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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 entericaerovar 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 80 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 important target in the development of novel therapeutic
bacteria requires the development of novel therapeutics toagents.

treat them. Studies aimed at identifying proteins necessary Lon, also known as the protease La, is a member of the
for bacterial virulence have implicated the importance of Lon AAA* superfamily (ATPases Associated with different
proteasel, 2). PathogeniSalmonella entericare respon-  cellular Activities) along with other ATRdependent pro-
sible for causing a range of human diseases from mild teases, such as ClpXP, HslUV, and the proteasehs) (It
gastroenteritis (serovar Typhimurium and serovar Enteritidis) is a homo-oligomeric ATP-dependent serine protease that
to typhoid fever (serovar Typhi). It has been shown that functions in the degradation of damaged and certain short-
Salmonella entericaerovar Typhimurium$. Typhimurium) ~ lived regulatory proteinsé(-15). Homologues exist ubig-
Lon protease activity is required for systemic infection in Uitously in nature; however, they localize to the cytosol in
mice, a common study model fd8. Typhi infection in prokaryotes and to the _mitochondrial matrix in eukaryotes
humans 2). In fact, Lon-deficientS. Typhimurium, when (9 16, 17). Sequence alignment of the humdscherichia
administered as an oral vaccine to mice, conferred subsequerft®!l (E- col)), andS. Typhimurium Lon proteases has revealed
protection against infection by viruleBt Typhimurium @). _that t_he bacterial enzymes _shar_e greater than 99% sequence
Taken together, these studies highlight this enzyme as an|dent|ty, but only _42% identity W'.th their human hO”T"?"?g“e
(18). Not surprisingly, the peptide substrate specificity of
the bacterial and human Lon proteases differ; however, their

" This work was support by NIH grant GM067172. ATP hydrolysis activities are kinetically indistinguishable
* Corresponding author: Phone: 216-368-6001. Fax: 216-368-3006. (19).
E-mail: irene.lee@case.edu. . . . .
L Abbreviations: ATP, adenosine triphosphate; AMPPNP, adenosine 1€ mechanism by which Lon recognizes a protein
5'-(,y-imino)triphosphate; ADP, adenosine diphosphate; DTT, dithio- Substrate or utilizes the energy from ATP hydrolysis to

threitol; Abz, anthranilamide; Bz, benzoic acid amide; Abu, 2-ami- catalyze protein degradation is not well understood. Ehe

nobuytric acid; 3-N@, 3-nitro; Aloc, allyloxycarbonyl; HBTUO-ben- ; i
zotriazoleN,N,N',N'-tetramethyl-uronium-hexafluoro-phosphate; THF, coli homologue has long been used as a model for elucidating

tetrahydrofuran; LDA, lithium diisopropylamide; KHMDS, potassium ~ the molecular details of these processes. Crystallographic

bis-(trimethylsilyl) amide; TMS, trimethylsilyl; EDC, 1-ethyl-3-[3-  studies of a truncate&. coli Lon mutant have suggested

dimethylaminopropyl]carbodiimide; TFE, trifluoroethanol; TIS, triiso-  that this protease utilizes a Ser-Lys dyad to catalyze peptide

propylsilane; TFA, trifluoroacetic acid; Pbf, 2,2,4,6,7-pentamethyldihy- .

drobenzofuran-5-sulfonyl; Trt, trityl; Tris, 2-amino-2-(hydroxymethyl)- bODd hydrolysis ZO' 21). It has aIsp been shown that the .

1,3-propanediol; Mg(OAg) magnesium acetate; Fmoc, 9-fluorenyl- coli enzyme requires only the binding, but not hydrolysis,

BﬁethO;(ycarbobnyl: ?og. but?xxécg_rborggl;lPE!, pollyethy:]etﬂe:mlnéﬂ% | of ATP in order to cleave a peptide substrate, albeit at a
enzyloxycarbonyl; dansyl, 5-dimethylamino-1-naphthalenesulfonyl; il

SDS, sodium dodecyl sulfate; PMSF, phenylmethanesulfonyl fluoride; reduced rathZ). Upon ATP bl_ndlng, the enzyme undergoes

DIPF, diisopropyl fluorphosphate; DMSO, dimethylsulfoxide; Kan, & conformational change, which has been suggested to result

kanamycin; dlu, density light unit. in the productive alignment of the active site residues for
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Table 1: Summary of Peptide-Based Substrates and Inhibitors

NH NH,

NO

OH

MG262 non-fluorescent 7Z1.;-B(OH),
2 fluorescent Y (3-NO,)RGIT-Abu-SGRQK(Abz)
non-fluorescent YRGIT-Abu-SGRQK(Bz)
3 fluorescent dansyl-YRGIT-Abu
4 fluorescent dansyl-YRGIT-Abu-B(OH),
Y(3-NOy) K(Abz) K(Bz) Abu dansyl

“‘H‘

NH

peptide bond hydrolysisl, 23). Studies aimed at determin-

Mutagensis Kit (Stratagene) according to the manufacturer’s

ing a consensus sequence for Lon cleavage have met withinstructions. The plasmid pHF020lY) was used as a
little success, as amino acid residues that are not adjacent taemplate, and oligonucleotides’-6CGAAAGACGGT-

the scissile bond are important in recognitich 24—27).

CCAGCCGCCGGTATCGCGATG-3and 8- CATCGCG-

Furthermore, sequences important for recognition may or ATACCGGCGGCTGGACCGTCTTTCGG-3were used

may not be substrates for peptide bond hydroly2# 28).

as primers. The new plasmid, pHF031, was verified by DNA

Lon is unique, in that, although it is a serine protease, it sequencing.
is susceptible to both serine and cysteine protease inhibitors  Purification of Recombinant LoriRecombinant wild type

(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 &. Typh-

imurium Lon. In the current study, we employed steady-

and S680AS. Typhimurium Lon were overexpressed in
BL21 (DE3) (Novagen), using the plasmids pHF020 and
pHFO031, respectively. Each was purified as previously
published forEscherichia coli(E. coli) Lon (22) with the
exception that 3gg/mL Kan (Sigma) was used instead of
100ug/mL Amp (Fisher). The concentration of Lon mono-

state enzyme kinetic techniques to investigate the mechanismmer was determined by Bradford assay, using BSA as a

by which MG262 inhibits the peptide hydrolysis activity of

this protease. In addition, we synthesized a fluorescent

peptidyl boronate inhibitor4 (Table 1), based upon the

standard, and the purified protein stored-&30 °C.
Peptide SynthesiSynthesis of, 3, and the nonfluorescent
analogue of2 (Table 1) were performed as previously

amino acid sequence of a product of peptide hydrolysis by gescribed 22).

the enzyme. We have demonstrated that both MG2624and
inhibit S. Typhimurium Lon peptide hydrolysis activity via

Synthesis oft. The peptidyl boronate4 (Table 1), was
synthesized by couplingH)-pinanediol 1-amino-2-ethane-

the same competitive, two-step, time-dependent inhibition 17p,45nate hydrochloride to the peptidyl moiety as described
mechanism and with comparable potency. The dansyl moiety palow. The synthesis of+)-pinanediol 1-amino-2-ethane-

of 4 has also allowed us to monitor the ATP-dependent 1 _poronate hydrochloride was conducted via a three-step

interaction of4 with the active site serine of Lon.

MATERIALS AND METHODS

Materials. All oligonucleotide primers were purchased
from Integrated DNA Technologies, Inc. (Coralville, 1A).

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

process using the procedure by Wityak et 8B)( 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 ChCl, at —20 °C followed immediately by the
addition d 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, characterizedHyand 3C

ChemTech and NovaBiochem. MG262 was purchased fromNMR (Supporting Information). The purified intermediate

Biomol International, LP. Tris buffer, cell culture media,
IPTG, chromatography media, DTT, Mg(OAg)trypsin,
kanamycin, ATP, ADP, AMPPNP, dansyl chloride, DMSO,

was treated with 0.5 M KHMDS (in toluene) at20 °C in
THF, followed by stirring at room temperature overnight to
yield the TMS-protected amino boronate ester. The crude

Tween 20, and all other materials were purchased from reaction mixture was concentrated to dryness and dissolved

Fisher, Sigma, and Amresco (Solon, OH).
Plasmid ConstructionA S. Typhimurium Lon mutant

in hexane, followed by filtration. The filtrate was treated with
4 M HCl in dioxane at-10 °C to deprotect the amino group

containing an alanine residue in place of the active site serineof the boronate ester. The boronate ester was recovered as
(S680A) was created using the QuikChange Site-Directed the HCI salt through hexane precipitation. The final product,
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Ficure 1. Experimental setup for measuring time-dependent
inhibition of S. Typhimurium Lon peptide hydrolysis. (A) Repre-

sentative time courses f&. Typhimurium Lon peptide hydrolysis

in the absence-) 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 inhibitgy i§
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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 85—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.).

Ui — U,
P=yd+———(1— e

inter

(1)

where P is the amount of peptide cleaved or fluorescent
signal, vss is the final steady-state rate|s time, v is the
initial rate, andkineer is the rate constant for the interconver-
sion of vss and v (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] < [inhibitor] = K;P (defined below) 36). All
inhibitor concentrations evaluated satisfied this condition.
Determination of the Ig; Value for3 Inhibition of Peptide
Hydrolysis by S. Typhimurium Lohe kyps (vs¢[LON]) data
in the presence of 1 mM ATP, 300M 2, and varying

indicated. (B) Representative time course for time-dependent concentrations o3 were fit with eq 2 to obtain an I§5 value

inhibition of S. Typhimurium peptide hydrolysis. The initiab;j

and steady-state) rates are indicated as well as the rate constant

for their interconversionkiner.

(+)-pinanediol 1-amino-2-ethane-1-boronate hydrochloride
was characterized byd and**C NMR (Supporting Informa-
tion).

The peptide dansyl-Y{Bu)-R(Pbf)-GI-T¢{-Bu)-OH was

for the inhibitor 35).
kobs,i_ 1

Kops [\
" ()

(2)

wherekgysiis the observed rate constant in the presence of

synthesized using Fmoc solid-phase synthesis techniques3, Koos i the observed rate constant in the absencg bfs

(34), starting with H-Thr{-Bu)-2-CI-Trt resin (Advanced

the inhibitor, I1Gg is the [I] under whicHops {kobs = 0.5, and

ChemTech). The side chain protected peptide was released is the Hill coefficient.

from the resin using acetic acid/TFE/@E, according to
the manufacturer’s instructions.
Finally, dansyl-Y{-Bu)-R(Pbf)-GI-T¢-Bu)-OH was coupled

Determination of the Mode for Peptidyl Boronate Inhibi-
tion of Peptide Hydrolysis by. $yphimurium LonThe mode
of inhibition was determined by fitting thi.., data, at a

to (+)-pinanediol 1-amino-2-ethane-1-boronate hydrochloride single concentration of inhibitor and varying concentrations
with EDC in THF. The amino acids were deprotected using Of 2, with eq 3 for competitive time-dependent inhibition
2.5% TIS/2.5% water/95% TFA. This was followed by (35—37) using the nonlinear regression program Prism 4

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 of

(GraphPad Software, Inc.).

_ kinter,max

inter —  rqy
L 1S
Km

©)

is 927.90 Da and was verified by ESI mass spectrometry wherekiner is as defined in eq Kinter maxiS the maximal value

(m/z = 927.43).
Inhibition of Peptide Hydrolysis b$. Typhimurium Lon.

for Kinter, Sis the peptide substrate, alg, is the Michaelis-
Menton constant for the peptide substrate.

Steady-state velocity data were collected on a Fluoromax 3 Determination of the Mechanism for Peptidyl Boronate
spectrophotometer (Horiba Group) as previously described Inhibition of Peptide Hydrolysis by. $yphimurium LonThe

for E. coli Lon (22) with the following modifications. All
reactions contained 50 mM Tris (pH 8.1), 10 mM Mg(O4Ac)
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

mechanism for inhibition was determined by fitting the
and vss data, at saturating and varying concentrations of
inhibitor, with eq 4 or 5 85, 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
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Table 2: Summary of Parameters for Peptidyl Boronate Inhibition
of S. Typhimurium Lon

MG262 4

ks (x 1P M~1s77) 3.240.3 1.0+ 0.3

ke (579) 0.006-+ 0.001 0.022+ 0.007
Ki (nM) 19 216

ks (5°9) 0.0025:+ 0.0006 0.0032- 0.0003
ks (s72) 0.0013+0.0001  0.0002& 0.00002
Ki" (M) 6.6 17

2The value was determined using eq 8 as described in Materials
and MethodsP The value was determined using eq 9 as described in

Materials and Methods.

Scheme 1: Time-Dependent Inhibition Mechanisms
k

(A) one-step E + [ EI where K;=kylks

Ky

ks ks .
E+1 El El *
(B) two-step ky ke where K;=ky/ky and K; = keKi/(ks+ k)
%_/
K J
Y
K

of free enzyme during the experime®5f. The kiner data,
at saturatin@ and varying concentrations of inhibitor, were
also fit with eq 6 85—37) for two-step, time-dependent
inhibition or eq 7 85—37) for two-step, time-dependent
inhibition in whichK; > K;" using the nonlinear regression
program Prism 4 (GraphPad Software, Inc.).

—~=1-
Vo
((E] + [1] + KD — \/([E] + [1] + K — 4[E][1]
(4)
2[E]
USS
=1 -
Vo

([E] + [1] + K™ — /(B + [1] + K*™)? — 4[E][]

2[E]
5)
_ ksll]
kinter_ ke + Kiapp+ [|] (6)
_ [
kinter - k6 1+ Krapp (7)

whereu;, vss andkiyer are as defined in eq 1js the inhibitor,

E is S. Typhimurium Lon monomery, is the steady-state
rate in the absence of inhibitoK"P is the apparent
dissociation constant for the initial Letinhibitor complex,
K@ is the apparent dissociation constant for the final+on
inhibitor complex, andks andks are as defined in Scheme
1B.

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

Frase and Lee

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 fGrandK;"
were then determined using the resultant rate constants in
eq 8 and 9 3§5—37), respectively, and are summarized in
Table 2.

_Kk
Ki - k3 (8)
. Ki
Ki = kski_ k6 (9)

whereK; is the dissociation constant for the initial Len
inhibitor complex,K;" is the dissociation constant for the
final Lon—inhibitor complex, andks, ks, ks, and ks are as
defined in Scheme 1B.

Fluorescent Detection of the Interaction Between S
Typhimurium Lon andl. Reactions containing 50 mM Tris
(pH 8.1), 10 MM Mg(OAc), 2 mM DTT, 1uM 3 or 4, and
1 mM of the indicated nucleotide were initiated by the
addition of 100 nM-1 M S.Typhimurium Lon monomer.
After incubation at 37C for 10 min, the emission spectrum
(excitation polarize= 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 Rersibility of 4 Inhibition
of S. Typhimurium LonReactions containing 50 mM Tris
(pH 8.1), 10 mM Mg(OAc), 2 mM DTT, 1uM 4, and 1
mM ATP or AMPPNP were equilibrated at 3T in the
absence and presence of 100 r4 Typhimurium Lon
monomer prior to the addition of 0 or 1AM MG262 (in
DMSO). After further equilibration at 37C 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 Rersal of Inhibition.
The half-life for reversal oft inhibition was determined using
eq 10 @5, 37).

_In2

K
wheret,, is the half-life for reversal of inhibition, ank is
as defined in Scheme 1B.

LT (10)

RESULTS

Lon Inhibition AssaysWe have previously demonstrated
that MG262 (Table 1) is a potent time-dependent inhibitor
of the peptide hydrolysis activity 0. Typhimurium Lon
(19). Analysis of time-dependent kinetics requires monitoring
the inhibition reaction using a continuous assag)( We
previously developed a continuous fluorescent peptide hy-
drolysis assay suitable for studying the inhibition f
Typhimurium Lon by MG262 39). Both 2 and the nonfluo-
rescent analogue o2 (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.
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Typically, time-dependent inhibition reactions are initiated
by the addition of enzyme or substrate(8p) Because of
the presence of an initial lag phase in the time course for
peptide hydrolysisX9, 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

Biochemistry, Vol. 46, No. 22, 2006651
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complications in our data analyses due to substrate depletiorFiGure 2: Inhibition of S Typhimurium Lon peptide hydrolysis

(36). To accomplish this, we used 10-fold |eSsTyphimu-
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 Kq4 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)4) as an Alternatie Peptidyl
Boronate InhibitorMG262 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 inhibitors41, 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 synthesizédTable 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 #fwas
derivatized with a dansyl group to facilitate fluorescent
detection of4 interacting with Lon (see below). The peptidy!
moiety of 4 (dansyl-YRGIT-Abu,3) has a much greater
affinity for S. Typhimurium Lon than ZkOH, as the G
value for inhibitingS. Typhimurium Lon peptide hydrolysis
of 2is 89+ 9 uM (Figure 2), which is 8-fold greater than
that previously obtained for ZOH (1Cso = 740+ 29 uM)
(19). As with ZL3OH, inhibition of the peptide hydrolysis
activity of Lon by 3 was not time-dependent, indicating that
binding was rapid 19).

Time-Dependent Inhibition of $yphimurium Lon Peptide
Hydrolysis by Peptidyl Boronate InhibitarAs with MG262,
inhibition of S. Typhimurium Lon peptide hydrolysis b§
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 substrat&€); therefore, we evaluated whether
the same mode of inhibition occurs with MG262 ahd his

by 3. Reactions containing 300 n/8. Typhimurium Lon were
preincubated with 30@M 2 (K, level) prior to the addition of 1
mM ATP. After 50 s, varying concentrations 8f were added
and peptide hydrolysis monitored over 10 min. All experiments
were performed in triplicate and th&s values (sJ[Lon])
determined as described in Materials and Methods. The averaged
kobs iN the presence 0B/kyys in the absence 08 (Kops/kobs = 1

SD) were plotted against the corresponding inhibitor concen-
tration. The 1G, (89 £ 9 uM, with n = 0.72 £ 0.08) was
determined by fitting the data to eq 2 as described in Materials
and Methods.

40000+
30000+
200004

10000+

relative fluorescence

L L) L]
1200 1800 2400

time (s)
Ficure 3: Time-dependent inhibition o& Typhimurium Lon
peptide hydrolysis byl. Representative time course Bt Typh-
imurium Lon (30 nM) degradation of 1 mKin the presence of 1
mM ATP and 2uM 4.

L)
600

o <

was done by determining the rate constant associated with
the interconversion of the initial) and final steady-state
(vs9 rates, kiner, at a fixed concentration of the inhibitor
(MG262 or4) and varying concentrations &f(Figure 1B).

The concentration of inhibitor was chosen such that both
andusscould be defined at all concentrationsévaluated.

As shown in Figure 4A and B, the value fk.r 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)). Because the detection of the
dependency of; andvss on the inhibitor concentration will
provide support for this proposaB%—37), we determined
the values foru, vss and kiner for S. Typhimurium Lon
hydrolysis of a fixed concentration o2 and varying
concentrations of inhibitor (MG262 and). As shown in
Figure 5A and B, bothy; and vss vary with increasing
concentration of MG262 o, supporting the existence of a
two-step mechanism (Scheme 1B). Figure 6A also reveals
that thekiner data associated with MG262 inhibition &
Typhimurium Lon varies hyperbolically with the concentra-
tion of MG262, further supporting a two-step inhibition
mechanism35—37). Interestingly, thekiyer data associated
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Ficure 4: Peptidyl boronates are competitive inhibitors @f Ficure 5: Initial and final steady-state rates f&r Typhimurium

Typhimurium Lon peptide hydrolysis. Reactions containing 30 nM  Lon peptide hydrolysis vary during inhibition by peptidyl boronates.
S.Typhimurium Lon were preincubated with varying concentrations Reactions containing 30 nl8. Typhimurium Lon were preincubated
of 2 prior to the addition of 1 mM ATP. After 50 s, 300 nM MG262  with 1 mM 2 prior to the addition of 1 mM ATP. After 50 s, varying
(A) or 267 nM4 (B) was added and peptide hydrolysis monitored concentrations of MG262 (A) o4 (B) were added and peptide
over 40 min. All experiments were performed in triplicate and the hydrolysis monitored over 40 min. All experiments were performed
kiner Values determined by fitting the time courses to eq 1 as in triplicate and the; andvssvalues determined by fitting the time
described in Materials and Methods. The averaggd (+1 SD) courses to eq 1 as described in Materials and Methods. The averaged
values were plotted against the corresponding pepsdéstrate vi (@) or vss (O) in the presence of inhibitarls in the absence of
concentration. The solid line represents the best fit of the data with the inhibitor ¢/v,, = 1 SD) were plotted against the corresponding
eq 3 for competitive time-dependent inhibition. inhibitor concentrations. The solid lines represent the best fit of
the data with eq 4() or eq 5 {9 for competitive inhibition.
with 4 inhibition of S. Typhimurium Lon peptide hydrolysis

varies linearly with the concentration df (Figure 6B). A Characterization of the Interaction of $yphimurium Lon
linear dependence &f.r 0N the concentration of inhibitor ~ with 4 by Fluorescence Spectroscopy fluorescent signal
is consistent with either a one-step inhibition mechanism is often influenced by its environmen#3). The dansyl
(Scheme 1A) or a two-step inhibition mechanism in which moiety has been shown to undergo an increase in fluores-
the K; > K" (35—37). As both »; and vss vary with the cence upon binding to the more hydrophobic interior of a
concentration of4 (Figure 5B), indicating a two-step protein as well as a shift in thig,.x Of the emission spectrum
mechanism, it is plausible that the observed linear depen-(43). To evaluate whether the fluorescent signal frdris
dence represents the latter case. The magnitude of the reversaltered upon binding t8. Typhimurium Lon, we monitored
rate constanks (Scheme 1B), was estimated by extrapolation the emission spectrumldcitation = 335 nm) from 1uM 4
of the data to zero inhibitor, which is theintercept shown and 1 mM ATP in the presence and absence of 100 nM and
in the insets of Figure 6A and B. The value appears to be 1 uM S.Typhimurium Lon. In the presence &f Typhimu-
greater than zero for both MG262 add suggesting that  rium Lon, 4 undergoes a concentration-dependent increase
peptidyl boronate inhibition is reversible. Data at higher in fluorescence and a shift in thén.x of the emission
concentrations oft could not be obtained because of the spectrum from 555 to 545 nm (Figure 8A). The emission
lack of a significant fluorescent signal from peptide hydroly- spectrum of control reactions containing buffer alone or
sis. Data at lower concentrations4tould not be obtained  buffer with S. Typhimurium Lon showed no fluorescence
becausesss was not obtained prior to the end of the linear between 475 and 600 nm (data not shown). All emission
phase of the uninhibited reaction. spectra were collected under so-called magic angle conditions
To further evaluate the inhibition constants associated with (excitation polarizer= 0°, emission polarizer 55°) to avoid
peptidyl boronate inhibition ofs. Typhimurium Lon, we interference due to scattered light.
globally fit the averaged experimental time courses at In order to examine whether the active site serine is
saturating2 and varying concentrations of MG262 érto required for the interaction &f with S. Typhimurium Lon,
a two-step time-dependent inhibition mechanism (Schemewe generated &. Typhimurium Lon mutant in which the
1B) using the nonlinear fitting program Dynaf8§) (Figure active site serine was replaced by an alanine residue (S680A
7A and B). The resultant rate constants and the correspondingS. Typhimurium Lon). This mutant displayed both intrinsic
inhibition constantsk; andK;") are summarized in Table 2. and peptide-stimulated ATP hydrolysis activity comparable
A nonzero value was obtained for the reverse rate constantto that of the wild type enzyme but was unable to catalyze
ks for both MG262 and4, further supporting that peptidyl  peptide bond hydrolysis (Supporting Information). This
boronate inhibition is reversible. property is also observed in the analog@&stherichia coli
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FIGURE 6: Peptidyl boronates inhib& Typhimurium Lon peptide =~ FIGURE 7: Global nonlinear fitting of the inhibition o& Typh-
hydrolysis via a two-step mechanism. Reactions containing 30 nM imurium Lon peptide hydrolysis by peptidyl boronates. The
S. Typhimurium Lon were preincubated with 1 m®prior to the graylines represent the averaged experimental time courses at
addition of 1 mM ATP. After 50 s, varying concentrations of Saturating2 and varying concentrations of MG262 (A) dr(B).
MG262 (A) or4 (B) were added and peptide hydrolysis monitored The black lines represent the best fit resulting from global nonlinear
over 40 min. All experiments were performed in triplicate and the fitting of the experimental time courses to a two-step, time-
kinter Values determined by fitting the time courses to eq 1 as dependent inhibition mechanism (Scheme 1B) using DynaFit
described in Materials and Methods. The averakigg (+1 SD) (BioKin Ltd.).

data were plotted against the corresponding inhibitor concentration.

The solid lines represent the best fit of the data with eq 6 (A) or eq of inhibition (~3 h), the excess MG262 will replackin

7 (B) for competitive inhibition. the active site of5. Typhimurium Lon, leading to a loss of
the altered fluorescent signal associated Bitlyphimurium
Lon mutant ). We monitored the emission spectrum from | on interaction with4. As shown in Figure 9, in the presence
1uM 4 and 1 mM ATP in the absence and presence of 100 of ATP and MG262, the increase in fluorescence associated
nM wild type or S680AS. Typhimurium Lon (Figure 8B).  with S. Typhimurium Lon interaction witht is lost. As a
No increase in fluorescence was Observed, indicating thatcontroL the experiment was also performed in the absence
the active site serine is required for interaction4oWith of MG262 (DMSO On|y)’ and the increase in fluorescence
Lon. was maintained. Similar results were obtained with AMPPNP
Inhibition of S. Typhimurium Lon by 4 requires the  (data not shown).
binding but not hydrolysis of ATP (Supporting Information).
Therefore, we predict that the altered fluorescent signal from DISCUSSION
4 interacting withS. Typhimurium Lon will still be observed Lon, also known as the protease La, belongs to the AAA
in the presence of AMPPNP, a nonhydrolyzable analogue syperfamily (ATPases Associated with different cellular
of ATP, but not in the absence of nucleotide. We monitored Activities) along with other ATP-dependent proteases, such
the e_miss_ion spectrum fromyM 4 and 1uM wild type S. as CIpXP, HslUV, and the proteasom& B). Despite the
Typhimurium Lon in the presence of 1 mM ATP, 1 mM  presence of a Ser-Lys dyad in the proteolytic active site, Lon
AMPPNP, or no nucleotide. Indeed, the increase in fluores- js ye|atively unreactive toward small serine protease inhibitors
cence and shift of thémaxto 545 nm was observed only in  g,ch as PMSF or DIFR20, 29—31). In the presence of ATP
the presence of 1 mM ATP or AMPPNP (Figure 8C). or the nonhydrolyzable analogue AMPPNP, the peptide
Interestingly, we did not observe an increase in ﬂuorescenehydrmysiS activity of S. Typhimurium Lon is readily
in the presence of 1 mM ADP, implying that although jnhipited by the peptidyl boronate, MG262 ¢G= 1224 9
hydrolysis of ATP is not necessary for inhibition, the nnp) (19). These results suggest that a residue within the
presence of the gamma phosphate is required. proteolytic active site may require allosteric activation
The value of the reverse rate constdgt,is nonzero for induced by ATP binding. AS. Typhimurium Lon activity
both MG262 andt (Table 2), indicating that inhibition d. has been shown to be important for virulence in a study
Typhimurium Lon by peptidyl boronates is reversible. To model for typhoid fever in humang), an understanding of
further evaluate the reversibility oft inhibition of S. the mechanism by which MG262 inhibits this enzyme will
Typhimurium Lon, we preincubated 100 nMTyphimurium provide insight that will benefit the design of novel thera-
Lon with 1 uM 4 and 1 mM ATP or AMPPNP for 30 min  peutic agents to combat salmonellosis.
prior to the addition of 1&M MG262. If inhibition by 4 is In this study, we employed steady-state enzyme kinetic
reversible, we predict that after four half-lives for reversal techniques to investigate the mechanism by which MG262
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Ficure 8: Fluorescent detection of the interaction betwen
Typhimurium Lon and!. Representative emission specttadiation
= 335 nm) from reactions containing 4, 1 mM of the indicated
nucleotide, and varying concentrationsofryphimurium Lon were
equilibrated at 37C for 10 min. All reactions were performed in
triplicate. (A) Emission spectra in the presence of O r@J, (100
nM (O), or 1 uM (A) S. Typhimurium Lon and 1 mM ATP. (B)
Emission spectra in the absen®) @nd presence of 100 nM wild
type ©) or S680A () S. Typhimurium Lon and 1 mM ATP. (C)
Emission spectra in the absenceSofTyphimurium Lon Q) or in
the presence of AM S.Typhimurium Lon and 1 mM ATP@®), 1
mM AMPPNP @), 1 mM ADP (®), or no nucleotide X).

inhibits the peptide hydrolysis activity &. Typhimurium

L] L) L) L]
500 520 540 560 580 600

wavelength (nm)

Frase and Lee

relative fluorescence

3500 T T T 1
500 525 550 575 600

wavelength (nm)

FIGUReE 9: Compoundtis a reversible inhibitor of S. Typhimurium
Lon. Reactions containing 0 or 100 n$1 Typhimurium Lon and

1 mM ATP were preincubated with AM 4 for 30 min at 37°C

prior to the addition of 0 or 10uM MG262 (in DMSO).
Representative emission specttafiation= 335 nm) of reactions
after further equilibration at 37C 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.

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 & (the rate constant for the
interconversion of; andusg 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
K; andK;" (Table 2). The observation of a linear dependence
of kinter ON the concentration of, despite being a two-step
mechanism, is supported by the much larger 10-fold differ-
ence inK; and K" (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 inhibitorgl4). 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

Lon. In addition, we synthesized a fluorescent peptidyl interaction between the enzyme and inhibi#$)( The mode
boronate inhibitor4 (Table 1), based upon the amino acid of inhibition for both MG262 and is competitive with
sequence of a product of peptide hydrolysis by the enzyme.respect to the peptide substrate (Figure 4A and B), and the

We have demonstrated théinhibits S. Typhimurium Lon

presence of the peptidyl moiety is required for inhibition by

peptide hydrolysis activity via the same two-step, time- MG262 (19). Furthermore, fluorescence spectroscopic studies
dependent mechanism and with comparable potency, asreveal that the presence of the active site serineSof

MG262 (Table 2). The fluorescent dansyl moiety4ohas
also allowed us to monitor the targeted interactiod afith

the active site

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 ;) and final steady-state/d) rates for
peptide hydrolysis in the presence of MG2624%reveal

serine of the enzyme.

Typhimurium Lon is required for interaction with(Figure

8B). Taken together, these results suggest that the binding
interaction between the peptidyl moiety of MG262 ahd
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 SEFAGE were unsuc-
cessful (data not shown). The difficulty in detecting the

that both are inversely dependent on the concentration oftetrahedral intermediate is presumed to be the high{p10)
inhibitor (Figure 5A and B). This relationship qualitatively of the trivalent boronate, a weak Lewis acid, which would
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require a strong base to stabilize the tetrahedral add6yt (
Confirmation of a covalent adduct will therefore require
X-ray crystallographic studies with the peptidyl boronate
bound to the active site.

The K; value for the inhibitor represents the affinity of
the inhibitor for the initial EI complex (Scheme 1B). If the

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

Our previous studies highlighted a unique feature of
MG262 inhibition of S. Typhimurium Lon peptide hydrolysis
activity, that is, it requires the binding of ATP19).
Typically, ATP is not required for the inhibition of serine

first step represented simple binding of the peptidyl boronate or threonine proteases by peptidyl boronates, even those that

to S. Typhimurium Lon, we would expect thi€; values of
MG262 and4 to be comparable to that of their cognhate
peptidyl moieties (ZEOH and3, respectively). Estimation
of K;j from the IGy values, as previously described9),
results inK; values of 355 and 4&M for ZL3;OH and3,

are physiologically ATP-dependem4, 46, 47). We have
demonstrated tha4 also requires the binding of ATP to
inhibit peptide hydrolysis bys. Typhimurium Lon (Sup-
porting Information). The dansyl moiety d@f has allowed

us to probe its interaction with the enzyme by fluorescence

respectively. These are substantially higher than the truespectroscopy. The interaction 4fvith S. Typhimurium Lon

values (Table 2) by a factor of 2010 It is highly unlikely

is observed in the presence of ATP and AMPPNP but not

that substitution of the carboxyl group by the boronate group in the presence of ADP or in the absence of any nucleotide
would lead to this large increase in affinity; thus, the first (Figure 8C). The presence of only the adenine base or the
phase of inhibition must involve at least two rapid steps. hydrolysis of ATP is not sufficient to support inhibition by
We propose that like that of the classical serine proteases4; the observed inhibition also requires the presence of the
(44), the first step describes both the binding of the inhibitor gamma phosphate. These results suggest that a residue within
and the formation of the putative covalent adduct. If the first the proteolytic active site of Lon may require allosteric

phase represented the binding of the inhibitor followed by a activation induced by ATP binding. Previous studies have
noncovalent interaction such as a conformational change, weconfirmed the existence of a conformational chang&in

would expect to observe an increase in fluorescenckiof

coli Lon upon binding of ATP, AMPPNP, and ADRJ).

the absence of the active site serine. However, no increaseéHowever, this work provides evidence that the conforma-
in fluorescence is observed, even in the presence of ATPtional change detected in the presence of ATP and AMPPNP

(Figure 8B).
To account for the slow step, which results in the

is different from that in the presence of ADP. Understanding
the role of ATP in facilitating the inhibition 08. Typhimu-

observation of time-dependent inhibition, we propose a fium Lpn pep;ide'herolysis WiII.require fur‘.[herinvestigation
conformational change or isomerization event such as thatand will provide insight useful in the design of future Lon

observed with classical serine protease$,(which results

in an enhanced interaction between the peptidyl boronate

and Lon. The values fdg, which correspond to conversion
from El to EI', are comparable for both MG262 aATable

inhibitors.

In this study, we have demonstrated tHainhibits S.
Typhimurium Lon peptide hydrolysis activity via the same
two-step, time-dependent mechanism, and with comparable

2), implying that the rearrangement of the proteolytic active potency, as MG262 (Table 2). The overall mechanism for
site to enhance interaction between Lon and the inhibitor is inhibition involves three steps (Scheme 2). First, the peptidyl

not dependent on the inhibitor. However, the valueskfor
which correspond to the conversion of Black to El, are
5-fold slower with4 (Table 2). This suggests thétwhose
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 affinitg;{). The
global fitting analysis resulted in a nonzero value fgr
(Table 2), for both MG262 and, which implies that the
inhibition is reversible. This is confirmed by the loss of the

boronate binds t&. Typhimurium Lon to form an initial
complex (El). This is followed by rapid nucleophilic attack

on the boronate by the active site serine to form a tetrahedral
intermediate (El). FinallyS. Typhimurium Lon undergoes

an isomerization or conformational change, which enhances
the interaction between the peptidyl boronate and Loi)(El
The first two steps occur rapidly and are represented by the
inhibitor dissociation constan€; (Table 2). Although ATP
binding is required to detect the 'Btomplex, it is unclear
whether the first, second, or both steps are dependent on

increased fluorescent signal resulting from the interaction ATP binding. After the slow formation of Eicomplex, the

of 4 with S. Typhimurium Lon when excess MG262 is

overall inhibition constant, representing all three steps, is

introduced into the reaction (Figure 9). The excess MG262 given byK;" (Table 2). Further studies are currently underway
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to determine whether this unique ATP-dependent inhibition 9.

mechanism also occurs in the human homologue.

The peptidyl boronatd 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 |5
monitored. Previous studies have demonstrated that peptidy!
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 mechanisndg 49). As modifications to
the peptidyl moiety have previously been used to improve
the potency of peptidyl boronate inhibitord1( 42), this
approach may be useful in developing peptidyl boronates
that discriminate between various proteases. THuwjll
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 17.
independentlyin vivo.

10.

13.

14.

15.

1

ACKNOWLEDGMENT 18.
We thank Xuemei Zhang, Jason Hudak, Edward Motea,
and Jessica Ward for aid in NMR and mass spectral analysis.
We also thank Donald S. Matteson for suggestions re-
garding the synthesis of peptidyl boronates. Finally, we
greatly appreciate the help from Jennifer Fishovitz, Diana
Vineyard, Jessica Ward, and Tony Berdis in preparing this

manuscript.

19.

20.

SUPPORTING INFORMATION AVAILABLE 21.

Details of the ATP dependence of inhibition, steady-state
kinetic characterization of the S680&\ Typhimurium Lon
mutant, and NMR data. This material is available free of
charge via the Internet at http://pubs.acs.org.

22.

REFERENCES 23.

1. Robertson, G. T., Kovach, M. E., Allen, C. A, Ficht, T. A., and
Roop, R. M., 1. (2000) Thaérucella abortus_on functions as a
generalized stress response protease and is required for wild-type 24.
virulence in BALB/c mice Mol. Microbiol. 35 577-588.

. Takaya, A., Suzuki, M., Matsui, H., Tomoyasu, T., Sashinami,
H., Nakane, A., and Yamamoto, T. (2003) Lon, a stress-induced
ATP-dependent protease, is critically important for systemic
Salmonella entericaerovar typhimurium infection of micéfect.
Immun. 71 690-696.

. Matsui, H., Suzuki, M., Isshiki, Y., Kodama, C., Eguchi, M.,
Kikuchi, Y., Motokawa, K., Takaya, A., Tomoyasu, T., and
Yamamoto, T. (2003) Oral immunization with ATP-dependent
protease-deficient mutants protects mice against subsequent oral
challenge with virulenSalmonella entericaerovar typhimurium,
Infect. Immun. 7130—39.

. Dougan, D. A., Mogk, A., Zeth, K., Turgay, K., and Bukau, B.
(2002) AAA+ proteins and substrate recognition, it all depends
on their partner in crime-EBS Lett. 5296—10.

. Patel, S., and Latterich, M. (1998) The AAA team: related
ATPases with diverse function$rends Cell Biol. 865—71.

. Charette, M. F., Henderson, G. W., Doane, L. L., and Markovitz,
A. (1984) DNA-stimulated ATPase activity on the lon (CapR)
protein,J. Bacteriol. 158 195-201.

. Chung, C. H., and Goldberg, A. L. (1981) The product of the lon
(capR) gene irEscherichia coliis the ATP-dependent protease,
protease LaProc. Natl. Acad. Sci. U.S.A. 78931-4935.

. Goff, S. A., and Goldberg, A. L. (1985) Production of abnormal
proteins inE. coli stimulates transcription of lon and other heat
shock genesCell 41, 587—595.

25.

26.

27.

28.

29.

30.

Frase and Lee

Goldberg, A. L., Moerschell, R. P., Chung, C. H., and Maurizi,
M. R. (1994) ATP-dependent protease La (lon) frBstherichia

coli, Methods Enzymol. 24850-375.

Goldberg, A. L., and Waxman, L. (1985) The role of ATP
hydrolysis in the breakdown of proteins and peptides by protease
La from Escherichia coli J. Biol. Chem. 26012029-12034.

11. Gottesman, S. (1996) Proteases and their targeEscherichia

coli, Annu. Re. Genet. 30465-506.

Gottesman, S., Gottesman, M., Shaw, J. E., and Pearson, M. L.
(1981) Protein degradation ik. coli. the lon mutation and
bacteriophage lambda N and cll protein stabilBell 24, 225—
233.

Gottesman, S., and Maurizi, M. R. (1992) Regulation by pro-
teolysis: energy-dependent proteases and their talgetsbiol.

Rev. 56, 592-621.

Maurizi, M. R. (1992) Proteases and protein degradation in
Escherichia coli Experientia 48 178-201.

Schoemaker, J. M., Gayda, R. C., and Markovitz, A. (1984)
Regulation of cell division inEscherichia coli SOS induction
and cellular location of the sulA protein, a key to lon-associated
filamentation and death]. Bacteriol. 158 551-561.

6. Suzuki, C. K., Kutejova, E., and Suda, K. (1995) Analysis and

purification of ATP-dependent mitochondrial lon protease of
Saccharomyces cearnsiae, Methods Enzymol. 26@86-494.
Wang, N., Maurizi, M. R., Emmert-Buck, L., and Gottesman, M.
M. (1994) Synthesis, processing, and localization of human Lon
protease,). Biol. Chem. 26929308-29313.

Huang, X., and Miller, W. (1991) A time-efficient, linear-space
local similarity algorithm Advances in Applied Mathematics 12
337-357.

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

Botos, I., Melnikov, E. E., Cherry, S., Khalatova, A. G., Rasulova,
F. S., Tropea, J. E., Maurizi, M. R., Rotanova, T. V., Gustchina,
A., and Wlodawer, A. (2004) Crystal structure of the AAAlpha
domain ofE. coli Lon protease at 1.9A resolutiod, Struct. Biol.
146, 113-122.

Lowe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W., and
Huber, R. (1995) Crystal structure of the 20S proteasome from
the archaeorT. acidophilumat 3.4 A resolution Science 268
533-539.

Thomas-Wohlever, J., and Lee, I. (2002) Kinetic characterization
of the peptidase activity oEscherichia coliLon reveals the
mechanistic similarities in ATP-dependent hydrolysis of peptide
and protein substrateBjochemistry 419418-9425.

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

Gonzalez, M., Frank, E. G., Levine, A. S., and Woodgate, R.
(1998) Lon-mediated proteolysis of th&scherichia coli
UmuD mutagenesis protein: in vitro degradation and identifi-
cation of residues required for proteolysi&enes De. 12, 3889-
3899.

Maurizi, M. R. (1987) Degradation in vitro of bacteriophage
lambda N protein by Lon protease frdgscherichia coliJ. Biol.
Chem. 2622696-2703.

Van Melderen, L., Thi, M. H., Lecchi, P., Gottesman, S., Couturier,
M., and Maurizi, M. R. (1996) ATP-dependent degradation of
CcdA by Lon protease. Effects of secondary structure and
heterologous subunit interaction, Biol. Chem. 27127730~
27738.

Nishii, W., Maruyama, T., Matsuoka, R., Muramatsu, T., and
Takahashi, K. (2002) The unique sites in SulA protein preferen-
tially cleaved by ATP-dependent Lon protease frestherichia
coli, Eur. J. Biochem. 269%451-457.

Higashitani, A., Ishii, Y., Kato, Y., and Koriuchi, K. (1997)
Functional dissection of a cell-division inhibitor, SulA, &bs-
cherichia coliand its negative regulation by LoMol. Gen. Genet.
254, 351-357.

Bota, D. A., and Davies, K. J. (2002) Lon protease preferentially
degrades oxidized mitochondrial aconitase by an ATP-stimulated
mechanismNat. Cell Biol. 4 674-680.

Waxman, L., and Goldberg, A. L. (1982) Protease La from
Escherichia colhydrolyzes ATP and proteins in a linked fashion,
Proc. Natl. Acad. Sci. U.S.A. 78883-4887.



Peptidyl Boronate Inhibition of Lon Protease

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Waxman, L., and Goldberg, A. L. (1985) Protease La, the lon
gene product, cleaves specific fluorogenic peptides in an ATP-
dependent reactiod, Biol. Chem. 26012022-12028.

Kisselev, A. F., and Goldberg, A. L. (2001) Proteasome inhibi-
tors: from research tools to drug candidatesem. Biol. 8739

758.

Wityak, J., Earl, R. A., Abelman, M. M., Bethel, Y. B., Fisher,
B. N., Kauffman, G. S., Kettner, C. A., Ma, P., Mcmillan, J. L.,
Mersinger, L. J., Pesti, J., Pierce, M. E., Rankin, F. W., Chorvat,
R. J., and Confalone, P. N. (1995) Synthesis of thrombin inhibitor
Dup-714,J. Org. Chem. 603717-3722.

Wellings, D. A., and Atherton, E. (1997) Standard Fmoc protocols,
Methods Enzymol. 28%4—67.

Copeland, R. A. (2000enzymes: A Practical Introduction to
Structure, Mechanism, and Data Analysknd ed., John Wiley

& Sons, Inc., New York. 6

42.

43.

44,

45,

Biochemistry, Vol. 46, No. 22, 2006657

proteasome: dipeptidyl boronic acidioorg. Med. Chem. Lett.

8, 333-338.

Adams, J., Palombella, V. J., Sausville, E. A., Johnson, J., Destree,
A., Lazarus, D. D., Maas, J., Pien, C. S., Prakash, S., and Elliott,
P. J. (1999) Proteasome inhibitors: a novel class of potent and
effective antitumor agent§&ancer Res. 592615-2622.

Lakowicz, J. R. (1999 rinciples of Fluorescence Spectroscppy
2nd ed., Plenum Press, New York.

Kettner, C. A., and Shenvi, A. B. (1984) Inhibition of the serine
proteases leukocyte elastase, pancreatic elastase, cathepsin G, and
chymotrypsin by peptide boronic acidg, Biol. Chem. 259
15106-15114.

Hall, D. G. (2005Boronic Acids: Preparation and Applications

in Organic Synthesis and Medicinést ed., Wiley-VCH, New
York.

46. Katz, B. A., Finer-Moore, J., Mortezaei, R., Rich, D. H., and

Morrison, J. F., and Walsh, C. T. (1988) The behavior and
significance of slow-binding enzyme inhibitor8dy. Enzymol.
Relat. Areas Mol. Biol. 61201—301.

Copeland, R. A. (2009 valuation of Enzyme Inhibitors in Drug
Discavery: A Guide for Medicinal Chemists and Pharmacologists
John Wiley & Sons, Inc., Hoboken, NJ.

Kuzmic, P. (1996) Program DYNAFIT for the analysis of enzyme
kinetic data: application to HIV proteinas&nal. Biochem. 237
260-273. )

47.

Stroud, R. M. (1995) Episelection: novel Ki approximately
nanomolar inhibitors of serine proteases selected by binding
or chemistry on an enzyme surfadg@iochemistry 34 8264—
8280.

Groll, M., Berkers, C. R., Ploegh, H. L., and Ovaa, H. (2006)
Crystal structure of the boronic acid-based proteasome inhibitor
bortezomib in complex with the yeast 20S proteaso&trjcture

14, 451-456.

48. Pei, X. Y., Dai, Y., and Grant, S. (2003) The proteasome inhibitor

Lee, |, and Berdis, A. J. (2001) Adenosine triphosphate-dependent
degradation of a fluorescent lambda N substrate mimic by Lon
proteaseAnal. Biochem. 29174—83.

Menon, A. S., and Goldberg, A. L. (1987) Protein substrates
activate the ATP-dependent protease La by promoting nucleotide
binding and release of bound ADP, Biol. Chem. 26214929~
14934.

Adams, J., Behnke, M., Chen, S., Cruickshank, A. A., Dick, L.
R., Grenier, L., Klunder, J. M., Ma, Y. T., Plamondon, L., and
Stein, R. L. (1998) Potent and selective inhibitors of the

N

bortezomib promotes mitochondrial injury and apoptosis induced
by the small molecule Bcl-2 inhibitor HA14-1 in multiple
myeloma cellsLeukemia 172036-2045.

9. Ling, Y. H., Liebes, L., Zou, Y., and Perez-Soler, R. (2003)

Reactive oxygen species generation and mitochondrial dysfunction
in the apoptotic response to bortezomib, a novel proteasome
inhibitor, in human H460 non-small cell lung cancer cellsBiol.
Chem. 27833714-33723.

BI7002789



