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ABSTRACT. We present a three-dimensional structure of a 34-nucleotide RNA molecule determined by
NMR spectroscopy. The molecule was designed to form a junction between two double-helical stems
whose sequence was based on the P4/P6 domain from group | introns. Therarate3Single-strand
overhangs at the junction of the stems. Contrary to our expectations, we found thatethe & the
molecule is placed in the minor and not the major groove of the P4 helix. As a result of tertiary contacts
and stacking interactions from nucleotides in the@d, the junction helices are rotated in a left-handed
fashion and do not stack coaxially. This conformation is highly dependent on the presence of single-
stranded nucleotides at theé @/erhang. When the' &nd is removed, the molecule assumes a radically
different structure with the'®nd in the minor groove of the P6 helix and an overall right-handed rotation
between the stems. Only one nucleotide at then8 is sufficient to change the geometry of the junction.

Junctions between two or more double-helical regions are overhang. Chastain and Tinoco (1992, 1993) found that
a common motif in RNA structures. They are found in single-stranded nucleotides at the énd formed tertiary
tRNAs (Holbrook et al., 1978) and the hammerhead ribo- interactions with the minor groove of the P6 helix. NMR
zyme (Pley et al., 1994; Scott et al., 1995), and they have data on that molecule also showed that the stems were
been proposed to form in a majority of known RNAs coaxially stacked and rotated in a right-handed fashion. As
including ribosomal RNAs and self-splicing group | introns an extension of that work, here we present the structure of
(Noller, 1984; Brunel et al., 1991; Kim & Cech, 1987; the junction with both 5and 3 single-stranded overhangs
Michel & Westhof, 1990). Junctions are believed to play (see Figure 1). Our hope was to find a simultaneous set of
an important role in RNA folding by orienting double-helical adjacent minor and major groove triples as proposed for the
regions in a specific fashion and acting as a structural scaffold P4/P6 junction (Michel & Westhof, 1990). Such a combina-
for folded domains. Recent evidence shows that junctionstion of base triples had not been observed in any RNA
are also important in RNAprotein interactions. For ex-  structure, and we did not find one in the molecule shown in
ample, in the TAR RNA element from HIV-1, the junction Figure 1. Instead, we found that the addition of theid
between two stems created by a bulge forms a pocket forto the P4/P6 junction model had an unexpected effect on its
binding arginine (Puglisi et al., 1992), and a highly conserved conformation. With the presence of only one nucleotide at
ribosomal protein L11 binds to a three-way junction in 23S the 3 end, tertiary contacts between the P6 helix and the 5
rRNA (Ryan & Draper, 1991). end did not form and the molecule assumed a very different

In group | introns, the junction between P4 and P6 stems conformation.

[nomenclature of Burke et al. (1987)] is an essential part of

the catalytic core of the ribozyme (Beaudry & Joyce, 1990; MATERIALS AND METHODS

Couture et al., 1990). Earlier studies based on biochemical ] .

data, phylogenetic comparisons, and model building predicted The Design of P4/P6Figure 1a shows the sequence of
the junction to be in the form of adjacent triple helices the junction which we named P4/P6. Stems corresponding

(Michel et al., 1990; Michel & Westhof, 1990). In this {0 P4 and P6 are “capped” with stable tetraloops whose
model, P4 and P6 helices stack coaxially forming an Structures and NMR resonance assignments are known
elongated domain. Because of the right-handed rotation (Varani et al., 1991; Heus & Pardi, 1991b). Although the
between the stems, thé éd leaving P6 forms base triples Incorporation of tetraloops into the structure significantly
in the major groove of P4 and, similarly, theeid entering  increases the complexity of the NMR spectra, their presence
P4 forms base triples in the minor groove of the P6 helix. assures formation of the double-helical stems and a single
The Miche-Westhof model of the P4/P6 junction was molecule avoids problems with alternate conformations of
recently supported in our laboratory by the structure of an tWO- and three-strand models. The shaded region represents

RNA oligonucleotide containing both stems and &4 5 @& sequence commonly occurring in group | introns which
was chosen from the set of 87 aligned group | introns (Michel
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Ficure 1: (a) Nucleotide sequence of P4/P6 showing the numbering
system and naming convention for the stems. The shaded are

Nowakowski and Tinoco

data were processed and displayed with the program FELIX
v. 2.31 (Biosym Technologies, Inc.).

1-D H,0 experiments were acquired atG using the 1-1
water suppression sequence (Plateau &rGniel982) with
the maximum excitation set at 12.0 ppm; 512 scans of 8K
points and a sweep width of 12 000 Hz were used.

2-D H,O NOESY experiments were done at 4D using
a 1-1 suppression sequence which was optimized empirically
by adjusting the length of the second pulse tob&1 us
shorter than the first pulse. A total of 112 scans were taken
for each FID with a 2.5 s relaxation delay between scans
and a mixing time tg;x) of 250 ms. A total of 420 FIDs of
4096 complex data points were collected with 12 000 Hz
spectral width in both dimensions. The spectra were zero
filled to 2K real points int; and apodized in both dimensions
with a 30 phase-shifted squared sine bell function.

2-D D,O NOESY experiments on P4/P6 were done at 10,
20, and 25°C with atyx of 300 ms to assign the resonances
and resolve overlapped peaks. Additional data sets were

£cquired at 10C (tmix = 50 ms) and 20C (tmix = 40, 50,

represents the region of interest, whose sequence was derived fron80, 120, 150 ms) to quantitate the NOE volumes. Th® D
the P4/P6 junction of group I introns. (b) Names and sequences of NOESY experiments on P4-ref, P6-ref, (P4/P6)-1, and (P4/
P4/P6 mutants and reference molecules that are frequently used irpg)-3 were done at 20C with tmx = 300 ms. In all

the text. Outlined nucleotides represent the single-strandeadd3.

& Westhof, 1990). The sequence of theehd nucleotides
was present in 18/87 introns, and theeBd nucleotides
occurred 12/87 times. The entire sequence of the shade

region is present in three known group | introns. Residues d
A3 and A34 were included in the model because they are
strongly conserved. The first two guanosines were added

for the efficient synthesis of P4/P6 by T7 RNA polymerase.

Figure 1b shows the other molecules that were studied in

order to analyze and understand P4/P6.
13C-Labeled NTPs. Selectively *3C-labeled nucleoside

experiments the HDO peak was suppressed by preirradiation
during the 2.5 s relaxation delay. Approximately 3600
FIDs, 32-64 scans each, of 2K real data points were
ecorded with a spectral width of 5000 Hz. The spectra were
ero filled to 2K real points int; and apodized in both
imensions using a skewed sine bell function with & 30
phase shift and a skew factor of 0.7.
Double-quantum-filtered (DQF) COSY experiments were
done at 20°C without phosphorus decoupling. The HDO
peak was suppressed by preirradiation during the relaxation
delay. A total of 512 FIDs of 1K real points were acquired
with 32 scans for each FID. The spectra were zero filled to

phosphates were synthesized chemically and enzymaticallyj real points int; and apodized in both dimensions using

phosphorylated to nucleoside triphosphates by Dr. J. San-

a skewed sine bell function with a 1@hase shift and a

talucia (SantaLucia et al., 1996). Guanine and adenine wereskew factor of 0.7.

labeled at C8 and cytosine and uracil at the C6 position.

RNA Synthesis and PurificatioAll RNA molecules were
synthesizedhn vitro from nucleoside triphosphates using T7
RNA polymerase and were purified on denaturing (20%, v/w)
polyacrylamide gels as described previously (Milligan et al.,
1987; Wyatt et al., 1991). The yields of the transcription
reactions ranged from 3 to 7 ODU/mL for various RNA
seguences.

NMR Sample PreparationPurified RNA oligonucleotides
were dialyzed for 48 h against a total of 4 L of 10 mM KCl,
10 mM K;HPQ,, and 0.1 mM EDTA, pH 6.6. After dialysis,

1 M MgCl, was added to the samples to a total g
concentration of 2 mM. Samples for exchangeable proton
experiments were lyophilized and dissolved in 240 of
95% H0/5% D,O. Samples for nonexchangeable proton
experiments were lyophilized several times fronCDand
then suspended in 99.996%® (Cambridge Laboratories).
The RNA concentration was 2.5 mM for P4/P6 and-1.1
1.7 mM for other molecules. All samples were annealed
once at 95°C for 45 s and stored at ZC between NMR
experiments.

NMR SpectroscopyNMR spectra were collected on either
a GE GN-500 or a Bruker AMX-600 spectrometer. Phase-

Y-X-filtered NOESY experiments were done on selec-
tively 13C-labeled P4/P6 using the pulse sequence described
previously (Otting & Withrich, 1990; Santalucia et al.,
1996). Thel®C carrier was set in the middle of the base
carbon chemical shift range at140 ppm. A WALTZ-16
sequence was used for tF€—H decoupling int,. A total
of 610 FIDs were collected with 32 scans each and 2048
complex points. Two data sets were collected for efach
increment, once with and once without tH€ editing 180
pulse prior to the; evolution. The sum of these two sets
produced the subspectrum of NOEs fr&i@-bound protons,
and the difference produced the subspectrum of NOEs from
13C-bound protons. Both subspectra were zero filled to 1K
real points int; and were apodized in both dimensions with
a skewed sine bell function with a 3@hase shift and a
skew factor of 0.7.

Total correlation spectroscopy (TOCSY) spectra were
acquired at 20C with a mixing time of 82 ms. A total of
398 FIDs, 32 scans each of 1024 real points, were collected.
The suppression of the residual HDO peak was accomplished
with preirradiation during the relaxation delay of 1.5 s.
Spectra were zero filled to 1K real pointstirand apodized
in both dimensions with a skewed sine bell function with a

sensitive spectra were acquired using the TPPI method10° phase shift and a skew factor of 0.7.

(Marion & Withrich, 1983). All proton chemical shifts were
referenced to the ¥ peak (4.8 ppm at 28C). The NMR

Distance and Torsion Angle Constraint®istance con-
straints used in structure determination were derived from
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experimentally determined NOE intensities at several mixing
times. Depending on the intensity of the cross peak, the 0 =
constraints were divided into four groups: strong,-1380 '
A; medium, 2.6-4.0 A; weak, 3.6-5.0 A; extra weak, 3.8
6.0 A. Strong cross peaks were the most intenstg;at= G2s @9 a8
50 ms, and extra weak peaks could only be detectég.at Gzzlms 21| G20
= 150 ms. A total of 86 experimental NOE constraints (4.7 l i i l

constraints/residue) were used during the molecular dynamics lew
calculations. Four distance constraints per base pair were } l
used to maintain planarity of the base pairs and proper
hydrogen bonding. These constraints were set@l A
and were used only if an imino resonance from the base pair
could be detected and assigned to a particular pair. ¢ ¢
The ribose conformation was determined on the basis of 0- "*0 0
the value of the coupling constant between' ldhd H2 D
protons, measured in the DQF COSY experiment. Sugars
with no observable Hi1H2' couplings were constrained to
the C3-endoconformation with endocyclic torsion angles
7o, N1, M2, andys. Nucleotides with detectable couplings of ‘ ‘ ‘ ‘

. 13.0 12.0 11.0 10.0
4—6 Hz were constrained to a broad pucker range encom- D1 (ppm)

passing CZendp C3-endq and O4rgndoconformations. FIGURE 2: Portion of the HO NOESY spectrum showing NOEs
The glycosidic angler was constrained to benti for all between imino protons in P4/P6. Eight sharp resonances in the

nucleotides used in molecular dynamics protocols, based on12.0-13.5 ppm region confirm the formation of two double-helical

the lack of a strong HEH8/H6 intranucleotide NOE. stems each containing four-G base pairs. The imino peak at 9.95

- . . ppm from the G27U24 pair is diagnostic of the UACG loop
Additional torsion angle constraints were used to keep the f5mation. Dashed lines connect resonances from the P6 helix. The

amino groups in the plane of aromatic rings. During the spectrum was acquired in 10 mM KCI, 10 mM potassium
refinement calculations, constraints for backbone torsion phosphate, 2 mM MgGJl and 0.1 mM EDTA, pH= 6.6 at 10°C.

anglesa, 3, y, €, and¢ were used for nucleotides G8, G9,
C16, C17, G26-G22, and C29C31 to make them A-form.  The chemical shift of the G27 imino proton at 9.95 ppm
This assumption was based on the' HH2' couplings and (Varani et al., 1991) served as a starting point for sequential
NOE connectivities between these nucleotides, which were assignments of the P6 stem (Figure 2). Four remaining imino
consistent with the standard A-form geometry. peaks were assigned to the P4 stem on the basis of the NOEs
Molecular Dynamics. The three-dimensional structures to other imino peaks and nonexchangeable protons. Amino
of P4/P6 were generated using the molecular dynamicsprotons were assigned from their NOE patterns to imino
program X-PLOR (Bruger, 1990). Only nucleotides—9, peaks characteristic for A-form RNA helices (Heus & Pardi,
16—22, and 29-34 were used during the calculations to 1991a).
reduce computation time. Electrostatic energy terms were 3C-edited, Y/,-X-filtered NOESY data on selectively
excluded from the force field at all times to avoid biasing labeled P4/P6 proved invaluable in identifying each aromatic
the results. Twenty starting structures were created within resonance by nucleotide type. The results of this experiment
the program with randomized backbone torsion angles andare shown in Figure 3. Full-length P4/P6 was selectively
subjected to the global fold protocol. This stage of structure labeled with'3C at C8 of all adenines and at C6 of all
calculation consisted of 500 cycles of initial energy mini- cytosines. The'3C subspectrum (Figure 3a) displays the
mization, followed by 15 ps of restrained molecular dynamics NOE signals originating only fromtC-bound protons,
(rMD) at 1000 K. Repulsive forces were initially turned whereas the spectrum in Figure 3b contains NOEs from all
off so that atoms were free to pass through each other and?C-bound protons. In effect, the D2 dimension of tf&
then gradually increased as the system was slowly cooledsubspectrum contains H8 protons of A’'s and H6 protons of
to 300 K. The calculation was concluded with 1000 cycles C's, and thé”’C subspectrum contains H8 of G's, H6 of U’s,
of final energy minimization. Ten structures generated by and H2 of A’'s. Pyrimidine’'s H6 protons are easily distin-
the global fold protocol were discarded because of either guished from the rest by the presence of strong-HB cross
incorrect secondary structure or obvious violations of NMR peaks, which also can be detected in a DQF COSY
constraints. Ten remaining structures were subjected to theexperiment. The remaining ambiguity between guanine H8's
refinement protocol. This stage began with 500 steps of and adenine H2's was resolved by acquiring anotfér
initial energy minimization followed by 1 ps of rMD at 1000 edited NOESY data set on P4/P6 with selectively labeled
K. At this point backbone torsion angle constraints were guanines (data not shown). In this case resonances that
introduced in two stepg, v, ande first ando. and& second, appeared in thé3C subspectrum came only from guanine
and the system was slowly cooled to 300 K. The refinement H8 protons.
was concluded with 2000 steps of final energy minimization.  Once the identity of each aromatic resonance was estab-
The reported RMSD values were calculated from the lished, the assignments of nonexchangeable protons in the
differences between individual structures and the calculatedhelix regions of P4/P6 followed standard procedures based
average structure. on sequential NOE connectivities and through-bond COSY
RESULTS correlations (Varani & Tinoco, 1991b). In order to facilitate
the assignments and cross check the results, two smaller RNA
Assignment StrategiesExchangeable protons of P4/P6 oligonucleotides were synthesized whose sequence cor-
were assigned from the,@ NOESY experiment at 1€C. responded to the P6 stem (molecule P6-ref, Figure 1b) and
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a) A Table 1: Chemical Shifts (ppm) of Assigned Protons in P&/P6
T | o H8/H6 H2/H5 H1 H2 H3 H4 imino amino
Gl 785 nd 570 470 4.42
3 G2 800 na 569 479 445
A3 822 798 587 469 4.76 4.50
U4 771 567 585 4.36 4.64 4.46
B A5 827 794 592 477 457
- N U6 7.82 523 547 4.43
- | S C7 800 581 575 4.68
’ G8 757 na 576 457 12.43
! G9 724 na 520 429 13.16
S - c23 3 Cl0 731 507 523 437 8.20/6.65
bhe Gll 756 na 574 450 4.73 10.67
- h T S L Cl2 7.76 550 563 4.68 4.20
a2s JUR © A13 807 813 577 4.63 441
55 de 81 ez a0 78 7 s 72 Al4 825 7.88 6.03 475 516
02 (ppm) G15 7.83 na 370 4.20 12.98
v Cl6 7.65 514 550 8.72/6.80
b) | Cl7 768 556 551 8.32/6.82
= < Lo G18 764 na 579 4.50 12.22
nshz - A19 796 800 6.14 449 484
s . G20 806 na 579 475 12.40
o= E G2l 741 na 582 4.62 12.68 8.24
L - .= G22 729 na 579 455 13.33 8.60
-7 - 3 C23 742 521 554 8.62/6.97
- = - g U24 781 568 553 11.86
- P o -|.3 A25 879 830 6.5 516 4.15
by -1 o + BT C26 773 619 599 414 451
taswe = w, b+ 4 G27 783 na 596 485 563 442 9.95
% G20 < f ?G22 G9
asa 2 s v e e e G28 830 na 562 13.54 8.92
1 C29 774 523 554 8.86/6.94
—— C30 7.80 549 553 8.59/6.92
- C31 765 561 551 456 8.22/6.82
: ‘ ‘ ‘ ‘ ‘ ‘ ‘ G32 749 na 565 4.37
e e ee a2 b0 e T e U33 746 524 537 390 4.13 4.38
FiGURe 3: Y/,-X-filtered NOESY spectra of P4/P6 showing the H8/ A4 827 827 600 458 423
H6/H2 to H1/H5 region. P4/P6 was selectivelC labeled at H8 2 Spectra were taken at 2€ for nonexchangeable protons and at

of adenines and H6 of cytosines. (4C subspectrum containing 10 °C for exchangeable protonna= not applicable.
NOEs originating only from protons bound ¥ (H8 of A’s and

H6 of C’s), (b)12C subspectrum displaying NOEs frodC-bound

aromatic protons (H8 of G's, H6 of U’s, and H2 of A’s). The G\

analysis of the two subspectra allowed an unambiguous identifica- 3

tion of each aromatic resonance by nucleotide type. @ Gz!Q!Ca!C;,IGnlU *A A
P6 o o o ® 33J 34

P4 stem (molecule P4-ref, Figure 1b). Starting with the

| ‘AR
known tetraloop data, resonances for these molecules wereA\ JCZEG!Z !Q!A!G! !Q!GS A
o L B

assigned separately and compared where possible with the P4 |
full-length P4/P6. Any ambiguities caused by overlapped A’UFA!UGICJ |Ci?|C10 .@
peaks were resolved by comparing NOESY spectra acquired g G- G/ 3 \G

at different temperatures. Several nucleotides displayed a 1

significant amount of C2endoribose conformation, which  Ficure 4: Summary of the secondary structure of P4/P6 based on
allowed the identification of H2and some H3and H4 NMR data. Dots represent hydrogen bonding between complemen-

protons from the TOCSY experiment. The complete list of ary base pairs. Black vertical bars indicate base stacking between
assignments is given in Table 1 nucleotides. The amount of stacking is proportional to the thickness

; of each bar. Nucleotides which have a significant amount ¢f C2
Structural Features Determined by NMR. (A) Secondary endoribose pucker are printed in outline, and tertiary NOEs are
Structure. The P4/P6 molecule forms a unimolecular marked with thin lines.

structure containing two double-helical stems capped with

stable tetraloops. The formation of tetraloops is confirmed U6-A19 pair. This base pair, crucial for the overall structure
by the presence of several characteristic resonances includingf the junction, is formed when the &nd of the P4/P6
imino peaks of U24, G27, and G11 (Figure 8a), downfield- molecule is removed as discussed later in this section. The
shifted H8 of A25 from the UACG loop, and upfield-shifted entire P6 and most of the P4 stem are predominantly in
H1' of G15 from the GCAA loop. There are a total of eight A-form geometry as judged by the intensities of intranucle-
G-C base pairs formed, four in each stem. Unlike the P6 otide NOE signals at short mixing times and by the-C3
helix, which shows an uninterrupted walk between hydrogen- endoribose conformation. Base stacking in P4/P6 extends
bonded iminos from G27 to G20, there is no NOE between between nucleotides U8C10, G15-G18, G26-C23, and
G18 and G8 imino protons in the P4 stem, although both G28-U33 with an obvious break at both thé &d the 5
peaks are sharp and of equal intensity. This break is a resultside of A19. The summary of the secondary structure is
of a local distortion of the A-form geometry which is caused shown in Figure 4.

by a tertiary contact from the' &nd of the molecule. The (B) Tertiary Structure. Contrary to initial expectations,
absence of any imino resonances in the ¥3.5.5 ppm no long-range NOEs were detected between the single-
region eliminates the possibility of forming the central stranded 5end and the P6 stem. The first five nucleotides
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Ficure 5: Comparison of chemical shifts and NOE patterns between the first five nucleotides of (a) P4/P6 and (b) P4-ref. The P4-ref
molecule has the first 19 nucleotides of P4/P6 and forms a-skeop structure corresponding to the P4 stem. The figure shows the portion

of the NOESY spectrum displaying the NOEs between aromatic ariHblprotons. NOEs originating from the first five nucleotides are
labeled.

Table 2: Summary of the Ribose Sugar Puckers for P4/P6, a) ]
(P4/P6)-3, and P4-ref @@ @ .
% of C3-endosugar puckes= 109 [ [~
nucleotidé P4/P6 (P4/P6)-3 P4-ref "
Gl <10 <10 <10 s
G2 <10 <10 <10 = =
A3 <10 >90 <10 -3 § §
u4 <10 80 <10 b a
A5 25 20 <10 - | ©
c12 20 20 20 3 [
Al3 30 20 20
Al19 50 >90 50 | = © A34H1-
A25 <10 <10 G18 HY' -
C26 <10 <10 ; o B
A34 40 ‘ ‘ ‘ .
8.3 8.2 6.2 6.0
2 Nucleotides not included in the table haw80% of C3-endosugar D1 (ppm) D1 (ppm)

pucker.P Values were calculated from th&_» coupling using the b)
empirical equation of van den Hoogen and Altona (van den Hoogen,
1988): % C3endo= 114.9— 14.50y_»). ﬁ

=
T
52

T
56

o
of P4/P6 have a high percentage of ribosé-@&lopucker,
indicating flexibility of this region (Table 2). Residues G1 0 5 [
to U4 have no intranucleotide NOEs at short mixing times
and make no tertiary contacts with either of the stems. A5
is partially stacked on U6, based on the NOEs from A5 H2 |
to U6 H1 and A5 H1 to U6 H6. Figure 5 compares NOESY
data of P4/P6 with a reference molecule containing only @
residues 1 through 19 (P4-ref, Figure 1b). In this short R
¢ -
! |

D2 {ppm)

oligonucleotide, the 5end is free to assume a wide
distribution of conformations characteristic of a short single-
stranded RNA chain. Since the aromatic,’'Hind H5 — — ~— -
protons from the first five nucleotides in both molecules show D1 (o) )
identical NOE patterns and resonate at similar frequencies,Ficure 6: Regions of the NOESY spectra of P4/P6 (a) containing
we conclude that the' nd of P4/P6 also exists in a similar tVr\:O Cr:lhcial tertiary NOEs ]EFR% kEeSdYWith a{YOW?)(-FL-E/VF\)/g; Fliane|5 (tb) t

i H SNow the same regions o spectra 0 -1, a mutan
o1 the 8 end nulectides in both molecules are also entioal TISSna the A34 residue. Note hat both of e crucial NOES
(Table 2). involving A34 are absent in the spectrum of the mutant.

The most significant structural determinants for P4/P6 identity of these NOEs. In Figure 6, we compare the crucial
came from the contacts between theB8d and the P4 stem. regions of NOESY spectra of P4/P6 (upper panels) with a
Two long-range NOEs, A34 H1o G18 H1 and A34 H2 to molecule missing the last adenosine residue [(P4/P6)-1; lower
G8 HZ, place the very last adenosine in the minor groove panels]. As expected, both tertiary NOEs are absent in the
of the P4 helix. Because of the key importance of these spectrum of (P4/P6)-1. The remaining two nucleotides in
constraints, an additional test was performed to verify the the 3 end, G32 and U33, have no long-range NOEs with
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FIGURE 7: Superposition of four lowest energy structures showing the position of A34 with respect to-B&7%Ghd C7G18 base pairs
of the P4 stem. To improve the clarity of the figure, only one set of base pairs is displayed. The view is down the P4 helix axis from the
GCAA tetraloop side.

the P4 helix. Both of these nucleotides display a regular U6 base pair. The ribose of A19, which shows a mixed C2
A-form NOE walk between H1 H2', and aromatic protons  C3-endocharacter in P4/P6, becomes fully'@hdoin (P4/
which extends to C31. Atlong mixing times, there are also P6)-3. With the A19U6 pair formed, the P4 helix is longer
NOEs between C31 H6G32 H8 and G32 H8U33 H6. and there is no extra nucleotide between the two stems.
These data suggest an uninterrupted stacking between C3Unlike in P4/P6, the NOE connectivities consistent with the
and U33. On the contrary, no intranucleotide NOEs were A-form geometry (and base stacking) extend between
found between U33 and A34. Figure 7 shows the position residues G15 and C23 without interruption. Additional
of the last nucleotide with respect to the P4 stem as evidence for base stacking between A19 and G20 in (P4/
determined in four lowest energy structures obtained from P6)-3 comes from the chemical shift of G20 H8. In P4/P6,
molecular dynamics calculations. A34 is positioned in the where these two residues are not stacked, G20 H8 resonates
minor groove of P4 with its ribose close to the sugar ring of at a downfield location of 8.1 ppm. In (P4/P6)-3, a large
G18. In the average structure, theh¥droxyl groups of ring current effect of stacked A19 shifts this resonance
A34 and G18 are within hydrogen-bonding distance of each upfield to 7.1 ppm. Several tertiary NOEs including A5-H2
other, but the low number of structural constraints in this G20 HT, A5 H2—A19 H2, and U4 H1-G22 HI unam-
region can only suggest such interaction. biguously place 5end nucleotides in the minor groove of
Previous NMR studies of the P4/P6 models showed that the P6 stem. A strong NOE between A5'Hihd U6 H1
molecules missing the single-stranded ehd exist in a confirms the unusual upside down geometry of the A5 ribose
conformation radically different than that of P4/P6 (Chastain seen in the structure of the major variant. The-€3do
& Tinoco, 1992, 1993). In order to investigate the effect of ribose conformation of nucleotides A3 and U4 is different
the 3 end on the structure of the junction, we synthesized a from the same nucleotides in P4/P6 which assume 'a C2
mutant molecule, (P4/P6)-3, which has the same sequenceendo conformation (Table 2). The structural differences
as P4/P6 but without the last three nucleotides. The junctionbetween P4/P6 and (P4/P6)-3 as detected by NMR are
sequence of this mutant is almost identical to the main variant contrasted in Table 3.
molecule whose structure was previously determined in our  Since the absence of the last three nucleotides in P4/P6
laboratory (Chastain & Tinoco, 1993). On the basis of the results in a large change in the conformation of the junction,
similarity of the NOESY data of (P4/P6)-3 and the main it is important to identify the number and type of crucial
variant, we concluded that these two molecules have the samgyycleotides in the '3end necessary to maintain the P4/P6
structure. geometry. The two conformations can be readily distin-
Structural Differences between P4/P6 and (P4/P6)fBe guished by the presence of the downfield-shifted imino peak
imino spectrum of (P4/P6)-3 has a clear resonance at 14.2from the central A19J6 base pair. The presence of this
ppm (Figure 8d) indicating formation of the central A19  resonance is indicative of a conformation similar to (P4/P6)-
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G20 an G27

P4/P6

b)
(P4/P6)-1

c)

(P4/P6)-2

d) A19-U6
(P4/P6)-w/
l 1-I3 o 1I2.O 1 EI.O 1IO.O

14.0 : ppm

e)

(P4/P6)-2C

14.0 13.0 12.0 11.0 10.0
ppm

Ficure 8: 1-D H,O NMR spectra showing the imino regions of P4/P6 (a), (P4/P6)-1 (b), (P4/P6)-2 (c), (P4/P6)-3 (d), and (P4/P6)-2C (e).
The presence of the downfield resonance at 14.2 ppm is indicative etl&Isase pair formation; this distinguishes between two conformations
of the junction.

Table 3: Structural Differences between P4/P6 and (P4/P6)-3 As Determined by NMR

pimme)

P4/P6 (P4/P6)-3
A19-U6 base pair not formed A196 base pair formed
5" end is unstructured and makes no contacts with P6 stem tertiary contacts beterdmbd P6 stem in the minor groove:
A5H2—G20H1, ASH2—A19H2, ASH1—-U6H1', U4H1 -G22H1
ribose sugar pucker at Bnd; GEA5 are C2 endo(mix) ribose sugar pucker at Bnd; G1, G2, and A5 are C&ndo(mix) and
A3 and U4 are C3endo
stacking between G15G18 and G26-C23, interrupted at A19 continuous stacking from G15 to C23

tertiary contacts betweeri 8nd and P4 stem in the minor groove:  not applicable
A34H1—G18H1, A34H2—-G8H1
chemical shift of G20 H8 at 8.1 ppm G20 H8 at 7.1 ppm

3, whereas the absence points toward the P4/P6 conformanucleotide at the '3end of (P4/P6)-2 other than guanosine
tion. Figure 8a-d displays imino regions of 1-D NMR  can maintain the P4/P6 conformation. We decided to make
spectra of the family of P4/P6 molecules with an increasingly a purine to pyrimidine substitution in order to assure a large
shorter 3end. Molecules P4/P6, (P4/P6)-1, and (P4/P6)-2 difference in both hydrogen-bonding and stacking properties
have three, two, and one single-stranded nucleotides in theof the last nucleotide. Uridine was not used because of the
3 end, respectively (see Figure 1b). None of these mutantspossibility of forming an alternate secondary structure
forms the central AU base pair (Figure 8ac). Since the (possible base pair A1932). When the single '3G32
number of base-paired imino resonances and their chemicalkesidue of (P4/P6)-2 was changed to C, the junction still
shift patterns are the same, it is likely that these moleculesretained the P4/P6 geometry (Figure 8e).

have similar structures. The conformation of the junction

is switched only when the entire single-strandédi’d is DISCUSSION
absent, as is the case in (P4/P6)-3 (Figure 8d). An additional Structure of the Junction.A representative three-
mutant, (P4/P6)-2C, was designed to test whether a singledimensional structure of P4/P6 is shown in Figure 9. Helices
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Ficure 9: Representative three-dimensional structure of the P4/P6 junction: blue, P4 helix; green, P6 helixemeldy8llow, 5 end.
The figure displays only nucleotides-9, 16-22, and 29-34.

P4 and P6 are bent with respect to each other and are not P4/PE

coaxially stacked. The twist at the junction of the two helices

is left-handed. The central residue A19 is not involved in >

stacking interactions with either of the stems but acts as a 3\ pa
flexible joint between them. In 8 out of 10 structures = N I~

obtained from molecular dynamics calculations this nucle-
otide was bulged out of the junction. Theeéhd nucleotides
G32 and U33 are stacked on the P6 helix and extend toward
the minor groove of the P4 stem. The last residue, A34, is
involved in tertiary contacts in the minor groove with G18

and G8, which cause a local distortion of the P4 helix. The g
average distance between the imino protons of G18 and G8 CX P6
measured in ten low-energy structures was 4.6 A. This

distance is in agreement with the absence of the NOE

between these protons in the,® NOESY experiment (P4/P6)-3

(Figure 2). The 5end of P4/P6 is dynamic and does not FIGURE 10: Drawing of the differences between P4/P6 and (P4/
make any tertiary contacts with either of the stems. For P6)-3 geometries.

simplicity, this part of the molecule is not displayed in Figure the stems and forming tertiary contacts between thendl

9. Although the general geometry of P4/P6 is well-defined, and the P6 helix. Only one nonspecific nucleotide at the 3
the structure presented here is only a medium resolution oneend is required to convert one conformation into the other.
The RMSD values for the superposition of ten low-energy This rearrangement is graphically presented in Figure 10.
structures are 2.37 A for all atoms, 0.82 A for the P4 helix  The change in junction geometry caused by a single
(residues 79, 16-18), and 1.14 A for the P6 helix (residues nucleotide can be explained in terms of energetics of base
20—22, 29-31). The left-handed twist angle at the junction stacking. Thermodynamic studies on short RNA duplexes
of the stems £40° £+ 20°) and the bending between the showed that a single dangling nucleotide at ther& can
stems (13%+ 20°) are not well-defined due to a low number significantly increase duplex stability. For example,'a 3
of structural constraints in the junction region. dangling guanosine in the sequen¢&iCCG -3’ (under-

Our experiments with deletion mutants of P4/P6 have lined nucleotides are base paired) decreases the free energy
shown that the structure of the junction is dependent on the of duplex formation byAG°s;; = —1.7 kcal/mol compared
presence of single-stranded nucleotides at thend. We to the same sequence without the free end (Freier et al.,
found that molecules containing two [(P4/P6)-1] and one 1983). The additional stability is the result of an enhanced
[(P4/P6)-2] nucleotides at thé 8nd still retained the original  base stacking between the dangling residue and the preceding
conformation of P4/P6, although the A34 residue which base pair (Petersheim & Turner, 1983). In the case of P4/
formed tertiary contacts in P4/P6 was not present. The singleP6, (P4/P6)-1, and (P4/P6)-2 the enhanced stacking from the
nucleotide at the'3end of the (P4/P6)-2 mutant is not spe- 3'-end nucleotides can be thermodynamically more favorable
cific, since a guanine to cytosine substitution does not changethan stacking between two stems at the junction. In the
the geometry of the junction. Once the entiresthgle- structure of (P4/P6)-3, the two helices are stacked but the
stranded region is removed [(P4/P6)-3], the junction changesright-handed rotation between them is twice as large as the
its conformation, assuming a right-handed rotation betweenrotation between two base pairs in a A-form geometry
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(Chastain & Tinoco, 1992). Such arrangement results in a Thermal fluctuations involving energy differences of order
poor overlap between the GZD31 and A19U6 junction 1 kcal mol™ can cause large changes in RNA conformation.
base pairs. When the more favorableeBd stacking
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