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SUMMARY

Chlamydia trachomatis, a leading cause of bacterial sexually transmitted infections, creates a
specialized intracellular replicative niche by translocation and insertion of a diverse array of
effectors (Incs [inclusion membrane proteins]) into the inclusion membrane. Here, we characterize
IncE, a multifunctional Inc that encodes two non-overlapping short linear motifs (SLiMs) within
its short cytosolic C terminus. The proximal SLiM, by mimicking just a small portion of an
R-N-ethylmaleimide-sensitive factor adaptor protein receptor (SNARE) motif, binds and recruits
syntaxin (STX)7- and STX12-containing vesicles to the inclusion. The distal SLiM mimics the
sorting nexin (SNX)5 and SNX6 cargo binding site to recruit SNX6-containing vesicles to the
inclusion. By simultaneously binding two distinct vesicle classes, IncE brings these vesicles

in close apposition with each other at the inclusion to facilitate C. trachomatis intracellular
development. Our work suggests that Incs may have evolved SLiMs to enable rapid evolution in a
limited protein space to disrupt host cell processes.

In brief

Chlamydia trachomatis redirects host vesicular trafficking to survive intracellularly. Pha et al.
demonstrate that the inclusion membrane protein IncE encodes two non-overlapping short linear
motifs in its cytosolically exposed C terminus that simultaneously bring together STX7- and
STX12-containing vesicles with SNX5- and SNX6-associated vesicles to facilitate inclusion
fusion and progeny production.
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INTRODUCTION

Chlamydia trachomatis (Ci) infections are important causes of human disease for which

no vaccine exists. Although infections can be treated with antibiotics, no drug is cost
effective enough for widespread elimination of disease in developing nations. This obligate
intracellular parasite replicates within a privileged niche—a membrane-bound compartment
termed the inclusion—where it subverts multiple host cell functions to survive.2 Chlamydiae
devotes up to 10% of its genome to a unique family of secreted effectors, the Incs (inclusion
membrane proteins), which are translocated from the bacteria through the type 111 secretion
system and inserted into the inclusion membrane.3 These effectors are ideally positioned

at the host-pathogen interface to function as scaffolds to mediate interactions between the
inclusion and the host. We previously employed high-throughput affinity purification-mass
spectroscopy (AP-MS) of human cells transfected with Incs to identify their host binding
partners, with the goal of uncovering the function of Incs.# This analysis identified predicted
high-confidence interactions between IncE, an early expressed Inc of unknown function,
and proteins associated with two unrelated vesicle classes: (1) sorting nexin (SNX)5 and
SNX6 and (2) syntaxin (STX)7 and STX12. SNX5 and SNX6, together with SNX1 and
SNX2, comprise a subclass of retromer, the ESCPE-1 complex.® This multiprotein complex
mediates retrograde-dependent recycling of cargo receptors from the endosome to the trans-
Golgi network.>® We and others solved the crystal structure of the IncE:SNX5 complex.’-10
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We discovered that the C-terminal 24 amino acids of IncE bind with high affinity directly

to a phylogenetically conserved hydrophobic groove in SNX5, which is also conserved in
SNX6 homologs and the site at which cargo binds to SNX5 and SNX6.% Simultaneous
depletion of SNX5 and SNX6 results in increased production of infectious progeny,*11
suggesting that the ESCPE-1 complex, or at least SNX5 and SNX6, functions as a restriction
factor to limit Ctintracellular infection.

In this study, we explore the role of the predicted second class of IncE interactors, STX7 and
STX12. STX7 and STX12 are closely related Q-N-ethylmaleimide-sensitive factor adaptor
protein receptor (SNARE) proteins that mediate late and early endosome vesicle fusion,
respectively,12.13 but their role in Ctpathogenesis is unknown. Notably, neither STX7 nor
STX12 has previously been associated with either SNX5/6 or the ESCPE-1 complex. STXs
encode a 60-70 amino acid SNARE domain that can hetero-multimerize with other SNARE
domains.1415 Typically, 1 R-SNARE associates with 3 Q-SNAREs, distributed between

a donor membrane and a target membrane, along with Rab GTPases and the membrane
tethering complex. Upon docking, the 4 SNARE domains align and form a stable 4 helix
bundle (the frans-SNARE complex) to allow the “zippering” of the inner and outer leaflets
of the donor and target membranes, leading to membrane fusion. A key feature of the
SNARE domain is a highly conserved central ionic “0” layer that contains either a conserved
arginine (R-SNARE) or glutamine (Q-SNARE). The salt bridges formed by the ionic layer,
together with multiple hydrophobic interactions contributed by the flanking 7-8 leucine
(heptad) repeats, nucleate the zippering that leads to membrane fusion.16:17 Our studies
reveal that IncE encodes a 6 amino acid short linear motif (SLiM) that mimics the —1 and

0 (ionic) layer of some R-SNAREs. We demonstrate that these 6 amino acids are required
for IncE binding to STX7 and STX12, supporting a hypothesis that IncE binds to STX7

and STX12 through molecular mimicry. We found that STX7 and STX12 contribute to
distinct steps in the Ctintracellular life cycle. IncE binding to STX7 is required for the
production of infectious progeny, whereas IncE binding to STX12 facilitates homotypic
inclusion fusion. Finally, we show that IncE binds to SNX5 or SNX6 and either STX7

or STX12 simultaneously. By tethering STX7/12- and SNX6-positive vesicles in close
proximity to one another and the inclusion membrane, IncE may promote the creation of a
nearby reservoir of accessible nutrients, proteins, and/or lipids that contribute to intracellular
growth and survival.

IncE binds specifically to STX7 and STX12

Our interactome dataset identified STX7 and STX12 as high-confidence interactors with
IncE.* We confirmed by transfection studies in HEK293T cells that endogenous STX7 and
STX12 co-affinity purified (co-AP’d) with transfected InCEsyrep but not with IncGsgrep, an
unrelated Inc (Figure 1A). As a control for specificity, we immunoblotted for endogenous
STX2, an unrelated STX that did not co-AP in our AP-MS dataset with transfected
IncEStrep,4 and confirmed that it did not co-AP with transfected IncEgyrep. In Hela cells
infected with Ctstrain LGV/L2 (L2) expressing INCEg ag or INCGgag from a plasmid
(L2+pIncE or L2+pIncG, respectively), STX7 and STX12, but not STX2, co-AP’d with
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IncE but not with IncG (Figure 1B). Together, these results confirm a highly specific
interaction between IncE and STX7 and STX12 in two different cell lines and both in the
context of transfection and infection.

IncE binds STX7 and STX12 by mimicking a short motif found in the -1 and 0 (ionic) layer
of an R-SNARE domain

STX7 and STX12 are Q-SNARES that are more closely related to each other than to
other Q-SNAREs (Figure S1), suggesting that IncE might bind to a region common to
STX7 and STX12. To investigate the regions of STX7 and STX12 that are necessary

for binding to IncE and delineate the region of IncE required for binding to STX7 and
STX12, we constructed truncation mutants of STX7, STX12, and IncE (Figures 2A-2C,
and 2D) and tested their ability to co-AP upon co-transfection. This analysis revealed that
the SNARE and transmembrane (TM) regions of STX7 or STX12 are required for binding
to IncE (Figures 2A-2D). For IncE, amino acids 37-100 are necessary and sufficient for
the interaction with endogenous STX7 and STX12 (Figures 2E and 2F). We note that the
STX7/12 binding region of IncE is distinct from its previously defined SNX5/6 binding
region (Figure S2A).7-10

We further refined the region of IncE required for STX7/12 binding. As residues 37-100
encompass both TM domains (Figures 2E and S2B), we considered that the residues
C-terminal to the second TM domain might encode the key STX7/12 interacting residues.
Indeed, we identified a 6 amino acid sequence (VLENHG) that is homologous to the -1

and 0 (ionic) layer regions of two R-SNAREs, human VAMP3 (VLERDQ) and mouse
VAMP5 (VLERHG) (Figure S2C). This 6 amino acid sequence is conserved, albeit with
some variation, in IncE homologs (Figure S2C), suggesting that it is important for IncE
function. We hypothesized that this region of IncE may mimic an R-SNARE motif to bind to
the STX7 and STX12 Q-SNAREs.

To directly address the role of the IncE VLENHG sequence (hereafter referred to as the
STX binding motif [StxBM]), we changed these 6 residues to alanine (IncCEasixgm) (Figure
S2D) and tested the ability of this IncE variant to co-AP endogenous STX7 and STX12

in transfection and infection studies. We also created an IncE mutant in which residues
V114 and F116 are changed to asparagine and aspartic acid, respectively (Figure S3D).
This variant is predicted to be defective for IncE binding to SNX5 and SNX6% and termed

INCEasnxBM-

In transfection experiments, INCEastgm NO longer co-AP’d STX7 and STX12 but retained
the ability to co-AP SNX5 and SNX6 (Figure S2E). Conversely, IncCEasnxgm failed to co-AP
SNX5 and SX6 but still co-AP’d STX7 and STX12 (Figure S2E). Thus, the SnxBM and
StxBM each function independently to bind SNX5/6 or STX7/12, respectively.

To interrogate the role of the IncE StxBM and SnxBM in the context of infection,

we generated a non-polar /ncE mutant strain (L2A/ncE) and complemented it with the
following plasmids encoding anhydrous tetracycline (aTC)-inducible FLAG-tagged IncE
variants: wild-type (WT) IncE, InCEastgm; INCEashxeM: OF INCEAStkBM/ASHXBM (S€€ Figure
S3 for strain construction and characterization of L2A/ncE). We further characterized the
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complemented strains as follows. We observed by FLAG immunoblot analysis that the IncE
variants are all expressed at approximately similar levels to one another when induced with
2 ng/mL aTC (Figure S4A). When analyzed with an IncE antibody (which only recognizes
IncE and IncEasixgm but not INCEasnxam OF INCEAsxBM/ASHxBM): the protein levels of the
ectopically expressed FLAG-tagged IncE or IncEastgn are lower than endogenous IncE
(Figure S4A). Thus, the plasmid-expressed IncE variants are not overexpressed compared to
endogenous IncE. Finally, we confirmed by immunofluorescence microscopy that all IncE
variants are localized to the inclusion membrane (Figure S4B).

We next examined the SNX and STX binding activity of each of the INCEg ag variants

in the context of infection. As expected, WT IncE co-AP’d with STX7, STX12, SNX5,

and SNX6 (Figures 3A and 3B). InCEasixgm Was unable to bind STX7 or STX12 during
infection (Figures 3A and 3B), but SNX5 and SNXG6 still co-AP’d with IncEasigm (Figures
3A and 3B). Conversely, INCEasnxgm Was unable to bind SNX5 and SNX6 during infection,
whereas STX7 and STX12 still co-AP’d with this IncE variant (Figures 3A and 3B). Finally,
STX7, STX12, SNX5, and SNX6 did not co-AP with InCEasyam/asnxam (Figures 3A and
3B). We conclude that during infection, the IncE StxBM is required for binding to STX7
and STX12 but not to SNX5 or SNX6. Conversely, the IncE SnxBM is required for binding
to SNX5 and SNX6 but not to STX7 or STX12. These results further underscore that the
StxBM is distinct and separate from the IncE SnxBM and that these two motifs function
independently (Figure S2A).

IncE binding to STX7 and STX12 is required for late steps of infection

We tested the role of IncE binding to STX7 and STX12 in the Ctintracellular life cycle.
Quantitation of Ctinclusion formation, specifically the number, size, and localization of
inclusions, is a robust metric for early steps in the infection process. Quantification of
progeny production additionally assesses late steps in infection (Figure S5A).

We first quantified the inclusion formation and production of infectious progeny by an inter-
strain comparison of WT (L2+vector) to the /ncE mutant (L2A/ncE+vector). Surprisingly,
no differences were observed between WT and the /ncE mutant in inclusion formation,
inclusion size, or production of infectious progeny (Figures S5B-S5D). As depletion of
SNX5 and SNX6 enhances progeny production,*11 we considered that if STX7 and/or
STX12 are required for progeny production, then the /incE deletion mutant might exhibit

no change in production of infectious progeny compared to WT. With this rationale in
mind, we compared progeny production when cells were infected with the individual
complemented L2A4incE strains. As the variants are under the control of an aTC-inducible
promoter, we performed intra-strain comparisons in the presence or absence of an inducer
and demonstrate that the IncE variants are induced near equivalently (Figure S4A). This
strategy has the important advantage that it bypasses the requirement that infection of
different strains be performed at an equal multiplicity of infection (MOI), although similar
MOIs were used for each strain. Remarkably, only L2A/ncE+pIncEasikgm, the IncE variant
that cannot bind STX7/12 but retains binding to SNX5/6, exhibited decreased production
of infectious progeny (Figure 4B). As well, there was a trend toward decreased inclusion
formation in this strain, although it did not reach statistical significance (Figure 4A).
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Together, these studies reveal a critical role for IncE binding to STX7/12 during intracellular
infection that is only unmasked when IncE is still able to bind to SNX5/6 but not to
STX7/12.

IncE binding to STX7 and STX12 is required for inclusion fusion

The experiments described above were performed at an MOI of ~1, conditions under which
most cells are infected with a single elementary body (EB) and therefore initiate infection
with only a single inclusion. An important aspect of Ctdevelopment is the ability of multiple
inclusions within a single cell to fuse with each other (inclusion fusion), which occurs
when cells are infected at a high MOI.19 Under these conditions, which can be observed

in Cthuman infections,202 individual EBs are initially taken up into separate inclusions
that subsequently undergo homotypic fusion commencing at ~12 h post-infection (hpi).1?
Inclusion fusion is thought to be important in the pathogenesis of Ctinfections /n vivo.
Human genital tract infections with naturally occurring Ct variants that fail to undergo
fusion due to loss of the inclusion protein IncA exhibit milder pathology.?1:22 Likewise, in a
mouse genital tract infection model, L2DncA shows decreased colonization.3

To assess the role of IncE in inclusion fusion, we infected HeLa cells at a high MOI. An
increase in the average number of inclusions per field relative to L2+vector indicates a
defect in inclusion fusion (Figures S6A and S4C). As a control, we included a mutant that
lacks IncA (L2A/ncA), which is indispensable for inclusion fusion.2425 AjncE exhibited an
increase in the number of inclusions compared to L2+vector at 24 hpi (Figures 4C and S6A).
Strains lacking functional IncE or expressing IncE lacking both the SnxBM and StxBM
(L2A/ncE+pVector and L2A7ncE+pIncEasyamiasnxem) exhibited decreased inclusion fusion
at 24 hpi (Figures 4C and S6A).

To delineate whether the SnxBM or StxBM (or both) was required for efficient inclusion
fusion, we quantified fusion at 24 and 48 hpi in cells infected with the /ncE mutant that
cannot bind STX7/STX12 (L24/ncE+pIncEastgnm) and in cells infected with the incE
mutant that cannot bind SNX5/SNX6 (L24incE+pIncEasnxam)- Inclusion fusion was not
restored upon expression of pINncEaswpem at 24 hpi, whereas it was restored upon expression
of pIncEpsngm at 24 hpi (Figures 4C and S6A).

Finally, we compared inclusion fusion of all of the IncE variants to inclusion fusion in L2
and to AincA at 48 hpi. Whereas inclusion fusion in AincA was still defective at 48 hpi, the
IncE variants lacking the StxBM exhibited similar levels of inclusion fusion compared to L2
by 48 hpi (Figure S6B). We conclude that IncE binding to STX7/12 contributes to efficient
inclusion fusion, whereas binding to SNX5/6 is not required.

STX7 and STX12 play distinct roles in Ct infection

Ctexpressing the IncE variant that cannot bind STX7/12 exhibits two different phenotypes
—a decrease in progeny production and a delay in inclusion fusion. These two phenotypes
are independent, as the AincA mutant, which fails to undergo inclusion fusion, does not
exhibit a progeny defect during infection in cultured cells.2®> Thus, STX7 and STX12 could
play distinct roles in Ctinfection—binding to one STX may be required for efficient
inclusion fusion, whereas binding to the other STX may be required for progeny production.
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To test this hypothesis, cells were depleted for STX7 or STX12 by RNAI, infected with

L2, and assayed for inclusion formation and production of infectious progeny. Depletion of
STX7 (which did not affect STX12 levels; Figures S7A and S7B) resulted in a decrease

in progeny production (Figure 5A) but had no effect on inclusion formation or inclusion
fusion (Figures 5B-5D). In contrast, depletion of STX12 (which did not affect STX7 levels;
Figures S7A and S7B) resulted in a defect in inclusion fusion at 24 hpi (Figures 5B-5D)
but had no statistically significant effect on progeny production (Figure 5A). Depletion of
SNX5/6 had no effect on inclusion fusion (Figures 5C and 5D). Together, these results
support the hypothesis that binding of IncE to STX7 and STX12 contributes to distinct

and separate aspects of Ctdevelopment. STX7 is required for efficient progeny production,
while STX12 is required for efficient inclusion fusion. These experiments provide additional
support for the observation that a decrease in inclusion fusion does not affect the production
of infectious progeny.

InCE interacts simultaneously with STX7/12 and SNX5/6 to tether together distinct vesicle
classes at the inclusion

The remarkable compactness of the IncE C terminus, with 42 amino acids encoding

two non-overlapping motifs that interact with proteins associated with distinct classes of
vesicles, raised the possibility that such a reductionist architecture enables simultaneous
and synergistic interactions of IncE with SNX5 or SNX6 and STX7 or STX12. To explore
this notion, we determined whether IncE could simultaneously co-AP SNX5 or SNX6
with STX7 or STX12 in the context of infection. In the absence of infection, endogenous
STX7 or STX12 did not co-AP with transfected SNX5g ag or mCherry-SNX6 (Figures
S8A and S8B), confirming that these SNARES do not normally interact with SNX5 or
SNX6. However, upon infection with L2, endogenous STX7 or STX12 co-AP’d with
transfected SNX5g ag or mCherry-SNX6 (Figures S8A and S8B). This interaction was
IncE dependent, as no interaction was observed between SNX5¢ ag or mCherry-SNX6
and STX7 or STX12 in the /ncE mutant (L2A/ncE). We conclude that IncE can interact
simultaneously with SNX5 or SNX6 and STX7 or STX12.

We therefore investigated the potential biological consequence(s) of the ability of IncE

to interact simultaneously with STX7 or STX12 and SNX5 or SNX6 at the inclusion
membrane. SNX5 and SNX6 can be recruited to the inclusion membrane,* and SNX6

is present on vesicles near the inclusion membrane? (see also Figure S4). We examined
whether STX7- and STX12-containing vesicles are recruited to the inclusion and whether
these vesicles fuse with the inclusion. Using live-cell imaging of L2-infected cells, we
observed GFP-STX7- and GFP-STX12-containing vesicles close to and sometimes fusing
with the inclusion membrane (Videos S1 and S2), although these fusion events appeared to
be infrequent.

We also considered that simultaneous binding of IncE to STX7 or STX12 and SNX5 or
SNX6 could tether together two normally distinct classes of vesicles in close proximity
to one another at the inclusion. As this redirection of vesicular trafficking would be IncE
dependent and IncE is restricted to the inclusion membrane, we predict that STX7/12 and
SNX5/6 vesicles in close apposition would be observed proximal to, but not distal to, the
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inclusion. To test this hypothesis, we examined whether GFP-STX7 and/or mCh-STX12
overlapped with endogenous SNX6 in vesicles that were either proximal or distal to

the inclusion. For this quantitation, we determined the relative location of the maximum
fluorescence intensity of each of the 3 proteins with respect to each other in 30 vesicles
proximal to (within 1 pm) and 30 vesicles distal to (>5 um) the inclusion for each
experimental group (Figure 6A).

In vesicles distal to the inclusion, the maximum fluorescence intensity of GFP-STX7 and
mCh-STX12 was distinct from and did not overlap with endogenous SNX6 (Figures 6A
and 6B). The average maximum fluorescence intensity of GFP-STX7 or mCh-STX12 was
displaced 0.26 and 0.29 pm from the maximum fluorescence intensity of SNX6, respectively
(Figure 6B; Table S1), which is greater than the average diameter of endosomal vesicles.2%
Importantly, in vesicles proximal to the inclusion, the maximum fluorescence intensity

of GFP-STX7 and mChSTX12 was significantly less displaced from endogenous SNX6,
<0.06 pm (Figures 6B and 6C; Table S1). For reference, the maximum fluorescence
intensity of GFP-STX7 and mChSTX12 often overlapped with one another, in vesicles
both proximal and distal to the inclusion (Table S1). This result is not entirely unexpected
since both STX7 and STX12 are reported to localize to endosomes, although STX7 may
localize to late endosomes,2” while STX12 may localize to early endosomes.28 Altogether,
these experiments suggest that IncE serves as a bifunctional tether to bring together SNX6-
containing vesicles with STX7- and STX12-containing vesicles.

We tested this prediction explicitly by quantitating the overlap of GFP-STX7, mCherry-
STX12, and endogenous SNX6 in vesicles proximal and distal to inclusions in cells infected
with L2A/ncE. Indeed, the overlap of STX7 or STX12 with SNX6 in vesicles proximal to
the inclusion was abrogated in the /ncE mutant, increasing from 0.03 to 0.045-0.15 and

0.2 um, respectively. Importantly, there was minimal change in the overlap of STX7 with
STX12 in cells infected with L2 expressing or lacking IncE (Table S1). The overlap of STX7
or STX12 with SNX6 was restored when the A/ncE mutant was complemented with WT
IncE (0.051 and 0.057 um, respectively; Figure 6C; Table S1). Similar to infection with

L2, there was greater displacement of STX7 or STX12 from SNX6 in vesicles distal to

the inclusion (Figure 6A; Table S1): 0.375 or 0.360 pum, respectively. In cells infected with
L2A/ncE expressing either the single or double IncE mutants (INCEasxam, INCEASHxBM:
INCEastxeM/asnxBM): the displacement of STX7 or STX12 from SNX6 was similar to

that observed in the AincE mutant in inclusion-proximal vesicles (Figure 6C; Table S1).

We do note that the displacement of STX7 or STX12 from SNX6 was somewhat greater

in INCEpsnxgm than IncEastgm for unclear reasons (Table S1). We conclude that IncE,
through its StxBM and SnxBM domains, promotes the recruitment of STX7/12- and SNX6-
positive vesicles in close proximity to each other at the Ctinclusion membrane.

DISCUSSION

In this work, we demonstrate that IncE is a remarkably compact scaffold that simultaneously
interacts with numerous host vesicle-associated proteins to facilitate its intracellular growth
and development. We and others have previously shown that SNX5 and SNX6 are recruited
to the inclusion by binding to a short motif (the SnxBM) present in the C terminus of
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IncE. In doing so, IncE displaces native SNX5/6 cargo, such as the mannose-6-phosphate
receptor,*7:19 providing a more permissive environment for late steps in the Ctintracellular
life cycle (Figure 7). Here, we reveal that IncE encodes a separate non-overlapping 6 amino
acid motif (the StxBM) upstream of the SnxBM that mimics the —1 and O (ionic) layer of
R-SNAREs. The StxBM enables IncE to bind to a subset of Q-SNAREs, STX7 and STX12,
during infection. Importantly, we demonstrate that the IncE:STX interactions contribute to
distinct steps in the intracellular life cycle: intracellular growth and progeny production
(STX7) and homotypic inclusion fusion (STX12).

By comparing the absolute distance between endogenous SNX6, transfected STX7, and
transfected STX12, we demonstrate that IncE, by binding simultaneously to STX7 or
STX12 and SNX®6, recruits and brings together vesicles that harbor STX7, STX12, and
SNXG6. Importantly, STX7 and STX12 do not co-localize with SNX6 in the absence of

IncE or in vesicles distant from the inclusion. While we expect that SNX5 would exhibit
similarly closer localization to STX7 and STX12 in an IncE-dependent manner, the absence
of an antibody that recognizes endogenous SNX5 precluded testing this prediction directly.
Our results suggest that IncE functions in an inclusion-autonomous manner, as would be
expected for a membrane-bound effector.

Several possible models could account for the IncE-dependent altered relative localization of
STX7 or STX12 with SNX6 (and by inference, SNX5). Vesicles close to the inclusion could
be smaller than vesicles distal to the inclusion, allowing STX7/STX12 to measure closer to
SNX6, but one would have to postulate that this is an IncE-dependent process. Alternatively,
IncE may tether these two classes of vesicles in close proximity to each other. Indeed,

by tethering these vesicles in close apposition, IncE could promote their fusion with each
other to form a hybrid vesicle. Further studies utilizing higher-resolution microscopy and/or
time-lapse immunofluorescence microscopy will be required to test this notion. Notably, the
measured distance of STX7 or STX12 from SNX6 was often less than the average published
diameter of endosomal vesicles (reported to be 0.1-0.5 pm?26), consistent with hybrid vesicle
formation.

It is intriguing that VAMP3 and VAMPS8, which are cognate R-SNARESs for STX7

and STX12,2%-32 gre recruited to the inclusion!! and also co-AP with IncE following
transfection.# VAMP3 has been associated with retromer-dependent transport of the
mannose-6-phosphate receptor,33 a well-characterized cargo of the ESCPE-1 complex.34 We
speculate that VAMP3 and VAMPS8 could cooperate with the StxBM on IncE to promote
fusion of the STX7/STX12 vesicles with SNX6 (and presumably SNX5)-containing
vesicles.

We suggest that IncE, by promoting the tethering of normally distinct vesicle classes at or
near the inclusion, could create a nearby reservoir of accessible nutrients, proteins, and/or
lipids that contribute to intracellular growth and homotypic inclusion fusion. STX12 has
been implicated in cholesterol transport.3> Although Ctrequires cholesterol for intracellular
growth and development, 38 the role for cholesterol in inclusion fusion remains to be
explored. Future studies will focus on determining the nature of the STX7/12- and SNX5/6-
containing vesicles, whether they undergo fusion with each other, the identity of the host
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constituents contributed by these vesicles, and the potential crosstalk between the SNXs and
STXs.

It is currently unclear why the loss of IncE has no apparent effect on inclusion formation or
progeny production, while an IncE mutant defective in binding to STX7 and STX12 exhibits
a mild inclusion defect and a statistically significant progeny defect. One possibility is that
IncE binding to STX7/12 is required for progeny production, whereas its binding to SNX5/6
restricts progeny production. If the IncEasign mutant can bind more efficiently to SNX5/6,
then this scenario would explain our observation.

Our work reveals that IncE encodes two SLiMs in its short C-terminal tail. SLiMs are
composed of 3-15 amino acids, often embedded in intrinsically disordered or coiled-coil
regions. SLiMs typically adopt a more structured conformation that serves as a binding
interface to a structured (globular) partner.3” The human proteome is estimated to encode
millions of SLiMs.38 SLiMs are also found in viral proteins3®40 and occasionally in
bacterial effectors.*! The importance of the two SLiMs encoded in IncE is highlighted
by the fact that the VLE (found in the StxBM) and VQF (found in the SnxBM) motifs are
conserved, albeit with some variation, in several of the IncE homologs found in multiple
Chlamydia species (Figure S3C). We also note that the arginine in the O layer of the
R-SNARE is changed to an asparagine (L2), an aspartic acid (serovars D and B), or a
histidine (C. muridarumand C. suis). How this impacts IncE binding to STX7 or STX12
is unclear; some substitutions for the conserved arginine have been reported to still be
functional for SNARE-mediated fusion.*2

The use of SLiMs by Incs to encode a protein-protein binding surface empowers these
inclusion-anchored proteins to disrupt, relocate, or bring together new combinations of
protein. Remarkably, IncE accomplishes all 3 of these tasks: (1) the ShxBM disrupts
SNX5/6 binding to the mannose-6-phosphate receptor and possibly to other SNX5/6 cargo,’
(2) both the SnxBM and StxBM recruit vesicles to the inclusion, and (3) by recruiting these
2 distinct classes of vesicles simultaneously, IncE potentially facilitates the formation of a
new hybrid class of vesicles.

We anticipate that the use of SLiMs will be a recurring theme in Inc biology and suggest
that SLiMs could account for several unique aspects of this obligate intracellular pathogen.
Recently, several Incs have been reported to encode their host protein binding interfaces
within a short unstructured region or coiled-coiled sequences in their cytosolically exposed
C termini.”4344 As Incs are rapidly evolving,*® the use of SLiMs would allow for the

rapid diversification of Inc-encoded protein binding domains. Indeed, SLiMs are predicted
to evolve rapidly ex nihilo since they require only a few key amino acids to create a binding
surface.46.47

Altogether, these results reveal that the C terminus of IncE is an extraordinarily compact
multitasker. This one Inc illustrates the vast potential of the many other Chlamydia Incs

to modulate and even reprogram the hostile intracellular environment of the host into a
milieu that is conducive for the success of this aobligate intracellular pathogen. These studies
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exemplify the power of mining the Ct-host interactome for new insights into both pathogen
virulence strategies and host cell biology.

Limitations of the study

A potential caveat of this study is that our immunofluorescence data and analysis of

STX7 and STX12 localization during infection utilize transfected fluorescently tagged
STX7 and STX12 proteins, as antibodies that recognize endogenous STX7 or STX12 in
immunofluorescent studies are not commercially available. Likewise, due to the absence of
a commercially available antibody that recognizes SNX5 for immunofluorescent studies, we
were not able to compute the distance between SNX5 and either STX7 or STX12.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact: Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Joanne Engel
(jengel@medicine.ucsf.edu).

Materials availability: All unique/stable reagents generated in this study are available
from the lead contact upon request, but we may require reasonable compensation by the
requestor for processing and shipping charges.

Data and code availability

. Data reported are available upon request.
. All custom codes are included as a supplemental item in this paper.
. Any additional information required to reanalyze the data reported in this work

paper is available from the lead contact upon request.

METHOD DETAILS

Cell culture and bacterial propagation: HelLa and Vero cells were obtained from
American Type Culture Collection (ATCC). HelLa cells were cultured and maintained in
Eagle’s Minimum Essential Medium (MEM; University of California, San Francisco Cell
Culture Facility) supplemented with 10% (v/v) fetal bovine serum (FBS) from Gemini at
37°C in 5% CO,. HEK?293T cells were a generous gift from Nevan Krogan (University

of California, San Francisco). HEK293T and Vero cells were cultured and maintained in
Dulbecco’s modified Eagle’s Medium (DMEM, UCSF Cell Culture Facility) supplemented
with 10% (v/v) FBS at 37°C in 5% CO,. Cells were routinely tested for mycoplasma
(Sigma). C. trachomatis L2 (434/Bu; hereafter referred to as L2) was a generous gift from
Deborah Dean (University of California, San Francisco). L2 and derivative strains used in
these studies are listed under “experimental models: organisms/strains” in the key resources
table. L2 was routinely propagated in Vero cell monolayers as previously described.?’ HeLa
cells were used for all infection studies, and HEK293T cells were used for all ectopic
expression experiments. Stellar chemically competent Escherichia coli (Takara Bio) were
used to propagate constructs for ectopic expression in mammalian cells, while 10-beta £.
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coli (NEB) and dam™/dcni~ chemically competent £. coli (NEB) was used to propagate
constructs for transformation into L2.

Antibodies and reagents: Primary antibodies were obtained from the following sources:
mouse anti-STX7 (Santa Cruz Biotechnology Inc, sc-514157), rabbit anti-STX12 (Atlas
Antibodies, HPA055300), rabbit anti-STX2 (Abcam, AB12369-1001), rabbit anti-SNX5
(Proteintech, 17918-1-AP), mouse anti-SNX6 (Santa Cruz Biotechnology Inc, sc-365965),
goat anti-SNX6 (Santa Cruz Biotechnology, sc-8679), mouse anti-FLAG (Sigma, F3165),
rabbit anti-FLAG (Sigma, F7425), mouse anti-GAPDH (Millipore, MAB374), goat anti-
MOMP L2 (Fitzgerald, 20C-CR2104GP), rabbit anti-Strep Tagll HRP (Millipore, 71591~
3), mouse anti-GFP (Roche, 11814460001), mouse anti-HSP60 (Santa Cruz Biotechnology
Inc, sc57840), and rabbit anti-RFP (Rockland, 600-401-379-RTU). Mouse anti-IncA and
rabbit anti-IncG antibodies were kindly provided by Dan Rockey (Oregon State University)
and Ted Hackstadt (Rocky Mountain Laboratories), respectively. Rabbit anti-IncE antibody
generated against the peptide CKSSPANEPAVNFFKGKNGS (corresponding to amino acids
102-121) was kindly provided by Ted Hackstadt or prepared commercially by Genscript.
Secondary antibodies for immunofluorescence were derived from donkey and purchased
from Life Technologies: anti-goat Alexa Fluor 647, anti-mouse Alexa Fluor 647, anti-mouse
Alexa Fluor 568, anti-rabbit Alexa Fluor 568, anti-goat Alexa Fluor 488, anti-rabbit Alexa
Fluor 488, anti-mouse Alexa Fluor 405. Heparin sodium salt was purchased from Sigma
(H3393). Primers (listed in the oligonucleotides section of the key resources table) were
commercially generated by Integrated DNA Technologies or by Elim Biopharm. Dilutions
of primary antibodies for immunoblotting and immunofluorescence were performed as
follow: anti-Strep (1:1,1000), anti-FLAG (1:3,000 and 1:200), anti-GFP (1:3,000), anti-
RFP (1:3,000), anti-STX7 (1:1,000), anti-STX12 (1:1,000), anti-STX2 (1:1000), anti-SNX5
(1:1,000), anti-SNX6 (1:1,1000), anti-GAPDH (1:20,000), anti-MOMP (1:5,000 and 1:500),
anti-Inck (1:500 and 1:100), anti-IncG (1:500 and 1:100), and anti-IncA (1:500 and 1:100).

Plasmid construction: The IncG gene, IncE gene and IncE deletion constructs used

for ectopic expression studies were PCR amplified from purified genomic L2 DNA and
subcloned into the EcoRI and Notl sites in pcDNA4.0/2xStrepl .54 To generate the IncE
point mutants used for ectopic expression studies, primers harboring point mutations were
used to PCR amplify IncE DNA fragments containing the indicated point mutations. The
IncE DNA fragments were ligated together by overlapping PCR and IncE mutants were
subcloned into the EcoRI and Notl sites in pcDNA4.0/2xStrepll. STX7 and STX12, and
various deletion derivatives were PCR amplified from STX7 and STX12 plasmids (a kind
gift of Dr. Sourav Bandyopadhyay, University of California, San Francisco)®® and subcloned
into the Hindlll and Kpnl sites in pEGFP C1 and pmCherry C1 vectors. To generate
pSUmMC-incE- loxP-aadA-gfp, 3kb DNA fragments from up- and downstream of incE were
PCR amplified separately from genomic L2 DNA and subcloned into the Sall and Sbfl
sites, respectively, in pPSUMC-/oxP-aadA-gfp (a kind gift of Dr. Kenneth Fields, University
of Kentucky)33 by Gibson assembly. The £. coli/Chlamydia shuttle vector p2TK2-mCherry
(a kind gift of Dr. Isabelle Derre, University of Virginia)®2 was modified by removing the
mcherry gene by InFusion cloning to generate p2TK2. For plasmids that were transformed
into L2 strains, IncE variants were PCR amplified from the corresponding IncE-encoding
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plasmid and cloned into Eagl and Sbfl sites in the p2TK2. All cloning were verified by
forward and reverse sequencing.

Affinity purifications (APs): For StrepTactin APs, 6 x 106 HEK293T cells were seeded
in each of two to three 10 cm? plates. Cells were transfected using Continuum Transfection
Reagent (GeminiBio), following the manufacturer’s instructions. At 24 h post transfection,
cells were scraped in PBS, pelleted, lysed in 1 mL of ice-cold Lysis Buffer (50 mM Tris pH
7.4, 150 mM NaCl, 1 mM EDTA, 0.5% Igepal (Sigma)) at 4°C for 20 min while rotating,
and centrifuged at 14,000 RPM at 4°C for 20 min. Lysates were incubated with 60 pL of
Strep-Tactin Sepharose beads (IBA) overnight on a nutator. Beads were washed five times
in ImL Lysis Buffer containing 0.5% Igepal. Samples were eluted in 60 uL of 2.5mM
D-desthiobiotin (IBA) in Lysis Buffer for 30 min on rocker at room temperature. Eluates
were immunoblotted with anti-STX7, anti-STX12, anti-STX2, anti-SNX5, anti-SNX6, anti-
Strep-HRP, and anti-GAPDH antibodies.

For other APs, HeLa cells (3 x 10° cells) were seeded in each well of two 6-well plates.
Cells were transfected with indicated construct using Continuum Transfection Reagent
(GeminiBio) according to the manufacturer’s instructions. At 6—24 h post transfection, HeLa
cells were infected with the indicated L2 strains (MOI ~3) by centrifugation at 1000 RPM
for 30 min at 4°C. Infected cells were incubated at 37°C in 5% CO, for 30 min, and
infection media was removed. Fresh media containing 50 ng/mL anhydrous tetracycline
(aTC, Takara biotech) was added to infected cells. At 24 h post infection (hpi), cells

were scraped in PBS, pelleted, and lysed in 1 mL of ice-cold Lysis Buffer containing

0.5% lgepal at 4°C for 20 min while rotating. Lysates were centrifuged at 14,000 RPM

at 4°C for 20 min. For FLAG APs, lysates were incubated with 60 pL of anti-FLAG M2
Magnetic Beads (Sigma) overnight on the nutator. Beads were washed five times in ImL
Lysis Buffer containing 0.5% Igepal. Samples were eluted with 150 ug FLAG peptide
(Sigma) in Lysis Buffer for 30 min on a rocker at room temperature. For mCherry and GFP
APs, lysates were incubated with 10 pg rabbit anti-RFP and mouse anti-GFP antibodies,
respectively, overnight on the nutator. Lysates were then incubated with Protein G Agarose
beads (Pierce) on the nutator at 4°C for 3 h. Beads were washed five times in 1mL Lysis
Buffer. Samples were eluted with 3X LDS Sample Buffer. Eluates were immunoblotted
with anti-STX7, anti-STX12, anti-STX2, anti-SNX5, anti-SNX6, anti-Strep-HRP, anti-RFP,
anti-GFP, anti-MOMP, and anti-GAPDH antibodies.

SiRNA depletion studies: HelLa cells were transfected with SmartPool siRNA
(Dharmacon) for STX7, STX12, SNX5 and SNX6, or siGENOME pool non-targeting #2
using Dharmafect following the manufacturer’s instructions (Dharmacon). At 72 h post
transfection, cells were infected with L2 (MOI ~0.8 or ~5) by centrifugation at 1000 RPM
for 30 min at 4°C followed by incubation at 37°C in 5% CO, for 30 min. Infection

media was removed, and fresh media was added to infected cells. At 24 hpi and 48

hpi, infected cells were processed for quantitation of inclusion formation or production

of infectious progeny, respectively, as described below. siRNA depletion efficiency was
determined by immunoblotting lysates with anti-STX7, anti-STX12, anti-SNX5, anti-SNX6,
and anti-GAPDH antibodies.
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Fluorescence microscopy: Hela cells were grown on acid-treated glass coverslips
(Warner Instruments) in 24-well plates. For localization of IncEg_ag Variants, cells were
transfected with GFP-SNX6 using Effectene (Qiagen) following manufacturer’s instructions.
For experiments assessing co-localization of STX7, STX12, and SNX6 vesicles, cells were
co-transfected with GFP-STX7 and mCherry-STX12 as described above. At 6-24 h after
transfection, cells were infected with indicated L2 strains. Bacteria suspended in MEM
supplemented with 10% FBS were centrifuged onto cell monolayers at 1000 RPM for

30 min at 4°C. Infected cells were incubated at 37°C in 5% CO2 for 1 h. Infection

media were aspirated, fresh media containing 2 ng/mL aTC were added, and cells were
incubated at 37°C in 5% CO2 for 24 h or 48 h. Infections for experiments to assay protein
localization were performed at MOI ~1 in the presence of 2 ng/mL aTC. Experiments
assaying homotypic inclusion fusion were performed at MOI ~5 in the presence or absence
of 2 ng/ml aTC. Experiments assaying inclusion formation were performed at MOI ~1 in

the presence or absence of 2 ng/mL aTC. For experiments assaying production of infectious
progeny, EBs were harvested from primary infections (as described below) performed at
MOI ~1 in the presence or absence of 2 ng/mL aTC. The harvested EBs were then used to
infect fresh HelLa cells at varying MOls on coverslips. At 24 hpi, the cells were fixed in 4%
PFA in PBS for 15 min at room temperature and then permeabilized in 0.1% Triton X-100 in
PBS for 15 min at room temperature. Cells were blocked in PBS containing 1% BSA for 1

h and then stained with indicated primary and fluorophore-conjugated secondary antibodies
in 1% BSA for 1 h each. Coverslips were mounted on Vectashield mounting media with or
without DAPI (Vector Laboratories) and imaged on laser scanning disc confocal microscope.

For live cell microscopy, HelLa cells were grown on 24-well glass-bottom plates (MatTek,
P24G-1.0-13-F) and co-transfected mCherry-SNX5 as well as either GFP-STX7 or GFP-
STX12 using Continuum Transfection Reagent (GeminiBio), following manufacturer’s
instructions. At 6 h after transfection, cells were infected with L2 (MOl ~1). At 24 hpi,

cells were washed with pre-warmed PBS. Phenol-free DMEM supplemented with 10% FBS
and 1mM HEPES (University of California, San Francisco Cell Culture Facility) were added
and infected cells were imaged on spinning disk confocal microscope as described below.

Images were acquired using Yokogawa CSU-X1 spinning disk confocal mounted on a Nikon
Eclipse Ti inverted microscope equipped with an Andora Clara digital camera and CFI

APO TIRF 60X oil or PLAN APO 40x objective. Single Z slices were acquired for images
used for protein localization, quantifying inclusion formation, inclusion size, production of
infectious progeny, and homotypic inclusion fusion. For images used for assessing vesicle
co-localization, 0.3 pm-thick z stack images were acquired. For live cell imaging, single

Z slices were acquired for 60 s at 1 frame per second using the CFl APO TIRF 60X oil
objective lens. Images were acquired by NIS-Elements software 4.10 (Nikon). For each set
of experiments, the exposure time for each filter set for all images was identical. Images
were processed with FIJI Software to quantify inclusion numbers and sizes.

Generation of L2 strains: L2 overexpressing INCEg_ag Was generated as previously
described.>® 10 pg DNA was used to transform 1 x 107 infection forming units (IFUSs) of
L2 in 200 pl Transformation Buffer (10 mM Tris pH 7.4 in 50 mM CaCl2). Following 30
min incubation at room temperature, the transformation mix was added to 12 mL MEM
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supplemented with 10% FBS. 2 mL of suspended bacteria was added to each well of 6-well
plate containing Vero cells (2 x 10°/well). At 12 hpi, 5 pg/mL Ampicillin (Amp; Sigma)

and cycloheximide (1 pg/mL, Sigma) was added to select for transformed L2. After 3 initial
passages, Amp was increased to 50 pg/mL and L2 transformants were passaged 2—3 times in
Vero cells. Clonal populations of transformants were isolated under Amp selection by plaque
assay in Vero cells. L2 overexpressing IncGg_ag Was a generous gift from Dr. Isabelle Derre
(University of Virginia).

Deletion of jncEin L2 (hereafter referred to L2A/ncE) was generated using floxed-cassette
allelic exchange mutagenesis.>3 L2 was transformed with unmethylated pSUmC- incE-foxP-
glp-aadA in Transformation Buffer as described above. At 12 hpi, Spectinomycin (Spec;
500 pug/mL, Sigma), aTC (50 ng/mL; Takara Bio), and cycloheximide (1 pg/mL) were
added to select for transformed L2. After 3—4 initial passages, surviving transformants
expressing GFP and mCherry were selected by passage in Vero cells in the presence of
Spectinomycin (Spec, 500 pug/mL) but without aTC to enrich for plasmid integration by
allelic exchange. Clonal populations harboring /incE::1oxP-aadA-gfp was plaque-purified in
the presence of Spec (500 pg/mL) selection. After 2—3 passages in Vero cells, the plaque-
purified transformants were transformed with pSU-CRE, which expresses Cre recombinase,
to allow for excision of the aadA-gfp cassette on the chromosome. At 12 hpi, Ampicillin
(Amp, 5 pg/mL) and aTC (50 ng/mL) were added to select for transformants. After 3—4
passages, transformants expressing only mCherry (aadA-gfo cassette excised) were passaged
in the absence of Amp and aTC to allow for loss of pSU-CRE to generate L2A/ncE. Loss

of incE by Cre-mediated excision at the lox sites was confirmed by PCR screening using

a forward primer to the upstream gene (incD) and a reverse primer to the downstream

gene (/ncF). The presence or absence of the transcripts encoded in the operon (IncD, IncE,
IncF, IncG) were confirmed by (i) RT-PCR (primers are listed in the oligonucleotide section
of the key resources table), performed according to the manufacturers protocol (Qiagen)

(ii) immunoblot analysis, using antibodies to IncE and IncG, and (iii) immunofluorescence
using primary antibodies to IncA, Inck, and IncG. L2A/ncE was transformed with p2TK2
(empty vector) or complemented with the indicated p2TK2-IncEg ag (INCEF_ag) Variants.
For protein expression, HeLa cells were infected as described above with indicated L2
strains (MOI ~5) in the presence of 2 ng/mL aTC for 24 h. Cell lysates were immunoblotted
with anti-IncE, anti-FLAG, and anti-HSP60. L2A/ncA, carrying a b/a cassette inserted at the
incA locus, was generated using TargeTron.24

Bioinformatics: The full length IncE protein sequence from L2 were analyzed using to
HMMTOP,> TMpred,®0 SOSUI,%1 and TMHMM®? using standard parameters to predict the
two transmembrane on IncE. Multiple sequence alignment of IncE homologs, Q-SNAREs,
and R-SNARES were performed using Clustal Omega.52

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitation of inclusion formation

To quantify inclusion formation, HeLa cells infected with the indicated L2 strains for 24
or 48 h were fixed with 4% PFA, stained with anti-MOMP and fluorescent secondary
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antibodies, and visualized by spinning disk confocal microscopy. A total of 11 fields per
coverslip x 3 (technical replicates) were acquired for a total of 33 fields per condition.
Inclusions were quantified using the macro script or Cell Counter on the FIJI software. Data
are mean + SEM of at least 2 independent biological replicates. To quantify production

of infectious progeny, infected HelL a cells were osmotically lysed in ddH20 at 48 hpi. 2-

to 5-fold serial dilutions of harvested bacteria were used to infect fresh HeLa monolayers.
After removal of infection media, fresh media containing 1 mg/mL Heparin (Sigma) was
added to cells. At 24 hpi, inclusion formation was enumerated as described above.

Quantitation of protein co-localization

Co-localization of GFP-STX7, mCherry-STX12, and endogenous SNX6 vesicles during L2
infection was quantified by fluorescence microscopy. Hela cells co-transfected with GFP-
STX7 and mCherry-STX12 were infected with indicated L2 strain, fixed, and permeabilized.
Cells were incubated with anti-SNX6, anti-IncA, anti-STX12, and fluorescent secondary
antibodies. Images were acquired using a 60X objective lens. A total of 10-15 fields per
coverslip x 3 technical replicates were acquired. The fluorescence intensity profiles for GFP-
STX7, mCherry-STX12, and endogenous SNX6 were generated using the FI1JI software.
The maximum fluorescent intensity (Fmax) for SNX6 was arbitrarily set to position zero. The
maximum fluorescent intensity offsets for STX7 and STX12 from SNX6 were computed
and converted to microns (1 arbitrary unit = 0.09 um) using the following equation:

Offset Distance = I(SNX6 F,,, Position — STX7/12 F,,, Position)(0.09 pm)I

STXT7 or STX12 were considered to co-localize with SNX6 when the Fyax Offset distance
was <0.09um. STX7 or STX12 were score as not co-localizing with SNX6 is when the Fyax
offset distance was >0.09um. Data are mean £ SD of 30 vesicles.

Statistical analysis: For each experiment, at least 2 or more independent biological/
technical replicates were performed, and the results are plotted individually or combined and
represented as mean + SD/SEM, as described in the figure legends. All statistical analyses
were performed using GraphPad Prism 9.0. Assays were analyzed using a one-way ANOVA
with a two-tailed Welch’s t test or unpaired Student t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Chlamydia IncE encodes two SLiMs required for intracellular growth

SLiM1 mimics an R-SNARE to bind STX7/STX12; SLiM2 mimics a SNX
cargo motif to bind SNX5/SNX6

The SLiMs enable IncE to simultaneously bind STX7/STX12- and SNX5/
SNX6-associated vesicles

STX7 and STX12 serve distinct roles in the C. trachomatis intracellular life
cycle
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as well as a positive control for the ESCPE-1 complex (composed of SNX1/2/5/6).18 Data
shown are representative of immunoblots from two biological replicates.
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STX7, and STX12. Data shown are representative of immunoblots from three biological
replicates. GAPDH serves as a loading control. MOMP serves as an indicator of the

efficiency of infection.
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Figure 4. IncE StxBM is required for late steps of infection
(A and B) Intra-strain comparisons of (A) inclusion formation at 24 hpi and (B) progeny

production at 48 hpi. Infections were performed at a low MOI (MOI = 1) and compared to
the indicated strain without an inducer.

(C) Inter- and intra-strain quantification of inclusion fusion at 24 hpi. Infections were
performed at a high MOI (MOI = 5). Data shown are averages + SEM for at least three
biological replicates (indicated with circle), with at least 99 fields counted for each replicate.
*p<0.05, **p<0.02, and ***p < 0.0005; Welch’s ANOVA.
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Figure 5. STX7 and STX12 serve distinct functions during infection
Control small interfering RNA (siRNA)-, STX7 siRNA-, or STX12 siRNA-depleted cells

infected at a low MOI (~0.8, A and B) or high MOI (~5, C and D) for 24 h. Quantification
of (A) progeny production and (B and C) average inclusions per field. (A and B) Shown is
the average = SEM for three technical replicates with a total of 33 fields. (C) Data shown
are averages + SEM for three biological replicates, with a total of 99 fields counted. The
decreased inclusion fusion in the STX12 siRNA-treated cells is reflected by an increase

in the average number of inclusions per field. (D) Representative single-slice confocal
immunofluorescence images (scale bar: 10 pm). Multiple smaller unfused inclusions are
present in the STX12 siRNA-treated sample. *p < 0.05 and **p < 0.005; Welch’s ANOVA.
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Figure 6. IncE is required to tether distinct vesicle classes together at the inclusion
(A) Schematic and representative single-slice confocal immunofluorescence images

depicting quantitation of STX7/STX12/SNX6 overlap in vesicles (insets) proximal and
distal to inclusion. Fluorescence profiles on vesicles proximal (< 1 um) and distal (>5 um)
to the inclusion were plotted for transfected GFP-STX7 (green), transfected mCh-STX12
(magenta), and endogenous SNX6 (blue). The maximum fluorescent intensity offsets of
GFP-STX7 and mCh-STX12 from SNX6 were computed. Scale bar: 5 pm.
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(B and C) Quantification of STX7/SNX6 (green) and STX12/SNX6 (magenta) offset in

(B) vesicles proximal or distal to inclusion in cells infected for 24 h with L2+vector or
L2A/ncE+vector or (C) vesicles proximal to the inclusion in cells infected for 24 h with
L2+vector, L2A/ncE+vector, or the indicated L2A/ncE+piIncE variants. All experiments were
performed in the presence of an inducer. Shown are individual data points as well as the
average * SD for 30 vesicles for each infection condition. ***p < 0.0005; Welch’s ANOVA.
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Figure 7. Model of IncE:STX7/STX12 and IncE:SNX5/SNX6 interactions
IncE encodes two SLiMs, the StxBM and SnxBM, which bind to STX7/12 and SNX5/6,

respectively. The binding of the IncE SnxBM to the SNX5/6 cargo binding domain reroutes
SNX6*, and presumably SNX5* (gray half-moon), vesicles to the inclusion. By binding to
SNX5/6, IncE displaces SNX5/6 cargo proteins and disrupts ESCPE-1-mediated restriction
of Ctintracellular development. IncE StxBM binding to STX7 (tan squiggle line) and
STX12 (tan squiggle line) reroutes STX7- and STX12-containing vesicles to the inclusion.
At or near the inclusion, the STX7/12- and SNX5/6-containing vesicles are brought in
close apposition in an IncE-dependent manner and may fuse with each other and/or with
the inclusion membrane. STX7 contributes to the production of infectious progeny, while
STX12 functions to promote efficient inclusion fusion.
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