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Incorporation of 5/-Amino-5'-deoxythymidine 5’-Phosphate in
Polynucleotides by Use of DNA Polymerase I and

a ¢X174 DNA Template®
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ABSTRACT: An aqueous solution of 5-amino-5"-deoxythym-
idine 5’-triphosphate, prepared by incubation of equimolar
solutions of 5’-amino-5’-deoxythymidine and sodium trime-
taphosphate, stimulates synthesis of acid-precipitable poly-
nucleotides in a system containing single-strand ¢X174
DNA template, random oligonucleotide primers, dATP,
dCTP, dGTP, Escherichia coli DNA polymerase I, and either
magnesium or manganese ion. Approximately onefold syn-
thesis on the template can be achieved and each of the indicated
reagents is essential for extensive synthesis. The reaction is
slower than the corresponding reaction of dTTP as a conse-
quence of a lower Vi, and a higher K, for the amino ana-

R)lydeoxyribonucleotides can be joined by use of DNA ligase
and a template polynucleotide which is complementary to and
overlaps the terminal nucleotide sequences of the two frag-
ments to be connected. This procedure has been used effec-
tively to synthesize double-strand polynucleotides from short
synthetic fragments (Khorana et al., 1972). For the synthesis
of single-strand polynucleotides, however, the technique is
hampered by the necessity to prepare a specific template for
each juncture that is made. A chemical procedure that would
enable one to couple synthetic oligonucleotides to unprotected
synthetic or natural polynucleotides without the need for a
template would greatly facilitate the synthesis of single-strand
polynucleotides. Unfortunately the prospects for achieving
such couplings via natural phosphodiester bonds seem poor
since the reactivity of the terminal hydroxyl groups involved
in the reaction is comparable to that of the amino groups in the
nucleoside bases. As an alternative, a study of the feasibility
of utilizing phosphoramidate links in polynucleotide synthesis
was undertaken in this laboratory (Letsinger and Mungall,
1970) with the hope of exploiting the high nucleophilicity of
aliphatic amines relative to alcohols, the amino groups of pu-
rine and pyrimidine bases, and phosphate anions. Several
chemical aspects of this approach have been reported (Mungall
et al., 1974, 1975; Greene and Letsinger, 1975). Especially
encouraging was the observation that the internucleoside
phosphoramidate link (ROP(O)NHR’) is sufficiently stable
in neutral and alkaline aqueous buffer solutions to survive
conventional conditions employed in the enzymatic synthesis
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logue. That aminodeoxythymidine phosphate is incorporated
into the synthetic polynucleotides was shown by a double-
labeling experiment with {'*C]dATP and {3?P]-5’-amino-5-
deoxythymidine 5'-triphosphate and by the unusually high
lability of the phosphoramidate polynucleotides toward acid.
The phosphoramidate polynucleotides range in size from about
100 nucleotide units to well over a thoysand nucleotide units,
and the size is increased by addition of DNA ligase to the
system. These experiments indicate that syntheti¢c polynu-
cleotides in which oligonucleotide blocks have been joined by
means of phosphoramidate bonds should prove useful as
primers for enzymatic syntheses with DNA polymerase I.

and isolation of polynucleotides. The present paper addresses
two questions of critical importance for this technique. (1) Will
polynucleotides that possess a number of phosphoramidate
links bind to complementary polynucleotide strands? (2) If so,
will the polynucleotides with phosphoramidate links serve as
primers for enzymatic synthesis? Our approach has been to
ask yet another question. Will DNA polymerase I in the
presence of a suitable template and other necessary reactants
accept the amino analogue 5’-amino-5'-deoxythymidine 5’-
triphosphate in place of thymidine 5’-triphosphate and yield
high molecular weight polynucleotides that possess phospho-
ramidate links? A positive answer to this question would pro-
vide positive answers to the other two.

We describe in this paper the synthesis of 5’-amino-5'-
deoxythymidine 5'-triphosphate and studies of the enzymatic
reactions of this substrate with Escherichia coli DNA poly-
merase | in the presence of poly[d(A-T)] and ¢X174 DNA
templates. A preliminary report of a portion of this material
has been published (Letsinger et al., 1972).

Experimental Section

General Procedures. Paper chromatography was carried
out on Whatman 3MM paper with solvent A (isopropyl alco-
hol-NH4OH-H,0, 7:1:12) and solvent F (n-propyl alcohol-
NH;sOH-H;0, 11:2:11), Electrophoretic separations were
conducted for 1 hat 2000 V on Whatman 3MM paper at pH
7.2 (0.05 M sodium phosphate buffer). Linear sucrose or ce-
sium chloride sedimentations were carried out with a Beckman
Model L2-65 B or an International Equipment Corp. Mode]
B-60 centrifuge by the general method of Burton and Sin-
sheimer (1965). Convex sucrose gradients for tsokinetic sedi-
mentations were prepared as described by Noll (1970).
DEAE-Cellulose! (Bio-Rad Laboratories, Cellex D) columns

! Abbreviations used are: d{NH,)T, 5-amino-5’-deoxythymidine;
(3-NH)-dTTP, 5’-amino-5'-deoxythymidine 5’-triphosphate; DEAE-
cellulose, diethylaminoethylcellulose: TEAB, triethylammonium bicar-
bonate.
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TABLE I: Chromatographic and Electrophoretic Properties.

(5-NH)-
dTTP dTTP d(NH»)T

Chromatography?

Silica gel TLC, solvent F 0.24 0.22 0.53

DEAE-Cellulose TLC, 0.05 M 0.30 0.30 0.65

LiCl

Paper (3MM), solvent F 0.26 0.31 0.66

Paper (3MM), solvent A 0.01 0.01 0.46
Electrophoresis?

Paper (3MM), pH 7.2 1.00 0.94 -0.67

@ Ry values. ® Mobility relative to dTTP.

and phosphocellulose columns were prepared by the method
of Tener (1967). All columns, lyophilization glassware, and
reaction vessels used in the polymerization reactions were
treated with Siliclad (Scientific Products Div. of American
Hospital Supply Corp.) prior to use. Hydrolyses with snake
venom phosphodiesterase (Worthington Biochemical Corp.)
were carried out by the method of Ralph et al. (1963).

Materials. dATP and dCTP labeled with *H or *C were
obtained from Schwarz/Mann. 5’-Amino-5’-deoxythymidine
was prepared by the method of Horwitz et al. (1962) as mod-
ified by Letsinger and Mungall (1970). Sodium trimeta-
phosphate was synthesized from tri-n-butylammonium
phosphate and dicyclohexylcarbodiimide by the method of Dr.
T. Meyers (personal communication). It was homogeneous on
TLC on DEAE-cellulose (developed with 0.1 M NaCl and
visualized with reagent of Haynes and Isherwood, 1949).
Preparation by the method of Ondik and Gryder (1960) also
yielded material suitable for use in the synthesis of the ami-
nodeoxythymidine triphosphate; however, in this case the so-
dium trimetaphosphate was accompanied by two minor com-
ponents (probably ortho- and pyrophosphate). 5-Methyl-
amino-5'-deoxythymidine was synthesized by Geoffrey Greene
and 5-amino-2’,5’-dideoxyadenosine was provided by Steven
Jacobs. E. coli DNA polymerase I (2930 units/mg) was iso-
lated as described by Dumas et al. (1971) (one unit incorpo-
rates 1 nmol of dAMP into acid-insoluble polynucleotide on
a X174 DNA template in 0.5 h at 37 °C). $X174 amber 3
DNA was obtained by the method of Guthrie and Sinsheimer
(1963). DNA ligase was purchased from Miles Labotatories,
Inc. Oligonucleotides for use as primers were obtained by
DNase digestion of calf thymus DNA as described by Dumas
et al. (1971) and were stored frozen at —20 °C. Analytical
fractionation on Sephadex G-100 showed a single peak cen-
tered in the nucleotide and small oligonucleotide range and no
material in the high molecular weight range (>100 nucleo-
tides).

5’-Amino-5'-deoxythymidine 5'-N-Triphosphate (5'-
NH)-dTTP. 5-Amino-5’-deoxythymidine (50 mg, 0.2 mmol)
and sodium trimetaphosphate hexahydrate (44 mg, 0.2 mmol)
were dissolved in water (0.2 ml) and allowed to stand for 24
h at room temperature. Analysis of a portion of the reaction
mixture (high-pressure, anion-exchange chromatography)
revealed that about half of the d(NH;)T had been converted
to (5-NH)-dTTP.

The concentration of (5’-NH)-dTTP used in an enzymatic
reaction was calculated from the absorbance units of (5'-
NH)-dTTP present in a standard solution and the mixing
volumes. For analysis, the aminotriphosphate was precipitated
with methanol, and a sample (50 mg) was dissolved in 10 ml

nmoles JAMP Incorporated

Hours

FIGURE 1: Synthesis of poly [d(A-T)] at 15 °C. In addition to DNA
polymerase, MgCl,, and buffer (see Experimental Section), each mixture
(0.5 ml) contained [*H}dATP (0.2 mM, 12.5 Ci/mol), poly [d(A-T)] (0.1
mM), and either dTTP (0.2 mM, curve 4; A and W represent data from
the two separate experiments), or (5'-NH)-dTTP (1 mM, curve 2, @), or
no thymidine component (curve 1, O). For experiment 3 (@), dTTP (0.2
mM) was added at 3 h to a reaction duplicating 2.

of 1 mM sodium tetraborate (pH 10) and applied to a Bio-Gel
P-2 (2.5 X 40 cm) column. Elution with | mM sodium tetra-
borate solution (66 ml/h) afforded (5-NH)-dTTP in fractions
13-21.

The ultraviolet spectrum of (5’-NH)-dTTP was indistin-
guishable from that for dTTP. The phosphorus/thymine ratio
(determined on a sample purified on the Bio-Gel column) was
2.9 £ 0.1, in agreement with the expected value. For this
analysis the molar concentration of thymine residues was de-
termined from the absorbance at 267 nm (€347 was taken to be
7800 at pH 12) and the concentration of phosphorus was de-
termined by the method of Chen et al. (1965). Further support
for the structural assignment was provided by the similarity
of the chromatographic and electrophoretic properties of (5’
NH)-dTTP and dTTP (Table I). Finally, the fact that the
phosphate group was linked to the aminodeoxythymidine
through a P-N bond was indicated by quantitative conversion
to d(NH3)T on short exposure to 15% aqueous acetic acid.

[32P](5"-NH)-dTTP. Sodium trimetaphosphate hexahy-
drate (5.7 mg) and d(NH;)T (10 mg) were dissolved in 50 ul
of a solution containing approximately 100 uCi of *2P-labeled
sodium trimetaphosphate (prepared by Gene R. Petersen).
After 24 h the reaction mixture was lyophilized, redissolved
in 50 ul of 0.05 M triethylammonium bicarbonate (pH 9), and
precipitated with methanol. For determination of the radio-
chemical purity, a sample was dissolved in 0.1 ml of 0.05 M
TEAB. Chromatography on a DEAE-cellulose plate with 0.02
M LiCl showed two spots, corresponding to d(NH),T (R,
0.85) and (5’-NH)-dTTP (R; 0.64). An autoradiogram re-
vealed four radioactive materials: (5'-NH)-dTTP at R, 0.64,
trimetaphosphate at R¢0.40, and two unidentified inorganic
phosphates at R, 0.95 and 0.17. Assay of the radioactivity by
liquid scintillation counting showed that 22% of the total ra-
dioactivity was in the (5-NH)-dTTP, 33% in trimetaphos-
phate, and 45% in the two unidentified phosphates.

Enzymatic Polymerizations. A set of “standard condition”
was adopted which served as the basic conditions for exploring
the reaction variables. Unless otherwise noted, these conditions
were used for the reactions described in Figures 1-7. Deviations
are indicated explicitly in the legends for the figures. Standard
conditions for the phosphoramidate synthesis are defined as
15 °C at pH 9.0 for aqueous solutions containing [*H]dATP
(0.2 mM, 1 Ci/mol), dCTP, and dGTP (0.2 mM each), $X174
DNA (50 uM in nucleotide units), calf thymus oligonucleo-
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FIGURE 2: Synthesis of phosphoramidate polynucleotides on a X174
DNA template at 15 °C. Standard conditions (Experimental Section) were
altered for experiments 1, 2, and 3 by use of [1*C]dATP (0.2 mM, 1 Ci/
mol) and changes in the thymidine component: experiment 1 (O) had no
thymidine component, experiment 2 (®) had dTTP (0.2 mM), and ex-
periment 3 (@) had (5-NH)-dTTP (2 mM); the pH was 9 and the volume
was | m} in each case. Experiments 4 (©) and 5 (4) were carried out under
“standard conditions” (use of (5’-NH)-dTTP with 2H)dATP as marker)
except that experiment 5 was buffered at pH 7.5 with potassium phosphate
(60 mM) and experiment 4 with borate at pH 9. After 22 h, dTTP was
added to experiments 4 and 5 (to 5 nmol/ml).
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FIGURE 3: Dependence on primer concentration. “Standard conditions”
were used for the synthesis of phosphoramidate polynucleotides (®), but
the amount of primer oligonucleotides from calf thymus DNA was varied.
The same conditions were used for the synthesis of polynucleotides with
all natural links (), except that dTTP (0.2 mM) was used in place of the
amino analogue and the solutions were buffered at pH 7.5 with potassium
phosphate (0.3 M). The fraction onefold synthesis at a given primer con-
centration was calculated from the amount of JAMP incorporated in 5.5
h for the reactions with dTTP (®) and 24 h for the system with (5-
NH)-dTTP (®).

tides (64 uM in nucleotide units), E. coli DNA polymerase I
(84 units/ml), MgCl, (10 mM), sodium tetraborate (60 mM),
2-mercaptoethanol (1.2 mM), and (5-NH)-dTTP (2.0 mM).
In each case the last component to be added was the DNA
polymerase; reactions were timed from that point. Acid in-
soluble products were analyzed by a modification of the
method of Josse and Kornberg (1962). Samples (20 or 50 ul)
were removed at appropriate intervals and added to 1.0 ml of
cold 15% trichloroacetic acid in 0.02 M sodium pyrophosphate.
Calf thymus DNA (0.20 ml of 1 mg/ml solution) was added
as a carrier. The mixture was allowed to stand 10 min at 0 °C,
filtered through a Whatman GF/A class fiber filter, and
washed with cold 5% trichloroacetic acid and methanol.

Results

(5’-NH)-dTTP was prepared by the reaction of sodium
trimetaphosphate with 5’-amino-5’-deoxythymidine in aqueous
solution (Letsinger et al., 1972). This synthetic approach was
based on the observation of Feldman and Thilo (1964) that
simple aliphatic amines are converted to the amine triphos-
phates on reaction with the trimetaphosphate ion. The reaction
has also been used to prepare the phosphoramidate analogue
of ATP (Trowbridge et al., 1972; Wilkes et al., 1973).
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FIGURE 4: Dependence on enzyme concentration. For each point a re-
action mixture (0.1 ml) was incubated for 2 h at 15 °C; then radioactivity
in acid-precipitable polymer was determined. “Standard conditions” were
employed, except that the primer concentration was 128 uM in nucleotide
units and the enzyme concentration was varied as indicated.

200 10078 80 18
0.2+ A I | 7
3 F -
<N 0.l CT ONA t-RNA
o 8
o L
x 4
= L
a.
(&)
8- c 4
nI r 1
4 P anlN T
- N\,
P \
N
. ——t— s =]
0 20 30 40 50 60 70

Fraction Number

FIGURE 5: Acid hydrolysis of polynucleotides. (A) Calibration curve. (B)
Polynucleotides with all natural phosphodiester links were prepared in the
presence of MnCl; (5§ mM). After removal of low molecular weight ma-
terial on Sephadex G-100, a solution of the polynucleotides was made 15%
in acetic acid, incubated 12 h, made alkaline (NaOH), and analyzed on
a Sephadex G-100 column. (C) Phosphoramidate polynucleotides were
obtained by the procedure used in B, with (5'-NH)-dTTP (2 mM) in place
of dTTP and a 20-h reaction time; then they were treated with acid for 2
min (—) or for 12 h (- - -) and analyzed as in B.

Aqueous solutions of (5-NH)-dTTP are unstable. Three
types of reactions were observed. (a) In acidic media (5'-
NH)-dTTP hydrolyzed irreversibly to d(NH,)T. The half-life
was less than a minute at pH 6 but was of the order of 12 h at
pH 7. (b) In alkaline solutions reversible conversion of (5’-
NH)-dTTP to d(NH)T and the trimetaphosphate ion oc-
curred, analogous to the reaction of methylamine triphosphate
reported by Feldman and Thilo (1964). Under our conditions
ca. 40% of the nucleoside was present as the triphosphate at
equilibrium. As a consequence, d(NH,)T developed in frac-
tions containing (5-NH)-dTTP isolated from chromatography
columns. This reaction occurred slowly even in frozen solutions.
(c) In alkaline solution slow hydrolysis at phosphorus-oxygen
bonds also occurred. Solutions at pH 9 at equilibrium were
stable for days at room temperature; however, some breakdown
of (5’-NH)-dTTP was observed over a period of several weeks.
The facile hydrolysis of the product to d(NH3)T in acidic so-
lutions and the electrophoretic and chromatographic properties
indicated that this substance was 5’-amino-5’-deoxythymidine
5’-diphosphate.

(5’-NH)-dTTP is hydrolyzed by snake venom phosphodi-
esterase. Under conditions for which 93% of a sample of dTTP
was hydrolyzed to thymidine 5’-phosphate, 33% of a sample
of (5-NH)-dTTP was degraded to a new substance that re-
sembled thymidine 5’-monophosphate in chromatographic and
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FIGURE 6: Association of products with template. Sedimentation in
neutral and alkaline sucrose gradients, respectively, for polynucleotides
prepared with dTTP (patterns A and B) and with (5-NH)-dTTP (patterns
C and D). In each case, the reaction used to prepare the polynucleotides
was carried to onefold synthesis of the template. The arrow marks the
position at which the X174 DNA template sediments (18 S). The total
radioactivity in each fraction was measured.
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electrophoretic properties. Although this substance was not
characterized in detail, this information in conjunction with
the fact that the product readily yielded d(NH2)T on treatment
with acid indicates that the hydrolytic product was 5’-amino-
5’-deoxythymidine 5’-monophosphate. This assignment is
further supported by analogy to the reactions of the triphos-
phate derived from 5’-amino-5’-deoxyadenosine (Wilkes et al.,
1973).
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Poly[d(A-T)] Template. The initial experiments on the
utilization of (5-NH)-dTTP by DNA polymerase I were
carried out with a poly[d(A-T)] template. The conditions
(Figure 1) are conventional except that a high pH (9) was
employed to avoid loss of ('-NH)-dTTP by acid-catalyzed
hydrolysis and a high concentration of (5-NH)-dTTP was
used to favor incorporation of this nucleotide analogue. Control
reactions with dATP and with a mixture of dATP and dTTP
behaved normally; very little reaction occurred when only
dATP was present (curve 1; incorporation corresponded to 2%
of the template present), whereas extensive polymerization
occurred when both dATP and dTTP were present (curve 4;
35% of onefold synthesis in 6 h). With a mixture of (5'-NH)-
dTTP and dATP some polymer formation was observed (curve
2); however, the reaction leveled off after synthesis corre-
sponding to ca, 6% of the template. Further reaction could not
be induced by adding more (5’-NH)-dTTP. That d(NH;)T,
trimetaphosphate, and (5’-NH)-dTTP do not inhibit DNA
polymerase I was demonstrated by two experiments. (a) When
dTTP was added to the system containing (5-NH)-dTTP after
the reaction had leveled off (3 h), a rapid reaction set in (curve
3). (b) Parallel experiments in which dTTP and trimeta-
phosphate were added to a system containing dATP and dTTP
also exhibited rates characteristic of the control. The obser-
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FIGURE 7: Joining of phosphoramidate polynucleotides by DNA ligase.
Polynucleotides were synthesized under standard conditions but with
["*C)dATP (0.2 mM, 5 Ci/mol), (5’-NH)-dTTP (1 mM), and either 128
uM (high primer) or 16 uM (low primer) calf thymus oligonucleotides
in 1-ml solutions. Three 0.2-ml aliquots were withdrawn from each reaction
after incubating 20 h at 15 °C. To one portion from each (C and F) was
added 5 nmol of dTTP; then all portions were incubated for 2 hat 15 °C.
To B, C, E, and F were added 14 nmol of ATP and 1 unit of DNA ligase
(from Ts-infected E. coli). The reactions were incubated for 0.5 hat 15
°C, terminated by addition of 4 umol of EDTA, and analyzed by sedi-
mentation on alkaline (0.1 M NaOH) 1.2 to 1.35 g/ml linear CsCl gra-
dients. The tubes were eluted from the bottom. (The absorbance scale for
B is 0.02, 0.04, and 0.06 absorbance units.) (A, B, and C) High primer
concentration with no ligase, added ligase, and added ligase and dTTP,
respectively. (D, E, and F) Low primer concentration with no ligase, added
ligase, and added ligase and dTTP, respectively.

vation that neither d(NH;)T nor the trimetaphosphate inhibits
DNA polymerase I is important since both substances are al-
ways present in reaction systems containing the aminonucle-
oside triphosphate.

¢X174 DNA Template. For further experimentation, sin-
gle-strand (+) circular X174 DNA was selected as a tem-
plate. This polynucleotide is a well-defined molecular species
and extensive information on its role in in vitro polymerization
systems is available (Kornberg, 1974). Furthermore, since it
contains four nucleotides in approximately equal amounts,
cumulative geometrical distortions induced by phosphoram-
idate links at any one nucleotide would be less than in
poly[d(A-T)].

As shown by the data in Figure 2, ¢X174 DNA servesas a
much better template than poly[d(A-T)] for syntheses in-
volving (5'-NH)-dTTP, Reactions 1~3 were run in parallel at
pH 9 with ['*C]dATP as a marker. Curve 2 represents a con-
trol with the full complement of natural nucleoside triphos-
phatase along with template DN A, oligonucleotide primers,
and magnesium ion. Polymerization was rapid and terminated,
as expected, after onefold synthesis on the ¢X template. Curve
1 represents a second control in which dTTP was omitted from
the system; very little reaction occurred under these conditions.
Finally, curve 3 presents data for a reaction in which (5'-
NH)-dTTP replaced dTTP in the complete system. It is ap-
parent that the aminonucleotide reagent stimulates extensive
synthesis of radioactive, acid-precipitable polymer. The rate
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was less than in the case of the four natural substrates; how-
ever, synthesis corresponding to about 90% of the template was
achieved within 24 h.

Effect of pH. Experiments 4 (pH 9) and 5 (pH 7.5) reported
in Figure 2 were carried out to examine the effect of pH on the
reaction of the amino analogue. The radioactive marker for
these reactions was [*H])dATP. It may be noted that the syn-
thesis utilizing (5-NH)-dTTP was considerably faster at pH
9 than at pH 7.5. As a test of completeness of reaction in these
cases, dTTP was added to each at the end of 22 h. The very
limited synthesis thereby induced at pH 9.0 is consistent with
the idea that most of the template had been transcribed in the
prior reaction. The extensive synthesis induced at pH 7.5
demonstrates both that the template had been only partially
transcribed during the 22-h period and that the enzyme was
still functional after the extensive reaction period.

Primer Concentration. A marked difference was observed
in the amount of oligonucleotide primers required to induce
onefold synthesis in the system with natural nucleoside tri-
phosphates and that containing (5'-NH)-dTTP. The data are
presented in Figure 3 in terms of the fraction of onefold syn-
thesis on the template within a given time period as a function
of the concentration of nucleotides in the primer. The time
period was 5.5 h for the system with all natural triphosphates
and was 24 h for that with the phosphoramidate analogue. In
the latter case the conversions in the reactions approached
limiting values within the 24-h period even at the lower primer
concentrations, indicating that onefold synthesis could not be
achieved at low primer concentrations even for much longer
reaction periods.

Enzyme Concentration. The dependence of the initial rate
on the enzyme concentration is indicated in Figure 4. Synthesis
increased with increasing enzyme concentration in the low
concentration range, as expected; however, the amount of
polymer remaining at the end of the 2-h periods decreased
when high concentrations of enzyme were employed. The de-
crease was not investigated further, but it probably stems from
nuclease activity that becomes prominent at the high enzyme
levels.

Requirement for Nucleoside Triphosphates and Template.
If (5-NH)-dTTP serves as a replacement for dTTP in the
enzymatic reaction, the polymerization should require the
presence of the other three nucleoside triphosphates and a
DNA template. To test this point a series of reactions was
carried out in which either one of the nucleoside triphosphates
or the X174 DNA was omitted from the full reaction system.
A control with (5-NH)-dTTP, dCTP, dGTP, [*H]dATP,
template, and primer proceeded in the normal fashion and
afforded radioactive polynucleotides (21 000 cpm). When
dCTP, or dGTP, or the $X174 template was omitted from the
system, no significant polymerization occurred (less than 1000
cpm in the precipitable polymer). Similarly, when [}4C]dCTP
was used as a marker and dATP was omitted, the reaction did
not go.2 Accordingly, the nucleoside triphosphate and template
requirements for the reaction utilizing (5-NH)-dTTP are the
same as those for the normal enzymatic reaction.

Concentration of (5'-NH)-dTTP. The dependence of the
initial rate on the concentration of (5/-NH)-dTTP was es-
tablished from a set of reactions in which the concentration of
the amino analogue was varied from 4.8 X 10~%t0 4.8 X 1073
M, while the concentration of the other three nucleoside tri-
phosphates was maintained at 2 X 10~4 M. The initial rates

2 This experiment was performed by David Robinson and Gene R.
Petersen.
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were measured by the extent of incorporation of ['4C]dAMP
in acid-precipitable polymer in a 2-h period (other conditions
were ‘“‘standard” except that the concentration of primer
oligonucleotides was 128 uM). At very high concentrations,
the amino analogue inhibited the polymerization; however, in
the range of 6 X 10™* t0 4.8 X 10~3 M, the reciprocal of the
initial velocity was linear with the reciprocal of the concen-
tration of (5-NH)-dTTP. The values of K, and V., derived
from this graph are 1.5 X 10™* M and 2.5 nmol/h, respectively.

For comparison, a corresponding reaction series was ex-
amined in which the concentration of dTTP was varied from
3.15 X 107% t0 5.25 X 10~ M, while the concentrations of
dATP,dCTP, and dGTP were held at 2 X 1074 M. The reac-
tion time was 0.5 h. A plot of these data gave Ky = 2.4 X 1076
M and Viax = 14 nmol/h. Therefore, the slowness of the re-
action of (5-NH)-dTTP relative to dTTP reflects both a rel-
atively unfavorable K, (by a factor of about 60) and a rela-
tively unfavorable Vimay (by a factor of about 6) for the ana-
logue reaction.

Divalent Metal Ion. DNA polymerase [ will function when
magnesium ion is replaced by manganese ion in in vitro sys-
tems, although the specificity for the deoxyribonucleoside
triphosphates is somewhat reduced (Van de Sande et al., 1972).
Manganese ion can also fulfill the divalent metal ion require-
ment in systems involving (5-NH)-dTTP. The rate of the re-
action of the amino analogue in the presence of manganese ion
(2.5 mM) was comparable to that for the reaction stimulated
by magnesium ion. Additional experiments revealed, as in the
reactions with magnesium ion, that each of the other three
nucleoside triphosphates (dATP, dCTP, and dGTP) and
template DNA are required for extensive synthesis in the
manganese-amino analogue system.

Other Aminonucleosides. A few experiments were carried
out with 5-methylamino-5’-deoxythymidine and with 5’-
amino-2’,5’-dideoxyadenosine to explore the generality of in-
corporation of aminonucleosides in DNA. In each case the
aminonucleoside was incubated with trimetaphosphate in
water, as in the preparation of (5'-NH)-dTTP. The electro-
phoretic patterns of the resulting solutions were similar to that
for the reaction of d(NH>)T, indicating that the aminonu-
cleosides had been successfully converted to the corresponding
triphosphates. Under the conditions used for enzymatic in-
corporation of aminodeoxythymidine phosphate, no reaction
of the N-methylamino analogue was observed. On the other
hand, the triphosphate derived from 5’-amino-2’,5'-dideoxy-
adenosine stimulated synthesis on a X174 template to the
same extent as (5-NH)-dTTP, as judged by radioactivity in-
corporated in acid-precipitable polymer. In this experiment,
[14C]dCTP was employed as the radioactive substrate. Poly-
merization even proceeded when both dTTP and dATP were
replaced by the corresponding 5’-amino analogues; however,
the rate was only about half that observed for mixtures con-
taining one of the amino analogues along with the three other
natural deoxyribonucleoside triphosphates.

Reaction of [3*P]-(5'-NH)-dTTP. In order to measure
directly the incorporation of the aminothymidine analogue into
the phosphoramidate polynucleotides, labeled [3?P]-(5'-
NH)dTTP was prepared from d(NH3)T and [*2P]trimeta-
phosphate. Since the isotope effect for attack at the phosphorus
atoms of the trimetaphosphate should be very small, it was
assumed that the radioactive phosphorus was equally distrib-
uted among the «, 3, and vy phosphorus atoms. Incorporation
of one aminothymidine monophosphate unit therefore corre-
sponds to incorporation of one-third of the radioactivity in the
triphosphate.



INCORPORATION OF THYMIDINE ANALOGUES INTO DNA

A double-label experiment was performed in which enzy-
matic polynucleotide synthesis was monitored by incorporation
of both '#C from [*C]dATP and 3?P from [3?P]-(5"-NH)-
dTTP. As shown in Table II (experiment 3), both isotopes were
indeed incorporated in the new polynucleotides. Moreover, the
extent of polynucleotide synthesis calculated from the acid-
insoluble radioactivity corresponding to each isotope agreed
within the accuracy of the experiment (7.0 and 7.6 nmol/h),
indicating satisfactory incorporation of the amino analogue.
For this calculation the mole fractions of deoxyadenosine
monophosphate and thymidine monophosphate in the (+)
strand of X174 DNA were taken to be 0.246 and 0.328, re-
spectively (Sinsheimer, 1959). Experiment 1 is a control in
which no synthesis occurred since the enzyme was omitted. It
provides a measure of the background cpm in the filter paper
assay. Experiment 2 is a control which indicates the extent of
spillover of counts from the !4C channel into the 2P channel
of the scintillation counter. When both dTTP and [32P]-(5'-
NH)-dTTP were present simultaneously (experiment 4), the
reaction proceeded at about the rate for dTTP and no uptake
of 32P in the synthetic polymer could be observed. This com-
petition experiment shows that incorporation of thymidine
phosphate is strongly favored over incorporation of ami-
nothymidine phosphate, in agreement with the conclusion
drawn from the study of the dependence of rate on substrate
concentration. It should be noted, however, that as a conse-
quence of the considerable level of background counts in the
32P channel, the incorporation of a few percent of the ami-
nothymidine phosphate would not have been detected.

Acid Hydrolysis. Independent evidence that the polynu-
cleotides formed in the enzymatic reactions utilizing (5’-
NH)-dTTP contained phosphoramidate links was obtained
by controlled acid hydrolysis of the polymers. This experiment
rests on the high lability of internucleotide phosphoramidate
links relative to phosphodiester bonds and other functional
groups in the polynucleotides. The most sensitive links in
natural polydeoxyribonucleotides are the purine glycoside
bonds. Some breakdown of high molecular weight polynu-
cleotides occurs in acidic solutions even under rather mild
conditions; however, experiments with mode! compounds
showed that the phosphoramidate links are sufficiently more
sensitive to acid to provide a valid diagnostic test. Thus in 5%
acetic acid in water at 20 °C the half-life for hydrolysis at the
P-N bond of dTp(NH)T is 5.5 h, whereas the half-life for
depurination of adenosine 5’-phosphate is 155 h (Mungall and
Letsinger, unpublished research).

The pertinent experimental data are presented in Figure 5.
Gel filtration through a Sephadex G-100 column was used to
analyze the reaction mixtures (method of Hohn and Schaller,
1967, as modified by Hutchison and Edgell, 1971). As observed
in B (Figure 5), treatment with 15% acetic acid (12 h) caused
very little breakdown of the polynucleotides prepared from the
four natural nucleoside triphosphates. In contrast, the acid
treatment degraded the products from the amino analogue
reaction to mononucleotides and oligonucleotides smaller than
tRNA (dashed line, C in Figure 5). That the low molecular
weight materials were indeed produced in the course of the acid
treatment was demonstrated by analyzing the mixture just 5
min after acidification. In this case (solid line, C in Figure 5)
the radioactive material eluted very largely in the high mo-
lecular weight fraction. The acid lability of the phosphoram-
idate polynucleotides was further confirmed by similar ex-
periments with products from a reaction employing magnesium
ion.

The Template-Product Complex. Association of the syn-

TABLE II: Enzymatic Synthesis with [32P]-(5-NH)-dTTP.2

DNA
Synthesized
(nmol) per h
Cpm Calcd from:
Nucleotides in Addition to
Expt ['“C}dATP,dCTP,dGTP 14C 2p  1ic 32p
1. [32P}-(5'-NH)-dTTP (no 58 530 0 0
enzyme)
2. dTTP 8662 634 18.5 0
3. [3?P])-(5'-NH)-dTTP 3326 4131 7.0 176
4. [3?P}-(5-NH)-dTTP + dTTP 8036 948 172 ~0

a Pertinent concentrations are: dTTP, dCTP, dGTP, and [14C]-
dATP (0.05 Ci/mol), 0.033 mM each; [32P}-(5'-NH)-dTTP (12
Ci/mol), 0.04 mM; MnCl,, 2.5 mM. The mixtures (0.2 ml) were
incubated 1 h at 37 °C and the acid-insoluble radioactivity was de-
termined as described in the Experimental Section.

thetic polynucleotides with template DNA was examined by
means of sedimentation through neutral and alkaline sucrose
density gradients. The method, basically that of Shildkraut et
al. (1962), takes advantage of the faster sedimentation of
synthetic polynucleotides when bound to ¢X174 DNA than
when free. The synthetic (=) strand fragments sediment as a
broad band at. about 9-12 S in an alkaline gradient, in which
they are separated from the template, but they sediment in a
narrow band at a much greater rate (17 S) when annealed to
the template (Dumas et al., 1971). The faster sedimenting
peaks in experiments A and C in Figure 6 correspond to dou-
ble-strand X174 DNA. The radioactivity at the top of the
sucrose gradients in these two experiments represents unin-
corporated substrate. It is clear from these data that the
fragments containing phosphoramidate links, like the poly-
nucleotides prepared with the four natural nucleoside tri-
phosphates, are annealed to the template DNA in the neutral
medium. Furthermore, as indicated in experiments B and D,
the template-product complex is denatured in alkaline medi-
um. The product DNA fragments are seen as leading shoulders
on the substrate peaks near the top of these sucrose gradients.

Effect of Ligase on Phosphoramidate Polynucleotides. To
test the effect of ligase on the phospharamidate polynucleo-
tides, polymerization reactions were carried out with low and
high (eightfold greater) concentrations of oligonucleotide
primers. The extent of synthesis after 20 h corresponded to
about 90% of the template ¢X 174 DNA for the high primer
reaction and 60% of the template for the low primer reaction.
The products were separated by zone sedimentation in alkaline
CsCl gradients and were analyzed both by absorbance at 260
nm and by radioactivity in acjd-precipitable products (Figure
7). The peak for sedimentation of the radioactive fragments
from the low primer reaction (D, fraction 45) corresponds to
9 S, and the leading edge of the band for products from the
high primer reaction (A, fraction 56) falls at about 4 S. Cir-
cular X174 DNA (18.4 §, Studier, 1965), which was used
as a template, appears as a peak in the ultraviolet light assay
at fraction 27 (A-F), and the full length linear molecules (16.1
S, Studier, 1965) appear as a shoulder at fraction 31 (C, F).
The molecular weights of the 4S and 9S fragments are esti-
mated to be 5 X 10% and 4 X 105, respectively, by the use of the
equation of Studier (1965).

Incubation of the reaction mixtures for 30 min with DNA
ligase after the synthesis with DNA polymerase I led to con-
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siderable increase in average size of the polynucleotides (see
B and E, Figure 7), the effect being most pronounced for the
high primer reaction (9 S to 12 S for the products of the lower
primer reaction and 4 S to 9 S for the products of the high
primer reaction). An even greater increase in size was observed
when dTTP was added 2 h prior to addition of DNA ligase, in
expectation of completing sequences that may not have been
transcribed by the amino analogue (C and F).

Discussion

The enzymatic reaction utilizing (5-NH)-dTTP and a
¢X174 DNA template resembles in vitro reactions of natural
nucleoside triphosphates in the requirement for metal ion
(magnesium or manganese), primer oligonucleotides, and a
full complement of nucleoside triphosphates. This fact suggests
that the analogue reaction proceeds normally with respect to
gross mechanistic features. Two differences in the course of
these enzymatic reactions were noted, however. When dTTP
was replaced by (5'-NH)-dTTP, the reaction rate was less and
a higher concentration of oligonucleotide primers was needed
to achieve onefold synthesis on the template DNA. The kinetics
are consistent with the view that the enzymatic reaction pro-
ceeds in bursts in which dAMP, dCTP, and dGTP are added
in fast steps and the aminothymidine phosphate is added in a
slow, rate-determining step. This feature should prove ad-
vantageous in the utilization of phosphoramidate polynu-
cleotides prepared enzymatically for DNA sequence studies.
Evidence that aminodeoxythymidine phosphate is incorporated
into the synthetic polynucleotides was obtained by two inde-
pendent experiments. (1) A double-labeling experiment with
['C]dATP and [*?P]-(5-NH)-dTTP showed that both !4C
and 3P are incorporated into acid-precipitable polynucleotides
in amounts expected for synthesis of (—) $X174 DNA. (2) The
polymers prepared by use of (5-NH)-dTTP were found to be
much more labile to acid than polymers prepared by use of
dTTP.

Zone sedimentation in an alkaline CsCl gradient showed
that the molecular weight of average size fragments of phos-
phoramidate polynucleotides prepared in a representative re-
action was about 4 X 10° (~1300 nucleotide units). Accord-
ingly, there must be on the order of 300 phosphoramidate
bonds in typical fragments synthesized on the template. Gel
chromatography of polynucleotides prepared in another re-
action and denatured with sodium hydroxide (pH 13.5) re-
vealed a small amount of material (~15%) in a range corre-
sponding to 100-200 nucleotide units; the remainder eluted
in fractions characteristic of larger fragments. Even the small
fragments, therefore, must have had 20 or more phosphora-
midate bonds. These results therefore provide an unequivocal
answer to the question of the capability of phosphoramidate
polynucleotides to serve as primers for DNA polymerase I.
Since the chains are extended enzymatically to include many
phosphoramidate links, these polynucleotides are serving as
effective primers on a template that must have great diversity
in the nucleotide sequences.

Direct evidence for existence of a complex between the
synthetic phosphoramidate polynucleotides and the ¢X174
DNA template was obtained by zone sedimentation of the
reaction products in neutral and alkaline sucrose gradients. In
addition, the observations that DNA polymerase [ extends the
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polynucleotide chains, that the reactions level off at onefold
synthesis at 15 °C, and that DNA ligase joins the ends of the
synthetic polynucleotides to yield higher molecular weight
products support the conclusion that the phosphoramidate
polynucleotides form a complex with the template.
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