
Structure of BipA in GTP form bound to the
ratcheted ribosome
Veerendra Kumara,b, Yun Chenb,1, Rya Erob,1, Tofayel Ahmedb,1, Jackie Tanb, Zhe Lia, Andrew See Weng Wongb,
Shashi Bhushanb,2, and Yong-Gui Gaoa,b,2

aInstitute of Molecular and Cell Biology, A*STAR, 138673, Singapore; and bSchool of Biological Sciences, Nanyang Technological University, 637551,
Singapore

Edited by Peter B. Moore, Yale University, New Haven, CT, and approved July 24, 2015 (received for review July 7, 2015)

BPI-inducible protein A (BipA) is a member of the family of ribosome-
dependent translational GTPase (trGTPase) factors along with elon-
gation factors G and 4 (EF-G and EF4). Despite being highly conserved
in bacteria and playing a critical role in coordinating cellular responses
to environmental changes, its structures (isolated and ribosome
bound) remain elusive. Here, we present the crystal structures of
apo form and GTP analog, GDP, and guanosine-3′,5′-bisdiphosphate
(ppGpp)-bound BipA. In addition to having a distinctive domain ar-
rangement, the C-terminal domain of BipA has a unique fold. Further-
more, we report the cryo-electron microscopy structure of BipA
bound to the ribosome in its active GTP form and elucidate the unique
structural attributes of BipA interactions with the ribosome and A-site
tRNA in the light of its possible function in regulating translation.
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Bacterial protein synthesis involves four main translational
GTPase (trGTPase) factors: initiation factor 2 (IF2), elon-

gation factors Tu and G (EF-Tu and EF-G), and release factor
3 (RF3). These factors catalyze major steps in translation initiation,
elongation (both decoding and mRNA–tRNA complex transloca-
tion), and termination, in a GTP-dependent manner. Several ad-
ditional GTPase factors, including EF4 (formerly known as LepA),
BipA, and RelA, have been revealed to be associated with ribo-
somes under stress conditions (1).
Both EF4 and BipA are paralogs of EF-G (1–5). Although EF4

is highly conserved in bacteria (4), deletion of ef4 gene causes no
evident phenotype in Escherichia coli under optimal growth con-
ditions (6). However, EF4 was shown to notably improve protein
synthesis under stress conditions (7). Qin et al. (2) reported a
unique function of EF4 promoting the back translocation of the
elongation complex by one codon, hence presumably providing a
second chance for EF-G to carry out a correct translocation.
BipA (BPI-inducible protein A) gene is highly conserved among

bacterial and chloroplast genomes (4) and has been implicated in
regulating a variety of cellular processes including bacterial viru-
lence, symbiosis, various stress responses, resistance to host de-
fenses, swarming motility, biofilm, and capsule formation (8–10).
As is the case with EF4, BipA is not required under optimal growth
conditions but becomes an essential factor for bacterial survival
at low temperature, nutrient depletion, and various other stress
conditions (1, 9). The diverse nature of these processes un-
derscores the global regulatory properties of BipA. Similarity to
classical trGTPases and EF4 led to the speculation that BipA af-
fects translation through directly interacting with the ribosome. For
example, wild-type (fully modified) ribosomes seem to depend on
BipA for translation of specific mRNAs (11). Furthermore, as with
EF4, overexpression of BipA inhibits transfer-messenger mRNA
(tmRNA)-dependent peptide tagging activity of nonstop messages
on ribosome (6). Thus, BipA likely functions as an elongation
factor as well. Consistent with this notion, BipA is able to bind to
70S ribosome in a GTP-dependent manner and its GTPase activity
is enhanced in the presence of ribosomes, a characteristic feature
of classical trGTPase factors (5, 12). Salmonella enterica BipA has

been shown to interact with either 70S ribosomes or 30S subunits
depending on the relative abundance of GTP and of the stress
alarmone guanosine-3′,5′-bisdiphosphate (ppGpp), respectively
(12). In addition, a recent study links BipA to ribosome biogenesis
because bipA gene deletion results in perturbed 50S subunit
processing and assembly, particularly at low temperatures (13).
Although the evidence for BipA involvement in ribosome bio-
synthesis and/or functioning in translation is mounting, its exact
role remains elusive.
As a member of the ribosome-dependent trGTPase family, BipA

is proposed to share structural similarity with EF4 and EF-G (4, 5).
Indeed, all three consist of five domains, of which the N-terminal G
domain (nucleotide-binding domain), the β-barrel domain (domain
II), and the two α/β-domains (domains III and IV) are topologi-
cally equivalent (5) (Fig. 1). EF-G has G′ domain inserted into its
G domain and a unique domain IV, whereas unique C-terminal
domains (CTDs) are present in BipA and EF4 (Fig. 1). Despite the
similarity, the three proteins have distinct functions probably
attributed to their varied domain arrangements and ribosome-
binding modes.
Extensive structural studies (14–22) of EF-G bound to ri-

bosome have generated a wealth of atomic or near-atomic
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resolution information on how EF-G, in particular the posi-
tioning of its domain IV in ribosome decoding center, facilitates
translocation. Mutagenesis study of EF-G revealed that the highly
conserved loops I and II of domain IV disrupt the interactions
between the decoding center and the codon–anticodon duplex that
act as the barrier for mRNA–tRNA complex translocation (23).
Structural studies have also shed light on the molecular basis of
how EF4 reverses EF-G catalyzed translocation through its CTD
reaching into the PTC and interacting with the acceptor stem of
the peptidyl-tRNA in the P site (24, 25). In contrast, structures of
neither the isolated BipA nor BipA bound to ribosome, which
could illuminate the molecular basis of BipA functioning in protein
translation, have been characterized yet. Hence, we aimed to
structurally characterize the various biologically relevant states of
BipA on and off the ribosome, toward a better understanding of
the detailed function of BipA. Note that during the revision pro-
cess, a paper was published reporting the structure of isolated
BipA (26).

Results
Overall Structure of BipA. We crystalized the E. coli full-length
BipA protein and determined the structure of its nucleotide-free
(apo) form (Table S1). The overall shape of the isolated BipA
vaguely resembles the number “8” and is composed of five do-
mains (Fig. 1). There is no structural counterpart to domain IV
of EF-G; therefore, the fourth domain in BipA is renumbered as
domain V because of its homology to EF-G domain V (Fig. 1), in
a similar way as used for EF4 (3). Domain I (residues 1–198; see
Fig. S1A for residue numbering and labeling of the secondary
structure elements of BipA), also named G domain for nucleo-
tide binding, is universally conserved among trGTPase proteins
except for EF-G, which has an additional G′ domain insertion
(Fig. 1). Domains II and III comprise residues 199–303 and 304–
390, which form the typical β-barrel (all β-strands) and a α/β
structural motif, respectively. Similar to domain III, domain V
(residues 391–480) contains four-stranded β-sheets flanked by
two α-helices on one side (Fig. 1). Domains III and V in BipA,
EF4, and EF-G (including its unique domain IV) are rather

similar in overall shape and α/β arrangement (3, 27). Following
domain V, the C-terminal domain (CTD) is a structural feature
observed only in two trGTPase families, BipA and EF4 (3). The
CTD of BipA, consisting of residues 481–605, forms a unique
motif with two crossed β-sheets (comprising of two and four
β-strands, respectively) wrapped by three short α-helices forming
a nearly equilateral triangle (Fig. 1). The loop (residues 547–
553) protruding from the triangle was not modeled because of
the poor density map. A DALI server (28) search revealed no
other structures resembling the CTD of BipA, except for the
structure of the C-terminal half of Vibrio parahaemolyticus BipA
(PDB ID code 3E3X) with Z score of 17.8, implying a unique
structural fold.
Excluding the unique domains, the structures of the individual

domains of BipA, EF-G, and EF4 are similar (Fig. 1), as expected
from their sequence similarity. However, structural studies indicate
that although their overall shape is roughly similar, the spatial ar-
rangement of the domains within EF-G, EF4, and BipA proteins
are different (Fig. 1). The orientation of domains III and V in EF4
with respect to its G domain differs from the one seen in EF-G,
with domain III rotated by ∼10° and domain V rotated by ∼10° and
shifted by 15 Å (3). Compared (by aligning the G domains) with
domain III of EF-G and EF4, the domain III of BipA makes
a clockwise rotation by ∼82° and ∼70°, respectively (Fig. S1B).
Whereas the β-sheet in domain III of EF-G and EF4 has a similar
positioning pointing toward domain IV (EF-G) or CTD (EF4), the
rotation of domain III in BipA results in ∼13 Å movement of the
β-sheet toward domain II (Fig. S1B). The most striking difference
is observed in domain V, which directly contacts the G domain in
EF-G and EF4, but rotates almost by 90° in BipA positioning it
more than 20 Å away from the G domain. Unexpectedly, the CTD
of BipA, which has a equivalent domain in EF4 but is absent in
EF-G, occupies a similar position as domain IV of EF-G, but has
little spatial overlap with the CTD of EF4, except for its BC helix
(residues 565–571) overlapping with a loop in EF4, demonstrating
a distinctive domain arrangement of BipA. Hence, the global con-
formations of BipA, EF4, and EF-G are rather different because
of their distinct domain arrangement and possibly underlying their
diverse function in protein synthesis.

The Structure of BipA in Complex with GDPCP, GDP, and ppGpp.
GTPases are called molecular switches for their ability to in-
terconvert between guanosine 5′-diphosphate (GDP)- and guano-
sine 5′-triphosphate (GTP)-bound states. Cycling between these
states facilitates periodic interactions with their cognate binding
partners. In case of trGTPases, this partner is the ribosome. An
intriguing feature of BipA is that it has been reported to exhibit
different modes of ribosome binding when in complex with ppGpp
or GTP, namely binding to 30S subunits and 70S ribosomes, re-
spectively (5, 12). Therefore, we obtained the structures of BipA in
complex with GDPCP (a nonhydrolysable GTP analog), GDP, and
ppGpp by using the cocrystallization method (Table S1). Despite
the unbiased difference Fourier electron density map unambigu-
ously demonstrating the presence of the various ligands (Fig. S2B),
comparison of these structures revealed no notable difference
in the overall conformation of BipA (Fig. S2A). This finding
is not entirely surprising given that the structure of EF-G in
nucleotide-free form (PDB ID code 1ELO) is almost identical to
that of GTP- (2BV3) and GDP- (2BM0) bound forms (27, 29, 30).
Nevertheless, the structure of isolated BipA bound to GDPCP
(a GTP analog) allowed us to delineate the nucleotide-binding
site (SI Results).

Overall Structure of BipA Bound to the Ratcheted Ribosome. The
cryo-EM single-particle reconstitution clearly shows extra density
present in the ribosome factor binding site that can be used for
modeling of the ribosome bound BipA structure at 4.7 Å reso-
lution (Fig. 2A and Fig. S3). Compared with the structure of the

Fig. 1. Comparison of domain arrangement and overall structure of EF-G,
EF4, and BipA. (A) Structures of isolated EF-G and EF4 are obtained from
Protein Data Bank (PDB ID codes: 2BM0 and 3CB4, respectively). Structure of
BipA apo form is presented. Domain I (green), also known as the G domain,
is the nucleotide-binding region. G′ domain insertion (dark blue) is a char-
acteristic feature of the EF-G protein. Domain II (violet) contains the trans-
lation factor signature β-barrel motif. Domains III (yellow) and V (sky blue)
contain α/β-motifs. EF-G has a unique domain IV (brown), whereas EF4 and
BipA have unique C-terminal domains (warm pink and red, respectively). The
same color scheme is used throughout this work. (B) Schematic diagram
depicting the domain arrangement of EF-G, EF4, and BipA.
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EF-G–bound ribosome (canonical POST state) (14), the present
structure shows that the 30S body is rotated counterclockwise by ∼6°
with respect to the 50S subunit, and the 30S head is swiveled toward
the L1 stalk by ∼5.5°, demonstrating an intermediate ratcheted state
of ribosome. The overall structure of BipA–ribosome complex re-
sembles that of EF-G in its GTP state (PRE state) bound to ribo-
some (18), albeit a slight change in the degree of ribosome rotation.
However, our structure differs from the EF4-ribosome structure (25),
where a clockwise rotation of the 30S subunit by ∼5° was observed.
By contacting both the 50S and 30S subunits (Fig. 2A and Fig.

S4A), BipA is held in a similar pocket as previously observed for
EF-G bound to the ribosome (14). In addition to interacting with
the universally conserved sarcin-ricin loop (SRL) in a similar way
as observed for EF-Tu and EF-G (14, 31), the G domain of BipA
directly contacts ribosomal protein bL12 (naming of ribosomal
proteins is as proposed in ref. 32) of the uL10-bL12 stalk (Fig.
S4A). The interaction with BipA stabilizes one copy of the other-
wise flexible CTD of bL12 proteins in a fashion reminiscent of the
one seen in the most complete 70S ribosome (uL10-bL12 stalk)
model (14). G domain interactions with the ribosome will be
covered below in more detail. Domain II, comprising a β-barrel
fold typical for RNA binding, interacts with 16S rRNA helices 5
and 15 (h5 and h15; 30S subunit 16S and 50S subunit 23S rRNA
helices are labeled throughout the text with h and H, respectively)
in the shoulder of the 30S subunit (Fig. S4B). Interestingly, domain
III contacts directly all of the other domains of BipA that surround
it. The ribosomal protein uS12 in the shoulder of the 30S subunit
also interacts with domain III, thereby closing the gap around it
(Fig. S4C). In domain V, helix A5 (residues 411–421), β-strand 25
(residues 427–434), and the connecting loop establish contacts with
the uL11 region (with both the uL11 protein and the stem loops of
H43 and H44) of the 50S subunit (Fig. S4D). Finally, the CTD
occupies the A site of the 50S subunit, and its β-turn (residues 527–
532) interacts with H89 (Fig. S4E), which is an important element
of ribosome because it connects the PTC and the elongation factor
binding site (33). Furthermore, the distal loop residues (552–555
and beyond 555) appear to touch the hairpin loop of H92 at the
PTC. Note that the hairpin loop of H92, so-called “A-loop,” binds
the 3′-CCA end of A-site aminoacyl-tRNA (aa-tRNA) and helps to
position the aminoacyl group in the PTC during the protein syn-
thesis (34). Taken together, these results provide a structural ex-
planation for the biochemical data (5) that these regions (more
specifically, Lys427, Lys434, and Arg436 in domain V and His527
and Arg529 in CTD) in BipA make a significant contribution to its
association with the ribosome.

GTPase Activation Site of Ribosome-Bound BipA. The overall con-
formation of ribosome-bound EF4 is similar to that of the
nucleotide-free (apo) isolated EF4 (3, 25). In contrast, large

conformational changes take place in EF-G upon binding to
ribosome (14). In case of BipA, the overall conformation of its
ribosome-bound form is remarkably different from that of iso-
lated BipA with or without GDPCP, GDP, or ppGpp (Fig. 3A).
Superposing of ribosome-bound and isolated BipA based on G
domain, which is highly conserved and comprises the nucleotide-
binding site, shows a large conformational change for domains III,
V, and CTD, whereas little change occurs for domain II (Fig. 3A),
except for the shift of the tip of β-sheets 12 and 22 (residues
206–215), and β-strand 42 (residues 224–228) by ∼5.5 Å. Taking the
C terminus of helix A3 (residues 328–341) as the pivot, the entire
domain III makes a counterclockwise reorientation by more than
30° relative to domain G, upon ribosome binding. As for domain
V, it rotates by almost 90° toward the G domain, thereby estab-
lishing direct contacts between them (Fig. 3A). Finally, the most
striking conformational change is the rearrangement of the CTD
with the distal helix AC (residues 498–504) moving ∼50 Å (Fig.
3A). Similar to the two conformations (elongated and compact)
recently revealed for EF-G (20), the structure of isolated BipA
(nucleotide-bound or free) exhibits an elongated conformation,
and the ribosome-bound BipA a compact one.
The switch I region of BipA, which was disordered in all of

the isolated structures as mentioned above, can be visualized in the
presence of the ribosome (Fig. S3D), allowing us to explore the
structural basis of GTPase activation by BipA. In addition to
interacting with the GTP analog (GDPCP), the switch I region
(Phe32 and Asp33) is stabilized by bilateral contacts with the SRL
of the 50S subunit and h8 of the 30S subunit (Fig. 3B), resulting in
an ordered structure. GDPCP binds to the same pocket in domain
G as in the aforementioned isolated BipA complexes with nu-
cleotides (Fig. S2C). The involvement of two additional BipA
motifs, namely G2 and G3, in nucleotide binding is newly estab-
lished in the presence of ribosome (Fig. 3B). Notably, switch I
region comprises the G2 motif, and the G3 motif is part of the
switch II region, where the proposed catalytic His78 residue is
located (Fig. S1A).
The SRL of 23S rRNA projects into the cleft surrounded by

domains G, III, V, and CTD of BipA. Similar to that observed in
structure of EF-G bound to the ribosome (18), the SRL is involved
in the formation of the nucleotide-binding pocket by partially
occluding the entrance. The universally conserved SRL has been
demonstrated to play a central role in trGTPase activation through
both biochemical and structural studies (15, 18, 35, 36). In partic-
ular, it was proposed that nucleotide A2662 in the SRL is crucial
for placing the catalytic His84 residue in EF-Tu and His87 in EF-G
into their activated positions (15, 18, 36). Our cryo-EM structure
clearly shows that the SRL (most likely its A2662 residue) directly
contacts the proposed catalytic His78 residue in BipA, thereby

Fig. 2. Overall structure of BipA bound to ribosome. (A) Overall view of the GTP
form BipA–ribosome complex. BipA protein, 50S, and 30S subunits are shown as
cryo-EM density in red, orange, and cyan, respectively. Structural landmarks of
50S are labeled for clarity. (B) Structure of BipA with ribosome containing tRNAs.
BipA (red), 30S subunit (cyan), A- (purple blue), P- (limon), and E- (violet) site
tRNAs are shown as cryo-EM density. For clarity, the 50S subunit is not shown.

Fig. 3. Structure of ribosome-bound BipA in GTP form. (A) Conformational
changes and domain rearrangements in BipA upon ribosome binding.
Ribosome-bound BipA (colored as in Fig. 1) and isolated BipA (gray) are aligned
based on G domain. (B) BipA G domain switch I (G2 motif) and switch II (G3
motif) region interactions with GDPCP and 50S subunit SRL. The A2662 residue
of SRL and the proposed catalytic His78 residue of BipA G3motif are highlighted.
The corresponding cryo-EM reconstitution density map is shown in blue mesh.
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placing it within interacting distance to the GDPCP nucleotide,
demonstrating an activated conformation (Fig. 3B).

Interaction with the uL10-b12 Stalk. The “GTPase-associated center”
(GAC) is responsible for recruiting translational factors and stimu-
lating their GTPase activity. In addition to the SRL, a key compo-
nent of the GAC, the other two crucial regions are the ribosomal
uL10-bL12 stalk (comprised of uL10 protein and 4–6 copies of
bL12) and its base comprising the uL11 region (uL11 protein and
23S rRNA helices H43 and H44) (37). Both the uL10-bL12 stalk
and the uL11 region are extremely mobile elements of the ribosome.
This dynamic feature is essential for ribosome functioning and,
consequently, any mutation within ribosome or in an exogenous
compound binding to the ribosome and impairing the flexibility of
this region, would be deleterious to cell. The thiopeptide antibiotics
(thiostrepton, nosiheptide, and micrococcin) cause ribosome dys-
function by binding to the uL11 region, blocking its flexibility, and
changing its oscillation behavior (37). However, the remarkable
flexibility is a major obstacle for elucidating their structure.
Structural information is sparse for the uL10-bL12 stalk in partic-
ular, because the only insight comes from the structure of EF-G
bound to the 70S ribosome, where one C-terminal domain (CTD)
of bL12 interacting with EF-G domain G′ was observed (14, 18,
38). Given that the G′ domain is unique to EF-G, it is of significant
interest to find out whether and how the CTD of bL12 interacts
with the universally conserved G domain of other trGTPases.
Unexpectedly, our structure of BipA in complex with ribosome

clearly shows the entire uL11 region and one copy of CTD of
bL12 (Fig. 4A). Furthermore, a large density that corresponds to
the N-terminal domain (NTD) of bL12 associated with the long
helix in uL10 (Fig. 4A) is also visible. The CTD of bL12 comes
into contact with the G domain of BipA, unlike the interaction
mode with the G′ domain of EF-G (14, 18). This newly observed
interaction interface involves two helices, α4 and α5, in bL12 and
helix D1 in BipA (Fig. 4B). In addition, the CTD of bL12 is
within interacting distance to uL11 protein that, in turn, contacts
BipA domain V (Fig. 4C). Given that the proteins bL12 and

uL10 interact with each other and with the G domain of BipA,
which, in turn, interacts with the SRL, the BipA protein links to-
gether all three components of the GAC (Fig. 4C). Considering
that the G domain is highly conserved, this newly observed in-
teraction between the CTD of bL12 and the G domain could be
universal to all trGTPase proteins that lack the G′ domain, such as
IF2, EF-Tu, RF3, and EF4. Such a network of contacts could ra-
tionalize the biochemical data on EF-Tu, namely that the CTD of
bL12 has an important role in translational factor binding and
GTPase activity, yet none of the conserved residues in CTD by
themselves are critical for GTPase activation (39).
Comparison of the POST complex (14) with the present com-

plex (by aligning the 23S rRNAs) reveals the different location of
the CTD of bL12 protein (Fig. S5A). Namely, the bL12 CTD of
BipA–ribosome complex would clash with the G′ domain of EF-G.
In line with the direction of the CTD movement, the stalk protein
uL10 and its binding partner, the NTD of bL12, are displaced by
∼40 Å away from the uL11 region (Fig. S5A). Compared with
domain V of EF-G, domain V of BipA is located closer to the stalk
base, which results in a large conformational change of the uL11
protein and 23S rRNA helices H43 and H44 to avoid a structural
clash (Fig. S5B). Both micrococcin and thiostrepton bound to the
uL11 region of ribosome induce a conformational change in the
NTD of uL11 protein close to domain V of BipA that would cause
a steric clash (37) (Fig. S5C). Interestingly, the location of the
CTD of bL12 in the micrococcin structure is different from its
location in the present structure (Fig. S5C) and in that with EF-G
(14). Indeed, the CTD of bL12 is remarkably mobile and the
transient nature of its positioning with respect to trGTPase pro-
tein greatly affect its activation. Thus, as proposed (37), micro-
coccin probably promotes a stable interaction between the CTD
of bL12 and the NTD of uL11, such that the CTD becomes op-
timally positioned to contact the G′ subdomain of EF-G leading
to GTPase activity stimulation.

Positioning of the CTD of BipA in Ribosomal A Site. Furthermore, we
determined the cryo-EM structure of BipA bound to the ribo-
some containing tRNAs and mRNA, in which the well-ordered
A-, P-, and E-site tRNAs were visualized (Fig. 2B and Fig. S3F).
The overall structure of BipA bound to ribosome with tRNAs/
mRNA is similar to the aforementioned complex except for:
(i) lesser 30S head swiveling; and (ii) shifting of the uL1 stalk in
50S away from the E-site tRNA resulting in an open form (Fig. S6
B and C). In particular, the overall conformation and the posi-
tioning within ribosome of BipA in both structures are almost
identical. While the uL10-bL12 stalk is more defined in the
absence of tRNAs/mRNA, the BipA–ribosome–tRNAs/mRNA
complex can provide a valuable insight into BipA interaction
with tRNA. Superposing the present structure with that of ri-
bosome containing A-, P- and E-site tRNA (34) by aligning the
23S rRNAs shows that the A- and E-site tRNAs take a similar
positioning, except for a ∼4-Å shift of the anticodon loop of
E-site tRNA following the 30S head swiveling in the present
complex (Fig. S6D). In contrast, a large conformational change
in the P-site tRNA was observed, with a ∼17-Å shift of the TΨC
loop compared with its classical position in ribosome (Fig. S6D).
When bound to ribosome, the CTD of BipA positions close

to the PTC (Fig. 5A) in the A site. As expected, binding of the
A-site tRNA stabilizes its loop region (residues 543–553) (Figs. S3F
and S4E). In addition to interacting with 23S rRNA as afore-
mentioned (Fig. S4E), the CTD of BipA makes multiple contacts
with the A-site tRNA (Fig. 5A). The helix AC and the loop re-
gion (residues 536–539) of BipA come into close vicinity and
directly contact the acceptor stem of the tRNA. Moreover, the
C-terminal region (residues 595–602) of BipA establishes a strong
interaction interface with the D-loop region of the tRNA. This
observation is consistent with the C-terminal sequence of BipA
family members being rich in basic Arg/Lys residues (Fig. S1A)

Fig. 4. Structure of the uL10-bL12 stalk region of the BipA–ribosome
complex. (A) Cryo-EM density (gray) corresponding to the uL10 and uL11
proteins, as well as the NTD and CTD of bL12 protein. (B) bL12 CTD in-
teraction interface (salmon) with BipA G domain (green). The corresponding
cryo-EM reconstitution density map is shown in blue mesh. (C) Ribosomal
components of the GTPase-associated center and BipA. Binding of BipA
stabilizes the CTD of bL12, part of the dynamic uL10-bL12 stalk, thereby
bridging together the GAC components. BipA is colored as in Fig. 1.
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capable of preferentially binding nucleic acid, and with the bio-
chemical data demonstrating a significant role of this C-terminal
helix of BipA in ribosome binding (5). Finally, the newly modeled
residues L543–E553 project deeply into the PTC region and are
sandwiched by the 5′ and 3′ ends of tRNA and H71 and H92 of 23S
rRNA (peptide transfer region) (Fig. 5A). In our structure, the
loop 536–542 of BipA is within interacting distance to both the
acceptor stem of tRNA and 23S rRNA. This finding is consistent
with the previous report that the highly conserved Asn536, Lys541,
and Lys542 residues in this region are important for ribosome
binding (5).
Although the EF4-ribosome structure shows that the CTD of

EF4 also reaches into the PTC, it interacts with the acceptor
stem of the P-site tRNA instead (25). Superposing this structure
with ours by aligning the 23S rRNA reveals that the SRL and the
G domain superimpose reasonably well, but the uL11 region and
other domains of BipA/EF4 have different orientations, and that
the uL11 protein of EF4–ribosome complex would clash with the
domain V of BipA (Fig. S7). Interestingly, the tip of EF4 CTD
comprising a helix-turn-helix (HTH) motif projects deeply into
the PTC in the P site and is not compatible with A-site tRNA,
whereas the tip of BipA CTD extends toward the PTC in the A
site (Fig. 5B). The present structure demonstrates small coun-
terclockwise rotation (particularly for 30S head swiveling) of the
ribosome and both A- and P-site tRNA in a classical state, im-
plying a new intermediate state. It appears that this state occurs
in between peptidyl transfer and hybrid state formation for EF-G
binding. In contrast, the binding of EF4 induces a clockwise-
ratcheted ribosome presumably underlying its unique function in
back translocation (2, 25). Nevertheless, both BipA and EF4
confer a growth advantage to bacteria under stress conditions,
and appear to regulate translation of specific but distinct subsets
of mRNAs (1). Perhaps the diverse stress–response functions of
BipA and EF4 result from the varied location of their CTD in
PTC (A site and P site, respectively), leading to interfering with
different targets.

Discussion
Both EF-Tu and EF-G bound to the ribosome in their activated
states demonstrate a direct interaction between the SRL and the
catalytic histidine positioned into the active site, a crucial part of
GTPase activation process (15, 18, 36). Consistent with these ob-
servations, our structure of GDPCP-BipA bound to the ribosome
reveals an activated state with catalytic histidine (His78) positioned
within interaction distance to the SRL (Fig. 3B), further corrobo-
rating BipA as a classic trGTPase (5, 12). In addition to the SRL
and the trGTPase factor, efficient activation of trGTPases also
requires other GAC components. Indeed, a novel positioning of
the CTD domain of bL12, interacting with domain G of BipA (Fig.
4B), is revealed. Such an interaction is proposed to be universal
among ribosome-bound trGTPase lacking the G′ domain and to
provide a structural basis for the role of the CTD domain of bL12
in trGTPase factor recruitment and GTPase activation (39).
Moreover, we observed a reorientation of the uL11 region and the
uL10-bL12 stalk to accommodate BipA (Fig. S5 A and B). Upon
binding to the ribosome, a large conformational changes take place
in BipA, resulting in a compact conformation (Fig. 3A) with do-
main III at the core contacting all of the other domains of BipA
and the ribosome (Fig. S4C). The formation of such a strategic
domain arrangement of BipA appears to be facilitated by the
precise ratcheting of the ribosome, thereby achieving the active
state with the positioning of SRL, the uL10-bL12 stalk, and the
stalk base (Fig. 4C), reminiscent of the one proposed for EF-G
(18). Taken together, our results provide structural insight into how
BipA in its active-state bridges all GAC components together to an
overall orientation optimal for the BipA-dependent GTPase acti-
vation in the ribosome.
Despite the mounting evidence for BipA classification as a

ribosome-dependent trGTPase, its precise cellular function
remains unclear. The two main views regarding its role are:
(i) similar to classical trGTPases and EF4, BipA has a regulatory
role in protein translation; and (ii) BipA is a ribosome assembly
factor reminiscent of GTPases like Era, EngA, and CgtAE (11,
13). In support of the first view, BipA shares structural similarity
with trGTPases EF-G and EF4 (Fig. 1). In addition, our cryo-
EM reconstitution showed that BipA binding site on ribosome
(Fig. 2) overlaps with that of EF-G, EF-Tu, and EF4. The fact
that EF-G can displace BipA from the ribosome may indicate
that BipA is present transiently and/or under specialized stress
conditions such as low temperature (40). Furthermore, according
to our model, BipA is in active form with its proposed catalytic
residue and bound GTP analog positioned close to the SRL of
23S rRNA (Fig. 3B) in an intermediately ratcheted ribosome
(Fig. S6A). This observation qualifies BipA to be a bona fide
translational factor. In particular, the structure of BipA bound to
ribosome with A- and P-site tRNAs reveals a new intermediate
state, which perhaps implies a function for BipA in positioning of
A-site tRNA or in preventing translocation by EF-G, in response
to stress. However, when the effect of BipA deletion on ribo-
some biogenesis was studied, phenotypes often associated with
defective ribosome assembly, such as altered subunit ratios and
accumulation of 50S precursor particles with partially processed
23S rRNA, were observed (13). This finding suggests that BipA
is involved in the production of 50S subunit. These two proposed
functions of BipA may not be mutually exclusive. For example,
BipA may be involved in the regulation of translation of specific
mRNAs whose products act as assembly factors. Indeed, BipA
has been reported to be involved in the expression of stress re-
sponse protein (10, 13).
Because BipA ribosome-binding mode has been reported to

differ depending on the cellular levels of GTP and ppGpp (12),
we cocrystallized BipA with ppGpp as well. The electron density
in the difference Fourier map clearly demonstrates that ppGpp is
located in the nucleotide-binding pocket, as expected (Fig. S2B).

Fig. 5. Positioning of the CTD of BipA and its interactions with the A-site
tRNA in the ribosome–BipA–tRNA complex. (A) BipA bound to tRNA ribo-
some complex reveals that the CTD of BipA interacts with the acceptor stem
region of A-tRNA (shown in purple blue) and 23S rRNA (H71 and H92). The
loop residues (L543–E553) deeply projects into peptidyl transfer region in the
A-site, surrounded by both 3′- and 5′-ends of tRNA as well as H71 and H92 of
23S rRNA. (B) Comparison of BipA–tRNA–ribosome with A-site tRNA and EF4-
ribosome with P-site tRNA complexes. CTD of BipA and EF4 (25) occupy A
and P sites, respectively.
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Aligning the G domain of ppGpp-BipA structure with that of the
ribosome-bound BipA, reveals that the protrusion of the additional
diphosphate moiety at the 3′ hydroxyl of ppGpp results in a steric
clash with the SRL of 50S (Fig. S4F). Alike, ppGpp binding to
IF2 interfers with binding to its interaction partners (41). This
finding could provide a structural insight for the observation that
BipA associates with either the 70S ribosome or the 30S subunit
depending on the relative intracellular abundance of GTP and
ppGpp (12).

Methods
For cryo-EM grid preparation, the ribosomes were incubated at room tem-
perature with BipA alone or with tRNAs/mRNA, before being used for cryo-
EM by vitrification. Electron micrographs were collected automatically by
using FEI Arctica microscope with a back-thinned FEI Falcon II direct electron
detector. A total of 658 and 1,531 micrographs were collected for BipA-bound

ribosome without and with tRNA/mRNA complex, yielding 127,048 and
158,784 particles, respectively. Two-dimensional classification was per-
formed to discard bad particles, followed by 3D classification to guide
sorting of ribosome particles containing BipA. The final map of BipA-bound
ribosome, based on 61,165 particles, reached a resolution of 4.7 Å (Fig. S3A),
whereas that for BipA–tRNA–ribosome complex, based on 77,127 particles,
reached a resolution of 4.8 Å (Fig. S3E). Detailed methods for BipA and ri-
bosome preparation, image processing, and model building, as well as BipA
crystallization and structure determination, are provided in SI Methods.
Data refinement statistics are included in Table S1.
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