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ABSTRACT. Fourteen analogue DNA sequences containing ttipe operator sequence and a single
diastereomeric methylphosphonate linkage are each prepared from the stereochemically pure nucleoside
methylphosphonate dimer building block, prepared as a phosphoramidite. The analogue sequences are
shown to be single diastereomers on the basis of HPLC analysis of the digestion mixture; in each case,
only a single diastereomeric dimer is present. These analogue sequences can be used effectively to probe
for interactions to either of the prochiral phosphate oxygens as illustrated by their use to identify critical
interactions in therp repressoroperator complex. In a number of cases, the pairs of diastereomeric
analogue sequences exhibit variable binding affinities that can be used to identify one of the prochiral
phosphate oxygens as a critical site for complex-stabilizing interactions. Upon the basis of dissociation
constants, apparent incremental binding energies are assigned to specific interactions. In all but one
example, these identified sites for interactions to the phosphate backbone can be correlated with contacts
implicated by the crystal structure analysis of the repressoroperator complex.

Thetrp repressoroperator complex is a small sequence- three water molecules bridge specific functional groups of
specific proteir-nucleic acid complex that forms to modulate the base residues in the operator and those of the amino acid
expression from therpEDCBA operon. The consensus side chains or the peptide backbone in the repressor (Otwi-
operator sequence is a nearly palindromic 18 base pairnowski et al., 1988). Base analogue (Smith et al., 1994)
sequence composed of two direct sequence repeats. A partighnd sequence mutagenesis studies (Joachimiak et al., 1994)
understanding of the sequence-specific nature of this com-have confirmed that the predicted water-meditated contacts
plex, as mediated by the binding of the corepressor  provide significant contributions to the free energy of binding
tryptophan, has been obtained from chemical protection and provide in part an explanation for the formation of the
studies (Bass et al., 1987; Carey, 1989), genetic manipula-observed high-affinity complex.
tions of both the operator (Kelley & Yanofsky, 1982) and  |n addition to the direct or water-mediated interactions with
the repressor (Bass et al., 1988; Marmorstein et al., 1991)the base residues, there are 24 contacts to the unesterified
sequences, and from the detailed pictures provided by twooxygens of the internucleotide phosphates (12 in each half-
crystallographic analysis of the proteinucleic acid complex  sjte). The operator sequence is kinked at three sites, and
in both a dimeric (Otwinowski et al., 1988) and tetrameric this distortion of the operator sequence may contribute to
form (Lawson & Carey, 1993). The presence of the the recognition of the sequence by the protein. The
corepressot-tryptophan enhances the affinity of the repres- interactions between the repressor protein and the operator
sor for the operator by initiating a conformational change to sequence have provided the basis for the proposal of an
permit the interaction of the sequence-reading helices with indirect sequence readout mechanism (Otwinowski et al.,
two adjacent major grooves of the 18 base pair operator 1988), in which the position of the phosphates contributes
(zhang et al., 1987). Solution assays including a phosphatase@o sequence selectivity. The nature of the interactions
protection assay (Marmorstein et al., 1991) and gel retarda-between the internucleotide phosphates and the protein has
tion assays (Carey et al., 1991; Haran et al., 1992) both not been examined to date.

indicate high-affinity binding between the repressor and the  conventional mutagenesis studies have a limited ability
operator sequence. However, the nature of the interactionsyg resolve the nature of specific interactions within protein
at the |nterface betWeen the pI’Otem and the I’IUC|eIC aC|d aSDNA Comp|exes and their Contribution to h|gh_aff|n|ty
implicated by the crystal structures is unusual in that only a hinding. Base analogues, those in which a single functional
single direct amino acidnucleobase contact appears to be group has been excised or otherwise altered, have proven
present in each half-site: a bidentate interaction betweenyaluable in assessing the contribution of individual interac-
Arges and the base residue-& Five additional water-  tions to overall complex stability in a number of studies
mediated interactions are present in each half-site in which (Ajken & Gumport, 1991; Waters & Connolly, 1994) of
sequence-specific protetmucleic acid complexes including
T This work was supported by a grant from the NSF (MCB-9507040). theFrp repreSSOFOperatlor,comple),( (Mazzarelli et al., 1992;
* Author to whom correspondence should be addressed. Smith et al., 1994). Similar studies to probe the nature of
® Abstract published ilhdvance ACS Abstractdfay 1, 1997. specific interactions to the internucleotide phosphate residues

_Abbreviations: Np(CHN represents '5— 3 nucleoside dimers 516 more complex. The internucleotide phosphodiesters
in which the internucleotide linkage is present as a chiral methylphos- :

phonate derivative. The corresponding dA dimer is represented as d[Ap-Comai_n two unesterified phOSp_hate oxygens that Sha_re a
(CHg)A]. negative charge. It appears quite common for a protein to
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contact only one of the two prochiral nonbridging oxygens. chromatographed on a column of silica gel (%515 cm)
For example, for a protein bound in the major groove of a using a gradient of methanol (0 to 4%). After collection of
B-form DNA, the pro-R oxygen of the phosphodiester the appropriate fractions and evaporation to dryness 880 mg
linkage is oriented more toward the major groove, while the of the R, diastereomer (39%) and 350 mg of ti%
pro-S oxygen is oriented more toward the minor groove. diastereomer (16%) were obtained. A combined yield of
Preferential, but not exclusive contact with fhre-R oxygens 55% was obtained.
could be expected for a major groove binding protein. R of R, isomer (chloroform/methanol, 95/5) 0.25, and
Studies in which phosphate analogues have been used td& of S, isomer (chloroform/methanol, 95/55 0.23. MS
probe the presence of interactions to the DNA backbone in FAB calculated for GgHs/N7O13P (M + HT): 1064.3595.
protein—nucleic acid complexes have not always considered Found: 1064.3591.
the diastereomeric nature of such interactions (Botfield & *H NMR of R, isomer (CDCJ): ¢ 8.8 (s, 1H, N-H of A),
Weiss, 1994; Thorogood et al., 1996). A recent study with 8.4 (s, 1H, H2 of A), 8.0 (s, 1H, H8 of A), 7-66.8 (m,
T4 endonuclease V (lwai et al., 1994), and a second with 23H, Ar-H), 6.62 (t, 1HJ = 7.0 Hz, HI of A), 6.38 (t, 1H,
the HIV Tat protein (Pritchard et al., 1994), both involved J=6.0 Hz, H1 of T), 5.75 (m, 1H, H30f A), 5.24 (m, 1H,
the preparation of DNA or RNA sequences, respectively, H3' of T), 4.48 (m, 1H, H4of A), 4.17 (m, 1H, H40of T),
containing racemic methylphosphonates, followed by their 3.78 (s, 6H, O-Ch), 3.6 (m, 2H, H5of T), 3.41 (m, 2H,
resolution into stereochemically pure isomers for analysis H5' of A), 3.16 (m, 1H, H2of A), 2.83 (m, 1H, HZ of A),
of protein binding. Studies with thd&caoRI restriction 2.60 (m, 1H, H2of T), 2.46 (m, 1H, HZ of T), 1.5-1.6
endonuclease have described the use of chiral phospho{d, 3H, P-CH), 1.3 (s, 3H, CHof T).
rothioates to probe essential interactions to the phosphates 'H NMR of S, isomer (CDC})): 6 8.8 (s, 1H, N-H of A),
in the complex involving the GAATTC recognition site 8.35 (s, 1H, H2 of A), 8.0 (s, 1H, H8 of A), 7-6.8 (m,
(Koziolkiewicz & Stec, 1992; Lesser et al., 1992; Kurpiewski 23H, Ar-H), 6.62 (t, 1HJ = 6.8 Hz, H1 of A), 6.38 (t, 1H,
et al,, 1996). An earlier study with théac repressor J=6.8 Hz, H1 of T), 5.65 (m, 1H, H30of A), 5.24 (m, 1H,
employed chiral methylphosphonate analogues (Noble et al.,H3' of T), 4.40 (m, 1H, H4of A), 4.20 (m, 1H, H4of T),
1984). 3.78 (s, 6H, O-Ch), 3.6 (m, 2H, H5 of T), 3.41 (m, 2H,
In the present report, we describe the use of chiral H5 of A), 3.10 (m, 1H, H2of A), 2.85 (m, 1H, HZ of A),
methylphosphonate derivatives to probe interactions to each2.50 (m, 1H, H2 of T), 2.40 (m, 1H, HZ of T), 1.5-1.6
of the prochiral oxygens of the internucleotide phosphates (d, 3H, P-CH), 1.3 (s, 3H, CH of T).
in the trp repressoroperator complex. Six phosphates in  5'-O-(4,4-Dimethoxytrityl)thymidylyl-(3-5')-NS-benzoyl-
each half-site have been proposed to be involved in interac-2'-deoxyadenosine’3/ethylphosphonate4j. To 400 mg
tions with thetrp repressor. We have probed these six sites Of either theR, or the S, diastereomer 08 (0.38 mmol, the
using the corresponding 12 diastereom&jand S, meth- 3'-O-benzoyl derivative of d[Tp(CkJA]) in methanol was

ylphosphonate derivatives. added 10 mL of a 0.05 M solution (0.50 mmol) of freshly
prepared sodium methoxide in methanol, and the reaction
EXPERIMENTAL PROCEDURES was checked every 15 min (TLC) until starting material was

i i . i . largely absent. A cation exchange resin*(fbrm) was

Materials. Oligodeoxynucleotides were synthesized using 4qded until the pH of the solution was neutral and then the
nucleoside phosphoramidites on an Applied Biosystems gq|ytion was filtered. The filtrate was poured into a solution
381A DNA synthesizer. The four fully protected common  f 504 sodium bicarbonate and extracted with chloroform.
2-deoxynucleoside phosphoramidites containing aryl- or after drying over sodium sulfate and concentrating the
isobutyrylamides were purchased from BioGenex. pe  soytion to dryness, the mixture was dissolved in a minimum
repressor was isolated from an overproducing strain provided 5 ount of chloroform and chromatographed on a column
as a gift from Prof. P. Sigler (Yale University). Calf . gjlica gel column (1x 10 cm) using a gradient of methanol
mtestma_l alkaline phosphatase was a product of Boerhmger(o to 8%). After collection of the appropriate fractions and
Mannheim Inc. (Germany). evaporation to dryness, 175 mg (0.18 mmol) of 48% of the

Methods. Four of the protected methylphosphonate dimers R, (40% yield for theS, diastereomer) diastereomer 4f
{R, and §, d[Ap(CH3)A]; R, and §, d[Tp(CHs)A]} were  was obtained.

prepared with the "2hydroxyl protected as th®&-benzoyl R: of R, isomer (chloroform/methanol, 90/16) 0.50, and
derivative, while the remaining eight dimers usestt- R of S, isomer (chloroform/methanol, 90/16) 0.50.
butyldiphenylsilyl protection (see text for explanation). MS FAB calculated for GuHsiN/OpP (M + HY):
5'-0-(4,4-Dimethoxytrityl)thymidylyl-(3-5')-N°-benzoyl- 960.3333. Found: 960.3340.
3'-0O-benzoyl-2deoxyadenosine’-ethylphosphonatesj. 'H NMR of R, isomer (CDCJ): ¢ 8.8 (s, 1H, N-H of A),

The procedure for dimer coupling to prepare the protected 8.4 (s, 1H, H2 of A), 8.0 (s, 1H, H8 of A), 7-66.8 (m,
derivative of d[Tp(CH)A] was adapted from two previously  23H, Ar-H), 6.62 (t, 1HJ = 7.0 Hz, HI of A), 6.38 (t, 1H,
published approaches (Cormier & Pannunzio, 1991; Wozniak J= 6.0 Hz, H1 of T), 5.75 (m, 1H, H30f A), 5.24 (m, 1H,
et al.,, 1994). © 2 g (2.6 mmol) of DMT-protected H3 of T), 4.6 (m, 1H, H3 of A), 4.48 (m, 1H, H4 of A),
hexafluoroisopropyl methylphosphonate derivatiig 6f 4.17 (m, 1H, H4of T), 4.05 (d, 1H, 30H of A), 3.78 (s,
thymidine was added 0.95 g (2.1 mmol) if-benzoyl-3- 6H, O-CH;), 3.6 (m, 2H, H50f T), 3.41 (m, 2H, H50f A),
O-benzoyl-2-deoxyadenosine corresponding2@followed 3.16 (m, 1H, H2of A), 2.83 (m, 1H, HZ of A), 2.60 (m,
by 1.2 equiv of DBU (2.5 mmol), and the reaction stirred 1H, H2 of T), 2.46 (m, 1H, HZ of T), 1.5-1.6 (d, 3H,
overnight. TLC analysis (chloroform/methanol, 95/5) indi- P-CH), 1.3 (s, 3H, CH of T).

cated that two new products were present. The reaction H NMR of S, isomer (CDCJ): ¢ 8.8 (s, 1H, N-H of A),
mixture was evaporated to dryness without any work up, 8.35 (s, 1H, H2 of A), 8.0 (s, 1H, H8 of A), 7-6.8 (m,
dissolved in a minimum amount of dichloromethane and 23H, Ar-H), 6.62 (t, 1H,J = 6.82 Hz, H1 of A), 6.38 (t,
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1H, J = 6.82 Hz, H1 of T), 5.24 (m, 1H, H3of T), 4.70
(m, 1H, H3 of A), 4.40 (m, 1H, H4 of A), 4.20 (m, 1H,
H4' of T), 4.05 (d, 1H, 30H of A), 3.78 (s, 6H, O-Ch),
3.6 (m, 2H, H50f T), 3.41 (m, 2H, H50f A), 3.10 (m, 1H,
H2 of A), 2.85 (m, 1H, HZ of A), 2.50 (m, 1H, H20of T),
2.40 (m, 1H, HZ of T), 1.5-1.6 (d, 3H, P-CH), 1.3 (s,
3H, CH; of T).
5'-0-(4,4-Dimethoxytrityl)thymidylyl-(3+5')-NS-benzoyl-
3'-0O-(2-cyanoethyl N,N-diisopropylamidophosphoramidite)-
2'-deoxyadenosine’-3ethylphosphonate5]. To 150 mg
of theR, diastereomer of the d[Tp(GJ#\] derivative4 (0.16
mmol) dissolved in 2 mL of anhydrous chlorofom was added
3 equiv (88ulL) of diisopropylethylamine (0.51 mmol) and
1.5 equiv (60uL) of 2-cyanoethyl diisopropylchlorophos-
phoramidite (0.26 mmol), and the reaction mixture was
stirred for 2 h. This mixture was added directly to a silica
gel column (1x 10 cm) without any work up and eluted
with chloroform and a gradient of methanol (0 to 5%)
containing a trace of triethylamine. After collection of the
appropriate fractions, 150 mg (0.12 mmol, 54%) of e
(50% yield for theS, diastereomer) phosphoramidite dimer
was obtained.

R: of R, isomer (chloroform/methanol/triethylamine, 94/
5/1) = 0.35, andR; of S, isomer (chloroform/methanol/
triethylamine, 94/5/1y 0.35.

3P NMR (CDCk) R, isomer: & 31.78, 31.84 (meth-
ylphosphonate), 149.04, 149.06 (phosphoramidite).

3P NMR (CDCE) S, isomer: 6 32.11, 32.27, (meth-
ylphosphonate), 149.25, 149.29 (phosphoramidite).

NS-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5')-N8-benzoyl-3-0-benzoyl-2deoxyadenosine -d/e-
thylphosphonate§). The corresponding benzoyl-protected
dimer of the methylphosphonate of d[Ap(@WA] was
prepared by a procedure analagous to that describe8 for
From 1 g (2.2 mmol) o, 284 mg (0.25 mmol) ob was
obtained (yield of 11% for thdR, diastereomer). An 8%
yield was obtained for th&, diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%;)0.22, and
Rr of S, isomer (chloroform/methanol, 95/5%) 0.20.

MS FAB calculated for GHs/N1gO1.PK (M + K+):
1215.3532. Found: 1215.3580.

H NMR of R, isomer (CDC}): 6 9.1-9.2 (s, 2H, N-H
of A), 8.1-8.8 (s, 4H, H2 and H8 of A), 7:66.8 (m, 31H,
Ar-H), 6.60 (t, 1H,J = 6.8 Hz, H1 of A1), 6.45 (t, 1HJ =
7.2 Hz, H1 of A2), 5.75 (m, 1H, H30of A2), 5.34 (m, 1H,
H3' of Al), 4.50 (m, 1H, H4of A2), 4.35 (m, 1H, H4 of
Al), 3.71 (s, 6H, O-CH), 3.45 (m, 2H, H5of A2), 3.35
(m, 2H, HB of Al), 3.08 (m, 1H, H2of A2), 3.06 (m, 1H,
H2' of Al), 2.78 (m, 1H, HZ of Al), 2.76 (m, 1H, HZ of
A2), 1.5-1.6 (d, 3H, P-CH).

H NMR of S, isomer (CDC}): 6 9.2-9.3 (s, 2H, N-H
of A), 8.2-8.8 (s, 4H, H2 and H8 of A), 7:66.8 (m, 31 H,
Ar-H), 6.60 (t, 1H,J = 6.8 Hz, H1 of A1), 6.50 (t, 1H,J =
7.1 Hz, H1 of A2), 5.68 (m, 1H, H3of A2), 5.34 (m, 1H,
H3' of Al), 4.42 (m, 1H, H4of A2), 4.35 (m, 1H, H4of
A1), 3.71 (s, 6H, O-Ch), 3.45 (m, 2H, H5 of A2), 3.35
(m, 2H, HB of A1), 3.08 (m, 1H, H20of A2), 3.06 (m, 1H,
H2 of Al), 2.78 (m, 1H, HZ of Al), 2.76 (m, 1H, HZ of
A2), 1.5-1.6 (d, 3H, P-CH).

NS-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5)-Né-benzoyl-2deoxyadenosing-Blethylphosphonate
(7). Deprotection of the benzoyl-protected dimer of the
methylphosphonate of d[Ap(GHA] was prepared by a
procedure analagous to that described4for-rom 250 mg
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(0.21 mmol) of6, 110 mg (0.10 mmol) o was obtained
(yield of 48% for theR, diastereomer). A 41% yield was
obtained for the§, diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%)0.52, and
R: of S, isomer (chloroform/methanol, 95/5%; 0.52.

MS FAB calculated for GHsaN1gO:PK (M + K™):
1111.3270. Found: 1111.3291.

H NMR of R, isomer (CDCJ): 4 9.1-9.2 (s, 2H, N-H

of A), 8.1-8.8 (s, 4H, H2 and H8 of A), 7:66.8 (m, 31H,
Ar-H), 6.60 (t, 1H,J = 6.8 Hz, H1 of A1), 6.45 (t, 1H,J =
7.2 Hz, H1 of A2), 5.75 (m, 1H, H30of A2), 5.34 (m, 1H,
H3' of A1), 4.50 (m, 1H, H4of A2), 4.35 (m, 1H, H4of
Al), 4.11 (d, 1H, 30H of A), 3.71 (s, 6H, O-Ch), 3.45
(m, 2H, HB of A2), 3.35 (m, 2H, H50f Al), 3.08 (m, 1H,
H2' of A2), 3.06 (m, 1H, H2of Al), 2.78 (m, 1H, HZ of
Al), 2.76 (m, 1H, HZ of A2), 1.5-1.6 (d, 3H, P-CH).

H NMR of S, isomer (CDCJ): 6 9.2-9.3 (s, 2H, N-H

of A), 8.2-8.8 (s, 4H, H2 and H8 of A), 7:66.8 (m, 31H,
Ar-H), 6.60 (t, 1H,J = 6.8 Hz, H1 of A1), 6.50 (t, 1H,J =
7.1 Hz, H1 of A2), 5.68 (m, 1H, H30f A2), 5.34 (m, 1H,
H3' of A1), 4.42 (m, 1H, H4of A2), 4.35 (m, 1H, H4of
Al), 4.11 (d, 1H, 30H of A), 3.71 (s, 6H, O-Ch), 3.45
(m, 2H, HB of A2), 3.35 (m, 2H, H50f Al), 3.08 (m, 1H,
H2' of A2), 3.06 (m, 1H, H2of Al), 2.78 (m, 1H, HZ of
Al), 2.76 (m, 1H, HZ of A2), 1.5-1.6 (d, 3H, P-CH).

Né-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5)-3-0-(2-cyanoethyl N,N-diisopropylamidophosphora-
midite)-2-deoxyadenosine -3lethylphosphonate8]. Con-
version of the nucleoside dimer of the methylphosphonate
d[Ap(CH3)A] to the corresponding phosphoramidite was
accomplished by a procedure analagous to that described for
5. From 110 mg (0.10 mmol) of, 65 mg (0.05 mmol) of
8 was obtained (yield of 52% for thig, diastereomer). A
45% yield was obtained for th&, diastereomer.

R: of R, isomer (chloroform/methanol/triethylamine, 94/
5/1) = 0.35, andR; of § isomer (chloroform/methanol/
triethylamine, 94/5/1% 0.35.

3P NMR of R, isomer (CDCJ): ¢ 31.78, 31.84 (meth-
ylphosphonate), 149.04, 149.06 (phosphoramidite),

3P NMR of S, isomer (CDCJ): ¢ 32.11, 32.27, (meth-
ylphosphonate), 149.25, 149.29 (phosphoramidite).

Né-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5')-N*isobutyryl-3-O'-tert-butyldiphenylsilyl-2deoxy-
cytidine 3-Methylphosphonate]. The procedure for dimer
coupling to prepare the protected derivative of d[Ap&EE]
was adapted from that described by Wozniak et al. (1994).
To 1.1 g (1.26 mmol) oN8-benzoyl-3-O-(4,4-dimethox-
ytrityl)-2'-adenosine hexafluoromethylphosphondjgCorm-
ier & Pannunzio, 1991) was added 0.45 g (0.84 mmol) of
N*-isobutyryl-3-O-(tert-butyldiphenylsilyl)-2-deoxycyti-
dine corresponding t@a followed by 5 equiv (0.168 g) of
LiCI (4.20 mmol) in 10 mL of anhydrous pyridine. After 5
min of stirring, 5 equiv (0.63 mL) of diazobiscycloundecene
(4.20 mmol) was added and the reaction stirred overnight.
TLC analysis (chloroform/methanol, 95/5) indicated that two
new products were present. The reaction mixture was
evaporated to dryness without any workup, dissolved in a
minimum amount of dichloromethane, and chromatographed
on a column of silica gel (2.5 15 cm) using a gradient of
methanol (0 to 4%). After collection of the appropriate
fractions and evaporation to dryness, 370 mg of Re
diastereomer (35%) and 259 mg of tRadiastereomer (25%)
was obtained. An additional 70 mg of a mixture of b&h
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and S, isomers (7%) was also isolated. A combined yield (m, 1H, C-H of isobutyryl group), 2.55 (m, 1H, Hf C),

of 67% was obtained.

R: of R, isomer (chloroform/methanol, 95/5%;)0.20, and
R: of S, isomer (chloroform/methanol, 95/5%) 0.18.

MS FAB calculated for €8H74N80128ip (M + H+):
1253.4933. Found: 1253.4940.

H NMR of R, isomer (CDCJ): 6 9.1 (s, 1H, N-H of A),
8.6 (s, 1H, H2 of A), 8.1 (s, 1H, H8 of A), 7.97 (d, 2H, H5
and H6 of C), 7.6-6.8 (m, 23H, Ar-H), 6.39 (t, 1H) = 6.3
Hz, H,' of C), 6.31 (t, 1H,J = 6.3 Hz, HI of A), 5.18 (m,
1H, H3 of C), 4.32 (m, 1H, H3of A), 4.23 (m, 1H, H4 of
C), 3.98 (m, 1H, H4of A), 3.8 (s, 6H, O-CH), 3.59 (m,
2H, H5 of A), 3.38 (m, 2H, H50f C), 2.97 (m, 1H, H2of
C), 2.73 (m, 1H, H20of A), 2.59 (m, 1H, C-H of isobutyryl
group), 2.50 (m, 1H, H2 of C), 1.87 (m, 1H, H2 of A),
1.3-1.4 (d, 3H, P-CH), 1.2 (d, 6H, isobutyryl group), 1.05
(s, 9H, tert-butyl group).

'H NMR of S, isomer (CDCJ): 6 9.1 (s, 1H, N-H of A),
8.7 (s, 1H, H2 of A), 8.2 (s, 1H, H8 of A), 8.0 (d, 2H, H5
and H6 of C), 7.6-6.8 (m, 23H, Ar-H), 6.55 (t, 1H) = 7.5
Hz, H,' of C), 6.40 (t, 1H,J = 7.5 Hz, HI of A), 5.40 (m,
1H, H3 of C), 4.45 (m, 1H, H3of A), 4.25 (m, 1H, H4of
C), 3.98 (m, 1H, H4o0f A), 3.8 (s, 6H, O-CH), 3.50 (m,
2H, H5 of A), 3.40 (m, 2H, H50f C), 2.90 (m, 1H, H2of
C), 2.75 (m, 1H, H20f A), 2.59 (m, 1H, C-H of isobutyryl
group), 2.55 (m, 1H, H2 of C), 2.15 (m, 1H, H2 of A),
1.5-1.6 (d, 3H, P-CH), 1.2 (d, 6H, isobutyryl group), 1.05
(s, 9H, tert-butyl group).

Né-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5')-N*isobutyryl-2-deoxycytidine 3Methylphosphonate
(10). To 300 mg of either th&, or the S, diastereomer of
the d[Ap(CH)C] dimer 9 (0.24 mmol) was added 2 equiv
of TBAF (0.48 mL) in freshly distilled THF (5 mL) and the

2.15 (m, 1H, HZ of A), 1.5-1.6 (d, 3H, P-CH), 1.2 (d,
6H, isobutyryl group).

N8-Benzoyl-50-(4,4-dimethoxytrityl)-2-deoxyadenoylyl-
(3—5')-N*isobutyryl-3-O-(2-cyanoethyl N,N-diisopropyla-
midophosphoramidite)‘2leoxycytidine 3Methylphospho-
nate (L1). Conversion of the nucleoside dimer of the
methylphosphonate d[Ap(G)C] to the corresponding phos-
phoramidite was accomplished by a procedure analagous to
that described fob. From 170 mg (0.17 mmol) df0, 150
mg (0.12 mmol) ofl1 was obtained (yield of 73% for the
R, diastereomer). A 63% yield was obtained for tge
diastereomer.

R: of R, isomer (chloroform/methanol/triethylamine, 94/
5/1) = 0.35, andR; of S, isomer (chloroform/methanol/
triethylamine, 94/5/1y 0.35.

3P NMR R, isomer (CDC{): d 32.18, 32.23 (meth-
ylphosphonate), 149.21, 149.68 (phosphoramidite),

3P NMR §, isomer (CDCY): o 32.38, 32.50, (meth-
ylphosphonate), 149.34, 149.70 (phosphoramidite).

N2-Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxyguanidy-
lyl-(3'—5')-(3'-O'-tbutyldiphenylsilyl-thymidine)-3meth-
ylphosphonate (12)The correspondintgrt-butyldimethylsilyl-
protected dimer of the methylphosphonate of d[Gp{JH

was prepared by a procedure analagous to that described for

9. From 610 mg (1.27 mmol) d?b, 390 mg (0.33 mmol)
of 12 was obtained (yield of 26% for thig, diastereomer).
A 29% yield was obtained for th§, diastereomer.

Rs of R, isomer (chloroform/methanol, 95/5%)0.20, and
R: of S, isomer (chloroform/methanol, 95/5%; 0.17.

MS FAB calculated for GH;1N;O;:SiP (M + HT):
1180.4617. Found: 1180.4623.

'H NMR of R, isomer (CDC}): 4 8.6 (d, H, N-H), 7.6~

reaction stirred for 1 h. The solution was poured into a 6.8 (m, 23H, arom), 6.18 (t, 1H] = 6.7 Hz, H1 of G),
solution of 5% sodium bicarbonate and extracted with 6.02 (t, 1H,J = 6.9 Hz, HI of T), 5.25 (m, 1H, H30of G),

chloroform. After drying over sodium sulfate and concen-

4.42 (m, 1H, H3of T), 4.13 (m, 1H, H4of G), 4.15 (m,

trating the solution, the mixture was chromatographed on aH4' of T), 3.8 (s, 6H O-CH), 3.35 (m, 2H, H50f T), 3.24

column of silica gel (1x 10 cm) using a gradient of methanol
(0 to 8%). After collection of the appropriate fractions and
evaporation to dryness, 210 mg (0.21 mmol), 86% ofRhe
(71% of theS,) diastereomer, 010 was obtained.

R: of R, isomer (chloroform/methanol, 90/10%) 0.52,
andR; of §, isomer (chloroform/methanol, 90/10%;)0.50.

MS FAB calculated for GHseNgO1 P (M + HT):
1015.3755. Found: 1015.3765.

H NMR of R, isomer (CDCJ): 6 9.1 (s, 1H, N-H of A),
8.6 (s, 1H, H2 of A), 8.1 (s, 1H, H8 of A), 7.97 (d, 2H, H5
and H6 of C), 7.6-6.8 (m, 23H, Ar-H), 6.39 (t, 1IH) = 6.3
Hz, H1 of C), 6.31 (t, 1H,J = 6.3 Hz, H1 of A), 5.4 (d,
1H, 3-OH of C), 5.18 (m, 1H, H3of C), 4.32 (m, 1H, H3
of A), 4.23 (m, 1H, H4 of C), 3.98 (m, H4 of A), 3.8 (s,
6H O-CH), 3.59 (m, 2H, H50of A), 3.38 (m, 2H, H5 of
C), 2.97 (m, 1H, H2o0of C), 2.73 (m, 1H, H20f A), 2.59
(m, 1H, C-H of isobutyryl group), 2.50 (m, 1H, H2f C),
1.87 (m, 1H, HZ of A), 1.3—-1.4 (d, 3H, P-CH), 1.2 (d,
6H, isobutyryl group).

IH NMR of S isomer (CDCJ): 6 9.1 (s, 1H, N-H of A),
8.7 (s, 1H, H2 of A), 8.2 (s, 1H, H8 of A), 8.0 (d, 2H, H5
and H6 of C), 7.6-6.8 (m, 23H, Ar-H), 6.55 (t, 1H)=7.5
Hz, H1 of C), 6.40 (t, 1H,J = 7.5 Hz, H1 of A), 5.4 (d,
1H, 3-OH of C), 5.20 (m, 1H, H3of C), 4.45 (m, 1H, H3
of A), 4.25 (m, 1H, H4 of C), 3.98 (m, 1H, H40of A), 3.8
(s, 6H, O-CH), 3.50 (m, 2H, H50f A), 3.40 (m, 2H, H5
of C), 2.90 (m, 1H, H2of C), 2.75 (m, 1H, H20of A), 2.59

(m, 2H, H8 of G), 2.66 (m, 1H, H2of G), 2.60 (m, 1H,
C-H of isobutyryl group), 2.47 (m, 1H, H2f G), 2.40 (m,
1H, HZ of T), 2.30 (m, 1H, H20of T), 1.90 (s, 3H, CHof
T), 1.4 (d, 3H, P-CH), 1.18 (d, 6H, isobutyryl group), 1.07
(s, 9H,tert-butyl group).

H NMR of S, isomer (CDCJ): 6 8.6 (d, H, N-H), 7.6~
6.8 (m, 23H, arom), 6.18 (t, 1H} = 6.86 Hz, H1 of T),
6.02 (t, 1H,J = 6.34 Hz, H1 ofG), 5.34 (m, 1H, H3o0f G),
4.36 (m, 1H, H3of G), 4.24 (m, 1H, H40of G), 3.94 (m,
H4' of T), 3.8 (s, 6H, O-Ch), 3.59 (m, 2H, H50f T), 3.27
(m, 2H, H8 of G), 2.66 (m, 1H, H2of G), 2.60 (m, 1H,
C-H of isobutyryl group), 2.40 (m, 1H, H2f G), 2.37 (m,
1H, HZ of T), 2.0 (s, 3H, CHof T), 1.9 (m, 1H, H20f T),
1.4 (d, 3H, P-CH3), 1.18 (d, 6H, isobutyryl group), 1.07 (s,
9H, tert-butyl group).

N2-Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxyguanidy-
lyl-(3'—5")-thymidine 3-Methylphosphonatel@). Depro-
tection of thetert-butyldimethylsilyl-protected dimer of the
methylphosphonate of d[Gp(GH] was accomplished by
a procedure analagous to that describedlfar From 320
mg (0.27 mmol) of12, 190 mg (0.20 mmol) ofL3 was
obtained (yield of 75% for th&, diastereomer). A 75%
yield was obtained for th&, diastereomer.

R: of R, isomer (chloroform/methanol, 90/10%;) 0.50,
R: of S, isomer (chloroform/methanol, 90/10%) 0.50.

MS FAB calculated for GsHsaN;O1 3P (M + H*):
942.3439. Found: 942.3441.
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'H NMR of R, isomer (CDC}): ¢ 8.6 (d, H, N-H), 7.6~
6.8 (m, 23H, arom), 6.18 (t, 1H] = 6.7 Hz, H1 of G),
6.02 (t, 1H,J=6.9 Hz, H1 of T), 5.4 (d, 1H, 3-OH of T),
5.1 (m, 1H, H30of G), 4.42 (m, 1H, H30f T), 4.13 (m, 1H,
H4' of G), 4.15 (m, H40of T), 3.8 (s, 6H O-CH), 3.35 (m,
2H, H5 of T), 3.24 (m, 2H, H50f G), 2.66 (M, 1H, H2o0f
G), 2.60 (m, 1H, C-H of isobutyryl group), 2.47 (m, 1H,
H2' of G), 2.40 (m, 1H, H20f T), 2.30 (m, 1H, H20f T),
1.90 (s, 3H, CHof T), 1.4 (d, 3H, P-CH3), 1.18 (d, 6H,
isobutyryl group).

H NMR of S, isomer (CDC{): 6 8.6 (d H, N-H), 7.6-
6.8 (m, 23H, arom), 6.18 (t, 1Hl = 6.86 Hz, H1 of T),
6.02 (t, 1H,J = 6.34 Hz, H1 of G), 5.4 (d, 1H, 30H of
T), 5.25 (m, 1H, H3of G), 4.36 (m, 1H, H30f G), 4.24
(m, 1H, H4 of G), 3.94 (m, H40of T), 3.8 (s, 6H O-CH),
3.59 (m, 2H, H50f T), 3.27 (m, 2H, H50f G), 2.66 (M,
1H, HZ of G), 2.60 (m, 1H, C-H of isobutyryl group), 2.40
(m, 1H, H2 of G), 2.37 (m, 1H, H20f T), 2.0 (s, 3H, CH
of T), 1.9 (m, 1H, H2of T), 1.4 (d, 3H, P-CH3), 1.18 (d,
6H, isobutyryl group).

N2-Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxyguanidy-
lyl-(3'—5")-3'-O-(2-cyanoethyl N,N-diisopropylamidophos-
phoramidite)-thymidine "3Methylphosphonateld). Con-

Smith and McLaughlin

C), 1.90 (s, 3H, CHlof T), 1.8 (m, 1H, H2 of T), 1.4 (d,
3H, P-CH), 1.20 (d, 6H, isobutyryl group), 1.05 (s, Otéyt-
butyl group)

N*Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-
(3—5')-thymidine 3Methylphosphonatel). Deprotection
of the tert-butyldimethylsilyl-protected dimer of the meth-
ylphosphonate of d[Cp(CHiT] was accomplished by a
procedure analagous to that describedifar From 190 mg
(0.17 mmol) of15, 115 mg (0.13 mmol) o16 was obtained
(yield of 75% for theR, diastereomer). A 74% yield was
obtained for thes, diastereomer.

Rs of R, isomer (chloroform/methanol, 90/10%) 0.50,
andR; of S, isomer (chloroform/methano,l 90/10%)0.50.

MS FAB calculated for GGHssNsO:P (M + HT): 902.3378
Found: 902.3411.

'H NMR of R, isomer (CDCJ): ¢ 8.1(d, H, N-H), 7.6~
6.8 (m, 23H, arom), 6.3 (t, 1H,= 7.2 Hz, H1 of T), 6.2(t,
1H,J=7.2 Hz, H1 of C), 5.3 (d, 1H, 30H of T), 4.9 (m,
1H, H3 of C), 4.3 (m, 1H, H30f T), 4.15 (m, 1H, H4of
C), 4.10 (m, H40f T), 3.8 (s, 6H O-CH), 3.55 (m, 2H, H5
of T), 3.35 (m, 2H, H50f C), 2.7 (m, 1H, H20of C), 2.50
(m, 1H, C-H of isobutyryl group), 2.40 (m, 1H, H&f T),
2.30 (m, 1H, H2of C), 1.90 (s, 3H, Chlof T), 1.90 (m,

version of the nucleoside dimer of the methylphosphonate 1H, HZ of T), 1.4 (d, 3H, P-CH), 1.10 (d, 6H, isobutyryl
d[Gp(CHy)T] to the corresponding phosphoramidite was group).
accomplished by a procedure analagous to that described for *H NMR of S, isomer (CDCY): ¢ 8.1(d, H, N-H), 7.6~

5. From 140 mg (0.15 mmol) af3, 100 mg (0.088 mmol)
of 14 was obtained (yield of 59% for thig, diastereomer).
A 62% yield was obtained for th§, diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%;)0.33, and
Rq of S, isomer (chloroform/methanol, 95/5%) 0.33.

3P NMR of R, isomer (CDCY): 6 31.97, 32.08 (meth-
ylphosphonate), 148.96, 149.08 (phosphoramidite).

3P NMR of S, isomer (CDCJ): ¢ 32.16, 32.32 (meth-
ylphosphonate), 148.76, 149.34 (phosphoramidite).

N*-Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-
(3—5)-3'-O'-tert-butyldiphenylsilylthymidine' 3viethylphos-
phonate 15). The correspondingdert-butyldimethylsilyl-
protected dimer of the methylphosphonate of d[Cp{JH

6.8 (m, 23H, arom), 6.4 (t, 1Hl = 7.5 Hz, H1 of T), 6.2
(t, 1H,J = 6.6 Hz, H1 of C), 5.3 (d, 1H, 30H of T), 4.9
(m, 1H, H3 of C), 4.25 (m, 1H, H3of T), 4.15 (m, 1H,
H4' of C), 4.0 (m, H40of T), 3.77 (s, 6H O-CHh), 3.65 (m,
2H, H5 of T), 3.35 (m, 2H, H50f C), 2.8 (m, 1H, H2of
C), 2.6 (m, 1H, H20of T), 2.50 (m, 1H, C-H of isobutyryl
group), 2.30 (m, 1H, H2of C), 1.90 (s, 3H, Chlof T), 1.8
(m, 1H, H2 of T), 1.4 (d, 3H, P-CH), 1.20 (d, 6H, isobutyryl
group).
N*Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-
(3—5)-3-0-(2-cyanoethyl N,N-diisopropylamidophosphora-
midite)thymidine 3Methylphosphonatel{). Conversion of
the nucleoside dimer of the methylphosphonate d[CpfTH

was prepared by a procedure analagous to that described foto the corresponding phosphoramidite was accomplished by

9. From 340 mg (0.71 mmol) a2a, 200 mg (0.17 mmol)
of 15 was obtained (yield of 25% for thig, diastereomer).
A 24% vyield was obtained for th§, diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%;) 0.20, and
R: of S, isomer (chloroform/methanol, 95/5%) 0.17.

MS FAB calculated for @H7i1NsO1sSiP (M + H™):
1140.4555. Found: 1140.4534.

'H NMR of R, isomer (CDC}): ¢ 8.1 (d, H, N-H), 7.6~
6.8 (m, 23H, arom), 6.3 (t, 1Hl = 7.2 Hz, H1 of T), 6.2
(t, 1H,J = 7.2 Hz, H1 of C), 5.05 (m, 1H, H3of C), 4.3
(m, 1H, H3 of T), 4.15 (m, 1H, H40f C), 4.10 (m, H4 of
T), 3.8 (s, 6H O-CH), 3.55 (m, 2H, H50f T), 3.35 (m, 2H,
H5' of C), 2.7 (m, 1H, H2 of C), 2.50 (m, 1H, C-H of
isobutyryl group), 2.40 (m, 1H, H>f T), 2.30 (m, 1H, H2
of C), 1.90 (s, 3H, CHof T), 1.90 (m, 1H, H20f T), 1.4
(d, 3H, P-CH), 1.10 (d, 6H, isobutyryl group), 1.05 (s, 9H,
tert-butyl group)

H NMR of S, isomer (CDCJ): 6 8.1 (d, H, N-H), 7.6~
6.8 (m, 23H, arom), 6.4 (t, 1Hl = 7.5 Hz, HL of T), 6.2
(t, 1H,J = 6.6 Hz, H1 of C), 5.1 (m, 1H, H3of C), 4.25
(m, 1H, H3 of T), 4.15 (m, 1H, H4of C), 4.0 (m, H4 of
T), 3.77 (s, 6H O-CH), 3.65 (m, 2H, H50f T), 3.35 (m,
2H, H5 of C), 2.8 (m, 1H, H20f C), 2.6 (m, 1H, H20f T),
2.50 (m, 1H, C-H of isobutyryl group), 2.30 (m, 1H, H&f

a procedure analagous to that describedSorFrom 150
mg (0.17 mmol) of16, 120 mg (0.11 mmol) ofLl7 was
obtained (yield of 65% for th&, diastereomer). A 64%
yield was obtained for th&, diastereomer.

Rs of R, isomer (chloroform/methanol, 95/5%)0.33, and
R: of S, isomer (chloroform/methanol, 95/5%; 0.33.

3P NMR of R, isomer (CDCY): 6 31.72, 31.88 (meth-
ylphosphonate), 149.18, 149.29 (phosphoramidite).

3P NMR of S, isomer (CDC)): 6 32.01, 32.15 (meth-
ylphosphonate), 149.10, 149.26 (phosphoramidite).

N*Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-
(3—5')-N?-isobutyryl-3-O-tert-butyldiphenylsilyl-2deox-
yguanosine 3Methylphosphonatel8). The corresponding
tert-butyldimethylsilyl-protected dimer of the methylphos-
phonate of d[Cp(CkG] was prepared by a procedure
analagous to that described f@rwith a yield of 35% for
the R, diastereomer and 22% for /% diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%)0.20, and
R: of S, isomer (chloroform/methanol, 95/5%; 0.17.

MS FAB calculated for GH7sNgO13PSiK (M + K+):
1273.4598. Found: 1273.4623.

'H NMR of R, isomer (CDCJ): 6 8.0 (d H, H of C),
7.6-6.8 (m, 23H, arom), 6.25 (t, 1Hl = 6.0 Hz, H1 of
G), 6.15 (t, 1HJ = 6.0 Hz, H1 of C), 5.00 (m, 1H, H3of
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C), 4.39 (m, 1H, H30f G), 4.19 (m, 1H, H4of C), 4.00
(M, H4 of G), 3.8 (s, 6H O-Ch), 3.59 (m, 2H, H50f G),
3.30 (m, 2H, H5of C), 2.80 (m, 1H, H20f G), 2.75 (m,

1H, HZ of C), 2.65 (m, 1H, C-H of isobutyryl group), 2.25

(m, 1H, HZ of G), 2.2 (m, 1H, H20f C), 1.2-1.4 (d, 14H,
isobutyryl group), 1.1 (s, 9Hert-butyl group), 0.95 (d, 3H,
P-CHg).

'H NMR of S, isomer (CDCJ): 6 8.0 (d, H, H of C),
7.6-6.8 (m, 23H, arom), 6.25 (t, 1Hl = 5.6 Hz, H1 of
G), 6.20 (t, 1HJ = 5.3 Hz, H1 of C), 5.11 (m, 1H, H3of
C), 4.30 (m, 1H, H4o0f C), 4.16 (m, 1H, H30of G), 3.8 (s,
6H O-CH), 3.66 (m, 1H, H4of G), 3.17 (m, 2H, H50f
G), 3.12 (m, 2H, H50f C), 2.88 (m, 1H, H20f C), 2.67
(m, 1H, HZ of G), 2.65 (m, 1H, C-H of isobutyryl group),
2.60 (m, 1H, H20of G), 2.23 (m, 1H, H20of C), 1.2-1.4 (d,

12H, isobutyryl group), 1.1 (s, 9H, t-butyl group), 0.95 (d,

3H, P-CH).
N*Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-
(3—5')-N?-isobutyryl-2-deoxyguanosine’ Methylphospho-
nate (9). Deprotection of thetert-butyldimethylsilyl-
protected dimer of the methylphosphonate of d[Cp{G1
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3P NMR of S, isomer (CDC})): o 31.88, 32.00 (meth-
ylphosphonate), 149.33, 149.38 (phosphoramidite).

DNA Synthesis

The 20-mers containing a single diastereomeric meth-
ylphosphonate linkage were prepared by solid phase DNA
synthesis under standard conditions (Matteucci & Caruthers,
1981). The dimer phosphoramidite building blocks could
be incorporated into DNA strands with coupling efficiencies
that were comparable to those of common nucleoside
phosphoramidites. Deprotection of the methylphosphonate-
containing oligonucleotides was performed as described by
Hogrefe et al. (1993).

The fully deprotected sequences were isolated by (20%)
polyacrylamide gel electrophoresis in the presence of 7 M
urea. The correct band was extracted from the gel and
isolated using the “crush and soak” technique with a 0.3 M
NaOAc buffer. The eluant was decanted and the gel pieces
washed with double-distilled water. The combined eluant
was concentrated and desalted using a column of Sephadex

was accomplished by a procedure analagous to that describe&s -10.

for 10. From 300 mg (0.24 mmol) 018, 110 mg (0.11
mmol) of 19 was obtained (yield of 47% for thd,
diastereomer). A 49% yield was obtained for ti%e
diastereomer.

R: of R, isomer (chloroform/methanol, 90/10%) 0.45,
andR; of S, isomer (chloroform/methanol, 90/10%)0.45.

MS FAB calculated for GHs/NgO1:PK (M + K*):
1035.3420. Found: 1035.3424.

'H NMR of R, isomer (CDCJ): ¢ 8.0 (d, H, H of C),
7.6-6.8 (m, 13H, arom), 6.25 (t, 1Hl = 6.0 Hz, H1 of
G), 6.15 (t, 1HJ = 6.0 Hz, H1 of C), 5.52 (d, 1H, OH30f
G) 5.00 (m, 1H, H3of C), 4.39 (m, 1H, H30f G), 4.19 (m,
1H, H4 of C), 4.00 (m, H4of G), 3.8 (s, 6H O-Ch), 3.59
(m, 2H, H8 of G), 3.30 (m, 2H, H50f C), 2.80 (m, 1H,
H2' of G), 2.75 (m, 1H, H2of C), 2.65 (m, 1H, C-H of
isobutyryl group), 2.25 (m, 1H, H2f G), 2.2 (m, 1H, H2

of C), 1.2-1.4 (d, 12H, isobutyryl group), 0.95 (d, 3H,

P-CH).

H NMR of S, isomer (CDCJ): 6 8.0 (d, H, H of C),
7.6-6.8 (m, 23H, arom), 6.25 (t, 1H] = 5.6 Hz, H1 of
G), 6.20 (t, 1HJ = 5.3 Hz, H1 of C), 5.55 (d, 1H, OH3of
G), 5.11 (m, 1H, H3of C), 4.30 (m, 1H, H40f C), 4.16
(m, 1H, H3 of G), 3.8 (s, 6H O-Ch), 3.66 (m, 1H, H4of
G), 3.17 (m, 2H, H50f G), 3.12 (m, 2H, H50f C), 2.88
(m, 1H, HZ of C), 2.67 (m, 1H, H20f G), 2.65 (m, 1H,
C-H of isobutyryl group), 2.60 (m, 1H, H2f G), 2.23 (m,

1H, H2 of C), 1.2-1.4 (d, 12H, isobutyryl group), 0.95 (d,

3H, P-CH).
N*Isobutyryl-3-O-(4,4-dimethoxytrityl)-2-deoxycytidylyl-

(3—5')-N*isobutyryl-3-O-(2-cyanoethyl N,N-diisopropyla-

midophosphoramidite):2eoxyguanosine 'dMethylphos-

phonate 20). Conversion of the nucleoside dimer of the
methylphosphonate d[Cp(G)&] to the corresponding phos-
phoramidite was accomplished by a procedure analagous t

that described fob. From 100 mg (0.10 mmol) of9, 70

mg (0.058 mmol) oR0 was obtained (yield of 60% for the

R, diastereomer). A 50% yield was obtained for t&g
diastereomer.

R: of R, isomer (chloroform/methanol, 95/5%;) 0.35, and
Rs of S, isomer (chloroform/methanol, 95/5%) 0.35.

3P NMR of R, isomer (CDC{): ¢ 31.36, 31.48 (meth-
ylphosphonate), 148.89, 148.95 (phosphoramidite).

Nucleoside Analyses

Nucleoside composition was determined after P1 nuclease/
snake venom phosphodiesterase/bacterial alkaline phos-
phatase hydrolysis: a 2L reaction mixture containing 0.5
Ago Unit of oligomer in 25 mM sodium acetate, pH 5.3, was
incubated fo 1 h at 37°C with nuclease P1. The reaction
mixture was then rebuffered to pH 8 with a solution of 100
mM Tris-HCI, pH 8.0; 10 mM MgCJ, 3 units of snake
venom phosphodiesterase, and 2 units of alkaline phosphatase
were added and the mixture incubated an additi@nia at
37 °C. An aliquot containing approximately 0&s¢o unit
of material was analyzed by HPLC using a 46250 mm
column of ODS-Hypersil in 20 mM potassium phosphate,
pH 5.5, and a gradient of 0 to 100% methanol (60 min)
followed by isocratic elution with solvent B. The following
retention times were observed (260 nm): dC, 6.5; dG, 8.4,
dT, 9.2; dA, 10.4R, d[Ap(CHs)A], 14.4; S, d[Ap(CH3)A,
14.9;R, d[Ap(CH5)C], 15.8;S, d[Ap(CH5)C], 16.6;R, d[Cp-
(CHg)T], 13.4;S,d[Cp(CHy)T], 14.9;R, d[Gp(CH)T], 14.2;

S d[Gp(CH)T], 15.0; R, d[Tp(CHs)A], 14.6; S, d[Tp-
(CHs)A], 14.8; R, d[Cp(CHy)G], 13.2;S,d[Cp(CH)G], 13.6
min.

Tm Values

T values were obtained in 10 mM Tri8Cl (pH 7.4) and
250 mM sodium chloride at duplex concentrations of
approximately 1uM. Absorbance and temperature values
were measured with an AVIV 14DS UWisible spectro-
photometer equipped with digital temperature control. The
temperature of the cell compartment was increased @ 1
steps (from 0 to 98C), and when thermal equilibrium was
reached, temperature and absorbance data were collected.

OTm values were determined both from first-order derivatives

and by graphical analysis of the absorbance vs temperature
plots.

Alkaline Phosphatase Protection Assay

Radioisotopic Labeling Each 20-mer was'&nd labeled
with [y-32P]-ATP as follows: A 200QuL reaction mixture
contained 0.F\ye0 unit of 20-mer 0.1 mM), 40 mM Tris-
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HCI, pH 7.8, 10 mM MgCJ, 10 mM DTT, 0.2 mM Na- for approximately 16-15% of the labeled oligodeoxynucle-
EDTA, 0.005-0.025 mM ATP,~50uCi [y-3?P]ATP, 5ug/ otide and likely reflected the presence of honduplex structures
mL BSA, and 10 units of 7 polynucleotide kinase was (e.g., hairpins). The presence of such structures is not
incubated overnight at 37C. The product was isolated by generally considered in assays using self-complementary
adsorption on a ¢ Sep-Pak cartridge. The cartridge was oligodeoxynucleotides, but are likely to occur, particularly
washed with 4% aqueous methanol to remove the excesswhen the concentration of the oligodeoxynucleotide is
ATP and then with 20% aqueous methanol to elute the relatively low. In cases where a biphasic reaction rate
product. The product was lyophylized to dryness and appeared to be present, the second portion of the rate curve
dissolved in 10 mM TriHCI, pH 7.4, and 250 mM sodium  was used to extrapolate the concentration of “active” duplex
chloride at a duplex concentration of approximately 0.5 mM. 20-mer present when the reaction was initiated. Rate
This solution was heated to 8C€ for 5 min, slowly cooled constants were obtained from the plots of the alkaline
to 5 °C, and finally diluted with buffer to a final duplex phosphatase reaction witk'j and without k) repressor (R),
concentration of 0.51.0 uM. and an apparent dissociation const&f) (vas obtained from
Alkaline Phosphatase Binding AnalysiSThe assay as the relationshigKp = [R]/(k/k' — 1), as has been described
described by Marmorstein et al. (1991) was employed. Somepreviously (Marmorstein et al., 1991). THép values
of the details of the procedures are noted below. Both the reported are the result of a minimum of four independent
trp repressor and the calf intestine alkaline phosphatase wereassays and the standard deviations reported reflect deviations
dialyzed against 10 mM TrBICI, pH 7.4, and 250 mM in these independent assays.
sodium chloride. Approximately 1 mg of repressor in 30
uL of storage buffer (0.5 mM sodium phosphate and 250 RESULTS
mM sodium chloride, pH 7.0) was diluted to a final volume . ] ] ] ]
of 5004l and dialyzed at £C. Three buffer changes were ~ Each internucleotide phosphodiester linkage in a DNA
completed 84 h intervals, and after 16 h, the dialysis was Séquence contains two prochiral unesterified phosphate
stopped, the protein was transferred to a suitable container 0Xygens (Figure 1a). One approach to probe interactions to
and the final concentration was determined spectrophoto-2 Specific phosphate oxygen at such a prochiral site would
metrically at 280 nmd{ = 1.48 x 10* M~1 cml). One be the stereospecific deletion of one of the oxygens atoms

hundred units of alkaline phosphatase (1 whif/was also (and _its replacement with hydrogen) py the introduction of
dialyzed under the same conditions. a chiral H-phosphonate linkage (Figure 1b). Selected
Alkaline Phosphatase Reaction in the Absence of Repres-H-Phosphonate derivatives have been used in one study
sor. A 200 uL reaction solution at 22C containing 20 nM (Jeltgc_h et al., 1993), but they are generally not stable to the
of duplex operator in 10 mM Tri$iCl, pH 7.4, and 250 conditions of DNA _synthe5|s and deprotection (Zon & Stec,
mM sodium chloride and containing %8y/mL BSA was 1991). An alternative linkage that could alter the nature of
initiated by the addition of 2.5 or 5.0 units of alkaline the interactions to the phosphodiester linkage would be the

phosphatase. Aliquots of 280 uL were removed at 15 s qhiral phosphorothioa_te (Figure 10), and sgch.chi.ral deriva-
intervals (usually foa 2 min total period), and the reaction tives have been used in recent_studlgs (Koziolkiewicz & Stec,
was quenched by addition of the aliquot into25 of 0.15 1992; Lesser et al., 1992; Kurpiewski et al., 1996; Thorogoqd
M potassium phosphate, pH 7.0, containing 298 units/ et al., 1996). l—_Ioweve_r, much of the charge asso_mated with
mL of bulk tRNA. The nucleic acids were precipitated by @ Phosphorothioate diester appears to be localized on the
the addition of 3 mL of 5% aqueous trichloroacetic acid Sulfur atom, and this functional group can in principle still
(TCA) followed by incubation for 5 min at ambient tem- Participate in hydrogen bonding or ionic interactions. We
perature. The TCA solution was filtered through a nitrocel- Wanted to employ an analogue that could have the effect of
lulose membrane, followed by filtration of an additional 3 eliminating a specific interaction to one of the nonbonded
mL “wash” solution of TCA. The membrane was dried and ©Xygens of the phosphate diester. For this study, we chose
the radioactivity determined using scintillation fluid. a third possibility, that of the methylphosphonate derivatives

Alkaline Phosphatase Reaction in the Presence of Represn €ither theR, or §, configuration. For a given interaction
sor. The alkaline phosphatase reaction in the presence ofinvolving an internucleotide phosphodiester, one meth-
the trp repressor was performed by essentially the same YlPhosphonate diastereomer offers a neutral oxygen as a
procedure with the following exceptions. The 2@ potential hydrogen—bondlng site, vyh|le the second diastere-
reaction solution contained 0.1, 1.0, or 40 repressor ~ Omer provides only the nonbonding methyl group. Two
(dimer) and 0.5 mML-tryptophan corepressor, and this recent studies h'ave employed sequences cc_)ntalnlng melth-
mixture was incubated 30 min at 22 prior to the addition ~ Y!Phosphonate linkages to probe for essential contacts in
of the phosphatase. Control reactions were also performed€ither a DNA-protein (Botfield & Weiss, 1994) or an
in absence of the corepressor. The time intervals for RNA—protein (Pritchard et al., 1994) complex and an earlier
removing aliquots of solution for precipitation and analysis Study with thelac repressor involved a set of chiral
varied depending upon the rate of reaction. derivatives (Noble et al., 1984).

Data Analysis. The amount of radiolabeled duplex present ~ Synthesis and Characterization of the Analogue Operator
at various time periods, determined from the precipitated SequencesA single racemic methylphosphonate linkage can
radioactivity (as a ratio of the starting labeled duplex) was be introduced into a DNA sequence (Botfield & Weiss, 1994)
plotted logarithmically as a function of reaction time as using a solid-phase-based protocol (Miller et al., 1991) and
described previously. In some reactions with the repressor,the methylphosphonamidite nucleoside building block (Dor-
a biphasic reaction rate appeared to be present. an initialman et al.,, 1984; Jager & Engels, 1984; Agrawal &
rapid dephosphorylation occurred, similar to the rate of the Goodchild, 1987). However, the resulting diastereomeric
alkaline phosphatase reaction in the absence of the repressomixture can only be resolved in the case of relatively short
followed by a second slower rate. The initial rate accounted sequences. Recent reports suggest improvements in the use
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Ficure 1: (a) A prochiral phosphodiester illustrated the absolute positions @ith& andpro-Snonbridging oxygens. Three phosphodiester
analogues are illustrated: (b) an H-phosphonate, (c) a phosphorothioate, and (d) a methylphosphonate.

of chiral reagents as a route to the introduction of stereospe-scheme 1

cific methylphosphonate linkages by solid-phase-based pro- om0 ] pMr0q
tocols (LeBec & Wickstrom, 1994, 1996; Rosmanitz et al., owroq DBULICI j{j w
1994), but such procedures are not yet routine. The synthesis = o B on. | ool
of chiral dinucleoside methylphosphonates has been de- (,z‘g.'_c,,‘ © o'k\“ R f"s’sp\" ol
scribed in a number of studies in which that racemic linkage O, ’

is prepared and the two diastereomers resolved (Loschner ?,/ ‘ 3R mors Ok ox

& Engels, 1989; Vyazovkina et al., 1993; Rosmanitz et al.,
1994). It should be possible using such an approach to o

prepare dinucleoside building blocks as stereospecific me- B FRG aen e
thylphosphonates and incorporate these chiral dimers into " i"yj (BN F/THE (R = (BDPS)

DNA sequences at selected sites. A similar approach has 0 o B
been used for the preparation of sequences containing chiral oo " o 'i"ﬂ
phosphorothioate linkages (Connolly et al., 1984; Stec et al., ke © CNCHCHIOPCINGPr), e ¢

1984; Fidanza et al., 1992) and has also been described for 0 - o N0 "
a single example of a sequence containing a methylphos- FN(.HZ(.}.Z(,/KNJ\ ke ©
phonate linkage (Schweitzer et al., 1995). on

Each diastereomeric mixture of methylphosphonate dimersHPLC retention times for fully deprotected dimers. In all
was prepared from the known hexafluoroisopropyl ester cases, th&, diastereomer is the “faster” eluting species from
derivatives (Cormier & Pannunzio, 1991) by reaction with the reversed phase HPLC column. Although there has been
the 3-protected nucleoside in the presence of DBU/LICI some confusion regarding this property for the d[Ap@BH
(Scheme 1). Although this reaction proceeds with a high dimer (Kan et al., 1980), more recent work @ahner &
degree of stereospecificity, we always observed the presencéengels, 1990) has corrected the original stereochemical
of small quantities of the second diastereomer in reactionsassignments for this dimer. After the coupling procedure,
in which a stereochemically pure hexafluoroisopropy! ester the faster moving diastereomer was isolated and correlated
was employed. Because these reactions were not absolutelith the faster moving species by HPLC and was thereby
stereospecific in our hands, it was more effective to use the assigned thd, configuration. This analysis is consistent
racemic hexafluoroisopropyl esters in the coupling reactions with that described previously (Seela & Kretschmer, 1991).
and resolve the individual diastereomers by chromatographyThe 3'P resonances for these faster moving species were all
after dimer formation. Stereochemical assignments of the observed to be upfield from the corresponding “slower”
isolated dimers were based upon TLC af® NMR migrating species, also consistent with stereochemical as-
characteristics as has been described elsewhere (Stec et alsjgnments as th, diastereomers (Lesnikowski et al., 1988;
1985; Seela & Kretschmer, 1991). Two methylphosphonate Loschner & Engels, 1989; Seela & Kretschmer, 1991). In
dimers have been crystallized to date (Chacko et al., 1983;the coupling reactions, the benzoyl group was used initially
Han et al., 1990), 2-D NMR ROESY spectra have also been as the 3protecting group, but during the subsequent depro-
used (Lschner & Engels, 1990) to make assignments for tection reaction, cleavage of the benzoyl ester resulted in
the absolute stereochemistry, and both been used to correlatéhe loss of the base-protecting group in dimers containing

O-R

1. Resolve Rp and Sp
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Table 1. Binding of therp Repressor to Analogue Operator Sequences Containing Diastereomeric Methylphosphonate Substitutions

-10 -5 -1 +1 +5 +10

EE I 3 * ® o o
CpGpTpApCpTpApGpTpTpApApCpTpApGpTpApCpG
GpCpApTpGpApTpCpApApTpTpGpApTpCpApTpGpC
+10 +5 +1 - -5 10

flanking Tm apparent apparent predicted
entry analogue position$ (°C) Ko (1.0uM trp) AAG,; (kcal/molf interactiond
1 native sequence 65.0 0.024 -
2 Ap(CH)A(Ry) +1H42 67.5 0.60+ 0.12 0.96 pro-S—Thra
3 Ap(CH)A(S) +1H+2 65.9 0.075+ 0.02 0.34 pro-R—Argga
4 Ap(CHs)C(Ry) +2/+3 66.9 0.30+ 0.04 0.75 pro-S—trp (H.0)
5 Ap(CH:)C(S) +2/+3 64.9 0.69+ 0.02 1.00 pro-R—Argss (H20)
6 Cp(CH)T(Ry) +3/+4 67.5 0.032+ 0.003 —e
7 Cp(CH)T(S) +3/+4 60.5 0.54+ 0.08 0.93 pro-R—Glyzg/Thre;
8 Gp(CH)T(Ry) —3/-2 66.2 0.026+ 0.008 -
9 Gp(CH)T(S) —3/-2 63.6 0.023+ 0.004 -
10 Tp(CH)A(Ry) —8/-7 63.5 0.12+ 0.02 0.47
11 Tp(CH)A(S) —8/-7 63.0 0.26+ 0.05 0.71 pro-R—Asng;
12 Gp(CH)T(Ry) —9/-8 65.9 1.30+ 0.40 1.19 pro-S—Lyseo
13 Gp(CH)T(S) —9/-8 63.8 1.35+ 0.40 1.20 pro-R—Glnsg/Segs
14 Cp(CH)G(Ry) —10/-9 62.0 0.1+ 0.04 0.45
15 Cp(CH)G(S) —-10/~9 64.1 1.22+0.01 1.17 pro-R—Glneg

a Sequence indicates the methylphosphonates dimer incorporated into the 20-mer operator sequence. The sites replaced with methylphosphonates
are noted with asterisks in the sequence of the heafliNgmbers indicate the nucleoside positions flanking the methylphosphonate linkage.
¢ AAG values are calculated from the apparent native and analéguelues and reported per operator half-s#tBredicted interactions based
upon the crystal structure analysis (Otwinowski et al., 1988). Note:Rthmethylphosphonate places the methyl group of the linkage into the
space normally occupied by tipeo-Soxygen of the phosphodiester linkagéhe — notations indicate that th&AG value per half-site was less
than 0.1 kcal/mol.

2'-deoxycytidine. Therefore, after preparation of the dia- 0.1
stereomers of d[Ap(CkA] and d[Tp(CH)A] using 3-O-
benzoyl protection, the remaining four pairs of diastereomers
were prepared using-®-tert-butyldiphenylsilyl protection.
After removal of the 3protecting group, each stereochemi-
cally pure dimer was converted to the corresponding phos-
phoramidite as illustrated in Scheme 1 for a methylphos-
phonate of theR, configuration.

Oligonucleotides of 20 residues were prepared using
standard phosphoramidite protocols. At the desired site, the
methylphosphonate dimer of the appropriate sequence and
stereochemistry could be incorporated into the DNA se-
quence as a phosphoramidite building block with no detect-
able change in coupling yield. After assembly, each 20-
mer was deprotected in the described fashion (Hogrefe et
al., 1993), purified by PAGE and stored at20 °C.
Confirmation of the stereochemical integrity of each meth- Sp d[G(cHg) T]
ylphosphonate linkage was obtained by HPLC analysis of
an enzyme digest of each analogue 20-mer sequence. The
methylphosphonate linkage is refractory to cleavage by
nucleases, so after digestion of each methylphosphonate-
containing sequence, the methylphosphonate nucleoside

Absorbance (260 nm)

dimer could be identified (Figure 2). Asiillustrated in Figure Fpalalers)T]
2 for two diastereomeric methylphosphonate sequences, the

two diastereomeric methylphosphonate dimers are eluted oA—

from the column after the four common@eoxynucleosides |

with varying retention times. In each analysis, we could 0 20

Retention Time (min)

confirm that only one of the two possible diastereomeric

linkages was present based upon the elution of a Sing|eFIGURE 2: HPLC analysis of the digest (nuclease P1 followed by
methylphosphonate diastereomer snake venom phosphodiesterase/alkaline phosphatase) of two di-

.7 o astereomeric operator sequences (entries 8 and 9, Table 1) contain-
Initial characterization of the 20-mer operator sequencesing either anR, or an S, methylphosphonate linkage. Peak
was by a simple measurementhf values. These values identification from left to right is dC, dG, T, dA, andR,

were obtained in the buffer/salt conditions used for analysis d[G(CHs)T]. Partial chromatogram illustrates the elution of e

of repressor binding. For virtually all of the sequences in d[G(CH)T] derivative from the diastereomeric methylphosphonate
this study, the introduction of two symmetrical methylphos- sequence.

phonate linkages (one in each half-site) had a measurablecase (see entry 14, Table 1), tRgdiastereomers exhibited
effect on theT, for the 20-mer sequence. In all but one T, values that were higher than those observed forShe
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diastereomers (Table 1). Additionally, the effect dp of the native operator sequence, while the same linkage at
appeared more significant for linkages present nearer thesequence positiorr8/—9 (entries 12 and 13) resulted in the
center of the operator. For example, fRediastereomers  two poorest binding analogue operators of this study, with
of entries 2, 4, 6, 8, and 12 (Table 1) all exhibited highgr Kp values ca. 54-fold larger than that observed for the native
values than that obtained for the native sequence, while thosesequence. Both diastereomers of the d[Ap{TH (entries

of entries 10 and 14 had lowel,s than did the native 4 and 5) analogues exhibited dissociation constants that were
sequence. But whether this effect is positional in nature or significantly greater than that of the native sequence, varying
simply related to the flanking nucleosides is beyond the scopefrom 12- to 28-fold larger, respectively.

of this study. Thes, diastereomers generally exhibit@g A comparison of the results for the native and the various
values that were lower than that of the native, but two ana|ogue Operator seqguences permits an estimation of
examples, entries 3 and 5 (Table 1), were equivalent orjncremental binding energy\AG) for the functional group
slightly higher than the value obtained for the native eliminated by the substitution of the methylphosphonate
sequence. analogue. For a number of analogue sequences (entries 2,
Protein Binding Studies.We have used an enzyme 5 7 12 13, and 15), this value approaches or exceeds 1
protection assay described in other studies (Marmorstein etkcal/mol per half-site. Three analogue sequences (entries
al., 1991; Mazzarelli et al., 1992) to measure relative binding 6, 8, and 9) have values that are essentially identical with
constants for the native and analogue operator sequenceshe native sequence, and\G values of<0.1 kcal/mol per
The assay relies upon binding by tle repressor to the  half-site are obtained. The remaining five operator sequences
20-mer operator sequence to protect a terminal phosphatgentries 3, 4, 10, 11, and 14) resultAM\G values that vary

from cleavage by alkaline phosphatase. By comparing the from 0.34 to 0.75 kcal/mol per half-site.
rate of phosphatase activity in the absence and in the presence

of the repressor, an apparent dissociation constant can be|SCUSSION

obtained based upon substrate depletion kinetics. The results

from this assay are quite sensitive to the conditions of the Nucleoside dimers containing a methylphosphonate de-
assay, particularly the concentration of the repressor. At 0.1 rivative of known chirality can be converted to a phosphora-
uM repressor, an appareKp of 3 nM is obtained, a value midite building block and incorporated into DNA sequences
quite similar to that obtained by gel retardation assays usingWithout loss of stereochemical integrity. The observation
longer sequences (Carey, 1988). However, at this concentrathat only a single diastereomeric dimer is present in each
tion of repressor, poorly bound operator sequences are nocase after digestion of the analogue operator sequences
observed to provide any protection in the assay and relative(Figure 2) confirms that the linkage does not undergo
binding affinities cannot be obtained. At higher concentra- racemization during assembly, deprotection, or isolation
tions of repressor (1.@M Trp), the apparenK, for the procedures. The relative retention times obtained for these
native sequence artificially rises to 24 nM, but relative dimers after digestion of the 20-mer sequences are consistent

differences in binding effects for all sequences could be With other work in which only the simple dimers have been
obtained (Table 1). In general, this assay is quite effective Prepared (Stec et al., 1985). This approach provides a
for measuring relative binding affinity for poorly bound general route for the introduction of chiral methylphospho-
complexes but is less effective in discriminating differences nates at predetermined sites in DNA sequences. While
for tightly bound complexes. We chose to use this assay Unlikely to be efficient for sequences composed entirely of
since the interactions to the negatively charged phosphodi-methylphosphonate linkages, it is effective for the production
esters were expected to provide significant contributions to of sequences that are incrementally altered at relatively few
complex stability such that loss of single contact could result SIt€s.
in a very poorly bound complex. We also tried to employ  Substitution of a methylphosphonate for a phosphodiester
gel retardation analyses (Carey, 1988), but this assay did notboth introduces an additional chiral site into the sequence
function well with the relatively short fragments used in this and eliminates one negative charge. The interaction between
study. The alternative, a filter binding assay, was compli- an amino acid side chain and a given prochiral nonbonded
cated by the observation that the radiolabeled DNA of the oxygen can, in principle, be affected by one or both changes
repressotoperator complex was not effectively retained on in the nature of the linkage. Substitution of one of the
the filter. methylphosphonate diastereomers for the prochiral phos-
In many cases, the presence of the diastereomeric methphodiester linkage replaces one of the partially charged
ylphosphonate linkages resulted in variable binding by the nonbonded oxygens with a methyl group, and this substitu-
trp repressor. For the d[Ap(GHA] dimer, the S, diastere- tion should completely eliminate any hydrogen-bonding
omer exhibited &p that was near that of the native sequence, interactions at this prochiral site. By comparison, the
while theR, diastereomer resulted inkg ca. 25-fold greater ~ complementary diastereomer replaces the partially charged
than that measured for the native operator (entries 2 and 3,0xygen of the phosphodiester with the neutral oxygen of the
Table 1). By comparison, th, diastereomers of the d[Cp- methylphosphonate linkage. In this case, the nature of the
(CH3)T], d[Tp(CH3)A], and d[Cp(CH)G] analogue se-  hydrogen-bonding interaction has been modified somewhat
quences (entries 6, 10, and 14) resulted in dissociationin that neither partner is now charged, and this distinction
constants more or less similar to that of the native operator could contribute to lower overall binding energetics. On the
(=5-fold), while theKp values measured for tig diaster- other hand, the overall energetics of hydrogen bonding in
eomers (entries 7, 11, and 15) were 22-, 12-, and 50-fold water arise largely from entropy effects, both the solvated
greater, respectively. In other cases, the two diastereomerigprotein and the solvated DNA release hydrogen-bonded water
sequences were more similar in effects. Both diastereomersinto bulk solution to drive complex formation (Fersht et al.,
of d[Gp(CH)T] at sequence position2/—3 (entries 8 and  1985; Fersht, 1987). This latter effect could be expected to
9) exhibitedKp values that were indistinguishable from that be similar for the phosphodiester linkage and the appropriate
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diastereomer of the methylphosphonate linkage that orientsother a significant loss of affinity was observed. The
the oxygen toward the hydrogen bond donor. If a hydrogen- alternate and simpler interpretation for the results with this
bonding interaction to a neutral methylphosphonate oxygen analogue is that both of the prochiral oxygens are involved
has similar overall energetics to that of a partially charged in complex stabilizing contacts with the repressor. In fact,
prochiral phosphate oxygen, then little difference in binding the crystal structure analysis (Otwinowski et al., 1988)
affinity should be observed when the correct methylphos- suggests that both of the nonbonded oxygens of this
phonate diastereomer (offering the=® hydrogen-bonding  phosphodiester are involved in direct contacts with the
site) is present at a position where only one of the prochiral repressor. Th@ro-R oxygen interacts with both the amide
oxygens is in contact with the protein. By comparison, nitrogen of Glrg as well as with the hydroxyl of Sg¢ while
incorporation of the isomeric methylphosphonate should the pro-Soxygen appears to contact the terminal amino group
completely disrupt such an interaction, and while the overall of Lysg.
differences in energetics may vary significantly, the limiting ~ We cannot exclude from this first example of analogue-
value for the loss of a critical interactions can be assigned binding data that part of the loss of binding affinity arises
as 0.5 kcal/mol, the minimum value observed in other studies from the introduction of the neutral linkage into the operator
for the loss of a hydrogen bond between neutral partnerssequence with resultant detrimental nonspecific electrostatic
(Fersht et al., 1985; Fersht, 1987b). Charge effects caneffects. To examine this possibility, we introduced a
increase this value substantially, and it has been previouslymethylphosphonate linkage, using the same dimer building
estimated that the contribution to overall binding energetics block, d[Gp(CH)T], between the residues @and T_. This
by a single phosphate contact is as much as 1.3 kcal/molsite is near the center of the operator sequence, and both
(Lohman et al., 1980; Jen-Jacobson et al., 1986). Thesecrystal structure analyses (Otwinowski et al., 1988; Lawson
limiting values simply set a criterion for assessment of the & Carey, 1993) have indicated the absence of any significant
variations in binding affinity by the operator analogues. interactions to this residue in either half-site. The solution-
A comparison of the solution binding data obtained in this binding study (entries 8 and 9, Table 1) indicated that both
study with the predicted interactions based upon single crystalanalogue operators were bound by the repressor with an
X-ray diffraction analysis helps to relate the two different affinity that was indistinguishable from the native sequence.
approaches to analyze specific intermolecular contacts These observations suggest that the reduction in binding
present at the interface of the proteinucleic acid complex.  affinity observed when th&, or the S, analogue linkage
In this analysis it must be noted that due to the vagaries in was placed between G and T-g more likely reflects a
the Cahn-Ingold—Prelog system for the assignment of disruption of contacts to either of the prochiral oxygens rather
stereocenters, thig, methylphosphonate replaces th®-S than electrostatic effects resulting from the loss of charge,
oxygen of the phosphodiester with a methyl group and retainsand this observation is consistent with the predictions of the
an oxygen in thgro-R position (see Figure 1). Similarly, crystal structures.
the S, methylphosphonate replaces tpeo-R phosphate At two other sites, the substitution of either methylphos-
oxygen with a methyl group. Although both reported crystal phonate diastereomer affected binding affinity in a similar
structures (Otwinowski et al., 1988; Lawson & Carey, 1993) manner. When placed betweenand C.;, the measured
suggest that the protein makes very similar contacts to theKp values increased by 12- and 20-fold for tReand S,
operator sequence in both the dimeric and tetrameric forms,methylphosphonate analogues, respectively (entries 4 and 5,
the latter structure employs a sequence containing a centralTable 1). These observations again suggest that both
dyad about which the two dimers are bound. This format prochiral oxygens may make critical interactions with the
for binding is not possible with the operator employed in repressor, although th®AG values obtained are somewhat
the current study (containing two half-sites), so the following below the estimated values (0.75 and 1.00 kcal/mol). The
discussion will primarily relate the observations of the current crystal structure analysis (Otwinowski et al., 1988) implicates
work to the originally published dimer structure (Otwinowski two water molecules that bridge each of the prochiral
et al., 1988). phosphate oxygens: one to the hydroxyl of sgtand the
The two analogue operator sequences that exhibited thesecond to the hydroxyl of Tht Additionally, two direct
poorest binding of any of the sequences examined in this contacts are present involving Argto the pro-R oxygen)
study are those that involve the phosphodiester betwegn G and the ring nitrogen of the tryptophan cofactor (interacting
and T-g (entries 12 and 13, Table 1). Regardless of which with the pro-Soxygen). The significant changes in binding
methylphosphonate isomer is introduced at this site, the affinity for either methylphosphonate diastereomer are
dissociation constant increases some 50-fold with a changeconsistent with the loss of critical contacts to one or the other
in incremental binding energy of 1.2 kcal/mol in each half- of the prochiral phosphate oxygens with either isomeric
site (2.4 kcal/mol for the complex). These values are methylphosphonate substitution and is consistent with the
consistent with the estimates of binding energetics for crystal structure analyses.
individual phosphate interactions (Lohman et al., 1980; Jen- The remaining analogue operators exhibit diastereomeric
Jacobson et al., 1986). These observations suggest that ivariability in their interactions with the repressor. For
the presence of either methylphosphonate diastereomer therexample, substitution of the linkage betweeps@nd T4
is a disruption in critical interactions to this linkage. One with the diastereomeric methylphosphonates results in two
explanation for this result is that the loss of the charged quite different effects (entries 6 and 7, Table 1). TRe
partner from the critical interaction, regardless of the diastereomer has binding properties that do not differ from
diastereomeric character, significantly impacts binding af- those of the native sequence. By comparison, e
finity. But as can be observed in Table 1, and as will be diastereomer results in over a 20-fold increase in the
noted below, there are a number of cases where differentialmeasured{p value with a AAG value near 1 kcal/mol.
binding effects are present. With one methylphosphonate These results, in contrast to those noted in the above
isomer nearly native-like, binding occurred while with the examples, suggest that tpeo-R phosphate oxygen makes
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a critical contact to the repressor protein, while ire-S while a second to thero-R oxygen has been suggested to
oxygen is not involved in any significant complex-stabilizing involve the terminal guanidinium nitrogen of Axg The
interactions (note: th&, methylphosphonate maintains the contacts appear to be made to both of the prochiral oxygens
oxygen of the PO hydrogen bond acceptor in thpeo-R of this linkage, yet differential binding affinities are observed
position, see Figure 1). In the crystal structure analysis in solution. One explanation for this slight discrepancy in
(Otwinowski et al., 1988), both the peptide bond nitrogen suggested critical contacts is that the hydrogen-bonding
of Glyzs and the hydroxyl of Thy; are both interactions with  interaction implicated between tipeo-R phosphate oxygen
thepro-Roxygen of the phosphate residue betweegp&hd and the guanidinium nitrogen of Aggis in excess b3 A in
T+4. Thepro-Soxygen does not appear to be involved in length. This length may reduce the contribution of this
any contact with the repressor. interaction significantly, such that the solution binding assay
A second site with variable binding effects dependent upon does not distinguish a contribution from Agg Alternatively,
the diastereomeric character of methylphosphonate is thewith the interaction disrupted by the presence of a methyl
linkage between G and G, As with the previous group, the arginine at this site may be able to take part in an
example, varying binding affinities are observed with the alternative binding interaction, which would modulate the
isomeric analogues (entries 14 and 15, Table 1). Rhe apparent loss in binding energy, as observed.
diastereomer exhibits a slight decrease in affinigp (
increases~4-fold) while theS, diastereomer exhibits kip CONCLUSIONS

value ca. 50-fold greater than that _of the nativ_e sequence A sequences containing diastereomeric methylphos-

E;O.i?aﬁgt?ui;cir?ekacr?zlallms?é p(%{v:/ri]r:(e)\r/?;?ioeq,arlesfgeggviilqy)l.icz;rtgz phonate linkages can be prepared from the stereochemically

orr¥I a single interac¥ion (at this site, the é’mide Litré) en of pure dimer buiI_ding block, and th_ese ana_logue seruences can
y 9 ' 9 be used effectively to probe for interactions to either of the

Glngs contacts thepro-R phosphate oxygen. prochiral phosphate oxygens. These analogue linkages have
A third example of diastereomeric methylphosphonate paan employed to probe critical interactions in thp

linkages resulting in variable binding affinities occurs with repressoroperator complex. In a number of instances, the
the linkage between § and A-7. The presence of thg, diastereomeric analogue sequences exhibit variable binding
diastereomer results ink that is increased 5-fold, while — o¢inities that can be used to identify one of the prochiral
the S, diastereomer has a slightly larger effect with a 10- hpgphate oxygens as a critical site for complex-stabilizing

fold increase iko. While there are qualitative differences jnteractions, while the isomeric nonbonded oxygen remains
in the results for the two diastereomeric methylphosphonateunimportant for high-affinity binding. In all but one

analogues, the quantitativaAG values fall below the oy 5he  these identified sites for interactions can be

expe_cted vfalue in both cases. In t_he crystal StrUCture .o related with contacts implicated by the crystal structure
(Otwinowski et al., 1988), contact to this phosphodiester is analysis of thetrp repressoroperator complex.
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