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Abstract

During invasion, the obligate intracellular pathogen, Toxoplasma gondii, secretes into its host cell
a variety of effector molecules, several of which have been implicated in strain-specific variation
in disease. The largest family of these effectors, defined by the canonical member ROP2, quickly
associates with the nascent parasitophorous vacuole membrane (PVM) after secretion. Here we
demonstrate that the NH,-terminal domain of the ROP2-family contains a series of amphipathic
helices that are necessary and sufficient for membrane association. While each of the amphipathic
helices is individually competent to bind cellular membranes, together they act to bind the PVM
preferentially, possibly through sensing its strong negative curvature. This previously
uncharacterized helical domain is an evolutionarily robust and energetically efficient design for
membrane association.
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Introduction

Efficient transduction of complex signals across membranes requires exquisite organization
of signaling machinery. Receptors, adaptor proteins (such as scaffolds), and effector
molecules must associate specifically with one another and their downstream targets. Such
organization is often facilitated by direct interaction of the component proteins with the
membrane (1,2). Understanding how these molecules associate with their target membranes
is thus critical to elucidating how information is transduced.

While all cells transmit information across membranes, the interaction of an intracellular
pathogen with its host cell is particularly complex. In addition to processing information
from its own signaling networks, most infectious agents monitor or co-opt host signaling
using a variety of factors secreted into the host cell.

One such organism, the protozoan parasite Toxoplasma gondii, survives in its host cell in a
specialized membranous organelle known as the parasitophorous vacuole (PV, Figure 1a).
The membrane surrounding the vacuole (the PVM) is originally formed from the host
plasma membrane as the parasite invades. During invasion, Toxoplasma appears to strip the
PVM of most host proteins (3), which are replaced with factors secreted by the parasite from
specialized secretory organelles, the rhoptries and dense granules. The rhoptries contain a
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series of virulence factors (4), while dense granular proteins serve to form a complex
network of membrane tubules that vesiculate from the PVM and extend into the vacuolar
lumen (5, 6).

The largest family of proteins known to be secreted by Toxoplasma into its host cell is the
ROP2-superfamily (4,7). Each superfamily member possesses a related C-terminal kinase-
like domain and a divergent N-terminal sequence. Members of the superfamily include two
described virulence factors: ROP16, a soluble kinase that translocates to the host nucleus
and alters host gene expression (8) and ROP18 which is localized to the PVM, where it
affects virulence through an unknown mechanism (9,10). ROP18 is a member of a closely
related clade of the superfamily comprising ROP2, ROP4, ROP5, ROP7, ROP8, and ROP18
(Figure 1), which we refer to as the ROP2-family.

The ROP2-family proteins, as with all known Toxoplasma rhoptry proteins, are secreted into
the host cytosol early in invasion (4,11). The ROP2-family proteins immediately associate
with the nascent P\VM, where they remain localized until lysis of the host cell. Thus, their
functions seem tied to their specific membrane association; for at least one family member,
ROP18, such functions include a profound effect on parasite growth and virulence (9,10).
Previous work suggested that the ROP2-family members are integral membrane proteins
with a transmembrane helix located toward the C-terminus (12). It was shown recently,
however, that the C-terminal region of the ROP2-family contains a domain with a kinase-
like fold and the “transmembrane helix” is a portion of the hydrophobic core of the domain
(7), making this model of membrane association unlikely. As the family also contains no
conserved sites with predicted post-translational modifications that would enable membrane
association, we hypothesized that the ROP2-family must have a previously undefined
domain with the intrinsic ability to associate with membranes.

Proteins localize and bind to membranes by a variety of mechanisms, including lipid-
binding domains (e.g. PH, FYVE, C1 domains) that bind a specific phospholipid (2),
covalent addition of a lipid or fatty acid to the protein (13), and the insertion of amphipathic
regions of a protein into the membrane (14). As the latter two mechanisms require a much
lower amino acid sequence complexity, they can be evolved more easily than a folded
protein domain. However, this low sequence complexity makes such motifs difficult to
predict. In the present study, we describe such a low-complexity membrane association
domain present in the ROP2-family and the determinants of its specificity for the PVM. In
addition, we show that possession of a similar domain in another ROP2-superfamily
member correctly predicts its PVM localization.

The ROP2-family NH»,-terminus contains a conserved membrane association domain

The N-terminal 100 amino acids of mature ROP2-family proteins contains a region that we
predict to form three amphipathic helices, each with a polar face substantially enriched in
arginine (Figure 1c). This basic, arginine-rich amphipathic helix domain (RAH) is the region
with the highest similarity between each of the members of the family, suggesting a
common function. Recently, short, basic polypeptide sequences have been shown to be
required for membrane localization of the MAP kinase Ste5 (15) and several families of
small GTPases (16). While the sequence of the amphipathic helical domain is substantially
longer in the ROP2-family than in the preceding cases, we hypothesized that it associates
with membranes using mechanisms similar to those involving the short basic sequences of
Ste5 and the GTPases.
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To test this, we created a series of deletion constructs to map the domains responsible for
membrane association (Supplemental Figure S1). Selected ROP2-family members were
cloned into vectors for heterologous expression in mammalian cells as fusions to either a
monomeric yellow or red fluorescent protein (the variants Venus (17) and mCherry (18),
respectively). We expressed the RAH domains of ROP2, ROP5, or ROP18 (representing the
most divergent family members) as soluble proteins in human foreskin fibroblasts (HFF)
using constructs that yielded proteins with an N-terminus approximating that of the
respective mature ROP2 family member (constructs outlined in Supplemental Figure S1).
ROP2 and ROP18 are both thought to be processed at their N-termini producing a
polypeptide with the RAH domain very close to the N-terminus (Figure 1c, (7)), and were
therefore C-terminally tagged. Conversely, ROP5 is not processed and retains its “pro”
domain in its mature form (19).

In host cells infected with Toxoplasma, the full-length ROP2, ROP5 and ROP18 proteins,
fused to fluorescent protein, localized strongly to the PVM (Figure 2a and data not shown).
This is consistent with recent work in which ROP18 was shown to associate with the PVM
when similarly expressed in mammalian cell culture (20). Strikingly, proteins lacking the
RAH (that is, containing only the kinase-like domain, or, in the case of ROP5, the N-
terminal and kinase-like domains) were unable to interact with membrane, even in infected
cells (Figure 2b and data not shown). In fact, YFP-tagged ARAH proteins displayed diffuse
localization throughout the cell, indistinguishable from YFP alone (Figure 2c). Proteins
containing only the RAH domain of any of the three family members fused either N- or C-
terminally to the fluorescent protein mimicked the localization of the full-length proteins
(Figure 2d-f and data not shown). The RAH domain of the ROP2-family, therefore, appears
to be both necessary and sufficient for its PVM association.

The ROP2-family RAH domain preferentially associates with the PVM

We next determined how specific the ROP2-family RAH domain was in its tropism for the
PVM. While native ROP2-family proteins secreted by Toxoplasma exclusively associate
with the PVM | the proteins we have heterologously expressed in the host cells have
drastically different localization in uninfected and infected cells (compare Figures 2c—e with
Figure 3 and Figure 4). Constructs of ROP2 that contain portions of the RAH domain have
been previously reported to co-localize with both host endoplasmic reticulum (ER) and
mitochondria when expressed in uninfected host-cells. These observations have been used to
suggest that ROP2 mediates the interaction between the host mitochondria and the PVM
(21). We were thus interested in the degree to which the RAH domain displays specificity
for association with various host membranes and the PVM.

To test this idea, we examined the specificity of RAH domain association with various host
membranes in uninfected and infected cells by confocal microscopy. We generated
constructs to express YFP fusions of the RAH domains from either ROP2 or ROP5 in
HFFs , as above . We transfected these constructs into HFFs, which we then examined for
the degree of fluorescence colocalization with various host membranous structures labeled
by antibodies or targeted fluorescent protein markers. In uninfected cells, the RAH domains
gave rise to a punctate, non-diffuse fluorescence as might be expected for proteins
associated with membrane; however, they showed limited specificity for the host cellular
membranes that we tested (Figure 3). There was minimal specific overlap of RAH signal
with host mitochondria, ER, and Golgi, whereas we observed a noticeable increase in YFP-
RAH intensity that colocalizes with the nuclear envelope marker lamin A, circumscribing
the host nucleus (Figure 3).

We next examined the membrane specificity of YFP-RAH localization in infected cells
using the approach just described for uninfected cells. All infected cells we examined had a
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punctate YFP-RAH fluorescence throughout the cytoplasm, as in uninfected cells. However,
the fluorescence around the P\VM was much more intense than any other signal in the cell
(Figure 4), as we saw in our wide-field imaging (Figure 2). Host ER and mitochondria were
found concentrated around the PV (Figure 4a,c), as previously reported (22). In spite of the
close proximity of these organelles to the PV, there was surprisingly little colocalization of
signal from the RAH domains and host membranes in infected cells. Rather than exhibiting
corresponding intensities, we instead observed gaps in the RAH signal around the PVM
where mitochondria and ER were clustered, and those regions of PVM with the brightest
RAH signal usually appeared largely devoid of associated host organelles (Figure 4a—e).

The PV is distinct from host membranous structures in part due to its extreme negative
curvature; a dense network of narrow-bore (60-90nm diameter) membranous tubules
protrude into the vacuolar lumen (5,6). To test whether the RAH domain’s preference for the
PVM was due to a specific interaction with this tubular network, we repeated the above
colocalization studies using 4gra2 mutant parasites, which have a greatly reduced PVM
tubular network (5). The RAH signal on the Agra2-PVM lacked the bright, complex
fluorescence “between parasites” seen in the wild-type PVM (Figure 4e,f), and the
association of the RAH with the perimeter of the PVM appeared mildly attenuated. Thus the
association of the RAH domain with the regions “between parasites” appears to be
dependent on the tubular network, perhaps through a recognition of, and concentration
within, the negative curvature of its component tubules.

We then examined the localization of endogenous ROP2-family proteins to verify that the
apparent localization of the RAH domains to the tubular network was not an artifact of host
cell transfection, of heterologous overexpression, or of YFP-tagging of the protein. We
infected host cells with parasites that express ROP5 C-terminally tagged with a 3XFLAG
epitope. Previous studies have shown that C-terminal epitope tags do not affect ROP5
localization to the PVM (19). The parasites also express cytosolic RFP (tdTomato, (18)),
allowing them to be visualized without disrupting the P\VM. We then permeabilized the host
cells and stained with anti-FLAG antibody. Figure 5 shows that endogenous ROP5 protein
(i.e., expressed and secreted by Toxoplasma) localizes both to the perimeter of the PVM and
to regions “between” the parasites. The heterologously expressed YFP-RAH thus faithfully
reproduces the localization of the ROP2-family proteins.

The RAH domain’s ability to associate with membrane is robust to mutation

We next sought to determine the features of the RAH domain that contribute to membrane
association and provide specificity to the interaction with the PVM. We created a series of
mutants in which individual helices of the ROP5 RAH domain were expressed as N-terminal
fusions to mCherry. We then expressed these in HFF, infected with parasites, and tested
localization, as above (Figure 6). We also biochemically assayed membrane association of
the RAH domain in the absence of other parasite factors. The ROP2-family members are
resistant to carbonate extraction from membrane when purified from parasite lysate (23) or
when heterologously expressed in host cells (21), which has supported the belief that they
are integral membrane proteins. To assay membrane association, each of the mCherry fusion
constructs was expressed in uninfected NIH-3T3 cells, the cells were lysed, and soluble and
peripheral membrane proteins extracted by treatment with sodium carbonate.

mCherry fusions to either the first or the third helices displayed almost no detectable
association with the PVM, but still exhibited punctate fluorescence, suggesting membrane
association (Figure 6a,b). Indeed, both the first and third helices of the RAH domain
individually caused mCherry to be highly resistant to carbonate extraction suggesting a
strong association with membranes (Figure 6g). These constructs were, however, extractable
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from membrane with the non-ionic detergent Triton-x100, indicating that the proteins were
not simply aggregating.

Surprisingly , when a construct containing only the second helix of the ROP5 RAH was
expressed in infected HFF, it strongly associated with the PVM (Figure 6c). Like the other
two individual helices, the second helix made mCherry resistant to carbonate extraction
from the membrane. This indicates that while each of the RAH helices is equally competent
to associate with cellular membranes, the specificity for the P\VM is largely concentrated in
the central region of the RAH. Resistance to carbonate extraction is accepted to indicate an
integral rather than peripheral , association with membrane (24, 25), i.e., an association in
which the protein is buried, at least in part, into the hydrocarbon core of the bilayer. As the
biochemical assays (Figure 6g) were conducted in uninfected cells, the RAH is able to
integrate into cellular membrane in the absence of other parasite factors.

We then tested combinations of two of the three helices from the RAH. Not surprisingly,
constructs containing both the first and second, or both the second and third helices localized
robustly to the PVM, in a pattern that was indistinguishable from the full-length domain
(Figure 6d,e). A construct containing only the first and third helices (i.e., with the second
helix deleted) displayed weak specificity for the PVM (Figure 6f). Taken together, these
data indicate that while the second RAH helix plays the largest role in targeting the PVM,
the three RAH helices likely work in concert to achieve the robust membrane association of
ROP2-family proteins.

Next, we tested the importance of the charge of the polar face of the predicted helices. The
domain is strongly positively charged (ROP5-RAH has a predicted net charge of +19 at
neutral pH), and the arginines that provide the majority of this charge are among the most
conserved residues in the family (see Figure 1c). This suggests that neutralization of the
charge might have drastic effects on the ability of the RAH to associate with membrane. To
test this, we created a series of mutations in which basic residues were changed to glutamate
(summarized in Figure 7a). Mutations that essentially neutralized the charge of the first or
third helices, in the context of a construct containing all three helices, had no effect on the
ability of the RAH region to target the fluorescent fusion to the PVM, echoing the effects of
deleting either of these two helices (Figure 7b,c). In contrast, mutating combinations of two
arginines in the second helix to glutamate, halving its net charge, severely attenuated PVM
specificity (Figure 7d,e). While several of the residues mutated are completely conserved in
each of the ROP2-family RAH domains, individual mutations had no effect on PVM
specificity (data not shown), suggesting that there are cooperative effects and/or that the
positions of the mutations are less important than the net charge.

Finally, we tested the degree to which the helicity of the RAH domain contributes to PVM
association by creating a “helix-breaker” mutation in each one of the helices through
mutating a residue in the middle of the predicted helix to proline (Figure 1a, Figure 7a).
When expressed in infected HFF, each of these helix-breaker constructs associated with the
PVM similarly to wild-type, though the helix 2 mutant specificity for the PVM was mildly
attenuated (data not shown). This further highlights the importance of the second helix in the
RAH domain’s targeting of the PVM.

The RAH domain as a predictor of PVM localization

Having determined the characteristics of the ROP2-family RAH that are important for PVM
association, we asked whether we could use this information to locate other RAH among
Toxoplasma proteins, and thus predict P\VM association. Due to the low complexity of the
RAH domain sequence, it is difficult to locate significant hits outside of the ROP2-family
with either a profiling search (e.g., hidden Markov models) or BLAST (26). We therefore
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began our search by examining the sequences of Toxoplasma genes that are more distant
members of the ROP2-superfamily. While many of the kinase-domain-containing proteins
related to the ROP2-family (partially detailed in (7)) have N-termini with low complexity,
very few have a substantial enrichment in basic residues (Supplemental Figure S1). In fact,
only one protein sequence we examined has a region of sequence that is basic, amphipathic,
and predicted to be helical. This gene, ROP17, has a stretch of sequence directly N-terminal
to its kinase domain that appears to contain a divergent RAH domain (Figure 8a). The
helices of the ROP17-RAH, like the helices of the RAH domains described above, share the
physical chemical properties common to membrane-targeting amphipathic helices (as
opposed to amphipathic helices that are part of a globular protein fold) (27); they each have
a high predicted hydrophobic moment, and a strongly negative mean hydropathy.

To test whether ROP17’s N-terminus was, in fact, an RAH domain, we repeated our
heterologous expression assay with the ROP17-RAH. When a construct containing the
ROP17-RAH (residues 104-223) N-terminally fused to mCherry was expressed in HFF
infected with Toxoplasma, the ROP17-RAH caused the mCherry to localize strongly to the
PVM (Figure 8b), in a manner indistinguishable from the results with members of the
ROP2-family we tested above. We then tested whether native ROP17 secreted by
Toxoplasma exhibited similar localization to the PVM. The ROP17 locus was endogenously
tagged with Venus-Hisg3xFLAG. The tagged protein was correctly trafficked to the
rhoptries, and secreted into the host cell, where it associated with the PVM and stained in a
punctate pattern reminiscent of staining with other members of the ROP2 family (Figure 8c).
Conversely, the N-termini for two of the members of the ROP2-superfamily that we
identified as not containing RAH domains (ROP2L6 and ROP2L5) did not have affinity for
membrane when heterologously expressed fused to mCherry in HFF (Figure S2). Similarly,
while tagged versions of these latter two proteins expressed in Toxoplasma correctly
trafficked to the rhoptries, no PVM staining was observed in infected cells (data not shown).
Thus possession of an RAH domain appears to be a good predictor of a Toxoplasma
protein’s localization to the PVM.

Discussion

We have delineated a novel membrane interaction domain in the ROP2-family that displays
remarkable specificity for the PVM. Through mutagenesis, we have demonstrated that the
membrane association is driven by series of arginine-rich amphipathic helices and that the
majority of the specificity for the PVM is encoded in a single membrane-associating helix.

Amphipathic proteins generally exist in thermodynamic equilibrium between soluble and
membrane-associated states. An amphipathic helix is a common structural motif that often
mediates reversible , regulated protein association with cellular membranes (14). ROP2-
family proteins are initially secreted into the host cytosol upon Toxoplasma invasion and
must then associate with the PVM as it forms (4,11). For such proteins, a membrane
association motif that allows the proteins to exist transiently in a soluble state before binding
membrane has clear benefits.

Highly basic amphipathic helices, like those found in the RAH domain, sometimes
preferentially interact with negatively charged phospholipids (14,15). This interaction
represents an opportunity for regulation of membrane association. For instance, modulation
of membrane charge by second messengers such as phosphatidylinositol-4,5-bisphosphate
can direct membrane association of a protein to the site of a signaling event (15,16). The
RAH domain of the ROP2 family is able to interact weakly with a variety of host
membranes (Figure 3), suggesting that it lacks a clear preference for a particular
phospholipid in uninfected cells. However, the RAH shows a remarkable specificity for the
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PVM, which, at least initially, is composed largely, if not entirely, from membrane derived
from the host plasma membrane.

Another means of regulating the membrane association of amphipathic helices is modulation
of bulk electrostatics through such mechanisms as phosphorylation (28). The regions
preceding the first and second helices in each of the ROP2-family RAH domains are
enriched in serines and threonines, and at least one member of the family, ROP4, has been
shown to be extensively phosphorylated (29). Such phosphorylation would be expected to
alter the affinity of an RAH-containing protein for membrane and/or the protein’s
conformation on the membrane.

Ultimately , the RAH membrane association is resistant to extraction with a basic carbonate
solution, which disrupts charge-charge interactions. This observation suggests that the major
driving force of its final membrane interaction is hydrophobic, rather than primarily
electrostatic. Such an interaction model is consistent with biophysical studies that
demonstrate amphipathic helices integrate their hydrophobic faces into the hydrocarbon core
of a bilayer on which they “float” (30). Insertion of the RAH helices into the membrane is
supported by the previous observation that the RAH domain is resistant to proteolysis when
associated with membrane (21). The model also reconciles the observation that an antibody
that recognizes an epitope in the RAH domain (21) does not recognize the ROP2-family
once it has associated with the PVM (without disruption of the P\VM with solvent, e.g.,
acetone) (12), presumably as it is buried in the membrane. In further support of the
importance of hydrophobic forces to the RAH domain’s membrane interaction, our
mutagenesis experiments that eliminated the positive charge on either the first or third helix
of the RAH had no effect on PVM association. However, mild mutation of the basic residues
in the second helix severely attenuated specificity for the PVM, though not membrane
association, suggesting that the RAH specificity for the PVM is driven, at least in part, by
electrostatic forces.

In comparing RAH-localization at the P\/M to other host cell membranes, we observed little
specific colocalization of the RAH with markers for host Golgi, ER, or mitochondria. The
lack of localization between the RAH and these host organelles suggests that the RAH
domains of the ROP2-family are not the primary mediators of the interaction of host
organelles with the PVVM, in contrast to previous models (21). However, as we have
demonstrated that the multiple helices of the RAH are individually capable of associating
with membrane, the RAH could stabilize host organellar interactions with the P\VM by
individually associating with, and thus “bridging,” different membranes.

The mechanism of RAH specificity for the PVVM remains unknown. It is possible that
specificity for the PVVM is due to an interaction with an unidentified parasite-dependent
factor, such as another ROP or a specific lipid anchored to, or integral within, the PVM. Our
data are also consistent with an alternative model in which the RAH recognizes a specific
physical property of the PVVM that host membranes lack. We have shown that the RAH has
the intrinsic ability to integrate into membrane in the absence of other parasite factors.
Further, we found that the RAH localizes to regions of the PV “between” parasites
dependent on the presence of the tubular membrane network, and that disrupting this
network attenuates the RAH’s localization to the PVM. It is thus possible that the RAH
achieves its specificity for the PVVM by recognizing the strong negative curvature of the
narrow-bore tubular network. Intriguingly, the host membrane with which the RAH had the
strongest colocalization, the nuclear envelope, also has membranous tubular invaginations
(31), though not as extensive as the PVM.
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Amphipathic helix motifs are used by many proteins to recognize and respond to membrane
curvature. BAR-domain containing proteins such as endophilin and amphiphysin recognize
and stabilize positive curvature during endocytosis (32,33). The amphipathic helix of
CTP:Phosphocholine cytidylyltransferase recognizes negative curvature in binding
membrane (34,35). In addition, Toxoplasma GRA2 has predicted amphipathic helices which
have been implicated in formation of the PVM tubular network (36).

The tubular network is a dynamic structure that forms shortly after invasion of a host cell
(5,6). Interestingly, in our study, both the soluble ARAH constructs and YFP were observed
to weakly localize “between” parasites in regions that appear as if internal to the PV (Figure
2b,c). We found both endogenous ROP2-family protein and heterologously expressed Y FP-
RAH localized to these “between parasite” regions (Figure 4f, Figure 5). However, we did
not observe this “ between parasite” localization of YFP-RAH or soluble YFP in cells
infected with Agra2 parasites (Figure 4f and data not shown). This suggests that rather than
the “between parasite” signal being soluble protein free in the PV space, it is due to protein
within the tubular network. That is, this network, which is topologically cytosolic, may
preferentially attract molecules from the cytosolic face of the PVM that have an affinity for
extreme negative curvature (Figure 9). Molecules that have been recruited to the PVM
tubules may be retained there by two cooperative mechanisms. First, interaction with
potential binding partners would reduce both the off-rate from the membrane and the rate of
diffusion. Simultaneously, the narrow, elongated tubules would constrain the avenues of
diffusion, promoting interactions and reducing the likelihood of a given molecule’s escape
(Figure 9). Such a model would explain the remarkable specificity for the ROP2-family for
the PVM.

The members of the ROP2-family have evolved in the context of the interplay between host
and parasite and the RAH domain’s interaction with the PVM situates them at the literal
interface of this dialog. There appear to be many evolutionary advantages to using a low
sequence complexity domain such as the RAH to determine localization. First, there is no
requirement for the evolution or maintenance of a complex three-dimensional fold. Also, we
have determined that the P\/M specificity is encoded in a short sequence of ca. 30 amino
acids. Thus, such a domain is both initially simple to evolve and easy to diverge into
different functionalities as a family expands. Furthermore, a small, contiguous domain can
easily be swapped to other genes. Amphipathic helices have the additional advantage that
they require no ATP for integration into the membrane, and are thus energetically efficient.
It is interesting to note the enrichment for Arg in the RAH coexists with a relative absence
of Lys. This may be due, in part, to a selection against sequences that could be
misinterpreted as nuclear localization signals, an additional function that is associated with
other basic amphipathic helices (15). Indeed, at least one member of the ROP2-superfamily,
ROP16, that is not found associated with the PVVM and that does not have a RAH domain,
has evolved a lysine-rich nuclear localization signal in its N-terminus (8).

Overall, the results presented here demonstrate that the ROP2-family has evolved a
relatively simple but potent mechanism for associating with membranes, especially the
PVM. Further understanding of how this association facilitates their role in the parasite’s
intracellular lifestyle will require identification of their binding partners and/or the targets of
their kinase activity.

Materials and Methods

Plasmid construction and PCR

Primers are listed in Supplemental Figure S3. PCR was carried out using Phusion DNA
polymerase (NEB) unless otherwise noted. ROP2-family constructs were amplified from
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genomic Toxoplasma RH-strain DNA. For N-terminal fusions to fluorescent protein, inserts
were cloned into pPCDNA3.1(+) (Invitrogen) containing either VVenus or mCherry cloned 5’
of the multi-cloning site. For C-terminal fusions, inserts were cloned into pEGFP-N1
(Clonetech), where the eGFP had been replaced with Venus. ROP5 deletion constructs were
made by inverse PCR from pcDNA3 . 1-mCherry-ROP5. Mutagenesis of ROP5 was carried
out according to the Quikchange protocol, using Pfu-Ultra polymerase (Strategene). To
create the construct for the endogenous tagging of ROP17, 5’ and 3’ targeting sequences
were amplified from genomic Toxoplasma DNA and cloned into pTVFTAP. pTVFTAP
contains an HPRT-cassette flanked by multi-cloning sites (MCS) for 5’ and 3’ targeting
sequences. The 5° MCS is in frame with sequence encoding a Venus-Hisg3xFLAG tag. To
create the constructs for the tagging of ROP5, ROP2L5, and ROP2L6, the coding sequence
and promoter region (600bp upstream) were cloned into pHPRT (9) in frame with a
sequence encoding a 3xFLAG tag.

Parasite and Host Cell Culture

HFF and NIH-3T3 were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Invitrogen) and 2 mM glutamine. Toxoplasma tachyzoites were
maintained in confluent monolayers of HFF. Transgenic parasites strains were made by
electroporating RH(AHPRT) parasites with 15ug of linearized plasmid encoding the
construct of interest and selecting for HPRT-positive parasites, as previously described (37).
Clonal parasites were grown from populations by limiting dilution.

Host Cell Transfection and Fluorescence Microscopy

HFF were grown to 80-90% confluency on coverslips in 24 well plates. Cells were
transfected with lipofectamine-LTX reagent (Invitrogen) according to the manufacturer’s
instructions . 500ng of ROP2-family fusion protein, YFP, or CFP-GalTase (38) DNA was
used per well. 125ng/well of MitoRFP (39) plasmid was used to reduce fluorescence
bleedthrough. Cells were incubated with transfection reagent and DNA for 6-8h, the media
changed, and parasites added, as appropriate. Cells were fixed 24-30h post-transfection for
10m in phosphate buffered saline (PBS) with 2.5% formaldehyde. For immunofluorescent
analysis, cells were permeabilized for 5m in PBS, 0.1% Triton-x100, 3% BSA. Cells were
then blocked for 1h in PBS, 0.01% saponin, 3% BSA. Cells were incubated for 2h at room
temperature with mouse monoclonal antibodies against lamin A (Abcam) or KDEL
(Stressgen) at 1:100 or 1:500 dilution, respectively, in PBS, 3% BSA. Cells were washed 3
times with PBS and incubated for 1h with Alexa647-conjugated secondary antibody
(Molecular Probes). Cells were again washed 3 times with PBS and mounted in VectaShield
(Vector). Wide-field images were captured at 100x on an Olympus BX60 and a Hamamatsu
Orcal00 CCD. Confocal micrographs were taken as stacks of 1jum slices using a 63x
objective on a Zeiss LSM 510. All images were analyzed with ImageJ (40).

Carbonate Extraction Assay of Membrane Association

Low passage NIH-3T3 cells were allowed to grow to 80% confluency in 6-well plates. Cells
were transfected with lipofectamine LTX, as above, using various mCherry-ROP5 fusions
expressed in pPCDNAZ3.1. After 24h, cells were washed twice with ice cold PBS, and 2 wells
of cells were scraped into 100pl ice cold lysis buffer (50mM Tris pH 8.0, 150mM NacCl)
with complete protease inhibitor cocktail (Roche). All subsequent manipulation was
performed at 4°C. Cells were mechanically lysed by repeated passage through a 27 gauge
needle. Lysate was sedimented for 10m at maximum speed in a microcentrifuge. The soluble
fraction was removed and the pellet resuspended in 100ul lysis buffer and split equally, then
sedimented. The soluble fractions were combined with the initial soluble lysate and the two
pellets resuspended in 200pl of either lysis buffer with 1% Triton-x100 or 0.1M NayCOs3.
The samples were again sedimented and soluble fractions removed. Pellets were
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resuspended in SDS-PAGE loading buffer. Equal volumes of each sample were loaded on
an SDS-PAGE for western blot. After transfer to PVDF membrane (Millipore), the
membranes were blocked for 1-2h in TBST + 5% milk and then incubated with mouse
monoclonal anti-dsRed (Abcam) in TBST + 3% BSA overnight at 4°C. Membranes were
washed with PBS and incubated for 1h with horseradish-peroxidase conjugated secondary
antibody in TBST. Membranes were again washed with PBS and signal visualized with ECL
reagent (Pierce).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The ROP2-family domain architecture

A) During Toxoplasma invasion of a host cell, its rhoptries (R) secrete their contents of
effector molecules (blue) into the host cytosol. Many of these molecules associate with the
PVM, which expands as the parasite replicates inside. B) Members of the ROP2-family have
three domains following their signal peptides: a pro-region that is proteolytically processed
in all members except for ROP5, a series of three arginine-rich amphipathic helices (RAH
domain) and a protein kinase-like domain that appears to be catalytically inactive in all
family members except for ROP18. Numbering is according to ROP5. The schematic is not
drawn to scale. C) The RAH domain is the region of highest identity among the various
family members. The putative processing site that precedes the RAH is marked with an
arrowhead. The three amphipathic helices are marked in the alignment and numbered
according to the ROP5 sequence. The ROP5 helices are projected on helical wheels and the
average hydropathy and peak hydrophobic moment, <py>, of each is shown, calculated
according to the Eisenberg consensus scale (27). Blue shading indicates basic residues, red
indicates acidic residues, yellow indicates hydrophobic residues, green indicates polar, and
glycines and prolines are shaded tan. Residues that have been mutated to glutamate in the
present study are marked with a red star. Residues that have been mutated to proline are
marked with a black star.
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Figure 2. The N-terminal RAH domain of ROP2-family is necessary and sufficient for
membrane association

ROP2, ROP5, and ROP18 were fused to yellow fluorescent protein (YFP) and
heterologously expressed in human fibroblasts. The localization of the protein after
Toxoplasma infection was visualized by fluorescence. (A) Full-length mature YFP-ROP5
localizes strongly to the PVM. (B) YFP-ROP5 protein lacking the RAH domain fails to
associate with host membranes and the PVVM; note the diffuse localization identical to (C)
YFP alone. (D) The RAH of ROP5 is sufficient to target YFP to the PVM. (E) YFP-
ROP2graH also shows strong and specific PVM association, as does (E) YFP-ROP18raH-
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Figure 3. The RAH domain associates weakly with various membranous structures in uninfected
cells

1um slices of confocal micrographs of uninfected cells expressing either YFP-ROP2gaH (A,
B) or YFP-ROP5gAH (C, D) exhibit distributed, punctate fluorescence. Little YFP
fluorescence specifically colocalizes with host mitochondrial (A, C; MitoRFP; red), ER (A,
C; anti-KDEL; blue), or trans-Golgi (B, D; CFP-GalTase; red) membranes is apparent.
However, some YFP-fluorescence colocalizes with host nuclear envelope (B, D; anti-lamin;
blue). Scale bar represents 10um.
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YFP-RAH

Figure 4. The RAH domain associates specifically with the PVM

1 um slices of confocal micrographs of Toxoplasma-infected cells expressing YFP-
ROP2raH. YFP-RAH (green) localizes strongly to the PVM of infected cells, and does not
colocalize with (A) the mitochondrial-targeted RFP (red) and the endoplasmic reticular
marker KDEL (blue) or (B) the trans-Golgi membrane (CFP-GalTase; red) and the nuclear
envelope marker lamin A (blue). (C,D) The same is true for infected cells expressing YFP-
ROP5graH- (E) Even mitochondria associated with the PVM (arrows) do not colocalize with
YFP-RAH, nor does YFP-RAH signal intensity correspond to proximity to mitochondria.
YFP-RAH localizes not just to the cytosolic-facing PVM, but also to regions reminiscent of
the tubular vesicular network of the PV, which is seen as the complex fluorescence
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“between” parasites. (F) In cells infected with Agra2 parasites, which have a severely
attenuated tubular network, YFP-RAH localizes only to the perimeter of the PV, not to the
internal spaces between parasites. Scale bar for (A-D) represents 10 um. Scale bar for (E-F)
represents 5 pm.
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Figure 5. Endogenous ROP2-family proteins appear resident in the PVM tubular network

1um slice through the center of a confocal stack of a Toxoplasma PV. The Toxoplasma
strain is an otherwise wild-type strain that transgenically expresses RFP (red) as a cytosolic
morphology marker and ROP5 C-terminally tagged with the 3XFLAG epitope (green). Note
the typical punctate ROP2-family staining on the PVM, which, like the YFP-RAH, is
apparent both on the perimeter of the PVM and in what appears to be the PVM tubular
network (arrowheads). Scale bar represents S5pm.
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Figure 6. The RAH helices act in concert to bind membrane

Deletion mutants of mCherry(mRFP)-ROP5gaH Were expressed in infected HFF
concurrently with soluble YFP as a cytosolic morphology marker. Constructs containing (A)
the first helix of ROP5gaH Or (B) the third helix are insufficient for strong PVM association;
note the high level of cytosolic punctate fluorescence as compared to that localized to the
PVM. (C) The second helix of ROP5gran is sufficient to strongly target the fusion protein to
the PVM. Similarly, constructs containing (D) both ROP5gaH helices 1 & 2 or (E) both
ROP5graH helices 2 & 3 show strong localization to the PVM. (F) mRFP fused to ROP5gaAH
helices 1 & 3 (Ahelix 2) exhibits intermediate specificity for the PVM. (G) Membrane
association was assessed biochemically by fractionation. Individual mRFP-ROP5gaH
constructs were expressed in uninfected fibroblasts and the soluble fraction was compared to
the amount of protein extracted from membrane either with treatment with Triton-x100 or
with sodium carbonate. While mCherry (mRFP) is found entirely in the soluble fraction,
MRFP-ROP5g AR strongly associates with the membrane. Detergent extracts RAH from
membrane, but carbonate does not. Each of the individual RAH helices show similar
carbonate-resistant membrane association.
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Figure 7. The polar surface of RAH helix 2 encodes PVM-specific binding

(A) Overview of mutant constructs. The net charge of each construct and a summary of the
quality of PVM association are listed. Mutants of mMRFP-ROP5raH Were expressed in
infected fibroblasts concurrently with soluble YFP as a cellular morphology marker. (B)
Protein containing mutations in the first helix (R99E, R100E, R102E) that neutralize the
positive charge of the polar face displays wild-type specificity for the PVM. (C) Similar
mutations in the third helix (R146E, R153E, R154E) also have no effect on PVM specificity.
Mutations in the second helix (D) K127E, Q131E or (E) R126E, R128E, that halve the net
charge, attenuate the RAH PVM specificity.
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Figure 8. An RAH motif correctly predicts PVM association

A) Alignment of ROP17, a more divergent member of the ROP2-superfamily, with ROP2,
ROPS5, and ROP18. ROP17 has a divergent RAH that lacks the first amphipathic helix (nor
is that region of ROP17 sequence predicted to be helical), but has additional, short arginine-
rich segments (underlined sequences) outside of the conserved amphipathic helices.
Numbering is according to ROP17 sequence, coloring is as in Figure 1. B) mRFP-
ROP17raH (residues 104-223) expressed in infected host cells strongly localizes to the
PVM. C) Cells infected with Toxoplasma that stably express ROP17-3xFLAG show staining
for ROP17-3xFLAG on the surface of the PVM.
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Figure 9. Model for ROP2-family interaction with the P\VM tubular network

A schematic of a Toxoplasma PV with the parasites in grey, their unsecreted rhoptries blue,
and the host cytosolic space yellow. Note that though the PV tubular network spreads
through the vacuole, it is topologically cytosolic. 1. RAH-containing proteins (pink
hexagons), due to their amphipathic nature, can transition between soluble and membrane
associated states. 2. However, they appear to preferentially associate with negatively curved
membranes, such as the PV membrane tubules. 3. Once recruited to the tubular network,
they may associate with other proteins (purple pentagons), reducing their off-rate from the
membrane. In addition, the narrow tubules may limit the diffusion of their resident proteins,
helping retain them.
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