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Knock-sideways by inducible ER retrieval enables a unique
approach for studying Plasmodium-secreted proteins
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Malaria parasites uniquely depend on protein secretion for their obligate intracellular
lifestyle but approaches for dissecting Plasmodium-secreted protein functions are limited.
We report knockER, a unique DiCre-mediated knock-sideways approach to sequester
secreted proteins in the ER by inducible fusion with a KDEL ER-retrieval sequence. We
show conditional ER sequestration of diverse proteins is not generally toxic, enabling
loss-of-function studies. We employed knockER in multiple Plasmodium species to
interrogate the trafficking, topology, and function of an assortment of proteins that trav-
erse the secretory pathway to diverse compartments including the apicoplast (ClpB1),
rhoptries (RONG), dense granules, and parasitophorous vacuole (EXP2, PTEX150,
HSP101). Taking advantage of the unique ability to redistribute secreted proteins from
their terminal destination to the ER, we reveal that vacuolar levels of the PTEX translo-
con component HSP101 but not PTEX150 are maintained in excess of what is required
to sustain effector protein export into the erythrocyte. Intriguingly, vacuole depletion of
HSP101 hypersensitized parasites to a destabilization tag that inhibits HSP101-PTEX
complex formation but not to translational knockdown of the entire HSP101 pool,
illustrating how redistribution of a target protein by knockER can be used to query func-
tion in a compartment-specific manner. Collectively, our results establish knockER as a
unique tool for dissecting secreted protein function with subcompartmental resolution
that should be widely amenable to genetically tractable eukaryotes.
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Protein secretion is a fundamental biological process of all living cells. In eukaryotes, this
is accomplished by a dedicated secretory pathway that begins with import into the
Endoplasmic Reticulum (ER) for initial folding and posttranslational modification, fol-
lowed by sorting in the Golgi and post-Golgi compartments. As an obligate intracellular
parasite, secreted proteins play a critical role in the biology of the malaria parasite,
Plasmodium. Through the secretory pathway, proteins are trafficked into both the plasma
membrane and several organelles, including a relict plastid called the apicoplast that is
critical for parasite metabolism (1, 2). During schizogony, another subset of proteins is
packaged into several distinct secretory organelles that are subsequently discharged to
facilitate host cell attachment and penetration (3). Invagination of the host membrane by
the parasite during invasion generates an intracellular microenvironment called the par-
asitophorous vacuole (PV) which forms the interface for host—parasite interactions (4).
Resident PV proteins secreted into the vacuole perform critical functions at this interface,
including nutrient/waste exchange and protein export (5). The latter process enables
parasites to deploy a battery of secreted effector proteins across the PV membrane (PVM)
and into the host compartment, dramatically remodeling the erythrocyte to meet nutri-
tional demands and avoid host defenses (6, 7). Remarkably, it is estimated that up to 10%
of the parasite genome is devoted to encoding exported effectors, further highlighting the
central importance of protein secretion to this parasitic lifestyle (8-12).

As with other eukaryotes, entry into the malaria parasite secretory pathway generally
begins with cotranslational import of proteins containing a signal peptide or transmem-
brane domain(s) into the ER via the Sec61 complex, followed by sorting from the Golgi
to internal compartments, the PV or beyond into the host (13). ER-resident proteins that
escape the ER via bulk flow in COPII vesicles are returned to the ER in COPI vesicles by
ERD2 surveillance, which binds a C-terminal retrieval sequence (‘KDEL” and variants)
in the cis Golgi and releases it in the ER in a pH-dependent manner (14-16). Similar to
other eukaryotes, ER retention of secreted reporters or chimeric proteins can be achieved
in Plasmodium spp. by a C-terminal KDEL or functional variants (17-22).

In this present work, we developed and characterized a unique DiCre-based knock-sideways
tool called knockER that enables conditional fusion of KDEL to the C-terminus of secreted
proteins, subjecting the target protein to ERD2 surveillance in the cis Golgi to cause its
retrieval to the ER. Using this approach, we show successful conditional retrieval of five
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Protein trafficking and secretion
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endogenous Plasmodium proteins (ClpB1, RONG6, EXP2, PTEX150,
and HSP101) that traffic through the ER to diverse compartments
including the apicoplast, rhoptries, dense granules, and the PV.
Importantly, conditional ER retrieval of both highly expressed
reporters and endogenously tagged proteins does not generally
impact fitness, indicating that knockER-mediated phenotypes are
not the indirect result of an integrated stress response, making this
system suitable for protein loss-of-function studies. Taking advantage
of the unique ability to redistribute secreted proteins from their ter-
minal destination to the ER, we reveal a surprising indifference to
ER retrieval of HSP101 in P falciparum, in contrast to the other
PTEX components, indicating that HSP101 is maintained in excess
in the PV. Interestingly, redistribution of HSP101 from the PV to
the ER hypersensitized parasites to a posttranslational destabilization
tag that disrupts HSP101 interaction with PTEX but not to trans-
lational knockdown, providing support for an HSP101 function in
the early secretory pathway in addition to its role in protein translo-
cation across the PVM in the assembled PTEX complex, as recently
proposed (23-25). These results establish knockER as a unique tool
to study eukaryotic secreted proteins.

Results

Conditional ER Retrieval of a Secreted Reporter Does Not Impact
Parasite Fitness. To facilitate conditional ER retrieval of a protein
of interest, we designed a strategy based on the dimerizable Cre
recombinase (DiCre) system (26, 27) where a gene of interest is
C-terminally fused to a 3xFLAG tag and a stop codon flanked
by loxP sequences imbedded in small introns (28). Activation of
DiCre by rapamycin results in excision of the loxP-intervening
sequence, removing the 3xFLAG tag and stop codon, and bringing

A in attB locus

into frame a 3xHA tag followed by the ER-retention sequence
KDEL and a stop codon (Fig. 14). While the ER plays a crucial
role in quality control and is sensitive to added stress, several
previous studies have exogenously expressed various KDEL or
SDEL fusion proteins in P falciparum and P berghei without
apparent impact on parasite fitness (19, 29-36). To directly
ascertain whether ER retrieval of a highly expressed secreted
protein impacted parasite fitness, we first appended the knockER
system to an mNeonGreen (mNG) reporter and fused this to the
exp2 5" UTR and signal peptide, enabling expression from the
strong exp2 promoter and entry into the ER followed by default
secretion into the PV (37-39). This assembly was placed under
control of the anhydrotetracycline (aT¢)-responsive TetR-DOZI-
aptamers system to prevent expression until alc is present in the
culture (Fig. 14) (40, 41). To combine the Bxb1 integrase system
with DiCre, we first introduced a DiCre expression cassette at the
benign pfs47 locus (27) in the P falciparum NF54"® strain (42)
(SI Appendix, Fig. S1) and then integrated the mNG-knockER
reporter construct at the a##B site in the ¢g6 locus on chromosome
6 in this NF54"® P [ine,

Upon treatment with 10 nM rapamycin for 3 h, parasites effi-
ciently excised the knockER cassette (kER) with essentially com-
plete conversion of the population within one parasite
developmental cycle (48 h) resulting in the expected tag switching
from FLAG to HA (Fig. 1 B and C). Examination of DMSO
vehicle—treated parasites by live microscopy showed a peripheral
mNG signal, consistent with secretion to the PV (Fig. 1D). In
contrast, following treatment with rapamycin the mNG signal
was dramatically altered to an intracellular, perinuclear pattern
that colocalized with ER Tracker, confirming retention in the ER
(Fig. 1D). Quantification of the distribution of mNG fluorescence
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Conditional ER retrieval of a secreted reporter does not impact parasite fitness. (A) Schematic of reporter expression cassette installed at the attB site

of chromosome 6. An mNeonGreen reporter is fused to the signal peptide of EXP2 and expressed under control of the exp2 promoter. A 3xFLAG tag and stop
codon are flanked by loxP-containing introns (triangles) followed by a 3xHA-KDEL, stop codon, and 10x aptamer array (10x-Apt). Aptamer interaction with TetR-
DOZI (expressed from another cassette in the plasmid) prevents translation of the reporter, which is relieved in the presence of anhydrotetracycline (aTc) to
enable expression. Activation of DiCre by rapamycin treatment excises the FLAG tag, bringing into frame the HA-KDEL tag. (B) Time course of excision following
rapamycin treatment detected by PCR using primers P7/32. (C) Western blot of mNG reporter 24 h posttreatment with DMSO or rapamycin. Molecular weights
after signal peptide cleavage are predicted to be 30.8 kDa for mNG-3xFLAG and 30.9 kDa for mNG-3xHA-KDEL. (D) Live microscopy of DMSO- or rapamycin-
treated parasites 24 h posttreatment. (E) Quantification of percent internal mNG fluorescence 24 h and 168 h posttreatment with DMSO or rapamycin. Data
are pooled from two independent experiments and bar indicates mean (****P < 0.0001; unpaired t test). (F) Representative growth of asynchronous parasites
(n = 2 biological replicates) treated with DMSO or rapamycin. Data are presented as means + SD from one biological replicate (n = 3 technical replicates). All
cultures were maintained in media supplemented with 500 nM aTc. (Scale bar, 5 pm.)
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between the parasite periphery and interior showed substantial,
stable relocalization following KDEL fusion, indicating robust
retrieval by ERD2 (Fig. 1£, mean % internal mNG at 24 h: 48.78
+5.8% in DMSO vs. 76.87 + 8.9% in Rap, and at 168 h: 42.54
+ 6.0% in DMSO vs. 84.66 + 6.9% in Rap). Importantly, ER
retention of mNG had no impact on parasite growth (Fig. 1F)
showing that knockER can successfully retrieve a secreted reporter
to the ER without impacting parasite fitness.

knockER Reveals Golgi-Dependent Trafficking and Essential
Apicoplast Functionality of CIpB1. Next, we applied knockER to
an endogenous gene for conditional loss-of-function mutagenesis.
We chose ClpB1, a poorly characterized, nuclear-encoded AAA+
class 1 Clp/HSP100 chaperone that is targeted to the apicoplast
(43). As apicoplast ablation can be chemically rescued with
isopentenyl pyrophosphate (IPP) (44), we reasoned that IPP
supplementation would provide a simple validation that any loss
of parasite fitness is a direct effect of sequestering ClpB1 away
from its site of action and not an indirect result of ER stress.
ClpB1 contains both a signal peptide for ER entry and a transit
peptide for apicoplast targeting, and localization of ClpB1 to
this organelle was previously confirmed by both microscopy and
proteomic analyses (35, 43). Using CRISPR/Cas9 editing, we
fused mNG to the C-terminus of ClpB1 followed by the kER
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cassette (Fig. 24). As expected, IFA demonstrated colocalization
with the apicoplast marker ACP1, confirming ClpB1 localization
to this organelle (Fig. 2B). Treatment with rapamycin resulted in
efficient excision (Fig. 2C) and switching to the 3xHA-KDEL tag
produced a shift in migration by Western blot consistent with an
increase in molecular weight of ~14 kDa in the rapamycin-treated
samples, indicating that the N-terminal transit peptide (residues
24 to 152, 13.9 kDa) is no longer cleaved in the ClpB1-KDEL
fusion (Fig. 2D). Since this maturation event takes place in the
apicoplast (45), this suggested that ClpB1 was no longer being
trafficked to this organelle. Indeed, live microscopy showed a
dramatic relocalization of mNG from puncta to a perinuclear
distribution that colocalized with ER Tracker, indicative of
successful ER retrieval (Fig. 2E).

While its functional importance has not been directly tested,
ClpB1 is expected to be essential for blood-stage survival based
on saturating insertional mutagenesis in 2 falciparum and pooled
knockout screens in 2 berghei (46, 47). Indeed, ER retention of
ClpB1 was lethal and resulted in delayed parasite death (Fig. 27),
consistent with an essential role in the apicoplast (48, 49).
Moreover, supplementation with IPP fully rescued parasite
growth, confirming the observed phenotype was apicoplast-specific
and not due to a disruption of ER homeostasis following ClpB1
retention (Fig. 2F). Rapamycin-treated parasites supplemented
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(B) IFA of PFA fixed parasites stained with mouse anti-Flag and rabbit anti-ACP1 antibodies. (C) PCR showing excision in CIpB1-kER parasites 24 h after rapamycin
treatment using primers P7/8. (D) Western blot 24 h posttreatment with DMSO or rapamycin. Molecular weights after transit peptide cleavage are predicted
to be 135 kDa for ClpB1-mNG-3xFLAG and 135.1 kDa for ClpB1-mNG-3xHA-KDEL. (+) represents the mature form of ClpB1 while the (*) represents ClpB1 with
the transit peptide still attached. (E) Live microscopy of DMSO- or rapamycin-treated parasites 48 h posttreatment. (F) Representative growth of asynchronous
parasites (n = 3 biological replicates) treated with DMSO or rapamycin, with or without supplementation with 200 uM IPP. Data are presented as means + SD
from one biological replicate (n = 3 technical replicates). (G) IFA of PFA fixed parasites stained with mouse anti-Flag or anti-HA and rabbit anti-ACP1 antibodies
after three growth cycles where rapamycin-treated parasites were supplemented with 200 uM IPP. (Scale bars, 5 pm.)
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with IPP showed dispersed, vesicular ACP1 signal consistent with
plastid disruption, further indicating that ClpB1 is required for
apicoplast maintenance (Fig. 2G). Taken together, these results
show for the first time that ClpB1 is an indispensable component
of the apicoplast machinery and illustrate that knockER can be
used for protein loss-of-function studies in P falciparum.

knockER Induces ER Retrieval of Rhoptry Proteins. Having
demonstrated that knockER is suitable to generate loss-of-function
phenotypes by protein mislocalization to the ER, we next tested
this knock-sideways approach on an expanded set of endogenous
soluble and membrane proteins that traffic through the secretory
pathway to diverse destinations, including secretory organelles
and the PV/PVM. We began by attempting to retrieve RONG, a
soluble rhoptry-neck protein that is injected into the PV during
invasion (SI Appendix, Fig. S2 A and B). Attempts predating
CRISPR technology to disrupt Pfron6 or truncate its Cysteine-
rich C-terminus were unsuccessful (50). More recently, saturating
transposon mutagenesis in 12 falciparum recovered a single insertion
within an intron (46) expected to generate a truncation at residue
713 of 950, leaving most of the protein intact (SI Appendix,
Fig. S24). Curiously, RONG orthologs in rodent malaria parasites
lack the cysteine-rich region which accounts for the C-terminal
~23% of P falciparum RONG, roughly corresponding to the
truncated region in the insertional mutant. As RONG6 was not
targeted in the PlasmoGEM dataset, its suspected essentiality
remains uncertain (47). To directly test the importance of RONG6,
we generated RONG-KER parasites, which underwent eflicient
excision upon rapamycin treatment (S/ Appendix, Fig. S2 C and
D). Rapamycin treatment resulted in relocalization of RONG-
mNG from the rhoptries to the ER and produced a minor but
reproducible growth defect (S7 Appendix, Fig. S2 D—F). These
results suggest that RONG may be dispensable in the blood stage,
although we cannot exclude the possibility that small amounts of
RONG6-KDEL may escape ERD2 surveillance at levels sufficient to
mediate a critical function. Additionally, the minor fitness defect
that results from RONG6-KDEL fusion could be the indirect result
of modest ER stress induced by RONG retention. Nonetheless,
these findings clearly demonstrate that knockER efficiently retrieves
secretory proteins synthesized during the brief period of merozoite
formation at the terminal phase of intraerythrocytic development.

ER Retention of EXP2 Produces a Lethal Defect Independent to
Loss of PVM Transport Function. Having successfully retained
several soluble proteins in the ER using knockER, we next tested
conditional retrieval of a membrane protein. Solute permeation
across the PVM is mediated by a nutrient-permeable channel
(51, 52) whose identity was recently tied to EXP2, a PVM protein
broadly conserved among vacuole-dwelling apicomplexans (53,
54). EXP2 contains a signal peptide followed by an N-terminal
amphipathic helix and oligomerizes to form a heptameric pore in
the PVM (25, 55, 56). It is currently unknown how pore formation
is specifically constrained to the PVM to avoid perforating other
membranes along the secretory pathway or the parasite plasma
membrane. While not structurally homologous to the EXP2 pore,
bacterial a-helical pore-forming toxins are functionally analogous
and provide a possible model for EXP2 pore formation. These
proteins are typically maintained in a monomeric state that
shields a membrane-spanning amphipathic helix, enabling soluble
trafficking until contact with components of a target membrane
triggers conformational rearrangement, leading to membrane
insertion and oligomerization (57).

If EXP2 traffics in a similar configuration, then its C-terminus
will enter the secretory pathway lumen and be sensitive to ER-retrieval

40f12 https://doi.org/10.1073/pnas.2308676120

by KDEL fusion. Indeed, we endogenously tagged EXP2 with a
version of the kER cassette lacking mNG and found that KDEL
fusion disrupted EXP2 trafficking to the PV and resulted in ER
retention, confirming that its C-terminus resides in the secretory
pathway lumen (Fig. 3 A-D). Notably, ER retrieval of EXP2
appeared to cause more rapid parasite death than previously observed
by conditional knockdown or knockout approaches (53, 58, 59)
(Fig. 3E). To confirm this observation, we engineered parasites to
enable DiCre-mediated conditional knockout of EXP2 (EXP2-cKO)
to allow for matched induction kinetics to EXP2-KER (S Appendix,
Fig. S3 A-C). Following activation of DiCre in synchronized,
ring-stage parasites, the EXP2 knockout progressed to the next cycle
with equivalent new ring parasitemia to the DMSO control before
death in the second cycle; in contrast, EXP2-kER parasites died
immediately in the first cycle and did not form new rings (S Appendix,
Fig. S3D). To test whether parasite death was solely due to loss of
EXP2 transport functions in the PV and not an indirect result of
retaining EXP2 in the ER, we generated parasites expressing a second
copy of EXP2-mNG-kER from the a#B locus under the control of
its own promoter, leaving the endogenous EXP2 locus unaltered
(81 Appendix, Fig. S3 E-G). Retrieval of this second copy of EXP2
to the ER also resulted in parasite death, indicating that EXP2 reten-
tion in the ER is toxic independent of compromised transport func-
tions at the PVM (Fig. 3 F and G). In contrast, ER retrieval of a
second copy of EXP2 lacking the amphipathic helix did not cause
parasite death (Fig. 3 A and 7 and S/ Appendix, Fig. S3 E-G). As
expected, prior to KDEL fusion, the ATM version of EXP2 localized
to the PV and the digestive vacuole (due to endocytosis of PV pro-
teins along with RBC cytosol). Surprisingly, most cells also showed
EXP2ATM-mNG export into the RBC cytoplasm (arrow, Fig. 34
and 87 Appendix, Fig. S3H). The basis for EXP2ATM-mNG export
is unclear but may result from interactions with other PTEX com-
ponents that somehow result in recognition as cargo in the absence
of the amphipathic helix. The requirement for the amphipathic helix
in EXP2-KER toxicity suggests that increasing EXP2 dwell time in
the early secretory pathway may trigger an unfolded protein response
or cause aberrant EXP2 pore formation in the ER membrane. Thus,
this may provide a new tool for studying EXP2 pore formation but
also indicates knockER may not be appropriate for loss-of-function
studies of certain membrane proteins.

ER Retention of PTEX150 but not HSP101 Results in Loss of
PTEX Function in P. falciparum. In malaria parasites, the nutrient-
permeable channel has been additionally functionalized by the flange-
like adaptor PTEX150 which docks the AAA+ chaperone HSP101
onto EXP2 to form the Plasmodium Translocon of Exported proteins
(PTEX), transforming EXP2 into a protein-conducting pore to
translocate effector proteins across the PVM and into the erythrocyte
(23-25, 53, 60). Interestingly, HSP101 shows a dual localization to
both the PV and the ER as opposed to EXP2 and PTEX150, which
localize exclusively to the PV and form a subcomplex independent
of HSP101 (34, 39, 61, 62). We verified this unique ER localization
of HSP101 by protease protection assays in parasite lines expressing
fluorescently tagged versions of each PTEX core component,
confirming an internal, perinuclear pool of HSP101 but not EXP2 or
PTEX150 (S Appendix, Fig. S4). This arrangement suggests that in
addition to powering translocation in the assembled PTEX complex,
HSP101 may also function upstream of the vacuole, possibly
initiating cargo selection early in the secretory pathway (61). While
several HSP101 conditional knockdown (24, 61) or inactivation
(23) strategies have demonstrated an essential role in protein export,
it is difficult to resolve distinct compartmental functions with these
mutants given that they impact the total protein pool and have no
subcompartmental resolution. In contrast, knockER can potentially
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Fig.3. ERretention of EXP2 causes a lethal fitness defect independent of loss of PVM transport functions. (A) Schematic showing strategy for appending kER to
the endogenous C-terminus of EXP2 without mNG. (B) PCR showing excision in EXP2-kER 24 h after treatment with rapamycin using primers P9/10. (C) Western
blot of EXP2-kER parasites 24 h posttreatment with DMSO or rapamycin. Molecular weights after signal peptide cleavage are predicted to be 34.6 kDa for EXP2-
3XFLAG and 34.7 kDa for EXP2-3xHA-KDEL. (D) IFA of EXP2-kER 24 h posttreatment with DMSO or rapamycin. (E) Growth of asynchronous parasites (n = 2 biological
replicates) treated with DMSO or rapamycin. Data are presented as means + SD from one biological replicate (n = 3 technical replicates). (F) Live microscopy of
parasites expressing a full-length second copy of EXP2 with an mMNG-kER fusion from the attB site under the control of the endogenous exp2 promoter (EXP2-FL-
KER?"®), Parasites were viewed 24 h after treatment with DMSO or rapamycin. (G) Representative growth of asynchronous EXP2-FL-kER™® parasites (n = 2 biological
replicates) treated with DMSO or rapamycin. Data are presented as means + SD from one biological replicate (n = 3 technical replicates). (H) Live microscopy of
parasites expressing a second copy of EXP2 with mNG-kER fusion and lacking the amphipathic helix from the attB site (EXP2ATM-KER®"®), Parasites were viewed
24 h after treatment with DMSO or rapamycin. Two representative examples of unexcised parasites are presented, showing localization of the ATM version of
EXP2 to the PV and host cell in infected RBCs (arrow). Digestive vacuole fluorescence was also observed as is typical for PV proteins. (/) Representative growth of
asynchronous EXP2ATM-KER®® parasites (n = 2 biological replicates) treated with DMSO or rapamycin. Data are presented as means + SD from one biological
replicate (n = 3 technical replicates). Second copy EXP2-kER lines were maintained in media supplemented with 500 nM aTc. (Scale bars, 5 pm.)

resolve functions across distinct compartments by redistributing a ~ HSP101, expecting that redistribution of HSP101 to the ER
target protein pool from its terminal destination to the ER. would be lethal but might provide insight into any ER localized

In an attempt to separate HSP101 ER function from its role  function which could be preserved compared to the phenotype of
in the PV, we generated a kER fusion to the endogenous copy of =~ HSP101 knockdown mutants. In parallel, we also generated a
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PTEX150-kER line, reasoning that since HSP101 and PTEX150
have similar expression timing and are exclusively involved in
protein export but not nutrient uptake (53), PTEX150 would
provide a control for knockER inactivation of PTEX activity inde-
pendent of ER function. As expected, the PTEX150-KDEL fusion
was efficiently retrieved to the ER, producing a lethal growth
defect and accompanying block in protein export (Fig. 4 A-E),
similar to glmsS ribozyme-mediated knockdown of PTEX150 (24).
Importantly, ER retention of a second copy of PTEX150-kER in
parasites where the endogenous PTEX150 locus was unmodified
did not impact growth, demonstrating that the phenotype
observed upon ER retention of the endogenously tagged protein
is a direct result of functional disruption of PTEX150 (57 Appendix,
Fig. S5 A-D).

Unexpectedly, although rapamycin-induced HSP101-KDEL
fusion increased ER localization similar to PTEX150 (Fig. 4 F-H),
parasite growth was completely unaffected and protein export was
not detectibly impacted (Fig. 4 /and /), sharply contrasting with
the lethal export defect observed with HSP101 depletion or inac-
tivation mutants (23, 24, 61). Indeed, HSP101-kER parasites
could be cultured indefinitely following excision and displayed
sustained ER retention of HSP101 (Fig. 4H and SI Appendix,
Fig. S5 E and F, mean Rap internal HSP101: 58.82 + 9.58% at
24 h vs. 54.82 + 9.84% at 7 d). As an orthogonal approach to
monitor protein redistribution by KDEL fusion, we released
infected RBCs with saponin to permeabilize the PVM and quan-
tified fluorescence via flow cytometry with or without proteinase
K treatment. Again, we observed an increase in protected fluores-
cence following rapamycin treatment, consistent with redistribu-
tion of HSP101 to the ER (81 Appendix, Fig. S5G). Importantly,
PCR and Western blot indicated that rapamycin-treated parasites
had undergone complete excision with the preexcised FLAG-tagged
version of HSP101 no longer detectible (Fig.4 F and G).
Furthermore, both the mNG-FLAG and mNG-HA-KDEL tagged
versions of HSP101 migrated as a single band at the expected size
for the full-length fusion proteins with no apparent breakdown
products, ensuring that the mNG signal distribution observed by
live microscopy reflected an intact HSP101 fusion (Fig. 4G and
SI Appendix, Figs. S7B and S8B).

While a large fraction of PTEX150 and HSP101 was clearly
ER-retained following knockER induction, some peripheral signal
was still apparent after rapamycin treatment (Fig. 4 Cand H). To
determine whether the observed phenotypic differences between
HSP101 and PTEX150 were due to a difference in sensitivity to
ERD?2 surveillance, we quantified the internal mNG fluorescence
signal in HSP101- and PTEX150-kER parasites following KDEL
fusion. In synchronized parasites, a similar increase in internal
signal was observed in both lines at 24 h post Rap treatment
(SI Appendix, Fig. SS5E, mean Rap internal HSP101 58.82 +
9.58% vs. 56.32 + 18.56% for PTEX150). Since a comparison
could not be made with PTEX150-kER parasites at 7 d due to
parasite death by the second cycle following excision, we comeared
HSP101-kER parasites with second copy PTEX150-kER™” con-
trol parasites 7 d after excision and again observed a comparable
internal signal redistribution (S/ Appendix, Fig. S5F, mean Rap
internal HSP101 54.82 + 9.84% vs. 61.75 + 16.27% for PTEX150
at 7 d). As major differences in ER retrieval cannot account for
parasite insensitivity to HSP101-kER, these results indicate that
vacuolar HSP101 levels are unexpectedly maintained in excess
from what is required for PTEX function at the PVM.

ER Retention of P. berghei HSP101 Results in a Lethal Export
Defect. To determine if ER retention of HSP101 was similarly
tolerated in other Plasmodium species, we tagged HSP101 and
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PTEX150 with kER in a P berghei rodent malaria DiCre parasite.
We also included a downstream cassette in this tagging plasmid for
expression of a secreted mRuby under control of the constitutive
Pbhsp70 promoter to label the PV (SI Appendix, Fig. S6A).
Similar to P falciparum knockER mutants, rapamycin treatment
produced efficient excision and ER retrieval of PbPTEX150 and
PbHSP101 (Fig. 5 A-Cand F). Interestingly, PbHSP101-kER and
PbPTEX150-kER parasites displayed greater internal retention
than the corresponding P falciparum knockER mutants (HSP101:
mean % internal mNG 77.42 + 7.72% in P berghei vs. 58.82 +
9.58% in P falciparum; and PTEX150: mean % internal mNG
69.55 +10.86% in P berghei vs. 56.32 + 18.56% in P falciparum),
suggesting that KDEL-mediated ER retrieval is more stringent
in rodent parasites (Fig. 5 D and G). To evaluate protein export,
we generated versions of the PbPTEX150-kER and PbHSP101-
kER mutants where the PV-mRuby reporter was replaced with
a cassette for expression of the exported protein IBISI fused to
mRuby (87 Appendix, Fig. S6A) (63). In contrast to P falciparum,
KDEL fusion to both PbPTEX150 and PbHSP101 produced a
stark block in IBIS1 export (Fig. 5 7and /). To determine whether
KDEL fusion to PbHSP101 impacted parasite fitness, parasites
were induced ex vivo followed by overnight culture to allow for
tag switching before equal numbers of DMSO- or rapamycin-
treated parasites were IV injected into naive mice. Strikingly, while
DMSO controls became patent by day two postinjection, neither
KDEL-fused PbPTEX150 nor PbHSP101 parasites appeared over
the course of 10 d before the experiment was terminated (Fig. 5
E and H and SI Appendix, Fig. S6B).

The block in IBIS1 export suggests that PbHSP101-KDEL is
sufficiently retained to produce a lethal export defect, in contrast
with PfHSP101-KDEL; however, phenotypes can be masked by
the rich resources available in culture (65, 66) and many exported
effectors critical for survival in the vertebrate host are dispensable
in vitro (12) where parasites do not have to contend with host
defenses (67, 68). To distinguish whether the fitness defect
incurred by ER retention of PbHSP101 resulted simply from
parasite death or from the unique pressures imposed by the host,
we evaluated parasite development of synchronized ring-stage
cultures exvivo. Importantly, both PbHSP101-kER and
PbPTEX150-kER parasites also failed to develop into terminal
schizonts in vitro following rapamycin treatment, indicating that
the in vivo fitness defect is not merely the result of host defenses
(SI Appendix, Fig. S6 C-E). Taken together, our data show that
ER retention of HSP101-KDEL is more efficient in P berghei,
resulting in a lethal defect in protein export.

ER Retention of P. falciparum HSP101 Hypersensitizes Parasites
to a Destabilization Tag that Inhibits HSP101-PTEX Complex
Formation. The lack of an observable phenotype after ER-
retention of HSP101 in 2 falciparum suggests that the level of
retention does not reach a critical threshold required to impact
HSP101 function at the PV. To determine the amount of HSP101
needed to support P falciparum growth in vitro, we combined
knockER with the TetR-DOZI-aptamers system to generate
a HSP101-kER line that also allows for titration of HSP101
expression with aTc (Fig. 64). Like the original HSP101-kER
line, rapamycin-treated HSP101-kERT®R-DOZ parasites exhibited
ER retention of HSP101 without impacting parasite growth or
export of representative PEXEL and PNEP proteins (Fig. 6 B-D).
However, HSP101 depletion following aTc washout resulted in
a robust block in protein export and parasite death (Fig. 6D and
SI Appendix, Fig. S7 A and B), consistent with previous HSP101
knockdown or inactivation studies (23, 24, 61). To determine
the level of total HSP101 reduction sufficient to impact growth,
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Fig. 4. ERretention of PTEX150 but not HSP101 causes a lethal block in protein export in P. falciparum. (A) PCR showing excision in PTEX150-kER parasites 24 h
after rapamycin treatment using primers P7/8. (B) Western blot of PTEX150-kER 24 h posttreatment with DMSO or rapamycin. Molecular weights after signal
peptide cleavage are predicted to be 141 kDa for PTEX150-mNG-3xFLAG and 141.1 kDa for PTEX150-mNG-3xHA-KDEL. Note that PTEX150 is observed to migrate
at higher molecular weight than predicted (60). (C) Live microscopy of PTEX150-kER 24 h posttreatment with DMSO or rapamycin. (D) Representative growth
of asynchronous PTEX150-kER parasites (n = 3 biological replicates) treated with DMSO or rapamycin. Data are presented as means + SD from one biological
replicate (n = 3 technical replicates). (E) IFA of synchronized, ring-stage PTEX150-kER parasites 48 h posttreatment with DMSO or rapamycin and probed with
anti-HRP2 and anti-FLAG or anti-HA antibodies. (F) PCR showing excision in HSP101-kER parasites 24 h after rapamycin treatment using primers P7/8. (G) Western
blot of HSP101-kER parasites 14 d posttreatment with DMSO or rapamycin. Molecular weights after signal peptide cleavage are predicted to be 130.5 kDa for
HSP101-mNG-3xFLAG and 130.6 kDa for HSP101-mNG-3xHA-KDEL. (H) Live microscopy of HSP101-kER 24 h and 168 h posttreatment with DMSO or rapamycin.
(/) Representative growth of asynchronous HSP101-kER parasites (n = 3 biological replicates) treated with DMSO or rapamycin. Data are presented as means +

SD from one biological replicate (n = 3 technical replicates). (/) IFA of synchronized, ring-stage HSP101-kER parasites 48 h posttreatment with DMSO or rapamycin
and probed with anti-HRP2 and anti-FLAG or anti-HA antibodies. (Scale bar, 5 pm.)

we grew synchronized parasites at a range of aTc concentrations  (Fig. 6 Eand F). Interestingly, rapamycin-treated parasites grown
following DMSO or rapamycin treatment and measured mNG  at higher aTc concentrations displayed a small but reproducible
fluorescence via flow cytometry in parallel with parasite growth  increase in total HSP101, consistent with a reduction in HSP101

PNAS 2023 Vol.120 No.33 e2308676120 https://doi.org/10.1073/pnas.2308676120 7 of 12



A PbHSP101 PbPTEX150 B PbHSP101 PbPTEX150

DMSO Rap DMSO  Rap DMSO  Rap
150— HA — HA
1000— 250 :
100— 150 — Pp—
D PLHSPI0T-KER  E o PbHSP101-kER
Y 1007
g
m o )
2 8071 o €3 o pmso
S £ 601 £ - R
= 8 g 259 P
T 5 40+ 8
5 & 12.54
£ 200 % .
R 0 0 * T T T U
DMs0 Rep o 2 4 Days6 8 10
PbPTEX150-KER
PbPTEX150-kER
ch 100 SR** H 50
2 % . % 23751 - DMsO
6 8604 ° =
22 ¥ 5 = Rap
T 6 40 % 3
S g
b T 12.5-]
Z 20 &
O\o 0 T 0 T T T T T
DMSO Rap 0 2 4 6 8 10
I J Days
o 5DIC
[J] [J] 3
ok © A
o 5 ‘g(c
€ e <4
> o

Rap

2

" 4

~
&

g
¥

Fig. 5. ER retention of HSP101 causes a lethal block in protein export in P. berghei. (A) PCR showing excision in POPTEX150-kER and PbHSP101-kER P. berghei
parasites treated with rapamycin and cultured 18 h ex vivo using primers P7/P60. (B) Western blot of PbPTEX150-kER and PbHSP101-kER parasites 24 h
posttreatment with DMSO or rapamycin. Molecular weights after signal peptide cleavage are predicted to be 130.9 kDa for PbHSP101-mNG-3xFLAG, 131 kDa for
PbHSP101-mNG-3xHA-KDEL, 130.5 kDa for PbPTEX150-mNG-3xFLAG, and 130.6 kDa for PbPTEX150-mNG-3xHA-KDEL. Note that PbPTEX150 is observed to migrate
at higher molecular weight than predicted (64). (C) Live microscopy of PbHSP101-kER parasites 18 h posttreatment with DMSO or rapamycin. This transgenic
line also contains a downstream cassette for expression of mRuby bearing a signal peptide for secretion into the PV (S/ Appendix, Fig. S6A). (D) Quantification of
percent internal mNG fluorescence in PbHSP101-kER 24 h posttreatment with DMSO or rapamycin. Data are pooled from two independent experiments and
bar indicates mean (****P < 0.0001; unpaired t test). () Parasitemia of PbHSP101-kER infected mice inoculated by tail vein injection of parasites treated ex vivo
with DMSO or rapamycin. Data are presented as means + SD of three independent experiments (one mouse infected per treatment in each experiment). No
parasites were observed in mice injected with rapamycin-treated parasites except that one mouse injected with rapamycin-treated PbHSP101-kER parasites
became patent on day 10 (#). However, PCR showed these parasites had not undergone excision (S/ Appendix, Fig. S6B). (F) Live microscopy of PbPTEX150-kER
parasites as in C. (G) Quantification of percent internal mNG fluorescence in PbPTEX150-kER as in D. (H) Parasitemia of PbPTEX150-kER infected mice as in £. No
parasites were observed in mice injected with rapamycin-treated parasites. (/ and J) Live microscopy of PboHSP101-kER or PbPTEX150-kER parasites containing
a downstream cassette for expression of an IBIST-mRuby fusion that is exported into the RBC (S/ Appendlix, Fig. S6A). Parasites were imaged before or 24 h after
treatment with rapamycin. Dashed lines indicate RBC boundaries traced from DIC images. Images are representative of n = 2 biological replicates. (Scale bars, 5 pm.)

turnover by endocytosis from the PV to the digestive vacuole  over an extended 10-d growth assay (Fig. 6F), possibly suggesting
following redistribution to the ER (Fig. 6E). More importantly,  that the PV-localized function of HSP101 may not fully account
we determined that a ~70% reduction in total HSP101 levels was  for its role in parasite fitness. To ensure depletion of HSP101 from
necessary to impact parasite growth, showing that a relatively small ~ the vacuole by knockER sensitizes parasites to compromised
amount of HSP101 is needed for survival (Fig. 6 £ and F, 5 nM HSP101 PV function, we generated an HSP101-knockER line
aTc), consistent with redistribution of HSP101 by knockER not where mNG was replaced by a ligand-sensitive DHFR-based dest-
meeting the threshold required to impact HSP101 PV function abilization domain (DDD) (Fig. 6H) (23). In the absence of tri-
and parasite fitness in P falciparum. methoprim (TMP), the DDD blocks HSP101 interaction with

If HSP101 functions exclusively in the PV, then knockER- ~ EXP2/PTEX150 but not cargo binding, specifically targeting
mediated depletion of vacuolar HSP101 levels should hypersen-  function of the assembled PTEX complex in the PV (23). In
sitize parasites to HSP101 knockdown. However, dose—response  contrast to translational knockdown, HSP101-kER”P® parasites
to aT'c was unaltered by rapamycin treatment (Fig. 6G) and the ~ were hypersensitized to reduction of TMP levels following rapa-
growth defect of KDEL-fused HSP101 parasites maintained at ~ mycin treatment, indicating a synergistic effect when the reduction
5 nM aTc was indistinguishable from the DMSO control even ~ of HSP101 PV levels is combined with disruption of PTEX
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Fig. 6. Depletion of HSP101 PV levels hypersensitizes parasites to posttranslational destabilization of the HSP101-PTEX complex but not HSP101 translational
knockdown. (A) Schematic showing strategy for appending kER and the TetR-DOZI aptamers system to the endogenous C-terminus of HSP101. (B) PCR showing excision
in HSP101-kER™®P%% parasites 24 h after rapamycin treatment using primers P7/8. (C) Live microscopy of HSP101-kER™"P%% parasites 168 h posttreatment with
DMSO or rapamycin. (D) IFA detecting the soluble PEXEL protein HRP2 or the transmembrane PNEP SBP1 in synchronized, ring-stage HSP101-kER™®P%? parasites
grown for 48 h +/- aTc and treated with DMSO or rapamycin 1 cycle prior. Dashed lines indicate RBC boundaries traced from DIC images. (F) Quantification of HSP101
levels by flow cytometry measurement of mNeonGreen fluorescence in HSP101-kER™®P% parasites grown for 48 h at indicated aTc concentrations and treated
with DMSO or rapamycin 2 cycles prior. MFl data were normalized to DMSO-treated parasites grown in 500 nM aTc (100%) and presented as mean + SEM (n =5
biological replicates). (F) Representative growth curves (n = 4 biological replicates) of HSP101-kER™*" P parasites grown at indicated aTc concentrations and treated
with DMSO or rapamycin 2 cycles prior. Data are presented as means + SD from one biological replicate (n = 3 technical replicates). (G) Representative ECs, assays
(n =4 biological replicates) with twofold dilutions of aTc starting at 500 nM. Parasites were treated with DMSO or rapamycin 72 h prior to adjusting aTc concentrations.
Data are presented as means + SD from one biological replicate (n = 3 technical replicates). ECs, graph Inset presented as mean + SEM (n = 4 biological replicates):
DMSO =10.58 + 1.16 nM and rapamycin = 9.11 + 0.29 nM. (H) Schematic showing strategy for appending kER and the DDD system to the endogenous C-terminus of
HSP101. (/) Representative ECs, assays (n = 4 biological replicates) with twofold dilutions of TMP starting at 250 nM. Parasites were treated with DMSO or rapamycin
72 h prior to adjusting TMP concentrations. Data are presented as means + SD from one biological replicate (n = 3 technical replicates). ECs, graph Inset presented
as mean + SEM (n = 4 biological replicates): DMSO = 3.39 + 0.48 nM and rapamycin 5.48 + 0.73 nM. (Scale bars, 5 pm.)
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complex formation (Fig. 67and SI Appendix, Fig. S7 C-E). Taken
together, these results illustrate how knockER can be used to study
protein function with subcompartmental resolution and may sup-
port a distinct HSP101 activity in the ER upstream of its PVM
translocation function at the assembled PTEX complex.

Discussion

Several genetic tools are now available for protein loss-of-function
studies in Plasmodium spp. (69), including knock-sideways for
conditional sequestration of a target protein away from its normal
site of function (70, 71). While this system is not currently amena-
ble to parasite proteins that enter the secretory pathway, condi-
tional control of secretory traffic has been achieved in 2 falciparum
by ligand-mediated alteration of the N-terminal transit peptide
that controls apicoplast targeting, enabling redirection of plastid
proteins into the default secretory pathway (72). Additionally,
conditional ER release systems have been developed in model
eukaryotes based on ER retrieval machinery (73). In contrast,
knockER provides a simple, DiCre-mediated knock-sideways
strategy that exploits the ERD2/KDEL receptor (KDELR) system
for conditional ER retrieval, providing a generalizable approach
for interrogating secreted proteins in genetically tractable
eukaryotes.

In this study, we demonstrate that knockER simultaneously
allows for trafficking and loss-of-function studies. The ability to
determine whether a protein traffics from the ER through the cis
Golgi is an important consideration for nuclear-encoded apicoplast
proteins since Golgi-dependent and -independent trafficking routes
have been reported (31, 33, 74). While these apicoplast trafficking
studies were carried out with reporters and chimeras, knockER
allows for monitoring cis Golgi transit of endogenous proteins. The
sensitivity of ClpB1 to KDEL-mediated ER retrieval demonstrates
a Golgi-dependent trafficking route to the apicoplast. Moreover, we
show that this AAA+ chaperone is essential for apicoplast mainte-
nance. ClpB1 is one of four Clp/HSP100 chaperones encoded by
Plasmodium spp., three of which localize to the parasite plastid while
the fourth HSP101 (previously known as ClpB2) localizes to the
PV and ER (43). The other apicoplast-targeted members of this
quartet include the nuclear-encoded ClpC, which mediates regu-
lated proteolysis together with the serine protease ClpP (75, 76)
and ClpM, now the only uncharacterized member of this group
and one of the few proteins encoded on the apicoplast genome.
Similar to the well-studied function of its closest orthologs (77),
ClpB1 likely acts as a disaggregase that, together with ClpC/P and
ClpM, forms a critical proteostasis system required to maintain and
regulate the apicoplast proteome (78).

ER perturbations can trigger an integrated stress response lead-
ing to cell arrest or death (79, 80). Plasmodium possesses one of
the widely conserved ER stress sensors, the PERK-elF2a pathway
which halts protein translation and flux through the secretory
pathway (20, 81-84). Importantly, conditional ER retrieval of
proteins produced from their endogenous locus or by heterologous
expression was not generally toxic, enabling loss-of-function stud-
ies with knockER. The single notable exception was EXP2, which
rapidly killed parasites when retained in the ER independent to
loss of its PVM transport function, indicating that knockER
experiments should be controlled for indirect effects. EXP2-KDEL
toxicity was dependent on the amphipathic helix that forms the
membrane-spanning region in the oligomeric EXP2 pore (25),
suggesting that accumulation of EXP2 in the ER might trigger an
unfolded protein response or lead to premature pore formation
in the early secretory pathway. More work is required to determine
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whether this outcome is specific to EXP2, but the observation that
parasites tolerate SDEL-mediated retention of several TM
domain-containing exported proteins indicates that this is not a
general problem for unnatural ER-retrieval of membrane proteins
(85). Indirect fitness defects aside, retrieval of EXP2-KDEL
demonstrates that its C-terminus enters the secretory pathway
lumen, consistent with a soluble EXP2 trafficking state that
precedes membrane integration at the PVM. Regardless of the
basis for EXP2-kER toxicity, these experiments highlight that
knockER can also be used to investigate membrane topology.
While ER-resident type I membrane proteins utilize a different
mechanism for retrieval as their C-termini face the cytosol of the
cell (86, 87), ERD2/KDELR can retrieve membrane proteins
whose C-termini face the lumen (88) and thus knockER should
be able to distinguish the topology of single and multipass trans-
membrane domain-containing proteins.

A unique feature of knockER is the ability to redistribute
secreted proteins from their terminal destination to the ER. We
tagged both HSP101 and the translocon adaptor PTEX150 with
knockER, reasoning that ER retrieval of either protein would
produce a lethal export defect but that differential impacts on
exported cargo trafficking might be exposed. Unexpectedly, ER
retrieval of HSP101 had no impact on R falciparum growth or
export of representative PEXEL and PNEP proteins in vitro.
Similar PV depletion of PTEX150 produced the anticipated lethal
export block, revealing that HSP101 PV levels are uniquely main-
tained in excess. As a AAA+ ATPase, HSP101 is the only enzyme
in the PTEX core complex and its activity may exceed what is
required to support parasite fitness, at least during in vitro culture,
as previously seen for the aspartic protease Plasmepsin V that
licenses proteins for export in the ER (89, 90). Interestingly, par-
allel experiments in P berghei resulted in greater retention and
produced a lethal export defect for both PTEX150 and HSP101,
showing that knockER is also suitable for conditional mutagenesis
in this important model species and suggesting that retrieval may
be more stringent in P berghei, at least for some proteins. Notably,
the strength of ERD2/KDELR binding between different
C-terminal retrieval motifs varies by as much as 10-fold in higher
eukaryotes (16). While KDEL-mediated retrieval was generally
robust across the diverse set of reporters and endogenous proteins
surveyed in P falciparum and P berghei, a range of functional
variants have been validated or can be inferred in Plasmodium spp.
(19) and other retrieval motifs may enable tuning the strength of
retention by knockER.

Intriguingly, redistribution of HSP101 from the PV to the ER
hypersensitized parasites to DDD-mediated HSP101 inactivation
but not translational knockdown. While TetR-DOZI knockdown
depletes the entire HSP101 pool, HSP101-DDD acts posttrans-
lationally by disrupting complex formation with EXP2/PTEX150
but not cargo recognition (23), specifically targeting HSP101
function in PVM translocation. While these results do not enable
strong conclusions about potential extra vacuolar activity of
HSP101, they suggest that the PV-localized function may not
fully account for HSP101’s contribution to parasite fitness, in line
with a hypothesized role in exported cargo recognition and/or
trafficking at the ER (61). Notably, IBIS1 was not retained in the
ER with PbHSP101-KDEL but accumulated in the PV and was
not exported into the RBC, indicating that HSP101 is not
required to directly chaperone cargo from the ER to the PV. Future
work dissecting the specific extra-vacuolar role(s) of HSP101 may
resolve the long-standing question of how early events in this
pathway that mark proteins for export, such as PEXEL processing
during ER entry, are connected to cargo recognition and ultimate
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PVM translocation into the host cell at the assembled PTEX
complex.

Materials and Methods

Parasite Maintenance. P falciparum NF54""* " and derivatives were cultured
with deidentified, Institutional Review Board-exempt RBCs obtained from the
American National Red Cross in RPMI 1,640 supplemented as described (39).
The P. berghei marker-free HP DiCre line (91) and derivatives were maintained
in Swiss Webster mice (Charles River). All experiments involving rodents were
reviewed and approved by the lowa State University Institutional Animal Care
and Use Committee.

Genetic Modification of P. falciparum and P. berghei, knockER Induction
and Phenotypic Analysis. DiCre-mediated excision was induced with 10 nM
rapamycin for 3 h and monitored by diagnostic PCR. Detailed methods for plasmid
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