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The first examples of nucleoside di- and triphosphates containing the electrophilic and potentially reactive
carbonyl group in place of a phosphoanhydride oxygen are reported, using the DNA polymerase inhibitors
N 2-(4-butylphenyl)-2�-deoxyguanosine 5�-triphosphate (BuPdGTP) and N 2-(4-butylphenyl)-2�-deoxyguanosine
5�-diphosphate (BuPdGDP) as platforms. The P2,P3-carbonyltriphosphonate, BuPdGMPPCOP, was obtained
by reaction between the phosphoro-N-methylimidazolidate of the monophosphate BuPdGMP and
carbonyldiphosphonic acid (PCOP), and it was isolated by preparative reverse phase chromatography. The
carbonyldiphosphonate analogue, BuPdGMPCOP, was obtained by displacement of the 5�-mesyl group of the
corresponding 5�-mesylnucleoside with carbonyldiphosphonate. While BuPdGMPCOP was stable in aqueous
solutions, BuPdGMPPCOP hydrolyzed to BuPdGMP and PCOP with a half-life of 3 hours. Both BuPdGMPPCOP
and BuPdGMPCOP were potent, competitive inhibitors of human DNA polymerase α.

Introduction
Nucleoside di- and triphosphates (NDPs, NTPs) are key
cellular metabolites. Analogues of these nucleotides with a
modified polyphosphate group have played important roles
in elucidating the structure, function, and location of enzymes
and proteins involved in NDP/NTP binding.1 Such modi-
fications include substitutions of the bridged (phosphoro-
anhydride) or non-bridged (terminal) oxygen atoms of the
polyphosphate chain. The substitutions of the non-bridged
oxygens are restricted mainly to phosphorothioates,1a while the
phosphoroanhydride oxygen has been replaced with methyl-
ene, halomethylene, and imino groups. The resulting analogues
in many cases retain their affinity for the corresponding
enzymes or proteins, but often cannot serve as substrates
(e.g. non-hydrolyzable NTP analogues), thus inhibiting the
corresponding processes.

In this paper we present a new type of nucleoside poly-
phosphate analogue in which a phosphoroanhydride oxygen is
replaced by a potentially reactive carbonyl group. This type
of compound might not only serve as a non-hydrolyzable
analogue, but the highly electrophilic carbonyl group may also
interact with nucleophilic centers near polyphosphate binding
sites, providing a new mode of inhibition. Indication of this
kind of interaction has been observed with carbonyldiphos-
phonic acid (6, PCOP), a carbonyl analogue of pyrophosphate,
which has inhibitory activity toward many enzymes having a
pyrophosphate binding site. Among these 2 are pyrophosphate-
dependent phosphofructokinase, aspartate transcarbamylase,
inorganic pyrophosphatase, and a large number of viral and
cellular DNA polymerases.3

Specifically, we describe the synthesis and properties of
N 2-(4-butylphenyl)-2�-deoxyguanosine 5�-(P1,P2-carbonyldi-
phosphonate) (15, BuPdGMPCOP) and N 2-(4-butylphenyl)-
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2�-deoxyguanosine 5�-(P2,P3-carbonyltriphosphonate) (8,
BuPdGMPPCOP), and their inhibitory properties toward
human DNA polymerase α. The parent nucleotides, N 2-(4-butyl-
phenyl)-2�-deoxyguanosine 5�-diphosphate (14, BuPdGDP),
and N 2-(4-butylphenyl)-2�-deoxyguanosine 5�-triphosphate (7,
BuPdGTP) 4 are potent inhibitors of the B family of DNA
polymerases, and have been widely used in study of the identity
and roles of DNA polymerases in cellular DNA synthesis.1b

Results and discussion

Synthesis of BuPdGMPPCOP (8)

P2,P3-Modified nucleoside triphosphates are synthesized by
condensation of activated nucleoside monophosphates with the
corresponding pyrophosphate analogues (Scheme 1). The most
common method is the imidazolidate method of Hoard and
Ott,5 in which the nucleoside 5�-monophosphate is activated
in situ to the phosphoroimidazolidate by reaction with an excess
of carbonyldiimidazole. Reactions of the imidazolidate of
BuPdGMP (2) with the tributylammonium (TBA) salt of
PCOP (6) showed consumption of the activated mono-
phosphate, but the only products that were detected (TLC) and
isolated from the reaction mixtures were BuPdGMP (1) and
PCOP (6) itself. The same result was found when the synthesis
of BuPdMPPCOP (8) was attempted from the phosphoro-
morpholidate of BuPdGMP (3), prepared by the method of
Moffat and Khorana.6 Both imidazolidate and morpholidate
methods require long reaction times (more than 12 h) during
which time decomposition of PCOP (6) or the product was
possible. Consequently, we applied a fast and mild method for
synthesis of nucleoside triphosphates, recently developed in this
laboratory.7 In this method, nucleoside 5�-monophosphates are
activated as the phosphoro-N-methylimidazolidates by treat-
ment with N-methylimidazole in the presence of 2,2�-dipyridyl
disulfide and triphenylphosphine.8 The activated nucleotide is
isolated by precipitation with diethyl ether, and coupled with
inorganic pyrophosphate or a pyrophosphate analogue. For
example, the phosphoro-N-methylimidazolidate of BuPdGMP
(4) reacted with an excess of tributylammonium pyrophosphate
(5) in less than 5 minutes to give the triphosphate BuPdGTP (7)
in 69% yield (isolated). However, when the same intermediate
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was reacted with PCOP (6) under these conditions only the
monophosphate BuPdGMP (1) and PCOP were isolated after
aqueous workup.

To shed light on these unexpected outcomes, the reaction of
the purified N-methylimidazolidate of BuPdGMP (4) with the
TBA salt of PCOP (6) was followed by 31P NMR spectroscopy
(Fig. 1). The signal for the N-methylimidazolidate 4 at �10 ppm
(spectrum a) disappeared after 6 minutes, and a signal for Bu-
PdGMP (1) at 0.8 ppm appeared, together with an interesting
set of four “triplets” at �3.6, �5.4, �11.2 and �13.0 ppm

Fig. 1 31P NMR spectra: a) phosphoro-N-methylimidazolidate of
BuPdGMP (4); b) reaction of 4 with 5 eq. of PCOP (6) after 6 min;
c) reaction of PCOP (6) with 0.5 eq. EDC after 10 min; d) simulated
spectrum of PCOPOPCOP (11).

Scheme 1

(denoted with asterisks in spectrum b). § The appearance of the
latter signals did not change upon turning the proton decoupler
off. It was proved that the four “triplets” are part of a single
spin system by a 31P–31P COSY experiment and by a homo-
nuclear 31P experiment where, on positioning the decoupler
between one pair of “triplets”, the other pair collapsed to a
singlet (results not shown). The same spin system was generated
when the TBA salt of PCOP (6) reacted with 0.5 eq. of 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (Fig. 1,
spectrum c), suggesting that the spectrum resulted in both cases
from the anhydride of 6, PCOPOPCOP (11, Scheme 2). ¶ The

calculated 31P spectrum of this compound as a symmetrical
ABB�A� system (Fig. 1, spectrum d), after iterative fitting to
spectrum c, revealed 2JAB = 2JA�B� = 212 Hz, 3JBB� = 38 Hz, and
4JAB� = 0 Hz.

A plausible mechanism for the formation of the anhydride
PCOPOPCOP (11) in this reaction is illustrated in Scheme 2.
First, PCOP (6) reacts with the activated nucleoside mono-
phosphate giving the expected nucleoside P2,P3-carbonyl-
triphosphonate 8. The highly electrophilic P2,P3 carbonyl group
of 8 is attacked by the α-phosphate to form a cyclic hemiacetal

Scheme 2

§ The same result was observed when the imidazolidate of BuPdGMP
was reacted with an excess of PCOP. 31P NMR spectra of the time
course of the reaction are presented in the ESI.
¶ This compound hydrolyzed to PCOP when triethylammonium
bicarbonate (TEAB) buffer was added to the reaction mixture,
as observed by 31P NMR. Attempts to isolate it by ion exchange
chromatography resulted in the formation of only PCOP.
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9. In compound 9 the neutral α-phosphate becomes a good
leaving group, making the β-phosphate susceptible to nucleo-
philic attack, analogous to the well known susceptibility of the
cyclic trimetaphosphates of nucleosides toward nucleophilic
opening of the anhydride ring.9 Phosphorolysis of 9 by another
molecule of PCOP (6) breaks the α–β anhydride bond and
opens the hemiacetal ring giving intermediate 10; subsequent
elimination releases the nucleoside monophosphate BuPdGMP
(1) and the anhydride PCOPOPCOP (11). Our inability to
isolate PCOPOPCOP (11) is probably due to its facile cycliz-
ation and hydrolysis in aqueous solution by a mechanism
analogous to the one shown in Scheme 2.

According to Scheme 2, a possible approach to avoid the
decomposition of 8 was to use a limiting amount of PCOP
during its synthesis. A drawback of this approach is that
BuPdGMPPCOP (8) (or the products of its decomposition)
can react with the activated BuPdGMP or with compound
9. Indeed, when the phosphoro-N-methylimidazolidate 4 was
treated with an equimolar amount of the TBA salt of PCOP
(6), the 31P spectrum of the reaction mixture became complex
(see ESI). A 31P–31P COSY spectrum of this mixture (Fig. 2)
revealed, among other signals, the spectrum of PCOPOPCOP
(11) (cross peaks labeled 1) together with a spin system of
three 31P signals in agreement with the spectrum expected for
BuPdGMPPCOP (8) (cross peaks labeled 2). This compound
was successfully isolated from the reaction mixture by prepar-
ative reverse phase HPLC in 17% yield and characterized by 1H,
31P NMR and FAB mass spectra. The 31P spectrum of 8 (Fig. 3)
consists of a doublet of doublets centered at �10.14 ppm
assigned to P1 (2JP1P2 = 29.7 Hz; 4JP1P3 = 7.0 Hz; the line width
of this signal increased considerably when the decoupler was
turned off ); a doublet of doublets at �9.15 and �10.90 ppm,
assigned to P2 (2JP1P2 = 29.7 Hz; 2JP2P3 = 207 Hz); and a doublet
of doublets centered at �1.49 ppm, assigned to P3 (2JP2P3 =
207 Hz; 4JP3P1 = 7.0 Hz). BuPdGMPPCOP (8) is stable as a
solid when stored at �76 �C. In aqueous solution at room tem-
perature it hydrolyzed to BuPdGMP (1) and PCOP (6) (HPLC)

Fig. 2 31P–31P COSY spectrum of the reaction of the phosphoro-N-
methylimidazolidate of BuPdGMP (4) with 1 eq. of PCOP (6). The
crosspeaks for the anhydride PCOPOPCOP (11) are denoted by 1, while
the crosspeaks for BuPdGMPPCOP (8) are denoted by 2.

with a half-life of 3 h. The much higher susceptibility of
BuPdGMPPCOP to hydrolysis, when compared with other
triphosphates or triphosphate analogues, could be explained by
reactions similar to those in Scheme 2, involving cyclization
followed by hydrolytic ring opening of the cyclic intermediate.

Synthesis of BuPdGMPCOP (15)

The methods employed for the synthesis of nucleoside
diphosphates containing a modified phosphoroanhydride oxy-
gen include condensation of a nucleoside (protected on the base
and 3�(2�) positions of the sugar) with methylene or halometh-
ylene pyrophosphate analogues in the presence of an excess of
carbodiimide,10 and nucleophilic displacement of the 5�-tosyl
group of 5�-tosylnucleosides by modified pyrophosphates.11

While the application of the condensation method was not
successful (results not shown), we used a modification of
Poulter’s displacement procedure for the synthesis of the car-
bonyl analogue of BuPdGDP (15, Scheme 3). Reaction of the

TBA salt of PCOP (6) with N 2-(4-butylphenyl)-5�-mesyl-2�-
deoxyguanosine (13) 12 in MeCN gave BuPdGMPCOP (15),
isolated as a yellow solid in 93% yield by ion-exchange chrom-
atography and characterized by its 1H, 31P, 13C NMR and FAB
mass spectra. The 1H NMR spectrum did not differ from that
of the corresponding diphosphate, BuPdGDP (14). In the 31P

Fig. 3 31P NMR proton decoupled spectrum of BuPdGMPPCOP (8)
in 20 mM EDTA in D2O: a) recorded spectrum (x denotes a signal from
contamination); b) calculated spectrum.

Scheme 3
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NMR spectrum, P1 and P2 had close chemical shifts and were
strongly coupled, with 2JPP = 193 Hz, forming an interesting AB
spin system (Fig. 4). Because of this strong P1P2 interaction, not
only was the three bond P1–H5�,5� coupling observable (4.2
Hz), but also an unusual five bond P2–H5�,5� coupling of 1.9
Hz. The same interesting feature was present in the 13C spec-
trum, where C-4� and C-5� showed the influence not only of P1,
but also of P2. In addition the 13C signal from the carbonyl
group of the PCOP moiety was present as a doublet of doublets
far downfield at 237.5 ppm with 2JPC = 117.5 and 125.7 Hz. As a
solid, BuPdGMPCOP (15) was stable for six months when
stored at �76 �C, and an aqueous solution of the nucleotide
was stable for at least 48 hours at room temperature (HPLC).

DNA polymerase inhibition

We tested BuPdGMPCOP (15) and BuPdGMPPCOP (8) as
inhibitors of the catalytic subunit of human DNA polymerase
α,13 generously donated by Dr Teresa Wang (Stanford
University). Solutions of the compounds freshly prepared in
HEPES buffer were assayed using activated DNA under
previously established “truncated” conditions,3b i.e. lacking the
competitive substrate dGTP, to determine directly the apparent
Ki values. BuPdGMPCOP (15) and BuPdGMPPCOP (8)
exhibited potencies similar to that of BuPdGTP (7) under these
conditions (Table 1), suggesting that both compounds bind
with similar affinity to the polymerase active site. Experi-
ments with variable concentrations of dGTP demonstrated
competitive kinetics for both inhibitors (results not shown).

Conclusions
In the present work we focused on the synthesis and study of
carbonyl analogues of BuPdG di- and triphosphates, in order
to exploit the products as DNA polymerase α inhibitors. The
methodology developed for these syntheses can be implemented
for the synthesis of carbonyl analogues of other nucleoside di-
and triphosphates, both natural and modified. The resulting

Fig. 4 31P NMR spectrum of BuPdGMPCOP (15) in D2O: a) proton
coupled spectrum; b) proton decoupled spectrum.

Table 1 Inhibitor potency against human DNA polymerase α

Inhibitor Apparent Ki/nM a

BuPdGTP, 7 0.31
BuPdGMP, 1 24
BuPdGMPPCOP, 8 0.72 b

BuPdGMPCOP, 15 1.4 b

a Assays were performed as described in the Experimental section in
the absence of the competitive substrate dGTP (“truncated” assay).
b Assays were performed with HEPES buffer (see text).

compounds could be potentially of great utility in biochemistry
and cell biology.

Experimental

General

All NMR experiments were recorded with a VARIAN Unity
300 spectrometer, except for the 31P homonuclear decoupling
experiments which were obtained with a VARIAN Unity 500
spectrometer. Proton and carbon chemical shifts are reported
from internal TMS or 4,4-dimethyl-4-silapentane-1-sulfonic
acid sodium (DSS), and phosphorus chemical shifts are from
external 85% orthophosphoric acid. The NMR parameters of
the second order 31P systems were calculated after fitting to the
experimental data by use of VARIAN spin simulation software.

DMF was SureSeal® from Aldrich, and DMF-d7 and
DMSO-d6 (Cambridge Isotopes) were dried additionally by
storing over 3 Å molecular sieves. All moisture sensitive reac-
tions were carried out by the syringe technique under dry nitro-
gen. The NMR tubes and the reaction flasks were dried at
120 �C overnight under vacuum and cooled under nitrogen.

Tetrasodium carbonyldiphosphonate was prepared by the
method of Wang et al.14 N 2-(4-Butylphenyl)-2�-deoxy-
guanosine 5�-phosphate (BuPdGMP, 1) was prepared as the
TBA salt as described.4

N 2-(4-Butylphenyl)-2�-deoxyguanosine 5�-(P2,P3-carbonyl-
triphosphonate) (BuPdGMPPCOP, 8)

Tetrasodium carbonyldiphosphonate (2.5 hydrate, 0.25 mmol,
80.5 mg) was dissolved in 1 mL of water and loaded on
a 1.5 × 25 cm column of Dowex 8 × 50 in the pyridinium
form at 4 �C. The yellow fraction was eluted with ice-cold
water and was immediately coevaporated under vacuum with
tributylamine (0.119 mL) at a bath temperature of 20 �C. The
residue was dissolved in 1 mL of water and lyophilized for 24 h,
then dissolved in 1.5 mL of dry DMF and evaporated at rt and
high vacuum.

Triethylammonium N 2-(4-butylphenyl)-2�-deoxyguanosine
5�-phosphate (BuPdGMP, 1) (0.25 mmol, 135 mg) was dis-
solved in 2.5 mL of dry DMF, and the solution was concen-
trated under vacuum at rt to about two thirds of its original
volume. Triphenylphosphine (196.5 mg, 0.75 mmol) and
2,2�-dipyridyl disulfide (168 mg, 0.75 mmol) were dissolved
in 1 mL of dry DMF under nitrogen; N-methylimidazole
(0.2 mL, 0.25 mmol) was added, and the solution was added to
the solution of 1 in a 50 mL screw cap centrifuge tube under
nitrogen. After 8 min the phosphoro-N-methylimidazolidate of
BuPdGMP (4) was precipitated by addition of cold dry diethyl
ether (30 mL). After centrifugation and decanting of the
solvents it was resuspended in another portion of ether, centri-
fuged, and the ether decanted. The residue was dried under a
gentle steam of nitrogen (until disappearance of the smell of
ether, ∼10 min) and dissolved in 1 mL of dry DMF. To this
solution was added a solution of tetrabutylammonium carbon-
yldiphosphate (6) in 1 mL of dry DMF. After 5 min the 31P
NMR spectrum of an aliquot of the reaction mixture showed
complete consumption of the phosphoro-N-methylimidazo-
lidate 4 and formation of BuPdGMPPCOP (8), BuPdGMP (1),
the anhydride PCOPOPCOP (11) and PCOP (6), together with
some unidentified byproducts. The reaction mixture was con-
centrated to one third of its original volume under high vacuum
at rt and diluted with 10 mL ice-cold 0.1 M TEAB (pH 7.3).
BuPdGMPPCOP (8) was isolated by reverse phase preparative
HPLC: column, Dynamax C18 5 µ, 21 × 250 mm; eluent,
20 mL min�1 of 75% 0.1 M TEAB (pH 7.35)–25% MeCN.
BuPdGMPPCOP (8) and BuPdGMP (1) had retention times of
10.3 and 15.8 min, respectively, and the ratio of the two peaks
was 28 : 72 (detection at 254 nm). The fractions containing the
product were collected on ice and combined to give (by UV) a
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yield of 43.7 µmol (17%) of 8. This solution was immediately
evaporated to one fifth of its volume under high vacuum at rt,
and the residue was frozen and lyophilized. A portion of this
product was converted to the sodium salt by passage through a
column of Dowex 8 × 50 (0.5 × 2.0 cm) in the sodium form
at 4 �C, elution with water, and lyophilization. The 1H NMR
spectrum in D2O was identical to that of BuPdGMP (1). 31P
NMR (in 20 mM EDTA in D2O, pH 8): �1.49 (dd, P3,
JP2P3 = 207.5 Hz, JP1P3 = 7.0 Hz), �9.95 (dd, P2, 3JP1P2 =
29.7 Hz), �10.14 (dd, P1; 1H coupled, multiplet). FAB MS
(TEA salt) 753.3 [M � TEA � H]�.

N 2-(4-Butylphenyl)-2�-deoxyguanosine 5�-carbonyl-
diphosphonate (BuPdGMPCOP, 15)

Tetrasodium carbonyldiphosphonate (161 mg, 0.5 mmol) was
dissolved in ice-cold water (2 mL), and the solution was passed
through a column of Dowex 8 × 50, H� form, and eluted with
ice-cold water until the eluate became neutral. The eluate was
immediately adjusted to pH 6.15 with aqueous 40% tetra-
butylammonium hydroxide (ca. 1 mL) and lyophilized. The
yellow residue was dissolved in dry MeCN (1 mL), and
N 2-(4-butylphenyl)-5�-mesyl-2�-deoxyguanosine (13,12 48 mg,
0.1 mmol) was added. The reaction mixture was concentrated
on a rotary evaporator (rt, 20 Torr) until it became a thick oil.
After storage at rt for 24 h there was almost no starting material
left (TLC). The reaction mixture was diluted with 0.1 M TEAB
and chromatographed on a DEAE-Sephadex column (2 ×
20 cm) with a linear gradient of 0.1–1.0 M TEAB during 16 h at
a flow rate of 2.67 mL min�1. The yellow fractions (fractions
136–159, 16 mL each) were combined and coevaporated with
n-BuOH, redissolved in water, and lyophilized to give 81.8 mg
of 15 as a yellow solid [93% as tris(TEA) salt]. For spectral
characterization a portion of this product was converted to the
sodium salt by passing through a column of Chelex in the Na�

form. 1H NMR (D2O): 7.94 (s, 1H, 8-H), 7.37, 7.11 (m, 2H
each, Ph), 6.25 (t, 1H, H-1�; J1�2� = J1�2� = 6.9 Hz), 4.62 (m, 1H,
3�-H), 4.06 (m, 1H, 4�-H), 4.03 (m, 1H, 5�-H), 3.96 (m, 1H, 5�-
H), 2.63 (m, 1H, 2�-H, J2�3� = 7.1 Hz), 2.46 (t, 2H, Bu-1, J =
7.5 Hz), 2.35 (m, 1H, 2�-H, J2�3� = 4.1 Hz, J2�2� = 14.0 Hz), 1.44
(m, 2H, Bu-2), 1.18 (m, 2H, Bu-3), 0.76 (t, 3H, CH3, J =
7.4 Hz). 31P NMR (D2O): 1.33 (d, P1, JP1P2 = 193 Hz; 1H dec.
off, dt, JPH = 4.2 Hz), �0.62 (d, P2; 3JP1P2 = 193 Hz, 1H dec. off,
dt, 5JPH = 1.9 Hz). 13C NMR (D2O): 237.5 (dd, PCOP,
JPC = 117.5 and 125.7 Hz), 161.4 (C-1), 152.1 (C-4), 151.0 (C-2),
138.1 (Ph-4), 137.2 (Ph-1), 136.4 (C-8), 128.7 (Ph-3,5), 120.2
(Ph-2,6), 117.3 (C-5), 85.8 (dd, C-4�, 3JCP1 = 5.7, 5JCP2 = 1.9 Hz),
83.1 (C-1�), 70.9 (C-3�), 65.1 (br s, C-5�, 2JCP1 = 5 Hz, estimated
from the linewidth), 39.0 (C-2�), 34.4 (Bu-1), 33.3 (Bu-2), 22.0
(Bu-3), 13.6 (Bu-4). FAB MS (of TEA salt) [M � H]� = 572,
[M � TEA � H]� = 673, [M � 2TEA � H]� = 774.

Enzyme assays

Materials. dNTPs were from New England Biolabs,
[3H]dTTP was from New England Nuclear, and calf thymus
DNA was from Worthington. Other reagents were from Sigma.
Activated DNA was prepared as described.15 Recombinant
human DNA polymerase alpha, expressed as a single poly-
peptide, was the generous gift of Dr Teresa S.-F. Wang,
Stanford University.

Assays. Assays of DNA polymerase activity were done in 25
µL volumes containing 20 mM Tris-Cl (pH 8.0) or 20 mM N-[2-
hydroxyethyl]piperazine-N�-[ethane-2-sulfonic acid] (HEPES;
pH 7.5), 2 mM DTT, 10 mM MgCl2, 0.1 mg mL�1 bovine serum
albumin (BSA), 0.4 mg mL�1 activated calf thymus DNA, 25
µM dATP and dCTP and 10 µM [3H]dTTP (1250 cpm pmol�1).
Reactions were initiated by the addition of enzyme (final con-
centration 5–10 nM) and incubated for 10 min at 30 �C. Reac-
tion mixtures were quenched by addition of 1 mL of 10%

trichloroacetic acid–100 mM sodium pyrophosphate, and
acid-insoluble product was collected on Whatman GF/A
filters, washed three times with 0.1 M HCl–100 mM sodium
pryrophosphate, and counted in 1 mL Optifluor.

Inhibitor assays. Compounds were tested in triplicate by the
addition of ten-fold serial dilutions of inhibitors stored in
50 mM Tris-Cl or 50 mM HEPES (pH 7.5) to assay mixtures.
For determinations of apparent Ki values, five concentrations
of inhibitor were used in the absence of dGTP (“truncated”
assay conditions 3b). For competition experiments, inhibitor
assays were done at five concentrations of dGTP, with dATP,
dCTP and [3H]dTTP concentrations fixed at 50 µM; results
were plotted (SigmaPlot) as 1/pmol dGMP incorporated vs.
1/[dGTP]. Regression lines were obtained using the Macintosh
(HyperCard) program Enzyme Kinetics (D. G. Gilbert, Indiana
University).
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