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ABSTRACT

The eukaryotic tRNA guanine transglycosylase (TGT) is an RNA modifying enzyme incorporating queuine,
a hypermodified guanine derivative, into the tRNAsAPASMHISTY \While both subunits of the functional
heterodimer have been crystallized individually, much of our understanding of its dimer interface or
recognition of a target RNA has been inferred from its more thoroughly studied bacterial homolog.
However, since bacterial TGT, by incorporating queuine precursor preQ;, deviates not only in function,
but as a homodimer, also in its subunit architecture, any inferences regarding the subunit association of
the eukaryotic heterodimer or the significance of its unique catalytically inactive subunit are based on
unstable footing. Here, we report the crystal structure of human TGT in its heterodimeric form and in
complex with a 25-mer stem loop RNA, enabling detailed analysis of its dimer interface and interaction
with a minimal substrate RNA. Based on a model of bound tRNA, we addressed a potential functional
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role of the catalytically inactive subunit QTRT2 by UV-crosslinking and mutagenesis experiments,
identifying the two-stranded BERF-sheet of the QTRT2 subunit as an additional RNA-binding motif.

Introduction

Queuosine (Q) is an extensively modified nucleoside found at
position 34, the wobble position, of tRNA™P, tRNAs*™",
tRNA™* and tRNA™", the isoacceptors decoding NAC and
NAU codons [1]. In these positions, it is almost universal among
both bacteria and eukaryotes.

Queuosine-modification has been shown to regulate transla-
tional speed by inverting a tRNA’s preference for C- or U-ending
synonymous codons, although the direction of this preference
seems to depend both on species and codon type [1-5]. In
Shigella flexneri, a bacterium causing shigellosis, queuosine defi-
ciency leads to a loss of virulence, possibly because its virF mRNA
is itself Q-modified [6,7]. Among eukaryotes, the presence of
queuosine at tRNA position 34 is stimulatory of the methyl
transferase Dnmt2 [8,9] and inhibits the ‘tRNase” angiogenin [10].

Chemically, queuosine is a guanosine derivative comprised
of a 7-deazapurine core and a cyclopentenediol moiety
attached via a 7-aminomethyl linker [11,12]. The biosynthesis
of queuosine requires eight enzymes in bacteria: Five of them
are responsible for converting guanosine 5'-triphosphate
(GTP) into the precursor 7-(aminomethyl)-7-deazaguanine
(preQ;) [13-19], the enzyme tRNA guanine transglycosylase
(TGT) then inserts preQ; into position 34 of a substrate
tRNA, where it replaces the genetically encoded guanine
[20,21]. The final two reactions converting preQ; into queuo-
sine then occur in the context of the tRNA [22-29].

The bacterial TGT enzyme is a homodimer, each subunit is
a modified (B/a)g barrel with multiple insertions, including

a zinc-binding domain, which coordinates a single Zn** ion
[30,31]. At the centre of the symmetric dimer interface, two
loop-helix motifs form a network of polar interactions with
two extensive helix-turn-helix motifs framing the zinc-
binding domain of the opposing subunit [32,33]. However,
the primary contribution to dimer stability are two aromatic
hot spots located in the peripheries of the interface [33,34].
Due to the geometry of the dimer, only one subunit is cata-
Iytically active at a time because a tRNA molecule being
bound and converted by one subunit blocks the active site
of the other by steric hindrance [35,36]. The TGT reaction
follows ping-pong kinetics: First, a covalent intermediate is
formed between a catalytic aspartate and ribose 34 of the
tRNA substrate, leading to the release of free guanine, before
preQ; can take its place in the active site and be incorporated
into the tRNA, thus completing the reaction [37].

Although queuosine is found in the tRNAs of most eukar-
yotes, TGT is the only enzyme of the Q-biosynthesis pathway
with a eukaryotic homolog. Instead of producing queuosine
and its precursors de novo, eukaryotes salvage its free base
queuine from gut bacteria or nutritional sources [38-43]. For
this reason, the eukaryotic TGT is adapted to insert the fully
modified queuine instead of its precursor preQ; into the
tRNA substrate [44-46]. In mammals, queuosine can be
further modified by mannosylation or galactosylation
[47,48]. Unlike bacterial TGT, eukaryotic TGT is
a heterodimer and is comprised of a catalytically active sub-
unit (QTRT1) and a catalytically inactive one (QTRT2)
[49,50]. With the exception of a modified binding pocket to
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accommodate the bulky cyclopentenediol moiety of queuine,
the structure of QTRT1 is very similar to bacterial TGT [51].
The catalytically inactive QTRT2 is homologous and shares
the overall (p/a)s fold architecture, but its active site and
several other structural elements are degenerate or modi-
fied [52].

Since both subunits of the eukaryotic TGT are homologs of
the bacterial TGT, it is likely that their dimerization follows its
model. However, the lack of a crystal structure has so far
impeded thorough understanding of the heterodimer’s sub-
unit arrangement.

Detailed knowledge of the dimer is also necessary to
understand how TGT enzymes bind their substrate tRNAs.
Footprinting data of bacterial TGT suggests interaction
mainly with the tRNA’s anticodon arm [53]. Experiments
with in vitro transcribed minimal RNA constructs confirmed
that a stable stem loop with a Y3,U33G34U;5 sequence in
a 7-membered loop is sufficient to be recognized and con-
verted by bacterial TGT [54,55]. Such a stem loop RNA was
used in the only crystal structure of RNA-bound TGT, which
revealed a drastically changed conformation of the anticodon
loop and specific recognition of the U;3G;4U;5 bases, while
the remainder of the RNA was bound independent from
sequence via its sugar-phosphate backbone [35]. The only
data addressing the substrate specificity of eukaryotic TGT is
based on in vivo experiments using a Xenopus oocyte model
which suggest that queuine is only incorporated into tRNAs
with intact three-dimensional architecture [56,57]. This is in
contrast to the minimalist substrate requirements of bacterial
TGT and raises the question of whether the eukaryotic
TGT-RNA complex differs from the bacterial one.

Here, we present the first crystal structure of human TGT
in its heterodimeric and RNA-bound form, serving not only
to understand subunit association in eukaryotic TGT but also
its interaction with and recognition of a stem loop RNA
substrate. In addition, we performed UV-crosslinking and
mutagenesis experiments on which we based a model of
how a full tRNA is bound by human TGT.

Results
Crystal structure of a human TGT-RNA complex

In preparation for crystallization of a human TGT-RNA com-
plex, we assembled a complex of heterodimeric TGT and a 25-
mer stem loop RNA containing a Y3,U33G34Us5" anticodon
loop sequence [35]. Such a stem loop RNA is the known
minimal substrate for bacterial TGTs [55] but we verified
that in vitro it is also converted by the human TGT (S 1).
For crystallization, the complex was assembled in the presence
of excess 9-deazaguanine (9dzG) to chemically trap the cova-
lent TGT-RNA intermediate [35].

We obtained rod-shaped crystals from PEG (1500, 3350 or
4000)-based crystallization conditions at pH 5.5-6.5. Crystals
appeared after 2-4 days, reached up to 150 um in size and
grew at both 4°C and 20°C. We collected datasets of diffrac-
tion images from several crystals using synchrotron radiation
and identified the crystals to belong to either space group C2
or P2;.
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We obtained initial phases by molecular replacement using
the structures of human QTRT1 (PDB-ID: 6H42) and mouse
QTRT2 (6FV5) as search models. Although various search
combinations were tried, only the heterodimeric form led to
drastically improved R-factors during initial refinement.
Manual inspection of the resulting electron density revealed
a large volume of additional density in which the stem loop
RNA was placed (S 2). The best dataset (from crystal grown in
0.1 M MMT pH 6, 25% (w/v) PEG 1500 at 4°C) was refined at
a resolution of 2.88 A and to R-factors of 21.17% (Ryer) and
24.84% (Rpree) (Table 1).

The asymmetric unit contains one RNA molecule and two
polypeptide chains (QTRT1 and QTRT2), each coordinating
a Zn>" ion (Fig. 1A). 9-Deazaguanine (9dzG) is bound to the
active site of QTRT1. The first 15 amino acid residues of
chain A (QTRT1) are missing, although two of them are
remnants of the cleaved N-terminal His-tag and numbering
of the model therefore starts with P14. The model is complete
at both the QTRT1 C-terminus and the QTRT2 N-terminus,
and only the very last residue (S415) is missing from the
QTRT2 C-terminus. Other areas of missing density will be
discussed below.

Both subunits in this new structure of RNA-bound human
TGT (hTGT) have the fold that is characteristic for TGT
proteins and which consists of a central (p/a)g barrel with
several insertions, including a zinc-binding domain. For this
reason, we have adapted the established nomenclature [35,52]
to refer to their secondary structure elements (See S 3 for
a topology diagram). There is continuous density linking
ribose 34 and the catalytic aspartate 279 while the density
for 9dzG has no connection to the RNA (Fig. 1B). It is
therefore clear that the structure does indeed represent the
covalent TGT-RNA intermediate.

Table 1. Data collection and refinement statistics

Data collection

X-ray source Synchrotron (BESSY I, MX 14.1)

Wavelength (A) 0.9184
Resolution (A) 50.00-2.88
Space group 121

a, b, c (R) 161.84, 56.96, 102.96
a By 90.0, 124.93, 90.0
Wilson B (A%) 67.81
Rmeas (%) 11.6 (112.1)
I/ (I)! 13.83 (1.81)
CCypp' 99.9 (87.6)
Completeness (%)’ 98.9 (99.8)
Redundancy 6.7
Refinement

Resolution (A) 42.20-2.88
No. of reflections 16550
Ruwork (%) 21.17
Reree (%) . 24.84
Mean B value (A?) 88.54
Protein 88.78
RNA 86.24
R.m.s. deviations

Bonds (A) 0.008
Angles (°) 1.414
Ramachandran favored (%) 96.21
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 4.6
Clash score 7.91

"Numbers in parentheses are for the highest resolution shell.
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Figure 1. Crystal structure of human TGT with covalently bound RNA.

A: Structural overview of the heterodimeric TGT from Homo sapiens as a covalent intermediate with a 25-mer RNA stem loop. The catalytic subunit (QTRT1) is shown
in light blue, the non-catalytic subunit (QTRT2) is shown in dark blue, the RNA stem loop is shown in yellow. The 9dzG molecule bound at the active site is shown in
yellow stick representation. The two Zn”* ions are depicted as pink spheres. B: Active site of human TGT with ribose 34 covalently bound to catalytic aspartate 279
and 9dzG coordinated by D105, F109, D159, Q202, G229 and M259. An mFo-DFc electron density omit map for D279, ribose 34 and 9dzG contoured at ¢ = 5.0 is

shown as a grey mesh.

9dzG/Q
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Figure 2. Conformational rearrangements of hTGT.

Comparison of hTGT structure (blue and yellow) with queuine-bound QTRT1 (PDB-ID: 6H45, depicted in pink) and RNA-bound bacterial TGT (PDB-ID: 1Q2R, depicted
in green). A: Conformational shift of QTRT1 helix aA and equivalent residues F109/Y106 (human/Zymomonas mobilis) upon RNA binding. B: Formation of QTRT1
helices a2a and a2b upon dimerization. C: Re-orientation of QTRT1 B1a1 loop at dimer interface and interaction with helices aE and a8 of the opposing subunit

(QTRT2/bacTGT).

The 9dzG base co-locates with that in the bacterial struc-
ture of a covalent RNA intermediate (PDB-ID: 1Q2R) and the
7-deazaguanine moiety in the structure of human QTRTI1
soaked with queuine (6H45) [35,51]. The surrounding active
site is largely identical to the available QTRT1 structures
6H42 and 6H45 which represent its apo and queuine-bound
form. One of the few differences between these two structures
is the conformation of S231 and G232 which are flipped to
accommodate queuine’s cyclopentenediol moiety in 6H45. In
the RNA-bound hTGT structure, the G/Q binding pocket is
occupied by 9dzG, which lacks the cyclopentenediol exten-
sion, and, while showing some flexibility, S231 and G232
occupy positions most similar to the apo structure.

Other parts of the QTRT1 subunit have more severely
altered conformations compared to the apo structure:
Helix aA (108-113), which is located near the active site,
is shifted closer to the 9dzG base bound at the catalytic
centre (Fig. 2A). This new position is identical to that
occupied by the equivalent helix in the structure of RNA-

bound TGT from Zymomonas mobilis (1Q2R), while in
RNA-free structures of the bacterial homodimer (e.g.
1PUD), helix aA co-locates with those of the human
QTRT]1 subunit (6H42, 6H45) [30,35,51], illustrating that
this change is caused by binding of the RNA rather than
dimerization. The position of adenine 36 right at the end
of helix aA deems it responsible for its displacement.
Within the helix, residues Q110 and S113 form hydrogen
bonds with the phosphate backbone of nucleotides 35 to
36. Helix aA also contains F109 which is partly responsi-
ble for stabilizing the base in the active site via pi-stacking
interaction.

Amino acid residues 74-89, unstructured in the non-dimeric
QTRT1 structures, form two helices a2a and a2b in the structure
of hTGT (Fig. 2B). Despite being in close vicinity to U35, this
change seems to be a result of heterodimerization as equivalent
helices are present not only in the bacterial RNA-bound structures
but also in structures of the RNA-free bacterial homodimer
[30,35].
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Figure 3. Structural differences between QTRT1 and QTRT2.

The comparison of QTRT2 (dark blue) with superimposed QTRT1 (light blue) reveals altered secondary structure elements in the region near the 5’ end of the stem
loop RNA (yellow). QTRT2 secondary structure elements are labelled in dark blue, QTRT1 elements are labelled in light blue.

Similarly, the QTRT1 loop-helix motif composed of
Blal-loop [47-58] and preceding helix al [59-65] take
a different course in the hTGT structure (Fig. 2C) while
the sharply angled turn between helices aE and a8 (327-
335 and 339-366) of the same subunit is slightly twisted.
Both of these motifs are part of the dimer interface and
occupy identical positions in structures of the bacterial
dimer [30]. The altered position of helix aE also causes
a small change in the neighbouring loop containing resi-
dues 301-311 which is also identical to that in bacterial
dimers [30,35]. This loop contains several positively
charged amino acid residues and acts as a platform for
the backbone of nucleotides 29-32.

The new hTGT structure is the first crystallographic repre-
sentation of the human non-catalytic subunit QTRT2.
However, upon inspection it immediately becomes clear that
it is extremely similar the published structure of murine
QTRT2 (6FV5) [52]. Like the mouse protein, human
QTRT2 overall resembles bacterial TGT or the catalytically
active QTRTI, but the would-be active site region appears
degenerate, as key residues and secondary structure elements
are changed or missing.

Helix aA and P-sheet fD are absent in QTRT2 and the
corresponding stretch encompassing residues 108 to 121 is
without a secondary structure (Fig. 3). The course of this
unfolded stretch partly diverges from that in the mouse
QTRT2 structure (residues 101 to 107) and appears highly
flexible as indicated by high atomic displacement para-
meters (ADPs). The reason for this is an unfavourable
interaction with the equally flexible unpaired adenine 25
of a symmetry mate which is stacking with Y107 but
directly interferes with the course of the preceding main
chain as it is seen in the mouse structure (S 4). The

subsequent PBEBF sheet (residues 113-124), two-stranded
due to the missing BD, is angled much closer to the centre
of the subunit in QTRT2 (Fig. 3). Although it too exhibits
locally increased ADPs, the position of the motif is identical
to that of the mouse structure.

The structure of hTGT also confirms the presence of an
additional small helix spanning residues 148-151 that we
named a4a (Fig. 3). The area is rich in positively charged amino
acid residues and makes crystal contact with the phosphate back-
bone of a symmetry related RNA (S 5) which forces it into a more
indented conformation compared to the murine structure.

Finally, QTRT2 has an insertion of about 30 amino acid
residues, however, as in the mouse structure, electron density
for this insertion spanning residues 291 to 326 is completely
missing, and we thus did not include it in model building.

Changes relating to heterodimerization are more subtle in
QTRT2 compared to QTRT1 because the previously pub-
lished mouse structure is that of a similarly configured homo-
dimer [52]. Part of the Blal-loop (residues 37 to 42) is shifted
towards the interface to engage with QTRT1 residues 337-
339. This also entails a minor change of the preceding al helix
[42-53]. Similarly, the interface region 86-92 adopts a slightly
altered conformation and the helix-turn-helix motif formed
by helices aE and a8 of this subunit (residues 361-400) also
shows a minor twist.

The dimer interface of QTRT1 and QTRT2

The structure of hTGT is the first crystallographic account of
the dimer interface formed between eukaryotic QTRT1 and
QTRT?2. Dimerization mainly occurs via the two zinc-binding
domains of the subunits and follows the overall architecture
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Figure 4. Dimer interface of QTRT1 and QTRT2.
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The dimer interface of QTRT1 (light blue) and QTRT2 (dark blue) is primarily formed by two helix-turn-helix motifs (pale and dark yellow) interacting with two loop-
helix motifs (light and dark orange) of the opposing subunit. The peripheries of the interface contain two aromatic hotspots. Hot spot residues are shown in red,
corresponding residues from Zymomonas mobilis are shown in green for comparison.

of the bacterial homodimer: The interface is formed by two
extensive helix-turn-helix motifs that consist of helices oE and
a8 of both subunits interacting with the two loop-helix motifs
comprised of the al helices and preceding Blal loops (Fig. 4).

The interface of hTGT also includes equivalents for the two
characteristic aromatic hot spots of the bacterial homodimer
[33,34]. Being a heterodimer, these two hot spots are not
identical in eukaryotic TGT and will henceforth be referred
to as hot spot (HS) I and II (Fig. 4).

HSI is comprised of QTRT1 F95 and QTRT2 residues
H366, Y363 and H359. It thus has direct equivalents for the
Z. mobilis residues F92, H333 and Y330. H359 occupies the
position of the five-ring of Z. mobilis W326. The loss in
hydrophobic area due to this change is compensated by the
extension of the hot spot by an additional tyrosine (Y354).

HSII appears degenerate: Only QTRT1 F84 is conserved,
F329 and H325 take the place of Z. mobilis Y330 and W326.
There is no additional aromatic residue to compensate for the
loss of the bulky tryptophan and Z. mobilis H333 is replaced
by an alanine.

The two aromatic hot spots are located at the outer edges
of the dimer interface, with most residues of the feature being
provided by the two aE helices. The interior of the interface is
characterized by a network of hydrogen bonds and polar
interactions. Some of these interactions are formed by the
hot spot residues themselves: In HSI, H366 and Y363 bond
to the main chain carbonyls of Q51 and A52, consistent with
their bacterial homologs. Because the equivalent residues
(A332 and F329) have non-polar side chains, these interac-
tions are lost in HSIL

In bacterial TGT, a key feature of the interface is the salt
bridge between a glutamate sitting at the very apex of the
helix-turn-helix motif and a lysine of the facing flal loop
(E339 and K52 in Z. mobilis). In human TGT, this interaction
is conserved in the interface half containing HSI and formed
between QTRT2 E372 and QTRT1 K55, although the terminal
amide of QTRT1 Q51 is located at almost equal distance and

might provide an additional hydrogen bond with E372. In the
interface half of HSII, the apex region of the helix-turn-helix
motif has a more extended conformation. As a result, an
aspartate (D337) instead of a glutamate is sufficient to bond
with K38 located in the N-terminal region of the QTRT2 flal
loop. This lysine is not the equivalent of Z. mobilis residue
K52, instead it replaces the Q51 found in the first half of the
interface. In addition, the interaction with the QTRT2 Plal
loop in this second half of the interface is strengthened by
QTRT1 N338 binding to several of its backbone functional-
ities as well as QTRT1 T339 bonding with QTRT2 H44.

Other interactions contributing to the polar interactions of
the interface are QTRT2 Y354 (the additional tyrosine of HSI)
bonding to the main-chain amide of QTRT1 E60, QTRT2
N358 binding QTRT1 N97 in the first half and QTRT1
H325 (part of HSII) bonding to QTRT2 H47 in the second
half of the interface.

In the centre of the dimer interface, the two al helices of
the subunits interact directly as QTRT1 E60 forms hydrogen
bonds with the QTRT2 sidechains of H48 and N52.

Active site and binding of the RNA stem loop

The binding of the stem loop RNA substrate by human TGT
appears to follow the model of the previously published bac-
terial complex [35]. The RNA is folded into a stem loop that is
comprised of a stem of six helically stacked base pairs, a 5
overhang of one base and a loop of seven unpaired nucleo-
tides. The helical stem rests on the zinc-binding domain of the
QTRT1 subunit, while the loop points into the C-terminal
face of its (B/a)g barrel core where the active site is located. As
such, the RNA is bound almost exclusively by the QTRT1
subunit.

As reported for the bacterial RNA-complex, the loop
region of the RNA adopts an unusual conformation which is
quite different from that of the anticodon loop of a free tRNA:
While the first unpaired base, C32, is roughly in plane with
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Figure 5. Sequence-specific and sequence-independent binding of RNA substrate.

RNA nucleotides are depicted in yellow stick representation, QTRT1 is depicted as cartoon and sticks in light blue. A: C32 forms weakly sequence-specific polar
contacts with T286 and S291. B: U33 is stacked by Y263 and F282 and recognized specifically by K236, D266 and G262. C: C35 is stabilized between K55 and V281
and forms sequence-specific contacts with T284, R288 and R285. D: The helical stem of the RNA is bound sequence-independently via its negatively charged
phosphate backbone. Nucleotides 27-31 (numbered) interact with positively charged QTRT1 residues Q300, K303, R302, H335 and K304.

the helical stacking of the stem, U33 is flipped out [35].
Nucleotides 35 to 38 are in a zig-zag conformation in which
A36 and A38 are likewise flipped to the outside of the loop.

Knowing that bacterial TGTs recognize their RNA sub-
strate by only the bases of the Y;,U33G34Us5 motif, it is of
particular interest to see which bases of the loop are recog-
nized in a sequence-specific manner by the human TGT. The
first loop nucleotide, C32, is positioned only roughly in plane
with the preceding helically stacked bases. It is stabilized in
this position by forming a hydrogen bond with T286 and
a polar interaction with S291 via its N3 and N4 nitrogens
(Fig. 5A). This differs from the bacterial structure, where C32
is in plane with the helix stack and S291 is replaced by
a glutamine.

U33 is stabilized in its flipped conformation via pi-stacking
interaction with Y263, which is in turn stacked to F282. It
accepts hydrogen bonds from K236 and the main-chain
amide of G262 via its O2 and O4 carbonyl functions and
forms an additional hydrogen bond with D266 via its N3
nitrogen (Fig. 5B). With the exception of K236, which does
not exist in the bacterial protein, this way of binding is

conserved, although the base is stabilized by hydrophobic
packing with a lysine, not a tyrosine, in Z. mobilis.

The remnant ribose of G34 is covalently bound to D279
via its Cl atom, thus representing the covalent RNA-
protein intermediate that is the result of the first half of
the TGT reaction mechanism (Fig. 1B). D297 is held in
place by its second terminal oxygen accepting a hydrogen
bond from Y257. The Cl of ribose 34 is located at
a distance of 4.2 A from the C9 atom of the 9dzG base
bound in the G/Q binding pocket, illustrating that
a conformational change would be necessary for the forma-
tion of the new covalent bond and completion of the base
exchange. The 9dzG base is stacked between M259 and
F109, which is rotated slightly out of plane by the RNA-
induced conformational change of aA. Specific recognition
of the deazapurine occurs through several hydrogen bonds
with its Watson-Crick Edge: The second catalytic aspartate
D105 accepts a hydrogen bond from the N2, D159 accepts
two more hydrogen bonds from the N1 and N2 and the O6
forms two hydrogen bonds with Q202 and the main-chain
amine of G229.
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U35 is stacked between K55 and V281. It forms specific
contacts by its O4 accepting two hydrogen bonds from T284
and R288 and O2 accepting hydrogen bonds from R285,
which also forms a second bond with the ribose O4' of the
same nucleotide (Fig. 5C). All of these interactions are con-
served and have direct equivalents in the Z. mobilis structure.

While the flipped base A36 does not form any close con-
tacts, A37 is stacked by R285 and R288 forms a hydrogen
bond with O2'. A38 is the only base that is bound by two
residues of the QTRT?2 subunit: It is stabilized via hydropho-
bic interaction with L373 and polar interaction with N371. In
the Z. mobilis structure, the stabilization of the base is
achieved by an isoleucine at the same position. The polar
interaction is formed with a main-chain carbonyl, but from
both structures it seems unlikely that this single interaction is
sufficient for sequence-specific recognition, especially in
hTGT where the sidechain carbonyl is not at all held in
position by any neighbouring residues.

Finally, QTRT1 F289 forms a stacking interaction with C39
thus holding it in position. As C39 and G31 form the first
base pair of the stem, this interaction also serves to stabilize
the helical stack. Unlike the loop, the helical stem is bound in
a manner that is completely independent from sequence,
mostly via its negatively charged phosphate backbone.

Due to the orientation of the stem loop, only the strand
that includes nucleotides 26-30 makes contact with the pro-
tein, while the opposite strand (nucleotides 39-44) is posi-
tioned ‘in mid-air’. The phosphate 30 forms two hydrogen
bonds with K303 and Q300. The remaining phosphates of
nucleotides 29-26 do not form dedicated hydrogen bonds.
However, several positively charged or polar residues are
located in the near vicinity (R302, K304 and H335), the closest
at a distance of less than 5 A (Fig. 5D).

Potential sites for tRNA binding

Inspection of the surface electrostatics of the heterodimer
reveals that the RNA binding face exhibits two well-defined
positively charged patches (Fig. 6). The first one extends from
the active site to the zinc-binding domain of the QTRT1

QTRT1

subunit and represents the primary-binding site of the stem
loop RNA. A second positively charged patch is located on the
QTRT2 subunit, which is mostly formed by helices a4a and
a4b. We prepared a model of the human tRNA*P based on
the published structure of its yeast equivalent (PDB-ID:
2TRA) and superimposed it to the helical stem of the RNA
in the complex structure (S 6). In the resulting model, the
acceptor stem of the aligned tRNA comes in close vicinity to
the positively charged patch on the surface of QTRT2, sug-
gesting that this patch binds the acceptor stem of a substrate
tRNA via its negatively charged phosphate backbone.

According to the superimposed model, the two-stranded
BEBE-sheet of the QTRT?2 subunit also contributes to binding
of the tRNA: Due to its complementary shape it is able to
protrude into the groove that is formed by the tRNA’s D-arm,
where it is well positioned to form hydrogen bonds and Van
der Waals interactions (Fig. 8A).

Analysis of UV-crosslinks of a TGT-tRNA complex

Aiming to gain experimental evidence for the involvement of
the QTRT2 subunit in binding of a complete tRNA, we
performed UV-induced crosslinking of a TGT-tRNA complex
and analysed the crosslinked peptides using mass spectrome-
try. We identified 14 crosslinked peptides representing 12
unique crosslinks. However, many of the rarer crosslinks (<5
crosslink spectrum matches (CSMs)/replicate) are in locations
that are biologically not plausible, such as the rear face of the
dimer with respect to its active site. For that reason, we
considered only those crosslinks with more than 5 CSMs in
each replicate. We also excluded the two crosslinks at the
QTRT1 and QTRT2 N-termini because we consider them to
be artefacts caused by increased terminal flexibility. The
remaining crosslinks involve QTRT1 residues G232, F289,
Y131, K303 or 304 and QTRT2 residue W116 (Table 2).
While the crosslinked QTRT1 residues are located around
the crystallographically identified binding site of the stem
loop RNA, QTRT2 WI116 confirms the involvement of the
BEPE-sheet of the non-catalytic subunit (Fig. 7). It was

Figure 6. Surface electrostatics of the hTGT heterodimer and superimposed model of tRNAAP,

Two different views on the TGT heterodimer surface electrostatics (blue = positive charge, red = negative charge) are depicted. Two positively charged areas are
visible: The first corresponds to the primary-binding site of the crystallized stem loop RNA (dark yellow), the second is located on the surface of the QTRT2 subunit
(indicated by a blue arrow). A model of human tRNA*P (light yellow) superimposed to the stem loop RNA comes in close contact to the positively charged area of

QTRT2 via its acceptor stem.
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Figure 7. UV-Crosslinking of a TGT-tRNA complex.

Surface representation of QTRT1 (light blue) and QTRT2 (dark blue) with amino acid residues involved in crosslinks with tRNA”P shown in magenta. The crystallized
stem loop RNA is shown in dark yellow, a superimposed tRNA*" model is shown in pale yellow.

A ~

350 ® Mean wt 1.80
= Mean K152E
® Mean R161E A‘V." 1.60
300 A Mean K158E ne ¢ ¥
T v MeanK158S 4 A4 [
Mean K158E R161S v o VA 1.40
Mean K158S R161S anm® Jop |
250 o A Mean K152E K158E R161S "y 1.20 T |
¥ Mean K152S K158E R161S anmos® ’ 1§ L
@ Mean K152E K1585 R161S [] .V « = 5 Ll
Q2004 4 Mean R121E N (I S 1.00 i I
£ = Mean A119D Ayt 3 i
A Mean W116A . T 0.80 ——1
150 v Mean V118D AgWv A g : |
T u %o 2
ANy ~ = 060 o .
100 Ly E -
- Ag vy 0.40 —
R DA ’:A ".; %
*
| &. ﬁ-‘\»‘\ 0.20 = 1
T T T T 0.00 . - 3
0.01 0.1 1 10 100 wt  KI152E K158E R161E KI58E K152E W116A V118D RI121E
TGT (UM) R161S K158E

R161S

Figure 8. Mutagenesis of potential tRNA binding regions.

A: Surface representation of QTRT1 (light blue) and QTRT2 (dark blue) with stem-loop RNA (dark yellow) and a superimposed tRNAAP model (pale yellow). Amino
acid residues that underwent mutagenesis are shown as coloured stick representations (purple: BEBF-sheet, green: positively charged patch). B: Fluorescence
polarization-based affinity assay with TGT mutants and labelled tRNA*P. Individual points represent the average of three triplicates, error bars were omitted for
clarity. Kp values and their errors derived from each curve are listed in Table 3. C: Relative Q-incorporation activity of TGT mutants from three replicates with standard
deviations shown as error bars.
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Table 2. UV-crosslinking results

Peptide sequence1 CSMs in each replicate >5 Position Crosslinked base
1 2 3

MKLSLTK 1 19 16 Yes QTRT2 K2 C
SVSVwSVAGR 1 18 13 Yes QTRT2 W116 U
DVPGFAIGGLSgGESK 12 9 17 Yes QTRT1 G232 U (Q)?
gPMAGAATQASLESAPR 14 15 8 Yes QTRT1 G-2 C
SPyDGNETLLSPEK 12 12 1 Yes QTRT1 Y131 U
fGSALVPTGNLQLR 6 1 6 Yes QTRT1 F289 cy
FRSPYDGNETLLSPEK 4 7 6 No QTRT1 Y131 U
kkVFEK 6 5 5 No QTRT1 K303/4 C
kYQEDFNPLVR 5 6 5 No QTRT2 K339 C
KVFEK 5 4 5 No QTRT1 K304 C
IkNLGK 5 4 4 No QTRT2 K18 C
LLSSVTAELPEDKPR 2 4 4 No QTRT2 K247 C
LAQLKELIHR 1 4 5 No QTRT2 K407 C
SDKLAQLK 2 3 4 No QTRT2 K402 C

"Lower case letter represents crosslinked amino acid residue.
ZBases in parentheses represent a less abundant sub-population.

crosslinked exclusively to a uracil, corroborating the nearby
placement of Ul1 in the superimposed tRNA model.

Mutagenesis of putative QTRT2 binding regions

To further investigate the involvement of the two suspected
tRNA binding regions of the QTRT2 subunit, the BEBF-sheet
and the positively charged patch involving helices a4a and
a4b, we created a series of QTRT2 mutants. For the positively
charged patch, we chose K152, K158 and R161 because they
are solvent-exposed and do not interact with neighbouring
residues in the hTGT structure and created single, double and
triple mutants. The charge of each residue was either neutra-
lized (mutation to serine) or inversed (mutation to gluta-
mate), however, the combination of KI158E and RI161E
resulted in presumably misfolded protein that could not be
purified.

We tested the affinity with fluorescently labelled tRNA*
and performed activity tests with each of the remaining
mutants (Fig. 8). The affinity of the K158E and R161E single
mutants was identical to that of the wildtype, for which we
determined a Ky of 7.91 + 0.86 pM (Table 3). The K152E and
K158S mutants exhibited marginally reduced affinity with
a less than 2-fold increased experimental Kp
(12.51 + 1.88 puM, 13.28 + 3.54 uM). The binding curves of
the K158S R161S and K158E R161S double mutants and
K152E KI158E RI161S, K152S KI158E R161S and K152E
K158S RI161S triple mutants were all noticeably shifted
(Fig. 8B). Since these curves do not reach saturation, they
could not be fitted, but upon visual inspection it is clear that
the Kp of these mutants is well above 20 pM.

For the BEPF-sheet, we created the following single-point
mutations: R121E, A119D, V118D and W116A. Mutants
V118D and W116A were indistinguishable from the wildtype
in affinity tests, the experimental Ky of the A119D mutant
was marginally reduced (5.48 + 0.42 pM). In contrast, the
RI121E  mutation caused a 4-fold increased Kp
(16.00 = 1.09 pM).

We also determined the relative activity of some of the
mutants (Fig. 8C). Despite the observed reduction of affinity
of the double and triple mutants, the relative activity of all

mutants of the positively charged patch deviated by less than
30% from that of the wildtype: The K158E R161S double
mutant had activity reduced to 80% of that of the wildtype
and the activity of the K152E single mutant was 1.3-fold
increased, while all other mutants of the positively charged
patch fell somewhere in between. The BEBF mutants W116A
and V118D too had wildtype-like activity. With the relative
activity reduced to 60% of the wildtype activity, the R121E
mutation had the most drastic effect.

Discussion

Despite half a century of research on tRNA guanine transgly-
cosylase (TGT), our understanding of eukaryotic TGT espe-
cially is still fragmentary. In this publication, we presented the
first crystal structure of a eukaryotic TGT in its heterodimeric
and RNA-bound form. With its aid, we were able to gain
a thorough grasp of the functional elements that make up the
interface of its two subunits. We were also able to analyse how
a stem loop RNA is bound by eukaryotic TGT, make
a conjecture on the binding of a full tRNA and evaluate
whether and how it differs from bacterial TGT.

Comparing the subunits of the heterodimeric structure to
the previously published apo-structures of the individual sub-
units, we saw several changes in conformation. The catalytic
subunit QTRT1 was previously crystallized as an unusual
homodimer in which both chains are aligned along their
(B/a)g barrels, an arrangement considered a crystallographic
artefact by the authors [51]. QTRT2 was also crystallized as
a homodimer, but it was configured similarly to the hTGT
heterodimer. Unsurprisingly, the differences we observe in
heterodimeric hTGT therefore mostly involve the regions of
the dimer interface. However, most of these changes, such as
the formation of QTRT1 helices a2a and a2b, are in line with
structures of the bacterial TGT dimer. Like in bacterial TGT,
the dimer association in eukaryotic TGT seems to be largely
based on the interaction of its al helix and preceding pflal
loop with a helix-turn-helix motif formed by helices aE and
a8. Since the eukaryotic dimer interface exhibits a pseudo
2-fold symmetry, both of these elements occur twice.
Looking at the two halves of the interface, it becomes clear



that they are unevenly conserved: The first half (involving the
helix-turn-helix motif of QTRT2 and the loop-helix motif of
QTRT1) is very similar to its bacterial homolog, including
a salt bridge at the apex of the helix-turn-helix motif and the
configuration of the aromatic hot spot which is thought to be
the major contributor to dimer stability in bacterial TGT. In
the second half, the interaction is stabilized by alternative
bonds and the extent of the aromatic hot spot is significantly
reduced. Interestingly, this reduction mostly effects the
QTRT1 subunit, which contributes only three aromatic resi-
dues to the two hotspots, whereas QTRT2 contributes five.
This might be the explanation why QTRT2 has previously
been observed to form homodimers in solution, while QTRT1
has not [52].

The altered conformation of QTRT1 helix aA near the
active site is the only major change that seems to be caused
by the binding of the RNA substrate. It is shared only by the
structures of the RNA-bound bacterial TGT [35]. The con-
formational change of aA causes a rotation of F109, which
stacks the (deaza)purine in the active site and, in its rotated
conformation, allows it to act like a lid to its binding pocket.
This might be a mechanism of induced fit serving to shield
the active site from water access and facilitating the nucleo-
philic attacks on ribose 34. While it is unclear whether the aA
shift is induced by initial binding of the tRNA or whether it is
the result of the conformational changes that occur during the
formation of the covalent RNA-TGT intermediate, the former
appears more likely: An equivalent aA conformation is also
observed in the post-catalytic state of bacterial TGT bound to
preQ; 34-RNA, which is likely similar to the initial G;4-tRNA
substrate complex [35]. In addition, conformational changes
of the RNA occurring between the covalent intermediate and
the formation of the post-catalytic state are limited to nucleo-
tide 34 while the adenine at position 36, which is likely
responsible for the shift of aA, occupies identical posi-
tions [35].

Recently, a sequential bi-bi mechanism in which queuine
is bound before formation of an RNA-complex has been
suggested for eukaryotic TGT instead of a ping-pong mechan-
ism [58]. However, from the structure of h'TGT it is clear that
one base only, guanine 34 or queuine, can simultaneously
reside at the active site. Even if, as the authors of the cited
work suggest, queuine initially binds to a secondary binding
site outside of the catalytic centre, a second queuine molecule

Table 3. Binding affinites of TGT mutants
TGT construct

Experimental Kp (UM)

wildtype 7.91 £ 0.86
QTRT2 K152E 12.51 + 1.88
QTRT2 K158S 13.28 £ 3.54
QTRT2 K158E 7.83 £0.70
QTRT2 R161E 7.81 £ 1.68
QTRT2 K158S R161S NA (>20)
QTRT2 K158E R161S NA (>20)
QTRT2 K152E K158E R161S NA (>20)
QTRT2 K152S K158E R161S NA (>20)
QTRT2 K152E K158S R161S NA (>20)
QTRT2 W116A 7.68 £0.73
QTRT2 V118D 7.68 £ 0.76
QTRT2 A119D 5.48 + 0.42
QTRT2 R121E 16.00 + 1.09
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would still need to bind to the active site after the freed
guanine is released, which is why we continue to argue for
a conserved ping-pong mechanism.

The RNA loop entering the active site groove in the hTGT
complex structure has the same unusual conformation as
described for the bacterial structure [35]. Nucleotides 33 and
35 are recognized by specific interactions that are largely the
same as in the bacterial complex. C32 forms contacts with two
sidechain hydroxyls, which likely could also bind a uracil in
this position. So while we could show that eukaryotic TGT
does not necessarily require an intact tRNA for its substrate,
the hTGT structure confirms the previously shown impor-
tance of the Y3,U33G34Us5s sequence for recognition [56,57].

All nucleotides of the helical stem are bound via their
phosphate backbone only, confirming that its sequence is
unimportant for recognition. The helix is angled slightly dif-
ferently to the bacterial structure. This might be caused by
crystal contacts in either structure (in 1Q2R the helix stacks
with its symmetry mate to form an extended helix, in the
hTGT complex it binds to a positively charged region of
QTRT2) or be related to the different angle of the PEPF
motif of the QTRT2 subunit. This motif is part of
the second large insertion in the (p/a)g barrel fold and has
already been identified as a potential contributor to tRNA
binding in 2007 [59]. Back then, it was not yet known that
eukaryotic TGT is a heterodimer of homologs, yet, the model
based on the bacterial homodimer still holds up: The insertion
comprised of residues 96-139 is heavily modified in QTRT2
compared to both QTRT1 and bacterial TGT, but while helix
aA and subsequent D strand are replaced by an unstructured
stretch of amino acid residues, the two-stranded BEPF-sheet is
conserved. By superimposing a model of human tRNA** to
the stem loop RNA, we discovered that the motif is shaped
perfectly for protruding into the groove formed by the tRNA’s
D-arm. UV-induced crosslinking of a TGT-tRNA complex
confirmed the involvement of the PEPF motif. We created
several mutants and showed that its R121E mutant has both
decreased affinity with labelled tRNA**P and reduced relative
activity. Other mutants based on the motif were identical to
the wildtype in these respects, however, this might either be
due to the high flexibility in this area, allowing for the
mutated residues to bend away from the RNA or because
the previously hydrophobic interactions are replaced by
polar contacts with its backbone.

The aA helix that is missing in QTRT?2 is part of the active
site in QTRT1 and bacterial TGT. Being a homodimer, it is
also present in the noncatalytic subunit of the bacterial dimer,
as the evolutionary pressure to keep the active site conserved
likely much outweighs any potential benefits that might arise
from optimizing the aA-BF insertion for tRNA binding.
Through evolution of a noncatalytic homolog and the eukar-
yotic heterodimer, the insertion’s function at the active site is
decoupled from its role in tRNA binding, thus elevating this
evolutionary pressure. Through the replacement of aA and
BD with an unstructured loop, the now two-stranded
BEPE-sheet is angled much less steeply than it is in bacteria,
a conformation that is possibly more favourable for reaching
into the tRNA’s D-arm groove.
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Through inspection of the surface electrostatics, we identi-
fied a striking concentration of positively charged residues in
the a4a and a4b helices of the QTRT2 subunit. Its interaction
with the stem loop of a symmetry mate RNA demonstrates
the area’s capability of binding the phosphate backbone of an
RNA (S 5). In the superimposed model of a TGT-tRNA com-
plex, the positively charged patch is in the vicinity of the
tRNA’s acceptor stem, but with a distance of approximately
10 A, it is too far away to form polar contacts with its
phosphate backbone. Our crosslinking experiments did not
yield any evidence for the involvement of this area for tRNA
binding. However, UV-induced crosslinking almost exclu-
sively occurs with pyrimidine bases, so if the patch does
bind the 3’ strand of the acceptor stem it would be unlikely
to form crosslinks as human tRNA* exclusively contains
purine bases in this area of the strand. The importance of
this positively charged patch was corroborated by the obser-
vation that charge-inversed double and triple mutants of some
of its positively charged residues had significantly reduced
affinity with labelled tRNA®P. However, we also observed
that the dual mutation of residues K158 and R161 to
a glutamate resulted in presumably misfolded protein, likely
because the two residues are located too closely together.
Although we avoided mutating both residues to glutamate,
all our double and triple mutants contain a combination of
the two residues exchanged either for a serine or a glutamate.
For this reason, it is possible that a local conformational
change, while not rendering the protein insoluble, is the
underlying reason for the observed loss in affinity.

The conformation of a tRNA is not static as is demonstrated
by the inversed anticodon loop in RNA-bound TGT or the
molten D-Arm in the structure of tRNA bound to another
member of the TGT family, the archaeal protein inserting
achaeosine into position 15 of the D-arm [60]. It is thus possible
that a tRNA binding to the TGT heterodimer does adopt a bent
conformation that allows its acceptor stem to make contact with
the positively charged patch on the QTRT?2 surface. However,
while we are convinced of the involvement of the PEBF motif in
tRNA binding, the experimental evidence is not sufficient to
confidently say the same of the positively charged patch.

Finally, QTRT2 has a unique third insertion which
appears disordered in both of its crystal structures. This
putative loop of roughly 30 amino acid residues (292-326)
has previously been proposed to play a role in orienting
a substrate RNA and become ordered upon tRNA binding
[52]. While we do not know if this is the case upon binding
of a full tRNA, we consider it unlikely due to its remote
location far away from both the stem loop RNA in the hTGT
complex structure and the position of the superimposed
tRNA. Instead, we speculate whether it could serve to anchor
the TGT enzyme in the compartmentalized eukaryotic cell.
Mitochondrial tRNAgAPASRHISTYT  pe Q-modified  in
a QTRT1 and QTRT2-dependent manner and QTRT2 in
particular has been associated with mitochondrial mem-
branes [49,61], so the function of this QTRT2-specific inser-
tion possibly could be to interact with a cellular structure or
membrane-bound protein.

Materials and methods

Expression and purification of heterodimeric H. sapiens
TGT

Human TGT was co-expressed and purified as a heterodimer
(QTRT1 and QTRT?2) essentially as described previously [51]. In
brief, the proteins were co-expressed with a cleavable 6xHis-tag
fused N-terminally to QTRT1 in Escherichia coli BL21 (DE3) cells
using autoinduction medium (ZYM-5052 medium, 2 mM MgSO,
replaced by 1 mM MgCl,, supplemented with 100 mM ZnCl,)
[62]. Cells were initially grown for 3 h at 37°C followed by 50-60 h
at 16°C before harvesting. Flash frozen cells were stored at —20°C.
For purification, cells were thawed and disrupted using an ice-cold
microfluidizer (M-110S Microfluidizer (Microfluidics, Westwood,
MA, USA)) in 50 mM HEPES pH 7.5, 100 mM NaCl, 10 mM
imidazole. The crude lysate was cleared by ultracentrifugation (1 h,
48,380 g, 4°C) and filtering through a 0.45 uM syringe filter
(Filtropur (Sarstedt, Niimbrecht, Germany)). The cleared super-
natant was loaded onto a Talon column (HiTrap TALON crude
(GE Healthcare) or Clontech HisTALON Superflow (Takara Bio,
Kusatsu, Japan)), washed with 1 M LiCl and target protein was
eluted with 125 mM imidazole. All chromatographic steps were
performed at 4°C. Pooled target protein was incubated with
PreScission Protease (1:100 w/w) under mild agitation for 16-
18 h at 4°C. Protein was concentrated using an Amicon ultrafiltra-
tion device (30 kDa MWCO, Merck) and further purified by
Superdex $200 (GE Healthcare) size-exclusion chromatography
(20 mM HEPES pH 7.5, 100 mM NaCl). TGT was concentrated to
7-10 mg/mL and, if not used directly, flash frozen in liquid nitro-
gen and stored at —80°C.

Crystallization, data collection and structure
determination

Freshly purified TGT was mixed with 2-fold molar excess of
synthetic stem loop RNA (sequence:
AGCACGGCUGUAAACCGUGC,  (Axolabs,  Kulmbach,
Germany)) and 5-fold excess 9-deazaguanine (AmBeed,
Arlington Hts, IL, USA), diluted to a final protein concentration
of 2 mg/mL and incubated on ice for 30 min. For crystallization,
the complex solution was mixed 1:1 or 2:1 with screening con-
ditions as sitting drops in a 3 Lens 96-well crystallization plate
(SWISSCI, High Wycombe, UK) using a mosquito pipetting
robot (SPT Labtech, Melbourn, UK). The crystallization plate
was tightly sealed and incubated at either 4°C or 20°C. Crystals
were harvested from 0.1 M MMT (DL malic acid, MES, Tris in
1:2:2 molar ratio) pH 6, 25% (w/v) PEG 1500 and 0.1 M Bis-Tris
pH 5.5, 25% (w/v) PEG 3350 and 0.1 M sodium cacodylate pH
6.5, 25% (w/v) PEG 4000 after 3 months, where necessary
cryoprotected with PEG 1500 (30% (w/v) final concentration,
MMT grown crystals only) and stored in liquid nitrogen until
further use.

X-ray diffraction data were collected at beamline MX 14.1
operated by the Helmholtz-Zentrum Berlin (HZB) at the
BESSY 1II electron-storage ring, Berlin-Adlershof, Germany
equipped with a PILATUS3 S 6 M detector. Diffraction
images were indexed, integrated and scaled using the XDS-



package [63]. The structure the heterodimer was solved by
molecular replacement with models 6H45 and 6FV5 (PDB-
IDs) using PHASER [64]. Model adjustment, including place-
ment of the RNA stem loop (PDB-ID: 1Q2R) and 9-deaza-
guanine, and building of QTRT?2 residues divergent from the
mouse protein was done in Coot [65]. Refmac05 was used for
structure refinement in iterative cycles with manual model
adjustment [66]. Atomic displacement parameters of the final
model were refined using TLS parameterization in
PHENIX [67].

Structural data representation and analysis

Structural figures were prepared using PyMol.

Surface electrostatics of the sidechain-completed hTGT
heterodimer were calculated using the Adaptive Poisson-
Boltzman method (APBS) as implemented within
PyMOL [68].

Model of H. sapiens tRNA”P and structure
superposition

A model of human tRNA®¥ was prepared based on the
coordinates of Saccharomyces cerevisiae tRNA* (PDB-ID:
2TRA) by mutating the base sequence in Coot to fit the
human tRNA. The tRNA model was superimposed to the
TGT-RNA complex by aligning bases 25-31 and 39-42 in
PyMOL.

In vitro transcription and purification of tRNAASP

Human tRNA**P was transcribed in vitro from annealed DNA
oligonucleotides (Merck) using T7 RNA polymerase (4 mM
rNTPs, 25 mM MgCl,, 1x HT buffer (30 mM HEPES pH 8.0,
10 mM DTT, 6 mM MgCl,, 2 mM Spermidine, 0.01% Triton
X-100)). The transcript was loaded onto a ResourceQ column
(GE Healthcare) in 20 mM Hepes pH 7.5, 50 mM KCI and
eluted in a shallow KCl gradient (245 to 732.5 mM in
150 mL). Fractions containing tRNA were pooled, precipi-
tated with ethanol and the dried pellet dissolved in water.

Preparation of TGT-tRNA complex

TGT protein was mixed with 1.5-fold molar excess of
tRNA™P and incubated on ice for 30 min. The TGT-tRNA
complex was purified by size-exclusion chromatography using
a Sephadex 200 Increase 10/300 GL column (GE Healthcare)
in 20 mM Hepes pH 7.5, 100 mM NacCl and concentrated to
1 mg/mL protein using an Amicon ultrafiltration device (30
kDa MWCO, Merck).

UV-crosslinking experiments were done in triplicates from
three independently assembled and purified complex samples.

Protein-RNA crosslinking

For each replicate, 40 to 60 pg of purified TGT-tRNA complex
were crosslinked by UV irradiation at 254 nm for 10 min on
ice using an in-house built crosslinking apparatus as described
in [69]. After ethanol-precipitation, the crosslinked complex
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was processed as described in [69] with minor modifications.
Briefly, the protein-RNA pellet was dissolved in 4 M urea,
50 mM Tris/HCI, pH 7.5, following dilution to 1 M urea with
50 mM Tris/HCI, pH 7.5. Ten pug RNase A (EN0531, Thermo
Fisher Scientific), 1kU RNase T1 (EN0531, Thermo Fisher
Scientific) and 250 U PierceTM universal nuclease (88,700,
Thermo Fisher Scientific) were added and MgCl, concentra-
tion was adjusted to 1 mM. RNA digestion was performed for
4 h at 37°C followed by protein digestion with trypsin
(sequencing grade, Promega) at a 1:20 enzyme to protein
mass ratio. Sample clean-up was performed using C18 col-
umns (74-4601, Harvard Apparatus) and crosslinked peptides
were enriched with in-house packed TiO2 columns
(Titansphere 5 um; GL Sciences, Japan) as described in [69].
Peptides were dried and subjected to MS measurement.

LC-MS/MS analysis and data analysis

Peptide pellets from TiO, enrichment were dissolved in 2%
(v/v) acetonitrile, 0.05% (v/v) TFA. LC-MS/MS analyses were
performed on a Q Exactive HF-X (Thermo Fisher Scientific)
instrument coupled to a nanoflow liquid chromatography
system (1100 series, Agilent Technologies). Sample separation
was performed at a flow rate of 300 nl/min using a buffer
system consisting of 0.1% (v/v) formic acid (buffer A) and
80% (v/v) acetonitrile, 0.08% (v/v) formic acid (buffer B) and
linear gradient from 10% to 45% buffer B in 44 min. Peptides
were separated over 58 min. Eluting heteroconjugates were
analysed in positive mode using a data-dependent top 20
acquisition method. MS1 and MS2 resolution were set to
120,000 and 30,000 FWHM, respectively. AGC targets were
set to 106 and 5x105, normalized collision energy (NCE) to
28%, dynamic exclusion to 21 s, and maximum injection time
to 60 and 120 ms (MS1 and MS2). MS data were analysed and
manually validated using the OpenMS pipeline RNPxl and
OpenMS TOPPASViewer 1.

Mutagenesis

Site-directed mutagenesis was adapted from the supplier’s
protocol for the QuikChange Site-Directed Mutagenesis kit
(Agilent) for using 35-45-mer DNA primers with a back-to-
back overlap of 6-8 bases (Merck). Mutagenesis PCR (18
cycles, 54°C annealing temperature) was carried out with
Phusion polymerase (Thermo Fisher Scientific).

Queuine incorporation activity tests

Queuine incorporation activity tests were based on the pre-
viously described boronate affinity electrophoresis, in which
Q-containing RNA migrates more slowly due to interaction
with its additional cis-diol [70]. The incorporation reaction
was carried out in 10 pL volume: TGT (0.5 uM final concen-
tration) was added to 4 uM of tRNA™P in the presence of
1 mM queuine [9] in 100 mM HEPES pH 7.5, 20 mM MgCI2,
5 mM DTT. The reaction was incubated for 3 minutes at 37°C
(after which approximately 50% substrate conversion is
observed for the wildtype enzyme) and stopped by addition
of an equal volume of RNA loading dye (New England
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Biolabs). RNA samples were separated by affinity electrophor-
esis (120 V, 30 mA, 80 min, 4°C) in TAE buffer using gels
prepared by supplementing the gel mixture (10% (w/v) acry-
lamide, 42% (w/v) urea) with 5 mg/mL 3-(acrylamido)phe-
nylboronic acid (Merck) before polymerization. Gels were
stained with GelRed (Biotium, Fremont, CA, USA), imaged
and bands quantified using GelAnalyzer 19.1 (www.gelanaly
zer.com). For each lane, the ratio of Q34 tRNA to total tRNA
was determined (relative activity) and normalized by the wild-
type value. The assay was performed in triplicates stemming
from three independent incorporation reactions and affinity
gels, with the exception of the R161E mutant for which only
two replicates could be obtained.

tRNA labelling and fluorescence polarization affinity
measurements

In vitro transcribed tRNA®P was fluorescein-labelled as
described previously [9]. For fluorescence polarization experi-
ments, a two-fold dilution series of TGT (50 uL individual
sample volumes) was mixed with 20 nM labelled tRNA in
a black 96 well plate (Corning, Corning, NY, USA).
Fluorescence polarization was measured after 5 minutes of
shaking in a VICTOR Nivo plate reader (PerkinElmer).
Triplicates were measured from three independent dilution
series. Data evaluation and sigmoidal curve fitting were done
with OriginPro 8.5.
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