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ABSTRACT: Lon is a homo-oligomeric ATP-dependent serine protease that functions in the degradation of
damaged and certain regulatory proteins. This enzyme has emerged as a novel target in the development
of antibiotics because of its importance in conferring bacterial virulence. In this study, we explored the
mechanism by which the proteasome inhibitor MG262, a peptidyl boronate, inhibits the peptide hydrolysis
activity of Salmonella entericaserovar Typhimurium Lon. In addition, we synthesized a fluorescent peptidyl
boronate inhibitor based upon the amino acid sequence of a product of peptide hydrolysis by the enzyme.
Using steady-state kinetic techniques, we have shown that two peptidyl boronate variants are competitive
inhibitors of the peptide hydrolysis activity of Lon and follow the same two-step, time-dependent inhibition
mechanism. The first step is rapid and involves binding of the inhibitor and formation of a covalent
adduct with the active site serine. This is followed by a second slow step in which Lon undergoes a
conformational change or isomerization to increase the interaction of the inhibitor with the proteolytic
active site to yield an overall inhibition constant of 5-20 nM. Although inhibition of serine and threonine
proteases by peptidyl boronates has been detected previously, Lon is the first protease that has required
the binding of ATP in order to observe inhibition.

The emergence of new strains of antibiotic resistant
bacteria requires the development of novel therapeutics to
treat them. Studies aimed at identifying proteins necessary
for bacterial virulence have implicated the importance of Lon
protease (1, 2). PathogenicSalmonella entericaare respon-
sible for causing a range of human diseases from mild
gastroenteritis (serovar Typhimurium and serovar Enteritidis)
to typhoid fever (serovar Typhi). It has been shown that
Salmonella entericaserovar Typhimurium (S.Typhimurium)
Lon protease activity is required for systemic infection in
mice, a common study model forS. Typhi infection in
humans (2). In fact, Lon-deficientS. Typhimurium, when
administered as an oral vaccine to mice, conferred subsequent
protection against infection by virulentS.Typhimurium (3).
Taken together, these studies highlight this enzyme as an

important target in the development of novel therapeutic
agents.

Lon, also known as the protease La, is a member of the
AAA + superfamily (ATPases Associated with different
cellular Activities) along with other ATP1-dependent pro-
teases, such as ClpXP, HslUV, and the proteasome (4, 5). It
is a homo-oligomeric ATP-dependent serine protease that
functions in the degradation of damaged and certain short-
lived regulatory proteins (6-15). Homologues exist ubiq-
uitously in nature; however, they localize to the cytosol in
prokaryotes and to the mitochondrial matrix in eukaryotes
(9, 16, 17). Sequence alignment of the human,Escherichia
coli (E. coli), andS.Typhimurium Lon proteases has revealed
that the bacterial enzymes share greater than 99% sequence
identity, but only 42% identity with their human homologue
(18). Not surprisingly, the peptide substrate specificity of
the bacterial and human Lon proteases differ; however, their
ATP hydrolysis activities are kinetically indistinguishable
(19).

The mechanism by which Lon recognizes a protein
substrate or utilizes the energy from ATP hydrolysis to
catalyze protein degradation is not well understood. TheE.
coli homologue has long been used as a model for elucidating
the molecular details of these processes. Crystallographic
studies of a truncatedE. coli Lon mutant have suggested
that this protease utilizes a Ser-Lys dyad to catalyze peptide
bond hydrolysis (20, 21). It has also been shown that theE.
coli enzyme requires only the binding, but not hydrolysis,
of ATP in order to cleave a peptide substrate, albeit at a
reduced rate (22). Upon ATP binding, the enzyme undergoes
a conformational change, which has been suggested to result
in the productive alignment of the active site residues for

† This work was support by NIH grant GM067172.
* Corresponding author: Phone: 216-368-6001. Fax: 216-368-3006.

E-mail: irene.lee@case.edu.
1 Abbreviations: ATP, adenosine triphosphate; AMPPNP, adenosine

5′-(â,γ-imino)triphosphate; ADP, adenosine diphosphate; DTT, dithio-
threitol; Abz, anthranilamide; Bz, benzoic acid amide; Abu, 2-ami-
nobuytric acid; 3-NO2, 3-nitro; Aloc, allyloxycarbonyl; HBTU,O-ben-
zotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-phosphate; THF,
tetrahydrofuran; LDA, lithium diisopropylamide; KHMDS, potassium
bis-(trimethylsilyl) amide; TMS, trimethylsilyl; EDC, 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide; TFE, trifluoroethanol; TIS, triiso-
propylsilane; TFA, trifluoroacetic acid; Pbf, 2,2,4,6,7-pentamethyldihy-
drobenzofuran-5-sulfonyl; Trt, trityl; Tris, 2-amino-2-(hydroxymethyl)-
1,3-propanediol; Mg(OAc)2, magnesium acetate; Fmoc, 9-fluorenyl-
methoxycarbonyl; Boc, butoxycarbonyl; PEI, polyethyleneimine; Z,NR-
benzyloxycarbonyl; dansyl, 5-dimethylamino-1-naphthalenesulfonyl;
SDS, sodium dodecyl sulfate; PMSF, phenylmethanesulfonyl fluoride;
DIPF, diisopropyl fluorphosphate; DMSO, dimethylsulfoxide; Kan,
kanamycin; dlu, density light unit.

6647Biochemistry2007,46, 6647-6657

10.1021/bi7002789 CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/12/2007



peptide bond hydrolysis (19, 23). Studies aimed at determin-
ing a consensus sequence for Lon cleavage have met with
little success, as amino acid residues that are not adjacent to
the scissile bond are important in recognition (9, 24-27).
Furthermore, sequences important for recognition may or
may not be substrates for peptide bond hydrolysis (24, 28).

Lon is unique, in that, although it is a serine protease, it
is susceptible to both serine and cysteine protease inhibitors
(29-32). Previously, none of the nucleotide- and peptide-
based inhibitors identified were highly potent or specific
(29-31). We recently reported the identification of the
proteasome inhibitor MG262 (Table 1) as a potent ATP-
dependent inhibitor of the proteolytic activity ofS. Typh-
imurium Lon. In the current study, we employed steady-
state enzyme kinetic techniques to investigate the mechanism
by which MG262 inhibits the peptide hydrolysis activity of
this protease. In addition, we synthesized a fluorescent
peptidyl boronate inhibitor,4 (Table 1), based upon the
amino acid sequence of a product of peptide hydrolysis by
the enzyme. We have demonstrated that both MG262 and4
inhibit S.Typhimurium Lon peptide hydrolysis activity via
the same competitive, two-step, time-dependent inhibition
mechanism and with comparable potency. The dansyl moiety
of 4 has also allowed us to monitor the ATP-dependent
interaction of4 with the active site serine of Lon.

MATERIALS AND METHODS

Materials. All oligonucleotide primers were purchased
from Integrated DNA Technologies, Inc. (Coralville, IA).
All cloning reagents were purchased from Promega (Madi-
son, WI), New England BioLabs, Inc. (Ipswich, MA),
Invitrogen (Carlsbad, CA), and USB Corporation (Cleveland,
OH). Fmoc-protected amino acids, Boc-2-Abz-OH, Fmoc-
Lys(Aloc)-Wang resin, Fmoc-Abu-Wang resin, H-Thr(But)-
2-Cl-Trt resin, and HBTU were purchased from Advanced
ChemTech and NovaBiochem. MG262 was purchased from
Biomol International, LP. Tris buffer, cell culture media,
IPTG, chromatography media, DTT, Mg(OAc)2, trypsin,
kanamycin, ATP, ADP, AMPPNP, dansyl chloride, DMSO,
Tween 20, and all other materials were purchased from
Fisher, Sigma, and Amresco (Solon, OH).

Plasmid Construction.A S. Typhimurium Lon mutant
containing an alanine residue in place of the active site serine
(S680A) was created using the QuikChange Site-Directed

Mutagensis Kit (Stratagene) according to the manufacturer’s
instructions. The plasmid pHF020 (19) was used as a
template, and oligonucleotides 5′-CCGAAAGACGGT-
CCAGCCGCCGGTATCGCGATG-3′ and 5′- CATCGCG-
ATACCGGCGGCTGGACCGTCTTTCGG-3′ were used
as primers. The new plasmid, pHF031, was verified by DNA
sequencing.

Purification of Recombinant Lon. Recombinant wild type
and S680AS. Typhimurium Lon were overexpressed in
BL21 (DE3) (Novagen), using the plasmids pHF020 and
pHF031, respectively. Each was purified as previously
published forEscherichia coli(E. coli) Lon (22) with the
exception that 30µg/mL Kan (Sigma) was used instead of
100µg/mL Amp (Fisher). The concentration of Lon mono-
mer was determined by Bradford assay, using BSA as a
standard, and the purified protein stored at-80 °C.

Peptide Synthesis.Synthesis of2, 3, and the nonfluorescent
analogue of2 (Table 1) were performed as previously
described (22).

Synthesis of4. The peptidyl boronate,4 (Table 1), was
synthesized by coupling (+)-pinanediol 1-amino-2-ethane-
1-boronate hydrochloride to the peptidyl moiety as described
below. The synthesis of (+)-pinanediol 1-amino-2-ethane-
1-boronate hydrochloride was conducted via a three-step
process using the procedure by Wityak et al. (33). Briefly,
ethyl boronate was reacted with (+)-pinanediol in THF
overnight to yield the (+)-pinanediol ester. The ester was
treated with LDA in cyclohexane/THF (2:1, v/v) in the
presence of CH2Cl2 at -20 °C followed immediately by the
addition of 1 M zinc chloride in THF at-20 °C. The
resulting solution was warmed to room temperature and
stirred overnight. The crude reaction mixture was purified
by silica gel chromatography using hexane/ethyl acetate (95:
5, v/v) and the desired reaction intermediate, (+)-pinanediol
1-chloro-2-ethane-1-boronate, characterized by1H and 13C
NMR (Supporting Information). The purified intermediate
was treated with 0.5 M KHMDS (in toluene) at-20 °C in
THF, followed by stirring at room temperature overnight to
yield the TMS-protected amino boronate ester. The crude
reaction mixture was concentrated to dryness and dissolved
in hexane, followed by filtration. The filtrate was treated with
4 M HCl in dioxane at-10 °C to deprotect the amino group
of the boronate ester. The boronate ester was recovered as
the HCl salt through hexane precipitation. The final product,

Table 1: Summary of Peptide-Based Substrates and Inhibitors
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(+)-pinanediol 1-amino-2-ethane-1-boronate hydrochloride
was characterized by1H and13C NMR (Supporting Informa-
tion).

The peptide dansyl-Y(t-Bu)-R(Pbf)-GI-T(t-Bu)-OH was
synthesized using Fmoc solid-phase synthesis techniques
(34), starting with H-Thr(t-Bu)-2-Cl-Trt resin (Advanced
ChemTech). The side chain protected peptide was released
from the resin using acetic acid/TFE/CH2Cl2 according to
the manufacturer’s instructions.

Finally, dansyl-Y(t-Bu)-R(Pbf)-GI-T(t-Bu)-OH was coupled
to (+)-pinanediol 1-amino-2-ethane-1-boronate hydrochloride
with EDC in THF. The amino acids were deprotected using
2.5% TIS/2.5% water/95% TFA. This was followed by
removal of the pinanediol group with excess butyl boronate
in water/diethyl ether (50:50, v/v). The desired peptidyl
boronate (4) was purified by semipreparative reverse phase
HPLC using a linear gradient from 20 to 25% acetonitrile/
water/0.1% TFA over 20 min at 4 mL/min (retention time
) 7.7 min). The predicted mass of the protonated form of4
is 927.90 Da and was verified by ESI mass spectrometry
(m/z ) 927.43).

Inhibition of Peptide Hydrolysis byS. Typhimurium Lon.
Steady-state velocity data were collected on a Fluoromax 3
spectrophotometer (Horiba Group) as previously described
for E. coli Lon (22) with the following modifications. All
reactions contained 50 mM Tris (pH 8.1), 10 mM Mg(OAc)2,
2 mM DTT, 30 nMS.Typhimurium, and varying concentra-
tions of 2 (10% fluorescent/90% nonfluorescent). After
equilibration at 37°C for 1 min, the reaction was initiated
by the addition of 1 mM ATP. Varying concentrations of

the inhibitor (MG262,3, or 4) were added 50 s after the
addition of ATP and was considered time zero for the
inhibition reaction (Figure 1A). For classical inhibitors, the
steady-state velocities were determined from the linear phase
of the reaction time courses using KaleidaGraph (Synergy,
Inc.). For time-dependent inhibitors, the steady-state veloci-
ties were determined by fitting the experimental time courses
with eq 1 (35-37) using the nonlinear regression program
Prism 4 (GraphPad Software, Inc.), with the exception of
inhibition reactions containing<500 nM4. In these reactions,
the steady-state velocities were determined from the final
linear phase of the reaction time courses using KaleidaGraph
(Synergy, Inc.).

where P is the amount of peptide cleaved or fluorescent
signal, Vss is the final steady-state rate,t is time, Vi is the
initial rate, andkinter is the rate constant for the interconver-
sion of Vss and Vi (Figure 1B). All experiments were
performed in triplicate. The use of eq 1 is allowed with tight-
binding inhibitors when the following condition is satisfied:
2[Lon] e [inhibitor] g Ki

*app (defined below) (36). All
inhibitor concentrations evaluated satisfied this condition.

Determination of the IC50 Value for3 Inhibition of Peptide
Hydrolysis by S. Typhimurium Lon.Thekobs (Vss/[Lon]) data
in the presence of 1 mM ATP, 300µM 2, and varying
concentrations of3 were fit with eq 2 to obtain an IC50 value
for the inhibitor (35).

wherekobs,i is the observed rate constant in the presence of
3, kobs is the observed rate constant in the absence of3, I is
the inhibitor, IC50 is the [I] under whichkobs,i/kobs ) 0.5, and
n is the Hill coefficient.

Determination of the Mode for Peptidyl Boronate Inhibi-
tion of Peptide Hydrolysis by S. Typhimurium Lon.The mode
of inhibition was determined by fitting thekinter data, at a
single concentration of inhibitor and varying concentrations
of 2, with eq 3 for competitive time-dependent inhibition
(35-37) using the nonlinear regression program Prism 4
(GraphPad Software, Inc.).

wherekinter is as defined in eq 1,kinter,maxis the maximal value
for kinter, S is the peptide substrate, andKm is the Michaelis-
Menton constant for the peptide substrate.

Determination of the Mechanism for Peptidyl Boronate
Inhibition of Peptide Hydrolysis by S. Typhimurium Lon.The
mechanism for inhibition was determined by fitting theVi

and Vss data, at saturating2 and varying concentrations of
inhibitor, with eq 4 or 5 (35, 37) using the nonlinear
regression program Prism 4 (GraphPad Software, Inc.). The
use of eq 4 or 5 with tight-binding inhibitors is necessary to
avoid errors due to significant changes in the concentration

FIGURE 1: Experimental setup for measuring time-dependent
inhibition of S. Typhimurium Lon peptide hydrolysis. (A) Repre-
sentative time courses forS.Typhimurium Lon peptide hydrolysis
in the absence (s) and presence (---) of a time-dependent inhibitor.
In the absence of any inhibitor, time courses of Lon peptide
hydrolysis display a lag prior to attaining steady-state turnover.
When performing inhibition assays, the inhibitor was not added
until steady-state turnover was reached and was considered time
zero. The steady-state rate in the absence of inhibitor (Vo) is
indicated. (B) Representative time course for time-dependent
inhibition of S. Typhimurium peptide hydrolysis. The initial (Vi)
and steady-state (Vss) rates are indicated as well as the rate constant
for their interconversion,kinter.

P ) Vsst +
Vi - Vss

kinter
(1 - e-kintert) (1)

kobs,i

kobs
) 1

1 + ( [I]
IC50

)n
(2)

kinter )
kinter,max

1 +
[S]
Km

(3)
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of free enzyme during the experiment (35). The kinter data,
at saturating2 and varying concentrations of inhibitor, were
also fit with eq 6 (35-37) for two-step, time-dependent
inhibition or eq 7 (35-37) for two-step, time-dependent
inhibition in whichKi . Ki

* using the nonlinear regression
program Prism 4 (GraphPad Software, Inc.).

whereVi, Vss, andkinter are as defined in eq 1,I is the inhibitor,
E is S. Typhimurium Lon monomer,Vo is the steady-state
rate in the absence of inhibitor,Ki

app is the apparent
dissociation constant for the initial Lon-inhibitor complex,
Ki

*app is the apparent dissociation constant for the final Lon-
inhibitor complex, andk6 andk5 are as defined in Scheme
1B.

Determination of the Inhibition Constants for Peptidyl
Boronate Inhibition of Peptide Hydrolysis by S. Typhimurium
Lon. Global nonlinear fitting of the averaged experimental
time courses at saturating2 and varying concentrations of
inhibitor (6 total) was performed using DynaFit (BioKin Ltd.)
(38). Differential equations were written for each species in

the two-step, time-dependent inhibition mechanism described
in Scheme 1B as well as the uninhibited reaction and the
reaction time courses fit directly. The values forKi andKi

*

were then determined using the resultant rate constants in
eq 8 and 9 (35-37), respectively, and are summarized in
Table 2.

whereKi is the dissociation constant for the initial Lon-
inhibitor complex,Ki

* is the dissociation constant for the
final Lon-inhibitor complex, andk3, k4, k5, andk6 are as
defined in Scheme 1B.

Fluorescent Detection of the Interaction Between S.
Typhimurium Lon and4. Reactions containing 50 mM Tris
(pH 8.1), 10 mM Mg(OAc)2, 2 mM DTT, 1µM 3 or 4, and
1 mM of the indicated nucleotide were initiated by the
addition of 100 nM-1 µM S.Typhimurium Lon monomer.
After incubation at 37°C for 10 min, the emission spectrum
(excitation polarizer) 0°, emission polarizer) 55°) from
500-600 nm was monitored using a Fluoromax 3 spectro-
photometer (Horiba Group) after excitation at 335 nm. All
reactions were performed in triplicate.

Fluorescent Detection of the ReVersibility of 4 Inhibition
of S. Typhimurium Lon.Reactions containing 50 mM Tris
(pH 8.1), 10 mM Mg(OAc)2, 2 mM DTT, 1 µM 4, and 1
mM ATP or AMPPNP were equilibrated at 37°C in the
absence and presence of 100 nMS. Typhimurium Lon
monomer prior to the addition of 0 or 10µM MG262 (in
DMSO). After further equilibration at 37°C for 3 h, the
emission spectrum (excitation polarizer) 0°, emission
polarizer) 55°) from 500-600 nm was monitored using a
Fluoromax 3 spectrophotometer (Horiba Group) after excita-
tion at 335 nm. All reactions were performed in triplicate.

Determination of the Half-Life for ReVersal of Inhibition.
The half-life for reversal of4 inhibition was determined using
eq 10 (35, 37).

wheret1/2 is the half-life for reversal of inhibition, andk6 is
as defined in Scheme 1B.

RESULTS

Lon Inhibition Assays. We have previously demonstrated
that MG262 (Table 1) is a potent time-dependent inhibitor
of the peptide hydrolysis activity ofS. Typhimurium Lon
(19). Analysis of time-dependent kinetics requires monitoring
the inhibition reaction using a continuous assay (36). We
previously developed a continuous fluorescent peptide hy-
drolysis assay suitable for studying the inhibition ofS.
Typhimurium Lon by MG262 (39). Both2 and the nonfluo-
rescent analogue of2 (Table 1) are hydrolyzed byS.
Typhimurium Lon with similar kinetics (19). This allows
us to use mixtures of the fluorescent and nonfluorescent
peptides at high concentrations, thereby avoiding complica-
tions due to the inner filter effect.

Table 2: Summary of Parameters for Peptidyl Boronate Inhibition
of S.Typhimurium Lon

MG262 4

k3 (× 105 M-1 s-1) 3.2( 0.3 1.0( 0.3
k4 (s-1) 0.006( 0.001 0.022( 0.007
Ki (nM) 19a 216a

k5 (s-1) 0.0025( 0.0006 0.0032( 0.0003
k6 (s-1) 0.0013( 0.0001 0.00028( 0.00002
Ki

* (nM) 6.6b 17b

a The value was determined using eq 8 as described in Materials
and Methods.b The value was determined using eq 9 as described in
Materials and Methods.

Scheme 1: Time-Dependent Inhibition Mechanisms
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Typically, time-dependent inhibition reactions are initiated
by the addition of enzyme or substrate(s) (36). Because of
the presence of an initial lag phase in the time course for
peptide hydrolysis (19, 22), the inhibitor was not added to
the reaction until after the completion of the lag phase (Figure
1A) in order to assess the effect of the inhibitor on the steady-
state rate of peptide hydrolysis. As such, the inhibition time
courses were defined by the addition of the inhibitor.

To accurately define both the initial and final phases of
inhibition (Figure 1B), the time frame over which the
inhibition reaction is monitored must be linear to avoid
complications in our data analyses due to substrate depletion
(36). To accomplish this, we used 10-fold lessS.Typhimu-
rium Lon monomer than that used in non-time-dependent
peptide hydrolysis inhibition assays. In addition, saturating
concentrations of ATP were included in all inhibition
reactions to prevent the production of significant concentra-
tions of ADP, which has been shown to inhibit the peptide
hydrolysis activity of Lon (22, 40). Even under these reaction
conditions, there are limitations in the range of inhibitor
concentrations which could be evaluated. At high concentra-
tions of the inhibitor, the lack of a significant fluorescent
signal from peptide hydrolysis prevented an accurate deter-
mination of the initial rate. At low concentrations of the
inhibitor, the final steady-state rate was not reached prior to
the end of the linear phase. Therefore, the usable concentra-
tions of inhibitors evaluated in the following studies were
experimentally determined.

The Kd for formation of a Lon oligomer has yet to be
determined. In order to avoid variations in the inhibition data
because of differences in the oligomerization state of the
enzyme, all inhibition reactions contained the same concen-
tration of Lon monomer (30 nM).

Dansyl-YRGIT-Abu-B(OH)2 (4) as an AlternatiVe Peptidyl
Boronate Inhibitor.MG262 is composed of a peptidyl moiety
and a boronate moiety. Modifications to the peptidyl moiety
have previously been used to improve the potency of peptidyl
boronate inhibitors (41, 42). To further evaluate the structure-
activity relationship between the amino acid sequence of the
peptidyl moiety and efficacy of inhibition by peptidyl
boronates, we synthesized4 (Table 1). The peptidyl boronate,
4, contains the amino acid sequence of a hydrolysis product
of 2 and a boronic acid moiety in place of the C-terminal
carboxyl group. In addition, the amino terminal of4 was
derivatized with a dansyl group to facilitate fluorescent
detection of4 interacting with Lon (see below). The peptidyl
moiety of 4 (dansyl-YRGIT-Abu,3) has a much greater
affinity for S. Typhimurium Lon than ZL3OH, as the IC50

value for inhibitingS.Typhimurium Lon peptide hydrolysis
of 2 is 89 ( 9 µM (Figure 2), which is 8-fold greater than
that previously obtained for ZL3OH (IC50 ) 740( 29 µM)
(19). As with ZL3OH, inhibition of the peptide hydrolysis
activity of Lon by3 was not time-dependent, indicating that
binding was rapid (19).

Time-Dependent Inhibition of S. Typhimurium Lon Peptide
Hydrolysis by Peptidyl Boronate Inhibitors. As with MG262,
inhibition of S. Typhimurium Lon peptide hydrolysis by4
is time-dependent (Figure 3) and requires the binding but
not hydrolysis of ATP (Supporting Information). Most time-
dependent enzyme inhibitors interact competitively with the
analogous substrate (36); therefore, we evaluated whether
the same mode of inhibition occurs with MG262 and4. This

was done by determining the rate constant associated with
the interconversion of the initial (Vi) and final steady-state
(Vss) rates,kinter, at a fixed concentration of the inhibitor
(MG262 or4) and varying concentrations of2 (Figure 1B).
The concentration of inhibitor was chosen such that bothVi

andVsscould be defined at all concentrations of2 evaluated.
As shown in Figure 4A and B, the value forkinter decreases
with increasing substrate concentration, indicating that both
MG262 and4 act as competitive inhibitors of the peptide
substrate.

We previously proposed that MG262 inhibits via a two-
step process (Scheme 1B) (19). Because the detection of the
dependency ofVi andVss on the inhibitor concentration will
provide support for this proposal (35-37), we determined
the values forVi, Vss, and kinter for S. Typhimurium Lon
hydrolysis of a fixed concentration of2 and varying
concentrations of inhibitor (MG262 and4). As shown in
Figure 5A and B, bothVi and Vss vary with increasing
concentration of MG262 or4, supporting the existence of a
two-step mechanism (Scheme 1B). Figure 6A also reveals
that thekinter data associated with MG262 inhibition ofS.
Typhimurium Lon varies hyperbolically with the concentra-
tion of MG262, further supporting a two-step inhibition
mechanism (35-37). Interestingly, thekinter data associated

FIGURE 2: Inhibition of S. Typhimurium Lon peptide hydrolysis
by 3. Reactions containing 300 nMS. Typhimurium Lon were
preincubated with 300µM 2 (Km level) prior to the addition of 1
mM ATP. After 50 s, varying concentrations of3 were added
and peptide hydrolysis monitored over 10 min. All experiments
were performed in triplicate and thekobs values (Vss/[Lon])
determined as described in Materials and Methods. The averaged
kobs in the presence of3/kobs in the absence of3 (kobs,i/kobs, ( 1
SD) were plotted against the corresponding inhibitor concen-
tration. The IC50 (89 ( 9 µM, with n ) 0.72 ( 0.08) was
determined by fitting the data to eq 2 as described in Materials
and Methods.

FIGURE 3: Time-dependent inhibition ofS. Typhimurium Lon
peptide hydrolysis by4. Representative time course forS. Typh-
imurium Lon (30 nM) degradation of 1 mM2 in the presence of 1
mM ATP and 2µM 4.

Peptidyl Boronate Inhibition of Lon Protease Biochemistry, Vol. 46, No. 22, 20076651



with 4 inhibition of S.Typhimurium Lon peptide hydrolysis
varies linearly with the concentration of4 (Figure 6B). A
linear dependence ofkinter on the concentration of inhibitor
is consistent with either a one-step inhibition mechanism
(Scheme 1A) or a two-step inhibition mechanism in which
the Ki . Ki

* (35-37). As both Vi and Vss vary with the
concentration of4 (Figure 5B), indicating a two-step
mechanism, it is plausible that the observed linear depen-
dence represents the latter case. The magnitude of the reverse
rate constant,k6 (Scheme 1B), was estimated by extrapolation
of the data to zero inhibitor, which is they-intercept shown
in the insets of Figure 6A and B. The value appears to be
greater than zero for both MG262 and4, suggesting that
peptidyl boronate inhibition is reversible. Data at higher
concentrations of4 could not be obtained because of the
lack of a significant fluorescent signal from peptide hydroly-
sis. Data at lower concentrations of4 could not be obtained
becauseVss was not obtained prior to the end of the linear
phase of the uninhibited reaction.

To further evaluate the inhibition constants associated with
peptidyl boronate inhibition ofS. Typhimurium Lon, we
globally fit the averaged experimental time courses at
saturating2 and varying concentrations of MG262 or4 to
a two-step time-dependent inhibition mechanism (Scheme
1B) using the nonlinear fitting program Dynafit (38) (Figure
7A and B). The resultant rate constants and the corresponding
inhibition constants (Ki andKi

*) are summarized in Table 2.
A nonzero value was obtained for the reverse rate constant
k6 for both MG262 and4, further supporting that peptidyl
boronate inhibition is reversible.

Characterization of the Interaction of S. Typhimurium Lon
with 4 by Fluorescence Spectroscopy.A fluorescent signal
is often influenced by its environment (43). The dansyl
moiety has been shown to undergo an increase in fluores-
cence upon binding to the more hydrophobic interior of a
protein as well as a shift in theλmax of the emission spectrum
(43). To evaluate whether the fluorescent signal from4 is
altered upon binding toS.Typhimurium Lon, we monitored
the emission spectrum (λexcitation ) 335 nm) from 1µM 4
and 1 mM ATP in the presence and absence of 100 nM and
1 µM S.Typhimurium Lon. In the presence ofS.Typhimu-
rium Lon, 4 undergoes a concentration-dependent increase
in fluorescence and a shift in theλmax of the emission
spectrum from 555 to 545 nm (Figure 8A). The emission
spectrum of control reactions containing buffer alone or
buffer with S. Typhimurium Lon showed no fluorescence
between 475 and 600 nm (data not shown). All emission
spectra were collected under so-called magic angle conditions
(excitation polarizer) 0°, emission polarizer) 55°) to avoid
interference due to scattered light.

In order to examine whether the active site serine is
required for the interaction of4 with S.Typhimurium Lon,
we generated aS. Typhimurium Lon mutant in which the
active site serine was replaced by an alanine residue (S680A
S.Typhimurium Lon). This mutant displayed both intrinsic
and peptide-stimulated ATP hydrolysis activity comparable
to that of the wild type enzyme but was unable to catalyze
peptide bond hydrolysis (Supporting Information). This
property is also observed in the analogousEscherichia coli

FIGURE 4: Peptidyl boronates are competitive inhibitors ofS.
Typhimurium Lon peptide hydrolysis. Reactions containing 30 nM
S.Typhimurium Lon were preincubated with varying concentrations
of 2 prior to the addition of 1 mM ATP. After 50 s, 300 nM MG262
(A) or 267 nM4 (B) was added and peptide hydrolysis monitored
over 40 min. All experiments were performed in triplicate and the
kinter values determined by fitting the time courses to eq 1 as
described in Materials and Methods. The averagedkinter ((1 SD)
values were plotted against the corresponding peptide-substrate
concentration. The solid line represents the best fit of the data with
eq 3 for competitive time-dependent inhibition.

FIGURE 5: Initial and final steady-state rates forS. Typhimurium
Lon peptide hydrolysis vary during inhibition by peptidyl boronates.
Reactions containing 30 nMS.Typhimurium Lon were preincubated
with 1 mM 2 prior to the addition of 1 mM ATP. After 50 s, varying
concentrations of MG262 (A) or4 (B) were added and peptide
hydrolysis monitored over 40 min. All experiments were performed
in triplicate and theVi andVssvalues determined by fitting the time
courses to eq 1 as described in Materials and Methods. The averaged
Vi (b) or Vss (O) in the presence of inhibitor/Vss in the absence of
the inhibitor (V/Vo, ( 1 SD) were plotted against the corresponding
inhibitor concentrations. The solid lines represent the best fit of
the data with eq 4 (Vi) or eq 5 (Vss) for competitive inhibition.
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Lon mutant (9). We monitored the emission spectrum from
1 µM 4 and 1 mM ATP in the absence and presence of 100
nM wild type or S680AS.Typhimurium Lon (Figure 8B).
No increase in fluorescence was observed, indicating that
the active site serine is required for interaction of4 with
Lon.

Inhibition of S. Typhimurium Lon by 4 requires the
binding but not hydrolysis of ATP (Supporting Information).
Therefore, we predict that the altered fluorescent signal from
4 interacting withS.Typhimurium Lon will still be observed
in the presence of AMPPNP, a nonhydrolyzable analogue
of ATP, but not in the absence of nucleotide. We monitored
the emission spectrum from 1µM 4 and 1µM wild type S.
Typhimurium Lon in the presence of 1 mM ATP, 1 mM
AMPPNP, or no nucleotide. Indeed, the increase in fluores-
cence and shift of theλmax to 545 nm was observed only in
the presence of 1 mM ATP or AMPPNP (Figure 8C).
Interestingly, we did not observe an increase in fluorescene
in the presence of 1 mM ADP, implying that although
hydrolysis of ATP is not necessary for inhibition, the
presence of the gamma phosphate is required.

The value of the reverse rate constant,k6, is nonzero for
both MG262 and4 (Table 2), indicating that inhibition ofS.
Typhimurium Lon by peptidyl boronates is reversible. To
further evaluate the reversibility of4 inhibition of S.
Typhimurium Lon, we preincubated 100 nMS.Typhimurium
Lon with 1 µM 4 and 1 mM ATP or AMPPNP for 30 min
prior to the addition of 10µM MG262. If inhibition by 4 is
reversible, we predict that after four half-lives for reversal

of inhibition (∼3 h), the excess MG262 will replace4 in
the active site ofS.Typhimurium Lon, leading to a loss of
the altered fluorescent signal associated withS.Typhimurium
Lon interaction with4. As shown in Figure 9, in the presence
of ATP and MG262, the increase in fluorescence associated
with S. Typhimurium Lon interaction with4 is lost. As a
control, the experiment was also performed in the absence
of MG262 (DMSO only), and the increase in fluorescence
was maintained. Similar results were obtained with AMPPNP
(data not shown).

DISCUSSION

Lon, also known as the protease La, belongs to the AAA+

superfamily (ATPases Associated with different cellular
Activities) along with other ATP-dependent proteases, such
as ClpXP, HslUV, and the proteasome (4, 5). Despite the
presence of a Ser-Lys dyad in the proteolytic active site, Lon
is relatively unreactive toward small serine protease inhibitors
such as PMSF or DIFP (20, 29-31). In the presence of ATP
or the nonhydrolyzable analogue AMPPNP, the peptide
hydrolysis activity of S. Typhimurium Lon is readily
inhibited by the peptidyl boronate, MG262 (IC50 ) 122( 9
nM) (19). These results suggest that a residue within the
proteolytic active site may require allosteric activation
induced by ATP binding. AsS.Typhimurium Lon activity
has been shown to be important for virulence in a study
model for typhoid fever in humans (2), an understanding of
the mechanism by which MG262 inhibits this enzyme will
provide insight that will benefit the design of novel thera-
peutic agents to combat salmonellosis.

In this study, we employed steady-state enzyme kinetic
techniques to investigate the mechanism by which MG262

FIGURE 6: Peptidyl boronates inhibitS. Typhimurium Lon peptide
hydrolysis via a two-step mechanism. Reactions containing 30 nM
S.Typhimurium Lon were preincubated with 1 mM2 prior to the
addition of 1 mM ATP. After 50 s, varying concentrations of
MG262 (A) or4 (B) were added and peptide hydrolysis monitored
over 40 min. All experiments were performed in triplicate and the
kinter values determined by fitting the time courses to eq 1 as
described in Materials and Methods. The averagedkinter ((1 SD)
data were plotted against the corresponding inhibitor concentration.
The solid lines represent the best fit of the data with eq 6 (A) or eq
7 (B) for competitive inhibition.

FIGURE 7: Global nonlinear fitting of the inhibition ofS. Typh-
imurium Lon peptide hydrolysis by peptidyl boronates. The
graylines represent the averaged experimental time courses at
saturating2 and varying concentrations of MG262 (A) or4 (B).
The black lines represent the best fit resulting from global nonlinear
fitting of the experimental time courses to a two-step, time-
dependent inhibition mechanism (Scheme 1B) using DynaFit
(BioKin Ltd.).
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inhibits the peptide hydrolysis activity ofS. Typhimurium
Lon. In addition, we synthesized a fluorescent peptidyl
boronate inhibitor,4 (Table 1), based upon the amino acid
sequence of a product of peptide hydrolysis by the enzyme.
We have demonstrated that4 inhibits S.Typhimurium Lon
peptide hydrolysis activity via the same two-step, time-
dependent mechanism and with comparable potency, as
MG262 (Table 2). The fluorescent dansyl moiety of4 has
also allowed us to monitor the targeted interaction of4 with
the active site serine of the enzyme.

Analysis of the time courses for time-dependent inhibition
of S.Typhimurium Lon peptide hydrolysis by MG262 and
4 has allowed us to construct a minimal kinetic model for
their mechanism of inhibition. Examination of the depen-
dence of the initial (Vi) and final steady-state (Vss) rates for
peptide hydrolysis in the presence of MG262 or4 reveal
that both are inversely dependent on the concentration of
inhibitor (Figure 5A and B). This relationship qualitatively

confirms a two-step time-dependent inhibition mechanism
(Scheme 1B) (35-37). In order to quantitatively define the
inhibition constants associated with peptidyl boronate inhibi-
tion of S.Typhimurium Lon, we utilized the nonlinear fitting
program Dynafit to globally fit the peptide hydrolysis time
courses to a two-step inhibition mechanism (Figure 7A and
B; Table 2). A two-step mechanism should also result in a
hyperbolic dependence ofkinter (the rate constant for the
interconversion ofVi andVss) on the concentration of inhibitor
(35-37). This dependence is detected with inhibition by
MG262 (Figure 6A), which has only a 3-fold difference in
Ki andKi

* (Table 2). The observation of a linear dependence
of kinter on the concentration of4, despite being a two-step
mechanism, is supported by the much larger 10-fold differ-
ence in Ki and Ki

* (Table 2). To detect the hyperbolic
dependence, the inhibitor would need to be varied over a
much larger range, which was not possible because of the
technical limitations of the assay.

The two-step, time-dependent inhibition mechanism has
been observed in peptidyl boronate inhibition of classical
serine protease inhibitors (44). The first step is rapid and
proposed to be the binding of the inhibitor and the formation
of a tetrahedral adduct. This is followed by a second slow
step in which the enzyme undergoes a reversible rearrange-
ment of the active site residues, thereby strengthening the
interaction between the enzyme and inhibitor (44). The mode
of inhibition for both MG262 and4 is competitive with
respect to the peptide substrate (Figure 4A and B), and the
presence of the peptidyl moiety is required for inhibition by
MG262 (19). Furthermore, fluorescence spectroscopic studies
reveal that the presence of the active site serine ofS.
Typhimurium Lon is required for interaction with4 (Figure
8B). Taken together, these results suggest that the binding
interaction between the peptidyl moiety of MG262 and4
serves to direct the boronate moiety to the proteolytic site
of Lon. The requirement for the active site serine suggests
that the enzyme may form a covalent adduct with this
residue. Attempts to detect the covalent adduct by both
fluorescence spectroscopy and SDS-PAGE were unsuc-
cessful (data not shown). The difficulty in detecting the
tetrahedral intermediate is presumed to be the high pKa (>10)
of the trivalent boronate, a weak Lewis acid, which would

FIGURE 8: Fluorescent detection of the interaction betweenS.
Typhimurium Lon and4. Representative emission spectra (λexcitation
) 335 nm) from reactions containing 1µM 4, 1 mM of the indicated
nucleotide, and varying concentrations ofS.Typhimurium Lon were
equilibrated at 37°C for 10 min. All reactions were performed in
triplicate. (A) Emission spectra in the presence of 0 nM (b), 100
nM (O), or 1 µM (2) S. Typhimurium Lon and 1 mM ATP. (B)
Emission spectra in the absence (b) and presence of 100 nM wild
type (O) or S680A (0) S.Typhimurium Lon and 1 mM ATP. (C)
Emission spectra in the absence ofS.Typhimurium Lon (O) or in
the presence of 1µM S.Typhimurium Lon and 1 mM ATP (b), 1
mM AMPPNP (4), 1 mM ADP ([), or no nucleotide (×).

FIGURE 9: Compound4 is a reversible inhibitor of S. Typhimurium
Lon. Reactions containing 0 or 100 nMS.Typhimurium Lon and
1 mM ATP were preincubated with 1µM 4 for 30 min at 37°C
prior to the addition of 0 or 10µM MG262 (in DMSO).
Representative emission spectra (λexcitation ) 335 nm) of reactions
after further equilibration at 37°C for 3 h are shown. All reactions
were performed in triplicate. The generation of a large concen-
tration of ADP, which does not support complex formation (Figure
8C), resulted in a decreased signal compared to that observed in
Figure 8A.
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require a strong base to stabilize the tetrahedral adduct (45).
Confirmation of a covalent adduct will therefore require
X-ray crystallographic studies with the peptidyl boronate
bound to the active site.

The Ki value for the inhibitor represents the affinity of
the inhibitor for the initial EI complex (Scheme 1B). If the
first step represented simple binding of the peptidyl boronate
to S.Typhimurium Lon, we would expect theKi values of
MG262 and4 to be comparable to that of their cognate
peptidyl moieties (ZL3OH and3, respectively). Estimation
of Ki from the IC50 values, as previously described (19),
results inKi values of 355 and 43µM for ZL3OH and3,
respectively. These are substantially higher than the true
values (Table 2) by a factor of 102-104. It is highly unlikely
that substitution of the carboxyl group by the boronate group
would lead to this large increase in affinity; thus, the first
phase of inhibition must involve at least two rapid steps.
We propose that like that of the classical serine proteases
(44), the first step describes both the binding of the inhibitor
and the formation of the putative covalent adduct. If the first
phase represented the binding of the inhibitor followed by a
noncovalent interaction such as a conformational change, we
would expect to observe an increase in fluorescence of4 in
the absence of the active site serine. However, no increase
in fluorescence is observed, even in the presence of ATP
(Figure 8B).

To account for the slow step, which results in the
observation of time-dependent inhibition, we propose a
conformational change or isomerization event such as that
observed with classical serine proteases (44), which results
in an enhanced interaction between the peptidyl boronate
and Lon. The values fork5, which correspond to conversion
from EI to EI*, are comparable for both MG262 and4 (Table
2), implying that the rearrangement of the proteolytic active
site to enhance interaction between Lon and the inhibitor is
not dependent on the inhibitor. However, the values fork6,
which correspond to the conversion of EI* back to EI, are
5-fold slower with4 (Table 2). This suggests that4, whose
peptidyl moiety mimics the product of peptide hydrolysis
by S.Typhimurium Lon, forms a more stable interaction with
the enzyme. Further modification of the peptidyl moiety in
future inhibitors may increase their overall affinity (Ki

*). The
global fitting analysis resulted in a nonzero value fork6

(Table 2), for both MG262 and4, which implies that the
inhibition is reversible. This is confirmed by the loss of the
increased fluorescent signal resulting from the interaction
of 4 with S. Typhimurium Lon when excess MG262 is
introduced into the reaction (Figure 9). The excess MG262

sequesters the freeS. Typhimurium Lon upon dissociation
of 4 from the active site.

Our previous studies highlighted a unique feature of
MG262 inhibition ofS.Typhimurium Lon peptide hydrolysis
activity, that is, it requires the binding of ATP (19).
Typically, ATP is not required for the inhibition of serine
or threonine proteases by peptidyl boronates, even those that
are physiologically ATP-dependent (44, 46, 47). We have
demonstrated that4 also requires the binding of ATP to
inhibit peptide hydrolysis byS. Typhimurium Lon (Sup-
porting Information). The dansyl moiety of4 has allowed
us to probe its interaction with the enzyme by fluorescence
spectroscopy. The interaction of4 with S.Typhimurium Lon
is observed in the presence of ATP and AMPPNP but not
in the presence of ADP or in the absence of any nucleotide
(Figure 8C). The presence of only the adenine base or the
hydrolysis of ATP is not sufficient to support inhibition by
4; the observed inhibition also requires the presence of the
gamma phosphate. These results suggest that a residue within
the proteolytic active site of Lon may require allosteric
activation induced by ATP binding. Previous studies have
confirmed the existence of a conformational change inE.
coli Lon upon binding of ATP, AMPPNP, and ADP (23).
However, this work provides evidence that the conforma-
tional change detected in the presence of ATP and AMPPNP
is different from that in the presence of ADP. Understanding
the role of ATP in facilitating the inhibition ofS.Typhimu-
rium Lon peptide hydrolysis will require further investigation
and will provide insight useful in the design of future Lon
inhibitors.

In this study, we have demonstrated that4 inhibits S.
Typhimurium Lon peptide hydrolysis activity via the same
two-step, time-dependent mechanism, and with comparable
potency, as MG262 (Table 2). The overall mechanism for
inhibition involves three steps (Scheme 2). First, the peptidyl
boronate binds toS. Typhimurium Lon to form an initial
complex (E‚I). This is followed by rapid nucleophilic attack
on the boronate by the active site serine to form a tetrahedral
intermediate (EI). Finally,S. Typhimurium Lon undergoes
an isomerization or conformational change, which enhances
the interaction between the peptidyl boronate and Lon (EI*).
The first two steps occur rapidly and are represented by the
inhibitor dissociation constantKi (Table 2). Although ATP
binding is required to detect the EI* complex, it is unclear
whether the first, second, or both steps are dependent on
ATP binding. After the slow formation of EI* complex, the
overall inhibition constant, representing all three steps, is
given byKi

* (Table 2). Further studies are currently underway

Scheme 2
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to determine whether this unique ATP-dependent inhibition
mechanism also occurs in the human homologue.

The peptidyl boronate4 will be useful as a mechanistic
probe in future studies of Lon and other serine and threonine
proteases because it contains a fluorescent dansyl moiety with
which the interaction of the enzyme and peptidyl boronate
in the absence of a peptide or protein substrate can be
monitored. Previous studies have demonstrated that peptidyl
boronates are able to diffuse into the cell and even the
mitochondria (42, 48). In fact, the proteasome inhibitor
bortezomib, a peptidyl boronate currently used in the
treatment of multiple myeloma, causes mitochondrial damage
by an unknown mechanism (48, 49). As modifications to
the peptidyl moiety have previously been used to improve
the potency of peptidyl boronate inhibitors (41, 42), this
approach may be useful in developing peptidyl boronates
that discriminate between various proteases. Thus,4 will
serve as a lead compound in the development of enzyme-
specific peptidyl boronates that will minimize cross-reactivity
with other proteases and allow each protease to be studied
independentlyin ViVo.
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