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The C-terminal tripeptide of glycosomal phosphoglycerate kinase 1s both
necessary and sufficient for import into the glycosomes of Trypanosoma
brucei
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Glycosomal phosphoglycerate kinase (¢PGK) of Trypanosoma brucef differs from the cytoplasmic isozyme (¢PGK) in its higher 1soeleciric point

characterized by clusters of positive charges along the polypeptide chain, and a 20 amino acid C-terminal extension ending in serine-serine-leucine

(SSL). While a C-terminal SSL tripeptide is apparently not capable of directing luciferase to the peroxisomes in mammalian cells [J. Cell Biol. 108

{1989}, 1657-1664], we show here that it is sufficient for the import of luciferasc as well as an unrelated protein, S-glucuronidase, into the glycosomes

of T brucei, as determined by immunoclectron microscopy. The analysis of luciferuse—gPGK fusion proteins indicates that the only targeting signal
for import of gPGK into the glycosome resides in this C-terminal SSL sequence.

Ghycosome biogenesis: Glycosomal targeting signal, Protein sorting; Protein import; Trypanosoma brucei

1. INTRODUCTION

Glycosomes are a form of microbodies found among
all kinetoplastids, including Trypanosoma brucei. Like
peroxisomes, they compartmentalize specific enzyme
pathways, but they are unique in T. brucei in that they
contain most of the glycolytic enzymes commonly
found in the cytosol of other living organisms. The high
concentration of these enzymes in the glycosome in-
creases the rate of glycolysis to the point where the
bloodstream form of T brucei can rely solely on glyco-
lysis for its energy supply [1,2]. Many of the character-
istics of glycosomes and peroxisomes have been appar-
ently conserved during evolution [5,6]. Thus, gly-
cosomal proteins are encoded by nuclear genes and im-
ported post-translationally without any apparent prote-
olytic modification [7]. A peroxisomal protein import
mechanism that depends on a C-ternunal SKL-like
tripeptide [8] may also function in the import of proteins
into the glycosomes of T, brucei [9,10]. However, in a
recent detailed study of the sequence requirements for
in vive import of a peroxisomal protein, firefly lucif-
erase [11], into the glycosomes of T. brucei we have
shown that the C-tcrminal targeting signa! that directs
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proteins to the glycosome may be far more degenerate
than the signal required for peroxisomal protein import
[10].

T. brucei glvcosomal phosphoglycerate kinase
{gPGK) and the cytoplasmic isozyme (¢cPGK) share
93¢, amino acid identity [12]. The major differences
between the two proteins are their isoclectric points (9.3
and 6.8 for gPGK and ¢cPGK, respectively}, a 20 amino
acid extension ending in serine-serine-leucine (SSL) at
the C-terminus of gPGK, as well as clusters of positive
charges postulated to be on the surface of the gPGK
3-dimensional structure [13]. Although the positively
charged surface clusters (hotspots) were originally pro-
posed to contain glycosomal targeting signals, later re-
sults suggested that hotspots are not unique to gly-
cosomal enzymes [14], nor are they present on all gly-
cosomal enzymes. Preliminary data suggesting that a
glycosomal targeting signal may be located near the
C-terminus of gPGK was obtained by Fung and Clay-
ton [9]. when they fused the last 21 amino acids of
gPGK to the C-terminus of chloramphenicol ace-
tyltransferase (CAT) and observed in a transient T
brucei transformation system that a substantial portion
of the CAT activity cosedimented with the glycosomal
fraction on a sucrose density gradient. However, an
exact localization of the targeting signal, as well as di-
rect proof of glycosomal import of such fusion protein,
have not been available until the recent findings that a
C-terminal SSL tripeptide was among the sequences
that can target luciferase4SKL to the glycosome in sta-
ble transformants of T. brucei [10]. Although the same
chimeric protein was shown previously not to be im-
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ported into the mammalian peroxisome [8], these find-
ings led us to propose that the SSL tripeptide sequence
may constitute the entire glycosomal targeting signal of
gPGK [10]. However, our studies did not rule out the
possible involvement of other position(s) in the pol-
ypeptide chain, which may be shared by gPGK and
luciferase, in the glycosomal import. In this study, we
have analyzed fusion proteins of either luciferaseASKL
or f-glucuronidase with gPGK and ¢cPGK sequences to
show that the C-terminal SSL sequence is both essential
and sufficient for targeting gPGK to the glycosomes of
T. brucei.

2. MATERIALS AND METHODS

To produce the transformation vector pLUH206 (Fig. 1), the lucif-
erase gene was inserted into pBluescript (Stratagene, San Diego, CA)
for production of single-stranded DNA (+ strand) and annealed with
the mutagenesis primer SYCTGAATACAGTTACTTACTTACG-
TAGGCCTGCGGCC-GCCCTTCTTG. Mutated plasmids  were
recovered as described [10] and the luciferase gene was inserted into
the multicloning site of pTSA-HYG2 on a Xhol to Smal frag-
ment. The vector pTSA-HY G2 was made by deleting a 870 bp Nrul
to Hpal fragment containing non-essential SV40 sequences down-
stream of the tubulin intergenic region from the vector pTSA-HYG1
[10]. The luciferase mutant ending in SSL has been described previ-
ously [10]. The T. brucei gPGK and ¢PGK genes and the 60 bp
C-terminal extension of gPGK were flanked with Norl sites by the
polymerase chain reaction {PCR) method. The PCR products were
cloned into pBluescript, verified by DNA sequencing to encode the
correct product and then inserted into the Mo/l site at the C-terminus
of luciferase4SKL in pLUH206 to produce in frame gene fusions. To
produce the luciferase4ASKL-gPGK ¢XS fusion construct, the Xhol to
Sstl fragment encoding the C-terminus of gPGK was replaced by the
homologous fragment encoding the C-terminus of cPGK. The result-
ing construct encodes a protein with the last 16 amino acids of cPGK
replacing the last 36 amino acids of gPGK. The C-terminal serine-
serine-leucine of the luciferase-gPGK fusion protein was changed to
proline-threonine by a partial digest of the plasmid containing the
fusion gene with Sst1, blunt-ended with T4 DNA polymerase, followed
by digestion with Stul and ligation. The GUS gene was obtained by
PCR from the template plasmid pGUSN358 — S (Clontech Labora-
tories, Inc., Palo Alto, CA) using the primer 5GCAAAGCT-
TATGGGTAACCGTCCTGTAGAAAACCCAACC and the degen-
erate primer GCGGATCCTTAT(TGIAAAG(TAXTOTT(TGA-
TTGTTTGC-CTCCCTGCTGCGGTTT. Of the resulting PCR
products, only the sequences encoding wild type GUS and
GUS ~ SSL were used in this study. The two fragments were digested
with HindIll and BamHI and inserted into the multicloning site of
pTSA-HYG2.

Purified plasmid DNA for the transformation experiments was gen-
erated from alkaline lysates as described [10]. Generally, 50-100 ug
plasmid DNA was linearized in the tubulin intergenic region by diges-
tion with Mlul and electroporated into procyclic TREU667 cells {10].
Plasmids encoding the GUS gene were linearized at the BssHII site in
the tubulin intergenic region. When stable transformants were to be
selected, hygromycin B (Calbiochem, La Jolla, CA) was added to 50
ug/ml after three days of growth in Cunningham medium [15]. Dig-
itonin solubilizations were done at increasing concentrations of dig-
itonin as described [10], with 0.2 mg digitonin per mg total cell protein
generally resulting in optimal solubilization of cytosolic versus gly-
cosomal proteins, as assayed by marker enzymes [10)]. Luciferase activ-
ity was assayed in a liquid scintillation counter [10} and GUS activity
was determined by incubation of ceill extracts with the fluorogenic
substrate 4-methyl umbelliferyl glucuronide as described by Jefferson
[16].
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Fig. 1. The transformation vector used for production of C-terminal
luciferase fusion proteins. The vector pLUH206 is transcribed by the
T. brucei promoter for the procyclic acidic repetitive protein (PARP).
Following a splice acceptor signal, which is required for zrans-splicing
of messenger RNA in trypanosomes [31,32], we inserted the firefly
luciferase gene form which the C-terminal targeting signal (SKL) has
been deleted. Unique Notl, Stul and SnaBI sites at the end of the
luciferase gene were used for inserting DNA fragments to construct
in frame fusion genes. Preceded by a second splice signal, the hygro-
mycin B gene is used as a selectable marker for the production of stable
transformants following homologous integration of the linearized vec-
tor into the tubulin locus of T. brucei.

Splice signal

Thin sections of stable transformants expressing GUS fusion pro-
teins were prepared according to Tokuyasu [17] and immunolabelled
with an anti-f-glucuronidase antibody as described by Keller et al.
{18,19]. The antibody was purified as an IgG fraction from a rabbit
anti-f-glucuronidase antiserum {Gibco BRL, Gaithersburg, MD) by
affinity chromatography on a protein A-Sepharose column [20]. The
immunolabelled sections were observed without poststaining in a Phil-
ips CM12 transmission electron microscope equipped with a 10 um
diameter objective aperture.

3. RESULTS

3.1. The C-terminal SSL tripeptide is essential for tar-
geting of gPGK to the glycosomes

The observation that firefly luciferase is localized to
the glycosomes of 7. brucei and the subsequent identifi-
cation of its C-terminal tripeptide serine-lysine-leucine
(SKL) as a glycosomal targeting signal [10] suggested
that this enzyme protein could be used as a marker for
glycosomal protein import studies in 7. brucei. In order
to identify the signal(s) responsible for targeting gPGK
to the glycosomes, we replaced the C-terminal SKL
sequence of luciferase with selected gPGK sequences,
thus producing constructs which encode fusion proteins
of luciferase and various gPGK sequences. To deter-
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Fig. 2. Luciferase and GUS protein fusions. The fusion constructs shown here are derivatives of the pL.UH206 transformation vector and were
expressed in procyclic TREU667 cells. Luciferase or GUS assays were were performed 20-72 h afler electroporation. The average percentage of
enzyme activity associated with the pellet fraction afier digitonin extraction und centrifugation is indicated in each case: (A) wild-type luciferase;
(B) the C-terminal tripeptide (SK L) was deleted from luciferase; (C) the luciferase ASK L gene was fused in frame with the coding region of glycosomal
phosphoglycerate kinase (gPGK); (D} the cytoplusmic phosphogtycerate kinase {cPGK) was fused to luciferase; (E} the last 36 amino acids of gPGK
were replaced by the last 16 amino acids of cPGK; {F} the serine-serine-leucine (S8SL) sequence at the C-terminus of gPGK was replaced by
proline-threonine: (G) the 20 amino acid C-lerminal extension of gPGK was fused to the C-terminus of luciferase4SKL; (1) the SKL sequence
at the C-terminus of luciferase was repluced with SSL; (I) wild-type #-glucuronidase: (J) the C-terminal tripeptide of gPGK (SSL} was fused 10
the C-terminus of S-glucuronidase.

mine the import efficiency of such fusion proteins, we
selectively permeabilized the plasma membrane with
jow concentrations of digitonin to rclease cytoplasmic
proteins. Under the conditions used, the glycosomal
membranes remained intact and the glycosomes could
be pelleted by centrifugation. We have shown previ-
ously that in transformed cells, the ratio of digitonin-
solubilized to total luciferase activity agrees well with
the preportion of luciferase imported into the gly-
cosome determined by immunoelectron microscopy
[10}.

In order to simplify the construction of fusion genes
and deletion analysis, the C-terminus of the luciferase
gene was altered to delete the SKL targeting signal (lu-
ciferaseASKL) and to include the unique restriction sites
Notl, Stul and SnaBl. as well as stop codons in each
reading frame in our expression vector pLUHZ206 (Fig.
1). Inclusion of the Norl site also required the change
of the lysine247 immediately preceding the SKL se-

quence to an arginine. This amino acid substitution in
the wild type luciferase had no effect on enzymatic activ-
ity or localization of the luciferase to the glycosomes of
T. brucei and should thus not affect the targeting results
of our fusion constructs (data not shown). We inserted
the full-length gene coding for either gPGK or ¢cPGK
into the Nodl site of this vector and transformed procy-
clic TREUG67 cells by electroporation [10]. Luciferase
assays of these transformants indicated that the fusicn
proteins remained enzymatically active. At least 80% of
the luciferase-gPGK fusion protein was recovered in
the pellet fraction following digitonin extraction, indi-
cating cfficient import of this protein into the glycosome
(Fig. 2C}. The almost complete extraction of the equiv-
alent cPGK fusion protein into the supernatant fraction
indicated that it remained entirely in the cytosol (Fig.
D).

We took advantage of a unique Xheol site that 1s con-
served in both the gPGK and cPGK genes to construct
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Fig. 3. Cryosections of stable 7. brucei transformants expressing the wild-type or mutant S-glucuronidase (GUS). Electron-dense gold particles
represent the distribution of the GUS protein. (A) Wild-type GUS is primarily localized in the cytoplasm and does not enter the glycosomes (G).
(B and C) The GUS ~ SSL fusion protein is imported into the glycosomes. Bars=0.1 ym.

a chimeric PGK gene in which the 3’ end of gPGK is
replaced by cPGK sequence. In the resulting fusion pro-
tein, the last 36 amino acids of gPGK were replaced
with the C-terminal 16 amino acids of cPGK. Since the
first 15 amino acids in both of these sequences are con-
served, this replacement essentially produced a fusion
protein lacking the 20 amino acid C-terminal extension
of gPGK. This fusion protein (gPGK-cXS) expressed in
the transformed cells was completely solubilized by dig-
itonin (Fig. 2E). An Ss/1 site located at the C-terminus
of gPGK allowed us to change the serine-serine-leucine
sequence to proline and threonine. The resulting lucif-
eraseASKL-gPGKUSSL fusion protein was also located
in the cytosol (Fig. 2F). Thus, the SSL tripeptide at the
C-terminus of gPGK is essential for the import of the
fusion protein into the glycosome. These results also
argue against the presence of a second, independently
competent glycosomal targeting signal within gPGK.
To determine whether the C-terminal extension of
gPGK alone contains sufficient information for gly-
cosomal targeting we added the last 20 amino acids of
gPGK to the C-terminus of luciferaseASKL in the
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pLUH206 construct. At least 80% of the resulting fu-
sion protein was transported to the glycosome (Fig.
2G). By anaolgy to the minimal peroxisomal import
signal of luciferase (SKL), we added just the SSL tripep-
tide to the C-terminus of luciferase4SK L (Fig. 2H). 59%
of the total luciferase activity was recovered in the pellet
fraction following digitonin extraction, indicating that
the import efficiency of this protein was still about 70%
of those of the wild-type luciferase and gPGK fusion
constructs.

3.2. SSLis sufficient for targeting B-glucuronidase to the
glycosame

There has been some evidence suggesting that se-
quences in the N-terminal portion of firefly luciferase
may also be required for import into the peroxisomes
of Saccharomyces cerevisiae [21]. If targeting informa-
tion in addition to the C-terminal tripeptide is also re-
quired for import of proteins into the glycosome, the
luciferase sequence must contain such an internal tar-
geting signal which can substitute for a similar signal
also present in gPGK. We thus used a cytoplasmic pro-
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Luciferase~SSL - DARKIREILIKAKEKGGEKSSTL*
gPGK ~-AVVSYASAGTGTLSNRWSS SL*

GUS~SSL - RWTGMNFGEKPQQGGKQS SL *

Fig. 4. C-Termini of the firefly luciferase ~ SSL, 7" brucei, gPGK and

E. coli f-glucuronidase~SSL proteins. Structural features of these se-

quences (see Discussion) were analyzed using the MacVector sequence

analysis software (International Biotechnologies, Inc., New Haven,
CT).

tein, E. coli B-glucuronidase (GUS), to determine if a
C-terminal SSL sequence is sufficient for targeting and
import of this protein into the glycosome. It is known,
that both C-terminal and N-terminal protein fusions
can be made with GUS that have little effect on GUS
activity [22]. With proper targeting signals, such fusion
proteins can be translocated across nuclear membranes
[23] or imported into endoplasmic reticulum [24], mito-
chondria [25] or chloroplasts [26].

Digitonin-solubilization experiments of transfor-
mants expressing the GUS protein revealed that it is
localized exclusively in the cytoplasm. In those transfor-
mants producing the mutant GUS protein with an
added serine-serine-leucine tail (GUS ~ SSL), at least
50% of the total GUS activity entered into the pellet
fraction (Fig. 2J), which is similar to the results ob-
tained with the luciferase ~ SSL construct mentioned
above. The import of GUS ~ SSL into the glycosome
was verified by immunolocalization of the protein in
frozen thin sections of stable transformants, followed
by electron microscopic analysis. The results showed
that while all of the wild-type GUS protein remained in
the cytoplasm (Fig. 3A), most of the GUS ~ SSL pro-
tein was inside the glycosomes of the transformed cells
(Fig. 3B and C).

4. DISCUSSION

The signals involved in targeting of proteins to the
glycosome have been a matter of considerable specula-
tion in the past [13,27,28). The finding that most of T
brucei glycosomal enzymes contain a high number of
basic amino acid residues when compared to their cy-
tosolic or mammalian counterparts led to the proposal
that these additional positive charges, which consist of
two clusters (‘hotspots’) separated by 40 A; on the sur-
face of the presumed three-dimensional protein struc-
tures, may be involved in the import of these enzymes
into the glycosome [13]. This hypothesis is supported by
the observation that a third 7. brucei PGK (PKG-A),
which is also targeted to the glycosome [29,30], is highly
homologous to the gPGK protein, but lacks the C-
terminal extension found in gPGK. One of the two pos-
itively charged hotspots found in gPGK is conserved in
PGK-A and. in addition, this protein contains a unique
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80 amino acid insertion rich in basic amino acid resi-
dues. The T. brucei gPGK and PGK-A proteins thus
have a predicted 1soelectric point (pl) of 9.3 and 9.0,
respectively, as opposed to 6.8 for cPGK. These charge
differences could be important for targeting of gPGK
to the microbody membrane, if not for a direct interac-
tion with a putative receptor protein. However, our
results show that the C-terminal tripeptide of gPGK is
sufficient to target luciferase, which has an estimated p/
of 6.4, to the glycosomes in vivo. Moreover, the GUS
protein, with a predicted pl of 5.2, is also efficiently
imported into the glycosome when an SSL tripeptide
was added to its C-terminus. We conclude that neither
a high pl nor the hotspots are required for import of
gPGK into the glycosome of T. brucei, although we
cannot completely rule out the remote possibility that
a fortuitously similar arrangement of positive charges
on the surface of gPGK, luciferase and GUS contrib-
utes to their import into the glycosome. The finding that
the hotspots are not conserved in the gPGK of another
kinetoplastid, Crithidia fasciculata [27], further sup-
ports our notion that they are not required for import.

Our data indicate that gPGK, when expressed in the
form of a fusion protein, contains only one independ-
ently functional targeting signal. From the above stud-
ies and our previous results [10], we conclude that the
minimal requirement for targeting gPGK to the gly-
cosome is the C-terminal SSL sequence. Additional in-
formation within the 20 amino acid extension of gPGK
may raise the import efficiency of luciferase ~ SSL, as
seen by the increase of pelleted luciferase activity from
59% to 83% or approximately that observed for wild-
type luciferase (Fig. 2).

A comparison of the C-termini of the three constructs
ending in SSL which were used in this study (Fig. 4) also
did not reveal any significant sequence similarity apart
from the C-terminal tripeptide that may contribute to
glycosomal import. Overall, the gPGK C-terminus is
considerably more hydrophobic than the two other se-
quences and it contains only one charged amino acid,
although all three sequences display a net positive
charge. Of the three, only the luciferase C-terminus has
a small probability of forming a helical structure, with
the center portion characteristic of a amphipathic helix.
However, there is no evidence from peroxisomal stud-
ies, that the secondary structure immediately upstream
of of a C-terminal targeting signal has any effect on the
import of the protein.

In summary, our results indicate that the only specific
sequence requirement for import of gPGK into the gly-
cosomes resides in the C-terminal three amino acids
serine-serine-leucine. It is a sufficient requirement for
glycosomal import of the three vastly different proteins
gPGK, luciferase and GUS. It cannot be ruled out,
however, that the region immediately upstream of this
C-terminal tripeptide in the 20 amino acid C-terminal
extension of gPGK may have a minor function, perhaps
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related to the presentation of the targeting signal on the
surface of the protein or to enhance the interaction with
a putative receptor protein.
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