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In Trypanosoma brucei, a major pathogenic protozoan
parasite of Central Africa, a number of glycolytic enzymes
present in the cytosol of other organisms are uniquely
segregated in a microbody-like organelle, the glycosome,
which they are believed to reach post-translationally after be-
ing synthesized by free ribosomes in the cytosol. In a search
for possible topogenic signals responsible for import into
glycosomes we have compared the amino acid sequences of
four glycosomal enzymes: triosephosphate isomerase (TIM),
glyceraldehyde-phosphate dehydrogenase (GAPDH), phos-
phoglycerate kinase (PGK) and aldolase (ALDO), with each
other and with their cytosolic counterparts. Each of these en-
zymes contains a marked excess of positive charges,
distributed in two or more clusters along the polypeptide
chain. Modelling of the three-dimensional structures of TIM,
PGK and GAPDH using the known structural coordinates
of homologous enzymes from other organisms indicates that
all three may have in common two 'hot spots' about 40 A
apart, which themselves include a pair of basic amino acid
residues separated by a distance of about 7 A. The sequence
of glycosomal ALDO, for which no three-dimensional infor-
mation is available, is compatible with the presence of the
same configuration on the surface of this enzyme. We pro-
pose that this feature plays an essential role in the import of
enzymes into glycosomes.
Key words: glycolysis/Kinetoplastida/microbody/topogenesis/
three-dimensional structure

Introduction
The hemoflagellate protozoan parasites of the Trypanosonma
brucei complex are the causative agents of human
trypanosomiasis, or sleeping sickness, and of nagana in cattle
in sub-Saharan Africa (Molyneux and Ashford, 1983).
A unique feature of all Trypanosomatidae is the presence of

glycosomes, microbody-like organelles, which are vital for the
energy supply of the bloodstream-form trypanosome (Opperdoes
and Borst, 1977; Fairlamb et al., 1977; Opperdoes, 1985). The
main constituents of glycosomes are nine enzymes involved in
glucose and glycerol metabolism (Opperdoes, 1985).

Recent investigations on three glycosomal enzymes have shown
that these proteins are made in the cytosol on free ribosomes,
and are subsequently imported into the organelle without detect-
able size changes (Opperdoes et al., 1986; Hart et al., unpublish-
ed results), suggesting that the topogenic signals for import are
part of the mature proteins. Initial studies on the glycosomal (g)
and cytosolic (c) phosphoglycerate kinase (PGK) from T. brucei
have revealed a remarkable difference in charge between these
two enzymes with only a limited difference in sequence. We have,
therefore, proposed (Osinga et al., 1985) that this charge dif-
ference is related to the different localization of the two enzymes
within the cell. This suggestion was subsequently supported by
further studies showing that several other glycosomal enzymes
have a distinctly higher isoelectric point than their cytosolic
homologues in other species (Misset et al., 1986).

In the present investigation sequencing results, crystallographic
data and modelling of the sequences into known three-dimensional
structures of homologous animal or bacterial enzymes have been
used in a search for a common configuration of positive residues
that might serve as topogenic signal. The results indicate that
this configuration could consist of two positively charged pat-
ches ('hot spots'), each including a pair of positive residues about
7 A apart, separated by a distance of about 40 A on the sur-
face of the molecules.

Results
Amino acid sequences
The amino acid sequences derived from the gene sequences of
g-triosephosphate isomerase (TIM) (Swinkels et al., 1986), g-
PGK (Osinga et al., 1985), c-PGK (Osinga et al., 1985) and
g-glyceraldehyde-phosphate dehydrogenase (GAPDH) (Michels
et al., 1986) have already been published by us while the se-
quence of g-fructose bisphosphate aldolase (ALDO) has been
published by Clayton (1985) and found to be essentially iden-
tical in our laboratory. A comparison of their subunit size with
that of their mammalian counterparts shows that three out of four
enzymes (g-PGK, g-GAPDH and g-ALDO) are between 1 and
5 kd larger (Misset et al., 1986). As shown in Figure 1, proper
alignment reveals - 50% homology between the glycosomal se-
quences and their human counterparts, as well as (not shown)
other known prokaryotic and eukaryotic sequences. In these
alignments, insertions and deletions were placed outside regions
of secondary structure whenever possible. It is striking that each
of the trypanosomal enzymes shown in Figure 1 has at least one
insertion that does not occur in the human nor in any of the other
known sequences.
None of the four glycosomal enzymes show evidence for the

presence of a cleavable N-terminal leader sequence when com-
pared with the other members within the respective enzyme
families (Figure 1). This is in agreement with the following obser-
vations. (i) No evidence has been found for any significant change
in size upon import of g-ALDO and g-GAPDH into glycosomes
(Hart et al., unpublished results; Opperdoes et al., 1986). (ii) For
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g-PGK, g-TIM, g-GAPDH and g-ALDO there is an excellent
agreement between the mol. wts calculated from the gene se-
quences and those determined for the purified enzymes (Misset
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Fig. 1. The sequences of five trypanosomal glycolytic enzymes. The
sequences have unique insertions when compared with all other homologous
enzymes; these unique insertions are printed within boxes. The amino acids
of hot spot sequence I (see text) are emphasized by asterisks. The hot spot
I amino acids are indicated by dots. In all four glycosomal sequences (g-
PGK, g-TIM, g-GAPDH, g-ALDO) residues that differ from the human
sequence are written in italics. The g-PGK sequence is 47% identical with
the human liver PGK sequence (Michelson et al., 1983). The c-PGK
sequence is 46% identical with the human liver PGK sequence (Michelson
et al., 1983), while it is 93% identical with the g-PGK sequence (Osinga et
al., 1985). The residue in the triangle is a one-residue insertion in c-PGK
which does not occur in g-PGK. Residues that are different in c-PGK from
g-PGK are encircled. The g-TIM sequence is 52% identical with the human
liver TIM sequence (Maquat et al., 1985). The g-GAPDH sequence is 53%
identical with the human GAPDH sequence (Tso et al., 1985). The g-
ALDO sequence is 47% identical with the human ALDO sequence (Rottman
et al., 1984).
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et al., 1986a). (iii) For g-GAPDH any N-terminal processing
was ruled out because of the perfect match of the gene and pro-
tein sequences at the N-terminus (Michels et al., 1986), while
for g-TIM such processing is highly unlikely because of the ex-
cellent agreement between electron-density distribution and gene
sequence. Only the first three N-terminal residues could not be
seen in the electron-density map. (iv) Although Clayton (1985)
postulated the presence of a 10-amino acid N-terminal leader se-
quence for g-ALDO, we come to a different conclusion. In our
alignment of g-ALDO there is around the N-terminus a good
agreement between the first 10 residues of g-ALDO and human
aldolase. Two residues are unchanged and five substitutions are
conservative, leaving as only significant differences Ser-1, Glu-5
and Leu-8, replaced by Ala, Pro and Thr, respectively, in the
human sequence. We, therefore, conclude that g-ALDO has no
N-terminal extension, but instead a 10-amino acid insertion star-
ting at position11 (Figure 1).

It is also unlikely that the C terminus of the glycosomal en-
zymes contains a common import signal. Only two of the four
enzymes, g-PGK and g-GAPDH, have C-terminal extensions
which are respectively 20 and five amino acids in length. There
is no significant sequence similarity, either between these two,
or with the C termini or internal regions of the other two glyco-
somal enzymes.
Net charges of glycosomal enzymes
Another characteristic property shared by each of the four se-
quenced glycosomal enzymes is that each has by far the highest
calculated positive charge within its family of homologous pro-
teins (Figure 2). These calculated net charges are in good agree-
ment with the isoelectric points of the four purified enzymes,
which are >9 in all cases (Misset et al., 1986).
These observations gave us a first hint as to the possible nature

of the topogenic signal. Since it is unlikely that a high overall
positive charge alone would ensure effective targetting into a
glycosome, we investigated the spatial distribution of these
positive charges.

G PGK TIM GAPDH ALDO G

Fig. 2. Overall charges of four glycolytic enzymes. The scale of the overall
charge is shown on the vertical axes at left and right of the drawing. The
charges of Asp and Glu are taken as -1; Lys and Arg as +1; His and Cys
as 0. The overall charges of the glycosomal enzymes from T brucei are
indicated by the closed triangles. The overall charges (Q) of the other
enzymes have been calculated from the following sequences. PGK: Q = +5
(horse), Q = +3 (human), Q = 0 (yeast), Q -1 (T. brucei, cytosolic).
TIM: Q = 0 (rabbit), Q = -1 (chicken), Q = -I (human liver), Q = -2
(human placenta), Q = -3 (coelacanth), Q = -4 (yeast). GAPDH:
Q = +3 (yeast), Q = +3 (chicken), Q = +2 (rat), Q = +2 (human),
Q = +2 (Drosophila melanogaster), Q -1 (Escherichia coli), Q = -2
(pig), Q = -2 (lobster). ALDO: Q = +6 (chicken), Q = +5 (rat),
Q = +3 (rabbit), Q = +2 (human), Q = 0 (D. melanogaster). For details
on the sequences analyzed see Osinga et al. (1985), Swinkels et al. (1986),
Michels et al. (1986) and Clayton (1985) and the references cited therein.
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Fig. 3. Charge-difference profiles for four glycosomal enzymes. The charge differences calculated as described under Materials and methods are plotted on the
vertical axis for the central position of the probe. Position numbers of the glycosomal sequences are given on the horizontal axis. The unique insertions of
trypanosomal enzymes are indicated by black bars on the lower line of the figure. (A) g-TIM minus human TIM (Swinkels et al., 1986; Maquat et al.,
1985). (B) g-PGK minus cPGK (Osinga et al., 1985). (C) g-GAPDH minus human GAPDH (Michels et al., 1986; Tso et al., 1985). (D) g-ALDO minus
human ALDO (Clayton, 1985; Rottman et al., 1984).
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Distribution of charges
Figure 3 shows the differential charge distribution profiles of g-
TIM, g-GAPDH and g-ALDO versus their human homologues,
and of g-PGK versus c-PGK. The extra positive charges of the
glycosomal enzymes tend to be congregated in two or more
clusters, of which one is always associated with an insertion,
whereas the others result from amino acid substitutions. These
facts strongly suggest that the common topogenic signal that
targets glycosomal enzymes to their intracellular location con-
sists of strategically situated positive clusters, or 'hot spots', as
they will be referred to henceforth. Close examination of the g-
TIM sequence shows that the excess of positive charges is com-
pletely covered by the regions A and B in Figure 3 and that there
are no other clusters of positive charges. Therefore, if this
hypothesis is correct, the topogenic signal consists of, at most,
two hot spots, which we expect to be present in a specific con-
figuration on the surface of the glycosomal enzymes. Therefore
one would expect the hot spots to be separated by the same
distance on the surface of all the enzymes concerned. To test
this point, knowledge of the three-dimensional structure of the
enzymes is needed. Such information may also help to identify
the putative hot spots where more than two positive clusters exist.
Three-dimensional structures
So far, crystallographic data are available only for g-TIM, at
2.9 A resolution (Wierenga et al., 1984). With these data, the
g-TIM structure could be solved by the molecular replacement
method, using the refined coordinates of chicken TIM (Banner
et al., 1975; Alber et al., 1981). This shows that g-TIM and
chicken TIM have similar structures, as can be expected from
the homology between the two sequences (52% identical). In the
calculated electron density map the polypeptide chain could be
traced, but further refinement, at a higher resolution, is required
to obtain the accurate g-TIM structure. Clearly no major struc-
tural differences exist between g-TIM and chicken TIM.
Therefore the two hot spots have been modelled into the chicken
TIM structure, as shown in Figure 4A. They are separated by
a distance of - 40 A. This, therefore, is what we should look
for in the structure of the other glycosomal enzymes.

For trypanosomal PGK, GAPDH and aldolase no three-dimen-
sional structures are available yet. However, the percentage iden-
tical residues between g-PGK and horse PGK (Merrett, 1981)
is 46% and between g-GAPDH and Bacillus stearothermophilus
GAPDH (Walker et al., 1980) is 53%. This implies that the
known three-dimensional structures of horse PGK (Rice, 1981)
and bacterial GAPDH (Leslie and Wonacott, 1984) are, for the
purpose of this paper, sufficiently accurate models of the cor-
responding trypanosomal enzymes. Accordingly, these structures
were used for the three-dimensional modelling of the amino acid
sequences of the trypanosomal enzymes, in order to estimate the
distances between positive clusters. The results are shown in
Figure 4B and C. No such treatment could be applied to aldolase
as no detailed three-dimensional structure from any organism has
been published yet, although X-ray studies on several fructose
bisphosphate aldolase enzymes have been initiated (Brenner-
Holzach and Smit, 1982; Sygush et al., 1985).
Of the four positive clusters that distinguish g-PGK from c-

PGK the most likely candidates for hot spots are those labelled
B and D in Figure 3B, which are close to 40 A apart. Regions
A, B and C are all within 29 A from each other, whereas the
A-D and C-D distances are both 32-33 A.
A detailed comparison of the sequences of PGKs (cf. Osinga

et al., 1985) provides further support for this tentative assign-

ment. In region C the charge difference between g- and c-PGK
arises from a single amino acid substitution (Lys-145 in g-
PGK- Glu-146 in c-PGK; Figure 1). Region A in g-PGK carries
only one extra positive charge compared with virtually every
other non-trypanosomal member of the PGK family (Osinga et
al., 1985). Therefore the charge differences at regions A and
C appear to be less significant than those at region B which is
an insertion unique for trypanosomal PGK. We conclude there-
fore that the two hot spots in g-PGK are most likely formed by
region B of Figure 3B, i.e. residues 74-78, and by region D,
i.e. residues 255 -259. The three-dimensional arrangement of
these two hot spots is shown in Figure 4B.
No two out of three positive clusters found in g-GAPDH

(Figure 3C) are exactly 40 A apart in the assumed three-
dimensional structure of this enzyme (Figure 4C). The closest
combination is between regions A and C of Figure 3C, i.e. bet-
ween residues 65-69 and residues 277 -281, which are 48 A
apart. Due to the eight-residue insertion containing part of the
first cluster, this distance could easily be reduced to 40 A. This
is not the case with the distances in each of the other possible
combinations. Consequently, only one combination of hot spots
would be consistent with the essential features of a glycosomal
import signal as deduced from the g-TIM data and these hot spots
are shown in Figure 4C. The localization of one of the hot spots
at the eight amino acid insertion starting at position 66 is moreover
strongly supported by the fact that the cytosolic GAPDH of
T. brucei lacks this insertion (Misset et al., 1987).
Without three-dimensional information about aldolase it is

impossible to identify with any degree of certainty possible import
signals for g-ALDO. However, the two positive clusters as de-
fined in Figure 3D are good candidates. Peptide 142-146 clearly
forms a cluster of positive charges, while peptides 15-19, like
the other first hot spots is situated in an insert, the only one found
in the sequence of the glycosomal enzyme (see Figure 1). Both,
as shown below, obey the consensus structure of the hot spots
in the other enzymes.
Common structural features of the hot spots
Figure 5 summarizes the information available on the structure
of the putative hot spots identified in the four enzymes. Hot spot
I, the one nearest to the N terminus, shows remarkable unifor-
mity. In all four enzymes it shows the consensus sequence 'posi-
tive-neutral-positive' (p-x-p) and is present in an insert. In
contrast, hot spot II has the sequence p-x-p in two enzymes, and
p-x-x-p in two others. This difference may be more apparent than
real. In the two enzymes (g-TIM and g-GAPDH) that have a
hot spot II of p-x-x-p sequence, this stretch is part of an az-helical
region, at least in the corresponding cytosolic homologues,
whereas the p-x-p hot spot II of PGK appears extended (nothing
is known about ALDO).
As illustrated in Figure 6, the a-helical p-x-x-p of GAPDH

superimposes over the p-x-p of PGK in such a way that the
positive residues of one hot spot coincide almost exactly with
those of the other, the distance between the two positive charges
of each hot spot being - 7 A . These facts strongly suggest that
an essential and common feature of hot spot II is a pair of posi-
tive charges separated by - 7 OA.
Although further refinement of the g-TIM structure and

knowledge of the structures of g-PGK and g-GAPDH are re-
quired to make definite statements regarding the three-
dimensional structure of hot spot I, the p-x-p sequence of hot
spot II in g-PGK is the same as the consensus sequence of hot
spot I suggesting that the conformations might also be similar.
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Fig. 4. Putative glycosomal import signals on TIM, PGK and GAPDH. The stereofigures are drawn on the same scale. The position of every hot spot, of
which the residues are emphasized by dots, is visualized by two positive side chains. The separation between hot spot I and hot spot II is calculated as the
average value of the distances of the C-y-atoms of the two positively charged side chains in hot spot I to the two corresponding C'y-atoms in hot spot II.
(A) TIM. The exact positions of the positively charged side chains are not clearly visible in the current electron density map of g-TIM. Therefore these side
chains have been modelled into the structure of the homologous chicken TIM structure. Hot spot I starts at residue 152 of chicken TIM and continues as an
insertion between residue 155 and 156. Its position is indicated by two lysines at positions 153 and 155. The second hot spot is homologous to the chicken
residues 214-219, it is visualized by lysines at 215 and 218. These two hot spots are at a distance of -40 A. (B) PGK. Hot spot I is completely in an
insertion at position 71 of the homologous horse PGK. Its position is indicated by positive side chains at position 71 and 72. Hot spot II is visualized by
lysines at position 254 and 256 of horse PGK. The distance between these two hot spots is -40 A. (C) GAPDH. Hot spot I starts at residue 60 of bacterial
GAPDH and continues as an insertion between residues 60 and 61. Its position is indicated by lysines at position 59 and 60. Hot spot II corresponds with
residues 261-266 of bacterial GAPDH. Lysines at 262 and 265 illustrate its position. The distance between hot spot I and hot spot II is -48 A.
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Fig. 5. The hot spot sequences (HS-I and HS-II) of four glycosomal
enzymes. The residue numbers refer to the corresponding sequences in
Figure 1. The hot spot which is closest to the N terminus, hot spot I, is
always associated with an insertion. Residues with positively charged side
chains are in circles. There are 16 lysines and five arginines in the eight
tabulated hot spot sequences, indicating a preference for lysines. Q = total
charge of hot spot I + hot spot II.

Two charges - 7 A apart could therefore be a characteristic
feature of both hot spots.
Discussion
The approach we have followed is based on two unproven but
plausible premises. One is that all glycosomal enzymes share a
common topogenic configuration that is both necessary and suf-
ficient to single them out for post-translational transfer into the
glycosomes. On the strength of this assumption, we have denied
a possible topogenic role to two major differences that distinguish
the glycosomal PGK from its cytosolic homologue and close
evolutionary sibling in the same organism: possession of a sup-
plementary, fairly hydrophobic, 20-residue-long C-terminal ex-
tension, and the addition of a substantial number of net positive
charges in other areas than regions B and D in Figure 3B (Os-
inga et al., 1985). The most remarkable of these is region A
in Figure 3B with the addition of two positive charges and
removal of two negative charges over a four-amino acid stretch
(region A in Figure 3B) (Osinga et al., 1985). This may be an
over-simplification (as discussed by Borst, 1986) and it remains
possible that these important features do play a significant role
in the targetting of PGK, even though they may not exist in other
glycosomal enzymes. On the other hand they could play a role
in the internal organization of the particles. A hydrophobic tail
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Fig. 6. Superposition of the three-dimensional structures of hot spot II as observed in the homologous structures of horse PGK (Merritt, 1981; Rice, 1981;
Osinga et al., 1985) and bacterial GAPDH (Walker et al., 1980; Leslie and Wonacott, 1984; Michels et al., 1986). The positive side chains were built in an
extended conformation, while keeping intact the main chain geometry of the homologous structures. The g-PGK hot spot 11 sequence (thick lines) (GKSKC) is
homologous to the stretch 253 -257 in horse PGK, which is in an extended conformation. The two positive charges of Lys 254 and Lys 256 are at a distance
of 7 A. The g-GAPDH hot spot II sequence (thin lines) (KRASK) is homologous to the stretch 261-265 in B. stearothermophilus GAPDH, which is in an
ca-helical conformation. The two positive charges of Arg-262 and Lys-265 are at a distance of 7 A. Four atoms of HS-II (PGK), C,B-254, C-y-254, C,B-256,
Cy-256 were superimposed on respectively CO3-262, C-y-262, C1-265 and C-y-265 of HS-II (GAPDH). The root mean square difference in position for these
four atoms is 0.8A.

may serve to anchor the enzyme in the particle membrane, other
elements may be involved in complex formation. Glycosomal
enzymes of T. brucei differ from other glycolytic enzymes in
that they have a high tendency to form multi-enzyme complexes.
Such complexes are stable and can easily be isolated in the
absence of a surrounding membrane (Opperdoes and Nwagwu,
1980; Oduro et al., 1980; Aman et al., 1985). Therefore, at least
some of the elements unique to the glycosomal enzymes might
be involved in protein -protein interactions of the constituent en-
zymes of such complexes.
The second assumption in our approach is that the many dele-

tions, insertions and amino acid substitutions that distinguish
glycosomal enzymes from their cytosolic counterparts in other
organisms do not significantly affect the three-dimensional struc-
tures of these enzymes. Because the sequence homology is as
high as 50%, this, however, is a realistic assumption, as can be
deduced from the structural and sequential knowledge of several
well-studied families of homologous proteins (Chothia and Lesk,
1986; Mori et al., 1986). Moreover, in the case of TIM this
assumption has already been proven to be valid, since the close
structural homology allowed us to resolve the g-TIM structure
by molecular replacement. Also there is a high degree of conser-
vation of residues in functionally important regions of the
T brucei enzymes (Michels et al., 1986; Misset and Opperdoes,
1987), while the kinetic properties of several trypanosome
enzymes are remarkably similar to those of other glycolytic
enzymes (Misset and Opperdoes, 1984, 1987).

Despite the above assumptions, it remains of interest that a
surface configuration consisting of two hot spots, each made
of two positive residues 7 A apart, separated by a distance of

- 40 A is a conserved feature of the four glycosomal enzymes.
The absence of these hot spot peptides in the known sequence
of trypanosomal cytosolic enzymes is consistent with their im-
portance for import into the glycosome. It may be pointed out
here that these glycosomes are organelles which occur solely in
the Trypanosomatidae and most likely have import signals which
are unique as well. Hence, the presence of the proposed pair of
positive charges on the surface of proteins in other organisms
has no effect on the destination of these proteins and may well
occur quite frequently. However, for cytosolic enzymes of
Trypanosomatidae, the presence of the import signal would have
immediate consequences. As no accurate structures of these
cytosolic enzymes are available as yet, a test for the occurrence
of the putative glycosome import signal on these enzymes can-

not be carried out. Moreover, due to the presence of insertions
in, or near, hot spot I, refined structures of glycosomal enzymes
are necessary to be able to formulate the precise details of the
proposed import signal. For g-TIM this refinement is under way,
while only very recently have promising crystals of g-GAPDH
been obtained.

Obviously the proposed signal should be present on all glyco-
somal proteins. It is suggestive in this respect that all other glyco-
somal enzymes studied, with the exception of glucosephosphate
isomerase, are highly basic proteins with a pl between 8.8 and
10.2, which is between 1 and 6 units higher than in any other
organism studied (Misset et al., 1986), and also higher than that
of the corresponding cytosolic enzymes in T. brucei (Misset and
Opperdoes, 1987; Misset et al., 1987). The fact that there is an
exception to this rule may indicate that overall charge is not
decisive in itself. On the other hand, glucosephosphate isomerase
could very well, in spite of its relatively low pI (7.5), exhibit
the surface configuration of positive charges that we believe to
be critical for intraglycosomal transfer. We can also not exclude
that the primary translation product of glucosephosphate
isomerase mRNA, taken up by the glycosome, has a higher pl
than the mature enzyme.
Whether insertions, especially the positively charged insertion

bearing hot spot I, will turn out to be another significant feature
of glycosomal enzymes remains to be seen. It is of interest,
however, that, like g-PGK, g-GAPDH and g-ALDO, the glyco-
somal glucosephosphate isomerase and glycerol-3-phosphate
dehydrogenase are also several kilodaltons larger in size than their
counterparts from other organisms (Misset et al., 1986). In the
case of two other glycosomal enzymes, hexokinase and phospho-
fructokinase, no such comparison can be made since these two
enzymes seem to be unrelated to their counterparts from other
organisms (Nwagwu and Opperdoes, 1980; Misset and Opper-
does, 1984; Misset et al., 1986).

Irrespective of their topogenic functions, common features
specific of glycosomal enzymes may be of major interest for the
design of drugs, not only against the agents of sleeping sickness,
but against other pathogenic Trypanosomatidae, such as
Trypanosoma cruzi and Leishmania, which all possess
characteristic glycosomes (Taylor et al., 1980; Hart and Opper-
does, 1984). It is intriguing, and possibly relevant, in this respect,
that the potent trypanocide Suramin is a symmetrical molecule
containing two clusters of negative charges separated by a distance
of -40 A.
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Materials and methods
Organism
All analyses were carried out on material derived from a cloned strain of the
bloodstream form of T. brucei 427.
Amino acid sequences
The amino acid sequences of the T. brucei enzymes used in Figure 1 have all
been published (Osinga et al., 1985; Clayton et al., 1985; Michels et al., 1986;
Swinkels et al., 1986) and have been compared with the homologous human se-
quences (for references see legend to Figure 1) and that of all other organisms
for which sequences have been published (for references see the above cited papers
and the references cited therein).
Charge-difference profiles
For the construction of charge-difference profiles the sequences were aligned with
the corresponding homologous sequences. A deletion in either of the sequences
was treated as having a neutral charge. A probe with the length of five residue
positions was moved along the sequence and the total charge at each position
calculated for both sequences. The difference in total charge divided by five was
plotted at each position.
Three-dimensional structure of T. brucei triosephosphate isomerase
Refined chicken TIM coordinates (Banner et al., 1975; Alber et al., 1981) were
obtained from Drs D.C.Phillips and P.Artymiuk. A data set to 2.9 A of the
T. brucei TIM (Wierenga et al., 1984), together with the molecular replacement
method, allowed the structure to be resolved to such a degree that the T. brucei
polypeptide chain could be built into the electron-density map.
Three-dimensional modelling
Amino acid residues of the putative import signals for T. brucei GAPDH, PGK
and TIM have been modelled with the interactive computergraphics program
'GUIDE' (Brandenburg et al., 1981) into the homologous structures of B. stearo-
thermophilus GAPDH (Leslie and Wonacott, 1984), horse PGK (Rice, 1981)
and chicken TIM (Banner et al., 1975; Alber et al., 1981), respectively.
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