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Abstract

Intracellular acting protein exotoxins produced by bacteria and plants are important molecular determinants that drive
numerous human diseases. A subset of these toxins, the cytolethal distending toxins (CDTs), are encoded by several Gram-
negative pathogens and have been proposed to enhance virulence by allowing evasion of the immune system. CDTs are
trafficked in a retrograde manner from the cell surface through the Golgi apparatus and into the endoplasmic reticulum (ER)
before ultimately reaching the host cell nucleus. However, the mechanism by which CDTs exit the ER is not known. Here we
show that three central components of the host ER associated degradation (ERAD) machinery, Derlin-2 (Derl2), the E3
ubiquitin-protein ligase Hrd1, and the AAA ATPase p97, are required for intoxication by some CDTs. Complementation of
Derl2-deficient cells with Derl2:Derl1 chimeras identified two previously uncharacterized functional domains in Derl2, the N-
terminal 88 amino acids and the second ER-luminal loop, as required for intoxication by the CDT encoded by Haemophilus
ducreyi (Hd-CDT). In contrast, two motifs required for Derlin-dependent retrotranslocation of ERAD substrates, a conserved
WR motif and an SHP box that mediates interaction with the AAA ATPase p97, were found to be dispensable for Hd-CDT
intoxication. Interestingly, this previously undescribed mechanism is shared with the plant toxin ricin. These data reveal a
requirement for multiple components of the ERAD pathway for CDT intoxication and provide insight into a Derl2-
dependent pathway exploited by retrograde trafficking toxins.
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Introduction

Cytolethal distending toxins (CDTs) are produced by a variety

of Gram-negative pathogens including the oral pathogen Aggre-
gatibacter actinomycetemcomitans, the sexually transmitted patho-

gen Haemophilus ducreyi, and the gastrointestinal pathogens,

Escherichia coli and Campylobacter jejuni. These toxins belong to a

larger, emerging group of intracellular-acting ‘‘cyclomodulins’’

whose expression is associated with increased persistence, inva-

siveness and severity of disease [1–7]. Rather than inducing overt

cytotoxicity and tissue damage, cyclomodulins drive more subtle

alterations in the host through changes in cell cycle progression.

CDTs cause DNA damage in susceptible host cells, resulting in the

induction of DNA repair signaling mechanisms including phos-

phorylation of the histone H2AX, cell cycle arrest at the G2/M

interface and disruption of cytokinesis [8]. Inhibiting the cell cycle

interferes with many functions of rapidly dividing eukaryotic cells,

including lymphocytes and epithelial cells, which play a role in

immunity and provide a physical barrier to microbial pathogens

[5,9,10]. In cultured cells, the DNA damage response ultimately

leads to apoptotic cell death, while in vivo, persistent DNA

damage may give rise to infection-associated oncogenesis [11].

Although the cellular response to CDTs is well characterized

[8,12], the mechanism by which CDTs bind to host cells and

ultimately gain access to their nuclear target is less clear.

CDTs generally function as complexes of three protein

subunits, encoded by three contiguous genes (cdtA, cdtB, cdtC)

in a single operon [13]. Consistent with the AB model of

intracellular acting toxins [14], CdtB functions as the enzymatic

A-subunit and possesses DNase I-like activity responsible for

inducing DNA damage within the nuclei of intoxicated cells

[15,16]. CdtA and CdtC are thought to function together as the

cell-binding B-moiety of AB toxins to deliver CdtB into cells

[17–20].

To exert their cyclomodulatory effects, CDTs must be taken up

from the cell surface and transported intracellularly in a manner

that ultimately results in localization to the nucleus. Recent data

suggest that the endosomal trafficking pathways utilized by CDTs

from unrelated pathogens are different, but that all CDTs are

trafficked in a retrograde manner through the Golgi apparatus and
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into the ER [21,22]. CDTs and other retrograde trafficking toxins

lack the ability to translocate themselves across the ER membrane

and must therefore rely on host cellular processes to access their

intracellular targets. Toxins such as cholera toxin, Shiga toxin, and

ricin use a host-encoded protein quality control process known as

ERAD [23–31]. ERAD is a normal physiological process by which

misfolded proteins in the ER lumen and membrane are

translocated to the cytoplasm for degradation by the proteasome.

The core machinery driving ERAD in mammalian cells consists of

the Hrd1/Sel1L ubiquitin ligase complex, the Derlin family of

proteins and may also involve Sec61 [32]. Translocation of

misfolded proteins across the ER membrane is energetically

unfavorable and is facilitated by the AAA-ATPase p97 [33–35].

While toxins use various components of the ERAD pathway to

exit the ER lumen, they avoid proteasomal degradation, thereby

hijacking the host quality control mechanism to gain access to the

cytosol.

In contrast to other retrograde trafficking toxins, several reports

have suggested that ERAD does not play a role in the

translocation of CDT across the ER membrane. Mutant cell lines

deficient in the retrotranslocation of several retrograde trafficking

toxins, such as cholera toxin, Pseudomonas aeruginosa exotoxin A,

E. coli heat labile-toxin IIb, plasmid encoded toxin, and ricin were

sensitive to CDT [22,36]. Overexpression of Derlin-GFP fusions,

which can act as dominant negative proteins to inhibit ERAD, did

not block CDT intoxication [22]. Thermal stability of CdtB

suggested that this catalytic subunit does not unfold prior to

translocation and thus may not be an ERAD substrate [37].

Finally, CdtB was not found in the cytoplasm of intoxicated cells

prior to nuclear localization, but rather was localized with ER

membrane projections into the nucleus (i.e. nucleoplasmic

reticulum), leading to the model that CDTs translocate directly

from the ER lumen into the nucleoplasm [37]. Contrary to these

data, others have described requirements for nuclear localization

signals within the CdtB subunits, implicating a requirement for

retrotranslocation to the cytosol prior to trafficking to the nucleus

[38–40]. Identifying host factors required for translocation of

CDT across the ER membrane would provide insight into

mechanism of toxin entry; however, these data have been elusive

[22,41,42].

Here we describe the results of two genetic screens aimed at

identifying host genes required for intoxication by CDT from four

human pathogens. These results implicate key components of the

ERAD pathway in retrotranslocation of CDT and thereby provide

insight into the mechanism by which host cells are intoxicated by

this family of bacterial toxins.

Results

Derl2 is required for intoxication by CDT
In order to identify genes that confer sensitivity to CDT, we

performed two separate forward somatic cell genetic screens. First,

we utilized the frameshift mutagen ICR-191 to induce mutations

in ten separate pools of CHO-pgs A745 cells (A745). Each pool of

16106 cells was selected with 20 nM A. actinomycetemcomitans
CDT (Aa-CDT), a toxin concentration high enough to cause

death in parental cells. Five of the ten pools yielded Aa-CDT

resistant clones; the most resistant clone isolated (CHO-CDTRA2)

was resistant to the highest dose of Aa-CDT tested (Fig. 1a).

Interestingly, CHO-CDTRA2 cells were also resistant to the

highest dose of H. ducreyi CDT (Hd-CDT) tested (Fig. 1b) and

more modestly resistant to CDTs from E. coli (Ec-CDT; Fig. 1c)

and C. jejuni (Cj-CDT; Fig. 1d). To identify the gene responsible

for CDT resistance in CHO-CDTRA2 cells, we utilized a high

throughput cDNA expression-based complementation approach.

A custom cDNA library consisting of approximately 3.76103

arrayed clones was prepared from the mammalian gene collection

[43]. Plasmid DNA was isolated from the library, normalized for

concentration, plated individually into 384-well plates and reverse

transfected into CHO-CDTRA2 cells. After 72 hours, the

transfected cells were intoxicated with 20 nM Aa-CDT and

immunostained using fluorescent anti-pH2AX antibodies to

identify activation of CDT-mediated DNA damage response.

Cells were stained with Hoechst 33342 to enumerate nuclei,

imaged by automated fluorescence microscopy and scored using

automated image analysis software. We identified Mus musculus
Derlin-2 (Genbank ID: BC005682), a gene involved in the ERAD

pathway, as able to complement the sensitivity of CHO-CDTRA2

cells to Aa-CDT. CHO-CDTRA2 cells were transduced with a

retroviral vector encoding Derl2 to verify this finding and test

whether Derl2 was able to complement resistance to the remaining

three CDTs. CHO-CDTRA2 cells expressing Derl2 regained

sensitivity to all four CDTs tested to near parental levels (Fig. 1a–

d).

In a parallel effort to identify genes required for CDT

intoxication, a retroviral mutagenesis approach was employed

[44]. Approximately 16107 A745 cells expressing the tetracycline

repressor protein fused to the Krüppel associated box from human

Kox1 (A745TKR) were transduced with murine leukemia virus

(MLV) encoding the tetracycline repressor element at a multiplic-

ity of infection of 0.1 and selected with 5 nM Hd-CDT, a toxin

concentration high enough to cause death in parental cells. Two

independent pools produced Hd-CDT-resistant clones. Subse-

quent characterization of one clone from each pool, CHO-

CDTRC1 and CHO-CDTRF1, revealed that they were resistant

to cell killing by the highest concentrations of the four CDTs tested

(Fig. 2a–2d) as well as cell cycle arrest induced by lower CDT

concentrations (Fig. S1). The site of mutational proviral integra-

tion was determined using a combination of sequence capture,

inverse PCR and sequencing [44]. Proviral integration sites in the

mutants were distinct; the mutagenic integration in CHO-

CDTRC1 cells occurred between the first and second Derl2 exons

Author Summary

Cytolethal distending toxins (CDTs) are produced by
several bacterial pathogens and increase the ability of
these bacteria to cause disease. After being taken up by
host cells, CDTs are trafficked to the endoplasmic
reticulum (ER) where they must translocate across the ER
membrane to gain access to their intracellular target;
however, this translocation process is poorly understood
for CDTs. Here we provide evidence that CDTs require
components of the ER-associated degradation (ERAD)
pathway, a normal cellular process utilized to translocate
terminally misfolded ER lumenal and membrane proteins
across the ER membrane for degradation in the cytosol.
Deletion of a key member of this pathway, Derl2, makes
cells resistant to multiple CDTs. Interestingly, two domains
within Derl2 which are required for ERAD of misfolded
proteins are dispensable for intoxication by CDT. Further,
we report two previously uncharacterized domains within
Derl2 that are each required for intoxication. Consistent
with a role of Derl2, abrogation of two other members of
the ERAD pathway, Hrd1 and p97, results in retention of
CDT in the ER and resistance to intoxication. Taken
together, these data provide novel insight into how CDTs
exit the ER and therefore gain access to their cellular
targets.

ERAD Components Required for CDT Intoxication
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and occurred in the opposite orientation in CHO-CDTRF1 cells

between the fourth and fifth Derl2 exons (Fig. 2e). Overexpression

of Derl2 in these mutants complemented sensitivity to all CDTs

tested (Fig. 2a–2d, S2). In contrast, overexpression of the

functionally related Derl1, which shares 51% homology and

35% amino acid identity with Derl2, failed to complement

sensitivity to Hd-CDT in CHO-CDTRC1 cells (Fig. 2f). Both

CHO-CDTRC1 and CHO-CDTRF1 mutant cells displayed

decreased Derl2 expression by immunoprecipitation followed by

western blot (Fig. 2g). Targeted deletion of Derl2 was performed in

HeLa cells using the Cas9 clustered regularly interspaced short

palindromic repeats (CRISPR) system [45]. HeLa cells lacking

Derl2 were resistant to Hd-CDT (Fig. 2h, 2i). Additionally, siRNA

mediated knockdown of Derl2 in HeLa cells rendered them

resistant to Hd-CDT (data not shown). Although the demonstra-

tion of a direct physical interaction between Derl2 and CDT

would support the hypothesis that Derl2 is part of a retro-

translocation apparatus, attempts to co-immunoprecipitate CDT

with Derl2 were unsuccessful, likely due to very small quantities of

CDT reaching the ER during intoxication.

Although Derlins have been most intensely studied as important

factors in the translocation of ERAD substrates, these proteins

have also been implicated in the trafficking of the plant toxin ricin

from endosomes to the Golgi apparatus [46]. To identify which

step of the CDT retrograde trafficking pathway was blocked in

Derl2-deficient cells, the intracellular trafficking of Hd-CDT in

parental A745TKR and mutant CHO-CDTRC1 and CHO-

CDTRF1 cells was assessed by immunofluorescence microscopy as

a function of time. After 10 minutes of intoxication, Hd-CdtB was

clearly internalized into all the cell types tested (Fig. 2j–2l, S3).

However, after 60 minutes, significantly more CdtB had localized

to the nucleus of the parental A745TKR cells than in the Derl2-

deficient CHO-CDTRC1 and CHO-CDTRF1 cells. In the CHO-

CDTRC1 and CHO-CDTRF1 cells, Hd-CdtB was clearly

localized to the ER, even after 60 minutes, but nearly absent

within the ER of the parental A745TKR cells. Together, these

data support a model that Derl2 is required for retrograde

translocation of Hd-CdtB from the ER lumen.

Hrd1 is required for intoxication by CDT
Derl2 is part of the Hrd1-containing ‘‘retrotranslocon’’, a

protein complex that mediates retrotranslocation of ERAD

substrates [47]. Indeed, Hrd1 was co-immunoprecipitated with

Derl2 from wildtype but not Derl2-deficient cells (Fig. 3a).

Similarly, Derl2 could be co-immunoprecipitated from wildtype

cells, but not from cells in which Hrd1 was targeted by CRISPR

(Fig. 3b–3c). Intoxication of Hrd1-deficient cells revealed that this

gene, like Derl2, is required for cell killing by multiple CDTs

(Fig. 3d–3g, S4). Interestingly, cells lacking Hrd1 displayed full

sensitivity to intoxication by Cj-CDT (Fig. 3g). Similar to Derl2

deficient cells, deletion of Hrd1 resulted in retention of Hd-CDT

in the ER 240 minutes post-intoxication (Fig. 3h–3j). These data

suggest that the Derl2 and Hrd1-containing retrotranslocon is

required for intoxication by multiple CDTs, implicating a role for

the ERAD pathway in cellular entry for a subset of this family of

toxins.

Retrotranslocation of CdtB is distinct from previously
characterized ERAD Substrates

Derlins have been implicated in retrotranslocation of misfolded

proteins out of the ER [35,48]. In order to evaluate whether Derl2

might function by a similar mechanism to retrotranslocate CDTs,

we investigated the importance of several Derlin functional motifs

required for the retrotranslocation of previously characterized

ERAD substrates. A carboxyl terminal SHP box (FxGxGQRn,

where n is a non-polar residue) was recently demonstrated to be

required for the interaction of Derlins with the AAA ATPase p97

[49], which provides energy to extract ERAD substrates from the

lumen into the cytosol [33,34,50]. To assess the importance of

p97-Derl2 interactions for the escape of CdtB from the cytosol, we

tested whether Derl2 with a deletion of the C-terminus (Derl2DC)

that removes the SHP box could complement Derl2 deficiency in

CHO-CDTRC1 cells. Additionally, we tested a dominant negative

form of Derl2 with a C-terminal GFP tag (Derl2-GFP)[22,48].

Similar to what had been shown previously, Derl2DC was unable

to bind p97 (Fig. 4a) [47,49]. Further, Derl2-GFP was also unable

to bind p97 (Fig. 4a). Surprisingly, intoxication studies revealed

that despite failing to interact with p97, Derl2-GFP did not act as a

dominant negative inhibitor, and that both Derl2-GFP and

Derl2DC complemented sensitivity to Hd-CDT (Fig. 4b–d). These

results suggest that Hd-CDT has evolved to use a Derl2-dependent

retrotranslocation pathway that is independent of interaction

between Derl2 and p97.

Although the interaction between Derl2 and p97 is not required

for Hd-CDT retrotranslocation, this does not preclude a

requirement for p97 in intoxication. To investigate this, dominant

negative (R586A) and control (R700A) versions of p97 were

overexpressed in 293 cells. Activity of the dominant negative p97

was confirmed by an increase in fluorescence signal from the

ERAD substrate TCRaGFP [51] (Fig. 4e). Expression of

dominant negative p97 caused a reduction in cell cycle arrest in

G2 mediated by Hd-CDT, compared to control p97 (Fig. 4e).

Consistent with a role for p97 in egress of CdtB from the ER

lumen, expression of the dominant negative p97 resulted in

Figure 1. The chemically mutagenized clone, CHO-CDTRA2, is resistant to CDT and complemented by expression of Derl2. Parental
A745 cells, chemically induced mutant CHO-CDTRA2 cells, and CHO-CDTRA2 cells expressing Derl2 were seeded in a 384-well plate (16103 cells/well)
and allowed to adhere overnight, followed by 48 hour intoxication with Aa-CDT (a), Hd-CDT (b), Ec-CDT (c) and Cj-CDT (d) and quantitation of
viability using ATPlite 1-step reagent (Perkin Elmer). Data are representative of at least three independent experiments performed in triplicate,
percent viability is normalized to unintoxicated controls and error bars indicate standard error.
doi:10.1371/journal.ppat.1004295.g001

ERAD Components Required for CDT Intoxication
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Figure 2. Derl2 is required for CDT intoxication. Viability of parental A745TKR cells, retrovirally induced mutant CHO-CDTRC1 cells, and CHO-
CDTRC1 cells expressing Derl2 after intoxication with Aa-CDT (a), Hd-CDT (b), Ec-CDT (c) and Cj-CDT (d). Intoxication was performed similar to Fig. 1.
(e) Top: representation of the Derl2 open reading frame with boxes representing exons, gray arrows representing primers, and upside down triangles
representing proviral insertions. Bottom: agarose gel of genomic PCR from parental A745TKR, CHO-CDTRC1 and CHO-CDTRF1 cells using primers
detailed in the diagram. (f) Overexpression of Derl1 does not complement resistance to CDT. Derl2 deficient CHO-CDTRC1 cells expressing empty
vector, Derl1, and Derl2 were intoxicated with Hd-CDT, similar to Fig. 1. (g) Derl2 was immunoprecipitated from normalized cell lysates and
precipitated proteins analyzed by western blot with anti-Derl2 antibody. (h) CRISPR mediated deletion of Derl2 in HeLa cells causes resistance to Hd-
CDT. HeLa cells were transfected with Cas9 DNA and gDNA, followed by selection with G418 and Hd-CDT. Following selection, wildtype and

ERAD Components Required for CDT Intoxication
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retention of Hd-CDT in the ER after 240 minutes of intoxication

(Fig. 4g–4i).

We next evaluated the importance of a second functional

domain required for Derl2-mediated retrotranslocation of ERAD

substrates. Derlins were recently classified as members of the

rhomboid protease family of proteins, although they lack key

residues required for proteolytic activity [49]. Rhomboid proteases

are unique in that they contain an aqueous membrane-embedded

cavity that allows for hydrolytic catalysis within the lipid bilayer

[52]. Similar to other rhomboid proteases, Derl2 contains a ‘‘WR

motif’’ (Q/ExWRxxS/T) in the sequence between the first and

second transmembrane domains and a GxxxG motif in the sixth

transmembrane domain. The WR motif protrudes laterally into

the bilayer and plays a role in rearrangement of the local lipid

environment [52,53] while GxxxG motifs enable intra- and inter-

molecular dimerization of transmembrane domains [52,53].

Mutation of either of these domains in Derl1 renders it unable

to retrotranslocate a constitutively misfolded protein to the cytosol

for proteosomal degradation [49]. To test for a role for these

motifs in CDT egress from the ER, Derl2 variants with single

point mutations in the residues that comprise the WR and GxxxG

motifs were expressed in Derl2 deficient CHO-CDTRC1 cells.

Expression of Derl2 variants Q53A, W55A and T59A comple-

mented the resistance to Hd-CDT in CHO-CDTRC1 cells to the

same levels as that of wildtype Derl2 (Fig. 4f). One point mutant in

the WR domain (R56A) and mutants in either residue of the

GxxxG domain (G175V, G179V) failed to complement CHO-

CDTRC1 cells; however, these mutants were poorly expressed as

determined by immunoprecipitation and western blot, and

therefore no conclusion can be made regarding a role for these

residues (data not shown). These data suggest that although the

WR motif is required for retrotranslocation of misfolded proteins

by Derl1 [49], it is not required for retrotranslocation of Hd-CDT.

Identification of Derl2 domains that support intoxication
by Hd-CDT

In order to provide insight into the mechanism by which Derl2

supports intoxication, we set out to identify Derl2 domains that are

required for intoxication by Hd-CDT. Taking advantage of the

knowledge that Derl1 is sufficiently divergent from Derl2 such that

it cannot complement Derl2 deficiency (Fig. 2f), we constructed

chimeric proteins comprised of fusions between homologous

segments of Derl1 and Derl2 to map Derl2 segments that support

intoxication by Hd-CDT. Replacing the C-terminal cytoplasmic

tail of Derl2 with that from Derl1 (Derl21–187:Derl1189–251) gave a

chimera that retained function and complemented sensitivity to

Hd-CDT in CHO-CDTRC1 cells, consistent with a dispensable

role for this domain (Fig. 5a). Likewise, CHO-CDTRC1 cells

expressing a fusion protein in which the third ER luminal loop

of Derl2 was replaced with that from Derl1 (Derl21–112:

Derl1114–121:Derl1120–239) were sensitive to Hd-CDT, indicating

that this domain is not required for intoxication (Fig. 5b).

In contrast, two distinct domains were identified in Derl2 that

were each independently required for intoxication by Hd-CDT.

Three fusion proteins comprised of Derl1 from the N-terminus

through the second, fourth and fifth transmembrane domains

respectively fused to the remaining portions of Derl2

(Derl11–88:Derl288–239; Derl11–138:Derl2138–239; Derl11–162:Derl2162–239)

were unable to complement sensitivity to Hd-CDT in CHO-

CDTRC1 cells, implicating a Derl2-specific sequence within the

first 88 N-terminal residues as required for CDT intoxication

(Fig. 5c). Second, a fusion protein consisting of Derl2 with the

second ER luminal loop of Derl1 (Derl21–161:Derl1163–171:

Derl2171–239) was unable to complement sensitivity, demonstrat-

ing that one or more of the six amino acids in the second

luminal loop unique to Derl2 were also required for intoxication

by Hd-CDT (Fig. 5b). We attempted to express several other

Derl1:Derl2 chimeric proteins; however, these were expressed at

levels lower than their wildtype counterparts and therefore these

results were deemed inconclusive (data not shown). Taken

together, these data identify two distinct domains of Derl2

required for Hd-CDT intoxication.

Derl2 and Hrd1 contribute to but are not required for
sensitivity to ricin

Similar to CDT, several other protein toxins such as ricin, Shiga

toxin and cholera toxin rely on retrograde trafficking from the cell

surface through the ER in order to gain access to the cytoplasm

[25,54]. Recently, RNAi-mediated repression of members of the

Derlin family was shown to cause a slight resistance to ricin

[26,46] that was attributed to reduced trafficking from endosomes

to the Golgi apparatus [46]. Similarly, the Derl2 deficient mutant

cell line CHO-CDTRC1 displayed four-fold resistance to ricin,

which was complemented by transduction with Derl2 (Fig. 6a).

CRISPR mediated deletion of Hrd1 in 293 cells caused resistance

to ricin, albeit to a lesser degree than resistance to Hd-CDT

(Fig. 6b, 2h). This low-level resistance to ricin suggests that Derl2

and Hrd1 contribute to, but are not absolute requirements for

ricin intoxication. In contrast, a high level of resistance to multiple

CDTs resulted from Derl2 or Hrd1 deficiency (Fig. 2). Interest-

ingly, the novel Derl2 SHP box- and WR motif-independence

characterized for CDT was shared with ricin. Derl2DC and Derl2

WR mutants were able to restore sensitivity to Derl2 deficient

CHO-CDTRC1 cells (Fig. 6c, 6d), suggesting that Derl2 may have

multiple functions that are independent of the conserved WR

motif and SHP box-mediated interactions with p97.

Discussion

In order to gain access to their intracellular targets, retrograde

trafficking toxins such as CDT bind the plasma membrane, are

endocytosed and then trafficked though endosomes, the Golgi

apparatus and ultimately the ER. At this point they must cross the

formidable barrier posed by the host cellular membrane. The

current model is that retrograde trafficking toxins commandeer

the host ERAD pathway to cross the ER membrane, thereby

gaining access to the cytosol. Various components of the ERAD

machinery have been identified for cytoplasmic delivery of ricin,

Shiga, and cholera toxins as well as for Pseudomonas aeruginosa

Derl2-deleted cells were intoxicated with Hd-CDT, similar to figure 1. (i) CRISPR mediated deletion of Derl2 results in decreased expression as judged
by western blot of anti-Derl2 immunoprecipitated protein from normalized cell lysates. Increasing amounts of immunoprecipitated protein loaded for
each condition, corresponding to input from 0.5, 1, or 26106 cells. (j–l) Retrograde trafficking of Hd-CDT in Derl2 deficient cells is blocked at the
endoplasmic reticulum. (j) A745TKR and CHO-CDTRC1 cells were incubated with Hd-CDT on ice, washed and incubated at 37uC for 10 or 60 minutes.
Cells were then fixed and stained with DAPI (nuclei, blue), Concanavalin A (ER, red) and a-Hd-CdtB (green) antibody. White scale bars indicate 5 mm.
(k,l) Quantification of microscopy results comparing the percentage of cells with at least one green puncta localized to the nucleus or Pearson’s
coefficient values indicating colocalization of the Hd-CdtB signal with the ER marker. Images and quantitation are representative of those collected
from a total of 30 randomly chosen cells analyzed during three independent experiments and error bars represent standard deviations.
doi:10.1371/journal.ppat.1004295.g002

ERAD Components Required for CDT Intoxication
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exotoxin A [23–29]. These ERAD components include members

of the HRD ubiquitin ligase complex, Hrd1 and Sel1L [27,28],

Derlins 1–3 [26,30,31], ER proteins involved in substrate

recognition and unfolding of ERAD substrates [23–25], and the

Sec61 translocon [26,29]. Interestingly, different toxins appear to

require distinct ERAD components, suggesting that multiple

pathways exist by which toxins are translocated out of the ER

lumen [26]. In contrast to these toxins, the pathway(s) by which

CDTs exit the ER and ultimately gain access to the host nucleus

was previously unknown. An ERAD-independent pathway was

suggested based on failure of Derl1-GFP and Derl2-GFP fusion

proteins to block intoxication by Hd-CDT, as well as susceptibility

of mutant cells to CDT that were resistant to multiple other

retrograde trafficking toxins [22,36]. Here we provide evidence

that three core components of the ERAD machinery, Derl2, Hrd1

and p97, are in fact required for intoxication by multiple CDTs

Figure 3. Hrd1 is required for CDT intoxication. (a) Co-immunoprecipitation of Derl2 and Hrd1. Derl2 was immunoprecipitated as in figure 2i
and samples were analyzed for Hrd1 by western blot. (b) CRISPR mediated deletion of Hrd1 (DHrd1) results in decreased expression as judged by
western blot of Hrd1 from a-Hrd1 immunoprecipitated protein from normalized cell lysates. (c) Co-immunoprecipitation of Derl2 with Hrd1. Hrd1 was
immunoprecipitated and samples were analyzed for Derl2 by western blot. (d–g) Wild type 293 and DHrd1 cells were intoxicated with Aa-CDT (d), Hd-
CDT (e), Ec-CDT (f) and Cj-CDT (g) similar to figure 1. Percent viability is normalized to unintoxicated controls and error bars indicate standard error.
(h–j) Retrograde trafficking of Hd-CDT in DHrd1 cells is blocked at the endoplasmic reticulum. pDsRed2-ER (red) transfected 293 cells and DHrd1 cells
were incubated with Hd-CDT on ice, washed and incubated at 37uC for 240 minutes. Cells were then fixed and stained with DAPI (nuclei, blue) and a-
Hd-CdtB (green) antibody. White scale bars indicate 5 mm. (i,j) Quantification of microscopy results comparing the percentage of cells with at least
one green puncta localized to the nucleus (i), or Pearson’s coefficient values indicating colocalization of the Hd-CdtB signal with the ER (j). Images and
quantitation are representative of those collected from a total of 30 randomly chosen cells analyzed during two independent experiments and error
bars represent standard deviations. Unless otherwise noted, data are representative of at least three independent experiments.
doi:10.1371/journal.ppat.1004295.g003
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Figure 4. The interaction of Derl2 and p97 is not required for CDT intoxication. (a) Derl2-GFP fails to bind p97, similar to Derl2DC. 293 cells
were transfected with vectors encoding S-tagged versions of the indicated forms of Derl2. After 3 days, the cells were lysed and western blot was
performed on S-protein precipitates with anti-p97 and anti-S-tag antibodies (b) Overexpression of Derl2-GFP does not affect Hd-CDT intoxication of
parental A745TKR cells. Parental A745TKR cells expressing empty vector, Derl2 or Derl2-GFP were intoxicated with Hd-CDT, similar to Fig. 1. (c, d)
Derl2-GFP and Derl2DC complement sensitivity to Hd-CDT in CHO-CDTRC1. CHO-CDTRC1 cells expressing empty vector, Derl2, (c) Derl2-GFP or (d)
Derl2DC were intoxicated similar to Fig. 1. (e) Dominant negative p97 reduces sensitivity of 293 cells to Hd-CDT. 293 cells stably expressing TCRaGFP
were transfected with plasmids encoding CD4 and either dominant negative (R586A) or control (R700A) p97, followed by intoxication with Hd-CDT
for 48 hours and staining with Hoechst and anti-CD4 antibodies. Flow cytometry was performed to obtain geometric mean fluorescence values for
TCRaGFP (GFP) in CD4+ cells and cell cycle profile of CD4 negative (grey shaded; untransfected control) and CD4 positive cells (black lines). (f) The
Derl2 WR motif is not required for intoxication by Hd-CDT. CHO-CDTRC1 cells expressing empty vector, wildtype Derl2, Derl2 Q53A, Derl2 W55A or
Derl2 T59A were intoxicated similar to figure 1. (g–i) Retrograde trafficking of Hd-CDT in p97 deficient cells is blocked at the endoplasmic reticulum.
(g) Following transfection with pH2B-GFP (blue) and either dominant negative or control p97, wildtype and DHrd1 cells were incubated with Hd-CDT
on ice, washed and incubated at 37uC for 240 minutes. Cells were then fixed and stained with anti-Hd-CdtB (green) antibody and anti-calreticulin

ERAD Components Required for CDT Intoxication

PLOS Pathogens | www.plospathogens.org 7 July 2014 | Volume 10 | Issue 7 | e1004295



and that abrogation of these key members of the ERAD pathway

leads to Hd-CDT accumulation in the ER, consistent with a role

in retrotranslocation.

The inability of Derl1 to complement Derl2 deficiency further

enabled identification of novel domains within Derl2 required for

intoxication by CDT. Derl2 is a six-pass transmembrane protein

with three predicted loops in the ER lumen [49]. Replacing the

third luminal loop from Derl2 with Derl1 sequences supported

intoxication, indicating that this loop is not required, though we

cannot exclude a more minor role. However, replacing the second

luminal loop, which consists of just eight amino acids, two of which

are conserved with Derl1, resulted in loss of function. This finding

supports a key role for specific amino acids within this small

domain in sensitivity to Hd-CDT. The first luminal loop may also

be important, though chimeras consisting of this loop from Derl1

swapped with Derl2 and vice versa were not expressed and thus

this could not be tested directly. However, replacing the first 88 N-

terminal residues, inclusive of the first two transmembrane

domains and the first luminal loop, with those from Derl1 did

express well but failed to support Hd-CDT intoxication. This N-

terminal region also contains the WR motif conserved among

rhomboid proteases and required in Derl1 for retrotranslocation of

misfolded proteins. However, the WR motif is conserved between

Derl1 and Derl2 and point mutations within this WR motif in

Derl2 still supported intoxication. These findings suggest that

another functional domain exists within this region that is required

for intoxication by Hd-CDT. Further studies are needed to

determine whether additional requirements for intoxication map

to the first luminal loop, the two transmembrane domains, or

perhaps the N-terminal tail that extends into the cytosol.

In addition to identifying Derl2, Hrd1, and p97 as host factors

usurped by CDTs to exit the ER, the studies presented here

provide insight into the mechanism by which Derlin-GFP fusions

act as dominant negative proteins. These constructs have been

used to study the role of derlin family members in retrograde

translocation of misfolded proteins, cytomegalovirus mediated

degradation of class I MHC, infection by murine polyomavirus,

and intoxication by ricin and cholera toxin [25,30,48,49,55];

however, the mechanism by which these constructs inhibit ERAD

function was unknown. Interestingly, overexpression of Derl1-GFP

or Derl2-GFP was previously shown to have no effect on the

intoxication of HeLa cells by ricin or Hd-CDT, leading the

authors to conclude that derlins are not required for these toxins

[22,25]. Similarly, we found that overexpression of Derl2-GFP

(Fig. 4b) or Derl1-GFP (not shown) had no effect on CDT

intoxication of parental A745TKR cells. Rather, overexpression of

Derl2-GFP actually complemented sensitivity to Hd-CDT in

Derl2-deficient CHO-CDTRC1 cells. Expression of Derl2DC

complemented resistance to both ricin and CDT. The data

presented here suggest that Derlin-GFP constructs act in a

dominant negative manner by blocking interactions mediated by

the C-terminus such as SHP box-mediated interactions with p97,

and therefore may only exert dominant negative effects on ERAD

and trafficking processes that require these interactions. Interest-

ingly, although the interaction of p97 with Derl2 is not required

for CDT interaction, p97 activity is indeed required for

intoxication as expression of dominant negative p97 causes

reduced sensitivity to Hd-CDT. p97 may supply energy for the

retrotranslocation process that is common to both misfolded

proteins and CDT through interactions with other proteins such as

Hrd1 [50], or may be required for other entry or trafficking steps

[56]. Determining the precise roles for this multifunctional protein

requires more detailed studies and it remains possible that p97

contributes to more than one step in the intoxication pathway.

Previous somatic cell genetic screens identified twelve host genes

required for intoxication by CDTs and ricin, but failed to identify

Derl2, Hrd1 or p97 [41,42]. The reason for this difference is

unclear, though any single genetic model system is unlikely to

provide a complete picture of such a complex biological process.

Indeed, the host genes identified thus far only begin to explain the

host processes required for cellular binding and entry by CDTs

[21,41,42]. Only ten of the fifteen host factors identified thus far

are required for intoxication by more than one CDT and of these,

only two, sphingomyelin synthase 1 (SGSM1) [42] and Derl2

(Fig. 1, 2) have been shown to be required for all four CDTs tested

here. These results suggest that various members of the CDT

family have evolved distinct strategies to gain access to the host

nucleus [21,57]. Cj-CDT is the most evolutionarily divergent

CDT studied here and displays unique requirements for host

factors compared with Ec-, Aa-, and Hd-CDTs [42,57]. Consis-

tent with these prior findings, Cj-CDT had the least dependence

on Derl2 and no requirement for Hrd1 (Fig. 2d). Future studies

will likely identify many more host requirements for this family of

toxins and provide further insight into their cellular entry

pathways. Comparison of multiple members of the CDT family

will elucidate a core set of host factors required for entry of all

CDTs, but will also provide insight into unique solutions evolved

by distinct CDTs to gain access to the host nucleus.

Materials and Methods

Cell culture
Chinese hamster ovary cells (CHO) and derivatives were

maintained in F-12 media (Gibco) supplemented with 10% fetal

bovine serum (Sigma Aldrich), 100 U/mL penicillin, 100 mg/mL

streptomycin, 5 mM L-glutamine (Invitrogen) and 1 mg/mL

doxycycline (Sigma Aldrich). HeLa and 293 cells (American Type

Culture Collection) were maintained in Dulbecco’s Modified

Eagle Medium (DMEM; Cellgro) containing 25 mM HEPES,

4.5 g/L sodium pyruvate, 4.5 g/L glucose, 10% fetal bovine

serum (Sigma Aldrich), 100 U/mL penicillin, 100 mg/mL strep-

tomycin, and 5 mM L-glutamine (Invitrogen). In some cases, 293

culture medium was supplemented with 1% non-essential amino

acids (Gibco). All cells were cultured at 37uC in a humid

atmosphere containing 5% CO2.

Selection of CDT-resistant clones
To isolate chemically mutagenized CDT-resistant clones, ten

pools of CHO-pgs A745 cells (A745, provided by Jeff Esko,

UCSD) were treated with ICR191 (Sigma Aldrich) at a

concentration high enough to kill 90% of the cells [58]. The

resulting cells were counted, seeded at 16106 cells per 10 cm plate

antibody (red). White scale bars indicate 5 mm. pH2B-GFP pseudo-colored blue; Hd-CdtB pseudo-colored green and calreticulin pseudo-colored red
(h, i) Quantification of microscopy results comparing the percentage of cells with at least one green puncta localized to the nucleus or Pearson’s
coefficient values indicating colocalization of the Hd-CdtB signal with the ER. Images and quantitation are representative of those collected from a
total of 30 randomly chosen cells analyzed during two independent experiments and error bars represent standard deviations. Unless otherwise
noted, data are representative of at least three independent experiments, percent viability is normalized to unintoxicated controls and error bars
indicate standard error.
doi:10.1371/journal.ppat.1004295.g004
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and selected with 20 nM Aa-CDT. Resulting resistant cells were

subjected to limiting dilutions to obtain single cell clones,

expanded and reselected with Aa-CDT.

Selection of retrovirally mutagenized CDT-resistant clones was

performed similar to a previously reported protocol [44]. Briefly,

an Hd-CDT-sensitive clonal A745 cell line expressing tetR-KRAB

(A745TKR) was established. Ten pools of 16106 A745TKR

parental cells were mutagenized by transduction with murine

leukemia virus encoding the transcription response element TetO7

in the long terminal repeat (pCMMP.GFP-NEO-TRE) at a

multiplicity of infection of 0.1. These pools were transcriptionally

repressed at proviral integration sites for 96 hours in the absence

of doxycycline then selected with 5 nM Hd-CDT for 24 hours.

After selection, two of the ten pools yielded colonies; these colonies

were picked, expanded and reselected with Hd-CDT. None of the

CDT-resistant clones displayed doxycycline dependant sensitivity

to CDT, so they were further maintained in the presence of

doxycycline.

Intoxication assays
Mammalian cells were trypsinized, counted and seeded at

approximately 16103 cells per well in 384-well plates. The

following day, medium was removed and toxin containing

medium was added for 48 hours, followed by addition of ATPlite

1-step reagent (Perkin Elmer). Recombinant CDTs were cloned,

expressed, and purified as described previously [57] and ricin was

purchased commercially (List Biological Laboratories). Each

biological replicate intoxication was performed in triplicate.

Analysis of intoxication was performed either by quantitation of

pH2AX immunofluorescence (as described previously [57]) or by

using ATPlite reagent (Perkin Elmer) according to manufacturer

recommendations. Intoxication data obtained by ATPlite reagent

was normalized by dividing the luminescence relative light unit

(RLU) signal of each replicate by the average of the unintoxicated

control cells. All intoxication results presented are representative of

at least three biological replicates.

Sequence capture mediated inverse PCR
In order to identify the location of the provirus in the CDT-

resistant clones, genomic DNA was purified from each clone

according to manufacturer recommendations (Qiagen), followed

by digestion of 2 mg of genomic DNA with BamHI restriction

enzyme (New England Biolabs). Digested genomic DNA was

purified by column chromatography (Qiagen) and resuspended in

100 mM Tris-HCl, 150 mM NaCl, 50 mM EDTA, pH 7.5,

containing 10 pmol biotinylated oligonucleotide complimentary to

the 39 pCMMP long terminal repeat (Sigma Aldrich; [Biotin]G-

TACCCGTGTTCTCAATAAACCCTC). The samples were

Figure 5. Identification of Derl2 domains required for CDT intoxication. (a–c) CHO-CDTRC1 cells expressing empty vector (squares), Derl1-S
(triangles), or Derl2-S (diamonds) were intoxicated in each panel, similar to Fig. 1, and compared to derlin variants indicated below. Anti-DERL1 (a) or
anti-Derl2 (b, c) western blot of S-protein agarose precipitated protein from normalized cell lysates show expression levels of chimeric derlins.
Cartoons depict Derl1 (black) and Derl2 (grey) sequences in each chimera. (a) CHO-CDTRC1 cells expressing Derl1-S (triangles, #1) or
Derl21–187:Derl1189–251-S tag (circles, #2) were challenged with Hd-CDT. (b) CHO-CDTRC1 cells expressing Derl2-S (diamonds, #1), Derl21–112:
Derl1114–121:Derl2120–239-S (circles, #2) or Derl21–161:Derl1163–171: Derl2171–239-S (inverted triangles, #3) were intoxicated as above. (c) CHO-CDTRC1
cells expressing Derl2-S (diamonds, #1), Derl11–88:Derl288–239-S (open boxes, 2), Derl11–138:Derl2138–239-S (open triangles, #3) or Derl11–162:Derl2162–

239-S (open diamonds, #4) were intoxicated as above. Data are representative of at least three independent experiments performed in triplicate,
percent viability is normalized to unintoxicated controls and error bars indicate standard error.
doi:10.1371/journal.ppat.1004295.g005
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heated to 95uC for 5 minutes then plunged on ice, followed by end

over end rotation at 55uC for 14 hours.

Streptavidin coated magnetic beads were washed three times

with 10 mM Tris-HCl, 2 M NaCl, 1 mM EDTA, pH 7.5 and

added to the samples. Samples were vortexed for 0.5 hours at

room temperature then the beads were immobilized on a magnet

and supernatant removed, followed by three washes with 5 mM

Tris-HCl, 1 M NaCl, 0.5 mM EDTA, pH 7.5 and resuspension in

100 mL water. The tubes were heated to 95uC in the presence of

the magnet and the supernatant was removed and self-circularized

with T4 DNA ligase according to manufacturer recommendations

(Fermentas). PCR was performed using the following primers

(GAGGGTTTATTGAGAACACGGGTAC and GTGATT-

GACTACCCGTCAGCGGGGTC) followed by nested PCR

with the following primers (CGAGACCACGAGTCGGATG-

CAACTGC and GTTCCTTGGGAGGGTCTCCTCTG). Am-

plicons were run in a 1% agarose gel, bands were cut out, column

purified (Qiagen) and sequenced (Genewiz).

In order to confirm that the MLV proviral integration occurred

at the Derl2 locus, PCR amplification was performed on the

genomic DNA from the retrovirally induced CDT resistant clones

and the parental A745TKR cells. The primers used for

amplification annealed to the fifth exon in the Derl2 open reading

frame (CCATGAGCACCCAGGGCAGG) and either forward

proviral elements (TGATCGCGCTTCTCGTTGGG) or reverse

proviral elements (AGCGCATCGCCTTCTATCGC).

Subcloning and expression of Derlins
Murine Derl1 and Derl2 cDNA were subcloned by PCR

amplifying using the following primers (restriction sites and kozak

consensus sequences shown underlined and capitalized, respec-

tively): Derl1 forward aaaagatctTCCACCATGtcggacatcggg-

gactggttcagg; Derl1 reverse aaactcgagctggtctccaagtcggaagc; Derl2

forward aaaagatctTCCACCATGgcgtaccagagcctccggctgg; Derl2

reverse aaactcgagcccaccaaggcgctggccctcacc. The amplicons and

the empty retroviral vector pMSCVpuro (Clontech) were digested

with BglII and XhoI (New England Biolabs), gel purified (Qiagen)

and ligated with T4 DNA ligase (Fermentas). The Gibson

assembly reaction was utilized to construct the chimeric

Derl1:Derl2 and Derl2:Derl1 [59]. Briefly, primers (Table S1)

were designed to span the ends of the segments to be cloned by

using the NEBuilder (TM) tool (New England Biolabs). PCR

amplification and gel purification were performed to isolate

segments to be cloned. Segments were assembled and cloned into

pMSCVhygro (Clontech) by using Gibson assembly mastermix

according to manufacturer’s protocol (New England Biolabs). In

order to generate retroviral vectors, plasmid DNA was purified

and transfected into human 293 cells along with MLV gag/pol

Figure 6. Derl2 and Hrd1 contribute to sensitivity to Ricin, independent of the Derl2 WR motif and the interaction of Derl2 with
p97. (a) Derl2 deficiency causes resistance to ricin. A745TKR cells, CHO-CDTRC1 cells, and CHO-CDTRC1 cells expressing Derl2 were seeded in a 384-
well plate (16103 cells/well) and allowed to adhere overnight, followed by 48 hour intoxication with ricin and quantitation of viability using ATPlite 1-
step reagent (Perkin Elmer). Ricin LD50 values were calculated from three independent experiments and paired t-test was performed to calculate two
tailed p-values. (b) CRISPR mediated Hrd1 deletion in 293 cells causes resistance to ricin. Wildtype and Hrd1-deleted 293 cells were intoxicated with
ricin, similar to figure (a). (c) Derl2DC complements the resistance to ricin. CHO-CDTRC1 cells expressing empty vector, Derl2 and Derl2DC were
intoxicated similar to (a). (d) The Derl2 WR motif is not required for intoxication by ricin. CHO-CDTRC1 cells expressing empty vector, wildtype Derl2,
Derl2 Q53A, Derl2 W55A and Derl2 T59A were intoxicated similar to (a). Data are representative of at least three independent experiments performed
in triplicate, percent viability is normalized to unintoxicated controls and error bars indicate standard error.
doi:10.1371/journal.ppat.1004295.g006
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and vesicular stomatitis virus G-spike protein expression plasmids,

as previously described [44]. 48 and 72 hours later, resulting

retroviral particles were harvested, filter sterilized and used to

transduce target cells in the presence of 8 mg/mL polybrene

(Sigma Aldrich).

Immunoprecipitation western blot
Approximately 16107 cells were lysed in 1% digitonin, 25 mM

Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 U/mL DNAse

(Promega), and protease inhibitors (Roche), pH 7.0. The lysates

were centrifuged at 14,0006G and supernatants were mixed with

either 1 mg/mL rabbit a-Derl2 antibody or 5 mg/mL mouse anti-

Hrd1/SYVN1 monoclonal antibody (Sigma Aldrich) and incu-

bated overnight at 4uC with agitation. Protein-A sepharose beads

(Santa Cruz Biotechnology) were washed, blocked with 5% bovine

serum albumin (EMD Millipore) and incubated with the lysates for

1 hour at room temperature with agitation. Following incubation,

the beads were washed three times, mixed with SDS reducing

buffer and subjected to SDS-PAGE followed by transfer to PVDF

membranes. Membranes were probed with either rabbit anti-

Derl2 antibody (Sigma Aldrich) or rabbit anti-Hrd1 polyclonal

antibody (Novus Biologicals) at a 1:2000 dilution followed by HRP

conjugated a-rabbit antibody (Invitrogen) to allow detection.

To test interactions between Derl2 and p97, 293 cells were

seeded at 16106 per 10 cm plate and allowed to adhere overnight.

The following day, cells were transfected with 10 mg of plasmid

DNA by calcium phosphate method. Seventy-two hours post-

transfection, the cells were lysed in 1% digitonin lysis buffer (as

described above). S-protein agarose beads were blocked in 5%

bovine serum albumin for 1 hour and incubated with the lysates

overnight at 4uC. The beads were washed with 0.1% digitonin,

25 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, pH 7.0 and

protease inhibitors and then mixed with 1X SDS reducing buffer.

Samples were subjected to SDS-PAGE, transferred to PVDF

membranes then probed with rabbit anti-S-tag antibody (Cell

Signal Technologies) and mouse anti-p97 antibody (Santa Cruz

Biotechnology).

CRISPR mediated knockout of Derl2 and Hrd1
One hundred thousand Hela or 293 cells were transfected with

1 mg Cas9 expression plasmid (AddGene) [45] and 1 mg DNA

derived from RT-PCR amplification of gRNA (Integrated DNA

Technologies; Derl2 target sequence: AAGAAGTTCATGCG-

GACAT; Hrd1 target sequence: TGATGGGCAAGGTG-

TTCTT) using lipofectamine 2000 (Invitrogen) according to the

manufacturer’s protocol in a 12-well plate. Twenty four hours

following transfection, cell culture medium was aspirated and

replaced with complete DMEM containing 300 mg/mL of G418

to select for cells successfully transfected with the human codon

optimized pcDNA3.3 TOPO vector carrying the Cas9 gene

sequence and neomycin resistance cassette. After 72–96 hours

under G418 selection the remaining viable cells were expanded to

10 cm tissue culture plates in complete DMEM without G418

and allowed to reach ,80% confluence, after which toxin resis-

tant cells were selected by intoxication with 5 nM Hd-CDT

holotoxin. Cells surviving Hd-CDT intoxication were further

expanded and the loss of either Derl2 or Hrd1 was confirmed by

IP-western blot.

Fluorescence microscopy
8 well-chambered slides (Nunc) were seeded with cells and

allowed to adhere overnight. The following day, they were chilled

on ice for 30 minutes then incubated on ice with 100–200 nM

Hd-CDT for 30 minutes. The monolayers were washed with

ice-cold PBS pH 7.4 (Lonza), and then incubated at 37uC with

complete medium. After 60 minutes at 37uC, the cells were

washed with ice-cold PBS pH 7.4, and fixed with ice-cold 2%

formaldehyde (Sigma). After fixing for 30 minutes at room

temperature, the cells were permeabilized by incubating in PBS

7.4 containing 0.1% Triton X-100 for 15 min, and blocked with

3% BSA (Sigma) for 30 minutes. To probe for Hd-CdtB, cells

were incubated with rabbit polyclonal anti-Hd-CdtB antibodies

(generated by The Immunological Resource Center, University of

Illinois, Urbana, IL) at 4uC overnight, followed by incubation with

goat anti-rabbit antibody labeled with either Alexa Fluor 488 or

Alexa Fluor 568 (Invitrogen) at room temperature for 2 hours.

Where indicated, the ER is labeled with either Alexa Fluor 594

conjugated Concanavalin A (Invitrogen) or mouse monoclonal

anti-calreticulin antibody (Abcam) at 4uC overnight, followed by

incubation with goat anti-mouse Alexa Fluor 647-labeled

antibody (Invitrogen). Where indicated, nuclear counterstaining

was performed by either incubating with DAPI for 30 minutes

at room temperature or transfecting with 1 mg of plasmid

encoding Histone-GFP (pH2B-GFP; Addgene, Cambridge,

MA). The slides were mounted with ProLong Gold antifade

reagent (Invitrogen) and images were collected using DIC/

fluorescence microscopy and deconvoluted by using SoftWoRX

constrained iterative deconvolution tool (ratio mode), and

analyzed using Imaris 5.7 (Bitplane AG). For each cell, images

were collected from an average of 30 z-planes, each at a

thickness of 0.2 mm. Nuclear localization analysis was conducted

by using the DeltaVision SoftWoRx 3.5.1 software suite. For

nuclear localization, the percentage of Hd-CdtB localization

into nucleus in parental and Derl2 deficient cells were calculated

from approximately 30 cells from each group over at least two

independent experiments. To test the colocalization of Hd-CdtB

with the endoplasmic reticulum, results were expressed as the

localization index, which was derived from calculating the

Pearson’s coefficient of correlation values, which represent the

colocalization of Hd-CdtB and the ER in each z plane of the

cell. In these studies, a localization index value of 1.0 indicates

100% localization of Hd-CdtB to the ER, whereas a localization

index of 0.0 indicates the absence of Hd-CdtB localization to

the ER. The localization index was calculated from the analysis

of a total of 30 images collected over at least two independent

experiments.

Dominant negative p97 expression
One hundred thousand 293 cells expressing T-cell receptor

alpha fused to green fluorescent protein were seeded the day prior

to transfection with 1 mg of plasmid encoding either dominant

negative p97 (R586A) or control p97 (R700A) co-expressed with

CD4 as a surface marker of positive expression (plasmids

generously provided by Ron Kopito, Stanford University).

Seventy-two hours after transfection, the cells were intoxicated

with a concentration of Hd-CDT sufficient to cause cell cycle

arrest in 48 hours. Intoxicated cells were rinsed with PBS,

detached from the wells with PBS+1 mM EDTA, rinsed with

PBS again and incubated with phycoerythrin conjugated rabbit

anti-CD4 antibody (Invitrogen) in PBS+3% bovine serum albumin

on ice for 30 minutes. Following staining, the cells were washed

with PBS, fixed with 1% formaldehyde, washed with PBS again

and stained with Hoechst 33342 for 10 minutes. Cells were then

washed with PBS, resuspended in PBS and analyzed for

phycoerythrin, Hoechst and GFP fluorescence by flow cytometry

(LSR II; Becton Dickinson). Cell cycle analysis was performed on

CD4 expressing cells.
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Statistical analysis
The half maximal lethal dose (LD50) of ricin intoxication was

calculated by log transforming ricin concentrations and calculating

sigmoidal variable slope dose response curves using the least

squares (ordinary) fitting method. Paired t-tests were performed on

average LD50 values calculated from three independent experi-

ments performed in triplicate to determine two tailed p-values.

Data analysis was performed using Prism version 5.0d (GraphPad

software).

Supporting Information

Figure S1 CHO-CDTRC1 and CHO-CDTRF1 cells dis-
play reduced Hd-CDT-mediated cell cycle arrest. Paren-

tal A745TKR and Derl2 deficient CHO-CDTRC1 and CHO-

CDTRF1 cells were intoxicated with Hd-CDT for 48 hours,

stained with propidium iodide and analyzed by flow cytometry for

cell cycle. Data graphed is percent of the cell population in G2.

(TIFF)

Figure S2 CHO-CDTRF1 cell line is resistant to CDT.
Viability of parental A745TKR cells, retrovirally induced mutant

CHO-CDTRF1 cells, and CHO-CDTRF1 cells expressing Derl2

after intoxication with Aa-CDT (a), Hd-CDT (b), Ec-CDT (c) and

Cj-CDT (d). Intoxication was performed similar to figure 1, data

are representative of at least three independent experiments

performed in triplicate, percent viability is normalized to

unintoxicated controls and error bars indicate standard error.

(TIFF)

Figure S3 CDT trafficking in the CHO-CDTRF1 cell line
is blocked at the ER. (a) CHO-CDTRF1 cells were incubated

with Hd-CDT on ice, washed and incubated at 37uC for 10 or

60 minutes. Cells were then fixed and stained with DAPI (nuclei,

blue), Concanavalin A (ER, red) and anti-Hd-CdtB (green)

antibody. White scale bars indicate 5 mm. (b,c) Quantification of

microscopy results comparing the percentage of cells with at least

one green puncta localized to the nucleus or Pearson’s coefficient

values indicating colocalization of the Hd-CdtB signal with the ER

marker. Images and quantitation are representative of those

collected from a total of 30 randomly chosen cells analyzed during

three independent experiments and error bars represent standard

deviations. Data for parental A745TKR cells from figure 3 is

reproduced here for comparison.

(TIFF)

Figure S4 DHrd1 cells display reduced Hd-CDT-medi-
ated cell cycle arrest. Wildtype 293 and 293 DHrd1 cells were

intoxicated with Hd-CDT for 48 hours, stained with propidium

iodide and analyzed by flow cytometry for cell cycle distribution.

Data from three independent experiments is graphed as percent of

the cell population in G2.

(TIFF)
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