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Thirty percent of Streptococcus pneumoniae isolates contain pilus islet 1, coding for a pilus composed of the
backbone subunit RrgB and two ancillary proteins, RrgA and RrgC. RrgA is the major determinant of in vitro
adhesion associated with pilus 1, is protective in vivo in mouse models, and exists in two variants (clades I and
II). Mapping of the sequence variability onto the RrgA structure predicted from X-ray data showed that the
diversity was restricted to the “head” of the protein, which contains the putative binding domains, whereas the
elongated “stalk” was mostly conserved. To investigate whether this variability could influence the adhesive
capacity of RrgA and to map the regions important for binding, two full-length protein variants and three
recombinant RrgA portions were tested for adhesion to lung epithelial cells and to purified extracellular matrix
(ECM) components. The two RrgA variants displayed similar binding abilities, whereas none of the recom-
binant fragments adhered at levels comparable to those of the full-length protein, suggesting that proper
folding and structural arrangement are crucial to retain protein functionality. Furthermore, the two RrgA
variants were shown to be cross-reactive in vitro and cross-protective in vivo in a murine model of passive
immunization. Taken together, these data indicate that the region implicated in adhesion and the functional
epitopes responsible for the protective ability of RrgA may be conserved and that the considerable level of
variation found within the “head” domain of RrgA may have been generated by immunologic pressure without
impairing the functional integrity of the pilus.

Streptococcus pneumoniae is a main determinant of respira-
tory tract infections, such as otitis media, sinusitis, and com-
munity-acquired pneumonia, and is also responsible for inva-
sive diseases, such as bacteremic pneumonia and meningitis
(16, 17, 30, 43, 46, 50, 55). Nonetheless, pneumococci are
normal components of the human commensal flora, asymp-
tomatically colonizing the upper respiratory tracts of both chil-
dren and healthy adults. Colonization is commonly followed by
horizontal transmission of S. pneumoniae, leading to its spread
within the community (4, 19, 33). Current glycoconjugate vac-
cines are efficacious against invasive disease caused by sero-
types included in the vaccines; however, their potential to pre-
vent carriage and related mucosal diseases, such as otitis
media, is not optimal (10, 12, 23, 29, 34, 48). Furthermore, the
partial geographic coverage and the phenomenon of serotype
replacement associated with the introduction of the 7-valent
conjugate vaccine limit to some extent its long-term effective-
ness (11, 20, 31, 37). For these reasons, current research is
focused on the identification of protein vaccine candidates able
to elicit serotype-independent protection against S. pneu-

moniae infection. In this context, colonization could represent
a critical point of intervention, and bacterial components in-
volved in these mechanisms should be studied in order to
determine their value as vaccine candidates.

Adhesion of bacteria to the mucosa is considered an essen-
tial early step in the colonization process. The ability of S.
pneumoniae to adhere to epithelial cells has been ascribed to a
number of surface-exposed proteins, including PspC, PsaA,
PsrP, PfbB, NanA, PavA, and pili (3, 21, 41, 42, 45, 49, 54).

Pili were recently discovered in many Gram-positive patho-
gens, and although their biological function has not been fully
elucidated, their presence has been mostly related to bacterial
adhesion, biofilm formation, and translocation of epithelial
barriers (1, 13, 35, 47). These structures are composed of
subunits covalently linked by means of intermolecular isopep-
tide bonds (32, 36, 51–53). Furthermore, intramolecular
isopeptide bonds have been found in most pilus subunits char-
acterized to date (9, 26–28). These bonds may play a critical
role in maintaining pilus integrity in the face of severe me-
chanical and chemical stress while bound to host cells and thus
may provide a functional mode of stabilization for cell surface
proteins involved in host pathogenesis.

In S. pneumoniae, pili (pilus 1 and pilus 2) are encoded by
two genomic islets (pilus islet 1 [PI-1] and PI-2) that are not
present in all pneumococcal clinical isolates. A number of
molecular epidemiological studies have highlighted the pres-
ence of PI-1 as a clonal property of S. pneumoniae isolates and
have defined, based on sequence analysis, the classification of
PI-1 into three major clades (2, 5, 7, 25, 38, 39). Mutants

* Corresponding author. Mailing address: Novartis Vaccines and
Diagnostics, Via Fiorentina 1, Siena, Italy. Phone: 39 0577 243319.
Fax: 39 0577 243564. E-mail: Vega.Masignani@Novartis.com.

‡ M.M. and C.E. contributed equally to this study.
† Supplemental material for this article may be found at http://iai

.asm.org/.
� Published ahead of print on 7 September 2010.
§ The authors have paid a fee to allow immediate free access to this

article.

5033



lacking PI-1 are impaired in adhesion to cultured epithelial
cells in vitro and are less virulent in murine models of coloni-
zation, pneumonia, and bacteremia (6, 41). Interestingly, pilus
1 expression is known to increase host inflammatory responses
that might disrupt the mucosal barrier and facilitate subse-
quent invasion by the bacteria (6).

Pneumococcal pilus 1 is composed of three subunits (RrgA,
RrgB, and RrgC); RrgB is the backbone component, and RrgA
is the major ancillary protein, localized at the pilus tip and
responsible for the adhesion properties of the pilus, whereas
RrgC is the minor ancillary protein, likely located at the pilus
base (21, 22, 41). In terms of sequence variability, RrgB is
classified into three variants and RrgC is conserved, whereas
RrgA exists in two major variants (clades I and II) (38). The
recombinant form of RrgA clade I adheres in vitro to cultured
A549 lung epithelial cells, as well as to purified extracellular
matrix (ECM) components (collagen I, fibronectin, and lami-
nin) (21, 41). In addition, RrgA, along with the other two pilus
1 components, is able to elicit protection from lethal challenge
with the homologous strain in mouse models of active and
passive immunization (18).

In this work, we investigated whether the differences be-
tween the two variants had an effect on the biochemical char-
acteristics, biological function, and immunological properties
of the molecule. We found that (i) sequence variability was
restricted to the “head” domain of RrgA, containing the pu-
tative adhesive motifs; (ii) the two RrgA variants were resistant
to proteolytic cleavage, and this feature was dependent on the
presence of intramolecular isopeptide bonds; (iii) the two vari-
ants were able to adhere to epithelial cells and ECM compo-
nents at comparable levels, whereas a mutant (Asp444Ala) in
the RGD tripeptide showed reduced binding; (iv) none of the
individual fragments encompassing the N-terminal (NT), cen-
tral (CP), and C-terminal (CT) portions of RrgA was able to
maintain adhesive capacity; (v) antibodies against these frag-
ments revealed the N terminus to be less accessible than the
remaining portion of the molecule on the native pilus; and,

finally, (vi) antibodies raised against each of the two RrgA
variants were cross-reactive and cross-protective in murine
passive-immunization studies.

MATERIALS AND METHODS

Protein sequence and structure analysis. Primary sequences of RrgA proteins
representative of the two RrgA variants were aligned using ClustalW. The
position-dependent sequence identity was computed between one clade I strain
(TIGR4) and one clade II strain (SPEC6B) by averaging on a sliding window of
10 amino acids (aa) shifted by 5 amino acids. Functional domains were predicted
using the software SMART (http://smart.embl-heidelberg.de/). The three-di-
mensional (3D) structure of RrgA was visualized and manipulated using PDB-
Viewer and Chimera software.

Bacterial strains and growth conditions. S. pneumoniae strains were routinely
grown at 37°C in 5% CO2 on tryptic soy agar (TSA) plates (Becton Dickinson)
supplemented with 5% defibrinated sheep blood or in Todd-Hewitt broth sup-
plemented with 0.5% (wt/wt) yeast extract (THYE) (Becton Dickinson).

Cloning and site-directed mutagenesis. Standard recombinant DNA tech-
niques were used to construct expression plasmids (pET21b�; Novagen). Briefly,
the coding sequences of the full-length proteins (the N-terminal signal sequence
and C-terminal cell wall-sorting signal (CWSS) motif were excluded from the
cloning) and protein fragments used in this study were amplified by PCR from
chromosomal DNA of S. pneumoniae strain TIGR4 (RrgA clade I) or SPEC6B
(RrgA clade II) by using specific primers listed in Table 1. Mutations were
introduced in RrgA by PCR-based site-directed mutagenesis: forward and re-
verse oligonucleotides (Table 1), each containing the desired mutation, were
used to create by overlap extension an rrgA fragment containing the mutation.
The PCR fragments obtained were then digested with the appropriate restriction
enzymes and ligated into the C-terminal 6�His tag expression vector pET21b�
(Novagen); transformants were screened, and recombinant plasmids were iden-
tified and confirmed by DNA sequencing.

Protein expression and purification. The plasmids containing the rrgA full-
length sequence or fragments thereof were transformed into competent Esche-
richia coli BL21 D3 star (Invitrogen). Protein expression was induced by adding
IPTG (isopropyl-�-D-thiogalactopyranoside) (Sigma; 1 mM final concentration)
to a bacterial culture at an optical density at 600 nm (OD600) of 0.4 to 0.5 (LB
medium supplemented with 100 �g/ml ampicillin) and growing the bacteria at
25°C for 4 to 5 h to avoid inclusion body formation. The cells were harvested by
centrifugation (10 min in a Beckmann JA 81000 rotor at 8,000 � g at 4°C), and
the bacterial pellets (5 to 10 g) were lysed with lysozyme (0.25 mg/ml) in 40 ml
Bug Buster Reagent (Novagen) supplemented with Benzonase Nuclease (Nova-
gen; 2.5-U/ml final concentration) and Protease Inhibitor Cocktail III (Calbio-
chem; 2.5 �l/ml lysate). After centrifugation, the soluble fraction was subjected

TABLE 1. Recombinant proteins used in this studya

Protein name Amino acid
positionb

Primer sequencec

Forward Reverse

RrgA clade I 39–862 AGTTGCTGCTAGCGAAACGCCTGAAAC
CAGTCCAGCG

CAGTTCGCTCGAGTTCTCTCTTTGGAG
GAATAGGTTC

RrgA clade II 39–859 GTGCGTGCTAGCGAAACGCCTGAAACC
AGTCCAGCG

CAGCGTCTCGAGTTCTCTTTTTGGAGG
AATTGGCTC

NT 39–214 AGTTGCTGCTAGCGAAACGCCTGAAAC
CAGTCCAGCG

CAGTTCGCTCGAGTGTTTTCCCACTAA
CCGTCAATTC

CP clade I (CP � 1) 215–637 AGTTGCTGCTAGCGTGTATGAATAAAA
AGATAAGTCT

CATGATCCTCGAGTACAGCTTGTCCAT
TCTCCAAGCG

CP clade II (CP � 2) 215–634 AGTTGCTGCTAGCACGGTTGAAACGAA
AGAAGCCTCT

CATGATCCTCGAGAGTAGGGACATTA
TTCACCAACGA

CT 638–862 AGTTGCTGCTAGCGGTGGTCCACAAAA
TGATGGTGGT

CAGTTCGCTCGAGTTCTCTCTTTGGAG
GAATAGGTTC

CT long 604–862 AGTTGCTGCTAGCGAGTTAATTGATTT
GCAATTGGGC

CATGATCCTCGAGAGTAGGGACATTA
TTCACCAACGA

Asp444 Ala 39–862 ATTGTACGCGGAGCTGGGCAAAGTTAC GTAACTTTGCCCAGCTCCGCGTACAAT
Lys191 Ala 39w–862 GTACACTTTCAGCGAGAATTTATC GATAAATTCTCGCTGAAAGTGTAC
Asn695 Ala 39–862 TTTATGATACCGCTGGTCGAACAA TTGTTCGACCAGCGGTATCATAAA

a For each recombinant protein used in this study, the fragment name, amino acid position, and forward and reverse primers used to generate the clone are listed.
b With respect to the FL sequence.
c Nucleotide sequences corresponding to restriction sites are underlined.
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to metal chelate affinity chromatography on His-Trap HP columns (GE Health-
care) according to the manufacturer’s instructions. Pooled fractions containing
the purified protein were dialyzed overnight (ON) against phosphate-buffered
saline (PBS) (1st purification step). An aliquot from the 1st purification step was
diluted 3-fold with 20 mM Tris-HCl, pH 7.5, and applied to a 1-ml HiTrap Q HP
column. Proteins were eluted with a linear gradient (30 column volumes) from 20
to 500 mM NaCl in 20 mM Tris-HCl, pH 7.5. Pooled fractions containing the
purified protein were dialyzed ON against PBS. Protein purity was determined by
SDS-PAGE. The protein concentration was determined using a Bradford pro-
tein assay, reading the absorbance at 280 nm (NanoDrop). Purified recombinant
proteins were subsequently used to immunize CD1 mice (20 �g/mouse) or
rabbits (100 �g/rabbit) for antibody generation (Charles River Laboratory).

CD analysis. Far-UV circular dichroism (CD) spectra from 200 to 260 nm
(1-nm steps; 20 nm/min) were obtained at 25°C by averaging 10 scans on a CD
spectrometer (Jasco J-810) equipped with a water-cooled Peltier system
(PCB1500). Readings were performed at a protein concentration of 0.2 mg/ml in
PBS using Suprasil cuvettes (Hellma) with a path length of 0.1 cm. The main
compartment of the instrument was flushed with dry nitrogen gas during the
measurement. PBS was used as a blank, and its spectrum was subtracted from all
recorded CD spectra. The secondary structures of full-length RrgA proteins and
RrgA protein fragments were evaluated by deconvolution of the spectra using
CDNN v.2.1 (8). Original CD data in millidegrees were converted to �ε units.

SDS-PAGE and Western blot analysis. SDS-PAGE analysis was performed
using Nu-Page 4 to 12% Bis-Tris gradient gels (Invitrogen) according to the
manufacturer’s instructions. A Hi-Mark prestained high-molecular-weight pro-
tein standard (Invitrogen) was used. Gels were stained with colloidal Coomassie
blue G-250 (Invitrogen) or processed for Western blot analysis (WB) by using
standard protocols. Mouse antibodies raised against recombinant His-tagged
proteins were used at 1/3,000 dilution. Alkaline phosphatase-conjugated second-
ary goat anti-mouse IgG antibodies (Promega) were used at 1/5,000, and the
signal was developed by using Western Blue Stabilized Substrate for Alkaline
Phosphatase (Promega).

Enzymatic digestion of recombinant proteins. Recombinant proteins were
digested with sequencing-grade modified trypsin (Promega), using an enzyme/
substrate ratio of 1/100 (wt/wt) in 50 mM ammonium bicarbonate, pH 8, con-
taining 0.1% (wt/vol) Rapigest (Waters) ON at 37°C.

In-gel digestion and MALDI TOF/TOF mass spectrometric analysis. Spots of
colloidal Coomassie blue G-250-stained bands were excised from the SDS-
PAGE gel using a Pasteur pipette and destained ON in 200 �l of 50% (vol/vol)
acetonitrile, 50 mM ammonium bicarbonate. The spots were then washed with
200 �l of acetonitrile. The acetonitrile was discarded, and the spots were allowed
to air dry. Modified trypsin (12 �g/ml) in 5 mM ammonium bicarbonate was
added to each spot, and the enzymatic digestion was performed for 3 h at 37°C;
0.8 �l of the digestion was directly spotted on a PAC (Prespotted AnchorChip 96
set for proteomics; Bruker Daltonics) target. The air-dried spots were washed
with 0.6 �l of a solution of 70% (vol/vol) ethanol, 0.1% (vol/vol) trifluoroacetic
acid (TFA). Peptide mass spectra were recorded with a matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF)/TOF mass spectrometer
(UltraFlex; Bruker Daltonics, Bremen, Germany). Ions generated by laser de-
sorption at 337 nm (N2 laser) were recorded at an acceleration of 25 kV in the
reflector mode. About 200 single spectra were accumulated for improving the
signal/noise ratio and analyzed by FlexAnalysis (version 2.4; Bruker Daltonics).
External calibration was performed using standard peptides prespotted on the
target.

Protein binding to A549 epithelial cells; flow cytometric assay. A549 lung
epithelial cells were nonenzymatically detached from the support by using cell
dissociation solution (Sigma), harvested, and resuspended in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 1% (wt/vol) bovine serum
albumin (BSA), in the absence of serum and antibiotics. The cells were mixed
with either medium alone or different concentrations of the purified proteins
diluted in DMEM (0.05 to 6 �M) and incubated for 2 h on ice. The A549 cells
were then washed twice with 1% BSA in PBS and incubated with antibodies
against each protein for 1 h on ice. After two additional washes, the preparations
were incubated with Alexa Fluor 488 secondary antibodies (Molecular Probes;
1:200 in PBS-1% BSA), and 10,000 cells were analyzed with a FACS-Canto II
flow cytometer (Becton Dickinson). A one-tailed t test was used to compare the
adhesion levels of the RrgA clade I wild type (wt) and RrgA Asp444Ala.

Protein binding to ECM components; ELISA. Ninety-six-well MaxiSorp flat-
bottom plates (Nunc) were coated for 1 h at 37°C, followed by an ON incubation
at 4°C with 1 �g/well laminin (from human placenta; Sigma) or fibronectin (from
human plasma; Sigma) or with 2 �g/well collagen I (from human lung; Sigma) in
PBS, pH 7.4. A BSA-coated plate served as a negative control. The plates were
washed 3 times with PBS-0.05% Tween 20 and blocked for 2 h at 37°C with 200

�l of PBS-1% BSA, followed by 3 washing steps with PBS-0.05% Tween 20.
Recombinant protein samples were initially diluted to 4 �g/ml with PBS and
were then transferred into coated, blocked plates in which the samples were
serially diluted 2-fold with PBS, obtaining a final volume of 100 �l/well. The
plates were incubated for 2 h at 37°C and then ON at 4°C. The plates were
washed 3 times and incubated for 2 h at 37°C with the respective primary mouse
antibodies (1/10,000 dilutions). After another three washing steps, bound anti-
gen-specific mouse IgGs were revealed with the phosphatase alkaline substrate
p-nitrophenyl-phosphate (Sigma) following 2 h of incubation at 37°C with alka-
line phosphatase-conjugated goat anti-mouse IgG (Sigma Chemical Co., St.
Louis, MO). Readout was performed at 405 nm with an enzyme-linked immu-
nosorbent assay (ELISA) plate reader. A one-tailed t test was used to compare
the adhesion levels of the RrgA clade I wt versus RrgA Asp444Ala.

Flow cytometry of entire bacteria. Bacteria were grown in THYE to exponen-
tial phase (OD600 � 0.25), fixed with 2% paraformaldehyde, and then stained
with mouse antisera raised against full-length RrgA clades I and II and against
RrgA recombinant fragments (final dilution, 1:300). After labeling with a fluo-
rescein isothiocyanate (FITC)-conjugated secondary antibody (Jackson Labora-
tories), bacterial staining was analyzed by using a FACSCalibur cytometer (Bec-
ton Dickinson). Sera from mice immunized with PBS plus adjuvant and with
RrgB were used as negative and positive controls, respectively.

Passive-immunization experiments. Animal studies were done in compliance
with the current law, approved by the local animal ethics committee, and autho-
rized by the Italian Ministry of Health. Female 8-week-old BALB/c specific-
pathogen-free mice (Charles River) were used. Groups of 8 mice received in-
traperitoneally 100 �l of rabbit serum raised against either RrgA clade I or clade
II. Twenty minutes after antiserum administration, the mice received intraperi-
toneal challenge with 150 CFU of TIGR4. Blood samples were obtained from
each mouse 24 h after challenge, and the bacteremia was quantified by culturing
serial dilutions of the blood on agar-blood plates. The plates were incubated
overnight at 37°C in a humidified atmosphere (5% CO2), and then the CFU were
counted and the bacteremia was calculated. The limit of detection was 125 CFU
per ml of blood. After challenge, the animals were monitored for 10 days
postchallenge, twice per day for the first 4 days and then daily. Mice were
euthanized when they exhibited defined humane endpoints that had been pre-
established for the study in agreement with Novartis animal welfare policies, and
the day was recorded.

The results of the bacteremia and mortality course (median survival) were
analyzed by the Mann-Whitney U test. The survival rates were analyzed by
Fisher’s exact test. One-tailed tests were used for comparison of the immunized
groups to the corresponding control groups. Two-tailed tests were used for the
comparison of immunized groups to each other. P values of �0.05 were consid-
ered and referred to as significant.

RESULTS

Domain organization and sequence variability of the two
RrgA variants. RrgA protein sequence variability studies per-
formed on a collection of 44 pneumococcal isolates highlighted
the presence of two genetic variants, clades I and II (893 and
890 amino acids, respectively). The two variants have similar
organizations containing an N-terminal leader sequence (aa 1
to 38) and an LPXTG-like (YPRTG) C-terminal CWSS (Fig.
1A). Overall, they share 84% sequence identity, while most of
the variability resides in the central portion of the protein (aa
214 to aa 637 of clade I), where the level of sequence identity
decreases to 67.7%. The regions of diversity were mapped on
the structure of recombinant RrgA clade I obtained from X-
ray crystal data (26). We found the variable amino acid cluster
in the distal D3 “head” domain, whereas D1, D2, and D4,
which form the “stalk” of the molecule, were well conserved
(Fig. 1B). Interestingly, the majority of the variable amino
acids were located in regions predicted to be surface exposed,
thus most likely not affecting the global folding of the domain.

As described by Izoré and colleagues, RrgA contains a Von
Willebrand factor type A (vWA) domain, characteristic of
many eukaryotic ECM binding proteins, like the �2�1 integrin,
an important human receptor for collagen (15, 16, 26). The
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vWA factor-like domain, present in both RrgA clades I and II,
resides within the D3 distal region, encompassing amino acids
224 to 450 of RrgA clade I. Interestingly, the MIDAS motif,
composed of Asp232-X-Ser234-X-Ser236 and Asp387, known
to be crucial for collagen recognition and binding through
coordination of metal ions, is conserved in both RrgA variants,
although its position is internal to the predicted structure and
therefore unlikely to be directly engaged in a superficial inter-
action with the collagen helix.

As RrgA has been shown to be important for bacterial rec-
ognition of laminin and fibronectin (21), Izoré and colleagues
hypothesized that this property could be associated with the
two elongated arms, also located within the D3 domain. The
two arms form a U-shaped cradle rich in basic residues, which
could be engaged in the recognition of negatively charged
molecules, such as glycosaminoglycans (GAGs), that are di-
rectly associated with laminin and fibronectin (26). Interest-
ingly, the corresponding cradle-shaped region present in vari-
ant II lacked the majority of positively charged amino acids,
which in most instances were replaced by hydrophobic residues
(Lys2943Ala; Arg2983Ile; Lys4763Val; Lys5113Trp).

Finally, the RrgA sequence contains an Arg-Gly-Asp
(RGD) tripeptide, which is implicated in the interactions of a
number of bacterial adhesins with integrin receptors present
on the basolateral surfaces of eukaryotic cells (24). The RGD
motif is conserved between the two RrgA variants and is con-
tained within the D3 domain (aa 442 to 444 of RrgA clade I).
However, in contrast to its expected surface exposure, in recom-
binant RrgA clade I this domain is buried within the structure.
Therefore, assuming that the proposed structural model corre-
sponds to the native protein folding, the implication of the RGD
motif in binding could be possible only if a conformational change
occurs during the interaction of RrgA with its ligands.

RrgA resistance to proteolytic cleavage is due to the pres-
ence of two intramolecular isopeptide bonds. The backbone
subunits of pili in Gram-positive bacteria have been shown to

resist proteolytic cleavage, a feature associated with the pres-
ence of intramolecular isopeptide bonds (9, 14, 27, 28). As
RrgA contains two intramolecular isopeptide bonds (26), we
investigated whether the two variants were also protease resis-
tant and if this feature was associated with the presence of
isopeptide bonds.

Trypsin proteolytic-cleavage reactions were performed on
the purified recombinant full-length (FL) RrgA clades I and II.
Both RrgA variants were significantly resistant to enzymatic
digestion compared to other recombinant S. pneumoniae pro-
teins, which, under the same reaction conditions, were com-
pletely digested (data not shown). Despite significant sequence
diversity, the cleavage patterns of RrgA clade I and RrgA clade
II were similar. In fact, for both digestions, the SDS-PAGE
pattern revealed one major polypeptidic fragment with an ap-
parent molecular mass of 55 kDa (Fig. 2A). Analysis by pep-
tide mass fingerprinting (PMF) showed that the peptides de-
rived from the 55-kDa fragment covered two distinct sequence
regions located at the N- and C termini of RrgA (Fig. 2C and
D), while the “head” D3 domain was completely digested.
Interestingly, one of the major peaks (m/z, 1,954.12) could not
be assigned to any theoretical tryptic peptide (Fig. 2C) but was
consistent with the molecular mass of the peptide 183VIPEG
TLSKR192, linked by an isopeptide bond to the peptide 691F
YDTNGR697 (expected m/z, 1,953.992) (underlining indicates
amino acids involved in forming an intramolecular isopeptide
bond). To confirm the sequences of the two fragments involved
in the isopeptide bond, the ion of m/z 1,954.12 was fragmented
by MALDI TOF/TOF mass spectrometry (MS), and the pri-
mary sequence deduced from the tandem MS (MS/MS) spec-
trum was in agreement with the sequences of the cross-linked
peptides (data not shown). The same cross-linked peptide was
identified in RrgA clade II by PMF (data not shown).

In order to define the role of the intramolecular isopeptide
bond in conferring proteolytic resistance on the full-length
RrgA molecule, two site-directed mutants were generated in

FIG. 1. Structural organization and sequence variability of RrgA. (A) Protein sequence domain organization of RrgA clade I (aa 1 to 893). The
leader peptide (LP), the CWSS, and the two intramolecular isopeptide bonds (K1S1-N6P5, K7u2-N85u) are indicated. (B) The sequence variability
between RrgA clade I (TIGR4) and RrgA clade II (SPEC6B) is displayed on the crystal structure of TIGR4 RrgA clade I. Amino acid variability
is delineated in dark blue. Domains 1 to 4 are color coded to reflect the schematic organization in panel A.
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RrgA clade I in amino acids involved in the formation of the
isopeptide bond linking the N- and C-terminal portions of
RrgA (Lys191Ala and Asn695Ala). Analysis of the digested
products indicated that the structured trypsin-resistant core of
55 kDa was absent in both RrgA mutants, thus confirming the
critical role of the intramolecular isopeptide bond in confer-
ring resistance to proteolysis (Fig. 2B). In the recombinant
Asn695Ala form, one major tryptic-resistant fragment of 12
kDa (apparent molecular mass) was generated. As assessed by
PMF, this fragment corresponds to the C-terminal D4 domain.
This result could be explained by the presence of a second
isopeptide bond within D4 (Lys742-Asn854), as recently re-
ported by Izoré and colleagues (26). Overall, these studies
indicate that both RrgA variants are resistant to tryptic diges-
tion and that this resistance is due to the presence of intramo-
lecular isopeptide bonds, which are necessary to maintain the
integrity of the stalk. On the other hand, the central domain,
D3, comprising the “head” of the molecule, was more suscep-
tible to proteolysis and underwent complete digestion.

Clade I and II RrgA display similar binding activities. As
previously shown, RrgA clade I is able to adhere to epithelial
cells, as well as to purified ECM components, such as collagen,
laminin, and fibronectin (21, 41). However, thus far, no func-
tional data on RrgA clade II have been reported. In order to
investigate whether the two variants maintain the same binding
properties, and the molecular mechanisms underlying this
function, we tested the in vitro adhesion of the two recombi-
nant full-length RrgA variants, along with the two mutant
forms of RrgA clade I, Lys191Ala and Asn695Ala (which are
unable to form the isopeptide bond in D2), and a mutant
obtained from the replacement of the aspartic residue of the
RGD tripeptide motif with alanine (Asp444Ala).

The binding of the recombinant proteins to A549 cells in
suspension was evaluated by antibody detection (polyclonal
mouse antisera raised against RrgA clades I and II) and fluo-
rescence-activated cell sorter (FACS) analysis at a range of
protein concentrations (from 6 to 0.05 �M). The assay re-
vealed that the binding was dose dependent for both RrgA
clades I and II, with both proteins reaching the plateau at a
concentration of 3 �M with similar mean fluorescence inten-
sities (MFI), significantly higher than the RrgB negative con-
trol (Fig. 3A). Additionally, the FL RrgA mutants (Lys191Ala
and Asn695Ala) were as adhesive as the wild-type form (data
not shown). Moreover, FL RrgA proteins of both variants
revealed similar adhesion levels to endothelial human brain
microvascular epithelial cells (HBMEC) and Detroit 562 epi-
thelial cells (data not shown). As shown in Fig. 3B, adhesion to
A549 cells was also retained in the RrgA Asp444Ala mutant,
although the MFI was significantly reduced by 24% with re-
spect to the wt (P � 0.007). To confirm the presence of similar
secondary structures, the wt RrgA clade I and the RrgA
Asp444Ala mutant were analyzed, along with RrgA clade II, by
CD. Analysis of the spectra indicated that the three recombi-
nant proteins were folded and displayed highly similar contents
of secondary structural elements, indicating that the Asp3Ala
mutation also caused no major changes in the global folding of
the molecule (Table 2; see Fig. S1 in the supplemental mate-
rial). The two RrgA variants also revealed comparable dose-
dependent binding properties to laminin, fibronectin, and col-
lagen ECM components (range of concentrations tested, 0.4 to

FIG. 2. RrgA intramolecular isopeptide bonds confer resistance to pro-
teolysis. (A and B) SDS-PAGE analysis of overnight trypsin digestion of
RrgA clade I and RrgA clade II (A) and RrgA clade I mutant Asn695Ala
(B). (C) Peptide mass fingerprint of the RrgA clade I 55-kDa trypsin-resistant
fragment. Each m/z signal labeled with an asterisk corresponds to an RrgA
clade I tryptic peptide (underlined sequences in panel D). The signal of m/z
1,954.12 is consistent with the molecular mass of the peptide 183VIPEGTLS
KR192, linked by an isopeptide bond to the peptide 691FYDTNGR697 (ex-
pected m/z, 1,953.99). Signals labeled with a T are trypsin autolysis peptides.
(D) Protein sequence of FL RrgA clade I as cloned in the pET21b� expres-
sion vector. Sequences in boldface letters correspond to the peptides identi-
fied by PMF. The colored boxes represent the RrgA clade I domains iden-
tified within the crystal structure. The color codes are as follows: D1, green;
D2, turquoise; D3, light red; D4, dark yellow.
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0.004 �g/ml), with the adhesion capacity of the RrgA
Asp444Ala mutant significantly reduced with respect to wt
RrgA clade I (P � 0.001, P � 0.03, and P � 0.002 for the three
ECM components) (Fig. 4).

RrgA fragments are not able to bind to epithelial cells and
to ECM components. To obtain further insight into the regions
of RrgA implicated in the adhesive function, full-length pro-
teins were divided into three nonoverlapping portions on the
basis of (i) sequence similarity between the two clades, (ii)
prediction of functional domains, and (iii) analysis of the avail-
able crystallographic data (Fig. 3C). The two highly conserved
NT (aa 39 to 214) and CT (aa 638 to 862) domains were cloned

from TIGR4, whereas the variable central portion, mainly en-
compassing the D3 domain, was cloned from strain TIGR4
(CP-1; aa 215 to 637) and from strain SPEC-6B (CP-2; aa 215
to 634). Three out of the four selected fragments were suc-
cessfully expressed and purified as described in Materials and

FIG. 3. Full-length RrgA is required for adhesion to epithelial cells
in vitro. (A) Binding (4°C) of recombinant full-length RrgA clade I and
clade II (dose range, 0.05 to 6 �M) to A549 epithelial cells in suspen-
sion as measured by FACS analysis compared to the pilus backbone,
RrgB (used as a negative control). (B) Binding at 4°C of RrgA recom-
binant fragments and RrgA Asp444Ala to A549 cells in suspension
(dose range, 0.05 to 6 �M). In panels A and B, for each protein
concentration, the net mean fluorescence intensity was calculated from
three independent experiments (the error bars represent the standard
deviations). (C) Mapping of the RrgA fragments used in the adhesion
experiments onto the RrgA clade I crystal structure. NT, green; CP,
red; CT long, blue.

TABLE 2. Secondary-structure analysis of RrgA recombinant proteins by CD spectroscopya

Structure
Content (%)

RrgA clade I RrgA D444A RrgA clade II NT CP-1 CP-2 CT-long

Helix 23.60 25.70 21.30 19.80 26.80 29.90 10.90
Antiparallel 19.00 17.60 21.00 10.90 14.60 13.60 27.40
Parallel 6.10 6.20 6.20 4.10 5.70 5.90 5.20
Beta turn 15.30 15.00 15.50 28.60 16.70 15.50 22.20
Random coil 31.40 30.80 31.90 35.40 31.20 30.20 36.50

Total 95.40 95.20 95.80 98.90 95.20 95.00 102.10

a Analysis of the CD spectra (see Fig. S1 in the supplemental material) was performed using CDNN v.2.1, including unit conversion to �ε units.

FIG. 4. Full-length RrgA clades I and II bind extracellular matrix
components in vitro. Different doses of recombinant RrgA clades I and
II, along with RrgA Asp444Ala, were incubated with purified fibronec-
tin (top), laminin (middle), and collagen I (bottom); the pilus back-
bone, RrgB, was used as a negative control. Binding was quantified by
ELISA at an absorbance of 405 nm. The points represent the means
(the error bars indicate the standard deviations of the means) of
measurements made in triplicate.
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Methods. In contrast, the CT portion was insoluble and there-
fore was replaced by a CT long protein fragment (aa 604 to
862) that was obtained in soluble form. The four recombinant
fragments were tested in in vitro adhesion experiments with
A549 epithelial cells and ECM components, as described
above for the full-length proteins. To verify whether they main-
tained their secondary structures, the fragments were analyzed
by CD. The results show that each of the fragments was folded,
with CP-1 and CP-2 displaying similar secondary-structure
compositions (Table 2; see Fig. S1 in the supplemental mate-
rial). None of the recombinant fragments was able to bind to
A549 cells (Fig. 3B) or to ECM components (data not shown)
at a level similar to that of FL RrgA, thus suggesting that
adhesive properties of RrgA might be due to interplay between
different protein domains.

The NT portion is not accessible to antibodies in the native
RrgA. The four structural domains of RrgA make few contacts
with each other and are mostly associated through short link-
ers, potentially conferring a significant level of flexibility on the
protein (26). In order to investigate to what extent the ob-
served conformation of crystallized recombinant RrgA reflects
the dynamic properties of the native protein once associated
with the RrgB backbone fiber, the reactivity of antibodies
raised against the FL, as well as single recombinant fragments,
was analyzed by FACS on S. pneumoniae.

Antisera raised against FL RrgA clades I and II were able to
recognize at comparable levels whole bacteria of two S. pneu-
moniae strains expressing RrgA clade I and clade II, respec-
tively, by FACS (Fig. 5), thus indicating that the two RrgA
variants are cross-reactive in vitro. Similarly, antisera against
each single recombinant NT, CT, and CP protein fragment
were able to recognize FL recombinant proteins and fragments
thereof, as well as the typical pilus ladder of both RrgA vari-
ants, by WB (see Fig. S2 and S3 in the supplemental material).
In contrast, FACS analysis performed on the TIGR4 and
SPEC-6B strains revealed that while antisera against the CP-1,
CP-2, and CT portions recognized the native pili of both
strains, sera raised against the NT fragment were always FACS
negative (Fig. 5), indicating that this region was not accessible
once RrgA was incorporated into the native pilus fiber. Inter-
estingly, a similar result was obtained when the antisera were
tested against an RrgB-defective TIGR4 mutant, which is no
longer able to assemble a pilus fiber but still exposes a func-
tional RrgA molecule on its surface (reference 41 and data not
shown).

Polyclonal antibodies against FL RrgA are cross-protective
in vivo. RrgA was previously shown to elicit protection in ac-
tive-immunization studies against homologous TIGR4 chal-
lenge. Similarly, polyclonal antisera raised against the full-
length RrgA clade I were protective in passive-immunization
studies, showing that antibodies were functional in vivo (18).

To investigate whether protection was clade specific, we
tested whether rabbit polyclonal antisera raised against full-
length RrgA clades I and II were cross-protective in passive-
immunization experiments (Fig. 6). Mice that received RrgA
clade I rabbit antiserum were significantly protected against
subsequent challenge with TIGR4, both in terms of bactere-
mia, with a significant reduction of CFU/ml compared with
controls that received normal rabbit serum (NRS) (P � 0.015),
and in terms of the mortality course (median survival was 5.5

days longer than that of the control group; P � 0.0025). At the
end of the observation period, the survival rate for this group
was 50% (P � 0.001). Protection was also achieved in mice
upon administration of RrgA clade II rabbit antiserum prior to
TIGR4 challenge, with significant reduction of bacteremia
(P � 0.0001), increase of median survival by 8 days compared
to that of the control group (P � 0.0001), and a survival rate of
75% (P � 0.0001), indicating that immunization with RrgA
clade II elicits antibodies that are cross-protective against
RrgA clade I. No significant differences were observed be-
tween the two immunized groups for all the parameters exam-
ined: bacteremia (P � 0.320), median survival (P � 0.183), and
survival rate (P � 0.273). This result suggests that protective
epitopes are composed of regions that are conserved in the two
protein variants.

DISCUSSION

In recent years, many Gram-positive bacteria were discov-
ered to have pili on their surfaces. In S. pneumoniae, only a

FIG. 5. The RrgA NT fragment is not exposed on the S. pneu-
moniae pilus. Two S. pneumoniae clinical isolates, TIGR4 (A) and
SPEC6B (B), expressing pilus 1 were stained with anti-RrgA antibod-
ies and then analyzed by flow cytometry (FACSCalibur). Bacteria were
labeled with mouse or rabbit polyclonal antibodies (1:400) raised
against FL RrgA (clades I and II); FL RrgB (clades I and II);and NT,
CP (clades I and II), and CT fragments. CTRL, sera serving as nega-
tive controls. Anti-mouse and -rabbit IgG antibodies were FITC la-
beled (1:100 dilution).
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number of strains were shown to express pilus 1, known to be
involved in adherence to lung epithelial cells in vitro and in
colonization in vivo (6, 41). Additionally, the subunits that
constitute the pilus were demonstrated to elicit protection in a
murine model of infection (18). RrgA, the major pilus 1 ad-
hesin, has a direct role in binding to epithelial cells and to
purified ECM components (21, 41). In PI-1-positive pneumo-
coccal strains, RrgA exists as two distinct variants, named clade
I and clade II.

Recently, the high-resolution crystal structure of the recom-
binant form of RrgA clade I was published (23), describing a
flexible molecule organized into four nested structural do-
mains (D1 to D4). In this report, we investigated the structural
variability among the two genetic variants of RrgA and how
this variability impacts the global folding of the two RrgA

variants, their functional roles in binding epithelial cells and
ECM components in vitro, and their protective role in vivo.

Analysis of the primary sequence diversity within the avail-
able 3D structure revealed that most of the variability found
within RrgA is restricted to the distal D3 domain, which con-
tains the motifs predicted to be implicated in adhesion. Nota-
bly, despite the significant level of diversity found within D3,
the predicted binding domains are well conserved between the
two RrgA variants. In agreement with this observation, both
full-length RrgA proteins were able to adhere to epithelial and
endothelial cells, as well as to purified ECM components. On
the other hand, regardless of the conditions employed for
testing, none of the recombinant portions of RrgA (NT, CT,
and CP) were able to adhere, indicating that the global folding
of the FL molecule, as well as the interplay of the D1 to D4
domains, is crucial to retain its functionality. Furthermore, a
site-specific mutation in the aspartic acid residue of the RGD
tripeptide in the D3 domain significantly reduced protein bind-
ing in the in vitro assays. Interestingly, the RGD tripeptide of
the published RrgA structural model obtained from X-ray data
is internal and not exposed on the surface, as would be ex-
pected for a functionally active domain. Since this point mu-
tation does not change the secondary-structure content, as
verified by CD analysis, this finding could be explained in two
ways. First, the point mutation could induce local destabiliza-
tion, altering the exposure of residues involved in adhesion;
second, the RGD motif is directly involved in RrgA binding
and becomes accessible only during the interaction between
RrgA and its ligands upon a conformational change, similar to
that reported for thrombin (44).

Regardless of local variability, the two protein variants could
share similar overall folding, as suggested by comparable sec-
ondary-structure contents (CD analysis) and by the presence of
conserved intramolecular isopeptide bonds. Moreover, the two
variants behaved similarly when exposed to proteolytic cleav-
age; in fact, while the variable distal D3 domain was protease
sensitive in both RrgA clades I and II, the stalk of the molecule
was highly resistant to digestion and to thermal denaturation,
probably due to the presence of the two intramolecular isopep-
tide bonds (25).

On the basis of the results presented here, the two RrgA
variants are likely to display similar folding and adhesive prop-
erties; however, the conformation of the molecule once incor-
porated into the native pilus can only be speculative. Evidence
for a conformational change is provided by the observation
that antibodies directed against the NT part of the protein
(Fig. 3C), are not able to bind the NT fragment of the native
RrgA (in both clade I and clade II strains) in S. pneumoniae.
Notably, the same antibodies recognize the recombinant pro-
teins and the typical pilus ladder in bacterial cell extracts.
Under the same experimental conditions, the CP and CT por-
tions (the latter containing the LPXTG-like sequence anchor-
ing RrgA to the backbone) are surface exposed and accessible
to antibodies. A similar result was observed both in wild-type
isolates and in RrgB-defective mutants expressing a functional
RrgA but unable to polymerize a pilus fiber. This suggests that
the conformation of native RrgA, independent of its associa-
tion with the pilus, may differ from that of the recombinant
crystallized form.

Interestingly, a report published by Muzzi et al. suggested

FIG. 6. RrgA adhesin is cross-protective in passive-immunization
experiments in mice. Passive transfer of rabbit antisera (100 �l) raised
against polyclonal anti-RrgA (clade I or II, as indicated) was per-
formed. Mice were then challenged intraperitoneally with TIGR4
(clade I). NRS was used as a negative control. (A) The solid circles
represent values (CFU/ml) for single animals, the horizontal bars rep-
resent the geometric mean for each group, and the dashed line indi-
cates the detection limit (i.e., no CFU were detected in samples posi-
tioned below the dashed line). (B) The solid diamonds represent
survival days for single animals, the horizontal bars represent the
median survival time for each group, and the dashed line indicates the
endpoint of observation (i.e., animals whose survival time was above
the dashed line were alive at the 10th day postchallenge). P values are
indicated at the bottom of each panel, both for each immunized group
compared with the control (upper values) and for immunized groups
compared to each other (lower value). The results shown come from
the combination of two independent experiments performed under the
same conditions.
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that RrgA variability could be an example of positive selection
driven by host immune pressure (40). However, the cross-
protection observed between the two clades in passive-immu-
nization experiments indicates that the functional antibodies
directed against conserved epitopes are sufficient to warrant
protection; hence, the model proposed is not supported by
these data.

Finally, we hypothesize that the mechanism of protection
afforded by RrgA could be 2-fold: on one hand, anti-RrgA
antibodies could have an opsonizing effect on S. pneumoniae
and therefore prevent disease; on the other hand, they could
inhibit initial binding of RrgA to epithelial cells and thus play
a role in protection from pneumococcal colonization.

In conclusion, the two RrgA variants display comparable
folding and similar adhesive properties, despite the sequence
variability in the surface-exposed D3 “head” domain. Addi-
tionally, in animal models of infection, antibodies to both vari-
ants provided cross-protection, thus supporting the potential of
RrgA as a component of an effective protein-based vaccine
against S. pneumoniae.
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