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Acid-soluble Ribosomal Ribonuclease of Escherichia coli”

J. H. Andersont and C. E. Carter

ABSTRACT: The ribonuclease of E. coli ribosomes which
degrades ribonucleic acid (RNA) and polynucleotide
homopolymers to oligonucleotides and nucleoside 2,3 -
monophosphates was purified with perchloric acid solu-
tion. After neutralization with KOH, the extracts ex-
hibited high enzymatic activity. The relative specific
activity was 48 for polycytidylic acid, 10 for poly-
adenylic acid, and 5 for s-RNA. Worthington BAPSF
Escherichia coli alkaline phosphatase contains ribo-
nuclease activity. Perchloric acid treatment of this frac-
tion yielded an active enzyme with specific activity of
2000 for polycytidylic acid, 850 for RNA, and no ac-
tivity with polyadenylic or polyuridylic acid. The

rI:e ribonuclease which is associated with the
ribosomes of Escherichia coli is not active in its natural
combination with protein and nucleic acid (Elson, 1959).
Disruption of the ribosome complex by high ionic
strength media, urea, or EDTA yields an active ribo-
nuclease (Elson, 1959; Spahr and Hollingworth, 1961).
This enzyme activity was purified by Spahr and Holling-
worth (1961), who found that it was located exclusively
in the ribosome fraction and that it degraded RNA to
nucleoside 2’,3’-cyclic phosphates and nucleoside 3’-
monophosphates. Neu and Heppel (1964) have demon-
strated that the conversion of E. coli cells to spheroplasts
by lysozyme and EDTA released into the medium a
ribonuclease which was similar to the ribosomal ribo-
nuclease that was purified by Spahr and Hollingworth
(1961). The enzyme purified from the spheroplast
medium (Neu and Heppel, 1964) had a greater affinity
for DEAE-cellulose columns than was found for the
ribosomal enzyme.

We have found that ribosomal ribonuclease activity
of E. coli is acid soluble and that it retains activity after
acid treatment. This activity may be released from ribo-
somes or whole-cell extracts by treatment with cold
dilute perchloric acid, and thus resembles the ribo-
nuclease activity that was purified from the media of
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enzymes showed no specific ion effects but were com-
pletely inhibited in high ionic strength media (over 0.15
M NaCl), Mercaptoethanol treatment inhibited the
enzyme activity.

The acid-soluble ribonucleases were not adsorbed
on diethylaminoethylcellulose but were bound on
carboxymethyl-cellulose columns from which they
were removed by a 0.1-0.3 m NaCl gradient in 0.05
M Tris, pH 7.2; the activities for polycytidylic and poly-
adenylic acids appeared in a single peak. The molecular
weight of the acid-soluble ribonucleases was estimated
by gel-filtration technique to be between 10,000 and
30,000. The pH optimum of the enzymes was at 8.0.

cultures of several bacilli by Rushizky ez al. (1964). The
acid-purified enzyme activity from E. coli degraded
polycytidylic, polyuridylic, and polyadenylic acids to
2’,3'¢cyclic mononucleotides and oligonucleotides. It
was also found that the salt-fractionated E. coli alkaline
phosphatase (Worthington BAPSF) contains the acid-
soluble ribonuclease activity that degrades polycytidylic
acid and RNA, but has no polyadenylic or polyuridylic
nuclease activity.

Materials and Methods

Polyadenylic, polyuridylic, and polycytidylic acids
were purchased from Miles Chemical Laboratory.
Yeast s-RNA was purchased from General Bio-
chemicals, Inc., and E. coli s-RNA and ribosomal RNA
were prepared by a phenol extraction procedure (Hoag-
land et al., 1958). Salt-fractionated E. coli alkaline
phosphatase (BAPSF) was purchased from Worthington
Biochemical Corp. DEAE-cellulose, Type 40, and CM-
cellulose, Type 40, were obtained from Carl Schleicher
& Schuell Co. Bio-gel 30 was purchased from Bio-Rad
Laboratories.

E. coli cells were collected by centrifugation at the
midlogarithmic growth phase of cultures in a glucose-
salts medium. The cells were washed with 0.15 M sodium
chloride and then stored at —10°. Five g of cells was
disrupted by grinding in a mortar with 10 g of alumina
at 4° (all subsequent operations were performed at 4°),
and extracted with 17 ml of 0.01 M Tris buffer, pH 7.5,
which contained 0.005 M MgCl,. Alumina and debris
were removed by centrifugation at 30,000 X g for 20
minutes. Ribosomes were collected from the 30,000 X
g supernatant solution by centrifugation at 105,000 X
g for 120 minutes. The ribosome pellet was suspended in



voL. 4, No. 6, JUNE 1965

3 ml of 0.01 M Tris buffer, pH 7.5. DNAase! was not em-
ployed in the preparation.

The acid-soluble ribonuclease was prepared from the
ribosome fraction by adding 0.2 ml of 1 ~ HCIO, to 3.0
ml of the suspension. The mixture was stirred with a
glass rod to break up clumps of denatured protein and
nucleic acid and it was then centrifuged at 10,000 X g
for 10 minutes. The supernatant solution was adjusted
to pH 7.0 with KOH and the insoluble KCIO, was re-
moved by centrifugation. The whole extract (30 000 X
g supernatant) was similarly treated by adding 3 ml of
1 N HCIO, to 15 ml of extract. The precipitate was
thoroughly broken up with a stirring rod, the mixture
was centrifuged and neutralized with KOH, and the in-
soluble perchlorate was removed by centrifugation.
The total yield of enzyme activity was three to five times
higher from the whole cell extract, and this appears to
be a preferable preparative procedure. A small amount
of acid-soluble nuclease activity was found in the 105,000
X g supernatant solution when polycytidylic acid was
employed as a test substrate, but the bulk of ribo-
nuclease activity was associated with the ribosomes, in
agreement with previous work (Spahr and Holling-
worth, 1961). The ribosome preparation was desig-
nated “Rib-Ac” and the whole extract preparation
“30-Ac.”

The salt-fractionated alkaline phosphatase prepara-
tion (BAPSF), obtained from Worthington Biochemical
Corp., contained high ribonuclease activity. This activity
was easily separated from the alkaline phosphatase
activity by DEAE-cellulose column chromatography,
which retained the phosphatase and did not absorb the
nuclease, and by acid treatment which destroyed the
phosphatase activity. The nuclease activity which was
purified by passage through DEAE-cellulose (this frac-
tion was designated BAPSF-DEAE) and that purified
by acid treatment were the same when compared on
the basis of substrate specificity, products of substrate
degradation, inorganic salt effects, pH optima, and CM-
cellulose chromatography. The nuclease purified by acid
treatment had a higher specific activity and was more
easily prepared, as follows: A vial of Worthington
BAPSF fraction that contained 10 mg of protein was
diluted to 5 ml with water and 1 ml of 1 N perchloric
acid was added. The precipitate was removed by cen-
trifugation, the supernatant was neutralized with KOH,
and the insoluble perchlorate was removed by centri-
fugation. This fraction was designated “BAPSF-Ac.”

Enzyme activity was assayed by measuring the forma-
tion of acid-soluble products from the degradation of
polycytidylic acid, polyadenylic acid, and RNA.
Polyuridylic acid was found to contain a high propor-
tion of acid-soluble polymer and was therefore tested as
a substrate by the detection of products on paper
chromatography. In the standard assay for acid-
soluble product formation the incubation mixture con-
sisted of 0.2 mg substrate in 3 ml of 0.04 M Tris buffer,

1 Abbreviation used in this work: DNAase, deoxyribo-
nuclease.
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FIGURE 1: Degradation of polynucleotide by the acid-
soluble ribonuclease of E. coli ribosomes (Rib-Ac frac-
tion). The standard assay conditions are described in
the methods section and the amount of protein in the
enzyme fraction is indicated for each substrate.

pH 8.0, and an amount of enzyme which gave linear
reaction rates over an initial 10-minute period at 37°.
To terminate the incubation, 1 ml of 1 N HCIO, was
added and the mixture was centrifuged at 10,000 X g
for 10 minutes at 4°. Absorbancy was measured at 260
and 280 mu in the supernatant solution. A unit of
enzyme activity was defined as equivalent to the forma-
tion of 0.1 Az (Or Aso for polycytidylic acid) per min-
ute. Specific activity was calculated as units of activity
per mg of protein which was estimated by the phenol-
reagent method of Lowry er al. (1951). The amount of
‘“‘protein” color in the enzyme preparations is very low
end some heterocyclic compounds, as well as protein,
may react in this determination. The value of specific
activity calculations is limited to comparison of several
fractions rather than an overall statement of enzyme
purification.

The enzyme activities may also be assayed by the
hyperchromic shift in ultraviolet absorbancy which is
exhibited by the polymers upon enzymatic degradation.
However, we discovered independently and alarmingly
that the acid-soluble ribonucleases are adsorbed on
glass, an observation also made by Neu and Heppel
(1964), and that the precautions necessary for the em-
ployment of this assay restrict its routine utilization.

Paper chromatography in the solvent system 1-pro-
panol-H,;O-concd NH,OH, 60:10:30, was employed as
described by Markham and Smith (1952) and Neu and
Heppel (1964) for the separation and identification of
nucleoside 2’,3’cyclic monophosphates and nucleoside
3’-monophosphates. Nucleoside monophosphates were
also analyzed by anion-exchange chromatography on
Dowex 1 (formate) columns (Hurlbert, 1957). The
separation of the oligonucleotide products of nuclease
degradation of polycytidylic acid and RNA was achieved
by NaCl-urea gradient elution from DEAE-<ellulose
columns as described by Tomlinson and Tener (1963).

Alkaline phosphatase activity was determined by the

1103

ACID-SOLUBLE RIBOSOMAL RIBONUCLEASE



1104

BIOCHEMISTRY

TABLE 1: Specific Activity of Ribonuclease Preparation.

Substrate
Protein Poly- Poly- Poly-
Fraction (ug/ml) s-RNA- adenylic cytidylic uridylic?

Rib-Ac 340 5 10 48 +++

30-Ac 240 8 12 30 +++
BAPSF 2000 10 <2 23 0
-DEAE 154 250 0 800 0
-Ac 92 860 0 2000 0

= Linear reaction rates were not obtained with s-RNA so the 10-minute determination of acid-soluble absorbancy

was arbitrarily employed (see Figures 1 and 2).
solvent system 1-propanol-H,O-NH,OH (60:30:30).

b Activity was determined by paper chromatographic assay in the
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FIGURE 2: Degradation of RNA by acid-soluble
nuclease. Standard assay conditions were employed to
compare the rates of degradation of different RNA’s
by the acid-soluble ribosomal enzyme (R-Ac). A com-
parison of the rate of degradation of yeast s-RNA by
the acid-purified Worthington BAPSF fraction (B-Ac)
and the ribosomal enzyme (R-Ac) is shown for the
amount of enzyme protein indicated on the graph.
The substrate concentration, 200 ug in 3.0 m] of incuba-
tion mixture, was the same for each assay. A, 2 ug of
B-Ac; O, X, @, 24 ug of R-Ac.

method of Garen and Levinthal (1960) and phospho-
diesterase activity by the method of Koerner and
Sinsheimer (1957) with bisdinitrophenyl phosphate as a
substrate. There was no alkaline phosphatase, phospho-
diesterase, or deoxyribonuclease activity detectable in
the acid-purified ribonuclease preparations described in
this paper.

Results

The rate of formation of acid-soluble products from
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the degradation of polycytidylic acid, polyadenylic acid,
and yeast s-RNA by the acid-soluble ribonuclease of E.
coli ribosomes is shown in Figure 1. A comparison of
the specific activity of the different preparations of
ribonuclease in Table I shows that all the fractions con-
tained small amounts of protein with high enzymatic
activity, and that the Worthington BAPSF fraction con-
tained relatively little polyadenylic nuclease activity.
In the DEAE-nonadsorbable fraction derived from
Worthington BAPSF and in the acid-purified Worth-
ington BAPSF fraction there was no polyadenylic
nuclease activity. Polyuridylic nuclease activity was also
absent in these fractions when assayed for product
formation by paper chromatography. It was found that
the specific activity for degradation of polycytidylic acid
and RNA could bte increased 2- to 4-fold in each prep-
aration by dialysis or precipitation of the enzyme activ-
ity with 0.7 saturated ammonium sulfate. However, the
activity against polyadenylic acid was significantly
lowered by this treatment in the Rib-Ac and 30-Ac frac-
tions. This loss of polyadenylic nuclease activity could
not be restored by adding several concentrations of
Mg?t, Mn?*, Ca®t, Zn?*, K+, or Na*in the presence of
sulfate, phosphate, or chloride anions. None of the
enzyme activities was inhibited by EDTA.

The rate of degradation of s-RNA and ribosomal
RNA by the acid-purified ribosomal enzyme is shown in
Figure 2. The rates for yeast s-RNA and E. coli s-RNA
were comparable and, as shown also in Figure 1, were
apparently a composite of several reaction rates. Ribo-
somal RNA was degraded at about the same rate, but
the reaction tended to be more linear in the early incuba-
tion period. The enzyme activity purified from the
Worthington BAPSF fraction by acid treatment was
highly active for the degradation of all RNA prepara-
tions tested, and, as shown in Figure 2, the rate of the
reaction for yeast s-RNA was approximately linear in
the 10-minute incubation period. In Figure 3 the rela-
tionship of enzyme activity to salt concentration of the
medium is shown. In all the preparations high ionic
strength of inorganic ions inhibited enzyme activity
against polycytidylic acid, polyadenylic acid, and RNA.
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TABLE II: Products of Ribonuclease Action.*

Product?
Nucleoside Nucleoside
3’-Mono- 2',3'-Cyclic Oligo-
Enzyme phosphate Phosphate nucleotider
Fraction Substrate (&4 (%) D
30-Ac Polycytidylic 2-5 30 55
Polyadenylic 2-5 25 63
Polyuridylic 2-5 28 55
s-RNA 0 0 58
BAPSF-Ac Polycytidylic <1 32 57
Polyadenylic 0 0 0
Polyuridylic 0 0 0
s-RNA 0 0 100

¢ Incubation was for a period of 30 minutes at 37° of mixtures which contained 0.1 ml of substrate at a concentra-
tion of 2 mg/ml, 0.05 ml of 0.1 M Tris buffer, pH 8.0, and 0.1 ml of enzyme at a concentration sufficient to yield over
909 acid-soluble product in 10 minutes’ incubation at 37°. For s-RNA the incubation was for 6 hours with 50 ug
of the 30-Ac enzyme. ¢ An aliquot (0.05 ml) of the incubation mixture was applied to Whatman No. 1 paper and the
chromatogram was run for 16 hours in the solvent system 1-propanol-H;O-NH,OH (60:10:30). The products were
located on paper in ultraviolet light, the spots were cut out and eluted with 0.1 N HCI, and the absorbancy of the
eluate was measured at 260 and 280 mu. The per cent recovery calculation was based on the absorbancy of the aliquot
applied to the paper. The absence of mononucleotides in the digests of s-RNA was confirmed by chromatography
on Dowex 1 (formate) columns. < The proportion of oligonucleotide was estimated from the difference between the
total acid-soluble absorbancy and the absorbancy of the mononucleotide plus the cyclic mononucleotide fraction.

No specific anion or cation effects were observed.
When Lineweaver-Burk reciprocal plots of velocity and
substrate concentration were employed, the effect of salt
concentration was found to be competitive and reversi-
ble. For polycytidylic acid degradation by the BAPSF-
Ac fraction, the apparent K; in 0.033 M Tris buffer,
pH 8.0, was 1.5 X 1075. The addition of NaCl to give
0.046 M or MgCl, to give 0.023 M changed the apparent
K;to 2 X 1072

Maximal activity of the acid-soluble ribonucleases
was found in 0.04 M Tris buffer, pH 8.0. When 0.01 M
buffer was employed, the addition of salt to give an
ionic strength equivalent to 0.04 M Tris gave a compa-
rable increase in activity and there were no specific
cation or anion effects observed. The pH optimum for
the degradation of polyadenylic acid occurred over a
broader pH range (809 of maximum at 7.0 and 8.2)
than that observed for polycytidylic acid or RNA
(809 of maximum at 7.5 and 8.2).

In Table II the products of the degradation of the
homopolymers and RNA by the acid-soluble ribo-
nucleases are characterized. Under the conditions of
these experiments where the ratio of enzyme to sub-
strate was high (10-50 ug protein to 200 ug substrate),
the principal product of the reaction from the homo-
polymers was nucleoside 2’,3’-cyclic monophosphates
and oligonucleotides. The degradation of RNA led to
the formation of oligonucleotides, and no nucleoside
cyclic monophosphates or nucleoside 3’-monophos-
phates were found on prolonged incubation (6 hours;
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FIGURE 3: Effect of inorganic salts on acid-soluble
nuclease activity under standard assay conditions.
NaCl, ————; MgCl,, - - - —; polycytidylic acid, O,
®; s-RNA, A, A; polyadenylic acid, X. The enzyme
employed for polycytidylic and s-RNA was BAPSF-Ac,
2 ug protein, and for the degradation of polyadenylic
acid the 30-Ac enzyme, 60 ug protein, was used; the
incubation period was 20 minutes. The molarity is the
final concentration of the added salt in 0.04 M Tris
buffer, pH 8.0.

37°). These results show that the mechanism of deg-
radation of the homopolymer polynucleotide sub-
strates by the acid-soluble ribonucleases is similar to
that reported by Spahr and Hollingworth (1961) and
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FIGURE 4: DEAE-cellulose column chromatography
(Tomlinson and Tener, 1963) of a digest of 3 mg yeast
s-RNA in 3.0 ml of 0.04 M Tris buffer and 180 ug
protein of 30-Ac fraction. Incubation was for 2 hours
at 37°. The mixture was added directly to a 12- X 1-cm
column which had previously been washed with
sodium chloride and water. The recovery of ultra-
violet absorbancy was 787%,. Yeast s-RNA in the
absence of enzyme contained no ultraviolet absorbing
components, aside from a small peak in the 0.5 M
NacCl region, which appeared in the gradient fractions
employed.

Neu and Heppel (1964) for the ribonuclease activities
which they purified from E. coli. When the ratio of the
enzyme to the homopolymer substrate was low (~10
ug protein to 5000 ug substrate), the predominantly
endonuclease activity of the enzyme was seen. Under
these conditions over 90 % of the acid-soluble products
of the reaction of polycytidylic acid and RNA with
BAPSF-Ac enzyme were recovered in the 3-12 nucleo-
tide residue oligonucleotide region of the DEAE-
cellulose chromatogram developed according to Tomlin-
son and Tener (1963). The amount of 2’,3’-¢cyclic mono-
phosphate end groups in the oligonucleotide fractions
was not determined. The action of the acid-soluble
ribonucleases on RNA are exclusively of the endo-
nuclease type under the conditions employed in the
present studies, a finding illustrated in Figure 4 for the
degradation of yeast s-RNA by the nuclease of the
30-Ac fraction.

The ribonuclease activities prepared from E. coli
extracts and from the Worthington BAPSF fraction
were not adsorbed on DEAE-cellulose, but they were
strongly bound to CM-cellulose columns. Figure 5
illustrates the elution diagram of the nuclease activity
which degraded polycytidylic and polyadenylic acids in
the 30-Ac preparation adsorbed on CM<ellulose. Sev-
eral conditions were explored in an attempt to separate
the two activities, but in all cases so far studied poly-
cytidylic and polyadenylic nuclease activity appeared in
the same eluate fraction. It was also found that poly-
cytidylic nuclease activity in the BAPSF-Ac fraction
chromatographed in the same position as the activity
from the 30-Ac fraction. In these studies it was ob-
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FIGURE §: Chromatography of 30-Ac fraction on CM.
cellulose. A column of CM-cellulose, Type 40, 30 X 1
cm, was equilibrated with 0.1 M sodium acetate buffer,
pH 5.9. The 30-Ac fraction (15 ml) was adjusted to pH
4.5 with acetic acid and added to the column which
was then washed with 30 ml of the acetate buffer.
About 657 of the protein added to the column was
recovered in the acetate buffer fraction. A linear
gradient elution was then established with 100 ml of
0.1 M NaCl in 0.05 m Tris, pH 7.2, and 100 ml of 0.3 M
NaCl in 0.05 M Tris, pH 7.2. The flow rate was about
1 ml/min and seventy fractions of 2.8 ml were col-
lected. Polycytidylic nuclease activity was assayed with
0.1 ml of each fraction and polyadenylic nuclease with
0.2 ml.

served that polycytidylic nuclease activity was not
decreased during the operations, whereas about 20-40 %7
of the polyadenylic activity was lost. The polycytidylic
nuclease fraction retained activity for degrading RNA.

Gel-filtration technique was employed to estimate the
molecular weight of the acid-soluble ribonucleases.
Bio-gel 30, which has an exclusion limit of 30,000 mw,
was suspended in distilled water and a column 28 ¢cm X
13 mm was employed. A sample of DNA with a mo-
lecular weight greater than 1 X 108 was applied to the
column in 1 ml of H,O and the column was washed with
water. DNA appeared in the effluent at 7.5-9.5 ml. A
sample of cytidine 5-monophosphate was eluted in the
fractions 18.5-27 ml. The enzyme activity of 1 ml of the
Rib-Ac fraction, which degraded both polyadenylic and
polycytidylic acids, appeared in a single peak in the 17—
19 ml fractions. Since the enzyme activity was not
dialyzable, it was estimated that the molecular weight
of the enzyme was between 10,000 and 30,000.

The acid-soluble ribonucleases were inactivated by
mercaptoethanol as shown in Table III. This suggests
that these enzymes resemble pancreatic ribonuclease and
depend on the integrity of disulfide linkages for activity
(Anfinsen and Haber, 1961),

The enzyme activity which was prepared from the
Worthington BAPSF preparation by acid treatment did
not degrade polyadenylic or polyuridylic acid, but was
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TABLE IH: Mercaptoethanol Inhibition of Ribonuclease.«

Mercapto-
ethanol Acid-soluble
Enzyme (umoles Product
Fraction Substrate  added) Ao Aseo
30-Ac Poly-C 0 1.6
Poly-C 5 0.49
Poly-C 10 0.31
Poly-C 20 0.28
30-Ac Poly-A 0 1.1
Poly-A 5 0.42
Poly-A 10 0.34
Poly-A 20 0.30

¢ The enzyme fraction, which contained 50 ug of
protein, was added to 1.0 ml of 0.1 m Tris buffer, pH
8.0, and the indicated amount of mercaptoethanol.
The mixture was incubated for 15 minutes. Two ml of
H.O and 200 mg of substrate were then added to each
tube and the incubation was continued for 20 minutes.

highly active in the degradation of polycytidylic acid and
RNA. The preference for cytidylic acid linkages in the
degradation of s-RNA by this fraction was indicated by
treatment of the digest with purified alkaline phos-
phatase (Worthington BAP-C) followed by alkaline
hydrolysis. The only nucleoside which was then detected
by paper chromatography was cytidine. The mono-
nucleotides of a control and a nuclease-treated RNA
digest were compared by chromatographic analysis
after this treatment. From 7.5 mg of yeast s-RNA, 2.82
umoles of cytidylic acid were recovered from the control
sample and 1.98 umoles of cytidylic acid were recovered
from a replicate sample of nuclease-treated s-RNA. The
difference in cytidylic acid residues, 1.04 umoles, ac-
counted for about 807 of the difference in nucleotide
composition of the two samples. End-group analysis of
endonuclease-treated RNA by these methods does not
have the statistical validity of similar treatment of low
molecular weight oligonucleotides, and the results must
be viewed with this reservation. The specificity of the
enzyme toward various trinucleotides has not been
studied.

Discussion

The ribonuclease activity which is associated with E.
coli ribosomes occurs in several different active forms,
all of which are dissociated from the ribosome complex.
The enzyme activity purified by Neu and Heppel (1964)
from the medium of E. coli spheroplasts was retained on
DEAE<ellulose columns and might consist of an
association of the enzyme with some part of the ribo-
somal protein. The enzyme activity which was purified by
Spahr and Hollingworth (1961) from E. coli ribosomes
by ammonium sulfate fractionation was bound weakly

to DEAE-cellulose. Both these enzymes differ from the
nuclease activities we have prepared by acid treatment
with respect to the inability of the acid-purified enzyme
to adsorb on DEAE-cellulose and also with respect to
the effect of added electrolytes. The enzyme purified by
Spahr and Hollingworth (1961) and Neu and Heppel
(1964) was found to be stimulated by concentrations
of NaCl up to 0.3 M, whereas the nuclease activity we
have purified by acid treatment is strongly inhibited at
concentrations above 0.15 M NaCl. The latter effect is
important practically in preventing the degradation of
RNA in preparative procedures, and in analytical studies
on the stepwise degradation of RNA employing the
enzyme where its activity may be abruptly terminated by
addition of suitable concentrations of electrolyte.

The nuclease activities described in this paper most
closely resemble those reported by Rushizky er al. (1964)
in acid solubility, affinity for CM-cellulose, and in ap-
parent molecular weight. The ribonucleases purified by
Rushizky et al. (1964) were prepared from the culture
media of several bacilli, and in the light of the studies of
Neu and Heppel (1964) these enzymes might also te con-
sidered to have been associated with the ribosomes of the
cell at some stage of cell growth.

Whether the ribonuclease activities we have described
in this paper represent several enzymes with different
structural features and substrate specificities is not
known. The preparation of an acid-soluble ribonuclease
activity from the Worthington BAPSF fraction which
degrades polycytidylic acid but not polyadenylic or
polyuridylic acid might indicate that different enzymes
with different substrate specificities occur. However, this
apparent separation of activities could be owing to
modification of the enzyme during preparative pro-
cedures in a way which results in loss of ability to de-
grade polyadenylic and polyuridylic acid. So far we
have been unable to separate polycytidylic nuclease
activity from polyadenylic nuclease activity on CM-
cellulose columns. Singce the acid-soluble nuclease
activity is inhibited by mercaptoethanol, the loss of
polyadenylic nuclease activity might be owing to rup-
ture and rearrangement of disulfide linkages in prepara-
tive manipulations.
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Spectrophotometric Identification of Acyl Enzyme Intermediates”

Sidney A. Bernhard, S. J. Lau, and Harry Noller

ABSTRACT: The ultraviolet spectra of a variety of (-
arylacryloyl derivatives have been investigated in terms
of the influence of the aryl substituent, the acyl sub-
stituent, and the solvent. The spectra of these deriva-
tives have been compared with the corresponding
spectra of the 8-arylacryloyl derivatives of chymotrypsin
and subtilisin, in an attempt to identify the acyl-ac-
ceptor group at the enzyme site. The “native” acyl
enzyme spectrum in water differs in every case from
that of a corresponding O-acylserine peptide in aqueous,
hydrogen-bonding, or nonpolar solvents. The denatured

In a comprehensive set of papers, Bender and his
collaborators (Bender, 1962a; Bender et al., 1962a,b;
Schonbaum ef al., 1961) demonstrated the utility of
employing chromophoric acylating agents for the
identification of intermediates in the chemical pathway
of catalysis by proteolytic enzymes. Aside from the
experimental convenience of following the rates of
disappearance of substrate, appearance of enzyme-
substrate intermediate, and appearance of final products
individually by means of the characteristic ultraviolet
absorption spectra of each of the components, the
method presents a potential approach to the identifica-
tion of the chemical nature of enzyme-substrate inter-
mediates. An example reported by Bender ez al. (1962a)
serves as illustration: Table I lists the characteristic
ultraviolet wavelength maxima and extinctions of a
variety of derivatives of cinnamic acid. In the reaction
of a-chymotrypsin with cinnamoylimidazole, an en-
zyme-substrate intermediate is readily detected. The
kinetics of the reaction are in accord with the model of
equation (1). By comparison of the data of Table I
with the spectrum of the enzyme-substrate intermediate
(compound I), the chemical nature of the acyl enzyme

* From the Department of Chemistry and Institute of Molecu-
lar Biology, University of Oregon, Eugene. Received August 5,
1964, revised March 4, 1965. This investigation was supported
in part by a U.S. Public Health Service traineeship (2T1-GM
715) from the National Institute of General Medical Sciences,
and by a research grant from the National Science Foundation.

acyl enzyme spectrum is in every case the same as that
of a corresponding O-acylserine peptide. Of the poten-
tial amino acid acyl-acceptor side chains, only the
imidazole group of histidine can form an acyl deriva-
tive which is compatible with the spectrophotometric
characteristics of the corresponding native acyl enzyme.
The acylimidazole spectrum in nonpolar solvents ap-
proaches that of the acyl enzyme for all B-arylacryloyl
derivatives investigated. The slow rate of acyl enzyme
hydrolysis at low pH (pH <4) is, however, inconsistent
with the observed hydrolysis rates of acylimidazoles.
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linkage might possibly be inferred. Unfortunately,
none of the model compounds of Table I corresponds
very closely in its ultraviolet spectra to that of the
acyl enzyme. The disparity between the spectrum of
the acyl enzyme intermediate and that of the model
compound, N-acetyl-O-cinnamoylserinamide (com-
pound II), is particularly disappointing in light of the
fact that an O-acetylserine peptide has been identified
(Oosterbaan and Van Andrichem, 1958) among the
proteolytic degradation products of monoacetyl chymo-
trypsin, an acyl enzyme isolated (Balls and Wood,
1956) under conditions similar to that employed in the
spectral identification of cinnamoyl chymotrypsin.
Wooten and Hess (1960) have found that even when
non-ultraviolet absorbing acylating or phosphorylating
agents are employed in the preparation of acyl or
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