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SUMMARY

Streptococcus pneumoniae is dependent on carbo-
hydrate uptake for colonization and pathogenesis,
and dedicates over a third of its transport systems
to their uptake. The ability of the pneumococcus to
utilize fructooligosaccharides (FOSs) is attributed
to the presence of one of two types of FOS ATP-bind-
ing cassette (ABC) transporters. Strains encoding
SfuABC are only able to utilize short-chain FOSs,
while strains encoding FusABC can utilize both
short- and long-chain FOSs. The crystal structures
of the substrate-binding protein FusA in its open
and closed conformations bound to FOSs, and solu-
tion scattering data of SfuA, delineate the structural
basis for import of short- and long-chain FOSs. The
structure of FusA identifies an EF hand-like cal-
cium-binding motif. This is shown to be essential
for translocation of FOSs in FusABC and forms the
basis for the definition of a new class of substrate-
binding proteins that regulate substrate transloca-
tion by calcium.

INTRODUCTION

Acquisition of nutrients by bacterial pathogens from their host
environment is essential for their survival and subsequent ability
to cause disease. To import a wide variety of nutrients bacteria
use multiple nutrient-specific transporter systems, of which the
most abundant is the ATP-binding cassette (ABC) transporter
superfamily (Higgins, 1992). ABC transporters use ATP hydroly-
sis to transport a large range of small molecules across cellular
membranes. Plants, prokaryotes, and archaea have ABC im-
porters and exporters, while eukaryotes only encode exporters.
Despite their varied substrates and the ability to both import and
export they share a common architecture consisting of two hy-
drophobic transmembrane domains (TMDs) and two hydrophilic
nucleotide-binding domains that interact with the TMDs from the
cytosolic side of the membrane (Rees et al., 2009). The family
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has been classified into four types, on the basis of structural
and biochemical data, as either type |, Il, or Ill importers, or as
exporters. Type | and Il importers rely on a substrate-binding
protein (SBP) for import that specifically associates with the
ligand to deliver it to the TMDs. Type Il importers or energy-
coupling factor transporters use an integral membrane protein
known as the EcfS or S component (Rodionov et al., 2009).
Type | importers are the best characterized to date (Gerber
et al., 2008; Hollenstein et al., 2007; Kadaba et al., 2008; Mar-
uyama et al., 2015; Oldham et al., 2007; Rice et al., 2014; Yu
et al., 2015). However, the structural data have highlighted the
high level of diversity in the substrate translocation mechanism
and much remains unknown because of the large range of sub-
strates transported by SBPs (Hopfner, 2016).

Structural analysis of the SBPs has led to the identification of
six distinct clusters which have been assigned based solely on
structural similarity and independently of substrate specificity
(Berntsson et al., 2010). Although having little sequence similarity
and ranging in size from approximately 25 to 70 kDa, SBPs share
a common core structural fold: two o/f domains formed by a
central B sheet flanked by a helices; a hinge region connects
the two domains and the ligand-binding site resides between
them. In the substrate-free state the two domains are able to
freely move and rotate around a flexible hinge region (open
configuration), whereas on ligand-binding the protein is stabi-
lized in a closed conformation with the two domains closely
packed around the ligand (Tang et al., 2007). This binding
mode is known as the “Venus Fly-trap” mechanism (Mao
et al., 1982).

Streptococcus pneumoniae (pneumococcus) typically asymp-
tomatically colonizes the upper airway of humans, but can
migrate to normally sterile regions and cause diseases including
pneumonia, meningitis, otitis media, sinusitis, and conjunctivitis
(Ispahani et al., 2004). The pneumococcus relies exclusively on
carbohydrates as a carbon source and commits at least a third
of all its transport mechanisms to their import (Tettelin et al.,
2001). Nearly half of these carbohydrate transporters have
been implicated in pneumococcal disease but much work re-
mains to fully understand the role of carbohydrate import in
pneumococcal pathogenesis (Buckwalter and King, 2012). The
carbohydrate transporters encoded by pneumococci include
at least eight ABC transporters (Bidossi et al., 2012). One of
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these transporters was initially described as part of a sucrose uti-
lization system (sus) (TIGR4; SP_1796-8) (lyer and Camilli, 2007).
A transporter mutant had a mild phenotype in the lung, but any
role in colonization was not examined. Subsequent data re-
vealed that this transporter does not contribute to sucrose utili-
zation, but transports fructooligosaccharides (FOSs) including
inulin and as a result was renamed the Fus (FOS utilization sys-
tem) transporter (Linke et al., 2013). FOSs consist of a variable
number (n) of D-fructose units linked by f2-1 bonds and a termi-
nal D-glucose connected through an «2-1 bond. While the ma-
jority of pneumococcal strains can utilize long-chain FOSs as a
sole carbon source, some strains are only able to grow on
shorter chain FOSs (Bidossi et al., 2012; Langvad-Nielsen,
1944; Linke et al., 2013; Morch-Lund, 1949). Examination of 33
clinical isolates demonstrated that all six strains that were able
to use GF3 but not inulin as a sole carbon source encoded an
alternative transporter named Sfu (short-chain FOS utilization)
(Linke et al., 2013). The SBP of this transporter shares little
sequence similarity with that encoded by the fus locus and the
structural basis of the substrate specificity is unclear. It is
currently unknown where pneumococci encounter these poly-
saccharides, but our hypothesis is that they are encountered
as dietary carbohydrates during colonization of the oropharynx
or as extracellular polysaccharides produced by other normal
flora. The fact that one of these transporters is present in every
pneumococcal strain screened supports the hypothesis that
the ability to utilize FOSs is important during pneumococcal
colonization.

Here we describe the crystal structure of the SBP (SP_1796,
FusA) of the ABC carbohydrate transporter encoded by the fus
locus of S. pneumoniae TIGR4 in the absence of carbohydrate
and in complex with kestose, nystose, and fructofuranosyl-nys-
tose. The structural data also enabled a new cluster of SBPs to
be proposed with the notable presence of an EF hand calcium-
binding site, which we show is essential for substrate transloca-
tion by the fus importer. The solution structure of the SBP SfuA of
the ABC importer encoded by the sfu locus in the S. pneumoniae
D39 strain is also presented revealing a significantly smaller sub-
strate-binding cavity compared with FusA. Characterization of
binding of FOSs to both FusA and SfuA together with analysis
of mutagenesis of the substrate-binding site of FusA provide
the structural basis for FOS uptake in S. pneumoniae.

RESULTS

Specificity of FusA and SfuA for FOSs

Previous work has shown that each pneumococcal strain en-
codes one of two ABC transporters that enable uptake of
short-chain FOSs encoded by genes within the fus and sfu loci
(Linke et al., 2013). However, only the ABC transporter encoded
by the fus locus enables uptake of long-chain FOS such as inulin.
The fus locus has also been implicated in sucrose uptake (lyer
and Camilli, 2007), thus we set out to provide a biochemical
and structural characterization of the SBPs FusA and SfuA en-
coded by the fus and sfu loci, respectively.

We assessed binding specificities of the SBPs FusA and SfuA
for varying chain length FOSs. The purified proteins were
screened by thermal shift assay in the presence of FOSs to iden-
tify their impact on protein stabilities: FusA showed an increased
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melting temperature (ATm > 4°C-7°C) with fructofuranosyl-nys-
tose (GF4), nystose (GF3), and inulin (GFn, where n ~ 36), while
SfuA was stabilized by kestose (GF2) (ATm = 6.4°C) and to a
lower extent by nystose (GF3) (ATm = 3.6°C); neither SBP was
stabilized by sucrose (GF1) supporting the work by Linke et al.
(2013), which showed growth of an S. pneumoniae fusABC dele-
tion mutant with sucrose as a sole source of carbon was unal-
tered with respect to wild-type (Figure 1A). Pull-down analysis
on beads covalently linked to the different sugars showed the
same trend: FusA bound longer-chain FOSs with higher affinity
than SfuA, which preferentially bound kestose (Figure 1B). Bind-
ing affinities were determined by measuring the dissociation
constant (Kp) using isothermal titration calorimetry (ITC). FusA
had submicromolar affinity for fructofuranosyl-nystose and nys-
tose (Figures 1D, 1E, and S1) and SfuA bound kestose with a
similar Kp range (Figures 1H and 1l). The binding affinities for
inulin, a heterogeneous mixture of FOSs with as many as 40 fruc-
tose units, decreased binding to FusA by a factor of 5 but to SfuA
by a factor of 100 (Figures 1F and 1J). These data show that SfuA
preferentially binds shorter FOSs (tri- or tetrasaccharides), while
FusA has a higher affinity for longer FOSs (tetrasaccharides and
larger).

Structure of FusA in Ligand-Free Form and in Complex
with FOSs
To understand the structural determinants for FOS specificity
and mode of binding, we determined the high-resolution crystal-
lographic structure of FusA in substrate-free form (Apo-FusA,
PDB: 5G5Y) and in complex with kestose (PDB: 5G5Z), nystose
(PDB: 5G60), and fructofuranosyl-nystose (PDB: 5G61). Crystals
of FusA grown in the presence or absence of carbohydrates dif-
fracted to high-resolution (1.9-2.4 A). Crystallographic data
collection and refinement statistics are summarized in Table 1.
The overall structure of FusA is formed by two o/ domains
linked by three loops, which make up the hinge region of the pro-
tein and follows the general architecture of SBPs (Figures 2A-
2C). The first domain (residues 48-165 and 350-440) is formed
by two central B sheets, of four and three strands, surrounded
by nine o helices and an additional two-stranded f sheet. The
second domain (residues 166-349 and 441-535) consists of a
four-stranded B sheet enclosed by eight o helices and an extra
B sheet. FusA has several 34¢p-helices, two in the first domain
and five in the second, which could contribute to the intrinsic
flexibility of the protein (Figures 2C, 3D and S2). A notable struc-
tural feature is the presence of two calcium-binding sites located
in the second domain of FusA, one of which is an EF hand-like
motif. This motif is formed by a solvent-exposed loop encom-
passing residues 216-224 that connects helix «8 to § strand 6
(B6) (Figure 2D). While the canonical EF hand structural signature
is formed by a 12-residue calcium-binding loop between two
helices, several atypical motifs diverging in length and in the sec-
ondary structure elements composition have been found and
called EF hand-like motifs (Feng et al.,, 2011; Gifford et al.,
2007; Rigden and Galperin, 2004). These motifs also deviate
from the sequence pattern of the calcium-binding site, where
the Glu/Asp/Asn residues involved in ion interaction are not
necessarily located in positions 1, 3, 5, 7, 9, and 12 as in the clas-
sical EF hand motif. The second calcium-binding site is located
in the region encompassing B strand 8 and the central buried n4
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Figure 1. FusA and SfuA Preference for Different Chain Length FOSs

(A) Thermal shift stabilization assay performed on FusA and SfuA with and without sucrose, kestose, nystose, fructofuranosyl-nystose, and inulin. The
displayed values represent the melting temperature (Tm) of the samples and the error bars correspond to the SE. The SEM was calculated as o//n, where o is
the SD.

(B) Pull-down analysis on fructooligosaccharide-conjugated resin: FusA, SfuA, and SP1690 (as negative control) were incubated with each FOS-conjugated resin
and after washing, the bound fraction was analyzed by SDS-PAGE (Inulin resins were loaded on a separate gel).

(C-J) ITC experiments between FusA and SfuA toward sucrose, kestose, fructofuranosyl-nystose, and inulin. All reactions are exothermic and exhibit a 1:1
stoichiometry except for inulin, the heterogeneity of which affects the experimental stoichiometry. FusA exhibits a clear binding preference for fructofuranosyl-

nystose and SfuA for kestose.
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Table 1. Data Collection and Refinement Statistics

FusA-Apo FusA-GF2 FusA-GF3 FusA-GF4 FusAD223A+E224A_ G4
Data Collection
Beamline DLS-103 DLS-103 DLS-I124 DLS-103 DLS-103
Wavelength (A) 1.2552 0.97625 0.96861 0.97625 0.97625
Resolution (A) 70.76-1.84 70.14-2.01 57.37-1.99 90.37-2.40 86.86-1.99
(1.89-1.84) (2.06-2.01) (2.04-1.99) (2.46-2.40) (2.04-1.99)
Space group P1 P2, P2, P2, P43 242
Cell Dimensions
a, b, c (A) 66.07, 72.17, 70.61, 127.82, 71.08, 129.74, 120.28 76.37, 135.91, 122.58, 122.58,
77.66 120.55 121.19 169.47
o, B, v (°) 108.02, 104.99, 90, 96.58, 90 90, 96.34, 90 90, 93.28, 90 90, 90, 90
92.49
Total observations 35,3275 800,887 522,806 352,795 130,4158
Unique reflections 104,848 140,592 144,038 95,973 88,883
Completeness (%) 92.5 (60.6) 99.7 (99.4) 97.3 (77.2) 99.6 (99.8) 100 (100)
Redundancy 3.4 (3.0) 5.7 (5.8) 3.6 (2.7) 3.7 (3.9) 14.7 (14.6)
/ol 12.5(2.2) 8.0 (1.4) 71 (1.1) 5.1 (1.4) 12.2 (1.5)
Rmerge 0.055 (0.520) 0.133 (1.206) 0.125 (0.833) 0.209 (0.891) 0.197 (1.937)
CCy/o 1.0 (0.6) 1.0 (0.6) 1(0.5) 1(0.5) 1(0.6)
Refinement
Resolution (A) 70.76-1.73 70.14-2.01 48.32-1.99 90.37-2.4 77.17-1.99
(1.77-1.73) (2.08-2.01) (2.06-1.99) (2.49-2.4) (2.06-1.99)
No. of reflections 108,465 (3,228) 140,533 (13,942) 143,983 (11,744) 95,932 (9,543) 88,785 (8,717)

Rwork/Riree 0.1624/0.1932 0.1681/0.2221 0.1771/0.2209 0.1856/0.2513 0.1710/0.2080

No. of atoms 9,261 17,104 17,584 17,125 8,917

Protein 7,932 15,803 15,685 15,789 7,915

Ligand 35 (SO, and GOL) 137 (GF2) 205 (GF3, Cl, 224 (GF4) 112 (GF4)
and GOL)

Ca 4 8 8 8 3

Zn 10 0 0 0 0

Water 1,280 1,156 1,686 1,112 887

B factors 25.79 38.71 30.05 34.00 35.92

Protein 23.90 38.39 29.10 33.74 33.75

Ligand/ion 38.91 33.00 25.64 47.99 64.12

Water 37.03 43.80 39.64 34.86 51.68

RMSD

Bond lengths (A) 0.012 0.010 0.015 0.009 0.012

Bond angles (°) 1.47 1.020 1.68 1.000 1.100

Ramachandran (%)

Most favored 98.4 98.4 98 97 98

Allowed 1.6 1.6 1.9 2.9 1.8

Outliers 0 0 0.1 0.1 0.2

PDB: 5G5Y 5G5Z 5G60 5G61 5G62

Values in parentheses are for highest-resolution shell.

310-helix (residues 263-268), where it may play a structural role in
the stabilization of the second domain; in particular Phe-264 on
strand B8 is directed toward a hydrophobic patch formed by the
C-terminal helices a15, «16, and 17 (Figure 2E).

The structures of FusA in complex with kestose (PDB: 5G52),
nystose (PDB: 5G60), and fructofuranosyl-nystose (PDB: 5G61)
have a similar overall topology to FusA. All sugar-bound struc-

tures undergo the expected large change in conformation on
binding of substrate. This entails a rigid-body reorientation of
the two o/p domains on binding of FOSs, which rotate 23° closer
and trap the FOS substrates at the interdomain cleft (Figures 2F
and 2G, Movie S1).

Structures of all of the SBPs determined up to 2010, except for
three, were assigned to six clusters on the basis of structural
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FusA-apo

Domain [l Domain |

FusA-nystose

Figure 2. FusA-apo and FusA-FOS Complex Structures

(A-C) Ribbon models of the FusA-apo viewed at the indicated orientations.

(D and E) Close-up of the first and second calcium-binding sites; water molecules are shown as red spheres: w1 =76, w2 =918, w3 = 816 in PDB: 5G5Y. Calcium
ions are shown as purple spheres.

(F and G) Structural comparison of FusA-apo (cylindrical helices, light blue) and FusA:nystose complexes (ribbon helices, orange), using the server Rapido
(Mosca and Schneider, 2008). The superposition showed a global RMSD = 2.78 A and the presence of two invariant rigid bodies: domain | (residues 48-165,
350-440) local RMSD = 0.43 A, domain Il (residue 166-349, 441-535) local RMSD = 0.48 A. Two views are shown.

similarities (Berntsson et al., 2010). Each cluster has a distin-  assign it to one of the six classes, but it aligns with two of the pre-
guishing structural feature but other trends were derivable; for  viously unclassified SBPs that are involved in alginate import in
example, most carbohydrate-binding SBPs were found in clus-  Sphingomonas sp. A1: AlgQ1 (PDB: 1Y3N) and AlgQ2 (PDB:
ters B and D. Comparison of the structure of FusA failed to 1J1N). These structures are similar and exhibit additional
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Figure 3. Identification of a New SBP Protein Subfamily
(A) Close-up of the superposition of the EF hand-like motif shown in sticks, hi

ghlighting the polar residue oriented toward the permease.

(B and C) Superposition of FusA, AlgQ1 (PDB: 1Y3N), AlgQ2 (PDB: 1J1N), and Blon_2351 (PDB: 30MB) structures: the ribbon models, viewed at the indicated

orientations, are colored using rainbow colors (blue to red from the N to C ter

'mini). FusA is shown with cylindrical helices.

(D) Sequence and secondary structure alignment of FusA, AlgQ1, AlgQ2, and Blon_2351 colored according to their conservation using ESPript (Robert and

Gouet, 2014).

structural elements including a B sheet in the first domain
and an extra C-terminal region formed by four helices in the
second domain (Figures 3B-3D and S2). Another distinguishing
structural feature is the presence of an EF hand-like calcium-
binding site in domain Il. Further analysis of the PDB identified
another uncharacterized SBP from Bifidobacterium logum,
Blon_2351 (PDB: 30MB) with an EF hand-like calcium-binding
site that also structurally aligned with this cohort of SBP
structures (Figure 3A). Thus, we propose an extension of
the structural classification to a seventh cluster, characterized
by a larger size (~70 kDa), the presence of additional
structural elements that define a larger ligand-binding cavity,
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with respect to the canonical SBPs, and an EF hand-like
calcium-binding site.

Structural Determinants for FOS Binding in FusA

The longest oligosaccharide chain length in the FusA-FOS
complex structures elucidated here was the pentasaccharide
fructofuranosyl-nystose (GF4), which consists of four D-fructose
units and a terminal D-glucose unit. To aid description of
the FusA-FOS complexes we have annotated each FOS as
F1-F2 ... Fo-Gy (F, fructose; G, glucose); fructofuranosyl-nystose
is thus represented by F4-F>-F3-F4-G4 (Figure 4F). In the FusA-
GF4 complex the first fructose, F4, is deeply inserted into the
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Figure 4. FusA Structural Determinants for FOS Binding

(A-C) Enlarged views of the FusA substrate-binding pocket (magenta) (A), (orange) (B), and (yellow) (C), respectively, in complex with fructofuranosyl-nystose

D) Structural superposition of the binding pockets.
E) Pull-down assay of FusA mutants.
F) Chemical structures of FOSs.

substrate-binding cavity with four amino acids interacting
directly with it through hydrogen bounds (Glu167, Trp314,
Trp384, and Arg419; Figure 4A and Table S2). His177 and
Glu167 form the base of the substrate-binding pocket contrib-
uting to the overall polarity of the site and, along with Arg419, an-
chor the first fructose to FusA. The F, fructose hydroxyl groups
form hydrogen bonds with Asn235, Asn318, Arg419, and or-
dered waters; this sugar moiety is sandwiched between
Trp314, which stacks against the fructopyranose ring, and
Arg419. The F3 and F, fructose moieties interact with Glu423
and well-defined water molecules, respectively. The terminal
glucose G1 makes no direct contacts with FusA, and the bind-

pink), nystose (light orange), and kestose (light green); water molecules are shown as red spheres.

ing cavity is sufficiently large to allow a large degree of flexibility
that is reflected in the higher B factors for G4. Arg419 plays a
pivotal role in defining the binding conformation of fructopyra-
nose by interacting through hydrogen bonds to the first and
the second fructose units and the oxygens of the glycosidic
bonds between F4, F,, and F.

Analysis of the structure of FusA in complex with kestose (GF2)
and nystose (GF3) reveals that the protein-FOS interactions are
conserved at the F; and F, fructose-binding sites. The shorter
chain length FOSs position the terminal Gy glucose deeper in
the binding cleft where it directly interacts with FusA through in-
teractions not found in the GF4 complex with Lys353 and GIn376
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Figure 5. FusA Structural Determinants for Carbohydrate Binding Are Involved in FOS Import
(A) Growth curves of S. pneumoniae on defined medium containing nystose as a sole carbon source. Endogenous FusA was mutated as described for each panel.
An optical density at 600 nm (ODgqo) for wild-type and every mutant was measured every 20 min for 96 hr, showing that most of the mutants have impaired growth

on nystose.

(B) Schematic representation of the FusA-FOS-binding site, highlighting the residues involved in FOS binding and import: dotted lines indicate hydrogen bonds or
polar interactions, while the gray ring represents the stacking interaction of Trp314 on F,. Mutation of these amino acids affect strongly (red), weakly (yellow), or do

not affect (green) binding (inner rectangle) or import (outer circle).

in the case of the nystose and kestose complexes, respectively
(Figures 4B-4D).

Based on the analysis of the three FusA-FOS complexes we
probed the importance of Glu167, His177, Trp314, Asn318,
Trp384, Arg419, and Glu423 by site-directed mutagenesis and
binding analysis of the mutants. Pull-down experiments on
beads covalently conjugated with GF3, GF4, and inulin showed
that all mutants except His177Ala failed to bind FOS, although
this mutation did reduce the binding affinity for FOS (Figure 4E).
ITC analysis confirmed the pull-down data and showed a
decrease in the binding affinities of His177Ala and Glu423Ala
mutants by approximately 2- and 10-fold, respectively, a
considerable reduction to the millimolar range for Asn318Ala
and Trp384Ala mutants, and the abolishment of binding for all
others mutants (Table S1). In summary, the data show that bind-
ing of FOSs by FusA is dependent on multiple amino acids,
which directly interact with the fructose units inserted in the
inner cavity of the binding site (Fi-F3) of FusA. In particular,
mutation of Glu167 and Arg419, which make strong hydrogen-
bonding interactions with the fructose units F4-F3, and Trp314,
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which is involved in -7 stacking interactions with the Fj
fructose ring, each play an essential role in binding of FOSs
(Figure 4D).

To assess the impact of an altered substrate-binding affinity
for FOSs in S. pneumoniae we tested the ability of all FusA mu-
tants to grow using nystose (GF3) as their sole carbon source
and compared this with the parental strain. As a control the
genes encoding the fus transporter were deleted, which led, as
reported previously, to no growth, while maximal growth is
observed at 40 hr when wild-type FusA is expressed (Figure 5A).
Mutation of Glu167, Trp314, and Arg419 to alanine prevented
any growth on nystose, while the generation time and maximal
optical density are considerably impaired and altered for muta-
tion of His177, Asn318, and Trp384 to alanine (Table S3). These
data align with the structural data emphasizing the importance of
the hydrogen-bonding interactions of Glu167, Trp314, Asn318,
and Arg419 and of the stacking of Trp314. Growth on nystose
with the His177Ala mutant is greatly impaired indicating the
importance of the substrate cleft floor polarity for directing bind-
ing of FOS to FusA. Mutation of Glu423 also perturbs the growth



on nystose: in each experiment, growth of the Glu423 mutant
starts earlier than that of the parental strain, but reaches a lower
maximal optical density. The structural data show that the
carboxylate of Glu423 forms stereochemically less-favorable
hydrogen bonds to the hydroxyl group of the fructose F3 and re-
duces the binding affinity by an order of magnitude. Why the
absence of this interaction leads to the observed growth profile
is unclear, but all data are consistent with a role for Glu423 in
carbohydrate binding and transport.

Functional Role of the EF Hand-like
Calcium-Binding Site
As EF hand-like calcium-binding proteins have been implicated
in a variety of cellular processes in bacteria, we probed the
importance of calcium-binding by this motif for FOS uptake by
FusA. A double mutation of two of the protein calcium metal li-
gands Asp223 and Glu224 to alanine was designed to disrupt
binding of calcium to the EF hand-like motif. The pull-down
assay and ITC measurements revealed that this double
alanine mutation of the protein calcium ligands does not perturb
FOS binding (Figure 4E and Table S1). Strikingly, the ability of
the EF hand-like mutant to grow on nystose as the sole
carbon source was abolished (Figure 6B). The structure of the
Asp223Ala:Glu224Ala mutant in complex with fructofuranosyl-
nystose has been determined to a resolution of 1.99 A (PDB:
5G62) and reveals the overall structure to be identical to the
wild-type protein (global root-mean-square deviation [RMSD]
of 0.7 A for all protein atoms, Figure 6A). While one of the chains
of the asymmetric unit is completely lacking the calcium ion in
this EF hand-like loop, the other subunit shows calcium bound
but displaced by 6.1 Afromits position in the wild-type. This per-
turbs the calcium-binding site in the Asp223Ala:Glu224Ala
mutant from an octahedral to a less-favorable pentagonal bipyr-
amidal coordination. The structural rearrangements result in the
metal coordinating with the carboxylate of Asp215, the main
chain oxygen of Lys212, and five water molecules, instead of
the seven protein ligands as in the wild-type (Figures 2D and
6C). We propose the presence of this calcium ion in one of the
subunits of FusA to be a crystal artifact arising from the high con-
centration of calcium in the crystallization conditions (20 mM)
and the intermolecular interactions provided by the crystal pack-
ing in this subunit. Nevertheless, the mutations in the EF hand-
like motif result in the EF hand-like loop being shifted by 6 A
(Figure 6A) and significant disorder introduced (Figure 6D).
These data indicate that the conformation and integrity of the
EF hand-like calcium-binding site plays an essential role in sub-
strate translocation as binding of substrate to the SBP is unper-
turbed. Analysis of a recently determined structure of a bacterial
alginate ABC transporter in complex with its SBP provides a
high-resolution structure of the SBP:permease interface. The
SBPs of this alginate ABC transporter, AlgQ1 and AlgQ2, are
structurally homologous to FusA (Figure 3) and are grouped in
the identified seventh class of SBPs proposed here, based on
structural similarity and in particular on the presence of an EF
hand-like calcium-binding site. The EF hand-like motif of AlgQ2
interacts with the permease (AlgM1) at the complex interface
and contributes to a proposed substrate tunnel between AlgQ2
and AlgM1 (Maruyama et al., 2015) (Figure 7A). The EF hand-
like bound calcium restrains the loop conformation and directs

Lys201 of AlgQ2 toward GIn60 of AlgM1 to form a salt bridge.
Superposition of FusA onto AlgQ2 bound to the AlgM1M2SS
transporter shows the EF hand-like calcium-binding site is com-
parable and we propose a similar salt bridge to be formed with
Glu221 of FusA and potentially Arg59 of FusB derived from a
structure-based sequence alignment of AlgM1 and FusB (Fig-
ure 7B). Disruption of the calcium-binding site as observed in
the Asp223Ala:Glu224 mutant would affect the SBP permease
interactions, which are directed by binding of calcium in the EF
hand-like motif. Moreover we propose that these interactions
are essential to sense conformational changes in the nucleo-
tide-binding domains of the ABC transporter that form part of
the alternating access model of substrate translocation.

Solution Structures of SfuA in Its Apo-Open and
Holo-Closed Conformation

As SfuA failed to crystallize, we structurally characterized SfuA-
apo and SfuA in complex with kestose using small-angle X-ray
scattering (SAXS). As expected, the scattering curves and the
pair distribution functions P(r) for SfuA in complex with kestose
point to a more rigid and compact globular structure than for
SfuA-apo, with a radius of gyration (Ry) of 21.8 A and a maximal
intraparticle dimension (Dpay) Of 68 A; while the apo-protein
shows a bimodal curve with two distinctive shoulders in the scat-
tering curve at q values of 0.25 and 0.35, an Ry 0f 22.4 Aand Dinax
of 72 A, reflecting the larger interdependent flexibility of the two
characteristic domains in the absence of bound FOS (Figures 8A
and 8B). We used the extensive structural data available for the
SBP family in the PDB to generate homology models of SfuA in
its apo- and holo-forms using automated homology-modeling
servers (Biasini et al., 2014; Kelley et al., 2015). Comparison of
the SAXS experimental profiles to the theoretical curves gener-
ated with the homology models showed good agreement, with
%2ree Values of 1.26 and 1.21 for the apo- and holo-forms,
respectively (Figures 8E and 8H). Furthermore, the ab initio
SAXS envelopes generated by the experimental curves fit well
with the homology models used in our analyses (Figures 8C—
8l). The SfuA homology model fits to the cluster B class of
SBPs and presents a substrate-binding cavity with dimensions
of approximately 8.9 x 4.0 A and a volume of ~391 A3, which
is in line with the other SBPs in this subclass (cavity volumes
ranging from 115 to 590 As). The SfuA cavity is significantly
smaller when compared with that of FusA, which extends in
length by 21.5 A and has a radius varying between 2.4 and
6.5 A (volume ~2,218 A%). The significantly reduced size of the
SfuA-binding cavity aligns with the higher binding affinities of
short-chain FOSs and the inability of pneumococcal strains
encoding the SfuABC transporter to grow on inulin as a sole
carbon source (Figures 8J and 8K).

DISCUSSION

The structures of the SBPs FusA and SfuA of the FOS ABC trans-
porters FusABC and SfuABC from S. pneumoniae shows the
substrate-binding cleft of FusA to be at least three times greater
in volume than SfuA and provides the structural basis for the
observation that only S. pneumoniae strains encoding FusABC
are able to utilize inulin as a carbon source. High-resolution
structural and mutational analysis of the FusA SBP complexed

Structure 25, 79-93, January 3, 2017 87

CellPress




FusA-GF4
FuspP23rE2248 _GF4
FuspPZerE224A_GE4

0.2
ODso0 0.11NoBaC
0

0.2
ODe0o o.@AfusABc
0
0.44

0.34

ODs00 () 2]

0.11 wild type
0

0.2
ODso00 0-1%D223AE224A
0

0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Time (hours)

D
6 Normalized mean B-factors (all)
—— FusA-GF2
sk —— FusA-GF3 i
- —— FusA-GF4
8 —— FusAD2BAE224A_ 5y
a 4f 1
<
@
£
~ 3 B 7
o
L
|
[an]
o 2 1
>
o
172
Q
o 1t E
0 . . . . .
0 100 200 300 400 500 600

Residue number

Figure 6. Functional Role of the Calcium-Binding Site

(A) Superposition of the structures of FusA":fructofuranosyl-nystose (orange ribbons) and FusAP?2%A~E224A-frctofuranosyl-nystose (green and yellow ribbons)
complexes, indicating that the mutation affects only the EF hand-like motif reorienting Glu221.

(B) Growth curves of S. pneumoniae on nystose-supplemented medium. Endogenous FusA was mutated as described for each panel. No growth for the double
mutant is observed on nystose.

(C) Details of the EF hand-like calcium-binding site of chain A of the FusAP22%A~E22%Afrcto-nystose complex (yellow ribbons and sticks, with mutated residues
highlighted in magenta; calcium and waters in white and red spheres, respectively); water molecules w1 =95, w2 =412, w3 =284, w4 =599, and w5=238in PDB: 5G62.
(D) Normalized mean B factors for FusA:GF2 (green), FusA:GF3 (cyan), FusA:GF4 (blue), and FusAP?23A-E224A:GF4 (magenta-red) complexes as a function of
amino acid residue, highlighting the effect on the EF-hand-like motif for FusAP?23A-E22,
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Figure 7. Fus/Alg Transporter Superposition

(A) Ribbon diagrams of FusA (orange) superposed
to AlgQ2 (purple) in the whole transporter context
(PDB: 4TQU), including AlgM1 (cyan) AlgM2
(green), and AlgS (pink and yellow) shows that the
position of the EF hand-like motif is conserved at
the interface between the SBP and the permease.
(B) Sequence and secondary structure alignment
of FusB and AlgM1 colored according to their
conservation using the ESPript software (Robert
and Gouet, 2014).

Comparison of the FusA structure with
other SBPs identified unique structural
features that could not be accommo-
dated into previously defined classes,
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ters (Berntsson et al., 2010). Interestingly
s FusA aligned with two of the previously
unclassified SBPs namely, AlgQ1 and
AlgQ2 (Figure 3). The distinguishing fea-
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are significantly larger in size compared
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to a range of FOSs revealed that three amino acid residues
(Glu167, Trp314, and Arg419) are essential for FOS binding
and pneumococcal growth on nystose (Figures 5A and 5B).
The structures of FusA complexed to fructofuranosyl-nystose,
the longest FOS studied here, identified another four amino
acid residues that either directly interact with bound FOS or
formed part of the inner wall of the binding cavity. Mutation of
each of these amino acid residues to alanine (His177, Asn318,
Trp384, and Glu423) reduced the affinity of FusA to FOS and
substantially affected pneumococcal growth of nystose (Figures
5A and 5B). FusABC had previously been proposed to transport
sucrose (Bidossi et al., 2012), but here we show conclusively that
both FusA and SfuA have no affinity for sucrose which agrees
with earlier evidence of involvement in FOS transport (Linke
et al., 2013). Analysis of the structures of the FusA:FOS com-
plexes point to Trp314 and Arg419 endowing strict specificity
for afructose ring in the second position at this FOS subsite bind-
ing. FusA is unable to accommodate the glucose ring of sucrose
at this subsite due to the stereochemical restraints of the binding
site that prevent favorable stacking and hydrogen-bonding inter-
actions with Trp314 and Arg419, respectively. A similar level of
fine-tuning of substrate specificity has been observed for the
SBP of the GInPQ transporter, where several residues in the
ligand cavity contribute the binding interaction and where sub-
strate affinity is determined by a subset of these interacting res-
idues (Fulyani et al., 2013).

AlgM1/1-324 YETAD] ST‘IYR ....... LEL RYDTATA] G 1 IVTF NHMSRRITKT
FusB/1-305 EPLOLIYLRKILIQSQPGODMI[HA] A MNEMKRLI IKYATI PLIV YPFFQKYFDK AGSLKG

elements also extend the ligand-binding
cavity enabling large substrates to be
bound. In particular, the C-terminal region
of these SBPs expands to four « helices
and the core of the first domain is formed
by two coplanar a sheets instead of by
only one. This is in contrast to the OppA subfamily, which also
are at the larger end of the molecular weight spectrum
(cluster C) where the extra structural components that contribute
most to the expansion of the binding cavity are assembled as a
single domain at the N terminus of the protein (Berntsson et al.,
2009; Tame et al., 1994). As in OppA*, which can potentially bind
peptides up to 35 residues, FusA is able to bind a long-chain
oligosaccharide, such as inulin, composed of up to 40 fructose
moieties, as a consequence of its extended cavity. FusA has
seven 34¢-helices, but the number and the position among the
other proteins of this cluster are variable (2, 3, and 11 for
AlgQ2, AlgQ1, and Blon_2351, respectively), which does not
make them a distinctive feature of the subgroup. All these pro-
teins contain an EF hand-like metal-binding site, which is located
between helix o8 and the 6 strand (Figures 3A-3C). This EF
hand-like motif is positioned at the interface of the SBP and
the permease as revealed by the structure of the alginate
ABC transporter from Sphingomonas sp. A1 (Maruyama et al.,
2015). These structural features and the overall structural similar-
ities allow the extension of SBP classification to a new class
(class G) of SBPs represented by AlgQ1, AlgQ2, FusA, and the
uncharacterized protein Blon_2351. Our data have shown that
integrity of the EF hand-like motif is essential for substrate trans-
location. Analysis of the cluster G SBPs shows that in the pres-
ence of calcium the EF hand-like domain directs the conserved
residue 7 of the motif toward the permease interface, enabling

EF hand interacting
residue
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Figure 8. SfuA-apo and SfuA:kestose Complex in Solution Structures

(A) SAXS profiles for SfuA-apo (dark green circles) and SfuA:kestose complex (purple circles) overlaid with fits derived from the indirect Fourier transform of the
shown data points (light green and pink lines, respectively).

(B) P(r) plots calculated with scatter and normalized at peak height exhibit a bimodal pattern for SfuA-apo with a radius of gyration (Rg) of 22.4 A and a maximal
intraparticle dimension (Dpmay) of 72 Z\; the SfuA:kestose complex structure shows a lower Ry and Dpmayx (21.8 and 68 Z\, respectively).

(C, D, F, G, and I) Ab initio models calculated with DAMMIF (Petoukhov et al., 2012) of SfuA-apo (light green envelope) and SfA:kestose complex (pale pink
envelope) superposed with SfuA homology models with (pink ribbon) and without ligand (green ribbon) in two orientations.

(E and H) SAXS profiles for SfuA-apo (light green) and SfuA:kestose complex (pale pink) overlaid with the calculated profiles (FOXS server; Schneidman-Duhovny
et al., 2010) from the structures of SfuA-apo and SfuA-holo models (red lines).

(J and K) Ribbon diagram of the structure of SfuA:kestose complex (pink) and FusA:nystose complex (orange), highlighting the different substrate-binding cavity
volumes (gray mesh) obtained with POCASA (Zhang et al., 2011).
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formation of a salt bridge in the complex, which we propose has
a structural and sensing role for substrate translocation (Figures
3A, 7A, and 7B). A similar metal-binding site in this location can
also be detected in other SBPs not belonging to this class, such
as the galactose-binding protein (PDB: 1GCG), the chitin-bind-
ing protein (PDB: 4GFR and 4GF8), and the oligopeptide-binding
protein (PDB: 4PFY) (Flocco and Mowbray, 1994; Ghimire-Rijal
etal., 2014). Inthe case of the galactose-binding protein, a struc-
tural as well as signaling role was hypothesized previously for the
calcium-binding site, based on roles defined for calcium EF hand
motifs in other systems (Vyas et al., 1987). However, at that time,
no experimental data to assign a role in signaling were available.
Further evidence for the importance of interactions at this local-
ized site in domain Il at the SBP:permease interface has been
demonstrated by targeting the same surface of the SBP MntC
with an antibody fragment which blocks the interaction with
the permease component and prevents substrate import (Ahuja
et al., 2015). In conclusion, we propose that the EF hand-like cal-
cium-binding site is essential for substrate translocation and also
aids in defining a new class of SBP.

EXPERIMENTAL PROCEDURES

Cloning and Protein Production

The gene fragment encoding the FusA and SfuA SBPs of Streptococcus pneu-
moniae TIGR4 (locus tag SP_1796) and Streptococcus pneumoniae D39 (locus
tag SPD_1585) without their signal peptides (FusA*’—5%8 and SfuA3'—4%,
respectively) were cloned into pOPINF and pOPINE-3C-eGFP vectors
(OPPF-UK) (Berrow et al., 2007). The fusion proteins were expressed in
BL21 Rosetta E. coli cells by autoinduction using Overnight Express Medium
(Millipore) supplemented with 1% glycerol. Cells were lysed in 0.1 M HEPES
(pH 7.5), 0.5 M NaCl, 0.02 M imidazole, and 10% glycerol supplemented
with EDTA-free protease inhibitors (Roche) and the supernatant clarified by
centrifugation (1 hr, 100,000 x g). Proteins were purified by Ni-NTA affinity
chromatography followed by size-exclusion chromatography using a
Superdex 200 column equilibrated in 0.01 M HEPES (pH 7.5), 0.5 M NaCl,
2.5% glycerol, and 0.25 mM Tris(2-carboxyethy1)phosphine. All the point
mutation variants (Asp223Ala-Glu224Ala, Glu167Ala, His177Ala, Trp314Ala,
Asn318Ala, Trp384Ala, Arg419Ala, and Glu423Ala) that were generated by
PCR using QuikChange Il Site-Directed Mutagenesis Kit (Agilent Technolo-
gies) were expressed and purified as for the wild-type protein.

Crystallization and Structure Determination

Crystals of apo FusA*”~5% were obtained by vapor diffusion from a 1:2 volume
ratio of protein at 26 mg/mL to the reservoir (15% poly-ethylene glycol 6000
[PEG 6000], 0.1 M Tris-HCI [pH 8.0], and 0.01 M zinc chloride) at 4°C. Nee-
dle-shaped crystals of FusA*’~5%8 in complex with kestose, nystose, and fruc-
tofuranosyl-nystose were obtained by co-crystallization of the protein at
24 mg/mL in the presence of each FOS at 10 mM concentration, respectively,
using a reservoir solution containing 20% PEG 6000, 0.1 M sodium acetate
(pH 5.0), and 0.02 M calcium chloride. Plate-shaped crystals of FusA*’~%38-
eGFP were obtained by sitting-drop vapor diffusion at 4°C mixing the protein
at 10 mg/mL with a reservoir solution containing 18% PEG 6000, 0.1 M Tris-
HCI (pH 8.3), and 0.01 M zinc chloride. X-Ray data were collected at Diamond
Light Source from crystals which were cryoprotected (reservoir buffer supple-
mented with 25% glycerol) and flash-cooled in liquid nitrogen. All data were
processed with xia2 (Winter et al., 2013). A summary of the data collection
and processing statistics is given in Table 1. Initial phases were obtained by
molecular replacement using the structure of EGFP (PDB: 4N3D) as a search
model in Phaser (McCoy et al., 2007) using the GFP-tagged FusA diffraction
data. Automatic model building with Buccaneer (Cowtan, 2006) produced a
series of partial models of FusA*’ =58 which were successfully used as search
templates for molecular replacement against the 1.9 A resolution dataset of
apo FusA*" %38, using Phaser and Shelx (Sheldrick, 2010). Model building

and refinement was completed through iterative cycles of automatic and
manual model building in Phenix (Adams et al., 2010) and Coot (Emsley
etal., 2010), respectively (Table 1). The final model of apo FusA*"~5% is a dimer
with a well-defined interpretable electron density for the complete polypeptide
chain in addition to the GP sequence at the N terminus. The FusA*’~5%8_FQS
complex structures were solved by molecular replacement using the two do-
mains of FusA*” %38 separately (residues 47-143 and 189-339). Model building
and refinement was carried out as described above (Table 1). All FusA*"—538-
FOS complex structures crystallized with four subunits of FusA in the asym-
metric unit. The structures were visualized by PyMOL (www.schrodinger.
com/pymol) and Chimera (Pettersen et al., 2004).

Small-Angle-X-Ray Scattering

Size-exclusion chromatography-coupled SAXS data were collected on B21 at
Diamond Light Source. SfuA protein samples (100 uL, 10 mg/mL) were loaded
on a KW404 Shodex column equilibrated with 20 mM Tris-HCI (pH 8) and
200 mM NaCl buffer, and the elution peak was analyzed in an in-vacuum quartz
capillary, 1.6 mm diameter. SAXS images were collected with 1 s exposures on
a PILATUS 2 M detector (DECTRIS); for the SfuA FOS complex the protein
sample was mixed with 5 mM kestose. Images were corrected for variations
in beam current, normalized for exposure time, and processed into 1D scat-
tering curves using in-house software (GDA). Buffer subtractions and all other
subsequent analysis were performed with the program SCATTER (http://www.
bioisis.net/scatter).

Twenty ab initio models were generated by DAMMIF/DAMMIN and aver-
aged by DAMAVER in the ATSAS program package (Petoukhov et al., 2012).
The final model for SfuA-apo and SfuA-kestose were superposed to SfuA-
apo and SfuA-holo homology models using SUPCOMB, and the theoretical
scattering profile of the models in reciprocal space was calculated by FOXS
(Schneidman-Duhovny et al., 2013). The agreement between the experimental
SfuA and theoretical SfuA curves was estimated using FOXS and SCATTER
(%%ree) (Rambo and Tainer, 2013; Schneidman-Duhovny et al., 2010).

Pull-Down Assays

FOS-conjugated beads were prepared using epoxy-activated Sepharose 6B
medium (GE Healthcare) as described by the provider. The FOS-conjugated
beads were incubated for 1 hr at 4°C with 1-2 uM purified SfuA, FusA*’—5%8
(wild-type and point mutants), and SP1690 (as a negative control) in a buffer
containing 0.01 M HEPES (pH 7.5), 0.25 M NaCl, 5% glycerol, and 0.1%
Tween. After extensive washes, the bounded fraction was analyzed by SDS-
PAGE.

Thermal Shift Assay

The experiments were performed on a Bio-Rad Opticon2 RT-PCR machine
monitoring excitation/emission fluorescence at 500/590 nm. The proteins
were diluted to 50 uM in 0.01 M HEPES (pH 7.5), 0.25 M NaCl, and 5% glycerol
buffer supplemented with 50 uM of ligand and 2x SYPRO orange (Invitrogen).

Isothermal Titration Calorimetry

Binding of FOSs to FusA*’ 5% was measured at 25°C using a MicroCal iTC200
microcalorimeter (Malvern Instruments). Buffer conditions were 0.01 M HEPES
(pH 7.4) and 0.15 M NaCl (ITC buffer). Protein and the respective FOS were dis-
patched into the cell and syringe, respectively. Specific heat as a result of dilu-
tion of FOS in the protein buffer was taken into account. Data were analyzed
using MicroCal Origin software (version 7) fitting to a single-site binding model.
Detailed methods are given in Supplemental Information.

Pneumococcal Strains, Culture Media, and Chemicals

Growth studies were conducted using S. pneumoniae strain TIGR4 and mu-
tants generated in that background (Tettelin et al., 2001). Broth cultures
were routinely grown at 37°C in Todd-Hewitt Broth (Becton Dickinson) supple-
mented with 0.2% (w/v) yeast extract (Becton Dickinson) (THY). C medium
with 5% yeast extract (pH 8; C + Y) was used for transformations (Lacks and
Hotchkiss, 1960). S. pneumoniae were also grown at 37°C and 5% CO, on
tryptic soy agar (TS; Becton Dickinson) spread with 5,000 U of catalase (Wor-
thington Biochemical) and TS plates supplemented with 5% sheep blood
(Becton Dickinson). Transformants were selected on TS plates containing
streptomycin (200 pg/mL) or kanamycin (500 pg/mL).
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Growth Assays

Growth assays were conducted in chemically defined media essentially as
described previously, except that the concentrations of glucose (6 mM) and
nystose (1.5 mM) were modified and the assays were conducted for 96 hr
(Linke et al., 2013). All strains were tested for growth in triplicate indepen-
dently. The data presented are the mean data points from one representative
growth experiment. While the data from individual experiments could not be
compiled due to day-to-day differences in growth, the reduced or lack of
growth on nystose for individual mutants was reproducible in all experiments.
No difference in the ability of any strain to grow on glucose was observed. Gen-
eration of mutants are described in Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
two figures, three tables, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.str.2016.11.008.
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