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Accepted ooth January 2012 Posttranscriptional modifications of transfer RNAs (tRNAs) are proven to be critical for all core aspects

DO 20.1035/x0XX00000% of tRNA function. While the majority of tRNA modifications were discovered in the 1g70s, their
contribution in tRNA folding, stability, and decoding often remains elusive. In this work an NMR study

www.rsc.org/ was performed to obtain more insight in the role of the dihydrouridine (D) modification in the D-arm of
tRNAM" from S. pombe. While the unmodified oligonucleotide adopted several undefined
conformations that interconvert in solution, the presence of a D nucleoside triggered folding into a
hairpin with a stable stem and flexible loop region. Apparently the D modification is required in the
studied sequence to fold into a stable hairpin. Therefore we conclude that D contributes to the correct
folding and stability of D-arm in tRNA. In contrast to what is generally assumed for nucleic acids, the
sharp ‘imino’ signal for the D nucleobase at 20ppm in 9go% H.O is not indicative for the presence of a
stable hydrogen bond. The strong increase in pKa upon loss of the aromatic character in the modified
nucleobase slows down the exchange of its ‘imino’ proton significantly, allowing its observation even in
an isolated D nucleoside in go% H,O in acidic to neutral conditions.

Introduction properly aminoacylated by their cognate synthetases with
kinetics similar to those of native tRNA® and that unmodified
human tRNA;M is in vitro active in every stage of the initiation
processes.” More than 90 different tRNA modifications are
listed in the RNA Modification Database
(http://mods.rna.albany.edu/). Modifications in the main body
play a role in proper folding of the tRNA into the canonical L-
shaped tertiary structure while modifications in or around the
anticodon loop contribute to the function of tRNAs in
decoding.® Those that are found in the core of folded RNA are
attributed a role in maintaining the balance between flexibility
and stability in tRNA.’ The presence of modifications in tRNA
allows to modulate tRNA across the entire temperature range of

Ribosomes in all three kingdoms of life employ aminoacylated
tRNA to translate the genetic code in mRNA into a functional
peptide. A special methionine tRNA (tRNAM®) is required for
translation initiation. After transcription from DNA but before
export to the cytoplasm, tRNA undergoes an extensive folding
and modification in the nucleus. It is hypothesized thatfolding
of tRNA into its the three-dimensional structure is driven by the
formation of tertiary base-pairs rather than by the binding of
Mg*" and binding pockets for Mg®" formed upon the folding
process.! Theoretical’ and experimental® results indicate the
tRNA unfolding is initiated by destruction of contacts between

D and T-loops followed by disruption of base pairs in the D- natural habitats for microorganisms: in thermophiles specific

modifications stabilize folded tRNA to prevent its melting at
high temperature while in psychrophilic organisms other

stem.
Folded tRNA, especially in D- and T-loops that form large part

. . . 24 . .
of the main body, typically contains Mg™" ions and nucleoside modifications maintain a degree of conformational flexibility in

tRNA.'" Among these modified nucleosides, D is highly
conserved in the D-loop of tRNAs in the three domains of life.

modifications.* Emerging evidence suggests that a lack of
specific body modifications can trigger tRNA degradation in
vivo,” despite the fact that synthetic unmodified tRNAs are
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This nucleoside modification is believed to promote local
flexibility in tRNA at low temperature.'' Its higher abundance
in tRNA of low-temperature Archea compared to their
thermophylic relatives is in agreement with such a role in
maintenance of molecular flexibility of tRNA at low
temperatures. 10

The D modification is formed by a dihydrouridine synthase
(Dus) (EC 1.3.1.88) that reduces the carbon-carbon double
bond in the uridine base at positions 16 and 17 in tRNA.'* It is
described that the presence of D in the D-loop facilitates
mitochondrial tRNA™" folding.'”?> Studies have shown that
tRNA lacking D (along with other modifications) degrades
significantly faster, approaching the degradation rate seen for
mRNA', suggesting a role of D in protection of tRNAs from
degradation. Studies have indicated that the human Dus2 is
responsible for the increased D levels formed in pulmonary
carcinogenesis'® while it was already known for a long time
that in cancerous tissues the D levels are increased.'® Therefore
D is thought to play a role in preventing tRNA turnover.
Previously, we already studied the effect of incorporation of N°-
threonylcarbamoyladenosine in the anticodon arm in tRNA;™
of Schizosaccharomyces pombe.'’ In order to further
understand the role of modified nucleosides in this tRNA we
now focus on the D modification in its D-arm using NMR
spectroscopy and determined the solution structure of a D
modified hairpin. Obtained results were compared to spectra of
its unmodified counterpart to determine the effects of the
nucleoside modification in the studied sequence. Since Mg>*
has an important role in tRNA folding, changes that are induced
by this divalent ion on both modified and unmodified D-arms in
solution were monitored.

Results and Discussion

The D nucleoside

Dalluge et al. observed in 1996 stabilization of the C2’-endo
sugar conformation in a 3’-phosphorylated D. While focusing
on the sugar moiety measured in D,O, they do not report on the
D nucleobase itself. We measured a D nucleoside in 90% H,O
(+10% D,0O) since this is a better reference condition for
comparison with the D-modified hairpin reported in this work.
Surprisingly, the H3 exchangeable proton of the base moiety is
nicely visible at 10ppm. The H3 signal was unambiguous
assigned in an HMBC spectrum by its three-bond correlation to
C5 at 30ppm (Figure 1B).

The drastic reduction in exchange of the ‘imino’ proton with
the solvent can be attributed to an increase of pKa upon
reduction of the double bond since deprotonation is the first
step in imino proton exchange. A pKa 11.70 for the modified
nucleobase was determined by chemical shift changes of C2
and C4 upon increasing pH (Figure 1C). The observed pKa is
significantly higher to that of a standard U nucleoside (9.17)."8
Above pH 12.94 the nucleoside quickly decomposes.

Slow exchange of H3 in a D nucleoside makes it observable in
90% H,O up to pH 7 (temp 5°C). In contrast to what is

2| J. Name., 2012, 00, 1-3

generally assumed on nucleobases, the presence of a sharp
‘imino’ proton signal of D at 10 ppm at pH 6 is therefore not
indicative for its hydrogen bonding. Consequently, the
hypothesis of Davis et al.'” that D has to be involved in specific
interactions in tRNAM, tRNAY* and tRNA™*® based on the
observation of its ‘imino’ proton has to be doubted. In crystal
structures of full tRNA molecules containing this nucleoside
modification, the D nucleobase is looped out and not involved
in hydrogen bonding. Considering the present results on a D
nucleoside, an observable ‘imino’ signal for D does not exclude
such a looped out conformation.

Two low energy conformations exist for the 5,6-dihydrouridine
ring (depicted in Figure 1D) in the crystal structure of a
dihydrouridine nucleoside.’® Potential energy calculations
revealed that for each of these conformations, energy maps for
sugar puckering are very similar to those of natural
nucleosides.”’ Both conformations would have significantly
different splitting of H5 proton signals due to different *J
couplings with protons in the neighboring CH, group. The
resolved triplet pattern (°J=6.7Hz) for the equivalent H5
protons in the D nucleoside in 90% H,0/10% D,O indicates
that the non-planar nucleobase interconverts fast between both
conformations in the studied conditions.?

" . .
A o /] 3.3 v s |
Yo i | 1 §
o
i i 1
A~ : N
S i - [,
Hﬂ\\\ ’/’(;N 1 9 > € . H .
c. ™ : D.
1w : ?
t L HE2 /i HS2
| Ny S U, Wit
g ™ 5 YI=Spr < s
a : H51 U H61
8 w] S Hy
s oa :
160 P
: Us1.60=4,1Hz (50) 3y1.61=4,1Hz (50)
: Us1.6= 11,9Hz (170) 3,1.69= 1,6Hz (70)
150 : Usy.61= 1,6H2(70°) 3560 11,9H2 (170)
S 6 7 8 9 10 mom oo % sr60=4,1Hz (50) 3sy.6= 4,1Hz (50)

pH

Figure 1: (A) Chemical structure of the studied D nucleoside. The arrow indicates
the three bond correlation of H3 to C5 observed in the HMBC spectrum
measured at 5°C in 90%H,0/10% D,0 at pH=6 (boxed signal in panel B). Proton
assignments are listed along the trace at the top of the 2D section. (C) Chemical
shift changes observed for C2 and C4 upon increasing pH. The dashed line
corresponds to the determined pKa=11.70. (D) Structures of the two low energy
conformations for the 5,6-dihydrouridine ring. Indicative values for 3JHH in the D-
ring are calculated® from angles between parentheses measured in minimized
5H5 and 5H5 structures.

Structure determination of the D-arm including D

A D-arm including a D-modification at position 16 (Figure -2)
was investigated by solution NMR methods generally used in
RNA structural studies.”* The non-exchangeable 'H and "*C
resonances of D-loop were assigned using standard homo- and
heteronuclear techniques starting from the anomeric to aromatic
proton walk (Figure 3A). The H2 signals in each adenine ring
were assigned in an HMBC spectrum in D,O by their cross
peak to C4 that also correlates to H8% which all had expected
sequential interactions with H1’(n+1) in a NOESY spectrum
with 200ms mixing time (Figure 3A).

This journal is © The Royal Society of Chemistry 2012
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Figure 2: Secondary structure and residue numbering of native, D-modified and
unmodified D-arm from tRNAM' (S. pombe).

Typical NMR characteristics of a stable A-form RNA duplex
were observed for residues in the stem region, including the
sequential walk in the H6/H8-H1' region and in the H6/H8-H2'
region of NOESY spectra. The sequential aromatic-to-anomeric
NOE interactions are continuous from G10 to A14 and G19 to
C25. At 150ms mixing time, the walk is interrupted at A14:H1’
to G15:H8, which is significantly broadened compared to other
protons in the oligomer.

As initially observed by Nawrot et a non-exchangeable
protons of the modified nucleobase are observed below 3.8ppm
since they do not belong to an aromatic ring. Unfortunately
their broadening prevents determination of coupling constants
that could be used to determine the conformational state of the
5,6-dihydrouridine ring. This broadening can be attributed to a
reduced exchange rate for the inter-conversion between both

l.,26

low energy states of this ring system in the oligo versus the free
nucleoside.

The ribose ring of D16 in our loop adopts a C2’-endo sugar
conformation based on the large 3 vicinal coupling
(>8Hz) that gives rise to a strong cross peak in the 2D COSY
spectrum (Figure 3B). Its 3’-adjacent residues G18 and G19
also have observable cross peaks for H1’ to H2’ interaction in
the 2D-COSY, indicating an increased population of the C2 -
endo conformation for the ribose rings in these residues. These
results are in agreement to what is previously observed in
solution on ApDpA and DpUpA trimers,'" *’ where the
preference for a C2’-endo conformation in a D nucleoside is
propagated to 3’-adjacent residues while preceding residues at
the 5’-side retain their common C3’-endo conformation. This
phenomenon is also observed in residues neighboring D
nucleosides in tRNA crystal structures.

This journal is © The Royal Society of Chemistry 2012

Organic & Biomolecular Chemistry

B.
ppm ppm
JEQ_ . [32 G Ls
i a4 - o
619 D16 |54
T
3y i _
: 7.0
| -
46 44 42 4.0 38 ppm
*
C . ppm
= 1.0
- 120
&
L4
13.0
& - 140

14.0 13.0 12.0 1.0 10.0 ppm

D16H

2 ]
z F=Z
3 B 2
g 56 6

il D16:HB
(D16:H3) 1T D16:H5

D16:HZ

Figure 3: (A) Sections of the NOESY spectrum of the modified D-arm in D,0 (25°C,
200ms mixing time) covering the anomeric to aromatic proton walk (solid lines);
frequencies of adenine:H2 signals are indicated with dashed lines and italic
labels. (B) Region of 2D COSY spectrum of D-loop measured in D,0 at 25°C
showing observed H1'-H2' cross peaks. Residue numbering as depicted in Figure
2. (C) Section of a watergateNOESY spectrum in H,0/D,0 9/1 depicting NOE
interactions between iminosignals of the modified D-arm. (D) Strip of a
watergateNOESY spectrum in H,0/D,0 9/1 (mix = 300 ms, 5°C) at the resonance
frequency of D16:H3 depicting NOEs of this unusual imino signal. The exchange
peak with solvent is indicated with *. Assigned imino signals are labeled in the
trace above the 2D spectrum.

Several exchangeable imino protons are observed between 9
and 14ppm in 90% H,O at pH 6 (Figure 3C). Based on their
NOE interactions, 4 signals above 1lppm are assigned to
Watson-Crick base pairs in the stem while the sharp signal at
9.83 corresponds to the ‘imino’ proton of D. Since the latter
does not have interresidue NOE interactions and its chemical
shift is very close that of an isolated D nucleoside, no hydrogen
bond restraints were applied for this proton during structure
calculation. Two broad signals at ~10.5ppm could not be
assigned since they did not have any observable NOE
interactions.

The structure of the D-arm was calculated from 294 distance
and 54 torsion angle restraints (Figure S1). Starting from an
extended strand, a set of 100 structures was generated by
torsion angle dynamics. Out of these, 72 structures converged
that had no NOE restraint violations >0.5 A and no torsion
angle restraint violations >5°. Ten lowest energy structures of
this set were further refined as described in the experimental
section (structure statistics reported in table S1).

As can be seen in Figure 4A, the stem region is well defined
while the loop covers a relatively large conformational space.
This can be due either to the lack of sufficient NMR constraints
in this region or an increased flexibility of residues D16, G18
and G19 in solution. The observed COSY cross peaks for H1’
to H2’ correlations in G18 and G19 (Figure 3B) are indication
for puckering of their sugar rings in the applied conditions,
supporting the hypothesis on increased flexibility of those

J. Name., 2012, 00, 1-3 | 3
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residues. Spin relaxation experiments combined with
Heteronuclear Overhauser effect would monitor such an
increased flexibility unambiguously, though it was not feasible
to perform them on our unlabelled RNA sample. An increased
flexibility in the loop region is in agreement with previous
observations that D promotes local flexibility in tRNA."" The
increased abundance of D in tRNA of psychrophilic organisms
supports the role of this nucleoside modification in maintenance

of molecular flexibility of tRNA at low temperatures. '’

The stem contains 4 Watson-Crick base pairs and is extended
by stacking of A14, G15 and D16 at its 3’ side. As was already
suspected from the crystal structure of the D nucleoside,? the
saturated base can participate in stacking interactions similar to
those observed in known planar systems. However this stacking
is only observed at one side. Apparently, the flexible D
nucleobase with its non-planar nature is not apt to be stacked at
both sides and therefore induces a turn in the hairpin loop. At
its 5’ side stacking of Watson-Crick base-paired residues in the
stem is extended to of A21, A20 and G19 in all calculated
structures while even G18 tends to stack on G19 in some of the
calculated structures (2 out of 10).

No hydrogen bonds were applied in loop residues, however the
pairs G15 — A20 and Al4 - A21 tend to adopt a coplanar
conformation. In the lowest energy structure, hydrogen bonding
occurs for sheared G15-A20 base pair, while A14:N6 and
A21:N1 are also within hydrogen bonding distance (Figure 4C
and D). Observed NOE interactions of nucleobase protons
support these configurations. The syn orientation of A20 is in
agreement with its strong intraresidue NOE from H8 to H1” and
weak NOE of H8 to H2” and H3’. The strong NOE interaction
that occurs between H2 protons in residues 21 and 14 supports
position of their nucleobases as depicted in Figure 4D.

In the high resolution tRNA crystal structure of yeast
phenylalanine tRNA,*® D adopts a *Hg conformation while in
our final NMR structures this non-planar ring adopts a sH®
conformation. According to the appearance of the signal from
HS protons in D, an equilibrium between both low energy states
is expected, though this is not reflected in the final structures.
Observed NOE interactions most likely favour one of the
conformations during torsion angle dynamics. A comparable
preference for a C3’-endo sugar conformation in riboses of G18
and G19 is observed in the calculated structures (8 torsion
angles reported in Table S2) despite of their observed average
values for >Jyj-4p> and the absence of dihedral restraints on
those residues during structure calculation.

4| J. Name., 2012, 00, 1-3
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Figure 4: (A) Overlay of the 10 lowest energy structures fitted to all residues. (B)
Focus on the loop region of the lowest energy structure calculated for the
modified D-arm. Important interresidue NOE interactions are indicated by black
lines. (C) Sheared G15-A20 base pair in the lowest energy structure. (D) ‘N1-
amino’ hydrogen bond in the A14-A21 base pair in the lowest energy structure.

Comparison of modified and unmodified D-arm

While the modified D-arm folded into a stable hairpin, its
uridine-containing  homologue  adopted interconverting
conformations in solution, causing exchange crosspeaks in 2D
ROESY, line broadening in 1D spectra (Figure 5) and extra
imino signals. A DOSY experiment was performed to
determine the diffusion coefficient for both oligonucleotides in
solution. The measured diffusion constant of the D-modified
arm (1.9(0.2)x10® cm?/s) is in agreement with a hairpin while
the observed value of the unmodified sequence (1.5(0.1)x10°
cm?/s) indicates that at least a portion of the unmodified oligo is
in a duplex state.”” After determining the crystal structure of a
D nucleoside, it was already suggested that a D nucleoside
would promote a ‘loop’ formation in the sugar-phosphate chain
since they observed an unusual conformational preference for
the torsion angle about the C4’-C5’ bond.*® More recently it
was demonstrated that the Tm of RNA duplexes is decreased
with a D unit in its central part.’' This effect was attributed to
destabilizing effect of a D nucleobase on the C3’-endo sugar
conformation typical for double stranded A-type RNA'' and its
with
neighboring nucleobases. Those disfavouring effects of D on

non-planar nature disturbing stacking interactions
duplex formation are probably the driving force for the
modified D-arm to adopt exclusively the hairpin conformation
in solution.

Regarding the role of divalent ions during tRNA folding, we
monitored the effect of Mg®" on spectra of both modified and
unmodified D-arm. Upon adding Mg*", line broadening of
signals from the unmodified oligo decreased allowing to
distinguish two different sets of signals. The monomer/dimer
ratio of this oligomer was not influenced by the presence of
Mg?* since increasing concentrations of Mg?" did not alter the

measured diffusion rate of the unmodified oligo.

This journal is © The Royal Society of Chemistry 2012
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Figure 5: Region of 1D proton spectra in D,0 of unmodified (A) and D-modified
(B) D-arm measured in D,0 at 20°C. (C) Section of the ROESY spectrum measured
on the unmodified D-arm showing strong exchange cross peaks for aromatic
signals.

Adding Mg?* to the D-modified D-arm induced consistent
chemical shift changes in G18, A19, A20, C22 and A21 (sorted
from weak to strong effect, Figure S2). Unfortunately we could
not increase Mg?* above 2.5 mM due to precipitation. The
gradual shift of specific signals suggests that a fast exchange
regime is established between Mg”" bound and unbound form
of the D-modified oligomer upon adding the divalent ion.
Precipitation at [Mg®"]=2.5mM combined with the relatively
strong changes that are observed (especially in C22 and A21)
within the [Mg®'] range that could be covered, suggest that
upon binding Mg®" a conformational change takes place that
induces aggregation. No changes were observed for NOE
interactions within the oligo for [Mg**] up to 2.5mM, indicating
that the unbound form is still the most abundant in solution at
these conditions.

Materials and Methods

Sample preparation

An unlabeled RNA oligomer 5’-GGAGAGUGGAACUCC-3’
(the non-modified D-arm) was obtained from Eurogentec S.A.
(Belgium). A modified RNA  oligonucleotide 5°-
GGAGAGDGGAACUCC-3*  (15-mer) containing  5,6-
dihydrouridine unit (D) was synthesized on an AKTA™
oligopilot synthesizer (GE Healthcare, Uppsala, Sweden) at
16.5 pmol scale by the standard phosphoramidite approach.
Primer Support 200™ loaded with a 5’-DMT-C*® monomer
and TheraPure™ UltraMild phosphoramidite monomers of
adenosine (2-TBDMSi-AP4), cytidine (2'-TBDMSi-C*°),
guanosine (2-TBDMSi-G"™), and uridine (2'-TBDMSi-U)
(ThermoFisher), as well as 5'-O-dimethoxytrityl-5,6-
dihydrouridine, 2'-O-TBDMSi-3'-[(2-cyanoethyl)-(N,N-
described
were used as the components in the synthesis.

diisopropyl)]-phosphoramidite,
previously®'": ¥
For all monomers a 15 min coupling time was applied, and the

prepared  as

capping step was done with N-methylimidazole/phenoxyacetic
anhydride in sym-collidine/acetonitrile solvent system. The 5’-
terminal DMT-OFF oligonucleotide was released from the
support by basic deprotection (treatment with anhydrous 2M
ammonia in methanol, 16 hours at 30 °C) and the solid support

This journal is © The Royal Society of Chemistry 2012
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was washed extensively with methanol. After evaporation the
sample was resuspended in anhydrous TEA x 3HF / DMF
(10:3, v/v) mixture and kept for 24 hours at room temperature.
The reaction was quenched with DEPC-treated water and the
RNA was precipitated with isopropyl trimethylsilyl ether at
room temperature and, after addition of diethyl ether, separated
by centrifugation at 4 °C. The crude RNA pellet was purified
by ion-exchange HPLC (semipreparative Q column), in
perchlorate buffer system® and desalted on C-18 SepPak™
cartridges to yield 234 OD of the product. The calculated
molecular weight of the RNA oligonucleotide (4856.03 g/mol)
was confirmed by MALDI-TOF MS (m/z 4857.1).

Samples were lyophilized and dissolved in 0.75 ml in a
90%/10% mixture H,O/D,O and pH was adjusted to 6.8 by
adding small amounts of 0.01N HCI in H,O, yielding a 2 mM
oligonucleotide concentrations for each of oligo’s. For
recording spectra in D,0, the samples were lyophilized and
dissolved in a 0.75 ml 100% D,O mixture. Oligonucleotide
solutions were annealed prior to NMR experiments by short
heating at 80 °C and fast cooling on ice to promote hairpin
formation. Initially, no additional salts or buffer were added to
avoid conditions that would favour duplex formation.

NMR experiments

A Bruker Avance 500 spectrometer equipped with a TXI Z
gradient probe was used to obtain spectra involving phosphorus
nuclei. Other spectra were recorded on a Bruker Avance II
600MHz spectrometer using a 5 mm TXI HCN Z gradient
cryoprobe.

The water signal in samples with 90% H,O was suppressed
using excitation sculpting®. The 2D NOESY in 90% H,O
(mixing times = 200 ms; at 5°C) was recorded with a sweep
width of 14400 Hz in both dimensions, 2048 data points in t,
and 256 FIDs in t;. The data were apodized with a shifted sine-
bell square function in both dimensions.

The 2D DQF-COSY?®, TOCSY?*® and NOESY*’ spectra in D,O
were recorded with a sweep width of 5400 Hz in both
dimensions. The total TOCSY mixing time was set to 64 ms.
All spectra were acquired with 2048 data points in (t,) and 512
FIDs in (t;). The data were apodized with a shifted sine-bell
square function in both dimensions and processed to a 4K x 1K
matrix. The NOESY experiments were acquired with mixing
times of 100, 150 and 300ms.

All ['H-*"P]-HETCOR?® spectra were acquired with 2048 data
points in the proton dimension, t, and 512 increments in the
phosphorus dimension, t;, over sweep widths of 5400 and 2430
Hz, respectively. The data were apodized with a shifted sine-
bell square function in both dimensions and processed to a 2K x
1K matrix.

Natural abundance ['H,’C]-HSQC® were recorded with
sensitivity enhancement and gradient coherence selection
optimized for selection of CH groups (‘Jcy = 150Hz) using
256/1024 complex data points and 60/9 ppm spectral widths in
t; and t,, respectively to measure 'H-C correlations in the
sugar part of the nucleosides and H5-C5 correlations in
pyrimidine nucleobases. A separate natural abundance ['H,"*C]-

J. Name., 2012, 00, 1-3 | 5
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HSQC was measured to determine the remaining 'H-">C
correlations in nucleobases. It was optimized for selection of
aromatic CH groups ('Joy = 180Hz) using 128/1024 complex
data points and 40/9 ppm spectral widths in t; and t,,
respectively.

Natural abundance ['H,"*C]-HMBC were measured in D,O to
correlate H2 and H8 protons to in adenine® using 4096/128
complex data points and 10/60 ppm spectral widths in t, and t;,
respectively (!Jcy = 200Hz and *Jo; = 8Hz).

The Bruker pulse sequence ledbpgp2spr (2D 1H DOSY double
stimulated-echo including solvent presaturation) was used to
through DOSY NMR
experiments. The longitudinal eddy current delay and the

measure diffusion coefficients
gradient recovery delay were kept at fixed values of 5 and 0.1
ms, respectively. The diffusion-sensitive period (A) and the
gradient duration (&) were optimized to 300ms and 3ms
respectively, allowing the signals of interest to decrease by a
factor of 10—20, in order to better characterize the signal
decay predicted by the

exponential Stejskal-Tanner

expression.**

NMR resonance assignment

Standard methods were applied to assign non-exchangeable
protons starting from a classic anomeric-to-aromatic proton
walk*’ From TOCSY, DQF-COSY and NOESY spectra,
assignment of remaining proton signals in sugar rings could be
established. Heteronuclear experiments on natural abundance
samples were performed for assignment of '*C and *'P signals.
Signals of exchangeable imino protons were assigned using
sequential imino—imino interactions and imino—aromatic
contacts observed in a NOESY spectrum collected in 90%

H,0/10% D,0.

NMR restraints

Distance restraints between non-exchangeable protons were
derived from NOESY spectrum 100 ms mixing times. Based on
ISPA, inter-proton distances were calculated. An experimental
error (+20%) was used on the calculated inter-proton distances.
The calibration of NOE cross peak intensities was done against
the H5-H6 cross peaks as an internal standard. The distances
involving exchangeable protons were collected from NOESY
spectrum in 90% H,O and manually set to 1.0-2.0 A, 1.0-3.6 A
and 1.0-5.0 A for strong medium and weak cross-peaks
intensities respectively.

Sugar puckers of the riboses were inferred from the weak H1' to
H2' scalar couplings. Residues that have H1' to H2' scalar
couplings varying from O and 2 Hz were restrained to the N
pucker conformation [dihedral restraints applied: H1'-C1'-C2'-
H2' (99.2 + 20°), H2'-C2'-C3'-H3' (39.4 + 20°), H3'-C3'-C4'-H4'
(-162.0 £ 20°)]. In residues that have larger H1' to H2'
couplings (between 3 and 7 Hz), no restraints were applied on
the sugar rings of these residues during the structure
calculation.

The normal *'P chemical shifts of base paired residues in the
stem were used to restrain o and § torsion angles (0 + 120°).

6 | J. Name., 2012, 00, 1-3

The € torsion angles were restrained (to 230° £+ 70°) based on
steric arguments.*?

Hydrogen bond restraints in Watson-Crick base pairs of the
stem with unambiguously assigned imino signals, were applied
as NOE-distance restraints.

NMR Structure calculations

Structure calculations were performed with X-PLOR-NIH
V3.851.% A set of 100 structures was generated by torsion
angle molecular dynamics, starting from an extended strand and
using NMR derived restraints. Ten lowest energy structures
were used for further refinement during the ‘gentle molecular
dynamics’ round in water.*® The obtained structures were
analyzed with the Curves+ program (version 1.31).*

Conclusions

The D-arm forms a major part in the core of tRNA where it is
involved in tertiary interactions and Mg®" binding that are
important in tRNA folding. Within al kingdoms of life the D
modification in the loop region of this arm is highly conserved
and hence its name. Our results demonstrate that in the studied
sequence the presence of D is required to fold into a stable
hairpin with a flexible loop that is able to bind Mg”". When
evaluating the structure of the modified hairpin, we conclude
that the flexible nature of D with its non-planar base favours
The modified D-loop
itself is a point of local structural dynamics which is in

formation of a hairpin over a duplex.

agreement with the observation that D enhances local tRNA
flexibility (9). Whether the binding of Mg?" by the D-modified
stem-loop has a functional role in tRNA folding remains a
subject for further studies.
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