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ABSTRACT. Lon is an oligomeric serine protease whose proteolytic activity is mediated by ATP hydrolysis.
Although each monomeric subunit has an identical sequence, Lon contains two types of ATPase sites
that hydrolyze ATP at drastically different rates. The catalytic low-affinity sites display pre-steady-state
burst kinetics and hydrolyze ATP prior to peptide cleavage. The high-affinity sites are able to hydrolyze
ATP at a very slow rate. By utilizing the differingy’s, the high-affinity site can be blocked with unlabeled
nucleotide while the activity at the low-affinity site is monitored. Little kinetic data are available that
describe microscopic events along the reaction pathway of Lon. In this study we utilize MANT-ATP, a
fluorescent analogue of ATP, to monitor the rate constants for binding of ATP as well as the release of
ADP from Escherichia coliLon protease. All of the adenine nucleotides tested bound to Lon on the order

of 10° M~1 s71, and the previously proposed conformational change associated with nucleotide binding
was also detected. On the basis of the data obtained in this study we propose that the rate of ADP release
is slightly different for the two ATPase sites. As the model peptide substrate [S2; YRGITCSGRQK(Bz)]
[Thomas-Wohlever, J., and Lee, I. (20@ipchemistry 419418-9425] or the protein substrate casein
affects only the steady-state ATPase activity of the low-affinity sites, we propose that Lon adopts a different
form after its first turnover as an ATP-dependent protease. Based on the obtained rate constants, a revised
kinetic model is presented for ATPase activity in Lon protease in both the absence and presence of the
model peptide substrate (S2).

Lon protease belongs to the AAA superfamily of 20), Brucella abortug21), andPseudomonas syring422).
ATPases because, like the other members (ClpXP, CIpAP,However, the details surrounding the specific role of Lon in
CIpCP, HslUV), its proteolytic activity is mediated by ATP  bacterial virulence are not clearly defined. A comprehensive
hydrolysis (—10). This family is based on multiple sequence understanding of the kinetic mechanism of Lon protease
alignments which define a common ATPase module and could prove useful in the future for targeting specific
encompasses a broader range of proteins than the traditionahomologues with inhibitors. Because the protease and
AAA proteins (ATPasesassociated with diverse cellular  ATPase activity of Lon are inevitably intertwined, a clear

activities) which are a subfamily of the Walker-type NTPases understanding of the role of ATP hydrolysis activity in the
(11, 12). Lon protease is distributed throughout the cytosol enzyme is necessary.

in prokaryotic cells while in eukaryotic cells it is localized
to the mitochondriaZ, 8, 13). Unlike the other members of
the superfamily which consist of separate regulatory and
proteolytic subunits, the lon gene encodes a single polypep-
tide subunit containing both the protease and ATPase
domains 12). The subunits in Lon are organized into an

oligomer shown in recently published partial crystal struc- :
tures as a hexamet4, 15). The oligomerization of Lon 23). We have previously developed a small fluorescent

; . . . : ; peptide mimic of thel N protein containing a single cleavage
(rjeespueltr']s dg]n?(;:']ngA'f'(l)DrT)iar;{:jci)Qch:'hh?/ dii?}frs?ilseialvgy and is not site (S3* comprised of 10% fluorescent S1 peptide and 90%
Aside from the general interest surrounding Lon due to S2, '_[he noanL_Jore_scent analogue. of S1) in order to easily
its unique coordination of ATPase activity with proteolytic monitor t_he_ Kinetics of thee. coll_Lon system 24, 25)'. .
function, Lon has been shown to be important in maintaining Although it is known that ATP mediates the protease activity

the virulence of various strains of pathogenic bacteria in Lon, little _defi_nitive eYide_”CG exists for th_e_ Fiming Of_
including Salmonella entericaerovar Typhimurium 18— events and kinetic coordination of the two activities. Lon is

known to bind to ADP with higher affinity than ATP, and
* This work was supported by NIH Grant GM067172, the ATPase as well as peptidase activities of Lon are

* Corresponding author. Phone: 216-368-6001. E-mail: Irene.lee@ inhibited by ADP @5, 26). N9nhydr0|yzab|e analogues of
case.edu. Fax: 216-368-3006. ATP such as AMPPNP, which do not generate ADP, also
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The broadly defined in vivo function of Lon includes
degrading misfolded or damaged proteins as well as short-
lived regulatory proteins4( 7, 9). Few physiological
substrates of Lon have been identified because the substrate
specificity is not well understood. One known substrate of
the Escherichia coliLon homologue is théN protein (7,
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support Lon-mediated peptide cleavage with reduced catalyticnot being able to stimulate activity of the low-affinity ATPase
efficiency @4). Although many observations have been sites.

made, it is not clear precisely how ADP release contributes  These previous pre-steady-state kinetic studie. afoli

to the catalytic mechanism of Lon. Using pre-steady-state | on protease have only addressed the hydrolysis portions
kinetic methods, we have determined that there is a burst of of the ATPase mechanism at the high- and low-affinity sites
ATP hydrolysis activity prior to the turnover of peptidase (27, 28). In the present study the rate of ATP binding and
activity (27). The burst activity indicates that a step following - ADP release from the two ATPase sites was investigated in
ATP hydrolysis is rate limiting. This would be consistent order to achieve a better understanding of the overall kinetic
with ADP release being rate limiting. The pre-steady-state mechanism. We used the fluorescert @r 3-) O-(N-
ATPase activity was unusual because it displayed half-site methylanthraniloyl) (MANT) nucleotide analogues to ac-
reactivity, presumably due to the existence of two ATPase complish this goal. In order to use this analogue, MANT-
sites in Lon K high afiinity = 0.52M (26, 27), Kqowatiinty = ATP was first shown to support S3 peptide hydrolysis, induce
10uM (26)]. The two ATPase sites are a result of monomeric g conformational change, and be hydrolyzedghyoli Lon
subunits having different ATPase behavior in the oligomeric protease comparably to ATP. The on rate of binding to the

form of Lon, but they could not be distinguished structurally high- and low-affinity ATPase sites was measured and found
because only one identical sequence for an ATPase motifto be on the order of BM 1 s71. A conformational change
exists in each monomeric subunit. Therefore, kinetic studies ypon nucleotide binding was also detected, confirming

to further investigate the differences in the activities of the previous hypothese(@). The off rate of ADP, however,
high- and low-affinity ATPase sites in Lon protease were (differed slightly for each of the ATPase sites, and although
performed 28). The experiments presented in this referenced this step was proposed to be rate limiting in steady-state
study capitalized on the differing affinities of the two sites. studies, ADP release only limited the low-affinity ATPase
By manipulating the concentration of ATP present, the turnover. Because S2 peptide affected none of the pre-steady-
activity of the high- and low-affinity sites could be monitored  state rate constants, we propose a novel enzyme form that
separately. The results showed that at stoichiometric con-exists after the first round of cleavage which undergoes
centrations of Lon and ATP (GM Lon, 6 uM ATP) the  catalytic ATPase turnover in the presence of peptide. We
high-affinity sites were slowly processing ATP at 0.0L.s  therefore revise our current kinetic model to accommodate
Although a previously published pulsehase experiment  the newly obtained results.

already confirmed that only one set of sites was responsible

for the pre-steady-state burs27j, we examined the low- MATERIALS AND METHODS

affinity ATPase sites by blocking the high-affinity ATPase ) _ )

sites with stoichiometric amounts of unlabeled nucleotide. _ Materials.Nucleotides were purchased from Sigma or ICN
The low-affinity sites hydrolyzed ATP faster (17'% than Biomedical. PNPase and 7-MEG were purchased from
the high-affinity sites and were found to be solely responsible Sigma. Fmoc-protected amino acids, Boc-Abz, Fmoc-
for the pre-steady-state burst in ATPase activity. The activity Protected Lys Wang resin, and HBTU were purchased from
of each site apparently had no effect on the other’s activity. Advanced ChemTech and Nova Biochem. Tris, HEPES,
Typically, a 2-5-fold stimulation of steady-state ATPase SBTI, and TPCK-treated trypsin were purchased from Fisher.
activity is observed in the presence of peptide or protein MANT-AMPPNP and MDCC were purchased from Molec-
substrate, 25, 29). Interestingly, this stimulation was lost  ular Probes. Cloning reagents were purchased from Promega,
if the high-affinity ATPase sites were blocked with stoichio- Neéw England BioLabs Inc., Invitrogen, and USB Corpora-
metric amounts of ATP, suggesting that the peptide substratefions. Oligonucleotides were purchased from Integrated DNA
stimulates steady-state ATP hydrolysis at the high-affinity T€chnologies Inc.

sites. However, given the information gleaned from the  General MethodsPeptide synthesis and protein purifica-
present study, the high-affinity sites seem to essentially be tion procedures were performed as described previold)y (
noncatalytic. So the reduced steady-state activity noted in Synthesis of MANT-ATP and MANT-ADP was performed
the past study was more likely a result of ADP product as described previouslgg, 32). All enzyme concentrations
inhibition of the low-affinity sites, rather than the peptide were reported as Lon monomer concentrations. All reagents
are reported as final concentrations. Unless otherwise stated
1 Abbreviations: AMPPNP, adenylyl 5-imidodiphosphate; DTT, all experiments were performed at 3C.

dithiothreitol; Abz, anthranilamide; Bz, benzoic acid amide; HBTU, ; i At indi ;
O-benzotriazoleN,N,N',N'-tetramethyluronium hexafluorophosphate; Cloning and Purification of Phosphate Binding Protein

HEPES,N-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; Tris, (PBP).The phos_phate binding protein (PBP) gene with the_
2-amino-2-(hydroxymethyl)-1,3-propanediol; Kpotassium phosphate; ~ attached phoS signal sequence was amplified from genomic
Mg(é)AC)% mc’;lgnehS_it;J_P E;)Cgltatﬁ; IKOAC, | p%aslsiqm, acetlfltle; SBTI, DNA of the DH5a. strain of E. coli using the forward primer
soypean trypsin Innipitor; cellulose, polye enimineceliulose;

PE?P, phogghate binding protein; MBC)(/:, %/—diethylamino—3—[[[(2— 5_GGAATTCCA,TATGAAAGTTATGCGTACC_?’ and the
maleimidyl)ethylJamino]carbonyllcoumarin; MDCC-PBP, A197C mu-  feverse primer SCCCAAGCTTTTATTAGTACAGCGG-

tant of PBP labeled with MDCC; MANT, '2 (or 3-) O-(N- 3. An A197C mutation was then introduced using PCR
methylanthraniloyl); PNPase, purine nucleoside phosphorylase; MEG, nrimer site-directed mutagenesis and the additional forward

7-methylguanosine; ;P inorganic phosphate; S2, a nonfluorescent -
analogue of S3 that is degraded by Lon identically as S3 and is used primer 3-GTTGAATATTGTTACGCGAAG-3 and reverse

in the ATPase reactions to conserve the fluorescent peptide (S3)primer 8-CCTCGCGTAACAATATTCAAC-3. The result-
YRGITCSGRQK(Bz); S3, a mixed peptide substrate containing 10% ing product was cloned into thidindlll and Ndd sites of

of the fluorescent peptide Y(NJRGITCSGRQK(Abz) and 90% S2; _ ; ;
NTP, nucleotide triphosphate; SSD, the substrate sensor and discrimina—the PET 2406—) vector and the reSUItmg plasmld named

tory domain in Lon which is thought to interact with peptide substrate, PHF019. This subcloned phosphate binding protein fiam
resulting in allosteric behavior. coli DH5a contained one residue (Y306F) which differed
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from the originally cloned protein. pHF019 was overex-  Tryptic DigestionsTryptic digest reactions were monitored
pressed in BL21(DE3), selected for with 3@/mL kana- as described previousl®g, 30). Briefly, 1.4 uM Lon in a
mycin, and induced at Oy = 1.5 with 1 mM IPTG. The reaction mixture containing 50 mM HEPES (pH 8.0), 5 mM
protein was isolated by osmotic lysis and purified to Mg(OAc),, 2 mM DTT, £800uM S2 peptide, and 1 mM
homogeneity as reported previously by Martin R. Webb and ATP, 1 mM MANT-ATP, 1 mM ADP, 1 mM MANT-ADP,
colleagues (National Institute of Medical Research, Mill Hill, 1 mM AMPPNP, or 1 mM MANT-AMPPNP was started
London). This purification procedure and labeling of C197 by the addition of 1/50 (w/w) TPCK-N-p-tosylL-pheny-
with MDCC are described in detail in r&3. The purified lalanine chloromethyl ketone) treated trypsin with respect
labeled protein exhibits activity (excitation 425 nm, emission to Lon. At 0 and 30 min, a 3L reaction aliquot was
465 nm) that is comparable to that observed in the PBP quenched in 3ug of soybean trypsin inhibitor (SBTI)
purified from the original cell strain (a generous gift from followed by boiling. The quenched reactions were resolved
Susan Gilbert, University of Pittsburgh) developed by Webb by 12.5% SDSPAGE analysis and visualized with Coo-
and colleagues. massie brilliant blue.

Steady-State MANT-ATPase Assays Using MDCC-PBP. MANT-ATP Binding Time Courses by Fluorescent Stopped
Steady-state velocity data for MANT-ATP and ATP were Flow. Pre-steady-state experiments were performed on a
measured using an assay to detect inorganic phosphate (PKinTek Stopped Flow controlled by the data collection
release as described previousdg(34). Reactions contained  software Stop Flow version 7.0 The sample syringes were
50 mM Tris at pH 8.0, 5 mM Mg(OAg) 2 mM DTT, 150 maintained at 37C by a circulating water bath. Syringe A
uM 7-methylguanosine (MEG), 0.05 unit/mL PNPase, 300 contained %M E. coliLon monomer with and without 500
or 150 nME. coliLon, £500uM S2 peptide, and 26M —1 uM S2 peptide, 5 mM Mg(OAg) 50 mM HEPES, pH 8,
mM MANT-ATP or ATP. ATPase activity was monitored 75 mM KOAc, and 5 mM DTT. Syringe B contained varying
on a Fluoromax 3 spectrofluorometer (Horiba Group) where amounts of MANT-ATP, MANT-dATP, MANT-ADP, or
fluorescent MDCC-PBP was excited at 425 nm and emitted MANT-AMPPNP (1-100uM), 5 mM Mg(OAc),, 50 mM
at 465 nm. The velocity reactions were equilibrated at 37 HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. MANT
°C for 1 min and initiated with the addition of Lon. Initial  nucleotide binding was detected by an increase in fluores-
velocities were determined from plots of the amount pf P cence (excitation 360 nm, emission 450 nm) resulting from
released versus time. All assays were performed at least inrapid mixing of the syringe contents in the sample cell. The
triplicate, and the kinetic parameters were determined by resulting exponential data were a result of averaging at least
fitting the averaged rate constant data with eq 1 using thefour traces. All experiments were performed at least in
nonlinear regression program KaleidaGraph (Synergy) ver- triplicate. The averaged time courses were fit with the
sion 3.6: equation:

Kobs = Kea ATPI/(Kpy, + [ATP]) @ Y= (A exp '+ Cl)+ (A,exp ““+C2) (3)

wherekoss is the observed rate constant in'skea is the wheret is time in secondsA; andA; are amplitudes for the
maximal rate in s, [ATP] is the nucleotide concentration first and second exponential phases, respectively, in relative
in uM, and Ky, is the Michaelis-Menten constant inM. fluorescence units; andk, are the observed rate constants
Peptidase Methods2eptidase activity was monitored on  for the first and second exponential phases in seconds, and
a Fluoromax 3 spectrofluorometer (Horiba Group) as de- C1 and C2 are constants.
scribed previously25). Assays contained 50 mM HEPES, ~ MANT-ADP Release Time Courses by Fluorescent Stopped
pH 8.0, 75 mM KOAc, 5 mM DTT, 5 mM Mg(OAg) 200 Flow. Pre-steady-state experiments were performed on a
nM E. coli Lon, 150uM MANT-ATP or ATP, 50-150uM KinTek Stopped Flow controlled by the data collection
S1 peptide (100% fluorescent), and 20M—1.5 mM S3  software Stop Flow version 7.30 The sample syringes were
peptide (10% fluorescent S1 peptide, 90% nonfluorescentmaintained at 37C by a circulating water bath. Syringe A
analogue S2 peptide) (excitation 320 nm, emission 420 nm). contained 5(M E. coli Lon monomer with and without 500
Initial velocities were determined from plots of relative yM S2 peptide which was preincubated with varying
fluorescence versus time. All assays were performed at leastamounts of MANT-ADP (10 min), MANT-ATP, and MANT-
in triplicate, and the kinetic parameters were determined by dATP (30 min, 37°C) (0.05-200 M), in 5 mM Mg(OAc),
fitting the averaged rate constant data with eq 2 using the 50 mM HEPES, pH 8, 75 mM KOAc, and 5 mM DTT.
nonlinear regression program KaleidaGraph (Synergy) ver- Syringe B contained 1 mM ADP, 5 mM Mg(OAg)50 mM
sion 3.6: HEPES pH 8, 75 mM KOAc, and 5 mM DTT. MANT-ADP
release was detected by a decrease in fluorescence (excitation
k= K,.,{SI"/(K" + [S]") (2) 360 nm, emission 450 nm) resulting from rapid mixing of
syringe contents in the sample cell. The resulting exponential
wherek is the observed rate constant being measured in unitsdata were a result of averaging at least four traces. All
of secondsknax is the maximum rate constant referred to as experiments were performed in triplicate and the averaged
kss.s3in units of s, [S] is the variable peptide substrate in time courses fit with eq 3.
units of uM, K' is the Michaelis constant for [S], andis Double mixing experiments were performed as above with
the Hill coefficient. TheKs (uM) is calculated from the  the following exceptions. The valve for syringe C was opened
relationship logk' = n log K, whereK; is the [S] required on the KinTek Stopped Flow and the delay line calibrated
to obtain 50% of the maximal rate constant of the reaction at 33 uL, resulting in a second push volume of 44.
referred to adm atp OF Ky maNT-ATP- Syringe A contained 5 mNE. coliLon monomer and 5 mM
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ADP in 5 mM Mg(OAc), 50 mM HEPES, pH 8, 75 mM 1.2 | . . .
KOAc, and 5 mM DTT. Syringe B contained 1 mM ADP A
with or without 500uM S2 in 5 mM Mg(OAc), 50 mM
HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. Syringe C
contained 10xM MANT-ADP or ATP in 5 mM Mg(OAc),,

50 mM HEPES, pH 8, 75 mM KOAc, and 5 mM DTT. The
contents of syringes A and C were rapidly mixed with a first
reaction time of 50 s for MANT-ATP and 3 ms for MANT-
ADP. The second push would then mix the developed "«
reaction from syringes A and C with the contents of syringe ;:
B in the observation cell in order to monitor the release of
MANT-ADP from Lon over 30 s. All experiments were
performed at least in triplicate and the averaged time courses

fit with a single exponential equation.

RESULTS

Steady-State Characterization of the MANT-ATPase/Acti
ity of Lon.In order to perform pre-steady-state stopped-flow
experiments to determine the rate constants associated with
ATP binding and ADP release, a fluorescent analogue of
ATP was needed. To determine if tNemethylanthraniloyl Ficure 1: Steady-state kinetics of ATP and MANT-ATP hydrolysis

by E. coli Lon. ATPase activity was monitored using a coupled
(MANT) fluorescently labeled ATP was also a substrate of ssay system where MDCC-PBP binds thaefeased from the

Lon protease, and thus an appropriate analogue of unlabele(ﬁ:ydrolysis of ATP and MANT-ATP by Lon, resulting in an increase
ATP, the steady-state kinetics of MANT-ATP hydrolysis in fluorescence over time. The initial rates obtained from the time
were examined in comparison to ATP hydrolysis. This was courses were converted kavs values by dividing the steady-state
accomplished using a coupled assay system with MDCC- a0 (i oot 0y L vly, at varying con
PBP on f"‘ Fluoromax 3 spectrofluorometer.(H(_)rlba Grqup) centrations of ATP. The®) and -))/’reprgsent in){}insic e?rqd gSZ-
as described previousl§, 34). Phosphate binding protein  stimulated MANT-ATPase activity, respectively, at varying con-
(PBP) is the product of thphoSgene inE. coli which is centrations of MANT-ATP. The data are reported as the average
induced when the levels of; Rre low, is localized to the \Iéf’ﬂuss of at |eftiStktChreedtgalsTﬁﬂdee{E fit with ?q 1ft0 Pt:t?in_ the
; . SR ; inetic parameterk.,; andK,,. The kinetic parameters for intrinsic
periplasmic space, and is implicated in the transportiof P and SZF-)stimuIated %Tpasfg activity wek;; 0.34+ 0.0 st
(33 _35). Martin Web_b and colleagues (Na_tlonal InstltL_Jte for Km= 18+ 4 uM (#) andke= 1.1+ 0.1 SL, Ky = 31 % 8 uM
Medical Research) introduced the mutation A197C in PBP (a), respectively. The kinetic parameters for intrinsic and S2-
in order to covalently label the introduced cysteine with a stimulated MANT-ATPase activity werke, = 0.53 + 0.02 s,
fluorophore 83). By doing this, they created a probe far P Km = 43+ 5uM (@) andkeq = 1.1+ 0.1 s, Ky = 37+ 6 uM
which can rapidly measure micromolar concentrations re- (1l), respectively. The rate constants are also summarized in Table

leased from enzymes in real time due to the increase in~"

0 I I ! I |
200 400 600 800 1000

[nucleotide], uM

fluorescence resulting from MDCC-PBP binding IR order Steady-State Analysis of MANT-ATP-Dependent S3Clea
to reduce the extraneousd@ntamination, the cuvettes were age by Lonln addition to demonstrating that MANT-ATP
soaked in a phosphate “mop” solution consisting of 480 is hydrolyzed by Lon protease, it was necessary to ensure

MEG and 0.05 unit/mL PNPase, which removes excess that MANT-ATP was also capable of supporting S3 peptide
phosphate by converting it to ribose 1-phosphate as describedtleavage in a comparable manner to ATP. The fluorescent
previously @3, 36, 37). At these concentrations there was peptidase assay previously employed to monitor the kinetics
no competition between MDCC-PBP and the phosphate mopof ATP-mediated S3 cleavagés, 27, 30) was performed
system for R The MDCC fluorophore was excited at 425 to compare the ability of MANT-ATP to support S3 cleavage
nm, and fluorescence emission was detected at 465 nm. Thecompared to ATP. The observed steady-state rate constants
relative fluorescence generated from MDCC-PBP was cor- of S3 cleavagekis s) were determined at varying concentra-
related to the concentration of By a calibration curve where  tions of S3 (56-1500 uM) and 150uM MANT-ATP or
known concentrations of ;Rvere linearly increased and ATP. Because the predominant enzyme form under these
plotted versus the resulting change in fluorescent signal (dataconditions is Lon-ATP, the observed rate constants are a
not shown). The observed rate constants were measured ateflection of the effect of nucleotide hydrolysis rather than
varying concentrations of nucleotide from the linear region binding. The S3 hydrolysis reactions were monitored by the
of initial velocity plots of Rreleased over time. When plotted increase of fluorescence over time, which when calibrated
versus the concentration of nucleotide, both ATP and reflects the amount of peptide hydrolyzed over time. The
MANT-ATP yielded Michaelis-Menten kinetics as shown  observed steady-state rate constants were then plotted as a
in Figure 1. Thisk.a/Kn profile was performed in the absence function of S3 concentration, and this yielded a sigmoidal
and presence of S2 peptide for both ATP and MANT-ATP. plot as shown in Figure 2. The kinetic parameters obtained
The steady-state kinetic parameters are summarized in Tabldrom fitting the data in Figure 2 with the Hill equation are
1. Since theék../Km values are similar for MANT-ATP and  summarized in Table 2. Although the valuerodetermined
ATP, we conclude that Lon hydrolyzes the fluorescent here is slightly higher than that determined previously=(
analogue in a comparable manner to ATP. 1.6), both are approximately equal to 2, and the discrepancy
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Table 1: MANT-ATP and ATP Steady-State Kinetic Parameters Associated with ATP Hydrolysis

intrinsic intrinsic S2-stimulated S2-stimulated
ATPase MANT-ATPase ATPase MANT-ATPase
Keat (573 0.34+0.01 0.53+ 0.02 1.1+0.1 1.1+ 0.1
Km (uM) 18+ 4 43+ 5 31+8 37+ 6
KealKm (LFM~1s7Y) 19 12 35 30
10.0- MANT MANT MANT
NoNu ATP ATP ADP ADP AMPPNP AMPPNP
Rl
2 5.04 » - - - - o e <— |ntact Lon
ks M- s’ as we e ==t 67 KDafragment
2.54
0.04

0 250 500 750 1000 1250 1500 1750
[S3], uM

FiIGURe 2: Steady-state kinetics of ATP- and MANT-ATP-
dependent S3 cleavage By coliLon. 150uM ATP and MANT-

ATP [5 mM Mg(OAc)] dependent peptidase activity was monitored FiGURE 3: Limited tryptic digest shows that MANT-ATP and ATP
using a modified FRET assay system where the cleavage of the S3nduce the same conformational changeEincoli Lon protease
peptide containing a fluorescent donor and quencher results in SDS-PAGE visualized by Coomassie brilliant blue show M
donor/quencher separation and an increase in fluorescence ovekton digested with a limiting amount of trypsin and quenched with
time. The initial steady-state rates of S3 cleavage were obtainedSBTI at the indicated times as described in Materials and Methods.
from the time courses of peptide cleavage at varying [S3] and Lane 1 shows the molecular markers in kilodaltons (from top to

converted to steady-state rate constdqissby dividing by the
[Lon]. Both ATP @) and MANT-ATP @) mediated S3 cleavage
yielded sigmoidal curves which were fit with eq 2. The resulting
kinetic parameters for ATP-mediated S3 cleava®® Were kss s3
=9.6+0.2s?, Knatp = 240+ 9uM, andn = 2.4+ 0.1 while
the parameters for MANT-ATP-mediated S3 cleavage weses
=5.9+0.3 S_l, Km,MANTfATP =360+ SO,LLM, andn=2.54+0.4.
The rate constants are also summarized in Table 2.

Table 2: MANT-ATP and ATP Steady-State Kinetic Parameters
Associated with S3 Cleavage

kss,SS(Sil) Km (IMM) n
ATP 9.6+ 0.2 240+ 9 24+0.2
MANT-ATP 59+0.3 360+ 30 25+04

is most likely due to the slightly differing experimental

bottom): 183, 114, 81, 64, 50, 37, 26, and 20. Lanes 2 and 3 contain
Lon without nucleotide, lanes 4 and 5 contain Lérl mM ATP,
lanes 6 and 7 contain Lo# 1 mM MANT-ATP, lanes 8 and 9
contain Lon+ 1 mM ADP, lanes 10 and 11 contain Lenl mM
MANT-ADP, lanes 12 and 13 contain Lot 1 mM AMPPNP,

and lanes 14 and 15 contain Len1 mM MANT-AMPPNP.

nucleotide and saturating amounts (1 mM) of ATP, MANT-
ATP, ADP, MANT-ADP, AMPPNP, and MANT-AMPPNP.

At 0 and 30 min the reaction was quenched with soybean
trypsin inhibitor (SBTI) and resolved on a 12.5% SBS
PAGE as shown in Figure 3. This figure demonstrates that
MANT-ATP (lanes 4 and 5) induces the same conformational
change as ATP (lanes 2 and 3). MANT-ADP (lanes 10 and
11) and MANT-AMPPNP (lanes 14 and 15) also induce the
same conformational change as ADP (lanes 8 and 9) and

methods. Because the steady-state kinetic parameters weraMpPPNP (lanes 12 and 13) ,respectively. S2 peptide did
comparable to one another (Table 2), MANT-ATP supports not change the digestion pattern (data not shown), indicating
S3 cleavage in a similar manner as ATP. In addition, these that peptide does not induce any conformational change that
rate constants were comparable to the previously publishedis detectable by tryptic digestion.

keat andKp, values for ATP-mediated S3 cleavadzb,(30). Determining the Rate of MANT-ATP Binding Using
So although the nucleotide MANT-ATP contains a fluores- Fjyorescent Stopped FloBince MANT-ATP is hydrolyzed,
cent Iabel, it still SUppOI‘tS. S3 degl’adation in a similar manner Supports pep“de C|eavage’ and induces the same conforma-
to ATP and therefore is acceptable to use as an ATPtjonal change as ATP, the MANTnucleotide fluorescent

analogue.

Limited Tryptic Digestion Probes the ATP-Dependent
Conformational Change in LorPreviously 80), we have
utilized limited tryptic digestion to probe the functional role

analogues can be used to study individual kinetic steps along
the Lon reaction pathway. The on rate of MANT-ATP
binding was monitored by stopped-flow fluorescence spec-
troscopy because an increase in fluorescence is detected upon

of nucleotide binding to Lon. This revealed an adenine- Lon binding to MANT-ATP. Rapidly mixing %M Lon both
specific conformational change associated with nucleotide in the presence and in the absence of saturating amounts
binding, which can primarily be monitored by the stability (500 uM) of S2 peptide with amounts of MANT-ATP

of a 67 kDa fragment of Lon. When sequenced, this fragment varying from 1uM to 100uM resulted in time courses that
was composed of the ATPase, the substrate sensor andvere best fit using a double exponential equation. A

discriminatory domain (SSD), and protease domains of Lon.
To ensure that the introduction of the fluorophore on MANT-
ATP does not affect the nucleotide’s ability to induce this
conformational change in Lon, we subjected 2M Lon to
limited tryptic digestion (1/50 w/w) in the presence of no

representative time course is shown in Figure 4a with the
solid black line demonstrating the fit of the double expo-
nential equation (Materials and Methods). During the syn-
thesis of MANT-ATP, the MANT fluorophore attaches to
both the 2- and 3-hydroxyl on the ribose32). The mixture
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Table 3: Rate Constants Associated with Adenine Nucleotide
Binding As Determined by Fluorescent Stopped Flow

MANT- Kon MANT-Nu Koff, MANT —Nu Kon,2
nucleotide (1PM~ s (s (s

ATP 6.8 11 4.1£1.2

ATP + S2 6.8 10 3.7 1.2

1 ADP 6.9 9.5 3.9: 0.9
0.46' (0.13}

ADP + S2 6.1 9.7 3.2£0.9

] 0.44 (0.13}

AMPPNP 3.2 22 6.2 2.8

6.6 (0.16)

24

AMPPNP+ S2 2.1
04 1 6.7 (0.16}

aValues determined by single mixing release rate experiments where
Lon was preincubated with MANT nucleotide and then rapidly mixed
02 7 with excess unlabeled nucleotide. These values are more accurate
because the off rates are being directly measured in the experiment.
Two off rates for the nucleotides are detected in this experiment. The
0 ! L ! ! off rate from the high-affinity site is in parentheses, and the other
0 0.2 04 0.6 0.8 1 number represents the off rate from the low-affinity site.

7.5H4.7

relative fluorescence

time, (s)

nential equation and plotted versus the concentration of
MANT-ATP as shown in Figure 4b. The rate constants
- associated with MANT-ATP binding are identical in the
presence and absence of S2 peptide, indicating that peptide
has no effect on the binding of nucleotide (Table 3). The
data shown in Figure 4b are representative of MANT-ATP

7 binding in the absence of S2. The observed rate constants,
kon.1, @re linearly dependent on the concentration of MANT-
ATP (Figure 4b). The slope of the line, 6:810° M™% s71,
yields the on rate of MANT-ATP binding, and tlydntercept

is an estimate of the off rate (11%3. Furthermore when the

Kgq is calculated by dividing the off rate by the on rate, the
value (16uM) is similar to the previously published value

of 10 uM (26) for the low-affinity ATPase site28). The
range of nucleotide concentration needed to probe the high-
affinity site (0.05-5 uM) was beyond the limit of detection

Kl
kobs(s )

r-—l— —-— . . at the !oyver .concentrat!ons and indistinguishable from the

0 ! ! * ' ! low-affinity site at the higher concentrations. The ATP off
0 20 40 60 80 100 rate for the high-affinity ATPase site could not be detected
[MANT-ATP], uM using this method for the same reason. Instead, MANT-

FIGURE 4. MANT-ATP binding to Lon. (a) Representative time AMPPNP, a nonhydrolyzable analogue, was used as elabo-
course of MANT-ATP binding to Lon. Five micromolar Lon was rated on in the Discussion. The observed rate constai,
rapidly mixed with varying amounts of MANT-ATP (excitation  ~ 5 s (Figure 4b, Table 3), shows no dependence on the
360 nm, emission 450 nm) in the presence and absence giM00  ,ncentration of MANT-ATP. The lack of dependence on

S2 peptide, and the increase in fluorescence was monitored for 1 leotid trati Id be indicati f f
s. The time courses were fit with a double exponential (eq 3, solid "UC€0lIdE concentration could be Indicative of a coniorma-

black line). The two resulting rate constanks,(, Kon2) are shown tional change step associated with MANT-ATP binding. This
in (b) at varying concentrations of MANT-ATP. (b) On-rate is supported by the tryptic digest which also suggests a

constants of MANT-ATP binding plotted versus [MANT-ATP].  conformational change upon nucleotide binding which
k/lonAll\f';‘oA"Yrsp"’? linear dependence on [MANT-ATP]. The onrate for 1005 Lon from degradation by trypsin (Figure 3p)
- is determined from the slope of the line,{ manT—aTp - . .
= 6.8 x 10F ML s1). The off rate for MANT-ATP can be | Nne same binding experiment was conducted to determine
estimated from thg-intercept of the lineKy mant—atp = 11 s°3). the rate of MANT-ADP and MANT-AMPPNP binding to
kon2 remains constant at 5% likely indicating a conformational  Lon, and the rate constants were comparable to MANT-ATP.
change associated with nucleotide binding. These rate constantsthe rate constank,, did not vary with the concentration
are also summarized in Table 3. . P : ; : .
of nucleotide, which is again consistent with a conformational
change (Table 3).
of the two isomers could result in fluorescent changes which  Determining the Rate of MANT-ADP Release Using
are unrelated to the enzyme nucleotide interaction. In order Fluorescent Stopped Flowhe rate constant associated with
to ensure this was not the reason that biphasic time coursesVIANT-ADP release could also be monitored using fluores-
were observed, control experiments with MANT-dATP were cence stopped-flow spectroscopy because there is a decrease
performed which also resulted in biphasic time courses (datain fluorescence upon the dissociation of MANT-ADP from
shown in Supporting Information). Two observed rate Lon. Five micromolar Lon in the presence and absence of
constants Kon 1, kon2) are extracted from the double expo- 500uM S2 peptide was preincubated with 0-6%500 uM
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MANT-ADP and rapidly mixed with excess unlabeled (1 a 75 : :
mM) ADP. This resulted in a decrease in fluorescence which
was best fit with a double exponential (Materials and
Methods). A representative time course is shown in Figure
5a, where the solid black line represents the fit of the double
exponential equation. To ensure that the two phases were
not a result of esterification of the fluorophore on MANT-
ATP, control experiments were performed using MANT-
dADP which were also biphasic (data shown in Supporting
Information). The two rate constantkf1, Korr2) Obtained
from the double exponential fit of the data are summarized
in Table 4. As one would expect, there is no dependence on
the concentration of MANT-ADP with either rate constant
because the release step being monitored is a unimolecular
event. The presence of S2 peptide also does not affect the
rate constants associated with MANT-ADP release regardless
of the order of addition. The average valuelgy; was 0.46

+ 0.03 stand 0.144 0.01 s for ke 2. TO ensure that the

relative fluorescence

MANT fluorescent label was not affecting the off rate, the 45 : : : : : :
experiment was also performed where Lon was preincubated 0 5 10 15 20 25 30
with varying amounts of unlabeled ADP and rapidly mixed time (s)

with MANT-ADP, resulting in an increase in fluorescence. b
The rate constants obtained from performing the experiment
in this way were identical (data not shown), assuring that
the fluorescent label was not affecting the observed rate
constants. MANT-ADP release was also monitored by
preincubating Lon with varying amounts of MANT-ATP for
30 min at 37°C so all the MANT-ATP was hydrolyzed to
MANT-ADP. The resulting mixture was then rapidly mixed
with excess (1 mM) unlabeled ADP on the stopped flow.
These resulting time courses were again identical to those
where MANT-ADP was used directly (Table 4). This
indicates that if by performing the experiments in this way
we are indeed probing a pre- versus postcatalytic form of
Lon, the two forms do not release MANT-ADP at differing 015
rates. However, because there is not a clear mechanistic
understanding of how Lon turns over, the possibility that
we are isolating identical enzyme forms in the two experi-
ments cannot be excluded. e ———
The single mixing stopped-flow experiments discussed o 5 10 15 20 25 30
above are set up so that every fluorescent molecule bound

:ﬁ thet enzy(;nftle IS chatsheddoff. Becatlulse of the S(?[nstl_tlwty Off Ficure 5: MANT-ADP release from Lon. (a) Representative time
€ stopped-flow method even at low Co_ncen ra IOnS' O course of MANT-ADP release in single mixing experiments. Five
MANT-ADP the release rate from both sites was being micromolar Lon was preincubated with varying amounts of MANT-
detected (Table 4). Therefore, stopped-flow double mixing ADP or MANT-ATP (excitation 360 nm, emission 450 nm) in the
experiments were employed to uncouple MANT-ADP release Presence and absence of 500 S2 peptide and rapidly mixed

i h g : . with 1 mM ADP. The resulting decrease in fluorescence was
from the high- and low-affinity ATPase sites. These experi monitored for 30 s, and the time courses were fit with a double

ments allowed for the mixing of two of the reaction gy onential (eq 3, solid black line). Two averaged rate constants,
components for a designated period of time prior to the ky, = 0.46+ 0.03 st andke2, = 0.14+ 0.01 s, resulted and

introduction of the third component and subsequent monitor- are summarized in Table 4. (b) Representative time course of ADP
ing of the fluorescent signal. We demonstrated in a previous release in double mixing experiments. The high-affinity ATPase

ot o affin : sites in 5uM Lon were blocked with 5:tM ADP, and this mixture
publication that the high-affinity ATPase sites could be was rapidly mixed with 100M MANT-ADP or MANT-ATP for

blocked by preincubating @M Lon with stoichiometric 3 msor50's, respectively. 1 mM ADP then mixes with the reaction
amounts of ADP %8). Whether the ADP was generated in to displace the bound nucleotide, and the decrease in fluorescence
situ or directly added in the preincubation with Lon, the pre- is monitored for 30 s. The time courses were fit with a single
steady-state ATP hydrolysis activity at the low-affinity sites exponential e_quatlon (solulzi black line), and the resulting rate
remained unaffected. We utilized the high-affinity ATPase gg%siﬁgtll%&{gﬁ%i?yigég ) describes the release of ADP from
site blocking technique in this study to isolate MANT-ADP

release from only the low-affinity site. To this enduM

Lon preincubated with &M ADP (saturates high-affinity = quently mixed with 1 mM ADP+ 500 uM S2 and the
sites) was rapidly mixed with 100M MANT-ADP (satu- decrease in fluorescence monitored as in the above experi-
rates low-affinity sites) for 3 ms. This reaction was subse- ments. The same experiment was performed with 4RO

0 T T T T T

-0.05

-0.1

relative fluorescence

time (s)
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Table 4: Summary of MANT-ADP Release Rate Constants from Single Mixing Stopped-Flow Experiments

intrinsic korr.1 (7% S2-stimulatedkor1 (s79) intrinsic ko2 (572 S2-stimulatedr2 (s
[MANT-Nu] (uM) MANT-ADP MANT-ATP MANT-ADP MANT-ATP MANT-ADP MANT-ATP MANT-ADP MANT-ATP
0.05 0.42+0.01 0.43+£0.01 045+0.01 0.44+0.01 0.12+0.01 0.12£0.01 0.12+-0.01 0.12+0.01
0.1 0.52+0.01 0.44+0.01 0.45-0.01 0.46+0.02 0.13+0.01 0.13-0.02 0.13£0.01 0.14+0.02
0.5 0.47+£0.02 0.51+0.16 0.47£0.02 0.46+£0.02 0.15+0.01 0.13:0.02 0.15£0.01 0.14+0.02
50 0.42+0.01 0.46+0.04 0.45+0.01 0.49+-0.05 0.12£0.01 0.12+-0.04 0.12-0.01 0.13+£0.04
200 0.46+ 0.06 ND?* 0.404+ 0.04 ND 0.144+0.01 ND 0.144+0.01 ND

0.444+0.01 0.12£0.01 0.12+£0.01 0.12+0.01 0.12+-0.01

aND: these values were not determined.

MANT-ATP except the delay time was increased to 50 s to the same methodology used for detectingkfeor MANT-
allow for complete hydrolysis of MANT-ATP at the low- ADP. Two observed rate constants for MANT-AMPPNP
affinity sites. Figure 5b illustrates a representative time courserelease resulted, which did not vary in the presence of S2
from the double mixing experiments. The time course is peptide (Table 3). When the observed off rates were divided
single exponential in nature presumably because MANT- by the on rate, the twdy values obtained for AMPPNP
ADP release from only the low-affinity sites is being were 0.3 and M. These values are in close agreement
monitored. The solid black line shows the fit of a single with theKyvalues of the high- and low-affinity ATPase sites
exponential equation resulting in a rate constant of 8.5  determined previously [0,6M (28), 10uM (26)]. Therefore,

0.1 s*for ADP release at the low-affinity sites. By inference, it is likely that the ko values of ATP are the same as
the second rate constant detected in the single mixing AMPPNP.

experiments Ky, = 0.14 s*, Figure 5a, Table 4) must To characterize the kinetics of ADP interacting with Lon,
d_escnbe the release of ADP from the high-affinity ATPase e tilized single mixing stopped-flow experiments to
site. determine the off rate of MANT-ADP, which resulted in two

observed rate constantk,f; = 0.46 & 0.03 s%, ko2 =
DISCUSSION 0.14+ 0.01 s, Table 4). However, only one rate constant

the ATPase and protease domains are located within eachth‘;3 concentration of nucleotide was detected (6 50° M~

probes, we were able to compare the kinetics of ATP, off rates is modest so when the off rates are divided by the

AMPPNP, and ADP hinding to and release fréimcoliLon. ~ ©n rate, it yields twakq values that differ only by 3-fold.
The pre-steady-state binding experiments performed in thisSince the original article that investigated the binding of
study verified that the on rate of ATP binding is comparable nucleotides to Lon had a detection limit ofuM for ATP

to AMPPNP and that a conformational change occurs after Pinding @6), it is not surprising that a subtle difference in
nucleotide binding (Table 3). Therefore, the difference the Ka for ADP was not detected in the nanomolar range.
between ATP- and AMPPNP-activated peptide cleavage Furthermore, when the double mixing experiment was
occurs after nucleotide binding. Although there is only one Performed with MANT-ATP, if the delay time was not long
ATP binding domain on each monomeric subunit in Lon, €nough to allow for complete hydrolysis of MANT-ATP at
studies have identified two binding affinities for ATP the low-affinity site (Figure 1, 0.578), the off rate of
(Kaow affinity = 10 M, Ka pigh asfiniy < 1 eM) (26). Additional MANT-ATP as well a§ MANT-ADP was detected. As the
experiments performed in this laboratory isolated the binding high-affinity ATPase site hydrolyzes ATP much more slowly
constant at the high-affinity site to be 0.520.02uM (28).  [0-01 s (28)] than the low-affinity site (Figure 1, 0.5°9,
When the hydrolysis activity of each ATPase site was It iS likely that ADP release at the high-affinity site occurs
examined using single turnover experiments, the high-affinity Much later than at the low-affinity site.

sites were found to hydrolyze ATP very slowly (0.01%)s Kinetic studies performed previously indicated that ADP
(28). The ATP binding experiments performed in the present release was the rate-limiting step along the reaction pathway
study encompassed a range of ATP concentrations thatof Lon proteased6, 27, 38). This conclusion was supported
included both the high- and low-affinity sites. Both sites were by a proposed ATP/ADP exchange model which was based
found to have a similar on rate which is relatively fast (Table on data that showed that Lon was proteolytically “inactive”
3). Therefore, because the dissociation const&gt, is when bound to ADP, that protein substrate allosterically
defined byk.i/kon, the high-affinity ATPase site must have interacted with Lon to promote ADP release which was the
a slowerkq than the low-affinity site. The value 10°s rate-limiting step, and that Lon was only proteolytically
obtained from they-intercept of Figure 4b (Table 3) yields “active” when the bound ADP was exchanged to ABB8)(

an estimate of th& of ATP for the low-affinity site. This The fact that nonhydrolyzable analogues such as AMPPNP,
method was not sensitive enough to distinguish a secondwhich does not generate ADP, support peptide cleavage at
value for the high-affinity sites because the off rate is not a lower rate than ATP negates this proposed model. The
being directly measured in the experiment. Instead, MANT- kinetic mechanism has been further investigated recently
AMPPNP was used as a probe because it is a nonhydrolyz-using pre-steady-state kinetic techniques to determine the
able analogue of ATP which supports S2 peptide cleavagetiming of events along the pathway. ATP hydrolysis was
and displays identical binding kinetics to Lon as MANT- found to occur prior to peptide cleavage at the low-affinity
ATP. The off rate could then be directly monitored using site 25, 27). Because burst kinetics was detected in the pre-
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steady-state time course of ATP hydrolysis, the rate-limiting Scheme 1

step must occur after ATP hydrolysis, and ADP release

would be consistent with this. The rate-limiting step should ce
also have a rate constant similar to the ovekallfor ATP Katgg = 0.5 51 :
hydrolysis. As shown in Figure 1, the, for S2-stimulated km—nn k,m,_aamm &
ATP hydrolysis is 1.1 and 0.5375 for intrinsic ATP o

hydrolysis. We have previously suggested that the S2

Koz =01 g1
stimulation of the steady-state ATPase activity is a result of
the high-affinity sites interacting with peptid28). Because L‘ >
both of the rate constants identified in this study for MANT-
ou-SS'

ntral
Vi

ADP release were slower than the S2-stimuldgdor ATP

hydrolysis, we questioned the validity of this suggestion.

When the timing of all of the pre-steady-state experiments

was examined in entirety, the high-affinity sites seem to be k. =001s"
essentially catalytically inactive. Prior pulsehase 27) and

single turnover Z8) experiments demonstrate that the high-

affinity ATPase site is capable of hydrolyzing ATP if given

enough time; however, the steady-state rate is never affected 11t
by the high-affinity ATPase activity. Furthermore, although ""
Lon (5uM) undergoes multiple rounds of peptide cleavage

at limiting (500 nM) ATP, 10QuM peptide is cleaved prior

to the half-life of the high-affinity ATPase site reactid2g}. aForm | represents ollgomerlc free enzyme shown for simplicity as
For these reasons it appears that the ATPase pre-steady-statedimer (bottom white circle= peptidase domain, middle white oval
burst activity as well as the steady-state activity can be = substrate senor and discriminatory domain (SSD), top left blue oval

. Affin - . = low-affinity ATPase, and top right red oval high-affinity ATPase).
attributed to the low-affinity sites. However, a detailed Forms I-1V represent intrinsic steady-state ATPase activity at the low-

Unde_rStanding of how the S2 peptide i_s _int?racﬁng with Lon afinity sites. Form V represents the ability of the high-affinity site to
to stimulate steady-state ATPase activity is still necessary. hydrolyze ATP.

The steady-stat&,; values can thus be attributed to low-

affinity ATPase activity which is stimulated in the presence first round of ATP hydrolysis which is independent of
of peptide. Because the off rate of MANT-ADP from the peptide. If peptide is present, it acts on a enzyme form
low-affinity site (0.46 s*, Table 4) approaches the turnover following the first round of ATP hydrolysis which is then
number for intrinsic MANT-ATPase activity (0.53% Table catalytically active and described by the peptide stimulated
1), ADP release is likely the rate-limiting step in this ke (1 s%, Table 1). Further experimentation will have to be
pathway. Prior experiments have been performed which performed to isolate the intermediates in this pathway.
suggested that the presence of peptide or protein substrate The best estimate of a turnover number for the high-
facilitated the release of ADP from Lon. Menon and affinity sites is 0.01 s!, as demonstrated using single
Goldberg demonstrated this in two ways. After incubation turnover methods described previous®8), However, the
with [*H]ADP to establish an equilibrium the addition of high-affinity ATPase sites release ADP at 0.14,swvhich
casein to the reaction resulted in the recovery of lesseris faster than the turnover number (0.0%)s Thus another
amounts of HJADP—Lon complex over time than in the  step must be limiting turnover at the high-affinity site. Until
absence of caseir3®). They also noted that basal ATP the activities at the two sites can be more easily uncoupled
hydrolysis was inhibited by a greater percentage in the this step will likely remain unknown. However, because
absence versus the presence of cas&8). (Thomas- hydrolysis is so slow and appears to not contribute to the
Wohlever and Lee confirmed these observations using ATP-dependent peptidase activity of Lon, it would not be
steady-state ADP inhibition analyses of ATP-dependent S3 surprising if chemistry or a step prior to chemistry was rate
cleavage by Lon protease. They measwg@ndK; values limiting for the high-affinity site.

which reflected affinity of Lon for ADP in the presence of An additional step along the pathway that we attempted
very low and high levels of S3, respectively. The affinity to monitor was the release of phosphatg ffdm Lon. The

for ADP was weakened in the presence of higher levels of MDCC-PBP fluorescent coupled assay system used to
S3 Ki > Kis) presumably by binding allosterically to promote  monitor the steady-state hydrolysis of MANT-ATP is the
ADP/ATP exchange2b). Collectively, these results would ideal way to approach this. Unfortunately, the production of
suggest that the rate of ADP release is possibly increased inP, in the pre-steady-state was below the detection limit of
the presence of peptide or protein substrate. However, thethe MDCC-PBP method under our assay conditions. Phos-
results of the stopped-flow MANT-ADP release experiments phate release has been proposed to be negligible because
summarized in Table 4 demonstrate that there is no differenceincreasing amounts of phosphate do not inhibit the activity
in the off rate in the presence of peptide (Table 4) or protein of Lon (25) and P was never found to remain bound to Lon
substrate (data not shown). The rate constant for ATP bindingas ADP was in equilibrium binding experiment36( 38).

and the conformational change detected upon nucleotide In summary, we have utilized pre-steady-state techniques
binding were also unaffected by peptide or protein substrateto determine the kinetic mechanism of the ATPase activities
(Table 3). As no pre-steady-state rate constant identified thusof Lon. Collectively, our results allow us to refine the
far has been affected by S2 peptide, we therefore concludepreviously constructed kinetic mechanisnEofcoli Lon (25,

that the obtained pre-steady-state rate constants describe th27). The revised model is illustrated in Scheme 1 in the

k,,,,-as

AWF

K.y =05 s
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Scheme 2 Scheme 3
jrootl E+A :1’ EA : FP ];; FiP A+F :: FA : FQ I;: F+Q
cleavage
Kyps =055 ky=07uM s ky=10uM’s!
v ADP k=751 ky=5s"
Peptide k=85 kis=50 M s”!
ky3=05s" kyg=55s"
ky=tumts! kg=5uM’s!

aE and F are different catalytic forms of Lon along the reaction
pathway.

Table 5: Comparison of Experimentally Obtained Rate Constants

with Those Determined from the Collective Fit of the Data to the
Kinetic Mechanism in Scheme 3
= -1
kea =15 FitSim value exptl value
< kit uM1s7h) 0.7 0.7
k=7 ko1 (s7h) 7 7
k2 (s79) 8 12
vill il ::+s (S’,\;)f1 ., f1>-5 g-g
aAs in Scheme 1, in form IV Lon has hydrolyzed the first round of k73 &vl,l:,l; 10 NDP
ATP at the low-affinity sites. Following ADP release from the low- k+4 (sY) 5 NDb
affinity ATPase site after the first turnover, if peptide substrate is k;:—,t (uM-1s?) 50 NDP
present, we propose enzyme forms VI and VII. kg (sD) 5 ND®
b f peptide, and then Scheme 2 kinetie— s WM "5 ) > ND?
apsence or peptiae, an en scheme roposes a Kinet - -
pep Prop “ avalues obtained from ref7. ® Values have yet to be experimentally

model for ATPase activity in the presence of peptide.
Although Lon exists as a higher order oligomer shown in
partial crystal structures as a hexaméb, (16, 39), we ) .
represent it as a dimer in order to simplify the schemes. Eacht© isolate enzyme form VI to study using pre-steady-state
Lon monomer contains four defined domains, the amino techniques. Peptide could still be |r_1teract|ng with enzyme
terminus, ATPase, substrate sensor and discriminatory (SSD)form VI to promote ADP release, which would be consistent
and the protease domain. The amino terminus is not with the _observatlons proposed in the stea_dy-_stz?lte stuo!les.
represented in the schemes for simplicity, the low-affinity The details concerning exactly hovx_/ the peptide is interacting
ATPase domains are represented as blue ovals, the highW'th the enzyme in this pathway will also negd to be.further
affinity ATPase domains are represented as red ovals, thedefined and are thus shown only as “peptide delivery &
SSD domain is represented as white ovals, and the peptidas€'€a@vage” in Scheme 2. We have previously shown that the
domain is represented as white circles. In Scheme 1, Lon in Pre-steady-state peptide hydrolysis exhibits lag kinefi@ (
its free enzyme (form I) binds to ATP at both the high- and Although no definitive evidence exists, we have proposed
low-affinity ATPase sites at a fast rate (Tablek3, arp = that the lag is an ATP-dependent translocation si&p (n
6.8 x 10° M1 ). The binding of nucleotide induces a order to probe the vqlldlty of this prpposgl, 'ghe microscopic
conformational change (form I11)26) measured in the rate constants associated _\Nlth_ peptl_de binding, delivery, and
stopped-flow binding experiments at approximately 3 s  cléavage are currently being investigated.
(Table 3). ATP is subsequently hydrolyzed at the low-affinity ~ Previously, we reported a sequential ATP hydrolysis
ATPase sites at 117% (form V) (27, 28), and ADP is reaction model to account for the functional nonequivalency
released from the low-affinity ATPase sites at 0.5Fable detected in the two ATPase sites in Ladr(. This model
4). Turnover at the low-affinity ATPase sites then occurs in assumed that ATP occupancy at the low-affinity sites
the absence of peptide (forms-lIV) (Table 1, k.ot = 0.5 promoted the subsequent hydrolysis of ATP at the high-
s 1) and is limited by ADP release. In a separate pathway affinity sites. Further experimentation revealed that the
(forms IV and V) the high-affinity ATPase sites can hydrolysis of the two ATPase sites appeared independent of
hydrolyze ATP at 0.01°8 (28) and release ADP at 0.I's one another and that the pre-steady-state burst in ADP
(Table 4). production could be attributed solely to low-affinity ATPase
Scheme 2 represents the proposed kinetic mechanism forsite activity 8). In light of the results obtained in this work
ATPase activity in the presence of peptide. On the basis thatand in previous single turnover experiments, we have revised
peptide affects only the steady-state ATPase activity of the the former kinetic model for the low-affinity ATPase sites
low-affinity sites, we propose that Lon adopts a different as shown in Scheme 3. To check for consistency between
form after its first turnover as an ATP-dependent protease, the revised model and the S2-stimulated ATP hydrolysis
i.e., from IV to VI. Enzyme form VI is speculative, although reaction time courses that were reported previously, we
previous tryptic digest studies tentatively support its existence collectively re-fit the data to the revised mechanism by
(28). Catalytic steady-state turnover can then occur (forms regression analysis using FitSim0-42). The results are
VI—=VIIl) as described by the peptide-stimulatéd; = 1 summarized in Table 5 and Figure 6. As the burst amplitude
s 1 (Table 1). The individual steps along this pathway will but not the burst rate constants of the time courses varied
need to be defined in the future but will depend on the ability with [ATP], we input the burst amplitude values determined

termined.
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Ficure 6: Collective fit of acid-quench ATPase data from g5f

using FitSim. Simulation of the ATPase mechanism outlined in g
Scheme 3 was performed using FitSim. The resulting solid lines
yielded the rate constants summarized in Scheme 3 and Table 5
and were overlaid with the experimental data from2@éfor ATP 9.
hydrolysis. This demonstrates consistency with the proposed
sequential mechanism. The experimental time courses represent the10.
hydrolysis of p-32P]JATP as determined using an acid quench
experiment atx) 5 uM ATP, (+) 10uM ATP, (O) 25 uM ATP,

(v) 50 uM ATP, (O) 100uM ATP, and () 200 uM ATP. "
previously as the specified enzyme concentration for the
corresponding [ATP] in the fitting process. In Scheme 3,

the enzyme form F represents only the low-affinity ATPase 12.
sites and corresponds to the graphical enzyme for IV depicted
in Schemes 1 and 2. It is discernible from Figure 6 that the
kinetic data overlay well with the fitted time courses and
from Table 5 that the theoretical rate constants agree closely
with those obtained experimentally. It should be noted that 14
although the hydrolytic activities of the high- and low-affinity

sites are independent of one another, it is possible that the
binding of ATP to the high-affinity sites may still have an
effect on ATP binding to the low-affinity sites such that only 15
the burst amplitude but not the burst rates of ATP hydrolysis

at the low-affinity sites are affected. The kinetic experiments
reported in this study cannot resolve this issue, and experi-
ments beyond kinetics may be needed to further address this 16
issue.
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