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ABSTRACT

Base pairs involving post-transcriptionally modified nucleobases are believed to play important roles in a wide variety of
functional RNAs. Here we present our attempts toward understanding the structural and functional role of naturally occurring
modified base pairs using a combination of X-ray crystal structure database analysis, sequence analysis, and advanced
quantum chemical methods. Our bioinformatics analysis reveals that despite their presence in all major secondary structural
elements, modified base pairs are most prevalent in tRNA crystal structures and most commonly involve guanine or uridine
modifications. Further, analysis of tRNA sequences reveals additional examples of modified base pairs at structurally conserved
tRNA regions and highlights the conservation patterns of these base pairs in three domains of life. Comparison of structures
and binding energies of modified base pairs with their unmodified counterparts, using quantum chemical methods, allowed us
to classify the base modifications in terms of the nature of their electronic structure effects on base-pairing. Analysis of
specific structural contexts of modified base pairs in RNA crystal structures revealed several interesting scenarios, including
those at the tRNA:rRNA interface, antibiotic-binding sites on the ribosome, and the three-way junctions within tRNA. These
scenarios, when analyzed in the context of available experimental data, allowed us to correlate the occurrence and strength of
modified base pairs with their specific functional roles. Overall, our study highlights the structural importance of modified
base pairs in RNA and points toward the need for greater appreciation of the role of modified bases and their interactions, in
the context of many biological processes involving RNA.

Keywords: modified base pairs; X-ray crystal structures; interaction energies; base-pair parameters; post-transcriptional
modifications

INTRODUCTION

Recent structural and mechanistic studies on RNAmolecules
illustrate that although tremendous progress has been
achieved toward understanding their versatile role in modern
biology, there is a need to deepen our understanding of the
principles governing the structure, dynamics, and functions
of these fascinating biomacromolecules. For example, similar
to proteins, where the post-translational modifications are
associated with catalysis, initiation, and termination of signal
cascades, and integration of information at many metabolic
intersections (Walsh et al. 2005), post-transcriptionally mod-
ified nucleobases may also be associated with a variety of
RNA functionalities. A detailed understanding of chemical
modifications of RNA nucleobases, and resulting changes
in associated noncovalent interactions, is therefore one of

the necessary requirements for investigating the functional
diversity of RNA molecules.
Post-transcriptional modifications in RNA range from the

addition of simple functional groups (e.g., base/ribose meth-
ylation) to that of complex side chains (e.g., hypermodifica-
tions) (Denmon et al. 2011). In addition, such modifications
may also include substitution (e.g., conversion of uridine
to 4-thiouridine, s4U), isomerization (e.g., conversion of uri-
dine to pseudouridine, Ψ), and reduction (e.g., conversion of
uridine to dihydrouridine, D) (Fig. 1; Mueller et al. 1998).
Available literature suggests that modifications serve as im-
portant evolutionary tools for tuning up the RNA structure
to perform its biological functions with greater fidelity
(Ofengand and Bakin 1997; Ofengand 2002; Emmerechts
et al. 2008). Thus, it is not surprising that modifications are
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present in RNA of organisms belonging to all three (i.e., ar-
chaea, bacteria, and eukarya) domains of life (Decatur and
Fournier 2002), and the percentage of chemical modifica-
tions in an RNA sequence is roughly proportional to the
complexity of the organism (Chow et al. 2007). In this
context, repositories of modified RNA bases available in da-
tabases such as MODOMICS (Dunin-Horkawicz et al. 2006),
Transfer RNA database (tRNAdb, Jühling et al. 2009), RNA
Modification Database (RNAMDB, Cantara et al. 2011),
3D ribosomal modification maps database (3Dmodmap,
Piekna-Przybylska et al. 2008), and Small Subunit rRNA
Modification Database (SSUmods, McCloskey and Rozenski
2005) provide a comprehensive listing of post-transcription-
ally modified nucleosides in RNA, which are useful in under-
standing RNA nucleoside modification pathways.

In terms of mechanistic understanding, one of the ways
through which modified nucleobases provide stability to
the RNA 3D structures is by inducing tailor-made alterations
to the conformational preferences of the nucleotides. For ex-
ample, methylation at the 2′-OH group of ribose shifts the
equilibrium toward C3′-endo sugar pucker, thus favoring
the A-form RNA helices (Motorin and Helm 2010).
Further, contrary to the anti-conformation adopted by natu-

rally occurring nucleotides, pseudouridine prefers the syn

conformation at the glycosidic bond. Given the low-energy
requirement for the anti/syn transition, pseudouridine can
shift between the two conformations with relatively greater
ease and can function as a conformational switch in RNA
(Charette and Gray 2000). Dihydrouridine, on the other
hand, significantly destabilizes the C3′-endo sugar conforma-
tion, which is associated with base stacked, ordered, A-type
helical RNA. Thus, it is not surprising that dihydrouridine
is found in higher percentages in RNA of organisms that
grow in low temperatures, where it provides extra flexibility
(Dalluge et al. 1996).
Apart from changing the conformational preferences,

modifications can also affect the noncovalent interactions
in RNA (Davis 1995). Base-pairing and base stacking consti-
tute the major noncovalent interactions through which RNA
nucleotides interact with each other. Although base stacking
helps in RNA folding, it is less specific and weaker compared
to base-pairing (Leontis and Westhof 2001). In contrast,
base-pairing provides directionality and specificity (Leontis
and Westhof 2001; Leontis et al. 2002) and plays a crucial
role in scripting the structural variety and functional dynam-
ics of RNA molecules. In this context, the base-pairing clas-
sification (Fig. 2) efforts by Leontis and Westhof (2001)
(Leontis et al. 2002; Stombaugh et al. 2009) and the quantum
chemical revelation of physicochemical principles of RNA
base-pairing (Šponer et al. 2005a,b,c, 2010; Sharma et al.
2008, 2010b; Mládek et al. 2009; Chawla et al. 2011; Halder
et al. 2014, 2015; Bhattacharya et al. 2015), coupled with
increasing availability of X-ray crystal structures of functional
RNA, have significantly enhanced our understanding of base-
pairing involving canonical nucleosides in RNA. However,
the effect of nucleoside modifications on intrinsic properties
of RNA base pairs has been considered only in a few quantum
chemical or structural studies (Oliva et al. 2006, 2007;
Chawla et al. 2015).
Previous studies on tRNA post-transcriptional modifica-

tions observed that modifications that introduce positive

FIGURE 1. Schematic representation of modified base pairs showing
their interacting edges. Red triangles represent modification involving
methyl group substitution, whereas the blue triangle represents substi-
tution of oxygen with sulfur atom. The ribose sugar is represented by
r in the structures of dihydrouridine (D) and pseudouridine (ψ).

FIGURE 2. (A) Schematic representation of cis (C) or trans (T) orien-
tation of the glycosidic bond. (B) List of 12 RNA base-pairing families.
W, H, and S represent Watson–Crick, Hoogsteen, and sugar edges,
respectively.
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charges strongly stabilize the geometry of the corresponding
base pairs. An example in context is the stabilization of a
reverse Watson–Crick geometry of G15:C48 tertiary interac-
tion in RNA on positively charged archaeosine modification
of guanine (Oliva et al. 2007). More recently, analysis of avail-
able RNA crystal structures (Chawla et al. 2015) revealed that
11 types of base modifications participate in base pair forma-
tion, forming 27 distinct base pair combinations. Further
quantum chemical studies revealed that whereas methyl
modifications either impart steric clashes or introduce posi-
tive charge, other modifications such as Ψ and D affect the
stability and flexibility of the structure (Chawla et al. 2015).
Be that as it may, there remains a significant gap in under-

standing of the structural principles involving modified base
pairs in RNA. A number of factors need to be considered in
order to address it. First, since the structural diversity of
modifications varies across different groups of RNAs
(Cantara et al. 2011), the relative abundance of modified
base pairs with respect to different RNA classes needs to be
considered. Further, due to the prevalence of sugar modifica-
tions in RNA, and given the fact that ribose plays an impor-
tant role in RNA base-pairing (Šponer et al. 2005a; Sharma
et al. 2008; Mládek et al. 2009), the effect of ribose modifica-
tions on geometries and stabilities of RNA base pairs needs to
be analyzed. In addition, the geometric characteristics of
crystal occurrences of modified base pairs need to be ana-
lyzed in detail, in order to quantify the effect of base modifi-
cations on conformational flexibilities of base pairs in crystal
contexts. Finally, the structural context of occurrence of
modified base pairs in RNA structures needs to be consid-
ered, in order to evolve a deeper understanding of the func-
tional roles of such base pairs.
In the present work, we attempt to fill this void in literature

by probing into the geometrical features and the intrinsic sta-

bilities of base pairs containingmodified RNA bases, in terms
of their molecular-level interactions, as well as their macro-
molecular context of occurrence in RNA structures. For
this, we have chosen a multipronged approach that uses a
combination of crystal structure database analysis using tools
of structural bioinformatics, sequence analysis and state-of-
the-art quantum chemical methods. Overall, our study pro-
vides a comprehensive analysis of modified base pairs in
RNA, which may inspire future studies on the specific func-
tional context of individual base modifications in RNA.

RESULTS AND DISCUSSION

Sequence–structure–energetic context of occurrences
of modified base pairs in functional RNAs

Statistical overview of modified base pairs in RNA 3D structures

(i) tRNA structures show a remarkably high occurrence of mod-

ified base pairs: Fifteen different types of naturally occurring
modified RNA nucleosides were searched to analyze their
propensities to form base pairs (Table 1). Eleven of them in-
volved modification(s) of the nucleobase moiety, and were
previously found to participate in base-pairing in RNA struc-
tures (Chawla et al. 2015). Additionally, since methylation of
the 2′-OH group is also known to affect base-pairing involv-
ing sugar edge interactions (Leontis and Westhof 2001), this
modification was also considered for all four nucleosides (A,
C, G, and U). A set of 207 high-resolution RNA crystal struc-
tures, containing at least one modified base (Supplemental
Table S1), and determined according to specific search crite-
ria (see Materials and Methods), was selected for analysis.
More than half of these modified bases participate in base-
pairing, whereas the unpaired modified bases were present

TABLE 1. Naturally occurring modified bases that participate in base-pairing in RNA crystal structures

Modified basesa Observed base pairs

N1-methyl adenine (m1A) m1A:A W:HT, m1A:m5U W:HT, m1A:m5Um W:HT
N6,6-dimethyl adenine (m6

2A) m6
2A:G S:ST

2′-O-methyl adenine (Am) Am:G S:ST
N2-methyl guanine (m2G) m2G:C W:WC, m2G: C W:W(+)C, m2G:U W:WC
N2,2-dimethyl guanine (m2

2G) m2
2G:A W:WC

N7-methyl guanine (m7G) m7G:G W:HT, m7G:C W:WC, m7G:A S:ST, m7G:A S:WT
2′-O-methyl guanine (Gm) Gm:A W:WC, Gm:G S:SC, Gm:C W:WC,
C5-methyl cytosine (m5C) m5C:G W:WC, m5C:G W:WT
2′-O-methyl cytosine (Cm) Cm:Gm W:WC
Pseudouridine (Ψ) Ψ:A W:WC, Ψ:A W:HT, Ψ:G W:WC, Ψ:C S:WC
5,6-dihidrouridine (D) D:G W:ST, D:G H:SC, D:U W:WT, D:U S:ST
C5-methyl uracil (m5U) m5U:A W:HT, m5U:G W:WC, m5U:G W:HT
2′,5-dimethyl uracil (m5Um) m1A: m5Um H:WT
2′-O-methyl uracil (Um) Um:A W:WC, Um:A W:HT, Um:G H:SC
4-thiouridine (s4U) s4U:A W:HT, s4U:A W:ST, s4U:A S:SC

aMethylated bases are represented as mXN, where “m” represents methyl group, the superscript “X” represents the position of the methyl
group, and “N” represents the nucleobase. mX

YN is used to represent more than one methyl substituent, where the subscript “Y” represents
the number of methyl substituents. 2′-O-ribose methylation is represented as Nm.

Post-transcriptionally modified base pairs in RNA
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in other variable structural contexts (Supplemental Tables
S2–S4). While 80% of the crystal structures belong to four
major RNA classes (tRNA [25%], 16S rRNA [24%], 23S
rRNA [23%], and RNA-binding proteins [11%], Fig. 3A),
the occurrence of modified bases in the rest of the RNA
classes was rather marginal (each below 10%).

Base pairs involving at least one modified base were detect-
ed in 65% (135) of the total (207) crystal structures (Sup-
plemental Table S2). Approximately one-third of such
structures belongs to tRNA (36%), another one-third to
23S rRNA (34%), and one-sixth belongs to 16S rRNA
(18%, Fig. 3). Overall, a total of 453 modified base pairs
were detected, half of which belong to tRNA (Supplemental
Fig. S1). This agrees with earlier reports regarding relatively
greater occurrence of modified bases in tRNA compared to
that in other RNA classes (Limbach et al. 1994; Machnicka
et al. 2014). Given that most of the nucleobases in tRNA
are involved either in base-pairing or in tertiary interactions
(Oliva et al. 2006), it is not surprising that most of the mod-
ified bases present in tRNA also participate in base-pairing.

(ii) Modified base pairs are observed in all major RNA struc-

tural elements and span diverse RNA base-pairing geometries:
Distribution of modified base pairs with respect to their con-
textual occurrence in RNA crystal structures reveals that ap-
proximately half (49%) of them are present in stem (helical)
regions, 14% in loop regions, and the rest (37%) are involved
in tertiary interactions (Supplemental Fig. S1). Overall, the
results are in line with a previous crystal structure analysis
(Chawla et al. 2015), where 41% of the total modified base
pairs were found to be involved in tertiary interactions
(Supplemental Tables S5, S6).

Categorization of the modified base pairs, in terms of the
portion of the nucleoside that interacts with the partner nu-
cleoside, reveals that 80% of them involve base–base (B–B)
interactions, 12% involve base–nucleoside (B–S) interac-
tions, and 8% involve nucleoside–nucleoside (S–S) interac-
tions (Supplemental Tables S7–S9). Further categorization
of base pairs in terms of the interacting edge (Watson–
Crick [W], Hoogsteen [H] or Sugar [S]) and the glycosidic
bond (cis [C] or trans [T], Figs. 1, 2) orientation reveals

that the B–B interactions involving modified bases (80%)
span four of the six associated base-pairing families—W:
WC (49%), W:HT (27%), W:WT (3%), and W:HC (1%).
Notably, no examples of modified base pairs are observed
among H:HC and H:HT families of base pairs, possibly since,
due to their unique backbone topology requirements, these
base pair families are themselves known to occur rarely in
RNA structures (Sharma et al. 2010a). On the other hand,
B–S (12%) and S–S (8%) interactions span all six possible
base pair geometries (W:SC [5%], W:ST [4%], H:ST [2%],
H:SC [1%], S:SC [6%], and S:ST [2%]). Overall, the total
453 base pairs identified in RNA crystal structures belong
to 36 unique base-pairing combinations, 24 of which involve
B–B interactions, six involve B–S interactions, and six involve
S–S interactions (Table 2).
(iii) Methylation is the preferred chemical modification in

RNA base pairs: Distribution of modified base pairs with re-
spect to the type of modification reveals that more than half
of them contain at least one methylated base (60% total, 35%
in tRNA, and 22% in 16S rRNA). Further, depending on the
number of potential methylation sites available in the parent
nucleobase, substantial diversity is observed in methylated
base pairs. For example, one-third of the total methylated
base pairs contain m5C, which is followed by three varieties
of methylated G (26%), namely m7G (13%), m2G (9%),
and m2

2G (4%, Supplemental Fig. S1). However, in contrast
to the abundance of base pairs containing methyl modifica-
tion at the nucleobase moiety (86%), only 14% contain sugar
methylation at 2′-OH (Supplemental Fig. S1). Greater abun-
dance of methylated base pairs in RNA structures can be cor-
related to the wide variety of structural roles played by these
bases that include enhancement of base stacking, enhanced
nucleobase polarizability, tendency to favor C3′ endo-con-
formation, block sugar–edge interactions and enhancement
of stability against hydrolysis by methylation at 2′-OH of sug-
ar (Helm 2006).
(iv) Base pairs containing modified uridine or guanosine are

relatively more abundant: Crystal structure analysis reveals
that 72% of the modified base pairs contained either modi-
fied uridine (37%) ormodified guanosine (35%, Supplemen-

tal Fig. S1). The greater proportion of
base pairs containing uridine modifica-
tions can be attributed to the natural oc-
currence of a rich variety in uridine
modifications (base methylation and/or
sugar methylation, thiolation, pseudour-
idylation, or reduction), each of which
has the propensity to form base pairs.
In fact, six of the 15 modified nucleosides
that form base pairs (Table 1) contain
modification of uridine. On the other
hand, greater abundance of base pairs
containing guanosine modifications can
be correlated to occurrence of a variety
of methylation sites at guanosines (e.g.,

FIGURE 3. (A) Percent distribution of total 207 crystal structures in the data set as a function of
RNA type. (B) Percent distribution of those 135 crystal structures as a function of RNA type that
contain at least one modified base.
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N1, N2, N7, or 2′-OH), as well as the propensity of guanosine
to form singly and doubly methylated structures at N2, all of
which participate in base-pairing.

Statistical analysis of modified base pairs in the tRNA sequence
database

As mentioned above, the highest fraction of modified base
pairs are observed in tRNA crystal structures. Owing to the
availability of a greater number of tRNA sequences compared
to 3D structures, sequence analysis can provide more detailed
information about conservation patterns of modified base
pairs. However, the usual method of sequence annotation
in the sequence database available at the National Center
for Biotechnology Information (Pruitt et al. 2007) does
not include information on the presence of modified bases

in nucleic acid sequences. This excludes the possibility of
use of sequence alignment algorithms, such as BLAST
(Altschul et al. 1990), etc., for analysis of modified base pairs
in the sequence space.
To overcome this difficulty, we have used the tRNA se-

quence database (Jühling et al. 2009), which is a repository
of sequences that provides information on the presence of
modified bases at different tRNA positions (see Materials
and Methods). Within these sequences, base pair combina-
tions present at 10 different positions in tRNA structures
were searched and graded according to their occurrence fre-
quency in all the sequences (Fig. 4; Supplemental Table S10).
Analysis revealed additional examples of modified base pairs
at these 10 selected positions. For example, although the
m2

2G:A combination inW:WC geometry, observedmost fre-
quently at the 26:44 position in tRNA crystal structures, is
also observed most frequently within the tRNA sequences,
our sequence analysis reveals three new examples of modified
base pair combinations (m2

2G:U, m
2
2G:Um, and m2G:A) at

this position. Similarly, at the position 54:58 of TΨC-loop in
tRNA, although the m5U:AW:HT is the most frequently ob-
served combination, and covaries with m5U:m1A, m5Um:
m1A, and A:m1A pairs in tRNA crystal structures, sequence
analysis reveals five new examples of modified base pair com-
binations (m1Ψ:A, U:m1A, Ψ:m1A, Ψ:A, and m5Um:A) at
this position. On similar lines, tRNA sequence analysis iden-
tified additional modified base pair combinations at other
positions (Fig. 4).
Our analysis further reveals that occurrence of some mod-

ified base pairs are restricted to certain domains of life, and
are completely absent in others. For example, although mod-
ified base pairs m2G:C, m2

2G:A, and m5C:G at positions
10:25, 26:44, and 49:65, respectively, are observed in tRNA
sequences of archaea and eukarya, they are absent in bacteria
(Fig. 4). Similarly, them5U:m1A base pair present at the 54:58
position and the Ψ:G base pair at the 13:22 position were
found only in eukaryotic tRNA, and were absent in lower do-
mains (bacteria and archaea). While these examples suggest
the absence of somemodified base pair combinations in lower
organisms, certain modified base pairs are only observed in
lower organisms, and have not reached higher domains of
life. For example, s4U:A at position 8:14 is observed in bacteria
and archaea, but not in eukarya. Nevertheless, four modified
base pairs G:m7G, A:m5U, G:Ψ, and A:Ψ, observed at tRNA
positions 22:46, 54:58, 30:40, and 31:39, respectively, are
present in all three domains of life. Overall, our results point
toward phylogeny-dependent distribution of modified base
pairs in tRNA, which may stem from domain-specific strate-
gies of RNA maturation (Machnicka et al. 2014).

Geometric and energetic characterization of modified
base pairs

Of the 36 unique modified base pair combinations identified,
23 are present in multiple instances in RNA crystal structures

TABLE 2. Occurrence frequency and the type of RNA in which
the 36 unique modified base pairs were identified in the data set

Base pair Typea Fb RNA type

m5C:G W:WC B–B 87 tRNA, 16S rRNA
m2G:C W:WC B–B 38 tRNA, 16S rRNA
Ψ:A W:WC B–B 24 tRNA, mRNA:tRNA
m7G:C W:WC B–B 22 16S rRNA
m2

2G:A W:WC B–B 16 tRNA
Gm:C W:WC B–B 12 23S rRNA
Ψ:G W:WC B–B 10 tRNA
Um:A W:WC B–B 4 23S rRNA
m5U:G W:WC B–B 3 snRNA
m2G: C W:W(+)C B–B 3 tRNA
m2G:U W:WC B–B 1 tRNA
Gm:A W:WC B–B 1 23S rRNA
Cm:Gm W:WC B–B 1 23S rRNA
m5U:A W:HT B–B 34 tRNA
m7G:G W:HT B–B 27 tRNA
Ψ:A W:HT B–B 22 16S rRNA
m1A: m5U H:WT B–B 18 tRNA
s4U:A W:HT B–B 15 tRNA
m5U:G W:HT B–B 2 tRNA
m1A:A H:WT B–B 1 tRNA
m1A:m5Um H:WT B–B 1 tRNA
Um:A W:HT B–B 1 23S rRNA
D:U W:WT B–B 12 tRNA
m5C:G W:WT B–B 3 tRNA
Ψ:C S:WC B–S 22 16S rRNA
m7G:A S:WT B–S 10 16S rRNA
s4U:A W:ST B–S 7 tRNA
D:G W:ST B–S 1 tRNA
D:G H:SC B–S 1 tRNA
Um:G H:SC B–S 1 23S rRNA
Gm:G S:SC S–S 30 23S rRNA
s4U:A S:SC S–S 1 tRNA
m6

2A:G S:ST S–S 3 23S rRNA:tRNA
Am:G S:ST S–S 2 Ribozyme
m7G:A S:ST S–S 1 16S rRNA
D:U S:ST S–S 1 tRNA

aB–B, B–S, and S–S stand for base–base, base–sugar, and sugar–
sugar interactions, respectively.
bOccurrence frequency.
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(Table 2; Supplemental Table S11), where geometrical varia-
tions were observed within different occurrences of each base
pair. Such variations arise due to both, difference in macro-
molecular context as well as on the identity of the base pairs.
We used eight different structural parameters, viz., root mean
square deviation (rmsd), buckle (κ), propeller twist (π), open
angle (σ), stagger (sx), shear (sy), stretch (sz) (Mukherjee et al.
2006), and E-value (Das et al. 2006) to quantify the variation
in geometries and hydrogen bonding characteristics of
modified base pairs in their crystal contexts (Supplemental
Section S1; Supplemental Tables S12–S16; Supplemental
Figs. S2–S5). Analysis of average and standard deviation
in these parameters reveals that most of the base pairs
involving B–B interactions exhibit relatively smaller deviation
among crystal occurrences. However, significant variation is
observed in base pairs involving B–S and S–S interactions,
which can be mainly attributed to the flexibility of ribose
sugar and the associated glycosidic torsional freedom.

Geometry optimization of a suitably
chosen representative crystal occurrence
of each modified base pair, using quan-
tum chemical methods, allowed us to lo-
cate the minimum energy structures of
isolated base pairs. These optimized iso-
lated base pair structures represent the
ideal base geometries that would be ob-
tained in the absence of macromolecular
crystal structure effects, and are useful to
quantify the role of interbase hydrogen
bonding in determining the structure of
the pair. Thus, the comparison of geom-
etries of the base pairs observed in its iso-
lated form, with those observed in RNA
structural context, can provide useful in-
sights into the interplay of the forces
within the crystal environment (Fig. 5).
Our results reiterate that the variations
in geometrical parameters and E-values,
between the crystal and the optimized ge-
ometry of each base pair, respectively,
depend on the combination of geometry
of the base pair, the type of interaction
(B–B vs. B–S vs. S–S), and the identity
of the interacting bases. For example,
the high rmsdav (0.8 Å) of the optimized
structure of the Um:AW:WC pair, com-
pared to its crystal occurrences, may be
understood in terms of significant relax-
ation of buckle and propeller parameters
on optimization. Similarly, the high
rmsdav (1.2 Å) of the optimized structure
of m2

2G:AW:WC, from its crystal occur-
rences, can be explained in terms of opti-
mization of hydrogen bond distances
(and consequent large deviation in E-val-

ues) on optimization. Detailed comparison of structural pa-
rameters in crystal geometries and energy minimized
(optimized) geometries of the base pairs are provided in
Supplemental Section S1. It may be noted that due to limited
resolution of crystal structures within the data set, many of
the observed base pair deformations in crystal geometries
may also reflect refinement errors of the crystal structure
data. This may, in turn, affect the distribution of the geomet-
rical parameters of crystal occurrences of base pairs. Hence
appropriate caution needs to be exerted while drawing infer-
ences, regarding the effects of a macromolecular environ-
ment on base-pairing, from the comparison of structural
properties of crystal and optimized geometries of base pairs.
The refinement inaccuracy related uncertainties notwith-

standing, the comparison of optimized geometries, and cor-
responding interaction energies, of modified base pairs with
their respective unmodified counterparts, can reveal impor-
tant clues regarding the effect of base modification on the

FIGURE 4. Schematic representation of most commonly observed modified base pairs in tRNA
sequences. (A) Distribution of modified base pairs in tRNA sequences divided according to the
domains of life. (B–K) Presence of modified base pairs in 10 major base pair positions (represent-
ed by red circles) in tRNA structures. The newly identified modified base pair combinations ob-
served from sequence analysis are shown in bold in the corresponding tables.
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base pair geometries. This holds true particularly for those re-
lated to the structure and strength of hydrogen bonding
interactions between the paired bases (Supplemental Table
S13). In this context, geometrical deviations and interac-
tion energy differences between each modified base pair
and its unmodified counterpart were measured and analyzed
(Supplemental Section S1; Supplemental Tables S9–S12;
Supplemental Figs. S2–S5). Based on our analysis, the effects
of base modification on base-pairing can be divided into two
broad categories:
(i) Base pairs where modification induces electronic

effects: These include 17 base pairs that involve significant
(>2 kcal/mol) change in interaction energy on base modifica-
tion. Such base pairs can further be grouped into five
subcategories:
(a) Base pairs involving alteration of charge on modification:

These include seven base pairs, four of which (m7G:G, m5U:
m1A, m5Um:m1A, and A:m1A) belong to the W:HT family
and one each to W:WC (m7G:C), S:WT (m7G:A), and S:ST
(m7G:A) families. All of these acquire positive charge on
modification. The resulting enhanced electrostatic compo-

nent of interaction energy significantly increases the overall
base-pairing energy (by up to 15 kcal/mol) on modification.
Additionally, the alteration of formal charge may affect the
pKa values of those titrable groups of nucleobases that are
not sequestered in interbase hydrogen bonding. For example,
methylation at N7 of G can significantly lower the pKa value
of the imino (N1–H) group of the modified G within the
m7G:G W:H T pair.
(b) Base pairs involving alteration of hydrogen bonding pat-

tern on modification: These include two base pairs, viz., Ψ:C
S:WC and Gm:G S:SC. The former pair disrupts one of
the interbase hydrogen bondings, resulting in a decrease in
binding energy by 6.3 kcal/mol, whereas the latter alters the
H-bonding interactions without affecting the stability of
the base pair.
(c) Base pairs involving change in position of electronegative

atoms on modification: These include three base pairs involv-
ingΨ. Since Ψ differs from U in terms of the direction of gly-
cosidic bond (e.g., a trans base pair involving U will be
equivalent to a corresponding cis pair involving Ψ), replace-
ment of U with Ψ changes the location of glycosidic nitrogen
with respect to the partner base. This results in a change in
binding energy of the base pair (Supplemental Table S14).
(d) Base pairs involving replacement of the highly electroneg-

ative element (O) with a less electronegative element (S) present

on the interacting edge: This category includes the s4U:A
W:HT base pair, where the O4 atom present on the WC
edge is replaced by the S atom. Since S4 or O4 is not involved
in interbase hydrogen bonding in the modified or the un-
modified base pair, the interaction energy of s4U:A W:HT
is similar (0.4 kcal/mol) to the unmodified pair.
(e) Base pairs involving change in aromaticity of the nucleo-

base ring on modification: These include four dihydrouridine-
containing base pairs, viz., D:U W:WT, D:G W:ST, D:G H:
SC, and D:U S:ST, where interaction energy changes up to
2.8 kcal/mol. Further, since the loss of aromaticity increases
the pucker of the six-membered nucleobase ring, dihydrour-
idine-containing base pairs adopt different geometries com-
pared to their unmodified counterparts.
(ii) Base pairs where modification may result in alteration of

the surrounding steric environment: This category includes 19
base pairs that involve negligible (<2 kcal/mol) change in in-
teraction energy on base modification, indicating that modi-
fication does not significantly change the electronic structure
of the base pairs. It is of course possible that base modifica-
tion in such base pairs is important for providing appropriate
steric alterations of the local environment. Such alterations
may include blocking the hydrogen bonding capability of
the base pair with other surrounding nucleosides, or change
the conformational space available to other ligands/proteins
present at the interface. Depending on the site of modifica-
tion, such base pairs can further be grouped into two classes:
(a) Base pairs involving change in steric environment on the

minor groove side: These include 11 base pairs, which involve
modification of the amino group of guanine (m2G and

FIGURE 5. Structural alignment of crystal occurrences of modified
base pairs (with occurrence frequency ≥30) with their corresponding
optimized structures. Occurrence frequency and average RMSD (in Å)
with respect to the optimized structure (ball and stick, red) is given in
the parentheses.
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m2
2G) or the 2

′-OH (Am, Cm, Gm, and Um). Such modifi-
cations may alter the accessibility of the minor groove of the
base pair, resulting in potential disruption of associated RNA
motifs.

(b) Base pairs involving change in steric environment on the

major groove side: These include eight base pairs that involve
m5C, m5U, m6

2A, or s
4U bases, where modification occurs at

the major groove side of the base pair. Through introduction
of the hydrophobic (methyl) groups on nucleobases, such
modifications affect the conformational space available for
other molecules such as proteins, ligands, other RNA, and
antibiotics (Demirci et al. 2014) to interact with RNA.

Functional roles of modified base pairs

Investigating structure–function correlations for some frequently
occurring modified base pairs

The above analysis expands the scope for annotation involv-
ing their geometric and energetic features by providing useful
insights into the occurrence frequencies of modified base
pairs within different RNA classes. Additional analysis of
macromolecular structural context of occurrence of modified
base pairs, as well as of their associated functional roles, is ex-
pected to provide an understanding of “why” base modifica-
tions occur in the context of RNA. Based on several clues
from experimental structures available in literature, and ade-
quately supported by our own structural analysis, here we at-
tempt to provide structural and energetic explanations on
why nature may have invoked the modification of bases in
functional RNA, in some of the cases.

(i) Presence of methylated base pairs at the hinge regions of

tRNA facilitates molecular flexibility: During tRNA transitions
at the ribosome, two regions (i.e., the interface of the D-stem/
anticodon stem and the TΨC-stem/acceptor-stem) have been
proposed to act as hinges for providing flexibility to tRNA
(Frank et al. 2005; Sanbonmatsu 2006). Our analysis reveals
a significant occurrence frequency of methylated base pairs at
three important base-pairing positions (i.e., 10:25, 26:44, and
49:65) within both these hinge regions of tRNA (Supplemen-
tal Section S3). Analysis of base-pairing geometries at these
positions of tRNA suggests that methylation may help in pre-
venting unwanted hydrogen bonding interactions of these
base pairs with their surrounding bases, without compromis-
ing the base pair stability (Supplemental Fig. S7). This may, in
turn, provide conformational flexibility to hinge regions of
tRNA, and points toward the potential role, of the methyl
substituents of the nucleobases, in providing flexibility to
the tRNA structures, and in facilitating its dynamics.

(ii) Putative role of sugar methylation in tRNA accommoda-

tion on the ribosome platform: The crystal structure of the
tRNA:rRNA complex of H. marismortui (Nissen et al.
2000) reveals that during the accommodation of tRNA on
the ribosome, the C75 base of the 3′-CCA end of tRNA forms
a W:WC pair with Gm2588 of the Gm2588:G2617:C2542

triplet of 23rRNA. The interaction of C75 with this triplet sta-
bilizes the free 3′-CCA end of tRNA during the translation
process. Surprisingly, although this triplet–quartet–triplet as-
sociation is retained in the analogous crystal structure of E.
coli (Dunkle et al. 2011), in the similar sequence context,
the Gm at 2588 is replaced by unmodified G (Fig. 6). Our
analysis of the crystal structure of the ribosome of E. coli re-
veals that the interaction of the 2′-OH group of G2588, with
the G2617, reduces the planarity and decreases the hydrogen
bond strength within the C75:G2588:G2617:C2542 quartet
(PDB: 4V9D, Fig. 6). On the other hand, although the pres-
ence of Gm at the 2588 position in H. marismortui (PDB:
3CME, Fig. 6) alters the H-bonding interactions involving
its 2′-OH group with G2617, without affecting the base pair
stability, significant optimization of almost all the base pair
parameters is observed on sugar methylation (Supplemental
Tables S14, S15). Thus, it appears that the ribose methylation
of G2588 helps in maintaining the interaction of tRNAwith a

FIGURE 6. (A) Flexible 3′-CCA end (white box) of tRNA during var-
ious stages of tRNA accommodation at the A-site (yellow box) of the 70S
ribosome. The neighboring P-site of rRNA is shown as a red box. (B)
Interaction of 3′-CCA containing amino acceptor arm of tRNA blue)
of tRNA (blue) with the A-loop (H92) of 23S rRNA (pink). (C)
Structure of base quartet formed from the interaction of the preformed
G-minor base triplet (C2542:G2617:Gm2588) present at H92 of rRNA
and the C75 of the 3′-CCA of tRNA. Alignment of the preformed rRNA
triplet containing the 2′-methylated G2588 present in the crystal struc-
ture of the tRNA:rRNA complex of H. marismortui (PDB: 3cme), with
the corresponding triplet containing the unmodified G2588 present in
one of the crystal structures of the tRNA:rRNA complex of E. coli
(PDB: 4v9d).
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large ribosomal subunit and helps in the smooth transition
of tRNA from A/T phase to A/A phase. The presence of a
modified guanine nucleotide (ribose methylated, Gm2588)
in evolutionarily advanced archaea (H. marismortui) appears
to provide it with a structural advantage over bacteria (E. coli)
for optimizing the tRNA–rRNA interactions during protein
synthesis. This, in turn, underscores the potential role of
modified bases, and corresponding base pairs, in facilitating
the RNA–RNA interactions in nature.
(iii) Putative role of modified base pairs in T-loop motif of

tRNA: The T-loop of tRNA includes three unpaired residues
and a single loop closing the 54:58 W:H T base pair at the
54:58 position (Supplemental Fig. S8). Due to backbone
flexibility, the 54:58 position can accommodate both
purine–pyrimidine as well as purine–purine residues with
various degrees of modifications. Our quantum chemical
analysis suggests that all five modified base pairs observed
at the 54:58 position in tRNA crystal structures possess en-
hanced interaction energy (up to 7.4 kcal/mol) compared
to their unmodified counterparts. This indicates that the
presence of modified base pairs within the T-loop may pro-
vide additional stabilization to the motif. Further structural
analysis reveals that the modified pairs at 54:58 positions
may provide additional stabilization to the T-loop by enhanc-
ing its associated tertiary interactions with the D loop, which
may in turn help in maintaining the functional conformation
of tRNA (Supplemental Section S3).
(iv) Possible role of methylated base pairs in the antibiotics

binding regions of the bacterial ribosome: Previous experimen-

tal studies suggest that N7-methylation at G527 of the G527:
C522 W:WC pair of helix 18 in T. thermophilus 16S rRNA
leads to streptomycin resistance in bacteria (Demirci et al.
2014). Our analysis indicates that N7-methylation imparts
a positive charge to G, which enhances the intrinsic stability
of the G:C W:WC base pair by ∼9 kcal/mol, while maintain-
ing the geometry similar to that of the canonical G:C base
pair. This suggests that methylation at N7 can change the hy-
drophobic environment in the antibiotic-binding pocket
without destabilizing the G527:C522 base pair. The change
in the hydrophobic environment may influence the position
and orientation of the hydrophobic side chain of the amino
acid residues of the S12 protein present in the binding pocket
(Fig. 7), which may in turn affect the backbone conformation
and size of the binding pocket, thus leading to streptomycin
resistance.
It is known from the literature that C5-methylation of

C1407 of the C1407:G1494 W:WC pair of 23S rRNA causes
resistance toward paramomycin binding to the bacterial ribo-
some (Demirci et al. 2014). Our analysis indicates C5-meth-
ylation does not affect the geometry and the intrinsic stability
of the C:G W:WC base pair. Since paromomycin interacts
with the major groove of base pair C1407:G1494 W:WC
only when C1407 is nonmethylated (Vicens and Westhof
2001), it is possible that the role of methylation lies in provid-
ing a steric hindrance for antibiotic binding, without affect-
ing the electronic structure within the binding pocket (Fig.
7). This illustrates the role of the steric effect of modified bas-
es in determining the RNA–ligand interactions.

FIGURE 7. Presence of modified base pairs at the binding site of antibiotics streptomycin and paromomycin. (A) Structure of 16S rRNA bound to
streptomycin (red) and paromomycin (orange). (B,C) Antibiotic-binding pocket with surrounding proteins (S12). (D,E) Interaction of base pairs
C522:527 and C1407:G1494 present in the binding pocket with the antiobiotics streptomycin and paromomycin, respectively. (F) Hydrophobic cloud
created by surrounding amino acid residues around the methyl group attached to ring II of streptomycin (red).Methyl modification of G527 or C1407
at the nucleobase sites represented by blue circles result in resistance to antibiotic binding.
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(v) Potential involvement of modified base pairs in higher

order structures and their putative functional roles: Several
modified base pairs are involved in formation of higher order
structures such as base triples and quadruples. Specifically, we
observed 11 distinct triples and two quadruples spanning nine
modified bases in our data set (Supplemental Table S17).
Such motifs are present at important positions in RNA, in-
cluding the mRNA:tRNA:rRNA interface, the D loop–V
loop interface, the acceptor/D-stem junction of tRNA, the
5′-splice site of group-I intron, and the sarcin-ricin domain
in the large ribosomal subunit of E. coli (see Supplemental
Section S3). Figure 8 shows the geometrical arrangement of
some representative higher-order structures that have poten-
tial functional roles.

Conclusions

We carried out detailed statistical, geometrical, energetic, and
contextual analysis of 36 naturally occurring post-transcrip-
tionally modified base pairs present in RNAmacromolecules.
Such base pairs span diverse structures and include base–
base, base–sugar, and sugar–sugar interactions. Our results
reveal that overall, a greater proportion of modified base pairs
occurs in tRNA. Further analysis of available tRNA sequences
reveals 28 additional examples of modified base pairs, at 10
selected positions in the tRNA sequences that are not ob-

served in reported RNA crystal structures. This adds to the
available list of modified base pairs and underscores the im-
portance of sequence analysis in understanding of conserva-
tion patterns of RNA motifs.
In general, methylated base pairs are found to be more

abundant compared to base pairs containing other modifica-
tions in RNA, which can be correlated with the variety of
functional roles that methylated bases play in functional
RNA, including alteration of base conformation and affecting
base stacking. Further, base pairs containing uracil and gua-
nine modifications are more abundant compared to those
containing modifications of cytosine or adenine, which can
be explained on the basis of the substantial variety in types
of uracil modifications and guanine methylation. Detailed
analysis of local RNA topology, around the location of mod-
ified base pairs, reveals that such base pairs are present in al-
most all major RNA motifs and points to the diverse
structural roles that modified base pairs may play in RNA.
We used advanced quantum chemical methods [MP2/

aug-cc-pVDZ//B3LYP/6-31G (d,p)] to analyze the optimal
geometries, strengths of interbase interactions, and effects
of base modifications on the geometries and interaction en-
ergies of RNA base pairs. On the basis of change in strength
of interaction on base modification, we classified the effects
of base pair modification into steric and electronic perturba-
tions on the unmodified base-pairing geometry. Further,
analysis of the surrounding macromolecular environment,
as well as of the local RNA structural topology around the
modified base pairs, revealed certain important structural
and functional contexts. These include contexts involving
unique modified base pairs in tRNA, as well as sugar-modi-
fied base pairs in rRNA, which suggest that some of themmay
be playing important roles in maintaining the structure, dy-
namics, and functions of RNA molecules. Overall, our stud-
ies highlight the need for, and provide a comprehensive
approach toward, further studies investigating the role of
modified bases and their interactions, in the context of
many biological processes involving RNA.

MATERIALS AND METHODS

Data set of RNA crystal structures

To identify base pairs containing modified bases, the occurrence of
modified bases was first searched in RNA crystal structures. For this,
the PDBsum (Laskowski 2009) database, which summarizes infor-
mation on X-ray crystal structures deposited in the protein databank
(PDB), was used. Specifically, using the “Het Groups” option of
PDBsum, a unique three-letter code corresponding to each of the
15 modified residues (Table 1) was used to retrieve the relevant
list of PDB entries submitted until July 18, 2016. The retrieved crys-
tal structures were further filtered according to their resolution, and
in synchrony with previous crystal structure study, structures with
resolution better than 3.5 Å were selected for further analysis. The
data set is intentionally kept redundant with respect to sequence,
since the previous study has shown that possible modified base

FIGURE 8. Modified base pairs involved in higher-order interaction
motifs.
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pair types and base conformations may differ within crystal struc-
tures of the same RNA (Chawla et al. 2015). BPFind software
(Das et al. 2006) was used to analyze the occurrence, location, and
type of modified base pairs with at least two hydrogen bonds in
the selected RNA crystal structures.

tRNA sequence analysis

We analyzed all the 474 tRNA cytoplasmic sequences belonging to
73 organisms (i.e., prokaryotes [19], archaea [9], eukaryotes [41],
and viruses [4]) from the tRNAdb database (Jühling et al. 2009).
For each sequence, we recorded which bases are present at positions
where modified base pairs occur in the analyzed crystal structures of
tRNA. Thus, at each of the positions, the relative occurrence fre-
quency of the modified base pair was recorded, and ranked within
all available combinations. Once the tRNA sequences that contained
modified base pairs at specific positions were identified, the se-
quences that contained the modified pair were further classified ac-
cording to the type of corresponding aminoacyl tRNA.

Quantum mechanical energy minimization
and interaction energies

Among 36 distinct base pair combinations studied, 24 combinations
contained base pairs with only base–base interactions, six combina-
tions contained base–nucleoside interactions, and six base pairs
contained sugar–sugar interactions. For geometry optimization (en-
ergy minimization) of the base pairs that do not involve interaction
of ribose sugar with the pairing base, the C1′ atoms of both the par-
ticipating nucleosides were replaced with hydrogen atoms. For the
base pairs involving base–nucleoside interactions, depending on
whether one or both the sugars are involved in base-pairing, the re-
spective ribose sugars were retained during energy minimization. In
these cases, the 5′-OH group of the interacting ribose sugar was re-
placed by hydrogen atom, whereas the 3′-OH group was retained
during calculations.
Geometry optimization of the base pairs was carried out at the

B3LYP/6-31G(d,p) (Lee et al. 1988; Becke 1993) level using
Gaussian 09 (Frisch et al. 2009), which was selected in synchrony
with previous studies on RNA base pairs (Šponer et al. 2004,
2005c; Sharma et al. 2008, 2010b). The strength of hydrogen bonds
between two bases of the modified base pair was calculated in terms
of binding energy or interaction energy, which is defined as the extra
stabilization acquired by two bases when they form the base pair.
Thus, the interaction energy (ΔEAB) of a base pair AB composed
of two bases A and B is defined as

DE = EAB − (EA + EB),

where EAB is energy of the base pair, and EA and EB are the energies
of bases A and B, respectively. Interaction energies were calculated at
the RIMP2/aug-cc-pVDZ level (Ahlrichs et al. 1998; Weigend et al.
1998), using the Turbomole v6.2 (http://www.turbomole.com) suite
of quantum chemical programs. Although the interaction energies
were corrected for basis set superposition error (Boys and
Bernardi 1970), the monomer deformation energies were not in-
cluded in these calculations, since inclusion of deformation energies
may bias the strength of base pairs containing flexible ribose sugar
(Šponer et al. 2005a,b,c; Mládek et al. 2009; Sharma et al. 2010b).

We note that the interaction energies of base pairs calculated using
quantum chemical methods describe the component of intermolec-
ular interaction that originate from interaction of the electronic
structure of the constituent bases. However, since the interaction
energies do not include other context-dependent interaction com-
ponents (e.g., solvent effects and entropic contributions), these val-
ues may not be directly comparable with the free energies of binding
of base pairs. The relation between intrinsic interaction energies and
thermodynamic stabilities of base pairs may be especially complex,
when the base modification introduces a formal charge (e.g., in base
pairs involving N7-methylation of guanine), which may inevitably
affect the (long range) electrostatic component of the interaction en-
ergy. Nevertheless, the calculated interaction provides the basic
stability order for the base pairs, and helps us in understanding
the modification-introduced perturbation to the electronic struc-
ture of base pairs.

Comparison of macromolecular crystal and optimized
geometries of base pairs

RMSD

To understand the difference in base pair geometry in optimized
form and in crystal occurrences, the root mean square deviations
(RMSDs) of crystal-constrained geometries of each modified base
pair were calculated from their corresponding optimized geome-
tries. In addition, to analyze the variation in base pair geometry
within crystal occurrences, the RMSD of each crystal occurrence
of the base pair was calculated with respect to the average structure
among all crystal occurrences. These calculations were done using
VMD v1.9 software (Humphrey et al. 1996).

Base-pair parameters

Change in the geometries of base pairs upon optimization and vari-
ation in structures of crystal occurrences of base pairs were quantita-
tively evaluated by comparing the base pair parameters (buckle,
propeller, open angle, shear, stretch, and stagger) of the crystal occur-
rences with the optimized geometry of each base pair, as well as
among the different crystal occurrences of the base pair. These
calculations were done using an upgraded version of NUPARM
software (Bansal et al. 1995; Mukherjee et al. 2006), which uses the
edge-specific system for calculation of base pair parameters, which
is specific to RNA base pairs.

E-values of hydrogen bonds

To evaluate the relative goodness of hydrogen bonds within base
pairs in their crystal occurrences as well as in optimized geometries,
we have calculated a parameter called E-value, which is defined as

E =
∑

i

(di − 3.0)2 +
1

2

∑

j

(uj − p)2.

Here d is the heavy atom distance for each hydrogen bond between
two bases under consideration and θ is a pseudo angle subtended by
precursor atoms of both the bases (Das et al. 2006). This parameter
was used, since the RNA crystal structures from which base pairs
were extracted did not contain hydrogen atoms. The E-value param-
eter assesses the quality of hydrogen bonds in the absence of
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hydrogen atom coordinates, and is useful in analyzing hydrogen
bonds within the crystal occurrences of base pairs.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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