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ABSTRACT

The maltooligosaccharide (MOS) utilization locus in Lactobacillus acidophilus NCFM, a
model for human small-intestine lactobacilli, encodes a family 13 subfamily 31 glycoside
hydrolase (GH13 31), annotated as an 1,6-a-glucosidase. Here, we reveal that this enzyme
(LaGH13 _31B) is an 1,4-a-glucosyltransferase that disproportionates MOS with preference
for maltotriose. LaGH13 31B acts in concert with a maltogenic a-amylase that efficiently
releases maltose from MOS larger than maltotriose. Collectively, these two enzymes promote
efficient conversion of preferentially odd-numbered MOS to maltose that is phosphorolysed
by a maltose phosphorylase, encoded by the same locus. Structural analyses revealed the
presence of a flexible elongated loop, which is unique for LaGH13 31B and its close
homologues. The identified loop insertion harbours a conserved aromatic residue that
modulates the activity and substrate affinity of the enzyme, thereby offering a functional
signature of this previously undescribed clade, which segregates from described activities such
as 1,6-a-glucosidases and sucrose isomerases within GH13 31. Sequence analyses revealed
that the LaGH13 31B gene is conserved in the MOS utilization loci of lactobacilli, including

acidophilus cluster members that dominate the human small intestine.

IMPORTANCE

The degradation of starch in the small intestine generates short linear and branched a-glucans.
The latter are poorly digestible by humans, rendering them available to the gut microbiota e.g.
lactobacilli adapted to the human small intestine and considered as beneficial to health. This
study unveils a previously unknown scheme of maltooligosaccharide (MOS) catabolism, via
the concerted action of activity together with a classical hydrolase and a phosphorylase. The
intriguing involvement of a glucosyltransferase is likely to allow fine-tuning the regulation of

MOS catabolism for optimal harnessing of this key metabolic resource in the human small
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intestine. The study extends the suite of specificities that have been identified in GH13 31 and
highlights amino acid signatures underpinning the evolution of 1,4-a-glucosyl transferases that

have been recruited in the MOS catabolism pathway in lactobacilli.

INTRODUCTION

Humans are co-evolved with a diverse and vast bacterial community (1) termed the human gut
microbiota (HGM), which exerts considerable effects on our health as well as metabolic and
immune homeostasis (2). The gut microbiota confers metabolic activities that are not encoded
by the human genome, e.g. the bioconversion of xenobiotics (3) and harvesting of energy from
non-digestible glycans (4). The most prevalent and abundant gut bacterial phyla in healthy
adults are Firmicutes, Bacteroidetes and Actinobacteria (5, 6). Complex chemical and physical
gradients provide diverse ecological and metabolic niches along the gastrointestinal tract,
thereby defining a biogeography for different HGM taxa. Thus, the small intestine is enriched
with bacteria from the Gram-positive Lactobacillaceae family (6), especially Lactobacillus spp.
that are ascribed health promoting properties (7, 8).

Lactobacillus acidophilus NCFM is one of the best characterized models for acidophilus
cluster human gut lactobacilli (7, 9). This strain has been used commercially as a probiotic and
synbiotic, owing to its suggested potential in improving intestinal transit during constipation
as well as mucosal functions in healthy elderly (10, 11). The adaptation of L. acidophilus
NCFM to the small intestine, which is rich in dietary carbohydrates, is highlighted by the
numerous carbohydrate specific transporters and intracellular carbohydrate active enzymes

(CAZymes, http://www.cazy.org/; (12)) encoded by this bacterium. The genetic and molecular

basis for the high saccharolytic capacity of L. acidophilus NCFM has been explored for a range

of non-digestible di- and oligosaccharides (13, 14) as well as plant glycosides (15).
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Starch from cereals, tubers, roots and rhizomes dominates human caloric intake (16).
Digestion of starch by human salivary and pancreatic a-amylases results in significant amounts
of malto-oligosaccharides (1,4-a-gluco-oligosaccharides; MOS) and 1,6-a-branched limit
dextrins, the latter being recalcitrant to digestion by human digestive enzymes. Therefore, these
oligosaccharides represent an abundant metabolic resource for bacteria that colonize the small
intestine. Starch metabolism is relatively well-studied in colonic microbiota members, e.g.
from Bacteroides and Clostridia (17, 18). By contrast, a-glucan metabolism by lactobacilli that
dominate the small intestine has received less attention.

Recently, we have shown that the utilization of short branched a-glucans from starch
degradation by L. acidophilus NCFM is conferred by a cell-attached 1,6-a-debranching
enzyme (LaPull3 14) (19). The MOS products from this enzyme or from human starch
breakdown are likely internalized by an ATP-binding cassette transporter, which is conserved
in MOS utilization gene clusters in lactobacilli together with amylolytic and catabolic enzymes
(gene locus tags LBA1864-LBA1874 in L. acidophilus NCFM) (Fig. 1) (20).

The activity of the glycoside hydrolase family 65 maltose phosphorylase (LaGHG65,
LBA1870; EC 2.4.1.8) encoded by the MOS locus has been demonstrated (20). Another
conserved gene within this locus (LBA1872, Fig. 1) is currently annotated as an oligo-1,6-a-
glucosidase belonging to GH13 subfamily 31 (GH13 31). We have previously described
another functional GH13 31 glucan-1,6-a-glucosidase from L. acidophilus (LaGH13 31A)
(21), which raised questions regarding the function of organization of the LBA1872 gene
within the MOS utilization locus of L. acidophilus.

In this study, we demonstrate that LBA1872 from L. acidophilus NCFM encodes a MOS
disproportionating enzyme (1,4-a-glucosyltransferase, henceforth LaGHI3 31B) with
preference for maltotriose (M3) as an acceptor. The general reaction scheme of this

disproportionating enzyme is to use a MOS with n glucosyl units both as a donor and an
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94  acceptor yielding two products having n-1 and n+1 units. Sequence and structural analyses
95 have revealed a functional signature of this activity involving a dynamic loop that modulates
96 the activity and substrate affinity of the enzyme. We expressed and kinetically characterized
97  the two remaining MOS active enzymes (LaGH65/LBA1870 and LaGH13 20/LBA1871) in
98  the MOS utilization locus of in L. acidophilus NCFM and showed that LaGH13 31B acts in

99  concert with these enzymes to enable efficient breakdown of MOS.

100 RESULTS

101 The MOS utilization gene cluster in L. acidophilus NCFM encodes a disproportionating
102  enzyme. LaGH13 31B was not active towards panose and isomaltose, which are diagnostic of
103  o-(1,6)-glucosidase activity (Fig. S1). By contrast, LaGH13_31B disproportionated MOS with
104  a degree of polymerization (DP) of 2—7 (M2-M7) by one glucosyl moiety (Fig. S2A and B)
105 and no hydrolysis products were observed. The enzyme had similar equilibrium activity
106  profiles on M3 through M7, while M2 was a poor substrate (Fig. S2B). Moreover, the presence
107  of amylose (DP17) or glycogen did not alter the activity profiles (Fig. S2C), establishing the
108  specificity of LaGH13 31B as oligosaccharide-specific 1,4-a-glucosyltransferase. Coupled
109  enzyme assays and HPAEC-PAD were used to measure the apparent kinetic parameters of
110  disproportionation by LaGH13 31B, using M2-M4 as substrates (Table 1, Fig. S3). The best
111 substrate (coupled enzymatic assay) was M3 owing to a higher ke, than for both M2 and M4.
112 Similar K and catalytic efficiency (kca/Km) values on M4 were found by the coupled
113  enzymatic assay and HPAEC-PAD analysis (Table 1) Roughly a 3-fold higher kca/Km was
114  obtained on M3 as substrate using the coupled enzyme assay as compared to the HPAEC assay
115  (Table 1), suggesting that the production of M2 in the reaction may affect the reaction kinetics.
116  Notably, the catalytic efficiency (kca/Km) on M2 was about 4,700-fold lower compared to M3

117  owing to a very high Kn, for M2 (Table 1).
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118 Enzymology of MOS degradation in L. acidophilus NCFM. To dissect the role of
119 LaGHI3 31B in MOS metabolism, we carried out kinetic analyses on the maltose
120  phosphorylase LaGH65 and the maltogenic a-amylase LaGH13 20, both encoded by the same
121 MOS locus as LaGH13 31B (Fig. 1). The efficiency of LaGH65 on M2 was 1,500 fold higher
122 than of LaGH13 31B (Table 1). Comparing the efficiency of LaGH13 20 and LaGH13 31B
123 on M3 and M4 revealed that these enzymes had a reciprocal preference to these MOS. While
124 M3 was a fairly poor substrate for LaGH13 20, owing to a low ke, the efficiency of
125  LaGHI13 31B towards this substrate was 20-fold higher (coupled assay) due to a 44-fold higher
126 kcat (Table 1). Conversely, M4 was the preferred substrate for LaGH13 20 as compared to
127  LaGHI3 31B, owing mainly to a 10-fold lower K. Finally, the action on MOS by
128  LaGHI3 31B in the presence of both LaGH65 and LaGHI13 20 was tested using HPAEC-
129  PAD analysis (Fig. S4). The mixture, resulted in effect break down and the accumulation of
130  maltose and some glucose, which was not observed for LaGH13 31B alone.

131 LaGH13_31B displays a more open active site with a potentially dynamic loop
132 compared with GH13_31 hydrolases. The structure of LaGH13 31B is the first to represent
133 the l,4-a-glucosyltransferase activity within GH13 31. LaGH13 31B shares the catalytic
134  machinery and the overall domain structure of amylolytic GH13 enzymes, namely a (/a)s
135  catalytic domain A (residues 1-477; catalytic residues D198, E255, and D334) with two
136  inserted domains (domain B, residues 100—169; domain B’, residues 373—459), and a domain
137  C composed primarily of B-sheets (478-550) (Fig. 2A). A Ca*" binding site formed by side
138  chains of D20, N22, D24, D28 and main chain carbonyls of 126 and H73, is identified in a
139  similar location to counterparts present in some GH13 31 structures (22).

140 A DALLI search identified a GH13 subfamily 29 trehalose-6-phosphate hydrolase (PDB:
141 5BRQ) as the closest structural homologue to LaGH13 31B closely followed by GH13 31

142 enzymes, all sharing 32-36% sequence identity (Table S1). Based on a phylogenetic analysis


https://doi.org/10.1101/2020.03.17.996314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.17.996314; this version posted March 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

143 of GH13 31 sequenence from lactobacilli and characterized GH13 31 members (Fig. 3A), the
144  recently characterised a-glucosidase from Bacillus sp. BspAG13 _31A (22) and a Geobacillus
145  o-glucosidase (23) were found to be the closest structurally characterized enzymes.

146 A structural difference from other GH13 31 structures is the positioning of the domain B,
147  which is tilted away from the catalytic domain to create a more open cleft-like active site in
148  LaGHI13 31B. By contrast, the rest of the structures from hydrolases within GH13 31 have
149  the domain B’ packing closely to the catalytic domain resulting in a pocket-shaped active site
150  architecture (Fig. 2B-E).

151 Electron density was lacking for a long loop at the entrance to the active site, hence residues
152 286295 are not solved in the structure (Fig. S5). Notably, the corresponding but shorter loop
153  in BspAG13_31A was suggested to be flexible in BspAG13_31A based on the the poor electron
154  density of the loop and ligand-binding dependent conformational changes in this loop (22).
155 Sequence alignment and phylogenetic analysis. To map the taxonomic distribution of
156  LaGHI13 31B-like sequences and to identify possible functional signatures of the transferase
157  activity, we performed a sequence and phylogenetic analysis. LaGH13 31B and close
158  homologues segregate in a distinct clade populated by Lactobacillus sequences (Fig. 3A) and
159  the genes encoding these sequences are exclusively organized similary to LaGH13 31B in
160  MOS utilization loci (Fig. 1). Sequences populating the LaGH13_31B clade lack the signature
161  of 1,6-a-glucosidases within region II of GHI13 enzymes, i.e. a valine following the catalytic
162  nucleophile, and they possess a neopullulanase (a-1,4-hydrolase) motif instead of a 1,6-a-
163  glucosidase motif in region V, indicative of a-1,4-linkage activity (24) (Fig. 3B). Another
164  distinguishing feature is the occurence of small amino acid residues following the catalytic
165  general acid/base in the conserved region III (Fig. 3B), which results in a more open entrance
166  to the active site as compared to 1,6-a-glucosidases. Furthermore, this difference at region III

167  is reflected by differences in the amino acid residues that define subsites +2 and +3, when the
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168  structure of LaGH13 31B is compared with BspAG13 31A (PDB: 5ZCE) (Fig. 3C and 3D).
169  Thus, less interactions to substrate will be formed at the +2 and +3 subsites or a different mode
170  of substrate binding maybe possible in LaGH13 31B.

171 Another interesting feature of the LaGH13 31B clade, is an insertion in a loop region (R282-
172 D305) that harbors a conserved aromatic residue (Y295, LaGH13 31B numbering), which is
173  absent in the sequences of the other enzyme specificities of GH13 31 (Fig. 3B, Fig. S6).
174  Interestingly, this loop region is the same region, which is disordered in the crystal structure
175  described above. This loop could provide interaction with substrate at subsites +2 and +3, hence
176  compensating for the fewer substrates interactions observed for LaGH13 31B in comparison
177  with BspAGI13 31A (Fig. 3C and 3D).

178 The unique extended loop of LaGH13_31B contributes to substrate binding affinity. In
179  order to examine the functional role of the distinctive loop insertion and the conserved Y295
180 in LaGHI13 31B, we mutated this residue to an alanine. The mutant enzyme had similar
181  unfolding profile as the wildtype enzyme, precluding a gross change in the overall folding and
182  stability (Fig. 4A). The activity on M3 was greatly reduced and no disproportionation products
183  larger than M4 were observed in the TLC analysis (Fig. 4B). The loss of activity was confirmed
184 by specific activity measurements and was more severe for larger substrates based on 40-fold
185 and 140-fold loss of activity on M2 and M3, respectively, using the coupled assay (Fig. 4C).
186  Moreover, the change in kinetic signature suggests a substantial loss in substrate affinity (Fig.
187  4D). These data support an important role of the flexible loop and the conserved aromatic
188  residue it harbors in substrate binding. This loop may provide favourable binding interactions
189  to define a dominant +2 subsite that governs anchoring the substrate at this site, which would
190  favour unproductive binding of M2 at subsites +1 and +2. This is consistent with the high K
191  on M2 and the excellent affinity to M3 as well as the larger reduction of activity toward M3

192  than M2 for the LaGH13 31B Y295A mutant (Fig. 4C).
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193  DISCUSSION

194 Lactobacilli are industrially important and diverse bacteria that colonize a multitude of
195  ecological niches including gastrointestinal tracts of humans and animals. L. acidophilus and
196  closely related species from the acidophilus group are adapted to the small intestine of humans,
197  where a-glucans from starch break-down are an abundant metabolic resource (6, 19).

198 Previously, the maltose phosphorylase LaGH65 encoded by the MOS gene cluster in L.
199  acidophilus NCFM was characterized (20) in addition to a glucan-1,6-a-glucosidase
200 (LaGHI13 31A) from the same strain (21). However, the role of LBA1872, residing in the MOS
201 gene cluster (Fig. 1), remained unclear. The LBA1872 gene product shares amino acid
202 sequence similarities to GH13 31 1,6-a-glucosidases (37% identity to LaGH13 31A) (21) and
203  to arecently described disproportionating 1,4-a-glucosyltransferase from Enterococcus fecalis
204  (MmgT; 35% identity) (25). This tentative functional assignment prompted us to express
205 LBAI1872 (LaGH13 31B) as well as the two other 1,4-a-active enzymes from the MOS gene
206  cluster from L. acidophilus NCFM to investigate the roles of these enzymes in MOS
207  metabolism.

208 LaGH13_31B populates a distinct clade in GH13_31, which is defined by a unique loop
209  insertion harbouring a conserved aromatic residue. The valine residue following the
210  catalytic nucleophile in the conserved region II in 1,6-a-glucosidases of GH13 31 (26) is
211  substituted with an alanine in LaGH13_31B (Fig. 3B, Fig. S6) (21), consistent with the lack of
212 activity of the latter enzyme towards 1,6-a-glucans. Our present phylogenetic tree showed that
213 LaGHI13 31B defines a distinct GH13 31 clade that segregates from characterized GH13 31
214  members (Fig. 3) and which is populated solely with sequences from lactobacilli. We identified
215  a unique insertion in the loop region between R282 and D305 (LaGHI13 31B numbering),
216  which is lacking in GH13 31 sequences segregating into other clades (Fig. 3). This loop

217  harbours a tyrosine (Y295) that is chemically conserved (Y or F) within the inspected
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218  homologues (Fig. S6). The mutational analysis showed that Y295, residing on this loop, is
219  important for activity and substrate affinity based on the loss of curvature of the tranferase
220  activity on the prerred substrate M3 the preferred (Fig. 4D, Fig. S3). The poor or lacking
221  electron density for parts of this loop in LaGH13 31B are suggestive of its high flexibility.
222  Flexible loops that present substrate binding aromatic residues have been observed in other
223  transferases, e.g. the GH13 4-a-glucanotransferase from Thermotoga maritima, which can
224  convert starch, amylopectin and amylose by transferring maltosyl and longer dextrinyl residues
225  to M2 and longer oligosaccharides. This 4-a-glucanotransferase harbors an aromatic “clamp”,
226 which captures substrates at the +1 and +2 subsites (27). In addition, flexible loops that undergo
227  considerable conformational changes during the catalytic cycle have also been identified in 4-
228  a-glucanotransferases of GH77 from Thermus brockianus (28), Escherichia coli (29) and
229  Arabidopsis thaliana (30). In particular, the 4-a-glucanotransferase from Th. brockianus was
230  shown to possess an aromatic reside (F251) located on the flexible loop that binds substrates
231 atsubsite +1 and +2 (28). The role of the flexible loop in LaGH13 31B in activity and substrate
232 affinity supports the assignment of this loop as a unique structural and functional motif of the
233 clade defined by LaGH13 31B, which is conserved within the MOS utilization loci in
234 Lactobacillus.

235 LaGH13_31B acts as an enzymatic pivot in the metabolism of maltodextrins in L.
236 acidophilus NCFM. The characterization of LaGH13 31B provides compelling evidence on
237  the 1,4-a-glucosyltransferase activity of the enzyme. The kinetics of disproportionation
238  revealed an exceptionally low activity on M2 and at least a three order of magnitude increase
239  in efficiency (kca/Km) on M3 (Table 1). This difference suggests that the binding of M2 at
240  subsites —1 and +1 is not favorable. By contrast, the roughly 6—9-fold decrease in Km when M3
241  is used an acceptor is consistent with a key role of subsite +2 and the preferred binding mode

242 between subsites —1 through to +2, likely promoted by the additional interactions provided by

10
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243 the aromatic residue (Y295) in the flexible loop discussed above. The preference for M3 is
244  complementary to that of LaGH13 20, which displays about a 40-fold preference for M4 as
245  compared to M3. Thus, LaGH13 20 will be more efficient in converting M4 to M2, whereas
246 LaGH13 31B most likely disproportionates M3 to M2 and to M4. The concerted action of both
247  enzymes will mainly accumulate M2 from odd numbered maltodextrins. The M2 product of
248  these enzymes is phosphorolysed by LaGH65 to produce glucose (Glc) and Glc-1P, which are
249  further catabolized in glycolysis (Fig. 5). Clearly, LaGH13 31B contributes to efficient
250  catabolism of odd-numbered maltodextrins through their disproportionation resulting in larger
251  better substrates for the LaGH13 20 and M2 the preferred substrate for LaGH65. This mode
252 of catabolism of maltodextrins seems to be widely employed in Firmicutes, but also in other
253  bacteria e.g. Bifidobacterium, where a different type of a-glucanotransferase is upregulated
254  during growth on MOS (31). The advantages of having an extra extension step in the
255  breakdown of maltodextrins combined with a GH65 are not obvious, as compared to using a-
256  glucosidases or phosphorylases, which directly break down maltodextrins. One possibility is
257  that the transient extension of maltodextrins, especially during saturation with Glc and lowered
258  rate of LaGH65 activity due to reverse phosphorolysis (20) may serve as a transient energy
259  reserve, which is more rapidly mobilized than glycogen produced by this organism (32). The
260  accumulation of M2 may also inhibit the activity of the maltogenic a-amylase that is inactive
261  towards this substrate. Further work is needed to verify this role.

262 Conclusions. This study provides biochemical data on a previously unknown subfamily of
263  disproportionating enzymes conserved within the maltodextrin metabolism pathway in
264 Lactobacillus. Kinetic analysis of the three 1,4-a-active enzymes involved in MOS utilization
265 in L. acidophilus revealed that LaGH13 31B acts as a pivot that may contribute to regulating
266 MOS catabolism by allowing transient storage as longer MOS. We identified a unique

267  signature of this subfamily comprising an insertion in a loop positioned in near proximity to

11
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268  the active site cleft. This loop may act as a clamp that recognizes substrates likely via aromatic

269  stacking at a conserved aromatic side chain.

270 MATERIALS AND METHODS

271 Chemicals and carbohydrate substrates. High-purity (>95%) chemicals and commercial
272 enzymes were from Sigma-Aldrich (MO, USA) unless otherwise stated. Glucose was
273 purchased from VWR (PA, USA), amylose (DP17) was purchased from Hayashibara Co.
274  (Okayama, Japan).

275 Cloning, production and purification of enzymes encoded by the MOS utilization gene
276 cluster in Lactobacillus acidophilus NCFM. L. acidophilus NCFM genomic DNA, prepared
277  as previously described (20), was used to clone the LBA1871 and LBA1872 genes (GenBank
278  accessions AAV43671.1 and AAV43672.1, respectively) in the pET-21a(+) and pET-28a(+)
279  vectors (Novagen, Darmstadt, Germany), respectively, using primers listed in Table S3 and
280  standard molecular biology protocols. The sequence-verified recombinant vectors designated
281  pET-2la(+)LaGH13 20 and pET-28a(+)LaGH13 31B for LBA1871 and LBA1872,
282  respectively, were transformed into Escherichia coli production strain Rosetta (DE3) cells
283  (Invitrogen). Production of the maltogenic a-amylase LaGH13 20 and the oligosaccharide 1,4-
284  a-glucosyltransferase LaGH13 31B was carried out using a 5 L bioreactor (Biostat B; B. Braun
285  Biotech International, Melsungen, Germany) as previously described (33), with the exception
286  of induction conditions (here ODes00=8, 18°C) and feed (linear gradient 8.4—15 mL h! in 5 h,
287  and then 15 ml h'! was maintained until harvest). The fermentation was harvested after 48 h of
288  induction (ODs00=50) by centrifugation (15,000g for 20 min at 4°C). Portions of 10 g cell pellet
289  were resuspended in 50 mL Bugbuster (BugBuster® Protein Extraction Reagent, Merck
290  Millipore) supplemented with 5 uL. Benzonase Nuclease (Novagen) and incubated for 20 min

291  at room temperature. Subsequently the suspension was centrifuged (20,000 g for 20 min) and
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292  the clarified supernatant was sterile filtered (0.45 pum) and used for purification. Both the
293  LaGHI13 20 and LaGHI13 31B enzymes were purified by immobilized metal ion affinity
294  chromatography on 5 ml HisTrap HP columns (GE Healthcare, Uppsala, Sweden) equilibrated
295  with binding buffer (20 mM HEPES, 500 mM NaCl, 10 mM imidazole, 1 M CaCl,, 10%
296  glycerol, pH 7.5) and eluted with a linear gradient of imidazole from 10 mM to 300 mM over
297 35 CV at a flow rate of 1 mL min!. Fractions enriched with the enzymes were pooled,
298  concentrated (30 kDa Amicon filter; Millipore), and applied to a HiL.oad 26/60 Superdex 200
299  size-exclusion column (GE Healthcare) at a flow rate of 0.5 mL min!. The purifications were
300 performed on an AKTA Avant chromatograph (GE Healthcare) and pure enzyme fractions,
301 analyzed by SDS-PAGE, were pooled, concentrated and supplemented with 0.005% NaNj3
302 (w/v) after determination of protein concentrations using UV absorbance (4280, molar
303  extinction coefficient £230=113220 M cm! predicted using the ExPASy server, (34)). LaGH65
304 was produced and purified as previously described (20) and further purified using size-
305  exclusion chromatography on a HiLoad 26/60 Superdex 75 column (GE Healthcare). The
306 LaGH13 31B Y295A variant was generated using primers in Table S3 and the QuickChange
307 II Site-Directed Mutagenesis kit (Agilent) with pET-28a(+)-LaGH13 31B as template. The
308  mutant was produced in 0.5 L scale using a 2 L baftled shakeflask and purified as described
309  above.

310 Differential scanning calorimetry (DSC) stability analysis. The DSC analysis was
311  performed at protein concentrations of I mg mL™! in 10 mM sodium phosphate buffer, 150 mM
312 NaCl, pH 6.8, using a Nano DSC (TA instruments). Thermograms were recorded from 20 to
313 60°C at a scan speed of 1.5°C min! using buffer as reference. The analysis was done in
314  duplicates. Baseline corrected data were analyzed using the NanoAnalyze software (TA

315  instruments).
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316  Thin layer chromatography (TLC) of enzyme product profiles. Disproportionating abilities
317 of LaGHI13 31B (0.5 puM) and LaGHI13 31B Y295A (0.5 uM) on M3 (10 mM) were
318  visualized by TLC. Reactions (100 pL) were incubated in standard assay buffer at 37°C and 2
319  pL aliquots were removed at appropriate time points and spotted on a silica gel 60 F454 plate
320 (Merck). The separation was carried out in butanol:ethanol:milliQ water (5:3:2) (v/v) as mobile
321  phase and sugars were visualized with 5-methylresorcinol:ethanol:sulfuric acid (2:80:10) (v/v)
322 and heat treatment.

323 Enzyme activity. Oligo-1,6-a-glucosidase activity by LaGH13 31B (50 nM) was analyzed
324  atpH 6.8 and 37°C for 12 min in 300 pL reactions containing isomaltose or panose (5 mM) in
325 the assay buffer (10 mM MES, 150 mM NacCl, 0.005% Tween20, pH 6.8). The liberated Glc
326  was quantified using a modified glucose oxidase/peroxidase assay (GOPOD; Megazyme,
327  Wicklow, Ireland) (21). Similarly, maltose phosphorolysis kinetics by LaGH65 was analyzed
328  with reactions containing M2 (0.63—20 mM) and LaGH65 (23 nM) and the assay buffer (100
329 mM phosphatecitrate, 0.005% Tween20). Aliquots (50 uL) were removed at five time points
330 (3,6,9,12, and 15 min) and added to 100 uL. 2 M Tris-HCI, pH 7, to stop the reaction, and
331  Glc was quantified as described above. The same assay was used to measure the hydrolysis
332 kinetics of LaGHI3 20 on M3 (0.63—20 mM) and the disproportionation activity of
333  LaGHI13 31B on M2 (1.6—300 mM), with the only exception that LaGH13 20 (70 nM) and
334  LaGHI13 31B (6 uM) were incubated in the assay buffer (10 mM MES, 150 mM NacCl, 0.005%
335  Tween20, pH 6.8). The hydrolysis kinetics of LaGH13 20 (7 nM) towards M4 (0.63—20 mM)
336 and disproportionation kinetics of LaGH13 31B (3.8 nM) on M3 (0.63—30 mM) were
337  determined using a coupled assay, where 0.2 uM LaGH65 and 20 mM phosphate were included
338 in the assay buffer.

339 A similar assay was also applied to measure the disproportionation kinetics of M3 (0.63—40

340 mM)and M4 (1.3—40 mM) with 1.9 and 3.8 nM of LaGH13 31B, respectively, using HPAEC-

14


https://doi.org/10.1101/2020.03.17.996314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.17.996314; this version posted March 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

341  PAD as described below. Appropriate amounts of reaction mixtures were diluted into 0.1 M
342  NaOH before injection and the separated saccharides were quantified based on peak areas. Glc,
343 M2, and MOS (0.015-1 mM) were used as standards. The Michaelis-Menten model was fit to
344  the initial rate data to derive kinetic parameters using OriginPro 2015 software (OriginLab,
345  Northampton, MA). The utilization of MOS by LaGH13 31B (3.8 nM) alone, or by a mixture
346  of LaGH65 (3.8 nM), LaGH13 20 (3.8 nM) and LaGH13 31B (3.8 nM) towards 5 mM of
347  either M3, M4 or M5 were also analyzed by HPAEC-PAD. Similar assay conditions as
348  described above was applied, with the only exception that samples were incubated for 24 h in
349 the buffer of the coupled assay.

350 Relative disproportionation activities of LaGH13 31 (60 uM) and LaGH13 31 Y295A (114
351  uM) on M2 (100 mM) were analyzed as described above, using standard assay buffer (10 mM
352 MES, 150 mM NaCl, 0.005% Tween20, pH 6.8) and an incubation time of 10 min at 37°C.
353  The liberated Glc was quantified using the coupled enzyme assay described above. The
354  analysis was performed in technical triplicates. Relative activities of LaGH13 31 (5 nM) and
355  LaGHI13 31 Y295A (0.5 uM) towards M3 (5 mM) were assayed under similar reaction
356  conditions. For determining initial rates, reactions (150 uL) were incubated for 8 min at 37°C
357 and aliquots of 15 puL were removed every minute and quenched in 135 pL 0.1 M NaOH.
358  Reaction products were quantified using HPAEC-PAD as in detail described below. A similar
359  assay was used to measure the disproportionation kinetics of LaGH13 31 Y295A on M3 (1-60
360 mM), with the only exception that a single aliquot was removed after 5 min of incubation before
361  quenching in 0.1 M NaOH. The HPAEC-PAD analysis was performed in technical triplicates.
362 High pressure anion exchange chromatography with pulsed amperometric detection
363 (HPAEC-PAD). 1,6-a-glucosidase activity and enzyme kinetics were analyzed using HPAEC-
364 PAD analysis. Samples (10 pL) were injected into a Carbopac PA200 analytical column

365  coupled with a guard column (Thermo Fisher Scientific, Sunnyvale, USA) installed on an ICS-
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366 3000 chromatograph (Thermo Fisher Scientific) and analyzed at a flow rate of 0.35 mL min!.
367  The elution was carried out using a constant concentration of 100 mM NaOH and, in addition,
368  from 0—10 min a gradient of 40—150 mM sodium acetate (NaOAc); 10—11 min, 150-400 mM
369 NaOAc; 11-15 min, 400 mM NaOAc; 15-20 min, a linear gradient from 400 mM to initial
370  conditions of 40 mM NaOAc. The system was interfaced using a Chromeleon version 6.7,
371  which was also used to evaluate the chromatograms.

372 Sequence alignment and phylogenetic analysis. All lactobacilli protein sequences
373  classified into GHI3 31 in the CAZy database (12) together with the sequences of the
374  GHI3 31 members classified as characterized were retrieved from CAZy database.
375 Redundancy of the protein sequences was reduced using the Decrease redundancy server
376  (web.expasy.org/decrease redundancy/) using 99% max identity as a rule to reduce
377 redundancy. Then a structure-guided multiple sequence alignment was made using the
378 PROMALS3D webserver (35) including available structures of GH13 31 enzymes using
379  default settings. Based on the structure-based multiple sequence alignment a phylogenetic tree
380  was constructed using the Maximum Likelihood based on conserved sites using the Jones,
381  Taylor, and Thorton (JTT) model and with 500 bootstrap replications. The tree construction
382  was done using MEGA X (36) and visualized using Dendroscope version 3.6.3 (37). The
383  multiple sequence alignment was visualized using ESPript 3.0 (38).

384 The organization of the MOS gene cluster of different Lactobacillus strains was analyzed
385 using the genome database provided by the National Center for Biotechnology Information
386  (NCBI), MGcV: the microbial genomic context viewer for comparative genome analysis (39),
387 KEGG: Kyoto Encyclopedia of Genes and Genomes (40) and previous studies (20, 41).

388 Crystallization, data collection and structure determination. Screening for crystallization
389  conditions was performed using 3.6 mg mL! LaGH13_31B in 10 mM MES, pH 6.5, 10 mM

390 NaCl, and 0.5 mM CaCl, by the sitting-drop vapour-diffusion method using the JCSG+
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391  (Qiagen, Hilden, Germany), Index (Hampton Research, CA US), and Morpheus® MD1-46
392  (Molecular Dimensions, Newmarket, UK) screens. An Oryx8 liquid-handling robot (Douglas
393  Instruments, Hungerford, UK) was used to set up the screens in MRC 2-drop plates (Douglas
394  Instruments, Hungerford, UK) with a total drop volume of 0.3 pL and 3:1 and 1:1 ratios of
395  protein solution and reservoir solution at room temperature. Small thin needle crystals appeared
396  within two weeks at room temperature with a reservoir containing an equimolar mixture (0.02
397 M each) of sodium L-glutamate, DL-alanine, glycine, DL-lysine HCIl, DL-serine), buffer system
398 3 pH 8.5 (0.1 M Bicine and 0.1 M Trizma base), 20% v/v PEG 500 MME; 10% w/v PEG
399 20000, pH 8.5 (Morpheus®) in a protein:reservoir (1:1) droplet. Microseed matrix screening
400 using the above needles (42) was performed in several of the above screens, but suitable
401  crystals only appeared under the same conditions as above in several of the above screens. No
402  extra cryoprotection was used before the crystals were mounted and flash frozen in liquid
403  nitrogen. Diffraction data were collected at the ESRF beamline ID23-1 and processed with the
404  XDS package (43) in space group P2; to 2.8 A, with cell and processing statistics as reported
405 in Table 2. Molecular replacement was carried out in Molrep (44) with the structure of a
406  GHI13 31 oligo-1,6-a-glucosidase (PDB: 1UOK) as model, and 2 molecules/asymmetric unit
407  were identified as suggested by Matthew’s number. The electron density generated from the
408  solution showed a Ca?" binding site, absent in the search model, but present in several
409  homologues. Several areas, especially in loop regions, had initially extremely poor density.
410  The structure was refined using both Phenix (45) and REFMAC 5.0 (46) and with the aid of
411  average maps from COOT (47) especially at the initial stages of model building and refinement,
412 whereas several autobuild strategies in phenix, jelly-body, and ProSmart restrained refinement
413 (using GH13 31 structures with PDB: 4AIE and 4MB1) in REFMAC 5.0 were applied for the
414  last stages. Non-crystallographic symmetry (NCS) restrains have been used for most of the

415  structure. The loop region 286295 (comprising part of the unique loop containing Y295) could
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416  not be modelled confidently though some residual density is clearly seen in this region (Fig.
417  S5). No density was visible for loop 519-522. Other regions have poor density in one of the
418 two copies in the asymmetric unit, and here the area has been modelled similarly to the
419  corresponding regions in the other chain, in which the density is considerably better. Structures
420 were visualized with PyMOL, version 2.1.1 (Schrodinger, LLC). Atomic coordinates of

421  LaGHI13 31B have been deposited at the Protein Data Bank (accession: 6Y9T).

422  SUPPLEMENTAL MATERIAL

423 Supplemental material for this article may be found at the AEM website.
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577 TABLES

TABLE 1 Kinetic parameters of enzymes in the maltodextrin utilization gene cluster in L.

acidophilus NCFM. See Fig. S3 for Michaelis-Menten plots and Fig. 5 for the reactions catalyzed

by these enzymes.

1,4-a-glucosyltransferase Maltogenic a-amylase Phosphorylase
(LaGH13_31B) (LaGH13_20) (LaGH65)
Km kC'dt kcat/Km Km kC'dt kcat/Km Km kC'dt kcat/Km
Substrate -1 -1 -1 -1 -1 -1 -1 -1 -1
(mM) (s) (smMYH | (mM) (s) (s mMY) | (mM) (s) (s mM)
M2 79+6.2 09+0.03 0.01 3£03 69+3.1 23
6.5+14 424+50 65 2911 97+0.7 33
M3
4.8+ 1.4*% 102+ 18* 21*
M4 8.1+£1.0% 325+ 12* 40* 0.8+0.1 117+8.5 146

*Measured by HPAEC-PAD.
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TABLE 2 Crystallographic data collection and refinement statistics.

579

Parameter Value for the parameter
PDB 6Y9T
Wavelength 0.999870 A
Space group P2,
Unit cell parameter
a 7321 A
b 105.30 A
c 9223 A
B 96.95°
No. of unique reflections 34,239

Resolution

50.00-2.78 (2.95-2.78) A

Completeness 97.3 (84.3) %
Redundancy 5.1

Mean I/c(I) 8.01 (0.83)
Rimeas (%) 19.7 (198.9) %
CCin 99.4 (59.8) %
R 25.8%

R-free 33.6%

Rmsd bonds 0.012 A

Rmsd angles 1.561°

Molprobity combined score
Molprobity Ramachandran

Average B-factors

2.53 (90th percentile)
91.78% (favoured)
0.94% (outliers)

86.2 A?
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580 FIGURES
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(1o 0> 150" 1638 [ISHD> 7o > 1935 > 1o >[[ 038 > [z > 160>
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D- 01896 >[01895> 01894>| 01893 >[01892>(01891 >| 01890 >
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-| 0215 >[ 0216 > 021D| 0218 >[ 0219 >[ 0220 >| 0221 [ 0222 >
-| 0288 >[ 0289 >[ 0290 >[ 0291 >[ 0292 >[ 0293 H[ 0204 > 0205 >
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D| 11430 >[11440 [ 11450 > 11460 »>[11470 5[ 1148011490 >[11500>

L. acidophilus

L. johnsonii

L. delbrueckii

L. casei

581
582  FIG 1 Organization of malto-oligosaccharide utilization loci in gut gut lactobacilli strains. The
583  numbers indicated genes locus tags of the first strain mentioned in the following clusters: L.
584  acidophilus; L. acidophilus NCFM, L. acidophilus La-14. L. helveticus, L. helveticus H10, L.

585  helveticus CNRZ32, L. helveticus R0052, L. helveticus DPC 4571. L. amylovorus/L. acido-

586  philus; L. acidophilus 30SC, L. amylovorus GLR1118, L. amylovorus GLR1112. L. crispatus;

587 L. crispatus ST1. L. gasseri/L. johnsonii; L. johnsonii F19785, L. gasseri ATCC 33323, L.

588  johnsonii N6.2, L. johnsonii DPC6026, L. johnsonii NCC533. L. delbrueckii; L. delbrueckii

589  subsp. bulgaricus, L. delbrueckii subsp. bulgaricus NDO2. L. casei; L. casei BL23, L. casei

500 LOCKO1, L. casei Zhang, L. casei BD-IlI, L. casei ATTCC 334, L. casei LCZW.
591  Transcriptional regulators (light grey), acetate kinases (blue), LaGH13 31B orthologues (bold
592 and red), LaGH13 20 orthologues (pink), LaGH65 orthologues (light pink), f-
593  phosphoglucomutase (green), components of an ATP-binding cassette transporter (orange).
594  The following genes are shown in white: transposase (1868 and 1939), hypothetical protein

595  (01898), a-1,6-glucosidase (11470, 0295 and 0176). *; not present in all published genomes.
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Domain B

Domain B’

Domain C

.y
597  FIG 2 (A) Overall structure of LaGH13 31B. Domain A (residues 3—100, 170-373, and 458—

g

596 A

598 477, grey), domain B (residues 101-169, green), domain B’ (residues 373—457, in orange) and
599 domain C (residues 478-550, red). The catalytic residues (nucleophile, D198; general
600 acid/base, E255; transition stabilizer, D334) are in light red, and Ca" as a purple sphere. The
601  loop residues 286295 (marked with asterix) were not solved. (B—E) Comparison of the
602  orientation of the B’-domain of selected GH13 31 structures with the same domain colour as
603 in (A): (B) LaGH13 31B (PDB: 6Y9T), (C) BspAG13 31A (PDB: 5ZCE) with M4 as blue
604  sticks and subsites labelled, (D) oligo-1,6-a-glucosidase from Bacillus cereus (PDB: 1UOK),

605  (E) a-glucosidase (sucrase-isomaltase-maltase) from Bacillus subtilis (PDB: 4M56).
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606
607  FIG 3 (A) Phylogenetic tree of GH13 31 protein sequences from lactobacilli and GH13 31
608  enzymes annotated as characterized in the CAZy database. The phylogenetic tree is based on a

609  structure-based multiple sequence alignment of 183 sequences (Table S2, Fig. S6).
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610  Characterised GH13 31 sequences from CAZy are labelled according to the taxonomic order

611  of the organism they originates from (A, Lactobacillales; V, Bacillales; O, Bifidobacteriales;

612 0O, Enterobacterales; ¢, Other Gammaproteobacteria) and solid labels together with a PDB
613  entry denote structurally characterized members (accessions and source organisms are in Table
614 S2). (B) Excerpts of conserved GH13 regions II, III (48), and V that offers a signature
615  discriminating oligo-1,6-a-glucosidases and neopullulanases (24), including selected
616  characterised sequences (sequence numbers 173, 181, 150, 162 represents the BspAG13 31A-
617 like clade) (see Fig. S6 for full alignment). The catalytic nucleophile and the general acid/base
618 are indicated by asterisks. An excerpt of the Y295A-harbouring loop of LaGH13 31B is
619  shown. (C) and (D) comparison of LaGH13 31B (M4 from PDB: 5ZCE superimposed; blue
620  stick representation) and BspAG13 31A (PDB: 5ZCE) active site residues, respectively. The

621  colouring is as in Fig. 2, with the catalytic residues shown in light red.
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FIG 4 Thermal stability and activity of LaGH13 31B and the mutant LaGH13 31B Y295A.
(A) Reference and baseline subtracted DSC thermograms showing similar unfolding and
comparable thermal stabilities of LaGH13 31B and LaGH13 31B Y295A. (B) Activity of
LaGH13 31 and its Y295A mutant on M3, showing reduced activity of the mutant
LaGHI13 31B Y295A as compared to LaGH13 31B on M3 over time (0, 2, 4, 8, 12, 20, 200
min; S, standard of M2, M3 and M7). (C) Relative fold change in loss of activity of
LaGH13 31B Y295A as compared to LaGH13 31B on M2 and M3. (D) Transferase kinetics

of LaGH13 31B Y295A on M3 showing the means of triplicates with standard deviations.
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632  FIG 5 Schematic model of MOS catabolism in L. acidophilus NCFM. MOS produced from
633  starch and glycogen degradation by human digestive enzymes, other bacteria or by the
634  extracellular pullulanase (LaPull3 14; (19)) are internalised by specific transporters. An ATP-
635  binding cassette transporter is conserved in the locus in Lactobacillus, but likely defect in the
636 L. acidophilus NCFM due to the presence of a transposase (19). Odd numbered MOS are
637  degraded into M3, whereas even numbered MOS are degraded to M2 by LaGH13 20. While
638 M3 is a poor substrate for LaGHI13 20, it is preferred by LaGH13 31B. The action of
639 LaGHI13 31B converts M3 into M2 and M4, which are the preferred substrates for LaGH65
640 and LaGHI13 20, respectively. Products are either catabolised via glycolysis (20) or stored as

641  glycogen (32).
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