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Cell Fractionation of Parasitic Protozoa — A Review
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Cell fractionation, a methodological strategy for obtaining purified organelle preparations, has been applied
successfully to parasitic protozoa by a number of investigators. Here we present and discuss the work of several
groups that have obtained highly purified subcellular fractions from trypanosomatids, Apicomplexa and tri-
chomonads, and whose work have added substantially to our knowledge of the cell biology of these parasites.
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The protozoa comprise a large number of specigency, which distinguished among enzymes confined in
including some agents of human and animal diseases suaiétierent membrane-bound compartments by the differ-
as malaria, leishmaniasis, Chagas disease, African trygces in time of release after membrane lyses (De Duve
nosomiasis, amebiasis, giardiasis, toxoplasmosis, cocciiB67). Subsequently, the knowledge obtained by analyti-
osis, theileriosis, and babesiosis, to mention only soneal cell fractionation has been used to design preparative
of the more important examples. These protozoa are alsall fractionation schemes aimed at isolating and purify-
of interest from a cell biological point of view since theying specific organelles for further studies.
contain unigue cytoplasmic structures and organelles that The cell fractionation process usually starts with dis-
have been the subject of investigation in some detail fouption of the plasma membrane, using conditions that
many years. These studies have provided new inform@inimize damage to the membranes bounding intracellu-
tion of general biological interest since some investigdar organelles. Disruption can be achieved by procedures
tors assume that some of the protozoa form the rootssafch as exposure to high-frequency sound (sonication),
the evolutionary tree of eukaryotic cells. treatment with a high-speed blender, grinding in a me-
THE CELL FRACTIONATION TECHNIQUE _chanical homogenizer_, nitrogen cavitation, etc. Usually, it

] ) ) iS necessary to monitor the process by phase contrast
_ To disrupt tissue cells, separate their components Byicroscopy in order to avoid rupture of the organelles or
differential centrifugation and analyze the distribution ofjisorganization of cytoplasmic structures. Once the cells
known enzymes among the different fractions obtainggte proken open, the suspension can be separated into its
has been a powerful tool for exploring cell structure anghain components using a series of centrifugations at in-
composition. , , ) creasing speeds. This causes cell components to move
Transmission electron microscopy of thin sections hag\ard the bottom of the centrifuge tube, forming a pellet
provided detailed views of cell structure. However, 1@t 5 rate that depends on their size and density. The su-
address many questions concerning the function of sylsrnatant is then collected and subjected to further cen-
cellular organelles it has proven necessary to gently d't$'rfugati0n at higher speed, and the process may be re-
rupt the cell and isolate its components. This has begBated several times depending on the cell type and the
accomplished by differential centrifugation, a methodokryctures to be isolated. Usually differential centrifuga-
ogy developed in the 1940s and 1950s mainly by the cgl goes not yield very pure material. Therefore, it is
biology group coordinated by Albert Claude, Christiamecessary to continue the isolation procedure by using
de Duve and George Palade at the Rockefeller Universifyansity-gradient centrifugation, a procedure where the
Their reviews should be consulted for descriptions of th§ganelles and structures are separated by sedimentation
early studies (De Duve 1971, 1975, Claude 1975, Pala@igough a gradient of a dense solution such as sucrose,
1975 De Duve & Beaufay 1981). Their work established getrizamide, Percoll, etc. In this process, the fraction first
baseline of important concepts: (a) polydispersity, whichstained by differential centrifugation is layered on the
allowed the rules of sedimentation coefficients (Svedbe;ggp of a gradient composed of a non-ionic substance.
& Pedersen 1940), as defined for macromolecules, to B&ernatively, sample can be positioned under the gradi-
adapted for subcellular particle centrifugation; (b) biognt solution or mixed with it, in the case of self-forming
chemical homogeneity and unique localization, which reyradients. The tube is centrifuged at high speed for a
sulted in the definition of marker enzymes; and (c) lasxtended period, allowing each structure to migrate to an
equilibrium position where the density of the structure is
equal to that of the surrounding liquid. Therefore, in this
process separation is based on the buoyant density rather
. _ _ than on the size and shape of the particles. Following
Corresponding author. Fax: +55-21-2260.2364. E-mailentrifugation, the fractions can be collected individually

wsouza@biof.ufrj.br . L o
Received 30 OCtober 2002 for furthgr analysis and determination of the efficiency of
separation.

Accepted 30 December 2002




152 Cell Fractionation of Parasitic Protozoa * W de Souza, NL da Cunha-e-Silva

An important requirement for successful cell fractioneharacterized fractions, which were further characterized
ation is the evaluation of the isolation procedure, usuallysing morphological and biochemical approaches.
accomplished using morphological and/or piochemic@ELL FRACTIONATION OF TRYPANOSOMATIDS
methods. The morphological approach applies light and _ . .
electron microscopy of thin section to the various frac- Fig. 1 shows a general view of a thin section of a
tions obtained. The biochemical approach is based ¥Panosomatid examined by transmission electron mi-
the determination of the enrichment of enzymes or oth8Ff0SCOpy. The protozoan is surrounded by a typical plasma
molecules (a special type of lipid, an antigen, etc.) thgt€mbrane, which envelops the cell body, invaginates at
can be considered as a marker for a given structure € anterior end of the cell forming the flagellar pocket,
organelle. To be considered a marker, an enzyme mustdté continues over the flagellum. Therefore, we can dis-
known as a component of the organelle in all cells studiééguish at least three main domains of the plasma mem-
(biochemical homogeneity) and absent from the rest Qfan_e:_ those surrounding the cell body, the flagellum, and
the cell (unique localization). These notions resulted frof€ lining of the flagellar pocket. Below the plasma mem-
analytical cell fractionation studies (De Duve 1975) anffane, exceptin the region of the flagellar pocket, there is
defined a number of classical enzyme markers (Tablélayer of microtubules, known as subpellicular microtu-
Based on experience accumulated over many years, Rides, which are in contact with each other, with the plasma
strongly recommend the simultaneous use of both a embrane and with profiles of the endoplasmic reticulum
proaches. hrough filamentous structures. The flagellum emerges

There are relatively few reports on the isolation of strudfom the basal body located in the anterior region of the
tures and organelles from parasitic protozoa due to sevef&ll @and projects forward. It displays a typical flagellar
factors, including difficulty in obtaining enough cells toStructure with a 9+2 pattern of microtubule doublets. In
start the fractionation procedure, and difficulty in breakingddition, it exhibits a highly elaborated network of fila-
open the cells under conditions in which the structures dRentous structures connected to the axoneme through
well preserved. This is especially important for those pr§mall bridges forming a structure known as the
tozoa in which a layer of subpellicular microtubules reri?@raflagellar (or paraxial) structure (or rod). The nucleus
ders the cells more resistant to rupture, as in the casePbthe protozoan is centrally located. The cytoplasm con-
trypanosomatids and Apicomplexa. Finally, there is th&ins randomly distributed ribosomes and profiles of en-
absence of well-defined markers to characterize the iséeplasmic reticulum. The Golgi complex is located in the
lated structure. Nevertheless, the discovery of two siigdterior region, close to the flagellar pocket. Some or-
cial organelles from protozoa came from analytical cell fra§@nelles are specific for the trypanosomatids. The first
tionation experiments: the glycosome of trypanosomatid@¥'€ iS the kinetoplast, which corresponds to a condensa-
(Opperdoes & Borst 1977) and the hydrogenosome of tflon of_extranuclear DNA.that I|e§ W|th|n the unique rami-
chomonads (Lindmark & Muller 1973). fied mitochondrion, and is localized in front of the basal

The present review will describe attempts made tl@,ody_that gives rise to_the flagellum. The secon_d charac-
obtain structures and organelles from protozoa belonifristic organelle, designated the glycosome, is usually
ing to the Trypanosomatidae and Trichomonadidae fanfRund, is enveloped by a unit membrane, and contains a
lies and the Apicomplexa phylum. They were selectg@@trix denser than the cytoplasm. Most of the enzymes of
because they are good examples of the use of the é@ﬁ glycolytic pathway are localized mthls organelle. Since
fractionation technique to obtain highly purified and well? SOme species the glycosome contains catalase and en-

TABLE

Enzymes recognized as markers of cell organelles in mammal cells and protozoa

Marker enzyme

Organelle Mammal cells Protozoa
Plasma membrane 5'-nucleotidase 5'-nucleotilase
Na*-K*-ATPase N&-K*-ATPase?
adenyl cyclase Mg -ATPase
adenyl cyclase
Mitochondria cytochrome oxidase succinate-cytochrome c reductase
Endoplasmic reticulum glucose-6-phosphatase glucose-6-phosphatase
NAPH-cytochrome c reductase
Golgi complex sialyl transferase galactosyl transferase
Glycosome (trypanosomatids) not present hexokinase
Hydrogenosome (trichomonads) not present malic decarboxylase
Acidocalcisome not present M pyrophosphatase

a: in Tritrichomonas foetus
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zymes involved in thB-oxidation of lipids, it corresponds showed slight contamination with ribosomes (Timm et al.
to a peroxisome. The third characteristic organelle cof980).
sists of several distinctive vesicles, which usually dis- In the second approach, cells were ruptured by soni-
play an empty interior and an electron-dense material @tion and the membrane fraction were isolated by differ-
their periphery. This organelle, designated acidoential centrifugation, followed by equilibrium centrifuga-
calcisome, has been the subject of intense investigatithon on sucrose gradients. The fractions were character-
in recent years and is involved in the regulation of thiged by electron microscopy, enzyme markers (adenyl cy-
cytoplasmic concentration of calcium, with the participaelase, succinate dehydrogenase, cytochrome c reductase,
tion of several ATPases. Another important organelle &cid phosphatase, and glucose-6-phosphatase), and by
the reservosome, which is found in epimastigote forms dfstribution of surface-bountfY activity in cells previ-
trypanosomatids of the gentlisypanosomaof the sub- ously labelled using lactoperoxidase. A 10-fold increase
genusSchyzotrypanupand is involved in the accumula-in the adenyl cyclase activity was obtained with this
tion of macromolecules ingested through the endocytinethod. N&-K*-ATPase and 5’ nucleotidase activities
pathway. were not found (Franco da Silveira & Colli 1981). In a third
report, plasma membrane was induced to vesiculate by
rH}icubating the cells with aldehydes, N-ethylmaleimide,
-chloromercuribenzoate, or acid buffers, followed by iso-
ion of the vesicles by sucrose-density centrifugation
Hanco da Silveira et al. 1979). The fractions were charac-
grized by distribution of3Y activity as in the second

Isolation of the plasma membrane

Attempts have been made to obtain a pure plas
membrane fraction from trypanosomatids. This is not
easy task, as the continuous layer of microtubules bel
the plasma membrane makes trypanosomatids resist
to conventional methods for cell breakage. Hunt and Ella roach described above. and by electron microsco
(1974) disrupted.eptomonas collosontay blending the p|? inatelv the authors did ty ‘l)(y
cell suspension with glass beads and were able to isol}:llt@ ortunately, the authors did not assay enzyme mar
a plasma membrane fraction. They found that the ~;

subpellicular microtubules remained attached to the plasma EX@mination of the electron micrographsTofcruzi
membrane, and could be used as a morphological criT{ae-ated with v_e5|cu_lat|ng agents showed that _veS|cIes form
! (;ﬁinly at certain points of the membrane which encloses

rion in assessing the purity of the fraction. This associ e cell body and the flagellum. Therefore, the membrane

tion of isolated membranes with microtubules has be I} tion isolated by this brocedure certainlv does not con-
confirmed forL. collosomaLinder & Staehelin 1977)ry-  action| ytnisp u Inty cof
tain all areas of the plasma membrane. The method is in-

panosoma cruiiMeyer & De Souza 1976)rypanosoma . ; ; " ;
brucei(Voorheis et al. 1979).eishmania mexicar@imm teresting as it shows that we can examine specific regions
et al. 1980)| eishmania donovarfDwyer 1980), andry- of the cell surface of. cruzithat, for unknown reasons,
panosoma lewisDywer & D’Alessandro 1980’) In some &re more likely to form \_/eS|cIes. A 30-folc_i to 50-fold en-

: |;}hment of some proteins was detected in the membrane

cases, the microtubules did not remain associated wi L A I
the plasma membrane (Pereira et al. 1978, Franco da Silve} ggg;solated from the vesicles (Franco da Silveira et

etal. 1979, Zingales et al. 1979, Rovis & Baekkeskov 198@). C
In these cases the only way to assess the purity of theThese studies indicate that the plasma membrane of

fraction is to use the membrane enzyme markers or tHEIMastigotes ofT. cruzidoes not have two of the en-
attachment of microtubules to the isolated membraney/MeS that are typical of the plasma membrane of eukary-
Z' c cells: Ngd-K*-ATPase and 5’-nucleotidase. It seems

Since different methods have been used to rupture t 2t adenvl cvelase is the best marker to determine the
cells, we cannot exclude the possibility that, in some cas @ vl ¢y ' :

the attachment of microtubules to the membrane depe ug)é-O;L;ﬂ?%%;nseemﬁg}gJﬁcglﬂgg;;uﬁlség 1,[—0 es-
on differences in the methods used. But even when t Eb !

; ; lish the purity of the isolated plasma membrane frac-
same method was used for the isolation of the membrat@ ) <
it gave different results ih. cruzi (Pereira et al. 1978) and tioh (Rovis & Baekkeskov 1980, Mancini etal. 1982).

in L. mexicangTimm et al. 1980). Three procedures have been used to obtain a plasma

Three procedures have been used to obtain a purifisifmorane fraction frori. brucei First, cells were dis-
plasma membrane fraction from epimastigotet ofuzi rupted using nitrogen cavitation followed by differential

Cells previously swollen by treatment with Triton X_loocentrifugation and successive centrifugations in gradi-

were disrupted using a Dounce-type homogenizer. ng of dextran and sucrose (Rovis & Baekkeskov 1980).

membrane fraction was obtained through successive st rosi?cugﬂ dogtal'g?r? V;ii Cﬂﬁiﬁ‘;ﬁ:;i%ﬁ%’j?gggen mi-
of differential centrifugation and its purity was evaluate Py y 9 Y

by electron microscopy and by testing for enzyme mark"d @denyl cyclase) and polyacrylamide gel electrophore-
ers. Activities of 5'-nucieotidase and NK*-ATPase, the > In the second approach, cells were broken by sonica-

two classical markers of the plasma membrane in madien. followed by differential centrifugation and centrifu-
mals, were not found ifi. cruzi Acid phosphatase and gation in a sucrose gradient (Mancini et al. 1982). The

succinate dehydrogenase were absent from the purifigacuon obtained was characterized by electron micros-
membrane fraction. The specific activities ofcORY, assay of enzyme markers (adenyl cyclase and

+ 1+ : [SRH .
Mg2*-dependent ATPase and adenyl cyclase in the mem‘:" -K*ATPase), analysis of |pd|natable surface proteins,
nd the presence of the variable surface coat glycopro-

brane fraction were two and five times higher, respectivel in. Einallv. cells were disrunted using a Dounce homod-
than in the whole homogenate. Electron-microscopy .- Y, srupted using nog
nizer followed by centrifugation in a sucrose gradient.
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The fraction obtained was characterized by electrosubcellular fraction that did not cause cardiac lesions
microscopy and assay of the enzyme markesghen inoculated into mice (Ruiz et al. 1986). In the same
Nat-K*-ATPase and adenyl cyclase (Voorheis et al. 1979)ear, Pereira and co-workers (1977) designed another
L. donovancells, previously treated with dilute etha-method for isolating flagella based on separating the fla-
nol in a hypotonic buffer, were disrupted on ice in a Dounagellum from the undisrupted cell body. They treated
homogenizer and the membrane fraction was purified Ifyrithidia fasciculata, Herpetomonas samuelpessoai
centrifugation in a sucrose gradient. Characterized by eldzishmania tarentolagith Lubrol-PX, a non-ionic de-
tron microscopy, the fraction exhibited plasma membranergent, in the presence of magnesium chloride, before
profiles with associated subpellicular microtubules (Figleflagellation with a Dounce homogenizer. Flagellar frac-
2), which served as natural morphological markers to disens thus obtained were very pure, but consisted of
tinguish the plasma membrane from internal membrandesmembranated flagella as a result of the detergent. Al-
profiles (Dwyer 1980). though devoid of membranes, isolated flagella ftem
The freeze-fracture technique (reviewed in De Souzamuelpessoaivere very effective in protecting mice
1995) shows that the membrane that covers the varicagainstT. cruzj indicating that highly conserved anti-
regions of the trypanosomatids (cell body, flagellar pockgens were present inside the flagella. One year later, Pereira
and flagellum) is not homogeneous. Therefore, it wouldnd co-workers (1978) obtained a similar flagellar fraction
be of interest to obtain membrane fractions from each &"fbm T. cruziepimastigotes. This fraction was also pro-
the different regions. Some attempts have been madetéative.
isolate the flagellar membrane. On treating an isolated In 1981, Piras and co-workers developed a protocol
flagellar fraction ofT. cruziwith Triton X-100, Piras and for the isolation of the flagellum Gt cruziepimastigotes,
co-workerg1981) obtained a soluble flagellar membranéased on sonication of the parasites in the presence of
preparation, but did not characterize it in detail. Some yedyevine serum albumin and calcium chloride to protect the
later, Cunha-e-Silva and co-work€t889)isolated a highly cell body from rupture, followed by differential and su-
purified flagellar membrane fraction from two differentcrose gradient centrifugation. They obtained a highly
species of trypanosomatids. By treating a flagellar fragurified and well-preserved flagellar fraction. By treating
tion devoid of cell bodies with Triton X-100 we separatethe flagellar fraction with Triton X-100, they also isolated
the flagellar membrane by centrifugation in a sucrose gran axoneme (plus paraxial rod) fraction and a soluble flagel-
dient (Fig. 4, see the following section). lar membrane fraction. Both flagellar cytoskeleton and
Reviewing the work on the isolation of the plasmdlagellar membranes gave precipitin lines in double-diffu-
membrane of trypanosomatids has led to the importagibn tests against chagasic patients’ sera.
conclusion that the bridges of a protein nature connect- We have adapted and improved Piras’ method to pu-
ing the inner portion of the plasma membrane to thify flagella fromH. megaselia¢Cunha et al. 1984). This
subpellicular microtubules showed by Souto-Padrén amdonoxenic trypanosomatid possesses a very big paraxial
co-workers (1984) in quick-frozen and deep-etched replied. The flagellar fraction fror. megaseliagvas highly
cas ofT. cruziare very stable structures. purified and we demonstrated by electron microscopy that
the flagella were well preserved and had intact membranes
f(Fig. 3). In the same study, we obtained purified flagella
ti;iom Crithidia deanei,a trypanosomatid that does not
ssess the paraxial structure. By comparing the electro-

Isolation of the flagellum

The flagellum is responsible for the motility o
trypanosomatids and participates in their interaction wi
the hosts, by adhering to the insect digestive traP - ! i .
(Vickerman & Tetley 1990), or initiating the contact withP1O€tic profiles of purified flagella from both parasites,
mammalian cells (De Souza 1984). It arises from a basaf could identify V.Vh'Ch protein were the major compo-
body at the bottom of a plasma membrane invagina’[ioﬂents of the paraxial structureldf megaseliae.

the flagellar pocket. The intraflagellar cytoskeleton comt-. nss'?ggetggggg; ﬁ’{ﬁ:giﬁ’g;iﬁiﬁ;ﬂv‘ﬁ:‘e:Inaaglil(l)anr] fr(()r:lr(]:(;nt
prises a canonical type 9+2 axoneme and a uning ’ p

paraflagellar or paraxial structure, which is present in atl flagella (even from manogenetic trypanosomatid spe-

trypanosomatids except for those that bear an endosy; £s) could confer.a high _degree of.protection against
biont (Freymuller & Camargo 1981) lethal challenges with. cruzitrypomastigotes (Segura et
The initial attempts to isolate the flagellum OfaI..1974, 1977, Pereiraetal. 1977, Ruiz et al. 1985). Consid-

trypanosomatids were published in 1977. Segura and ¢d:"9 that the components of the axoneme are highly con-

workers (1977) disruptéfl cruziepimastigotes using cavi- served in eukaryotes, the paraflagellar structure had the

tation. The flagellum-enriched fraction obtained by difPtential to be used as an immunogen for vaccination,
ferential centrifugation was contaminated with membran ith the advantage that it s different from any cytoskeletal

of flagellar and non-flagellar origins, due to the cell rupS ructure of the mammalian host cell. Pursuing this lead, a

ture method. The authors performed double diffusion teJt%S.e?“Ch group deve!oped Immunization protocols using
ified major paraxial proteins with excellent results

against an antibody raised to the entire parasite and fo . :
five precipitin lines against the flagellar fraction. Flagell gggu{gg al. 1974, Wrightsman et al. 1995, Miller et al.
also showed good results (80 to 90%) in protective stud-"_—; ): . . o . .

ies against a lethal challenge with trypomastigotes. T The paraxial structure is an intricate lattice of protein
use of adjuvants raised this protection to 100% (Ruiz Iﬁ%\ments that parallels the axoneme for almost all its length

. nd is connected to its microtubule doublets 4 to 7 (Fuge
al. 1986). It is noteworthy that the flagellar was the onl?969 De Souza & Souto-Padrén 1980). Three po(rtiogs
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form the lattice: one proximal to the axoneme, one distpbsition of the paraxial structure was analyzed by differ-
and one intermediary portion connecting the other twent approaches and shown to contain two major proteins
Layers of thin (7 nm) and thick (25 nm) filaments crossinm all trypanosomatids: a slowly migrating protein, PFR1,
at an angle of 100form the basic organization of theranging from 70 to 78 kDa and a faster one, PFR2, ranging
proximal (two layers) and distal (eleven layers) portiongtom 68 to 73 kDa (reviewed in Bastin et al. 1996). It was
Alternating Y- and I-shaped thin filaments form the interrecently demonstrated that at leasfTincruzithere are
mediary portion (Farina et al. 1986). The biochemical confieur major proteins, two of 70 kDa — PAR1 and PAR 3 —

Fig. 1: longitudinal section oflerpetomonas anglusteshowing structures such as the flagellum (F), the nucleus (N), the kinetoplast (K),
mitochondria (M), glycosomes (G) and the flagellar pocket (FP) (after Motta et al. 1991). Bar = 0.5 pm. Fig. 2: a puredniaiimg

plasma membranes dfishmania donovanpromastigotes is characterized by the presence of closely associated subpellicular microtubules
(after Dwyer 1980). Bar = 0.5 pm. Fig. 3: purified flagellar fraction fiderpetomonas megaseligafter Cunha et al. 1984). Bar = 0.5

um. Fig. 4: highly purified flagellar membrane fraction frmypanosoma cruz{after Cunha-e-Silva et al. 1989). Bar = 0.5 pym. Fig. 5:
purified paraflagellar rod fraction fromd. megaseliagafter Moreira-Leite et al. 1999). Bar = 0.1 pm
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and two of 68 kDa — PAR2 and PAR4 (Fouts et al. 1998)0dy, where the flagellum arises, there is a special con-

There is no correlation between paraxial major prazentration of DNA molecules that form a slightly concave
teins and paraxial filaments. Furthermore, it is evident thdisc-like structure, the kinetoplast. Kinetoplast DNA is
such an intricate structure must have minor componento@mposed of about 25,000 concatenated minicircles and
For T. brucej those minor components were suggesteabout 30 maxicircles in a single network per cell and repre-
to be spectrin-type proteins (Schneider et al. 1988, Wooslents up to 25% of the total DNA. It would be important
et al. 1989, Miller et al. 1992, Woodward et¥94, to obtain a purified subcellular fraction containing the
Imboden etal. 1995). mitochondrion-kinetoplast complex, as it would allow stud-

The best way of investigating the paraflagellar roées concerning the molecular characteristics of kinetoplast
composition was to obtain a subcellular fraction contaildNA and its processing, and a better understanding of
ing purified and intact paraxial rods. We decided to try tparasite metabolism, including the balance between aero-
improve a protocol described by Russell and co-workebdc and anaerobic metabolism in bloodstream and
(1983), who used trypsin to disrupt the connections bprocyclic forms ofT. brucei
tween paraxial rod and axoneme. Purified and detergent- Hill and co-workers (1968) obtained the first mitochon-
demembranated flagella frorh megaseliagvere treated drion-kinetoplast enriched fraction fro@®. fasciculata
with trypsin in a very careful manner and applied on topnd characterized the cytochromes from this protozoan.
of a 1.8-2.2 M continuous sucrose gradient. After ceBraly and co-workers (1974) isolated the mitochondrion-
trifugation, six fractions of equal volume were collectedkinetoplast complex frorh. tarentolaepbtaining a puri-
from top to bottom. The third fraction was a highly purified fraction, but the mitochondrion was fragmented.
fied paraflagellar rod fraction (Fig. 5) (Moreira-Leite etal. Nichols and Cross (1977) used digitonin under hypo-
1999). Using tubulin as an internal marker it was demomenic conditions to disrupE. fasciculata and purified
strated by SDS-PAGE and Western blots that the fractidhe mitochondrion-kinetoplast complex using differential
was devoid of axonemes. Fractions from higher sucrosentrifugation and density gradients, analyzing its bio-
densities were progressively richer in axonemes. The pthemical properties and RNA content. Another mitochon-
rified paraflagellar fraction allowed us to identify minordrial fraction fromC. fasciculatavas prepared at the same
components in the range of 120 to 190 kDa. time by Edwards and Lloyd (1977) using rate zonal cen-

The flagellar membrane is also of great interest, dgfugation. By evaluating the activity of the enzymes
many trypanosomatids adhere to their insect hosts BYADH-cytochrome ¢ oxidoreductase and p-nitrophenyl
the flagellum (Steiger 1973, Vickerman 1973, reviewed iphosphatase in each fraction, they demonstrated the sepa-
De Souza 1989) and depend on this adhesion to surviagion of mitochondria from lysosomal vacuoles.
and differentiate. Ultrastructural studies have demon- Several years later, Opperdoes and co-workers (1981)
strated some interesting features concerning the flagelkstablished a cell fractionation method for procyclic forms
membrane: freeze-fracture replicaslofsamueli, H. of T. brucei.They obtained a glycosome fraction equili-
megaselia@ndT. cruzi (Souto-Padron et al. 1980, 1984)brating at 1.23 g/cfand a mitochondrial fraction equili-
showed that the membrane that surrounds the flagellumating at 1.16 to 1.18 g/ciriThey showed the presence
has far fewer intramembranous particles than the mein-the latter of succinate dehydrogenase and oligomycin-
brane enclosing the cell body of the same cell, suggesensitive ATPase activity as well as L-threonine 3-dehy-
ing a low protein/lipid ratio. Special particle arrays ar@rogenase and carnitine acetyl transferase. The latter two
present at the membrane of the flagellar base and flagekzymes, involved in threonine metabolism, were 15-fold
lum-cell body attachment region (Linder & Staehelin 197'higher in procyclic mitochondrial fraction than in that of
De Souza et al. 1978b, 1979). Although poor in proteifJoodstream forms.
flagellar membrane is immunogenic, since it is recognized Cell disruption using silicon carbide and grinding in a
by chagasic serum (see above, Piras et al. 1981). mortar was applied ®. cruzi,followed by isopycnic cen-

We managed to get a highly purified flagellar memtrifugation, in order to determine the subcellular localiza-
brane fraction fromH. megaseliaeand T. cruzi tion of phosphoenolpyruvate carboxykinase and malic
epimastigotes (Fig. 4Cunha-e-Silva et al. 1989) by com-enzyme | (Cannata et al. 1982). They were found in two
bining detergent treatment on ice, vortexing and sepadifferent compartments, glycosomes and mitochondrion,
tion on a sucrose equilibrium gradient. Analyzing theespectively.
purified fraction by using filipin cytochemistry for sterols ~ Subcellular fractions containing the mitochondrion-
combined with freeze-fracture, we showed that the flagdtinetoplast complex have been used as starting material
lar membrane is almost devoid of intramembranous pao purify macromolecules whose origin can be ascribed
ticles and rich in sterols. Electrophoretic analysis showeshdoubtedly to the complex. Schneider and co-workers
few bands, some of which bound Concanavalin A aft€l994) demonstrated th&itbruceimitochondrial tRNAs
being transferred to nitrocellulose. The identification ofre encoded in the nucleus and imported into the mito-
these protein bands as receptors or adhesins still awaiteondrion, where they are spliced. The authors modified
further investigation. tRNA genes by site-directed mutagenesis and found an
accumulation of unspliced mutant tRNA in the mitochon-
Trypanosomatids possess only one ramified mit Irial fraction, thereby demonstrating that the tRNA had

chondrion, which spans the parasite’s entire body. In t gen imported. Using cell fractionation and immunofluo-

: ; ; ; scence microscopy, Sullivan and co-workers (1994) lo-
portion of the mitochondrion localized below the basag:glized a heat-shock protein of 60 kDa (hsp60) that acts

Isolation of the mitochondrion-kinetoplast complex



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 98(2), March 2003 157

on mitochondrial protein folding. Unlike hsp70, which isstructure (Vickerman & Preston 1976, reviewed in De Souza
associated with the kinetoplast, hsp60 is distributed &lB84). The peroxisomes usually appear as spherical or-
over the mitochondrial matrix. Recently, Heise andanelles with a diameter of about 0.7 um and are randomly
Opperdoes (2000) used a cell fractionation, isopycnic cedistributed throughout the cell. In some cells, dssipto-
trifugation and digitonin-titration protocol to purify the monas samuelthey appear as elongated structures that
enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reducean reach a length of 2.8 um (Souto-Padrén & De Souza
tase from procyclid. brucej and demonstrated that it is 1982). In som&hytomonaspecies, the peroxisomes may
localized in the mitochondrion. This is the first descripbe packed arranged and even associated with cytoskeletal
tion of an enzyme from the ergosterol synthesis pathwayructures (Attias & De Souza 1985). In trypanosomatids
of T. brucei The authors suggested that the mitochorthat harbour an endosymbiont, the peroxisomes concen-
drial localization of this enzyme, which is resident in thérate around the symbiont (Motta et al. 1997). Usually the
endoplasmic reticulum in mammalian cells (Lecureux &lycosome contains a homogeneous and slightly dense
Wattenberg 1994), is due to the use of 2-carbon moleculesitrix, although a crystalloid core can be seen in some
from the metabolism of threonine and/or leucine as a soungmtozoa such ak bruceiandL. mexicandJ Alexander,

of acetyl groups for incorporation into sterols. cited by Vickerman & Preston 1976).

Peroxisomes have been defined as organelles that are
Qounded by a single membrane and that contain catalase
pd HO,-producing oxidases. Catalase is easily local-
ed using the alkaline diaminobenzidine incubation me-

Isolation of the Golgi complex
The Golgi complex of trypanosomatids is formed by
to 10 stacked cisternae localized in the anterior region a

the cell, close to the flagellar pocket. Biochemical studlégéum and has been used as an enzyme marker, to identify

have shown that in members of the Trypanosomatidan organelle as a peroxisome. The application of this ap-
family the pathway of N-linked oligosaccharide process—roach in trypanosomatids led to the identification of two

ing of protein is similar to that found in other eukaryotlé) oups. One includes digenetic trypanosomatids such as

cells (Parodi et al. 1981, 1989, Parodi 1993). However . ; . X N
novel series of unique O-linked N-acetylglucosamine—cor% brucei, T. cruzandLeishmaniawhere no significant

taining oligosaccharides have been found in sgnZyme activity could be detected by either enzyme as-
aloglycoproteins (Previato et 40994, 1995). It has been say or cytochemistry. The other includes the monoge-

assumed, based on the results obtained with mammal erpc trypanosomatids such @sithidia, Leptomonas

cells, that the Golgi complex of trypanosomatids is ir;i:g)c.where the enzyme is easily detected (Souto-Padrén &

; ; De Souza 1982).
volved in the glycosylation process. Indeed, a few ¢ Initial cell fractionation studies showed that the first

tochemical studies in which thin sections of Lowicryl- : - X
: : : even enzymes of the glycolytic pathway are localized in
embedded trypanosomatids were incubated with gold-lﬁ{e peroxi)s/omes rathgrytha)é inpthe cy%/oplasm as in all
e oo i oo SoTBI. 1 il ukaryoes. The comparmertalzaion of gycob
- : ; s, first described ifirypanosoma bruc erdoes
pl_ex of 'trypanosomatlds. The first one was carrle_d O@orst 1977), was obggrved in all meri(ﬁbgfr)s of the Try-
with African trypanosomes (Grab et 8884). Transmis- )anosomatidae family (Cannata et al. 1982, Coombs et al.

sion electron microscopy showed that the fraction co
sisted predominantly of smooth surface vesicles and fl 982, Taylor et al. 1979, Opperdoes et al. 1977) and the

tened cisternae rather than stacked Golgi cisternae. THg2nelle was thus called a glycosome. Biochemical stud-
second attempt was carried out on epimastigote forms'SF carried out on isolated fractions have shown that the

T. cruzi(Morgardo-Diaz et al. 2001). The parasites wergyCOSOmes of trypanosomatids are involved in other

: ; : o etabolic pathways such as carbon dioxide fixation
suspended in a hypotonic solution containing protea ;
inhibitors and then disrupted by controlled sonicatio pperdoes & Cottem 1982), purine salvagedadovo

followed by centrifugation at 95,000x g for 90 min in ﬁimidine biosynthesis (reviewed in Opperdoes 1987,

discontinuous sucrose density gradient (1.2, 1 and 0.8 Ihee[*:jzlé slngnsci “él(gc_h%fkitglbzb?g% ,elfja;s%nsh?t al. %?%}j)
sucrose). Transmission electron microscopy of a ba P w ! Ighly purifi

recovered at a position corresponding to the 1-1.2 M Sﬁgbcellular fraction containing glycosomes from blood-
crose interfaces was highly enriched in stacked cistern) eam-form trypomastigotes of brucei grinding with

and vesicles. The fraction was characterized biochenfi. co" carbidg disrupted the parasites and a glycospme-
cally as significantly enriched in galactosyl transferas nriched fraction was recovered from a Percoll gradient.

O-a-GleNAc transferase and acid phosphatase (Morgad he organelle was further purified on a sucrose gradient,

Diaz et al. 2001). A protein of 58 kDa that has been shov@ﬂu"ibraﬂng. T g/cﬁ(Opp_erdoes etalgd). The
to be involved in the association of the Golgi comple uthars achieved the separation of the glycosome mem-

with microtubules in mammalian cells was found by im- rane from its matrix by incub_ating the purified frz;ction
munofluorescence microscopy and Western blotting i n ice, at pH 11.5, in hypotonic buffer. Electron micros-

the Golgi complex of. cruzi(Morgado-Diazt al.2001).  coPy and biochemical analysis were used to evaluate the
purity of the fraction and analyze the isolated organelle.

Isolation of the glycosome (peroxisome) Morphometric analysis in situ showed that glycosomes
Membrane-bound cytoplasmic structures that reare round or ellipsoid compartments with a mean diameter
semble those initially designated as microbodies and lafr0.27 um, present in an average number of 230 per cell,
on as peroxisomes in mammalian cells, have been describepresenting 4.3% of the volume of the parasite. Biochemi-
in trypanosomatids since the initial studies on their fingal data demonstrated the enrichment of several glyco-
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lytic enzymes and the absence of mitochondrial contan@nd a vacuolar-type Hpyrophosphatase. This last en-
nation and DNA. zyme was considered similar to plant pyrophosphatases,
The same group applied the glycosome purificatioas its activity was stimulated by*kand inhibited by N&
scheme to procyclics, the insect stagd.dfrucei(Hart (Scottet al. 1998, Luo et al. 1999, Rodrigues et al. 1999a,
etal. 1984). Comparing the enzymatic activities of purifie@999b, 2000).
glycosomes from bloodstream and procyclic forms, the The function of the acidocalcisome is still not com-
authors found lower glycolytic activities in the latter. Orpletely clarified. Docampo and Moreno have recently
the other hand, they found adenyl kinase, malate deh-999) suggested some possibilities, such as a storage
drogenase and phosphoenolpyruvate carboxykinaseraie in calcium homeostasis and in energy metabolism, in
procyclic glycosomes, enzymes that are also presentview of the large accumulation of inorganic pyrophos-
the mitochondrion (Opperdoes et al. 1981). The enzymphate (Urbina et al. 1999) Other possibilities include pH
involved in glycerol metabolism had equivalent activitiegontrol and osmoregulation, and the presence fia
in both forms. A few years later, Aman and Wang (198@&xchange activity (Rodrigues et al. 1999b).
compared glycosome fractions that had been isolated To properly assess the function of acidocalcisomes,
using three different gradients: organelles obtained froihis necessary to study the membrane transport events
two sequential sucrose gradients were more purified thisted above. A suitable preparation for such studies is
those obtained from gradients of Percoll or Nicodenz. m sub-cellular fraction containing well-preserved
this paper, the authors compared enzymatic activities frameidocalcisomes and no other cell membranes. The first
purified glycosomes of procyclic and bloodstream fornattempt to isolate acidocalcisomes was made in 1997 (Scott
trypomastigotes, and found that glycolytic enzyme aet al. 1997)T. cruziepimastigotes were treated with Tri-
tivities from procyclic forms were reduced, whereas adon WR-1339, to decrease the density of intracellular vacu-
tivities of glycerol-modifying enzymes were maintained.oles, and lysed by grinding with silicon carbide. The or-
Purified glycosome fractions were permeabilized witlganelles were then separated on a Percoll gradient. In a
toluene (McLaughlin 1985) or Triton X-100 after treatmensubsequent paper from Scott and Docampo (1998), an
with cross-linking agents (Aman et al. 1985), to test thenprovement was obtained by omitting the detergent treat-
activity of core enzymes. These experiments demonstrateént. The organelles were denser than glycosomes and
that glycolytic enzymes are not bound to the membrane&gre concentrated at the bottom of the gradient together
but are closely arranged spatially. with Percoll particles. This led to great loss of
Besides glycolysis, glucose can be metabolized vicidocalcisomes when Percoll was washed out. Similar
the pentose phosphate pathway. NARfependent glu- methods were adopted to isolate acidocalcisomeslfrom
cose-6-phosphate dehydrogenase is an enzyme of tti@ovani(Rodrigues et al. 1999a) afd brucei(Ro-
latter pathway that converts glucose-6-phosphate to drigues et al. 1999b). Recently, a new protocol was estab-
bose-5-phosphate to be used for nucleotide biosyntHeshed by Scott and Docampo (2000) using iodixinol, a
sis. Recently, it was found to be associated witdensity gradient solute that does not precipitate, allow-
glycosomes and with the cytoplasmiobruceiprocyclic  ing acidocalcisome isolation in good yield (Fig. 6). The
promastigotes by testing enzyme latency with a digitonjpresence of a Hpyrophosphatase was confirmed using
titration experiment (Heise & Opperdoes 1999). isolated acidocalcisomes. However, different from plants,
vacuolar H-ATPase was not found in the same compart-
Q%ent, although it has been detected in the samé& Ca
ontaining compartment in permeabilized cells (Lu et al.
98) and by immunocytochemistry (Benchimol et al.
98). Isolated acidocalcisomes were probed for V-type
-ATPase using an antibody against a membrane sub-

Isolation of the acidocalcisome

Acidocalcisomes are membrane-bounded organell
with an electron-dense content, acidic character and c
cium storage capacity (reviewed in Docampo & Moren
1999). The ultrastructural appearance of these organel

varies, as their inorganic contentis not well preserved nit that should be detected even if peripheral subunits

chemical fixatives (Miranda et al. 2000), so that fixatio d been lost during isolation. These data leave the pos-
results in an apparently empty vacuole with a periphergfa. . uring isolation. . eav P
g:nhty that two populations of acidocalcisomes are

dense deposit, previously known as volutin granules. i : ) ; X | q hat b both
best preservation was obtained with high-pressure freepzr_esent n e;c)jlmast;]goteds. one fess ﬁnse that ?}?‘fg Oé
ing followed by freeze substitution, revealing a very ele nzymes and another, denser form that was purified an
tron-dense aspect. Acidocalcisomes were detected in s :ks the ATPase (Scott & Docampo 2000).

eral protozoaT. brucei(Vercesi et al. 1994)T. cruzi Isolation of endocytic compartments

(Docampo et al. 1995) . amazonensid.u et al. 1997, In trypanosomatids, few data concerning an endocytic
Toxoplasma gond{Moreno & Zhong 1996AndPlasmo- pathway are available. Due to a subpellicular array of the
dium falciparum{(Marchesini et al. 2000). Biochemical dataparallel, closely arranged, stable microtubules, the only
obtained from digitonin-permeabilized cells indicated thpossible sites for the uptake of macromolecules are the
presence of a bafilomycin A-sensitivéATPase and a flagellar pocket and the cytostome, in those forms where
vanadate-sensitive €5pump in the acidocalcisome. Im- it is present. IfT. brucej coated vesicles bud from the
munochemical approaches have detected some enzyrfiagellar pocket (Langreth & Balber 1975, Coppens et al.
that could be responsible for these transport activities: 1887, Webster 1989). Endocytosed proteins are subse-
vacuolar H ATPase (Moreno et al. 1998, Benchimol et alquently found concentrated in a tubular network, which
1998), a C&" - H* translocating ATPase (Lu et al. 1998)the authors named the endosome, and in round lysosome-
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like organelles (Webster 1989, Webster & Fish 1989). Earbetween only slightly different compartments.
endosomes, often closely associated with recycling com- In T. cruzi epimastigotes, the endocytic pathway is
partments, were only recently characterized, using the smadiry polarized: proteins are captured mainly in the
GTPases ThRab4 and TbRab5 as markers (Field8e&). cytostome, in the cell’'s anterior region, close to the flagel-
Although transferrin and its receptor are not recycled iiar pocket (Porto-Carreiret al. 2000) and stored in

T. brucej as in other eukaryotic cells (Grab et al. 1992), theeservosomes, uncommon organelles always present at
variant surface glycoprotein (VSG) is internalized and réhe posterior region of epimastigotes (De Souza et al.
cycled. An early attempt to isolate endosomal compart978a, Soares & De Souza 1988, 1991). We have obtained
ments inT. bruceibloodstream forms was made in 1980a highly purified subcellular fraction (Fig. 7) containing
as part of a comprehensive fractionation scheme (Steigeservosomes from epimastigotes (Cunha-e-Silva et al.
et al. 1980). Hydrolase activities and latency were used2802). The protein profile of the organelle analyzed by
criteria to identify isolated fractions. In this way; SDS-PAGE revealed a wide range of protein bands, pre-
mannosidase and acid proteinase, recovered in a gradigominantly those corresponding to 85 kDa, a triplet of 67-
at a density of about 1.20 g/énwere associated with 57 kDa and a doublet of 24-23 kDa. Protease activity in
lysosomes, while acid phosphatase, totally accessiblesnbstrate-containing gels, in the presence or absence of
intact cells, was associated with the flagellar pocket. Someotease inhibitors, showed that cysteine proteinase is
years later, coated vesicles were purified ffinbrucei enriched and very active in the purified fraction. Enzy-
bloodstream trypomastigotes (Shapiro & Webster 1989natic assays demonstrated the absence of pyrophos-
Parasites were lysed by freezing and thawing and coateldatase, an acidocalcisome marker, and hexokinase, a
vesicles were purified by subsequent sucrose and Peragli)cosomal marker, although both enzymes were detected
gradients. The analysis of the fraction showed that the other regions of the gradient. Western blot analysis
vesicles contained VSG, which formed a coat on the innasing specific antibodies showed an enrichment of
face of the vesicle itself. They also contained I1gG, IgMcRab11, a GTPase present in the organelle in the intact
and serum albumin. Their cytoplasmic coat does not coepimastigote (Mendonga et al. 2000). Thin-layer chromato-
tain clathrin as a major component, as found in coateptaphic neutral lipid analysis of purified reservosomes
vesicles of mammalian cells. Recently, preparative fredemonstrated that the organelle stores large amounts of
flow electrophoresis was used to separate and analya@®lesterol and triacylglycerol. Phospholipid analysis in-
endocytic compartments from bruceithat had taken up dicated phosphatidylcholine and phosphatidylethanola-
a fluid phase marker, horseradish peroxidase (Grab etline as the major constituents of reservosome membranes.
1998). At low temperatures, peroxidase was found in PoSiz, | FRACTIONATION OF APICOMPLEXA

tively charged compartments, but did not co-localize with : . i

lysosomal proteases. When compared to isopycnic den- Fig- 8 shows a thin section of a trophozoite form of
sity gradient centrifugation, preparative free-flow elec&APicomplexa represented by the haemogregaiindia
trophoresis proved to be more suitable to discriminafignieresi The protozoan is surrounded by a complex
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Fig. 6: acidocalcisome fraction isolated frofrypanosoma bruceprocyclics (micrograph by Docampo and co-workers). Bar = 0.5 um. Fig.
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membrane system formed by an outer plasma membrgrerasitophorous vacuole and with the parasite-derived
and two closely apposed unit membranes, which form tlr@ravacuolar membranous network.

inner membrane complex, which is interrupted at some The fourth organelle is surrounded by four membranes
points of the cell body and at the very anterior region ¢feviewed in Gleeson 2000) and localized in the anterior
the cell. A layer of microtubules is localized under theegion, next to the nucleus. Based on data showing that it
inner membrane complex. These microtubules originat®ntains a 35 kb DNA molecule similar to that found in
from the inner ring of the conoid, a structure located @he chloroplast genome, the term apicoplast has been
the apical pole, and project toward the posterior but dauggested for this organelle (Kohler et al. 1997). The pres-
not reach the most posterior portion of the cell. Thence of the four unit membranes surrounding the
nucleus is located in the central portion. Four special aapicoplast has been interpreted as evidence that it origi-
ganelles are found in the cytoplasm of the protozoan. Thated as a secondary endosymbiont derived by ingestion
first is a group oémall, cigar-shaped organelles that aref a eukaryote that itself harbored a plastid, analogous to
restricted to the apical third of the protozoan body anthe plastids of chlorarachniophytes and cryptomonads.
known as micronemes. Their number varies according Fg

- olation of the membrane complex
the species and the developmental stages. In some theYge, o o attempts have been made to obtain isolated
are hardly seen while in others they are so numerous ti"a

they are the most abundant organelle found in the c ctions containing the plasma membrane of protozoa of
(Fig. 8). The organelle is surrounded by a typical un e Apicomplexa phylum. Ideally we should get a single

membrane and presents an electron-dense matrix du f\ction containing the plasma membrane, the inner mer-
. X 1ap % 8ne complex and the subpellicular microtubules. Sub-
its high protein content. Indeed, the organelle was i

tensely stained when the protozoa were subjected to rt%%quently, these components could be separated.

ethanolic phosphotungstic acid technique, which reveaﬂilThe most successful approach was that used by

) ) . bremetz and co-workers (Foussard €291, Rabjeau
basic proteins (De Souza & Souto-Padron 19itd)as et al. 1997) using tachyzoites bfgondii The parasites

been shown that when the infective forms of Apicomplexag, .., disrupted by sonication and the homogenate sub-

parasites touch the host cell surface a process of Ca, o 11 gifferential centrifugation to pellet unbroken cells
release is triggered with the subsequent discharge of d the nuclear fraction. The 600 x g supernatant was

content of the micronemes at the junction between tl?l’?en collected and sedimented at 30,000 x g for 30 min and

parasite and the hOSt cell (C_arruthers et al. 1999). Tl}ﬁ resultant pellet applied to discontinuous sucrose gra-
material then mediates parasite attachment (Carruther%‘egnts In a first attempt a 5-step sucrose gradient was

al. %rgk?g, Carrutr?ders%Sibley %999)' ial oraanell iused and a membrane enriched fraction was observed at
€ seco group or special organelies 1y, g 55.1 0 M sucrose interface (Foussard to40).

Apicomplexa is formed bilong, club-shaped organelles P L . .
connected by thin necks to the extreme apical pole of tl%\l’fe purification was significantly improved by applying
g

parasite and known as rhoptries (Fig. 8). At their bas € post 600 x g supernatant to the bottom of a 4-step

tion the matrix of the oraanelle show n crose gradient (1.6, 1.4, 1.2 and 1.0 M), followed by
portion the matrix ot the organelie Shows a spongy alE%’entrifugation at 120,000 x g for 120 min. A layer at the 1.0-
pearance, while the neck region is uniformly electro

dense making it difficult to distinauish from the .2 M sucrose interface was highly enriched in the pellicle
X ' 91 . guis containing the outer plasma membrane, the inner mem-
micronemes. Their number varies according to the s

cies. Several rhoptries can be seefi.igondiiwhereas Phane complex and, in some cell fragments, even the
' P 19 subpellicular microtubules (Rabjeau et al. 1997). Two cri-

only two, often designated as the paired organelle, apg;s \ere used to assess the purification: the morphol-
found |nPIasmod|umAtyp|caI unit membra.ne surroundso y of the fraction as seen by transmission electron mi-
the organelle. Secretion of rhoptry proteins takes pla%‘Igoscopy of thin sections (Fig. 9) and the enrichment in
immediately after adhesion of the parasites to the h@J\G 1, awell characterized plasma membrane protein de-

cell surface. In the case Bfgondiikinetic studies showed ut};cted by SDS-PAGE followed by Western blot. The 1.0-
o

that release of the_ proteir_ls Is completed in *’.ib"“t 1 min © M interface fraction showed a 15-20-fold enrichment
and that the proteins are internalized and will form part

the membrane lining the parasitophorous vacuole (SarI%-SAG' Subsequently, the plasma membrane was sepa-
Yellowe et al1988, Carruthers & Sibley 1997). ted from the whole pellicle by high salt-glycerol treat-

A third group comprises spherical organelles distri ment followed by one cycle of freezing and thawing and
uted throughout the cell rather than localized at the api sgnication. The suspension was then centrifuged at 10,000

complex. with a mean diameter of about 0.7 um knownc)? to sediment the undisrupted pellicles and the superna-
pIEx, AL Hm, nt layered on top of sucrose gradient and centrifuged at

dense granules. Their matrix is uniformly electron den3f40,000 x dor 10 h. The centrifuge tube showed a pellet

due to the high concentration of protein. Kinetic studieg d'a very faint low-density band close to the top of the
have shown that secretion of the dense-granule cont ldient at buoyant density of 1.085 gfcrfihis band

takes place after parasite invasion and localization withH) . i o \vell-conserved vesicles with diameters rang-

the parasitophorous vacuole, persisting for several mij)- -
utes (Carruthers & Sibley 1997), l?wg from 20 to 100 nm. The nature of the vesicles was not

: : ._determined.
In contrast to secretion of micronemes and rhoptries,

which takes place in the apical region, dense granule deolation of the rhoptries _ )
cretion occurs at the lateral regions of the protozoan. The The rhoptries of tachyzoites @f gondiihave been
secreted proteins associate with the membrane of tperified following rupture of the cells with a French press
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operated at 28 kg/cinThen, unbroken cells were pelleted  The rhoptries oP. falciparumwere isolated starting

by low-speed centrifugation and the homogenate wagth schizont-infected erythrocytes which were disrupted
centrifuged at 20,000 xfgr 15 min. The resulting pellet by nitrogen cavitation using a nitrogen-pressure cham-
was then resuspended and adjusted to 30% Percoll @t at 50 kg/crhfor 18 min followed by centrifugation at
centrifuged at 50,000 x g for 25 min. Rhoptries were four8,000 x g for 10 min. The supernatant was collected and
in the bottom and then centrifuged again at 100,000 x g ftaayered onto a linear 0.4-1.6 M sucrose gradient placed
90 min to remove the Percoll particles yielding a highlpver a cushion of 2.2 M sucrose and centrifuged at 72,000
enriched rhoptry fraction, as evaluated by transmissiong for 30 min. The layer above the gradient was removed
electron microscopy (Fig. 10) (Leriche & Dubremetz 1991and the gradient further centrifuged at 130,000 x g for 2.5
The fraction was, however, contaminated with dense gramafter which fractions were collected and analyzed. Trans-
ules and all attempts to separate the two organelles wemession electron microscopy of the fractions showed that
unsuccessful. Only the lipids of the fractions were an#he rhoptries were localized in fractions with densities of
lyzed. Phospholipids were about two times lower whilé.155 and 1.166 g/chnThese two fractions were also en-
cholesterol was about five times higher in the fraction aghed in the 110 and 140 kDa proteins previously identi-
compared to the total protozoan. fied as markers of the rhoptry (Holder et al. 1985, Sam-
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Fig. 8: anterior region of the haemogregar@wilia lignieresi. Bar = 0.5 um. Fig. 9Sarcocystis tenellpellicular membrane fraction (after
Dubremetz & Dissous 1980). Bar = 1 uym. Fig. T6xoplasma gondirhoptries fraction (after Leriche & Dubremetz 1991). Bar = 1 pm



162 Cell Fractionation of Parasitic Protozoa * W de Souza, NL da Cunha-e-Silva

Yellowe et al. 1988). SDS-PAGE of the rhoptry fractiorisolation of the dense granules
showed the presence of a large number of proteins indi- Entzeroth and co-workers (1986) reported a procedure
cating the complexity of the organelle. for the isolation of dense granules from zoiteSafco-

A rhoptry-containing fraction was also obtained frontystis muris The parasites were disrupted in a French
sporozoites oEimeria tenella(Kawazoe et al. 1992). pressure cell operated at 50 kgfcamd the homogenate
Oocysts were induced to sporulate and sporozoites purentrifuged at 500 x g for 10 min to eliminate intact or
fied by anion-exchange chromatography were disruptéaicompletely emptied cells. The supernatant was then
by sonication and subjected to differential centrifugatiorsubmitted to a centrifugation at 12,000 x g for 10 min. The
The 8,500 x g supernatant was centrifuged at 58,000 x g @ibitained pellet was re-suspended and adjusted to 1.4 M
30 min in a sucrose gradient. The white layer at the top sficrose with 2.2 M sucrose, layered on a discontinuous
each gradient was removed and re-centrifuged at 70,008ucrose gradient (2.0, 1.6, 1.4 and 0.25 M) and centrifuged
g for 72 hours. The combined pellets from 1.0-1.6 M gradfer 1 h at 112,000 x g. The material detected at the 1.6-2 M
ents were resuspended and layered onto a preformed grierface was collected and sedimented for 45 min at
dient of 1.9-2.5 M sucrose and centrifuged at 62,000 x14L3,000 x g. The fraction obtained showed a large number
for 2 h. A fraction collected at 2.3 M sucrose containedf organelles, which by their size and shape correspond
organelles with a diameter of 500-700 nm, which probabty the dense granules seen in intact cells (Fig. 12).
correspond to rhoptries. A large number of polypeptidgs:| | FrRACTIONATION OF TRICHOMONADIDAE
were detected in this fraction by SDS-PAGE, including ) ) )
several of high molecular weights (118, 122, 124, 132, 180h Fig. 13 shows a thin sectionBfitrichomonas foetus,

and 220 kDa). where the main structures and organelles observed in
i _ members of the Trichomonadidae family are depicted (re-
Isolation of the micronemes viewed in Honigberg 1978).

In the attempts to _0btajn dense g(anules and rhoptries The protozoan is surrounded by a typical plasma mem-
from SarcocystimndEimeria as described above, a fracrane that envelops the cell body as well as the group of
tion containing structures similar to the micronemes Wagterior flagella and the recurrent flagellum. The area of
detected around 1.4 M sucrose (Fig. 11). SDS-PAG&ntact between the recurrent flagellum and the cell body
showed that it had a relatively simple polypeptide cons specialized and known as the undulating membrane.
tent, with enrichment of bands at 26, 28, 31, 47, 130 kD cytoplasm of the protozoan shows a large number of
and one of > 200 kDa (Dubremetz & Dissous 198Gyee ribosomes, glycogen particles and vacuoles. This
Dubremetz et al. 1989). protozoan has a remarkable cytoskeleton, composed of
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Fig. 11: Sarcocystis tenellanicroneme fraction (after Dubremetz & Dissous 1980). Bar = 0.5 um. Figat2ocystis murislense granules
fraction (after Entzeroth et al. 1986). Bar = 1um
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several structures: (a) a sheet of microtubules that origind 1.0-1.2 M interfaces, designated as GF1 and GF2, re-
nate in the anterior end and project towards the postergpectively, were seen to contain cisternae and vesicles
end, forming the pelta-axostylar complex; (b) a large striesembling the components of the Golgi complex. The GF2
ated structure known as the costa, also originating at tfraction was significantly enriched in cisternae of the Golgi
anterior end projecting towards the posterior region, usasemplex (Fig. 14) and highly enriched in galactosyltrans-
ally subjacent to the region of contact of the recurreférase, a well-known marker of the Golgi cisternae of eu-
flagellum with the cell body; and (c) a series of striatekaryotic cells. A preparation of GF1 and GF2 pooled to-
structures that originate close to the basal bodies agéther was sub-fractionated by sodium carbonate treat-
radiate in various directions, even establishing contactent and alkaline pH in order to separate the Golgi con-
with the cis face of the Golgi complex. One characteristient and membrane fractions. About 15 protein bands were
feature of this group of protozoa is the presence of a larigientified in the total Golgi purified fraction by SDS-PAGE
number of spherical organelles concentrated around tfdorgado-Diaz & De Souza 1998).

axostyle and the costa, known as hydrogenosomes. ﬁgglation of the hydrogenosome

hydrogenosome is a sph_eriqal or slightly elongated of- The hydrogenosome has been the subject of excellent
ganelle of 0.5to 1.0 mm in diameter, surrounded by WA iews published in the last years (Muller 1993, Biagini

closely apposed membranes, which separate at certgiry "1 997 ‘Benchimol 1999). It appears as a spherical or
points to form a peripheral vesicle (reviewed in Benchim lightly elongated structure with a mean diameter of 0.5

1999) The hydrogenosome plays a fundamental role i ; : TR

: . . , reaching 2 pm in dividing organelles. The hydro-
:girgff_[pgl:’nrg ?T]:(t)?:cprlgiohzodatgagg 'iﬂthlfe?'tlegg;pr%% enosome is surrounded by two closely apposed unit
' u ydrogen (Mu )- embranes. Invaginations of the hydrogenosomal mem-

organelle has been t_he subject of "?te”Se inve_stigationﬂpane forming inner compartments are occasionally seen.
recent years, especially by those interested in the PR characteristic feature of most of the hydrogenosomes

cess of evolution of cell organelles, since there are SEY- the presence of structures designated as peripheral

eral similarities and differences between hydrogenoso : ; :
and mitochondria (Biaginietal. 1997, Muller 1997, Marti co.C: 1 SO Species only one or two vesicles are

& Muller 1998, Hackstein et al. 1999). peripheral vesicles are found. The vesicle corresponds to
Isolation of the plasma membrane about 8% of the volume of the hydrogenosome. Usually
There is only one description of cell fractionation othe vesicle is flat; however, its size and shape may vary
trichomonads aimed at isolating the plasma membranesignificantly. When the cells are fixed in solutions con-
T. foetugMorgado-Diaz et al. 1996). The protozoa wergining calcium an electron dense product is seen within
collected and resuspended in buffer and disrupted withlae vesicle. Cytochemical studies have shown that the
Potter-type homogenizer. The homogenate was subjectegtipheral vesicle is a site for the accumulation of calcium.
to differential centrifugation and a microsomal fractioriThe hydrogenosomal matrix usually appears as granular
obtained as sediment after centrifugation at 80,000 x gnd homogeneous. The hydrogenosome does not con-
The resuspended pellet was applied to a discontinuotzsn nucleic acids. The hydrogenosomal proteins are syn-
sucrose gradient (1.0, 1.3, 1.6 and 1.9 M) and centrifugtitesized in free cytoplasmic ribosomes and post-
at 130,000 x g for 3 h. Several bands were collected atrdnslationally inserted into the organelle via leader se-
that localized at the sample-1.0 M sucrose interface wgsiences which are absent from the mature protein and
characterized as highly enriched in plasma membrane vaiich are similar to mitochondrial pre-sequences.
judged by electron microscopy and the assay of mem- The hydrogenosome compartmentalizes the fermen-
brane marker enzymes. The fraction contained a poputative metabolism of pyruvate, leading to the production
tion of small and large vesicles, some of which showeddd molecular hydrogen. Pyruvate generated by glycoly-
multivesicular appearance. Enzyme assays showed 8 or by conversion from malate is decarboxylated by
enrichment in the fraction of 5’-nucleotidase and¥a&-  pyruvate:ferredoxin oxidoreductase to the iron sulfur pro-
ATPase, two well characterized markers of the plasmain ferredoxin and subsequently to protons, forming
membrane of eukaryotic cells and previously shown, usolecular hydrogen. The enzyme hydrogenase partici-
ing a cytochemical approach (Queiroz et al. 1991), to lpaites in this step. Acetyl-CoA is converted to acetate
localized in the plasma membrandlofoetus with concomitant conversion of succinate into succinyl-
Isolation of the Golgi complex CoA synthetase. The generation of acetyl CoA is coupled

The Golgi complex of trichomonads is a large orzotgzznpg)gg;;'%? %';astlébfrﬁfjate}'evgiepgofaﬁg?ryg'gn'a
ganelle consisting of 8-12 parallel cisternae. It has beérﬁ versi pyruvate | yz y

isolated fromT. foetus(Morgado-Diaz et al. 1996). The malatgrdehydrogenase which can utilize eithgr NAD
cells were disrupted with a Potter-type homogenizer al DP". The hydrogenosome does not contain enzymes
the homogenate centrifuged at 2,500 x g for 10 min'% t_he tricarboxylic apld cycle and does not carry out oxi-
sediment unbroken cells, nuclei and other dense str ative phosphorylation.

tures. The supernatant was mixed with 2.3 M sucrose to The hydrogenosome has been the subject of intense

make a 1.4 M sucrose solution that was loaded into tHe/estigation from an evolutionary perspective. The ab-
bottom of a centrifuge tube, then overlaid in successi nce of mitochondria in trichomonads and the fact that

with 1.2, 1.0 and 0.8 M sucrose, and then centrifuged e hy_droger)osome is surrounded by two membranes and
95,000 x g for 2.5 h. Two bands, corresponding to 0.8-1Rgrticipates in some metabolic pathways that take place
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in the mitochondria of other cells strengthen this interesttopped while some unbroken cells were still present. The
In view of the important role played by the hydroresultant homogenate was subjected to differential cen-
genosome in the cell biochemistry and physiology of tririfugation at 1,500 and 4,000 x g. The 4,000 x g pellet,
chomonads, it has been the subject of intense investigehich contained the hydrogenosomes, was layered on
tion, including the isolation by cell fractionation tech-top of a gradient of 53, 45, 24 and 18% Percoll and then
nigues (Muller 1973). We present here one proceduregntrifuged at 36,000 x g for 30 min. A pure fraction con-
which yielded the purest fraction obtained fortaining well-preserved hydrogenosomes was recovered
hydrogenosomes dt foetugMorgado-Diaz & De Souza from the Percoll gradient. The purity of the fraction was
1997). assessed by electron microscopy (Fig. 15) with an enrich-
The cells were disrupted in a Potter-type homogenizenent of about 12 fold in malic decarboxylase, a marker
The homogenization process was controlled by observanzyme of the hydrogenosome.
tion of the cells under a phase contrast microscope and As previously mentioned a flattened membrane-bound

Fig. 13: longitudinal section ofritrichomonas foetushowing the nucleus (N), Golgi complex (G), hydrogenosomes (H) and glycogen
particles (asterisk) (micrograph by M Benchimol). Bar = 0.5 pm. Fig. 14: purified Golgi complex fractiol frimetus(after Morgado-

Diaz et al. 1996). Bar = 0.5 um. Fig. 15: purified hydrogenosome fraction Trdoetus(after Morgado-Diaz & De Souza 1997). Bar = 1
pum. Fig. 16: purified fraction of hydrogenosomal flat vesicles fibnioetus(after Morgado-Diaz & De Souza 1997). Bar = 0.5 pm
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vesicle is observed at the periphery of the hydraipheral vesicle of hydrogenosomes found in intact cells
genosome. A pure hydrogenosomal fraction, as shown(Benchimol et al. 1996). These results raise interesting
Fig. 15, was resuspended in buffer containing 2% Tritoguestions concerning the mechanisms involved in the
X-100 and 50 mM 3-(N-morpholine) propanesulfonic acidorting of glycoproteins to a well-defined domain of the
(MOP-3)-NaOH, pH 7.0, and incubated on ice for 1 h. Thisydrogenosome, an organelle whose proteins are syn-
treatment led to the complete solubilization of the menthesized in free polyribosomes, released into the cyto-
brane complex surrounding most of the organelle, but nptasm and subsequently translocated into the organelle
the membrane lining the peripheral vesicle. In additiorfl.ahti & Johnson 1991, Johnson et al. 1993). We cannot
components of the matrix remained attached to the vesiodxclude the possibility of a close relationship between
Further incubation of the fraction for 45 min at room temthe peripheral vesicle and the endoplasmic reticulum.
perature in the presence of proteinase K and subsequgrc“
centrifugation at 350,000 x g for 30 min gave a highly pu-
rified fraction containing only the peripheral vesicles (Figme
16). This observation shows unequivocally that the P

ripheral v_esicle Is a _sp_ecial do”.‘ai” ofthe hydrogenoso_n}ieage”um and extends towards the posterior region of the
Itis possible that it is involved in processes of regulatio rotozoaﬁ Some attempts have been made to isolate the
of cytoplasmic calcium concentration since Cytochem'cgostae. Taking advantage of the size of the costae of large

studies indicate that this cation accumulates in the P& ; : ; :
! ; . . ichomonads found in the gut of termites, and using mi-
ripheral vesicles (Benchimol et al. 1982a, Benchimol & DE o manipulation it was possible to purify the structure
Souza 1983, De Souza & Benchimol 1988). The fractlorfr—om T. gigantegAmos et al. 1979)

ation procedure was also monitored by analysis of the The first attempt made to isolate the costa®. dbe-

p(r)cl)teienii dueS:)r;% dss?/vsithprﬁgau'lzar:rrﬁgsn;ggLiergwaezcr)lufola” yielded a cell fraction predominantly composed of car-
polypep ydrates (Lemoine et al. 1983, Sledge et al. 1978). How-

120 kD"’.‘ was obse.rved in the hydrogenqsomal fraCF'OQVer, cytochemical studies of intact cells showed that the
The peripheral vesicle showed few protein bands, with stae were composed of proteins and did not contain

major one of 45 kDa. Interestingly, this protein is an N, 00y rates (Benchimol et al. 1982b). The second cell
acetylglucosamine-containing glycoprotein, as demo

; . Yractionation approach yielded a highly enriched costa
strated by Western blots probed with alkaline phoge, i fromT. foetugMonteiro-Leal et al. 1993). For this

phatase-conjugated wheat germ agglutinin (WGA). Th e protozoa were suspended in a medium containing
observation is in agreement with previous studies sh0\6—05% Lubrol PX detergent, washed in buffer and dis-
ing the presence of WGA-labeling sites only in the per'upted with a Dounce-type homogenizer. Cell disruption

ation of the costa

The costa is a cytoskeletal structure characteristic of
mbers of the Trichomonadidae family, appearing as a
ated root that originates near the basal bodies of the
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Fig. 17: costa enriched fraction fromritrichomonas foetugafter Monteiro-Leal et al. 1993) containing costae (C) and chromatin (CR).
Bar = 1 um. Fig. 18: high magnification of costa fraction frénfoetus(After Monteiro-Leal et al. 1993). Bar = 0.5 pm
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was monitored by light microscopy in an effort to obtaifBenchimol M 1999. The hydrogenosometa Microscop8: 1-

cell rupture without breaking the nuclear membrane. The 22.

homogenate was then vortexed and centrifuged for Bsnchimol M, De Souza W 1983. Fine structure and cytochem-
min at 1000 x g over a 2 M sucrose cushion. The superna- ISty of the hydrogenosome ditrichomonas foetus)

tant and the interface were pooled and layered on the ﬁggnirk\?:r?él()l?/lngllézezic-iinSCA De Souza W 1996. Further stud-
of a second cushion of 1.5 M sucrose and centrifuged for ! ! .

. ies on the organization of the hydrogenosome in
15 min at 10,000 x g. The pellet was collected, layered on a Tyitrichomonas ?Oetusﬂss Celg: 287_%/99_ 9

four-step sucrose gradient (1, 1.5, 2 and 2.5 M sSUCrog@nchimol M, De Souza W, Vanderheyden N, Zhong L, Lu H-
from the top to the bottom) and centrifuged at 19,000 X g G, Moreno S, Docampo R 1998. Functional expression of a
for 1 h. The material localized at the interface of 2/2.5 M vacuolar-type H-ATPase in the plasma membrane and in-
was collected, resuspended in buffer and centrifuged at tracellular vacuoles dfrypanosoma cruzBiochem B32
10,000 x g for 10 min, yielding a highly enriched costa 695-702.

fraction (Figs 16, 17). SDS-PAGE analysis of the isolate@enchimol M, Elias CA, De Souza W 198Zaitrichomonas
fraction showed a group of polypeptide bands of 122, foetus ultrastructural localization of calcium in the plasma

115, 108, 93, 87 and 82 kDa. Further studies are necessar)};8e4mbrane and the hydrogenosonieq Parasitob4: 277-

to determine the Ioca}llza_non of each protein in the COMBenchimol M, Elias CA, De Souza W 1982hitrichomonas
plex structural organization of the costae. foetus ultrastructural localization of basic proteins and car-
PERSPECTIVES bohydratesExp Parasitob4: 135-144.

Cell fractionation is still the only approach that e_:rj!3 'aﬁ;&%ﬁhgggﬁég,\a,’sl]\l,ﬁgr%b?oﬁfsz is%\llglsl{tllzg. of the
ables us to determine directly the chemical compositi§taly p, Simpson L, Kretzer F 1974. Isolation of kinetoplast-
of an organelle, a cell structure or a region of the plasma mitochondrial complexes frorheishmania tarentolaeJ
membrane. As shown in this review, in some situations it Protozool 21: 782-790.
is also possible to sub-fractionate an organelle into i€annata JJ, Valle E, Docampo R, Cazzulo JJ 1982. Subcellular
components for further analysis. There also exists the localization of phosphoenolpyruvate carboxykinase in
possibility of isolating a given organelle in its different the trypanosomatid3rypanosoma cruzand Crithidia
physiological states, which has been relatively little ex- fasciculataMol Biochem Parasitd: 151-160. .
plored. Carruthers VB, Sibley LD 1997. Sequential protein secretion

. . . . from three distinct organelles ddxoplasma gondaccom-
Studies carried out in mammalian cells have shown panies invasion of human fibroblaskur J Cell Biol 73:

that it is possible to use cell fractionation techniques to 714.123.

isolate special domains of the plasma membrane. Such@gtruthers VB, Sibley LD 1999. Mobilization of intracellular
approach should be used with parasitic protozoa, espe- calcium stimulates microneme dischargeToxoplasma
cially with those where there is evidence for the presence gondii. Mol Microbiol 31: 421-428.

of specialized domains such as (a) the flagellar pocket@érruthers VB, Moreno SN, Sibley LD 1999. Ethanol and ac-
trypanosomatids, (b) the region of attachment of the fla- etaldehyde elevate intracellular [€% and stimulate
gellum to the cell body in trichomonads and try- Microneme discharge Toxoplasma gondiBiochem J342

anosomatids. 379-386.
P Claude A 1975. The coming of age of the cgtlience 18%433-
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