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Abstract

Background: Trypanosoma brucedoes not respond transcriptionally to several endoplasmic reticulum (ER) stress
conditions, including tunicamycin or dithiothreitol, indicating the absence of a conventional unfolded protein response.
This suggests divergent mechanisms for quality control (QC) of ER protein folding and export may be present i
trypanosomes. As the variant surface glycoprotein (VSG) represen®)% of trypanosome plasma membrane protein, it is

possible that VSG has evolved to fold efficiently to minimize ER folding burden.

=)

Methodology/Principal Findings: We demonstrate the presence of a QC system by pharmacological inhibition of the
trypanosome 26S proteasome. This indicates active proteasome-mediated VSG turnoveras fold more VSG is recovered

from cell lysates following MG132 inhibition. Arn silico scan of the trypanosome genome identified 28 open reading

frames likely to encode polypeptides participating in ER nascent chain maturation. By RNA interference we monitored the
importance of these gene products to proliferation, VSG abundance and cell morphology. 68% of the cohort were required
for normal proliferation, and depletion of most of these factors resulted in increased VSG abundance, suggesting
involvement in ERQC and degradation.

Conclusions/Significance.The retention of genes for, and the involvement of many gene products in, VSG folding indicates|
a substantial complexity within the pathways required to perform this role. Counterintuitively, for a super-abundant antigen
VSG is apparently made in excess. The biosynthetic excess VSG appears to be turned over efficiently by the proteasome,
implying that considerable VSG is rejected by the trypanosome ERQC mechanism. Accordingly, the VSG polypeptide is pot
well optimized for folding, as only, 30% attains the native state. Finally as much of the core ERQC system is functionally




Table 1. ER chaperones and ER quality control gene productsTinypanosoma brucei

Biosynthesis and QC of VSG

Accession (geneDB) Annotation Functional assignment T. bruceistatus *
HSP and DNAj
11.02.5450/5500 BiP Major ER chaperone Orthologue
09.160.3098 Hsp70 Chaperone Paralogue (SS, degenerate HDEL)
09.211.1390 Hsp70 Chaperone Paralogue
11.01.3116 Hsp70 Chaperone Paralogue
927.3.3580 Endoplasmin/GRP94/LPG3 Secretory pathway chaperone Orthologue (SS, degenerate HDEL)
927.3.1430 DNAj Chaperone SS, DNAj domain
11.01.8480 DNAj Chaperone SS, DNAj domain
09.211.3680 DNA] Chaperone SS, DNAj domain
10.70.5440 DNAj Chaperone SS, DNAj domain
09.211.1550 Sec63 Part of DNAj family Divergent orthologue [54]
Glucosylation and lectins

Calnexin Quality control Not found
927.4.5010/927.8.74%0 Calreticulin Quality control Orthologue

ER glucosidase | Quiality control Not found
10.05.0080 ER glucosidase Il Quiality control Orthologue
927.8.2910/2920/2930/2940 EDEM Quality control Orthologue
927.3.4630 Glycoprotein glucosyltransferase | Quality control Orthologue
11.01.2470 Yos9 Quality control Orthologue
11.02.1680 ERGIC53 Selective quality control Orthologue
10.20.0130 Vip36 ERGIC53 paralogue Orthologue
Protein disulfide isomerase system
927.7.1300 ERp72-like Cofactor with calnexin, PDI activity Orthologue
10.6k15.2290 ERp57-like Cofactor with calnexin, PDI activity Orthologue
927.8.4890 Erol Oxidizes PDI Orthologue
927.7.5790 ERp44-like Complexes with Erol, oxidoreductase Orthologue
GPl/lipid transport class
927.4.4740 Lagl/Dgtl ER to Golgi transport of GPI proteins Orthologue

CERT ER to Golgi transport of ceramides Not found
Translocon (control)
11.02.4100 Sec61 Part of ER translocation channel Orthologue

identical.

much of the ORF.
doi:10.1371/journal.pone.0008468.t001

Searches for the ERQC/glucosylation system were straightfor-
ward as these gene products are not, in the main, part of extensive
paralogous families. We could confidently identify orthologs for
most queries except calnexin and ER glucosidase 1. The latter
confirmed previous studies [56], and detection of glucosyltrans-
ferase | also confirmed an earlier analysis [33]. Interestingly,
despite the absence of a GlcsMang precursor glycan from
trypanosomatid nascent polypeptides [32], an ERQC system
based on monitoring of protein-folding viatransient reglucosyla-
tion cycles can be reconstructed in silico Further, this system
includes the PDlI-related factors ERp52 and ERp72, which
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Gene products were identified by searching the trypanosome genome database as described in methods.

lindicates presence of orthologue that fulfils criteria of reverse blast to higher eukaryote sequence, correct domain and sequence feature retemtianot found, i.e.
fails criteria. Note that not found does not necessarily mean that a gene product with similar function to the higher eukaryote query sequence is nesent.
Paralogues indicates multiple distinct genes found, and based on sequence alone orthology cannot be unambiguously established.

2BiP: Th11.02.5450 and Th11.02.5500 ORF sequences are identical. Calreticulin: Th927.4.5010 (chromosome 4) and Tb927.8.7410 (chromosomeuéneeFase

®Hsp70 (Th11.01.3110) - no signal peptide; C-terminal ER retention motif is very degenerate (SSSL).

“Hsp70 (Tb09.160.3090) - C-terminal ER retention motif is very degenerate (LKDLK LGE).

SEDEM: cluster of four genes: Th927.8.2910, 2920 and 2930 are near identical, while Th927.8.2940 is C-terminally truncated, suggesting two ERfghepara
designated class | and Il respectively. Two RNAI constructs were designed, EDEM A and B, which will target both isotypes due to high DNA sequenceat@rsever

interact with calnexin/calreticulin; this system, together with the
Erol/ERp44 complex is fully represented (Table 1). Additionally,
a cluster of ER degradation-associated mannosidase-related
(EDEM) genes were found; Tbh927.8.2910, Tb927.8.2920 and
Th927.8.2930 are extremely similar to each other, while one
ORF, Th927.8.2940, is truncated at the C-terminus, suggesting
multiple EDEM proteins (Figure S4). We designated these EDEM
orthologues as class | and 11 respectively, but due to high similarity
it was not possible to target them individually. Further, the EDEM
cluster contains a potential pseudogene and is possibly misassem-
bled. Two RNAI constructs were used to target this ORF cluster,
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EDEM A and B. Finally, we identified an orthologue for Lagl
(927.4.470), but not for CERT.

Few of the selected gene cohort exhibit differential expression
between bloodstream and procyclic forms [22]. Calreticulin (Th
927.4.5010) is moderately upregulated in cultured bloodstream
forms compared to trypanosomes grown in rodents, while ERp57
(Th10.6k15.2290) is downregulated by tunicamycin treatment.
Th927.7.5790 (ERp44) is increased in the bloodstream form when
compared with insect stages. However, none of these changes is
easily explained as a response to altered environment or stress in
the absence of a coordinated transcriptional shift and there is little
evidence for major transcriptional remodeling of ER chaperones
during development. Overall, in silicanalysis indicates a complex,
conserved representation of ER folding and QC gene products
and that dominance of the exocytic pathway by VSG and VSG-
related proteins, i.e. 1SGs, has not resulted in major secondary
losses. The absence of calnexin is the major secondary loss of note,
but as the knockout in S. cerevisiaeviable [57] and as there is
considerable redundancy between calnexin and calreticulin, the
functional significance is unclear.

Screening Trypanosome ER Protein Folding

We selected a total of 28 ORFs for analysis (Table 1),
encompassed by 24 distinct RNAI constructs due to identical
sequence present in BiP, calreticulin and EDEM paralogs. We
initially screened for proliferative defects as prevention of VSG
biosynthesis results in growth arrest [31], and folding pathways are
likely central to cell viability (Figure 3). All experiments were
conducted using the Lister 427 328.114 (single marker blood-
stream form (SMB)) cells [44] and proliferation monitored over
four days. We applied criteria that a proliferation defect must
manifest at least a 20% decreased cell number on two consecutive
days. Surprisingly 68% of the RNAI lines exhibited met the
criteria (Tables 2 and 3), higher that the 35% found by an earlier
systematic screen [58]. Several RNAI lines displaying strong
proliferative defects also replicated less well in the uninduced state
(Figure 3), probably from incomplete repression of the RNAI
construct. The high proportion of ORFs required to support
normal morphology and replication was seen across the three
categories of chaperone (Table 2), and suggests a surprising
absence of redundancy within the cohort. Several DNAj and HSP
proteins are clearly nonredundant as individual knockdowns
compromised morphology, VSG biosynthesis and proliferation,
but was specific as only the ERdj genes most similarity to Homo
sapiengRdj3 generated the VSG phenotype (Figure S1). The
remaining DNAj ORFs in that cohort are divergent and probably
either redundant or play distinct roles.

We validated , 15% of the RNAi knockdowns by quantitative
RT-PCR using b-tubulin as internal control (Figure 4). All ORFs
demonstrated significant loss of mMRNA, between , 60%-80%
decrease, indicating specificity and efficiency. As the validated
RNA. lines also exhibited proliferative defects, it remains possible
that some of the ORFs with normal proliferation are the result of
failure to sufficiently impact mRNA levels. However, given the
high frequency of proliferative defects we chose not to investigate
these further, but rather continue analysis of the positive cohort.
Additionally, both constructs targeting the EDEM cluster
generated very similar phenotypes, providing additional validation
(Table 3, Figures 3 and 5).

Effects of Suppression on VSG and ISG Expression
To directly address effects of RNAi on protein fate, we

performed Western blotting of whole cell lysates prepared from

cells induced for RNAIi. We probed for BiP (loading control),
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VSG, ISG65 and ISG75 and observed increased VSG immuno-
reactivity in twelve of sixteen lysates, with the effect distributed
across several classes of gene product (Figure 5). These data
suggest that VSG accumulates in these cells. The increase was
validated by normalization against total protein as determined by
Coomassie blue staining of Tb10.70.5440 RNAI cell lysates
(Figure 6). Significantly we found that levels of TbBiP protein
were decreased in the BiP RNAI line (Tb11.02.5450/5550),
confirming knockdown. However, there was no corresponding
increase to detectable VSG in these cells, probably due to the
rapid onset of lethality.

A pronounced effect was observed for only one (Tb09.160.3090)
of three ER-targeted Hsp70 genes, indicating differential effects on
VSG. RNAI against a cytosolic Hsp70, Th11.01.3110, as expected,
did not alter VSG levels, despite significant and wide-ranging
phenotypic affects (Table 3). In a subset we observed increased
1SG65, specifically Hsp70 (Tb09.160.3090) and two DNA| proteins
(Th09.211.3680 and Th10.70.5440). There was a modest increase
in ISG65 in three further RNAI lines, calreticulin (Th927.4.5010),
ERp57 (Th10.6k15.2290), and Sec61 (Th11.02.4100). Finally, the
effects on 1SG75 were very minor. These data indicate that not all
factors affecting VSG levels also manifest as accumulation of 1SG
polypeptides, suggesting either differential chaperone/QC require-
ments or failure to detect 1ISG defects due to differential turnover
rates [39]. Further, while there is correlation between defective
proliferation and VSG accumulation, albeitwith some exceptions
(e.g. BiP), this does not hold for 1SGs. ISG65 expression is
nonessential for in vitroculture (MC, unpublished data), whereas
VSG expression is required for continued viability. Taken together
these observations suggest that VSG biosynthesis has a greater
requirement for ER factors, which could be anticipated for the
major biosynthetic trypanosome ER protein product. Overall these
data identify increased VVSG protein level as a common phenotype
following suppression of factors involved in ER-based folding or
QC. Importantly this indicates that VSG is made in significant
excess, fully consistent with the observations from proteasome
inhibition.

Effect of Suppression on Cell Morphology

To monitor intracellular accumulation of VSG and ER
morphology abnormalities, cells were analyzed on day one and
two post induction and stained for VSG and BiP (Figures 7 and
S3). For all Hsp and DNAj factors we observed morphological
abnormalities. Cells were malformed and in some cases puncta
containing BiP together with swollen ER were found. Of the HSP
genes analyzed, Th09.211.1390 and Tb09.160.3090 were pre-
dicted to be localized to the ER lumen (Figure S2). Knockdown
led to severe proliferative and morphological defects, but
interestingly only Tb09.160.3090 led to distortion of the ER and
accumulation of VSG and ISG. Further, the third HSP70 RNAI
analyzed, Th11.01.3110, predicted as cytoplasmic and included as
a negative control, also produced proliferative and morphological
defects. Significantly while no effect on VSG levels were observed
there was a very pronounced ER morphological defect, suggesting
potential roles for cytoplasmic chaperones on the trypanosome
ER. For the DNA]j cohort, we examined four gene products, two
of which are related to ERdj3, a defined ER chaperone (Figure
S1). RNAI against both of these genes, Tb09.211.3680 and
Tbh10.70.5440, generated clear VSG and ISG accumulation,
suggesting non-redundant functions. The remaining genes,
Th927.3.1430 and Tbh11.01.8480, produced no detectable phe-
notype; this may be due to redundancy, the absence of a
significant function in the bloodstream form, a nonessential role or
failure to suppress the gene products sufficiently. These data
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Figure 3. Influence of RNAI on trypanosome replication. Cells transformed with the p2T7 RNAI plasmid harboring an insert corresponding to

the indicated gene, were analyzed for the effects of RNAI on replication. Cell numbers were determined daily, and cultures diluted as necessary (see
methods). Panel A; HSP class, Panel B; Lectin/glycosidase class, and Panel C; others. Blue lines are data from uninduced cultures and red lines from
induced. A single data set is shown, which is representative of three or more independent analyses on separate clones. Data for Th927.4.4740 (Lagl)
are not shown. Tb11.02.4100 (Sec61) and Th11.02.5450 (BiP) are included as positive controls. RNAI clones scored as having normal growth are on a

gray background. Note that in some instances the uninduced cultures appear to grow at slower rate when compared to untransfected (not shown) or
cells harboring an RNAI construct with no apparent replication impact.

doi:10.1371/journal.pone.0008468.g003

suggest gross defects leading to mislocalization of the major lines, consistent with failure to complete folding/QC processes.
chaperone together with additional effects manifest throughout the The presence of multinucleated cells in some knockdowns is also
cell. There was also evidence for accumulation of VSG in several consistent with the requirement for ongoing biosynthesis and
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specialized for specific production of VSG and nor is VSG
adapted for efficient folding

Supporting Information

Figure S1 Phylogenetic reconstruction of part of the DNA]
family. Sequences for representative members of the DNA]j family
were retrieved from the NCBI nr database to represent the major
Opistokhonta (animals and fungi) ER chaperone families plus Sec63
(H. sapienblack, S. cerevisibke). Searches of the T. brucejenome
database using BLAST using the higher eukaryote sequences
returned as most significant the four sequences shown here in by
geneDB accession number (red) as well as Th09.211.1550 (data not
shown). All other sequences were rejected based on sigificantly
lower expect values, excessive or very small predicted polypeptide
size or reverse BLAST failure (frequently demonstrating orthology
to mitochondrial DNA]j proteins). Sequences were aligned in
Clustal, manually edited in MacClade and subjected to phyloge-
netic analysis. Initial rounds demonstrated that Tb09.211.1550 was
highly divergent and was removed. Further rounds of reconstruc-
tion resulted in the tree shown. Values at the internodes are
bootstrap/bootstrap/posterior probability for RaXML, PhyML
and Mr Bayes reconstructions. Data suggest that Th09.211.3680
and Tb10.70.5440 are orthologs of ERdj3. The remaining two
sequences are either trypanosome-specific or orthologs to DNA|
proteins not included in the present analysis.

Found at: doi:10.1371/journal.pone.0008468.s001 (2.54 MB TIF)

Figure S2 Phylogenetic reconstruction of part of the trypano-
some Hsp70 family. Sequences for representative members of the
trypanosome Hsp70 family were retrieved from geneDB. Se-
quences were aligned in Clustal, manually edited in MacClade
and subjected to phylogenetic analysis. Gene products in red were
analysed. Values at the internodes are bootstrap/bootstrap/
posterior probability for RaXML, PhyML and Mr Bayes
reconstructions. Annotations based on BLAST similarity to
sequences at NCBI nr database and PSORT 11 are also provided.
Note that most of these annotations should be considered
tentative.

Found at: doi:10.1371/journal.pone.0008468.5002 (3.19 MB TIF)

Figure S3 Immunoflurescence microscopy data archive. Data
are shown for cells at one or two days post induction for RNAi for
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