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Abstract

A DNA hairpin containing a 3 loop, as occurs in the terminal repeat of a popular gene therapy vector (Ade-
noassociated Virus 2, AAV2), has been extensively studied using homo- and heteronuclear NMR experiments.
Almost complete assignment of the proton and carbon resonances, includiRE+#%5and H3"-R protons,

has been accomplished at natural abundance. NOESY spects®iandl DO have revealed many unusual NOEs,
which, when combined with the B, y, andy torsion angles determined from heteronucfeas'3C, *H-31p, and

13¢-31p coupling constants, have allowed for a more detailed picture of smeifi-loop hairpin. The three loop
thymidines are all unpaired, yet are highly structured when bracketed BWG& 5.GC-3 stem sequence. The
structure determined in this manuscript is considerably different from several other structures reported so far.
Contrary to an RNA oligomer with a centrakldequence that has the tendency to form a duplex with threle U
mismatches, the d(GAAGC-TTT-GCTTC) sequence exists mostly as a hairpin under millimolar NMR conditions.
Since T triloop was found to be an essential element for the site-specific non-homologous integration of the AAV2
virus, and modification of the sTloop residue abolishes such capability, the structure we report here may be of
biological significance.

Introduction (Kotin et al., 1992). The hairpin-like secondary struc-

tures at the ends have been found to serve both for its
Hairpins are the fundamental units for higher order nu- replication and site-specific non-homologous integra-
cleic acid structures. They can exist when intra-strand tion (Muzyczka, 1991), and were recently proposed to
pairing occurs between inverted repeat sequences inadopt a three-way junction with two hairpin arms, each
double-stranded DNA (Dai et al., 1997, 1998). Such with a 9-bp stem and azlor an Ag loop (Ren et al.,
inverted repeats are widespread in the genomes 0f1999). Modification of the two loop-T residues within
prokaryotes and eukaryotes, and have been suggestethe C-TTT-G sequence was found to confer the largest
to play a role in the regulation of gene expression (Mc- effect on the specific binding of the AAV Rep protein
Clellan et al., 1990). When present in the terminal end to the terminal repeat (Ryan et al., 1996). It is thus of
of linear virion DNAs, such inverted repeats have the great interest to study thesToop structure in greater
potential to adopt three-way junction structures with detail to better understand AAV2 as an efficient vector
hairpin formation. Adenoassociated virus 2 (AAV2) is for gene therapy.
one of such non-pathogenic viruses and has been the While the Ag loop structure has been well stud-
focus of recent efforts to develop a gene therapy vector ied before (Chou et al., 1996a), and was found to
(Muzyczka, 1992; Kotin, 1994), due to its ability to contain a single A residue closed by a sheared A
integrate into a specific site on human chromosome 19 pair, its complementaryalloop structure still remains
_ elusive, although several structural studies have been
*To whom correspondence should be addressed. E-mail: reported (Boulard et al., 1991; Baxter et al., 1993:
shchou@dragon.nchu.edu.tw .
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et al. (1991) have used model building and NMR/MD characteristics may constitute a general principle for
(molecular dynamics) to study thg Toop in a 21-mer the formation of the pyrimidine-rich loops.

hairpin and found no stacking of thymidine residues

either over the 3or the 3 end of the stem. Baxter

et al. (1993) have studied a shorter d(CGATCG-TTT- Materials and methods

CGATCG) hairpin, but found substantial flexibility

within the loop segments, and suggested that it may Sample preparation

not be possible to define a single hairpin structure. All DNA samples were synthesized on guénol scale
Mooren et al. (1994) have studied the hairpin forma- on an Applied Biosystems 380B DNA synthesizer
tion of the d(TCTCTC-TTT-GAGAGA) oligomer, and  with the final 3-DMT groups attached. The sam-
found that two different loop conformations were in  ples were purified and prepared for NMR studies as
equilibrium. In one state, the first loop thymidine is described previously (Chou and Tseng, 1999).

folded into the minor groove, while in the second state,

the second loop thymidine is folded into the minor NMR experiments

groove. Kuklenyik et al. (1996) have studied the T All NMR experiments were obtained on a Varian
loop with a stem of alternating'G base pairs (GCGC-  Unity Inova 600 MHz spectrometer. One-dimensional
TTT-GCGC), and were able to derive a structure with jmino proton spectra at @ were acquired using
the first thymldlne folded into the minor groove. the jump_return pu|se sequence (P|ateau and Gueron,
Such ambiguous results are most likely due to 1982). The spectral width was 16000 Hz with the
different stem sequences and insufficient experimen- carrier frequency set at the resonance of water. The
tal constraints. We have thus made severaldop maximum excitation was set at 12.5 ppm. For each
hairpins with different stem sequences and exten- experiment, 4K complex points were collected and 64
sively collected homonuclear NOESY spectra in both scans were averaged with a 2 s relaxation delay.
H20 and DO and heteronucledH-13C HSQC (het- 2D NOESY in 90% H0/10% D,O was performed
eronuclear single quantum coherence) and HMBC at —5°C in a pH 6.8 low salt (20 mM) buffer with
(heteronuclear multiple bond coherence) experiments the following parameters: delay time 1 s, mixing time
to extract as many distance and torsion angle con- 0.12 s, spectral width 12195 Hz, complex points 2048,
straints as possible. Our results do indicate th@t T number of transients 128, and number of increments
loop conformation is highly dependent upon the stem 490,
sequence; only when bracketed by aC&...GC- 2D NOESY experiments in D were carried out
3 sequence can it form a static conformer that al- gt 20°C in the hypercomplex mode with a spectral
lows detailed structural studies. After collecting abun- width of 5006 Hz. Spectra were collected using three
dant experimental constraints, we were able to de- mixing times of 120, 240, and 360 ms with a relax-
fine a well-converged J'loop hairpin structure with  ation delay of 1 s between each transient and with
many unorthodox structural features. The three loop 2048 complex points in the ind 450 complex points
thymidines are all unpaired, yet are highly structured in the 4 dimension. For each tincrementation, 64
and form a stable mini-loop through sevetabnd scans were averaged.
a torsion angle changes in the loop. The first loop The 2D*H-13C HSQC spectrum was acquired with
T (T6) was found folded into the minor groove and proadband decoupling (Bax et al., 1983). The delay
forms three H-bonds with the juxtaposed sten€CG  1/(2LJcy) was tuned to 3 ms for optimum excita-
base pairs. The second T (T7) stacks directly upon tion of sugar signals. Heteronuclear decoupling was
the C5 of the closing base pair. The last loop T (T8) achieved with the GARP-1 sequence (Shaka et al.,
extrudes outward, with the T7-T8 backbone also par- 1985). 160t; increments of 2K complex data points
tially stacking upon the G9 of the closing base pair. were collected. Each FID in the dimension was fur-
Thus, although pyrimidines are too small to engage in ther linear-predicted to 320 data points. The repetition
a sheared configuration to draw near the two strandsdelay was 1 s, and 16 scans were averaged for each
of a hairpin, nature has used a Completely different FID. The carrier was positioned at 4.6 ppm for pro-
strategy to stabilize the pyrimidine-rich triloop hair- tons and 90.8 ppm for carbons. The spectral width
pins. Since the TCC (Chou et al., 1999b) and TTC was 4669 Hz (7.8 ppm) in the proton dimension and

(Chou et al., unpublished results) triloops have also 27183 Hz (180 ppm) in the carbon dimension. Total
been found to adopt similar features, such structural acquisition time was 1.5 h.



In the 'H-13C HSQC spectrum acquired without
broadband decoupling, the delay was tuned to 2.5 ms
for optimum excitation of base signals. 160 in-
crements of 2K complex data points were collected
with a repetition delay of 1.3 s and 32 scans were
averaged for each FID. The carrier was positioned
at 85.66 ppm for carbons. The spectral width was
4669 Hz (7.8 ppm) in the proton dimension and
2375 Hz (15.74 ppm) in the carbon dimension. Total
acquisition time was about 11 h.

The high resolutiotH-13C HSQC spectrum was
recorded with 80Q; increments of 2K complex data
points and 32 scans each with broadband GARP-1
decoupling (Shaka et al., 1985). The carrier was po-
sitioned at 85.66 ppm for carbons. The spectral width
was 4669 Hz (7.78 ppm) in the proton dimension and
2375 Hz (15.74 ppm) in the carbon dimension, lead-
ing to extensive folding. The total measuring time was
20 h.

The HMBC experiment was recorded with 480
increments of 2K complex data points and 128 scans
each. The delay 1/f2cH) was tuned to 2.5 ms and
the mixing time to 62 ms for observing smaller long-
range heteronuclear couplings. Each FID in the
dimension was further linear-predicted to 512 data
points. The carrier was positioned at 4.6 ppm for pro-
tons and 90.8 ppm for carbons. The spectral width
was 4669 Hz (7.8 ppm) in the proton dimension and
27183 Hz (180 ppm) in the carbon dimension. The
total measuring time was 49 h.

A proton-detected'P-'H heteronuclear correla-
tion spectrum (Sklenar et al., 1986) was collected
in the hypercomplex mode with spectral widths of
5115 Hz in thelH dimension and 2000 Hz in the
31p dimension. 1024 complex points in the (*H)
dimension and 128, increments in the; (3'P) di-
mension were collected. Protons were presaturated for
1.0 s and 128 scans were accumulated for each t
incrementation. The total measuring time was 12 h.

The acquired data were transferred to an IRIS 4D
workstation and processed by the FELIX software
(MSl Inc.) as described previously (Chou et al., 1994).

Structure determination

Three-dimensional structures of theGAAGC-TTT-
GCTTC-3 oligomer were generated by distance
geometry and molecular dynamics calculations using
distance and torsion angle constraints derived from
NMR experiments. Most distance constraints from
NOESY spectra in PO were classified as strong,
medium, or weak based on their relative intensities
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Table 1. Carbon-phosphorus and proton-phosphorus scalar
couplings (Hz) for the 5d(GAAGC-TTT-GCTTC)-3
mini-loop hairpin

3cz-p Ycz—p 3a—p oca_p? Vuy_p°

Gl <2 -46 29 @
8.F

A2 <2 —-4.1 2.0 9.2 2.6
8.8

A3 <2 —4.2 2.4 10.3 4.0
10.4

G4 <2 -3.3 4.0 9.3 2.6
9.4

C5 <2 —-3.8 4.0 9.4 2.4
10.0

6 <2 —6.2 9.2 7.5 2.6
9.0

T7 <2 -3.2 4.6 8.7 2.9
8.4

8 <2 —4.7 4.3 7.0 2.3
7.0

G9 <2 —-4.0 2.8 9.3 1.0
9.3

C10 <2 —-4.7 2.0 9.6 3.2
11.0

T11 <2 -5.1 2.0 10.8 2.4
11.9

T12 <2 —-3.7 3.0 11.9 2.0
119

Cl13 <2 e e 2.4
9.9

agach central residue has tidc_pvalues that are about
equal, but could not be specifically identified.

bSum of (n)H4—(n)P and (n)H4-(n+1)P couplings, but the
latter value is usually zero.

CThree-bond (n)C4-(n+-1)P coupling constant.

dEour-bond (n)H4-(n+1)P coupling vanishes when H4
C4-C3-03-P atoms are not in the ‘W’ shape (Sarma
etal., 1973; Chou et al., 1997).

eNo phosphate at the-&nd.

fThree-bond (n)C4-(n)P coupling constant.

at 120 ms mixing time and were given generous dis-
tance bounds of 2.0-4.0 A, 3.0-5.0 A, or 4.0-6.0 A,

respectively. Wider distance bounds of 5.0-10.0 A
were also applied to proton pairs that exhibited no
NOE at 240 ms mixing time, but belonged to adjacent
nucleotides. Canonical hydrogen-bond distances with
bounds of 1.8-2.1 A were assigned to Watson—Crick
base pairs. A large number of distance constraints
involving exchangeable protons (Figure 1) were also
derived from HO/NOESY spectra and were given

two distance bounds of either 2.0-4.0 A or 3.0-6.0 A.
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Figure 1. The expanded 2D-4D/NOESY contour plot (mixing time 0.12 s) and the one-dimensional imino proton spectrum (bottom) of
the B-GAAGC-TTT-GCTTC-3 sequence (J) at —5°C. The assigned imino and G9 amino protons are labeled with residue numbers;
several extra imino proton peaks, possibly arising from the duplex form, are also marked with arrows. These extra signals constitute less
than 5% of the total signals and are not subject to further studies. The expanded 2D plot (top) covers NOE cross peaks from the imino
to amino/base/HIH3'/H4'/H5' protons. The readily observed NOEs exhibited by the loop T6H3 and T7H3 indicate that they are in slow
exchange and are protected from exchange due to the special structural features adopted by the loop thymidines. The cross peaks were assigned
as follows: a: T12H3-A8NHop; b: T12H3-ABNHop,; ¢: T12H3-A2H2; d: T11H3-A8NHop; e T11H3-AZNH,p; f: GOH1-CB'NHoyp,;
g: GOH1-CENHop; h: GOH1-GENHop; it GOHI-GFNHop,; j: GOH1-T7HI; ki GOH1-T7HS; I: GOH1-T7H4; m: G4H1-C18NHop; n:
G4H1-C18NH,p,; 0: GAH1-T6H3; p: G1IH1-CTNHop; q: GIH1-C18NH,p,; r: T7TH3-CB'NHop,; s: T7TH3—CHNHop,; t: T7TH3—-C5H6;
u: T6H3—G§NH2b; V: T6H3—G§NH2n; w: T6H3-T11H1; x: T6H3-T11H4; y: T6H3-T11H5; z: T6H3—C10H1; aa: T6H3-C10H4 bb:
GPNHop,—C10H1; cc: GFNHop—T6HY; dd: GENHop—T7HA; ee: GENHop—T7HS ; ff: G9ZNHop—GFPNHop,.



Table 2.Constraints used to determine the structure of the
5-d(GAAGC-TTT-GCTTC)-3 hairpin

Restraints No. of constraints

Exchangeable NOEs 54
H-bonds (1.8 A-2.1 A) 13
2.0A-4.0A 5
3.0A-6.0A 36

Non-exchangeable NOEs 201
2.0A-4.0A 26
3.0A-50A 106
40A-6.0A 46
5A-10.0A 23

Total NOEs 255

Torsional angles 49
Backbone f, y, €) 36
Glycosidic 13

NOEs per residue 19.6

NOEs and torsion angles per residue 23.4

Violations of experimental restraints
Distance restraints( 0.15 A) 2
Torsional angle restraints-(3°) 0

Rmsd 0.46+0.18 A

8Five out of 20 final structures have two violations larger than
0.15A.

The total numbers of distance constraints for the un-
paired T6, T7, and T8 residues are 25, 30, and
24, respectively. Some of the critical constraints are
schemed in Figure 6. Thieandy torsion angle con-
straints were determined primarily semi-quantitatively
from the31P-1H heteronuclear correlation data (Chou
et al.,, 1996a) using the in-plane ‘W’ rule (Sarma
et al., 1973). If long-range (n)R> (n)H4 four-bond
couplings were detected, then thendy torsion an-
gles were constrained to thens (180° + 30°) and
gauché (60° & 30°) domains, respectively. Tietor-

sion angle constraints could further be checked by the
heteronucleaPJcs_p coupling constants (Table 1).

It is important to note that, while the value for the
5-end G1 residue can correspond to thersion an-

gle and the value for the’&nd C13 residue to thg
torsion angle, the twdJcs_p values for each non-
terminal phosphorus atom could not be assigned to
specific torsion angles (Figure 3). However, these two
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allowed. The combination otJyz_p, 3Jcs_p, and
3Jco_p also allows one to determine théorsion an-

gle (Marino et al., 1999). Theanda dihedral angles
could not be determined from any heteronuclear cou-
pling until now and were all left unconstrained. The
x dihedral angles were constrained+d 00> + 3C°
(ideal B-DNA values) when no aromatic—anomeric
cross peaks of comparable intensity to the CH5/CH6
cross peaks were detected (Dallas and Moore, 1997).
This is consistent with the data (see Supplementary
material) that aII3JC8/CG_H1/ coupling constants are
larger than the correspondihﬁm/cz_m/ coupling
constants (Schmieder et al., 1992). The combined
NOE distance (255 in total) and torsion angle (49 in
total) constraints were used to generate initial struc-
tures using the DGII program (MSI, Inc.). The initial
structures were further refined by restrained molecular
dynamics using the program DISCOVER (MSI, Inc.).
A 10 ps dynamics run was performed at 300 K with
a step size of 1.0 fs, which was followed by a conju-
gate gradient minimization of 2000 iterations looped
10 times. Thirty well-converged final structures with
pair-wise rmsd values of less than 0.5 A were obtained
after these calculations.

Results

Exchangeable proton studies

Figure 1 shows the one-dimensional (bottom) and
the expanded two-dimensional (top) imino/GONH
H6/H8/H1/H4'/H5 proton spectra of the d(GAAGC-
TTT-GCTTC) oligomer. Spectra were collected at
—=5°C in 90% HO0/10% DO containing 20 mM
NaCl. These imino and amino protons were sys-
tematically assigned using the standard procedure as
described (Tseng and Chou, 1999). The two reso-
nances at a lower chemical shift (13.6-14 ppm) and
the three at a higher chemical shift (12—-13 ppm) are
characteristic of the imino protons participating in a
regular Watson-Crick AT and GC base pair. These
imino protons were assigned through the G1-T12-
T11-G4-G9 imino proton NOE connectivity of the
H>O/NOESY spectrum (data not shown). The reso-

values are approximately equal for each residue andnances at 9.4 ppm, 10.6 ppm, and 10.7 ppm are, on

most are larger than 7 Hz, which indicates thatpall
torsion angles are located in ttransdomain (Marino
et al., 1999). The torsion angle can only be located
in either thetrans or the gauche domain (Altona,
1982). Thegauchég conformation is not sterically

the other hand, characteristic of imino protons not in-
volved in classical Watson—Crick H-bonding. These
resonances possibly belong to the imino protons of the
three loop thymidines. The sharp imino proton reso-
nances at 9.4 ppm and 10.6 ppm indicate that they are
protected from solvent exchange, while the broader
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imino proton peak at 10.7 ppm indicates that it is ex- signed to T8H3, which exhibits no NOEs to the sur-

posed to the solvent and exchanges faster wg®H  rounding protons, suggesting that it is in fast exchange

Several smaller peaks, marked by arrows in the bot- with the solvent. The three critical unpaired loop TH3

tom figure, were also detected for this sequence. Theseprotons were thus confidentially assigned. Finally, one

resonances possibly belong to the duplex form, which weak NOE between the T6 and G4 imino protons

disappeared when the sample was diluted twice. (cross peak 0) was also detected, reinforcing the idea
The assignments of the unpaired loop T-imino pro- that T6 folds into the minor groove and interacts with

tons are shown in the expansion spectrum of the imino the stem G4AC10 base pair.

to NHy/base/HYH3'/H4'/H5' proton region of the 2D

H>O/NOESY spectrum (top Figure 1) collected at 2D D,O/NOESY studies

—5°C. The T12, T11, G9, G4, and G1 imino protons The evidence that T7 stacks upon C5 further comes

are all involved in regular Watson—Crick base-pairing from the non-exchangeable proton NOESY spectrum

as described above, and exhibit classical NOEs to (see Supplementary material). Except for the regular

their base-paired and neighbore@N¥,, AH2, and
C*NH; protons (Tseng and Chou, 1999). However,
several rather unusual NOEs exhibited by the G9-
imino proton were observed; the NOEs to the T7H1
(cross peak j), T7H4(l), and T7H3 (k) protons
were detectable. More notably, G9-imino also ex-
hibits strong NOESs to its H-bond&8iH2p (cross peak
h) and non-H-bondedNH>,, (cross peak i) protons,
which is confirmed by the strong geminal ®H2p

< G%NHo, cross peak (ff). This is quite unusual,
as the GNH, protons are normally located in the
minor groove and exhibit no NOE to the G-imino pro-
ton in a regular BC base pair. This phenomenon has
been attributed to the faster rotation rate of tHCG
G2N bond (Mueller et al., 1995). A similar situation
was also detected for the?SH, protons participating

in the tandem sheared'& base pairs, in which an

NOEs commonly detected in this region, several un-
expected NOEs were also observed. The two T7CH
<> C5H5 and T7CH <« C5HY NOEs, as well as
the T7CH <« C5H3 and T7CH <> C5HZ NOEs,
clearly confirm that T7 stacks upon C5. This is also
consistent with the T7H3» C5H6 (cross peak t in
Figure 1) and T7H3> C5*NH (cross peaks r and s
in Figure 1) NOEs described above.

Stereospecific assignment of’ K" protons

The assignment of HBH5” using 2D-NOESY has
been difficult, due to the overlap of the 35" sig-
nals with the H4 signals and the weak H6/H8 to
H5'/HS” NOE intensities. The stereospecific proR or
proS assignment of the Hproton is even more diffi-
cult without an isotope enriched sample (Hines et al.,
1994; Marino et al., 1996). Besides, the/Gignals are

adenosine pairs with a guanosine through the minor also quite crowed in a regu|éH_l3C HSQC experi_
groove edge (Chou et al., 1999a). This indicates that ment. Although they are more dispersed in the high

the GFNH,, amino proton in this hairpin possibly

resolution*H-13C HSQC experiment (see Supplemen-

experiences protection from solvent exchange in the tary material), they still cannot be assigned without

minor groove by the folded-in loop thymidine.

The unpaired T-imino proton at 9.4 ppm was as-
signed to T6H3, since it exhibits strong NOEs to
the C10H1 (cross peak z), T11HIw), T11H4 (x),
and T11H%H5” protons (y), which were assigned
by the DO/NOESY spectrum described later; simi-
lar NOEs were also observed for the loop T6 imino
proton in the d(GAAGC-TCC-GCTTC) hairpin (Chou
et al., 1999a). The imino proton at 10.6 ppm was

prior knowledge of the proton assignment. The stere-
ospecific HEP>R and H3P°-S assignment has
been previously achieved through the 3D-HMQC-
TOCSY or 3D-HMQC-NOESY (Hines et al., 1994)
or directed HCC-TOCSY-CCH-E.COSY and selective
H5'/C5 HSQC experiments using'aC labeled mole-
cule (Marino et al., 1996, 1999). We have, however,
found an alternative way to simultaneously assign the
H5'(Pro-S) {5/ (Pro-R) and CB atoms through the more

assigned as the T7H3 by the observation that it ex- resolved C3C4—H5 and H3/H4—CB correlations

hibits weak NOEs to the C5H6 (1), ¢8Hop ()

by simply running‘H-13C HMBC and HSQC correla-

and C3NHa, (s) protons. These NOEs are consis- tion experiments at natural abundance. This is shown
tent with the non-exchangeable proton NOEs between jn Figure 2a, in which the two spectra are Superim_
the T7CH3~C5H5 and T7CH8>C5HY protons (see  posed with the folded-in HSQC spectrum displayed
Supplementary material), which together suggest that above (Figure 2b) to allow for easier assignments.
the T7 base stacks upon the C5 nucleotide. The The single-bondH-13C correlation cross peaks in the

broader imino proton at 10.7 ppm could now be as- HSQC spectrum are drawn in hollow and labeled with
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Figure 2. The superimposetH-13C HSQC (plotted in hollow) and HMBC (plotted in solid) spectra (box a). The crowdée35correlation
region was further expanded above by the high-resolution HSQC spectrum (box b) for ed#is”Héentification. All assigned HSQC cross
peaks were labeled with residue numbers. Box ¢ shows the cartoon of the rotamer whetarttien angle is in thgauche™ conformation.

In such a conformation, the 8-S _C5-C4-C3 atoms are in thérans domain, and exhibit a largetdys _cy coupling, while the
H5/(Pro-R)_C5_C4—-C3 atoms are in thgauche domain, and should exhibit smaller or non-detectabjgs 5 coupling. Each C3atom
thus only reveals two cross peaks in this region; one to theatbin that is connected downward, and the other to théPI5S that is
connected upward. The stereospecifid®¥8~5 and HZ(P™*-R) protons could thus be assigned. Some mor&HB—C5 correlation peaks

in the upper-left corner and K3C1 cross peaks in the lower-left corner were obvious in box a. These were not labeled for clarity reasons.
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the residue numbers, while those from the HMBC nucleic acid structure, as has been well discussed in

spectrum are drawn in solid. Although the 'Glg- several papers (Varani and Tinoco, 1991a; Hines et al.,
nals in Figure 2b are well resolved, their assignment 1994; Marino et al., 1999). Ironically, the homonu-
still requires prior knowledge of the HB5” assign- clear'H-1H coupling is the most difficult to measure,

ment, which is difficult to achieve based only upon the due to the severe overlapping of the proton signals.
homonuclear NOESY experiment. However, using the However, such &H-'H coupling could be determined
easily assigned C3esonances and the G815 (up- through the passive coupling of the HCCH-E.COSY or
ward) and C3-H4 (downward) correlations, one can directed HCC-TOCSY-CCH-E.COSY experiment that
then stereospecifically assign H&rotons. As shown  requires preparation dffC-labeled samples (Marino
in the C3-H4//HY' region in the center of Figure 2a, et al., 1999). Fortunately, many critical backbone tor-
we observed two cross peaks for each’ Gignal. sion angles can now be determined solely from the
One is from the C3-H5 correlation (connected up- high resolution’H-13C HSQC experiments at nat-
ward to the H8P-9) that is split by the geminal  ural abundance, as has been demonstrated by several
H5/H5” coupling and appeared as a doublet, while groups (Schmieder et al., 1992; Avizonis and Kearn,
the other is from the C3H4 correlation (connected 1995).
downward). The C3-H5(P-S and C3-H4 corre- Of the many heteronuclear couplings, the one-
lations can thus be easily identified. Except for the bondH-13C scalar couplings are the easiest to mea-
weak C5C3-C5H4 peak, all other pairs of cross sure and could be determined from the fully coupled
peaks were clearly detected. Interestingly, only one high-resolution HSQC experiment. Since the spectrum
correlation peak for each GH5/H5” pair was ob- is very well resolved (data not shown), such a mea-
served, which can be explained by the insert shown surementis straightforward. All the measutdghc_n
in Figure 2c. When the torsion angle is located in  values are listed in the Supplementary material.
the gaucheé domain (as present in most nucleotides On the other hand, the long-ranté-31P and!3C-
in either DNA or RNA, and can be confirmed by 3P coupling constants have to be extracted from the
the observation of th&Jy,_p coupling (Sarma et al.,  high-resolutiontH-13C HSQC experiment, as previ-
1973; Chou et al., 1996a, 1997)), the’f%-S—-C5- ously demonstrated (Schmieder et al., 1992). Fig-
C4-C3 atoms are in thdérans conformation, and a  ure 3a shows the cross peaks correlating the @l
strongerdJys_c3 coupling constant is expected. In C3 of residues T7 and T8. The ‘E.COSY’ pattern of
contrast, the H§"°-R_C5-C4—-C3 atoms are inthe  the cross peak is due to the passidigy _p coupling in
gauchedomain in a similar situation, and only weaker the proton dimension and the passhlgz_p coupling
or non-observabl&lys _c3 coupling constants can be  in the carbon dimension. Except for the C13 residue
detected. The observed GBS cross peak is thus that has no attached phosphate, every other residue
due to the C3-H5®P™-9 correlation, and the other  exhibits such a typical tilted cross peak, and the re-
H5' signal must belong to the M8°R . The C5 spective coupling constants could be measured as the
signals could also be assigned through the help of displacement of the multiplet components, which are
the H3/H4'-C5 cross peaks (upper-left corner of Fig- listed in Table 1. While utilization of the size and rel-
ure 2a). Although the idea of stereospecific 8- ative sign of the two-bon@Jca _p coupling constants
and H3(P>-R) gssignment based on théys_c3 and in structural determination remains to be explored, the
3J4s_c3 couplings as well as thg torsion angle three-bondJyz_p couplings are useful in locating the
has been proposed (Hines et al., 1994; Varani et al., € torsion angle through the modified Karplus equation
1996), this is the first time to our knowledge that such (Varani et al., 1996; Marino et al., 1999). However,
an idea is put into practice. Absolute confirmation of since a single’J4z_p coupling constant value can
such an approach would require preparation of labeled correspond to up to four differemtvalues, it is nec-
oligomer with selective H5deuteration, which is be-  essary to further determine tidca_p and 3Jco_p
ing pursued in our laboratory (data not published). The couplings to restrict the value to a single domain.
chemical shifts for all assigned protons and carbons Such couplings could also be determined from the
are available as Supplementary material. high-resolution*H-13C HSQC experiment, with the
determination ofJcs_p values shown in Figure 3b
Determination of heteronuclear coupling constants and 3c. Figure 3b shows the H@4' coupling pattern
There is no doubt thatH-1H, 1H-13C, 1H-3!P, and of the 8-end G1 residue, which is split in the carbon
13¢-31p couplings have great potential in determining dimension by théJ(ca—n+1)p coupling. However,
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Figure 3. The expanded high-resolution HSQC contour plots of thé-83 (box a), G1H4-G1C4 (box b), and C13H4-C13C4 and
T8H4-T8C4 (box c) regions. The cartoon displays the backbone of a dinucleotide and is plotted in the upper-right corner, with the atom
pairs exhibiting four-bond scalar couplings connected by curved arrows and the atom pairs exhibiting no such couplings connected by curved
arrows marked with an ‘x’. In box a, the H3C3 correlation peak is tilted in the carbon dimension by the passive two-ﬁw,p coupling,

and tilted in the proton dimension by the passive three-l;uhg/,p coupling. In box b, the H4C4 cross peak of the’gend G1 residue is

only tilted in the carbon dimension by tﬁéc4/7p coupling, and not tilted in the proton dimension, due to the absence &Mefp coupling.

In box c, the HA-C4 cross peak of the’aend C13 residue is tilted in both dimensions by the corresponding coupling. Every central residue is
characterized by a tilted quartet pattern split in the carbon dimensions b'}][fyuofp couplings and only split once in the proton dimension

by 0ne4JH4/_p coupling, as typified by the T8 residue.
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the proton dimension is not split, due to the absence of (Sarmaetal., 1973; Blommersetal., 1989; Chou et al.,
long-range four—bondJ(n)H4/,(n+l)p couplings. Such ~ 1996a). Such results are consistent with #ies_p
couplings only occur when the atoms connecting the couplings measured from the high-resolution HSQC.
four bonds are coplanar and the four bonds form a Although the GOH4-G9P cross peak could not be ob-
‘W’ shape (Sarma et al., 1973; Chou et al., 1997), served, thg torsion angle could still be constrained in
as happens in the (n)P—(n)Hdoupling. One exam-  thetransdomain, due to the large G9cs_p coupling
ple of such coupling can be seen in theeBd C13 value (9.3 Hz, Table 1). The absence of the’GQy_p
residue (Figure 3c). In this H4C4' cross peak, the  coupling is thus due to the distortion of thyeorsion
C4 and H4 exhibit three-bon&J(n+1)c4/,(n+1)p and angle from the requiregauchg domain.
four-bond *Jn11)Ha—n+1)p couplings to the 5end
phosphorus atom, respectively, and can be examinedStructural features
by the tilting of the cross peaks. It is worthy to note The distance and torsion angle constraints used to de-
that the 3Jnyca—n+1p coupling for the 5end G1 termine the  mini-loop hairpin structure are listed in
residue is characteristic of thetorsion angle, while  Table 2. By increasing the number of constraints, we
the three-bondJ(n11)ca—n+1)p coupling for the 3 were able to get a well-converged family of 30 final
end C13 residue is characteristic of ghiorsion angle. structures from 50 random embeds with rmsd values
Both values are around 9 Hz and correspond to the of 0.46 + 0.18 A (compared with the average struc-
transdomain for these two torsion angles. On the other ture). The superposition of the 20 final structures with
hand, the carbon dimension for any internal residue is the lowest energy is shown in Figure 4 from two differ-
split twice by the3J(n)c4/,(n+1)p and3J(n+1)c4L(n+1)p ent views, with their measured torsion angles listed in
couplings into a quartet, as shown in the figure for the Table 3. As is the case with most other DNA sugars, all
T8 residue. However, these two values could not be nucleotides in this T mini-loop hairpin, including the
assigned to a specific coupling. The proton dimension three T unpaired nucleotides, adopt the regular-C2
of the internal residue is still only split once by the endo pucker. The glycosidic angle is also in Hri
4J(n+1Ha—n+1)p coupling, due to the absence of the  domain for all nucleotides. The superimposed pictures
4J(mhHa—n+1)p coupling. clearly reveal the unusual arrangement of the bases in
The three-bondJ(nyc2—n+1)p couplings could be  the loop. While the T6 nucleotide folds into the mi-
determined in the same way from the tilting of the nor groove, the T7 base stacks well with the C5 of
H2'—C2 correlation cross peaks (data not shown) and the closing C5G9 base pair, with the T8 base also
were found to be less than 2 Hz in most cases. All pointing toward the major groove. The folding of the

measured coupling values are listed in Table 1. T6 base into the minor groove makes it possible for
T6 to form three H-bonds with the G4N2, GON2, and
31p-1H HETCOR experiment C1002 atoms of the stem*G base pairs to stabilize

Stereospecific H®™S and H3P™°R assignment  this unusual structure, as occurred in the TCC mini-
needs prior knowledge of the torsion angle, which  loop (Chou et al., 1999b). Unlike other base pairs in
is difficult to obtain without measuring the small the stem region that use the Watson—Crick edges to
3Jha—_ns coupling constants. Measurement of such participate in H-bonding, those of residues T7 and T8
couplings, however, requires tedious preparation of face instead toward the major groove, and are available
13C-labeled samples (Hines et al., 1994; Marino et al., for protein binding. Such a feature might be responsi-
1996; Varani et al., 1996). Fortunately, by running the ble for the specific binding of the AAV Rep protein
heteronucleatH-31P correlation spectrum at natural to the terminal repeat of the AAV2 virus (Ryan et al.,
abundance (Sklenar et al., 1986), one can still obtain 1996). Even with such dramatic base rearrangement,
the requiredy torsion angle data, at least in a semi- the backbone around the loop still looks smooth and
guantitative way (Sarma et al., 1973; Blommers et al., appears as an ‘S’ shape (Figure 5). Except for the
1989; Chou et al., 1996a, 1997). Except for the G9 y(g*) to y(t) torsion angle change at the loop-turn nu-
phosphorus atom at the loop-turning point that reveals cleotide (G9), the backbone is adjusted mainly through
no detectable (n)P-(n)H4orrelation, all other phos-  the¢ anda torsion angles. Mosg, y, ande torsion
phorus atoms exhibit approximately equal intensity angles remain unchanged and are located in the regu-
correlation peaks to the’-@nd H4 (see Supplemen- lar (t)(g™)(t) domain, although the torsion angles of
tary material), indicating that most backbone torsion residues T7 and T8 have adjusted somewhat toward
angles are located in the regulft)y(g™) domain the gauche domain (Table 3). The corresponding
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Table 3. Backbone torsion angles (deg) in thg fini-loop hairpin

Residue a B y d € T X

1G 132+ 8 —-175+2 —-93+3 -—-131+3
2A 74+ 3 1784+ 23 60+2 118+9 —-178+3 —-96+7 —-126+7
3A —69+ 3 176+ 3 59+2 1154+10 -—-173+2 -924+5 —-122+7
4G —74+2 167+ 3 61+2 10147 180+ 2 -914+3 -132+3
5C —664 2 170+ 2 66+2 12842 —-177+£2 -103+2 -126+2
6T -162+2 175+ 2 65+ 2 14442 —-140+ 3 —-784+2 —-136+2
7T —-83+2 —-175+3 68+2 133+3 —93+2 162+2 —-135+2
8T 7442 170+ 3 58+2 137+2 —96+2 50+2 —-129+3
9G 1073 -—-178+4 —-170+2 136+10 -—-176+2 —-97+5 —-123+6
10C —-73+4 176+ 4 62+ 2 11545 1744+ 2 —-88+2 —-124+6
11T 71+ 4 170+ 2 61+2 116+ 10 178+ 2 —-102+7 —-124+6
12T —66+2 175+ 2 63+2 13445 —-178+2 -98+6 —115+5
13C —74+2 180+ 3 56+2 13145 -118+4

Parameters were calculated based on the values of 20 final structures. Values are expressed as mgan values
standard deviations. Special torsional angles are listed in italic-bold.

torsion angle changes at the loop-turn have been ob-Discussion
served many times in single-nucleotide loops closed
by sheared &\ (Chou et al., 1996b; Zhu et al., 1996), Structural study of nucleic acid molecules through
A*A (Chou et al., 1996a), or £ (Chou et al., 1999c) isotope-enriched samples has been a subject of exten-
base pairs. sive studies (Varani and Tinoco, 1991b; Nikonowicz
Figure 5 shows the stacking of theGG-TTT-CG- et al., 1992; Pardi, 1995; Zimmer and Crothers, 1995;
3’ motif. While the G4—C5-T7 bases have excellent Patel et al., 1997; Kolk et al., 1998; Butcher et al.,
intra-strand stacking at one side, those of G9 and C10 1999). However, isotope enrichment of the RNA or
also stack well at the other side. The T6 base does notDNA samples by the in vitro transcription/replication
involve in any stacking, but instead participates in H- method is still tedious and too expensive to be of
bonding with the functional groups of the C5-G9 and general application, and preparation of nucleic acids
G4-C10 base pairs at the minor groove edge. Figure 6 containing unusual nucleotides can only be carried out
shows the stereoview of this motif from the major by the chemical synthesis method (Jones, 1994). We
groove (bottom) and minor groove (top) sides of one have therefore tried to look for alternate ways to solve
of the final structures. The idiosyncratic protons that nucleic acid structure at natural abundance and to push
are critical in determining this unusuaj Tnini-loop the limits for such approaches.
structure are marked by white circles and connected As a first step toward this goal, we have used
by pink arrows. The GOH8-T8H1G9H8-T8H2, and HMBC in combination with high-resolution HSQC
G9H8-T8H2Z proton pairs that do not exhibit NOEs, experiments to stereospecifically assign the crowded
even at 240 ms mixing time, are connected by dotted H5'Pro-S  H5(P-R) and CB atoms, which is usu-
cyan arrows. The(t) andy(t) torsion angles of the  ally the most difficult task in DNA or RNA structural
turning G9 residue are evident in the bottom figure and determination. Even though the H23'/H4'/H5 /H5”
are marked by white and yellow arrows, respectively. signals of an RNA molecule are usually overlapped in
From this figure, the upfield shifting for the T7H1  the homonuclear NOESY spectrum, the carbon sig-
T7H4, and T8HS5 protons is evident, as they are di- nals are, on the contrary, very well resolved in the
rectly above the G9 base. The abundant experimentalcarbon dimension of the heteronuclégi-3C HSQC
constraints around this mini-loop have led to reliable spectrum (Varani et al., 1996). Thus, by running an
determination of this unusual structure, which is also HMBC experiment, one may be able to assign the
consistent with the chemical shift changes. crowded H2H3'/H4'/H5'/H5" signals through their
attached carbons by observing the multiple-bon&-C1
H3, H1'-C3, C2-H3, C4-H2, and C3-HY cor-
relations, etc. Most of these cross peaks were in-
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Figure 4. Superimposed wide-eye stereoviews of the 20 final structures of4tmeirfi-loop hairpin in two different orientations. These final
structures overlap well with the average structure with rmsd values of0Q168 A.

deed present in our current study (data not shown). 3D hetero-TOCSY-NOESY H3!P and H6/H831P

Of course, conformation-independent sequential as- spectra (Kellog et al., 1992; Kellogg and Schweitzer,
signment of the fingerprint H6/H8-HZXegion is a 1993). We are currently testing this idea using a syn-
prerequisite for this approach to be feasible. The thetic RNA sequence with tandem sheared Gase
aromatic and HZ1proton assignments can be indi- pairs and a DNA sequence that may form a structure
vidually accomplished by the through-bond 2D or
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Figure 5. Stereoview of the stacking pattern in theGC-TTT-CG-3 motif. Excellent intra-strand stacking of the G4—-C5-T7 bases on one

side and the G9—C10 on the other side is clear. The backbone between T7-T8 also partially stacks upon the G9 base, causing upfield shifting
of the T7H4 (indicated by a white arrow) and T8HEndicated by a pink arrow) protons. The T6 base folds into the minor groove and forms

three H-bonds with the stem @210 and C5G9 base pairs to stabilize this unusualfini-loop structure. Both Watson—Crick binding sites

of the loop residues T7 and T8, on the contrary, point in parallel toward the major groove and are available for protein binding.

Figure 6. Wide-eye stereoviews of one of the selectgdriini-loop structures from the minor groove (top) and major groove (bottom) direction.
The protons exhibiting idiosyncratic NOEs are shown as white circles and are connected by pink arrows, while proton pairs exhibiting no NOE
even at 240 ms mixing time are connected by dotted blue arrows. The ur(ué) torsion angles adopted by the turning G9 residue are

indicated by white and yellow arrows, respectively.
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containing no canonical '@ and AT base pair (data
not shown).

It is also interesting to note that almost all back-
bonee, B, andy torsion angles could be conveniently
extracted by the combination of high-resolutitii-
13¢ HsQC and'H-31P correlation experiments with-
out resorting to isotope-enriched samples (Figure 3).
The glycosidicy torsion angle could also be deter-
mined either qualitatively by inspecting the intensity
difference between the HAC8/C6 and H1-C4/C2

of DNA (88.2 ppm vs. 84.9 ppm), which is most likely
due to the inductive effect of the Oatom in RNA,
since the chemical shifts of the G@f RNA are about
35 ppm downfield to those of the C@f DNA.

The one-bond sugadnc coupling is also sensitive
to the sugar pucker (Varani et al., 1996). Tdgcy
coupling constants were found to decrease from476
4 Hz to 169 Hz, while théJyzca coupling constants
increase from 145 3 Hz to 156 Hz and théJyaca
coupling constants from 146 1 Hz to 152 Hz when

cross peaks (Schmieder et al., 1992) or quantitatively the RNA sugar puckers are switched from’@8&do

by curve fitting to simulate the HMBC peak patterns
(Keeler et al., 1988).

Several other groups are also working on the
methodology for solving nucleic acid structures at
natural abundance. For exampleiH13C-31P triple-
resonance 3D NMR experiment is currently available
for the H3/C3, H4/C4, and phosphorus assign-
ments (Krishnamurthy, 1995). FurthermoréH1°N

to C2-endo (Varani and Tinoco, 1991a). However,
the correspondin®Iqycr, 1dnzcsy, andtyaca cou-
pling constants in our DNA 3mini-loop hairpin have
values of 163t 4 Hz, 155+ 2 Hz, and 14 A 2 Hz,
respectively. Except for th&yzcz, both the values

of ey andtJyaca coupling constants in the DNA
C2-endo sugars are about 5 Hz smaller than those in
the RNA C2-endo sugars. This difference is not un-

HMQC spectrum at natural abundance has also beenreasonable, since the RNA E&ndo sugar has an extra

reported (Live et al., 1991), which could lead to the
imino or amino nitrogen assignment that could provide

02 atom, which may change the scalar interaction
between the neighboring H4C1 and H4—C4 atoms.

important information about the base pairing schemes However, since théJyzcy values are the same for

in an unusual nucleic acid structure. At higher mag-
netic field & 800 MHz), it may be feasible to run even
a 3D1H-13C HSQC-NOESY at natural abundance. It
is therefore possible to study nucleic acid molecules of
larger molecular weight at natural abundance.

Both the carbon chemical shifts and one-bdkid
13C couplings have been found to be sensitive to the
ribose conformation and have potential in the struc-
tural analysis of nucleic acids (Varani et al., 1996).
The chemical shifts of Clwere found to shift up-
field from 92.5+ 0.9 ppm to 88.2 ppm, while those
of C3, C4, and C5 shifted downfield from 72.0:
1.4 ppm, 81.8+ 0.7 ppm, and 64.3t 0.9 ppm to
78.3 ppm, 84.9 ppm, and 67.0 ppm, respectively when
the sugar puckers are switched from’@8do to C2
endo (Varani et al., 1996). Such significant chemical
shift changes 0£4.3 ppm,+6.3 ppm,+3.8 ppm, and
+2.7 ppm for the C1 C3, C4, and C5 signals are
useful for identifying unusual sugar puckers. Interest-
ingly, the chemical shifts of C3C4, and C5 of all
sugars (including the three unpaired loop thymidines)
in our present DNA 3 mini-loop hairpin have values
of 77.0 £ 2.2 ppm, 85.8+ 1.2 ppm, and 66.4-
1.3 ppm, respectively (see Supplementary material).
The chemical shifts of C3C4, and C5 are thus in
fact identical for both DNA and RNA C2Zendo sugar
puckers. The Clchemical shifts of RNA are, how-
ever, about 3.3 ppm downfield from those of the' C1

both DNA and RNA C2endo pucker, it can therefore
be used as another criterion for identifying the unusual
C3-endo or C2endo sugars in the DNA or RNA se-
quences; a C2endo sugar will have &J4zca value

of 155 4+ 2 Hz, while a C3endo sugar will have a
value of 145+ 3 Hz, about 10 Hz smaller, irrespective
of DNA or RNA.

An oligonucleotide that is capable of forming a
hairpin structure can also form a duplex structure, al-
beit with possible mismatched base pairs or bulges.
Indeed, an RNA 11-mer r(GGCG-UUU-CGCC) at
NMR conditions (1.35 mM RNA, 10 mM phosphate,
pH 6, 20°C) was found to adopt mostly a duplex
structure with three consecutive Wbase pairs (Sich
et al., 1997). The monomer hairpin was only pre-
dominant when the stem length was increased to eight
base pairs. We thus carefully analyzed our data to see
if the stable species we observed is a hairpin with a
T3 loop or a duplex with three consecutiveTTbase
pairs or two TTT bulges. Several pieces of evidence
indicate that the stable species is indeed a hairpin,
not a duplex. First, the one-dimensional imino pro-
ton spectrum has two sharp (6T and 7T) and one
broad (8T) imino proton resonances. Two-dimensional
H2O/NOESY contains many NOEs resulting from the
6T imino proton. On the contrary, only weak NOEs
from 7T-imino to 5CNR/5CH6 were observed, and
no NOEs from 8T-imino could be detected at all. The



unequal linewidths and different NOEs for these three
T-imino protons are thus consistent with a hairpin

15

are critical in determining the three-dimensional nu-
cleic acid structure. The stereospecific’ 85 and

structure with a § mini-loop. 6T is folded into the =~ H5'(P-R) assignment solves one of the major obsta-
minor groove with its imino proton forming an H-bond cles in determining nucleic acid structures using an
with the C1002 atom. It thus has the slowest exchange NMR approach. Continuing development in this area
rate and exhibits stronger NOEs to its surrounding pro- may allow for determination of oligomers of larger
tons. 7T stacks upon 5C and also has a slow exchangemolecular weight without resorting to the preparation
rate. However, its imino proton is exposed to the sol- of isotope-enriched samples.

vent and is only close to the 5CNHand 5CH5/H6

protons. Therefore only weaker NOEs to these nearby

protons were observed. On the contrary, the 8T imino Acknowledgements

proton is quite broad and did not exhibit any NOE at

all. This is consistent with the fact that the 8T base We thank the National Science Council and the
extrudes into the major groove and exchanges fast with Chung-Zhen Agricultural Foundation Society of Tai-
the HO solvent. The unequal linewidths and different wan, ROC for the instrumentation grants. This work
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duplex with three consecutive T mismatches; three

to S.H.C.

equal sharp resonances would be observed in such

a case (Sich et al., 1997). Second, it is impossible
for a duplex with either three consecutiveTTmis-
matches or two TTT bulges to exhibit the special
tertiary NOE constraints observed for the 6T-imino
protons. The 6T-imino to 4G-imino, 10CH®H2', or
11THY/H4/H5/H5” NOEs are only possible when
6T folds into the minor groove of a hairpin structure.
A duplex with TT mismatches or TTT bulges con-
taining such unusual tertiary constraints would result
in a highly distorted structure. Finally, no new imino
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