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The 3'-terminal dinucleotides released by five deoxyribonucleases (spleen acid DNase, snail acid
DNase, pancreatic DNusc, Escherichia coli endonuclease I and crab DNase) have been determined
on E.coli DNA (51% dG + dC) digests having different average sizes (P,) in the range 50 to 10.
It has been shown that the composition of the 5'-terminal dinucleotide (&) is independent upon
the degradation level, at least in the range explored; (b) is strongly different from the composition
of E. coli DNA doublets, these differences being characteristic for each enzyme ; () is very significantly
different from the statistical composition of 5'-terminal dinucleotides, as calculated from the
composition of 5-terminal and penultimate nucleotides. A calculation of the statistical composition
of the trinucleotides split by each enzyme, using the 3'-terminal nucleotide data in conjunction with
the 5'-terminal dinucleotide results provided a qualitative “specificity spectrum” for each enzyme.

Recent work from this laboratory has shown
that deoxyribonucleases (DNAases) recognize and
sphit specific sets of short oligonucleotide sequences
in DNAs. The basis for such conclusion is given by
the analysis of the nucleotides next to the breaks intro-
duced by the enzymes. In fact, the base compositions
of the 3" and 5'-terminal and penultimate nucleotides
released by DNAases not only differ from the overall
base compositions of the degraded DINAs, but also
do not show, in general, any necarcst-neighbor rela-
tionships with each other, that is to say that the base
composition of the nucleotides present in a particular
position (3° or 5'-terminal or penultimate) is not that
predicted, on the basis of nearest-neighbor analysis
data, from the composition of its neighbors. A brief
review of our work on DNAuse specificity and its
use in assessing the frequency of the sequences
recognized and split by DNAases has been published
elsewhere [1].

Very recently, a rapid and sensitive method for
the analysis of the 5'-terminal doublets has been sct

Abbreviations. F,. average degree of polymerization, average
size, or average chain length of oligonucleotides. Abbreviations for
nucleotides follow CBN Recommendations, see Ewr, J. Biochem.
15, 203 =208 (1970).

Enzymes. DNAase from bovine pancreas (EC 3.1.4.3); acid
DNAase [tom snail hepatopancreas (EC 3.1.4.-); acid DINAase
from porcine spleen (EC 3.1.4.1); endonuclease I from Fscherichia
coli (EC 3.1.4.-); neutral DNAase from crab testes (EC 3.1.4.-).
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up in our laboratory [2], cnabling us to investigate in
more detail the specificity of the five DNAases current-
ly available to us: acid DNAase from hog splecen [3],
acid DNAase from the hepatopancreas of Helix
aspersa (Mill.) [4], DNAase from bovine pancreas,
endonuclease I from ZLscherichia coli [5] and the
neutral DNAase from the testes of Cancer pagurus
[6]. For brevity we will refer to these enzymes as spleen,
snail, pancreatic, E. coli and crab DNAases.

In the present work, we have studied the kinctics
of liberation of the 3'-terminal dinucleotides from
E. coli DNA (the choice of this DNA is justified in
the Discussion). We have compared the experimental
data with doublet-frequency results and with the
statistical expectations. In addition, we have calculated
the composition of the trinucleotides formed by each
enzyme, using the 3-terminal nucleotide data in
conjunction with the 3'-terminal dinucleotide com-
positions. The results obtained in these investigations
not only confirm and extend our previous conclusion
that DNAases split specific sets of short nucleotide
sequences, but also open the way to a finer assessment
of oligonucleotide frequencies in different DNAs.

MATERIALS AND METHODS

E. coli DNA was prepared as described elsewhere
[8]. Spleen DNAase was obtained as described by
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Table 1. 3'-Terminal dinucleotides released by five different DNases

Specificity of Five DNAases

The 5-terminal dinucleotides are written with the S™-lerminal nucleotide on the lelt

S.Terminal dinucleotides  Doublet Spleen D Nase Snail DNase Puncrealic E. coli [DNasc Crah
frequency DNase 12 Nasc
dA-dA 7.1 9.9 + 0,17 4.8 = 0018 4.1 £ 032 3.2 4+ 018 314+ 00e
dA-dC 54 2.0+ 004 34 =016 45 + 0,13 1.9 + 0.07 28 4+ 013
dA-dG 53 2.7 4+ 027 2.0 = 0,09 38 £+ 0.210 3.5+ 0.23 3.9 4 045
dA-dT 6.8 2.1+ 017 6.4 = (.38 2.5 + 011 6.2 1 0,53 14,2 + (135
dC-da 7.1 14.8 + 0.50 53 =013 76+ 012 6.2 0,20 6.6 + (146
dC-dC 36 sz 01l 3 =020 2 =022 36 4+ 034 59 £ 0.67
dC-dG 6.7 10,4 + 0.45 4.9 = 0.30 45 = 0,29 6.2 + 0,50 74 =072
dC-dT 33 32 4+ 042 d6 + 0,26 23 =014 300+ 0.3 16.7 = 0L73
diz-dA 3.5 13.4 + 0.1 S0 0,53 59 - (151 8.9 + (144 48 = 0.72
dG-dC 8.3 59+ 0.25 10.0 £ 0.21 10.0 = 0.31 6.2 4+ 0.32 6.0 = (.33
dG-dG 3.6 8.8 + 0.30 2+ 050 .1 =03 9.9 4+ 0.39 7.4+ 0.55
dG-dT 35 55 £ 0.27 11.7 £ 0.30 30 =02 12,6 + 0.65 7.4 + (.81
dT-dA 31 51 = 0.25 4.4 + 0.40 10,9 = 0.31 8.0+ 043 0.5 £ 0.06
dT-dC 3.6 22012 4.5 £ 0.09 83 £ 046 32+ 046 0.7 = 0.10
dT-dG 71 39 = 017 36+ 017 141 £ 0.33 11.7 = 0.51 1.0 £ 0.10
d1-dr 7.6 2.8 121 f.8 + (.32 32+ 032 38 049 0.7 £ 010
F-Terminal nucleotides
dA 16.7 + 0.35 16.6 £ 0.70 14.8 4+ 0.28 14.7 + 0.74 240 + 0.68
dC 357 £ 042 28.0 £+ 0.59 216 +0.19 200 +0.79 366 £ 1.30
dG 3364+ 072 36.0 + 0.31 271 £+ 0.56 7.6 £ 0.80 357 + 169
dT 14.0 + 049 194 + 0,70 65 +£ 0.5 26.7 £ 0.96 32001034
S-Penultimate nucleotides
dA 432 £ 1.09 19.6 +£0.93 K3 £ 0.77 263 = 0.97 15.0 + (.66
dC 15.4 + 0.27 26.2 + 0.29 30,0 + 0.48 [4.8 + 0.3R8 155 +£ 041
dG 238 + (.33 197 + 077 305 1 0.7 il v 104 19.6 + 1.06
dT 15.6 £ 0.71 345+ 052 11.0 + 0.50 275 + 1.34 483 1 L.0G
Number of determinations L5 17 10 (1 7

* Direet analysis of 3'-terminal nucleotides indicates that these
1% {see [T]).

Bernardi ef af, [9]; snail DNAase was also obtained
essentially according to this reference [9] with our
unpublished modifications; pancreatic DN Aase (code
D)y was purchased from Worthington (Frechold,
N. I.}: E. coli DNAase was prepared by C. Cordon-
nier and G. Bernardi according to a procedure to
be published elsewhere; crab DNAase was obtained
as described by Sabeur er @l [7]. DNA digestions,
evaluations of average sizes of digests, dialysis and
dephosphorylation of the digest (when nceessary),
were done as already described [10—13,7]. 5'-Terminal
dinucleotides were determined according to Bernardi
[2]. The statistical evaluation of data was done using
an Olivetti (Tvrea, Ttaly) Programma 102 desk compu-
ter (program 1A).

values are overestimated, the total amount of terminal dT being about

RESULTS

Kinetics of Liberation
of 5'-Ternunal Dinucleotides

5'-Terminal dinucleotides were determined on
E. coli DNA degraded by spleen, snail, F. cofi and
pancreatic DNAases to oligonucleotides having five
different average sizes (P,) ranging from 50 to 10. For
each enzyme, the results obtained on digests having
different average sizes were not significantly different
and could therefore be averaged out (see below). In
the case of the crab enzyme, three hydrolysates having
an average size of 25 were analyzed; kinetic results
obtained on other DNAs, showed, however, that in
this case, too, the composition of the 5-terminal

Eur. I. Biochem. 52 (1975)
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dinucleotides was not dependent upon the size of the
digest, at least in the 50— 10 P, range [7].

Composition of 3'-Terminal Dinucleotides

All the results obtained are presented m Table 1.
Also shown in the table are the doublet frequencies
for £. coli DNA [14], which have been used in a further
evaluation of the data (see below), and the composi-
tion of the 3-terminal and penultimate nucleotides,
as calculated from the compesition of the 5'-terminal
dinucleotides. Since all results oblained were used in
calculating the average values and the standard
deviations, occasionally aberrant values were included.
Elimination of such values would have, however, only
reduced the standard deviation without affecting
significantly the average values. The ratios of standard
deviation to average value for 5'-terminal dinucleotides
were in the large majority of cases lower than 5% and
never higher than 107%, (except for dinucleotides
dA-dG. dG-dA, dT-dA, dT-dC, dT-dG, dT-dT as
released by the crab enzyme: it should be noted that
values for the thymidine-starting dinucleotides were
very low and overestimated by the present method;
see Table 1). The same ratios were always lower than
5% for 5'-terminal and penultimate nucleotides.

The 5'-terminal and penultimate nucleotides as
calculated from the 5'-terminal doublets were in good
agreement with values previously obtained by a
completely different procedure, for the spleen enzyme
[8] and, to a lesser extent, for the snail enzyme [15].
For the other enzymes, data on the 5'-terminal and
penultimate nucleotides released from E. coli DNA
were nol available for comparison.

Fig. 1—3 display the 5'-terminal doublets released
by the five DNAascs 1 the form of histograms;
these show very evident differences i the specificities
of the enzymes. Fig. 4 shows the histograms of the
S'-terminal and penultimate nucleotides (Table 1).

A better comparison of the cnzymes specificities
than those of Fig. 1 —3 15 given by histograms plotting
the differences between the percentage of cach 5'-ter-
minal dinucleotide and that of the same doublet in
E. coli DNA (Fig. 5-7).

Fig. 8 shows the ratio of the percentage ol cach
5'-terminal dinucleotide, as experimentally determin-

ed, to the percentage of the same 5'-terminal dinucleo-

tide, as calculated by multiplying the percentage of

5'-terminal and 5'-penultimate nuclecoudes given by
Table 1. Fig. 8 shows very significant deviations,
showing that the statistical values cannot replace the
cxperimental one. The calculated, or statistical, 5'-
terminal doublets still reflect, however, the real
situation. The distribution of the trinucleotides split
by the enzymes was therelore calculated by multiplying

Fur. J. Biochem. 52 (1975)

453

oo

Spleen CHiase

o B in

ol

<
w
fat}
k=
=
1)

Snail DhAase

R o T R IOR S s L =T R

5'-Terminal dinu

=

~1 e W
-

AN

T

N L

Lt

s

[ R S S I T L S - i i B S T b B e
T T i B v
[ L S I B A U 6 LR A R

Fig. 1. Frequencies of 3 '-terminal dowblets released from L. coli
DNA by spleen and snail DN dases
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Fig. 2. Frequencies of 3'-terminal doublets refeased from L. coli
DNA by pancreatic and L. coli N Aases
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Fig. 3. Frequencies of S'-termingl doublets released from L. coll
DNA by crab DN Aase [ 7]

| Spleen CiAase

CSnail DMAase

dinuclestides ¥ total d

- Termina.

[ 0 e L i 0 RIS R

o T T '
L A S O SO LU

Fig. 3. Difference histograms aof 3'-termingd doublets and total
dowblets of E.coli DNA. Data for spleen and snuil DNAascs

the experimental percentages of the 3'-terminal nucleo-
tides, previously determined [7,8,12,13,15] by those
of the 5'-terminal dinucleotides (Table 1). The results
are shown in Fig. 9 and arc taken to represent. in a
qualitative way, the trinucleotide scquence split by
the enzyme investigated. As expected, the trinucleotide
“spectra” strongly differ for different cnzymces.
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Fig. 4. Frequencies of 3 -rerminal and penultimare nucleotides released
from E.colil DNA by five different DN Aases
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DISCUSSION

The choice of E. coli DNA as the substrate for
testing the specificity of DNAases was due to the lact
that this DNA (a) does not contain short repetitive
sequences, which may affect the results [1,16]; (b)
has a known nearest-neighbor analysis: (c) has a very

Eur. J. Biochem. 52 (1975)
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Fig. 9. Histograms of “calewlated” trinuclentides split by five DN A-

ases, Experimental valucs for 3'-terminal nucleotides were mulli-

plied by experimental values for 3-terminal dinucleotides, X cor-

responds to A, C, (3. T, in this order

equilibrated base composition (dG + dC = 51%)).
An 1nvestigation on the effects of differences in the
dG 4 dC contents and of the presence ol short
repetitive sequences in other DNAS is in progress al
the present time. These are very important pomnts
as far as the practical use of DNAase specificity in
the assessment of ohgonucleotide frequencies 1s con-
cerned, and hopefully should lead to an improved
resolution over methods involving the analysis of
terminal and penultimate nucleotides independently
from cach other [1].

The lack of variation in the composition of the
5'-terminal dinuclecotides, as released by the different
enzymes investigaled here, with average size of the
DNA hydrolysates (at least in the range under con-
sidcration) confirms a conclusion already drawn in
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previous work on the composition of the 5'-terminal
and penultimate nucleotides [8,11—13]. The very
slight variations observed in the composition of the
3'-terminal nucleotides released by the spleen enzyme
al different levels of degradation [8] are, thercfore,
of uncertain significance,

The frequencics of the 5-terminal doublets
(Table 1, Fig. 1—3) show patterns which are char-
acteristic for each enzyme, an expected finding in
view of the fact that DNAases recognize and split
specific scts of short nucleotide sequences [1].

It is very useful to compare our cxperimental
results with a number of other data, First of all, a
comparison of the frequencies of the 3'-terminal
doublets (Fig. 1—3) should be done with the frequen-
cics of the 3'-terminal and penultimate nucleotides
(Fig. 4), since such a comparison makes very evident

- the much greater wealth of information obtained by
the doublet analysis. This result is quite expected in
view of the averaging process which is implicit in the
separate assessment of (crminal and penultimate
nucleotides.

A sccond comparison which can be made is
between the experimentul frequencies of 5'-terminal
doublets and the statistical value of 6.25%, which
corresponds o an equal number of doublets for a
DNA having a dG + dC content of 50%,. Since
I coli DNA has a doublet pattern slightly differing
from that expected for a statistical distribution of
nucleotides, a more meaningful comparison can be
done with the experimentally deternuned [14] [requen-
cies of all £. coli DNA doublets. Such a comparison,
which obviously 15 morc valuable as the doublet
requencies of the DNAs under consideration deviate
more from statistical values, Is presented in the form
of difference histograms (Fig. 5—7) for £. cofi DNA
digests.

[L is clear that, in this representation, the larger
the deviations, the higher the enzyme specificity. On
the basis of Fig. 5—7 one should conclude that the
crab and, to a lesser extent, the splecn enzyme out-
weigh the other three DNAases as far as specificity is
concerned. In fact, a proper comparison of specificitics
should take into account the entire recognized sequen-
ces. This point is particularly evident if’ one considers
the case of the snail enzyme: this DNAuse does not
recognize the 5 -penultimate nucleotide [13], but is
very highly specific for the 3'-terminal nucleotide.
Failure to take these facts into consideration may
lead to wrong conclusions.

Useful asit may be, the representations ol Fig, 5—7
have two drawbucks, both of them typical of difference
histograms: the first one is that they do not give any
idea of the relative values of deviations (it is not ob-

Specificity of Five DNAases

vious thal the frequencies of 5'-tcrminal dC-dT and
dG-dT in the crab DNAase hydrolysate are over
300%, the frequencies of the same doublets in the
whole DNA); the sccond one is that 5'-lerminal
doublets which are almost absent (like dT-dA, dT-dC,
dT-dG and dT-dT in the crab DNAase hydrolysates)
have absolute values close to the Irequencies of the
same doublets 1 the whole DNA; in this way an
mportant point 1s missed. In conclusion, deviation
histograms of Fig. 5—7 should be used in connection
with the simple histograms of Fig, 1 — 3.

A third comparison which is useful concerns the
experimental versus the calculated frequencies of the
3'-terminal doublets, the latter being based on the
assumption of a statistical distribution of the nucleo-
tides which are experimentally found in the 5'-terminal
and penultimate positions. The percentage difference
histogram of Fig. 8 shows thal the calculated valucs
may easily be ofl' by as much as 509, compared to the
experimental values. It is inleresting, but not surpris-
ing, that deviations are smaller for the more specific
enzvmes, the spleen DNAase and, more so, the crab
DNAase. This can be understood if one thinks that in
this casc the values to be multiplied by each other
are either very large or very small.

The results of Fig. 8 encouraged us to “calculate™
the trinucleotides (3'-terminal nucleotide + 5'-ter-
minal doublet) recognized and split by the five DNA-
ases under consideration. The histograms obtained
(Fig. 9} have only an indicative value, yet they stress
in & graphical way the idea that different sets of short
nuclectides are “seen” by different DNAases.

During the course of this rescarch one of us (A, Bernardi) was
supported by a senior fellowship of Furopean Molecular Biology
Organization (FMBO).
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