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ABSTRACT

Giardia intestinalis is a protozoan parasite that
causes diarrhea in humans. Using single-particle
cryo-electron microscopy, we have determined high-
resolution structures of six naturally populated
translocation intermediates, from ribosomes iso-
lated directly from actively growing Giardia cells.
The highly compact and uniquely GC-rich Giardia
ribosomes possess eukaryotic rRNAs and riboso-
mal proteins, but retain some bacterial features. The
translocation intermediates, with naturally bound tR-
NAs and eukaryotic elongation factor 2 (eEF2), dis-
play characteristic ribosomal intersubunit rotation
and small subunit’s head swiveling––universal for
translocation. In addition, we observe the eukaryote-
specific ‘subunit rolling’ dynamics, albeit with lim-
ited features. Finally, the eEF2·GDP state features a
uniquely positioned ‘leaving phosphate (Pi)’ that pro-
poses hitherto unknown molecular events of Pi and
eEF2 release from the ribosome at the final stage
of translocation. In summary, our study elucidates
the mechanism of translocation in the protists and il-
lustrates evolution of the translation machinery from
bacteria to eukaryotes from both the structural and
mechanistic perspectives.

INTRODUCTION

Translation elongation involves three sequential reactions:
(i) decoding and accommodation of aminoacyl tRNA in the
A (aminoacyl tRNA) site; (ii) peptide bond formation fol-
lowed by generation of pre-translocation (PRE-T) complex
with deacylated tRNA in the P (peptidyl tRNA) site and
peptidyl tRNA in the A site; and (iii) translocation of A-
and P-site tRNAs to the P and E (exit) sites through mul-
tiple substeps resulting in the post-translocation (POST-T)

state ready for next cycle of elongation [reviewed in (1–3)].
Translocation of tRNAs requires rotation of the small ribo-
somal subunit (SSU) relative to the large subunit (LSU) as
well as a swiveling motion of the SSU head relative to the
body (1,4). The ribosome in the PRE-T state spontaneously
samples between the nonrotated and rotated states of the
SSU relative to the LSU (5,6). Concomitantly, the acceptor
arms of the tRNAs shift from the A and P sites toward the
P and E sites in the rotated state, adopting hybrid confor-
mations (5–10). However, the movement of the anticodon
stem loops (ASLs) of tRNAs and mRNA along the SSU is
the most crucial step of translocation, which is catalyzed by
a conserved GTPase factor, elongation factor G (EF-G) in
bacteria or eukaryotic elongation factor 2 (EF2) in archaea
and eukaryotes (eEF2) (3,6,11–15).

The role of EF-G in tRNA translocation has been exten-
sively investigated in bacteria through biochemical (12,16–
18), structural (19–26) and single-molecule fluorescence en-
ergy transfer studies (27–31). Two schools of thought have
emerged from these studies. The first one views EF-G as a
propelling motor and proposes that GTP hydrolysis in EF-
G leads to large conformational changes in EF-G and in-
duces ribosomal rearrangements, which in turn facilitates
forward movement of the tRNAs (3,25,32–35). The second
model, based on the observations that (i) tRNA transloca-
tion on the ribosome can occur slowly in the absence of EF-
G and (ii) EF-G does not undergo major conformational
changes during translocation once bound to the Ap/P state,
proposes that translocation is an inherent property of the
ribosome and not exclusively dependent on GTP hydrol-
ysis on EF-G (12,36–40). Here, EF-G acts as a pawl that
hinders the intersubunit rotational motion of the ribosome
and uncouples the entire tRNA–mRNA module from SSU
(19). Thereafter, back-rotation and back-swiveling of the
SSU body and head lead to completion of translocation.
Recently, there are multiple time-resolved cryo-electron mi-
croscopy (cryo-EM) studies on EF-G-mediated transloca-
tion (25,26,41). In spite of that, the debate for establishment
of the role of GTP hydrolysis in translocation is still unset-
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tled. While there has been a lot of focus on pre-GTP hy-
drolysis steps, the sequence of post-GTP hydrolysis events,
particularly the exact mechanism of phosphate (Pi) release
and dissociation of EF-G/eEF2 from the ribosome, which
lead to completion of one round of elongation, has not been
fully clarified in the existing literature.

Despite similarity in the main mechanism of tRNA
translocation along all three kingdoms of life, differences
exist between eukaryotes and bacteria. This is partially due
to different architecture of the tRNA binding sites that lead
to different interactions of the tRNAs with the ribosome
(7,42,43). Furthermore, the eukaryotic SSU exhibits an ad-
ditional rotational motion, termed as ‘subunit rolling’, that
is nearly orthogonal to the canonical SSU rotation observed
in bacterial translocation (42,43). Subunit rolling occurs af-
ter codon recognition at the A site and makes eukaryotic
ribosome conformation in the classical PRE-T and POST-
T states distinct, which are otherwise identical in bacterial
translation (7,42–45).

Although our knowledge about eukaryotic translation
has developed a lot in recent years, studies investigating
mechanisms of translation in unicellular parasitic eukary-
otes are scarce. Structures of cytoplasmic ribosomes are
available for Giardia lamblia (46,47), Trichomonas vagi-
nalis (48), Trypanosoma brucei (49,50), Vairimorpha neca-
trix (51), Toxoplasma gondii (48) and Plasmodium falci-
parum (52,53), which present distinctive features compared
to higher eukaryotic ribosomes. For example, G. lamblia,
T. vaginalis and V. necatrix all have a highly reduced
rRNA devoid of most eukaryote-specific expansion seg-
ments (ESs) (48,51), while T. brucei 28S rRNA has six
fragments stabilized by species-specific ESs or ribosomal
protein (r-protein) extensions (49,50). Alongside these ESs,
the process of translation initiation, fidelity and termina-
tion has also developed special features during the course
of evolution (54–57). However, there are no studies avail-
able investigating translocation steps in protozoan para-
sites so far. The question remains whether translocation
in these ribosomes resembles more closely bacterial or eu-
karyotic translocation––including the characteristic ‘sub-
unit rolling’.

Giardia intestinalis (syn. G. lamblia and G. duodenalis) is
a flagellated, amitochondrial, binucleated, protozoan para-
site of the order Diplomonadida, which causes diarrhea in
humans and other mammals (58). Besides being a pathogen,
Giardia has been of interest from the perspective of evolu-
tion of eukaryotic cells. It belongs to the Metamonada su-
pergroup, a divergent eukaryotic lineage that has been used
in many comparative studies of basic cellular processes. This
feature together with the ease to culture in the laboratory
environment makes Giardia a very interesting model organ-
ism to study the mechanistic steps of translation in lower
eukaryotes.

In this study, we determined the structure of the native
cytosolic ribosomes isolated in bulk from actively grow-
ing Giardia cells at an overall resolution of 2.95 Å, us-
ing single-particle cryo-EM. Further, through extensive in
silico sorting, we visualized six individual translational
states with tRNAs and eEF2 trapped on the ribosome.
These states, trapped without any inhibitor or nonhy-
drolyzable GTP analogs, represent authentic translocation-

intermediate states in which rotation of the SSU relative
to the LSU, eEF2 binding, the swiveling motion of the
SSU head relative to the body and SSU rolling/back-rolling
coupled to translocation of tRNA from the A to P site
and from the P to E site could be visualized in near-
atomic detail. The eEF2·GDP-bound ‘late’ translocation-
intermediate state portrays a ‘leaving Pi’ group in a unique
location. This state, in comparison with similar states re-
ported before, elucidates the sequence of molecular events
that guide Pi release at the final step of tRNA translocation.
We have also quantified the rotational movements of the
SSU body and head, which allowed us to characterize and
compare the ‘subunit rotation’ and ‘subunit rolling’ dynam-
ics, also between ribosomes of different origin. Altogether,
our study with high-resolution structures of the transloca-
tion intermediates of the Giardia ribosome presents for the
first time the mechanism of translocation in a protist. More-
over, of general interest, it elucidates gradual evolution of
the translation machinery from bacteria to higher eukary-
otes from both structural and mechanistic perspectives.

MATERIALS AND METHODS

Culturing Giardia cells

Giardia trophozoites of strain WB-C6 (ATC 50803) were
maintained in TYI-S-33 medium. For the experiment, the
cells were grown in 50 ml centrifugation tubes. At a cell den-
sity of around 1 × 106 cells/ml, the cells were harvested by
cooling the tubes on ice for 15 min, agitating the tubes re-
peatedly to detach the cells from the tube walls and cen-
trifuging the tubes at 2000 × g and 4◦C for 5 min. The su-
pernatant was decanted; the pellets were washed twice in
PBS and pooled into microcentrifugation tubes with ∼0.7
ml of pellet each. These pellets were stored at −80◦C until
ribosome extraction.

Ribosome preparation

Ribosomes from G. intestinalis were prepared according
to (59) with minor modification. Approximately 300 mg
of (wet weight) Giardia trophozoites were resuspended in
a low-salt buffer [100 mM NH4OAc, 15 mM Mg(OAc)2, 20
mM Tris–HCl (pH 7.6) and 6 mM �-ME). Lysis was carried
out by vortexing the resuspended trophozoites with 300 mg
of silica beads (0.5 mm diameter) for 10 min with interme-
diate incubation on ice. Lysate was clarified by centrifuga-
tion at 20 000 × g for 30 min at 4◦C. To separate the ribo-
somes from other cellular contents, the cleared lysate was
layered on 30% sucrose cushion in a low-salt buffer with
1:1 ratio and centrifuged for 2 h at 250 000 × g in a Sor-
vall RC M150 GX ultracentrifuge. The ribosome pellets
were washed and resuspended in a high-salt buffer (same as
a low-salt buffer but with 1 M NH4OAc). For further clari-
fication, resuspended ribosomes were layered on a 30% su-
crose cushion prepared in a high-salt buffer and centrifuged
as above. The resulted ribosome pellets were washed and re-
suspended in HEPES–polymix buffer [5 mM HEPES (pH
7.5), 95 mM KCl, 5 mM NH4Cl, 5 mM Mg(OAc)2, 8 mM
putrescine, 0.5 mM CaCl2, 1 mM spermidine and 1 mM 1,4-
dithioerythritol buffer] (60) and further stored at −80◦C af-
ter shock freezing in liquid nitrogen.
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Grid preparation and imaging

Grids used for imaging were R2/2 300 mesh copper grids
(Quantifoil) with a 2 nm amorphous carbon layer. The grids
were glow discharged (PELCO easiGlow, 20 mA, 30 s) im-
mediately before use. Vitrification of the sample (3 �l) was
done using a Vitrobot Mark IV (FEI Thermo Fisher, 4◦C,
100% humidity, blot force 0, blot time 3 s). Grids were
screened on a Talos Arctica (FEI Thermo Fisher) and im-
aged on a Titan Krios (FEI Thermo Fisher) at 300 keV us-
ing a K2 direct electron detector (Gatan) at a resolution of
0.82 Å/pixel and nominal defocus of 1.2 �m. Image stacks
of 20 frames with electron dose of 1.5 e/Å2 per frame (4
frames/s) were captured with 7654 image stacks in total.

Cryo-EM image analysis

The cryo-EM image reconstruction pipeline is summarized
in Supplementary Figure S1A. Using MotionCor2 (61), im-
age stacks were gain corrected, dose weighted and aligned.
CTFFIND-4.1 (62) was used to estimate the contrast trans-
fer function of each aligned micrograph. All further image
processing was done with RELION 3.1.2 (63). From a ran-
dom subset of micrographs, particles were manually picked,
followed by 2D classification. With suitable 2D classes,
reference-based particle picking was performed on all mi-
crographs yielding 682.2k particles (extracted with 5× bin-
ning, 500 to 100 pixels). These particles were 2D classified
(383.2k particles) and suitable class averages chosen and 3D
refined with a global mask followed by 3D classification
(205.2k particles) (Supplementary Table S1). 3D refinement
of unbinned particles (500 pixels at 0.82 Å/pixel) yielded
an initial 3.15 Å resolution electron density map. CTF re-
finement and Bayesian polishing improved this resolution
to 2.96 Å. Masked refinements of the large subunit (2.75
Å) and small subunit (2.91 Å) were used to build the de
novoGiardia ribosome structure, though the poor density of
the unmasked regions of the ribosome indicated significant
residual structural heterogeneity. Structural heterogeneity
was addressed first with 3D refinement using a large subunit
mask (using 2.5× binned particles, with the 383.2k post-2D
classification particle set), followed by two rounds of fixed
orientation 3D classification. The first round of fixed ori-
entation 3D classification using SSU mask dealt with the
conformational heterogeneity attributable to the SSU (12
classes, yielding 9 suitable subclasses, representing 4 major
SSU conformations). The second round of fixed orienta-
tion 3D classification was employed on each distinct SSU
conformation using a mask encompassing the P stalk, APE
sites and the L1 stalk (Supplementary Figure S1A), which
was generated with custom code. This second round of fixed
orientation 3D classification addressed any remaining con-
formational and (in particular) compositional heterogene-
ity. Unbinned (500 pixels at 0.82 Å/pixel) polished parti-
cles were then 3D refined to give electron density maps for
each of these final classes. Final map resolutions together
with cryo-EM data are shown in Supplementary Table S2.
Fourier shell correlation curves for half maps (left panel)
and map to model are presented in Supplementary Figure
S1B. The local resolution as well as angular distribution of
the ribosomal particles is presented in Supplementary Fig-
ure S2A. The surface resolution of eEF2 bound to state

B with magnified view of the nucleotide binding pocket is
shown in Supplementary Figure S2B.

Structure building

The core of the de novo structure of the Giardia ribosome
was built in Coot (64) using the human ribosome as ref-
erence (PDB ID: 6w6l, 4v6x). ClustalW in BioPython was
then used to align the conserved core to the G. intestinalis
rRNA (ATCC 50803/WB clone C6) followed by assign-
ment of mutations and insertions/deletions as peripheral
regions of the ribosomal rRNA were added. Initial Giardia
r-protein structures and eEF2 were predicted using Phyre2
(65) through homology modeling. Subsequent structures
were real-space refined in Coot using a custom script. As
tRNA and mRNA represent an ensemble of molecules, nu-
cleotide assignments for these molecules were made accord-
ing to the available electron density. Representative cryo-
EM densities are presented in Supplementary Figures S3
and S4.

Determination of SSU rRNA residue displacement and rota-
tional characteristics

Superimposition of all atomic structures showed no signif-
icant changes in LSU conformation. From the four major
states with distinct SSU conformations, the classical PRE-
T state C SSU was chosen as reference to determine the di-
rection and magnitude of movement (the Euclidean norm)
between it and the remaining three states (D, B and A)
(Supplementary Figure S5). Two steps were used to char-
acterize intersubunit rotation. First, singular value decom-
position was used to align the SSU body of state C to
the origin, with all other structures then transformed sim-
ilarly. This ensures that there is minimal movement along
the axis of rotation confining the majority of movement to
a single plane for most state transitions. Second, the trans-
formation matrix that minimized the RMSD of the SSU
body and/or head from one state to another was calcu-
lated. Using a custom script, this transformation matrix
was then decomposed using the axis–angle representation
to obtain the rotation axis and angle of rotation about
this axis (Supplementary Table S3A, B and Supplemen-
tary Figure S6). The rotational axes and vectors for SSU
head/body movements were determined in ChimeraX (Sup-
plementary Figure S6 and Supplementary Movie A). SSU
head (residues 895–1315) movement was further character-
ized by aligning the rRNA residues of the SSU body (1–
894, 1316–1454) of all states to state C with similar anal-
ysis performed to determine residue displacement and iso-
lated SSU head rotational characteristics (Supplementary
Table S3C and Supplementary Figure S5). L1-stalk move-
ment in states A-I to A-VI was characterized and visualized
in a similar manner (Figure 3C and Supplementary Table
S3D).

RESULTS

Giardia ribosomes are highly compact and uniquely rich in
GC content

We have determined the cryo-EM structure of the G. in-
testinalis ribosome at an overall resolution of 2.95 Å (Fig-
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Figure 1. Cryo-EM structure of the Giardia ribosome reveals a highly compact, GC-rich rRNA with eukaryotic r-proteins. (A) Structure of the Giardia
ribosome with all the r-proteins colored (SSU, shades of blue and green; LSU, shades of red and purple) and labeled. (B) Four views (90◦ related) of the
Giardia (top) and Saccharomyces (bottom) ribosomes showing rRNA ESs (ES for LSU, colored in shades of red and purple; es for SSU, colored in shades
of blue and green). ESs are similarly colored in both ribosomes for size comparison. (C) Distribution of A (blue), U (dark blue), G (orange) and C (yellow)
nucleotides across the rRNA in Giardia and Saccharomyces ribosomes. (D) Percent A, U, G and C in Giardia and Saccharomyces ribosomes compared in
a histogram.
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ure 1A and Supplementary Figure S1A). Clear densities
could be observed for all universal and eukaryote-specific r-
proteins, except eL6, eL28, the P-stalk proteins, eS12, eS31
and RACK1 (Figure 1A). It is known that the orthologs for
eL6 and eL28 are missing in G. intestinalis (46,47), which we
confirm by performing mass spectroscopic analysis (Sup-
plementary Material, PDF Spreadsheet). Further, we have
built the entire rRNA except the P stalk and some small
parts of LSU in the vicinity of eL13 and uL29. Although
the four eukaryote-specific rRNAs are present in Giardia,
overall rRNA is highly reduced in size compared to yeast
and human ribosomes. The rRNA in Giardia consists of
4496 nt, which is much shorter than human (7217 nt) or
yeast (Saccharomyces cerevisiae, 5366 nt) rRNA, but com-
parable with the 4556 nt long Escherichia coli rRNA. Sev-
eral rRNA ESs are shortened, which can probably be at-
tributed to its parasitic lifestyle (51). Saccharomyces cere-
visiae has 28 rRNA ESs, while Giardia has only 18 ESs,
of which 13 are highly reduced (Figure 1B). Although the
functional significance of all ribosomal ESs is not known,
some of these ESs are associated with distinct functions.
For example, ES27 at the bottom of LSU mediates inter-
action with nascent polypeptide processing factors (48).
Also, es6C contacts ribosomal components constituting the
mRNA exit and entry sites (66) and acts as a docking sur-
face for factors such as eIF4G involved in translation initi-
ation (66). Both of these ESs are highly reduced in Giardia
(Figure 1B).

Giardia ribosome is significantly depleted of adenines and
uracils in the rRNA compared to ribosomes from other
species, even the closely related ones from the Metamonada
group, such as T. vaginalis. As reported previously (47,67),
GC content of Giardia rRNA is nearly 75% and the GCs
are distributed throughout the rRNA (Figure 1C and D).
In contrast, human rRNAs have 65% GC, which are local-
ized mostly at the ESs (Supplementary Figure S7). Thus,
high GC% of the Giardia rRNA could be attributed to stabi-
lization of the overall rRNA architecture compensating for
the loss of ESs. However, rRNA of the microsporidium V.
necatrix––the smallest known eukaryotic ribosome––has a
much lower GC content (35%) despite almost no ESs (Sup-
plementary Figure S7). Moreover, not only the matured
rRNA, but the spacer regions between the rRNAs in the
unprocessed rRNA precursor in Giardia are also GC rich
(47). Thus, the unique GC-rich property of Giardia rRNA
may be not only for imparting structural stability to the re-
duced rRNA, but also for evolutionary pressure due to its
parasitic life cycle (68). Alternatively, the high GC content
of the Giardia rRNA can also be attributed to the location
of rRNA genes near the telomere region of Giardia chro-
mosomes, which are also known as recombination hotspots
leading to GC-biased gene conversion and high GC content
(69).

Functional centers of the Giardia ribosome share both bacte-
rial and eukaryotic features

The decoding center (DC) and the peptidyl transferase cen-
ter (PTC) constitute the main functional centers on the ribo-
some and are therefore potential targets for small-molecule

inhibitors. We analyzed the Giardia ribosome structure in
the light of high-resolution crystal structures of yeast 80S
ribosome (70), E. coli 70S ribosome (71) and the archae-
bacterial 70S ribosome from Pyrococcus furiosus. In addi-
tion to DC and PTC, differences in the E site and peptide
exit tunnel are also discussed.

The DC selects the appropriate aminoacyl tRNA based
on the mRNA codon placed at the A site (72). The
SSU rRNA bases responsible for correct codon–anticodon
recognition following binding of the aminoacyl tRNA to
the A site are universally conserved (72). These bases, com-
monly known as ‘monitoring bases’, are A1410, A1411 and
G457 in Giardia, A1492, A1493 and G530 in E. coli, A1755,
A1756 and G577 in S. cerevisiae, and A1447, A1448 and
G483 in P. furiosus (Figure 2A). However, differences exist
in two important nucleotides in the vicinity of these bases,
which vary between the bacteria and eukaryotes and are
known for regulating aminoglycoside specificity (70). These
are A1408 and G1491 in E. coli, and G1645 and A1754 in
S. cerevisiae, respectively. Pyrococcus furiosus 70S ribosome
has A1368 and G1446, similar to E. coli. Interestingly, both
of these bases in Giardia SSU rRNA are guanines: G1333
(similar to S. cerevisiae G1645) and G1409 (similar to E.
coli G1491) (Figure 2A).

The PTC of the ribosome is highly conserved and is re-
sponsible for peptide bond formation and peptide release.
A number of inhibitors such as tiamulin, chlorampheni-
col, clindamycin, etc. are known to bind to PTC of the
bacterial ribosome, at the A-site cleft (73,74). The species
specificity of A-site inhibitors is determined by a single
nucleotide––U2504 in E. coli, U2873 in S. cerevisiae and
U2619 in P. furiosus. The conformation of this nucleotide is
regulated by its interaction with two additional nucleotides,
which are C2055 and A2572 in E. coli (73,74), and A2397
and A2941 in S. cerevisiae, respectively. Pyrococcus furiosus
70S ribosome has A2178 and A2687 similar to S. cerevisiae.
On the other hand, in the Giardia ribosome, these three nu-
cleotides are U2296, C1885 and U2363, respectively (Figure
2B); C1885 is similar to C2055 in E. coli.

In contrast to the DC and PTC, the E site of the Giardia
ribosome has a prototypical eukaryotic architecture. The E-
tRNA binding site is formed by the 25S rRNA and eL42.
The penultimate cytosine of CCA end of the tRNA is posi-
tioned by stacking and H-bond interactions with Y41 (Y43
in S. cerevisiae) of eL42 (Figure 2C). Further, the ASL of the
tRNA in S. cerevisiae and Giardia is stabilized by eS28. In-
terestingly, in the P. furiosus 70S ribosome the role of eL42
Y41-Giardia is taken over by an Asp residue (D56), which
interacts with the CCA end of the E-site tRNA. This reit-
erates that the E site of the Giardia ribosome has a specific
eukaryotic architecture.

The peptide exit tunnel of the ribosome is usually lined
by uL4, uL22, uL23 and the 25/23S rRNA of LSU. In eu-
karyotes, an additional protein eL39 lies adjacent to uL23,
which is also present in Giardia ribosome (Figure 2D). The
peptide exit tunnel is constricted where uL22 and uL4 meet;
interestingly, in eukaryotes an additional constriction is
formed by an extension of the uL4 loop. A comparison
of Giardia uL4 with those of S. cerevisiae and humans (as
well as other protozoan parasites; Supplementary Figure
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Figure 2. Functional centers of the Giardia ribosome display feature characteristic to both bacterial and eukaryotic ribosomes. In panels (A)–(D), the
color codes used are orange for E. coli (Ec, PDB: 7K00), pink for G. intestinalis (Gi), cyan for S. cerevisiae (Sc, PDB: 5NDG) and sea green for P. furiosus
(Pf, PDB:4V6U). (A) Comparison of helix 44 secondary structure (bottom panel) between Ec, Gi, Sc and Pf showing the sequence variation at specific
positions (in red). These nucleotide changes affect the architecture of the aminoglycoside drug binding pocket at the DC (top panel and zoom), while the
three monitoring bases show similar orientation. (B) Comparison of the conformation and interactions of the conserved U2504/U2296/U2873/U2619
between Ec, Gi, Sc and Pf ribosomes at PTC. This uracil in Sc and Pf interacts with A2397 and A2178, respectively, which opens up the drug binding pocket
at the A site. This interaction is absent in Ec and Gi due to the presence of C2055 in Ec and C1885 in Gi instead of adenine. This changes the potential
of binding of the eukaryote-specific A-site inhibitors to the Ec and Gi PTC. (C) E-site tRNA interactions in Gi are similar to Sc. The eukaryote-specific
protein eL42 stabilizes the CCA end of the E-site tRNA (zoom) in Sc, Pf and Gi, which is absent in Ec. (D) Gi uL4 has a shorter loop (similar to Pf, red
dotted circle) at the peptide exit tunnel compared to Sc. This loop characteristic to eukaryotic ribosomes creates an extra constriction in the peptide exit
tunnel. (E) Intersubunit bridges in the Gi ribosome. Regions of SSU and LSU contributing to specific intersubunit bridges are colored identically and
labeled accordingly. The eukaryote-specific bridges are indicated (box).
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Figure 3. Translocation-intermediate states of the Giardia ribosome with naturally trapped tRNAs and eEF2 captured by cryo-EM. (A) Top row: Structures
of distinct translocational states (LSU, white; SSU body, dark gray; SSU head, light gray; A-site tRNA, red; P-site tRNA, blue; E-site tRNA, pink; mRNA,
yellow; eEF2, green) obtained through cryo-EM single-particle reconstruction and arranged according to the sequence in translocation (C, D-I, D-II, A-I,
A-IV, B). Degree of rotation in the SSU body (dark gray) and head (light gray) with respect to the previous state is indicated along with the rotation axis
(dotted line). (B) Middle row: Comparison of the relative positions of A-, P- and E-site tRNAs and eEF2 in different translocation states (marked with
solid arrows) with those from the subsequent states (marked with dotted arrows) superimposed with transparent colors. The colored arrows indicate tRNA
movement. (C) Bottom panels, left/middle: Zoomed image of the DC of the PRE-T states showing monitoring bases sampling the codon–anticodon minor
groove and (right) movement of L1 stalk in the POST-T state from class A-I to A-VI. (Note the absence of E/E tRNA for class A-VI.)

S8) reveals that the eukaryote-specific uL4 loop extension
is uniquely missing in Giardia ribosome. Thus, although the
Giardia peptide exit tunnel contains eukaryotic ribosome-
specific protein eL39, its tunnel constriction pattern resem-
bles bacterial ribosomes.

Intersubunit bridges in the ribosome allow communi-
cation between the LSU and SSU during protein syn-
thesis. Eukaryotic cytoplasmic ribosomes have five addi-
tional intersubunit bridges located mostly peripherally (ex-
cept eB14), which are attributed to the preferential rotated
state of the eukaryotic ribosomes (42,66,75). In Giardia ri-
bosomes, one of these intersubunit bridges eB8 is miss-
ing due to absence of LSU rRNA ES31, while two others
eB11 and eB12 are highly reduced compared to S. cerevisiae
and human ribosomes (Figure 2E). Likewise, we could see
the unrotated state of these ribosomes as the predominant
class. These comparisons suggest that Giardia ribosomes (i)
present an amalgam of bacterial and eukaryotic features
and (ii) can be sensitive to some bacteria-specific transla-
tion inhibitors.

In silico sorting of ribosomal conformations reveals six
classes of translocation intermediates of Giardia ribosome

Cryo-EM single-particle reconstruction was used to create
a hierarchy from the parent class with differing SSU con-
formations and four subclasses with compositional hetero-
geneity (Supplementary Figure S1). The resolved ribosomal
subclasses (referred to hereafter as states) clearly feature
translocation intermediates (Figure 3A). Unrotated state C
(structure C-III) and rotated/ratcheted state D (structures
D-I and D-II) represent PRE-T substrates differing in their
SSU and tRNA conformations (Figure 3A). State C con-
tains tRNAs in the classical A (A/A), P (P/P) and E (E/E)
states (Figure 3A and B) similar to previous bacterial or
eukaryotic classical PRE-T complexes (43,76,77). The tR-
NAs are stabilized through canonical interactions from the
A, P or E sites. The acceptor arm of the A-site tRNA is
at the PTC (Figure 3A and B). Clear density is seen for
mRNA with the monitoring bases A1410 and A1411 sam-
pling the minor groove between the codon and anticodon
of the A-site tRNA (Supplementary Figure S4). The third
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monitoring base G457 and A1744 of helix 69 (A1913 in E.
coli and A2256 in S. cerevisiae) were seen interacting with
the codon–anticodon pairs (Figure 3C).

The D states show relative SSU body rotation of 9.6◦ and
SSU head rotation of 11.1◦ with respect to state C (Fig-
ure 3A and Supplementary Table S3). This is also evident
from rRNA residue displacement analysis focusing on SSU
head and body segments (Supplementary Figure S5). States
D-I and D-II feature rotated ribosomes, each with two tR-
NAs in hybrid states (Figure 3A and B). Interestingly, these
structures contain a tRNA in the A*/P state, such that its
ASL moves toward the SSU P site by ∼10 Å compared
to the tRNA in the A state in C (Figure 3B). This move-
ment breaks the anticodon stem interaction with H69 nu-
cleotide A1744, but the interactions with the monitoring
bases A1410 and A1411 as well as G457 are retained (Figure
3C). Helix 69 is pulled away during transition from D-I to
D-II through interaction with SSU h44 (C1334) (Figure 3C,
middle panel, and Supplementary Figure S9). Further, the
elbow of the A*/P tRNA also shows deflection in transition
from the D-I to D-II states (Supplementary Figure S10).
The A*/P tRNA elbow in D-I interacts with 28S rRNA
nucleotides 731–33 (H38) and uL16 D28 residue, which are
not seen in D-II. Contrarily, the acceptor arm in D-II is sta-
bilized by several interactions from 28S rRNA and uL16.
Structures C, D-I and D-II appear to trace the path of the A-
site tRNA toward the P site (Figure 3B). The second tRNA
in D-I and D-II states is in the P*/E state such that its ASL
is intermediate between the P and E sites of the SSU (∼14
Å from the SSU P site), the elbow is yet to approach E site
(8.8 Å away from E-site tRNA elbow of state C), while the
acceptor arm and CCA end are stabilized by E-site-specific
interactions (see the ‘Functional centers of the Giardia ribo-
some share both bacterial and eukaryotic features’ section
and Figure 2C).

State B represents an eEF2-bound transient transloca-
tion intermediate in which eEF2 is bound to GDP and the
leaving Pi (Figures 3A and B, and 5A and B). The SSU
body in B is slightly rotated: 1.05◦ compared to state C, but
corresponding to a back-rotation of 8.9◦ from the D states.
However, the SSU head is still highly swiveled: 17.5◦ com-
pared to state C, and 13.3◦ on an orthogonal rotation axis
compared to the D states (Figure 3A, Supplementary Ta-
ble S3 and Supplementary Figure S5). eEF2 domain IV is
inserted between the SSU A and P sites (∼10 Å from the
P site) (Figures 3B and 5C). We observe clear density for
the P*/E tRNA. However, there is no density correspond-
ing to the A/P tRNA similar to previous studies (20,78,79),
which indicates lower stability of the A/P tRNA during the
dynamic state of translocation by eEF2. Moreover, we find
the mRNA somewhat dislodged from its usual position at
the A site. This can potentially be due to the loss of the
A/P tRNA, which would otherwise stabilize the mRNA by
codon–anticodon interaction while interacting with A1133
and C1016 on h34 (A1427 and C1274 in S. cerevisiae) with
the 5′ end, as seen in the C and D states.

State A represents an ensemble of ribosomal POST-T
states with a strong density for the E-site tRNA with oc-
cupancy of ∼91%. The most populated state (A-I) shows
a completely closed L1-stalk and E-site tRNA, while the
other substates (II through VI) show snapshots of a contin-

uum of movement of the L1 stalk with the final state (A-
VI) having no bound tRNAs and an L1-stalk angle of 39◦
(Figure 3C, right panel). The stable binding of the E-site
tRNA is ensured through interactions of the CCA end of
the tRNA to 28S and eL42, similar to the POST-T state
structures of S. cerevisiae ribosome (80,81). Compared to
state B, the SSU head in state A occupies a conformation
having undergone a 19.6◦ reverse swivel (Figure 3A). With
this, the SSU head achieves a conformation quite similar
to state C (with a minor 2.5◦ deflection). Interestingly, the
A state(s) exhibit an additional rotation of the SSU with a
different rotational axis, which is similar to previously re-
ported eukaryote-specific ‘subunit rolling’ (Supplementary
Movie A).

Giardia ribosome demonstrates eukaryote-specific subunit
rolling but with insignificant widening of the E site

In eukaryotes, accommodation of aminoacyl tRNA in-
volves a unique ‘rolling’ motion, where the SSU rotates by
∼5o toward the A site with a rotational axis described as
‘orthogonal’ to the axis of rotation for subunit ratcheting
(43). The rolling movement narrows down the A site by
∼5 Å (7,44). This is associated with concomitant widening
of the E site, which potentially facilitates tRNA dissocia-
tion from the E site (7,42–45). This motion also leads to re-
modeling of intersubunit bridges; B6 and B8 appear in the
classical PRE-T state (Figure 4 and Supplementary Figure
S11), which are retained in the hybrid PRE-T state. Dur-
ing translocation, the ribosomal subunits undergo ‘back-
rolling’ leading to loss of B6 and B8 bridges and appear-
ance of new bridges eB8, eB8b, B2e and eB9 in the POST-
T state. These bridges being in the vicinity constrict the E
site (44). Subunit rolling is absent in bacterial elongation,
where the POST-T and the classical PRE-T states show es-
sentially the same ribosomal conformation. To the best of
our knowledge, subunit rolling has not yet been reported in
lower eukaryotes.

To understand whether Giardia ribosomes exhibit sub-
unit rolling, we compared the classical PRE-T state ‘C’ with
the POST-T state ‘A-I’. A clear 4.6◦ rotation of the SSU to-
ward the A site could be observed in transition from the
POST-T to the PRE-T state, along with formation of the
B6 and B8 bridges (Figure 4, Supplementary Figures S4
and S10, and Supplementary Table S3). This matched well
with the previous reports of subunit rolling in eukaryotic
ribosomes (7,43,44). We further identified the axis for this
rolling movement by decomposition of the transformation
matrix into the axis–angle form (Supplementary Figure S5).
Our analysis shows that the axis for subunit ‘rolling’ (state
A → state C) in Giardia ribosome is not orthogonal (90◦) to
the axis of subunit rotation (state C → state D), but inclined
at an angle of 32◦ with respect to each other (Supplemen-
tary Figure S5 and Supplementary Movie A).

Next, we looked for changes in the size of the A site (cal-
culated by the distance between G2440 of 25S and A330
of 18S) and the E site (distance between G2217 of 25S and
U667 of 18S). We observed ‘subunit rolling’-specific nar-
rowing of the A site by ∼6 Å in the PRE-T state, simi-
lar to the earlier report in human ribosomes (∼5 Å) (44).
However, the widening of the E site was negligible (∼1 Å),
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Figure 4. Giardia ribosomes exhibit eukaryotic ribosome-specific SSU rolling. (A) Comparison of SSU between the POST-T state (yellow) and classical
PRE-T state (cyan) in RNA ribbon structures (left) and surface view (right). Ribosomes in these two states are aligned based on LSU. The arrows indicate
the direction of movement with the angle specified. The intersubunit bridges unique to the two states are listed below. (B) The SSU motions during the
Giardia elongation cycle. The conventional SSU rotation is seen when the classical PRE-T state (state C) changes to the hybrid PRE-T state (states D,
D-I and D-II, respectively). eEF2 binds to the hybrid PRE-T state to trigger a chimeric hybrid state (state B) in which the SSU body back-rotates and
simultaneously SSU head swivels. The SSU head back-swivels after/during eEF2 dissociation and thereby the ribosome reaches the POST-T state (state
A). The SSU rolling (marked in blue) takes place during the transition from the POST-T state to the PRE-T state, whereas back-rolling occurs in the last
step of translocation (state B → state A) together with reverse swivel of the SSU head (Supplementary Movies A and B).
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Figure 5. Overview of Giardia eEF2 interaction with the ribosome in the chimeric hybrid state. (A) The G domain of eEF2 with GDP and a leaving Pi
stabilized through interactions from P-loop, Sw-II, G4 and G5 motifs (dark green). (B) Cryo-EM density of GDP and Pi (threshold: RMSD 4.55) showing
that the Pi is a distinct noncovalently coordinated entity. (C) Interactions of eEF2 domain IV (blue) with SSU head (light pink) and mRNA (yellow).
(D) A kinked conformation of SRL induced between the hybrid (gray) and chimeric hybrid (light pink) states of Giardia ribosomes (top). The kinked
conformation is induced through interactions with domain I (green) and domain V (purple) of eEF2 (bottom). A compact Sw-I (gray) from E. coli (Ec)
EF-G bound to GDP + Pi on the ribosome (PDB: 7PJV) is displayed. The structures are aligned on the LSU for comparison, which indicates that Sw-I
needs to be disordered for Pi release. Interactions of His143 in Sw-II with the leaving Pi and SRL, and the P-loop His27 with the SRL are shown. (E)
Interactions of eEF2 domain III with uS12 on one hand and the Sw-II loop of domain I (G domain) on the other hand are illustrated.
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which is clearly different from the subunit rolling in the hu-
man ribosome where ∼5 Å widening of the E site in the
PRE-T state was reported (44). Moreover, Giardia ribo-
somes lack bridges eB8 and eB8b due to absence of corre-
sponding rRNA ESs. These bridges are seen in the human
POST-T state, in addition to bridges B2e and eB9 that are
also present in Giardia (Figure 4 and Supplementary Fig-
ure S11). Since the eB8 and eB8b bridges (absent in Giar-
dia) are close to the E site, the absence of these two bridges
in the POST-T state is likely to be the main reason for the
negligible size change in the E site during subunit rolling.
Thus, Giardia ribosome demonstrates an intermediate ‘sub-
unit rolling’ in its elongation cycle with a distinct difference
of insignificant widening of the E site compared to higher
eukaryotes.

The eEF2·GDP-bound state elucidates the mechanism of Pi
release

State B of the Giardia ribosome presents eEF2·GDP and
a leaving Pi. Giardia eEF2 resembles eEF2/EF-G ortho-
logues in both overall domain architecture and binding
to the ribosome. It consists of five distinct domains (I–V)
wherein domain I is the GTPase domain or G domain (Fig-
ure 5A and B) and domain IV is crucial for translocation
function (Figure 5C). We found a clear density of GDP
in the G domain of eEF2, which is coordinated by inter-
actions from P-loop (G1), G4 and G5 motifs, similar to
other reported EF-G/eEF2 structures (25,26,41,45) (Figure
5A and B). Switch-I (Sw-I) is disordered, which is usual to
the off-state (Figure 5A). The catalytic histidine (H143) in
switch-II (Sw-II) interacts with the phosphate backbone of
A2447 (A2662 in E. coli) in SRL (Figure 5D). The SRL con-
formation, induced by interaction of the domain V residue
S845 with A2445, closely resembles the twisted conforma-
tion of the SRL observed in the EF-G·GDP + Pi structure
on E. coli ribosomes (Figure 5D) (25). A distinct density
of the ‘leaving Pi’ group can be seen in the path of the ex-
pected trajectory for Pi release (82) held by the interaction
with H143 (Figure 5B). Superimposition of state B with E.
coli 70S in the EF-G·GDP + Pi state suggests that Pi release
requires Sw-I to be disordered to avoid a steric clash (Fig-
ure 5D). One interesting observation is that the Pi moiety
in this structure is placed 4.7 Å away from the phosphate of
the recently reported GDP + Pi cryo-EM structure of E. coli
ribosome (25) (Supplementary Figure S12). This indicates
that we have trapped a mimic of the post-GTP hydrolysis
eEF2 intermediate on the ribosome closer to the comple-
tion of Pi release.

In our structure, domain IV of eEF2 is extensively stabi-
lized through interactions with the SSU head and H69 of
25S rRNA, in the absence of A/P tRNA (Figure 5C). Fur-
ther, domain III of eEF2 interacts extensively with uS12 via
three interactions between C572, K549 and N579 of eEF2
with N96, N97 and S78 of uS12. In an early translocation-
intermediate structure of S. cerevisiae, eEF2 domain III-
N499 interacts with K82 of uS12. In this structure, the
SSU body is in the rotated state. However, in three late
translocation-intermediate states of mammalian 80S (Tl-
POST-1, Tl-POST-2) (45) where the SSU body has back-
ratcheted, eEF2 domain III does not interact with uS12.

This indicates that interaction of domain III of eEF2 and
uS12 is lost during SSU back-rotation. Most probably, SSU
body back-rotation after GTP hydrolysis pulls down do-
main III of EF-2 via uS12, which in turn pulls back Sw-II
guiding the Pi release (Figure 5B and C).

DISCUSSION

In recent years, our knowledge about the steps of transla-
tion has progressed significantly due to the technical ad-
vances in cryo-EM. Our observations of translocation in-
termediates of the native ribosomes of G. intestinalis add in-
sightful details regarding ribosomal translocation. We dis-
cuss below the main observations in the light of transloca-
tion mechanism, drug sensitivity and evolution of transla-
tional machinery.

Implications of Giardia-specific ribosomal features in antibi-
otic binding/resistance

The ribosomes of G. intestinalis are highly compact with sig-
nificantly reduced ES and with uniquely high GC content.
While it contains all characteristic eukaryotic rRNAs and
most of the eukaryotic r-proteins, a closer look at the func-
tional centers lifts up the bacterial ribosome-specific fea-
tures, which enable us to reflect on the prospects of drug
binding.

The DC of the ribosome is usually targeted by amino-
glycoside antibiotics, which bind to h44 of 18S rRNA at
the DC and flip the monitoring bases, allowing near- or
noncognate tRNAs to be accepted, causing errors in trans-
lation (60). Aminoglycoside specificity in E. coli is regu-
lated by the nucleotides A1408 and G1491, which are re-
placed with G1645 and A1754 in S. cerevisiae. G1645 oc-
cludes aminoglycosides with 6′-substitution in ring I (e.g.
neomycin with amino group substitution) except those
with hydroxyl group substitution (e.g. geneticin and paro-
momycin). Similarly, A1754 prohibits aminoglycosides with
5′′-hydroxyl group in ring III, e.g. neomycin and paro-
momycin from binding (70). Since the Giardia ribosome has
G1409 similar to G1491 in E. coli instead of A1754 of S.
cerevisiae, we speculate that paromomycin could bind to the
DC (Supplementary Figure S13A). This agrees with reports
from earlier clinical studies (83,84). Paromomycin was also
used to treat giardiasis in pregnant women (67). To validate
our hypothesis, we have tested percent survival of Giardia
in the presence of paromomycin. Our data show that the ef-
fectivity of paromomycin to limit Giardia survival is in sim-
ilar range as the predominantly used Giardia drug metron-
idazole (Supplementary Figure S14). Another aminoglyco-
side antibiotic geneticin exhibits high affinity for S. cere-
visiae ribosomes due to its interaction with the eukaryote-
specific bases (G1645 and A1754) (70) (Supplementary Fig-
ure S13A). A previous biochemical study demonstrates that
S. cerevisiae ribosomes with A1754G mutation are ∼60-fold
more sensitive to paromomycin and 10-fold more sensitive
to G418 (geneticin) (85). Since Giardia ribosomes resem-
ble the above S. cerevisiae mutant scenario, it is possible
that geneticin may also inhibit protein synthesis in Giardia.
Interestingly, ribosomes of some other protozoan parasites
such as P. falciparum, T. gondii and T. vaginalis possess two
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guanine nucleotides corresponding to G1333 and G1409 of
Giardia. Thus, it is tempting to speculate that aminoglyco-
sides with a ring-I 6′-hydroxyl group might inhibit these ri-
bosomes as well.

In S. cerevisiae, A2397 interacts with U2873 to accom-
modate the eukaryote-specific PTC inhibitors (e.g. T2 toxin;
Supplementary Figure S13B) (70). In many protozoan par-
asites, including T. vaginalis, closely related to G. intesti-
nalis, there is an adenine in the position corresponding to
A2397 in S. cerevisiae. However, Giardia ribosomes possess
C1885 (instead of A) similar to C2055 in E. coli. Hence, we
suspect that the bacteria-specific A-site inhibitors, e.g. clin-
damycin and chloramphenicol, might inhibit Giardia ribo-
somes (Figure 2B and Supplementary Figure S13B). How-
ever, it is known that A2572U mutation leads to tiamulin
resistance in Brachyspira hyodysenteriae (86). Giardia and T.
vaginalis ribosomes have uracil (U2363 in Giardia) in place
of A2572 in E. coli, which suggests that Giardia and T. vagi-
nalis ribosomes might be resistant to tiamulin.

Selectivity of E-site inhibitors toward eukaryotes is reg-
ulated by two bacteria-specific rRNA residues, A2432
and U2431, in E. coli (70). These residues occlude in-
hibitor binding. In Giardia and S. cerevisiae, there are two
adenines in these positions. Thus, cycloheximide and lac-
timidomycin, which are E-site inhibitors of the eukaryotic
ribosome, should potentially bind and inhibit Giardia ribo-
somes. We have tested percent survival of Giardia tropho-
zoites in the presence of cycloheximide and lactimidomycin.
Cycloheximide efficiently kills the trophozoites at a drug
concentration significantly lower than metronidazole, while
lactimidomycin roughly matches metronidazole (Supple-
mentary Figure S14) supporting our structural analysis.

Translocation intermediates of the Giardia ribosomes display
both subunit rotation and rolling, albeit to a limited extent

Translocation intermediates for structural studies are of-
ten formed through in vitro assembled complexes, either
with nonhydrolyzable guanine nucleotide analogs (GMP-
PCP, GDPCP, etc.) or with antibiotics trapping eEF2 on
the ribosome (45,87). These states are therefore not com-
pletely natural. We have isolated translating ribosomes di-
rectly from the log-phase culture of G. intestinalis, contain-
ing an ensemble of various translation intermediate states.
Further through in silico sorting, we could resolve the het-
erogeneity in the ribosome sample and obtain six distinct
translational states at near-atomic resolution. These states
represent authentic, native elongation cycle intermediates in
which rotation of the SSU relative to the LSU, eEF2 bind-
ing, swiveling motion of the SSU head relative to the body
and subunit rolling motion could be observed in conjunc-
tion with displacement of tRNA from the A to P site and
from the P to E site. The strength of our approach is por-
trayed by the fact that we could assign 94.5% of the parti-
cles (Supplementary Table S1) to distinct ribosomal states,
which are named A–D (Supplementary Figure S1).

These distinct ribosomal states represent intermediates of
the Giardia tRNA translocation cycle. State C represents
the nonrotated, PRE-T ribosome in which tRNAs are in
the A/A, P/P and A/A, P/P, E/E classical states, respec-
tively. Ribosomes are reported to undergo spontaneous in-

tersubunit rotation (also called ratcheting) even in the ab-
sence of EF-G/eEF2, oscillating between classical and hy-
brid states (88). Structures D-I and D-II represent these hy-
brid conformations in which SSU rotation causes tRNAs
to acquire the A*/P and P*/E states. These states consti-
tute proper substrate for eEF2·GTP binding, shifting the
equilibrium toward the hybrid conformation. Structure B
is a hitherto unknown eEF2-bound chimeric hybrid-like in-
termediate, where eEF2 is in the GDP state with a distinct
density for the leaving Pi held by the catalytic H143 from
Sw-II. Comparison of the D states with state B shows that
the A*/P tRNA ASL must translocate to the P site to ac-
commodate domain IV of eEF2 in the A site (Supplemen-
tary Movie B). Further analysis reveals that state B repre-
sents an ‘early’ late intermediate state, with the SSU body
showing a lesser degree of back-rotation than the previously
reported late intermediate states (45). Reverse swivel of the
SSU head marks completion of translocation, leading to the
final POST-T state, represented by state A of Giardia ribo-
somes.

As mentioned earlier, eukaryotic tRNA translocation is
associated with an additional rotational motion of the SSU
termed ‘subunit rolling’ (42–45). This motion leads to A-
site narrowing and E-site widening during transition from
the POST-T to the PRE-T state. These reciprocal changes
lead to aminoacyl tRNA accommodation at the A site and
deacylated tRNA release from the E site. In Giardia, subunit
rolling is observed, but the extent of E-site widening is in-
significant. Overall, these structures are the first snapshots
of actively translating ribosomes from a parasitic protozoan
elucidating tRNA translocation (Supplementary Movies A
and B).

Mechanism of Pi and eEF2 release marks the completion of
elongation cycle

State B resembles a translocation intermediate with eEF2
bound to GDP and the leaving Pi in a unique position.
Comparison of our structure with the EF-G/eEF2-bound
early translocation intermediates from E. coli (GDP + Pi)
(25) and S. cerevisiae (GDPCP) (41), and late translocation
intermediates from mammals (GMPPNP) (45) reveals an
interesting aspect (summarized in Figure 6).

Escherichia coli EF-G in the GDP + Pi state has been
seen as bound to the ribosome in a fully rotated state (PDB:
7PJV) (25). Sw-I of EF-G is ordered, which by interac-
tion with SSU body stabilizes the rotated state of the ribo-
some. In comparison, the SSU body appears slightly back-
rotated in the eEF-2·GDPCP-bound early translocation-
intermediate structure of S. cerevisiae ribosome (41), which
causes loss of interaction of the SSU body with Sw-I. The
back-rotation of the SSU body brings eEF2 domain III
at interacting distance to uS12. Domain III interacts with
Sw-II in all available EF-G/eEF2 structures. As the SSU
body back-rotates further (our structure), interaction of do-
main III with uS12 enhances, which pulls Sw-II. In the late
translocation intermediates (PDB: 6GZ4), the domain III–
uS12 interaction is lost. From these comparisons, the order
of events appears as follows: (i) EF-G/eEF2 binds to a fully
rotated ribosome in the GTP state stabilized by an ordered
Sw-I; (ii) GTP hydrolysis disorders Sw-I, initiates SSU body
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Figure 6. Mechanism of eEF2 and Pi release from the ribosome. Left: When eEF2–GTP binds to the ribosome, its ordered Sw-I stabilizes the rotated SSU
body. SRL orients the catalytic His on Sw-II toward GTP and domain III interacts weakly with uS12 (interpreted from PDB: 7OSM). Middle: Our state
B structure shows that post-GTP hydrolysis, where Sw-I becomes disordered clearing the path for Pi release. SSU body back-rotates, thereby resulting in
increased interaction between domain III and uS12. This enhanced interaction pulls Sw-II linked to domain III and the catalytic His loses interaction with
Pi, which releases Pi (right) (interpreted from PDB: 6GZ3).

back-rotation and strengthens domain III interaction with
uS12; and (iii) domain III interacts with Sw-II, which pulls
the catalytic His to a catalytically incompetent state. In this
process, the Pi from GTP hydrolysis that is held by the cat-
alytic His is released (Figure 6).

We conclude that post-GTP hydrolysis, SSU body back-
rotation pulls down domain III of EF-2 via uS12, which in
turn pulls back Sw-II with the catalytic His, thereby guid-
ing the Pi release. It is plausible that we managed to trap
this naturally populated state due to the interactions of EF-
2 domain IV with SSU head, which acts as a ‘door-stop’
and prevents further SSU back-ratcheting and loss of inter-
actions with uS12.

Evolutionary perspective of the Giardia ribosome

The proteins and RNAs that constitute a bacterial ribosome
form the conserved core of the eukaryotic ribosome. Ad-
ditional eukaryote-specific r-proteins and rRNA ESs add
to the complexity of this core. Giardia is a protozoan par-
asite that diverged early from the eukaryotic branch (89).
Although its rRNA is highly compact as in bacteria, and
the ESs are highly reduced, it contains almost all of the
eukaryote-specific r-proteins, except eL6 and eL28. In the
DC and PTC, Giardia ribosomes possess nucleotides similar
to either bacteria or eukaryotes (Supplementary Table S4).
When compared for E-site interactions with the tRNA, Gi-
ardia ribosome shows intermediate number of interactions
compared to bacteria and eukaryotes. Similar trend is also
observed for intersubunit bridges, while in the peptide exit
tunnel, it possesses bacteria-like single constriction instead
of two constrictions in eukaryotic ribosomes. Not only the
structural features, but also the mechanism of transloca-
tion shows intermediate conformational dynamics in Gia-

rdia ribosomes. While subunit rolling is absent in bacteria,
Giardia ribosomes undergo rolling, albeit to a lesser extent
than other eukaryotes. Thus, the Giardia ribosome shares
both bacterial and eukaryotic features (Supplementary Ta-
ble S4), which justifies its intermediate position in the evo-
lutionary tree (89).

The length of the rRNA ESs has increased significantly
in the course of evolution from the protozoan to the meta-
zoan eukaryotes. These ESs have been proposed to be as-
sociated with ribosome biogenesis (90), translation initia-
tion (78) and fidelity (57). ES3 and ES6 in the SSU in-
teract with the eukaryote-specific translation initiation fac-
tors eIF3 and eIF4G. Interestingly, compared to higher eu-
karyotes, the Giardia ribosome lacks both ES3 and ES6,
and likewise the eIF4G ortholog and several eIF3 subunits.
Thus, the lack of ESs and other typical eukaryotic features
in the Giardia ribosome may reflect its evolutionary lineage
as an early branching member of the eukaryotic domain.
Alternatively, the loss of the ESs could have been attributed
to an adaptive evolution for its parasitic life cycle.

Comparison of the Giardia ribosome with other eu-
karyotic ribosomes provides insights about evolution of
the eukaryotic ribosomes. As mentioned above, Giardia ri-
bosomes lack multiple ESs and the eukaryotic r-proteins
eL6 and eL28. Interestingly, the V. necatrix ribosomes,
the smallest eukaryotic ribosome with minimal ESs, also
lack three r-proteins, eL41, eL38 and eL28. These observa-
tions suggest that most of the eukaryote-specific r-proteins
might have evolved prior to rRNA ESs; hence, the con-
served bacterial rRNA core is sufficient to support these
additional proteins through enhanced protein–protein in-
teractions (51). However, some eukaryotic r-proteins might
also have coevolved with the rRNA ESs. The r-proteins
such as eL6, eL28 and eL14 bind to the region ES7–ES15–
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ES39 and likely stabilize these ESs. In V. necatrix, where
all the three ESs are missing, eL14 is devoid of most of
its secondary structure. Thus, it is plausible that these r-
proteins have coevolved with ESs 7 and 15, as also sug-
gested previously (48). Interestingly, ES7 is missing in G. in-
testinalis, V. necatrix and T. vaginalis (Supplementary Fig-
ure S15). In contrast, T. brucei has two helical branches in
ES7 and the higher eukaryotes, T. gondii and P. falciparum
have three helices in ES7 wherein two branches are much
longer than in S. cerevisiae. Metazoans such as Homo sapi-
ens and Drosophila melanogaster have ES7 with multiple he-
lical branches (Supplementary Figure S15). Thus, it is fair
to comment that ES complexity in the ribosomes has in-
creased progressively during the course of evolution, which
correlates well with the separation times of the species (Sup-
plementary Figure S15). Combining our observations with
earlier reports, it can be suggested that evolution of eu-
karyotic ribosome from the conserved bacterial ribosomal
core has occurred in multiple stages through increase in (i)
protein–protein interaction as seen in both the V. necatrix
and G. intestinalis ribosomes, (ii) protein–RNA interaction,
e.g. S. cerevisiae, and (iii) RNA–RNA interaction, e.g. H.
sapiens.
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holm University and Umeå University. Mass spectrometry
analysis was performed by the Clinical Proteomics Mass
Spectrometry Facility, Karolinska Institutet/Karolinska
University Hospital/Science for Life Laboratory.
Author contributions: S. Sanyal conceived the idea and
secured funding; S.K. and S.S. cultured Giardia tropho-
zoites; C.S.M. purified ribosomes; S.M. collected and
processed cryo-EM data, contributed to model building
and performed structural analysis; A.E. contributed to
data processing, built individual structures, wrote scripts
and performed quantitative analysis. S.M., A.E. and S.
Sanyal wrote the manuscript; all authors participated in
manuscript preparation.

FUNDING

Swedish Research Council [2016-06264, 2018-05946 and
2018-05498 to S. Sanyal]; Knut and Alice Wallenberg Foun-

dation [KAW 2017.0055 to S. Sanyal]; Carl Trygger Foun-
dation [CTS 18:338 and CTS 19:806 to S. Sanyal]; Wenner-
Gren Foundation [UPD2017:0238 to S. Sanyal]. Funding
for open access charge: Uppsala University.
Conflict of interest statement. None declared.

REFERENCES
1. Noller,H.F., Lancaster,L., Zhou,J. and Mohan,S. (2017) The

ribosome moves: RNA mechanics and translocation. Nat. Struct.
Mol. Biol., 24, 1021–1027.

2. Dever,T.E., Dinman,J.D. and Green,R. (2018) Translation elongation
and recoding in eukaryotes. Cold Spring Harb. Perspect. Biol., 10,
a032649.

3. Rodnina,M.V., Peske,F., Peng,B.-Z., Belardinelli,R. and
Wintermeyer,W. (2020) Converting GTP hydrolysis into motion:
versatile translational elongation factor G. Biol. Chem., 401, 131–142.

4. Frank,J. and Gonzalez,R.L. (2010) Structure and dynamics of a
processive Brownian motor: the translating ribosome. Annu. Rev.
Biochem., 79, 381–412.

5. Cornish,P.V., Ermolenko,D.N., Noller,H.F. and Ha,T. (2008)
Spontaneous intersubunit rotation in single ribosomes. Mol. Cell, 30,
578–588.

6. Frank,J. and Agrawal,R.K. (2000) A ratchet-like inter-subunit
reorganization of the ribosome during translocation. Nature, 406,
318–322.

7. Behrmann,E., Loerke,J., Budkevich,T.V., Yamamoto,K., Schmidt,A.,
Penczek,P.A., Vos,M.R., Bürger,J., Mielke,T., Scheerer,P. et al. (2015)
Structural snapshots of actively translating human ribosomes. Cell,
161, 845–857.

8. Blanchard,S.C., Gonzalez,R.L., Kim,H.D., Chu,S. and Puglisi,J.D.
(2004) tRNA selection and kinetic proofreading in translation. Nat.
Struct. Mol. Biol., 11, 1008–1014.

9. Moazed,D. and Noller,H.F. (1989) Intermediate states in the
movement of transfer RNA in the ribosome. Nature, 342, 142–148.

10. Voorhees,R.M., Fernández,I.S., Scheres,S.H.W. and Hegde,R.S.
(2014) Structure of the mammalian ribosome–Sec61 complex to 3.4 Å
resolution. Cell, 157, 1632–1643.

11. Pan,D., Kirillov,S.V. and Cooperman,B.S. (2007) Kinetically
competent intermediates in the translocation step of protein
synthesis. Mol. Cell, 25, 519–529.

12. Katunin,V.I., Savelsbergh,A., Rodnina,M.V. and Wintermeyer,W.
(2002) Coupling of GTP hydrolysis by elongation factor G to
translocation and factor recycling on the ribosome. Biochemistry, 41,
12806–12812.

13. Belardinelli,R., Sharma,H., Caliskan,N., Cunha,C.E., Peske,F.,
Wintermeyer,W. and Rodnina,M.V. (2016) Choreography of
molecular movements during ribosome progression along mRNA.
Nat. Struct. Mol. Biol., 23, 342–348.

14. Spiegel,P.C., Ermolenko,D.N. and Noller,H.F. (2007) Elongation
factor G stabilizes the hybrid-state conformation of the 70S
ribosome. RNA, 13, 1473–1482.

15. Valle,M., Zavialov,A., Sengupta,J., Rawat,U., Ehrenberg,M. and
Frank,J. (2003) Locking and unlocking of ribosomal motions. Cell,
114, 123–134.

16. Rodnina,M.V., Savelsbergh,A., Katunin,V.I. and Wintermeyer,W.
(1997) Hydrolysis of GTP by elongation factor G drives tRNA
movement on the ribosome. Nature, 385, 37–41.

17. Savelsbergh,A., Katunin,V.I., Mohr,D., Peske,F., Rodnina,M.V. and
Wintermeyer,W. (2003) An elongation factor G-induced ribosome
rearrangement precedes tRNA–mRNA translocation. Mol. Cell, 11,
1517–1523.

18. Borg,A. and Ehrenberg,M. (2015) Determinants of the rate of
mRNA translocation in bacterial protein synthesis. J. Mol. Biol., 427,
1835–1847.

19. Brilot,A.F., Korostelev,A.A., Ermolenko,D.N. and Grigorieff,N.
(2013) Structure of the ribosome with elongation factor G trapped in
the pretranslocation state. Proc. Natl Acad. Sci. U.S.A., 110,
20994–20999.

20. Zhou,J., Lancaster,L., Donohue,J.P. and Noller,H.F. (2013) Crystal
structures of EF-G–ribosome complexes trapped in intermediate
states of translocation. Science, 340, 1236086.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/7/3436/7076480 by guest on 01 O

ctober 2023

https://github.com/andy-emmo/ribosome-building-analysis
https://doi.org/10.5281/zenodo.7670234
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad176#supplementary-data


3450 Nucleic Acids Research, 2023, Vol. 51, No. 7

21. Tourigny,D.S., Fernández,I.S., Kelley,A.C. and Ramakrishnan,V.
(2013) Elongation factor G bound to the ribosome in an intermediate
state of translocation. Science, 340, 1235490.

22. Ramrath,D.J.F., Lancaster,L., Sprink,T., Mielke,T., Loerke,J.,
Noller,H.F. and Spahn,C.M.T. (2013) Visualization of two transfer
RNAs trapped in transit during elongation factor G-mediated
translocation. Proc. Natl Acad. Sci. U.S.A., 110, 20964–20969.

23. Lin,J., Gagnon,M.G., Bulkley,D. and Steitz,T.A. (2015)
Conformational changes of elongation factor G on the ribosome
during tRNA translocation. Cell, 160, 219–227.

24. Rundlet,E.J., Holm,M., Schacherl,M., Natchiar,S.K., Altman,R.B.,
Spahn,C.M.T., Myasnikov,A.G. and Blanchard,S.C. (2021)
Structural basis of early translocation events on the ribosome.
Nature, 595, 741–745.

25. Petrychenko,V., Peng,B.-Z., de A.P. Schwarzer,A.C., Peske,F.,
Rodnina,M.V. and Fischer,N. (2021) Structural mechanism of
GTPase-powered ribosome–tRNA movement. Nat. Commun., 12,
5933.

26. Carbone,C.E., Loveland,A.B., Gamper,H.B., Hou,Y.-M., Demo,G.
and Korostelev,A.A. (2021) Time-resolved cryo-EM visualizes
ribosomal translocation with EF-G and GTP. Nat. Commun., 12,
7236.

27. Wasserman,M.R., Alejo,J.L., Altman,R.B. and Blanchard,S.C.
(2016) Multiperspective smFRET reveals rate-determining late
intermediates of ribosomal translocation. Nat. Struct. Mol. Biol., 23,
333–341.

28. Chen,J., Petrov,A., Tsai,A., O’Leary,S.E. and Puglisi,J.D. (2013)
Coordinated conformational and compositional dynamics drive
ribosome translocation. Nat. Struct. Mol. Biol., 20, 718–727.

29. Munro,J.B., Altman,R.B., O’Connor,N. and Blanchard,S.C. (2007)
Identification of two distinct hybrid state intermediates on the
ribosome. Mol. Cell, 25, 505–517.

30. Wang,L., Altman,R.B. and Blanchard,S.C. (2011) Insights into the
molecular determinants of EF-G catalyzed translocation. RNA, 17,
2189–2200.

31. Alejo,J.L. and Blanchard,S.C. (2017) Miscoding-induced stalling of
substrate translocation on the bacterial ribosome. Proc. Natl Acad.
Sci. U.S.A., 114, E8603–E8610.

32. Yin,H., Gavriliuc,M., Lin,R., Xu,S. and Wang,Y. (2019) Modulation
and visualization of EF-G power stroke during ribosomal
translocation. ChemBioChem, 20, 2927–2935.

33. Sharma,H., Adio,S., Senyushkina,T., Belardinelli,R., Peske,F. and
Rodnina,M.V. (2016) Kinetics of spontaneous and EF-G-accelerated
rotation of ribosomal subunits. Cell Rep., 16, 2187–2196.

34. Chen,C., Cui,X., Beausang,J.F., Zhang,H., Farrell,I.,
Cooperman,B.S. and Goldman,Y.E. (2016) Elongation factor G
initiates translocation through a power stroke. Proc. Natl Acad. Sci.
U.S.A., 113, 7515–7520.

35. Holtkamp,W., Cunha,C.E., Peske,F., Konevega,A.L.,
Wintermeyer,W. and Rodnina,M.V. (2014) GTP hydrolysis by EF-G
synchronizes tRNA movement on small and large ribosomal
subunits. EMBO J., 33, 1073–1085.

36. Ermolenko,D.N. and Noller,H.F. (2011) mRNA translocation occurs
during the second step of ribosomal intersubunit rotation. Nat.
Struct. Mol. Biol., 18, 457–462.

37. Kaziro,Y. (1978) The role of guanosine 5′-triphosphate in polypeptide
chain elongation. Biochim. Biophys. Acta, 505, 95–127.

38. Gavrilova,L.P., Kostiashkina,O.E., Koteliansky,V.E.,
Rutkevitch,N.M. and Spirin,A.S. (1976) Factor-free (‘non-enzymic’)
and factor-dependent systems of translation of polyuridylic acid by
Escherichia coli ribosomes. J. Mol. Biol., 101, 537–552.

39. Fredrick,K. and Noller,H.F. (2003) Catalysis of ribosomal
translocation by sparsomycin. Science, 300, 1159–1162.

40. Salsi,E., Farah,E. and Ermolenko,D.N. (2016) EF-G activation by
phosphate analogs. J. Mol. Biol., 428, 2248–2258.

41. Djumagulov,M., Demeshkina,N., Jenner,L., Rozov,A., Yusupov,M.
and Yusupova,G. (2021) Accuracy mechanism of eukaryotic
ribosome translocation. Nature, 600, 543–546.

42. Budkevich,T., Giesebrecht,J., Altman,R.B., Munro,J.B., Mielke,T.,
Nierhaus,K.H., Blanchard,S.C. and Spahn,C.M.T. (2011) Structure
and dynamics of the mammalian ribosomal pretranslocation
complex. Mol. Cell, 44, 214–224.

43. Budkevich,T.V., Giesebrecht,J., Behrmann,E., Loerke,J.,
Ramrath,D.J.F., Mielke,T., Ismer,J., Hildebrand,P.W., Tung,C.-S.,

Nierhaus,K.H. et al. (2014) Regulation of the mammalian elongation
cycle by subunit rolling: a eukaryotic-specific ribosome
rearrangement. Cell, 158, 121–131.

44. Bhaskar,V., Graff-Meyer,A., Schenk,A.D., Cavadini,S., von
Loeffelholz,O., Natchiar,S.K., Artus-Revel,C.G., Hotz,H.-R.,
Bretones,G., Klaholz,B.P. et al. (2020) Dynamics of uS19 C-terminal
tail during the translation elongation cycle in human ribosomes. Cell
Rep., 31, 107473.

45. Flis,J., Holm,M., Rundlet,E.J., Loerke,J., Hilal,T., Dabrowski,M.,
Bürger,J., Mielke,T., Blanchard,S.C., Spahn,C.M.T. et al. (2018)
tRNA translocation by the eukaryotic 80S ribosome and the impact
of GTP hydrolysis. Cell Rep., 25, 2676–2688.

46. Hiregange,D.-G., Rivalta,A., Bose,T., Breiner-Goldstein,E.,
Samiya,S., Cimicata,G., Kulakova,L., Zimmerman,E., Bashan,A.,
Herzberg,O. et al. (2022) Cryo-EM structure of the ancient
eukaryotic ribosome from the human parasite Giardia lamblia.
Nucleic Acids Res., 50, 1770–1782.

47. Eiler,D.R., Wimberly,B.T., Bilodeau,D.Y., Rissland,O.S. and
Kieft,J.S. (2020) The Giardia lamblia ribosome structure reveals
divergence in translation and quality control pathways. bioRxiv doi:
https://doi.org/10.1101/2020.09.30.321331, 1 October 2020, preprint:
not peer reviewed.

48. Li,Z., Guo,Q., Zheng,L., Ji,Y., Xie,Y.-T., Lai,D.-H., Lun,Z.-R.,
Suo,X. and Gao,N. (2017) Cryo-EM structures of the 80S ribosomes
from human parasites Trichomonas vaginalis and Toxoplasma gondii.
Cell Res., 27, 1275–1288.

49. Hashem,Y., des Georges,A., Fu,J., Buss,S.N., Jossinet,F., Jobe,A.,
Zhang,Q., Liao,H.Y., Grassucci,R.A., Bajaj,C. et al. (2013)
High-resolution cryo-electron microscopy structure of the
Trypanosoma brucei ribosome. Nature, 494, 385–389.

50. Liu,Z., Gutierrez-Vargas,C., Wei,J., Grassucci,R.A., Ramesh,M.,
Espina,N., Sun,M., Tutuncuoglu,B., Madison-Antenucci,S.,
Woolford,J.L. et al. (2016) Structure and assembly model for the
Trypanosoma cruzi 60S ribosomal subunit. Proc. Natl Acad. Sci.
U.S.A., 113, 12174–12179.

51. Barandun,J., Hunziker,M., Vossbrinck,C.R. and Klinge,S. (2019)
Evolutionary compaction and adaptation visualized by the structure
of the dormant microsporidian ribosome. Nat. Microbiol., 4,
1798–1804.

52. Wong,W., Bai,X., Brown,A., Fernandez,I.S., Hanssen,E.,
Condron,M., Tan,Y.H., Baum,J. and Scheres,S.H. (2014) Cryo-EM
structure of the Plasmodium falciparum 80S ribosome bound to the
anti-protozoan drug emetine. eLife, 3, e03080.

53. Wong,W., Bai,X.-C., Sleebs,B.E., Triglia,T., Brown,A.,
Thompson,J.K., Jackson,K.E., Hanssen,E., Marapana,D.S.,
Fernandez,I.S. et al. (2017) Mefloquine targets the Plasmodium
falciparum 80S ribosome to inhibit protein synthesis. Nat. Microbiol.,
2, 17031.

54. Allan Drummond,D. and Wilke,C.O. (2009) The evolutionary
consequences of erroneous protein synthesis. Nat. Rev. Genet., 10,
715–724.

55. Myasnikov,A.G., Simonetti,A., Marzi,S. and Klaholz,B.P. (2009)
Structure–function insights into prokaryotic and eukaryotic
translation initiation. Curr. Opin. Struct. Biol., 19, 300–309.

56. Petry,S., Weixlbaumer,A. and Ramakrishnan,V. (2008) The
termination of translation. Curr. Opin. Struct. Biol., 18, 70–77.

57. Fujii,K., Susanto,T.T., Saurabh,S. and Barna,M. (2018) Decoding the
function of expansion segments in ribosomes. Mol. Cell, 72,
1013–1020.
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71. Watson,Z.L., Ward,F.R., Méheust,R., Ad,O., Schepartz,A.,
Banfield,J.F. and Cate,J.H. (2020) Structure of the bacterial ribosome
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