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ABSTRACT. Lon is an ATP dependent serine protease responsible for degrading denatured, oxidatively
damaged and certain regulatory proteins in the cell. In this study we exploited the fluorescence properties
of a dansylated peptide substrate (S4) and the intrinsic Trp residues in Lon to monitor peptide interacting
with the enzyme. We generated two proteolytically inactive Lon mutants, S679A and S679W, where the
active site serine is mutated to an Ala and Trp residue, respectively. Stopped-flow fluorescence spectroscopy
was used to identify key enzyme intermediates generated along the reaction pathway prior to peptide
hydrolysis. A two-step peptide binding event is detected in both mutants, where a conformational change
occurs after a rapid equilibrium peptide binding step. Khéor the initial peptide binding step determined

by kinetic and equilibrium binding techniques is approximately 164 micromolar and 38 micromolar,
respectively. The rate constants for the conformational change detected in the S679A and S679W Lon
mutants are 0.74- 0.10 s and 0.57+ 0.10 s, respectively. These values are comparable to the lag
rate constant determined for peptide hydrolygig,(~ 1 s'1) [Vineyard, D., et al. (2005Biochemistry

45, 4602-4610]. Replacement of the active site Ser with Trp (S679W) allows for the detection of an
ATP-dependent conformational change within the proteolytic site. The rate constant for this conformational
change is 7.6 1.0 s'1, and is essentially identical to the burst rate constant determined for ATP hydrolysis
under comparable reaction conditions. Collectively, these kinetic data support a mechanism by which the
binding of ATP to an allosteric site on Lon activates the proteolytic site. In this model, the energy derived
from the binding of ATP minimally supports peptide cleavage by allowing peptide substrate access to the
proteolytic site. However, the kinetics of peptide cleavage are enhanced by the hydrolysis of ATP.

Lon, also known as protease La, is a homo-oligomeric (10, 11) as well as a stress-response protease necessary for
ATP! dependent serine protease localized in the cytosol of virulence inBrucella abortug12). In mammalian cells, Lon
prokaryotes and the mitochondria of eukaryotg@s9). As is found in the mitochondria and downregulation of Lon
a member of the AAA- (ATPasesissociated with a variety  disrupts mitochondrial function and causes cell deas). (

of cellular activities) family of proteases, Lon's primary Each enzyme subunit of Lon consists of an N-terminal
function is to degrade denatured, oxidatively damaged and y,main with unknown function, an ATPase domain, an SSD

certain regulatory proteins in the cel!. I__on hgs b.een.shown (substrate sensor and discriminatory) domain and a protease
to be important forSalmonella entericanfection in mice domain (4, 15). According to the crystal structure of the

— protease domairlg) and electron microscopy studiekry,
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case.edu. Fax: 216-368-3006. six identical subunits that adopt a self-compartmentalized

! Abbreviations: ATP, adenosine triphosphate; ADP, adenosine structure found in many ATP dependent proteases. Mecha-

diphosphate; AMPPNP, adenylyl 5-imidodiphosphate; DTT, dithio- nicti i ati i
threitol: Abz. anthranilamide: Bz, benzoic acid: MANT (@ 3)-O- nistic characterization of Lon frork. coli reveals that the

(N-methylanthraniloyl); HEPESy-2-hydroxyethylpiperazin®¥-ethane- protease utilizes a Ser-Lys dyad (S679 and K722) to catalyze
sulfonic acid; KR, potassium phosphate; Mg(OAcinagnesium acetate;  peptide bond hydrolysislg). Despite the presence of this

KOAc, potassium acetate; PEI-cellulose, polyethyleneimine-cellulose; catalytic dyad, the hydrolytic activity of Lon remains dormant
dlu, density light unit; TPCKN-p-tosyl4.-phenylalanine chloromethyl '

ketone; SBTI, soybean trypsin inhibitai\, also known as the lambda ~ UNtil the enzyme binds and hydrolyzes ATP at a site distal
N protein, a lambda phage protein that alloiscoli RNA polymerase from the protease domain. In fact, optimal peptide bond
to transcribe through termination signals in the early operons of the cleavage is accompanied by ATP hydrolysis. However, the

phage; FRET, fluorescence resonance energy transfer; S1, a fluorescen ; it i _
peptide substrate of Lon developed by our lab based oaNerotein ATPase and peptidase activities of Lon are not stoichiomet

(3-NO,) YRGITCSGRQK(Abz), 1)): S2, a nonfluorescent analogue of ~ fically linked, as certain nonhydrolyzable ATP analogues
S1 (YRGITCSGRQK(Bz),%)); S3, 10% SH 90% S2 (this substrate  such as AMPPNP can activate the degradation of unstruc-

mixture was used to correct for the inner filter effect otherwise observed ; ;
at high peptide substrate concentratia?));(S4 is a peptide with the tured protein and peptide substratesd, 18). Furthermore,

same sequence as S2 with a dansyl fluorophore (YRGITCSGRQK- Substitution of the proteolytic site Ser with Ala affects only
(dansyl)) and was used in this study. the protease activity without influencing the intrinsic or the
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protein-stimulated ATPase activity of the enzyni®)( site of Lon, and facilitates translocation of peptide substrates

Other ATP-dependent proteases that belong to the sameby inducing at least two distinct conformational changes
family as Lon also utilize ATP hydrolysis to promote the within the enzyme complex. Furthermore, ATP hydrolysis
translocation of unfolded polypeptide substrates to the offers an additional catalytic advantage in mediating peptide
proteolytic active site. It is generally believed that the bond cleavage by facilitating the formation of the two
translocation of polypeptides constitutes the rate-limiting step conformational changes detected in this study.
of the peptide hydrolysis reactio@-22). Although it is
plausible that Lon utilizes a similar mechanism in mediating MATERIALS AND METHODS
peptide bond cleavage, this has not been unambiguously
demonstrated. The detection of a rate-limiting step in the
binding interaction between Lon and the peptide substrate
in the presence of ATP will provide support for the existence
of the proposed peptide translocation step.

To elucidate the timing of ATP hydrolysis with activation
of peptide bond cleavage & coliLon, we have previously
generated a synthetic peptide (designated S1) which contain
residues 8998 of theAN protein which is an endogenous
protein substrate dE. coliLon (1, 2). We demonstrated that
the degradation of S1 exhibits the same ATP-dependenc
and cleavage specificity as the full-lengtN (1, 2). Using
pre-steady-state kinetic techniques, we also demonstrated th

Materials ATP (adenosine triphosphate), ADP (adenosine
diphosphate), AMPPNP (adenylyl 5-imidodiphosphate), dan-
syl chloride, SBTI (soybean trypsin inhibitor), TPCK-treated
trypsin, N-2-hydroxyethylpiperazin&¥ -ethanesulfonic acid
(HEPES) and polyethyleneimine-cellulose (PEIl-cellulose)
TLC plates were purchased from Sigma and Fisher. All
gmoc-protected amino acids, Fmoc-protected Lys Wang
resin, Boc-anthranilamide (Abz), an@®-benzotriazole-
N,N,N,N'-tetramethyluroniumhexafluorophosphate (HBTU)
were purchased from Advanced ChemTech and EMD
yBiosciences.(IL-3'2P]ATP was purchased from Perkin-Elmer
alrife Science. QuikChange Site-Directed Mutagenesis Kit was

ATP hydrolysis occurs prior to peptide bond cleavage since purchase((j:i from Start]agtlang. Primers were purchased from
a burst in ATPase activity is coupled with a lag in proteolysis Integrated DNA Tec no.og|es. . i .

(23). Comparing the rate-constants of the two hydrolytic General MethodsPeptide synthesis anq protein punﬂca-
reactions suggests that the lag phase of peptide cleavage id0n procedures were performed as described previodly (
dependent on the buildup of an enzyme intermediate generAll €n1zyme concentrations are reported as Lon monomer
ated during and/or after ATP hydrolysis, which could be concentrations. All experiments were performed at’G7

attributed to the existence of the proposed ATP-dependent?ll reéagents are reported as final concentrations.
peptide translocation step. Generation and Characterization of Lon Mutan®wvo

In this study, we probed the existence of an ATP- Lon mutants, S679A and S679W, were generated using the

dependent peptide translocation step using a similar techniquewild type E. coli Lon protease plasmid (pSG11, a generous
used by Epps et al. and Fattori et al. to monitor the kinetics gift from Alfred Goldberg, Harvard Medical School) and the
of peptide-protein interactions24, 25). We employed pre- ~ QuikChange Site-Directed Mutagenesis Kit from Stratagene.
steady-state kinetic techniques to monitor the dynamics of aThe forward primer used to generate the S679A mutant
dansylated peptide (designated S4) interacting with two (PJW028 plasmid) was'8SCCGAAAGATGGTCCGGCT-

proteolytically inactiveE. coli Lon mutants, S679A and GCCGGTATTGC-3, and the reverse primer was'-5
S679W. Upon binding to the target protein, the fluorescence GCAATACCGGCAGCCGGACCATCTTTCGGC-3 The

signal associated with a dansylated peptide is indirectly forward primer used to generate the S679W mutant (pJW015
enhanced by excitation of the intrinsic Trp residues located plasmid) was SAAAGATGGTCCATGGGCCGGTAT-
within the protease. These authors (Epps et al. and FattoriTGCT-3, and the reverse primer wasAGCAATAGGGGC-

et al.) refer to this fluorescence technique as FRET (fluo- CCATGGACCATCTTT-3. The sequence of pJW028 and

rescence resonance energy transft)25). Analysis ofthe ~ PJWO015 was verified by DNA sequencing. Both plasmids
fluorescence time courses allowed us to construct a kineticwere transformed into the BL2E. coli cell strain. S679A
model revealing the enzyme intermediates generated fromand S679W Lon were expressed and purified to homogeneity
the binding and hydrolysis of ATP in the presence of the S4 using the protocols described previously for the wild type
peptide. The proteolytically inactive mutant S679A contains enzyme {). ATPase activity was measured using radiola-
the three intrinsic Trp residues found in wild type Ldi5) beled ATP as described previous®6( 27). MANT-ATP
while S679W contains an additional Trp residue in place of binding was measured using stopped-flow techniques as
the active site Ser. The kinetics of the S4 peptide binding to described previously2g).

either Lon mutant in the presence of ATP was monitored Fluorescence Emission ScanBmission spectra were
by exciting the Trp residues at 290 nm and detecting the collected on a Fluoromax 3 spectrofluorimeter (Horiba
rates of dansyl fluorescence increase 460 nm. Applying Group) with excitation of the Trp residues at 290 nm. All
stopped flow kinetic techniques, we were able to detect at assays were performed in microcuvettes (Hellma) with a
least one distinct conformational change in eitecoli Lon 3-mm path length. Reactions contained 50 mM HEPES pH
mutant that are dependent on the presence of the S4 peptid8.0, 5 mM Mg(OAc), 5 mM DTT, 100uM ATP, 5 uM

and nucleotide binding (ATP or AMPPNP). The rate constant S679A or S679W Lon, and varying concentrations of S4
of this step agrees well with the lag rate constant of peptide dansyl peptide or S2 nonfluorescent peptide- 100 uM).
hydrolysis that was determined previousB3). However, The emission spectra for the dansyl peptide S4 interacting
an additional conformational change is detected in S679W with Lon were generated by subtracting the emission spectra
that is dependent only upon the presence of nucleotide.of the S4 dansyl peptide alone in the presence of ATP from
Collectively, these data support a mechanism by which ATP the emission spectra of the same concentration of the S4
binding and hydrolysis allosterically activates the proteolytic peptide incubated with Lon in the presence of ATP. The
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concomitant changes in the emission spectra of tryptophan The averaged time courses of S679W with ATP and S4
were recorded by subtracting the emission spectra of the S4peptide were fitted with eq 3 describing a double exponential
peptide incubated with Lon and ATP from the emission

spectra of the same concentration of dansylated glutamic acid ~ F = A1 €XP(—Ky se70w) T A €XPK; s7ouf) + C
incubated with Lon and ATP. 3)

Monitoring Peptide-Lon Interactions.Experiments 0 \yhereF s relative fluorescenced, andA, are amplitudes
monitor interactions between peptide substrate with Lon werej, rajative fluorescence unitsis time in secondsC is the

performed on a KinTek Stopped Flow controlled by the data gngpoint,k; seowis the first-order rate constant associated
collection software Stop Flow version 7.B0vith @ 0.5¢m it the first phase of the reaction in per seconds, karghow
path length. The sample syringes were maintained &C37  ig the first-order rate constant associated with the second

by a circulating water bath. Syringe A containedudl  yhage of the reaction in per seconds. Time courses of S679W
S679A or S679W Lon monomer with variable concentrations ity saturating concentrations of ATP and low concentrations

of 54 (16-5004M), 50 mM HEPES pH 8.0, 7S mM KOAC,  of 54 dansyl peptide (25125 uM) were fitted with eq 4
5 mM Mg(OAc), and 5 mM DTT. Syringe B contained 100 describing a triple exponential

uM ATP, 50 mM HEPES pH 8.0, 75 mM KOAc and 5 mM

DTT. S4 binding to S679A was monitored by an increase F = A; exp(—Ky sg7ouf) + Ag XP(—Kox s7ont) +

in fluorescence (excitation 290 nm emission 450 nm long-

pass filter) upon rapid mixing of the syringe contents. In A eXp(ky se7ovf) + C (4)
addition to monitoring with excitation 290 nm and emission
with a 450 nm long-pass filter, experiments were performed
with excitation 290 nm emission with a 340 nm band-pass
filter to monitor changes in Trp fluorescence. To define the
pre-steady-state period of the reaction, each time course wa
fitted over a period of time equal to four half-lives of the
pre-steady-state rate constaktgf obtained from the ATP

where F is relative fluorescenceA;, A and A, are
amplitudes in relative fluorescence untts time in seconds,

C is the endpointk; se7ow is the first-order rate constant
associated with the first phase of the reaction in per seconds,
‘(I;<2,5679W is the first-order rate constant associated with the
second phase of the reaction in per secondskangzow is

dependent peptidase reaction. The lag rate conktamtas the first-order rate constant for a phase in the reaction that
pe peptide ) ag . @ is only visible under conditions of low peptide concentra-
previously determined for each reaction condition ug3j. ( tions

The data shown are a result of averaging at least four traces. The first-order rate constants were plotted as a function

Each reaction condition was performed in triplicate (a total : .
of =12 traces obtained for each data point). The averagedOf sub'strate qoncentratlon .(’.A‘TP or S4). Hypgrbollc plots
were fitted using the data fitting program Kaleidagraph by

time courses of.8679A were fitted with eq 1 describing a Synergy with eq 5 describing a 2-step binding event
single exponential

F=Aexp(Ksgod) + C 1) k= Knad SI(Ky + [S]) + Keey (5)

whereF is relative fluorescence is amplitude in relative ~ Wherek is the observed rate constant from eq 1 or eq 3 in
fluorescence unitg, is time in secondsC is the endpoint, P&l S€CONdskmaxis the maximum forward rate constant for
and ss7on is the first-order rate constant associated with the second step in the binding event in per secokdsis
peptide binding to S679A Lon in per seconds. It should be the reverse rate constant .for the second step in the binding
noted that the PMT (photomultiplier tube) sensitivity was €VeNt in per seconds, [S] is the concentration of ATP or S4
automatically adjusted by the instrument to optimize signal- peptide, anq is the equilibrium binding constant for the
to-noise during acquisition of the time course data for the Substrate in micromolar units. Sigmoidal plots were fitted
various concentrations of peptide used in the reactions. A USing the data fitting program Enzfitter by Biosoft with eq
higher sensitivity setting was used for the lower [S4] and a
lower sensitivity setting was used for higher [S4]. As a result N n
the relative amplitudes of the time courses do not reflect the K= KnalSI/(Ky + [ST) + Keey (6)
stoichiometries of the enzyme intermediates monitored by
the signals. At high concentrations of S2100 M), the
high absorbance of the dansyl moiety also obscures the
amplitude of the fluorescence signal detected; but the first-
order rate constants of the reactions do not change becaus
the dansyl absorbance in each reaction remains constant.
The time course of S679W with AMPPNP without peptide
was fitted with eq 2 describing a single-exponential equation
followed by a steady-state rate

wherek is the observed rate constant from eq 1, 3 or 4 in
per secondskmax is the maximum forward rate constant for
the second step in the binding event in per secokdsis
g”le reverse rate constant for the second step in the binding
event in per seconds, [S] is the concentration of ATP or S4
peptide, n is the Hill coefficient 6 = 1.6, previously
determined for Lon and our model peptide substraig)(
the equilibrium binding constar{y is calculated from the
relationship logky' = n log Kg.

F=A, expK, sgro0) + vl +C (2) Measuring Peptide Binding Using Fluorescence Anisot-

’ ropy. S4 dansyl peptide binding to the S679A Lon mutant
whereF is relative fluorescencé, is amplitude in relative ~ was detected by changes in fluorescence anisotropy (excita-
fluorescence unitg, is time in secondsk; se7ewis the first- tion 340 nm emission 520 nm) at 3T on a Fluoromax-3
order rate constant associated with the first phase of thespectrofluorimeter (Horiba Group). Each binding reaction
reaction in per secondsyss is the steady-state rate in contained 50 mM HEPES pH 8.0, 5 mM Mg(OAch» mM
fluorescence units per second, aids the endpoint. DTT, and 20uM S4 dansyl peptide in the presence and
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Table 1: Kinetic Parameters for ATP Binding and Hydrolysis by Wild-Type and Lon Mutants

ATPase activity MANT-ATP binding
Keat (57%) Km (uM) kon (1P M~1s7Y) kott (57 kon2(s7%)
WT Lon 0.26+ 0.01 46+ 6 6.8 112 4.12
WT Lon + S2 1.43+0.05 82+ 10 6.8 107 3.7
S679A 0.31+0.03 147+ 41 2.95+ 0.70 8.50+ 1.14 3.85+ 0.96
S679A+ S3 1.57+ 0.08 131+ 21 NDP ND ND
S679W 0.64+ 0.03 139+ 24 4.26+ 1.98 8.50+ 1.51 3.96+ 1.80
S679W+ S3 1.07+ 0.06 79+ 15 ND ND ND

aThese values are from ref 28ND: not determined.

absence of 1 mM AMPPNP in a quartz microcuvette fluorescence of the intrinsic Trp residues of S679A are
(Hellma) with a 3 mmpath length. S679A, S679W or wild-  detected upon excitation at 290 nm in a series of reactions
type Lon was titrated into the cuvette{@92 xM) and the containing 100uM ATP and increasing concentrations of

reaction was incubated at 37C for 3 min to allow the nonfluorescent peptide S2 (YRGITCSGRQK(Bz), Figure
equilibrium to be reached. Higher Lon concentrations were 1A). The low signal generated from S2 binding to the Lon

not used due to problems with solubility of the protein. The mutants cannot be used to monitor the kinetics of peptide
anisotropy measurements were plotted as a function of Loninteracting with the proteins. In contrast, the fluorescence

concentration and the data were fitted with eq 7 of Trp residues in S679A is significantly reduced when the
dansylated S4 peptide (YRGITCSGRQK(dansyl)) is used
B=B,.,{SI"/(K, +[S]) +C (7 (Figure 1B and 1C). When excited at 290 nm, the reduction

in the fluorescence of Trp is accompanied by an increase in

whereB is the observed anisotropmax is the maximum  the fluorescence of the dansyl moiety in the S4 peptide
anisotropy, [S] is the concentration of Lon addeds the (Figure 1D) An additional control was performEd to correct
Hill coefficient, C is the endpoint, and the equilibrium for the decrease in trypotphan fluorescence caused by
binding constankg is calculated from the relationship log nonspecific absorption of the dansyl moiety. Although a

K¢ = nlog Kq. decrease in tryptophan fluorescence is observed with dan-
sylated glutamic acid, a larger decrease in the fluorescence
RESULTS signal is observed with the S4 dansyl peptide (Figure 1B).

The tryptophan spectra shown in Figure 1C were generated
by subtracting the emission spectra of the S4 peptide
incubated with Lon and ATP from the emission spectra of

of E. coli Lon to study the microscopic kinetic events the same concentration of dansylated glutamic acid incubated
occurring along the enzymatic pathway prior to peptide with Lon and ATP. Collectively, Figures 1A to 1D reveal

cleavage. Both mutants replace Ser 679, which is responsible o
for attacking the scissile peptide bond in a substrate, with that the reduction in the fluorescence of the tryptophan

. ; idues in Lon is attributed to the specific interaction
either an Ala (S679A) or Trp (S679W). While both mutants resi : : ;
display wild-type-like intrinsic and peptide-stimulated between Lon and the S4 peptide. Thus the interaction

ATPase activities that are identical to wild-type Lon, both between 3.679A and the da_nsylated peptide $4 in the presence
are proteolytically inactive (see Supporting Information pf nucleptlde can.be quantitatively characterlzed by monitor-
Figures A and C). As summarized in Table 1, tag and ing the increase in dansyl quo.rescence using stopped flow
Km values for the ATPase activity are comparable to those spectros_copy. Figure 2A provides the time course for_ t_he
obtained for wild-type Lon and suggest that the mutations change in dansyl quorescence generated frpm rapldly mixing
do not alter ATP hydrolysis2g). In addition, we used 100 uM ATP'versus a preincubated solution conta!nlng 5
stopped-flow spectroscopy to validate that MANT-ATP binds #M 36.79'0‘ with 100uM S4 dansyl. The order of pe_ptlde or

to both mutants identically compared to the wild type enzyme ATP mixing does not affect the klnet_lcs of the reactions since
(Table 1 and Supporting Information Figure B). Taken |dentlcal '.ume courses were obtained Whgn S679A was
together, our data demonstrates that only the degradation of @Pidly mixed with 100uM S4 dansyl peptide (data not
peptide is inactivated by the mutations. Furthermore, limited SNOWN)- In addition, negligible changes in the dansyl
tryptic digestion analysis reveals that both mutants form a fluorescence were detected when ATP was omitted.
compact conformation resistant to digestion by trypsin upon  In addition to monitoring changes in dansyl fluorescence,
binding to ATP (Supporting Information Figure D), thereby these experiments could also monitor changes in Trp
revealing that the mutations do not affect the adenine- fluorescence (Figure 2B). The increase in dansyl fluorescence
dependent conformational change that is found in the wild- (Figure 2A) mirrors the decrease in Trp fluorescence (Figure
type enzymeZ7). The discovery of wild-type-like ATPase 2B) which was detected using a 340 nm bandpass filter.
activities in both mutants is consistent with the report of Taken together, the increase in the dansylated peptide
Starkova et al. demonstrating that the ATPase activity can fluorescence time course (Figure 2A) along with the con-

Characterization of the E. coli Lon Mutants S679A and
S679WWe generated two proteolytically inactive mutants

be decoupled from the proteolytic activity of Loh9). comitant decrease in the Trp fluorescence time course (Figure
Characterizing the Binding Interaction of S4 Peptide with 2B) suggests that peptide binding to Lon can be monitored
S679A by Fluorescence Spectroscopy. E.lamti is a homo- by detecting the dansyl fluorescence time courses through

hexamer containing three intrinsic Trp residues in each excitation of the Trp residues in the Lon mutants. The
subunit. Surprisingly though, only small changes in the increase in dansyl fluorescence most likely results from
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Ficure 1: (A) Fluorescent emission scans of S679A with nonfluorescent S2 peptide. Five micromolar S679A was incubatedalith 100

ATP and @) O uM, (@) 25 uM, (®) 100 uM of the nonfluorescent S2 peptide. The sample was excited at 290 nm, and emission was
monitored from 300 nm to 570 nm. No changes in tryptophan fluorescence are detected. Similar results were obtained with the S679W Lon
mutant. (B) Fluorescent emission scan of S679A with S4 dansylated peptide and dansylated glutamic acid. Five micromolar S679A was
incubated with 10«M ATP and 50uM of the S4 dansylated peptide or a® of dansylated glutamic acid. The sample was excited at

290 nm and emission was monitored from 300 nm to 400 nm. A decrease in tryptophan fluorescence at 350 nm is observed with dansylated
glutamic acid, however there is a greater decrease with the S4 dansyl peptide. Similar results were obtained with the S679W Lon mutant.
(C) Corrected S679A tryptophan emission spectra. Five micromolar S679A andML.@0'P was incubated withl) O uM, (@) 25 uM,

(a) 50 uM, (®) 100uM S4 dansyl peptide or dansylated glutamic acid. The samples were excited at 290 nm, and emission was detected
from 300 nm to 400 nm. The spectra shown were corrected by subtracting the emission spectra of S4 dansyl peptide with Lon and ATP
from a control reaction containing dansylated glutamic acid, Lon and ATP. (D) Corrected emission spectra for the dansyl moiety on the S4
peptide. Five micromolar S679A was incubated with 100 ATP and @) O uM, (®) 25 uM, (a) 50 uM, (®) 100 uM of the dansyl

peptide. The sample was excited at 290 nm, and emission was monitored from 450 nm to 570 nm. These spectra were corrected by subtracting
the emission scan of S4 dansyl peptide with ATP and no Lon from the emission spectra of S4 dansyl peptide with Lon and ATP. An
increase in dansyl fluorescence at 520 nm is observed with increasing concentrations of S4 peptide. Similar results were obtained with the
S679W Lon mutant.

conformational changes in the enzyme in which the Trp 20uM of the dansylated peptide S4 and 1 mM AMPPNP, a
residues are more accessible to interact with the dansylnonhydrolyzable analogue of ATP. The binding isotherm in
moiety. However, alternative possibilities exist. For example, Figure 3 was fitted to the Hill equation (eq 7) to yielKa
the signal could reflect the dansyl peptide approaching one= 35.2+ 18.6 M and a Hill coefficient () of 1.5+ 0.1.
or more of the Trp residues in Lon or a combination of both Experiments performed using wild-type or S679A Lon in
phenomena. Regardless, the detected signal is a result of th¢éhe absence of AMPPNP yielded identical binding parameters
S4 dansyl peptide interacting with Lon, and is used as a (Kgq=38.3+6.0uM, n=154+0.1; andKq = 49.2+ 28.1
reporter for monitoring the kinetics of the binding reactions. «M, n= 1.5+ 0.1, respectively, data not shown). Compa-
Measuring S4 Dansyl Peptide Binding to Lon Using rableKqvalues were also obtained in the S4 peptide binding
Fluorescence Anisotropykluorescence anisotropy experi- to S679W in the presence of AMPPNP (data not shown).
ments were used to further characterize the equilibrium Since neither th&y nor the Hill coefficients are affected by
binding of S4 dansyl peptide to S679A Lon. As shown in the presence of nucleotide, we conclude that peptide binding
Figure 3, S4 peptide binding to S679A Lon can be measuredto Lon occurs via a rapid equilibrium process. This conclu-
by titrating S679A Lon (6-192uM) into a cuvette containing  sion is supported by our previous steady-state kinetic studies
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i Ficure 3: Equilibrium binding of S4 dansyl peptide to S679A Lon
® ° ' ' can be measured using fluorescent anisotropy. Twenty micromolar
4 S4 dansyl peptide was incubated with 1 mM AMPPNP (1R4x
0 M h _ determined previously and reported i86)), and changes in
S679A anisotropy were measured (excitation 340 nm emission 520 nm)
by titrating in S679A Lon («M to 192uM). The data were fitted
8 with eq 7 resulting irKq = 35.2+ 18.6uM with a Hill coefficient
3 (n) of 1.5+ 0.1. The data shown are an average of 3 trials. Similar
£ results were obtained in S679A and in the wild-type enzyme when
2 nucleotide was omitted (see Results).
@
% from a conformational change in the enzyme making the Trp
residues more accessible.

The time courses were best fitted to a single-exponential
equation (eq 1) to yield the observed rate constants of the
reactions,kss7oa Plotting ksg7oa @s @ function of peptide
concentration yields a sigmoidal plot shown in Figure 4A,

which is indicative of a two step peptide binding mechanism
time (s) (Scheme 1) 30). The assignment of a two-step binding
FIGURE 2: Peptide binding to S679A can be monitored using the Mechanism can be explained in terms of the signal detected
S4 dansyl peptide. The experimental time courses are shown infrom S4 is generated from the S679A:dansyl peptide
gray, and the fitted curve is shown in black. The time courses with complex. At low peptide concentrations, the formation of

ATP were fitted with eq 1 describing a single exponential. (A) Five . ; ; ;
micromolar S679A was incubated with 108 S4 dansyl peptide enﬁyme.peptlde Contrrllbutﬁs to the ?bseﬂf@ﬂg’* (step 1 Inh
and rapidly mixed with 10&M ATP. The reaction was excited at Scheme 1). As such, thksezoa values increase as the

290 nm and monitored using a 450 nm long-pass filter to measure concentration of peptide increases until the enzyme is
dansyl fluorescence. No changes in fluorescence were observed irsaturated with peptide. The horizontal asymptote of the plot
the absence of ATP. (B) The reactions described in Figure 2A were shown in Figure 4A provides the maximum rate constant of

also monitored for changes in Trp fluorescence by excitation at : ; : : ; _
290 nm and detecting emission with a 340 nm bandpass filter. No S4 interacting with the enzyme at saturating peptide con

changes in fluorescence were observed in the absence of ATP.CeNtrations. This apparent zero-order dependency of a rate-
Identical reaction time courses were obtained when S679A was constant toward peptide concentration is consistent with the
rapidly mixed with S4 peptide premixed with ATP. existence of an isomerization or conformational change
occurring within the enzyme:peptide complex after the initial
ligand binding event (Scheme 1) which has been detected

revealing that Lon adopts a random ordered Bi Bi kinetic in many enzymes30, 31). Fitting the data shown in Figure

mechanism in catalyzing the ATP-dependent cleavage of a4 with eq 6 yields theKq of S4 for S679A, which is 164

peptide bond3). + 35uM, n = 1.3+ 0.2 (Table 2). Increasing the peptide
The Interaction between S679A and Dansyl Peptide concentration saturates the peptide binding site in S679A
Exhibits Dependency toward Peptide and ATP Concentra- such that the observed rate constant becomes dominated by
tions.To evaluate the kinetics of S679A interacting with S4, the forward and reverse rate constants of the second step at
we measured the stopped flow time courses of dansylpeptide concentrations greater than kg Under these
fluorescence emission (450 nm long-pass filter) by exciting conditions, the forward and reverse rate constants reach a
Trp at 290 nm at various S4 dansyl peptide concentrations maximum, which is 0.74+ 0.10 st and 0.19+ 0.01 s?,
(10 to 500uM). The dansyl fluorescence signal measured is respectively (Table 2).
a result of the S4 dansyl peptide interacting with the Trp  The interaction between &M of S679A and 50«M S4
residues in Lon. The Trp residues are excited at 290 nm, dansyl peptide {3 x Ky of S679A, see Table 2) is also
and the emission from the Trp residues excites the dansyldependent on the concentration of ATP as illustrated in
moiety on S4 either from S4 approaching a Trp residue or Figure 4B. The time courses (excitation 290 nm, emission
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(A) ' ’ ’ T Scheme 1: Peptide Binding Steps Measured Using the
S679A Lon Mutari

1 2

Kon Ks679a
Lon:peptide Lon*:peptide
off kSG79A. rev

a(1) An initial peptide binding event independent of nucleotide. This
step is measured using equilibrium fluorescence anisotropy. (2) A
conformational change step following initial binding that requires
nucleotide. This step is measured using stopped-flow kinetic techniques.
It should be noted that ATP binds to Lon independent of peptide. The
Lon*:peptide complex contains ATP.

Lon + peptide

-1
Kssron )

allosteric communication between the ATPase site and the
protease site in Lon. As Trp fluorescence is sensitive to
changes in its local environment, the replacement of the 679S
0 I ! ! ! I with a Trp residue allows the detection of a conformational
0 100 200 300 400 500 600 change in the proteolytic site in Lon resulting from ATP or
AMPPNP binding 82). Figure 5 provides representative
stopped flow time courses monitoring the changes in Trp
(B) 08 : : : : fluorescence of S679W in the absence and presence of ATP
as well as in the presence of AMPPNP or ADP without the
presence of peptide. A decrease in the Trp fluorescence is
detected only in the presence of ATP or AMPPNP but not
ADP, suggesting that the gamma phosphate moiety present
in ATP and AMPPNP is needed to induce the changes in
Trp fluorescence. The time course which contains ATP is
best fitted with the single-exponential function (eq 1) to yield
an observed rate constant of 9.350.34 s (observed

ki ss7ow- The time course which contains the nonhydrolyzable
analogue AMPPNP is best fitted with the single-exponential
function followed by a steady-state rate shown in eq 2 to
01 - . yield an observed rate constant of 0.240.02 s and a
steady-state rate of 0.02 fluorescence units per second to
account for the decrease in the Trp fluorescence. As the
observed rate constant for the change in Trp fluorescence is
~10-fold faster in the presence of ATP than AMPPNP, it is
FIGURE 4: S4 dansyl peptide binding to S679A is dependent on |ikely that the formation of this enzyme form is facilitated

peptide and ATP. (A) Five micromolar S679A and varying ;
concentrations of S4 dansyl peptide (10, 15, 25, 35, 50, 75, 100, by the hydrolysis of ATP. Furthermore, the presence of

150, 250, 300, 450 or 500M) were rapidly mixed with 10Q:M peptide substrate is not needed for this conformational
ATP. The time courses were fitted with eq 1, and the resulting rate change.

constants are plotted as a function of the corresponding peptide Compared to ATP, AMPPNP Supports the Peptiden
concentration. The data in (A) were fitted with eq 6 to yield a |nteraction at a Reduced Ratédn increase in dansyl

maximumk567gA= 0.744+ 0.10 gl, Kg = 164 £+ 35 /,LM, kfev = H
0.19+ 0.01 $L. n = 1.3 + 0.2 (Table 2). (B) Five micromolar fluorescence was detected whenM S679W preincubated

S679A and 50%M (3 x K) S4 dansyl peptide was rapidly mixed ~ With 100uM S4 was mixed with 10aM ATP (Figure 6A).
with varying concentrations of ATP (0.5, 1, 3, 5, 10, 25 o). The samples were excited at 290 nm and the fluorescence
The time courses were fitted with eq 1, and the resulting rate signals were detected using a 450 nm long-pass filter, which
constants are plotted as a function of the corresponding ATP mgnitored the fluorescence signal generated from the S4
ﬁ;)gemnl}?ﬂon. Tgeo%iti '8 éE)S_V:\LIeII'(e f=|tt$d4viwt2 SeqN? to yfld a dansyl peptide. We have previously shown that AMPPNP
S679A . . » Rd . 5 uM, Keey . . . .
0.19+ 0.03 s (Table 2). supports peptide hydrolysis by Lon withkg, that is ~7
fold lower and a lag phase that+isl0-fold longer than those

450 nm) were best fitted to a single-exponential curve (eq detected for ATP X, 2). To explore how AMPPNP effects
1) to yield the rate constantesszoa fOr the reactions in which  the peptide-Lon interaction we used &M S679W with 500
the concentration of ATP is varied. Plotting the observed uM S4 dansyl peptide and rapidly mixed it with 1@
rate constants at the corresponding concentration of ATP (0.5AMPPNP. The resulting time course is shown in Figure 6B.
uM to 50 uM) yields a hyperbolic plot, which upon fitting  The time course was fitted to a double exponential equation
with eq 5 yields &g of 7.4 + 2.5uM for ATP, a forward (eq 3), and the resulting rate constamissezowandkz,sezow
rate constantksezoama) Of 0.54 + 0.04 s and a reverse  were found to be approximately 20- to 10-fold slower than
rate constantke, se79d Of 0.194+ 0.03 s* (Figure 4B, Table  with ATP (0.504 0.01 s*and 0.044 0.01 s%, respectively)
2). compared to 7.6+ 1.0 st and 0.57+ 0.10 s?! in the

The S679W Mutant Shows an ATP-Dependent Conforma-presence of ATP under identical reaction conditions (see
tional Change in Trp That Is Independent of Peptidiae Table 2). The same experiment was also performed in the
S679W mutant was generated to probe the existence of ampresence of ADP instead of AMPPNP. As shown in Figure

[peptide] (M)

gl
kssm (s7)

0 | I I ! I
0 10 20 30 40 50 60

[ATP] (uM)
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Table 2: Kinetic Constants for S4 Peptide Interacting with S679A and S679W

S679A

S679W

k]_ k2

vary S4 vary ATP vary

S3 vary ATP vary S4 vary ATP

0.74+0.10
164+ 35
0.19+0.01 0.194+0.03
13£0.2 NA

0.544+ 0.04
7.4+ 25

kmax (1)
ks (uM)
keev (S71)
n

NA2

NA

7.6+ 1.0

5.3+ 0.6
43+19
2.1+£05
NA

0.57+0.10
157+ 8
0.10£0.01
1.9+0.1

15+ 0.4
9.3+9.8
ND?
NA

aNA: not applicable® ND: not determined.
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FIGUrRe5: Intrinsic tryptophan fluorescence can be used to measure
a conformational change in S679W dependent on ATP and
AMPPNP. No significant changes are observed with buffer or ADP.
Five micromolar S679W was rapidly mixed with buffer, 10M

ATP, 100 uM AMPPNP or 100uM ADP in a stopped-flow
instrument. The reactions were excited at 290 nm, and emission

was detected using a 340 bandpass filter to detect Trp fluorescence.

The reaction with ATP was fitted with eq 1 describing a single
exponential, and the reaction with AMPPNP was fitted with eq 2
describing a single exponential followed by a steady-state. The
experimental time course is shown in gray, and the fitted curve is
shown in black.

6B, no change in fluorescence is detected in the reaction
containing ADP, indicating that the gamma-phosphate posi-
tion of ATP is needed for generating the conformational

changes detected in this study.

Fluorescent Analysis of the Interaction of S679W and the
Dansylated Peptidelhe interaction between S679W and the
S4 peptide was examined using stopped flow techniques
described above for characterizing the S679A mutant. Figure
7A shows selected time courses reflecting the changes in
the dansyl fluorescence of S4 following excitation of the Trp
residues in S679W at varying concentrations of ATP 0.5
50 uM). According to Figure 7A, the time courses obtained
at concentrations of ATP at5 uM and at 50uM S4 (~3
x Kg of S4) display an increase followed by a slower
decrease in dansyl fluorescence.% uM ATP, however,
the time courses only show an increase in dansyl fluores-

0.3

(A)

S679W
no
ATP

relative fluorescence

relative fluorescence

-0.02

0 10 15 20

time (s)

FiGurRE 6: Peptide binding to S679W can be monitored using the
S4 dansyl peptide. The experimental time courses are shown in
gray, and the fitted curve is shown in black. (A) Five micromolar
S679W was preincubated with 1M S4 dansyl peptide and
rapidly mixed with 10uM ATP. The reaction was excited at 290
nm and monitored using a 450 hm long-pass filter to measure dansyl
fluorescence. The time course with ATP was fitted with eq 3
describing a double exponential. No changes in fluorescence were
observed in the absence of ATP. (B) Five micromolar S679W was
preincubated with 10@¢M S4 dansyl peptide and rapidly mixed
with 100uM AMPPNP. The reaction was excited at 290 nm and
monitored using a 450 nm long-pass filter to measure dansyl
fluorescence. The time course with AMPPNP was fitted with eq 3

25 30 35

cence. Concurrent decreases in the Trp fluorescence timegescribing a double exponential. AMPPNP does support binding,
courses which mirror the observed dansyl fluorescence datahowever at a rate slower than ATP. Tkgsszowand ka, seroware

were also detected (see Supporting Information Figure E).
In an earlier study, we demonstrated that the ATPase activity
of Lon was negligible a5 uM ATP, and the enzyme was
only 50% saturated with ATP at 1M of the nucleotide
(23, 28, 33). Therefore the time courses detected&tuM

0.50 st and 0.04 si, respectively. No changes in fluorescence
were observed with ADP.

ATP likely reflect the conformational states of S679W
accompanied by ATP hydrolysis. Comparing the data
obtained at<5 uM versus at=5 uM ATP reveals that the
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(A) 015 . the dansyl fluorescence of S4 upon incubating with S679W
" at a saturating level of ATP. The time courses obtained at
subKy levels of S4 (see Table 2 fd¢y of S4 peptide) are
4 triphasic in which there is an initial increase followed by a
transient decrease culminating in a final phase showing an
increase in fluorescence signal (time courses a and b). At
the low peptide concentrations (2200 M), the time
courses fit best to a triple exponential equation (eq 4). We
assign the first phase &gss7ow the second phase ks sg7ow
_ and the final phase ds sg7ow The transient phase, which is
— represented bl sezow is independent of [S4Tkg« se7ow =
e 0.95+ 0.30 s1). As the concentration of peptide is increased,
the time courses become biphasic as the intermediate phase
diminishes in intensity, and the data were fitted best to the
double exponential function (eq 3). We propose that the
second transient phase “disappears” at higher S4 concentra-
tions since the rate constalitsszow Which exhibits depen-
dency toward peptide concentration, becomes comparable
to the values okxseo7w AS a result, only two apparent rate
constants that are represented Ka\ss7ow and kz sg7ow are
detected when the concentration of S4 is higher tharkthe
of peptide. The mechanistic feature that is responsible for
generating the transient phase is not clear. However, these
reactions were conducted at 100M ATP, where Lon
catalyzes the hydrolysis of ATP with a pre-steady-state burst
rate of~10 s* and a steady-state turnover rate constant of
a ~0.8 s1(23). Therefore it is possible that the transient phase
detected at low concentrations of S4 is attributed to the
- exchange of ADP generated from the first turnover of
nucleotide hydrolysis with the exchange of ATP in the
ol ! ! ! ! ! enzyme to maintain protein interaction with S4. Additional
0 2 4 6 8 10 12 14 16 experimentation will be required to resolve this issue.
time (s) Collectively the biphasic time course data obtained at 500
FiIGURE 7: Representative time courses for S679W interacting with #M S4 and varying [ATP] or at varying [S4] and saturating
the S4 dansyl peptide. All the reactions were excited at 290 nm, ATP were best fitted with the double exponential function
and emission signals from the dansyl moiety in S4 were detected defined by eq 3 to yield two observed rate const&ntgzow

using a 450 nm long-pass filter. (A) Five micromolar S679W i
preincubated with 500M S4 was rapidly mixed with (a) 0.5; (b) :ﬂg k;ﬁ;‘?’ i'r? re[%rg] t?ht:eogg‘;"’:v‘;ga'”edvitlu‘rimwife
1; (c) 5 and (d) 1uM ATP in a stopped flow apparatus. All the ying ' S679W

time courses were best fitted with eq 3 describing a double determined by fitting the data at5 uM ATP with eq 3 to
exponential. The experimental time courses are shown in gray, andyield the respectivi ssrowandkz se7ow Plotting the observed
the fitted curve is shown in black. A£5 uM ATP, th_e second ki se7owandkz se7owas a function of [ATP] and [S4] (Figures
phases of the time courses display negative changes in fluorescencegg p 1o 8D) allows the extrapolation of the maximal rate

whereas in the time courses measured auM ATP, the overall tants for th i h f 1h i Ei
changes in fluorescence were positive. (B) Five micromolar Se79yy CONstants 1or the respective pnase of the reactions. Figures

preincubated with (a) 25; (b) 50; (c) 100 and (d) 500 S4 peptide ~ 8A and 8B collectively show thalt; se7ew exhibits depen-
was rapidly mixed with 10&M ATP in a stopped-flow apparatus.  dency toward [ATP] but not [peptide] dg se7owat 0 uM
The experimental time courses are shown in gray, and the fitted S4 dansyl peptide is 9.3% 0.34 s! (determined by

curve is shown in black. The sy levels of S4 (25 and 5aM) P ; ;
were fitted with eq 4 (triple exponential). The 100 and 200 S4 monitoring decreases in Trp fluorescence wighhh S679W

time courses were fitted with eq 3 (double exponential equation). &1d 100uM ATP, Figure 5). Increasing the concentration
of S4 peptide does not significantly change the value of

direction of the fluorescence changes in the second phase i1 ss7ow The apparent increase in tkgsszowvalues discerned
reversed as the concentration of ATP increases. As thein Figure 8A may be due to uncertainty involved in
proteolytic residue 679S is replaced with a Trp, the observed determiningki se7ow While fitting the time courses. These
changes in the direction of the fluorescence time courses atresults indicate that the formation of the first conformational
increasing concentrations of ATP could be attributed to the change in S679W, which is defined Byss7ow is dependent
conformation of the proteolytic site of Lon varying with the only on the presence of ATP. The maximalsszow value
occupancy of nucleotide and/or the ATPase activity of the was extrapolated from Figure 8A by averaging the values
enzyme. As such, optimal peptide cleavage by Lon requires (ki,ss7ow= 7.6+ 1.0 s'1) and from Figure 8B by fitting the
the hydrolysis of ATP to fully activate the proteolytic site. data to eq 5K; sezow= 5.3+ 0.6 s'1). All kinetic parameters
Identical experiments were performed varying the con- are reported in Table 2.
centration of S4 (25500 M) using a fixed concentration The final exponential phase, which is definedkayszow
of 100uM ATP (10 x Ky of the ATPase site33)). Figure exhibits dependency on the concentration of ATP and
7B shows selected time courses reflecting the changes inpeptide. Figures 8C and 8D show the plots relating the
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0.05

relative fluorescence

20

(B) 0.35
0.3
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0.15
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FiGure 8: In S679W Lon the first phase is dependent on nucleotide only and the second phase is dependent on ATP and peptide. In a
stopped-flow apparatus,BVi S679W Lon was incubated with varying concentrations of S4 dansyl peptide (25, 50, 75, 100, 125, 200, 350

or 500uM) and rapidly mixed with 10Q«tM ATP or 5uM S679W Lon was incubated with 5QfM S4 dansyl peptide and rapidly mixed

with varying concentrations of ATP (0.5, 1, 2, 4, 7, 10, 25 or/®0). The resulting time courses were fitted with eq 3 or eq 4, and the
resulting rate constant(sezow and ko se7ow) are shown as a function of substrate concentration.kgA}zow= 7.6 + 1.0 s and is
independent of peptide concentration. TheNd S4 peptide data pointl) was obtained by fitting the time course shown in Figure 5
(S679W++ ATP) to eq 1 to yieldk; ss7ow= 9.35+ 0.34 s, (B) ki ss7ow= 5.3+ 0.6 st is dependent on ATP concentratidty = 4.3

+ 1.9uM, key = 2.1+ 0.5 s'1. The data was fitted with eq 5. (&) se7ow= 0.57+ 0.10 s* and is dependent on peptide concentration,

Kg= 157+ 8 uM, key = 0.10+ 0.01 s, n= 1.9+ 0.1. The data was fitted with eq 6. (B) ss7ow= 1.5+ 0.4 st is dependent on ATP
concentrationKy = 9.3 £ 9.8 uM. The data was fitted with eq 5. All the kinetic parameters are summarized in Table 2.

observed rate constants to the indicated ATP or peptidedansylated peptide substrate (S4) and tryptophan residues
concentrations. Thiy values for ATP and peptide, as well in Lon. We employed pre-steady-state kinetic techniques to
as the maximal rate constark s7ow,ma) fOr each fit, are monitor the dynamics of a dansylated peptide (designated
summarized in Table 2. We report theg, rate constant for ~ S4) interacting with two proteolytically inactivie. coliLon
varying concentrations of ATP as “not determined” in Table mutants, S679A and S679W. Both mutants contain three Trp
2 as the standard error for this number was rather high (0.08residues that are intrinsic to the wild-type enzyme: 297W
+ 0.5 s!). The ke rate constant is thg-intercept in the  and 303W located at the proximity of the ATPase domain
plot, and visually it is approaching zero. Despite the (based on the primary amino acid sequeric®)(and 603W
uncertainty involved, the data reveals that the reverse rategt the vicinity of the active site Ser (based on the truncated
constant is slow and nearly negligible in comparison to the crystal structure of the protease domal®)j. The S679W
forward rate constants. mutant contains an additional Trp residue that replaces the
proteolytic active site Ser at position 679. Upon binding to
DISCUSSION the target protein, the fluorescence signal associated with a
Lon is a serine protease whose activity is regulated by dansylated peptide is indirectly enhanced by excitation of
the binding and hydrolysis of ATP. In this study we the intrinsic Trp residues located within the protease.
demonstrated that the microscopic events associated withTherefore we can determine the kinetic mechanism of peptide
peptide interacting with Lon prior to its cleavage can be interacting with S679A and S679W by analyzing the
monitored by the fluorescence signal generated betweenfluorescence time courses obtained in this study.
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Ficure 9: Proposed mechanism for peptide hydrolysis. The enzyme is shown as a dimer instead of a hexamer for simplicity. The ATPase
and SSD (sustrate sensor and discriminatory) domains are shown in green, the protease domain is shown in blue and the active site serine
is shown in red. (I) Free enzyme. (ll, step 1) ATP and peptide bind in a random order. (Ill, step 2) A conformational change resulting from

nucleotide binding. (IV, step 3) Allosteric activation of the proteolytic site accompanied by ATP hydrolysis. (V, step 4). A slow peptide

delivery/translocation event. (VI, step 5) Peptide hydrolysis and product release. The rate constants in boldface are measured in this study.

All other rate constants have been published previously by our lab.

The detection of &se70a Sharing a comparable value as bound enzyme form in Lon. Previously we demonstrated that
kose7ow @s well as dependency toward [ATP] and [S4] fluorescently labeled ATP and AMPPNP bindEocoliLon
suggests that the same kinetic step is being examined in thewith an identical kinetic mechanism but peptide bond
respective mutants. A two-step S4 binding mechanism is cleavage is 7- to 10-fold faster in the presence of ATP
proposed. The first step involves the formation of a Lon: compared to AMPPNP2( 28). As such the step represented
ATP:S4 complex, and the second step is a conformational by k; ss7ow Which is 10-fold higher in the presence of ATP
change in the complex, occurring after ATP is hydrolyzed. than AMPPNP, contributes to the observed difference in the
The kinetic progression of the second step is detected byATP-versus AMPPNP-dependent peptidase activity of Lon
the increase in dansyl fluorescence in the S4 peptide uponand must occur after nucleotide binding but before the step
excitation of the Trp residues in the Lon mutants. At low representind se7ow (K2.ss79w= 0.57 & 0.10 s%, Table 2).
[peptide], the binding of S4 to Lon in the presence of ATP  The ATP-dependent step is detected only in the S679W
limits the observed rate constant. Increasing the concentratiorbut not the S679A mutant. Therefore, we propose that this
of peptide leads to enzyme saturation such that the observedtep monitors the changes in the local environment surround-
rate constants reach a finite value, which is defined by the ing residue 679 in Lon. In the wild type enzyme, such a
asymptote of the plots shown in Figures 4A and 8C. change, which is induced by the binding and hydrolysis of
Previously we reported the degradation of a fluorogenic ATP, may be needed to activate the proteolytic residue 679S.
derivative of the S4 peptide exhibiting sigmodial kinetics, This proposal is made on the basis of a previous observation
yielding a Hill coefficient of 1.6 27). The detection of a  made in our lab showing that inhibition of the protease
comparable Hill coefficient in the data shown in Figures 3, activity of Lon by the peptide boronate MG262 requires the
4A and 8C is consistent with our previous finding. Likewise, presence of ATP. As the boronate moiety in MG262
the hyperbolic plots shown in Figures 4B and 8B reveal that functions to sequester the nucleophilic side chain of 679S
the fluorescence signal detected in this study reflects a (34, 35), the observed dependency toward ATP in protease
conformational change in the enzyme after the initial inhibition provides support for an allosteric activation of the
formation of a Lon:ATP:S4 complex. active site in Lon.

Although both S679A and S679W show the same kinetic  Through previous kinetic analyses, we have constructed
behavior toward the binding and hydrolysis of ATP, as well a kinetic model to account for the first turnover of the ATP-
as their interactions with S4, S679W displays an additional dependent peptide bond cleavage activit{zotoli Lon. The
fluorescent signal that is dependent on the concentration ofdata presented in this study is consistent with the proposed
nucleotide but not peptide. Experiments performed with mechanism that is summarized in Figure 9. Free enzyme is
S679W reveal a step defined byss7ow The rate constant  represented by form I. For simplicity, the enzyme is shown
for this step is 7.6 1.0 s in the presence of ATP and is as a dimer with the ATPase and SSD domain in green and
0.50+ 0.01 s}, which is~10-fold lower, in the presence the protease domain in blue. The active site serine is shown
of AMPPNP. Therefore the step representedkbyszow iS in red. First, ATP and peptide bind to the enzyme in a
the key step that distinguishes the ATP versus AMPPNP random mechanism (step 1, form II), followed by a confor-
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mational change that is induced by nucleotide binding (step providing further support for our proposed mechanism. The
2, form 1ll). Previously, our lab utilized MANT-ATP and detailed simulation data is provided in the Supporting
MANT-AMPPNP to study the binding of ATP to Lor28). Information.
This study showed that ATP and AMPPNP bind to Lon in  In conclusion, we have utilized stopped flow fluorescence
an identical manner wherein ATP or AMPPNP binds to Lon spectroscopy to evaluate the steps leading up to peptide
with a rate constant of 0.ZM~! s (step 1, Figure 9)  hydrolysis in Lon. We have provided evidence for two
followed by a nucleotide binding induced conformational distinct conformational change steps along the pathway. One
change kvt = 5 574, step 2, Figure 9). Equilibrium peptide  of these steps (step 4, form V, Figure 9) is relatively slow,
binding experiments performed in this study indicate that and we propose it is a peptide translocation/delivery event.
peptide initially binds to Lon independent of nucleotide Another step (step 3, form IV, Figure 9) is particularly
(Figure 3, Scheme 1, step 1). This result corroborates ourvaluable in understanding the catalytic advantage offered by
previous steady-state product inhibition studies which indi- ATP over AMPPNP as this is the first time differences
cated peptide and ATP likely bind to Lon in a random order between ATP and AMPPNP have been assigned to a specific
to form the Lon:ATP:peptide compleR); As the formation step. Additional experimentation is currently underway using
of enzyme form IV (step 3) can only be measured with the the techniques described here and other nucleotides to further
S679W Lon mutant and it is only dependent on nucleotide study the role of ATP binding and hydrolysis in activating
(completely independent of peptide) we propose this step Lon activity. Furthermore, the mechanism described herein
involves an allosteric activation of the catalytic serine residue is a valuable tool and will be used as a template in elucidating
within the protease domain wherein the active site undergoesthe mechanism of how Lon processes multiple sites in a full
a gross conformational change. length protein such as lambda N.

We propose herein that the slow phase leading up to
peptide hydrolysis and responsible for the lag kinetics is the ACKNOWLEDGMENT

formation of enzyme form V (step 4, Figure 1, €3). We We would like to thank Gordon Hammes, Anthony Berdis,
are able to measure this step using both the S679A andpizna Barko, Greg Tochtrop, and Mary Barkley for helpful

S679W Lon mutants. Work by Ishikawa et al. on a related iscyssions and suggestions during the preparation of this
ATP dependent protease, CIpAP, showed that substrates arghanuscript.

translocated from an initial binding site into the proteolytic
chamber 22). CIpAP and Lon are both members of the SUPPORTING INFORMATION AVAILABLE
AAA+ (ATPases associated with a variety of cellular
activities) family of proteases, and as a slow peptide
translocation step has been shown in ClpAP, we propose® X ) e ) )
the slow step we observe prior to peptide hydrolysis in Lon simulation data. This material is available free of charge via
(ko.s67ow and ksszen form V, Figure 1) is aiso a peptide the Internet at http://pubs.acs.org.
trans_locatlo_n event. As such, the slow_ phase could be AREEERENCES
peptide delivery event whereby the peptide moves from the
initial peptide binding site at the top of the self-compart- 1. Lee, |, and Berdis, A. J. (2001) Adenosine triphosphate-dependent
mentalized structure near the ATPase domain. down to the degradation of a fluorescent lambda N substrate mimic by Lon

. . ' proteaseAnal. Biochem. 29174—83.
protgasr—; domain where it is degraded. In form VI (SteP 5) 2. Thomas-Wohlever, J., and Lee, I. (2002) Kinetic characterization
peptide is hydrolyzed followed by product release. The idea of the peptidase activity of Escherichia coli Lon reveals the
of the dansylated peptide “moving” toward the proteolytic mechanistic similarities in ATP-dependent hydrolysis of peptide

P ; and protein substrateBjochemistry 419418-9425.
site in Lon has been proposed based upon the discovery of 5 - oo "y = Flenderson, G, W., and Markovitz, A. (1981) ATP

a peptide translocation event occurring in ATP-dependent hydrolysis-dependent protease activity of the lon (capR) protein
proteases that are related to Ld&20{22). Recently, Reid of Escherichia coli K-12Proc. Natl. Acad. Sci. U.S.A. 78728~
and co-workers labeled the protease active site of CIpAP, a A gfz- C. H., and Goldberg, A. L. (1981) The product of the lan
; . ; . Chung, C. H., and Goldberg, A. L. e product of the
hete.rOSUbumt ATP dependent protease be_Ionglng to the same (capR) gene in Escherichia coli is the ATP-dependent protease,
family as Lon, with EDANS (5-(2-(acetamido)ethylamino)- protease LaProc. Natl. Acad. Sci. U.S.A. 78931-4935.
naphthalene-1-sulfonic acid) and polypeptide substrates with 5. Goff, S. A., and Goldberg, A. L. (1985) Production of abnormal
fluorescein. They used FRET between the two fluorophores proteins in E. coli stimulates transcription of lon and other heat

. - shock genesCell 41, 587—595.
to demonstrate translocation of the substrate into the pro- Goldberg, A. L., Moerschell, R. P., Chung, C. H.. and Maurizi,

teolytic active site 21). Unlike the CIpAP experiments, our M. R. (1994) ATP-dependent protease La (lon) from Escherichia
system has multiple Trp residues that may interact with the coli, Methods Enzymol. 24850-375.

dansyl moiety in S4. Therefore, our work cannot conclusively ~ 7- Goldberg, A. L., and Waxman, L. (1985) The role of ATP
evaluate whether the signal is solely attributed to peptide hydrolysis in the breakdown of proteins and peptides by protease
g y pep La from Escherichia coliJ. Biol. Chem. 26012029-12034.

translocation. However, because the signal is detected only 8. Gottesman, S., Gottesman, M., Shaw, J. E., and Pearson, M. L.
when Trp and dansyl are nearby one another, it is possible (1981) Protein degradation in E. coli: the lon mutation and

that the signal could be reflecting peptide translocation, which ggg‘e”(’phage lambda N and cll protein stabilBell 24, 225~

may be accompanied by a Conforr_nati_onal change(s) .V_Vithin 9. Maurizi, M. R. (1992) Proteases and protein degradation in

the enzyme. To further test our kinetic model, we utilized Escherichia coliExperientia 48 178-201.

the program KinFitSimZ9) to simulate the pre-steady-state  10. Laksyak, A, iuzuk(ij, yl Matsui, TH.,(ZTO%?%asu, T, Sas_higami,d
; ; ; ; ., Nakane, A., and Yamamoto, T. on, a stress-induce

lag phase of the peptidase reaction ‘."‘S well as the mterac_tlon ATP-dependent protease, is critically important for systemic

of S679W and the dansylated peptide. A close correlation Salmonella enterica serovar typhimurium infection of mioéect.

was found between the experimental and simulated data Immun. 71 690-696.

Kinetic data for the characterization of both the S679A
and S679W Lon mutants as well as additional kinetic



Mechanism of Peptide Binding to Lon Protease

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Takaya, A., Tomoyasu, T., Tokumitsu, A., Morioka, M., and
Yamamoto, T. (2002) The ATP-dependent lon protease of
Salmonella enterica serovar Typhimurium regulates invasion and
expression of genes carried on Salmonella pathogenicity island
1, J. Bacteriol. 184 224-232.

Robertson, G. T., Kovach, M. E., Allen, C. A., Ficht, T. A., and
Roop, R. M., 2nd. (2000) The Brucella abortus Lon functions as
a generalized stress response protease and is required for wild-
type virulence in BALB/c miceMol. Microbiol. 35 577—-588.
Bota, D. A., Ngo, J. K., and Davies, K. J. (2005) Downregulation
of the human Lon protease impairs mitochondrial structure and
function and causes cell deaffree Radical Biol. Med. 38665~

677.

Amerik, A., Chistiakov, L. G., Ostroumova, N. I., Gurevich, A.
I., and Antonov, V. K. (1988) [Cloning, expression and structure
of the functionally active shortened lon gene in Escherichia coli],
Bioorg. Khim. 14 408-411.

Chin, D. T., Goff, S. A., Webster, T., Smith, T., and Goldberg,
A. L. (1988) Sequence of the lon gene in Escherichia coli. A heat-
shock gene which encodes the ATP-dependent protease Rm).
Chem. 26311718-11728.

Botos, I., Melnikov, E. E., Cherry, S., Tropea, J. E., Khalatova,
A. G., Rasulova, F., Dauter, Z., Maurizi, M. R., Rotanova, T. V.,
Wilodawer, A., and Gustchina, A. (2004) The catalytic domain of
Escherichia coli Lon protease has a unique fold and a Ser-Lys
dyad in the active site]. Biol. Chem. 2798140-8148.

Park, S. C., Jia, B., Yang, J. K., Van, D. L., Shao, Y. G., Han, S.
W., Jeon, Y. J., Chung, C. H., and Cheong, G. W. (2006)
Oligomeric structure of the ATP-dependent protease La (Lon) of
Escherichia coliMol. Cells 21 129-134.

Maurizi, M. R. (1987) Degradation in vitro of bacteriophage 3
lambda N protein by Lon protease from Escherichia cbiBiol.
Chem. 2622696-2703.

Starkova, N. N., Koroleva, E. P., Rumsh, L. D., Ginodman, L.
M., and Rotanova, T. V. (1998) Mutations in the proteolytic
domain of Escherichia coli protease Lon impair the ATPase
activity of the enzymeFEBS Lett. 422218-220.

Lee, C., Schwartz, M. P., Prakash, S., lwakura, M., and Matous-
chek, A. (2001) ATP-dependent proteases degrade their substrates
by processively unraveling them from the degradation sidval,

Cell 7, 627-637.

Reid, B. G., Fenton, W. A., Horwich, A. L., and Weber-Ban, E.
U. (2001) CIpA mediates directional translocation of substrate
proteins into the ClpP proteaderoc. Natl. Acad. Sci. U.S.A. 98
3768-3772.

Ishikawa, T., Beuron, F., Kessel, M., Wickner, S., Maurizi, M.
R., and Steven, A. C. (2001) Translocation pathway of protein
substrates in CIpAP proteaseroc. Natl. Acad. Sci. U.S.A. 98
4328-4333.

Vineyard, D., Patterson-Ward, J., Berdis, A. J., and Lee, |. (2005)
Monitoring the Timing of ATP Hydrolysis with Activation of

N

N

w

24.

5.

6.

27.

28.

3.

34.

35.

36.

Biochemistry, Vol. 46, No. 47, 2007.3605

Peptide Cleavage in Escherichia coli Lon by Transient Kinetics,
Biochemistry 441671-1682.

Epps, D., Schostarez, H., Argoudelis, C. V., Poorman, R.,
Hinzmann, J., Sawyer, T. K., and Mandel, F. (1989) An
Experimental Method for the Determination of Enzyme-Competi-
tive Inhibitor Dissociation Constants from Displacement Curves:
Application to Human Renin Using Fluorescence Energy Transfer
to a Synthetic Dansylated Inhibitor Peptideal. Biochem. 181
172-181.

Fattori, D., Urbani, A., Brunetti, M., Ingenito, R., Pessi, A,
Prendergast, K., Narjes, F., Matassa, V. G., De Francesco, R.,
and Steinkuhler, C. (2000) Probing the active site of the hepatitis
C virus serine protease by fluorescence resonance energy transfer,
J. Biol. Chem. 27515106-15113.

Gilbert, S. P., and Mackey, A. T. (2000) Kinetics: a tool to study
molecular motorsMethods 22 337—354.

Patterson, J., Vineyard, D., Thomas-Wohlever, J., Behshad, R.,
Burke, M., and Lee, I. (2004) Correlation of an adenine-specific
conformational change with the ATP-dependent peptidase activity
of Escherichia coli LonBiochemistry 437432-7442.

Vineyard, D., Zhang, X., and Lee, |I. (2006) Transient kinetic
experiments demonstrate the existence of a unique catalytic
enzyme form in the peptide-stimulated ATPase mechanism of
Escherichia coli Lon proteas8jochemistry 4511432-11443.

. Svir, 1. B.,Klymenko, O.V.,and Platz, M. S. (2002) ‘KINFITSIM

a software to fit kinetic data to a user selected mechar@amput.
Chem. 26379-386.

.Johnson, K. A. (2003) irfPractical Approach SeriesOxford

University Press, Oxford.

. Cook, P., and Cleland, W. W. (200Bnzyme Kinetics and

Mechanism Garland Science, New York.

. Lakowicz, J. R. (1999%rinciples of Fluorescence Spectroscopy

2nd ed., Plenum, New York.

Vineyard, D., Patterson-Ward, J., and Lee, |. (2006) Single-
Turnover Kinetic Experiments Confirm the Existence of High-
and Low-Affinity ATPase Sites in Escherichia coli Lon Protease,
Biochemistry 454602-4610.

Frase, H., and Lee, I. (2007) Peptidyl boronates inhibit Salmonella
enterica serovar Typhimurium Lon protease by a competitive ATP-
dependent mechanisrBjochemistry 46664 7—6657.

Frase, H., Hudak, J., and Lee, I. (2006) Identification of the
proteasome inhibitor MG262 as a potent ATP-dependent inhibitor
of the Salmonella enterica serovar Typhimurium Lon protease,
Biochemistry 458264-8274.

Menon, A. S., and Goldberg, A. L. (1987) Binding of nucleotides
to the ATP-dependent protease La from Escherichia éoBjol.
Chem. 26214921-14928.

BI701649B



