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S T R U C T U R A L  B I O L O G Y

E-site drug specificity of the human pathogen  
Candida albicans ribosome
Yury Zgadzay1,2†, Olga Kolosova1†, Artem Stetsenko3, Cheng Wu4, David Bruchlen1, 
Konstantin Usachev2,5, Shamil Validov2,5, Lasse Jenner1, Andrey Rogachev6,7, Gulnara Yusupova1, 
Matthew S. Sachs4, Albert Guskov3,6*, Marat Yusupov1,2,5*

Candida albicans is a widespread commensal fungus with substantial pathogenic potential and steadily increasing 
resistance to current antifungal drugs. It is known to be resistant to cycloheximide (CHX) that binds to the E–transfer 
RNA binding site of the ribosome. Because of lack of structural information, it is neither possible to understand 
the nature of the resistance nor to develop novel inhibitors. To overcome this issue, we determined the structure 
of the vacant C. albicans 80S ribosome at 2.3 angstroms and its complexes with bound inhibitors at resolutions 
better than 2.9 angstroms using cryo–electron microscopy. Our structures reveal how a change in a conserved 
amino acid in ribosomal protein eL42 explains CHX resistance in C. albicans and forms a basis for further antifungal 
drug development.

INTRODUCTION
Candida albicans is a pathogenic yeast that frequently causes poten-
tially lethal infections (1). There are several classes of antifungal drugs 
that combat candidiasis; however, most of them have numerous 
side effects and are expensive, and there is a steady increase in cases 
of C. albicans infections that are drug resistant (2). None of these 
drugs target the protein synthesis apparatus—the ribosome, which 
is a very successful route to combat prokaryotic pathogens (3). 
Bioinformatics analysis suggests that the structural organization of 
functional sites of the C. albicans ribosome should be highly similar 
to the Saccharomyces cerevisiae and Homo sapiens ribosomes (4). 
Nevertheless, there are several key positions in ribosomal RNA 
(rRNA) and ribosomal proteins at which nucleotide or amino acid 
substitutions can modulate specific features of the translation cycle 
and determine resistance to specific inhibitors (5). C. albicans is 
resistant to cycloheximide (CHX) (6), which binds to the ribosomal 
E-tRNA binding site (E-site) (7). Genetic studies have demonstrated 
that this resistance is most likely caused by a natural substitution, 
P56Q, in ribosomal protein eL42 (8). However, the mechanistic basis 
for this has not been determined by direct structural methods.

For the rational design of drugs targeting the C. albicans ribo-
some but not human ribosomes, an understanding of drug-target 
interactions in the context of the structure of the C. albicans ribo-
some is indispensable. Therefore, we investigated the structural 
determinants of ribosomal functional sites, including the E-site and 
the peptidyl transferase center (PTC), of the С. albicans ribosome as 
potential targets for antifungal drug development. Here, we present 
cryo–electron microscopy (cryo-EM) structures of the vacant 
C. albicans ribosome and its complexes with four known eukaryotic 

inhibitors, namely, CHX, phyllanthoside (PHY), anisomycin (ANM), 
and blasticidin S (BLS). These studies reveal structural differences 
in the C. albicans E-site compared to the S. cerevisiae and H. sapiens 
ribosomes that affect CHX binding, which we propose could be 
exploited for the development of selective translational inhibitors.

RESULTS AND DISCUSSION
Previously, we have studied the structural organization of the E-site 
of the 60S subunit of S. cerevisiae ribosome by determining com-
plexes with a CCA-end analog of tRNA and E-site inhibitors (9). 
It was shown that the rRNA in this pocket is highly conserved 
between yeasts and humans and is responsible for most interactions 
with inhibitors. Along with rRNA in the E-site, eukaryote-specific 
ribosomal protein eL42 interacts with some inhibitors and stabilizes 
them in the binding pocket (10). Here, in the determined structure 
of the vacant C. albicans ribosome, a strong density for a domain of 
the E-site tRNA was observed, although it was not introduced exoge-
nously (fig. S1F). The presence of endogenous E-site tRNA is not a 
unique feature of the C. albicans ribosome but has been observed 
for isolation of ribosomes from many other species. Further 
comparison of the vacant C. albicans ribosome with the ribosomes 
from S. cerevisiae and from H. sapiens revealed that in the E-site of 
C. albicans ribosome, there is a P56Q alteration in ribosomal 
protein eL42 (fig. S1A). This is the only difference found in the 
organization of the functional sites between C. albicans, S. cerevisiae, 
and H. sapiens (table S1).

The eL42 P56Q substitution decreases the volume of the binding 
pocket. To establish whether the reduction of the pocket volume 
affects the binding of inhibitors, we compared the S. cerevisiae ribo-
some [Protein Data Bank (PDB) 4U3U] and H. sapiens (PDB 5LKS) 
ribosome in complex with CHX (fig. S3A) to the vacant C. albicans 
ribosome (at 2.3 Å) with a superimposed CHX molecule. CHX 
binds to the 60S subunit in the E-site, preventing translocation of 
tRNA from P- to E-site (Fig. 1A). In S. cerevisiae, CHX forms five 
hydrogen bonds with 25S rRNA specifically with G92, C93, U2763, 
and C2764 (C. albicans G91, C92, U2735, and C2736). The main 
difference between the two species concerning CHX binding is the 
lack of interaction of CHX with P56 of eL42 in S. cerevisiae, where 
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the CHX molecule is 3.1 Å distant from the proline side chain 
(Fig. 1, B and C). Superimposing CHX into the vacant C. albicans 
ribosome creates a clash between the Q56 side chain and the 
glutarimide group of CHX (Fig. 1, D and E). Our findings suggest 
that electrostatic repulsion between O oxygen of the glutamine 
side chain and O6 oxygen of CHX occludes its binding to the 
C. albicans ribosome.

Cell-free assays and microplate drug inhibition (MIC) experi-
ments corroborated this finding. Translation of sea pansy luciferase 
(spLUC) in the C. albicans cell-free translation extract (CFTS) is 
approximately 1000-fold more resistant to CHX than the S. cerevisiae 
and the rabbit reticulocyte CFTSs (Fig. 1F). In MIC assays, 100% 
inhibition of S. cerevisiae growth was obtained with 1 M CHX. In 
contrast, approximately 67% inhibition of C. albicans growth was 
observed with 900 M CHX, and limited growth was still observed 
with 7 mM CHX (fig. S2).

On the basis of CFTS assays, we attempted to bind CHX at high 
excess in nonphysiological conditions (≥1 mM) to understand 
possible rearrangements in the E-site upon the inhibitor binding. 

Only at 1 mM was density for CHX observed in the E-site (fig. S3B). 
The quality of the map allowed for visualization of the ribosome 
structural rearrangement upon CHX binding (Fig. 2A). We found 
that, in C. albicans, the CHX molecule adopts a different conforma-
tion, not penetrating so deep as in S. cerevisiae and in H. sapiens. By 
comparing CHX binding with the vacant ribosome with super-
imposed CHX, a 1-Å shift of the whole CHX molecule was observed 
(Fig. 2B). To bind to the E-site at a high concentration, the CHX 
molecule pushes the Q56 side chain 1.4 Å downward (Fig. 2C). 
Consequently, there is a slight shift in positions of the C2736, 
C2737, and G2766 with a 12° rotation of U2735 in comparison to 
the vacant C. albicans ribosome structure. In addition, a slight shift 
of the eL42 protein backbone is observed. These observations 
corroborate that there is no high-affinity binding site for CHX in 
the C. albicans ribosome.

While many inhibitors that target the E-site are known, most of 
them have a glutarimide group, which prevents their binding to the 
C. albicans ribosome at physiological concentrations (4). Only one 
known E-site inhibitor, PHY (fig. S3C), does not have a glutarimide 

Fig. 1. Q56 prevents binding of CHX to the C. albicans ribosome. (A) Overview of the CHX binding site (red) in the C. albicans 80S ribosome. The 40S subunit is shown 
in yellow, the 60S subunit is shown in blue, and mRNA and tRNA are shown in gray. The CHX molecule was superimposed from S. cerevisiae ribosome (PDB 4U3U), and 
mRNA and tRNAs were superimposed from the Thermus thermophilus (PDB 4V4Y). (B and C) Binding of CHX to the S. cerevisiae ribosome shown in two orientations 
(PDB 4U3U) (9). (D and E) Close-up views of the C. albicans CHX binding site in two orientations. The glutarimide group of CHX clashes with the side chain of Q56 preventing 
CHX from binding to the ribosome of C. albicans. (F) Inhibition of translation by CHX in cell-free translation extracts (CFTSs) from C. albicans, S. cerevisiae, and rabbit reticulocytes. 
Cell-free experiments were performed twice using independent technical triplicates; the results of one set of triplicates are shown. The root mean square deviation of 
luciferase (LUC) activity was 2 to 5%.
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moiety and thus could be active against C. albicans. To test this 
hypothesis, we performed cell-free translation experiments in the 
presence of PHY. In notable contrast to CHX, translation of spLUC 
in all three species was similarly sensitive to PHY (Fig. 2D). To 
corroborate this finding, we determined the cryo-EM structure of the 
C. albicans ribosome in complex with PHY (100 M concentration) 
at 2.6-Å resolution. The obtained map revealed a strong density 
in the E-site that corresponds to PHY (fig. S3D), which binds in a 
manner resembling the tRNA CCA-end. It forms two stacking 
interactions with G2766 of 25S rRNA and Y43 of eL42 (Fig. 2E). 
Because of the lack of a glutarimide group, PHY does not clash with 
Q56, in contrast to the situation with CHX (Fig. 2F). The epoxide 
group of PHY, which is the closest to Q56, is located 5.3 Å away 
from that residue. However, this group is very close to C2735 (2 Å) 
and has previously been suggested to form a covalent bond with 
C2736 (C2764  in S. cerevisiae), which results in an irreversible 
inhibitory effect on protein synthesis (9). In addition, we found 
that, with PHY in the E-site, U2735, C2736, G2765, and G2766 
slightly changed their conformation compared to the structure of the 
vacant ribosome (Fig. 2F). Despite the direct interaction (stacking) 
with eL42 Y43 (Fig. 2E), PHY causes a 0.65-Å shift of the eL42 

backbone (residues K55 to K60; Fig. 2F) similar to what was observed 
in the S. cerevisiae structure (PDB 4u4z). In addition, density for the 
E-site tRNA was not detected, indicating that PHY’s binding pre-
vents tRNA entry into the E-site (fig. S4). These structural results 
suggest that PHY is the only currently known E-site inhibitor of 
C. albicans. Although this inhibitor cannot discriminate between 
C. albicans and other eukaryotic ribosomes, it can serve as a starting 
point for the rational drug design of a specific inhibitor.

In addition, we found a strong density for a spermidine molecule 
in the E-site close to uL15, although spermidine was not introduced 
exogenously. This has previously been observed in Neurospora crassa 
(11) and in S. cerevisiae (12), but, here, we propose a structural role 
of spermidine for the E-site pocket formation. The spermidine 
molecule interacts with Q38 and H39, stabilizing the E-site binding 
pocket, although no hydrogen bonds are formed (fig. S5). We 
suggest that spermidine is the key factor to explain CHX resistance 
arising from mutations at residues Q38 and H39 of ribosomal pro-
tein uL15 (see Supplementary Text and fig. S5).

Additional differences of interest arising from the comparison 
between C. albicans and S. cerevisiae were also found. These differ-
ences could potentially be important for drug specificity at other 

Fig. 2. CHX and PHY binding to the C. albicans ribosome. (A) Local resolution map of the C. albicans ribosome with the close-up view onto the E-site. (B and C) CHX 
adopts a different conformation in comparison with the superimposed molecule. Low-affinity binding of CHX leads to movement of the Q56 side chain. (D) Effect of PHY 
on translation in cell-free systems from C. albicans, S. cerevisiae, and rabbit reticulocytes. Cell-free experiments were performed twice using independent technical triplicates; 
the results of one set of triplicates is shown. The root mean square deviation of LUC activity was 2 to 5%. (E and F) Overview of PHY binding site. PHY interacts with Y43 
of the eL42 and with 25S rRNA forming a hydrogen bond with C1736.
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functional sites of the ribosome. The PTC nucleotide composition 
of C. albicans, S. cerevisiae, and H. sapiens is identical (table S1). 
Nevertheless, in the C. albicans vacant ribosome, we found that 
2793C and U2847 adopt different conformations compared to the 
vacant yeast ribosome (PDB 4v88). To understand whether these 
differences play any physiological role or might arise from differ-
ences in sample analyses (single particles versus crystal), structures 
of the C. albicans ribosome with an added ANM and BLS were 
determined (see Supplementary Text and figs. S3, E to H, and S6). 
No substantial differences in the binding site geometry and inhibitor 
interactions were observed when comparing ANM and BLS inter-
actions with C. albicans and S. cerevisiae ribosomes. Consistent 
with the observed similarity of the binding of the A-site inhibitor 
ANM and the P-site inhibitor BLS to the C. albicans and S. cerevisiae 
ribosomes, inhibition of translation by these compounds was also 
similar in translation extracts from these two yeasts (fig. S6, C and E). 
Hence, it seems that the minor structural changes do not affect the 
binding or action of these inhibitors in the PTC.

In addition to the structural features of the PTC (fig. S1B), a 
high-quality map enabled us to find different conformations and 
modifications of proteins and rRNAs. About 60 amino acids with 
multiple side-chain conformations were observed, as well as three 
amino acids (lysines) with side-chain monomethylation, and 138 
possible rRNA modifications (116 in 25S and 22 in 18S rRNAs) (fig. S1, 
C to E). While eL41 is not currently annotated in Candida species, 
eL41 protein was evident in the experimental density. A conserved 
DNA sequence in the genome of C. albicans SC5314 between 
orf19.1676 and orf19.1677 was identified with the help of curators 
at the Candida Genome Database (13) that specifies a 25-residue 
polypeptide similar to S. cerevisiae eL41 that fits into the density 
and therefore appears to be C. albicans eL41 (fig. S7).

A 2.32-Å [at FSC (Fourier shell correlation) = 0.143] high- 
resolution ribosome structure of one of the most pathogenic 
fungi, C. albicans, is reported. Our results explain the resistance 
of C. albicans to CHX and demonstrate specific features of the 
C. albicans ribosome. On the basis of structural and cell-free trans-
lation data, we propose that CHX cannot bind to the C. albicans 

ribosome due to the clash of the glutarimide group of CHX with the 
Q56 side chain of eL42 (Fig. 3A). In contrast to CHX, PHY binds to 
the E-site of C. albicans at a physiologically relevant concentration. 
Because of the lack of the glutarimide moiety, PHY adopts an entirely 
different interaction pattern and does not clash with Q56 (Fig. 3B). Our 
study provides a solid base for potential future development of anti- 
Candida drugs without a glutarimide moiety that could lead to 
specific binding to the ribosome of C. albicans. Understanding 
ribosome inhibition will significantly improve the treatment of 
candidiasis and reduce the mortality associated with it.

MATERIALS AND METHODS
Materials
ANM, BLS, and CHX were purchased from Sigma-Aldrich. These 
compounds were dissolved in water because of their sufficient solu-
bility at low concentrations (5 to 10 mM). PHY was provided by the 
National Institutes of Health Development Therapeutics Program 
and dissolved in dimethyl sulfoxide (54 mM).

Ribosome purification
80S ribosomes from C. albicans SC5314 were purified as described 
earlier, with minor changes (4). The C. albicans SC5314 strain was 
provided by S. Znaidi (Institut Pasteur, Paris, France). Candida cells 
grew in flasks to an OD600 (optical density at 600 nm) of 1.0 in yeast 
extract–peptone–dextrose (YPD) medium at 30°C. Cells were pel-
leted by centrifugation, resuspended with YP, and incubated in flasks 
with vigorous shaking (250 rpm) for 10.5 min. Cells were precipitated 
and washed three times in buffer M [30 mM Hepes-KOH (pH 7.5) at 
room temperature, 50 mM KCl, 10 mM MgCl2, 8.5% mannitol, 2 mM 
dithiothreitol (DTT), and 0.5 mM EDTA]. Following the final centrif-
ugation (3450g for 10 min), the pellet was weighed. Typically, we 
obtained 5.5 g of cells from 4 liters of cell culture.

For 5.5 g of cells, the pellet was resuspended in 8 ml of buffer M 
and supplemented with additional 1500 l from a solution of one 
complete protease inhibitor tablet (without EDTA, Roche) dis-
solved in 2 ml of buffer M, 250 l of RNasin (Promega), 300 l of 

Fig. 3. E-site specificity of the C. albicans ribosome. (A) Schematic interaction of CHX binding to the E-site. CHX could not bind to the E-site of C. albicans due to the 
clash between the glutarimide group of CHX and Q56 side chain. (B) Schematic interaction of PHY binding to the E-site. PHY is the only E-site inhibitor that binds to 
C. albicans ribosome at physiological concentration. Because of the lack of glutarimide moiety, PHY does not clash with the Q56 located 5.3 Å apart.
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100 mM Pefabloc, 80 l of heparin (100 mg/ml), 30 l of 1 M DTT, 
and 650 l of 2 M KCl (concentration adjusted to 130 mM to 
precipitate lipids after breaking cells). The cell suspension was 
transferred to a round-bottom 50-ml tube (Nalgene) with 16.5 g 
of glass beads (Sigma-Aldrich). Cells were mechanically disrupted 
nine times on a vortex at a frequency of 40 Hz for 1 min with 1-min 
breaks on ice between each shake.

Beads were removed by short centrifugation (20,000g for 2 min), 
and the lysate was further clarified by a longer centrifugation 
(30,000g for 9 min). Polyethylene glycol (PEG) 20,000 was then 
added from a 30% (w/v) stock (Hampton Research) to a final con-
centration of 4.5% (w/v), and the solution was left to stand for 5 min on 
ice. The solution was clarified by centrifugation (20,000g for 5 min), 
and the supernatant was transferred to a new tube. Then, PEG 
20,000 concentrations were adjusted to 8.5%, and the solution was 
left to stand for 10 min on ice. Ribosomes were precipitated (17,500g 
for 10 min), the supernatant was discarded, and residual solution 
was removed by a short spin of the pellet (14,500g for 1 min). 
Ribosomes were suspended (8 to 10 mg/ml) in buffer M+ (buffer M 
with KCl concentration adjusted to 150 mM and supplemented 
with protease inhibitors and heparin).

Ribosomes were further purified by a 10 to 30% sucrose gradient in 
buffer S [20 mM Hepes-KOH (pH 7.5), 120 mM KCl, 8.3 mM MgCl2, 
2 mM DTT, and 0.3 mM EDTA] using the SW28 rotor (18,000 rpm 
for 15 hours). The appropriate fractions were collected; KCl and 
MgCl2 concentrations were adjusted to 150 and 10 mM, respectively; 
PEG 20,000 was then added to a final concentration of 7% (w/v); 
and the solution was left to stand 10 min on ice. Ribosomes were 
precipitated (17,500g for 10 min), the supernatant was discarded, 
and residual solution was removed by a short spin of the pellet 
(17,500g for 1 min). Ribosomes were suspended (25 mg/ml) in 
buffer G [10 mM Hepes-KOH (pH 7.5), 50 mM KOAc, 10 mM 
NH4OAc, 2 mM DTT, and 5 mM Mg(OAc)2]. Typically, 14 to 16 mg 
of pure ribosomes were obtained from 5.5 g of cells.

Complex formation, grid freezing, and image processing
The purified ribosome sample (in buffer G) was filtered (0.22-m 
centrifugal filters, Millipore) and concentrated to a final concentra-
tion of ~1 to 2 mg/ml. Antibiotics were added at the following 
concentrations: 250 M for ANM and BLS, 100 M for PHY, and 1 mM 
for CHX. Aliquots of 2.7 l were applied to a freshly glow-discharged 
holey carbon grids (Quantifoil Cu R1.2/1.3 with ultrathin carbon 
support, 200 mesh), excess liquid was blotted away for 3 to 5 s using 
a FEI Vitrobot Mark IV (Thermo Fisher Scientific), and the samples 
were plunge-frozen in liquid ethane. Prepared grids were trans-
ferred into a Titan Krios 300-keV microscope (Thermo Fisher 
Scientific), equipped with a K3 direct electron detector or a Talos 
Arctica 200-keV microscope (Thermo Fisher Scientific), equipped 
with a K2 direct electron detector. Zero-loss images were recorded 
semiautomatically, using the UCSF Image script (14). The GIF 
Quantum energy filter was adjusted to a slit width of 20 eV. Images 
were collected at a various nominal magnification, yielding pixel 
sizes from 0.413 to 1.012 Å, and with a defocus range of −0.5 to −3.0 m. 
Movie images were collected with 24 frames dose-fractionated over 
18 s. In total, we collected 9807, 2040, 2152, 1310, and 3199 micro-
graphs for the vacant C. albicans ribosome or in complex with ANM, 
BLS, PHY, and CHX, respectively.

Motion correction, CTF (contrast transfer function) estimation, 
manual- and template-based particles picking, two-dimensional 

(2D) classification, ab initio volume generation, CTF global and 
local refinements, and nonuniform 3D refinement were performed 
using cryoSPARC (v 3.1) (15). Maps were sharpened using 
Autosharpen Map procedure in Phenix (16). The separate masks 
for the focused refinement were generated for 60S and 40S subunits 
using Chimera. The cryo-EM data processing schemes for the 
vacant C. albicans ribosome and in complex with investigated in-
hibitors are presented in figs. S8 to S12, and local resolution maps 
are presented in fig. S13.

Modeling
The structure of the S. cerevisiae 80S ribosome (17) was used as a 
template for model building. Model-to-map alignment was per-
formed in Chimera (18). The 60S and 40S subunits were refined 
separately into their respective focused refined maps using the 
Phenix real-space refinement (16). The protein and rRNA chains 
were visually checked in Coot (19) and manually adjusted where 
necessary. All investigated inhibitors were manually docked into 
the experimental density, followed by real-space refinement in Phenix 
(16). The 40S subunit of C. albicans follows a classic division into 
the head, body, and shoulder consisting of 1787 nucleotides (nt) in 
18S rRNA and 32 ribosomal proteins. The 18S rRNA is 13 and 82 nt 
shorter than the 18S rRNA of S. cerevisiae and H. sapiens, respec-
tively. The large subunit (LSU) contains an active peptidyl transferase 
site that catalyzes the formation of peptide bonds during protein 
synthesis. In C. albicans, this 60S subunit includes 25S rRNA (3361 nt), 
5.8S rRNA (157 nt), 5S rRNA (121 nt), and 45 proteins. The 25S 
rRNA is 35 nt shorter than the 25S rRNA of S. cerevisiae and 1716 nt 
shorter than the 28S rRNA of H. sapiens. 5.8S rRNA and 5S rRNA 
are almost identical to that in S. cerevisiae and H. sapiens (only 
5.8S is 1 nt shorter). The ribosomal proteins of the LSU of the 
C. albicans ribosome are highly identical (82%) to those in S. cerevisiae 
and H. sapiens. The exception is the eL40 protein that is more than 
twice as short [52 amino acids instead of 128 amino acids in 
S. cerevisiae]. The only unmodeled regions are the L1-stalk and the 
P-stalk. In addition, because of disordered density and high flexibil-
ity, the expansion segments and some protein loops were only 
partially built in our structures. Overall, the C. albicans ribosome 
model includes 95% of amino acids and 92% of RNA residues from 
the entire sequence. The model quality statistics are presented 
in tables S2 to S6.

Inhibition of cell-free translation by CHX, PHY, ANM, and BLS
We prepared CFTSs from the C. albicans and S. cerevisiae strains 
used for structural analyses. These CFTSs were programmed with 
LUC mRNA, and then their capacity to produce the enzyme in the 
presence of increasing concentrations of CHX was examined. 
C. albicans belongs to a subclade in which the “universal” genetic 
code is altered; in this “CTG-clade,” the CUG codon is translated as 
Ser, not Leu (20, 21). Therefore, spLUC was used as the translational 
reporter because the coding region for this enzyme lacks CUG 
codons and functions as a reporter in C. albicans (22). Translation 
of spLUC RNA using CFTSs from these yeasts can thus be directly 
compared without concern for their use of different genetic codes.

C. albicans and S. cerevisiae CFTSs were prepared using the 
method 1 protocol for S. cerevisiae, and translation reactions were 
assayed for LUC activity, as described in (23). Rabbit reticulocyte 
lysate (RRL) was obtained from Promega (L4960). Capped and 
polyadenylated spLUC mRNA was prepared by T7 transcription of 
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EcoRI-linearized plasmid pQQ101 encoding spLUC (24). For quanti-
fication, triplicate-independent CFTSs (10 l each) programmed 
with 60 ng of spLUC RNA and RRLs programmed with 6 ng of 
spLUC RNA were incubated at 26°C in the absence or presence of 
different concentrations of inhibitors for 30 min and the activity 
of spLUC then measured by luminometry.

Drug susceptibility assay
Drug susceptibility was determined as previously described with 
modifications (25). Briefly, twofold dilution series of CHX were 
prepared in fresh YPD medium and distributed into 96-well plates 
(Falcon, 351177). C. albicans and S. cerevisiae cells from overnight 
cultures grown in 3  ml of YPD medium were collected and 
resuspended in 500 l of fresh YPD medium. The numbers of cells 
were then determined using a hemocytometer. Cell suspensions 
were diluted with fresh YPD medium to make working suspensions 
of 2 × 103 cells per ml and distributed into the drug dilution series 
(volume ratio, 1:1) in the 96-well plates and mixed well. Plates were 
statically incubated at 30°C for 24 hours, and OD600 was measured 
with a SpectraMax M2e microplate spectrophotometer.

Figure preparation
Cryo-EM maps were manually inspected in Coot (19). Panels of 
figures showing structural models were prepared using PyMOL and 
Gimp. The sequence of logo drawings was made using WebLogo 
3.7.4 (26).

Data deposition
The final models and associated maps are deposited with the PDB 
and Electron Microscopy Data Bank (EMDB) with the following 
accession codes: 7PZY and EMD-13737 for the vacant C. albicans 
ribosome, 7Q0P and EMD-13749 for complex with ANM, 7Q0R 
and EMD-13750 for complex with BLS, 7Q0F and EMD-13744 for 
complex with PHY, and 7Q08 and EMD-13741 for complex with 
CHX, respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1062

View/request a protocol for this paper from Bio-protocol.
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