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SUMMARY 

The specificity of an extracellular nuclease from Serraiia 
marcescens was examined with both RNA and DNA as 
substrates. The enzyme was found to act in a predominantly 
endonucleolytic manner with less than 2% of the degrada- 
tion products being mononucleotides. Both DNA and RNA 
were degraded to di-, tri-, and tetranucleotides terminating 
in 5’-phosphoryl ends. The enzyme had the unusual 
property of hydrolyzing both single-stranded and double- 
stranded DNA and RNA at similar rates. 

No base preference was exhibited at either the 5’ or 3’ end 
of the oligonucleotide fragments. When the S. marcescens 
nuclease was used in conjunction with venom phospho- 
diesterase, RNA and DNA were rapidly degraded to 5’- 
mononucleotides. The enzyme is thus potentially useful as 
a reagent for the study of polynucleotide structure and se- 
quence. 

In an accompanying paper, the purificat,ion and some of the 
properties of an extracellular nucleese from Ser,ratia mnrcescens 
were described (1). This report deals with the mode of attack 
of t,his enzyme on RNA and DNh substrates. The investiga- 
tions were undertaken with the hope that the enzyme would 
prove to possess an interesting base specificity. Although no 
such specificity was found, the S. marcescens nuclease described 
here does produce oligonucleot,ides of defined size; the products 
of nucleolgtic digestion of both DNA and RNA are di-, tri-, and 
tetranucleotides terminating in a 5’.phosphate. The specific 

size of the products, in addition to other properties of the en- 
zyme, might permit its use as a reagent for the study of poly- 
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nucleotide structure and sequcncc, particularly with oligonucleo- 
tides of moderate size. 

EXPERIMEKT.4L PROCEDURE 

All RNase assays were performed using Torula RNA (B grade) 
which was purchased from Calbiochem. For determination of 
the products of nuclease digestion, a high molecular weight prepa- 
ration of cytoplasmic RNA from Ehrlich ascites tumor cells was 
used. This material was prepared both as nonradioactive RNA 
and as 9’-labeled RNA according to the procedure of Roberts, 
Newman, and Rueckert (2). 

DNase assays and digestions were performed with either calf 
thymus DNA (A grade) or salmon sperm DNA (A grade) ob- 
tained from Calbiochem. Denatured DNA was prepared from 
native calf t,hymus DNA by heating at 100” for 15 min, then 
cooling quickly by immersion in an ice bath. The hyperchromic- 
ity of the denatured DNA solution was 22y0. 

The DEAE-Sephadex Fraction 7 of the S. marcescens nuclease 
was used in all experiments to be described. Venom phospho- 
diesterase, intestinal alkaline phosphatase, and bacterial alkaline 
phosphatase were products of Worthington. 

DEAE-cellulose (Selectacel) was a product of the Schleicher 
and Schuell Company, and was prepared in a manner similar to 
the method of Peterson and Sober (3). It was thoroughly 
washed with distilled water by decantation and then equilibrated 
15 min with 0.5 M NaOH. The solution was neutralized, acidi- 
fied with 1 M HCI, and washed with water on a Buchner funnel 
until the effluent pH was nearly neutral. The solution was 
equilibrated 15 min with 1 hf KaOH, and again filtered and 
washed with water. The DEAE-cellulose was stored in 1 mM 
EDTA, pH 7.0. 

Reference nucleotide and nucleoside standards were products 
of Calbiochem. Buffers and chemicals not otherwise specified 
were of reagent grade. The standard assay buffer was 50 mM 

Tris-HCl pH 8.2, 1 mM 3IgClz. 

Methods 

Enzyme Assays--i2ssays of the S. marcescens nuclease with 
RNA and native and denatured DNA substrates were performed 
as described in the previous paper (1). 

Analysis of Products of Digestion-DEAE-cellulose chromatog- 
raphy with 7 M urea in the elution buffers was performed in a 
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manner similar to the method described by Tomlinson and Tener 
(4). Specific conditions are discussed in the legends to Figs. 1 
and 4. Concentrated urea solutions were deionized by filtration 
through a mixed-bed resin (Bio-Rad AG 501-X8) before incorpo- 
ration into the elution buffers. 

The fractions eluted from DEAE-cellulose columns were de- 
salted by the method of Rushizky and Sober (5). Combined 
column fractions were diluted loo-fold with water, and applied to 
a column (1.2 x 5 cm) of DEAE-cellulose which had been previ- 
ously equilibrated with 1 mM ammonium carbonate. The 
column was washed with about 500 ml of 1 mM ammonium 
carbonate, and then eluted with 0.7 to 1.0 M ammonium carbo- 
nate. The fractions of highest absorbance at 260 rnp (10 to 15 
ml tot,al) were combined and repeatedly flash evaporated (8 to 12 
times) until there was no further decrease in visible salt. The 
desalted sample was washed from the flask in a total of 2 ml of 
water and was air evaporated over a 37” water bath to a very 
small volume (0.1 to 0.3 ml) appropriate for chromatography or 
further treatment. 

Paper electrophoresis was performed at 900 volts with What- 
man No. 3MM (W. and R. Balston, Ltd., London, England) 
papers (57 x 15 cm) with the sample applied 10 cm from one end. 

The eight common ribonucleosides and ribonucleotides m-ere 
separated by paper chromatography as described by Nestle and 
Roberts (6), with paper previously treated with sodium phos- 
phate and an isopropanol-ammonia-water (7: 1:2) solvent sys- 
tem. (It was subsequently found that changing the solvent 
proportions to 7 : 1: 3 gave a better and more rapid separation, 
particularly of the ribonucleotides.) This method gave excellent 
separation of the ribonucleotides and ribonucleosidee, but it did 
not resolve the corresponding deoxy compounds. Thymidglic 
acid was only partially separated from deoxycytidylic acid, and 
thymidine and deoxyadenosine moved as a single spot. 
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FIG. 1. DEAE-cellulose chromatography of an S. marcescens 
nuclease digest of RNA in the presence of urea. The 1.2-ml 
digestion mixture contained 5.5 mg of ascites tumor cell cyto- 
plasmic RNA and 0.4 ml of enzyme in 0.1 M Tris-HCl, pH 8.2, 
0.01 M MgCl?. After 32 hours at 37”, the digest was mixed with 
1.2ml of 0.02 M Tris-HCl, pH 7.5, containing 7 M urea (urea-buffer), 
and applied to a column (1 X 25 cm) of DEAE-cellulose which 
had been equilibrated with the urea-buffer. The column was 
eluted with a gradient consisting of 500 ml of urea-buffer in the 
mixing chamber and 500 ml of 0.4 M NaCl in the buffer in the 
reservoir. Fractions (9 ml) were collected at a flow rate of 1 
ml per min, and their absorbance was read at 260 mp. Identifi- 
cation of the resulting peaks is in the text. 

Quantitative elution of ultraviolet-absorbing spots was ac- 
complished by either of two methods. (a) Small spots were cut 
out of the chromatogram, cut into small pieces, and suspended in 
0.1 M HCl for 2 to 4 hours at room temperature with occasional 
shaking. A spot of equal size, preferably from the same area of 
the paper, was used as a blank for each sample. The samples 
were centrifuged briefly and the supernatant fluids were used for 
further study. (b) Long strips were eluted by descending chro- 
matography, usually with water. The 1 to 2.ml cluent, was con- 
centrated by air evaporation for further use. 

Venom phosphodieeterase hydrolysates were prepared for 
chromatography as follows. Aliquots (0.1 ml) of S. murcescens 
nuclease digests of RNA or DNA were mixed with 0.05 ml of a 
1 mg per ml solution of venom phosphodiesterase dissolved in 0.1 
M Tris-HCl, pH 9.0, and incubated 60 min at 37”. The digestion 
mixture could be spotted directly on the paper previously t’rcated 
with sodium phosphate. 

Digests were prepared for electrophoresis as described above 
except that they were all performed in 0.1 M potassium carbonate, 
pI1 8.8, 0.01 M MgC12. The potassium carbonate and protein 
were removed from solution by lowering the pH of the digestion 
mixture to pH 3 t,o 4 with lay0 perchloric acid. After centri- 
fugation, the supcrnatant fluid could be directly applied to the 
paper. 

Additional experiments were performed as described in the 
previous paper (1). 

RESULTS 

The specificity of the purified S. marcescens nuclease was deter- 
mined on both RNA and DNA substrates in terms of size of 
products formed, position of terminal phosphoryl group, and 
possible base specificity. The minimum size required for an 
oligonucleotide to serve as substrate was established, and a com- 
parison was made of enzymatic :&vity toward native and de- 
natured DNA and single and double-stranded R?jA\. 

Activity of X. marcescens Nucleaae toward RNA 

Size of Products Formed-The products of a prolonged S. mar- 
cescens nuclease digestion of high molecular weight RNA were 
analyzed by chromatography on DEAE-cellulose as illustrated in 
Fig. 1. Six peaks of material absorbing at 260 mp were found 
which accounted for essentially all of the original absorbance. 
The first two small peaks (A and B) had absorption spectra which 
indicated that they were not nucleic acids. The spectrum of 
Peak A showed end absorption with no maximum, while that of 
Peak B showed maximum absorption around 280 mp. Peaks 
1 to 4, which had spectra with maxima around 260 rnp, were iden- 
tified as mono- to tetranucleotidcs by (a) cochromatography with 
a pancreatic ribonuclease digest of 32P-labeled RNA, and (b) 
chromatographic analysis after alkaline hydrolysis as described 
below. The mononucleotide region represented less than 2% of 
the total absorbance at 260 mp, and with limit digests of high 
molecular weight RNA there was no absorbance in fractions cor- 
responding to penta- or higher nucleotides. Chromatography of 
the products of shorter digestions, or of the commercial Torula 
RNA, showed small peaks in the higher oligonucleotide positions. 
The results of this experiment indicate that under optimal condi- 
tions the X. marcescens nuclease completely digests RNA to 
tetra-, tri-, and dinucleotides, together with a very small fraction 
of mononucleotides. 

The products from an earlier stage of digestion of RNA are 
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FIG. 2. DEAE-cellulose chromatography of a S. marcescens 
nuclease partial digest of RNA. Ascites cell RNA (1.5 mg, con- 
taining 1.2 X lo6 cpm of 32P) was dissolved in 2.0 ml of 0.05 &r 
Tris-HCl, pH 8.2,O.OOl M MgClz, 20 units of nuclease were added, 
and the solution was incubated at 37” for 20 min. The digest 
was heated at 95” for 2 min to stop the reaction, and then it was 
placed on a DEAE-cellulose column (1.2 X 12 cm) which had 
heen eauilibrated with the urea buffer. Elution was with 250 
ml of urea-buffer-O.4 M NaCl passing into 250 ml of urea-buffer; 
the flow rate was 0.3 ml per min, and 3.5.ml fractions were col- 
lected. Aliquots from each fraction were plated and counted in 
a gas flow counter. 

shown in Fig. 2. Here, high molecular weight 32P-labeled RNA 
was hydrolyzed for 20 min with 20 units of S. marcescens nuclease. 
Precipitation of an aliquot of t.he reaction mixture with perchloric 
acid under the standard assay conditions showed 55y0 of the 
radioactivity to have been solubilized by this t,reatment. It is 
clear from Fig. 2 that the limited hydrolysis, in addition to di-, 
tri-, and tetranucleotides, has released large amounts of penta-, 
hexa-, hepta-, and higher oligonucleotides from the RNA (20% 
of the added radioactivity was not recovered from the column 
during this elution). This suggests that the S. marcescens nu- 
clease attacks RNA in an endonucleolytic manner producing 
large oligonucleotides which are further hydrolyzed to yield di-, 
tri-, and tetranucleotides as the final, nuclease-resistant products 
of a complete digestion. It is not known whether the radioactiv- 
ity in the mononucleotide region represents enzymatic release of n 
small amount of mononucleotide or a radioactive contaminant in 
the RNA. 

Minimum Size of Digestible Substrate-A series of experiments 
was performed to determine the minimum size of oligonucleotide 
hydrolyzable by the 8. marcescens nuclease. The tri-, tetra-, and 
pentanucleotide fractions isolated from a limited digestion of 32P- 
labeled RNA were subjected to further prolonged hydrolysis by 
the S. marcescens nuclease. The products of each fract’ion were 
then chromatographed along with a digest of unlabeled RNA on 
DEAE-cellulose in the presence of urea. As shown in Fig. 3, 
there was very little, if any, hydrolysis of the tri- and tetranucleo- 
tide substrates. The pentanucleotides, however, were almost 
completely degraded. The products can be seen to be primarily 
di- and trinucleotides. It was concluded that the S. marcescens 
nuclease cannot effectively hydrolyze an RNA substrate smaller 
than a pentanucleotide. 

Position of Terminal Phosphmyl GrouFThe location of the 
terminal phosphate group on the products of enzymatic hydroly- 
sis was determined by treating S. marcescens nuclease digests of 
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FIG. 3. Minimum size of ribonucleotide substrate hydrolyzable 
by the S. marcescens nuclease. Labeled substrates were pre- 
pared from an S. marcescens nuclease digest (18 hours at 37”) of 
32P-labeled Ehrlich ascites tumor cell cytoplasmic RNA which 
had been chromatographed on DEAE-cellulose in the presence 
of 7 M urea as described in the legend to Fig. 1. Fractions com- 
prising the various peaks were combined and desalted as de- 
scribed under “Methods.” The substrates were brought to 
l-ml volumes with 0.1 M Tris-HCl, pH 8.2, 0.01 &I MgC12, and di- 
gested for 48 hours at 37” with a total of 100 enzyme units. The 
same amount of enzyme was also used to digest a solution of 5 
mg per ml of Torula RNA for 24 hours. The two digests were 
combined and rechromatographed on DEAE-cellulose in the 
presence of 7 M urea as usual. 1 through 6, peaks corresponding 
to mono- to pentanucleotides. A, trinucleotide substrate; El, 
tetranucleotide substrate; C, pentanucleotide substrate. 

RNA or DNA with venom phosphodiesterase and separating the 
digestion products by chromatography or electrophoresis as 
described under “Experimental Procedure.” Venom phospho- 
diesterase cleaves 3’-hydroxyl-terminated ribo- or deoxyribo- 
oligonucleotides in an exonucleolytic manner from the 3’ terminus 
such that 5’-mononucleotides are produced (7). Cleavage of 
oligonucleotides terminating in 3’-phosphate, however, would 
occur very slowly, and would leave three products: nuclcoside 
3’, 5’-diphosphates, nucleotides terminating in 5’.phosphate, and 
nucleosides. 

All products resulting from venom phosphodiesterase treat- 
ment of X. marcescens nuclease digests of RNA and DNA chro- 
matographed solely in the nucleotide region. Under the condi- 
tions described, there was little ultraviolet-absorbing material 
left near the origin (less than 5%) where nucleoside diphosphates 
would be expected to be located. There were no ultraviolet- 
absorbing spots in the nucleoside region. It was thus concluded 
that the phosphoryl group is located at the 5’ terminus. This 
result was confirmed by the electrophoretic separation of the 
digestion products. 
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TMILE I 

Zdenlification of dinucleolide sequences from an S. marcescens 
nuclease digest of RXA 

The fractions comprising the dinucleotides from a DEAE- 
cellulose column eluted in buffers containing urea (see Fig. 1) 
were combined and desalted as described under “Experimental 
Procedure.” The sample was hydrolyzed with 0.4 M KOH for 18 
hours at 37”, then neutralized with 12% perchloric acid and sub- 
jectcd to electrophoresis in 0.02 M ammonium acetate buffer pH 
5.8 for 2 hours. This procedure separates the nucleoside diphos- 
phates (5’ terminus) from the nuclcosides (3’ terminus) which 
remain at the origin. The spots were cluted with water and the 
eluent was concentrated to about 0.1 ml. The nuclcoside diphos- 
phates were dephosphorylated with intestinal alkaline phospha- 
tase ( 1 mg in 0.2 ml 0.2 Y glycine buffer, pH 9.5) for 2 hours at 37”. 
Both samples were chromatographed on paper previously treated 
with sodium phosphate as described under “Methods.” The 
ultraviolet-absorbing spots were cut out and eluted in 2 ml of 
0.01 x HCl and their spectra were determined. The molar 
amounts of the nucleosides were calculated from the spectral 
data. Total micromoles: 5’ terminus = 0.44, 3’ terminus = 
0.39. Ratio of 5’ terminus to 3’ terminus = 1.1. 

Sucleoside found at terminus 
Base 

5’ Terminus 
I 

3’ Terminus 

% 

Guanosine.. . . . . 22.0 34.4 
Uridine . . . . . . . . 41.4 18.6 
Cytidine . . . . . . . . . . 15.8 23.4 
Adenosine . . . . . . 20.8 23.G 

Base Speci$city-An abso1ut.e base specificity of the X. marces- 
tens nuclease for RN.4 would seem unlikely because of the virtual 
absence of mononucleotides or oligonucleotides larger than tet.ra- 
nucleotides among the digestion products. Nevertheless, the 
di-, tri-, and tetranucleotide peaks from a DEAE-cellulose column 
were examined for the possible absence of one or more nucleotidcs 
at either the 3’- or Z-linked ends. 

The dinuclcotide fraction from a DE.iE-cellulose column was 
subject.ed to alkaline hydrolysis, and t.he products lucre analyzed 
by chromatography on DEAE-cellulose as described in the legend 
to Table I. The resu1t.s of a typical experiment are presented in 
Table I. No base preference was found at either the 5’ terminus 
(represented by nucleoside diphosphat.es) or the 3’ terminus (nu- 
cleosides). Although the exact distribution of bases nas found 
to vary from experiment to experiment, the general lack of base 
preference was typical. 

The tri- and tctranuclcotidc fractions were treated in the same 
manner as the dinucleotides. ?;o base preference was found at 
either the 3’- or 5’-ends, in agreement with the analysis of dinu- 
cleotidc sequences. The evidence from these experiments is 
consistent with t.he idea that the S. marcescens nucleasc lacks 
absolute base specificity on RNA substrates. 

Activity toward Double-stranded RNA-The abilily of S. mar- 
cescens nuclease to hydrolyze a double-st.randed polyribonucleo- 
tide was t.ested wit.h poly 1.~01~ C.’ The rate at; which this 

polymer was solubilized, using either Serratia nuclease or pan- 
creatic ribonuclcasc as a control, is shown in Fig. 4. The poly 
1.~01~ C was completely resistant to hydrolysis by pancreatic 

1 The abbreviations used are: poly I, polyinosinic acid; poly C, 
polycytidylic acid. 
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FIG. 4. Rate of hydrolysis of poly 1.~01~ C with S. marcescens 

nucleaso and pancreatic ribonuclease. Incubations were at 37’, 
and all assays wcrc performed by removing 0.2 ml from the incu- 
bation mixture at the times indicated and assaying for acid- 
soluble aclaorbance as previously described. Experiment A 
contained 4 units of S. marcescens nuclease, and either 0.7 mg of 
the double-stranded poly 1.~01~ C (P-L Biochemicals), or 1.2 
mg of Torula RXA dissolved in 1.8 ml of buffer (0.1 M Tris-HCl, 
pH 8.4, 0.001 h% MgCl,). Experiment B contained 20 units of 
pancreatic ribonuclease and either 0.7 mg of poly 1.~01~ C or 
1.2 mg of To&a RNA dissolved in 1.8 ml of buffer (0.1 M Tris- 
HCl, pH 7.6, 0.001 M MgC%). 0, incubations with poly 1.~01~ 
C; l , incubations with Torula RNA. 

ribonuclease. The S. marcescens nuclcase, however, hydrolyzed 
the double-stranded polymer at a rate similar to that of single- 
stranded Torula RNA. 

The activity of S. marcescens nuclcnsc toward double-st.randed 
RN.4 was invest.igatcd furt.hcr by using the rcplicative form of 
viral RN.4 found in Ehrlich ascites cells following infection with 
ME virus (2) as a “natural” double-stranded RSA. Virus- 
specific RNA can readily be detected in this system by labeling 
infected cells nit.h a radioactive RNA precursor in the presence of 
actinomycin D (which specifically inhibits the cellular RSA 
synthesis). The radioactive, double-stranded, replicative form 
can then be distinguished from the radioactive, single-stranded, 
viral R?;A by virtue of its relative resistance to hydrolysis by 
pancreatic ribonuclcase. 

Fig. 5 shows the sedimentation profiles of virus-specific RNA 
before and after nuclease treatment.. The closed circles represent 
t.he sedimentation of viral RNA before nuclease treatment. The 
two main peaks correspond to the typical 35 S peak of single- 
et.runded viral Rr\‘A and a peak of rcplicative intermediate at, 
about 20 S (2). The arrows show the sedimentation of the 28 S 
and 18 S ribosomal RX--i in this sample determined by optical 
density measurements. 

Treat.ment of this RNA with pancreatic RNase and pancreatic 
DNase resulted in the pattern indicated by the open triangles. 
This treatment shifted all optical dcnsit,y and most, of the radio- 
activity to the top of the gradient leaving, at about. 20 S, a dis- 
tinct peak of RKase-resistant, double-stranded RNA. This 

RNA has previously been shon-n to bc infectious (2). In con- 

t.rast, t.reatment of the RXA with the S. marcescens nuclease 
(open squares) resulted in essentially all of the optical density and 
radioactivity, including the peak of double-st.randed RN.1 at 20 
S, being shifted to t.he top of the gradient. 
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This difference in the abilities of pancreatic RNase and S. 
marcescens nuclease to degrade double-stranded RNA was ob- 
served even after a IO-fold increase in the amount of pancreatic 
RNase and a lo-fold decrease in the amount of X. marcescens 
nuclease. The results in Fig. 5 were obtained using 200 units 
(about 1 kg) of pancreatic RNase and 40 units of S. marcescens 
nuclease. Increasing the amount, of pancreatic RNase to 2000 
units still gave a sedimentation pattern very similar to the open 
triangles in Fig. 5. Decreasing the amount of S. marcescens 
nuclease to 4 units left a small amount of ribosomal and viral 
RNA which was degraded but, still sedimentable. However, no 
trace of a peak could be detected at, 20 S and, in fact,, less radio- 
activity was found in this region than was foulld following the 
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FIG. 5. Effect of nuclease treatment on the sedimentation of 
viral RNA. Ehrlich ascites cells were infected with ME virus 
and labeled with s2P for 8 hours in the presence of 5 pg per ml of 
actinomycin D as previously described (2). The cells were frac- 
tionated, and the RNA from the total cytoplasmic fraction was 
extracted (2). Samples of cytoplasmic RNA, equivalent to that 
obtained from about 0.1 g of cells, were treated as follows. Sam- 
ple was dissolved in 1.0 ml of gradient buffer and centrifuged 
without further treatment (O--O); sample was dissolved in 
1.0 ml of 0.1 M Tris-HCl, pH 7.6, 0.01 M MgC12, 200 units of pan- 
creatic RNase and 5 pg of pancreatic DNase were added, the 
solution was incubated 15 min at 37”, and then centrifuged 
(A-A); sample was dissolved in 1.0 ml of 0.1 M Tris-HCl, 
pH 8.4, 0.01 M MgCL, and 40 units of S. marcescens nuclease were 
added, the solution was incubated 15 min at 37”, and then cen- 
t,rifuged (O--O). The zonal centrifugation was performed 
in a 5 to 20% sucrose gradient as previously described (2). One- 
milliliter fractions were collected and 0.2-ml aliquots were plated 
and counted in a Nuclear-Chicago gas flow counter. 

pancreatic RNase treatment. Therefore, it was concluded that 
8. marcescens nuclease hydrolyzes single- and double-stranded 
RNA at similar rates. 

Activity of S. marcescens IVuclease toward DNA 

Activity toward Native and Denatured DNrl-The time course 

of hydrolysis of native and denatured calf thymus DNA is given 
in Fig. 6. Similar curves were obtained with native and dena- 
tured X bacteriophage DNA substrates. The slight sigmoidal 
shape of the curves may reflect the fact that initial endonucleo- 
lytic attack of a high molecular weight substrate could he ex- 
pected to yield many acid insoluble products, whereas at later 
stages of hydrolysis the products would be primarily acid soluble. 

The initial rate of hydrolysis was slightly greater on denatured 
than on native DNA, but after a 25min incubation, when nearly 
50% of the substrate had been converted to acid-soluble material, 
the rates were equal. The rate on native DNA then became 
slightly higher with 950/, of the native DNA and 80% of the de- 
natured substrate being rendered acid-soluble. This effect may 
be due to a slight preference of t,he enzyme for denatured or par- 
tially denatured region of DNA. In general, however, the effect 
is a small one, and the enzyme seems to act with essentially equal 
efficiency on both substrates. 

Activity toward Native Di\‘A 

Xize of Products Formed-The products of a digest of DNA 
were analyzed in the same mnmler as those from an RNA digest. 
As shown in Fig. 7, the chromatography of a digest of DNA1 on 
DEAE-cellulose was remarkably similar to that of an RNA 
digest (Fig. 1). Mononucleotidcs accounted for less than 2% of 
the total absorbance at 260 mp, and there was no material in a 
position characteristic of an oligonucleotide larger than tetra- 
nucleotides. It was concluded that the X. marcescens nuclease 
acts in a similar manner to hydrolyze both RNA and DXh sub- 
strates. 

Position of Terminal Plzosphoryl Grollp-The location of t,he 

Actlwty on natwe DNA 

v Actwty on denatured DNA 

I , I I I I I I I II 11 11 

05 101520253035404550556065707580 
Time of incubation at 37% minutes 

FIG. G. Time course of hydrolysis of native and denatured 
DNA. The DNA solutions were prepared as described under 
“Materials” and prewarmed to 37”. The reactions were started 
by the addition of 1.5 ml of a go-fold dilution of enzyme in standard 
assay buffer to G ml of each DNA solution. At the indicated 
times, 0.5-ml aliquots were removed and immediately precipitated 
with 0.5 ml of cold 4y0 perchloric acid. The assays were com- 
pleted as usual. The zero-time sample was subtracted from the 
later readings and the results plotted as percentage of conversion 
to acid-soluble products. 
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FIG. 7. DEAE-cellulose chromatography of an S. marcescens 
nuclease digest of salmon sperm DNA. The digestion mixture 
consisted of 10 mg of salmon sperm DNA in 2 ml of 0.1 M Tris-HCl, 
pH 8.2, 0.01 M MgC12 to which 0.1 ml of an 8-fold concentrate of 
the Fraction 7 enzyme (containing 38,000 units per ml) was added. 
After 8 hours of incubation at 37”, another 0.2 ml of the enzyme 
was added. After a total of 30 hours of incubation, 1.2 ml of 
the digestion mixture were combined with 1.2 ml of 0.02 M Tris- 
HCl, pH 7.5, containing 7 M urea (urea-buffer) and applied to a 
DEAE-cellulose column (1 X 25 cm) which had been equilibrated 
with the urea-buffer. The digestion mixture was washed onto 
the column with 2 ml of urea-buffer, and eluted with a linear 
gradient consisting of 1 liter of 0.0 to 0.4 M NaCl in the urea- 
buffer. Fractions (8 ml) were collected at the rate of 2 ml per 
min, and the absorbance of each fraction determined at 260 mp. 

terminal phosphate on the products of DNA digestion was deter- 
mined in the same manner as that described for the RNA sub- 
strate. In agreement with those results, the products of diges- 
tion of DNA by the S. marcescens nuclease in conjunction with 
venom phosphodiesterase were all shown by chromatographic 
and electrophoretic analysis to be 5’-mononucleotides. 

Base Specificity-The dinucleotide fraction from the DEAE- 
cellulose column illustrated in Fig. 7 was analyzed in a manner 
similar to that described for ribonucleotides except that enzy- 
matic methods replaced alkaline hydrolysis. The fractions 
comprising the dinucleotides were combined and desalted as 
described under “Experimental Procedure.” The 5’-phosphoryl 
group was removed by digestion with intestinal alkaline phospha- 
tase under the conditions described in the legend to Table I. 
The sample was then chromatographed on untreated Whatman 
No. 3MM paper with the solvent system discussed under ‘Meth- 
ods.” Under these conditions, the dinucleoside monophosphates 
run as a single wide band between the nucleotides and nucleo- 
sides. This band was eluted with water and concentrated to 
dryness. The sample was reconstituted in 0.15 ml of 0.1 M 

Tris-HCl, pH 9.0, and then treated with 0.05 ml of venom phos- 
phodiesterase (1 mg per ml in 0.1 M Tris-HCl, pH 9.0). The 
digestion mixture was incubated 2 hours at 37”, and then chro- 
matographed on previously treated paper as described under 
“Methods.” The separated nucleotides (3’ terminus) and nu- 
cleosides (5’ terminus) were cut out and eluted in 2 ml of 0.01 M 

HCl and their spectra determined. The molar amounts of the 
samples were calculated from the spectral data.. 

The results of this experiment showed that the enzyme had 
little base preference at either the 3’ or 5’ terminus and indicated 

that there is no absolute base specificity in the at’tack of the S. 
marcescens nuclease on DNA substrates. 

DISCUSSIOK 

The purified S. murcescens nuclease is able to attack both 
single-stranded and double-stranded DNA and RNA at nearly 
equivalent rates. In this respect, the enzyme differs markedly 
from other microbial nucleases, which usually show some de- 
pendence on the secondary structure of the substrate. Nucleases 
are known which preferentially attack either native DNll (e.g. 
Escherichia coli exonuclease III (8)) or denatured DNA (e.g. 
E. coli exonuclease I (9) and micrococcal nuclease (10)). Simi- 
larly, there are microbial nucleases which preferentially hydrolyze 
single-stranded RNA (e.g. E. coli ribonuclease II (II)) and 
double-stranded RNA (E. coli ribonuclease III (12)). Few 
microbial nucleases have been found, however, which can hydro- 
lyze both single- and double-stranded nucleic acids equally well. 

Under conditions of extensive degradation, digestion of RNA 
or DNA by the S. marcescens nuclease results in t,he production of 
oligonucleotide fragments of definite length; essentially only di-, 
tri-, and tetranucleotides terminating in 5’-phosphate are pro- 
duced. When further digested by the enzyme (Fig. 3), penta- 
nucleotides obtained from a limited digestion of RNA are de- 
graded mainly to di- and trinucleotides. It is significant that 
both RNA and DNA substrates seem to be degraded to the same 
set of products which provides further evidence consistent with 
the conclusion that both nucleolytic activities are associated with 
the same protein. 

When the S. rnarcescens enzyme is compared with other nu- 
cleases, it is found to most closely resemble two nuclease: from 
organs of higher animals. These enzymes, isolated from chicken 
pancreas (13) and rat liver (14, 15), are both Mg*- and Mn++- 
activated cndonucleases which cleave RNA and DNA to oligo- 
nucleotides terminating in a 5’-phosphoryl group. The enzyme 
from chicken pancreas is reported to produce mainly di-, tri-, and 
tetranucleotides. No data are available on the size of products 
produced by the rat liver enzyme in its present state of purifica- 
tion. These enzymes differ from the S. marcescsns nuclease in 
that they both preferentially attack denatured DNA. More- 
over, the RNase and DNasc activities of the chicken pancreas 
nuclease differ in several respects, indicating the possibility that 
separate enzymes might be involved in its action. 

The S. marcescens nuclease differs from other microbial nucle- 
ases in a number of significant properties. The enzymes of E. 
coli (16) are all sugar-specific, acting exclusively on either RNA 
or DNA. E. coli endonuclease I resembles the DNasc activity 
of the Xerratia enzyme in that it is an endonuclease activated by 
Mg++ or Mn++ which leaves 5’-terminated oligonucleotides. 
These fragments are longer, however, with an average chain 
length of about 7, and the E. coli enzyme also acts preferentially 
on native DNA (17). 

The S. marcescens enzyme is also very different from other 
microbial phosphodiesterases which can hydrolyze both RNA 
and DNA. If differs from the exonuclease from Bacillus subtilis 
(18), which produces exclusively nucleoside 3’-monophosphates, 
and from the Neurospora crassa endonuclease (19) which also 
produces monophosphates and is preferentially active on dena- 
tured substrates. It also differs from the extracellular enzyme 
from Micrococcus sodonensis (20), an endonuclease which, in its 
present state of purification, leaves only nucleosides, and from 
micrococcal nuclease (cf. Reference 1). 
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The purified S. marcescens nuclease is relatively easy to pre- 
pare, and it is stable for 6 months or longer when stored at 
refrigerator temperatures. It is able to degrade nat.ive and 
denatured DN;A and RNA substrates completely to di-, t.ri-, and 
tetranucleotides, and is thus potentially useful for studies of 
nucleic acid sequence, particularly with oligonucleotides of 
moderate chain length. When used in conjunction with venom 
phosphodiesterase, it also provides a convenient enzymatic 
reagent for the complete degradation of RNA and DNA to nu- 
cleoside 5’.monophosphates. 

Because of its high specific activity, it may be used in prefer- 
ence to the DNase I-venom phosphodiesterase combination for 
degrading DNA to 5’-mononucleotides, or t.o combinations of 
venom phosphodiesterase with the Neurospora enzyme (for degrad- 
ing RNA and DNA) or RNase II (for degrading RNA) which are 
restricted to denatured substrates. The Serratia and venom 
enzymes may thus be the method of choice for degrading double- 
stranded RNA to 5’-mononucleotides. These enzymes may also 
be used as a system complementary to alkaline hydrolysis of 
RNA or to the micrococcal nuclease-spleen phosphodiesterase 
combination which degrades RNA and DNA to 3’-mononucleo- 
tides. The S. marcescens nuclease is, therefore, potentially 
valuable as a reagent for the study of pol>mucleotide structure 
and composition. 
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