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Recently, it was reported that a streptococcal Mac protein (designated Mac5005) made by serotype M1 group
A Streptococcus (GAS) is a homologue of human CD11b that inhibits opsonophagocytosis and killing of GAS
by human polymorphonuclear leukocytes (PMNs) (B. Lei, F. R. DeLeo, N. P. Hoe, M. R. Graham, S. M. Mackie,
R. L. Cole, M. Liu, H. R. Hill, D. E. Low, M. J. Federle, J. R. Scott, and J. M. Musser, Nat. Med. 7:1298–1305,
2001). To study mac variation and expression of the Mac protein, the gene in 67 GAS strains representing 36
distinct M protein serotypes was sequenced. Two distinct genetic complexes were identified, and they were
designated complex I and complex II. Mac variants in each of the two complexes were closely related, but
complex I and complex II variants differed on average at 50.66 � 5.8 amino acid residues, most of which were
located in the middle one-third of the protein. Complex I Mac variants have greater homology with CD11b than
complex II variants. GAS strains belonging to serotypes M1 and M3, the most abundant M protein serotypes
responsible for human infections in many case series, have complex I Mac variants. The mac gene was cloned
from representative strains assigned to complexes I and II, and the Mac proteins were purified to apparent
homogeneity. Both Mac variants had immunoglobulin G (IgG)-endopeptidase activity. In contrast to Mac5005
(complex I), Mac8345 (complex II) underwent autooxidation of its cysteine residues, resulting in the loss of
IgG-endopeptidase activity. A Mac5005 Cys94Ala site-specific mutant protein was unable to cleave IgG but
retained the ability to inhibit IgG-mediated phagocytosis by human PMNs. Thus, the IgG-endopeptidase
activity was not essential for the key biological function of Mac5005. Although Mac5005 and Mac8345 each have
an Arg-Gly-Asp (RGD) motif, the proteins differed in their interactions with human integrins �v�3 and �IIb�3.
Binding of Mac5005 to integrins �v�3 and �IIb�3 was mediated primarily by the RGD motif in Mac5005, whereas
binding of Mac8345 involved the RGD motif and a region in the middle one-third of the molecule whose
sequence is different in Mac8345 and Mac5005. Taken together, the data add to the emerging theme in GAS
pathogenesis that allelic variation in virulence genes contributes to fundamental differences in host-pathogen
interactions among strains.

Group A Streptococcus (GAS) is a gram-positive bacterial
pathogen that is responsible for human morbidity and mortal-
ity globally (22). This organism causes diseases such as phar-
yngitis, cellulitis, bacteremia, rheumatic fever, and necrotizing
fasciitis. The success of GAS as a pathogen is dependent on its
ability to survive host defenses, including phagocytosis and
killing by polymorphonuclear leukocytes (PMNs) and comple-
ment-mediated cell lysis. Several GAS molecules have been
described that participate in these processes and act as viru-
lence factors (reviewed in reference 8). For example, the hy-
aluronic acid capsule made by GAS is antiphagocytic (17). In
addition, extracellular proteins made by GAS also are known
to detrimentally alter host defenses, most notably the comple-
ment system. M protein, a highly polymorphic cell surface
molecule that is made by all GAS strains, has been known for
decades to be antiphagocytic (11, 12, 35). GAS also expresses

an endopeptidase virulence factor that cleaves and inactivates
complement protein C5a (13, 34). An extracellular protein
referred to as streptococcal inhibitor of complement (Sic) in-
hibits the normal cytolytic activity of the complement mem-
brane attack complex in vitro (1, 9). Sic expression increases
persistence of GAS in the upper respiratory tract of the host
and enhances pathogen durability on the human mucosal sur-
face (18). GAS strains also express several superantigens that
perturb normal host immune function and may contribute to
pathogen survival (19).

M1 organisms have been the most abundant cause of human
invasive infections in many population-based epidemiologic
studies. Serotype M3 organisms also commonly cause invasive
infections and are significantly associated with a high rate of
morbidity and mortality (28). M1 and M3 organisms are also
common causes of pharyngitis. Proteome analysis of serotype
M1 and M3 strains identified many previously undescribed extra-
cellular proteins, including a protein with homology to the �-sub-
unit of human Mac-1 protein, designated streptococcal Mac pro-
tein (15). Analysis of sera obtained from mice with soft-tissue
infections identified antibodies against this protein, indicating
that Mac is made in the course of host-pathogen interactions.
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Mac-1 (�M�2, CD11b/CD18), a leukocyte integrin that is a
member of the �2 integrin family, has been implicated in di-
verse biologic processes (7). Mac-1 is the primary fibrin(ogen)
receptor on leukocytes and facilitates leukocyte recruitment to
sites of fibrin and platelet deposition. By binding these proteins
and other ligands, such as ICAM-1 and C3bi, Mac-1 regulates
several critical innate leukocyte functions, including adhesion,
migration, phagocytosis, and oxidative burst. Interestingly,
streptococcal Mac has an Arg-Gly-Asp (RGD) motif, an amino
acid sequence that commonly mediates binding of proteins to
human integrins. Recently, Lei et al. (16) reported that strep-
tococcal Mac produced by a serotype M1 strain bound to the
surface of human PMNs and inhibited opsonophagocytosis and
production of reactive oxygen species (ROS), which resulted in
significantly decreased pathogen killing. Moreover, data were
presented in the previous studies which indicate that Mac
blocks the binding of antibody to the PMN Fc receptor, CD16
(16). Hence, Mac is a secreted bacterial protein that directly
promotes pathogen survival. Mac was identified in culture su-
pernatants of the majority of strains tested (including all sero-
type M1 and M3 strains), and patients with GAS infections
made anti-Mac antibodies, indicating that the protein is made
in vivo. Subsequently, von Pawel-Rammingen et al. (33) re-
ported that Mac contains immunoglobulin G (IgG)-endopep-
tidase activity and proposed that the ability of Mac to block
PMN opsonophagocytosis can be attributed to the proteinase
activity.

The goal of the present study was to characterize the mac
gene and Mac protein in natural populations of GAS. We
report here that there are two major allele families of mac that
differ from one another largely due to substantial divergence in
the middle one-third of the mac gene and Mac protein. Mac
variants (Mac5005, complex I; Mac8345, complex II) differen-
tially bound to human integrins �v�3 and �IIb�3 expressed on
cultured cells. In contrast to purified complex I Mac, complex
II Mac was sensitive to autooxidation, which resulted in a loss
of IgG-endopeptidase activity. Although IgG-endopeptidase
activity has been proposed to be responsible for the ability of
Mac5005 to block phagocytosis (33), we found that a complex I
mutant (Cys94Ala) protein was unable to cleave IgG but sig-
nificantly inhibited IgG-mediated PMN phagocytosis. Taken
together, the data add to the important theme in GAS patho-
genesis that allelic variation in virulence genes contributes to
fundamental differences in host-pathogen interactions among
strains.

MATERIALS AND METHODS

Materials. 2�,7�-Dichlorodihydrofluorescein diacetate was obtained from Mo-
lecular Probes, Inc. (Eugene, Oreg.). Ficoll-Paque Plus, DEAE-Sepharose, and
phenyl-Sepharose were purchased from Amersham-Pharmacia Biotech (Piscat-
away, N.J.), and endotoxin-free 0.9% NaCl and water were obtained from Baxter
Healthcare Corp. (Deerfield, Ill.). A QCL-1000 Limulus amebocyte lysate assay
kit was obtained from BioWhittaker, Inc. (Walkersville, Md.). Rabbit polyclonal
anti-Mac5005 antibody has been described previously (14). Affinity-purified rabbit
polyclonal anti-Mac8345 antibody was prepared by Bethyl Laboratories (Mont-
gomery, Tex.) by using recombinant Mac8345 as the antigen and immunoabsor-
bent. Anti-�v�3 monoclonal antibody (MAb) LM609 and anti-CD11b M1/70
MAb were purchased from Chemicon (Temecula, Calif.) and Pharmingen, Inc.
(San Diego, Calif.), respectively. Anti-�IIb MAb and anti-CD61 (�3) MAb were
obtained from Immunotech (Westbrook, Maine). A peptide (VFTRGDQSK)
corresponding to amino acid residues 211 to 219 and 213 to 221 in Mac5005 and
Mac8345, respectively, and a control scrambled peptide (TVRQSDFGK) were

purchased from Bethyl Laboratories. The peptides were purified by high-perfor-
mance liquid chromatography and had the amide form located at the carboxy
terminus.

Bacterial strains and growth. The 67 GAS strains used are described in Table
1. These strains represent 36 M protein serotypes and a broad array of infection
types and geographic sources. They represent M types responsible for 75% of
human invasive infections in the United States and for a large percentage of
pharyngitis cases in many western countries (2, 20).

Escherichia coli NovaBlue and BL21(DE3) (Novagen, Madison, Wis.) were
used for gene cloning and protein expression, respectively. GAS strains were
grown routinely in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) sup-
plemented with 0.2% yeast extract in the presence of 5% CO2. Brain heart
infusion agar (Difco Laboratories) or tryptose agar with 5% sheep blood (Becton
Dickinson, Cockeysville, Md.) was used as the solid medium.

DNA sequencing and molecular evolutionary genetic analyses. Chromosomal
DNA was isolated with a Puregene DNA isolation kit (Gentra Systems, Minne-
apolis, Minn.). Sequence data were obtained from both DNA strands with an
Applied Biosystems 3700 automated sequencer (Applied Biosystems, Inc., Foster
City, Calif.). Multiple-sequence alignment of the inferred amino acid sequences
of the Mac variants was conducted with Clustal W (version 1.8) (31), and a gene
tree was constructed with MEGA, version 2.1 (http://www.megasoftware.net/).
The proportions of polymorphic synonymous sites (pS) and nonsynonymous sites
(pN) were calculated by the method of Nei and Gojobori (23). To examine
variation across the molecule, pS and pN were calculated by a sliding window
analysis of 30 codons along the mac gene with the program PSWIN (25). The
level of differences between pS and pN among strains belonging to the same mac
complex was compared to the level of divergence between the two allele com-
plexes by use of the method of Whittam and Nei (36). Estimates of the sampling
variance of these statistics were obtained by Monte Carlo simulation or by
bootstrapping.

Gene cloning and mutagenesis. Cloning of the mac gene from serotype M1
strain MGAS5005 has been described previously (15). A gene representing the
second major mac variant complex identified by comparative sequencing of 67
GAS strains also was cloned (see below). The source strain for the second mac
gene was MGAS8345 (serotype M28). The mac gene was amplified by PCR with
primers 5�-GTGTTCATATGGATAGTTTTTCTGCTAATCAAG-3� and 5�-A
GGATCCTTAATTGGTCTGATTCCAAC-3�. The sequence of the underlined
nucleotides of the former primer was altered to introduce an NdeI restriction
enzyme site and start codon. The underlined bases of the latter primer were
changed to introduce a BamHI site. The PCR products were digested with NdeI
and BamHI and ligated into pET21b at the same sites to obtain recombinant
plasmid pSP22-2. The recombinant genes were sequenced to rule out the pos-
sibility that spurious mutations were introduced.

Residue 94 of Mac5005 was changed from cysteine to alanine by using a
QuickChange XL site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) and
primers 5�-GAAAAGACGATCTTCTTGCAGGGGCTGCCACAGCAGG-3�
and 5�-CCTGCTGTGGCAGCCCCTGCAAGAAGATCGTCTTTTC-3� ac-
cording to the manufacturer’s protocol. The entire mutant gene was sequenced
to confirm the presence of the desired mutation and to rule out the possibility
that spurious mutations were introduced.

Expression and purification of recombinant Mac. Recombinant Mac5005 and
Mac8345 were purified from E. coli BL21(DE3) containing plasmids pSP22 (15)
and pSP22-2, respectively. Bacteria were grown for 10 h at 37°C in 6 liters of
Luria-Bertani broth supplemented with 100 mg of ampicillin per liter. Cell paste
(30 g) was sonicated for 20 min at 4°C in 60 ml of 5 mM Tris-HCl buffer (pH 8.0).
The cell lysate was loaded onto a DEAE-Sepharose column (2.5 by 30 cm)
equilibrated with the same buffer. The column was sequentially treated with 200
ml of 2.5 mM sodium phosphate and 200 ml of 7.5 mM sodium phosphate buffer
(pH 7.5). Mac was identified by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and peak fractions were pooled. Ammonium sulfate
was added to the pooled fractions to a concentration of 1.5 M, and the resulting
solution was applied to a phenyl-Sepharose column (1.5 by 10 cm), which was
washed with a linear gradient of 1.5 to 0 M (NH4)2SO4 in 50 mM sodium
phosphate. The recombinant protein was concentrated by precipitation with
(NH4)2SO4 and dialyzed against 3 liters of 2.5 mM sodium phosphate (pH 7.4)
for 20 h at 4°C. The DEAE-Sepharose chromatography and protein concentra-
tion procedures were repeated. Mac obtained by using this purification proce-
dure was more than 98% pure as assessed by Coomassie brilliant blue staining
after SDS-PAGE. The identity of the recombinant proteins was confirmed by
amino-terminal amino acid sequencing and Western immunoblot analysis with
specific rabbit polyclonal antiserum raised against Mac5005. The Mac5005

Cys94Ala mutant was purified by using conditions identical to those used for
Mac5005 purification. Contaminating endotoxin was removed with Detoxi-gel
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endotoxin-removing affinity gel purchased from Pierce Chemical Co. (Rockford,
Ill.).

PMN isolation and assays for ROS production, phagocytosis, and bactericidal
activity. Human PMNs were isolated from heparinized venous blood by using
dextran sedimentation and Hypaque-Ficoll density gradient separation followed
by hypotonic lysis of erythrocytes (4). Purified PMNs were resuspended in Dul-
becco’s phosphate-buffered saline containing 10 mM D-glucose (DPBS/g) or
RPMI 1640 (Invitrogen) buffered with 10 mM HEPES (for phagocytosis exper-
iments [see below]). All reagents used for preparation of PMNs contained �10.0
pg of endotoxin per ml as determined by the Limulus amebocyte lysate assay
(Biowhittaker, Inc.)

Intracellular ROS production by PMNs was measured by previously described
procedures (14). Briefly, PMNs (107 cells/ml) were suspended in DPBS/g con-
taining 25 �M 2�,7�-dichlorodihydrofluorescein diacetate, equilibrated for 45
min at room temperature with gentle agitation, and chilled on ice. IgG-coated
latex beads (diameter, 2.0 �m; Polysciences, Warrington, Pa.) were prepared as
described previously (14). Human PMNs (5 � 106 cells) were added to wells of
a chilled 96-well microtiter plate with or without Mac5005, Mac8345, control
protein Spy0453, 8 � 106 IgG-coated latex beads, or buffer in a 200-�l (final
volume) assay mixture. ROS production was monitored at 1-min intervals at
37°C for 90 min with a microplate fluorometer (Molecular Devices, Sunnyvale,
Calif.) by using excitation and emission wavelengths of 485 and 538 nm, respec-
tively. Vmax was defined as the highest rate of ROS production in a 5-min period.

Phagocytosis and bactericidal activity were measured as described previously
(16). Strains MGAS5005 (serotype M1) and MGAS315 (serotype M3) were
grown to the late exponential phase, washed with pyrogen-free phosphate-buff-
ered saline, and suspended in DPBS/g to a concentration of 109 CFU/ml. GAS
cells (25 �l) were opsonized with immune serum obtained from an individual
with recent GAS-induced pharyngitis for 30 min at 37°C and chilled on ice.
PMNs (2.5 � 106 cells) were combined on ice with �107 preopsonized GAS cells
in the presence of various concentrations of Mac5005 or Mac8345, 2 �g of anti-
CD11b M1/70 per ml, or 50 �g of control protein (purified streptococcal phos-
phoglycerate kinase) per ml as indicated below. The mixtures were rotated for 30
min at 37°C, and phagocytosis was terminated by returning the samples to ice at
the end of the incubation period. Smears on microscope slides were prepared
from each assay tube, and the percentage of bound or ingested GAS cells was
determined by examining 250 to 350 PMNs per slide as described previously (16).
PMN bactericidal activity was determined in the same experiments by plating
aliquots from each assay tube on brain heart infusion agar to determine the
number of viable GAS cells (16). The relative bactericidal activity, expressed as
a percentage, was calculated by comparing the ability of each treatment mixture
(e.g., Mac) to inhibit PMN killing of GAS with the ability of assay mixtures
containing anti-CD11b to inhibit PMN killing of GAS by using the following
equation, as described previously (16): [(CFU for anti-CD11b treatment 	 CFU
for Mac treatment)/(CFU for anti-CD11b treatment 	 CFU for no treatment)]
� 100.

The effect of the Cys94Ala mutation of Mac5005 on PMN phagocytosis was
assessed by flow cytometry by using a previously described method (32), with
several modifications. IgG latex beads were labeled with 0.75 �g of fluorescein
isothiocyanate (FITC) (Sigma) per ml for 20 min at 37°C, and unbound label was
removed with three washes in RPMI 1640 buffered with 10 mM HEPES. FITC-
labeled IgG latex beads (107 beads) were mixed with 106 PMNs and Mac5005,
Mac8345, the Cys94Ala Mac5005 mutant, or control protein Spy0453 at the con-
centrations indicated below. The samples were rotated at 37°C for 30 min.
Samples were analyzed before and immediately after quenching with an equal
volume of trypan blue (2 mg/ml in 0.15 M NaCl in 0.02 M citrate buffer, pH 4.4)
by using a FACSCalibur flow cytometer (BD Biosciences, San Jose, Calif.). Data
were analyzed with Cell Quest Pro software (BD Biosciences), and PMN phago-
cytosis was expressed as the percentage of PMNs containing ingested IgG latex
beads.

Other assays and treatments. Binding of Mac to human PMNs was assessed by
flow cytometric analysis as described previously (16). The ability of Mac to cleave
IgG was studied by incubating 20 �g of human or rabbit IgG (Sigma) with 1 �g
of Mac5005 or Mac8345 in phosphate-buffered saline at 37°C for 90 min and
analyzing the reaction mixture by SDS-PAGE. The presence of free sulfhydryl
groups in Mac5005 and Mac8345 was measured with 5,5�-dithiobis(2-nitrobenzoic
acid) in 6 M guanidine hydrochloride by using previously described procedures
(27). Activation of Mac8345 was achieved by incubation with 1 mM dithiothreitol
(DTT) at 4°C for 20 h. The DTT was removed by changing the buffer three times
with a Nanosep centrifugal device (Pall Life Sciences, Ann Arbor, Mich.) im-
mediately before the ROS assay. Western immunoblot analysis performed as
described previously (16) was used to assess in vitro Mac production and the
presence of Mac-specific antibody in patient sera. Statistical analyses were per-

TABLE 1. GAS strains and mac complex assignments

MGAS no.a Location of isolation Serotype mac
complex

5005 Canada M1 I
7320 Finland M1 I
7638 Illinois M1 I
8520 Utah M1 I
6270 Texas M2 II
7563 Illinois M2 II
7635 Illinois M2 II
315 Texas M3 I
6256 Texas M3 I
7361 Texas M3 I
7595 Illinois M3 I
8580 Utah M3 I
8730 Texas M3 I
8514 Texas M4 I
8718 Texas M4 I
6007 Texas M5 II
6179 Texas M6 II
7572 Illinois M6 II
8651 Utah M6 II
61522 Texas M9 I
6166 Texas M12 II
6866 Finland M12 II
8481 Utah M12 II
1836 United Kingdom M13 I
6157 Texas M18 II
7558 Illinois M18 II
7629 Illinois M18 II
7788 Utah M18 II
8512 Utah M18 II
8738 Texas M18 II
378 New York M19 II
381 New York M19 II
8577 Utah M22 I
347 New York M24 II
1220 New York M24 II
1902 New York M24 II
1838 United Kingdom M27 I
6141 Texas M28 II
7498 Montana M28 II
7577 Illinois M28 II
8345 Finland M28 II
8535 Utah M28 II
451 New York M29 II
349 New York M30 II
1839 New York M30 II
427 New York M31 II
6183 Texas M41 II
6255 Texas M43 II
438 New York M46 II
1222 New York M46 II
8557 Utah M49 I
1862 United Kingdom M53 II
8716 Texas M56 I
4825 New Zealand M58 I
3427 Canada M61 I
1884 United Kingdom M63 I
7343 Texas M75 II
8071 Utah M75 II
58804 Texas M77 II
1868 United Kingdom M80 I
5423 Texas M82 II
13111 Texas M87 I
8517 Utah M89 II
56814 Texas M89 II
6610 Texas M89 II
6253 Texas M92 I
2105 Texas M114 II

a MGAS, Musser group A Streptoccoccus culture collection.
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formed by using a one-way analysis of variance with Dunnett’s correction for
multiple comparisons (GraphPad Instat, version 3.01; GraphPad Software, San
Diego, Calif.).

Mammalian cell culture and cell binding to Mac. Previously described pro-
cedures were used to culture human kidney 293 cells, its transfected derivative
cell line expressing �v�3 (835 cells) (5, 6), Chinese hamster ovary-K1 (CHO-K1)
cells, and transfected CHO-K1 cells expressing �IIb�L
�3 (CHO-�IIb�L
�3)
(24). CHO-�IIb�L
�3 cells constitutively expressing the active heterodimeric
integrin of the wild-type �3-chain and an �IIb/�L
 chimera consisting of the
extracellular and transmembrane domains of �IIb fused to an internal-deletion
derivative of the cytoplasmic domain of the �L subunit have been described
previously (24). Binding of the cells expressing human integrins �v�3 and �IIb�3

to immobilized streptococcal Mac and detection by crystal violet staining were
performed as described previously (30).

Linear B-cell epitope mapping. A total of 136 15-mer synthetic peptides
representing the entire mature Mac5005 protein and the fragment of Mac8345

containing amino acid residues 99 to 218 were purchased from Chiron Technol-
ogies (San Diego, Calif.). Each sequential peptide overlapped the preceding
peptide by 12 amino acids except for the last two peptides, which had an overlap
of 14 amino acid residues with Mac5005. Each peptide was covalently linked at the
amino terminus to biotin by a serine-glycine-serine-glycine spacer. The peptides
were received dried and were reconstituted with 200 �l of 99.9% dimethyl
sulfoxide (Sigma, St. Louis, Mo.). The reactivity of the peptides with rabbit
anti-Mac5005 or rabbit anti-Mac8345 diluted 1:20,000 was analyzed as described
previously (10).

RESULTS

mac gene and Mac protein variation and chromosomal con-
text. The mac gene present in strain MGAS5005 (serotype M1)
consists of a 1,020-bp open reading frame that encodes a 339-
amino-acid protein with an inferred molecular mass of 38,020
Da. Sequences compatible with 	10, 	35, and ribosomal bind-
ing sites are located immediately upstream of the ATG start
codon. The inferred protein has a 29-amino-acid amino-termi-
nal sequence with features typical of a secretion signal se-
quence, including a short amino-terminal hydrophilic region
followed by a hydrophobic transmembrane segment and a
small amino acid at the cleavage site. Cleavage of the secretion
signal is predicted to occur between amino acid residues 29
(Ala) and 30 (Asp), and amino-terminal sequence data re-
ported for GAS culture supernatant proteins indicated that
this is the case (15). The predicted molecular mass of the
mature protein is 34,939 Da, which is consistent with experi-
mental results obtained by proteome analysis (15).

Molecular population genetic analysis and comparative
genomics have shown that substantial allelic variation can exist
in many genes in GAS (3, 26, 30). To determine the nature and
extent of mac allelic variation, the gene and �150 bp of 5� and
3� flanking DNA were sequenced from 67 strains that together
represent the breadth of GAS chromosomal diversity (Table
1). A total of 31 mac alleles that should encode 31 distinct Mac
proteins were identified. Strains with the same M protein se-
rotype usually had the same mac allele.

Two primary families of protein variants, designated com-
plex I and complex II, were identified by phylogenetic analysis
(21) (Fig. 1). Complex I included strains of serotypes M1, M3,
M4, M9, M13, M22, M27, M49, M56, M58, M61, M63, M80,
M87, and M92. Complex II included serotype M2, M5, M6,
M12, M18, M19, M24, M27, M28, M29, M30, M31, M41, M43,
M46, M53, M75, M77, M82, M89, and M114 GAS strains. Mac
variants of each of the two complexes were closely related,
differing on average by 3.18 � 0.89 (complex I) and 5.50 � 1.17
(complex II) amino acid residues (Fig. 1B). In contrast, com-

plex I and complex II variants were very divergent from each
other, differing at approximately one-seventh of the 340 amino
acid sites (50.66 � 5.84 amino acid differences, on average)
(Fig. 1B).

The great majority of the amino acid differences occurred in
the middle one-third of the protein (Fig. 2). Members of com-
plexes I and II differed in this region, on average, by 46.85 �
4.7 amino acid residues (�50%). With the exception of the
Mac variant in M18 strains, all variants had an RGD motif at
amino acid residues 214 to 216 (complex I) or 216 to 218

FIG. 1. (A) Phylogeny of the GAS mac gene. The phylogenetic tree
was constructed with the neighbor-joining algorithm by using the non-
synonymous rate of substitution (dN), as calculated by the Nei-Gojo-
bori method, and was rooted with the mac homologue present in S.
equi. Branch lengths are expressed as the number of nonsynonymous
changes (amino acid replacements) per 100 nonsynonymous sites (dN
� 100). The bootstrap confidence levels, based on 1,000 replicates, are
shown for the two major Mac complexes. (B) Summary of Mac poly-
morphism.
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(complex II). The serotype M18 strains had a 7-bp deletion
(nucleotides 590 to 596 of mac8345) that resulted in a 220-
amino-acid truncated form of Mac which lacked the RGD
motif and had a divergent 24-amino-acid carboxy terminus.
Serotype M4 strains had a G-to-T nucleotide change at posi-
tion 943 that resulted in a truncated protein that was 15 amino
acids shorter than the Mac protein made by M1 strains. Sim-
ilarly, serotype M5 strains had an A-to-T mutation at nucleo-
tide 688 that resulted in a Mac variant that was only 230 amino
acids long.

Evolutionary genetic analysis was performed to gain insight
into the forces contributing to molecular variation in the two
Mac complexes. If the divergence of the two allele complexes
is due simply to the accumulation of neutral mutations, the
differences (pS 	 pN) in the mean pS and pN for nucleotide
substitutions should be similar within and between complexes
(36). The values for pS 	 pN were found to be 	0.006 � 0.005
and 	0.010 � 0.008 for members of complex I and for mem-
bers of complex II, respectively. These similar values are mark-
edly different from the difference between complexes (pN 	 pS

 	0.146 � 0.038), suggesting that the diversity between Mac
variants of the two complexes is not due solely to the accumu-
lation of neutral nucleotide substitutions.

The first part (�60 amino acid residues) of the region of
homology between human CD11b and Mac5005 is located in

the area of Mac that varies substantially in complex I and
complex II Mac variants. Consequently, the Mac variants as-
signed to complex II have much less amino acid identity with
human CD11b than the Mac variants in complex I (Fig. 2B).

Streptococcus equi (http://www.sanger.ac.uk/Projects/S
_equi/) has a Mac homologue whose amino acid sequence is
62.4 and 67.5% identical to the amino acid sequences of
Mac5005 (complex I) and Mac8345 (complex II), respectively.
The S. equi Mac homologue is more closely related to Mac8345

than to Mac5005 in the central variable region (Fig. 2A).
We next examined if the chromosomal region containing the

mac gene was conserved in GAS. Structural features of a 12-kb
region of the genome of a serotype M1 strain containing the
mac gene were compared with the structural features of an
analogous region present in the genomes of M3 (4), M5 (http://
www.sanger.ac.uk/Projects/S_pyogenes), and M18 (29) strains
and an S. equi strain (http://www.sanger.ac.uk/Projects/S_equi/).
This region of the chromosome was broadly conserved in all
four GAS isolates analyzed. In contrast, the chromosomal con-
text of the mac gene in S. equi was unrelated to that of the mac
gene in the GAS isolates (data not shown).

Expression and purification of recombinant Mac. Mature
Mac5005 and Mac8345 variants were overexpressed in E. coli
and purified to apparent homogeneity by DEAE- and phenyl-
Sepharose chromatography (Fig. 3A and B). The identity of

FIG. 2. (A) Alignment of amino acid sequences of Mac proteins made by strains MGAS5005 (serotype M1; Mac5005) and MGAS8345 (serotype
M28; Mac8345) and an S. equi Mac homologue (Macequi). The Macequi sequence was inferred on the basis of an open reading frame present in an
S. equi genome sequence (http://www.sanger.ac.uk/Projects/S_equi/). Dots represent amino acid residues that are identical in Mac5005 and Mac8345
or Macequi; dashes represent gaps. Boldface type indicates amino acid residues in the central region of the protein that are identical in Mac8345
and Macequi but differ from the residues in Mac5005. (B) Alignment of amino acid sequences of homologous regions of CD11b, Mac5005, and
Mac8345, showing a lower level of homology between CD11b and Mac8345. Boldface type indicates identical amino acid residues in CD11b and
Mac5005 or Mac8345.
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the purified proteins was confirmed by Edman degradation of
purified Mac5005 and Mac8345 (data not shown).

Mac production in vitro and in vivo. To study the in vitro
and in vivo production of Mac, culture supernatants of GAS
strains were analyzed by Western immunoblotting with specific
anti-Mac rabbit polyclonal antibody. Fifteen of twenty GAS
strains containing the complex I mac alleles secreted Mac (Fig.
3C). In contrast, cultures of 13 of 15 GAS strains with the
complex II mac alleles did not have detectable Mac in the
culture supernatant (Fig. 3D). We previously showed that com-
plex I Mac was made in vivo in infected mice and humans (15,
16). To test whether complex II Mac was produced in vivo

during human GAS infection, the presence of Mac8345-specific
antibody was assessed by Western immunoblot analysis with
paired sera obtained from pharyngitis and invasive disease
patients infected with GAS strains containing the complex II
mac gene. Acute-phase sera had no or very low levels of Mac-
specific antibody, whereas Mac-specific antibody was present
in abundance in convalescent-phase sera (Fig. 3E), indicating
that complex II Mac was produced in vivo during infection.

Mac8345 does not inhibit ROS production, opsonophagocy-
tosis, and GAS killing by human PMNs. Mac5005, a represen-
tative of complex I, inhibits ROS production and opsonoph-
agocytosis by human PMNs, resulting in significantly decreased
GAS killing (16). Inasmuch as the primary structures of the
Mac proteins made by members of the complexes are very
different, we tested whether Mac8345, a representative of com-
plex II, had the same biologic functions as Mac5005. In contrast
to Mac5005, Mac8345 did not inhibit ROS production by human
PMNs stimulated with IgG-coated latex beads (Fig. 4A). We
next studied the effect of Mac8345 on opsonophagocytosis.
Mac5005 significantly inhibited the association of PMNs with
GAS strains opsonized with immune serum obtained from an
individual with recent GAS pharyngitis, whereas Mac8345 did
not have a detrimental effect on opsonophagocytosis (Fig. 4B).
Consistent with the results of the ROS and opsonophagocyto-
sis assays, GAS killing by PMNs was significantly inhibited by
Mac5005 but not by Mac8345 (Fig. 4C). Taken together, the
results indicate that Mac8345 does not inhibit ROS production
and opsonophagocytosis and killing of GAS by human PMNs
under the conditions used.

Binding of Mac to human PMNs, Mac IgG-endopeptidase
activity, and inhibition of ROS production. It was previously
reported that Mac5005 can bind to human PMNs and that
binding is blocked by an anti-CD16 MAb (16). To test the
ability of Mac8345 to bind to human PMNs, flow cytometry was
used. Binding of Mac8345 to PMNs was detectable, but it was
significantly less than the binding of Mac5005 to PMNs (Fig.
4D).

During our studies to elucidate the mechanism that Mac5005

uses to inhibit antibody binding to PMNs, ROS production,
and opsonophagocytosis, Mac5005 was found to cleave the
heavy chain of human IgG and rabbit IgG (Fig. 4E). This
finding is consistent with the recent report that the protein has
cysteine protease activity (33). We found that Mac8345 had
detectable but much lower IgG-endopeptidase activity than
Mac5005 under the assay conditions used (Fig. 4E). Mature
Mac5005 and Mac8345 have one and two cysteine residues, re-
spectively. To test whether there was a difference in the oxi-
dation state of the cysteine residues in Mac5005 and Mac8345,
the presence of free sulfhydryl groups in Mac proteins was
measured with Ellman’s agent under denaturing conditions
(27). About 25% of recombinant Mac5005 had a free sulfhydryl
group, whereas no free sulfhydryl group was detected in re-
combinant Mac8345, suggesting that Mac5005 is more resistant
to oxidation than Mac8345. To test whether oxidation of the
sulfhydryl group altered endopeptidase activity, the proteins
were incubated with DTT overnight to reduce the oxidized
cysteine side chain. DTT-treated Mac8345 had enhanced IgG-
endopeptidase activity but remained less efficient than Mac5005

in terms of the ability to cleave IgG (Fig. 4E). We also noted
that DTT-treated Mac8345 inhibited ROS production by hu-

FIG. 3. Purification of recombinant Mac (rMac) variants, in vitro
Mac production, and anti-Mac antibody present in patient sera.
(A) SDS-PAGE of a lysate of E. coli containing an empty (control)
vector (lane 1), a lysate of E. coli expressing recombinant Mac5005 (lane
2), a lysate of E. coli expressing recombinant Mac8345 (lane 3), purified
recombinant Mac5005 (lane 4), purified recombinant Mac8345 (lane 5),
and purified Mac5005 Cys94Ala mutant (lane 6). The gel was stained
with Coomassie brilliant blue. (B) Western immunoblot analysis of
purified Mac5005 (lane 1) and Mac8345 (lane 2) with rabbit anti-Mac5005
antibody. (C and D) Western immunoblot analysis of Mac proteins
present in culture supernatants of GAS strains possessing complex I
(C) and complex II (D) mac alleles. The numbers indicate the M
protein serotypes of GAS strains. The M28 isolate tested was strain
MGAS8345. (E) Western immunoblot analysis of Mac5005 (I) and
Mac8345 (II) proteins probed with anti-Mac5005 (I) and anti-Mac8345
(II) antibodies present in sera from patients infected with strains con-
taining the complex I and II mac alleles, respectively. Paired acute
(lanes A) and convalescent (lanes C) sera from two pharyngitis or
invasive infection patients for each of two mac allele complexes were
tested.
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FIG. 4. Comparison of Mac5005 and Mac8345 in terms of the ability to inhibit ROS production, phagocytosis, bacterial killing, binding to human
PMNs, and IgG-endopeptidase activity. (A) Effects of Mac5005 and Mac8345 on ROS production by human PMNs. PMNs were stimulated with
IgG-coated latex beads in the presence of Mac5005 or Mac8345 at different concentrations (in micrograms per milliliter) or in the presence of 5 �g
of control protein Spy453 per ml. ROS production was measured for 90 min. The relative means � standard deviations for Vmax for three triplicate
experiments are shown. (B) Opsonophagocytosis of GAS. PMNs were incubated with serotype M1 or M3 GAS preopsonized with immune serum
in the presence of Mac5005 or Mac8345 at different concentrations (in micrograms per milliliter), and phagocytosis was determined. Also shown are
the results of assays performed without treatment or with treatment with 2 �g of antibody specific for the �M chain of human Mac-1 (�CD11b)
per ml or 50 �g of recombinant GAS phosphoglycerate kinase (PGK) (purified by procedures similar to those used for Mac and used in the assays
as a control protein having a similar molecular mass) per ml. (C) GAS killing. The assay conditions were identical to those used to obtain the results
presented in panel B. Bactericidal activity was determined as described in the text. A statistical analysis was conducted by using a one-way analysis
of variance with Dunnett’s correction for multiple comparisons. The means � standard deviations for more than five experiments are shown.
(D) Flow cytometric analysis of the binding of Mac5005 and Mac8345 to human PMNs. PMNs treated with Mac (�Mac) or without Mac (	Mac)
were analyzed with anti-Mac5005 or anti-Mac8345 (solid lines). The dotted lines indicate the results obtained with a control antibody. The numbers
next to the lines are the means � standard deviations for increases in fluorescence intensity in two experiments for Mac plus anti-Mac versus
anti-Mac. (E) IgG-endopeptidase activity. Human or rabbit IgG was incubated with Mac5005 or Mac8345 with or without DTT treatment at 37°C
for 90 min and analyzed by SDS-PAGE. For DTT treatment, Mac was incubated with 1 mM DTT at 4°C overnight and used without removal of
the DTT. (F) Effect of DTT treatment of Mac on ROS production. Mac5005, Mac8345, and Spy453 were incubated with 1 mM DTT overnight, and
DTT was removed immediately before the assay was conducted. The protein concentration used in the assay was 5 �g/ml. The effects on PMN
ROS production of both Mac variants without DTT treatment (panel A) and with DTT treatment (panel F) were obtained in the same experiment,
and DTT pretreatment did not affect the function of Mac5005. (G) Treatment of human IgG (hIgG) with purified wild-type (wt) Mac5005 or
Cys94Ala Mac5005 mutant (C94A). The solid and open arrows indicate the positions of the IgG heavy chain and Mac, respectively. (H) Inhibition
of IgG (FcR)-mediated PMN phagocytosis by Mac5005 and Mac5005 Cys94Ala (MacC94A) proteins. Human PMNs and FITC-labeled IgG-coated
latex beads (IgG-LB) were rotated in the presence of Mac5005, Mac5005, MacC94A, or control protein Spy0453 at different concentrations (in
micrograms per milliliter) at 37°C for 30 min. Phagocytosis was determined by flow cytometry as described in Materials and Methods. The results
are the means � standard deviations for three independent experiments. CTL, control.
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man PMNs stimulated with IgG-coated latex beads, albeit not
to the extent that Mac5005 inhibited ROS production (Fig. 4F).

Mac5005 Cys94Ala site-specific mutant protein lacking IgG-
endopeptidase activity inhibits IgG-mediated PMN phagocy-
tosis. To determine if the sole cysteine residue of Mac5005

(Cys94) contributes to endopeptidase activity, this amino acid
was replaced with alanine by site-directed mutagenesis. The
Mac5005 Cys94Ala mutant protein was expressed in E. coli and
purified to homogeneity (Fig. 3A). The purified mutant did not
cleave human IgG, suggesting that the Cys94 residue is re-
quired for IgG-endopeptidase activity (Fig. 4G). To assess the
effect of the Cys94Ala mutation of Mac5005 on Mac’s key bio-
logical function, the mutant was tested for the ability to inhibit
IgG-mediated phagocytosis by human PMNs. The mutant pro-
tein significantly inhibited phagocytosis at all concentrations
tested (Fig. 4H). Importantly, there was no significant differ-
ence in the degree of blocking of phagocytosis at a concentra-
tion of either 5 or 50 �g of protein per ml between the wild-
type and mutant proteins (Fig. 4H), demonstrating that the
IgG-endopeptidase activity of Mac is not essential for its key
biological function.

Binding of Mac to integrins �v�3 and �IIb�3 expressed on
the surface of transfected cells. Inasmuch as virtually all Mac
variants identified have an RGD motif, we tested the hypoth-
esis that purified Mac5005 and Mac8345 bound to human inte-
grins �v�3 and �IIb�3. Binding of Mac5005 and Mac8345 to these
integrins was studied with transfected cells and immobilized
purified Mac by using procedures described previously (30).
Parent 293 cells that do not express these human integrins did
not bind to Mac5005 and Mac8345. In contrast, transfected de-
rivative 835 cells expressing integrin �v�3 on the cell surface
bound to these Mac proteins in a dose-dependent manner (Fig.
5A). Mac8345 bound significantly more transfected cells than
Mac5005 bound, suggesting that Mac8345 has a higher affinity
for integrin �v�3 than Mac5005 has. The binding of the 835 cells
to Mac5005 or Mac8345 was completely eliminated by anti-�v�3

MAb but was not affected detrimentally by a control mouse
ascites. Rabbit polyclonal anti-Mac5005 antibody inhibited 85%
of the cell binding to Mac5005 but had significantly less inhib-
itory effect on the cell binding to Mac8345 (Fig. 5B).

We next used synthetic peptides to test the hypothesis that
the RGD motif present in streptococcal Mac was involved in
the binding of the proteins to 835 cells. A synthetic peptide
(VFTRGDQSK) corresponding to residues 211 to 219 of
Mac5005 completely blocked cell binding to Mac5005. In con-
trast, this peptide (corresponding to amino acid residues 213 to
221 of Mac8345) only partially blocked the binding of Mac8345

to 835 cells (Fig. 5C). The scrambled peptide control (TVRQS-
DFGK) did not detrimentally affect the binding of either Mac
variant to the integrin-expressing cells. Importantly, binding of
the integrin-expressing cells to Mac8345 was not blocked com-
pletely when the VFTRGDQSK peptide was present at the
highest concentration used (Fig. 5D). Taken together, these
results indicate that the binding of Mac to human integrin �v�3

is primarily mediated by the RGD motif. In addition, a second
region(s) of Mac8345 that is divergent from Mac5005 (either in
primary amino acid sequence or in conformation) contributes
to the interaction of Mac8345 with the �v�3 integrin.

Similar experiments were performed to test the hypothesis
that Mac proteins bound to integrin �IIb�3. Parental (untrans-

fected) CHO-K1 cells did not bind to either Mac protein,
whereas transfected CHO-K1 cells expressing the �IIb�L
�3

integrin (CHO-�IIb�L
�3 cells) bound to Mac8345 very well. In
contrast, the binding of integrin-expressing cells to Mac5005

was significantly less than the binding to Mac8345 (Fig. 6A).
Cell binding to Mac8345 was inhibited significantly by antibod-
ies directed against Mac5005 and integrin subunits �IIb and �3

(Fig. 6B). As observed in the �v�3 integrin experiments, the
VFTRGDQSK peptide only partially blocked binding of
Mac8345 to the CHO-�IIb�L
�3 cells (Fig. 6C) and did not
completely block cell binding when it was present at high
concentrations (Fig. 6D). Taken together, these findings dem-
onstrate that there is a difference in the binding specificities of

FIG. 5. Binding of Mac proteins to integrin �v�3 expressed on the
surface of human kidney 293 cells. Cell binding was determined as
described in Materials and Methods. Mac proteins in wells were coated
with 50 �l of a solution containing 2 �g of protein per ml or a different
concentration. (A) Binding by transformed cells expressing integrin
�v�3 (835 cells) to immobilized Mac5005 (Œ), Mac8345 (■ ), or a negative
control protein (E. coli superoxide dismutase [SOD]) (�) as a function
of the coating protein concentration. Insignificant binding of parent
293 cells to Mac5005 (‚) and Mac8345 (E) is also shown. The mean
binding values � standard deviations for a representative quadrupli-
cate experiment are shown. (B) Inhibition of 835 cell binding to Mac
by anti-�v�3 MAb and polyclonal rabbit anti-Mac5005. In the inhibition
assay with anti-�v�3 MAb, 835 cells were incubated with control mouse
ascites or ascites containing anti-�v�3 MAb diluted 1:500 at 37°C for 30
min before binding to Mac. In the inhibition assay with anti-Mac5005
antibody, antibody diluted 1:500 was incubated with coated Mac at
room temperature for 1 h before cell binding. Bars 1, no antibody; bars
2, anti-Mac5005; bars 3, anti-�v�3; bars 4, control mouse ascites; bars 5,
no coated protein. (C) Inhibition of 835 cell binding to Mac by a
peptide encompassing the RGD motif. 835 cells were incubated with
200 �g of peptide VFTRGDQSK per ml or scrambled control peptide
TVRQSDFGK at 37°C for 30 min and then added to microtiter wells
coated with Mac5005 or Mac8345 for cell binding. (D) 835 cell binding to
immobilized Mac8345 as a function of the reciprocal of the concentra-
tion of the RGD (E) or control (F) peptide. The means � standard
deviations for three quadruplicate experiments are shown in panels B
to D.
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Mac5005 and Mac8345 with integrins, suggesting that the Mac
variants are structurally and topologically distinct.

Probing protein surface properties of Mac5005 and Mac8345

by linear B-cell epitope mapping. To test the hypothesis that
the two Mac variants differed in their surface properties, linear
B-cell epitope mapping was used. Affinity-purified rabbit anti-
bodies specific for each Mac variant were analyzed by an en-
zyme-linked immunosorbent assay to determine reactivity with
overlapping peptides representing the full length of mature
Mac5005 and Mac8345. Antibodies recognizing four epitopes of
Mac5005 present in the variable region (middle one-third of the
molecule) did not react with the peptides corresponding to this
region of Mac8345 (Fig. 7A and B). Similarly, anti-Mac8345

antibody also recognized four epitopes present in the central
part of Mac8345. However, the positions of the epitopes were
shifted such that three of them had no or diminished reactivity
with the Mac5005 peptides corresponding to the analogous re-

gion of Mac8345 (Fig. 7C and D). The fourth epitope (corre-
sponding to peptides 23 to 27) was located in a relatively
conserved region of Mac (Fig. 7C and D). We inferred from
these results that Mac5005 and Mac8345 differ in surface topol-
ogy and structure and that the differences are attributable to
amino acid divergence in the middle one-third of the molecule.

DISCUSSION

Mac polymorphism and recombination. Comparative DNA
sequencing analysis of the mac gene identified two complexes
of Mac variants made by strains representing 37 different M
protein serotypes. Mac variants assigned to the same complex
are closely related, whereas Mac variants assigned to different
complexes differ considerably in the middle one-third of the
Mac protein. Some GAS strains with divergent genomic back-
grounds, as determined by multilocus enzyme electrophoresis
(21), had nearly identical mac gene sequences. Moreover, the
differences between Mac variants assigned to the two distinct
complexes cannot be explained merely by the accumulation of
neutral nucleotide substitutions. The most likely interpretation
of all the molecular population genetic data is that recombi-
nation contributed to the divergence of mac alleles, resulting in
two complexes of Mac variants. We noted that the S. equi Mac
homologue is more closely related to complex II Mac variants
than to complex I Mac variants, especially in the central vari-
able region, which is consistent with the idea that complex I
Mac variants evolved from the complex II variants.

IgG-endopeptidase activity and Mac function. Recently, it
was reported that Mac5005 inhibited opsonophagocytosis and
killing of GAS by human PMNs. The protein blocked IgG
binding to the Fc receptor Fc�RIII (CD16) present on the
surface of PMNs and eliminated ROS production in response
to stimulation with IgG- or IgG/C3bi-coated latex beads (16).
In the course of the present follow-up study, we discovered
that Mac had IgG-endopeptidase activity, which is consistent
with data recently published by von Pawel-Rammingen et al.
(33). These investigators reported that Mac (which they des-
ignated IdeS, for IgG-degrading enzyme of Streptococcus pyo-
genes) exhibits protease activity against IgG and proposed that
the IgG-endopeptidase activity is necessary for inhibiting PMN
phagocytosis (33). In contrast to this hypothesis, our results
demonstrate that the ability of Mac5005 to block IgG-mediated
phagocytosis is distinct from IgG-endopeptidase activity. The
Mac5005 Cys94Ala mutant protein, which lacks IgG-endopep-
tidase activity, retained the ability to block phagocytosis at all
concentrations tested (Fig. 4G), demonstrating that the IgG-
endopeptidase activity of Mac is not crucial for the key bio-
logical function of Mac.

Role of Cys94 in Mac endopeptidase activity. We found that
autooxidation of a cysteine residue in Mac inactivated its en-
dopeptidase activity. These results could be interpreted to
mean either that Mac is a cysteine protease (a cysteine residue
is involved in catalysis) or that a cysteine residue is present at
or close to the active site but is not directly involved in catal-
ysis. Vibrio harveyi luciferase is an example of the latter possi-
bility; in this organism chemical modification of a cysteine
residue eliminated activity, but site-specific mutation of a cys-
teine to an alanine residue did not (37). The Cys94Ala Mac5005

mutant lacks endopeptidase activity, which is consistent with

FIG. 6. Binding of Mac8345 to integrin �IIb/�L
�3 expressed on the
surface of CHO-K1 cells. Cell binding was determined by using the
conditions described in the legend to Fig. 5 except that microtiter wells
were coated with 50 �l of a solution containing 8 �g of protein per ml.
(A) Binding of parent CHO-K1 cells or transformed CHO-K1 cells
(CHO-2b) expressing integrin �IIb/�L
�3 to immobilized Mac proteins.
The mean binding values � standard deviations for a representative
quadruplicate experiment are shown. (B) Effects of anti-Mac5005, anti-
�IIb, and anti-�3 antibodies on binding of CHO-2b cells to immobilized
Mac8345. Control mouse ascites (CMA) and normal rabbit serum
(NRS) were also included as controls. The means � standard devia-
tions for three quadruplicate experiments are shown. (C) Inhibitory
effect of the RGD peptide on binding of CHO-2b cells to immobilized
Mac8345. The means � standard deviations for two quadruplicate ex-
periments are shown. (D) Binding of CHO-2b cells to immobilized
Mac8345 as a function of the reciprocal of the concentration of the
RGD (E) or control (F) peptide.
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the idea that the cysteine residue is a catalytically active resi-
due, an idea put forth on the basis of biochemical data (33).
However, given that streptococcal Mac protein lacks significant
homology to known cysteine proteases, it is important to probe
this issue in more detail.

In vitro and in vivo Mac expression. The difference in in
vitro Mac production associated with the two complex variants
could be due either to processes such as altered transcription,
translation, and/or secretion or to enhanced degradation of
complex II variants compared to degradation of complex I
variants. Although in vitro Mac production was not detected in
most of the strains containing the complex II mac alleles,
importantly Mac8345-specific antibody was present in convales-
cent-phase sera obtained from patients with invasive infections
and pharyngitis caused by strains containing complex II mac
alleles. This observation indicates that some isolates with com-
plex II Mac alleles are capable of producing Mac in vivo during
infection episodes and suggests that there are fundamental
differences between GAS strains in terms of the mechanism(s)
regulating Mac production. Although relatively little is known
about regulation of Mac production, Lei et al. (16) showed that
expression of Mac by a representative serotype M1 strain was
influenced by the covR-covS two-component gene regulatory
system.

Apparent surface differences between complex I and II Mac
variants. The middle one-third of the amino acid residues of
complex I Mac and complex II Mac differ by approximately
50%. Linear B-cell epitope mapping suggested that the differ-
ences result in differences in the surface-exposed regions of

Mac5005 and Mac8345. These differences may provide an im-
portant clue to explain the functional differences between
Mac5005 and Mac8345 which we observed. For example, we
found that Mac8345 has a higher affinity than Mac5005 for hu-
man integrins �v�3 and �IIb�3. In addition, binding of Mac5005

to integrin �v�3 was mediated by the RGD motif, whereas the
interaction of Mac8345 with integrins �v�3 and �IIb�3 was me-
diated by the RGD motif plus additional amino acid residues.
The ability of Mac to interact with proteins other than IgG
suggests that the endopeptidase activity of Mac may not be
limited to IgG. Moreover, the functional differences between
complex I and II Mac molecules which we observed emphasize
the importance of understanding the contribution of allelic
variation to host-pathogen interactions (26).
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