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Abstract
TIR (Toll/interleukin-1 receptor) domain-containing proteins play a crucial role in innate
immunity in eukaryotes. Brucella is a highly infectious intracellular bacterium that encodes a TIR
domain protein (TcpB) to subvert host innate immune responses to establish a beneficial niche for
pathogenesis. TcpB inhibits NF-κB (nuclear factor κB) activation and pro-inflammatory cytokine
secretions mediated by TLR (Toll-like receptor) 2 and TLR4. In the present study, we have
demonstrated that TcpB modulates microtubule dynamics by acting as a stabilization factor. TcpB
increased the rate of nucleation as well as the polymerization phases of microtubule formation in a
similar manner to paclitaxel. TcpB could efficiently inhibit nocodazole- or cold-induced
microtubule disassembly. Microtubule stabilization by TcpB is attributed to the BB-loop region of
the TIR domain, and a point mutation affected the microtubule stabilization as well as the TLR-
suppression properties of TcpB.
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INTRODUCTION
TLRs (Toll-like receptors) are essential components of innate immunity which recognize
conserved microbial components and elicit anti-microbial responses [1–3]. TLRs are
characterized by extracellular leucine-rich repeats which recognize pathogen-derived
molecules and an intracellular signalling domain known as the TIR (Toll/interleukin-1
receptor) domain [4]. Activated TLRs recruit TIRAPs (TIR domain-containing adaptor
proteins) to their signalling domains and this molecular assembly initiates a signalling
cascade [5–8].

Micro-organisms have developed various strategies to interfere with TLR signalling
pathways to accomplish a less hostile environment for their survival and persistence [9–14].
Three pathogenic bacteria, namely Brucella spp., Salmonella spp. and Escherichia coli
encode TIR domain-containing proteins to facilitate subversion of TLR2- and TLR4-
mediated signalling pathways [9–12]. The Brucella encoded TIR domain-containing protein
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TcpB mimics the phosphoinositide-binding property of TIRAP [or MAL (MyD88 adaptor-
like protein)] and targets the TIRAP-mediated pathway for TLR suppression [12]. TcpB
exhibits cell permeability and is efficiently internalized by macrophages [15]. Recent studies
have indicated that TcpB enhances ubiquitination and promotes targeted degradation of
TIRAP [13].

Subcellular localization studies have indicated that TcpB co-localizes with the plasma
membrane and microtubules [12]. In the present paper, we report that TcpB affects the
dynamics of microtubule formation. TcpB enhances the rate of nucleation and
polymerization and stabilizes the polymerized tubules. TcpB modulates the microtubule
dynamics through the TIR domain which is essential for the suppression of TLRs. Changes
in the dynamics and organization of microtubules contribute to the regulation of various
signal transduction processes [16]. Therefore our data suggest a direct correlation between
the TcpB-induced microtubule stabilization and negative regulation of TLR signalling.

MATERIALS AND METHODS
Overexpression and purification of TcpB

Expression and purification of TcpB was performed as described previously [15]. Briefly, 1
litre of E. coli BL21 cell culture harbouring the pMALTcpB or pMALTcpBG158A plasmid
was induced with IPTG (isopropyl β-D-thiogalactopyranoside) to a final concentration of
0.5 mM when the D600 reached 0.6. The induced culture was then grown at 25°C for 5 h.
Cells were collected by centrifugation at 5000 g for 10 min and resuspended in sonication
buffer containing 50 mM Tris/HCl (pH 8.0), 1 M NaCl, 1 mM EDTA and protease inhibitor
cocktail (Pierce). Cells were sonicated and then centrifuged at 16000 g for 20 min to clarify
the supernatant. The supernatant was passed through a column harbouring 5 ml of amylose
resin (NEB). The column was then washed with the sonication buffer followed by the same
buffer containing decreasing concentrations of NaCl (750, 500, 250 or 100 mM). The bound
MBP (maltose-binding protein)–TcpB was eluted with an elution buffer containing 50 mM
Tris/HCl (pH 8.0) and 30 mM maltose. The eluted protein was then subjected to SP
Sepharose (Sigma) ion-exchange chromatography to remove maltose followed by
concentration using a Centricon protein concentrator (Millipore). The concentrated protein
was dialysed in a buffer containing 50 mM Tris/HCl, 100 mM NaCl and 10% glycerol (pH
8.0) and stored at −80°C in aliquots of 50 μl.

In vitro microtubule binding assay
In vitro microtubule polymerization was performed in the presence of MBP–TcpB or MBP
alone. TcpB or MBP was diluted 1:1 with G-PEM buffer [Cytoskeleton; 80 mM sodium
Pipes (pH 6.9), 1 mM MgCl2 and 1 mM EGTA] at a final concentration of 5 μg/μl. To
visualize microtubule binding, rhodamine-labelled porcine tubulin (Cytoskeleton) was used.
Tubulin was resuspended in 6 μl of G-PEM buffer containing 10% glycerol and then mixed
with 2 μl of MBP–TcpB (5 μg/μl) or MBP (5 μg/μl). Tubes were incubated at 37°C for 20
min followed by dilution of the sample with 200 μl of warm G-PEM buffer containing 30%
glycerol and 200 μM paclitaxel. Polymerization products were then transferred to the wells
of glass-bottomed Petri dishes coated with poly-L-lysine and incubated at 37°C for 30 min to
facilitate microtubule attachment. Attached microtubules were then fixed with G-PEM/
glycerol buffer containing 0.5% glutaraldehyde for 10 min followed by quenching with
NaHB4 (1%) for 7 min. Wells were blocked with PBS containing 1% Triton X-100 (PBST)
and 2% BSA for 10 min. Microtubules were then incubated with anti-MBP antibody (NEB;
1:5000) in blocking buffer for 20 min. Wells were washed three times with PBST followed
by incubation with Alexa Fluor® 488-conjugated goat anti-mouse IgG (Invitrogen; 1:5000)
for 20 min. Wells were washed three times with PBST. Excess water was removed and the
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labelled microtubules were preserved in Prolong Gold antifade reagent (Invitrogen). Tubules
were analysed with a fluorescent microscope at ×20 magnification and images were
captured using a Nikon camera.

For the microtubule-co-sedimentation assay, porcine tubulin >99% pure was used at a
concentration of 5 mg/ml. Tubulin polymerization was performed with MBP–TcpB (0.5 mg/
ml) or MBP (0.5 mg/ml) at room temperature (24°C) for 30 min. The polymerized
microtubules were then added on the top of 100 μl of cushion buffer [80 mM sodium Pipes
(pH 6.9), 1 mM MgCl2, 1 mM EGTA and 60% glycerol] supplemented with taxol in
ultracentrifuge tubes. The samples were centrifuged at 50000 rev./min for 1 h in an
ultracentrifuge (Beckman TL-100 rotor). After centrifugation, the supernatant was aspirated
and the pellet was resuspended in G-PEM buffer. Both the supernatant and pellet fractions
were analysed by SDS/PAGE.

Microtubule-polymerization assay
Porcine tubulin was resuspended in 1 ml of ice-cold G-PEM buffer containing 10% glycerol
and 1 mM GTP at a final concentration of 2 mg/ml. The assay was performed in 96-well
half-area plates. Controls and test samples (10 μl) were first added to the pre-warmed 96-
well plates and the plates were kept at 37°C until the addition of tubulin. Ice-cold tubulin
(100 μl) was then added with a multi-channel pipette and mixed two or three times by gentle
pipetting. The plate was read immediately using a plate reader set at 37°C in kinetic mode
(Beckman Coulter DTX 800 Multimode Detector) and the D340 was recorded for 60 min at
1 min intervals. The data were exported to Excel and analysed using Sigma Plot.

Microtubule-depolymerization assay
For nocodazole-induced depolymerization, microtubule polymerization was performed in
the presence of 5 μM nocodazole as indicated above. For cold-induced depolymerization,
the polymerization reaction was performed in the presence of MBP–TcpB or controls for 30
min at 37°C. The D340 was recorded, and the plate was then transferred to an ice-water bath.
The D340 was recorded at 5 min intervals for 20 min.

Luciferase reporter assay
To analyse the ability of TcpBG158A to block TLR activation, HEK (human embryonic
kidney)-TLR2 cells were co-transfected with various amounts of pHA-TcpB or pHA-
TcpBG158A (50, 100 or 250 ng), pNF-κB-luc (50 ng) (Stratagene) and pRL-TK (10 ng)
(Promega). The total amount of DNA was made constant by adding empty vector (pCMV-
HA). At 24 h after transfection, cells were induced with TLR2 ligand, FSL-1 (Invivogen),
and luciferase activity was assayed after 12 h using a dual-luciferase reporter assay system
(Promega).

RESULTS
TcpB associates with microtubules

TcpB-induced microtubule thickening and bundling in eukaryotic cells and TcpB-decorated
microtubules appeared to be resistant to nocodazole-induced depolymerization [12]. To
determine the TcpB–microtubule interaction further, we performed in vitro microtubule-
binding studies employing immunofluorescence as well as co-sedimentation assays. In
visual microtubule-binding assays, rhodamine-labelled tubulin polymerization was
performed in the presence of buffer alone or purified MBP–TcpB or MBP alone. The
polymerized tubules were stained with anti-MBP antibody followed by fluorescently
labelled secondary antibody. Analysis of co-polymerized microtubules by fluorescence
microscopy revealed the association of MBP–TcpB along the microtubule lattice (Figure 1a,
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panels G–I). MBP alone did not show any affinity for microtubules, confirming that
microtubule binding is contributed by the TcpB portion of the fusion protein (Figure 1a,
panels D–F). The affinity of TcpB towards microtubules was demonstrated further by co-
sedimentation assay. After the polymerization with MBP–TcpB or MBP alone, the
microtubules were pelleted by centrifugation. Proteins present in the pellet (P) and the
supernatant (S) fractions were analysed by SDS/PAGE and Western blotting. The majority
of the MBP–TcpB was present in the microtubule-containing pellet fraction (Figures 1b and
1c). The result demonstrates the robust interaction between the microtubules and TcpB.

TcpB stabilizes microtubules
Our in vivo and in vitro analysis indicated that TcpB associated with microtubules. Next we
investigated whether TcpB affected the polymerization dynamics of microtubule formation.
We employed a light-scattering assay to determine the rate of microtubule polymerization in
the presence of TcpB [17,18]. The microtubule-polymerization curve represents three phases
of polymerization such as nucleation, elongation and steady-state equilibrium. Interestingly,
MBP–TcpB enhanced the nucleation and growth phases of microtubule polymerization and
the total amount of polymerized microtubules in a dose-dependent manner (Figure 2).
Addition of MBP alone did not affect the polymerization dynamics of microtubule
formation (Figure 2a). Paclitaxel is a microtubule-stabilizing agent that reduces the critical
concentration of tubulin required for polymerization and enhances the rate of polymerization
and stability of polymerized microtubules [19,20]. Our experimental data revealed that TcpB
exhibited similar properties of paclitaxel (Figure 3).

TcpB protects microtubules from depolymerization
Next, we analysed whether TcpB-stabilized microtubules were resistant to depolymerization
induced by nocodazole or cold. Microtubule polymerization in the presence of nocodazole
affected the tubulin assembly as demonstrated by the low rate of polymerization and reduced
amounts of assembled tubules (Figure 4). Remarkably, TcpB could efficiently suppress the
effect of nocodazole as indicated by the enhanced reaction rate and accumulation of
stabilized microtubules (Figure 4). To determine the effect of TcpB on cold-induced
microtubule disassembly, we performed the polymerization in the presence of TcpB and the
assembled tubules were subjected to cold. The experimental data revealed that, similar to
paclitaxel, TcpB is capable of resisting cold-induced microtubule disassembly,
demonstrating the efficient microtubule-stabilization property of TcpB (Figure 4b).

Intact TIR domain is essential for TcpB-mediated microtubule stabilization
We had demonstrated previously that the intact TIR domain is essential for NF-κB (nuclear
factor κB) suppression and microtubule association of TcpB [12]. A G158A mutation in the
BB-loop region (Box II) (TcpBG158A) affected TLR suppression of TcpB (see
Supplementary Figure S1 at http://www.BiochemJ.org/bj/439/bj4390079add.htm). To
determine whether this mutant is capable of modulating microtubule dynamics, we
performed light-scattering assays with purified recombinant TcpBG158A. Interestingly, the
microtubule-stabilization property of TcpBG158A was severely diminished as demonstrated
by a low rate of reaction and less assembled tubulin compared with the wild-type TcpB
(Figure 5a). Similarly, TcpBG158A displayed a minimum effect on nocodazole-induced
microtubule disassembly (Figure 5b). Deficiency of TcpBG158A to resist nocodazole-
induced microtubule depolymerization was demonstrated further by a cosedimentation assay
(Figure 5c). The majority of the tubulin was present in the supernatant fraction when the
reaction was performed in the presence of nocodazole and MBP–TcpBG158A mutant protein
(Figure 5c). Next, we synthesized a peptide derived from amino acids 127–173 (47 amino
acids) of the TIR domain of TcpB harbouring the BB-loop region. Polymerization assays
revealed that the TIR peptide was capable of stabilizing microtubules in a dose-dependent
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manner (Figure 6a). Consistently, the BB-loop peptide could efficiently resist nocodazole-
(Figure 6b) or cold- (Figure 6c) induced microtubule depolymerization, indicating the
microtubule-stabilization property of the TIR peptide.

DISCUSSION
Unlike other TIR domain-containing proteins, eukaryotic cells expressing TcpB displayed
an altered cell morphology, including cell rounding and shrinkage. TcpB behaved like a
microtubule-associated protein and induced microtubule bundling by cross-linking the
tubules. The condensed microtubule network appeared to resist the depolymerization
induced by nocodazole, indicating a robust microtubule stabilization property of TcpB. Our
subsequent analyses revealed that, similarly to paclitaxel, TcpB accelerated the nucleation
and growth phases of microtubule formation and accumulated increased levels of stabilized
tubules.

The TIR domain is a protein–protein interaction module and is vital for the biological
function of all the members of the TIR family. TcpB required an intact TIR domain for
microtubule modulation as well as TLR suppression as the mutant TcpB exhibited
diminished activity. The BB-loop is a subregion of the TIR domain that enables interaction
between the TLR and adaptor proteins [21]. The microtubule-stabilization property was
located within the BB-loop region of TcpB encompassing amino acids 124–176 that is
indispensable for TLR suppression of TcpB.

Microtubules are involved in many aspects of cell responses including cell division,
migration and intracellular signal transduction. Microtubule networks act as a scaffold for
interaction and assembly of components of signal transduction pathways [16,22]. Therefore
stabilization and destabilization of microtubules directly affects various cellular signalling
processes. Studies have demonstrated that microtubules play crucial roles in a number of
signal transduction pathways including NF-κB, JNK (c-Jun N-terminal kinase) and MAPK
(mitogen-activated protein kinase) [23–25]. Depolymerization of microtubules causes rapid
and efficient activation of NK-κB [23]. Stabilization of microtubules by paclitaxel inhibits
the induction of NF-κB by microtubule-depolymerization agents [23]. However, the
mechanism by which depolymerization of microtubules leads to activation of NF-κB
remains to be identified. NF-κB activation is driven by the ubiquitination and degradation of
IκB (inhibitor of NF-κB) and several proteins of the ubiquitination machinery are associated
with microtubule networks [26–29]. TcpB drives ubiquitination and degradation of TIRAP
to interfere with TLR2- and TLR4-mediated signalling [13]. TcpB does not possess
ubiquitin ligase activity and may recruit a cellular ubiquitin ligase for ubiquitination and
subsequent degradation of TIRAP. Microtubule stabilization by TcpB may facilitate the
activation and recruitment of ubiquitin machinery to TIRAP. Many additional aspects of the
relationship between microtubule stabilization and negative regulation of TLR signalling
pathways remain to be elucidated. Since TcpB requires an intact TIR domain for TLR
inhibition and microtubule stabilization, we hypothesize that microtubule dynamics play a
role in TcpB-mediated inhibition of TLR signalling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

MBP maltose-binding protein

NF-κB nuclear factor κB

P pellet

PBST PBS containing 1 % Triton X-100

S supernatant

TIR Toll/interleukin-1 receptor

TcpB TIR domain-containing protein from Brucella

TIRAP TIR domain-containing adaptor protein

TLR Toll-like receptor.
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Figure 1. TcpB is associated with microtubules
(a) TcpB binds microtubules in vitro. Rhodamine-labelled microtubules were polymerized
(panel A) in the presence of MBP (panel D) or MBP–TcpB (panel G). Tubules were then
fixed and stained with anti-MBP antibody followed by Alexa Fluor® 488-conjugated
secondary antibody. Tubulin alone (panel B), MBP (panel E) and MBP–TcpB (panel H).
Panels C, F and I represent merged images of tubulin alone, MBP and MBP–TcpB
respectively. Scale bar, 20 μm. (b) Microtubule-co-sedimentation assay. Microtubule
polymerization was performed with MBP or MBP–TcpB and polymerized tubules were
pelleted by ultracentrifugation, followed by analysis of supernatant and pellets by SDS/
PAGE. S1, S2 and S3 are S fractions of tubulin alone, MBP and MBP–TcpB respectively.
P1, P2 and P3 are P fractions of tubulin alone, MBP and MBP–TcpB respectively. M,
molecular mass markers (in kDa). (c) Western blot analysis of the supernatant and pellet
fractions. IB, immunoblot.
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Figure 2. TcpB modulates microtubule dynamics by acting as a stabilization factor
(a) Microtubule-polymerization assay in the presence of MBP or MBP–TcpB. The assay
was performed with porcine tubulin at a final concentration of 2 mg/ml in the presence of
0.5 mg/ml MBP or MBP–TcpB. (b) TcpB affects the microtubule dynamics in a dose-
dependent manner. The assay was performed with increasing concentrations (0.18, 0.3 or 0.6
mg/ml) of MBP–TcpB. MBP–TcpB could efficiently enhance the nucleation and growth
phases of MT polymerization and the total amount of microtubules polymerized. The light-
scattering experiments were repeated at least three times in duplicate. Optical density =
attenuance.
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Figure 3. TcpB mimics the properties of paclitaxel
A microtubule-polymerization assay was performed with MBP–TcpB (0.5 mg/ml) or
paclitaxel (5 μM). TcpB increased the rate of polymerization and accumulated polymerized
tubules similarly to paclitaxel. Optical density = attenuance.
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Figure 4. TcpB resists microtubule depolymerization
Microtubule depolymerization was induced with 5 μM nocodazole (a) or by cold (b). TcpB
could efficiently resist depolymerization of microtubules induced by nocodazole or cold.
Optical density = attenuance.
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Figure 5. Intact TIR domain is essential for TcpB to stabilize microtubules
(a) Microtubule-polymerization assay performed with TcpBG158A. The mutant TcpB
displayed diminished microtubule stabilization. (b) Microtubule-depolymerization assay in
the presence of TcpBG158A. TcpBG158A was not as efficient in resisting nocodazole-induced
depolymerization compared with wild-type TcpB. (c) Microtubule-co-sedimentation assay
performed with MBP–TcpB or MBP–TcpBG158A mutant in the presence of nocodazole (5
μM). Optical density = attenuance.

Radhakrishnan et al. Page 12

Biochem J. Author manuscript; available in PMC 2012 December 03.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6. TIR peptide is capable of stabilizing microtubules
(a) The polymerization assay was performed with increasing concentrations (0.15, 0.3 or 0.6
mg/ml) of a 47-amino-acid peptide derived from amino acids 127–173 of the TIR domain of
TcpB. The TIR peptide could resist nocodazole- (b) or cold- (c) induced depolymerization.
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