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Abstract: The structural basis for the extraordinary stability of a triple-stranded oligonucleotide in which the
third strand contains'zaminoethoxy-substituted riboses is investigated by NMR spectroscopy. The enhanced
stability of the modified triplex in comparison to the unmodified DNA triplex of the same sequence can be
attributed to strong interactions of the aminoethoxy groups of the third strand with the phosphate groups of
the purine strand. In molecular dynamics calculations the aminoethoxy side chain was found to be rather
flexible, allowing for the presence of hydrogen bonds between the aminoethoxy group of the third strand and
two different phosphates of the backbone of the second strand. To investigate the conformational preference
of the aminoethoxy side chain a new NMR method has been developed which relies-e@HCHipolar—

dipolar cross-correlated relaxation rates. The results indicate that the aminoethoxy side chains adopt mainly a
gauché conformation, for which only one of the two hydrogen bonds inferred by NMR and molecular dynamics
simulations is possible. This demonstrates a highly specific interaction between the amino group of the third
strand and one of the phosphate groups of the purine strand.

Introduction found to form extraordinarily stable triplexésshowing an
enhanced binding to duplex DNA of about 3G per modified
nucleotide in comparison to an unmodified strand and over
1000-fold faster rate of association. It has been shown that 2
aminoethoxy-substituted oligonucleotides bind strongly to DNA
and are able to displace a DNA binding proteiurthermore,
inhibition of protein transcription was observed in cells in a
dose-dependent wa&y.This constitutes the first successful
implementation of the antigene approach in vivo. The stability
of these triplexes can be explained by ionic interactions of the
abositively charged amino group in the third strand and the
negatively charged phosphate(s) in the second strand. The
presence of specific interactions in a self-complementary triplex
with a 2-aminoethoxy-modified third strand, including hydrogen
bonds between the two strands, has been investigated by
standard homonuclear NMR and by molecular dynamics (MD)
simulations? In addition to the triple base-pair formation, the

The most general way to interfere with cellular processes is
the inhibition of enzyme activity by small molecules. Alterna-
tives are the binding of oligonucleotides to mMRNA (antisense
approach) or to DNA (antigene approach). In the antigene
technology-?a particular promoter region of transcription factors
can be targeted, thereby transactivating or repressing the
transcription of genes. Moreover, chemically modified oligo-
nucleotides linked to psoralen can precisely place point muta-
tions at endogeneous chromosomal loci, and they represent
new tool for gene knockout and sequence manipul&tlarcase
the DNA contains a polypurine or polypyrimidine sequence a
triple helix can be formed with an antigene oligonucleotide.
Recently, we have investigated various modified oligonucleo-
tides with the aim of designing a particularly stable triple helix
motif. 2-Aminoethoxy substituents at the ribose rings were
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Figure 1. (A and B) Schematic and three-dimensional representation of the unimolecular triplekA@jrethoxy-substituted nucleoside drawn
with balls and sticks together with the used atom numbering of the protons and carbons of,th€KZHnoiety and the torsion angje The H.
and H protons correspond to thefdand H5, protons, respectively, of protein side chains as defined by IUPAC, whereas dwedH, protons

correspond to k; and Hy, protons, respectively.

data? but was detected in MD simulatich@R. M. Wolf and F.
Casset, personal communication). Due to the large line width
(approximately 2530 Hz for the protons and 30 Hz for the

Furthermore, this information is a unique and valid alternative
in those cases where coupling constants cannot be measured,
as for example for bound ligands in the fast-exchange re-

carbons), the question about the presence of other conformationgime 1718

thangauche could not be fully answered at the time and will
be here thoroughly investigated by new NMR techniques and
supported by additional MD simulations and calorimetric
measurements.

The side chain conformation of molecules in solution is
usually investigated by NMR scalar coupling constants. Homo-
nuclear E.COSY techniqu&s$ can be applied to small mol-
ecules; for larger systems heteronuclear coupling con8tahts
are most commonly used, although they do not provide the
stereospecific assignment of the protons. For-CHH, groups
3Jun coupling constants can be measured in HCCH-E.COSY
experiment¥14 also for molecules of large size.

Here we present an alternative methodology which relies on
cross-correlated relaxation rates (CCR rafe$)to derive the
conformation of CH—CH, moieties in aliphatic side chains,

This new approach has been applied to'-@inoethoxy-
modified oligonucleotide triplex (Figure 1A), to investigate the
question of the specificity of hydrogen bond interactions
between the aminoethoxy side chain of the third strand and the
backbone phosphate(s) of the second strand.

Methods

Differential Scanning Calorimetry. Thermal denaturation studies
(micro-DSC) have been performed between 20 and AD5with a
Microcal MCS-DSC (Microcal Inc., Northhampton, MA, U.S.A)) at a
scanning rate of 30C h™*. The sample cell was filled with 0.023 mM
DNA in a buffer containing 50 mM phosphate, 100 mM NaCl at pH
5.7. Prior to sample insertion, the sample was heated téG5@nd
shaken for 5 min. Two to five runs per sample were performed, and
the samples showed reversible melting behavior. Data analysis was

together with the stereospecific assignment of the protons. Sinceperformed with the Origin software. The thermograms were fitted with

CCR rates are linearly dependent on thethe measured effect

several theoretical denaturation models (two state, non-two state, one

increases with the size of the molecule, partially compensating melting event, two melting events, independent model, etc.) as provided
the overall signal decay due to the increased autorelaxation. For?Y (e manufacturer.

this reason the method is a valid alternative to coupling constants

for molecules of large size, where the increased line width and
the poor signal-to-noise pose serious limitations on the ap-
plicability of E.COSY type experiments. The information
obtainable from three CHCH dipolar—dipolar CCR rates is
equivalent to the information obtainable from three coupling
constant values, as will be shown in the Results section.
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Molecular Dynamics Simulations. Computation of the molecular
dynamics of the triplex has been carried out using DISCOVER 2.98
(Molecular Simulations Inc.), applying the AMBER force field and
using a representative structure obtained by NM&starting structure.
Charges and force field parameters of lysine have been used for the
atoms of the aminoethoxy substituent. The electrostatic interactions were
scaled down by 4r to compensate for the absence of explicit solvent
molecules. The simulation ran for 1000 ps with a time step of 1 fs. A
second molecular dynamics trajectory run in explicit solvent used a
layer o 5 A of water molecules around the triplex. The ensemble of 1
triplex molecule and 784 water molecules was energy minimized using
200 steps of conjugate gradient minimization using a dielectric constant
of 1. The ensemble was subjected to a molecular dynamics simulation
of 200 ps.

Design and Synthesis of the Oligonucleotidehe oligonucleotide
is 5-ctittccTTTTTCCTTTTCTTTTTGAAAAGG (Figure 1A), where
¢ is Z2-aminoethoxy-C5-methyl-cytidine, t is-aminoethoxy-thymidine,
and the capitals denote standard deoxyribonucleotide£-(**N,**C-
aminoethoxy)thymidine. This oligonucleotide forms a unimolecular
triplex structure. The synthesis of this oligonucleotide has been
described beforé.

NMR Methodology. A CH,—CH, group is schematically depicted
in Figure 1C. The CHCH dipolar—dipolar CCR rates between vectors

(17) Carlomagno, T.; Felli, I. C.; Czech, M.; Fischer, R.; Sprinzl, M.;
Griesinger, CJ. Am. Chem. S0d.999 121, 1945-1948.

(18) Blommers, M. J. J.; Stark, W.; Jones, C. E.; Head, D.; Owen, C.
E.; Jahnke, WJ. Am. Chem. S0d.999 121, 1949-1953.



7366 J. Am. Chem. Soc., Vol. 123, No. 30, 2001

‘k - rC‘lHl ‘(;'ZH3
0k 1HclH_CZHA
» Fcle LCyHy
3
= 10
—
ol
-10 \,/
—0k

»
'

X (degrees)

Figure 2. Dependence of the three CCR rafe§n, c,Hs I'ciHacoHar
andI'c,n, c,H, ON the torsional angle of Figure 1. The continuous black
line representd’c,y, c,H, the continuous gray lin€'c n,cH, and the
dashed gray lin€&c,n, c,1,- The calculation is for a. of 4.0 ns ancﬁfL

= 1. From the values of all three rates it is possible to determine the
angley without ambiguity and to stereospecifically assign protons.

100

CiH;—CoH3, CiH1—CoH4, CiH,—C,H3, andCyH,—CoH4 depend on the
dihedral angley. The rates aré®

2.2, 2
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whereyy and yc are the gyromagnetic ratios of proton and carbon,
respectivelyyc is the length of the CH bond,= 1, 2,j = 3, 4, §; is

the order parameter relevant to the correlated motions of veCibts
andC;H;, 6; is the projection angle between the vectGikl; andC;H;,
and 7 = 7,° + 7,%, with 7. as correlation time for the internal
motions. In the expression fod;(w) isotropic diffusion of the
oligonucleotide is assumed. Defining= 0 for eclipsed vector pairs
CiH1—C;Hz andCiH,—CoHy, the four angle®); depend on the dihedral
angley:

cos6,; = —cog(10%) + sir(109)cosfy)

cosf,, = —coS(109) + sirf(10F)cosf + 120°)  (2)

086, = —CoS(109) + sir’(10F)cosfy — 120°)
c0s6,, = —cog(10%) + sir’(109)cosfy)

The two CyH;—C;H3 and C;H,—C;H, dipolar—dipolar CCR rates are
always equal, independent of the valuegofrhe variation of the three
independent CCR rateBc,v, cots Leyrncots @nd Lepycom, between
vectorsCH;—CyH3, CiH;—CoH4, and C;H,—CoHs with the dihedral
angley is shown in Figure 2. The curve for ralg,n, c,1, iS Symmetric
aroundy = 0, while the two rated ¢, cH, and I'chy,cH; @SSUMeE
different values forty. The combination of the three CCR rates and
NOE¢ allows the unambiguous determination of the dihedral apgle
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rates are extracted from the intensity ratio of the signals obtained in a
crossand in areferenceexperiment® The delayA’ is equal to zero in

the crossexperiment and to 1/(&w) in the referenceexperiment. A

3D correlation is necessary to distinguish between the contribution of
the two protons of the methylene groups, which appeas it the
same carbon frequency. For a €HCH; group four peaks are obtained

at frequency ®w,,wc,0H,), (VH,0C,OHY), (WH,o0c,0H,) and
(whpwe,on,). In the cross experiment the transfer between the
following operators is obtained in the deviation between paiand
point b through the respective CCR rates:

lﬂClH 1.C2H3

1 P 1= 4C,CyH,, 4C,,CHs, =Dy Wy D¢, Dy,

1H2.C2H3

FC A~
2. pcar. 2= 4CCoyHy, 4CyCyH3, =Dy W, Dc, Dy,

C1H1.CoHg

r
3. bear,1= 4CCxyHy, 4CCoHy, =D, 0y, 0c 0y,

®

1H2,C2Hg

l—‘C A
4. pcar,2= 4CCoHy, —— 4C,CH,, = D, oy ,0¢ 00y,
The operators before the arrow represent the initial density operator in
the Cartesian basjar; at pointa, and the operators after the arrow
represent the finally detected magnetization tebBmat pointb. In the
referenceexperiment the transfer between the pairs of operators of eq
3 takes place through both CCR rates and coupling constants. In fact,
since the delay\’ is equal to 1/(dcp) only Y, of the initial operator is
transferred through coupling constants to the final one. For the first
pair of operators of eq 3 (line 1), for example, the evolution of coupling
constants for a delay 1/44) generates 16 terms from the initial
operator £,,CyH1, eight of which are listed in the first column of
Table 1. These terms can be transferred to the final oper@igC4Hs,
through the mechanisms listed in the second column of Table 1, which
comprise the four CCR rateScm,coHy Lcibncota Lot and
I'ciHocH, the CCR rate§ ey, o1, andTcn,cn, @and the NOE between
the geminal protons. Moreover, some of the eight terms of Table 1
can be transferred tD, through the same mechanisms listed above.
As several pathways of coherence transfer through relaxation rates are
possible, in addition to the transfer brought about by scalar couplings,
the resulting intensities of the peaks in the reference experiment are
either larger or smaller than expected from pd+eoupling transfer.
Unlike the case of a CHCH moiety, for the CH—CH, group the
desired CCR rate cannot be extracted from the ratio of the intensity of
a peak in thecrossand in thereferenceexperiment,lcross and lrer,
according to:

R= 1 0sd(l1ef cosaTdey COSATIc sinaTle y sinaTlo ) =
tanhCc e 1) (4)

k
whereT is the length of the constant time. Using eq 4, the corresponding
CCR rate would be either overestimated or underestimated, depending
on the deviation of the reference peak intensity from that expected in
case of an ideal transfer through coupling constants alone. The four
CH—CH dipolar-dipolar CCR rates in the GHCH, moiety are
obtained by fitting the experimental data to simulated intensity ratios,

and of its sign, which means that the stereospecific assignment of thecalculated taking full auto- and cross-correlated relaxation into account,

protons is given.

NMR Experiments. The pulse sequence used to measure-CH
dipolar—dipolar CCR rates (Figure 3) is a slightly modified version of
the quantitativel-HCCH experiment published recen®yThe CCR

(19) Brischweiler, R.; Case, D. &rog. Nucl. Magn. Reson. Spectrosc.
1994 26, 27-58; Griesinger, C.; Hennig, M.; Marino, J. P.; Reif, B.;
Schwalbe, H. InBiomolecular NMR Berliner, L., Krishna, R., Eds.;
Biological Magnetic Resonance, Vol. 16; Kluwer Academic/Plenum
Press: 1999; pp 25967; Reif, B.; Diener, A.; Hennig, M.; Maurer, M.;
Griesinger, CJ. Magn. Reson200Q 143 45-68.

(20) Felli, I. C.; Richter, C. Griesinger, C.; Schwalbe, HAm. Chem.
So0c.1999 121, 1956-1957.

as described in the next section.

Simulations. The pulse sequence is simulated between pard
point b for the crossand referenceexperiments. An initial set of 64
Cartesian operators is used, comprising the 16 operators which develop
from the initial term of eq 3, line 1, throughty evolution during the
time A" = 1/(4Jch), and the corresponding operators deriving from the
initial terms of eq 3, lines 2, ,3 and 4. The Cartesian operators are
transformed to the single-element operator basis through the transfor-
mation:

ﬁs.e.z U_li)Cart. U (5)
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Figure 3. Pulse sequence for the quantitatiVeHCCH experiment for the measurement of €8H dipolar-dipolar CCR rates in kCCHy
groups. The sequence is a three-dimension&)HC(t;)—C—H(ts) correlation with the following parameters values:= 7' = 7.0 ms (1/(4cc)

for C—C—C chains);A = 3.7 ms;A’ = 0.87 ms in thaeferenceexperiment and\' = 0 in thecrossexperimentzy = NfJcc = 28 ms forn = 1.

O1 =X, =X ¢2=2(X), 2(—X); 3 = 4(X), 4(—X); s = 8X, 8(—X); ¢p5 = 16X, 16(—X); drec. = ¢1 + ¢2 + ¢3 + ¢4 The default phase & Quadrature
detection is achieved ih and int, by States-TPPI o, and ¢;, respectively*C spins are irradiated with hard pulses. The power for carbon
decoupling during acquisition is 2.5 kHz. The experiments were acquired on a Bruker DRX-800 MHz spectrometer.

Table 1. In the First Column Eight of the Sixteen Operators Which Are Generated in the Reference Experiment by Coupling Constant
Evolution, Starting from the Initial Operator of Line 1, Eq 3, Are Repdtted

4C1CyyH1; cosrdcyn,A")Cos(rde,H,A")CoS I HA)CoS(Tde,H,A) Teynycoms = D1or ey cony, — D2
4C1yCZxH3Z Sin(ﬂJclHlA')COS@JclHZA')Sin(f[‘]czH3A')COSQ'[Jc H4A') = Dl FC2H3 CoHs Dz or NOE— Dz R
ACpCqyHz, sin(wde;,A")sin(rde,m,A")COSEle,m,A")Cos@lenA’) ey Cotts— D1 08 Ty com, — D2
4C1yC2xH4z Sin(JZJclHlA')COS@[JClHZA')COSQTJCZ}-bA')Sin(ﬂchHAA') =D, NOE— D, or rC2H31C2H4
16CyCoH1H2H4; cosrde,m,A")Sin(wde,H,A")COSTIe,mH,A")SinEdeH,A") Temycm, — Do
16C1yC2lezH21H3Z COSQ‘[JclHlA )Sin(ﬂJcleA )sin(nchHsA )COS@TJCZHAA ) FclHl,cle i Dl R
1601XC2yH 1HsHa COSQT-JClHlA )COSQ{JClHZA )SIn(nchHaA )S|n(nJc2H4A ) FC1H1YCZH4 - Ql or FClevCZHB - Dg
16C1XC2yHZZH31H4Z Sln(ﬂ’\]clHlA )Sln(ﬂJcleA )SII"I(.?'[JCZHSA )SII"I(JIJCZH4A ) FC1H2,C2H4 —Djor I’cle,csz — D>

a2 The operator corresponding to D1 in eq 3 is underlined. Operators of the first column can be turned into either D1 or D2 by the relaxation
mechanisms listed in the second column.

whereU is the unitary transformation from the single element operator T'c,cii, = oo, = —9.8 Hz), as derived fromtC—T; and
basis to the Cartesian operators grd and pcat are the two density heteronuclear NOE relaxation measurements for the-CHH, moiety
matrices in the respective single-element and Cartesian operators basisunder consideratiod{C—R; = 3.65 Hz for G and 3.45 Hz for and

The pse. evolve during the constant time between poiatand b heteronuclear NOE= 1.5 for G and 1.4 for G).
according to the Liouville-von Neumann differential equation for the The calculated intensity ratios of the peaks in tness(A’' = 0)
density operator: and in thereferenceexperiment &' = 1/(4Jcy)) are fitted to the
" experimental values, targeting the minimum of the function:
Os.e. LA A . ~0
= —iHgpse. = I'(Pse.~ Ps.e) (6) o2
dt s.e s.e s.e 2 (R_tj?xp_ Rﬁa[)
A - . f= —| /4 (C)]

whereH is the Hamiltonian superoperator containing the frequency = 5ij

evolution and thel-coupling terms and’ is the relaxation superop-
erator. In the calculations, the inhomogeneous part of the Liouville yvhere.F\.’-‘j?Xp and R‘ja'c are the experimental and calculated ratios of the
von Neumann equatioh(s’,) has been neglected, since it is experi- intensities of pealg in the crossand in thereferenceexperiment and
mentally averaged to_zero by phase cycling. If we delinas the dj is the experimental error dR}™. T,y cHa Tcits,Corar @NATCipy CoHs
matrix representing-iHo — I' during the timet;, Py, andPc as the have been optimized starting from their apparent values derived from
matrices representing a pulse on the proton and on the carbon, €4 4.I'cn,cH, Was set equal tdc,n, cn,. The optimization procedure
respective|y, the density operator at pdjruan be expressed as follows: was a grid search repeated several times with decreasing step size until
0.2 Hz. In the first iteration the step size was equal to 20.0 Hz and a
peo(b) = L4up eL3t3P ethZP Citr 2 G @) range qfiZO Hz around the starting values Bfwas gxplore_d. The
point with lowestf value was used as the new starting point for the
next iteration of the grid search, and the step size was reducéégbto
the initial step size. A total of 16 iterations were used until the step
size was equal to the smalledf (1). (The program is available on

wheret; for i = 1, 2, 3, 4 are the time intervals reported in Figure 3.
The pse(b) at pointb is transformed back into the Cartesian operators
basis pcat(b)). The intensityl; of the peaks at the four frequency

combinations of eq 3, is obtained from the efficiency of the transfer to request.)
the detectable operatbr at pointb for an initial density operatQcar,: Results
lj = M| pcan(b)D 8) Thermodynamic Analysis. The thermodynamic properties

of the intramolecular triplex with a third strand containing seven
2'-aminoethoxy-modified residues have been compared with
during the timesr'and 7"’ beforea and afterb, respectively, is taken tk;.ose of lthi.gandlfI?tq m?lex (.'t:.lgure 42)’ For tge g;?ggmed
into account, allowing for mixing of the product operators terms oligonucieotiae, a me |ng ransition Is observe a, ( .
containingHmzmagnetizationrh 1, 3) with the terms containinign, = 40 kcal/mol). The me't,'"g curve could not bg fitted with a
the NOE between gemlnal protons, used as fixed parameters in theStem of seven base pairs showed a duplex-to-single strand
fitting, were calculated assuming a correlation tirge= 4.0 ns and an transition at 57C, associated with the same melting enthalpy.
autocorrelated order paramet&f of 0.8 (NOByn, = —6.7 Hz; Combination of these data suggests that the measured transition

wherei,j = 1,2. In the calculation the effect of the NOE between
geminal protons and of the relaxation ratégu,c,H, and I'c,HycoH,
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35 hypothetically stable conformer, that gauche, in which the
amino group points away from the Hoogste&®rick groove,
is practically unobserved.

In the MD simulations using a layer of explicit solvent
molecules, the dynamical features of the aminoethoxy moiety
described above could not be observed. On the contrary, the
aminoethoxy moiety behaves like a rigid anchor connecting the
two strands, and only a short transition to tlgauche
A conformation occurs.

o Cross-Correlated Relaxation Experiments on the 2
Aminoethoxy-Modified Oligonucleotide Triplex. For cross-
correlated relaxation experiment®C isotopically enriched
40 50 60 70 80 90 molecules are needed. The triplex under investigation contains
Temperature (C) one selectively ]abeled amino.ethoxy substitue'nt in the fourth
residue of the third strand. In Figure 6 the quantitafivel CCH
Figure 4. Differential scanning calorimetry curves of the 31-mer cross (B) and reference (A) experiments for the labeled
oligonucleotides at pH 5.7. The secondary structure is drawn in Figure 2'_aminoethoxy side chain are shown. Two peaks are missing
1A. (A) The referencg ollgonu_cleotlde with standard DNA nucleotides. ;, the crossexperiment, meaning that the corresponding apparent
The three cytosines in the third strand are C5-methylated. (B) *he 2 op a6 s close to zero. The four protons corresponding to
aminoethoxy-modified o!lgongcleotld(_a with the same nucleotide se- the CH—CH f the 2ami th dd H
guence. The three cytosines in the third strand are C5-methylated. All eCh 2 group q e .amlnc_)e OXy aré nam A
seven residues contain a@minoethoxy-substituted ribose. Hs, andH,, for chemical shifts going from low to high field.
The C-CH,—N protons resonate around 3.6 ppH#Q = 42.3

represents the duplex-to-single strand transition. A clear triplex- PPM) and the ©CH,—C protons around 4.5 ppr#*C = 60
to-duplex transition expected at lower temperatures is not visible. PPM)- The apparent CCR rates, measured according to eq 4,
1D NMR spectra of the imino protons have been measured as&® I'ciicots = Leacotts = 0.0 £ 0.4, Topy o, = 11.3 £

a function of the temperature between 0 and@5Much more 0.2, _andrclHZvC2H3 - f?_"4 + 0.3. The effectlye CCR rates,
than the expected 14 imino proton resonances are observedPt@ined from the fitting procedure described above, are
downfield from 12 ppm, suggesting the presence of the triplex Teimucms = Fempos = —6.3 % 0.4, Ty o, = 27.3+ 0.2,

in equilibrium with other stable conformations at low temper- @ndTci,cHy = —4.7 + 0.3. The larger the rate the more its
ature. apparent value deviates from the effective one, due to the large

The e plexwih seveaminoethowy substuied (0TI o (S TS ioudh o coiaes e
riboses melts at 78C associated wittAH = 266 kcal/mol. Y P ’ P

The melting temperature and enthalpy are significantly higher Intensities Of. the fou_r refe_rence and cross peaks could be well
than those of the unmodified oligonucleotides. Also in this case, reproduced ',n the S|mulat|ons. as well. )

the curve could only be fitted using a non-two-state model, Nterpretation of the rates in terms of conformational
suggesting a complex multistate melting transition triplex-to- €quilibrium of the three staggered conformations\We assume
duplex-to-single strand oligonucleotide. 1D NMR experiments 2" equilibrium of the three staggered conformations that

are in agreement with the presence of a stable single Specieé'nterconvert on a time scale not relevant for relaxation. Invoking
between 0 and 55C. All imino protons experience line the Occam'’s razor principle, which suggests to prefer a simple

broadening at elevated temperatures. Therefore, it can beMcdel over a more complicated one, we refrained from using
concluded that the transition around 78 corresponds to a models in which the interconversion between the conformations

triplex-to-single strand transition. is relevant for relaxation. The three values B, coHs

. . ) L'cymo.coms @ndIlcyn, con, @re interpreted assuming the presence
Molecular Dy_namlcs Slmulat_lons The structure of the in equilibrium of the three lowest energy staggered conforma-
unimolecular triplex was previously determined by NMR

. : tions with populationgg+, pg—, andp:. The experimental data
spectroscopyand MD simulations. One of the NMR structures ) g+ ; ot
of the ensemble has been subjected to further investigation byare best fitted to calculated CCR rates according £ pg; I

i , o~ , . + pg-I'9 + pd* with T9" = —11.6 Hz andl = 35.7 Hz.
MD. The simulations have been initially carried out in vacuo. Th lati fthe th ¢ d f i dth
The triplex structure remained stable during the simulation. The € populations ot the three staggered conformations and the

deoxyribose moieties of the DNA strands undergo expected °rder parameterS] ands; are optimized through a grid search
transitions between the N-type and S-type conformations, USing eq 9 as target functio is applied to the CCR rate
whereas the '2substituted riboses of the third strand remain in  involving pairs of CH vectors which define a dihedral angle of
an N-type conformation. The amino group of the aminoethoxy 180" in absence of internal motion (for example;Hz, CoHs
substituent forms hydrogen bonds alternatively with theRro- i atrans conformation);S; is applied to those CH vectors for
oxygen of the phosphate groups in positicendi — 1 of the which the dihedral angle i£60° in absence of internal motion
polypurine strand of the DNA. Hydrogen-bond formation is (for example, GHi, C;Hs in a gauché conformation). Rigor-
typically correlated with the torsion angjen the aminoethoxy ~ ously, different order parameters should be used for each pair
moiety (Figure 5). When the torsion angleis gauche’, the of CH vectors in the three staggered conformations. Our choice
amino group of residuéis within hydrogen-bonding distance ~ assumes that anisotropic internal motions of the,€EH;

with the proR oxygen of residué — 1 in the second strand  group are axially symmetric around the bond axis. Since the
(Figure 5A). The aminoethoxy group has significant flexibility, nhumber of fitted parameters (two order parameters and two
and conformational transitions are observedyfdretween the ~ populations) is higher than the number of experimental data
gauché and thetransstate. In théransconformation, the amino  (three CCR rates), multiple solutions are found in the following
group is within hydrogen-bonding distance with the go- ranges: pg: = 81-97%; pg- = 3—12%; py = 0—7%; Sf =
oxygen of residueé in the second strand (Figure 5B). The third 0.80-1.00 andS§ = 0.50-0.85. It should be noted that the

o AH (kcal/mol)

T T T
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Figure 5. Stick models which represent the dual recognition betweeraaihoethoxy-substituted residue in the third strand with the polypurine

strand of the DNA: Hoogsteen base-pair formation as well as interactions of the positively charged amino group of the aminoethoxy side chain
with the phosphate backbone of the polypurine strand. Molecular dynamics simulations indicate the presence of three conformations of theyaminoetho

side chain, i.e.gauchée (A), trans (B), andgauche (C) (see text). The first two conformations allow a hydrogen-bond interaction of the amino
group with the praR oxygens of the phosphates in positior 1 andi, respectively.

13C,=60 ppm dependence of the cross-correlated relaxation rates do not exceed
+5% of the maximum cross-correlated relaxation rate and
A translate linearly into the order parameters. The population
distribution found is essentially unchanged.

Discussion

IR

iHl

>IN

Conformational Aspects.The molecular dynamics simula-

— Ho tions suggest two possibilities to explain the observed thermo-
dynamic stability of the triplex with a'2Zaminoethoxy-modified
third strand: the amino group-containing side chain is flexible
(model A, vacuum simulations) or rigid, exclusively in the
gauchée conformation (model B, simulations in the presence
B of explicit solvent).

In model A, the aminoethoxy group is considered as a flexible
positively charged side chain. Time-shared hydrogen-bond
interactions take place with two phosphates, thereby reducing
the partial negative charge of the phosphate backbone in the
DNA. This is a relatively weak and nonspecific interaction,

comparable with the binding of polyanions such as spermine
FC1H2,C2H3 lﬂcle,C2H4 and spermidine. Different physical interactions influence the
‘ : Oy stability of the three staggered conformatiorgauche and
Hj3 Hy Oy transstates are favored because of interstrand hydrogen bonds,
while thegauchée andgauche rotamers are stabilized by the
H] (4.58 ppm) H3 (3.65 ppm) so-ca_lle_d gauche_ effeét. 1D _NMR spectra of a dinucleotide
Hoy (4.40 ppm) Hy (3.56 ppm) containing an amlnoethoxy S|_de chain show an almos_t co_mplete
degeneration of chemical shifts of the gpftotons, indicating
flexibility of the aminoethoxy moiety in absence of the DNA.

>

/=

RN

FC1H1,C;H3

Figure 6. Two-dimensional planea;—w3) at the'3C frequencyw;

= 60 ppm of the three-dimensional spectrum, acquired with the . . Lo . .
sequence of Figure 3, for 0.5 mM of the@minoethoxy-modified rY- The flexibility of the side chain within the triplex architecture

dR-dY triplex sample in BD at pH 5.7 and 25C. Referencexperiment assumed in model A would indicate that the triplex is consider-
(A" = 0.87 ms) in panel Acrossexperiment &’ = 0) in panel B. The ~ ably stabilized by nonspecific interactions between the positively

peak in thecrossexperiment corresponding to the rékgu, cm, is strong charged amino group and the negatively charged phosphate
and positive; the one corresponding to the B¢gy,c,, is weak and backbone and entropic contributions from the conformational
negative. The two peaks corresponding to the equal Fai@sc,1, and disorder.

I'cipcom, @re missing, suggesting an apparent value of zero for these  |n model B, the amino group makes an exclusive and
rates. therefore very specific interaction with only one phosphate of

B ) the DNA. In this case, the interaction between the amino group
order parqmete‘iﬁ = 0.80-1.00 and the prevalence of asingle ¢ the third strand and the phosphate of the second strand is
conformation reflect the large cross-correlated relaxation rate specific, meaning that the gauche effect and the hydrogen-bond

of the protondransto each other. A model that includes jumps  5-mation stabilize the triplex despite the decreased conforma-
between the staggered conformations on a time scale relevanjong| entropy.

for relaxation would necessarily reduce these cross-correlated A choice between the two models is now possible with the

relaxation rates requiring even higher populations ofgueche detailed population analysis allowed by the new NMR approach.

cpnfcl)_;matt_lon. '_I;hus, g(;thouglh the TOt.'tofnal {EOdel aSISLt’_med ;s aAccording to the NMR data the following populations ranges
simpiitication, 1t provides a lower fimit for the population ot~ 5pe possiblepg+ = 81—97%;py- = 3—12%;p, = 0—7% with

the main conformation. We also investigated the effect of
anisotropy of the oligonucleotide. We find that the orientation  (21) Wiberg, K. B.Acc. Chem. Re<.996 29, 229-234.
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motional parameters; = 0.80-1.00 andS, = 0.50-0.85. substituent, but formation of specific and stable hydrogen bonds
Interestingly, the order paramet€f is as large as the auto- is hindered by the longer side chain. No very stable hydrogen
correlated order paramet& (0.8) or even larger. Since the Pond was observed for a model of the aminopropoxy-modified
effect of internal motions on vectors with initial projection angle DNA by MD simulations (R. M.Wolf and F. Casset, unpublished

0 = 0° or @ = 180 are the same, if there was no internal motion 'esults). This finding substantiates the importance of specific
within the CH—CH, group, S would be equal t&. In case interactions in the stabilization of the triplex motif. The
the motions which take place inside the £HCH, group are therr.n.odyngmlc and kinetic stability of the aminoethoxy-
not correlated to the internal motions of the £HCH, group modified tr|ple_xes is unprece_dented a_nd seems thus far to be
as awholeS is < S. The fact thatS] > S indicates that the the best candidate for targeting DNA in vivo.

two internal motions are correlated. An order parameter of 1.0 NMR Methodology.. The .CH—C.H .dipolar—.dipolar CCR.
would imply that the internal motion within the GHCH, rates allow conformational investigation of biomolecular side

completely compensates for the effect of the internal motions chains without any need for paramet_n_zatlon. The_y are easy to
of the CH—CH, group as a whole. As the probability of this measure also for molecules that exhibit a broad line width and

event is rather low, we impos§ < 0.9. Under this assump- provide at the same time conformational and dynamic informa-
; ) . . tion. The method presented here constitutes a valid alternative
tion the solution space is reduced to the following;; = 87~ to coupling constants, when no satisfactory parametrization is
97%;pg- = 3—8%; pr = 0—5%; S = 0.8-0.9 andS;, = 0.50~ . - b . ;

) - . available or when coupling constants are difficult or impossible
0.7. This result shows unambiguously that the;€8H, moiety ping b

. ; . . ; to measure. This last case applies to the conformational
in the 2-am|noetho_xy side chain adopts almost exclusively a investigation of small ligands weakly bound to a macromolecule
gauché conformation. B.Oth therans and thegaughe con- for which only “relaxation-related” physical observables (trans-

formations are only transiently populated with a slight tendency ferred NOE, transferred CCR rates) can give information about
of pg- > pr. This is in contrast to what is suggested by molecular !

. . . . ; the bound conformation.
dynamics simulations in vacuum, where the conformational

space allows for the presence of the stable alterndteves Concluding Remarks

conformation. In simulations with explicit solvent molecules, ) . . )

the aminoethoxy moiety is less flexible: tiransconformation For the system investigated here the interaction between the
is not observed, and only a small fractiongzfuche’ conforma- positively charged side chain and the DNA phosphate is highly

tion is present. Although the simulations have been run only SPecific. The question of the specificity of such contacts can
for a short period of 200 ps vs 1000 ps for the in vacuo P€ asked more generally for proteiBNA recognition mech-
simulations, they provide a better representation of the experi- Nisms which include a lysine side chajphosphate contact.
mental data. While the interactions which drive protefDNA recognition

The experimental results allow the characterization of the ar€ often considered to be unspecific, the results presented here
central aminoethoxy side chain in the third strand. Apart from Show that specific interactions are possible and may have an
the aminoethoxy substituents at C1 and C7, the conformationalMPact on the stability and specificity of the complex.

properties are likely to be the same for the other aminoethoxy A 900d understanding of molecular recognition requires the
moieties. In case the interaction between amino groapd investigation of the three-dimensional structure. The newly

phosphate — 1 is specific, it is not likely that the aminoethoxy ~ Presented NMR approach allows population analysis of side

at C1 is hydrogen-bonded. Indeed, the chemical shift and NOE chain conformations even for large systems. We expect this to

data indicate disorder of this side chain. have a notable impact on the description of the details of
In conclusion, the enhanced binding properties can be Structure-function relationship.

explained by the specific interaction of the aminoethoxy side

S ) Acknowledgment. This work was supported by the Fonds
chain with a unique phosphate group of the DNA (model B). . .
The aminoethoxy side chains can be represented as stableOler Chemischen Industrie, the DFG, and the MPG. All spectra

; : . were recorded at the large-scale facility for Biomolecular NMR
spacers that are linked with covalent bonds to the third strand : . .
aEld with hydrogen bonds to the pRyexygen atoms of the at the University of Frankfurt (ERBCT96034). T.C. is supported

) 7S - by the E.U. through a Marie Curie stipend, J.M. by the Fonds
phosphate of the polypurine strand. This interaction is able to - . '
hold the triplex structure together, even at high temperature (78 g?gfggses?'gihzn g‘fﬁ@g;g;hﬁ#h& ﬁiﬁ?:?giggﬁz\é?oﬁlhsank
°C). The aminopropoxy-modified DNA forms less stable T ’ ' '
triplexes? Unspecific ionic interactions are possible for this JA002592R



