Free energy calculation of modified base-pair formation
in explicit solvent: A predictive model
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ABSTRACT

The maturation of RNAs includes site-specific post-transcriptional modifications that contribute significantly to hydrogen bond
formation within RNA and between different RNAs, especially in formation of mismatch base pairs. Thus, an understanding of
the geometry and strength of the base-pairing of modified ribonucleoside 5’-monophosphates, previously not defined, is
applicable to investigations of RNA structure and function and of the design of novel RNAs. The geometry and free energies of
base-pairings were calculated in aqueous solution under neutral conditions with AMBER force fields and molecular dynamics
simulations (MDSs). For example, unmodified uridines were observed to bind to uridine and cytidine with significant stability,
but the ribose C1’-C1’ distances were far short (~8.9 A) of distances observed for canonical A-form RNA helices. In contrast,
5-oxyacetic acid uridine, known to bind adenosine, wobble to guanosine, and form mismatch base pairs with uridine and
cytidine, bound adenosine and guanosine with geometries and energies comparable to an unmodified uridine. However, the
5-oxyacetic acid uridine base paired to uridine and cytidine with a C1’-C1’ distance comparable to that of an A-form helix, ~11
A, when a H,O molecule migrated between and stably hydrogen bonded to both bases. Even in formation of canonical base
pairs, intermediate structures with a second energy minimum consisted of transient H,O molecules forming hydrogen bonded
bridges between the two bases. Thus, MDS is predictive of the effects of modifications, H,O molecule intervention in the

formation of base-pair geometry, and energies that are important for native RNA structure and function.
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INTRODUCTION

The hydrogen bonding and stacking interactions of the
hydrophobic nucleobases are major contributors to the
stable association of nucleotides within and between
nucleic acid molecules. Hydrogen bonds are principally
characterized by highly specific electrostatic interactions
that stabilize the nucleic acid secondary structure (Saenger
1983). Watson—Crick hydrogen bonds between the bases of
the nucleosides adenosine (A) and uridine (U) or thymi-
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dine, and guanosine (G) and cytidine (C), and a multitude
of noncanonical hydrogen bonds play crucial roles in both
the secondary and tertiary structures of nucleic acids and in
their functions. Under physiological conditions where there
is a competition with water molecules for the hydrogen
bond donor and acceptor sites, base-base hydrogen bond-
ing is a significant contributor to nucleic acid geometry,
energy, and the specificity of base-pairing (Saenger 1983).
Both DNA and RNA contain nucleotides that are modi-
fied by enzymes after replication or transcription. Yet, at
the atomic level little is known concerning the effects of
the many modifications on hydrogen bonding and base-
pairing. Many of the more than 100 modified nucleotide
chemistries of RNA are complex, involved in hydrogen
bonding, and thus important to RNA folding, structure,
dynamics, and function (Agris 1996; Nobles et al. 2002;
Gustilo et al. 2008). Thus, a detailed understanding of the
geometries and energies of hydrogen bonding by modified
nucleotides is applicable to the analysis of native RNAs and
to the future design of novel RNAs with new functions.
The molecular dynamics simulations (MDSs) of base-
pair formation have been used to understand RNA second-
ary structure and tertiary folding (Auffinger and Westhof
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1998; Stofer et al. 1999; Giudice and Lavery 2003; Giudice
et al. 2003; McDowell et al. 2007). Though the MDS
calculations for formation of the canonical base pairs in
vacuo result in a high degree of similarity of the final
product to that in H,O under neutral conditions, the
modification chemistries add significant hydrophobic,
polar, and charged elements to the problem and possible
interactions with or avoidance of H,O. Rarely have
computational methods been used to understand and
predict modified nucleotide contributions. Here, we pres-
ent models that describe the base-pairing of the modified
nucleoside 5’-monophosphates to that of A, G, C, and U
under aqueous and neutral conditions. In particular, we
describe the geometries (ribose C1’-Cl’ and hydrogen
bond distances) and energies of the base pairs with
modified U’s. Post-transcriptional modifications of U are
reflective of the extent and variety of modification chem-
istries (Rozenski et al. 1999). The models, derived from the
general principals of the modified wobble hypothesis (Agris
1991) and empirical data, are applicable to all base-pairings
that involve the chemistry, structure, and thermodynamics
of RNA modification. The models take into account the
pyrimidineepyrimidine base-pairing geometry that was of
concern to Francis Crick (Targanski and Cherkasova 2008)
and would result in deformation of the RNA helix di-
ameter. Today, we are able to calculate in silico the
geometry, charge, energy parameters, and intervention of
H,O during base-pair formation to yield reliable structural
predictions that are in good agreement with the practical
experimental results. In addition, we are able to observe the
contribution of H,O to the formation of canonical and
mismatch base pairs.

RESULTS

A thorough understanding of modified nucleotide base-
pair formation, stability, and structure in RNA can be
achieved at the atomistic level with MDS in H,O under
neutral conditions combined with empirically derived in-
formation (Laserson et al. 2005; McDowell et al. 2007).
Using molecular mechanics, we have compared the geom-
etries and relative energies involved in the formation of
modified versus unmodified base pairs of the nucleoside
5’-monophosphates in H,O under neutral conditions.
Molecular mechanics employ the equations of classical
mechanics in describing the potential energy surfaces and
physical properties of molecules. The molecules are de-
scribed as a collection of atoms that interact with each
other by simple analytical functions, a force field. The force
field we have selected is that of the assisted model building
with energy refinement (AMBER) (Case et al. 2005).
AMBER has an established use in nucleic acid modeling
to determine and compare the free energies of base pairs
(Arora and Jayaram 1998; Giudice and Lavery 2003;
Giudice et al. 2003; Sanbonmatsu and Joseph 2003; Varnai

et al. 2004; Mathews and Case 2006; Rhodes et al. 2006;
Perez et al. 2008).

Biased molecular dynamics or umbrella sampling (Valleau
and Card 1972; Torrie and Valleau 1974; Patey and Valleau
1975) was utilized to generate the potential of mean force
(PMF) or free energy (Roux 1995). This method is widely
applied to calculate free energy because of its accuracy and
reproducibility. Indeed, the variations of free energy are
faithfully reflected by the fluctuations of the PMF. The
results of the free energy calculation of each base pair under
study were represented by a curve displaying the variation
of the PMF (kcal/mol) as a function of the hydrogen bond
separation distance (A) (Fig. 1A). Each curve featured four
extremes characterized by a global maximum (M) followed
by a global minimum (#1;) at the hydrogen bond distance

AG (kcal/mol)
w
w

Distance (i\)

FIGURE 1. Free energy variation as a function of hydrogen bond
distance. (A) Free energy variation as a function of hydrogen bond
distance for the molecular dynamics simulation (MDS) of a hypothet-
ical base-pairing by ribonucleoside-5'-monophosphates. The global
minimum of the base-pair energy, the local minimum of that energy,
and energy maximum are displayed and are denoted as m;, m,, and M
(kcal/mol), respectively. The hydrogen bond distances between the
bases for the imino proton hydrogen bond correspond to d, and d,
(A). (B) Free energy for the Watson—Crick base-pairings of the
ribonucleoside-5'-monophosphates UeA and CeG and for the wobble
UeG base pair. The MDS of base-pairing was conducted in an aqueous
environment under neutral conditions with Na™ as the counter ion to
the ribonucleoside-5'-monophosphate. The Watson—Crick base pairs
CeG (green), UeA (blue) exhibited comparable energy/distance re-
lationships with the CeG pair being the more stable of the two. The
wobble pair UeG (orange) exhibited a different profile, with a longer
imino hydrogen bond distance. All three base-pairings exhibited a
secondary interaction resulting in an intermediate stability (m,) and
longer distance (d,) between bases bridged by one or two H,O
molecules.
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d, (involving the imino proton of one of the bases) where
the base-pairing adopted its most stable conformation.
Surprisingly, a local minimum m, at hydrogen bond
distance d, was observed where a water molecule (or water
molecules in some cases) bridged and stabilized both
canonical and noncanonical mismatched base-pairings
through hydrogen bond formation. In certain cases,
an energy barrier (Eg) was detected between m; and m,
(Table 1).

The canonical pairs CeG and U«A, and the wobble
base-pair UsG

The appropriateness of the molecular mechanical approach
was tested with its application to the Watson—Crick
pairings of the mononucleoside 5'-phosphates. Using this

TABLE 1. Free energy calculations on Watson—Crick, mismatch, and wobble base pairs

including modifications

method, we find that the geometries and free energies
associated with the canonical base-pairings for unmodified
mononucleotides in water, under neutral conditions and
without regard to base stacking and to backbone restraints,
are wholly consistent with conventional understandings
(Saenger 1983). The CeG nucleotide pair was found in the
Watson—Crick planar geometry and was the most stable
of the unmodified base pairs with a Gibbs standard free
energy (AG°;ppox) of —5.53 kcal/mol at a hydrogen bond
distance d, = 2.94 A (Fig. 1B). The UeA base pair was
found in the canonical geometry (Fig. 2; Xin and Olson
2009) with the next lowest free energy, AG®;ppox = —4.42
kcal/mol. The expected conformation of the UeG wobble
pair (Fig. 2B) was observed with an equivalent energy,
AG®390cx = —4.45 kcal/mol (Fig. 1B; Table 1). The ribose
C1'-C1’ distances D;(C1'—C1’) of these three base pairs
were determined to be 10.50, 10.90, and
10.70 A, respectively (Table 1), and were
comparable to those found at the de-
coding site of the 30S subunit crystal-

lographic structure (Ogle et al. 2001;

AG®, d, Dy(C1'-C1")  AGS d»  D,(C1'-C1") Es ‘
Base pair (kcal/mol) (A) A) (kcal/mol)  (A) A) (kcal/mol) ~ Murphy and Ramakrishnan 2004;
Murphy et al. 2004; Weixlbaumer
CeG —5.53 294  10.54 —~0.58 5.50  13.53 2.02 L 2007). The f ¢
UeA 442 296  10.94 —072 573  13.56 133 et al. )- The free energy curves o
UeG 445 375 1070 —0.87 578  12.59 ~0.35 CeG, UeA and UsG displayed second
UsU -5.82  3.80 8.99 —1.17  5.62 10.72 ~0.80 minima at m, = —0.58, —0.72, and
UeC —-0.37 3.64 10.04 0.01 5.51 11.40 0.97 —0.87 kcal/mol, respectively. These sec-
) ondary points of stability corresponded
PUeA 555  3.02  11.14 —134 574  13.67 ~0.18 hvd bond di fros5 A
$2UsG 116 408  11.36 022 668  13.70 0.92 to hy rogen bon 1stances of ~>.
s2UeU 342  3.91 8.91 042 639  11.33 0.17 and D,(C1'-C1’) of ~13.0 A where
s°UsC —3.00 3.20 9.61 —0.75 5.62 11.33 0.86 water molecules were observed to main-
. tain the base-pairing conformation
mnm°UeA -373 296  11.26 —0.18  5.62 14.06 1.80 through hydrogen bonds.
mnm’UeG —4.87 3.67  10.51 ~1.63 5.92 1234 —0.90
5 2 . @ .
mnm’s?UeA =307 3.08 1111 —0.54 5.92  13.85 1.67 The modified UsA Watson—Crick
mnm®s2UeG  —1.85 4.03  11.29 —052 6.86  13.75 0.71 .
base pair
5.2
mem’s’UsA  —4.83 302 1116 ~1.08 574  13.48 0.18 By using molecular dynamics, we sim-
mcm’s2UsG —1.52  4.03  11.23 —0.03 6.68  13.83 1.27 . s
ulated the base-pairings of six differ-
cmo®UsA —425 296  11.14 ~1.00 566  13.59 132 ently modified UeA base pairs that in-
cmo’UsG —2.86  3.60 10.86 —0.11  6.02 12.96 1.01 clude the modifications 2-thio (s*Usy),
CmOSU.U —1.67 3.82 9.79 —0.12 6.47 12.27 1.19 S_methylamlnomethyl (mnm5U34),
5
cmo’UsC —1.55 374  10.12 039  5.35 11.49 0.04 5-methylaminomethyl-2-thiouridine
52
leA —2.82 296  12.90 —039 568 1562 2.36 (mnm’s'Usy), 5-met15102><ycarb0nylmethy_l-
loC 560 296  10.31 ~1.04 568  13.02 0.60 2-thiouridine (mcm’s"Us,), 5-oxyacetic
leU —2.56  3.79 10.70 0.24  6.39 13.13 1.72 acid (cmo°Usy), and pseudouridine (W)
(Fig. 3). U is often found to be in its iso-
PeA —3.81  2.96 11.63 —1.34  5.68 14.32 0.4 meric form pseudouridine (¥) in many
TG —4.75 373 10.80 ~1.40 6.03  12.97 —0.68 RNAs and will pair with A G. and U
WU 480 3.79 8.95 —0.69 6.09  11.47 0.19 § and will pair with A, &, an

AG°; and AG®; (kcal/mol) are the global and local minima, respectively, at hydrogen bond
distances dy and d, (A). The distance where the global and local minima occur for each base
pair correspond to m; and m,. D1(C1’=C1’) and D,(C1'-C1’) (A) are the C1'-C1’ distances
at the respective minima m; and m,. Data are displayed to two decimal places, but free
energies were taken to six decimal places and hydrogen bond distances have previously
been reported to two decimal places. Eg is the energy barrier.

2280

RNA, Vol. 15, No. 12

(Yarian et al. 1999). The WeA base pair
formed with the canonical UeA geometry
and a similar free energy (Table 1). In
transfer RNA (tRNA), the nucleotide U
that is located at the wobble position
(Usy) is almost always modified, and this
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FIGURE 2. Base orientation at the first energy minimum of the Watson—Crick, wobble,
pyrimidinespyrimidine mismatch, modified pyrimidine, and inosine pairs. (A) CeG, UeA,
and UeG and the modified UeA, and UeG. The modified uridines for the UeA and UeG
pairs include 2-thiouridine [s*U; (d),(e)]; 5-methylaminomethyluridine [mnm’U; (f),(g)];
5-methoxycarbonylmethyl-2-thiouridine [mem’s?U; (j),(k)]; 5-oxyacetic acid uridine [cmo’U;
(1),(m)]; and 5-methylaminomethyl-2-thiouridine [mnm’s?U; (h),(i)]. (B) Pyrimidineepyrimidine
base-pairing of the ribonucleoside-5'phosphates. The geometries of the unmodified UsU and UsC
pairs at the global energy minimum result in short ribose C1'-C1’ distances not compatible
with A-form RNA helices [(a),(b), respectively]. The modified UeU and UeC pairs including
2-thiouridine [s%U; (e),(f)], and 5-oxyacetic acid uridine [cmo’U; (g),(h)] also result in short
C1'-C1’ distances. However, base-pairing of the pyrimidine to pyrimidine ribonucleoside-5'-
monophosphates exhibited a second energy minimum at which a hydrogen bonding distance
conformed to the diameter of an A-form RNA duplex [figures (c),(d),(i),(j)]. Stability of this
interaction was achieved through a bridging by one or two H,O molecules. (C) Base-pair
orientation of the pseudouridine (W) and inosine (I) base pairs with A, G, C, and U at global
energy minimum. Two hydrogen bonds are formed between ¥ and A [(a)], ¥ and G [(b)],
and ¥ and C [(c)]. Inosine (I) binds A, C, and U with two hydrogen bonds each [(d)—(f)].
Stick models have oxygen in red, nitrogen in blue, and sulfur in yellow.

occurs especially in tRNAs with pyrimidine-rich anti-co-
dons (Agris 2004; Agris et al. 2007). The curves of the free
energy that resulted from the simulations showed similar
profiles (Fig. 4A). The aforementioned six base pairs formed
with the expected geometry and stability associated with the
canonical UsA pair (Fig. 2A,C; Table 1). The s*UsA
exhibited the most stable structure with a AG°3ppex =
—5.55 kcal/mol. In addition, s°UsA displayed no energy
barrier as opposed to the rest of the five base pairs, of
which mnm’UeA had the highest energy barrier of 1.80 kcal/
mol (Table 1). The ribose C1'-C1’ distances of ~11.10 =
0.40 A were comparable to that of the UsA pair. When
the C1'—C1’ distance was ~14.00 = 0.30 f\, once more a
water molecule was detected in the position of a hydro-
gen bonded bridge between the modified U and the A
base pair.

7y (d) U-C (H;0) (@) cmoUsU (E0)
P .Q AR 1? R

The modified UG wobble base pair

GeU and UeG pairs are found within
RNA structures and between RNA mol-
) ecules. Though a G at tRNA’s wobble
position 34 will bind a U as the third
base of the codon, such as that of
tRNA™ binding to the UUU codon,
rarely does a cytoplasmic tRNA’s un-
modified Us, bind a codon ending in
a G. Through MDSs, we found that the
modified mnm’UeG and WeG base
pairs adopted the most stable confor-
mations with an average AG°;ppox =
—4.50 = 0.50 kcal/mol (Figs. 2, 4B;
Table 1). This free energy value was
comparable to that of the unmodified
UeG pair. In contrast, the presence of
the sulfur atom at position-2 of the U
(s°U) and that of cmo- at position-5
(cmo’U) produced an increase in the
free energy of base-pair formation
(AAG = 3 and 2 kcal/mol, respectively),
compared with that of unmodified UeG
and the rest of the modified wobble base
pairs (Fig. 4B; Table 1). As previously
observed (Testa et al. 1999), the s*-
moiety had a strong effect on the ther-
modynamic stabilization of the Watson—
Crick base-pair s*UsA. However, this
effect was reversed in the case of the
wobble base-pairs s°UeG, mnm°’s°UsG
and mcm’s*UsG.

The base pairs of mnm’UsG and that
of WeG transitioned from the free en-
ergy of m; to m, in the absence of an
energy barrier. In contrast, the base
pairs of the variously thiolated Us and
that of cmo’UsG displayed an Ep be-
tween 0.71 and 1.27 kcal/mol for the same transition (Fig.
4B; Table 1). Interestingly, the s°UeG, mnm’s’UsG, and
mcm’s°UsG base pairs displayed bonding distances that
were greater by ~1 A for d,, d,, D,(C1'-C1’) and
D,(C1'—C1’) than their nonthiolated counterparts (i.e.,
UG, mnm’UsG3, cmo’UsG and WeG) (Fig. 4B; Table 1).

(h) emo’UC

L -

(j) emo’U-C (H,0)
R

(d) I'A

mm
SR
® 1 EQ

The unmodified and modified UsU and U«C base pairs

The pyrimidinespyrimidine nucleotide pairs resulting from
the MDS displayed two hydrogen bonds each. In terms of
the intrinsic values of their free energies at the first
minimum, #;, the UsU and s?UeU and WeU base pairs
exhibited stabilities comparable to those of the CeG, UsA,
and UsG base pairs (Fig. 4; Table 1). The cmo’UeU pair was
the least stable. Surprisingly, the UeU and UeC base pairs

www.rnajournal.org 2281



Vendeix et al.

0 o
3 14
HN)j5 HN)LNH
S%\zl 6 o)\ﬁ
s’U v
) o
e CH,NHCH, HN)j/CH,co,CH3
b g b g
& R
mnm’s’U mem’s’U
o o
" J)/CH,NHCH, HN)j/OCHzco,H
Az, A,
R R
mnm°U cmo’U

FIGURE 3. Chemical structures of the modified nucleosides. Mod-
ified uridine chemical structures: 2-thiouridine (s°U), pseudouridine
(¥), 5-methylaminomethyluridine (mnm°U), 5-methoxy-carbonyl-
methyluridine (mem’s?U), 5-oxyacetic acid uridine (cmo’U), and
5-methylaminomethyl-2-thiouridine (mnm’s*U). R represents the
ribose sugar attached to the base and 5'-phosphate. The first base
demonstrates the standard uracil base numbering and can be applied
throughout.

conformed to the planarity exhibited by the canonical CeG
and UeA pairs, including that of the wobble pair UeG. On
the one hand, the UeC base pair appeared to be the least
stable of the base pairs, with a AG®;ppex = —0.37 kcal/mol,
relative to s’UsC and cmo’UeC (Table 1). Yet, the UsU
demonstrated significant thermal stability at the first
minimum (AG°®;ppex = —5.82 kcal/mol).

The distance between Cls found for each type of pair is
of interest. As would be expected, this distance for the
unmodified or modified UeU, or the modified or un-
modified UeC, nucleotide pairs (~8.50-9.50 A) was con-
siderably reduced, by about 2 A, compared to that of
purineepyrimidine pairs (Table 1). This distance was below
the shortest distance (10.60 A) detected in standard
Watson—Crick (WC) base pairs that constitute A-form
RNA structures (Saenger 1983). The unmodified and
modified UeU and modified UeC pairs adopted the cis
WC/WC conformation (Leontis and Westhof 2001). How-
ever, at the second minimum (Figs. 2, 4G; Table 1), water
molecules bridged the unmodified and modified UsU and
UeC pairs. The geometry of the resulting pairs was planar,
and the ribose C1'-C1’ distances were 11.60 and 12.00 A,
respectively. This was accompanied by a decrease in
thermodynamic stability (Fig. 4; Table 1). The H,O
molecule formed hydrogen bonds bridging the 2-carbonyl
of the U with the N1H imino proton of the U (or vice
versa) or the N1 of C. No energy barrier was detected in the
case of unmodified UsU and s*UsU, whereas the cmo’UsU,
UeC, and s°UeC3 base pairs showed a relatively low en-
ergy barrier of ~0.90 = 0.05 kcal/mol. Though one can

2282 RNA, Vol. 15, No. 12

simulate s°UsU and s*UsC base-pairings, they have not
been reported to occur in naturally-occurring RNA struc-
tures, including tRNA’s ribosome-mediated decoding of
mRNA. It has to be noted that at the second minimum, the
anti-parallel cis WC/WC base-pairing conformation was
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FIGURE 4. Free energy change as a function of hydrogen bond
distance for UeA, UeG and modified U base. (A) Free energy change
as a function of hydrogen bond distance of the Watson—Crick and the
modified UeA base pairs. Distance and energy relationships for the
base-pairing of the unmodified UeA ribonucleoside-5'-monophos-
phates (black) and the modified uridines with A are very comparable:
s?UeA (green), mnm’UsA (cyan), mnm°s’UsA (gray), mem’s’UsA
(purple), cmo’UeA (pink), WeA (orange). It should be noted that the
curves for cmo”UsA (pink) and UsA (black) are almost identical and
obscure the lines. (B) Free energy change as a function of hydrogen
bond distance of the modified wobble UeG base pairs. UeG base pairs
include the modified WeG (orange), cmo’UeG (pink), mnm’UeG
(cyan), and s*UeG (green). (C) UeU mismatch base pairs including
modified cmo’UsU (pink), s’UsU (green), and unmodified UsU
(black). (D) UeC base pairs of modified cmo’UeC (pink), s°UsC
(green), and unmodified UeC (black). (E) Free energy diagram of the
modified mnm’s?UeG (black) and mcm’s>UeG (pink) base-pairings.
(F) Free energy change as a function of hydrogen bond distance for
the WeU base pair. (G) Stabilization of pyrimidinespyrimidine base-
pairings by a water bridge. A water molecule bridges the pyrimi-
dineepyrimidine base pairs of UsU and UeC. The nonprotonated
nitrogens are hydrogen bonded to the exchangeable hydrogens on the
water, thus stabilizing the interaction of the bases. The resulting base-
pair exhibits a ribose C1'~C1’ distance comparable to that of A-form
RNA helices. Stick models have oxygen in red, nitrogen in blue, and
hydrogen of the water in gray.
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adopted by unmodified and modified UeC, as had been
previously observed (Leontis and Westhof 2001; Leontis
et al. 2002).

Crick’s wobble base-pairs I+A, IsU, and I+C

The base pairs that involve inosine (I) are at the origin of
Francis Crick’s wobble hypothesis (Crick 1966). Crick
proposed that I in the first position of tRNA’s anti-codon
would form IsA, TeU, and IeC base pairs. Thus, we revisited
the wobble hypothesis by studying the thermodynamic
stability and the geometry of the above cited base pairs
derived from MDSs in explicit water and under neutral
conditions. As expected, the results showed that the IeC
pair adopted a stability and geometry that was similar to
a GeC pair (Fig. 2C; Table 1; Murphy and Ramakrishnan
2004). The IeU base pair displayed Crick’s wobble pairing
geometry exemplified by GeU. The ribose C1'-Cl1’ and
hydrogen bond distances of IsU were determined to be
almost identical to those of GeU (Table 1). However the
free energy of the former was lower by AAG ~ 2 kcal/mol
compared with that of the latter. The purinespurine base-
pairing of IeA was modeled with the I,,;eA,,; conforma-
tion, as had been previously established (Crick 1966;
Murphy and Ramakrishnan 2004; Watkins and SantaLucia
2005). The C1'—C1’ distance was 12.90 A and the AG®5ppox =
2.82 £ 0.50 kcal/mol, comparable to that of TeU. The
magnitude of the energy barrier for base-pair formation
with I was dependent on the partner base in the following
order: TeC < TeU < IeA (Table 1).

DISCUSSION

This project was undertaken due to the lack of base-pair
models that included the distinct chemical contributions
and spatial dynamics of the many modifications found in
RNAs. In addition, the influence of water on the base-
pairing of ribonucleoside 5’-monophosphates, in general,
and on modified nucleotide base-pairing as described by
molecular mechanics was practically unknown. The mo-
lecular dynamics and free energy calculations of the
canonical CeG, AeU, and wobble UsG base pairs in water
and under neutral conditions closely simulated the stability,
geometries, and ribose C1'—C1’ distances of the Watson—
Crick and wobble base-pairings found in RNA helices
(Saenger 1983) and in the mini-helix of the anti-codon
with the codon at the decoding site of the ribosome (Ogle
et al. 2001; Murphy and Ramakrishnan 2004; Murphy et al.
2004; Weixlbaumer et al. 2007).

tRNA is the most highly modified of all RNAs (Agris
1996), and its anti-codon modifications are particularly
important to the correct translation of the genetic code
(Saenger 1983; Targanski and Cherkasova 2008). Francis
Crick surmised that “T” at the wobble position of tRNA’s
anti-codon would expand codon recognition by binding U,

C, and A in the third position of the codon (Crick 1966). In
Eschirichia coli, only seven codons are read by tRNAs
without modifications at position-34 or at the conserved
purine-37, 3’-adjacent to the anti-codon (Agris 2004;
Sprinzl and Vassilenko 2005). The level of stability of the
anti-codon to codon base-pairing, particularly at position-35
in the tRNA, considerably influences the degeneracy of the
genetic code (Lehmann and Libchaber 2008). The pertur-
bation generated throughout the ribosome by the wobble
base-pair (U;4eN3) formation is a major factor for the
selection of the base at the third position of the codon
(Lehmann and Libchaber 2008). Our results demonstrate
that this could be achieved selectivity through thermody-
namic stabilization of the wobble base pair by modified
bases. The modified nucleotide and its base-pairing affect
the stability of the adjacent nucleotide conformation and its
base pairs (Smith et al. 1992; Testa et al. 1999); and,
thereby, it affects the overall stability of an entire RNA, or
the mini-helix of the anti-codon—codon interaction (Smith
et al. 1992; Kumar and Davis 1997; Testa et al. 1999; Sipa
et al. 2007).

The stability of the UeA base pair was considerably
enhanced by the 2-thio-group, s2UsA, found in the wobble
position-34 of specific tRNAs in all kingdoms (Agris 1996,
2004; Kumar and Davis 1997; Ashraf et al. 1999; Testa et al.
1999). The low AG® values of the various s>UsA base pairs,
s?UsA, mnm’sUsA, and mcm’s?UsA, confirmed that the
2-thiolation enhanced the binding affinity of U for A, no
matter the nature of the five-position modification. The
ribose C1'—C1’ distances for the s’U, mnm’s°U, and
mcm’s”U base pairs with a G averaged greater than 11.25
A (Table 1). This somewhat larger distance between Cls may
be the result of stereochemistry. The van der Waals radius of
the thio-group is ~20% larger than that of the carbonyl
oxygen.

Previous molecular dynamics modeling and NMR spec-
trometry experiments had indicated that lengthy modifica-
tions at position-5 of U’s could freeze the conformation of
the nucleotide and dictate the hydrogen bonding geometry
(Murphy et al. 2004; Durant et al. 2005; McCrate et al.
2006; Weixlbaumer et al. 2007; Vendeix et al. 2008). Results
from NMR studies of mononucleoside 5'-phosphates had
indicated that the mnm’-modification formed a hydrogen
bond to the nucleotide’s 5'-phosphate and that this
additional bond stabilized the ribose C3'-endo sugar
pucker. The additional hydrogen bond was thought to
produce a conformational “rigidity” that would contribute
to accurate codon recognition (Sakamoto et al. 1996).
However, in our simulations in water under neutral
conditions, the mnm’-group did not approach the
5’-phosphate but was oriented away from the phosphate.
The result was a base-pair geometry similar to that of the
canonical UeA base pair. Also, our structure was similar to
that found at the decoding site in the crystallographic
structures of the 30S subunit with the mnm’U;,-modified
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anti-codon stem and loop of tRNA™* and the AAA codon
(Murphy et al. 2004).

The modeling of the mnm’UsG base pair with MDS
generated a ribose C1'-C1’ distance of 10.50 A. In
comparison, the mnm’UsG base pair observed in the
crystal structure of the modified tRNAILJy[SJU anti-codon
stem—loop when binding to the AAG codon in the decod-
ing site of the 30S subunit exhibited a shorter distance of
10.10 A (Murphy et al. 2004). This slight difference in
distances between the C1’ atoms could be attributed to the
presence of water molecules or to the type of force field
used during the simulations. There was little to no electron
density for the mnm-group in the crystallographic struc-
ture of a mnm°UsG decoding on the ribosome, indicating
that a stable hydrogen bond to the 5'-phosphate was not
achievable (Murphy et al. 2004). This leads one to the
conclusion that tRNA’s mnm’Us, and its counterpart in
eukaryotes, mcm’Us,, effect wobble base-pairing through
stereochemistry and restrained local dynamics even though
they are composed of a hydrogen donor and a hydrogen
acceptor, respectively (Murphy et al. 2004; Sundaram et al.
2000).

Francis Crick believed that the geometry of the anti-
codon—codon mini-helix should reflect the continuity of an
RNA duplex (Crick 1966). Though he accepted that an I,
would bind A at the third position, creating a broad
purinespurine base pair, he was concerned that a pyrimi-
dinespyrimidine base pair would deform the diameter of
the helix by narrowing it. The computed C1'—C1’ distances
of the unmodified UeU and UeC base pairs and their
modified counterparts were ~8.9 and ~9.9 A, respectively,
at the first energy minimum and when hydrogen bonding
occurred directly between the two nucleobases. These
distances were slightly shorter than that of the shortest
distance found within rRNA structures of the ribosome.
However, at the second energy minimum, m,, we found
that H,O molecule(s) had migrated between the two bases
during the simulation, creating a stable hydrogen-bonded
bridge (Fig. 4G). As a result, the H,O molecule(s) bridge
stably bonded the modified U to the unmodified pyrimi-
dine and increased the ribose C1'=C1’ distance to a length
that varied between 11.30 and 12.30 A. This wider range of
base-pair geometry compared favorably to the average
C1'—C1’ distances in all crystal structures, 10.60 £ 0.20 A.
Though the distances across the anti-codon—codon mini-
helix on the ribosome approach the longer measured
lengths, they are still short of those found for the pu-
rinespurine interaction of the I34A3 base pair, 12.3 A
(Cochella and Green 2004; Murphy and Ramakrishnan
2004). Interestingly, the phosphate-to-phosphate distance
across the helix changes little for wobble base pairs
(Cochella and Green 2004; Murphy and Ramakrishnan
2004). Taken together, one can conclude that the ribosome
is tolerant of the wider wobble base-pair geometries of the
modified UseN3 (with a bridging H,O) and I34A3, but
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not the narrower, pyrimidineepyrimidine base pairs found
in RNA structures. Thus, Crick’s concern about the de-
formation of the anti-codon—codon mini-helix by pyrimi-
dineepyrimidine base pairs was insightful, but modification
of the wobble position and a bridging of the base pair by
water widen the helical diameter to correspond to that of
an A-form RNA helix.

The observation of a second energy minimum and the
bridging of the canonical, unmodified, and modified base
pairs with water may represent an intermediate step
common to the formation of all base pairs. No matter
the nature of the base pair, a water molecule(s) was (were)
detected at the second minimum m, bridging the bases
through hydrogen bonds. Therefore, the incursion of
a semistable water bridge represented an inevitable in-
termediate state between the directly hydrogen bonded and
the completely disrupted base pairs. This intermediate state
may occur systematically during base-pair formation or
disruption in aqueous solution. With regard to modifica-
tions such as the free acid of the cmo”Us, modification, the
hydrophobicity/hydrophilicity and polarity of modifica-
tions are expected to influence their hydration. The hydra-
tion sphere of an extensive modification could possibly
effect the length of the hydrogen bonds between bases and
their formation (Agris 1996). Knowing that the hydration
of base pairs is important to their geometry, it may subtly
or significantly alter mismatch pairs (Sundaralingam and
Pan 2002). Since neutral conditions were achieved solely
with Na®, our work does not exclude the possible in-
volvement of divalent metal ion coordination, particularly
Mg2+, in the formation and stabilization of modified
nucleotide base pairs.

A base pair with a high energy barrier (Eg), between the
first and the second minimum, will require the use of
a substantial force (e.g., in the order of 550 = 35 pN for AT
and 860 * 40 pN for CG) to disrupt its hydrogen bonds
formed at the most stable conformation and vice versa
(Stofer et al. 1999). This could explain why the CeG pair,
with three strong hydrogen bonds, has a high Ey compared
to a UeA that is weakly paired with only two hydrogen
bonds. Thus, in the case of the modified UsA Watson—
Crick base pairs, mnm>UsA has the highest energy barrier
and hence the strongest hydrogen bond. In contrast, the
most thermodynamically stable s*UsA base pair did not
exhibit any energy barrier. Interestingly, the mcm®s*UeA
pair that also contains a 2-thiouridine modification dis-
played an Ey comparable to that of UsA and mnm’UeA
base pairs. In contrast, the modification mnm®s’
strengthens the hydrogen bonding of U (mnm’s*U) with
A at the expense of having a higher free energy. Similarly
s?U in s°UsG, mnm’s’UsG, and mcm’s*UsG base pairs
increased their respective free energies with a concurrent
increase in the energy barrier compared with what was
observed for the UeG pair. Thus, the same modification
engaged in a base-pairing conformation with A, G, U, or C
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will not necessarily induce the same chemical, physical, and
thermodynamic effects on each of these bases (Table 1).
Our results also suggest that the s*U alone and in concert
with a 5-position modification contribute to the stabiliza-
tion of RNA base-pairing, such as the codon—anti-codon
mini-helix, either through base stacking or base-pairing
depending on the nature of the base to which it is hydrogen
bound.

The melting temperature Ty, and the relative thermody-
namic stability (AG®) of the nucleic acid duplexes depend
on the ionic strength and pH. More precisely, Ty, and AG°®
should increase with the [Na'] concentration because
cations electrostatically shield the anionic phosphates
groups of the nucleotides and minimize their repulsions
(SantaLucia 1998). Knowing this, it is clear that different
ion concentrations will have significant effects on the base-
pair thermodynamics. Our goal was to determine the AG of
modified base pairs under neutral condition that is defined
according to the AMBER 9 algorithms. Trying to compen-
sate for absolute differences between theoretical and em-
pirical conditions (for example, by adding extra Na™ ions)
is beyond the scope of this article.

These models and their properties in water and under
neutral conditions further the understanding of the ther-
modynamic contributions and the geometry of the wobble
base-pair formation during the decoding process. They can
be used in the development or improvement of computa-
tional algorithms that are designed to accurately predict the
thermodynamic stability of progressively larger RNA struc-
tures and their functional interactions, especially those in
which modified nucleotides are involved. Though our
calculations have taken into account water and ions, it is
important to include base stacking in future determinations
of the effect of modifications on RNA base-pairing and
structure. The full thermodynamic and conformational
data of these and larger structures rendered through MDS
will be made available to the scientific community through
the RNA Modification Database (Rozenski et al. 1999),
a web-based databank soon to be revised, with links to
databanks of canonical and noncanoncal base pairs
(Berman et al. 1992; Nagaswamy et al. 2000, 2002; Xin
and Olson 2009).

MATERIALS AND METHODS

The MDS and the free energy calculations were conducted on the
IBM Blade Center Linux Cluster (Henry2) at the High-Perfor-
mance Computing center of North Carolina State University (for
more details about the configuration of the system, please refer to
http://www.ncsu.edu/itd/hpc/main.php). The methods used for
MDS and base-pair free energy calculations were based on
published protocols (Stofer et al. 1999). The force field parameters
99 (ff99) that are available in the AMBER 9 package (Case et al.
2005) were used to carry out MDSs on 25 sets of base pairs. X-ray
and NMR structures were used for initial geometries when
available, otherwise the nucgen module of AMBER 9 was used

for building nonmodified base-pair helices from which sample
pairs were used for study. All pairs were solvated and neutralized
using the AMBER 9 xleap module to render the pairs. Modifica-
tions were added by replacing individual molecule designations in
unmodified base Protein Data Bank (PDB) files with those from
the RNA modified parameters database (Aduri et al. 2007) and
were matched by comparison using Chimera (Pettersen et al.
2004) to produce new functional PDB files. Bases were initially
minimized in vacuum to reach optimum geometries from which
periodic restraint angles were determined. A harmonic potential
restraint of 50 kcal/mol A? was used to restrain specified atoms in
Cartesian space to keep bases from stacking, while allowing both
distance fluctuation and propeller movement. After an initial
minimization in vacuum, bases were neutralized with sodium and
solvated with TIP3P (Jorgensen et al. 1983) water in an octahedral
box. The TIP5P (Mahoney and Jorgensen 2000) water model,
though an excellent tool to accurately define the geometries
involving water mediated hydrogen bonds, was not included in
this study because it requires at least twice the computational time
that is used in the case of the TIP3P model. It has to be noted that
in the case of modifications with the 2-thio group, it is likely that
a substantial polarization change upon H-bonding will not be well
accounted for by the fixed point charge model. Since water
molecules were involved in the simulations, the SHAKE algorithm
was also used to constrain bonds involving hydrogen. The particle
mesh ewald (PME) algorithm with a cutoff of 12 was used (for
each base-pair model) to treat the long range nonbonded and van
der Waals (VdW) interactions. Solvated bases were then mini-
mized in two steps. First, positional restraints were used on the
bases while relaxing hydrogen bonds in the water molecules, and
second, a relaxation of the whole solvated system was unre-
strained. Subsequent to the above step, MDSs were then per-
formed after minimization with a gradual heating step (0-300°K)
with positional restraints and a force constant (50 kcal/mol A?) for
10 psec. The Langevin thermostat was used to control the
temperature with a collision frequency of 1.0 psec™'. Positional
restraints were reduced progressively and stepwise (50 to 10, and
5 keal/mol A?). Each decrease of positional restraint constant was

TABLE 2. Molecular dynamic parameters used for the error
calculations

Minimum Maximum  Size of the Simulation
distzgnce distzgnce water box Cu}off time

Run (A) (A) (A) (A) (psec)

1 2.40 8.90 8.00 12.00 40.00

2 2.00 8.50 7.00 10.00 45.00

3 2.00 8.50 10.00 10.00 35.00

4 2.70 9.20 10.00 12.00 45.00

5 2.40 8.90 8.00 12.00 50.00

The values of the error were determined by carrying out five MDS
with varying values of the minimum and maximum separation
distances between bases within a base-pair model. The size of the
water box that is given in angstroms indicates that all atoms of
a base-pair starting structure will be no less than 8.0 A; for
example, from the edge of the water box. The VdW interactions
were treated with cutoff values between 10-12 A. The simulation
time is in picoseconds. Run 1 represents the standard parameters
used to determine the values of the free energy that are reported in
Table 1.
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TABLE 3. Error calculations of the free energies of CeG, AsU,
s?2UsA, cmo’UsA, and cmo’UsC base pairs

AG®; (kcal/mol)

Run CeG  AeU s’UsA cmo’UsA cmo’UsC
1 —5.53 —4.43 —-5.54 —4.93 —1.55
2 —5.97 —3.09 —4.46 —4.02 —-1.57
3 —6.74 —4.54 —4.66 —4.88 —-2.26
4 —-7.07 —-3.94 -590 —5.78 -1.92
5 —5.52 —4.77 —4.30 —-3.45 -2.10
Mean —6.17 —4.15 —4.97 —4.61 —1.88
Standard deviation +0.71 +0.67 *0.71  *0.90 +0.32

followed by 25 psec of equilibration, until the final step was
completely unrestrained, and the total time of simulation was
equal to 100 psec. The final structures were then analyzed for
equilibrium achievement and then utilized in the umbrella
sampling method of free energy calculation (Kumar et al. 1992,
1995; Roux 1995). A nonperiodic reaction coordinate, the
hydrogen bond (hb) distance as it is the case in our study, was
used to determine the PMF. A 40-psec MDS was run following the
100-psec equilibration MD, for each distance that represents
a window. Within each window, the biasing of the reaction
coordinate caused by the distance restraint was recorded every
five steps of a 20,000-step simulation. Thus 4000 biased co-
ordinates were obtained in each of the 65 windows.

The hb distances were defined between two heteroatoms. For
example in CeG and analog modified base pairs, the hbs are
defined as N4-06; N3-N1; O2-N2. The most central bond is
defined by N3-NI1. In the case of UeA and modified analog base
pairs, the hbs are O2-N6 and N3-N1, and the most central bond
is N3-N1. For unmodified and modified UeU, UeC, and UeG base
pairs the most central hb was defined by N3-02, N3-N3, and
02-N1 respectively. The hb distance for the most central bond
was stretched from 2.4-8.9 A using 0.1 A step increments. A
harmonic potential restraint with a force constant of 20 kcal/mol
A2 was used to maintain base separation; otherwise the simulation
was identical to the final step of MDS. The PMF, hence the free
energy, was obtained by processing the biased reaction-coordi-
nates with the WHAM algorithm (C++ code by Dr. Alan Gross-
field, University of Rochester Medical Center) (Kumar et al. 1992,
1995; Roux 1995). The WHAM iteration is considered to be
converged when no Fi (potential) value for any simulation
window changes by more than the convergence tolerance value
(tol) on consecutive iterations. The value of our tol value, that is
0.00001, was determined by rerunning WHAM with small
tolerance values and compared the resulting PMFs. The results
of our WHAM calculations shows (1) no Fi values for any
simulation window changed more than the convergence tolerance
value on consecutive iterations, and (2) the free energy curves of
each iteration stopped varying. Therefore, the fulfillment of these
two conditions allowed us to conclude that sufficient sampling
was generated and the free energy calculations converged. The
errors on the values of free energy was determined as previously
published (Stofer et al. 1999) and found to vary between *0.30
and *0.90 kcal/mol.

Errors are reported relative to the different simulation protocols
(change in simulation time, maximum and minimum base sepa-
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ration distances, size of the water box and cut off) that were run to
determine the AG of a given base pair (Tables 2, 3). The error is not
related to the successive repetition of a given simulation using the
same simulation protocol. The errors were determined for CeG,
UeA, s°UsA, cmo°UsA and cmo’UeC base pairs. Our results are
consistent with what was previously published on Watson—Crick
base pairs (Stofer et al. 1999), and the errors are within the
approximations inherent in the AMBER force field.
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