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ABSTRACT SINC, a new type III secreted protein of the avian and human pathogen Chla-
mydia psittaci, uniquely targets the nuclear envelope of C. psittaci–infected cells and unin-
fected neighboring cells. Digitonin-permeabilization studies of SINC-GFP–transfected HeLa 
cells indicate that SINC targets the inner nuclear membrane. SINC localization at the nuclear 
envelope was blocked by importazole, confirming SINC import into the nucleus. Candidate 
partners were identified by proximity to biotin ligase-fused SINC in HEK293 cells and mass 
spectrometry (BioID). This strategy identified 22 candidates with high confidence, including 
the nucleoporin ELYS, lamin B1, and four proteins (emerin, MAN1, LAP1, and LBR) of the inner 
nuclear membrane, suggesting that SINC interacts with host proteins that control nuclear 
structure, signaling, chromatin organization, and gene silencing. GFP-SINC association with 
the native LEM-domain protein emerin, a conserved component of nuclear “lamina” struc-
ture, or with a complex containing emerin was confirmed by GFP pull down. Our findings 
identify SINC as a novel bacterial protein that targets the nuclear envelope with the capabil-
ity of globally altering nuclear envelope functions in the infected host cell and neighboring 
uninfected cells. These properties may contribute to the aggressive virulence of C. psittaci.

INTRODUCTION
Members of the genus Chlamydia are ubiquitous Gram-negative 
bacteria capable of infecting a wide variety of hosts and tissues 
(Corsaro and Venditti, 2004). Among 11 recognized species, 
2—Chlamydia trachomatis and Chlamydia pneumoniae—com-
monly infect humans and pose significant public health challenges. 
C. trachomatis, a genital and ocular pathogen, is the most common 

bacterial infection in the United States, with an estimated 2.8 million 
infections annually (Satterwhite et al., 2011). C. pneumoniae, a clini-
cally significant respiratory pathogen, causes atypical pneumonia 
and has been implicated in cardiovascular disease (Kuo et al., 1995). 
Most primary infections with C. trachomatis are strictly limited to the 
mucosal epithelium of two human anatomical sites, the conjunctiva 
and genital tract, where symptoms may be mild to nonexistent. 
However, chronic C. trachomatis infection leads to inflammatory 
damage with potentially severe sequelae, including blindness, 
pelvic inflammatory disease, ectopic pregnancy, and infertility 
(Stamm, 1999). Two other species, Chlamydia psittaci and Chlamydia 
abortus, can be transmitted from animals to humans (zoonotic infec-
tion) and cause severe disease (Rohde et al., 2010). C. psittaci is 
widespread—detected in nearly 500 avian species (Kaleta and 
Taday, 2003)—in which infection can be either latent or systemic 
with clinically overt respiratory symptoms (Stewardson and Grayson, 
2010). C. psittaci is a highly infectious, medically significant potential 
human pathogen classified as a category B bioterrorism agent by 
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of clonal isolation. Strategies that have been successful include 
identification based on homology to effectors from other bacterial 
genera (Hsia et al., 1997), affinity to T3S chaperones (Fields et al., 
2005), subcellular fractionation (Hobolt-Pedersen et al., 2009) of 
Chlamydia-infected cells, and heterologous secretion assays in 
Yersinia, Shigella, and Salmonella (Fields and Hackstadt, 2000; 
Subtil et al., 2001, 2005; Ho and Starnbach, 2005; Hower et al., 
2009; Hovis et al., 2013; da Cunha et al., 2014). We previously used 
the T3S system of Yersinia pseudotuberculosis as a surrogate to test 
putative chlamydial T3S-dependent secreted proteins predicted by 
the protein homology-based algorithm SIEVE (Samudrala et al., 
2009). This strategy identified the hypothetical product of orf70 
(NCBI G5Q_0070) of C. psittaci strain CAL10 as a putative effector 
(Hovis et al., 2013). We report here the characterization of this 
protein, renamed secreted inner nuclear membrane–associated 
Chlamydia protein (SINC), based on its novel localization at the nu-
clear envelope (NE) of infected and neighboring uninfected cells 
and association with nuclear membrane proteins.

RESULTS
sinC is syntenic and encodes a weak orthologue of 
C. trachomatis CT694
The C. psittaci putative effector gene sinC was chosen for further 
investigation because it posed a paradox: sinC is syntenic with 
ct694 of C. trachomatis, each downstream of the phosphoglycerate 
kinase gene, pgk (Supplemental Figure S1A); however, the encoded 
CT694 and SINC proteins are only 12.5% identical, compared with 
74% identical phosphoglycerate kinase proteins. Residual identity 
to CT694 is scattered throughout SINC (e.g., residues 1–11, 151–
161, and 458–466), suggesting divergence from a common ances-
tral gene.

Low sequence identity suggested that SINC and CT694 were 
functionally distinct and might therefore be expressed at different 
stages of development in C. psittaci– or C. trachomatis–infected 
cells. Reverse transcription quantitative PCR (RT-qPCR) analysis of 
HeLa-grown C. psittaci CAL10 revealed low or background levels of 
sinC transcripts from 6 to 24 h postinfection (hpi), peaking at 30–42 
hpi and decreasing sharply by 42 hpi, with a strong trend toward 
statistical significance (H = 13.675, p = 0.057; Supplemental Figure 
S1B), similar to ct694. We raised polyclonal SINC-specific antibod-
ies (α-SINC; see Materials and Methods) that specifically recognized 
a 55-kDa protein in C. psittaci–infected HeLa cells starting at 30 hpi 
(Supplemental Figure S1B). Immunoblotting for SINC and the major 
outer membrane protein (MOMP) showed that SINC protein levels 
remained high at 48 hpi (Supplemental Figure S1B), suggesting that 
it is relatively stable. Because sinC and ct694 and their gene prod-
ucts were expressed at similar times during development (Belland 
et al., 2003; Hower et al., 2009), we reasoned that they must differ 
in some other way.

SINC accumulates at the NE in infected cells and nearby 
noninfected cells
To locate SINC, infected HeLa cells were fixed with methanol, 
stained, and examined by indirect immunofluorescence either 24 
(Figure 1) or 36 hpi (Figure 2). Consistent with immunoblot results, 
SINC was detected by indirect immunofluorescence staining at 24 
hpi as dispersed punctate signals inside the chlamydiae-packed in-
clusions (Figure 1A); these 24-hpi signals often colocalized with the 
housekeeping protein elongation factor Tu (EF-Tu), suggesting lo-
calization within individual bacteria. SINC staining was unevenly dis-
tributed, with no apparent spatial position within the inclusion (e.g., 
lumen vs. periphery), consistent with asynchronous chlamydial 

the Centers for Disease Control and Prevention (www.bt.cdc.gov/
agent/agentlist-category.asp). Inhalation via aerosols can cause life-
threatening pneumonia (Smith et al., 2011) and systemic complica-
tions, including encephalitis and endocarditis (Salisch et al., 1996). 
Infection can be unapparent (asymptomatic) or manifest with high 
fever, difficulty breathing, and nonproductive cough, low pulse, 
chills, headache, and myalgia and is potentially fatal in untreated 
patients (Moroney et al., 1998). Exposure is typically due to contact 
with reservoirs of zoonotic psittacosis (poultry, pet parrots, free-liv-
ing pigeons) or outdoor activities (e.g., lawn mowing or gardening) 
presumably associated with inhalation of bird fecal dust (Beeckman 
and Vanrompay, 2009). Person-to-person transmission of psittacosis 
is possible but rare (Ito et al., 2002). The mechanisms that allow 
C. psittaci to be significantly more infectious and pathogenic than 
C. trachomatis in humans are not understood.

All Chlamydia species are obligate intracellular pathogens with a 
unique developmental life cycle involving two cellular forms. After 
entering the host cell via endocytosis, metabolically dormant chla-
mydiae—termed elementary bodies (EBs)—differentiate into larger, 
actively replicating reticulate bodies (RBs) within a membrane-
bound vacuole termed the inclusion. RBs differentiate back into EBs 
asynchronously, so the chlamydial inclusion includes both forms 
(RBs and EBs) at late stages of infection. After completing develop-
ment, EBs exit upon lysis of the host cell or nonexocytic extrusion of 
whole or part of the inclusion (Hybiske and Stephens, 2007) and 
then either disseminate or infect neighboring cells.

All Chlamydia species encode a complete type III secretion (T3S) 
system that enables the direct translocation of effector proteins 
across both the bacterial envelope and host plasma membrane–de-
rived inclusion membrane into the host cytosol, where they target 
specific host proteins and pathways to promote and maintain infec-
tion (Peters et al., 2007). After a signal proposed to involve disrup-
tion of T3S “injectisome”-mediated RB contact with the inclusion 
membrane (Wilson et al., 2006, 2009), RBs differentiate back into 
infectious EBs. The endoplasmic reticulum (ER) is closely apposed to 
the C. trachomatis inclusion surface (Derre et al., 2011; Dumoux 
et al., 2012), with at least one type III secreted inclusion membrane 
protein, IncA, colocalizing with ER markers (Giles and Wyrick, 2008). 
IncA is also involved in the fusion of small nascent vacuoles to form 
a single large inclusion (Suchland et al., 2000; Delevoye et al., 2004). 
The Inc family of T3S effectors includes many other, uncharacterized 
members (Bannantine et al., 2000; Li et al., 2008). Other well-char-
acterized effectors include translocated actin recruitment protein 
(TARP; Clifton et al., 2004) and CT694 (Hower et al., 2009), both of 
which facilitate internalization by the host cell. Both are expressed 
late in development and are secreted early, suggesting potential 
“preloading” into the T3S injectisome during the RB-to-EB transi-
tion. TARP nucleates actin polymerization and is secreted within 
minutes of EB internalization (Clifton et al., 2004). CT694 interacts 
with AHNAK and is believed to influence actin polymerization or 
membrane-associated signaling (Hower et al., 2009). The late-ex-
pressed effector CopN is proposed to sense host cell contact, simi-
lar to Yersinia YopN (Fields and Hackstadt, 2000), but also modu-
lates the host cytoskeleton (Archuleta et al., 2011). Another effector, 
NUE, enters the nucleus and can methylate histones (Pennini et al., 
2010). Other putative effectors have been partially characterized 
(Hobolt-Pedersen et al., 2009; Gong et al., 2011; Muschiol et al., 
2011).

Although genetic methodologies are emerging for Chlamydia 
(Wang et al., 2011), the major obstacle to identifying and character-
izing T3S-dependent chlamydial effectors has been the combined 
effect of the genetic intractability of Chlamydia and the impracticality 
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SINC associates with a large, potentially polymeric structure. IEM of 
24-hpi cultures also revealed a few SINC-gold pairs, triplets, and 
clusters at the NE and nucleoplasm (Figure 1C).

At 36 hpi, nearly all chlamydiae within the inclusion were SINC 
positive as visualized by confocal microscopy (Figure 2A). We also 
detected strong SINC-specific fluorescence at the host cell NE, es-
pecially on the side nearest the inclusion (Figure 2A) and weak SINC 
staining in the nucleoplasm (Figure 2B), consistent with IEM 

development. Immuno–electron microscopy (IEM) of 24-hpi cultures 
revealed SINC association with the cytoplasm and membranes of 
RBs and intermediate bodies (Figure 1B), with a disproportionate 
concentration of gold particles associated with the chlamydial sur-
face, consistent with ongoing production and T3S. Moreover, SINC-
specific gold particles were often arranged in pairs or triplets (e.g., 
Figure 1B), or as clusters associated with an electron-opaque mass 
extending from the chlamydial surface, suggesting that secreted 

FIGURE 1: SINC is mostly associated with chlamydiae within the inclusion at mid to early-late development. 
(A) Immunofluorescence images of C. psittaci CAL10–infected HeLa cells fixed with methanol at 24 hpi and stained 
using antibodies specific for SINC (α-SINC) and for elongation factor Tu (α–EF-Tu). DNA was DAPI stained; 
epifluorescence images were obtained on a Zeiss Axio Imager Z.1 (40×objective). Bar, 10 μm. (B, C) IEM images of 
C. psittaci CAL10–infected HeLa cells fixed with PFA at 24 hpi using colloidal gold–conjugated antibodies specific for 
SINC (α-SINC). (C) Black and white arrowheads identify SINC signals at the NE and a putative nucleoplasmic “track” 
consistent with pore-linked filaments, respectively. Bars, 500 nm (white), 100 nm (black).
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FIGURE 2: SINC is secreted by chlamydiae and targets the nuclear envelope of infected and uninfected neighboring 
cells late in development. Immunofluorescence images of C. psittaci CAL10–infected HeLa cells fixed with methanol at 
36 hpi and stained using antibodies specific for SINC (α-SINC) and for elongation factor Tu (α–EF-Tu; A) or for SINC 
alone (B). DNA was stained with DAPI. (A) Confocal images (Zeiss LSM 510 Meta Confocal Microscope) indicate SINC 
signal at the NE. (B) Epifluorescence images (Zeiss Axio Imager Z.1 with ApoTome.2 module) indicate SINC signal at the 
NE of the infected cell and that of neighboring uninfected cells. Bars, 10 μm.

(Figure 1C). These and later images hinted that SINC might colocal-
ize with pore-linked filaments extending into the nucleoplasm 
(e.g., white arrowheads in Figures 1C and 3A; Arlucea et al., 1998; 
Fontoura et al., 2001; Kiseleva et al., 2004). To our surprise, SINC 
also localized prominently at the NE of neighboring uninfected 
cells, on the side of the nucleus facing the infected cell, akin to a 
“light bulb” shining on surrounding objects (Figure 2B). Owing to 
the low multiplicity of infection, most infected cells were surrounded 
by uninfected immediate neighbors, which, without exception, 
displayed this phenotype. Thus SINC had two novel characteristics: 
stable association with the NE of human cells—unprecedented 
for a bacterial protein—and translocation to neighboring cells—
unprecedented for the genus Chlamydia.

SINC localization at the NE is sensitive to nuclear import 
inhibition
IEM (Figure 1, B and C) suggested that SINC enters the nucleus via 
NPCs. To test this idea, HeLa cells were infected and incubated for 
24 h with dimethyl sulfoxide (DMSO) plus or minus 22.5 μM impor-
tazole, a specific importin β inhibitor (Soderholm et al., 2011). Indi-
rect immunofluorescence staining of DMSO-treated controls, im-
aged with or without an Apotome-2 module AT2 to eliminate stray 
light and enhance resolution, revealed SINC in bacterial inclusions 
and at the NE of both infected cells and uninfected neighbors, with 
weaker signals in the nucleoplasm (Figure 3A), as expected. By 
contrast, SINC was detected in the inclusion but was markedly 
reduced at the NE of importazole-treated cells (Imp, Imp/AT2, 
Figure 3A; quantified in Figure 3B). Inhibition was dose dependent 

(unpublished data) and peaked near the reported IC50 of importazole 
(25 μM; Figure 3B). We conclude that SINC is imported into the 
infected cell nucleus via the NPC. Because SINC has no predicted 
nuclear localization signal (NLS) or transmembrane domain, we favor 
models in which SINC entry requires an NLS-bearing partner. SINC 
showed no obvious accumulation elsewhere in importazole-treated 
infected cells and was not detected at the NE of uninfected neigh-
bors, both consistent with its dispersal throughout the cytosol (or 
retention in chlamydiae) when nuclear import was blocked.

SINC–green fluorescent protein targets the NE in 
transfected HeLa cells and transformed yeast cells
SINC localization at the NE was independently validated in live and 
fixed HeLa cells by direct fluorescence 24 h after transfection with a 
plasmid encoding SINC–green fluorescent protein (GFP; Figure 4, A 
and B). SINC-GFP localized uniformly along the NE, as expected for 
an exogenous protein translated throughout the cytoplasm. GFP-
fused SINC orthologues from two species, C. abortus (Thomson 
et al., 2005) and Chlamydia caviae (Read et al., 2003), also localized 
at the NE of transfected HeLa cells (Table 1, Supplemental Figure 
S2, and Figure 4C). The C. trachomatis control, CT694-GFP, distrib-
uted diffusely and concentrated near the plasma membrane 
(Figure 4C), as expected (Hower et al., 2009; Bullock et al., 2012). 
Predicted orthologous polypeptides from Candidatus Chlamydia 
ibidis (Vorimore et al., 2013), Chlamydia pecorum (Mojica et al., 
2011), and C. pneumoniae (Read et al., 2000), which have “mixed“ 
homology (e.g., the C. pecorum orthologue is 17% identical to SINC 
and 19% identical to CT694) failed to localize at the NE in transfected 
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FIGURE 3: Nuclear import inhibitor importazole blocks SINC localization at the NE. (A) Indirect immunofluorescence 
images (Zeiss Axio Imager Z.1 fluorescence microscope without or with [AT2] the ApoTome.2 module) of C. psittaci 
CAL10–infected HeLa cells grown in the presence of either importazole (Imp, 22.5 μM) or DMSO starting at 24 hpi and 
then fixed at 36 hpi and stained with DAPI (blue) and antibodies specific for SINC (α-SINC; red). White arrowheads in 
DMSO/AT2 and α-SINC indicate thread-like nucleoplasmic signals consistent with pore-linked filaments. Bars, 10 μm. 
(B) SINC localization at the NE was quantified as the ratio of nucleus-specific to inclusion-specific fluorescence intensities 
(average of 20 cells) using the colocalization module of AxioVision software release 4.8. ****p < 0.0001.
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strongly expressing cells to neighboring cells: we detected little if 
any SINC or SINC-GFP signal at the NE of neighboring cells and saw 
no evidence of the characteristic “light bulb” effect, implying that 
additional chlamydial factor(s) were required for SINC transport to 
neighboring cells.

Sequence alignments of SINC, CAB063, and CCA_00062 
revealed many conserved regions, including SINC residues 1–22 
(presumed type III secretion signal) and 136DSARSTEGAARGLQK-
KGY153, 173RPNTPPPPPPT183, 219KRKAPQPP226, 268KLKAELEA275, 
346RSIWDLGEKEQRQDGESVLL368, 425NPNGMKKFWSSFAGKGE441, 
and 469RWNAGALDLM478 (Supplemental Figure S2). We concluded 
that SINC localization at the NE is a conserved feature of two known 
aggressive zoonotic pathogens: C. psittaci and C. abortus. Although 
Chlamydia caviae infection of guinea pigs is used extensively to 
model C. trachomatis oculogenital infection of humans (Rank, 1994; 
Rank and Whittum-Hudson, 1994), the zoonotic potential of this 
third SINC-expressing species, C. caviae, and the extent and severity 

cells (Table 1, and unpublished data). SINC orthologues in two re-
cently described avian species, Chlamydia avium and Chlamydia 
gallinacea (Sachse et al., 2014), and CT694 orthologues in Chla-
mydia suis and Chlamydia muridarum (Table 1), were not tested. 
Several other published C. psittaci genomes (Chu et al., 2014) con-
tain C. avium or Cand. C. ibidis–like SINC orthologues (unpublished 
data). These SINC-based relationships are consistent with phyloge-
netic relationships among the Chlamydiaceae (Horn et al., 2004) 
and suggest that all sinC and ct694 orthologues evolved from a 
common ancestral gene. SINC-GFP also localized at the NE in both 
live and paraformaldehyde-fixed transformed yeast (Saccharomyces 
cerevisiae) cells (Supplemental Figure S3, A and B, respectively). We 
concluded that the SINC polypeptide is sufficient to localize at the 
NE of eukaryotic cells; no other bacterial products were required.

By contrast, untagged SINC (expressed from pCAGGS-sinC; un-
published data) and SINC-GFP (expressed from pCAGGS-sinC-
GFP; Figure 4) were each apparently insufficient to translocate from 

FIGURE 4: GFP-SINC and SINC orthologues from C. abortus and C. caviae each localize at the nuclear envelope of 
transfected cells. (A–C) Direct GFP fluorescence images of live (A) or methanol-fixed (B, C) HeLa cells at 24 h 
posttransfection with plasmids encoding GFP-fused SINC (pCAGGS-sinC-GFP), C. abortus CAB063-GFP (pCAGGS-
cab063-GFP), C. caviae CCA_00062-GFP (pCAGGS-cca062-GFP), or C. trachomatis CT694 (pCAGGS-ct694-GFP). DNA 
was DAPI stained. (A) Epifluorescence (top) and epifluorescence plus phase images (Olympus IX81 microscope for Live 
Cell Imaging, Olympus America, Center Valley, PA). (B) Confocal images (Zeiss LSM 510 Meta Confocal Microscope). 
(C) Epifluorescence images (Zeiss Axio Imager Z.1 with the ApoTome.2 module). Bars, 10 μm.
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the NE lumen—was unlikely, given the “bacterium-to-cytosol” T3S 
mechanism, IEM localization results (Figure 1, B and C), and later 
results demonstrating SINC proximity to lamin B1 and other pro-
teins outside the lumen.

Localization of GFP-fused SINC fragments
To characterize SINC functional domains involved in nuclear entry or 
NE targeting, we transfected HeLa cells with GFP-fused SINC frag-
ments named A (SINC residues 1–164), B (151–341), and C (332–
502) and two larger fragments named AB (1–341) and BC (151–502; 
Figure 6A). Although potential mislocalization (e.g., due to misfold-
ing or overexpression) was not ruled out, no fragment reproduced 
the characteristic NE localization of full-length SINC-GFP. The B-
GFP and C-GFP constructs localized diffusely throughout cells; B-
GFP showed mild accumulation in the nucleoplasm (Figure 6B), and 
neither concentrated at the NE, suggesting that INM association 
required fragment A. A-GFP associated with ER/NE and potentially 
other organelle membranes but did not enter the nucleus (Figure 6B). 
Consistent with roles in NE membrane association (fragment A) and 
entry and retention within the nucleus (fragment B), the combined 
AB-GFP polypeptide localized at the NE and also tended to aggre-
gate in the nucleoplasm (Figure 6B). Nuclear shape appeared to be 
disrupted by overexpression of several fragments, particularly AB-
GFP (Figure 6B). We therefore used the Matlab hTCP program 
(Chen et al., 2013) to compare nuclear circularity in cells that ex-
pressed either wild-type SINC-GFP or AB-GFP and found that AB-
GFP nuclei were significantly less circular (Supplemental Figure S5A; 
p < 0.001; two-tailed t test). Nuclear shape abnormalities suggested 
perturbed nuclear lamina structure and implicated SINC residues 
1–341 (AB) in binding to INM or nuclear lamina protein(s), with frag-
ment C somehow required to “balance” this activity. The BC-GFP 
polypeptide concentrated in the nucleoplasm with little or no ac-
cumulation at the NE, suggesting that fragment A is required to 
bind INM/lamina proteins. These results did not rule out high-affin-
ity partner(s) at the INM but appear to favor “high-avidity” models 
in which SINC nuclear entry and accumulation at the INM involves 
multiple domains located throughout the polypeptide.

of C. caviae infection in wild guinea pigs are all unknown (Lutz-Wohl-
groth et al., 2006). Despite its conservation in two clinically aggres-
sive Chlamydia species, the SINC polypeptide revealed no mecha-
nistic clues: we found no predicted hydrophobic or transmembrane 
domains, no predicted nuclear localization signal, and no predicted 
functional domains.

SINC targets the inner nuclear membrane
The NE is a complex structure (Wilson and Berk, 2010) with two 
membranes (inner and outer) that enclose a lumen contiguous with 
the ER and merge periodically to form holes (“pores”) occupied by 
nuclear pore complexes (NPCs). NPCs control most molecular traffic 
into and out of the nucleus (Hatch and Hetzer, 2014). The NE and 
NPCs are supported and anchored by nuclear “lamina” structures, 
formed by three types of components: A- and B-type lamins (nu-
clear intermediate filaments), emerin and other LEM-domain pro-
teins embedded in the inner nuclear membrane (INM), and their 
mutual partner, barrier to autointegration factor (BAF), a DNA/his-
tone- and lamin-binding protein (Berk et al., 2013b; Burke and 
Stewart, 2013). To determine whether SINC associated with the cy-
tosolic, lumenal, or nucleoplasmic face(s) of the NE, we used digito-
nin, which selectively permeabilizes the plasma membrane but 
leaves NE membranes intact, thus blocking antibody access to epi-
topes in the lumen, INM, and nucleoplasm (Tissera et al., 2010). 
Transfected HeLa cells expressing SINC-GFP for 24 h were fixed 
with paraformaldehyde (PFA) and permeabilized with either Triton 
X-100 (to solubilize all membranes) or digitonin. Cells were then 
double stained for SINC (Figure 5) plus either lamin A (Figure 5A) or 
tubulin (Figure 5B) as markers for the nuclear lamina and cytoplasm, 
respectively. SINC-GFP expression and NE localization were verified 
by direct GFP fluorescence (Figure 5, SINC-GFP). All three antibod-
ies detected their epitopes in Triton X-100–permeabilized cells 
(Figure 5). However, only tubulin-specific antibodies (Figure 5B)—
not lamin A- or SINC-specific antibodies (Figure 5A)—found their 
epitopes in digitonin-permeabilized cells. These results for 
exogenous SINC-GFP suggested that SINC specifically targets the 
INM/nuclear lamina. Another possibility—SINC localization within 

Chlamydia species Strain Open reading frame Percentage identitya Targets NE?

C. psittaci CAL10 G5Q_0070 100 Yes

C. abortus S26/3 CAB063 76 Yes

C. caviae GPIC CCA_00062 54 Yes

C. felis Fe/C-56 CF0942 54 Not tested

C. avium 10DC88 M832_08640 32 Not tested

C. gallinacea 08-1274/3 M787_0805 30 Not tested

Cand. C. ibidis 10-1398/6 H359_0134 29 No

C. pneumoniaeb AR39 CP_0070 21.2 No

C. pecorum E58 G5S_0369 17 No

C. suis MD56 Q499_0753 14.6 Not tested

C. pneumoniaeb AR39 CP_0069 14.4 No

C. muridarum MoPn Nigg TC_0066 13.9 Not tested

C. trachomatis D/UW-3Cx CT694 12.5 No
aPercentage amino acid sequence identity to SINC (G5Q_0070).
bThe SINC-orthologous sequence of C. pneumoniae corresponds to two open reading frames, CP_0069 and CP_0070.

TABLE 1: Percentage sequence identity and NE-tropism of SINC orthologues in the Chlamydiaceae.
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example, in multiprotein complexes (Kim et al., 2014). The negative 
control, myc-tagged BirA alone (“BirA-myc”), distributes through-
out the cytoplasm and nucleoplasm and biotinylates many proteins 
nonspecifically (Roux et al., 2012).

We transiently expressed either myc-tagged BirA (BirA-myc) or 
BirA-myc fused to the N-terminus of SINC (BirA-myc-SINC) in HeLa 
cells for 24 h. Indirect immunofluorescence staining with myc anti-
bodies revealed BirA-myc throughout the cytoplasm and nucleus 
(unpublished results), as expected (Roux et al., 2012), and verified 
that BirA-myc-SINC localized predominantly at the NE (Figure 7A). 
When cells were incubated plus or minus 50 μM biotin for 24 h 

BioID identification of SINC-proximal human proteins
To understand the implications and mechanisms by which SINC tar-
gets the NE, we needed to identify potential host partner proteins. 
We used a new proximity-based in vivo biotinylation method, BioID, 
which successfully identified partners for lamin A (Roux et al., 2012) 
and cell adhesion proteins ZO1 and E-cadherin (Van Itallie et al., 
2013, 2014). The crux of this method is that eukaryotic cells lack bio-
tin; nearby proteins can be biotinylated by the biotin ligase (BirA) 
fusion only when cells are provided with external biotin (Roux et al., 
2012). Most identified (“proximal”) proteins fall into two categories: 
direct partners, and associated proteins located within <10 nm—for 

FIGURE 5: Digitonin- vs. Triton X-100 permeabilization of SINC-GFP–transfected cells. (A, B) At 24 h posttransfection, 
pCAGGS-sinC-GFP–transfected HeLa cells were fixed with PFA and treated with Triton X-100 (PFA + TX100) to 
permeabilize all membranes or fixed with PFA and treated with digitonin (PFA + dig) to permeabilize the plasma 
membrane only. Epifluorescence images (Zeiss Axio Imager Z.1 with the ApoTome.2 module) of cells double stained 
using antibodies specific for SINC (α-SINC) plus either lamin A (α-lamin A) or tubulin (α-tubulin) as markers of the 
nuclear lamina and cytoplasm, respectively. DNA was DAPI stained. Bars, 5 μm.
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independent experiments, BioID1 and Bi-
oID2, were performed. The BirA-myc con-
trols identified many nonspecifically bioti-
nylated proteins (288 in BioID1; 266 in 
BioID2; Figure 7B), consistent with the non-
specific distribution of BirA-myc throughout 
the cell. Fewer biotinylated proteins were 
identified in the BirA-myc-SINC samples 
(129 in BioID1; 146 in BioID2; Figure 7B), 
consistent with the major (NE) and minor 
(ER) subcellular locations of BirA-myc-SINC. 
BioID1 yielded 30 proteins unique to the 
BirA-myc-SINC data set; BioID2 identified 
42 unique proteins, 22 of which were also 
identified in BioID1, for a total of 50 unique 
proteins (Figure 7C). The 22 proteins identi-
fied in both BioID experiments were 
deemed “high-confidence” candidates, 
likely to bind SINC directly or indirectly 
(e.g., via associated multiprotein com-
plexes). Five of the six most abundantly re-
covered (based on spectral counts) proximal 
proteins reside at the INM—namely the 
LEM-domain proteins MAN1 and emerin, 
lamin B receptor (LBR), and lamina-associ-
ated polypeptide 1 (LAP1)—or the NE 
(ELYS, a NPC protein). The sixth was ABCD3, 
a peroxisomal membrane protein involved 
in long-chain fatty acid transport (Figure 7C). 
These results demonstrated SINC proximity 
to INM proteins with diverse roles in nuclear 
structure, signaling, and chromatin silencing 
at the NE (see Discussion).

Other high-confidence SINC-proximal 
proteins included lamin B1 and proteins 
with roles in nuclear import (importin α3), 
mRNA splicing (TADBP), ER structure and 
function (extended synaptotagmin, SRP 
receptor, UBXN4, CKAP4), vesicle traffic 
(synaptobrevin), innate immunity and sig-
naling (MAVS, VRK2, AKAP1), and actin 
regulation (WASF2; Figure 7C). Two addi-
tional SINC-proximal proteins were identi-
fied in both BioID studies, based on having 
a ratio >3 for average spectral counts in 
BirA-myc-SINC versus BirA-myc samples: 
lamina- associated polypeptide 2 (LAP2; 
β/γ isoform[s]; LEM-domain protein[s] of 
the INM, ratio ∼6) and NPC “basket” pro-
tein Nup153 (ratio 4.7; Supplemental Table 
S1). The timing and implications of SINC 
association with nuclear and nonnuclear 

host proteins during chlamydial infection are key questions for fu-
ture work.

Because all four identified SINC-proximal INM proteins are ca-
pable of interacting with each other or A- or B-type lamins (Man-
sharamani and Wilson, 2005; Olins et al., 2010; Berk et al., 2013b; 
Simon and Wilson, 2013; Shin et al., 2014a), we used GFP pull 
downs to assess independently potential SINC-GFP association with 
emerin, lamin B1, or A-type lamins. SINC had no obvious effect on 
emerin localization in infected cells (Supplemental Figure S4). SINC-
GFP specifically coprecipitated native emerin but not native A- or 

before fixing and staining with fluorophore-conjugated streptavidin, 
we detected strong specific biotinylation of NE proteins in the pres-
ence, not absence, of biotin (Figure 7A).

To identify biotinylated SINC-proximal proteins, we used a more 
normal line of cells, namely human embryonic kidney (HEK293) 
cells, which stably expressed either BirA-myc or BirA-myc-SINC. 
Cells were cultured in medium supplemented with 50 μM biotin for 
24 h. Biotinylated proteins were affinity purified from cell lysates us-
ing streptavidin beads; bound proteins were digested with trypsin, 
and released peptides were analyzed by mass spectrometry. Two 

FIGURE 6: Subcellular localization of GFP-fused SINC fragments. (A) Schematic of the five 
tested SINC polypeptides, each fused at its C-terminus to GFP (not to scale). (B) Transfected 
HeLa cells expressing SINC-GFP fragments A, B, C, AB, and BC were fixed 24 h 
posttransfection, stained with DAPI, and imaged on a Zeiss Axio Imager Z.1 fluorescence 
microscope with the ApoTome.2 module. Bars, 10 μm.
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2012; de Las Heras et al., 2013 ), most of which are uncharacterized 
or limited to specific tissues (de Las Heras et al., 2013). By contrast, 
the SINC-associated subset of INM proteins—emerin, MAN1, LBR, 
and LAP1—are widely expressed or ubiquitous in human cells 
(Zuleger et al., 2013). Of interest, SINC also localized at the NE of 
S. cerevisiae, which lacks lamins and ELYS but expresses other nu-
cleoporins (Field et al., 2014) and proteins orthologous to several 
SINC-proximal proteins, including LEM-domain proteins (Brachner 
and Foisner, 2011; Gonzalez et al., 2012) and LBR (Olins et al., 2010). 
This suggests that SINC targets INM function(s) or pathway(s) that are 
essential or conserved in a broad spectrum of host tissues, consistent 
with the broad range of hosts and tissues C. psittaci can infect.

The BioID results also revealed SINC proximity to at least 16 
additional proteins, opening new directions to understand how 
host cells are manipulated during C. psittaci infection or patho-
genesis. These proximal proteins include ER membrane proteins 
(extended synaptotagmin, LRRC59, SRP receptor, UBXN4) and 
proteins involved in vesicular trafficking, exocytosis, and calcium 
homeostasis (VAPA, synaptobrevin) (Garcia et al., 2000; Weir et al., 
2001; Quetglas et al., 2002; Yoshihara and Littleton, 2002; De Vos 
et al., 2012; Morotz et al., 2012). We also identified a mitochon-
drial protein (mitochondrial antiviral-signaling protein) involved in 
the innate immune defense against viruses (Jacobs and Coyne, 
2013) and vaccinia-related kinase 2 (VRK2), one of two related 
kinases involved in antiviral defense, suggesting that SINC may 
target antiviral signaling. On the other hand, VRK1 and VRK2 func-
tion in part by inhibiting BAF (BANF1; Valbuena et al., 2011; 
Molitor and Traktman, 2014), the essential DNA- and lamin-bind-
ing partner for all LEM-domain proteins (Nichols et al., 2006; 
Margalit et al., 2007; Suzuki et al., 2010; Berk et al., 2013a). Host 
proteins identified by proximity to SINC in living cells provide a 
unique high-throughput resource and platform for future studies 
of SINC trafficking and function. BioID strategies are readily ap-
plicable to other bacterial effectors and host–pathogen interac-
tions (Morriswood et al., 2013). We suggest that BioID will be 
especially powerful for investigating pathogens like Chlamydia, for 
which relatively few other experimental tools exist.

Modular organization of the SINC polypeptide
Different GFP-fused fragments of SINC showed different subcellular 
location(s), suggesting that SINC has multiple domains that mediate 
ER- or INM-specific membrane association (residues 1–164), nuclear 
import (residues 151–341), or retention within the nucleus (residues 
332–502). This modular domain organization is consistent with other 
characterized T3S effectors from Gram-negative bacteria (Dean, 
2011). Our results predict that SINC has at least two separate do-
mains that coordinately interact with NE proteins, because nuclear 
shape was significantly worse in cells that expressed the N-terminal 
two-thirds of SINC (residues 1–341; AB-GFP) compared with cells 
that expressed wild-type SINC-GFP. Candidate NE partners, identi-
fied by proximity to BirA-SINC in vivo, include three INM proteins 
with overlapping functions that can also mutually interact (e.g., 
emerin, MAN1, LAP1; Berk et al., 2013b; Shin et al., 2014a). One, 
LAP1, is known to be cleaved by Chlamydia protease–like activity 
factor, a protease released in the cytosol of C. trachomatis–infected 
cells very late in development after lysis of the mature inclusion 
(Bednar et al., 2011; Snavely et al., 2014). However, the biological 
effect(s) of the earlier, stable SINC association with the INM in 
C. psittaci–infected cells, its relationship (if any) to SINC transport to 
neighboring cells, and the effect of SINC transport on C. psittaci 
pathogenesis are major new questions raised by this work. Emerin, 
MAN1, and LAP1 have overlapping roles important for the heart 

B-type lamins (Figure 8; n = 3). This result supported SINC association 
with emerin or emerin-containing complexes but did not rule out 
B-type lamins, which are difficult to solubilize and whose solubility 
might potentially be influenced by SINC. These results collectively 
support the conclusion that SINC targets the NE and associates with 
INM proteins.

DISCUSSION
SINC defines a novel class of bacterial secreted candidate effectors, 
based on two criteria. First, SINC targets the NE of human cells and 
associates directly or indirectly with a group of functionally impor-
tant INM proteins, including two or more LEM-domain proteins. To 
our knowledge, this targeting of the host NE is unprecedented 
among bacterial effectors. Second, SINC also exits infected cells 
and enters presumably uninfected neighbors, where it also concen-
trates at the NE. The mechanism of SINC intercellular transmission 
is unknown. There are many potential mechanisms, from packaging 
within exosomes and release at the cell surface for uptake by neigh-
boring cells (e.g., exploited by Mycobacterium tuberculosis; Flem-
ing et al., 2014) to tunneling nanotubes (Marzo et al., 2012). There-
fore SINC and its chlamydial orthologues potentially define a novel 
“nucleomodulin” type of effector (Bierne and Cossart, 2012).

The molecular mechanisms of both novel activities—“INM-
tropism” and transfer to the NE of neighboring cells—are major 
questions for future work. In most other bacteria with T3S systems, 
effector proteins have an N-terminal secretion “signal,” typically 
followed by a chaperone-binding domain and then a mix of modu-
lar, often-unrelated horizontally acquired functional motifs (e.g., 
soluble N-ethylmaleimide–sensitive factor attachment protein re-
ceptor [SNARE], SH3 binding, PDZ binding, NLS, nucleolar localiza-
tion signal) and domains (e.g., GTPase-activating protein, guanine 
nucleotide exchange factor, ubiquitin ligase, phosphatase, kinase, 
AMPylation; Dean, 2011). In stark contrast, our searches using 
BLAST and PredictProtein showed that SINC, like most chlamydial 
effectors, has no recognizable motifs or domains (Dehoux et al., 
2011; Muschiol et al., 2011; Lutter et al., 2012).

BioID analysis: a powerful new tool to investigate 
host–pathogen interactions
BioID is a powerful new method that detects close physical proxim-
ity between proteins in living cells at specific times chosen by the 
investigator (Roux et al., 2012; Van Itallie et al., 2013). Our BioID 
results provided compelling confirmation that SINC associates with 
the INM, by demonstrating SINC proximity to lamin B1 and specific 
INM proteins, including emerin, MAN1, LAP1, and LBR, as dis-
cussed later. Confirming the BioID results, SINC association with 
native emerin was demonstrated by GFP pull down from cells. The 
BioID analysis also revealed SINC proximity to the soluble nuclear 
import receptor importin-α3, which binds NLS-bearing “cargo” to 
importin β and to the NPC protein ELYS, consistent with our impor-
tazole-based evidence that SINC access to the INM is importin-α/β 
dependent. Whether SINC influences ELYS, which has a large, un-
structured, chromatin-binding domain and is required to recruit the 
Nup107-160 complex (“Y complex”) during nuclear assembly 
(Franz et al., 2007; Bilokapic and Schwartz, 2013) is unknown. Alter-
natively, SINC proximity to ELYS and other NPC proteins (e.g., 
Nup153; Supplemental Table S1) may simply occur during nuclear 
import.

It must be noted that SINC proximity to these four particular INM 
proteins was not preordained. The human genome encodes five 
other LEM-domain proteins (Berk et al., 2013b) and at least 200 
other NE membrane proteins (Schirmer et al., 2003; Korfali et al., 
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FIGURE 7: BioID identification of SINC-proximal human proteins. (A) pcDNA3.1-sinC–transfected HeLa cells were 
cultured for 24 h in the continuous presence (+) or absence (–) of 50 μM biotin, fixed with methanol, and stained with 
DAPI (blue) and myc-specific antibodies (green). Biotinylated proteins were detected using fluorophore-conjugated 
streptavidin-568 (red). Bar, 10 μm. (B) Number of biotinylated proteins identified by mass spectrometry in two 
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with hand-rocking every 10–15 min, and finally supplemented with 
fresh FBS/DMEM.

For inhibitor experiments, HeLa 229 cells grown to confluence 
on glass coverslips in 24-well plates were infected with C. psittaci 
CAL10 as described. Starting at 24 hpi, cells were treated for 12 h 
with importazole (22.5 μM) or vehicle DMSO alone. For GFP-pull 
down experiments, HEK293T cells were used to maximize expres-
sion of exogenous polypeptides (see later description).

RT-qPCR
Total RNA was isolated from C. psittaci CAL10–infected or mock-
infected HeLa 229 cells at 0, 6, 12, 18, 24, 30, 36, 42, or 48 hpi with 
TRIzol reagent (Life Technologies) per manufacturer's instructions. 
Total RNA was treated with RNase-free DNase and incubated with 
or without reverse transcriptase (SuperScript II RT; Life Technologies) 
and random primers. Primers used in this study are listed in Supple-
mental Table S2. Primers were designed for sinC using the free on-
line tool Primer3 (fokker.wi.mit.edu/primer3/input.htm). Transcripts 
were quantified by qPCR on 96-well plates using the generated 
cDNA and IQ SYBR Green Supermix reagent (Bio-Rad, Hercules, 
CA) by the standard curve method, using 16S rRNA cDNA for nor-
malization (Carrasco et al., 2011). Reactions were performed in du-
plicate for each time. Expression of target and control genes was 
quantified from their respective standard curves by conversion of 
the mean threshold cycle values using iQ5 software (Bio-Rad). Data 
were normalized as the ratio of sinC transcript to 16S rRNA tran-
script. Statistical analysis was performed with Kruskal–Wallis one-
way analysis of variance.

Transfection
PCR products from C. psittaci CAL10 genomic DNA encoding full-
length SINC or fragments thereof with engineered EcoR1 and XmaI 
restriction sites at the ends (primers 070_F/R; Supplemental Table 
S2) were cloned into the cloning site of mammalian transfection vec-
tor pCAGGS-GFP to generate plasmid pCAGGS-sinC-GFP and re-
lated fragments (Supplemental Table S2). Two endogenous EcoR1 
sites were removed from the sinC nucleotide sequence by introduc-
ing silent mutations in two PCRs (primers 070_F/R and Mid_F/R) and 
used as template for all subsequent cloning experiments. A 
pCAGGS-sinC derivative was obtained using an alternative reverse 
primer with a stop codon (primer SINC_R2; Supplemental Table S2). 
PCR products from C. abortus and C. caviae genomic DNA respec-
tively encoding full-length SINC orthologues CAB063 and 
CCA_00062 and C. trachomatis CT694 were cloned similarly, respec-
tively generating plasmids pCAGGS-cab063-GFP (primers 063_F/R), 
pCAGGS-cca062-GFP (primers 062_F/R), and pCAGGS-ct694-GFP 
(primers 694_F/R). One endogenous EcoR1 site was removed from 
the CCA_00062 sequence by introducing a silent mutation in two 
PCRs (primers 062_F/R and 062Mid_F/R). Unless otherwise indi-
cated, HeLa 229 or HEK293T cells were seeded on glass coverslips 
in 24-well plates and transfected 24 h later with 500 ng of plasmid 
(pCAGGS derivatives) in 200 μl of OPTI-MEM and 2 μl of Lipo-
fectamine LTX reagent (Life Technologies), incubated at 37°C, and 
fixed at indicated times posttransfection for further analysis. To 

and skeletal muscles (Lu et al., 2011; Berk et al., 2013b; Burke and 
Stewart, 2013; Shin et al., 2013, 2014b). Although poorly docu-
mented, reported complications of psittacosis in humans include 
pericarditis, endocarditis, myocarditis, and myalgia (Salisch et al., 
1996). However, these INM proteins also have diverse roles in NE 
structure (Fridkin et al., 2009; Simon and Wilson, 2011; Sosa et al., 
2013; Berk et al., 2014), cell signaling (Huber et al., 2009; Mendez-
Lopez and Worman, 2012), gene regulation (Demmerle et al., 2012; 
Amendola and van Steensel, 2014), heterochromatin organization 
(Solovei et al., 2013), cholesterol synthesis (Olins et al., 2010), circa-
dian rhythm (Lin et al., 2014), F-actin regulation in both the cyto-
plasm and nucleus (Grosse and Vartiainen, 2013; Ho et al., 2013), 
and autophagy (Park et al., 2009; Deroyer et al., 2014). Many of 
these pathways are known to be interfered with or exploited by 
Chlamydia species (Carabeo et al., 2003; Pennini et al., 2010; Yasir 
et al., 2011). Collectively the SINC-proximal proteins provide a blue-
print for future studies to map SINC functional domains and under-
stand how and why SINC targets the NE and other host pathways 
during chlamydial infection.

MATERIALS AND METHODS
Cell culture and chlamydial infection
C. psittaci serovar E strain CAL10 was grown in HeLa 229 cells in 
100-mm2 culture dishes at 37°C with 5% CO2 in 10 ml of DMEM 
(Mediatech, Herndon, VA) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, 
GA), Fungizone (1.25 μg/ml; Life Technologies, Grand Island, NY), 
and gentamicin (25 μg/ml; Quality Biological, Gaithersburg, MD). 
To infect cells with chlamydiae, inoculum (1 ml) in SPG (0.25 M 
sucrose, 10 mM sodium phosphate, 5 mM l-glutamic acid) was 
added to confluent HeLa cell monolayers to achieve an infection 
rate of 80%. Monolayers were subsequently rocked for 2 h at 25°C, 

FIGURE 8: Independent confirmation of SINC association with 
emerin. Immunoblots of input lysates (IPs; 2% loaded in each lane) 
and GFP pull downs (3% loaded in each lane) from mock-transfected 
or pCAGGS-sinC-GFP–transfected HEK293T cells probed with 
antibodies specific for SINC (α-SINC), emerin (α-emerin), lamin B 
(α-lamin B), or lamins A/C (α-lamins A/C). Molecular weight markers 
(kilodaltons) are shown on the right.

independent BioID experiments using HEK293 cells that stably expressed BirA-myc (BirA control total) or BirA-myc-
SINC (BirA-SINC total) and the number of biotinylated proteins unique to the BirA-SINC pool (BirA-SINC specific). 
(C) Annotated list of all 50 proteins biotinylated in BirA-myc-SINC–expressing HEK293 cells in one or both BioID 
experiments. Proteins are categorized according to realm: nuclear envelope (NE); nuclear pore complex/import; 
endoplasmic reticulum (ER); vesicle traffic; cytoskeleton; membrane; signaling; RNA-related; unknown. Proteins in bold 
were identified in both BioID 1 and BioID2 (averaged spectral counts and number of unique peptides are indicated). 
Proteins not in bold were identified only in BioID1 (indicated by asterisk) or BioID2 (no asterisk).
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indicated times posttransfection) grown on glass coverslips in 24-
well plates were washed with PBS, fixed with methanol or 4% PFA as 
indicated, and then washed in PBS containing 0.1% Triton X-100 
and 1 mg/ml bovine serum albumin (BSA) and stained with 4′,6-di-
amidino-2-phenylindole (DAPI) in PBS to visualize nuclei and chla-
mydial inclusions. Monolayers were double stained with α-SINC 
antibodies and an α–EF-Tu monoclonal antibody kindly provided by 
Y.-X. Zhang (Boston University, Boston, MA) and visualized using 
goat anti-mouse IgG conjugated to Alexa Fluor 594 and goat anti-
guinea pig IgG conjugated to Alexa Fluor 488 (Life Technologies).

For digitonin permeabilization experiments, cells were fixed in 
4% PFA and incubated for 15 min in PBS containing 100 μg/ml digi-
tonin (Sigma-Aldrich, St. Louis, MO). Subsequent wash steps did not 
contain Triton X-100 or SDS. Cells were stained using rabbit α–lamin 
A antibodies (PRB-113C; Covance, Princeton NJ) and mouse α-
tubulin monoclonal antibody (T5168; Sigma-Aldrich).

For inhibitor experiments, infected monolayers (36 hpi) were 
washed once with 1× PBS, fixed with methanol, and then stained 
with α-SINC guinea pig antibodies and Alexa Fluor 594–conjugated 
goat anti-guinea pig antibodies. All antibodies were used at 1/2000 
dilution. Cells were observed on a Zeiss Axio Imager Z.1 fluores-
cence microscope with the ApoTome.2 module or a Zeiss LSM 510 
Meta Confocal Microscope.

Immuno–electron microscopy
At 24 hpi, C. psittaci–infected cells were fixed (4% PFA, 0.1M 1,4-pi-
perazinediethanesulfonic acid buffer, pH 7.35), collected, washed, 
centrifuged, and enrobed in 2.5% low–melting temperature aga-
rose. Agarose blocks (∼1 mm3) were washed and dehydrated using 
the previously described progressive lowering of temperature tech-
nique (Gounon, 2002), infiltrated, and embedded in UNICRYL at 
−20°C under ultraviolet for times ranging from 24 to 48 h. Ultrathin 
sections were obtained on a Leica UC6 ultramicrotome (Leica Micro-
systems, Bannockburn, IL) and collected onto Formvar-coated 
nickel grids. Immunogold labeling was performed as follows. In-
verted grids (section face down) were deposited onto a drop of 
blocking solution (5% BSA, 0.1% fish gelatin in PBS, pH 7.4) for 
30 min, transferred onto a 10-μl droplet of primary antibody diluted 
in incubation buffer (PBS with 0.2% acetylated BSA, 0.1% fish gela-
tin) for 1 h at room temperature, washed (5×) in incubation buffer, 
incubated with 10-nm gold–conjugated secondary antibody for 
30–60 min, and washed (5×) again. Grids were then fixed (2% glutar-
aldehyde in PBS) for 5 min, rinsed with water, contrasted (1% uranyl 
acetate, 50% methanol), washed again, air dried, and examined on 
a Tecnai T12 transmission electron microscope (FEI, Hillsboro, OR) 
at 80 keV. Images were acquired with an AMT digital camera (AMT, 
Woburn, MA).

Matlab analysis of nuclear circularity
HeLa cells at 24 h postransfection with SINC-GFP (wild type or AB) 
were fixed with methanol, stained with DAPI, and stained for indi-
rect immunofluorescence with antibodies against GFP or tubulin as 
the cytoplasmic marker. Images were segmented and analyzed us-
ing hTCP, a Matlab script provided by Jacob Sarnecki and Denis 
Wirtz (Johns Hopkins University, Baltimore, MD; Chen et al., 2013) 
to measure nuclear circularity. GFP-positive transfectants (n = 300 
SINC-GFP wild type; n = 218 SINC AB-GFP) were identified as cells 
with summed GFP intensities >2 SDs above the mean. Untrans-
fected (GFP-negative) cells numbered 1199 and 1098, respectively. 
Nuclei in AB-GFP–transfected cells were significantly less circular 
than nuclei in SINC-GFP–transfected cells (p < 0.001; two-tailed 
t test).

generate stably transfected cells (for BioID; see later description), 
HEK293 cells growing on 150-mm dishes were transfected using a 
scaled-up reaction with Lipofectamine LTX reagent. After 48 h, cells 
were placed under 500 μg/ml G418 selection for 2 wk, with medium 
changes every 2 d. Stable expression of recombinant polypeptides 
was assessed by indirect immunofluorescence staining.

Yeast transformation and growth and live imaging
The hemagglutinin tag of the yeast expression vector pRS316/GAL1 
(Addgene, Cambridge, MA) was replaced with GFP using a 
pCAGGS-derived fragment restricted with BglII and XmaI. A PCR 
product from C. psittaci CAL10 genomic DNA encoding full-length 
SINC with engineered SacII and XmaI restriction sites at the ends 
(primers GAL1_070_F/R) was cloned into the cloning site of pRS316/
GAL1, generating pRS316/GAL1-sinC-GFP. Yeast strain BY4742 
(MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was transformed using the 
lithium acetate/single-stranded carrier DNA/polyethylene glycol 
method as described (Gietz and Woods, 2006). Transformants were 
grown on synthetic complete medium (SC) lacking uracil and sup-
plied with 2% galactose to induce expression. Live transformed 
yeast cells were imaged on an Axio Imager Z.1 (Zeiss, Jena, 
Germany) fluorescence microscope.

Generation of α-SINC antibody and immunoblotting
SINC-specific hyperimmune polyclonal antiserum (α-SINC) was gen-
erated in two adult guinea pigs (Cavia porcellus). Briefly, sinC was 
amplified using primer pair pET30a_070_F/R (Supplemental Table 
S2) and cloned into pET30a (Novagen, Madison, WI). Recombinant 
SINC was expressed in BL21 Escherichia coli with an N-terminal poly-
histidine tag and purified on a 5-ml polypropylene column (Thermo 
Scientific) with Talon metal affinity resin (Clontech, Mountain View, 
CA). Guinea pigs were immunized and boosted with purified SINC 
and hyperimmune serum collected as described previously (Hovis 
et al., 2013). The antiserum (combined from both immunized ani-
mals) was shown to react specifically with a protein band of ∼55 kDa, 
consistent with the predicted molecular weight of SINC in C. psit-
taci–infected cell lysates but not in uninfected and early-cycle lysates 
(Supplemental Figure S1), and immunoprecipitated a band of 
∼80 kDa (Figure 8) from pCAGGS-SINC-GFP–transfected cell lysates, 
consistent with the predicted molecular weight of GFP-SINC.

For immunoblotting, cell lysates were harvested in RIPA buffer 
containing Complete Mini protease inhibitor cocktail tablets (Roche, 
Indianapolis, IN), resolved by SDS–PAGE in 12.5% gels (Bio-Rad), 
and transferred to Amersham Hybond-P polyvinylidene fluoride 
membranes (GE Healthcare Life Sciences, Little Chalfont, United 
Kingdom). Membranes were blocked overnight in phosphate-buff-
ered saline (PBS) with 0.1% Tween 20 (PBS-T) and 5% milk, incu-
bated 1 h at 4°C with α-SINC (guinea pig; 1/10,000 dilution; Hovis 
et al., 2013), α-MOMP (goat; 1/2000; LSBio, Seattle, WA), α-emerin 
(mouse; 1/2000; Novocastra Laboratories, Newcastle-on-Tyne, 
United Kingdom), α-lamin A/C (rabbit; Santa Cruz Biotechnology, 
Santa Cruz, CA), or α-lamin B (mouse; 1/1000; Santa Cruz Biotech-
nology) primary antibodies, washed three times (5-min each) in PBS-
T, detected using horseradish peroxidase–conjugated secondary 
antibodies specific for guinea pig (Life Technologies), mouse (KPL, 
Gaithersburg, MD), goat (KPL), or rabbit (GE Healthcare) immuno-
globulin G (IgG) in 5% milk PBS-T, and visualized using Supersignal 
West Femto substrate (Thermo Scientific, Waltham, MA).

Immunofluorescence
Infected HeLa 229 monolayers (at the indicated hours postinfection) 
or transfected HeLa 229, HEK293, or HEK293T monolayers (at 
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then quenched by adding 32 μl of 200 mM DTT. Samples were 
trypsin digested again (0.002 μg/μl, overnight, 37°C) and then acidi-
fied by adding 10% trifluoroacetic acid to a final concentration of 
1% and desalted on macrospin C18 columns (The Nest Group, 
Southborough, MA) per manufacturer's instructions. Desalted pep-
tide solutions were lyophilized and resuspended in 15 μl of 5% ace-
tonitrile/0.1% formic acid.

Nano–liquid chromatography–mass spectrometry analysis
Samples were analyzed by electrospray ionization in the positive-ion 
mode on a hybrid quadrupole-orbitrap mass spectrometer (Q Exac-
tive; Thermo Fisher, San Jose, CA) coupled with a nanoflow LC sys-
tem (NanoAcquity, Waters Corporation, Milford, MA). A 100-μm in-
ner diameter (i.d.) × 20 mm precolumn was in-house packed with 
200-Å, 5-μm C18AQ particles (Michrom BioResources, Auburn, CA). 
A 75-μm i.d. × 180 mm analytical column was pulled using a P-2000 
CO2 laser puller (Sutter Instruments, Novato, CA) and packed with 
100-Å, 5-μm C18AQ particles. Mobile phase A was 0.1% formic acid 
in water. Mobile phase B was 0.1% formic acid in acetonitrile. For 
each injection, sample (5 μl) was loaded on the precolumn at 4 μl/
min for 10 min in loading buffer (5% acetonitrile, 0.1% formic acid). 
Peptide separation was performed at 250 nl/min in a 95 min run, in 
which mobile phase B started at 5%, increased to 35% at 60 min, 
80% at 65 min, followed by a 5-min wash at 80% and a 25-min re-
equilibration at 5%. Mass spectrometry (MS) data were collected in 
top-20 data-dependent acquisition experiment with 70K resolution 
for the full MS scan and 17.5K resolution for higher-energy colli-
sional dissociation (HCD) MS/MS scans. Precursor ions were se-
lected from the full scan m/z range of 350–2000 with isolation width 
of 2 m/z and dynamic exclusion of 30 s. HCD fragmentation was 
performed at normalized collision energy = 35.

Acquired tandem mass spectra were searched against a Homo 
sapiens UniProtKB database using search engine Comet v2014.01. 
Precursor mass tolerance was set at 10 ppm, and binning tolerance 
of 0.05 was used on fragment ions. Semi and full trypsin digestion 
after K or R (except when followed by P) with up to two missed 
cleavages, carbamidomethylation as static modification, and oxida-
tion of methionine as variable modification were defined as search-
ing parameters. Peptide spectral matches were validated using 
PeptideProphet and ProteinProphet algorithms. Peptide and pro-
tein identifications were filtered at probabilities 0.9 and 0.95, 
respectively.

GFP pull-down method
GFP pull down with agarose beads coupled to Alpaca α-GFP anti-
bodies (Chromotek, Planegg, Germany) was done per manufactur-
er's instructions with some modifications. Briefly, transfected 
HEK293T cells transiently expressing SINC-GFP (1 × 150–mm dish) 
and mock-transfected cells were washed thrice with PBS and lysed 
in 200 μl of lysis buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA, 0.5% NP-40). Cells were placed on ice for 30 min 
with extensive pipetting every 10 min and sonicated once (5–10 s) in 
a Branson Sonifier 250 (Branson Ultrasonics, Danbury, CT). Lysates 
were spun at 20,000 × g for 10 min, and the supernatants were 
diluted in wash buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA) to 1 ml final volume before incubation with pre-
washed GFP-Trap-A for 2 h at 4°C. Beads were washed three times 
with ice-cold wash buffer, and immunocomplexes were disassoci-
ated by boiling in SDS–PAGE sample buffer before analysis by 
immunoblot.

Purification of biotinylated proteins for mass spectrometry
A PCR product from C. psittaci CAL10 genomic DNA encoding full-
length SINC with engineered terminal KpnI and AflII restriction sites 
(primers BirA070Fusion_F/R; Supplemental Table S2) was cloned 
into the multiple cloning site of plasmid pcDNA3.1 mycBioID (kindly 
provided by Kyle Roux, Sanford Research Center, Sioux Falls, SD), 
generating pcDNA3.1-sinC encoding SINC amino-terminally fused 
to myc and biotin ligase (BirA-myc-SINC). Transfected HEK293 cells 
stably expressing either BirA-myc (from pcDNA3.1 mycBioID) or 
BirA-myc-SINC were incubated for 24 h in complete medium sup-
plemented with 50 μM biotin. Five 150-mm dishes were used for 
each proteomic analysis. Biotinylated proteins were affinity cap-
tured as described (Roux et al., 2012) with slight modifications. 
Briefly, cells were washed thrice with PBS and lysed in 5 ml of lysis 
buffer (50 mM Tris, pH 7.4, 500 mM NaCl, 0.4% SDS, 5 mM EDTA, 
1 mM dithiothreitol [DTT], 1× complete protease inhibitor [Roche]) 
and sonicated until the solution was homogeneous. Triton X-100 
was added to 2% final concentration. Lysates were then resonicated 
(5–10 s), supplemented with an equal volume of 50 mM Tris (pH 7.4, 
4°C), and sonicated again (5–10 s). Lysates were centrifuged 
(20 min, 16,000 × g), and supernatants were incubated with 500 μl 
of Dynabeads (MyOne Streptavidin C1; Life Technologies) overnight 
with rocking. Beads were collected and washed (10 min each, 25°C) 
sequentially as follows: twice in 1 ml of wash buffer 1 (2% SDS in 
distilled H2O), once in wash buffer 2 (0.1% deoxycholate, 1% Triton 
X-100, 500 mM NaCl, 1 mM EDTA, 50 mM 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid, pH 7.5), once with wash buffer 3 
(250 mM LiCl, 0.5% NP-40, 0.5% deoxycholate, 1 mM EDTA, 10 mM 
Tris, pH 8.1), and twice with wash buffer 4 (50 mM Tris, pH 7.4, 
50 mM NaCl). Finally, beads were washed twice in 50 mM NH4HCO3 
in preparation for mass spectrometry analysis.

Trypsin digestion and preparation for mass spectrometry
Beads were washed five times (400 μl each) in 25 mM NH4HCO3. 
On-bead tryptic digests were performed by adding 40 μl of se-
quencing-grade modified trypsin (0.02 μg/μl; Promega, Madison 
WI) in 25 mM NH4HCO3 and incubating for 4 h at 37°C. Tubes con-
taining the beads were placed on a magnetic stand, and superna-
tants were collected. Beads were washed sequentially with 30 and 
10 μl of NH4HCO3, saving each supernatant. Supernatants were 
pooled, and beads were discarded. DL-DTT (8 μl of 200 mM DTT; 
Sigma-Aldrich) was then added to each solution and incubated 1 h 
at 37°C. Proteins were alkylated for 45 min at room temperature in 
the dark with 32 μl of 200 mM iodoacetamide (Sigma-Aldrich) and 
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