
all effective inhibitors of the b-glucuronidase en-
zyme in vitro (with Ki values of 160, 210, 680,
and 1400 nM, respectively), and they maintain
potent efficacy in living bacterial cells (EC50

values of 18, 28, 230, and 1300 nM, respectively)
(Table 1) without affecting bacterial cell growth
or survival under aerobic or anaerobic conditions
(figs. S16 and S17) or killing mammalian epi-
thelial cells (fig. S18). Lower EC50 values rela-
tive to the Ki values likely reflect relatively low
b-glucuronidase concentrations in cells. Key
regions of the “bacterial loop” identified in the
E. coli b-glucuronidase crystal structure are present
in 98% of the b-glucuronidases sequenced from
human GI bacteria, and 91% of those sequences
contain residues that appear capable of forming
inhibitor contacts (figs. S13 and S14). Disruption
of b-glucuronidase activity is also demonstrated
in bacterial species beyond E. coli (Fig. 3D). Taken
together, the data presented here strongly support
the hypothesis that microbial b-glucuronidases
can be inhibited to prevent the GI production of
toxic CPT-11 metabolites. However, full pharma-
cokinetic studies demonstrating, for example, a
reduction in GI SN-38G levels or improved
CPT-11 efficacy will be required to unambiguous-
ly prove this hypothesis. In addition, the breadth
of inhibitor efficacy on human GI bacteria re-
quires further assessment. Still, these initial re-
sults involving the oral dosing of an unmodified
lead compound are highly promising. If suc-
cessfully translated to humans, leads like those
described here could allow dose intensification
of CPT-11, enabling studies of whether efficacy
could be improved in relevant human cancers
by reducing one of the current dose-limiting
side effects. The strategy of selective targeting
of an enzyme present in bacterial symbiotes to
address a specific clinical problem could po-

tentially be applied more broadly as we deepen
our understanding of the essential and dynamic
roles that commensal bacteria play in promoting
human health.
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The Mechanism for Activation of GTP
Hydrolysis on the Ribosome
Rebecca M. Voorhees,* T. Martin Schmeing,*‡ Ann C. Kelley, V. Ramakrishnan†

Protein synthesis requires several guanosine triphosphatase (GTPase) factors, including
elongation factor Tu (EF-Tu), which delivers aminoacyl–transfer RNAs (tRNAs) to the ribosome.
To understand how the ribosome triggers GTP hydrolysis in translational GTPases, we have determined
the crystal structure of EF-Tu and aminoacyl-tRNA bound to the ribosome with a GTP analog, to
3.2 angstrom resolution. EF-Tu is in its active conformation, the switch I loop is ordered, and the
catalytic histidine is coordinating the nucleophilic water in position for inline attack on the g-phosphate
of GTP. This activated conformation is due to a critical and conserved interaction of the histidine
with A2662 of the sarcin-ricin loop of the 23S ribosomal RNA. The structure suggests a universal
mechanism for GTPase activation and hydrolysis in translational GTPases on the ribosome.

In all stages of protein synthesis the ribosome
requires exogenous protein factors, including
several guanosine 5´-triphosphate (GTP)–

hydrolyzing enzymes known as GTPases. These
proteins are essential and highly conserved and
include elongation factor Tu (EF-Tu), which de-

livers aminoacyl-tRNA to the ribosome as part of
a ternary complex (TC) with GTP, as well as
elongation factor G and initiation factor 2 (1).
The architecture of the GTP-binding domain is
similar in all translational GTPases from bacteria
to higher eukaryotes, and hydrolysis is accom-

panied by conformational changes in the con-
served switch I and II regions (2). Furthermore,
translational GTPases bind to the same region of
the ribosome in all species (3, 4). The conserved
binding site and structural similarities suggest
that there is a common mechanism by which the
ribosome activates GTP hydrolysis in these fac-
tors. However, despite more than 40 years of
research, this mechanism has remained elusive.

The catalysis of GTP hydrolysis in trans-
lational GTPases requires an invariant histidine
(His84 in EF-Tu) that acts as a general base, ab-
stracting a proton from a water molecule, for in-
line attack on the g-phosphate of GTP (5–7). The
intrinsic GTPase activity of translational GTPases
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is low (8) and increases markedly upon produc-
tive binding to the ribosome (9, 10). For EF-Tu,
efficient GTPase activation requires the binding
of an aminoacyl-tRNA to its cognate mRNA
codon. Activation could be accomplished either
indirectly, i.e., proper ribosome binding induces
an active conformation of the G factor, and/or
more directly, with the ribosome playing an
active role in catalysis. The ribosomal compo-
nents that compose the GTPase binding site and
thereforemay be important for hydrolysis include
the sarcin-ricin loop (SRL) of the 23S ribosomal
RNA (rRNA) (3, 11), the L11 protein and rRNA
(12), and the protein L12 (13).

Premature GTP hydrolysis in EF-Tu is
thought to be prevented by a “hydrophobic gate,”
consisting of residues Val20 of the P loop and
Ile60 of switch I, which restricts access of His84 to
the catalytic water (6). Proposals of how the hy-
drophobic gate is “opened” include that His84

would simply “push” through the gate when ac-

tivated (6), or that a disordering (14, 15) or rad-
ical rearrangement of switch I removes this steric
block (16–18). However, these hypotheses were
made on the basis of structures of EF-Tu in
isolation, or studies of the posthydrolysis, kirromycin-
stalled complex on the ribosome. A conclusive
understanding of how GTPase activation occurs
on the ribosome requires the structure of a com-
plex of EF-Tu before GTP hydrolysis.

Here, we report the crystal structure of EF-Tu
bound to the 70S ribosome along with Trp-
tRNATrp, and the antibiotic paromomycin, stalled
in the activated conformation by the GTP analog
b-g-methyleneguanosine 5′-triphosphate (GDPCP),
at 3.2Å resolution. The structure reveals theGTPase-
competent form of EF-Tu and suggests a universal
mechanism for GTP hydrolysis on the ribosome.

The overall conformations of the ribosome,
EF-Tu, and the aminoacyl-tRNA are as previously
reported (15) (Fig. 1A), and all the conformational
changes predicted to communicate codon recog-

nition to EF-Tu are observed, except that the switch
I loop is ordered in the GTPase center (Fig. 1B).
Additionally, the catalytic histidine is activated
and coordinating a water for inline attack on the
g-phosphate of the GTP analog (Fig. 1C).

As well as providing insight into themechanism
of GTP hydrolysis of all translational GTPases,
this structure represents a key, missing state in the
decoding pathway. High-resolution crystal struc-
tures have previously been determined for the iso-
lated TC (19) and the posthydrolysis state stalled
on the ribosome by kirromycin (15). In conjunc-
tion with these two structures, this structure of the
activated GTP state bound to the ribosome pro-
vides insight into the chemical details of the com-
plete hydrolysis pathway of EF-Tu.

Before ribosome binding, the TC contains an
unbent tRNA, and switch I, switch II, and the P
loop are ordered around the GTP molecule in the
active site. However, the catalytic His84 (switch
II) is rotated away from GTP in an inactive con-

Switch I

Ile60

EF-Tu

Arg58

Gly59Thr61

Ile62

B

 

EF-Tu

mRNA

50S

30S

A/T
tRNA

SRL

GDPCPPTC

A

EF-TuSwitch I

His84

P-loop

Ile60

Val20

H2O

Mg++

GDPCPC

Fig. 1. The ternary complex bound to the ribosome in the activated state. (A)
EF-Tu (red) and aminoacyl-tRNA (green) bound to the 70S ribosome, stabilized
by GDPCP (blue). (B) Unbiased Fo − Fc electron density displayed for the switch

I loop. (C) Unbiased Fo − Fc electron density for GDPCP, the water molecule
(red sphere), and His84 positioned in a catalytically active conformation. E. coli
number is used throughout the text.

Switch I

P-loop

Val20

Ile60

His84

GDPCP

EF-Tu (activated)

EF-Tu 
(TC)

H2O
Ile60

His84

GDPCP

H2O

EF-Tu (GDP/kirr)

Val20
His84

GDP

Val20

EF-Tu (activated)EF-Tu (TC)

Val20 Ile60

GDPCP

His84

Ribosome binding GTP hydrolysis
1) 2) 3)

A2662

G2661

A2662

G2661
A B

Pi

Switch I

Fig. 2. The active site of EF-Tu during decoding. (A) Superposition of the
GTPase centers from the isolated TC (gray) (19) and the TC-GDPCP-ribosome
(red). Small movements are observed for hydrophobic gate residues Val20 and

Ile60. (B) GTPase activation allows the phosphate of A2662 of the SRL (orange)
to position His84 into the active site. After GTP hydrolysis (15) and Pi release,
switch I becomes disordered (dashed line) and His84 rotates away from GDP.
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formation (19). Ribosome binding and codon rec-
ognition induce the bent tRNA in the A/T state
(where the anticodon interacts with the mRNA in
the A site and the acceptor end is bound to EF-Tu)
(20), as well as conformational changes in the
tRNA, 30S ribosomal subunit, and EF-Tu essential
for triggering GTP hydrolysis (15). Productive
binding of the TC to the ribosome results in a shift
of theG domain of EF-Tu by up to ~7Å, to avoid a
steric clash between switch I and the SRL of the
23S rRNA. Ribosome binding also causes a dis-
tortion in the 3′ end of the aminoacyl-tRNA be-
tween residues 72 and 75 as reported (15), which
releases contacts between the tRNA backbone and
the switch I loop (fig. S1). However, in contrast to
our previous prediction, this alone does not disorder
switch I, which is largely unchanged from its con-
formation in the isolated TC (Fig. 2A) (19).

Although switch I remains ordered in the ac-
tive site, the catalytic histidine is in its activated
conformation (Fig. 2). We see no evidence that
large rearrangements are required for catalysis (fig.
S1) (15–18). Instead, the “open” state is reached
by a 1.2 Å shift in the side chain of Ile60, an ~80°
rotation of the side chain of Val20, and a small
movement of the backbone of residues 19 to 22
away from the GTP analog (Fig. 2). The confor-
mation of switch I is similar to that modeled for
the eukaryotic ortholog of EF-G bound to b-g-
imidoguanosine 5′-triphosphate (GDPNP) on the
ribosome (21).

These small changes in the active site would
subtly increase the space between switch I and
the P loop, possibly facilitating GTP hydrolysis.
However, our analysis suggests that even the
“closed” hydrophobic gate (19) could accommo-
date the activated conformation ofHis84 andwould
not preclude binding of a water in its catalytic

position, though awater is not observed. Instead, to
prevent GTP hydrolysis before codon recognition,
the activated conformation of His84 must be unfa-
vorable in solution. Indeed, the adjacent residues,
Gly83 and Pro82, are more than 98% conserved,
and mutational data suggest that the flexibility of
these residues may be important (19, 22).

GTPase activation by the ribosome therefore
does not involve an opening of the hydrophobic
gate, but rather requires the specific positioning
of His84 into the active site. In this activated struc-
ture of EF-Tu, the phosphate of residue A2662 of
the SRL orders His84 in its catalytic conformation,
which then acts as a general base to allow the nu-
cleophilic watermolecule to attack the g-phosphate
of GTP (Figs. 2 and 3). When positioning His84,
the phosphate of A2662 could also conceivably
participate in a charge-relay system that facilitates
the deprotonation of the water by His84, playing a
role analogous to that of the catalytic aspartic acid
in serine proteases (23). However, the existence
and contribution of such a mechanism would need
to be assessed by biochemical experiments. The
activation does not require movements within the
SRL, as its overall conformation is similar to that in
previous 70S ribosome structures (15, 24). This
critical role of the sarcin-ricin loop answers the
long-standing question of why the SRL is im-
portant for binding and GTPase activation by the
ribosome. The toxin a-sarcin acts by cleaving the
23S rRNA between residues G2661 and A2662
(11), exactly the phosphate group activating His84.
It is therefore clear why cleaving this bond, or in-
troducing mutations at nearby sites in the SRL
(25), leads to defects in His84 positioning and GTP
hydrolysis (11, 26). a-Sarcin is active against both
bacterial and eukaryotic ribosomes and causes
similar defects in the function of their respective

translational GTPases (11, 26). We therefore
predict that the positioning of the catalytic histi-
dine into the active site by A2662 of the SRL is
the universal mechanism for GTPase activation
on the ribosome. EF-G has additional interactions
between its domain 3 and A2660 of the SRL,
which explains why depurination of A2660 by
the toxin ricin affects EF-G, but not EF-Tu (26).

Ribosome association alone is not sufficient
for A2662 to activate His84. Rather, all of the
conformational changes that occur upon cognate
codon recognition in the ribosome (codon-anticodon
monitoring, domain closure), the tRNA (A/Tstate,
3′ end distortion), and EF-Tu (b-loop interaction
with 30S shoulder, G domain shift) (15) are es-
sential for properly positioning the GTPase cen-
ter of EF-Tu for activation by the SRL. The energy
required to induce these movements is balanced
against the energy derived from binding of a cog-
nate tRNA, including that from interactions of the
16S rRNA residues A1492, A1493, and G530
with the minor groove of the codon-anticodon
helix (27). Even subtle changes in the position of
the G domain relative to the SRL would cause
defects in GTPase activation by preventingA2662
from properly placing His84 into the active site.

The activation of GTP hydrolysis in EF-Tu
by the SRL is similar to the regulation of cellular
GTPases by their partner proteins. Unlike the
classic cases of Rho andRas, inwhich theirGTPase
activator proteins (GAPs) directly donate catalyt-
ic residues (28, 29), other G proteins are activated
by “regulator of G-protein signaling” (RGS) pro-
teins, which instead stabilize the active conforma-
tion of the GTPase (30). By analogy, the SRL acts
as an RGS-type GAP for translational GTPases.

All components required for GTPase activa-
tion should be present in this catalytically active
structure. Notably, we see no evidence that ribo-
somal protein L12, predicted to be important for
hydrolysis, is interactingwith EF-Tu, though such
an interaction would be compatible with the
crystal packing. Indeed, it is sterically impossible
for L12 or any other protein to interact with GTP,
consistent with data suggesting that L12 does not
function directly in catalysis (13, 31, 32). Fur-
thermore, deletion of the eukaryotic orthologs of
L12 from yeast ribosomes is not lethal (33), in-
dicating that L12 may not be critical for achiev-
ing GTP hydrolysis.

Following hydrolysis, inorganic phosphate (Pi)
is released from EF-Tu. The g-phosphate of GTP
makes several contacts with switch I through
residue Thr62 (Fig. 3 and fig. S3), and release of
Pi could destabilize and perhaps even require
movement of switch I. This and the loss of inter-
actions with the 3′ end of the tRNA backbone
(fig. S1) lead to the previously observed disorder-
ing of switch I (15, 18). Furthermore, comparison
of the kirromycin- and the GDPCP-stalled com-
plexes shows a rotation of ~4° of the G domain
relative to domains 2 and 3 (fig. S4). There is a
corresponding movement in the acceptor stem of
the tRNA, in order to maintain interactions with
switch II (15), which could explain the subtle

Fig. 3. Chemical mech-
anism of GTP hydrolysis.
(A) Highly conserved His84

acts as a general base to
activate the catalytic wa-
ter molecule, which is po-
sitioned by interactions
with Thr61, Gly83, and
His84. (B) Chemical struc-
ture diagram depicting
the interactions between
EF-Tu and GTP that sta-
bilize the b and g phos-
phates, allowing GTP
hydrolysis to occur (see
also fig. S3).

EF-TuThr61

SRL
A2662

His84

Gly83

H2O

GDPCP

Mg ++
Switch I

A

B
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difference in fluorescence signal between the
activated and kirromycin-stalled states (34).

This structure of 70S–tRNA–EF-Tu–GDPCP
provides an atomic-resolution model of a trans-
lational GTPase in its activated state. Codon rec-
ognition leads to a series of conformational changes
in the 30S subunit, tRNA, and EF-Tu that posi-
tion EF-Tu for GTP hydrolysis. GTPase activation
does not require a large opening of the “hydro-
phobic gate,” but instead requires the positioning
of the catalytic histidine into the active site by the
SRL residue A2662. The high level of sequence
and structural conservation between all transla-
tional GTPases suggests that although each factor
recognizes a distinct ribosomal state, each must
bind in such a way that the SRL interacts with its
catalytic histidine. Therefore, GTPase activation
by the SRL is the universal mechanism for trig-
gering GTP hydrolysis on the ribosome across all
kingdoms of life.
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Evolution of Yeast Noncoding RNAs
Reveals an Alternative Mechanism
for Widespread Intron Loss
Quinn M. Mitrovich,1,2* Brian B. Tuch,1,3*† Francisco M. De La Vega,3

Christine Guthrie,2‡ Alexander D. Johnson1,2‡

The evolutionary forces responsible for intron loss are unresolved. Whereas research has focused
on protein-coding genes, here we analyze noncoding small nucleolar RNA (snoRNA) genes in
which introns, rather than exons, are typically the functional elements. Within the yeast lineage
exemplified by the human pathogen Candida albicans, we find—through deep RNA sequencing and
genome-wide annotation of splice junctions—extreme compaction and loss of associated exons, but
retention of snoRNAs within introns. In the Saccharomyces yeast lineage, however, we find it is the
introns that have been lost through widespread degeneration of splicing signals. This intron loss,
perhaps facilitated by innovations in snoRNA processing, is distinct from that observed in
protein-coding genes with respect to both mechanism and evolutionary timing.

In eukaryotes, protein-coding genes are fre-
quently interrupted by introns, which must be
precisely removed from RNA transcripts by

the nuclear spliceosome (1). Over evolutionary
time scales, the presence of introns is dynamic,
with intron gain and loss rates varying substan-

tially across eukaryotic lineages (2–4). The mech-
anisms of intron gain and loss speak to questions
about both the origins of introns and the markedly
different intron-exon patterns observed across eu-
karyotes (5)—for example, whether spliceosomal
introns arose within eukaryotes (“introns late”),
within an ancestor of both prokaryotes and eu-
karyotes (“introns early”), or even before the emer-
gence of protein-coding genes (“introns first”) (6).
The last two hypotheses depend on the feasibility
of comprehensive intron loss within both the pro-
karyotic and archaeal lineages, whose modern
representatives lack spliceosomal introns. Within
eukaryotes, the hemiascomycetous yeasts show
substantial intron loss, with modern species like
Saccharomyces cerevisiae and Candida albicans
devoid of introns in >90% of their genes (7). A
postulated mechanism for this loss is reverse
transcription of spliced RNA, followed by homol-
ogous DNA recombination that replaces the intron-
containing genomic sequence with the intronless
copy (8). Previous studies of intron loss have
focused on protein-coding genes, however, and
are therefore likely to be biased toward mecha-

Fig. 1. Sequence library com-
parisons reveal noncoding
RNAs. RNA sequence data are
shown for MRPS35, a repre-
sentative protein-coding gene
that hosts a snoRNAwithin its
intron. Nonadenylated RNAs,
such as mature snoRNAs, are
enriched in the rRNA-depleted library relative to the poly(A)-selected library. Sequence depth is represented
on a log2 axis. (Bottom track) One of 1706 lower-confidence snoRNA predictions generated using the
snoscan algorithm (22).
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Materials and Methods 
 

Ribosomes from Thermus thermophilus harboring a C-terminal truncation of protein 

L9(1) were purified as previously described(2) from cells grown at the Bioexpression 

and Fermentation Facility at the University of Georgia. mRNA with the sequence 

5’GGCAAGGAGGUAAAAAUGUUCUGGAAA was purchased from Dharmcon 

(Thermo Scientific). Trp-tRNATrp was prepared as described (3). 

 

Complexes of trp-tRNATrp-GDPCP-70S ribosome were prepared and purified by Ni-

NTA affinity purification as described (3) with the exception that the antibiotic 

paromomycin was included in the reaction mixture to increase sample yield. The trp-

tRNATrp used in this study contained a G24A mutation, which increased the 

reproducibility of crystal growth. On cognate mRNA, it is known that this tRNA 

behaves identically to wild type trp-tRNATrp(4) and crystal structures of G24A and 

tRNATrp and bound to the ribosome on the cognate codon are extremely similar (3).  

 

Crystals were grown as described(5) by vapor diffusion in sitting drop trays by 

addition of 3 μL reservoir (100 mM MES pH 6.3, 60-100 mM KCl, 50 mM sucrose, 

1% glycerol, and 5.3% (w/v) PEG20K) to 3 μL of the 70S-TC sample, and cryo-

protected stepwise to a final solution of 100 mM MES pH 6.3, 100 mM KCl, 50 mM 

sucrose, 1.1% glycerol, 6.0% (w/v) PEG20K, 15 mM MgOAc2, and 30% (w/v) 

PEG400 before being frozen by plunging into liquid nitrogen.  

Data was collected at beamline ID 14-4 of the European Synchrotron Light Source(6), 

and integrated and scaled using XDS(7).  These crystals are in space group P21, with 

unit cell dimensions a=197.6 b=274.9 c=282.5, β=91.8. This crystal form is related to 

our previous crystals (5) (3), which were also in P21, but the length of the a axis is 

doubled in the previous form. The two forms are related by a small translation of the 

ribosome, which converts the non-crystallographic symmetry in the larger unit cell 

into crystallographic symmetry, leading to only one ribosome molecule in this smaller 

asymmetric unit. 

 

2 



The structure was determined by molecular replacement in CNS(8), using a ligand-

free ribosome as the search model. Iterative rounds of model building and refinement 

were carried out in coot(9) and CNS(8) as previously described(5). To avoid 

contamination of Rfree, the Rfree set was inherited from our previous data with the 

conversion hnew=lold/2, knew=-kold, lnew=hold to account for the change in unit cell. All 

figures were made in Pymol(10). 
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Supplemental Figures 

 
fig s1.  Binding the ribosome induces a distortion in the 3' end of the aminoacyl-tRNA 

(green—activated structure, grey—isolated TC) that disrupts interactions between the 

Switch I loop of EF-Tu (red—activated, grey—TC) and the tRNA backbone.   
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fig s2. In the activated structure of EF-Tu bound to the ribosome, the Switch I loop 

(red) is in a well ordered and located in the GTPase center.  We see no evidence that a 

disordered or radically remodeled Switch I (pink)(11) is required for GTPase 

activation and hydrolysis on the ribosome.   
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fig s3. Several interactions between EF-Tu and the GTP stabilize the β and γ 

phosphates that are important for GTP hydrolysis.  Additionally, several interactions 

between the Switch I residue Thr61 and the γ phosphate explain how release of Pi 

results in the disordering of Switch I.   
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fig s4. A small rotation in the G-domain of EF-Tu relative to domains 2 and 3 is 

observed between the GDPCP (red) and kirromycin (pink) stabilized structures bound 

to the ribosome. 
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Table s1. Summary of crystallographic data and refinement 

Data collection 70S-TC-GDPCP 
(merged from 3 crystals) 

Space Group P21
Cell dimensions  
   a, b, c  (Å) a=197.6  b=274.9 c=282.5 
   α, β, γ (°) α=90.0 β=91.8 γ=90.0 
Resolution (Å) 50-3.1 (3.2-3.1) *† 
Rsym

 (%) 22.8 (126.3) 
I/σI 6.98 (1.16) * 
Completeness (%) 98.8(89.6) 
Redundancy 5.2 (4.3) 
  
Refinement  
Resolution (Å) 50.0-3.1† 
No. unique reflections 537024 
Rwork/Rfree 23.1/26.8 
No. atoms  
   RNA 102,537 
   Protein 50,602 
B-factors  
   RNA 83 
   Protein 87 
R.m.s deviations  
   Bond lengths (Å) 0.007 
   Bond angles (°) 1.2 
* I/σI = 1.88 at 3.2 Å resolution (using a bin from 3.4-3.2 Å resolution) 
† Rwork/Rfree= 33.2/35.4 for data from 3.2-3.1 Å resolution 
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