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tained in an 8-kb fragment with the partially overlapping
body and wing enhancers located, respectively, at posi-
tions —1266 to —1963 and —1808 to —2873 from the
transcription start site. The white Eye enhancer fragment
contained eye and testis enhancers (78). The Su(Hw)
insulator was a 430-bp fragment containing 12 Su(Hw)
binding sites, amplified by polymerase chain reaction
from the gypsy retrotransposon. Details of the construc-
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injected in y—ac~w'""® embryos, and the transgenic flies
were identified by their eye color. The transformed lines
were tested by Southern blot hybridization for transpo-
son integrity, copy number, and presence of the enhanc-
ers and Su(Hw) insulators. Only lines with single-copy
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Initiation of translation at the correct position on messenger RNA is essential
for accurate protein synthesis. In prokaryotes, this process requires three ini-
tiation factors: IF1, IF2, and IF3. Here we report the crystal structure of a
complex of IF1 and the 30S ribosomal subunit. Binding of IF1 occludes the
ribosomal A site and flips out the functionally important bases A1492 and
A1493 from helix 44 of 165 RNA, burying them in pockets in IF1. The binding
of IF1 causes long-range changes in the conformation of H44 and leads to
movement of the domains of 30S with respect to each other. The structure
explains how localized changes at the ribosomal A site lead to global alterations

in the conformation of the 30S subunit.

The synthesis of functional polypeptides re-
quires initiation of translation to occur at the
correct mMRNA codon. In prokaryotes, selection
of the start codon involves formation of a 308
initiation complex containing the small (30S)
ribosomal subunit, three protein initiation fac-
tors (IF1, IF2, and IF3), and initiator tRNA
(formyl-methionine-tRNAM®") ~ base-paired to
the mRNA start codon in the ribosomal P site
(1-3). IF3 acts to ensure that the 30S subunit
dissociates from the large (50S) ribosomal sub-
unit (4). It also cooperates with IF2 to prevent
incorrect P-site interactions by ensuring that
only initiator tRNA is present in the P site (5-7)
and that it interacts only with the start codon (§).
The 508 subunit binds the 30S initiation com-
plex after IF3 has been displaced, triggering
hydrolysis of the guanosine 5'-triphosphate
(GTP) bound to IF2. Subsequently, IF2 is re-
leased, allowing initiator tRNA to form the
first peptide bond with the first elongator
aminoacyl tRNA (aa-tRNA), which is deliv-
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ered to the A site in complex with the elon-
gation factor EF-Tu.

The role of IF1 is the least well defined of
the three initiation factors (2). It has been
implicated in subunit dissociation preceding
initiation (4, 9), stimulating 30S complex for-
mation (0, 11), release of IF2 from the 708
(12, 13), and blocking of the A site to tRNA
binding (3, /4). The gene encoding IF1 is
essential in Escherichia coli (15), suggesting
that one or more of its functions are crucial in
vivo. Here we present a 3.2 A resolution
crystal structure of the complex of IF1 with
the 30S ribosomal subunit from Thermus
thermophilus. The structure allows us to dis-
cuss the functions of IF1 at a molecular level
and also provides an atomic resolution view
of factor-induced conformational changes oc-
curring within the small ribosomal subunit.

The large solvent channels found in the
30S subunit crystal form made it possible to
soak IF1 directly into crystals prepared as
described previously (/6, 17). Diffraction
data extending to 3.2 A were collected from
these crystals (Table 1), and a single round of
refinement against the native 30S coordinates
resulted in a model with R/R . of (0.239/
0.278). The electron density for IF1 was vis-
ible in o ,-weighted 2mF, — DF_ maps (Fig.
1A). The nuclear magnetic resonance (NMR)
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inserts were used. Lines in a su(Hw)~ mutant back-
ground were obtained by consecutively crossing trans-
genic males with C(7)RM,yf: D/ T(2;3)Xa, C(1)RM.yf:
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structure of E. coli IF1 (18) was unambiguously
placed in the density and rebuilt with the se-
quence of the 7. thermophilus protein (Fig. 1).
The Ca root-mean-square deviation between
our final refined structure and the NMR struc-
ture is 1.41 A. The major changes in the 30S
structure occurred in helix 44 (H44), although
small shifts in the relative positions of the RNA
domains were also observed. The statistics of a
final round of refinement including IF1 are
shown in Table 1.

IF1 is a member of the S1 family of OB
fold proteins (79, 20), consisting of a barrel
of five B strands with the loop between
strands 3 and 4 capping one end of the barrel
(18). It binds to the 30S subunit in a cleft
formed between H44, the 530 loop, and pro-
tein S12 (Fig. 2, A and B). The face of IF1
that interacts with the ribosome is rich in
basic residues, whereas most of the acidic
residues are on the solvent-exposed surface.
This highly asymmetric charge distribution is
probably important in stabilizing binding to
the 30S subunit. Conserved residues in IF1
make tight electrostatic and hydrogen bond-
ing interactions with the phosphate backbone
of the 530 loop. A loop from IF1 inserts into
the minor groove of H44, forms contacts with
the backbone of several nucleotides, and flips
out bases Al1492 and A1493 (Fig. 2A).
A1493 is buried in a pocket on the surface of
IF1, whereas A1492 sits in a cavity formed at
the interface between IF1 and S12 (Fig. 2D).
In both cases conserved arginine residues
(Arg*® and Arg*!, respectively) are in a po-
sition to stack against the bases and stabilize
the interaction. In contrast to the antibiotic
paromomycin, which flips out A1492 and
A1493 so that they are stacked together (27),
IF1 causes them to be splayed apart.

The structure agrees well with most bio-
chemical and mutagenesis data. The seques-
tering of bases A1492 and A1493 into protein
pockets explains why IF1 completely pro-
tects them from chemical modification (/4).
The abolition of IF1 binding in A1492G or
A1493G mutants is consistent with the bulk-
ier guanine base being unable to fit in either
binding pocket (22). The increase in reactiv-
ity of A1408 (/4) is explained by the disrup-
tion of the base pair it makes with A1493 in
the native structure (/6, 23). Finally, muta-
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tion of His*® to Asp in E. coli IF1 abolishes
30S binding (24), which is consistent with the
observation that the equivalent residue in
Thermus (Tyr*®) makes hydrogen bonding
interactions with the phosphate backbone of
C519. Further details of the IF1-30S interac-
tions are described in the supplementary ma-
terial (29).

The locations of the A, P, and E sites on
the 30S subunit (Fig. 2C) have been inferred
from a superposition (2) based on the 7.8 A
crystal structure of the whole 70S ribosome in
complex with mRNA and tRNAs (26). The
positions of the tRNAs suggest that IF1
would sterically block tRNA binding to the A
site (Fig. 2, B and C). This agrees with a
previous proposal based on the observation
that IF1 protects the same bases as A-site
tRNA (/4). IF1 covers, but does not block, a
channel at the base of the A site through
which mRNA could pass (27). The surface
charge distribution on IF1 and the manner in
which A1492 and A1493 interact with it sug-
gest that it does not directly mimic the A-site
tRNA.

The significance of A-site occlusion by
IF1 is not yet understood. It has been pro-
posed to be important in ensuring that free
aa-tRNA does not bind in the A site during
initiation (/4). In the absence of the 5058, the
EF-Tu—coupled proofreading activity would
not function, so that tRNA binding in the A
site could result in a higher level of miscod-
ing. It is also possible that in the presence of
IF2, the higher affinity of tRNA for the P site
over the A site is not sufficient to direct
initiator tRNA solely into the P site unless the
A site is blocked by IF1(3).

However, the location of IF1 on the ribo-
some may also relate to its interaction with
IF2. The interaction of IF1 and IF2 is sup-
ported by biochemical data (3, 28, 29), and
although the full significance of the contacts
is not clear, two explanations can be pro-
posed. First, in the absence of IF1, the do-
mains of IF2 may not be in the correct con-
formation to correctly position initiator tRNA
in the P site. This could explain the stimula-
tory effect of IF1 on 30S initiation complex
formation (/0, 1I). Second, the interaction
may be important for the role of IF1 in aiding
release of IF2 from the 70S subunit (72, 13).
A full understanding of the interaction be-
tween IF1 and IF2 will require a structure of
both factors in complex with the ribosome.

In addition to the localized changes
around A1492 and A1493, IF1 binding to the
30S subunit also causes conformational
changes in H44 over a distance of about 70 A
(Fig. 3A) and moreover leads to small but
significant shifts in the relative positions of
the domains of the subunit. In H44, nucleo-
tides C1411 and C1412 (strand A, Fig. 3A)
move laterally by 5 A, in order to make
electrostatic interactions with Arg®* from IF1
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and Arg*! from S12 (Fig. 3, B and C). This
movement causes a concerted displacement
in the position of backbone phosphates of

Table 1. Summary of crystallographic data.

Data collection:

A1413-C1420 with respect to the axis of H44
(Fig. 3A). Nucleotides on the complementary
strand (strand B, Fig. 3A) do not move much

Completeness

Re;o- No. of Nq. of (%) /o) Reym (%)

Beam- lution unique

line limit \?atjc?ce);—s reflec- Outer Outer Outer

(&) tions Overall <hell Overall <hell Overall <hell

ID14-4 3.2 854,384 227,537 96.2 92.2 5.1 1.9 14.0 49.9
Refinement:
Resolution range 99.0-3.2 A
Reflections excluded for cross-validation 5%
Number of nonhydrogen atoms

Proteins 19,896

RNA 32,283

Metals 67
R factor (conventional) 0.218
R factor (free) 0.261
Cross-validated o, coordinate error 0.56 A
Deviations from ideality

rms deviations in bond lengths 0.007 A

rms deviations in bond angles 1.25°

: ..zﬁ;wgi;; 3
]

a5

AR
KES
i

Fig. 1. Stereo views of electron density maps of the 30S-IF1 complex, showing a B sheet in IF1.
(A) o,-weighted 2mF, — DF_ maps from an initial refinement in which no model for IF1 was
included. (B) The corresponding maps after refinement with IF1.
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with respect to the helical axis, which results
in disruption of base pairing. In particular, the
noncanonical A1413-G1487 base pair is bro-
ken on IF1 binding (Fig. 3, B and C), which
accounts for the increased reactivity of both
bases to chemical modification in the pres-
ence of IF1 (22). These bases belong to the
“class III” sites which are known to be pro-
tected by tRNA and some antibiotics (30).
Further down H44 (asterisk in Fig. 3A), nu-

L\ y
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REPORTS

cleotides in strand B move with respect to the
helical axis, whereas the positions of those in
strand A remain relatively unchanged.

In addition to the changes in H44, IF1
causes a movement of the domains of the 305
with respect to each other. The head, plat-
form, and shoulder all rotate toward the A
site. In contrast, the presence of three antibi-
otics (streptomycin, paromomycin, and spec-
tinomycin) (27) causes the platform and

shoulder to tilt toward the A site, but the head
to tilt back, away from it. Two animations
showing these changes are available in the
supplementary material (25). Although small
(changes of up to 1.2 A in a model with a
o ,-weighted coordinate error of 0.54 A), the
concerted nature of the changes suggests they
are significant. It is possible that in the ab-
sence of crystal lattice constraints a similar
but more extensive movement of the domains

1

Fig. 2. Interaction of IF1 with the 30S subunit. p
(A) Close-up of the IF1 binding site, with IF1 in
purple, helix 44 in cyan, the 530 loop in green, and
protein S12 in orange. These colors are used
throughout Figs. 2 and 3. (B) Overview showing the
position of IF1 (purple) with respect to the 30S
subunit (gray). H44, 530 loop, and S12 are colored
as in (A). H, head; Bo, body; N, neck; Sh, shoulder; P,
platform. (C) Overview of the 30S showing helix 44,
S$12, and the 530 loop as in (A), but with the A- P-
and E-site tRNAs modeled as described in the text,
in dark blue, orange, and yellow, respectively. Com-
parison with (B) shows that IF1 would block the
binding of A-site tRNA. (D) Stereo pair showing
A1492 and A1493 in H44 buried into protein pock-
ets formed by IF1 and a combination of IF1 and S12.

same region in the absence of IF1, showing a more regular helix and
the intact base pair between A1413 and G1487. (D) Surface of the
30S subunit with IF1 bound, showing regions that are protected by
association with the 50S subunit in red (see text). Helix 44 and the
530 loop are also shown.

Fig. 3. Conformational changes in the 30S on IF1 binding. (A) Helix 44
in the presence (cyan) and absence (yellow) of IF1, showing signifi-
cant distortions of the helix. (B) Close-up showing how IF1 and S12
together can distort helix 44. The backbone moves so much that the
noncanonical base pair between A1413 and G1487 is broken. (C) The
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would be observed, as was suggested for
bacteriorhodopsin (37). A larger movement
of the head could explain how the base G530,
which remains exposed in the structure, is
protected from chemical modification by IF1
(14).

IF1 increases the rate at which 308 sub-
units associate and dissociate with 50S, but
does not shift the equilibrium between 708
ribosomes and free subunits (4). This effect
was demonstrated by showing that IF1 in-
creases the rate of incorporation of radiola-
beled 50S subunits into unlabeled 70S ribo-
somes (32). In the presence of IF3, which
blocks subunit association (4), the effect of
IF1 is to increase the degree of subunit dis-
sociation beyond that observed for IF3 alone.
This role of IF1 is likely to be significant in
vivo because the concentration of [F3 is some
100-fold less (2) than that required to disso-
ciate ribosomes fully in vitro (33).

H44 makes extensive contacts with the
508 subunit (26, 34) (Fig. 3D). It is possible
that the conformation of H44 in the presence
of IF1 resembles its conformation during the
transition state of subunit interaction. Stabi-
lization of this transition state would cause an
increase in the rate of both subunit dissocia-
tion and association. However, the effect of
IF1 on dissociation could also be the result of
other structural changes in regions of the 305
subunit that contact the 50S subunit, such as
the head domain.

Insertion of the loop of IF1 into H44 and
flipping out the bases A1492 and A1493
destabilize the top of the helix, which allows
nucleotides C1411 and C1412 to move to
interact with a binding site formed by pro-
teins IF1 and S12. The movement of C1411
and C1412 shifts one strand of the helix with
respect to the other, and this in turn propa-
gates changes in conformation over a long
distance. In addition, H44 is connected di-
rectly to the head of the 30S subunit, and
changes in its conformation appear to be
directly related to movement of this domain.
Changes in H44 coupled with the movement
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of domains have also been observed by cryo-
electron microscopy of various functional
states of the ribosome (35-37). It will be
interesting to see whether these other changes
in the 30S subunit resemble those seen here in
the presence of IF1.
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