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ABSTRACT. Lon is a homo-oligomeric ATP-dependent serine protease which functions in the degradation
of damaged and certain regulatory proteins. The importance of Lon activity in bacterial pathogenicity has
led to its emergence as a target in the development of novel antibiotics. As no potent inhibitors of Lon
activity have been reported to date, we sought to identify an inhibitor which could serve as a lead compound
in the development of a potent Lon-specific inhibitor. To determine whether a nucleotide- or peptide-
based inhibitor would be more effective, we evaluated the steady-state kinetic parameters associated with
both ATP and peptide hydrolysis by human &wamonella entericaerovar Typhimurium Lon. Although

the ATP hydrolysis activities of both homologues are kinetically indistinguishable, they display marked
differences in peptide substrate specificity. This suggests that a peptide-based inhibitor could be developed
which would target bacterial Lon, thereby decreasing side-effects due to cross-reactivity with human Lon.
Using Salmonella entericaerovar Typhimurium Lon as a model, we evaluated thg V&@lues of a series

of commercially available peptide-based inhibitors. Those inhibitors which behave as transition state
analogues were the most useful in inhibiting Lon activity. The peptidyl boronate, MG262, was the most
potent inhibitor tested (1§ = 122+ 9 nM) and required binding, but not hydrolysis, of ATP to initiate
inhibition. We hope to use MG262 as a lead compound in the development of future Lon-specific inhibitors.

The number of pathogenic, antibiotic-resistant bacteria 42% identity with their human homologué?). In fact the
increases each year; however, the development of newE. coliandS.Typhimurium Lon proteases differ in only three
antibiotics to treat them lags behint).(Recent studies aimed amino acids, none of which occur within the functional
at identifying proteins necessary for virulence have impli- domains of the enzyme, indicating the two may function
cated the importance of Lon proteasg 8). Pathogenic comparably. This is supported by the fact that Lon-deficient
Salmonella entericare responsible for causing a range of E. coli and S. Typhimurium are indistinguishable in their
human diseases from mild gastroenteritis (serovar Typhimu-increased sensitivity to UV light and other DNA damaging
rium and serovar Enteritidis) to typhoid fever (serovar agents, as well as their decreased ability to degrade abnormal
Typhi). It has been demonstrated tt&dlmonella enterica  proteins (1, 18—23).

serovar Typhimurium&. Typhimurium) Lon protease activ- Lon protease is a member of the AAAsuperfamily
ity is required for systemic infection in mice, a common study (ATPasesAssociated with different cellulactivities) along
model for S. Typhi infection in humansd). In fact, Lon-  with other ATP-dependent proteases such as CIpXP, HslUV,
deficient S. Typhimurium, when administered as an oral and the proteasome?4, 25). These proteins all share a
vaccine to mice, conferred subsequent protection againstcommon ATPase domain consisting of the Walker A and B
infection by virulentS. Typhimurium @). Taken together,  motifs. Both Lon and HslUV, the bacterial homologue of
these studies highlight Lon as an important target in the the proteasome, undergo a conformational change upon ATP
development of novel therapeutic agents. binding 26, 27). Crystallographic studies of a truncated Lon
Lon, also known as the protease La, is a homo-oligomeric mutant have suggested that Lon utilizes a-Sers dyad to
ATP-dependent serine protease, which functions in the catalyze proteolysis, similar to the FhN terminal amino
degradation of damaged and certain short-lived regulatory group dyad used by the proteason2g, (29). Furthermore,
proteins —14). Homologues exist ubiquitously in nature; both Lon and the proteasome are susceptible to serine
however, they localize to the cytosol in prokaryotes and to protease, as well as cysteine protease inhibit86s-83).
the mitochondrial matrix in eukaryotes, (L5, 16). Sequence  As such, we hypothesize that approaches useful in developing
alignment of the humargscherichia coli(E. coli), andS. inhibitors of proteasome activity may also be useful in
Typhimurium Lon proteases has revealed that the bacterialdeveloping inhibitors of bacterial Lon activity.
enzymes share greater than 99% sequence identity, but only - Ajthough both nucleotide- and peptide-based inhibitors of
Lon protease have been evaluatd@<32), none are highly
" This work was supported by the NIH Grant GM067172. J.H. is potent or specific. Also, no detailed quantitative analysis has
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potent Lon-specific inhibitor. We evaluated the steady-state Lon cleavage site
kinetic parameters associated with both ATP and peptide
hydrolysis by human an&. Typhimurium Lon. Although Y(3-NO,)-RGITXSGRQ-K(Abz)
the ATP hydrolysis activities of both homologues are _— —
kinetically indistinguishable, they display differences in their S
substrate specificity. This suggests that a peptide-based CHe ¢Ha
inhibitor could be designed which would target bacterial g:z
Lon, thereby decreasing side-effects due to cross-reactivity NO éHz

. . . . 2 2
with human Lon. UsingS. Typhimurium Lon as a model, OH "“HNH
we evaluated the 1§ values of a series of commercially o 2
available peptide-based proteasome inhibitors. We have Yil
identified the peptidyl boronate, MG262, as a potent ATP-
dependent inhibitor o&. Typhimurium Lon activity (IGo
=122+ 9 nM). 1 X=Cys

2 X=Abu (-CH,CHs)

MATERIALS AND METHODS .
Ficure 1: Substrates for continuous fluorescent measurement of
Materials. All oligonucleotide primers were purchased Lon peptide cleavage. Upon Lon cleavage between X and S, an
from Integrated DNA Technologies, Inc. (Coralville, IA). increase in fluorescence is observed as the fluorphore, K(Abz)

. . (lysine anthranilamide), and quencher, Y(3-N(B-nitrotyrosine),
All cloning reagents were purchased from Promega (Madi- go55ate . In the nonfluorescent analogues, the Y(3-NG@eplaced

son, WI), New England BioLabs, Inc. (Ipswich, MA), by Y and the K(Abz) is replaced by K(Bz) (lysine benzoic acid
Invitrogen (Carlsbad, CA), and USB Corporation (Cleveland, amide).

OH). Fmoc-protectéldamino acids, Boc-2-Abz-OH, Fmoc-
Lys(Aloc)-Wang resin, Fmoc-Leu-Wang resin, Z-Leu-OSu,
and HBTU were purchased from Advanced ChemTech and
NovaBiochem. MG262, epoxomicin, and ALS were
purchased from Biomol International, LP. MG132 was
purchased from BostonBiochem. Tris buffer, cell culture
media, IPTG, chromatography media, DTT, Mg(OAc)
trypsin, kanamycin, ATP, AMPPNP, ethylboronic acid,
isopropylboronic acid, DMSO, SDS, and EDTA were
purchased from Fisher, Sigma, and Amresco (Solon, OH).

Plasmid ConstructioriThe S. Typhimurium Lon gene was
amplified from genomic DNA (a gift from D. Kehres in M.
Maguire’s lab at Case Western Reserve University School
of Medicine) using the oligonucleotides'-BAATAC-
CCATGGGGAATCCTGAGCGTTCTGAA-3and 3-AAAC-
CCAAGCTTCTACTATTTGCGGTTACAACCT-3 The re-
sultant PCR product was cloned into the Ncol and Hindlll
sites of pET24d{) (Novagen) to create the plasmid pHF020.
The NdeFBamHI fragment from proEx-1/hLon3@) was
cloned into pET24ct) (Novagen) to create the plasmid
pHF002. Both plasmids express the mature wild-type en-
zymes without any exogenous tags and were verified by
DNA sequencing. Ou§. Typhmurium Lon gene harbors a
naturally occurring conservative mutation, V378I, which does
not occur within the functional domains.

Purification of Recombinant LorRecombinans. Typh-
imurium Lon was overexpressed in BL21 (DE3) (Novagen),
using the plasmid pHF020, and purified as previously

published forE. coli Lon (35) with the exception that 30
ug/mL Kan (Sigma) was used instead of 10¢/mL Amp
(Fisher). Recombinant human Lon was overexpressed in
Rosetta (DE3) (Novagen), using the plasmid pHF002, and
purified as described previoush3®) with the following
modifications. Following fractionation on a P11 column, the
human Lon-containing fractions were pooled and precipitated
using saturated ammonium sulfate. The precipitate was
recovered by centrifugation and resuspended in Solution A
(36), containing 2 mM DTT instead of 2 mM-mercapto-
ethanol, and fractionated on a Superose 6 (Pharmacia) gel
filtration column equilibrated in the same buffer. The
concentration of Lon monomer was determined by Bradford
assay, using BSA as a standard, and the purified protein was
stored at—80°C.

Peptide SynthesisSynthesis ofl, 2, ZL;OH, and the
corresponding nonfluorescent analogued ahd2 (Figure
1) were performed as previously describ&8)(

Continuous Steady-State Peptide Hydrolysis AsSeady-
state velocity data were collected on a Fluoromax 3 spec-
trophotometer (Horiba Group) as previously described for
E. coli Lon (35 with the following modifications. All
reactions contained 50 mM Tris (pH 8.1), 10 mM Mg(OAcC)

2 mM DTT, 150 mM NaCl (human Lon reactions only),
125-200 nM S. Typhimurium Lon monomer or 900 nM
human Lon monomer, and varying concentrations of the
peptide substrate (from 0 to 3.5 mM). At peptide concentra-
tions between 10Q«M and 1 mM, a mixture of 10%

5 1AbDFQViatiQniiosATh%tgfﬂifgisin:dtgﬁggii%hgiteéégﬂﬁzt’\elﬁ %(tjggosme fluorescent peptide and 90% of the corresponding nonflu-
siu(rﬁ%rllrggp])%é;g DT'FI)', ditﬁiothre’itol; Abz, anthrgnila%ide;hgﬁ, benzoic OTsce'f‘t anaIOgue. was used to .aVOId the inner filter effect.
acid amide; Abu, 2-aminobuytric acid; 3-NGB-nitro; Aloc, allyloxy- Likewise, at peptide concentrations greater than 1 mM, a
carbonyl; OSuN-hydroxysuccinimide ester; HBTWD-benzotriazole- mixture of 1% fluorescent peptide and 99% of the corre-
Qﬂg’ﬁg?‘é}fé?”}?}?y'i”;%r}irﬁ‘oméh&"%flﬂir%%?ﬁsf)’hf“ge; ?Oszvn%g}glth;a“e sponding nonfluorescent analogue was used to avoid the
(OAC),, magn’esiun’q acetate; Fmo)::, 9-ﬂ>:Joren§//Iméthgxyf:)arbonyl;‘ Bc?c, 'nner_f'lter effe_cF._After equ'l'brat'o_n_ at 3T for 1 min, the
butoxycarbonyl; PEI, polyethyleneimine; X-benzyloxycarbonyl; Z- reaction was initiated by the addition of 1 mM ATP. The
\Z/E,Cl)\l:{-bﬁgszggéyfgbggr{}(—)lnelic?gtéleliclyelaéleliC:gﬁlcmyl Sslgléonse(; steady-state velocities were determined from the linear phase
diu?’m dbdecyl su%ate);l DMSO),/dimetxyl sulfo);(ide; EDTA, ethyienedi- of the reaction time COUFS@S ysmg KaleidaGraph (.Synerg.%
aminetetraacetic acid; Amp, ampicillin; Kan, kanamycin; dlu, density INC.). The steady-state kinetic parameters associated with
light unit. peptide cleavage were determined by fitting ki data with
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eq 1 using the nonlinear regression program Prism 4 linear phase of the reaction time courses using KaleidaGraph
(GraphPad Software, Inc.). (Synergy, Inc.). The 1§ under these conditions was
determined by fitting théps data with eq 4 38).

Keal S
i —— (1) .
kObS Kmn + [S]n kObS,I= 1 (4)
Kob (1]
wherekqps is the observed rate constakiy is the maximal © o1+ ICq,

kobs S is peptide substrata,is the Hill coefficient, andK,
is the Michaelis-Menten constant. All experiments were

performed at least in triplicate wherekgysiis the observed rate constant in the presence of

diolabeled drolvsi q loci inhibitor, kopsis the observed rate constant in the absence of
Radiolabeled ATP Hydrolysis Ass&teady-state velocity jnpipitor, | is inhibitor, and 1Go s the [1] under whichkps/

data were collected as described previoudy).( Briefly, kobs = 0.5. All experiments were performed in triplicate.

reactions containing 50 mM Tris (pH 8.1), 10 mM Mg-  “petermination of ATP Dependence of MG262 Inhibition.
(OAC),, 2 mM DTT, 150 mM NaCl (human Lon reactions  gieqqy-state velocity data were collected on a Fluoromax 3
only), and 200 nM Lon monomer in the presence and absencegyecrophotometer (Horiba Group) as previously described
of 1.3 mM1or 2 (~5x Kp) for S. Typhimurium Lonor 5 ¢ £~ ¢oli Lon (35) with the following modifications.
mM 1 (~5x Kp) for human Lon were initiated by the  peactions containing 50 mM Tris (pH 8.1), 10 mM Mg-
addition of varying concentrations ai??P]ATP (0—1 mM) (OAc), 2 mM DTT, and 300 nMS. Typhimurium Lon
and incubated at 3T. At different time points (from O to monorr,ler were equilibrated for 1 min at°&7 prior to the

20 min), aliquots were quenched in 0.5 N formic acid. A 3 54 ition of 1.24M MG262. At the times indicated, 1 mM
uL aliguot of each quenched reaction time point was spotted ATP or AMPPNP and 30Q:M 2 (10% fluorescent/90%

onto a PEl-cellulose TLC plate (10 cm 20 cm), and the  ,h orescentK., level) were added. The time at which
plate developed in 0.3 M KfpH 3.4). The amount off-32P]- was added was considered time zero.

ATP (ICN or Perkin-Elmer) andi-*PJADP was quantified Estimation of Kfrom 1Cso Values.To approximate thé;
using a Packard Cyclone storage phosphor screen PhOSthFalues for MG132, MG262, ethylbornic acid, and ZaH,
imager (Perkin-Elmer Life Science), and the [ADP] generated j; a5 assumed that they were all competitive inhibitors of

was calculated using eq 2. 2. The 1Gy values determined previously were used to

DP,, estimateK; using eq 5.
[ADP] = (ATPdIu T ADPdIu)[ATP] (2) S,
ICs = Ki(l + —) (5)
The steady-state velocities were then determined from the Km,2

linear phase of a plot of the amount of ADP generated versus . i . ) o

time using KaleidaGraph (Synergy, Inc.). The steady-state Where 1Gois as defined in eq 4 is the inhibition constant,
kinetic parameters associated with ATP hydrolysis were IS the concentration &, andK is the Michaelis-Menten
determined by fitting theko,s data with eq 3 using the  constant for2. To estimate the expected for MG262 if it

nonlinear regression program Prism 4 (GraphPad Software,Were simply a competitive, bivalent inhibitor made up of a
Inc.). peptide moiety (ZkOH) and a boronate moiety (ethylbornic

acid), we used eqs— (39).

_ kalS] .
Kobs = K., + [S] (3) AGyingingz.01 = RTIN(K; 2_on) (6)
where kops kea S, andK,, are as defined in eq 1. All AGyinging,ethy= RTIN(K; gthy) @

experiments were performed at least in triplicate.
Mass Spectrometry of Peptide Clege ProductsReac-
tions containing 50 mM Tris (pH 8.1), 10 mM Mg(OAg)
2 mM DTT, 200 nMS. Typhimurium Lon monomer, and RTIN(Kimc2s2) (8)
100uM peptide substrate were initiated by the addition of 1 ) o
mM ATP and incubated at 3T. After 0 and 10 min, aliquots ~ WhereAGeinding 2.0+ iS the free energy of binding for Z0H,
of the reactions mixture were quenched in 0.15% TFA final Kizi:on is the inhibition constant for ZIOH, AGeinding,ethyi
and submitted for MALDI mass spectrometry analysis 1S the free energy of binding for ethylboronic acietyi is
(University of Cincinnati Mass Spectrometry Facility). the inhibition constant for ethylbornic acid\Gpindingmc262
Determination of IG Values for InhibitorsExperiments IS the estimated free energy of binding for MG262, and
were performed as described under Continuous Steady-StatéSimcze2 IS the estimated inhibition constant for MG262.
Peptidase Activity Assay with the following modifications.

AGbinding,l\m;zez= AGbinding,ZLSOH + AGbinding,ethylz

All reactions contained 50 mM Tris (pH 8.1), 10 mM Mg- RESULTS
(OAC),, 2 mM DTT, 300 nMS. Typhimurium Lon monomer, Cloning and Purification of Recombinant Loithe S.
and 300uM 2 (10% fluorescent/90% nonfluoresceits, Typhimurium Lon gene was amplified from genomic DNA,

level). Fifty seconds after initiation with 1 mM ATP, varying cloned into the Ncol and Hindlll sites of pET24\
concentrations of the inhibitor (in@2. DMSO) were added. ~ (Novagen), and overexpressed in BL21 (DE3). The human
The time at which inhibitor was added was considered time Lon gene was amplified from proEx-1/hLo84), cloned into
zero. The steady-state velocities were determined from thethe Ndel and BamHI sites of pET24¢€] (Novagen), and
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cleavage products dfand2 verified that both peptides were
cleaved at the same position (data not shown), as indicated
in Figure 1.

S. Typhimurium Lon

o

E To avoid the inner filter effect when determining the
mw £ kinetic constants of peptide cleavage by the continuous
(kDa) 1 2 peptide hydrolysis assay, mixtures of both fluorescent and
113.7 e | ; nonfluorescent analogues band2 were used. To rule out
809 = R the possibility that the fluorescent and nonfluorescent
636 it analogues are degraded differently, the steady-state kinetic
495 m— constants for peptide hydrolysis were also determined by a

discontinuous peptide hydrolysis assay using only the
fluorescent analogue. Similar kinetic constants were obtained
using either assay (see Supporting Information).
Steady-State Kinetic Analysis of ATP Hydroly#A3.P
hydrolysis by Lon protease occurs in the absence of a
substrate (intrinsic ATP hydrolysis) and is increased or
FiGURE2: Coomassie stain of purified recombinanTyphimurium ~ Stimulated in the presence of a peptidi)(or protein 6,
and human LonSDS-PAGE of~365 ng of purified recombinant ~ 41) substrate (peptide- or protein-stimulated ATP hydrolysis,
S.Typhimurium (87 kDa) and human Lon (95 kDa) visualized by respectively). We determined the steady-state kinetic con-
Coomassie staining. stants associated with ATP hydrolysis by recombin@nt
Typhimurium and human Lon using a radiolabeled ATP
overexpressed in Rosetta (DE3). Both were purified to near hydrolysis assay37). The kops values for steady-state ATP
homogeneity (Figure 2) as described in Materials and hydrolysis at varying concentrations of ATP both in the
Methods. As much as 11 mg &. Typhimurium Lon and presence and absence of saturatingr 2 were measured
1.2 mg of human Lon can be purified from each liter of and plotted as a function of ATP (Figure 4). Hyperbolic plots
culture. The purified proteins are in their mature wild-type are obtained for both intrinsic and peptide-stimulated ATP
form and contain no exogenous tags, such as His or GST.hydrolysis byS. Typhimurium and human Lon. As expected,
Steady-State Kinetic Analysis of Peptide Gkege. We the intrinsic ATP hydrolysis activity of both homologues is
have previously developed a peptide substrdte,for stimulated by the presence of the peptide substrate. Similar
fluorescent detection of peptide cleavagetbyoli Lon (40). kinetic constants for intrinsic and peptide-stimulated ATP
Upon cleavage, an increase in fluorescence is observed aydrolysis are obtained irrespective of the homologue or
the N-terminal 3-nitrotyrosine quencher separates from the peptide used (Table 2) and are comparable to those obtained
C-terminal anthranilamide lysine fluorophore. We hypoth- previously withE. coli Lon (26).
esized thaill could also be used to monitor proteolysis with Determination of 1G, Values for Common Proteasome
recombinanS. Typhimurium and human Lon. In the absence Inhibitors. No potent or specific inhibitors of Lon protease
of ATP, no peptide cleavage is observed, but in the presenceactivity are known. Because of the mechanistic and structural
of 1 mM ATP, S. Typhimurium and human Lon degrade similarities between Lon and HsIUV26, 28, 42), the
(Figure 3A). As withE. coliLon, a lag is observed in peptide  bacterial homologue of the proteasome, we screened a panel
cleavage prior to reaching the steady-state actiagy.( of commercially available peptide-based proteasome inhibi-
We determined the steady-state kinetic constants associatetbrs to identify a lead compound, suitable for inhibiting Lon
with ATP-dependent degradation tfby S. Typhimurium activity. Using S. Typhimurium Lon as a model, we
and human Lon. The observed rate constagtg for steady- determined the 163 values for several proteasome inhibitors
state cleavage of varying concentrationd @ the presence  (Table 3) with respect t&. Typhimurium Lon proteolysis
of saturating ATP were measured and plotted as a functionactivity at 300uM 2 (K, level) and saturating ATP. Because
of 1 (Figure 3B). Both give a sigmoidal plot, but the kinetic of the lag phase, we did not add the inhibitor until after the
parameters for the two homologues are different (Table 1). steady-state was reached. MG132, a peptidyl aldehyde,
S.Typhimurium Lon degradetin a manner comparable to  inhibited S. Typhimurium Lon activity with an IG of 4.1
E. coli Lon (26, 35). Human Lon, on the other hand, has a =+ 0.3 u«M. Epoxomicin, a peptidyl epoxyketone, and £L
similar degree of cooperativity), butk.sis 2.5-fold lower VS, a peptidyl vinyl sulfone, were ineffective at inhibiting
and Ky, is 5-fold greater thars. Typhimurium Lon (Table S. Typhimurium Lon at micromolar concentrations (Table
1). This results in &:./Kn for human Lon which is 10-fold  3). All the proteasome inhibitors were dissolved in DMSO
lower thanS. Typhimurium Lon (Table 1). which did not affectS Typhimurium Lon activity when it
Our model peptide], contains a Cys residue (Figure 1), was less than 4% of the reaction volume (data not shown).
making its synthesis problematic due to the resulting low Because of this limitation, the effect of higher concentrations
yield. The presence of a Cys residue in our substrate is alsoof epoxomicin and ZkVS could not be evaluated.
unfavorable as it will react with any thiol-reactive inhibitors. Most of the proteasome inhibitors were classical inhibitors
To avoid these problems, we changed the Cys to the non-of S. Typhimurium Lon activity, with inhibition occurring
natural amino acid Abu, which replaces the thiol by a methyl instantaneously upon addition. However, inhibition by
group and is therefore isosteric with Cys. The resultant MG262, a peptidyl boronate, was time-dependent or biphasic
peptide ) was cleaved by. Typhimurium Lon with steady-  (Figure 5A). When calculating the kgfor MG262 (Table
state kinetic parameters comparable to thoself¢fable 3), we used the rate of the second phase, as this was the
1). Mass spectral analysis of th®. Typhimurium Lon final effect of inhibition. This resulted in an kgof 122 +
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Ficure 3: Steady-state peptide cleavage ®yTyphimurium and human Lon. (A) Representative time courseSfadiyphimurium (125
nM) and human (900 nM) Lon degradation b{1 mM) in the presence and absence of ATP. (B) Reactions contathifgphimurium
or human Lon were preincubated with varying concentratiork (@) or 2 (O) prior to the addition of 1 mM ATP. All experiments were

preformed at least in triplicate, and the averaggdvalues ¢ 1 SD)

were plotted against the corresponding peptide concentration. The

data were best-fit with the Hill equation (eq 1) as described in Materials and Methods.

Table 1: Summary of Steady-State Kinetic Parameters for Peptide
Hydrolysis

S.Typhimurium Lon human Lon
1 2 1
Keat (S74) 15+2 11+1 5.9+ 0.7
Km («M) 262+ 61 276+ 38 1300+ 200
KealKm (x 1EM™1s7Y) 57 40 45
n 15+0.3 1.4+ 0.2 1.9+ 0.3

9 nM for MG262 (Figure 5B), making it the most potent of
all inhibitors tested.

Probing the Importance of the Peptide and Boronic Acid
Moieties of MG262 in InhibitionMG262 has both a peptide
and boronic acid moiety, both of which are important for
inhibiting the proteasometB). To explore the contribution
of each of these moieties toward inhibition ®f Typhimu-
ruium Lon activity, we determined the g for related

compounds which resemble each moiety alone (Table 3).

Ethylboronic acid and isopropylboronic acid were chosen
as models for the boronic acid moiety of MG262. ThedC
of ethylboronic acid could not be determined accurately due
to solubility limitations, but was greater than 10 mM.
Isopropylboroic acid, on the other hand, had ag & 810

+ 50 uM (Figure 5C). We synthesized Z0H (Table 3) as

a model of the peptide moiety of MG262. The s§Cof
ZL30OH was 740+ 29 uM (Figure 5D).

ATP-Dependent Inhibition of S. Typhimurium Lon by
MG262. Previous work withE. coli Lon has shown that
peptidyl chloromethyl ketones require ATP to inhibit Lon
activity (8, 32). We wanted to know whether inhibition by
MG262 also required ATP. To accomplish th&, Typh-
imurium Lon was preincubated with MG262 for 0, 120, or
480 s. After the preincubation period, 1 mM ATP and 300

A 2.0+

Ll L) L]
500 750 1000

ATP (uM)

T
250

B 0.5
0.74
0.6

< 0.54

@

7 047

+° 0.3
0.24
0.1
0.0

HH
(2]

LJ L) L
500 750 1000

ATP (uM)
FIGURE 4: Steady-state ATP hydrolysis (. Typhimurium and
human Lon Reactions containin. Typhimurium (A) or human
Lon (B) were preincubated in the absenc¢® @nd presence of
saturating ¢ 5x Kn,) 1 (@) or 2 (O) prior to the addition of varying
concentrations of ATP. All experiments were preformed at least in
triplicate, and the averagéghsvalues & 1 SD) were plotted against
the corresponding ATP concentration. The data were best-fit with
the Michaelis-Menten equation as described in Materials and
Methods.

L)
250

uM 2 were added and peptide cleavage monitored over 600
s (Figure 6A). No differences in the time courses were
observed, indicating that inhibition by MG262 did not begin
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Table 2: Summary of Steady-State Kinetic Parameters for ATP specificity could potentially be exploited to target an inhibitor

Hydrolysis specifically to bacterial Lon, thereby decreasing the chance
S.Typhimurium Lon Human Lon for side-effects resulting from cross-reactivity with the human
intrinsic 1 stimulated 2 stimulated intrinsic 1 stimulated homolggue: . . - .
o) 0411005 20101 205101 0231002 071L0.06 _ _Lon is unique in that, wh_|Ie classified as a serine protease,
Ko (M) 46424 172424  150+12 52417 158+ 39 it is susceptible to both serine and cysteine protease inhibitors

(80—32). Of the soluble ATP-dependent proteases within the
AAA* superfamily, Lon more closely resembles proteases
within the proteasome family26, 27, 29, 42). As such, we

then preincubated with MG262 and ATP for 0, 120, or 480 s. began our search for a Lon inhibitor by screening a series
After the preincubation period? was added and peptide ©Of commercially available peptide-based proteasome inhibi-
cleavage again monitored over 600 s (Figure 6B). As the tors. In choosing inhibitors for our screen, we attempted to
length of the preincubation period was increased, time choose those containing similar peptide sequences, with only
dependency was lost. In fact, preincubation for 480 s resultedthe reactive functional group varying. In this way, we could
in a total loss of time dependency. Control reactions were Still evaluate the ability of each functional group to inhibit
performed in which MG262 was omitted (DMSO only). The Lon without the need to synthesize a new series of in-
presence of ATP alone during the preincubation period did hibitors. Using a standard set of conditions, 308 2
not affect the rate of peptide hydrolysis; thus, the loss of (Km level), 300 nMS. Typhimurium Lon, and saturating
time dependency was the direct result of inhibiton by ATP,we determined the Kgfor each inhibitor in our series
MG262 and not ATP depletion or ADP inhibition (data not (Table 3).
shown). Regardless of the length of the preincubation period, Peptidyl vinyl sulfones were designed to inhibit cysteine
the final steady-state rates were identical 2% nM/s). proteases via Michael addition4); however, they were later

It has previously been shown thEt coli Lon requires shown to react with both serine gnd theronine proteak®s (
binding, but not hydrolysis, of ATP in order to cleave a 49. We tested the peptidyl vinyl sulfone 2{S as an
peptide substrate, albeit at a reduced rag.(To determine  Inhibitor of S. Typhimurium Lon activity, but it did not
whether inhibition by MG262 required both binding and @PPear to have any inhibitory effect (Table 3). The reason
hydrolysis of ATP, we repeated the latter experiment for thellack qf inhibition is gncle_ar. We. believe 'gh|s indicates
(preincubation with MG262 and nucleotide) with 1 mM the onen_tatlon_of .the active site reS|_dues, with respect to
AMPPNP (Figure 6C). The same trend was observed with th€ Ppeptide binding pocket, are different between the
AMPPNP as with ATP. Time dependency was lost as the proteasome _a_nd Lon, thereby misaligning the vinyl sulfone
preincubation period was increased, and the steady-state ratd®" nucleophilic attack. o _
were identical regardless of the preincubation time 438 ~ The natural product epoxomicin, a peptidyl epoxyketone,
nM/s). Control reactions were again performed without IS the most selective proteasome inhibitor known due to its
MG262 (DMSO only), and peptide hydrolysis was not Unique mechanlsm pf |nh|b|t|om9, 50). The final covalent
affected by the presence of AMPPNP during the preincu- adduct is a morpholino ring which contains not only the Thr

bation period (data not shown); thus, the observed trend washydroxyl, but also the N-terminal amino grouplj. The
the direct result of inhibition by MG262. crystal structure of the protease domainEofcoli Lon was

determined with a proteolytically inactive mutant; thus, the
orientation of the nucleophilic hydroxyl group is unknown,
as well as how this hydroxyl affects the orientation of the

Lon protease is an ATP-dependent serine protease and has-amino group of the proposed Serys dyad @2). We
emerged as a target in the development of novel antibiotics. hypothesized that if the Setys dyad of Lon was indeed
To date, no potent or specific inhibitors of this enzyme have analogous to the catalytic dyad of the proteasome, epoxo-
been described. In this study, we use steady-state kineticmicin inhibition of Lon would provide further insight into
techniques to quantitatively evaluate a series of commercially the orientation of these residues. Unfortunately, epoxomicin
available inhibitors in order to identify a lead compound for was unable to inhibi§. Typhimurium Lon (Table 3). Thus,
future development of a bacterial Lon-specific inhibitor. e are able only to conclude that the orientation of the active

Lon catalyzes the hydrolysis of both ATP and proteins site residues of both Lon and the proteasome is different.
within different domains, presenting two possible approaches This result reinforces the unique specificity of epoxomicin
in developing Lon inhibitors. We evaluated the steady-state for the proteasome.

until the addition of ATP an@. S. Typhimurium Lon was

DISCUSSION

kinetic parameters for peptide and ATP hydrolysis to
investigate which approach would allow an inhibitor to
discriminate betweeB. Typhimurium and human Lon. The

Peptidyl aldehydes and boronates were designed to func-
tion as transition state analogue inhibitors of proteolytic
enzymes, with an active site thiol or hydroxyl, via formation

parameters associated with ATP-hydrolysis are similar for of a tetrahedral adduct48, 52—55). Peptidyl aldehydes

both (Table 2); however, the catalytic efficiendy(Knm) of
peptide degradation by human Lon is 10-fold lower ti$an
Typhimurium Lon (Table 1). This implies there is a differ-

inhibit cysteine, serine, and theronine proteases effectively,
with some preference for cysteine due to the higher nucleo-
philicity of the thiol. Peptidyl boronates, on the other hand,

ence in the substrate specificity of the two homologues. This are much more potent against serine and theronine proteases

is not unexpected, as the two localize differently and would
degrade a vastly different protein po8| (L6). We conclude

due to the weakness of the boresulfur bond in the covalent
adduct with cysteine4@). MG132, a peptidyl aldehyde, and

that a peptide-based approach to develop an inhibitor wouldMG262, a peptidyl boronate, both inhid Typhimurium
be more useful, as the observed difference in substrateLon, with ICso values of 4.1+ 0.3 uM and 1224+ 9 nM,



8270 Biochemistry, Vol. 45, No. 27, 2006 Frase et al.

Table 3: Summary of 1§ Values for Inhibition ofS. Typhimurium Lon

inhibitor functionality/structure ICsp (nM)
aldehyde
MG132 )J\ ¢n\J\ ) 41403

vinyl sulfone
0 \)‘]\ b
ZLsVS i P > 167
i i y ; 2N

epoxyketone

a o
epoxomicin '.a\/ii\ wo oA >200
° Y

boronate

MG262 | i | o 0.122 £ 0.009
[+] i OH
\l/

boronate

ethylboronic acid il > 10000
~t -
boronate

OH

isopropylboronic acid Yl 810 £ 50

carboxylate
ZL,0H I (;\/ﬁ\ 740+ 29

respectively (Table 3, Figure 5B). Tl value for each can Our best inhibitor, MG262, has both a peptide and boronic
be estimated from the Kgvalue (2uM for MG132, 60 nM acid moiety, both of which are important for inhibition of
for MG262) as described under Materials and Meth@®. ( the 20S proteasoméld). To determine the importance of
Although these are some of the best inhibitors of Lon known each of these moieties 8. Typhimurium Lon inhibition,

to date, both are-2000-fold more potent against the 20S we determined the £ values for compounds representing
proteasome 43). This weaker reactivity of MG132 and each moiety separately. To model the boronate moiety alone,
MG262 towardS. Typhimurium Lon may imply the local ~ we chose both ethyl- and isopropylboronic acid. ThelC
environment of the active site renders the hydroxyl less of ethylboronic acid was>10 mM; however, the 16, for
nucleophilic than in the proteasome and/or the peptide isopropylboronic was 81& 50 uM (Table 3, Figure 5C).
sequence is not optimal for binding to Lon. It is clear that The observed difference in ¥gfor the two compounds is
transition state analogues will be useful in the development unknown; however, we speculate that the larger alkyl group
of more potent inhibitors of Lon activity. may help anchor the boronic acid in the active site, thereby
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A 125+ . no inhibitor C 1.00+
(]
s
= 1009 0.75
® 2
> 75+ °
<
3 = 050
o
504 ]
§ N3
‘é 254 0.254 .
o .. .
p
c L) L) L) L) L] o'oc L) L) L) L) L]
0 100 200 300 400 500 0 2 4 6 8 10
time (s) isopropylboronic acid (mM)
B 4 00+ D 1,00+
0.754 0.754
1’4 3
£ -2
< 3
== 0.504 == 0.50
'3 '3
] S
X X
0.25+ 0.254
(]
hd 3
0.00 T T 1 0.00 T T T T T T T 1
0 600 1200 1800 0 1 2 3 4 5 6 7 8
MG262 (nM) ZL,0H (mM)

Ficure5: Inhibition of S. Typhimurium Lon degradation & (A) Representative time courses ®iTyphimurium Lon (300 nM) degradation

of 2 (300uM, Ky, level) in the absence and presence of MG262 (0. (B—D) Reactions containing 300 n&. Typhimurium Lon were
preincubated with 30@M 2 (K, level) prior to the addition of 1 mM ATP. After 50 s, of inhibitor in DMSO was added and peptide
cleavage monitored over 550 s. All experiments were preformed in triplicate argytvalues determined as described in Materials and
Methods. The averagédssin the presence of inhibitdg,sin the absence of inhibitokg,s /kons == 1 SD) were plotted against the corresponding
inhibitor concentration. The I for each inhibitor was determined by fitting the data as described in Materials and Methods. Inhibition by
MG262 (B) resulted in an 165 = 122+ 9 nM, inhibition by isopropylboronic acid (C) yielded ansG= 810+ 50 uM, and inhibition by
ZL3OH resulted in an 165 = 740 + 29 uM.

facilitating inhibition. We also synthesized the peptidesZL  of 2. The time-dependent inactivation occurs during the
OH as a mimic of the peptide moiety of MG262 and found preincubation period. The ATP-dependence of MG262
it had an IGo of 740+ 29uM (Table 3, Figure 5D). Neither  inhibition of S. Typhimurium Lon is of mechanistic impor-
the boronate nor peptide alone could achieve the nanomolartance. It implies MG262 is a mechanism-based inhibitor of
potency found for MG262. We can again approximate the Lon and that inhibitors cannot simply diffuse into the active
Ki using the IG, values, as described under Material and site; the ATP is required to deliver the inhibitor to the active
Methods, and obtain 5 mM for ethylboronic acid and 400 site. Inhibition of HsIUV by peptide-based inhibitors also
uM for ZL;OH (39). If we consider MG262 a bivalent requires ATP, further supporting our use of HslUV as a
inhibitor made up of the boronate and peptide moieties, we model for Lon @5).
would, at best, expect an §£of ~4 uM (39). In reality, To investigate whether MG262 inhibition required both
MG262 is actually 30-fold more potent (Table 3), indicating binding and hydrolysis of ATP, we preincubat&dTyph-
the inhibition is more complicated than simply increased imurium Lon with MG262 and the nonhydrolyzable ATP
affinity and will require further investigation. analogue AMPPNP for varying lengths of time. If only ATP
Inhibition of E. coli Lon by peptidyl chloromethyl ketones  binding was required, we would again expect to see an
requires ATP 8, 32); therefore, we suspected that MG262 apparent loss of time dependency as the preincubation time
may also require ATP for inhibition. Preincubation of isincreased, butthe steady-state rate remain constant. From
MG262 with S. Typhimurium Lon for varying lengths of  Figure 6C, we see that this trend is indeed obtained (steady-
time in the absence of ATP did not affect the degradation state rate= 34 &+ 5 nM/s). Thus, MG262 inhibition requires
of 2 (Figure 6A). In the presence of ATP, as the preincu- only ATP binding and not hydrolysis.
bation time was increased, time-dependency was lost (Figure On the basis of the data obtained during this study, we
6B); however, the steady-state rates remained the same (2®ropose the following mechanism (Scheme 1) to account for
+ 6 nM/s). Looking at the time course with no preincubation MG262 inhibition of S. Typhimurium Lon. First, the sub-
period (0 s, Figure 6B), we see that after 480 ;, strates must bind t8. Typhimurium Lon, creating a ternary
Typhimurium Lon has achieved steady-state turnover. If the complex (Scheme 1, step 1). It has previously been shown
presence of ATP during the preincubation period allowed that ATP binding induces a conformational change in both
for the formation of the MG262-inhibited species, we would E. coli Lon and HslUV and that, in HsIUV, this conforma-
predict that preincubation for 480s would be enough time tional change results in the productive alignment of the
for maximal inhibition to occur. Thus, upon the addition of substrate with the active site Thr of HsIU¥§, 46, 56). On
2, no time dependency would be expected and the linear plotthe basis of these observations, we beli&v&yphimurium
should have a steady-state rate which matches that for noLon next undergoes a conformation change (Lon*) within
preincubation. This is exactly what we observe (480 s, Figure the ternary complex as a result of ATP binding (Scheme 1,
6B). Time dependency only appears to be lost because lesstep 2). This conformational change correctly aligns the
active S. Typhimurium Lon is available upon the addition boronate moiety of MG262 for nucleophilic attack by the



8272 Biochemistry, Vol. 45, No. 27, 2006

A 100+
—_ 120 s
= 0s
2 754 480 s
°
(4
&
O 504
©
Q
e
"g_ 25+
[
Q.
c L) LJ L) L) LJ L]
0 100 200 300 400 500 600
time (s)
B
g 754 0s
2
o
$
© 504
2 120 s
o
35
5 2 480s
[
=%
0+ T T T T T 1
0 100 200 300 400 500 600
C time (s)
g 0s
2
3 120s
1]
K
(3]
® 480 s
B
b~
Q
[
Q
L) L] Ll L] L] L]
0 100 200 300 400 500 600
time (s)

FiIGURE 6: MG262 inhibition ofS. Typhimurium Lon requires ATP.
Reactions containing 300 n&. Typhimurium Lon were preincu-
bated with 1.24M MG262 (A), 1.2uM MG262 and 1 mM ATP

(B), or 1.2uM MG262 and 1 mM AMPPNP prior to the addition

of 300uM 2 and 1 mM ATP (A only) after the indicated time.
Peptide cleavage was monitored over 600 s. All experiments were

preformed in triplicate and the averaged time courses plotted against

time.

Scheme 1

slow

fast
ATP «ATP = | on*-MG262ATP
3

fast
Lon + ATP + MG262 === Lon \ig262 = Lon" G262
1 2

1 - substrate binding
2 - conformational change
3 - covalent modification

active site Ser. It is only at this point that covalent mod-
ification of S. Typhimurium Lon by MG262 (Lon*-MG262)
occurs to give the final inhibited binary species (Scheme 1,
step 3). Although the covalent modification is reversible, the
equilibrium would lie toward the covalently modified species
(unpublished data), which is consistent with MG262 inhibi-
tion of the 20S proteasom83). The first two steps appear
to be fast, as inhibition by ZJOH occurs immediately upon
addition (i.e., it is a classical inhibitor) (data not shown).
We believe the last step is slow due to the observation of
time-dependent inhibition by MG262 (Figure 5A). Further

studies are currently underway to determine these details and 10.

confirm the proposed mechanism.

In this study, we have shown that bacterial and human
Lon display differences in substrate specificity which may
be exploited in the future to discriminate between the

Frase et al.

homologues. We have demonstrated the use of a peptidyl
boronic acid, MG262, as a potent ATP-dependent inhibitor
of S. Typhimurium Lon activity. It should be noted that
proteasome inhibitors, such as MG132, are able to diffuse
into the mitochondria and inhibit the degradation of the
steroidogenic acute regulatory protein (StAR), a physiological
substrate of mammalian LoB7, 58). It has also been shown
that the proteasome inhibitor bortezomib, a peptidyl boronate
currently used in the treatment of multiply myeloma, causes
mitochondrial damage by an unknown mechanisg) 60).
Thus, it is imperative that detailed kinetic analysis of the
inhibition profile of human Lon by these peptide-based
inhibitors be performed, as well as determination of the
mechanism by which these inhibitors affect Lon activity, so
that cross-reactivity with other proteases, and other homo-
logues of Lon, is minimized.

ACKNOWLEDGMENT

We would like to thank Diana Vineyard, Jessica Ward,
and Xuemei Zhang for their assistance in preparing this
manuscript.

SUPPORTING INFORMATION AVAILABLE

Details of the discontinuous steady-state petide hydrolysis
assay and figure of steady-state cleavag®& By phimurium
and human Lon. This material is available free of charge
via the Internet at http://pubs.acs.org.

REFERENCES

1. Monaghan, R. L., and Barrett, J. F. (2006) Antibacterial drug
discovery-then, now and the genomics futugiochem. Phar-
macol 71, 901-909.

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

3. 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.

. 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.

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

Gottesman, S. (1996) Proteases and their targefsdherichia

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 stabilBgll 24, 225~

233.

11.



Proteasome Inhibitors’ Cross-Reactivity with Lon Protease

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

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

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 deathl. Bacteriol. 158 551—-561.

Suzuki, C. K., Kutejova, E., and Suda, K. (1995) Analysis and
purification of ATP-dependent mitochondrial lon protease of
Saccharomyces cersiae, 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,Adv. Appl. Math. 12 337—357.

Apte, B. N., Rhodes, H., and Zipser, D. (1975) Mutation blocking
the specific degradation of reinitiation polypeptidesEn coli,
Nature 257 329-331.

Downs, D., Waxman, L., Goldberg, A. L., and Roth, J. (1986)
Isolation and characterization of lon mutants $almonella
typhimurium J. Bacteriol. 165193-197.

Gottesman, S., and Zipser, D. (1978) Deg phenotypsdferichia

coli lon mutants,J. Bacteriol. 133 844—851.

Grossman, A. D., Burgess, R. R., Walter, W., and Gross, C. A.
(1983) Mutations in the lon gene &. coli K12 phenotypically
suppress a mutation in the sigma subunit of RNA polymerase,
Cell 32 151-159.

Howard-Flanders, P., Simson, E., and Theriot, L. (1964) A locus
that controls filament formation and sensitivity to radiation in
Escherichia coliK-12, Genetics 49237—246.

Mizusawa, S., and Gottesman, S. (1983) Protein degradation in
Escherichia coti the lon gene controls the stability of sulA
protein, Proc. Natl. Acad. Sci. U.S.A. 8858-362.

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

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

Wang, J., Song, J. J., Seong, I. S., Franklin, M. C., Kamtekar, S.,
Eom, S. H., and Chung, C. H. (2001) Nucleotide-dependent
conformational changes in a protease-associated ATPase HslU,
Structure (Cambridge, MA, U.S.) 91071116.

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 1.9 A 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 archaeor. acidophilumat 3.4 A resolution Science 268
533-539.

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. 74883-4887.

Waxman, L., and Goldberg, A. L. (1985) Protease La, the lon
gene product, cleaves specific fluorogenic peptides in an ATP-
dependent reactiod, Biol. Chem 260, 12022-12028.

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

758.

Fu, G. K., and Markovitz, D. M. (1998) The human LON protease
binds to mitochondrial promoters in a single-stranded, site-specific,
strand-specific manneBiochemistry 371905-1909.
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.

Liu, T., Lu, B., Lee, I., Ondrovicova, G., Kutejova, E., and Suzuki,
C. K. (2004) DNA and RNA binding by the mitochondrial lon

37.
38.

42.

43.

N

N

47.

51.

52.

53.

55.

56.

4.

5.

Biochemistry, Vol. 45, No. 27, 2008273

protease is regulated by nucleotide and protein substraBiol.
Chem. 27913902-13910.

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

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

& Sons, Inc., New York.

. Copeland, R. A. (2008 valuation of Enzyme Inhibitors in Drug

Discavery: A Guide for Medicinal Chemists and Pharmacologists
John Wiley & Sons, Inc., Hoboken, NJ.

. Lee, I., and Berdis, A. J. (2001) Adenosine triphosphate-dependent

degradation of a fluorescent lambda N substrate mimic by Lon
proteaseAnal. Biochem. 29174—83.

. Waxman, L., and Goldberg, A. L. (1986) Selectivity of intracellular

proteolysis: protein substrates activate the ATP-dependent pro-
tease (La)Science 232500—-503.

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

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

8, 333-338.

Palmer, J. T., Rasnick, D., Klaus, J. L., and Bromme, D. (1995)
Vinyl sulfones as mechanism-based cysteine protease inhibitors,
J. Med. Chem. 383193-3196.

Bogyo, M., McMaster, J. S., Gaczynska, M., Tortorella, D.,
Goldberg, A. L., and Ploegh, H. (1997) Covalent modification of
the active site threonine of proteasomal beta subunits and the
Escherichia colhomolog HslV by a new class of inhibitorBroc.

Natl. Acad. Sci. U.S.A. 946629-6634.

. Sousa, M. C., Kessler, B. M., Overkleeft, H. S., and McKay, D.

B. (2002) Crystal structure of HsIUV complexed with a vinyl
sulfone inhibitor: corroboration of a proposed mechanism of
allosteric activation of HslV by HsIU]. Mol. Biol. 318 779-785.
Joyeau, R., Maoulida, C., Guillet, C., Frappier, F., Teixeira, A.
R., Schrevel, J., Santana, J., and Grellier, P. (2000) Synthesis and
activity of pyrrolidinyl- and thiazolidinyl-dipeptide derivatives as
inhibitors of the Tc80 prolyl oligopeptidase froifrypanosoma
cruzi, Eur. J. Med. Chem. 33257—266.

. Bogyo, M., Shin, S., McMaster, J. S., and Ploegh, H. L. (1998)

Substrate binding and sequence preference of the proteasome
revealed by active-site-directed affinity prob&hem. Biol. 5
307-320.

. Meng, L., Mohan, R., Kwok, B. H., Elofsson, M., Sin, N., and

Crews, C. M. (1999) Epoxomicin, a potent and selective protea-
some inhibitor, exhibits in vivo antiinflammatory activiti?roc.
Natl. Acad. Sci. U.2\.. 96, 10403-10408.

. Hanada, M., Sugawara, K., Kaneta, K., Toda, S., Nishiyama, Y.,

Tomita, K., Yamamoto, H., Konishi, M., and Oki, T. (1992)
Epoxomicin, a new antitumor agent of microbial originAntibiot.
(Tokyo) 45 1746-1752.

Groll, M., Kim, K. B., Kairies, N., Huber, R., and Crews, C. M.
(2000) Crystal structure of epoxomicin: 20S proteasome reveals
a molecular basis for selectivity of ,5'-epoxyketone proteasome
inhibitors,J. Am. Chem. Soc. 122237-1238.

Koehler, K. A., and Lienhard, G. E. (1971) 2-Phenylethaneboronic
acid, a possible transition-state analog for chymotrypBiio-
chemistry 102477-2483.

Thompson, R. C. (1973) Use of peptide aldehydes to generate
transition-state analogs of elastaB&chemistry 1247—51.

. Westerik, J. O., and Wolfenden, R. (1972) Aldehydes as inhibitors

of papain,J. Biol. Chem. 24,78195-8197.

Vinitsky, A., Michaud, C., Powers, J. C., and Orlowski, M. (1992)
Inhibition of the chymotrypsin-like activity of the pituitary
multicatalytic proteinase compleBjochemistry 319421-9428.
Yoo, S. J., Kim, H. H., Shin, D. H., Lee, C. S., Seong, I. S., Seol,
J. H., Shimbara, N., Tanaka, K., and Chung, C. H. (1998) Effects
of the cys mutations on structure and function of the ATP-
dependent HsIVU protease Escherichia coli The Cys287 to
Val mutation in HslU uncouples the ATP-dependent proteolysis
by HslvU from ATP hydrolysis,J. Biol. Chem. 27322929~
22935.

. Granot, Z., Geiss-Friedlander, R., Melamed-Book, N., Eimerl, S.,

Timberg, R., Weiss, A. M., Hales, K. H., Hales, D. B., Stocco,
D. M., and Orly, J. (2003) Proteolysis of normal and mutated



8274 Biochemistry, Vol. 45, No. 27, 2006

58.

59.

steroidogenic acute regulatory proteins in the mitochondria: the

fate of unwanted proteind/ol. Endocrinol 17, 2461-2476.
Ondrovicova, G., Liu, T., Singh, K., Tian, B., Li, H., Gakh, O.,
Perecko, D., Janata, J., Granot, Z., Orly, J., Kutejova, E., and 60.
Suzuki, C. K. (2005) Cleavage site selection within a folded
substrate by the ATP-dependent lon protedsBjol. Chem. 280
25103-25110.

Ling, Y. H., Liebes, L., Zou, Y., and Perez-Soler, R. (2003)
Reactive oxygen species generation and mitochondrial dysfunction

Frase et al.

in the apoptotic response to Bortezomib, a novel proteasome
inhibitor, in human H460 non-small cell lung cancer cellsBiol.
Chem. 27833714-33723.

Pei, X. Y., Dai, Y., and Grant, S. (2003) The proteasome inhibitor
bortezomib promotes mitochondrial injury and apoptosis induced
by the small molecule Bcl-2 inhibitor HAX41 in multiple
myeloma cellseukemia 172036-2045.

BI060542E



