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As an indispensable molecular machine universal in all living organisms, the ribosome has been selected by evolu-
tion to be the natural target of many antibiotics and small-molecule inhibitors. High-resolution structures of patho-
gen ribosomes are crucial for understanding the general and unique aspects of translation control in disease-causing
microbes. With cryo-electron microscopy technique, we have determined structures of the cytosolic ribosomes from
two human parasites, Trichomonas vaginalis and Toxoplasma gondii, at resolution of 3.2-3.4 A. Although the ribo-
somal proteins from both pathogens are typical members of eukaryotic families, with a co-evolution pattern between
certain species-specific insertions/extensions and neighboring ribosomal RNA (rRNA) expansion segments, the sizes
of their rRNAs are sharply different. Very interestingly, rRNAs of 7. vaginalis are in size comparable to prokaryotic
counterparts, with nearly all the eukaryote-specific rRNA expansion segments missing. These structures facilitate the
dissection of evolution path for ribosomal proteins and RNAs, and may aid in design of novel translation inhibitors.
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Introduction

The ribosome is responsible for protein biosynthesis
in all living organisms, and also plays diverse roles in
regulating various cellular activities [1-4]. Nearly half of
the naturally occurring antibiotics target prokaryotic 70S
ribosomes to inhibit protein translation [5]. Eukaryotic
ribosomes are also targets of many small-molecule inhib-
itors [6]. Given the essentiality of the ribosome and the
abnormal activity of translation in many types of cancers,
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the ribosome-related processes have been emerging as
targets for novel cancer drug development [7]. Over the
past decades, an increasing number of high-resolution
structures of the ribosomes from different species have
been obtained (i.e., see [8-22]). Many of these structures
are in complex with small-molecule inhibitors (i.e., see
[5, 6, 11, 23-26]). With these structures, diverse mech-
anisms of small molecule-based inhibition have been
elucidated in atomic details. Therefore, high-resolution
structures of specific ribosomes, especially those from
human pathogens are urgently needed not only for the
elaboration of their unique translation regulation com-
ponents but also for the structure-based drug design to
overcome the increasing health threat from drug-resistant
pathogens.

Trichomonas vaginalis, a hydrogenosome-contain-
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ing parasitic protist, causes trichomoniasis in human.
It can infect both sexes and cause vaginitis in women
and urethritis in men. Women infected with 7. vagina-
lis during pregnancy could result in adverse pregnancy
outcomes, and trichomoniasis patients have a high risk
of HIV infection [27]. According to the related report
from the World Health Organization, trichomoniasis
has been listed as the most prevalent non-viral sexually
transmitted disease worldwide. Besides its significance
in human health, the cytosolic ribosome of this parasite
itself shows many unique features [28]. Toxoplasma
gondii, the causative agent of toxoplasmosis, is one of
the most important Apicomplexan protozoa. It is esti-
mated that one third of human population is chronically
infected with this pathogen [29]. Infection by this para-
site in pregnant women could result in severe outcomes
(e.g., encephalitis and ocular disease in newborns) [30].
T. gondii may also cause catastrophic consequences to
immuno-compromised population and to those infected
with HIV [31].

In the present study, we report near-atomic structures
(3.2-3.4 A) of the cytosol ribosomes isolated from these
two human pathogens using cryo-electron microscopy
(cryo-EM). While the structure of the 80S ribosome
from 7. gondii is, in general, similar to that of the model
unicellular organism, Saccharomyces cerevisiae [9], the
T. vaginalis ribosome represents an extremely reduced
version of typical eukaryotic ribosomes, with nearly all
of the eukaryote-specific rRNA expansion segments (ES)
missing. These data offer structural clues for understand-
ing evolution of ribosomes across kingdoms, and more
importantly, provide key information for structure-guided
design of ribosome-targeting small-molecule inhibitors,
as well as for functional characterization of eukaryotic
rRNA ES and protein extensions.

Results

Overall structure of the T. vaginalis 80S ribosome

For the T. vaginalis 80S ribosome (7v80S), we first
obtained an overall map at a resolution of 3.30 A (Sup-
plementary information, Figures S1 and S2). To further
improve the density maps for subunits, a soft mask-based
refinement was applied, which resulted in two slightly
improved maps for the small subunit (SSU) and large
subunit (LSU), at the resolution of 3.35 A and 3.20 A,
respectively (Supplementary information, Figure S2B).
Most of the protein side chains and RNA bases are clear-
ly separated in the SSU and LSU maps (Supplementary
information, Figure S3). We were able to model 32 ri-
bosomal proteins and about 95% of the rRNA residues
(Figure 1A and 1B, Supplementary information, Table

S1) with the T. vaginalis SSU map. Of the modeled pro-
teins, all of them contain conserved globular domains,
and about one third of them also have variable N-termi-
nal or C-terminal extensions (NTE or CTE) compared
with their yeast counterparts (Supplementary informa-
tion, Table S1). We were only able to model a short
C-terminal fragment (a-helix) of eS6 (Supplementary
information, Table S1). Notably, phosphorylation of this
C-terminus of eS6 is important in response to multiple
physiological, pharmacological stimuli [32]. Protein
eS31 located at the beak region was not modeled either,
due to the flexibility of the beak in the SSU. Surprisingly,
many rRNA ES (ES3°, ES6°, ES7® and ES12°) in typical
eukaryotic SSUs that are expected to be in the foot and
platform regions are largely absent in the 7v80S (Supple-
mentary information, Figures S4-S7).

For the 7. vaginalis LSU, we were able to model 41
ribosomal proteins and over 92% of the rRNA residues
(Figure 1A and 1B, Supplementary information, Table
S2). Around 40% of proteins have variable eukary-
ote-specific extensions. Five proteins, which locate at
the L1 stalk (uL1) and P stalk (uL10, uL11, P1 and P2),
were not modeled, as both the two stalks are known to
be extremely flexible. Notably, we found that a rod-like
density fits very well with the crystal structure of S. cer-
evisiae eL41 (Supplementary information, Figure S3B),
but the primary sequence of eL41 is missing from the
T. vaginalis protein database. Presumably, because the
open reading frame of eL41 is less than 30 residues, it
might have been filtered out of the gene prediction and
annotation when the database was created [33]. Similar
to the SSU, a unique feature of the 7. vaginalis LSU
is that nearly all of the rRNA ES (ES7", ES9", ES15",
ES19", ES27", ES31", ES39") are absent (Supplementary
information, Figures S8-S10). Intriguingly, a highly flex-
ible expansion segment ES27" in the bottom of the LSU,
which mediates the interactions with various nascent
polypeptide processing factors [34], is also entirely gone
in the 7v80S (Supplementary information, Figures S8
and S9E).

Altogether, the most intriguing finding is that the
Tv80S typifies an unexpectedly “reduced” eukaryotic
ribosome. Except for the presence of the 5.8S rRNA, the
Tv80S appears to be a hybrid ribosome composed of a
complete set of eukaryotic proteins and prokaryote-like
16S and 23S rRNAs (Figure 1C, Supplementary infor-
mation, Figures S11 and S12). In addition to its outstand-
ing divergence of the rRNAs in eukaryote-specific ES,
certain rRNA helices of the 7v80S are even shorter than
their E. coli counterparts [8] (Supplementary informa-
tion, Figure S9C-S9E). To determine whether the 7v80S
resembles an ancient primitive eukaryote, we performed
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Figure 1 Overview and unique features of the T. vaginalis ribosome. (A, B) Atomic model of the Tv80S, shown in the front (A)
and back (B) views. Ribosomal proteins are color-coded and rRNA molecules are shown in gray. (C) Cartoon comparison of
the ribosomes from E. coli, T. vaginalis and S. cerevisieae, highlighting the hybrid composition of the T. vaginalis ribosome. (D)
Evolutionary relationships of different species based on 16S-like rRNAs.

phylogenetic analysis of the SSU rRNAs from several
representative species. Highly consistent with evolu-
tionary analysis based on conserved ribosomal proteins
[28], our rRNA analysis suggests that 7. vaginalis has
branched very early (bl in Figure 1D) from a certain
evolutionary intermediate on the path to modern eukary-
otes.

Overall structure of the T. gondii 80S ribosome

For the T gondii 80S ribosome (7g80S), a complete
map was obtained at an overall resolution of 3.22 A.
“Focused” 3D refinement resulted in two improved maps
for the SSU and LSU at the resolution of 3.35 A and 3.18
A, respectively (Supplementary information, Figures S13
and S14). In total, 32 and 42 ribosomal proteins were
modeled for the SSU and LSU, respectively (Figure 2A
and 2B, Supplementary information, Tables S3 and S4).
Most of the rRNA residues were also successfully built.
Similar to the 7v80S, five proteins of the LSU, which
locate at the L1 stalk (uL1) and P stalk (uL10, uL11, P1,
P2), were not modeled. Only one protein of the SSU,
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RACKI, which serves as a signaling scaffold [35], was
not modeled, because the local density of RACK1 was
relatively weak. This observation is consistent with the
fact that RACKI1 is not always tightly associated with the
ribosome [36, 37].

In general, structures of ribosomal proteins on the
T¢80S are highly similar to those in other eukaryotic
ribosomes. A notable example is eL.28, which does not
exist in the S. cerevisiae ribosome (Sc80S) but in other
eukaryotic ribosomes, is also present in the 7g80S, al-
though S. cerevisiae sits in the same sub-branch on the
phylogenetic tree with 7. gondii and its close relative P.
falciparum (Figure 1D).

In contrast to ribosomal proteins, the rRNA ES of the
T¢80S show many interesting dissimilarities with known
structures of eukaryotic ribosomes. Overall, consistent
with their evolutionary relationship (Figure 1D), struc-
tures of the ES on the 7g80S are more similar to those
of the Sc80S and Pf80S [11, 36], especially for the ES
on the SSU (Supplementary information, Figures S5-
S7 and S15). However, the ES from the LSU appear to
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Figure 2 Overall structure of the T. gondii ribosome and species-specific features of the ES from LSU solvent surface view.
(A, B) Atomic model of the Tg80S, shown in the front (A) and back (B) views. Ribosomal proteins are color-coded and rRNAs
are in gray. (C-l) Eukaryotic rRNA ES, ES3®, ES7" and ES39" display species-specific features. For clarification, only three
ES on the solvent surface are shown and the maps were low-pass filtered. The atomic models and density maps used are: (D)
S. cerevisiae (PDB code: 4V88) [9]; (F) P. falciparum (PDB codes: 3J79 and 3J7A; EMDB code: 2661) [11]; (G) T. brucei (PDB

code: 4V8M; EMDB code: 2239) [13]; (H) D. melanogaster (PDB code: 4V6W; EMDB code: 5591) [14] and (l) H. sapiens (PDB
code: 4V6X; EMDB code: 5592) [14].

have evolved quite differently. For example, compared to  largest among the three (Figure 2D-2F, Supplementary
the Sc80S and Pf80S, ES39" of the 7g80S is shortened,  information, Figures S16 and S17). Notably, these two
whereas its ES7" expands further in length to be the  ES of the human ribosome have significantly expanded
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and contain multiple helical branches (Figure 21, Supple-
mentary information, Figures S16F and S17G).

In short, the 7¢80S structure is highly similar to other
unicellular eukaryotic ribosomes, but with subtle differ-
ences in their rRNA ES.

Eukaryote-specific intersubunit bridges in the T. vagina-
lis 80S ribosome

Contacts between two ribosomal subunits are import-
ant for passing conformational signal during peptide
elongation cycle and they play essential roles in regu-
lating various aspects of translation [9]. Since most of
the eukaryote-specific rRNA ES are absent in the 7v80S,
we examined the regions of intersubunit bridges in the
Tv80S. As a result, most of the central bridges that uni-
versally exist in both prokaryotic and eukaryotic ribo-
somes [8-10] are well maintained in the 7v80S. Among
the central bridges, eB14 is unique, because it is the only
protein:RNA bridge in the center of the subunit interface.
Bridge eB14 in the 7g80S is formed by the N-terminal
protrusion of eL41 (a short, eukaryote-specific, sin-
gle-helical protein) into the central pseudoknot region
surrounded by h2, h27, h44, h45 and the joint of h19-h20
of the 18S rRNA (Supplementary information, Figure
S18). This pseudoknot (h2) is a universal feature of the
SSU in all domains of life [38] and crucial for both the
assembly and function of the SSU [39]. An interesting
difference of eL41 in the 7¢80S and Pf80S is the pres-
ence of an NTE (~14 residues), which forms contract
with h2 that are not seen in other ribosomes, such as the
Sc80S [9], Dm8O0S (D. melanogaster) [14] and Hs80S (H.
sapiens) [14, 15]. Given the location of eL41 helix close
to the decoding center and the presence of NTE in the
central pseudoknot region (Supplementary information,
Figure S18), this might reflect the subtle differences of
ribosome biogenesis and decoding dynamics in the two
parasites.

Apart from central bridges, many peripheral pro-
tein:RNA or protein:protein bridges display interesting
differences. In the Sc80S and other eukaryotic ribosomes,
ES31" (located at the base of L1 stalk) interacts with eS1
through two contact sites to form the bridge eB8 (Figure
3B), and substantial structural rearrangement of eBS§ is
seen among ribosomes in different conformational states
[9]. With ES31" completely gone in the 7v80S (Sup-
plementary information, Figure S9D), only one contact
(L1:eS1) is retained (Figure 3A). For another example,
the C-terminal a-helix of eL.19 interacts with helix E
in ES6°, and with protein eS7, to form bridge eB12 in
the Sc80S and Hs80S (Figure 3E and 3F). However,
this a-helix is much shorter (11 amino acids less) in the
7v80S (Figure 3D-3F, Supplementary information, Fig-
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ure S19), and helix E of ES6"® is also ~30 nucleotides less
than its S. cerevisiae counterpart (Supplementary infor-
mation, Figure S4). Consequently, although all compo-
nents involved in forming bridge eB12 in the Sc80S and
Hs80S are present in the 7v80S, the shortened el.19 has
lost its contact with eS7 (Figure 3D-3F).

In summary, through the analysis of the 7v80S in eu-
karyote-specific bridges, a general pattern is that many
peripheral intersubunit bridges are still maintained, but
with selected, specific contact sites lost, suggesting that
the intersubunit association might be weakened in the
Tv80S. This appears to be consistent with an early study
showing that the 7. vaginalis ribosomal factions were
dominated by separate subunits under various buffer con-
ditions, rather than monosomes in other species [28].

Co-evolution of eL6, eL28, ESI 5% and ES7"

ES7" is one of the most diverse ES on the eukaryotic
LSU. There is no ES7" in the Tv80S (Supplementary
information, Figure S9C), as it has branched the evolu-
tionary tree very early. The expansion of ES7" appears
to occur in a step-wise fashion with increasing numbers
of helical branches. As the largest ES in the 7g80S, ES7"
consists three long helices, namely ES7"a, ES7"b and
ES7"c, stretching to the L1 stalk, the P stalk and CP re-
gions, respectively (Figures 2E and 4D). Compared with
the Sc80S, both branches of a and ¢ of the 7¢80S are sig-
nificantly longer. In contrast, ES7" from Trypanosomati-
da (such as T. brucei [13], T. cruzi [16] and L. donovani
[12, 17]) only has two branches (b and c; Figure 4C).
This observation is consistent with the phylogenetic tree
(Figure 1D), because Euglenozoa (Trypanosomatida is
included in this group) has separated from the evolution-
ary stem earlier than the S. cerevisiae branch [40]. This
indicates that the accretion of ES7"a is an evolutionarily
late event compared to the other two branches. In higher
eukaryotes, such as H. sapiens [12, 14, 15], ES7" has
evolved to have as many as 7 branches (Figure 4G and
Supplementary information, Figure S16F). Also consis-
tently, the length expansion of ES15" (H45), which lo-
cates next to ES7", correlates with the separation time of
different species from the evolutionary tree, and reaches
as long as 189 nucleotides in the Hs80S (Figure 4 and
Supplementary information, Figure S20). A unique fea-
ture of the 7g80S is that lengthened tip of ES15" forms
a set of base pairs (pseudoknot) with the insertion se-
quence (650-653) of ES7"c (Supplementary information,
Figure S21).

Two proteins, eL28 and eL6, bind in the region of
ES7"-ES15", likely stabilizing the branches of these two
ES (Figure 4 and Supplementary information, Figure
S22). One interesting observation is that eL.28 is not
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Figure 3 Comparison of the eukaryote-specific bridges in the T. vaginalis, S. cerevisiae and H. sapiens ribosomes. (A-
C) Zoomed-in view showing the bridge eB8 in the Tv80S (A), Sc80S (PDB code: 4v88; EMDB code: 6105) [9, 48] (B) and
Hs80S (PDB code: 4V6X; EMDB code: 5592) [14] (C). ES31" and L1 stalk are shown in red. (D-F) Same as A-C, but for the
bridge eB12. The last a-helix of protein eL19 and rRNA ES6° are markedly shorter in the Tv80S. Flexible components that
were not modeled are indicated by dashed lines with the number of missing residues labeled. Length variation of eL19 is

shown in the bottom cartoon.

present in the 7v80S, and unlike other late separated spe-
cies, the Sc80S does not have eL28 either. Given their
evolutionary relationship, it is likely that eL.28 is one of
the lastly acquired eukaryote-specific ribosomal proteins,
and the missing of eL28 in the Sc80S probably resulted
from one ancient gene loss or inactivation. In addition,
eL.28 possesses a variable C-terminus, which could form
diverse structures in different species, including both the
loop and extended helix. This extension appears to have
co-evolved with the complexity of the ES7"a (Figure 4
and Supplementary information, Figure S22).

Protein eL6 is the best example to illustrate the
co-evolution between ribosomal protein extensions and
rRNA ES. The globular domain of eL6, which locates
at the interface between ES7" and ES39", is highly con-
served in both sequence and structure (Figure 4 and Sup-
plementary information, Figure S22). Notably, eL6 has
an insertion in its globular domain (residues 122-127, T.
gondii numbering), which is extremely diverse among
different species. This insertion forms a lengthened
protruding structure, contacting branch a of ES7". By
contrast, this insertion, as well as an additional stretch

of sequences of eL6 (residues 101-143, S. cerevisiae
numbering), is deleted in 7. vaginalis (Supplementary
information, Figure S22M), coincident with the total ab-
sence of ES7" in the 7v80S. Protein eL6 also contains a
highly variable NTE (Supplementary information, Figure
S22A-S22G), which differs markedly in both length and
structure among different species. In the 7v80S, the NTE
of eL6 extends with its terminal B-turn loop ending in a
pocket formed by the helical base of H38, ES15" (H45),
protein uL4 and uL30 (Supplementary information, Fig-
ure S23A). In contrast, in the Sc80S this NTE in fully
extended form, makes extensive contacts with a different
set of ribosomal components, including ES7", ES15",
H46 and protein eL.32 (Supplementary information, Fig-
ure S23B). In other eukaryotic ribosomes, the NTE of
eL6 also takes very different path and makes contacts
with distinct elements of ES7" and ES15" (Figure 4).

From the above examples, a general pattern is that the
interactions between eukaryote-specific protein exten-
sions/insertions and ribosomal components (including
ES) are highly species-specific.
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Figure 4 Co-evolution of eL6, eL28, ES15" and ES7"in different species. (A-G) Interactions of eL6 and eL28 with ES7" and
ES15"in the ribosomes from different species. (A) T. vaginalis (lacking eL28), (B) S. cerevisiae (lacking eL28) (PDB code:
4v88) [9], (C) T. brucei (PDB code: 4V8M) [13], (D) T. gondii, (E) P. falciparum (PDB code: 3J79) [11], (F) D. melanogaster (PDB
code: 4V8W) [14] and (G) H. sapiens (PDB code: 4V6X) [14]. Other ribosomal components were omitted for clarification.
Branches of ES are labeled in lowercase letters, and protein termini are marked with N or C. Flexible components that were

not modeled are indicated by dashed lines with the number of missing residues labeled.

Discussion

Insights into the evolutionary path of ribosomal proteins
and RNAs

In the present work, we report near-atomic structures
of the cytosol ribosomes from two human pathogens,
T. gondii and T. vaginalis. Very intriguingly, the 7v80S
lacks almost all of the eukaryotic rRNA ES, despite the
fact that 7. vaginalis is still a member of eukaryotes [28]
and contain a full set of eukaryote-specific proteins. The
sizes of the SSU and LSU rRNAs of the 7v80S is in fact
comparable to those of bacterial rRNAs, except that the
Tv80S also contains a 5.8S rRNA. Evolutionary analysis
based on the SSU rRNA (Figure 1D) or ribosomal pro-
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tein sequences indicates that 7. vaginalis separated very
early from the eukaryotic branch [28, 40], and therefore,
retains many features of the primitive eukaryotic ribo-
some. This suggests that eukaryote-specific proteins have
appeared much earlier than the rRNA ES. Eukaryotic
ribosomal proteins were acquired progressively during
evolution and eL.28 is likely one of the latest proteins.

In terms of rRNA evolution, the ribosomes from Try-
panosomatida (b2.1 in Figure 1D), including 7. brucei
[13], T cruzi [16] and L. donovani [12, 17], are unique.
Although they are, in general, similar to other unicellu-
lar eukaryotic ribosomes, their 28S rRNAs have further
evolved to contain 6 segments, resulting from multiple
specific cleavages during ribosome assembly. Conse-
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quently, as exemplified in the structures of leishmanial
ribosomes, certain species-specific rRNA ES (such as
ES42") and trypanosomatida-specific protein extensions
(such as uLL13) play a role in stabilizing the ends of frag-
mented rRNAs [12, 17].

In summary, the two structures of the 7v80S and
T¢80S, in combination with existing ribosome structures,
provide a rich resource for understanding the co-evolu-
tion between rRNA ES and ribosomal protein extension/
insertions.

T. gondii and T. vaginalis ribosomes as model systems
for functional dissection of eukaryote-specific rRNA ES

The core of the ribosome is highly conserved and
many aspects of canonical translation cycle have been
understood at atomic details. However, little is known
for the function of diverse rRNA ES seen in different
eukaryotic species. With S. cerevisiae as a model system,
it has been shown that many of the LSU ES (including
ES39", ES15", ES9" and ES31") are indispensable for
cell growth and deletion of them causes various assem-
bly defects [41], indicating that many of the rRNA ES
participate in ribosome biogenesis to varying extents. A
hypothesis is that these ES play a scaffolding role in the
assembly of eukaryote-specific proteins [41]. However,
the 7v80S contains all eukaryotic ribosomal proteins but
nearly no ES, thus challenging the idea that the primary
roles of rRNA ES are in ribosome biogenesis.

On the other hand, ES in eukaryote ribosomes are
generally believed to correlate with the complexity in
translation regulation. However, far less is known for
their potential roles in translation. The natural deficien-
cy of the 7v80S in ES, therefore, allows an informative
comparison with other eukaryotic species. In the 7v80S,
both ES6° and ES7°, which interact with eIF3 complex
in S. cerevisiae and mammalian systems [42-44], are
shortened (Supplementary information, Figures S6 and
S7). Thus, their contacts with initiation machinery should
be gone. Notably, the elF3 complex in S. cerevisiae con-
tain six subunits (elF3a, elF3b, elF3c, elF3g, elF3i and
elF3j), whereas in mammals, the number of subunits
increases to 13 (a-m). Bioinformatics survey of the T.
vaginalis proteome only identified elF3b, elF3c, elF3d,
elF3h and elF3i, but not the core subunit elF3a [45]. The
failure might result from the low sequence homology
of the translation components between 7. vaginalis and
other eukaryotes. Nevertheless, the extremely shortened
ES6° and ES7® in the Tv80S suggests that the interplay
between the elF3 complex and SSU in 7. vaginalis might
be unique to a certain extent.

For another example, in the 7v80S, ES27" is totally
missing and ES12° is also shortened (Supplementary

information, Figure SOE). ES27" is the largest expansion
segment in the Sc80S. It is indispensable for viability in
S. cerevisiae [41] and in Tetrahymena thermophila [46].
Both ES27" and ES12° interact with Zuotin (a J-protein
from the HSP40 family), a component of the co-trans-
lational chaperone system in S. cerevisiae [47-49]. By
binding to the two ES from the LSU and SSU, Zuotin
virtually creates a rigid bridge between the two subunits
[48]. Zuotin partners with Ssz to form the ribosome-as-
sociated complex (RAC), which together with Ssb facili-
tates the early folding of nascent peptides emerging from
the peptide exit tunnel. Consistent with the structural
differences in ES27" and ES12°, we did not find Zuotin
homologue in the 7. vaginalis genome. Of all proteins
that belong to J-protein family in 7. vaginalis, we could
not locate anyone that contains the reported highly con-
served residues required for the function of RAC [49].
Presumably, the co-translational RAC does not exist in
the T vaginalis system. Therefore, it appears that the siz-
es of ES27" and ES12° correlate with the complexity of
the co-translational chaperone system.

ES7" is one of the most variable regions in the eukary-
otic rRNA. Deletion of this segment results in growth
defect [41]. A previous study showed that the fragment
of ES7" from S. cerevisiae could bind in vitro to proteins
involved in different cellular processes, such as cellular
response to abiotic stimulus, LSU biogenesis and ami-
no acid synthesis [50]. A sharp contrast is that ES7"is
completely truncated in 7. vaginalis, but significantly
enlarged in 7 gondii and grows into a gigantic complex
structure in metazoan (Figure 2E-2I and Supplemen-
tary information, Figure S16). These differences may
reflect species-specific coupling of translation with oth-
er cellular regulatory pathways. In fact, 7. gondii has
a very complicate life cycle between the definite host
(feline animals such as cats) and intermediate hosts (all
warm-blooded animals including humans), whereas T.
vaginalis presents a very simple life cycle with only a
trophozoite by binary division in human vagina.

Nevertheless, the specific functions of individual
rRNA ES in protein translation and/or ribosome biogen-
esis remain to be experimentally explored. Our findings
on the 7v80S suggest that a comparative study using both
T. vaginalis and S. cerevisiae may be particularly useful.

Species-specific roles of eukaryotic ribosomal protein ex-
tensions/insertions

Similar to the rRNAs, a feature of eukaryotic ribosom-
al proteins is that many of them have N- and/or C-termi-
nal extensions, as well as insertions on their conserved
globular domains. These sequences vary strikingly across
species. Using the S. cerevisiae system, functions of
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some of the eukaryote-specific extensions/insertions have
been explored (e.g., see [51-60]). These studies have
revealed a collection of functions: harboring nuclear
localization signal, rRNA processing, subunit assembly
and recruiting certain translational components ([54] and
reference therein).

Based on the above-mentioned data, our structural
models enable a cross-species examination of eukary-
ote-specific extensions/insertions of ribosomal proteins.
An interesting observation is that many extensions may
have species-specific roles. Taking uL4 as an example,
it has a very long C-terminal extension (Supplementary
information, Figure S24). In both 7v80S and 7g80S, this
extension (in different secondary structures) wanders on
the solvent surface of the LSU, with the terminal portion
interacting with uL16 (Figure 5A and 5B), whereas the
human ul4, with the longest CTE though, has no such
a contact with uL16 (Figure 5D). The CTE of the yeast
ul4 is the shortest, and is not able to reach the position
of uL16 (Figure 5C). It was shown that depletion of the
full-length ulL4 in S. cerevisiae blocks the LSU biogen-
esis at early steps, however, truncation of only the CTE
of uL4 does not cause apparent assembly defects [53,
61]. Protein uL16 is a late binding protein, and its incor-
poration into the peptidyl transferase center constitutes
a quality control checkpoint of the LSU assembly [62,
63]. Therefore, the species-specific interaction between
uL4-CTE with uL16 suggests that certain late steps of

beak

T. vaginalis

S. cerevisiae
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ribosome biogenesis in the two parasites might be differ-
ent. For another instance, uS3 has a variable CTE, which
display a species-specific interaction with RACKI1. By
contrast, in the 7v80S, this CTE is much shorter and not
able to touch RACK1 (Supplementary information, Fig-
ure S25), suggesting a possible difference of the 7v80S
in RACK1-mediated cellular signaling [35].

Implication in anti-parasite drug design

As a member of amitochondrial protozoan, T. vagi-
nalis makes use of hydrogenosome to produce ATP. The
widely-used drug metronidazole targets this specific
organelle [64]. However, resistance to the nitroimidaz-
ole class of drugs has been increasingly found. In the
treatment of toxoplasmosis, dihydrofolate reductase and
dihydropteroate synthase are two main targets, but the
host toxicity is also rather high. A few classes of ribo-
some-targeting drugs were also tested on 7. vaginalis and
T gondii. However, many of them also have severe side
effects to the host. Among these drugs, the selectivity of
paramomycin (a natural aminoglycoside) on leishmanial
ribosomes over mammalian ribosomes [65] have been
explored by structural approaches [12, 66]. These studies
suggested that the presence of non-canonical base pairing
in the decoding center (E. coli numbering, 1 406-1 409
and 1 491-1 495) and the resulting subtle structural dif-
ference of various ribosomes dictate the specificity of the
drug [12, 66]. Specifically, the Watson-Crick base pair of

S

H. sapiens

Figure 5 CTE of uL4 makes species-specific interaction with uL16. (A) The long CTE of uL4 interacts with uL16 in the Tv80S.
The N- and C-termini of uL4 are labeled as N and C, respectively. (B-D) Same as A, but for the corresponding components of
the Tg80S, Sc80S and Hs80S. Atomic models and maps used are: (C) S. cerevisiae (PDB code: 4V88) [9], (D) H. sapiens (PDB
code: 4V6X; EMDB code: 5592) [14]. The middle inset shows the comparison of uL4-CTE from T. vaginalis and H. sapiens.
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C1409:G1491 of bacterial ribosomes [10] or the equiva-
lent U:A base pair of trypanosomatidal ribosomes is re-
placed by a non-canonical C:A pair in the human cytosol
ribosome. This base pair is important in stacking with
one ring of paromomycin and the alteration in the Hs80S
may decrease the affinity of paromomycin [12]. In both
Tv80S and Tg80S, the equivalent positions of these two
residues are identical to bacterial ones, capable of form-
ing canonical base pair (Supplementary information,
Figure S26). This suggest that paromomycin could effi-
ciently target both 7. vaginalis and T. gondii ribosomes.
Consistent with this prediction, many cases of trichomo-
niasis have been reported to be cured successfully with
paromomycin [67].

Nevertheless, because the functional core of the ribo-
some is highly conserved, traditional inhibitors targeting
the decoding center, peptidyl transferase center, and the
polypeptide exit tunnel are usually rather broad-spectrum
[5], and would inevitably introduce undesired side effects
to the host cell. Since the eukaryote-specific TRNA ES
and protein extensions are mostly species-specific, and
parasite ribosomes may differ very largely in ribosome
biogenesis, inhibitors that target ribosome biogenesis [68]
or unique translation regulatory circuits of parasites [69]
might ideally be able to provide excellent specificity to
particular disease-causing microbes.

Materials and Methods

Isolation of cytosolic ribosomes from T. vaginalis and T.
gondii

T. vaginalis trophozoites (GZTv21 strain) were cultured in
TYM medium [70], and were harvested by centrifugation at 1 000x
g for 10 min during log phase. Tachyzoites of 7. gondii (RH strain)
were maintained by serial passage in human foreskin fibroblast
(HFF) cell monolayer grown in Dulbecco’s modified Eagle medi-
um (DMEM, HyClone) supplemented with 10% (V/V) fetal bo-
vine serum (Gibco). After full lysis of infected HFFs, tachyzoites
were harvested and passed through 27-g needle for three times.
Then, tachyzoite pellets were collected by centrifugation at 1 000x
g for 10 min. For both T vaginalis and T. gondii, cell pellets were
washed with PBS and freeze-thawed five times in ribosome buffer
(25 mM HEPES, pH 7.4, 400 mM KAcO, 15 mM Mg(AcO),, 1
mM DTT) containing 0.5% Triton X-100 and protease inhibitor
cocktail. The lysate was centrifuged at 20 000x g for 30 min and
the supernatant was loaded on the top of 1.25 mL cushion buffer (25
mM HEPES-KOH, pH 7.4, 400 mM KAcO, 15 mM Mg(AcO),,
1 mM DTT, 0.5 M sucrose) and centrifuged at 48 000 rpm for 4 h
in a MLS50Ti rotator (Beckman Coulter). The pellet was re-sus-
pended in ribosome buffer and 80S ribosomes were separated by
centrifugation through a 10%-40% sucrose gradient in ribosome
buffer.

Molecular phylogenetic analysis based on 16S-like rRNA
For the analysis of evolution relationships, software MEGA7

was used [71]. SSU rRNAs of different species were aligned us-
ing the built-in Clustal. Then the Neighbor-Joining method [72,
73] was used to infer the phylogenetic tree based on the aligned
16S/18S rRNA sequences. Another built-in maximum likelihood
method based on the Tamura-Nei model [74] was used to validate
the phylogenetic tree. Finally, the optimal tree with the sum of
branch length = 1.96377475 is shown (Figure 1D). The tree is
drawn to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Maximum Com-
posite Likelihood method [73] and are in the units of the number
of base substitutions per site. The analysis involved 10 nucleotide
sequences. Codon positions included were 1st + 2nd + 3rd + Non-
coding. All positions containing gaps and missing data were elimi-
nated. There were a total of 1 167 positions in the final dataset.

Cryo-EM data acquisition

3.5-uL aliquots of purified ribosomes at a concentration of
~100 nM were added to glow-discharged holey carbon grids
(Quantifoil R2/2) on which a continuous thin carbon film (estimated
~40 A) was deposited. Grids were blotted for 2.5 s with an FEI
Vitrobot Mark IV (100% humidity, 4 °C), and then plunged into
liquid ethane immediately. Grids were transferred to an FEI Titan
Krios electron microscope for data collection (operated at 300 kV).
Image stacks were recorded on a Gatan K2 Summit direct electron
detector in its counting mode with a nominal magnification of 22
500x, corresponding to a pixel size of 1.32 A at the object scale.
The defocus varied from —1.6 to —2.5 um. All image stacks were
collected using UCSF Image4 [75] under low-dose conditions.
Each image stack contains 32 dose-fractionated frames with a dose
rate of ~8 counts per physical pixel per second for a total exposure
time of 8 s.

Image processing

For T. vaginalis ribosomal particles, the dose-fractionated
frames of each raw stack were aligned and summed to generate a
final micrograph using MOTIONCORR [76]. EMAN2 [77] was
used for manual particle-picking and micrograph-screening. The
contrast transfer function (CTF) parameters of each micrograph
were estimated using CTFFIND3 [78]. The 2D and 3D classifica-
tion and refinement were carried out with RELION [79]. Refer-
ence-free 2D classification was used to screen particles (Supple-
mentary information, Figure S1A). Particles with good 2D class
averages were selected for the following 3D classification into 8
classes (Supplementary information, Figure S1B). A density map
of S. cerevisiae 80S ribosome, which was generated from the crys-
tal structure (PDB code: 4v88), was used as initial model (low-pass
filtered to 40 A). Except for two classes (~38% of all particles) of
the LSU, structures of other groups revealed ribosomes in differ-
ent conformations (Supplementary information, Figure S1B). One
class (~8.4%) represents a classical non-rotated state, whereas the
other four belong to differently ratcheted states. Among the five
good classes, one or two tRNAs were found in class structures of
the 7v80S. Class 3 and Class 7 contain two tRNAs, one at the A/P
site and the other at the P/E site, but the relative rotations between
head and body are slightly different in these two classes. Class 8
has classical A-site and P-site tRNAs, but the P-site tRNA is rela-
tively weak. Class 5 and Class 6 only have one P-site tRNA, and
they are highly similar. We combined Class 5 and Class 6 (25.5%)
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for further 3D refinement (Supplementary information, Figure
S1B). To reduce the possible radiation damage, only frames 2 to
15 of each raw stack were selected for creating the dose-reduced
micrograph. The new particles extracted from the dose-reduced
micrographs were subjected to 3D refinement. Furthermore, to
estimate the CTF parameters more accurately, local refinement of
CTF parameters was performed using Getf [80]. The CTF param-
eters in the input particle star file that was used for 3D refinement
were replaced by the newly estimated ones. After the convergence
of 3D refinement using dose-reduced particles and refined CTF
parameters, additional rounds of “focused” 3D refinement were
applied by adding soft-edged masks of the whole 80S ribosome,
the LSU or SSU. The soft masks for the SSU and LSU were made
as follows. First, the density maps of the SSU and LSU were seg-
mented out of the whole ribosome map using UCSF Chimera [81].
The segmented maps were then converted into binary maps. The
[0-1] sharp edges in the binary maps were “softened” by adding
cosine-shaped edges with RELION to create the soft masks. As
a result, the density map of the whole ribosome converged at an
overall resolution of 3.3 A, with local resolution of the LSU and
SSU regions at 3.24 A and 3.7 A, respectively. Application of the
soft masks of individual subunits improved the maps of the LSU
and SSU to a resolution of 3.2 A and 3.35 A, respectively.

The T. gondii ribosomal particles were processed following the
same procedures (Supplementary information, Figure S13). Of the
eight classes from 3D classification, seven of them (~92.8%) repre-
sent differently rotated structures (with a very weak E-site tRNA).
Subsequently, a complete density map for the 7g80S, derived from
particles of four similarly rotated classes (~63.3%), was obtained
at an overall resolution of 3.22 A. Focused 3D refinement im-
proved the resolution from 3.2 A to 3.18 A for the LSU and from 3.5
A to 3.35 A for the SSU (Supplementary information, Figure S14).
All the resolution estimations indicated above were based on the
gold-standard FSC 0.143 criterion with a soft mask applied to half
maps, and the mask effect was corrected by RELION [82]. Local
resolution variations were estimated using ResMap [83].

Model building and refinement

Crystal structure of the S. cerevisiae 80S ribosome (PDB codes:
3USB, 3USC, 3U5D and 3USE) was used as the initial template
for modeling of both the 7. vaginalis and T. gondii ribosomes. At
first, individual chains of rRNAs and r-proteins from the crystal
structure of the S. cerevisiae ribosome were docked into the densi-
ty maps of the 7. vaginalis and T. gondii ribosomes as rigid bodies
using UCSF Chimera.

For the modeling of the r-proteins, their sequences were ob-
tained from the Uniprot database (http://www.uniprot.org/) and
aligned with their corresponding proteins in S. cerevisiae using
Clustal Omega [84] to analyze the conserved regions and exten-
sion differences. The globular domains of r-proteins are conserved
for both 7. vaginalis and T. gondii, except that eL28 is only present
in the 7. gondii ribosome, but missing from both the S. cerevisiae
and 7 vaginalis ribosomes. For each r-protein, extensive residue
replacement and model rebuilding were done manually using
COOT [85].

For building of rRNAs, sequences were obtained from SILVA
[86] and aligned with the yeast rRNAs using Clustal Omega [84].
Conserved regions/fragments between the T vaginalis and S. cere-
visiae TRNAs, and between the 7. gondii and S. cerevisiae rRNAs
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were chosen as starting points for the modeling. Specifically, these
fragments of the S. cerevisiae 80S crystal structure were docked
into the density map and individual rRNA residues were mutated
based on the sequences of the 7. vaginalis or T. gondii versions.
Less conserved regions and linker sequences were built de novo
using COOT. To build the model of the 7. gondii ribosome, rRNA
secondary structural map downloaded from the Comparative RNA
Website was used to aid the RNA modeling. Base-pairs were re-
viewed after manual adjustment with COOT [85].

The atomic model refinements and cross-validations of the
SSU and LSU of T vaginalis and T. gondii ribosomes were done
subsequently. The atomic model was first refined against the cor-
responding density map by real-space refinement (phenix.real
space_refine) [87] in PHENIX [88]. After refinement, alternating
rounds of manual model adjustment using COOT and model
refinement using PHENIX were applied. Further refinement was
carried out using REFMAC [89] in Fourier space according to
previously established protocols [90] with secondary structure and
geometry constraints applied. Different weights of density maps
for refinement were tested. Cross-validation against overfitting
was performed following the procedures previously described [90].
The final model was evaluated using MolProbity (Supplementary
information, Tables S5 and S6).

Accession codes

The cryo-EM density maps of the 7v60S, 7v40S, Tg60S and
Tg40S have been deposited in the EMDB with accession numbers
of EMD-6784, EMD-6788, EMD-6778 and EMD-6780, respec-
tively. The atomic models have been deposited in the PDB with
accession numbers of 5XY3, 5XYI, 5XXB and 5XXU, respectively.
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