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ABSTRACT. We have developed an assay to continuously monitor the branched amino acid preferring
peptidase (BrAAP) activity of the proteasome. This assay is based on the hydrolysis of the flourogenic
peptide, Abz-Gly-Pro-Ala-Leu-Ala-Nba (Abz is 2-aminobenzoyl and Nba is 4-nitrobenzylamide) which
is cleaved exclusively at the Leu-Ala bond by the 20S proteasome Wifta value of 13 000 M1 s™1,
Hydrolysis of this peptide is accompanied by an increase in fluorescence intelagity 840 nm,lem =

415 nm) due to release of the internally quenched 2-aminobenzoyl fluorescence that accompanies diffusion
apart of the hydrolysis products, Abz-Gly-Pro-Ala-Leu and Ala-Nba. Using this assay, we examined
inhibition of the BrAAP activity of the proteasome by a series of tripeptide aldehydes, Z-Leu-Leu-Xaa-
H. When Xaa= Phe, p-Cl)Phe, and Trp we observe biphasic or partial inhibition of the BrAAP activity.

In contrast, when Xaa Nva and Leu, simple inhibition kinetics are observed and allow us to calculate
Ki values of 120 nM and 12 nM, respectively. The inhibitors that exhibit simple inhibition kinetics for
BrAAP activity are also approximately equipotent for inhibition of the chymotrypsin-like (ChT-L) and
peptidyglutamyl peptide hydrolyzing (PGPH) activities, dissociation constants varying by less than
25-fold, whereas the inhibitors that exhibit biphasic inhibition kinetics for BrAAP activity>e360-fold

more potent for inhibiting ChT-L activity than for PGPH activity. Inactivation of the BrAAP activity of

the proteasome bglastalactacysting-lactone is also biphasi¢3-Lactone inactivates approximately 60%

of the BrAAP activity rapidly, with kinetics indistinguishable from its inactivation of the chymotrypsin-
like activity. The remaining 40% of the BrAAP activity is inactivated fyactone at a 50-fold slower

rate, with kinetics indistinguishable from its inactivation of the PGPH activity. These results suggest a
mechanism in which hydrolysis of Abz-Gly-Pro-Ala-Leu-Ala-Nba (i.e., BrAAP activity) occurs at two
different active sites in the 20S proteasome, and that these two active sites are the same ones that catalyze
the previously described ChT-L and PGPH activities.

The 20S proteasome is a large, multimeric proteolytic AMC,? Z-Leu-Leu-Arg-AMC, and Z-Leu-Leu-Glu-2NA and
enzyme (MW= 700 kDa) found in high concentration in hydrolysis of these substrates has been the basis for the
all mammalian cells {—5). This enzyme is the catalytic  definition of chymotryptic, tryptic and peptidylglutamyl
core of the larger 26S proteasome (M¥2000 kDa) that peptide hydrolyzing activities of the proteasome, respectively
degrades ubiquitinated proteins to peptides and ubiquitin (2, 13). In addition, a number of other hydrolytic activities
chains {, 2, 5). The 26S proteasome catalyzes the final step of the proteasome have also been described, such as the
of the ubiqutin-proteasome pathway of protein degradation branched chain amino acid preferring activity or BrAAR)
which has been shown to be the principal pathway for and the small neutral amino acid preferring activity or
intracellular protein turnoverl( 3) and for the processing SNAAP (14).

of a number of important cellular protein8){ such as, As part of a program to discover inhibitors of enzymes of
cyclins (6), tumor suppressor protein p53<9), and latent the ubiquitin-proteasome pathway, we specifically targeted
nuclear factowB (10, 11). the chymotryptic activity of the 20S proteasome for mech-

A unique feature of the 20S proteasome is its broad P anism-based inhibitor design and are developing several
specificity! (2). This enzyme has been shown to efficiently classes of inhibitors including peptide aldehydes. It was
hydrolyze peptide substrates such as Suc-Leu-Leu-Val-Tyr- clearly of some interest to us to determine if these compounds
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inhibit other proteasome activities, such as the BrAAP T ' ' . . T
activity. However, we recognized that if we wanted to 020 A
accurately study the inhibition of this activity we needed to
first develop a method to continuously monitor hydrolysis
of a BrAAP substrate. In this paper, we report the first
continuous assay for the BrAAP activity of the 20S protea- '
some. This assay is based on the hydrolysis of the
fluorogenic substrate Abz-Gly-Pro-Ala-Leu-Ala-Nba. We
used this assay to study inhibition of this proteasome activity
by several peptide aldehydes and found that peptide alde-
hydes with large Presidues (e.g., Phe or Trp) are partial
inhibitors of the BrAAP activity. We also studied the
interaction of the 20S proteasome with the natural product,
irreversible proteasome inhibitofastelactacystins-lactone
(15), and found that it also behaves as a partial inhibitor of
BrAAP activity. Combined, these data support a mechanism
for partial inhibition involving hydrolysis of Abz-Gly-Pro-
Ala-Leu-Ala-Nba at two distinct active sites in the 20S
proteasome.
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EXPERIMENTAL SECTION 50

General. Buffer salts were purchased from Sigma Chemi-
cal Co (St. Louis, MO). Suc-Leu-Leu-Val-Tyr-AMC was
purchased from Bachem (Philadelphia, PA). Abz-Gly-Pro-
Ala-Leu-Ala-Nba was a custom synthesis product from
Enzyme Systems Products (Dublin, CA) and was purified Ficure 1: High-pressure liquid chromatographic analysis of
to >98% by HPLC before use. 20S proteasome was purified reaction products of the 20S proteasome catalyzed hydrolysis of
from rabbit skeletal muscle as previously describig) and ~ APz-Gly-Pro-Ala-Leu-Ala-Nba. Abz-Gly-Pro-Ala-Leu-Ala-Nba (95
stored at-80°C as aliquots ba 1 mg/mL stock solution in étol\r/l)élmagtr%e;gtg?nw: ga@nmﬁg:'ﬂ%ﬂggmaﬁ? ﬁhﬁoﬁEpggtgagog' €
a pH 7.6 buffer of 25 mM HEPES and 1 mM DTT. na.

mM EDTA, and 0.035% w/v SDS. An aliquot corresponding to
Synthesis of Peptide AldehydeZ-blocked dipeptides 2.4 nmols of substrate was subjected to HPLC as described in
(Bachem) were coupled to the appropriate L-amino acid- Experimental Procedures. The control was substrate incubated as
. . o above in the absence of enzyme. Panel A: UV chromatograms of
derlvgd alcohol (Bachem) W|t_h TBTU (MeCN@5°C fgr_ digested and control samples. Panel B: Fluorescence chromato-
60 ml_n), and the re_sultant trlpeptld_e alcohol was ox_ldlzed grams of digested and control samplgs & 340 nm,Aem = 415
to their corresponding aldehydes with Dedgartin perio- nm). The peaks at retention times 11.5, 23 and 34 min were
diane (7). Chemical purity was judged to be greater than identified as HN-Ala-Nba, Abz-Gly-Pro-Ala-Leu-OH, and Abz-
98% by proton NMR and HPLC analysis. Gly-Pro-Ala-Leu-Ala-Nba, respectively.

Synthesis of clasto-LactacysfiiLactone. clastd.acta- Mass Spectral Analysis of Reaction Producthioglyc-
cystinS-lactone was prepared using the method of Ut8).(  erol (3 uL) was added to the peptide solutions, and the
Structure was confirmed by proton NMR and fast atom solvent was evaporated in a vacuum centrifuge. The
bombardment mass spectrometry. The purity of the material resulting peptide solutions in thioglycerol were applied to a
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was assessed at95% by HPLC.

Reaction Product AnalysisAbz-Gly-Pro-Ala-Leu-Ala-
Nba (95uM) was reacted with 37 nM purified rabbit psoas
20S proteasome at 3T in a pH 8 buffer containing 20
mM HEPES, 0.5 mM EDTA, and 0.035% w/v SDS. After
4 h the reaction was stopped by addition of one volume of
2 M guanidine HCI. The guanidine and dodecyl sulfate form
an insoluble salt that was removed by centrifugal filtration
using an Ultrafree-MC (Millipore) 0.22ZM filter unit. A
50 uL aliquot of the filtrate was subjected to reverse-phase
HPLC on a 3.9x 150 mm Delta Pak C18 column
(Millipore). The column was equilibrated at 1 mL/min, 40
°C, with water containing 0.06% v/v TFA. The peptides
were eluted with a linear gradient of acetonitrile (0.05%
TFA) increasing at 1%/min from 2 to 44 min after injection.

probe, ionized by fast atom bombardment, and analyzed in
a VG 30-250 quadrupole mass spectrometer. Alternatively,
the peptide solutions were ionized with an electrospray source
configured to the same instrument. Both techniques yielded
equivalent results. Molecular ions with masses correspond-
ing to the parent peptide, Abz-Gly-Pro-Ala-Leu-Ala-Nba (M
+ H = 682) and the N-terminal digestion product, Abz-
Gly-Pro-Ala-Leu-OH (M+ H = 477) were observed in the
spectra of the appropriate HPLC fractions (see Figure 1, and
Results). The molecular ion of the C-terminal digestion
product, HN-Ala-Nba (M + H = 224) was not detected
with either ionization mode.

Assay of 20S Proteasome Adies and Inhibition by
p-Lactone or Peptide Aldehydedn a typical kinetic run
for measurement of the BrAAP activity of the 20S protea-

The column eluent was monitored for absorbance at 214 nmsome, 2.00 mL of assay buffer (20 mM HEPES, 0.5 mM

and fluorescence of the Abz groupe{ = 340 nm,Acm =

415 nm) with in-line detectors. Peptides eluting from the
column were collected manually and analyzed by mass
spectrometry as described below.

EDTA, 0.035% SDS, pH 7.8) and Abz-Gly-Pro-Ala-Leu-
Ala-Nba in DMSO were addedota 3 mL fluorescence
cuvette and the cuvette, was placed in the jacketed cell holder
of a Hitachi 2000 fluorescence spectrophotometer. Reaction
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temperature was maintained at 374 0.02 °C by a substrate, Z-Gly-Pro-Ala-Leu-Ala-pAB14), but has the
circulating water bath. After the reaction solution had fluorescent N-terminal blocking group, 2-aminobenzoate, that
reached thermal equilibrium-G min), 2-10uL of the stock  is internally quenched by the C-terminal blocking group,
enzyme solution was added to the cuvette. Reaction progressi-nitrobenzylamide. Complete hydrolysis of Abz-Gly-Pro-
was monitored by the increase in fluorescence emission ata|a-| eu-Ala-Nba results in a 3.7-fold increase in fluores-
415 nm {ex = 340 nm) that accompanies cleavage of the cance intensity at 415 nmid, = 340 nm). This was
peptide and release of internal quenching. For each kinetic yatermined in an experiment in which 2M Abz-Gly-Pro-

run, 200-1000 data points, corresponding{time, F} pairs, Ala-Leu-Ala-Nba was reacted with XM porcine pancreatic

were collected by a microcomputer interfaced to the fluo- elastase to rapidly effect total hydrolysis of the substrate at
rescence spectrophotometer.
the Ala-Leu bond.

Measurement of the ChT-L, PGPH, and trypsin-like
activities of the proteasome were performed in @ manner  when reacted with the 20S proteasome we found that Abz-
similar to measurement of the BrAAP activity. The sub- Gjy-pro-Ala-Leu-Ala-Nba was indeed found to be a substrate
strates for these activities are Suc-Leu-Leu-Val-Tyr-AMC, oy this enzyme and, as predicted, is hydrolyzed exclusively
Bz-Val-Gly-Arg-AMC, and Z-Leu-Leu-Glu-AMC, respec- 4 the eu-Ala bond. The chromatograms of Figure 1

tively, and the release of the cleavage product, AMC, was d :
) = emonstrate that 20S proteasome-catalyzed hydrolysis of
monitored at 440 nmi¢, = 380 nm). Bz-Val-Gly-Arg-AMC Abz-Gly-Pro-Ala-Leu-Ala-Nba results in the production of

is not compatible with SDS, therefore measurement of thetW distinct tide products even after prolonged incubation
trypsin-like activity was performed using the 20S proteasome /0 distinct peptide products even atter prolonged incubatio
with high concentrations of proteasome, demonstrating there

activator, PA28, instead of SDS to activate the proteasome.! X Lo
When the hydrolysis of substrate reached steady state,’S & single cleavage site in this substrate. The substrate gnd
inhibitor (-lactone, peptide aldehydes) was added at an the two products were collected from chromatographic
appropriate concentration and the reaction progress curveeXperiments and subjected to mass spectral analysis. Mo-
monitored. The rate constant for inactivatiokys by lecular ions with masses corresponding to the parent peptide
B-lactone was determined by a nonlinear least-squares fit of (M + H = 682) and the N-terminal digestion product, Abz-
the data to the equation for time dependent or slow binding Gly-Pro-Ala-Leu-OH (M+ H = 477) were observed in the
inhibition (19): spectra of the HPLC fractions which eluted at 34 and 23
min, respectively (Figure 1). The C-terminal digestion
Ve Ui product, HN-Ala-Nba, was not detected by MS; however
Kobs the product which has a retention time of 11.5 min did not
have fluorescent properties and we conclude that this product
whereu, is the initial velocity of the enzyme which slowly is H,N-Ala-Nba.

decays taj;, the final steady-state velocity with a first-order o ) )
rate constantps Kinetic analysis of 20S proteasome-catalyzed hydrolysis

The dissociation constari;, for reversible inhibitors was ~ 0f Abz-Gly-Pro-Ala-Leu-Ala-Nba demonstrated that initial,

determined by nonlinear least-fit of the data to the expressionsteady-state velocities are linear with enzyme concentrations
ranging from 0.5 to 20 nM ([SF 4 uM). Also, steady-

)(1 —exp(kypd)) (1)

{fluorescence = uit(

v 1 state velocities linearly correlate with substrate concentration
;C o [ @) from 2 to 20uM (r? > 0.99). Concentrations of Abz-Gly-
1+ K. Pro-Ala-Leu-Ala-Nba greater than 2(M are insoluble in

! our assay buffer. The slope of the linear dependencg of

where [l] is the inhibitor concentration. In all cases, the Of‘l [S] allows us to calculatg Iﬁ"ij _value of 13 000 M*
concentration of substrate [ Km, S0 thatK; app ~ Ki. stand t? provide the following limitsK, = 100uM and
ke > 1si
RESULTS _— .
Inhibition of the BrAAP Actiity of the 20S Proteasome

Development of a Continuous Assay for the BrAAP py Tripeptide AldehydesCompounds of general structure
Activity of the 20S Proteasomelhe BrAAP activity of the 7| ey-Leu-Xaa-H are known inhibitors of the proteasome
20S proteasome is typically measured in a coupled, stopped-21 22) and have been characterized most often for their

time assay in which rate-limiting concentrations of the yjjiry 16 inhibit the ChT-L activity of this enzymek; values

proteasome cleave Z-Gly-Pro-Ala-Leu-Ala-pAB to produce C ) .

Z-Gly-Pro-Ala-Leu and Ala-pAB 14). Excess aminopep- f(:cr the inhibition of ;[he 20S prote:some catalyzled hydr(f)IyS|s

tidase N hydrolyzes Ala-pAB to Ala and pAB which is 0. Sug—Leu.—Leu-Va ~Tyr-AMC and Z-Leu-Leu-Glu-AMC for
five tripeptide aldehydes, where XaaNva, Leu, Phe,

guantified by diazotization. While suitable for many studies, o
this assay does not offer the precision or accuracy that is )PN€, and Trp, are summarized in Table 1. THeselues
required for detailed kinetic and mechanistic studies. We Were determined at concentrations of Suc-Leu-Leu-Val-Tyr-

felt it was critical to develop a means to continuously monitor AMC and Z-Leu-Leu-Glu-AMC that are at least 5- to 10-
hydrolysis of a BrAAP substrate. fold lower than the substrate’s,, so they reflect true

To this end, we employed the general strategy of Nishino dissociation constants for the complex of inhibitor and
and PowersZ20) for designing internally quenched protease enzyme. Thes&; values were determined by nonlinear
substrates and prepared Abz-Gly-Pro-Ala-Leu-Ala-Nba. This least-squares fit of the data to eq 2 (see Experimental
peptide has the amino acid sequence of the common BrAAP Section).
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Table 1: Inhibition of Peptidase Activities of the 20S Proteasome 10

by Z-Leu-Leu-Xaa-HA 0.8

ChT-LP PGPH BrAAPd 06
Xaa Ki (nM) f1 f,  Ky(nM) Kz (nM) g
Nva 25 580 120 o4
Leu 4.0 50 12 0.2
Phe 5.0 5000 0.76 0.24 2.2 330
(p-Cl)Phe 56 12000 0.68 0.32 17 4200 %00 a0 00 1200 1600 0‘oo 50 100 150 200 250
Tl’p .7 2600 079 021 7.5 >10000 [Z-Leu-Leu-Xaa-H] (nM) [Z-Leu-Leu-Phe-H] (nM)

a All reactions were conducted at 3T in a pH 7.8 buffer containing
20 mM HEPES, 0.5 mM EDTA, 0.035% SDS, and % DMSO.? K;
values for inhibition of the ChT-L activity of the 20S proteasome were
measured with 24 uM Suc-Leu-Leu-Val-Tyr-AMC and 0.52 nM
20S proteasome and calculated by nonlinear least-squares fit to eq 2.
¢Ki values for inhibition of the PGPH activity of the 20S proteasome 5
were measured with-24 uM Z-Leu-Leu-Glu-AMC and 0.52 nM >
20S proteasome and calculated by nonlinear least-squares fit to eq 2.
dK; values for inhibition of the BrAAP activity of the 20S proteasome
were measured with 210 uM Abz-Gly-Pro-Ala-Leu-Ala-Nba and

1.0¢

0.8

0.6

viv,
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02

00 . . . ! N
1-10 nM 20S proteasome. For XaaNva and LeuK; values were 0 1000 2000 3000 4000 0 100 200 300 400 500

calculated by nonlinear least-squares fit to eq 2, while for Xa@he, [Z-Leu-Leu-(pCI)Phe-H] (nM) [Z-Leu-Leu-Trp-H] (nM)

0.0

(pCl)Phe, and TrpK; values were calculated by nonlinear least-squares

fit to the mechanism-independent expression of eq 3. Ficure 2: Inhibition of the BrAAP Activity of 20S proteasome

by tripeptide aldehydes. Kinetic experiments were conducted at 37
°C in a pH 8 buffer containing 20 mM HEPES, 0.5 mM EDTA,
When studied as inhibitors of the BrAAP activity of the ,9\]05%)3 stign?\jl-lol/o DMMEOéOZgM = [AbZ'G|y'fOr°"l\°~A|al"-eU”'
20S proteasome, Z-Leu-Leu-Nva-H and Z-Leu-Leu-Leu-H a-Nba] = 10 uM; 1 nM = [ proteasomes: 10 nM. na
cases, Y. is the parameter plotted on tlyeaxis. Panel A: The
were found to havé; values of 120+ 11 nM and 12+ 1 lines drawn through the data points for inhibition by Z-Leu-Leu-
nM, respectively (see Figure 2A). In contrast to this simple Nva-H and Z-Leu-Leu-Leu-H were drawn using eq 2 and the
behavior, Z-Leu-Leu-Phe-H, Z-Leu-Lep-Cl)Phe-H, and parameters of Tab_le 1. Panel B: The data shown are from two
Z-Leu-Leu-Trp-H are partial inhibitors of the proteasome ;?]deper:lctiﬁntdei(perl_mtents. P"’(‘j”els B, C, %r-ld ?: Thg “ngsthdr?)wnt
: S rough the data points were drawn according to eq 3 and the bes
(Flggre 2B-D). The_ inhibition data for these compounds ¢, parameters of Table 1.
require the expression of eq 3:

Leu-H contains structural features that define this acitivity.

U fy + f, 3 Specifically, Z-Pro-Ala-Leu-H contains a Pro at 8nd a
v - 1] 1] ©) small, aliphatic residue atWhich have been argued to direct
1+ K. 1+ K. peptides to the proteasome’s BrAAP sif&,
1 2

Inhibition of the BrAAP Actiity of the 20S Proteasome
by clasto-Lactacystif-Lactone. The natural product lac-
tacystin has been shown to be an inhibitor of the 20S
proteasomel). Studies from Fenteany and co-workets)(
demonstrated time-dependent inactivation of the ChT-L,
trypsin-like, and PGPH activities of the proteasome. We

This is a mechanism-independent expression for partial
inhibition wheref; andf; are fractional contributions from

two inhibitor-sensitive catalytic components. When com-
bined with inhibitor, these two components form complexes

that have dissociation constants<fandKz ap, respectively. have previously shown that the active form of lactacystin is

The inhjbition data of F_igure 2B-D can be fit to th? clastolactacysting-lactone 25), and now report that this
expression of eq 3 to provide the values that are S.ummar'zedmolecule can also inactivate the BrAAP activity of the 20S
in Table 1. The values foKzapp are uncertain since the oieasome. Figure 4 shows the residual activities of the
highest inhibitor concentration tested was lower than the 20S proteasome after incubation with various amounts of
estimated va:lue_s d{Z.'app ide Aldehvde Inhibi p-lactone. In this experiment 20S proteasome in complex
BrAAP-Selectie Tripeptide Aldehyde Inhibitorslt was it saturating concentrations of the PA28 activator was

of some interest ftohdeterbmme if abtnptlap'ude b?sed on Ithe aliquoted. Each aliquot was treated with different amounts
Ps-P, sequence of the substrate Abz-Gly-Pro-Ala-Leu-Ala- ot 5 4ctone for 30 min at room temperature. The residual

Nba would be a p(;';ent a(ljnd BrAAP-se(Ijective inr:ibitor of the q activity of each aliquot was measured against four peptide
proteasome. To this end, we prepared Z-Pro-Ala-Leu-H and g qirates. 1n agreement with the initial findind$)( the
determinedK; values for the chymotryptic and BrAAP  cpr) activity was more rapidly inactivated by tfdactone

a](G:ftivitiesf of the 20.5 protefasomg (Fi%ljzri3).LTo eprIcl)_:g the than PGPH or trypsin-like activities. Here the result is
effects of systematic transformation of Z-Leu-Leu-Leu-HiInto 5 nirast by the observation that a stoichiometry of ap-

Z-Pro-Ala-Leu-H, we also prepared and tested Z-Leu-Ala-
Leu-H. K; values are all summarized in Table 2. 3 Even greater BrAAP-selectivity was observed for the tetrapeptide
We see that V\_’h_”e Z-Pro-_AIa—_Leu-H is more selectif@r Z-Gly-Pro-Ala-Leu-H which inhibits the chymotryptic and BrAAP

the BrAAP activity than is either Z-Leu-Leu-Leu-H or activities of the proteasome witki values of 470uM and 14uM,
Z-Leu-Ala-Leu-H, it is several orders of magnitude less respectively 23). However, comparison of these results with ours is

; _ _difficult since Vinitsky et al. 23) used unactivated proteasome in their
potent than either of these compounds. We see that Z-Pro study. Although we know that potency of the inhibitors would increase

Ala-Leu-H inhibits the BrAAP activity 150-times less jth Sps-activated proteaseome, we are not sure if the selectivity would
potently than Z-Leu-Leu-Leu-H, even though Z-Pro-Ala- change.
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Ficure 3: Inhibition of the chymotryptic and BrAAP activities of moles B-lactone/mole 20S proteasome

the 20S proteasome by Z-Pro-Ala-Leu-H. Kinetic experiments were . - - .
conductgd at 37C in g pH 8 buffer containing 20 r%M HEPES, Ficure 4: Residual activity of the chymotrypsin-like (open circles),

0.5 mM EDTA. 0.035% SDS. and&1% DMSO. Filled circles: BrAAP (filled trianglles.)., PGPH (filled circles), and trypsin-like.
[Suc-Leu-Leu-\’/aI-Tyr-AMC]=’ 10 uM, [20S proteasomek 0.5 (open triangles) activities of the 20S proteasome treated with

; ; ; — varying amounts ofj-lactone. 0.35uM 20S proteasome in the
Eg/lslhflz'ﬁwthgggr:‘ Ctirlglgg:ln[tzt\;ﬁs;l(;l/r_%v:/g_xgtlgeigﬁg ﬁéga* presence of a 4-fold excess of PA28 was incubated with different

; ; concentrations off-lactone (6-2 uM) for 30 min at room

@%5%@%2%5%%?22% 8=nl|\/EI)4'I;_Lh% Illr%e Slwough the points temperature. Residual ChT-L, PGPH, and BrAAP activities were
' IR measured using the relevant substrates in buffer &€3%ntaining

20 mM HEPES, pH 7.8, 0.5 mM EDTA, and 0.035% SDS. The

Table 2: Inhibition of Peptidase Activities of the 20S Proteasome tryps|n_|lke act|v|ty was measured us|ng PA28 for actlvaﬁon
by Tripeptide Aldehydes

this activity. Although the mechanism by which lactacystin

Ki (nM ivi . . . L .
inhibitor chymotry;;iih ) BrAAP® BrAAljaS;ﬁ,'fCt'V'ty inactivates other peptidase activities of eukaryotic protea-
somes has not been established, it is clear from the kinetics
%:::Zﬂ:"&?;ﬂ-:&ﬁ ;" éj 8'13 that the mechanism involves additional sites of modification
Z-Pro-Ala-Leu-H 11000 1900 58 (19). As a result of this difference it is possible to create
Z-Leu-Leu-Glu-H 27000 5200 5.2 conditions for proteasome modification wifhlactone that

a All reactions were conducted at 3T in a pH 7.8 buffer containing eﬁ?Ct a n?"’}rly complete iﬂhibitiOI_’l of the ChT-L activity
20 mM HEPES, 0.5 mM EDTA, 0.05% SDS, and.% DMSO.? K; app while retaining a substantial portion~40%) of the total
values for inhibition of the chymotryptic activity of the 20S proteasome BrAAP activity (Figure 4). Also, since the modification with
were measured with 10M Suc-Leu-Leu-Val-Tyr-AMC and 0.52 f—lactone masks the functional group that would form a

h

nM 20S proteasome and calculated by nonlinear least-squares fit to e . . LT . PR
2. K, was calculated from the experimental obserkegh, value and emiacetal with an aldehyde inhibitor, this modification

the expression; = Kiapd(L + [SV/Km.ap) WhereKm app= 20 M. € K; should greatly diminish the affinity of the tripeptide aldehyde
values for inhibition of the BrAAP activity of the 20S proteasome were inhibitors for binding in the active site that corresponds to
measured with 210 uM Abz-Gly-Pro-Ala-Leu-Ala-Nba and 110 nM the ChT-L activity (see Table 18(). Figure 5 shows the
20S proteasome; values were calculated by nonlinear least-squares effact thatS-lactone mediated inactivation of the chymot-
fit to eq 2.9 Selectivity ratio= K cn1/Kigraap. . A s

ryptic activity has on the ability of Z-Leu-Leu-(pCl)Phe-H

to inhibit the BrAAP activity. The bi-phasic nature of the
proximately 2.5 mol of lactone per mole of 20S particle titration curve observed with unmodified enzyme (Figure 5,
inactivated>90% of the ChT-L activity but less than 15% closed circles; see also Figure 2C and Table 1) was almost
of either PGPH or trypsin-like activities (Figure 4). Interest- completely abolished when the ChT-L activity was first
ingly, a fraction of the BrAAP activity £60%) could be inactivated bys-lactone modification (Figure 5, open circles).
inactivated with low amounts g#-lactone in parallel with  These data suggest that the component of the BrAAP activity
ChT-L activity. One model to account for this result would that is most sensitive to Z-Leu-Leu-(pCl)Phe-H (Table 1)
involve a single site of lactone modification causing inactiva- may correspond to the active site that catalyzes the ChT-L
tion of ChT-L activity and inactivation of ~60% of total activity.
BrAAP activity. The remainder of the BrAAP activity Approximately, 40% of the BrAAP activity is independent
(~40%) could be inhibited by prolonged incubation times of the active site that catalyses the ChT-L activity. The data
at much highep-lactone concentrations similar to the PGPH in Figure 6 suggest that this portion of the BrAAP activity
activity (data not shown). corresponds to the active site that catalyses the PGPH

The -lactone reacts with the eukaryotic proteasome by activity. Z-Leu-Leu-Glu-H and Z-Pro-Ala-Leu-H were

acylating the side chain hydroxyl group of Fhaf subunit synthesized as inhibitors of the PGPH and BrAAP activities,
X (15, 26). By analogy to the structure and mechanism of respectively, based on the sequence of their peptide sub-
theThermoplasmaroteasome?7, 28) and theRhodococcus  strates. With unmodified enzyme both compounds are more
proteasome29, 30), this residue (i.e., TArof subunit X) potent inhibitors of the PGPH activity, even though Z-Pro-
functions as the catalytic nucleophile for the chymotryptic Ala-Leu-H was synthesized based on the substrate of the
activity of eukaryotic proteasomes and forms a hemiacetal BrAAP activity. When the ChT-L activity was first inac-
with the aldehyde function of peptide aldehyde inhibitors of tivated with-lactone, the titration curves for the PGPH and




Proteasome BrAAP Activity Biochemistry, Vol. 37, No. 21, 1998797

1.0 [ 7] no B-lactone + B-lactone
1.04 '
0.8 J
006 -
2
>
04 .
0.2 0 2z 4 s 8 10 T 4 5 8 10
“Tr ] [Z-Leu-Leu-Glu-H] (uM) [Z-Leu-Leu-Glu-H] (uM)
0.0 b N 1 sl Ly 1.04 1.04 N
10 100 1000 o8 08 D
[Z-Leu-Leu-(pCl)Phe-H] (nM) ol ‘
Ficure 5: Inhibition of the BrAAP activity ofs-lactone modified & oer 2 oer
20S proteasome by Z-Leu-Leu-(pCl)Phe-H. Kinetic experiments > 4| ® oal
were conducted at 3T in pH 8 buffer containing 20 MM HEPES,
0.5 mM EDTA, 0.035% SDS, and 4,8V Abz-Gly-Pro-Ala-Leu- 02 02
Ala-Nba. Closed circles: Control [20S proteasorse?.3 nM. The L N ° o
solid line represents the best fit of the data pointsto eq 3, andthe  °°s 2 4 & & 10 "0 2 4 6 8 10
derived parameter estimates wéye= 0.68,K; = 17 nM, f, = [Z-Pro-Ala-Leu-H] (uM) [Z-Pro-Ala-Leu-H] (uM)

0.32,K; = 4200 nM. Open circles: 20S proteasome in storage = . - : .
: GURE 6: Inhibition of the BrAAP (open circles) and PGPH (filled
buffer (50 mM HEPES, pH 7.8, ImM DTT) was incubated for 20 circles) activities of the 20S proteasome by Z-Leu-Leu-Glu-H and

min at room temperature with 16\ clastclactacystins-lactone, 7.p .
. . ; . -Pro-Ala-Leu-H prior to (panels A and C) and post (panels B and
then diluted into assay buffer at a final concentration of 2.3 nM. D) inactivation of the chymotrypsin-like activity witfi-lactone.

The chymotryptic activity of the enzyme preparation w&2% of :
control, and the residual BrAAP activity was 42% of control. The ?nﬁ]ﬂv'\\ﬁtﬁof f;?\ﬂe?fﬁggr\fveafo'ns%lfg?ttisg|3tiﬁ1%?;rt?v§;n?ﬁéaéﬂrye£{-ls

solid line represents the best fit of the data points to eq 3, and the . o " ;
derived parameter estimate wére= 0.11,K; = 18 nM,f, = 0.89, I?]/ pps;'n}llIéebiﬁlevrltgérlﬁgiﬁglﬁgeggenqmeggspﬁesreopg rr?&mgg?;%znd
K_z = 4590 pM._The dotteq line represents a fit of the data to a 0 0350/'SDS The line th h th int e d S 2
simple binding isotherm witl; app = 3000 nM. y 0 - (e fine trough the POIN'S was crawn using eq <.
: Ki,app = 1.3 uM for inhibition of both activities by Z-Leu-Leu-

remaining BrAAP activity were similar with the peptide Glu-H post-modification of the chymotrypsin-like activity with
aldehyde inhibitors, Z-Leu-Leu-Glu-H and Z-Pro-Ala-Leu- A-1actoneKiap=1.2uM and 1.4uM for inhibition of the BrAAP

. . Lo and the PGPH activities, respectively, by Z-Pro-Ala-Leu-H post-
H. The dissociation constants for these inhibitors post .qjification with f-lactone.
B-lactone modification are shown in Table 3. Since Z-Leu-
Leu-Glu-H and Z-Pro-Ala-Leu-H are poor inhibitors of the tapje 3: Kinetics of PGPH and BrAAP Inactivation after Inhibition
chymotrypsin-like activity (Table 2), in the absence of of the Chymotrypsin-like Activity with3-Lactoné®
B-lactone modification poor inhibition of the total BrAAP K: ("M)
activity is observed. The rate of inactivation of the PGPH

and remaining BrAAP activity by-lactone after inactivation inhibitor PGPH BrAAP?
of the ChT-L activity byg-lactone are identical (Table 3), %:tgﬂ:tgﬂ:'(‘ﬁﬂ %goo iéoo
suggesting that these activities are catalyzed by the same z-pro-Ala-Leu-H 1200 1400
active site. p-lactoné 400 Mtstf 400 Mgt

a All reactions were conducted at S€ in a pH 7.8 buffer containing
DISCUSSION 20 mM HEPES, 0.5 mM EDTA, 0.05% SDS, arnd % DMS0.? 0.5

. .. uM 20S proteasome was incubated with LM S-lactone at room
A Continuous Assay for the BrAAP Adty of the 20S  ‘iemperature for 15 min to selectively inactivate the chymotrypsin-like
Proteasome.In this study, we used the general strategy of activity. °K; values for inhibition of the PGPH activity of the 20S
Nishino and Powers2Q) for the design of fluorogenic  proteasome were measured with AM Z-Leu-Leu-Glu-AMC and
endopeptidase substrates to develop a new substrate ane-5_|_2 “Mlﬁ"acmne'mo‘fj.'f'ed ZO;prOtleaso?‘e .aﬁ.%. ‘.’a'C“'fatﬁd by
P nonlinear least-squares fit to eq “X; values for inhibition of the
assay for the BrAAP activity of the 20S proteasome. Abz- BrAAP activity of the 20S proteasome were measured withulD
Gly-Pro-Ala-Leu-Ala-Nba was prepared, and we found that apz-Gly-Pro-Ala-Leu-Ala-Nba and 410 nM $-lactone-modified 20S
it is cleaved exclusively at the Leu-Ala bond withkgK, proteasome and calculated as beféfdeasurement of the inactivation
value of 13000 M?! s, This value compares favorably rates of the PGPH and BrAAP activities wihlactone was performed
with the ky/Kr, value of 11 000 M? st for hydrolysis of after blocking of the chymotrypsin-like activity witlB-lactone.
Z-Gly-P Alm Leu-Ala-bAB by SDS-activated 20S t Measurement of the second-order inactivation constants are described
-Gly- ro-Ala-Leu-Ala-p \b by -aclivate protea- i, Experimental Section eq 1kod[l].
some isolated from cow pituitarie24). Together, these data
suggest that the activity of the 20S proteasome that we find that while Z-Leu-Leu-Nva-H and Z-Leu-Leu-Leu-H are
investigate with Abz-Gly-Pro-Ala-Leu-Ala-Nba is the same simple inhibitors of the BrAAP activity of the 20S protea-
activity that Orlowski and others have described using Z-Gly- some, peptide aldehydes with larger€sidues, Phep(ClI)-
Pro-Ala-Leu-Ala-pAB. Thus, any mechanistic conclusions Phe, and Trp, are partial inhibitors of this activity. In this
that we draw using this new continuous assay do indeedsection, we discuss several possible explanations for these
describe the classic BrAAP activity. results; some of these relate to the degree of purity and
Partial Inhibition of the BrAAP Actiity of the Proteasome  homogeneity of our enzyme preparation, while others relate
by Peptide Aldehydesin the studies reported herein, we to the proteasome’s complex kinetic mechanism.
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The possibility of impure or heterogeneous enzyme source of trypsin-like activity an@l/Pre3 as the PGPH
preparations must be considered whenever anomalous enactivity containing subunit. Although BrAAP activity was
zyme kinetic behavior is being explained. This is especially not assayed for, it is clear from the crystal structure that only
true for the proteasome for which skeptical investigators have threeS-type subunits carry active site nucleophiles, suggest-
at one time or another attributed all of its multiple activities ing that the BrAAP activity must be contained on one or a
to either contaminating proteases or heterogeneous subunitombination off1, 52, andf5.
populations %, 30). If, for example, our enzyme preparation One mechanism to explain the partial inhibiton of the
is impure and Abz-Gly-Pro-Ala-Leu-Ala-Nba is hydrolyzed BrAAP activity by certain tripeptide aldehydes states that
by the 20S proteasome and a contaminating protease, partialhe proteasome possesses two independent active sites and
inhibition will be observed if these two enzymes bind that both of these sites can hydrolyze Abz-Gly-Pro-Ala-Leu-
inhibitors with different affinities. We must also consider Ala-Nba and bind peptide aldehydes. Partial inhibition arises
the possibility that while our proteasome preparations are for such a mechanism if an inhibitor is bound at the two
pure, they are composed of heterogeneous proteasomeaites with different affinities. We observe that Abz-Gly-
particles. In this case, partial inhibition will arise if the Pro-Ala-Leu-Ala-Nba is hydrolyzed exclusively at the Leu-
BrAAP activities of the different particles have different Ala bond. Interestingly, Z-Leu-Leu-Leu-H (MG132), having
sensitivities to the aldehyde inhibitors. However, we believe Leu in the R position, is a potent inhibitor of the ChT-L,
that neither of these mechanisms accounts for observationGPH, and BrAAP activities. Clearly, thg-subunits
of multiple activities and partial inhibition. The proteasome responsible for these activities can all bind Leu in the S
literature provides ample evidence documenting that thesecleft. Arendt and Hochstrasse34) mutated the N-terminal
activities all exist in proteasome preparations from many threonine in the yeast proteasorf@/Pupl and31/Pre3
species and tissue$,(13). Furthermore, the presence of S-subunits eliminating cleavage after basic and acidic
the various activities is independent of the state of purity of residues, respectively, in small peptide substrates; however,
the proteasomel@). Thus, itis highly unlikely that multiple  neither mutation had significant effects on ubiquitin-depend-
activities and partial inhibition of the proteasome arise from ent proteolysis in vivo and had little effect on cell growth
impure proteasome preparations. Equally uncompelling areand viability. This suggests that the active site responsible
arguments of proteasome subunit heterogeneity since thefor the ChT-L activity can compensate for overall proteolysis
proteasome literature strongly supports homogeneous parawhen the other activities are inhibited. No direct correlation
ticles 6, 13). has ever been made between proteasome active sites

Possibly the strongest evidence supporting homogeneousperationally defined by small peptide substrates and cleav-
proteasome particles comes from two recent reports: mo-age sites in polyubiquitinated proteins.
lecular genetic experiments in yea81) and crystallization Inhibition of the BrAAP activity by Z-Leu-Leu-Nva-H and
and X-ray diffraction studies of the 20S proteasome from Z-Leu-Leu-Leu-H yielded simple titration curves for inhibi-
bovine liver 82). In the former paper, Chen and Hoch- tion which may argue against a two active site mechanism
strasser31) demonstrate that mutant particles of yeast 20S unless both active sites possess similar binding affinities for
proteasome contain the same 14 different subunits as thethese inhibitors. With other aldehyde inhibitors Z-Leu-Leu-
wild-type enzyme. This indicates that these proteasome Phe-H, Z-Leu-Leu-(pCl)Phe-H, and Z-Leu-Leu-Trp-H, par-
particles comprise a uniform population of heterooligomeric tial inhibition is observed. The data from the titration curves
complexes rather than a mixture of particles of variable could be fit to a mechanism-independent expression for
subunit composition. And in the latter paper, Morimoto et partial inhibition which yielded dissociation constants for two
al. (32 report the crystallization of bovine liver 20S inhibitor sensitive catalytic components of the proteasome,
proteasome. While the ability to crystallize strongly suggests one component being at least 2 orders of magnitude more
that 20S proteasome particles exist as a single population,sensitive to the inhibitor than the other. It was observed
the authors go on to report that the enzyme does indeed havehat both Z-Leu-Leu-Nva-H and Z-Leu-Leu-Leu-H, which
a uniform and highly ordered structure. showed simple relatively potent inhibition of the BrAAP

If we now assume that the 20S proteasome used in thisactivity, also inhibited the ChT-L and PGPH activities with
study is pure and homogeneous in its subunit composition, dissociation constants which varied by less than 25-fold. The
we must advance other explanations for partial inhibition. inhibitors which gave biphasic inhibition of the BrAAP
As we discuss in detail below, these mechanisms incorporateactivity, however, were significantly more potent against the
the documented kinetic complexity of the proteasome that ChT-L activity than the PGPH activity, the difference in the
arise from this enzyme’s ability to bind substrates and dissociation constants being greater than 300-fold. There-
inhibitors at multiple sites. fore, one possible explanation for the biphasic inhibition of

Recently the crystal structure of the 20S proteasome fromthe proteasome’s ability to cleave the BrAAP substrate is
yeast at 2.4 A resolution was solved by Groll and co-workers that the active sites responsible for the chymotrypsin-like
(33). Only three of the seven differerfi-subunit types and PGPH activitiesb and31) can also cleave after the
carried an active site N-terminal threonine resigigPre3, leucyl residue in the BrAAP substrate and that the subunit
B2/Pupl, ang@5/Pre2, and these subunits alone were found carrying the ChT-L activity contributes to 6@0% of the
to bind the tripeptide aldehyde, calpain inhibitor | (Acetyl- BrAAP activity and the subunit carrying the PGPH activity
Leu-Leu-norLeu-H). Co-crystallization with lactacystin contributes to 2640% of the BrAAP activity. AEBSF
identified that the35-subunit carried the chymotrypsin-like  which irreversibly inhibits the trypsin-like activitykgyd[l]
activity. More recently, Arendt and Hochstrass&d)( = 30 M1 s™1) does not inhibit the chymotrypsin-like PGPH
through mutational analysis of the N-terminal threonine on or BrAAP activities kond[l] < 0.1 M~ s™1), suggesting that
B2/Pupl ang31/Pre3 to alanine, identified2/Pupl as the  theS-subunit responsible for the trypsin-like activi{§?) is
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distinct from the BrAAP activity containing subunit (un- BrAAP activity is carried on the same site as the ChT-L
published data). Orlowski et all4), also showed that activity.

leupeptin, a potent and selective inhibitor of the trypsin-like ~ Modification of the proteasome with sufficieftlactone
activity, had no effect on the cleavage of four BrAAP to completely inactivate the ChT-L activity while not
substrates. affecting the trypsin-like or PGPH activities allows us to

Further evidence that the proteasome subunit responsibleStudy the inhibition kinetics of the fraction of the BrAAP
for the chymotrypsin-like activity is partially responsible for activity not carried on thgg5 subunit. Z-Leu-Leu-(pCl)-
the BrAAP activity is illustrated by the selectivity data in Phe-H shows biphasic inhibition of the unmodified protea-
Table 2. Z-Pro-Ala-Leu-H was synthesized as a potential SOMe’s BrAAP activity, 68% of the total activity being
inhibitor of the BrAAP activity based on the;PP; sequence  inhibited with aK; of 17 nM and the remaining BrAAP
of its substrate. As expected, Z-Pro-Ala-Leu-H is a more activity having aK; of 4.24M (Figure 5, and Table 1). This
selective inhibitor of the BrAAP activity than the ChT-L  biphasic nature disappears after prior modification oftbe
activity; however, it is much less potent against the BrAAP Subunit with-lactone (Figure 6). Approximately 40% of
activity than Z-Leu-Leu-Leu-H and Z-Leu-Ala-Leu-H, two the original BrAAP activity remains and the titration curve
inhibitors with less similarity to the BrAAP substrate With Z-Leu-Leu-(pCl)Phe-H could be fit to a simple binding
sequence. The two latter aldehydes are also much moresotherm Ki = 4.5uM), suggesting that a single active site
potent inhibitors of the ChT-L activity than Z-Pro-Ala-Leu- IS responsible for this fraction of the BrAAP activity. The
H. Thus, the explanation we favor is that compounds potent Ki of 12 uM for the PGPH activity with Z-Leu-Leu-(pCl)-
against the ChT-L activity also show potent inhibition of Phe-H is of similar magnitude to that of this BrAAP activity,
the BrAAP activity because the active site responsible for Suggesting the same active site. . N
ChT-L activity (i.e.,35) is also responsible for 6680% of Upon modification of the 20S proteasome with sufficient
BrAAP activity. p-lactone to block the ChT-L activity, the inhibition titration

Partial Inhibition of the BrAAP Actiity of the Proteasome ~ ¢H/V€S for the PGPH and BrAAP activities by Z-_eu-Leu-

by clasto-Lactacystif$-Lactone. clastd_actacystins-lac- GIu-I; and dZE ro-AIa-Leu(;I—é_can t_)e_supenmpose? on or;]e ¢
tone inactivates multiple eukaryotic proteasome peptida\se"’:]nOt eran the megsqlre |§SOC|at|on anSt%TtS or eaﬁ 0
activities, ChT-L, trypsin-like, PGPH, and BrAPP, but with 1€ _activities are similar (Figure 6 and Table 3). The
different rates of inactivation. It is most potent against the !nﬁp;!v_atlonf rﬁteéhc_)rf fOth. gct|V|F|<hes Iwnﬁ—lactpne pozt'—
proteasome’s chymotrypsin-like activity having a second- ]L_n |_|t|onfoht € L activity wit - actone (i.e., modi-
order rate constant for inactivation 6f15000 M s~ for ication of theps SUb_“F"_t) are al_so |dent|ca!. Both t_he_P_G_PH
the SDS-activated 20S proteasome employed in this $tudy andﬂthe BhrAAF;] actvities, Wh".:h have dqf'.ffzrefm” |nh|b_|t|9|n
(data not shown). Proteasome modified with increasing E.ro les when the proteasome Is unmodified, follow similar
amounts off-lactone was assayed for the residual activity inetics when thes5 subunit is blocked suggesting that the

against the four substrates which operationally define the same "?‘Ct'vl? sge f'.s |n\l/)olvhed n qlt_aaV|n? thehsubstraées \gh'ﬁh
four activities. From extrapolation, it was estimated that 2.5 ohpergnor(ljaﬁ/ 1e mg ot ?%twglg;. n other words, Ot)l

mol of B-lactone are required to inhibited the ChT-L activity thefs and t §1 su units of the 20S proteasome are capable
(Figure 4). The yeast crystal structur@3] revealed that of cleaving after the Ieupme residue in the BrAAP sub_strate.
only two -subunits (one per ring) are capable of binding The subunit or subunlts_o!c _the proteasome responsible for
B-lactone. The fact thag-lactone hydrolyzes in alkaline the BrAAP and SnAAP activities has been the center of some

aqueous solutidnsuggests that this value of 2.5 mol is an debate. The solution of the yeast proteasome structure and

overestimation and the actual binding stoichiometry is closer tN€ identification of only 33-subunits per ring carrying an

: N-terminal threonine and the fact that only these three
to 2 mol of B-lactone per mol of 20S particle. The BrAAP . . L
activity foII[j)wed siml?lar stoichiomeltary of binding with subunits had peptide aldehyde inhibitor bound suggested that

f-lactone as the ChT-L activity; however, its inhibition was the substrate operationally defining the BrAAP and SNAAP
incomplete in that when 95%’ of the CHT-L activity was activities are in fact hydrolyzed by one or more of these three

inactivated, only 60% of the BrAAP activity was inactivated. Eugir;ts' QN te k;av_e slhown (;hkr)out%h mh;_b |tor_?tud|es that tgle
The PGPH and trypsin-like activities remain essentially ' substrate 1S cleaved Dy the active Sites responsible

uninhibited. The fact that the inactivation of the BrAAP for lclea;/_ing tpg ERII’L ‘?.nfi P?tPhH sut?straltesl. TTUS’ 3”
activity parallels the inactivation of the ChT-L activity but explanation of br activity at the molecufar level nee

; : ; o not involve additional active sites or additional catalytic
Is partial suggests that only a fraction§0%) of the total mechanisms. Rather, this explanation sits well within the

context of proteasome enzymologB5, genetics 84), and
* Previously, we reported a value of 25 000 for inactivation  structural biology 83) that have been elucidated over the
of the ChT-L activity byg-lactone. These experiments utilized rabbit last 20 years
reticulocyte 20S activated by the protein activator PA28 instead of ’
detergent. In all other respects the assay conditions are identical. Thus
the difference ing-lactone potency most likely reflects differences REFERENCES
between detergent activated 20S and the-2P&28 complex. 1. Ciechanover, A. (19943ell. 79 13-21

5 clastoLactacysting-lactone hydrolyses to its dihydroxy acid in >
aqueous solution at pH 8.0, 3T, with a first-order rate constant of 2. Goldberg, A. L., Stein, R. L., and Adams, J. (19€)em.

0.0009 st (25) and Biol. 2 503-508. ] )

6 Measurement of the trypsin-like activity was done with PA28 for 3. Hochstrasser, M. (199%jurr. Opin. Biol. 7 215-223.
activation instead of SDS. It is of course impossible to measure the 4. Peters, J.-M. (1994Jrends Biochem. Sci9, 377-382.
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SDS precipitates small Arg-containing peptides such as those typically Chem. 2686065-6068.
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