
Seleaivty of Intracellular Proteolysis: Protein Substrates 
Activate the ATP-Dependent Protease (La) 

A critical enzyme in protein breakdown in Escheriehia wli is protease La (the 10% gene 
product), which hydrolyzes proteins and adenosine triphosphate (ATP) in a coupled 
process. The mechanism of this process was studied with fluorogenic tripeptides. 
Although proteins and peptides are degraded at the same active site, protein substrates 
enhance the ability of the enzyme to degrade these peptides two- to tenfold. Proteins 
that are not substrates had little or no effect. Thus, protein substrates must bind to 
protease La at two sites, the active site and an dosteric site whose occupancy enhances 
proteolytic activity. This effect did not require that the proteins themselves be 
degraded. Proteins could induce peptide breakdown even in the absence of ATP, and 
proteins and ATP had additive effects in stimulating peptidase activity. A multistep 
cyclical mechanism is proposed in which the binding of the substrate and ATP activates 
the protease. The enzyme can then cleave a peptide bond, but is inactivated through 
ATP hydrolysis. Such a mechanism may help account for the selectivity of protein 
breakdown and prevent inappropriate or excessive proteolysis in vivo. 

A NIMAL AND BACTERIAL CELLS DE- 

grade particularly rapidly proteins 
with highly abnormal conforma- 

tions, which may result from mutations, 
biosynthetic errors, postsynthetic damage, 
or genetic engineering (1-3). The basis of 
this selectivity and the mechanisms prevent- 
ing excessive proteolysis in vivo are not 
clear. Another feature of intracellular pro- 
tein degradation is that it requires metabolic 
energy (1-3). In Escherichia wb and in mito- 
chondria, this requirement results from the 
involvement of a new type of proteolytic 
enzyme, which hydrolyzes proteins and 
adenosine triphosphate (ATP) in a coupled 
process (1, 4-8). The ATP-dependent pro- 
tease in E. wl~, protease La, is encoded by 
the lon gene (5, 7). It is an unusually large 
protease comprised of four identical 94,000- 
dalton subunits and catalyzes the rate- 
limiting steps in the breakdown of most 
abnormal and certain normal proteins (4, 5, 
7-13). 

The involvement of ATP hydrolysis in the 
function of a protease poses intriguing 
mechanistic and physiological questions. 
We have found that in the presence of ATP 
and divalent cations protease La can degrade 
various small hydrophobic peptides 114). 
Our studies (15) indicate that cleavage of 
these peptides represents a partial reaction 
that can be dissociated from other steps 
necessary for ATP-dependent breakdown of 
large proteins. Unlike the degradation of 
proteins, the hydrolysis of these oligopep- 
tides requires only binding of ATP to the 
enzyme and does not require cleavage of the 
high energy bond. Nonhydrolyzable ATP 
analogs support the breakdown of these 
peptides, but not that of large proteins. 
Moreover, inhibition of the adenosinetri- 
phosphatase (ATPase) function prevents 
protein breakdown, but does not inhibit the 
hydrolysis of small peptides. We have there- 
fore proposed (15) a cyclical model for 
protease La action in which (i) ATP initially 

Table 1. Casein can activate hydrolysis of Glt-Ala-Ala-Phe-MNA and 12'I-labeled insulin in the absence 
of ATP. Protease La (1.5 pg) was incubated with 500 p H  Glt-Ala-Ala-Phe-MNA in the presence of 10 
mM MgZ+ at 37°C (14). Additions included either 0.5 mM ATP or 20 kg of a-casein. Each of these 
experiments involved a different preparation of the protease and illustrate the additive or in certain 
preparations (experiments 3 and 4) synergistic effects of casein and ATP. '251-labeled insulin chains were 
generated by treatment of 12'1-labeled insulin with dithiothreitol. The breakdown 1251-labeled insulin 
chains (20 kg) to acid-soluble material was assayed in a reaction volume of 200 p1 containing 1 kg of 
protease La, 50 mM tris-HCI (pH 8), 10 mM ~ g ' + ,  and 1 mM dithiothreitol. After 1 hour, 
trichloroacetic acid was added (15 percent final concentration) and BSA (2 mglm). After centrifuga- 
tion, the supernatant was counted in a gamma spectrometer. 

Hydrolysis 

Addition 
Glt-Ala-Ala-Phe-MNA ['251]Insulin 

(pmollhour) chains (pglhour) 

Exp. 1 Exp. 2 Exp. 3 Exp. 4 

None 18 
Casein 159 
ATP 143 
ATP + casein 325 

binds to the inactive protease and allosteri- 
cally activates peptide bond cleavage; (ii) the 
hydrolysis of ATP to adenosine diphosphate 
(ADP) occurs subsequently, and this proc- 
ess is stimulated by protein substrates (8); 
(iii) the enzyme should be temporarily inac- 
tive until a new ATP binds to it. Presumably 
with large proteins, this cycle would be 
repeated until small acid-soluble peptides 
are generated. 

In studying the relative preference of the 
enzyme for proteins or peptide substrates, 
we unexpectedly found that the interaction 
of protein substrates with the protease in- 
creases its ability to hydrolyze peptide 
bonds. We systematically examined the 
mechanism of this activation by substrates, 
since it may help account for the specificity 
and regulation of intracellular protein break- 
down. 

We previously showed that hydrolysis 
of several fluorogenic tripeptide substrates 
(for example, glutaryl-Ala-Na-Phe-methoxy- 
naphthylamine (MNA) (Glt, glutaqd) (14), 
which is cleaved between the phenylalanine 
and the fluorescent MNA group) occurs at 
the same active site on the protease as 
protein cleavage (14). Thus, these small 
peptides, when added together with protein 
substrates, inhibit the degradation of the 
proteins. Since protease La shows a much 
higher affinity for protein substrates (8, 16) 
than for these peptides (K, of 300 to 500 
(IJM) (14), we anticipated that casein (K, of 
20 to 50 or other protein substrates 
would cause a marked inhibition of the 
hydrolysis of these peptides. However, 
when present together, proteins were found 
to stimulate the ATP-independent break- 
down of Glt-Ala-Ala-Phe-MNA severalfold 
(for example, Fig. 1 and Tables 1 and 2). 
Casein over a broad range of concentrations 
(0.1 to 10 CJM) increased peptide hydroly- 
sis, even when the peptide was present at 
much higher molar concentrations (500 
(IJM). Half-maximal stimulation occurred 
with 3~-labeled casein at concentrations be- 
tween 6 and 12 pglml. 

Since the casein did not inhibit peptide 
hydrolysis even at concentrations far above 
its K,, it must be activating hydrolysis of 
fluorogenic peptides by binding to a site 
distinct from the active site. In contrast, 
binding of protein substrates did not en- 
hance degradation of other proteins present 
simultaneously. For example, denatured bo- 
vine serum albumin (BSA), which is a sub- 
strate for protease La, stimulated peptide 
hydrolysis two- to sixfold (Table 1) though 
it inhibited the breakdown of 3~-labeled 
casein slightly (14 percent), as expected for 
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alternative substrates. Similarly, glucagon, 
another good polypeptide substrate, weakly 
inhibits casein hydrolysis (by 10 percent), 
but activated Glt-Ala-Ala-Phe-MNA hydrol- 
ysis fourfold (Fig. 2). 

Preparations of protease La that are puri- 
fied and stored (Table 1) (14) generally 
show low peptidase activity with M ~ ' +  pres- 
ent, and the addition of ATP stimulates this 
process 8- to 20-fold. Even in the absence of 
ATP, the addition of casein stimulated pep- 

P r o t e i n  h y d r o l y s i s  r-. 

K m =  2 6  p g l m l  
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Fig. 1. The effect of casein concentration on the 
hydrolysis of Glt-Ala-Ala-Phe-MNA, ATP, and 
casein itself by protease La. The degradation of 
fluorogenic peptides was measured by following 
the release of methoxynaphthylamine (MNA) 
from Glt-Ala-Ala-Phe-MNA (14). The assay mix- 
tures were held for 1 hour at 37°C and included 
0.5 mM ATP, 500 pikf peptide, 1.5 pg of prote- 
ase La, and increasing amounts of &-casein in a 
final volume of 200 pl. ATP hydrolysis in 30 
minutes was measured as described (8). The 
hydrolysis of 3H-labeled casein was assayed at 
37°C at intervals up to 1 hour to ensure the 
linearity of the assay. The formation of acid- 
soluble peptides was determined by Liquid scintil- 
lation counting after addition of 575 pl of 10 
percent trichloroacetic acid and 25 p1 of 10 
percent BSA (8). Higher concentrations of casein 
did not further enhance these processes. Protease 
La was purified to homogeneity (5, 16) from 
frozen E. coli containing the plasmid PJMC40 
which carries the lon gene (26). 

tide hydrolysis. Thus, the binding of protein 
substrates to protease La does not require 
ATP. Furthermore, when ATP and casein 
were both included in the assay mixture, 
their effects on Glt-Ala-Ala-Phe-MNA hy- 
drolysis were additive (Table 2) or in some 
preparations synergistic (Table 1). The addi- 
tivity of these maximal effects suggests that 
proteins and ATP enhance the peptidase 
reaction by distinct mechanisms. With d f -  
ferent enzyme preparations, the relative de- 
grees of stimulation of peptide hydrolysis by 
casein and by ATP varied (Table 1). In 
some, there was no basal peptide hydrolysis, 
but addition of casein or ATP induced this 
activity (Table 1).  

This induction of peptidase activity by 
casein in the absence of nucleotide must 
mean that this effect does not require the 
breakdown of this protein. Accordingly, 
vanadate, which inhibits ATP hydrolysis 
and decreases in parallel the degradation of 
3~-labeled casein (8), had no effect on the 
ability of casein to stimulate Glt-Ala-Ala- 
Phe-MNA hydrolysis (Table 3). Further- 
more, the stimulation of peptide hydrolysis 
by casein still occurred in the presence of 
various nonhydrolyzable ATP analogs (Ta- 
ble 3), which do not support breakdown of 
proteins (5, 8, 15). Like ATP (Table l), 
these nonmetabolized analogs had additive 
effects with casein in activating peptide hy- 
drolysis. 

Protein substrates also stimulated hydrol- 
ysis of other peptides. ATP or casein alone 
caused little degradation of free insulin 
chains by protease La, but the addition of 
ATP and casein together had a synergistic 
effect in activating breakdown of this sub- 
strate (Table 1). Similar effects occurred 
with other fluorogenic peptide substrates. 
Protease La has some similarities to chymo- 
trypsin in its preference for hydrophobic 
substrates (14). This enzyme cleaves Suc- 
Phe-Leu-Phe-MNA (Suc, succinyl) rapidly, 
and this process also was stimulated three- 
fold by casein. In addition, several other 
peptides (such as Glt-Ala-Ala-Ala-MNA or 
Glt-Gly-Gly-Phe-MNA), which are much 
poorer substrates than Glt-Ala-Ala-Phe- 
MNA (14), were hydrolyzed three- to four- 
fold more rapidly on addition of casein. 
However, CBZ-Ala-Arg-Arg-MNA, which 
is a substrate for trypsklik~ enzymes, but 
not for protease La (14), was not hydro- 
lyzed even in the presence of casein. Thus, 
moteins seem to enhance the hvdrolvsis of 

4 2 

both good and poor substrates similarly, 
without changing the apparent specificity of 
the active site. These experiments suggest 
that casein increases the V,,, for peptide 
substrates, but a kinetic analysis of this issue 
was impossible because of the insolubility of 
these hydrophobic peptides at high concen- 

trations and the inhibitory effect of organic 
solvents (14). 

The ability of other protein substrates to 
stimulate peptide hydrolysis is shown in 
Table 2 and Fig. 3. Both denatured BSA and 
glucagon were able to enhance the hydroly- 
sis of Glt-Ala-Ala-Phe-MNA. Like a-casein 

Glucagon  ( p g l m l )  

Fig. 2. The effect of glucagon on the hydrolysis of 
Glt-Ah-Ala-Phe-MNA and 3H-casein by protease 
La. Protease La (1.5 pg) was held for 1 hour at 
37°C with 20 pg of 3H-labeled casein (100 
pglml) (8) or with Glt-Ala-Ala-Phe-MNA (500 
CJI.i) in the presence of increasing amounts of 
bovine glucagon. 

0 
dBSA 
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O Subs t ra tes  

3 1 Glo c : 1 Non subs t ra tes  

d.R 

Pept ide  hyd ro l ys i s  ( %  i nc rease )  

Fig 3. The effect of substrates and nondegraded 
proteins on the hydrolysis of Glt-Ala-Ala-Phe- 
MNA and ATP by protease La. The hydrolysis of 
Glt-Ala-Ala-Phe-MNA (500 in the presence 
or absence of a variety of proteins was carried out 
with 1.5 pg of protease La for 1 hour at 37°C 
(14). Similarly, the hydrolysis of ATP was mea- 
sured in the presence and absence of these pro- 
teins by a colorimetric assay (27) as described (8). 
Proteins were denatured by reduction and allcyl- 
ation with iodoacetamide in 6M guanidine-HCI 
followed by dialysis against water. Protein con- 
centrations were estimated by AZs0 and compared 
with reported extinction coefficients for each. The 
abbreviations for the different proteins and their 
denatured forms are: L, lysozyme; C, casein; Glu, 
glucagon; Hb, hemoglobin; R, ribonuclease; dR, 
denatured ribonuclease; B, BSA; dBSA, dena- 
tured BSA; IgG, immunoglobulin; dIgG, dena- 
tured IgG; Glo, globin. 
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Table 2. Ability of polypeptide substrates to 
stimulate hydrolysis of Glt-Ala-Ala-Phe-MNA by 
protease La. The assay mixture contained 0.5 mM 
Glt-Ala-Ala-Phe-MNA, 1 mM ATP. 10 mM 
MgZ+, and 20 pg of the protein substrates. 
Incubations were for 1 hour at 37°C. BSA was 
reduced and carboxymethylated to make it suscep- 
tible to proteolysis (8). 

Fluorescence units 
Addition 

- ATP + ATP 

None 0.57 3.60 
Casein 3.10 6.54 
Globin 2.69 6.38 
Denatured BSA 1.48 5.14 
Glucagon 1.56 4.70 

(Table 3), these proteins caused a stimula- 
tion both in the presence and in the absence 
of ATP, where the proteins themselves are 
not degraded (4, 5, 7, 8).  Only those pro- 
teins that are degraded to acid-soluble frag- 
ments stimulated the hydrolysis of Glt-Ala- 
Ala-Phe-MNA twofold or more. 

By contrast, proteins that are not sub- 
strates, such as ribonuclease or lysozyme, are 
relatively ineffective at enhancing peptide 
activity. However, several proteins that were 
not substrates, such as native BSA or immu- 
noglobulin G (IgG), and did not promote 
peptide hydrolysis, were degraded and acti- 
vated peptide cleavage after complete dena- 
turation (by reduction and carboxymethyla- 
tion in guanidine-hydrochloride) . Similarly, 
native hemoglobin had little or no effect, but 
after extract&' n of the heme moietv, which 
partially denatures the protein (l?, the 
globin became a substrate (4) and stimulat- 
ed peptide hydrolysis (Table 2 and Fig. 3). 
Ribonuclease and lysozyme are poor sub- 
strates even after reduction and carboxy- 
methylation and do not stimulate peptidase 
activity significantly. Thus, merelidenatur- 
ing a protein does not appear sufficient for 
enzyme activation or proteolytic susceptibil- 
itv. 

Previously, we found that proteins that 
are substrates for protease La stimulate 
ATPase activity severalfold, while polypep- 
tides which are not degraded do so only 
poorly or not at all (8) (Fig. 1). Further- 
more, this rise in ATPase activity is directly 
proportional to the number o f  peptide 
bonds cleaved in the protein (8, 16, 18). We 
therefore looked to see whether proteins 
that stimulate peptide hydrolysis dso pro- 
mote ATP breakdown by protease La. These 
two properties of proteins correlated well 
with each other (Fig. 3). Those polypep- 
tides and denatured proteins that were sub- 
strates enhanced peptidase and ATPase ac- 
tivities to a similar &tent. By contrast, pro- 
teins not degraded to acid-soluble fragments 
(native BSA, native IgG, or hemoglobin) 

were relatively poor or incapable of stimu- 
lating ATP breakdown (Fig. 3). 

To test whether this allosteric activation 
occurs normally during protein degradation, 
we compared in a single experiment the 
concentrations of 3~- labeled  casein that 
give maximal stimulation of the peptidase 
and the ATPase and maximal rates of 3 ~ -  

labeled casein degradation. The K, for stim- 
ulation of the ATPase and of peptide hy- 
drolysis are indistinguishable (6 kglml) 
(Fig. 1). The agreement between these val- 
ues is further evidence that binding of a 
protein to a single regulatory site is essential 
for both allosteric effects. The Km for casein 
hydrolysis appeared equal or somewhat 
higher (26 kglml) than the Ka for these 
allosteric effects. If the Km and K, were 
equal, it would suggest that binding to a 
single allosteric site initiates all three pro- 
cesses. A higher value for the Km would 
suggest that the protein binds first to the 
allosteric site and then the active site, whose 
affinity is somewhat lower. In either case, 
the allosteric effects appear to be fully opera- 
tive during ATP-dependent proteolysis. 

The present study reveals an important 
I w feature of the ATP-dependent protease, 
its activation by protein substrates. To cause 
this two- to tenfold enhancement of proteo- 
lytic activity, protein substrates must inter- 
act with a regulatory site on the enzyme that 
is distinct from the active site; otherwise, 
they would cause a competitive inhibition of 
peptide hydrolysis. Thus, protease La must 
contain two recognition sites for protein 
substrates: (i) the active site, which has a 
preference for hydrophobic sequences (14), 
and (ii) a regulatory site that somehow can 
recognize whether proteins are unfolded 
(Fig. 3). It is unclear whether this allosteric 

Table 3. The breakdown of ATP or casein is not 
required for the stimulation by casein of Glt-Ala- 
Ala-Phe-MNA cleavage by protease La. Assays 
were for 1 hour at 37°C and included 1 pg of 
protease La, 0.5 mM nucleotide, 20 pg of a- 
casein, and 250 pM Glt-Ala-Ala-Phe-MNA. Ca- 
sein degradation to acid-soluble material did not 
occur with AMPPCP (p,y-methyleneadenosine 
5'-triphosphate, or AMPPNP (p,y-imidoadeno- 
sine 5'-triphosphate (4, and was greatly inhibited 
in the presence of ATP plus 1 mM vanadate (8) or 
AMPCPP (a, p-methyleneadenosine 5 '-triphos- 
phate (5) compared to rates with ATP. 

Peptide hydrolyzed 
Nucleotide (pmoUhour) 

-Casein +Casein 

None 20 158 
ATP 150 333 
ATP + vanadate 165 280 
AMPPCP 87 245 
AMPPNP 116 303 
AMPCPP 2 70 403 

Peot ides  

ATP ( k2 
hydrolysis 

\ "Act ive"  1 
Fig. 4. Proposed mechanism of ATP-dependent 
protein breakdown. This model implies that deg- 
radation of large proteins to peptides involves 
multiple rounds of this reaction cycle, which was 
elucidated with the use of peptide substrates to 
monitor the enzyme's proteolytic activity. This 
proposal is based on the following observations 
obtained with peptide substrates. (i) Proteins and 
ATP activate dosterically peptide hydrolysis; (ii) 
ATP hydrolysis is not required for cleavage of 
peptide bonds (15); (iii) hydrolysis of ATP to 
ADP inhibits peptide bond cleavage (14); (iv) 
two ATP molecules are consumed for each pep- 
tide bond hydrolyzed in proteins (18). 

site also prefers certain amino acid se- 
auences o; whether it responds onlv to 
general conformational features of the po- 
tential substrate. In either case, both sites 
probably contribute to the ability of prote- 
ase La to digest selectively highly abnormal 
proteins and certain normal polypeptides 
(19, 20). 

This substrate-induced activation must 
take place as part of the enzyme's normal 
functioning because only potential sub- 
strates elicit this allosteric effect, and because 
casein caused half-maximal stimulation of 
peptide hydrolysis at concentrations that are 
similar to or lower than the Km for casein 
degradation (Fig. 1). Therefore, the activa- 
tion induced by binding of a potential sub- 
strate to the regulatory site probably is an 
initial event triggering the proteolytic proc- 
ess. Accordingly, proteins can induce pep- 
tide hydrolysis without being degraded 
themselves (Tables 1 to 3). Thus, the bind- 
ing of potential substrates must induce a 
conformational change which also increases 
the ATPase activity (Figs. 1 and 3), and 
causes other functional changes in the en- 
zyme (21). Peptidase activity increases upon 
binding of a protein or ATP (Tables 1 and 
2), both of which are substrates as well as 
allosteric activators. Since they have additive 
effects, they must be inducing distinct struc- 
tural alterations in the enzyme. 

With the binding of a substrate and four 
ATP molecules (18), the enzyme's capacity 
for peptide bond cleavage is enhanced maxi- 
mally as is nucleotide hydrolysis (Figs. 1 and 
3). This protein-induced ATPase may be 
important in catalysis, for example, allowing 
the enzyme to act processively on the sub- 
strate (15); but it also yields ADP, a potent 
inhibitor (14). Recently, Menon and Gold- 
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Restoration by Calmodulin of a Ca2+-Dependent 
K+ Current Missing in a Mutant of Paramecium 

A combination of genetics, biochemistry, and biophysics was used to show that 
calmodulin is involved in the regulation of an ion channel. Calmodulin restored the 
Ca2+-dependent K+ current in pantophobiac, a mutant in Paramecium that lacks this 
current. The restoration of the current occurred within 2 hours after the injection of 1 
picogram of wild-type calmodulin into the mutant. The current remained for approxi- 
mately 30 hours before the mutant phenotype returned. The injection of calmodulin 
isolated from pantophobiac had no effect. These results imply that calmodulin is 
required for the function or regulation of the Ca2+-dependent K+ current in 
Paramecium. 

T HE EXCITABLE MEMBRANE CON- 

tains ion channels that control the 
flow of ions into and out of the cell. 

The factors that regulate these ion channels 
are poorly understood. Calcium-dependent - .  

K +  channels are activated by voltage and 
cytoplasmic Ca2', and they exert a control 
on various ca2+-regulated functions of the 
cells through membrane repolarization ( I ,  
2). The molecular mechanisms by which this 
channel is regulated are unknown. Single- 
channel conductance and toxin sensitivitv 
distinguish several types of ca2+-dependen; 
K+ channels (3) .  A ca2+-dependent K+ 
current of the unicellular Paramecium te- 
traurelia has been studied macroscopically 
by means of a whole-cell voltage-clamp tech- 
nique (4, 5) and m i c r o s c o p i ~ y  in inside- 
out patches excised from surface membrane 
(6). The macroscopic Ca2'-dependent K+ 

current in I?aramecium is almost entirely 
missing in a class of mutants calledpantopho- - - 

biac (5) .  Since this current participates in 
shutting off the ca2+  excitation, its loss 
prolongs membrane excitation and exagger- 
ates locomotor resDonses to stimuli (51. We 
showed earlier th; the behavioral defect of 
two of these mutants (pntA andpntB) can be 
corrected by the microinjection of cyto- 
plasm from wild-type Paramecium (7). We 
now report that the factor that restores the 
Ca2'-dependent K+ current is calmodulin. 
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