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SUMMARY

The genome of Streptococcus pneumoniae strains, as typified by the TIGR4 strain, contains
several genes encoding proteins putatively involved in a-glucan degradation, modification and
synthesis. The extracellular components comprise an ABC-transporter with its solute-binding
protein, MalX, and the hydrolytic enzyme SpuA. We show that of the commonly occurring
exogenous a-glucans, S. pneumoniae TIGR4 is only able to grow on glycogen in a MalX and
SpuA-dependent manner. SpuA is able to degrade glycogen into a ladder of a-1,4-
glucooligosaccharides while the high affinity interaction (K, ~ 108 M~1) of MalX with
maltooligosaccharides plays a key role in promoting the selective uptake of the glycogen
degradation products that are produced by SpuA. The X-ray crystallographic analyses of apo- and
complexed MalX illuminate the protein’s specificity for the degradation products of glycogen and
its striking ability to recognize the helical structure of the ligand. Overall, the results of this work
provide new structural and functional insight into streptococcal a.-glucan metabolism while
supplying biochemical support for the hypothesis that the substrate of the S. pneumoniae a-glucan
metabolizing machinery is glycogen, which in a human host is abundant lung epithelial cells, a
common target for invasive S. pneumoniae.
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INTRODUCTION

Streptococcus pneumoniae is a Gram-positive bacterium that frequently asymptomatically
colonizes the nasopharynx of humans. Given the appropriate circumstances, however, this

bacterium can become an aggressive pathogen causing a wide variety of diseases including
serious invasive infections such as pneumonia and meningitis (Kadioglu & Andrew, 2004).
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The frequency and severity of S. pneumoniae infections have made it the subject of intense
studies aimed at identifying bacterial and host factors that contribute to the prowess of this
organism as a pathogen. Several studies, including large-scale signature tagged mutagenesis
experiments (Hava & Camilli, 2002, Chen et al., 2007, Polissi et al., 1998, Lau et al., 2001),
have revealed a large number of virulence factors, which, surprisingly, have known or
predicted roles in carbohydrate metabolism. Among the known ones are the neuraminidases
and hyaluronate lyase, which have been well-studied (Jedrzejas, 2007); however, the vast
majority of these streptococcal carbohydrate-active virulence factors remain unexamined.

Among the emerging streptococcal virulence factors involved in carbohydrate metabolism
are a group of proteins that are putatively involved in a-glucan degradation and synthesis. a-
glucans are a group of polysaccharides, for example starch (a composite of amylose and
amylopectin) and glycogen, that are defined by their predominant composition of a-linked
glucose. Examination of the S. pneumoniae genome, which contains up to 11 genes
encoding proteins involved in the breakdown and/or biosynthesis of a-glucans and an
additional 5 genes encoding regulatory and transport proteins related to these metabolic
functions, indicates the capacity for this bacterium to sense, respond to and metabolize a-
glucans (Table 1). Six of these genes have been identified by signature-tagged mutagenesis
to be necessary for the full virulence of S. pneumoniae (Hava & Camilli, 2002) (Table 1).
The importance of a-glucan utilization pathways to bacterial virulence is somewhat
surprising considering that the evolutionary retention of a-glucan metabolizing machinery
has been linked to a “free-living” bacterial lifestyle, rather than one of commensalism and/or
pathogenesis (Henrissat et al., 2002). Recent studies of a-glucan utilization in S. pyogenes
(group A streptococcus or GAS) is beginning to provide insight into this apparent
inconsistency. Microarray analysis of the S. pyogenes transcriptome has indicated that a-
glucan utilization occurs in deep infections of soft tissue (Graham et a/., 2006). Subsequent
studies have specifically shown that the maltooligosaccharide specific solute-binding
protein, MalE, and maltose/maltotriose specific phosphotransferase system, MalT, enable
colonization of the oropharynx through their niche-specific role in the utilization of dietary
starch (Shelburne et al., 2007, Shelburne et al., 2008, Shelburne et a/., 2006). More
strikingly, a recent study has shown that a GAS cyclodextrin glucanotransferase produces
extracellular cyclodextrins from exogenous starch, which facilitates host epithelial cell
invasion by a process that does not appear to be linked to energy liberation(Shelburne et al.,
2009). Despite these advances, beyond an appreciation of the genes in the pneumococcal
genome that encode proteins putatively involved in a-glucan metabolism, few details have
been confirmed regarding the metabolism of this class of polysaccharide by S. pneumoniae
and even less is understood about the apparent involvement of this metabolic process in
pneumococcal virulence.

Among the six putative pneumococcal virulence factors suggested to be involved in a-
glucan degradation are SpuA, a cell-wall attached protein classified as a pullulanase, and
MalX, the lipid-anchored solute-binding protein (SBP) of a maltooligosaccharide specific
ATP-binding cassette (ABC) transporter. MalX and SpuA are particularly notable as they are
the only extracellular components of the predicted pneumococcal a-glucan metabolism
machinery, suggesting their importance in exogenous a.-glucan metabolism (Table 1). The
genetic structure of S. pneumoniae’s maltodextrin utilization operon was described quite
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some time ago when it was found through genetic means that MalX was required for the
bacterium’s growth on maltotetraose (Puyet & Espinosa, 1993) (Figure 1); however, this was
not considered in the context of polysaccharide metabolism. SpuA (S. pneumoniae
pullulanase A) was more recently identified through screening a genome-based library
against convalescent-phase human serum and confirmed as being an immunogenic cell-
surface attached protein with activity on the bacterial a-glucan pullulan (Bongaerts et al.,
2000). Though the a-glucanase activity of SpuA was conclusively demonstrated, pullulan is
a biologically rare polysaccharide thus leaving the biological substrate of SpuA unknown.
Towards identifying a biologically relevant substrate for SpuA, we recently dissected the
modular architecture of SpuA’s 1280 amino acids to reveal a complex multimodular
structure, which includes two family 41 carbohydrate-binding modules (CBMs) at its N-
terminus, and a family 13 glycoside hydrolase catalytic module at its C-terminus (van
Bueren et al., 2007, Boraston et al., 2004, Stam et al., 2006)(Figure 1). Significantly, the
CBMs were demonstrated bind to glycogen stores in type Il alveolar lung cells leading to
our prediction that exogenous glycogen, possibly that in lung cells, is a relevant and viable
target for S. pneumoniae’s a.-glucan metabolising machinery (van Bueren et al., 2007).
Should this be the case, the extracellular localization of SpuA and MalX leads to the
expansion of this hypothesis to suggest that these two proteins will work in concert and be
critical to the depolymerization of exogenous glycogen and the transport its breakdown
products. In this work we provide compelling support for these hypotheses through
functional analyses of purified recombinant SpuA and MalX, demonstration of their role in
S. pneumonia€e’s growth on glycogen, and the X-ray crystallographic analysis of the
structure of MalX.

RESULTS AND DISCUSSION
SpuA partly depolymerises glycogen

The qualitative analysis of SpuA’s activity on pullulan, a linear a-glucan comprising
maltotriose (three a-1,4-glucose residues) units joined by a-1,6-glycosidic linkages, led to
the postulation that this protein is active on the a-1,6-linkages in this polysaccharide
(Bongaerts et al., 2000). More recently, the related pullulanase from S. agalactiae, SAP, was
demonstrated to degrade pullulan into maltotriose by hydrolysis of the a-1,6-linkages (Santi
et al., 2008). SAP was also able to depolymerize glycogen into an uncharacterized
population of oligosaccharides. To better examine a.-glucan degradation by SpuA we cloned
and overexpressed a gene fragment encoding the two N-terminal CBMs, the linker module,
and the catalytic module of SpuA (see Figure 1), and purified the protein product. Like SAP,
SpuA hydrolyzed pullulan to generate a sugar product with a fluorophore-assisted
carbohydrate electrophoresis (FACE) mobility (Figure 2A) and thin layer chromatography
mobility (not shown) most consistent with maltotriose. No activity on dextran, a pure
polymer of a-1,6-linked glucose, could be detected (not shown). Together, these results are
consistent with selectivity for a-1,6-linkages but only in the context of stretches of a-1,4-
linked glucoses. Pullulan, however, is a relatively rare fungal polysaccharide making it an
unlikely biological substrate for streptococcal pullulanases. Thus, we examined the product
profile of SpuA treated glycogen, a more relevant substrate as it is a common storage
polysaccharide in many organisms including humans, by FACE and high-performance
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anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD), both
of which showed the generation of an array of gluco-oligosaccharides having degrees of
polymerization (DP) ranging from one (glucose) to over thirty (Figure 2B and C).
Furthermore, the electrophoretic mobilities (FACE) and elution positions (HPAEC) of the
low molecular weight oligosaccharides produced by the SpuA-catalyzed degradation of
glycogen matched those of pure a-1,4-glucooligosaccharide standards with degrees of
polymerization (DP) from 2 (maltose) to 8 (maltooctaose)(Figure 2B and C). No evidence of
products containing a-1,6-linkages, which did show distinctive properties by HPAEC, could
be detected. Given that glycogen comprises a-1,4-linked glucose chains with a-1,6-linked
branches of these chains occurring every 8-12 glucose residues, this hydrolysis pattern is
again most consistent with the SpuA-catalyzed hydrolysis of a-1,6-glycosidic linkages at
the glycogen branch points.

MalX interacts tightly with maltooligosaccharides

Though the genetic analysis of the pneumococcal maltodextrin utilization operon revealed
the importance of MalX in maltodextrin utilization the direct interaction of this protein with
sugars has not been demonstrated. To facilitate analysis of MalX the gene fragment
encoding a soluble form of the protein was expressed in £. coli and the overproduced protein
purified. The interaction of MalX with maltooligosaccharides was quantified by both UV
difference binding analysis and isothermal titration calorimetry (Figure 3, Table 2). Initial
UV difference scans revealed a complex UV difference profile comprising at least four
peaks, consistent with a composite spectrum resulting from the involvement of both
tryptophan residues and tyrosine residues in carbohydrate recognition by this protein
(Boraston et al., 2001)(Figure 3A). Both methods gave experimental stoichiometries
consistent with 1:1 binding and revealed relatively high-affinity interactions in the 1 x 10°—
108 M~1 range for linear oligosaccharides increasing in size from maltotriose to
maltooctaose, all of which is in agreement with other maltodextrin binding proteins
(Shelburne et al., 2007, Thomson et al., 1998)(Table 2). The protein’s affinity for maltose,
which could only be approximated by UV difference due to very weak binding, was
approximately 3 orders of magnitude weaker than for maltotriose. The very weak affinity of
MalX for maltose suggests that this protein would not able to facilitate the transport this
disaccharide. For linear maltooligosacchardes larger than maltose, the association constants
were very similar with only a roughly 2-fold difference observed between the highest and
lowest affinities. MalX also had a very low affinity for maltotetraitol, which contains a
linearized and oxidized reducing end sugar, indicating that MalX is selective for
maltooligosaccharides with an intact reducing end.

The poor binding to maltose but maximal affinity for maltotriose suggests the presence of
three major subsites within the binding site of MalX that accommodate the three sugar units
of the reducing end of the oligosaccharide. A comparison of the energetic components
reveals there is a slight general trend of decreasing enthalpies with small favourable entropic
compensations as the oligosaccharide length increases resulting in small overall changes in
the free energy. This thermodynamic signature closely resembles that reported for S.
pyogenes MalE (Shelburne et al., 2007) and shows that in the longer ligands sugar subunits
positioned towards the non-reducing end do not contribute significantly to the binding
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energy. The binding of linear maltooligosaccharides to £. co/i MalE had more variability for
the same range with but maltotriose still displaying the strongest interaction (Quiocho et af.,
1997).

SpuA and MalX are critical to growth on glycogen

The biochemical properties of SpuA and MalX in isolation are therefore consistent with
their respective hypothesized functions in the depolymerization of glycogen and transport of
the degradation products. At present, however, it is unknown if S. pneumoniae can
catabolize glycogen or whether SpuA and MalX participate in this. Towards addressing
these questions we initially assessed the ability of S. preumoniae to grow in liquid culture
on various highly polymerized a-glucans. As expected, S. pneumoniae grew well on control
substrates, glucose and maltotriose, but virtually not at all in the absence of a carbohydrate
source (Figure 4A). No growth was observed on components of starch: amylopectin (Figure
4A) and amylose (not shown, results identical to amylopectin). Significant growth was found
on glycogen, though reduced in comparison to glucose, but surprisingly little growth was
observed with pullulan as a substrate (Figure 4A). To determine the importance of SpuA and
MalX to growth on glycogen, Aspua and Amalx strains were created by replacing the
respective genes in S. pneumoniae TIGR4 with a chlorampenicol resistance cassette. These
strains grew readily on glucose and maltotriose but neither were able to grow on glycogen
(Figure 4C and D). The addition of purified recombinant SpuA to the culture improved the
ability of wild-type to grow on glycogen and restored the ability of the Aspua strain to grow
on glycogen to a similar level as wild-type with added SpuA (Figure 4B and D). Thus, the
a-glucan degrading machinery of S. pneumoniae is clearly selective for glycogen with SpuA
and MalX having critical importance in the metabolism of this polysaccharide when it is
supplied as an exogenous substrate.

MalX mediates the size-dependent selective uptake of maltooligosaccharides

The activity of SpuA, likely on the a-1,6-branch points of glycogen, results in a population
of maltooligosaccharides with a wide array of sizes raising the question of whether all of
these oligosaccharides or only a sub-population could be utilized by the bacterium. We
addressed this question by the HPAEC-PAD analyses of the residual a-glucans remaining in
the culture supernatants of the pneumococcus when grown on glycogen. Wild-type S.
pneumoniae TIGR4 cultures grown with glycogen contained an array of a-
glucooligosaccharides whose degrees of polymerization (DP), but not relative abundance,
were consistent with the /n vitro depolymerization of glycogen by purified SpuA (Figure
5A). The majority of the a-glucooligosaccharides were larger than eight sugar units in
length with only small amounts of shorter oligosaccharides identified by their elution
positions as maltohexaose, maltoheptaose, and maltooctaose (Figure 5A). As expected, the
Aspua strain showed no soluble a-glucooligosaccharides in the culture supernatant (Figure
5A). Though it did not grow well on glycogen the Amalx strain was still clearly able to
depolymerize glycogen to some extent resulting in a-glucooligosaccharides increasing in
size from maltotetraose to maltooctaose (identified by their elution position) and larger
oligosaccharides (Figure 5A). In contrast to the wild-type cultures, the most abundant a-
glucooligosaccharides produced by the Amalx strain were maltopentaose, maltohexaose, and
maltoheptaose. The differences in the relative abundances of residual a-
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glucooligosaccharides observed for the Amalx and wild-type strains, as judged by peak
areas, indicated that the wild-type strain is effective at almost completely depleting a-
glucooligosaccharides up to eight glucose units in length (Figure 5A). Oligosaccharides of
9-11 glucose units in length were only partially depleted while the bacterium appeared to
have little to no ability to deplete oligosaccharides longer than 11 glucose units in length.

To enhance our ability to observe the depletion of glucooligosaccharides from the culture we
supplemented cultures with purified recombinant SpuA to enhance glycogen degradation. In
all cases, glycogen was effectively depolymerized and yielded roughly 10-times more
oligosaccharide, as approximated by HPAEC-PAD signal, than in the absence of exogenous
SpuA (Figure 5B). Bacteria-free media samples containing glycogen with added
recombinant SpuA yielded a pattern of oligosaccharide production identical to the /in vitro
activity of purified recombinant SpuA. Relative to the bacteria-free sample and the Amalx
culture, the wild-type strain and the Aspua strain, whose glycogen degrading capacity was
restored by the exogenous addition of SpuA, completely depleted the culture of
oligosaccharides smaller than nine glucose units in length and partially depleted those from
~9-11 glucose residues. This is consistent with the results observed without the exogenous
addition of SpuA.

Curiously, the Amalx strain was still able to grow effectively on maltotriose and its growth
on glycogen was partially restored by the addition of exogenous purified SpuA (Figure 4C).
Given that the mutant Amalx strain is clearly compromised in its ability to transport a.-
glucooligosaccharides, the improved growth of this strain in the presence of added SpuA and
its ability to grow on maltotriose was somewhat surprising. An explanation is suggested by
the comparison of the pattern of glucooligosaccharides generated by purified recombinant
SpuA in the absence of bacteria and in the presence of the Amalx strain; the Amalx strain
appears to retain the capacity to deplete the culture supernatant of maltose and maltotriose,
sugars that are produced in some abundance in media containing purified recombinant SpuA
(Figure 5B). This is consistent with our observation that the Amalx strain grew comparably
to wild-type on maltotriose and suggests the presence of a second system that transports a.-
glucooligosaccharides smaller than maltotetraose. Indeed, a phosphoenolpyruvate-dependent
phosphotransferase transporter system (PTS) performing exactly this function, MalT, has
recently been identified in S. pyogenes (Shelburne et al., 2008). The genome of S.
pneumoniae TIGR4 encodes a putative protein (locus tag SP_0758) with 70% amino acid
sequence identity to MalT. Based on this similarity, we postulate SP_0758 to participate in
maltose and maltotriose transport in S. pneumoniae and thus compensate for the low affinity
of MalX for maltose. This hypothesis is given conceptual support by the S. pyogenes system
(Shelburne et al., 2008) and also the presence of a similar maltose/maltodextrin transport
system in Bacillus subtilis that incorporates a homologous PTS transporter specific for
maltose and maltotriose while an ABC-transporter with a maltodextrin binding protein is
specific for maltotriose and longer maltodextrins (Schonert et al., 2006).

S. pneumoniae is apparently unable to grow on amylopectin or amylose, which collectively
comprise starch, indicating the bacterium’s inability to utilize exogenous a-glucans that are
primarily composed of a-1,4-linked glucose. This is consistent with its lack of a predicted

extracellular a-1,4-glucanase. S. pneumoniae is, however, clearly able to utilize exogenous
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glycogen as an energy source in a manner that is absolutely dependent upon the SpuA-
catalyzed hydrolysis of a-1,6-branch points in this polysaccharide. By hydrolysis of this
substrate, which has branch points on average every 8-12 glucose units, SpuA generates a
relatively large amount of smaller maltodextrins. A subset of these maltodextins, DP 3-8,
are apparently optimal ligands for MalX while those with DP 9-11 appear to be less optimal.
Though amylopectin also has a-1,6-branches, these occur only roughly every 24-30 glucose
residues, which would give SpuA hydrolysis products of a high DP that would not be
ligands for MalX. Thus, SpuA’s specificity and MalX’s selectivity appear to create a system
tailored for glycogen metabolism.

ABC-transporters, particularly the £. coli maltodextrin transporter as a model for
carbohydrate specific transporters, are well understood (Oldham et a/., 2007, Procko et al.,
2009). On the strength of this knowledge, it should be noted that MalX possess a biological
function that is dependently linked to other components of an archetypal ABC-transporter.
Because MalX resides in a three gene operon where it is upstream of the two genes encoding
the permease components of the ABC-transporter (Figure 1), we cannot formally rule out
the possibility of a polar effect from replacement of the malx gene, which disrupts
expression of the permease genes and thus contributes to the phenotype of the Amalx strain.
However, in light of a full understanding that MalX must function /n7 vivo as part of a
multicomponent complex whose activity is dependent upon its complete assembly and
cooperativity of the parts, the influence of possible polar effects becomes unimportant. That
is, from the perspective of maltooligosaccharide uptake, polar and non-polar mutations in
the ABC-transporter components would appear phenotypically identical, thus any gene
replacement in the transporter operon would probe overall transporter function rather than
individual component function. Along similar lines it might be argued that the selectivity of
the transporter may actually be determined by the permease components. We find this
unlikely on two bases. First, permease-dependent selectivity would result in the default
possibility that MalX could form complexes with tight-binding but non-transportable
substrates (e.g. very long maltooligosaccharides), which would be extremely inefficient as
this would effectively clog the system. Second, and likely related to the first, because, where
substrate-binding proteins are employed, they initiate transport by substrate recognition and
delivery of the substrate to the permease and thus are generally recognized as both critical to
function and as specificity-determining components of ABC-transporters (Davidson et al.,
2008). Nevertheless, to provide additional evidence of MalX’s maltooligosaccharide binding
specificity to further support our contention that MalX defines the observed selective uptake
of glycogen-derived maltooligosaccharides, we pursued structural studies of this protein.

MalX recognizes the helical conformation of maltooligosaccharides

MalX was crystallized in complex with maltoheptaose and its crystal structure determined
by X-ray diffraction to 2.0 A resolution. The protein displays a conventional a/p Type Il
solute binding protein fold with the two globular domains separated by a hinge region that
criss-crosses between them at three distinct positions (147-150, 288-301, and 371-377)
(Figure 6A). The ligand in the maltoheptaose complexed protein was identified by
unambiguous electron density for seven glucose subunits in the MalX binding site, which
allowed this sugar to be confidently modeled (Figure 6B). The maltoheptaose ligand adopts
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a signature conformation corresponding to a full turn of a left-handed a-helix. Each
monosaccharide constituent adopts its favourable 4C; pyranosyl conformation with a-1,4
linkages displaying an average glycosidic bond angle of 111.7° + 0.8. The torsional
constraints of the helix, which have an average ¢ angle of —124.3° and y angle of 104.6°,
within the binding site are similar to that observed for numerous other non-catalytic
maltooligosaccharide binding proteins that have open binding sites (Koropatkin ef a/., 2008,
Quiocho et al., 1997, Tonozuka et al., 2007). This suggests that the engulfing of the ligand
by MalX does not impose significant constraints on the conformation of the a-glucan chain.

When the protein is viewed from the side projection maltoheptaose enters the binding site on
a ~30° angle to the horizontal plane of the protein (Figure 6A). The oligosaccharide is
pinned in the binding site by a leucine residue that protrudes from the base of the MalX
binding site and pierces the ring of the ligand in a manner much like that observed for the
carbohydrate-binding module from rat AMP-activated protein kinase (Polekhina et al.,
2005). This trapped form of the protein reveals the presence of at least seven subsites in
which extensive direct and water-mediated hydrogen bonds are made between the protein
and sugar (Figure 6C), as well as classic the protein-carbohydrate interaction whereby
aromatic amino acid side-chains pack in a parallel fashion against the pyranose rings of the
sugar ligand (Figure 6D). The core binding site is defined by the first three subsites
characterized by the presence of three aromatic amino acid side chains, which are
structurally conserved in all described maltodextrin-binding proteins (Quiocho et al., 1997,
Tonozuka et al., 2007). In MalX these are Tyr197 (subsite 2), which is flanked by two
tryptophans, Trp273 (subsite 1) and Trp384 (subsite 3) (Figure 6D). These residues, whose
observed interaction with ligand are consistent with the complex composite UV difference
spectra, are all present on the large C-terminal domain and form the “aromatic cradle” that
has been reported for several other unrelated a-glucan binding protein families (Boraston et
al., 2006, Koropatkin et a/., 2008, Lammerts van Bueren et al., 2004, Lammerts van Bueren
et al., 2007). This concave surface beautifully complements the unique dimensions of curved
surface of the twisting maltooligosaccharide helix, providing selectivity in ligand
recognition.

Of the core binding site, subsite 1 appears to be particularly important with Lys306 NC and
Tyr51 On making several direct hydrogen bonds with the O2 and O3 of the glucose residue
bound in this subsite (Figure 6C). Because the architecture of this subsite legislates against
recognition of the non-reducing end due to steric clashes with the C6-hydroxymethyl group
of a non-reducing terminal sugar, this provides the protein with specificity for the reducing
end of maltooligosaccharides. However, MalX’s low affinity for maltose indicate that
subsites 1 and 2 provide less than one-half of the change in binding free-energy whereas
subsite 3, as suggested by the protein’s maximal affinity for maltotriose, provides the
majority of the binding energy. Thus, together, subsites 1-3 contribute the selectivity for the
reducing end of the sugar, specificity for the curved conformation of the ligand, and the
energy that drives the interaction. In contrast, though subsites 4-7 in MalX provide some
hydrogen bonds to the ligand, they do not significantly contribute to the binding energy of
the interaction, as indicated by the similar affinities of MalX for maltooligosaccharides
ranging in size from maltotetroase to maltoheptaose.
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This ligand-stabilized “closed” conformation of MalX displays closest structural similarity
to the B chain of Thermotoga maritima maltotriose-binding protein in complex with
maltotriose (2GHA chain B, rms = 1.8 A for 360 aligned C,) (unpublished), the
Thermoactinomyces vulgaris MBP in complex with B-cyclodextrin (2ZYK, Chain D, Z-
value = 44.9, rmsd = 1.8 A for 361 C,) (Tonozuka et al., 2007) and the £. coli MBP in
complex with maltotriose (3MBP, Z-value = 42.3, rmsd = 2.2 A for 353 aligned C(Quiocho
et al., 1997), though there is still significant structural similarity with other maltodextrin-
binding proteins (Cuneo et al., 2006, Diez et al., 2001). In keeping with this structural
identity, the spatial positioning of subsites 1-4 in MalX are generally conserved with the four
core subsites described for other maltodextrin-binding proteins, except the £. coli
maltodextrin-binding protein, which lacks subsite 1 (Cuneo et al., 2009). This difference in
the presence of subsite 1 may be origin of MalX’s inability to bind maltotetraitol whereas
the E. coli maltodextrin binding protein appears able to accommaodate this reduced sugar
(Duan et al., 2001). Though the structure of MalX was determined in complex with a longer
linear maltooligosaccharide than any other maltodextrin-binding protein determined to date,
its binding site is only approximately 4-6 A wider than other maltodextrin-binding proteins
determined in complex with maltotriose or maltotetraose. This appears consistent, however,
with the approximation that each glucose residue in an maltooligosaccharide extends the
linear length of the sugar by ~5.5 A but only increases the depth of its helical structure by
~1.5 A. Thus, a maltooligosaccharide that is increased in relative length by 3-4 sugars might
be expected to prop open the binding site by an additional 4.5-6 A, as we observed. This
hints at the structural changes that would be required by this class of proteins to
accommodate ligands of varying size.

Recognition of longer maltooligosaccharides requires structural plasticity

The ligand bound structure of MalX shows the maltoheptaose molecule to be neatly
sequestered in its binding site with both ends of the saccharide engaging the end-walls of the
binding site (figure 6A and D). While this is consistent with the protein’s high affinity for
maltotriose to maltoheptaose and with the ability of S. pneumoniaeto deplete these sugars
from culture when grown on glycogen, it suggests that maltoheptaose represents the upper
limit on the length of maltodextrin recognized by MalX. Maltooctaose, however, is clearly
bound tightly by the protein and is depleted from culture, while sugars of DP 9-11 are partly
depleted from the culture suggesting they must be recognized by MalX. Therefore, despite
the suggestion from the MalX-maltoheptaose structure that due to steric clashes
maltooctaose could not be accommodated in this conformation of the protein, MalX can
clearly bind maltooligosaccharides longer than maltoheptaose. To provide insight into the
conformational changes in MalX that govern ligand recognition we determined the X-ray
crystal structure of MalX in its apo open form to 2.9 A resolution. The bending at the hinge
of MalX results in the binding site of the open form being roughly 6.5 A wider than in the
maltoheptaose complexed form (Figure 7A). Strikingly, the binding site of the protein
maintains a shape that complements the contours of a helical maltooligosaccharide and, in
particular, due to the presence of the aromatic cradle in one lobe of the protein the
conformation of this key binding determinant is maintained (Figure 7A). Furthermore, a
maltooligosaccharide with a DP of 12 can be fit into this binding site while maintaining the
key interactions with the aromatic cradle (Figure 7B). The upper limit on the length of the
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oligosaccharide is imposed by the physical limits of this open binding site as the ends of
longer sugar would collide with the end-walls of the binding site. Though only an
approximation, this apparent structural limit approaching a sugar of 12 glucose units is quite
consistent with the observed pattern of maltooligosaccharide depletion from S. pneumoniae
cultures grown on glycogen. From this we propose that MalX can accommodate the size of
the sugar ligand through the opening and closing of its binding site. Conceptual support for
this comes from the £. coli maltodextrin-binding protein, which is known to maintain a
degree of sugar binding activity even in its open conformation (Duan et a/., 2001). This
postulated mechanism of ligand accommodation, however, does require some shifting of the
sugar in the binding site likely resulting in the loss of some specific intermolecular
interactions and thus reduced binding affinity. We propose that the partial depletion of the
DP 9-11 maltodextrins from the culture medium reflects a lower binding affinity for these
sugars imposed by the more open conformation of MalX necessary to accommodate them
while the lack of depletion of longer oligosaccharides reflects the protein’s complete
inability to accomodate these sugars. The good agreement between our structural and
functional data and the observed depletion pattern of glycogen-derived
maltooligosaccharides from S. pneumoniae cultures argues strongly for MalX defining the
selective uptake of maltooligosaccharides with a DP greater than 2 but less than 12.

The Biological Role of SpuA and MalX

Although S. pneumoniae does appear to have a multicomponent system for the metabolism
of a-glucans, the only relevant exogenous form of a-glucan this organism is able to
effectively use as an energy source is glycogen through a pathway that is schematically
outlined in Figure 8. SpuA facilitates the depolymerization of glycogen through hydrolysis
of its branch points, while MalX selectively transports a subset of the glycogen degradation
products. SpuA and MalX are critical to the utilization of exogenous glycogen, which is
consistent with their positions as the only extracellular components of S. pneumoniae’s a.-
glucan metabolizing machinery, though a second PTS transporter may play a less important
role in the uptake of the maltose and maltotriose fractions produced from glycogen
degradation. Given that S. pneumoniae appears to be an obligate commensal, one can only
conclude that this pathway exists to utilize glycogen present within the host. Energy
liberation to maintain bacterial growth is likely to be the primary role of glycogen
utilization. While glycogen released as a result of tissue destruction is one possible source of
the polysaccharide, S. pneumoniae is also a skilled invader of lung cells, which it does
without necessarily destroying the cell (Kadioglu et al/., 2001), making the intracellular
glycogen of host cells a possible target. This suggests a second and potentially more
insidious outcome of S. pneumoniae’s attack on host glycogen. It has been postulated that
type Il alveolar cells are a preferred target of S. pneumoniae (Cundell & Tuomanen, 1994).
In these cells glycogen is a precursor for surfactant production, which is a key component of
the innate immune system within the lung mucosa (Ridsdale & Post, 2004). By depleting the
stores of glycogen in surfactant producing cells invading S. pneumoniae may also cripple the
production of surfactant. In this light, the specific degradation of lung cell glycogen may
promote infection by both supporting bacterial growth and by lowering the lungs’ defences
to S. pneumoniae invasion. Further investigation into the function of virulence factors within
this pathway, therefore, is paramount towards understanding the mechanisms by which
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glycogen is depolymerised and the implications that this has for S. prneumoniae pathogenesis
and host immunity.

EXPERIMENTAL PROCEDURES

Cloning, recombinant production, and purification of SpuA and MalX

The DNA fragment encoding nearly full length SpuA without the N-terminal signal peptide
and C-terminal LPXTG motif was amplified from S. pneumoniae genomic DNA (TIGR
strain BAA-334D) using the oligonucleotide primers SpuAF and SpuAR (Supplementary
Table 1). The amplified DNA product encoding amino acids 135-1245 was cloned into
pET28a plasmid vector viaengineered 5° Nhel and 3° Xhol restriction sites to generate
pPSpuA.

To produce MalX in a soluble form, the malx gene was engineered to lack the secretion
signal peptide and lipoprotein attachment motif. The malx gene fragment encoding amino
acids 31-423 of MalX was amplified by PCR from S. pneumoniae TIGR4 genomic DNA
(American Type Culture Collection BAA-334D) using the forward primer MALXF and
reverse primer MALXR (Supplementary Table 1). The DNA fragments were inserted into
PET 28a viaengineered 5° Nhel and 3" Xhol restriction sites to generate pMalX. Both
pSpuA and pMalX encodes the protein of interest fused to an N-terminal Hisg-tag viaa
thrombin protease cleavage site.

Recombinant polypeptides were produced in £. co/i BL21 Star (DE3) cells (Invitrogen)
using LB media supplemented with 50 pg ml~1 of kanamycin. Cultures were grown at 37 °C
until they reached an optical density at 600 nm of 0.5-0.7 whereupon protein production was
induced with 0.5 mM isopropyl pB-D-1-thiogalactopyranoside (IPTG). Cells were harvested
by centrifugation after 4 hours of additional growth at 37 °C then disrupted using a French
pressure cell in 20 mM Tris-HCI, pH 8.0, 0.5 M NaCl supplemented with Protease Inhibitor
Cocktail (Roche). Polypeptides were purified from the cell lysate, previously cleared by
centrifugation, by immobilized metal affinity chromatography using 2 ml of Ni2* affinity
resin (GE Healthcare). Purified protein was concentrated and buffer exchanged into 20 mM
Tris-HCI, pH 8.0, in a stirred cell ultrafiltration device with a 5000 molecular weight cut-off
membrane (Millipore).

Determination of Protein Concentration

The concentration of purified SpuA and MalX were determined by UV absorbance at 280
nm using the calculated extinction coefficients (Gasteiger er a/., 2003) of 172930 M~1 cm1
and 61310 M~lem™1, respectively.

Bacterial strains and growth conditions. S. pneumoniae

TIGR4 strain (ATCC BAA-334) was used as the parental strain. S. pneumoniae was
routinely cultured on Tryptic Soy Agar (TSA), 6% (v/v) defibrinated sheep blood from a
freezer stock stored at —80°C in Todd Hewitt with 0.5% (w/v) yeast extract (THY)
supplemented with 16% (v/v) glycerol. S. pneumoniae was also grown on THY broth for the
transformations and a semi-defined media containing casein hydrolase, salts, vitamins,
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amino acids, catalase, and albumin (AGCH) with 0.2% (w/v) yeast extract (AGCHY) for the
growth curves (Lacks, 1966, Chan et a/., 2003). When necessary, chloramphenicol was
added to 5 pg mI~1. Unless otherwise stated, S. preumoniae was grown in a candle jar at

37 °C with no shaking.

Generation of Amalx and Aspua strains

A PCR ligation technique was used to replace ma/Xand spuawith a chloramphenicol
resistant cassette (Schell et al.,, 2002). Briefly, regions flanking the gene to be replaced and
the chloramphenicol resistant cassette were amplified by PCR with primers containing
specific restriction sites (see Supplementary Table 1): flanking region 1 has a 3~ Al site,
flanking region 2 has a 5" Xol site, and the chloramphenicol resistant cassette has both a
5" Nhel site and a 3" Xhol site (CAM-F and CAM-R). Each amplicon was digested with
the particular restriction enzyme and then all three digested amplicons used in one ligation
reaction. This ligation reaction was subsequently used to transform S. pneumoniae TIGR4
creating gene replacement strains. The S. pneumoniae transformation protocol was adapted
from Bricker and Camilli (Bricker & Camilli, 1999). Bacteria were grown overnight in THY
broth to an approximate ODggonm 0f 0.7. A 1/50 dilution was then made into the pre-
induction growth medium of THY, 0.5% (w/v) glycine, 11 mM HCI and grown at 37 °C in a
candle jar until an ODgggnm 0f 0.04 was reached. The media was then supplemented with 10
mM NaOH, 0.2% (w/v) BSA, 1 mM CaCl,, and 100 ng ml~1 Competence Stimulating
Peptide 2 (CSP-2) in their respective order and incubated in a candle jar at 37°C for 14
minutes. At this time, the entire ligation reaction was added to the media and subsequently
incubated for 1 hour at 37 °C in a candle jar. The transformation reaction was then diluted
1/4 with THY broth and incubated further for 2 hours. The transformations were finally
plated on sheep blood agar supplemented with chloramphenicol and incubated overnight in a
candle jar at 37 °C. Colonies were re-streaked onto new blood agar plates and the location of
the chloramphenicol cassette was confirmed by several PCR analyses.

Growth curves

The protocol for the growth curves was adapted from Battig et a/. (Battig et al., 2006). Wild-
type, Amalx, and Aspua S. pneumoniae TIGR4 strains were streaked onto blood agar plates
and incubated at 37 °C in a candle jar for approximately 12 hours. Overnight cultures were
prepared by inoculating 10 colonies into AGCHY broth supplemented with 1% (w/v)
glucose and incubated for 9-10 hours at 37°C in a candle jar. The overnight cultures were
diluted 1/50 into fresh AGCHY with 1% (w/v) glucose and incubated at 37 °C in a candle
jar until reaching an ODggonm 0f 0.5-0.6. Cells were then washed with AGCHY broth and
subsequently diluted 1/50 into AGCHY with an additional 1% (w/v) of glucose, glycogen,
amylose, maltotriose, pullulan, or starch, each in triplicate. The cells were incubated at

37 °C in a candle jar; optical densities at 600 nm were read at regular intervals. Where
appropriate, cultures were supplemented with 1 UM purified recombinant SpuA.

Carbohydrate analysis

The procedure for FACE was adapted from Jackson et. a/. (Jackson, 1993). Enzyme
reactions were carried out by incubating 1% (w/v) solutions of glycogen or pullulan in PBS
with 30 pg of SpuA. Immediately following the reactions, 10 pl (100 pg) of polysaccharide
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was removed from each tube and dried in a Speedvac for 45 minutes at 50 °C. Labeling of
the sugar products was carried out by adding 5ul of a solution of 0.15% ANTS in 15% acetic
acid and 5pl of 1 M NaCNBH3 in DMSO to the dried samples. The reaction was incubated
overnight in the dark at 37 °C then dried. The ANTS-labeled products were then
resuspended in 50 pl deionized water plus 50 ul of 0.01% Thorin I loading dye (Sigma) in
20% glycerol. Approximately 1-3 pg of ANTS-labeled product were loaded onto a 28%
polyacrylamide (19:1) gel with a 10% stacking gel and electrophoresed at a constant 15 mA
for 105 minutes at 4°C in native running buffer (25 mM Tris-HCI, 0.2M glycine) in a XCell
SureLock Mini-Cell system (Invitrogen). Gels were immediately visualized and imaged
under UV light.

HPAEC-PAD analysis was performed using a Dionex ICS3000 instrument equipped with a
CarboPac PA-200 column and pulsed amperometric detection. Samples were loaded onto the
column as 20 pl volumes followed by elution with a linear gradient of sodium acetate (0—
300 mM) in 100 mM sodium hydroxide over 30 minutes. Glycogen (1% wi/v) was treated
with SpuA as above then diluted 1000-times in sterile distilled water followed by
centrifugation at 10000 x g prior to HPAEC analysis. The residual carbohydrates present in
the supernatant of S. prneumoniae cultures, grown as above, were analyzed by clearing the
culture of cells by centrifugation and preparing samples of the supernatant by diluting 1000-
times in sterile distilled water followed by centrifugation at 10000 x g. Individual
carbohydrate standards of glucose, a-1,4-glucooligosaccharides from maltose to
maltooctaose, panose, isomaltose, isomaltotriose, and 63-a-D-glucosyl-maltotriosyl-
maltotriose were run in 1/1000 dilutions of distilled water, PBS or AGCHY medium as
appropriate and were performed on the day of each experiment. Peaks resulting from the
standard sugars did not display any overlap in elution position. All resulting chromatograms
were corrected for background by subtraction of the chromatogram of a 1/1000 dilution of
water, PBS or AGCHY medium, with or without glycogen, run over the column.
Carbohydrates were identified by comparison of the distinctive peak elution positions with
those of the standards. Experiments were performed at least two times and were highly
reproducible.

Binding analysis

Qualitative and quantitative UV difference binding studies were performed and analyzed as
described previously using a bimolecular binding model that accounted for ligand depletion
and included a term for stoichiometry (/) (Boraston et al., 2001, Lammerts van Bueren et al.,
2004). UV difference titrations were performed in 50 mM Tris-HCI, pH 7.5, at 20 °C. The
protein concentration used was 12.5 uM. When the protein concentration was 5 or more
times in excess of the K (7.e giving C-values (Wiseman et al., 1989) greater than 5) the n
was determined experimentally from the fits of the data in addition to the association
constant (K3). When this criterion was not met the 77 value was fixed as a constant of 1
during the data fitting. All titrations were performed in triplicate.

Isothermal titration calorimetry (ITC) was performed as described previously using a VVP-
ITC (MicroCal, Northampton, MA) (Ficko-Blean & Boraston, 2006, Abbott & Boraston,
2007). Briefly, protein samples were extensively dialyzed against buffer (50 mM Tris-HCI,
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pH 7.5) then concentrated in a stirred ultrafiltration cell as above. Sugar solutions were
prepared by mass in buffer saved from the ultrafiltration step. Both protein and sugar
solutions were filtered and degassed immediately prior to use. The protein concentration
used was ~100 uM giving C-values in excess of 50. Titrations were performed in triplicate at
25 °C. The data were fit with a single binding site model to determine K, 1, and AH
(change in enthalpy). AS (change in entropy) was calculated using AG=AH-TAS. Errors
represent the standard deviations of the triplicate determinations.

Crystallization, data collection and structure solution

Prior to crystallization, MalX was further purified by gel filtration chromatography using
Sephacryl-200 resin and 20 mM Tris-HCI, pH 8.0, as a buffer. Crystals of MalX (10 mg ml
1) in complex with maltoheptaose were grown using the hanging-drop vapor diffusion
method at 18 °C in 1.6 M ammonium sulfate, 0.1 M MES, pH 6.5, and 10% (v/v) dioxane.
MalX was crystallized in its apo form in 1.6 M sodium citrate, pH 6.5, with 3% (v/v)
ethanol. Both crystals were cryoprotected by a short soak in the crystallization solution
supplemented with 25% ethylene glycol and flash cooled at 113 K directly in a nitrogen
stream. X-ray diffraction data sets were collected on a Rigaku R-AXIS 4++ area detector
coupled to a MM-002 X-ray generator with Osmic “blue” optics and an Oxford Cryostream
700. Data were processed with CrystalClear/d*trek (Pflugrath, 1999).

The structure of MalX in complex with maltoheptaose was solved by molecular
replacement. Using the coordinates of the 7. maritima maltodextrin-binding protein in
complex maltotriose (PDB code 2gha) as a search model, PHASER (Read, 2001) was able
to find a clear solution for the single MalX molecule in the asymmetric unit. Two rounds of
successive manual building with COOT (Emsley & Cowtan, 2004), refinement with
REFMAC (Murshudov et al., 1997), solvent flattening, and submission to ARP/WARP
(Perrakis et al., 1999) ultimately produced phases sufficient for ARP/WARP to build an 80%
complete model with docked sidechains. This model was corrected and completed manually
using COQT and refined with REFMAC. The apo structure of MalX was solved by
molecular replacement using separate N- and C-terminal lobe models derived from MalX-
maltoheptaose complex as search models. The two molecules in the asymmetric unit were
manually corrected using COOT and refined with REFMAC.

Water molecules were added using the REFMAC implementation of COOT:FINDWATERS
and inspected visually prior to deposition. Five percent of the observations were flagged as
“free” and used to monitor refinement procedures (Brunger, 1992). Model validation was
performed with SFCHECK (Vaguine et al., 1999) and PROCHECK (Laskowski et al.,
1993). All data collection and model statistics are given in Table 3. Coordinates and
structure factors have been deposited with the PDB code of (to be added in proof/revision).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Organization of the Mal operon (A) and the modular structure of SpuA (B). Large arrows
represent genes and their direction of transcription in the Mal operon (B). Small arrows
indicate the promoters and their directionality. The modules of SpuA are labelled indicating
unknown modules (UNK), the family 41 carbohydrate-binding modules (CBM41-1 and
CBMA41-2), a linker module, and the N-, C-, and (a/p)g-barrel of the catalytic domain. The
construct used for the work in this study is shown immediately below the full-length

schematic.
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Figure 2.
Product profiles of pullulan and glycogen hydrolyzed by SpuA. A) FACE analysis of

product produced by SpuA treatment of pullulan. The lanes are as follows: 1,
maltooligosaccharide standards (M2-M6 indicate maltose to maltohexaose, inclusively); 2
and 3, SpuA treated pullulan; 4, untreated pullulan. B) FACE analysis of product produced
by SpuA treatment of glycogen. The lanes are as follows: 1, maltooligosaccharide standards;
2 untreated glycogen; and 3, SpuA treated glycogen. C) HPAEC-PAD analysis of glycogen
treated by SpuA. The upper trace shows a mixture of sugar standards - the unique elution
positions of the sugars were first determined by analysis of the individual sugars. The peak
labels are as follows: G, glucose; 12, isomaltose; 13, isomaltotriose; M2-M8, maltose to
maltooctaose; P, panose; and GM3M3; 63-a.-D-glucosyl-maltotriosyl-maltotriose. The lower
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trace shows the product profile of SpuA treated glycogen. Untreated glycogen (not shown)
showed only a peak corresponding to the small peak indicated in the lower trace of panel C
by an asterisk (*). The peaks are labelled as in the upper trace according to the deduced
identity of the sugars.
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Figure 3.

Representative binding experiments showing the interaction MalX with maltotriose. A) The
UV difference spectrum induced by the binding of maltotriose to MalX. Peaks and troughs
in the spectrum are labelled. B) A representative isotherm of maltotriose to MalX produced
by a UV difference titration. Each curve corresponds to a different peak-to-trough
wavelength pair used to measure the change in UV absorbance upon ligand binding: circles,
287.1-282.7 nm pair; and squares, 295.3-290.0 nm pair. Solid lines show the fits to a one-
site binding model accounting for ligand depletion. C) Representative isothermal titration
calorimetry titration for maltotriose. The upper panel shows the unintegrated data corrected
for baseline. The lower panel shows the integrated heats fit to a one-site binding model.
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Figure 4.

Growth of S. pneumoniae (TIGR4) on a-glucans. A) Growth of wild-type on various a-
glucans. B) Growth of wild-type on glycogen. C) Growth of the Amalx strain. D) Growth of
the Aspua strain. In all panels, the symbol type represents different growth substrates: closed
squares - glucose; open squares - glycogen; closed circles - no substrate; open circles -
maltotriose; closed triangles - glycogen with added recombinant SpuA; open triangles -
pullulan; open diamonds - amylopectin. In panels C and D the glycogen and no substrate
curves overlap. Error bars represent the standard deviations measurements made from
growth cultures performed in triplicate. Where error bars are not visible the error was within
the size of the symbol.
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Figure 5.
Analysis of maltooligosaccharides in the culture supernatants of S. pneumoniae grown in the

presence of glycogen. A) Upper trace, oligosaccharides present in the culture supernatant of
wild-type S. pneumoniae TIGR4 grown in ACGHY media with glycogen; middle trace,
oligosaccharides present in the culture supernatant of the Aspua strain grown in the same
medium; lower trace, oligosaccharides present in the culture supernatant of the Amalx strain.
B) Upper trace, ACGHY media containing glycogen, supplemented with recombinant SpuA
(indicated as rSpuA) and incubated as for other cultures but not inoculated with bacteria.
Second trace, oligosaccharides present in the culture supernatant of wild-type S. pneumoniae
TIGR4 grown in ACGHY media with glycogen and supplemented with recombinant SpuA.
Third trace, oligosaccharides present in the culture supernatant of Aspua grown in ACGHY
media with glycogen and supplemented with recombinant SpuA. Lower trace,
oligosaccharides present in the culture supernatant of the Amalx strain grown in ACGHY
media with glycogen and supplemented with recombinant SpuA. In all panels,
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oligosaccharide identities for maltooligosaccharides with degrees of polymerization from 2
to 8 were determined from comparison to known standards; these are labelled M2-M8.
Oligosaccharides M9-M28 are inferred to be a-1,4-glucooligosaccharides with degrees of
polymerization from 9 to 28.
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Figure 6.
The three-dimensional structure of MalX in complex with maltohepatose at 2.0 A resolution.

A) MalX is shown from a side projection in a ribbon format with the small N-terminal
domain colored purple and the large C-terminal domain colored blue. The solvent accessible
surface is shown in transparent grey and maltohepatose is shown as green sticks. The
approximate angle of the entry for the sugar is indicated. B) Electron density of
maltohepatose shown as a maximum-likelihood (Murshudov et al., 1997)/o,-weighted
(Read, 1986) 2Fps-Fcalc electron density map contoured at 1.0 o (0.28e7/A3). C) Direct and
water-mediated hydrogen bonds within the binding site of MalX. Side chains are represented
as grey sticks, maltoheptaose as green sticks, and waters as red spheres. The binding subsites
are labelled. D) Solvent accessible surface representation of the binding site. Putative
hydrophobic interactions, including the three “stacking” interactions and a leucine “pin,” are
shaded in magenta. The ligand subsites are numbered as in (C).

Mol Microbiol. Author manuscript; available in PMC 2010 July 28.



1duasnuey Joyiny YHID 1duasnuely Joyiny ¥HID

1duasnuel Joymny YHID

Abbott et al.

Page 27

Figure 7.
Structural changes and ligand accommaodation in MalX. A) Overlay of MalX in the

maltoheptaose complexed form (shown as a blue Ca trace) and the apo form (yellow) made
by overlapping only the large C-terminal domain. The amino acids making up the aromatic
binding platform are shown in stick representation and labelled. B) solvent accessible
surface of the apo form of MalX with an idealized maltododecaose molecule (green sticks)
modelled into the active site. The aromatic binding platform is colored purple for reference.
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Figure 8.
Schematic summary of exogenous glycogen utilization in S. pneumoniae showing the

degradation of glycogen (1), specific recognition and transport of the products (2—4), and
processing of the internalized glycan products (5). The proteins putatively involved in
processing the internalized glycans were proposed as the most likely candidates based on
their predicted functions. The role of SP_0758, the MalT homolog, is putative. The putative
transported products of SP_0758 are indicated as phosoph-sugars consistent with the normal
function of a carbohydrate specific PTS. The yellow circles represent the nucleotide binding/
ATPase component of the ABC transporter whose gene is apparently not present in the
maltodextrin metabolon. Green linked hexagons represent the peptidoglycan layer to which
SpuA is attached. The capsule is omitted for clarity.
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Table 3

Data collection and structure statistics.

MalX MalX + maltoheptaose

Data collection
Space Group C2 P2,2,2

Resolution (A) 20.00-2.90 20.00-2.00

Cell Dimensions

1duasnue Joyiny YHID 1duosnue Joyiny YHID

1duosnuely Joymny YHID

(a b, c) 181.3,56.9, 113.7  68.4,127.9,52.0
(a, B, y) 90.0, 128.8, 90.0 90.0, 90.0, 90.0
Rierge 0.107 (0.417) 0.060 (0.313)
ol 10.9 (3.4) 17.3 (3.5)
Completeness (%) 96.4 (96.1) 92.7 (94.1)
Redundancy 4.4 (4.4) 43(41)
# Reflections 85794 124651
# unique reflections 19623 29101
Refinement
Ruord Riree 0.22/0.27 0.21/0.25
No. atoms
Protein 2888(A); 2852(B) 2858
Ligand/ion atoms 0 10 (2 SOy)
Water molecules 59 309
B-factors
Protein 36.5(A); 50.0(B)  30.2
Ligand/ion N/A 75.0
Water 29.6 38.7
R.m.s deviations
Bond lengths (A)  0.007 0.010
Bond angles (°) 1.062 1.267
Ramachandran statistics (%)
Preferred 94.0 92.3
allowed 5.6 7.7
outliers 0.4 0.0
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*
Highest resolution shell is shown in parenthesis.
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