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ABSTRACT The energy requirement for protein breakdown
in Escherichia coli results from an ATP requirement for the func-
tion ofprotease La, the product of the Ion gene. This novel serine
protease contains an ATPase activity that is essential for prote-
olysis. ATP and protein hydrolysis show the same K. for ATP
(30-40 F&M) and are affected similarly by various inhibitors, ac-
tivators, and ATP analogs. Vanadate inhibited ATP cleavage and
caused a proportionate reduction in casein hydrolysis, and inhib-
itors of serine proteases reduced ATP cleavage. Thus, ATP and
protein hydrolysis appear to be linked stoichiometrically. Fur-
thermore, ATP hydrolysis is stimulated two- to threefold by poly-
peptides that are substrates for theprotease (casein, glucagon) but
not by nonhydrolyzed polypeptides (insulin, RNase). Unlike hemo-
globin or native albumin, globin and denatured albumin stimu-
lated ATP hydrolysis and were substrates for proteolysis. It is sug-
gested that the stimulation of ATP hydrolysis by potential sub-
strates triggers activation of the proteolytic function.

Escherichia coli, like mammalian cells, possesses a proteolytic
system for the selective degradation ofabnormal polypeptides,
as may arise by mutation, biosynthetic error, or gene fusion
(1-7). An important feature of the degradation of abnormal as
well as normal proteins in bacterial and eukaryotic cells is a re-
quirement for metabolic energy (2, 6, 8-10). Experiments with
metabolic inhibitors in E. coli indicate that ATP is necessary for
an initial endoproteolytic step in this process (6). Cell-free ex-
tracts from E. coli (11, 12) and reticulocytes (10, 13) have been
developed in this laboratory in which the degradation of ab-
normal proteins is stimulated several-fold by ATP. Subse-
quently, E. coli was found to contain eight different endopro-
teases (10, 14, 15), of which only one, named protease La, is
dependent on ATP and Mg2e for activity.

This ATP requirement of protease La accounts for the ener-
gy requirement for the degradative process in vivo (16, 17),
but the biochemical basis of this ATP effect is unclear. Nonhy-
drolyzable ATP analogs do not support proteolysis by this en-
zyme (11, 16, 18), and this process is prevented by inhibitors
of ATPases, such as vanadate (16). To account for the ATP de-
pendence of proteolysis in reticulocytes, Hershko, Rose, and
co-workers (19,20) suggested that this process involves multiple
components, in which ATP is required not by a protease but
for linkage ofsubstrates to the polypeptide ubiquitin to enhance
their susceptibility to proteases. However, ubiquitin had no
effect on the activity of protease La (16).

Protease La has recently been shown to be the product ofthe
lon gene (17). Mutants of E. coli that have a reduced capacity
to hydrolyze abnormal proteins (called deg) were isolated by
Bukhari and Zipser (5) and subsequently shown to map in the
ion (capR) locus (7, 21). In vivo, the lon mutation decreases the

endoproteolytic cleavages that require ATP (6). The identifi-
cation ofa single ATP-dependent protease in E. coli (10, 14, 22)
suggested that protease La might either be the product of the
lon gene or be regulated by it. Recently, Zehnbauer-et aL (23)
purified the ion gene product as a DNA-binding protein with
a subunit molecular weight of 94,000. This purified protein was
subsequently shown (17, 18) to be an ATP-requiring protease
(Mr, 450,000) and to be identical to protease La by a variety of
criteria (17).

The availability of homogeneous preparations ofprotease La
made it possible to study the relationship between hydrolysis
ofATP and proteolysis. Our results suggest an unusual type of
proteolytic mechanism that may be characteristic of enzymes
responsible for protein degradation within other cells.

METHODS
The purification of protease La is described in Fig. 1.

Protease Assay. The assay mixture (total vol, 200 Al) included
50 p1 of a column fraction or 2 ;ug of purified enzyme, 0.5 mM
ATP, 7.5 mM MgCl2, 50 mM Tris HCI (pH 7.8), and 20 pug of
[3H]casein (20,000 cpm) prepared by reductive methylation
(24). After 1 hr at 30'C, the reactions were terminated by ad-
dition of25 1.d of 10% bovine serum albumin and 575 1.d of 10%
trichloroacetic acid, and acid-soluble radioactivity was deter-
mined (17).
ATPase Assay. The assay mixture (total vol, 25 t1) included

5 1ul of a column fraction or 2 Zg of purified enzyme, 50 mM
Tris HCI (pH 7.8), 5 mM MgCl2, 0.5 mM [2,8-3H]ATP (New
England Nuclear, 100 cpm/pmol), and a-casein at 0.1 mg/ml.
The mixture was incubated for 15 min at 300C, and 2-A1 aliquots
were spotted on polyethyleneimine-cellulose plates (Baker) and
chromatographed in 0.5 M KH2PO4 (25) to separate ATP from
the ADP generated. Nonradioactive ATP and ADP (5 nmol)
were cochromatographed with each sample to facilitate locali-
zation of the 3H-labeled nucleotides under UV light. The ap-
propriate spots were cut out and added to 4 ml of scintillation
cocktail. An alternative ATPase assay was used in Fig. 4. The
data reported are based on triplicate assays, and similar results
were obtained with four different preparations of the protease.

-RESULTS
The ATP-Dependent Protease Contains ATPase Activity.

Protease La from E. coli was purified to homogeneity by se-
quential chromatography on phosphocellulose, DEAE-cellu-
lose, Sephacryl S-300 (17), and heparin-agarose (Fig. 1). On gel
filtration, a single peak of casein-degrading activity was ob-
served but only in the presence of ATP and Mg2". This peak
ofproteolytic activity coincided with the peak ofATPase activity

Abbreviations: p[NH]ppA, adenosine 5'-[B, y-imido]triphosphate;
p[CH2]ppA, adenosine 5'-[3,'y-methylene]triphosphate.
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FIG. 1. (A) Gel filtration of protease La.on Sephacryl S-300. Pro-
tease La was purified from 100 g of frozen E. coli by chromatography
on phosphocellulose (P-11) and DEAE-cellulose (Whatman) as de-
scribed (17). This material was concentrated by ultrafiltration in an
Amicon cell with 'a PM-10 membrane and -applied to a column of
Sephacryl S-300 (Pharmacia) (1.5 x 60 cm) equilibrated with 5 mM
Tris HC1, pH 7.4/10 mM NaCl/0.1 mM EDTA/1 mM 2-mercaptoeth-
anol/10% glycerol (buffer A); 1.5-ml fractions were collected and as-
sayed for ATPase (o) and proteolytic activity (e) against- [3H]casein.
(B) The pooled enzyme from the S-300 column was applied directly to
an 8-ml column of heparin-agarose (Bethesda Research Laboratories)
equilibrated with buffer A. Proteins were eluted with a linear gradient
formed from 125 ml of buffer A and 125 ml of buffer A/0.75 M NaCl;
1.5-ml fractions were collected and aliquots were assayed for ATPase
and protease activities. (Inset) After chromatography on heparin-agar-
ose, 15 pug of enzyme was subjected to electrophoresis on a NaDodSO4/
10%ipolyacrylamide gel as described (26). Marker proteins: 1, phos-
phorylase b, Mr, 94,000;-2, bovine serum-albumin, Mr, 67,000; 3, oval-
burmin, Mr, 43,000.

(Fig. 1). When this material was applied to a heparin-agarose
column, both activities bound very tightly but were eluted to-
gether in a NaCl gradient at a concentration of 0.4 M (Fig. 1).
Moreover, when the active fractions were examined by Na-
DodSO4/polyacrylamide gel electrophoresis, a single band
with a molecular weight of 94,000 was found (Fig. 1 Inset).
Thus, proteolytic and ATP-hydrolyzing activities reside within
the same protein.

Using less pure preparations, we have previously established
that protease La has neither protein kinase nor protein-adenyl-
ylating activity (16). In the ATPase assay used here, [3H]ATP
was hydrolyzed only to [3H]ADP. Since no [3H]AMP was de-
tected, protease La has no phosphohydrolase activity. As shown
in Table 1, the various nucleotides that support proteolysis were
also hydrolyzed by protease La. ATP and dATP, which support
proteolysis, are both good substrates for the ATPase. ADP,
adenosine 5'-[t,'y-imido]triphosphate (p[NH]ppA), and aden-
osine 5'-[P, y-methylene]triphosphate (p[CH2]ppA), which do
not support proteolysis, are not hydrolyzed, and adenosine
2',3'-dialdehyde triphosphate was a poor substrate for both re-

actions. When addedwith ATP, ADP and p[NH]ppA effectively
inhibited both activities, but p[CH2]ppA did not. [The greater
inhibition by p[NH]ppA is probably because it is a closer struc-
tural analog of ATP than p[CH2]ppA (28).] Thus, protease La
can hydrolyze a variety of adenosine nucleotides at rates that

Tablel. Relative rates of hydrolysis of different nucleotides and
their effects on casein degradation by protease La

Relative rate
Nucleotide

Nucleotide hydrolysis Proteolysis
ATP 100 100
ATP in the absence of Meg2 0 2
ADP' 0 2
dATP 100 92
p[CH2]ppA 0 6
p[NH]ppA 0 2
CTP' 82' 31
GTP 113 14
UTP 77 22
Adenosine 2',3'-dialdehyde

triphosphate 23 30
ATP/p[CH2]ppA 95 98
ATP/ADP 75 61
ATP/p[NH]ppA 52 40

Nucleotides were used at 0.5 mM. ATPase assays were carried out
by using the colorimetric method described in Fig. 4 in the presence
of a-casein atO.1.mg/ml. Protease assays were carriedoutas described
in Fig. 1 using 2 pg of purified protease La. The 2',3'-dialdehyde de-
rivative of ATP was synthesized as described by Easterbrook-Smith
et al. (27).

correlate roughly with their ability to support proteolysis. In
contrast, UTP, CTP, and GTP were good substrates for the
ATPase but supported proteolysis much less well than ATP for
reasons that are unclear.
The ATPase and proteolytic activities showed similar depen-

dences on the concentration ofATP (Fig. 2). Analysis of these
data (Fig. 2) by double reciprocal plots gave similar Km values
for the two reactions, 27 and 45 ,uM, respectively. Although the
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FIG. 2. ATP-dependencesof protease (A) andATPase (B) activities
of purified protease La. Both activities were assayed in the presence
or absence of a-casein at 0.1 mg/ml with various concentrations of
ATP. In the protease assay, 2 ,ug of enzyme was used and, in the
ATPase assay, 0.5 pAg was used.
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absolute values varied as much as 50% with different prepa-
rations of the enzyme and [3H]casein, the Km values for the two
reactions were always similar (within a factor of two). In addi-
tion, Mg2 was absolutely required for both the ATPase and the
protease (Table 1), and 5-7 mM MgCl2 gave maximal activity
for both reactions in the presence of 0.5 mM ATP (data not
shown).

Ubiquitin has been suggested to be a key component in ATP-
stimulated proteolysis in reticulocytes (19, 20). However, over

a range of concentrations (0.001-0.1 mg/ml), ubiquitin had no

effect on the degradation of [3H]casein or [3H]ATP by protease
La (Table 2). Thus, no additional factors other than ATP and
Mg`+ are required for ATP-stimulated proteolysis.

Effects of Different Reagents on ATPase and Proteolytic
Activities. Various experiments were undertaken to determine
to what extent hydrolysis of ATP and proteolysis are linked.
Diisopropyl fluorophosphate, which binds covalently to the
active site of serine proteases (29), inhibits protease La (17). It
also inhibits the ATPase, as does dansyl fluoride (Table 2), an-

other reagent that appears to inactivate specifically serine pro-

teases (30). The finding that these protease inhibitors reduced
ATPase activity (both basal and protein-stimulated) suggests a

tight coupling between these processes, although it is possible
that these agents may also react at the ATPase site. On the other
hand, vanadate, which inhibits a variety of ATP-utilizing en-

zymes (31), blocked both the ATPase and proteolytic functions
of La, and the degree of inhibition of these two processes was

quite similar with different vanadate concentrations (Fig. 3). In
fact, the percentage of inhibition of ATP cleavage was directly
proportional to the decrease in proteolysis.

At high concentrations, the sulfhydryl blocking agent io-
doacetamide also inhibits both activities to a similar degree.
Furthermore, both activities are severely inhibited by high con-

centrations of NaCl, and both are stimulated to the same degree
by physiological concentrations ofspermidine (ref. 32 and Table
2). Thus, the two hydrolytic functions of protease La are closely
linked and could not be altered independently.
The Effect of Polypeptide Substrates on ATPase Activity.

In defining the optimal conditions for measuring ATPase activ-
ity, we noted that ATP hydrolysis was significantly greater in
the presence of casein than in its absence. As shown in Fig. 2,

Table 2. Effects of different reagents on proteolysis and ATP
hydrolysis by protease La

Compound [3H]Casein hydrolysis ATPase

None 100 100
Ubiquitin (0.01 mg/ml) 100 100
Spermidine (5 mM) 150 140
Iodoacetamide

2.5 mM 60 67
25mM 2 0

Diisopropyl fluorophosphate
(10mM) 0 0

Dansyl fluoride
0.5 mM 77 73
5mM 24 25

Vanadate (10,uM) 50 53
NaCl (0.5 M) 8 40

Iodoacetamide, diisopropyl fluorophosphate, and dansyl fluoride
were incubated with enzyme for 1 hr at 25°C before the assays were

carried out. Controls incubated without these reagents showed a 10%
loss in activity due to the presence of dimethyl sulfoxide (5%, vol/vol)
used to solubilize diisopropyl fluorophosphate and dansyl fluoride.
PreWIvious incubation of the enzyme with purified bovine thymus ubiq-

uitin (provided by G. Goldstein, Ortho Pharmaceuticals) for 30 min in
the presence of ATP/Mg2e also had no effect on either activity.
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FIG. 3. Inhibition of the ATPase (.)and protease functions of

protease La by sodium vanadate. Basal ATPase activity in the absence
of casein, which is also inhibited by vanadate, was subtracted from the
values obtained in the presence of casein. (Inset) Data were replotted
to examine percentage of inhibition of casein-stimulated ATPase as
a function of percentage of inhibition of protease by vanadate.

addition of a-casein at 0.1 mg/ml doubled the rate of ATP hy-
drolysis (a-casein itself had no detectable ATPase activity). At
higher concentrations of casein, the ATPase activity was stim-
ulated as much as three fold (Fig. 4) while the Km for ATP was

not significantly altered. It is noteworthy that the amount of
casein required for half-maximal stimulation of the ATPase was

approximately 40 Ag/ml, which is similar to the Km of the pro-

tease for casein (50pug/ml; Fig. 4). The concentrations of casein
needed for half-maximal stimulation of the two processes were
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FIG. 4. Dependence of ATPase (A) and protease (B) activities of
protease La on casein concentration. In this experiment, a colorimetric
assay for ATPase activity was used, but identical results were obtained
in similar experiments in which the standard assay was used. In this
instance, 4 ug of purified protease was incubated in a volume of 200
,ul under conditions identical to those used in the protease assay. After
30 min at 30TC, 100 yd of 3% NaDodSO4 was added to inactivate the
enzyme, and the phosphate released was determined as described by
Ames (33).
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Table 3. Effects of various polypeptides on ATPase activity of
protease La

Polypeptide added % stimulation Substrate
a-Casein 100 Yes
Glucagon 90-100 Yes
Glucagon (trypsin treated) 0
Proinsulin 31
Insulin 5 No
Insulin
A chain 0
B chain 0

Bovine serum albumin
Native 0 No
Denatured 83 Yes

Globin 34 Yes
Hemoglobin 0 No
RNase 0 No
Lysozyme 0 No

ATPase assays were carried out as described in Fig. 1. Polypeptides
were included at 0.1 mg/ml. Polypeptides examined as substrates for
the protease were radiolabeled and assayed as described in Methods.
To precipitate undegraded "25I-labeled glucagon, the final concentra-
tions of albumin and trichloroacetic acidwere increasedto2% and 10%,
respectively. Denatured albumin was prepared by reduction of the
disulfide bonds in the presence of 6 M guanidine hydrochloride fol-
lowedby alkylation with iodoacetamide (34) and succinylation to block
lysine amino groups and thus improve solubility (35).

similar in other preparations, although the precise values
varied.

Other polypeptides were examined to determine whether
their ability to stimulate the ATPase correlated with their sus-

ceptibility to degradation. The degree of stimulation of the
ATPase function varied widely (Table 3 and Fig. 5). Stimulation
by glucagon was comparable with that of a-casein, while globin
was significantly less effective and hemoglobin and insulin had
no stimulatory effect. After incubation with trypsin, glucagon
no longer stimulated the ATPase, which suggests that this treat-
ment destroyed whatever structures in this peptide are rec-

ognized by the enzyme. Native bovine serum albumin and
RNase were also ineffective at stimulating the ATPase activity
but, after denaturation and covalent modification, bovine serum

albumin (Table 3) was a good stimulator of the ATPase.
Several of these polypeptides were then labeled and tested

as substrates for the protease. "WI-Labeled glucagon and
['4C]globin were cleaved by protease La to acid-soluble prod-
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FIG. 5. Time course of ATP hydrolysis by protease La in the pres-
ence of various polypeptides at 0.1 mg/ml. Curves: 1, a-casein; 2, glu-
cagon; 3, no added polypeptide; 4, bovine serum albumin.

ucts, while "MI-labeled bovine serum albumin, RNase, insulin,
and lysozyme were not. However, denatured "2I-labeled bo-
vine serum albumin was readily digested by the protease (Table
3). RNase, which failed to stimulate the ATPase significantly,
also was not cleaved by protease La. Thus, although the ATPase
activity is operative in the absence of exogenous factors, it is
specifically enhanced by those polypeptides that are substrates
for the enzyme. This unusual property provides further support
for the conclusion that the two hydrolytic functions of protease
La are closely coupled.

DISCUSSION
Protease La may be representative of a new class ofintracellular
proteolytic enzymes in which ATP plays an important mechan-
istic role. Unlike other known endoproteases, protease La re-
quires the hydrolysis ofATP for peptide bond cleavage. Rat liver
mitochondria also possess an ATP-dependent system for de-
grading abnormal proteins (36), and an enzyme has been iso-
lated from this organelle that has many of the properties ofpro-
tease La (37). The recA protein from E. coli requires ATP as well
as polynucleotides for the specific cleavage of the A (4, 38) and
lexA repressors (39). In this reaction, unlike that studied here,
ATP need not be hydrolyzed, although the enzyme does contain
an ATPase activity (40, 41). Recently, a nonlysosomal protease
has been purified from rabbit red cells that is stimulated twofold
by ATP but does not hydrolyze this nucleotide (42). This en-
zyme appears to play an essential role in the degradation of ab-
normal proteins (42), and a similar protease has been found in
the cytoplasm of several mammalian tissues (10, 43). It is note-
worthy that all these enzymes have unusually high molecular
weights (450,000-550,000) and thus differ from well-charac-
terized extracellular or lysosomal proteases (20,000-40,000).
We suggest that the large size of these enzymes and their uti-
lization ofATP underlie the exquisite selectivity and regulation
of intracellular proteolysis.

The cleavage of ATP and the splitting of peptide bonds are
indeed closely linked, perhaps coupled, functions, both of
which reside in the same Mr 94,000 subunit (Fig. 1). A variety
of agents that inhibit ATPases or serine proteases reduce both
of these activities of protease La to a similar extent (Table 2 and
Fig. 3). It has recently been found that inactive subunits pro-
duced by a lon mutant (capR9) also inhibit both enzymatic ac-
tivities in parallel (44). On the other hand, certain molecules
present intracellularly, including spermidine (Table 2) and
DNA (45), stimulate both proteolytic and ATPase activities.
Further evidence for the tight coupling of these two processes
were the findings that (i) the ATPase activity is stimulated by
polypeptides that are substrates (Table 3) and (ii) the decrease
in ATP hydrolysis was directly proportional to the decrease in
proteolysis (Fig. 3).

These observations suggest a stoichiometric relationship be-
tween the cleavage of peptide and high-energy phosphate
bonds. However, the precise stoichiometry is difficult to re-
solve with the present assay, since it is not clear how many cleav-
ages of [3H]casein are necessary to generate acid-soluble radio-
activity and whether further fragmentation of the peptides
occurs after they have been rendered acid soluble. In addition,
the apparent coupling between peptide bond cleavage and nu-
cleotide hydrolysis seems to differ with different nucleoside
triphosphates (Table 1) and when proteolysis is stimulated by
DNA (45).
The fundamental mechanistic issue is how the energy from

the hydrolysis of ATP serves in the enzymatic cleavage of pro-
teins, because phosphorylation, adenylylation, and ubiquitin
linkage to substrates have been ruled out (16). Labilization of
the peptide bonds may require the transfer of phosphate from

Proc. Natl. Acad. Sci. USA 79 (1982)
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ATP in a novel hydrolytic mechanism. Evidence for such a pos-
sibility comes from studies of the mammalian enzyme that cata-
lyzes the ATP-dependent hydrolysis of the peptide bond in 5-
oxoproline (46, 47). It is also possible that the hydrolysis ofATP
may be needed to unwind regions of the polypeptide substrate
to make them more accessible to hydrolysis.

Alternatively, ATP breakdown may cause a conformational
change in the protease. For example, as a consequence of the
substrate-induced ATP cleavage, the protease may assume a
conformation in which the polypeptide is now accessible to the
active site. In fact, we have recently found that some oligopep-
tides, unlike large polypeptides (Table 3), can be cleaved by
protease La without activation of ATP hydrolysis. The finding
that only substrate polypeptides activate ATP cleavage (Table
3) suggests that this step may be critical in the recognition of
proteins to be degraded. Such a "triggering" mechanism could
ensure that, in the absence of appropriate substrates (e.g., de-
natured proteins), the protease will not digest cellular proteins
nonselectively.
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