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ABSTRACT. Here, we document for the first time the presence of the 26S proteasome and the ubiquitin
pathway in a protozoan parasite that is in an early branch in the eukaryotic lineage. The 26S proteasome
of Trypanosoma cruzpimastigotes was identified as a high molecular weight complex (1400 kDa) with

an ATP-dependent chymotrypsin-like activity against the substrate Suc-LLVY-Amc. This activity was
inhibited by proteasome inhibitors and showed same electrophorectic migration pattern as yeast 26S
proteasome in nondenaturating gels. About 30 proteins in a range-df1¥bkDa were detected in the
purified T. cruzi26S proteasome. Antibodies raised against the AAA family of ATPases from eukaryotic
26S proteasome and tiie cruzi20S core specifically recognized component3 ofruzi26S. To confirm

the biological role of 26S in this primitive eukaryotic parasite, we analyzed the participation of the ubiquitin
(Ub)—proteasome system in protein degradation during the time of parasite remodeling. Protein turnover
in trypomastigotes was proteasome and ATP-dependent and was enhanced during the transformation of
the parasites into amastigotes. If 20S proteasome activity is inhibited, ubiquitinated proteins accumulate
in the parasites. As expected from the profound morphological changes that occur during transformation,
cytoskeletal proteins associated with the flagellum are targets of the ubigpibteasome pathway.

Trypanosoma cruzicausative agent of Chagas’ disease, tion (7), antigen-processingg8), regulation of membrane-
undergoes profound morphological changes during develop-anchored and secretory pathway-compartmentalized proteins
ment in the vertebrate and invertebrate hosts. The trypomas<{9), and protein quality control1(Q).
tigotes invade the vertebrate host cells and immediately come The 265 proteasome is made up of two 19S regulatory
into contact with the lysosomal compartmet) Mostlikely,  complexes and a proteolytically active 20S proteasome core
the acidic pH of lysosomes induces the transformation into (11, 12), which is a cylindrical structure composed of four
amastigotes2—4). The amastigotes replicate intracellularly  gi5cked heptameric rings composedwegubunits in the outer
and, within several days, transform back into trypomastigotes. rings ands-subunits in the inner one43). The active sites
During this precisely timed cycld,. cruziundergoes shape  agige within thef-subunits, which provide the catalytic
changes, the flagellum and kinetoplast must be remodeled,y_terminal threonine residuet4). The substrate is believed
genes must be turned off and new genes turned on, andg enter through narrow pores in therings, which associate
proteins must be selectively degraded and synthesized. | i the regulatory 19S complex in an ATP-dependent
_ In el_Jkaryotic. cells, the turnover of intracellular proteins manner to form the 26S proteasome. This complex degrades
is mediated mainly by the ubiquitirproteasome systerb)( ubiquitin (Ub)-conjugated proteins through a process that also

Following ubiquitination, proteins are unfolded and degraded requires the hydrolysis of ATPLL). The 19S regulatorl(?)
by the 26S proteasome, a large multisubunit complex IocatedCan be further dissociated into two subcomplexes: the “base”

in the cytosolic and nuclear compartments. This proteolytic and the “lid”. The 19S base complex consists of the six
_pathway controls a bro_ad array of ceIIuIar functions, inc!ud- AAA-family ATPases that interact with alpha subunits of
ing cell cycle progressiortj, stage-specific gene transcrip- the 20S proteasome and non-ATPases that bind to polyubi-
quitin conjugates. The 19S regulator lid complex is made
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heteromultimer composed of two isoforms of a 28-kDa to time 0 were taken. The remaining trypomastigotes were
subunit (PA28 and PA2@®) and is present in the cytoplasm incubated at 37C, in the presence or absence of the above-
as a free complex or associated with the proteasome. Thementioned protease inhibitors, either in DMEM, pH 7.4, or
PA28 complex is inducible by-interferon and is required  in transformation medium (DMEM, pH 5.0) to trigger
for efficient antigen processing and also for immunoprotea- trypomastigote transformation into amastigot$s $amples

some assembly2(). The function of PA26 complex iff. were taken at indicated times. To measure protein degrada-
bruceiis unknown. tion, the samples were chilled fdl h on ice in 10%

We have previously reported that lactacystin, a highly trichloroacetic acid and centrifuged for 3 min at 20900he
specific inhibitor of the 20S proteasom@1f, inhibits radioactivity in the TCA soluble and insoluble materials was
trypomastigote transformation both in culture medium and Mmeasured using a Beckman LS 5000TD counter. Protein
within cells 22). In another protozoan parasif€, brucej degradation was expressed as the percentage of incorporated

lactacystin inhibits the proliferation of both the mammalian radioactivity that had been converted into the acid-soluble
and the insect forms, and arrests them in ther®Rand form. To measure the breakdown of long-lived proteins,
G1/S phase, respectively23). The 20S core has been fourth-dayT. cruztinfected cell cultures were labeled with
successfully isolated from several protozoan parasites, ‘C-leucine for 18 h at 37C. Trypomastigotes obtained from
including T. brucej but the presence of the 26S proteasome the culture supernatants were incubated in chase medium
and the participation of the ubiquitin pathway in protein (DMEM, 20 mM HEPES, 0.4% BSA, 0.5 mg/mL leucine)
degradation has not been documented in protozoa. In factfor 1 h at 37°C in the presence or absence of inhibitors.
it has been suggested that trypanosomes lack the 263JVieasurement of protein degradation was performed as above.
proteasome, and the 20S proteasome is only activated by ATP-Dependent Proteolysis Assafter metabolic label-

the PA26 complex 24). Since, the PA26-activated 20S ing, ATP production was blocked by preincubation for 1 h
proteasomes do not degrade proteit®,(this implies that in DMEM, pH 7.4, containing 25 mM 2-deoxyglucose
the bulk of protein turnover in trypanosomes is not via the instead of glucose and 2.5 mM A7B (a non-hydrolyzable
Ub—proteasome system and might operate similar to bacteriaATP analog) in the presence or absence of a cocktail of
without the benefit of ubiquitination. Archea and prokaryotes inhibitors detailed in Figure 3 legend. Parasites were
contain ATP-dependent proteases that share remarkableransferred to transformation medium (pH 5.0) containing
structural and funtional similarity with the eukaryotic 26S the same inhibitor composition and incubated for an ad-
proteasome1(). Although bacterial proteasomes can rec- ditional 2 h. At the end of the incubation, parasites were
ognize linear peptide degradation signals within proteins centrifuged and rapidly frozen. To measure protein degrada-
(class | degrons), during evolution, the eukaryotic proteasometion, samples were processed as described above. ATP
acquired the additonal capacity to recognize a multiubiquitin determination was performed by the luciferasaciferin
chain (6). In the present study, we have used the tripano- assay. Further details are in the figure legend.

somatid parasitd. cruzito explore the participation of the  Assays for Protein Ubiquitinatiofo detect ubiquitinated
Ub—proteasome system in protein degradation during the proteins by Western blot, 5 10° trypomastigotes were
time of parasite remodeling. washed twice in PBS, centrifuged, and incubated both at low

pH (pH 5.0) and at physiological pH for indicated times.
After incubations, parasites were washed in PBS and
centrifuged at 350§ for 6 min. The resulting pellet was
resuspended in a lysis buffer containing 50 mM Tris-HCI,

EXPERIMENTAL PROCEDURES

Materials. Protease inhibitors, fluorogenic substrates, and
other reagents were purchased from Sigma Chemical Co.
(St. Louis, MO), except as otherwise noted. Calpeptin 120 MM NaCl, 1% CHAPS, 50M E-64, 10 mM EDTA, 5
(benzyloxycarbonyl-Leu-norleucinal) (Cbz-Leu-norleucinal) mM NEM, 1 mM PMSF, '1ng/r.nL leupeptin, and 10.g/
was from Calbiochem (La Jolla, CA). Radiochemicals and ML aprotinin. After 20 min on ice, 1(xg of crude lysate

Chemical Luminescence kit were from Amersham Pharmacia /85 loaded onto _SDSPAG.E a_md blotted onto PVDF
Biotech, Inc (Piscataway, NJ). membranes. Protein quantification was measured by BCA

. o . protein assay (Pierce, Rockford, IL). Ubiquitin conjugates
. Protein Turno/er n Live Para_snesLLC-MKz_ cell_s were were detected using a specific anti-ubiquitin mAb (Zymed
infected withT. cruzitrypomastigotes, Y strain. Five days

. Laboratories Inc, San Francisco, CA) and a anti-mouse 1gG-
later, the supernatants contained more than 90% trypomas

. ) X . peroxidase conjugate. Blots were developed using Enhanced
tigotes. The parasites were centrifuged, washed with DMEM Chemi . -

: : emical Luminescence system. To detect the accumulation
medium (1% dialyzed-FCS, 10 mM HEPES, pH 7.4), and y

. . - . . . . of ubiquitinated proteins in trypomastigotes, the parasites
incubated in the same medium without leucine and isoleucine q P yp 9 b

for 45 min at room temperature. To measure the breakdownWere pretreated with 30M lactacystin or as controls with
. ) X . 30 uM E-64d, 30uM calpeptin, or 25 mM 2-deoxyglucose
of short-lived protein, 2.0« 10’ trypomastigotes/mL were “ # pep Yo

bolicallv labeled fol h h 0.5 in DMEM, pH 7.4, at 37°C for 1 h. Parasites were
me.ta olically labelec atroom temperature with 0. transferred to DMEM, pH 5.0, containing the same inhibitor
uCi/mL C-leucine in the presence or absence of one of

the followi ; inhibitors: lact tin. 10 mM composition as in the previous step, and incubated for an
€ lolflowing protease Innibitors. JM lactacystin, 10 m additonal 2 h. Ubiquitinated proteins were detected as above.
methylamine, 25uM calpeptin, 30uM E-64d, 30 uM

leupeptin, 5QuM vinyl sulfone (Z-L3VS)! or 25uM CBZ-

Phe-Ala-FK. At the end of this period, parasites were washed *Abbreviations: Amc, 7-amino-4-methylcoumarin; E-64d5,65)-

three times to remove extracellulafC-leucine and re- trans-epoxysuccinyk-leucyl-amido-3-methylbutane ethyl ester; mAb,
. - o monoclonal antibody; PAR, paraflagellar rod protein; PVDF, poly-
suspended in DMEM, pH 7.4, containing 0.4% BSA, 20 MM  (yinylidene difluoride); Z-L3VS, leucyl-leucyl-leucine vinyl sulfone:

HEPES, and 0.5 mg/mL cold leucine. Aliquots corresponding Ub, ubiquitin.
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Assay for Ubiquitination of Cytoskeletal Proteins in the were analyzed by Western blot using a monoclonal antibody
Flagellar Fraction To trigger remodelingT. cruzitrypo- to thea-subunit of T. cruzi20S (mAb 7E5) and antibodies
mastigotes were incubated in transformation medium (pH against members of the AAA family of ATPases present in
5.0). In some experiments, the parasites were preincubated®6S proteasomes (Affiniti Research Product, Exeter, U.K.).
with 25 uM lactacystin for 45 min at pH 7.4 and subse- The antibodies were against yeast subunit YTA-1 (homo-
quently incubated in transformation medium (pH 5.0) in the logue to human S6a), human subunit TBP-7 (S6b), human
presence of lactacystin at the same concentration. Aliquotssubunit p45 (S5), human subunit MSS1 (S7), yeast subunit
containing 2.8x 107" were taken at time O (pH 7.4) and 1, YTA-5 (homologue to human S4). Yeast 26S proteasomes
2, 3, and 4 h later in transformation medium (pH 5.0). For were partially purified as in re26 from 1 L of yeast cells
the ubiquitin conjugation assays, parasites were washed onc€Y190). Preparation of yeast protein extract was done from
with PBS and then permeabilized with 50 of buffer a spheroplast preparation and lysis using Dounce homog-
containing 0.2% NP-40, 40 mM Tris-HCI, pH 7.5, M enization in 50 mM Tris-HCI, pH 7.5, 1 mM DTT, 2 mM
E-64, and 2 mM DTT¥-ubiquitin was then added, and ATP, 5 mM MgCh, and 20% glycerol. Two milligrams of
the permeabilized parasites were incubated at@7or 25 yeast lysate was loaded onto 10 mL of-13% glycerol
min in the presence or absence of lactacystinuib, either density gradient in 20 mM Tris-HCI, pH 7.5, 1 mM DTT,
in ATP-depleted medium that contained @& hexokinase, and 2 mM MgATP. After centrifugation at 28000 rpm for
10 mM 2-deoxyglucose, @l U apyrase, or in a medium 18 h at 4°C in a SWA41 rotor (Beckman, USA), the gradient
containing an ATP-regenerating system, which contained 5was separated into 3Qd- linear sample fractions and
mM MgCl,, 5 mM ATP, 10 mM creatine phosphate, and 10 assayed for peptidase activity against Suc-LLVY-Amc. The
ug of creatine kinase. The reaction was stopped by centrifu- peak fractions containing the 26S proteasome were pooled,
gation at 1500 for 10 min at 4 °C. The parasite’s  kept with 1 mM ATP and 20% glycerol, and stored-&80
cytoskeletal flagellar fraction was extracted from the pellets °C until use.

(25) by incubation with buffer A (60 mM PIPES, 25 mM Peak fractions containing the 26S or 20S proteasome
HEPES, 10 mM EGTA, 2 mM MgG| 0.5% Triton X-100, activities were initially recognized by their ability to
50 ug/mL antipain, 1Qug/mL aprotinin, 10ug/mL E-64, 5 hydrolyze 10QuM of Suc-LLVY-Amc in 50 mM Tris-HClI,
ug/mL leupeptin, 1Qug/mL pepstatin A, 1 mM PMSF, 50 pH 7.5, 1 mM DTT, and 50uM E-64. The fractions
mM NaF, 20 mM sodium pyrophosphate, and 2.5 mM containing the 26S proteasome were identified by the ATP-
orthovanadate). The resulting cytoskeleton proteins were mediated stimulation of hydrolytic activity in the presence
washed twice in buffer A and extracted with buffer A of 2 mM ATP and 5 mM MgC] and by the inhibitory
containigp 1 M NaCl, and the resulting material was activity of 0.02% SDS. In contrast to the 26S proteasome,
dissolved wih 6 M urea fo 1 h onice. As determined by  the activity of the 20S proteasome is enhanced by incubation
Coomassie blue staining of SDS gels, this fraction containedwith 0.02% SDS 27). To deplete ATP, samples contained
almost exclusively paraflagellar rod proteins and tubulins. 1 U of apyrase. To measure peptidase activity,u10of
Radioactivity was evaluated in a LKB 1260 Multigamma sample fractions were added to 9. of appropriate
Counter. fluorogenic peptide solution, and the mixtures were incubated
26S Proteasome Purificatior\ll purification steps were  at 37°C for 30—60 min before quenching with 2Q@L of
carried out within 48 h, and none of the intermediate fractions cold ethanol. Fluorescence was recorded in a Fluoroskan I
were frozen.T. cruziepimastigotes were harvested from 3 (Labsystem, Helsinski, Finland) using an excitation wave-
L of culture and washed three times in PBS. The resulting length of 380 nm and an emission wavelength of 440 nm
pellets were homogenized in buffer B (25 mM Tris-HCI, (27).
pH 7.5, 1 mM EDTA, 2 mM ATP, 1 mM DTT, and 5 mM Nondenaturing Gel Electrophoresis and Substratey.
MgCl,) and 0.25 M sucrose. Parasites were disrupted on icePurified proteasomes were resolved in 4% nondenaturing
using a nitrogen cavitation bomb (600 psi for 5 min), and PAGE as described.(). Briefly, a single gel layer was made
the homogenate was spunr fb h at10000@. The super- up with 4% acrylamideN,N'-bisacrylylcystamine (at a ratio
natant was supplemented with 3 mM ATP and loaded onto of 22:1), 0.18 M Tris-borate, pH 8.3, 5 mM MgCIllmM
a hydroxylapatite column equilibrated with 10 mM sodium ATP, 1mM DTT, and polymerized with 0.1% TEMED and
phosphate buffer, pH 6.8, containing ImM DTT, 5 mM ATP, 0.1% ammonium persulfate. The running buffer was the same
and 20% glycerol. The fractions containing 26S were loaded as the gel buffer but without acrylamide. Proteins were
directly onto a DEAE Affigel Blue (BioRad Labs., Hercules, resuspended in a loading buffer containing 50 mM Tris-HCl,
CA) column equilibrated with buffer C (buffer B containing pH 6.9, 5% glycerol, and xylene cyanol. Nondenaturing
10% glycerol). After the column was washed with 40 mM minigels were run at 100 V at 4C until the xylene cyanol
KCl in buffer C, the 26S proteasomes were eluted with 0.2 eluted from the gels. The gels were then incubated in 5 mL
M KCI in buffer C. Fractions were concentrated using of 0.1 mM Suc-LLVY-Amc in 50 mM Tris-HCI, pH 7.5, 5
Millipore Ultrafree filters and fractionated by Fast Perfor- mM MgCl,, 10% glycerol, 1 mM ATP, 1 mM DTT, and 50
mance Liquid Chromatography using Superose 6 HR 16/30 M E-64. Proteasome bands were visualized upon exposure
equilibrated with 50 mM Tris-HCI, pH 7.5, 1 mM DTT, 2  to UV light and photographed with a Polaroid Camara using
mM ATP, 5 mM MgCh, 0.1 M KCI, and 10% glycerol. a Kodak purple gelatin filter No. 34A. In some cases, the
Fractions were assayed for peptidase activity using the proteolytically active bands were cut out of the gels and
fluorogenic substrate Suc-LLVY-Amc as described below. incubated with 4QuL of 2 M DTT per 100uL of gel slice
A pool of the peak fractions containing 26S were subjected for 30 min at 30°C. Laemmli loading buffer was added to
to nondenaturing gel electrophoresis, followed by fluorogenic
peptide overlay as described below. Purified 26S proteasomes 2J. GonZztez, unpublished data.
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4 Ficure 2: Degradation of both short-lived and long-lived protein
. during remodeling of. cruzi Trypomastigotes were metabolically
Time (h) labeled as described in Figure 1. For short-lived proteins, trypo-

mastigotes were preincubated with specific proteasome inhibitors
(panel A) or different protease inhibitors (panel B) during the
: : h ; tabolic labeling. For long-lived proteins, 184@-leucine
leucine during 1 or 18 h for short-lived (panel A) and long-lived me > :
(anel ) protin, respectvely. At aking a sampl a fme 0, 200X IIRoTeStoetes uere chasecie wih DURIL D 18
arasites were incubated either in DMEM, pH 7.4, or DMEM, pH .~ . ’ ; At
E.O, for an additional 1, 2, or 3 h. Protein brepakdown was measE)JredInhlbltors (panel C) or different protease inhibitors (panel D). For

) ; C either long- or short-lived proteins, aliquots were collected at time
as the release 8fC-leucine counts by TCA precipitation. The data 0,05, 1, 2, and 3 h, and protein degradation was evaluated by

shown are the mean values and standard deviations obtained irgcA precipitation. The data shown here are expressed as mean
three independent experiments and indicate the counts released int E (= 3) and represent the percent of protein degradation.

the supernantant at pH 7.4 (solid circle) and at pH 5.0 (solid Inhibitor concentrations are lactacystin (@01), calpeptin (25:M),

triangule). Z-L3VS or vinyl sulfone (50uM), E-64d (30xM), leupeptin (30
uM), and methylamine (10 mM).

Ficure 1: Turnover of intracellular protein during. cruzi
remodeling. Trypomastigotes were metabolically labeled ith

the samples, boiled for 5 min, and loaded onto 10% SDS
gels. Proteins were detected by ammoniacal-silver staining.proteasomal pathways, trypomastigotes were treated with
specific inhibitors (Figure 2). The breakdown of short-lived
RESULTS protein was inhibited by 5560% in the presence of specific
_ ) ) and irreversible proteasome inhibitors such as lactacystin and
Role of Proteasome in Protein Breakdown during Trans- z.| 3ys, a tripeptide vinyl sulfone (Figure 2, panel A).
formation We initially compared the rates of protein \ethylamine and leupeptin had little or no inhibitory effect
degradation when trypomatigotes are triggered to transform(<10%) (Figure 2, panel B). Even at a concentration of 30
into amastigotes by acidic medium (pH 5.0) versus those M, E-64d had no detectable effect on protein turnover
maintained at pH 7.4. Short- and long-lived proteins were (Figure 2, panel A). Among cysteinyl protease inhibitors,
arbitrarily defined by meta_bohc labeling of ftrypomastlgotes only calpeptin (an inhibitor of calpains) had a moderate
for 1 and 18 h, respectively, and protein turnover was jnhibitory effect on short-lived protein degradation (20
measured at pH 7.4 and pH 5.0. In several independentpo) (Figure 2, panel B). However, it has been reported that
experiments, protein breakdown was consistently higher in high concentrations of calpeptin (1@01) may also inhibit
parasites maintained at the lower pH (Figure 1). The some mammalian proteasome peptidase activi@&s (n
differences were more striking for comparisons made an attempt to identify whether the proteasome is a target of
between the rates of breakdown of short-lived (Figure 1, calpeptin inT. cruzj we studied the inhibitory effect of
panel A) versus long-lived proteins (Figure 1, panel B). After cajpeptin on the proteolytic activities of immunopurified
2 h of incubation at pH 5.0 or pH 7.4, 19.6 versus 13.9%, proteasomes from calpeptin pretreated parasites aMBat
respectively, of short-lived proteins were degraded and 14 o pH for 2 h. No inhibition in any 20S peptidase activities
versus 10.7%, respectively, for long-lived proteins. was observed (not shown). Moreover, in several experiments,
Short-lived protein degradation exhibited biphasic kinetics, we included both calpeptin and lactacystin in the transforma-
suggesting that the labeled proteins are composed of ation medium. We consistently observed an additive effect:
heterogeneous population of molecules with different half- after 2 h ofincubation at pH 5.0, lactacystin inhibited protein
lives. To study the contribution of the lysosomal and breakdown by 55%, while 75% of protein degradation was
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30 ATP quantification assay. It is noteworthy that the AR
mediated interference appeared more pronounced with the
25 addition of 2-deoxyglucose in the APB-treated parasites.
248 Next, we attempted to identify the proteolytic pathways
affected by 2-deoxyglucose and A¥® mediated-ATP
depletion. Parasites were pretreated with medium containing
either protease inhibitors or a mixture of inhibitors with

20

15 1 176 2-deoxyglucose and ATFS. In parasites treated with lac-
tacystin, protein degradation was strongly inhibited 61
10 . 0.8%), and addition of 2-deoxyglucose and A/B’had a
98 e minimal effect. In parasites treated with methylamine, E-64d

and calpeptin to inhibit lysosomal and Talependent
proteolysis, degradation was inhibited by 291%. The
addition of 2-deoxyglucose and A7B inhibited degradation
by an additional 5H- 1.2%. These results strongly suggest

FiGurEe 3: Inhibition of ATP production blocks rapid short-lived tha’; ATP depliﬂon affected mainly or exclusively the
protein breakdown during transformation. 20107/mL labeled ~ Prot€asome pathway. .
trypomastigotes were preincubated fb h in the presence or Ubiquitination of Proteins Increases during Trypomas-
absence of either lysosomal ancPGaependent protease inhibitors  tigote Transformation into Amastigot&o detect ubiquiti-
(10 mM methylamine, 3M E—-64d, and 25M calpeptin) or nation of proteins during transformation, we performed
lactacystin 30uM (clear bars). At the same time, another set of Western blots using specific antibodies to ubiquitin. As

trypomastigotes were preincubated in a glucose-free DMEM R : . . Is of
containing the above-mentioned inhibitors and supplemented with ShOWnN in Figure 4, there is a strong increase in the levels o

25 mM 2-deoxyglucose and 2.5 mM AFB to block and replace  ubiquitinated proteins in total extract of parasites incubated
ATP levels, respectively (darkened bars). Parasites were laterin transformation medium (pH 5.0). We reasoned that if
transferred to DMEM, pH 5.0, containing the same inhibitor piquitination is required for the degradation of proteins by
ggmgﬂf'gme‘?ﬁ c?ggr\:a%a%gﬂ :gcsuhbo"’\‘:ﬁf for an additional 2 h. The yo proteasome, the presence of Iacta<_:ystin duri_ng _transfor-
mation should lead to an accumulation of ubiquitinated
inhibited in the presence of both calpeptin and lactacystin Proteins. This was in fact observed, as shown in Figure 4,
(not shown). panel B. The effect was Iactacystln—spguflc and was not
. . . . observed after incubation of parasites in the presence of
The _re;ults obtalned.for long-lived protein degradation g gaq or calpeptin. Ubiquitin conjugation was suppressed
were similar. Lactacystin and Z-L3VS were the strongest \ han trypomatigotes were depleted of ATP by incubation
inhibitors (70-74%). Lysosomal cysteinyl protease inhibitors  j, o),cose-free medium containing 2-deoxyglucose (Figure
were poor inhibitors (1615%), while calpeptin inhibited 4, panel B).
protein degradation by 30% (Figures 2, panels C and D). gq\ation of the T. cruzi 26S Proteasonfurification of
Therefore, we conclude that the protein breakdown during ye 565 proteasome df. cruzi epimastigotes was carried
trypomastigote remodell_ng ta_kes place r_nal_nly n _th_e Pro- oyt by series of chromatographic steps including hydroxy-
teasome, with some patrticipation of calpain-like activity but lapatite, DEAE affigel-blue, and Superose 6 columns. The
not of lysosomal enzymes. elution profile of the superose columns is shown in Figure
Short-Lived Protein Degradation by Proteasomes Requires 5, panel A. A high molecular weight proteolytic complex
ATP. To determine whether the degradation of short-lived with chymotrypsin-like activity against the substrate Suc-
proteins is ATP-dependent, we initially incubated trypomas- LLVY-Amc was identified. Its activity was enhanced-2-
tigotes in glucose-free-medium containing 2-deoxyglucose fold by 2 mM ATP and was totally inhibited by incubation
to deplete ATP as described elsewhere. This condition with 0.02% SDS. A second peak of acitivity with a smaller
reduced the ATP content in trypomastigotes by-66% and molecular size contained the proteasome core, and its
protein degradation by 27%. Sinde cruziis capable of  chymotryptic activity was greatly enhanced by treatment with
utilizing both carbohydrates and amino acids to supplement SDS (Figure 5, panel A). On the basis of its elution profile
its energy requirement80), we targeted the ATP-dependent from Superose 6 (Figure 5, panel A) and electrophorectic
protein degradation by incubating trypomastigotes in glucose- migration in nondenaturating gels (Figure 5B), the large
free medium containing 2-deoxyglucose and ABPto complex has a molecular mass ofLl400 kDa, a 2.2-fold
partial deplete and replace intracellular ATP, respectively. increase in the molecular massTfcruzi20S proteasome.
After this treatment, the parasites remained alive, but protein When the nondenaturing gels were overlayed with the
degradation was reduced by 320.5% (Figure 3). ATRS fluorogenic substrate Suc-LLVY-Amc, the complex migrated
has been reported to inhibit ubiquitin-dependent proteolysis as a single spot, and in a position identical to the 26S
in vitro (31) and is known to bind ATP receptors in proteasome isolated from yeast (Figure 5, panel B). The 26S
mammalian cells32). A membrane receptor-mediated ATP  band was cut out from the nondenaturing gel and subjected
transport system has been identifiedTincruzi trypomas- to SDS-PAGE. About 30 proteins in a range of 2510
tigotes B3). It is conceivable that ATS might bind to this kDa were observed after silver-staining (Figure 5, panel C),
transporter and enter the cytoplasm of trypomastigotes.including the 26-35 kDa subunits of the 20S core. Com-
Treatment with ATRS alone reduced protein degradation ponents of purified. cruzi26S were specifically recognized
by 25%, but total ATP content could not be evaluated, most by Western blot using antibodies raised against the AAA
likely because the incorporated A¥8 interfered with our ~ family of ATPases (ATPases Associated with a variety of

5

% Short-lived protein degradation

0
None Lactacystin E64-M-Caip
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A

c"\O

Ficure 4: Increase of ubiquitin conjugated protein levels dufingruziremodeling. Panel A, & 10° trypomastigotes were incubated at

pH 5.0 or at physiological pH 7.4 for 0.5, 1, 2, 3, and 4 h. After incubations, parasites were centrifuged and resuspended in lysis buffer as
described in Experimental Procedures. Ten micrograms of total protein was resolved5#04SDS-PAGE. After transfer of proteins,
ubiquitin conjugates were detected using anti-ubiquitin mAb. Panel B, trypomastigotes were preincubat&d &ir37 h with either 30

uM E-64d, 30uM calpeptin, 30uM lactacystin, 25 mM 2-deoxyglucose, or alone in DMEM, pH 7.4. Parasites were transferred to
transformation medium (pH 5.0) containing the same inhibitor composition for an additional 2 h. Five micrograms of total protein was
resolved in 10% SDSPAGE and short time exposures were taken to visualize better the increase in the levels of ubiquitinated proteins in
the presence of lactacystin. Western blot was processed as described in panel A. Molecular weight markers are shown in kilodaltons.

A B
2000 " -
1750 : J:ZPATP ,?"3? E E
1500  —¢= SDS i > =
1250 9 4

Suc-LLVY-Amc cleavage
(fluorescence units)
Loz
g 8
1 1

Fraction Number

Cc D E
20S 265
Ex 26S 208 P3 Subunit
200= S0 > 100
116 — - E e
-l = — - -MSS1(S7) <
66_ @
>
— -YTA-1(S6a) =
E - ‘-‘I’BP-? (s6b) =
v= = - |-mss1 (s7) -3
= 2
— 42—
== = £ @ E
= em = = £ § E
- e 5 < g
oap@P |- T cruzi2s < w3
£5
s

Ficure 5: Proteolytic activity of fractions eluted from the Superose 6 column. Panel A, proteolytic activity was monitored by enzymatic
cleavage of Suc-LLVY-Amc in the presence or absence of MgATP. Other samples were assayed with SDS in the absence of ATP. Panel
B, 26S fractions analyzed by nondenaturing PAGE, followed by overlay with the peptide Suc-LLVY-Amc in the presence of ATP. Panel
C, SDS-PAGE silver stain of thd. cruzi26S band shown in Panel B. Panel D, reactivity of proteasome ATPases from piitifieaizi

26S proteasomes and from a pool fraction containing the peak3 (P3) by polyclonal antibodies anti-yeast YTAL (or human S6a), human
MSS1 (S7), and human TBP-7 (S6b). Thecruzi 20S proteasome was detected by reactivity using a monoclonal antibody 7E5 against
a-subunits after stripping the membrane. Panel E, the influence of inhibitors on the degradation Suc-LLVY-Amcchyzi 26 S was
measured in the presence of 2 mM ATP, 5 mM Mg@ind 50uM E64. 100% degradation is taken for the peptidase activity obtained in

the presence of ATP/Mgglinhibitor concentrations used are aprotiningymL), TPCK (0.1 mM), calpeptin (38M), bestatin (0.1 mM),
p-lactone (10uM), vinyl sulfone (30uM), lactacystin (3QuM), MG132 (30u«M), and EDTA (10 mM). Percentage of relative peptidase
breakdown is shown.

cellular Activities) from eukaryotic 26S proteasonf) 50—-60 kDa (Figure 5, panel D). In fact, it has been recently
Anti-yeast YTA-1 (or human S6a), anti-human TBP-7 (S6b), reported that an expressed sequence tag cDNA icruzi
and anti-human MSS1 (S7) strongly recognized bands of epimastigote EST's databases shares homology with the
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human S6a (Al066178)Antibodies against th€. cruzi20S
proteasome also recognized the purifileccruzi26S prote- 5 T
asome (Figure 5, panel D). Specific inhibitors of the prote-
asome such as lactacystifi;lactone, and vinyl sulfone
(ZL3VS) inhibited the activity of theT. cruzi26S protea-
some. Bestatin (endopeptidase inhibitor), TPCK, and apro-
tinin (serine protease inhibitors) had no effect (Figure 5,
panel E).

As also shown in Figure 5, panel A, we detected a small
peak of estimated molecular weight of 150 kDa (peak 3)
with an ATP-dependent proteolytic activity against Suc-
LLVY-Amc. Although its presence was confirmed in ad-
ditional experiments, the activity was rapidly lost and further
attempts at characterization were not successful, suggesting
that more than one factor might be required for activity. The
pool fraction of that peak3 (P3) was not recognized by
antibodies tor. cruzi20Sa-subunits but reacted with anti-
yeast YTA-1 antibodies (Figure 5, panel D). It leads us to
suggest that this peak might contain a member of the AAA
family of ATPases unless it is part of the disassembly of
19S cap. Perhaps, this smaller enzyme is a part of one of

>

=—~O—pH 74 - ATP
=== pH 7.4+ ATP
—@—pH 5.0 -ATP
—&— pH 5.0 + ATP

125, yp incorporated (cpm x 10'3)

Lactacystin

the ATP-dependent proteases described in prokaryotes and PAR

in mitochondria of eukaryotic cells (FtsH, Lon, CIpAP, and —Tubulin

ClpXP) (35). ;
Qytqskeleta! Proteins ffqm the qugellar Fraction Are 0 o p 2 3 4 Time(h)

Ubiquitinated in Permeabilized Parasites Incubated at pH

5.0. When trypomastigotes undergo transformation to amastig- c 01 2 3 4 Tme(h)

- 4+ — 4+ — 4+ — + Lactacystin
+ + + 4+ + + + + ATP

otes, most of the flagellar structure disappears. As shown - -

above, during this process, many proteins are ubiquitinated. -+

To determine whether flagellar proteins are among them, we [
performed ubiquitin conjugation assays in permeabilized 203
parasites since exogenous ubiquitin (8.6 kDa molecule) does
not enter the living parasite. Radiolabeled ubiquitin was

added to the permeabilized parasites under different condi- 83—
tions, and flagellar proteins were extracted at different time
points. As shown in Figure 6, panel A, a basal level of
ubiquitin conjugation was observed in trypomastigotes kept

at pH 7.4. A strong increase in ubiquitin conjugation was
P g d 119 Ficure 6: Conjugation of'?3-ubiquitin to cytoskeletal flagellar

nOt?d in trypomastigotes incubated betweend 2 at pH proteins during transformationT. cruzi trypomastigotes were
5.0in the presence of ATP. In the absence of ATP, no changejncybated at pH 7.4 or pH 5.0 for indicated times. For the ubiquitin

in the level of ubiquitination was observed at either pH 7.4 conjugation assays, 2.8 107 parasites were permeabilized with
or pH 5.0. Samples from similar preparations were analyzed 50uL of conjugation buffer containing 0.2% NP-40 and incubated
by SDS-PAGE. As shown in Figure 6, panel B, they With 129-ubiquitin at 37°C for 25 min in the presence or absence

- . h of ATP. Identical samples were incubated under the same conditions
contained mainly paraflagellar rod proteins (PAR) and in the presence or absence of lactacystin. Parasites were centrifuged

tubyling. Also _ShOWﬂ is the gradual disappearance of PAR and pellets were submitted to extraction of cytoskeletal flagellar
during incubation at pH 5.0 in the presence of MgATP and proteins as described in Experimental Procedures. Panel A,
the inhibitory effect of lactacystin. The radioautography is conjugation of ubiquitin was evaluated iryaounter and expressed

shown in Figure 6, panel C. As shown, ubiquitination is ATP- as cpm. The data shown represent the mean values and standard
' ) ’ deviations obtained in three independent experiments. Panel B,

dependent. In th_e Pr.esence of I"’,‘Ct?‘cys“n' asmear Containing:oomassie staining of the gel of the preparations described above.
accumulated ubiquitinated protein is observed. The molecularpanel C, autoradiography of the ubiquitin conjugation assay.

masses vary between 60 kDa and greater than 200 kDa.

Although there is a correlation over time between the Cruzi(22), T. brucei(36, 37), Leishmania mexicang38),
disappearance of PAR and the accumulation of ubiquitinated Giardia lamblia (39), Entamoeba inadens(40), andEnta-
proteins, we could not directly identify ubiquitinated PAR moeba histolytica(41), the 26S proteasome has not been

116 —

49 —

under these experimental conditions (data not shown). identified in any protozoan. Trypanosomatid protozoan
parasites represent one of the earliest branches in eukaryotic
DISCUSSION lineage using molecular phylogenetic analy2i8) (Because

) of the lack of evidence of an ATP/Ub-dependent proteolytic
Although the presence of the 20S proteolytic core has beengystem in these parasites, it has been suggested that protea-
demonstrated in a broad range of organisms, including  gome degradation may be similar to prokaryotes. We
explored that hypothesis using the tripanosomaticruzi
3 Accession number. and we identified the 26S proteasomeTofcruzi epimas-
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tigotes as a high molecular weight complex (1400 kDa) with cells, and the concentration of intracellular?Cés greater
composition that resembles that of the 26S proteasomein amastigotes than in trypomastigoté&gl{56).
isolated from other eukaryotic cells. We identified tentatively  Little is known about the involvement of the proteasome
some members of the AAA family of ATPases present in in the diverse biological functions of other protozoan
the 19S complexes that cap the 26S proteasomes and thaparasites. Lactacystin at nanomolar concentrations inhibits
are highly conserved). In Western blots off. cruzi26S, the development of the exoerythrocytic and erythrocytic
the subunits S6a (p50, YTAL), S6b (p48, TBP7), and S7 stages ofPlasmodium(57) and encystation oE. invadens
(MSS1) ATPases members revealed strong bands with the(40). In T. brucej lactacystin-treated bloodstream forms
expected molecular mass. During self-assembly of the 19Sdifferentiate normally into procyclic forms, and intracellular
regulatory complex, the ATPases are paired (S6a binds tolevels of several glycosomal enzymes remained unchanged
S10b, S6b binds to S8, and S7 binds to 3K),(suggesting during differentiation $8). However, the remodeling of.
that the S4, S8, and S10b subunits may also be present irbruceidoes not involve morphological changes as dramatic
the 26S proteasome @f. cruzi Sequences with homology as T. cruzi In fact, it is not clear whetheiT. brucei
to S6a and other components of thecruzi26S proteasome  remodeling represents conventional eukaryotic differentiation
have been reported in the database (S6a, Al066170; S14 0(58).
P31, Al069659; S2, Al612566). It has been proposed that protein degradatioh. ibrucei

The rate of degradation of intracellular proteins increases may operate as in prokaryotes, since attempts to identify the
substantially when trypomastigotes are shifted to pH 5.0. 26S proteasome . brucei have not been successful.
Concomitant with this pH shift, a large proportion of the Instead;T. brucei(but apparently not. cruzior Leishmanig
intracellular protein breakdown is degraded via an ATP- contains a potent activator of the 20S proteasome named
dependent proteasome. In mammalian cells, the turnover ofPA26. The properties of PA26 resemble in some ways those
short-lived proteins (which control key regulatory processes of PA28x, the activator of the 20S of mammalian cells, that
such as signal transduction) and long-lived proteins is is absentin yeast. The function of PARE to further process
mediated mainly by the Ubproteasome systerd4, 45). It the peptides generated by the 26S particle and generate
is conceivable that the observed acceleration of protein peptides of a specific size for antigen presentati&rbg).
turnover at pH 5.0 may be due to the degradation of proteins PA28x and PA26 subunits do not share sequence similarities,
involved in signal transduction pathways durifig cruzi but both form heptameric ring structures and enhance the
remodeling. Participation of the ubiquitin pathway in protein peptidase activities of the 20S particles in an ATP-
degradation inT. cruziis suggested by the strong increase independent mannerl®9, 24). Importantly, the PA26-
in the levels of ubiquitinated proteins when trypomastigotes activated 20S proteasomes do not degrade substrate proteins
transform into amastigotes (Figure 4). Furthermore, depletion (19), although the pore size of tHe brucei20S proteasome
of endogenous ATP in trypomastigotes abrogated ubiquitin seems larger than that of the yeast proteasome and resembles
conjugation and reduced considerably the breakdown of the size of the pore of prokaryotic proteasoni#®).(On the
short-lived proteins (Figure 3). When proteasome activity is basis of these intriguing findings, it may be argued that
abolished during transformation, an accumulation of ubig- machinery that degrades peptidegirbruceiis not the Ub-
uitinated proteins is observed. Tliecruzigenome contains  proteasome system but involves other nonidentified ATP-
more than 100 ubiquitin-coding sequences, a number muchdependent (?) proteases [like in prokaryot&%, (60)].
larger than in other organismg@). Heat-shock elements  According to this hypothesis, PA26 complex would perform
whose transcription is altered under stress conditions area supplementary or regulatory role, analogous to that of
present in the intergenic regions preceding the polyubiquitin PA28a.
genes47). It is conceivable that their expression is upregu-  On the other hand, the presence of the 26S proteasome in
lated when the parasite reaches the acidic environment ofT. bruceimay have escaped detection because the large and
the endosomal compartment, immediately following cell complex 26S particle is unstable and notoriously difficult to
invasion (). In Plasmodium falciparugranother parasite that  isolate. In favor of this idea, the structural and functional
undergoes striking host and stage-specific transformations,properties of thel. brucei20S proteasome resemble those
heat shock responses are associated with slightly elevatedf the yeast and mammalian 20S proteasomes. While
levels of ubiquitin transcripts, and increases in the amounts prokaryotic 20S particles have only two subunits and display
of polyubiquitinylated proteins4@g). primarily chymotryptic-like activity, the yeast, mammalian,

Consistently, a calpain-like activity had a minor role in andT. brucei20S proteasomes contain 14 different subunits
protein turnover during parasite remodeling. Although and display more than one peptidase activi®g, (37). It
calpain has not been identified so far in protozoan parasites,should also be pointed out that sequences with high homol-
several genes with homology to calpain have been reportedogy to 26S components have been reported inltherucei
in trypanosomes (T26731, AQ901910 and AQ85252)d databank (S4, 098693; S6a, AQ658101; S6b, AQ649013;
indirect evidence for the presence of the enzymatic activity S7, AQ941695; and S8, AQ637851).
has been observedd-51). In mammalian cells, calpain In an attempt to identifyl. cruziproteins that are targeted
activity is modulated by Ca concentration, and one of its  for degradation by the 26S proteasome, we analyzed the fate
functions is to cleave intracellular structural proteils, ( of cytoskeletal proteins during transformation of trypomas-
53). A similar role could be envisaged for the putatiVe tigotes into amastigotes, when the flagellum almost disap-
cruzi calpain, i.e., it may participate in the turnover of pears, and the parasite dramatically changes its shape. As
cytoskeletal proteins during transformation of trypomastig- shown in Figure 6, there is an increase in the conjugation of
otes into amastigotes. Perhaps of relevance, calcium fluxesubiquitin to flagellar proteins during transformation, and
within the trypomastigotes are detected during entry into host ubiquitinated products accumulate in the presence of lacta-
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cystin. Although the preparation used in these experiments 19. Yao, Y., Huang, L., Krutchinsky, A., Wong, M. L., Standing,
contained predominantly paraflagellar rod proteins (PAR)

and tubulin as seen by staining with Coomassie blue, we

failed to identify the ubiquitinated proteins. By immunopre-
cipitations with antibodies against PAR molecules, we did

not detect the presence of an associated ubiquitin moiety (not
shown). Nevertheless the interpretation of these experiments
is problematic because paraflagellar rod proteins are notori-

20.

K. G., Burlingame, A. L., and Wang, C. C. (1999) Biol.
Chem. 27433921-33930.

Preckel, T., Fung-Leung, W. P., Cai, Z., Vitiello, A., Salter-
Cid, L., Wingvist, O., Wolfe, T. G., Von Herrath, M., Angulo,
A, Ghazal P., Lee, J. D., Fourle A. M., Wu, Y., Pang, J.,
Ngo K., Peterson P. A., Fruh, K, and Yang, Y. (1999)
Science 2862162-2165.

21. Fenteany, G., Standaert, R. F., Lane, W. S., Choi, S., Corey,

ously difficult to solubilize. Further studies are necessary to 5,
unravel the participation of Ubproteasome pathway in the

sequence of events that leads to the precisely timed disas-
sembly and disappearance of the complex matrix of paraflagel- 23
lar rod proteins and axoneme. Some of the questions to be

asked are (i) Which signaling pathways are triggered in

trypomastigotes when the pH is lowered to 5.0? (ii) Since 25,

the

structure, how are the constituent proteins disassembled and

flagellar rod is a rigid and highly insoluble lattice-like

how do they enter the Ubproteasome system? Do protea-

somes and calpains specifically associate with the flagellum -

and with the rod during transformation? (iii) What are the

end products of the destruction of the rod? (iv) Do they find 28.

their way into the cytoplasm of the host cells, or are they

reutilized by the amastigotes? Some of these questions are
relevant to other Trypanosomid parasites of the genera

Trypanosomaand Leishmaniathat remodel their flagellar

structures during development in the insect and/or mam-

malian hosts.
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