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General Introduction

Developing bacterial protein toxins as tools for molecular cell biology
In the human body, bacteria outnumber our own cells by at least 10-fold, and may make up 
1 to 3% of adult body mass (1). Most of these bacterial species are innocuous or benefi cial to 
our health. Only about a hundred strains infl ict harm, mediated mostly by protein eff ectors 
secreted or injected into cells. 

Bacterial protein toxins are powerful agents that are eff ective even in minute concentrations. 
Th ey are among the most potent, per unit weight, of all toxic substances (2). In the case of 
diphtheria toxin, for example, a single molecule in the cytosol may suffi  ce to kill a cell (3). 
Almost any aspect of cellular metabolism can be targeted and interfered with by bacterial 
toxins. Activation or inhibition of G-protein coupled signaling cascades, inhibition of protein 
synthesis, induction of stress response, disruption of mitochondrial potential, ATP levels and 
cell homeostasis are only a few examples (reviewed by (4, 5)). Depending on the toxin, the 
concentration and aff ected cell type, consequences may range from the single cell level to 
organ failure, manipulation of innate and adaptive immune system and impairment of the 
nervous system. 

Th e ability to harness those very attributes can turn bacterial protein toxins into invaluable 
tools. We owe many of our insights into cellular physiology to their use. For many toxins, 
we are only just beginning to understand their function. Far from being exhausted as 
instruments, bacterial protein toxins are positioned to take us to a new level of understanding 
of molecular events in the human cell. Combining new possibilities of protein engineering 
with technological advances, bacterial protein toxins can be increasingly precisely tailored to 
address specifi c questions. 

What is a bacterial protein toxin? 
Th e term ‘bacterial toxin’ was coined a little more than 120 years ago by Roux and Yersin with 
the discovery of diphtheria toxin (6). 
A bacterial protein toxin is a genetically encoded proteinaceous macromolecule that upon 
exposure causes perturbation of cellular metabolism in a susceptible host, resulting in 
impairment of physiological functions or in damage to tissues. Th ese in turn may lead to 
disease or death of the host. A bacterial toxin can work at a distance from the site of infection, 
and has direct and quantifi able actions. In terms of covalent modifi cations, bacterial protein 
toxins can ADP-ribosylate, glycosylate, adenylate, cleave proteins, cleave or modify RNA and 
DNA, deamidate and transglutaminate (reviewed in (7)).
Th e term ‘toxin’ is oft en used interchangeably with ‘virulence factor’, which generally designates 
a molecular species secreted by bacteria that interferes with host defense mechanisms 
(reviewed in (8)) and promotes colonization by the microorganism to the detriment of the 
host (2). Bacterial protein toxins are secreted or injected exotoxins, which distinguishes them 
from the lipopolysaccaride endotoxins that are constituents of the outer cell wall of gram 
negative bacteria (9).
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No satisfying nomenclature or unique classifi cation system has been developed and applied 
to date. Historically, toxins are usually named aft er the species they are fi rst discovered in, 
the disease or symptoms they cause, or based on their physical properties. However, toxins 
with similar structures may have widely divergent targets, traffi  cking behaviors, or enzymatic 
activities. On the other hand, diff erent toxins may target the same intracellular molecule, such 
as diphtheria toxin (DTx) and Pseudomonas aeruginosa Exotoxin A (ExoA), both of which 
inhibit protein synthesis by ADP-ribosylating diphthamide on the eukaryotic elongation 
factor-2 (eEF2) (10). Intoxication phenotypes of a given toxin may be observed simultaneously 
on the molecular, cellular and host organism level.

Th e most comprehensive categorization system to date is according to toxin structure. Pore-
forming toxins form homo- or hetero-oligomeric pores in the plasma membrane of a host 
cell, disrupting its integrity. Non pore-forming toxins are usually classifi ed according to the 
A/B structure-function organization. In that nomenclature, a holotoxin is a multi-modular 
molecule consisting of an A subunit or eff ector domain which bears the enzymatic activity, 
and accessory B subunits responsible for receptor recognition. Th ese toxins act by delivery 
of A subunit or domain into the cell’s cytoplasm and setting it on track to its target location 
(11). Common combinations are AB, AB2 and AB5. A and B can be separately expressed 
polypeptides, or multiple domains on a single polypeptide, to be separated by endogenous 
bacterial proteases (tetanus toxin and botulinum toxin) (12), by host proteases on the cell 
surface (Clostridium botulinum C2 toxin) (13) during plasma membrane translocation (DTx) 
(14), or in intracellular compartments (ExoA) (15); separate subunits can be assembled prior 
to bacterial secretion (cholera toxin) (16), or on the surface of host cells following receptor 
binding (anthrax toxin) (reviewed by (17)). Cellular uptake of classical A/B toxins requires 
receptor-mediated endocytosis. Th is defi nition does not cover toxins that reach the cytosol 
by direct translocation across the plasma membrane, such as the AC domain of CyaA (18).

Examples of established use of bacterial protein toxins as tools for molecular cell 
biology and diagnostics
Bacterial protein toxins have been instrumental in exploring host cell biology. Advances in 
the fi eld of G protein signaling would have been much delayed without the use of the cholera 
and pertussis toxins, both AB5-type toxins. Pertussis toxin specifi cally targets the Gai subunit 
by ADP-ribosylation of the Gai subunit and thus inactivates it, leading to relief of inhibition 
by this inhibitory heterotrimeric G protein, as assayed fi rst on cAMP production. In fact, 
discovery of Gi stems from research into the mechanism of action of a pertussis toxin (PTx) 
(19). PTx has proven to be an extraordinary useful tool. With its use, interactors of G proteins 
have since been found (20,21). Advances in the investigation of neutrophil chemotaxis, 
disrupted by inhibiting G-protein-coupled chemokine receptors (22, 23), relied extensively 
on the use of PTx. Cholera toxin (CTx) ADP-ribosylates the Gas subunit (24) leading to 
persistent activation of adenylylcyclase and thus a sustained increase in cellular cAMP levels 
(25).
Finally, even the B subunits of the AB5 cholera toxin fi nd wide application. As binders to the 
ganglioside GM1 (26) they are valuable cell surface markers (27, 28), and are commonly used 
as tools to study lipid raft s where GM1 is concentrated (29-31).
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Diphtheria toxin, an AB type toxin, has been used to conditionally ablate specifi c cell types 
in transgenic mice (32), a strategy called toxin-receptor-mediated cell knockout. Th e human 
DTx receptor, a membrane-anchored form of the heparin-binding EGF-like growth factor 
(HB-EGF precursor) (33), whose murine homolog does not bind DTx, is placed under a cell-
type specifi c promoter. Intoxication with diphtheria toxin fragment A (DT-A) intoxicates 
HB-EGF positive cells with high precision. As an example, mice expressing HB-EGF placed 
under the Foxp3 promoter were used to study the consequences of the ablation of  regulatory 
T cells (34).

Pore-forming toxins are another set of frequently used tools. Perfringolysin O (PFO) from 
Clostridium perfringens binds to sterols (35), and can likewise be used as a marker for lipid raft  
studies (36). In addition, its pore-forming properties have been used successfully to generate 
semi-intact cells and study ubiquitin-specifi c protease expression (37), ER dislocation and 
protein degradation (38, 39), virus maturation (Sanyal et al, Cell Host Microbe, 2013, in 
press) and drug delivery (collaboration with S. Sanduya, Gupta lab, Whitehead Institute) 
by virtue of separation of the cytoplasmic fraction through cytoplasm “squeeze-out” assays, 
cytoplasmic reconstitution and substitution assays, or as a means to deliver non-membrane 
permeable molecules to the cytoplasm. 

Aerolysin, a pore-forming toxin that binds to glycophosphatidylinositol (GPI)-anchored 
proteins, is commonly used as a crude diagnostic tool to identify paroxysmal nocturnal 
hemoglobinuria (PNH) by staining red blood cells from patients with fl uorescently labeled 
aerolysin and assaying presence or absence of signal by fl ow cytometry (40, 41). PNH is a 
genetic disease where GPI synthesis is impaired and patients as a consequence suff er from 
hemolytic anemia, bone marrow failure, and thrombophilia (42). We develop Aerolysin 
further as a tool, described in chapter 4. 
Th ese examples illustrate that bacterial protein toxins are powerful agents to address a variety 
of biological questions. 

The next-generation toolkit: engineered toxins
Valuable as a native bacterial toxin may be, eventually the range of its applications will be 
limited by its biology. Th is is where protein engineering comes in, with the intention of 
perhaps improving or expanding on nature and enhance the tool itself. Th e toxic moiety 
comprises usually only a small portion of the holotoxin. Most of a toxin’s framework serves 
a transport, targeting and/or delivery purpose. Th is opens up the possibility for extensive 
engineering. One can imagine the combination of an eff ector domain of choice with domains 
for receptor recognition of other toxins or non-toxin proteins, transmembrane segments, 
receptor ligands, targeting sequences, cytokines, antibody derivatives or other enzymatic 
subunits.  

Genetic fusions are oft en impossible to express and purify, may involve cumbersome refolding 
steps and loss of signifi cant amounts of protein. Genetic fusions are not always straightforward 
to generate in functional form. Better solutions to implementing the mix-and-match strategy 
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are methods that use units or domains of fully folded recombinant polypeptides as substrates 
for combination into enhanced functional complexes. 

In all of these endeavors it is important to be able to accurately control the process of 
modifi cation. Non-specifi c chemical modifi cation is relatively easy and convenient, but it has 
major drawbacks. Stoichiometry of labeling is diffi  cult to control, and essential residues in 
active sites could be inadvertently modifi ed and blocked. Methods of genetic engineering 
combined with enzymatic conjugation such as sortagging (43), SNARE tagging (44), and 
SNAP tagging (45, 46) off er alternative solutions that aff ord the precision of site-specifi c 
modifi cation. Of these methods, sortagging is especially compelling, because it allows 
combination with specifi c chemical coupling methods such as click chemistry and allows for 
precise, oriented and versatile amalgamation and modifi cation with proteins and non-protein 
moieties (47-50).
 
Below I provide a few examples that illustrate how informed and creative combination of 
bacterial protein toxin subunits increases their utility as experimental tools. Th e sortase 
catalyzed approach achieved the attachment of DT-A as a toxic warhead to the the A1 subunit 
of CTx, thus creating a lethal toxin that allowed the identifi cation of essential genes for CTx 
intoxication by means of a genetic screen (51). Other applications may encompass targeting 
of specifi c cells for eff ector delivery, by analogy to the example of a chimera of Shiga toxin 
B subunit coupled to SN38, an active metabolite of topoisomerase I inhibitor, which proved 
up to 100-fold more eff ective in killing pancreatic cancer cells than the original drug itself 
(52). Coupling to single chain antibody fragments (VHH) specifi c against the general cancer 
cell marker CD47 (53), B-cell specifi c CD19 (54), or any other specifi c cell marker will allow 
targeting of cellular subpopulations of choice. 

An interesting candidate for an all-purpose shuttle into the cell is the above mentioned B. 
pertussis adenylate cyclase toxin (CyaA) AC domain. It has been claimed to penetrate the 
plasma membrane without the need for endocytosis, and appendage of large passenger 
peptides apparently do not hamper its cell-penetrating capacity (18). Enhanced working 
concentrations and prolonged activity of toxins active at the plasma membrane could be 
achieved by attachment of non-cleavable membrane tethers that detain toxins in place, 
similar to what has been shown for genetic fusions to create tethered toxins (or T-toxins) 
described by Ibañez-Tallon et al. (55).

In the area of immunology, some of the best adjuvants known to date are bacterial toxins, such 
as CTxB and members of the E. coli heat-labile toxins (56, 57), which are especially eff ective in 
priming memory CD8 T cells and eliciting CD8 T cell response (58,59). Enzymatic coupling 
of antigens to these adjuvants reduces the amount of antigen required to elicit an immune 
response (56), or in the case of auto-antigens, has been reported to induce immunological 
tolerance and suppression of autoimmunity when administered mucosally (60, 61). Th e power 
of combining minimal functional molecular units into custom-made chimeras generates new 
molecules with specifi c custom-made features. Used with the proper precautions and design 
principles in mind, this now allows us to target not only diff erent specifi c cell subpopulations, 
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but also to achieve delivery to specifi c sub-cellular compartments, and even singling out of 
precise nodes in a molecular network. 

Outline
In chapters 2-3 and appendix 1, I focus on the bacterial protein toxin cytolethal distending 
toxin (CDT). CDT is the only known bacterial protein toxin that acts as a DNase in the 
nucleus. With a newly developed haploid genetic screen, we identify host proteins that are 
essential for bringing the enzymatically active CDT subunit CDTB to its target location 
(chapter 2 and appendix 1). Prior to this work, not a single host factor had been described for 
CDT traffi  cking. Although similar in structure and identical in function, CDTs from diff erent 
bacterial species exploit diff erent subsets of the human proteome to achieve intoxication. In 
chapter 3, I proceed to develop versions of  CDT as  tools to further explore CDT biology, 
and the accompanying host cell biology. I explore in some detail properties of TMEM181, 
not only an essential factor for E. coli CDT intoxication, but a highly conserved yet previously 
completely uncharacterized cellular protein. I also identify GRB2 as a novel CDT interactor, 
not uncovered in the haploid genetic screens, possibly because of its essential nature for 
eukaryotic cell survival. 

In chapter 4, I expand bacterial protein toxin engineering using sortase to aerolysin, a 
model for pore-forming toxins. Th is is the fi rst description of chemo-enzymatic engineering 
of aerolysin as an enzymatic means to install labels at predefi ned locations. In chapter 5, 
I describe the generation of mouse monoclonal antibodies against the fl uorophore Alexa 
Fluor 647 (AF647). As an accessory tool, it complements the bacterial protein toxin toolkit 
as it transforms the single purpose AF647 into a multi-functional handle that can be used 
not only in fl uorescence detection applications, but also in biochemical approaches such as 
immunoprecipitation and immunoblotting. 

Th is work has uncovered novel aspects of host-pathogen interactions by focusing on 
bacterial toxins, and has laid the groundwork for the production of precisely modifi ed toxin 
preparations that may now be used to explore their traffi  cking patterns and interactions 
with host cell machinery. Th e thesis fi nishes with a discussion, outlining some more general 
thoughts on the use of bacterial toxins to study host cell biology.
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Insertional mutagenesis in a haploid background can disrupt 
gene function1. We extend our earlier work by using a retroviral 
gene-trap vector to generate insertions in >98% of the genes 
expressed in a human cancer cell line that is haploid for all but 
one of its chromosomes. We apply phenotypic interrogation via 
tag sequencing (PhITSeq) to examine millions of mutant alleles 
through selection and parallel sequencing. Analysis of pools of 
cells, rather than individual clones1 enables rapid assessment 
of the spectrum of genes involved in the phenotypes under 
study. This facilitates comparative screens as illustrated here 
for the family of cytolethal distending toxins (CDTs). CDTs are 
virulence factors secreted by a variety of pathogenic Gram-
negative bacteria responsible for tissue damage at distinct 
anatomical sites2. We identify 743 mutations distributed over 
12 human genes important for intoxication by four different 
CDTs. Although related CDTs may share host factors, they also 
exploit unique host factors to yield a profile characteristic for 
each CDT.

The ability to remove or inactivate single genes in cells or intact organ-
isms has revolutionized all aspects of modern biology. Gene disrup-
tion in human cells is hampered by their diploid nature, the inability 
to set up genetic crosses at will and low rates of homologous recombi-
nation. As a result, only very few human traits have been subjected to 
detailed mutagenesis-based analyses using conventional methods. We 
recently developed a screening approach based on gene inactivation 
in human cells using insertional mutagenesis in the KBM7 chronic 
myeloid leukemia cell line, which is haploid for all chromosomes 
except chromosome 8 (ref. 1). However, this required that individual 
clones be isolated, expanded and used for DNA isolation to map gene-
trap insertions by inverse-PCR and Sanger sequencing. Such screens 
are labor intensive, do not necessarily reach saturation and thus may 
not produce a reliable genome-wide overview of genes that contribute 
to phenotypes of interest.

To overcome these shortcomings, we report here how deep 
sequencing can be used to interrogate millions of mutant alleles 
and assign genes to phenotypes with high saturation and accuracy. 

Analogous to recent developments in high-density insertional muta-
genesis in microorganisms3–5, this approach may enable the com-
parison of mutant phenotypes under different conditions. We first 
benchmarked a large population of mutagenized cells by examining 
mutation frequencies in individual genes by deep sequencing. We 
then used this benchmarked population of mutant cells for 12 inde-
pendent phenotypic selections. As inferred from the number of inde-
pendent insertions in genes of interest in a given screen, we achieved 
a high level of saturation and thus a genome-wide overview of the 
genes involved. Finally, we applied these technological advances to 
four comparative genome-wide screens, using toxins secreted by 
Gram-negative bacteria as the selecting agents. We could distinguish 
among toxins produced by related pathogens that evolved to affect 
different anatomical sites in the human body. These comparative 
screens identified with high confidence ten host factors not previ-
ously implicated in intoxication and furthermore provide evidence 
that these structurally and functionally related, yet distinct, toxins 
evolved to exploit distinct sets of host factors to achieve intoxication 
of their hosts.

To obtain accurate genome-wide overviews of genes involved 
in particular phenotypes, we increased the saturation of gene-trap 
mutagenesis in two ways. First, for a given screen, we increased the 
total number of cells infected with a promoterless retroviral gene-trap 
vector to 100 million cells and improved the retroviral transduction 
rate to ~75%. Second, in an improvement over our earlier approach1, 
we aimed to retain insertion events also in genes that are silent or 
that show low or heterogeneous expression. Typically, mutagenesis 
by promoter-trap vectors involves a selection step for insertions into 
active genes by tracking the reporter gene embedded in the gene trap. 
We omitted this step and characterized the mutagenized cell pool 
without selection, thereby extending the mutagenized cell population 
to include gene-trap insertions, into silent genes and heterogeneously 
or not highly expressed genes, as well as insertions in the orienta-
tion opposite to direction of transcription. To characterize the extent 
and type of insertions obtained in our mutagenized cell population, 
we mapped the flanking sequences of ~900,000 independent inser-
tion sites. We did this by using a linear amplification mediated-PCR 
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(LAM-PCR), followed by single-stranded (ss)DNA linker ligation and 
massively parallel sequencing (Supplementary Table 1).

Insertion sites were distributed over all chromosomes but were 
biased toward genes, because ~49% of the insertions were present 
within RefSeq-annotated genes (Supplementary Table 2). These 
insertions covered ~70% of all RefSeq genes. On average, each gene 
contains ~30 independent insertions. Although we did not select a 
priori for active genes by using the selection embedded in the gene-
trap vector, it is known that gammaretroviral insertion sites have a 
preference for genomic regions near histone marks that are positively 
associated with transcription6. To assess the extent of mutagenesis 
obtained, we compared our mapped insertion database with expres-
sion data in KBM7 cells7. Ninety-eight percent of the genes classi-
fied as expressed based on KBM7 microarray data (Supplementary 
Table 3) contain at least one gene-trap insertion. These percentages 
decrease to 90% for marginally expressed genes and to 65% for genes 
classified as nonexpressed. Given that we sequenced only ~1% of the 
mutations present in the input cell population (0.9 million out of 
the 75 million mutants), we conclude that our full library contains 
many independent mutations in nearly all expressed genes, including 
those expressed at low levels and for the majority of genes that are 
hetero geneously expressed or silent under basal growth conditions. 
Phenotypic selection of mutant cells, followed by mapping of the 
mutations in the selected pool, should therefore yield a detailed 
genome-wide view of the genetic components associated with a par-
ticular phenotype. We call this approach PhITSeq.

As a first screening experiment, we exposed 100 million muta-
genized cells to a recently developed antagonist of the anti-apoptotic 
BCL-2 family, the small molecule ABT-737 (ref. 8), which induces 
regression of solid tumors. We confirmed that, before selection, the 
unselected population of mutagenized cells contains mutations in 

all main components of the apoptotic machinery (Supplementary 
Fig. 1). After selection, cells were expanded and sequences flank-
ing the insertion sites were amplified using an inverse-PCR pro-
tocol, followed by massively parallel sequencing. These sequences 
were then mapped to the human genome and for each insertion the 
distances to its closest neighboring, independent insertions were 
determined. This allowed the calculation of a proximity index for 
each insertion. A high numerical value for this index represents a 
short distance to its neighbors (Fig. 1a,b). Because passenger muta-
tions will be randomly distributed over the genome, these should 
have a low proximity index, whereas driver mutations are expected 
to cluster closely in distinct genomic regions and should have a high 
proximity index. After ABT-737 selection of the mutant pool, we 
observed two regions on chromosome 18 and 19 with a high density 
of insertions (Fig. 1b). These regions show a combined total of 117 
 independent mutations distributed over regions encoding the genes 
NOXA and BAX. Clonally derived cell lines that contain gene-trap 
insertions in these genes show loss of expression of the corresponding 
gene (Fig. 1c). Both pro-apoptotic proteins have been implicated in  
ABT-737–mediated induction of cell death9,10.

PhITSeq couples the abundance of independent insertional muta-
tions to a phenotype. We do not select for inactivating mutations 
a priori: our mutant library contains insertions in introns in both 
the sense (thereby inactivating the gene) and antisense (not likely to 
inactivate a gene when inserted in intronic sequences) orientations. 
As viral integration in the sense or antisense orientation is a ran-
dom event, a skewed distribution of insertions in a particular gene is 
indicative of selection, and a functional consequence of inactivation. 
Indeed, when we compare the collections of insertions in cells that 
survive selection, there is strong enrichment of the inactivating sense 
mutations. As a graphic illustration of this point, we chose a gene for 
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which the largest number of insertions was identified (Fig. 1d). In our 
screen for resistance to diphtheria toxin, we disrupted the gene that 
encodes the entry receptor of diphtheria toxin receptor (HBEGF, 295 
independent insertions). Whereas sense and antisense insertions are 
present in equal proportions in the unselected starting collection of 
mutant cells, the antisense insertions in introns are almost completely 
lost from the selected survivors. The remaining antisense insertions 
are located mainly within exonic sequences of the gene and are there-
fore likely to be mutagenic as well. Thus, PhITSeq accurately links 
inactivating mutations to a phenotype of interest and is not dependent 
on prior knowledge or gene annotation.

Our second screening experiment involved identifying host fac-
tors required for the effects of bacterial toxins. Cytolethal distending 
toxins (CDTs) are secreted by multiple bacterial species that cause 
disease2, including food borne diseases (Escherichia coli, Shigella 
dysenteriae, Campylobacter jejuni and Salmonella typhi), aggressive 
periodontitis (Aggregatibacter actinomycetemcomitans) and sexually 
transmitted disease (Haemophilus ducreyi). Their CDTs have been 
proposed to be virulence factors and are further suspected of hav-
ing carcinogenic properties because the catalytic subunit of these 

toxins displays DNAse I–like activity11. Exposure of human cells to 
these toxins causes cell cycle arrest and cytotoxicity by inducing DNA 
breaks11,12. Virulence factors often interact closely with host cells at 
the site of infection to create an environment favorable to coloniza-
tion. It is unclear whether CDTs that target different anatomical sites 
also use different host factors for cell intoxication. Notwithstanding 
their similar overall structure, CDTs from different species diverge in 
sequence, with subunits A and C being the cell-binding component 
and the more conserved B subunit the catalytic domain with homo-
logy to DNAses11 (Fig. 2a). These differences in sequence likely reflect 
the lifestyles and anatomical host niches targeted by the bacteria that 
produce them (Fig. 2b). The limited sequence conservation of the cell 
binding subunits may reflect the use of different entry factors. We used 
PhITSeq to determine whether CDTs of diverse origin and structure 
use different pathways for entry and intoxication, or whether they also 
share components. Four different bacterial toxins were produced, each 
of them causing the characteristic G2/M arrest in HeLa and KBM7 
cells (Fig. 2c). Four pools of 100 million library mutant cells were 
each treated with a different CDT, surviving cells were isolated 20 d 
after intoxication and insertions were mapped. The proximity plots 
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show 12 host factors with a combined total of 743 mutations (Figs. 2d 
and 3a). The observed enrichment scores, as calculated by comparing 
mutations in genes before and after selection, were highly significant 
(P-values between 4 × 10−6 and 1 × 10−307, Fig. 3b). Among the genes 
identified were TMEM181 and SGMS1, already found in a haploid 
screen using E. coli CDT1. None of the ten other host factors had been 
previously implicated in CDT intoxication. These host gene products 
are unlikely to act as generic entry factors for pathogens because none 
of them were enriched in any of the other phenotypic screens per-
formed to date, for example, for diphtheria toxin, ricin or reovirus 
(Fig. 3b and data not shown). For most of the newly identified fac-
tors, neither their roles in intoxication nor even any other functions 
were known. With the exception of ERP44, a soluble oxidoreductase 
that resides in the endoplasmic reticulum (ER) lumen13, they all are 
integral membrane proteins as inferred from their predicted amino 
acid sequence. They reside either in the plasma membrane and/or 
in the endomembrane system, including Golgi (GLG1)14, ER lumen 
(ERP44) and transport vesicles (TMED2 and TMED10)15. CDTs of 
different origin require distinct sets of host factors, with sphingomy-
elin synthase 1 (SGMS1) being the only host factor common to all 
four screens. E. coli CDT requires the G protein–coupled receptor 
homolog TMEM181, sphingomyelin synthase 1 (SGMS1), Golgi glyco-
protein 1 (GLG1) and the vacuolar ATPase subunit 2 (ATP6V0A2). 
A. actinomycetemcomitans CDT shows a similar pattern but does  
not require TMEM181 and is critically reliant on the presence of a 
synaptogyrin 2 (SYNGR2), a ubiquitously expressed integral mem-
brane protein16. C. jejuni has evolved dependency on a different  
set of host factors compared to the other CDTs. Besides proteins 
involved in vesicular transport, three plasma membrane proteins 
were identified as essential: TMEM127, a familial tumor suppres-
sor gene17, GPR107, an uncharacterized G protein–coupled receptor  

and TM9SF4, linked to resistance to pathogenic Gram-negative  
bacteria by preventing phagocytosis in Drosophila18.

These results are consistent with the notion that CDTs from differ-
ent species have evolved partially overlapping, yet distinct, routes of 
intoxication. Remarkably, CDTs secreted by bacteria that colonize dif-
ferent anatomical sites may still show very similar host factor require-
ments (e.g., H. ducreyi and A. actinomycetemcomitans), whereas CDTs 
from bacteria that occupy similar niches (e.g., E. coli and C. jejuni) can 
have very distinct requirements. We further investigated ATP6V0A2 
to determine whether the genes identified here are also involved in 
CDT-mediated intoxication in other cell types. Our screen suggests 
that this v-ATPase subunit is required for intoxication by E. coli CDT, 
whereas intoxication by CDT derived from C. jejuni appears to be less 
dependent on this host factor. We treated HeLa cells with concanamy-
cin A, a specific inhibitor of v-ATPase19, and exposed them to either 
E. coli CDT or C. jejuni CDT. Concanamycin treatment abolished the 
ability of E. coli CDT to induce cell cycle arrest at the G2/M phase of 
the cell cycle, whereas the action of C. jejuni CDT was not impaired, 
in agreement with the differential requirement for this host factor 
suggested by our screens (Supplementary Fig. 2). Thus, comparative 
profiling using PhITSeq identified ten novel host factors required for 
a family of bacterial toxins and provides a solid genetic framework 
for further study of the molecular mechanisms of host-pathogen inter-
actions. Identification of these host factors now permits examination 
of their involvement in tissue damage inflicted by CDTs in vivo, at the 
actual anatomical sites they target.

The PhITSeq approach is scalable and allows precise comparative 
analyses by using the same well-characterized library of mutants for 
multiple phenotypic selections. Here we present 12 examples of inde-
pendent phenotypic screens, not only using different pathogens but 
also a collection of targeted cancer therapeutics (Fig. 3b). Each screen 

Figure 3 Genes linked to different phenotypes. 
(a) Gene-trap insertions identified in loci 
essential for CDT intoxication. A color code 
distinguishes gene-trap insertions that were 
enriched using distinct CDTs: green,  
A. actinomycetemcomitans; red, E. coli; blue,  
C. jejuni; yellow, H. ducreyi. (b) Loci linked  
to 12 separate phenotypes. Cells were exposed 
to small-molecule inhibitors of the Bcl2-family 
(ABT-737), Chk1-kinase activity (AZD7762), 
Bcr-Abl-activity (imatinib), or DNA methylation 
(decitabine). Additional phenotypic selections 
were done using biological agents such as 
TRAIL, CDTs, diphtheria toxin, ricin toxin 
and reovirus. Gene-trap insertions in exonic 
sequences or in the sense orientation of  
genes were counted per individual selection. 
The enrichment P-value was calculated for 
each gene locus by comparing this number 
to the number of insertions identified 
in the same locus within the unselected 
cell population. Each screen resulted in a 
distinct set of one to eight genes with high 
significance. These include already known 
entry factors used by pathogens such as the 
entry receptor for diphtheria toxin (HBEGF), 
the reovirus receptor (F11R) and an enzyme 
involved in carbohydrate synthesis required 
for ricin entry (MGAT2). It also includes 
downstream effectors of kinases, for example. 
CDC25A in a screen with a Chk1 inhibitor 
or PTPN1 and PTPN12 identified by Bcr-abl inhibition using imatinib. Strong resistance against decitabine was observed in cells containing 
mutations in deoxycytidine kinase (DCK), the rate-limiting kinase for activation of several nucleoside analogs20.
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yields a select number of hits. In the examples of TRAIL, ABT-737, 
decitabine, AZD7762, diphtheria toxin and reovirus, each of the hits 
correspond to established key regulators of the phenotype, including 
cell surface receptors (HBEGF, F11R), downstream effector molecules 
(FADD, CASP8) and a drug-metabolizing enzyme (DCK). These find-
ings suggest that these screens are unlikely to be confounded by large 
numbers of false-positive results. In the case of CDTs, all significant 
hits are either transmembrane proteins or proteins involved in mem-
brane trafficking events. These might act as toxin receptors or be 
involved in intracellular trafficking of receptor-toxin complexes. The 
clusters of insertion sites found in the various selected cell populations 
are located within genes and are predicted to disrupt gene function, 
based on their orientation and location. It is therefore likely that the 
gene-trap insertions directly affect the genes into which they insert, 
rather than perturbing neighboring genes through action at a distance. 
Indeed, the retroviral vectors used for mutagenesis themselves lack 
strong promoter or enhancer sequences, disfavoring the possibility 
of ‘long distance’ effects. Our screens are unlikely to identify factors 
that are either essential for cell viability in the absence of selection 
or show genetic redundancy (such as the TRAIL receptors). Indeed, 
essential genes can be recognized by a paucity of sense orientation, 
gene-trap insertions in the mutagenized unselected cell population. 
A clear example of this is BCR-ABL (Supplementary Fig. 3). Genes 
whose disruption severely reduces cell fitness without outright cyto-
lethal effects would be underrepresented in our screens and therefore 
may fail to reach levels of high significance, even when involved in the 
phenotype of interest. In contrast to RNA interference–based screens, 
which can be applied to many cell types, our approach, for now, relies 
on the use of one particular human near-haploid cell line. Although 
many cellular phenotypes should be accessible in these cells, the gen-
eration or isolation of additional haploid cell types, for example, by 
reprogramming, would be useful.

METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/nbt/index.html.

Note: Supplementary information is available on the Nature Biotechnology website.

ACKNOWLEDGMENTS
We would like to thank D. Sabatini and J. Roix for critical reading of this 
manuscript, S. Boulant, M. Nibert and R. Rooswinkel for providing reagents,  
and T. DiCesare for graphics support. I.W. was supported by a PhD fellowship  
from the Boehringer Ingelheim Fonds. T.R.B. was supported by US National 
Institutes of Health grant R21-HG004938-01. The construct for the full operon of 
E. coli CDT was generously provided by J. Kaper, University of Maryland School of 
Medicine, Baltimore.

AUTHOR CONTRIBUTIONS
J.E.C., C.P.G., I.W., V.A.B., M.V., C.S., M.K.M., S.M.N. and T.R.B. designed and 
performed experiments. B.Y., G.B., J.E.C., V.A.B. and T.R.B. were involved in the 
bioinformatics. J.E.C., C.P.G., I.W., V.A.B., H.L.P. and T.R.B. wrote the manuscript.

COMPETING FINANCIAL INTERESTS
The authors declare competing financial interests: details accompany the full-text 
HTML version of the paper at http://www.nature.com/nbt/index.html. 

Published online at http://www.nature.com/nbt/index.html.  
Reprints and permissions information is available online at http://www.nature.com/
reprints/index.html.

1. Carette, J.E. et al. Haploid genetic screens in human cells identify host factors 
used by pathogens. Science 326, 1231–1235 (2009).

2. Ge, Z., Schauer, D.B. & Fox, J.G. In vivo virulence properties of bacterial cytolethal-
distending toxin. Cell. Microbiol. 10, 1599–1607 (2008).

3. Mazurkiewicz, P., Tang, C.M., Boone, C. & Holden, D.W. Signature-tagged 
mutagenesis: barcoding mutants for genome-wide screens. Nat. Rev. Genet. 7, 
929–939 (2006).

4. Gawronski, J.D., Wong, S.M.S., Giannoukos, G., Ward, D.V. & Akerley, B.J. Tracking 
insertion mutants within libraries by deep sequencing and a genome-wide screen 
for Haemophilus genes required in the lung. Proc. Natl. Acad. Sci. USA 106, 
16422–16427 (2009).

5. van Opijnen, T., Bodi, K.L. & Camilli, A. Tn-seq: high-throughput parallel sequencing 
for fitness and genetic interaction studies in microorganisms. Nat. Methods 6, 
767–772 (2009).

6. Brady, T. et al. Integration target site selection by a resurrected human endogenous 
retrovirus. Genes Dev. 23, 633–642 (2009).

7. Bao, F. et al. Comparative gene expression analysis of a chronic myelogenous 
leukemia cell line resistant to cyclophosphamide using oligonucleotide arrays and 
response to tyrosine kinase inhibitors. Leuk. Res. 31, 1511–1520 (2007).

8. Oltersdorf, T. et al. An inhibitor of Bcl-2 family proteins induces regression of solid 
tumours. Nature 435, 677–681 (2005).

9. van Delft, M.F. et al. The BH3 mimetic ABT-737 targets selective Bcl-2 proteins and 
efficiently induces apoptosis via Bak/Bax if Mcl-1 is neutralized. Cancer Cell 10, 
389–399 (2006).

10. Hauck, P., Chao, B.H., Litz, J. & Krystal, G.W. Alterations in the Noxa/Mcl-1 axis 
determine sensitivity of small cell lung cancer to the BH3 mimetic ABT-737. Mol. 
Cancer Ther. 8, 883–892 (2009).

11. Lara-Tejero, M. & Galan, J.E. A bacterial toxin that controls cell cycle progression 
as a deoxyribonuclease I-like protein. Science 290, 354–357 (2000).

12. Nesic, D., Hsu, Y. & Stebbins, C.E. Assembly and function of a bacterial genotoxin. 
Nature 429, 429–433 (2004).

13. Higo, T. et al. Subtype-specific and ER lumenal environment-dependent regulation of 
inositol 1,4,5-trisphosphate receptor type 1 by ERp44. Cell 120, 85–98 (2005).

14. Steegmaier, M., Borges, E., Berger, J., Schwarz, H. & Vestweber, D. The E-selectin-
ligand ESL-1 is located in the Golgi as well as on microvilli on the cell surface.  
J. Cell Sci. 110, 687–694 (1997).

15. Gommel, D. et al. p24 and p23, the major transmembrane proteins of COPI-coated 
transport vesicles, form hetero-oligomeric complexes and cycle between the 
organelles of the early secretory pathway. FEBS Lett. 447, 179–185 (1999).

16. Janz, R. & Sudhof, T.C. Cellugyrin, a novel ubiquitous form of synaptogyrin that is 
phosphorylated by pp60(c-src). J. Biol. Chem. 273, 2851–2857 (1998).

17. Qin, Y.J. et al. Germline mutations in TMEM127 confer susceptibility to 
pheochromocytoma. Nat. Genet. 42, 229–233 (2010).

18. Bergeret, E. et al. TM9SF4 is required for Drosophila cellular immunity via cell 
adhesion and phagocytosis. J. Cell Sci. 121, 3325–3334 (2008).

19. Dröse, S. et al. Inhibitory effect of modified bafilomycins and concanamycins on 
P- and V-type adenosinetriphosphatases. Biochemistry 32, 3902–3906 (1993).

20. Momparler, R.L. Pharmacology of 5-Aza-2 -deoxycytidine (decitabine). Semin. 
Hematol. 42, S9–S16 (2005).

©
 2

01
1 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.



24

NATURE BIOTECHNOLOGYdoi:10.1038/nbt.1857

ONLINE METHODS
Generation of mutagenized cells. Gene-trap virus was produced by trans-
fection of 293T cells in T175 dishes using turbofectin 8 (Origene) with a 
mixture of pGT-GFP, pGT-GFP+1 and pGT-GFP+2 (ref. 1) (6.7 g) com-
bined with 1.7 g pAdvantage, 2.6 g CMV-VSVG and 4 g Gag-pol. The 
virus-containing supernatant was concentrated using ultracentrifugation for 
1.5 h at 25,000 r.p.m. in a Beckman SW28 rotor. Batches of mutant KBM7 
cells (100 million cells in total) were prepared by transduction in 24-well 
tissue-culture dishes containing 1.5 million cells per well using spin infection 
for 45 minutes at 2,000 r.p.m. in the presence of 8 g/ml protamine sulfate. 
Screens were started at least 6 d after gene-trap infection.

Sequence analysis of the gene-trap insertion sites in the unselected 
 mutagenized cell population. Genomic DNA was isolated from ~40 million 
cells using QIAamp DNA mini kit (Qiagen) according to manufacturer’s 
protocol. After digestion with NlaIII or MseI, genomic DNA was used 
as template for a linear PCR (99 cycles) using a 5 -biotinylated primer  
(5 -GGTCTCCAAATCTCGGTGGAAC-3 ) annealing to the GT-GFP gene-
trap vector. The resulting ssDNA product contains the 5 LTR of the retroviral  
vector followed by the genomic DNA sequence flanking the insertion site end-
ing at either an NlaIII or MseI restriction site. This product was purified using 
streptavidin-coated beads (Dynabeads M-280; Invitrogen) and a 5 -phospho-
rylated and 3 -modified (dideoxycytidine, ddC) ssDNA linker was ligated 
to the 3 end of the product using a ssDNA ligase (CircLigase II, Epicenter 
Biotechnologies). The linker (5 -TCGTATGCCGTCTTCTGCTTGACTCAGT
AGTTGTGCGATGGATTGATG-3 ) contains adaptor sequence II required for 
sequencing using the Genome Analyzer (Illumina). After ligation the product 
was purified and used as template for a PCR that adds adaptor sequence I with 
primers (5 -AATGATACGGCGACCACCGAGATCTGATGGTTCTCTAGCT
TGCC-3 ) and (5 -CAAGCAGAAGACGGCATACGA-3 ). The PCR generates 
products of different lengths representing the abundance of individual inser-
tion sites present in the sample, which visualizes as a smear on an agarose gel. 
After column purification (Qiaquick PCR purification kit, Qiagen), 8 pM of 
the product was sequenced on one lane of an Illumina Model GA2X Genome 
Analyzer using a custom sequencing primer annealing to the extreme end of the 
5 LTR (5 -CTAGCTTGCCAAACCTACAGGTGGGGTCTTTCA-3 ), resulting 
in sequences directly flanking the site of insertion of the gene-trap vector.

Analysis of gene-trap insertions in the unselected mutagenized cell 
 population. The 36-base-pair (bp) sequences in the FASTQ data file were aligned 
to the human genome (hg18) using Bowtie alignment software21. We used strin-
gent criteria to exclude ambiguous alignments by not allowing any mismatches 
in the full 36-bp sequence and by excluding all sequences that align nonuniquely 
to the human genome. Of the sequence reads 59% aligned uniquely over the 
full 36-bp sequence, 33% were excluded because they contained one or more 
mismatches and 8% were excluded because of nonunique alignment. Using these 
criteria, we obtained an insertion data table that contains ~900,000 independent 
insertion sites mapped to the human genome (Supplementary Table 1). Based 
on their position on the human genome, insertion sites were identified as located 
in genomic regions annotated to contain genes. We further classified these inser-
tions as being in the sense or antisense orientations compared to the gene. This 
was done by intersecting (based on chromosome intervals) the insertion database 
with a data table containing the chromosomal coordinates of RefSeq22 annotated 
genomic regions retrieved from the UCSC genome table browser database23, 
using BEDTools software24. The resulting gene insertion data table contains 
~450,000 insertions meeting these criteria (Supplementary Table 2).

To determine the percentage of expressed genes that contain insertions, we 
used gene expression data from KBM7 cells (GEO: GSE7114)7. The present/
absent calls of five replicates were summarized, coupled to gene symbol and 
this table was joined to the gene insertion data table (Supplementary Table 3). 
From this table we derive the percentage of expressed (P, present), marginally 
expressed (M, marginal) and nonexpressed (A, absent) genes that contain inser-
tions. Discrepancies of gene symbol annotation of the Affymetrix platform with 
the RefSeq data table are indicated and excluded from the analysis.

Treatment of cells for phenotypic enrichments. For a phenotypic enrichment 
screen, 100 million cells were incubated with the selection agent. In a typical 

screen the resistant cells were expanded over the course of ~20 d. When the 
cells were expanded to 30 million cells, cell debris was removed by multiple 
wash steps with PBS and genomic DNA was isolated to map the insertion sites. 
In general the selection agent was present during the course of the experi-
ment. Concentrations used were: diphtheria toxin (Sigma-Aldrich) 400 ng/ml, 
ricin (Vector Laboratories) 40 ng/ml, ABT-737 (Selleck Chemicals) 15 M, 
AZD7762 (Selleck Chemicals) 250 nM, and decitabine (Tocris Bioscience)  
15 M. Imatinib was added at 2 M for 4 d, after which it was further diluted to 
600 nM followed by a 20 d incubation. Recombinant TRAIL (Sigma-Aldrich) 
was added at a concentration of 1 g/ml for 7 d, after which it was diluted 
twofold and surviving cells were expanded. The cytolethal distending toxins 
were produced as described below. The following dilutions were used for 
the screen: CDT E. coli 0.4 l/ml, CDT C. jejuni 2.0 l/ml, CDT H. ducreyi  
0.05 l/ml and A. actinomycetemcomitans 0.01 l/ml.

Cloning and production of cytolethal distending toxins.  E. coli CDT. 
The construct for the full operon of E. coli CDT was generously provided by  
J. Kaper (pDS7.96)25. A starter culture of E. coli BL21 cells transformed 
with this plasmid was used to inoculate 500 ml of sterile M9 minimal media 
(Sigma) supplemented with 1% (wt/vol) glucose. After 21 h at 37 °C with 
 vigorous shaking, the supernatant was filter sterilized (0.22 m pore size filter). 
The filtrate was concentrated using a Centricon-Plus 70 (Millipore) with a  
cut-off filter of 30 kDa to a final volume of 5 ml. The buffer was exchanged 
to PBS using a PD10 desalting column (GE Healthcare Life Sciences) and 
filter sterilized.

A. actinomycetemcomitans CDT. The operon sequence between sub-
units CdtA and CdtC was amplified from genomic DNA of Aggregatibacter 
actinomycetemcomitans (ATCC 700685D-5) using the following for-
ward: 5 -ATCTAAGGAGAGGTACAATGAAA-3  and reverse 5 -TTAGC 
TACCCTGATTTCTCC-3  primers. The PCR product was purified from 
 agarose gel using a QIAquick Gel Extraction Kit (Qiagen) and cloned into the 
pGemTeasy vector (Promega). A clone displaying the 5  end in the orienta-
tion of the T7 promoter was used as template to introduce a Shine-Delgarno 
sequence upstream of the initial methionine by Quikchange II Site-Directed 
Mutagenesis (Stratagene) and the following primer: 5 -GGGCCCGACGTC
GCTTAACTTTAAGAAGGAGCTCCGGCCGCCATGG-3 . A starter culture 
of E. coli BL21 (DE3) transformed with the resulting construct was used to 
inoculate 250 ml M9 minimal media (Sigma) supplemented with 1% (wt/vol) 
glucose. When the culture reached an optical density of ~0.4 at 600 nm, it was 
induced with (IPTG 0.5 mM) and incubated for 5 h at 37 °C with vigorous 
shaking. The culture was centrifuged at 10,000g for 15 min in a Sorvall RC6 
PLUS centrifuge (SLA1500 rotor). The resultant supernatant was filtered and 
concentrated following the protocol described for E. coli CDT.

C. jejuni CDT. Individual toxin subunits were amplified from genomic DNA 
(ATCC 43432D-5), thereby removing secretion signal sequences, using the 
following primers: CdtA 5 -GCGCCATGGGATGTTCTTCTAAATTTG-3  
and 5 -CGCCTCGAGTCGTACCTCTCCTTGGCG-3 , CdtB 5 -GCGCCAT
GGGAAATTTAGAAAATTTTA-3  and 5 -CGCCTCGAGAAATTTTCTAA
AATTTAC-3 , CdtC 5 -GCGCCATGGGAACTCCTACTGGAGATT-3  and 
5 -CGCCTCGAGTTCTAAAGGGGTAGCAGC-3 , and 5 -CGCCTCGAGG
CTACCCTGATTTCTTCG-3 . Each subunit was cloned into pET28(+) vector 
(Novagen) between the NcoI and XhoI restriction sites to equip each subunit 
with a C-terminal His6 tag. Individual subunits were expressed separately in  
E. coli BL21 grown in TB medium (Terrific Broth, Sigma) supplemented with 
1% glycerol at 37 °C under agitation (220 r.p.m., Innova 5000 Gyrotory Tier 
Shaker, New Brunswick Scientific). Expression was induced in mid-log growth 
phase with 0.3 mM IPTG (isopropyl- -d-1-thiogalactopyranoside, Sigma). 
After an expression time of 5 h, the three CDT subunit expression cultures 
were pooled, centrifuged (6,000g, 15 min, Avanti J-E Centrifuge, Beckman 
Coulter) and pellets freeze-thawed. Proteins were solubilized under denaturing 
 conditions at 37 °C (8 M urea, 20 mM HEPES (N-[2-Hydroxyethyl]piperazine-
N-[2-ethanesulphonic acid]) pH 7.5, 200 mM NaCl, 0.1% (vol/vol) TritonX-100,  
2.5 mM dithiothreitol (DTT), 2 mM ethylenediaminetetraacetic acid (EDTA), 
purified at 4 °C using nickel chelating affinity resin (Ni-NTA agarose, Qiagen) 
and eluted with 0.3 M imidazole. CDT was co-refolded by stepwise dilution 
of 8 M urea to 1 M urea with 20 mM HEPES pH 7.5, 200 mM NaCl, 2.5 mM 
DTT, 2 mM (EDTA), protease inhibitor (Complete Mini, Roche) buffer at 4 °C 
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on a stirring plate. Following a second nickel chelating affinity resin purifica-
tion and concentration step (Amicon Ultra Centrifugal filter units, MWCO =  
30 kDa, Millipore), the holotoxin was further purified with size exclusion 
chromatography (Äkta FPLC gel filtration system, HiLoad 16/60 Superdex 200 
column, GE Healthcare). Protein-containing fractions were tested for toxicity 
by cell cycle analysis of intoxicated HeLa cells. Toxic fractions were pooled 
and concentrated.

H. ducreyi CDT. Individual toxin subunits were amplified from genomic 
DNA (ATCC 700724D-5), thereby removing secretion signal sequences, using 
the following primers: CdtA 5 -GCGCCATGGGATGTTCATCAAATCAAC-3   
and 5 -CGCCTCGAGATTAACCGCTGTTGCTTC-3 , CdtB 5 -GCGCCAT
GGGAAACTTGAGTGACTTCA-3  and 5 -CGCCTCGAGGCGATCACGA
ACAAAACT-3 , CdtC 5 -GCGCCATGGGAAGTCATGCAGAATCAA-3  and 
5 -CGCCTCGAGGCTACCCTGATTTCTTCG-3 . Cloning and production of 
the toxin was performed similar to the protocol described for C. jejuni CDT.

Sequencing of gene-trap insertion sites in phenotypically enriched 
 populations. The lower complexity of selected cell populations allowed the 
insertion sites to be mapped by inverse PCR reaction. Genomic DNA was iso-
lated from ~30 million cells using QIAamp DNA mini kit (Qiagen) according 
to manufacturer’s protocol. After digestion with MseI or NlaIII, DNA was 
ligated using T4 DNA ligase to circularize the fragments. After column puri-
fication (Qiaquick PCR purification kit, Qiagen), a PCR was performed using 
outward facing primers annealing internally in the gene-trap vector, thereby 
introducing the Illumina adaptor sequences I and II. The primers used for 
ligated DNA digested with NlaIII were (5 -AATGATACGGCGACCACCG
AGATCTGATGGTTCTCTAGCTTGCC-3  and 5 -CAAGCAGAAGACGG
CATACGACCCAGGTTAAGATCAAGGTC) and for ligated DNA digested 
with MseI were (5 -AATGATACGGCGACCACCGAGATCTGATGGTTC
TCTAGCTTGCC-3  and 5 -CAAGCAGAAGACGGCATACGACGTTCTG
TGTTGTCTCTGTCTG). After column purification, 8 pM of the products 
was sequenced on one lane of an Illumina Model GA2X Genome Analyzer 
using a custom sequencing primer annealing to the extreme end of the 5 LTR  
(5 -CTAGCTTGCCAAACCTACAGGTGGGGTCTTTCA-3 ).

Identification of unique insertion sites in the phenotypically enriched pop-
ulations. The 36-base-pair (bp) sequences in the FASTQ data file were mapped 
to the human genome (hg18) using Bowtie alignment software21. Because the 
complexity of insertions is significantly lower in the selected pools compared 
to the unselected pools and because PCR amplification is not unbiased, some 
individual insertion sites are sequenced in very high frequency. An unwanted 
consequence of this is the appearance of sequencing errors. Stringent criteria 
were used to identify unique insertion sites. No mismatches were allowed in 

the 36-bp sequence and the sequence should uniquely align to the human 
genome even when 1 or 2 mismatches are allowed. If two insertions align  
1 or 2 base pairs apart, only 1 is retained. For each selection a data table was 
produced containing these insertion sites (Supplementary Tables 4–16). To 
distinguish genomic regions with a high density of insertions, we define the 
proximity index for a given insertion as the inverse value of the average dis-
tances with its neighboring insertion sites. The inverse value is calculated 
from the average distance (in base pairs) between the given insertion and the 
two neighboring upstream insertions and the two next downstream insertion 
sites. This method of analysis pinpoints insertion-rich regions in phenotypic 
screens and includes all insertions (sense and antisense). It provides a graphi-
cal illustration of insertion site clustering and thereby allows nonannotated 
elements also to be identified.

An alternative method of analysis focuses on the insertions in a given screen 
that are present in genes and compares these to the unselected population. 
To create a control data set, the FASTQ data file for the unselected popula-
tion described above was analyzed using the same criteria as for the selected 
pools. The total number of insertions in genes and the number of insertions 
per individual gene were counted by intersecting the insertions with the data 
table containing chromosomal coordinates of RefSeq-annotated genes. If an 
insertion was located in a genomic region shared by multiple transcripts of 
the same gene, it only counted once. For a given screen, the number of inac-
tivating mutations (= sense orientation or present in exon) per individual 
gene was counted as well as the total number of inactivating insertions for all 
genes. Enrichment of a particular gene in a particular screen was calculated by 
comparing how often that gene was mutated in the screen compared to how 
often the genes carries an insertion in the control data set (Supplementary 
Table 17). For each gene a P-value (corrected for false-discovery rate) was 
calculated using the one-sided Fisher exact test run in the R software environ-
ment. In some cases the P-value was lower than the R software could report. 
In these cases the numerical value was set to the smallest nonzero normalized 
floating-point number R could report (~1 × 10−307).

21. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biol. 10, R25 
(2009).

22. Pruitt, K.D., Tatusova, T. & Maglott, D.R. NCBI reference sequences (RefSeq):  
a curated non-redundant sequence database of genomes, transcripts and proteins. 
Nucleic Acids Res. 35, D61–D65 (2007).

23. Rhead, B. et al. The UCSC Genome Browser database: update 2010. Nucleic Acids 
Res. 38, D613–D619 (2010).

24. Quinlan, A.R. & Hall, I.M. BEDTools: a flexible suite of utilities for comparing 
genomic features. Bioinformatics 26, 841–842 (2010).

25. Scott, D.A. & Kaper, J.B. Cloning and sequencing of the genes encoding Escherichia 
coli cytolethal distending toxin. Infect. Immun. 62, 244–251 (1994).
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TMEM181 and GRB2, two novel interactors of E. coli CDT

Introduction
Cytolethal Distending Toxin (CDT) is a generic designation for a bacterial protein toxin that 
has been variously described as a genotoxin (1) because it acts as a DNAse in the eukaryotic 
nucleus, a cyclomodulin (2) because most intoxicated cells arrest in their cell cycle at the 
G2/M checkpoint prior to cell death, and as an immunotoxin because lymphocytes seem to 
be especially susceptible to intoxication (3). 
CDT is secreted by various species of gram-negative bacteria. Examples include Escherichia 
coli (Ec); various Campylobacter species such as Campylobacter jejuni (Cj); Haemophilus 
ducreyi (Hd); Helicobacter cinaedi, and Salmonella typhi. In the following, a CDT produced by 
certain bacterium will be denoted by the fi rst letters of the bacterial genus and species name, 
e.g., EcCDT for CDT produced by E. coli. Despite the diversity of colonized host niches, CDT 
can successfully target all of them. A recent study with Aggregatibacter actinomycetemcomitans 
(Aa), a bacterium that colonizes the oral cavity, showed that expression of CDT genes is up-
regulated in vivo, but not when the bacteria are cultured as a biofi lm in vitro (4). Production of 
CDT therefore must confer an advantage to bacterial survival and proliferation in infectious 
conditions, by interference with both cellular and humoral host immune response (5-8), and/
or by physically carving out a niche in tissue, perhaps through mobilization of nutrients as 
shown for A. actinomycentemcomitans (9), and disruption of wound-healing (reviewed by 
(8)).

Most members of the CDT family are of the AB2 type, which means that the functional 
holotoxin consists of an enzymatically active subunit (CDTB) and two accessory subunits 
(CDTA and CDTC) both of which  are required to ferry CDTB across the plasma membrane 
into the cell (10, 11). Th e CDTB subunit is the most  highly conserved between all species 
of CDT examined. Th e accessory subunits are less conserved the further their hosts are 
evolutionarily separated (12). Regardless, all CDTs cause a similar intoxication phenotype for 
susceptible cells, consistent with the conserved nature of the B subunit.

Secreted CDT must fi rst bind to the cell membrane prior to internalization. Receptors for any 
of the CDTs remain a mystery, as none have been identifi ed unambiguously. We know that 
EcCDTA and EcCDTC have lectin-like domains (13) and can bind to carbohydrates (14). 
Tunicamycin treatment, which blocks synthesis of N-linked glycans, reduces toxicity of Aa, 
Ec, and HdCDT but enhances that of CjCDT (12). Because N-linked glycosylation may aff ect 
surface display of membrane proteins, these experiments are not particularly informative 
on the nature of the putative CDT receptor(s). Cell lines that express truncated versions of 
N-linked glycans (Lec1) or N- and O-linked glycans (ldlD.Lec1) show decreased sensitivity 
for Aa, Ec, Hd and CjCDT, consistent with glycan recognition. Th e absence of sialic acid 
sensitizes cells to Aa, Ec, and Hd CDTs, but not CjCDT (12). Finally, the ganglioside GM3 
is involved in cell cycle arrest of monocytes caused by AaCDT (15). Furthermore, CjCDTC 
has a putative cholesterol recognition/interaction amino acid consensus (CRAC) recognition 
motif (16), an observation consistent with the notion that interaction of AaCDT with the 
plasma membrane is dependent on cholesterol. AaCDTC contains a CRAC region as well 
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(17, 18). Indeed, intoxication by Aa, Ec, and Hd, but not CjCDT is enhanced by increased 
abundance of cholesterol (12). Combined, these data fail to resolve the identity of receptors 
for CDT, but point to an important role for cell surface lipids, which might act either directly 
or indirectly through favoring display of membrane proteins in particular confi gurations, 
such as lipid raft s. Not all cells are equally susceptible to the diff erent CDTs (19-22). Some 
cell lines, perhaps depending on species and tissue of origin, are completely resistant, such as 
mouse Balb/3T3 to EcCDT (12), or human periodontal ligament fi broblasts to AaCDT (19).

CDTB belongs to the Mg2+-dependent DNAseI superfamily (23), immediately suggesting 
that its target is (nuclear) DNA (24, 25). CDTB possesses two atypical nuclear localization 
sequences, which serve as an import signal (24, 26). CDTB can indeed act as a DNAse (23, 
27, 28) and  introduces single strand nicks into DNA that are converted into double-strand 
breaks (DSB) during S phase (29).

In response to the production of DSB by CDT, the master kinase ATM (Ataxia Telangiectasia 
Mutated) initiates DNA damage checkpoints and phosphorylates H2AX, a H2A histone 
variant, around the DSB site (30). Double strand break repair proteins MRE11 (31) and RAD50 
(32) are also recruited to the lesion. Checkpoint activation and cell cycle arrest in G1/S and/
or G2/M imposed by CDTs further involve the phosphorylation of CHK2, a protein kinase 
typically activated in response to DNA damage (33), as well as p53 and cyclin-dependent 
kinase CDC2 (34). Some cells, such as lymphocytes, die immediately without cell cycle arrest 
(35). CDT-intoxicated cells arrested in the G2 phase show a diagnostic phenotype: they swell 
up to 10-fold of their volume before eventually dying. Th is phenomenon explains the name, 
Cytolethal Distending Toxin. 
Curiously, the enzymatic activity of CDTs may not be limited to DNA hydrolysis, but they 
have been reported to display phosphatidylinositol-3,4,5-triphosphate phosphatase activity 
as well (35).
For the host, CDT intoxication may have deleterious consequences. In addition to 
compromising immunity by the outright killing of lymphocytes, CDT activates the NLRP3 
and NLRP6 infl ammasome (36) and triggers the release of pro-infl ammatory cytokines 
such as IL-1α and IL-1β (37), IL-6 (37, 38), IL-8 (37-39), IL-24 (38) and TNFa (37). CDTs 
induce receptor activator of NF-κB ligand expression (RANKL) (40). Th e secretion of pro-
infl ammatory cytokines persistently activates NF-κB and may cause chronic infl ammation. 
DNA damage may lead to genomic instability. Both host genomic instability and chronic 
infl ammation can contribute to tumor initiation or progression (reviewed in (41)).

Prior to the execution of haploid genetic screens described in the previous chapter and appendix 
1, not a single intracellular molecular interactor was known for any of the CDTs. Meanwhile, 
the presence of the HdCDTB subunit has been detected in the ER by immunofl uorescence 
(42), and nuclear localization (43) as well as perinuclear localization of CDT (44) have been 
shown. It deserves emphasis that these studies employed heterogeneously labeled versions of 
these subunits, of unknown biological activity.

Instruments to better understand the biology of CDT are sorely needed. In this chapter, we 
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focus on the aspect of developing CDT further as a tool to unravel the pathway(s) of CDT 
intoxication. Because bacterial toxins hijack and exploit cellular structures and transport 
mechanisms to achieve intoxication, a more detailed biochemical and cell biological 
understanding of CDT intoxication should advance our knowledge of basic cell biology. 

Th e work described in this chapter is centered on EcCDT. EcCDT was fi rst discovered in 
1988 by Johnson and Lior in bacterial strains causing diarrhea (45), and was cloned in 1994 
by Scott and Kaper (46). I will start with EcCDT production and modifi cation by sortase, 
before focusing on TMEM181, a cellular protein and EcCDT interactor we discovered as 
described in appendix 1. Th e fi nding of GRB2 as another novel EcCDT interactor will be the 
fi nal subject of this chapter. 

Results

Production of EcCDT and activity assay
Th e CDT holotoxin is a stoichiometric 1:1:1 complex of the A, B and C subunits. Individual 
subunits were cloned into the pET28 expression vector, and equipped with either C-terminal a 
hexa-histidine tag (His6) for affi  nity purifi cation, or with a LPETG sortase recognition motif, g ( )
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Figure 1. Production of EcCDT and activity assay. a) Crystal structure of H. ducreyi cytolethal distending toxin 
(CDT) (PDB 1SR4). E. coli CDT (EcCDT) has not been cristallized in its holotoxin form. The enzymatically active 
B subunit is hyper-conserved among all members of the CDT family. b) Gel fi ltration elution profi le of EcCDT 
holotoxin. c) Analysis of a EcCDT gel fi ltration elution profi le by SDS PAGE followed by coomassie stain. Pure 
holotoxin elutes in the second peak. d) CDT causes cell cycle arrest. EcCDT activity test by cell cycle analysis. 
Intoxicated HeLa cells were harvested after 24 hours, fi xed and stained for DNA content with propidium iodide, 
and analyzed by fl ow cytometry. The extent of cell cycle arrest at the G2/M checkpoint, detected by the presence 
of  double DNA conent (4N) is dependent on EcCDT concentration.
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followed by a HA affi  nity tag immediately preceding the His6 tag. Th is allowed the generation 
of holotoxins with sortaggable subunits of choice. CDT subunits were expressed in E. coli BL2 
using isopropylthiogalactosidase (IPTG) to induce expression. Recombinant subunits were 
found almost exclusively in inclusion bodies. Variation of expression temperature, expression 
time, media, and induction conditions did not result in improved yields of soluble protein. 
Th e fi rst step of purifi cation involved solubilization of inclusion bodies with 8M urea prior to 
the NiNTA affi  nity chromatography step. To reconstitute the holotoxin, the solubilized A, B 
and C subunits were mixed in stoichiometric ratio and dialyzed against urea-free buff er. Th e 
resulting dialysate was purifi ed by gel fi ltration (Fig. 1a). A typical elution profi le showed three 
peaks, with protein aggregates and contaminants eluting in the fi rst peak, pure holotoxin in 
the second peak, and single soluble subunits in the third peak, as visualized by Coomassie 
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Figure 2. EcCDT sortagging and toxicity of the labeled toxin. Installation of fl uorescent labels on EcCDT and 
imaging. a) Schema of C-terminal sortagging. b) Alexa Fluor 647 was installed on the C-terminus of EcCDTB in 
the context of the holotoxin using sortase-mediated transpeptidation. Sepharose bead-immobilized sortase 
was removed by centrifugation, free dye purifi ed away by FPLC. c) Activity test of labeled EcCDT on HeLa cells. 
Cells were assessed for typical CDT-mediated phenotypic change (distention) and cell cycle arrest. The potency 
of the fl uorescently labeled toxin is identical with that of unmodifi ed EcCDT.
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stain of a SDS PAGE analysis of an FPLC elution profi le (Fig. 1c). Th e fraction containing 
the holotoxin was collected, concentrated, and tested for activity. HeLa cells were intoxicated 
and assayed for cell cycle arrest aft er 24 hours of incubation (Fig. 1d). Cell cycle arrest in the 
G2/M phase, characterized by a doubling of the cell’s DNA content, was measured by staining 
with the fl uorescent DNA intercalating agent propidium iodide (PI) by fl ow cytometry. Cell 
cycle arrest was dependent on CDT concentration. Th e 50% eff ective concentration was 
determined to be 1 ng/mL. Prolonged exposure to CDT eventually results in cell death (data 
not shown). 

EcCDT sortagging and toxicity of the labeled toxin
Th e bacterial transpeptidase sortase A (SrtA) is a useful tool to install a tag of choice at a 
precisely determined site specifi ed by the pentapeptide motif LPEXT(G/A) (Fig. 2a) (reviewed 
in (47), see also chapter 4). Installation of Alexa Fluor 647 on the C-terminus of EcCDTB in 
the context of the holotoxin was straightforward. Aft er incubation with sortase A from S. 
aureus (SrtAStaph), a fl uorescently labeled polypeptide which corresponded to EcCDTBAF647 
was detected aft er separating the reaction mix with SDS PAGE and imaging by fl uorescence 

EcCDT(ABC647)

composite

AF647

DAPI

EcCDT(A647BC) EcCDT(AB647C)

Figure 3. EcCDT Imaging. Fluorescently sortagged EcCDT was incubated with HeLa cells for 1 hour at 37ºC. Cells 
were washed, fi xed, stained with DAPI and imaged with confocal microscopy. EcCDTB signal was consistently 
lower. Cleavage of the C-terminus of CDTB has not been reported, but is a possible explanation. Not all cells in 
an intoxicated population stain equally.
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scanning (Fig. 2b). Th e C-termini of EcCDTA and EcCDTC could be sortagged with similar 
ease. Exchanging the fl uorophore tag for a biotinylated tag presented no diffi  culty either 
(data not shown). Sortase and free nucleophile were removed by gel fi ltration. Incubation 
of HeLa cells with 2 ng/mL of the recombinant sortagged EcCDTABAF647C resulted in the 
characteristic phenotype of intoxication, as did intoxication with unmodifi ed wild type 
EcCDT: visually detectable cell distention and G2/M arrest. 

EcCDT imaging
Fluorescently sortagged EcCDT was incubated with HeLa cells grown on coverslips for 
1 hour at 37ºC. Aft er washing, fi xing and DNA staining, cells were imaged with confocal 
microscopy (Fig. 3). Despite exposure to the same amount of toxin, the signal intensity is 
much weaker for EcCDTB. Th is is a consistent observation. Not all cells display stained equal 
EcCDT signal. 

Morphological changes induced by EcCDT intoxication 
HeLa cells, non-intoxicated or exposed to CDT for 48 hours, the latter visibly distended, were 
analyzed by transmission electron microscopy (Fig. 4). Compared to non-intoxicated cells, 
the distended cells were larger in size. Vesicular structures spread throughout the cytoplasm 
were visible in abundance. Most of them contained smaller vesicles, and/or multi-lamellar 
structures. In some sections, ER swelling was observed. No striking morphological  changes 
were apparent for nucleus and mitochondria. 

Figure 4. Morphological changes induced by EcCDT intoxication. HeLa cells were incubated with EcCDT for 
28 hours or left untreated as a control, and imaged with transmission electron microscopy. Diff erences to the 
control cells are the appearance of large vesicular structures containing multiple vesicles and/or multimembrane 
structures. ER swelling was also observed. 

Susceptibility of TSG101 knock-out cells to EcCDT
A549 human lung epithelial cells defi cient for TSG101 produced by a Cas9/CRISPR genome 
editing approach were intoxicated with various concentrations of EcCDT, and cell viability 
was compared to A549 wild type cells (Fig. 5). No signifi cant diff erence between the two cell 
lines was observed with respect to their susceptibility to intoxication by EcCDT. Data are 
shown for the 72 hours post intoxication time point. An additional measurement taken aft er 
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120 hours showed no signifi cant diff erence between the TSG101 profi cient and defi cient cell 
lines either. A549 cells displayed an overall greater resistance to EcCDT than HeLa cells. Half 
of the cells survived a dose of 100 ng/mL EcCDT. Th e same phenotypes, equal susceptibility 
to toxin and overall greater resistance, was observed with respect to Pseudomonas aeruginosa 
Exotoxin A as well (F. Tafesse). 
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Figure 5. Susceptibility of TSG101 knock-out cells to EcCDT. A549 WT and TSG101 knockout cells were 
intoxicated with diff erent concentrations of EcCDT for 3 days. No diff erence in cell survival is observed. This 
remains true for longer incubation times as well. EcCDT seems not to rely on the ESCRT-1 complex, which 
TSG101 is part of,  for cell entry.

Interaction of TMEM181 and EcCDT
As we have shown previously, EcCDT associates physically with TMEM181 in the human 
cell (appendix 1, (48)), as shown by immunoprecipitation of TMEM181 with N-terminally 
fl ag-tagged EcCDTA in the context of the holotoxin. By immunoprecipitating EcCDTB 
with N-terminally fl ag-tagged TMEM181 from cell lysate mixed with EcCDT holotoxin, 
we confi rm this result (Fig. 6a). Interaction of EcCDT with TMEM181 was also confi rmed 
by immunoprecipitation from 35S-labeled cells (Fig. 6b). In HeLa cells over-expressing fl ag-
tagged TMEM181, a strong signal was detected at roughly 69 kDa, the expected molecular 
weight for TMEM181. In wild-type HeLa cells, only a faint signal was visible at the same 
molecular weight. A number of additional polypeptides appear in the immunoprecipitates 
from the fl agTMEM181 expressing cell line. To confi rm that wild-type TMEM181 interacts 
with EcCDT, we performed additional immunoprecipitations on unlabeled wild-type HeLa 
cells, separated the proteins by SDS PAGE, and subjected the area between 50 kDa and 75 
kDa to mass spectrometry. TMEM181 was detected with a sequence coverage of 10% (Fig. 
6c). 

TMEM181 localizes to the trans-Golgi compartment
Th e localization of TMEM181 in human cells had not been previously determined. We tested 
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co-localization of TMEM181 with markers for diff erent intracellular compartments in HeLa 
cells. TMEM181 strongly co-localized with the trans-Golgi marker TGN46 (Fig. 7a). Th is 
localization was confi rmed in a comparison with GPR107, a G-protein coupled receptor 
that localizes to the trans-Golgi (F. Tafesse and H.L. Ploegh, unpublished). In contrast, we 
observed no co-localization of TMEM181 with giantin, a protein that resides in the medial 
Golgi compartment. No co-localization was found with the endoplasmic reticulum (ER) 
marker protein disulfi de isomerase (PDI), with mitochondria, or with actin (Fig. 7b). To 
provide additional experimental support for the notion that TMEM181 localizes to the 
Golgi, we perturbed the organelle by adding Brefeldin A to the cell culture medium to disrupt 
Golgi integrity by abolishing anterograde transport from the ER to the Golgi. Like TGN46, 
TMEM181 localization became disperse throughout the cell upon Brefeldin A treatment (Fig. 
7c). 

Figure 6. Interaction of TMEM181 and EcCDT. EcCDT interacts physically with TMEM181. a) Cell lysate of 
wild-type or fl ag-tagged TMEM181 over-expressing HeLa cells were incubated with EcCDT holotoxin, and 
immunoprecipitation performed with anti-fl ag epitope beads. SDS PAGE separated proteins were transferred 
on a membrane and revealed by Western blot. b) 35S-labeled wild-type and fl ag-tagged TMEM181 over-
expressing HeLa cells were lysed and incubated with EcCDT holotoxin. EcCDT was immunoprecipitated with 
beads capturing the HA affi  nity tag on the EcCDTB subunit. The eluted proteins were separated on SDS PAGE 
and revealed by autoradiography. c) Immunoprecipitation from wild-type HeLa cell lysate with EcCDTB as 
described. The SDS PAGE separated proteins were analyzed with MS/MS. TMEM181 was identifi ed with a amino 
acid coverage of 10%.
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TMEM181 localization in KBM7 cells
KBM7 suspension cells defi cient for TMEM181 were isolated from the haploid genetic screen 
described in appendix 1. TMEM181 defi ciency conveyed complete resistance to EcCDT, a 
phenotype that could be reversed by complementation with WT TMEM181. 3D reconstructed 
immunofl uorescence showed that TMEM181 co-localizes with TGN46 (Fig. 8). Th e overlap 
was not complete however. In TMEM181 knock-out cells, TMEM181 was completely absent. 
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Figure 7. TMEM181 localizes to 
the trans-Golgi compartment. 
Cellular localization of TMEM181. 
a) Immunofl uorescence on HeLa 
cells. TMEM181 co-localizes with 
TGN46, a marker for the trans-Golgi 
compartment. The TMEM181 signal 
also considerably overlaps with that 
of GPR107, a G-protein coupled 
receptor previously shown to reside 
in the trans-Golgi (F. Tafesse). b) 
Immunofl uorescence staining shows 
that TMEM181 does neither co-localize 
with the medial golgi (giantin), nor 
mitochondria, nor the endoplasmic 

reticulum (PDI). There is also no signifi cant TMEM181 signal at the cell periphery (actin staining with phalloidin). 
c) HeLa cells were treated with Brefeldin A prior to immunofl uorescene. TMEM181 localization is sensitive to 
disruption of the Golgi apparatus Brefeldin A and mirrors the eff ect the drug has on TGN46.

TMEM181
TGN46
Hoechst

KBM7 WT KBM7 TMEM181 KO

Figure 8. TMEM181 localization in KBM7 cells. Immunofl uorescence staining for TMEM181 and TGN46 was 
performed on KBM7 WT and KBM7 TMEM181 knock-out cells, and confocal microscopy Z-series acquired. Trans-
golgi localization of TMEM181 is confi rmed. 
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Figure 9. Post-translational modifi cation of TMEM181. TMEM181 glycosylation pattern and membrane 
orientation. a) Flag-tagged TMEM181 was immunoprecipitated from 35S-labeled HeLa cells, analyzed with 
SDS PAGE and revealed with autoradiography. Glycosidase digestions show that a considerable fraction of the 
protein reaches the Golgi where acquires complex glycans. TMEM181 is stable over several hours. b) Partial 
digestion with PngaseF unveils that TMEM181 is tetra-glycosylated. c) The amino acid sequence of TMEM181 
contains fi ve putative glycosylation sites, four of which are active. Only one is placed on the opposite side of the 
membrane compared to the others, and therefore not in use. d) With the active glycosylation sites exposed to 
the endoplasmic reticulum/Golgi lumen, it follows that the N-terminus of TMEM181 must localize to the cytosol.
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Post-translational modifi cation of TMEM181 
We took a biochemical approach to investigate TMEM181’s maturation in the course of pulse-
chase experiments using 35S-methionine/cysteine labeling. Glycosidase digestion showed 
that TMEM181 acquires complex sugars, which are resistant to digestion by the glycosidase 
EndoH (Fig. 9a).  Aft er 6 hours of chase, no decrease of signal was observed. Partial digestion 
with PngaseF revealed that TMEM181 is glycosylated at at least four sites (Fig. 9b). Th e 
polypeptide with the highest molecular weight band corresponds to the tetra-glycosylated 
version, progressively lower bands to one fewer N-linked glycan modifi cation each, with the 
lowest band corresponding to the non-glycosylated version of TMEM181. TMEM181 has 
nine predicted transmembrane domains and fi ve putative glycosylation sites that conform to 
the consensus motif Asn-Xaa-Ser/Th r (Fig. 9c). Taking the glycosylation data into account, 
the non-active glycosylation site could be identifi ed based on topological considerations, 
provided the annotation of trans-membrane domains is indeed correct. Th is immediately 
suggested the previously unknown membrane orientation of TMEM181 (Fig. 9d), with its 
N-terminus located to the cytosol, and the C-terminus and glycosylated domains exposed to 
organelle lumen, or potentially the extracellular space.  

Intracellular co-localization of EcCDT and TMEM181
Immunofl uorescence experiments have not conclusively addressed at what stage during the 
EcCDT intoxication process, if at all, TMEM181 co-localizes with toxin in the cell (Fig. 10).

composite TMEM181568EcCDT(ABC)647 DAPI

Figure 10. Intracellular co-localization of EcCDT and TMEM181. HeLa cells were intoxicated with sortagged 
EcCDT (all 3 subunits labeled) for 1 hour at 37ºC, fi xed, immunofl uorescently labeled with anti-TMEM181 
antibody, and imaged with confocal microscopy. Co-localization is minimal. These needs to be considered a 
very preliminary data, EcCDT incubation times are to be titrated yet.

GRB2: a novel EcCDT interactor
A limitation of haploid genetic live/death screens is the inability to screen for proteins that 
are essential for cell survival. We set out to test if there was a critical factor that had been 
missed in the screen. Immunoprecipitation of the EcCDTB subunit via its HA tag in the 
context of the holotoxin from WT HeLa cell lysate followed by SDS PAGE and MS/MS 
revealed a novel EcCDT interactor: growth factor receptor bound protein 2 (GRB2), with a 
sequence coverage of 80% (Fig. 11a). Th is degree of sequence coverage must be considered 
highly signifi cant. Th e GRB2 sequence does not show up as a common contaminant in these 
types of immunoprecipitation experiments (E. Spooner, personal communication), based 
on a vast database compiled based on immunoprecipitation experiments performed with 
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MEAIAKYDFKATADDELSFKRGDILKVLNEECDQN
WYKAELNGKDGFIPKNYIEMKPHPWFFGKIPRAK
AEEMLSKQRHDGAFLIRESESAPGDFSLSVKFGN
DVQHFKVLRDGAGKYFLWVVKFNSLNELVDYHR
STSVSRNQQIFLRDIEQVPQQPTYVQALFDFDPQ
EDGELGFRRGDFIHVMDNSDPNWWKGACHGQ
TGMFPRNYVTPVNRNV

Coverage: 80% (174/217 amino acids)
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the identical anti HA antibodies. Physical association of EcCDT with GRB2 was confi rmed 
by immunoprecipitation with EcCDT from whole cell lysate followed by immunoblot (Fig. 
11b). By inference from its apparent molecular weight, the detected polypeptide must 
corresponded to GRB2 isoform 1, which has an intact SH2 domain and both its SH3, and 
an expected molecular weight of 25.6 kDa (Fig. 11c). GRB2 isoform 2 lacks most of the SH2 
domain, and has a calculated molecular weight of 20.6 kDa. GRB2 is distributed throughout 
the cell (Fig. 11d).

Discussion

Th e CDT holotoxin consists of thee polypeptide chains that form a stochiometric non-
covalently associated complex. In E. coli, ORFs of the individual CDT subunits overlap 
(46). Cloning and expression of each subunit separately is advantageous because it allows 
modifi cation of the termini of all subunits. In this case, affi  nity purifi cation tags and sortase 
recognition motifs were installed. Th is enables holotoxin confi gurations where any subunits 
of choice or combinations thereof are designated substrates for enzymatic modifi cation. A 
disadvantage is the apparent loss of solubility and the need to recover expressed protein 
from inclusion bodies by denaturation and refolding. Nonetheless, a combination of affi  nity 
purifi cation and gel fi ltration allows the recovery of pure holotoxin. 

Figure 11. GRB2: a novel EcCDT interactor. a) By immunoprecipitating EcCDT from HeLa cell lysate, GRB2 
was found as a novel interactor. Peptide coverage returned from mass spectrometry analysis is excellent with 
80%. b) Interaction of EcCDT with GRB2 was confi rmed by immunoblot. c) Crystal structure of GRB2 (PDB: 1GRI). 
The detected molecular weight (~25 kDa) of the EcCDT interaction partner matches isoform 1, which contains 
all three domains. In isoform 2, the SH2 domain is missing. d) Imaging of EcCDT and GRB2. HeLa cells were 
intoxicated with sortagged EcCDT (all 3 subunits labeled) for 1 hour at 37ºC, fi xed, immunofl uorescently labeled 
with anti-GRB2 antibody, and imaged with confocal microscopy. Co-localization is non-existent. Again, the 
images must be considered extremely preliminary data.
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Cell cycle arrest in the G2/M phase can be tested conveniently by measuring DNA content. 
Cells arrested shortly before mitosis show twice the amount of DNA (4N for diploids) 
than cells that have not yet completed S phase. Measuring cell cycle arrest 24 hours aft er 
intoxication shows an enrichment of G2/M phase cells versus the G1/G0 phase of the cell 
cycle. Th e proportion of arrested cells is dependent on CDT concentration. 

Labeled EcCDT holotoxin is functional, and does not diff er signifi cantly in potency compared 
to the unmodifi ed toxin. Combination of sortaggable with non-sortaggable subunits 
prior to refolding yields holotoxins that can easily be labeled at one, two or three subunits 
simultaneously with the same nucleophile. A diff erent way to exploit the modularity of CDT 
would be to label individual subunits prior to refolding, to produce holotoxins where each of 
the three subunits may bear a diff erent modifi cation of choice. 
One caveat regarding C-terminal labeling is the absence of information  concerning possible 
proteolytic processing post-intoxication, or even during the assembly of the holotoxin. 
It was reported that immunoprecipitation of the CDT holotoxin from Aggregatibacter 
actinomycetemcomitans (AaCDT) extracts, with a monoclonal antibody against CdtC, co-
precipitated CdtA and CdtB, but only a truncated form of CdtA (11). Two forms of CDTA, 
a 25 kDa and a 18 kDa version, were also observed for Haemophilus ducreyi CDT (HdCDT) 
(49).

EcCDTA and EcCDTC display a somewhat similar localization in the cell. Aft er 1 hour of 
intoxication, both localize roughly to a perinuclear compartment. Co-intoxication with CDT 
bearing diff erentially labeled CDTA and CDTC subunits will be required to investigate if the 
two subunits indeed traffi  c inseparably. Th e signal for EcCDTB is consistently lower than 
for either of its accessory subunits. Th is is somewhat unexpected, as CDTB is the enzymatic 
subunit responsible for ultimately conferring the toxic activity in the nucleus. Proteolytic 
processing of CDTB in vivo has not been suggested to date, a possibility that might explain 
the observed result. Time series experiments should bring more clarity. Sortagging will make 
it attainable to study the association of the CDTB subunit with CDTA and CDTC over the 
course of its  journey through the cell. 

Several other questions pertaining to CDT intoxication stand out.  What are the underlying 
causes for the dramatic distention phenotype observed morphologically? What are the 
underlying molecular causes?  Electron microscopical analysis  of CDT intoxicated cells has 
not been reported previously. We performed transmission electron microscopy on ultra-thin 
sections of CDT-intoxicated HeLa cells. Most striking was the presence of abundant vesicular 
structures in intoxicated cells. Compared to control cells, these vesicles were present in greater 
number and were of larger size, to the point where in some cases very little cytoplasm was left  
between the vesicles. Many vesicles were of multi-vesicular nature, or contained multi-lamellar 
structures. Tightly packed whorls of lamellae, also called myeloid bodies or myelin fi gures, 
are a specialized form of smooth ER (50). Th ey have been proposed to concentrate smooth 
ER-resident proteins such as lipid detoxifi cation enzymes or other cytochromes (51), and 
they contain high levels of phospholipids and 7-ketocholesterol (52). Inhibition of the PDK-
1/(Akt/PKB) signaling pathway triggers the formation of cytoplasmic myelin fi gures (52). In 
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addition to DNAse activity, CDT has been reported to exhibit phosphatidylinositol-3,4,5-
triphosphate (PIP3) phosphatase activity, producing phosphatidylinositol (3, 4)-bisphosphate 
(PIP2) (35). Th e fold of CDTB’s active site belongs to the DNAseI superfamily, which also 
includes sphingomyelinases and phosphatidylinositol 5-phosphatases (53). PIP3 localizes 
Akt/PKB to plasma membrane microdomains. Loss of PIP3-mediated membrane attachment 
results in a signifi cant decrease of Akt/PKB activity, as activation of the Akt/PKB pathway 
necessitates a series of tightly coupled molecular events occurring at the plasma membrane 
(54, 55). Indeed, Li et al. observed an activation of the phosphatidylinositol 3-kinase/Akt 
pathway in human epithelial cells upon exposure to Campylobacter jejuni CDT (56).

Ohara et al. showed that AaCDT causes cell death both by caspase-dependent (apoptosis) 
and caspase-independent mechanisms (3, 21). Ischemic cell death, also called oncosis, has 
been proposed as a caspase-independent form of programmed cell death (reviewed in (57)). 
Th e term oncosis (derived from ónkos, Greek for swelling) was put forth in 1910 by von 
Recklinghausen precisely to mean cell death accompanied by swelling (58). A characteristic 
trait of oncosis is swelling of cytoplasm and organelles. It ultimately leads to depletion of 
intracellular energy stores and results in necrosis. Generally, it can result from exposure to 
toxic agents that interfere with ATP generation or processes that cause uncontrolled cellular 
energy consumption. Extensive DNA damage is a specifi c example. DNA single strand breaks 
activate poly(ADP-ribose) polymerase (PARP), a regulator of chromatin structure and nuclear 
DNA repair enzymes (59), which depletes its substrate NAD+ in a futile attempt at DNA 
repair. Re-synthesis of NAD+ in turn depletes ATP (60). It has been suggested that oncosis 
can be induced by pathogens, specifi cally by rotavirus (61) and Pseudomonas aeruginosa 
(62). It was further reported that in response to DNA damage, PARP forms a complex with 
ATM, the DNA damage sensor activated by CDT-induced double-strand breaks (63). PARP-
catalyzed poly-ADP-ribosylation of ATM can activate ATM and promote its recruitment to 
DNA damage sites (64).
Finally, the observed vesicles might be the result from enhanced autophagy. It was shown 
that RNAi-mediated knock-down of caspase-8 induced autophagic cell death (65). Electron 
microscopy pictures of cells treated with caspase-8-specifi c RNAi published by Yu et al. show 
a strikingly similar phenotype to CDT intoxicated cells with respect to appearance of large, 
multi-membrane vacuoles. Th is possible link between CDT intoxication and autophagy 
remains to be addressed by experiment. 

Alternatively, some of the observed multi-membrane vesicles could be multivesicular bodies 
(MVB). MVB are a special form of late endosomes that contain vesicles in their lumen (reviewed 
by (66)). Th e ESCRT (endosomal sorting complex required for transport) machinery sorts 
materials into the budding vesicles, and is thus responsible for the generation of MVB. Th is 
endosomal pathway has been hijacked by several pathogens. For example, structural proteins 
of HIV-1 and Ebola virus recruit TSG101, a homolog of an E2-type ubiquitin-conjugating 
enzyme and part of the ESCRT-1 complex, to the site of virus particle assembly to enable viral 
egress (67). Other viruses, such as hepatitis B (68), and infl uenza virus (69) (Ploegh lab) make 
use of TSG101 as well. 
We tested the hypothesis that also EcCDT could make use of this branch of endocytosis by 
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intoxicating cells that lack TSG101, produced by a Cas9/CRISPR genome editing approach. 
We found that TSG101 cells were no more resistant to CDT than to WT cells, suggesting that 
EcCDT entry does not depend on TSG101 and therefore is unlikely to involve the ESCRT1 
complex.  

TMEM181 was identifi ed as a crucial factor for CDT intoxication, using the haploid genetic 
screen described in appendix 1. A search for TMEM181 or its alias GPR178 does not return 
a single hit in PubMed as of October 2013. Th e gene encoding TMEM181 is located on 
chromosome 6 (70) and turned up as a hit in a screen for N-linked proteins on the surface 
of embryonic stem cells, embryonic bodies and neural progenitors (71). TMEM181 was 
predicted to be a G-protein coupled receptor (GPCR) based on the use of an algorithm that 
detects remote homologs (72). It would however be highly surprising if TMEM181 were a 
G-protein coupled receptor, as various transmembrane prediction algorithms agree that the 
protein has nine trans-membrane domains instead of the typical seven found in GPCRs. 
Instead, TMEM181 shares a highly conserved domain with MIG-14/Wntless (pfam06664), 
the Wnt-binding factor required for Wnt secretion, and conserved throughout the bilateria. 
Th e fact that TMEM181 has persisted over hundreds of million years of evolution testifi es to 
its importance, although its function remains elusive. 

Interaction of EcCDT with TMEM181 was confi rmed using a diff erent subunit for 
immunopreciptiation, and diff erent epitope tags. Th e weak TMEM181 signal obtained from 
metabolically labeled WT HeLa cells suggests that the protein is either not expressed in 
abundance, and/or diffi  cult to immunoprecipitate. 

Immunofl uorescence showed no obvious presence of TMEM181 at the plasma membrane, at 
variance with the results of Wollscheid et al. (71). Four possible scenarios could account for 
this discrepancy. First, the fi nding of TMEM181 at the cell surface might be an artifact. Th is 
appear unlikely to be the case, as TMEM181 was found at the cell surface in three diff erent cell 
lines. Second, TMEM181 localization might vary depending on the cell type, or depending on 
the developmental stage of an organism. Th is would explain the observed variation between 
HeLa cells and embryonic stem cells/neural progenitors. Th ird, the fraction of TMEM181 at 
the cell membrane might be too small to detect by immunofl uorescence in the present setting. 
Fourth, TMEM181 might be present at the cell membrane only transiently and rapidly cycle 
between the trans-Golgi and the plasma membrane, by analogy to the mobile Wntless carrier. 
Th e majority of TMEM181 is clearly located to the trans-Golgi compartment. 

Co-localization of TMEM181 with trans-Golgi markers is not limited to HeLa cells. TMEM181 
co-localized with TGN46 in KBM7 cells, a distribution disrupted by exposure to Brefeldin A, 
a small molecule that inhibits anterograde transport from the ER to the Golgi, providing 
biochemical evidence for localization of TMEM181 to the trans-Golgi. Co-localization of 
TMEM181 and TGN46 is not perfect in the 3D image and may indicate sub-compartments 
within the organelle.

TMEM181 is a quite stable protein, inferred from the fact that no loss of signal was observed 



46

at the 6 hour chase time point compared to the 0 time point, yielding an estimated half-life 
in excess of 12 hours. Protein half-lives in the human cell range from 45 minutes to over 
22 hours (73). As can be expected from a Golgi-resident protein, the N-linked glycans on 
TMEM181 undergo maturation as confi rmed by the acquisition of complex sugars, resulting 
in resistance to Endoglycosidase H. Th is confi rms biochemically the presence of TMEM181 
in the Golgi compartment. 

HdCDTA and HdCDTC contain lectin-like domains, which are thought to contribute to 
receptor binding (13). In an experiment performed by McSweeney et al., pre-incubation 
of cells with the glycoproteins thyroglobulin, bovine submaxillary mucin (BSM) and α1-
glycoprotein prevented EcCDT intoxication, and removal of N-linked but not O-linked 
carbohydrates from these proteins restored toxicity (14). It would be worthwhile to test 
whether the glycan moieties on TMEM181 participate in EcCDT binding. Th is could be done 
by reconstituting TMEM181 knock-out cells with mutant versions of TMEM181, that lack all 
or single specifi c N-glycosylation sites. However, absent knowledge of the three-dimensional 
structuire of TMEM181, it will be impossible to distinguish the role of N-linked glycans 
from structural alterations imposed on TMEM181’s backbone by the absence of N-linked 
glycosylation. 

Haploid genetic screens that select for survivors in response to a lethal challenge have a major 
limitation: genes that code for essential factors are never retrieved. For protein toxins however, 
it would make sense to evolve the exploitation of two kinds of cellular proteins: those that 
are conserved and change little over time, and those that are essential for cell survival: not 
singled out as targets for disruption, but rather serving as transport shuttles to a toxin’s fi nal 
destination, they will always be readily available. By affi  nity purifi cation using EcCDT as bait 
we found a novel interactor: growth factor receptor-bound protein 2 (GRB2). Th is protein 
is involved in an abundance of cellular signal transduction processes (74-77), where it can 
act both as a positive and negative regulator of receptor tyrosine kinase signaling (78), in 
particular downstream of the epithelial growth factor receptor (EGFR) (79-81). Ablation of 
GRB2 is embryonically lethal. Complete knockout of the protein in mature cells completely 
impairs viability, which is the most likely reason why GRB2 did not show up as a hit in the 
haploid genetic screen for EcCDT. Th is also complicates further analysis by approaches such 
as RNAi. An independent confi rmation is therefore needed to determine whether the absence 
of GRB2 indeed confers resistance to EcCDT. Th is might be achieved with an inducible GRB2 
inactivating system, depending on how long cells survive in the complete absence of GRB2. 

In conclusion, this work on EcCDT has not only unraveled cellular factors previously 
unknown to be essential for EcCDT intoxication, it also represents a step forward in the 
development of bacterial protein toxins as tools. We can use these tools not only to investigate 
their own function, but also to illuminate the inner workings of a human cell. It has put a 
spotlight on TMEM181 as a possible traffi  cking factor, a to date neglected ancient companion 
and component of every single one of our cells.
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Experimental Procedures

Cell lines and cell culture. HeLa and A549 cells were obtained from ATCC and maintained in Dulbecco’s Modifi ed 
Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS). KBM7 cell lines were cultured in Iscove’s 
Modifi ed Dulbecco’s Media (IMDM) (Invitrogen) supplemented with 10% (FBS). KBM7 with TMEM181 knock-out 
by insertional mutagenesis were isolated during earlier studies (48). Flag-tagged TMEM181 over-expressing HeLa 
cells were generated using a retroviral expression vector as described earlier (48). Cells were cultured at 37ºC, 5% 
CO2. 
A549 TSG101 knock-out cells were generated with a CRISPER-based approach. Potential target sequence for 
CRISPR interference were found using the rules outline in (82). Th e seed sequence preceding PAM motif was found 
in the exon of Tsg101 as follows: Tsg101 target sequence: CTGTTCTGTTTTCAGGCCGAGG. Upon confi rming 
potential off -target eff ect of the seed sequence using NCBI human nucleotide blast, none of bases overlapping with 
any other location of human genome was found in the seed 13 bases TGTTTTCAGGCCG from PAM motif. Th e 
sense and anti-sense were designed to incorporate into the restriction enzymatic site BbsI of pX330 bicistronic 
expression vector expressing Cas9 and sgRNA (83): Sense oligo: caccgCTGTTCTGTTTTCAGGCCG. Anti-sense 
oligo: aaacCGGCCTGAAAACAGAACAGc. Th e oligo DNAs were annealed, phosphorylated and incorporated into 
pX330 vector linearized with BbsI restriction enzyme. A549 cells were transfected with the Tsg101-targeting pX330 
using FuGENE6 reagent (Promega) according to the manufacturer’s instructions. Twelve hours aft er transfection, the 
cells were re-plated to a 96 well plate at a density of 0.5 cells per well. Th e individual colonies were picked, and the 
expressions of Tsg101 were checked by western blot analysis.

CDT cloning, EcCDT expression and purifi cation. E. Coli derived cytolethal distending toxin was produced from 
plasmid pDS7.96 (generously provided by Dr. James Kaper, University of Maryland School of Medicine, Baltimore, 
MD). Individual subunits were amplifi ed using the primers 5’-GCGCCATGGGTGATTCACCTTCACCT-3’,  
5’-CGCCTCGAGTACTCCCTCCATTCCATC-3’, 5’-GCGCCATGGATTTAAGCGATTTTAAAGTT-3’, 
5’-CGCCTCGAGTCTTCTTGCTCCTCTTCC-3’, 5’-GCGCCATGGCTTCTGAACCTGCAAATC, 
5’-CGCCTCGAGGCTCGTTAATGGAGACAT-3’ and cloned into pET28+ vector (Novagen). Subunit were cloned 
individually into pET28(+) vector (Novagen) between the NcoI and XhoI restriction sites to equip each subunit with 
a C-terminal His6 tag. Individual subunits were expressed separately in E. coli BL21 grown in TB medium (Terrifi c 
Broth, Sigma) supplemented with 1% glycerol at 37 °C under agitation (220 r.p.m., Innova 5000 Gyrotory Tier Shaker, 
New Brunswick Scientifi c). Expression was induced in mid-log growth phase with 0.3 mM IPTG (isopropyl-β-D-
1-thiogalactopyranoside, Sigma). Aft er an expression time of 5 h, the three CDT subunit expression cultures were 
pooled, centrifuged (6,000g, 15 min, Avanti J-E Centrifuge, Beckman Coulter) and pellets freeze-thawed. Proteins 
were solubilized under denaturing conditions at 37 °C (8 M urea, 20 mM HEPES (N-[2-Hydroxyethyl]piperazine-
N-[2-ethanesulphonic acid]) pH 7.5, 200 mM NaCl, 0.1% (vol/vol) TritonX-100, 2.5 mM dithiothreitol (DTT), 2 
mM ethylenediaminetetraacetic acid (EDTA), purifi ed at 4 °C using nickel chelating affi  nity resin (Ni-NTA agarose, 
Qiagen) and eluted with 0.3 M imidazole. CDT was co-refolded by stepwise dilution of 8 M urea to 1 M urea with 
20 mM HEPES pH 7.5, 200 mM NaCl, 2.5 mM DTT, 2 mM (EDTA), protease inhibitor (Complete Mini, Roche) 
buff er at 4 °C on a stirring plate. Following a second nickel chelating affi  nity resin purifi cation and concentration step 
(Amicon Ultra Centrifugal fi lter units, MWCO = 30 kDa, Millipore), the holotoxin was further purifi ed with size 
exclusion chromatography (Äkta FPLC gel fi ltration system, HiLoad 16/60 Superdex 200 column, GE Healthcare). 
Protein-containing fractions were tested for toxicity by cell cycle analysis of intoxicated HeLa cells. Toxic fractions 
were pooled and concentrated.

Cell cycle analysis. 50% confl uent HeLa cells were intoxicated with indicated concentrations of CDT, and incubated 
for 24 or 48 hours at 37ºC. Cells were trypsinized, fi xed in 70% ethanol at -20ºC for 20 minutes or up to over-
night, permeabilized with TritonX-100 and stained with propidium iodide  in a RNAse containing PBS buff er and 
subjected analyzed by fl ow cytometry. using a FACSCalibur HTS (BD Biosciences) using CellQuest Pro acquisition 
soft ware(BD Biosciences). Data were analyzed with FlowJo (Tree Star Inc.).

Interaction of CDT with TMEM181. Wild-type HeLa cells and HeLa cells over-expressing fl ag-TMEM181 were 
lysed in CHAPS lysis buff er (20mM Tris-HCl pH 8.0, 100mM NaCl, 1mM EDTA-NaOH, 0.3% (w/v) CHAPS in the 
presence of protease inhibitors), mixed with EcCDT. Aft er centrifugation, to remove insoluble material, the samples 
were incubated with anti-Flag M2 beads (Sigma). Aft er 4 hours incubation at 4ºC in an end-over-end shaker the 
beads were washed 3x with lysis buff er. Th e beads were washed 4x with CHAPS lysis buff er and protein complexes 
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were eluted using 3xFlag peptide (Sigma) and analyzed by immunoblotting.

Metabolic labeling, pulse-chase, immunoprecipitation and glycosidase digestion. 3 x 106 cells per sample 
were starved for 30 min in 1 ml methionine/cysteine-free Dulbecco’s Modifi ed Eagle’s Medium at 37°C prior to 
labeling. Cells were labeled for 10 min at 37°C with 10 mCi/ml [35S] methionine/cysteine (expressed protein mix; 
PerkinElmer Life Sciences) to each sample, and chased for the indicated time intervals. Cells were washed and either 
lysed in NP40 lysis buff er [0.5% NP40, Tris·HCl (10 mm), NaCl (150 mm), MgCl2 (5 mm), pH 7.4] supplemented 
with a complete protease inhibitor cocktail (Roche) where indicated, or in 1% SDS. Prior to immunoprecipitation, 
the SDS lysate was diluted to 0.1% SDS in NP40 lysis buff er. Immunoprecipitation with 20 µL anti-fl ag beads per 
sample (Sigma) was performed from cell lysate for 3 h at 4°C with gentle agitation. Samples were eluted by boiling 
in reducing sample buff er. Where indicated, immunoprecipitated samples were subjected to Endo H or PNGase F 
(New England Biolabs) treatment according to the manufacturer’s instructions. Immunoprecipitates were eluted 
with SDS sample buff er and resolved by SDS PAGE. Samples were visualized with autoradiography using DMSO/
PPO (2,5-diphenyloxazole) and exposure to XAR-5 fi lm (Kodak).

Mass spectrometry. Immunoprecipitated proteins were separated by SDS PAGE and visualized using silver staining. 
Gel lanes were excised; the proteins were reduced, alkylated and digested with trypsin overnight at 378C. Th e 
resulting tryptic fragments were extracted, concentrated and separated using a Waters NanoAcquity HPLC equipped 
with a self-packed Jupiter C18 column (3 mm, 0.075x10mm) using standard reversed-phase gradients (isocratic 1 % 
B buff er for 1 min, 250 nL min-1 with increasing B buff er concentrations to 15% B at 14min, 27% B at 21min and 40% 
B at 24.5min. Buff er A=1% formic acid in water and buff er B=1% formic acid in acetonitrile). Th e eluted peptides 
were analyzed using a Th ermo LQT linear ion-trap mass spectrometer (nanospray confi guration) operated in a data-
dependent manner. Th e SEQUEST database was used to correlate the fragmentation spectra. Scaff old 3 was used to 
analyze and report the resulting data.

Immunoblotting. Proteins resolved by SDS PAGE were semi-dry blotted on polyvinylidene difl uoride (PVDF) 
membranes (Bio-Rad) for 1.5h, 1.2 mA/cm2. Aft er blocking PVDF membranes with PBS, 0.1% Tween 20, 5% bovine 
serum albumin (BSA) (Sigma-Aldrich), membranes were incubated for 1 hour at 37ºC or over night at 4ºC with 
serum or purifi ed a-AF647 antibody in PBS, 0.1% Tween 20, 2.5% BSA followed by 1 hour incubation at 37ºC, 
with HRP-conjugated goat anti-mouse Ig secondary antibodies (BD Biosciences) in PBS, 0.1% Tween 20, 2.5% BSA. 
Bound antibody was visualized by chemoluminescence using Western Lightning ECL detection kit (Perkin Elmer 
Life Sciences) and exposure to XAR-5 fi lms (Kodak).

Coomassie staining. Proteins resolved by SDS PAGE were incubated 2-4 hours in Coomassie staining  solution (0.4% 
(v/v) methanol, 0.1% (v/v) acetic acid, 0.05% (w/v) Coomassie Brillant Blue (Th ermo Scientifi c)), and destained in 
0.3% (v/v) ethanol and 0.1% (v/v) acetic acid at room temperature for 2-12 hours. 

Sortase expression and purifi cation. Sortase A from Staphylococcus aureus (SrtAStaph) was expressed and purifi ed as 
described previously (84). In brief, sortase A containing an N-terminal His6 tag was expressed in E. coli BL21(DE3). 
Cells were grown in LB containing 0.1 mg/ml ampicillin to an optical density of 0.6 at 600 nm. Protein expression 
was induced with 1 mM IPTG for 3 h at 37°C. Cells were harvested by centrifugation, and the pellet was resuspended 
in 50 mM Tris-Cl, 150 mM NaCl, and 10 mM imidazole, pH 8.0, supplemented with protease cocktail inhibitors, 
then lysed a by French press and centrifuged. Th e cleared lysate was then applied to a Ni-NTA column previously 
equilibrated with the resuspension buff er. Th e column was washed with 20 column volumes of 50 mM Tris-Cl, 150 
mM NaCl, and 10 mM imidazole, pH 8.0. Th e protein was eluted with 5 column volumes of 50 mM Tris-Cl, 150 mM 
NaCl, and 300 mM imidazole, pH 8.0. Sortase was concentrated and further purifi ed using an ÄKTA FPLC system 
using a HiLoad 16/60 Superdex 75 prep grade column equilibrated with 50 mM Tris-HCl, 150 mM NaCl, 10% 
glycerol, pH 7.5. Protein concentration was estimated with a Bradford assay. 

Sortase-labeling. Sortase labeling reactions were performed as described elsewhere(47, 84-86).

Fluorescence scans. Fluorescence scans were obtained using a variable mode imager (Typhoon 9200; GE Healthcare).

Immunofl uorescence. HeLa cells grown on coverslips, untreated or intoxicated with sortagged CDT or incubated 
with mitotracker (Life Technologies), were washed with PBS, and fi xed with 4% paraformaldehyde for 20 minutes 
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at room temperature. Cells were either stained with DAPI or Hoechst and mounted on coverslips with glycerol, 
or permeablilized with 0.1% saponin in PBS + 2% inactivated fetal calf serum. Cells were incubated with primary 
antibody   (a-TMEM181 (Atlas), a-TGN46 (Abcam), a-fl ag (Sigma), a-giantin (Abcam), a-PDI (Abcam) a-GRB2 
(Abcam), Phalloidin-AF647 (Life Technologies) for 1 hour at room temperature, washed, and incubated if required 
with a suitable secondary fl uorophore-coupled antibody (Life Technologies) at a dilution of 1:10’000 four 1 hour at 
room temperature, washed, stained with Hoechst or Dapi and mounted with glycerol on glass slides for imaging. 

Spinning disk confocal and electron microscopy. Confocal images were collected in the W.M. Keck Facility for 
Biological Imaging using a PerkinElmer Live Cell Imaging spinning disk confocal system and Volocity soft ware. 
Th e PerkinElmer Live Cell Imaging spinning disk confocal system was mounted on a Zeiss Axiovert 200M with a 
10061.4NA Plan- Apochromat objective. Excitation light was generated by gas and solid state lasers (Argon laser 
for 488 nm, Krypton laser for 568 nm, solid state laser for 405 nm and 647 nm) and passed through an AOTF for 
wavelength selection and laser power control. A quadruple bandpass fi lter separated the excitation and emission 
light inside the CSU-22 confocal scanhead (Yokogawa) and a fi lter wheel (Prior Scientifi c) provided selection of 
emission fi lters (TagBFP & RFP: dual-band 445/60 and 615/70 nm; GFP: 527/55 nm). Volocity image acquisition 
soft ware was used to capture images from a Hamamatsu Orca-ER cooled-CCD camera and to control all the 
equipment. Electron microscopy sections were examined using a FEI Tecnai Spirit at 80 KV. Routine morphology 
was performed by trimming and fi xing the tissue in 2.5% gluteraldehyde, 3% paraformaldehyde with 5% sucrose in 
0.1 M sodium cacodylate buff er (pH 7.4) and 0.2% tannic acid. Samples were post fi xed in 1% osmium in veronal-
acetate buff er. Th e tissue was stained in block overnight with 0.5% uranyl acetate in veronal-acetate buff er (pH 
6.0), then dehydrated and embedded in em812 resin. Sections were cut on a Leica Ultracut UCT microtome with 
a Diatome diamond knife at a thickness setting of 50 nm, stained with uranyl acetate, and lead citrate. Th e sections 
were examined using a FEI Tecnai Spirit at 80 KV.
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Site-specifi c chemoenzymatic labeling expands the aerolysin 
toolkit

Introduction

Bacterial pathogens deploy a multitude of toxins, among them pore-forming toxins (PFTs), 
the largest category of bacterial virulence factors (1). One of the best studied examples of 
the PFT family is aerolysin from Aeromonas hydrophila (2). Aerolysin (AeL) forms a homo-
heptameric pore that spans the plasma membrane of the target cell (3, 4). It causes cell death 
by depletion of small ions (5-7) and rapid loss of ATP, a hallmark of programmed necrosis (8). 

Aerolysin is secreted as an inactive monomeric precursor, proaerolysin (proAeL), which 
contains a 43-residue C-terminal peptide (9) that functions as a chaperone (Fig. 1a). Th e 
CTP is required for folding of proaerolysin into its soluble form in the course of its synthesis, 
thereby preventing aggregation, and to impede premature pore formation by controlling the 
onset of heptamerization (10). 
Receptors of proaerolysin at the target cell surface are N-glycosylated GPI-anchored proteins 
(11, 12), whose polypeptide moiety makes an essential contribution to binding (13). Maturation 
of proaerolysin to aerolysin involves proteolytic cleavage by furin in a fl exible loop preceding 
the C-terminal peptide. Other proteases present at the plasma membrane may participate as 
well (14, 15). Following cleavage, monomers oligomerize to form a prepore complex on the 
cell surface (16), a step that requires release of the C-terminal peptide (17). Removal of the 
C-terminal peptide induces the transition from prepore to the pore complex. Th e aerolysin 
heptamer undergoes a drastic concerted conformational change of the extramembranous 
region, accompanied by a vertical collapse of the complex, which ultimately leads to the 
insertion of a water-fi lled transmembrane β-barrel into the lipid bilayer (17). Th e C-terminal 
peptide is not part of the functional pore (18), and its fate aft er separation from the heptamer 
is unknown.

Previous studies of aerolysin were conducted without the possibility of labeling discrete 
domains at will, a limitation when it comes to discerning their individual functions and fate. 
We here apply a sortase-based site-specifi c chemoenzymatic labeling strategy to aerolysin. 
Th is will ultimately enable us to investigate the fate of individual N and C-terminal domains, 
while preserving the functionality of the toxin. Th is is a non-trivial issue, as random chemical 
labeling via exposed Lys or Cys residues usually yields a highly heterogeneous mix of labeled 
proteins, the activity of which cannot be accurately assessed for each of the components that 
constitute the ensemble. Moreover, unless labeling proceeds quantitatively, it is generally 
diffi  cult to assess the relative contribution to toxicity of any remaining unmodifi ed toxin 
versus the ensemble of labeled toxin molecules. As will be shown below, I have not been able 
to overcome this particular drawback in my own experiments using sortase to label aerolysin.
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Results

Strategies for site-specifi c labeling of proaerolysin
Site-specifi c modifi cation of proteins employing the bacterial trans-peptidase sortase A 
(SrtA) is now routine (reviewed in (27), detailed protocols in (28, 29)). Briefl y, sortases 
recognize a pentapeptide motif specifi c to an individual bacterial enzyme, e.g., LPXTG for 
SrtA from Staphylococcus aureus (SrtAStaph) and LPXTA for SrtA from Streptococcus pyogenes 
(SrtAStrep). SrtA cleaves the peptide bond between the threonine and glycine or alanine, 
respectively, yielding a thioacyl intermediate which can be resolved in a nucleophilic attack 
by the N-terminus of an oligoglycine or oligoalanine-containing  nucleophile. Th e overall 
‘sortagging’ reaction results in the creation of a new peptide bond (27, 30). By combining 
motifs and enzymes of SrtAStaph and SrtAStrep, it is possible to introduce two distinct labels into 
one and the same protein (31).

Epitope tags have been placed on the C-terminus of proAeL (12, 32). However, site-specifi c 
fl uorescent labeling of the C-terminus of AeL has not previously been attempted. It was 
not known whether labeling of either aerolysin polypeptide terminus would compromise 
function. We used N-terminal and C-terminal sortagging strategies to produce diff erent 
versions of proaerolysin (proAeL) and aerolysin (AeL), placing labels on: the N-terminus of 
proaerolysin (NproAeL), the C-terminus of the C-terminal peptide (proAeLC), the C-terminus 
of AeL (AeLC) as well as creating a double-label variant (NproAeLC). Th ese versions have been 
schematically diagrammed in  Fig. 1b. 

WT

NproAeL

proAeLC

NproAeLC

AeLCLPLTALPETAPro- Aerolysin H6PelB CP

Protease cleavage site(s)

Pro- Aerolysin H6PelB CP

Pro- AerolysinG H6PelB CP

Pro- Aerolysin LPETGG H6PelB CP

Pro- AerolysinG LPETGG H6PelB CP

C-terminal peptideCP
hexa-histidige purification tagH6
periplasm targetig sequencePelB

C-terminal peptide 
(CP)

Transmembrane 
Domain

Domain 1
binds GPI-anchors

Domain 2
binds N-linked glycans

a) b)

Figure 1. Strategies for site-specifi c labeling of proaerolysin. Design of of sortase motif introductions to 
aerolysin. a) Structure of the proaerolysin monomer (PDB: 1PRE). Proaeroysin consists of four domains, two 
of which are responsible for receptor binding, one contains the trans-membrane domain. Insertion into the 
plasma membrane requires dramatic conformation change. The C-terminal peptide functions as a chaperone 
and dissociates upon heptamer association and pore formation. b) Schemata for WT and sortaggable versions 
of proaerolysin (proAeL) with their designations. The LPXTG/A pentapeptides are sortase recognition motifs. 
The sortase enzyme cleaves after threonine and form a new bond with the N-terminus of an oligoglycine 
or oligoalanine nucleophile coupled to a label (C-terminal sortagging). The N-terminal glycine of proAeL is 
recognized itself as a nucleophile by sortase and  conjugated to an LPXTG/A probe bearing a label (N-terminal 
sortagging). PelB: periplasm targeting sequence, cleaved off  by the producer bacteria upon export of proAeL to 
the periplasm. H6: hexahistidine handle for affi  nity purifi cation. Protease cleavage sites are recognized by target 
cell surface proteases such as furin. CP: C-terminal peptide, serves as a chaperone for proAeL. Upon its loss, 
proAeL is converted to mature aerolysin (AeL).
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Aerolysin activity
Th e diff erent versions of aerolysin versions in unmodifi ed form, prior to execution of a 
sortase reaction, were titrated on KBM7 cells. A toxin concentration range from 60 ng/mL to 
4 pg/mL was assayed with a linear 2-fold dilution series. A control (no toxin) was included 
for each series. All conditions were assayed in triplicate. Th e assay was performed for all 
aerolysin versions and concentrations in a single experiment on aliquots of the same batch 
of cells. 3.5 x 105 cells per sample were intoxicated in a fi nal volume of 100 µL, incubated for 
1 hour at 37ºC, washed, stained with propidium iodide and analyzed by fl ow cytometry. Per 
sample we acquired 30,000 cells. Th e percentage of live cells was determined and the median 
lethal concentration (LC50) calculated (Fig. 2). Compared to wild type (WT) aerolysin, all of 
the modifi ed versions showed somewhat decreased toxicity. Th e diff erence was greatest for 
AeLC, which was ~10 fold less toxic than the WT. Modifying the N terminus with a single 
glycine impaired toxicity ~3 fold. Th is was comparable to the loss of activity observed for the 
C-terminally modifi ed version. Alteration of both the N and the C terminus reduced toxic 
activity further and revealed the toxicity of NproAeLC to be intermediate between the WT and 
AeLC. 
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LC50 = 8.72 ng/mLLC50 = 4.23 ng/mL

AeLCNproAeLC

NproAeL

LC50 = 3.03 ng/mL

proAeLC

LC50 = 2.38 ng/mL

WT

LC50 = 0.81 ng/mL

all

Figure 2. Impact of aerolysin modifi acion on toxic activity. Aerolysin variants were titrated on KBM7 cells. 
0.5 x 10e5 cells per sample were incubated with toxin for 1 hour at 37ºC in a total volume of 100 µL, stained 
with propidium iodide (PI) and the PI negative percentage determined by fl ow cytometry. The concentration 
range for the aerolysin variants ranged from 60 ng/mL to 4 pg/µL. Every condition was done in triplicate. The 
PI percentage of PI negative controls were adjusted LC50 concentrations were set to 100%, and the 50% lethal 
dosis (LC50 )calculated in R. 0.001 was added to all concentration values to avoid taking a log2 of 0.
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Installation of a single label on proaerolysin
Proaerolysin was labeled at its N- or C-terminus with carboxy-tetramethylrhodamine 
(TAMRA) (Fig. 3a).  Fluorescent product was observed only in the simultaneous presence 
of all the components  of the labeling reaction mixture. Background signal was not detected. 
Th e labeling effi  ciency of sortase was near-quantitative, as previously demonstrated also for 
cholera toxin33 and various other proteins. N-terminally labeled proaerolysin (TamraproAeL) 
migrated slightly faster on SDS PAGE than the C-terminally labeled proAeLTAMRA. 
Sortagged product was purifi ed by fast protein liquid chromatography (FPLC) to separate the 
product from free dye-conjugated nucleophile and sortase. Sortase, with a molecular weight 
of ~25 kDa, eluted aft er proaerolysin, which in its unmodifi ed form has a molecular weight 
of 52 kDa (Fig. 3b). Free nucleophile eluted close to the inclusion volume of the gel fi ltration 
column. Th is elution profi le was typical for all purifi cations performed on proaerolysin 
labeling reactions. 

Sortase AStaph, immobilized
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+

+

+ - -

- + -

+ + +

75 kDa - 
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Figure 3. Installation of a single label on proaerolysin. The fl uorophore carboxytetramethylrhodamine 
(TAMRA) was installed on NproAeL, proAeLC and AeLC with sortase. a) Sortagging reaction of NproAeL, proAeLC 
with control conditions, separated on SDS PAGE and imaged with a fl uorescence scanner. Product is visible by 
fl uorescent signal. b) Purifi cation of labeled AeLTAMRA gel fi ltration. The fi rst peak in the A280 elution profi le 
corresponds to aerolysin, the second to sortase, the third to free nucleophile. c) Analysis of the fi rst peak of the 
gel fi ltration elution profi le with SDS PAGE followed by fl uorescence image scan and Coomassie stain. Only a 
fraction of AelC is converted to fl uorescent product. 

To label AeLC, we introduced a double sortase recognition site, LPLTALPETA, upstream of the 
protease cleavage sites that precede the C-terminal peptide. We installed this modifi cation, 
as we empirically determined that installation of a single sortase recognition motif, either 
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LPLTA or LPETG, was insuffi  cient to yield a good substrate for sortase and failed to yield 
a labeled product. In this case, the transpeptidation reaction was incomplete: less than half 
of AeLC acquired fl uorescence (Fig. 3c).  Prolonged incubation times, diff erent reaction 
temperatures and increasing the concentration of nucleophile did not further improve the 
extent of labeling (data not shown). AeLTAMRA showed greater mobility on SDS PAGE than its 
unreacted precursor. 

Double-labeling of proaerolysin
Labeling with two diff erent probes was achieved by combining sortases with diff erent 
specifi cities, SrtAStaph and SrtAStrep, such that the product of the fi rst reaction was not 
recognized as a substrate for the second (Fig 4a). In the fi rst step, the C-terminus of NproAeLC 
was reacted with AAA.Alexa Fluor 647 by SrtAStrep, with a near-complete labeling effi  ciency. 
Th e product was purifi ed by FPLC, and used as a substrate for the second labeling reaction 
(Fig. 4b) employing SrtAStaph. Th e elution peak containing NproAeLAF647 also contained a 
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Figure 4. Double-labeling of proaerolysin. Double-labeling was achieved with a two-step approach. a) 
Schema for the dual labeling strategy of proaerolysin. b) We used immobilized SrtAStrep to install an oligoalanine 
coupled to the fl uorophore AF647 at the C-terminus of proaerolysin, followed by a gel fi ltration purifi cation step. 
Elution profi les were analyzed by SDS PAGE, fl uorescence scan and coomassie stain. c) The reaction product 
was subjected to the second round of sortagging with immobilized SrtAStaph and LPETG-coupled TAMRA 
fl uorophore for N-terminal labeling. SrtAStaph does not recognize or cleave LPXTA, hence the C-terminal label 
remains intact. A single peak is observed on the elution profi le as immobilized sortase was used for the reaction 
and removed prior to gel fi ltration. Aerolysin has a molecular weight of ~52 kDa. Additional higher molecular 
weight species are detected by fl uorescence scan.
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TAMRAproAeL AeLTAMRA
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Figure 5. Aerolysin imaging. Aerolysin variants, fl uorescently labeled with sortase, bind to the cell surface 
of HeLa cells. ells were stained, washed and fi xed at 4ºC to prevent activity of plasma membrane-associated 
proteases that cleave off  the C-terminal peptide. Images were acquired by confocal fl uorescence microscopy. a) 
Single labeled aerolysin versions. b) Double-labeled aerolysin and unlabeled aerolysin control. For comparable 
signal intensity, diff erent aerolysin concentrations were required as indicated.
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minor fraction of higher and lower molecular weight species. 
TAMRA.LPETGG was appended to the N-terminus of NproAeLAF647 in a second labeling step. 
Removal of the enzyme from the reaction was simplifi ed by the use of immobilized SrtAStaph. 
Free nucleophile was removed by size exclusion chromatography. Th e FPLC profi le yielded 
a slightly asymmetrical protein-containing peak (Fig. 4c). We monitored labeling by SDS-
PAGE, followed by fl uorescence imaging. Two prominent polypeptides were visible in both 
channels (AF647: peudo color green; TAMRA: pseudo color red), one around 50 kDa, and a 
second around 100 kDa. In addition, a third polypeptide with an apparent molecular weight 
around 150 kDa was detected in the TAMRA channel but not the AF647 channel. Image 
overlay showed co-localization of the 50 and 100 kDa species, corresponding to double-
labeled product. 

Aerolysin imaging
To check whether labeled aerolysin retained activity, we proceeded to monitor cell surface 
binding to HeLa cells. Cell preparation, incubation and the subsequent washing steps prior 
to fi xing were done at 4ºC to prevent activity of cell surface proteases that would otherwise 
activate proaerolysin. Confocal fl uorescence microscopy revealed a rim-staining pattern 
for single-labeled aerolysin (Fig. 5a). To be able to acquire images with the same image 
acquisition settings (laser intensity, exposure time, gain), 3.3 times more AeLTAMRA was added 
to cells. At 1.5 µg/mL AeLTAMRA, the fl uorescence signal could not be distinguished from the 
background with certainty (data not shown). 20 µg/mL double-labeled TAMRAproAeLAF647 was 
required for an adequate signal to noise ratio (Fig. 5b). Both fl uorophores were visible as rim 
stains, and co-localized. Shift ing the intoxicated HeLa cells to 37ºC for 10 minutes prior to 
imaging resulted in detachment of the cells indicative of toxicity of the preparation applied 
(data not shown).  

Discussion

Aerolysin is the fi rst example of a pore-forming toxin where a site-specifi c, chemoenzymatic 
labeling strategy was applied. Sortagging allows for maximal versatility when choosing the 
properties of the handles to be installed. 
Because sortase acts on the mature functional tertiary or quarternary structure of a suitably 
modifi ed protein, it greatly facilitates expression and purifi cation of a minimally modifi ed 
protein. Th is eliminates two common problems of genetic fusion proteins, aggregation and 
non-functional folding. Aerolysin is a functional protein of minimalist design: every part has 
its precise function and tolerates very little modifi cation (34). To go from soluble monomer 
via receptor binding to homo-heptameric pore formation, a dramatic conformation change 
needs to take place (17). However, even a single point mutation can lock in  a particular 
conformation (35) or impede oligomerization (9), and thus prevent function. Th is leaves only 
three sites potentially amenable to alteration: the N-terminus, C-terminus and the slightly 
more variable sequence that fl anks the protease cleavage sites preceding the C-terminal 
peptide (36). Indeed, I have shown that enzymatic modifi cation of any of these three aerolysin 
sites yields a functional product capable of intoxication. However, enzymatic modifi cation 
negatively aff ects toxicity without fully compromising its activity. Internal modifi cation of the 



62

protein has the most detrimental eff ect. Addition of a single glycine at the N-terminus has a 
similar or slightly greater eff ect compared to appending an LPXTG/A plus a hexahistidine 
(His6) purifi cation tag at the C-terminus. It is not immediately obvious from the aerolysin 
crystal structure whether the very N-terminus is critically engaged in receptor binding 
or pore-formation (37). Th ere is one published example of an aerolysin fusion protein, a 
chimera linking interleukin 2 to the N-terminus of an aerolysin variant, defi cient in its ability 
to bind to GPI-anchored proteins. It has impaired activity compared to wild type aerolysin 
(38). Genetic appendage of an affi  nity tag at the C-terminus of the C-terminal peptide 
for purifi cation purposes is standard, but its eff ect on toxicity has not been systematically 
investigated.

We present here the fi rst modifi cation of mature aerolysin at its newly generated C-terminus 
aft er cleavage of the C-terminal peptide. Even though the sortase reaction interrupts the 
polypeptide chain between domain 3 and the C-terminal peptide, the chaperone stays 
associated with aerolysin and exerts its function as an inhibitor of aggregation and premature 
pore-formation, thereby maintaining the molecule’s toxic potential. 
Th e introduction of fi ve additional amino acids in addition to the sortase recognition site 
was necessary to achieve successful sortase-mediated modifi cation. Placing the LPXTG or 
LPXTA pentapeptide in a fl exible loop generally increases fl exibility of the protein backbone 
and thus accessibility, which in certain cases is required for proper sortase action (33). We 
did not determine which of the two motifs within is tandem sequence was recognized and 
used by sortase. Th e fact that modifi cation of this site by addition of amino acids does not 
completely abrogate toxicity suggests that the new C-terminus has no critical function in 
the mature pore. Even though the fi ve amino acid extension rendered the site accessible 
to sortase, the sortagging reaction could not be driven to completion. Presumably there is 
residual steric hindrance that blocks proper sortase function. 

Th e published LD50 for aerolysin is 7 µg/kg (2). It cannot be compared to the LC50 values 
determined for KBM7 cells in this study. Bernheimer et al. injected the toxin intravenously 
into mice, which is a very diff erent model system compared to a monoclonal cell suspension. 
Diff erent cell types may have diff erent susceptibility to a toxin, depending on variables such as 
levels of expression of GPI-anchored proteins and lipid composition of the target membranes. 
Moreover, quantitative killing of target cells is unlikely to be required for in vivo lethality. 
For example, it has been demonstrated for cytolethal distending toxin from Aggregatibacter 
actinomycetemcomitans that fi broblasts are little aff ected (39), whereas lymphocytes are 
highly susceptible to it (40). For this study we chose suspension cells over adherent cells for 
shorter sample handling time and exclusion of trypsin, which both activates aerolysin and 
may cleave off  receptor proteins from the cell surface. 

Th e increased mobility on SDS PAGE of TAMRAproAeL compared to proAeLTAMRA cannot be 
easily explained by the calculated molecular weights, which are 54.7 kDa for TAMRAproAeL 
and 52.9 kDa for proAeLTAMRA. I consider it likely that the relative positioning of the 
fl uorophores, and the incomplete denaturation that ensues even when boiling proteins in 
b-mercaptoethanol and SDS-containing buff ers contributes to this anomaly. Th e nature of 
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the fl uorophore and the reaction conditions are identical, as is most of the protein, and thus 
these do not easily explain the anomaly. To assume that sortagging of, say, the N-terminus 
selectively alters the detergent binding capacity of the protein, as is observed commonly for 
membrane proteins (41), would be a bit far-fetched, although I cannot exclude this possibility. 
Alternatively TAMRAproAeL may have lost its C-terminal peptide, which has a molecular 
weight of approximately 3.7 kDa. However, unless proteases were present in the sortagging 
reaction, or proAeL could somehow activate autocatalytically, this should not have happened. 
proAeLTAMRA  was clearly unaff ected, or it would have lost its fl uorescence. 

SrtAStrep not only accepts oligoalanine, but also oligoglycine as a nucleophile. Th e N-terminal 
glycine of NproAeLTAMRA acts as a nucleophile, and can resolve a substrate-sortase thioacyl 
intermediate. Th is may result in concatenation of a fraction of aerolysin monomers, and 
would explain the 100 kDa (dimer) and 150 kDa (trimer) in the double-labeling reactions. 
However, gel fi ltration using a S75 HiLoad 16/60 column with a bed volume of 120 mL (GE 
Healthcare) resulted in a single-peak elution profi le for aerolysin. Th e most straightforward 
explanation therefore would be the formation of aerolysin dimers (and trimers) in solution. 
Such dimers could be non-covalent and still survive the conditions of denaturation in SDS 
sample buff er. We know of several examples where non-covalent oligomers survive these 
denaturing conditions, or might even be formed only in the presence of SDS. Indeed, aerolysin 
forms a dimer in solution, which contributes to the protein’s stability (42-44). Dissociation in 
the presence of SDS is dependent on detergent concentration. Van der Goot et al. reported 
that “the dimer begins to come apart at 0.0125% SDS and is nearly completely dissociated by 
0.025% detergent” (42). Th e SDS concentration in the SDS PAGE buff er used here was 0.1% 
(v/v), which should be suffi  cient to achieve denaturation. How the enzymatic modifi cation of 
AeL aff ects these properties is not known.

Sortagged aerolysin attaches to the cell surface. Installation of fl uorescent tags does not 
compromise the ability of aerolysin to bind to its receptors at the plasma membrane. Th e 
diff erent toxin amounts required qualitatively refl ect the diff erences in LC50 observed for 
the unlabeled aerolysin variants. Moreover, the immediate detachment of the adherent HeLa 
cells shortly aft er temperature shift  points to toxic activity of labeled aerolysin. However, it 
cannot be excluded that this activity has to be attributed to an unlabeled fraction of aerolysin. 
Especially in case of AeLTAMRA, the unlabeled fraction constitutes the majority aft er reaction. 
Except for proAeLTAMRA, which looses its His6 tag upon sortagging, unlabeled toxin cannot 
be separated from the labeled fraction. Affi  nity purifi cation using the installed probe would 
solve that issue. 

With the expanded aerolysin toolkit now established, a number of questions can henceforth 
be addressed. One application would be investigation of the dynamics of aerolysin pore-
assembly, which remains elusive. Th e aerolysin pore is formed by a homo-heptamer (3). 
However it is not clear if its assembly goes through intermediate stages of oligomerization, 
although this is of course a plausible scenario. Intermediate structures are hard to trap and 
can not be analyzed with X-ray crystallography (45). Förster resonance energy transfer 
(FRET) might come to the rescue, such as demonstrated for γ-hemolysin (46).
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Aerolysin binds to certain N-glycanated GPI-anchored proteins (11, 12, 47), where 
the receptor polypeptide moiety plays a crucial role as well (13). Plasma membrane 
microdomains act as concentration platform (48). Th e earliest identifi ed receptor is Th y-1 
from mouse lymphocytes (49). Others are an unidentifi ed 80 kD protein on baby hamster  
kidney cells (6), an unidentifi ed 47 kD receptor on rat erythrocytes (50) and a variant surface 
glycoprotein (VSG) of Trypanosoma brucei over-expressed in mammalian cells (11); this 
list is far from complete. Sortagging aff ords the possibility of turning aerolysin into a probe 
to survey the complete set of GPI-anchored proteins, the “GPI-ome” of a cell, for aerolysin 
binders. Since GPI-anchored proteins are mostly components of lipid raft s (51), this creates 
new opportunities to examine lipid raft s in greater detail and adds to other tools such as 
lysenin and GM1 markers such as the cholera toxin b-subunit.

Non-specifi cally fl uorescein-labeled proaerolysin (FLAER) that is oligomerization-defi cient 
is used extensively as a diagnostic to detect paroxysmal nocturnal hemoglobinurea (PNH), 
a genetic disorder where mutations in the PIG-A gene interrupt the GPI-anchor synthesis 
pathway (52, 53). Tweaking the specifi city of aerolysin would enable precise detection of 
presence or absence of specifi c GPI-anchored proteins. 

Aerolysin is an  attractive  option  as  a  toxic  warhead  for  two  reasons.  First, pore-formation 
is irreversible, leading to cell death (54). Second, the toxin does not need to enter to cell to 
exert its cytotoxic eff ect, which would be an advantage over conventional approaches such as 
diphteria-based chimeras (55). A promising strategy to specifi cally kill tumor cells is to fuse 
aerolysin, lacking GPI-binding ability (56), with a targeting  moiety  specifi c to the tumor cell. 
Th is has been done by genetic fusion with an interleukin 2/aerolysin chimera as described 
above (38), but could be done with greater ease using sortase and sortaggable aerolysin. 

α-hemolysin, another bacterial pore-forming toxin, is currently being developed as a 
sequencing device for DNA, RNA and proteins, as well as single-molecule sensing devices. 
It is conceivable that with sortagging, entire function blocks could be added to modify 
specifi city and performance of the nanopore. 

In conclusion, sortagging turns aerolysin into a functional versatile and valuable tool, which 
can be used not only to probe questions pertaining to the toxin itself, but also to expand 
its use to cell biologic, diagnostic and technical applications. Th ere is no reason that this 
strategy could not be translated to other members of the bacterial pore-forming toxin family, 
or indeed, bacterial protein toxins in general. 
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Experimental Procedures 

Cloning of sortaggable versions of proaerolysin. Th e proaerolysin template used for generating the sortaggable 
constructs was a pET22b(+) vector  (Novagen) encoding the proaerolysin sequence downstream of a pelB signal 
sequence and upstream of a 6 His-tag, (described in (32)), a kind gift  from F. G. van der Goot. Th e N-terminal and 
C-terminal sortaggable proaerolysin variants were cloned using the following primers: NproAeL (introduction of 
single glycine at N-terminus), 5’-AGCCGGCGATGGCCGGTATGGCAGAGCCCGTC-3’, 3’-GACGGGCTCTGC-
CATACCGGCCATCGCCGGCT-5’; proAeLC (introduction of LPETGG at C-terminus), 
5‘-GCGTGACCCCTGCTGCCAATCAACTACCAGAGACCGGTGGACTCGAGCACCACCACCACCACCACT-
GAGATCC-3’, 3’-GGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTCCACCGGTCTCTGGTAGTTGATTG-
GCAGCAGGGGTCACGC-5’; NproAeLC, 5’-AGCCGGCGATGGCCGGTATGGCAGAGCCCGTC-3’,  3’-GGATCT-
CAGTGGTGGTGGTGGTGGTGCTCGAGTCCACCGGTCTCTGGTAGTTGATTGGCAGCAGGGGTCAC-
GC-5’. Introduction of LPLTALPETA motive upstream of the C-terminal peptide was done in a two-step-manner: 
we fi rst originated the LPLTA motif by introducing some minor nucleotide modifi cations, followed by insertion of 
the LPETA motif using QuikChange (Agilent Technologies, according to the manufacturer’s instructions): 
5’-AGATCGGTGCTCCCCTCCCGCTCACTGCTGACAGCAAGGGTG-3’, 3’-CACCTTGCTGTCAGCAGT-
GAGCGGGAGGGGAGCACCGATCT-5’; 5’-TCCCCTCCCGCTCACTGCTCTCCCGGAGACTGCTGACAG-
CAAGGTGCGTCG-3’, 3’-CGACGCACCTTGCTGTCAGCAGTCTCCGGGAGAGCAGTGAGCGGGAGGG-
GA-5’. Constructs were sequenced for sequence confi rmation.

Expression and purifi cation of wildtype and sortaggable proaerolysin constructs. Th e various proaerolysin 
constructs were transformed into E. coli BL21(DE3)pLysS (Promega). A starter culture was grown in lysogeny broth 
(LB) medium supplemented with 200 μg/ml ampicillin (Sigma-Aldrich) and 35 μg/ml chloramphenicol (Sigma-
Aldrich) for 16h, 30ºC, until an optical density of 4 at 600 nm. Th is starter culture was diluted 50 times in new LB 
medium supplemented with ampicillin and chloramphenicol and incubated at 37ºC to an optical density of 0.5 -0.6 
at 600 nm. Proaerolysin expression was immediately induced with 1 mM isopropyl-beta-D-1-thiogalactopyranoside 
(IPTG) (Sigma-Aldrich) for 4-5h at 26ºC. Cells were harvested and resuspended in 50 mM Tris-HCl, 300 mM NaCl, 
pH 7.5, 0.5 mg/ml (w/v) polymixin B (Sigma-Aldrich) supplemented with protease cocktail inhibitors (Roche) and 
50 μg/ml phenylmethylsulfonyl fl uoride (PMSF) (Sigma-Aldrich). Th e suspension was agitated for 45 minutes at 
4ºC and centrifuged at 6000 x g, 30 min. Th e supernatant was incubated overnight with 0.25 ml bed volume per 1 
liter culture NiNTA agarose (QIAGEN) at 4ºC, rotating. Th e resin was washed with 20 column volumes of 20 mM 
HEPES, 300 mM NaCl, 10 mM imidazole, pH 7.5. Th e protein was eluted with 20 mM HEPES, 300 mM NaCl, 
150 mM imidazole, pH 7.5. Wash and elution fractions were analyzed by SDS-PAGE and Coomasie staining. Th e 
fractions were subjected to buff er exchange to 20 mM HEPES, 300 mM NaCl, pH 7.5 using a PD-10 desalting column 
(GE Healthcare). 10% (w/v) glycerol was added to the protein preparations, aliquots were snap-frozen, and stored at 
-80ºC. Th e protein concentration was determined by Bradford assay (Bio-Rad Laboratories).

Sortase expression and purifi cation. Sortase A from Staphylococcus aureus (SrtAStaph) and sortase A from 
Streptococcus pyogenes (SrtAStrep) were expressed and purifi ed as described previously (57). In brief, sortase A  
containing an N-terminal His6 tag was expressed in E. coli BL21(DE3). Cells were grown in LB containing 0.1 mg/
ml ampicillin to an optical density of 0.6 at 600 nm. Protein expression was induced with 1 mM IPTG for 3 h at 37°C. 
Cells were harvested by centrifugation, and the pellet was resuspended in 50 mM Tris-Cl, 150 mM NaCl, and 10 mM 
imidazole, pH 8.0, supplemented with protease cocktail inhibitors, then lysed a by French press and centrifuged. 
Th e cleared lysate was then applied to a Ni-NTA column previously equilibrated with the resuspension buff er. Th e 
column was washed with 20 column volumes of 50 mM Tris-Cl, 150 mM NaCl, and 10 mM imidazole, pH 8.0. 
Th e protein was eluted with 5 column volumes of 50 mM Tris-Cl, 150 mM NaCl, and 300 mM imidazole, pH 8.0. 
Sortase was concentrated and further purifi ed using an ÄKTA FPLC system using a HiLoad 16/60 Superdex 75 prep 
grade column equilibrated with 50 mM Tris-HCl, 150 mM NaCl, 10% glycerol, pH 7.5. Protein concentration was 
estimated with a Bradford assay. 

Sortase coupling to beads. SrtAStaph or SrtAStrep were immobilized on cyanogen bromide activated sepharose 
beads (Sigma-Aldrich) in a ratio of 1 g dry beads per 30 mg SortA.

Synthesis of nucleophiles. Th e GGGK peptide was synthesized manually by standard Fmoc-based solid-phase 
peptide synthesis protocols on Rink Amide resin (Novabiochem; EMD). Th e Fmoc-protected peptide was cleaved 
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from the resin by treatment with 2.5 mL of 95:3:2 TFA/TIPS/H2O (5×, 15 min each) that also removed the 
4-methyltrityl (Mtt) protecting group on the lysine residue. Th e combined cleavage solutions were concentrated, 
dissolved in methanol, and precipitated with cold diethyl ether. Coupling of the Fmoc-protected peptide to the 
amine-reactive Alexa Fluor dye was accom- plished in solution. One equivalent of Fmoc-GGGK peptide was mixed 
with 0.5 equivalents of Alexa Fluor 647 carboxylic acid, succinimidyl ester (Invitrogen), and four equivalents of N,N-
Diisopropylethylamine (Sigma-Aldrich) in anhydrous DMSO, then incubated at room temperature for 6 h. Under 
these conditions, Fmoc deprotection also occurred. Th e Alexa Fluor 647 peptide was purifi ed on a 5PE column (8 
× 250 mm, MeCN/H2O gradient mobile phase with 0.1% TFA, 3 mL/min; Waters). We were unable to observe the 
Alexa Fluor 647 peptide with a matrix- assisted laser desorption/ionization time-of-fl ight mass spectrometer, so we 
inferred the molecular weight and activity as a nucleophile by setting up a test transpeptidation reaction with sortase 
A and an LPETG-tagged GFP substrate as described previously{Popp:2007hp}, then observing the mass change 
in the transpeptidation product by electrospray ionization mass spectrometry on a liquid chromatography mass 
spectrometer (Micromass MS Technologies), an HPLC system equipped with an HTC PAL autosampler (Paradigm 
MG4; Michrom BioResources), and a Symmetry 5 mm C8 column (2.1 × 50 mm, MeCN/H2O (0.1% formic acid) 
gradient mobile phase, 150 ml/min; Waters). Th e predicted molecular weight for the Alexa Fluor 647 peptide is 
1,155.06 g/mol, obs = 1155.0 g/mol. Th e GGGK(biotin)NNSTG peptide was synthesized using standard solid phase 
peptide synthesis.

Sortase-labeling. Sortase labeling reactions were performed as described elsewhere (28-30, 57). Labeling of 
proaerolysin-LPETGG-His contained 8 μM proaerolysin, 80 μM sortase A from S. aureus, and 1 mM nucleophile 
in sortase buff er (50 mM Tris-Cl, 150 mM NaCl, and 10 mM CaCl2). Labeling reactions of G-proaerolysin-His 
contained 50 μM probe, 80 μM sortase A from S. aureus, and 3 μM G-proaerolysin-His in sortase buff er. Labeling 
of uncleaved proaerolysin-LPLPTALPETA-Ael-His was performed with 4 μM proaerolysin-LPLPTALPETA-Ael-
His, 70 μM sortase A from S. pyogenes, and 1 mM nucleophile in sortase buff er. For Labeling of proaerolysin-
LPLPTALPETA-Ael-His 1 mM proaerolysin-LPLPTALPETA-Ael-His, 70 μM sortase P, and 1 mM nucleophile in 
sortase buff er was used. Labeling of the C-terminus of G-proaerolysin-LPETGG-His (3 μM) was done overnight 
with 500 μM AAAKK-biotin and 50 μM sortase A from S. pyogenes immobilized on cyanogen bromide activated 
sepharose beads (Sigma-Aldrich) in a ratio of 1 gram dry beads with 30 mg sortase A. To remove sortase A S. 
pyogenes the samples were fi ltered through spin fi lters (QIAGEN) and centrifuged at 3000 x g for 5 min. Flow through 
(containing aerolysin and probe) was subsequently incubated with 500 μM TAMRA-LPETG and 80 μM sortase A 
from S. aureus for 4h in sortase buff er to label the N- terminus. Labeling of G-proaerolysin-LPLTALPETA-aerolysin-
His (7 μM) was performed via the same strategy, but the activation loop was labeled with AAA-TAMRA (500 μM) 
and the N-terminus with KLPRTGG-biotin (500 μM). All sortase reactions were incubated at 37ºC, incubation times 
are indicated in fi gure legends. Sortase labelling reactions were purifi ed using an ÄKTA FPLC system using a HiLoad 
16/60 Superdex 75 prep grade column equilibrated with 50 mM Tris-HCl, 150 mM NaCl, pH 7.5.

Fluorescence image scan. Fluorescence scans were obtained using a variable mode imager (Typhoon 9200; GE 
Healthcare).

Coomassie staining. Aft er analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), gels 
were incubated in Coomassie staining (0.4% (v/v) methanol, 0.1% (v/v) acetic acid, 0.05% (w/v) Coomassie Brillant 
Blue (Th ermo Scientifi c), and destained in 0.3% (v/v) ethanol and 0.1% (v/v) acetic acid at room temperature.

Cell lines. KBM7 cells mutagenized for sphingomyelin synthase 1 (SGMS1) by insertional mutagenesis, named 
SGMS1GT, were isolated during earlier studies (as described by 58, 59). Vero cells were obtained from ATCC. 
KBM7 cell lines were cultured in Iscove’s Modifi ed Dulbecco’s Media (IMDM) (Invitrogen) supplemented with 10% 
Fetal Bovine Serum (FBS). HeLa were purchased from American Type Culture Collection (ATCC) and cultured in 
(DMEM) (Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS).

Toxicity assay. 0.5 x 105 KBM7 WT cells were incubated for 1h at 37ºC with described concentration of aerolysin 
variants in a total volume of 100 µL. Cells were washed twice with cold PBS and resuspended in PBS containing 1 µg/
mL propidium iodide and analyzed with fl ow cytometry.  LC50 concentrations were set to 100%, and the 50% lethal 
dosis (LC50 )calculated in R. 0.001 was added to all concentration values avoid taking a log2 of 0. 

Flow cytometry. FACS analysis was performed on a FACSCalibur HTS (BD Biosciences) using CellQuest Pro (BD 
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Biosciences) acquisition soft ware. Data were analyzed with FlowJo (Tree Star Inc.).

Fluorescence microscopy. HeLa cells grown on coverslips were washed with ice-cold media and incubated on ice for 
30 minutes with appropriate conenctations of labeled or unlabeled aerolysin. Aft er 3 washes with ice-cold PBS, cells 
were fi xed with 4% paraformaldehyde in PBS for 20 minutes at room temperature, washed with PBS, incubated for 1 
minute in PBS containing 1µg/mL Hoechst stain, and mounted with glycerol on coverslips. All images were collected 
on a PerkinElmer Ultraview Multispectral Spinning Disk Confocal Microscope equipped with a Yokogawa CSU-
22 spinning disk confocal on a Zeiss Axiovert 200 motorized inverted microscope with Chroma 488/568/647 and 
458/515/647 triple dichroic mirrors and Prior emission fi lter wheel, Perkin Elmer laser launch with 100mW argon 
gas laser (488nm, 514nm), 100mW krypon gas laser (568nm), and 405nm, 440nm and 640nm solid state lasers with 
AOTF for laser line selection/attenuation and fi ber-optic delivery system, a Zeiss 1.4 NA oil immersion 63x objective 
lens and a Prior piezo-electric objective focusing device for maintenance of focus.Images were acquired with a 
Hamamatsu ORCA ER cooled CCD camera controlled with Volocity soft ware. Confocal images were collected using 
an exposure time of 500 ms and 1x1 binning. Brightness was adjusted on displayed images (identically for compared 
image sets) using Fiji soft ware.
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A mouse monoclonal antibody against Alexa Fluor 647

Introduction

Molecular and cellular biology would be almost unthinkable without fl uorophores and 
fl uorescence microscopy. From basic imaging to diagnostic tests, fl uorescent probes fi nd 
application in diverse molecular biology tools, and are oft en times at the core of them. 
A widely used fl uorescent dye is Alexa Fluor 647 (AF647), originally developed by Molecular 
Probes and currently owned by the Life Technologies Corporation. Its maximum absorbance 
lies at 650 nm, the maximum emission at 665 nm (red). A general advantage of dyes that 
emit towards the red end of the visible spectrum (> 600 nm) is less background fl uorescence 
compared to fl uorophores that emit at shorter wavelengths. AF647 is considered more 
photostable (1) and, as reported by the manufacturer, less self-quenching than Cy5, a 
fl uorophore with similar excitation and emission wavelengths (2). Sulfonation confers onto 
AF647 a negative charge, which makes it hydrophilic and thus well suited for applications in 
an aqueous milieu.  

Th e possible applications of a specifi c antibody against a fl uorophore are several fold. First, such 
antibodies make single-purpose molecules (fl uorescence) multi-functional (e.g., for use in 
immunoprecipitation, affi  nity purifi cation, quantifi cation by enzyme-linked immunosorbent 
assay (ELISA). A singularly modifi ed molecular species can now be interrogated with 
diff erent methods, making assays more easy to compare through elimination of experimental 
variables. In combination with enzymatic stoichiometric labeling methods such as sortagging 
(3), where fl uorophores are installed at precisely specifi ed molecular locations and can be 
combined with cross-linkers, STORM probes, glycosylation and sulfation markers or other 
functional handles, anti-fl uorophore antibodies turn dyes into veritable Proteans, multi-
faceted and immensely versatile entities. Second, a fl uorophore can be used directly as a 
platform for signal amplifi cation, allowing for increased assay sensitivity and detection of low-
abundance molecules. Th ird, and by no means least, homemade antibodies are cheaper, and 
can be produced in unlimited quantity and can be distributed without the ususal constraints 
imposed by commercial vendors. 
I describe here the generation of monoclonal mouse anti-AF647 antibodies with 
microengraving. 

Results

Generation of anti-AF647 antibody-secreting hybridoma cells
Alexa Fluor 647 (AF647) can be considered a hapten, a small molecule with the molecular weight 
of 1.3 kDa that by itself does not elicit an immune response. To increase its immunogenicity 
we conjugated AF647 to the carrier proteins, keyhole limpet hemocyanin (KLH) and bovine 
serum albumin (BSA), which are both large in size, have numerous immunogenic epitopes, 
and contain an abundance of lysine residues that allow coupling of a high number of haptens. 
Mice were chosen as responders because of conventional hybridoma technology, because 
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a wide array of anti-mouse secondary antibodies is available, and –last but not least- mice 
are comparatively easy to handle. Fig. 1a outlines the mouse immunization protocol, which 
consisted of intraperitoneal administration of the antigen with Freund’s adjuvant, followed by 
an intraperitoneal boost including Freund’s incomplete adjuvant, and a second intravenous 
boost excluding adjuvant. 

Th e serum immune response was monitored by ELISA using mouse serum collected on day 
19 aft er immunization. Both AF647-KLH and AF647-BSA stimulated immune responses to a 
similar degree (Fig. 1b). We detected antibodies against the carrier proteins but the conjugated 
carriers evoked a stronger response. Non-immunized mice showed no reactivity against 
AF647-KLH or AF647-BSA. Mice immunized with AF647-KLH did not mount an immune 
response against BSA, but produced a strong signal against AF647-BSA. Th e reciprocal 
was observed as well. As outlined in Fig. 1a, we proceeded to harvesting splenocytes of one 
mouse immunized with AF647-BSA, and fused them to immortalized Balb/c-derived NS-1 
plasmacytoma cells using standard protocols. Th e resulting hybridoma cells were cultured in 
HAT (hypoxanthine/aminopterin/thymidine)-containing medium. 

Microengraving and selective hybridoma picking
Hybridoma cells derived from NS-1/splenocyte fusions were seeded in four 
polydimethylsiloxane (PDMS) stamps as described by Love et al. (4), aiming for an average 
of 1 cell per micro-well. Each array contains 25’000 microwells, so that 4 of these stamps 
correspond to the equivalent of  ~1000 96-well plates. Th e arrays were then placed upside-
down on a glass slide coated with a mixture of capture antibodies for mouse Ig and IgG (for 
a schema, see Fig. 2a). Aft er 20 minutes of incubation at 37ºC, the stamps with micro-wells, 

Day 0 Balb/c: immunization with BSA-AF647; 
intraperitoneal (IP)

Day 12 1º boost: BSA-647; IP

Day 19 2º boost: BSA-647; IV

Day 22 Harvest splenocytes 
Fusion with NS-1 plasmacytoma cells

Day 22-32 Cell selection in HAT medium

Day 32 Proceed to microengraving and limiting dilution

a)
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blood serum 1:200

serial 2-fold dilution

Figure 1. Generation of anti-AF647 antibody-secreting hybridoma cells. Immunization of Balb/c mice with 
Alexa Fluor 647 (AF647) conjugated to carrier protein. a) Schedule for administration of the antigen, harvest of 
splenocytes from a AF647-BSA immunized mouse, generation of hybridoma cells and selection for immortalized 
clones. KLH: keyhole limpet hemocyanin, BSA: bovine serum albumin, IP: intraperitoneal, IV: intravenous, HAT: 
hypoxanthine/aminopterine/thymidine b) Monitoring of the immune response against AF647. Mouse blood 
serum was tested on day 19 after the fi rst immunization by ELISA. Non-immunized mice did not mount an 
immune response, whereas serum from mice immunized with KLH-AF647 or BSA-AF647 tested positive for 
reaction against the carrier proteins, and even more pronounced against the fl uorophore.
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which retain the cells aft er removal of the print, were immersed in medium and returned to 
the incubator for continued cell culturing. Th e glass slide was incubated with goat anti-mouse 
antibodies coupled to Alexa Fluor 532 and Alexa Fluor 647 dye, washed, and imaged with 
a GenePix 4000B microarray scanner (Molecular Devices). Images were analyzed analyzed 
using GenePix Pro 6.1 soft ware (Molecular Devices). Double-positive wells were scored. Fig. 
2b shows a section of a scanned slide. Th e absence of a signal corresponds to micro-wells that 
contain either no cells, or no cells that secrete  immunoglobulin. An AF532 single positive 

Coated glass-slide,
fluorescence scan

yellow: IgG and AF647
double-positive

green: IgG positive

cell selection post cell-picking

PDMS stamp with 
seeded hybridoma cells

cell picking 
setup

Yanti-Ig and anti-IgG
Yhybridoma-secreted Ig

AlexaFluor 647

Ygoat anti-mouse Ig 
conjugated to AlexaFluor 532

Y YY
Y
Y Y Y Y Y Y Y Y Y Y

Y Y YYY

Y Y

Y

Y

Y

YY

Y Y Y Y Y Y Y Y Y Y Y Y coated glass-slide

PDMS stamp

 hybridoma cells

number of Ig/IgG positives 14526 100% 9827 100% 46898 100% 47655 100%

number of Ig/IgG and AF647 double positives 3057 21% 4196 43% 7315 15.6% 8567 18%

number of physical picks 70 0.48% 82 0.83% 30 0.06% 20 0.04%

Number of anti-AF647 positive clones 24 0,17% 28 0.28% 8 0.017% 7 0.015%

Stamp1 Stamp2 Stamp3 Stamp4

a) b)

c)

d)

Figure 2. Microengraving and selective hybridoma picking. From microwells to cell isolation. a) Schema for 
microengraving. Cells were seeded into PDMS stamps with an average of one cell per micro-well, and allowed 
to settle. A glass-slide coated with capture antibody was fi xed tightly onto the chamber, and incubated for 20 
minutes. Immunoglobulins secreted by hybridoma clones bound to capture antibody, and were stained in a 
next step with fl uorescently labeled anti-mouse Ig and IgG antibody, as well as AF647 dye. b) The glass slide was 
scanned, and double-positive fl uorescent wells scored. A double-positive signal corresponds to a hybridoma 
clone secreting Ig/IgG that binds to  AF647. 
 Since the engraving pattern a glass-slide can be traced back precisely to the micro-well it was derived of, 
selected clones were picked from the PDMS stamps and transferred to individual wells on 96-well plates. The 
process was monitored visually. d) Cells were picked from four PDMS stamps. From a total of roughly 23’000 
double-positive cells, 202 clones were extracted from the microwells. About 33% of those picked clones were 
later tested positive for AF647 binding. Only PDMS stamp sections with good signal quality were counted to 
obtain the listed numbers. 
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signal signifi es cells that secrete immunoglobulins (Ig), but that do not bind to AF647. A 
double-positive signal for AF532 and AF647 indicates the presence of cells that secrete anti-
AF647 immunoglobulins. Th e greater the signal intensity, the higher the concentration of 
secreted (and AF647-specifi c) Ig. 

We selected double-positive cells to be picked from their corresponding micro-wells. With 
the help of 2D coordinates, each well could be precisely matched up with its signal engraved 
on the glass-slide, and located for cell extraction. Fig. 2c depicts part of the set up of the 
robotic cell selector and the cell picking process. Th e upper left  panel shows the capillary 
(inner diameter 50 μm) inserted into medium that contains a PDMS stamp (upper right 
panel: micro-wells containing hybridoma cells). Th e capillary was then positioned over a 
micro-well of choice (lower left  panel), and a volume of 1-5 µl is withdrawn, which included 
any cell present. Th e capillary content was transferred to a 96-well plate, and the picking 
process was repeated. Both extraction from the micro-well and deposition of the cells into 
another container (96-well plate) were monitored visually. At the end of the picking process, 
96-well plates were placed in the incubator for continued culturing, and the PDMS stamps 
were discarded. 
Of the four PDMS stamps scored, the number of double-positives varied between ~ 16 % 
and 43% (Fig. 2d). Th is amounts to a total number of 142’041 AF532 single-positive, or 
23’135 double-positive wells. One caveat regarding these numbers is that only qualitatively 
good sections of the micro-well arrays were scored. Towards the edges and corners of the 
stamp engravings on the glass-slides, signal was sometimes low or insuffi  ciently discrete. A 
total of 202 cells were picked with the cell selector. Of those, about 33% (or 67 cells clones) 
tested positive for secreted a-AF647 antibodies aft er a week of culturing. Some clones of the 
negatively tested population grew at a slower rate. Aft er three weeks of culture an additional 
nine wells scored positive (data not shown). 
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Figure 3. Confi rmation of a-AF647 activity 
and isotype determination. The secreted 
antibodies were characterized by enzyme-linked 
immunosorbent assay (ELISA). a) Wells of a 96-well 
plate were coated either with a mix of antibodies 
against mouse Ig and IgG, or KLH-AF647 conjugate, 
and incubated with cell culture supernatant from 
picked hybridoma clones 1 week post-picking. Of 
the depicted clones, most showed a strong signal 
for both Ig secretion and anti-AF647 activity.  
Control: medium only. b) Almost without exception, 
the isolated hybridoma clones secreted antibody of 
the IgG1 isotype, paired with a kappa light chain.
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Confi rmation of a-AF647 activity and isotype determination
Reactivity of antibodies against AF647 secreted by the hybridoma clones isolated by 
microengraving was confi rmed by ELISA (Fig. 3a). Plates were coated with either KLH-
AF647 or a mix of anti-mouse Ig/IgG. All clones secreted immunoglobulin, and all showed 
binding to AF-647. Clones 8 and 10 showed less signal for AF647 binding than the other 
clones. Since their immunoglobulin titer was comparatively lower as well, this must be  due 
mostly to decreased Ig secretion, perhaps due to a lower growth rate, rather than decreased 
affi  nity. To determine the isotype of the secreted a-AF647 Ig, ELISA plates were coated with 
antibodies specifi c for individual IgG isotypes. Th e clones analyzed were all of the IgG1 
isotype with kappa light chains (Fig. 3b). 

Purifi cation of a-AF647 antibody from serum
Clones isolated by microengraving were compared side-by side with clones obtained from 
a parallel limiting dilution approach (clones L9, L10). Both L9 and L10 tested positively for 
anti-AF647 activity (data not shown). Th e four clones derived from microengraving shown 
in Fig. 4a were each picked from a diff erent PDMS stamp. Th e heavy chain migration pattern 
(around 50 kDa) was comparable for all anti-AF647 antibodies. Th e light chains migrated 
distinctly from the standard mouse light chain, usually found at ~25 kDa as seen for the 
positive control, a hybridoma line secreting a monoclonal mouse anti-HA antibody (12CA5, 
a subclone of the H26DO8 hybridoma clone (5)), indicating clones of distinct origin. 
Th e mobility of the diff erent light chains was somewhat variable, especially when comparing 
clone 5 with clones 8, L9 and L10, indicative of molecularly distinct light chain species. Clone 
3 shows two distinct polypeptides for the light chain, one migrating slightly below 25 kDa, the 
other above that marker. No signal was observed for the supernatant of cultured, non-fused 
NS-1 cells.
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Figure 4. Purifi cation of a-AF647 antibody from serum. Patterns of a-AF647 antibodies secreted by diff erent 
hybridoma clones were compared. a) Metabolic labeling of cells with 35S followed by immunoprecipitation 
of secreted immunoglobulin with protein G beads. Eluted proteins were resolved by reducing SDS PAGE and 
visualized by autoradiography. b) Coomassie stain of protein G bead purifi ed anti-AF647 antibody from serum, 
eluted with low pH, dialyzed against PBS, and resolved by reducing SDS PAGE. Each lane contains 3 µg total 
protein.   
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Anti-AF647 antibody was isolated from cell culture supernatant on a larger scale using protein 
G beads, and eluted at low pH. Reducing SDS PAGE of the purifi ed Ig showed acceptable 
purity of the diff erent batches aft er visualization by Coomassie stain (Fig. 4b). Shown are 
four clones isolated by microengraving. Again, as apparent in Fig. 4a, mobility of the heavy 
chains seems constant between diff erent clones, whereas there is a diff erence in the migration 
patterns of the light chains. 

Use of anti-AF647-8 antibody for Western blotting
Th e remainder of the experiments was performed using anti-AF647 antibodies secreted from 
clone number 8 (a-AF647-8). Anti-AF647-8 was used to probe size exclusion chromatography 
fractions of cytolethal distending toxin B subunit sortagged with AF647 and resolved by SDS 
PAGE (Fig. 5a). Th e anti-AF647-8 antibody detects a polypeptide at ~28 kDa, the expected 
molecular weight for EcCDTBAF647, which corresponds to the signal observed by fl uorescence 
scan. Fig. 5b shows a titration series of AF647 coupled to β-2 microglobulin (β2M) with 
a molecular weight of 13 kDa, a part of the MHC I complex. β2M-AF647 was mixed with 
cell lysate to probe for background signal. Th e observed anti-AF647-8 immunoblot signal 
corresponded to that of the fl uorescence scan. An additional polypeptide at 25 kDa was 
observed at 500 ng β2M-AF647 for high concentrations of the antigen-carrier conjugate, 
probably corresponding to β2-microglobulin dimers, as β2-microglobulin has a tendency to 
dimerize (6). 
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Figure 5. Use of anti-AF647-8 antibody for Western blotting. Anti-AF647-8 antibody can be used for Western 
blot. a) Samples of gel fi ltration fractions of AF647-labeled E. coli cytolethal distending toxin (EcCDTBAF647) were 
resolved by reducing SDS PAGE, transferred to a PVDF membrane after a fl uorescence scan, and probed with 
anti-Alexa 647-8 antibody. Following incubation with an a HRP-coupled anti-mouse Ig secondary antibody, anti-
AF647-8 binding was revealed by enhanced chemiluminescence (ECL). The Western blot signal corresponds 
to AF647 fl uorescence. b) Anti-AF647-8 antibody reveals AF647 conjugated to β-2 microglobulin (β2MAF647) by 
Western blot.
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Figure 6. Cross-reactivity with other fl uorophores. Specifi city of anti-AF647 antibody was tested. a) An array 
of commercially available proteins were tested by Western blot with anti-AF647 antibody. Cross-reactivity was 
observed to Cy5 and AF660. TF: transferrin, Ova: ovalbumin, AF: Alexa Fluor, FITC: fl uorescein isothiocianate, 
PerCP: peridinin chlorophyll b) Structure formulas of AF647, Cy5 and Cy5.5. The shared “core” structure is 
highlighted in red. 

Cross-reactivity with other fl uorophores
Commercially available fl uorophores coupled to carrier proteins IgG, transferrin (TF) or 
ovalbumin (Ova) were resolved by SDS PAGE and transferred onto a PVDF membrane. 
Subsequent immunoblotting with anti-AF647-8 antibody showed that of the tested array of 
commonly used fl uorophores, anti-AF647-8 bound to two of them (Fig. 6a). Th e signals for 
Cy5 and Alexa Fluor 660 (AF660) were comparable to the signal obtained for AF647. 
Inspection of the molecular structures of AF647 and Cy5 (Fig. 6b) shows that both possess 
an identical “core”, highlighted in red. Diff erences consist of the attachment site of the linker, 
and additional positions of sulfonation. No cross-reactivity was observed with Cy5.5. While 
sharing the same core as Cy5 and AF647, Cy5.5 has an additional ring system conjugated to 
each benzene instead of the sulfonic acid groups.
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Figure 7. immuno-precipitation with anti-AF647 antibody. β-2 microglobulin (β2MAF647) was incubated with 
either anti-AF647-8 antibody or an unrelated IgG (12CA5, specifi c for the HA epitope). Incubation with anti-
AF647-8 resulted in increase of apparent molecular weight of β2MAF647, as demonstrated by size exclusion 
chromatography. AF647 fl uorescence was preserved in that population.
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Immunoprecipitation with anti-AF647-8 antibody
To learn more about the stability of the anti-AF647-8 antibody interaction with its epitope, 
β2m-AF647 was incubated with hybridoma cell culture supernatant containing either anti-
AF647-8 antibody or an IgG control (12CA5). Th e reaction mixtures were separated by size 
exclusion chromatography, and AF647 fl uorescence was measured for individual fractions 
(Fig. 7). Th e signals for β2M-AF647 only and β2M-AF647 incubated with non-binding 
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Figure 8.  Use of anti-AF647 antibody for FACS.  Surface IgM of murine splenocytes was stained with anti-
IgMAF647 antibody (control: unstained), and subsequently incubated with supernatant from either anti-AF647-8 
or 12CA5 antibody secreting hybridoma clones, or medium only. The curve of anti-IgMAF647/anti-AF647-8 
antibody treated cells is shifted to the right on the red channel, which corresponds to an increase in fl uorescence 
intensity.

antibody were virtually identical. Th e profi le for β2M-AF647 incubated with anti-AF647-8 
antibody showed an additional peak, corresponding to a higher molecular weight fraction 
and indicative of successful complex formation. 

Use of anti-AF647-8 antibody for FACS
Application of the a-AF647-8 antibody for fl uorescence-activated cell sorting (FACS) was 
tested next. Surface IgM of live mouse splenocytes was labeled with anti-IgM-AF647 antibody, 
and subsequently incubated with hybridoma supernatant containing either a-AF647-8 
antibody, an IgG control (12CA5), or cell culture medium only. Unstained splenocytes appear 
as a control population at the lower end of the red (APC) channel. AF647 labeled splenocytes 
incubated with either the control IgG or medium show roughly 2.5 orders of magnitude 
higher fl uorescence signal. IgM-AF647 plus medium-treated splenocytes also display a 
peak overlapping with the unstained population. However, no diff erence was observed for 
the maximal fl uorescence intensity between the two conditions. Splenocytes labeled with 
IgM-AF647 and incubated with a-AF647-8 antibody show an increase in fl uorescence ~3 
orders of magnitude over the unstained population.  Th e ability of the a-AF647-8 antibody to 
perform in FACS in principle allows the distinction between surface-disposed fl uorophore-
conjugated targets and their internalized counterparts, a trait that might be useful when 
tracking endocytosis of fl uorescently labeled molecules.
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Discussion

We generated an anti-AlexaFluor647-specifi c antibody that can be used in a variety of 
applications (Western Blot, immunoprecipitation, FACS), independent of the protein to 
which the fl uorophore is conjugated. Immunization of mice with AF647 coupled to a carrier 
protein, followed by hybridoma generation, and the use of microengraving to specifi cally 
isolate clones with the desired attributes has proven to be a useful strategy to generate anti-
AF647 monoclonal antibodies. 
Th e fact that non-immunized mice do not show reactivity against the fl uorophore or the 
carrier proteins shows that neither contains epitopes that mice are naturally exposed to, 
essential for the interpretation of the ELISA results. Th e serum response is stronger against 
fl uorophore-conjugated protein than against either of the carrier proteins alone, in line with 
expectations. Moreover, serum from mice exposed to, AF647-BSA showed reactivity against 
AF647-KLH, and vice versa. Th is suggests that AF647 should be considered a potent hapten 
when coupled to either BSA or KLH. 

Fusion with NS-1 cells is a critical step in the  generation of immortalized hybridomas lines 
of Ig-secreting cells. Briefl y, NS-1 cells are defi cient in the gene for hypoxanthine/guanine 
phosphoribosyltransferase (HPGRT) and thymidine kinase (TK), and are killed in the 
presence of HAT (hypoxanthine/aminopterin/thymidine) because of failure to synthesize 
DNA. Aminopterin is a potent inhibitor of the enzyme dihydrofolate reductase, required 
for the synthesis of purines and thymidylic acid from its product tetrahydrofolate (THF). 
Hypoxanthine and thymidine are intermediates of nucleotide synthesis, bypassing the need 
for THF, and provide the means to salvage the DNA synthesis pathway. Th is is possible 
only if cells are equipped with functional copies of HPGRT and TK, for example through 
genetic complementation by fusion with wild-type mouse splenocytes. Non-fused splenic 
B-cells, which are naturally resistant to HAT, eventually die because of the limited number of 
replication cycles allowed them. 

Microengraving provides a fast and precise approach to isolate large numbers of clones with 
specifi c secretion profi les (4, 7) or to study immune response at the single-cell level (8) with 
the added benefi t of being able to recover the relevant cells. Of the hybridomas analyzed by 
microengraving, about a fi ft h of immunoglobulin secreting cells also tested positive against 
AF647. In terms of picking clones from the PDMS stamps, there is a bias towards cells that 
grow fast and/or secrete a high titer of antibodies, as selection favors stronger signal. High 
secretors may not necessarily be the fastest growers, and these cells might later be lost during 
ELISA tests that are done aft er short periods of incubation. Th is partly explains why, of the 
actual clone picks, only ~33% scored positive for both Ig secretion and AF647 binding in a 
later ELISA assay, which was done a week aft er cell picking. Indeed, some of the negative-
testing clones tested positive aft er an additional two weeks of culturing. Hybridoma cells have 
many chromosome aberrations, which may show additional re-arrangements during the the 
fi rst replication cycles of the newly generated cell lines. Castillo et al. reported in 1994 that 
“mouse antibody production by murine hybridomas is typically unstable in the early stages 
aft er fusion but repeated cloning normally produces stable clones” (9). 
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IgG1 is the predominant isotype of the antibodies secreted by the selected hybridomas. 
Th is is not surprising, as IgGs are responsible for most of the classical adaptive immune 
response, elicited by immunization with carrier-coupled AF647 and because we selected for 
IgG secretion by coating the glass-slide with anti-IgG capture antibody. Th ere are four IgG 
isotypes in mouse, which diff er mainly in their Fc regions (10). IgG1 is the major serum Ig 
isotype. 

Isolation of fast versus slow growing clones illustrates that the single cells may not originate 
from a single parent clone, but are likely derived from diff erent fusion events. Alternatively, the 
diff erent growth rates could be explained by chromosomal rearrangements and aberrations 
post-fusion. An illustration provides separation and visualization of Ig light and heavy chains. 
Whereas mobility of the heavy chains from diff erent clones is similar, the apparent molecular 
weight of light chains diff ers. One clone shows an additional polypeptide running below the 
light chain. It might be the consequence of a triple fusion of two diff erent splenocytes with 
a hybridoma cell, or less likely, an unusual form of partial light chain processing. In favor 
of the fi rst hypothesis are two publications that report the same phenomenon observed in 
hybridoma cells (11, 12). Zack et al. traced their phenotype down to a double-fusion event. 
Th ere is even a report of double-heavy chain producing hybridoma cell lines (13). Expression 
of multiple light or even heavy chains is not unheard of when generating hybridomas. 
Th e diff use nature of the strong band of the heavy chain is due to glycosylation, a common 
modifi cation of IgGs except in various disease-related circumstances (14). 

Our a-AF647-8 antibody works very well in immunoblot with minimal background signal. 
a-AF647-8 recognizes its epitope seemingly equally well, regardless of the protein to which 
AF647 is conjugated. It therefore seems to be context-independent for use in immunoblot.

Th e explanation for cross-reactivity of anti-AF647-8 antibody with Cy5 must lie in the related 
structures of the two fl uorophores. AF647 was developed on the backbone of Cy5. Some anti-
Cy5 antibodies are therefore likely to recognize AF647 in turn. Th e composition of AF647 was 
kept secret until very recently (2012). At the time we generated the anti-AF647 antibodies, 
details of the fl uorophore’s structure could only be guessed at. Th e structure of AF660 has not 
been made public to date. Anti-AF647-8 antibody fails to bind to Cy5.5. While Cy5.5 shares 
the same core with Cy5 and AF647, it has an additional sulfonated ring system conjugated 
to each benzene instead of the sulfonic acid groups, which give it a dramatically diff erent 
structure. Taken together, this suggests that the substituted benzene in Cy5 and AF647 might 
be part of the epitope recognized by anti-AF647 antibody. 

a-AF647-8 antibody binds its cognate antigen in solution. Th e shift  in apparent molecular 
weight of β2M-AF647 observed by gel fi ltration aft er incubation with a-AF647-8 is explained 
by complex formation with the antibody. Th e complex is suffi  ciently stable to persist in size 
exclusion chromatography (FPLC). Th is suggests that a-AF647-8 may also be suitable for use 
in immunoprecipitation (IP). Th e antibody has indeed been used for that purpose (Melanie 
Brinkmann, pers. comm.). 



Chapter 5 | A mouse monoclonal antibody against Alexa Fluor 647

83

Murine splenocytes surface-labeled with AF647 shift s toward higher fl uorescence intensity 
when incubated with a-AF647-8 antibody. While many anti-fl uorophore antibodies quench 
fl uorescence (15, 16), an increase in fl uorescence intensity by anti-fl uorophore antibody 
binding is not unheard of. For example, the anti-dansyl antibody A-6398 (Molecular Probes, 
now Life Technologies) enhances the fl uorescence of the fl uorophore to which it binds (17).
I conclude that the a-AF647-8 antibody described here is specifi c for its antigen, and is suitable 
for application in a variety of biochemical techniques. Th e a-AF647-8 antibody remains to 
be tested for use in other applications, such as immunohistochemistry or correlative light 
electron microscopy (CLEM). With CLEM, the same sample is fi rst viewed by fl uorescence 
microscopy and then by immuno-electron microscopy (immunoEM). Another fl uorophore, 
AlexaFluor488, is already successfully being used (18) for this purpose. Th e a-AF647-8 
antibody thus expands the range of possible applications of AF647.
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Experimental Procedures

Conjugation of Alexa Fluor 647 to carrier proteins. Alexa Fluor 647 (AF647) succiminidyl ester (Invitrogen) was 
covalently conjugated to bovine serum albumin (BSA) or KLH (Keyhole limpet hemocyanin) (Pierce) following the 
manufacturer’s instructions.

Mouse immunization. Experiments were performed in accordance with institutional, state, and federal guidelines. 
Female 3 months old Balb/c mice were immunized intraperitoneally with 75 µg conjugate emulsifi ed in complete 
Freud’s adjuvant (day 0), followed by an intraperitoneal boost with 50 µg conjugated protein emulsifi ed in Freud’s 
adjuvant (day 12), and a second intravenous boost with 50 µg conjugated protein in phosphate-buff ered saline (PBS) 
(day 19). Blood serum sample was taken (tail vein) for a direct ELISA assay (day 19).

Lymphocyte harvest and hybridoma cell generation. Splenic lymphocytes were harvested (day 22) and fused to 
plasmacytoma cells (P3/NSI/1 Ag4 1 [NS 1], ATCC TIB 18) as described (19). 

HAT selection. Th e resulting hybridoma cells were grown until day 32 in HAT selection medium (Dulbecco’s 
Modifi ed Eagle’s Medium (DMEM) with 20% v/v inactivated fetal calf serum (IFS), 20mM HEPES, 1 mM sodium 
pyruvate, 0.1mM non-essential amino acids (Gibco), 50µM 2-mercaptoethanol, 10% v/v HCF (hybridoma cloning 
factor) (BioVens), hypoxanthine/aminopterin/thymidine (HAT) (Sigma Aldrich) according to the manufacturer’s 
instructions) at 37ºC (5% CO2). 

Cell culture. 12CA5 cells (a subclone of the H26DO8 hybridoma clone (6)) were maintained in Dulbecco’s Modifi ed 
Eagle’s Medium (DMEM), 10% fetal bovine serum (FBS), 2mM L- glutamine, 1mM sodium pyruvate, non-essential 
amino acids (Gibco). Cells were cultered at 37ºC, 5% CO2. 

Direct ELISA. Wells of 96-well microtiter plates were coated over night at room temperature with AF647 conjugated 
to carrier protein (BSA or KLH) or polyclonal rabbit anti-Ig and anti-IgG in 0.1 M phosphate buff er, pH = 9.2 (1 
µg/ml; 50 µl per well). Wells were washed 2x with PBST (PBS, 0.05% v/v Tween 20). Serum was diluted 1:200 in 
binding buff er (PBS, 0.5% calf serum, 0.05% Tween 20), subsequently diluted in 1:2 dilution series, and incubated 
1h at 4ºC. Unbound antibody was removed by washing 3x with PBST. Bound antibody was detected aft er addition of 
horseradish-peroxidase-coupled (HRP) goat anti-mouse antibody (BD Biosciences) diluted 1:3000 in binding buff er, 
and HRP substrate 3,3’5,5’-Tetramethylbenzidine (Sigma). Th e reaction was stopped by addition of 0.5 M H2SO4. 
Assays were visually inspected, absorbance was measured at 450nm. 

Isotyping by sandwich ELISA. Hybridoma-secreted antibodies were captured with rabbit anti-Ig. HRP-coupled 
isotype-specifi c antibodies (BD Biosciences) were used as secondary antibodies. 

Microengraving. Anti-AF647 antibody secreting clones were detected and isolated by microengraving as described 
(4). Details follow. 

Micro-Well array fabrication. Micro-Well arrays were fabricated in PDMS (Sylgard 184, Dow Corning) using 
photolithography and replica molding. PDMS was cast onto a master, cured for 2 h at 60ºC and peeled away. Th e 
PDMS was allowed to swell in hexanes for 24 h, de-swell in acetone for 24 h and then dry in an oven at 130ºC for 24 
h. Th e resulting stamps contained arrays of 50 µm diameter wells. Th e micro-well arrays were treated with oxygen 
plasma (PDC-32G, Harrick) for 20 s; this process sterilizes the array and increases hydrophilicity. Th e plasma-treated 
device was immersed in a solution of 1% w/v BSA (0.01% sodium azide) for 1 h at 25ºC and then rinsed with sterile 
PBS (Gibco).

Glass slide preparation. Glass slides cat. ID SME2 (Arrayit) were used. A solution of capture antibody (20 µg/ml 
goat anti-mouse Ig and anti- mouse IgG (BD Biosciences) in borate buff er (50 mM borate, pH = 9.0, 80 mM Sucrose, 
50 mM NaCl) was deposited on the surface of a slide under a coverslip (Lift erSlip, Erie Scientifi c Company) and 
incubated overnight at 4ºC. Aft er incubation, the slides were immersed in blocking buff er (PBS, 0.01% w/v NaN3, 
1% w/v BSA) for 30 min at room temperature, and stored overnight at 4ºC. Th e slides were rinsed in PBST, PBS and 
then deionized water. Th ey were spun dry for 5 min at 100xg immediately before being sealed against the micro-well 
arrays.
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Loading arrays of micro-wells. A suspension of cells was diluted to 1x10^5 cells/ml in serum-containing media and 
0.5–1 ml was pipetted onto the surface of the micro-well array. Th e cells were allowed to settle for 3 min. Excess cell 
suspension was eliminated by vacuum aspiration at one edge of the array while tilting the array. Th e percentage of 
wells fi lled and the average number of cells per well were determined by counting the number of cells in randomly 
determined viewing fi elds with a 10x lens and averaging data collected from multiple micro-well arrays.

Engraving microarrays using loaded micro-wells. An array of micro-wells fi lled with cells was placed well-side 
down on the surface of a treated, dry glass slide. Th e combination of the array and glass slide was sandwiched together 
in a hybridization chamber (DT-1001, Die-Tech); the screws used to clamp the chamber together were tightened just 
until fi nger-tight. Th e entire assembly was incubated at 37ºC for 20 min. Aft er incubation, the treated glass slide was 
removed from the surface of the micro-well array and immediately immersed in blocking buff er (1% BSA, 0.05% 
Tween 20, PBS), then incubated on a rocker for 1 h at 25ºC. Aft er placing the glass slide in blocking buff er, the micro-
well array was quickly immersed in a bath of pre-warmed medium before medium contained in the micro-wells 
completely evaporated and further incubated in selection medium for 2 days at 37ºC (0.5% CO2).
Interrogation of the microarray. Aft er blocking, glass slides were rinsed with PBST, PBS and then deionized water for 
5 min each; the slides were spun dry for 5 min at 100xg. A solution of goat anti-mouse secondary antibody (Alexa 
Fluor 532, Invitrogen) and fl uorescent antigen (10 μg/ml KLH-Alexa Fluor 647 conjugate in array deposition buff er 
(PBS, 0.1% BSA, 0.05% Tween 20, 0.05% NaN3) was deposited on the surface of a slide under a coverslip (Lift erSlip) 
and incubated in the dark for 1 h at 25°C. Aft er antigen exposure, block glass slides in blocking buff er 30min, room 
temperature on rotating shaker. Th e slides were rinsed with PBST, and PBS 2x, and spun dry for 5 min at 100xg. Th e 
slides were imaged with a GenePix 4000B microarray scanner (Molecular Devices) using 532 and 635 nm lasers and 
factory-installed emission fi lters. Th e lasers were used at 100% power and the PMT gain was set between 600 and 
900 to maximize the dynamic range of the detector without saturation. Images of the microarrays were analyzed 
using GenePix Pro 6.1 (Molecular Devices). Double positive wells were scored. Color ratio images were generated 
in GenePix and saved in the red and green channels of a 24-bit TIFF fi le. Background intensities were subtracted 
using median values measured in regions between individual spots of the array. Th e signal-to-noise ratio for a given 
positive spot in the array to negative (or background) spots within the same subarray was calculated by dividing the 
sum of the median intensity values from each channel for a given spot by the average sum of median intensity values 
for the negative spots determined from at least 20 negative spots. Th e mean values reported are the average of at least 
128 positive spots from more than 12 subarrays.

Microscopy and micromanipulation. Double-positive cells were picked from their PDMS stamp wells. Phase 
contrast images were acquired using Metamorph soft ware (v6.3r3, Molecular Devices) and an inverted microscope 
(Nikon Eclipse TE2000-E) equipped with a Hamamatsu ORCA AG camera. Cells were retrieved from microwells 
using an automated system for micromanipulation (CellCelector, AVISO GmbH). To withdraw the contents of a well, 
the array of micro-wells was positioned on the microscope under a layer of medium, and a capillary with an outer 
diameter of 100 mm (inner diameter 50 mm) was positioned directly over the top of an appropriate well. A small 
volume (1–5 µl) was withdrawn with the affi  xed syringe until the cells were removed from the well successfully. Th e 
tip was then transferred into a well of a 96-well plate containing 200 μl medium (10% hybridoma cloning factor) and 
the cell(s) expelled into the volume. Both extraction from the micro-well and deposition of the cells into another 
container (96-well plate) were monitored visually to ensure the transfer of the cells into and out of the tip.

Limiting Dilution. Hybridoma cells were diluted to an average of 10 cells per well, and antibody secretion, antigen 
specifi city tested by ELISA. Positive wells were reseeded in 96-well plates, 1 cell per well.

Antibody purifi cation from serum. Secreted anti-AF647 antibodies were affi  nity purifi ed from hybridoma culture 
medium. Aft er centrifugation, 10’000xg, 30’ at 4ºC, cell culture supernatant was diluted 1:1 with 100 mM sodium 
acetate, pH = 5.0 and applied to protein G column, washed with 3 column volumes sodium acetate. Bound protein 
was eluted with Glycine-HCl, pH = 2.8 into neutralization buff er (250 mM Tris, pH = 9.0). Elution fractions were 
pooled and dialyzed against PBS ON at 4ºC. Protein concentration was determined with a Bradford assay. 

Metabolic labeling, immunoprecipitation. 3x106 cells per sample were starved for 30 min in 1 ml methionine/
cysteine-free Dulbecco’s Modifi ed Eagle’s Medium at 37°C prior to labeling. Cells were labeled for 10 min at 37°C 
with 10 mCi/ml [35S] methionine/cysteine (expressed protein mix; PerkinElmer Life Sciences) to each sample. Aft er 
resuspension in 1 ml pre-warmed “cold” culture medium, cells were incubated 5.5 h at at 37ºC. Immunoprecipitation 
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with protein G beads was performed from cell medium supernatant for 3 h at 4°C with gentle agitation. Samples were 
eluted by boiling in reducing sample buff er, subjected to reducing SDS-PAGE, and visualized by autoradiography 
using DMSO-PPO and exposure to XAR-5 fi lms (Kodak).

Sortase-labeling. Sortase labeling reactions were performed as described elsewhere (20, 21). Briefl y, E. coli Cytolethal 
Distending Toxin subunit B was equipped with a C-terminal LPETG motif, and purifi ed protein conjugated to GGG-
Alexa Fluor 647 via sortase-mediated transpeptidation. 

Western Blot. Proteins resolved by SDS PAGE were semi-dry blotted on polyvinylidene difl uoride (PVDF) 
membranes (Bio-Rad) for 1.5h, 1.2 mA/cm2. Aft er blocking PVDF membranes with PBS, 0.1% Tween 20, 5% bovine 
serum albumin (BSA) (Sigma-Aldrich), membranes were incubated for 1 hour at 37ºC or over night at 4ºC with 
serum or purifi ed a-AF647 antibody in PBS, 0.1% Tween 20, 2.5% BSA followed by 1 hour incubation at 37ºC, 
with HRP-conjugated goat anti-mouse Ig secondary antibodies (BD Biosciences) in PBS, 0.1% Tween 20, 2.5% BSA. 
Bound antibody was visualized by chemoluminescence using Western Lightning ECL detection kit (Perkin Elmer 
Life Sciences) and exposure to XAR-5 fi lms (Kodak).

Coomassie staining. Proteins resolved by SDS PAGE were visualized by Coomassie stain. Incubation 2-4 hours in 
50 ml Coomassie staining solution (1.25 g Brilliant Blue R, methanol (200 ml), water (250 ml), acetic acid (50 ml)). 
Destaining 2-24 h in destaining solution (water, ethanol and acetic acid in a ratio of 6:3:1). 

Fluorescence imaging. Fluorescence scans were obtained using a variable mode imager (Typhoon 9200; GE 
Healthcare).
Cross-reactivity assay. 4 ng each of commercially available fl uorophores coupled to diff erent carrier proteins (BD 
Biosciences, Invitrogen, Molecular Probes) were resolved by SDS PAGE, and analyzed by Western blot with anti-
AF647 antibody. 

Molecular weight shift  assay. 4 µg beta-2 microglobulin (β2M)-AF647 were incubated with 40 µl cell culture 
supernatant from a-AF647 secreting hybridoma cells or culture supernatant from control cells (12CA5 cells) at 4ºC, 
1h. Gel fi ltration fractions of V = 0.5 ml were collected, 100 µl thereof aliquoted into a 96-well plate and emission at 
670 nm (excitation 630 nm) measured with a Spectramax plate reader (Molecular Devices). 

Gel fi ltration. Protein mixtures were resolved using an ÄKTA FPLC system using a Superdex 6 column (GE 
Healthcare) equilibrated with PBS, pH 7.5. 

FACS. Surface-bound IgM of murine splenocytes was stained with 1 µg/ml anti-IgM coupled to AF647, or left  
unstained for 30 minutes at 4ºC. Aft er washing, and a second incubation with with hybridoma culture supernatant 
of either anti-AF647 or anti-HA secreting hybridoma (12CA5), or medium only for 30 minutes at 4ºC, cells were 
washed with media and analyzed by fl ow cytometry on a FACSCalibur HTS (BD Biosciences) with CellQuest Pro 
(BD Biosciences). Data were analyzed with FlowJo (Tree Star Inc.). 
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General Discussion

In this thesis, I have investigated how cytolethal distending toxin (CDT) intoxicates human 
cells, and have uncovered the fi rst cellular proteins essential for CDT intoxication. Not 
only has this added to the understanding of CDT biology, it has helped place proteins of 
previously unknown function such as TMEM181 in a cell-biological context. In addition, 
I have expanded the bacterial protein toolkit by demonstrating that bacterial toxins such as 
CDT and the pore-forming toxin aerolysin can be modifi ed site-specifi cally without major 
loss of activity by sortase-mediated transpeptidation. Th is approach will facilitate their use 
in studies of toxin biology and as a tool to further investigate molecular aspects of cellular 
physiology. As an adjunct to these tools, we have generated mouse monoclonal antibodies 
against the fl uorophore Alexa Fluor 647. 

A more complex picture
Bacterial protein toxins have long been viewed as either simple membrane perforators in the 
case of pore-forming toxins, or as compact and self-suffi  cient nano-machines that effi  ciently 
combine receptor recognition, cell internalization, traffi  cking, translocation, unfolding, re-
folding and catalysis in a single unit (1). Recently however, a much more complex picture 
has started to emerge. Bacterial protein toxins interact with host proteins and exploit them 
for their own nefarious ends in surprisingly diverse and ingenious manner. To gain entry 
into the host, cytolethal distending toxins rely on a multitude of structurally and functionally 
entirely disparate human cellular proteins, as shown in chapter 2 and appendix 1. Despite 
their common origin and conserved function, CDTs from diff erent bacteria have evolved to 
hijack diff erent sets of proteins to achieve the same end. 

While signifi cant progress is being made, we still lack a complete catalog of bacterial protein 
toxins. As we discover new microbial species, sequence the genomes of known pathogens 
and analyze their proteomes, we are adding to the catalog of bacterial toxins and eff ectors 
on an ongoing basis. Among the most exciting more recent discoveries are the MARTX 
(multifunctional-autoprocessing RTX) toxins. Secreted by at least 14 diff erent species of gram-
negative bacteria, they carry up to fi ve diff erent eff ector functions in a single polypeptide. 
Intracellularly, the holotoxin is dissected into its functional domains by an embedded cysteine 
protease, which is also carried along as part of the holotoxin. Th e cysteine protease domain 
(CDP) is activated for autoprocessing by binding to inositol hexakisphosphate (InsP6), 
a molecule ubiquitously present in mammalian cells (for a comprehensive review see (2)). 
Discoveries of new protein toxins add crucial pieces to the complex jigsaw puzzle that is the 
cellular metabolic network. To paraphrase Chaddock: investigation of the basic science of 
toxins continues to be foundation of any future applications (3). Th e principles applied to 
bacterial protein toxin research and engineering should also be easily transferable to protein 
toxins from other species, such as plants, reptiles and cnidaria.

Partners and sidekicks
To place the work on CDTs in a somewhat broader perspective, let me review a few of the other 
developments in the bacterial toxin fi eld. A given toxin is rarely the only noxious substance 
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produced by a microorganism. Usually it is part of a complex set of virulence factors, each of 
which may infl uence the other’s activity (4). Most bacteria secrete multiple virulence factors 
concurrently. Among the more extreme cases are Salmonella species, which introduce around 
60 diff erent eff ectors into the human target cell, mostly to modify host defense mechanisms 
(5). Multiple eff ectors allow for a fi ne-tuned and coordinated modulation of host cell pathways, 
with some of the eff ectors enhancing or inhibiting the activities of others (6). 
Gu et al. found that Clostridium botulinum neurotoxin toxin A1 (BoNT/A1) is tightly 
interlocked with the clostridial nontoxic nonhemagglutinin (NTNHA) protein. As part of 
the progenitor toxin complex, it protects the functional BoNT/A1 from proteolysis in the 
harsh conditions of the acidic gastrointestinal environment and reduces the lethal dose of 
complexed BoNT/A1 10- to 20- fold compared to its free form (7). 
Another example is the cytopathic eff ect modulator Clostridium diffi  cile Srl toxin. On its own, 
Srl does not display detectable cytotoxicity. But as an associated virulence factor, it triggers 
formation of actin aggregates in the cell and enhances cytotoxicity of either or both C. diffi  cile  
TcdA and TcdB toxin (8).

Moonlighting
Th e old paradigm that a toxin displays exactly one specifi c enzymatic activity is rapidly 
becoming an outdated concept. Moonlighting (9), the notion that one peptide combines 
diff erent enzymatic actions and applies them to diff erent targets, sometimes dependent 
on molecular context and environment, should now be accepted as a rule rather than the 
exception. Clostridium perfringens α-toxin was considered to cleave phosphatidylcholine and 
display sphingomyelinase as well, but it in fact degrades a far wider variety of phosholipids. 
Pseudomonas aeruginosa produces plcH, a multifunctional toxin that combines phosholipase 
C, sphingomyelinase  and sphingomyelin synthase activity (10). 
Shiga toxin A (STxA) (Shigella dysenteriae) subunits are ribosome-inactivating proteins that 
remove  a single adenine residue within the 28S ribosomal RNA of the large 60S ribosome 
subunit. In addition, STx alters gene expression at concentrations that minimally aff ect 
protein translation and mediates enhanced association of chemokine receptor mRNA with 
ribosomes (11). Th e subunit responsible for these eff ects, as well as the precise molecular 
mechanisms that underlie them remain to be determined. STx also induces several branches 
of the unfolded protein response (UPR) in mammalian cells (reviewed by (12)). Th e UPR is 
generally considered a cytoprotective mechanism, but if not properly regulated, the UPR may 
lead to apoptosis as well. How exactly STx exploits the UPR remains to be established. Finally, 
depending on the cell type, Shiga toxins induce apoptosis through diff erent mechanisms 
(reviewed in (13)). However, STx can also activate cell survival pathways, primarily through 
mechanisms involving the pro-survival Bcl-2 proteins. At this point it is not clear which of 
pro-apoptotic versus pro-survival signals are the decisive factors resulting in either cell death 
or survival following intoxication with Shiga toxins (14).
Helicobacter pylori’s CagA has 20 reported cellular binding partners, the highest number 
discovered for a microbial virulence-associated eff ector protein. CagA has been compared 
to a ‘master key’ that evolved the ability to highjack multiple host cell signaling cascades, 
resulting in the induction of membrane dynamics, actin-cytoskeletal rearrangements and 
the disruption of cell-to-cell junctions as well as proliferative, pro-infl ammatory and anti-
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apoptotic nuclear responses. It is not clear to date if and how these pathways might be 
interconnected (15).
Th e B subunit of the AB2 type toxin cytolethal distending toxin (CDT) is widely accepted as 
being a DNAse (16, 17). However, the toxin has also been shown to be a phosphatidylinositol-
3,4,5-triphosphatase (18). Homology modeling of the enzyme, which belongs to the DNAseI 
superfamily, predicts sphingomyelinase activity in addition. Usually, bacterial protein toxins 
have a rather effi  cient architecture. It is unclear why CDT would need two subunits responsible 
exclusively for receptor binding. It is conceivable that CDTA and CDTC have additional 
functions within the cell. An important question is, at what point CDTA and CDTC separate 
from the CDTB subunit, and what their fate is. Th e development of EcCDT into an enhanced 
tool by sortagging described in chapter 3, which works equally well for CjCDT and HdCDT, 
properly positions it to begin to address these questions. 

Poring over molecular eff ects of PFTs
Pore-forming toxins (PFTs) have come a long way from being considered simple trans-
membrane ion channels. Although not addressed in this thesis, several of the pore forming 
toxins, including streptolysin O (SLO) (Streptococcus spp) and perfringolysin O (PFO) 
(Clostridium perfringens) have shown promise as tools to achieve selective permeabilization 
of the mammalian plasma membrane in a manner less disruptive than the use of far less 
selective agents such as the detergent digitonin (19, 20). Th eir eff ects on intoxicated cells 
are quite radical. Aerolysin, Staphylococcus aureus α-hemolysin (α-HL), β-hemolysin and 
γ-hemolysin, and Streptococcus pneumoniae pneumolysin (PLY) promote infl ammation 
by inducing secretion of cytokines as a consequence of infl ammasome component NLRP3 
activation (21-23). In addition, α-HL specifi cally upregulates the metalloprotease activity 
of the zinc-dependent metalloprotease ADAM10 in alveolar epithelial cells. Th is results 
in cleavage of the adherens junction protein E-cadherin -and as a consequence thereof- 
disruption of epithelial barrier function, which contributes to the pathogenesis of lethal acute 
lung injury (24). Listeria monocytogenes listeriolysin O (LLO) causes chromatin modifi cation 
through dephosphorylation of histone H3, causing changes in transcription of host genes 
(25). Bacillus cereus hemolysin II (HlyII) induces caspase 3 and caspase 8-mediated apoptosis 
via interaction with the death receptor pathway (26).
Stable insertion of pore forming-toxins can provoke degradation of a specifi c subset of host 
proteins. α-HL triggers proteolysis of the cytoskeletal scaff olding protein paxillin, as well as 
components of the pro-infl ammatory NF-κB signaling cascade (27). Th is eff ect seems to be 
specifi c to α-HL rather than a general eff ect of pore-forming toxins, as both a-toxin from 
Staphylococcus aureus and aerolysin fail to trigger paxillin proteolysis (28).

A game of evolutionary chess
In fact, we are only beginning to discover how bacterial toxins and eff ectors interact with 
human cells. How the host organism reacts, and in turn infl uences the production of bacterial 
noxious agents are aspects that are fi nally coming to light. Bacterial toxins aff ect all aspects of 
Rho GTPase cycling (29), including mimicry of GAP-like activity and GTP hydrolysis, which 
results in a change of downstream signaling pathways (30).
A number of toxins specifi cally target precise functions of the GPCR-coupled receptor 
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signaling through direct modifi cation by ADP-ribosylation of the heterotrimeric G proteins. 
As mentioned previously, pertussis toxin was the fi rst routinely used toxin to probe G protein 
signaling (31).
Bacterial protein toxin secretion can be dependent on host-derived signals such as hormones. 
For example, Salmonella species sense neuroendocrine hormones and regulate expression of 
virulence factors accordingly. As a consequence of induced up-regulation of a small RNA and 
a small RNA chaperone protein, S. typhi sheds more hemolysin E in response to increased 
epinephrine and norephinephrine concentrations (32). 
Th e catalytic activity of E. coli heat-labile enterotoxin (LT) causes an increase in intracellular 
and secreted cAMP levels. cAMP in turn promotes the LT-dependent adherence of the 
bacteria to epithelial cells, and causes down regulation of LT production via bacterial cAMP 
receptor protein (CRP) signaling. On the other hand, high blood glucose concentration 
stimulates LT secretion (33).
Microorganisms have evolved production of both ubiquitin ligases and deubiquitylases to 
modulate host response and maintain virulence factor presence (reviewed by (34) and (35)). 
An interesting case is LLO secreted by Listeria spp, which invade macrophages and replicate 
inside the cytoplasm and secrete the toxin early during infection to escape the phagosome. 
Intracellular LLO is ubiquitylated and degraded by the proteasome. Expressed LLO that lacks 
a ubiquitylation site lyses invaded cells and the bacteria loose their replicative niche (36).
Cif (Pseudomonas aeruginosa) is the fi rst example of a bacterial protein toxin that regulates 
the activity of a host de-ubiquitinating enzyme (DUB). Cif stabilizes the inhibitory eff ect 
of Ras-GAP SH3 domain binding protein-1 (G3BP1) on USP1, thereby reducing USP10-
mediated deubiquitination of cystic fi brosis transmembrane conductance regulator (CFTR) 
and increasing its lysosomal degradation. Th e result is reduced CFTR-mediated chloride 
secretion resulting in decreased mucociliary clearance (37).
Not much is known about how host cells defend themselves against bacterial protein toxin 
attack. Toxins themselves in some cases are recognized as pathogen associated molecular 
patterns (PAMPS) and activate the innate immune system (38), but the primary line of host 
defense seems to be targeted against the organisms which produce the toxic load. It has been 
shown that cell sequester SLO, into blebs that bud passively from the plasma membrane (39). 
Using C. elegans as a model, and Cry5b and Cry21a (E. coli), as wells as  VCC (V. cholerae) as 
PFT examples, Los et al. have shown that intact epithelium intestinal cells respond to PFTs 
by sequestering the toxic proteins into microvilli, which are then expelled from the apical 
cell surface with a RAB-11 dependent mechanism. Alternatively or in addition, pores are 
taken up by Rab-5 controlled endocytosis, and potentially transported to lysosomes (40). Th e 
labeled aerolysin versions described in chapter 4 would be useful to investigate the fate of  
PFT in the cell membrane further. 

A source of stress
Shiga toxins activate multiple stress-associated signaling pathways in mammalian cells. 
Upon cleavage in the ER of its A1 subunit at a furin site and aft er disulfi de bond reduction, 
a conformational change likely ensues that simulates a misfolded protein.  Th e toxin then 
engages the misfolded protein transport machinery (also referred to as the ERAD pathway) to 
escape to the cytosol. Th e A1 fragment acts as a N-glycosidase and removes a single adenine 
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residue from the 28S rRNA of eukaryotic ribosomes. Th e cleaved rRNA forms a new loop, 
which allows association of serine/threonine phosphatases to the site and blocks association 
with elongation factors and results in protein synthesis inhibition. Th is activation of unfolded 
protein response (UPR) signaling leads to activation of Bcl2, a pro-apoptotic protein that 
is a master regulator of apoptosis (reviewed in (12)). Moreover, a ribotoxic stress response 
regulates cytokine/chemokine expression at the transcriptional level through the activation 
of transcription factors such as NF-kB, AP-1 and Egr-1 (41-43). Shiga-like toxins produced 
by certain strains of E. coli act identically (13).

Pirating cellular protein traffi  cking pathways
Th e study of endocytic pathways started with observations using bacterial toxins (44, 45). 
One of the current challenges in the fi eld of cell biology remains the analysis of intracellular 
protein traffi  cking pathways, now known to be far more complex and interconnected than 
previously envisioned. We have seen many revisions of the rules of rigorous partitioning 
between secretory and endocytic pathways, or the linear progression from ER to Golgi and 
then cell surface, or of similar routes in reverse. Bacterial proteins, many of which enter the 
cell by retrograde transport, are ideally placed to shed light on these issues. Earlier work with 
Shiga toxin has pointed out that there might be more than one distinct retrograde pathway 
(46, 47).
Salmonella exploits the host cellular machinery to deliver some of its eff ector proteins to their 
precise target locations. A specifi c subset of host-cell palmitoyltransferases S-palmitoylates 
two Salmonella eff ector proteins and enables their localization to specifi c domains in the 
plasma membrane, a location critical to exert their proper function (48).
Toxins that must escape from the ER to reach their cytoplasmic targets must pass through 
transmembrane pores in a fully or partially unfolded state. Th e extent to which proteins can 
traverse the ER in a folded state remains a highly contentious issue, as exemplifi ed also by the 
debate that surrounds the entry of the nucleocapsids of viruses such as SV40 and polyoma. 
Th ese viruses rely on ER quality control machinery to deliver their genomes from the lumen 
of the ER to the cytoplasm and then the nucleus of the target host cell. No channels or pores 
of a size that could accommodate these large structures have been convincingly identifi ed. 
Th e same issues plague the analysis of bacterial toxins that must escape from the ER. If 
translocation occurs in a mostly unfolded state, the polypeptide chain would have to refold 
in the cytosol to its functional confi rmation. It is remarkable that the X-ray structures of 
AB5 and AB2 toxins show beautifully compact and folded structures, only to have to invoke 
unfolding and refolding of their catalytic subunits to explain intoxication. Th e succession 
of these unfolding and refolding steps more oft en than not require the use, or the help of, 
endogenous host proteins naturally involved in protein folding, retro-translocation and 
protein degradation. Various ER resident chaperones such as PDI, ERp72, GRP78 and GRP94 
have been shown to interact with CTxA1 and may contribute to diff erent states of folding that 
can be monitored by sensitivity to trypsin (49-51). Alternatively, CTxA1 is thermally unstable 
at 37ºC aft er the release from the holotoxin, and thus mimics an unfolded protein, which 
allows it to engage the resident folding and export machinery (52). Lacking lysine residues, 
following ER export CtxA1 cannot be tagged effi  ciently (except at its very N-terminus) with 
ubiquitin for degradation and thus escapes targeting to the proteasome (53). For HdCDT, 
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the hypothesis that the toxin dislocates from the ER via a Sec61-mediated pathway did not 
hold up (54). Sortaggable CDT versions described in chapter 3 might should be ideal tools to 
begin to probe other intracellular protein traffi  cking pathways. 

A few words about the challenges of working with bacterial protein toxins
Usually a few toxin molecules per cell suffi  ce to elicit a toxic eff ect. Most bacterial toxins are 
very potent even in small amounts. For diphtheria toxin, cytoplasmic delivery of even a single 
molecule is suffi  cient to kill a cell (55). Th is value should be compared  to the usually ~ 10e+5 
molecules of a chemotherapeutic drug to achieve a therapeutic eff ect (56, 57). Not much is 
known about the physiological gradients of toxin concentrations in vivo and how this aff ects 
their action, which makes it diffi  cult to replicate biological conditions in the laboratory, or to 
know exactly what physiologically meaningful concentrations actually represent.

Usually only a small fraction of cell-bound toxin reaches its target location, whereas the 
majority is probably transported to lysosomes and degraded (58). For example, only 4% 
of StxA1 is released into the cytoplasm (59). Th is makes in vivo localization diffi  cult, be it 
biochemically or with microscopic methods. As mentioned before, tracking of labeled toxins 
would ideally distinguish between active and inactive versions of the toxin. Most chemical 
labeling methods are insuffi  ciently selective to achieve a homogeneous population of labeled 
toxins. Th is greatly complicates an accurate identifi cation of the actual site of toxin egress 
in an active form from a membrane-delimited compartment. Only if (near) stoichiometric 
labeling of toxin can be accomplished with full preservation of biological activity do such 
measurements become meaningful, but few studies address this criterion by experiment. 
Single molecule imaging techniques and ultra-sensitive detection are needed to obtain a 
precise and quantitative data. 

Protein expression in heterologous systems is not always straightforward. Conditions for 
expression -and oft en refolding- must be optimized case by case. An example is the production 
of clostridial toxins, where yields of active toxin are much better when expressed in a Bacillus 
megatherium-based system instead of in the standard strains of E. coli. Th e underlying issue 
may well be similar codon usage of the related Bacillus genera (60). Th e intricate relationship 
between translational effi  ciency and (rare) codon usage, interestingly enough, remains a 
poorly understood area of research.

Genetic modifi cation oft en adversely impacts expression of recombinant toxins or toxin 
subunits. C-terminal hexa-histidine tags appended for purifi cation purposes can cause the 
protein to accumulate in non-soluble aggregates as inclusion bodies (60). Necessary co-
factors present in the host bacterium might simply not be known and are thus missing from 
such artifi cial expression systems. For CDTs, it appears that the subunits act as chaperones for 
each other, as expression of all three subunits from the original overlapping ORFs results in 
soluble holotoxin, whereas individually expressed subunits aggregate in insoluble inclusion 
bodies. Aerolysin is better soluble when expressed at lower temperatures (26ºC).
Some toxins, such as the Rho-GTPase modulating toxins CNF1 and CNFY from E. coli 
and Yersinia pseudotuberculosis are unstable and signifi cant loss occurs when production is 
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paused and bacterial pellet are frozen aft er expression (30). Too frequently, these challenges 
are not reported in literature, and are causes of lost time due to the unavoidable trial and 
error approach. It would be helpful to include such caveats and helpful technical advice in the 
methods part of toxin-related scientifi c publications, or establish a public toxin expression 
database.

Conclusion
Th e fi eld of bacterial protein toxin research has seen signifi cant advances in the past few 
years. Not only have we progressed in our understanding of the molecular functions of 
individual toxins, but we have been able to increasingly also put the spotlight on host cell 
biology by exploiting bacterial toxins as discovery tools. Th e combination of such approaches 
is indispensable for understanding the intoxication mechanism of any given toxin. 
Since toxins are such precise modifi ers of specifi c host factors, they are precise instruments 
to dissect basic host cell physiology. Recent advances in molecular engineering allow us now 
to tweak, calibrate and target those tools better. In a virtuous cycle, this drives knowledge 
accumulation of both toxin and host cell biology. 

Mitigation of toxic eff ects is another much needed aspect of bacterial protein toxin research. 
Last but not least, combined with the progress made in molecular engineering, we are 
now able tailor toxins to a variety of biomedical and molecular applications as diverse as 
immunotoxins, vaccines and next generation sequencing. We can expect many more exciting 
and surprising insights and biomedical applications emerge from the fi eld of bacterial 
research in the coming years. 
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Haploid Genetic Screens in Human
Cells Identify Host Factors Used
by Pathogens
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Loss-of-function genetic screens in model organisms have elucidated numerous biological processes, but
the diploid genome of mammalian cells has precluded large-scale gene disruption. We used insertional
mutagenesis to develop a screening method to generate null alleles in a human cell line haploid for
all chromosomes except chromosome 8. Using this approach, we identified host factors essential for
infection with influenza and genes encoding important elements of the biosynthetic pathway of
diphthamide, which are required for the cytotoxic effects of diphtheria toxin and exotoxin A. We also
identified genes needed for the action of cytolethal distending toxin, including a cell-surface protein that
interacts with the toxin. This approach has both conceptual and practical parallels with genetic approaches
in haploid yeast.

Identification of gene products that play a role
in human disease drives much of today’s
biomedical research. Classical genetics with

induced mutations, as pioneered byMuller in 1927
(1), is the most powerful unbiased approach to
elucidate the genetic components that underlie
biological processes. The study of cultured human
cells allows the recapitulation of many essential
elements of human disease. However, the inability
to efficiently generate and recover bi-allelic
mutants in human diploid cells limits the con-
tribution of mutagenesis-based genetics to the
understanding of human disease.

The identification of cellular genes exploited
by bacteria and viruses is essential to elucidate
the mechanisms by which these pathogens cause
disease (2–4). Bacterial toxins contribute greatly
to pathogenicity of the microbes that produce
them. Identification of host proteins involved in
toxin cytotoxicity should help to identify targets
for therapeutic intervention in diseases caused by
bacteria, many of which now show increased
resistance to conventional antibiotics. Likewise,
an understanding of how viruses depend on host
proteins to enter the cell, replicate their genome,
and spread may accelerate the development of
antiviral drugs. Influenza virus remains a threat to
human health, causing several hundred thou-
sands of deaths annually and many more in the
course of a pandemic (5). The rapid spread of
new strains of influenza A [for instance, avian
(H5N1) and swine (H1N1) influenza] and the
emergence of drug-resistant influenza strains (6)

limit the effectiveness of vaccines and current
antiviral therapeutics. Thus, we developed a method
for genetic screens in human cells and isolated
genes required for the action of several bacterial
toxins and influenza viruses.

Development of an approach for haploid
genetic screens in human cells. To facilitate
mutagenesis-based genetic approaches in human
cells, we used a derivative of the 7 KBM7 chronic

myeloid leukemia (CML) cell line with a haploid
karyotype except for chromosome 8 (Fig. 1A)
(7, 8). In this cell line of hematopoietic origin,
gene inactivation should allow the generation of
null mutants for most nonessential genes. We
chose to inactivate genes with the use of inser-
tional mutagenesis because this approach is high-
ly mutagenic in a variety of organisms, and the
integrated DNA sequences provide a convenient
molecular tag to identify the disrupted gene. We
used gene-trap retroviruses that contain a strong
adenoviral splice acceptor site and a marker gene
(green fluorescent protein or puromycin-resistance
gene) in reverse orientation of the retroviral back-
bone. To examine whether gene-trap insertions
were indeed mutagenic, we performed a pilot
screen to isolate mutants resistant to the nucle-
otide analog 6-thioguanine (6-TG), converted to
a toxic metabolite by the enzyme hypoxanthine-
guanine phosphoribosyltransferase (HPRT). The
gene-trap virus was titrated to obtain a single
viral integration in the majority of the infected
cells. Cell lines resistant to 6-TG were recovered,
and five independent mutants carried insertions
in intron 1 of the X-linked HPRT gene (Fig. 1B
and fig. S1A). We next performed two genetic
screens to target autosomal genes. KBM7 cells
are sensitive to the tumor necrosis factor–related
apoptosis-inducing ligand (TRAIL) and to inhi-
bition of the BCR-ABL oncogenic fusion protein
by the kinase inhibitor Gleevec (Novartis, Basel,
Switzerland). Gene trap–mutagenized KBM7 cells
were exposed to either TRAIL or Gleevec and
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Tufts University School of Medicine, 136 Harrison Avenue,
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Fig. 1. Haploid genetic screens. (A) Twenty-four–color spectral karyotype of near-haploid KBM7
cells and schematic outline of gene trap–mutagenesis screens. (B) Schematic outline of the
gene-trap insertion sites (red lines) in cells exposed to 6-TG, TRAIL, or Gleevec. (C) Immunoblot
analysis of FADD, CASP8, NF1, and HPRT expression levels in clones that contain independent
gene-trap insertions in the respective loci. Mutant alleles are labeled with GT in superscript
notation, and an unspecific background band is indicated with an asterisk. CDK4 was used as a
loading control.

www.sciencemag.org SCIENCE VOL 326 27 NOVEMBER 2009
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resistant mutants were recovered. Five TRAIL-
resistant clones showed independent insertions in
caspase 8 (CASP8) and two independent inser-
tions in Fas-associated death domain protein
(FADD), genes known to be required for TRAIL-
induced apoptosis (Fig. 1B and fig. S1A) (9).
Resistance to TRAIL was confirmed in these mu-
tants (fig. S1B). Five independent Gleevec-resistant
mutants contained insertions in neurofibromin 1
(NF1) and one in protein tyrosine phosphatase-
N1 (PTPN1); both genes are known to play an
important role in the response of CML cells to
Gleevec (10). One insertionwas found in PTPN12,
a tyrosine phosphatase that interacts with c-abl
and negatively regulates its activity (11). Thus,
PTPN12 is critical for Gleevec sensitivity. All in-
sertions were in the same transcriptional orien-
tation as the target gene, and immunoblot analysis
of HPRT, FADD, CASP8, and NF1 mutant cells
failed to detect the corresponding gene products
(Fig. 1C). The haploid background of KBM7
thus enables the generation of mutant alleles for
autosomal genes and pinpoints genes involved in
the biological processes under study.

Identification of host factors required for
cytolethal distending toxin. Because many
pathogenic agents such as bacterial toxins or
viruses readily kill the cells they target, a large-
scale production of knockout alleles for human
genes may enable the identification of host factors
essential for pathogenesis, such as enzymes that
create structures recognized by toxins or viruses
or the receptors themselves. Several pathogenic
bacteria (such as Escherichia coli, Shigella
dysenteriae, Actinobacillus actinomycetemcomi-
tans, Campylobacter jejuni, Helicobacter spp.,
Salmonella typhi, and Haemophilus ducreyi)
secrete potent bacterial toxins named cytolethal
distending toxins (CDTs). The DNAse I–like
CdtB subunit of these toxins enters the nucleus
and causes cytotoxicity by inducing DNA breaks
(12, 13). The membrane receptor(s) and other
essential host genes involved in the entry or action
of CDTs are unknown. KBM7 cells responded
to E. coli–derived CDT by undergoing an arrest
in the G2/M phase of the cell cycle (Fig. 2A)
that precedes cell death. Mutagenized KBM7
cells were treated with CDT and resistant clones
were isolated. Eleven independent insertions in
sphingomyelin synthase 1 (SGMS1) and three
insertions in TMEM181, a gene that encodes a
putative G protein–coupled receptor (14), were
recovered (Fig. 2B and fig. S2A). SGMS1 and
TMEM181 mutants were resistant to CDT, a
phenotype reverted by complementing the mutant
cells with the corresponding cDNAs (Fig. 2C and
fig. S2B). The SGMS1 mutation reduced levels
of sphingomyelin, as verified by treatment of
cells with lysenin, a sphingomyelin-specific pore-
forming toxin (fig. S3A). Sphingomyelin is a
key component of lipid rafts: Depletion of
SGMS1 activity disturbs lipid-raft function and
prevents receptor clustering (15), a trait of pos-
sible relevance for CDT binding and/or entry.
Extraction of the lipid-raft component cholester-

ol from the plasma membrane abolishes CDT
binding (16).

TMEM181 mutants remained fully sensitive
to lysenin (fig. S3, A and B), suggesting that their
resistance is acquired by means other than
sphingomyelin depletion. Because TMEM181 is
present at the cell surface (17) and a receptor for
CDT must localize to the plasma membrane, we
tested whether CDT bound to TMEM181. Flag-
tagged CDT was adsorbed onto anti-Flag beads
and incubated with cell lysates prepared from
wild-type (WT) KBM7 cells and from KBM7
cells that express hemagglutinin (HA)–tagged
TMEM181. Immunoblot analysis showed robust
binding of TMEM181 to CDT (Fig. 2D). When
TMEM181 was overexpressed by retroviral
transduction in NIH3T3, U2OS, and Hela cells,
it sensitized them to CDT intoxication (Fig. 2E
and fig. S4), suggesting that TMEM181 expres-
sion levels are rate limiting for intoxication.
Thus, CDT may bind to the cell-surface protein
TMEM181, an event both required and rate
limiting for intoxication, and then enter the cell
through sphingomyelin-dependent, lipid-raft–
mediated endocytosis, followed by nuclear

entry and cleavage of cellular DNA. However,
these results do not rule out the possibilities
that TMEM181 is part of a complex that con-
stitutes a functional receptor or plays a role in
trafficking of a receptor-toxin complex.

Isolation of host factors essential for in-
fluenza virus infectivity. We next isolated
mutant cells that were resistant to influenza virus
A (PR/8/34; H1N1). Proviral-host junction se-
quencing revealed two independent insertions
in cytidine monophosphate N-acetylneuraminic
acid synthase (CMAS), encoding the enzyme re-
sponsible for activation of NeuAc to CMP-NeuAc,
the glycosyl donor used in sialic acid–containing
glycoconjugate synthesis. These structures are
the receptors on influenza-susceptible cells recog-
nized by the influenza hemagglutinin. We recov-
ered three independent insertions in SLC35A2
(Fig. 3A and fig. S5A), a gene whose product
transports uridine 5′-diphosphate–galactose from
the cytoplasm to the Golgi, where it serves as a
glycosyl donor (18) important for the generation
of glycans to be modified with sialic acids. To
determine whether mutant cells could be infected
by influenza, we exposed cells to the virus and

Fig. 2. Host factors for CDT. (A) Flow cytometric analysis of control KBM7 cells (left) and KBM7 cells after
exposure to CDT purified from E. coli (right). Exposure of cells to CDT results in an increase of cells in the
G2/M phase of the cell cycle (arrow A) and cell death (arrow B). (B) Schematic outline of the insertion sites
(red lines) in mutant cells unresponsive to CDT. (C) Resistance of TMEM181 mutant cells and SGMS1
mutant cells to CDT. Mutant cells reconstituted with the respective cDNAs re-acquire toxin sensitivity.
Results are presented as mean values T SD (error bars) (n = 3 biological replicates). (D) Flag-tagged CDT
was bound to immobilized anti-Flag antibody and incubated with KBM7 cell lysates or lysates of cells
expressing HA-TMEM181. Bound proteins were eluted and subjected to immunoblot analysis. Anti-Flag
beads without bound CDT served as a control. (E) NIH3T3, U2OS, and HELA cells infected with a
TMEM181-expressing retrovirus were treated with increasing amounts of CDT. After 5 days, adherent cells
were stained with crystal violet.

27 NOVEMBER 2009 VOL 326 SCIENCE www.sciencemag.org1232
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stained for influenza nucleoprotein 12 hours after
infection. As expected, KBM7 cells showed high
levels of infection (~95% infection), whereas
CMAS and SLC35A2 mutant cells showed near-
complete resistance to virus infection (<0.01%
infection) (Fig. 3B and fig. S5D). Absence of
CMAS and SLC35A2 expression in the mutants
was verified by reverse transcription polymer-
ase chain reaction (RT-PCR) or immunoblot anal-
ysis (fig. S5, B and C). Transduction with cDNAs
encoding the disrupted genes fully restored sus-
ceptibility to influenza infection (Fig. 3B), indi-
cating that the observed resistance is attributable
to the mutated loci. Although the KBM7 genome
has not been screened at saturation for resist-
ance to influenza, the transporter (SLC35A2)
and enzyme (CMAS) identified here could lead
to the development of antiviral therapies for
influenza.

Identification of host factors for ADP-
ribosylating toxins. Diphtheria and anthrax
toxins are AB toxins composed of a cell-binding
moiety (B) and an active (A) subunit that targets
a host function to increase virulence. We have a
detailed molecular understanding of how diph-
theria toxin enters the cell and induces cell death
(19, 20). Can haploid genetic screens identify
previously unidentified components in this well-
characterized host/pathogen interaction? We
screened mutagenized cells with diphtheria or
anthrax toxin. Because native anthrax toxin is
not cytotoxic for KBM7 cells, we exposed cells
to the cell-binding component of anthrax toxin–
protective antigen (PA) and anthrax lethal factor
(LFN) fused to the catalytic domain of diphthe-
ria toxin (LFN-DTA) (21). Resistant mutants
were classified as either being resistant to an-
thrax toxin (PA-LFN-DTA) (class I), resistant to
diphtheria toxin (class II), or resistant to both
(class III). Mutants in the known anthrax toxin
receptor (ANTXR2) (22) were recovered with
10 independent insertions and with 12 insertions

for the known diphtheria toxin receptor [heparin-
binding EGF-like growth factor (HB-EGF)] (Fig.
4A and fig. S6A) (23). The third class of mutants
included genes involved in diphthamide bio-
synthesis [DPH1, DPH2, and DPH5; see (20)]
and a previously uncharacterized gene named
WDR85 (Fig. 4A and fig. 6A). All of these
insertions were in the same transcriptional orie-
ntation as the mutated gene and were thus pre-
dicted to impair gene function. In the WDR85
mutant (hereafter referred to as WDR85GT), no
WDR85 transcripts were observed, as deter-
mined by RT-PCR (Fig. 4B). The resistance of
WDR85GT was readily complemented by trans-
duction with WDR85 cDNA, which restored the
sensitivity of WDR85GT cells to diphtheria toxin
and anthrax toxin (PA-LFN-DTA) (Fig. 4C and
fig. S6B). WDR85GT cells were also resistant to
Pseudomonas exotoxin A, another adenosine di-
phosphate (ADP)–ribosylating toxin with a simi-
lar mode of action as diphtheria toxin (Fig. 4D).
Although native anthrax toxin is not lethal to
most cell types, including KBM7, its cellular
entry and activity can be probed by monitoring
cleavage of its cellular target MEK-3. WDR85GT

cells were still responsive to the native anthrax
toxin, because the extent of proteolytic cleavage
of MEK-3 was comparable for WDR85GT and
WT cells (fig. S7A), suggesting that toxin entry
was normal in WDR85GT cells.

WDR85 is part of the dipthamide bio-
synthetic pathway. Given the resistance of
WDR85mutant cells to different bacterial toxins,
we further explored the mechanism by which
WDR85 conferred sensitivity to toxin-mediated
cell death. Diphtheria toxin, LFN-DTA, and
exotoxin A inhibit host translation through ADP
ribosylation of elongation factor 2 (EF2) and thus
cause cell death (19). ADP ribosylation occurs on
diphthamide, a posttranslationally modified histi-
dine uniquely present in EF2 and conserved among
all eukaryotes. As WDR85 was not required

for toxin entry, we investigated EF2 ribosyla-
tion in response to diphtheria toxin. In cell lysates
derived fromWDR85GT cells, EF2 ADP ribosyl-
ation was impaired and could be restored by re-
expression of a WDR85 cDNA (fig. S7B). EF2
fused to a streptavidin-binding peptide (SBP)
purified from WDR85GT cells was also a poor
substrate for ADP ribosylation in vitro (Fig. 5A).
Impaired ADP ribosylation is thus an inherent
property of EF2 derived from WDR85GT cells
and is not due to the presence or absence of other
factors present in cell lysates. Diphthamide bio-
synthesis is the result of stepwise posttranslation-
al modification of His175 (fig. S7D), the proteins
responsible for which are known (20, 24, 25).
The second step involves the trimethylation of
“intermediate” EF2 by the methyltransferase
DPH5, with S-adenosylmethionine as the methyl
donor (26). To investigate if this methylation step
was affected by the loss of WDR85, we purified
intermediate EF2 from DPH5 null cells and per-
formed in vitro methylation assays in cell lysates.
Efficient methylation of intermediate EF2 byWT
andWDR85GTcell lysates suggested thatWDR85
is not required for the second step of diphthamide
biosynthesis (Fig. 5B). Next, we purified EF2 from
WDR85GT cells and used LC/MS/MS (liquid
chromatography–tandem mass spectrometry) to
monitor the relevant modifications of His175.
Modifications of His175 predict an increase in
mass by +143 (diphthamide), +142 (diphthine),
and +101 (the intermediate) mass units for those
peptides that carry the modified His residue. SBP-
tagged EF2 isolated from WDR85GT showed a
mass consistent with the presence of unmodified
His175 (Fig. 5C), whereas modifications of EF2
purified fromWTand DPH5mutant cells showed
a mass that was expected for the presence of
diphthamide and intermediate, respectively (fig.
S8, A and B). The absence of modified histidine
in EF2 suggests that WDR85 plays a role in the
first step in diphthamide biosynthesis.

Fig. 3. Cellular genes required for influenza infection. (A) Schematic
outline of the identified insertion sites (red lines) in the mutated genes.
(B) Cells were exposed to influenza virus and stained 12 hours later with

antibodies directed against influenza A nucleoprotein. Mutant cells
reconstituted with cDNAs that correspond to the mutated gene products
re-acquire virus sensitivity. Scale bars, 50 mm.
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In the course of purification of EF2 from
WDR85GTcells, we detected a protein that strongly
interacted with EF2 (Fig. 5D). Mass spectrometry
and immunoblot analysis identified this protein as
DPH5 (Fig. 5E and fig. S7C). WDR85 lacks
homology to known proteins involved in diphtha-

mide biosynthesis but does contain WD40 repeats,
often involved in protein/protein interactions. Thus,
WDR85may serve as a scaffold to coordinate the
association (or dissociation) of enzymatic com-
plexes required for the stepwise biosynthesis of
diphthamide.

WDR85 is a conserved protein with homol-
ogy to yeast YBR246W (fig. S9A). We used a
database containing fitness profiles of deletion
strains of all nonessential yeast genes under 1144
chemical conditions to cluster genes with similar
profiles to YBR246W (27). The top 10 genes that
phenoclustered with YBR246W by homozygous
cosensitivity included DPH2 and DPH5 (fig. S9,
B and C). The only gene annotation terms we
found enriched concerned diphthamide bio-
synthesis [P value = 9 × 10–4 (fig. S9C)]. To
directly test whether YBR246W is involved in
diphthamide biosynthesis, we undertook ribosyla-
tion assays in protein extracts derived from WT
yeast or yeast strains deleted for YKL191W
(DPH2) or YBR246W.Deficiency of YKL191W
and YBR246W both impaired ADP-ribosyl ac-
ceptor activity of EF2 in yeast (Fig. 5F). Thus,
the role of WDR85 in diphthamide biosynthesis
is conserved in eukaryotes, and the proposed scaf-
folding role may be the main function of WDR85
in cells. WDR85 therefore represents a host gene
involved in the first step in diphthamide biosyn-
thesis, despite previous suggestions that all pro-
teins involved in this complex posttranslational
modification were known (20).

Perspective. One of the main strengths of
yeast as a genetic tool is the relative ease with
which recessive mutations can be recognized and
characterized at its haploid life stage (28), a trait
absent from the commonly studied higher eu-
karyotes. The approach described here will allow
similar types of screens for the human genome.

The discovery of RNA interference has
enabled targeted reduction of gene expression in
diploid cultured mammalian and insect cells, which

Fig. 4. Identification of loci that confer resistance to ADP-ribosylating bacterial toxins. (A) Schematic
outline of the insertion sites (red lines) in the mutated genes. (B) RT-PCR for WDR85 shows undetectable
WDR85 mRNA levels in independent clones with gene-trap insertions in the WDR85 locus. (C) Resistance
of WDR85GT cells to diphtheria toxin. Error bars indicate SD. (D) Resistance of WDR85GT cells to exotoxin
A. Identified clones with mutations in HB-EGF and DPH5 served as insensitive controls for these respective
toxins, and WDR85GT cells reconstituted with a WDR85 cDNA (WDR85GT + WDR85) re-acquired sensitivity
to the toxins. Results are presented as mean values T SD (n = 3).

Fig. 5. WDR85 is involved in diphthamide biosynthesis. (A) In vitro ADP
ribosylation of SBP-tagged EF2 purified from WT, WDR85, and DPH5 mutant
cells by LFN-DTA in the presence of nicotinamide adenine dinucleotide (NAD)–
biotin. Streptavidin–horseradish peroxidase (HRP) was used to detect ADP
ribosylation, and total EF2 was detected by immunoblot analysis. (B)
Methylation of intermediate EF2 by WT, WDR85, and DPH5 mutant cell
lysates. SBP-tagged intermediate EF2 was purified from DPH5 mutant cells
and incubated in lysates derived from the indicated genotypes in the presence
of [methyl-3H] adenosylmethionine (Ado-S-Me) as methyl donor. The amount
of supplied intermediate EF2 was detected by immunoblot analysis, with CDK4

as a loading control. (C) MS/MS spectra of a tryptic peptide derived from SBP-
tagged EF2 purified from WDR85 mutant cells. Peptide fragments
characteristic for unmodified His715 are indicated. (D) Silver stain of SPB-
EF2 purified from WT and WDR85-deficient cells. kDa, kilodaltons. (E)
Immunoblot analysis of SBP-EF2 pull-down from WT, WDR85-, and DPH5-
deficient cells probed with an antibody directed against DPH5. (F) Protein
extracts from WT, YKL191W-, and YBR246W-deficient S. cerevisiae strains
were incubated with LFN-DTA in the presence of NAD-biotin. Streptavidin-
HRP was used to detect ADP ribosylation, and PGK1 was used as loading
control.
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opened the door to large-scale screens. At the same
time, limitations of this approach are increasingly
apparent, such as the induction of off-target effects
that complicate genome-wide screens in particular
(29, 30) and the inability to completely switch off
gene expression. When similar small interfering
RNAscreens are conducted independently inmam-
malian cells, the lack of concordance between them
is an additional complicating factor (31, 32). Final-
ly, mammals are rather robust in their tolerance to
partial loss of gene function: Haploinsufficiency
appears to be the exception rather than the rule,
because inactivation of one gene copy, as in het-
erozygous knockout mice, rarely leads to severe
phenotypes.

Although we have focused on host-pathogen
biology, similar screens could in principle be ap-
plied to any phenotype that can be recognized in
a population of mutant cells, such as modulation
of a genetically encoded reporter. In the future,
haploid genetic screens could be used to generate
comprehensive compendia of host factors that are
used by different pathogens and may yield new
strategies to combat infectious disease. In con-
clusion, the haploid genetic screens described
here expand mutagenesis-based screens in model
organisms by providing a window on disease-
associated molecular networks that can be studied
in cultured human cells.
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English Summary

Bacterial protein toxins are genetically encoded proteinaceous macromolecules that upon 
exposure cause perturbation of cellular metabolism in a susceptible host. A bacterial toxin can 
work at a distance from the site of infection, and has direct and quantifi able actions. Bacterial 
protein toxins can target and interfere with almost any aspect of cellular metabolism. Th ey 
are among the most potent, per unit weight, of all toxic substances, and are eff ective even 
in minute concentrations. Depending on the toxin, the concentration and aff ected cell type, 
consequences may range from the single cell level to organ failure, manipulation of innate and 
adaptive immune system and impairment of the nervous system. Th e ability to harness those 
very attributes can turn bacterial protein toxins into invaluable tools. 

Bacterial protein toxins have been instrumental in exploring host cell biology, and we owe 
many of our insights into cellular physiology to their use. Th e application range of a native 
bacterial toxin as a tool however will eventually be limited by its biology. By combining new 
possibilities of protein engineering with technological advances, and thus enhancing the 
tool itself, bacterial protein toxins can be increasingly precisely tailored to address specifi c 
questions.

Th e bacterial protein toxin cytolethal distending toxin (CDT) is the only known bacterial 
protein toxin that acts as a DNase in the nucleus. Chapter 2 and Appendix 1 describe the 
discovery of host proteins that are essential for bringing the enzymatically active CDT subunit 
CDTB to its target location. With a newly developed haploid genetic screen, we identify for 
the fi rst time cellular host factors that are essential for intracellular CDT traffi  cking, and reveal 
that CDTs from diff erent bacterial species exploit diff erent subsets of the human proteome to 
achieve intoxication.

Chaper 3 comprises the development of CDT as a tool via sortase-mediated trans-peptidation, 
to further explore CDT biology and the accompanying host cell biology. TMEM181, not 
only an essential factor for E. coli CDT intoxication, but a highly conserved yet previously 
completely uncharacterized cellular protein, is explored in some detail. Th e protein with 
nine predicted transmembrane domains primarily localizes to the trans-Golgi compartment 
with the N-terminus exposed to the cytosol. TMEM181 is post-translationally modifi ed and 
acquires complex N-linked oligosaccarides at four Asn-Xaa-Ser/Th r sites, with a fi ft h being 
inactive, indicative of maturation in the Golgi compartment. In addition, I identify GRB2 as 
a novel CDT interactor, not uncovered in the haploid genetic screens possibly because of its 
essential nature for eukaryotic cell survival.

In Chapter 4, bacterial protein toxin engineering using sortase is expanded to aerolysin, a 
model for pore-forming toxins. Th is is the fi rst description of chemo-enzymatic engineering 
of aerolysin. Th is enzymatic means to install labels at precise predefi ned locations and the 
generation of single and double-labeled aerolysin monomers enables investigation of the fate 
of individual N and C-terminal domains, while preserving the functionality of the toxin.
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Chapter 5 describes the generation of mouse monoclonal antibodies against the fl uorophore 
Alexa Fluor 647 (AF647) by microengraving screening. As an accessory tool, it complements 
the bacterial protein toxin toolkit as it transforms the single purpose AF647 into a multi-
functional handle that can be used not only in fl uorescence detection applications, but also 
in biochemical approaches such as immunoprecipitation and immunoblotting. 

Bacterial protein toxins are very precise modifi ers of specifi c host factors, they are exact 
instruments to dissect basic host cell physiology. Recent advances in molecular engineering 
allow us now to tweak, calibrate and target those tools better. In a virtuous cycle, this drives 
knowledge accumulation of both toxin and host cell biology. Moreover, we are now able to 
tailor bacterial toxins to a variety of biomedical and molecular applications as diverse as 
immunotoxins, vaccines and next generation sequencing. We can expect many more exciting 
and surprising insights and biomedical applications to emerge from the fi eld of bacterial 
protein toxin research.
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Nederlandse samenvatting

Bacteriële toxines zijn eiwitten die het metabolisme in de cellen van een gastheer kunnen 
ontregelen.  Een bacterieel toxine kan zijn eff ect uitoefenen zelfs op afstand van de infectiehaard 
en heeft  directe en meetbare gevolgen. Bacteriële toxines kunnen bijna elk aspect van cellulair 
metabolisme beïnvloeden en ontregelen. Op gewichtsbasis behoren de bacteriele toxines tot 
de meeste potente van alle toxische substanties, en zijn actief in extreem lage concentraties. 
Afh ankelijk van het toxine, de concentratie van het toxine, en het type gastheercel, kunnen de 
gevolgen uiteenlopen van het falen op cel- of orgaanniveau, ontregeling van het aangeboren 
en adaptieve immuun systeem, en schade aan het zenuwstelsel. De mogelijkheid om de 
bovengenoemde kenmerken te gebruiken voor andere doeleinden, zoals het bestuderen van de 
onderliggende biochemie, maakt bacteriële toxines echter ook een uiterst nuttig hulpmiddel 
voor celbiologisch onderzoek . 

Veel van onze inzichten in cellulaire fysiologie, waaronder aspecten van membraan transport 
en signaal transductie, hebben we te danken aan het gebruik van deze bacteriële toxines. 
De toepassingsmogelijkheden van een natief bacterieel toxine worden beperkt door de 
eigenschappen  van het toxine zelf. Door de nieuwe mogelijkheden binnen de eiwitbiochemie 
te combineren met andere technologische ontwikkelingen kunnen de eigenschappen van 
toxines dusdanig worden aangepast en verbeterd dat deze nog geschikter zijn om specifi eke 
vragen te beantwoorden. 

Het bacteriële eiwit Cytolethal Distending Toxin (CDT) is het tot dusver enig bekende 
bacteriële eiwit dat als DNAse functioneert in de celkern. Hoofdstuk 2 en Appendix 1 
beschrijven de ontdekking van gastheer-eiwitten die bijdragen aan de route van transport van 
de enzymatisch actieve CDT subeenheid (CDTB) naar de  celkern. Door gebruik te maken 
van een recent ontwikkelde genetische screeningsmethode in een menselijke –nagenoeg- 
haploide cellijn, hebben we factoren in de gastheercel ontdekt die essentieel zijn voor het 
intracellulaire transport van -en derhalve intoxicatie door- CDT. Daarnaast laten we zien dat 
CDTs afk omstig van verschillende bacteriesoorten weliswaar overeenkomsten vertonen in 
het gen profi el dat noodzakelijk is voor intoxicatie, maar dat er ook belangrijke verschillen 
bestaan tussen deze toxines. 

Hoofdstuk 3 beschrijft  de ontwikkeling van CDT, met behulp van het transpeptidase sortase, 
tot een middel om de biologie van CDT en dat van de gastheercel verder te onderzoeken.  
TMEM181 is niet alleen een essentiële factor tijdens intoxicatie door E. coli CDT maar ook 
een sterk geconserveerd eiwit met tot nu toe onbekende functie dat in dit hoofdstuk in meer 
detail wordt beschreven. TMEM181 heeft  negen voorspelde transmembraan segmenten 
en is voornamelijk in het trans-Golgi apparaat gelocaliseerd,  met de N-terminus aan de 
cytoplasmatische zijde van het membraan. TMEM181 wordt cotranslationeel gemodifi ceerd 
met N-gekoppelde oligosacchariden op vier Asn-Xaa-Ser/Th r plaatsen (een vijfde is inactief). 
Deze oligosacchariden ondergaan modifcaties van het complexe type, hetgeen duidt op 
uitrijping  van het eiwit in het Golgi apparaat. Daarnaast identifi ceer ik GRB2 als nieuwe 
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CDT interactor. Dit eiwit  is niet eerder geidentifi ceerd in de haploïde screen, mogelijk omdat 
GRB2 een essentieel eiwit is voor het overleven van de eukaryotische cel. 

In Hoofdstuk 4 wordt de manipulatie van bacteriële eiwitten door middel van sortase 
uitgebreid met aerolysin, een model voor porie-vormende toxines. Dit is de eerste beschrijving 
van chemisch-enzymatische manipulatie van aerolysin en omvat de inbouw van markers op 
specifi eke plaatsen in het toxine, en de generatie van enkel- en dubbel-gelabelde aerolysin 
monomeren. Deze maken het mogelijk om het lot van N- en C-termini te bestuderen, zonder 
dat daarbij de functionaliteit van het toxine verloren gaat. 

Hoofdstuk 5 beschrijft  de ontwikkeling van monoclonale antilichamen die het fl uorescente 
molecuul Alexa Fluor 647 (AF647) herkennen, gebruik makend van een methode die 
bekend staat als ‘microengraving screening’. Deze antilichamen zijn een hulpmiddel die 
het instrumentarium gebaseerd op bacteriële toxines complementeren. Dankzij deze 
monoclonale antilichamen kan AF647 worden ingezet als een molecuul dat niet alleen 
geschikt is voor detectiemethoden gebaseerd op fl uorescentie, maar ook voor biochemische 
doeleinden zoals immunoprecipitatie en immunoblotting. 

Bacteriële toxines modifi ceren bepaalde factoren van de gastheer op buitengewoon precieze 
wijze en zijn daarom een bijzonder geschikt hulpmiddel om de fysiologie van de gastheercel 
beter te begrijpen. Recente ontwikkelingen in moleculaire technologieën maken het nu 
mogelijk om deze toxines verder aan te passen, the kalibreren, en te optimaliseren voor de 
celbioloog/biochemicus. Naar verwachting leidt dit vervolgens tot meer kennis over zowel 
het toxine als over de biologie van de gastheercel. Bovendien is het nu mogelijk om bacteriële 
toxines zodanig aan te passen dat ze geschikt zijn voor andere biomedische en moleculaire 
toepassingen, waaronder immunotoxines, vaccins, en ‘next generation sequencing’. Het staat 
dan ook vast dat verder onderzoek naar bacteriële toxines vele verrassende nieuwe inzichten 
en biomedische toepassingen zal opleveren. 
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