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The heparin-binding hemagglutinin (HBHA) is one of the few virulence factors identified for Mycobacterium
tuberculosis. It is a surface-associated adhesin that expresses a number of different activities, including
mycobacterial adhesion to nonphagocytic cells and microbial aggregation. Previous evidence indicated that
HBHA is likely to form homodimers or homopolymers via a predicted coiled-coil region located within the
N-terminal portion of the molecule. Here, we used single-molecule atomic-force microscopy to measure
individual homophilic HBHA-HBHA interaction forces. Force curves recorded between tips and supports
derivatized with HBHA proteins exposing their N-terminal domains showed a bimodal distribution of binding
forces reflecting the formation of dimers or multimers. Moreover, the binding peaks showed elongation forces
that were consistent with the unfolding of �-helical coiled-coil structures. By contrast, force curves obtained for
proteins exposing their lysine-rich C-terminal domains showed a broader distribution of binding events,
suggesting that they originate primarily from intermolecular electrostatic bridges between cationic and anionic
residues rather than from specific coiled-coil interactions. Notably, similar homophilic HBHA-HBHA inter-
actions were demonstrated on live mycobacteria producing HBHA, while they were not observed on an
HBHA-deficient mutant. Together with the fact that HBHA mediates bacterial aggregation, these observations
suggest that the single homophilic HBHA interactions measured here reflect the formation of multimers that
may promote mycobacterial aggregation.

Mycobacterium tuberculosis, one of the most devastating mi-
crobial pathogens for humans, infects roughly one-third of the
population worldwide and causes between 1.5 and 2 million
deaths annually (15). Very few M. tuberculosis virulence factors
have been identified so far. One of them is the 21-kDa heparin-
binding hemagglutinin (HBHA), a 198-residue protein that
recognizes heparan sulfate proteoglycans (16, 17, 23) on the
surfaces of target cells (for a recent review, see reference 12).

HBHA acts as a multifunctional adhesin. It promotes bac-
terial aggregation (16), and in cell culture, it binds to epithelial
cells, endothelial cells, and fibroblasts, but apparently not to
macrophages. Binding to these target cells involves the C-
terminal, lysine-rich domain of the protein, which contains the
entire heparin-binding domain (22). This domain is exposed at
the mycobacterial cell surface, as evidenced by immunogold
electron microscopy using anti-HBHA monoclonal antibodies
(16) and by atomic-force microscopy (AFM) (5). The N-ter-
minal moiety of HBHA appears to be buried within the my-
cobacterial cell wall or involved in the formation of multimeric
structures, as antibodies to this region do not decorate intact
mycobacteria. It contains a predicted coiled-coil region, which
is involved in homophilic interactions of HBHA (3). These
homophilic interactions may potentially contribute to HBHA-

mediated bacterial aggregation and/or to the formation of
polymeric HBHA structures. However, detailed information
on the nature and forces of such homophilic interactions is
lacking.

Previously, we measured the specific interaction forces be-
tween HBHA and its model receptor heparin using AFM (5),
a powerful technique that is being increasingly used to inves-
tigate the forces within or between single biomolecules (2, 7,
11, 19, 21, 25). This technique has allowed us to map single
adhesin molecules on the surfaces of live mycobacteria, reveal-
ing that they were localized in discrete regions of the cell
surface. Here, we used single-molecule AFM to investigate the
molecular forces driving HBHA-HBHA interactions, both on
model surfaces and on live mycobacteria.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Mycobacterium bovis bacillus
Calmette Guérin (BCG) 1173P and BCG�HBHA, deficient for HBHA produc-
tion (23), were grown in Sauton medium at 37°C for about 10 days (optical
density at 600 nm, �0.6) under static conditions using 75-cm2 Roux flasks
containing 50 ml of Sauton medium. The bacteria were harvested by centrifu-
gation, washed three times with deionized water, and resuspended to a concen-
tration of �108 cells per ml. Escherichia coli BL21(DE3) containing the pET
derivatives with the genes corresponding to the different HBHA variants was
grown at 37°C under constant shaking in LB medium.

Preparation of recombinant HBHA derivatives. E. coli BL21(DE3)(pGD51)
producing recombinant HBHA His tagged at the N terminus (rHBHA N-His)
was described elsewhere (3) and was kindly provided by G. Delogu. To obtain
recombinant HBHA His tagged at its C terminus (rHBHA C-His), pET-
HBHAC was constructed as follows. The hbhA gene from genomic BCG DNA
was amplified as a 371-bp fragment using the following primers: TCCGCTCG
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AGGCCGCGACTAGCCGG and ACCCAAGCTTTCAGTGGTGGTGGTGG
TGGTGCTTCTGGGTGACCTTCTT, corresponding at the 3� end of hbhA to a
sequence encoding six histidine residues. The amplicon was inserted into
pCRIITopo (Invitrogen). A 406-bp XhoI fragment from this construct was then
excised and used to replace the 495-bp XhoI fragment of pET-HBHA (22). The
rHBHA N-His and rHBHA C-His molecules were purified by heparin-Sepharose
chromatography as described elsewhere (17).

Aggregation bioassays. Aggregation assays were performed according to the
procedure described previously (16). Polypropylene round-bottom tubes (Fal-
con; 17 by 100-mm style) were filled with 5 ml suspensions containing M. bovis
BCG or the mutant M. bovis BCG�HBHA deficient in HBHA production (23)
in Sauton medium at a concentration of 108 bacterial cells per ml to which
HBHA was added at various concentrations (0, 0.2, 0.5, 2, or 5 �g/ml). The tubes
were agitated upside down at 25 rpm for 15 min, and 500 �l of each suspension
was left undisturbed for 30 min before optical microscopy examination. Samples
were observed with a Leica DMRA2 microscope using a PL Fluotar objective
(40�/0.65 PH2).

Preparation and validation of HBHA-modified surfaces. Recombinant HBHA
proteins bearing a His tag at their N-terminal or C-terminal end were immobi-
lized onto gold-coated supports and AFM tips, using the specific binding be-
tween histidine tags and nitrilotriacetic acid (NTA)-terminated self-assembled
monolayers. AFM cantilevers (Microlevers; Veeco Metrology Group, Santa Bar-
bara, CA) and silicon wafers (Siltronix, France) were coated using electron beam
thermal evaporation with a 5-nm-thick Cr layer followed by a 30-nm thick Au
layer. Before use, the gold-coated cantilevers and supports were cleaned for 5
min by UV/ozone treatment (Jelight Co., Irvine, CA), rinsed with ethanol, and
dried with a gentle nitrogen flow. They were immersed overnight in ethanol
solutions containing 0.05 mM of NTA-terminated (20%) and tri(ethylene glycol)
(EG)-terminated (80%) alkanethiols (kindly supplied by N. L. Abbott) (see
reference 13 for details on the synthesis of these molecules) and rinsed with
ethanol. Sonication was briefly applied to remove alkanethiol aggregates that
may have been adsorbed. Then, surfaces were immersed in 40 mM NiSO4 (pH
7.2) for 1 h and rinsed with phosphate-buffered saline (PBS). Finally, the samples
were incubated in PBS containing 2 �g/ml His-tagged peptides for 2 h and
further rinsed several times with PBS.

The quality of the above-mentioned surface modifications was assessed using

X-ray photoelectron spectroscopy (XPS). Supports were rinsed with water and
dried by flushing them with a gentle nitrogen flow and then immediately intro-
duced into the XPS vacuum chamber. The analyses were performed on a Kratos
Axis Ultra spectrometer (Kratos Analytical, United Kingdom) equipped with a
monochromatized aluminum X-ray source. The samples were fixed on a stain-
less-steel multispecimen holder by using double-sided conductive tape. The angle
between the normal to the sample surface and the electrostatic lens axis was 0°.
The analyzed area was �700 �m by 300 �m. The constant pass energy of the
hemispherical analyzer was set at 40 eV. The following sequence of spectra was
recorded: survey spectrum, C1s, N1s, O1s, Au4f, S2p, and C1s again to check the
stability of charge compensation as a function of time and the absence of
degradation of the sample during the analyses. The binding energies were cal-
culated with respect to the C-(C,H) component of the C1s peak of adventitious
carbon fixed at 284.8 eV. Following subtraction of a linear baseline, molar
fractions were calculated (CasaXPS program; Casa Software Ltd., United King-
dom) using peak areas normalized on the basis of acquisition parameters, sen-
sitivity factors, and the transmission function provided by the manufacturer.

AFM measurements. AFM images and force-distance curves were obtained in
PBS at room temperature, using a Nanoscope IV Multimode AFM (Veeco
Metrology Group, Santa Barbara, CA). The bottom side of hydrated supports
was quickly dried using precision wipes (Kimwipes; Kimberly-Clark), and the
supports were then immobilized on a steel sample puck using a small piece of
adhesive tape. The mounted samples were immediately transferred into the
AFM liquid cell, while avoiding dewetting. Force measurements were performed
with triangular-shaped silicon nitride cantilevers functionalized as described
above. All curves were recorded with a maximum applied force of �400 pN. To
estimate the spring constants of the cantilevers, we measured their geometrical
dimensions using scanning electron microscopy, as well as their free resonance
frequencies. Then, the cantilever’s mechanical properties were adjusted in order
to match the calculated frequencies to the measured ones. The determined
mechanical properties and the measured geometrical dimensions were then used
to calculate the spring constants, which were typically �0.01 N/m.

To image mycobacteria in their native state by AFM, the cells were immobi-
lized by mechanical trapping onto porous polycarbonate membranes (Millipore),
with a pore size similar to the bacterial cell size. This approach is well suited to
image single cells under aqueous conditions, and it does not involve chemical

FIG. 1. Force spectroscopy of HBHA N-terminal domains. (A) Schematic of the surface chemistry used to functionalize AFM tips and supports
with HBHAs having their N-terminal ends exposed. (B and C) Adhesion force histogram (B) (n � 512) and representative force curves
(C) measured between N-terminal domains. All curves were obtained using a retraction speed of 1,000 nm s�1 and an interaction time of 500 ms.
Elongation forces were generally well described by the worm-like-chain model (thick lines on bottom curves), using a persistence length of 0.4 nm,
which is typical for proteins {F(x) � kbT/lp [0.25(1 � x/Lc)

�2 � x/Lc � 0.25], where Lc and lp are the contour length and persistence length of the
molecule, kb is the Boltzmann constant, and T is the absolute temperature}.
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treatment or drying, which would cause rearrangement or denaturation of the
surface molecules (4). After a concentrated cell suspension was filtered, the filter
was gently rinsed with deionized water, carefully cut (1 cm by 1 cm), and attached
to a steel sample puck (Veeco Metrology Group) using a small piece of adhesive
tape, and the mounted sample was transferred into the AFM liquid cell.

RESULTS AND DISCUSSION

Forces and dynamics of HBHA-HBHA interactions. The
157-residue-long N-terminal domain of HBHA contains a
large predicted coiled-coil region that extends over 81 amino
acids (3). This predicted coiled-coil region is composed of
heptad repeats with a number of predicted 	-helical turns,
suggesting that the protein has an extended rather than a
globular conformation. The ability of the coiled-coil region to
form multimers has been previously reported (3). However,
the interaction forces driving multimer formation remain es-
sentially unknown.

To address HBHA-HBHA interactions at the level of single
molecules, genetically engineered histidine-tagged proteins
were attached, via their C-terminal or N-terminal ends, to
gold-coated AFM tips and supports modified with Ni2�-NTA
and tri-EG-terminated alkanethiols, a method that allows pro-
teins to be uniformly oriented at low density (Fig. 1A and 2A).
The quality of the adhesin-functionalized surfaces was checked
by XPS. Table 1 presents the surface chemical compositions
determined by XPS for gold supports after the main steps of
the immobilization procedure. Gold surfaces treated with
NTA/EG-terminated alkanethiols showed significant oxygen,
sulfur, and nitrogen concentrations, indicating the presence of
an NTA/EG-terminated monolayer. Incubation with Ni2� and

HBHA His tagged at the C-terminal or N-terminal end led to
an increase of the nitrogen concentration, reflecting the pres-
ence of substantial amounts of adhesins at the surface.

Force-distance curves were first recorded between HBHAs
exposing their N-terminal regions, using a pulling speed of
1,000 nm/s and an interaction time of 500 ms (Fig. 1B and C).
Most retraction curves displayed single binding peaks together
with nonlinear elongation forces, yielding a binding force his-
togram with two maxima centered at 68 
 2 pN and 130 
 14
pN (n � 512). For two reasons, this bimodal distribution likely
reflects the formation of one and two HBHA dimers, respec-
tively, resulting from specific coiled-coil interactions: (i) coiled-
coil domains are known to promote the formation of oligo-
meric structures (14); (ii) HBHA is known to form dimers and
multimers (3). In fact, it is tempting to attribute the two bind-
ing peaks to lateral oligomerization and cooperative unbinding
of HBHA dimers, rather than to the disruption of two inde-
pendent dimers as previously proposed for cadherins (1).

FIG. 2. Force spectroscopy of HBHA C-terminal domains. (A) Schematic of the surface chemistry used to functionalize AFM tips and supports with
HBHAs having their C-terminal ends exposed. (B and C) Adhesion force histogram (B)(n � 512) and representative force curves (C) measured between
C-terminal domains. All curves were obtained using a retraction speed of 1,000 nm s�1 and an interaction time of 500 ms. Elongation forces were
generally well described by the worm-like-chain model (thick lines on bottom curves), using a persistence length of 0.4 nm.

TABLE 1. Surface chemical compositions of solid supports
functionalized with HBHA exposing their N-terminal

and C-terminal ends

Sample
Mole fraction (%)a

Au C S O N

NTA/EG 57.0 32.7 2.7 5.6 2.0
NTA/EG � HBHANterm 38.3 43.5 1.9 9.7 6.6
NTA/EG � HBHACterm 29.7 48.5 2.0 11.3 8.5

a Mole fraction of elements excluding hydrogen.
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Most binding events showed nonlinear elongation forces
(Fig. 1C) that were best described by the worm-like-chain
model, classically used to model the unfolding of polypeptide
chains (20, 26). Because HBHA monomers can be picked up
anywhere along their tails, large variations in contour lengths
were observed (from 16 to 32 nm). Nevertheless, they were
always smaller than the 72-nm length expected for a fully
stretched, 198-residue HBHA polypeptide chain (assuming an
unfolded length of 3.6 Å per amino acid). The stretching dis-
tance, i.e., the distance over which elongation occurred, varied
from 8 to 19 nm, which is in the range of the length difference
expected between a folded and an unfolded HBHA coiled coil.
Assuming the folded and unfolded lengths of an amino acid
are 1.4 Å and 3.6 Å, respectively, the increase in length ex-
pected for an 81-amino-acid polypeptide would be 18 nm (28).
The notion that 	-helices are being unfolded is further sup-
ported by the observation of fairly small (68 
 2 pN) binding
forces (9, 10, 27). By way of comparison, much larger forces
(150 to 300 pN) are required to unfold domains with �-folds,
like immunoglobulin or fibronectin domains in titin and tena-
scin (20, 26). The above observations lead us to believe that the
measured elongation forces reflect the unfolding of 	-helices
of the coiled-coil domain.

When the forces between HBHA proteins exposing their
lysine-rich C-terminal domains were measured, the binding
events showed a much broader distribution (Fig. 2). The lack
of a well-defined maximum, together with the larger average
binding force values (137 
 91 pN), suggests that these forces
do not primarily originate from specific coiled-coil interac-
tions. The main contribution is probably due to multiple inter-
molecular electrostatic bridges between the cationic groups of
the C-terminal, lysine-rich region and anionic aspartates/glu-
tamates of the protein, as similar ionic bridges mediate the
interaction of the C-terminal domain with heparin (5, 22) and
heparan sulfate proteoglycans on the surfaces of epithelial cells
(3, 22). In addition, most elongation forces were well fitted by
the worm-like-chain model, suggesting that 	-helices of the
coiled-coil domain were also unfolded. In summary, different
binding forces were measured for the N-terminal and C-ter-
minal HBHA tails and attributed to specific interactions re-
flecting the association of 	-helices into coiled-coil structures
and to electrostatic interactions between cationic and anionic
residues, respectively.

The forces necessary to rupture specific bonds are known to
depend on the pulling speed (1, 5, 6, 18). Consistent with these
studies, we found that the binding force between the N-termi-
nal domains increased linearly with the logarithm of the pulling
speed (Fig. 3A). Strikingly, we found the same dependence for
the C-terminal domains, suggesting that intermolecular elec-
trostatic bridges are stronger when they are pulled faster. We
also studied the variation of binding frequency (i.e., the num-
ber of curves with adhesion events) with interaction time, while
keeping the pulling speed constant (Fig. 3B). The binding
frequency of the N-terminal region reached a plateau corre-
sponding to almost 100% binding probability after only 0.1 s,
indicating that bond formation is fast. This process is reminis-
cent of the VE-cadherin situation, where the probability of
forming dimers was shown to be maximal after only 0.2 s (1).
By contrast, the binding frequency of the C-terminal region
increased only slowly with contact time to reach 60% binding

probability after 1 s. This fairly slow binding process, resem-
bling that observed for the HBHA-heparin interaction (5), is
consistent with the idea that a prolonged interaction time is
necessary to allow optimal fitting between positive and nega-
tive charges within HBHA monomers.

Homophilic HBHA-HBHA interactions are involved in my-
cobacterial aggregation. It has been shown that HBHA can
induce mycobacterial aggregation (16). To assess whether this
aggregation may result from homotypic HBHA-HBHA inter-
actions, we compared HBHA-induced aggregation of M. bovis
BCG with that of an HBHA-deficient BCG mutant (23). Op-
tical microscopy was used to observe the different BCG cells
after incubation with recombinant HBHA used at various con-
centrations (Fig. 4). The addition of HBHA to BCG suspen-
sions promoted mycobacterial aggregation in a dose-depen-
dent manner (Fig. 4A), as previously described (16). By
contrast, the mutant strain lacking HBHA did not significantly
aggregate by the addition of HBHA (Fig. 4B). These observa-
tions indicate that the production of endogenous HBHA is
required for HBHA-mediated mycobacterial aggregation and
are thus consistent with the contention that mycobacterial ag-
gregation involves homophilic HBHA-HBHA interactions.

Homophilic HBHA-HBHA binding forces on live bacteria.
To determine whether the measured binding forces using re-

FIG. 3. Dynamics of HBHA-HBHA interactions. (A) Plot of the
adhesion force measured between HBHAs having either their N-ter-
minal (closed symbols) or C-terminal (open symbols) ends exposed as
a function of the logarithm of the pulling speed applied during retrac-
tion while keeping constant the interaction time (500 ms) and the
approach speed (1,000 nm/s). The data represent the means of 512
measurements (the standard errors of the mean are visible on the
graph). (B) Plot of the adhesion frequency as a function of the inter-
action time, measured at a constant approach and retraction speed of
1,000 nm/s. The data represent the means of 512 measurements.
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combinant HBHA molecules are similar to the homophilic
HBHA-HBHA interaction forces on mycobacteria, HBHA
tips were used to probe the surfaces of live BCG cells (Fig. 5).
High-resolution topographic images revealed a smooth and
homogeneous surface, consistent with an earlier report (5).
Force-distance curves recorded over 400-nm by 400-nm areas
with a tip exposing N-terminal regions exhibited a distribution
reminiscent of that observed for model surfaces exposing N-
terminal tails (Fig. 1) and attributed to multimer formation
due to specific coiled-coil interactions. Although defining a
bimodal distribution was rather delicate and questionable,
such decomposition yielded average forces of 99 
 3 pN and
212 
 7 pN, larger than the forces on model surfaces. This
difference may be due to differences in the binding mechanism

(e.g., multimers with different natures) or to posttranslational
modifications of HBHA occurring on the bacterial surface, as
native HBHA has been shown to be methylated (24).

The tips exposing C-terminal regions also showed binding
forces in most areas, but a broader distribution was observed,
somewhat similar to that observed for model surfaces exposing
C-terminal tails. Hence, it is possible that these forces origi-
nate from electrostatic interactions rather than from specific
coiled-coil interactions. As a control, similar measurements
were performed on the mutant lacking HBHA (Fig. 6). As
expected, significant binding forces were not observed, using
tips exposing either N-terminal or C-terminal tails, confirming
that the forces measured on M. bovis BCG are due to HBHA-
HBHA interactions.

Taken together, these data support the notions that (i) spe-
cific HBHA-HBHA interactions occur at the bacterial surface
and (ii) these interactions are likely due to coiled-coil interac-
tions via the N-terminal domains of HBHA. In light of the
aggregation assays, we conclude that these interactions are
likely to represent the main driving force for bacterial aggre-
gation. This study offers new prospects for understanding the
molecular basis of adhesion and aggregation processes and for
testing novel antiadhesin drugs.
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FIG. 4. Aggregation of mycobacteria upon incubation with HBHA.
Optical micrographs (image size, 60 �m) of M. bovis BCG (A) and of
a mutant strain lacking HBHA (B) after incubation with HBHA at 0,
0.2, 0.5, 2, or 5 �g protein/ml. Upon injection of 5 �g protein/ml, the
average size of bacterial aggregates increased from 80 
 51 �m2 to
382 
 310 �m2 for M. bovis BCG, while it only increased from 51 
 22
�m2 to 70 
 54 �m2 for the mutant.

FIG. 5. Probing HBHA-HBHA interactions on M. bovis BCG.
Low-resolution (A) and high-resolution (B) AFM images of M. bovis
BCG cells. (C and D) Adhesion force histograms (n � 256) obtained
with an AFM tip exposing N-terminal (C) or C-terminal (D) ends,
using a constant pulling speed (1,000 nm/s during both approach and
retraction) and interaction time (500 ms).

FIG. 6. Probing HBHA-HBHA interactions on an M. bovis BCG
mutant lacking HBHA. Low-resolution (A) and high-resolution
(B) AFM images of mutant cells are shown. (C and D) Adhesion force
histograms (n � 256) obtained with an AFM tip exposing N-terminal
(C) or C-terminal (D) ends, using a constant pulling speed (1,000 nm/s
during both approach and retraction) and interaction time (500 ms).
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