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ABSTRACT: Lon is an ATP-dependent protease that degrades unstructured proteins. In this study, we have
examined the ATP dependencyécherichia coliLon catalyzing the hydrolysis of a defined fluorogenic
peptide known as S3. Steady-state velocity analyses of S3 degradation in the presence of ATP, or the
nonhydrolyzable ATP analogue AMPPNP, indicate a sequential mechanism, akg; tifehe reaction

was 7-fold higher in the presence of ATP. Comparing the pre-steady-state time courses of the ATP-
versus AMPPNP-mediated S3 hydrolysis reveals that ATP hydrolysis accelerates a slow step before the
chemical cleavage of peptide. Product inhibition studies indicate that ADP is competitive versus ATP but
noncompetitive versus the S3 substrate. In the absence of S3, Lon exhibit2@-1dld higher affinity

for ADP than ATP. However the S3 substrate weakens the affinity of Lon for ADP\@+fold, indicating

that this peptide also promotes ADP/ATP exchange in Lon similar to that observed with protein substrates.
The hydrolyzed peptide product, Pd1, exhibited noncompetitive inhibition versus both ATP and S3
substrates. Together with the small change in Khef Pd1 at increasing S3 concentrations, the Pd1
inhibition data support the existence of an isomechanism in Lon catalyzing the hydrolysis of S3 in the
presence of ATP or AMPPNP. Upon the basis of the collected data, an extended kinetic mechanism is
proposed for the ATP-dependent peptidase mechanism of Lon.

Lon protease, also known as protease La, belongs to acontaining only one Lon cleavage site. Compared to protein
class of ATP-dependent serine protease functioning to substrates, the specificity constan®K,) for the tetrapep-
degrade misfolded/nonsense proteins as well as certain shorttides are 1000-fold lower, and the catalytic efficiency of
lived regulatory proteins (for review4,—3). Lon was first  tetrapeptide cleavage is affected by altering the amino acids
isolated as the translational product of tba (capR gene distal from the scissile bondl§). Therefore, the peptide

in Escherichia col(E. coli, 4). Homologues ofon have since  substrate specificity is not strictly determined by the amino
been found in the mitochondria of eukaryotic celts-8). acids at the site of cleavage.

In E. coli, Lon functions as a homotetramer with each subunit Since ATP is the physiological activator of Lon protease,

having a mok_acular weight of 88 kDa. Ea(_:h monqmeric an understanding of the kinetic coordination of the ATPase
subunit contains an ATPase and a peptidase site. The

. . R : X and the peptidase activity of Lon is important for under-
existence of an allosteric protein-binding site that activates

gy C standing the mechanism of this enzyme. For example, an
the ATPase activity of Lon has also been implicate) ( . : : : .
; ST nteresting paradox is that protein substrates stimutbde
but the location of this site in the protease has yet to beI g p X! protein su mu (

: . : . > 15, 16) while methoxynaphthylamide tetrapeptides inhibit
determined. Optimal polypeptide degradation activity of Lon = )
is maintained by the kinetic coordination of the ATPase, the the ATPase activity of Lonl#). Itis proposed that only the

entidase. and the putative allosteric protein binding sites former substrates interact with Lon allosterically to stimulate
E)S)p ' P P 9 ATP hydrolysis by promoting ADP release from the enzyme,

which has been assumed to be the rate-limiting step of the
reaction 8). This model predicts that peptide cleavage occurs
before ATP hydrolysis, and the catalytic turnover of peptide

In vivo, Lon degrades polypeptides with concomitant
hydrolysis of ATP to yield small peptide fragments that are
5—10 amino acids long and ADP, which is a potent product . ) o
inhibitor (3, 9, 10). Lon displays broad primary sequence cleavage is dependent on the substrate’s ability to promote
specificity in degrading polypeptides. Analysis of the Lon ADP release from the enzyme. Furthermore, because the
cleavage sites in protein substrates reveals that Lon preferéwonhydrolyzable A.TP analogues such as AMP.PNFpport
to cleave after hydrophobic residues, but numerous excep-.p'aptlde c!egvage in unstructured substrates without generat-
tions to this rule have been detected in the Lon cleavage"d ADP itis proposed that nonhydrolyzable ATP analogues
profiles of protein substrate8,(11—13). Lon also hydrolyzes ~ Pind and lock Lon in an active conformation to carry out
certain hydrophobic methoxynaphthylamide tetrapeptides PEPtide bond cleavagg,(12). According to this hypothesis,
one anticipates that the nonhydrolyzable ATP analogues are
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to inhibit Lon. On the contrary, the catalytic efficiencies of
ATP-mediated unfolded polypeptide cleavage are higher,
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S2+81=83

S2 S1

though in some instances comparable to, those values (non-fluorescent analog of S1)

determined for the AMPPNP-mediated peptidase reactions

(3, 12). Since ADP release does not participate in the reaction
pathway of AMPPNP-mediated peptide hydrolysis, we
question how ATP hydrolysis contributes to the catalytic
efficiency of unstructured peptide cleavage and the location
of the rate-limiting step in the AMPPNP-mediated peptidase
reaction.

Using fluorescence resonance energy transfer techniques,

we have shown that ATP is more effective than AMPPNP

in mediating the cleavage of an unstructured 11 amino acids
long fluorescent peptide (S1, Figure 1, also known as FRETN
89-98 in our previous studyl7) containing a unique Lon

cleavage site. The sequence of this peptide was designed to +H;N-Y(NO,)-RGITC

mimic the truncated carboxyl terminus of theN protein,
which is a physiological substrate Bf coli Lon (12). The
keaf K Values of the two substrates are comparable, and Lon
cleaved both substrates at the same scissile bond between
Cys and Ser residue. The intrinsic ATPase activity of Lon
was also stimulated by the synthetic peptide S1 as well as
by the native protein substrafdN (12, 17). In this study,

we compared the kinetic parameters of ATP- versus AMP-
PNP-mediated S1 cleavage to quantify the contribution of
ATP hydrolysis toward peptide cleavage. We also examined
the kinetic mechanism of ADP and hydrolyzed peptide
product inhibition to identify different enzyme forms existing
in the peptidase pathway of Lon under steady-state condi-
tions. The elucidation of a minimal kinetic mechanism in
this study allows for the construction of a working model to
account for the functional consequences of the kinetic
coordination of ATPase and peptidase activity in Lon
catalysis.

EXPERIMENTAL PROCEDURES

Materials. Fmoc-protected amino acids, Boc-Abz, and
Fmoc-protected Lys Wang resin and HBTU were purchased
from Advanced ChemTech and NovaBiochem. HATU was
purchased from PerSeptive Biosystem. All solvents and
reagents used for peptide synthesis were purchased fro
Acros, Aldrich, and Fisher. ATP, AMPPNP, and ADP were
purchased from Sigma. Tris buffer, cell culture media, IPTG,
and chromatography media were purchased from Fisher an
Sigma.

General MethodsThe peptide substrates S1 and S2 and
the peptide product Pd1 were synthesized using Fmoc solid-
phase synthesis methodologids8); and E. coli Lon was

1 Abbreviations: AMPPNP, adenylyl 5-imidodiphosphate; DTT,
dithiothreitol; Fmoc, 9-fluorenylmethoxycarbonyl; Boc, butoxycarbonyl;
HATU, 2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate; HBTWD-benzotriazoleN,N,N',N'-tetramethyl-

uronium hexafluorophosphate; FRET, fluorescence resonance energy

transfer; Abz, anthranilamide; Tris, 2-amino-2-(hydroxymethyl)-1,3-
propanediol; amp, ampicillin; KPi, potassium phosphdte\, also
known as thel N protein, al phage protein that allows. coli RNA
polymerase to transcribe through termination signals in the early operons
of the phage; S1, also known as the FRETN-88 peptide in our
previous study, contains amino acid residues 89 of thed N protein;

cleavage site cleavage site
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Ficure 1: ATP-dependent peptide cleavagetbycoli Lon. S1 is

the fluorogenic substrate, and S2 is the nonfluorescent analogue of
S1. The S3 peptide substrate used in this study contains 5% S1
and 95% S2. After incubation with Lon and ATP, the substrate is
hydrolyzed into the products shown, including Pd1 (in the box).

purified and quantitated as previously describ@dlf brief,
E. coli cells hosting the Lon expression vector pSG31L (
were grown in superbroth (SB, per L: 30 g bactotryptone,

o g yeast extract, 10 g MOPS, pH 7, 106/mL amp) at

37°C and induced with 1 mM IPTG at Qky = 1.5 for two

C]additional hours. Cell lysate was loaded onto a phospho-

cellulose column preequilibrated with 50 mM KPi, pH 7, 2
mM DTT, and 20% glycerol and then eluted with a linear
gradient of KPi buffer (0.£0.5 M KPi, pH 7, 2 mM DTT,
20% glycerol). Lon positive fractions (eluted between 0.25
and 0.4 M KPi) were pooled, concentrated by an amicon
concentrator and then dialyzed into 50 mM Tris, pH 8.0, 2
mM DTT, and 20% glycerol. The dialyzed protein was
loaded onto a DE 52 column equilibrated with the same Tris
buffer. The resulting column was eluted with a linear KPi
gradient (76-100 mM KPi, pH 7, 2 mM DTT, 20%
glycerol). Lon was further eluted with 0.1 M KPi until all
the protein was removed from the column, as judged by 12%
SDS-PAGE. The Lon positive fractions were pooled and
then precipitated with 80% ammonium sulfate (w/v). The

S2, a nonfluorescent analogue of S1 that is cleaved by Lon identically precipitate was recovered by centrifugation and then dis-

as S1; S3, a mixed peptide substrate containing 5% S1 and 95% S2g

designed to overcome the inner filter effect observed in S1; Pd1, the
hydrolyzed product of S2 containing the last five amino acids from
the carboxyl terminal of S2.

olved in minimum amount of 75 mM KPi, pH 7, 2 mM
DTT, 20% glycerol prior to purification by a Superose 6
(Pharmacia) gel filtration column equilibrated with the same
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phosphate buffer. Lon recovered from gel filtration chro- tion, andK;s andK; are the inhibition constants at low and
matography was concentrated and stored in aliquots3ét high concentrations of the varying substrate, respectively.
°C. The removal of ADP from Lon was monitored by the Pre-Steady-State Time Courses of S1 Giem by Fluo-
shift in the maximum absorption of the protein from 275 to rescent Stopped FlowPre-steady-state experiments were
280 nm in the UV spectra of the protease. Bradford assaysperformed on a KinTek Stopped Flow controlled by the data
were used to quantify Lon monomer concentrations using collection software Stop Flow v7.50 beta. The sample
Lon monomer standards. The Lon monomer standards weresyringes were maintained at 3T by a circulating water
prepared from diluted stocks of a Lon sample, whose bath. Syringe A contained 1M Lon monomer, 1.6 mM
concentration was determined by quantitative amino acid (30% S1+ 70% S2) peptide substrate, and the typical
analysis. reaction components, including 5 mM Mg(OAcR mM
Steady-State Velocity and Product Inhibition Studies DTT, and 50 mM Tris pH 8.1. Syringe B contained 2 mM
Steady-state velocity data were collected on a Fluoromax 3ATP or AMPPNP, 5 mM Mg(OAg), 2 mM DTT, and 50
spectrofluorimeter (Horiba Group) equipped with a temper- mM Tris pH 8.1. Peptide cleavage was detected by an
ature-regulated cell holder connected to circulating water bathincrease in fluorescence (excitation 320 nm, emission 420
to maintain a constant temperature of°& All assays were  nm) following rapid mixing of syringe contents in the sample
performed in microcuvettes (Hellma) with a 3-mm path cell. Data shown are the result of normalizing the baseline
length. A typical assay contained 50 mM Tris HCI, pH 8.1, fluorescence to zero, and averaging at least six traces. The

2 mM magnesium acetate, 2 mM DTT, 125 riMcoliLon lag equation Z0) was fit to the averaged time courses:
monomer, and varying concentrations of nucleotide (ATP
or AMPPNP) or peptide substrate (S3) in the absence or F=ut — (v — »)K{1 — exp(-kt)} (6)

presence of ADP or the hydrolyzed peptide product (Pd1). _ _ ) o ]
The enzyme was preincubated with peptide substrate in thewhereF is the relative fluorescent intensity; is the final
absence or presence of inhibitor in the reaction buffer at 37 Velocity, »i is the initial velocity,t is time in second, ank
°C for 1 min prior to initiation of the reaction by ATP. The s the apparent lag rate of the time courses.
progress of the peptide cleavage reaction was monitored byRESULTS
the increase in fluorescence (excitation 320 nm, emission
420 nm). The degree of peptide hydrolysis was calibrated  Utilization of a Mixed Peptide Substrate to Monitor the
by determining the maximum fluorescence generated perPeptidase Actiity of Lon.We previously developed an 11-
micromolar peptide due to complete digestion by trypsin amino-acid fluorogenic peptide as a substrate for Lon.
under identical reaction conditions. Cleavage of this peptide, designated as S1, was accurately
Data ProcessingThe steady-state rates were determined monitored by the increase in fluorescence that accompanied
from tangents to the linear steady-state portions of the the separation of an anthranilamide group from nitrotyrosine
reaction time courses using the computer program Kaleida-upon cleavage by Lon. The maximum fluorescence generated
Graph (Synergy, Inc.). All experiments were performed in from complete cleavage of S1 by trypsin is linear up to only
triplicate, and the standard deviation among the values was160 uM due to interference by the inner filter effect?).
within 10%, except for assays performed at very high Therefore, to expand the utility of S1 as Lon substrate above
inhibitor or low substrate concentrations, in which case the 1604M, we utilized a mixed peptide substrate composed of
standard deviation was within 20%. The appropriate equa- S1 and S2 (Figure 1) to monitor the time courses of peptide
tions (19) were fit to the experimental data using the software cleavage by Lon. We synthesized S2, a nonfluorescent
program Enzfitter (Biosoft). The sigmoidal velocity versus analogue of S1, by replacing the fluorophore anthranilamide
substrate concentration curve for S3 cleavage was fit by with benzoic acid amide and the nitrotyrosine quencher with
eq 1. The general bireactant eq 2 was fit to the steady-tyrosine and digested various concentrations of a peptide
state velocity data for peptide cleavage at varying ATP mixture (S3) containing 5% S1 and 95% S2 with trypsin.
and S3 concentrations. The product inhibition data were fit The fluorescence signal generated from complete trypsin
by eq 3 for noncompetitive inhibition and by eq 4 for digestion of peptide S3 is linear up to 88M total peptide
competitive inhibition. The intrinsic dissociation constant and concentration (data not shown) and suggest that S2 can be

the Michaelis constant & were deduced frorkia' andKy, used as a fluorescently silent cosubstrate in the fluorescence
respectively, using eq 5: peptidase assay.
A lag phase was detected prior to attainment of a steady-
v=VAYA"+ K,) (1) state rate in all time courses generated under excess substrate

over enzyme conditions regardless of whether S1 or S3 was
v=VABI(K, K, + KB+ KA +AB)  (2) used as the substrate. Representative time courses obtained
, by Lon cleaving 50uM of S3 in the presence of ATP as
v=VAY(KJ[1 + I/K + A1 + I/K;]) ®3) well as in the presence of ATP and ADP are provided in
N AL n Figure 2. The initial lag phase was not dependent on
v=VAIK[L+ K + A) ) preincubation with peptide since a similar lag was observed
log K = (log K')/n (5) when Lon was added to the reaction last. However, prein-
cubation of Lon with ATP prior to addition of the peptide
In egs 4, v is the steady-state velocity,is the maximum substrate increases the duration of the lag phase.
velocity, A is the S3 peptide substrate concentratiBris Despite the presence of the lag, steady-state rates were
the ATP concentratiom is the Hill coefficient, andKy is measured from the tangents of the time courses as described
the Michaelis constant for ATR.is the inhibitor concentra-  under data processing in the Experimental Section. The
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< 3.5 Table 1: Steady-State Kinetic Parameters of ATP- versus
2 3k AMPPNP-Mediated Peptide Cleavdge
§ 25 ¢ 500uM ATP =+ SE 5004M
§ 2 parameters S3 substrate S1 substratAMPPNP+ SE
8 5t Ko (uM) 85+ 4 84+5 7747
= +inhibitor 3 n 1.60+0.05 1.56+0.03 1.6+ 0.2
= Ty E Kp (uM) 72+ 1.0° 10.0+ 1.¢°
05 BT e Vmax (NM/s) 9634 28 834+ 10 125+ 6
0 100 200 300 400 500 600 700 800 (589+ 24y (50+ 1)
time (sec) Ka (uM) 1200+ 12¢° 1000+ 100 760+ 60°
_ Kia! (uM) 660+ 30C° 750+ 150°
FiGurRe 2: Measurement of the steady-state velocity from the
progress curve of fluorescence change associated with S3 cleavageat' 7.71s 6.7/s s
by Lon. E. coliLon (125 nM) was incubated with 5eM S3 in the (4.7/sy

absence and presence of ADP as described in experimental prior a sybscript a denotes S3 or S1 peptide substrate, whereas b is either
to addition of ATP. The time course of each reaction is monitored ATp or AMPPNP.» The kinetic parameters for S1 cleavage were
by the increase in fluorescence at excitation 320 nm and emissiongptained by fitting eq 1 to the data obtained for 10, 20, 30, 40, 60,
at 420 nm. The steady-state rate of fluorescence change is obtainedgp, 140, and 16@M peptide cleavage in the presence of 504
from the tangent of the steady-state phase of the time course. TheaTp 1o yield yieldK,. TheK, values were then obtained from tkg
rate of peptide hydrolysis is calculated by dividing the rate of ang then values using eq 3. These values were determined by first
fluorescence changes by the amount of fluorescence generated fronjitting eq 2 to the rate data to yiekl. TheKa values were then obtained
tryptic digestion of uM of peptide as described by Lee and Berdis  from thek. and then values using eq 5! These values were obtained
17). by fitting eq 1 to the data obtained at-3060 xM peptide substrate
concentrations: These values were obtained by fitting eq 2 to the data
A — . at 50, 100, 150, and 2QaM peptide and at 5, 10, 50, 75, 150, and 250
uM ATP. fThese values were obtained by dividiWga.x by total Lon
monomer concentration, which is 125 nM.

800

(22}

(=3

o
T

using reverse-phase HPLC. The kinetic parameters deter-
mined for S2 cleavage in the presence of BOOATP were

identical to those determined in the fluorescence peptidase
assay using either S1 or S3 as substrate (Supporting

£

(=3

o
T

200

rate of peptide hydrolysis
(nM/sec)

Information).
0 S U N Sy EE Steady-State Velocity Studies of ATP- and AMPPNP-
0 50 et 100 150 200 Mediated S1 Clegage in the Absence of Added Inhibitors.
peptide] (uM) . .
The steady-state velocities of S3 cleavage were monitored
B at varying concentrations of S3 while maintaining the
ﬁ 120 o concentration of either ATP or AMPPNP constant. Alter-
S t T T natively, the velocities were monitored at various nucleotide
;5 100;" E levels but at a fixed peptide concentration. The double
8 80 | ] reciprocal plot of the initial velocity data intersects to the
58 60f 3 left of the ordinate in the ATP- as well as in the AMPPNP-
Lz 4f * 3 dependent reactions (plots not shown), suggesting a sequen-
oS 20F ] tial kinetic mechanism for peptide cleavage. Equation 2 was
5 ot ] fit directly to the velocity data and the resulting kinetic
o 0 50 100 150 200 250 300 parameters are summarized in Table 1. Both the ATP- and
g [S3 peptide] (uM) AMPPNP-mediated S3 peptidase reactions exhibit sigmoidal
< kinetics with nearly identicaK, Ky and Hill coefficient
Ficure 3: Velocity curve of S1 or S3 cleavage By coli Lon in values. However, thk, of ATP-mediated S3 hydrolysis is
the presence of 5QeM ATP or AMPPNR (A) The rates of peptide 7.71s, which is 7-fold higher than that of AMPPNP.
cleavage were determined at 125 nMEofcoli Lon monomer and Pre-Steady-State Time Courses of ATP- and AMPPNP-

varying concentrations of Sk{ or S3 ©) in the presence of 500\ diated S1 Clesage at Saturating Substrate Conditions.

uM ATP. Data points are experimental, and the lines are derived . - . .
from a fit of the data using eq 1. (B) The rates of S3 cleavage Nucleotide-freeE. coli Lon preincubated with 10 Ky, the

were determined as described in panel A, except thay0®f amount of S3 (containing 30% S1 and 70% S2 in the pre-
AMPPNP was used in place of ATP. steady-state study) was rapidly mixed with a saturating
concentration of ATP or AMPPNP (1 mM) in a stopped flow
steady-state rates of peptide cleavage in the presence of eithespparatus. An increase in fluorescence was detected upon
500uM ATP or AMPPNP were plotted against the corre- exciting the reaction at 320 nm. As shown in Figure 4, a lag
sponding peptide concentrations as depicted in panels A andohase was detected in the beginning of the time course using
B, respectively, of Figure 3. The kinetic parameters associ- 5 uM E. coli Lon monomer (final concentration) in the
ated with S3 cleavage by Lon in the presence of ATP agreereaction. The time course represents an average of at least
closely with the parameters determined using S1 using thesix traces. The kinetic parameters obtained by fitting eq 6
same enzyme preparation (Table 1). To verify the utility of to the time courses as described in methods are summarized
our assay system, we independently monitored the timein Table 2, which shows that values obtained for the
courses of S2 (the 95% cosubstrate of S3) cleavage by LonAMPPNP-mediated S1 cleavage are lower than those for the
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§ 05 g . Table 4. Hydrolyzed Peptide Product Inhibition Studies of
2 04 E "Lon +ATP 3 ATP-Dependent Peptide Cleavage Bycoli Lon Protease
g 03 _ / 3 varied fixed Kis £ SE Kj £ SE
E 02 F /’ substrate substrate inhibitor pattern (uM) (uM)
o . F =
o 01 £ ! E S3 500uM ATP Pd1 NC 2705 200+5
= TE / Lon + AMPPNP S3  500uM AMPPNP  Pd1 NC 306: 60 200+ 16
© 0 e P S P N ATP 80uM S3 Pd1 NC 276t 70 350+ 30
s 0 2 4 6 8 10 ATP  600uM S3 Pdl  NC 45020 450+ 3
time (sec)
FiGURE 4: Pre-steady-state time courses of S3 cleavage at saturatinghe apparent inhibition constant for ADP increases with

substrate conditionThe ATP- and AMPPNP-dependent cleavage ; ; P ; ; ;
of 800M of S3 (30% S1 and 70% S2) by:M Lon monomer in increasing ATP, which is consistent with both nucleotides

the presence of 1 mM ATP or AMPPNP (all reagents are reported COMpeting for the same site in Lon. o
as final concentrations) was monitored by fluorescence stopped flow ~Peptide Production Inhibition Studiesthe inhibitory
at 37°C. The time course for the ATP-dependent reaction was an effects of one of the hydrolyzed peptide products containing

average of 10 traces, whereas the time course for the AMPPNP-{he |ast five residues of S2 (Figure 1, Pd1) on the peptidase
dependent reaction was an average of 6 traces. The averaged tim

courses were fit by eq 6 to yield the kinetic parameters summarized
in Table 2.

Table 2: Pre-Steady-State Kinetic Parameters for the ATP- versus
AMPPNP-Mediated Peptide Cleavdge

parameters ATP AMPPNP
vi (A fluorescencel/s) 0.02#4 0.002 0.0094+ 0.0006
¢ (A fluorescencel/s) 0.25 0.0274 0.003
k(s 0.76+ 0.03 0.12+ 0.04

a2 The parameters are obtained by fitting the pre-steady-state time

?ictivity of Lon were examined. The steady-state velocity data
were best fit by the noncompetitive inhibition eq 3 when
the concentration of Pd1 was varied against the concentra-
tions of S3 at 50Q«M ATP or AMPPNP. The inhibition
constants deduced from the fits are summarized in Table 4.
As shown in Table 4, the respectik§s and K; values
determined in the presence of ATP versus AMPPNP are
identical, and th&;s andK; values are comparable to one
another. Compared to the affinity of the substrate S3 for Lon
(Ka=85uM, Table 1), the apparent affinities of Pd1 at 500

course for S3 cleavage in the presence of ATP or AMPPNP to eq 6. #«M of either nucleotide are-34-fold lower (276-300uM,

bThe standard error of the fit is less than 1%.

Table 3: ADP Inhibition Analyses of ATP-Dependent Peptide
Cleavage byE. coli Lon

varied fixed Kis = SE Ki &= SE
substrate substrate inhibitor pattern  («M) (uM)
ATP 80uM S3 ADP C 0.8+ 0.2
S3 10uM ATP  ADP NC 1.0+0.1(03}y 7+£1
S3 100uM ATP  ADP  NC 10+ 1(0.5F 50+9
S3 500uM ATP  ADP NC 52+1(0.7p 500+ 22

aThese values correspond to the intririsiéor ADP calculated from
the equatiorK; app = Ki(1 + ATP/Kp).

ATP-mediated reaction. Table 2 also shows that while the
initial rates ¢;) of the two nucleotide-dependent reactions
differ by 2.6-fold, their lag rate constants and their final
velocities ¢r) differ from one another by -610-fold.

ADP Inhibition StudiesThe steady-state velocities of ADP
inhibiting S3 hydrolysis by Lon were determined at a

Table 4).

The steady-state velocities of S3 hydrolysis at varying ATP
concentrations against several fixed Pd1 concentrations in
the presence of 8«M or 600 uM of S3 were also
determined. The velocity data were best fit by the noncom-
petitive inhibition eq 3 to yield the respectiugs and K
values as summarized in Table 4. The double reciprocal plots
of the peptidase velocities against ATP concentrations in the
presence of different concentrations of Pd1 show a series of
lines that converge to the left of the ordinate. An exception
to the inhibition pattern was noticed in the double reciprocal
plot of 600uM Pd1 against ATP in the presence of 80 or
600uM of S3 (Figure 5), where the data points either plateau
(at 80uM of S3, Figure 5A) or project upward (at 600
of S3, Figure 5B) at saturating ATP. Comparing feand
Kii values determined for Pd1 at 80 and 6N S3 reveals
that the inhibitory effect of Pd1 is only affected slightly (2-
fold or less) by the 7.5-fold increase of S3 in the reactions
(Table 4).

constant level of one substrate and at varying concentrations

of the other substrate at several fixed levels of ADP. The DISCUSSION

respective inhibition constants determined are summarized Lon is an ATP-dependent protease that functions to
in Table 3. When the concentration of ADP was varied eliminate abnormal proteins and to control cellular metabo-

against ATP at 8@M (Kalevel) S3, the steady-state velocity
data were best fit by the equation for a competitive inhibition
(eq 4) yielding aKi of 0.8 uM for ADP. When the
concentration of ADP was varied against S3 a0 (Ky),

lism by eliminating superfluous enzymes as well as regula-
tory proteins 8). Since enzymes or regulatory proteins are
naturally occurring in the cell and their functions are crucial
to cell viability, it is important that the degradation of these

100uM (10 x Kp), or 500uM (50 x Kp) ATP, the velocity proteins by Lon is tightly controlled such that cellular
data were best fit by eq 3 that describes a noncompetitivehomeostasis can be maintained. Because the proteolytic
inhibition pattern. At each fixed ATP concentration, tg activity of Lon is activated by ATP, but inhibited by the

of ADP is lower than theK; value. Comparison of the hydrolyzed ATP product ADP 10, 21), the ability to
intrinsic Kis obtained for ADP (0.3-0.7 uM, Table 3) with correlate the proteolytic activity of Lon with the dynamic
the K, of ATP (7.2uM, Table 1) suggests that ADP binds flux of ADP/ATP concentration may provide more insight
to Lon with higher affinity than ATP. Comparing the into the regulatory mechanism of Lon catalysis. Moreover,
respectiveKis or K; values determined at the three different Lon hydrolyzes polypeptide substrates to yield products that
ATP concentrations versus varying peptide also indicate thatare 5-10 amino acids long; since tetrapeptides, but not the
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2). The pre-steady-state kinetic time courses of S3 cleavage
0.02 . . . . T display lag kinetics in which the lag rate constant of peptide
cleavage at saturating ATP is 6.3-fold higher than that of
AMPPNP. Compared to AMPPNP, the and »s values of
ATP-dependent peptide cleavage is 2.5- and 9.3-fold higher,

0.01 f / respectively (Table 2). Collectively, our data suggest that
L < ATP affects thek.,; Of S3 cleavage by accelerating a slow
— -

>

_ 0015

(sec/nM

0.005 step before the chemical cleavage of peptide bond.
— Although the molecular nature of this slow step is currently
P S , . unknown, this step may represent an ATP-dependent peptide
002 0 002 004 0.06 008 0.1 presentation or translocation event prior to substrate cleavage
1[ATP] (1/uM) (2). This hypothesis is based upon the observation that ATP
hydrolysis is used to present or translocate polypeptide
substrate to the protease site in other classes of ATP-
‘ dependent protease®2(-24). Since Lon exhibits architec-
0.005 | 1 tural similarity with these other ATP-dependent proteases
(25—27), it is possible that Lon initially binds ATP and
AMPPNP identically but ATP hydrolysis is further used to

: / o facilitate the translocation of the S3 substrate to the peptidase
~0.002 // site. Because AMPPNP is not hydrolyzed during S3 cleav-
—] _

1/rate of peptide hydrolysis

0.006 —— : . : : .

0.004

sec/nM)
o
8
w

0.001 age, the peptide substrate may gain access to the peptidase
' site via a passive mechanism. At present, one cannot exclude

1/rate of peptide hydrolysis

U ; i ‘4 ‘ o;)s 0'1 the possibility that Lon may bind ATP and AMPPNP
002 0 002 004 006 0. ' differently in forming the central complex Lon:nucleotide:
ATP (1/uM) S3 prior to peptide cleavage. In this case, the difference in

Ficure 5: Product inhibition of S3 cleavage by Pd1 at varying the lag phase in the pre-steady-state time courses of ATP-
ATP (10, 20, 50, 100, and 5Q@M) in the presence of 8OM (A)  versus AMPPNP-mediated S3 cleavage would be attributed
and 600uM (B) S3. The double reciprocal plots display a series {5 the formation of Lon:nucleotide:S3 prior to peptide

of lines fit from all the experimental data. The symbols represent - . .
the averaged data obtained from at least three trials. (A) All assaysC|€avage instead of a reflection of ATP hydrolysis used to

were performed in the presence of 125 @Mcoli Lon monomer  facilitate peptide presentation.
and 80uM S3 at varying ATP and at G), 100 (0), 200 (x), 400 The detection of sigmoidal kinetics in the velocity curves

gg's :'[]‘geecg% 55) r/]l'&/' (F:’g“lL éE)onu] g;se?)gsnévgg;&esf?gp\fs&?néhe of S3 cleavage suggests cooperativity or allosteric activation
: of peptide binding. However, it has also been noted that a
égf_ and at 0.0). 100 ), 200 (<), 400 (v). and 600 &) M two-substrate enzyme adopting a steady-state random ordered
mechanism with a preferred pathway could display sigmoidal
S1 or S3 peptide substrate, inhibit the ATPase activity of kinetics @8, 29). This could occur if the formation of the
Lon, we question whether the hydrolyzed peptide products Lon:S3 complex and then Lon:S3:nucleotide is kinetically
of S1 affect the peptidase activity of Lon. preferred over the formation of Lon:nucleotide followed by
Since S3 contains only one Lon cleavage site and it doesLon:nucleotide:S3. In this model, the rate of peptide hy-
not contain any defined secondary structut&)( we can drolysis is predicted to be inhibited by high nucleotide
directly assess the contribution of ATP hydrolysis toward concentrations at unsaturating levels of S3, a phenomenon
the peptide cleavage event by comparing the kinetic param-that is absent in our study. Therefore the sigmoidal kinetics
eters associated with S3 cleavage accompanied by ATPare likely attributed to cooperativity or allosteric activation
binding alone or with nucleotide hydrolysis. Assuming that by S3.
the nonhydrolyzable ATP analogue AMPPNP binding com-  To further define the kinetic mechanism of ATP-dependent
pletely mimics the effects of ATP binding in activating the S3 cleavage, we examined the inhibitory effects of ADP on
peptidase activity of Lon, we could use AMPPNP to evaluate the peptidase activity of Lon as a function of varying either
the kinetic parameters of S3 cleavage resulting from nucle- ATP or S3 concentrations. The detection of competitive
otide binding and ATP to evaluate the kinetic parameters of inhibition in peptide hydrolysis at varying concentrations of
S3 cleavage resulting from ATP binding and hydrolysis. ADP against ATP aK, level of S3 (80uM) indicates that
Figures 3 and 4 and Tables 1 and 2 compare the kinetics ofthe two nucleotides compete for the same enzyme form, and
S3 cleavage in the presence of AMPPNP versus ATP. Tablethat ADP acts as a dead end inhibitor. From the inhibition
1 shows that th&,, values for the two nucleotides are similar  studies, the intrinsic affinity of ADPKs andKj) for Lon in
(7.2uM for ATP and 10uM for AMPPNP), suggesting that  the absence and presence of S3 can be calculated from the
Lon binds either nucleotide with comparable affinity in the relationshipKi apparen= Ki(1 + [ATP]/Katp), whereK; is the
presence of S3. In addition, both nucleotide-mediated S3 appareni;s determined experimentally in Table 3. This result
cleavage reactions yield similar steady-state kinetic param-suggests that ADP binds tighter than ATP to free Lon, since
eters with the exception that the, of peptide cleavage is  the intrinsicK; of ADP (0.3-0.7 uM) is lower than theK,
7-fold higher in the presence of ATP versus AMPPNP. The of ATP (7.2 uM). Noncompetitive ADP inhibition was
observed difference in thiey values is consistent with the  detected when S3 was the variable substrate at 10X1.5
kinetic data obtained from the pre-steady-state time coursesKy), 100 (15x Kp), and 50QuM (70 x Kp) ATP. Comparing
of S3 cleavage at saturating nucleotide concentrations (Tablethe Kis values with theK; values of ADP (Table 3) versus
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Scheme 1 Scheme 2
Pd1 + Pd2 arp 2 3
AP AT j FATP — _ATP 1// e T
S3* Pd1+Pd2  \ D /
?
Pd1 + Pd2 E+ATP =
”
Pd1 and Pd2 are the hydrolyzed peptide products n/\ gATP _@?
S3 g ATP F
S3 at the three different ATP levels indicates that the /33 Pd1 +Pd2 ﬂ
presence of excess S3 weakens the affinity of ADP for Lon g ATP
by presumably binding allosterically to Lon to promote ATP/ S3 E
ADP exchange in a similar manner as protein substrates. This ,K ATP
result distinguishes the S3 peptide substrate from the P F Pd1+Pd2
methoxynaphthylamide tetrapeptides that inhibit the ATPase £+ ADP
activity of Lon. $3* r
We then utilized the peptide Pd1 as a product inhibitor to
study its effect on S3 cleavage with varying ATP as well as r s3 ATP
with varying S3 concentrations. Noncompetitive inhibition E* g3
was observed when Pd1 was varied versus S3 at saturating  $3 E* sAsE)P ADP
level of ATP or AMPPNP (50Q«M). This result suggests 3 ATE/,/
that Pd1 binds to two different enzyme forms. Under these \
reaction conditions, the apparent affinity of S3 for Lon is S

higher K. = 85 uM) than the affinity of Pd1 (between 200
and 300uM), and theK; values are comparable to tlig
values (Table 4), which further suggests that the inhibitory
effect of Pd1 cannot be overcome by increasing S3 concen-
trations. These results can be rectified if Lon isomerizes (an
iso-mechanisnB0) upon S3 cleavage to yield a post catalytic
enzyme form that only binds Pd1 but not S3 (“F” in Scheme
1). Because both the ATP and AMPPNP-mediated S3
cleavage reactions exhibited the same inhibition results
(Table 4), it is not likely that ATP hydrolysis is associated
with Lon isomerization. The molecular nature of the post
catalytic Lon form (F) is further revealed by the noncompeti-
tive inhibition patterns obtained when the concentration of
Pd1 was varied against ATP at 30 as well as at 60@xM

S3 (Table 4). According to Figure 5, increasing the ATP
concentrations cannot alleviate Pd1 inhibition, and the rates

?.f S3 _hy?k:olyss are furthfefrj |nh|bg<(ejci afl_?]'gh ATIE conctgntra- substrates. Because Lon exhibits ATP-dependent S3 cleavage
lons in the presence of 6QM - 'N€Se OBSEValions - it concomitant stimulation of ATP hydrolysis, we are
are consistent with the proposed mechanism in Scheme 1

o ) . currently using pre-steady-state kinetic techniques to eluci-
where the post-catalytic (isomerized) form of Lon binds ATP date theytimin% Fr)nechanis)ﬁn of ATP binding anqd hydrolysis
and Pdl to form a nonproductive complex that hinders

with peptide bond cleavage, which should further test the
enzyme turnover.

Upon the basis of the results obtained in this study, we validity of the mechanism proposed in Scheme 2.
have built upon the existing model for Lon catalysis, which ACKNOWLEDGMENT
assumes that Lon binds ATP and AMPPNP via the same )
mechanismg) and constructed a kinetic mechanism for the ~ We wish to thank W. W. Cleland and P. F. Cook for
ATP-dependent peptide hydrolysis reaction as shown in helpful discussion and suggestions made in the preparation
Scheme 2. In the absence of S3, Lon (E) hydrolyzes ATP to Of this manuscript.
yield ADP, which binds to Lon more tightly than ATP (steps
1-3). In the presence of S3, we hypothesize that Lon SUPPORTING INFORMATION AVAILABLE
translocates S3 to the peptidase site, accompanied by ATP Experimental procedures and kinetic data for the degrada-
binding and hydrolysis (steps and 2). Since AMPPNP  tion of S2 peptide, the nonfluorescent analogue of SE by
also supports peptide cleavage, it is likely that ATP binding coli Lon in the presence of 500M ATP. This material is
to Lon alone can accomplish peptide translocation, but the available free of charge via the Internet at http://pubs.acs.org.
rate of this process may be increased by ATP hydrolysis.
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Itis important to emphasize that the mechanism proposed
in Scheme 2 is consistent with the physiological function of
a metabolic enzyme, as the proteolytic activity of Lon is
regulated by the dynamic flux of ATP, ADP and peptide



Dynamics of ATP-Dependent Proteolysis

3.

N o g b

[ee]

10.

11.

12

14.

15.
16.

17.

Goldberg, A. L., Moerschell, R. P., Chung, C. H., and Maurizi,
M. R. (1994)Methods Enzymol. 24850-75.

. Charrette, M., Henderson, G. W., and Markovitz, A. (198fJc.

Natl. Acad. Sci. U.S.A. 78728-4732.

. Suzuki, C. K., Kutejova, E., and Suda, K. (1984thods Enzymol

260, 486-94.

. Wang, N., Maurizi, M. R., Emmert-Buck, L., and Gottesman, M.

M. (1994)J. Biol. Chem. 26929308-13.

. Wang, N., Gottesman, S., Willingham, M. C., Gottesman, M. M.,

and Maurizi, M. R. (1993)Proc. Natl. Acad. Sci. U.S.A. 90
1124751.

.Van Dyck, L., Pearce, D. A., and Sherman, F. (1994Biol.

Chem. 269238-42.

. Menon, A. S., Waxman, L., and Goldberg, A. L. (1987)Biol.

Chem. 262722-6.

Menon, A. S., and Goldberg, A. L (1983) Biol. Chem. 262
14929-14934.

Van Melderen, L., Thi, M. H. D., Lecchi, P., Gottesman, S.,
Couturier, M., and Maurizi, M. R. (1996). Biol. Chem. 271
27730-8.

. Maurizi, M. R. (1987)J. Biol. Chem. 2622696-703.
13.

Nishii, W., Maruyama, T., Matsuoka, R., Muramatsu, T., and
Takahashi, K. (2002[ur. J. Biochem. 26451-7.

Waxman, L., and Goldberg, A. L. (1983) Biol. Chem. 260
12022-8.

Waxman, L., and Goldberg, A. L. (1986¢ience 232500-3.
Goldberg, A. L., and Waxman, L. (1983) Biol. Chem. 260
12029-34.

Lee, I., and Berdis, A. J. (200Bnal. Biochem. 29174—83.

25.
26.

27.

28.
29.

30.

Biochemistry, Vol. 41, No. 30, 2002425

. Wellings, D. A., and Atherton, E. (199K)ethods EnzymoR89,

44—67.

. Cleland, W. W. (1979Methods Enzymol. 63.03-38.
. Frieden, C. (1970). Biol. Chem. 2455788-99.
.Menon, A. S., and Goldberg, A. L. (198J) Biol. Chem. 262

14921-8.

. Reid, B. G., Fenton, W. A., Horwich, A. L., and Weber-Ban, E.

U. (2001)Proc. Natl. Acad. Sci. U.S.A. 98768-72.

. Lee, C., Schwartz, M. P., Prakash, S., lwakura, M., and Matous-

chek, A. (2001)Mol. Cell 7, 627—37.

. Ishikawa, T., Beuron, F., Kessel, M., Wickner, S., Maurizi, M.

R., and Steven, A. C. (200Broc. Natl. Acad. Sci. U.S.A. 98
4328-33.

Wang, J., Hartling, J. A., and Flanagan, J. M. (19€¢€)| 91,
447-56.

Sousa, M. C., Trame, C. B., Tsuruta, H., Wilbanks, S. M., Reddy,
V. S., and McKay, D. B. (2000Lell 103 633-43.

Stahlberg, H., Kutejova, E., Suda, K., Wolpensinger, B., Lustig,
A. Schatz, G., Engel, A., and Suzuki, C. K. (1999joc Natl.
Acad. Sci. U.S.A. 9678790.

Segel, I. H. (1993knzyme KineticsJohn Wiley and Sons, New
York.

Copeland, R. A. (1996Enzymes. A Practical Introduction to
Structure Mechanism and Data Analysi¥CH Publisher, New
York.

Rebholz, K. L. and Northrop, D. B. (1998)ethods Enzymol. 249
211-40.

B10255470



