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PEXEL is a proteolytic maturation site for both exported and
non-exported Plasmodium proteins
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ABSTRACT Obligate intracellular malaria parasites dramatically remodel their
erythrocyte host through effector protein export to create a niche for survival. Most
exported proteins contain a pentameric Plasmodium export element (PEXEL)/host-tar-
geting motif that is cleaved in the parasite ER by the aspartic protease Plasmepsin V
(PMV). This processing event exposes a mature N terminus required for translocation
into the host cell and is not known to occur in non-exported proteins. Here, we report
that the non-exported parasitophorous vacuole protein UIS2 contains a bona fide PEXEL
motif that is processed in the P. falciparum blood stage. While the N termini of exported
proteins containing the PEXEL and immediately downstream ~10 residues are sufficient
to mediate translocation into the RBC, the equivalent UIS2 N terminus does not promote
the export of a reporter. Curiously, the UIS2 PEXEL contains an unusual aspartic acid at
the fourth position, which constitutes the extreme N-terminal residue following PEXEL
cleavage (P1’, RILIDE). Using a series of chimeric reporter fusions, we show that Asp at
P1” is permissive for PMV processing but abrogates export. Moreover, mutation of this
single UIS2 residue to alanine enables export, reinforcing that the mature N terminus
mediates export, not PEXEL processing per se. Prompted by this observation, we further
show that PEXEL sequences in the N termini of other non-exported rhoptry proteins
are also processed, suggesting that PMV may be a more general secretory maturase
than previously appreciated, similar to orthologs in related apicomplexans. Our findings
provide new insight into the unique N-terminal constraints that mark proteins for export.

IMPORTANCE Host erythrocyte remodeling by malaria parasite-exported effector
proteins is critical to parasite survival and disease pathogenesis. In the deadliest malaria
parasite Plasmodium falciparum, most exported proteins undergo proteolytic maturation
via recognition of the pentameric Plasmodium export element (PEXEL)/host-targeting
motif by the aspartic protease Plasmepsin V, which exposes a mature N terminus that is
conducive for export into the erythrocyte host cell. While PEXEL processing is considered
a unique mark of exported proteins, we demonstrate that PEXEL motifs are present and
processed in non-exported proteins. Importantly, we show that specific residues at the
variable fourth position of the PEXEL motif inhibit export despite being permissive for  ggitor Giel G. van Dooren, Australian National
processing, reinforcing that features of the mature N terminus, and not PEXEL cleavage, University, Canberra, Australia
identify cargo for export. This opens the door to further inquiry into the nature and e e e
evolution of the PEXEL motif. jrbeck@iastate.edu.
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parasitophorous vacuole (PV) (2). Once in the PV, exported proteins are unfolded and
transported across the PV membrane (PVM) via the PTEX complex to reach their final
destination in the RBC space (3-7).

In Plasmodium falciparum, most exported proteins contain a Plasmodium export
element (PEXEL, also known as the host-targeting signal), a pentameric motif
(RXLXE/Q/D) generally located downstream of a recessed signal sequence (8, 9). Entry
into the endoplasmic reticulum (ER) occurs through a distinct SEC translocon complex
that includes the SEC61 channel and SPC25, a non-catalytic component of the signal
peptidase complex (10). During entry, the PEXEL sequence is recognized and cleaved
between the third and fourth residues by Plasmepsin V (PMV), an aspartic protease that
appears to operate in place of the classical signal peptidase SPC21 (11, 12). In keeping
with ER translocation through a distinct SEC61 complex, the signal sequence of PEXEL
proteins is generally not efficiently cleaved by signal peptidase and appears to act as
a stable signal anchor that is removed through the action of PMV (13, 14). Following
PMV cleavage, the newly exposed mature N terminus is acetylated (15), although this
widespread modification is not specific to exported proteins (16, 17) and is not sufficient
for export (18).

PEXEL processing is crucial as export is blocked in non-cleaved mutants, which
accumulate in the ER or PV (12, 18-22). Importantly, however, PMV processing can
be bypassed by a reporter engineered to be processed by an exogenous protease to
generate the equivalent of a mature PEXEL N terminus (21, 23). This indicates that
PMV is not directly involved in cargo transfer in the export pathway but rather exposes
an export-mediating mature N terminus that is recognized by PTEX. While the mature
protein retains only the last two PEXEL residues (xE/Q/D), the ~10 residues immediately
downstream of the PEXEL are also important for export but do not contain a discernable
motif, suggesting that the N-terminal secondary structure adopted following processing
may be important (19-21, 24, 25). Furthermore, while PEXEL processing is necessary for
the export of proteins that contain this motif, it is not strictly required for translocation
into the host cell as several PEXEL-negative exported proteins (PNEPs) are known, which
also require PTEX translocation across the PVM but are not substrates for PMV (5, 6, 26).
Indeed, despite the lack of PMV processing, the mature PNEP N terminus is functionally
equivalent to the mature PEXEL N terminus in mediating export, indicating that PEXEL
processing is not strictly necessary for this process (19).

Although processing and export have not been validated for the full repertoire of
PEXEL-containing proteins (20, 27-29), PEXEL cleavage is highly predictive for export
and thought to be constrained to proteins that are trafficked into the erythrocyte.
Interestingly, PEXEL processing has also been observed during the liver stage in proteins
that are not exported beyond the PV into the hepatocyte (30, 31). As several of these
proteins are also expressed in the blood stage and in some cases are translocated into
the erythrocyte, this may correspond to a mechanistic difference in export between the
blood and liver stages; however, for the purple acid phosphatase domain-containing
protein UIS2, localization also appears to be constrained to the PV during the blood
stages (32, 33), suggesting a class of non-exported proteins exists that contain bona fide
PEXEL motifs.

Here, we show that although the UIS2 PEXEL is processed and N-acetylated in
blood-stage P. falciparum, the mature protein is not translocated beyond the PV, nor
is the UIS2 leader sequence able to promote the export of a fluorescent reporter
despite PEXEL cleavage. Remarkably, a single amino acid change in the fourth position
of the UIS2 PEXEL from aspartic acid to alanine enabled the export of this reporter,
showing that this variable residue, which constitutes the first N-terminal amino acid after
processing (P1’), is important for mediating export. Prompted by our findings with UIS2,
we further identified PEXEL cleavage in several non-exported rhoptry proteins, some of
which also contain a P1’ residue that restricts export. Collectively, our results indicate
that PEXEL processing is a more general proteolytic maturation event than previously
appreciated and reinforce that the mature N terminus and not PEXEL processing per se
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identifies cargo for export. This work provides new insight into the unique N-terminal
constraints that mark proteins for export and opens the door for further analysis of the
nature and function of the PEXEL motif outside the context of exported effectors.

RESULTS

The PV protein UIS2 harbors a bona fide PEXEL motif that is not permissive for
export

To query whether PEXEL processing extends to proteins that are not translocated
into the RBC during intraerythrocytic development, we examined UIS2, a phosphatase
domain-containing PV protein that encodes a classical signal peptide (residues 1-21)
followed by a PEXEL motif (RILDE, residues 43-47) (Fig. 1A) (32-34). Intriguingly, PEXEL
processing of the Plasmodium berghei ortholog of UIS2 (RVLIQE) was detected by mass
spectrometry analysis of liver-stage parasites (30) but has not been evaluated in the
blood stage. To determine if the P. falciparum UIS2 PEXEL is also processed during the
blood stage, we searched a previous mass spectrometry data set that was generated
from proximity labeling with a BiolD2 fusion to the PV protein EXP2 in which UIS2 was
well represented (Fig. S1) (35). Indeed, peptide spectra corresponding to the processed,
N-acetylated UIS2 PEXEL (cleavage after L45, Acetyl-DEYENINNSENEEDEYEDYLDDK) were
identified, indicating similar PEXEL processing of P. falciparum UIS2 in the blood stage
(Fig. 1B). To validate that UIS2 is not exported into the RBC, we generated a C-terminal
mNeonGreen (mNG) fusion to the endogenous copy of UIS2, which trafficked to the
parasite periphery but was not observed in the erythrocyte (Fig. 1C and D), consistent
with strict localization to the PV as previously reported (32, 33). To ensure UIS2 was
not translocated into the host cell and associated to the cytoplasmic face of the PVM,
we performed serial permeabilization of the RBC membrane and PVM using Streptoly-
sin-O and saponin, respectively, followed by treatment with Proteinase K to degrade
accessible mNG. Importantly, proteinase treatment did not alter mNG fluorescence in the
Streptolysin O-treated cells but drastically reduced fluorescence in the saponin-treated
cells similar to the non-exported PV resident protein PTEX150, confirming that UIS2 is
contained within the PVM and not exported (Fig. S2A).

The N termini of PEXEL-containing exported proteins, including the PEXEL and
immediately downstream spacer region (~10 residues), are able to mediate export when
fused to a fluorescent reporter protein (8, 9, 18, 36). To determine if more C-terminal
features of UIS2 prevent its export, we fused the first 70 amino acids of UIS2, including
the PEXEL and downstream 23 residues, to mNG with a C-terminal 3xHA epitope tag (Fig.
1E). This cassette was placed under the control of the cam promoter and the plasmid was
stably inserted into the attB site on chromosome 6 in NF54*® parasites. Western blot
analysis showed a single band at the expected size for PEXEL cleavage (Fig. 1E, first lane),
and live fluorescence indicated that this fusion protein was also secreted to the PV but
failed to be exported into the erythrocyte (Fig. 1F and G). To ensure PEXEL processing
was still occurring in the context of the fusion protein, we generated a version where the
PEXEL P3 arginine was changed to an alanine (R43A), which prevents processing by PMV
(20). Consistent with previous reports (12, 18, 20), this mutation produced an upshift in
molecular weight to the expected size for the signal peptidase-cleaved version of the
protein as well as a minor band that likely represents the full-length, unprocessed form
(Fig. 1E, second lane, green and black arrows, respectively). An additional band that
migrated at a higher molecular weight than the predicted size of the full-length protein
was also observed in the mutated reporter, possibly indicating post-translational
modification of residues N-terminal to the PEXEL motif. Localization of the R43A mutant
was indistinguishable from the PEXEL-processed fusion, trafficking to the PV but not the
host cell (Fig. 1F and G; Fig. S2B). Collectively, these results show that UIS2 contains a
bona fide PEXEL motif, but processing does not yield a mature N terminus that can
promote export, in contrast with other PEXEL-containing exported proteins.
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FIG 1 The PEXEL of UIS2 is cleaved but does not result in export. (A) Schematic of full-length UIS2. Dark teal bar indicates signal peptide; dotted box indicates
the location of the PEXEL motif. (B) Mass spectra of the N-terminal most UIS2 peptide detected by proximity labeling with EXP2-BiolD2. The spectra correspond
to PEXEL processing after L45 and acetylation at the new N terminus. (C) Representative live microscopy of parasites where UIS2 is endogenously tagged with
mNeonGreen (mNG)-3xFlag. Cells were stained with ER tracker and Hoechst 33342. Dashed line indicates RBC boundary traced from Differential Interference
Contrast (DIC). (D) Western blot of UIS2-mNG-3xFlag parasites using anti-Flag antibodies. The expected size after PEXEL cleavage is 196 kDa. (E) Schematic
of the reporter construct containing residues 1-70 of UIS2 with either the WT PEXEL motif or an R43A mutation fused to mNG and expressed under the
control of the cam promoter. Western blot of reporter constructs showing size differences indicating the presence or absence of PEXEL cleavage. The expected
molecular weights are labeled above the reporter schematic. The corresponding colored arrows are shown on the blot image to denote the full-length, signal
peptidase-cleaved or PEXEL-cleaved versions of the reporters. (F) Representative live microscopy of parasites expressing each reporter from panel E. Bottom
images show mNG (green) and Hoechst 33342 (blue) fluorescence and top images show merge with DIC. Dashed line indicates RBC boundary traced from DIC.
(G) Quantification of reporter localization as exported into the RBC or strictly within the PV/parasite. Data are presented as means + standard deviation from two
biological replicates [(1) n = 49 iRBCs and (2) n = 65 iRBCs]. For statistical analysis of reporter export, see Fig. S2B. All scale bars: 5 pm.
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UIS2 PEXEL position P1”is not conducive for export

The ~10-20 residues exposed upon PEXEL processing are critical for export, suggesting
that the mature N terminus of UIS2 lacks the necessary information to be recognized
as cargo by PTEX. To determine if UIS2 residues immediately downstream of the PEXEL
prevent export, we generated a mNG fusion reporter that replaced UIS2 residues 48-70
with residues 65-82 of the exported protein EMP3 previously shown to be sufficient for
export in combination with the EMP3 PEXEL (Fig. 2A) (20). In parallel, we placed a stretch
of 12 alanine residues after the UIS2 PEXEL as this is also capable of mediating export
when positioned immediately downstream of an export-competent PEXEL (Fig. 2B) (20).
In both cases, we surprisingly observed no export of the reporter into the RBC (Fig. 2A
through D; Fig. S2C and D). To ensure this was not the result of an uncleaved PEXEL, we
generated R43A mutant versions of these constructs and observed the expected upshift
in molecular weight consistent with abrogation of PEXEL processing, confirming that the
lack of export was not attributable to impaired UIS2 PEXEL processing in these chimeric
constructs (Fig. 2E and F).

Lack of export in these chimeras indicates that either residues upstream of the UIS2
PEXEL or the PEXEL itself are inhibitory for export. To differentiate between these two
possibilities, we replaced the UIS2 PEXEL with the PEXEL of EMP3 (RILDE > RSLAQ) in the
UIS2-EMP3 chimera and found that this enabled export of mNG (Fig. 2G through I; Fig.
S2C). These results demonstrate that residues within the UIS2 PEXEL motif prohibit
export, presumably amino acids at P1” or P2’ that remain at the mature N terminus.
Previous reports have shown that mutations at the P1” position of the PEXEL can inhibit
the export of chimeric reporters with a minor impact on PEXEL processing (19, 21, 28).
While serine, alanine, cysteine, threonine, and tyrosine are common at the P1’ position,
the UIS2 PEXEL contains an unusual aspartic acid at P1’, which is not found in other
predicted or identified exported proteins, suggesting this residue may not be compatible
with an export-competent mature N terminus (20, 28, 29). Indeed, replacing this aspartic
acid with an alanine in both the UIS21.47-EMP3g5.g> (Fig. 2G through [; Fig. S2C) and
UIS21.47-12xAlanine chimeras or the original UIS2 reporter (Fig. 2J through L; Fig. S2B and
D) enabled export. As expected, the D > A mutation at P1” did not impact the PEXEL
processing of these constructs (Fig. 21 and L). These results show that aspartic acid at P1’
is permissive for processing but not for export, reinforcing that the mature N terminus,
and not PEXEL processing per se, identifies cargo for export.

Cleavable PEXEL motifs are present in other secreted proteins that do not
traffic to the PV

Prompted by our observations with UIS2, we explored whether cleavable PEXELs were
also present in other non-exported proteins. Prediction analyses have identified PEXEL
motifs in rhoptry proteins, which enter the secretory pathway but are not trafficked to
the PV nor exported into the host cell (20, 27-29). As such, we focused on the rhoptry-
localized proteins RON11 and Plasmepsin IX (PMIX) (37-39). RON11 is a large protein
containing a classical signal peptide (residues 1-22) followed by an N-terminal PEXEL
motif (RILFE, residues 51-55). This protein also contains seven transmembrane domains
and a single C-terminal EF-Hand motif (Fig. 3A). Intriguingly, previous studies showed
that the RON11 N terminus containing the PEXEL was not conducive to the export of a
GFP reporter, but export was enabled via an F54A mutation of the putative P1’ residue
(27, 28). However, the PEXEL processing of these RON11 reporters was not evaluated. To
determine if the RON11 PEXEL is cleaved, we fused wild-type (WT) and R51A versions of
residues 1-70 of RON11 to the mNG-3xHA reporter (Fig. 3B). The WT RON11 construct
yielded a single band at the expected size for PEXEL processing, while the R51A mutant
produced upshifted bands with molecular weights corresponding to full-length and
signal peptidase-cleaved species, indicating the RON11 PEXEL is cleaved (Fig. 3Q).
Regardless of PEXEL processing, we observed a strict PV localization of both the control
and R51A RON11 reporters with no evidence of export beyond the PV (Fig. 3B and D; Fig.
S2E). Similar to UIS2, mutating the RON11 P1’ residue to alanine (F54A, RILFE > RILAE)
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FIG 2 Aspartic acid at P1” in the UIS2 PEXEL is not permissive for export. (A) Schematic and representative live microscopy images of UIS2-EMP3 chimeric
constructs containing residues 1-47 of UIS2 fused to residues 65-82 of EMP3 with either the wild-type UIS2 PEXEL (1) or containing an R43A mutation of the
UIS2 PEXEL (2). (B) Schematic and representative live microscopy images of UIS2-A12 chimeric constructs containing residues 1-47 of UIS2 fused to 12 alanine
residues with the wild-type UIS2 PEXEL (3) or an R43A mutation (4). (C and D) Quantification of reporter localization as exported into the RBC or strictly within
the PV/parasite. Data are presented as means + standard deviation from two biological replicates [(1) n = 79 iRBCs, (2) n = 76 iRBCs, (3) n = 77 iRBCs, and (4)
n = 67 iRBCs]. (E and F) Western blot of chimeric constructs from panels A and B. Arrows indicate bands corresponding to the expected molecular weights
shown in the schematic in panel A or B for signal peptidase-cleaved or PEXEL-cleaved versions of the reporters. (G) Schematic and representative live microscopy
images of UIS2-EMP3 chimeric constructs containing residues 1-42 of UIS2 fused to residues 60-82 of EMP3 (5, EMP3 PEXEL) or residues 1-47 of UIS2 fused to
residues 65-82 of EMP3 with a R46A mutation (6, UIS2 PEXEL R46A). (H) Quantification of reporter localization as exported into the RBC or strictly within the
(Continued on next page)
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FIG 2 (Continued)
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PV/parasite. Data are presented as means + standard deviation from two biological replicates [(5) n = 72 iRBCs and (6) n = 53 iRBCs]. (I) Western blot of chimeric

constructs from panel G. (J) Schematic and representative live microscopy images of constructs containing residues 1-47 of UIS2 fused to 12 alanine residues

with a D46A mutation (7) or residues 1-70 of UIS2 with an D46A mutation (8). (K) Quantification of reporter localization as exported into the RBC or strictly within

the PV/parasite. Data are presented as means + standard deviation from two biological replicates [(7) n = 60 iRBCs and (8) n = 139 iRBCs]. (L) Western blot of

chimeric constructs from panel J. All scale bars: 5 um. Microscopy images show mNG (green) and Hoechst 33342 (blue) fluorescence on the right and merge with

DIC on the left. Dashed lines indicate the RBC boundary traced from DIC. For statistical analysis of reporter export, see Fig. S2B through D.

enabled export of mNG, demonstrating that phenylalanine at P1” is compatible with
PEXEL cleavage but also prohibits export (Fig. 3B through D; Fig. S2E).

We next examined the rhoptry protease PMIX, which contains an N-terminal hydro-
phobic sequence that may function as a classical signal peptide or recessed signal
sequence (residues 1-39) followed by an N-terminal PEXEL (RILSD, residues 46-50) in a
pro-region upstream of the aspartic peptidase domain (Fig. 3E). Fusion of residues 1-71
of PMIX to an mNG reporter produced a single band at the expected size for the PEXEL
cleaved species, while an R46A mutation resulted in upshifted bands with molecular
weights corresponding to full-length and signal peptidase-cleaved species, showing the
PMIX PEXEL is processed in the blood stage (Fig. 3F and G). Unlike the unusual aspartic
acid or phenylalanine P1” residues found in UIS2 or RON11, the PMIX PEXEL encodes a P1’
serine, which is common among exported PEXEL proteins. Remarkably, the PMIX
reporter fusion was exported, consistent with the importance of P1” for determining the
export competence of the mature PEXEL N terminus (Fig. 3F and H; Fig. S2F). As expec-
ted, the R46A mutation blocked PEXEL processing and eliminated export (Fig. 3F through
H; Fig. S2F). Taken together, these results show that PEXEL processing occurs not only in
non-exported resident PV proteins but also in proteins that traffic to the rhoptries.

Recessed signal sequence positioning in exported proteins is important for
PEXEL processing

Many PEXEL-containing exported proteins are structured with an N-terminal hydropho-
bic sequence (sometimes referred to as “recessed signal sequence”) within a short first
exon followed by the PEXEL motif encoded near the beginning of the second exon (8,
27). The recessed positioning of the signal sequence in exported proteins is thought to
serve as a signal anchor in a type Il membrane protein configuration and may be
important for ER entry through a distinct SEC61 translocon complex that contains PMV in
place of signal peptidase (10). In contrast, RON11 and UIS2 possess a canonical signal
peptide positioned at their extreme N terminus, which is expected to mediate ER entry
and signal peptide processing through the classical SEC61 complex associated with the
signal peptidase complex (Fig. 1A and 3A) (10). The classical signal peptide configuration
in UIS2 and RON11 suggests that the “recessed” signal sequence positioning in exported
proteins may not be important for PEXEL processing and export. Indeed, replacing the
EMP3 sequence upstream of the PEXEL (which contains a recessed signal sequence) with
the equivalent region from UIS2 (which contains a signal peptide at the extreme N
terminus) supports the export of mNG (Fig. 2G), similar to previous observations
indicating a recessed signal sequence is not necessary for PEXEL processing and export
(20). Moreover, many members of the expanded RIFIN and STEVOR families of exported
proteins are predicted to contain a signal peptide, further suggesting that multiple
modes of ER entry can accommodate PEXEL processing.

Since classical signal peptide and recessed signal sequence N termini appear to be
fully interchangeable for PEXEL processing, we tested whether a recessed signal
sequence can function as a classical signal peptide when positioned at the extreme N
terminus. For this, we fused EMP3 residues 1-82 to mNG and compared this WT export
reporter to a version where we removed residues 2-11 to place the hydrophobic stretch
immediately after the start codon, mimicking the positioning of a classical signal peptide
(Fig. 4A and B). SignalP 3 (40) predicts a signal peptide for this arrangement with
cleavage 24 residues upstream of the PEXEL, similar to the predicted signal peptidase
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FIG 3 PEXEL motifs are present and cleaved in the N termini of the rhoptry proteins RON11 and PMIX. (A) Schematic of full-length RON11. Dark bars
represent either the signal peptide or transmembrane domains. (B) Schematic of the reporter construct containing residues 1-70 of RON11 with either the
WT PEXEL motif (1), an R51A (2), or F54A (3) PEXEL mutation, followed by representative live microscopy of parasites expressing the reporter. (C) Western blot
of RON11 reporter constructs. Arrows indicate bands corresponding to the expected molecular weights shown in the schematic in panel B for the full-length,
signal peptidase-cleaved or PEXEL-cleaved versions of the reporters. (D) Quantification of reporter localization as exported into the RBC or strictly within the
PV/parasite. Data are presented as means + standard deviation from two biological replicates [(1) n = 74 iRBCs, (2) n = 135 iRBCs, and (3) n = 53 iRBCs].
(E) Schematic of full-length PMIX. Dark red bar represents the recessed signal sequence. (F) Schematic of the reporter construct containing residues 1-71 of
PMIX with either the WT PEXEL motif (4) or an R46A mutation (5) followed by representative live microscopy of parasites expressing the reporter. (G) Western
blot of PMIX reporter constructs. Arrows indicate bands corresponding to the expected molecular weights shown in the schematic in panel F for the full-length,
signal peptidase-cleaved or PEXEL-cleaved versions of the reporters. (H) Quantification of reporter localization as exported into the RBC or strictly within the
PV/parasite. Data are presented as means * standard deviation from two biological replicates [(4) n = 99 iRBCs and (5) n = 92 iRBCs]. All scale bars: 5 pm.
Microscopy images show mNG (green) and Hoechst 33342 (blue) fluorescence on the right and merge with DIC on the left. Dashed lines indicate the RBC
boundary traced from DIC. For statistical analysis of reporter export, see Fig. S2E and F.
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FIG 4 The position of the recessed signal sequence is important for PEXEL cleavage in EMP3. (A) Schematic of full-length EMP3. Dark brown bar represents

the recessed signal sequence. (B) Schematic and representative live microscopy images of reporter constructs containing the WT recessed signal sequence or

N-terminal truncation of residues 2-11 to place the signal sequence immediately after the start methionine. The mNG signal within the parasite in the WT

reporter line corresponds to the digestive vacuole (visible in the DIC panel and indicated by arrows), typical for proteins secreted to the PV or exported into the

host cell and endocytosed along with host cytosol. The mNG signal within the parasite in the truncated reporter line is also within the digestive vacuole but

additionally perinuclear. Dashed lines indicate RBC boundary traced from DIC. Scale bar: 5 um. For statistical analysis of reporter export, see Fig. S2G. (C) Western

blot of WT and truncated EMP3 constructs. Arrows indicate bands corresponding to the expected molecular weights shown in the schematic in panel B for

full-length and PEXEL-cleaved forms. Staining for EXP2 was used as a loading control. (D) Quantification of Pearson’s correlation coefficient between mNG and ER

tracker using Cell Profiler (41). Data are presented as means + standard deviation from two biological replicates [(1) n = 59 iRBCs, (5) n = 57 iRBCs; ****P < 0.0001;

unpaired t test].

cleavage sites for UIS2 and RON11, which are 26 and 28 residues upstream of the PEXEL,
respectively (Fig. S3). The truncated reporter was still exported at comparable levels to
the WT control (Fig. 4B; Fig. S2G). However, western blot showed inefficient processing of
the truncated reporter, suggesting that the hydrophobic region of EMP3 is not efficiently
recognized as a signal peptide and that positioning it at the N terminus interferes with
PEXEL processing (Fig. 4C). Indeed, while the mNG signal within parasites expressing the
WT reporter localized to the digestive vacuole (typical for proteins secreted to the PV or
exported into the host cell, which are partially endocytosed along with host cell cytosol),
the mNG signal within parasites expressing the truncated reporter was also perinuclear
and showed a significant increase in co-localization with ER tracker, suggesting that the
repositioned signal sequence did not support efficient ER exit (Fig. 4B and D). Taken
together, this indicates that the typical recessed position of the signal sequence in
exported PEXEL proteins is important for PEXEL processing but is fully exchangeable
with a classical signal peptide configuration at the extreme N terminus for efficient PEXEL
processing, suggesting that different modes of ER entry can support PEXEL maturation.

DISCUSSION

The discovery of the PEXEL motif revolutionized the identification of host-targeted
effector proteins in Plasmodium due to its high predictive power for export (8, 9, 20,
27-29). Consequently, PEXEL processing is generally thought to be restricted to exported
proteins. In this study, we reveal PEXEL processing also occurs in the non-exported
PV and rhoptry proteins UIS2, RON11, and PMIX. While deviations at the strongly
constrained P3, P1, and P2’ positions have been shown to support processing and export
in certain contexts (29), the flexibility of residues occupying these positions is limited (14,
18, 20-22, 25). In contrast, a wide range of charge-neutral residues can occupy P2 and
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P1’. While successful PEXEL cleavage generally leads to protein export, the P1’ residue,
which becomes the N-terminal most position in the mature N terminus, can interfere
with export after processing (19, 21, 28). Remarkably, we found that the inability of the
mature N termini of UIS2 and RON11 to mediate export is attributable to this single
amino acid (aspartic acid or phenylalanine) at position P1”in the PEXEL of these proteins.
Notably, the UIS2 PEXEL motif differs between P. berghei and P. falciparum (RVLQE vs
RILDE), indicating that glutamic acid at P1” likely also inhibits export. Collectively, this
suggests that PEXEL P1’ residues with charged or certain bulky side chains (phenylala-
nine but not tyrosine) are competent for processing but not export. Consistent with this,
a recent report indicates lysine is also not tolerated for export at P1” (42). For PV resident
proteins that do not function in the host cell, these P1’ residues would provide a control
mechanism to allow for proteolytic maturation by PMV without risking unproductive
export, presumably preventing recognition by the PTEX unfoldase HSP101 (43).

While most PEXEL proteins are synthesized after merozoite invasion and trafficked
directly to the PV for export, some are packaged into dense granules (RESA and LSA3)
during merozoite formation and secreted from this organelle into the forming PV for
export immediately upon invasion (20, 44, 45). A surprising finding of our study is the
presence of cleavable PEXELs in the rhoptry proteins RON11 and PMIX, indicating that
PEXEL processing is a more general maturation event than previously appreciated. While
the P1” of RON11 prevents export, similar to UIS2, PMIX encodes a serine at position
P1’, which is found in the PEXEL of many exported proteins (8, 9, 27) and processing
of the PMIX PEXEL did result in reporter export. Exported proteins follow the default
secretory pathway to the PV, while proteins that traffic to other destinations contain
targeting information that overrides default PV secretion (46, 47). This suggests that
the dominant rhoptry trafficking signal in PMIX prevents it from reaching the PV and
being exported. While unfolding and PVM translocation of exported proteins occurs in
the vacuole, it should be noted that HSP101 has recently been proposed to recognize
cargo upstream in the ER (22). However, PMIX undergoes an additional autocatalytic
maturation step (p73 > p55) that removes a further ~145 residues after the mature PEXEL
(predicted cleavage site NT1SQ where S194 becomes the N-terminal most residue in p55)
(37, 38, 48), eliminating the mature PEXEL N terminus that might otherwise drive the
export of the protease. As no N-terminal tagging has been applied to PMIX, it is not
clear whether this cleaved fragment is ultimately exported beyond the parasite. Notably,
while the RON11 PEXEL is widely conserved in orthologs from other Plasmodium spp.,
the PMIX PEXEL is not (Fig. S4). The functional significance of PEXEL processing in PfPMIX
and closely related Laverania species is unclear, but lack of PEXEL conservation implies
that initial cleavage by PMV is not generally important for activating PMIX to enable its
ultimate autocatalytic maturation.

Entry into the secretory pathway via a signal peptide or transmembrane domain
is mediated by the SEC61 complex which, in Plasmodium, appears to form distinct
associations with either signal peptidase or PMV (10). While exported PEXEL proteins
often contain a recessed signal sequence thought to act as a membrane anchor that
is removed by PMV, UIS2 and RON11 encode a classical signal peptide, similar to many
members of the STEVOR and RIFIN families, suggesting that multiple ER entry points are
tolerated en route to PMV. If that were the case, then repositioning the recessed signal
sequence domain of exported proteins in a conformation that mimics a classical signal
peptide should still route these proteins to PMV through the signal peptidase-SEC61
complex. While a portion of the truncated reporter was still exported, this configuration
resulted in increased ER retention with a major reduction in PEXEL processing, indicating
that the repositioned signal sequence mediates insertion into the ER membrane but
is not efficiently recognized and cleaved by either signal peptidase or PMV. Notably,
several PEXEL mutants that block PMV processing accumulate as the unprocessed,
full-length form of the protein, further suggesting that the recessed signal sequence
is not efficiently recognized as a signal peptide (10, 12-14, 18, 20, 29). As the EMP3A2-
11 construct preserves the spacing between the signal sequence and PEXEL that is
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important for cleavage by PMV (14), inefficient processing might alternatively indicate
altered topology where the truncated protein is partially inserted into the ER membrane
as a type lll transmembrane protein, placing the C-terminus in the cytoplasm where it is
inaccessible to PMV (49). Curiously, P3 R > A mutations that blocked PEXEL processing in
RON11 and UIS2 accumulated as two distinct species, suggesting that the signal peptide
in these proteins is not efficiently recognized by signal peptidase and may act as a stable
signal anchor similar to PEXEL proteins encoding recessed signal sequences. If this is
the case, then PEXEL-containing proteins may also enter the ER through the PMV-SEC61
complex regardless of signal sequence positioning.

The discovery of PEXEL processing in non-exported proteins may indicate that PMV
was historically a more general secretory maturase for which many additional substrates
have evolved through an increase in the number of exported proteins that contain a
PEXEL, particularly in expanded families such as RIFINs and PHISTs in P. falciparum (27).
As the parasite became heavily dependent on protein export, the PMV-SEC61 complex
may have been adapted to alleviate the burden on the canonical SEC61 complex. Of
note, a similar Toxoplasma export element (TEXEL, RRLxx) is cleaved by the PMV ortholog
ASP5. Although TEXEL processing is also important for vacuolar export of Toxoplasma
effector proteins (50-52), many ASP5 substrates are PV-resident proteins that are not
translocated into the host cell (53) and processing has been shown to be dispensable
for localization and function of some non-exported proteins (54). In apparent contrast
to Plasmodium, TEXEL processing is not restricted to the N terminus, and some proteins
are processed at multiple TEXELs, such as the UIS2 ortholog GRA44 (54-56). C-terminally
located PEXEL sequences can also be found in Plasmodium proteins but are not known
to be processed. For instance, ClpB1, a nuclear-encoded HSP100 that is targeted to
the apicoplast, contains an identical PEXEL to PfUIS2 (RILDE) located at positions 1,044
1,048 of 1,070; however, this does not appear to be appreciably processed as C-terminal
epitope tags are retained on the full length protein, even when it is artificially retrieved
to the ER (57).

Curiously, ASP5 is located in the Golgi (58), suggesting that cargo recognition of
exported ASP5 substrates functions differently in Toxoplasma gondii. Indeed, T. gondii
possess an analogous but mechanistically different vacuolar export pathway that
depends upon the MYR complex thought to form a distinct translocon (56, 59, 60).
That PEXEL processing occurs coincidentally with ER entry in Plasmodium suggests that
the mature, export-mediating N terminus may be recognized early in the secretory
pathway, presumably by HSP101, although it is unclear why this should occur upstream
of the site of membrane translocation by PTEX (22). Future studies that determine why
certain mature PEXEL N termini enable selection for PVYM translocation will be important
to resolve the connection between these key events at opposite ends of the parasite
secretory pathway.

MATERIALS AND METHODS
Parasite culture

P. falciparum NF54*'8P (57) and derivatives were cultured in RPMI 1640 medium
supplemented with 27 mM sodium bicarbonate, 11 mM glucose, 0.37 mM hypoxan-
thine, 10 pg/mL gentamicin, and 0.5% Albumax | (Gibco). Parasites were maintained
in deidentified, Institutional Review Board-exempt RBCs obtained from the American
National Red Cross.

Plasmids and genetic modification of P. falciparum

All cloning was carried out with NEBuilder HIFI DNA assembly (NEB). Primer sequences
are given in Table S1. For Cpfl-mediated editing of the UIS2 locus, the pAlO-LbCpf1
plasmid (35) was modified by inserting a Hindlll site adjacent to the Aflll site in the
pre-gRNA cassette using primer P1, resulting in the plasmid JRB489, which enables
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double digestion to reduce parent vector background during cloning. To target the 3’
end of uis2, a Cpf1 gRNA target was chosen just downstream of the stop codon (TATTAC
CTTGATATTCTATTAAGG), and the gRNA seed sequence was synthesized in primer P2 and
inserted at HindIII/Aflll in JRB489, resulting in plasmid JRB484. To generate UIS2-mNG
parasites, a 5" homology flank (up to but not including the stop codon) and 3" homology
flank (beginning immediately downstream of the Cpf1 gRNA PAM) were amplified from
genomic DNA using P3/4 and P5/6, respectively, assembled in a second PCR reaction
using P4/5 and inserted between Xhol/Avrll in JRB508 (57), resulting in plasmid JRB509.
This plasmid was linearized with Aflll and co-transfected with JRB484 into NF54°"Picre,
Selection was applied with 5 nM WR99120 24 h post-transfection, and clonal lines were
isolated by limiting dilution after parasites returned from the selection.

To generate the UIS21.79-mNG fusion cassette, the 5" cds of uis2 encoding the first 70
amino acids was amplified from gDNA using P7/8 and inserted at Avrll in JRB416 (57)
removing the adjacent loxP site and inserting an Nhel site between the uis2 and mNG
sequences, resulting in plasmid JRB510. An R43A PEXEL mutation in UIS21.70-mNG was
generated in this plasmid using a QuikChange Lightning Multi Site Directed Mutagenesis
kit (Agilent) and the primer P9, resulting in plasmid JRB525. A D46A PEXEL mutation
in UIS21.70-mNG was generated using primers P7/31 and P32/P8 to amplify two PCR
products that were then stitched together in a second PCR reaction using primers P7/8
resulting in plasmid MAF63. To generate the UIS2-EMP3 chimeric constructs, primer pairs
were used to amplify the leader sequence of UIS2 including the endogenous PEXEL (P7/
P10), an R43A PEXEL mutation (P7/P11), a D46A PEXEL mutation (P7/33), and replacing
the UIS2 PEXEL with the EMP3 PEXEL (P7/P12), while appending codons 65-74 of EMP3.
A second PCR reaction was performed using this initial PCR amplicon as a template with
primers P7/13 to append codons 75-82 of EMP3, which was subsequently inserted into
JRB510 between Avrll/Nhel generating plasmids MAF45, MAF52, MAF61, and MAF53,
respectively. A similar approach was used to generate UIS2-A12 chimeras where primer
pairs were used to amplify the leader sequence of UIS2 including the endogenous PEXEL
(P7/P14), R43A PEXEL mutation (P7/P15), and an R46A PEXEL mutation (P7/P16) while
appending 12 alanine codons after the PEXEL. These were inserted into JRB510 between
Avrll/Nhel generating plasmids MAF48, MAF59, and MAF57, respectively. These plasmids
were co-transfected with pINT (61) into NF54°"8Pi% parasites and selection was applied
with 2.5 pg/mL blasticidin-S 48 h post-transfection.

To generate the EMP3-mNG fusion construct, primers P17, P18, P19, and P13 were
used to synthetically generate codons 1-82 of EMP3. Using 10 uM of each primer, an
initial PCR reaction was performed using the following parameters: 94°C for 5 min (94°C
for 2 min, 60°C for 2 min, and 68°C for 3 min) X nine rounds, 68°C for 5 min, 4°C oo.
One microliter of this initial reaction was then used in a subsequent, standard PCR
reaction using primers P17/P13, which was then inserted into JRB510 between Avrll/Nhel
generating plasmid MAF51. This same construct was regenerated to remove a residual
loxP site found after the HA tag by digesting with Avrll/Aflll. Primers P17/20 were then
used to re-amplify the EMP3-mNG fusion, which was then inserted between Avrll/Aflll
generating plasmid MAF64. To generate EMP3-mNG without the recessed signal peptide,
a similar approach was used except using primers P21, P18, P19, and P13 in an initial
PCR reaction and then using primers P21/P13 to generate the final product inserted into
JRB510 between Avrll/Nhel generating plasmid MAF54. These plasmids were co-trans-
fected with pINT into NF54°8Pi¢® parasites, and selection was applied with 2.5 pug/mL
blasticidin-S 48 h post-transfection.

To generate the RON11-mNG fusion cassette, primers P22/P23 were used to amplify
codons 1-70 of RON11, while removing the N-terminal intron, and inserted into JRB510
between Avrll/Nhel generating plasmid MAF47. To generate the R51A or F54A mutation
of the RON11 PEXEL, plasmid MAF47 was linearized with the site BstBI that resides within
the PEXEL, and primer P24 or P25, containing the PEXEL mutation, was used to seal the
vector using NEBuilder HIFI DNA assembly, resulting in plasmids MAF50 and MAF60. To
generate the PMIX-mNG fusion cassette, primers P26/P27 were used to amplify codons
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1-71 of PMIX and inserted into JRB510 between Avrll/Nhel generating plasmid MAF46.
To generate the R46A PEXEL mutation, primers P26, P28, P29, and P30 were used to
synthetically generate codons 1-71 of PMIX with the PEXEL mutation in an initial PCR
reaction, as described above, followed by a second PCR reaction using primers P26/P27,
which was then inserted into JRB510 between Avrll/Nhel generating plasmid MAF49.

Microscopy and analysis

For live microscopy, Hoechst (33342, Invitrogen; 1:10,000) was used to visualize the
nucleus by incubating with parasites 2-5 min prior to visualization. ER-Tracker Red
(Invitrogen; 1:1000) was used to visualize the ER by incubating with parasites for 30 min
at 37°C prior to visualization. Parasites were imaged on an Axio Observer 7 equipped
with an Axiocam 702 mono camera and Zen 2.6 Pro software (Zeiss) using the same
exposure times for all images across sample groups and experimental replicates. Image
processing, analysis, and display were performed using Zeiss Blue software and Adobe
Photoshop. Equivalent adjustments to brightness and contrast were made within sample
groups for display purposes. Quantification of export for reporters presented in Fig. 1
to 3; Fig. S2B through F was calculated by categorizing mNG localization on a per cell
basis as strictly in the PV/parasite vs exported into the RBC. For the quantification of
export for the reporters presented in Fig. 4, mMNG-integrated intensity in the RBC cytosol
was calculated by creating an ROI corresponding to the PV/parasite or the entire RBC
using the DIC channel as a guide, collecting the integrated density within these regions
and then subtracting the integrated density within the PV/parasite from the integrated
density within the entire RBC; integrated density measurements were acquired using Fiji
(62). Pearson'’s correlation was calculated using Cell Profiler (version 4.2.6) (41).

Protease protection assay

Protease protection assays were adapted from reference (57). Briefly, late-stage parasites
were magnet purified and washed with 1x phosphate-buffered saline (PBS). Then, 5
hemolytic units (HUs) of Streptolysin-O (SLO, Millipore-Sigma; SAE0089) [for activation,
storage, and determining a HU, see reference (63)] was used to permeabilize the RBC
membrane for 6 min at room temperature. SLO was removed by washing once with
1 mL of 1x PBS and once with 1 mL of Digestion Buffer (50 mM Tris pH 7.5, 150 mM
NaCl, and 1 mM CaCl,). Samples were then split into SLO-only treated samples that were
subsequently treated with or without Proteinase K (Qiagen, 19131) for 15 min at 37°C
or further treated with ice-cold saponin for 10 min before subsequent treatment with
Proteinase K. After treatment, parasites were stained with Hoechst 34580 (Invitrogen,
H21486), and the mean mNeonGreen fluorescence was collected on an Attune NxT flow
cytometer (ThermoFisher) by gating on parasites using Hoechst fluorescence and then
collecting the mNG MFI from this population.

Western blotting

Western blotting for Plasmodium parasites was performed as described previously (35,
64). Briefly, parasites were selectively permeabilized by treatment with ice-cold 0.03%
saponin in PBS for 15 min followed by lysis with RIPA to remove the hemozoin.
The antibodies used in this study were mouse anti-HA antibody (clone 16B12, BioLe-
gend; 1:500), rabbit polyclonal anti-HA SG77 (ThermoFisher; 1:500), mouse monoclonal
anti-FLAG clone M2 (Sigma-Aldrich; 1:200), and mouse monoclonal anti-EXP2 clone
7.7 (1:500). The secondary antibodies used are IRDye 680CW goat anti-mouse IgG
(LICOR Biosciences) (1:20,000). Western blot images were processed using the Odyssey
Clx LICOR infrared imaging system software (LICOR Biosciences). Full-length blots are
presented in Fig. S5.
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LC-MS acquisition and analysis

For sample preparation of parasite lysates, see reference (35). Peptide samples were
separated on a 75 pyM ID x 25 cm C18 column packed with 1.9 um C18 particles
(Dr. Maisch GmbH) using a 140-min gradient of increasing acetonitrile and eluted
directly into a Thermo Orbitrap Fusion Lumos mass spectrometer, where MS spectra
were acquired by data-dependent acquisition. Data were searched using MaxQuant and
a customized Plasmodium falciparum 3D7 database containing the predicted N-termi-
nally processed version of PF3D7_1464600 with carbamidomethylation set as a fixed
modification and methionine oxidation and N-terminal acetylation set as variable
modifications. The digestion mode was set to trypsin with a maximum of two missed
cleavages. Precursor mass tolerances of 20 and 4.5 ppm were applied to the first and
second searches, respectively, while a 20 ppm mass tolerance was used for fragment
ions. The data sets were filtered at a 1% false discovery rate at both the peptide-spec-
trum match and protein levels.
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