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Abstract: Toll-like receptors (TLRs) recognise invading pathogens and mediate downstream
immune signalling via Toll/IL-1 receptor (TIR) domains. TIR domain proteins (Tdps)
have been identified in multiple pathogenic bacteria and have recently been implicated
as negative regulators of host innate immune activation. A Tdp has been identified in
Bacillus anthracis, the causative agent of anthrax. Here we present the first study of
this protein, designated BaTdp. Recombinantly expressed and purified BaTdp TIR
domain interacted with several human TIR domains, including that of the key TLR
adaptor MyD88, although BaTdp expression in cultured HEK293 cells had no effect on
TLR4- or TLR2- mediated immune activation. During expression in mammalian cells,
BaTdp localised to microtubular networks and caused an increase in lipidated cytosolic
microtubule-associated protein 1A/1B-light chain 3 (LC3), indicative of autophagosome
formation. In vivo intra-nasal infection experiments in mice showed that a BaTdp
knockout strain colonised host tissue faster with higher bacterial load within 4 days
post-infection compared to the wild type B. anthracis. Taken together, these findings
indicate that BaTdp does not play an immune suppressive role, but rather, its absence
increases virulence. BaTdp present in wild type B. anthracis plausibly interact with the
infected host cell, which undergoes autophagy in self-defence.
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Opposed Reviewers:

Response to Reviewers:
Reply to reviewer comments PONE-D-16-11052 (Our responses shown in blue)

Reviewer #1: PLoS requires all data to be available for public scrutiny. I don't think
cropped gels fulfil this requirement. They can appear in the main paper - but the
uncropped gel lanes should be available in supplementary information. Any further
manipulation of the images (contract enhancement etc) should also be described.

Response: In order to address this issue we have added a supplementary figure (S1
Fig.) showing the uncropped lanes of panels used in figures 2 and 5. This has also
been indicated in the legends to figures 2 and 5 with the following text:
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“Uncropped versions of blots are shown in S1 Fig”.

In order to give a scientifically balanced description of the work the authors should give
due attention to the possibility that the BaTdp domain is not a classic TIR domain.

Neither of the TIR domains picked up by the authors psi-blast analysis has a three-
dimensional structure. They acknowledge that the tertiary structure may differ from
other TIR domains - stating that it is homologous at primary level but could differ at
tertiary level. It should be noted that this is unusual: what is generally observed is that
structure is more conserved than sequence. However this may indicate that their
BaTdp is not functionally a TIR domain and may differ in structure.

Response: We are grateful to the reviewer for making this important point. We have
highlighted this issue in the discussion section with a paragraph pointing out the
possibility of BaTdp not being a classical TIR-domain protein, which would explain the
negative results during TLR-activation studies. The added text on Pages 22-23 is as
follows:

“There is currently no high resolution structure of BaTdp, thus it is possible that the
region predicted to be the TIR domain actually adopts a significantly different fold. This
would explain why this protein doesn’t act in quite the same way as other bacterial
Tdps. However this seems unlikely, given that structure is typically more conserved
than sequence, and that we observe specific interactions with other known TIR-
domains. As TIR-domains are widespread among both pathogenic and non-pathogenic
bacteria, fungi, archaea and viruses [10], it would seem unlikely that they serve a
single consistent function throughout different organisms. Further studies are required
to both fully determine the precise function and the mechanism of action of BaTdp and
to explore the role of BaTdp in a biological context”.

It is odd that the authors did not determine if the interaction with the MyD88 TIR
domain has an effect on signalling using one of the available reporter cell line systems.
They should report if this was attempted - perhaps with negative results?

Response: We thank the reviewer for raising this issue. We can report that in addition
to the cytokine secretion assays described in the manuscript, we also performed cell
signalling assays using luciferase reporter assay or Secreted Alkaline Phosphatase
(SEAP) assay, measuring IL1-, TNF- and LPS-induced NFκB activation. In all cases,
BaTdp-expression was found to have no significant effect. We have added this
information in the results section of the manuscript text. The added sentence on Page
17 is as follows:

“In addition to the cytokine secretion assays shown here, cell reporter assays were
performed to assess if BaTdp-expression had any effect on IL-1β-, TNF- or LPS-
induced NFκB activation in HEK cells, but no significant differences could be detected
(data not shown)”.

As the authors suggest an alternative interaction with the LC3 protein (which is not a
TIR containing protein then a more balance description of the results would mention
the possibility that the domain is not in fact a TIR domain.

Response: Please see the response to the comment above. A paragraph has been
added to Pages 22-23 of the discussion section to describe the fact that the BaTDP
may not in fact contain a TIR domain.

Specific comments
Fig 1 - as the structures are stated to be based on TcpB they should show breaks
specific to this sequence.

Response: Figure 1 has been revised in order to address this issue.

Fig3 NT GFP should have been included with same settings as autofluorescence in
response to stress might be observed. Non transfected in the GPF channel was
included as a fig 6 panels - why not here?
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Response: The lower part of Figure 3A, showing non-transfected HEK cells stained
with anti-beta-tubulin antibody, was included to exemplify that the unusual distribution
of tubulin seen in the upper panels was clearly connected to BaTdp expression.
Because of this, we originally did not include the GFP-channel in the figure. The figure
has now been revised to address this issue.

Fig. 4
The level of TNF secretion is extremely small for the reporter cells and so the titration
with the plasmid is not a good test of any possible effect. This needs to be highlighted
for readers - it could be compared to the robust TNF secretion observed for
macrophage cell lines for example. Given the low level, it would be useful to have TNF
and IL8 elisa measurements with media only to indicate background levels. I think this
would show that the authors cannot conclude any effect from the assay they observe
for TNF secretion as essentially there is no TNF response to measure or be inhibited.

Response: We agree that the levels of TNF detected were low, but the data was
consistent throughout all experiments. This may be an issue related to the cell-lines
used. We have highlighted this in the text. In addition, we have included a
supplementary figure (S2 Fig.) showing the background levels of TNF and IL-8
secretion of cells treated with media only. The added text on Page 17 is as follows:

“In each experiment, the amount of TNFα secreted from cells following PAMP-
stimulation was consistently low and near the detection limit, making this data of limited
use. In contrast, PAMP-stimulation of cells resulted in IL-8 secretion levels were
markedly higher than unstimulated control cells. To ensure the fidelity of the assays,
control experiments were performed with cells expressing a known inhibitor of TLR-
signalling (S2 Fig.)”.

Figure 7
Bacterial numbers are given 'per ml' - but it is not clear how this relates to the bacterial
burden per animal as discussed in the text.

Response: We have added how the bacterial burden per animal is calculated by
inclusion of the following text in the Methods:
“Whole lung tissue was homogenized by passing through a 70 μm cell strainer (BD
Biosciences) in 1 ml PBS and 10-fold duplications were plated onto L-agar plates for
enumeration, calculated as CFU/ml”.

Additionally, we have modified the figure legend to state that “Data points show the
bacterial burden per lung”.

Also if the statistical analysis does not include the values from dead mice as mentioned
in the Methods then this should be repeated in the Legend to this figure.

Response: We have added this information to the figure legend of Figure 7. The added
text is as follows:

“Bacterial burden data from dead mice was not included in the analysis”.

It is distracting having the two asterisks for significance in the body of the figure- I
initially thought they were other data points. Position them outside the plotted area -
perhaps with lines indicating what were compared in the statistical test (as was done in
Fig 5. B for example)

Response: Figure 7 has been revised to address this issue.

Minor points
both Student's t-test and Gram-positive need to be capitalized throughout.

Response: These issues have been resolved throughout the text.

The text should use a correct multiplication symbol not an 'x'.

Response: This issue has been resolved throughout the text.
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Reviewer #2: This manuscript describes an interesting study on the potential role of a
novel bacterial TIR domain-containing protein on virulence of Bacillus anthracis, and
describes some preliminary data on the functional role in promoting autophagy.
Overall, the manuscript is well written, however there are some issues with the figures
which the authors should address before the manuscript is acceptable for publication.

Fig. 2B BaTIR clearly binds to MAL and also to TRIF, albeit with lower apparent avidity.
The authors should describe this more clearly in the text.

Response: We have clarified this in the text. Instead of referring to “other adaptors”, we
have specified “MAL and TRIF-TIR”.

Fig 3A. Overall, the immunofluorescence images are very fuzzy for what is supposed
to be confocal images. Perhaps individual Z sections would be more informative? The
tubulin staining in these cells is unusual. Compare the images here, for example with
Rdhakrishnan et al (J Biol Chem. 2009 Apr 10;284(15):9892-8. Do these cells not
exhibit and microtubular network? If they do not then the authors should try expressing
BaTIR in cells that do spread well and show extensive microtubular networks. Does
treatment with nocodazole or other microtubule-disassembling drugs alter the
localisation of GFP-BaTIR? The authors show in Fig 5B that the G164A mutation
abrogates LC3B upregulation. Does this mutation affect microtubule colocalisation or
binding to MyD88? This is important to help elucidate the mechanism by which
autophagy is upregulated.

Response: We thank the reviewer for their comments. Figure 3A has been clarified by
removing the middle panels that were slightly out of focus as these are not necessary
to make the point that BaTdp co-localises with cellular tubulin. The data here is
preliminary (“This manuscript… describes some preliminary data on the functional role
in promoting autophagy”) as this reviewer points out. The current results have shown
tantalising insights into the potential mechanism of action of BaTdp. As such they mark
the beginning of studies to further investigate this interesting protein. Follow-up studies
will be required to further elucidate the precise function of BaTdp.

Fig. 4A. Do the authors have a positive control for this experiment, for example another
TIR domain-containing protein that has been shown to inhibit LPS-mediated ? As it
stands one cannot tell whether the Batdp has no effect, or if the experiment simply has
not worked. In the discussion the authors state that others have shown that TirS and
TcpF block TLR2-mediated NFkB activation, so either of those would be an appropriate
positive control for Fig 4B.

Response: In order to address this point we have included positive control experiments
as a supplementary figure (S2 Fig.), where we show the basal cytokine expression of
cells used (treated with media only), as well as PAMP-treated cells expressing SARM,
which has been shown to inhibit both LPS- and LTA-mediated IL-8 upregulation. Clear
reductions of cytokines secreted can be seen in cells expressing SARM, validating the
assays.

Additional Information:

Question Response

Financial Disclosure

Please describe all sources of funding
that have supported your work. A
complete funding statement should do the
following:

Include grant numbers and the URLs of
any funder's website. Use the full name,

Imperial College International Joint Scholarship awarded to BB and JLD
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not acronyms, of funding institutions, and
use initials to identify authors who
received the funding.
Describe the role of any sponsors or
funders in the study design, data
collection and analysis, decision to
publish, or preparation of the manuscript.
If they had no role in any of the above,
include this sentence at the end of your
statement: "The funders had no role in
study design, data collection and analysis,
decision to publish, or preparation of the
manuscript."

If the study was unfunded, provide a
statement that clearly indicates this, for
example: "The author(s) received no
specific funding for this work."

* typeset

Competing Interests

You are responsible for recognizing and
disclosing on behalf of all authors any
competing interest that could be
perceived to bias their work,
acknowledging all financial support and
any other relevant financial or non-
financial competing interests.

Do any authors of this manuscript have
competing interests (as described in the
PLOS Policy on Declaration and
Evaluation of Competing Interests)?

If yes, please provide details about any
and all competing interests in the box
below. Your response should begin with
this statement: I have read the journal's
policy and the authors of this manuscript
have the following competing interests:

If no authors have any competing
interests to declare, please enter this
statement in the box: "The authors have
declared that no competing interests
exist."

* typeset

The authors have declared that no competing interests exist.

Ethics Statement All animal work was approved by the Dstl Animal Welfare and Ethical Review Body,
and according to the requirements of the UK Animal (Scientific Procedures) Act 1986.
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You must provide an ethics statement if
your study involved human participants,
specimens or tissue samples, or
vertebrate animals, embryos or tissues.
All information entered here should also
be included in the Methods section of your
manuscript. Please write "N/A" if your
study does not require an ethics
statement.

Human Subject Research (involved
human participants and/or tissue)

All research involving human participants
must have been approved by the authors'
Institutional Review Board (IRB) or an
equivalent committee, and all clinical
investigation must have been conducted
according to the principles expressed in
the Declaration of Helsinki. Informed
consent, written or oral, should also have
been obtained from the participants. If no
consent was given, the reason must be
explained (e.g. the data were analyzed
anonymously) and reported. The form of
consent (written/oral), or reason for lack of
consent, should be indicated in the
Methods section of your manuscript.

Please enter the name of the IRB or
Ethics Committee that approved this study
in the space below. Include the approval
number and/or a statement indicating
approval of this research.

Animal Research (involved vertebrate
animals, embryos or tissues)

All animal work must have been
conducted according to relevant national
and international guidelines. If your study
involved non-human primates, you must
provide details regarding animal welfare
and steps taken to ameliorate suffering;
this is in accordance with the
recommendations of the Weatherall
report, "The use of non-human primates in
research." The relevant guidelines
followed and the committee that approved
the study should be identified in the ethics
statement.

If anesthesia, euthanasia or any kind of
animal sacrifice is part of the study,
please include briefly in your statement

This manuscript does not include human studies.
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which substances and/or methods were
applied.

Please enter the name of your Institutional
Animal Care and Use Committee (IACUC)
or other relevant ethics board, and
indicate whether they approved this
research or granted a formal waiver of
ethical approval. Also include an approval
number if one was obtained.

Field Permit

Please indicate the name of the institution
or the relevant body that granted
permission.

Data Availability

PLOS journals require authors to make all
data underlying the findings described in
their manuscript fully available, without
restriction and from the time of
publication, with only rare exceptions to
address legal and ethical concerns (see
the PLOS Data Policy and FAQ for further
details). When submitting a manuscript,
authors must provide a Data Availability
Statement that describes where the data
underlying their manuscript can be found.

Your answers to the following constitute
your statement about data availability and
will be included with the article in the
event of publication. Please note that
simply stating ‘data available on request
from the author’ is not acceptable. If,
however, your data are only available
upon request from the author(s), you must
answer “No” to the first question below,
and explain your exceptional situation in
the text box provided.

Do the authors confirm that all data
underlying the findings described in their
manuscript are fully available without
restriction?

Yes - all data are fully available without restriction

Please describe where your data may be
found, writing in full sentences. Your
answers should be entered into the box
below and will be published in the form
you provide them, if your manuscript is
accepted. If you are copying our sample
text below, please ensure you replace any
instances of XXX with the appropriate
details.

All relevant data are within the paper and its Supporting Information files
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If your data are all contained within the
paper and/or Supporting Information files,
please state this in your answer below.
For example, “All relevant data are within
the paper and its Supporting Information
files.”
If your data are held or will be held in a
public repository, include URLs,
accession numbers or DOIs. For example,
“All XXX files are available from the XXX
database (accession number(s) XXX,
XXX)." If this information will only be
available after acceptance, please
indicate this by ticking the box below.
If neither of these applies but you are able
to provide details of access elsewhere,
with or without limitations, please do so in
the box below. For example:

“Data are available from the XXX
Institutional Data Access / Ethics
Committee for researchers who meet the
criteria for access to confidential data.”

“Data are from the XXX study whose
authors may be contacted at XXX.”

* typeset

Additional data availability information:
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27 May 2016 Bernadette Byrne  

 Reader in Molecular Membrane Biology 

 
Dear Prof Gay, 
 
Many thanks for dealing with our manuscript entitled “Bacillus anthracis TIR domain-
containing protein targets cellular microtubule structures and mediates autophagy”. We have 
addressed or rebutted all the comments made by the referees. Our manuscript has now been 
updated to include the full Western blots (Fig S1) as well as additional control data for Figure 
3. We have also included additional data on the background levels of TNF and IL-8 secretion 
in cells treated with media only and PAMP treated cells  expressing SARM, which has been 
shown to inhibit both LPS and LTA-mediated IL-8 upregulation. 
 
As pointed by referee 2, the data here is preliminary (“This manuscript… describes some 
preliminary data on the functional role in promoting autophagy”). The current results have 
shown tanatalising insights into the potential mechanism of action of BaTdp. As such they 
mark the beginning of studies to further investigate this interesting protein. Follow-up studies 
will be required to further elucidate the precise function of BaTdp. 
 
We very much hope that the manuscript is now acceptable for publication in PLoS ONE. 
 
Thank you for your further consideration of this manuscript. I look forward to hearing from you 
soon. 
 
 
Yours sincerely   
 

 
 
Bernadette Byrne 
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 2 

Abstract 17 

Toll-like receptors (TLRs) recognise invading pathogens and mediate downstream 18 

immune signalling via Toll/IL-1 receptor (TIR) domains. TIR domain proteins (Tdps) have 19 

been identified in multiple pathogenic bacteria and have recently been implicated as negative 20 

regulators of host innate immune activation. A Tdp has been identified in Bacillus anthracis, 21 

the causative agent of anthrax. Here we present the first study of this protein, designated 22 

BaTdp. Recombinantly expressed and purified BaTdp TIR domain interacted with several 23 

human TIR domains, including that of the key TLR adaptor MyD88, although BaTdp 24 

expression in cultured HEK293 cells had no effect on TLR4- or TLR2- mediated immune 25 

activation. During expression in mammalian cells, BaTdp localised to microtubular networks 26 

and caused an increase in lipidated cytosolic microtubule-associated protein 1A/1B-light 27 

chain 3 (LC3), indicative of autophagosome formation. In vivo intra-nasal infection 28 

experiments in mice showed that a BaTdp knockout strain colonised host tissue faster with 29 

higher bacterial load within 4 days post-infection compared to the wild type B. anthracis. 30 

Taken together, these findings indicate that BaTdp does not play an immune suppressive role, 31 

but rather, its absence increases virulence. BaTdp present in wild type B. anthracis plausibly 32 

interact with the infected host cell, which undergoes autophagy in self-defence. 33 

 34 

Introduction 35 

Toll-like receptors (TLRs) are a family of type I integral membrane proteins with key 36 

roles in the innate immune response, the first line of defence against invading pathogens [1]. 37 

The TLRs contain an extracellular domain comprised of a leucine-rich repeat linked via a 38 

single transmembrane region to an intracellular Toll/interleukin 1 receptor (TIR). Central to 39 

both the initiation and propagation of TLR signalling are heterotypic TIR-TIR interactions 40 
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involving the TLRs and cytosolic adaptor proteins. There are four TIR containing TLR 41 

adaptor proteins involved in upregulation of the innate immune response, Myeloid 42 

differentiation factor 88 (MyD88), TIR domain containing adaptor protein inducing 43 

interferon β (TRIF), MyD88-adaptor like (MAL, also known as TIRAP) and TRIF-related 44 

adaptor molecule (TRAM) [2]. MAL and TRAM are bridging adaptors mediating recruitment 45 

of MyD88 and TRIF, respectively, to active TLRs, although both MyD88 and TRIF can 46 

interact directly with some TLRs [3]. This in turn is thought to cause association of other 47 

proteins crucial in TLR signalling, into a multi-protein complex called a Supramolecular 48 

Organizing Centre (SMOC) [4]. The SMOC propagates downstream signalling leading to 49 

activation of the NFκB transcription factor and thus, production of proinflammatory 50 

cytokines and type I interferons, central to the host response against infection.  A fifth TIR 51 

domain containing protein, Sterile α and armadillo-motif containing protein (SARM) has 52 

been shown to be a negative regulator of the TLR system [5, 6]. SARM is likely to be a part 53 

of the normal homeostatic regulation of the TLR signalling system although its precise 54 

mechanism of action remains unclear [7]. SARM has also been shown to associate with 55 

cytoskeletal structures [8] and regulate microtubule stability via tubulin acetylation [9]. 56 

TIR domain proteins (Tdps) have also been identified in a range of microbes [10] 57 

including a number of pathogenic bacterial species [11-14]. Several of these proteins have 58 

roles in virulence [11-13] and there is substantial evidence that they are involved in 59 

subversion of the innate immune response [14-16]. In most cases it appears that the bacterial 60 

Tdp domains function to interfere with the heterotypic TIR-TIR interactions essential for 61 

initiation and propagation of the TLR signalling pathway [17]. To this end the bacterial Tdps 62 

appear to act as molecular mimics. This is illustrated by the fact that TIR domains present in 63 

bacterial Tdps have core structures very similar to those of mammalian TIR domains [15, 18]. 64 

For example, the structure of the TIR domain of Brucella melitensis TcpB shows root mean 65 
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square deviation (RMSD) values of 2.5-3.0 Å for the TIR domain structures of human 66 

MyD88, MAL and TLR2 [15, 19]. The functionally important BB loop, named for 67 

connecting the strand βB and helix αB, adopts similar conformations in the two bacterial TIR 68 

domain structures solved, however this loop adopts markedly different conformations in the 69 

mammalian TIR protein structures [15]. The amino acid residues in the BB loop have been 70 

shown to play important roles in the normal functioning of the TLR signalling pathway [20-71 

23] and also in the inhibitory function of bacterial Tdps [14, 16].  72 

A Tdp has previously been identified in Bacillus anthracis [10], the causative agent of 73 

anthrax. Expression of the Tdp gene in B. anthracis is upregulated 2.3 fold in mouse 74 

macrophages between 1–2 h post-infection [24], a possible indication that the protein is 75 

functionally related to virulence. B. anthracis spores typically infect mammals via inhalation 76 

and are subsequently subjected to phagocytosis by macrophages whereupon they germinate. 77 

However, the mechanisms regulating intracellular development, and how the B. anthracis 78 

bacteria resist lysosomal degradation inside the cell, are not fully understood. Hu and 79 

colleagues have previously shown that cultured primary mouse macrophages efficiently kill 80 

both anthrax spores and vegetative bacteria within 4 h of infection [25], making the process 81 

behind initiation of infection in vivo unclear.  82 

In light of previous research [17], we speculated that this protein (denoted BaTdp in this 83 

manuscript, equivalent to BA_4098 in B. anthracis Ames), may be involved in the evasion of 84 

the host immune response through negative regulation of the TLR signalling pathway. 85 

However, in addition to the production of inflammatory cytokines and chemokines, 86 

macrophages are known to utilise other mechanisms to combat bacterial infection, including 87 

the initiation of autophagy in order to maintain cellular homeostasis [26]. During this process, 88 

cytosolic components are wrapped into double membrane autophagosomes which later fuse 89 

with lysosomes in order to degrade the target, thus comprising an important cellular 90 
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housekeeping tool. Interestingly, as this is a host defence mechanism, several pathogens have 91 

also evolved to utilise this pathway in order to establish a replicative niche and promote 92 

prolonged infection [27]. For example, Staphylococcus aureus has previously been shown to 93 

transit to autophagosomes shortly after invasion of mammalian cells, and was unable to 94 

replicate in an autophagy-deficient cell line [28].  95 

Although the presence of a TIR domain in BaTdp intuitively earmarks this protein to a 96 

role in TLR signalling, the findings presented in this paper do not support its involvement in 97 

the regulation of the TLR signalling pathway. Rather, we show that BaTdp co-localises with 98 

microtubules during expression in a model cell line, HEK. In addition, the expression of 99 

BaTdp in HEK cells also increases the levels of lipidated endogenous cytosolic microtubule-100 

associated protein 1A/1B-light chain 3 (LC3), associated with autophagosome formation. 101 

Autophagy is known to be an important host-survival strategy [29] and interestingly, in vivo 102 

experiments in a murine anthrax model revealed that a BaTdp knockout (ΔBaTdp) strain was 103 

able to colonise host lung tissue significantly faster than WT B. anthracis, in addition to an 104 

increase in lethality. These data indicate that BaTdp differs functionally from previously 105 

characterised bacterial Tdps. Rather, BaTdp might be exploited by the host for autophagy-106 

mediated survival during an infection by wildtype B. anthracis. The more rapid rate of 107 

colonisation of the mice to the ΔBaTdp strain indicates a plausible lack of autophagic 108 

protection due to the absence of BaTdp, and hence greater susceptibility of the mice. 109 

 110 

Materials and Methods 111 

Animals 112 

All animal studies were approved by the Dstl Animal Welfare and Ethical Review 113 

Body, and according to the requirements of the UK Animal (Scientific Procedures) Act 1986. 114 
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Specific pathogen free 6-8 week old A/J mice were sourced from Charles River laboratories 115 

(Margate UK).  116 

 117 

Cell culture and general reagents 118 

HEK293T, HEK293 cells stably expressing hTLR2 (HEK-TLR2) and HEK293 cells 119 

stably expressing MD2, CD14 and hTLR4 (HEK-TLR4) were purchased from Invivogen and 120 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) 121 

fetal bovine serum (FBS) and appropriate antibiotics at 37°C, 5% CO2, under humidified 122 

environment. Antibodies to GAPDH and β tubulin were from Santa Cruz Biotechnology, 123 

LC3B was from Cell Signaling Technology, His and FLAG were from Sigma-Aldrich, rabbit 124 

IgG Alexa Fluor 568 conjugate was from Invitrogen. E. coli 055:B5 lipopolysaccharide 125 

(LPS) and lipoteichoic acid (LTA) were from Sigma-Aldrich. Mitotracker dye was from 126 

Invitrogen. 127 

 128 

Construction of plasmids 129 

PCR primers 5′-caccatgtattatcatattagaatta-3′ and 5′-atacgtaacttttaatccagc-3′ were used to 130 

amplify the BaTdp gene from B. anthracis genomic DNA. PCR product was then cloned into 131 

the mammalian expression vector pcDNA3.2/VS/GW/D-TOPO® (Invitrogen) and 132 

transformed into E. coli TOP10 cells (Invitrogen). For localisation studies, the BaTdp gene 133 

was cloned into a pEGFP-C1 vector (Clontech). Bacterial plasmid for expression of the 134 

BaTdp TIR domain (BaTIR) tagged with GB1 and His-tag was generated by cloning the 135 

sequence corresponding to amino acids D126-R266 of BaTdp, into GEV2 [30]. The four 136 

human adaptor protein expression constructs were made in previous studies by individually 137 
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cloning the TIR domain-encoding region of human MyD88 and TRIF (MyD88-TIR and 138 

TRIF-TIR), as well as full length MAL and TRAM into pGEX-6P-1 plasmids (GE 139 

Healthcare), which contain a gene encoding a GST tag [31]. Plasmids coding for G164A 140 

mutant BaTdp were generated with a QuikChange site-directed mutagenesis kit (Stratagene) 141 

using complementary primers 5′-ggaagctaatgaagcgttaacagttcttg-3′ and 5′-142 

caagaactgttaacgcttcattagcttcc-3′, following the manufacturer’s instructions.  143 

 144 

Expression and purification of BaTIR and human adaptor 145 

protein constructs 146 

Bacterial protein expression was performed in BL21 (DE3) E. coli cells (Invitrogen). 147 

GB1-BaTIR-His was purified on Co2+-IMAC Talon resin (Clontech), while GST-tagged 148 

MyD88-TIR, TRIF-TIR, MAL and TRAM were purified on Glutathione Sepharose HP resin 149 

(GE Healthcare). Following purification, the removal of imidazole or reduced glutathione 150 

was effected by overnight dialysis, followed by concentration to 1-5 mg/mL using Amicon 151 

ultrafiltration (10 kDa MWCO) filters. The purity of the protein was assessed by SDS-PAGE 152 

analysis and proteins were flash frozen in liquid nitrogen and stored at -80°C until used. 153 

 154 

Determination of protein concentration 155 

After purification, dialysis and ultrafiltration, the protein concentration was determined 156 

spectrophotometrically at OD 280 nm and calculated using the Beer-Lambert law. 157 

 158 
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GST pull-down assays 159 

100 µg GST-tagged bait protein MyD88-TIR, TRIF-TIR, MAL or TRAM was bound to 160 

50 μL glutathione resin pre-equilibrated with binding buffer [20 mM Tris-HCl pH 7.5, 150 161 

mM NaCl, 5 mM DTT, 1 mM EDTA, 0.1% v/v Tergitol® type NP-40] and incubated at 4°C 162 

for 1 hour. The resin was washed with 1 mL binding buffer, before 60 µg of GB1-BaTIR-His 163 

was added as the prey protein. After an additional 1-hour incubation at 4°C, the resin was 164 

washed with binding buffer four times and total protein content was eluted by boiling the 165 

resin in 50 μL SDS-PAGE sample buffer at 95°C for 10 minutes. Samples were analysed by 166 

western blot with bands visualised using SIGMAFAST BCIP®/NBT (Sigma). 167 

 168 

Confocal microscopy 169 

HEK-TLR4 cells were grown on coverslips in 12-well plates, transfected with Turbofect 170 

reagent (Thermo Scientific) and incubated for an additional 24 hours. Cells were washed with 171 

PBS and fixed with 4% paraformaldehyde in PBS for 15 minutes, followed by washing three 172 

times with PBS. Cells were permeabilised with 0.1% Triton X-100 and stained with a 173 

primary antibody targeting β-tubulin and a secondary fluorescent antibody. Cells were 174 

mounted with Prolong Gold Antifade mounting media containing DAPI (Invitrogen) and 175 

visualised under a META 510 confocal laser scanning microscope (Zeiss). 176 

 177 

MTT cell viability assay 178 

HEK293T cells were grown in 96-well plates and transfected with 100 ng of plasmid per 179 

well using Turbofect reagent (Thermo Scientific). To estimate overall cell viability, 20 µL of 180 
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3-(4,5-dimethylthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) salt (Sigma) 181 

solubilised in PBS at 5 mg/mL was added to each well, followed by further incubation at 182 

37°C for 4 hours. Formazan crystals were then solubilised overnight by adding 100 µL 10% 183 

SDS in 10 mM HCl to each well. Metabolic activity of viable cells was then measured at 590 184 

nm with a Synergy Mx microplate reader (BioTek). 185 

 186 

In vitro cell PAMP stimulation and measurement of secreted 187 

cytokines 188 

HEK-TLR2 or HEK-TLR4 cells were seeded in 24-well plates and transfected with 189 

pCDNA plasmids encoding either BaTdp or BaTdp (G164A), using Turbofect reagent 190 

(Thermo Scientific). Total plasmid concentration was normalised to 1 µg/mL growth medium 191 

using empty pCDNA vector. 24 hours post-transfection, cells were stimulated with either 0.1 192 

µg/mL LPS or 1 µg/mL LTA for 24 hours, after which cell supernatants were harvested and 193 

secreted amounts of inflammatory cytokines, IL-8 and TNFα, were quantified with OptEIA 194 

human cytokine ELISA kits (BD BioSciences), following manufacturer’s instructions.   195 

 196 

Measurement of cellular autophagy 197 

To measure autophagic flux, cellular LC3B was detected by western blot analysis. 198 

HEK293T cells were seeded in 6-well plates and transfected with plasmids encoding either 199 

BaTdp or BaTdp (G164A) using Turbofect reagent. Total plasmid concentration was 200 

normalised to 1 µg/mL growth medium using empty pCDNA vector. At 24 and 48 hours 201 

post-transfection, cells were harvested and lysed by boiling in PBS supplemented with 1% 202 

SDS. Lysates were resolved by SDS-PAGE and analysed for LC3B content by western blot 203 
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with bands visualised using enhanced chemiluminescent (ECL) HRP substrate (Thermo 204 

Scientific) and detected with an ImageQuant LAS 4000 mini system (GE Healthcare). 205 

 206 

Construction of a B. anthracis ΔBaTdp strain  207 

A deletion construct of the BaTdp gene suitable for allelic exchange was created by 208 

cloning two NotI-XmaI DNA fragments containing BaTdp flanking regions into the NotI site 209 

of pBKJ236 [32]. These fragments were created by PCR with primers 5′-210 

GGATCCgatcgatggcatacgtcata-3′ and 5′-CCCGGGcataatatccctcgactttc-3′ upstream and 5′-211 

CCCGGGtaaaatcgcgaactgtttgc-3′ and 5′-GCGGCCGCaacggtttcaactcctac-3′ downstream of 212 

the BaTdp gene (capitalised bases denote BamHI, XmaI and NotI sites). Ligation of the two 213 

fragments created a precise deletion of the BaTdp open reading frame from the start to the 214 

stop codon, inclusive, replacing it with an XmaI site. The resulting construct was used to 215 

perform allelic exchange in B. anthracis STI to create a BaTdp null mutant by a procedure 216 

described previously [32]. In brief, integrants of the BaTdp-pBKJ236 plasmid construct were 217 

isolated by a shift to the replication-nonpermissive temperature after conjugative transfer and 218 

growth at the permissive temperature while maintaining selection for erythromycin 219 

resistance. A second plasmid, pBKJ223, was then introduced by conjugation and selection for 220 

tetracycline resistance. This plasmid mediates cleavage within the vector sequences, thus 221 

stimulating recombination and the loss of the integrated plasmid, resulting in gene 222 

replacement in a portion of the erythromycin-sensitive candidates. The absence of the BaTdp 223 

locus in B. anthracis STI ΔBaTdp was demonstrated by PCR using primers 5′-224 

gatccggacataatggatgc-3′ (upstream) and 5′-tcagccttaccttctccttc-3′ (downstream). These 225 

primers were designed to bind to sequences flanking the region included in the deletion 226 

construct described above.  The B. anthracis STI ΔBaTdp construct was also tested by PCR 227 
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to ensure the retention of pX01 using primers to pagA; 5′-agtgcatgcgtcgttctttgata-3′ 228 

(upstream) and 5′-gaatttgcggtaacacttcactcc-3′ (downstream).  229 

 230 

In vivo studies 231 

To determine the median lethal dose (MLD) of B. anthracis STI ΔBaTdp, ten groups 232 

of 6 female 6-8 week old A/J mice were infected with a range of doses (103 – 106 spores) of 233 

B. anthracis STI or B. anthracis STI ΔBaTdp via the intranasal route. Mice were monitored 234 

for 10 days before surviving mice were culled. MLD were calculated using the Reed and 235 

Muench method [33]. To determine differences in bacterial colonisation, eight groups of 6 236 

female 6-8 week old A/J mice were infected via the intra-nasal route with 1.75×103 spores of 237 

B. anthracis ΔBaTdp or 1.9×103 spores B. anthracis STI. Lungs, spleen and kidney were 238 

harvested from mice at 3, 4, 5 or 6 days post-challenge for bacteriological analysis. Whole 239 

240 

mL PBS and 10-fold duplications were plated onto L-agar plates for enumeration, calculated 241 

as CFU/mL.  242 

 243 

Statistical analysis 244 

In vitro data are presented as means ± SD of at least three independent experiments. 245 

Comparison with controls were made using a two-tailed Student’s t-test performed in 246 

GraphPad Prism® 5, with P values <0.05 considered significant. Cox regression was 247 

performed using SPSS V21.0, where strain was a factor and log10 dose a covariate. In vivo 248 

bacterial burden data was transformed to the log10 and then analysed using a two parameter 249 

General Linear Model using SPSS V21.0. Bacterial burden data from dead mice was not 250 

included in the analysis. 251 

 252 
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Results 253 

Bacillus anthracis Tdp is phylogenetically distinct from 254 

mammalian TIR domain-containing proteins 255 

Our previous bioinformatics survey [10] identified one protein that contains a TIR 256 

domain in B. anthracis strains (BaTdp). This protein is conserved across B. anthracis strains 257 

and displays substantial homology (66% identity) to a predicted Tdp found in the Bacillus 258 

weihenstephanensis genome (Fig. 1). The genomic sequence context of BaTdp suggests it is 259 

in a region of phage DNA. To confirm the evolutionary resemblance of BaTdp to TIR 260 

domain proteins, a reverse PSI-BLAST (with BaTdp as the seed) was performed. This 261 

analysis highlighted a TIR domain protein from Dictyostelium discoideum AX4 and one from 262 

Ricinus communis, suggesting that BaTdp is phylogenetically unrelated to mammalian TIR 263 

domain proteins. Although the BaTdp sequence contains the Box 1 and Box 2 regions 264 

characteristic of the TIR domains, the 3D structure prediction tool, FUGUE [34], did not find 265 

any highly scoring matches (data not shown). This suggests that at the level of its primary 266 

sequence, part of the BaTdp is homologous to TIR domains but the protein may differ at a 267 

tertiary level from previously solved structures of TIR domain proteins. Furthermore, the 268 

functionally important BB loop in the BaTdp lacks the Pro residue usually found in 269 

mammalian TLR-TIRs and adaptor TIRs as well as some bacterial Tdps, such as YpTdp. 270 

However, the BaTdp BB loop does contain the conserved glycine residue, Gly164 (Fig. 1). 271 

The corresponding Gly158 residue in the B. melitensis TcpB protein has been shown to be 272 

important for the protein’s ability to suppress TLR2-mediated NFκB activation [16], and is 273 

well conserved across both mammalian and bacterial Tdps. 274 

 275 
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Fig 1. Sequence alignment of TIR domain proteins. Sequence alignment of the TIR 276 

domains from BaTdp (BA_4098, residues 126-266), BwTdp from Bacillus 277 

weihenstephanensis (KEZ82977.1, residues 132-256), TcpB from Brucella melitensis 278 

(NP5404591.1, residues 116-250), TcpC from Escherichia coli CFT073 (NP_754290.1, 279 

residues 169-280), TcpF from Enterococcus faecalis (CCO72761.1, residues 3-160), TirS 280 

from Staphylococcus aureus (WP_000114516.1, residues 142-246), SaTlp1 from S. aureus 281 

(CAQ50581.1, residues 202-308), YpTdp from Yersinia pestis (NP_ 669733.1, residues 139-282 

240), and human proteins MyD88 (AAH13589.1, residues 146-296), TLR2 (AAH33756.1, 283 

residues 641-784) and TLR4 (NP_003257.1, residues 621-781). The Box 1 and Box 2 regions 284 

are indicated by red boxes. The conserved glycine residue in the box 2 region is marked with 285 

an asterisk. Structural features indicated are based on the TcpB structure [19]. The alignment 286 

was generated using MAFFT v.7220 [35] and visualised in Jalview [36]. 287 

 288 

The TIR domain of BaTdp interacts with a range of mammalian 289 

adaptor proteins in vitro 290 

The recombinant expression of full length bacterial Tdps is notoriously challenging 291 

[14, 37], so in order to explore whether BaTdp could interact with mammalian adaptor 292 

proteins, we focused on the isolated TIR domain (BaTIR, residues D126-R266). This 293 

approach has allowed us to successfully study the interactions of the TIR domain protein 294 

from Yersinia pestis [37]. BaTIR was expressed in E. coli BL21 cells as a fusion protein with 295 

an N-terminal GB1 tag and a C-terminal hexahistidine tag using the GEV2 vector. The 296 

protein expressed well and could be readily isolated using Co2+ affinity chromatography with 297 

a final yield of 1.25 mg/L LB culture. SDS-PAGE analysis revealed that the sample 298 

contained one dominant species appearing just below the 28 kDa marker band (Fig. 2A). The 299 

GB1 tag is approximately 6 kDa in size with BaTIR having a theoretical molecular weight of 300 
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16 kDa. The final concentration of the sample was approximately 5 mg/mL following dialysis 301 

and ultrafiltration.  302 

Fig 2. The TIR domain of BaTdp interacts with a range of mammalian adaptor proteins 303 

in vitro. (A) SDS-PAGE analysis of the GB1-BaTIR-His construct following isolation using 304 

Co2+ affinity chromatography. M, molecular weight markers; lane 1, soluble fraction of 305 

whole cell lysate; lane 2, flowthrough during purification; lane 3, purified protein. The band 306 

corresponding to GB1-BaTIR is indicated by the arrow. Figure shows cropped lanes from 307 

non-adjacent lanes of the same gel. (B) Western blot analysis of samples obtained from GST 308 

pull down interaction assays. IB, immunoblot. Result shown is representative of at least three 309 

independent experiments. Image has been cropped to display only the region of interest. An 310 

uncropped version of the blot is shown in S1 Fig. 311 

 312 

Pull down experiments were performed using GST tagged versions of MyD88-TIR, 313 

TRIF-TIR, MAL and TRAM as baits, with the isolated GB1-BaTIR-His as prey. 314 

Interestingly, GB1-BaTIR-His interacted with MyD88-TIR (Fig. 2B), with possible weak 315 

interactions also detected using MAL and TRIF-TIR. No interaction was detected between 316 

GB1-BaTIR-His and GST only, confirming the specificity of the interaction (Fig. 2B). 317 

MyD88 is the key TLR adaptor used by all human TLRs except TLR3 for downstream 318 

immune activation, and thus the results indicated that BaTdp may have a role in modulating 319 

host TLR signalling. We therefore further investigated this potential function of BaTdp in a 320 

mammalian cell environment. 321 

  322 

BaTdp co-localises with tubulin in HEK-TLR4 cells and is not 323 

cytotoxic 324 
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In order to explore the functional role of BaTdp in a cellular environment, we 325 

expressed the protein in HEK-TLR4 cells, a model cell line used regularly to assess TLR4-326 

signalling initiated by LPS stimulation [6]. Initial studies focused on the localisation of a GFP 327 

tagged version of the protein. The BaTdp-GFP protein localised into discrete cytosolic 328 

structures mainly near the cell membrane, and due to the patterns formed, we speculated that 329 

the protein co-localises with tubulin, as seen for TcpB from B. melitensis [16]. BaTdp-GFP 330 

was seen in the cells mainly as distinct spots (Fig. 3A), and cellular staining with an antibody 331 

targeting β-tubulin, followed by fluorescent staining, revealed a clear overlap between the 332 

two proteins, suggesting that BaTdp targets microtubule networks in the cell. It is not clear 333 

whether the co-localisation seen is due to a direct interaction between BaTdp and tubulin. We 334 

did not observe any noticeable shrinkage or rounding of cells expressing BaTdp, which has 335 

been reported during TcpB expression in HEK cells [16]. To assess whether the protein had a 336 

cytotoxic effect on HEK cells, an MTT assay was used to determine the overall cellular 337 

viability up to 48 h post-transfection. A cell line derived from HEK293 containing the SV40 338 

T-antigen (HEK293T) was used to ensure a high level of protein expression, and as shown in 339 

Figure 3B, expression of BaTdp (both WT and G164A mutant protein) was comparable and 340 

associated with only minor reduction in cell viability, confirming that BaTdp does not elicit a 341 

cytotoxic effect on the host cell.  342 

 343 

Fig 3. BaTdp co-localises with cellular tubulin. (A) HEK-TLR4 cells transfected with 344 

plasmid coding for BaTdp-GFP fusion protein were fixed, permeabilised and stained with a 345 

β-tubulin antibody and visualised with a red fluorescent secondary antibody. The protein 346 

appeared in the cytosol mainly as condensed spots. Cell nuclei were stained with 4',6-347 

diamidino-2-phenylindole (DAPI). All scale bars, 10 µm. Original magnification ×100. DIC, 348 

Differential interference contrast. (B) Overall cell viability of HEK293T cells transfected 349 
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with plasmid encoding BaTdp or BaTdp (G164A) was estimated by MTT assay. Plasmid 350 

amount was normalised to 100 ng per well (corresponding to 1000 ng/mL) using empty 351 

pCDNA control plasmid. Bars represent mean values of three independent experiments. 352 

Error bars, SD of triplicates. 353 

 354 

BaTdp does not affect TLR signalling in mammalian cells 355 

As shown above, our GST pull-down results indicated that the TIR domain of BaTdp, 356 

BaTIR, specifically interacts with human TLR adaptor proteins, which prompted us to 357 

speculate that the expression of BaTdp in mammalian cells may disrupt TLR-mediated 358 

downstream signalling, as previously described for multiple bacterial Tdps. HEK-TLR4 cells 359 

were initially transfected with plasmid coding for BaTdp and incubated for 24 h, followed by 360 

stimulation with 0.1 µg/mL LPS for an additional 24 h. Contrary to expectation, the 361 

expression of BaTdp had no significant effect on LPS-induced production of either TNFα or 362 

IL-8 at any of the concentrations of vector DNA transfected (0-1000 ng; Fig. 4A), indicating 363 

that BaTdp does not have a role in TLR4 signalling. It is possible that this is due to the fact 364 

that B. anthracis is a Gram-positive bacterium and does not possess LPS as a stimulant for 365 

TLR4. However, TLR4 is the receptor for a wide variety of molecules in addition to LPS, 366 

including anthrolysin O [38] which is known to be expressed by B. anthracis [39], thus LPS 367 

should be an appropriate ligand to use to assess the effects of BaTdp on TLR signalling. 368 

Nevertheless, we decided to further conduct a similar experiment in HEK cells stably 369 

expressing TLR2, whose natural ligands include LTA from the cell wall of Gram-positive 370 

bacteria. BaTdp expression in HEK-TLR2 cells was again found to have no significant effect 371 

on IL-8 secretion following LTA-stimulation (Fig. 4B), suggesting that unlike many other 372 

bacterial TIR domain proteins, the primary functional role of BaTdp is not to suppress TLR-373 

mediated immune activation. The levels of TNFα secretion from HEK-TLR2 cells were also 374 
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assessed following LTA stimulation, but were found to be below the assay detection limit 375 

(data not shown). In addition to the cytokine secretion assays shown here, cell reporter assays 376 

were performed to assess if BaTdp-expression had any effect on IL-1β-, TNF- or LPS-377 

induced NFκB activation in HEK cells, but no significant differences could be detected (data 378 

not shown). In each experiment, the amount of TNFα secreted from cells following PAMP-379 

stimulation was consistently low and near the assay detection limit, making this data of 380 

limited use. In contrast, PAMP-stimulation of cells resulted in IL-8 secretion levels markedly 381 

higher than unstimulated control cells. To ensure the fidelity of the assays, control 382 

experiments were performed with cells expressing a known inhibitor of TLR-signalling (S2 383 

Fig.). 384 

 385 

Fig 4. In vitro signalling assays indicate that BaTdp does not affect TLR signalling. (A) 386 

HEK-TLR4 cells were transfected with increasing amounts of vector DNA containing the 387 

gene encoding BaTdp (wildtype) or the BaTdp (G164A). 24 hours post-transfection, cells 388 

were challenged with LPS (0.1 µg/mL) and the production of inflammatory cytokines, TNFα 389 

and IL-8, were assessed by ELISA 24 hours later. Bars represent mean values of three 390 

independent experiments. Error bars, SD of triplicates. (B) HEK-TLR2 cells were 391 

transfected with plasmid encoding for BaTdp or BaTdp (G164A) and challenged with LTA 392 

(1 µg/mL) 24 hours post-transfection, followed by assessment of IL-8 content in the culture 393 

supernatant by ELISA after an additional 24 hours. Bars represent mean values of three 394 

independent experiments. Error bars, SD of triplicates. (C) HEK-TLR4 cells were co-395 

transfected with plasmids encoding FLAG-tagged MyD88 and GFP-tagged BaTdp. 24 hours 396 

post transfection, after being stained with mitotracker dye to stain cellular mitochondria, cells 397 

were fixed, permeabilised and stained with an anti-FLAG antibody and visualised with a red 398 

fluorescent secondary antibody. All scale bars, 10 µm. Original magnification ×100. 399 
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 400 

HEK-cells were also co-transfected with plasmids encoding GFP-tagged BaTdp and 401 

FLAG-tagged MyD88, followed by staining with anti-FLAG antibody and analysis by 402 

fluorescence microscopy. As shown in Figure 4C, MyD88 localised to mitochondria as 403 

previously described [31], but no noticeable overlap between MyD88 and BaTdp could be 404 

observed, indicating that BaTdp does not target MyD88 in a cellular environment. 405 

 406 

BaTdp expression induces autophagy in mammalian cells  407 

The co-localisation of BaTdp to tubulin (Fig. 3), which is known to play an important 408 

role in autophagosome formation in mammalian cells [40], prompted us to hypothesise that 409 

BaTdp might be involved in the host cell autophagy. We used the lipidation of LC3-I to LC3-410 

II (specifically in LC3B, which is one of multiple LC3 isoforms) in HEK293T cells as a 411 

marker for autophagy activity and followed the process by immunoblotting of cell lysates. 412 

This is an established method for monitoring autophagy and autophagy-related processes 413 

previously used with HEK cells [41, 42]. To ensure the complete extraction of lipidated 414 

LC3B during cell lysis, harvested cells were boiled in PBS containing 1% SDS before 415 

analysis by SDS-PAGE and subsequent western blot. WT BaTdp expression was found to be 416 

associated with significantly increased levels of LC3B-II at 48 h post-transfection (Fig. 5), 417 

while BaTdp (G164A) expression did not result in any significant difference in cellular 418 

LC3B-II content compared with cells transfected with empty plasmid. This suggests that 419 

Gly164, located in the conserved Box 2 region of the TIR domain, is functionally associated 420 

with LC3B-mediated autophagy. 421 

 422 

Fig 5. Expression of BaTdp increases lipidation of cellular LC3. (A) HEK293T cells were 423 

transfected with plasmid encoding either BaTdp (wild type) or BaTdp (G164A) protein. After 424 
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24 or 48 hours post-transfection, cells were lysed in PBS containing 1% SDS and lysates 425 

were resolved by SDS-PAGE and analysed by western blot using an anti-LC3B primary 426 

antibody or anti-GAPDH antibody for loading control. Result shown is representative of 427 

three independent experiments. Figures show cropped lanes from non-adjacent lanes of the 428 

same blot. Images have been cropped to only show the regions of interest. (Uncropped 429 

versions of blots are shown in S1 Fig.) (B) Western blots were analysed by densitometry 430 

using ImageJ software [43]. For each sample, the LC3B-II value was normalised against 431 

corresponding GAPDH value. Bars represent mean values of three independent experiments. 432 

Error bars, SD of triplicates. *P < 0.05 (by two-tailed Student’s t-test). 433 

 434 

HEK-cells expressing GFP-tagged BaTdp were also stained with anti-LC3B antibody, 435 

followed by analysis by fluorescence microscopy. As shown in Figure 6, BaTdp expression 436 

was associated with clear co-localisation and accumulation of LC3B, further suggesting that 437 

BaTdp interacts with cellular autophagosomes. 438 

 439 

Fig 6. BaTdp co-localises with cellular LC3. HEK293T cells were transfected with plasmid 440 

encoding GFP-tagged BaTdp. 24 hours post transfection, cells were fixed, permeabilised and 441 

stained with an anti-LC3B antibody and a secondary red fluorescent antibody, followed by 442 

analysis by fluorescence microscopy. Non-transfected cells, or cells transfected plasmid 443 

encoding GFP were used as control. All scale bars, 10 µm. Original magnification ×100. 444 

 445 

B. anthracis STI ΔBaTdp virulence  446 

Given that BaTdp had been found to localise to the cellular microtubule structures and 447 

induce autophagosome formation, but did not appear to act on intracellular TLR signalling, 448 

we were curious to see if a B. anthracis ΔBaTdp strain would display a reduction in lethality. 449 
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To test this, mice were infected with a range of doses of either wild type B. anthracis STI or 450 

B. anthracis STI ΔBaTdp and then monitored for 10 days before being culled. The Reed and 451 

Muench calculation [33] was then used to calculate the MLD of B. anthracis STI ΔBaTdp. 452 

The MLD of B. anthracis STI ΔBaTdp was calculated to be 5.25×103 spores per mouse, 453 

higher than the previously determined value of 1.34×103 for WT B. anthracis STI [44], but 454 

still within the margin of error. This data was further analysed using Cox regression and we 455 

found the likelihood of survival time effect was low (P = 0.418).  456 

In a separate experiment, A/J mice infected with either wild type B. anthracis STI or 457 

B. anthracis STI ΔBaTdp were culled at 3, 4, 5 and 6 days. Their spleens, lungs and kidneys 458 

were removed for analysis to discern any differences between their bacterial loads. Data 459 

indicated that no viable bacteria were isolated from the spleen or kidney unless the animal 460 

had died, with the exception of two mice infected with wild type B. anthracis at day 5 and a 461 

single mouse at day 3 infected with B. anthracis STI ΔBaTdp (data not shown). Lungs were 462 

colonised by B. anthracis STI ΔBaTdp to a greater extent than the wild type strain at day 3 (P 463 

< 0.004) and day 4 (P = 0.008) but there was no statistically significant difference at the later 464 

time points (Fig. 7). Together these data indicate increased virulence of B. anthracis as a 465 

result of deletion of BaTdp. 466 

 467 

Fig 7. Colonisation of lungs by B. anthracis STI or B. anthracis STI ΔBaTdp during 468 

murine model of infection. Eight groups of 6 female each, of 6-8 week old A/J mice were 469 

infected via the intra-nasal route with either B. anthracis STI or B. anthracis STI ΔBaTdp. At 470 

3, 4, 5 or 6 days post-infection, lungs were removed from mice and bacterial numbers 471 

enumerated. Open symbols indicate mice that died during the experiment. The bar represents 472 

the median bacterial load for each group. WT = Wild Type B. anthracis STI, MT = Mutant B. 473 

anthracis STI ΔBaTdp. Data points show the bacterial burden per lung. Significance markers 474 



 21 

indicate the output of Bonferroni’s post-tests where P < 0.01. Bacterial burden data from 475 

dead mice was not included in the analysis. 476 

 477 

 Discussion 478 

This paper details an investigation into the TIR-containing protein from the highly 479 

pathogenic bacterial species, B. anthracis, and its overall effect on virulence. B. anthracis is a 480 

tier 1 pathogen classified by the United States Centers for Disease Control and Prevention 481 

(CDC), due to its potential as a bioterrorism agent. The need for development of effective 482 

therapeutic treatments against B. anthracis infection was further highlighted in 2001 when 483 

anthrax toxin was used during a series of attacks in the United States, but functional studies 484 

are by nature associated with strict technical difficulties.  485 

Proteins containing TIR domains have been discovered through in silico methods in a 486 

wide variety of bacterial species. Early studies revealed that these proteins play a role in the 487 

subversion of a host immune response through negative regulation of the TLR signalling 488 

pathway. However, this unified theory may be too simplistic, as other possible functions of 489 

these proteins are likely, particularly as many TIR domain proteins are present in non-490 

pathogenic bacteria [10].  491 

The majority of bacterial Tdps characterised to date have been from Gram-negative 492 

species, although recent studies describe Tdps from Gram-positive species. Askarian and 493 

colleagues reported the characterisation of an S. aureus Tdp, TirS, that appears to block 494 

TLR2-mediated NFκB activation in vitro [45], although mice infected with WT or KO strains 495 

displayed comparable survival rates. An Enterococcus faecalis Tdp, TcpF, has also been 496 

shown to suppress TLR2-dependent NF𝜅B activation in cultured eukaryotic cells [46]. 497 

Patterson and colleagues later identified and characterised two proteins, SaTlp1 and SaTlp2, 498 

from S. aureus harbouring TIR-like domains [47]. In contrast to previously characterised 499 
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bacterial Tdps, these two proteins were associated with an upregulation of host immune 500 

signalling through NFκB activation [47]. Here, we have characterised the Tdp of a significant 501 

tier 1 bioterrorism pathogen. We found that although the BaTdp protein seemed to 502 

consistently show no subversive role from the host TLR immune activation in vitro, it may be 503 

exploited by the host for autophagy-mediated survival during B. anthracis infection.  504 

Observing an interaction between the BaTdp TIR domain and the human TLR 505 

adaptors in vitro using GST pull-down, without a discernable effect on TLR signalling in the 506 

cell-based assay was intriguing. Pull-down assays did not provide any quantitative 507 

information regarding the affinity of interactions, and thus caution needs to be exercised in 508 

extrapolating the function of the protein from in vitro interaction analysis. For example, 509 

previous research indicated interactions between the B. melitensis TIR domain protein, TcpB 510 

and MyD88, TLR4 and MAL, but only the interaction between TLR4 and MAL was 511 

inhibited by TcpB [15]. Furthermore pull down experiments using only the TIR domain 512 

suggested that the full length proteins may have folded in a manner that blocks heterotypic 513 

TIR-TIR interactions. The complex cellular environment may also contain unknown factors 514 

inhibiting BaTdp-mediated protein-protein interactions, which can then only be observed in a 515 

minimal artificial buffer system. These factors may explain why we were unable to see any 516 

interaction between MyD88 and full-length BaTdp during overexpression in mammalian 517 

cells. 518 

There is currently no high resolution structure of BaTdp, thus it is possible that the 519 

region predicted to be the TIR domain actually adopts a significantly different fold. This 520 

would explain why this protein doesn’t act in quite the same way as other bacterial Tdps. 521 

However this seems unlikely, given that structure is typically more conserved than sequence, 522 

and that we observe specific interactions with other known TIR-domains. As TIR-domains 523 

are widespread among both pathogenic and non-pathogenic bacteria, fungi, archaea and 524 
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viruses [10], it would seem unlikely that they serve a single consistent function throughout 525 

different organisms. Further studies are required to both fully determine the precise function 526 

and the mechanism of action of BaTdp and to explore the role of BaTdp in a biological 527 

context.   528 

Although in vitro TIR-dependent interaction assays carried out here, and expression 529 

data in the literature, suggested that BaTdp may have a role in immune evasion, the in vivo 530 

studies using the A/J mouse model do not provide any evidence to support this. On the 531 

contrary, evaluation of colonisation characteristics of wild-type B. anthracis STI and the 532 

ΔBaTdp mutant of this strain suggested that the presence of BaTdp inhibits bacterial 533 

propagation following infection. The intra-nasal route used for infection is a natural and 534 

appropriate route of infection for B. anthracis spores that mimic real life anthrax infection 535 

well, and any major functional difference between WT and ΔBaTdp strains should have been 536 

detected by characterisation of host tissue following infection. Although differences in tissue 537 

colonisation were seen, the results do not indicate that BaTdp is a major virulence factor. 538 

Further studies are required to confirm its functional role.  539 

Of particular interest was our observation that BaTdp co-localised with tubulin, 540 

indicating that it targets cytoskeletal networks when overexpressed in mammalian cells. 541 

Supporting our finding is a report on the observation of a similar pattern of localisation 542 

described for the Brucella-encoded Tdp, TcpB [16], although unlike BaTdp, the expression 543 

of TcpB was also associated with a clear anti-inflammatory effect on the host cells. However, 544 

BaTdp expression in cultured HEK293T cells corresponded to significantly increased level of 545 

LC3B lipidation, a process associated with autophagosome formation. As lipidated LC3 is 546 

known to directly associate with autophagosomes [41] it is an ideal marker for measuring 547 

autophagy. Although intra-autophagosomal lipidated LC3 may be degraded by hydrolases 548 

during autophagosome fusion with lysosomes, which is why protein inhibitors are typically 549 
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included in the assay, we were able to see a clear and consistent BaTdp-associated increase of 550 

LC3B throughout experiments. Tubulin-associated BaTdp often appeared in the cytoplasm as 551 

condensed spots, possibly an indication of protein aggregation, which may in part explain this 552 

effect as a general stress-response to these aggregates. Autophagy is a host defence 553 

mechanism, in part used to degrade intracellular pathogens, in order to promote host survival 554 

following infection [48], but some pathogenic bacteria such as Anaplasma phagocytophilum 555 

[49], Coxiella burnetii [50], and S. aureus [28], are believed to exploit this mechanism in 556 

order to establish a protective niche environment where the pathogen can develop. As no 557 

studies have thus far indicated that B. anthracis utilises autophagosomes for during infection, 558 

our finding suggests that the host might recruit BaTdp to trigger autophagy for its survival 559 

advantage. Brucella encoded TcpB has been shown to partly act by stabilising microtubule 560 

structures in the host cell [51], an effect that was recently reported to be dependent on a 561 

conserved WxxxE motif located adjacent to the αC helix [52]. Although BaTdp lacks the 562 

tryptophan residue of this motif, we were still able to observe a clear co-localisation with 563 

tubulin in HEK293T cells, suggesting that this is not an isolated occurrence but rather a 564 

conserved function that may be shared with other bacterial Tdps. It is not uncommon for 565 

intracellular pathogens to target cytoskeletal structures by releasing effector proteins that 566 

modulate microtubule dynamics [53], but the significance of doing so, or the mechanisms 567 

involved, are not well understood.  568 

Multiple bacterial Tdps have been shown to cross the eukaryotic plasma membrane 569 

[11, 54], but B. anthracis infects a host as spores that germinate intracellularly following 570 

engulfment by macrophages. Thus, BaTdp may not necessarily require this ability in order to 571 

gain access to the cytosolic environment. The secretion of bacterial Tdps from both Gram-572 

negative and -positive species has previously been described. Cirl and colleagues have 573 

demonstrated that TcpC is secreted by E. coli CFT073 grown in media, followed by 574 
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internalisation by mammalian cells using a transwell system [11], and TirS has also been 575 

described as being released by S. aureus using similar methodology [45].  However, it 576 

remains unclear whether BaTdp is actively secreted during infection. 577 

In conclusion, although the B. anthracis protein, BaTdp, displays an ability to interact 578 

with human Tdps in vitro via its TIR domain, it does not appear to play a role in immune 579 

evasion. In contrast, the absence of BaTdp in B. anthracis led to faster lung colonisation 580 

following infection. It is possible that the host exploits BaTdp to induce autophagy in order to 581 

promote the host’s own survival, but more research is needed to further verify the 582 

pathophysiological role.  583 
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Supporting information 790 

S1 Fig. Uncropped versions of Western blots presented. Uncropped versions of Western 791 

blots shown in Figures 2 (left) and 5 (middle and right). 792 

 793 

S2 Fig. PAMP-induced cytokine activation of HEK-TLR2 and -TLR4 cells. (A) HEK-794 

TLR4 cells were transfected with 1000 ng of empty vector (EV) or a vector containing the 795 
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gene encoding SARM, a known inhibitor of TLR-signalling. 24 hours post-transfection, cells 796 

were challenged with LPS (0.1 µg/mL) and the production of inflammatory cytokines, TNFα 797 

and IL-8, were assessed by ELISA 24 hours later. Background levels of cytokines produced 798 

by non-transfected (NT) cells without LPS-stimulation were also assessed. Bars represent 799 

mean values of three independent experiments. Error bars, SD of triplicates. ND, not 800 

detected. (B) HEK-TLR2 cells were transfected with 1000 ng of empty vector (EV), followed 801 

by assessment of IL-8 content in the culture supernatant by ELISA after an additional 24 802 

hours. Background levels of IL-8 produced by non-transfected (NT) cells without LTA-803 

stimulation were also assessed. Bars represent mean values of three independent experiments. 804 

Error bars, SD of triplicates. ND, not detected. 805 
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Abstract 17 

Toll-like receptors (TLRs) recognise invading pathogens and mediate downstream 18 

immune signalling via Toll/IL-1 receptor (TIR) domains. TIR domain proteins (Tdps) have 19 

been identified in multiple pathogenic bacteria and have recently been implicated as negative 20 

regulators of host innate immune activation. A Tdp has been identified in Bacillus anthracis, 21 

the causative agent of anthrax. Here we present the first study of this protein, designated 22 

BaTdp. Recombinantly expressed and purified BaTdp TIR domain interacted with several 23 

human TIR domains, including that of the key TLR adaptor MyD88, although BaTdp 24 

expression in cultured HEK293 cells had no effect on TLR4- or TLR2- mediated immune 25 

activation. During expression in mammalian cells, BaTdp localised to microtubular networks 26 

and caused an increase in lipidated cytosolic microtubule-associated protein 1A/1B-light 27 

chain 3 (LC3), indicative of autophagosome formation. In vivo intra-nasal infection 28 

experiments in mice showed that a BaTdp knockout strain colonised host tissue faster with 29 

higher bacterial load within 4 days post-infection compared to the wild type B. anthracis. 30 

Taken together, these findings indicate that BaTdp does not play an immune suppressive role, 31 

but rather, its absence increases virulence. BaTdp present in wild type B. anthracis plausibly 32 

interact with the infected host cell, which undergoes autophagy in self-defence. 33 

 34 

Introduction 35 

Toll-like receptors (TLRs) are a family of type I integral membrane proteins with key 36 

roles in the innate immune response, the first line of defence against invading pathogens [1]. 37 

The TLRs contain an extracellular domain comprised of a leucine-rich repeat linked via a 38 

single transmembrane region to an intracellular Toll/interleukin 1 receptor (TIR). Central to 39 

both the initiation and propagation of TLR signalling are heterotypic TIR-TIR interactions 40 



 3 

involving the TLRs and cytosolic adaptor proteins. There are four TIR containing TLR 41 

adaptor proteins involved in upregulation of the innate immune response, Myeloid 42 

differentiation factor 88 (MyD88), TIR domain containing adaptor protein inducing 43 

interferon β (TRIF), MyD88-adaptor like (MAL, also known as TIRAP) and TRIF-related 44 

adaptor molecule (TRAM) [2]. MAL and TRAM are bridging adaptors mediating recruitment 45 

of MyD88 and TRIF, respectively, to active TLRs, although both MyD88 and TRIF can 46 

interact directly with some TLRs [3]. This in turn is thought to cause association of other 47 

proteins crucial in TLR signalling, into a multi-protein complex called a Supramolecular 48 

Organizing Centre (SMOC) [4]. The SMOC propagates downstream signalling leading to 49 

activation of the NFκB transcription factor and thus, production of proinflammatory 50 

cytokines and type I interferons, central to the host response against infection.  A fifth TIR 51 

domain containing protein, Sterile α and armadillo-motif containing protein (SARM) has 52 

been shown to be a negative regulator of the TLR system [5, 6]. SARM is likely to be a part 53 

of the normal homeostatic regulation of the TLR signalling system although its precise 54 

mechanism of action remains unclear [7]. SARM has also been shown to associate with 55 

cytoskeletal structures [8] and regulate microtubule stability via tubulin acetylation [9]. 56 

TIR domain proteins (Tdps) have also been identified in a range of microbes [10] 57 

including a number of pathogenic bacterial species [11-14]. Several of these proteins have 58 

roles in virulence [11-13] and there is substantial evidence that they are involved in 59 

subversion of the innate immune response [14-16]. In most cases it appears that the bacterial 60 

Tdp domains function to interfere with the heterotypic TIR-TIR interactions essential for 61 

initiation and propagation of the TLR signalling pathway [17]. To this end the bacterial Tdps 62 

appear to act as molecular mimics. This is illustrated by the fact that TIR domains present in 63 

bacterial Tdps have core structures very similar to those of mammalian TIR domains [15, 18]. 64 

For example, the structure of the TIR domain of Brucella melitensis TcpB shows root mean 65 
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square deviation (RMSD) values of 2.5-3.0 Å for the TIR domain structures of human 66 

MyD88, MAL and TLR2 [15, 19]. The functionally important BB loop, named for 67 

connecting the strand βB and helix αB, adopts similar conformations in the two bacterial TIR 68 

domain structures solved, however this loop adopts markedly different conformations in the 69 

mammalian TIR protein structures [15]. The amino acid residues in the BB loop have been 70 

shown to play important roles in the normal functioning of the TLR signalling pathway [20-71 

23] and also in the inhibitory function of bacterial Tdps [14, 16].  72 

A Tdp has previously been identified in Bacillus anthracis [10], the causative agent of 73 

anthrax. Expression of the Tdp gene in B. anthracis is upregulated 2.3 fold in mouse 74 

macrophages between 1–2 h post-infection [24], a possible indication that the protein is 75 

functionally related to virulence. B. anthracis spores typically infect mammals via inhalation 76 

and are subsequently subjected to phagocytosis by macrophages whereupon they germinate. 77 

However, the mechanisms regulating intracellular development, and how the B. anthracis 78 

bacteria resist lysosomal degradation inside the cell, are not fully understood. Hu and 79 

colleagues have previously shown that cultured primary mouse macrophages efficiently kill 80 

both anthrax spores and vegetative bacteria within 4 h of infection [25], making the process 81 

behind initiation of infection in vivo unclear.  82 

In light of previous research [17], we speculated that this protein (denoted BaTdp in this 83 

manuscript, equivalent to BA_4098 in B. anthracis Ames), may be involved in the evasion of 84 

the host immune response through negative regulation of the TLR signalling pathway. 85 

However, in addition to the production of inflammatory cytokines and chemokines, 86 

macrophages are known to utilise other mechanisms to combat bacterial infection, including 87 

the initiation of autophagy in order to maintain cellular homeostasis [26]. During this process, 88 

cytosolic components are wrapped into double membrane autophagosomes which later fuse 89 

with lysosomes in order to degrade the target, thus comprising an important cellular 90 
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housekeeping tool. Interestingly, as this is a host defence mechanism, several pathogens have 91 

also evolved to utilise this pathway in order to establish a replicative niche and promote 92 

prolonged infection [27]. For example, Staphylococcus aureus has previously been shown to 93 

transit to autophagosomes shortly after invasion of mammalian cells, and was unable to 94 

replicate in an autophagy-deficient cell line [28].  95 

Although the presence of a TIR domain in BaTdp intuitively earmarks this protein to a 96 

role in TLR signalling, the findings presented in this paper do not support its involvement in 97 

the regulation of the TLR signalling pathway. Rather, we show that BaTdp co-localises with 98 

microtubules during expression in a model cell line, HEK. In addition, the expression of 99 

BaTdp in HEK cells also increases the levels of lipidated endogenous cytosolic microtubule-100 

associated protein 1A/1B-light chain 3 (LC3), associated with autophagosome formation. 101 

Autophagy is known to be an important host-survival strategy [29] and interestingly, in vivo 102 

experiments in a murine anthrax model revealed that a BaTdp knockout (ΔBaTdp) strain was 103 

able to colonise host lung tissue significantly faster than WT B. anthracis, in addition to an 104 

increase in lethality. These data indicate that BaTdp differs functionally from previously 105 

characterised bacterial Tdps. Rather, BaTdp might be exploited by the host for autophagy-106 

mediated survival during an infection by wildtype B. anthracis. The more rapid rate of 107 

colonisation of the mice to the ΔBaTdp strain indicates a plausible lack of autophagic 108 

protection due to the absence of BaTdp, and hence greater susceptibility of the mice. 109 

 110 

Materials and Methods 111 

Animals 112 

All animal studies were approved by the Dstl Animal Welfare and Ethical Review 113 

Body, and according to the requirements of the UK Animal (Scientific Procedures) Act 1986. 114 
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Specific pathogen free 6-8 week old A/J mice were sourced from Charles River laboratories 115 

(Margate UK).  116 

 117 

Cell culture and general reagents 118 

HEK293T, HEK293 cells stably expressing hTLR2 (HEK-TLR2) and HEK293 cells 119 

stably expressing MD2, CD14 and hTLR4 (HEK-TLR4) were purchased from Invivogen and 120 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) 121 

fetal bovine serum (FBS) and appropriate antibiotics at 37°C, 5% CO2, under humidified 122 

environment. Antibodies to GAPDH and β tubulin were from Santa Cruz Biotechnology, 123 

LC3B was from Cell Signaling Technology, His and FLAG were from Sigma-Aldrich, rabbit 124 

IgG Alexa Fluor 568 conjugate was from Invitrogen. E. coli 055:B5 lipopolysaccharide 125 

(LPS) and lipoteichoic acid (LTA) were from Sigma-Aldrich. Mitotracker dye was from 126 

Invitrogen. 127 

 128 

Construction of plasmids 129 

PCR primers 5′-caccatgtattatcatattagaatta-3′ and 5′-atacgtaacttttaatccagc-3′ were used to 130 

amplify the BaTdp gene from B. anthracis genomic DNA. PCR product was then cloned into 131 

the mammalian expression vector pcDNA3.2/VS/GW/D-TOPO® (Invitrogen) and 132 

transformed into E. coli TOP10 cells (Invitrogen). For localisation studies, the BaTdp gene 133 

was cloned into a pEGFP-C1 vector (Clontech). Bacterial plasmid for expression of the 134 

BaTdp TIR domain (BaTIR) tagged with GB1 and His-tag was generated by cloning the 135 

sequence corresponding to amino acids D126-R266 of BaTdp, into GEV2 [30]. The four 136 

human adaptor protein expression constructs were made in previous studies by individually 137 
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cloning the TIR domain-encoding region of human MyD88 and TRIF (MyD88-TIR and 138 

TRIF-TIR), as well as full length MAL and TRAM into pGEX-6P-1 plasmids (GE 139 

Healthcare), which contain a gene encoding a GST tag [31]. Plasmids coding for G164A 140 

mutant BaTdp were generated with a QuikChange site-directed mutagenesis kit (Stratagene) 141 

using complementary primers 5′-ggaagctaatgaagcgttaacagttcttg-3′ and 5′-142 

caagaactgttaacgcttcattagcttcc-3′, following the manufacturer’s instructions.  143 

 144 

Expression and purification of BaTIR and human adaptor 145 

protein constructs 146 

Bacterial protein expression was performed in BL21 (DE3) E. coli cells (Invitrogen). 147 

GB1-BaTIR-His was purified on Co2+-IMAC Talon resin (Clontech), while GST-tagged 148 

MyD88-TIR, TRIF-TIR, MAL and TRAM were purified on Glutathione Sepharose HP resin 149 

(GE Healthcare). Following purification, the removal of imidazole or reduced glutathione 150 

was effected by overnight dialysis, followed by concentration to 1-5 mg/mL using Amicon 151 

ultrafiltration (10 kDa MWCO) filters. The purity of the protein was assessed by SDS-PAGE 152 

analysis and proteins were flash frozen in liquid nitrogen and stored at -80°C until used. 153 

 154 

Determination of protein concentration 155 

After purification, dialysis and ultrafiltration, the protein concentration was determined 156 

spectrophotometrically at OD 280 nm and calculated using the Beer-Lambert law. 157 

 158 
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GST pull-down assays 159 

100 µg GST-tagged bait protein MyD88-TIR, TRIF-TIR, MAL or TRAM was bound to 160 

50 μL glutathione resin pre-equilibrated with binding buffer [20 mM Tris-HCl pH 7.5, 150 161 

mM NaCl, 5 mM DTT, 1 mM EDTA, 0.1% v/v Tergitol® type NP-40] and incubated at 4°C 162 

for 1 hour. The resin was washed with 1 mL binding buffer, before 60 µg of GB1-BaTIR-His 163 

was added as the prey protein. After an additional 1-hour incubation at 4°C, the resin was 164 

washed with binding buffer four times and total protein content was eluted by boiling the 165 

resin in 50 μL SDS-PAGE sample buffer at 95°C for 10 minutes. Samples were analysed by 166 

western blot with bands visualised using SIGMAFAST BCIP®/NBT (Sigma). 167 

 168 

Confocal microscopy 169 

HEK-TLR4 cells were grown on coverslips in 12-well plates, transfected with Turbofect 170 

reagent (Thermo Scientific) and incubated for an additional 24 hours. Cells were washed with 171 

PBS and fixed with 4% paraformaldehyde in PBS for 15 minutes, followed by washing three 172 

times with PBS. Cells were permeabilised with 0.1% Triton X-100 and stained with a 173 

primary antibody targeting β-tubulin and a secondary fluorescent antibody. Cells were 174 

mounted with Prolong Gold Antifade mounting media containing DAPI (Invitrogen) and 175 

visualised under a META 510 confocal laser scanning microscope (Zeiss). 176 

 177 

MTT cell viability assay 178 

HEK293T cells were grown in 96-well plates and transfected with 100 ng of plasmid per 179 

well using Turbofect reagent (Thermo Scientific). To estimate overall cell viability, 20 µL of 180 



 9 

3-(4,5-dimethylthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) salt (Sigma) 181 

solubilised in PBS at 5 mg/mL was added to each well, followed by further incubation at 182 

37°C for 4 hours. Formazan crystals were then solubilised overnight by adding 100 µL 10% 183 

SDS in 10 mM HCl to each well. Metabolic activity of viable cells was then measured at 590 184 

nm with a Synergy Mx microplate reader (BioTek). 185 

 186 

In vitro cell PAMP stimulation and measurement of secreted 187 

cytokines 188 

HEK-TLR2 or HEK-TLR4 cells were seeded in 24-well plates and transfected with 189 

pCDNA plasmids encoding either BaTdp or BaTdp (G164A), using Turbofect reagent 190 

(Thermo Scientific). Total plasmid concentration was normalised to 1 µg/mL growth medium 191 

using empty pCDNA vector. 24 hours post-transfection, cells were stimulated with either 0.1 192 

µg/mL LPS or 1 µg/mL LTA for 24 hours, after which cell supernatants were harvested and 193 

secreted amounts of inflammatory cytokines, IL-8 and TNFα, were quantified with OptEIA 194 

human cytokine ELISA kits (BD BioSciences), following manufacturer’s instructions.   195 

 196 

Measurement of cellular autophagy 197 

To measure autophagic flux, cellular LC3B was detected by western blot analysis. 198 

HEK293T cells were seeded in 6-well plates and transfected with plasmids encoding either 199 

BaTdp or BaTdp (G164A) using Turbofect reagent. Total plasmid concentration was 200 

normalised to 1 µg/mL growth medium using empty pCDNA vector. At 24 and 48 hours 201 

post-transfection, cells were harvested and lysed by boiling in PBS supplemented with 1% 202 

SDS. Lysates were resolved by SDS-PAGE and analysed for LC3B content by western blot 203 
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with bands visualised using enhanced chemiluminescent (ECL) HRP substrate (Thermo 204 

Scientific) and detected with an ImageQuant LAS 4000 mini system (GE Healthcare). 205 

 206 

Construction of a B. anthracis ΔBaTdp strain  207 

A deletion construct of the BaTdp gene suitable for allelic exchange was created by 208 

cloning two NotI-XmaI DNA fragments containing BaTdp flanking regions into the NotI site 209 

of pBKJ236 [32]. These fragments were created by PCR with primers 5′-210 

GGATCCgatcgatggcatacgtcata-3′ and 5′-CCCGGGcataatatccctcgactttc-3′ upstream and 5′-211 

CCCGGGtaaaatcgcgaactgtttgc-3′ and 5′-GCGGCCGCaacggtttcaactcctac-3′ downstream of 212 

the BaTdp gene (capitalised bases denote BamHI, XmaI and NotI sites). Ligation of the two 213 

fragments created a precise deletion of the BaTdp open reading frame from the start to the 214 

stop codon, inclusive, replacing it with an XmaI site. The resulting construct was used to 215 

perform allelic exchange in B. anthracis STI to create a BaTdp null mutant by a procedure 216 

described previously [32]. In brief, integrants of the BaTdp-pBKJ236 plasmid construct were 217 

isolated by a shift to the replication-nonpermissive temperature after conjugative transfer and 218 

growth at the permissive temperature while maintaining selection for erythromycin 219 

resistance. A second plasmid, pBKJ223, was then introduced by conjugation and selection for 220 

tetracycline resistance. This plasmid mediates cleavage within the vector sequences, thus 221 

stimulating recombination and the loss of the integrated plasmid, resulting in gene 222 

replacement in a portion of the erythromycin-sensitive candidates. The absence of the BaTdp 223 

locus in B. anthracis STI ΔBaTdp was demonstrated by PCR using primers 5′-224 

gatccggacataatggatgc-3′ (upstream) and 5′-tcagccttaccttctccttc-3′ (downstream). These 225 

primers were designed to bind to sequences flanking the region included in the deletion 226 

construct described above.  The B. anthracis STI ΔBaTdp construct was also tested by PCR 227 
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to ensure the retention of pX01 using primers to pagA; 5′-agtgcatgcgtcgttctttgata-3′ 228 

(upstream) and 5′-gaatttgcggtaacacttcactcc-3′ (downstream).  229 

 230 

In vivo studies 231 

To determine the median lethal dose (MLD) of B. anthracis STI ΔBaTdp, ten groups 232 

of 6 female 6-8 week old A/J mice were infected with a range of doses (103 – 106 spores) of 233 

B. anthracis STI or B. anthracis STI ΔBaTdp via the intranasal route. Mice were monitored 234 

for 10 days before surviving mice were culled. MLD were calculated using the Reed and 235 

Muench method [33]. To determine differences in bacterial colonisation, eight groups of 6 236 

female 6-8 week old A/J mice were infected via the intra-nasal route with 1.75×103 spores of 237 

B. anthracis ΔBaTdp or 1.9×103 spores B. anthracis STI. Lungs, spleen and kidney were 238 

harvested from mice at 3, 4, 5 or 6 days post-challenge for bacteriological analysis. Whole 239 

240 

mL PBS and 10-fold duplications were plated onto L-agar plates for enumeration, calculated 241 

as CFU/mL.  242 

 243 

Statistical analysis 244 

In vitro data are presented as means ± SD of at least three independent experiments. 245 

Comparison with controls were made using a two-tailed Student’s t-test performed in 246 

GraphPad Prism® 5, with P values <0.05 considered significant. Cox regression was 247 

performed using SPSS V21.0, where strain was a factor and log10 dose a covariate. In vivo 248 

bacterial burden data was transformed to the log10 and then analysed using a two parameter 249 

General Linear Model using SPSS V21.0. Bacterial burden data from dead mice was not 250 

included in the analysis. 251 

 252 
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Results 253 

Bacillus anthracis Tdp is phylogenetically distinct from 254 

mammalian TIR domain-containing proteins 255 

Our previous bioinformatics survey [10] identified one protein that contains a TIR 256 

domain in B. anthracis strains (BaTdp). This protein is conserved across B. anthracis strains 257 

and displays substantial homology (66% identity) to a predicted Tdp found in the Bacillus 258 

weihenstephanensis genome (Fig. 1). The genomic sequence context of BaTdp suggests it is 259 

in a region of phage DNA. To confirm the evolutionary resemblance of BaTdp to TIR 260 

domain proteins, a reverse PSI-BLAST (with BaTdp as the seed) was performed. This 261 

analysis highlighted a TIR domain protein from Dictyostelium discoideum AX4 and one from 262 

Ricinus communis, suggesting that BaTdp is phylogenetically unrelated to mammalian TIR 263 

domain proteins. Although the BaTdp sequence contains the Box 1 and Box 2 regions 264 

characteristic of the TIR domains, the 3D structure prediction tool, FUGUE [34], did not find 265 

any highly scoring matches (data not shown). This suggests that at the level of its primary 266 

sequence, part of the BaTdp is homologous to TIR domains but the protein may differ at a 267 

tertiary level from previously solved structures of TIR domain proteins. Furthermore, the 268 

functionally important BB loop in the BaTdp lacks the Pro residue usually found in 269 

mammalian TLR-TIRs and adaptor TIRs as well as some bacterial Tdps, such as YpTdp. 270 

However, the BaTdp BB loop does contain the conserved glycine residue, Gly164 (Fig. 1). 271 

The corresponding Gly158 residue in the B. melitensis TcpB protein has been shown to be 272 

important for the protein’s ability to suppress TLR2-mediated NFκB activation [16], and is 273 

well conserved across both mammalian and bacterial Tdps. 274 

 275 
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Fig 1. Sequence alignment of TIR domain proteins. Sequence alignment of the TIR 276 

domains from BaTdp (BA_4098, residues 126-266), BwTdp from Bacillus 277 

weihenstephanensis (KEZ82977.1, residues 132-256), TcpB from Brucella melitensis 278 

(NP5404591.1, residues 116-250), TcpC from Escherichia coli CFT073 (NP_754290.1, 279 

residues 169-280), TcpF from Enterococcus faecalis (CCO72761.1, residues 3-160), TirS 280 

from Staphylococcus aureus (WP_000114516.1, residues 142-246), SaTlp1 from S. aureus 281 

(CAQ50581.1, residues 202-308), YpTdp from Yersinia pestis (NP_ 669733.1, residues 139-282 

240), and human proteins MyD88 (AAH13589.1, residues 146-296), TLR2 (AAH33756.1, 283 

residues 641-784) and TLR4 (NP_003257.1, residues 621-781). The Box 1 and Box 2 regions 284 

are indicated by red boxes. The conserved glycine residue in the box 2 region is marked with 285 

an asterisk. Structural features indicated are based on the TcpB structure [19]. The alignment 286 

was generated using MAFFT v.7220 [35] and visualised in Jalview [36]. 287 

 288 

The TIR domain of BaTdp interacts with a range of mammalian 289 

adaptor proteins in vitro 290 

The recombinant expression of full length bacterial Tdps is notoriously challenging 291 

[14, 37], so in order to explore whether BaTdp could interact with mammalian adaptor 292 

proteins, we focused on the isolated TIR domain (BaTIR, residues D126-R266). This 293 

approach has allowed us to successfully study the interactions of the TIR domain protein 294 

from Yersinia pestis [37]. BaTIR was expressed in E. coli BL21 cells as a fusion protein with 295 

an N-terminal GB1 tag and a C-terminal hexahistidine tag using the GEV2 vector. The 296 

protein expressed well and could be readily isolated using Co2+ affinity chromatography with 297 

a final yield of 1.25 mg/L LB culture. SDS-PAGE analysis revealed that the sample 298 

contained one dominant species appearing just below the 28 kDa marker band (Fig. 2A). The 299 

GB1 tag is approximately 6 kDa in size with BaTIR having a theoretical molecular weight of 300 
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16 kDa. The final concentration of the sample was approximately 5 mg/mL following dialysis 301 

and ultrafiltration.  302 

Fig 2. The TIR domain of BaTdp interacts with a range of mammalian adaptor proteins 303 

in vitro. (A) SDS-PAGE analysis of the GB1-BaTIR-His construct following isolation using 304 

Co2+ affinity chromatography. M, molecular weight markers; lane 1, soluble fraction of 305 

whole cell lysate; lane 2, flowthrough during purification; lane 3, purified protein. The band 306 

corresponding to GB1-BaTIR is indicated by the arrow. Figure shows cropped lanes from 307 

non-adjacent lanes of the same gel. (B) Western blot analysis of samples obtained from GST 308 

pull down interaction assays. IB, immunoblot. Result shown is representative of at least three 309 

independent experiments. Image has been cropped to display only the region of interest. An 310 

uncropped version of the blot is shown in S1 Fig. 311 

 312 

Pull down experiments were performed using GST tagged versions of MyD88-TIR, 313 

TRIF-TIR, MAL and TRAM as baits, with the isolated GB1-BaTIR-His as prey. 314 

Interestingly, GB1-BaTIR-His interacted with MyD88-TIR (Fig. 2B), with possible weak 315 

interactions also detected using MAL and TRIF-TIR. No interaction was detected between 316 

GB1-BaTIR-His and GST only, confirming the specificity of the interaction (Fig. 2B). 317 

MyD88 is the key TLR adaptor used by all human TLRs except TLR3 for downstream 318 

immune activation, and thus the results indicated that BaTdp may have a role in modulating 319 

host TLR signalling. We therefore further investigated this potential function of BaTdp in a 320 

mammalian cell environment. 321 

  322 

BaTdp co-localises with tubulin in HEK-TLR4 cells and is not 323 

cytotoxic 324 
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In order to explore the functional role of BaTdp in a cellular environment, we 325 

expressed the protein in HEK-TLR4 cells, a model cell line used regularly to assess TLR4-326 

signalling initiated by LPS stimulation [6]. Initial studies focused on the localisation of a GFP 327 

tagged version of the protein. The BaTdp-GFP protein localised into discrete cytosolic 328 

structures mainly near the cell membrane, and due to the patterns formed, we speculated that 329 

the protein co-localises with tubulin, as seen for TcpB from B. melitensis [16]. BaTdp-GFP 330 

was seen in the cells mainly as distinct spots (Fig. 3A), and cellular staining with an antibody 331 

targeting β-tubulin, followed by fluorescent staining, revealed a clear overlap between the 332 

two proteins, suggesting that BaTdp targets microtubule networks in the cell. It is not clear 333 

whether the co-localisation seen is due to a direct interaction between BaTdp and tubulin. We 334 

did not observe any noticeable shrinkage or rounding of cells expressing BaTdp, which has 335 

been reported during TcpB expression in HEK cells [16]. To assess whether the protein had a 336 

cytotoxic effect on HEK cells, an MTT assay was used to determine the overall cellular 337 

viability up to 48 h post-transfection. A cell line derived from HEK293 containing the SV40 338 

T-antigen (HEK293T) was used to ensure a high level of protein expression, and as shown in 339 

Figure 3B, expression of BaTdp (both WT and G164A mutant protein) was comparable and 340 

associated with only minor reduction in cell viability, confirming that BaTdp does not elicit a 341 

cytotoxic effect on the host cell.  342 

 343 

Fig 3. BaTdp co-localises with cellular tubulin. (A) HEK-TLR4 cells transfected with 344 

plasmid coding for BaTdp-GFP fusion protein were fixed, permeabilised and stained with a 345 

β-tubulin antibody and visualised with a red fluorescent secondary antibody. The protein 346 

appeared in the cytosol mainly as condensed spots. Cell nuclei were stained with 4',6-347 

diamidino-2-phenylindole (DAPI). All scale bars, 10 µm. Original magnification ×100. DIC, 348 

Differential interference contrast. (B) Overall cell viability of HEK293T cells transfected 349 
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with plasmid encoding BaTdp or BaTdp (G164A) was estimated by MTT assay. Plasmid 350 

amount was normalised to 100 ng per well (corresponding to 1000 ng/mL) using empty 351 

pCDNA control plasmid. Bars represent mean values of three independent experiments. 352 

Error bars, SD of triplicates. 353 

 354 

BaTdp does not affect TLR signalling in mammalian cells 355 

As shown above, our GST pull-down results indicated that the TIR domain of BaTdp, 356 

BaTIR, specifically interacts with human TLR adaptor proteins, which prompted us to 357 

speculate that the expression of BaTdp in mammalian cells may disrupt TLR-mediated 358 

downstream signalling, as previously described for multiple bacterial Tdps. HEK-TLR4 cells 359 

were initially transfected with plasmid coding for BaTdp and incubated for 24 h, followed by 360 

stimulation with 0.1 µg/mL LPS for an additional 24 h. Contrary to expectation, the 361 

expression of BaTdp had no significant effect on LPS-induced production of either TNFα or 362 

IL-8 at any of the concentrations of vector DNA transfected (0-1000 ng; Fig. 4A), indicating 363 

that BaTdp does not have a role in TLR4 signalling. It is possible that this is due to the fact 364 

that B. anthracis is a Gram-positive bacterium and does not possess LPS as a stimulant for 365 

TLR4. However, TLR4 is the receptor for a wide variety of molecules in addition to LPS, 366 

including anthrolysin O [38] which is known to be expressed by B. anthracis [39], thus LPS 367 

should be an appropriate ligand to use to assess the effects of BaTdp on TLR signalling. 368 

Nevertheless, we decided to further conduct a similar experiment in HEK cells stably 369 

expressing TLR2, whose natural ligands include LTA from the cell wall of Gram-positive 370 

bacteria. BaTdp expression in HEK-TLR2 cells was again found to have no significant effect 371 

on IL-8 secretion following LTA-stimulation (Fig. 4B), suggesting that unlike many other 372 

bacterial TIR domain proteins, the primary functional role of BaTdp is not to suppress TLR-373 

mediated immune activation. The levels of TNFα secretion from HEK-TLR2 cells were also 374 
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assessed following LTA stimulation, but were found to be below the assay detection limit 375 

(data not shown). In addition to the cytokine secretion assays shown here, cell reporter assays 376 

were performed to assess if BaTdp-expression had any effect on IL-1β-, TNF- or LPS-377 

induced NFκB activation in HEK cells, but no significant differences could be detected (data 378 

not shown). In each experiment, the amount of TNFα secreted from cells following PAMP-379 

stimulation was consistently low and near the assay detection limit, making this data of 380 

limited use. In contrast, PAMP-stimulation of cells resulted in IL-8 secretion levels markedly 381 

higher than unstimulated control cells. To ensure the fidelity of the assays, control 382 

experiments were performed with cells expressing a known inhibitor of TLR-signalling (S2 383 

Fig.). 384 

 385 

Fig 4. In vitro signalling assays indicate that BaTdp does not affect TLR signalling. (A) 386 

HEK-TLR4 cells were transfected with increasing amounts of vector DNA containing the 387 

gene encoding BaTdp (wildtype) or the BaTdp (G164A). 24 hours post-transfection, cells 388 

were challenged with LPS (0.1 µg/mL) and the production of inflammatory cytokines, TNFα 389 

and IL-8, were assessed by ELISA 24 hours later. Bars represent mean values of three 390 

independent experiments. Error bars, SD of triplicates. (B) HEK-TLR2 cells were 391 

transfected with plasmid encoding for BaTdp or BaTdp (G164A) and challenged with LTA 392 

(1 µg/mL) 24 hours post-transfection, followed by assessment of IL-8 content in the culture 393 

supernatant by ELISA after an additional 24 hours. Bars represent mean values of three 394 

independent experiments. Error bars, SD of triplicates. (C) HEK-TLR4 cells were co-395 

transfected with plasmids encoding FLAG-tagged MyD88 and GFP-tagged BaTdp. 24 hours 396 

post transfection, after being stained with mitotracker dye to stain cellular mitochondria, cells 397 

were fixed, permeabilised and stained with an anti-FLAG antibody and visualised with a red 398 

fluorescent secondary antibody. All scale bars, 10 µm. Original magnification ×100. 399 
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 400 

HEK-cells were also co-transfected with plasmids encoding GFP-tagged BaTdp and 401 

FLAG-tagged MyD88, followed by staining with anti-FLAG antibody and analysis by 402 

fluorescence microscopy. As shown in Figure 4C, MyD88 localised to mitochondria as 403 

previously described [31], but no noticeable overlap between MyD88 and BaTdp could be 404 

observed, indicating that BaTdp does not target MyD88 in a cellular environment. 405 

 406 

BaTdp expression induces autophagy in mammalian cells  407 

The co-localisation of BaTdp to tubulin (Fig. 3), which is known to play an important 408 

role in autophagosome formation in mammalian cells [40], prompted us to hypothesise that 409 

BaTdp might be involved in the host cell autophagy. We used the lipidation of LC3-I to LC3-410 

II (specifically in LC3B, which is one of multiple LC3 isoforms) in HEK293T cells as a 411 

marker for autophagy activity and followed the process by immunoblotting of cell lysates. 412 

This is an established method for monitoring autophagy and autophagy-related processes 413 

previously used with HEK cells [41, 42]. To ensure the complete extraction of lipidated 414 

LC3B during cell lysis, harvested cells were boiled in PBS containing 1% SDS before 415 

analysis by SDS-PAGE and subsequent western blot. WT BaTdp expression was found to be 416 

associated with significantly increased levels of LC3B-II at 48 h post-transfection (Fig. 5), 417 

while BaTdp (G164A) expression did not result in any significant difference in cellular 418 

LC3B-II content compared with cells transfected with empty plasmid. This suggests that 419 

Gly164, located in the conserved Box 2 region of the TIR domain, is functionally associated 420 

with LC3B-mediated autophagy. 421 

 422 

Fig 5. Expression of BaTdp increases lipidation of cellular LC3. (A) HEK293T cells were 423 

transfected with plasmid encoding either BaTdp (wild type) or BaTdp (G164A) protein. After 424 
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24 or 48 hours post-transfection, cells were lysed in PBS containing 1% SDS and lysates 425 

were resolved by SDS-PAGE and analysed by western blot using an anti-LC3B primary 426 

antibody or anti-GAPDH antibody for loading control. Result shown is representative of 427 

three independent experiments. Figures show cropped lanes from non-adjacent lanes of the 428 

same blot. Images have been cropped to only show the regions of interest. (Uncropped 429 

versions of blots are shown in S1 Fig.) (B) Western blots were analysed by densitometry 430 

using ImageJ software [43]. For each sample, the LC3B-II value was normalised against 431 

corresponding GAPDH value. Bars represent mean values of three independent experiments. 432 

Error bars, SD of triplicates. *P < 0.05 (by two-tailed Student’s t-test). 433 

 434 

HEK-cells expressing GFP-tagged BaTdp were also stained with anti-LC3B antibody, 435 

followed by analysis by fluorescence microscopy. As shown in Figure 6, BaTdp expression 436 

was associated with clear co-localisation and accumulation of LC3B, further suggesting that 437 

BaTdp interacts with cellular autophagosomes. 438 

 439 

Fig 6. BaTdp co-localises with cellular LC3. HEK293T cells were transfected with plasmid 440 

encoding GFP-tagged BaTdp. 24 hours post transfection, cells were fixed, permeabilised and 441 

stained with an anti-LC3B antibody and a secondary red fluorescent antibody, followed by 442 

analysis by fluorescence microscopy. Non-transfected cells, or cells transfected plasmid 443 

encoding GFP were used as control. All scale bars, 10 µm. Original magnification ×100. 444 

 445 

B. anthracis STI ΔBaTdp virulence  446 

Given that BaTdp had been found to localise to the cellular microtubule structures and 447 

induce autophagosome formation, but did not appear to act on intracellular TLR signalling, 448 

we were curious to see if a B. anthracis ΔBaTdp strain would display a reduction in lethality. 449 
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To test this, mice were infected with a range of doses of either wild type B. anthracis STI or 450 

B. anthracis STI ΔBaTdp and then monitored for 10 days before being culled. The Reed and 451 

Muench calculation [33] was then used to calculate the MLD of B. anthracis STI ΔBaTdp. 452 

The MLD of B. anthracis STI ΔBaTdp was calculated to be 5.25×103 spores per mouse, 453 

higher than the previously determined value of 1.34×103 for WT B. anthracis STI [44], but 454 

still within the margin of error. This data was further analysed using Cox regression and we 455 

found the likelihood of survival time effect was low (P = 0.418).  456 

In a separate experiment, A/J mice infected with either wild type B. anthracis STI or 457 

B. anthracis STI ΔBaTdp were culled at 3, 4, 5 and 6 days. Their spleens, lungs and kidneys 458 

were removed for analysis to discern any differences between their bacterial loads. Data 459 

indicated that no viable bacteria were isolated from the spleen or kidney unless the animal 460 

had died, with the exception of two mice infected with wild type B. anthracis at day 5 and a 461 

single mouse at day 3 infected with B. anthracis STI ΔBaTdp (data not shown). Lungs were 462 

colonised by B. anthracis STI ΔBaTdp to a greater extent than the wild type strain at day 3 (P 463 

< 0.004) and day 4 (P = 0.008) but there was no statistically significant difference at the later 464 

time points (Fig. 7). Together these data indicate increased virulence of B. anthracis as a 465 

result of deletion of BaTdp. 466 

 467 

Fig 7. Colonisation of lungs by B. anthracis STI or B. anthracis STI ΔBaTdp during 468 

murine model of infection. Eight groups of 6 female each, of 6-8 week old A/J mice were 469 

infected via the intra-nasal route with either B. anthracis STI or B. anthracis STI ΔBaTdp. At 470 

3, 4, 5 or 6 days post-infection, lungs were removed from mice and bacterial numbers 471 

enumerated. Open symbols indicate mice that died during the experiment. The bar represents 472 

the median bacterial load for each group. WT = Wild Type B. anthracis STI, MT = Mutant B. 473 

anthracis STI ΔBaTdp. Data points show the bacterial burden per lung. Significance markers 474 
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indicate the output of Bonferroni’s post-tests where P < 0.01. Bacterial burden data from 475 

dead mice was not included in the analysis. 476 

 477 

 Discussion 478 

This paper details an investigation into the TIR-containing protein from the highly 479 

pathogenic bacterial species, B. anthracis, and its overall effect on virulence. B. anthracis is a 480 

tier 1 pathogen classified by the United States Centers for Disease Control and Prevention 481 

(CDC), due to its potential as a bioterrorism agent. The need for development of effective 482 

therapeutic treatments against B. anthracis infection was further highlighted in 2001 when 483 

anthrax toxin was used during a series of attacks in the United States, but functional studies 484 

are by nature associated with strict technical difficulties.  485 

Proteins containing TIR domains have been discovered through in silico methods in a 486 

wide variety of bacterial species. Early studies revealed that these proteins play a role in the 487 

subversion of a host immune response through negative regulation of the TLR signalling 488 

pathway. However, this unified theory may be too simplistic, as other possible functions of 489 

these proteins are likely, particularly as many TIR domain proteins are present in non-490 

pathogenic bacteria [10].  491 

The majority of bacterial Tdps characterised to date have been from Gram-negative 492 

species, although recent studies describe Tdps from Gram-positive species. Askarian and 493 

colleagues reported the characterisation of an S. aureus Tdp, TirS, that appears to block 494 

TLR2-mediated NFκB activation in vitro [45], although mice infected with WT or KO strains 495 

displayed comparable survival rates. An Enterococcus faecalis Tdp, TcpF, has also been 496 

shown to suppress TLR2-dependent NF𝜅B activation in cultured eukaryotic cells [46]. 497 

Patterson and colleagues later identified and characterised two proteins, SaTlp1 and SaTlp2, 498 

from S. aureus harbouring TIR-like domains [47]. In contrast to previously characterised 499 



 22 

bacterial Tdps, these two proteins were associated with an upregulation of host immune 500 

signalling through NFκB activation [47]. Here, we have characterised the Tdp of a significant 501 

tier 1 bioterrorism pathogen. We found that although the BaTdp protein seemed to 502 

consistently show no subversive role from the host TLR immune activation in vitro, it may be 503 

exploited by the host for autophagy-mediated survival during B. anthracis infection.  504 

Observing an interaction between the BaTdp TIR domain and the human TLR 505 

adaptors in vitro using GST pull-down, without a discernable effect on TLR signalling in the 506 

cell-based assay was intriguing. Pull-down assays did not provide any quantitative 507 

information regarding the affinity of interactions, and thus caution needs to be exercised in 508 

extrapolating the function of the protein from in vitro interaction analysis. For example, 509 

previous research indicated interactions between the B. melitensis TIR domain protein, TcpB 510 

and MyD88, TLR4 and MAL, but only the interaction between TLR4 and MAL was 511 

inhibited by TcpB [15]. Furthermore pull down experiments using only the TIR domain 512 

suggested that the full length proteins may have folded in a manner that blocks heterotypic 513 

TIR-TIR interactions. The complex cellular environment may also contain unknown factors 514 

inhibiting BaTdp-mediated protein-protein interactions, which can then only be observed in a 515 

minimal artificial buffer system. These factors may explain why we were unable to see any 516 

interaction between MyD88 and full-length BaTdp during overexpression in mammalian 517 

cells. 518 

There is currently no high resolution structure of BaTdp, thus it is possible that the 519 

region predicted to be the TIR domain actually adopts a significantly different fold. This 520 

would explain why this protein doesn’t act in quite the same way as other bacterial Tdps. 521 

However this seems unlikely, given that structure is typically more conserved than sequence, 522 

and that we observe specific interactions with other known TIR-domains. As TIR-domains 523 

are widespread among both pathogenic and non-pathogenic bacteria, fungi, archaea and 524 
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viruses [10], it would seem unlikely that they serve a single consistent function throughout 525 

different organisms. Further studies are required to both fully determine the precise function 526 

and the mechanism of action of BaTdp and to explore the role of BaTdp in a biological 527 

context.   528 

Although in vitro TIR-dependent interaction assays carried out here, and expression 529 

data in the literature, suggested that BaTdp may have a role in immune evasion, the in vivo 530 

studies using the A/J mouse model do not provide any evidence to support this. On the 531 

contrary, evaluation of colonisation characteristics of wild-type B. anthracis STI and the 532 

ΔBaTdp mutant of this strain suggested that the presence of BaTdp inhibits bacterial 533 

propagation following infection. The intra-nasal route used for infection is a natural and 534 

appropriate route of infection for B. anthracis spores that mimic real life anthrax infection 535 

well, and any major functional difference between WT and ΔBaTdp strains should have been 536 

detected by characterisation of host tissue following infection. Although differences in tissue 537 

colonisation were seen, the results do not indicate that BaTdp is a major virulence factor. 538 

Further studies are required to confirm its functional role.  539 

Of particular interest was our observation that BaTdp co-localised with tubulin, 540 

indicating that it targets cytoskeletal networks when overexpressed in mammalian cells. 541 

Supporting our finding is a report on the observation of a similar pattern of localisation 542 

described for the Brucella-encoded Tdp, TcpB [16], although unlike BaTdp, the expression 543 

of TcpB was also associated with a clear anti-inflammatory effect on the host cells. However, 544 

BaTdp expression in cultured HEK293T cells corresponded to significantly increased level of 545 

LC3B lipidation, a process associated with autophagosome formation. As lipidated LC3 is 546 

known to directly associate with autophagosomes [41] it is an ideal marker for measuring 547 

autophagy. Although intra-autophagosomal lipidated LC3 may be degraded by hydrolases 548 

during autophagosome fusion with lysosomes, which is why protein inhibitors are typically 549 
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included in the assay, we were able to see a clear and consistent BaTdp-associated increase of 550 

LC3B throughout experiments. Tubulin-associated BaTdp often appeared in the cytoplasm as 551 

condensed spots, possibly an indication of protein aggregation, which may in part explain this 552 

effect as a general stress-response to these aggregates. Autophagy is a host defence 553 

mechanism, in part used to degrade intracellular pathogens, in order to promote host survival 554 

following infection [48], but some pathogenic bacteria such as Anaplasma phagocytophilum 555 

[49], Coxiella burnetii [50], and S. aureus [28], are believed to exploit this mechanism in 556 

order to establish a protective niche environment where the pathogen can develop. As no 557 

studies have thus far indicated that B. anthracis utilises autophagosomes for during infection, 558 

our finding suggests that the host might recruit BaTdp to trigger autophagy for its survival 559 

advantage. Brucella encoded TcpB has been shown to partly act by stabilising microtubule 560 

structures in the host cell [51], an effect that was recently reported to be dependent on a 561 

conserved WxxxE motif located adjacent to the αC helix [52]. Although BaTdp lacks the 562 

tryptophan residue of this motif, we were still able to observe a clear co-localisation with 563 

tubulin in HEK293T cells, suggesting that this is not an isolated occurrence but rather a 564 

conserved function that may be shared with other bacterial Tdps. It is not uncommon for 565 

intracellular pathogens to target cytoskeletal structures by releasing effector proteins that 566 

modulate microtubule dynamics [53], but the significance of doing so, or the mechanisms 567 

involved, are not well understood.  568 

Multiple bacterial Tdps have been shown to cross the eukaryotic plasma membrane 569 

[11, 54], but B. anthracis infects a host as spores that germinate intracellularly following 570 

engulfment by macrophages. Thus, BaTdp may not necessarily require this ability in order to 571 

gain access to the cytosolic environment. The secretion of bacterial Tdps from both Gram-572 

negative and -positive species has previously been described. Cirl and colleagues have 573 

demonstrated that TcpC is secreted by E. coli CFT073 grown in media, followed by 574 
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internalisation by mammalian cells using a transwell system [11], and TirS has also been 575 

described as being released by S. aureus using similar methodology [45].  However, it 576 

remains unclear whether BaTdp is actively secreted during infection. 577 

In conclusion, although the B. anthracis protein, BaTdp, displays an ability to interact 578 

with human Tdps in vitro via its TIR domain, it does not appear to play a role in immune 579 

evasion. In contrast, the absence of BaTdp in B. anthracis led to faster lung colonisation 580 

following infection. It is possible that the host exploits BaTdp to induce autophagy in order to 581 

promote the host’s own survival, but more research is needed to further verify the 582 

pathophysiological role.  583 
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Supporting information 790 

S1 Fig. Uncropped versions of Western blots presented. Uncropped versions of Western 791 

blots shown in Figures 2 (left) and 5 (middle and right). 792 

 793 

S2 Fig. PAMP-induced cytokine activation of HEK-TLR2 and -TLR4 cells. (A) HEK-794 

TLR4 cells were transfected with 1000 ng of empty vector (EV) or a vector containing the 795 
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gene encoding SARM, a known inhibitor of TLR-signalling. 24 hours post-transfection, cells 796 

were challenged with LPS (0.1 µg/mL) and the production of inflammatory cytokines, TNFα 797 

and IL-8, were assessed by ELISA 24 hours later. Background levels of cytokines produced 798 

by non-transfected (NT) cells without LPS-stimulation were also assessed. Bars represent 799 

mean values of three independent experiments. Error bars, SD of triplicates. ND, not 800 

detected. (B) HEK-TLR2 cells were transfected with 1000 ng of empty vector (EV), followed 801 

by assessment of IL-8 content in the culture supernatant by ELISA after an additional 24 802 

hours. Background levels of IL-8 produced by non-transfected (NT) cells without LTA-803 

stimulation were also assessed. Bars represent mean values of three independent experiments. 804 

Error bars, SD of triplicates. ND, not detected. 805 
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Reply to reviewer comments PONE-D-16-11052 (Our responses shown in 
blue) 
 
Reviewer #1: PLoS requires all data to be available for public scrutiny. I 
don't think cropped gels fulfil this requirement. They can appear in the 
main paper - but the uncropped gel lanes should be available in 
supplementary information. Any further manipulation of the images 
(contract enhancement etc) should also be described. 
 
Response: In order to address this issue we have added a supplementary 
figure (S1 Fig.) showing the uncropped lanes of panels used in figures 2 
and 5. This has also been indicated in the legends to figures 2 and 5 with 
the following text: 
 
“Uncropped versions of blots are shown in S1 Fig”. 
 
In order to give a scientifically balanced description of the work the 
authors should give due attention to the possibility that the BaTdp 
domain is not a classic TIR domain. 
 
Neither of the TIR domains picked up by the authors psi-blast analysis 
has a three-dimensional structure. They acknowledge that the tertiary 
structure may differ from other TIR domains - stating that it is 
homologous at primary level but could differ at tertiary level. It should 
be noted that this is unusual: what is generally observed is that structure 
is more conserved than sequence. However this may indicate that their 
BaTdp is not functionally a TIR domain and may differ in structure. 
 
Response: We are grateful to the reviewer for making this important 
point. We have highlighted this issue in the discussion section with a 
paragraph pointing out the possibility of BaTdp not being a classical TIR-
domain protein, which would explain the negative results during TLR-
activation studies. The added text on Pages 22-23 is as follows: 
 
“There is currently no high resolution structure of BaTdp, thus it is 
possible that the region predicted to be the TIR domain actually adopts a 
significantly different fold. This would explain why this protein doesn’t 
act in quite the same way as other bacterial Tdps. However this seems 
unlikely, given that structure is typically more conserved than sequence, 

Response to Reviewers



 2 

and that we observe specific interactions with other known TIR-
domains. As TIR-domains are widespread among both pathogenic and 
non-pathogenic bacteria, fungi, archaea and viruses [10], it would seem 
unlikely that they serve a single consistent function throughout different 
organisms. Further studies are required to both fully determine the 
precise function and the mechanism of action of BaTdp and to explore 
the role of BaTdp in a biological context”. 
 
It is odd that the authors did not determine if the interaction with the 
MyD88 TIR domain has an effect on signalling using one of the available 
reporter cell line systems. They should report if this was attempted - 
perhaps with negative results? 
 
Response: We thank the reviewer for raising this issue. We can report 
that in addition to the cytokine secretion assays described in the 
manuscript, we also performed cell signalling assays using luciferase 
reporter assay or Secreted Alkaline Phosphatase (SEAP) assay, 
measuring IL1-, TNF- and LPS-induced NFκB activation. In all cases, 
BaTdp-expression was found to have no significant effect. We have 
added this information in the results section of the manuscript text. The 
added sentence on Page 17 is as follows: 
 
“In addition to the cytokine secretion assays shown here, cell reporter 
assays were performed to assess if BaTdp-expression had any effect on 
IL-1β-, TNF- or LPS-induced NFκB activation in HEK cells, but no 
significant differences could be detected (data not shown)”. 
 
As the authors suggest an alternative interaction with the LC3 protein 
(which is not a TIR containing protein then a more balance description of 
the results would mention the possibility that the domain is not in fact a 
TIR domain. 
 
Response: Please see the response to the comment above. A paragraph 
has been added to Pages 22-23 of the discussion section to describe the 
fact that the BaTDP may not in fact contain a TIR domain.  
 
Specific comments 
Fig 1 - as the structures are stated to be based on TcpB they should show 
breaks specific to this sequence. 
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Response: Figure 1 has been revised in order to address this issue. 
 
Fig3 NT GFP should have been included with same settings as 
autofluorescence in response to stress might be observed. Non 
transfected in the GPF channel was included as a fig 6 panels - why not 
here? 
 
Response: The lower part of Figure 3A, showing non-transfected HEK 
cells stained with anti-beta-tubulin antibody, was included to exemplify 
that the unusual distribution of tubulin seen in the upper panels was 
clearly connected to BaTdp expression. Because of this, we originally did 
not include the GFP-channel in the figure. The figure has now been 
revised to address this issue. 
 
Fig. 4 
The level of TNF secretion is extremely small for the reporter cells and so 
the titration with the plasmid is not a good test of any possible effect. 
This needs to be highlighted for readers - it could be compared to the 
robust TNF secretion observed for macrophage cell lines for example. 
Given the low level, it would be useful to have TNF and IL8 elisa 
measurements with media only to indicate background levels. I think 
this would show that the authors cannot conclude any effect from the 
assay they observe for TNF secretion as essentially there is no TNF 
response to measure or be inhibited. 
 
Response: We agree that the levels of TNF detected were low, but the 
data was consistent throughout all experiments. This may be an issue 
related to the cell-lines used. We have highlighted this in the text. In 
addition, we have included a supplementary figure (S2 Fig.) showing the 
background levels of TNF and IL-8 secretion of cells treated with media 
only. The added text on Page 17 is as follows: 
 
“In each experiment, the amount of TNFα secreted from cells following 
PAMP-stimulation was consistently low and near the detection limit, 
making this data of limited use. In contrast, PAMP-stimulation of cells 
resulted in IL-8 secretion levels were markedly higher than unstimulated 
control cells. To ensure the fidelity of the assays, control experiments 
were performed with cells expressing a known inhibitor of TLR-signalling 
(S2 Fig.)”. 
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Figure 7 
Bacterial numbers are given 'per ml' - but it is not clear how this relates 
to the bacterial burden per animal as discussed in the text. 
 
Response: We have added how the bacterial burden per animal is 
calculated by inclusion of the following text in the Methods: 

“Whole lung tissue was homogenized by passing through a 70 m cell 
strainer (BD Biosciences) in 1 ml PBS and 10-fold duplications were 
plated onto L-agar plates for enumeration, calculated as CFU/ml”. 
 
Additionally, we have modified the figure legend to state that “Data 
points show the bacterial burden per lung”.  
 
Also if the statistical analysis does not include the values from dead mice 
as mentioned in the Methods then this should be repeated in the 
Legend to this figure. 
 
Response: We have added this information to the figure legend of Figure 
7. The added text is as follows: 
 
“Bacterial burden data from dead mice was not included in the analysis”. 
 
It is distracting having the two asterisks for significance in the body of 
the figure- I initially thought they were other data points. Position them 
outside the plotted area - perhaps with lines indicating what were 
compared in the statistical test (as was done in Fig 5. B for example) 
 
Response: Figure 7 has been revised to address this issue. 
 
Minor points 
both Student's t-test and Gram-positive need to be capitalized 
throughout. 
 
Response: These issues have been resolved throughout the text. 
 
The text should use a correct multiplication symbol not an 'x'. 
 
Response: This issue has been resolved throughout the text. 
 
Reviewer #2: This manuscript describes an interesting study on the 
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potential role of a novel bacterial TIR domain-containing protein on 
virulence of Bacillus anthracis, and describes some preliminary data on 
the functional role in promoting autophagy. Overall, the manuscript is 
well written, however there are some issues with the figures which the 
authors should address before the manuscript is acceptable for 
publication. 
 
Fig. 2B BaTIR clearly binds to MAL and also to TRIF, albeit with lower 
apparent avidity. The authors should describe this more clearly in the 
text. 
 
Response: We have clarified this in the text. Instead of referring to 
“other adaptors”, we have specified “MAL and TRIF-TIR”. 
 
Fig 3A. Overall, the immunofluorescence images are very fuzzy for what 
is supposed to be confocal images. Perhaps individual Z sections would 
be more informative? The tubulin staining in these cells is unusual. 
Compare the images here, for example with Rdhakrishnan et al (J Biol 
Chem. 2009 Apr 10;284(15):9892-8. Do these cells not exhibit and 
microtubular network? If they do not then the authors should try 
expressing BaTIR in cells that do spread well and show extensive 
microtubular networks. Does treatment with nocodazole or other 
microtubule-disassembling drugs alter the localisation of GFP-BaTIR? 
The authors show in Fig 5B that the G164A mutation abrogates LC3B 
upregulation. Does this mutation affect microtubule colocalisation or 
binding to MyD88? This is important to help elucidate the mechanism by 
which autophagy is upregulated. 
 
Response: We thank the reviewer for their comments. Figure 3A has 
been clarified by removing the middle panels that were slightly out of 
focus as these are not necessary to make the point that BaTdp co-
localises with cellular tubulin. The data here is preliminary (“This 
manuscript… describes some preliminary data on the functional role in 
promoting autophagy”) as this reviewer points out. The current results 
have shown tantalising insights into the potential mechanism of action 
of BaTdp. As such they mark the beginning of studies to further 
investigate this interesting protein. Follow-up studies will be required to 
further elucidate the precise function of BaTdp.  
 
Fig. 4A. Do the authors have a positive control for this experiment, for 
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example another TIR domain-containing protein that has been shown to 
inhibit LPS-mediated ? As it stands one cannot tell whether the Batdp 
has no effect, or if the experiment simply has not worked. In the 
discussion the authors state that others have shown that TirS and TcpF 
block TLR2-mediated NFkB activation, so either of those would be an 
appropriate positive control for Fig 4B. 
 
Response: In order to address this point we have included positive 
control experiments as a supplementary figure (S2 Fig.), where we show 
the basal cytokine expression of cells used (treated with media only), as 
well as PAMP-treated cells expressing SARM, which has been shown to 
inhibit both LPS- and LTA-mediated IL-8 upregulation. Clear reductions 
of cytokines secreted can be seen in cells expressing SARM, validating 
the assays. 
  
 


