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Abstract

Protein synthesis by the ribosome requires the translocation of transfer RNAs and messenger RNA
by one codon after each peptide bond is formed, a reaction that requires ribosomal subunit rotation
and is catalyzed by the guanosine triphosphatase (GTPase) elongation factor G (EF-G). We
determined 3 A resolution x-ray crystal structures of EF-G complexed with a non-hydrolyzable
GTP analogue and bound to the Escherichia coli ribosome in different states of ribosomal subunit
rotation. The structures reveal that EF-G binding to the ribosome stabilizes switch regions in the
GTPase active site, resulting in a compact EF-G conformation that favors an intermediate state of
ribosomal subunit rotation. These structures suggest that EF-G controls the translocation reaction
by cycles of conformational rigidity and relaxation preceding and following GTP hydrolysis.

Introduction

GTPases—enzymes that catalyze the hydrolysis of guanosine 5’-triphosphate—are widespread
in biology, and use GTP hydrolysis as a “switch” between functional states driven by protein
conformational changes (1). Protein biosynthesis by the ribosome is controlled by GTPase
translation factors in all stages of translation (2). Although the GTPase catalytic core is
highly conserved, translation factors have evolved unique domain architectures for separate
and non-overlapping functions in translation initiation, elongation, termination and ribosome
recycling. The distinctions between translation factors, both within the translation process
and between different domains of life, are targets for numerous families of antimicrobial
compounds (3, 4). However, the structural basis for how GTPase translation factors use a
highly conserved GTP hydrolysis mechanism to control distinct steps of translation remains
unclear.
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During polypeptide elongation, bacterial elongation factors EF-Tu and EF-G alternate in
catalyzing accurate messenger RNA (mMRNA) decoding and mRNA and transfer (tRNA)
translocation, respectively. The GTPase center of EF-Tu is coupled to distortions in
aminoacyl-tRNA that contribute to the accuracy of mMRNA decoding (5, 6). By contrast, EF-
G promotes movement of mMRNA and tRNA on the ribosome in steps that involve large-
scale rearrangements of the ribosome (7-11). Biochemical and genetic experiments have
shown that the GTPase centers of EF-Tu and EF-G, although highly conserved, are not
interchangeable (12) whereas key amino acids in the GTPase active site of the eukaryotic
translocase eEF2 can be mutated to those of EF-G and retain function (13). Furthermore,
whereas EF-Tu hydrolyzes GTP rapidly only during accurate mRNA decoding, the GTPase
activity of EF-G is greatly accelerated even by vacant ribosomes (14, 15). Together with the
divergent architectures of EF-Tu and EF-G outside of the GTPase active site (16), these
results indicate that EF-G has evolved considerably different means for linking GTP
hydrolysis to ribosome dynamics.

Messenger RNA and tRNA translocation occurs in multiple steps (17). First, the 3" acceptor
ends of the tRNAs move with respect to the large ribosomal (50S) subunit, so that the
peptidyl-site (P-site) and aminoacyl-site (A-site) tRNA termini move to the exit (E) and P
sites, respectively, creating a hybrid P/E and A/P tRNA binding state (18). This hybrid state
requires a rotation of the small ribosomal (30S) subunit relative to the 50S subunit (7) and
an orthogonal rotation of the 30S subunit head domain (9, 19, 20) (Fig. 1A), conformational
changes that are conserved in the eukaryotic ribosome (21). When complexed with GTP,
EF-G binds the ribosome and favors ribosomal subunit rotation, a state associated with
tRNA binding in the hybrid A/P and P/E sites (22-25). GTP hydrolysis by EF-G, subsequent
ribosome dynamics (10), and phosphate release are then required to translocate MRNA and
the tRNA anticodons on the small ribosomal subunit to complete the translocation reaction
and to release EF-G/GDP from the ribosome, respectively (26, 27).

The structural basis for EF-G/GTP stabilization of rotated states of the ribosome is known
only at low resolution (9, 10, 28). Cryo-EM reconstructions revealed EF-G domain positions
in late stages of tRNA translocation, but do not provide a molecular understanding of how
the GTPase active site in EF-G, positioned by the 50S ribosomal subunit, is connected to
events on the 30S subunit required for mMRNA and tRNA translocation. Here, we determined
structures of the ribosome in multiple states of subunit rotation, in complexes with EF-G
bound to the non-hydrolyzable GTP analogue GMPPCP. These structures reveal that GTP
binding rearranges switch regions in EF-G to promote EF-G interdomain packing and
ribosomal subunit rotation, an allosteric mechanism reminiscent of motor proteins that use
ATP hydrolysis to drive mechanical events common in biology.

Results and Discussion

Global conformations of the ribosome complexes

We determined two crystal structures of the E. coli 70S ribosome in complexes with EF-G,
the non-hydrolyzable GTP analog GMPPCP and the antibiotic viomycin, to a resolution of 3
A (Table 1) (29). Each crystal form contains four unique copies of the ribosome in the
crystallographic asymmetric unit that adopt different conformations with respect to 30S
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subunit rotation and swiveling of the 30S subunit head domain (fig. S1). Rotation of the 30S
subunit body and platform domains ranges from ~0° to ~8°, whereas the head domain of the
30S subunit is swiveled by ~6° to ~11° (table S1). EF-G, a five-domain protein, is bound to
all eight copies of the ribosome with the GTPase domain (domain | or G-domain) and
domains 11, 11l and V positioned adjacent to the 50S subunit L11 arm, while domain IV
projects into the 30S subunit mMRNA decoding site (A site) (Fig. 1B). All of the copies of
EF-G contain clear electron density for GMPPCP visible in the GTPase active site.

Ordering of the GTPase switch regions and EF-G domain packing

The GTPase active site in EF-G contains mobile “switch” elements termed switch | (amino
acids 38-64) and switch Il (amino acids 84-107), and a P loop that coordinates the
triphosphate (amino acids 12-27) (30). In EF-G, the switch elements are thought to convert
the free energy of GTP hydrolysis in the G-domain into the unidirectional translocation of
the ribosome along an mRNA and the rapid cycling of EF-G during protein synthesis (9, 15,
27, 31). In the present structures, the G-domain of EF-G contacts the Sarcin-Ricin Loop
(SRL) in 23S ribosomal RNA (rRNA) of the large ribosomal subunit. Nucleotide A2662 in
the SRL coordinates a catalytic histidine in switch 11 (His92) in EF-G and positions its
imidazole ring in the correct location to activate a nucleophilic water molecule putatively
required for GTP hydrolysis, similar to the structure of the GTPase EF-Tu bound to the
ribosome in the GTP state (6) (Fig. 2A). By contrast, this catalytic histidine is oriented away
from the active site in a structure of the T. thermophilus 70S ribosome trapped with EF-G in
a GDP state by the antibiotic fusidic acid (32). Binding of the GTP analog also orders much
of switch I in EF-G (amino acids 49-64), closing the GTP binding pocket (Fig. 2B, 2C), as
previously observed at low resolution by cryo-EM with a paralog of EF-G (9). During
translocation, GTP hydrolysis by EF-G is rapid and is followed by a rate-limiting
conformational rearrangement of the translocation complex that is coupled to EF-G in an
activated GDPeP; state (27, 33). After GTP hydrolysis and translocation, switch | becomes
disordered (31), which greatly accelerates release of EF-G/GDP from the post-
translocational ribosome (27, 31). In the structure of EF-G trapped on the ribosome with
GDP by fusidic acid, switch I is entirely disordered (32). Thus, the current complexes likely
represent either the pre-GTP hydrolysis configuration of EF-G on the ribosome, or the
GDP+P; state.

The folding of EF-G switch I results in multiple new inter-domain contacts throughout EF-
G. Arginine 59 (R59) from switch I, universally conserved in canonical translation GTPases
(34), interacts with the backbone of SRL nucleotide A2663 on one side, as seen with EF-Tu
(6), and forms a salt bridge with aspartate 467 (D467) in EF-G domain 111 (Fig. 2D), which
occupies the space where the 3’-acceptor end of tRNA binds EF-Tu (6) (Fig. 2E). Although
mutations of R59 in EF-Tu and EF-G do not impact GTP hydrolysis (35), mutations of R59
in EF-G decrease translocation up to 50-fold (35), similar to the rate that occurs in the
absence of GTP or with a non-hydrolyzable GTP analog (35). The rate of translocation is
decreased only 5-fold when R59 is replaced with lysine, showing that the salt bridge with
D467 in domain 11 is important for EF-G function. A second salt bridge forms between
Glutamate 58 and Arginine 475 (Fig. 2D), an interaction absent in EF-Tu (6). Further
differences between the geometry of switch I in EF-G and EF-Tu occur in amino acids
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adjacent to the a-phosphate and P loop (fig. S2), which may explain the observation that
replacement of EF-G switch | amino acids 44-55 with those from EF-Tu renders EF-G
functionally inactive (12).

The folding of EF-G switch I further induces close hydrophobic packing between domains I,
I1 and I11, capped by the side chain of R59, and centered on switch Il residue Phenylalanine
95 (F95) which is thought to contribute to GTPase activation (36) (Fig. 3A). In the ribosome
complex of EF-G with GDP and fusidic acid, this interface is broken and occupied by the
antibiotic, which packs against F95 (32). Notably, mutations in this interface including F95
confer fusidic acid resistance to cells (36). In some cases these mutations make EF-G an
intrinsically active GTPase (36) while at the same time drastically reducing EF-G’s ability to
accelerate translocation, indicating that GTP hydrolysis must be linked with ribosomal
conformational changes for effective translocation (36). An additional network of polar and
hydrophobic interactions surrounds salt bridges between switch Il residues Arginine 101
(R101), Glutamate 98 (E98), and domain Il residue Lysine 323 (K323), which are held in
place by residues from switches | and 11 (Threonine 64 and Serine 65, and Isoleucine 97)
and domains Il and 111 (Threonine 393 and the backbone of Glutamate 441) (Fig. 3B). The
contacts between these conserved residues in EF-G are lost upon GTP hydrolysis and P;
release, when switch | becomes disordered and domains Il and 11 move apart (32).

EF-G coupling to the conformation of the 70S ribosome

Formation of these extensive interfaces between domains I-111 in EF-G in the GMPPCP
complexes results in large-scale movement of domains Il and 111 that couple to rotation of
the body of the 30S ribosomal subunit. Domain Il of EF-G complexed with GMPPCP moves
~7 A closer to domain 111 at its extremity, when compared to the ribosome complex with
EF-G, GDP and fusidic acid, which corresponds to a post-translocation state with P- and E-
site tRNAs and the ribosome in an unrotated conformation (32) (Fig. 3C). EF-G domains Il
and 1l move together with the body of the 30S subunit, which is rotated by 3°-8°, and
maintain contacts with 16S rRNA helices 4, 5, and 15 and ribosomal proteins S12 (Fig. 4A,
4B) (9, 10, 32).

In the structure of the unrotated 70S ribosome in the present crystals, EF-G domain Il is
largely disordered, and the G-domain is partially disordered (fig. S3A), as is domain IV.
Furthermore, the 30S subunit body domain is forced away from the 50S subunit interface by
5 A when compared to EF-G bound with GDP/fusidic acid to the unrotated post-
translocation state (Fig. 4C), consistent with evidence that EF-G/GTP binding favors rotated
states of the ribosome (22-25). In the two structures of the ribosome in a fully-rotated state
determined here, domain Il and 1V of EF-G are more ordered when compared to the
unrotated state (fig. S3B). EF-G/GMPPCP also adopts a well-defined conformation when
bound to intermediate rotated states (Fig. 5A). Thus, the interactions between EF-G and the
30S ribosomal subunit couple the nucleotide status of the GTPase center (GDP vs. GTP or
GDP-+P;) to interdomain stabilization of EF-G and the rotational state of the ribosome.
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Position of EF-G domain IV in the ribosomal A site

In the present structures, domain IV in EF-G, which is essential for tRNA and mRNA
translocation (37), projects towards the 30S subunit and occupies the position of A-site
tRNA (8-10, 32) (Fig. 5B). The orientation of domain 1V is stabilized primarily by salt
bridges with domain I11 and domain V (Fig. 5C), with only a few interactions occuring to
the tip of h44 in 16S rRNA in the 30S subunit A site. Binding of the antibiotic viomycin in
the vicinity of these weak interactions with 16S rRNA helix h44 (fig. S4) does not seem to
stabilize them, since the interactions remain weak whether viomycin is bound to h44 or not
(fig. S4) (29). Although the head domain of the 30S subunit adopts large swiveling angles in
these structures (fig S1, table S1), there are no clear contacts between EF-G domain 1V and
the head domain in seven of the eight ribosomes observed here (Fig. 5D). Instead, the
position of domain IV seems to function almost exclusively to preclude tRNA occupancy in
the ribosomal A site (8-10, 32). In the various structures of EF-G with GMPPCP and GDP/
fusidic acid, the specific interactions between EF-G and platform elements of the 30S
subunit A site near helix h44 also vary in detail, and are poorly ordered in nearly all of the
present structures, again suggesting that EF-G domain IV serves as a steric block to control
movements of the ribosome and tRNA substrates in later steps of translocation (32, 37).

Model of mMRNA and tRNA translocation

Translocation of mMRNA and tRNA on the ribosome can occur in the absence of EF-G, but
the rate of EF-G independent translocation is too slow to support cell growth (38, 39), and is
highly reversible (40, 41). Thus, while the process of translocation is intrinsic to the
ribosome, EF-G increases translocation efficiency and biases it in the forward direction.
Kinetic experiments revealed that EF-G catalyzed translocation involves multiple steps, with
GTP hydrolysis occurring rapidly, followed by a rate-limiting conformational change in the
ribosome that precedes mMRNA and tRNA translocation (27, 33, 42). However, the
relationships between these kinetically-defined events and structural changes in ribosome
translocation complexes remain to be determined (43-46). Several lines of evidence indicate
that, while EF-G/GTP may bind the ribosome in the unrotated state (47), EF-G/GTP binds
more favorably to the ribosome in an intermediate step of the translocation reaction, after
tRNAs occupy hybrid A/P and P/E sites and the ribosomal subunits are in a rotated state (10,
11, 46, 48). The present structures reveal that EF-G/GMPPCP can bind to vacant ribosomes
in multiple states of subunit rotation, including the unrotated state. However, the rigid
arrangement of EF-G observed here is incompatible with pre-translocation complexes in
which tRNA occupies the A site in the 30S subunit (49) (Fig. 5B).

The present structural data suggest that the intermediate state of rotation may be preferred
before GTP hydrolysis by EF-G. However, in kinetic experiments GTP hydrolysis is rapid
and precedes the rate-limiting conformational change in translocation (27, 33, 42). It is
possible that the GTP and GDP+P; states of EF-G may be in equilibrium (47), analogous to
the situation with eukaryotic initiation factor elF2 (50). Thus, the present structures of the
partially and fully rotated states may represent EF-G/GDP+P; bound to the ribosome as
tRNAs move into the ap/P and pe/E sites, when the 30S head domain adopts extremely
rotated positions (10, 28) (Fig. 6A). Consistent with the intermediate state of rotation
observed previously by cryo-EM (10), it is likely that the activated (GDP<P;) form of EF-G
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stabilizes the intermediate state of rotation (Fig. 6A) (27). However, the present structures
reveal that EF-G binding to partially rotated ribosomes is independent of the position of the
30S head domain. Since EF-G domain IV only makes significant contacts to the 30S subunit
head domain in the post-translocation state (30), and not when the head is swiveled (8-10,
28) (Fig. 5D), domain IV of the EF-G/GDP+P; complex may simply act to decouple tRNA
movement from the 30S subunit platform and allow the intrinsic dynamics of the 30S
subunit head domain (51, 52) to translocate tRNAs into the P and E sites (10, 28). EF-G
domain 1V would then prevent translocated P-site tRNA from reverting its position to the A
site, as suggested by previous structures (8-10, 32, 37) (Fig. 6B). Inorganic phosphate (P;)
release, accelerated by L7/L12 (32, 42) and accompanied by switch | unfolding (Fig. 6C),
would then cause EF-G to relax due to loss of inter-domain contacts and allow the 30S
subunit to reverse its rotation to 0°. The relaxed state of EF-G/GDP would then dissociate
from the ribosome as domain Il and V contacts with the ribosome are destabilized (Fig.
6D).

The model of EF-G cycling between rigid and relaxed conformations is comparable to the
changes in tRNA conformation that occur during mRNA decoding by EF-Tu. During
mRNA decoding, GTP hydrolysis by EF-Tu releases tRNA from a bent conformation that
relaxes as the tRNA is accommodated into the ribosomal A site (5, 6). The trajectory of
tRNA motion after release from EF-Tu corresponds to the direction of domain II-111 opening
in EF-G (Fig. 6E). It will be important to determine whether similar cycles may occur with
other translation GTPases. In the case of EF-G, future structural and biophysical insights
will also be needed to elucidate the contribution of tRNAs to translocation, and to
understand the role of EF-G in its distinct functional role in ribosome recycling (53).

Materials and Methods

Escherichia coli ribosomes lacking the C-terminus of ribosomal protein L9 (amino acids 56
to the C-terminus) were purified and used for complex formation with E. coli EF-G, the
nonhydrolyzable GTP analog GMPPCP and viomycin. Purification and crystallization of the
complexes are described in the Supporting Online Material. Two ribosome crystal forms,
each containing four unique copies of the ribosome, were used for x-ray diffraction
measurements and structure determination by molecular replacement. Details of the data
measurement, structure determination, refinement, and ribosome superpositions are given in
the Supporting Online Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Global structural rearrangementsin the ribosome in EF-G/GM PPCP complexes
(A) Schematic illustrating two degrees of freedom in the 30S subunit within the 70S

ribosome. 30S subunit rotation encompasses the body (B) and platform (P) domains,
whereas the 30S subunit head domain (H) swivels around a nearly orthogonal rotational
axis. (B) EF-G is shown bound to the 70S ribosome oriented 180° from the view shown to
the left. Domains in EF-G are numbered: domain | (dark green), domain Il (red), domain I11
(light green), domain 1V (orange), and domain V (light blue). Switch I (sw I) (amino acids
38-64) in domain | is highlighted in purple spheres. The 30S subunit is in blue, and 50S
subunit in grey and magenta.
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Figure 2. Compact arrangement of EF-G domains| and |11 in the GTP state
(A) Position of the catalytic histidine H92. Gate residues Isoleucine 19 and Isoleucine 61 are

shown with green spheres with van der Waals radii, along with the position of the proposed
activated water and coordinated Mg2* ion. (B) View of the GTPase active site, including
swl, switch Il (swll), P-loop, Sarcin-Ricin Loop in 23S rRNA (SRL) and the GTP
nucleotide analog GMPPCP. Amino acids in swl that become ordered upon GTP binding
and form salt bridges with EF-G domain 111 are shown as spheres with van der Waals radii.
(C) Four-fold NCS averaged electron density for the GTPase domain of EF-G near the GTP
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binding pocket. Shown are EF-G swl, domain I, domain 111, the GTP analog GMPPCP
color-coded as in panel A, and a magnesium ion (light blue). Electron density (grey grid) is
contoured at 1 standard deviation from the mean. (D) Closeup view of interactions between
swl (dark green) and domain Il (green) in the EF-G/GMPPCP complex. Contacts within
hydrogen-bonding distance are indicated with dashed lines. (E) Essential salt bridge
between EF-G residue R59 in swl and residue D467 in domain I11. The corresponding
interactions in the EF-Tu/aminoacyl-tRNA decoding complex are also shown. EF-G is color
coded as in Figure 1B, while the EF-Tu/tRNA complex is colored magenta (protein, SRL)
and red (tRNA).
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Figure 3. A network of contacts between EF-G domains extends from the GTPase center
towards the small ribosomal subunit

(A) A new hydrophobic core forms between domains | and 11 in EF-G in the GTP state.
Positions in swl of domain | (dark green carbons) and domain Il (green carbons) are shown.
(B) Polar and ionic interactions formed between swl and swil and domains Il and 11 in the
GTP state, color-coded as in Fig. 1B. Dashes indicate atoms within hydrogen-bonding
distance. (C) Closure of domains Il and 111 due to binding of the GMPPCP form of EF-G to
the ribosome (7 A) is indicated. The structure of the ribosome with EFG/ GDP/fusidic acid
is shown in blue (32). The ribosome in an intermediate rotation state with EF-G/GMPPCP is
in green.
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Figure 4. Contacts between EF-G and the 30S subunit are maintained during ribosomal subunit
rotation
(A) Contacts between EF-G domain Il (red) and 16S rRNA (light blue) near helices h5 (A55

or U358) and h15 (U368). (B) Contacts between EF-G domain 111 (green) and ribosomal
protein S12 (blue), for the ribosome in an intermediate state of rotation. (C) Movement of
the 30S subunit body domain away from the subunit interface in the unrotated state induced
by EF-G binding in the GTP state (blue). For comparison, the structure of the ribosome with
EF-G/GDP/fusidic acid in the unrotated state is shown in green and olive (32).
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Figure 5. Conformational rigidity of EF-G/GMPPCP in the intermediaterotational state
(A) Atomic displacement parameters (B-factors) of EF-G/GMPPCP bound to the ribosome

in an intermediate state of subunit rotation. Scale bar indicates the range of color-coded B-
factors. Domains in EF-G and helices in 16S and 23S rRNA are indicated. The asterisk
indicates the site of interaction seen between EF-G and ribosomal proteins L7/L12 in (32).
(B) Position of EF-G domain IV (orange) in the ribosomal A site. The position of tRNAs in
the A site (A/A tRNA, transparent pink surface) and P site (P/P tRNA, green) are derived
from the superposition of the ribosome structure in (55) with the ribosome in an
intermediate state of subunit rotation, using the 30S subunit platform as a frame of
reference. (C) Salt bridges between EF-G domain 111 (green) residue E452, domain IV
(orange) residues R491 or E614 and domain V (aqua) residue R639, buttressed by
hydrophobic packing. (D) Lack of contacts between EF-G domain IV and the head domain
of the 30S subunit of a representative ribosome in an intermediate state of rotation. (2Fgps—
2Fcq1c) difference electron density is shown at a contour of 1 standard deviation from the
mean.
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Figure 6. Model of EF-G controlled translocation of mMRNA and tRNA
(A) EF-G in the activated GDP+P; state requires movement of A-site tRNA out of the

decoding site (pink) of the ribosomal 30S subunit platform into the P site (green), and P-site
tRNA into the E site (purple) to accommodate EF-G domain 1V, as indicated by arrows. The
intermediate tRNA sites in the 30S subunit and the head rotation angle are based on (10). At
this point, domains I-11l and V of EF-G (blue) are rigidly bound to the intermediate rotation
state of the ribosome, whereas domain 1V (red) moves to occupy the A site. (B) Stable
interactions between EF-G domain IV and the remainder of EF-G position domain IV to
prevent back-translocation of P-site tRNA. The 30S subunit head domain may remain
dynamic in this post-translocation state (46, 51, 56). (C) Phosphate release from the GTPase
domain of EF-G, stimulated by proteins L7/L12 (asterisk), disrupts inter-domain contacts in
EF-G, allowing the ribosome to revert to the unrotated state, (D), from which EF-G/GDP
dissociates from the ribosome. (E) Opening of domains Il and 111 in EF-G after GTP
hydrolysis follows the same trajectory as tRNA release from EF-Tu during mRNA
decoding. The position of A-site tRNA (pink, PDB entry 3I18G) (57) was compared to that
for EF-Tu in an mRNA decoding complex with the GTP analog GMPPCP (6).
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Table 1

X-ray diffraction data and refinement statistics

Space group

unit cell (a, b, ¢ in A)
(a, B, v in deg.)

Resolution (&)

(high-resolution shell)*

Rmerge

Io (1)

CC(1/2) (%)
Completeness (%)
Measurement redundancy
Unique reflections

No. crystals used

Refinement

Resolution (A)T
No. reflections
Molecules per a.s.u

Riree set

R/Rfree (%)

Average B-factor
RNA
Protein
Other

R.m.s. deviations

Bond lengths (A)
Bond angles (°)

Crystal |
P2,

361.60, 361.77, 433.20

90.0, 103.566, 90.0
70-3.0

(3.1-3.0)

15.2 (100.9)

6.49 (0.84)
99.4 (42.7)

83.7 (60.7)

3.1(L5)

1,799,385 (122,106)
20

70-2.9
1,874,109

4

8,386
0.230/0.278

27.4
30.3
12.6

0.008
1.304

Crystal 11
P2

361.14, 360.51, 429.73

90.0, 103.217, 90.0
70-3.0

(3.1-3.0)

17.3 (132)

5.84 (0.58)

99.3 (30.4)

89.6 (71.5)
39(23)

1,904,514 (142,145)
24

70-2.9
1,984,535

4

8,583
0.221/0.270

31.8
38.5
15.1

0.009
1.376

*
Data beyond the high-resolution shell in parentheses were used for refinement and map calculation, and extend to a CC(1/2) value of about 24.5

% (54).

TAII statistics not in parentheses include data over the whole reported resolution range. Crystal form | contains higher occupancy for viomycin and

11 lower occupancy for viomycin.
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