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Abstract: Many hairpin loops are expanded versions of smaller, stable ones. Herein we investigate the
extent to which the energetics and structure of d(cGNAQ) hairpin loops will tolerate sequence variation.
Changing the closing base pair from CG to GC was found to completely eliminate loop—loop interactions;
in contrast, expanding the loop at the 3'-end resulted in similar energetics and nonadditivity parameters as
the parent loop, suggesting that loop—Iloop interactions remain intact and highly coupled upon expansion.
Together, these data suggest that the CG closing base pair forms an essential platform upon which a
stable d(GNA) hairpin loop can fold and that this loop can undergo 3'-expansion with little effect to its

structure or energetics.

Introduction

ing unusually stable DNA hairpin loops using combinatorial
selections and temperature gradient gel electrophoresis (TEGE).

Hairpins are the most common secondary structural elementsg o of the motifs identified was d(cGNABg) (where the closing

in RNA, playing important roles in folding and interactions with
proteinst-2 Double stranded DNA too can form hairpins, for
example, in cruciform@Biological roles of these structures have

been described and include regulating replication and transcrip-

tion.1:4-7

base pair is in lower case, “N” is A, C, G, or T, and “B” is C,
G, or T), and this motif appears to have biological relevaice.
The d(cGNABg) motif is thought to be an expansion of the
stable triloop motif, d(cGNAg), which contains a sheared GA
base paif324Indeed, studies on the d(cGNABg) motif revealed

Stable RNA triloop and tetraloop hairpin sequences have beeng Jarge destabilization when the first and third positions of the

reportecf 11 and many structures are availabe!® As in RNA,
the stability of DNA hairpins depends on both the sequence
composition of the loop and the closing base pair (§36)2
Previously, we carried out experiments directed toward identify-
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loop were change#f.24

It has also been observed in both DNA and RNA that for
certain hairpin loop sequences a CG closing base pair provides
much greater thermodynamic stabilithAGz;° = 2—3 kcal/
mol) than expected from standard Wats@@rick base pairing
alone®1011.19.21A |arge thermodynamic penalty is incurred for
three-carbon spacer (C3) insertion before therd of both
d(cGCAg) and d(cGCACQg) hairpin loops, with much smaller
penalties for insertion throughout the rest of the loop or in
hairpins with other closing base paftsThese data support a
stabilizing interaction between G1 of the loop and the CG
closing base pair as part of the basis for stability.

Recently, the cooperativity of d(cGCAQg) loop folding was
investigated by the use of double mutant cycles, and all
interactions were found to be nonadditive and interdependent.
These findings were consistent with loelwop and loop-
closing base pair interactions forming in a highly cooperative
manner?®> When the double mutant cycles were repeated in the
absence of the other interaction, nonaddivity was significantly
reducec?® consistent with indirect coupling and a concerted
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folding of the loop?® Since many DNA and RNA loops appear “correction” of as: BAGa = AGa + das. Oas Was calculated according
to be expansions of stable tri- and tetraloép¥;28an important ~ to the following two equivalent equations,
question is whether expansion of the loop affects the energetics
and cooperativity of folding. Herein the nature of leelpop Opp = AG3, (Mg + AG5"(Myy) — [AG5"(Myg) + AG57°(Mgy)]
and loop-closing base pair interactions in thé-eékpanded (1a)
d(cGNABg) loops is pr(_)bed by examining_the sta_bility and Opp = AGag — [AG, + AGg] (1b)
NMR spectra of nucleotide analogue substituted oligonucleo-
tides. We find that 3expanded loops, like their parent loops, Equation 1b emphasizes the point thag is the nonadditivity of the
fold in a highly cooperative manner. two single mutations. A negative value kg reflects deletion of the
first interaction weakening the second interaction and signifies positive
coupling between the functional groufysA positive value fordag,

Preparation of DNA. Synthesis, deblocking, desalting, and dialysis ©n the other hand, reflects deletion of the first interaction strengthening
were as describef.DNA oligonucleotides were either from IDT, the ~ the second interaction and signifies negative couplingd4 of 0
Nucleic Acids Facility at the Pennsylvania State University, or the Supports no coupling. A double mutant is considered “completely
HHMI-Keck Facility at Yale University using reagents from Glen nonadditive” ifo s equals the smaller 6fAG, or —AGs, which causes
Research. Electrospray ionization mass spectrometry and gel electro->AGa 0r *AGg to approach zero; note that this definition is more general
phoresis was used to confirm the molecular weight and sizes of than that previously usedlsince functional groups A and B may have
representative oligonucleotides. All DNA had the general sequence 5 different maximal contributions to stability if they affect different
d(ggaXLiLsLslX'tcc), where X and Xare complementary nucleotides ~ Interactions.
forming the closing base pair and “L” indicates a loop nucleotide. Since ~ Certain double mutant cycles were repeated in the background of a
all oligonucleotides have the same three beginningg®) and ending third change elsewhere in the loop to probe whether coupling is direct
(tcc3) nucleotides, only the loop and closing base pair are provided in O indirect?® The two equations for this case are
the text.

UV Melting Experiments. UV absorbance melting profiles were 0,5 = AG5,°(Mgg) + AG5,°(My;) —

Materials and Methods

obtained in REq1 [= 10 mM sodium phosphate and 0.1 mM Na [AG;° (M) + AG5° (M) (2)
EDTA (EDTA, ethylenediaminetetraacetic acid) (pH 7.0)] at 260 and
280 nm and analyzed using nonlinear least-squares fitting with C(SAB = CAGAB - [CAGA + CAGB] (2b)

Kaleidagraph v3.5 (Synergy Software) as descridédThe equations

used in the fit assumed linear baselines and temperature-independenjynere a superscript C denotes the presence of a mutational configuration
enthalpy and entropy. Direct outputs from the fits wexil and Tw at site C. If the coupling between two sites, A and B, is direct, then
(melting temperature), from whichSandAG could be calculated using s should equafds; otherwise the coupling is indirect and requires

standard thermodynamic relationships. Melts were found to be largely 5 more concerted changeErrors were propagated as descriBed.
independent of strand concentration, consistent with the hairpin

conformation. The only exception was d(cGCICg) (I, inosine), which Results and Discussion
has a self-complementary loop; in this case the parameters differ
between 14 and 7xM but were similar between 4 and 14M.

Therefore the lowest strand concentration for which acceptable data . . o .
could be obtained (4M) was used. the identification of the DNA tetraloop hairpin motif, d(cGNA-

NMR Spectroscopy.DNA oligonucleotides for NMR spectroscopy Bg), as being unusually stabieThis motif was compared to

were synthesized, deblocked, and desalted by the manufacturer (IDT).the stable triloop, d(cGNAg), for which an NMR structure
Oligonucleotides were dialyzed as descriBe@NA concentrations ~ Showed a sheared GA between positions 1 and 3 of the?fo8p.

ranged from 240 to 57@M, and the DNA was renatured prior to the ~ We reported large thermodynamic destabilizations and changes
start of each experiment by heating to @ for 3 min and cooling on in CD spectra for d(cGNABg) sequences when the first and
benchtop for 10 min. NMR data were collected on Bruker AMX2-500 third positions of the loop were changed and proposed an
and DRX-400 spectrometers ugia 5 mmbroadband probe and ona jnteraction between the G and 2A.These results and the
DRX-600 spectrometer using a fixed-frequency triple-resonattdge ( comparison to d(cGNAg) suggested that the d(cGNABg) hairpin
1 15 i

3CA anld _N) ngbebfsh/?etscr:l)Céd'l The additivity f AG< val loop might also have a sheared GA base pair. To test this
¢ (r;aybs||so tout © luan ye es'l eg ! 'Yl'tyot 57 va UTS de- possibility directly, the G and A of d(cGCACg) were probed
or oL i allt Tycies was analyzed simiar fo previousy de by functional group substitution and by NMR spectroscopy.

scribed?>26:303lyith the wild-type (M), two single mutants (ivy and - . .
Mo1), and the double mutant () comprising the corners of a box The four most common GA pairings involving at least two

(see Figure 5A as an example). The free energy changes associateflydrogen bonds are provided in Figuré®1The GA imino

with mutations A and B araG, andAGg, respectively, and the change ~ Pairing is between the WatseiCrick faces of the G and the A
associated with both mutations 8Gxs. The free energy change  (Figure 1A); the GA N1-N7, carbonyl-amino pairing is between
associated with mutation A in the presence of B*48Ga, and that the Watson-Crick face of the G and the Hoogsteen face of the
associated with mutation B in the presence of AAGg, which are A (Figure 1B); the GA N3-amino, amino-N1 pairing is between
given along the other two edges of the box. The magnitude of the the minor groove face of the G and the Wats@rick face of
nonadditive effect between mutations A anddRg, is a coupling free the A (Figure 1C); and the GA sheared pairing is between the
energy that is derived from the notion thBAGa is AGa with a minor groove face of the G and the Hoogsteen face of the A
(Figure 1D). To distinguish between these possibilities, the

Thermodynamic Effects of Nucleotide Analogue Substitu-
tions. Previously, we carried out selection studies that led to

(26) Di Cera, EChem. Re. 1998 98, 1563-1592.
(27) Abramovitz, D. L.; Pyle, A. M.J. Mol. Biol. 1997, 266, 493-506.
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So0c.2003 125, 2390-2391. (33) Tinoco, I., Jr. InThe RNA WorldGesteland, R. F., Atkins, J. F., Eds.;
(30) Horovitz, A.; Fersht, A. RJ. Mol. Biol. 199Q 214 613-617. Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, 1993; pp
(31) Klostermeier, D.; Millar, D. PBiochemistry2002 41, 14095-14102. 603—-607.
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Figure 1. Possible GA base paif8.(A) GA imino; (B) GA N1-N7, carbonyl-amino; (C) GA N3-amino, amino-N1; and (D) GA sheared. Also shown in

panel D areAAG°37 values for substitutions with purine derivatives for d(cGCACQg) (bold font) and d(cGCAg) (normal font) (see Table 1); the functional
group substitutions are also provided. Substitutions with pyrimidines were also performed. Hydrogen bonds 1 and 2 (dashed lines) are shown, as are tw
potential interactions, 3 and 4 (dotted lines), from the major groove face of the G to the CG closing base pair of the stem, which lies below based on the
structure of d(cGCAg}? Dashed lines are not used for interactions 3 and 4 because it is not known if they involve hydroge# bonds.
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Figure 2. Nucleotide analogues used in this study. (A) Guanosine and analogues used to replace it and (B) adenosine and analogues used to replace it.
Boxes represent areas of change between the natural base and the analogue.

functional groups were substituted with various nucleotide each of the four possible pairings (Figure +B), consistent
analogues and the effects on stability were determined. with the destabilizing effect. The substitution of 7dG (7-
The nucleotide analogues used and representative UV meltsdeazaguanosine) at position 1 of the loop,7d@ACg), did
are provided in Figures 2 and 3. In some cases one functionalnot give a significant thermodynamic penaltyAGz,* = 0.22
group was exchanged for another, while in other cases it waskcal/mol and ATy = —0.0 °C) (Figure 3), which is also
possible to delete a functional group altogether, which lessensconsistent with all four pairing possibilities and with values for
the possibility of creating new, compensating interactions. 7dG substitution in the steft.3* Addition of an amino group
Substituting purine (Pur) at position 3 in the loop, d(d@&@Cg), to C2 of A, d(cGMAPCg) (DAP, 2,6-diaminopurine) did not
destabilized the hairpin with AAG37° of 1.09 kcal/mol and have a large effect eitheAAGsz° = 0.31 kcal/mol andATy
ATy of —7.3 °C (Table 1). This substitution eliminates the
6-amino group of A and would disrupt hydrogen bonding in (34) Burkard, M. E.; Turner, D. HBiochemistry200Q 39, 11748-11762.
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L L B e B B steric clash (Figure 1A); additional data below are also
* d(cGCACg) 1t inconsistent with the imino pairing.
£ : 35253%%9) ._.-‘ l_x'"‘x: Next, we describe substitutions that provide discrimination
s L among the GA pairing possibilities. Substitution of the loop G
& 095 I & 4 b with I, d(c| CACg) gave a large energetic penalty withAGs;°
8 s ‘::' of 1.47 kcal/mol andATy of —11.7 °C (Figure 3, Table 1).
8 - Effects of this substitution, which eliminates the 2-amino group
2 _-' = of G, support pairings C and D but not pairings A and B (Figure
g . ‘t:-' 1). To distinguish between pairings C and D, 7-deazaadenosine
% 09 L 'AA.‘:.-" h (7dA) was substituted for the loop A, d(c@EGACQ). This
£ i et o change had a large destabilizing effeat\Gs;° of 1.33 kcal/
=4 s * mol andATy of —8.5°C), supporting pairing D with a sheared
o> GA but not pairing C. For comparison, substitution of 7dA for
an A in the stem gives a much smaller destabilization, with a
085 MLl e e L AAGs7° of 0.50 kcal/mol and a\Ty of —2.6 °C.25

20 30 40 50 60 70 80 90
Temperature (°C)

Figure 3. Representative UV melting curves. Melts were carried out as
described in the Materials and Methods section. d(cGCA@®j)was the
reference sequence used in these studiesCA(€g) @) was destabilized,
with a AAGz7° of 1.47 kcal/mol and\Ty of —11.7°C. d(c7dGCACQ) (a)

was essentially unchanged in stability, withA\G3z7° of 0.22 kcal/mol
andATw of —0.0°C. Absorbance values were normalized by dividing each
trace by its maximum absorbance value.

= —1.3°C), consistent with all four pairings except perhaps
the GA imino pairing where the amino of G might present a

G1 of the loop was further probed by substitution with DAP
and 2AP (2-aminopurine), which were destabilizing with
AAG37° values of 1.16 and 0.94 kcal/mol, respectively, &g
values of—8.4 °C. For comparison, similar values were found
for the d(cGCAQ) triloop (see below), and the imino proton
and carbonyl of the G of a sheared GA base pair provide similar
energetic contributions in an RNA hairpin loép.

Similar functional group substitutions have been made
throughout the d(cGCAg) triloop (Figure 1D). In general, the
thermodynamic consequences of functional group substitutions

Table 1. Thermodynamic Parameters for Folding of Single, Double, and Triple Mutants in the d(cGCACg) and d(cGCAg) Hairpins?d

AH® AS® AG°3Pe Tu AGy—d
(kcal mol™t) (cal mol~tK™Y) (kcal mol—Y) (°C) (kcal mol™Y)
GCAC Loop Modifications

GCACef —33.9+ 0.6 —99.6+ 2.2 —2.97+0.09 67.0+ 1.6

ICAC! —26.9+0.9 —82.0+ 2.8 —1.50+ 0.05 55.3£ 0.5 1.47+0.10
DAPCAC —27.9+0.8 —84.1+ 25 —1.81+0.06 58.6+ 0.3 1.16+0.11
2APCAC —31.2+ 0.6 —943+ 1.8 —2.03+0.04 58.6+ 0.4 0.94+ 0.10
7dGCAC —-31.2+1.1 —91.6+ 3.4 —2.75+ 0.06 67.0+ 0.5 0.22+0.11
GC7dAC —25.3+19 —76.3+6.0 —1.64+0.11 58.5+ 1.0 1.33+0.14
GCPurC —275+1.2 —82.7+ 3.8 —1.88+ 0.07 59.7+ 1.6 1.09+0.11
GCDAPC —31.4+16 —92.6+ 4.6 —2.66+ 0.13 65.7+ 0.2 0.31+ 0.16
GCIC —30.5+1.8 —92.1+ 5.6 —1.94+0.13 58.1+ 1.1 1.03+0.16
IC7dAC —24.2+29 —72.9+ 8.8 —1.60+0.17 59.0+ 1.4 1.37+0.19
ICIC —30.1+0.9 —91.9+ 2.6 —1.60+0.13 54.4+ 1.3 1.37+0.16

GCA Loop Madifications

GCAsf —31.7+14 —90.7+ 4.1 —3.60+0.14 76.8+ 0.5

ICAf —28.8+1.3 —86.6+ 4.0 —1.95+0.05 59.6+ 0.9 1.65+0.15
2APCAf —32.6+ 1.6 —95.9+ 4.7 —2.81+0.15 66.3+ 0.8 0.79+£0.21
7dGCAf —27.0+3.3 —75.6+9.6 —3.55+0.32 84.2+ 3.3 0.05+ 0.32
GC7dA —26.5+ 2.6 —=79.7+7.9 —1.78+0.13 59.4+ 0.9 1.82+0.19
Galf —28.8+0.9 —85.5+ 2.9 —2.25+0.11 63.3: 1.3 1.35+0.18
GCACT —34.7+1.1 —99.6+ 3.2 —3.81+0.09 75.3: 0.5 —0.21+0.17
GCAC' —33.9+ 0.6 —99.6+ 2.2 —2.97+0.09 67.0+ 1.6 0.63+ 0.17
gGCAcf —14.4+24 —445+7.6 —0.63+0.38 51.3+- 8.9 2.97+0.40
ICIf —26.2+ 0.6 —79.4+ 1.8 —1.53+0.05 56.3+ 0.9 2.07£0.15
ICAC3 —33.5+3.1 —100.7+£ 9.8 —2.31+ 0.07 60.1+ 1.9 1.29+0.16
Galc3f —31.9+15 —95.7+ 4.6 —2.24+0.10 60.4+ 1.2 1.36+0.17
GClC —30.5+1.8 —92.1+ 5.6 —1.94+0.13 58.1+ 1.1 1.66+0.19
ICACS —26.9+0.9 —82.0+ 2.8 —1.50+ 0.05 55.3: 0.5 2.10+£0.15
gGClc —24.1+54 —75.7+17.6 —0.61+ 0.09 455+ 2.5 2.99+ 0.17
g ICAc —27.6+55 —87.3+17.7 —0.56+ 0.5 435+1.1 3.04+£0.15
ICIC —30.1+0.9 —91.9+ 2.6 —1.60+0.13 54.4+ 1.3 2.00+£0.19
ICIC3 —30.4+ 1.6 —91.7+ 5.0 —1.98+ 0.07 58.6+ 0.9 1.62+0.16
glClc —24.0+7.0 —76.7+22.3 —0.18+ 0.18 39.2+-1.8 3.42+0.23

a All sequences are DNA and are for loops that have a CG closing base pair unless otherwise indicated. These hairpin loops conform to the d(cGNABQ)
or d(cGNAg) motifs?32 b Errors are the standard deviations from three or more measurements and were propagated by standard Aretxtds.
significant figure is provided to avoid round-off error in subsequent calculatfof&, is the free energy change associated with mutatioh@equences
in bold type are the reference for the sequences below. Some oligonucleotides appear more than once in the table, since they have multiple reference
sequences. Sequences are listed in order of position then most penalizing change and grouped by single, double, and triplé Tingtatiodgnamic
parameters from previous studi@€425but are provided here to facilitate comparisons and analysis of thermodynamic cubes.
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Figure 4. Exchangeable proton NMR spectra{®5 ppm) in 10 mM phosphate and 0.1 mM J&®TA buffer, pH 7. Sequence and numbering for the
full-length hairpins are provided. Numbering of the stem in the triloop hairpin is based on the tetraloop hairpin. (A) Spectra of d(cGCATg)MaaR40

1, 5, 10, and 15C. (B) Spectra of d(cGCAQ) at 28oM at 1, 5, 10, and 15C. Assignments were made as described in the text. The assignments of G2
and G9 were ambiguous and so are indicated withy'G

in the triloop and tetraloop hairpins are quite similar. For shown to contain a sheared GA base paf Data on the
example, the G to 7dG substitution gave a small destabilization thermodynamic consequences of functional group substitutions
of AG37° = 0.05 kcal/mol, similar to the effect of 0.22 kcal/  strongly supported a sheared GA pair in the d(cGNABgQ) loops
mol in the tetraloop. The G to | substitution was very as well (previous section). To provide further support for the
destabilizing with aBAAG37° of 1.65 kcal/mol, similar to 1.47  sheared GA pair in the tetraloops, NMR experiments of several
kcal/mol. The A to 7dA substitution was also significantly d(cGNABg) loops were conducted. Initiall§XP NMR spectra
destabilizing with aAAG37° of 1.82 kcal/mol and a\Ty of were collected on d(cGCATg) and d(cGCAQ) hairpins (data not
—17.4 °C, compared to 1.33 kcal/mol an€8.5 °C in the shown). After accounting for the resonance from phosphate
tetraloop. Also, the 7dA effects are in agreement with values buffer, the expected 11 resonances for d(cGCATg) and 10
reported for d(cGAAgF? 2AP substitution at the first position  resonances for d(cGCAg) were observed. These resonances were
of the loop, d(@APCAQ), was destabilizing by 0.79 kcal/mol,  sharp and lacked the complication of additional resonances that
similar to the value of 0.94 kcal/mol in the tetraloop. In  might come from a population of duplex conformation, con-
summary, the patterns afAGz7° effects for the triloop and  sistent with these sequences exclusively adopting the hairpin
tetraloop hairpins are highly similar supporting sheared GA conformation.

pairings in both loops. o Next, 'H NMR was performed on d(cGCATQ), d(cGCACQ),
NMR Characterization of the Hairpin Loop. NMR struc- and d(cGCAg) loops to observe exchangeable protons. The
tures of several d(cGNAQg) hairpins have been determined and,ymper of peaks and their chemical shifts were virtually
identical between d(cGCATg) and d(cGCAg) (Figure 4),
consistent with the formation of hairpins with a sheared GA

(35) Santalucia, J., Jr.; Kierzek, R.; Turner, D. $tiencel992 256, 217—
219.
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Table 2. Free Energy Parameters and 6 Values for Double Mutant Cycles in the d(cGCACg) Hairpin?
AGpg
interaction AG® AGg? AGpg® (if additive)’ Oab
probed® (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) Oar? (kcal/mol)
Probing Sheared GA in d(GCAC)

IC7dAC 2 1.474+0.10 1.33+:0.14 1.37+0.19 2.80+ 0.15 red. —-1.44+0.2
ICIC 2,1 1.47+0.10 1.03+0.16 1.37£0.16 2.50+ 0.17 012 —-1.1+0.2
Thermodynamic Box A
GClC 1, Cexp 1.35+0.18 0.63+0.17 1.66+ 0.19 1.98+ 0.20 d1c —0.3+0.2
ICAC 2,Cexp 1.65+ 0.15 0.63+ 0.17 2.10£0.15 2.28+0.17 O2c —0.2+0.2
IClI 2,1 1.65+ 0.15 1.35+0.18 2.07£0.15 3.00+ 0.18 012 —-0.9+0.2
Thermodynamic Box B
GCIC3 1,C3exp 1.35:0.18 —0.21+0.17 1.36+0.17 1.144+0.20 O1c3 0.2+0.2
ICAC3 2,C3exp 1.65t 0.15 —0.21+0.17 1.29+ 0.16 1.44+0.17 d2c3 —-0.2+0.2
Thermodynamic Box C
gGClc 1,3 1.35+£ 0.18 2.97+ 0.40 2.99+ 0.17 4.32+0.42 O1chp —-1.3+04
gICAc 2,3 1.65+ 0.15 2.97+ 0.40 3.04+ 0.15 4.62+ 0.41 O2chp —-1.6+04

CAGABh
interaction CAGH" CAGg" CAGpg" (if additive) a0
probed (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) Oap” (kcal/mol)
ICIC 1, C expin 2 bkg 0.42 0.07 0.45+ 0.07 0.35+ 0.14 0.87+ 0.09 201c —-0.5+0.2
2,Cexpin1bkg 0.7 0.12 0.31+ 0.17 0.65+ 0.17 1.03+0.18 192¢ —-0.4+0.2
2,1in C exp bkg 142 0.10 1.03£ 0.16 1.37+0.16 2.50+ 0.17 Co12 —-1.14+0.2
ICIC3 1, C3 expin 2 bkg 0.4 0.07 —0.36+ 0.09 —0.03+ 0.09 0.06+ 0.10 201c3 —-0.1+0.1
2,C3expin 1 bkg 0.720.12 0.01+ 0.15 0.27£0.13 0.73+0.16 192c3 —-0.5+0.2
2,1in C3 exp bkg 1.5&0.11 1.57+0.13 1.83+0.11 3.07+0.15 C3H12 —-1.2+0.2
giClc 1, 3in 2 bkg 0.42+ 0.07 1.39+ 0.07 1.77+0.19 1.81+ 0.09 201chp —0.1+0.2
2,3in1bkg 0.72£ 0.12 1.64+0.14 2.07+£0.21 2.36+ 0.15 T02cbp —-0.3+£0.2
2,1in 3 bkg 0.0 0.38 0.02+ 0.39 0.45+ 0.42 0.09+ 0.39 cbpg 5 0.4+04

a All sequences are DNA and are for loops that have a CG closing base pair unless otherwise spéltifardction probed” refers to the interactions
shown in Figure 1D for the sheared GA conformation. “C exp” and “C3 exp” refer to expansion of the loop aetitel®/ cytidine and a 3-carbon spacer,
respectively. Interactions 3 and 4 are represented by 3 for simplific&t@a values are the free energy changes associated with the single modification
that breaks the first of the “interactions probed” listéchGg values are the free energy changes associated with the single modification that breaks the
second of the “interactions probed” list€dAGag values are the free energy changes associated with both modifications in a single oligonudlvafisges
are the sum oAGa andAGg. 9 ¢ values were calculated as the difference betweens columns 5 and 6, and errors were propagated from eq la. “Red.” refers
to redundant modifications that affect the same interaction. In all other cases, the two interactions, and any background interaction, abe"yBigrefscript
“c” refers to quantities measured in the background of a third change.

base pair. Four resonances were located in the WaiSoiok these data led us to assign the 10.6 ppm resonance to the sheared
hydrogen bonded imino region (324 ppm), with one to two GA base pair. It should be noted that the behavior of this
imino resonances shifted upfield to between 10 and 11 ppm. resonance is inconsistent with findings for the imino proton of
The T10 resonance was near 13.5 ppm in both hairpins, asa GA imino base pair (Figure 1A), which is sharp and typically
expected for a WatserCrick AT base pait® and was confirmed  resonates near 12 ppthas well as expectations for a GA N1
by NOEs to both G2 and G9 (data not shown). The cluster of N7, carbonyl-amino base pair (Figure 1B). The additional
three resonances between 12 and 13 ppm is consistent with theesonance at10.9 ppm in the tetraloop spectrum was identified
expected chemical shifts for the three Gs in Wats@nick GC as T8 (Figure 4A) due to its absence from the triloop spectrum.
base pairs® The center peak in this cluster of Gs broadened The T8 resonance in d(cGCATg) was very broad and broadened
with temperature between 1 and 16 (Figure 4), consistent  further with temperature until it was absent by 16. This
with fraying and assignment as the terminal base fi&ftThe observation is also consistent with the fourth base of the
two other Gs were confirmed as G2 and G9 by both having an d(cGNABg) tetraloop being accessible to exchange with sol-
NOE to T10 but not to each other (data not shown). The imino ven#? and supports the notion that the d(cGNABg) loop is a
protons of G1 and G5 were not visible in the NOE experiment d(cGNAg) triloop with the extra base extruded into solutida
prohibiting further assignment of G2 and G9; however this was proton NMR on d(cGCACqg) was also carried out and revealed
not crucial to this study. an imino spectrum identical to that of d(cGNAg), including
The resonance at10.6 ppm in both the triloop and tetraloops  absence of the 10.9 ppm resonance (data not shown). These
broadened further with temperature between 1 and°@5  data support d(cGCACg), which is the reference d(cGNABg)
consistent with absence of protection from chemical exch&hge. sequence in the thermodynamic cycles described below, having
Similar behavior has been reported for sheared GA base pairsthe same fold as d(cGCATg), as well as assignment of T8.
in RNA duplexes’® Moreover, the imino proton in a sheared In summary, thermodynamic analyses of functional group

GA in a DNA duplex resonates at10.5 ppnti®#t Together, g hetituted oligonucleotides and NMR data together support the
d(cGNABg) hairpin loops having a similar structure to d(cG-
NAg) with a sheared GA base pair and the “B” position extruded

(36) Schroeder, S. J.; Turner, D. Biochemistry200Q 39, 9257-9274.

(37) Gueron, M.; Kochoyan, M.; Leroy, J. INature 1987 328 89—92.

(38) Wu, M.; SantaLucia, J., Jr.; Turner, D. Biochemistryl997, 36, 4449-
4460.

(39) Santalucia, J., Jr.; Turner, D. Biochemistryl993 32, 12612-12623.

(40) Chou, S. H.; Cheng, J. W.; Reid, B. R.Mol. Biol. 1992 228 138-155.

(41) Chou, S. H.; Cheng, J. W.; Fedoroff, O. Y.; Chuprina, V. P.; Reid, B. R.
J. Am. Chem. S0d.992 114, 3114-3115.
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Moody and Bevilacqua

A AAG (=AGG + O ,p) "

Mg
o } / [BL*‘GA[:L\G}\*— Bpg)

My —————————— Mo+

AGg

B
-0.10 (=1.33-1.43)
ICAC (-1.60——————> IC7dAC (-1.60)

4 37

1.47 0.04 (=1.47-1.43)

GCAC '{-2.97)T> GC7dAC (-1.64)

Figure 5. Thermodynamic boxes for double mutant cycles. (A) Cycle
showing thermodynamic relationship between mutants A and@ishe
wild-type, Myg is the single mutant A, M is the single mutant B, and M

is the double mutani\G, is the free energy change associated with mutation
A, andBAG, is the free energy change for mutation A in the background
of mutation B.dap (in red) represents the nonadditive free energy of
combining the two mutation®.ag was calculated according to eq 1b. Note
also thatBAGs = AGa + dap. (B) Example for the double mutant
d(cC7dACg). Experimentally measurefiGs;° values are at the corners of
the box (Table 1)dap (red) for this cycle is-=1.43+ 0.20 kcal/mol (Table

2).

into solution. Double mutant cycles on d(cGNABg) loops
(described below) further strengthen this conclusion.

Effects of Loop Expansion on Energetics and Co-
operativity. Comparison between d(cGCACg) and d(cGCAQ)
reveals that the'3xpanded loop is less stable bAAGz7° of

changes for these two sequences suggests that the expanded
sequence is less stable for entropic reasesTAS of 2.8 kcal/

mol); in fact, theAH for d(cGCACg) is slightly more favorable

than that for d(cGCAg)AAH of —2.2 kcal/mol). Apparently

the extra nucleotide, which is extruded into solution, incurs a
significant loss in entropy without a complete enthalpic com-
pensation.

To test for cooperativity of the interactions within the loop,
double mutants were constructed and analyzed. The first double
mutant, d(¢C7dACg), tests the presence of hydrogen bond 2
in the sheared GA of a d(cGNABg) loop (Figure 1D). The
double substitution had a destabilizing effecthafG37° = 1.37
kcal/mol (Table 2), similar to the effect of each of the single
modifications, which had\AGs;° values of 1.47 (G to I) and
1.33 (A to 7dA) kcal/mol. These data result injaof —1.4 +
0.2 kcal/mol and complete nonadditivity (Figure 5B). Complete
nonadditivity strongly supports these changes affecting the same
hydrogen bond and, therefore, further supports the sheared GA
pairing in a d(cGNABQ) loop (Figure 1D). The same double
analogue substitution in the triloop had a very simdavalue
of —1.8 & 0.2 kcal/mol®

Double mutant cycles were repeated in the background of a
change at a third site, either expansion of ther8l of the loop
or modification of the closing base pair. These experiments can
be represented on a thermodynamic cube (Figure 6) with the
wild-type, three single mutants, three double mutants, and the

0.6 kcal/mol (Table 1). Examination of the enthalpy and entropy triple mutant at the vertexes. The first triple mutant cube

A

GCIC (-1.94) 0.34 ICIC (-1.60)

B GCI(C3) (-2.24) 0.26 ICI(C3) (-1.98)

1
3 o
S5 ' s
GCl (-2.2 ICl (-1.53) 1 072 ICI(-1.53)
1
=) ! 2
E 2 ©
g ' g
1B | S w0 : S
4 [y
| ecac2epn __1-47 JICAC (-1.50) ~| GcacayaerL _ _1.50] _ _ ICAC3) (-2.31)
’ t4d
Q;b 4 Q?:\l ‘
oL o 34 o
. oY . D
GCA (-3.60) 1.65 |CA(-1.95) GCA (-3.60) 1.65 ICA (-1.95)
C gGClc (-0.61) 0.43 gIClc (-0.18)
o
R
cGCl cIClg (-1.53)
]
3]
b5
o
<
o
w0
@
- 0.07 | _ gICAc|(-0.56)
>
\‘.5
cGCAg(-3.60) 165  cICAg (-1.95)

Figure 6. Thermodynamic cubes for triple mutant cycles. (A) Cycle fol@(€g), (B) cycle for d(¢Cl C3g), and (C) cycle for dfIClc). Experimentally
measured\Gz;° values are at the vertexes of the cube, and the free energy change associated with a mutation is given alond ealeziyare provided

in Table 2. Closing base pair is shown explicitly for panel C only.
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explores the consequences of expanding the d(cGCAg) loop bypair. A similar effect was found when the loeplosing base

adding a cytidine at the' 2nd, d(cGCACQ). Théic anddz2c pair interaction was disrupted with C3 spacers or ZABince

values are—0.3 £ 0.2 and—0.2 + 0.2, respectively, where  d1cop and docnp are approximately equal toe AG; and —AGy,

“C” denotes 3-expansion of the loop with a cytidine (Table 2). the closing base pair and loop interaction 1 (and 2) are

These values are small indicating that the energetics of hydrogencompletely nonadditive; this is also seen in tHeAG; ~ CPPAG,

bonds 1 and 2 are not significantly affected by expansion of ~ 0. Likewise, loop-loop coupling is close to zero in the

the loop and that the loop is not significantly coupled to 3  background of the GC closing base p&id» ~ 0.4 & 0.4,

expansion. Probing;, in the background of the d(cGNABg)  which differs significantly from thé;, of —0.9+ 0.2. Together,

loop, €512, gives a large coupling free energy ofl.1 & 0.2, these data indicate that loejpop coupling is indirect and

which is the same within error as thi, in the wild-type requires a CG base pair to be optimal.

background,—0.9 + 0.2. These comparisons support the

expanded d(cGNABQ) loop motif having similar energetics and Conclusions

cooperativity as the parent d(cGNAg) loop. . . .
Previous studies have shown that adding one C3 spacer at, The d(cGNAg) mOt_'f IS stablllze_d _by two I_oepisg)op mu_arac-

the 3 end of the triloop has little effect on stability The effects tions and a I_oopclosmg base pair m_teractlc?ﬁv. Functional

of C3 insertion on the cooperativity of loefoop interactions group substitution and NMR e.xpenment's supported the 3

were therefore studied in d(cGG23g). Similar to observations expanded d(CGNABg) loop having essentially the same struc-

for d(cGCACG), values ob1czanddzcsfor d(cGCAC3g) were tqre, with the “B” position extruded ipto.s_olution. Double and
small at 0.2+ 0.2 and—0.2+ 0.2, respectively. This indicates ~ UiPle mutant cycles showed no significant effect of loop
that expansion of the loop with either a natural base or a three €XPansion on looploop cooperativity. In contrast, closing base
carbon spacer has little thermodynamic consequence on loopPa" changes reveal_eq that a CG closing base pair is critical to
stability. This is also evidenced by thé:, term in the Ioop_—loop coop(_aratlvn)_/. Together, these data support tht_—} CG
background of the C3 expansioféd, = —1.2 + 0.2, which closing base pair forming an essential platform upon which a
exhibits a large degree of nonadditivity, essentially identical to StaPle and expandable loop can be assembled. Many RNA and
the 01, values for the cytidine-expanded and parent triloops. PNA hairpin loops found in nature appear to be expansions of

Last, it can be noted that all of the coupling free energy terms SMaller, unusually stable loops?"2°The results of the present
between expansion and a loop interaction remain close to zeroStudy suggest that such loops may retain not only structural
in the background of a change in the configuration at the other charactens_n_c; of th_e parent loop l:_)ut also energetic features such
loop interaction (Table 2). This observation is also consistent @ nhenadditivity. Similar energetics may occur because local
with the notion that 3expansion of the loop has no appreciable interactions, in particular stacking, are exceptionally strong.
effect on loop energetics.

Effects of Closing Base Pair on Energetics and Co-
operativity. The third thermodynamic cube provides the
coupling free energy of looploop interactions in the presence
of a GC closing base pair (Figure 6C). As revealeddy,
anddacpp of —1.3+ 0.5 and—1.6 & 0.4, respectively, there is
a very large coupling between the loop and the closing base JA048368+
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