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tides (in contrast to trinucleotides and trinucleoside diphosphates, which
could be subjected to the method®'); this limitation is based on the require-
ment of terminal transferase for a minimum primer chain lengths of three
npucleotides. As to the upper chain lengths, undecanucleotides of specific
sequences,’ and the homopolymers polyld(T)33], poly[d(A)iw] and poly-
[d(A)geo)*® have been tested successfully so far. It scems therefore likely
that also polynucleotides with specific sequences of higher chain length
can be labeled by the method deseribed here, as long as contaminating
nucleases are excluded from the reactions.

Oligodeoxynucleotides carrying a 3'-phosphomonocster group are not
accepted as primers for terminal transferase; such limitation, however, may
be easily circumvented by phosphatase treatment of the oligonueleotide
to be labeled, before the terminal addition reaction is carried out. In this
case care must be taken not to carry phosphatase into the terminal addi-
tion reaction, as ribonucleoside triphosphates are readily degraded by
phosphatase.

In special circumstances (for instance for studies with 3'-specific phos-
phatase), it may be necessary to have oligodeoxynucleotides available
with #2P-labeled phosphomonoester groups at the 3" ends. For this purpose,
elimination of the ribonucleoside residues is possible by periodate and
amine treatment®; by this reaction for instance (A-C-C-A)q FP]pA is con-
verted to (A-C-C-A)q P*Plp.

Partial Sequence Analysis. One crucial point of this method consists in
meeting the proper conditions for the partial digestion of the oligonucleotide
to be analyzed with snake venom phosphodiesterase. In fact, unsucceessful
experiments hiad to be encountered a few times owing to insufficient diges-
tion or to overdigestion of the oligonucleotidic material. Since the priming
activity necessary for the terminal addition reaction decreases with the
chain length of the primer,?' the ideal digestion condition would be the
one in which more molecules of smaller oligonucleotides are produced
with very few undigested molecules remaining. Thus, the extent of diges-
tion has to be balanced carefully by variation of enzyme concentration or
incubation time.

Partial sequence determination on semimicroscale 1s possible with as
little as 0.8 A6 units of the synthetic octanucleotide (A-C-C-A-T-C-C-A),,
whereby only the two nucleotides toward the 5-end remain unidentified
(Fig. 3).

Partial sequence determination on mieroseale can he carried out with
as little as 5 X 107 Awge units of the same oligonueleotide (Fig. 5); in this
case, however, three nucleotides from the 5 end remain unidentified. It
should he pointed out that the fingerprint analyses of labeled oligonucleo-
tide mixtures allow additional information in respeet to mononucleotide
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residues scequentially released by snake venom phosphodiesterase; thus,
according to the fingerprint rules'”! the relative position of spot IV to V
of Fig. 5 evidences the removal of one thymidylic acid residue positioned
at the fourth place counted from the 3" end of the original oligonucleotide;
likewise the relative positions of spots II to IIT and III to TV indicate the
removal of cytidylic acid residues. This information confirms or even sup-
plements the results obtained from the identifieation of the 3’-terminal
nucleotides of the individual labeled oligonucleotides by spleen phospho-
diesterase degradation. In contrast to this, partial sequence determination
on semimicroscale is based exclusively on the identification of the 3'-ter-
minal nucleotides by spleen phosphodiesterase degradation, since separation
of the labeled oligonucleotides in this case is carried out by DICAE-cellulose
column chromatography (Fig. 3), not by the fingerprint technique.
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[27] A New Approach to the Study of Nucleotide
Sequences in DNA: the Analysis of Termini
Formed by DNases

By G1orgio BERNARDI, STANISLAV D). FHRLICH,
and JeaN-PauL THIERY

We describe here a method developed in our laporatory for characteriz-
ing and comparing nucleotide sequences in DNA’s. The method is based
upon the fact that DNases are sequence-specific; that is, they are able to
recognize the nueleotides near the phosphodiester bonds which they spht.
We have demonstrated this point for at least the three DNases we have
investigated so far: spleen acid DNase, snail acid DNase, and pancreatic
DNase. The spleen enzyme, for instance, 1s able to recognize at least the
two nucleotide pairs lying on each side of the breaks; we call termine the
terminal and penultimate nucleotides, W X Y Z (Fig. 1).

Since DNases are sequence-specific, the analysis of termini, namely,
the determination of the base composition of the termini released from the
sequences split by DNases, provides information on the frequency of these
sequences in the DNA’s analyzed. The analysis of termini is characterized
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DNase

3[ 5[
Fia. 1. A scheme of degradation of DNA by a DNase. The phosphate is arbitrarily
put at the newly formed 3’ end.

by two features, which distinguish it from a determination of the frequency
of the sequences split by the enzymes (Fig. 2): (a) the analysis of termini
provides the composition of each terminus as derived from all the split
sequences; (b) since different nucleotide sequences can be split with
different k, and V.. values, the analysis of termini is related to an
apparent frequency, not to the real frequency, of the split sequences.

It can be expected, and it is experimentally found, that (a) the com-
position of each terminus released from bacterial DNA’s having different
base compositions is linearly related to their G 4+ C countents; (b) the
composition of termini released from DNA’s containing ‘‘repetitive”
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Fig. 2. A scheme of the analysis of termini: (a) Sequences 1 to 5 are recognized
and split by the enzyme. (b) Ends are formed from sequences 1-5 proportionally te
constants K, to K;, which depend upon the k, and Vi.« values for sequences 1-5. {c)
Termini deriving from each position of the terminal doublets of all sequences split are
isolated, and their composition is determined.
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nucleotide sequences deviates, by excess or by defeet, from that expected
for “nonrepetitive’” DNA’s having the same G + C contents. The deviation
plots which can be thus obtained represent a novel way of characterizing
“repetitive’” DNA’s.

Materials and General Procedures

DN A samiples to be submitted to the analysis of termini were routinely
purified by chromatography on hydroxyapatite columns from contaminat-
ing RNA, oligoribonucleotides, and ultraviolet-absorbing materials.!

Enzymes. Spleen DNase B, spleen phosphomonocsterase B, spleen
exonuclease, and snake venom exonuclease were preparations obtained ac-
cording to described procedures.”® Snail DNase® was a preparation ob-
tained following a method to be published. Pancreatic DNase was a
commercial preparation (code D; Worthington, Frechold, New Jersey).
Tor the definition of enzyme units see references cited in footnotes.?=7

DNase digestions were routinely performed at room temperature on
native DNA (A = 8 or 0.8). In the case of spleen and snail DNases,
DNA solutions in 50 mAM ammonium acetate—1 mM EDTA, pH 5.5 were
used ; enzyme concentrations in the incubation mixture were 0.1-1 unit/ml.
In the case of pancreatic DNase, digestions were carried out in 50 muM
Tris-HCl-10 mM MgCl, (or MnCL), pH 7.6, with 0.02-0.2 ug of enzyme
per milliliter of incubation mixture. The use of different DNases implying
different, digestion conditions as far as pH, ionic¢ strength, and metal ions
are concerned, the resulting ohgonucleotides were dialyzed against running
distilled water (sce below) before further treatments.

The termini of oligonucleotides released by the snail and pancreatic
DNase do not vary with the digestion level; some variation takes place
during digestion by the spleen DNase, an enzyme which hydrolyzes DNA
according to two different mechanisims (diplotomic and haplotomic?®). In
this latter case, which was investigated in detail,®% termini released from

! (i. Bernardi, this series, Vol. 21, p. 95. Also, in “Procedures in Nucleic Acids Research”
(G. L. Cantoni and D. R. Davies, eds.), Vol. 2, p. 455. Harper, New York, 1971.

* (3. Bernardi, A. Bernardi, and A. Chersi, Biochim. Biophys. Acta 129, 1 (1966).

3 A. Chersi, A. Bernardi, and G. Bernardi, Biochim. Biophys. Acta 246, 51 (1971).

t A. Bernardi and (5. Bernardi, Biochim. Biophys. Acta 155, 360 (1968).

i3, D. Ehrlich, G. Torti, and G. Bernardi, Biochemistry 10, 2000 (1971).

8 J. Laval and C. Paoletti, Biochemustry 11, 3604 (1972).

7J. Laval, J. P. Thiery, S. D. Ehrlich, C. Paoletii, and GG. Bernardi (1973). Eur. J. Bio-
chem., submitted for publication.

8 (3. Bernardi, Advan. Enzymol. 31, 1 (1968). Also, in “The Enzymes” (P. Boyer, ed.),
3rd ed., Vol. 4, p. 271. Academic Press, New York.

(. Noave, J. P. Thiery, S. D. Ehrlich, and G. Bernardi, Eur. J. Biochem., submitted
for publication.

0 J, P, Thiery, S. D. Ehrlich, A. Devillers-Thiery, and G. Bernardi, Eur. J. Biochem.,
submitted for publication.
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different DNA’s were always compared at identical oligonucleotide size
levels. A convenient way to prepare the oligonucleotides having the desired
average chain length (P,) is to use the relationship existing between the
hyporohronn( shift (HS) undergone by DNA and the reciproeal average
Size (P,71) of the oligonucleotides. For the spleen and snail DNases a
linear relationship is obtained?; using the digestion conditions deseribed
above, at 22°
P, = 0.0065 - HS - (G + C) + 0.01

where HS is expressed as percentage value and G 4+ C as molar fraction;
this equation is valid for P,~! values comprised between 0.02 and 0.1.

For pancreatic DNase the equivalent equation determined on calf
thymus DNA is

P, = 0.0028 - HS + 0.025

which is valid for £,~! values comprised between 0.035 and 0.1.

Dralysts of Oligonucleotides.® Visking 849-inch tubings were boiled suc-
cessively in 109, sodium carbonate-0.1 M EDTA, 0.05 M ammonium
acetate buffer, pH 5.5, and water. Dialysis was done at 4° against water
flowing through a glass tube having a diameter only slightly larger than the
dialysis tubings. Several oligonucleotide samples (2 Awg units at a con-
centration of 1-10 Ase units/ml) were dialyzed simultaneously against
10-25 1 of distilled water for 8-14 hours. Under these conditions, even
dinucleotides, when present in less than 2-39; amounts, werce quantitatively
retained.

DEA E-cellulose (Serva, Heidelberg, Germany; 0.57 meq/g) was washed
in succession with 0.1 N NaOH, water, 0.1 N HCI, water, and 2 M am-
monium acetate, pH 5.5. Only the finest particles, obtained by decantation
and forming 1-29, of the material, were used. The column was packed
from a suspension of DEAE-cellulose in 2 M ammonium acetate (about
1:1, v/v), and was washed with 2 M ammonium acetate and water im-
mediately before use.

Average chain length or average degree of polymerization, P., of the
oligonucleotides obtained by DNase digestion was determined as deseribed
in the following section.

Nucleoside analyses were done on BioGel P-2 ¢olumns,” or Sephadex
G-10 (Pharmacia, Uppsala, Sweden) column, or, more recently, by the
following modification® of the method of Uziel et al.*: 0.03 A unit of

18, D. Ehrlich, U. Bertazzoni, and G. Bernardi, Eur. J. Biochem., to be submitted
for publication.

2 G. Piperno and G. Bernardi, Biochim. Biophys. Acla 238, 388 (1971).

#5. D. Ehrlich, J. P. Thiery, and G. Bernardi, Biochim. Biophys. Acta 246, 161 (1971).

4 M. Uziel, C. K. Koh, and W. E. Cohn, Anal. Biochem. 25, 77 (1968).
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nucleosides in 5 uyl of 0.4 ammonium formate, pH 4.7, were loaded on a
0.2 X 5 em column of Aminex A6 (Bio-Rad, Richmond, California),
equilibrated with the same solvent; elution was done at room temperature
using a flow rate of 0.75 ml per hour; a typical separation required about
90 minutes; the detection and evaluation of the nucleoside peaks were done
as alrcady described.?®

Methods for the Determination of Terminal and
Penultimate Nucleotides

Determination of 3 Terminal Nucleotidest®t

Figure 3 shows the principle of the method as applied to 3'-P oligo-
nucleotides. Oligonucleotides are first dephosphorylated, then hydrolyzed
by spleen exonuclease, an enzyme which degrades oligonucleotides, start-
ing from their 5" terminal ends and releasing 3'-mononucleotides. The
3’ terminals, liberated as nucleosides, are separated from nucleotides, and
analyzed. The same procedure can be applied to 5'-P oligonucleotides; in
this case, dephosphorylation has the purpose of allowing spleen exonuclease
to act. A typical determination 1s described below.

Dephosphorylation. Ammonium acctate 1 M-EDTA 20 mM, pH 5.5,
1s added to dialyzed oligonucleotides to reach 10-20 miM concentration
of acetate. Digestion is performed with 0.1 unit/ml (final concentration)

57 3’

M____—__ﬁiAk_—_ ’\P
(1) acid | Pase

5’ 3/
(2) spleen | exonuclease

57 3’

Fia. 3. A scheme of determination of the 3’ terminal nucleotide composition.

15 M. Carrara and G. Bernardi, Biochemistry 7, 1121 (1968).
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of spleen acid phosphomonoesterase at room temperature for 14 hours.
The enzyme is inactivated by shaking the solution vigorously for 5 minutes
with {4 to 14 volume of a chloroform-isoamyl alcohol (CA) (24:1; v/v)
mixture.

Eronuclease Digestion. This is done in a quartz cuvette in order to follow
continuously the A increase; 0.2 unit of splecn exonuclease is added per
A unit of oligonucleotide. Digestion takes about 1 hour at roon tempera-
ture; the end of reaction is indicated by a plateau of hyperchromicity. In
the case of oligonucleotides having an average chain length higher than
15, 0.2 unit of spleen acid DNase is added; this is necessary to insure the
complete degradation of oligonucleotides which are resistant to exonuclease.

Separation of 8’ terminal nucleosides is accomplished on either a DEAL-
cellulose or a QAL A-25 Sephadex column. Spleen exonuclease digests are
loaded on 0.5 X 10 cm DEAE-cellulose column previously washed with
10 ml of 2 M ammonium acetate, pH 5.5, and then with 10 ml of water
using a 20 ml per hour flow rate. UV absorbance of the column ofiuent is
mwonitored. Nucleosides are washed out with 3-5 ml of wator using a flow
rate of 6 ml per hour; nucleotides are eluted by a step of 1 M ammonium
acetate, pH 5.5, at a 20 ml per hour flow rate. Alternatively, the separation
can be accomplished on 0.4 X 7 em QAE Sephadex columns, washed before
use for 2 hours with 2 M NH,OAc-7 M urea and then for 3 hours with
water at a 6 ml per hour flow rate. QAE-Seplhiadex is more suitable for work
with oligonucleotides of average chain length greater than 50, since its
higher capacity permits loading of greater amounts of exonuclease digests.

The average oligonucleotide chain length, P,, is taken as equal to the
ratio (Asnn, + Aonn,)/(Adenn,) where Ny and N, indicate nucleotides and
(terminal) nucleotides, respectively.

Nucleoside analysis of 3" terminals is accomplished as described in the
previous section.

Determination of 5" Terminal and 5 Penultimate Nucleotides®

The procedure is shown in Iig. 4. Oligonucleotides are dephosphoryl-
ated, treated with pancreatic DNase in order to decrease their average
size, and digested with venom exonuclease. This enzyme degrades oligo-
nucleotides starting from the 5" end and splits off one 5" nucleotide at a
time. 5" Terminal dinucleoside monophosphates, being very resistant to
digestion, accumulate in the digestion mixture and can be isolated by
DEAE-cellulose chromatography. They are then split with spleen exo-
nuclease to 3" nueleotides (corresponding to the 5 terminals of oligo-
nuclootides) and nucleosides (5" penultimates of oligonuceleotides). These
are subsequently separated and analyzed. A typical experinent is described.

Dialysis and dephosphorylation are done as described above except that
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5 3’
i ______
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(1) acid | Pase
5’ ! 3’
|
h o |t F
(2) pancreatic } DNase
5’ i 3
H T P\H S
(3) venom | exonuclease
5’ 4

Fic. 4. A scheme of determination of the 5’ terminal and 5 penultimate nucleotide
compositions.

6 A units of oligonucleotides in 0.8 ml of buffer are treated and that the
phosphatase digestion is done in 1 mM Tris-acetate, pH 5-5.5.

Pancreatic DNase Treatment. Dialyzed, dephosphorylated oligonucleo-
tides, 0.2 ml, are lyophilized and dissolved in 0.25 ml of 5 mM MgCl,.
The pH is adjusted to 7.5-8 with 1 M Tris; 2 ul of pancreatic DNase
solution (0.2 mg/ml in 10 mM MgCly) are added, and the sample is in-
cubated at 37° for 10 minutes.

Venom Exonuclease Digestion. The pH of pancreatic DNase digest is
adjusted to 8.8-9.0 with 1 M Tris. The sample is transferred to a quartz
cuvette (0.1 ecm optical path) and incubated at 37° with 20 ul of venom
exonuclease (2 units/ml). The increase of Au is followed; it is rapid in the
first phase of digestion, then becomes progressively slower. When the slow
phase of Aq increase has been reached, the yield of dinuclecoside mono-
phosphates is close to 909; if digestion is continued, the yield decreases as
some hydrolysis of dinucleoside monophosphates takes place. The reaction
is stopped by diluting the sample with 0.5 ml of 4 mM acetic acid and
shaking vigorously for 5 minutes with 0.2 ml of CA.
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Isolation of Dinucleoside Monophosphates. Exonuclease digests are
loaded on 0.5 X 10 em DEAR-cellulose columns, washed previously with
1M ammonium acetate for 1 hour and then with water for 2 hours at a
flow rate of 6 ml per hour. The ultraviolet absorbance of column effluent is
monitored. Nueleosides are cluted with water and then a linear gradient
of ammonium acetate, pH 7.6, is started (0-1 M, total volume 100 ml).
As soon as dinucleoside monophosphates are cluted, the slope of the
gradient is increased by reducing the total gradient volume to 15 ml To
achieve the separation, it is essential to use the finest particles, forming
less than 5% of DEAE-cellulose. These can be prepared by sieving or by
decantation.

Spleen Iixonuclease Digestion. Dinucleoside monophosphates are lyophi-
hized after chromatography on DEAE-eellulose, dissolved in 0.6 mlof 17 md/
ammonium acetate and digested at 22° with 10 pl of spleen exonuelease
(40 units/mb). The A nerease is followed; its plateau indicates the end

of the reaction (about 10 minutes).

DEAL-cellulose elromatography of spleen exonuclease digest is done on
0.4 X 7 em DEAL-cellulose columns, washed previously for 1 hour with
1 M ammonium acctate and then for 1.5 hours with water using a flow
rate of 6 ml/hour. Nucleosides (5" penultimates) arc washed out with water;
nucleotides (5" terminals) are subsequently cluted with a step of 0.4 M
ammonium acetate.

Dephosphorylation of Nucleotides. Nucleotides are lyophilized in order
to get rid of exeess of salt and dissolved in 15 mM ammonium acetafe,
pH 5.5, 10 ul of a 0.59 bovine serum albumin solution in water and
0.5-1 unit: of acid phosphomonoesterase are added. Dephosphorylation is
carried out for 12-18 hours at 22°. Nuclcosides are isolated from the
digestion mixture by a DEAE-cellulose column chromatography performed
as described in preceding paragraph.

Nucleoside analysis is accomplished as described in the preceding
section.

Determination of 3' Penultimate Nucleotides's

The isolation and analysis of this terminus was performed only on
splecn acid DNuse digests of calf thymus DNA. We will briefly mention
here the two methods used to determine it. The first one (Fig. 5), which cau
be used for any 3'-P-ended oligonueleotides, was to split the spleen DNase
digest with pancreatic DNase in the presence of Mn?+; the dinucleoside
triphosphates, which represent about half of the products originated from

18 A, Devillers-Thiery, 3. ). Ehrlich, and G. Bernardi, Eur. J. Biochem., submitued
for publication.
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5/ 3

Pancreatic DNase
(Mn?*)

'

5 3’
+ +
}\l\! P P P
P \ P P

Fig. 5. Products formed by digestion of spleen DNase oligonucleotides with pan-
creatic: DNase in the presence of Mn?*. Dinucleoside triphosphates which were subse-
quently analyzed are underlined. From A. Devillers-Thiery, S. ). Fhrlich, and (.
Bernardi, Eur. J. Biochem., submitted for publication.

the 3'-phosphate ends of the fragments, were isolated, dephosphorylated,
and analyzed as deseribed above for dinucleoside monophosphates.

The second approach consisted in quantitatively splitting, with pan-
ereatic DNase in the presence of Mn?, the tetranucleotides into doublets;
these were subsequently isolated and analyzed. Tt should be mentioned
that the analysis of the 3" terminal, 5" terminal, and 5’ penultimate nucleo-
tides of tetranucleotides which can represent as much as 259, of the
isostichs in acid DNase digests, showed values in agreemeut with those
obtained on total digests (P, = 15); suggesting that the 3’-penultimate
nucleotides of tetranucleotides are representative of those of total digests.
The results obtained by this method were in agrecment with those obtained
by the first one.

Specificity of DN ases? 016,17

Tables I and II show the compositions of the termini released by spleen
and snail DNases, respectively, from three bacterial DNA’s of different
G + C contents. The data obtained for each terminus strongly differ
from those expeeted from a random degradation, in which ease the com-
pusition of each terminus considered should be equal to the average DNA

8. D. Ehrlich, A. Devillers-Thiery, and G. Bernardi, Eur. J. Biochem., submitted
for publication.
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TABLLE 1
TerMiINt Recraseb FROM DIFFERENT DNA’s BY SpureN Acip DNasie

DNA Nucleotide 3’ Terminal 5" Terminal 5" Penultimate

Hemophilus G 37 30 22
influenzac T 22 15 18
(389, G + C) C 8 34 11
A 33 22 49

Escherichia colr (¢ 47 32 26
51% G + C) T 17 12 14
C 11 39 15

A 25 17 45

Micrococcus luteus G 56 44 42
(729, G + C) T 12 5 8

C 17 44 18

A 15 7 32

¢« From J. P. Thiery, 8. D. Ehrlich, A. Devillers-Thiery, and (i. Bernardi, Eur.
J. Biochem., submtted for publication.

composition. The possibility exists, however, that some of the differences
merely reflect the composition of the nearest neighbors of the termini
actually recognized by the enzymes. Such a possibility can be checked by
comparing the experimental results with those expected from the nearest-

TABLIC 11
TerMINI RELEASED FRoM INFFERENT DNA’s BY SnalL Acio DNasee

DNA Nucleotide 3’ Terminal 5" Terminal 5" Penultimate

Hemophilus T 15 25 36
influenzae G 9 32 19

A 74 21 27

> 2 22 18

Eseherichia coli T 16 22 20
(x 15 38 25

A 66 13 24

C 3 27 23

Micrococeus luteus T 14 8 15
3 26 46 43

A 58 5 9

C 2 41 33

2 From 8. D. Ehrlich, A.

subrnitted for publication.

Devillers-Thiery, and . Bernardi, Eur. J. Biochem.,

1
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Fig. 6. The observed compositions of the 5’ terminal and 5’ penultimate nucleotides
released from bacterial DNA’s by the spleen and the snail DNase are plotted against
the compositions calculated for the nearest neighbors of the 3’ and 5’ terminal nucleo-
tides, respectively. The points are aligned on the broken line of slope 1, if the enzyme
makes no selection. The slopes of lines through the poiuts are shown in the left-hand
upper corner of each frame. From J. P. Thiery, S. D. Ehrlich, A. Devillers-Thiery, and
G. Bernardi, Eur. J. Biochem., submitted for publication; and S. D. Ehrlich, A. De-
villers-Thiery, and G. Bernardi, Eur. J. Biochem., submitted for publication.

neighbor data. Ifigure 6 shows that the composition of the 5'-terminal and
penultimate nucleotides obtained by spleen DNase digestion is quite
different from that expected from nearcst-neighbor data; in contrast, in
the case of the snail enzyme, this is true only for the 5 terminal nucleotide,
wherecas the composition of the 5 penultimate nucleotide is practieally
identical with that expected from nearest-neighbor data. Since the 3’
terminal nucleotides have a composition different from that expected for
the nearest neighbors of the 5 terminal nucleotides (Table 1I), it should
be concluded that the spleen DNase recognizes sequences of at least three
nucleotides and the snail DNase sequences of at least two nueleotides. In
fact, the analysis of the 3" penultimate nucleotide released by the spleen
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TABLE 111
AviEraGge CoOMPOSITION OF SKQUENCES SPLIT BY Acip DNASE IN
CarLr Trymus DNA aT P, = 15eb

’ 3'-P 3'-P 5-0OH 5'-OH
penultimate terminal terminal penultimate

Residue Exp. Cale. Cale. Exp. Cale. Cale. Exp. Cale. Cale. Exp.

T 22 (31 (29) 20 (32) (29) 11 (29) (29) 14
X 16 (21) (22) 43 (21) (23) 43 (23) (19) 26
A 46 (30) (29) 29 (30) (29) 18  (30) 31) 52
C 16 (19) (20) g8 U7 (18) 28  (18) (20) 8

s From A. Devillers-Thiery, S. D. Ehrlich, and G. Bernardi, Eur. J. Biochem., sub-
mitted for publication.

® Values in parentheses indicate the composition of each terminus as calculated from
its nearest neighbor(s).

DNase from calf thymus DNA strongly indicates that this nucleotide is
also recognized by the enzyme (Table 111). Finally, it should be mentioned
that recent experiments have shown that pancreatic DNase recoguizes a
sequence of at least three nucleotides.!
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Fi1a. 7. Plot of the percentage of A(O), G([1), C(O), and T(A) in the 3’ terminal,
5’ terminal, and 5’ penultimate nucleotides formed by the spleen and the snail DNase
from bacterial DN A’s as a function of their G + C contents. From J. P. Thiery, S. D.
Lhrlich, A. Devillers-Thiery, and (3. Bernardi, Ewr. J. Biochem., submitted for pub-
lication; and S. D. Ehrlich, A. Devillers-Thiery, and G. Bernardi, Eur. J. Biochem.,
submitted for publication.
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Relationships between the Composition of Termini and
the Base Composition of DN A’s

If the data of Tables I and IT are plotted against the G 4 C contents
of the DNA’s used, linear relationships are obtained (Fig. 7). This is not
surprising if one considers that (a) both enzymes recognize a large number
of sequences, as indicated by the fact that the average size of the final
digests are of the order of 4-6, which means that about 209 of all inter-
nucleotide bonds can be broken by the enzymes; (b) the termini deriving
from all the sequences which were split are averaged out; (¢) the observed
doublet frequencies show a linear relationship with the frequencies predicted
for random association,'®? indicating a common type of doublet distribution
in the bacterial DNA’s examined.

Spleen DNase Helix DNase
3t 57t 5 pt 3 s 5'pt
TGAC|[TGACITGAC TGAC|TGACTGAC
+30 |
+20
+10
guinea pig
0 satellite
DNA
<
+10
+5
4 0 mouse
0 satellite
1-° bna
4-10
+0
+5 :
0 | 0 yeaslt
_s mitochondrial
DNA
4-10

Tia. 8. Differences between the percentages of 37 terminal, 5’ terminal, and 5’ pen-
ultimate nucleotides formed from “repetitive’” DNA’s and the corresponding values
for bacterial DNA’s. From J. P. Thiery, 8. D. Fhrlich, A. Devillers-Thiery, and G.
Bernardi, Eur. J. Biochem., to be submitred for publication.

15 A, D, Kaiser and R. L. Baldwin, /. Mol. Biol. 4, 418 (1962).
19 M. N. Swartz, T. A. Trautner, and A. Kornberg, J. Biol. Chem. 237, 1961 (1962).
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Spleen DNase HelixDNase
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Fia. 9. Differences belween the percentages of 3’ terminal, 5' terminal, and 5’ pen-
ultimate nucleotides fornied from eukaryote DNA’s and the corresponding values for
bacterial DNA’s. In the case of yeast, nuclear DN A was used. From S. ID. Thrlich and
. Bernardi, J. Mol. Biol., to be submitted for publication.

It should be pointed out that the sequences which are split are seen
only through the termini they release, and that a great part of the possible
differences in K, and Ve values associated with individual sequences are
lost through the averaging of the compositions of the termini released. In
the only case where the sequences which were split could be estimated,
the case of poly(dAT:dAT), A was found to form 809, and 879 of the
3" termini released by the spleen and the snail enzyme, respectively, in-
dicating that both enzymes have different K,, and/or V... for the two
cqually abundant sequences ATAT and TATA.®® This finding stresses
the fact that the frequencies of the termini as determined by our analysis
are only apparent frequencies and should be clearly distinguished from the
real frequencies of the termini recognized by the enzymes.

The cmpirical relationships of Fig. 7 do not hold for DNA’s having
ditferent distributions of the frequencies of nucleotide sequences split by
the enzymes compared to bacterial DNA’s, as shown by the deviation plots
{(I'igs. § and 9) of satellite DN A’s from mouse and guinea pig, mitochondrial
DNA from yeast,” and the DNA’s froni cukaryotes.?

®J. P. Thiery, 8. D. Lhrlich, A. Devillers-Thiery, and G. Bernardi, Eur. J. Biochem.,
submitted {or publieation.
@8, D, Ehrlich and G. Bernardi, J. Mol. Biol., to be submitted for publication.
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In conclusion, the analysis of termini formed by DNase is a new method
for characterizing and comparing nuecleotide sequences in DNA’s, the
deviation plots of Figs. 8 and 9 being a novel approach to the study of
“repetitive” nucleotide sequences. It should be noted that, when applied
to the 3’ terminal, the 5 terminal, and the 5 penultimate nucleotides, the
method, as described here, requires 100 ug of DNA. Radioactive labeling
of the 3" terminals with [«-*P]ATP, using the terminal nucleotidyltrans-
ferase,? and the 5 ends with polynuecleotide kinase (work in progress)
should lead to a considerable reduction in scale.

2. Bertazzoni, S. D. Ehrlich, and G. Bernardi, this volume [28]. Also Biochem. Biophys.
Acta, in press.

[28] Analysis of Labeled 3’ Terminal Nucleotides
of DNA Fragments

By UmserTO BERTAZZONI,! STANISLAV D. INHRLICH,
and (GIORGI0 BERNARDI

We deseribe here a procedure for the analysis of 3° terminal nucleotides
of DNA fragments. The procedure is based on (a) the labeling of 3" ends
of oligo- or polydeoxyribonucleotides by the addition of 2 residues of
[2PJAMP catalyzed by terminal deoxyribonucleotidyltransferase using
[a-**P]ATP as a donor?; (b) the separation of terminally labeled DNA
fragments from excess ATP; (¢) the digestion of the fragments with spleen
acid DNase and exonuclease; (d) the separation of the four labeled terminal
nucleotides on DEAE-ccllulose columns, under conditions permitting the
simultaneous separation of labeled~-AMP.? Figure 1 summarizes the two
enzymatic steps involved in the procedure.

Materials and Methods

3'-Hydroxy oligonucleotides were prepared by degradation of ealf thymus
DNA by spleen acid DNase followed by dephosphorylation of denatured
DNA fragments.* Their average chain length (average degree of polymeri-
zation, P,) and the composition of 3'-terminal nucleotides were determined

! Euratom scientific agent. This publication is contribution No. 869 of Euratom Biology
Division.

2 H. Kossel and R. Roychoudhury, Eur. J. Biochem. 22, 271 (1971).

$U. Bertazzoni, S. ). Ehrlich, and G. Bernardi, Biochim. Biophys. Acta, in press.

*C. Boave, J. P. Thiery, S. D. Ehrlich, and G. Bernardi, Eur. J. Biochem., submitted
for publication.



