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Mechanism for expanding the decoding capacity of
transfer RNAs by modification of uridines

Albert Weixlbaumer!, Frank V Murphy vl Agnieszka Dziergowskaz, Andrzej Malkiewicz2,

Franck A P Vendeix®, Paul F Agris® & V Ramakrishnan!

One of the most prevalent base modifications involved in decoding is uridine 5-oxyacetic acid at the wobble position of tRNA. It
has been known for several decades that this modification enables a single tRNA to decode all four codons in a degenerate codon
box. We have determined structures of an anticodon stem-loop of tRNAY? containing the modified uridine with all four valine
codons in the decoding site of the 30S ribosomal subunit. An intramolecular hydrogen bond involving the modification helps to
prestructure the anticodon loop. We found unusual base pairs with the three noncomplementary codon bases, including a GeU
base pair in standard Watson-Crick geometry, which presumably involves an enol form for the uridine. These structures suggest
how a modification in the uridine at the wobble position can expand the decoding capability of a tRNA.

It is thought that the primitive genetic code might have been a ‘two-
letter’ code, with the third position in the codon being degenerate’.
However, the present genetic code has evolved so that only 8 of the 16
codon boxes defined by the first two positions are fully degenerate—
that is, code for the same amino acid (Fig. 1a). Such degenerate codon
boxes are generally decoded by different isoaccepting tRNAs?. The
four-fold degenerate codon box for valine is decoded by two different
Escherichia coli tRNAs, tRNAYIG,c and tRNA ,suac (where the
anticodon is specified in the subscript; cmo®U denotes uridine
5-oxyacetic acid). Yet valine can be incorporated into MS2 coat
protein from all four of its codons using only a single tRNA®. The
post-transcriptional modification of uridine to cmo®U at the wobble
position, nucleotide 34, allows tRNAY | -iac and tRNAP® -
to read adenosine, guanosine and uridine efficiently in vitro and is
required for recognition of adenosine, guanosine, uridine and cytidine
in vivo in mutant strains lacking other isoacceptors*™. Given its
importance in expanding the tRNAs ability to decode different
codons, it is not surprising that the wobble-position U34 is modified
to cmo®U34 or a derivative (Supplementary Fig. 1 online) in tRNAs
recognizing codons in six different codon boxes (Fig. 1a). Thus, this is
one of the most widely used tRNA modifications directly involved
in decoding.

Previous kinetic and structural work has shown that tRNA selection
by the ribosome involves an induced fit to a productive form that
allows activation of the accessory GTPase factor EF-Tu”®. During
decoding, the geometry of Watson-Crick base pairing between codon
and anticodon at the first two positions is monitored through minor-
groove interactions by ribosomal bases A1492, A1493 and G530
(E. coli numbering)®. This recognition provides the additional binding

energy to induce a transition of the ribosome from an open to a closed
form, which is required for tRNA selection!?. Antibiotics or mutations
that make the transition more energetically favorable can allow
selection of a near-cognate tRNA. However, the formation of
Watson-Crick base pairs at the first two positions is not always
sufficient for decoding, and previous structural studies have suggested
an important role for modifications in a lysine tRNAL.

Here we report the crystal structures of an anticodon stem-loop
(ASLY? . ssuac) bound to all four valine codons in the decoding site
of the 30S ribosomal subunit. A recent high-resolution structure of the
ribosome!? shows that the ASL of full-length tRNA makes essentially
identical contacts in the entire ribosome to those of an isolated ASL
with the 30S subunit®, thus validating studies that use crystals of the
30S subunit with ASLs to examine tRNA interactions in the A site.
Our structures reveal unusual base-pairing at the wobble position and
shed light on how modification of the uridine allows expanded
decoding by tRNAs.

RESULTS

In addition to cmo®U34, the ASL contained the companion modifica-
tion N6-methyladenosine at position 37 (m®A37; Fig. 1b,c)2. The ASL
and oligonucleotides corresponding to each of the four valine codons
were soaked into crystals of the 30S ribosomal subunit and their
structures were determined as described® (see Methods). The four
structures were refined to resolutions of between 2.8 and 3.1 A. Both
modifications are clearly visible in all four unbiased difference Fourier
maps of ASLY | =ac bound to GU(A/G/U/C). The structures show
unusual and unexpected base pairing only at the wobble position
(Fig. 2a—d and Supplementary Fig. 2 online).
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Figure 1 The degeneracy of the genetic code. (a) The genetic code. 8 of
16 codon boxes are degenerate (highlighted in green and white). Boxes
containing codons read by tRNAs with cmo®U34 or derivatives are
highlighted in green. (b) Pairing between the ASL and the codon on the
mRNA. The modification allows the tRNA to read A, G, U and in some
cases also C. (c) Modified bases in E. coli tRNAY2 . siac. Modifications
are shown in magenta. The cmo®U modification is expected to affect the
keto-enol equilibrium.

In all four structures, the global conformation of the 30S
subunit and the interactions at the first two codon-anticodon base
pairs are very similar to those reported for cognate tRNAFP® (ref. 9).
The codon nucleotide at the wobble position is constrained by
hydrogen bonds to G530 of the 16S ribosomal RNA and, via a
Mg?"-mediated bridge, to C518 and ribosomal protein S12 (ref. 9).
However, the anticodon of ASLY2.  siac is more constrained than in
the case of an unmodified base, because the ether oxygen (O5) of
cmo°U34 forms an intramolecular hydrogen bond, in all four
base pairs, to the 2’-OH of U33 (Fig. 3a). In this ASL, the 2"-OH of
U33 is also within hydrogen-bonding distance from the N7 of
A35. The ribose of cmo®U34 adopts a C3’-endo conformation in all
four structures.

The modification does not seem to have any obvious role in the
canonical cmo®U34-A pair, which adopts the normal Watson-Crick
geometry. The cmo®U34 is well ordered and adopts a defined
orientation in which the carboxyl group points toward the backbone
of the opposite strand (Fig. 2a).

The cmo®U34°G base pair does not adopt wobble geometry

Notably, the cmo®U34°G base pair adopts Watson-Crick geometry,
suggesting that the uridine must be in the enol form. The
crystal structure of 5-methoxyuridine showed an increase in the C4-
04 bond length, as well as a decrease in the N3-C4 bond length,
indicating a shift in the keto-enol equilibrium of the base!® (Fig. 1c).
This change in bond lengths was more pronounced than in
5-hydroxyuridine, indicating that the shift in the equilibrium is
dependent on the electronic and steric properties of the
group attached to C5 (ref. 13). We propose that, in addition,

the pairing of cmo®U34 to G induces and stabilizes the enol form.
In support of this, theoretical studies have predicted that
glycine induces an analogous tautomeric shift in uridine, which can
increase the concentration of the enol form by up to five orders
of magnitude'“.

Pyrimidine-pyrimidine base pairs

The cmo®U34°U base pair has a wider minor groove, resulting in only
one hydrogen bond (Figs. 2c and 4b), in an A-form helix geometry
similar to UsU pairs previously observed!>!®. We did not observe an
ordered water molecule bridging N3 of cmo®U34 with O2 of U3,
suggesting that the N3 is at least partially desolvated. G530 has been
shown to monitor the second anticodon-codon base pair by forming
contacts with the 2’-OH of the anticodon through its N3 and 2’-OH.
In the cmo®U34°U base pair, the ribose of G530 adopts a C2’-endo
conformation, thereby positioning its 2’-OH closer to the O2 and
2’-OH of cmo®U34 but still maintaining the hydrogen bond between
its N3 and the 2’-OH of A35 in the ASL (Fig. 4a). These additional
interactions that arise as a result of the modification presumably more
than compensate for the otherwise necessary desolvation of the O2 of
cmo>U34. Notably, the carboxyl group of the modification is within
hydrogen-bonding distance of O4 of the uridine in the messenger
RNA (Fig. 2¢).

The cmo®U34°C base pair (Fig. 2d) adopts a similar confor-
mation to the cmo>U34*U and to previously observed UeC
mismatches in RNA duplexes, allowing the formation of one
hydrogen bond!7!8. The arrangement of the bases suggests that
both N3 positions have to be desolvated, and we did not find a
water molecule bridging them, as observed previously!”. In contrast to
cmo°U34+U, the cmo®U34¢C pair does not form the G530 contacts
described above, and both bases are less stacked (Fig. 4b,c).
The smaller stacking interaction and the lack of contacts to G530,
as well as the possible lack of the additional hydrogen bond with
the carboxyl group of the modification, should all destabilize
tRNAY_ suac with a codon ending in cytidine relative to one
ending in uridine. This is consistent with biochemical studies for
valine and leucine tRNAs!%29,

cmo®U34 « C

cmo®U34 e U

Figure 2 cmo®U base-pairs with all four bases at the wobble position of the
mRNA. Shown are structures of the four base pairs along with unbiased
difference Fourier maps. Dotted lines, hydrogen bonds. (a) cmo®U34-A.

(b) cmo®U34+G. (c) cmo®U34eU. (d) cmo®U34eC. This and the other
molecular graphics figures were made with PyMOL.
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Figure 3 Comparison of cmo®UeG with standard UG wobble. (a) Hydrogen
bond from 2’-OH of U33 to 05 of the modification. This contact inhibits
lateral movement of the cmo3U. (b) Geometry of the cmo3U34+G base pair.
(c) The U*G wobble base pair, shown with standard wobble geometry. The
U would be completely unstacked.

DISCUSSION

At the beginning of an elongation cycle, the ribosome seems to be
delicately balanced, so that the additional binding energy from
cognate tRNA, but not near-cognate tRNA, is sufficient to induce a
conformational change to an active form rather than increase the
affinity of the tRNA”8, The work here provides a structural rationale
for how a modification at the wobble position can provide sufficient
additional binding energy so that decoding is facilitated for all four
possible base pairs at the wobble position, thus allowing an expanded
reading of the code by a single tRNA.

Notably, we found standard Watson-Crick base-pairing geometry
not only for the canonical U34*A pair but also for the U34°G pair.
Why is a standard U*G wobble geometry not observed in the U34¢G
pair? It has been shown previously that a guanosine in position 34 of
tRNA can adopt wobble geometry with a uridine in the codon’.
However, in all cytoplasmic tRNAs, the reverse pairing of U34 on
tRNA with guanosine in the codon occurs only when the U34 is
modified (reviewed in ref. 6). In standard G*U wobble geometry, the
uridine has enhanced stacking with the adjacent 5 base, in contrast
with the base on its 3" side?"?2. Thus, a G*U base pair with a uridine
on the 3’ rather than the 5" end of a strand is favored. The U34°G
wobble pair at the end of the codon-anticodon helix in the ribosomal
A site, with the uridine on the 5" end of the tRNA, should therefore be
energetically less stable and thus presumably not contribute enough
binding energy to facilitate the induced conformational change
required for efficient decoding. On balance, it seems that the presence
of the modification reduces the penalty of stabilizing the enol form
enough that a Watson-Crick cmo°U34*G pair, with its additional
hydrogen bond and increased stacking, is the energetically favored
conformation. This also explains why cmo®U34 is essential. An
unmodified U34 would be forced to adopt standard U34*G wobble
geometry because it could not adopt the enol form efficiently enough
and the hydrogen bond to U33 would not lock its position. As the base
in the mRNA is held in place by its interactions with G530 as well as
with C518 and S12, this would require a movement of U34 toward the
major groove and result in it being completely unstacked (Fig. 3b,c).
In addition to the modification’s role in pairing with guanosine in the
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Figure 4 The two pyrimidine-pyrimidine base pairs. (a) Alternative
conformations of ribosomal base G530. In the cmo®UsU base pair, the
G530 ribose adopts a C2’-endo conformation, compensating for the
desolvation of the 02 and 2’-OH of cmo®U34 (cyan). In the cmo®UeC base
pair, it adopts the standard conformation, with a hydrogen bond to the 2’-OH
of A35 in the tRNA (beige). (b,c) In the cmo®UsU base pair, the U stacks
better on its 5’ base than the C does in the cmo®U34sC base pair.

codon wobble position, we observe some cross-strand stacking
between A35 in the ASLY?  suac and adenosine or guanosine in
the wobble codon position. The tRNAs involved in decoding the six
degenerate codon boxes mentioned above all contain a purine in
position 35, which would provide additional stability through cross-
strand stacking for codons ending with adenosine or guanosine.
m®A37 is involved in a cross-strand stack above the first base pair
(Supplementary Fig. 3 online) comparable to that of t°A37 in
ASLYS iy (ref. 11); this stacking also compensates for the otherwise
low enthalpy of binding in all four structures.

In the U34¢U base pair, the carboxyl group of the modification is
within hydrogen-bonding distance of the O4 of the codon. However,
the pK, of the carboxyl group in solution is close to 3, suggesting it
should be completely deprotonated and thus be unable to form a
hydrogen bond with O4 of the codon. Consistent with this, the
orbitals of both the carboxyl group and the O4 appear oriented to
minimize repulsion. However, a shift of as much as 5 pH units in the
pK, of carboxyl groups has been observed in the interior of enzymes®*.
Thus, it remains a formal possibility that a shifted pK, of the carboxyl
group in cmo°U34 results in additional hydrogen bonding between
the modification on the anticodon and the O4 of the codon. The
additional hydrogen bonding would help to explain previous studies
showing that the efficiency of cmo®U34¢U decoding is comparable to
that of cmo>U34G decoding!®.

There are two additional factors that facilitate decoding by tRNAs
with cmo®U34 of codons ending in uridine or in some cases even
cytidine, even though the cmo®U34°C base pair seems relatively weak.
In cases where a single tRNA has been shown to decode all four
codons in vivo, G-C base pairing occurs at the first two codon
positions. Not only are G-C pairs intrinsically more stable than A-U
pairs, but the type I A-minor interaction for G-C pairs is also
stronger?®, providing additional binding energy. This additional
energy from having G-C pairs at the first two positions is apparently
not sufficient for decoding by itself, because in addition the U34 is
required to be modified. We expect that the cmo®U34 prestructures
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Table 1 Summary of crystallographic data and refinement

ASLYelmosuac-GUA

ASLYlosuac-GUG

ASLYalosuac-GUC

ASLYel osuac-GUU

Data collection
Space group
Cell dimensions
a b, c(h
Resolution (A)

402.2,402.2, 1749
30-3.0(3.1-3.0)

400.9, 400.9, 174.2
50-3.1 (3.2-3.1)

401.9, 401.9, 174.6
100-2.9 (3.0-2.9)

400.5, 400.5, 173.4
40-2.8 (2.9-2.8)

Rsym 15.9 (63.7) 26.2 (75.0) 17.4 (78.9) 13.4 (79.2)
I/ol 7.4 (2.1) 6.3 (2.0) 8.8 (2.0) 11.5(2.2)
Completeness (%) 93.7 (87.4) 96.0 (92.9) 97.0 (92.3) 96.8 (91.9)
Redundancy 3.1(@3.1) 4.0 (4.0) 4.2 (4.0) 5.0 (4.9)
Refinement
Resolution (A) 30.0-3.1 30.0-3.1 30.0-2.9 30.0-2.8
No. unique reflections 252,303 250,474 308,707 335,672
Ruork ! Riree 21.0/24.5 22.8/26.8 22.3/25.4 21.8/24.2
No. atoms
RNA 32,850 32,873 32,870 32,828
Protein 19,238 19,238 19,238 19,238
lons 242 199 194 255
Paromomycin 42 42 42 42
B-factors
RNA 66.69 54.29 69.80 62.23
Protein 69.50 59.98 71.67 68.49
lons 63.44 47.71 55.69 60.59
Paromomycin 55.90 42.19 57.26 51.51
R.m.s. deviations
Bond lengths (A) 0.0067 0.0073 0.0067 0.0067
Bond angles (°) 1.18 1.20 1.17 1.17

Structures show ASLY2.,suac bound to each mRNA codon indicated. Values in parentheses are for highest-resolution shell.

the anticodon loop through the hydrogen bond between the 2’-OH of
U33 and the O5 of the cmo®U34, thereby presumably reducing the
entropic cost of binding and making the binding of tRNA to a codon
ending in uridine or cytidine sufficiently favorable for decoding in
these contexts.

Our structures are also consistent with pre-steady-state kinetics
experiments on decoding, which have shown that a tRNAA® with a
noncanonical cmo®U34¢C pair at the wobble position has a decoding
efficiency similar to that of cognate tRNAs, whereas an unmodified
A*G pair at the wobble position for tRNAPP® has greatly reduced
decoding efficiency?. It would be useful to compare directly the
kinetic parameters for the same codon-anticodon pairs with
and without the modification. Finally, the structures are also
consistent with results that show that the binding affinities of tRNAY!
with the modified U34 for ribosomes with codons ending in
adenosine, guanosine or uridine are very similar and stronger than
that for the codon ending in cytidine (E.M. Gustilo and PEA,
unpublished data).

In summary, the work described here provides a structural basis for
rationalizing longstanding observations on how modifications of
uridine at the wobble position facilitate expanded decoding for tRNAs.

METHODS

Materials and crystallization. Thermus thermophilus 30S ribosomal subunits
were purified, crystallized and cryoprotected as described?® (the final solution
being 26% (v/v) MPD, 100 mM potassium-MES (pH 6.5), 200 mM KCl,
75 mM NH,Cl and 15 mM MgCl,). ASLY2 . .suac was chemically synthesized
using a slightly altered phosphoramidite chemistry method?”. The standard
units and m®A were protected with the typical combination of masking

groups (5'-dimethoxytriphenylmethyl chloride (DMTr), 2’-¢-butyldimethylsilyl
(TBDMS), exo-amine phenoxacetyl/benzoyl), whereas p-nitrophenyloethyl was
used to block the cmo®U carboxyl function. The oligomer was deprotected as
described?®, and homogeneity was verified by MALDI-TOF analysis, enzymatic
digestion to nucleosides and HPLC analysis®®. NMR analysis of ASLY2L . o5uac
clearly demonstrated the presence cmo®U34 and m°A37. The mRNA oligo-
nucleotides were chemically synthesized and gel-purified (Dharmacon) with
the sequences 5-GU(A/C/G/U)AAA-3" (codons underlined). After cryoprotec-
tion, the 30S crystals were soaked in cryoprotection buffer containing 80 pM
paromomycin, 300 pM ASL and 300 uM of the corresponding mRNA
hexanucleotide for at least 48 h as described®!°. Crystals were flash-cooled in
liquid nitrogen and stored for data collection.

Data collection and refinement. Crystals were prescreened at European
Synchrotron Radiation Facility beamline ID14-2 using short exposures 90°
apart. Crystals were then stored in liquid nitrogen before data was collected at
European Synchrotron Radiation Facility beamlines ID14-4 and ID29 in a
cryostream at 90-100 K. Processing was done using XDS*. The CCP4 package
was used for assorted tasks®!. Coot was used for visualization and building®?
and CNS 1.2 was used for refinement®>. Topologies and parameters were used
directly or derived using HIC-Up*%. A summary of crystallographic data
is shown in Table 1. Differences in individual data sets are likely to be
the result of slight differences in crystal quality. Figures, as well as alignments
between the individual structures, were made using PyMOL (http://pymol.
sourceforge.net)®. The structure of an RNA A-form helix containing a GeU
wobble base pair was aligned to the codon-anticodon helix to compare it with
the cmo®U*G base pair®®. Analysis of stacking interactions and RNA bond
angles was done using 3DNA%.

Accession codes. Protein Data Bank: Coordinates for ASLY?\ sac bound to
each of four RNA hexamers (5"-GU(A/C/G/U)AAA-3’) on the 30S ribosomal
subunit have been deposited with accession codes 2UU9 (5-GUG), 2UUA
(5-GUC), 2UUB (5’-GUU) and 2UUC (5’-GUA).
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