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Specific!®N and*3C labeling of DNA and RNA can provide
key information on local interactions such as hydrogen bontdihg,
protonatiort;® hydration? ligand interactiong,and stacking:® We
are interested in characterizing non-Wats@rick base pairs in
RNA by >N NMR because they play prominent structural and
energetic roles that facilitate formation of secondary and tertiary
interactions and binding to protei#s1® We have recently
reported®>N NMR results for a variety of GU pai#$ and now
describe two types of GA pairing. Tandem GA pairs in the order
5'-GA-3'-3-AG-5' have been shown to adopt either a “sheared”
conformation or a “face-to-face” conformation, depending entirely
on the flanking sequencés? Thus,™H NMR structures show
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that GGGSAGCC contains a sheared arrangeniéniyhile
GCGGACGC has face-to-face pairirt§). Both arrangements have
two base-base hydrogen bonds, and the duplexes have about th
same thermal stability, but in the sheared pairing, additionatbase
backbone hydrogen bonds and unusinérstrand stacking of

backbone distortion. In the face-to-face pairing, more typical
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intrastrand base stacking occufg® The striking differences in

the overall shapes of these molecules as well as in their pattern
of exposed functional groups undoubtedly have biological sig-
nificancet”.18:2

A 5' flanking pyrimidine seems to be a prerequisite for the
sheared pairing witinterstrand stacking. It has also been found
in another fragment with'Slanking cytosine$? in a fragment
with 5' flanking uracilst® and in the hammerhead ribozyme where
it is flanked on the unsymmetrical Sides by a uracil and a
cytosine?®25 This motif also occurs in DNA fragment&:3° In
addition, relatednterstrand stacking in some UG and TG tandem
pairs occurs in both RNA and DNA33 13N NMR may serve
as a useful probe for thisiterstrand stacking.

To compare the sheared and face-to-face conformations in
tandem GA pairs by°N NMR, we have synthesizedN-labeled
versions of the molecules described by Turkéf, 5-GGC-
GAGCCp-3 (sheared) and'85CGGACGCp-3 (face-to-face),
using [243C-1,NH,-*5N]guanosine and [7,NH°N,]Jadenosine at
the underlined site¥:73¢ The presence of the sheared GA
conformation in the former was confirmed by proton NMR in
which the guaniné®N1H appeared as a doublet near 10 ppm
(data not shown)” Similarly, proton NMR demonstrated the
presence of the face-to-face GA conformation in the latter since
the guanine"®>N1H appeared as a doublet near 12.5 ppm (data
not shown)® We find that the guanine amino groups show
strikingly different chemical shift behavior for these two confor-
mations (Figure 1A). Upon melting, the guanine amino in the
sheared conformationa( shows a 4 ppm upfield cooperative
transition, while that in the face-to-face conformatiar,(shows
only a small irregular downfield drift. The cooperative transition
for the former is in accord with expectations for hydrogen bonding
to the adenine N7 and the adenine phosphate oxyg&he small
non-cooperative changes seen with the latter are consistent with
the absence of either structural hydrogen bonding or significant

&tacking in the face-to-face conformatith.The!>N6 chemical

shifts of the adenine amino groups, on the other hand, both show
upfield cooperative transitions upon melting (Figure 1B), although

Ofhe face-to-face conformation displays an unusually large 10 ppm

change ©), about twice the magnitude as that of the sheared
conformation 4). In the former case, the behavior signifies loss
of significant deshieldingeffects both from stacking and from
hydrogen bonding. This result is consistent with theNMR
structure in which the adenine amino nitrogen atom was shown
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Figure 1. Plots of 15N chemical shifts vs temperature for (A) guanine Figure 2. Plots of N chemical shifts vs temperature for (A) guanine
amino groups, and (B) adenine amino groups. In each aasepresents N1 atoms and (B) adenine N7 atoms. In each casepresents sheared

the sheared pairing and represents the face-to-face pairing. Spectra pairing andO represents the face-to-face pairing. Conditions are the same
were acquired at 40.5 MHz on a Varian XL400 using 1D experiments as those in Figure 1.

with a delay of 1 s, and chemical shifts are reported relative tg NH

using external 1M FN]urea in DMSO at 25°C at 77.0 ppm as a  13C2 atoms show small downfield drifts with increasing temper-
reference? The total strand concentration of the sheared molecule was atyre (0.5 and 0.2 ppm, respectively, data not shown).

11 mM and that of the face-to-face molecule was 7 mM, both in 100% The adeninéSN7 chemical shifts in both cases show coopera-
D20, 0.1 M NaCl, 10 mM phosphate, and 0.1 mM EDTA at pH 6.7. A tjye downfield transitions (Figure 2B). This behavior is consistent
nonlinear least-squares fit gives the curves shown. Intermediate exchangey it pase pair hydrogen bonding in the sheared conformation, in
which can complicate the interpretation of some NMR datdges not which the adenine N7 accepts a hydrogen bond from the guar;ine

appear to be a problem with these examples. None of the resonances, 0017 | contrast, in the face-to-face conformation, the adenine
described here show evidence of line broadening during melting. The

chemical shift differences between the high and low temperature forms N.7 does .not partICIpe}te n base palr.IH.‘gO.ur data indicate that
of the >N atoms generally are less than 200 Hz. Furthermore, melting either this nitrogen is |n_fact participating in some fo_rm of
temperatures calculated from curve fitting of &l NMR data agree structural hydfog_e“ bondlng Or experiences a strehiglding
well with the corresponding values calculated from UV melting studies €ffect from stacking, neither of which was apparent from‘tie

(data not shown). NMR d.ata.18 . . o
The interstrand stacking that is characteristic of the sheared

tandem 5GA-3'-3'-AG-5' pairs described here is also found in
the similar sheared'#A\A-3'-3'-AG-5' pairs found in DNA" as
well as in related 5UA-3'-3'-AG-5' pairs with a reverse
Hoogsteen UA flanking a sheared G&° These sequences may
form a unique functional motif with important biological signifi-
cance!! The results described here demonstrate tHatNMR

of a specifically labeled member of this group can identify its
diagnosticinterstrand stacking as well as help define hydrogen

conformation 4), the guanine N1 does not participate in a bonding and other interactions. Specific labeling should be

structural hydrogen bond, so that the downfield change observedﬁggﬁglgtgyfgrawﬁglﬁ flun” ;?fl?cgtﬂlélggart: Iﬁo?l?ﬁév% larger RNA

must be due to a loss of stacking induced shielding. The main
source of _thls shleldlng_ is Ilkel_y to .b_e the stronrgerst_rand Acknowledgment. This work was supported by a grant from the
stacking with the opposite guanine sirio&rastrand stacking to National Institutes of Health (GM48802).
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to be stacked at some distance from the adjacent guanine aromati
ring, very likely in a deshielding region of its ring currents.

The chemical shifts of the guanine N1's, like those of the
guanine aminos, show quite different behavior upon melting
(Figure 2A). Although each shows a cooperative transition that
is similar in magnitude, it is opposite in direction. The upfield
change Q) is appropriate for the hydrogen bonding to the adenine
N1 expected in the face-to-face conformatfénin the sheared




