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Abstract

An obligate intracellular bacterium Chlamydia trachomatis requires host lipid ceramide for their
replication within an intracellular membranous compartment, the inclusion. Chlamydial inclusion
membrane protein D (IncD) composed of two closely linked long hydrophobic domains with their
N- and C-termini exposed to the host cytosol, binds directly to the pleckstrin homology (PH)
domain of the ceramide transport protein (CERT), likely redirecting ceramide to the inclusion. The
precise regions of IncD required for this interaction have not been delineated. Using co-
transfection studies together with phylogenetic studies, we demonstrate that both the IncD N- and
C-terminal regions are required for binding to the CERT PH domain and define key interaction
residues. Native gel electrophoresis analysis demonstrates that the transmembrane region of IncD
forms SDS-resistant but dithiothreitol-sensitive homodimers, which in turn can assemble to form
higher order oligomers through additional N- and C-terminal domain contacts. \We propose that
IncD oligomerization may facilitate high affinity binding to CERT, allowing C. trachomatis to
efficiently redirect host ceramide to the inclusion.
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1. Introduction

Chlamydia trachomatis is an obligate intracellular bacterium that is a major causative
pathogen of a bacterial sexually transmitted disease in developed countries and also the
leading cause of non-congenital blindness in developing countries [1]. After the entry into
mammalian cells by receptor-mediated endocytosis Chlamydiae quickly dissociates from the
canonical endo-lysosomal pathway and proliferates in a parasitophorous vacuole, the
inclusion [2]. Chlamydize selectively interact with multiple host cell compartments and
trafficking pathways to acquire nutrients, in part by modifying the inclusion membrane
through secretion and insertion of a unique set of effectors, the Inclusion membrane proteins
(Incs). These proteins contain a bilobed hydrophobic domain composed of two closely
spaced membrane-spanning regions that are separated by a short hairpin loop, with their N-
and C-termini predicted to extend into the cytosplasm of the host cell [2]. The Chlamydial
intracellular life cycle is unusual for a bacteria in that it requires host cell sphingolipids and
cholesterol for replication and maintenance of inclusion membrane integrity [3-6]. The
ceramide transport protein (CERT) is the major mediator of ceramide transport from the
endoplasmic reticulum (ER) to the Golgi apparatus, where ceramide is converted to
sphingomyelin [7]. Recent studies have revealed that the inclusion membrane protein IncD
binds directly to and recruits CERT to the inclusion membrane [8-10]. Inhibition or
depletion of CERT inhibits sphingolipid acquisition and intracellular replication of several
Chlamydia species, including C. muridarum [6], C. trachomatis (9), and C. psittaci[11].
Together, these studies suggest that recruitment of CERT and subversion of the lipid
synthesis pathway is required for the Chlamydial intracellular life cycle.

CERT contains three functional regions: an N-terminal pleckstrin homology (PH) domain
that binds phosphatidylinositol-4-phosphate (PI14P) at the trans-Golgi; a two phenylalanines
in an acidic tract (FFAT) motif that binds the ER integral membrane proteins VAP-A and
VAP-B; and a C-terminal steroidogenic acute regulatory protein-related lipid transfer
(START) domain that binds to and extracts ceramide from the ER membrane [7,12]. The N-
terminal region of CERT including the PH domain, but not its FFAT motif, is necessary for
recruitment to the inclusion and for binding to IncD [8,10]. However, the molecular details
of how IncD binds to the CERT PH domain are unknown. In this work, we defined the
structural features of IncD that are crucial for its binding to the CERT PH domain. Our
studies suggest that both the N- and C-terminal regions of IncD coordinately bind to CERT
PH domain while the IncD transmembrane (TM) domains facilitate formation of multimers
of IncD dimers.

2. Materials and methods

This section is described in Supplementary Materials.
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3. Results

Both the N- and C-terminal Cytosolic Regions of IncD Are Required for Binding to CERT

PH Domain.

C. trachomatis IncD is a 146 amino acid protein comprised of two long TM domains
(bilobed hydrophaobic region) embedded in the inclusion membrane that are connected by a
short cytosolic linker, with the N-terminal ~40 amino acids and C-terminal ~50 amino acids
exposed to the host cytosol [9]. To determine the region(s) of IncD required for interaction
with the CERT PH domain, we constructed N-terminal 3xFLAG-tagged expression plasmids
that encoded full length IncD (FG-IncD WT (aa 1-146)) or deletion constructs in which
either the N-terminal cytosolic exposed domain was deleted (FG-IncD AN (38-146)), the C-
terminal cytosolic exposed domain was deleted (FG-IncD AC (aa 1-91)), or the TM domain
was deleted (Fig. 1A). For the TM deletion constructs, we inserted two different linkers to
connect the N and C-terminal regions (Fig. 1A): FG-IncD AM’, which contained a hexa-
glycine linker or FG-IncD AM’, which utilized a longer and therefore more flexible linker
(3%(Cly-Gly-Gly-Gly-Ser).

Lysates prepared from HeLa cells co-transfected with HA-CERT PH and the various FG-
IncD constructs were immunoblotted with anti-FLAG or anti-HA antibody(input) or were
immunoprecipitated with an anti-HA antibody followed by immunoblotting with anti-HA or
anti-FLAG antibody (HA-IP) (Fig. 1B). All samples contained equivalent amounts of lysates
as evidenced by immunoblotting with antibodies to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Despite the variable 3xFG-IncD levels, it is clear that co-
immunoprecipitation of IncD with HA-CERT PH requires the TM region as well as the N-
and C-terminal domains of IncD (lane 4-6 and 8 in right panel of Fig. 1B).

To rule out the possibility that the loss of interaction of the IncD deletion mutants with the
CERT PH domain was due to altered subcellular distribution of transfected IncD constructs,
we compared the subcellular localization of each of the IncD constructs by indirect
immunofluorescence. Transfected HA-CERT PH localized to cytosol, nucleus, and Golgi
(Fig. 1C), consistent with our previously published localization data of a CERT construct
comprised of amino acids 24-152 [13]. Full-length IncD (FG-IncD WT) as well as the FG-
IncD AN and FG-IncD AC constructs exhibited an ER-like reticular staining pattern with
some enrichment to a GM-130 positive (/.e., Golgi) structure (Fig. 1C). Not unexpectedly,
FG-IncD AM displayed largely diffuse cytosolic staining, though there was some co-
localization with the Golgi marker. Together, these data indicate that some populations of the
FG-IncD deletion constructs localized to the same subcellular compartments as CERT-PH.
These results suggest that the failure the FG-IncD AN, FG-IncD AC, and the FG-IncD AM
mutants to interact with CERT-PH was not due to altered subcellular distribution.

To determine whether the N- or C-terminal regions of IncD can transcomplement each other
for binding to CERT-PH, we performed HA immunoprecipitations of lysates of cells that
were triply co-transfected with FG-IncD AN, FG-IncD AC, and HA-CERT PH. Under these
conditions, both the IncD constructs co-immunoprecipitated with HA-CERT PH (lane 7 in
right panel of Fig. 1B). These results eliminate the possibility that the inability of the FG-
IncD AN or FG-IncD AC constructs to interact with HA-CERT PH is due to IncD protein
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misfolding. These findings are consistent with the formation of a trimolecular complex in
which the two IncD variants heterodimerize through their TM domains to form a functional
CERT-PH binding interface (Fig. 1B).

We noted that the expression level of HA-CERT PH was markedly enhanced when co-
transfected with full-length IncD or with either FG-IncD AN or FG-IncD AC. This result
suggests that the CERT PH domain is stabilized upon association with IncD.

Defining IncD residues required for the interaction with the CERT PH domain.

We next sought to define specific regions or residues in the IncD N- and C-terminal domains
that are required for CERT-PH binding. As IncD from multiple Chlamydia species,
including C. trachomatis[8], C. muridarum [6], and C. psittaci[11], has been shown to bind
to CERT, we hypothesized that residues conserved in IncD N-and C-terminal host cell
cytosolic-exposed domains would be required for CERT binding. Amino acid sequence
alignment of IncD from C. trachomatis, C. suis, C. muridram, C. caviae and C. felis (Fig.
2A) reveals that the two predicted TM domains are highly conserved, while the N- and C-
termini showed significant divergence; overall identity of these regions among the different
species is less than 38% for the N-termini and 57% for the C-termini. Nonetheless, several
amino acid residues are conserved in both the N- and C-terminal regions, notably a charged
block (Chg) C-terminal to the second TM domain as well as an adjacent stretch of
hydrophobic residues (Hyd). Highly conserved residues in N- and C-terminus of IncD were
replaced with alanine either individually, or all of the Chg or Hyd region (Fig. 2B). Each of
the constructs were transfected into HeLa cells together with HA-CERT PH, and FG
immunoprecipitations were performed (Fig. 2C). Due to variations in the expression levels
of the transfected proteins, we normalized the immunoprecipitated HA-CERT PH to the
input levels of HA-CERT PH (Fig. 2D). Mutation of the conserved arginine 17 or leucine 21
in the N-terminal region abolished IncD interaction with HA-CERT PH (Fig. 2C, 2D).
Replacement of all the conserved residues in the Chg or Hyd blocks with alanines also
abrogated IncD interaction with HA-CERT PH (Fig. 2C, 2D). Finally, replacement of
leucine 107, tryptophan 109, or asparagine 110 with alanine, conserved residues in the C-
terminus, abrogated IncD binding to CERT-PH (Fig. 2C, 2D). Together, these results are
consistent with a requirement for both the N- and C-terminal cytosolic regions of IncD for
binding to CERT-PH and suggest that despite rapid evolution amongst Chlamyadia species,
the ability of IncD to bind to CERT-PH has been maintained.

The Bilobed Hydrophobic Region is Required for IncD oligomerization

As previous studies have demonstrated that IncD can form homo-oligomers [14,15], we
defined the domains of IncD that are necessary and/or sufficient for homodimerization. For
these studies, HA-tagged full-length IncD (HA-IncD WT) or TM domain (HA-IncD M)
together with FG-tagged constructs as described in Fig. 1A were co-transfected into HeLa
cells and lysates immunoprecipitated with anti-FG (Fig. 3A, 3B). The TM domain of IncD
was necessary and sufficient for homotypic interactions (Fig. 3B). We conclude that the
IncD TM region is involved in homo-oligomerization, whereas the N- and C-terminal
domains are required for binding to the CERT-PH domain.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2019 November 10.
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IncD is capable of forming higher order oligomers of dimers

We used non-denaturing gel electrophoresis to investigate whether transfected IncD was
capable of forming higher order oligomers. Lysates from HeLa cells transfected with FG-
IncD constructs were subjected to Blue-Native PAGE and immunoblotted with anti-FLAG
antibody. FG-IncD WT demonstrated multiple oligomeric complexes with masses ranging
from ~80 kDa to ~1000 kDa (Fig. 4A). Because hydrophobic regions of proteins bind more
dye molecules in Blue-Native PAGE than the non-hydrophobic regions, the apparent
molecular mass values of membrane proteins on Blue-Native PAGE were corrected by a
factor of 1.8 to predict the actual mass value [16], yielding a corrected mass of 44 kDa for
IncD on Blue-Native PAGE, a value close to the predicted mass of (38.8 kD). In contrast to
the laddering pattern of FG-IncD WT, FG-IncD M exhibited only the two lower molecular
weight bands (Fig. 4A). FG-IncD AN and FG-IncD AC exhibited more complex patterns:
two bands with apparent low molecular mass values, a partial ladder pattern, and a smear of
bands with very high molecular mass, likely representing aggregates (Fig. 4A). These results
suggest that the IncD TM domains facilitate homo-dimerization, whereas the N- and C-
terminal regions contribute to higher order oligomerization. IncD oligomerization was not
dependent upon its association with CERT, as we observed similar oligomeric states in HelLa
cells in which CERT was inactivated by gene-editing technology (Fig. 4B)[17].

We noted that lysates of FG-IncD WT-transfected cells that were prepared in buffer
containing lithium dodecyl sulfate (LDS) and DTT migrated as an apparent monomer when
electrophoresed on SDS-PAGE (Figs. 1-3), suggesting that detergents or reducing reagents
could disrupt IncD oligomerization. To examine the stability of oligomers in more detail,
cell extracts from the FG-IncD WT-expressing cells were pre-treated with SDS or DTT for
15 min at 37 °C and analyzed by Blue-Native PAGE (Fig. 4C). Heat treatment failed to
affect oligomerization, but FG-IncD WT exhibited reduced oligomeric laddering pattern
when the lysates were pretreated with 0.2% SDS or 100 mM DTT at 37° for 15 minutes. No
oligomers were observed when the extracts were exposed to both SDS and DTT (Fig. 4C),
suggesting that the fastest migrating bands observed in SDS/DT T-treated FG-IncD WT
samples represent monomeric FG-IncD WT and that the second fastest migrating band
represents an IncD dimer. Dimeric IncD was further dissociated upon treatment with DTT,
suggesting that disulfide bond formation is required for stable formation of IncD
homodimers.

To define the region(s) involved in the DTT-sensitive dimerization, IncD deletion constructs
were analyzed by SDS-PAGE under non-reducing conditions. FG-IncD WT, FG-IncD AN,
FG-IncD AC, and FG-IncD M migrated as a monomer and dimer, whereas IncD AM
migrated only as a monomer (Fig. 4D). Thus, the TM region is necessary to form the DTT-
sensitive dimeric unit. Collectively, these data indicated that IncD formed multiple
oligomers composed of dimers linked by disulfide bond formation in the bilobed
hydrophaobic region.

4. Discussion

We have used co-transfection approaches to delineate regions of IncD that are required for
its interaction with the CERT-PH domain. Our studies reveal that both the N- and C-terminal
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domains of transfected IncD are required for its interaction with the CERT-PH domain. The
IncD N- and C-terminal regions can function in #rans, suggesting that they both contribute to
formation of the CERT-PH binding interface and that the requirement for both domains does
not reflect allosteric effects. Guided by phylogenetic comparisons, we identified highly
conserved residues in both the N- and C-terminal regions of IncD that are required for
binding to the CERT PH domain. Even though the predicted N-terminal cytosolic-exposed
region is short——37 amino acids--and likely also encodes the type Il secretion signal as well
as a potential chaperone binding site [18], we identified at least two highly conserved
residues that are required for binding to the CERT-PH domain. We believe that this is the
first example of an N-terminal Inc region required for binding to the host interaction
partner(s). For other Incs for which this has been examined, including Inck [19,20], IncA
[21,22], and CT850 [23], the C-terminal regions have been shown to be sufficient for
binding to the known host partners. We recognize that our conclusions are based upon
interactions determined by co-transfection and that they await final validation by creating
relevant mutations in the C. trachomatis IncD gene and testing them in the context of
infection.

Our studies provide additional insights into the ability of IncD to form oligomeric structures
[14,15]. The TM regions are required for homodimerization and for the ability of the
individual N- and C-terminal regions of IncD to transcomplement each other for binding to
the CERT-PH domain. IncD homodimerization was disrupted upon exposure to DTT,
suggesting disulfide bonding within the TM or linker region. Our results differ slightly from
those reported by Derre et al in which they overexpressed in Chlamydia chimeras of IncD
and an unrelated Inc protein, IncE, to assess homodimerization (15). In their studies, the
IncD TM region was not sufficient for homodimierization [15]. The somewhat discrepant
results can be reconciled by our observation that the N- and C-terminal regions of IncD may
contribute to formation of higher order oligomers.

Based on our results, we propose a model of the interaction between the CERT PH domain
and IncD: The bilobed hydrophobic region of IncD forms a stable homotypic dimer via
intermolecular disulphide-bonding, while additional interactions through the N- and/or C-
terminal cytosolic exposed regions are required for higher order oligomerization to form a
multivalent CERT PH domain binding interface, enhancing the efficiency of CERT
recruitment to the inclusion. In this context, it is noteworthy that CERT behaves as oligomer
(presumably trimer) in cells [24]. Given the rapid divergence of Incs, the conservation of
these IncD residues suggests that binding to CERT-PH reflects evolutionary pressure to
redirect and acquire host cell ceramide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary
The Abbreviations used are:

CERT ceramide transport protein

™ transmembrane
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Highlights
. Both the N- and C-termini of IncD are required for the CERT-IncD
interaction.
. IncD residues essential for the binding to CERT are conserved among

Chlamydiaces.

. IncD forms multiple oligomers composed of a dimeric unit.
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Figure 1. Molecular analysis of the interaction between IncD and CERT PH domain.
(A) Schematic diagram of relevant constructs. The TM region of IncD is highlighted by a

grey box. The TM region is replaced with hexa-glycine linker (Gx6) in the construct of FG-
IncD AM or with three tandem repeats of Gly-Gly-Gly-Gly-Ser (GGGGSx3) in the construct
of FG-IncD AM’. (B) HelLa cells were co-transfected with pcDNA4/TO encoding the
indicated derivatives of FG-IncD together with pcDNA3.1 neo (+) encoding HA-CERT PH.
Total amounts of used plasmids for cells were adjusted to constant by adding mock plasmid.
For the double transfection with FG-IncD AN and FG-IncD AC, the same amounts of each
plasmid compared to single transfection was used. Cells were lysed with previously
described lysis buffer containing 1% Triton X-100 [25]. Left panels: The cell extracts were
analysed by Western blotting (Input). The amount loaded as “Input” is 1.0% of the amount
used for immunoprecipitation when Western blotting with anti-HA antibody and 0.5% when
Western blotting by anti-FLAG antibody. The membranes were reblotted with an anti-
GAPDH antibody. Right panels: HA-CERT PH was immunoprecipitated with anti-HA
antibody (HA-IP) from the cell extracts and analyzed by Western blotting with the indicated
antibodies. Experiments were performed at least three times, and similar results were
obtained. (C) HeLa cells were transiently expressed with various derivatives of FG-IncD or
HA-CERT PH. The cells were double-labelled by indirect immunostaining with the anti-
FLAG antibody (green) and anti-GM130 antibody (magenta) for the cells expressing
derivative of FG-IncD or with the anti-HA antibody (green) and anti-GM130 antibody
(magenta) for the cells expressing HA-CERT PH. The cells were observed by fluorescence
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microscopy. Experiments were performed at least three times, and similar results were
obtained. Typical staining patterns are shown. The bar indicates 10 pum.
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Figure 2. Identification of IncD residues necessary for binding to the CERT PH domain.
(A) Alignment of amino acid sequence of IncD from the indicated Chlamydia species. The

predicted TM ™ regions are indicated as white rectangle. Invariant amino acids are shaded
grey. (B) The C-terminal amino acids that form the conserved Charged (Chg) and
Hydrophobic (Hyd) clusters are indicated. Invariant residues are shaded grey and the
residues that were mutated are boxed. (C) HeLa cells were co-transfected with pcDNA4/TO
encoding the indicated derivatives of FG-IncD and with pcDNA3.1 neo (+) encoding HA-
CERT PH. Samples were prepared as described in Fig. 1. The cell extracts were analysed by
Western blotting (Input). The amount loaded as “Input” is 0.6% of the amount used for
immunoprecipitation when Western blotting with HA antibody and 2.0% when Western
blotting by FLAG antibody. Immunoprecipitated fractions with anti-FLAG antibody (FG-IP)
from the cell extracts were analyzed by Western blotting with anti-HA antibody. The
membranes were reblotted with an anti-GAPDH antibody. A portion of the gel (between WT
and R17A) was spliced out. (D) For the Input fraction and the FG-IP fraction, each band in
the image of Western blotting with anti-HA antibody was quantified. The Quantitative
values of FG-IP fractions were divided by that of input fractions to correct expression levels
and the values are shown as relative values to the control fraction (FG-IncD WT). See
Supplementary Material for detail. The data shown are the means £ S.D. from three
experiments. *p<0.05 **p<0.01
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Figure 3. Molecular analysis of the homotypic interaction of IncD
(A) Schematic diagram relevant derivatives of FG-IncD or HA-IncD. (B) HeLa cells were

co-transfected with pcDNA4/TO encoding the indicated derivatives of FG-IncD or an empty
vector and with pcDNA3.1 neo (+) encoding the indicated derivatives of HA-IncD. Samples
were prepared as described in Fig. 1. Left panels: The cell extracts were analysed by
Western blotting. The amount loaded as “Input” is 0.4% of the amount used for
immunoprecipitation when Western blotting with HA antibody and 1.5% when Western
blotting by FLAG antibody. The membranes were reblotted with an anti-GAPDH antibody.
Right panels: FLAG-tagged IncD derivatives were immunoprecipitated with anti-FLAG
antibody (FG-IP) from the cell extracts and analyzed by Western blotting with the indicated
antibodies. Experiments were performed at least three times, and similar results were
obtained.
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Figure 4. IncD forms higher order oligomers by dimers.
(A) HeLa cells were transfected with pcDNA4/TO encoding FG-IncD WT, FG-IncD AN,

FG-IncD AM, FG-IncD AC, FG-IncD M, or an empty vector. Cell extracts were prepared
from the cells with 1% dodecylmaltoside-containing lysis buffer. The cell extracts were
separated by Blue-Native-PAGE as manufacturer’s instruction and analysed by Western
blotting with anti-FLAG antibody. (B) HelLa cells or CERT-deficient HeLa cells were
transfected with plasmid encoding FG-IncD WT and cell extracts were prepared as
described above. The cell extracts were separated by Blue-Native-PAGE and analysed by
Western blotting with anti-FLAG antibody. (C) HeLa cells were transfected with
pcDNA4/TO encoding FG-IncD WT and cell extracts were prepared as described. For
samples of Blue-Native-PAGE, cell extracts were incubated at 37 °C for 15 min in the
presence or absence of the indicated reagents. (D) The cells described in Fig. 4A were lysed
by LDS-containing nonreducing loading buffer. The lysate was subjected to SDS-PAGE
under non-reducing conditions and, after electrophoresis, IncD constructs were detected by
Western blotting. The membranes were reblotted with an anti-GAPDH antibody.
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