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Group B Streptococcus (GBS) frequently colonizes the human
gastrointestinal and gynecological tracts and less frequently
causes deep tissue infections. The transition between coloniza-
tion and infection depends upon the ability of the organism to
cross epithelial barriers. The alpha C protein (ACP) on the sur-
face of GBS contributes to this process. A virulence factor in
mouse models of infection, and prototype for a family of Gram-
positive bacterial surface proteins, ACP facilitates GBS entry
into human cervical epithelial cells and movement across cell
layers. ACP binds to host cell surface glycosaminoglycan (GAG).
From crystallography, we have identified a cluster of basic resi-
dues (BR2) that is a putative GAG binding area in Domain 2,
near the junction of the N-terminal domain of ACP and the first
of a series of tandem amino acid repeats. D2-R, a protein con-
struct including this region, binds to cells similarly to full-length
ACP. We now demonstrate that the predicted charged BR2 res-
idues confer GAG binding; site-directed mutagenesis of these
residues (Arg'”?, Arg'®, or Lys'%®) eliminates cell-binding
activity of construct D2-R. In addition, we have constructed a
GBS strain expressing a variant ACP with a charge-neutralizing
substitution at residue 185. This strain enters host cells less
effectively than does the wild-type strain and similarly to an
ACP null mutant strain. The point mutant strain transcytoses
similarly to the wild-type strain. These data indicate that GAG-
binding activity underlies ACP-mediated cellular entry of GBS.
GBS entry into host cells and transcytosis of host cells may occur
by distinct mechanisms.

Group B Streptococcus (GBS)? is a common colonizer of
human mucosal surfaces and causes invasive infections in
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neonates, peripartum women, and nonpregnant adults with
underlying conditions. In these hosts, GBS virulence factors
may promote infection by interacting with epithelial barriers in
colonized sites, allowing penetration into deeper tissues.

Alpha C protein (ACP) is a GBS virulence factor that inter-
acts with epithelial cells. ACP is expressed on many serotype Ia,
Ib, and II strains and is the prototype for a family of proteins
(alpha-like proteins, Alps) found on the surface of other GBS
strains and of other Gram-positive organisms, such as the
group A Streptococcus and enterococci. Alpha-like proteins
share sequence homology and similar structural elements,
including an N-terminal domain, a variable number of tandem
repeats of ~80 amino acids each, and a C-terminal domain that
includes a cell-wall anchor LPXTG motif common among
Gram-positive species. Gene recombination within the repeat
region leads to loss of repeats and allows variation in protein
size; nonetheless, these proteins elicit protective antibody in
mouse models of infection (1, 2). Deletion of the gene encoding
ACP attenuates GBS virulence in vivo. In cell culture, the null
mutant strain enters and transcytoses human cervical epithelial
cells (ME180 cells) less effectively than does the wild-type par-
ent strain. As a soluble protein construct, the N-terminal
domain of ACP (NtACP) inhibits entry of wild-type GBS into
these cells (3, 4).

GBS colonizes mucosal sites frequently but causes invasive
disease relatively infrequently. The transition between coloni-
zation and invasive infection is not well understood. ACP may
contribute to this process by promoting GBS entry into and
transcytosis of host cells, but both the relationship between
entry and transcytosis, and the mechanism(s) by which ACP
facilitates these activities are unknown. Specifically, GBS may
cross cell layers by an intracellular route and/or a paracellular
route. Paracellular movement has been described for group A
Streptococcus (5) and GBS (6). Intracellular GBS may transcy-
tose into deeper tissues to cause invasive infection, or, instead,
the epithelial cell containing intracellular GBS may be shed to
protect the host from invasive infection, as described for
Pseudomonas aeruginosa (7). The association of ACP with GBS
internalization of epithelial cells in vitro (4) and the attenuated
virulence of a GBS strain lacking ACP in vivo (3) support an
association of GBS internalization of epithelial cells with inva-

protein; NtACP, N-terminal region of alpha C protein; erm, erythromy-
cin; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; BSA, bovine serum albumin; PBS, phosphate-buffered saline;
THB, Todd Hewitt broth.

VOLUME 282-NUMBER 14+APRIL 6, 2007

6T0Z ‘S J80o100 uo 158Nn6 Aq /610 0g - mmmy//:dny wody papeojumoq


http://www.jbc.org/

Alpha C Protein Glycosaminoglycan Binding and Cell Entry

sive illness. Better understanding of the interaction between
ACP and its host cell receptor(s) on a molecular level will allow
further studies addressing these and other questions.

Recombinant full-length ACP binds to heparin; ACP also
binds cervical epithelial cell surface glycosaminoglycan (GAG)
and enters these cells (8). In contrast, neither soluble NtACP
nor soluble repeat region constructs mimic these behaviors.
Structural data from crystallography studies of NtACP reveal
two domains. Domain 1 (most distal from the bacterial surface),
including Ser®”—Asp'®® with a predominant beta sheet struc-
ture, has a motif associated with integrin binding in other pro-
teins. Domain 2 (connects distally to Domain 1 and proximally
to the repeat region), including Ser*®'~Leu®?®, has a predomi-
nant a-helix structure. The surface amino acids of NtACP are
mainly acidic (negatively charged), with the exception of two
small clusters of positively charged residues (Fig. 1). The larger
cluster (basic region 2, or BR2), located predominantly in
Domain 2, includes several positively charged residues spaced
on average 6 A apart. This configuration of charged residues
may confer GAG-binding activity by associating with sulfate
groups on heparin. Of the charged residues of BR2 (Lys”?, Lys®°,
Arg'®®, Lys'®®, Arg'”?, and Arg'®°), most are conserved (Lys’>
in Domain 1 and Arg'®®, Lys'®®, and Arg'®® in Domain 2) or
conserved by charge (Lys®™ in Domain 1) among all known
alpha-like proteins. A construct (D2-R) including most of
Domain 2, the region of NtACP lying closest to the junction
with the repeat region, and one “repeat,” binds to heparin and
host cell surface GAG similarly to full-length ACP (9). These
data suggest that the GAG-binding region of ACP resides in
this junctional region and includes BR2.

On the basis of these data, we hypothesized that the charged
residues of BR2 bind to highly sulfated GAGs and that this
GAG-binding activity is required for the described ACP-medi-
ated effects in cell culture studies: internalization of GBS into
host cells and transcytosis of host cells. We now report the
results of our studies testing these hypotheses. We have found
that desulfated GAGs do not inhibit ACP-host cell binding. We
have altered the putative GAG-binding residues of NtACP in
D2-R and found that these mutations diminish binding of sol-
uble D2-R constructs to host cells. We have also designed a
strain of GBS expressing a non-GAG-binding ACP variant. Ina
model of bacterial-epithelial cell interaction, this mutated
strain enters host cells less well than the wild-type strain,
whereas transcytosis rates are similar for the two strains. These
data suggest GAG binding is required for ACP-mediated cellu-
lar entry of GBS. The mechanisms of GBS entry into host cells
and transcytosis of host cells may be distinct.

EXPERIMENTAL PROCEDURES
Strains/Plasmids/Cells and Growth Conditions

GBS strain A909 is the prototype serotype Ia/C ({alpha}+,
{beta}+) strain (10). A909 genomic DNA contains a copy of the
bca gene encoding ACP (11). The strain was grown in Todd
Hewitt broth (THB, Difco). Escherichia coli strain BL21(DE3)
(Novagen) was used to express NtACP from pDEK14 (12), con-
struct D2-R, and NtACP and D2-R mutant constructs; proteins
were expressed and purified as described previously, via purifi-
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cation over a histidine-binding nickel column (4, 9, 13). Mutant
constructs were designed as described below, then expressed
and purified similarly. Strain JL2054 is an ACP deletion mutant
derived in the A909 background (3).

For homologous recombination work, GBS was grown in liq-
uid culture in THB supplemented with yeast extract to 0.5%
(w/v) (THY), on trypticase soy agar supplemented with 5%
sheep blood (Becton-Dickinson, Cockeysville, MD), or on THY
agar plates supplemented with antibiotics and 5% defibrinated
sheep blood (PML Microbiologicals, Tulatin, OR). TOP10
E. coli-competent cells (Invitrogen) were used for cloning and
grown in Luria-Bertani (LB) medium or on LB agar. When
appropriate, the medium was supplemented with ampicillin at
100 wg/ml or with erythromycin (erm) at 1 ug/ml for GBS or
250 ug/ml for E. coli. GBS was grown static in liquid culture as
described previously (14). E. coli was grown with shaking at
37 °C. Plasmid pCR2.1 (Invitrogen) is an E. coli vector used for
the direct cloning of PCR products; pJRS233 is a temperature-
sensitive E. coli/Gram-positive shuttle vector (15).

ME180 (ATCC HTB33), a human cervical epithelial carci-
noma cell line (ATCC), was propagated at 37 °C with 5% CO, in
RPMI 1640 medium with L-glutamine, supplemented with 10%
fetal calf serum and 1% penicillin-streptomycin (Invitrogen).

DNA Isolation and Manipulations

Plasmid DNA was isolated with the Qiagen Plasmid Maxi,
Midi, or Mini Kit (Qiagen, Valencia, CA). GBS chromosomal
DNA was prepared with the Qiagen DNeasy Tissue Kit. Restric-
tion endonuclease digestions, DNA ligations, transforma-
tion of CaCl,-competent E. coli, agarose gel electrophoresis,
and Southern hybridizations (ECL, Amersham Biosciences)
were performed by standard techniques (16). GBS electrocom-
petent cells were prepared as described (17) and transformed by
electroporation with a Bio-Rad Gene Pulser II as described (18).

Site-directed Mutagenesis

Cloning of the DNA encoding the NtACP and D2-R con-
structs has been described previously (9, 12). These plasmids
were used as templates for design and production of constructs
containing site-directed mutations, in which Domain 2 resi-
dues Lys'®®, Arg'”?, and Arg"®® were replaced with alanine res-
idues using the QuikChange site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. For
Lys'®®, forward primer Lys'®® F and reverse primer Lys'®® R
were used; for Arg'”?, forward primer Arg'”* F and reverse
primer Arg'”*> R were used; and for Arg'®®, forward primer
Arg'®® F and reverse primer Arg'®® R were used (Table 1), gen-
erating plasmids pMG18, pMG17, and pMG13. Initially single
site mutations were made; the process was repeated with these
single site mutant plasmids used as templates for incorporating
double site and triple site mutations. The constructs were
transformed into E. coli strain BL21(DE3) for expression of the
mutant forms of NtACP and D2-R. Histidine-tagged proteins
were expressed and purified by nickel-affinity chromatography
as described previously, using reagents from Novagen (4).
Briefly, for each construct, a 2-liter culture of each E. coli trans-
formant strain was rotated (200 rpm) at 37 °C to an A, equal
to 0.6. Protein expression was induced with 1 mm isopropyl
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TABLE 1
Primers used
Primer Sequence
Lys'°F 5'-TGAGGTTTTAACAGGATTAGATACAATTGCAACAGATATTGATAATAATCCTAAGACGC-3'
Lys'° R 5'-GCGTCTTAGGATTATTATCAATATCTGTTGCAATTGTATCTAATCCTGTTAAAACCTCA-3'
Arg'”>F 5'-GAGGGATAAGATTGAAGAAGTTGCAACGAATGCAAACGATCCTAA-3'
Arg'”?R 5'-TTAGGATCGTTTGCATTCGTTGCAACTTCTTCAATCTTATCCCTC-3'
Arg'®* F 5'-CCTAAGTGGACGGAAGAAAGTGCAACTGAGGTTTTAACAGGATTAGA -3
Arg'®®* R 5'-TCTAATCCTGTTAAAACCTCAGTTGCACTTTCTTCCGTCCACTTAGG-3’

N-term C6 Fwd HindIII
N-term C6 Rev BamHI

5'-AAGCTTTTGAGGGATAAGATT-3’
5'-GGATCCCAATACTAACAATTT-3'

1 rpt C6 Rev 5'-TTCCCCTCCTGTTGGATCATA-3’

M13-20 5'-GTAAAACGACGGCCAG-3’

M13-Reverse 5'-CAGGAAACAGCTATGAC-3'

D1 For 5'-CGCTAGCACAATTCCAGGGAGTGCAGCG-3'
D1 Rev 5'-TCAATTTCGTTGTGATTGATATAG-3’

1-thio-B-Dp-galactopyranoside for 3 hat 37 °Crotating. The cells
were harvested by centrifugation at 4000 X g for 10 min at 4 °C,
resuspended in 200 ml of Bind Buffer (5 mm imidazole, 0.5 M
NaCl, 20 mm Tris-HCI, pH 7.9) containing 1% Protease Inhib-
itor Mixture Set III (Invitrogen), and lysed using a French pres-
sure chamber. The lysate was centrifuged at 20,199 X g for 20
min at 4 °C, and the supernatant was filtered using a 0.45-um
sterile membrane. A 15-ml His-Bind resin (Novagen) column
charged with 50 mm NiSO, was equilibrated in Bind Buffer, and
the filtrate was loaded onto the column and allowed to pass
through the resin by gravity flow. The column was washed with
Wash Buffer (60 mm imidazole, 0.5 M NaCl, 20 mm Tris-HC]I,
pH 7.9) and eluted with Elute Buffer (1 m imidazole, 0.5 M NaCl,
20 mMm Tris-HCI, pH 7.9). Fractions were collected and analyzed
by SDS-PAGE using a 4-20% Tris-glycine gel (Cambrex) or
4-12% NuPAGE® Novex Bis-Tris gel (Invitrogen) under
reducing conditions. Proteins were transferred to nitrocellu-
lose for Western blotting. After blocking with 5% skim milk in
phosphate-buffered saline containing 0.5% Tween 20 (PBT),
the blots were allowed to react for 1 h with a 1:3,000 dilution (in
PBT) of a monoclonal ACP-specific antibody (mouse ascites)
(1). The blots were washed three times (5 min each) in PBT,
then allowed to react with goat anti-mouse immunoglobulin
G-alkaline phosphatase conjugate (Cappel, 1:3,000 dilution in
PBT) for 1 h. The blots were again washed in PBT, equilibrated
to pH 9.8, and then developed using 5-bromo-4-chloro-3-indo-
lyl phosphate/nitro blue tetrazolium phosphatase substrate.
These proteins were thus confirmed to bind to ACP-specific
antibodies.

Flow Cytometry

Fluorescent Labeling of Proteins—An AlexaFluor-488 protein
labeling kit (Molecular Probes) was used to conjugate Alex-
aFluor-488 dye to bovine serum albumin (BSA) and Alp prod-
ucts, according to the manufacturer’s instructions. Calcula-
tions of the protein concentration and moles of label per mole
of protein were performed based upon measurements of the
A,go and Ao, of the eluate, according to the manufacturer’s
instructions and as described previously (8).

Cell Staining—ME180 cells were grown to monolayer conflu-
ence in 6-well plates with 2 ml of RPMI 1640 with 10% fetal calf
serum and 1% penicillin/streptomycin. Staining was performed
as described (8). Briefly, the day prior to the assay, the medium
was replaced with 1 ml of fresh medium, and the cells were
incubated overnight at 37 °C with 5% CO,,. The next day 0.1 ml
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of AlexaFluor 488-labeled 9-repeat ACP, N-terminal region,
D2-R, mutant constructs, or BSA was added to the wells for a
final concentration of 0.1 uM. The 6-well plates were incubated
at 37 °C with 5% CO, for 1.5 h. The medium was removed from
the wells, and the monolayers were washed three times with 1
ml of PBS to remove nonadherent proteins. 350 ul of trypsin-
EDTA (0.25% trypsin, 1 mM EDTA-4Na, Invitrogen) was added
to the wells, and the plates were incubated for 10 min at 37 °C.
Cells were dislodged by repeat pipetting and harvested by cen-
trifugation at 50 X g (650 rpm) for 8 min. Cells were washed
with 1 ml of PBS and resuspended in 0.1 ml of 2% paraformal-
dehyde in PBS at 4 °C overnight. The following morning, sam-
ples were washed with 1 ml of PBS to remove the fixative, resus-
pended in 0.4 ml of PBS, and filtered through a cell-strainer cap
(Falcon), and at least 10,000 cells per sample were analyzed by
flow cytometry (MoFLo, Cytomation). Data were plotted as cell
count versus fluorescent intensity. The cell population of inter-
est was determined by using the AlexaFluor 488-labeled BSA
sample to define nonspecific fluorescence and/or autofluores-
cence levels; the positive staining region for the remaining sam-
ples was defined to include the highest 1-2% of cells stained in
this BSA-stained sample.

For the inhibition studies, heparin sodium salt (Sigma-Al-
drich, product H-3393), N-acetyl-de-O-sulfated heparin (Sig-
ma-Aldrich, product A-6039), and de-N-sulfated heparin (Sig-
ma-Aldrich, product D-4776) inhibitors were preincubated
with labeled ACP at 4 °C for 1 h; mixtures were then added to
the wells for an inhibitor concentration of 0-500 ng/ml, and
the mixture was incubated for 1.5 h at 37 °C. Cells were washed
and analyzed by flow cytometry as above.

Crystallization

Preparations of wild-type and mutant NtACP proteins
were prepared as described above. Crystals were grown at
room temperature by hanging drop vapor diffusion (as
reported previously for the wild-type protein (9)) over a well
solution containing 0.1 M sodium acetate and 10% polyeth-
ylene glycol 4000, pH 5.0. Solutions of protein (at 17.24
mg/ml in 20 mm HEPES, pH 7.2) were mixed 1:1 with well
solution just prior to crystallization.

A single crystal (>0.2 mm in each dimension) of the R185A
mutant protein was mounted in a nylon loop, frozen by plung-
ing into liquid nitrogen, and kept at 100 K in a nitrogen stream
during data collection. Data were collected using CuK_, radia-
tion from an Elliott GX-13 rotating anode source, collected as a
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TABLE 2
Data collection and refinement statistics
Data set R185A
Space group P6,22
Unit cell (A) a=b=0557c¢=2779
Resolution limits (A) 20-3.1 (3.26-3.10)*
Total observations 92,814
Unique reflections 5,264
Redundancy 17.6
Completeness (%) 99 (99)
Roerge (%) 14.3 (34.7)
eyt 24.7 (35.7)
e 26.8 (35.5)
Number of protein atoms 1,403
Ordered residues 57-236
Number of ions 0
Number of waters 0
Root mean square deviation bond length (A) 0.011
Root mean square deviation bond angle (deg) 1.64

“ Values within parentheses are for the highest resolution shell.

Y Rierge = Sy, — (I)I/Z1, over all h, where I, is the intensity of reflection h.

Repyse and Reo. = Z||F,| — |F|/Z|F,|, where F, and F, are observed and calculated
amplitudes, respectively. Ry, was calculated using the 10% of data excluded from
the refinement.

series of 165 1-degree oscillation images, recorded usinga MAR
345-mm image plate detector, and processed using HKL-2000

(19).

Structure Determination and Refinement

The data set consisted of 92,814 measurements of 5,264
unique reflections in the range of 20- to 3.1-A resolution (Table
2). Due to the high degree of redundancy in the data set, the
unique reflections output were of acceptable quality.

Further processing of the data was done with CCP4 (20). A
preliminary solution for the structure was obtained by molec-
ular replacement, using MOLREP (21). This was done primarily
to compensate for the tendency of the long c axis to vary from
crystal to crystal. The input model consisted of the known
structure of NtACP (PDB entry 1YWM), divided into two rigid
bodies (residues 57-158 and 159 -226, respectively), with the
C-terminal His tag (residues 227-238) excluded, with a single
overall temperature factor applied to the main-chain atoms. A
second temperature factor, higher by 40, was applied to the side
chains. The rigid body molecular replacement solution, calcu-
lated to 4.0-A resolution, yielded an R-factor of 35.5, providing
a preliminary indication that the mutant was folded in a native-
like arrangement. This statistic was reduced to 29.5 by continu-
ing rigid body refinement in REFMAC 5.2.0019 (22), adding a
third body corresponding to the His tag, and with a tempera-
ture factor assigned to all side-chain atoms that was greater by
40.0 than that assigned to all main-chain atoms. Breaks in the
main chain were then healed with an extremely brief (three
cycle) refinement of all atoms.

Further rebuilding of the model in COOT (23), and refine-
ment of the model, to 3.1-A resolution, has yielded an R-factor
of 24.7 with good geometry (Table 2). All main-chain torsions
were within allowable limits. The cutoff for the refinement was
F > 00F (i.e. no cutoff was applied). The final model includes
residues 57-225 of the ACP sequence, plus a linker and four
histidines from the C-terminal His tag. The final model
includes TLS parameters (24) and restrained individual tem-
perature factors. The inclusion of fixed solvent molecules failed
to improve upon Ry,... Diffraction data and the refined model
have been deposited in the Protein Data Bank (PDB ID 200I).
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GBS Strain Expressing the ACP Variant

A strain of GBS expressing a variant ACP was derived by
allelic exchange mutagenesis from wild-type strain A909 as
described in a previous study (25), with modifications as
follows.

Construction of Plasmid—The primers N-terminal C6 Fwd
HindIII and N-terminal C6 Rev BamHI (designed to include
restriction enzyme site sequences for BamHI and HindIII,
respectively) were used to amplify D2-R, including the R185A
mutation from plasmid pMG13. The resulting product was
ligated into pCR2.1 (Invitrogen) and transformed into TOP10
E. coli cells (Invitrogen). The fragment of interest was isolated
by digestion with BamHI and HindIII and ligated into plasmid
pJRS233. The presence of the D2-R construct with R185A
mutation was confirmed by DNA sequencing.

Transformants/Integrants—The R185A mutant construct in
the temperature-sensitive shuttle vector pJRS233 was intro-
duced into GBS strain A909 by electroporation. Transformants
were selected by growth at 30 °C in the presence of erm. Cul-
tures were serially passaged at 37 °C (non-permissive tempera-
ture) to select for integrants. Integration was confirmed by PCR
using flanking primer pairs designed to include 1) an antici-
pated 300-bp fragment starting with plasmid DNA upstream of
the D2-R mutant construct (M13-20) and ending with chro-
mosomal DNA downstream of the mutant construct (1 rpt C6
Rev) and 2) an anticipated 600-bp fragment starting with chro-
mosomal DNA upstream of the mutant construct (D1For) and
ending with plasmid DNA downstream of the mutant construct
(M13-Reverse). Integrants were further confirmed by Southern
hybridization with HindIII-digested chromosomal DNA
probed with the NtACP Domain 1 region (upstream of D2-R).
The Domain 1 probe was generated by PCR amplification with
D1 for and D1 rev primers (Table 1).

Excisants and Confirmation—Integrant strains were serially
passaged in the absence of erm; excision of the plasmid from the
chromosome via a second recombination event either com-
pleted the allelic exchange or reconstituted the wild-type gen-
otype. Erm-sensitive colonies were screened for the expected
mutation or reversion to wild-type Arg'®> by DNA sequencing
of a fragment generated by PCR amplification with primer pair
D1 For and N-terminal C6 Rev BamHI. HindIII-digested chro-
mosomal DNA from excisants was probed with pJRS233 in
Southern hybridization analysis to confirm loss of plasmid
sequences from the mutant and revertant strains.

Characterization of Mutant and Revertant Strains—ACP
expression was studied by Western blot: GBS strains A909 and
JL2054 and R185A mutant were grown to A, = 0.7 in THB at
37 °C. Bacteria were washed and resuspended in 20 ul of PBS.
Samples were run over SDS-PAGE and transferred to nitrocel-
lulose and then probed with antibody specific for ACP (1) using
the methods described above.

Growth Curves

Cultures were inoculated to A,., = 0.03 in THB and then
incubated at 37 °C; the optical density was recorded every
20 min.
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Capsule Extraction and Quantitation via Enzyme-linked
Immunosorbent Assay Inhibition

These studies were performed as described (25). Briefly,
100-ml cultures of GBS strains A909 and R185A were grown to
Agso 0.6 at 37 °C. Cultures were divided in half; 50 ml was cen-
trifuged, and bacterial pellets were washed with PBS, then
resuspended in 1 ml of protoplast buffer (30 mm NaHPO,, 40%
sucrose (w/v), 10 mm MgCl,) with 1000 units of mutanolysin
(Sigma-Aldrich) and incubated at 37 °C for 6 h to release
polysaccharide from cells. Protoplasts were then removed by
centrifugation at 3800 X g for 15 min. The amount of polysac-
charide in the extract was determined using serial dilutions of
the extract in a competition enzyme-linked immunosorbent
assay, in comparison with a standard curve generated with puri-
fied type Ia capsular polysaccharide (kind gift of Dr. Dennis
Kasper). The other half of the 100-ml culture was centri-
fuged, washed with PBS, and dried to determine the mass of
GBS present. The assay was performed in duplicate. Results
are expressed as milligrams of polysaccharide per gram of
GBS. Means were compared using a ¢ test.

GBS Internalization Studies

These experiments were performed as described (4);
briefly, GBS were added to confluent ME180 cells in a
24-well plate. After 2 h at 37 °C, wells were washed with PBS
to removed non-adherent bacteria and then treated with
penicillin and gentamicin to kill the remaining extracellular
bacteria. Cells were then washed and lysed. Lysate dilutions
were plated to enumerate intracellular bacteria. The mean
proportion of internalized bacteria was log-transformed,
and strain-specific means were compared by mixed effects
analysis of variance, allowing a fixed effect of strain and a
random assay effect. Results are converted back to ratios on
the raw scale (-fold differences) for presentation.

GBS Transcytosis Studies

These experiments were performed as described (4); briefly,
GBS were added to ME180 cells grown to confluence on Tran-
swells suspended in 12-well plate wells. At 1-h intervals, Tran-
swells were moved to fresh wells, and the medium remaining in
the lower chamber was serially diluted and plated to allow enu-
meration of transcytosed GBS. The mean number of transcy-
tosed bacteria was log-transformed, and strain-specific means
were compared by two-tailed Student’s £ test.

RESULTS

On the basis of our prior work suggesting binding of ACP to
GAG, as well as other GAG-binding protein studies in which
charged amino acid residues contribute significantly to GAG-
binding interactions (26, 27), we hypothesized that charge
interactions between sulfated GAGs and ACP residues mediate
the binding of GAG to ACP. We tested this hypothesis by com-
paring the effect of desulfated heparin variants (Sigma-Aldrich)
with the effect of fully sulfated heparin sodium (Sigma-Aldrich)
on the binding of ACP to ME180 human cervical cells, because
we had found previously that soluble heparin sodium interferes
with the binding of ACP to these cells. In support of this
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hypothesis, these soluble de-sulfated heparins do not inhibit
ACP binding to ME180 cells. Specifically, in the absence of
inhibitors, flow cytometry analysis shows that labeled ACP
binds to 78.2% of cells. In the presence of 500 um soluble hep-
arin sodium, ACP binds 8.6% of cells (89% of baseline ACP
binding is inhibited), whereas in the presence of the same con-
centrations of desulfated heparins, ACP binds 78.6% (de-O-
sulfated heparin) or 85.6% (de-N-sulfated heparin) of cells (0%
of baseline ACP binding is inhibited). These data indicate that,
in contrast to heparin sodium, de-sulfated heparins do not
inhibit the binding of ACP to host cells.

The high resolution structure of NtACP (9) allowed predic-
tion of a GAG-binding domain BR?2, including basic residues
Lys”* and Lys” from the Domain 1 region of NtACP and
Arg'®®, Lys'®, Arg'”? and Arg'® in the Domain 2 region of
NtACP (Fig. 1). Although no detailed structure of the repeat
region is known, cell binding studies indicating involvement of
an epitope spanning NtACP and the repeat region suggest the
GAG-binding region of ACP may extend from Domain 2, the
region of NtACP lying closest to the junction with the repeat
region, into the repeat region. In support of this hypothesis is
our report that D2-R (a portion of ACP, including approxi-
mately one-third of the NtACP (i.e. Leu'®*~Leu®?®, most of
Domain 2), and an adjacent repeat) maintains the GAG-bind-
ing activity of full-length ACP, binding to heparin in dot blot
assays and to ME180 cervical cells. Soluble heparin inhibited
the cell-binding activity in a concentration-dependent manner,
as did full-length ACP (9). The following studies were per-
formed to assess the contribution of the predicted charged
Domain 2 residues to the GAG-binding activity of ACP.

Replacement of the Predicted GAG-binding Residues of
Domain 2 Eliminates D2-R Binding to Cells

To identify BR2 residues (Fig. 1) contributing to GAG
binding by D2-R, we used site-directed mutagenesis to con-
struct variant proteins in which charged residues Arg'”?,
Arg'®, and Lys'®® were replaced with neutral alanine resi-
dues. The plasmids were sequenced to confirm incorpora-
tion of the desired mutations with intact sequence in the rest
of the construct. Purity was assessed (to be >90%) on
Coomassie-stained gel. Western blots confirmed recognition of
mutant proteins by ACP-specific antibodies (Fig. 2). Protein
constructs were fluorescently labeled and incubated with
ME180 cells. Flow cytometry revealed markedly lower levels of
cell binding for the single site, double site, and triple site muta-
tion constructs than for the native D2-R construct (Fig. 3). Spe-
cifically, labeled BSA (negative control) bound 1% of cells,
whereas constructs D2-R, D2-R/R185A, D2-R/R172A, and
D2-R/K196A bound 63.1%, 7.4%, 8.5%, and 4.3% of cells,
respectively.

Mutations in the Predicted GAG-binding Residues of Domain 2
Do Not Alter Overall Protein Structure

We performed crystallization experiments to verify that
mutations of the predicted GAG-binding residues of Domain 2
would not prevent proper folding of the protein and to help to
verify the identity of the mutated residue. For these studies, we
used site-directed mutagenesis to make variant protein con-
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FIGURE 1. BR2, putative GAG-binding region of NtACP. A, schematic representation of the full-length ACP,
including orientation of N-terminal domain (NtACP), repeat region, and C-terminal domain. The NtACP
includes Domains 1 and 2 (D7 and D2). B, molecular surface representation (GRASP (46)) derived from crystal-
lography (PDB entry 1YWM) of NtACP (9) showing a series of positively charged (blue) residues (BR2), consti-
tuting a putative heparin-binding domain. The views are related by a rotation of 180° around the vertical axis.
Inset: detailed relationship of pocket residues (in order of increasing proximity to the repeat region) Lys
Arg'®®, Lys'?¢, Arg'72, Asn'’¢, and Arg'®°, hypothesized to contribute to binding to host cell surface GAG. Lys”?,
Arg'®®, Arg'®, and Lys'?® are highly conserved among Alps. Construct D2-R, which retains GAG-binding activ-

ity, includes all these residues except Lys’? and Lys®°.

structs of NtACP in which charged residues Arg'®®, Arg'”?, and
Lys'®® were replaced with neutral alanine residues. We hypoth-
esized that the overall structural integrity of these constructs
was maintained because: 1) they were easily purified using the
same protocols as those used for the wild-type protein, 2) they
were stable over the long term (months), and 3) they main-
tained recognition by antibodies raised against the wild-type
protein.

We chose the R185A construct for further study because
structural data predict this residue lies closest to the junction of
NtACP with the repeat region (9); both the NtACP and the
repeat region are required for heparin binding (8). In addition,
of the three mutation sites, only the Arg'®® side chain interacts
with the main chain in the native NtACP crystal structure and
appears to stabilize it, raising concern that mutation of this
residue might lead to protein misfolding. We have less reason to
be suspicious about the folding of the other two single site (172
and 196) mutants: neither of those two side chains made
intramolecular contacts in the native crystal structure; both are
entirely solvent-exposed, and both come from the middle of
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their respective 3 strands, where
strand termination is not an issue
9).

We crystallized the histidine-
tagged protein expressed from this
construct under similar conditions
to those that allow crystallization of
native NtACP (9) and collected dif-
fraction data, generating data that
scaled well to the structure factors
of the wild-type NtACP construct
(R pyse = 24.4). These data indicate
that the structure of the mutant is
very similar to that of the native pro-
tein (0.50-A root mean square devi-
ation in the main chain).

A “difference map” allowed us to
determine the differences between
the wild-type and mutant construct
data (Table 2 and Fig. 4). The lack of
difference signal in the model aside
from the R185A mutation site con-
firms that the mutation did not per-
turb the structure significantly, even
locally near the R185A mutation. To
_ provide a sensitive and only mini-
7 ' mally biased indication that the
Asn178 / ' - s . .

- mutated arginine side chain was
re4 -‘~/ indeed missing, a model-phased dif-
5’_‘3'1.‘:5 ference map was calculated, taking

the Fourier amplitudes to be the dif-

ference between the present
(mutant) data set (PDB entry 200I)
and the resolution-scaled native
data (PDB entry 1YWM). Resolu-
tion-dependent scale factors for the
native data set were calculated using
a continuously sliding window, 200
reflections wide, in SFTOOLS.? At a contour of 4.0 standard
deviations above the mean, the only large peaks visible in the
difference maps are negative, corresponding to the loss of the
arginine side chain and minimal shifts in the main chain to
which the guanidinium group was bound in the native structure
(Fig. 4, orange contour). In corresponding F, or 2F, — F, maps,
the arginine side chain is indeed missing (Fig. 4, green contour).

\

e N

Arg1

72 90
,Lys™,

Derivation of GBS Strain Expressing Variant ACP

To assess the importance of ACP GAG-binding activity in
the interaction of live GBS with host cells, we derived a
mutant strain from type Ia GBS strain A909. The mutant
strain expresses a variant of ACP with R185A, in which
Arg'® is replaced by a neutral alanine residue. Of the puta-
tive GAG-binding site residues in Domain 2, Arg'®° is closest to
the junction of NtACP with the repeat region; we thus hypoth-
esized that charge replacement at this site would be most likely
to interfere with GAG binding of the NtACP-repeat region

3 B. Hazes, unpublished results.
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FIGURE 2. Nickel column-purified mutant D2-R protein is >90% pure and
recognizes ACP-specific antibodies. Histidine-tagged protein construct
D2-Rwith R185A was generated using site-directed mutagenesis. The protein
was overexpressed in E. coli, and then purified over a nickel column; expected
size is ~25 kDa. A, purified recombinant protein (lane 3) was run over SDS-
PAGE (4-12% NuPAGE® Novex Bis-Tris gel (Invitrogen)) under reducing con-
ditions and visualized with Coomassie staining along with controls: E. coli
without plasmid (lane 1) and cells expressing recombinant protein prior to
purification (lane 2). Purity was estimated to be >90%. B, samples were trans-
ferred to nitrocellulose for Western blotting and found to bind to ACP-specific
antibodies: after blocking with 5% skim milk in phosphate-buffered saline
containing 0.5% Tween 20 (PBT), the blots were allowed to react for 1 h with
a 1:3000 dilution (in PBT) of a monoclonal ACP-specific antibody (mouse asci-
tes) (1). The blots were washed three times (5 min each) in PBT, then allowed
to react with goat anti-mouse immunoglobulin G-alkaline phosphatase con-
jugate (Cappel, 1:3000 dilution in PBT) for 1 h. The blots were again washed in
PBT, equilibrated to pH 9.8, and then developed using 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium phosphatase substrate. Lane 1,
E. coli without plasmid; lane 2, E. coli expressing recombinant protein prior to
purification; lane 3, purified recombinant D2-R with R185A mutation.

junction. In support of this hypothesis, a soluble D2-R con-
struct with this mutation interacted minimally with ME180
cells (9).

Confirmation of Integration—Plasmid pJRS233 (containing
the erm resistance gene), including an insert encoding the
Domain 2 region of NtACP with the R185A mutation was pre-
pared and introduced into competent GBS strain A909 by elec-
troporation. Transformants were selected with erm, and a plas-
mid was allowed to integrate into the chromosome. Integration
was confirmed by PCR amplification with primers flanking the
insert in the chromosome that showed 300- and 600-bp ampli-
cons as expected, as well as by Southern hybridization analysis
(Fig. 5A).

Characterization of Excisants—Integrants were passaged in
broth to allow excision and loss of the pJRS233 plasmid. PCR
amplicons of the area of interest from excisants (erm-sensitive
colonies) were sequenced and classified as mutants (including
R185A mutation) or revertants (wild-type sequence). In addi-
tion, HindIII-digested chromosomal DNA from excisants was
probed with pJRS233 in Southern hybridization analysis to con-
firm loss of plasmid sequences from the mutant and revertant
strains (Fig. 5B). The mutant and revertant strains were com-
pared with parent strain A909 and with null mutant strain
JL2054 and had a similar growth rate. The mutant strain and
parent strain A909 expressed similar levels of ACP by Western
blot (Fig. 5C) and similar levels of polysaccharide capsule by
enzyme-linked immunosorbent assay inhibition assay (mean *
S.D. A909: 11.3 * 2.26 mg of capsule/g of GBS; R185A: 16.6 =
7.35 mg of capsule/g of GBS, p = 0.2193).
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Variant ACP-expressing GBS Strain Enters Cells Less Effectively
than Does Wild-type GBS

We studied the effects of the ACP GAG-binding mutation in
the interaction of live GBS with ME180 cells in culture. Previ-
ously the A909 wild-type strain was reported to enter ME180
cells ~3-fold more effectively than a null mutant strain lacking
the bca gene (4). Because we hypothesized that GAG binding
mediates the ACP-associated entry into host cells, we antici-
pated that our GAG-binding site mutant strain R185A would
internalize less well than the wild-type strain. To test this
hypothesis, we incubated the parent strain (A909), null mutant
(JL2054), and R185A mutant with host cells for 2 h as described
before (4). We calculated the numbers of cell-associated (sur-
face-bound and internalized) and internalized-only GBS in six
separate repetitions of the experiments and analyzed as follows.
The distribution of percent internalized was found to be in sym-
metry and approximately variance-stabilized across strains
after application of log;, transformation to the data from six
independent assays. Mixed effects analysis of variance was
applied to the log,, transformed percent internalized results,
allowing a fixed effect of strain and a random assay effect (28).
The number of cell-associated GBS was similar for all GBS
strains (data not shown). The cellular internalization of the
revertant strain was statistically indistinguishable from that of
the wild-type A909 strain (p = 0.53). The cellular internaliza-
tion of the R185A mutant strain was statistically indistinguish-
able from that of the null mutant (p = 0.35). The wild-type
strain A909 internalized four times as efficiently as the R185A
mutant strain (p = 0.0007 versus ratio of 1). Thus the R185A
mutation confers GBS internalization activity similar to that of
the null mutant (4) (Fig. 6).

In contrast to these results in assays of internalization, in five
independent experiments assaying transcellular movement, we
noted no difference in rates of transcytosis of ME180 cells for
the A909 versus the R185A mutant strain (mean log colony-
forming units/ml 5.58 versus 4.75 at 3 h, p = 0.27; mean log
colony-forming units/ml 6.11 versus 6.19 at 4 h, p = 0.08).

DISCUSSION

The interactions between GBS and epithelial cells are funda-
mental to the organism’s relationships with its host both as
colonizer and pathogen. The factors promoting one or the
other of these outcomes are incompletely understood, and the
mechanism and route of bacterial movement across epithelial
surfaces in invasive infection are not clear. It is clear, however,
that components of both the bacterial and host cell surfaces
contribute to these events.

Various GBS surface components, including capsular
polysaccharide (29), lipoteichoic acid (30), and surface proteins
(ACP (4, 8), B-hemolysin/cytolysin (31), Spb1 (32), FbsA (33),
FbsB (34), and SCPB/C5a peptidase (35), and GBS1478 (36)),
contribute to host cell adhesion and internalization of GBS.
FbsA and FbsB bind to fibrinogen, whereas structural features
suggest that SCPB/C5a peptidase binds to host cell integrins
(37).

Among these GBS surface entities, only ACP is reported to
bind to host cell GAG. The involvement of host cell GAG in the
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FIGURE 3. Site-directed mutagenesis of putative GAG-binding residues of D2-R markedly reduces asso-
ciation with human cervical cells. Confluent ME180 human cervical epithelial cells were incubated with
AlexaFluor-488-labeled wild-type D2-R or mutant D2-R constructs in which residues Arg'®°, Arg'’?, or Lys'?®
were replaced with neutral alanines. Cells were then washed and analyzed by flow cytometry. Additional
samples were incubated with labeled BSA. A, data (percentage of cells stained) show a reduction in binding by
>80% for all single site mutants as compared with wild-type D2-R, despite lower efficiency of fluorescent
labeling for the wild-type protein (0.89 mol of dye per mole of protein for wild-type versus 1.06-1.51 for single
site mutant constructs). Similarly, double and triple site mutation constructs bound minimally to cells (data not
shown). B, a representative histogram plot from one experiment is shown, expressed as cell count (y-axis)
versus fluorescentintensity (x-axis), and R2 represents the region defined to be positive cell staining. These data
reveal a shift in the peak representing staining cells for samples incubated with mutant D2-R compared with
those incubated with wild-type D2-R. In this experiment, BSA (shaded region) bound 1.04% of cells, wild-type
D2-R (open region) bound 72.4% of cells, and D2-R/R185A (hatched region) bound 5.03% of cells.

FIGURE 4. R185A mutation does not alter protein folding. Electron density features in the vicinity of the
R185A mutation site. This stereo view shows the lower portion of Domain 2 of the NtACP mutant. The 8 carbon
of Ala'®° is highlighted in yellow. The green wire frame represents an isocontour surface of the 2F, — F_electron
density map. The orange wire frame shows a negative difference electron density contour ( F mutant — F na-
tive, phased on the omit model) at 4 S.D. above the mean. Electron density belonging to neighboring mole-
cules has been truncated for clarity. Electron density figure was prepared using PYMOL (DeLano Scientific LLC,
San Carlos, CA).

pathogenesis of other organisms, including bacteria, viruses,
mycobacteria, parasites, and prions, is well documented, and
the contributions of the pathogen-host cell GAG interaction
include promotion of adhesion (38), internalization (39), and
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transcytosis (40). Earlier work indi-
cating that ACP binds host cell
GAG and promotes GBS internal-
ization, and transcytosis of host cells
led us to hypothesize that GAG-
binding activity mediates these
events.

Structural features of GAG-bind-
ing proteins have been described,
based on correlation of structure-
function analysis using site-directed
mutagenesis in such systems as hep-
arin-thrombin binding (26), hepa-
rin-fibroblast growth factor binding
(27, 41), and heparin-viral protein
binding (42). Some of these studies
report the effects of mutations in
the GAG-binding site on protein
structure. On the basis of these
studies, crystallography studies of
NtACP, and our data showing
enhanced GAG-binding activity of
D2-R as compared with NtACP or
repeat region alone, we identified a
putative GAG binding region BR2 in
Domain 2 of NtACP that likely
extends into the repeat region.

Here we describe studies indicat-
ing that sulfated heparins inhibit
D2-R binding to cellular GAG but
desulfated heparins do not. These
data support the hypothesis that
GAG sulfate groups are required for
the cellular interactions of ACP and
more specifically, that positively
charged residues in BR2 are required
for the ACP-sulfate interaction, and
that replacement of these residues
reduces GAG binding and subse-
quent events that depend on GAG
binding. On the basis of prior work
showing that ACP promotes GBS
entry into and transcytosis across
human cervical epithelial cells, we
hypothesized that neutral residue
substitution of positively charged
residues of BR2 would diminish
GAG-binding activity of ACP and
thus diminish the rates of ACP-me-
diated GBS entry and transcytosis of
host cells. Because structural data
also revealed a putative integrin-
binding site in Domain 1 of NtACP,
we hypothesized that host cell GAG

might be a co-receptor, and that mutations interfering with
GAG binding thus might not entirely eliminate the ability of
ACP to interact with host cells. Because of the contributions of
non-ACP factors (described above) to internalization and tran-
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FIGURE 5. Derivation of a strain of GBS expressing variant version of ACP
including GAG-binding site mutation R185A. A, integration of plasmid
pJRS233/R185A in the A909 chromosome was confirmed with Southern blot
hybridization: genomic DNA from strains A909, pJRS233/R185A transfor-
mant, and pJRS233/R185A integrant was digested with Hindlll and run on 1%
agarose gel. Probing with Domain 1, a region of NtACP upstream of the antic-
ipated recombination site, results in a 6-kb fragment from wild-type A909
genomic DNA (/ane 7) and the transformant (lane 6). Proper integration of the
pJRS233/R185A construct enlarges the expected size of the fragment to 8.5
kb, seen in the integrant (lane 3). Lanes 2,4, and 5 show uncut integrant DNA,
uncut pJRS233/R185A plasmid, and Hindlll-digested plasmid, respectively.
B, loss of pJRS233 plasmid from excisants was confirmed with Southern blot
hybridization: Hindlll-digested chromosomal DNA from A909 (lane 1), A909/
R185A (mutant, lane 2) and A909/R185R (revertant, lane 3), A909/pJRS233/
R185A (integrant, lane 4), and pJRS233 (plasmid, lane 5) was probed with
pJRS233 and revealed the absence of plasmid in the derived mutant and
revertant strains. C, intact expression of ACP in the mutant strain (R185A)
relative to the parent wild-type strain (A909) was confirmed by Western blot,
probing with ACP-specific antibodies: GBS were grown to Ags, = 0.7 in THB at
37 °C. Bacteria were washed and resuspended in 20 ul of PBS. Samples were
run over SDS-PAGE and transferred to nitrocellulose and then probed with
antibody specific for ACP (1) using the methods described above. After block-
ing with 5% skim milk in phosphate-buffered saline containing 0.5% Tween
20 (PBT), the blots were allowed to react for 1 h with a 1:3000 dilution (in PBT)
of a monoclonal ACP-specific antibody (mouse ascites) (1). The blots were
washed three times (5 min each) in PBT, then allowed to react with goat
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scytosis, we also anticipated that the effects of our mutations on
overall internalization and transcytosis might be modest, simi-
lar to those of the null mutant strain JL2054.

Our data support these hypotheses, in that substitution of
any of three charged residues in D2-R by alanine (sites 185, 172,
or 196) eliminated binding of the protein to host cells in vitro
without altering the folded protein structure in crystallization
studies.

Further, a strain of GBS expressing ACP with the neutral
substitution for Arg'® entered host cells less efficiently than
did the wild-type strain, acting like a null mutant strain com-
pletely lacking the gene for ACP. Interestingly, we found no
difference between wild-type and R185A mutant strains in
transcytosis assays. These data suggest that the GAG-binding
region of ACP is required for ACP-mediated cellular entry but
not for transcytosis of GBS.

These findings are of interest from several perspectives. First,
they reveal that we have identified residues critical for GAG-
binding activity in ACP and confirm the validity of the struc-
ture-function relationship predicted by the crystallographic
structure of NtACP, in the contexts of full-length protein and of
expression on the surface of GBS.

We hypothesized that residue 185, conserved among alpha-
like proteins and predicted to lie most closely to the junction of
NtACP with the repeat region, would be most essential to the
GAG-binding activity we had mapped previously to this region,
and our data support this hypothesis. However, it is interesting
and not entirely expected that each single site mutation (172,
185, and 196) in D2-R leads to a similarly low level of cell-
association compared with native protein. Although mutation
of these charged residues might in theory lead to less efficient
fluorescent labeling (as the labeling involves reaction of the suc-
cinimidyl ester of AlexaFluor-488 carboxylic acid with protein
amines), which could make protein binding appear less efficient
and explain our assay results, our calculations of labeling effi-
ciency indicate this is not the case. In fact, the mutant proteins
labeled slightly more efficiently than the wild-type protein.
Another explanation for our findings is that a critical amount of
positive charge within BR2 is necessary for binding, so that loss
of any single charged residue results in a loss of adequate char-
ge-mediated binding affinity with GAG. Several of our studies
support this explanation: first, our finding that soluble desul-
fated GAG structures, unlike soluble sulfated GAG structures,
do not impair binding of ACP to host cells, and second, our
observation of similar cell-binding activity for constructs with
replacement of charged residues regardless of whether these
residues are conserved (residues 185 and 196) or not (residue
172) among alpha-like proteins. Because Domain 1 BR2 resi-
dues Lys’? and Lys® (Fig. 1) are absent from wild-type D2-R,
our data raise the possibility that loss of any additional charged
residue reduces GAG binding of D2-R.

anti-mouse immunoglobulin G-alkaline phosphatase conjugate (Cappel,
1:3000 dilution in PBT) for 1 h. The blots were again washed in PBT, equili-
brated to pH 9.8, and then developed using 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium phosphatase substrate. A909 and the
mutant strain (R185A) express ACP, whereas the null mutant strain, JL2054,
lacks ACP expression.
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FIGURE 6. GBS strain R185A enters ME180 cells less effectively than does
wild-type GBS strain A909. GBS strains A909, JL2054 (null mutant for ACP,
previously shown to have diminished cell entry relative to A909), and R185A
(point mutant in site associated with GAG-binding activity) were incubated
with confluent ME180 cells at 37 °C for 2 h. Non-adherent GBS were washed
away, and externally adherent GBS were killed with penicillin/gentamicin
before cells were lysed and plated to enumerate internalized GBS. The per-
centages of internalized A909 and internalized mutant GBS relative to their
starting inocula were calculated (% internalized). The mean proportion of
internalized bacteria was log-transformed, and strain-specific means were
compared by mixed effects analysis of variance, allowing a fixed effect of
strain and a random assay effect. Results are converted back to ratios on the
raw scale (-fold differences) for presentation. To facilitate comparison of
strain performances in this assay, for each repetition of the experiment, the
mutant strains’ % internalized were normalized relative to the wild-type
(A909) strain’s % internalized in the same day’s study. Data are shown as
percentage of bacteria internalized relative to values for wild-type strain
A909 (defined to be 100%), averaged from six separate repetitions of the
experiment. The wild-type strain A909 internalized four times as efficiently as
the R185A mutant strain (p = 0.0007 versus ratio of 1). The cellular internal-
ization of the R185A mutant strain was statistically indistinguishable from
that of the null mutant (p = 0.35).

Second, we constructed a strain of GBS that bears a GAG
binding-deficient ACP variant but preserves binding to ACP-
specific antibodies, bacterial growth rate, and capsule produc-
tion, suggesting the differences in behavior of our mutant strain
compared with the wild-type strain are specific to the point
mutation R185A. The conservation of this residue among all
known alpha-like proteins further suggests that this charged
amino acid performs an important role in the biology of all
proteins in this family. On this basis, our findings in studying
the behavior of this mutant strain likely apply to other Alp-
bearing bacteria also.

Third, this fairly subtle change in amino acid sequence influ-
ences the ability of the protein to interact with its binding part-
ner(s) and mediate subsequent events, including cell internal-
ization. These data suggest that GAG-binding activity is
required for ACP-mediated entry of GBS into host cells. We
have reported that ACP binding/entry into host cells is actin-
dependent (8); thus this process may involve a host cell proteo-
glycan, a protein core anchoring GAG in the host cell mem-
brane that may interact with the actin cytoskeleton to promote
GBS uptake. Internalization may also involve a co-receptor,
such as an integrin, as described in other systems (43, 44).

Finally, our data indicate that GAG binding may underlie
some but not all recognized functions of ACP in interactions of
GBS with host cells. Previous studies (4) show a role for ACP in
both entry of GBS into ME180 human cervical cells and tran-
scytosis of these cells. If entry and transcytosis occur via the
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same mechanism, we would expect that a mutation affecting
one process should also affect the other. We now report results
from studies of GBS strain R185A, in which a charge-neutral-
izing mutation in residue 185 of the putative GAG-binding
region of ACP is associated with diminished entry into host
cells compared with the wild-type strain, whereas the rate of
transcytosis is not affected by this mutation. These data suggest
the two processes occur by distinct mechanisms and that the
GAG binding of ACP may not be required for transcytosis. For
example, ACP may mediate transcytosis by binding to a dif-
ferent receptor from that involved in cell entry, or transcy-
tosis may occur after binding of the same receptor as entry,
but with different affinity. Our results suggest that the bind-
ing of ACP to host cell GAG leads to internalization of GBS,
whereas the binding of ACP to a host cell co-receptor or
alternate receptor, such as integrin, leads to transcytosis of
GBS, perhaps through changes in epithelial cell junctions.
The possible involvement of a co-receptor for ACP on the
host cell surface is compatible with the structural studies of
NtACP that reveal a possible integrin-binding region in
addition to the GAG-binding region (9).

Alternatively these data may indicate that binding of ACP
to different GAG receptors, or to the same GAG receptor but
with different affinity, may lead to different outcomes in
interactions with host cells. For example, the R185A point
mutation in BR2 may allow a lower affinity interaction with
host cell GAG than that with the wild-type ACP; this lower
affinity binding could promote transcytosis-related signal-
ing but not internalization-related signaling; that is, signal-
ing leading to internalization may require a higher affinity
GAG-binding interaction than that leading to transcytosis. The
BR2 mutation also might promote preferential binding of ACP
to an alternative GAG or non-GAG host cell receptor that does
not mediate internalization.

Our data, therefore, suggest that host cell entry and transcy-
tosis by GBS may be distinct processes. The ability of our
mutant strain to transcytose similarly to wild-type GBS despite
reduced cell entry suggests that transcytosis may be independ-
ent of host cell internalization and possibly that transcytosis
occurs primarily by a paracellular rather than an intracellular
route. Similar findings, a defect in internalization but not in
transcytosis, have been associated with an acapsular GBS strain,
further supporting the hypothesis that internalization and tran-
scytosis represent distinct processes (6). Paracellular transcyto-
sis has been observed for GBS (6) and other organisms, includ-
ing group A Streptococcus (5) and Yersinia sp. In particular,
integrin-binding proteins of Yersinia sp. perturb epithelial bar-
riers and facilitate paracellular movement of proteins and bac-
teria (45), supporting the possibility that ACP binds to integrin
and similarly promotes its own paracellular translocation.

In summary, our data, correlating structural and functional
studies of the BR2 region of ACP, support the hypotheses that
this region confers the GAG-binding activity of ACP and medi-
ates internalization of GBS by human epithelial cells. We found
that a single amino acid substitution (arginine to alanine at site
185) in this GBS surface protein changes the interaction of GBS
with human cells. Specifically, this mutation interferes with
GBS entry into host cells but not transcytosis of these cells.
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ACP-mediated transcytosis may occur through interaction
with a non-GAG host receptor, or through an interaction with
host cell GAG of lower affinity than required for internaliza-
tion, via paracellular movement. These data suggest that inter-
ference with the binding of ACP to its host cell receptor(s)
might prevent GBS internalization and/or lethal infection. Fur-
ther studies are needed to better characterize the effects of
additional BR2 mutations that might eliminate GAG binding
more effectively, to determine the post-receptor-binding
events in vitro and in vivo, and to explore the role of the repeat
regions of ACP in pathogenesis.
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