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Here we employ a ‘systems structural biology’ approach to functionally characterize an unconventional α-glucan metabolic
pathway from the food-borne pathogen Listeria monocytogenes (Lm). Crystal structure determination coupled with basic
biochemical and biophysical assays allowed for the identification of anabolic, transport, catabolic and regulatory portions
of the cycloalternan pathway. These findings provide numerous insights into cycloalternan pathway function and reveal
the mechanism of repressor, open reading frame, kinase (ROK) transcription regulators. Moreover, by developing a
structural overview we were able to anticipate the cycloalternan pathway’s role in the metabolism of partially hydrolysed
starch derivatives and demonstrate its involvement in Lm pathogenesis. These findings suggest that the cycloalternan
pathway plays a role in interspecies resource competition—potentially within the host gastrointestinal tract—and establish
the methodological framework for characterizing bacterial systems of unknown function.

Over the past two decades, technological advances have led
to an explosion in the number of genes sequenced. Despite
this impressive accomplishment, the majority of sequenced

genes continue to lack functional assignment. Assigning gene
function is critical for gaining a comprehensive understanding
of cellular processes and can provide novel chemical and bio-
logical insight. Unfortunately, the process of identifying new
functions is challenging and inherently uncertain. This reality,
combined with misaligned research incentives, has fostered
a research bias towards characterized genes, at the expense of
uncharacterized ones1.

The field of structural genomics is fundamentally defined by the
high-throughput cloning, purification and crystallization process
that allows rapid large-scale structure determination. A number of
studies have demonstrated the utility of structure determination in
the functional assignment of uncharacterized genes2–5. We reasoned
that the high-throughput structural genomic method was well-
suited for incorporation into an integrated ‘systems structural
biology’ approach that could be employed to thoroughly character-
ize bacterial proteins of unknown function on a systems-wide level.
In this discovery model, structure determination would guide estab-
lished comparative genomic and basic biochemical/biophysical ana-
lyses to allow for the systematic characterization of discrete
functional units.

As part of a broader structural genomics project6, the Listeria
monocytogenes (Lm) protein Lmo2446 was targeted for structure
determination. Lm is a resilient human pathogen that is generally
contracted through the consumption of contaminated food7.
Once in the host gastrointestinal tract, Lm crosses the intestinal
barrier and travels to target organs where it enters host cells
and replicates intracellularly. Lmo2446 is a functionally uncharac-
terized extracellular lipidated protein8 with predicted glycoside
hydrolase (GH) activity and has a multidomain layout that piqued
our interest and inspired its selection as a ‘systems structural
biology’ test case.

Results
Structure-based identificationof anabolic cycloalternanproduction.
A 1.9 Å crystal structure was determined that revealed Lmo2446 to
be a six-domain protein. The core of Lmo2446 contains a glycoside
hydrolase 31 family (GH31) catalytic domain flanked by three
structural β-domains (Fig. 1a and Supplementary Table 1). The
N-terminal domain adopts a carbohydrate binding module
(CBM)-like β-sandwich. CBMs are non-catalytic carbohydrate-
binding domains on carbohydrate-active enzymes that frequently
function to enhance enzymatic activity by promoting adsorption
to an insoluble substrate. The C-terminal domain of Lmo2446
can be assigned to CBM family 35 based upon sequence
homology and resembles a characterized α-1,6-glucan-binding
CBM9, conserving most of its sugar-binding amino acids (Fig. 1b).

The similarity of the CBM35 domain to an α-1,6-glucan binding
CBM suggested Lmo2446 might also recognize α-1,6-glucans. This
interpretation was further supported by the observation that during
preparative purification, Lmo2446 eluted from the size exclusion
column later than much smaller standard proteins. The column is
composed of a crosslinked alternan (α-1,3-/1,6-glucan) matrix and
the retarded elution of Lmo2446 could be interpreted as indicative
of it interacting with this matrix. We searched characterized
GH31 proteins to identify an enzymatic activity consistent
with the α-1,3-/1,6-glucan binding properties of Lmo2446, and
this led to the identification of cycloalternan-forming enzyme
(CAFE). Two groups had independently discovered cycloalternan
(CA), a cyclic tetrasaccharide bacterial product with alternating
α-1,3-/1,6-glucan linkages, and went on to identify a pair of extra-
cellular GH31 transglycosylases responsible for CA production10–12.
A branching enzyme was shown to introduce an α-1,6-linkage at
the non-reducing end of α-1,4-glucan chains, and CAFE was
shown to transfer these terminal α-1,6-disaccharide moieties to
produce CA.

Lmo2446 is contained on an operon with a second secreted
GH31 protein, Lmo2444 (Fig. 1c), leading us to hypothesize that
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Figure 1 | lmo2446–lmo2444 operon function in extracellular CA anabolism. a, Crystal structure of Lmo2446. Glycoside hydrolase (GH) and carbohydrate-
binding module (CBM) domains are noted. b, The Lmo2446 CBM35 domain (blue) structurally resembles a CBM from cycloisomaltooligosaccharide
glucanotransferase (grey, PDB code 3WNL). The α-1,6-glucan disaccharide bound to the cycloisomaltooligosaccharide glucanotransferase is yellow.
c, The putative lmo2446–lmo2444 operon contains three extracellular proteins, lipoprotein Lmo2446 and secreted proteins Lmo2444 and Lmo2445.
d, Activity assays show branching (kcat= 1.2 ± 0.1 s−1, Km= 6.7 ± 0.5 mM) and CA-forming (kcat= 8.3 ± 0.5 s−1, Km= 16.4 ± 2.0 mM) activity of Lmo2444 and
Lmo2446, respectively. Representative averages from measurements performed in triplicate are plotted with ±1 s.e.m. error bars. e, Crystal structure of the
catalytically inactive Lmo2446 D565N mutant in complex with the substrate. Dashed lines highlight the proximity of the predicted nucleophile and general
acid/base to reactive substrate atoms.
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the lmo2446–lmo2444 operon functioned in CA synthesis. Coupled
glucose oxidase assays confirmed branching activity of Lmo2444
and CAFE activity of Lmo2446 (Fig. 1d). A structure of the mutation-
ally inactivated Lmo2446 confirmed substrate binding and established
the CAFE active site (Fig. 1e).

Genes associated with CA synthesis. A comparative genomics
analysis was performed to identify genes that might clarify the
functional significance of CA production. A protein BLAST
identified 17 putative CAFEs, and these were used to construct a
phylogenetic tree (Supplementary Fig. 1). The broad and yet
sparsely filled in phylogenetic distribution of CAFE suggests that
the CA pathway represents an ancient Gram-positive innovation
that has been lost multiple times during evolution. An analysis of
genomic context revealed that CAFE is always in an operon with a
branching enzyme, but the surrounding genes vary. In some
genomes the CA synthesis genes are by themselves, while in others
they are alongside a conserved sugar family ABC transporter, a
conserved intracellular GH31 protein, and less conserved proteins—
typically with predicted glycoside hydrolase or transcriptional
regulation functions (Supplementary Fig. 2a). We hypothesized that
these genes form a functional unit for CA uptake and catabolism.

By searching for homologues to the putative CA uptake and
catabolism genes, we found that all species with an operon that
contains the isolated CA synthesis genes have a second operon
with the ABC transporter and GH31 (Supplementary Fig. 2b).
Additionally, several species have this ABC/GH31 operon but lack
the CA synthesis genes (Supplementary Fig. 2c). Thus, there
appear to be three basic CA pathway configurations: (1) one
operon with genes for both synthesis and uptake/catabolism,
(2) two operons with separate synthesis and uptake/catabolism genes
and (3) one operon with only uptake/catabolism genes. Lm falls in
the group of organisms with separate synthesis and uptake/catabolism
operons. In addition to the lmo2446–lmo2444 operon, we identified
lmo0178-lmo0184 as a putative CA uptake and catabolism operon.
In this operon, the core ABC/GH31 genes are flanked by a predicted
transcription repressor (lmo0178) and two glycoside hydrolase family
genes (lmo0183-lmo0184) (Fig. 2a).

CA transport and catabolism. To test the hypothesis that CA is a
substrate for the Lmo0179-Lmo0181 ABC transporter, we
screened the purified substrate-binding protein Lmo0181 against a
panel of α-glucans by fluorescence thermal shift assay (FTS). CA,
but none of the other compounds, thermally stabilized Lmo0181,
suggesting that the protein specifically recognizes CA (Fig. 2b). We
confirmed that Lmo0181 binds CA with high affinity (KD≈ 2 μM)
by isothermal titration calorimetry (Supplementary Fig. 3a) and
determined a 1.40 Å crystal structure of the Lmo0181–CA
complex (Supplementary Table 1 and Supplementary Fig. 3b).
This structure reveals that Lmo0181 adopts a bilobal helical fold
that resembles other ABC transporter sugar-binding proteins
(Fig. 2d). The mode of substrate binding is also reminiscent of
other sugar-binding proteins, with Phe70 and Trp271
prominently sandwiching CA, but differs in that the unique cyclic
structure of CA causes it to extend into an atypically deep
C-terminal domain cleft (Supplementary Fig. 3c).

We next sought to address CA’s intracellular fate. Lmo0182 is a
GH31 family protein that is always contained in the same operon as
the CA ABC transporter genes (Supplementary Fig. 2). As such, we
reasoned that Lmo0182 likely catalysed a step in CA breakdown.
We were unable to purify full-length Lmo0182 and so resorted to
determining a 2.3 Å crystal structure of the Trueperella pyogenes
Lmo0182 orthologue (TpLmo0182) (Supplementary Table 1).
TpLmo0182 has an N-terminal CBM-like domain and a GH31 cata-
lytic core with structural N- and C-terminal domains. Remarkably, a
comparison of TpLmo0182 and Lmo2446 reveals that the two

enzymes are structurally similar and possess nearly identical active
sites (Fig. 2e and Supplementary Fig. 4a). On this basis, we surmised
that TpLmo0182 could bind CA and hypothesized that it catalyses
the reverse reaction to Lmo2446, hydrolysing the α-1,3-linkages of
CA. Indeed, a coupled glucose oxidase assay confirmed α-1,3-hydrolase
activity of TpLmo0182 on CA (Fig. 2f).

We next turned our attention to Lmo0184, which, although not
strictly conserved, is present in some other putative CA catabolism
operons (Supplementary Fig. 2). A 1.8 Å crystal structure was deter-
mined and revealed that Lmo0184 has a TIM barrel catalytic domain,
an insertion domain, and a C-terminal domain (Supplementary
Table 1 and Fig. 2g). Lmo0184 is most structurally similar to a
Bacillus α-1,6-glycoside hydrolase and has a highly similar active
site (Supplementary Fig. 4b)13. As such, we hypothesized that
Lmo0184 functioned to hydrolyse the α-1,6-linkages of CA. This
activity was validated by biochemical assay and we further confirmed
that Lmo0184 and Lmo0182 act together to convert CA to glucose,
thereby linking CA uptake to glycolysis (Fig. 2h).

CA pathway transcriptional regulation. Most of the identified CA
operons contain a gene with a predicted role in transcription
regulation (Supplementary Fig. 2). In Lm, this gene, lmo0178,
encodes for a member of the repressor, open reading frame,
kinase (ROK) family, a group of proteins that have sugar kinase
and/or transcriptional repressor activities. A 2.85 Å crystal
structure revealed that Lmo0178 consists of a partially disordered
helix-turn-helix (HTH) DNA-binding domain and a more clearly
defined effector domain that contains distinct C- and N-terminal
subdomains (Supplementary Table 2 and Fig. 3a). Dimerization of
the C-subdomain positions the two HTH domains above the
N-subdomains and ∼15 Å from each other.

Based on an analogy to previously characterized ROKs (ref. 14),
we hypothesized that Lmo0178 functioned to mobilize transcription
of the CA pathway. We tested Lmo0178 binding to the intergenic
regions upstream of lmo0178 and lmo2446 start codons by electro-
phoretic mobility shift assay (EMSA). Lmo0178 was observed
to bind the intergenic region upstream of lmo0178 (Fig. 3b). An
analysis of the shifted region led to the identification of a sequence
located 3 base pairs (bp) downstream of the transcriptional start
site of the lmo0178-lmo0184 operon15 that contained two
overlapping 25 base pair quasi-palindromes offset by 4 bp
(Supplementary Fig. 5a). EMSAs conducted with variable-length
oligonucleotides confirmed Lmo0178 binding to this double oper-
ator motif, revealed a higher affinity for one site, and suggested
that a cooperative process promotes binding to the second site
(Supplementary Fig. 5b).

To clarify the basis of operator recognition, a 2.4 Å crystal struc-
ture of the Lmo0178 bound to the 31 bp operator was determined
(Supplementary Table 2). This structure is defined by two fully
resolved Lmo0178 dimers that intimately engage the operator
through their HTHs and extend effector binding domains away
from the DNA double helix (Fig. 3c). As the two Lmo0178
dimers do not directly contact each other, the cooperative binding
observed by EMSA is attributable to the induced fit of the operator,
a phenomenon that has been shown to underlie other cooperative
protein–DNA interactions16,17.

The ROK-operator interaction is similar to other winged HTH
complexes, but also exhibits key differences. The dimer’s two helix
1s approach each other and make atypical interactions with the
central minor groove. Here, hydrogen bonds are made with the
backbone and Lys9 inserts into the central minor groove, where it
hydrogen-bonds with T13 and C14 (Fig. 3d,e). Helix 3s fit into
the major groove in classic HTH fashion and Ser44 and Tyr48
make specific interactions with the C10 and G22 (Fig. 3d,f ). A
20-amino-acid β-hairpin follows helix 3 and inserts into the periph-
eral minor groove (Fig. 3d). As a consequence of the position and
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Figure 2 | lmo0178-lmo0184 operon function in cycloalternan (CA) uptake and intracellular catabolism. a, The lmo0178-lmo0184 operon. b, Results from a
fluorescence thermal shift screen of ABC substrate-binding protein Lmo0181 for α-glucan binding. Representative averages from measurements performed in
triplicate are plotted with ±1 s.e.m. error bars. c, Crystal structure of Lmo0181 shows that CA binds at the domain interface. d, Crystal structure of TpLmo0182
with its domain organization represented below. Disordered residues in the CBM-like domain are represented as a dashed line. e, A superposition of the
substrate-bound Lmo2446 (grey, residues labelled) and TpLmo0182 (coloured) structures reveals highly similar catalytic apparatuses. f, Kinetic curve shows
α-1,3-glycoside hydrolase activity of TpLmo0182 (kcat= 5.0 ± 0.1 s−1, Km= 1.1 ± 0.1 mM). Representative averages from measurements performed in triplicate are
plotted with ±1 s.e.m. error bars. A schematic representation of the reaction depicts the conversion of CA to isomaltose (ISM). g, Crystal structure of
Lmo0184 with its domain organization represented below. A glucose molecule bound at the active site is shown in stick representation. h, Kinetic curve
shows α-1,6-glycoside hydrolase activity of Lmo0184 on isomaltose (kcat= 17.6 ± 0.3 s−1, Km= 4.1 ± 0.2 mM). Representative averages from measurements
performed in triplicate are graphed with ±1 s.e.m. error bars. A schematic representation of the reaction depicts the conversion of ISM to glucose (GLC).
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length of helix 3, this atypical ‘super wing’ travels unusually far and
perpendicularly to the double helix. The tip of the ‘super wing’,
which has previously been shown to be critical for providing ROK
operator sequence specificity18,19, inserts into the peripheral minor
groove and the Arg71 side chain extends parallel to T4–A6 (Fig. 3g).

To identify the Lmo0178 inducer, we screened the protein against a
panel of α-glucans by FTS. The α-1,6-linked disaccharide isomaltose
(an intermediate in CA catabolism), but none of the other compounds,
thermally stabilized Lmo0178 (Fig. 3h). We confirmed isomal-
tose binding to Lmo0178 by isothermal titration calorimetry
(Supplementary Fig. 5c) and showed that it inhibits operator binding

by EMSA (Fig. 3i). Thus, intracellular isomaltose seems to signal the
presence of extracellular CA and relieve Lmo0178 repression. A 1.8 Å
crystal structure reveals that isomaltose binds in the cavity between
the C- and N-terminal effector subdomains of Lmo0178 and causes
the HTH to become disordered (Supplementary Table 2 and Fig. 3j).

In addition to establishing the basis of regulatory control of the CA
pathway, the Lmo0178 structures provide considerable insight into
general features ROK repression. The three observed states are charac-
terized by notable differences in the HTH domain, dimerization mode,
and relative effector subdomain orientation (Supplementary Fig. 6).
These conformational changes are directly tied to the mechanism of
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from a fluorescence thermal shift-based screen of Lmo0178 for α-glucan binding. Representative averages from measurements performed in triplicate are
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ROK induction, which results from inducer stabilization of a dimeriza-
tion mode and effector subdomain orientation that is incompatible
with the HTH domains simultaneously engaging the operator
(Supplementary Fig. 7). Finally, these findings demonstrate that a
simple but elegant evolutionary repurposing of the induced fit
and dimerization properties in ROK kinases is responsible for the
acquirement of repressor activity (Supplementary Fig. 8).

CA pathway function in resource competition and pathogenesis.
We next sought to leverage our biochemical insights to clarify the
physiological role of the CA pathway. We generated lmo2446 and
lmo0182 insertion mutants, which disrupt the anabolic and
catabolic portions of the CA pathway, respectively, and tested their
pathogenicity in an oral mouse model of Lm infection. At 48 and
72 h post-infection, both mutants exhibited an approximately
tenfold reduction in Lm burden within livers and spleens
(Supplementary Fig. 9a and Fig. 4a). We reasoned that there were
two scenarios in which the CA pathway could prove advantageous
within the context of Lm infection. Following the consumption of
contaminated food, Lm could activate the pathway in the host
gastrointestinal tract to fuel growth on dietary α-glucans.

Alternatively, following cellular invasion, Lm could activate the
pathway to fuel intracellular growth on host glycogen. To
discriminate between these possibilities, we tested Lm growth on
media supplemented with different α-glucans. The mutants
exhibited reduced growth rates on partially hydrolysed starch
derivatives (maltose and maltodextrin), but not on non-hydrolysed
starch or glycogen (Fig. 4b and Supplementary Table 3). We also
found no difference in intracellular growth within glycogen-rich
Caco-2 cells (Supplementary Fig. 9b). These results pointed to
dietary α-glucans in the gastrointestinal tract as the biologically
relevant substrate. To test this hypothesis, the gastrointestinal tract
was bypassed by the direct administration of Lm via intravenous
injections. Consistent with CA pathway function in the
gastrointestinal tract, in this case, no difference between wild-type
and mutant virulence was observed (Supplementary Fig. 9c).

At first, the apparent role of the CA pathway on maltose/malto-
dextrin seemed counterintuitive. Most bacteria directly take up
prevalent α-glucans and/or secrete an amylase to digest them into
mono- or disaccharides that can be imported via general transport
mechanisms. In fact, Lm possesses an ABC transport system that
directly takes up maltose/maltodextrin and intracellular enzymes
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that hydrolyse these α-glucans to glucose20. Consistent with the
existence of this second pathway, growth studies confirmed that
the CA pathway is nonessential for maltose/maltodextrin utilization
(Supplementary Fig. 9d). The production of CA thus seemed like a

needlessly elaborate way of processing maltodextrin and one that
should establish an unnecessary metabolic redundancy.

We reasoned that the convoluted organization of α-glucan
metabolism might suggest a specialized metabolic function for the
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Figure 5 | Atomic model of CA pathway function. Lmo2444 and Lmo2446 catalyse the extracellular synthesis of CA from environmental α-glucans
(potentially dietary carbohydrate in the host gastrointestinal tract) (Fig. 1). The Lmo0179–Lmo0181 ABC transporter transports CA into the cell, where the
concerted action of Lmo0182 and Lmo0184 convert it to glucose (Fig. 2). Lmo0178 senses the presence of CA via the intracellular intermediate isomaltose
and upregulates transcription of the lmo0178-lmo0184 operon (Fig. 3). Glucose fuels Lm growth and promotes pathogenesis (Fig. 4). *Homology models of
Lmo0179/Lmo0180 and Lmo2444 are shown. **Lmo0182 is modelled based on the TpLmo0182 structure. Lmo0181 and Lmo2446 are associated with the
membrane through N-terminal lipidation.

NATURE MICROBIOLOGY DOI: 10.1038/NMICROBIOL.2016.202 ARTICLES

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology 7

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/nmicrobiol.2016.202
http://www.nature.com/naturemicrobiology


CA pathway. Lmmust compete with the host and other members of
the microbiota for limited dietary nutrients. It is thus possible that
by converting extracellular α-glucans to a form that few competing
cells can catabolically process, the CA pathway allows Lm to procure
a disproportionate amount of the available α-glucan substrate. To
address this possibility, we tested the role of the CA pathway in com-
petition assays that matched up each mutant strain against wild-type
Lm. In broth culture, wild-type Lm similarly outcompeted both
mutants (but not integrative plasmid-cured controls) in a maltodex-
trin growth assay (Fig. 4c). In the oral mouse model of infection,
wild-type Lm also outcompeted both mutants within intestines
(Fig. 4d). These findings suggest that the CA pathway may be
involved in interspecies resource competition within the host
gastrointestinal tract.

Discussion
This work describes the application of a method grounded in high-
throughput structure determination to fully characterize the bio-
chemical underpinnings of the functionally unannotated CA
pathway. Structure-based insight into the biochemical basis of the
CA pathway allowed us to anticipate its physiological function
and identify an unanticipated role in Lm pathogenesis. Based on
these findings, an atomic model of CA pathway function is proposed
that takes the processing of dietary carbohydrate in the host gastro-
intestinal tract to glycolysis (Fig. 5).

One of the most interesting aspects of the CA pathway concerns
its broader implication for carbohydrate competition in the gut
microbiota. The observation that evolutionary forces have main-
tained the enzymes that convert maltodextrin to CA, despite the
fact that Lm is capable of directly processing this substrate, strongly
suggests that the CA pathway function assumes a specialized meta-
bolic role. It is possible that conversion to CA allows Lm to procure a
disproportionate amount of available maltodextrin, by preventing
competing microbial and host cells, which lack the genes to
process CA, from using it. This mechanism is analogous to charac-
terized strategies of bacterial iron competition. The secretion of
high-affinity iron-binding siderophores allows cells that can
extract this iron to procure a disproportionate amount of this
important metal21. In the iron-poor conditions encountered
during infection, these processes can prove critical for promoting
pathogenesis22,23. Our findings suggest conceptually similar strategies
of carbohydrate competition may be important for pathogen survival
within the host gastrointestinal tract.

Although the utility of structure determination for assigning
gene function is well established2–5, the findings presented here rep-
resent, to our knowledge, the first example of the application of
structure-based methods to functionally characterize an entire
pathway in atomic detail. This biochemical overview directly led
to the identification of a mechanistically unexpected role in
pathogenesis, illustrating the benefit of taking a holistic approach
for identifying unanticipatable physiological functions. With
methodological advancements continuing to push down the cost
of structure determination, such ‘system structural biology’
approaches should become increasingly attractive strategies for the
characterization of prokaryotic systems of unknown function.

Methods
General methods for crystal preparation and diffraction data collection.
Constructs were subcloned into expression vectors and transformed into
Escherichia coli BL21-CodonPlus (DE3)-RIL cells (Stratagene). Catalytically inactive
Lmo2446 was generated using the QuikChange Lightning kit (Agilent
Technologies). Cultures were grown in terrific broth media at 37 °C until reaching an
optical density at 600 nm (OD600) of 0.9. At this point, the temperature was lowered
to 25 °C, and protein over-expression was induced by the addition of 0.5 mM
isopropyl-1-thio-D-galactopyranoside. The next morning, cells were collected by
centrifugation and resuspended in sample buffer (10 mM Tris-HCl pH 8.3, 500 mM
NaCl and 1 mM tris(2-carboxyethyl)phosphine) supplemented with 10% glycerol.

Cells were lysed by sonication and the lysate was cleared by centrifugation. The
soluble fraction of the lysate was loaded onto a 5 ml HisTrap FF nickel column (GE
Healthcare Life Sciences) and washed with sample buffer supplemented with 25 mM
imidazole to remove non-specific interactors. His-tagged protein was eluted with
sample buffer supplemented with 500 mM imidazole. This fraction was injected
onto a pre-equilibrated HiPrep 26/60 Superdex size-exclusion column
(GE Healthcare Life Sciences) and the most prominent peak was collected.

Depending on the cloning vector, the His-tag was cleaved by overnight 4 °C
incubation with either His-tagged tobacco etch virus protease or phytic acid. The
sample was then reloaded onto the nickel column and the flow-through collected. At
this point, protein was concentrated using Vivaspin centrifugal concentrators (GE
Healthcare Life Sciences) and its size and purity were checked by SDS–PAGE.
Crystallization conditions were screened using the sitting-drop vapour-
diffusion method.

In preparation for data collection, crystals were transferred to their reservoir
solution for cryoprotection before being rapidly cooled in liquid nitrogen.
Diffraction data were collected at 100 K at the Life Sciences-Collaborative Access
Team at the Advanced Photon Source, Argonne, Illinois. Diffraction data were
indexed, integrated and scaled using the HKL3000 program24. Phases were obtained
by single-wavelength anomalous diffraction in HKL3000 or molecular replacement
in Phaser25. Model building and structure refinement was performed with the Coot
and Refmac programs26,27. Translation/libration/screw groups defined using the
TLSMD webserver were used for refinement28. Structure figures were prepared using
the PyMOL Molecular Graphics System, Version 1.7.4 (Schrödinger).

Lmo2446 crystal structures. The lmo2446 construct truncated the first 30 amino
acids to remove the signal peptide and was expressed from the pMCSG7 expression
vector29. A selenomethionine derivative was used to phase the initial structure by
single-wavelength anomalous diffraction, and this model was used to phase the
substrate-bound complex by molecular replacement. The crystallization buffer
contained 7.3 mg ml–1 Lmo2446, 500 mM NaCl, 10 mM Tris pH 8.3 and 5 mM
β-mercaptoethanol. Crystals grew in a condition containing 200 mM magnesium
formate and 25% PEG 3350. To generate the substrate-bound complex, a crystal of
the D565N variant was soaked in 20 mM of the pentasaccharide α-D-Glcp-(1→6)-α-
D-Glcp-(1→3)-α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-D-Glc (ref. 30).

Lmo0181 crystal structure. The lmo0181 construct truncated the first 20 amino
acids to remove the signal peptide and was expressed from the pSGC23 expression
vector. The crystallization buffer contained 26 mg ml–1 Lmo0181, 2 mM CA,
50 mM NaCl, 10 mM Tris pH 8.3 and 1 mM TCEP. Crystals grew in a condition
containing 100 mM citric acid (pH 3.5) and 25% PEG 3350. A model generated by
the Phyre2 server31 was used in molecular replacement for phasing.

Tplm0182 crystal structure. Full-length Trueperella pyogenes lmo182 was
subcloned into a vector with a cysteine protease domain expression tag
(Biancucci et al., submitted). Crystals grew in a condition containing 200 mM
calcium chloride, 100 mM MES buffer (pH 6.0), and 25% PEG 6000. A model
derived from the Lmo2446 structure was used for phasing by molecular replacement.

Lmo0184 crystal structure. Full-length lmo184 was subcloned into a vector with a
cysteine protease domain expression tag. The crystallization buffer contained 9 mg ml–1

Lmo0184, 50 mM glucose, 500 mM NaCl, 10 mM Tris pH 8.3 and 1 mM TCEP.
Crystals grew in a condition containing 200 mM NaCl, 100 mM bis-Tris (pH 5.5)
and 25% PEG 3350. The Bacillus cereus oligo-1,6-glucosidase crystal structure (PDB
code 1UOK)13 was used as a model to phase Lmo0184 by molecular replacement.

Lmo0178 crystal structures. Full-length lmo0178 was subcloned into the pMCSG68
vector32. A selenomethionine derivative was used to phase the structure by single-
wavelength anomalous diffraction. The domains from this structure were used for
molecular replacement to phase subsequently solved structures. The crystallization
buffer contained 10 mg ml–1 Lmo0178, 100 mM NaCl, 10 mM Tris pH 8.3 and
1 mM TCEP. Crystals grew in a condition containing 200 mM ammonium chloride
and 25% PEG 3350.

Oligonucleotides of different lengths were screened to identify a promising
candidate for the Lmo0178–operator complex. After initial screens, an
oligonucleotide that corresponded to the sequence 58–28 bp upstream of the
lmo0178 start codon was selected. A 1.2× molar excess of operator DNA was
mixed with Lmo0178. The crystallization buffer contained ∼5.5 mg ml–1

Lmo0178 + operator, 500 mM NaCl, 10 mM Tris pH 8.3 and 1 mM TCEP. Crystals
grew in a condition containing 200 mM sodium formate and 25% PEG 3350.
Diffraction limits proved sensitive to the cryoprotection condition. The highest-resolution
data were obtained after incubating the crystal in a 4:1 mixture of crystallization reservoir
to PEG 350 monomethyl ether for several minutes before freezing.

The operator complex merged in the P21212 space group. In this space group an
Lmo0178 dimer and single oligonucleotide strand are contained within the
asymmetric unit, with the second Lmo0178 dimer and oligonucleotide strand related
by a two-fold axis. As the operator sequence lacked perfect internal symmetry,
1/2 tetramer stoichiometry within the asymmetric unit could only result from
crystallographic disorder within the oligonucleotide. This would be true if the one
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strand present in the P21212 asymmetric unit represented 50% occupancy of each
strand in the oligonucleotide double helix. This interpretation is consistent with the
electron density and previous descriptions of Protein-DNA crystal packing. To
accurately model both conformations of the oligonucleotide, we processed the data
in the P21 space group. For the sake of clarity, only one oligonucleotide
conformation is presented in the text.

The Lmo0178 complex with isomaltose was obtained by co-crystallization. The
crystallization buffer contained 9 mg ml–1 Lmo0178, 10 mM isomaltose, 500 mM
NaCl, 10 mM Tris pH 8.3 and 1 mM TCEP. Crystals grew in a condition containing
100 mM bis-tris (pH 5.5) and 25% PEG 3350.

Sequence alignment and phylogenetic analysis. Putative CAFE sequences were
identified by searching the Lmo2446 sequence on the PSI-BLAST server and were
aligned by ClustalW (refs 33,34). The maximum likelihood method was used to infer
the evolutionary history of identified sequences in Mega 6.06 (refs 35,36).
Confidence limits of branch points were estimated by 1,000 bootstrap replications.

Florescence thermal shift (FTS) assays. Six α-glucans were assembled into a small
panel that was screened against Lmo0178 and Lmo0181. Following previously
described methods37, each condition contained 1 mM screened compound, 2.0 µg of
Lmo0178 or Lmo0181 and 10 nL of 5,000× Sypro Orange (Invitrogen) in 10 µl of
assay buffer (10 mM Tris, pH 8.4, and 150 mM NaCl). Lmo0178 had a baseline
melting temperature (Tm) of 77.2 °C and Lmo0181 of 59.4 °C. All measurements
were made in triplicate and are reported as the difference between the screened Tm
and baseline (ΔTm).

Electrophoretic mobility shift assays (EMSA). The DNA-binding activity of
Lmo0178 was measured by EMSA. DNA probes incubated with or without
Lmo0178 were run on native polyacrylamide gels and stained with ethidium
bromide and Coomassie blue.

Enzyme activity assays. The glucose oxidase method was used to assay Lmo2444,
Lmo2446, TpLmo0182 and Lmo0184 activity. Excess glucose oxidase, peroxidase
and o-dianisidine (Sigma-Aldrich) were used to measure glucose liberation. Assays
were conducted in triplicate in 96-well clear polystyrene flat-bottom plates and
absorbance was measured using a Biotek microplate reader equipped with filters.

For the Lmo2444 assay, the α-1,4 pentasaccharide maltopentaose was used as a
substrate and an α-1,6-glycoside hydrolase coupling enzyme was used to hydrolyse
product α-1,6-linkages to glucose. For the Lmo2446 assay, the trisaccharide panose
was used as a substrate. The formation of a cyclic tetrasaccharide was confirmed by
mass spectrometric analysis. For the TpLmo0182 assay, Lmo0184 was used as a
coupling enzyme to hydrolyse the product’s α-1,6-linkages. For the Lmo0184 assay,
α-1,6-hydrolase activity was measured using the disaccharide isomaltose as
a substrate.

Isothermal titration calorimetry (ITC). Lmo0178 and Lmo0181 were prepared by
overnight dialysis in ITC buffer (50 mM HEPES pH 7.5 and 150 mM NaCl). ITC
experiments were performed using the MicroCal ITC200 instrument (GE
Healthcare). Lmo0181 (0.2 mM) was loaded into the cell, which was held at 25 °C.
Isomaltose or CA titrant dissolved in leftover dialysis buffer was loaded into
the syringe. The syringe was set at 1,000 r.p.m. and titrant injections were
spaced at 2 min intervals. After excluding the initial 0.2 μl injection, the
remaining nineteen 2.0 μl injections were used for data analysis. Binding
parameters were obtained by fitting isotherms using the Origin 7 (OriginLab)
software package. For measuring CA binding to Lmo0181, 1.6 mM CA was added
to the syringe and 0.16 mM Lmo0181 to the cell. To measure isomaltose binding
to Lmo0178, 1 mM isomaltose was added to the syringe and 0.1 mM Lmo0178
to the cell.

Construction of Lm Δlmo0182 and Δlmo2446 insertion mutant strains.
Five hundred base pair coding sequence fragments of lmo0182 and lmo2446 were
chosen such that upon a single crossover event a gene disruption was generated
through targeted plasmid integration. Strain NF-L1245 was used as a control; this
contains a silent pKSV7 insertion, and was designated as the wild-type strain38.
Fragments were amplified from Lm 10403s genomic DNA and cloned into the
integration plasmid pKSV7. Plasmids were electroporated into competent
Lm 10403s, allowed to integrate, and were selected for chloramphenicol resistance,
as previously described38.

Oral and intravenous mouse infections. Animal procedures were approved by the
University of Illinois at Chicago Animal Care Committee and were conducted in the
Biological Resources Laboratory. The sample size chosen for the analyses of bacterial
burdens within target organs of infected mice was based on extensive previous
investigator experience as well as numerous published models of mouse infection
using Lm. Mice were randomly assigned to experimental groups before infection;
blinding was not applicable.

Overnight bacterial cultures were diluted 1:20 in brain-heart infusion broth
containing 10 µg ml–1 chloramphenicol and grown to an OD600 of ∼0.6. Bacteria
were then normalized, washed twice with PBS pH 7, diluted and re-suspended in

PBS pH 7. Animals were randomized for condition, and researcher blinding was not
implemented. Sample sizes were chosen based on established norms. Mice were
housed in cages stocked with mouse chow (Harlan Laboratories). For oral infections,
ten 7- to 9-week-old female Swiss Webster mice (Charles River Laboratories) per
treatment group were infected with 200 µl containing 1 × 109 c.f.u. (colony forming
units) of bacteria and 100 mg ml–1 sodium bicarbonate by gastric gavage. For
intravenous infections, ten 7- to 9-week old female Swiss Webster mice (Charles
River Laboratories) per treatment group were injected with 200 µl containing
2 × 104 c.f.u. bacteria by tail vein injection. Livers and spleens of infected animals
were collected at 72 h post-infection. Organs were homogenized and tenfold serial
dilutions were plated for total c.f.u.

Bacterial growth assays. Bacterial growth for Lm strains was determined by
optical density measurements at 600 nm. Bacteria from a saturated overnight
culture were normalized and diluted 1:15 in half-strength Luria broth containing
0.5% maltodextrin and chloramphenicol 10 µg ml–1, and measurements were
taken at indicated time points. Under these conditions, wild-type generation
times were ∼80 min.

Bacterial intracellular growth assays. Caco-2 cells were obtained within the
preceding 18 months from the ATCC and were tested and found negative for
mycoplasma contamination. Caco-2 monolayers were grown on glass coverslips to
confluency and infected with bacteria with a multiplicity of infection (MOI) of 100:1.
At 1 h post-infection, monolayers were washed three times with PBS pH 7, and
5 µg ml–1 gentamicin was added to kill extracellular bacteria. Coverslips were
removed at indicated time points and host cells were lysed in 5 ml sterile dH2O, then
released intracellular bacteria were enumerated.

Competition assays for CA pathway mutants. Broth culture competition assays
were conducted as previously described39, with minor modifications. At 0 h, equal
amounts of bacteria from overnight cultures of reference (DP-3903)40 and test
strains were inoculated and grown in half-strength Luria broth with or without
maltodextrin. At 24, 48 and 72 h, bacteria was subcultured 1 into 100 of fresh media.
To differentiate between the strains, the reference strain contains a transposon that
confers erythromycin resistance. Repeating cycles of culture growth and dilution
were used to assess the competitive fitness of the test strain in comparison to
the wild-type strain under a specific condition. The competitive index (CI) of the
mixed culture was determined according to CI = (test strain c.f.u.)/(reference
strain ermR c.f.u.).

For mouse oral and intravenous infections, a 1:1 mixture of reference strain
DP-3903 to test strain was used (totalling 1 × 109 c.f.u. of bacteria and 2 × 104 c.f.u.
of bacteria), respectively. Intestines, livers and spleens of infected animals were
collected at 72 h post-infection. Organs were homogenized, tenfold serial dilutions
were plated, and the CI was calculated as indicated above.

Data availability. The data that support the findings of this study are available from
the corresponding author upon request. Coordinates and structure factors for the
X-ray crystal structures described in the manuscript were deposited in the PDB with
accession codes 4KMQ (Lmo2446), 5F7U (Lmo2446 D565Nmutant + pentasaccharide
substrate), 5F7V (Lmo0181 +CA), 5F7S (TpLmo0182), 5DO8 (Lmo0184 + glucose), 5F7P
(Lmo0178), 5F7Q (Lmo0178 + 31 base pair operator) and 5F7R (Lmo0178 + isomaltose).
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