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ABSTRACT. DNA duplexes are stabilized by aminopropynyl modification of pyrimidines at the 5 position.

A combination of thermodynamic analyses as a function of ionic strength, NMR, and molecular modeling
has been applied to determine the origin of the stabilization. UV melting studies of a dodecamer bearing
one, two, or three nonadjacent modified dU and dC and of a single dU(8) in the Dickddsew
dodecamer revealed that the modifications are essentially additive in teffrs A6, andAH, and there

is little difference between dU and dC. The free energy change was parsed into electrostatic and
nonelectrostatic components, which showed a significant contribution from charge interactions at
physiological ionic strength but also a nonelectrostatic contribution that arises in part from hydration.
NMR spectroscopy of the modified DickerseBrew dodecamer revealed that the conformation of the
duplexes is not significantly altered by the modifications, thot#iNMR shows that the positive charge

may affect ionic interactions with the oxygen atoms of the neighboring phosphates. The modified duplex
showed significant hydration in both major and minor grooves. The single strands were also analyzed by
NMR, which showed evidence of significant stacking interactions in the modified oligonucleotide. Parsing
the energy contribution has shown that electrostatics and hydration can produce substantial increases in
thermodynamic stability without significant changes in the conformation of the duplex state. These
considerations have significance for the design of oligonucleotides used for hybridization.

Chemical modification of nucleic acids is an area of to have a strong stabilizing effect on DNRNA hybrids @—
intense interest both as a means to understanding the origing) and on DNA triple helices§—12). Additional function-
of stability of nucleic acids and for biotechnological purposes alization of the propyne group leads to further stabilization.
in improving the thermodynamic and biochemical properties For example, the aminopropynyl group clearly increases the
of oligonucleotides that may be used therapeuticdl\2J. stability of duplexes and triplexes significantly, presumably

There are many possibilities for chemically modifying by additional electrostatic interaction8, (L2). However, a
nucleic acids without disrupting the specific base pairing, detailed parsing of the free energy of stabilization of nucleic
including sites on the bases, on the sugars, or on theacids bearing such modifications has not been reported, so
phosphates. Ideally, it is desirable to change physical the true origins of the effect remain speculative. To optimize
properties such as enhanced thermodynamic stability, main-future synthetic efforts, we have undertaken an extensive
tain good solubility in different solvents, and decrease thermodynamic and conformational analysis of the stabiliza-
susceptibility to nucleases. We have been developing modi-tion of DNA duplexes by aminopropynyl modifications.
fications of the bases, particularly at the 5 position of  tpare are numerous possibiliies to account for the
pyrimidines, with a view to stabilizing duplexes and triple  ohsened stabilization, including effects of the modification

helices 8—7). on major groove hydration, changes in stacking energies due

One particulatrg pcrgm]ising b da_lse rq_?lt_jifihcatign is ;he to alteration of the electronic structures of the modified bases,
propyne group at the L5 of pyrimidines. This has been SNOWN g qctrostatic interactions between the charged modifications
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Ficure 1: Chemical structures of the modified nucleotides=R4, aminopropynyl; R= CHjs, dimethylaminopropynyl.

thermodynamic stability, we have also examined the influ-
ence of the modifications on the single strands.

MATERIALS AND METHODS

Materials

DNA Synthesis and Purificatioithe modified nucleotides
(Figure 1) were prepared as follows: 5-aminopropynyl-dU
was synthesized using either 2,2, 2-trifluddg{prop-2-ynyl)-
acetamide 13) or 3-phthalimido-1-propynel@, 15). Di-
methylaminopropynyl-dU was synthesized according to ref
16 using 3-(-dimethylamino)-1-propyne. Aminopropynyl-
dC was synthesized as describé&8)( The dimethylamino-

pH 7.0. The influence of ionic strength was determined by
systematically changing the concentration of NaCl in the
solution, under otherwise constant buffer conditions.

The thermodynamic parameters were determined in two
ways. First, at constant ionic strength, in the standard buffer
conditions, thel, was estimated from the maximum in the
first derivative curve, A/dT, as a function of strand
concentration. For dodecamers, the error involved in measur-
ing T, by this method is small, as verified by independent
curve-fitting methods (see below). TkdH and AS values
were then obtained by van’t Hoff analysis according to

1T, = ASAH — (RIAH) In[rs] 1)

propynyl-dC nucleoside is novel and was synthesized as

described in the Supporting Information.

All oligonucleotides were synthesized on an ABI 394 DNA
synthesizer using a standard 1.0 mmol phosphoramidite cycl

(four syntheses per oligonucleotide). Cleavage from the solid

support and deprotection were carried out using 10%
methylamine in water (2 mL) containing phenol (5 mg) for
36 h at room temperature. Products were purified by
reversed-phase HPLC [column: ABI C8 (octyl), 8 mmn
250 mm, pore size= 300 A] (buffer A, 0.1 M ammonium
acetate, pH 7.0; buffer B, 0.1 M ammonium acetate with
20% acetonitrile, pH 7.0). Gradient time in minutes (% buffer
B): 0 (0); 3 (0); 5 (20); 21 (100); 25 (100); 27 (0); 30 (0).

UV detection was at 290 nm. Mass data were obtained for

all oligonucleotides using a MALDI-TOF ThermoBioAnaly-

sis Dynamo mass spectrometer in positive ion mode using a

3-hydroxypicolinic acid/picolinic acid (4:1) matrix with 50%
agueous acetonitrile solvent.

The following strands were prepared for thermody-
namic and NMR analyses: (1) d(G1C2T3A4T5C6T7A8-
T9C10T11G12) (positions were modified at T7, F7/T9,
and T7+ T9 + T5 with either aminopropynyl- or dimethyl-
aminopropynyl-dU and separately at C6, €68C2, and C6
+ C2 + C10 with either aminopropynyl- or dimethylami-
nopropynyl-dC); (2) d(C1A2G3A4T5A6G7A8T9A10G11-
C12); (3) d(CGCGAATT*CGCG) (where T* is either
aminopropynyl- or dimethylaminopropynyl-dU).

Methods

Thermodynamics All UV melting experiments were
carried out in a Cary 400 UV/visible spectrometer with a

e

wheres is the strand concentration ands unity for self-
complementary duplexes and 0.25 for noncomplementary
duplexes.AH and AS determined by this method were in
good agreement with the values obtained by curve fitting.

AC, is implicitly assumed to be zero in eq 1. The value
of AC, per base pair has been variously estimated to be in
the range 4680 cal/(moitK) (17—22). Over a moderate
range of temperatures, the enthalpy determined from the van’t
Hoff plot (eq 1) is equivalent to the enthalpy at the middle
of the range. However, for the extended temperature range
encountered over a wide range of salt concentration, the
nonzero value oAC, may need to be considered)(

In addition, complete melting curves were analyzed using
Meltwin (23) and software written in-house, using sloping
baselines to obtain optimal agreement with the data.

()

whereep is the absorption coefficient of the dupless is
the absorption coefficient of the strandgs the total strand
concentrations is the strand concentration, and is the
difference absorption coefficient. At high salt concentration
(e.g., 1 M), the pre- and posttransition baselines are es-
sentially flat. However, at lower concentrations of salt, the
baselines have a significant slope, and therefore additional
terms are required to fit the optical data reliably.

The dissociation constant

A(260)= 0.5¢,5 + Aes

Cary Peltier temperature controller. The standard buffer was

0.1 M NaCl, 0.001 M EDTA, and 0.01 M sodium phosphate,

K=s,s;/d 3
For sn = s, the strand concentratios, is
s=0.25K + [K? + 8Ks{%?) (4)
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and concentrationd 1 M may give a less biased estimate of the
polyelectrolyte effects, and the deviation between the ex-
K(T) = K° expAH/R(L/T — 1/T%) (5) trapolated value and the observed valtig & salt may give
an indication of the importance of hydration differences
whereT is a reference temperature, e.g., e between the duplex and strand states.

All model fitting implicitly assumes a two-state melting The dissociation constant for a duplex can be written as
process. Good agreement was obtained for the two methods
of data analysis. The curve-fitting method was then used to K = (agafa)a,"ay" (7)
determine the influence of salt concentration on stability at
a fixed concentration of DNA duplex. Errors were estimated nis the number of water molecules releadeis, the number
from the nonlinear regression analysis. of counterions released on dissociatiag, as, ap, aw, and
We aim to parse the free energy and its components intoay are the activities of strands 1 and 2, the DNA duplex,
the polyelectrolyte and nonpolyelectrolyte effects by varying water, and cation, respectively. If the dissociation constant
the ionic strength. The modified bases are expected to beais measured in terms of concentrations, then the true
a net positive charge at pH 7, as th€ @f the aminopropynyl  dissociation constant
group should be>8, and this will be raised by interaction
with the negative charge of the phosphates (see below). K= KOK},\/\Fmky\,\,”y,\,lk (8)
The influence of ionic strength was assessed using the
Record formalismZ4—26). Briefly, the melting temperature ~ whereKjy is the dissociation constant in terms of concentra-
is expected to increase with increasing ionic strength becausdions andK, is the ratio of the activity coefficienty, of the
of a combination of ion condensation and ionic strength DNA duplex and strands.
effects, which is purely entropic in origin. Thus As the concentration of sodium chloride is varied, the
activity of the water and of the DNA is affected, and the
(LT )0 In(l) = (RIAH?)(N/2)[(1/Es — 1)/cd]  (6) dependence of the dissociation constant on the salt activity
is

wheregs,d = €?/ekTrs g are the condensation parameters for N N
single strands and duplex, respectively, ahid the number ~ dINK/dIn[Na’] =dInK /dIn[Na'] +

of phosphates (22 for a dodecamer duplexs.the electronic nolnwaln [Na+] +ndlny/dln [Na+] +
charge, ¢ is the dielectric permittivity k is Boltzmann’s W N
constant, and is the axial rise. For a B-DNA-coil transition, kdInyy/dIn[Na’] (9)

[(1/cs — 1)/cd] ~ 0.27 at 310 K. _ , , , oy
This provides estimates of the number of charges involved The first term on the right-hand side of eq 9 is the nonideality
in the transition, which should differ for the aminopropynyl- €ffect of salt on the DNA, the second term represents the
modified duplexes as these groups bear a positive chargedecrease in water interaction due to replacement by salt, the
This formalism was developed for long uniform polymers, third is the nonideality term from saltvater interactions,
which clearly does not apply exactly to a short DNA and the final term is the electrostatic sadfalt nonideality -
sequence. Recently, the end effects for oligonucleotides haveeffect. The effect of salt on activities of solute and salt is
been analyzed2(); for DNA duplexes of>10 bp, the  @ccounted for by the RecordManning condensation analysis
apparent number of charges is around 10% lower than for (Se€ above). The effect of salt on water activity can be
an infinite polyelectrolyte. Hence, for estimating the inclusion accounted for if the water activity as a function of salt
of positive charges into the same duplex, i.e., changes in€oncentration is known. Fortunately, this has been tabulated,
electrostatics, this formalism is adequate. It also indicates @nd the function is essentially linear up tdl M sodium
that the derived electrostatic contribution should be entirely chloride with a slope a./d[Na] = —0.049 M™. The
entropic. To the extent that the two-state transition is not fémaining uncertainty then is the number of water molecules
obeyed at low ionic strength, there may also be ionic strength t@ken up on association. In polynucleotides, approximately
effects on enthalpy changes as well as on entropy changes# Water molecules are released per base pair on unfolding
The distinction between nonelectrostatic and polyelectro- (28). Thus about 48 waters should be taken up on forming
lyte effects is easiest to makeé &M salt, where all of the  the dodecamer duplex, indicating a rather strong dependence
electrostatics effects are shielded. The valuaGfat 1 M of the free energy on water activity. This effect counteracts
salt is the nonpolyelectrolyte contribution, and the difference the stabilization of the duplex by increasing salt concentra-
between this value and that at any other ionic strength (but 1o . .
the same temperature) is the polyelectrolyte contribution at NMR Sample PreparationHPLC-purified DNA was
that ionic strength. Hence one might expect smaller differ- lyophilized for storage, then redissolved in phosphate buffer,
ences inAG at 1 M salt for the unmodified and modified PH 7, annealed from 90C, dialyzed against 0.1 M NaCl
duplexes than at lower ionic strength where the electrostatic2nd 10 mM sodium phosphate, pH 7, lyophilized, and then
contributions are relatively more important. However, it Prought to 10% BO + 0.05 mM DSS (internal reference)
should be noted that at high salt concentrations, e.g., 1 M, for NMR analysis. NMR spectra were recorded at 14.1 or
the water activity is less than 55.5 M because the ions are
solvated. Because the duplex/strand transition is associated *Abbreviations: DSS, 2;alimethylsilapentanesulfonate; HSQC,

with a change in hydration, the high salt concentration may heteronuclear single-quantum coherence; DQF-CSY, double-quantum-
' filtered correlation spectroscopy; NOE, nuclear Overhauser enhance-

also affect the equilibrium through changes in water activity ment; TOCSY, total correlation spectroscopy; GB/SA, generalized Born/
(24, 28). In this instance, extrapolation from lower salt surface area; PRCG, PolaRibier conjugate gradient.
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Ficure 2: UV melting of modified duplexes. Oligonucleotide 1 duplex. (A) van't Hoff analysis of the aminopropynyl-modified duplex

melting: @) T5, T7, T9 modified; @) C6 + C2 + C10 modified. (B) Dependence &G(310) at 0.117 M Na on the number of
modifications: ®) T5, T7, T9 modified; @) C6 + C2 + C10 modified.

18.8 T on four-channel Varian Inova spectrometers, using Table 1: Thermodynamic Parameters for Noncomplementary
an inverse triple resonance probe (HCP at 14.1 T, triaxis Duplexes at 0.117 M N&*

pfg HCN at 18.8 T). NOESY and TOCSY spectra were T
recorded in HO (11 °C), after which the samples were modifi- AH AS AGzio (2 uM)
lyophilized and redissolved inf®. NOESY spectra at two  cation (kd/mol)  [kJ/(mokK)] (kd/mol) (K)

S
o

mixing times, DQF-COSY, and natural abundance C-13 non 354+ 7 1.024+0.024  38.1+0.3 310.7
HSQC+ P-31 HSQC spectra were recorded on both samples U gggi g o iﬁi 8-2;4 f{gﬁ 8-%2 gigg
(30°C) usirg a 5 mm HCPprobe. Similar experiments were 2031 3 1151 0.009  48E 0.17 3177

carried out on the noncomplementary dodecamer strands with
and without three dU modifications. C
NMR spectra were assigned by standard approaches using C

TOCSY and NOESY experiments. Gradié#¢—H HSQC gmg

37+2.7 1.07+0.0086 42.140.13 314
380+ 2.9 1.083+0.0089 44.A0.13 316.1
384+ 3.9 1.08+0.012  48.A40.17 319.8
381.0+0.96 1.0914+0.003 42.74+0.04 314.6

: . . 360+ 1.3  1.02£0.004  43.05-0.04 315.0
and3'P—!H experiments were carried out at 14.1 Tusing a 4y 3554+ 43 101+ 0013 435-0.08 3165

5 mm HCP probe. Sugar conformations were determined dmc 397+ 4.6  1.02+0.015 42.8-0.13 316.5

using high-resolution DQF-COSY spectra and NOESY dmC 2 382.6:50 1.083t0.015 46.6-0.25 317.3

intensities for the HE-H4' NOE as previously described _dmC 3 407.8653 1.16+0.016 48.9:0.21 319.8

(29). Spectra of single- stranded dodecamers were acquired ?2Parameters were determined as described in the text. dmU and dmC

in a similar manner, but using longer mixing times in the &€ dime@hylaminopropynyl derivative; of Uand C, respectively. Errors

NOESY experiments (566800 ms). One-dimensional NMR were estimated from replicate experiments (four replicates).

spectra were recorded as a function of temperature to monitor , i , .

changes in base stacking. pargylamino models unhydrated and with a single explicit
Hydration ExperimentdVatergate NOESY and Watergate Water molecule using the above conditions.

ROESY with mixing times of 50 ms/25 ms and 40 ms/20

FPWNRWNRWNR o

ms at 5°C, respectively, were recorded at both 14.1 and RESULTS
18.8 T on the samples in 10%,0/90% HO, as previously Thermodynamic Analysis. (A) Noncomplementary Dodecam-
described 30). ers.Short oligonucleotides usually undergo essentially a two-

Molecular Modeling.The ecoR1 structure d(CGCGAAT- state melting transition that can be reliably monitored by
TCGCGY) was built using standard B-type DNA parameters hyperchromicity (UV melting) 2, 33). We have used UV
within Macromodel 7.0131). The T8 bases were modified melting to determine the thermodynamic paramefgrsAH,
to include the protonated propargylamino or the dimethyl- and AG) of melting of the noncomplementary and self-
propargylamino group and minimized using the AMBER* complementary 12-mer DNA duplexes as a function of salt
force field (1000 steps steepest descents followed by 1000concentration and the number of pyrimidine bases modified
steps PRCG conjugate gradient) with the GB/SA implicit at the 5 position. Figure 2A shows typical van't Hoff plots
water hydration approximation. The metldmine torsion of modified noncomplementary oligonucleotides. The ther-
bond was systematically driven 360 deg in 15 deg incre- modynamic parameters are summarized in Table 1.
ments, with minimization as above at each position to find  As the data show, the modifications increase the stability
the low energy positions. The hydration model with a single of the DNA duplex, with approximately a-23 K increase
water molecule bridging)or (i — 1) phosphate groups was in T, per modification atl = 0.117 M. This is further
manually added and minimized. Molecular dynamics simula- supported by the observation that the free energy change is
tions with an equilibration period of 50 ps (1.5 fs time step, a linear function of the number of modifications and that
300 K) and a production period of 1 ns were performed for the curves for U, C dimethylamino and aminopropynyl
the () and { — 1) propargylamino group and dimethylpro- modifications are essentially coincident (Figure 2B). The
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slopes of these plots indicate a free energy increment of A 70
3—3.5 kJ/mol per modification under these salt and pH
conditions. The linearity suggests that the modifications are
independent of one another, as expected given the spacing 601
between modified bases in the molecule. In a B-DNA duplex,

the amino nitrogen atoms are spaced at approximately 12 A

apart for modifications spaced iati + 2 (cf. the pdU) and 50
17 A for the pdC spacei] i + 4. As the groups are likely

to be fully solvent exposed in the major groove (see below),
the dielectric constant should be high, indicating only weak
electrostatic interactions between adjacent groups. Neverthe-
less, the pronounced increase in stability afforded by the
aminopropynyl modification requires a rationale.

The data for the dimethylaminopropynyl modification
(Table 1) show at most a slight increase in stability over the
free ammonium form. This suggests that the methyl groups 2 L L
are too far from the rest of the molecule to make any direct 0.01 0.1 1
interactions, either with neighboring bases or with one a /M
another (and see below).

The data in Table 1 also indicate that the modifications B s ————
increase the enthalpy difference between the duplex and
strand states. The precisionA&H is estimated to be around
5%, so the differences are somewhat marginal. However, if 701 .
we assume that the U and C modifications are essentially !
equal, then on average each modification adds about 12.5
kJmol~1-mod. Thus, the energy terms can be approximated
by the equations (all in kilojoules):

AG/KJ mol

40|

s0l- . .

AG(310)= 38.5+ 0.4+ (3.24 0.2) nmod 50| ]

AG(310)KJ mol™

AH = 355+ 12.5+ (12.5+ 4) nmod

a0l .

AS=1.02+ 0.04+ (0.029-+ 0.008) nmod  (10)

where nmod is the number of modifications (O, ..., 3).

To assess the electrostatic contribution to the duplex
stability, and the influence of the charged modifications, we
carried out UV melting studies at a fixed DNA concentration,
as a function of total sodium concentration ogdtM where zl(iiL\J/?tE 311_he|3$rl;2ng§enfe Céfh;]eee ?Qiirsgoyciino?j)swgisagg{::u?gtesaagt
che po'éeli]dmlyiﬁ effeqtst_ are aieésgfélallytr?tljenchéﬁi( 310 Kyas described irygt]r):e text.g (A) Noncomplementary duplexes:

igureé 5 shows the variation ( . ) i _n(ai). . (©) unmodified; @) aminopropynyl-T7; #) aminopropynyl-T7,T9;
low ionic strength, the free energy difference is essentially (m) aminopropynyl-T5,T7,T9. The lines represent the initial slopes
linear in In@.) but tails off at high ionic strength. Thus, salt 9 AG(310)6 In a. (B) Complementary duplexes®j native; @)

stabilizes the duplex, as expected from ion condensationaminopropynyl-T7 M); dimethylaminopropynyl-T7.
theory, but at high salt concentrations, additional effects that
oppose the influence of the salt come into play. The slope Table 2: Salt-Dependent Data for Noncomplementary Duplexes

30 P e
0.01 0.1 1
a /M
Na

of the line at low salt concentrations should k@ld In(a..) no. of 39 AG(310)/ AG(310, 1 M) (kJ/mol)

= —RT(N/2)AZ, whereN is the number of phosphate groups  modifications 9 In a. (kJ/mol) calcd obsd  Napp
andA({ is the charge condensation parameter. If we assume 0 7.49 573 50.5 20.6
structures appropriate for B-DNA and a random cAif, is 1u 7.15 59.9 51.2 19.7
about 0.27 at 310 K. Table 2 summarizes the slopes and 2U 7.32 62.2 52.7 20.2
apparent number of phosphates. In addition, the extrapolated i’g ;'gg gg'g gig ;g";
value ofAG(310) & 1 M ion activity is given and compared 2C 736 62.3 53.2 204
with the observed values. The valuesNfin Table 2 are 3C 6.86 65.5 57.1 18.9

generally close to the value expected for a pure B-DNA-
coil transition, as there are 22 phosphates in a dodecamertherefore influence the condensation properties. Because the
This indicates that despite the possible influence of end N values decrease less than a full charge, this implies that
effects £7), the Recore-Manning theory 24, 34) reasonably either the conformation of the modified duplexes and/or

well accounts for the polyelectrolyte effects in these duplexes. strand states are affected by the modifications or that the
There is a general trend toward decreasing slope andcharges interact in both states, albeit to different extents. The
thereforeN value as the number of modifications increases. latter interpretation seems the more likely and suggests that
This indicates that the positive charges on the modified baseselectrostatics play some role in the stabilization by the

interact differently in the duplex and strand states and charged aminopropynyl groups. This suggests that the amino
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group is fully charged at neutral pH and explains why the Tapje 3 Thermodynamics of the ecoR1 Duplex at 0.117 M lonic
dimethyl modification has no additional stabilizing effect. strengtd

At 1 M salt, the polyelectrolyte effects are quenched, so AH AS AGoo  Tm(2aM)
that the free energy _d|ﬁerence represents all of_the nonp(_)ly- modification  (kd/mol) [kJ/(mokK)]  (kd/mol) (K)
electrolyte contributions to the stability. The difference in

" 380+ 19 1.05+0.07 535+1 327
the AG(1 M) values between the modified duplexes and 17 amino 380+ 19 1.034+ 008 58.9+1.5 332
unmodified duplex is 2.7 0.17 kdmol *-mod™ for the T7 dimethylamino 40%# 20 1.10+0.08 585+1.5 331
line extrapolatedd 1 M salt and 1.2+ 0.4 k}mol~*mod™! aThermodynamic parameters were obtained from curve fitting.

for the measured values &AM salt. The former value is the  Standard errors are estimated from the regression fits.
nonpolyelectrolyte effect from all sources, whereas the
smaller value for the observed_fre_e energy d|fference.s.|s theTopie 40 salt Dependence of ecoR1 Melting
nonpolyelectrolyte effect that is independent of additional

AG(310, 1 M) (kJ/mol)

indirect influence of ionic strength. Thus, there is a significant 9 AG(310)/
nonpolyelectrolyte effect, ca. 1.5 +dol-2-mod?, that at molecule  9Ina. (k¥/mol) _caled obsd  Nap
least indirectly depends on the salt activity. fon 98-(;3;1 8-1 ;ggi i 5 2‘%?3 %‘é%‘:& i%
. . . . amino . . . . . . .
There are several possible explanations for this effect. First, 17 gimethylamino 8.2+ 0.6 7564 1.7 672 226-16

at sufficiently high concentrations of sodium, there may be
site-specific binding in the minor groove, as suggested from
high-resolution crystal structure3%). However, this would ~ ©f In(a+) at low salt but curves over at 1 M. The apparent
be expected to stabilize the duplex, which is opposite to the "Umber of phosphates was calculated from the slope of
effect observed. Second, at low salt concentration, where theAG(310) versus the ion activity (Table 3). These are
duplexes are relatively unstable, the melting is not pure two SOmewhat larger than for the noncomplementary duplex but
state, i.e., intermediates are present as the duplex unzips fronphow the same trendy is smaller in the presence of the
the ends, and only at high concentrations of salt does thePositively charged modifications. Furthermore, the extrapo-
process become completely cooperative. In this interpretation,/ated free energy change BM shows a nonpolyelectrolyte
the free energy changes M salt would represent the true  contribution of 4.6 and 3.1 kJ/mol (2.3 and 1.5 kJ/mol
nonpolyelectrolye contribution, and at lower salt, there could modification) for the dimethylaminopropynyl and amino-
be contributions from decreased cooperativity. Certainly, the ProPYNYl groups, respectively. The dimethylamino modifica-
melting curves show increasing baseline slopes at low salttion is slightly more stable than the free amino form, as
concentrations, which could indicate non-two-state behavior Pserved for the noncomplementary duplexes (see above).
(18—20). T.he_ pbserved free energy differences I]a M salt are
Alternatively, as the activity of salt increases, the activity Significantly smaller than the extrapolated values, 2.0 and
of water decreases. If there are changes in the amount of0-92 kd/mol, respectively. Thus, there is a salt-dependent,

bound water between the duplex and strand state, then thid1onelectrostatic effect on the stabilization, which could be
will contribute to the entropy change. Duplex mélting is attributed in significant measure to differences in the amount

associated with a release of approximately four water of water released on dissociation. We .c.oncllude_ that, as for
molecules per base pak8); this would suggest a substantial the noncomplgmentary duplex, the mpdnjcaﬂons increase Fhe
influence of water activity on the stability. This is supported thérmodynamic stability by a combination of electrostatic
by recent quasielastic neutron scattering studies, which €ff€cts, changing the hydration and other enthalpic effects
indicate a substantially larger amount of bound water in the SUch as altered base stacking.
dup|ex state than in the strand states of Dm)( Further’ Structural data are requirEd to determine the Origins of
as the water activityri 1 M sodium chloride is about 0.94, the polyelectrolyte and nonpolyelectrolyte contributions. We
the release of 48 water molecules would destabilize a have therefore used high-resolution NMR and molecular
dodecamer by about 7.5 kJ/mol. This is close to the observedmodeling to evaluate the influence of the modification on
deviation between the linear extrapolation and the observedstructure and properties of the duplexes and isolated strand.
free energy change for the unmodified (control) duplex and  Conformational AnalysisTo simplify the NMR spectra
suggests that hydration may be a significant contribution. and conformational analysis, we have compared the effects
As the deviation is larger for the modified duplexes, this of aminopropynyl and dimethylaminopropynyl modifications
would indicate that there is a greater release of water onon the Drew-Dickerson dodecamer, whose solution con-
dissociation for these duplexes; i.e., the modified duplexes formation and chemical shift assignments are well docu-
are relatively more hydrated than the parent duplex. mented 87—40). The'H chemical shifts were determined
(B) Self-Complementary Dodecam&Ve have also ex-  as described in the Methods.
amined the stabilization of a self-complementary duplex (the  Figure 4 shows the difference in chemical shifts between
Drew—Dickerson dodecamer) bearing one modified thymine the aminopropynyl-derivatized sequence and the parent
in each strand as a function of ionic strength. As Table 3 dodecamer recorded under nominally identical conditions
shows, the results are qualitatively the same as with the(38). Unsurprisingly, the greatest shift perturbations occur
multiple modification data for the noncomplementary duplex for the H6 and HN3 of the modified base. However, other
and actually quantitatively similar when normalized on a per shift perturbations that are much larger than the noise are
modification basis. observed for the adjacent bases and sugars, namely, T7 and
Figure 3B shows the variation of the free energy change C9. This indicates that there are local perturbations in the
as a function of salt concentration. As for the noncomple- neighborhood of the modified bases that are not transmitted
mentary duplex, the free energy change is a linear function more than one base pair beyond the altered sites.
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Ficure 4: Chemical shift differences for the aminopropynyl-
modified ecoR1 duplex. Chemical shifts were referenced to DSS
at 30°C. The chemical shifts of the native dodecamer were taken
from ref 38. Chemical shifts (erro==+0.01 ppm) were obtained
from NOESY in D,O and in HO and DQF-COSY experiments in
D,0O. Shift differences were calculated for modified minus native
sequences.

A similar profile was also observed for the dimethylamino
derivative with somewhat larger shift perturbations. The lack
of any NOEs connecting the methyl groups of the dimethyl-
aminopropynyl-dU and the rest of the DNA suggests that
they are far out in the major groove and exposed to solvent
(not shown).

We have also determined th€ shifts of the sugars using
HSQC; unlike the proton shifts there were no significant
differences in the carbon frequencies (data not shown), with
the exception of the aminopropynyl Gigroup itself, which
is substantially different for the two molecules.

The NOE intensities characteristic of base stacking
geometry (basebase NOEs and sequential sughase
NOES) and those that report on the nucleotide conformations
(e.g., baseintraresidue sugar NOESs) are unaffected within
experimental error, implying that there are only small
changes in conformation of the nucleotides in the duplex
state.

Sugar Conformations from Scalar Coupling Da&calar
couplings can be used to determine the pseudorotation
parameters of the deoxyribose29( 41, 42). We have

Booth et al.
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Ficure 5: High-resolution DQF-COSY spectrum of ecoR1 with

dimethylaminopropynyl. The spectrum was recorded at 14.1 T, 30

°C, with an acquisition time of 0.74 s ia and 0.055 s irt;. The

data table was zero-filled to 16 Kyb2 K before Fourier

transformation, giving digital resolutions of 0.67 Hz/pointFa

and 5.37 Hz/point inF;. The region shows the scalar coupling

between Hland H2/H2" for each residue.
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FicURE 6: 3P chemical shift differences in the modified ecoR1
dodecamer3’P—1H HSQC spectra were recorded at 3D at 14.1
T on a 5 mm HCPorobe with acquisition times of 0.4 s tnand
0.1 s inty, respectively. Chemical shifts were assigned from the
cross-peaks with H3residue) and H4 (residue + 1). Difference
chemical shifts were obtained using the published values for the
unmodified duplex at 30C. Key: (@) aminopropynyl-T7; M)
dimethylaminopropynyl-T7.

recorded high digital resolution DQF-COSY spectra of the fected by the modifications. The largest perturbations are
duplexes (Figure 5) and analyzed the sugar conformation asfor T8p and C9p, i.e., the two phosphodiesters flanking the
previously described2). The DQF-COSY spectrum shows modified base. However, there are also phosphate shift
only small changes in coupling constants that are within changes for A5 and A6. Although the shift perturbations are
experimental error (see Table 3). Hence the modifications qualitatively similar, the dimethyl group seems to perturb
have no major effect on the sugar conformations. The the spectra more than the free amino group. The observed
coupling data and NOEs also imply that altorsion angles  profile suggests possible direct effects of the positively
are in the normag™ rotamer. charged group on the nearest phosphate but also some

3P NMR.The thermodynamic analysis showed a contri- transmitted effects. As will be shown below, the amino group
bution to the duplex stability from electrostatic effects. This of the propynyl side chain is able to make simultaneous van
must involve the phosphodiester backbone, BRAINMR is der Waals and electrostatic interactions with the phosphate
sensitive to conformation and electrostatic effed3{45). oxygens of T8 and C9, which probably accounts for the shift
We have therefore assigned tH® NMR spectrum of the  perturbations of these residues. The methyl groups on the
modified dodecamers and compared them with the free nitrogen may require some conformational readjustment of
unmodified duplex previously assigne8B( 46, 47). Figure the phosphodiester backbone to accommodate the extra bulk,
6 shows thé’P NMR chemical shift difference for the two  which could be propagated across the base pairs to A5 and
modified duplexes. The ends+{B and 16-12) are unaf- G4.
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Chemical shift/ppm dodecamer DNA. Models were built and minimized as described

FiGURE 7: Hydration of the dimethylaminopropynyl ecoR1 dodecam- [N the text. Only the central region is shown for clarity. The two
er. Spectra were recorded at 800 MHZ( with acquisition times ~ Symmetry-related aminopropynyl-dU residues are shown as space-
of 0.256 s int, and 21 ms irty, respectively. The solvent peak was  111ling structures. The amino group is in the lowest energy position
suppressed using a Watergate sequence with flip back. Data werednd is available for interaction with solvent and making Coulombic
processed after zero filling to 16384 pointstirand 4096 points  nteractions with the phosphodiester oxygen.

in t; and apodizing using a Gaussian function with 1 Hz line

broadening exponential in each dimension prior to Fourier trans- quence 1; see Materials and Methods). Although the chemical

formation. Upper spectrum: ROESY with a mixing time of 20 ms.  shift dispersion is low, it was possible to assign the majority
Lower spectrum: NOESY with a mixing time of 40 ms. of base and sugar protons because of sequential NOEs
including between neighboring bases. This indicates that
there must be significant local helical stacking between
neighboring bases. The intra and sequential basgar
NOEs are indicative of glycosyl torsions in the high anti

Hydration of the Modified Duplexes Monitored by NMR.
Water molecules that have a sufficiently long residence time
to develop an NOE can be detected in NOESY and ROESY

experiments30, 48, 49). For example, the spine of hydration 00 (on average) and a right-handed helical twist. Fur-

in the minor groove of the ecoR1 dodecamer was verifigd thermore, the observation of two strong cross-peaks for-H1
by the presence of water molecules close to the two adenlneHz./HZ,, in the DQF-COSY spectrum (not shown) suggests

C2H, having a residence time in excess of 1 #9).(We that the su . : ;
- gars are predominantly in the-€@do domain.
have recorded NOESY and ROESY spectra of the modified Furthermore, 1D NMR spectra showed substantial changes

ecoR1 dodecamers at 14.1 and 18.8 T and at temperatureg, jine widths and chemical shifts as the temperature was
between 5 and l.GC’ with short mixing times. Figure 7 varied over the range 50 °C. Spectra recorded itH,0
shgwl\sl (;:Irzos\? sections at thg \(/jvatt_arhfrze(?uer(;cz Jrom ROESY 51 10°C showed only weak exchangeable proton resonances
an SY spectra recorded wit an MS, TESPEC-naar 10 ppm, which are characteristic of imino protons in

tively, at 5°C and 800 MHz. The spectra show the negative ;e hases. Thus, there is no evidence for any hairpin
NOEs (positive peaks, lower spectrum) and exchange cross-

: ’ . . of duplex formation in the strands.
peaks for cytosine amino groups (negative peaks in the uppe

r . . . . .

e R The major differences in chemical shift between the
ROESY spectrum). In addition to the significant NOEs to modified and unmodified strands arise, as expected, for the
the Ade C2H, there are also NOEs to'Hiésonances, some

H6 of th dified b , and which ble to th
of which may arise from spin diffusion from the H8f o7 (e MOTINE bases, and Which are comparanie 7o Mose

incid ith th ¢ A6 and G2 observed in the ecoR1 duplexes. Substantial changes in shift
resonances coincident with the water feq“e”CY( an were also observed for the sugar protons of the modified
at this temperature). In addition to these minor groove

h | anifi NOE d ROE nucleotide. The shift difference, in the direction of increased
protons, there are also significant S an s to deshielding in the modified base, can be attributed to changes
cytosine H5, H6, and H8. Most nonterminal bases show

. : i i in electron density in the ring and/or local anisotropy effects
moderate or weak dipolar interactions with water; only A6H8 from the propyny! triple bond. However, the base carbons
and T7H6 showed no cross-peak. A similar pattern of cross- : ;

eaks was observed for both the aminobroovnyl and the also show large (8 ppm) downfield shifts for the C6 of the
gimethyaminopropynyl derivatives propyny modified bases, suggesting that in part the difference does

arise from changes in ring electron density.

These results are consistent with there being somewhat Molecular Mode|sFigure 8 shows the relative p|acement
Stronger hydration in the modified duplexeS. This Supports of the aminopropyny| group in the major groove of the
the thermodynamic analysis above in that the modified pickerson-Drew dodecamer. The single degree of torsional
duplexes are more hydrated than the unmodified duplex, freedom for the group was systematically varied. At the
leading to more water release on melting of the modified optimal position for interaction with the phosphate, the amine
duplexes than the parent duplex. of the aminopropynyl group is 4.2 and 4.0 A to thig (i —

Properties of the Single Strandé/e have recorded NMR 1) closest phosphate oxygen, respectively. This is too far
spectra of the modified and unmodified DNA strand (se- for a direct hydrogen bond between the two charge centers,
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but an electrostatic interaction is significant. This close between phosphates may also interfere with local ion
proximity to the phosphate groups in the major groove would condensation, in accordance with the salt dependence of the
stabilize the positive charge on the amine group. However, stability of these modified duplexes.

the lowest energy conformation does not have the protonated The altered electronic structure of the modified bases
nitrogen associated with th@),((i — 1) phosphates. In this  shown by the absorbance and NMR spectra implies an
conformation, the protonated amine points away from the alteration of the dipole moment, which may improve nearest
phosphate groups. From a conformational point of view a neighbor stacking energies, and could contribute to the
single water molecule can bridge the charged amine groupfavorable enthalpy change associated with the modifications.
to the phosphate backbone in thgdnd { — 1) positions The sequential basébase NOEs in the modified strand are
[N to Owater 2.8 A, Owater to OPhosphate 2.7 A for ( in general somewhat stronger than in the unmodified strand,
and { — 1) positions]. These distances are also possible for as are the characteristic helical basaegar NOEs, suggesting
the dimethylamine as the methyl groups do not have any a slightly greater propensity for helical stacking in the
direct van der Waals clashes with the neighboring environ- modified strand than in the unmodified strand. This could
ment. However using the modeling protocol the water contribute favorably to the net free energy difference.
molecules do not stay attached during the molecular dynam- We have shown by parsing the energy contributions that
ics, which is not surprising as full solvation calculations will  electrostatic (and perhaps electronic) and hydration effects
be needed. This suggests the possibility of stabilization of can produce substantial increases in thermodynamic stability

the strand and may in part account for the observed changeswithout significant changes in the conformation of the duplex
in 3P NMR chemical shifts (see above). The propynyl moiety state.

also lies directly below the ring of the preceding thymine in

the ecoR1 dodecamer (Figure 8) and could therefore makeACKNOWLEDGMENT

favorable stacking interactions.
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The thermodynamic data show that the propynyl amino SUPPORTING INFORMATION AVAILABLE

groups stabilize DNA duplexes both by electrostatic effects

Details of the chemical synthesis of the aminopropynyl

and by other contributions. We have been able to parse somg,,cjeotides and tables of chemical shifts of modified DNA

of the contributions. Thustdl M salt, it is clear that the

duplexes and single strands. This material is available free

nonpolyelectrolyte effect amounts to about 2.5 kJ/mol per ¢ charge via the Internet at http:/pubs.acs.org.
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