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ABSTRACT

1§ MR chemical shift assignments for the title compounds were made for
all but a few Hs' and Hs" signals using two-dimensional nuclear Overhauser
effect (2D-NOE) data, which was also used for the first time to assign
absolute configuration at phosphorus. The chemical shifts were, in general,
similar to those reported [Broido, M.S., et al. (1985) Eur. J. Biochem. 150,
117-128] for the B-like conformation of the unmodified, parent duplex,
[d(GGAATTCC)] 3. Differences in chemical shifts for corresponding protons were
mostly localized to the AA(Et)TT region, and showed some stereochemical
dependence. Unambiguous assignment of the phosphotriester 31p signals was
achieved in a novel way using selective insensitive nucleus enhancement by
polarization transfer (selective INEPT) NMR. The "Ep duplex melted ca.

11 °C lower than either the ~Sp or parent duplexes, as evidenced by T, and
variable temperature l1-1/311’ measurements. The 2D-NOE data for the gpfgp
duplex suggested possible steric interactions between the ethyl group and the
H3' of the flanking A residue. At low ionic strength, the Sp~Sp and parent
duplexes had similar stability but at high ionic strength the §p’§p duplex was
less stable.

INTRODUCTION

Synthetic oligonucleotides that have backbone modifications are useful as
model compounds for studying DNA structure and dynamics,l'4 and as probes for
elucidating specific interactions of DNA with proteins and enzymes.s'11 Such
investigations, which must address the issue of chirality at phosphorus, have
dealt mostly with molecules that have phosphorothioate linkages, the absolute
configurations of which can be readily assigned by enzymatic ptocedures.2:6s7
Stereochemical studies of methanephosphonate analogues of oligonucleotides
have used X-ray crystallographic4’12 and NOE measurementsl3 to determine
chirality at phosphorus in dimers, while methyl and ethyl phosphotriester
internuleotide linkages, which are relevant to recognition and repair
processes,14 have been heretofore stereochemically defined by CD and NMR
methods, but again only at the dimer-level.l5-19 Recent syntheses of
isopropyl20 and ethylll,zx,zz phosphotriester modified oligonucleotides by the
phosphoramidite method has led to the developmem:]-]-szo"22 of a general,

© IRL Press Limited, Oxford, England. 7421



Nucleic Acids Research

chemo-enzymatic scheme for assigning the absolute configuration at phosphorus
in such triesters, as discussed in detail in the accompanying paper.22
Although there is compelling evidence to support the correctness of this
configurational correlation scheme, the final assignments are nevertheless
dependent on assumptions regarding the stereochemical course of the chemical
and enzymatic reactions which are utilized. It was desirable to have an
independent spectroscopic method that would both firmly establish the
chirality of alkyl phosphotriester linkages and, moreover, provide details
about the conformation and dynamics of the backbone modified oligonucleotides.
2D-NOE and other NMR methods that have been successfully appl:l.edzz”'26 to
synthetic oligonucleotides were therefore investigated, and we now wish to
report ly-1H 2D-NOE and variable temperature NMR/UV studies of the prototypal,
diastereomeric, ethyl phosphotriester-modified octanucleotide duplexes, 391§p
and S,-Sp {d[GGAA(Et)TTCC]}2. The results clearly establish absolute
configuration at phosphorus and thus confirm the assignments based on chemical
and enzymatic reactions.22 The presently reported spectroscopic
investigations have also provided new insights to the structural and dynamical
effects of backbone ethylation on double stranded DNA. The significance of
these results and the general applicability of the spectroscopic methods are

discussed.

EXPERIMENTAL

The 3? and §p diastereomers of d[GGAA(Et)TTICC] were co-synthesized,
separated by HPLC, obtained as their sodium salts, and stereochemically
identified by procedures described elsewhere .22
NMR Measurements

NMR measurements were made with a JEOL GX-400 NMR spectrometer (399.65
MHz, 1ﬂ; 161.7 MHz, 31P) equipped with a variable temperature controller

which maintained the sample to +0.1 °C. Samples were prepared in D20 (99.8
atom-2 D) containing either potassium phosphate (P04, 0.01 M), or
piperazine-N,N'-bis-(2-ethanesulfonic acid) (PIPES, 0.0l M) buffer at pH 7.0;
the "pH" values (pH*) for Dy0-containing solutions correspond to observed
readings with a pH-meter and were not corrected for possible isotope effects.
Other sample conditions are given in the legends to the figures. The chemical
shifts were referenced to internal Hy0 or HOD.

Iy R spectra of the exchangeable protons were obtained using the
1-3-3-1 pulse sequence; relevant parameters have been published.25

Absorption mode 2D-NOE data2’ were obtained using the JEOL GX-400
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spectrometer to control the experiment and detect the 1y signals, which were
digitized, signal averaged, and processed with a Nicolet 1280 computer.
The spectrometer conditions were as follows: 4-kHz spectral width; 2048 data
points in tp; 250 ys per t; value; 128 data points collected in tj,
zero-filled to 512 points; 250-ms mixing time; 3-s repetition delay.
Selective 31P{1H] INEPT28 experiments were performed in a manner similar
to previously reported 13C{1H}29'31 and 15N{IH}32 methods using the following
conditions: 4-kHz spectral width; 4096 data points; A}/2 = 52/2 = 30 msec,
25-msec selective 90° lH pulse; 6-Hz Gaussian broadening prior to Fourier
transformations. The chemical shifts were referenced to external
trimethylphosphate-Hy0 (1% v/v).

UV_Spectral and T, Measurements

Oligomer UV spectral analysis and melting experiments were performed on
a Cary 219 spectrophotometer interfaced to an Apple Ile microcomputer through
a bidirectional digital communication port. Up to 5 cells were monitored
and thermostatted in a 5-position rotatable cell turret. The temperature
control was through a Haake PG20 temperature programmer connected to a Haake
A81 refrigerated water bath. Temperature was monitored by a Cary 219
thermistor unit with the thermistor sealed in the reference cuvette which
contained the appropriate buffer and was in position 1 of the turret. Other
cuvettes had Teflon stoppers and all were l-cm pathlength reduced-volume
quartz cells. Nitrogen gas was passed continuously through the sample
compartment of the Cary 219 during low temperature measurements. Digitized
absorbance values were plotted as a function of temperature on the Cary 219
chart recorder and were simultaneously stored by the computer for subsequent
plotting and analysis. The computer collected 10 absorbance readings and
averaged them for each point on the T, curve to improve signal-to-moise.
T, measurements were initiated either at 0 °C or slightly below 0 °C, and the
temperature ramp was 0.5 °C/min. For the relatively broad T, curves obtained
for the DNA oligomers, adsorbance readings were collected only once per min,
and this typically resulted in more than 50 points for a transition curve.
PIPES buffers used throughout these experiments contained 10 mM PIPES,
1 mM EDTA, and NaCl as follows: PIPES 00, no added NaCl; PIPES 10, 0.1 M
NaCl; PIPES 20, 0.2 M NaCl; PIPES 40, 0.4 M NaCl; PIPES 100, 1.0 M NaCl. All
of these buffers were adjusted to pH 7.0.

RESULTS AND DISCUSSION
lg-1H 2D~NOE and Absolute Configuration at Phosphorus
A contour plot of the 2D-NOE data for the BPTEP duplex is given in Fig.
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Fig. 1. Absorption-mode 2D-NOE spectrum of the (gpfgp) duplex; 0.3 mM
in PO4-D20 pH* 7, 5 °C.

1. Except for cross-peaks involving the ethyl group (vide infra) and the
noise at 4.90 ppm resulting from incomplete HDO saturation, the spectrum was
similar to that published for the non—-ethylated, parent compound.23 ‘The
2D-NOE data were analyzed in the usual manner23,33-35 yhich led to assignment
of all but a few of the Hy' and H5" signals, as given in Table I. For
comparison, chemical shift assignments previously determined?3 for the parent
compound are also given in Table I. The similarity of the cross—-peak patterns
observed for the Rp-Rp and S-S (spectra not shown) duplexes relative to the
parent duplex suggested that the ethyl groups in each case did not grossly
alter the B-type conformation found23 for the parent structure. On the other
hand, a few of the cross-peak intensities are substantially different.
Specifically, both the gpfgp and §pf§p duplexes display weaker-than-normal NOE
crogs-peaks between T5-Hg and T5-Hp', Hy" protons and between T5-H)' and
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Table I. lH MR Chemical Shift Assignments for R~ and S-[d(GGAA(P(0)(OEt))TICC)]2
and for [d(GGAATTCC)]28

Residueb Hg Hg Hs CHy H;'  Hy' Hy" Hy' H' Hg' Hs"
c1 P 7.80 5.62 2,47 2,68 4.80 4.19 3.66  3.66
] 7.75 5.50 2.42 2,60 4.72 4.06 3.56  3.54
R 7.72 5.50 2,42 2,60 4.73  4.05 3.50  3.50
G2 P 7.80 5.62 2,65 2,74 5.00 4.33 4,13  4.05
s 7.75 5.36 2,61 2,67 HDO  4.25 - 4,06
R 7.72 5.35 2,60 2.65 5.01 4.30 4.13  4.08
A3 P 8.16 6,06 2,74 2,96 5.09 4.48 (4.22  4.16)
s 8.10 5.99 2,66 2,90 5.01 4.40 4,17 4.11
R 8.05 5.97 2,65 2.87 5.00 4.41 4.18  4.14
A4 P 8.16 6.20 2,61 2,96 5.03 4.50 4.33  4.28
s 8.15 6.13  2.64 2.80 5.27 4.53 4.18  4.20
R 8.11 6,01 2,65 2,72 5.22 4,51 4.7 4.17
T5 P 7.20 1.29 5,93 2,02 2.58 4.48 4.37 4,22 4.1
] 7.06 1.23  5.87 1.93 2.57 4.73 4.9 - -
R 6.95 1.27 5,77 1.85 2.52 4.58 4.25 - 4,03
T6 P 7.40 1.58 6,12 2,19 2,58 4.91  4.22 4,22 4.13
s 7.37 1.49 6,10 2,12 2.56 HDO  4.15 - -
R 7.41 1.50 6,10 2,12 2.55 HDO  4.18 - -
c7 P 7.54  5.68 6.02 2,16 2,47 4.84 4,37 (4,22  4.14)
s 7.53  5.60 - 5.96 2,12 2.46 HDO 4,10 - -
R 7.55 5.6 5.84 2,15 2.43 HDO  4.10 - -
cs P 7,50  5.51 6.18 2,28 2.28 4.56 4.19 4,05 4,01
s 7.56  5.70 - 6.15 2,14 2,19 4.49  3.95 4.09 -
R 7.58 5.7 6.16 2,16 2.19 4.45 3.91  4.05  3.99

8 Data for the non-alkylated parent oligonucleotide were taken from ref. 23; T = 20 °C,
0.18M NaCl; O0.1M PO; buffer; 0.2M EDTA; pH* = 7.0. Sample conditions for the data obtained
in this study are as follows: T = 5° C; no added NaCl; 0.01 M PO, buffer pH* = 7,0;
[gg ] =[S S ] = ca. 0.3 mM; reference = internal HDO (4.84 ppm). P The letters P, R,

S refer he parent compound, and the R,, and ethylated octamers, respectively
(ref. 22). The numbering of the base residues is in the 5'+3' direction:
d(G)G2A3A4T5T6C7Cg) e

T5-Hy', Hp" protons. The nature of these differences in intensity 1s unclear
at this time, but may be attributed, at least in part, to increased
flexibility and motion.33 Conformational changes might account for these
differences in cross-peak intensity; indeed, comparison of chemical shift
results (vide infra) indicated that there were localized structural
differences between the Bp'!‘p and §p-§p duplexes., In contrast, cross-peaks
between A4-H)' and T5-CH3, T5-H)' and T6-CH3, A4-H3' and T5-CH3, T5-H3' and
T6-CH3, C7-Hs5 and T6-CH3, and C7-H5 and C7-Hy', Hy" were stronger than those
expected for normal B-DNA, However, the 2D-NOE spectrum published by Broido
et 9.23 displays anomalous intensities among these same cross-peaks and,
consequently, the origin of these effects is unrelated to the presence of the

7425



Nucleic Acids Research

Hg He Hs CHz Hy Hz Hz" H3' He' Hs' Hs” Fig. 2. Diagram of chemical shift
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ethyl groups. A detailed quantitative study of the time-dependent NOE's to
establish the reasons for these intriguing intensity patterns was beyond the
scope of the presently reported investigations, although such work is
currently being initiated.

Small but significant chemical shift differences (>0.05 ppm) between
corresponding proton signals were found for the ethylated duplexes, and,
moreover, these chemical shift differences were confined primarily to signals
for the dA and dT residues which flank the ethyl phosphotriester moiety, as
shown graphically in Fig. 2. While it remains to be established whether or
not these spectral features result from subtle differences in geometry and
conformation about the phosphotriester group, as described for adenosine
5'-0-(diethyl phosphate),36 it is interesting that similar effects on proton
chemical shifts for base residues adjacent to a modified phosphate linkage
have been observed (James, T.L. and Zon, G., unpublished work) for
diastereomeric duplexes of the phosphorothioate-containing analogue,
d(GGgAATTCC).

Slices from the 2D-NOE data which display cross—peaks associated with the
ethyl group of the gp-gp duplex are shown in Fig. 3; no similar cross-peaks
between the ethyl group and the rest of the molecule were observed for the
§p’§p duplex. In the Epfﬁp duplex, the ethyl-CHy gives a cross-peak with
A4-H3' (Fig. 3c), while the A4-H3' proton displays cross—peaks with both the
ethyl-CHy and ethyl-CH3 protons (Fig. 3b). Inspection of framework and
space-filling models of ethyl phosphotriester internucleotide linkages in
B-form DNA clearly indicates that in the Ep configuration (Fig. 4) there are
shorter internuclear distances (hence stronger NOE's) between the ethyl group
protons and the flanking H3', as compared to those for the Sp configuration.

These findings were consistent with the chemo-enzymatically assigned
absolute stereochemistry at phospl'lorus.22 The relative distances and NOE's
hold for other diastereomeric, backbone-modified, B-form oligonucleotides, in
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Fig. 3. Slices corresponding to the indicated diagonal peaks from the contour
plot in Fig. 1 showing cross-relaxation between protons of the ethyl group and
A4-H3' (b,c). 1In (a), only one weak cross peak was observed due to the long
relaxation time of the Et-CH3 and relatively short pulse delay employed.

a sequence-independent manner, which implies that the method described here
can have general applicability. Evidence which supports this conclusion has
been obtained in 2D-NOE studies (Summers, M.F. and Zon, G., unpublished work)
of the diastereomerically pure, isopropylated duplexes,20 {d[GGAA(1iPr)TTCC]} 7
and {d[CGCG(iPr)CG]}, wherein the NMR-assigned Sp (NOE) and Rp (no NOE)
configurations were confirmed by enzymatic excision of d[N(iPr)N'] for
chemical correlation with d(NgN'). [Note that d(...N(Et)N'...) and
d(es«N(iPr)N',..) having the same relative configuration at phosphorus will
have different absolute stereochemical designations due to changes in group
priority.] Methanephosphonate (P-CH3) modified oligonucleotides,
{d[GGAA(P-CH3)TTCC]} 2, as separate Rp-Rp (no NOE) and Sp-Sp (NOE) duplexes,
{d[GGAA(P-CH3)TTCC]} 2, have likewise given (Summers, M.F. and Zon, G.,
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unpublished work) stereochemically characteristic 2D-NOE spectra that were
correlated with the X-ray crystallographically-derived absolute configuration
at phosphorus in the enzymatically excised dimer, d[A(P-CH3)T].12’37 In each
of the aforementioned cases where cross—-peaks were observed between a pendant
alkyl substituent and the DNA chain, cross-relaxation included H3' of the
5'-flanking deoxyribosyl residue, and, in some cases, Hg of the 3'-flanking
pyrimidine residue.
Selective INEPT Phosphorus Spectra

31p NR spectra of the ethylated Bpfgp and Sp-Sp duplexes are shown in
Fig. 5. In each case, 7 distinguishable 3lp NR signals were observed at

low temperature (5 °C), consistent with a single time-averaged structure for
each duplex, wherein the 14 phosphate groups comprise 2 identical (by
rotation) sets of 7 heterotopic (chemically nonequivalent) internucleotide
linkages. In each case, 6 signals have chemical shifts (ca. -3.8 to =4.7 ppm)
similar to those which have been found382 for the parent octamer, while the
remaining signal was located ca. 1.6 ppm upfield. The chemical shift of the
upfield signal was consistent with that expected for an ethyl phosphotriester;
however, it is well-known that structurally altered oligonucleotides can
exhibit anomalous chemical shifts. Several possible techniques for
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Fig. 5. Variable temperature 31p R spectra of R, and §p ethylated octamers.

unambiguously identifying the phosphotriester signals were considered.
l70—labe11ng of DNA could be used’»26,38 a5 well as a double-resonance
technique (1H{31P}),3ga although newer 2D lH-31P chemical shift correlation
spectroscopy is more efficient.26,39> our alternative approach utilized
selective INEPT NMR, which was recently developed and reported28:31’32 as a
general one-dimensional method for assignment of a heteronucleus via
polarization transfer through scalar coupling with a proton whose chemical
shift has been assigned. The unambiguous assignment of any given
phosphodiester resonance signal may thus be obtained by this method provided
that a flanking H3', H,' or Hg', 5" proton resonance is well-resolved. This
study is the first application of selective INEPT for assignment of 3lp
signals. Fig. 6A shows the 31p wR spectrum of the Ep'gp ethylated duplex at
5 °C in PO4-buffered solution (the signal at ca. -1.9) ppm is due to internal
PO4;). Using selective irradiation of the A4-H3' proton signal, a selective
INEPT spectrum was obtained (Fig. 6B) which clearly identified the high-field
31p signal as A4-P-T5.

Variable Temperature Phosphorus and Proton NMR: Stereochemical Effects

The upfield 3lp nR signal for the phosphotriester group in each of the
ethylated octamers was monitored over a temperature range of 5 to 40 °C

(Fig. 5) as a means of studying the local melting behavior of these
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RoR Fig. 6. 3lp NMR (A) and selective INEPT
Se-ap (B) spectra of Ry-R, duplex.

(A)

(B)

T T T T T T T Ty

24 v:éil 6.4
PPM

compounds, at the site of modification, for comparison with T, measurements by
UV spectroscopy. The 3lp R spectra for the BP_EP and §p'§p duplexes at 5 °C
both showed a pair of signals at -3.90 and —4.05 ppm. Signals with
essentially the same chemical shifts had also been exhibited by the parent
duplex and were assigned38a by 1‘70-1abe11ng to the 3'- and 5'-terminal
dinucleoside phosphates, d(CpC) and d(GpG), respectively. In view of the
3-nucleotide spacing between these terminal residues and the phosphotriester
group in the ethylated duplexes, the -3.90 and —4.05 ppm signals seen in Fig.
5 at 5 °C were tentatively assigned to the d(CpC) and d(GpG) terminal
linkages, respectively. While other individual phosphodiester signals were
not assigned, the virtual superposability of their downfield-shifted (ca. 0.2
ppm) high-termperature pattern was consistent with single-stranded, random
coil oligonucleotides, and showed that these resonances were not detectably
influenced by the stereochemistry of the phosphotriester linkage. The
reason(s) for the more pronounced downfield shift (ca. 0.6-0.7 ppm) of the
ethyl phosphotriester signals upon melting are not clear at the present time.
In any event, this large chemical shift difference led to marked
exchange-broadening of the ethyl phosphotriester signals upon melting, with
the observation of separate signals for double- and single-stranded molecules
(cf. Fig. 5, 20-30 °C). These results suggested that the Ry-Rp duplex had a
melting point ca. 10 °C less than that of the §pﬁ§p duplex under the
conditions employed. The parent duplex lacked appropriately distinguishable
31p signals, and a melting measurement by 3lp MR was not possible.

As an independent means of studying the melting of {d[GGAA(Et)TTCC]}j for
comparison with the parent compound, the 1H WR spectra (not shown) of the

Watson-Crick imino (NH-N) protons were monitored over a temperature range of

7430



Nucleic Acids Research

Fig. 7. Half-height width vs.
temperature for A4-T5 NH-N signal of
parent (), Sp (O), and Ry (O)
octamers in 10 mM PIPES pH"/ at 0.6 mM.

5 to 40 °C. In each case, the terminal G-C proton signal was the first to
broaden and disappear with increasing temperature. Measurement of half-height
widths of the central A4-T5 signals as a function of temperature was of
interest since these NH-N protons are nearest to the site of modification.
From plots (Fig. 7) of these data it was deduced that (l.) duplex stability
apparently decreased in the order: parent §p7§p > 397§p5 and (2.) the
apparent melting point of the Ry-R;, duplex was ca. 10 °C below that of the
parent and §pf§p duplexes. These findings were consistent with the 3lp
results. Interestingly, the more destabilized duplex, namely EP-BP’ had also
shown NOE cross-relaxation between protons on the alkyl group and the DNA.
The same relation for duplex destabilization and the observation of NOE's
between protons of the alkyl group and the flanking nucleotides was also found
(Summers, M.F. and Zon, G., unpublished work) for the diastereomers of
{d[CGCG(iPr)CGl} 2 and the diastereomers of {d[GGAA(P-CH3)TTCC]}2, which
suggested that the destabilization may be predominantly a consequence of
steric interactions between the alkyl group and the flanking nucleotides.

For comparative purposes, it is worthwhile to note here that lH MR and
NOE measurements for d(GGATCC) and its E?—methyl analogue, d(GGm6AICC), have
shown that both oligonucleotides exist as B-DNA at low temperature, and that
the apparent T, values determined by exchange broadening were 45 and 32 °C,
respectively.40 This 13 °C decrease in T, caused by Eﬁ-methylation of the two
dA residues in [d(GGmGAICC)]z is similar in magnitude to the ca. 10 °C
decrease in thermal stability reported here for the bis-ethylated gp-gp
duplex. In contrast to these effects, the set of four duplexes with the
general structure [d(CGNGAATTCm6GCG]2, N=A,G,C, or T exhibit Ty, values 19-26
°C lower than the T, of the parent dodecamer.4l It would thus appear that the
destabilization of a duplex caused by Qﬁ-methylation of a dG residue 1is
considerably greater than that caused by either §§-methylation of dA residues
or O-ethylation of internucleotide phosphate groups.
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3 Fig. 8. Melting curves for N §p, and
parent octamers (left to right), 0.15 mM
bases in PIPES 20.
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UV _Spectral and T, Measurements
Absorbances of solutions of the 59 and §p diastereomers of the ethylated

octamer in PIPES 20 buffer at 5 °C were normalized to the same absorbance at
258 nm, which is the absorbance maximum for both oligomers, and the samples
were scanned from 320 to 250 nm. The resultant spectra were identical within
experimental error, indicating similar base stacking in both diastereomers in
the duplex state.

Melting studies, on the other hand, illustrated a pronounced difference
in the stabilities of the Epfgp and §p7§p duplexes. Representative melting
curves for these duplexes and the parent duplex in PIPES 20 buffer are shown
in Fig. 8. Broad melting curves are observed since the helix to single-strand
transitions have relatively low cooperativity in short oligomers. The curves
were monophasic and thus indicated that no significant amount of a hairp1u25
conformation was formed under these conditions as the temperature was
increased. Each curve was asymmetric on the low temperature side which
suggested that terminal base pair unstacking occurred before duplex
dissociation. In the PIPES 20 buffer (Fig. 8) the §p7§p diastereomer melted
ca. 4 °C lower than the parent duplex, while the 39759 diastereomer melted ca.
11 °C lower than the parent duplex.

Melting curves like those shown in Fig. 8 were obtained for the
oligomers over a range of salt concentrations. Monophasic transitions were
obtained at all salt concentrations, and the T, values for the unsubstituted
and ethylated duplexes isomers were plotted as a function of ionic strength
(Fig. 9). The T, values in 1 M salt do not increase as much as with other
similar increases in salt concentration, and results obtained at that ionic
strength were not included in drawing the lines in Fig. 9. The slopes for
both the Ry-Rp, and Sp-Sp diastereomers have values of 10.1 + 0.1, which were
not different within experimental error. The value of 14.6 for the slope of
the unsubstituted parent oligomer was larger, as expected based on the greater
charge density of this oligomer. The slopes of the plots which include the 1

7432



Nucleic Acids Research

Fig. 9. UV-derived Ty vs. log (Na*

pid activity) for R (A), §p_(.), and parent
7 L ]
P - (M) octamers.
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M salt-points are 11.7, 9.2, and 8.5 for the parent, §p"§p’ and gp-gp
duplexes, respectively.

The most striking feature of Fig. 9 is the significant difference in Ty
values for the R,-R, and Sp-Sp diastereomers at all salt concentrations. These
results provide strong evidence that the destabilization of the _l_l_p—gp duplex
is not simply the result of an electrostatic effect, and indirectly support
the hypothesis (vide supra) that destabilization results predominantly from
steric interactions. From the T, difference between the R, and S, cases in
Fig. 9, the difference in thermal stability between these diastereomers is ca.
11 °C over the entire salt range. The unsubstituted oligomer behaves in a
manner similar to the _Sp case. As can also be seen in Fig. 9, the parent and
_S_p oligomers have similar stability at low salt concentration. At higher
ionic strengths, where electrostatic effects are less important, the
unsubstituted oligomer is more stable. Direct steric effects do not appear
able to account for the destabilization of the Sp=Sp duplex relative to the
parent nucleotide, and it will thus be of interest to evaluate relative
stabilities for other sequences to determine whether this is a common feature

of neutral versus charged phosphate linkages.

CONCLUSIONS

In general, the lg MR chemical shifts for protons of the EP-EP and
Sp-Sp duplexes of d[GGAA(Et)TTCC] were very similar to those reported by
Broido et al. 23 for the parent (non-alkylated) oligonucleotide. Shift
differences greater than 0.05 ppm were primarily localized to the central
A(Et)T region of the molecule, which presumably reflects minor structural
differences, while protons in other regions of the oligonucleotides gave
nearly identical lf MR chemical shifts, which presumably indicates structural

congruency.
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The T, measurements and variable temperature 1/31p NMR spectra obtained
with the diastereomeric duplexes, {d[GGAA(Et)TTCC]},, provided a
self-consistent set of data which indicated that the melting characteristics
of these backbone-modified helices were markedly depéndent upon the absolute
stereochemistry of the ethyl phosphotriester linkage. The near-equivalence of
the T, values for the §p1§p and parent duplexes, despite the lower charge
density in the former compound, suggested that simple electrostatic
considerations regarding duplex stability may be misleading. Thus, the ca.
7-11 °C lower melting temperature found at all salt concentrations for the
Epfgp duplex, relative to the §p1§p and unmodified duplexes, together with the
stereochemically dependent NOE's indicate that unfavorable steric interactions
may be operative, although more data for different sequences and different
substituents will be needed to clarify these points. Further studies of this
sort may also resolve apparent anomalies in the thermal stabilities noted
recently for complexes of poly (U)°d[A(R)A], R = Me, Et, 2,2,2-trichloroethyl,
wherein the role of steric effects has been ques(:ionetl."2

The NOE-derived assignments of absolute configuration at phosphorus in
the Ry-R, and §,-S, diastereomers of {d[GGAA(Et)TTCC]}, agree with the
assignments made using a chemo-enzymatic approach.22 From this work and other
ongoing studies that have been referred to, it appears that for
phosphate—-alkylated oligonucleotides the stereoisomer with the alkyl group
oriented "toward the major groove"” gives characteristic NOE cross—peaks
between the alkyl group and H3' of the 5'-flanking nucleotide and, in some
cases, Hg (or Hg) of the 3'-flanking nucleotide. In addition, the stereoisomer
with the alkyl group oriented "into the solvent” (away from the major groove)
lacks these NOE's, and exhibits melting behavior similar (if not identical) to
that of the parent oligonucleotide. In contrast, the inward-oriented alkyl
group leads to significantly lower melting temperatures. The UV-derived T,
vs. salt concentration profiles support the hypothesis that this duplex
destabilization is primarily a consequence of steric effects. Complete
2D-NOE/energy-minimization structural analyses and thermodynamic studies of
these ethylated oligonucleotides have been initiaed in our laboratories to
further elucidate the consequences of alkylating DNA phosphate groups.
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