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Pacaud and Uriel described an enzyme from Escherichia coli ("protease I")
that hydrolyzes acetyl phenylalanine naphthyl ester (APNE). We examined the
possible involvement of this enzyme in intracellular protein degradation, its sub-
cellular distribution, and its proteolytic activity. Although the APNE-hydrolyz-
ing activity is localized primarily in the periplasm, proteolytic activity against
casein was found in the periplasm, membrane, and cytoplasm with similar
specific activities. The APNE-hydrolyzing enzyme did not appear to contribute
to the proteolytic activity of the periplasm. A mutant deficient in APNE-
hydrolyzing activity lacked all activity in the periplasm but showed a slight
percentage of residual activity in the cytoplasm. Extracts of such cells were
normal in their ability to hydrolyze casein. The mutant was indistinguishable
from wild-type cells in its rate of protein degradation during growth or glucose
starvation and in the ability to rapidly degrade puromycin-containing polypep-
tides. Nitrogen starvation, which increased protein breakdown severalfold,
affected neither the total amount nor the distribution of APNE-hydrolyzing
activity. The mutant showed no defect in its ability to cleave small phenylala-
nine-containing peptides released during protein degradation. The mutant and
wild-type cells are equally able to hydrolyze exogenously supplied phenylalanyl
peptides. These experiments suggest that the APNE-hydrolyzing enzyme is not
required for protein degradation and that "protease I" is probably not a protease.

Although intracellular protein degradation
was first demonstrated in Escherichia coli over
20 years ago (13) and occurs in all cells (7), little
is known about the proteolytic enzymes that
are involved in this process. Pacaud and Uriel
(17) purified and characterized an enzyme from
E. coli that hydrolyzes acetyl phenylalanine
naphthyl ester (APNE), a synthetic substrate
of chymotrypsin. This enzyme was reported to
hydrolyze E. coli, ribonucleic acid polymerase
(10), and polynucleotide phosphorylase (21) in
vitro, although high enzyme concentrations
and long incubations were required. Since no
protease had been isolated previously from E.
coli, this enzyme was designated "protease I."
To test for a possible role of this enzyme in
protein catabolism, we examined protein
breakdown in a mutant deficient in the APNE-
hydrolyzing activity. In addition, we comDared
the intracellular location of this activity and
that of proteolytic activity against casein.

MATERIALS AND METHODS
Assays. Protein was determined by the method of

Lowry et al. (12). j3-Galactosidase was determined

' Present address: Department of Biology, Emmanuel
College, Boston, MA 02115.

by hydrolysis of o-nitrophenyl-,8-a-galactopyrano-
side (23). For such determinations, cells were ini-
tially grown in the presence of 0.1 mM isopropyl-X8-
D-thiogalactopyranoside.

Proteolytic activity was assayed by the release of
free amino groups from casein. The various subcel-
lular fractions were dialyzed against 0.2 M sodium
borate, (pH 9.0) to remove tris(hydroxymethyl)-
aminomethane (Tris), amino acids, and small pep-
tides (which react with Fluram [see below]). Assay
tubes contained 1 ml of the extract (less than 0.5
mg of protein per ml) and 0.33 ml of 2% (wt/vol)
casein in borate buffer. Since proteins in the extract
may compete with casein as a substrate for pro-
teases, the exogenous substrate was added at 10- to
25-fold greater protein concentrations than that of
the extract to minimize this effect. In addition, the
autolytic activity in the absence of added casein was
determined in parallel incubations, and this value
was subtracted from activity measured in the pres-
ence of casein. Under these conditions the proteo-
lytic activity against casein was 3- to 10-fold greater
than autolytic activity.

Before and after 2-h incubation at 37°C, samples
were mixed with equal volumes of cold 10% (wt/vol)
trichloroacetic acid to precipitate proteins. After in-
cubation for 1 h at 4°C, the tubes were centrifuged
for 10 min at 1,500 x g. A 100-,ul volume of the
supernatant fluid was mixed, with a Vortex mixer,
with 1.4 ml of Fluram (Roche Diagnostics; 30 mg/ml)
dissolved in acetone. L-Leucine was used as a stan-
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dard. Relative fluorescence at 472 nm was measured
on an Aminco-Bowman fluorimeter, after excitation
at 390 nm. One unit of casein-hydrolyzing activity
was the amount of extract that released in 1 h (in a
100-lI sample) amino groups equal to 1 nmol of
leucine. With this assay, proteolytic activity against
casein was proportional to the concentration of the
extract and was linear for 2 h.

Histone hydrolysis was measured by the appear-
ance of radioactivity from ['25I]histone in a form
soluble in 15% trichloroacetic acid and 2.5% (wt/vol)
silicotungstic acid. This mixture was found to pre-
cipitate quantitatively ['25I]histone, which is par-
tially soluble in trichloroacetic acid. Histone type
IIA (Sigma Chemical Co.) was iodinated by the
method of Hunter (11) to 105 cpm/,ug. The extract
(0.1 ml) was incubated with 1 ,ug of [1251]histone in 1
ml of 50 mM Tris-hydrochloride (pH 8.2) for 1 h at
37°C. Samples removed before and after incubation
were mixed with an equal volume of trichloroacetic
acid-silicotungstate, and 250 ,ig of unlabeled histone
was added to aid precipitation. The precipitate was
removed by centrifugation, and the amount of radio-
activity in the supernatant was determined by liq-
uid scintillation counting. When commercial trypsin
(Miles Laboratories, Inc., grade V) was used as the
protease, the radioactivity released was directly
proportional to the incubation time and to the tryp-
sin concentration. However, when crude cell ex-
tracts were tested, the activity was not proportional
to extract concentration, possibly because of compe-
tition between proteins in the extract (about 0.5 mg/
ml) and ['25I]histone (1 ,ug/ml). Consequently, all
assays were performed with equal protein concen-
trations.

Hydrolysis of APNE was measured by a modifica-
tion of the method of Ravin et al. (20). All steps and
reagents were at 4°C until addition of trichloroacetic
acid. A 2.0-ml volume of substrate was added to 0.5
ml of barbital buffer (0.1 M sodium barbital [pH
7.8], 20% [wt/vol] methanol) containing the dialyzed
extract. Substrate was prepared fresh by the addi-
tion of 5 ml of APNE (2 mg/ml in acetone) to 95 ml of
barbital buffer. After 1 h of incubation, 0.5 ml of
Fast Blue Salt B (Matheson, Coleman & Bell) was
added while mixing with a Vortex mixer. After 5
min, 0.5 ml of 80% (wt/vol) trichloroacetic acid was
added to stop the reaction. Samples were extracted
with 5 ml of ethyl acetate. After brief centrifuga-
tion, the upper (organic) phase containing the col-
ored naphthol derivative was measured in a Klett
colorimeter with a green filter. Standards contained
0 to 500 ng of bovine chymotrypsin (Miles-Seravac).
One unit of activity equaled that amount of extract
giving the same amount of hydrolysis in 1 h as 25 ng
of chymotrypsin. Purified APNE-hydrolyzing en-
zyme was kindly provided by M. Pacaud and J.
Uriel.

Degradation of labeled cell proteins was deter-
mined by measuring the appearance of radioactive
amino acids in trichloroacetic acid-soluble form as a
function oftime (6, 8, 19). The hydrolysis of puromy-
cin-containing polypeptides (6) and of normal cell
proteins (19) was measured as described previously.
Protein degradation was expressed as the percent-

"PROTEASE I" FROM E. COLI 777

age of acid-soluble radioactivity relative to that
originally present in acid-precipitable material.

'4C-labeled phenylalanine, present either as free
[1-14C]phenylalanine or in peptides terminating
with [1-14C]phenylalanine, was measured by decar-
boxylation, using an adaptation of the technique of
Chang and Fenton (4). "4CO2 was collected as de-
scribed by Odessey and Goldberg (15). Cells were
grown in the presence of [1-_4C]phenylalanine to;
label proteins and peptides released by protein deg-
radation. The cells in log phase were then washed
and suspended in fresh media containing unlabeled
phenylalanine for measurement of protein degrada-
tion. Samples (1 ml each) were added to 0.25 ml of
17% (wt/vol) chloramine-T (4) and 10 ,ul of 10 mM
sodium bicarbonate (to serve as CO2 carrier) in a 25-
ml Erlenmeyer flask. '4CO2 was collected in a well
containing 0.3 ml ofphenethylamine. H2SO4 (0.5 ml,
1 N) was injected through the rubber stopper into
the sample to drive off the C02, and the flask was
shaken at 20°C for 1 h. The solution in the well was
mixed with 4.0 ml of 2,5-bis-2-(5-tert-butylbenzoxa-
zoyl)thiophene (Packard Instrument Co., Inc.) (2.5 g
per 625 ml of toluene plus 375 ml of absolute
ethanol), and radioactivity was determined by scin-
tillation counting.

Bacterial strains and media. E. coli K-12 strain
A33, requiring arginine and tryptophan, was ob-
tained from B. Davis. Tryptone agar plates used for
the isolation of Pr- mutants contained 1.2% agar
(Difco Laboratories), 1.0% tryptone (Difco), and
0.5% NaCl. For other experiments, strains were
grown with aeration in Penassay broth (Difco), me-
dium B (14) supplemented with 0.6% glycerol, or
glycerol minimal medium (5). M9 minimal medium
(1) was used for dipeptide utilization studies. Phenyl-
alanylphenylalanine was obtained from Schwarz/
Mann and was checked for homogeneity by chroma-
tography. Free phenylalanine, if present, was at a
level of less than about 2%. Phenylalanyl tyrosine,
phenylalanyl alanine, phenylalanyl-methyl ester,
and phenylalanyl-ethyl.ester were kindly supplied
by Elkin Blout.

Isolation of mutants deficient in APNE-hydro-
lyzing activity. E. coli mutants deficient in APNE-
hydrolyzing activity were isolated by a modified
replica plating technique (described below) whereby
colonies are imprinted onto filter paper, which is
then stained with a chromogenic reagent. The
method is simpler and more convenient than the
usual spraying or indicator plate techniques and is
more sensitive because ofenhanced color contrast on
the white background.
A culture of E. coli BB was treated with the

mutagen N-methyl-N'-nitro-N-nitrosoguanidine, as
described by Adelberg et al. (2), and spread on fresh
tryptone-agar plates to give about 300 colonies per
plate. When the colonies reached a diameter of
about 2 mm, a disk of Whatman no. 1 filter paper,
slightly smaller than the plate, was applied to the
moist agar surface and carefully removed so as to
avoid distortion of the colony pattern. After drying,
the paper was immersed in a staining solution pre-
pared immediately before use by mixing 20.0 ml of
0.05 M Tris-hydrochloride (pH 7.5) containing 40 mg
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ofFast Blue Salt B with 6.0 ml of dioxane containing
20 mg of APNE. The disk was blotted to remove

excess solution and allowed to dry at room tempera-
ture. Within 5 min, colony imprints with APNE-
hydrolyzing activity became visibly purple, reach-
ing maxmum intensity in about 30 min. Imprints of
colonies deficient in this activity appear as faint
yellow spots, the position of which serves to locate
the colony residue on the master plate. With effi-
cient mutagenic treatment, the mutant frequency is
about 10-3. Mutants so obtained are called Pr-; the
isolate used in this study is designated Pr8m.

Preparation of subcellular fraction. E. coli in
logarithmic phase were collected, and subcellular
fractions were prepared by a modification of the
osmotic shock method of Nossal and Heppel (14). A
0.5-liter cell suspension at approximately 100 Klett
units (about 100 mg of protein, total) was collected
by centrifugation for 10 min at 10,000 x g, washed
twice in a solution of 10 mM Tris-hydrochloride (pH
7.1 or 8.1) and 30 mM NaCl and suspended in 20 ml
of 33 mM Tris-hydrochloride. A 20-ml volume of 33
mM Tris-hydrochloride-40% (wt/vol) sucrose was
added, and ethylenediaminetetraacetate (EDTA)
was added to a final concentration of 0.1 or 1.0 mM.
Cells were shaken gently for 10 min at room temper-
ature and were pelleted for 10 min at 13,000 x g. The
supernatant was designated "stage I shock fluid"
(13). The pellet was drained, immediately sus-
pended in 30 ml of ice-cold water or 2 mM MgCl2,
and shaken gently for 10 min at 4C. Cells were then
centrifuged at 11,000 x g for 10 min, and Tris-
hydrochloride (1 M, pH 7.1) was added to the super-
natant fluid to give a final concentration of 10 mM
(pH 7.1). The supernatant fluid (Heppel's stage II

shock fluid) was designated the "periplasmic" frac-
tion. Cells were resuspended and sonically oscillated
in 5 ml of the same buffer. After removal of unbro-
ken cells by centrifugation, the membrane fraction
was prepared by centrfiguation for 10 min at 30,000
x g, and the pellet was resuspended in 10 mM Tris-
hydrochloride (pH 7.1). The 30,000 x g supernatant
fluid was designated the 'cytoplasmic" fraction; the
pellet was designated the "membrane" fraction.
Samples of each fraction were dialyzed for 24 h

against borate buffer, and all fractions were stored
at -300C.

RESULTS
Subcellular fractions were prepared by os-

motic shock and assayed for APNE-hydrolyzing
activity. In both E. coli K-12 and E. coli BB
(data for BB not shown), the activity was found
primarily in the periplasmic fraction (Table 1).
This fraction contained from 1/2 to 2/3 of the
total activity, depending on the strain and
growth medium, and its specific activity was
15- to 20-fold higher in the periplasm than in
cytoplasmic or membrane fractions. By com-
parison, the periplasm contained from 10 to
50%, the cytoplasm contained from 50 to 80%,
and the membrane contained from 5 to 15% of
the total proteolytic activity, depending on the
strain and growth conditions (Table 2). The
specific activity ofproteolytic activity was high-
est in the periplasm (or stage I shock fluid in
one case), ranging between two- and fourfold
that of other fractions. Cell lysis was not re-
sponsible for release of APNE-hydrolyzing ac-
tivity or proteolytic activity into the peri-
plasmic fraction, since more than 90% of the ,B-
galactosidase, an intracellular enzyme, re-
mained with the cytoplasmic fraction. These
fractions were also active in the hydrolysis of
histone (data not shown) as well as casein. The
membrane fraction retained hydrolytic activity
against histone after several washings with
buffer. In addition, all three fractions were able
to hydrolyze endogenous proteins, since signifi-
cant proteolysis was measured in each fraction
in the absence of added casein. In all of these
experiments, proteolysis by any subcellular
fraction clearly may represent the action of
more than one hydrolytic enzyme.
The amount ofproteolytic activity released in

the periplasm depended on the medium in

TABLz 1. Distribution ofAPNE-hydrolyzing activity in subcellular fractions ofE. colia
, -Galacto- APNE-hydrolyzing activity

Growth medium Fraction Protei sidase Spact(U/ %To
(%total) ~mg)

Penassay broth Stage I shock fluid 4 1 20 7.1 16
Periplasm 16.5 7 81 6.9 66
Cytoplasm 70.5 90 21 0.42 17
Membrane 9 2 1.5 0.20 1

Medium B + glycerol Stage I shock fluid 3 0 6 2.7 8
Periplasm 5 0.5 41 10.8 51
Cytoplasm 68 98 29 0.58 36
Membrane 24 1 4 0.22 5

a Strai A33 in log phas was treated with sucrose-0.1 mM EDTA (pH 7.1) (stage I). At stage II, cells were
shocked with 2 mM MgC12.

J. BACTZRIOL.
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TABLE 2. Distribution ofproteolytic activity against casein in subcellular fractions ofE. colia
Proteolytic activity against casein

Expt Growth medium Fraction Sp act
U (U/mg of pro- % Total

tein)
1 Penassay broth Stage I shock fluid 0 0 0

Periplasm 77 3.28 46
Cytoplasm 79 0.79 47
Membrane 11 0.86 7

Medium B + glycerol Stage I shock fluid 4 1.7 3
Periplasm 11 3.0 10
Cytoplasm 88 1.8 75
Membrane 14 0.8 12

2 Penassay broth Stage I shock fluid 18 3.2 13
Periplasm 44 4.4 31
Cytoplasm 68 0.9 49
Membrane 8.4 1.2 6

Medium B + glycerol Stage I shock fluid 11.5 23.0 6
Periplasm 22 3.4 12
Cytoplasm 154 2.4 80
Membrane 4.6 0.5 2

a Strain A33, harvested in log phase, was treated with sucrose-0.1 mM EDTA (pH 7.1) (stage I). At stage
II, cells were shocked with 2 mM MgC12.

which the cells were grown (Table 2). Cells
grown on either Penassay broth or medium B
plus glycerol were subjected to osmotic shock in
parallel. Yet the Penassay broth-grown cells re-
leased more proteolytic activity (46 and 44% in
the combined stage I and stage II shock fluids)
than medium B-grown cells (13 and 18%). Com-
parison of protein- and APNE-hydrolyzing ac-
tivity released in these experiments showed
that cells grown on Penassay broth released
20.5% of the total protein in the shock fluids as
compared to 8% for cells grown on medium B
(Table 1). Similar results were obtained in
other experiments. The cells grown on Penas-
say broth released 82% of the APNE-hydrolyz-
ing activity versus 59% for the medium B-
grown cells (Table 1). Cell lysis can account for
only a small fraction of these differences since
lysis (measured by release of f-galactosidase)
was 8 and 9% for the Penassay broth-grown
cells versus 0.5 and 9% for the medium B-grown
cells.
Nitrogen deprivation is known to increase

protein degradation severalfold in E. coli (13,
19). We tested to see whether nitrogen starva-
tion leads to an increase in either APNE-hydro-
lyzing or proteolytic activity. Deprivation of
nitrogen for 2 h (during which time the viable
count remained constant) did not affect either
the level or the subcellular distribution of

APNE-hydrolyzing activity or of proteolytic ac-
tivity against casein (data not shown).
The periplasmic fraction thus contained both

proteolytic activity and the APNE-hydrolyzing
activity. To test whether the APNE-hydrolyz-
ing enzyme contributed to the proteolytic activ-
ity of the periplasmic fraction, we studied the
mutant deficient in APNE-hydrolyzing activity
(Pr-). In three separate experiments, the mu-
tant was found to contain 3, 2, and 10% of the
total APNE-hydrolyzing activity of the wild-
type parent strain. In all cases, however, the
mutant had no detectable periplasmic APNE-
hydrolyzing activity; the residual activity ofthe
mutant was all in the cytoplasmic fraction (Ta-
ble 3). When the mutant and wild type were
examined for proteolytic activity, no significant
differences were found in any of the subcellular
fractions (Table 4). Thus, APNE-hydrolyzing
activity does not appear to contribute signifi-
cantly to the proteolytic activity of the peri-
plasm measured at pH 9.0 with casein as a
substrate.

Further experiments also failed to correlate
proteolytic activity with APNE hydrolysis. The
casein-degrading activity of the periplasm was
highly sensitive to heat and was inhibited by
EDTA, in contrast to APNE-hydrolyzing activ-
ity (Table 5). Furthermore, the pH profiles of
the two activities differed. Histone hydrolysis
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showed a pH optimum of 8 to 9 with very little
activity below pH 7.0, whereas APNE hydroly-
sis had a pH optimum of 7.6 with 75% activity
at pH 6.0.
We also compared the pure bacterial enzyme

(17) and chymotrypsin with respect to their
esterase activity against APNE and their prote-
olytic activity (Fig. 1). The specific activity of
the bacterial enzyme against APNE was 10%
that of chymotrypsin in accord with the find-
ings of Pacaud and Uriel. However, proteolytic
activity against casein was detectable at 37°C
with as little as 25 ng of chymotrypsin per ml
but was undetectable with 12,500 ng of APNE-
hydrolyzing enzyme per ml. Together these ex-
periments argue against the APNE-hydrolyz-
ing enzyme from E. coli being a protease.
Although this enzyme does not contribute

measurably to the proteolytic activity of the cell
against casein, it is still possible that the
APNE-hydrolyzing enzyme plays some role in

TABLE 3. APNE-hydrolyzing activity of the Pr-
mutanta

APNE-hydrolyzing activity (total
Strain units) in the fraction

Periplasm Cytoplasm

Expt 1
Pr+ 78.5 14.2
Pr- 0 8.7

Expt 2
Pr+ 50.0 30.8
Pr- 0 1.40

a Strains Pr+ and Pr- were grown on Penassay
broth and harvested in log phase, and subcellular
fractions were prepared as described in the text.
Sucrose-5 mM EDTA treatment was performed at
pH 8.1 prior to osmotic shock with distilled water.

TABLE 5. Effects of heat and EDTA on APNE and
casein hydrolysisa
APNE hydrolysis (%) Casein hy-

Treatmnent . drolysis by
Pure en- Pen- periplasm
zyme plasm (%)

Control 100 100 100
51°C for 10 min 86 81 10
10 mM EDTA 96 80 34

a E. coli BB was used to obtain the periplasmic
fraction. Heat treatment was performed prior to
enzyme analysis. EDTA was present during the en-
zyme assay. Pure enzyme represents "protease I,"
kindly provided by M. Pacaud and J. Uriel.

protein degradation. If the APNE-hydrolyzing
enzyme is required in protein degradation, this
process should be reduced severely in the Pr-
mutant. Several experiments failed to demon-
strate such a defect (Fig. 2 and 3). Measure-
ments of protein degradation rates during
growth showed no difference between Pr+ and
Pr- strains. For example, in typical experi-
ments (data not shown), in Pr+ and Pr- 3.3 and
3.2%, respectively, of the proteins labeled dur-
ing a 5-min exposure to [3H]leucine were de-
graded in 1 h (see also Fig. 2, controls). Starva-
tion for a carbon source (8) increased degrada-
tion of normal proteins severalfold. The Pr-
mutant was just as active as the wild type in
protein degradation under such conditions (Fig.
2B). Another possible role for the APNE-hydro-
lyzing activity might be in the rapid degrada-
tion of abnormal proteins, such as the polypep-
tides released prematurely from the ribosome
as a result of incorporation of puromycin (6, 18).
The proteolytic system responsible for this proc-
ess may be distinct from that responsible for
breakdown of normal proteins during starva-

TABLE 4. Casein-hydrolyzing activity of extracts ofPr+ and Pr-a
APNE-hydrolyzing activity Casein-hydrolyzing activity

Strain Fraction
U/mg of protein % Totalb U/mg of protein % Total1

Pr+ Stage I shock fluid -c_ 0 0
Periplasm 8.62 85 3.96 60
Cytoplasm 0.52 15 0.71 32
Membrane - - 1.02 8

Pr- Stage I shock fluid - - 0 0
Periplasm 0 0 3.58 61
Cytoplasm 0.32 100 0.82 39
Membrane - - -

a Strains Pr+ and Pr- were grown on Penassay broth and harvested in log phase, and subcellular fractions
were prepared as described in the text.

b Sum of the activities in all fractions measured.
c, Not tested.

J. BACTERIOL.
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FIG. 1. Comparison of APNE-hydrolyzing activ-

ity (A) and casein-hydrolyzing activity (B) ofchymo-
trypsin (a) and pure APNE-hydrolyzing enzyme (A).
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FIG. 2. (A) Degradation ofpuromycin-containing
and normal proteins by Pr+ (*) and Pr- (A). Strains
Pr+ and Pr- were grown on glycerol minimal me-
dium to log phase. One-half of each culture was
incubated with [3H]leucine (0.1 ,uCilml) for 5 min
and then washed and suspended in fresh medium
containing excess unlabeled leucine. The other half
was treated with 200 pg ofpuromycin per ml for 12
min and subsequently labeled with [3H]leucine (0.1
,uCilml) for 5 min. Cells were then washed and sus-
pended in fresh medium containing excess unlabeled
leucine. After resuspension in fresh medium (zero
time), samples taken at various times were mixed
with cold 10% trichloroacetic acid and centrifuged,
and the acid-soluble radioactivity was determined.
(B) Degradation of normal proteins during growth
and glucose starvation. Strains Pr+ (a) and Pr- (A)
were grown on minimal medium with glucose and
labeled for two generations with [4,5-3H]leucine (0.1
,uCilml). Cells were then washed and suspended in
fresh medium containing excess unlabeled leucine or
in the same medium from which glucose (the only
carbon source) had been omitted. Samples were re-
moved at various times after suspension and were
mixed with cold trichloroacetic acid. After centrifu-
gation, the acid-soluble radioactivity was deter-
mined.

tion (19). Pr- cells degraded puromycin-con-
taining polypeptides as rapidly as Pr+ cells
(Fig. 2A).

It is also possible that the APNE-hydrolyzing
enzyme may be important in hydrolysis of pep-
tides released from proteins during degrada-
tion. Such an activity would have escaped de-

tection in the previous in vivo experiments,
which measured only the conversion of acid-
insoluble radioactivity to the acid-soluble form.
To test this possibility, cells were grown on
[carboxy-140]phenylalanine to label proteins
and then transferred to fresh medium with ex-
cess unlabeled phenylalanine to follow degra-
dation. Hydrolysis of ['4C]phenylalanine pep-
tides released during protein catabolism leads
to the production of new terminal 14COOH
groups. The APNE-hydrolyzing enzyme should
cleave specifically on the carboxyl side of phen-
ylalanine residues (17). If the enzyme hydro-
lyzes such peptides in vivo, its absence should
decrease the number of new 14COOH groups
produced during protein degradation. [14C]_
phenylalanine peptides released during pro-
tein degradation were hydrolyzed as well by
Pr- as by Pr+ (Fig. 3). Thus, the APNE-hydro-
lyzing enzyme, which cleaves the phenylala-
nine ester APNE, does not appear to be neces-
sary for the cleavage of phenylalanine peptides
in protein catabolism. These experiments indi-
cate that the APNE-hydrolyzing enzyme is re-
quired for neither the early nor the late steps of
protein degradation.

Finally, the APNE-hydrolyzing enzyme may
serve to degrade exogenous peptides. Trial ex-
periments showed, in fact, that a phenylala-
nine-requiring derivative of strain BB (Pr+) can
utilize the dipeptide phenylalanylphenylala-
nine for growth. If the APNE-hydrolyzing en-
zyme is the only, or the major, enzyme capable
of degrading this dipeptide, Pr- Phe- cells
should not be able to use this dipeptide for
growth. However, Pr- Phe- cells and Pr+ Phe-

-

06

Time mmn)

FIG. 3. Hydrolysis of phenylalanine-containing
peptides produced by protein catabolism in Pr+ (0)
and Pr- (A). Pr+ and Pr- were labeled overnight with
[1-14C]phenylalanine and then washed and sus-
pended in fresh medium containing excess unlabeled
phenylalanine. At various times, samples were re-
moved, and carboxyl-'4COOH groups were measured
as described in the text.
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cells grew at the same rate when supplied with
a limiting amount of phenylalanylphenylala-
nine (Fig. 4). In addition, phenylalanyl tyro-
sine, phenylalanyl alanine, phenylalanyl-
methyl ester, and phenylalanyl-ethyl ester (20
jig/ml) each permitted normal growth rates
with both Pr+ and Pr- cells. Thus, either the
residual cytoplasmic APNE-hydrolyzing activ-
ity or some other enzymes are responsible for
the utilization of these compounds. This result,
of course, does not preclude some minor contri-
bution of the APNE-hydrolyzing enzyme to
degradation of such peptides and esters.

DISCUSSION
A number of findings strongly suggest that

the enzyme designated "protease I" is not a
protease. (i) Subcellular extracts prepared from
the Pr- mutant, which lacks more than 90% of
the APNE-hydrolyzing activity, had normal
proteolytic activity against casein (Table 4). (ii)
The APNE-hydrolyzing activity and proteolytic
activity (against casein) from the periplasm
had different pH optima and different sensitivi-
ties to heat and EDTA (Table 5). (iii) Purified
APNE-hydrolyzing enzyme was inactive
against denatured collagen and myoglobin (17)

1SO!

100

z

5-

5C

0

Pr
+ 36)ug/ml

Pr +
+ 9pg/ml

Pr
+ 9%ug/mI

A A A A Pr

A A A&-* none

2 3 4 5
HOURS

FIG. 4. Growth of Pr- Phe- and Pr+ Phe- deriva-
tives of E. coli in minimal medium supplemented
with phenylalanylphenylalanine. Overnight cul-
tures, grown in M9 medium supplemented with
phenylalanine (40 pglml), were washed twice with
unsupplemented M9 and finally resuspended in an

equal volume of the same unsupplemented medium.
At zero time, 0.4 ml of the washed cells was added to
10 ml of M9, with and without the dipeptide, and
incubated with aeration at 37°C. The turbidity was

followed with a Klett-Summerson colorimeter at 660
nm.

as well as casein (Fig. 1) and denatured crea-
tine kinase (unpublished data). The data of
Pacaud and Uriel (17), Thang et al. (22), and
Hermier et al. (10) suggested that this enzyme
is a protease. When these workers incubated
protein substrates with the APNE-hydrolyzing
enzyme, they observed only limited cleavage of
the protein as estimated by sodium dodecyl sul-
fate-gel electrophoresis. Even this result re-
quired unusually long incubation times (7 days
at 4°C or 30 h at 20°C) and very high concentra-
tions of the APNE-hydrolyzing enzyme (100 to
600 ,ug/ml). It is possible that the enzyme prep-
aration had a minor proteolytic contaminant
that caused this low amount of protein cleav-
age. Alternatively, this enzyme, which can
clearly function as an esterase, may have a
very low hydrolytic activity toward certain pro-
teins. However, until there is stronger evidence
for proteolytic activity, we suggest the enzyme
would appropriately be called "APNE-hydrolyz-
ing enzyme" or "acetylphenylalanine esterase."
The present results illustrate the problems in-
volved in using the hydrolysis of synthetic es-
ters as the sole criterion for defining proteolytic
enzymes.

Experiments with intact cells indicated that
the APNE-hydrolyzing enzyme is not essential
for intracellular protein degradation. The Pr-
mutant did not differ from the wild type in its
ability: (i) to degrade cell proteins during
growth; (ii) to degrade cell proteins at increased
rates during starvation; (iii) to degrade incom-
plete polypeptides resulting from incorporation
of puromycin; (iv) to hydrolyze phenylalanine-
containing peptides released upon degradation
of proteins; or (v) to utilize exogenous phenylal-
anyl peptides or esters for growth.
The APNE-hydrolyzing activity is located

primarily in the periplasm, where its specific
activity is about 20-fold higher than in the cyto-
plasm. Pacaud and Uriel (17) found three bands
capable of APNE-hydrolysis on acrylamide gel
electrophoresis of extracts, one major band
which they designated "protease I" and two
minor bands whose activity varied from extract
to extract. In the Pr- mutant, only the major
activity band is absent (unpublished data). The
present results indicate that, in Pr-, APNE-
hydrolyzing activity is undetectable in the peri-
plasmic fraction, whereas a small variable
amount of activity is found in the cytoplasm.
Thus, cytoplasmic APNE-hydrolyzing activity
may represent a second enzyme.

Proteolytic activity was found in all subcellu-
lar fractions of E. coli (Table 2), in agreement
with the observations of Chaloupka (3) and
Regnier and Thang (21). The amount of pro-
tease released by osmotic shock depended upon
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the growth conditions. When cells were grown
on Pennassay broth, the osmotic shock released
almost 50% ofthe cells' total proteolytic activity
and about 20% of the cell protein. In contrast,
when cells were grown on medium B, only 15%
of the proteolytic activity and 8% of the protein
were released by the same shock procedure.
Regnier and Thang (21) also found about 10% of
total proteolytic activity in the periplasm when
cells were grown on a minimal medium similar
to medium B. Chaloupka (3) reported 30% of
the proteolytic activity in the periplasm, al-
though the nature of the growth media and
degree of cell lysis were not indicated. Perhaps
these differences indicate the existence of a sec-
ond compartment, other than the periplasm,
that contains protease and that is released by
osmotic shock only from cells grown on a rich
medium. Alternatively, these differences may
reflect the inducibility of periplasmic proteases
by growth on a rich medium.
The specific activity of proteolytic activity in

the periplasm is about two- to fourfold higher
than that of the cytoplasm (Table 2). A wide
variety of degradative enzymes including deox-
yribonuclease, ribonuclease, and acid phospha-
tase are found in the periplasm of gram-nega-
tive bacteria (9). Several possible functions
have been suggested for these periplasmic hy-
drolases, including digestion of exogenous sub-
strates unable to pass through the inner cell
membrane, digestion of dead cells to make val-
uable cell constituents available to surviving
members of the population, and protection of
cells against toxic factors in the environment,
such as phage or colicins (9). In addition, peri-
plasmic proteases may function in the degrada-
tion of cellular proteins, such as membrane or
other periplasmic components. Cytoplasmic
proteins may even be transported to the peri-
plasm for degradation. Such a model is analo-
gous to that proposed for the hydrolysis of eu-
karyotic proteins in lysosomes.
Methods similar to those used here have

also been employed to isolate mutants of E.
coli deficient in a trypsin-like enzyme that hy-
drolyzes benzoyl-DL-arginine-,3-naphthylamide
(BANA) (unpublished data). This selection uti-
lized BANA in place of APNE and Fast Garnet
GBC Salt in place of Fast Blue Salt B. Our
partial purification and characterization of the
BANA-hydrolyzing enzyme suggests that it is
similar and perhaps identical to "protease II"
(16). Mutants (called Tr-) that lack this hydro-
lytic activity also show no defect in the degra-
dation of abnormal proteins (e.g., puromycin-
containing or analogue-containing polypep-
tides) or normal proteins during starvation (un-
published data).
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