytotoxic activity in vitro. J Immunol 

Methods, 131, 165–172 (1990).

Acknowledgements
We are grateful to the staff of the PXI beamline at the Swiss Light Source (Switzerland) and especially Takashi 
Tomizaki and Meitian Wang for assistance during synchrotron data collection. We acknowledge staff members of 
PROXIMA 1 beamline at Soleil synchrotron (France) and especially A. Thompson and P. Legrand for assistance 
during synchrotron data collection. This work was supported by the European Research Council advanced grant 
294312 (to M.Y.), French National Research Agency ANR-15-CE11-0021-01 (to G.Y.), the Russian Government 
Program of Competitive Growth of Kazan Federal University (to G.Y.), AFM Telethon postdoctoral fellowship 
(to I.P.) and the Russian Foundation for Basic Research grant RFBR 16-04-01271а (to S.E.D.) The experiments 
with human cultured cells were supported by the Russian Science Foundation (grant number RSF 14-14-00072) 
to P.V.S. We thank the Moscow State University Development Program PNR5 for providing access to the Typhoon 
FLA 9500 Phosphorimager.

Author Contributions
I.V.P., K.A.A., D.S.M., S.E.D., I.A.O. and D.A.S. carried out the experiments and analysed the data. P.V.S., O.A.D., 
I.V.P., G.Y., M.M.Y. and S.E.D. designed the experiments, analysed the data and wrote the paper; M.M.Y. and 
S.E.D. are co-corresponding authors of this paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Prokhorova, I. V. et al. Amicoumacin A induces cancer cell death by targeting the 
eukaryotic ribosome. Sci. Rep. 6, 27720; doi: 10.1038/srep27720 (2016).

http://www.nature.com/srep


www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:27720 | DOI: 10.1038/srep27720

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Amicoumacin A induces cancer cell death by targeting the eukaryotic ribosome
	Introduction
	Results
	Amicoumacin A inhibits mammalian mRNA translation
	Amicoumacin A inhibits translation in yeast
	Structure of the amicoumacin A complex with yeast ribosome
	Amicoumacin A preferentially inhibits cancerous cell lines

	Discussion
	Methods
	Reagents
	Plasmid constructs and in vitro transcription
	Toe-printing of ribosomal complexes in rabbit reticulocyte lysate
	Mammalian cell growth and mRNA transfection
	Yeast strain and growth conditions
	Mammalian and yeast cell-free systems and in vitro translation assays
	Ribosome complex crystallization, structure determination, and analysis
	MTT assay

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Amicoumacin A induces cancer cell death by targeting the eukaryotic ribosome
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27720
            
         
          
             
                Irina V. Prokhorova
                Kseniya A. Akulich
                Desislava S. Makeeva
                Ilya A. Osterman
                Dmitry A. Skvortsov
                Petr V. Sergiev
                Olga A. Dontsova
                Gulnara Yusupova
                Marat M. Yusupov
                Sergey E. Dmitriev
            
         
          doi:10.1038/srep27720
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27720
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27720
            
         
      
       
          
          
          
             
                doi:10.1038/srep27720
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27720
            
         
          
          
      
       
       
          True
      
   




