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Noncovalent interactions assume a significant role in chemistry Aosm 3
and biology*2 While the virtues of the traditional hydrogen bonds, A |- Cio— Ges
i.e., N=H-:--O and G-H---O, include key roles in macromolecular Loop 1 Ci1—=Gz2r  Stem 2
structure and functiohsuch as overall folding, ligand recognition, Cs G12= Cas
hydration, and dynamics, the relatively weaker interactions (as | Uss A2s
compared to the conventional hydrogen bonds) have received due G7 —"C1a Az
recognition lately® Principally, the definition of a hydrogen bond Stem 1 Ge C Cis Az Loop 2
(D—H---A, where D and A are mainly N, O atoms) can be extended Cs = Gis Cz
to include less electronegative atoms, such as B, S and A= g":g" 321
7, S. Interactions such as—&+--0> C—H---x,° and N-H---x" 5,3 I:?;w _|2°

have been widely studied in macromolecular structures. This then
opens up a spectrum of different interactions, from the stronger
electrostatic hydrogen bonds to the weaker dispersive interaétions.
The hydrogen bond acceptor capability of aromatic rings has
been demonstrated both by experimental and theoretical sttfies.
As a prototype, the waterbenzene systethl® has been studied
where the permanent quadrupole moment of berizgmevides
substantial negative electrostatic potential for a favorable interaction
with the proton(s) of the water molecule. This gives rise to the
more commonly observed Hr interaction. By comparison, the
interaction of a lone pair directly with the face of thresystem
seems counterintuitive and has very little precedence in the
literature, mostly in the form of ab initio studies on simple model

systems with glectrpn-WIthdraWIng groups .In the riﬁg-loweve'r,. . Figure 1. (A) Secondary and (B) tertiary structure (in stereo) of the RNA
prystallographlc evidence has been proylded for the gtab|I|2|ng pseudoknoté Red, green, and blue residues are involvetifin-zz, H—z,
influence of sugar O4l.p.)—x (nucleobase) intramolecular interac-  and intermolecular baseébase stacking interactions, respectively.
tions13

In this communication, we report both-Hr and lone pait-z

Table 1. Geometrical Parameters of Water—Nucleobase

. . . Interactions?
(I.p.—x) interactions between water molecules and functionally
important unstacked residues in the 1.25 A crystal structure of the base/water -0 0 deg] o [deg]
ribosomal frameshifting RNA pseudoknot from beet western yellow C8/W71 2.93 2 91
virust (Figure 1). Table 1 lists the geometrical parameters for the ~ A20/W73 3.01 10 88

: . ; . . A9/W175 3.40 26 86
water—x (w—) interactions. The distances from the ring centroid A24/W120, W189

to the water oxygen atom for A9/W175 and A24/W120, W189
suggest a possible Hr interaction. For C8/W71 and A20/W73, aC* is the ring centroid is the angle between the normal to the ring
the distances are indicative bp.— interactions. The approach  plane and the line joining ring centroid and water oxygen)(@ndw is
of the lone pair is almost perfectly linear for the C8 residue (Table e dihedral angle ©-C*—X,1—X,, where X and X are the first and

. e . . second nearest rng atoms t@,.0
1, Figure 2a). Recent ab initio studies indicate that such an
interaction is favorable with electron-withdrawing groups in the
ring'2 or a protonated ring systethScheiner and co-workers have  of hydrogen atoms interacting with theface is unlikely because
predicted that water prefers the-@ (I.p.—x) approach in lieu of this would put them at arowh2 A from the centroid, a region that
the H—s interaction in the case of protonated (Imas compared is sterically inaccessible. Furthermore, W71 is hydrogen bonded

3.44,3.78 7,18 86, 89

to unprotonated imidazole (Im), respectivélyThe centroid- to the phosphate group of A9 and to W68; most likely the two
oxygen distances reported are 2.9 A (ImHnd 3.2 A (Im), and protons are used as donors in the above cases. The existence of a
the interaction energies are 8.1 kcal/mol (Imkand 3.1 kcal/mol l.p.— interaction is also consistent with earlier evidefiééthat

(Im). The distances for C8 (2.93 AR) and A20 (3.01 A_) indicate  proved C8 to be protonated at N(3) (see asterisk in Figure 2a).
thatitis the lone pair of the oxygen atoms that is interacting directly protonation of C8 possibly reduces the ring electron density and
with the face of ther-system (Table 1, Figure 2a,b). The possibility  gjiows a direct interaction with the oxygen lone pair. C8 is engaged
tVanderbilt University. in a quadruple b.as.e interggtion (C8,G12, C26, A‘?ﬁl)ld. is crgfzial
* Massachusetts Institute of Technology. for the frameshifting activity of the pseudoknot as identified by
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Figure 2.

mutation studied® The additional stabilization provided by the
|.p.— interaction may thus be of functional importance.

Thel.p.—m approach for residue A20 is virtually direct (Table
1, Figure 2b). Interestingly, the water molecule interacts with the
six-membered ring rather than the five-membered one. Previous
studies on indole found a slightly more favorable-finteraction
with the five-membered ring as compared to the six-membered
ring.’®> However, we do note that the electrostatics of the six-
membered ring is different in the present case. The electrostatic
potential map for adenine shows the centroid region of the six-
membered ring to have less electron den¥it¥his provides a
plausible reason for the observed approach of the lone pair to the
face of thez-system. Indeed, the nearest ring atom to the water
oxygen atom is C(6), located in a region of positive electrostatic
potential.

The interactions of the A9 and A24 residues with water molecules
are most likely of the Huxr type. W175 interacts with the five-
membered ring of A9, the approach being slightly offset (Table 1,
Figure 2c). The ring centroidoxygen distance observed is 3.44
A. This closely matches the results from earlier ab initio studies
for such an interactio® The stabilization of the A24 residue
presents an interesting situation as W120 and W189 interact with
the five- and six-membered rings, respectively. The ring centroid
oxygen distances are 3.44 A (five-membered) and 3.78 A (six-

membered), and the approaches to the rings are slightly offset (Table (15)

1, Figure 2d). W120 and W189 are hydrogen bonded to each other
and are also embedded in a network of H-bonding interactions as
shown in Figure 2d. In the above cases, it is interesting to note
that the waternucleobase interactions make up for the absence of
base-pair stacking in the looped-out bases. In this regard, the
stabilization of the A24 ring by two water molecules is reminiscent

of the increased stabilization associated with the enhanced surface

overlap in base-stacking interactions. Classification of such interac-
tions as “water-nucleobase stacking” is therefore justified.

In conclusion, the present study provides a unique example where
all RNA residues not involved in either intra- or intermolecular
base-base stacking engage in “watatucleobase stacking”. To
the best of our knowledge, this is the first report highlighting
(w)—m (nucleobase) interactions in an atomic resolution macro-
molecular structure. Such interactions need to be considered in the
analyses of structural data directed at a complete understanding of
macromolecular folding and recognition processes. Their inclusion
in the parametrization of force fields might also prove to be useful
toward accurately representing the role of hydration in the overall
stability of macromolecules.
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