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Summary

The variant surface glycoproteins (VSG) ofTrypanosoma
brucei are anchored to the cell surface via a
glycosylphosphatidylinositol (GPI) anchor. All GPI-
anchored proteins are synthesized with a C-terminal
signal sequence, which is replaced by a GPIl-anchor in
a rapid post-translational transamidation reaction. VSG
GPI signal sequences are extraordinarily conserved. They
contain either 23 or 17 amino acids, a difference that
distinguishes the two major VSG classes, and consist of a
spacer sequence followed by a more hydrophobic region.

23 amino-acid signal sequence or the 15 amino-acid
hydrophobic region generated proteins that were not

anchored. Instead of being secreted, these truncated
proteins accumulated in the endoplasmic reticulum prior

to lysosomal degradation. Replacing the GPI signal
sequence with a proven cell-surface membrane-spanning
domain reduced expression by about 99% and resulted not
in cell surface expression but in accumulation close to the
flagellar pocket and in non-lysosomal compartments. These
results indicate that the high conservation of the VSG GPI

The w amino acid, to which GPI is transferred, is either

Ser, Asp or Asn, thew+2 amino acid is always Ser, and the
w+7 amino acid is almost always Lys. In order to determine
whether this high conservation is necessary for GPI
anchoring, we introduced several mutations into the signal
peptide. Surprisingly, changing the most conserved amino
acids, at positionsw+1, w+2 and w+7, had no detectable
effect on the efficiency of GPI-anchoring or on protein

abundance. Several more extensive changes also had nokey words: Glycosylphosphatidylinositol anchor, GPI, Mutation,
discernable impact on GPIl-anchoring. Deleting the entire  Signal sequencdrypanosoma brucei

signal sequence is not necessary for efficient expression and
GPI attachment. Instead, the GPI anchor is essential for
surface expression of VSG. However, because the VSG is a
major virulence factor, it is possible that small changes in
the efficiency of GPI anchoring, undetectable in our
experiments, might have influenced the evolution of VSG
GPI signal sequences.

Introduction amino acids. Mutational analyses of the C-terminal GPI signal

Many eukaryotic cell surface proteins, including receptorssequences of placental alkaline phosphatase (Berger et al.,
adhesion molecules, differentiation antigens and enzymes, ak888; Kodukula et al., 1992; Lowe, 1992);nficleotidase
attached to the lipid bilayer via a glycosylphosphatidylinositokFurukawa et al., 1994; Furukawa et al., 1997), decay
(GPI) anchor (Cross, 1990; Englund, 1993; Udenfriend andccelerating factor (Caras, 1991; Moran and Caras, 1991a;
Kodukula, 1995a; Udenfriend and Kodukula, 1995b; Fergusorloran and Caras, 1991b), CD46 (Coyne et al., 1993),
1999), whose structure was first determined for the variartcetylcholinesterase (Bucht and Hjalmarsson, 1996; Bucht et
surface glycoprotein (VSG) dfrypanosoma brucéFerguson  al., 1999) and other proteins have demonstrated that the length
et al., 1988). GPl-anchored surface proteins are particular§f the hydrophobic region and the spacer sequence are
abundant in pathogenic protozoa (Ferguson, 1999). important for GPI anchoring. The site of GPI attachment is
Proteins destined to be GPl-anchored are translated wigt@lled thew site (Micanovic et al., 1990). Comparison of
cleavable N- and C-terminal signal peptides. The N-termingfnown and predicted GPI addition sites suggest thabsiee
signal peptide directs the nascent polypeptide to thé restricted to six amino acids with small side chains, namely
endoplasmic reticulum (ER) (Walter et al., 1984). The C{in order of predominance) Ser > Asn > Asp > Gly, Ala and
terminal signal peptide is replaced by a preformed GPI anché#ys, whereaso+2 can be Ala > Gly > Ser, Thr and Val. The
in an immediately post-translational transamidation reactio+1 position, where Ala > Ser > Asp > Thr, Arg, Cys, Met,
catalyzed by an ER protein complex containing at least foufrp, is less restricted. Mutational studies on several
distinct proteins: GPI8, GAA1, GPI16/PIG-T and GPI17/PIG-mammalian GPI signal sequences, especially on placental
S (Benghezal et al., 1996; Meyer et al., 2000; Ohishi et alalkaline phosphatase (Gerber et al., 1992; Kodukula et al.,
2000; Sharma et al., 2000; Fraering et al., 2001; Ohishi et al992; Kodukula et al., 1993; Udenfriend and Kodukula,
2001; Vidugiriene et al., 2001). In all of the GPl-anchoredl995a), have examined the consequences of substituting about
proteins, the C-terminal signal peptide has certain conservéd of the possible 20 amino acids at thel andw+2 sites.
features. It consists of a hydrophilic spacer sequence of 8-12nly Ala or Gly functioned efficiently at th@+2 position. Of
amino acids, followed by a more hydrophobic region of 8-26he 10 amino acids tested at el site, only Pro did not
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function. Whether a protein will be GPI anchored can bgV. B. Carruthers and G.A.M.C., unpublished) (Nagamune et
predicted, with=80% accuracy, either by manual inspection oral., 2000). We introduced various mutations into the 23 amino-
by computer algorithms on the basis of whether an N-terminalcid C-terminal GPI signal peptide of VSG 117. In case of
signal sequence can be predicted (von Heijne, 1986; Nielsé¢oxicity, the mutations were expressed under tetracycline
et al., 1997; Nielsen et al., 1999), then whether the C-terminusgulation (Wirtz et al., 1998; Wirtz et al., 1999) in cells
contains the expected sequence motifs for GPI anchoringxpressing wild-type VSG 221.

as defined by ‘linear sequence considerations derived

from experimental studies (Julien Kronegg internet sit .

http://dgpi.pathbot.com) or wusing a ‘knowledge-basegvlme”a_IS and Methpds _

algorithm’ based on sequence properties extracted from &cneration of C-terminal mutations -

set of known GPl-anchored proteins and mutants theredfl mutations (Table 1) were introduced by PCR and verified by
(Eisenhaber et al., 1998; Eisenhaber et al., 1999). Theoretitﬁgndard sequencing methods (Protein/DNA Technology Center, The

8 ; . ckefeller University). As an example, the procedure for introducing
considerations also suggested (Eisenhaber et al., 1998) that fint mutations (Fig. 1) is described in detail for the S to G mutation

region immediately upstream of the site, which is not SO 4t (3+2. In the first PCR reaction, the mutation was introduced into
conserved but is generally unstructured and hydrophilic, couldsg 117 with the forward primer (P1)'-5CCGGAGATGG-
influence GPI addition, a possibility that has not beerCTGAAATACTGAAACTA-3' and reverse primer (P2)-ETAGA-
experimentally tested. However, this region is highly structuredTTCCGGAATCTTTGCAA-3. The second PCR reaction used the
in many mature VSGs, and GPI anchoring probably preceddisst PCR product and BspMI fragment of pUB39 or pT7-VSG117

folding and disulphide bonding of the region immediatelyas templates. pUB39 is a derivative of the TetR-10Fencoded
upstream of thev site. tetracycline-responsive repressor) regulated T7-promoter-driven

VSG comprises about 10% of total cellular protein, makin%xIorESSion plasmid, pLew82 (Wirtz et al., 1998), containing/Be

. . . 17 coding region separated from it@bd 3 untranslated regions by
T. bruceian excellent model for studying GPI anchoring an indlll and BarHI sites, respectively. pT7-VSG117 is identical to

a potential expression system for hlgh-yalue medlcall UB39 except for the absence of thesiadlll and BanHI sites.
important mammalian GPl-anchored proteins, which hav§pese untransiated regions are themselves flank&ddoyicei ACTIN
sometimes proved difficult to express in more conventional celintranslated regions derived from the parent expresssion plasmid
systems (Azzouz et al., 2000). In comparison with other GPlLew82. pUB39 allows two to threefold higher protein expression
anchored proteins, the VSG GPI signal sequence is remarkahhan pLew82. The forward primer used in this second PCR reaction
conserved. Then position is always Ser, Asp or Asn, and thewas P1 and the reverse primer (P3) wa€GAACCTGCAGGC-
length of the signal sequence is either@Ber) or 23¢@Asp)  GCACCTCCCT-3 The PCR-product was cut witBsgMl and
amino acids. Two positions in the spacer sequence are al§§erted into BspMi-digested plasmid pUB39 or pT7-VSG117.
remarkably conservedo+2 is always Ser, an@+7 is almost Because the product of the second PCR is a mixture of mutated and
always Lys. This high conservation suggested that even (Lgmutated sequences, several clones were sequenced to identify the
- . : sired mutant derivative.
_modest change in one of these amino acids would have aNA series of deletions was also created by PCR. The forward primer
|mpac_t on GPI anch.orm_g. The developmenfc of tools for reversg, 411 deletions (P4) was E£GAAGCTTATGGACTGCCATACAA-
genetics inT. brucei(Wirtz et al., 1998; Wirtz et al., 1999) 3 corresponding to the N-terminus of VSG 117. Specific reverse
allowed us to initiate mutational studies of the VSG GPI signabrimers were used for each truncatiotC&GGATCCTTTATCT-
sequence. Attempts to use various non-trypanosomal reporfEFGCAAGCATTATTT-3 for A504-526; 5>CGGGATCCTTATTTC-
proteins, including potentially GPI-anchored forms
of placental alkaline phosphatase, g

fluorescent protein anBaccharomyces cerevis UB39 region of mutations
preproa-factor, were frustrated by extremely | Hindlll P BspMI|  BamHi
levels of expression, which are at least pi | | / BspMI
attributable to rapid degradation of these ¢
proteins (K. P. Davies, M. Engstler, U.B. & 'L_"-l VSG 117 coding selque"ce T
G.A.M.C, unpublished; U. Bohme, Ph.D. The 1 919 1468 1578
Universitat Tubingen). We therefore turned Tet operator PCRStep1 — -
expressing mutants of VSG itself, in cells ' 17 yomoter (mutation)  p4 P2
concomitantly expressed a different wild-t ¢ BspMI
VSG, as VSG expression is essential fobruce

Template 2
Fig. 1.Procedure for introducing mutations into the B VSG UTR 919 mutation
VSG 117 C-terminal GPI signal sequence. In the first B Aldolase UTR BspMI BspMI
PCR reaction, the mutation was introduced into VSG PCR Step 2
117 with the wild-type and mutant primers P1 and P2. (ligation of Template 3

The second PCR reaction used the first PCR product templates 2 & 3)

(template 2) and BsgM | fragment (template 3) as ;’ 1:_,;3
templates. The forward primer in this reaction was P1

and the reverse primer P3. Because the final PCR ¢ BspMI BspMI
product is a mixture of unmutated and mutated |

sequence, several plasmids were subjected to | I

. . . . . . I
sequencing to identify the desired mutant derivative. mutation
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TTGGTTACTAGAATA-3' for A512-526; 5CGGGATCCTTAA-  antibody for 1 hour (dilution 1:10 000). Proteins were visualized with
GCAGAAACCACGGTGAGG-3 for A519-526; 5CGGGATC-  the supersignal Pico chemiluminescence substrate (Pierce).
CTTAAAAAAGCAAGGCCACAAATGCAGCAGAAACCACGGT-
GAGGGCGAATAGAATAGAGGAATC-3 for A515-520; 5CGG- ]
GATCCTTAAAAAAGCAAGGCCACAAATGCAGCAGAAACCA-  Northern blot analysis
CGGTGAGGGCGAAATCTTTGCAAGCATT-3for A504-511. The Total RNA was isolated with RNA Stat-60 (Tel-Test Inc),
PCR-products were cut witHindlll and BanH| and inserted into  electrophoresed on 2.2 M formaldehyde 1.5% agarose gels and
Hindlll- and BanHI-digested pUB39. transferred to nylon membranes. Filters were hybridized veith |
To create VSG117TM, the transmembrane and cytoplasmic domaf#P]dATP random-primed full-lengti'SG117. Final washings were
of a T. brucei 65 kDa invariant surface glycoprotein (ISG65) performed at room temperature for 15 minutes and at 65°C for another
(Ziegelbauer et al., 1992) was amplified with the forward primer 5 15 minutes with 2 SC, 0.1% SDS. The last wash was done at 65°C
CGGGATCCGCAAGATTATATTAGCAG-3'and the reverse primer for 30 minutes with 04SSC, 0.1% SDS.
5'-CGGGATCCTTACATTACCGCCTTTCCA-3 We used plasmid
p3CRAM-XTM.CD as template (Yang et al., 2000) (a gift of Mary
G.-S. Lee, New York University Medical School). The insert was cuimmunofluorescence
with BanHI and inserted into pUB73pre, which had been previouslyFor immunofluorescence analysi18° cells were washed twice in
cut with BanHI and treated with alkaline phosphatase. pUB73prephosphate-buffered saline (PBS), fixed with 2% formaldehyde in PBS
which containsVSG117 lacking the C-terminal signal peptide, is a for 10 minutes on ice. The cells were attached to glass cover slips by
derivative of pLew82 (Wirtz et al., 1998For VSG117Ty, we used centrifugation at 40Q for 5 minutes at 4°C. For visualization of
as a template pUB39 and as forward primérC6AAGCT- intracellular proteins, the attached cells were permeabilized with 0.2%
TATGGACTGCCATACAAA-3 and as reverse primer-6GGG-  NP-40 in PBS for 5 minutes. The cells were blocked twice for 10
ATCCTTAGTCAAGTGGGTCCTGGTTAGTATGGACTTCAAAA-  minutes in PBG (PBS with 0.1% cold-water-fish-skin gelatin from
AGCAAGGCCACAAATGCA-3. The PCR product was cut with Sigma and 0.5% BSA) and incubated overnight at 4°C with a 1:200
BarrH| andHindlll and inserted into pUB39, which was also cut with dilution of the primary rabbit antibodies to recombinant VSG 117
BarrH| and Hindlll. (Hoek et al., 1999), to native VSG 221 or mouse antibodi€sdzi
BiP (a generous gift of D. M. Engman, Northwestern University,
) Chicago, Il, USA) or a 1:1000 dilution of mouse monoclonal antibody
Culture and transfection of trypanosomes 280 toT. bruceip67 (a generous gift of J. D. Bangs, University of
Bloodstream-forn. bruceiwere cultured in HMI-9 at 37°C (Hirumi  Wisconsin, Madison, WI, USA). After washing the cells six times
and Hirumi, 1989). The T7-promoter-driven Tet-operator-regulatedvith PBG for 5 minutes, the cells were treated for 2 hours at room
VSG 117 cassettes were integrated into an rDNA spacer imemperature with fluorescein-conjugated goat or rhodamine-
trypanosome cell line 13-90, which expresses wild-type VSG 221, T€onjugated goat anti-rabbit or anti-mouse antibodies (1:200 in PBG).
RNA polymerase and the Tet repressor (Wirtz et al., 1999). AlAfter treatment of the cells with DAPI to stain nuclear and kinetoplast
transfections were performed as described previously (Navarro am2lNA, cells were mounted with alkaline glycerol (45% glycerol, 50
Cross, 1998). Expression of the selectable marker was induced byM Tris/HCI, pH8.0) containing p-phenylenediamine as anti-fade.
adding 2.5 ng/ml doxycycline to the medium. For maximum inductiorCells were observed with a Nikon epifluorescence microscope using
of mutant VSGs, doxycycline was added at 100 ng/ml. Genomic DNA& 100« Fluor objective and the appropriate fluorescein or rhodamine
was isolated from a representative selection of mutant cell lines, ariters. Images were captured with a Sony DKC5000 CCD or Spot
the mutant sequences were amplified by PCR to verify that there wa@sl3 camera at ISO 100, using an 0.5 second integration time, and
no reversion of the mutation. imported directly to Adobe Photoshop 6.0.

GPIPLC release as an assay for GPI anchoring Dimerization analysis

1x107 cells were resuspended in 200ice-cold water containing 0.1 2x10® cells expressing mutationd504-526 andA512-526 were
mM TLCK and held on ice for 5 minutes. After centrifugation at 3,000permeabilized with 50 20 mM HEPES, 0.15 M NaCl, pH 7.6,

g for 5 minutes, the supernatant was discarded. The cell ghosts wegentaining 1% (v/v) Nonidet P40. Insoluble material was removed by
resuspended in 20Ql 10 mM sodium phosphate buffer, pH 8.0, centrifugation (16 00@ for 15 minutes), and the supernatant was
containing 0.1 mM TLCK. After incubation at 37°C for 15 minutes, loaded onto a Sephacryl S-200 column (equilibrated with 20 mM
the sample was centrifuged at 16,09Cor 15 minutes and the HEPES, 0.15 M NaCl). Standards (Sigma) were as follows |250
different steps of the protocol were analyzed by western blotting. Thisf each): alcohol dehydrogenase, 150 kDa; BSA, 66 kDa; carbonic
protocol quantitatively releases cell surface GPl-anchored VSG, in trenhydrase, 31 kDa; cytochrome C, 12.4 kDa. gbfiactions were
37°C incubation, by activating an endogenous phospholipase C thetllected and VSG was detected in each fraction by immunoblotting
is GPI specific under these conditions (Butikofer et al., 1996; Leal etfter TCA precipitation and SDS-PAGE.

al., 2001). Most cytoplasmic proteins are released in the initial 0°C

lysis step (Cross, 1984). Results

Amino-acid substitutions in the GPI signal peptide

Western blot analysis _ Mutations were first introduced a2, changing Ser to Gly,
Crude lysates of 2L0* cells were loaded per lane in a 10% SDS- Ala. Thr or Pro. and ab+7 changing Lys to Leu or Arg (Table
PAGE and transferred onto nitrocellulose membranes (Amersha ). The plasmias contair,ling the wild-type or mutal&Gin

Pharmacia). Tris-buffered saline, pH 7.6, plus 0.1% Tween-2 : : :
(TBST), containing 5% non-fat dry milk, was used as a blocking anq[erln Wflthtr:he tpi:leom?{cm reSI‘T’t?nge 197ene, bo”: under the
solution, for 1 hour at room temperature. The membranes wergontrol-o e lefracycline-regulate promoter, were

subseqently incubated for 1 hour either with CRD-depleted rabbif@nsfected intd. bruceicell line 13-90, which constitutively
anti-native VSG 221 or rabbit anti-rvVSG-117 antibodies (Hoek et al.€xpresses VSG 221 and the T7 RNA polymerase and Tet
1999) (dilution 1:10,000), washed in TBST, then incubated with théepressor (Wirtz et al., 1999). Upon low induction with
corresponding horseradish-peroxidase-conjugated goat-anti-rabtgioxycycline (2.5 ng/ml), to induce resistance to phleomycin
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apparent amount of this product, in different experiments,
some of which is attributable to different exposures of the
western blot. We also had the impression that VSG
overexpression increased the amount of this product. In these
transgenic cells, we are producing twice the normal amount of
VSG mRNA.

GPI modification of the mutated proteins was evaluated by
measuring the GPI-phospholipase C (GPIPLC) releasable
-pCMPS  +pCMPS VSG 117 on western blots. Over 90% of the surface GPI-
anchored VSG is released into the supernatant in this assay

C PI1 P2 S P2 S by activation of an endogenous PIPLC that is specific for GPI
cleavage under these conditions (Butikofer et al., 1996).
B w .- oo — All of the point-mutated proteins were detected in the
supernatant, suggesting that all VSGs with mutations at
C Pl P2 8 positionw+2 andw+7 were GPl-anchored on the cell surface.
To demonstrate that the GPIPLC release assay works reliably,
C o - - several controls were performed (Fig. 2). Inhibition of
GPIPLC with p-chloromercuriphenylsulfonate (pCMPS)
> (Butikofer et al., 1996) reduced VSG release by 90% (Fig.
p - 2B). Since the 13-90 cell line is naturally expressing VSG
221, we used antibodies to reveal this VSG as a second
control (Fig. 2C). Both the endogenous VSG 221 and
| p— ectopically expressed VSG 117 were GPI anchored and
releasable to a similar degree. To determine whether this
. . protocol releases lumenal ER-associated proteins, we tested
Fig. 2.(A) Western blot of T7-VSG 117 (wild-type VSG 117 whether the ER chaperone BiP could be detected in the
expressed in the same context as the mutants) compared with

mutants S505G, S505A, S505T, K510R and K510L. The cells were SUPErnatant after release with GPIPLC, which it was not (Fig.
induced with 100 ng/ml doxycycline for 24 hours, and the equivalent2D). This confirms that the protocol specifically releases GPI-
of 2x10% cells were loaded per lane. (B,C) Western blots of cell line @nchored surface proteins, as previously shown (Ferguson et
T7-VSG 117 after endogenous GPIPLC activation. Aliquots al., 1985; Bangs et al., 1986; Ferguson et al., 1986) and does
representing 210 cells were loaded per lane. Cells coexpressing  nhot disrupt the ER membrane. Another control was performed
VSGs 117 and 221 were osmotically lysed in ice-cold water and ~ with a previously acquiredsPIPLC null-mutant cell line
centrifuged: The cell ghosts (P1) were resuspended apd incubated ifi_eal et al., 2001). As shown in Fig. 2E, no VSG was released
10 mM sodium phosphate buffer, pH 8.0, at@Tor 15 minutes and  jnto the supernatant of this cell line, which expresses VSG
centrifuged to generate pellet (P2) and supernatant (S) fractions. 551  The surface location of all the mutated VSGs was

Lanes C, P1, P2 and S contain, respectively, whole cells, pellet aftelé ) - : : .

. s onfirmed by indirect immunofluorescence with anti-VSG
lysis and pel!et and supernatant after GPIPLC activation. (B) _VSG 117 antibodi{-s (Hoek et al., 1999) (selected examples are
117 release in the absence or presence of 5 mM pCMPS during " p

PIPLC cleavage, probed with antibodies to VSG 117. (C) Analysis oPNOWN in Fig. 3). . _

the same samples, in the absence of pCMPS, with anti-VSG 221 10 see wWhether th@ andw+1 positions play a role in GPI

antibodies. (D) Analysis with anti-BiP antibodies. (E) The same signal sequence recognition, we introduced several mutations

protocol was applied to a GPIPLC null-mutant cell line expressing at these two positions (Table 1). Tteeposition was mutated

VSG 221 (Leal et al., 2001) and the blot was probed with VSG 221 to Glu or Cys and thex+1 position was mutated to Leu, His,

antibodies. Lys, Tyr or Phe. Surprisingly, with one exception, these
mutated proteins were expressed at similar levels to wild-type
VSG 117, and all were completely released by GPIPLC,

(2.5 pg/ml), several clones with stably integrated expressiotindicating that they were anchored on the cell surface

cassettes were obtained for each mutant except for S505Bummarized in Table 1; data for D503C and D503E are shown

Although numerous transfections were attempted, no S505R Fig. 4A,B). Expression of the position Cys mutant was

clones were obtained, suggesting that expression of thieduced by about 90% (Fig. 4A). Indirect immunofluorescence

construct is toxic. The expression level of the mutated VSGsonfirmed cell surface expression of D503C (Fig. 3D).

was determined. As observed by northern and western blotting,

none of the mutations had a measurable effect on the

expression level of VSG mRNA (data not shown) or proteirfcombination of mutations in the GPI signal peptide

(Fig. 2A) in comparison with wild-type VSG 117 expressed inSince the point mutations showed no effect on GPI anchoring,

the same context (T7-VSG117). The 46 kDa band that is seeve introduced more extensive mutations (Tableut)3, w+4

to varying degrees in this and some subsequent figures is thedw+5 were simultaneously substituted with Thr (506-508T)

typical (and normally very minor, under these conditionsandw+7 andw+8 with Leu (510-511L). A stretch of eight Leu

product of VSG proteolysis: the VSG N-terminal domain. Theresidues was introduced at the end of the hydrophobic region

‘hinge’ region between the VSG N- and C-terminal domaing519-526L). Expression levels of all three mutations were

is exquisitely sensitive to proteolysis (Johnson and Crossomparable to wild-type VSG 117, and all of them were GPI

1979; Metcalf et al., 1988). There is some variation in thenchored on the cell surface, as shown by GPIPLC release and

kDa

66 —

l' T7-VSG117
| @ ssosc

\ . S505T
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T7-VSG 117
aVSG117
A515-520
aV8G117 merge
S505A
Fig. 3. Immunofluorescence
of (A) T7-VSG117, e~
(B) A515-520, (C) S505A et SR merge
and (D) D503C. Fixed cells
were treated with rabbit anti-
VSG 117 plus fluorescein-
conjugated secondary D503C

antibody and DAPI (46-
diamidino-2-phenylindole),
and the images were digitally
merged.

aVSG117 merge

Table 1. Summary of C-terminal sequences of VSG 117 mutants and their effects on GPI anchoring

Plasmid Mutant w w+l wt+2 Hydrophobic region GPI
pUB39 wild-type D S S ILVTKK FALTVVSAAFVALLF +
pUB30 S505G D S G ILVTKK FALTVVSAAFVALLF +
pUB38 S505A D S A ILVTKK FALTVVSAAFVALLF +
puB42 S505T D S T ILVTKK FALTVVSAAFVALLF +
puUBG67 S505P D S P ILVTKK FALTVVSAAFVALLF NC
puUB61 S504L D L S ILVTKK FALTVVSAAFVALLF +
puUB62 S504H D H S ILVTKK FALTVVSAAFVALLF +
puUBG3 S504K D K L ILVTKK FALTVVSAAFVALLF +
puUB64 S504Y D Y S ILVTKK FALTVVSAAFVALLF +
pUBG5 S504F D F S ILVTKK FALTVVSAAFVALLF +
puUBG9 D503C C S S ILVTKK FALTVVSAAFVALLF +
pUB70 D503E E S S ILVTKK FALTVVSAAFVALLF +
puUB40 K510R D S S ILVTRK FALTVVSAAFVALLF +
puB41 K510L D S S ILVTLK FALTVVSAAFVALLF +
puUB51 506-508T D S S TTTTKK FALTVVSAAFVALLF +
puUB53 519-526L D S S ILVTKK FALTVVSALLLLLL +
puB48 510-511L D S S ILVTLL FALTVVSAAFVALLF +
puUB54 A504-526 D - - _——- -
puUB58 A512-526 D S S ILVTKK _ -
pUBG0O A519-526 D S S ILVTKK FALTVVS—— +/—
pUB59 A504-511 D - - —_— FALTVVSAAFVALLF +/—
puUB57 A515-520 D S S IL—-- FALTVVSAAFVALLF +
pUBS55 511FK D S S ILVTKK FKFALTVVSAAFVALLF +
pUB39Ty VSG117Ty D S S ILVTKK FALTVVSAAFVALLFVALLFEV- +
HTNQDPLD
pUB73 VSG117TM D G S AMIILAVL VPAILVVTAVAFFIMVKRRRNN- -
SQDVDTGKAEGGVSSGKAVM

Mutated residues are highlighted in bold type and deletions are indicated by a dash. GPI anchoring was normal (+), epaeidl((9/6). In one case (NC)
the mutation appeared to be lethal, as no trypanosome clones containing this mutation could be obtained. The steadgstatefabBhdnchored mutants
was not noticeably different from wild-type VSG 117, with the exception of D503C, whickés6 of the wild-type level. The steady-state level of
VSG117TM was about 1% of the wild-type but the truncated mutants that were not anchored were present at high levels, prasgrt@bieir retardation in
the ER, prior to degradation.
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A G Dsosc
aVSG117
B - - D503E
46 —
66 —
C 46 . - - 506-508T
merge
66 — - -
D AB04-526
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66 — - .
E - A504-511 & L,
46 — (
T e
66 — aVSG117
F '2. - - 51252
46 — - -
L
T e - 5
G . - A519-526 b g
Fig. 4. Western blots showing VSG release for mutants D503C (A), merge

D503E (B), 506-508T (C)A504-526 (D)A504-511 (E)A512-526

(F) andA519-526 (G). Cells were induced with 100 ng/ml doxycline
for 24 hours in HMI9 medium. Aliquots representingl2* cells

were loaded per lane. Lanes C, P1, P2 and S contain, respectively,
whole cells, pellet after lysis, and pellet and supernatant after
GPIPLC activation. In (A) and (B) the amount of mutated VSG is
compared with unmutated VSG 117 (T7-VSG117). The exposure
was 10 seconds for all panels except (A), which was exposed for 1
minute.

Fig. 5. Immunofluorescence @504-526 (A-D) and\512-526

(E-H). Fixed and permeabilized cells were treated with rabbit anti-
VSG 117 and fluorescein-conjugated secondary antibody (A,E), with
mouse anti-BiP and rhodamine-conjugated secondary antibody
(B,F), with DAPI (C,G), and the three images were digitally merged
(D, H), which results in a yellow pseudo-color in regions of VSG-
BiP colocalization.

indirect immunofluorescence with anti-VSG 117 antibodies. ME). Deleting the entire hydrophobic regioA512-526)
representative western blot for the GPIPLC release of mutaptevented GPI anchoring (Fig. 4F), whereas deleting part of
506-508T is shown in Fig. 4C. the hydrophobic region A619-526) resulted in a partly
anchored protein (Fig. 4G). This result indicates that the
hydrophobic region has to be at least eight amino acids long
Deletions in the GPI signal peptide for anchoring to occur.
To investigate the length requirements of the C-terminal signal Other investigators have shown that proteins lacking the GPI
peptide, several deletion mutants were constructed (Table Bignal peptide are secreted into the medium (Furukawa et al.,
The effect of the mutations on the expression and location d994; Bucht and Hjalmarsson, 1996; McDowell et al., 1998).
VSG 117 was analyzed by western blotting. As expected, whefiVe therefore examined the fate of unanchored proteins. After
the entire C-terminal signal peptide was delet®804-526), induction of mutantfd504-526 and\512-526 for 48 hours,
VSG was not anchored on the cell surface, as shown by tlwee resuspended the cells in culture medium containing 100
GPIPLC release assay (Fig. 4D). Deleting four amino acidsg/ml doxycyline and only 1% fetal calf serum for 8 hours.
from the spacer sequendss(5-520) did not affect release by Proteins in the medium were concentrated, electrophoresed,
GPIPLC, indicating that this mutant is GPl anchored. Irand VSG was revealed by western blotting. An equivalent of
contrast, deleting the entire spacer sequen¥®04-511) 2x10° cells was loaded per lane. Although this loading would
showed a partial effect on anchoring: about 50% of the proteipermit the detection of 1% of the normal amount of cell-surface
was found in the supernatant after GPIPLC activation (FigySG, neither mutant VSG could be detected in the medium
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(data not shown), implying that they were entirely retained irElongation of the GPI signal peptide
the cell or extensively degraded. _ Two elongation mutants, 511FK and VSG117Ty, were
To more precisely determine the intracellular location ofconstructed. Their expression levels were comparable with
A504-526 andA512-526, fixed and permeabilized cells Werewi|d-type VSG 117. As determined by the GPIPLC release
stained simultaneously with antibodies to VSG 117 and thgssay and indirect immunofluorescence, these two mutations
ER-resident protein BiP. The pattern of staining seen with antivere anchored and expressed on the cell surface (Fig. 7A,B).
BiP (Fig. 5B,F) is characteristic of ER morphology in Although VSG117Ty has a Ty epitope tag at the C-terminus,
trypanosomes (McDowell et al., 1998). The staining seen witye were not able to detect this mutant with the monoclonal
anti-vSG 117 in the mutants (Fig. 5A,E) exactly matches thentibody BB2 (Bastin et al., 1996). This result confirms the
distribution of BIP. ThIS CO|OC&|IZatI9n can be_ seen best as @eavage of the GPIl-anchor Signa| pept|de This cell line could
yellow pseudo-color in the merged images (Fig. 5D,H). Thuspe useful for identifying the transient precursor prior to
mutated VSGs that are not GPI-anchored accumulate in th&change of the signal peptide for the GPI anchor.
ER, the initial compartment of the secretory pathway. By To investigate the effect of a transmembrane anchor on VSG
contrast, mutations that were GPI anchored resulted in a typicigcalization, we replaced the GPI signal sequence with the C-
surface staining (Fig. 3). As a control, we used the wild-typgerminal transmembrane plus cytoplasmic domains of the
cell line, MITat 1.2, expressing VSG 221. No staining wasnvariant surface glycoprotein 65 (ISG65) (Ziegelbauer et al.,
observed with anti-VSG 117 antibodies (data not shown). In992) (Table 1). The expression level of this fusion protein
partly anchored mutants, the surface staining obscured aQySG117TM) was about 1% of wild-type GPl-anchored VSG
intracellular staining. _(Fig. 7C). By northern blot, however, no difference was
VSG exists as a dimer on the membrane. To determingetected in the mMRNA abundance between mutant and wild
whether the failure 0A504-526 andA512-526 to exit the type (data not shown). To examine the cellular localization, we
ER was due to misfolding and a lack of dimerization, weperformed indirect immunofluorescence in trypanosomes
determined the oligomeric state by gel filtration on aexpressing VSG117TM (Fig. 8). Although the chimeric protein
Sephacryl S-200 column. Data for mutatidb12-526 are contains a transmembrane domain, it was not found on the cell
shown in Fig. 6. The different fractions were subjected taurface, instead it showed a faint staining characteristic of the
SDS-PAGE and western blotting. By comparison with theER and larger accumulations in compartments close to the
molecular mass standards, VSG dimers should elute @hgellar pocket. Some of this staining did not overlap with
fraction 19. As shown in Fig. 6, this is true for the co-the regions reacting with a mouse monoclonal antibody to
expressed control (VSG 221) and mutant (VSG 117) proteinghe major lysosomal membrane protein, p67 (Kelley et al.,
ThIS result shows that the apcumulated mutant VSG is nat9g9), suggesting that they might represent pre-lysosomal
misfolded and ER retention is only attributable to lack of aompartments. The staining pattern is similar to that reported
GPI anchor. The increased VSG degradation, revealed in thgr endocytosed transferrin.
gel analysis of the column fractions, is attributed to the longer
duration of the analysis, in which protease inhibitors were nc
included, and overexposure of the peak lanes in the weste
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46 — =
A VSG 117 A519-526
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VSG117T
Fractions 15 16 17 18 19 20 21 22 23 24 B 6 ” - y
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Fig. 6. Dimerization analysis of mutatiak619-526. 2108 cells of p

cell lineA519-526 were permeabilized with 5AD20 mM HEPES,

0.15 M NacCl, pH 7.6 containing 1% (v/v) Nonidet P40. Insoluble  Fig. 7. Effects of elongation mutations on GPI anchoring and
material was removed by centrifugation (16 @J0r 15 minutes), expression level. A western blot with rabbit anti-VSG 117, showing
and the supernatant was loaded onto a Sephacryl S-200 column. the release of VSG117 511FK (A) and VSG117Ty (B). Aliquots
Fractions were TCA-precipitated and analysed by SDS-PAGE. representing 210* cells were loaded per lane. Lanes C, P1, P2 and S
Western blot with anti-VSG 117 (A) or anti-VSG 221 (B) antibodies. contain, respectively, whole cells, pellet after lysis, and pellet and
As determined by running standards (see Materials and Methods), supernatant after GPIPLC activation. (C) Comparison of VSG
dimerized VSG should peak in fraction 19. The lower bands on the expression in four independent clones of VSG117TM, which is not
gel correspond to VSG degradation products, which are exaggerate@Pl anchored. Aliquots representingl®* cells and 210° cells

in this long exposure. were loaded for T7-VSG117 and VSG 117TM, respectively.
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VSG117

Fig. 8. Immunolocalization of
VSG117TM. Fixed and
permeabilized VSG117TM
cells were treated with rabbit
anti-VSG 117, mouse anti-p67
(a lysosomal marker) and
DAPI, and the images were
merged.

Effects of mutations on RNA and protein stability although this explanation was not favored in experiments with

To see whether mutations of the C-terminal signal sequendBe signal sequence from decay-accelerating factor, where Glu
that showed significant effects on VSG expression or anchoringas inefficiently permissive and Cys was not allowed (Moran
had affected RNA stability, we extracted RNA from these€t al., 1991). Migration of the site has been invoked, but
mutant cell lines at different times after transcriptional shutoffiever confirmed, in studies of mutated mammalian GPI
by actinomycin D. Compared to wild-type VSG 117, nonednchoring sequences (e.g. Caras et al., 1989; Moller et al.,
of the mutations showed any effect on RNA stability1992; Bucht and Hjalmarsson, 1996). The sequence preceding
(representative data for mutaf619-526 are shown in Fig. the wild-type VSG 117w Asp residue (CKWENNACK)

9A). We then checked whether the mutated VSGs wergontains several potentiab sites, the most probable being
degraded faster than wild-type VSG. A selection of cell line\sn498. With recent advances in mass spectrometry, we had
expressing different mutated VSGs were cultured for 8 hour@xpected to easily confirm the site of GPI addition iruti@lu

in medium containing cycloheximide to terminate proteinand Cys mutants. Unfortunately, despite extensive efforts by
synthesis. Samples were taken at intervals and analyzed o9 collaborating laboratories, we were unable to do this.
western blot. MutationsA504-526 and A512-526 were Reversion to more classic protein biochemistry methods for
degraded rapidly (Fig. 9B), compared with wild-type vsgidentifying GPI addition sites (Holder and Cross, 1981; !—iolder,
117, whose half-life is ~33 hours (Seyfang et al., 1990)1983) was beyond the scope of the present investigations.
Adding lactacystin, a proteasome inhibitor that is known to To address the minimum length of the spacer sequence and
work in T. brucei (Mutomba et al., 1997; Fenteany and the hydrophobic region, we constructed a series of deletion
Schreiber, 1998) did not prevent degradation (Fig. 9C)nutants. Just two severe changes, Whlch_delet_ed the entire C-
suggesting that the unanchored truncated mutants are target@tminal signal peptide or the hydrophobic region, prevented

for |ysosoma| rather than proteasoma' degradation_ GPI addition. Deleting the entire spacer region, or e|ght amino
acids from the hydrophobic region, reduced the efficiency of

) ) anchoring. Previous work showed that the length of both the
Discussion spacer and hydrophobic regions were important for efficient
We first introduced point mutations into the highly conservedsPl anchoring (Caras, 1991; Moran and Caras, 1991b; Moran
GPI anchor signal peptide of VSG 117. Surprisingly, almosand Caras, 1991a; Lowe, 1992; Coyne et al., 1993; Furukawa
all of these mutations were GPI anchored and routed to the cell al., 1994; Bucht and Hjalmarsson, 1996; Furukawa et al.,
surface at a level comparable to the wild-type VSG (Table 11997; Bucht et al., 1999), whereas we found that a spacer
Only two of these mutations detectably affected GPBequence consisting of just four amino acids sufficed.
anchoring. Changingo+2 Ser to Pro resulted in no clones, However, inspection of the GPI signal sequence of VSG 117,
suggesting that the expression of this mutant is very toxic, arwbupled with our observation that KK in the spacer can be
mutatingw Asp to Cys reduced expression380%. Mutating  replaced by LL, suggests that there may be less distinction, in
wAsp to Glu, surprisingly, did not affect VSG GPI addition orthe VSG signal sequence, between the hydrophilicity/
abundance. Glu has never been identified at any natwigd,  hydrophobicity of what have been designated as spacer and
although the number of experimentally proven sites remainsydrophobic domains. In addition, it should be kept in mind
small, and it is allowable by prediction (Eisenhaber et al.that the VSG 117 wild-type signal sequence contains 23 amino
1999). It seemed possible, therefore, that this substitutioacids, whereas the other major VSG subclass (represented by
changed the position at which the GPI anchor was adde®SG 221, which is coexpressed in the cell line used for
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Fig. 9. Effects of selected mutations on RNA and protein stability. (A) Degradation kinetics of unmutated VSG A3T7%+%26 RNA. Cell

lines were cultured for 8 hours in medium containingi@Onl actinomycin D to prevent transcription. Samples were taken at 4 hour intervals
and a northern blot was probed witBG117. (B) Degradation kinetics of unmutated VSG 14504-526 A512-526 A519-526, D503C and
VSG117TM. Cell lines were cultured for 8 hours in medium containinggd®l cycloheximide to prevent translation. Samples were taken at
different time points and analyzed on a western blot with anti-VSG 117 antibodies. (C) Degradation kinetics of wild-typ&, ASG11526,
A512-526 and519-526 in the presence of lactacystin. Cell lines were cultured for 8 hours in medium contajrghglsycloheximide and

1 uM lactacystin. Samples were taken at different time points and analyzed on a western blot with anti-VSG 117 antibodigs. Aliquot
representing 210* cells were loaded per lane with the exception of VSG117TM whek€2ells were loaded per lane.

the current experiments) has only a 17 amino-acid signasecretion inT. brucei Several investigators have failed to
suggesting that up to six amino acids might be dispensed witkfficiently express alternative GPIl-anchored reporters with
from VSG 117, without affecting anchoring. In conclusion, ourVSG signal sequences or chimeras consisting of VSG or its
analysis suggests that the requirements for VSG, despite initislibdomains fused to different reporter proteins, for example,
appearances, might be less stringent than for mammalian GRllacental alkaline phosphatas&accharomyces cerevisiae
anchored proteins. preproe factor and green fluorescent protein. None of these
Our results, together with others (Engstler et al., 2000)usions accumulated on the cell surface (M. Engstler et al.,
suggest that there is a stringent quality control for VS&000) (M. Engstler, unpublished; K. Davis, U.B., J. Wang and
secretion in bloodstream-foriin bruceiand that the structure G.A.M.C, unpublished).
of the VSG itself, and the presence of a GPI anchor, are both Degradation of proteins that fail ER quality-control tests has
required for efficient secretion. Failure to add a GPI anchor tbeen described in a variety of situations and has been ascribed
VSG results in ER retention followed by degradation. Thigo retrotranslocation from the ER and proteasomal degradation
result indicates that the GPI anchor is a strong facilitator ofLippincott-Schwartz et al., 1988; Bonifacino et al., 1990;
VSG secretion. This was suggested by earlier studies of a VS&lon et al., 1997; Plemper et al., 1997; Zhang et al., 1997;
117 A504-526 mutation expressed in procyclic formsTof Ellgaard et al., 1999). There are several examples where
brucei(McDowell et al., 1998), where the GPl-anchored wild-misfolded proteins fail to dimerize and are eliminated by this
type VSG 117, although expressed at far lower levels than imute. In our experiments, truncated VSGs were dimerized, and
bloodstream forms, was transported to the surface, but tltegradation did not appear to occur via the proteasomal
A504-526 mutation was retarded in the ER and secreted fivpathway. Rather, by considering all of our observations of non-
fold more slowly than the wild type. A similar result was GPl-anchored VSG mutants, we speculate that degradation
subsequently reported for bloodstream forms, wherenay take place either via inefficient secretion followed by
degradation 0A504-526 following its retention in the ER was rapid endocytosis and lysosomal degradation or by ejection
sensitive to inhibitors of lysosomal proteases (Triggs anétom a later stage of the secretory pathway (Golgi or TGN).
Bangs, 1999). Something about VSG structure, other than tiigecent experiments suggest that the ER retention or retardation
presence of a GPI anchor, is also important for efficienbf mutant proteins that are unable to receive a GPI anchor may
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