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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. TheKd for 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-1 and 0.57( 0.10 s-1, respectively. These values are comparable to the lag
rate constant determined for peptide hydrolysis (klag ∼ 1 s-1) [Vineyard, D., et al. (2005)Biochemistry
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
ATP1 dependent serine protease localized in the cytosol of
prokaryotes and the mitochondria of eukaryotes (3-9). As
a member of the AAA+ (ATPasesassociated with a variety
of cellular activities) family of proteases, Lon’s primary
function is to degrade denatured, oxidatively damaged and
certain regulatory proteins in the cell. Lon has been shown
to be important forSalmonella entericainfection in mice

(10, 11) as well as a stress-response protease necessary for
virulence inBrucella abortus(12). In mammalian cells, Lon
is found in the mitochondria and downregulation of Lon
disrupts mitochondrial function and causes cell death (13).

Each enzyme subunit of Lon consists of an N-terminal
domain with unknown function, an ATPase domain, an SSD
(substrate sensor and discriminatory) domain and a protease
domain (14, 15). According to the crystal structure of the
protease domain (16) and electron microscopy studies (17),
Escherichia coli(E. coli) Lon is a hexamer consisting of
six identical subunits that adopt a self-compartmentalized
structure found in many ATP dependent proteases. Mecha-
nistic characterization of Lon fromE. coli reveals that the
protease utilizes a Ser-Lys dyad (S679 and K722) to catalyze
peptide bond hydrolysis (16). Despite the presence of this
catalytic dyad, the hydrolytic activity of Lon remains dormant
until the enzyme binds and hydrolyzes ATP at a site distal
from the protease domain. In fact, optimal peptide bond
cleavage is accompanied by ATP hydrolysis. However, the
ATPase and peptidase activities of Lon are not stoichiomet-
rically linked, as certain nonhydrolyzable ATP analogues
such as AMPPNP can activate the degradation of unstruc-
tured protein and peptide substrates (1, 2, 18). Furthermore,
substitution of the proteolytic site Ser with Ala affects only
the protease activity without influencing the intrinsic or the
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13593Biochemistry2007,46, 13593-13605

10.1021/bi701649b CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/02/2007



protein-stimulated ATPase activity of the enzyme (19).
Other ATP-dependent proteases that belong to the same

family as Lon also utilize ATP hydrolysis to promote the
translocation of unfolded polypeptide substrates to the
proteolytic active site. It is generally believed that the
translocation of polypeptides constitutes the rate-limiting step
of the peptide hydrolysis reaction (20-22). Although it is
plausible that Lon utilizes a similar mechanism in mediating
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 byE. coli Lon, we have previously
generated a synthetic peptide (designated S1) which contains
residues 89-98 of theλN protein which is an endogenous
protein substrate ofE. coli Lon (1, 2). We demonstrated that
the degradation of S1 exhibits the same ATP-dependency
and cleavage specificity as the full-lengthλN (1, 2). Using
pre-steady-state kinetic techniques, we also demonstrated that
ATP hydrolysis occurs prior to peptide bond cleavage since
a burst in ATPase activity is coupled with a lag in proteolysis
(23). Comparing the rate-constants of the two hydrolytic
reactions suggests that the lag phase of peptide cleavage is
dependent on the buildup of an enzyme intermediate gener-
ated during and/or after ATP hydrolysis, which could be
attributed to the existence of the proposed ATP-dependent
peptide translocation step.

In this study, we probed the existence of an ATP-
dependent peptide translocation step using a similar technique
used by Epps et al. and Fattori et al. to monitor the kinetics
of peptide-protein interactions (24, 25). We employed pre-
steady-state kinetic techniques to monitor the dynamics of a
dansylated peptide (designated S4) interacting with two
proteolytically inactiveE. coli Lon mutants, S679A and
S679W. Upon binding to the target protein, the fluorescence
signal associated with a dansylated peptide is indirectly
enhanced by excitation of the intrinsic Trp residues located
within the protease. These authors (Epps et al. and Fattori
et al.) refer to this fluorescence technique as FRET (fluo-
rescence resonance energy transfer) (24, 25). Analysis of the
fluorescence time courses allowed us to construct a kinetic
model revealing the enzyme intermediates generated from
the binding and hydrolysis of ATP in the presence of the S4
peptide. The proteolytically inactive mutant S679A contains
the three intrinsic Trp residues found in wild type Lon (15)
while S679W contains an additional Trp residue in place of
the active site Ser. The kinetics of the S4 peptide binding to
either Lon mutant in the presence of ATP was monitored
by exciting the Trp residues at 290 nm and detecting the
rates of dansyl fluorescence increase at>450 nm. Applying
stopped flow kinetic techniques, we were able to detect at
least one distinct conformational change in eitherE. coli Lon
mutant that are dependent on the presence of the S4 peptide
and nucleotide binding (ATP or AMPPNP). The rate constant
of this step agrees well with the lag rate constant of peptide
hydrolysis that was determined previously (23). However,
an additional conformational change is detected in S679W
that is dependent only upon the presence of nucleotide.
Collectively, these data support a mechanism by which ATP
binding and hydrolysis allosterically activates the proteolytic

site of Lon, and facilitates translocation of peptide substrates
by inducing at least two distinct conformational changes
within the enzyme complex. Furthermore, ATP hydrolysis
offers an additional catalytic advantage in mediating peptide
bond cleavage by facilitating the formation of the two
conformational changes detected in this study.

MATERIALS AND METHODS

Materials. ATP (adenosine triphosphate), ADP (adenosine
diphosphate), AMPPNP (adenylyl 5-imidodiphosphate), dan-
syl chloride, SBTI (soybean trypsin inhibitor), TPCK-treated
trypsin,N-2-hydroxyethylpiperazine-N′-ethanesulfonic acid
(HEPES) and polyethyleneimine-cellulose (PEI-cellulose)
TLC plates were purchased from Sigma and Fisher. All
Fmoc-protected amino acids, Fmoc-protected Lys Wang
resin, Boc-anthranilamide (Abz), andO-benzotriazole-
N,N,N′,N′-tetramethyluroniumhexafluorophosphate (HBTU)
were purchased from Advanced ChemTech and EMD
Biosciences. [R-32P]ATP was purchased from Perkin-Elmer
Life Science. QuikChange Site-Directed Mutagenesis Kit was
purchased from Statagene. Primers were purchased from
Integrated DNA Technologies.

General Methods. Peptide synthesis and protein purifica-
tion procedures were performed as described previously (1).
All enzyme concentrations are reported as Lon monomer
concentrations. All experiments were performed at 37°C.
All reagents are reported as final concentrations.

Generation and Characterization of Lon Mutants. Two
Lon mutants, S679A and S679W, were generated using the
wild type E. coli Lon protease plasmid (pSG11, a generous
gift from Alfred Goldberg, Harvard Medical School) and the
QuikChange Site-Directed Mutagenesis Kit from Stratagene.
The forward primer used to generate the S679A mutant
(pJW028 plasmid) was 5′-GCCGAAAGATGGTCCGGCT-
GCCGGTATTGC-3′, and the reverse primer was 5′-
GCAATACCGGCAGCCGGACCATCTTTCGGC-3′. The
forward primer used to generate the S679W mutant (pJW015
plasmid) was 5′-AAAGATGGTCCATGGGCCGGTAT-
TGCT-3′, and the reverse primer was 5′-AGCAATAGGGGC-
CCATGGACCATCTTT-3′. The sequence of pJW028 and
pJW015 was verified by DNA sequencing. Both plasmids
were transformed into the BL21E. coli cell strain. S679A
and S679W Lon were expressed and purified to homogeneity
using the protocols described previously for the wild type
enzyme (1). ATPase activity was measured using radiola-
beled ATP as described previously (26, 27). MANT-ATP
binding was measured using stopped-flow techniques as
described previously (28).

Fluorescence Emission Scans.Emission spectra were
collected on a Fluoromax 3 spectrofluorimeter (Horiba
Group) with excitation of the Trp residues at 290 nm. All
assays were performed in microcuvettes (Hellma) with a
3-mm path length. Reactions contained 50 mM HEPES pH
8.0, 5 mM Mg(OAc)2, 5 mM DTT, 100µM ATP, 5 µM
S679A or S679W Lon, and varying concentrations of S4
dansyl peptide or S2 nonfluorescent peptide (0-100 µM).
The emission spectra for the dansyl peptide S4 interacting
with Lon were generated by subtracting the emission spectra
of the S4 dansyl peptide alone in the presence of ATP from
the emission spectra of the same concentration of the S4
peptide incubated with Lon in the presence of ATP. The
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concomitant changes in the emission spectra of tryptophan
were recorded by subtracting the emission spectra of the S4
peptide incubated with Lon and ATP from the emission
spectra of the same concentration of dansylated glutamic acid
incubated with Lon and ATP.

Monitoring Peptide-Lon Interactions.Experiments to
monitor interactions between peptide substrate with Lon were
performed on a KinTek Stopped Flow controlled by the data
collection software Stop Flow version 7.50â with a 0.5 cm
path length. The sample syringes were maintained at 37°C
by a circulating water bath. Syringe A contained 5µM
S679A or S679W Lon monomer with variable concentrations
of S4 (10-500µM), 50 mM HEPES pH 8.0, 75 mM KOAc,
5 mM Mg(OAc)2 and 5 mM DTT. Syringe B contained 100
µM ATP, 50 mM HEPES pH 8.0, 75 mM KOAc and 5 mM
DTT. S4 binding to S679A was monitored by an increase
in fluorescence (excitation 290 nm emission 450 nm long-
pass filter) upon rapid mixing of the syringe contents. In
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 was
fitted over a period of time equal to four half-lives of the
pre-steady-state rate constant (klag) obtained from the ATP
dependent peptidase reaction. The lag rate constantklag was
previously determined for each reaction condition used (23).
The data shown are a result of averaging at least four traces.
Each reaction condition was performed in triplicate (a total
of g12 traces obtained for each data point). The averaged
time courses of S679A were fitted with eq 1 describing a
single exponential

whereF is relative fluorescence,A is amplitude in relative
fluorescence units,t is time in seconds,C is the endpoint,
and kS679A is the first-order rate constant associated with
peptide binding to S679A Lon in per seconds. It should be
noted that the PMT (photomultiplier tube) sensitivity was
automatically adjusted by the instrument to optimize signal-
to-noise during acquisition of the time course data for the
various concentrations of peptide used in the reactions. A
higher sensitivity setting was used for the lower [S4] and a
lower sensitivity setting was used for higher [S4]. As a result
the relative amplitudes of the time courses do not reflect the
stoichiometries of the enzyme intermediates monitored by
the signals. At high concentrations of S4 (>100 µM), 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 because
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

whereF is relative fluorescence,A1 is amplitude in relative
fluorescence units,t is time in seconds,k1,S679Wis the first-
order rate constant associated with the first phase of the
reaction in per seconds,νss is the steady-state rate in
fluorescence units per second, andC is the endpoint.

The averaged time courses of S679W with ATP and S4
peptide were fitted with eq 3 describing a double exponential

whereF is relative fluorescence,A1 andA2 are amplitudes
in relative fluorescence units,t is time in seconds,C is the
endpoint,k1,S679W is the first-order rate constant associated
with the first phase of the reaction in per seconds, andk2,S679W

is the first-order rate constant associated with the second
phase of the reaction in per seconds. Time courses of S679W
with saturating concentrations of ATP and low concentrations
of S4 dansyl peptide (25-125 µM) were fitted with eq 4
describing a triple exponential

where F is relative fluorescence,A1, A2* and A2 are
amplitudes in relative fluorescence units,t is time in seconds,
C is the endpoint,k1,S679W is the first-order rate constant
associated with the first phase of the reaction in per seconds,
k2,S679W is the first-order rate constant associated with the
second phase of the reaction in per seconds andk2*,S679W is
the first-order rate constant for a phase in the reaction that
is only visible under conditions of low peptide concentra-
tions.

The first-order rate constants were plotted as a function
of substrate concentration (ATP or S4). Hyperbolic plots
were fitted using the data fitting program Kaleidagraph by
Synergy with eq 5 describing a 2-step binding event

wherek is the observed rate constant from eq 1 or eq 3 in
per seconds,kmax is the maximum forward rate constant for
the second step in the binding event in per seconds,krev is
the reverse rate constant for the second step in the binding
event in per seconds, [S] is the concentration of ATP or S4
peptide, andKd is the equilibrium binding constant for the
substrate in micromolar units. Sigmoidal plots were fitted
using the data fitting program Enzfitter by Biosoft with eq
6

wherek is the observed rate constant from eq 1, 3 or 4 in
per seconds,kmax is the maximum forward rate constant for
the second step in the binding event in per seconds,krev is
the 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 (n ) 1.6, previously
determined for Lon and our model peptide substrate (27)),
the equilibrium binding constantKd is calculated from the
relationship logKd′ ) n log Kd.

Measuring Peptide Binding Using Fluorescence Anisot-
ropy. S4 dansyl peptide binding to the S679A Lon mutant
was detected by changes in fluorescence anisotropy (excita-
tion 340 nm emission 520 nm) at 37°C on a Fluoromax-3
spectrofluorimeter (Horiba Group). Each binding reaction
contained 50 mM HEPES pH 8.0, 5 mM Mg(OAc)2, 5 mM
DTT, and 20µM S4 dansyl peptide in the presence and

F ) A exp(-kS679At) + C (1)

F ) A1 exp(-k1,S679Wt) + νsst + C (2)

F ) A1 exp(-k1,S679Wt) + A2 exp(-k2,S679Wt) + C
(3)

F ) A1 exp(-k1,S679Wt) + A2* exp(-k2*,S679Wt) +

A2 exp(-k2,S679Wt) + C (4)

k ) kmax[S]/(Kd + [S]) + krev (5)

k ) kmax[S]n/(Kd′ + [S]n) + krev (6)
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absence of 1 mM AMPPNP in a quartz microcuvette
(Hellma) with a 3 mmpath length. S679A, S679W or wild-
type Lon was titrated into the cuvette (0-192 µM) and the
reaction was incubated at 37°C for 3 min to allow
equilibrium to be reached. Higher Lon concentrations were
not used due to problems with solubility of the protein. The
anisotropy measurements were plotted as a function of Lon
concentration and the data were fitted with eq 7

whereB is the observed anisotropy,Bmax is the maximum
anisotropy, [S] is the concentration of Lon added,n is the
Hill coefficient, C is the endpoint, and the equilibrium
binding constantKd is calculated from the relationship log
Kd′ ) n log Kd.

RESULTS

Characterization of the E. coli Lon Mutants S679A and
S679W.We generated two proteolytically inactive mutants
of E. coli Lon to study the microscopic kinetic events
occurring along the enzymatic pathway prior to peptide
cleavage. Both mutants replace Ser 679, which is responsible
for attacking the scissile peptide bond in a substrate, with
either an Ala (S679A) or Trp (S679W). While both mutants
display wild-type-like intrinsic and peptide-stimulated
ATPase activities that are identical to wild-type Lon, both
are proteolytically inactive (see Supporting Information
Figures A and C). As summarized in Table 1, thekcat and
Km values for the ATPase activity are comparable to those
obtained for wild-type Lon and suggest that the mutations
do not alter ATP hydrolysis (28). In addition, we used
stopped-flow spectroscopy to validate that MANT-ATP binds
to both mutants identically compared to the wild type enzyme
(Table 1 and Supporting Information Figure B). Taken
together, our data demonstrates that only the degradation of
peptide is inactivated by the mutations. Furthermore, limited
tryptic digestion analysis reveals that both mutants form a
compact conformation resistant to digestion by trypsin upon
binding to ATP (Supporting Information Figure D), thereby
revealing that the mutations do not affect the adenine-
dependent conformational change that is found in the wild-
type enzyme (27). The discovery of wild-type-like ATPase
activities in both mutants is consistent with the report of
Starkova et al. demonstrating that the ATPase activity can
be decoupled from the proteolytic activity of Lon (19).

Characterizing the Binding Interaction of S4 Peptide with
S679A by Fluorescence Spectroscopy. E. coliLon is a homo-
hexamer containing three intrinsic Trp residues in each
subunit. Surprisingly though, only small changes in the

fluorescence of the intrinsic Trp residues of S679A are
detected upon excitation at 290 nm in a series of reactions
containing 100µM ATP and increasing concentrations of
the nonfluorescent peptide S2 (YRGITCSGRQK(Bz), Figure
1A). The low signal generated from S2 binding to the Lon
mutants cannot be used to monitor the kinetics of peptide
interacting with the proteins. In contrast, the fluorescence
of Trp residues in S679A is significantly reduced when the
dansylated S4 peptide (YRGITCSGRQK(dansyl)) is used
(Figure 1B and 1C). When excited at 290 nm, the reduction
in the fluorescence of Trp is accompanied by an increase in
the fluorescence of the dansyl moiety in the S4 peptide
(Figure 1D). An additional control was performed to correct
for the decrease in trypotphan fluorescence caused by
nonspecific absorption of the dansyl moiety. Although a
decrease in tryptophan fluorescence is observed with dan-
sylated glutamic acid, a larger decrease in the fluorescence
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
the same concentration of dansylated glutamic acid incubated
with Lon and ATP. Collectively, Figures 1A to 1D reveal
that the reduction in the fluorescence of the tryptophan
residues in Lon is attributed to the specific interaction
between Lon and the S4 peptide. Thus the interaction
between S679A and the dansylated peptide S4 in the presence
of nucleotide can be quantitatively characterized by monitor-
ing the increase in dansyl fluorescence using stopped flow
spectroscopy. Figure 2A provides the time course for the
change in dansyl fluorescence generated from rapidly mixing
100 µM ATP versus a preincubated solution containing 5
µM S679A with 100µM S4 dansyl. The order of peptide or
ATP mixing does not affect the kinetics of the reactions since
identical time courses were obtained when S679A was
rapidly mixed with 100µM S4 dansyl peptide (data not
shown). In addition, negligible changes in the dansyl
fluorescence were detected when ATP was omitted.

In addition to monitoring changes in dansyl fluorescence,
these experiments could also monitor changes in Trp
fluorescence (Figure 2B). The increase in dansyl fluorescence
(Figure 2A) mirrors the decrease in Trp fluorescence (Figure
2B) which was detected using a 340 nm bandpass filter.
Taken together, the increase in the dansylated peptide
fluorescence time course (Figure 2A) along with the con-
comitant decrease in the Trp fluorescence time course (Figure
2B) suggests that peptide binding to Lon can be monitored
by detecting the dansyl fluorescence time courses through
excitation of the Trp residues in the Lon mutants. The
increase in dansyl fluorescence most likely results from

Table 1: Kinetic Parameters for ATP Binding and Hydrolysis by Wild-Type and Lon Mutants

ATPase activity MANT-ATP binding

kcat (s-1) Km (µM) kon (105 M-1 s-1) koff (s-1) kon,2 (s-1)

WT Lon 0.26( 0.01 46( 6 6.8a 11a 4.1a

WT Lon + S2 1.43( 0.05 82( 10 6.8a 10a 3.7a

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 NDb ND ND
S679W 0.64( 0.03 139( 24 4.26( 1.98 8.59( 1.51 3.96( 1.80
S679W+ S3 1.07( 0.06 79( 15 ND ND ND

a These values are from ref 28.b ND: not determined.

B ) Bmax[S]n/(Kd′ + [S]n) + C (7)
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conformational changes in the enzyme in which the Trp
residues are more accessible to interact with the dansyl
moiety. However, alternative possibilities exist. For example,
the signal could reflect the dansyl peptide approaching one
or more of the Trp residues in Lon or a combination of both
phenomena. Regardless, the detected signal is a result of the
S4 dansyl peptide interacting with Lon, and is used as a
reporter for monitoring the kinetics of the binding reactions.

Measuring S4 Dansyl Peptide Binding to Lon Using
Fluorescence Anisotropy.Fluorescence anisotropy experi-
ments were used to further characterize the equilibrium
binding of S4 dansyl peptide to S679A Lon. As shown in
Figure 3, S4 peptide binding to S679A Lon can be measured
by titrating S679A Lon (0-192µM) into a cuvette containing

20 µM of the dansylated peptide S4 and 1 mM AMPPNP, a
nonhydrolyzable analogue of ATP. The binding isotherm in
Figure 3 was fitted to the Hill equation (eq 7) to yield aKd

) 35.2( 18.6µM and a Hill coefficient (n) of 1.5 ( 0.1.
Experiments performed using wild-type or S679A Lon in
the absence of AMPPNP yielded identical binding parameters
(Kd ) 38.3( 6.0µM, n ) 1.5( 0.1; andKd ) 49.2( 28.1
µM, n ) 1.5 ( 0.1, respectively, data not shown). Compa-
rableKd values were also obtained in the S4 peptide binding
to S679W in the presence of AMPPNP (data not shown).
Since neither theKd nor the Hill coefficients are affected by
the presence of nucleotide, we conclude that peptide binding
to Lon occurs via a rapid equilibrium process. This conclu-
sion is supported by our previous steady-state kinetic studies

FIGURE 1: (A) Fluorescent emission scans of S679A with nonfluorescent S2 peptide. Five micromolar S679A was incubated with 100µM
ATP and (9) 0 µM, (b) 25 µM, ([) 100 µM 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 100µM ATP and 50µM of the S4 dansylated peptide or 50µM 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 and 100µM ATP was incubated with (9) 0 µM, (b) 25 µM,
(2) 50 µM, ([) 100 µM 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 100µM ATP and (9) 0 µM, (b) 25 µM, (2) 50 µM, ([) 100 µM 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.

Mechanism of Peptide Binding to Lon Protease Biochemistry, Vol. 46, No. 47, 200713597



revealing that Lon adopts a random ordered Bi Bi kinetic
mechanism in catalyzing the ATP-dependent cleavage of a
peptide bond (2).

The Interaction between S679A and Dansyl Peptide
Exhibits Dependency toward Peptide and ATP Concentra-
tions.To evaluate the kinetics of S679A interacting with S4,
we measured the stopped flow time courses of dansyl
fluorescence emission (450 nm long-pass filter) by exciting
Trp at 290 nm at various S4 dansyl peptide concentrations
(10 to 500µM). The dansyl fluorescence signal measured is
a result of the S4 dansyl peptide interacting with the Trp
residues in Lon. The Trp residues are excited at 290 nm,
and the emission from the Trp residues excites the dansyl
moiety on S4 either from S4 approaching a Trp residue or

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,kS679A. Plotting kS679A as a function of peptide
concentration yields a sigmoidal plot shown in Figure 4A,
which is indicative of a two step peptide binding mechanism
(Scheme 1) (30). The assignment of a two-step binding
mechanism can be explained in terms of the signal detected
from S4 is generated from the S679A:dansyl peptide
complex. At low peptide concentrations, the formation of
enzyme:peptide contributes to the observedkS679A (step 1 in
Scheme 1). As such, thekS679A values increase as the
concentration of peptide increases until the enzyme is
saturated with peptide. The horizontal asymptote of the plot
shown in Figure 4A provides the maximum rate constant of
S4 interacting with the enzyme at saturating peptide con-
centrations. This apparent zero-order dependency of a rate-
constant toward peptide concentration is consistent with the
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
in many enzymes (30, 31). Fitting the data shown in Figure
4A with eq 6 yields theKd of S4 for S679A, which is 164
( 35 µM, n ) 1.3 ( 0.2 (Table 2). Increasing the peptide
concentration saturates the peptide binding site in S679A
such that the observed rate constant becomes dominated by
the forward and reverse rate constants of the second step at
peptide concentrations greater than theKd. Under these
conditions, the forward and reverse rate constants reach a
maximum, which is 0.74( 0.10 s-1 and 0.19( 0.01 s-1,
respectively (Table 2).

The interaction between 5µM of S679A and 500µM S4
dansyl peptide (∼3 × Kd of S679A, see Table 2) is also
dependent on the concentration of ATP as illustrated in
Figure 4B. The time courses (excitation 290 nm, emission

FIGURE 2: Peptide binding to S679A can be monitored using the
S4 dansyl peptide. The experimental time courses are shown in
gray, and the fitted curve is shown in black. The time courses with
ATP were fitted with eq 1 describing a single exponential. (A) Five
micromolar S679A was incubated with 100µM S4 dansyl peptide
and rapidly mixed with 100µM ATP. The reaction was excited at
290 nm and monitored using a 450 nm long-pass filter to measure
dansyl fluorescence. No changes in fluorescence were observed in
the absence of ATP. (B) The reactions described in Figure 2A were
also monitored for changes in Trp fluorescence by excitation at
290 nm and detecting emission with a 340 nm bandpass filter. No
changes in fluorescence were observed in the absence of ATP.
Identical reaction time courses were obtained when S679A was
rapidly mixed with S4 peptide premixed with ATP.

FIGURE 3: Equilibrium binding of S4 dansyl peptide to S679A Lon
can be measured using fluorescent anisotropy. Twenty micromolar
S4 dansyl peptide was incubated with 1 mM AMPPNP (10 xKd,
determined previously and reported in (36)), and changes in
anisotropy were measured (excitation 340 nm emission 520 nm)
by titrating in S679A Lon (0µM to 192µM). The data were fitted
with eq 7 resulting inKd ) 35.2( 18.6µM with a Hill coefficient
(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
nucleotide was omitted (see Results).
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450 nm) were best fitted to a single-exponential curve (eq
1) to yield the rate constants,kS679A, for the reactions in which
the concentration of ATP is varied. Plotting the observed
rate constants at the corresponding concentration of ATP (0.5
µM to 50 µM) yields a hyperbolic plot, which upon fitting
with eq 5 yields aKd of 7.4 ( 2.5 µM for ATP, a forward
rate constant (kS679A,max) of 0.54 ( 0.04 s-1 and a reverse
rate constant (krev,S679A) of 0.19( 0.03 s-1 (Figure 4B, Table
2).

The S679W Mutant Shows an ATP-Dependent Conforma-
tional Change in Trp That Is Independent of Peptide.The
S679W mutant was generated to probe the existence of an

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
with a Trp residue allows the detection of a conformational
change in the proteolytic site in Lon resulting from ATP or
AMPPNP binding (32). Figure 5 provides representative
stopped flow time courses monitoring the changes in Trp
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 9.35( 0.34 s-1 (observed
k1,S679W). 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
yield an observed rate constant of 0.94( 0.02 s-1 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
likely that the formation of this enzyme form is facilitated
by the hydrolysis of ATP. Furthermore, the presence of
peptide substrate is not needed for this conformational
change.

Compared to ATP, AMPPNP Supports the Peptide-Lon
Interaction at a Reduced Rate. An increase in dansyl
fluorescence was detected when 5µM S679W preincubated
with 100µM S4 was mixed with 100µM ATP (Figure 6A).
The samples were excited at 290 nm and the fluorescence
signals were detected using a 450 nm long-pass filter, which
monitored the fluorescence signal generated from the S4
dansyl peptide. We have previously shown that AMPPNP
supports peptide hydrolysis by Lon with akcat that is ∼7
fold lower and a lag phase that is∼10-fold longer than those
detected for ATP (1, 2). To explore how AMPPNP effects
the peptide-Lon interaction we used 5µM S679W with 500
µM S4 dansyl peptide and rapidly mixed it with 100µM
AMPPNP. The resulting time course is shown in Figure 6B.
The time course was fitted to a double exponential equation
(eq 3), and the resulting rate constants,k1,S679Wandk2,S679W,
were found to be approximately 20- to 10-fold slower than
with ATP (0.50( 0.01 s-1 and 0.04( 0.01 s-1, respectively)
compared to 7.6( 1.0 s-1 and 0.57( 0.10 s-1 in the
presence of ATP under identical reaction conditions (see
Table 2). The same experiment was also performed in the
presence of ADP instead of AMPPNP. As shown in Figure

FIGURE 4: S4 dansyl peptide binding to S679A is dependent on
peptide and ATP. (A) Five micromolar S679A and varying
concentrations of S4 dansyl peptide (10, 15, 25, 35, 50, 75, 100,
150, 250, 300, 450 or 500µM) were rapidly mixed with 100µM
ATP. The time courses were fitted with eq 1, and the resulting rate
constants are plotted as a function of the corresponding peptide
concentration. The data in (A) were fitted with eq 6 to yield a
maximumkS679A ) 0.74 ( 0.10 s-1, Kd ) 164 ( 35 µM, krev )
0.19 ( 0.01 s-1, n ) 1.3 ( 0.2 (Table 2). (B) Five micromolar
S679A and 500µM (3 × Km) S4 dansyl peptide was rapidly mixed
with varying concentrations of ATP (0.5, 1, 3, 5, 10, 25 or 50µM).
The time courses were fitted with eq 1, and the resulting rate
constants are plotted as a function of the corresponding ATP
concentration. The data in (B) were fitted with eq 5 to yield a
maximumkS679A ) 0.54 ( 0.04 s-1, Kd ) 7.4 ( 2.5 µM, krev )
0.19 ( 0.03 s-1 (Table 2).

Scheme 1: Peptide Binding Steps Measured Using the
S679A Lon Mutanta

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.
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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 Peptide.The 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 µM). According to Figure 7A, the time courses obtained
at concentrations of ATP at<5 µM and at 500µM S4 (∼3
× Kd of S4) display an increase followed by a slower
decrease in dansyl fluorescence. Atg5 µM ATP, however,
the time courses only show an increase in dansyl fluores-
cence. Concurrent decreases in the Trp fluorescence time
courses which mirror the observed dansyl fluorescence data
were also detected (see Supporting Information Figure E).
In an earlier study, we demonstrated that the ATPase activity
of Lon was negligible at<5 µM ATP, and the enzyme was
only 50% saturated with ATP at 10µM of the nucleotide
(23, 28, 33). Therefore the time courses detected atg5 µM

ATP likely reflect the conformational states of S679W
accompanied by ATP hydrolysis. Comparing the data
obtained at<5 µM versus atg5 µM ATP reveals that the

Table 2: Kinetic Constants for S4 Peptide Interacting with S679A and S679W

S679A S679W

k1 k2

vary S4 vary ATP vary S3 vary ATP vary S4 vary ATP

kmax (s-1) 0.74( 0.10 0.54( 0.04 7.6( 1.0 5.3( 0.6 0.57( 0.10 1.5( 0.4
kd (µM) 164 ( 35 7.4( 2.5 NAa 4.3( 1.9 157( 8 9.3( 9.8
krev (s-1) 0.19( 0.01 0.19( 0.03 NA 2.1( 0.5 0.10( 0.01 NDb

n 1.3( 0.2 NA NA NA 1.9 ( 0.1 NA
a NA: not applicable.b ND: not determined.

FIGURE 5: 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, 100µM
ATP, 100 µM AMPPNP or 100 µM 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.

FIGURE 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 100µM S4 dansyl peptide and
rapidly mixed with 100µM ATP. The reaction was excited at 290
nm and monitored using a 450 nm 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 100µM S4 dansyl peptide and rapidly mixed
with 100 µM 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
describing a double exponential. AMPPNP does support binding,
however at a rate slower than ATP. Thek1,S679Wandk2,S679Ware
0.50 s-1 and 0.04 s-1, respectively. No changes in fluorescence
were observed with ADP.
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direction of the fluorescence changes in the second phase is
reversed as the concentration of ATP increases. As the
proteolytic residue 679S is replaced with a Trp, the observed
changes in the direction of the fluorescence time courses at
increasing concentrations of ATP could be attributed to the
conformation of the proteolytic site of Lon varying with the
occupancy of nucleotide and/or the ATPase activity of the
enzyme. As such, optimal peptide cleavage by Lon requires
the hydrolysis of ATP to fully activate the proteolytic site.

Identical experiments were performed varying the con-
centration of S4 (25-500 µM) using a fixed concentration
of 100 µM ATP (10 × Kd of the ATPase site (33)). Figure
7B shows selected time courses reflecting the changes in

the dansyl fluorescence of S4 upon incubating with S679W
at a saturating level of ATP. The time courses obtained at
subKd levels of S4 (see Table 2 forKd of S4 peptide) are
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 (25-100 µM), the time
courses fit best to a triple exponential equation (eq 4). We
assign the first phase ask1,S679W, the second phase ask2*,S679W

and the final phase ask2,S679W. The transient phase, which is
represented byk2*,S679W, is independent of [S4] (k2*,S679W )
0.95( 0.30 s-1). 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 constantk2,S679W, which exhibits depen-
dency toward peptide concentration, becomes comparable
to the values ofk2*S697W. As a result, only two apparent rate
constants that are represented byk1,S679W and k2,S679W are
detected when the concentration of S4 is higher than theKd

of peptide. The mechanistic feature that is responsible for
generating the transient phase is not clear. However, these
reactions were conducted at 100µM ATP, where Lon
catalyzes the hydrolysis of ATP with a pre-steady-state burst
rate of∼10 s-1 and a steady-state turnover rate constant of
∼0.8 s-1 (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
enzyme to maintain protein interaction with S4. Additional
experimentation will be required to resolve this issue.

Collectively the biphasic time course data obtained at 500
µM S4 and varying [ATP] or at varying [S4] and saturating
ATP were best fitted with the double exponential function
defined by eq 3 to yield two observed rate constantsk1,S679W

and k2,S679W. In regard to the data obtained at 500µM S4
and at varying [ATP], the observedk2,S679W values were
determined by fitting the data at>5 µM ATP with eq 3 to
yield the respectivek1,S679Wandk2,S679W. Plotting the observed
k1,S679Wandk2,S679Was a function of [ATP] and [S4] (Figures
8A to 8D) allows the extrapolation of the maximal rate
constants for the respective phase of the reactions. Figures
8A and 8B collectively show thatk1,S679W exhibits depen-
dency toward [ATP] but not [peptide] ask1,S679W at 0 µM
S4 dansyl peptide is 9.35( 0.34 s-1 (determined by
monitoring decreases in Trp fluorescence with 5µM S679W
and 100µM ATP, Figure 5). Increasing the concentration
of S4 peptide does not significantly change the value of
k1,S679W. The apparent increase in thek1,S679Wvalues discerned
in Figure 8A may be due to uncertainty involved in
determiningk1,S679W while fitting the time courses. These
results indicate that the formation of the first conformational
change in S679W, which is defined byk1,S679W, is dependent
only on the presence of ATP. The maximalk1,S679W value
was extrapolated from Figure 8A by averaging the values
(k1,S679W) 7.6 ( 1.0 s-1) and from Figure 8B by fitting the
data to eq 5 (k1,S679W) 5.3( 0.6 s-1). All kinetic parameters
are reported in Table 2.

The final exponential phase, which is defined byk2,S679W,
exhibits dependency on the concentration of ATP and
peptide. Figures 8C and 8D show the plots relating the

FIGURE 7: Representative time courses for S679W interacting with
the S4 dansyl peptide. All the reactions were excited at 290 nm,
and emission signals from the dansyl moiety in S4 were detected
using a 450 nm long-pass filter. (A) Five micromolar S679W
preincubated with 500µM S4 was rapidly mixed with (a) 0.5; (b)
1; (c) 5 and (d) 10µM ATP in a stopped flow apparatus. All the
time courses were best fitted with eq 3 describing a double
exponential. The experimental time courses are shown in gray, and
the fitted curve is shown in black. At<5 µM ATP, the second
phases of the time courses display negative changes in fluorescence,
whereas in the time courses measured atg5 µM ATP, the overall
changes in fluorescence were positive. (B) Five micromolar S679W
preincubated with (a) 25; (b) 50; (c) 100 and (d) 500µM S4 peptide
was rapidly mixed with 100µM ATP in a stopped-flow apparatus.
The experimental time courses are shown in gray, and the fitted
curve is shown in black. The subKd levels of S4 (25 and 50µM)
were fitted with eq 4 (triple exponential). The 100 and 500µM S4
time courses were fitted with eq 3 (double exponential equation).
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observed rate constants to the indicated ATP or peptide
concentrations. TheKd values for ATP and peptide, as well
as the maximal rate constant (k2,S679W,max) for each fit, are
summarized in Table 2. We report thekrev rate constant for
varying concentrations of ATP as “not determined” in Table
2 as the standard error for this number was rather high (0.08
( 0.5 s-1). The krev rate constant is they-intercept in the
plot, and visually it is approaching zero. Despite the
uncertainty involved, the data reveals that the reverse rate
constant is slow and nearly negligible in comparison to the
forward rate constants.

DISCUSSION

Lon is a serine protease whose activity is regulated by
the binding and hydrolysis of ATP. In this study we
demonstrated that the microscopic events associated with
peptide interacting with Lon prior to its cleavage can be
monitored by the fluorescence signal generated between

dansylated peptide substrate (S4) and tryptophan residues
in Lon. We employed pre-steady-state kinetic techniques to
monitor the dynamics of a dansylated peptide (designated
S4) interacting with two proteolytically inactiveE. coli Lon
mutants, S679A and S679W. Both mutants contain three Trp
residues that are intrinsic to the wild-type enzyme: 297W
and 303W located at the proximity of the ATPase domain
(based on the primary amino acid sequence (15)) and 603W
at the vicinity of the active site Ser (based on the truncated
crystal structure of the protease domain (16)). The S679W
mutant contains an additional Trp residue that replaces the
proteolytic active site Ser at position 679. Upon binding to
the target protein, the fluorescence signal associated with a
dansylated peptide is indirectly enhanced by excitation of
the intrinsic Trp residues located within the protease.
Therefore we can determine the kinetic mechanism of peptide
interacting with S679A and S679W by analyzing the
fluorescence time courses obtained in this study.

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, 5µM S679W Lon was incubated with varying concentrations of S4 dansyl peptide (25, 50, 75, 100, 125, 200, 350
or 500µM) and rapidly mixed with 100µM ATP or 5 µM S679W Lon was incubated with 500µM S4 dansyl peptide and rapidly mixed
with varying concentrations of ATP (0.5, 1, 2, 4, 7, 10, 25 or 50µM). The resulting time courses were fitted with eq 3 or eq 4, and the
resulting rate constants (k1,S679W and k2,S679W) are shown as a function of substrate concentration. (A)k1,S679W ) 7.6 ( 1.0 s-1 and is
independent of peptide concentration. The 0µM S4 peptide data point (9) was obtained by fitting the time course shown in Figure 5
(S679W+ ATP) to eq 1 to yieldk1,S679W) 9.35 ( 0.34 s-1. (B) k1,S679W) 5.3 ( 0.6 s-1 is dependent on ATP concentration,Kd ) 4.3
( 1.9 µM, krev ) 2.1 ( 0.5 s-1. The data was fitted with eq 5. (C)k2,S679W) 0.57( 0.10 s-1 and is dependent on peptide concentration,
Kd ) 157( 8 µM, krev ) 0.10( 0.01 s-1, n ) 1.9 ( 0.1. The data was fitted with eq 6. (D)k2,S679W) 1.5 ( 0.4 s-1 is dependent on ATP
concentration,Kd ) 9.3 ( 9.8 µM. The data was fitted with eq 5. All the kinetic parameters are summarized in Table 2.
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The detection of akS679A sharing a comparable value as
k2,S679W as well as dependency toward [ATP] and [S4]
suggests that the same kinetic step is being examined in the
respective mutants. A two-step S4 binding mechanism is
proposed. The first step involves the formation of a Lon:
ATP:S4 complex, and the second step is a conformational
change in the complex, occurring after ATP is hydrolyzed.
The kinetic progression of the second step is detected by
the increase in dansyl fluorescence in the S4 peptide upon
excitation of the Trp residues in the Lon mutants. At low
[peptide], the binding of S4 to Lon in the presence of ATP
limits the observed rate constant. Increasing the concentration
of peptide leads to enzyme saturation such that the observed
rate constants reach a finite value, which is defined by the
asymptote of the plots shown in Figures 4A and 8C.
Previously we reported the degradation of a fluorogenic
derivative of the S4 peptide exhibiting sigmodial kinetics,
yielding a Hill coefficient of 1.6 (27). The detection of a
comparable Hill coefficient in the data shown in Figures 3,
4A and 8C is consistent with our previous finding. Likewise,
the hyperbolic plots shown in Figures 4B and 8B reveal that
the fluorescence signal detected in this study reflects a
conformational change in the enzyme after the initial
formation of a Lon:ATP:S4 complex.

Although both S679A and S679W show the same kinetic
behavior toward the binding and hydrolysis of ATP, as well
as their interactions with S4, S679W displays an additional
fluorescent signal that is dependent on the concentration of
nucleotide but not peptide. Experiments performed with
S679W reveal a step defined byk1,S679W. The rate constant
for this step is 7.6( 1.0 s-1 in the presence of ATP and is
0.50 ( 0.01 s-1, which is∼10-fold lower, in the presence
of AMPPNP. Therefore the step represented byk1,S679W is
the key step that distinguishes the ATP versus AMPPNP

bound enzyme form in Lon. Previously we demonstrated that
fluorescently labeled ATP and AMPPNP bind toE. coli Lon
with an identical kinetic mechanism but peptide bond
cleavage is 7- to 10-fold faster in the presence of ATP
compared to AMPPNP (2, 28). As such the step represented
by k1,S679W, which is 10-fold higher in the presence of ATP
than AMPPNP, contributes to the observed difference in the
ATP-versus AMPPNP-dependent peptidase activity of Lon
and must occur after nucleotide binding but before the step
representingk2,S679W(k2,S679W) 0.57 ( 0.10 s-1, Table 2).

The ATP-dependent step is detected only in the S679W
but not the S679A mutant. Therefore, we propose that this
step monitors the changes in the local environment surround-
ing residue 679 in Lon. In the wild type enzyme, such a
change, which is induced by the binding and hydrolysis of
ATP, may be needed to activate the proteolytic residue 679S.
This proposal is made on the basis of a previous observation
made in our lab showing that inhibition of the protease
activity of Lon by the peptide boronate MG262 requires the
presence of ATP. As the boronate moiety in MG262
functions to sequester the nucleophilic side chain of 679S
(34, 35), the observed dependency toward ATP in protease
inhibition provides support for an allosteric activation of the
active site in Lon.

Through previous kinetic analyses, we have constructed
a kinetic model to account for the first turnover of the ATP-
dependent peptide bond cleavage activity ofE. coli Lon. The
data presented in this study is consistent with the proposed
mechanism that is summarized in Figure 9. Free enzyme is
represented by form I. For simplicity, the enzyme is shown
as a dimer with the ATPase and SSD domain in green and
the protease domain in blue. The active site serine is shown
in red. First, ATP and peptide bind to the enzyme in a
random mechanism (step 1, form II), followed by a confor-

FIGURE 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. (II, step 1) ATP and peptide bind in a random order. (III, 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.
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mational change that is induced by nucleotide binding (step
2, form III). Previously, our lab utilized MANT-ATP and
MANT-AMPPNP to study the binding of ATP to Lon (28).
This study showed that ATP and AMPPNP bind to Lon in
an identical manner wherein ATP or AMPPNP binds to Lon
with a rate constant of 0.7µM-1 s-1 (step 1, Figure 9)
followed by a nucleotide binding induced conformational
change (kNTP ) 5 s-1, step 2, Figure 9). Equilibrium peptide
binding experiments performed in this study indicate that
peptide initially binds to Lon independent of nucleotide
(Figure 3, Scheme 1, step 1). This result corroborates our
previous steady-state product inhibition studies which indi-
cated peptide and ATP likely bind to Lon in a random order
to form the Lon:ATP:peptide complex (2). As the formation
of enzyme form IV (step 3) can only be measured with the
S679W Lon mutant and it is only dependent on nucleotide
(completely independent of peptide) we propose this step
involves an allosteric activation of the catalytic serine residue
within the protease domain wherein the active site undergoes
a gross conformational change.

We propose herein that the slow phase leading up to
peptide hydrolysis and responsible for the lag kinetics is the
formation of enzyme form V (step 4, Figure 1) (2, 23). We
are able to measure this step using both the S679A and
S679W Lon mutants. Work by Ishikawa et al. on a related
ATP dependent protease, ClpAP, showed that substrates are
translocated from an initial binding site into the proteolytic
chamber (22). ClpAP and Lon are both members of the
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
the slow step we observe prior to peptide hydrolysis in Lon
(k2,S679W and kS679A; form V, Figure 1) is also a peptide
translocation event. As such, the slow phase could be a
peptide delivery event whereby the peptide moves from the
initial peptide binding site at the top of the self-compart-
mentalized structure near the ATPase domain, down to the
protease domain where it is degraded. In form VI (step 5)
peptide is hydrolyzed followed by product release. The idea
of the dansylated peptide “moving” toward the proteolytic
site in Lon has been proposed based upon the discovery of
a peptide translocation event occurring in ATP-dependent
proteases that are related to Lon (20-22). Recently, Reid
and co-workers labeled the protease active site of ClpAP, a
heterosubunit ATP-dependent protease belonging to the same
family as Lon, with EDANS (5-(2-(acetamido)ethylamino)-
naphthalene-1-sulfonic acid) and polypeptide substrates with
fluorescein. They used FRET between the two fluorophores
to demonstrate translocation of the substrate into the pro-
teolytic active site (21). Unlike the ClpAP experiments, our
system has multiple Trp residues that may interact with the
dansyl moiety in S4. Therefore, our work cannot conclusively
evaluate whether the signal is solely attributed to peptide
translocation. However, because the signal is detected only
when Trp and dansyl are nearby one another, it is possible
that the signal could be reflecting peptide translocation, which
may be accompanied by a conformational change(s) within
the enzyme. To further test our kinetic model, we utilized
the program KinFitSim (29) to simulate the pre-steady-state
lag phase of the peptidase reaction as well as the interaction
of S679W and the dansylated peptide. A close correlation
was found between the experimental and simulated data

providing further support for our proposed mechanism. The
detailed simulation data is provided in the Supporting
Information.

In conclusion, we have utilized stopped flow fluorescence
spectroscopy to evaluate the steps leading up to peptide
hydrolysis in Lon. We have provided evidence for two
distinct conformational change steps along the pathway. One
of these steps (step 4, form V, Figure 9) is relatively slow,
and we propose it is a peptide translocation/delivery event.
Another step (step 3, form IV, Figure 9) is particularly
valuable in understanding the catalytic advantage offered by
ATP over AMPPNP as this is the first time differences
between ATP and AMPPNP have been assigned to a specific
step. Additional experimentation is currently underway using
the techniques described here and other nucleotides to further
study the role of ATP binding and hydrolysis in activating
Lon activity. Furthermore, the mechanism described herein
is a valuable tool and will be used as a template in elucidating
the mechanism of how Lon processes multiple sites in a full
length protein such as lambda N.
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