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ABSTRACT. Oligonucleotides containingR-5,6-dihydro-5-hydroxythymidine5R-3) and structural analogue
5,6-dihydro-5-methylthymidinedjj at defined sites were chemically synthesized via a method that obviates
the use of NHOH. Oligonucleotides prepared by this method were used to examine the effé&fRs3of
and9 on the fidelity of Klenow (exo) in vitro. The presence of lesiorE#-3 and9 in DNA templates

was shown to inhibit polymerization of primers hybridized to these templates. Inhibition was observed
for both translesional synthesis and extension one nucleotide past the lesion, with the latter being more
pronounced. The fidelity of Klenow (exd was reduced only slightly when utilizing substrates containing
either dihyropyrimidine nucleotide. These results provide the first experimental verification of
computational studies carried out on the effect8 oh DNA templates, and are consistent with a structural
model in which the C5-methyl group 8R-3 adopts a pseudoaxial orientation resulting in a disruption in
base stacking.

Dihydropyrimidines are formed in nucleic acids as a result studies have served as the sole source of data concerning
of the action of a variety of agents includingradiolysis, the effects of3 on DNA structure and polymerase enzyme
redox active metal ions, and UVA and UVB photolysis< activity (15, 16). These computational experiments suggest
6). In general, the dihydropyrimidine lesions are substrates novel structural explanations for the origin of polymerase
for endonuclease repair enzymes, which implies that, if they inhibition by 3 and other dihydropyrimidines which have
are left intact, these lesions would be deleterious to cills ( been experimentally tested for the first time in the current
7). Despite their excision by repair mechanisms, the finite work.
lifetime of these lesions in genomic DNA requires that their

influence on the accuracy of polymerases be addressed. 0 HO
When present during periods of polymerase activity, these HsCu, NH NH
nucleotide lesions can give rise to mutations and can be lethal HO /L HiC /L
. . . _ N O N ‘O
to cells @). Elucidation of the effects of modified nucle HO o HO o)
otides at the molecular level is facilitated by the preparation
. . . : . 5R-3 5S-3
of biopolymers containing these lesions. Using this ap-
proach, dihydrothymidinelj and thymidine glycolZ) have OH OH
been shown to be weak and strong inhibitorsirofvitro
nucleic acid synthesis, respectiveB~11). The results of Q
in vitro experiments were affirmed bin vivo studies in H NH o
which it was found that dihydrothymidine lesions) (are A \ /)\NHz HaC
nonlethal, whereasz1 molecule of2 in single-stranded O\~ N HO PN
. . . . . HO o
transfecting DNA is sufficient to inactivate cell8)( H
4 5
HaC Hio oH
HO N,ko In contrast to lesions such as 8-oxodeoxyguanosie (
O HO which is believed to inhibit polymerases during translesional
v ] 2 synthesis by presenting an altered hydrogen bonding pattern
9y OH to the enzyme, the source of enzyme inhibition caused by
O

dihydropyrimidines is believed to be the nonplanarity of the
nucleobasesl6—18). Ab initio calculations on 5-hydroxy-
5,6-dihydrothymine §) indicate that this molecule prefers
to adopt a half-chair conformation in which the larger of
the two substituents at C5 (the methyl group) is pseudoaxial

- _ _ _ and the hydrogen bonding components maintain a nearly
T This work was supported in part by the National Institutes of Health

(GM-46534) and the National Science Foundation (CHE-9424040). Coplgnar arrangement.. The X-ray crystal structuré8 .
* Author to whom correspondence should be addressed. confirms the coplanarity of the cyclic hydrogen bonding
® Abstract published ildvance ACS Abstractdlovember 1, 1997. groups in the dihydropyrimidine ring, but indicates that in

S0006-2960(97)01630-9 CCC: $14.00 © 1997 American Chemical Society

Until recently, 5,6-dihydro-5-hydroxythymidin&) had not
been chemically synthesized or site specifically incorporated
into oligonucleotides}2—14). Consequently, computational
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Scheme 1
5!

H.HH

the solid state the methyl group at C5 is pseudoequatorial in

this molecule 19). Calculations also suggest that, when
placed in duplex DNA, the pseudoaxial methyl group in the
5Rdiastereomer of 5,6-dihydro-5-hydroxythymidirsR3)
significantly disrupts base stacking via steric interactions with
the nucleobase of the nucleotide that is bonded to the 5
phosphate 05R-3 (Scheme 1)15). Due to the helical twist

of duplex DNA, the structural perturbation induced by the
respective pseudoaxial methyl group58-3 is expected to
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reagents were obtained from Glen Research. Oligonucle-
otides were purified and radioactively labeled using standard
proceduresq2). Enzyme kinetic studies were carried out
as previously described28—-25). Band intensities were
guantitated using a Molecular Dynamics Phosphorimager
equipped with ImageQuant Software (Version 3.3). T4
polynucleotide kinase was from New England Biolabs.
Klenow (exo’) was from USB.
3',5'-0O-Bis(tert-butyldimethylsilyloxy)-5,6-dihydro-5-me-
thylthymidine. (16). To a solution of15 (300 mg, 0.63
mmol) in THF (3 mL) at—78 °C was added s-BuLi (0.73
M cyclohexane solution, 2.19 mL, 1.6 mmol) over 5 min
(26). After 1 h, DMPU (240 mg, 1.9 mmol) was added.
The solution was warmed te-30 °C and quenched with
iodomethane (90 mg, 0.63 mmol). The reaction was warmed
to room temperature and stirred for 2 h, at which time it
was quenched with saturated MH (1 mL). The mixture
was poured into ether (50 mL), washed with brine (50 mL),
and dried over Ng5Qy,. Column chromatography (EtOAc:
CH,Cly; 1:19) gavel6 as a white foam (0.25 g, 81%):H
NMR (CDCl) 6 7.48 (bd s, 1H), 6.30 (t, 1H] = 7 Hz),

be significantly smaller than that produced by the epimeric 4 34-4.30 (m, 1H), 3.79-3.76 (m, 1H), 3.73-3.64 (m, 2H),
thymidine C5-hydrate. As a consequence of these structural3 31 (d, 1H,J = 13 Hz), 3.04 (d, 1HJ = 13 Hz), 1.94

deviations, the presence &R-3 in DNA templates is
predicted to significantly inhibit the extension of primers by

1.90 (m, 2H), 1.21 (s, 3H), 1.18 (s, 3H), 0.88 (s, 9H), 0.86
(s, 9H), 0.05-0.04 (m, 12H). IR (film) 3206, 3085, 2929,

polymerases past base pairs containing this lesion. Similarpgs7, 1704, 1481, 1253, 1222, 1121, 1095, 813, 777'cm

calculations on dodecamers containihgnd?2 also suggest

Anal. Calcd. for GHaeN2OsShk: C, 56.75; H, 9.52; N, 5.75.

that a pseudoaxial substituent at C5 is a controlling factor Found: C, 56.88; H, 9.47; N, 5.84.

in polymerase inhibition. The lack of polymerase inhibition
and cell death induced hyis attributed to the adoption of

a pseudoequatorial orientation by the methyl group at C5,

resulting in minimal perturbation of duplex DNA. In
contrast, the methyl group at C5 of eithas diastereomer

5'-0O-Dimethoxytrityl-5,6-dihydro-5-methylthymidine (17).
An equimolar mixture (0.5 M) of glacial acetic acid and
TBAF (1.2 mL, 0.61 mmol) was added via syringe 16
(0.05 g, 0.10 mmol) dissolved in THF (0.5 mL). After 36
h, THF (5 mL) and HO (1 mL) were added, and the resulting

of 2 occupies a pseudoaxial position, which is proposed to solution was concentrateth vacua The residue was

be the determining structural factor in the inhibitory effects
and cytotoxicity attributed to this lesion. However, while
calculations predict that the hydroxyl group at C&idoes

not significantly contribute to the effect of this lesion on

dissolved in HO (50 mL) and extracted with a 1:1 (v:v)
mixture of CHCly:pyridine (3x 25 mL). The organic layers
were combined and dried over MgaOThe crude residue
was dried from pyridine (2 5 mL). 4,4-Dimethoxytrityl

polymerase activity, the experimental data do not allow one chloride (0.038 g, 0.11 mmol), was added to crude nucleoside

to exclude involvement of this substituent. In addition to
being biologically relevant in its own right, 5,6-dihydro-5-
hydroxythymidine 8) is a suitable candidate to experimen-

tally test the proposed structure-based effects of dihydropy-

in pyridine (1 mL) at 4°C. After 12 h, additional

4,4 -dimethoxytrityl chloride was added (0.03 g, 0.09 mmol)
and the solution was allowed to stir for an additional 24 h.
The reaction was quenched by addition of MeOH (1 mL),

rimidine lesions because it lacks the substituent at C6 in then poured into NaHC£50 mL), and extracted with Ci

thymidine glycol @).
MATERIALS AND METHODS

General Methods.!H NMR spectra were recorded at 300

or 270 MHz. IR spectra were obtained using a Perkin-Elmer
Series 1600 FT-IR spectrophotometer. Electrospray mass
spectra were obtained using a Fisons VG Quattro instrument.

Oligonucleotide synthesis was carried out on an ABI 380B
oligonucleotide synthesizer.
oligonucleotides containingR-3 and9 were carried out as
previously described1@, 14, 20). Photolabile solid phase

oligonucleotide synthesis supports and allyloxy protected

phosphoramidites were prepared as described previdGly (
21). Long-chain alkyl amine controlled pore glass support
(CPG} was purchased from Sigma. All other DNA synthesis

1 Abbreviations: CPG, controlled pore glass; Ddtc, sodiNrh-
diethyldithiocarbamate; DMPW,N-dimethylpropylurea; ESMS, elec-

trospray mass spectrometry; GC/MS, gas chromatography/mass spec

trometry; TBAF, tetrabutylammonium fluoride; THF, tetrahydrofuran.

Synthesis and isolation of

Cl; (3 x 20 mL). The combined organic layers were dried
over NaSO, and purified by column chromatography
(hexanes:EtOAc; 3:2) to yieldi7 (0.036 g, 63%) as a white
foam. 'H NMR (CDCl) ¢ 7.59 (bd s, 1H), 7.357.14 (m,
9H), 6.71 (d, 4H, = 9 Hz), 6.31 (t, 1H,J = 6 Hz), 4.4}
4.36 (m, 1H), 3.86-3.81 (m, 1H), 3.72 (s, 6H), 3.28.17
(m, 3H), 3.01 (d, 1H,) = 13 Hz), 2.171.99 (m, 2H), 1.03
(s, 3H), 1.01 (s, 3H).13C (CDCk) 6 175.1, 158.6, 152.1,
144.6, 135.6, 130.0, 128.1, 127.9, 127.0, 113.2, 86.6, 84.3,
83.3,72.6, 63.6, 55.2, 47.8, 37.6, 37.3, 22.2, 21.9. IR (film)
3217, 3068, 2930, 1694, 1607, 1508, 1485, 1393, 1250, 1177,
1034 cm. Exact mass (FAB) calcd. fordgHsgN,O; (M)
560.2523, found 560.2522.

gem-Dimethyl Phosphoramidite (142-CyanoethyN,N-
diisopropylchlorophosphoramidite (33 mg, 0.14 mmol) was
added to17 (0.040 g, 0.072 mmol) and diisopropylethy-
lamine (41 mg, 0.32 mmol) dissolved in @El, (1 mL) at
0 °C. The reaction was warmed to room temperature, and
stirred for 30 min, at which time EtOAc (30 mL) was added.
The solution was washed with NaHG@®O0 mL) brine (50
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mL) and dried over Ng&O,. Column chromatography
(EtOAc: CHCIy; 1:4) gavelsd (0.03 g, 60%) as a white
foam. *H NMR (CDCly) 6 7.41-7.37 (m, 2H), 7.3%+7.20
(m, 8H), 6.82-6.78 (m,4H), 6.376.31 (m, 1H), 4.62-4.51
(m, 1H), 4.02-3.96 (m, 1H), 3.78 (s, 6H), 3.673.45 (m,
4H), 3.39-3.01 (m, 4H), 2.59 (t, 1HJ = 6 Hz), 2.39 (t,
1H, J = 6 Hz), 2.23-2.15 (m, 2H), 1.16-1.01 (m, 18H).
3P NMR (CDCE) 6 148.3, 148.1. IR (film) 3211, 3075,

2966, 2932, 1703, 1607, 1509, 1462, 1250, 1179, 1034, 828,

728 cml.

Deprotection of Oligonucleotidedn a typical procedure,
the CPG support containing the allyloxy protected oligo-
nucleotides £3 mg,~67 nmol) was added to a solution of
Pd(dba)-CHCI; (8 mg, 7.5umol), P(GHs)s (20 mg, 75
umol), and 1.2 M n-GHyNH,-HCOOH (1:1) in THF
(sparged with M for 30 min) 21). After vortexing well,
the mixture was heated at 5% for 5 h with vortexing
approximately every 1530 min. The CPG support was
filtered and washed well with THF. After air drying, the
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to achieve approximately 25% maximum extension: £X
T) [dNTP/enzyme (units)] A/0.005, C/0.1, G/0.05, T/0.1; (X
= BbR-1) A/0.005, C/0.5, G/0.25, T/0.5. Triphosphate solu-
tions were 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 mM for dCTP,
dGTP, and TTP insertion reactions X T, 5R-3, and9).
For correct base pair formation (dATP): & T) 0.1, 0.2,
0.3, 0.4, 0.5, and 1.0M; (X = 5R-3 and9) 0.5, 1.0, 1.5,
2.0, 2.5, and 5.xM solutions were used.

Reaction Conditions for Kinetic Analysis of Extension of
a dA5R-3(9) Base Pair. Kinetics of extension were
measured in reactions incubated for: controHX) [ANTP/
time (min)] A/10, C/5, G/45, T/4; (= 5R-3 and9) A/100,
C/90, T/20. Each set of triphosphate reactions used differing
amounts of Klenow fragment (exp to achieve approxi-
mately 25% maximum extension: (% T) [dNTP/enzyme
(units)] A/0.1, C/0.05, G/0.25, T/0.005; (> 5R3 and9)
A/0.3, C/0.5, T/0.1. Triphosphate solutions were 0.05, 0.1,
0.2,0.5, 1.0, and 2.0 mM for dCTP, dGTP, and TTP insertion
reactions (X= T, 5R-1, and9) except for dCTP (X=T),

CPG supports were subjected to a second treatment analowhich used 0.1, 0.2, 0.5, 0.75, 1.0, and 2.0 mM. For correct
gous to that described above. After filtering, the CPG base pair formation (TTP): (% T, 5R-1, and9) 0.5, 1.0,
supports were washed successively with THF, acetone, 0.11.5, 2.0, 2.5, and 5.AM solutions were used.

M Ddtc (2 x 2 mL for 15 min), acetone, and water. The

cleaned CPG supports were transferred to a Pyrex tubeRESULTS

containing 3 mL of a 9:1 mixture (by volume) of GEN:
H,O. The mixture was sparged with,Nor ~20 min and
then photolyzed [band pass photolysigds = 400 nm)] for

2 h (with stirring) to cleave the oligonucleotide from the
CPG supports20). Following the prescribed workup, the
oligonucleotide was purified by denaturing polyacrylamide
gel electrophoresis (20% polyacrylamide) and desalted using
a reverse phase purification cartridge.

Klenow Fragment (ex9 Kinetic Experiments.Primers
labeled at the 5'-end using [¥2P] dATP and T4 polynucle-
otide kinase were purified by elution through a Sephadex
G-25 spin column. Labeled primers were hybridized to the
appropriate template (2 equiv) in a buffer consisting of NaCl
(100 mM) and Tris (10 mM, pH 7.0) by heating to 9&
for 5 min and cooling to room temperature over 1 h. Kinetic
experiments were initiated by the addition ofb of a DNA/
enzyme solution to 5uL of a nucleotide triphosphate
solution. The DNA/enzyme cocktail typically contained
template-primer (56100 nM), HEPES (0.4 M, pH 6.6), Tris-
HCI (0.4 mM, pH 7.0), EDTA (0.02 mM), BSA (0.8 mg/
mL), and Klenow fragment (ex9 (0.005-0.5 unit). dNTP
solutions included Tris (100 mM, pH 8.0), MgQiLo0 mM),
andfg-mercaptoethanol (3 mM). Reaction conditions (time,
[dNTP], number of units of enzyme) are listed individually
below. The reactions were quenched by the addition of 20
uL of formamide loading buffer containing 20 mM EDTA.
Equal amounts (2L) of the quenched reactions were loaded
into the wells of denaturing gels (20% acrylamide, 19:1
monomer/bis ratio, 45% urea) and rurr & h at2000 V
using a BRL Model S2 gel electrophoresis apparatus (40 cm
long). The gel was then exposed to a phosphorimaging

screen, and band intensities were quantified using a phos-
phorimager. Kinetic parameters were calculated as described

in detail elsewhere2d, 25).

Reaction Conditions for Kinetic Analysis of Nucleotide
Insertion Opposite 5B-and 9. Kinetics of insertion were
measured in reactions incubated for controEX) [ANTP/
time (min)]: A/1.5, C/30, G/9, T/5; translesional (X 5R-3
and9): A/2.5, C/90, G/45, T/30. Each set of triphosphate
reactions used differing amounts of Klenow fragment (§xo

Synthesis of Oligonucleotides Containing 3Rwnd 9.
Investigation of the effect of alkaline labile nucleosides such
as3 on polymerase enzyme activity required the development
of a synthetic method for their site-specific incorporation
into oligonucleotides. Oligonucleotides containing nucleo-
side lesions incorporated at defined sites have been prepared
via enzymatic incorporation of the respective nucleotide
triphosphate of the lesiorl(, 27), postsynthetic modification
of chemically synthesized oligonucleotiddsl(28), andde
novo chemical synthesis of oligonucleotides in which the
modified nucleosides are introduced in the form of the
appropriately activated monomet3, 14, 17, 18, 23).

Enzymatic incorporation of nucleotides is limited to those
modified nucleotides that are accepted as substrates by
polymerase enzymes. Similarly, postsynthetic chemical
modification of oligonucleotides is limited to those lesions
that can be selectively formed (e.8),within a biopolymer
using reagents that will not react at other sites within the
biopolymer @1, 28). This approach is also limited with
respect to the sequence of the biopolymer that can be
prepared, since only a single modifiable nucleotide can be
present in the oligonucleotide during the modification
reaction. Although a strategy that allows one to prepare
biopolymers of any sequence by ligating oligonucleotides
was recently reported, it could be difficult to prepare large
amounts of material by this metho@7).

o)
NH

“

0 DMTO o N0
ey
N N/\/> ‘Kj
Q \ N/)\N o__0O
N
HO \cr:'/ NO,




14074 Biochemistry, Vol. 36, No. 46, 1997

De nao chemical synthesis of oligonucleotides is the most
versatile method for the site-specific incorporation of modi-
fied nucleosides into biopolymers. Examples of modified
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7391.9 (calculated)] and higher molecular weight products
(Figure 1). The major impurity corresponds to an oligo-
nucleotide containing a single extraneous allyl groogz]

nucleosides that have been incorporated during automated= 7431.0 (observedjn/z= 7431.9 (calculated)]. The other
oligonucleatide synthesis include the 8-oxopurine nucleosidesimpurities present contain between twm/g = 7472.0
(e.g.,4) and the malondialdehyde adduct of deoxyguanosine (calculated)] and four allyl groupsarf/z= 7552.1 (calcu-

(6) (17, 29). Incorporation of modified nucleosides into
biopolymers by conventional synthesis is often limited to
those lesions that are compatible with the strongly alkaline

lated)]. Treatment of this mixture of oligonucleotides with
concentrated aqueous ammonia at65or 12 h yields fully
deprotected10 and a small amount of oligonucleotide

deprotection conditions (e.g., concentrated aqueous ammoniagontaining a single allyl group (data not shown). Three
that are typically employed during this process. Despite a cycles of the Pd(0) deprotection process did not result in

report to the contrary, we found that dihydropyrimidines (e.qg.,
1-3) are unstable to aminolysis, resulting in complete
fragmentation of the dihydropyrimidine ring within 30 min
at 55°C (13, 14, 23, 30, 31).

o]
)OL O)LO/\/ o
X HiC.,

X No" o N 3 NH
H30 /k H3C /ko

Hon o N~ © HO- o N

. A
OH OH

We recently reported a general strategy for incorporating
alkaline-sensitive nucleotides into biopolymers that is com-
patible with automated chemical oligonucleotide synthesis
(13, 14, 20, 23, 26). Deprotection with concentrated aqueous
ammonia is obviated by utilizing photolabile solid phase
synthesis supports (e.gf) in conjunction with palladium
labile phosphate and amino protecting grouf4).( The

oligonucleotides obtained from these solid phase synthesis

supports following purification by polyacrylamide gel elec-
trophoresis contain’dhydroxyl termini, which enables them

to be employed as substrates in enzymatic reactions that

require this functionality.

5'- CAT ATG CAT GTA GAC GAT GTG CAT
10

5'-CAT A(5R-3)G CTT GTT GTC GAT GTG CTT
11

5'-CAT A9G CTT GTT GTC GAT GTG CTT
12

Successful incorporation &R-3 into chemically synthe-
sized oligonucleotides was originally determined via gel
electrophoresis and GC/MS (following formic acid digestion
and persilylation) 13). Furthermore, HPLC analysis re-
vealed thaf3 was the sole product formed upon subjection
of 8 to the Pd(0) deprotection conditions. However, ESMS

any further improvement in the homogeneity 3. The
overall yield of the Pd(0) deprotection was approximated
based upon the relative intensities of each molecular ion
present. For these purposes, the isolation of oligonucleotides
containing one or more allylamine groups (as suggested
above) are treated in the same manner as if the respective
protecting groups were unreactive. Based upon the presence
of 4 palladium labile protecting groups itD, we estimate
the overall yield of the deprotection reaction to be ap-
proximately 97%.

During the synthesis df1, 5R-thymidine C5-hydrateqR-
3) was incorporated into oligonucleotides as the (bis)-
allyloxycarbonyl-protected phosphoramidit&3) (13, 14).
The gemdimethyl analogue d6R-3 (9) was introduced into
12 as thef-cyanoethyl phosphoramiditd 4).

0
N 9 0
X0 o Ny HaC -
HaC® PN H4C"
DMTO o N° O DMTO~ o N7 ©
O,
PO %p-Onen
N(iPr), N(iPr);

Phosphoramiditel4 was obtained in a straightforward
manner from the (bis)silyl ether of dihydrothymiding5(
Scheme 2)26, 32). Thymidine was incorporated using the
commercially availablgg-cyanoethyl-protected phosphora-
midite, whereas the other three naturally occurring nucleo-
sides were introduced as the respective allyloxy phosphor-
amidites 21). The3-cyanoethyl groups were cleaved after
Pd(0) treatment using neat diisopropylamine for 48 h at room
temperature. Analysis of the ESMS spectra obtained for
and 12 indicated approximately the same extent of overall
deprotection £97%) as determined fdtO (Figure 2).
Inhibition of Klenow Fragmentgxo ) by 5R3 and 9.
Klenow fragment fronEscherichia colDNA polymerase |

analysis revealed that the Pd(0) deprotection did not proceedcatalyzes the polymerization of DNA in thétd 3 direction,

to completion. In light of these results, the Pd(0) deprotec-
tion conditions were optimized ob0 which was prepared
using allyloxy-protected phosphoramidites, before carrying
out kinetic studies with oligonucleotides containiig3 and

9 (21). The effectiveness of the Pd(0) deprotection was
analyzed using ESMS. Oligonucleotid® was subjected
to two Pd(0) treatments (4 h, B&), followed by photolytic
cleavage as described previousl®0X ESMS analysis
revealed a mixture of molecules consisting of the fully
deprotected productlp, m/z= 7390.0 (observed)n/z =

but lacks the 5to 3 exonuclease activity of the holoenzyme.
Klenow fragment (exo) was specifically chosen as a model
DNA polymerase enzyme for these studies because it also
lacks the proofreading ability (30 5 exonuclease activity)
of the parent enzyme. Use of Klenow fragment (8xo
enables us to examine the polymerase activity of the enzyme
without complications due to additional enzyme activities.
Prior to examining the effects of modified nucleotides on
the activity of Klenow fragment (ex9, we needed to
determine whether the residual protecting groups present on
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100, 74310 experimental error) of the method by which the template
oligonucleotide was prepared (Table 1).
Having verified that the residual protecting groups did not

unduly influence the activity of polymeragaNA complexes,

the kinetics of translesional synthesis across f&RS3 and

9 were examined under Michaetli#enten conditions (Table

2). Both modified nucleotides inhibited the enzyme, with

the reduction inVma{Km ranging between 13 and 49 when

compared to the efficiency with which the respective

73900 nucleotide triphosphate is incorporated opposite thymidine.

The extent of inhibition for incorporation of individual

nucleotides oppositéR-3 and 9 was very similar, never

differing by more than a factor of 2.5. Furthermore,

oligonucleotideenzyme complexes containirgR-3 and 9

%1 bound the four commonly occurring dNTP&.{) with

. approximately the same affinity as the respective complex
containing thymidine. Finally, whil6R-3 and 9 inhibit
translesional synthesis by Klenow fragment (eXothe
frequency with which the enzyme inserts nucleotides other
than deoxyadenosine (misinsertion frequency) across from
these lesions is essentially identical to the error rate when
thymidine is present in the template.

Klenow (exo) was inhibited to a significantly greater
extent when single nucleotide extension paSRe3-dA or
9-dA base pair was examined (Table 3). Deoxyguanosine
incorporation across from the purine nucleotide in the
template was too slow to measure in these experiments.

ol _ mass However, incorporation of thymidine or deoxycytidine across
7250 7300 7350 " 7400 | 7450 7500 7850 7600 7650 7700 - 7750 from deoxyadenosine is inhibited due to the presen&Re3
Ficure 1: ESMS spectrum ofl0. Calculated m/z of fully in the DNA template Vma/Km), 80- and 280-fold, respec-
deprotected oligonucleotide: 7391.8. tively. The source of the inhibition is the velocity of the

the Pd(0) deprotected oligonucleotides influenced the enzy-€Xtension reaction, which is inhibited by a factor of 130 and
matic extension of primers hybridized to these templates. 530 for thymidine and deoxycytidine, respectively. In fact,
Consequently, we compared the extension kinetics of du-the Km of the three nucleotide triphosphates is equal to or
plexes using a templatd @ that was deprotected with Pd-  Stronger whenS5R-3 replaces thymidine in the template.
(0) versus one of identical sequence that was synthesized?espite the significant inhibition of Klenow fragment (€30
using commercially availabjé-cyanoethyl phosphoramidites ~ catalyzed extension pasR-3-dA and9-dA base pairs, dATP
and deprotected using standard JIHH protocols. In each IS the only nuc'leotlde for Whu;h the misinsertion frequenc;y
case, single nucleotide extension of a 19 nucleotide primeris moderately increased relative to the template containing
that was hybridized td0 was examined. Incorporation of thymidine. Klenow fragment (ex9 is 36 times more likely
dATP and misinsertion of dGTP across from the thymidine 10 insert deoxyadenosine across from deoxyadenosine when
at position five oflOwere examined (Table 1). The kinetic the preceding base pair in the template iSFa3-dA base
parameters\(max andK,;) were determined from a series of Pair than when a native-@A bage pair is present. However,
relative velocity measurements carried out at varying dNTP it is only about 10 fold more likely to do so whenSdA
(substrate) concentrations. The individual velocity measure- Pase pair is present.

ments were extracted from the absolute intensities of the

unextended and singly extended radiolabeled prir@8t( DISCUSSION
25). The kinetic parameters for individual nucleotide Oligonucleotides containing alkaline labile nucleotides
incorporation (dATP and dGTP) were independent (within were synthesized via a general method that avoids the use

0 o 0
H C H Cl', H C"'
3 3
TBSOq o N” © TBSOq o N” O pmMroq o N O
A O ¢ MR
15 g1o 16 o0, 17
OTBS OH

OTBS

Scheme 2

8Key: a) sec-BuLi (2.5 eq.), DMPU (3 eq.), THF, -78°C then CHjl (1.0 eq.)
b) TBAF (0.5 M), AcOH (0.5 M), THF, 25°C c) DMTCI, pyridine, 0°C
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number of allyloxy protecting groups in an oligonucleotide
(~40 in a typical 24mer), a significant fraction of oligo-
nucleotide molecules contain remnants of between one and
three protecting groups. These side products probably
escaped detection previously due to the methods employed
for their characterization, and the fact that they are cleaved
upon subsequent aminolysis (data not shovis3) {4, 21).

The allyl groups are believed to be bonded to the exocyclic
amines of the nucleobases and not to the phosphate diesters.
This proposal is based upon the fact that incomplete
phosphate deprotection would affect the migratory aptitude
of oligonucleotides to a much greater extent than an allyl
group on an amine, as the latter is uncharged under the
electrophoresis conditions regardless of whether the exocyclic
amines are protected®3—35). The oligonucleotides syn-
thesized via the method described above give rise to single
tight bands upon gel electrophoresis, consistent with the
above proposal. We suggest that the allylamine side products
are formed via nucleophilic attack of the released nucleobase
amines on ther-allyl complex of palladium that is believed

to be formed during reactions of this type. This hypothesis
is consistent with synthetic methods where Pd(0) is used to
form allylamines 86, 37).

The presence of a small percentagg@{4%) of protecting
groups (or remnants thereof) on each exocyclic amine was
expected to destabilize duplexes of oligonucleotides contain-
ing these groups. However, such biopolymers are capable
of forming Watson-Crick-type base pairs with the appropri-
ate complementary oligonucleotid@). Of more relevance
for the experiments carried out herein is the fact that,
although a fraction of the oligonucleotide molecules contain
a single randomly distributed allylamine substituted nucle-
otide, control experiments (Table 1) reveal that these
chemical impurities do not affect Klenow (eXoactivity.
These experiments indicate that any effects on polymerase
activity observed using DNA templates containbig3 (11)
and9 (12) can be ascribed to the modified nucleotide.

The modest inhibition imparted b§R-3 and 9 during
translesional synthesis is consistent with computer calcula-
tions and the X-ray structure of tf3, which would lead
one to predict that the dihydropyrimidine moieties of the
nucleosides adopt conformations in which the functional
groups capable of forming hydrogen bonds are positioned
in a very similar manner to the respective groups found in
thymidine. The measured.Kvalues during translesional
synthesis of DNA templates containifigR-3 and 9 (Table
2) are also consistent with this structural picture of modified
nucleosides. The overall small effect BR-3 and 9 on
translesional synthesis by Klenow (ejds most evident by
the negligible increase<@2 for any given dNTP) of the
misinsertion frequency (Table 2). Furthermore, the similarity
of inhibition by 5R-3 and9 is consistent with the predictions
of computer calculations that the inhibition inducedd3#+3
is due to a steric effect on the structure of the DNA duplex
and not an alteration of normal hydrogen bonding patterns
due to the hydroxyl group at C3%, 16). This behavior is
in direct contrast to that observed for an enzybi¢A
complex containing the fragmentation producb&3 (18),
which experienced a more favoralifg, for TTP than did

of concentrated aqueous ammonia. The deprotection reactiorthe respective complex containing thymidine in the template
proceeds in approximately 97% vyield. Due to the large (23 versus 22uM) (23).
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Table 1: Comparison of Kinetic Parameters of Nucleotide Insertion Reactions between Templates Deprotected@kthaniHPd(0)

Klenow (exo-)

dTACGTGTAGCAGATGTACGTATAC) dINTP HTACGTGTAGCAGATGTACGTATAC)
5-%2P.dATGCACATCGTCTACATGC) 5-®p.dATGCACATCGTCTACATGCN)
deprotection method dNTP Vmax(% min—2) Km (uM)
NH4OH A 355+ 35 0.58+0.17
NH,OH G 0.164 0.004 35.3t 8.1
Pd(0) A 315+ 4.2 0.83+£ 0.3
Pd(0) G 0.18+ 0.008 252+ 7.7
Table 2: Kinetic Parameters of Translesional Nucleotide Insertion Reactions Catalyzed by Klenow Fragmgnt (exo
Klenow (exo-)
dTCGTGTAGCTGTTGTT CGXATAC) dNTP dTCGTGTAGCTGTTGTT CG XATAC)
§-92Pp.dAGCACATCGACAACAAGC) —" 5-3p.AGCACATCGACAACAAGCN)
X dNTP Vimax(% min—2) Km (uM) VmadKm misinsertion frequencyH)?
T A 424+ 2.1 0.28+ 0.03 151.4+19.8 Q)
T C 3.6+ 0.1(10? 284.84+ 42 1.3+ 0.2 (10% 8.6 (107)
T G 0.28+ 0.06 37.7+7.1 7.4+ 2.1 (109) 4.9 (10
T T 0.31+0.01 211.3+ 20 1.5+ 0.2 (10®) 9.9 (10
5R3 A 234+ 34 3.6+ 0.7 6.5+ 1.6 1)
5R3 C 2.3+ 0.4 (109) 225.6+ 39 1.0+ 0.2 (10°) 1.5 (10°)
5R3 G 6.3+ 0.1 (109 33.0+ 7.7 1.9+ 0.4 (109 2.9 (10
5R3 T 1.0+ 0.1 (102 231.8+ 54 4.3+ 1.0 (109 6.6 (10°°)
9 A 233+ 4.1 3.4+0.8 6.8+ 1.9 1)
9 C 1.3+ 0.1(109) 326.8+ 42 4.0+ 0.6 (10°°) 5.9 (107)
9 G 9.4+ 0.3 (109) 61.0+ 3.5 1.5+ 0.1 (10% 2.2 (10%)
9 T 9.1+ 0.2 (10°9) 156.0+ 17 5.8+ 0.6 (10°%) 8.5 (10°9)
aF = (VmaJKm)dNTP/(VmaJKm)dATP-
Table 3: Kinetic Parameters of Nucleotide Extension Reactions Catalyzed by Klenow Fragmet (exo
Klenow (exo-)
dTCGTGTAGCTGTTGTT CGXATAC) dNTP dTCGTGTAGCTGTTGTT CGXATAC)
5-%2P.d(AGCACATCGACAACAAGCA) — 5.3p.dAGCACATCGACAACAAGCAN)
X dNTP Vimax(% min~1) Km (uM) VimadKm misinsertion frequencyH)?
T T 9.2+ 2.3 0.8+ 0.2 115+ 4.1 1)
T C 0.35+ 0.01 143.9+- 7.9 2.4+ 0.1 (10%) 2.1(10%)
T G 7.6+ 0.4 (109) 83.8+17.1 9.1+ 1.9 (10°%) 7.9 (10°9)
T A 0.12+0.01 403.5+ 35.6 3.0+ 0.4 (10%) 2.6 (109)
5R3 T 0.07+0.01 1.7+ 0.9 4.1+ 2.2 (10?) [6))
5R3 C 6.6+ 0.5 (10%) 221+ 5.6 3.0+ 0.8 (10 7.3(10%)
5R3 G nc nd nd nd
5R3 A 1.6+0.1(10%) 41.9+5.3 3.8+ 0.5 (10 9.3 (10%)
9 T 0.05+0.01 1.9+ 0.9 2.8+ 1.5 (103 1)
9 C 2.2+ 0.1 (10%9) 146.7+22.4 1.5+ 0.2 (109) 5.4 (10%
9 G nd nd nd nd
9 A 1.9+0.2(10%) 179.44+ 18.5 1.1+ 0.3 (109) 3.9 (10%

aF = (Vmad/Km)ante/ (VmadKm)te. P nd = not determined.

on DNA polymerase activityl(1). The reduction inVmax

for correct nucleotide insertion was far more significant for
extension of templates containib@r-3 and9 (less than 1%

of Vmax for templates containing thymidine) than for trans-
lesional synthesis ~55%). The reduction iNVyax for
incorrect nucleotide insertion in templates containiiigy3

OH and 9 is also greater for extension than for translesional

The observed inhibition of extension p&R-3 and9 by synthesis, albeit smaller relative to the reduction observed
Klenow (exo) is also consistent with calculations that predict for correct nucleotide insertion. These results are fully
significantly greater inhibition for this process than for consistent with the expected disruption in base stacking due
translesional synthesis. Similar predictions were made andto the axial substituent at C5 in bo#R-3 and9. For two
qualitatively verified for the effect of thymidine glyco) of the three nucleotides examined (Table 3), the effect on
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Scheme 3

Vmax by 5R-3 is more significant than that d. This is
consistent with an expected larger difference in energy
between the two conformational isomers BR-3 than
between those d®. The conformational isomers & are
expected to be close in energy, in which a methyl group is
pseudoequatorial in each half chair conformation (Scheme
3). In addition, electronic overlap is not an issue due to the
absence of the C5-hydroxyl group. Hen&eexists more
often than5R-3 in a conformation in which a methyl group

Greenberg and Matray

(2) Inhibit DNA polymerase activity via a disruption in
base stacking.

In addition, the synthetic strategy described provides a
general method for the synthesis of oligonucleotides contain-
ing alkaline labile nucleotides. The oligonucleotides obtained
are of sufficient purity to employ in kinetic studies. How-
ever, we anticipate that other experiments (i.e., NMR) will
require more homogeneous oligonucleotides. Efforts are
underway to achieve the small incremental increase in yields
of oligonucleotide deprotection (97 99%) that are needed
to make these experiments possible.
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does disrupt base stacking with the deoxyadenosine boundREEFERENCES
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in 9 is pseudoaxial, one would expect a smaller degree of
inhibition for the same reasons ths$ -3 is predicted to be
a weaker inhibitor tha®R-3 (15, 16). The effects obR-3
and9 on K, during extension of templates containing these
modified nucleotides by Klenow (exd are more difficult
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Conclusions.Using a combination of chemical synthesis
and enzyme kinetics, we have provided the first experimental
data on the effect 0bR-5,6-dihydro-5-hydroxythymidine
(5R-3) on polymerase enzyme activity. Experimentsséh3
and structural analogu® support computational studies
which predict that lesions such as thymidine C5-hydrate
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significantly reduce the fidelity of Klenow (ex9 in vitro.
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(1) Present an array of hydrogen bonding groups that are
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