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Base opening in RNA and DNA duplexes: Implication for RNA stability
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The energetics of a low-energy single base opening in several RNA duplex crystal structures has been calcu-
lated and compared to DNA duplexes. Base opening in RNA appears to have an overall preference towards the
major groove, similar to results previously reported for B-DNA. Movement of each of the adenine, uracil, and
cytosine bases into the minor groove is blocked by a high-energy barrier due to severe close contact with
neighboring bases. Guanine bases are able to open towards both grooves because of the unique orientation of
the base that avoids steric clash along the opening pathway. RNA bases are found to have a substantially
smaller major groove opening extent than that of their B-DNA counterparts. A comparison with base opening
behavior of A-DNA duplexes suggests that this difference results from helix constraint associated with A-form
backbone conformation. The reduced opening extent correlates with the RNA duplex stability and is consistent
with observed slower imino proton exchange rates in RNA duplexes.

PACS numbdrs): 87.10+e€, 87.15.By

I. INTRODUCTION also indicated that the relevant backbone motions are local-
ized within a dinucleotide segmerit.has been shown to be
RNA plays important biological roles and is considered aghe most flexible backbone torsion angle based on normal-
a promising target for the design of novel therapeutic drugsmode analysis of DNA duplexg44]. This torsion angle has
As a predominantly single-stranded molecule, RNA isbeen established as the principal torsion and its motion as a
known to fold into specific tertiary conformations that con- constructive mode in promoting base operiihg]. The low-
tains a variety of secondary structural motifs such as duplenergy opening pathway has been shown to involve the dis-
stem, hairpin, internal loop and bulgé]. The duplex re- placement of th& torsion along with the variation of a small
gions are crucial in stabilizing the tertiary structure of RNA, "Umber of other local torsion angles without distortion in
An understanding of how base pairs are stabilized in thesQOnd length and bond angle and W'thOL,'t perturbaﬂon of the
regions may shed light on the dynamic behavior of rnAfest of the duple_x. The_relevance of this pathway with ob-
folding process and facilitate the design of RNA binding served base pair opening Processes have also been docu-
drugs, mentgd[lG]. For unusual equilibrium values, .abnormal
The stability of RNA duplexes has been a subject of nu-2PENINg behavior have bgen found over a wide range .Of
merous studies. Melting experiments on both homopurine-B'DNA duplex sequences in a comprehensive study of avail-

homopyrimidine polymers[2—-4] and mixed sequence able crystal structuregL7].

nucleic acidg§5—7] showed that the thermodynamic stability RNIR 'Ejhlslpaper vtvel etxarTne a Io;v-energy btz?]se opelr:mg ;E
of RNA duplexes are higher than B-DNA duplex. Proton uplex crystal structures and compare the resufts wi

exchange studies also indicated that, under the same buff at of B-DNA and A-DNA duplexes with similar sequences.

conditions, the exchange rates in RNA duplex is substan(—j el d|fferﬁnce tl)n the opl)enlr:jg bgr][ﬁwor oflb?ses flr;ht'heds']?
tially lower than that in B-DNA, particularly at higher tem- uplexes have been analyzed and the corretation ot this dif-

. el ference with the observed higher stability in RNA will be

perature$8]. The higher stability in RNA has been found to " . i
be enthalpy driveii9]. However the underlying microscopic dlscus.sed. .The effect of ba_ckbone constraint on the opening
mechanism remains elusive. It is unclear whether the highel?GhaVIor will also be described.
stability is due to A-form related backbone constraints, or it
results from differences in base-base interactions, or both. Il. METHODS

Insight into duplex stability may be obtained by investi-
gating base pair opening processes. Imino proton exchange
studies indicate that, at premelting temperatures, base pair The crystallographic coordinates of RNA and DNA du-
opens one at a time 0]. A recent molecular dynamics simu- plexes studied in this work have been obtained from the
lation study also indicated that the base pair opening procesaicleic acids databagblDB) [18]. The sequence ID and the
is a localized evenftll]. Therefore, investigation of low en- corresponding referencgg,19—-24 are listed in Table |. The
ergy single base opening events is a useful step towards tH2NA duplexes have been selected because a significant por-
understanding of the microscopic mechanism of duplex station or entire sequence matches that of the respective RNA
bility. counterpart.

A number of modeling studies have been carried out to
probe bond motions involved in base opening. The flexible
nature of{ [C3'-03'-P-O5] torsion and the predominant  The opening of a base is accomplished through simulta-
role it might play in base opening process have been implineous rotation of local backbone and glycosidic bond torsion
cated in the early modeling studi¢$2,13. These studies angles without distortion in bond length and bond angle. We

A. Structure

B. Modeling of single base opening
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TABLE I. RNA and DNA duplexes studied in the present paper.

Duplex Sequence NDB ID Reference
r(CCCCGGGQ, arh074 [9]
r(UAAGGAGGUGALU, arlo62 [19]
r(UUAUAUAUAUAUAA, arn035 [20]
A-form d(CCCCGGGQ, adh012 [21]
B-form d(ACCGCCGGCGC¢(, bdj036 [22]
B-form d(ACCGGCGCACA, bdI035 [23]
B-form d(CGATATATCG, bdl018 [24]

have found that a low-energy opening is possible by rotatiorestimated based on the comparison of the deviation of the
of only six torsion angles related to the rotated base, whileC3’ position with grid tolerancd16]. The energy barrier
the rest of the helix is held rigifiL5,16]. along the rotation pathway may further limit the extent of

In order for a base to move freely out of the stacked helixpase opening. Thus, the maximum extent of base opening is
its effective rotation axis must be parallel to the helix axis.determined by both the backbone geometric restraint and the
Our analysis on both single and multiple torsion angle dis-energy barrier along the grooves.
placements indicated that only and § [C5'-C4’-C3’-03’] The rotation of¢,, also induces a change in the roll angle
torsion angles satisfy this criterion. However, unless thep, of the nth base. In order to keep the base in plane, its
sugar pucker changes significantly, the rotationafauses glycosidic bond torsion anglg, needs to be adjusted. This
bond angle distortion in C5-C4-O4’ or O3'-C3'-C2’. can be done by an energy minimization procedure to find an
Hence( is the only energetically feasible torsion angle toangle that gives the best local minimum energy while keep-
promote base opening. ing the rest of the duplex rigid.

The nth base can be rotated towards both the major and
minor grooves by the rotation of it§, torsion angle. The
rotation is made by fixing the lower O%in the (n+1)]th The total potential energy barrier for base rotation is com-
nucleotidd end while rotating the upper C3' end. Such an puted using the empirical functional form:
operation however causes the entire strand aboventhe

C. Potential energy calculation

nucleotide to swing out of the double helix. If the strand V= > &{14_ cogng— ]}
above fi—1)th nucleotide is kept rigid, then the section be- torsion 2

tween C3' of thenth nucleotide and C3’ of then(—1)th

nucleotide gets displaced. This results in the shift of the C3’ + Y {Vy1-e o)y
atom in the 6—1)th nucleotide away from its original po- H bonds

sition. Hence, the adjustment of the other backbone torsion
angles along this section is necessary so as to move the C3’ 4
atom back close to its original position. nonbonded
A low-energy base opening pathway that involves the ad-
justment of a minimum number of backbone torsions has
been determinefil6]. The adjusted backbone torsion angleswhere ¢ is a torsion angleY, ,n, andy are torsion param-
are{,,_, (for then—1 nucleotidg, «, [03’-P-O5’-C5], B, eters;r is donor-acceptor distance of a hydrogen bovigl,
[P-O5'-C5-C47, and y, (O5-C5-C4’-C3’). These torsion a, andr, are hydrogen bond parameters; is the distance
angles can be regarded as adjustable variables controlled bgtween two nonbonded atom&;; and B;; are van der
helix restoring force and they are determined by a search ilVaals parameters); andq; are partial charges for the two
the multidimensional torsion angle space to find a set oftoms respectively ane is the dielectric constant.
values that can move the CBof the (n—1)th nucleotidé The torsion terms are included to account for the energy
back close to its original position. An angular grid of 0.5° cost involved in the rotation of the backbone and glycosidic
spacing is used to describe the torsion angle search spad®nd torsion angles. With the exception of the hydrogen
The set of the torsion angles that gives the minimum deviabond terms, the potentials and their parameters are taken
tion of the C3’ coordinates in then¢- 1)th nucleotide will be  from the AMBER force field 25]. The stacking interactions
adapted as the modified backbone torsion angles.sflend  are implicitly included in the nonbonded van der Waals and
€, [C4-C3’-03'-P] torsion are fixed so as to keep the sugarelectrostatic energy terms. A distance-dependent dielectric
in its original (A or B) form. Although the use of a finite grid constan{26] e is used to compute electrostatic energy. The
size gives rise to a finite displacement in the computed newontribution of electrostatic energy to the total energy is rela-
position of the C3’ atom, the grid size employed here seemgvely small and thus our computation is relatively insensi-
to be optimum to yield converged results. A reduction oftive to the choice of dielectric constant.
50% in grid size results ir<10% change in the computed  To avoid the difficulty of modeling the dynamics of hy-
opening extent. drogen atoms, an empirical implicit hydrogen atom potential
The backbone geometric restraint sets a limit on the exis used in this work. This potential, based on a Morse func-
tent of ,, rotation beyond which the C3’ ofn(—1)th nucle-  tion of the donor and acceptor separation, has been shown to
otide deviates from its original position. This limit can be fit well with the potential energy obtained fromb initio
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FIG. 1. The energy barrier for the opening of the randomly selected Waeegified by its residue number on each parsbng one
strand of the RNA duplexl UAAGGAGGUGALU,. The solid line is the total energy, the dash-dotted line is the van der Waals energy, and
the long-dashed line is the hydrogen bond energy.

calculations[27] and to give fair account of observed pre- fUAAGGAGGUGAU.. It can be seen that energy barri-
melting and melting behavior of interbase hydrogen bonds irers in the minor groove of these bases are higher than those
DNA [28,29. in the major groove. The rotation of each of the pyrimidine
bases towards the minor groove immediately encounters a
high-energy barrier due to a severe steric clash with its
complementary base. The motion of each of the adenine
bases towards the minor groove is restricted~t@0° be-
cause of high-energy barrier along the groove. This leaves
The main features of a single base opening in RNA can béhe major groove rotation as the only pathway for the open-
illustrated from the profile of the opening pathway and enering of adenine, uracil, and cytosine bases. Although no large
getics of the bases iINf[UAAGGAGGUGAU,. Similar  energy barrier is found along the major groove, the maxi-
features are found in other RNA structures investigated iTum extent of the major groove openirgA {na°" of each
the present study. Figure 1 shows the energy profile for thef these bases is limited to onty17° due to the geometrical
rotation of each of the several selected bases irtonstraint of the backbone.

Ill. RESULTS AND DISCUSSION

A. Base opening profile in RNA
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FIG. 2. Comparison of the energy barrier for the opening of the selected @idsesfied by its residue number on each paébng one
strand of the RNA duplexl UUAUAUAUAUAUAA, and those of the B-DNA dupled[ CGATATATCG,. The solid line is the total
energy for a RNA base and the dashed line for a B-DNA base.
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TABLE Il. Backbone torsion angles and the opening extent of the adenine and uracil bases in RNAfuplé&xXUAUAUAUAUAA,
and the adenine and thymine bases in B-DNA duple€ GATATATCG,. The rotation of thel+g in Tg causes its sugar to flip without
opening the base towards either grooves. The extent of sugar rotation for this base is marked by brackets to distinguish it from the base
opening extent. The negative sign fAr is introduced so that the positiv@egative displacement correlates to majgninor) groove
opening.

Duplex Base Backbone torsion angles (°) Opening extent (°)
{ a B y 5 € AR AL
rTUUAUAUAUAUAUAA, Aj —68.6 —74.7 174.4 300.7 283.7 —162.1 -13 19
U, —-86.3 —57.2 189.7 304.0 276.8 —162.4 -8 23
As -73.1 —-70.6 192.1 290.1 284.1 —141.7 -9 10
Usg —66.3 —62.8 179.4 307.5 279.4 —-151.7 -8 18
A, —-71.4 —-77.6 168.7 299.3 282.5 —158.6 —-13 19
Usg —80.9 —85.5 164.7 294.0 274.8 —154.9 -9 13
d(CGATATATCG, Az —-87.0 —-64.1 190.3 306.8 231.7 —-179.1 -6 36
(B-form) Ta —106.8 —63.7 188.6 305.3 251.4 —-179.6 -7 37
Ag —97.2 —54.5 188.8 309.0 2329 —-162.3 —-14 17
Te —-189.4 —-59.2 188.1 321.3 218.0 —113.4 [—24] (29
A; —-82.8 —61.0 214.2 320.2 226.7 —188.3 -11 56
Tg —-90.1 —-57.5 187.1 314.6 246.2 —191.6 -8 60

The energy barrier in the minor groove of each of theopening extent- A ZM"°" of uracil and cytosine bases is lim-
guanines is significantly lower than in the other bases. Theted to~8° due to steric clash with its complementary base.
barrier height of~20 Kcal/mol is in the range of the ob- The — A /MiN°" for adenine is~12° due to high-energy bar-
served base pair opening activation enthalp&80]. Thus, rier in the minor groove. Similar opening extent was found
it is possible for guanine base_:s to open _towards the minog,, adenine, thymine and cytosine bases in B-DNA]. On
groove. The lower energy barrier in the minor groove result§pe other hand, the energy barrier of guanines along minor
from a unique orientation of the O6-C6 bond in guanine thalygove is relatively small. As a result these bases are able to
avoids close contact with neighboring bases along the MiNGpen towards the minor groove to a maximum extent of
groove opening pathwaj16]. While guanine bases can be _40° which is comparable to that of guanine bases in
opened towards both grooves, statistically there is an overag_pna [16].
preference for RNA bases to open towards major groove. A sypstantially smaller opening extent in three out of four

_ _ types of bases does not seem to hinder the possibility for
B. Comparison with B-DNA imino proton exchange in RNA duplexes. From Tables I

Figure 2 shows the comparison of the opening profile ofand I!I, one finds the maxi.mum translational displacemgnt of
several bases in the centrAUAUAUA region of RNA du-  adenine, uracil and cytosine bases a2 A. A geometric
plex rlUUAUAUAUAUAUAA, with their counter- analysis shows_ that such a dlspla<_:em_ent creates an open
parts in the centralATATAT region of B-DNA duplex SPace on the minor groove side, which is .sufflc!en.t to allow
d[CGATATATCG,. The maximum extent of the opening & water molec_ule to pass through to the site of imino proton
along with backbone torsion angles for these two duplexe8" €ither uracil or guanine. _ _
are also given in Table II. It is noted that the rotation of the ~SOme insight into the cause of the difference in
{16 in T causes its sugar to flip without opening the base—A{max between RNA and B-DNA can be gained from
towards either grooves. This arises becafigghas an un- the comparison of their equilibrium backbone torsion angles
usual value of-189.4°. Our previous analysis on a variety listed in Tables Il and Ill. With the exception @&, substan-

of crystal structures with different sequences indicated thaial difference is found between a torsion angle in RNA and
this is a universal behavior for bases with equilibrigrfall-  its counterpart in B-DNA. The variation of backbone torsion

ing into the range of- —200° [17]. angles in RNA is relatively small and insensitive of the base
Substantial difference is found iﬁAéTmLm between ype, which gives rise to a relatively uniform major groove

bases in RNA and B-DNA. Both adenine and uracil bases iffP€ning extent. On the other hand, the torsion angles in
major B-DNA vary substantially, resulting in rather large variation

the RNA duplex have substantially smalterA { ;.55 values . ! 0
than the corresponding bases in the B-DNA duplex. Thid" the major groove opening ﬁ’;}g{“- Our analysis indicates a

behavior is not only limited to AU pairs. As can be 0S¢ correlatio?nggfweeﬁAlgmax ande. In general, rela-
seen in Table I, which gives the comparison betweerfively large—AZRZ” occurs ife<<—170°, which is the case
RNA duplex r[CCCCGGGQ, and B-DNA duplex for most bases in B-DNA. In contrasé of most bases in
d(ACCGCCGGCGC{, and d[ACCGGCGCACA,, RNA falls in the range of—150°, thus giving rise to a

the —AZM21°" of both guanine and cytosine bases are consmaller—AZpaert. -
sistently smaller than those in the B-DNA duplexes. The torsion angle: is not the only factor for— A2

In contrast, the profile of the minor groove rotation of the For instance, —A{2l°" of the G, base in A-form

RNA bases is largely similar to B-DNA. The minor groove d{CCCCGGGQ, is 18° even though itg=—172°. This
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TABLE lll. Backbone torsion angles and the opening extent of the guanine and cytosine bases in RNArpg@&CGGGQ,, in
B-DNA duplexesd[ ACCGCCGGCGCQ(, d(ACCGGCGCACAH,, and in A-DNA duplexd [ CCCCGGGQ,.

Duplex Residue Backbone dihedral ang(&s Opening extent®)
¢ a B Y 5 € —Alna  —ALRA

rf[CCCCGGGQ, C, -71.3 —-735 189.1 2995 284.3 —150.8 -5 12
Cs —70.8 —-715 182.8 301.8 281.7 —147.6 -5 15

Cy —72.7 —64.7 191.7 304.4 2825 —1554 -6 18

Gs —-713 —67.5 180.8 306.8 2846 —149.1 —-29 16

Geg —-71.4 —61.2 196.8 301.2 286.6 —152.4 —35 19

G, —69.7 —70.7 190.3 300.6 285.8 —159.3 —35 17

d[ACCGCCGGCGCG, Csy —-90.0 —-32.3 1911 317.0 226.6 —176.6 —-11 43
(B-form) Cs —144.3 —-558 1716 3169 2180 -—-156.4 -9 23
G, —125.3 —-479 2120 309.2 2179 -1720 -52 18

Gg —-110.1 —54.5 194.9 307.1 219.7 -—161.7 —-35 24

d(ACCGGCGCACMh C, -938 -136.6 1706 2325 252.0 —-162.3 -8 5
(B-form) Cs —34.7 —29.4 205.2 337.7 2745 -—-211.1 —-29 60
G, —129.6 —67.6 145.6 332.6 227.8 —196.8 —60 60

Gs —104.5 —313.7 215.8 36.5 1955 -182.6 —-14 43

d(CCCCGGGQG, C, —68.2 —51.4 204.6 310.9 278.1 —160.8 -6 22
(A-form) Cs —60.2 —74.6 177.9 296.2 275.2 —163.8 -7 24
C, —75.4 —-77.3 184.4 300.3 279.0 —161.0 -5 15

Gs -63.3 —2139 1805 1674  269.8 —157.3 -25 39

Gs —74.8 —-95.1 179.1 286.2 278.8 —139.8 —32 8

Gy —66.7 —75.9 192.4 280.6 281.3 —171.9 —-23 18

results from an increase of if8 torsion angle from normal and base opening extent. This inter-relationship can be fur-

value of 190° to 212°. Therefore; A¢M21°" can be changed ther demonstrated from a comparative study of RNA and

by deviation of 8 from its normal range. Similarly, large A-DNA duplexes.
variation in other torsion angles, such @asand vy, can also

affect —AZM31°" An example is theGs base in A-form C. Comparison with A-DNA
d[CCCCGGGQ, which will be discussed in the next sec-  RNA and A-DNA duplexes share similar characteristics
tion. of an A-form backbone with only moderate differences in the

The maximum extent of base opening in all the duplexesackbone torsion angles. It is therefore of interest to compare
examined in this work is primarily determined by backbonethe base opening behavior in these duplexes. The comparison
geometric restraint. This restraint is imposed by the struchbetween corresponding bases in  RNA  duplex
tural features of the backbone. As a result there is closef CCCCGGG(@, and A-DNA duplexd CCCCGGGQ,
correlation between the equilibrium backbone torsion angless presented in Fig. 3. The opening extent along with back-
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FIG. 3. Comparison of the energy barrier for the opening of the selected @idsesfied by its residue number on each paébng one
strand of the RNA duplex CCCCGGGQ, and those of the A-DNA dupled[ CCCCGGGQ,. The solid line is the total energy for a
RNA base and the dashed line for a A-DNA base.
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bone torsion angles are also included in Table Ill. One finddiigher thermal stability in RNA duplexes. Melting experi-
that the energy barrier for base opening is indeed very simiments consistently showed that the thermodynamic stability
lar, which results from similarity in base pair orientation and of RNA duplexes are higher than B-DNA duplgx-7]. This
stacking arrangement within the A-conformation family. higher stability was found to be enthalpy drivé®]. The
However a slightly varied opening extentA {5)>" is found  difference in the enthalpy between RNA and B-DNA duplex
for the bases in the A-DNA duplex. Both,Gnd G have is ~4 Kcal/mol per base pair. This may account for the
slightly larger —A¢R3°" than their RNA counterpart. A extra energy needed to displace additional backbone torsions
smaller _Agmgi(m is found for the A-DNA G4 base. The in the neighboring nucleotides to allow for the same scope of

variation arises from the deviation in thkeand 8 angles. opening ¢ 30° rotation as that in B-DNA duplexes.

The —A{M3°" for the Gg in the A-DNA duplex The smaller opening extent is also consistent with the
d[CCCCGGGQ, is 39°, which seems to be abnormally observed slower proton exchange rate in RNA duplexes as

large as compared with the value for each of the other base§ompared with that in B-DNA duplexes under the same
This arises because its backbone torsion anglesd y are buffer condltlon§[8]. Although a~2 A base displacement

other bases in either A-DNA or RNA duplexes listed in Water to access the imino protons, the smaller cavity created
Table 111 in the minor groove limits the freedom of the water move-

ment considerably. As a result a slower exchange rate is
expected.

Our study suggests that tighter constraint on the motion of

With a similar opening behavior towards the minor backbone bonds may contribute to the higher stability in
groove, and with the minor groove pathway blocked forRNA duplexes. More insights into duplex stability can be
three out of four types of bases, the difference in majorexplored by investigation of multi-base opening processes.
groove opening behavior has direct implication on the differ-Motions along the opening pathway may be further exam-
ence in the stability between RNA and B-DNA duplexes.ined by other methods such as normal mode analysis and
Our finding of the smaller major groove opening extent inmolecular dynamics. Studies along these lines are in
RNA duplexes may provide an explanation to the observegrogress.

IV. CONCLUDING REMARKS
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