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Crystal Structure of a Mucus-binding Protein Repeat Reveals
an Unexpected Functional Immunoglobulin Binding Activity™
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Lactobacillus reuteri mucus-binding protein (MUB) is a cell-
surface protein that is involved in bacterial interaction with
mucus and colonization of the digestive tract. The 353-kDa
mature protein is representative of a broadly important class of
adhesins that have remained relatively poorly characterized due
to their large size and highly modular nature. MUB contains two
different types of repeats (Mubl and Mub2) present in six and
eight copies, respectively, and shown to be responsible for the
adherence to intestinal mucus. Here we report the 1.8-A resolu-
tion crystal structure of a type 2 Mub repeat (184 amino acids)
comprising two structurally related domains resembling the
functional repeat found in a family of immunoglobulin (Ig)-
binding proteins. The N-terminal domain bears striking struc-
tural similarity to the repeat unit of Protein L (PpL) from Pep-
tostreptococcus magnus, suggesting binding in a non-immune
Fab-dependent manner. A distorted PpL-like fold is also seen in
the C-terminal domain. As with PpL, Mub repeats were able to
interact in vitro with a large repertoire of mammalian Igs,
including secretory IgA. This hitherto undetected activity is
consistent with the current model that antibody responses
against commensal flora are of broad specificity and low affinity.

The human gastrointestinal tract (GIT)?® contains trillions of
bacteria, representing hundreds of species and thousands of
subspecies (1). They outnumber our own cells by a factor of 10
and contribute many physiological capabilities, including the
provision of metabolic attributes not encoded in the human
genome (2). A protective layer of mucus, consisting of a com-
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plex mixture of large, highly glycosylated proteins (mucins) (3),
covers the epithelial cells of the intestine and offers an attach-
ment site for the colonizing bacteria. These bacteria play
important roles in maintaining normal gut function and in
building resistance of the host to pathogenic micro-organisms
(4, 5). Some may use mucins as their major carbon and energy
source (6, 7).

Lactobacilli are Gram-positive microaerophilic bacteria nat-
urally present in the dominant colonic microbiota and have
been considered to be beneficial for human health (8). They are
commonly used as probiotics, which are defined by the Food
and Agriculture Organization/World Health Organization as
live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host (9). As probiotic
agents, lactobacilli can prevent or alleviate infectious diarrhea
through their effects on the immune system and promote host
resistance to colonization by pathogens (10, 11), and many have
been shown to adhere to intestinal mucus (12—-19). Confirma-
tion of this lactobacillus-mucus association has not only been
observed in vitro, but has also been validated by ex vivo/in vivo
microscopic analysis of biopsy samples (20, 21). In most cases,
lactobacilli adhesion to mucus has been proposed to be medi-
ated by proteins (22-30). Compared with the present under-
standing of the adhesive mechanisms of human pathogenic
bacteria, knowledge on the surface molecules mediating lacto-
bacillus adhesion to the intestinal mucosa (i.e. epithelial cells,
mucus layer, and/or extracellular matrices) and their corre-
sponding receptors is less advanced.

The mucus adhesins from lactobacilli that have been identi-
fied and functionally characterized to date are the surface-as-
sociated mucus-binding protein (MUB) of Lactobacillus reuteri
1063 (23), the lectin-like mannose-specific adhesin of Lactoba-
cillus plantarum WCFS1 (26), and the Mub of Lactobacillus
acidophilus NCFM (25). These three mucus-binding proteins
have a similar domain organization typical of cell-surface pro-
teins of Gram-positive bacteria. At the N terminus is found a
signal peptide targeting the protein for transport through the
plasma membrane. An anchoring motif (LPXTQG) that is recog-
nized by a family of enzymes called sortases for covalent attach-
ment of the transported protein to the peptidoglycan of the
bacterial cell wall (31) is found at the C terminus. Interposed
between these is the third and final domain containing a num-
ber of tandemly arranged mucus-binding repeats (Mub).

MUB from L. reuteri 1063 is predicted to have a 49-amino
acid N-terminal secretion signal peptide, followed by a mature
protein with a predicted molecular mass of 353 kDa. It is a
highly repetitive protein containing two types of related amino
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acid repeats (Mubl and Mub2) (Fig. 1, A and B), which have
been shown to be responsible for the adherence to intestinal
mucus. Six copies (RI through RVI) of a type 1 repeat (Mub1)
are observed, ranging from 183 to 206 amino acids in length,
and eight copies (R1 through R8) of a type 2 repeat (Mub2), all
184 amino acids long except for R1 with 186 amino acids, based
on the Mub domain borders as described in a previous study
(32), which differ slightly from the repeat sizes originally
reported (23). These are organized in an interesting manner,
with the Mub2 repeats inserted in between the Mubl repeats
RIV and RV (Fig. 1A4). The six Mub1 repeats are rather diverse,
whereas the Mub2 repeats show relatively low sequence varia-
tion (Fig. 1B). Mub repeat-containing proteins are most abun-
dant in lactic acid bacteria (LAB), with the highest abundance
in lactobacilli of the GIT, strongly suggesting that the Mub
repeat is a functional unit specific to LAB that could fulfill an
important function in host-microbe interactions.

In this study, we report the first three-dimensional structure
of a mucus binding repeat providing the first insights into a
previously undetected Ig-binding activity for the repeat struc-
tural unit of MUB proteins.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Mub Repeats—L.
reuteri 1063 was obtained from the American Type Culture
Collection (strain ATCC 53608). Oligonucleotide primers for
PCR amplification of DNA molecules encoding individual or
multiple Mub repeats of the L. reuteri 1063 MUB protein were
designed to anneal to specific Mub domain border regions, as
defined in previous studies (32, 33) (supplemental Tables S1
and S2). Wild-type recombinant proteins were expressed from
pETBIlue-1 AccepTor (Novagen) in Escherichia coli Tuner™
(DE3/pLacl, Novagen). The L48M mutant of Mub-R5 was gen-
erated using the QuikChange® site-directed mutagenesis kit
(Stratagene) with the gene-specific oligonucleotides listed in
supplemental Table S2 and vector pETBlue-1:Mub-R5 as tem-
plate. Wild-type Mub-R5 and mutant L48M proteins were
labeled using the SelenoMet™ system (Athena Enzyme Sys-
tems™™) and expressed in E. coli B834 (DE3/pLacl) (Novagen).
Recombinant Mub domains were purified from freeze-thaw or
BugBuster® HT (Novagen)-soluble cell extracts by ion-ex-
change fast-protein liquid chromatography (Amersham Bio-
sciences). See also the supplemental materials.

Biophysical Characterization of Recombinant Mub Repeats—
Edman N-terminal protein sequencing was carried out by the
Protein and Nucleic Acid Chemistry Facility (University of
Cambridge, UK). ESI-MS of purified proteins was performed
using a micrOTOF mass spectrometer (Bruker Daltonics Ltd.).
Data were acquired in positive ionization mode at a capillary
voltage of 4200 V and over a scan range of 250-3000 m/z.
Trypsinized samples of proteins excised from SDS-PAGE gels
were analyzed in an Ultraflex MALDI-ToF/ToF mass spectrome-
ter (Bruker Daltonics Ltd.) or by liquid chromatography-tandem
mass spectrometry in an LTQ-Orbitrap™ mass spectrometer
(ThermoFisher), and MS data were searched against the rele-
vant sequence databases using Mascot 2.1 and 2.2 search
engines (Matrix Science Ltd.), respectively. CD spectroscopy
was performed in a JASCO J-710 spectropolarimeter (Great

NOVEMBER 20, 2009+VOLUME 284+-NUMBER 47

Crystal Structure of a Mucus-binding Protein Repeat

Dunmow, Cambs, UK). A scan speed of 50 nm/min was used
over a scan range of 260 —185 nm with a bandwidth of 1.0 nm, a
response time of 2.0 s, and a data pitch of 0.5 nm. The data were
analyzed with JASCO Spectra Manager 32 v1.40.00a software,
and CONTINLL (34) from the CDPro suite of programs was
used to calculate the spectra and the proportion of each type of
secondary structure (using IBasis reference set 3). Sedimenta-
tion equilibrium experiments were performed in a Beckman
XLI analytical ultracentrifuge, equipped with absorbance
optics, at 20 °C and speeds of 9,000, 15,000, and 20,000 rpm.
Mub-R5 (20.0 M), Mub-R6 (20.0 M), Mub-RI (23.6 um), and
Mub-RI-III (8.0 uM) were prepared in PBS buffer (pH 7.4) each
in a total volume of 110 ul prior to centrifugation, and samples
were analyzed against PBS buffer blanks. Scans were recorded
every 4 h to determine when proteins had reached equilibrium
in the centrifuge, after which time five scans were recorded for
each sample. The freeware program UltraScan II (Borries
Demeler, University of Texas) was used to fit the obtained sed-
imentation equilibrium profiles to single molecular species.
Complete details of all methods are given in the supplemental
materials.

Protein Binding by Slot-blot Analysis—Recombinant Mubs
were labeled with fluorescein isothiocyanate at pH 9.3 using
an adapted standard protocol (see supplemental materials).
Target proteins, including human secretory-IgA, IgG, and IgM
(Sigma), human IgG-Fab/k and IgG-Fc fragments (Bethyl Lab-
oratories Inc., Montgomery, TX), and bovine serum albumin
Fraction V (Sigma) in PBS buffer (pH 7.4) were vacuum-blotted
onto an Immobilon-P polyvinylidene difluoride membrane
(3.8 X 11.6 cm, 0.45 um, Millipore) using a Hoefer PR600
24-slot apparatus. 1-20 ug of target protein was loaded per slot
in a total volume of 100 ul. Blots were blocked for 18 h with
gentle rocking at room temperature in 10 ml of Thermoblock
protein-free blocking agent in PBS buffer (Thermo Scientific).
All subsequent washing steps were carried out with 20 ml of
PBS buffer containing 0.05% (v/v) Tween 20. Blocked mem-
branes were incubated at room temperature with 10 ml of fluo-
rescein-conjugated Mub proteins (200 wg/ml f-Mub, fluores-
cein/protein (F/P) ratio: 0.99-2.37) or fluorescein-conjugated
protein L (18 ug/ml f-PpL; F/P ratio 0.63) in PBS buffer (=1 mm
CacCl,) with gentle rocking in the dark for 20 h. Following exci-
tation at 488 nm, fluorescein signals were detected at 530 nm in
a Pharos FX™ Plus Molecular Imager (Bio-Rad) and quantified
using Quantity One® v4.6.1 software (Bio-Rad). Background-
subtracted signals were normalized to a probe F/P ratio of 1.0
and a probe concentration of 1 uM.

Crystallization and Crystal Structure Determination—Puri-
fied native Mub-R5 was concentrated to 2 mg/ml prior to crys-
tallization. Single crystals were obtained by vapor diffusion at
4 °C using a precipitant solution containing 0.2 M ammonium
formate and 22% (w/v) polyethylene glycol 3350. Crystals were
cryoprotected by increasing the concentration of polyethylene
glycol 3350 in the drops to 30% (v/v) and a native diffraction
dataset was subsequently collected to 1.8-A resolution at 100 K.
These crystals were of space group P2,2,2; and contained two
copies of the protein in the asymmetric unit with a solvent
content of 48% (v/v). Crystals of the SeMet-(L48M) mutant of
Mub-R5 grew under similar conditions to those found for the
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native protein and were cryoprotected in an identical fashion.
These crystals were found to be essentially isomorphous with
those of the native protein, and the structure was solved by
selenium SAD using heavy atom sites located by SOLVE (35).
Initial phase estimates were improved with RESOLVE (36) and
used to calculate an electron density map at 2.0-A resolution. A
preliminary molecular model was built comprising >80% of the
polypeptide using ARP/wWARP (37). This was completed by
manual building using COOT (38) alternating with simulated
annealing with PHENIX (39) and maximum likelihood refine-
ment with REFMAC (40). The structure of the native protein
was solved by molecular replacement using the structure of the
SeMet mutant protein as search model. Refinement at 1.8-A
resolution resulted in a final structural model lacking only the
C-terminal alanine residue in both independent molecular cop-
ies of Mub-R5 in the crystallographic asymmetric unit. Data
collection and refinement statistics are presented in Table 1.

Protein Structure Analysis—Protein structure superposition
was performed with DALI (41). Analysis of functional regions
via evaluation of residue evolutionary conservation scores was per-
formed with CONSURF (42) using sequence alignments gener-
ated using T-COFFEE (43) and visualized with ESPript (44).

RESULTS

Purification and Biophysical Characterization of Recombi-
nant Mub Repeats—The recombinant single Mub repeats
Mub-RI, Mub-R5, and Mub-R6 and the triple Mub repeat Mub-
RI-III were expressed in soluble form in E. coli and purified to
homogeneity by ion-exchange chromatography (supplemental
Fig. S1). The electrophoretic mobility of the proteins gave
molecular weight estimates higher than that predicted from the
amino acid sequences, similar to that observed with recombi-
nant MucB2 domain from Streptococcus pneumoniae surface
protein SP1492 (33). However, ESI-MS and MALDI-ToF-MS
confirmed the integrity of the proteins, giving masses within 1
mass unit of the predicted sizes (supplemental Table S3). The
pls of all four proteins, as determined by isoelectric focusing,
were 4.39 (Mub-R5), 4.33 (Mub-R6), 4.64 (Mub-RI), and 5.20
(Mub-RI-III), in agreement with the theoretical values. The
N-terminal sequence of the triple domain Mub-RI-III, as
determined by Edman sequencing, was MQEAAISFYD, in
agreement with the amino acid sequence. Analytical ultracen-
trifugation of the four Mub proteins demonstrated that they
were monomers under the conditions tested (data not shown).
After the production of SeMet-labeled proteins, ESI-MS anal-
ysis revealed that SeMet incorporation was essentially com-
plete (92—-98%) at the two or three methionine residues present
in the recombinant 185-amino acid wild-type Mub-R5 and
L48M proteins, respectively (supplemental Table S3). CD spec-
tra of unlabeled and SeMet-Mub-R5/L48M proteins were sim-
ilar, consisting predominantly of B-structure (~63%) with
<0.5% a-structure (supplemental Fig. S2).

Crystallization and Crystal Structure Determination—Re-
combinant native Mub-R5 and the SeMet derivative of the
(L48M)Mub-R5 mutant were crystallized, and a structure for
the polypeptide component of the asymmetric unit of the L48M
mutant was determined by selenium SAD phasing and refined
at 2.0-A resolution. The crystallographic R-factor of this
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TABLE 1
Data collection and refinement statistics

Dataset nomenclature is as follows, SeMet(L48M)Mub-R5: selenomethionyl deriv-
ative of the L48 M mutant of Mub-R5. Numbers in parentheses refer to data in the
highest resolution bin.

Se-Met(L48M)Mub-R5

Dataset (SAD data collection) Native Mub-R5
Beamline Diamond ID02 ESRF BM14
Space group P2,2,2, P2,2,2,
Cell parameters, a, b, c (A) 44.9,45.7,191.4 44.9, 45.8, 191.6
Wavelength (A) 0.979 1.033
Resolution (A) 60-2.0 (2.11-2.00) 60-1.80 (1.90-1.80)
Ry (%) 5.9(9.6) 6.0 (20.4)
Ranom” (%) 5.2(6.4)
{laly 34.6 (25.0) 13.8 (9.5)
Independent reflections 27,636 (3,931) 36,236 (4391)
Completeness (%) 100.0 (100.0) 96.0 (81.9)
Multiplicity 14.0 (14.4) 2.8 (1.9)
Anomalous completeness (%) 100.0 (100.0)
Anomalous multiplicity 7.5(7.5)
Overall temperature factor (A% 14.3 15.4
FOM? (SAD phasing) 0.82 (0.75)
FOM?° (solvent flattened) 0.90 (0.82)

Refinement statistics
Mub-R5 heterodimers per AU? 2
Refined structure

Total atoms 3,639
‘Water molecules 755
Reryse 20.2 (26.9)
Riyed 25.9 (30.6)

Ramachandran analysis® (%)
Most favored 98.9
Disallowed 0.0
r.m.s.d.
Bonds (A) 0.009
Angles (%) 1.16
Planes (A) 0.005
Mean atomic B-value (A2%) 14.6

“Ryym = ) — (D|/2 I, where (I} is the average of symmetry equivalent reflections,
and the summation extends over all observations for all unique reflections.

b Runom = SKI+) — (I=)/ZI+) + (I-)| (reported for the selenium SAD dataset to
a maximum resolution of 2.0 A).

¢ Average figures of merit (FOM) after solvent flattening with RESOLVE (Terwill-
iger (36)).

@ AU refers to the crystallographic asymmetric unit.

¢ Reryst = 2W|F,| — [F4|/2|F,|, where F, and F, are the measured and calculated
structure factors, respectively.

/For Ry, the summations extends over a randomly selected subset (5%) of reflec-
tions excluded from all stages of refinement.

& Structure validation was performed using MOLPROBITY (83).

interim model was 28.2% (R-free 33.3%). The structure of the
native protein was then solved by molecular replacement using
the mutant protein structure as a search model and refined to
give an overall crystallographic R-factor of 20.2% (R-free 25.9%)
at 1.8-A resolution (Table 1). Incorporation of an additional
methionine into the mutant led to only local and minor struc-
tural differences with the native protein (data not shown). The
two copies of native Mub-R5 found in the crystallographic
asymmetric unit consist of 184 residues (including the addi-
tional N-terminal methionine) and are similar, with an r.m.s.d.
calculated for the Ca atoms to be 1.1 A. All subsequent discus-
sion refers to the refined native protein repeat structure, and
the residue numbering system used is such that residue num-
bers 2—184 in the structure of the repeat correspond to 2063—
2245 in the full-length MUB (supplemental Table S1).

The Crystal Structure of Mub-R5—The overall structure of
Mub-R5 resembles a distorted cylinder ~110 A long and 25 A
in diameter at its widest point. It is made up of two discrete
domains: an N-terminal domain composed of the first 75 resi-
dues and a C-terminal domain comprising residues 76 —184
(Fig. 1C). The domain limits are essentially equivalent to those
suggested in a previous study (32), and the C-terminal domain
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FIGURE 1. X-ray crystal structure of the mucus-binding protein Mub-R5 repeat. A, the organization of the
modular repeat region of MUB from L. reuteri 1063. Repeats are labeled according to the nomenclature
described in (Ref.23). Type 1 repeats (Rl to RVI) are colored gold and type 2 white except for the R5 repeat, which
is highlighted in blue. B, neighbor joining tree as calculated by JALVIEW (82) for the non-redundant set of repeat
sequences based on the percentage identity at each aligned position (note that repeats R2, R4, and R6 are
identical as are R3 and R5). C, architecture of Mub-R5. a-Helices are colored red, and 3-strands are yellow. The N
and C termini of the protein are labeled, as are the major secondary structural elements. The single calcium ion
bound to the N-terminal domain is represented as a gray sphere. D, structure-based sequence alignment of the
B1 (R5-N) and B2 (R5-C) domains of Mub-R5. Secondary structural elements in both proteins are indicated and
labeled. Identical residues are highlighted in red. E, an overlay of the structures of the B1 and B2 domains. The
secondary structural elements of the B1 domain are shown in red (a-helices) and yellow (B-strands) and in
magenta (B-strands) for the C-terminal B2 domain.

coincides with the MucBP domain definition from the Pfam data
base (PF06458) (45). We will subsequently refer to the N- and
C-terminal domains of Mub-R5 as the Bl and B2 domains,
respectively.
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The Bl domain possesses an
ubiquitin-like B-grasp fold most
similar to that found in the Ig-bind-
ing superfamily (46). This fold con-
sists of two pairs of antiparallel
B-strands forming a four-stranded
mixed B-sheet connected by an
a-helix. The strand order of the
B-sheet is 2143. Interpretation of
the residual electron density maps
for the refined structure revealed a
peak at 8.0 o above the mean. The
octahedral coordination of this site
together with the coordination dis-
tances (supplemental Table S4)
allowed us to identify this feature as
originating from a bound calcium
ion (47). This was subsequently con-
firmed by refinement. The residues
involved in binding this ion are
located at the N terminus of strand
B1 (the side chain of GIn-2) and in
the loop connecting B3 and B4 (the
side chain of Asp® and the main-
chain carbonyl groups of Asp®* and
Asn®®). Two water molecules com-
plete the coordination sphere of the
metal (supplemental Fig. S3). This
bound ion serves to stabilize the
conformation of the polypeptide
loop preceding strand B4 in the
N-domain.

The B1 and B2 domains possess a
degree of structural similarity.
Superposition using DALI (41) gives
an r.m.s.d. of 2.5 A for 66 aligned
residues of which 14% are identical
(Z-score 4.5) (Fig. 1, D and E). How-
ever, despite its structural similarity
to the B1 domain, the B2 domain
does not possess a canonical
B-grasp fold, because it lacks the
connecting helix, a1, replacing it
instead with a B-strand. The struc-
turally related regions form a signif-
icant proportion of the molecule as
a whole, excluding only residues
76-94 and 120-141. These resi-
dues form a small B-sheet involving
strands BA, BB, and BC at the inter-
face between Bl and B2 (Fig. 1C)
and support the extended nature of
the tertiary structure of the protein.
This is achieved by bracing interac-

tions involving contacts with the B1 domain through salt
bridges (Asp'*’—His”® and Glu*’-His”®) and hydrophobic
interactions (Val'>-Tyr*®). An interesting arrangement
wherein the guanidinium group of Arg

122 inserts between the
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FIGURE 2. Structural similarity between the B1 domains of Mub-R5 and
Protein L. A, a structure-based alignment of the sequences of the B1 domain
of Mub-R5 (R5) and the B1 domain of Protein L (PpL). Secondary structural
elements in both proteins are indicated and labeled. Identical residues are
highlighted in red. A single turn of a 3, helix labeled 11 preceding strand 34
in the structure of Protein L is absent from the R5 domain. B, an overlay of the
structures of the B1 domains of Mub-R5 and PpL. The secondary structure of
the Mub-R5 B1 domain is shown in red (a-helices) and yellow (B-strands) with
the coil in green. For Protein L, a-helices are colored cyan and B-strands are
magenta with coil regions in pink. The calcium ion bound to the Mub-R5 B1
domain is shown as a gray sphere.

parallel indole rings of the tryptophan residues at positions 135
and 138 also provides a cap to the hydrophobic core of the B2
domain. The result of these interactions is to stabilize an arrange-
ment in which the B2 domain is rotated ~90° relative to B1.

Structural Homology with Ig-binding Proteins—The closest
structural homologue in the Protein Data Bank to the Bl
domain of Mub-R5 is the B1-domain of Protein L (PpL) (48).
The corresponding structural alignment has an r.m.s.d. of 2.9 A
over 57 aligned residues but shows only 5% sequence identity
(Z-score, 5.1) (Fig. 2, A and B). Given its structural similarity to
the B1 domain, it is not surprising that the B2 domain of
Mub-R5 also shows structural homology, albeit weaker, to PpL
(r.m.s.d. of 3.1 A over 53 aligned residues and Z-score of 3.0).
The sequence identity corresponding to this structural align-
ment is also low (13%). Protein L is a multidomain cell wall
protein from Peptostreptococcus magnus, which belongs to a
family of Ig-binding proteins (49), including Protein G from
Streptococcus sp. (SpG). PpL binds to the V; domain of the k
chain of all Ig classes, whereas SpG binds predominantly to Fc
but also has weaker Fab-binding activity (50). PpL is structur-
ally similar to SpG. The major difference lies in a shorter loop in
PpL between B3 and the connecting helix, a1. This loop is
involved in Fc binding in SpG (51, 52). Its absence in PpL is
thought to be related to the inability of PpL to bind to bind Fc
(53).

We used the x-ray crystal structures of the complex between
PpL and a human antibody (PDB entry 1HEZ) to model the
interaction of the B1 domain of the Mub-R5 repeat with IgG, by
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FIGURE 3. Modeling the interaction of the B1 domain of the Mub-R5
repeat with an IgG Fab domain. A, a molecular surface representation of the
1:2 ternary complex formed by a Protein L domain (PpL) with two human
antibody Fab fragments (light red, PpL; green and magenta, Fab V, domains;
and blue and yellow, Fab V,; domains). Atomic coordinates were taken from
PDBentry THEZ.Band C, close-up views of the molecularinterfaces formed by
the PpL domain in the 1:2 complex. The two interfaces have antiparallel (B)
and parallel (C) hydrogen-bonding arrangements involving the 32 and 33
strands of the PpL domain, respectively, with the A strand of the V| domain.
PpLis colored light redin both panels. Dashed lines indicate hydrogen-bonded
B-strands. D and E, views of the model for an Mub-R5 B1 domain-Fab com-
plex. Mub-R5 is colored blue in both panels. The conserved B2 strand of
Mub-R5 makes similar antiparallel hydrogen bonds to PpL to the external VL
A-strand (D). However, the polypeptide chain resulting from the insertion of
nine amino acids in the loop (colored orange) following 83 in Mub-R5 relative
to PpL clashes with the Ig light-chain domain (E) suggesting that a similar
parallel hydrogen-bonding interaction with the Fab region may not occur
with the mucus-binding protein repeat structure.

superimposition of Mub-R5 onto the coordinates of the bacte-
rial proteins (Fig. 3A4). The PpL-Fab complex has a 1:2 stoichi-
ometry. In this complex a single PpL molecule is sandwiched
between two Fab k light chain domains, the two interfaces
being characterized by B-zipper arrangement involving anti-
parallel and parallel hydrogen bonding arrangements involving
the B2 and B3 strands, respectively (54, 55). In our structural
model, the conserved B2 strand of Mub-R5 makes similar
hydrogen bonds to the external V; A-strand (Fig. 3, B and C).
However, as the 83 strand is displaced by two residues relative
to the corresponding strand in PpL (see Fig. 2A4), the model
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agalactiae (supplemental Fig. S4).

=5 Bl paTy _  SpaB is utilized by S. agalactiae to
RS 2 KD promote adhesion to pulmonary
%2 2 K epithelial cells. The prealbumin fold
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Eﬁl 2 pv ) and is characterized by the presence
BV 2 A YD of seven [(-strands arranged in 3-
RVI 2 1 and 4-stranded sheets. Of these,
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= three-stranded sheet of SpaB, are
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Rvi o 147 R SRS ORISR Thus, although the Mub-R5 Bl

180°

FIGURE 4. Conservation of repeat molecular surface properties. A, an alignment of the sequences of the
non-redundant repeats from the L. reuteri mucus-binding protein. Secondary structural elements from the R5
repeat are shown. The residues contributing to the octahedral coordination sphere of the bound calcium ion in
the Mub-R5 structure are indicated by blue triangles (pointing upward for residues with coordinating atoms in
the residue side chain and downward for residues coordinating the metal via main-chain atoms). The starting
residue numbers for each repeat in the full-length mucus-binding protein sequence can be found in the
supplemental materials. B, views of a ConSurf (42) color-coded surface representation of Mub-R5 showing
invariant and the semi-conserved residues of the type 2 repeats only according to the alignment shown in A.
The normalized conservation scores calculated by ConSurf are a relative measure of evolutionary conservation
at each residue position. The highest scores (9 on the ConSurf scale) represent the most conserved residue
positions and are colored blue, and the least conserved are colored red. The molecular orientation on the left is
approximately the same as in Fig. 1C. The region showing the least surface conservation includes the solvent-
exposed surface of the N-domain 82 strand and the adjacent face of the a1 helix.

suggests that Mub-R5 may not form a similar parallel hydrogen
bonding interaction with the Fab (Fig. 3, D and E). Further-
more, the polypeptide chain resulting from the insertion of nine
amino acids following 3 in Mub-R5 clashes with the Ig light
chain domain. Our simple modeling procedure therefore leads
to the prediction that a ternary complex as observed for PpL is
unlikely for the mucus-binding protein without major struc-
tural rearrangements.

Structural Homology with Bacterial Adhesins—In addition to
its homology with PpL, the B2 domain of Mub-R5 is also similar
to a range of proteins with the structural classification of pro-
teins prealbumin-like fold (46). Within this superfamily are
found the transthyretin, IgG-rev fold of the Cna protein B-do-
main and starch-binding domain-like proteins. The greatest
similarity detected (Z-score of 3.5 and r.m.s.d. of 2.6 A over 82
aligned residues) was to the N2 domain of SpaB (GBS52), the
minor pilin from the Gram-positive pathogen Streptococcus
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domain is clearly structurally homo-
logous to the Ig-binding domains of
PpL, the similarity is less pro-
nounced in the B2 domain, and we
cannot discount the possibility of
functional similarity to bacterial
adhesins such as SpaB in this region.

The S. pneumoniae cell-surface
protein SP1492 contains a 90-amino
acid domain (MucB2) atits N termi-
nus, which exhibits mucin and sim-
ple carbohydrate (mannose, sialic
acid, and others)-binding activities
(33). The sequence of the desig-
nated SP1492 mucin binding region
shares 25% sequence identity with
the B2 domain of Mub-R5. The
majority of the residues strictly con-
served across the B2 domains of all fourteen Mubl and Mub2
repeats from L. reuteri 1063 are also found in SP1492. As such,
it appears likely that they share a common fold. SP1492 has no
region of amino acid sequence corresponding to the B1 domain
of Mub-R5 suggesting that the B2 domain of the Mub repeat
may be responsible for the mucin and/or carbohydrate-binding
activity.

Inter-repeat Sequence Variability—Type 2 Mub repeats
show relatively low sequence variation. As such, the presump-
tion that these repeats share a common fold appears reasona-
ble. CONSUREF (42) analysis of the sequences of the eight type 2
repeats reveals strands B1 and (2 and the adjacent solvent-
facing surface of helix al of the Bl domain to be the most
variable in the repeat (Fig. 4, A and B). The similarity observed
among the sequences of type 2 repeats is in contrast to that
observed for type 1, where the six repeats have amino acid
sequence identities ranging from 31 to 87%. Furthermore, the
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highest sequence identity between type 1 and 2 repeats is 48%
(between RV and R8), but most Mubl—Mub2 identities are in
the range of 30—40%. An interesting question, therefore, is
whether the more divergent type 1 repeats will adopt the same
fold as seen for the type 2 R5 repeat. Fig. 44 shows an alignment
of the non-redundant type 1 and 2 repeat sequences. An imme-
diate observation is the absence of a subset of the calcium-
binding residues in R5 arising from a deletion in the loop join-
ing B3 and B4 in RV. The implication is that this repeat does not
possess a calcium binding site and so may be less ordered in this
region. A number of further observations may be made. Firstly,
insertions and deletions occur generally between secondary
structural elements, and the hydrophobic cores of the B1 and
B2 domains appear to be conserved. Secondly, the majority of
the residues forming specific bracing interactions at the B1-B2
domain interface are also conserved. The conclusion is that the
overall fold of type 1 repeats should resemble that of type 2. A
number of residues are strictly conserved across all Mub
repeats. A subset of these plays clear structural roles. Of the
remainder, Tyr** (and its structural mate in the C-domain,
Tyr'>®), Thr®®, and Pro'*° are surface residues, have no clear
role related to maintenance of structure, and may be involved in
aspects of mucin binding.

Mub Repeats Bind to Immunoglobulins—The binding of
recombinant Mub repeats of type 2 (R5 and R6) and type 1 (RI
and RI-III) to Igs was investigated against human secretory
IgA, IgG, IgM, IgG-Fab/k, and IgG-Fc. The Igs (and bovine
serum albumin as a control) were slot-blotted and probed with
fluorescein-Mub protein conjugates as well as f-PpL (Fig. 54
and supplemental Fig. S5). The binding profiles of the different
Mub repeats were similar, but the relative fluorescence signal
intensities to each Ig varied with the type and number of repeats
(Fig. 5B and supplemental Fig. S5). The pattern of Mub-R5
binding to Igs was similar to that for PpL; Mub-R5 had affinity
for IgG, IgM, and s-IgA and the IgG-Fab/k fragment but not the
heavy chain IgG-Fc fragment (Fig. 5, A and B). Mub-R6, which
is 97% identical at the amino acid level to Mub-R5, bound to Igs
in a similar fashion to Mub-R5 (Fig. 5B and supplemental Fig.
S5). Specificity toward the IgG-Fab/k fragment was also
observed with Ig binding of type 1, Mub-RI, and Mub-RI-III,
which are only 30-35% identical at the amino acid level to
Mub-R5 and Mub-R6 (Fig. 5B and supplemental Fig. S5). How-
ever, after normalization for probe F/P ratio and molarity, the
binding activities of the type 1 and 2 repeats to Igs appeared
significantly lower when compared with full-length, four
repeat-containing PpL (supplemental Table S5). The addition
of Ca*>* had no effect on the binding activities of the Mub
repeats to Igs (data not shown).

DISCUSSION

In this study we have provided the first structural and func-
tional evidence for the presence of proteins that exhibit non-
antigenic binding to Igs at the surface of non-pathogenic
bacteria. Mub-R5 is one of the 14 repeats present in the mucus-
binding protein of L. reuteri. Similar Mub repeat-containing
proteins are found predominantly, although not exclusively, in
lactobacilli of the GIT and are very variable in size and
sequence, making it difficult to determine precise domain
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FIGURE 5. Binding of Mub repeats and protein L to lgs immobilized on
polyvinylidene difluoride membranes. A, slot blots of f-Mub-R5 (F/P ratio
1.05; 9.8 um) and f-PpL (F/P ratio 0.63; 0.5 um) bound to Igs, showing sche-
matic of protein loading in micrograms per slot. Bovine serum albumin was
also blotted as a negative control. Blots were scanned at the same laser inten-
sity. B, quantification of Mub repeat binding from slot blots scanned at the
same laser intensity using averaged fluorescence signals taken from three
locations within each slot after background subtraction. The histogram dis-
plays averaged intensity signals for binding to 20 ug of blotted protein rela-
tive to those for IgG within each blot after normalization to a probe F/P ratio
of 1.0 and a probe concentration of 1 um (= S.D., n = 3).

boundaries. The Mub-R5 crystal structure, presented here,
confirms the recent bioinformatics analysis of Mub domains
from orthologous proteins, which predicted the presence of
Mub type repeats of ~100 to >200 amino acid residues (32).
This is in contrast to the predicted size of the MucBP (Mucin-
Binding Protein) domain from the Pfam data base (PF06458),
which contains ~50 amino acid residues. The tertiary structure
of Mub-R5 reveals the presence of discrete N-terminal (B1, res-
idues 1-75) and C-terminal (B2, residues 76 —-184) domains
within the repeat, corresponding roughly to the MucB1 and
MucB2 Mub sub-domains designated in a previous study (33).
The structural homology between the domains is in accordance
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with the low but significant sequence homology at the amino
acid level. However, in all Mub repeats from L. reuteri, the
N-terminal (B1) domain is exclusively found in association with
the C-terminal (B2) domain. Our structural data reveal that
Mub-R5 exists in an extended conformation, spanning roughly
110 A. The close-knit nature of the interactions between the B1
and B2 domains suggests that they may be limited in their
relative movement. Furthermore, the high sequence homology
observed among type 2 repeats and the absence of additional
linking residues between these repeats in the protein sequence
suggests that additional foot-to-head interactions between
domains in adjacent repeats are likely. As such, an elongated
structure for the mucus-binding protein is envisaged, at least in
the region of the type 2 repeats, reminiscent of the structure of
fibronectin-binding proteins at the surface of many pathogenic
Gram-positive bacteria (57).

Our crystal structure of Mub-R5 allowed an unexpected pre-
diction for the N-terminal domain. The fold of the Mub-R5 B1
domain is most similar to that of the PpL Ig-binding domain B1
(76 amino acids), as determined by NMR spectroscopy (58). It
consists of a B-sheet formed from two pairs of anti-parallel
B-strands and an a-helix that lies on top of the sheet. Several
proteins that exhibit non-antigenic binding to Igs have been
isolated from the surface of pathogenic Gram-positive bacteria
such as Protein A from Staphylococcus aureus (59), Protein G of
group C and G streptococci (60), and PpL of P. magnus (49).
Structural analyses of these proteins have revealed that, al-
though they share certain characteristics, including hydropho-
bic/charged tail domains anchoring them to cell membranes
and C-terminal cell-wall-spanning motifs, these proteins con-
tain multiple repeated domains (55—76 amino acids) that are
divergent in nature (48, 61—63). These repeated domains are
responsible for binding Igs, although they recognize different Ig
regions. Proteins A and G bind to the C;;2-C,;3 interface of the
Fc fragment of some classes of Ig, predominantly IgG (64, 65),
whereas the Ig-binding domains of protein L bind exclusively to
the framework region of the V, domain of k light chains
(k-chains) (66, 67). Structural studies performed on PpL indi-
cated that the residues involved in the interaction with the
k-chain are located along the 32-strand, the C-terminal end of
the a-helix, and the loop between the a-helix and B3-strand
(54, 68). From our model, the Mub-R5 B1 domain may interact
similarly with the framework part of the light chain variable
domain of Igs without contacting the hypervariable loops. This
is corroborated by our binding studies, which indicate an inter-
action between Mub-R5 and the Fab region of IgG, albeit with a
binding activity that is much weaker than that reported for PpL
(50, 66, 69, 70). This can be explained on the basis of our model,
which shows that, although the conserved B2 strand of Mub-R5
can form similar antiparallel hydrogen bonds to PpL to the
external V; A-strand, the polypeptide chain resulting from the
insertion of nine amino acids in the loop following B3 in
Mub-R5 relative to PpL clashes with the Ig light chain domain.
This suggests that a similar parallel B-zipper hydrogen-bonding
interaction with the Fab may not occur with Mub-R5. Further-
more, MUB contains 14 Mub repeats, whereas PpL contains
only four or five highly homologous, consecutive extracellular
Ig-binding domains, depending on the bacterial strain from
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which it is isolated (63). Hence, it is expected that the avidity of
binding to immunoglobulins of an individual Ig-binding
domain may be lower than the full-length protein. For example,
a single B1 PpL repeat has a 200-fold lower affinity than the
full-length four-repeat PpL construct (48), suggesting the
necessity for the presence of the full complement of repeats for
optimum binding. In the present work, the binding of individ-
ual repeats (Mub-R5, Mub-R6, and Mub-RI) showed similar
binding patterns to Igs but with variable affinities. The triple
repeat Mub-RI-III did not show any synergistic effect on
binding.

The lower Ig-binding activity reported in this study for L.
reuteri Mubs may have significant biological implications.
Secretory Igs such as IgA, IgM, and IgG that are present in
mucosal surfaces potentially provide a first line of defense
against microorganisms (71). Surface proteins that bind human
Ig-Fc have been identified in many strains of Streptococcus pyo-
genes (group A streptococcus) and group B streptococcus, two
important human pathogens (72). The presence of such mole-
cules on the surface of Gram-negative bacteria, including
E. coli, has also been documented. These are the E. coli Ig-bind-
ing proteins (73) and are proposed to afford an advantage to the
bacterium through perturbation of Fc-dependent functions
such as the interaction with phagocyte FcR, although firm evi-
dence supporting this hypothesis has only been obtained for the
IgA (74)- and IgG (75)-binding proteins from group A and B
streptococci, and more recently from S. aureus (76). L. reuteri is
an inhabitant of the human GIT (77). Unlike pathogens that are
found within the body, having attached to the epithelial surface
or penetrated, commensals live almost entirely within the intes-
tinal lumen or within the mucus coat barrier. Proteins contain-
ing Mub repeats are most abundant in lactobacilli that are
found mainly in the GIT, supporting the hypothesis that the
repeat is primarily involved in adherence to intestinal mucus.
The high variability in the number of Mub repeats in putative
mucus-binding proteins suggests that these repeats are often
duplicated or deleted in evolution. The genomes of bacteria
that have a broader lifestyle and are less frequently encountered
in the GIT, such as L. plantarum, encode a smaller number of
these proteins (78). Compared with lactobacilli of the GIT,
“domesticated” Lactococcus lactis strains live in a more
restricted habitat (79), which could explain the presence of only
a single Mub repeat-containing protein in this bacterium.
Unlike the adaptive responses against pathogens that must be
of high affinity and specificity, the antibody response to the
commensal flora is expected to be of broad specificity and rel-
atively low affinity, in agreement with our biochemical data.
Furthermore, we have shown that the region of the repeat
structure with the greatest sequence variation corresponds to
that which modeling suggests may interact with the V; domain
in Igs. The presence of low affinity antibodies to redundant
surface epitopes of bacteria, or binding of IgA through bacterial
lectin-mediated mechanisms, can probably be sufficient for the
reinforced barrier effect of the mucus layer (80, 81).

Our observations that Mub proteins can bind to Igs as well as
the reported binding to mucin add to the complexity of inter-
actions that mediate the adhesion of commensal bacteria to the
gut and to the mucus layer in particular. Mucus is continuously
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renewed, and therefore the ability to bind to intestinal surfaces
is generally considered as a factor associated with probiotic bac-
teria. The attachment of bacteria to gastrointestinal surfaces
extends their homing time in the gut and, as a consequence,
may influence the host health by affecting the local microbial
composition or by the stimulation of the gastrointestinal
immune system. The large representation of Mub-containing
proteins in LAB strains may thus be closely associated to their
probiotic properties. This knowledge will be invaluable in
selecting strains for fundamental research of the ecological role
of lactobacilli in the GIT, for their use as probiotics in foods and
supplements, and for pharmaceutical applications. In addition,
this result may make possible further tests in mice to determine
the physiological relevance of IgA- and mucus-mediated bio-
film formation in the gut.
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