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Abstract—The 5'-triphosphate of 4-thiothymidine (4S-TTP) is an excellent substrate for the Klenow fragment of Escherichia coli
DNA polymerase I and HIV-1 reverse transcriptase with values of k¢,:/Kn within a factor of ~3 of those for TTP. A large UV
change (Ae=-9770 M~! cm~! at 340 nm) associated with incorporation of 4S-TMP into nucleic acid duplexes makes possible a
rapid, continuous spectrophotometric assay of the reaction progress. © 2000 Published by Elsevier Science Ltd.

The kinetics of nucleotide incorporation into DNA
duplexes have been extensively studied in attempts to
understand the mechanism of action of DNA poly-
merases.! Recently, the role of hydrogen bonding and
base pairing in the fidelity of DNA polymerization has
been debated.> A nucleotide containing a difluoro-
toluene shape analogue of thymine, which lacks the
ability to form any of the hydrogen bonds found nor-
mally in DNA base pairs, is enzymatically incorporated
into DNA with good kinetics and high fidelity.?

4-Thiothymidine triphosphate* (4S-TTP) is incorpo-
rated into DNA by Escherichia Coli DNA polymerase
I,> and synthetic oligonucleotides containing 4S-T have
been used as probes of protein-DNA contacts.® Sub-
stitution of one oxygen of TTP by sulfur to form 4S-
TTP may result in modification of one of the two
hydrogen bonds found_in the product dA-T base pair
(Fig. 1), since the 1.68 A length of the C-S double bond
in 45T is significantly greater than the 1.23 A length of
the corresponding C-O double bond of thymidine.’
Incorporation of one or two 4S-T’s into a short oligo-
nucleotide duplex has little effect on the melting tem-
perature or circular dichroism spectra, consistent with
only minimal effects on duplex DNA structure.*® Raman
spectroscopy of oligonucleotide duplexes containing 4S—
T indicates that the strength of the hydrogen bonds to
4S-T is similar to that of normal Watson—Crick hydro-
gen bonds.®® There is other evidence supporting the
existence of N-H---S hydrogen bonds® in general, but

*Corresponding author. Tel.: +1-301-496-9893; fax: +1-301-402-
0008; e-mail: jmsayer@helix.nih.gov

the exact orientation of the dA-(4S-T) base pair in a
modified DNA duplex has not been determined.

Substitution of sulfur for oxygen shifts the UV absor-
bance maximum from 267 nm for TTP to 335 nm for
4S-TTP, well removed from the background absor-
bance of DNA. Furthermore, incorporation of 4S-TTP
into a DNA template-primer duplex results in sig-
nificant hypochromicity (Fig. 2), which forms the basis
for a convenient, continuous non-radiochemical assay
for DNA polymerization.

The observed molar absorbance decrease at 340 nm is
Ae=9770 M~! cm~'.!'0 Incubations with duplexes
designed to incorporate 2, 3 and 4 residues'! of 4S-T
showed that Ae increased linearly with the number of
4S-T residues incorporated with a slope of 9770+ 150
M~! em~!. This linearity is consistent with our pre-
viously reported results with normal nucleotides.'?
However, the value of the hypochromicity (Ae) at 340
nm is much larger than the value of Ae at 275 nm!? for
TTP, where the large background absorbance of the
DNA template-primer also interferes with the assay.
For 4S-T, the hypochromicity at 340 nm is much larger
than its hypochromicity at 260 nm.°°

Under processive conditions,! multiple nucleotides are
incorporated into the DNA homopolymer duplex
P(dA)49_60-p(dT)20. In order to determine the average
number of nucleotides incorporated into the product,
the template-primer duplex was incubated with 4S-TTP
and Klenow fragment until no more UV change was
observed. The double-stranded product was isolated by

0960-894X/00/$ - see front matter © 2000 Published by Elsevier Science Ltd.

PII: S0960-894X(00)00123-2



908 T. V. S. Rao et al. | Bioorg. Med. Chem. Lett. 10 (2000) 907-910

precipitation with ethanol at 0°C to remove excess 45—
TTP. Comparison of the product absorbance at 260 and
335 nm allowed calculation of the number of 4S-T
residues incorporated. The most notable difference
between 4S-TTP and TTP was a low overall incor-
poration (only 4.7+1.0 nucleotides) of 4S-TTP by
intact Klenow fragment. In contrast, an average of
approximately 35 thymidine residues are incorporated
by intact Klenow fragment into this template-primer, as
measured by filter binding assay of 3H-TTP incorpora-
tion.!? (Note that the 20-mer primer presumably binds
randomly to template (average length 50 nucleotides), so
that the overhang is random unless the primer can
change its position on the template.) For 4S-TTP the
relative rates of incorporation and exonucleolytic proof-
reading apparently become approximately equal after
incorporation of only a few 4S-T residues. In contrast,
the incorporation rate is always much faster than the
exonuclease rate for the natural substrate TTP, so that
thymidine is incorporated until the end of the homo-
polymer duplex (or slightly beyond due to slippage).
The mechanism resulting in lower incorporation of 4S—
T into the duplex homopolymers by intact Klenow
fragment is unknown, and may involve a decrease in the
incorporation rate or an increase in the exonuclease rate
with multiple, contiguous 4S-T residues, or a combina-
tion of both effects. With exonuclease-free Klenow frag-
ment, approximately 37 4S-TTP residues were
incorporated into DNA after an overnight reaction, com-
parable to the result with intact Klenow fragment and
TTP. In general, a processivity of 20-25'¢ is observed for
Klenow fragment depending on the template-primer.
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Figure 1. Base paired structures of dA-T and dA-(4S-T).
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Kinetic parameters for the processive incorporation of
4S-TTP and TTP into the homopolymers are given in
Table 1. These results are consistent with the reported
kot for TTP of 3.8 s—! obtained with the homopolymer,
poly(dA)i900(T)1o.'¢ Sulfur substitution decreases K, by
3.6-fold while decreasing k.,, only slightly. The specifi-
city constant k¢, /Knshows that under these conditions
4S-TTP is a somewhat better substrate than TTP for
Klenow fragment.

Results of the steady-state kinetics measurements under
non-processive conditions! where a single nucleotide is
incorporated into a DNA 9/20-mer template-primer by
Klenow fragment or into a RNA/DNA template-primer
by HIV-1 reverse transcriptase (RT) are given in Table
2. With Klenow fragment, both k. and K, increase
with 4S-TTP, resulting in no change in k¢, / K, relative to
that of TTP. The observed, small increase in K, may
reflect somewhat poorer binding of the altered substrate
by the binary complex of enzyme and DNA duplex. The
increase in k¢, suggests that the rate of dissociation of the
oligonucleotide product from the enzyme is increased
upon incorporation of 4S-T relative to T, since this dis-
sociation step is known to be rate limiting for the non-
processive reaction of the normal nucleoside tripho-
sphates with this same duplex.'®

Table 1. Steady-state parameters for DNA polymerization by Kle-
now fragment under processive conditions with the homopolymer
template-primer duplex, p(dA)so_go-p(dT)20*

Substrate Ko (UM) keat 571 1073 keat/ K M~1s7h)
TTP 5.0 3.0 6.0
4S-TTP 1.4 2.3 15.7

aKinetic measurements were conducted'? with Klenow fragment using
1 uM p(dA)so_eo-p(dT)y0 as template primer. Assays using 0.2-15 uM
SH-TTP (2.0 Ci/mmol) as substrate were done by radiochemical filter
binding assay.!> Assays using 0.5-50 pM 4S-TTP as substrate were
conducted by following the change in absorbance at 340 nm in
microspectrophotometric cells.
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Figure 2. UV spectral change (A) and time course (B) for incorporation of one 4S-TTP into a 9/20-mer DNA duplex’ by the Klenow fragment.
Reaction conditions:'? (A) 52 uM 4S-TTP, 25 uM duplex and 40 nM exonuclease-free Klenow fragment, and (B) 5 uM 4S-TTP, 10 uM duplex and

10 nM Klenow fragment.
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Table 2. Steady-state parameters for DNA polymerization by Kle-
now fragment and HIV-1 reverse transcriptase (RT) under non-pro-
cessive conditions with short template-primer duplexes

Enzyme Substrate K, Keat 1073 keat/Km
M) (7D M~'s™h
Klenow fragment® TTP 0.51 0.37 7.3
Klenow fragment 4S-TTP 1.82 1.73 9.5
HIV-1 RT® TTP 0.36 1.02 28.0
HIV-1 RT 4S-TTP 0.50 0.44 8.8

4Spectrophotometric assays with 10 nM Klenow fragment were con-
ducted!? with 10 pM DNA template-primer® and 2.5-75 uM 4S-TTP.
Radiochemical assays with 4 nM Klenow fragment were conducted
under the same conditions with 10 uM DNA template-primer and
0.2-15 pM 3H-TTP (7.2 Ci/mmol). The rate of thymidine incorpora-
tion was determined with the radiochemical filter binding assay.'>
bSpectrophotometric assays with RT were carried out under conditions
similar to those described'® in 50 mM Tris buffer, pH 7.4, containing 50
mM NacCl and 10 mM MgCl, with 5 uM DNA-9-mer (primer)/RNA-
20-mer (5-AAACCCUUGGACGGCUGCGA-OH, template), 0.25-
25 uM 4S-TTP and 14 nM HIV-1 RT. Radiochemical assays were
conducted under the same conditions with 5 utM DNA-9-mer/RNA-20-
mer, 0.1-20 uM *H-TTP (18 Ci/mmol) and 1.0 nM HIV-1 RT. HIV-1
RT (MW 110000 Da) consisting of equimolar amounts of subunits
p66 and p51 was a gift from Dr. Samuel Wilson.

To investigate further the nature of the rate determining
step for incorporation of 4S-TTP, pre-steady-state
kinetics of the reaction were measured on a msec time
scale.!* With related DNA duplexes, nucleotide incor-
poration by the Klenow fragment exhibits a burst!®!d
with a rate of 50 s—!, which is much faster than product
release. This fast burst step is assigned to a conforma-
tional change in the enzyme that occurs after substrate
binding and before phosphodiester bond formation,
which is even faster.'” A second slow conformational
change follows the bond-formation step before product
release.!2 The reaction of 4S—~TTP showed no burst, and
proceeded with an initial incorporation rate of about 2-3
s~!, which is comparable to the rate of turnover in the
steady state. A reasonable interpretation is that dissocia-
tion of the oligonucleotide product is not appreciably
slower than the preceding step(s) in the catalytic process
for the Klenow fragment with 4S—TTP as substrate. Thus
with 4S-TTP as substrate, there is no evidence for rate
limiting dissociation of the oligonucleotide product
from the enzyme, and either the conformational changes
or bond formation may be at least partially rate limiting.

With HIV-1 RT, comparison of 4S-TTP with TTP
indicates little or no change in K, and a small decrease
in k., with a resultant decrease in k¢ /Ky, (Table 2).
The decrease in k.,; suggests a decrease in the dissocia-
tion rate for the modified substrate, since product
release is rate limiting for non-processive kinetics of
TTP with this polymerase also.!” However, this kinetic
scheme may not apply to the 4S-TTP substrate (see
above).

In summary, the chromophoric substrate 4S—-TTP is
well suited for use in a rapid, continuous optical assay
to replace slow and time intensive single-point radio-
chemical assays for polymerase-mediated replication
reactions in many applications such as enzyme purifica-
tion and high throughput screening. Oligonucleotide

templates or nucleoside triphosphates containing the
fluorescent analogue 2-aminopurine have also been used
in continuous DNA polymerase assays.'® We observed
little change (<4-fold for K., and <3-fold for k¢, /Kpn)
in the steady-state kinetic parameters for enzymatic
incorporation of 4S-TTP relative to TTP into a DNA
duplexes under both processive and non-processive
conditions. This is expected since X-ray crystallographic
studies of the polymerase tertiary complex indicate that
the polymerase has little interaction with the major
groove side of the DNA at the insertion site.'® The total
extent of incorporation of 4-ST into a homopolymer
primer by intact Klenow fragment was much lower than
that of T. This observation is presumably a result of a
slowing of the polymerization relative to the exonu-
clease rate in the presence of the modified oligonucleo-
tide, since similar extents of incorporation of 4-ST and
T were observed with exo-Klenow fragment where no
exonuclease activity is present. Pre-steady-state kinetics
of incorporation of a single nucleotide residue into a
synthetic template-primer by Klenow fragment under
conditions that give a rapid burst of T incorpor-
ation!®'d provided no evidence for such a burst with 4—
ST. Thus, in contrast with the normal oligonucleotide, a
step other than dissociation of the 4-ST modified oli-
gonucleotide duplex from the enzyme may be rate
determining.
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