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Mycobacterium tuberculosis and Mycobacterium avium are facultative intracellular pathogens that are able to
survive and replicate in mononuclear phagocytes. Human complement component C3 has previously been
shown to mediate attachment and phagocytosis of these bacteria by mononuclear phagocytes. In this study, a
C3 ligand affinity blot protocol was used to identify a 30-kDa C3-binding protein in M. tuberculosis and
Mycobacterium smegmatis and a 31-kDa C3-binding protein in M. avium. The C3-binding proteins in M.
tuberculosis and M. avium localized to the cell membrane fraction and partitioned to the detergent fraction
during Triton X-114 phase partitioning. The C3-binding protein from M. tuberculosis was partially purified
using a cation exchange column and was shown to bind concanavalin A. The N terminus and an internal
fragment of the partially purified C3-binding protein were subjected to amino acid sequence analysis. The
resulting amino acid sequences matched the M. tuberculosis heparin-binding hemagglutinin (HbhA) protein.
Recombinant full-length HbhA and the C terminus of HbhA fused to maltose-binding protein, but not
recombinant HbhA lacking the C-terminal region, bound human C3. Recombinant full-length HbhA coated on
polystyrene beads, was found to enhance the adherence and/or phagocytosis of the coated beads to J774.A1 cells
in both the presence and absence of human serum. The presence of complement-sufficient serum increased the
adherence of the HbhA-coated beads to the J774.A1 cells in a C3-dependent manner. If HbhA within the
bacterial cell membrane functions similarly to isolated HbhA, this protein may enhance the adherence and
phagocytosis of M. tuberculosis and M. avium to mononuclear phagocytes through the binding of C3 and

interaction with C3 receptors on mononuclear phagocytes.

Mycobacterium tuberculosis, the causative agent of tubercu-
losis, is a facultative intracellular pathogen that can be phago-
cytosed by human mononuclear phagocytes and survive and
replicate inside these cells. This bacterium can bind to several
types of receptors on the surface of mononuclear phagocytes
(recently reviewed by Ernst [14]), including complement re-
ceptors (10, 20, 41, 42, 44, 47). Complement receptor one
(CR1) (CD35) is a single-chain glycoprotein that binds com-
plement fragments C3b and C4b (23). CR3 (CD11b/CD18)
and CR4 (CD11¢/CD18) are heterodimers belonging to the
leukocyte B,-integrin family. These two receptors bind com-
plement fragment C3bi and also contain a polysaccharide bind-
ing site (2, 24). M. tuberculosis can bind to the complement
receptors via both complement-dependent and -independent
pathways (10, 20, 41, 42, 44, 47) and is subsequently phagocy-
tosed by the phagocytic cell. The presence of human serum
containing active complement components was found to en-
hance the binding of M. tuberculosis to CR1, CR3, and CR4 on
the surface of human monocytes and monocyte-derived mac-
rophages (MDMS) (20, 41, 42). Complement component C3
was identified as the major component in human serum in-
volved in enhancing the adherence and uptake of M. tubercu-
losis by mononuclear phagocytes (42).

Mycobacterium avium, a causative agent of opportunistic
infections in immunocompromised individuals such as AIDS
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patients, is also a facultative intracellular pathogen that is able
to survive and replicate in mononuclear phagocytes. M. avium
is able to bind to several types of receptors on monocytes and
macrophages in both the presence and absence of serum, in-
cluding CR1 and CR3 (6, 7, 37). The presence of normal
human serum (NHS) significantly enhances the adherence and
phagocytosis of M. avium by MDMs and monocytes (7, 45),
and C3 was found to be an important opsonin for the adher-
ence and uptake of M. avium by MDMs (7).

C3-binding molecules on the surface of several intracellular
pathogens have been identified. These molecules include ma-
jor outer membrane protein (MOMP) from Legionella pneu-
mophila (3), MOMP from Chlamydia trachomatis (17), li-
pophosphoglycan from Leishmania major promastigotes (35),
gp63 from Leishmania mexicana promastigotes (39), gp72 from
Trypanosoma cruzi epimastigotes (22), and phenolic glycolip-
id-1 from Mycobacterium leprae (43). In this study, we identi-
fied a C3-binding protein in M. tuberculosis, M. avium, and
Mycobacterium smegmatis using a C3 ligand affinity blot pro-
tocol and further characterized these proteins in M. tuberculo-
sis and M. avium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. tuberculosis H37Rv (ATCC
27294) was purchased from the American Type Culture Collection (ATCC).
M. avium ATCC 49601 was provided by C. Jagganath at the University of
Texas-Houston Medical School, and M. smegmatis mc>155 was provided by W. R.
Jacobs at the Albert Einstein College of Medicine. Escherichia coli SURE2,
E. coli TOPP3, and E. coli BL21(DE3) pLysS were obtained from Stratagene.
M. tuberculosis was cultured with shaking at 37°C in Middlebrook 7H9 broth
(Difco) containing 0.2% glycerol, 0.05% Tween 80, and 10% ADC enrichment
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(0.2% glucose, 0.5% bovine serum albumin [BSA] fraction V, 0.085% sodium
chloride) for 14 days. In experiments where culture supernatants were examined,
M. tuberculosis was first cultured as described above for 5 days, and the cells were
centrifuged and washed three times with 7H9 broth. The washed cells were used
to inoculate into 7H9 broth containing 0.2% glycerol and cultured with occa-
sional agitation for 25 days at 37°C; the culture supernatant was then collected by
centrifugation. Culture supernatant used for electrophoretic analysis was filtered
through a 0.22-um-pore-size filter and then concentrated 10-fold using a Cen-
tricon-10 concentrator (Amicon) per the manufacturer’s instructions. M. avium
was cultured at 37°C on Middlebrook 7H11 agar plates containing 10% OADC
(Remel) for 19 days. M. smegmatis was cultured at 37°C for 2 days on Middle-
brook 7H10 (Difco) agar plates containing 10% ADC enrichment. E. coli strains
were cultured overnight at 37°C either on Luria-Bertani agar plates or in Luria-
Bertani broth, with shaking; carbenicillin (50 wg/ml) and/or 0.5% glucose was
added as needed for selection and enhancement of recombinant protein expres-
sion, respectively.

J774.A1 cell line and medium. The murine macrophage-like cell line J774.A1
(ATCC TIB-67) was purchased from the ATCC and was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) supplemented with sodium bicar-
bonate (2.2. g/liter), HEPES (50 mg/liter), L-arginine (50 mg/liter), penicillin (50
mg/liter), gentamicin (50 mg/liter), and 10% heat-inactivated fetal bovine serum.

Electrophoretic techniques. All protein samples prepared for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were solubilized at 25°C
in a solution containing 0.125 M Tris-HCI (pH 6.8), 10% glycerol, 5% 2-mer-
captoethanol, 2.3% SDS, and 0.01% bromphenol blue. When mycobacterial cell
lysates were electrophoresed, whole cells were lysed by ultrasonic disruption
using a microtip probe (three times for 15 s each) and then solubilized in
solubilization buffer. All protein samples were boiled for 5 min at 100°C prior to
electrophoresis. Proteins were electrophoresed by the method of Laemmli (25)
in SDS-12% polyacrylamide gels and then either stained with 0.25% Coomassie
blue R-250 or transferred to polyvinylidene difluoride (PVDF) membranes
(PVDF-PLUS; Micron Separations Inc.) (46). Preparations of the M. tuberculosis
C3-binding protein were subjected to nonequilibrium pH gradient electrophore-
sis (NEPHGE) by the method of O’Farrell et al. (32) using ampholines with a pH
of 3.5 to 10 (Pharmacia) and then to SDS-PAGE in 8 to 20% gradient poly-
acrylamide gels.

C3 ligand affinity blot. The C3 ligand affinity blot protocol used to detect C3
bound to Mycobacterium proteins or to purified recombinant proteins was mod-
ified slightly from that used by Bellinger-Kawahara and Horwitz (3) to detect C3
bound to L. pneumophila MOMP. A PVDF membrane electroblot of SDS-
PAGE separated proteins was incubated overnight at 4°C in 5% nonfat milk in
phosphate-buffered saline (PBS) containing 0.1% Tween 20 (PBST) to block
nonspecific binding. After the membrane was washed with PBST, it was incu-
bated at 37°C for 40 min in 2.5% NHS obtained from a purified protein deriv-
ative-negative laboratory volunteer. In some experiments, the serum was heated
at 56°C for 30 min to inactivate C3, treated with 25 mM methlyamine, or treated
with 10 mM EDTA. The membrane was then washed four times for 15 min each
in PBST. The membrane was incubated for 1 h in a mouse monoclonal antibody
against human C3c (Quidel Corporation) diluted 1:20,000. This antibody recog-
nizes C3, C3b, C3bi, and C3c but not C3a, C3d, or C3dg. The membrane was
washed and then incubated for 1 h in a horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G (IgG) antibody (Pierce) diluted 1:30,000. After
washing, the membrane was reacted with chemiluminescent detection reagents
(ECL; Amersham) according to the manufacturer’s instructions and exposed to
autoradiographic film.

Preparation of cell membrane fraction. Fractions containing either M. tuber-
culosis or M. avium cytoplasmic membranes were prepared as described in
Nikaido et al. (30) with modifications. M. tuberculosis or M. avium cells were
resuspended in 20 mM sodium phosphate-10 mM EDTA (pH 7.0) containing a
protease inhibitor cocktail (Sigma catalog no. P8849), incubated on ice for 30
min, and lysed by ultrasonic disruption using a microtip probe in a laminar-flow
hood 10 times for 30 s each for M. tuberculosis or 6 times for 30 s each for M.
avium with a 30-s incubation on ice between each 30-s burst. The cell lysate was
centrifuged at 4°C in a microcentrifuge at 10,000 X g for 10 min to remove intact
cells. The supernatant was transferred to a new tube and centrifuged again in the
same manner. The supernatant, representing a clear cell lysate, was removed to
anew tube and centrifuged at 4°C at 49,500 X g for 2 h. The supernatant (soluble
fraction) was carefully removed to a new tube, and solubilization buffer was
added to solubilize the proteins. The pellet (particulate fraction) was resus-
pended in solubilization buffer.

Triton X-114 phase partitioning. The protocol used for Triton X-114 phase
partitioning was modified from that of Radolf et al. (36). M. tuberculosis or M.
avium cells were washed in 200 mM Tris-HCI (pH 8.0)-1 mM EDTA and
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resuspended in 200 mM Tris-HCI (pH 8.0)-1 mM EDTA-10% sucrose contain-
ing a protease inhibitor cocktail. The cells were lysed by ultrasonic disruption
using a microtip probe in a laminar-flow hood two times for 2.5 min each on ice
with a 1-min incubation on ice between bursts. The cell lysate was centrifuged at
4°C in a microcentrifuge at 10,000 X g for 10 min. The supernatant was trans-
ferred to a new tube and centrifuged again in the same manner to create a clear
cell lysate. A 900-pl aliquot of the supernatant (clear lysate) was transferred to
anew tube, and 100 pl of 10% Triton X-114 was added to the lysate to give a final
concentration of 1% Triton X-114. The mixture was first incubated on ice for 30
min, then incubated in a 37°C waterbath for 10 min, and finally centrifuged at
37°C at 3,000 X g for 10 min. The two phases were separated and washed. The
upper aqueous phase was washed by addition of 10% Triton X-114 to a final
concentration of 1%, and the lower detergent phase was washed with 25 mM
Tris-HCI, pH 8.0. The samples were again incubated on ice and at 37°C and
centrifuged as described above. The washed aqueous phase and detergent phase
preparations were removed to new tubes, and solubilization buffer was added to
both phases to solubilize the proteins.

Ion exchange affinity chromatography. M. tuberculosis cells were washed in 200
mM Tris-HCI (pH 8.0)-1 mM EDTA. The cells were resuspended in 200 mM
Tris-HCI (pH 8.0)-1 mM EDTA-10% sucrose and lysed by ultrasonic disruption
as described above for Triton X-114 phase partitioning. The cell lysate was made
using ultrasonication in the absence of protease inhibitors. An M. tuberculosis
H37Rv cell lysate was partitioned into an aqueous fraction and a detergent
fraction using Triton X-114 as described above. The detergent fraction and the
aqueous fraction were tested for the presence of the C3-binding protein using the
C3 ligand affinity blot protocol. The protein was present in the aqueous fraction
under these conditions.

Q-Sepharose (Pharmacia) and S-Sepharose (Pharmacia) gravity flow columns
(250 pl bed volume) were generously provided by R. T. Owens at the Institute of
Biosciences and Technology, Texas A & M University. The columns were equil-
ibrated using 25 mM Tris-HCI, pH 8.0. The aqueous fraction was divided equally,
with one half being loaded on the Q-Sepharose column and the other half being
loaded on the S-Sepharose column. The flow-through was collected from each
column, and the columns were washed with 25 mM Tris-HCI, pH 8.0, to elute
proteins that bound nonspecifically. Bound proteins were eluted with a step
gradient of NaCl in increasing concentrations (50, 100, 150, 250, 500, and 1,000
mM) in 2 mM Tris-HCI, pH 8.0. The distribution of the C3-binding protein was
determined by testing the flowthrough, wash, and elution fractions from both
columns using the C3 ligand affinity blot protocol.

Concanavalin A ligand affinity blot. A protocol from Herrmann et al. (18) was
used to detect binding of concanavalin A to mycobacterial proteins. PVDF
electroblots containing SDS-PAGE separated, partially purified M. tuberculosis
C3-binding protein were incubated in PBST with 5% BSA for 1 h to block
nonspecific binding. The membrane was then incubated in peroxidase-conju-
gated concanavalin A from the jack bean (0.5 wg/ml; Sigma) in 5% BSA in PBST
for 1 h. The membrane was washed three times in PBST and one time in PBS and
then reacted with Amersham’s ECL detection reagents according to the manu-
facturer’s instructions and exposed to autoradiographic film.

Protease digestion and amino acid sequencing. The C3-binding protein was
excised from a Coomassie blue-stained two-dimensional gel and submitted to
Richard G. Cook at the Baylor College of Medicine Protein Chemistry Core
Facility for protease digestion and amino acid sequencing. The protein gel slice
was digested with Lys-C purified from Achromobacter lyticus (Wako Chemicals),
and the peptide fragments were isolated using reverse-phase high-performance
liquid chromatography. The intact protein and one peptide fragment were sub-
jected to Edman degradation and sequenced to ten amino acids and twenty
amino acids, respectively.

Monoclonal antibody to HbhA. Mouse monoclonal antibody 3921E4 against
heparin-binding hemagglutinin (HbhA) was generously provided by M. J. Bren-
nan at the Food and Drug Administration and has been described previously
(38). This antibody was used in Western blot analysis at a dilution of 1:10,000,
and horseradish peroxidase conjugated goat anti-mouse IgG antibody (Pierce)
was used at a dilution of 1:20,000.

Expression and purification of recombinant M. tuberculosis HbhA. M. tuber-
culosis H37Rv genomic DNA was isolated from liquid culture as described by
Armitige et al. (1). PCR amplification was performed using the Thermalase PCR
kit (Amresco) in a minicycler from MJ Research. A 644-bp fragment containing
the entire coding region of 4bhA, except for the ATG start codon, was amplified
from M. tuberculosis genomic DNA using the forward primer SBhbhA (5'-CTG
GGATCCGCTGAAAACTCGAACATTGAT-3') and the reverse primer 3hbhA
(5'-GACAAGCTTACTCGGAGTCGATGGTGATTC-3") (The underlined
regions contain the BamHI and HindlIII regions, respectively, and were added for
cloning purposes [see below].) in the following PCR program: 96°C for 2 min, six
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cycles of denaturation at 94°C for 40 s, annealing at 60°C for 40 s, and extension
at 72°C for 1 min, followed by 26 cycles at a higher annealing temperature of
65°C, and then by a final extension at 72°C for 10 min.

The 644-bp hbhA PCR product was used as template in another PCR to
amplify a 492-bp fragment containing the first 474 bp of the coding region of
hbhA, except for the ATG start codon. The forward primer used in the PCR was
the SBhbhA primer above, and the reverse primer used was primer 100 (5'-CC
AAAGCTTCAGCTCGATGCCGACCAG-3'; the underlined region contain an
added HindIII site). The PCR program was as follows: 96°C for 2 min, 27 cycles
of denaturation at 94°C for 40 s, annealing at 60°C for 40 s, and extension at 72°C
for 1 min, followed by a final extension at 72°C for 5 min.

For cloning purposes, 9-bp sequences (underlined above) were added to the
5'-ends to create a BamHI site in the SBhbhA primer and a HindIII site in the
3hbhA primer and the 100 primer. The 644-bp and the 492-bp PCR products
were treated with BamHI and HindIII (New England Biolabs) and ligated sep-
arately into the pQE30 expression vector (Qiagen) that had been treated with
BamHI and HindIII. The resulting plasmids (pQEhbhA and pQE492hbhA) were
separately transformed first into E. coli SURE2 as described in (40), and then
supercoiled plasmid purified from SURE2 cells was used to transform E. coli
TOPP3. The insert sequences of pQEhbhA and pQE492hbhA were verified prior
to use for protein expression. Expression of recombinant HbhA (rHbhA) and
truncated HbhA (trHbhA) was induced by the addition of isopropyl-B-p-thioga-
lactopyranoside (IPTG) at a final concentration of 1 mM followed by incubation
for 2 h at 37°C with vigorous shaking. rHbhA and trHbhA contain a polyhistidine
tag at the N terminus encoded from the pQE30 vector and were purified using
Ni-nitrilotriacetic acid agarose (Qiagen) columns according to the manufactur-
er’s instructions. Protein purification was performed at 4°C and in the presence
of a protease inhibitor cocktail (Sigma catalog no. P8849) to minimize the
degradation of recombinant proteins.

The C terminus of HbhA was expressed from plasmid pMAL+3R1+2R2,
which was kindly provided by F. D. Menozzi at the Pasteur Institute. This
plasmid encodes the final 39 amino acids of HbhA, and its construction has been
described (33). The plasmid was electroporated into E. coli BL21(DE3) pLysS.
Expression of the C terminus of HbhA (cHbhA) was induced by the addition of
IPTG at a final concentration of 1 mM followed by incubation for 2 h at 37°C
with vigorous shaking. cHbhA is fused to the maltose-binding protein (MBP) at
the N terminus, which is encoded from the pMAL-c vector (New England
Biolabs). cHbhA was purified using an amylose resin (New England Biolabs)
column according to the manufacturer’s instructions at 4°C in the presence of a
protease inhibitor cocktail (Sigma) to minimize the degradation of recombinant
protein. Purified MBP was purchased from New England Biolabs.

Preparation of HbhA-coated beads. Polystyrene latex beads were coated with
protein, with minor modifications, following a protocol by Polysciences Inc. for
coupling proteins to carboxylated microparticles. Polystyrene beads (carboxylate-
modified, fluorescent beads, Sigma catalog no. 14530; 1.43 X 10° beads per
reaction), 2 pm in diameter, were washed two times in carbonate buffer and
three times in sodium phosphate buffer by centrifugation at 7,200 X g for 7 min.
The beads were then incubated in a 1% carbodiimide solution on a rotator for
3.5 h at room temperature. The beads were centrifuged as above and washed
three times in borate buffer. The beads were then incubated on a rotator over-
night at 4°C in either borate buffer alone (uncoated beads), borate buffer con-
taining 150 pg of BSA, or borate buffer containing 150 wg of rHbhA and a
protease inhibitor cocktail. The next morning, the beads were centrifuged as
above, and the supernatant was removed to a separate tube for protein concen-
tration analysis. The beads were then incubated on a rotator for 2 hours at room
temperature in a 5% BSA solution to block nonspecific binding sites, centrifuged
as above, and resuspended in sodium phosphate buffer containing 0.5% BSA.
The amount of protein coated on the beads was determined by subtracting the
amount of protein left in the supernatant from the total amount of protein added
to the beads. Using the bicinchoninic acid protein assay kit (Pierce) and BSA as
a standard, approximately 120 ug of rHbhA was bound to the beads.

Adherence assay of HbhA-coated beads. J774.A1 macrophage-like cells were
plated on glass coverslips in 12-well tissue culture plates at 10° cells/ml. The cells
were then cultured at 37°C for 24 h in DMEM containing supplements as
described previously and 10% heat-inactivated fetal bovine serum. The next day
the cells were washed once in warm PBS and then were incubated with 107 beads
(either uncoated, BSA-coated, or HbhA-coated) in DMEM containing either no
serum, 2.5% heat-inactivated human serum (HIS), or 2.5% NHS. The beads
were allowed to incubate with the cells for 1 h at 37°C with gentle rotation at 100
rpm. The cells were washed three times with warm PBS to remove nonadherent
beads, fixed with warm 10% buffered formalin for 10 min at 37°C, washed once
with PBS, stained with 0.1% Evans Blue for 10 min, and washed twice with PBS.
The mean number (*+ standard error) of beads per 100 cells for each serum
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treatment was determined by counting 100 cells in each of triplicate wells by light
microscopy. Student’s ¢ test was used for statistical analysis.

Adherence assay of HbhA-coated beads in the presence of antibody to C3.
J774.A1 cells were plated in 24-well tissue culture plates at 10° cells/ml. The cells
were then cultured as above for 24 h. The next day 107 beads (either uncoated
or HbhA coated) were incubated at 37°C for 30 min with gentle shaking in
DMEM containing either no serum, 2.5% HIS, or 2.5% NHS and either no
antibody, purified normal goat F(ab’), (Accurate Chemical and Scientific Corp.)
at a 1:300 dilution, or goat F(ab’), to human complement C3 (ICN Pharmaceu-
ticals, Inc.) at a 1:300 dilution. The J774.A1 cells were washed once in warm PBS
and incubated with the bead mixtures for 1 h as described above. The cells were
washed, fixed, stained, and counted as described above.

Antibody production. Antiserum to rHbhA was prepared in a New Zealand
male rabbit using TiterMax (CytRx) (4, 29) as an adjuvant according to the
manufacturer’s instructions. TiterMax was provided by J. K. Actor at the Uni-
versity of Texas-Houston Medical School. The rabbit was immunized intramus-
cularly with 15 pg of purified rHbhA in each hind quadricep and subcutaneously
with 15 pg of purified rHbhA under the scruff of the neck for a total immuni-
zation of 45 pg of rHbhA. The rabbit received a booster 5 weeks later with
TiterMax as the adjuvant as above and was bled 5 days postboost. The antiserum
was used in Western blot analysis at a 1:10,000 dilution.

RESULTS

Identification of mycobacterial proteins that bind C3. To
determine if M. tuberculosis proteins bound human C3, we
used a protocol modified from that used by Bellinger-Kawa-
hara and Horwitz (3) to identify an L. pneumophila C3-binding
protein. An M. tuberculosis H37Rv cell lysate was separated
using SDS-PAGE and then transferred to a PVDF membrane.
The membrane was incubated in 2.5% NHS to allow interac-
tion of complement components with proteins on the mem-
brane. After washing the membrane, the blot was incubated
with a monoclonal antibody that recognizes C3, C3b, C3bi, and
C3c. C3 or its derivatives bound to a 30-kDa protein band from
M. tuberculosis H37Rv (Fig. 1B). Using the same protocol, we
also found that a 31-kDa protein from M. avium and a 30-kDa
protein from the nonpathogenic species M. smegmatis bound
C3 (Fig. 1B). Several reactive bands below the 31-kDa reactive
band are present in the M. avium lysate (Fig. 1B, lane 2). These
bands may represent degradation products of the 31-kDa pro-
tein. Upon shorter exposure, the only reactive protein is the
31-kDa protein (data not shown). The anti-C3 antibody does
not react to mycobacterial products since no reactive bands
were observed if the blot was incubated in anti-C3 antibody
alone in the absence of NHS (data not shown). No reactive
bands were observed when NHS was heated at 56°C for 30 min
to inactivate C3 prior to incubation with the Mycobacterium
cell lysates or when 10 mM EDTA was added to the NHS (Fig.
1C and D, respectively). Treatment of serum with 10 mM
EDTA prevents activation of complement through both the
alternative and classical pathways (31). Methylamine reacts to
the internal thioester of C3, thereby making the thioester of C3
unavailable for covalent binding to target molecules such as
proteins and carbohydrates (31). Addition of 25 mM methyl-
amine to the NHS significantly reduced the binding of C3 to
the M. tuberculosis and M. avium C3-binding proteins and
abolished the binding of C3 to the M. smegmatis C3-binding
protein (compare Fig. 1E and B). Taken together, these results
indicate that complement activation is required for the binding
of C3 to the Mycobacterium C3-binding proteins and also sug-
gest that the thioester of C3 plays a role in the binding of C3
to the Mycobacterium C3-binding proteins.
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FIG. 1. Detection of C3-binding proteins in cell lysates of Mycobacterium spp. by C3 ligand affinity blot analysis. Bacterial cell lysates were either
stained with Coomassie blue R-250 (A) or transferred to PVDF membranes and reacted with either NHS (B), HIS (C), NHS containing 10 mM
EDTA (D), or NHS containing 25 mM methylamine (E). Lane 1, M. tuberculosis; lane 2, M. avium; lane 3, M. smegmatis. Molecular mass markers

are indicated on the left.

Cellular location of the C3-binding protein. As a first step in
determining the location of the C3-binding proteins of M.
tuberculosis and M. avium, particulate and soluble fractions of
both bacteria were prepared. In both organisms, the C3-bind-
ing proteins were present in both the particulate and soluble
fractions, but a greater proportion of the C3-binding proteins
was present in the particulate fractions (Fig. 2B and D). The
soluble form of the M. tuberculosis C3-binding protein consis-
tently migrated slightly higher in SDS-PAGE gels compared to
the form found in the cell lysate or in the particulate fraction
(Fig. 2B). A faint reactive band at 45 kDa was observed in the
M. avium cellular fractions shown in Fig. 2D but has not been
characterized further. We were unable to detect C3-binding
activity in 10-fold-concentrated cell culture supernatants of M.
tuberculosis (data not shown). Triton X-114 phase partitioning
was performed using a M. tuberculosis cell lysate to determine
if the C3-binding protein has hydrophobic properties. The pro-
tein localized to the detergent phase and was absent in the
aqueous phase, indicating that the protein may be an integral
membrane protein or a lipoprotein (Fig. 2E). Taken together,
these results suggest that most of the cellular mycobacterial
C3-binding proteins are membrane associated.

Characterization of the C3-binding protein. Ion-exchange
chromatography was utilized as a first step in the purification
of the M. tuberculosis C3-binding protein. Cells were sonicated
for a total of 5 min on ice in the absence of protease inhibitors
to create a cell lysate, and then Triton X-114 phase partitioning
was used to separate the cell lysate into a detergent phase and
an aqueous phase. Under these conditions, the C3-binding
protein localized to the aqueous phase. Sonication in the pres-
ence of a protease inhibitor cocktail resulted in partitioning of
the protein to the detergent phase; the M, of the protein was

not affected by the presence or absence of protease inhibitors
(data not shown). The C3-binding protein obtained in the
presence of protease inhibitors bound irreversibly to column
materials. For this reason, the aqueous phase preparation ob-
tained in the absence of protease inhibitors was used in sub-
sequent purification steps. In initial experiments, one half of
the aqueous phase was loaded onto a Q-Sepharose column,
and the other half was loaded onto an S-Sepharose column.
The C3-binding protein did not bind specifically to the Q-
Sepharose column (anion-exchange column), in that the pro-
tein was only present in the flowthrough and wash fractions of
this column (data not shown). The C3-binding protein bound
specifically to the S-Sepharose column (cation-exchange col-
umn) and eluted in 500 mM NacCl (data not shown).

Several glycoproteins, including a 28-kDa glycoprotein, have
previously been described in M. tuberculosis and M. bovis (12,
13, 15, 16, 18, 19, 27). Using a protocol described by Herrmann
et al. (18), we examined the ability of the partially purified
C3-binding protein of M. tuberculosis to bind peroxidase-con-
jugated concanavalin A, a plant lectin that binds mannose and
glucose in glycoproteins and polysaccharides. The 30-kDa C3-
binding protein bound concanavalin A (data not shown), indi-
cating that the protein may be a glycoprotein.

Two-dimensional gel electrophoresis using NEPHGE was
performed to separate the proteins in the 500 mM NaCl S-
Sepharose fraction. Three identical polyacrylamide gels were
run in the second dimension using SDS-PAGE. One gel was
silver stained (Fig. 3A), and the second gel was transferred to
a PVDF membrane. The location of the C3-binding protein
was identified using the C3 ligand affinity blot protocol (Fig.
3B), and the corresponding spot was excised from the third,
Coomassie blue-stained gel. The protein in the gel slice was
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FIG. 2. Cellular localization and hydrophobicity of C3-binding proteins from M. tuberculosis and M. avium, as determined by C3 ligand affinity
blot analysis. M. tuberculosis cellular fractions were either stained with Coomassie blue R-250 (A) or transferred to a PVDF membrane and reacted
with NHS (B). Lane 1, M. tuberculosis cell lysate; lane 2, M. tuberculosis particulate fraction; lane 3, M. tuberculosis soluble fraction. M. avium
cellular fractions were either stained with Coomassie blue R-250 (C) or transferred to a PVDF membrane and reacted with NHS (D). Lane 1, M.
avium cell lysate; lane 2, M. avium particulate fraction; lane 3, M. avium soluble fraction. (E) C3 ligand affinity blot of M. tuberculosis cell lysate
following Triton X-114 phase partitioning. Lane 1, cell lysate; lane 2, aqueous phase; lane 3, detergent phase. Molecular mass markers are indicated

on the left.

treated with the proteinase Lys-C, and the resulting peptides
were isolated using reverse-phase high-performance liquid
chromatography.

The amino acid sequences of the N terminus of the C3-
binding protein partially purified from a Triton X-114 aqueous
phase and a selected Lys-C peptide from the S-Sepharose
purified material were determined to be AENSNIDDIK and
AAEGYLEAATSRYNELVERG, respectively. These two se-
quences matched perfectly to the previously described (27, 28)
M. tuberculosis heparin-binding hemagglutinin protein (HbhA)
beginning at the 2nd and 83rd amino acids, respectively.

The amino acid sequence of HbhA was examined using

A
— 201 kD
— 122kD
—85kD
— 42kD
e e Ry g 32kD
- -:""
B . . —I5kD
Basic Acidic

structural prediction programs. PSORT, which predicts pro-
tein localization sites, did not find an N-terminal signal se-
quence and predicted HbhA to be associated with the cyto-
plasmic membrane via a possible transmembrane domain at
the N-terminus of the protein (data not shown). TMpred,
which predicts protein hydrophobicity, also identified a 22-
amino acid hydrophobic stretch at the N-terminus of HbhA
(residues 14 to 35) (Fig. 7) and predicted the remainder of the
protein to be hydrophilic. COILS predicted HbhA to have a
possible coiled-coil region outside of the hydrophobic region at
the N terminus (data not shown), and PLOTSTRUCTURE
(Genetics Computer Group Wisconsin Package, version 10.0),

B
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FIG. 3. Demonstration of M. tuberculosis C3-binding protein partial purification by two-dimensional gel electrophoresis. An M. tuberculosis 500
mM NaCl S-Sepharose fraction was subjected to two-dimensional gel electrophoresis using NEPHGE in the first dimension and SDS-PAGE in
the second dimension. (A) Silver-stained gel with the white arrow indicating the location of the C3-binding protein. (B) C3 ligand affinity blot of
two-dimensional gel pattern identical to that shown in panel A. The basic end of the NEPHGE separation is on the left in both panels. Prestained

molecular mass markers are indicated between panels.
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FIG. 4. Expression of HbhA and demonstration that full-length
HbhA and the repeat region of HbhA, but not truncated HbhA, bind
human C3, as determined by C3 ligand affinity blot analysis. Shown are
a Coomassie-stained gel (A) and a C3 ligand affinity blot (B) of puri-
fied recombinant HbhA proteins. Lane 1, purified rHbhA; lane 2,
purified trHbhA; lane 3, purified cHbhA; lane 4, purified MBP. Mo-
lecular mass markers are indicated on the left.

which examines secondary structure, predicted HbhA to have
a high alpha-helical content. The carboxy terminus of M. fu-
berculosis HbhA contains two types of lysine-alanine repeats.
The repeat KKAAPA occurs three times in tandem and is
followed by the repeat KKA(A/P)A, which also occurs three
times in tandem (see Fig. 7).

To further substantiate that the C3-binding protein was
HbhA, a monoclonal antibody (3921E4) previously shown to
react specifically to HbhA of M. tuberculosis (27, 28) was used
in Western blots of an M. tuberculosis cell lysate and the C3-
binding protein partially purified by S-Sepharose column chro-
matography. The antibody reacted with a 30-kDa protein in
both lanes (data not shown), confirming that the C3-binding
protein from M. tuberculosis is HbhA.

Expression and purification of recombinant HbhA. Full-
length M. tuberculosis HbhA and truncated HbhA (encoding
the first 159 amino acids of HbhA without the lysine-alanine
repeats) were expressed in E. coli TOPP3 using the pQE30
expression vector and were purified by affinity chromatography
(Fig. 4A). Purified full-length recombinant HbhA (rHbhA) is 1
to 2 kDa smaller than native M. tuberculosis HbhA (Fig. 4),
which may be due to a lack of posttranslational modification in
E. coli, and is susceptible to degradation, even in the presence
of several protease inhibitors (Fig. 4A). Purified trHbhA mi-
grates at approximately 21.5 kDa (Fig. 4A) but is estimated to
be 17.6 kDa in size. The C terminus of HbhA (cHbhA)(en-
coding the final 39 amino acids of HbhA, including all of the
lysine-alanine repeats) was expressed as a fusion protein to
MBP in E. coli BL21(DE3) pLysS using the pMAL-c expres-
sion vector and was purified by affinity chromatography (Fig.
4A). All three of the recombinant HbhA proteins (rHbhA,
trHbhA, and cHbhA) reacted to rabbit antiserum produced
against full-length rHbhA (data not shown). Purified rHbhA
was able to bind human C3, but purified trHbhA was not able
to bind human C3 (Fig. 4B). cHbhA was also able to bind
human C3, whereas purified MBP was not able to bind human
C3 (Fig. 4B). These data indicate that the C terminus of HbhA
participates in binding of C3 to HbhA.

Adherence of HbhA-coated beads to J774.A1 cells. Polysty-
rene beads were coated with rHbhA to determine if HbhA
could mediate the adherence of beads to macrophage-like cells
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FIG. 5. HbhA mediates adherence of latex beads to J774.A1 mac-
rophage-like cells. Latex beads were coated with either rHbhA (black
bars) or buffer only (white bars) and were incubated with J774.A1 cells
with either no serum, HIS, or NHS. The mean number of beads per
100 cells + SE (error bars) was determined by evaluating 100 cells in
each of triplicate wells by light microscopy. This experiment was per-
formed twice, and data shown are from one representative experiment.

in the presence of human serum. J774.A1 macrophage-like
cells were incubated with either HbhA-coated beads or un-
coated beads (at a 10:1 ratio of beads per cell) in either no
serum, 2.5% HIS, or 2.5% NHS. The J774A.1 cells bound
significantly more of the HbhA-coated beads compared to the
uncoated beads under all three conditions (Fig. 5). The same
experiment was performed comparing the adherence of BSA-
coated beads to that of HbhA-coated beads. The J774.A1 cells
bound 1.9-, 2.1- and 2.5-fold more HbhA-coated beads than
BSA-coated beads in the absence of serum, in the presence of
HIS, and in the presence of NHS, respectively (data not
shown). The differences between the uncoated beads or BSA-
coated beads and the HbhA-coated beads in binding to the
J774.A1 cells was statistically significant under all conditions
tested with P values of =0.003. The differences in binding
between the HbhA-coated beads in the presence of HIS or
NHS was also statistically significant with P values of =0.006.
Although the presence of complement-sufficient serum (NHS)
was not required for the HbhA-coated beads to bind to the
J774.A1 cells, the presence of NHS did enhance the binding of
HbhA-coated beads to the J774.A1 cells by 1.5-fold (Fig. 5),
indicating a role for complement in the binding of HbhA to
macrophage-like cells.

To determine if human complement component C3 was
responsible for the enhanced adherence of the HbhA-coated
beads to J774.A1 cells in the presence of NHS, we performed
the above experiment in the presence of normal goat F(ab’), as
a control or goat anti-human C3 F(ab’),. The F(ab’), form of
these immunoglobulins was used to avoid possible confound-
ing effects due to the complement activation or Fc receptor
binding activities of the Fc portion of the antibodies. The
control F(ab’), had no significant effect on the binding of
uncoated or HbhA-coated beads to the J774.A1 cells (Fig. 6A
and B). However, the anti-human C3 F(ab’), decreased the
binding of HbhA-coated beads to the cells 43% in the presence
of NHS compared to the control antibody (Fig. 6B). The anti-
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FIG. 6. The presence of human C3 increases the adherence of HbhA-coated latex beads to J774.A1 macrophage-like cells. Latex beads were
coated with either buffer only (A) or rHbhA (B) and were incubated with J774.A1 cells with either no serum, HIS, or NHS and either no antibody,
goat F(ab'),, or goat anti-human C3 F(ab’),. The mean number of beads per 100 cells = SE (error bars) was determined by evaluating 100 cells
in each of triplicate wells by light microscopy. This experiment was performed twice, and data shown are from one representative experiment.

human C3 F(ab’), had no effect on the binding of HbhA-
coated beads to the J774.A1 cells in the absence of serum or in
the presence of HIS (Fig. 6B). The differences between the
uncoated beads and the HbhA-coated beads in binding to the
J774.A1 cells was statistically significant under all conditions
tested with P values of =0.003. The differences in binding
between the HbhA-coated beads in the presence of NHS and
either the control F(ab’), or the anti-human C3 F(ab’), was
also statistically significant (P = 0.004). These data indicate
that C3 does play a role in the binding of HbhA-coated beads
to macrophage-like cells in the presence of complement-suffi-
cient human serum.

DISCUSSION

In this study, we have determined that the M. tuberculosis
HbhA protein and a related protein in M. avium bind a deriv-
ative of human complement component C3 and that recombi-
nant HbhA can mediate adherence of polystyrene beads to
macrophage-like cells in both the presence and absence of
human serum. HbhA was characterized previously in Mycobac-
terium bovis and M. tuberculosis and found to mediate attach-
ment of these bacteria to epithelial cells (28). The nucleotide
sequences of ibhA in M. bovis and M. tuberculosis are identical
(27), and the gene is predicted to encode a 199-amino-acid
protein. HbhA has a predicted molecular weight of 21.5 kDa
and a predicted isoelectric point of 8.98, and the high isoelec-
tric point would explain its behavior in cation- and anion-
exchange columns. The predicted molecular mass is several
kilodaltons smaller than the relative molecular mass of 28 to 30
kDa observed by us and by other groups (11, 27, 28). This
difference in relative molecular mass is likely due to posttrans-
lational modification and to the presence of a lysine-rich car-
boxy terminus. HbhA was previously shown by gas chromatog-
raphy-mass spectrophotometry analysis to be a glycoprotein
containing approximately 2.8% carbohydrate, consisting pri-
marily of glucose with some xylose, mannose, arabinose, and

galactose (27). Our result that the M. tuberculosis C3-binding
protein binds concanavalin A is consistent with this finding.
The genome of M. avium strain 104 is currently being se-
quenced by The Institute for Genomic Research, and the ge-
nome of M. leprae has been sequenced by the Sanger Center
(8). A search of the available M. avium database (at www.ti-
gr.org) revealed a HbhA homolog with 84% identity and 89%
similarity to M. tuberculosis HbhA at the amino acid level. The
M. avium HbhA homolog contains a 6-amino-acid insertion
(QKAIAK) in the carboxy terminus (Fig. 7) that is not present
in M. tuberculosis HbhA. The first set of lysine-alanine repeats
(KKAAPA) in the carboxy terminus is not as well-conserved in
M. avium HbhA as it is in M. tuberculosis HbhA: the first repeat
of the set contains four changes, the second repeat of the set is
interrupted by the 6-amino-acid insertion mentioned above,
and the last repeat of the set is missing an alanine (Fig. 7). The
second set of lysine-alanine repeats [KKA(A/P)A] in the car-
boxy terminus of M. avium HbhA is highly conserved (Fig. 7).
M. avium HbhA has a predicted molecular mass of 22.2 kDa
and a predicted isoelectric point of 9.54. We were able to dem-
onstrate reactivity of a 31-kDa protein from an M. avium cell
lysate to rabbit antiserum against recombinant M. tuberculosis
HbhA (Fig. 8), which like M. tuberculosis HbhA, is larger than
the predicted molecular mass for HbhA. Delogu and Brennan
(11) purified a heparin-binding protein from M. avium that
migrated at approximately 29 to 30-kDa compared to the 28
kDa of M. tuberculosis HbhA. A search of the Mycobacterium
leprae database (at www.sanger.ac.uk) revealed an HbhA ho-
molog with 81% identity and 87% similarity to M. tuberculosis
HbhA at the amino acid level. The M. leprae HbhA homolog
contains an 11-amino-acid deletion in the carboxy terminus
(APAKKAAPAKK) compared to M. tuberculosis HbhA (Fig.
7). This deletion has largely disrupted the first set of lysine-
alanine repeats (Fig. 7). The second set of lysine-alanine re-
peats [KKA(A/P)A] is highly conserved compared to M. tuber-
culosis or M. avium HbhA, with only a change of one lysine to
an arginine in the first repeat (Fig. 7). To our knowledge HbhA
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FIG. 7. Comparison of the amino acid sequences of M. tuberculosis HbhA and the M. avium and M. leprae HbhA homologs. The amino acid
sequence of the M. avium HbhA homolog is 89% similar and 84% identical to M. tuberculosis HbhA (accession number F70742), and the M. avium
homolog contains a 6-amino-acid insertion in the C terminus that is not found in M. tuberculosis HbhA. The amino acid sequence of the M. leprae
HbhA homolog is 87% similar and 81% identical to M. tuberculosis HbhA, and the M. leprae homolog contains an 11-amino-acid deletion in the
C terminus compared to M. tuberculosis HbhA. A consensus sequence is shown below each line of the alignment, with identical amino acids
indicated by asterisks and gaps introduced for optimal alignment indicated by hyphens. The 22-amino-acid hydrophobic region present in the N
terminus of each species is shown in bold, and the lysine-alanine repeats in the C terminus are boxed.

has not been studied in M. leprae. Pethe et al. (34) attempted
to purify an HbhA-like protein from M. smegmatis but were
unable to identify such a protein in this species of Mycobac-
terium. Instead, this group identified a protein they named
laminin-binding protein, which cross-reacts to a monoclonal
antibody to HbhA but not to antiserum against a recombinant
form of HbhA lacking the repeat region. We were able to dem-
onstrate reactivity of a 33- to 34-kDa protein from an M. smeg-
matis cell lysate to rabbit antiserum against M. tuberculosis
full-length HbhA (data not shown). Because of our data and
those of Pethe et al. (34), we do not believe the M. smegmatis
30-kDa C3-binding protein to be an HbhA homolog.
Menozzi et al. (28) showed that M. tuberculosis HbhA is
surface exposed using immunoelectron microscopy. One of the
monoclonal antibodies (3921E4) used in those studies was
mapped to the lysine-alanine repeat region of HbhA (33),
indicating that the repeat region is surface exposed. They also
provided evidence that HbhA is present in cell wall prepara-
tions of M. bovis and M. tuberculosis, and our cell fractionation
and Triton X-114 studies further substantiate the association
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FIG. 8. Western blot analysis of a M. avium cell lysate demonstrat-
ing reactivity to antiserum to HbhA. (A) Coomassie-stained gel of
M. tuberculosis cell lysate (left lane) and M. avium cell lysate (right
lane). (B) Western blot of gel pattern identical to that shown in panel
A reacted with antiserum to HbhA. Molecular mass markers in kilo-
daltons [kD] are indicated on the left.

of HbhA with the cell membrane or the cell wall. Menozzi et
al. (28) reported that HbhA was present in culture superna-
tants of M. bovis and M. tuberculosis, but we were unable to
detect C3-binding activity or HbhA in M. tuberculosis culture
supernatants (data not shown). HbhA does not contain a rec-
ognizable signal sequence for export out of the cytoplasm. The
protein does, however, contain a hydrophobic region at the N
terminus consisting of 22 amino acids (Fig. 7). This hydropho-
bic segment may insert into the cytoplasmic membrane and
serve as an anchor for the protein. The remainder of the
protein presumably extends externally toward the cell wall
from the outer leaflet of the membrane, based on its surface
exposure and hydrophilic nature. The computer programs
PSORT and TMpred both predict HbhA to be a membrane
protein anchored by this hydrophobic region. HbhA may be-
come present in culture supernatants due to degradation of
cells or due to HbhA possibly being present in membrane blebs
or glycolipid droplets, but HbhA would not be expected to be
actively secreted by M. tuberculosis. Computer secondary struc-
ture models predict HbhA to have a high alpha-helical content
and a possible coiled-coil region just outside of the hydropho-
bic stretch at the N terminus. These data indicate that HbhA
may have a linear rather than globular structure and thereby be
accessible to antibody on the cell surface (28).

In our hands, HbhA fractionated with the detergent phase of
Triton X-114 separations in the presence of protease inhibitors
but in the aqueous phase in the absence of these inhibitors. We
were unable to demonstrate any detectable change in SDS-
PAGE migration properties in HbhA purified without the use
of protease inhibitors. N-terminal amino acid sequencing of
the aqueous phase version of this protein revealed that the N
terminus was the same as that determined by Menozzi et al.
(28). It is possible that proteolytic cleavage of the C-terminal
region or modifications due to the protease inhibitors result in
changes of Triton X-114 partitioning.

HbhA was able to mediate adherence and internalization of
coated polystyrene beads to macrophage-like J774.A1 cells in
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both a C3-dependent and a C3-independent manner. The pres-
ence of NHS significantly increased the binding of HbhA-
coated beads to J774.A1 cells compared to the binding in the
absence of serum or in the presence of HIS. An F(ab’), anti-
body to human C3 was able to reduce the binding of HbhA-
coated beads to J774.A1 cells in the presence of NHS to the
level of binding seen in the absence of serum or in the presence
of HIS. HbhA has a positively charged carboxy terminus, which
may allow the protein to bind to negatively charged molecules
on the surface of the macrophage-like cells in the absence of
serum. HbhA has been shown to bind to several sulfated gly-
coconjugates, such as heparin, dextran sulfate, fucoidan, and
chondroitin sulfate, and to decorin (11, 27, 28, 33). HbhA was
found not to bind to fibronectin, BSA, ovalbumin, dextran,
mannose, or galactose (11, 28). The increase in the adherence
of the uncoated control beads to the J774.A1 cells was propor-
tionately greater than that of the HbhA-coated beads in the
presence of NHS (Fig. 5). This increase in adherence of the
control beads in the presence of NHS was found to be C3-
independent, unlike the HbhA-coated beads, because the anti-
human C3 F(ab'), did not decrease the binding of the control
beads to the J774.A1 cells in the presence of NHS (Fig. 6A).

It is important to note that the C3 ligand affinity blot pro-
tocol used in this study to identify HbhA as a C3-binding
protein would not identify all Mycobacterium C3-binding mol-
ecules. For instance, glycolipids, which are abundant on the
surface of mycobacteria, would not electrophorese in SDS-
PAGE gels, and proteins that require a particular conforma-
tion for binding to C3 would not be detected due to denatur-
ation by SDS. Using a protocol similar to an enzyme-linked
immunosorbent assay, we have also previously demonstrated
the ability of purified trehalose 6,6'-dimycolate and trehalose
monomycolate from M. tuberculosis to bind C3 from NHS but
not from HIS (S. L. Mueller, S. J. Norris, and A. R. Wanger,
Abstr. 98th Gen. Meet. Am. Soc. Microbiol., abstr. U-98, p.
511-512, 1998). It is possible that M. tuberculosis and M. avium
have more than one molecule on their surface that is able to
bind C3 and mediate attachment of the bacteria to mononu-
clear cells and that HbhA is only one such molecule. We have
recently identified a second C3-binding protein in M. tubercu-
losis and are in the process of characterizing this protein fur-
ther (data not shown).

M. tuberculosis can bind to complement receptors on mono-
cytes and macrophages by both C3-dependent and (to a lesser
extent) C3-independent mechanisms (10, 20, 41, 42, 44, 47).
Macrophages themselves produce and secrete complement
proteins, so evidence that M. tuberculosis can bind to CR3 and
CR4 in the absence of complement components came when
CR3 and CR4 were individually transfected into CHO cells (9,
47). These transfected cells were shown to bind M. tuberculosis
at a low level in the absence of serum. The molecule(s) on the
surface of M. tuberculosis that binds directly to CR3 and CR4
is unknown but may contain a carbohydrate moiety, since these
receptors have both C3bi and carbohydrate recognition sites
(2, 24). Binding of M. tuberculosis to monocytes and macro-
phages is greatly enhanced in the presence of serum (20, 41,
42). This enhanced binding and uptake of M. tuberculosis is
decreased in the presence of HIS (20, 42). Schlesinger et al.
(42) found that destruction of serum complement activity
through heat inactivation results in a 75% reduction in M.
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tuberculosis adherence to monocytes compared to adherence in
the presence of fresh serum. Similarly, Hirsch et al. (20) found
that heat inactivation of serum results in a 59 and 79% reduc-
tion in internalization by alveolar macrophages and blood
monocytes, respectively, compared to internalization in the
presence of fresh serum. Complement component C3 was
identified as the major component in human serum involved in
enhancing the adherence and uptake of M. tuberculosis by
mononuclear phagocytes, in that the adherence of pre-opso-
nized M. tuberculosis to monocytes was reduced 71% in the
presence of Fab fragments of anti-human C3 IgG. Therefore,
C3 plays a major role in the binding and uptake of M. tuber-
culosis by mononuclear phagocytes (42).

Hu et al. (21) and Melo et al. (26) recently used CR3-
deficient mice to examine the role of CR3 in M. tuberculosis
infection. These groups found that macrophages from CR3-
deficient mice phagocytized significantly less M. tuberculosis
cells in the presence (21, 26) and absence (26) of serum than
macrophages from wild-type mice. However, they found no
difference in infection or disease outcome in CR3-deficient
mice infected with M. tuberculosis compared to wild-type mice.
Similar numbers of bacteria were found in the livers, spleens,
and lungs of infected mice (21, 26).

M. avium can bind to CR1 and CR3 (6, 7, 37), and adher-
ence and phagocytosis of M. avium by MDMs and monocytes
is significantly enhanced in the presence of complement-suffi-
cient human serum (7, 45). This enhanced adherence and
phagocytosis was reduced 47% in the presence of HIS as com-
pared to fresh serum (45). Preincubation of serum with anti-
body against C3 resulted in up to a 93% decrease in the
binding of M. avium to MDMs (7), demonstrating the impor-
tance of C3 in the phagocytosis of M. avium by MDMs. Ber-
mudez et al. (5) reported that CD18-deficient mice (lacking
expression of CR3 and CR4) infected with M. avium have
equal numbers of bacteria in the livers and spleens compared
to wild-type mice.

HbhA may play a multifunctional role in promoting entry of
Mycobacterium into host cells. HbhA has been shown by others
to bind heparin and other sulfated sugars (11, 27, 28, 33),
which may in turn mediate adherence to host cell and extra-
cellular matrix components. HbhA mediates attachment of M.
tuberculosis to Chinese hamster ovary (CHO) cells (28), and
purified rHbhA binds to human A549 pneumocytes (33). We
hypothesize that HbhA binds C3 in vivo, which then facilitates
binding of the bacterium to complement receptors and hence
phagocytosis by mononuclear phagocytes. The lysine-alanine
repeats of HbhA have been shown to be responsible for hep-
arin-binding (33), and our data indicates that this region is at
least partially responsible for binding to C3 as well (Fig. 4B). It
is possible that the sugars on native HbhA also participate in
the binding of the native protein to C3, but since recombinant
full-length HbhA and the repeat region of HbhA bind C3, the
sugars are not necessary for binding to C3. It would be inter-
esting to compare the C3-binding activity of a deglycosylated
form of native HbhA to the fully glycosylated form. Isolation of
mutants of M. tuberculosis deficient in HbhA expression should
help to delineate the role of this protein in the internalization
of mycobacteria by host cells and thus in pathogenesis.
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