63

(20%, wlv) electrophoresis at 750V with 1x TBE buffer. RNA bands were
visualized with UV shadowing against a fluorescent TLC plate. A Schleicher and
Schuell® Elutrap was used to recover the RNA in gel stripes cut out from the
polyacrylamide gel. To minimize salt and urea concentrations in the collected
RNA-containing fractions, 0.2x TBE buffer was used outside of the
electrophoresis chamber, and deionized H,O was put in the chamber to merge
the gel strips. This step takes about 2 hours at 230V. Eluted fractions were
combined and loaded onto a Sep-pak® reverse phase chromatography cartridge,
washed with 21 mL deionized H,0O, and eluted with 1.5 mL 30% ACN/H20 (v/v).
RNA-containing fractions were combined, and dried into white powders in
vacuum. The molecular mass of the RNA oligonucleotide was determined by
MALDI-tof mass spectrometry, and compared to the calculated molecular mass

obtained from www.ozone3.wayne.edu/Hyther for RNA identity confirmation.

2.1.2 HPLC purification of RNA oligonucleotides

Though powerful, T7 RNA polymerase in vitro run-off transcription has its
limitations. First, T7 RNA polymerase is not able to carry out site-specific
incorporation of pseudouridine into the RNA transcript when uridine is also in the
sequence and reaction mixture (Figure 2.1 A). Second, T7 RNA polymerase is
inefficient in synthesizing very short oligonucleotides, and prefers certain
sequences at the 5’ terminus (Figure 2.2) (Milligan, Groebe et al. 1987). In such
cases, solid phase synthesis of RNA oligonucleotides has to be employed,
followed by HPLC purification. The oligonucleotides mentioned above were all

purchased from Dharmacon®.
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spectra of HGOUUU (A) and HE9QWWW (B). The pyrimidine H6-H5 crosspeaks
and intraresidue H8/H6-H1' crosspeaks are labeled accordingly for visual
simplicity. The H8/H6-H1’ crosspeaks of the loop region (from U/WY1911H6-H1’ to
C1920H6-H1’) are connected by blue lines, and those of the stem region are
connected by green lines. Crosspeaks involving H1’ of the pseudouridine
residues are all upfield shifted significantly compared to those of the uridine
residues, due to the isomerization from a N1-C1’ covalent bond in a Uridine to a
C5-C1’ bond in a pseudouridine. In the 2D NOESY spectrum of HGOWWW, the
assignment of C1914 H6-H5 crosspeak is shown in red. Possibly resulted from a
local dynamic conformation, this crosspeak shows blurry contour levels, instead
of a well defined doublet shape characteristic to a pyrimidine H6-H5 crosspeak in

a 2D NOESY spectrum.
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proton H1' between H6QUUU and HE9WWW. The chemical shift differences of
H1' from U/¥Y1911, U/WP1915, and U/WY1917 are not shown for visualization of the
smaller changes of other protons in the bar chart (A). Differences in chemical
shifts of Adenine base proton H2s are directly compared in the C2-H2 region of
2D C-'H HMQC spectra of HBOUUU (B cyan) and HE9YWWY (B red).
Crosspeaks between C2 and H2 of A1916 and A1918 are downfield shifted by
0.1-0.2 ppm in the "H dimension and 0.3 ppm in the "*C dimension. The other
three C2-H2 crosspeaks are barely shifted. 3D HCcH-TOCSY was used to
identify and confirm the resonances of C2-H2 by correlating C2-H2 to the H8 in

the same adenine ring (C).
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and E). All the H6-H5 crosspeaks were observed from H69UUU (A) and
HEOWWW (C). One additional H6-H1’ crosspeak from W1915 in the HEOWWW
spectrum (C upfield crosspeak), together with the medium-weak NOE between
the H6-H1’ pair, suggests that C6-H6 and C1’-H1’ bonds are co-planar and
antiparallel, and a “pseudo dihedral angle” was applied to restrain the x dihedral

angle of W1915.
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the same side of a plane along the C6-C5-C1’, perpendicular to the H6-C6-C5-
C1’-H1’ plane, a strong NOE from H6-H1’ would have been observed in the 2D
NOESY spectrum, while an NOE characteristic of anti base conformation is
observed (Figure 4.3 B), so an additional dihedral angle C6-C5-C1’-H1’ was
restrained to be 180 + 45°.

4.3.2 NMR structures of H69UUU and H69YWY

More NOE distance restraints and unNOEs restraints were employed in
the structure calculation of HGQUUU, benefiting from the availability of a ">C, "°N-
labeled sample (Table 4.4). After structure calculation and refinement, ten
converged structures with no NOE violation > 0.5 A and dihedral angle violation >
7.5 ° were selected for HGOUUU and H69WWW, respectively (Figure 4.6 A and
B). The RMSDs of these two structure families are comparable (Table 4.4). To
compare the effects of pseudouridylation on RNA structures, one of the lowest
energy structures was chosen from each family of the structures to represent the
NMR solution structure of H6OQUUU or H69WWW (Figure 4.6 C and D).

In solution, HBOUUU and HE9WWW are folded into stem-loop structures,
sharing several common structural features due to highly similar sequences
(Figure 4.6). Residues G1906-G1910 and C1920-C1924 constitute the stem
regions in an A-form RNA conformation (Figure 4.7 A and B). All of the expected
intra- and inter-residue H8/6-H1’ crosspeaks (of medium intensity) from the stem
region were observed in the 2D NOESY spectra (Figure 4.3). Formation of the
hydrogen bonds in the stem region is clearly shown in the 2D NOESY spectra

acquired with samples dissolved in H,O/D,0 (90%/10%) (Figure 4.2). Residues
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Figure 4.6 NMR solution structures of H69UUU (A and C) and H69¥YWYW (B and
D). In each of the structure families, ten of the lowest energy structures are
superimposed by “alignment” with PyMol (The PyMOL Molecular Graphics
System, Schrodinger, LLC.). Stem residues involved in canonical Watson-Crick
base pairs are colored in magenta. Loop residues are colored as follows:
U/¥1911, A1918, and A1919 in lime green, A1912 and A1913 in orange, C1914

in violet, U/¥1915 in blue, A1916 in skyblue, and U/Y1917 in cyan.
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Figure 4.7 Structures of stem regions of HGOUUU and HE9WWW, and the
G1907-U1923 wobble base pairs with their positions relative to G1922. The stem
regions of HBOUUU (green) and HEQWWW (cyan) were aligned for comparison.
The views from stem major groove side (A) and loop region (B) are shown. Two
hydrogen bonds, shown as black dashed lines, are established between G1907
06 with U1923 N3H (2.1 A) and G1907 N1H with U1923 02 (1.9 A) in both
structures (C and D). The distance between G1907 N1H and U1923 N3H
(orange dashed line) is 2.3 A, supported by an intense crosspeak (assignments
in orange) of G1907 N1H-U1923 N3H observed in 2D NOESY spectra (Figure
4.2). The distances from G1922 N1H to G1907 N1H and U1923 N3H (purple
dashed lines) are 4.3 and 4.0 A, giving rise to two medium-weak crisspeaks
(assignments in purple) of G1922 N1H-G1907 N1H and G1922 N1H- U1923

N3H in the 2D NOESY spectra (Figure 4.2).



154

10 2 B 7

H (ppm;
=} So
@

EX

= 101 _AP191INIH-N1H P1911NIH-HEN

T
wim
Bulas

10 ] ] 7

- "H (ppm)

C D

Figure 4.8 Effects of pseudouridylation at position 1911 on the structures of H69.
No Watson-Crick base pair is observed with either U1911 (A) or Y1911 (C). The
distances between atoms, which can participate hydrogen bonding interactions,
on U1911 in HBOUUU are at least 3.4 A apart. The distance between Y1911 02
and A1919 1H6 is 1.7 A (black dashed line), while the angle of N6 and 1H6 of
A1919 and 02 of W1911 is 129.4° (B and D), so even if the hydrogen bond is
established, its stability would be sacrificed by the unfavorable geometry. The
distance between N1H and O2P of W1911 is 4.5 A (purple dashed line), enabling
formation of a water-mediated hydrogen bond, which can protect the N1H from
exchange with the solvent (D) (Durant and Davis 1995; Newby and Greenbaum

2002; Kim, Theimer et al. 2010).
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G1907 and U1923 in the lower stem region form a wobble base pair (Figure 4.7
C and D). Resonances of the two imino protons of G1907 and U1923, protected
from exchange with solvent by hydrogen bonding interactions, are visible in the
2D NOESY spectra (Figure 4.2). The interproton distances between the imino
proton of G1922 and the imino protons of G1907 and U1923 support an A-form
RNA base stacking involving the G1907-U1923 wobble base pair. The stem
region is concluded with a G1910-C1920 base (Figure 4.7 A and B).

Instead of forming a canonical Watson-Crick base pair, U/%1911 and
A1919 are stacked onto G1910 and C1920, respectively. The distances between
atoms on U1911 and U1918/U1919 exclude the possibility of hydrogen bond
formation in HGOUUU (Figure 4.8 A). In HEOWWW, The distance between O2 of
w1911 and 1H6 of A1919 is 1.7 A (Figure 4.8 C), optimal for hydrogen bonds,
though the geometry of the three atoms involved could potentially undermine the
stability of this hydrogen bond (Figure 4.8 B). In 1D 'H NMR spectrum carried out
at 298K, the resonance of N1H W1911 was visible, and the assignment was
confirmed by the 2D NOESY spectrum of HG69WWW dissolved in H,O/D,0
(90%/10%) by a crosspeak between the N1H and H6 of Y1911 (Figure 4.8 D).
Protection of this imino proton unique to pseudouridines from exchange with
solvent suggests that Y1911 N1H participates in hydrogen bond formation. Since
no candidate acceptor is within direct hydrogen bond distance, the only
explanation is that a water molecule mediates this hydrogen bonding interaction
to a backbone oxygen atom (Davis 1995; Newby and Greenbaum 2002; Kim,

Theimer et al. 2010). The distance between O2P and N1H of W1911 is 4.5A
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(Figure 4.8 C), and both atoms are located in the major groove. This local
configuration makes O2P of W1911 suitable as a hydrogen bond acceptor to fix a
water molecule.

The A-form RNA characters are extended into the loop regions on both
the 5 and the 3’ side. Base stacking of A1913, A1912, and U/¥Y1911 onto
G1910, and base stacking of A1918 and A1919 onto C1920 are observed
(Figure 4.6 C and D). The only difference is that bases from G1910 to C1914
form a regular stacking system in H69UUU (Figure 4.9 A), while the
corresponding region in HE9WWW forms an irregular stacking conformation
(Figure 4.9 B). In the crystal structure 1INKW (isolated large ribosomal subunit
from Deinococcus radiodurans), C1914 is shown to be stacked on top of Y1915,
while no corresponding crosspeaks in 2D NOESY spectra of HGOQUUU and
HE9WWWY were observed. Instead, crosspeaks of A1913 H8-C1914 H6 were
observed in both spectra, indicating that C1914 is in close proximity to A1913 in
each structure (Figure 4.6 C and D).

A significant difference in the structures of HGOUUU and H69WWWY is
within U/%Y1915 to A1918 region. In the NMR structure of HGOWWW, bases of
residues W1915, A1916, W1917, and A1918 form a continuous sheared (parallel-
displaced ) stacking system (Figure 4.10 B), which is also observed in the crystal
structure 1NKW (Figure 4.10 C) (Harms, Schluenzen et al. 2001). In the NMR
structure of H6OUUU (Figure 4.10 A), this structural feature is absent, and
interruptions of stacking are shown between U1915-A1916 step and U1917-

A1918 step. The stepwise distances between the mass centers of bases
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Figure 4.9 Comparison of the structures from G1910 to C1914 of HGOUUU (A)
and HE9WWW (B). Regular base stacking of the five bases is observed in the
H69UUU sample, and the corresponding region in H69QWWW Shows more

irregular stacking of the bases.
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Figure 4.10 Comparison of loop region structures from U/\Y1915 to A1918. Bases
from residue Y1915 to A1918 in HEOWWW form a continuous sheared stacking
system (B), which is also observed in the crystal structure of 1INKW (C). In the
NMR structure of HGOUUU (A), the stacking system is broken between the

U1915-A1916 step and the U1917-A1918 step.
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from W1915 to 1918 are estimated to be within 5.5 A in HBYWWY, compared to

the distances of at least 7A between mass centers of U1915-A1916 and U1917-
A1918 in HBOUUU. The mere distances can potentially compromise the stability
of stacking interactions, even if a parallel-displaced stacking does exist between
U1915 and U1916, and a “T-shape” stacking between U1917 and A1918 (Diener
and Moore 1998). Residues U1915 and U1917 in the HGQUUU structure assume
a C2’-endo sugar pucker conformation, which is evidenced by appearance of two
intense H1'-H2’ crosspeaks in the 2D DQFCOSY spectrum (Figure 4.5 B). The
C2-endo sugar pucker enable the backbones of U1915 and U1917 to span a
longer distance than the C3-endo conformation, creating breakages in the base
stacking system (Saenger 1984; Kim, Theimer et al. 2010). Even though a C2’-
endo conformation is observed in A1916 of HGOWWW, an accompanying change
of the x dihedral angle (-79° vs. -160° in A-form RNA) helps reorient the A1916
base to form parallel-displaced stacking with bases of Y1915 and W1917. The
stacking interaction between bases of $1917 and A1918 in HEOWWWY brings H8
of A1918 close (= 3 A) to the sugar protons H2' and H3’ of Y1917, and two
crosspeaks of medium intensity in the 2D NOESY (1, = 150 ms) spectrum of
HE9WWW were observed. The distances of A1918 H8-U1917 H2" and A1918 H8-
U1917 H3' are = 4 A in HBOUUU, where two weak crosspeaks were observed in
the 2D NOESY (1, = 150 ms) spectrum. The different base stacking patterns in
H69UUU and HE9WWW may be also helpful to explain the resonance shifts (0.1

~ 0.2 ppm) of base proton H2s of A1916 and A1918, when the two samples are
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Table 4.5 Key NOEs from H6OWWW NMR experiment also observed in TNKW

Proton 1 Proton 2 NOE distance (A)® Distance in 1INKW (A)
A1912H2 A1918H2 5.00 £ 1.00 4.37
A1913H2 A1918HT’ 4.50 £ 1.50 6.29
A1913H2 W1917H1’ 5.00 £ 1.00 3.82
A1918H2 A1919HT’ 3.90 £ 1.00 5.34

a. An error bar of NOE distance of 0.5 A is added on the range shown below.
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Table 4.6 Violations of HGOWWW crystal structure in 1NKW to the NOEs derived

from the NMR experiments on H6OWWW

Proton 1 Proton 2 NOE distance (A)® Distance in 1INKW (A)
Y1911H6 A1912H8 5.00 £ 1.00 6.53
Y1911H3’ A1912H8 2.70 £ 0.50 4.46
A1912H2 A1913H8 5.00 £ 1.00 7.06
A1912HT A1919H2 3.40 £ 0.60 7.62
A1913H8 C1914H6 5.00 £ 1.00 7.60
A1913H8 C1914H5 5.00 £ 1.00 9.01
A1913H8 C1914H7T’ 5.00 £ 1.00 9.08
A1913H2 C1914H7T’ 3.30 £ 0.60 11.30
A1913H2 WY1917H6 unNOE 2.84
A1913HT’ C1914H6 5.00 £ 1.00 7.95
A1913HT’ A1918H2 3.80 £ 1.00 8.20
A1913HT’ A1919H2 5.00 £ 1.00 10.74
A1913H2’ C1914H6 2.90 £ 0.60 5.34
A1913H2’ C1914H7T’ 4.50 £ 1.50 8.10
A1913H3’ C1914H6 3.00 £ 0.60 4.96
A1913H3’ C1914H71’ 5.00 £ 1.00 7.08
C1914H71° A1916H8 5.00 £ 1.00 9.71
C1914H71 A1916H2’ 4.50 £ 1.50 12.90
C1914H2’ C1914H6 2.90 £ 0.50 4.02
C1914H4’ WY1915H6 4.00 £1.00 5.59
Y1915H6 A1916H2 5.00 £ 1.00 7.72
A1916H8 A1916H3’ 4.50 +1.00 2.21
A1916H2 W1917HT 3.00 £ 0.50 5.07
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Proton 1 Proton 2 NOE distance (A)® Distance in 1INKW (A)
A1916H2 W1917H2’ 5.00 £ 1.00 7.84
A1916H2 W1917H4’ 5.00 £ 1.00 6.62
A1916HT’ W1917HT 4.60 £ 1.00 6.17
A1916HT’ W1917H6 4.20 £ 1.00 7.30
A1916HT’ W1917H2’ 5.00 £ 1.00 8.62
A1916H1’ A1918H8 5.00 £ 1.00 9.25
A1916H2’ WY1917H6 2.60 £ 0.50 4.82
WY1917HT A1918H2 5.00 £ 1.00 9.23
W1917H2’ A1918HT’ 5.00 £ 1.00 2.94
W1917H3’ A1918H8 3.00 £ 0.60 1.06
A1918H8 A1919H8 5.00 £ 1.00 6.68
A1919HT’ C1920H5 5.00 £ 1.00 713
G1921HT’ G1922H8 3.60 £ 0.80 4.93
G1922H7T’ U1923H6 3.80 £ 1.00 5.59
G1922H7T’ U1923H5 4.50 £ 1.50 6.63
U1923HT’ C1924H6 3.40 £ 0.60 4.65

a. An error bar of NOE distance of 0.5 A is added on the range shown below.
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Table 4.7 Violations of HGOWWYWY NMR structure to the NOEs derived from the

NMR experiments on HGOUUU

Proton 1 Proton 2 NOE distance (A)® Distance in HGOWWWY (A)
G1910H2’ U1911HT’ unNOE 3.33
G1910H3 U1911H5 3.50 £ 0.80 4.81
U1911HT A1919H2 4.50 +1.50 8.18
A1912H8 A1912H2’ 3.00 £ 0.60 4.20
A1912H2 A1913H8 5.00 £ 1.00 10.12
A1912H2 A1913H2 3.90 £ 1.00 5.80
A1912H2 A1918HT’ 5.00 £ 1.00 7.46
A1912H2 A1919H2 5.00 £ 1.00 3.41
A1912H2’ A1913H8 2.50 £ 0.50 3.55
A1913H2 A1916HT’ 5.00 £ 1.00 714
C1914H4’ A1916H8 4.00 £ 1.00 5.57
C1914H4’ A1916H7T’ 4.00 £ 1.00 7.80
U1915H6 U1915H2’ 2.30 £ 0.50 3.56
U1915H4’ A1916H8 410 £1.00 5.71
A1916H8 A1916H2’ 4.50 +1.50 2.05
A1916HT’ U1917H6 5.00 £ 1.00 3.13
A1918H2’ A1919H8 unNOE 2.73
A1919HT’ C1920H6 3.70 £ 0.80 5.12
C1924H5 C1924H3 3.10 £ 0.60 4.96

a. An error bar of NOE distance of 0.5 A is added on the range shown below.
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Table 4.8 Violations of HBOUUU NMR structure to the NOEs derived from the

NMR experiments on H6OWYWYW

Proton 1 Proton 2 NOE distance (A)® Distance in HG9UUU (A)
A1912H8 A1913H8 3.50 £ 0.80 4.89
A1912H2 A1918H2 5.00 £ 1.00 3.46
A1913H8 C1914H71’ 5.00 £ 1.00 7.04
A1913H2 C1914H71’ 3.30 £ 0.60 5.08
A1913H1’ A1919H2 5.00 £ 1.00 7.46
A1913H3’ C1914H5 5.00 £ 1.00 2.82
C1914H3’ WY1915H6 3.10 £ 0.60 4.38
WY1915H6 WY1915H2’ 3.50 £ 0.60 2.24
WY1915H6 A1916H2 5.00 £ 1.00 7.10
A1916H8 A1916H2’ 2.60 £ 0.50 4.04
A1916H2 W1917HT 3.00 £ 0.50 4.74
A1916H2 W1917H2’ 5.00 £ 1.00 7.74
A1916H2 W1917H4’ 5.00 £ 1.00 6.81
A1916H2 A1918H1’ unNOE 3.45
A1916H1’ WY1917H6 4.20 + 1.00 6.11
A1916H1’ W1917H2’ 5.00 £ 1.00 7.40
A1916H1’ A1918H8 5.00 £ 1.00 7.79
A1916H3’ WY1917H6 4.10 £ 1.00 2.60
W1917HT’ A1918H8 5.00 £ 1.00 3.01
W1917HT’ A1918H2 5.00 £ 1.00 7.42
A1918H8 A1918H2’ 3.30 £ 0.60 4.57
A1918H8 A1918H3’ 2.80 £ 0.50 3.86
A1918H2’ A1919H8 2.70 £ 0.50 4.00
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Proton 1 Proton 2 NOE distance (A)® Distance in HG9UUU (A)
C1920H3’ G1921H8 2.70 £ 0.50 3.81
G1921HT’ G1922H8 3.60 £ 0.80 5.01
U1923H5 C1924H6 5.00 £ 1.00 7.35
U1923HT’ C1924H6 3.40 £ 0.60 5.01

a. An error bar of NOE distance of 0.5 A is added on the range shown below.
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compared (Al-Hashimi, Pitt et al. 2003). The key NOEs and NOE violations are
shown in Table 4.5, 4.6, 4.7, and 4.8 for comparison of the NMR structures of
H69UUU and HE9WWW, and the crystal structure of HGOWWW of 23S rRNA from
D. radiodurans.
4.4 Discussion

In this study, the structures of unmodified (H69UUU) and
pseudouridylated (H6OWWW) H69 were solved by NMR spectroscopy. The global
folding of the two constructs are very similar in that 1) a hairpin structure is
observed in both cases, with a stem region of five base pair long; 2) U/¥1911
and A1919 do not form a Watson-Crick base pair, but bridge stacking
interactions between the neighboring loop residues and stem capping base pair
G1910-C1920; 3) a continuous stacking system consisting residues U/WY1911,
A1912, A1913, and C1914 is observed, with subtle different backbone contours
in HBOUUU and HEQWWW. The most significant structural difference is revealed
in the loop region from U/¥Y1915 to A1918, where four base rings form a stacking
‘ladder” in HEQWWW, while the “ladder” is interrupted in HGOQUUU at U1915-
A1916 and U1917-A1918 steps. This structural difference is accompanied by
different sugar puckers of these loop residues. Another significant difference is
the dynamics of residue C1914, where conformational change is observed in the
HEOWWW 2D NOESY spectrum. It is unambiguously shown in the comparison of
the two structures that pseduouridylation does have structural effects on H69

folding.
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The first pseudouridylation site in H69 is residue 1911. No base pairing
formation (U/WY1911XA1919) is observed in either structure, and U/W1911 is
sandwiched between G1910 and A1912 in a “parallel-displaced” configuration,
though the NMR spectra and structure of HEOWWW suggests that at least one
hydrogen bond involving a bridging water molecule is formed between the N1H
of W1911 and its backbone phosphate oxygen. It has been reported that
formation of such a water-mediated hydrogen bond in pseudouridine contributes
= - 0.7 kcal/mol to stabilize the RNA folding (Newby and Greenbaum 2002). This
observation agrees with earlier findings in thermodynamic studies on H69
pseudouridylations (Meroueh, Grohar et al. 2000; Sumita, Jiang et al. 2012). UV-
melting experiments on a duplex construct (residues G1906 — A1912 and A1919
— C1924 of H69) with either U1911 or Y1911 shows that pseudouridylation at
1911 exerts a stabilizing effect of = -1.0 kcal/mol. A similar thermodynamic
contribution was also revealed in comparison of thermodynamic stabilities of
H69UUU and HE69WUU (1911-selective pseudouridylation) hairpin structures.
The stabilizing effect of pseudouridylation at 1911 in H69 appears to be localized
within a context extending to A1912, and completion of the hairpin structure with
all the loop residues (no pseudouridylation at 1915 and 1917) does not appear to
influence the stabilizing effect of W1911. In addition, formation of a water-
mediated hydrogen bond involving N1H and enhanced stacking of Y1911 with
neighboring residues dominate the stabilizing contribution of pseudouridylation at
this site, and the extra cross-strand interactions appear to provide insignificant

stability bonus, if a minor difference of -0.3 kcal/mol (-1.0 — (-0.7) kcal/mol) is
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considered. This suggestion agrees with a possible hydrogen bond established
between 1H6 of A1919 and O2 of Y1911, in an unfavorable geometry. As a
result, mutation of Y1911C showed negligible effects on the subunit association
profile and activity of ribosomes, when pseudouridylation at 1915 and 1917 by
RluD was not affected (Liiv, Karitkina et al. 2005; Leppik, Peil et al. 2007). It was
also reported in the same paper that mutation A1919G showed severe slow
growth phenotype with existence of the pseudouridylations in H69. This dramatic
growth defect could not be attributed completely to the loss of the hydrogen bond
between 1H6 of A1919 and O2 of Y1911 due to substitution of a hydrogen bond
donor (1H6) in A1919 to an acceptor (O6) in G1919, if G1919 assumes the same
conformation as A1919 in HEOQWWW. Base stacking may play a role in this case,
and G often contributes a slightly less stabilizing effect as the capping residue of
an RNA duplex compared to A (Freier, Burger et al. 1983; Freier, Alkema et al.
1985; O'Toole, Miller et al. 2005). Based upon the structures reported here, we
hypothesize that a less favorable stacking involving G1919 and a loss of a
hydrogen bond worked synergistically to alter the structural property of H6GOWWW
A1919G, leading to compromised ribosomal activity.

More profound structural effect is found with pseudouridylation at 1915
and 1917, where W1915, A1916, Y1917, and A1918 form a continuous stacking
system in HEOWWW and the integrity of this stacking system is abolished in
H69UUU, which has been observed in chemical probing experiments of large
ribosomal subunits (Sakakibara and Chow 2012). Enhancement of stacking

interactions by pseudouridylation is also suggested by other studies (Davis 1995;
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Durant and Davis 1995; Kim, Theimer et al. 2010). While there is an essential
difference that significant destabilizing effect was observed in this study, and
stabilization of RNA folding were reported elsewhere. Loss of well-defined
doublet contours of C1914 H6-H5 crosspeak in HGOWWY 2D NOESY spectrum
indicates a highly dynamic local structure, with intermediate time-regime
exchange between the different conformers. This destabilizing effect was
revealed in thermodynamic studies on both H69 duplex construct and selective
pseudouridylation of H69 hairpins (Meroueh, Grohar et al. 2000; Sumita, Jiang et
al. 2012). Pseudouridylation at residues 1915 and 1917 confers a destabilizing
effect of 0.9 kcal/mol. When they were pseudouridylated individually, Y1915
contributes a destabilizing effect of 0.7 kcal/mol and Y1917 0.3 kcal/mol. In the
crystal structures containing large ribosomal subunit, a stacking system extended
from m3U/¥1915 to A1918 appears to be conserved in ribosomes from bacteria
and at leat one eukaryote (yeast) (Harms, Schluenzen et al. 2001; Yusupov,
Yusupova et al. 2001; Berk, Zhang et al. 2006; Weixlbaumer, Petry et al. 2007;
Weixlbaumer, Jin et al. 2008; Schmeing, Voorhees et al. 2009; Jenner,
Demeshkina et al. 2010; Korostelev, Zhu et al. 2010; Ratje, Loerke et al. 2010;
Ben-Shem, Garreau de Loubresse et al. 2011). Mutations disrupting the stacking
gave rise to suboptimal ribosomal subunit association and activity (Liiv, Karitkina
et al. 2005; Leppik, Peil et al. 2007). Comparison of H69 structures in TNKW and
212T shows that most dramatic conformational changes undergo from residue
A1912 and W1915 (Figure 4.11) (Harms, Schluenzen et al. 2001; Berk, Zhang et

al. 2006; Saro and SantalLucia 2007). Thus, it is evident that enhanced stacking
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RMSD

C1908-C1908
A1912-A1913
A1913-C1914
C1914-¥1915
A1918-A1919
A1919-C1920
C1920-G1921

C1909-G1910
Y1911-A1912

Y1915-A1916
A1916-WY1917
Y1917-A1918
G1921-G1922

G1906-G1907
G1907-C1908
G1910-¥Y1911
G1922-U1923
U1923-C1924

Residue step

Figure 4.11 Conformational changes in each dinucleotide step upon ribosome
association. Coordinates of the two neighboring residues in INKW and 212T
were aligned and the RMSD for the two residues were calculated with all atoms
(Saro and SantalLucia 2007; Sijenyi, Saro et al. 2011). Steps highlighted in light
blue show most dramatic conformational changes on ribosome subunit
association. Dinucleotide steps were chosen to illustrate the conformational
changes in each residue and the relative conformational changes between the
two residues, while an propagating effect of coordinates translation resulted from

other residues, e.g. stem duplex residues, is minimized.
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by pseudouridylation at 1915 and 1917, together with Y1911 plays a role in pre-
organizing the folding of HE69 loop region by destabilizing the upstream loop
residues. The fact that bases of residues $1915 - A1918 assume a continuous
stacking in the post-association state suggests that pseudouridylation at 1915
and 1917 may contribute to the stabilization of b2a intersubunit bridge by
reinforcing the stacking in the downstream loop region of HG9.
4.5 Conclusion

H69 is a stem-loop structure, consisting of 19 nucleotides, in bacterial 23S
ribosomal RNA, and its primary/secondary structure and modification pattern are
highly conserved through all the three domains (Ofengand and Bakin 1997;
Yusupov, Yusupova et al. 2001; Cannone, Subramanian et al. 2002). Recent X-
ray crystallography studies show that H69 directly participates in establishment of
B2a intersubunit bridge in both bacterial and eukaryotic ribosomes, and have
direct contact to multiple translational factors during translation process
(Yusupov, Yusupova et al. 2001; Weixlbaumer, Petry et al. 2007; Weixlbaumer,
Jin et al. 2008; Schmeing, Voorhees et al. 2009; Jenner, Demeshkina et al. 2010;
Korostelev, Zhu et al. 2010; Ratje, Loerke et al. 2010; Ben-Shem, Garreau de
Loubresse et al. 2011). Comparison of the different X-ray crystal structures
shows that nucleotide A1913 base is flipped out upon association of ribosomal
subunits. In addition, the whole H69 hairpin structure undergoes subtle
conformational changes during different stages in the translation (Figure 4.12).
Since these crystal structures are representative of states when stable

interactions between H69 and translational factors are still intact and the energy



