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SUMNMARY

Y-Hyvdroxy oligodeoxyribonucleotides (average chain length 54 nucleotides).
prepared by digestion of calf thymus DNA with spleen acid deoxyribonuclease fol-
lowed bv dephosphorylation, were used as primers for the addition of two ribonucle-
otides. using terminal deoxyribonucleotidy! transferase and [x-3°PJATP as donor.
Conditions for the optimal incorporation of labeled nucleotides were investigated.

A method for the separation of the four deoxyribonucleotides and of AMP on
DEAE-cellulose columns was devised. This permitted the analysis of 3'-terminal
deoxyribonucleotides after spleen exonuclease digestion of the *2P-labeled oligo-
deoxyribonucleotides, thus avoiding the alkaline splitting of the inter-ribonucleotide
bond and the phosphatase digestion which would otherwise be necessary. The results
obtained by this procedure were found to be in excellent agreement with the analysis
of the 3'-terminal nucleosides released from the same DNA fragments. thus showing
that the use of terminal transferase provides a valid method for determining the com-
position of 3’-terminal nucleotides.

INTRODUCTION

The composttion of the 3'-terminal nucleotides in 3'-hydroxy oligodeoxyribo-
nucleotides is usually determined by the analysis of 3’ -terminal nucleosides liberated
by spleen exonuclease' ?. Recently an enzymatic reaction has been described which
permits the *?P-labeling of oligodeoxyribonucleotides at their 3'-terminal position.
The reaction s based on the addition. catalyzed by terminal deoxyribonucleotidyl
transferase *, of one or two ribonucleotide residues to the 3-hydroxy ends of aligode-
oxyribonucleotides. using ribonucleoside triphosphates as donors. The original tech-

Abbreviations: Oligo (dN), oligodeoxyribonucleotides; Oligo(dN)p*Ap*A. product of diad-
dition of #*P-labeled riboadenylate to oligotdN): P,. average degree of polymerization.
* Furatom scientific agent. Recipient of a short-term EMBO fellowship (1972). This publica-
tion iy contribution No. 868 of the Euratom Biology Division.
** Present address: Department of Genetics, Lt. Joseph P. Kennedy Jr, Laboratories for Mole-
cular Medicine, Stanford University Medical School, Stanford California 94305, U.S.A.
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nique® involved the incorporation of AMP from [z-**PJATP into synthetic oligo-
nucleotides of known sequence (average chain length 6-8). transformation of diad-
dition into monoaddition products by alkali treatment and dephosphorylation;
Jabeled 3'-terminal deoxyribonucleotides were then relcased by spleen exonuclease
degradation. These results prompted us to investigate the possible use of this method
for the determination of 3'-terminal nucleotides composition of DNA fragments.
such as those produced by deoxyribonucleases.

The addition of two ribonucleotide residues to DNA fragments was imvesti-
gated at different nucleoside triphosphate and primer concentrations in order to find
optimal conditions for the labeling of the fragments. In order to analyze the labeled
products. we have devised a procedure for the chromatographic separation ol the
four deoxyribonucleotides and of AMP on DEAE-cellulose columns. This permits
the analysis of 3'-terminal deoxyribonucleotides. after spleen exonuclease digestion
of the *?P-labeled oligodeoxyribonucleotides to which two riboadenylate residues
were added. thus avoiding alkali and phosphatase treatments. When applied to the
determination of 3'-terminal nucleotides in oligodeoxyribonucleotides (average chain
length 54). prepared by digestion of calf thymus DNA with spleen acid deoxvribo-
nuclease. the new procedure gives results in excellent agreement with the analysis of
the 3'-terminal nucleosides released from the same DNA fragments. Fig. 1 shows a
scheme of the two enzymatic steps involved in the procedure.
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Fig. 1. Scheme of 3 -terminal nucleotide determination
MATERIALS AND METHODS

Enzymes. Acid deoxyribonuclease B, acid exonuclease. acid phosphomono-
esterase B and acid ribonuclease were obtained from hog spleen” ®. Pancreatic
ribonuclease and deoxyribonuclease were purchased from Worthington (Freehold,
N. J.). Polynucleotide kinase was prepared according to a procedure to be published
(A. M. Bopp. A Bernardi, A. Devillers-Thiery). Terminal deoxyribonucleotidy] trans-
ferase (terminal transferase) was purified from calf’ thymus according to the method
of Yoneda and Bollum* with the following modifications: the 35 to 55 °, (NH,),SO,
fraction was dialyzed against 0.1 M potassium phosphate pH 7.8. prior to hvdroxy-
apatite column chromatography: the enzyme was eluted from the column at 0.185 M
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by a linear gradient (0.1- 0.5 M) of potassium phosphate pH 7.8 well separated from
acid deoxyribonuclease (elution molarity 0.115)°. Active fractions were precipitated
at 707, of (NH,),S0, saturation. dissolved in 0.1 M KH,PO,~1 mM mercapto-
cthanol and dialyzed for 14 hat 4 “C against the same buffer. The white precipitate so
formed was discarded by centrifugation and the supernatant was loaded on a G-100
column equilibrated with 0.1 M KH,PO,-{ mM mercaptoethanol. Active fractions
were pooled and dialyzed for 20 h against 0.05 M potassiuimn phosphate. {pH 7.1)-
0.1 M KCl-1 mM mercaptoethanol in 45 %, glycerol. The final specific activity was
[4 000 units™ per A4, ., unit of protein when tested for deoxyadenylate polymeriza-
tion on ofigonucteotides (average size P, ~ 6) preparcd by pancreatic deoxyribo-
nuclease degradation of calf thymus DNA, followed by removal of mono- and di-
nucleotides on a DEAE-cellulose column. The incorporation of [*?PJAMP on DNA
fragments was followed as described by Bollum'®. The paperdiscs were counted in a
fiquid scintillation spectrometer (Model SL30, Intertechnique. Plaisir, France) with
the aid of 10 ml of toluene containing 0.4 °, Omniftuor, obtained from NEN Chemic-
als (Frankfurt. Germany).

Nucleoside triphosphates. [x-**PJATP (10801330 Ci/mole) and [«-*?P]UTP
(650 Ci mole) in 50 °, ethanol were purchased from C.E.A. (Saclay, France). Before
use. ethanol was eliminated by rotary evaporation and the products redissolved in
water. Unlabeled ATP and UTP were products of Boehringer (Mannheim. Germany)
and P.L. Biochemicals (Milwaukee. Mich.), respectively.

3-fivdroxy oligonucleotides. These were prepared as follows. 2 pl of spleen

deoxyribonuclease (400 units/ml) were added to 15.0mi of calf thymus DNA
(As00 0 8.0) in 0.05M ammonium acetate-0.001 M EDTA, pH 5.5 After 15 min
of digestion at 22 "C, the hyperchromic shift at 260 nm having reached 2°,. the reac-
tion was stopped by shaking the reaction mixture for 5 min with 1.0 ml of chloroform-
isoamyl alcohol (24 ¢ 1. v/v). The digest was then dialyzed against running water'',
brought to 0.05M NaOH for 2 min in order to insure complete denaturation, and
adjusted to pH 5.5 with 1 M acetic acid. Denatured 3'-phosphate oligonucleotides
were dephosphorylated with 0.2 unitssml of acid phosphomonoesterase B at 37 C
for 14h. Control experiments using the same oligonucleotides, *?P-labeled with
polvnucleotide kinase. showed that under these conditions more than 95 °, of termin-
als were dephosphorylated.
The average chain length or average degree of polymerization, P,. of the unlabeled
oligonucleotides obtained by spleen deoxyribonuclease digestion, and the composi-
tion of ¥-terminal nucleotides were determined according to Carrara and Bernardi!
as modified by Soave ef al.'? and by Thiery et al.%. respectively.

Mucleotides. 3'-Deoxyribonticleotides were prepared by digestion of calf thym-
us DNA with spleen deoxyribonuclease and exonuclease as described previously'?.
3-Ribonucleotides were obtained by digestion at 37 C of yeast total RNA (Sigma.,
St Loais, Mo Ay am 10.9) with 30 units of pancreatic ribonuclease and 3 units of
spleen exonuclease® in a total volume of 0.5ml of 0.05M ammonium acetate,
pH 5.5 The reaction was followed by hyperchromic shift and was complete after
one hour. The enzymes were inactivated with a chloroform-isoamyl alcohol mix-
ture (24 : 1, v'v) as described above.

DEAE-celluluse chromatography of nucleotides. DEAE-cellulose (Whatman
DE-32) was washed, in succession. with 0.5 M HCL water, 0.5 M NaOH, water and
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I M ammonium acetate, pH 5.5: fine particles were removed by decantation. A sus-
pension of wel exchanger and | M ammonium acetate, pH 5.5, (1 0 10 v/v) was de-
aerated in a rotary evaporator and gently sucked into columns of 0.5-cm diameter
fitted withan extension tube. Columns werc packed at a flow rate of 20mi’h to the
height of 15 ¢m and washed with 1 M ammonium acetate, pH 8.7, followed by 0.05
M ammonium acetate, pH 9.3. Elution was performed with this buffer: in order to
obtain an optimal degree of separation of nucleotides. some slight pH adjustment
(0.1-0.2 unit) were sometimes required. A step of 0.15 M ammonium acetate, pH 8.9,
was then used for the clution of deoxyguanylate. The same column could be re-
equilibrated with the starting butfer and re-used many times.

The ultraviolet absorbance of the column effluent was monitored using a Uvicord
(LK B. Stockholm, Sweden) equipped with a 0.3-cm cell. Fractions were collected in
I.5cm ~ S cem polystyrene tubes (Greiner, Bischwiller, France) fitting the counting
vials. Counting of *?P aqueous samples and column chromatography cluates by
Cerenkov radiation eflfect was made by setting the Intertechnique counter lower
window at O and the upper one at 675.

RESULTS

Incorporation of ribonucleotides into DN A fragments by terminal transferasc

This was studied at an ATP-oligonucleotide molar ratio higher than 10, al-
[owing therefore only diaddition products to be formed'*. Figure 2a shows the time
course of [**P]JAMP incorporation into 3'-hydroxy oligonucleotides (P, 54) at in-
creasing ATP molarities. In all cases the reaction was biphasic and slowed down
under the conditions used after about 2 h, a fact not due to enzyme inactivation since
the rcaction rate could not be increased by further enzyme addition. A real end point
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Fig. 2. Kinetics of AMP incorporation. The data presented in (a) refer to 0.1 mi of incubation mix-
tures containing: 7.9 #M 3'-hydroxy oligodeoxynucleotides primer (D, 54); 0.05 M potassium caco-
dylate. pH 7.0: 7.5 mM MgCl,: | mM 2-mercaptoethanol: the increasing concentrations of {x-32P]-
ATP (fram 0.01 to | Ci/mmole): and 90 units of terminal transferase. The reaction was carried out at
35 C: Sl of incubation mixtures were withdrawn at different times, spotted on paper discs and
treated for acid-insoluble radioactivity (see Materials and Methods). The ATP saturation curves of
(b) were done by plotting the results obtained after 8 (7<) and 14h (@ @) of incubation.
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of the reaction was never attained. The initial rate was increased by increasing the
ATP concentration. at least up to | mM. A similar but stronger effect could be seen
in the slow phase up to 5 mM ATP (Fig. 2a). The yield in the diaddition product was
found to be strongly dependent upon the ATP concentration and reached saturation
at a S mM level (Fig. 2b).

The effect of temperature on the reaction (not shown) was studied at 20 and
40 C at 5 mM ATP. The biphasic pattern was found in both cases. The initial rate
increased with increasing temperature: the yield after 6 h of reaction was 20 °_ higher
at the higher temperature.

Fig. 3 shows the incorporation of AMP as obtained at increasing primer con-
centrations. The relative yield in the diaddition product increased with decreasing
primer concentration, reaching a 100 °, value only at very low concentration of

3-OH ends.
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Fig. 3. Primer saturation curves al SmM ATP. The data refer to 0.05 mt of incubation mixtures

containing: 0.05 M potassium cacodylate, pH 7.0; 8 mM MgClor | mM Z-mercaploethanol: 3 mM

[%-*2PJATP (30 Ci'mole): 45 units of lerminal transferase; and increasing concentrations of 3 -hy-

droxy oligodeoxynucleotide primers (Pa 34). The reaction was carried out at 35 'C for 14 h: 3 ul of

the incubation mixtures were Lreated for acid-insoluble radioactivity (see Materials and Methods).
. AMP incorporation: . 2=, tormation of diaddition product.

Conditions leading to 100" incorporation. which are only needed for estimat-
ing chain length from labeling data. are impractical for the routine determination of
the composition of 3'-terminal nucleotides, because of the relatively low specitic
radioactivity of commercial [2-**P]JATP (see following section).

The incorporation of [**PJUMP was studied with different bivalent ions as
activators (Fig. 4). The highest rate was observed with Co’". as it occurs for the
polymerization of deoxyribopyrimidine triphosphate on oligodeoxyribonucleotides'*
or on ribonucleotide-terminated primersl*‘. The formation of labeled product was,
however, on the average. 2-3 times lower than that obtained with the same concen-
tration of ATP. which was thus used in our standard procedure. The UMP incorpor-
ation data presented here are of possible value if separation of labeled nucleotides

is done by paper electrophoresis.
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Fig. 4. Kinetics of UMP incorporation. The data refer to 0.1 ml of incubation mixtures containing
4.15#M ¥-hydroxy oligodeoxynucleotide primer (), 60): 0.05 M potassium cacodylate, pH 7.0
I mM Z-mercaptoethanol; 0.5 mM [x-2PJUTP (1 Cizmole); 90 units of terminal transferase; and
the following concentrations of divalent ions: J—_;, 8 mM MgCl,: Z.-2, I mM MnCl,; -]
I mM CoCl;. The reaction was carried out at 35 “C. 10 71 of incubation mixtures were withdrawn at
different times and treated for acid-insoluble radioactivity (see Materials and Methods).

Preparation of oligonucleotides carrying p*Ap* A at their 3'-ends

The incubation mixture (0.05 ml, final volume) was: 1-10 #M in 3'ends of
oligonucleotides (0.025 0.250 A,¢( nm Units: P, 534): 0.15 or 0.5 mM in [z-**PJATP
(of specific radioactivity of I and 0.3 Ci‘mmole, respectively): 0.2 M in potassium
cacodylate, pH 7: 8 mM in MgCl,: | mM in 2-mercaptoethanol and contained 45
units of terminal transferase. The enzymatic reaction was carried out for 1214 h
at 37 C in sealed glass micro-tubes and was terminated by shaking for 5 min with
0.2 volumes of a chloroform isoamyl alcohol mixture (24 : I, v/v). The unreacted.
labeled ATP was separated from the radioactive product by gel filtration of the reac-
tion mixture an a Sephadex G-25 column equilibrated with 0.05M ammonium acetate
pH 5.5 (Fig. 5). As estimated from the G-25 chromatograms at the two ATP con-
centrations used, two AMP residues were added to about 25 ¢, and 50 °, of 3’-ends.
respectively

Degradation of oligo(dN)p*Ap* A 1o 3'deoxynucleoside monophosphates

The fractions from G-25 chromatography corresponding to the oligo(dN)-
PEAPTA (first peak of Fig. 5) were pooled and 1.2 4, . units of calf thymus DNA
were added. The material was lyophylized, dissolved in 0.02 M ammonium acetate.
pH 5.5 (final volume 0.1 ml), and digested at room temperature with 1 pl of spleen
deoxyribonuclease (600 units:ml) and 10 ul of spleen exonuclease (60 units'mi).
Hydrolyvsis was followed in duplicate by measuring the amount of label rendered
acid soluble as a function of time!® and was complete after one hour. Afterinactivating
the enzymes the pH of the sample was raised 1o 8.5 9, by adding | M NH,OH.

It should be noted that attempts to split the inter-ribonucleotide bond. in-
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Fig. 5. Chromatography on Sephadex G-25. The terminal transferase incubation mixture was loaded
on a Sephadex G-25 (1 ¢cm - 35 ¢cm) column equilibrated with 0.05 M ammonium acetate. pH 3.5,
satured with chloroform. Gel filtration was carried out with the same buffer at a flow rate of 20 ml‘h.
Fractions of 0.5 ml were collected in polystyrene tubes and counted by Cerenkov radiation. Frac-
tions 2t-40 left-hand scale: Fractions 41 70 right-hand scale.

volving rA or rU. by spleen or pancreatic ribonuclease, respectively, completely
failed. We were not able to detect any decrease in acid-insoluble radioactivity and
in the amount [*?PJAMP released after prolonged incubations of diaddition products
with large quantities of these enzymes followed by the acid phosphatase treatment.

Analysis of lubeled 3 -terminal nucleotides from 3'-hvdroxy oligodeoxvribonucleotides

Fig. 6 shows the results of the chromatographic procedure developed in order
to afford the analysis of 3 -terminal deoxyribonucleotides in the presence of AMP
and or UMP. Under the experimental conditions used, it was also possible to obtain
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Fig. 6. Chromatography of mononucleotides on DEAE-cellulose columns. Elution was carried out
with 0.05 M ammonium acetate, pH 9.3: followed by a step of 0.15 M of the same buffer, pH 8.9,
(a) Load was 1.4 4,4, o units of ribonucleoside Y-monophosphate in 100 ¢l of 0.05 M ammonium
acetate, pH 8.5 (b) Load was 2.0 A.6¢ 4, units of deoxyribonucleoside 3'-monophosphates in 20 gl
of 0.05 M ammonium acetate, pH 8.5.
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complete separations 3'-dGMP from 3'-GMP, 3’-AMP from 2'-AMP (the latter being
eluted at the position of the 3’-dAMP) and 3’ -dGMP from S'-dGMP (this being elut-
ed at the position of 3'-GMP): cyclic AMP and inorganic phosphate were cluted at
essentially the same elution volume before 3'-dCMP. Other possible uses of this
method were not investigated.

Fig. 7 shows the analysis of the labeled 3'-terminal nucleotides from 3'-
hydroxy oligodeoxyribonucleotides on the DEAE-cellulose column. [**P]Orthophos-
phate was practically negligible in amount when carrier DNA was present during
the digestion step **P-labeled ATPand ADP. when present at trace levels in the in-
cubation mixture, could be eluted by washing the column with 0.5 M ammonium
acetate. pH 8.5,

£
[=
~
el
AMP 4GMP ~
§ 500
-
<
w
| | 9]
‘ z
¢ b
= | [20]
s 1000 ~ x
z ! o
Ny . )
> 4 A MF 2
b a
z i 4T ME !
2 i Ji - 03
© so0 ) @
o ( dCMP < [ doo2
: ) o}
r . T b%g 4 0!
o U . 0
20 40 60 80 100

TUBE NUMBER

Fig. 7. Separation of *?P-labeled mononucleotides on u DEAE-cellulose column. 20 000 cpm of
32p_jabeled 3-nucleotides (obtained after complete digestion of oliga(dN)p*Ap*A by spleen deoxy-
ribonuclease and exonuclease) in 50 ul of 0.05 M ammonium acetate bufler (adjusted after digestion
to pH 8.5 9 by adding 2] of 1 M NH,OH) were loaded on a DEAE-cellulose column (0.5 ¢m
IS em) equilibrated with 0.05 M ammonium acetate. pH 9.3. Elution was started with the same buf-
fer using a flow rate of 12 ml 'h: a step of 0.15 ammonium acelate pH 8.9, was applied after Fraction
63, in order to elute AGMP. --~—— ultraviolet monitoring: >, Cerenkoy counting.

TABLE 1
3-TERMINAL NUCLEOTIDES OF DEPHOSPHORYLATED DNA FRAGMENTS

3"-Terminals of oligonucleotides (Pa = 54), obtained by controlled degradation of calf thymus DNA
by spleen acid deoxyribonuclease (see Materials and Methods) were determined by the nucleoside
analysis according to Carrara and Bernardi' as modified by Thiery er a/.? and by the present method.
respectively. The nud;o%lde dnal) sis concerns the tolaht) of the 3-ends.

3 -Nucleoride Nucleoside analysis Lube Iyd nie /(’()Hd(’ unu’xsm
0.15 /nM ATP 0.5 mM ATP
dc 5%, 6“;) 6%
dT 140, 14°, 13 7%
dA 240, 14(;0 »)40

4G 88 Y 36 U/” 57 u[l)
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The composition of 3'-terminal nucleotides from oligonucleotides released
by spleen deoxyribonuclease from calf thymus DNA as determined by the technique
described above, is compared in Table [ with data obtained by analysis of the 3'-
terminal nucleosides! 2. An excellent agreement between the two sets of values is
observed, at both ATP levels used in the incubation mixture.

DISCUSSION

The strong decrease in reaction rate observed in [**PJAMP incorporation
and the failure to attain the end point of the reaction (Fig. 2a) might be due to:(a)
formation of tri-or multiaddition products: (b} formation of new 3’-OH ends by con-
taminating deoxyribonucleases present in the terminal transferase preparation: (c)
presence of dATP contamination in the unlabeled ATP used: (d) hindered access of
erminal transferase to the 3-OH ends of a number of DNA fragments.

The first explanation can be ruled out because the amount of label in AMP
was close to 50 % of total label incorporated. as expected for the exclusive formation
of diaddition products, and in agreement with the report'® that tri- or multiaddition
products never appear to be formed in the reaction. The presence of a §'-phosphate
forming deoxyribonuclease or of a combination of a 3-phosphate forming deoxy-
ribonuclease and a phosphatase in the terminal transferase preparation is very un-
likely since the composition of the 3'-terminal nucleotides obtained would be changed
owing to the different specificity of the contaminating deoxyribonuclease, whereas
our results show an excellent agreement with that determined by direct 3'-terminal
nucleoside analysis (Table 1); even if the contaminant deoxyribonuclease had the
same specificity as the spleen deoxyribonuclease (a possibility worth considering in
view of the vry great similarity of thymus and spleen deoxy ribonuclease'®), the further
degradation of DNA fragments would have led to a different composition of terminals
because the spleen enzyme releases different 3'-terminal nucleotides from shorter
DNA fragments®. The presence of dATP contamination in the unlabeled ATP used
also appears to be ruled out because it would lead to an increase of [**PJdAMP
(preferentially incorporated JAMP acting as a new Y-OH end} in the terminal nucle-
otides' > 17, 4 result which was not obtained at any of the two ATP concentrations
used. Finally. all the three phenomena discussed above would have led to a [**P]-
AMP incorporation higher than 100 %, diaddition: in fact, this was never found
(Fig. 3). The last possibility, namely that the secondary structure near the 3'-ends of
a number of fragments might indeed hinder the access of the enzyme appears to be
the most likely explanation. Three observations are interesting in connection with
this: (a ) the strong dependence of the reaction rate upon ATP concentration (Fig. 2b)
might be due to the denaturing effect of ATP on the secondary structure of the oligo-
nucleotides'™ 17: (b) the effects obtained by increasing the temperature of the incuba-
tion misture. and therefore by changing the secondary structure of the oligonucle-
otides. are also compatible with this explanation: (c)in spite of the incomplete labeling
of 3-ends (25, and 50 ”, at the two ATP concentrations used) {**PJAMP incorpor-
ation was completely randont; this is not surprising in view of the enormous number
of different oligonucleotides having different secondary structures presentin the incub-
ation mixture. For this reason the concentrations of ATP in the reaction can be kept
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much lower than saturating: this avoids dilution of the radioactive ATP and leads to
a higher labeling of oligonucleotides.

In conclusion we have shown that terminal transferase has no preference foi

any 3-end of DNA fragments. The labeling of 3'-terminal nucleotides of DNA frag-
ments by terminal transferase has two advantages over the classical procedure, the
possibility of scaling down considerably the amount of oligonucleotides needed for the
analysis and of determining the composition of 3’-terminal nucleotides of very large
DNA fragments.
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