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Trypanosoma brucei, the protozoan parasite causing sleeping sick-
ness, is transmitted by a tsetse fly vector. When the tsetse takes a
blood meal from an infected human, it ingests bloodstream form
trypanosomes that quickly differentiate into procyclic forms within
the fly’s midgut. During this process, the parasite loses the 107
molecules of variant surface glycoprotein that formed its surface
coat, and it develops a new coat composed of several million
procyclin molecules. Procyclins, the products of a small multigene
family, are glycosyl phosphatidylinositol-anchored proteins con-
taining characteristic amino acid repeats at the C terminus [either
EP (EP procyclin, a form of procyclin rich in Glu-Pro repeats) or
GPEET (GPEET procyclin, a form of procyclin rich in Glu-Pro-Glu-
Glu-Thr repeats)]l. We have used a sensitive and accurate mass
spectrometry method to analyze the appearance of different
procyclins during the establishment of midgut infections in tsetse
flies. We found that different procyclin gene products are ex-
pressed in an orderly manner. Early in the infection (day 3), GPEET2
is the only procyclin detected. By day 7, however, GPEET2 disap-
pears and is replaced by several isoforms of glycosylated EP, but
not the unglycosylated isoform EP2. Unexpectedly, we discovered
that the N-terminal domains of all procyclins are quantitatively
removed by proteolysis in the fly, but not in culture. These findings
suggest that one function of the protease-resistant C-terminal
domain, containing the amino acid repeats, is to protect the
parasite surface from digestive enzymes in the tsetse fly gut.

rypanosoma brucei, the protozoan parasite that causes sleep-

ing sickness, has a major impact on health in parts of
sub-Saharan Africa. The trypanosome’s life cycle alternates
between a mammalian host and the tsetse fly Glossina. There are
two forms in the mammalian bloodstream, a proliferating long
slender form and a nonproliferating short stumpy form that is
preadapted for survival in the fly. When the fly ingests blood-
stream trypanosomes, stumpy forms differentiate into procyclic
forms within the lumen of the peritrophic matrix in the midgut
(1). Approximately 4-7 days after infection, the trypanosome
population expands (2), and they migrate to the ectoperitrophic
space between the matrix and the gut epithelium. The parasites
progress through several rounds of differentiation and migra-
tion, eventually becoming proliferative epimastigote forms in the
salivary glands. These give rise to infectious metacyclic forms.
When the stumpy forms differentiate to the procyclic forms,
the variant surface glycoprotein coat is totally replaced within a
few hours with a new coat composed of procyclins (3, 4).
Procyclins are unusual glycosyl phosphatidylinositol (GPI)-
anchored proteins. There are two major forms of procyclin, EP
and GPEET, which differ mainly in the type of amino acid
repeats in their C-terminal domains. EP procyclins have Glu-Pro
repeats (5, 6), and GPEET procyclins have Gly-Pro-Glu-Glu-Thr
repeats (7). In T. brucei AnTat 1.1, the fly-transmissible try-
panosome used in this study, the procyclin repertoire contains six
different species (E.V. and I.R., unpublished data). Whereas the

EP procyclins (EP1-2, EP2-1 and EP3-2, -3, and -4) have 21 to
27 EP repeats, the GPEET procyclin (GPEET2) has five GPEET
repeats instead of the six found in some other 7. brucei strains
(8, 9) (see Figs. 2 and 3 for sequences of the AnTat 1.1
procyclins). Procyclins have several posttranslational modifica-
tions. All procyclins except EP2 and GPEET contain a single
homogeneous N-glycan, Mans-GIcNAc,, in their N-terminal
domains (10, 11), and GPEET procyclin is phosphorylated on
the threonine residues of its GPEET repeats (9, 12, 13). The GPI
anchors of all procyclins contain a large heterogeneous side
chain of branched poly-N-acetyllactosamine units terminated
with sialic acid residues (10).

The function of procyclins is unknown, although they contrib-
ute to the establishment of strong infections in the fly vector.
Parasites in which all of the EP procyclin genes are deleted (14)
or that have no surface procyclin because of a defect in GPI
synthesis (15) are less efficient at establishing infections in flies.
There is now good evidence that procyclic trypanosomes can
switch their surface coats, changing from one form of procyclin
to another. These changes in expression seem to depend on the
trypanosome strain and on experimental culture conditions
(10-12, 16). Of relevance to this paper is the recent finding that
during infection of a tsetse fly by bloodstream trypanosomes the
first procyclic forms detected expressed both GPEET and EP
procyclins. In contrast, from day 7 onwards, only EP procyclins
were found (17). EP procyclins are also found on epimastigote
forms in the salivary glands (18) but are lost when the parasite
reacquires a variant surface glycoprotein coat in the metacyclic
form. EP and GPEET are also coexpressed when trypanosomes
differentiate in vitro. Both classes of procyclin continue to be
synthesized when trypanosomes are cultured in the presence of
glycerol, whereas cells cultured in glycerol-free medium repress
GPEET with kinetics similar to those of trypanosomes in the
fly (17).

Until recently, there has been little biochemical analysis of the
procyclin repertoire. It has been impossible to separate the
different procyclin species because of their similar structures and
their heterogeneous GPI anchors. Although EP and GPEET
procyclins can be distinguished by monoclonal antibodies, and
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the glycosylated isoforms EP1 and EP3 bind Con A (16, 19),
there has been no straightforward way to distinguish between all
of the different procyclins. However, matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) has proven to be a powerful method in which all
procyclins can be easily identified (9, 11, 16). Amazingly, it is not
even necessary to purify the procyclins to homogeneity for this
analysis. A simple organic extraction procedure, followed by
removal of the GPI anchors by hydrofluoric acid (HF) treatment
(11), provides a sample with purity adequate for MS. Further-
more, the method is sensitive, requiring very small amounts of
protein sample.

We therefore decided to use MS to identify the procyclins
expressed during an infection of a tsetse fly. This approach is
technically demanding, particularly early in infection, when each
fly provides only ~10,000 parasites. Nevertheless, we have been
able to identify procyclin species expressed at different times
during the course of midgut infections. In addition, we unex-
pectedly discovered that N-terminal domains of procyclins ex-
pressed in the tsetse are quantitatively removed by proteolysis.
In contrast, the C-terminal domains, containing the amino acid
repeats, remain intact. These findings provide important clues to
procyclin function.

Materials and Methods

Trypanosomes. We used pleomorphic 7. brucei AnTatl.1 (20, 21),
a stock able to differentiate efficiently and that can be trans-
mitted cyclically by tsetse flies (21-23). The stumpy bloodstream
forms were harvested from agarose plates or isolated from
infected mouse blood (23). For in vitro differentiation to pro-
cyclic forms, stumpy bloodstream forms were resuspended (2 X
106 cells/ml) in SDM-79 supplemented with 10% FCS (24) in the
presence or absence of 10 mM glycerol. Differentiation was
triggered by the addition of 6 mM cis-aconitate and a drop in
temperature to 27°C (25). Cultures were maintained in the same
medium that was used for differentiation (17). T. brucei 427
procyclic forms (26) were used as a positive control in immu-
nofluorescence experiments.

Infection of Tsetse Flies and Isolation of Midgut Forms. Pupae of
Glossina morsitans morsitans were from the International Atomic
Energy Agency (Seibersdorf, Austria). Teneral (newly hatched)
flies were infected with short stumpy bloodstream forms during the
first blood meal after emergence (17). Midguts were isolated from
infected flies and disrupted by mechanical force (17). Alternatively,
midguts were isolated from infected flies on ice, transferred to
SDM-79 containing 10% FCS and a protease inhibitor mixture
(Complete, Mini, Roche Molecular Biochemicals, used according
to the manufacturer’s instructions) at 4°C and disrupted in this
medium. Large tissue fragments were removed by filtration through
filter paper (Schleicher & Schuell), and the cells in the filtrate were
washed with PBS containing protease inhibitors.

Purification of Procyclins. For MS analysis, procyclins were ex-
tracted from 2 X 107 parasites cultured in vitro or from 1-6 X
109 parasites isolated from tsetses. The parasites were freeze-
dried and stored at —80°C. After thawing, they were immediately
delipidated twice with 100 ul of chloroform/methanol/water,
10:10:3 (v:viv). After centrifugation (5 min, 10,000 rpm, room
temperature), the insoluble pellet was dried in an N, stream and
procyclins extracted (three times) with 200 ul of 9% 1-butanol.
After another centrifugation (5 min, 10,000 rpm, room temper-
ature), the 1-butanol fractions, containing procyclins, were dried
in a Speed-Vac (11).

Preparation of Procyclins for MS Analysis. To remove GPI anchors
from procyclins, dried 1-butanol extracts were dephosphorylated
with 25 ul of 48% aq.HF (Aldrich) for 12 h at 0°C (9). Samples
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Table 1. C-terminal fragments of EP procyclins from
trypanosomes isolated from fly 7-28 days after infection
(Fig. 3B)

lon Procyclin No. EP Days Tentative

no. protein repeats Mass present assignment
1 EP1-2* 25 5,871 7,14, 21, 28 P35-G86-EtN
2 EP1-2* 25 6,083 7,14, 21, 28 P33-G86-EtN
3 EP1-2* 25 6,299 7,14, 21, 28 T31-G86-EtN
4 EP1-2* 25 7,903 14, 21, 28 D27-G86-EtN
5 EP1-2* 25 8,018 7, 21,28 D26-G85-EtN
6 EP1-2 25 8,178 21,28 S24-G86-EtN
7 EP3-3 25 8,220 7,14, 21, 28 S24-G86-EtN
8 EP3-2 21 6,898 7,14, 21, 28 D26-G76-EtN
9 EP3-2 21 7,016 28 D2>-G76-EtN
10 EP3-4 27 6,322 7,14, 21, 28 P35-G20-EtN
11 EP3-4 27 6,532 14, 28 P33-G%0-EtN

Because of high background and impossibility of detecting N-terminal
fragments in positive ion mode after mild acid hydrolysis (11), these assign-
ments are tentative.

*EP3-3, if present, could also contribute to this ion.

were then frozen in dry ice-ethanol, dried in a Speed-Vac, and
resuspended in 5 pl of 0.1% trifluoroacetic acid (TFA). 1-
butanol extracts from uninfected guts were submitted to the
same 48% aqueous HF (aq.HF) dephosphorylation procedure.
For some mass spectra, aq.HF-treated procyclins were further
treated with mild acid hydrolysis [40 mM TFA (Pierce), 100°C,
15 min] to quantitatively cleave EP proteins at DP bonds (11) or
to partially cleave GPEET proteins at a DG bond (16). After
cooling to 0°C, samples were dried in a Speed-Vac.

MALDI-TOF-MS Analysis. Spectra were acquired in a PerSeptive
Biosystems (Framingham, MA) Voyager-DE mass spectrometer
calibrated with insulin, thioredoxin, and apomyoglobin. Aq.HF-
treated 1-butanol fractions (1 wl containing 3-7 X 10° cell
equivalents from parasites isolated from flies, or 1-2 X 10 cell
equivalents from parasites cultured in vifro) were cocrystallized
with 1 ul of a-cyano-4-hydroxycinnamic acid (Sigma) as the
matrix. Spectra were collected in the negative ion mode, and
masses were calculated by using the program PROTEININFO
(http://prowl.rockefeller.edu). Figs. 2-3 and Table 1 report
theoretical masses that agreed, within about 1 Da, with those
measured by MS. Procyclin ions contain a C-terminal ethanol-
amine residue derived from the GPI anchor.

Immunofluorescence. Immunofluorescence was performed on
acetone-fixed cells (17). The monoclonal antibody TRBP1/247
(mAb 247), which binds to the dipeptide repeat of EP procyclin
(27), was used at a dilution of 1:500. TBRP1/346 (mAb 346),
which binds to the first 20 amino acids of mature EP procyclin
(27), was used at 1:1,000.

Results

Previous immunofluorescence studies on procyclin expression in
the tsetse fly (17) had not revealed which EP procyclins are
present or whether the different EP isoforms undergo a pro-
grammed shift in expression. To address these issues, we infected
tsetse flies with 7. brucei AnTat 1.1, and at days 3, 7, 14, 21, and
28, we dissected 30-50 guts and harvested trypanosomes. We
then isolated procyclins and removed their GPI anchors.
Because the procyclin pellets were larger than those from
comparable numbers of cultured trypanosomes, we had to
determine whether they were contaminated with gut proteins
that could confuse the MS analysis. Therefore, we analyzed the
contents of guts from uninfected flies. We subjected the contents
of these guts (equivalent in number to those in the standard
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Fig. 1. MS of contents of uninfected fly guts. Guts were isolated 3 days after
feeding with noninfected blood, and contents were treated by the procyclin
extraction/GPI removal protocol. A 1-butanol extract equivalent to five guts
was analyzed.

trypanosome isolation) to the procyclin extraction/GPI removal
protocol and analyzed these products by MS. In a sample taken
from flies 3 days after they were fed a single noninfected blood
meal, we detected no proteins in the m/z range characteristic of
procyclins (Fig. 1). We obtained the same result by using several
dilutions of the 3-day extract and from a sample taken from
11-day-old flies that had received several noninfected blood
meals (not shown). We concluded that contaminants from the
gut should not confuse procyclin analyses.

Procyclins Expressed 3 Days After Infection of a Tsetse Fly. Before
analyzing material from infected flies, we performed another
control experiment, evaluating procyclins from trypanosomes
cultured in vitro in the presence of 10 mM glycerol [conditions
that support expression of GPEET procyclin (17)]. MS analysis
of this sample (Fig. 24) shows a major [M-H]~ pseudomolecular
ion of m/z 5,629, corresponding to GPEET2 procyclin. We
confirmed the presence of GPEET2 by identifying a fragment
lacking the N-terminal sequence VIVK (“—4” fragment; m/z
5,189), which is characteristic of GPEET proteins (9, 11, 12).
Furthermore, as expected for GPEET procyclins, both the full
length and the “—4” fragment are accompanied by ions sepa-
rated by an m/z value of 80. These represent the well-
characterized family of phosphorylated species (9).

We then analyzed tsetse-derived trypanosomes isolated 3 days
after infection. In contrast to the procyclins from cultured
parasites, the trypanosomes dissected from the fly contain a
major ion of m/z 4,476, much smaller than that of GPEET2,
although it is accompanied by phosphorylated species (m/z
4,556, 4,636, and 4,716; Fig. 2B). To test the possibility that the
m/z 4,476 ion represented a proteolytic fragment of GPEET2
procyclin, we subjected a sample to mild acid hydrolysis, a
treatment that partially cleaves GPEET procyclin at its D'3-G'
bond (16). In a control experiment, mild acid treatment of
GPEET2 (isolated from parasites cultured in vitro) partially
generated a cleavage product of m/z 4,232 (together with its
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Fig. 2. MS of procyclins from trypanosomes cultured in vitro (A and C) or from tsetse flies three days after infection (B and D). (A) Analysis of ag.HF-treated-
procyclins from ~10° parasites cultured in vitro in the presence of 10 mM glycerol. The ion at m/z 5,629 is full length GPEET2, and it is accompanied by
phosphorylated species (m/z 5,709, 5,789, and 5,869). The ion at m/z 5,189 is GPEET2 procyclin truncated by 4 residues, and it is also accompanied by
phosphorylated species (m/z 5,269, 5,349, and 5,429). The ion at m/z 5,242 (also present in C) is an unknown polypeptide. Low levels of EP procyclin (EP1-2 and
EP3-4) are detected in the 9,000-11,000 m/z range (not shown). (B) Analysis of aq.HF treated-procyclins from ~7 X 10° parasites extracted from tsetse flies 3
days after infection. The ion at m/z 4,476 is a proteolytic fragment of GPEET2 procyclin (see E for cleavage site), and it is accompanied by ions of phosphorylated
species (m/z 4,556, 4636, and 4,716). (C) Mild acid hydrolysis of aq.HF-treated procyclins from cultured trypanosomes, identical to those in A. (D) Mild acid
hydrolysis of the ag.HF treated-procyclins from tsetse-derived trypanosomes, identical to those in B. Note in both C and D, the ion of m/z 4,232, representing
the C-terminal fragment generated by partial mild acid cleavage at D'3 (16). This ion is accompanied by phosphorylated species (m/z 4,312 and 4,392). No
fragments of EP procyclins were detected in D. (E) Sequence of GPEET2 procyclin. Downward arrowhead, site of proteolytic cleavage in the fly midgut.
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Fig.3. MS of procyclins from trypanosomes cultured in vitro (A and C) or from tsetse flies 7 days after infection (B and D). (A) Analysis of aq.HF-treated-procyclins
from ~106 parasites cultured in vitro in the absence of glycerol to promote expression of EP procyclin. lons at m/z 10,430 and 10,854 are from full-length EP1-2
and EP3-4. lons at m/z 10,510 and 10,934 are from the same procyclin species, except there is a residual phosphate group, derived from the GPI anchor, linked
to the C-terminal ethanolamine. These phosphorylated species are not detected after longer HF treatment (11). lons at m/z 9,432 and 9,856 are from EP1-2 and
EP3-4 procyclins, respectively, which are missing 10 amino acids from the N terminus (11). The m/zions 5,242 and 8,520 are polypeptide contaminants, and that
at m/z 11,003 is probably KMP-11, a protein that frequently contaminates procyclin (33). (B) Analysis of aq.HF-treated procyclins from ~3 X 10° parasites
extracted from infected tsetse flies at 7 days after infection. See Table 1 for assignments of ions. No ions derived from GPEET2 were detected. lons with asterisks
in B and D are probably contaminants (see text). (C) Mild acid hydrolysis of aq.HF-treated-procyclins, from cultured trypanosomes, identical to those in A. (D)
Mild acid hydrolysis of the aq.HF-treated-procyclins, from tsetse-derived-trypanosomes, identical to those in B. Each of the C-terminal fragments after mild acid
hydrolysis (C and D) is paired with a corresponding species phosphorylated on ethanolamine (with m/z increased by 80 Da). (E) Primary sequence of mature EP
procyclins, with numbering starting at the N terminus of the mature protein. Upward arrowheads indicate cleavages detected at day 7. Downward arrowheads
indicate cleavages detected at days 14-28 (Table 1). Underlines indicate glycosylation sites (N29).

phosphorylated species; Fig. 2C). That we detected the same
partial cleavage product after mild acid hydrolysis of the protein
isolated from tsetse gut trypanosomes (Fig. 2D) conclusively
proves that the m/z 4,476 ion is a fragment of GPEET2
procyclin. Its mass precisely matches that of GPEET?2 cleaved at
R!''-E'?, generating a fragment lacking 11 residues from its N
terminus (see sequence in Fig. 2E). This truncated form is
observed only in the fly, indicating that midgut proteases quan-
titatively cleave GPEET?2 at a unique site.

Procyclins Expressed 7-28 Days After Infection of a Tsetse Fly. Our
next objective was to analyze procyclins from trypanosomes from
a later stage, isolated from tsetse guts 7 days after infection. As
a control experiment, Fig. 34 shows a MS of procyclins from
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trypanosomes cultured in vitro in the absence of glycerol, a
condition in which procyclin expression is limited to the EP
isoforms (17). We detected two major ions at m/z 10,430 and
10,854, corresponding to the EP1-2 and EP3-4 proteins. How-
ever, the m/z 10,430 peak could also contain EP3-3 (calculated
[M-H]~, 10,402 Da), as AnTat 1.1 trypanosomes contain the
gene for this species. EP3-3 and EP1-2 differ in mass by 28 Da.
Fig. 3B shows proteins extracted from trypanosomes 7 days after
infection of the tsetse. No intact EP or GPEET procyclins are
present. Instead, there are three clusters of ions in the m/z range
6,000 to 8,500.

To determine whether the fragments in Fig. 3B actually derive
from procyclin, we used mild acid hydrolysis to promote quan-
titative cleavage of EP procyclins. This treatment cleaves at

Acosta-Serrano et al.



either of the two DP bonds at the junction of the N-terminal
domain and the EP-repeat region (see Fig. 3E for location of
these bonds). Fig. 3C shows a control spectrum of the mild acid
products of EP-procyclins from cultured trypanosomes (same
sample used for Fig. 34). Two of the ions (1m/z 5,870 and 6,082)
represent the C-terminal fragments P(EP),sG-EtN (EtN, C-
terminal ethanolamine) and PDP(EP),sG-EtN, respectively, de-
rived from EP1-2 (or from EP3-3, if present). Likewise, the ions
atm/z 6,322 and 6,534 match the predicted values for the EP3-4
fragments P(EP),;G-EtN and PDP(EP)»;G-EtN, respectively.
When we conducted the same analysis of procyclins isolated
from tsetse-derived trypanosomes (like those in Fig. 34), we
found the same C-terminal fragments detected in procyclins
from cultured trypanosomes (Fig. 3D), indicating that EP1-2
and EP3-4 (and possibly EP3-3), are expressed in the tsetse. In
addition, we found the fragment P(EP),G-EtN (m/z, 4,965),
indicating that the tsetse-derived trypanosomes also express
EP3-2, an isoform not detected in cultured parasites.

Characterization of procyclin species in the mild acid hydro-
lysis experiment (Fig. 3D) facilitated analysis of the peaks in Fig.
3B, and the identities of most are described in Table 1. They are
mainly cleavage products of EP-procyclin (see Fig. 3E for
location of cleavage sites). Some of the ions detected after HF
treatment (e.g., m/z 6,226 in Fig. 3B) were resistant to mild acid
(these are marked with asterisks in Fig. 3 C and D). These
fragments could derive from EP2-1 procyclin, which has no DP
bonds and therefore resists mild acid cleavage. However, the
fragments marked with asterisks correspond neither to intact
EP2-1 protein nor to fragments of it. Therefore, they likely
derive from other parasite proteins that are also expressed 7 days
after infection or from tsetse proteins induced in response to
infection.

In summary, all of these data indicate that at day 7 after
infection, tsetse-derived trypanosomes exclusively express gly-
cosylated EP isoforms that are quantitatively cleaved at different
positions near the junction of the N-terminal domain and the
EP-repeats. We identified a similar distribution of EP procyclins,
with only slightly different cleavage patterns, in procyclins
isolated from trypanosomes at 14, 21, and 28 days after infection
(Table 1).

The tsetse midgut contains proteases (28-30), raising the
possibility that the cleavages shown in Figs. 2E and 3E could
have occurred during isolation of the trypanosomes from the fly
gut. However, we observed the same pattern of cleavage whether
or not the trypanosome isolation was done at room temperature
or at 4°C and whether or not protease inhibitors and FCS were
added during the isolation. The protease inhibitors and serum
completely blocked cleavage of procyclins by gut proteases in
vitro (ML.L. and L.R., unpublished data). Therefore, we conclude
that procyclin cleavage occurs naturally within the fly midgut
during the course of the infection.

Immunofluorescence Confirms Absence of Procyclin N-Terminal Do-
mains. We next used immunofluorescence to confirm that EP
procyclins from trypanosomes residing in the tsetse midgut are
proteolyzed. We used two monoclonal antibodies, one specific
for the first 20 amino acids of EP-procyclin (mAb 346) and
another that binds to the EP repeats (mAb 247). Probing
trypanosomes from flies 14 days after infection, we found that
the mAb 247 bound strongly (Fig. 4 Lower Left), whereas mAb
346 bound poorly (Fig. 4 Upper Left; arrows indicate cells). The
weak signal in this panel is most likely because of intracellular EP
procyclin that had not been exposed to midgut proteases. As a
control, we found that trypanosomes cultured in vitro, where
procyclins are not proteolyzed, bind both antibodies equally well
(Fig. 4 Right). Therefore, these results support those obtained
by MS.

Acosta-Serrano et al.
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Fig. 4. Immunofluorescence analysis of parasites isolated from tsetse flies.
Trypanosomes from tsetse flies 14 days after infection were processed for
immunofluorescence and stained with antibodies specific for the EP N termi-
nus (mAb 346) or the EP repeat sequence (mAb 247). Procyclic culture forms
(427) were used as a positive control. The same exposure times and settings
were used for all four images. Arrows indicate midgut-derived trypanosomes
that were weakly staining for mAb 346 [the location of cells was confirmed by
4',6-diamidino-2-phenylindole staining (not shown)]. Stock 427, which ex-
presses high levels of GPEET (12), commonly shows heterogeneous staining
with anti-EP antibodies (unpublished observations).

Discussion

MALDI-TOF-MS has proven a powerful method for analysis of
T. brucei procyclins in cultured trypanosomes (9, 11, 16), and in
this paper in parasites isolated from the tsetse. Using this
method, we have made two major findings. First, we identified
procyclin species expressed in infected tsetse flies from days 3 to
28 after infection. Second, we found that both GPEET and EP
were quantitatively cleaved during the infection, removing most
of their N-terminal domains. It is surprising that we detected no
EP procyclins in tsetse-derived trypanosomes 3 days after infec-
tion, even though these species had been detected in infected
flies with antibodies specific for the EP repeat (17). Because it
is likely that EP and GPEET procyclins can be detected by MS
with comparable sensitivities (11), it is possible that low-level
expression of multiple EP isoforms, individually below the
threshold of detection by MS, can collectively contribute to
antibody binding.

GPEET?2 procyclin is strongly expressed 3 days after infection
of the tsetse, and it is phosphorylated in the fly as it is in culture
(12). However, by day 7, all of the GPEET?2 had disappeared and
had been replaced by a family of glycosylated EP procyclins
(EP1-2, EP3-2, EP3-4, and possibly EP3-3). These are the same
EP procyclins expressed in vitro (Fig. 3C), except for EP3-2,
which was detected in tsetse-derived but not in cultured para-
sites. We did not see shifts in expression of EP procyclin during
the time period studied. It is striking that neither tsetse-derived
trypanosomes (between days 3 and 28 after infection) nor
cultured parasites expressed EP2 procyclin, the only EP procy-
clin that lacks N-glycosylation. EP2 is rarely expressed in cul-
tured trypanosomes, and we have detected it in abundance only
in a T. brucei glycosylation mutant that is resistant to killing by
Con A (11, 16). We did not have adequate trypanosomes to
evaluate procyclins in 1 day infections. At day 27, we dissected
salivary glands, hoping to identify the procyclin species present
on epimastigotes. Again, we could not isolate sufficient parasites
to detect a procyclin signal.
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It was completely unexpected to learn that most of the
N-terminal domains of GPEET and EP procyclins were quan-
titatively cleaved by proteolysis during a fly infection. No
cleavage has been detected in cultured trypanosomes except for
the partial removal of VIVK, the N-terminal residues of GPEET
procyclin (9, 11, 12). The cleavage in the fly of GPEET2 is at a
unique position (Fig. 2E) resembling a trypsin cleavage site. The
situation is much more complicated at later times of infection,
when EP is expressed. Although all EP procyclins are cleaved at
multiple sites (Fig. 3E), the specificity of cleavage is much more
complex than that of GPEET procyclin, raising the possibility
that the trypanosomes are exposed to a different set of proteases
at this time. If this speculation is correct, the difference could be
caused by the fact that new proteases are induced at later stages
of infection, or that the trypanosomes at day 7 reside in a
different compartment, after having traversed the peritrophic
membrane. Adult tsetse flies have at least six classes of proteo-
lytic enzymes in the gut, including trypsin-like enzymes, amin-
opeptidases, and carboxypeptidases (28-30). We do not know
whether there is a single proteolytic attack on each procyclin
molecule, or whether the released N-terminal products are
further fragmented.

As discussed above, procyclins are required for efficient
infection of a tsetse fly (14, 15). Our study suggests that one
function of procyclins could be to provide protection against the
powerful gut proteases. Although most of the N-terminal do-
mains of the procyclins are removed by proteolysis, the amino
acid repeat sequences are resistant to attack by proteases.
Together with the highly glycosylated GPI anchors (10), these
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repeat domains could form a shield that safeguards susceptible
proteins on the cell surface from proteolysis. In contrast to
procyclic forms, long slender bloodstream forms are killed in the
fly midgut within a few hours (31) and are highly susceptible to
proteases in vitro (32). Interestingly, the same proteases that kill
the slender form trigger the differentiation of the stumpy form
to the procyclic form (32). Differentiation is synchronous and
occurs with rapid kinetics. Thus, proteases also have the poten-
tial to regulate development in the fly.

Even though much of the N terminus is removed from EP
procyclin, the N-glycan persists at least in some molecules.
Therefore it is possible that this glycan could serve as a ligand
in some interaction with tsetse proteins. Finally, it is possible that
the procyclin N-terminal fragments, removed by proteolysis,
exert some signaling function. They could, for example, partic-
ipate in a density-sensing mechanism, preventing uncontrolled
growth of the parasite, or they could deliver a signal for
differentiation or migration. Alternatively, they might influence
the response of the fly to infection. Further studies are needed
to investigate these possibilities.
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