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Abstract

A remarkable stabilizing effect induced by T-glgroup and perpendicular guanine—thymine interactions in the
DNA loop conformation has been demonstrated for the d(TTTG) loop structure using UV melting, high resolu-
tion NMR, distance geometry, and molecular dynamics studies. Contrary to the previously published d(TTCG)
sequence that exhibits no specific inter-nucleotide interaction, we have found that d(TTTG), which differs only by
one nucleotide with the d(TTCG) sequence (&7T7), forms a rather stable and well-defined loop structure. Two
characteristic structural features account for the stabilization of an otherwise flexible loop structure; the second
loop T (T6) residue folds into the minor groove and engages in perpendicular interaction with the G8ANId

the third loop T (T7) residue stacks well upon the closing @8 wobble base pair and exhibits good contacts with
many of the loop T5 and T6 sugar protons, which may form a hydrophobic core in the loop region. The importance
of the bulky T7-CH was also proved by the UV melting study; while d(TTCG) hairpin exhibits a lower melting
point (74.5°C) than d(TTTG) hairpin (80.5C), d(TT°-MeICG) hairpin resumes the same higher melting point
(80°C). Similarly, the fact that the melting temperature {3 of d(TTTI) is lower than that of d(TTTG) indicates

the critical role played by the G8-NHyroup. Our structural studies of the d(TTTG) loop indicate that DNA and
RNA use a different strategy to establish stable tertiary folds. Comparison with several other pyrimidine-rich loop
hairpins suggests that different minor-groove folding modes exist for the folding thymidine residue.

Introduction and Varani, 1995; Jucker and Pardi, 1995; Sich et al.,
1997) and theoretical studies (Zich, 1995; Akke et al.,
GNRA, UNCG, and CUUG tetraloop hairpins are 1997; Miller and Kollman, 1997; Williams and Hall,
common RNA secondary structures (Woese et al., 2000a, b). It is also generally believed that the ribose
1990), and have been suggested to play importantroles2’-OH group is of critical importance in stabilizing
in nucleating three-dimensional RNA folding (Tuerk RNA tertiary structure (Chastain and Tinoco, 1991,
et al., 1988; Uhlenbeck, 1990). The interaction of Strobel and Cech, 1993; Pley et al., 1994a), and as-
GNRA tetraloop with its receptor through platform signment of a particular UZDH resonance improved
formation (Cate et al., 1996; Butcher et al., 1997; the structural refinement of an UUCG tetraloop (Al-
Costa and Michel, 1997) is a good example. Such lain and Varani, 1995). Interestingly, the DNA analog
tetraloops have, therefore, been subjected to extensiveof the UUCG tetraloop showed no specific base—
experimental (Cheong et al., 1990; Heus and Pardi, base or base—phosphate interaction in the loop under
1991; Varani et al., 1991; Pley et al., 1994b; Allain similar conditions. The loop was therefore regarded

as highly flexible and dynamic (James and Tinoco,
*To whom correspondence should be addressed. E-mail: 1993)
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We have been studying pyrimidine-rich triloops in

minutes and re-annealed quickly in ice water. Each run

the past few years (Chou et al., 1999b, 2000), and arewas repeated for three times under buffered conditions

working on the d(CTTG) loop hairpin that is found
at the 3-end secondary structure of a linear pSCL1
plasmid (Huang and Chen, 1997). We found that it
can form a rather structured and compact motif (Chou
et al., unpublished result). We were thus interested
in knowing if the d(TTTG) sequence, which differs
only by one nucleotide (C5> T5) from the d(CTTG)
sequence, and one nucleotide (&7 T7) from the
d(TTCG) sequence, can form a defined structure. In-
terestingly, the d(TTTG) sequence did turn out to be
well behaved, forming a rather compact motif. Our
structural studies indicate that the d(TTTG) loop is
closed by a wobble T&58 base pair with G8 in the
anti domain. The base and deoxyribose of the third
loop T (T7) stack upon the T5 and G8 bases of the
T5eG8 wobble base pair, respectively. Interestingly,
T7-CHz was found to interact extensively with its sur-
rounding sugar protons. Furthermore, T6 is folded into
the minor groove to interact with G8NH; in a per-
pendicular way. The importance of such interactions
was further substantiated by the UV melting studies
of several d(TTTG) loop hairpin analogs. Such re-
sults indicate that the T-GHgroup can make a big
difference in stabilizing an otherwise unstable DNA
tetraloop structure. Our observation may have signif-
icant biological implications in that a methyl group
is frequently added to cytosine in vivo and 5-methyl
cytosine was found to greatly enhance the formation
of left-handed Z-DNA (Fuijii et al., 1982; Giessner-

(pH 6.8, 10 mM sodium phosphate and 20 mM NacCl).
The T, values were determined from the maximum of
first differential melting curves.

NMR experiments

All NMR experiments were obtained on a Varian
Unity Inova 600 MHz spectrometer. One-dimensional
imino proton spectra at @ were acquired using
the jump-return pulse sequence (Plateau and Gueron,
1982). The spectral width was 16000 Hz with the
carrier frequency set at the resonance of water. The
maximum excitation was set at 10.5 ppm. For each
experiment, 4K complex points were collected and 64
scans were averaged with a 2 s relaxation delay.

A 2D NOESY experiment in 90% $0/10% DO
was performed at ©C in a low salt (20 mM) solvent
with the following parameters: delay time 1 s, mix-
ing time 0.12 s, spectral width 12136 Hz, complex
points 2048, number of transients 96, and number of
increments 500.

NOESY experiments in pD were also carried out
at 0°C in the hypercomplex mode with a spectral
width of 4705 Hz. Spectra were collected using three
mixing times of 60, 120, and 240 ms with a relaxation
delay of 1 s between each transient and with 2048
complex points in thestand 400 complex points in
the  dimension. For each incrementation, 64 scans
were averaged.

A proton-detected?P-'H heteronuclear correla-

Prettre et al., 1984; Wang et al., 1985; Pearlman and tion spectrum (Sklenar et al., 1986) was collected

Kollman, 1990).

Materials and methods

Sample preparation

All DNA samples were synthesized on quénol scale

on an Applied Biosystems 380B DNA synthesizer
with the final 3-DMT groups attached. The sam-
ples were purified and prepared for NMR studies as
described before (Chou and Tseng, 1999).

Thermodynamic analysis of the optical melting data

in the hypercomplex mode with spectral widths of
5000 Hz in theH dimension and 2000 Hz in théP
dimension. Total numbers of 1024 complex points in
the & (*H) dimension and 128 complex points in the t
(3!P) dimension were collected. Protons were presat-
urated for 1.0 s and 192 scans were accumulated for
each { incrementation.

The 2D 1H-13C HSQC (heteronuclear single-
guantum coherence) spectrum was acquired with
broad-band decoupling (Bax et al., 1983). The delay
1/(21JcH) was tuned to 3 ms for optimum excitation of
sugar signals. Heteronuclear decoupling was achieved
with the GARP-1 sequence (Shaka et al., 1985). In

An absorbance (OD) versus temperature profile was total, 160t increments of 2K complex data points
obtained at 260 nm with a Spectronic Genesys2PC were collected. Each FID in thg dimension was

spectrometer equipped with a temperature controller.

The temperature was increased from°€5to 95°C
at a rate of 0.8C/min in each run. Prior to ex-
periments, samples were heated af @Sor several

further linear-predicted to 320 data points. The repe-
tition delay was 1 s, and 16 scans were averaged for
each FID. The carrier was positioned at 4.6 ppm for
protons 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. Total
acquisition time was 1.5 h.

The high resolutiotH-13C HSQC spectrum was
recorded with 80@; increments of 2K complex data
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trans (180° + 30°) and gauchd (60° + 30°) do-
mains, respectively. Otherwise only tietorsional
angle was constrained to thans domain from the
observation of théJp_c4 heteronuclear coupling of
about 8 Hz (see Table 2). Thetorsional angle can

points and 32 scans, each with broad-band GARP-1 only be located in either thieansor thegauche do-

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 (heteronuclear multiple-bond coher-
ence) experiment was recorded with 4pthcrements

main (Altona, 1982). Theyauche conformation is
not sterically allowed, which is also borne out from
the observation that the three-botih_n3 heteronu-
clear coupling is not larger than 6.5 Hz (Table 2).
Based on the small values of the long-raddgy_p
coupling (< 2 Hz), all torsion angles could be con-
strained to therans domain (180 + 30°) (Marino

et al.,, 1999). The anda dihedral angles were all

of 2K complex data points and 128 scans each. The left unconstrained. The dihedral angles were con-

delay 1/(2Jcn) was tuned to 2.5 ms and the mix-
ing time to 62 ms for observing smaller long-range
heteronuclear couplings. Each FID in thedimen-
sion was further linear-predicted to 512 data points.
The carrier was positioned at 4.6 ppm for protons
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.

The acquired data were transferred to an IRIS 4D
workstation and processed by the software FELIX
(MSI Inc.) (Chou and Tseng, 1999).

Structure determination
Three-dimensional structures of the d(TTTG) loop

strained to—100° £ 3(° (ideal B-DNA values) when
no aromatic—anomeric cross peaks of comparable in-
tensity with the CH5/CH®6 cross peaks were detected.
These NOE distance (220 in total) and torsional angle
(44 in total) constraints were used to generate initial
structures using the DGII program (MSI, Inc.). The
initial 20 DG structures (rmsd values of 0.10.12 A)
were further refined by restrained molecular dynamics
using the program DISCOVER (MSI, Inc.). A 2 ps
dynamics run was performed at 300 K with a step size
of 1.0 fs, which was followed by a conjugate gradi-
ent minimization of 200 iterations looped 10 times.
Well-converged final structures with pair-wise rmsd
values of 0.65+ 0.08 A were obtained after molecular
dynamics calculations.

hairpin were generated by distance geometry and

molecular dynamics calculations using distance and

torsional angle constraints derived from NMR experi- Results

ments. Most distance constraints from NOESY spectra

in D20 were classified as either strong, medium, or Thermodynamics studies

weak, based on their relative intensities at 120 ms In order to understand why the d(TTTG) loop hairpin
mixing time and were given distance bounds of 2.0- is stable, we have synthesiz€dECGCTTTGSCGG)-
4.0A,3.0-5.0A, or4.0-6.0 A, respectively. Canonical 3 [d(TTTG)] (the loop residues are underlined),
hydrogen-bond distances of 1.8-2.1 A were assigned 5'-(CCGCTTCGGCGG)-3 [d(TTCG)], 5-(CCGCTT

to the Watson—Crick base pairs. A large number of >~M¢CGGCGG)-3 [d(TT> M¢CG)] (> M¢C stands
distance constraints involving exchangeable protons for 5-methyl-cytosine), and’§CCGCTTT GCGG)-
were also derived from $#O/NOESY spectraand were 3 [d(TTTI)] analogs and measured their UV melt-
given only two wide distance bounds of either 2.0— ing profiles from 25 to 98C. The melting studies
5.0 A or 3.0-6.0 A, due to exchange phenomena. were performed under buffered conditions of 10 mM
The B andy torsional angle constraints were deter- pH 6.8 sodium phosphate, 20 mM NaCl, and 0.1 mM

mined primarily semi-quantitatively from th&P-1H

EDTA. Figure 1 shows the melting curves (optical

heteronuclear correlation data (Chou and Tseng, 1999;density versus temperature) of d(TTTG), d(TTCG),

Chou et al.,, 1999a, b, ¢, 2000) using the in-plane
‘W’ rule (Sarma et al., 1973). If the long-range (n)P
< (n)H4 four-bond couplings were detected, then
the B andy torsional angles were constrained to the

and d(TP~MeCG) (a), as well as d(TT®) and

d(TTTI) (b) oligomers. The vertical lines mark the
melting temperatures determined from the first differ-
ential curves. From the figures it is clear that while
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Figure 1. The absorbance versus temperature melting curves of[dg),Td(TTCG) and d(T'P—MeCG) (a), as well as d(TT®) and d(TTT)

(b) oligomers under buffered conditionsn Values were determined from the maximum of the first differential melting curves and are marked
with dotted vertical lines. Tm values of about BD were observed for both d(TTTG) and d(sl"IMECG) oligomers, while Tm values of
approximately 6C less (74.5C) were found for both d(TTCG) and d(TTTI) oligomers. The importance of thymine methyl group and
perpendicular base—base interaction in stabilizing tAgdG) loop structure is evident from such UV fttieg studies. In both d(TTCG) and
(TTTI) melting curves, a first transition temperature of abouf@#vas also detected (marked with an arrow), possibly due to the formation of
a duplex form with a central track of four mismatches (Holbrook et al., 1991; Cruse et al., 1994).

1.069

d(TTCG) hairpin has a lower melting point (74, than for d(TTTG). The lack of a G-amino group thus
middle of Figure 1a) than d(TTTG) (8C°F, top of accounts for a stability decrease of approximate€i€ 6
Figure 1a), d(T?M¢CG) resumes the same higher in the melting temperature.

melting point of d(TTTG) (80C, bottom of Fig-

ure la). We also measured the melting curve of the NMR studies

TTdUG loop hairpin and found that it exhibits a low Since the thermodynamics studies described above
melting temperature at approximately 8D (data not have indicated that both unpaired loop thymidines are
shown). Such UV melting studies indicate that the important in stabilizing the d(TTTG) loop structure,
second loop T-Ckl group plays an important role in ~ we have further used NMR, distance geometry and
stabilizing the d(TTTG) hairpin. The importance of molecular dynamics methods to determine its solution
the G8-NH group is also revealed by the comparative structure and tried to explain the critical roles played
melting studies of the d(TT®) and d(TTT) analog by the unpaired loop thymidines. The one-dimensional
hairpins; a lower melting temperature was observed imino and amino/aromatic proton spectrum of the
for the d(TTT) hairpin (74°C, bottom of Figure 1b)  d(TTTG) sequence under low salt conditions (20 mM
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Figure 2. One-dimensional 600 MHz imino, amino and aromatic proton NMR spectrum of the d(TTTG) oligomer under low salt (20 mM NacCl,
0.1 mM EDTA) and low temperature &) conditions. Three sharp signals accounting for four imino protons between 10.4 and 11.4 ppm were
clearly observed until over 40C.

Table 1. Proton and phosphorus chemical shifts of thel@CCGC-TTTG-GCGG)-3hairpin

H1H3  NH HY  H2/MH2" H3 H4 HYProS  pgPro-R) - peiHg  H5MH2/CH P

1C 6.69/7.45 549 1.59/203 418 3.63 3.23 3.23 7.28 544

2C 6.64/8.15 508 172/1.97 439 374 3.92 3.97 710 519  -3.90
3G 1261 549 219226 452 391 3.96 4.06 7.48 ~3.69
4C 6.37/7.96 561 1.44/1.91 433 3.69 4.16 4.04 6.86 496  —3.95
5T 1113 547 1.87/1.91 439 374 3.98 3.93 722 1.36 ~4.09
6T  10.43 554 151/1.86 4.20 3.75 3.99 3.90 711 132 ~4.16
7T 10.62 521 138151 4.07 284 3.40 3.66 6.95  1.17 —4.74
8G 1043  5.88 5.00 2200224 429 377 3.82 3.76 7.40 —4.33
9G  12.39 5.34 221/218 449 3.89 3.60 3.60 744 495  -3.83
10C 6.18/7.91 524 1.46/1.85 4.38 3.73 4.08 4.02 6.91 —3.94
11G  12.88 515 2.20/226 450 387 392 4.00 7.42 -3.76
126 12.82 568 2.19/1.84 419 375 4.13 4.03 7.37 -3.70

8Both chemical shifts of exchangeable and non-exchangeable protons were determih€d at 0

PThe Pro-S and pro-R H5rotons were assigned from the combination of high-resoluttef3C HSQC and HMBC experiments as
described previously (Chou et al., 2000).
¢Phosphorus chemical shifts were determined fromtheé1P correlation experiment.

NaCl) at 0°C is shown in Figure 2. Three sharp
imino proton peaks with an intensity ratio of 1/1/2 dimensional HO/NOESY spectrum shown in Fig-
were clearly observed between 10.4 and 11.2 ppm. We ure 3 (Tseng and Chou, 1999). Temperature dependent
also detected three sharp and one broad peaks, furtheimino proton studies indicate that their linewidths be-
downfield between 12.5 and 13.0 ppm. Such peaks arecame broader when the temperature was increased, but
characteristic of the four Watson—Crick base-paired G were observable until the temperature is higher than

imino protons, and were assigned through the two-
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Figure 3. Portions of expanded #D/NOESY contour plots (mixing time 0.12 s) of the d(TTTG) oligomer &€Gand the wobble @T base pair
scheme in the present TTTG loop. These plots cover NOE cross peaks from imino to imino (lower-left), imino to amino (middle-left), and H1
to H2/H2" (upper-right) regions. Some unusual NOEs that are critical in the structural determinatidirai@)(loop are marked with small
letters and assigned as: (a) T5-H3-G8-H1; (b) G9-H1-G8-H1; (c) T7-H3-G8-H1; (d) T5-H3-T7-H3; (e) G9-H1-T5-H3; (f) G8-H1>G8-NH
(g) G8-NH,~-T6-HZ; (h) G8-NH,—T6-HZ’; (i) T5-H1'-T6-H2’; (j) T7-CH3—T5-HY.

40°C. Thisresult indicates that the d(TTTG) hairpinis most likely forms a hairpin under the millimolar con-
stable at 0C (on the slow exchange NMR timescale), ditions used for the current NMR studies.
and forms a stable structure at this temperature without ~ Figure 3 shows parts of the two-dimensional
extraordinary dynamics. If the narrow imino proton H>O/NOESY of the d(TTTG) hairpin. Except for the
linewidth is interpreted as being due to fast dynam- terminal G12-H1, all other imino protons can be se-
ics, then the linewidth will become even smaller as quentially assigned from G11-H1, G3-H1 to G9-H1
temperature is increased, which was not the case. Thethrough the NOE cross peaks (lower left). The con-
narrow imino proton linewidth therefore indicates that nectivity could be further extended to T5-H3 (peak
the d(TTTG) hairpin is in the slow exchange domain. e) and G8-H1 (peak b). Such sequential connection,
Since the r(UUCG) sequence has the potential to along with a strong NOE cross peak between T5-H3
form a duplex structure with a track of non-Watson— and G8-H1 (cross peak a), indicates that T5 and G8
Crick base pairs in the solid state (Holbrook et al., form a wobble type base pair (Kennard, 1985; Hare
1991; Cruse et al., 1994), the current d(TTTG) se- etal., 1986) that stacks upon the stem C4-G9 base pair.
guence was therefore carefully checked to see if it The two weak NOEs of the T5-H3—T7-H3 (cross peak
forms a hairpin or a duplex. After diluting the sample d) and G8-H1-T7-H3 (cross peak c) proton pairs indi-
several times and reannealing it before data collection, cate that T7 stacks upon the dG8 wobble base pair
no new imino proton peak was found. The concentra- (T7-H3 was assigned by a weak NOE from T7-H3 to
tion independence of the NMR spectrum and the UV T7-CHzg). Such unusual stacking of T7 upon T5 is val-
melting studies indicate that the d(TTTG) sequence idated by the abundant NOEs between T7s@Hd T5
sugar protons. One of these NOEs (T7-CH3-T3}H1



Table 2. Carbon-phosphorus and proton-phosphorus scalar
couplings (Hz) of the 5d(CCGC-TTTG-GCGG)-3hairpin

3cz-p 2cz—p Bnz—p ca_p® Vpap'

1C <2 -59 6.2 ®
9.3
8.1

2C <2 47 41 4.2
9.3
10.4

3G <2 -58 4.1 4.1
10.4
9.3

4C <2 59 6.2 4.2
9.3
8.3

5T <2 —47 41 4.1
9.2
8.4

6T <2 —47 6.2 41
8.1
8.1

T ~4 —46 6.2 4.1
8.2
8.1

8G <2 —45 41 ~0
8.1
9.2

9G <2 —46 4.1 4.2
8.1
9.2

10C <2 —47 52 41
9.3
9.3

11G <2 -62 6.2 4.1
9.2

12G <2 na na 8.1d 4.2

@na: non-available, no phosphate &edid.

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

CThree-bond (n)C4— (n+1)P coupling constant.
4Three-bond (n)C4— (n)P coupling constant.

®Each central residue has twWdcy _p values that are ap-
Proximately equal, but could not be specifically identified.
Sum of the (n)H4— (n)P and (n)H4— (n+1)P couplings,
but the latter value is usually zero.
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Table 3. Constraints used to determine the structure of the
5-d(CCGC-TTTG-GCGG)-3hairpin

Restraints Values
Exchangeable NOEs 54
H-bonds (1.8-2.1 A) 14
2.0-4.0A 4
3.0-6.0A 25
5-10.0 A 11
Non-exchangeable NOEs 166
2.0-4.0A 24
3.0-5.0A 82
4.0-6.0 A 55
5-10.0 A 5
Total NOEs 220
Torsional angles 44
Backbone , v, €) 32
Glycosidic 12
NOEs per residue 18.3
NOEs and torsion angles per residue 22.0
Violations of experimental restrairits
Distance restraints<( 0.15 A) 0
Torsional angles restraints-(10°) 0
rmsd 0.65+ 0.10 A

aTwo out of the 20 final structures have one violation larger
than 0.15 A,

is indicated by cross peak j in the upper right spectrum.
Other unusual NOEs from T6-H2o T5-HZ1 (cross
peak i) and T6-HZH2” to G8-NH, (cross peaks g
and h) indicate that the T6 sugar is also close to the
T5eG8 base pair. This is revealed by the final NMR
structure that shows the T6 nucleotide folding into the
minor groove and the T6 base is in a position that is
almost perpendicular to the G8 base. This can explain
the sharp nature of one of the G8-pHignals (the
other amino proton is probably too close to theH
signals to be observed) and the well-defined NOEs
between G8-NBG8-H1 (cross peak f in the middle
left spectrum) and G8-NHT6-H2/H2” proton pairs
(cross peaks g and h).

Further information necessary for determining
the d(TTTG) loop structure was acquired from the
D,O/NOESY that was assigned using the well-
established NOE cross-peak connectivity method
(Hare et al., 1983). All aromatic, M1H2'/H2", H3,
and H4 protons were sequentially assigned through
the tetraloop region without any problem (data not
shown). Unlike the Gfyrn) conformation adopted for
the reverse wobble &G base pair (Varani et al., 1991),
the G8 nucleotide in the d(TTTG) sequence is in
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Major Groove View Minor Groove View

Figure 4. The characteristic NOEs of the d(TTTG) loop from the major groove (left) and minor groove view (right). The abundang T6-CH
and T7-CH related NOEs are clear from this figure. Intriguingly, no NOE was observed for the folded-in T6 to the stem G9 and C10 residues
(indicated by a blocked hollow arrow). This NOE was clearly observed for the d(TCC) (Chou et al., 1999b) and d(TTT) (Chou et al., 2000)
loop hairpins with a similarly folded-in loop thymidine. This observation indicates that there exists an alternative conformation for the folded-i
thymidine.

the regularanti domain, as proved by the weak-to- 0.12 A). After restrained molecular dynamics calcu-
medium G8-H8 to G8-H1NOE intensity (data not lation, the rmsd value further decreased to 065
shown). Many characteristic NOEs between the T5, 0.10 A. All glycosidic angles are in thanti range,
T6, and T7 residues that were useful for determining and all sugar puckers are in the’@hdo domain. The
the tertiary fold of this DNA hairpin were identified. first and last residues form a wobble &% base pair,
Some of these important NOEs are listed in the cartoon and the stacking continues from the stem to the loop
shown in Figure 4. The chemical shifts for all assigned G8eT5 base pair. The first loop T (T6) residue folds
protons are listed in Table 1. into the minor groove and is almost perpendicular to
Information for constraining the backbone torsion the G8 base, while the second loop T (T7) residue
angles can be derived from the natural abundance het-stacks upon the closing $&8 wobble base pair.
eronucleartH-31P and!H-13C spectra as described Figure 6 shows the important structural features
before (Schmieder et al., 1992; Avizonis and Kearn, that may be responsible for the stability of the
1995; Ippel et al., 1995; Chou et al., 2000). All the d(TTTG) loop. Figure 6a shows the excellent stack-
measured heteronuclear coupling values are listed ining of the T7 base upon the T5 base and the T7-

Table 2. deoxyribose upon the G8 base. Such deoxyribose-base
stacking has been observed many times in the purine-
Structural features rich single-residue loop hairpins (Chou et al., 1994,

Due to the sharp nature of the exchangeable imino-, 1996a, b, 1999c; Zhu et al., 1995), and can explain
amino, and non-exchangeable proton signals, we werethe upfield shifting of the T7-H4and the T7-HSH5"

able to detect many NOESs that are critical in determin- protons in the present case. The extensive hydrophobic
ing this d(TTTG) loop structure. These NOEs around interaction induced by T7-Cglin the loop region is
the loop region are summarized in Figure 4 from two shown in Figure 6b. While the T5-GJjroup is turned
different views, with the derived distance constraints away from the loop backbone, the T7-gHroup in-
listed in Table 3. Figure 5 shows the superimposition stead points toward it and forms good contacts with
of the final 20 (out of 30) structures before (Figure 5a) many of the T5 and T6 sugar protons. Such contacts
and after (Figure 5b) molecular dynamics calculation. are supported by the many medium strength NOEs, as
It is clear from the figure that the DG structures have illustrated in Figure 4 and by the melting temperature
already converged quite well (rmsd value: 0.71 profile shown in Figure 1a.
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Figure 5. Superimposed wide-eye stereoviews of the final 20 structures of the d(TTTG) loop hairpin before (a) and after (b) molecular dynamics
calculation. Before the molecular dynamics calculation, the 20 DG structures overlap with one of the selected structures with rmsd values of
0.714 0.12 A (a). After further molecular dynamics calculation, the 20 final structures overlap with one of the selected structures with rmsd
values of 0.65+ 0.10 A (b). The T5 residue is colored in yellow, T6 in red, T7 in green, and G8 in blue. Orange ribbons were drawn to connect
the hairpin backbones. Structures usually improve in helicity and hydrophobic stacking after a 2 ps molecular dynamics calculation.
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Figure 6. Wide-eye stereoviews of the dC(TTTG)G loop structure showing the structural features that are importailizimgttitis loop
conformation. The carbons are colored in gray, oxygens in red, phosphorus in orange, nitrogen in deep blue, and protons in white, except that
carbons in the T7-deoxyribose are colored in green. The T7 residue stacks well witheth8 Wbbble base pair, with its base stacking upon

the base of T5, and its sugar upon the base of G8. All these structural elements are drawn in space-filling in (a). In (b), only therd@pCH

and sugar protons in close contact with the T75@fbup are drawn in space-filling. Extensive hydrophobic interaction induced by the 37-CH

group is evident from this figure. In (c), only the bases of T6 and G8 are drawn in space-filling to reveal the perpendicular interaction between

the unpaired T6 base and G8-pNH
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Figure 7. Pairing schemes of the closinge3, TeG, and GG base
pairs in the r(UUCG), d(TTTG), and r(CUUG) tetraloops: (a) a re-
verse wobble WG base pair (top of a) published by Cheong et al.
(1990) and Varani et al. (1991) is characterized by sy@(confor-
mation and two H-bonds between G-H1@and FO-U-H3. The
newly defined WG base pair obtained by Allain and Varani (1995)
has a different H-bonding pattern that is characterized by two bifur-
cated GH1/&NH»—U?0 H-bonds and a base-sugaf@-UZ-OH
H-bond (bottom of figure a); (b) the wobbles® base pair in the
present d(TTTG) loop structure is characterized by an@) con-
formation and two H-bonds between GH12@and FO-UH3; (c)
the canonical Watson—Crické® H-bonds in the r(CUUG) closing
base pair.

Figure 6¢ gives a stereoview of another important
structural feature of this d(TTTG) loop; a perpen-
dicular interaction between the folded T6 base and
the G8-NH (drawn in space-filling). The G8-NH
is found pointing toward the center of the T6 base.
This feature is correlated with the lower melting tem-
perature of the d(TTTI) hairpin compared with that
of the d(TTTG) hairpin (see Figure 1b). Such per-
pendicular N-Hft interaction can also explain the
characteristic NOEs exhibited by the G8-amino proton
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(G-amino protons are usually highly labile and exhibit
no NOE), and the upfield shifting of the G8-amino
proton, which now resonates at 5.88 ppm, at least 1—
2 ppm upfield from the regular values (between 7 and
8 ppm). While the importance of such a perpendicular
interaction remains to be established, many instances
of perpendicular C-Hf interactions (Chou et al.,
19964, b, 1997; Chou and Tseng, 1999);/@4nter-
actions (Wang et al., 1981; Chou et al., 1994; Egli and
Gessner, 1995; Nishinaka et al., 1997), and M-
teractions (Perutz et al., 1986; Levitt and Perutz, 1988)
have already been described and were found to play
a non-trivial role in stabilizing nucleic acids, nucleic
acid-ligand complexes (Kopka et al., 1985; Coll et al.,
1987; Teng et al., 1988), protein recognition (Nishio
et al.,, 1995), and peptidg&turn formation (Jimenez

et al., 2000).

The structural features described above may ex-
plain why the presence of thymine residues in the
loop region can make such a big difference in the
UV melting of the d(TTTG) analogs. Although similar
CHgs group induced stabilization has been observed for
cytosine 5-CH in the Z-DNA structure (Fuijii et al.,
1982), this is the first time to our knowledge that a
single nucleotide change can cause such a dramatic
change in the DNA loop structure. This indicates
that, while RNA uses’20H groups to form extra H-
bonds or coordinating bonds to stabilize its tertiary
fold, DNA can instead use thymine-GHyroups to
form a hydrophobic core to stabilize its folding. Such
hydrophobic interactions can be quite substantial, as
clearly demonstrated in this paper.

Since the present d(TTTG) loop contains two un-
paired thymidines, its dynamics behavior is certainly
a concern that needs to be addressed, especially when
the analogous d(TTCG) loop was found to be rather
dynamic and unstructured (James and Tinoco, 1993).
This situation also occurred in another r(CUUG) loop
structure (Jucker and Pardi, 1995); considerable dy-
namics was detected in the loop region, as revealed by
the absence of many expected NOE cross peaks and by
the increased line widths for several of the loop reso-
nances. However, similar to the cases of the d(TCC)
(Chou et al.,, 1999b) and d(CTTTG) (Chou et al.,
2000) loops, we have not found any significant dynam-
ics on the NMR time scale for the present d(TTTG)
loop; all resonance lines are sharp at low tempera-
ture but become broadened at higher temperature, and
all expected and quite a few unexpected NOE cross
peaks were clearly identified (see Figures 3 and 4).
The d(TTTG) loop hairpin can therefore be considered
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Table 4. Backbone torsion angles (deg) of tHedfCCGC-TTTG-GCGG)-3hairpin

Residue « B y 3 € T X

1C 112.3:12.6 —173.2:4.7 —86.4-2.6 —135.0:5.1
2C —70.6£6.1 176.8:3.9 58.1#1.0 121.2-3.8 —-172.8£1.9 —90.8£2.3 —129.4-6.3
3G —81.35.0 177.6:4.8 55.43.6 121.83.4 —176.5t1.9 —93.4:8.0 —124.6t7.0
4C —78.3:3.9 174.4:2.3 55.3:2.8 83.2£10.2 —164.9:3.3 —68.4£2.5 —145.148.1
5T —72.5:5.3 179.4£2.4 69.71.6 143.4:5.2 165.%2.5 —112.5t7.6 —94.6+£5.5
6T —168.3t3.5 149.8+2.9 89.9+2.9 128.@t4.5 —145.8t3.2 —53.3:3.8 —127.9t4.7
T —87.5-2.3 —162.A5.7 62.3t1.0 138.33.7 —110.2£2.5 62.7#42.2 —133.1H2.2
8G 109.27.2 -—-176.3:1.8 —174.#1.2 159.8t1.1 177.23.5 —102.6t7.6 —74.0:2.6
9G —73.54+2.7 168.4:7.3 62.9+4.6  125.8:9.2 177825 —100.A7.5 —104.2:8.8
10C —67.54+2.6 168.5-0.8 65.8:1.7 121.3:9.8 —177.#2.9 —95.2+5.1 —-118.8t8.0
11G —74.2:2.9 176.3t1.5 58.12.9 124.56.3 —179£1.0 —-96.5+6.2 —125.2:5.1
12G —72.6:6.3 —179.6t3.4 58.3+2.8 116.9£18.3 —12%-3.9

Parameters were calculated based on the values of 20 final structures. Values are expressed as measiasadiaed devia-

tions. Special torsional angles are listedtatic-bold.

The narrow ranges for some of the dihedral angles are possibly due to the applied AMBER force field, and do not necessarily
mean that NMR methodology can determine biopolymer structure with such precision.

as relatively ‘rigid’, exhibiting no significantly differ- U 12’-OH (Ln designates the nth loop residue in the

ential dynamics between the loop and stem residuestetraloop) after successful assignment of tha 2}

on the NMR timescale. The combined hydrophobic OH and identification of several important NOEs from

and perpendicular N-H¥ interaction induced by the the G4-H1 proton to the Y;-H1, U;1-H2, and

two unpaired thymidines may have made a substantial U 12'-OH protons (Allain and Varani, 1995). Such a

contribution to stabilize the d(TTTG) loop. special base-sugar H-bond causes a dramatic counter-
clockwise rotation of the U base plane (larger than
60°, see top of Figure 7a) and formation of two novel

Discussion bifurcated Q4H1/GL4NH2—Uflo H-bonds. Such ro-
tation also decreases the4&1'-U; 1C1’ distance and

Comparison of the structural features among relieves the buckle tension present in the originally

r(UUCG), d(TTTG), and r(CUUG) tetraloops proposed @U base pair. The newly defined loop

Until now, structure determination of several DNA or structure was indeed found to be more stable from
RNA pyrimidine-rich triloops (Mooren et al., 1994; an unconstrained molecular dynamics study (Miller
Chou et al., 2000) and tetraloops (Blommers et al., and Kollman, 1997). In the d(TTTG) loop (middle
1991; Hilbers et al., 1994; Allain and Varani, 1995; of Figure 7) the G4 base instead pairs with the i
Jucker and Pardi, 1995; van Dongen et al., 1996) hasbase through the wobble gH1-T2,0 and &,0-
been achieved by high resolution NMR techniques. Tr1H3bonds normally found in DNA (Kennard, 1985;
It is therefore interesting to compare several of these Hare et al., 1986). In the r(CUUG) loop, a canonical
structures with a common guanosine in the last loop Watson—Crick €1 e G4 base pair is, however, found
position to determine the structural characteristics that to close the tetraloop structure (bottom of Figure 7)
contribute to the stability of such tetraloops. The with conversion of all four loop sugars from G&ndo
base-pairing schemes of the three selected hairpinsto C2-endo (see below). The GC1' distances of the
of r(UUCG), d(TTTG), and r(CUUG) tetraloops are closing base pairs for the r(UUCG), d(TTTG), and
drawn in Figure 7 with their characteristic features r(CUUG) loops are nevertheless approximately equal
listed in Table 5 for comparison. and have values of 10.21 A, 10.73 A, and 10.21 A,
The r(UUCG) tetraloop (Allain and Varani, 1995) respectively.
was refined from the previous reported structure Another major difference between these structures
(Cheong et al., 1990; Varani et al., 1991) and features is the different sugar puckers incorporated to form
a closing base-pair of unusual H-bonding. As shown at such tetraloops. Since tetraloop hairpins have a loop
the bottom of Figure 7a, @O was found to pair with of only two nucleotides, it is generally believed that
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Figure 8. Different minor-groove folding modes for the (IlLG) (a), d(CTTTG) (b), and d(TT'TG) (c) hairpins. The hairpin backbones are
connected by a blue ribbon, with the firstRyresidue colored in yellow, the folding Py in red, the stacking Ry in green, and the last|G
in orange. The extra looping-out J in d(CTTTG) is colored in purple. The different minor groove width is evident from this figure.



46

Table 5. Comparison of the structural features of theW@G), d(TTTG), and r(QJUG) tetraloop

U11U12C13G14° TaTioTisGia Cr1U12U3G14
H-bonding of the  Bifurcated GH1/GZ,NH,-UZ, O Wobble G 4H1 — Canonical
closing base pair  and base — deoxyribo@@—Ule’-OH Tflo and Watson—Crick
GP,0-T1H3 C1#G4 H-bonding
Sugar pucker Y1 and G4 C3-endo All CZ-endo All CZ-endo
U2 and G 3 C2-endo
Glycosidic angle @4 syn othersanti All anti All anti
Stacking G3/Upq Tis/TLy U 3/G4
Ribose (§3)/GL4 deoxyibose (T3)/G4
Minor groove Partial folding of Yo Folding of T » Folding of U 2
folding mode
Other special H-bonding between (1) Hydrophobic interaction (1) Three potential
features ¢€3NH>-U » backbone of T3 H-bonds between
phosphate (2) Perpendicular L&Jand stem GC
base / base base pairs
interaction between (2) Considerable
G4 and T o dynamics for ¢,
Uz andGg

8r(UUCG) data are from Allain and Varani (1995), and r(CUUG) data from Jucker and Pardi (1995). Closing base-pair
residues are underlinednd folding residuesalicized
b1, L2, L3, and L4 designate residues 1, 2, 3, and 4 of the tetraloop sequences, respectively.

these two nucleotides have to be in the-€&do do- in the r(CUUG) case, the|J also folds into the minor
main to stretch the loop backbone and bridge the two groove, but in a different orientation compared to that
opposite strands of the stem (Cheong et al., 1990). in the d(TTTG) case. The QNHZ does not interact
This requirement is probably strictly followed, since with the U » base, but instead forms an H-bond with
the two loop nucleotides 4, C 3 in the r(UUCG) UEZO. Two other H-bonds between thgq 4Jand the
tetraloop (Allain and Varani, 1995) and.b} Uiz in stem GC pair (,N-G?NH, and U ,H3-C?0) are
the r(CUUG) tetraloop (Jucker and Pardi, 1995) were also proposed (Jucker and Pardi, 1995).
indeed found to reside in the G&8ndo domain. Fur-
thermore, the closing base-paired ribonucleotides C  Different minor-groove folding modes for the
and G4 of the r(CUUG) tetraloop were also switched r(CUUG), d(CTTTG), and d(TTTG) hairpins
to the C2-endo domain. All four ribonucleotides in the Several pyrimidine_rich tetra|oop hairpin structures
r(CUUG) tetraloop thus dwell in the G2ndo domain with a closing Py; e Pu4 base pair have already
rarely observed for RNA. been described before with most structures highlighted
Several other special structural features also de- py the folding of an unpaired Ry into the minor
serve mentioning for each tetraloop. In the r(UUCG) groove (Blommers et al., 1989, 1991; Hilbers et al.,
case, the loop (3 amino group was proposed to en-  1994; Ippel et al., 1995; Jucker and Pardi, 1995; van
gage in H-bonding with the backbone {phosphate  pongen et al., 1996). Our detailed structural studies
to stabilize this unusual loop fold. The polag12'- of the d(CTCCG) (Chou et al., 1999b), d(TTTG)
OH in the center of the loop also participates in H-  (Chou et al., 2000) and d{TTG) hairpins indicate that
bonding with the @,O to prevent unfavorable entropy  there are subtypes within such minor-groove folding
loss. However, the unpaired Y only partially folds  |oop structures. The three selected minor-groove fold-
into the minor groove and does not interact much with ing modes of the r(OUG), d(CTTTG), and d(TTTG)
other hairpin residues, while in the d(TTTG) tetraloop, hairpins are shown in Figure 8 for comparison. From
the folding T_> exhibits a perpendicular interaction the figure, it is clear that there is substantial varia-
with the G_4 residues, as shown in Figure 6c. Finally tion with regard to the minor groove width among



these hairpin structures. In the d{CCG) (Chou et al.,
1999b) and d(TTTG) hairpins (Chou et al., 2000)
(Figure 8b), the unpaired,} folds rather deep into

the minor groove and makes good contacts with the
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pyrimidine-rich loop structures, depending on the loop
and stem sequences.
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