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Abstract

BglX is a heretofore uncharacterized periplasmic glycoside hydrolase (GH) of the human
pathogen Pseudomonas aeruginosa. X-ray analysis identifies it as a protein homodimer. The two
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active sites of the homodimer comprise catalytic residues provided by each monomer. This
arrangement is seen in <2% of the hydrolases of known structure. /n vitro substrate profiling
shows BglX is a catalyst for g-(1—2) and -(1—3) saccharide hydrolysis. Saccharides with
B-(1—4) or g-(1—6) bonds, and the S-(1—4) muropeptides from the cell-wall peptidoglycan, are
not substrates. Additional structural insights from X-ray analysis (including structures of a mutant
enzyme-derived Michaelis complex, two transition-state mimetics, and two enzyme—product
complexes) enabled the comprehensive description of BglX catalysis. The half-chair (*/3)
conformation of the transition-state oxocarbenium species, the approach of the hydrolytic water
molecule to the oxocarbenium species, and the stepwise release of the two reaction products were
also visualized. The substrate pattern for BglX aligns with the [5-(1—2)-Glc] ,and [5-(1—3)-
Glc] periplasmic osmoregulated periplasmic glucans, and possibly with the Psl
exopolysaccharides, of P aeruginosa. Both polysaccharides are implicated in biofilm formation.
Accordingly, we show that inactivation of the bg/X gene of £ aeruginosa PAO1 attenuates biofilm

formation.

Graphical Abstract

intensity

The periplasm is the structurally complex matrix between the inner cytoplasmic membrane
and the outer membrane of Gram-negative bacteria. The physiological importance of the
periplasm in regulating solute ingress and egress, and toward the creation of the cell wall
that is found between these membranes, belies its small size (perhaps only 8-16% by
volume, compared to the cytoplasm).1:2 The periplasm is the locus for four different glycan
pathways. In addition to the cell-wall peptidoglycan polymer, the glycan components of the
secreted extracellular polysaccharides and the lipopolysaccharides of the outer leaflet of the
outer membrane transit through the periplasm. Fourth, the periplasm contains glucose-
derived polymers that are associated with the essential function of osmoregulation.® These
osmoregulation saccharides play a role in biofilm formation and contribute to the inherent
antibiotic resistance of the Pseudomonas aeruginosa biofilm.# Accordingly, the presence in
the periplasm of enzymes with glycoside hydrolase (GH) activity is hardly surprising. We
previously investigated the remarkable conformational dynamics of the cytoplasmic GH
family 3 (GH3) enzyme, NagZ.> NagZ recycles the critical glycan component of the
periplasmic peptidoglycan (Figure 1). However, the loss of NagZ function by gene ablation
in Pseudomonas fluorescens significantly impairs extracellular polysaccharide secretion.® A
possible explanation, as observed in Nefsseria gonorrheae, is a moonlighting activity of
NagZ as a secreted enzyme for the purpose of degradation of the extracellular
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polysaccharide of its biofilm.” NagZ recognition of its peptidoglycan-derived substrate and
its catalytic mechanism involve the dramatic conformational mobility of the loops
surrounding the active site.> Our attention was drawn to a second GH3 enzyme, BglX,
encoded by the £ aeruginosa genome. Although BglX is broadly similar in structure and
sequence to NagZ, the encoding of a leader sequence in its gene indicates that its cellular
location is the periplasm. Here, we provide the first structural, mechanistic, and functional
understanding of BglX using mass spectrometry, substrate screening, X-ray crystallography,
site-directed mutagenesis, computational analyses, and a microbiological assay.

RESULTS AND DISCUSSION

The bg/X gene (PA1726) from P, aeruginosa PAO1 (amino acid residues 21—774; lacking
the N-terminal periplasmic signal peptide) was cloned (Table S1). The expressed BglX
protein was purified to homogeneity (Supporting Information). Our first objective was
characterization of the carbohydrate structure recognized by BglX (Figure 2 and Figures S1-
S3 and Table S2). We examined first the substrates for NagZ, the distinctive cell-wall-
derived muropeptides. Seven synthetic peptidoglycans containing the GlcNAc-g-(1—4)-
MurNAc or GIcNAc-B-(1—4)-anhMurNAc (with or without peptide) glycosidic links, as
well as chitin [a polymer of GIcNAc with a 5-(1—4) linkage], were tested. None was turned
over by BglX. These results argue that BglX was not a periplasmic equivalent of the
cytoplasmic glucosaminidase NagZ.8 We examined seven p-nitrophenolate monosaccharides
having varied pyranoside [Glc, GIcNAc, GIcA (glucuronic acid), Gal, and Man] structure
and anomeric stereochemistry (a- or S-glycosides). Five—GIc-a-PNP, GIcNAc-5-PNP, 4-
nitrophenyl B-p-glucuronide (GIcA-B-PNP), Man-a-PNP, and Man-B-PNP—uwere not
substrates. Two, Glc-B-PNP and Gal-B-PNP, were substrates (Figure S1). We evaluated
diverse disaccharides. a,-Trehalose [a,-(1—1)-glycosidic bond], cellobiose [B-(1—4)-],
and gentiobiose [5-(1—6)-] were not substrates. Sophorose and laminaribiose, with
B(1—2)- and B-(1—3)-glycosidic bonds, respectively, were substrates. Laminaritriose
[LMT, a trisaccharide with 5-(1—3)-glycosidic-linked glucose] was a substrate. Laminarin,
a soluble polymer containing [8-(1—3)-Glc], with B-(1—6) branches, was used to test the
ability of BglX to process a more complex structure. The possible products of BglX turnover
of laminarin would be Glc from its [5-(1—3)-Glc] region and gentiobiose from its
B-(1—6)-branched region. Indeed, glucose and Glc-Glc were observed (Figure 2). Alginate,
a polymer comprised of S-(1—4)-p-mannuronate and a-(1—4)-L-guluronate, was
evaluated, as it is a biofilm component of £ aeruginosa. Neither alginate, nor its
disaccharide and trisaccharide components [3-(1—4)-p-mannuronate and a-(1—4)-L-
guluronate], was a substrate. We asked whether BglX had phosphorylase activity, as is seen
in other GH3 family enzymes.® BglX was incubated with sophorose either with or without
sodium phosphate with LC/MS evaluation of the reaction products (Supporting
Information). The presence of phosphate neither enhanced BglX activity nor gave glucose 1-
phosphate as a product. BglX would appear to lack phosphorylase activity under these
conditions, similar to the cases of other reported GH3 enzyme.10

The 5-(1—2)- and B-(1—3)-glycosidic pattern for substrate recognition presumptively
matches BgIX with the [8-(1—2)-Glc]  and [B-(1—3)-Glc]  structures of the P, aeruginosa
osmoregulated periplasmic glucans (OPG) as possible substrates.1112 OPG influence
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biofilm formation in 2. aeruginosa PAO1.411.12 Intriguingly, the bg/X gene (PA1726) is
adjacent to the mucR gene (PAL1727) in the P, aeruginosa PAO1 genome. MucR is involved
in c-di-GMP-dependent 2. aeruginosa biofilm formation.13:14 This proximity suggested a
potential role for BglX in biofilm formation. This premise was tested. Comparison of the
bglX::Tn (transposon-insertion mutant of bg/X; strain PW4042 from the Seattle 2
aeruginosa PAO1 transposon mutant library) strain to wild-type (wt) PAO1 using the crystal
violet biofilm assay!® showed attenuation of biofilm formation (Asgs average of 20
replicates each, 0.8 £ 0.1 for bg/X::Tn and 1.7 + 0.2 for wt) after incubation for 24 h (Figure
S4). As a complementation assay, the 6g/X::Tn strain harboring the pBglX plasmid with the
full-length 6g/X gene restored the level of biofilm formation to the wild-type level (Asgs
average of 20 replicates of bg/X::Tn/pBglX, 1.8 £ 0.3) (Figure S4).

We determined the wild-type apo X-ray structure of BglX [1.8 A resolution (Table S3)].
BglX crystallized as a homodimer (Figure 3A). Each monomer has three domains: an (a/
P)gTIM barrel domain, a domain with an a/8 sandwich, and a fibronectin type I1l-like
domain. The two active sites are formed by the convergence of nine loops of varying length,
distributed throughout the sequence of each of the monomers [L1-L9 (Figure S5 and Table
S4)]. An extended L9 loop (F585-E649) of the second monomer (M-I1) inserts and
contributes to the active site of the other monomer [M-I (Figure 3)]. The dimer interface,
accounting for 19% of the entire molecular surface of each monomer, is formed
predominantly by the folding of seven loops (L2-L5 and L7-L9) that also contribute to the
active site (Figure S5).

We evaluated the dimer using molecular dynamics (MD) simulation. The dimer was
immersed in a box of water molecules and energy-minimized, and its dynamics examined
for 500 ns with AMBER1616 by a methodology reported previously (Supporting
Information).>17 The embrace of the L9 loop completes the active site, while the L7 loop
acts as a lid atop the active site (Movie S1). The MD trajectories showed stabilization of the
dimer by five salt bridges and several hydrogen bonds between the monomers (Figure S6).
These contacts suggested dimer stability also in solution. Nondenaturing mass spectrometry
of wild-type BglX (as described previously)1® verified the dimer structure (Figure S7). The
Protein Data Bank was probed for homodimeric structural homologues of BglX (Supporting
Information). The phylogenetic tree generated from the sequence alignment clustered a
similar homodimeric active site to a single group with merely four enzymes in addition to
BglX (Figure S8 and Table S5). These four homodimeric enzymes are Lin1840 from Listeria
innocua (PDB entry 4206),1° BT 3567 from Bacteroides thetaiotaomicron (PDB entry
5XXL),20 a homologue enzyme from Bacteroides intestinalis (PDB entry 5TF0), and
JMB19063 (PDB entry 3U48) isolated from compost using metagenomic analysis.2! Similar
to BglX, the Lin1840 and BT _3567 enzymes from B. thetaiotaomicron hydrolyze glucose
polymers with 8-(1—2)- and B-(1—3)-glycosidic bond specificity.2 Notwithstanding the
overall structural similarity with BglX, IMB19063 is different. It hydrolyzes glycosides with
S-(1—4) linkages.

We sought to understand the catalytic cycle of BglX. As a GH3 family enzyme, BglX was
anticipated to proceed via a two-step, double-displacement mechanism with participation of
a covalent intermediate derived from an Asp as the catalytic nucleophile.®22:23 Structure—
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sequence comparison to NagZ (Figure S5) indicated D286 as the candidate. We cloned the
D286N variant. This variant was inactive, which strengthened the assertion (Table S6). The
X-ray structure of the D286N variant in complex with the substrate LMT (2.15 A resolution)
showed three substrate recognition subsites [-1, +1, and +2 (Figure 4A)]. Substrate
recognition at the —1 subsite, the buried end of the active site, demonstrated a chair (*C;)
conformation for glucose involving six hydrogen bonds with four amino acids (D110, R168,
K207, and H208). This network anchors the —1 saccharide throughout the conformational
itinerary for catalysis (discussed below). The L9 loop of M-Il gives roles in substrate
recognition for residues Y626 and R616 at the +1/+2 subsites. R616 (M-I1) hydrogen bonds
with the 2-hydroxyl of the +1 saccharide, and residue Y626 interacts with the saccharide at
the +1 subsite and partially with the +2 subsite. In our BglX-D286N:LMT complex, E517
(the complementary general acid/base) is positioned for donation of a proton to the
glycosidic oxygen (O3), a requisite for glycosidic bond cleavage (Figure 4A). The native
wild-type enzyme—substrate complex (Michaelis complex) was modeled computationally by
changing the crystallographic asparagine at position 286 to the aspartate of the wild type.
This energy-minimized enzyme was evaluated by a 500 ns MD simulation. A carboxylate
oxygen of the catalytic nucleophile D286 was poised suitably for nucleophilic addition to
the C1 atom of the glucose at the —1 subsite. During the MD simulation, a D286...C1
distance of ~3.5 A was maintained, while the E517...03 distance showed flexibility (Movie
S2). The saccharide at the +1 subsite remained in contact with aromatic residues Y626 and
H287 throughout the simulation with energetically favorable CH-r interactions.

We performed reaction profile energetics using quantum mechanics/molecular mechanics
(QM/MM) with semiempirical PM6-D in AMBER16 (Supporting Information), based on
the X-ray structure, to investigate the transition species (TS) encountered in the catalytic
mechanism. The side chains of E517, D286, and the substrate/product atoms were included
in the QM region. The rest of the solvated system was treated with MM. In the energy-
minimized Michaelis complex, the substrate saccharides at all three subsites (-1, +1, and
+2) are in 4C; conformations as per Cremer—Pople parameters.24 The glycosidic oxygen
atom (O3) is 1.85 A from the proton of E517. The angle of the proton with the oxygen atom
of E517 and glycosidic O3 is 156.9° and appropriately placed for proton transfer. The
distance between the oxygen atom of nucleophile D286 and the anomeric C1 atom is 3.09 A.
The oxygen atoms of D286 and E517 are 5.9 A apart, which is characteristic of “retaining”
(double-inversion) GH mechanism.25:28 Previous studies of the catalytic mechanism of the
GH3 family show an oxocarbenium-ion transition species (Figure 4B).22:23.27 Dynamic
trajectories were sampled as the proton from E517 was gradually steered toward the
glycosidic oxygen atom (O3) and the simultaneous breaking of the glycosidic bond. The
formation of a covalent bond between C1 of glucose at the -1 site and the oxygen atom of
D286 results in the covalent—enzyme species and the first product (laminaribiose) at the
+1/+2 site (Movie S3 and Figure S9). The Cremer—Pople ring conformation?4 of the -1
subsite saccharide undergoes a transition from #C; in the Michaelis complex to 4/ in the
first TS and to 4£ in the covalent-enzyme intermediate. The parameters for this TS (Figure
S9C) demonstrate a nearly perfect angle of approach of the nucleophile with the departing
group, which is a 178.4° O3-C1-O s(p2ge) angle. The Burgi-Dunitz trajectory agp angle of
the nucleophile-C1-O5 structure of 99.6° is in the range that allows optimal overlap
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between molecular orbitals.?8 To evaluate experimentally the structural interactions of the
transition state, wild-type apo BglX crystals were soaked with the inhibitor 1-
deoxynojirimycin (K; = 4.4 = 0.5 mM), a mimetic of the oxocarbenium species (Figure 2).
The X-ray complex of BglX with 1-deoxynojirimycin (2.0 A resolution) demonstrated
occupancy of a single molecule at the —1 subsite (Figure 4B). Its electron density fits a half-
chair conformation (Figures S10C and S11C) as expected for a mimetic of the
oxocarbenium species.2?

The first step of the reaction (glycosylation of the enzyme) culminates in the concurrent
formation of the covalent glycosyl species at the —1 subsite and formation of the first
product (in the present example, the disaccharide laminaribiose at +1 and +2 subsites)
(Figure 4C). We modeled this stage of the reaction on the basis of our previous study of
NagZ® (Supporting Information) and a reported X-ray structure of a GH3 homologue.30
Molecular dynamics simulation showed a shift of the laminaribiose product (in the +1 and
+2 subsites) to allow entry of a water molecule (Movie S4). The water molecule closely
approached (3 A) the C1 atom of the glycosyl-enzyme species (Figure 4D and Movie S4).
Interestingly, clear density for a crystallographic water molecule in the complex with 1-
deoxynojirimicin is observed at this location (Figure 4B and Figures S10C and S11C). This
water molecule is positioned between the general base E517 and the C1 atom of the glycosyl
species and thus coincides with the hydrolytic water for deglycosylation. E517 abstracts a
proton from the water to promote formation of the second oxocarbenium-like species
(Figure 4D). Here, a bond forms between the oxygen of the water molecule and the C1 atom
as the bond between D287 and C1 breaks (Figure 4E). This deglycosylation step was
evaluated by a second set of QM/MM calculations (Movie S5). Like the glycosylation step,
there is a single TS. Near the deglycosylation TS, the covalent bond between anomeric C1
and the oxygen of D286 [C1-O sy(p2ge)] is broken (distance of 2.10 A) while the oxygen
atom of the incoming water molecule (OW) is at a distance of 2.02 A (Figure S9B). The
OW-C1-H1 and O g(p2ge)~C1-H1 angles are 91.1° and 80.7°, respectively. The Burgi-
Dunitz angle (agp) for nucleophilic attack trajectory is 88.9°, while the angle formed by the
nucleophile and the departing group [OW-C1-Os(p2gs)] is 161.0°. The 4Hs ring
conformation of the second TS is the same as that seen in the first TS. Moreover, the second
TS superimposes on the 1-deoxynojirimiycin crystal structure and validates the locus of a
water molecule in the TS model. The OW...OE2(E517) and OW...CL1 distances in the
crystal structure are 2.4 and 2.8 A, respectively, while the counterpart distances in the TS
model are 2.70 and 2.02 A, respectively. The OW-C1-Os5(p2ge) angle of 149.7° in the 1-
deoxynojirimycin complex is also comparable (161.0°). The reaction from the TS proceeds
with formation of B-b-glucose in the 4C; conformation as the second product at the -1
subsite, while the first product (the disaccharide laminaribiose from the first step of the
BglX reaction) occupies the +1/+2 sites. Double soaking of both reaction products, 5-o-
glucose and laminaribiose, with the BglX crystals was unsuccessful toward giving this
complex. The X-ray structure showed occupancy of two S-p-glucose molecules at the -1
and +1 sites (Figure 4E). Additional soaking of BglX crystals with S-p-glucose gave an X-
ray structure with a single occupancy of S-b-glucose at the —1 subsite (Figure 4F), indicating
the release of the first product from the +1/+2 subsites. Subsequent release of the second
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product (B-p-glucose) from the —1 subsite regenerates the apo state (Figure 3) to complete
the catalytic cycle.

We investigated the structural basis for the selective recognition of saccharides by BglX.
Although BglX demonstrates a hydrogen bonding pattern at the —1 subsite similar to that in
NagZ, it excludes the occupancy of the N-acetamido group of cell-wall GIcCNAc by an
elegantly repositioned salt bridge (Figure S12). The inability of GICNAc-B-PNP to act as a
BglX substrate in our assay, while Glc-5-PNP is found to be substrate, confirms the
structural incompatibility. On the other hand, the basis for the exclusion of other g-(1—4)-
glycosides as substrates is less obvious. We determined the X-ray structures of three
nonsubstrate 5-(1—4)-glycosides—cellobiose, lactose, and xylotriose (Figure 2 and Figures
S1 and S2)—in complex with BglX [resolutions of 1.65, 1.60, and 1.80 A, respectively
(Figure 5)]. In each structure, contact between E517 (as the source of the critical proton) and
the glycosidic oxygen atom of the ligands is lost. Cellobiose and lactose bind
nonproductively in a flipped directionality with the glucose toward the reducing end, seated
at the —1 site (Figure 5A,B), as opposed to the +1 site in the productive binding in the BglX-
D286N:LMT complex (Figure 5D). Importantly, the lone pairs of electrons on the glycosidic
oxygens in the bound nonsubstrate ligands point away from the source of proton, in contrast
to the case of the substrate LMT. The requisite protonation by E517 is possible only for the
substrate saccharide.

The intact BglX dimer, not the individual monomer, emerges as the catalytic unit. Protein
dimerization, and especially heterodimerization, is a prevalent structural motif.
Homodimerization creation of a functional active site is less common. In contrast to the
notable example of symmetric homodimerization of HIV protease assembling a single active
site,31 each monomer of BglX contributes unequally to the two active sites. Apart from the
four GH3 enzymes mentioned earlier, the homodimeric active site has been reported in other
GH families.32:33 Analysis of the determined hydrolase structures in the PDB (close to
29000 in July 2019) identified close to 2000 homodimeric structures (Table S7). The Protein
Interfaces, Surfaces and Assemblies (PISA) program34 showed that <2% of these hydrolases
have ligand occupancy at the interface of the dimer (Supporting Information), suggesting a
relatively uncommon structural feature seen for BglX. Additionally, a possible regulation
mechanism of the function of BglX may be deduced. Because the periplasmic space of 2
aeruginosa has an abundance of a variety of carbohydrates, the enzymes that act on
carbohydrates must have both high specificity for their substrates and regulation of their
catalytic activities. Homodimerization could be a mechanism of regulation in periplasmic
BglX, while in contrast, the cytoplasmic GH3 enzyme NagZ is functional as a monomer and
its regulation involves a dramatic conformational change following substrate binding.>

As reported herein, catalysis by BglX plays a role in biofilm formation. Given the
correlation of biofilm formation to virulence by P aeruginosa, these results support further
inquiry for BgIX in the assembly (or disassembly) of either (or both) the mixed (alginate,
Pel, Psl) exopolysaccharide matrix of the 2 aeruginosa biofilm and the OMP
oligosaccharides of the periplasm. The distribution of BglX homologues over multiple
genera [such as the Gram-positive Clostridium and the Gram-negative Vibrio (Figure S13)]
suggests a fundamental function for BglX enzymes in the bacterial kingdom.
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Substrate Screening.

We analyzed the ability of BglX to process a variety of carbohydrate molecules (structures
are shown in Figure 2A and Figure S1). Eleven peptidoglycans were synthesized in our
laboratories.8:35-37 The remaining saccharides are commercial (Sigma-Aldrich, Carbosynth).
Reaction of each compound with recombinant wild-type BglX was carried out in 20 mM
HEPES, 0.1 M NaCl, pH 7.0 buffer at 37 °C. After 18 h, the reaction mixtures were flash-
frozen. The reaction mixtures were analyzed by LC/MS (Figure 2 and Figures S2 and S3).
The LC/MS instrument conditions are listed in Table S2.

Crystallization, Data Collection, and Structure Determination.

A solution of native BglX at 12 mg mL~1 in 50 mM Tris, 300 mM NaCl, 200 mM
imidazole, pH 8 buffer was prepared. Crystals grew using the sitting drop vapor-diffusion
method at 291 K with 50 mM Bis-Tris, 30% pentaerythritol ethoxylate, 50 mM ammonium
sulfate, pH 6.5 buffer as the precipitant solution. Equal volumes of the protein and
precipitant solutions (1 1) were combined and equilibrated against 150 s of the reservoir
solution. The crystals were cryoprotected by a mixture of 70% paratone and 30% parafine
before being flash-cooled at 100 K. Crystals of BglX with ligands were obtained by soaking
as described in the Supporting Information. All diffraction data sets were collected using
synchrotron radiation on beamline XALOC of the ALBA synchrotron (Barcelona, Spain)
using a Pilatus 6M detector. The images were processed and scaled using XDS,38
iIMOSFLM,3? and AIMLESS.*% The wild-type BglX structure was determined by the
molecular-replacement method using the structure of the homologue glycosyl hydrolase of
family 3 from B. intestinalis (PDB entry 5TFO0) as a search model followed by manual
modeling using COOT#! and refinement with PHENIX.42 Structures for the different
complexes were determined by the molecular-replacement method using the coordinates of
the BglX native structure. Rotational and translational searches were performed using
PHASER*3 followed by manually modeling using COOT#! and refined with PHENIX.42
The statistics for data processing and refinement are listed in Table S3.

Computational Methods.

Protein structures for the simulation [X-ray structures or computational models (see details
in the Supporting Information)] were prepared using MaesTro (version 2018). Molecular
dynamics simulations were performed with the Amber16 package. The Amber ff14SB force
field provided parameters for amino acid residues, while GLYCAMO06* provided the
parameters for the carbohydrates. For the glycosyl-modified D286 residue, charges were
derived quantum-mechanically at the HF/6-31G(d) level of theory with Gaussian09
(Gaussian, Inc.) and fit using RESP methodology.#> Sequential energy minimization and
equilibration were performed as previously reported.>17 Production simulations in the NPT
ensemble were carried out with the GPU-accelerated PMEMD module for 500 ns durations
following the published protocol.>1” For QM/MM analysis, snapshots were extracted from
MD trajectories and subjected to steered MD (sMD) based on the predefined reaction
coordinate (RC). The Amber16 package with QM/MM supports performed MD with the
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semiempirical method PM6-D for treating the QM region and Amber ff14SB force field for
treating the MM region.46

Complete descriptions of the cloning, protein purification, site-directed mutagenesis, assays,
X-ray crystallography methods, and the computational analyses are given in the Supporting
Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Periplasm of Gram-negative bacteria contains abundant carbohydrate polymers. BglX acts
catalytically on B-glucose saccharides linked by g-(1—2)- and g-(1—3)-glycosidic bonds.
Cell-wall peptidoglycan is recycled by lytic transglycosylases (LTs), and their product
GIcNAc-anhMurNAc is transported to the cytoplasm, where it is processed by NagZ to

release GIcNAc and anhMurNAc.®
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(A) Structures of a selected set of saccharides (boxed) that are substrates of BglX. Other

saccharide structures (unboxed) and a transition-state mimetic (1-deoxynojirimycin)

structure are also shown (see also the Supporting Information). (B) LC/MS extracted-ion
chromatogram traces of the BglX reaction with laminaritriose (blue), laminaribiose (red),
and (C) the ladder of turned over saccharides from polymeric laminarin. The number (1-26)

given on top of each peak in panel C is the number of glucoses of the product

polysaccharide. The inset shows the increased level of formation of Glc and Glc-Glc at
higher BglX concentrations expanded for the first 5 min of elution.
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Figure 3.
(A) Crystal structure of the wild-type apo homodimer structure of BglX (M-1 monomer

colored gray and M-11 monomer colored red). The dimer duplicates a second active site on
the opposite face. (B) Close-up stereoview of the active site with the saccharide-binding
subsites labeled from position -1 to +2.
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Figure 4.
Sequential steps in the catalysis of BglX delineated by X-ray crystallography, coupled with

computational modeling based on the X-ray structures of wild-type and active-site variants.
Each box depicts a discrete step in the catalytic cycle, with the bottom panel showing the
threedimensional structure. The wild-type apo X-ray structure is shown in Figure 3. (A) X-
ray structure of the D286N variant in complex with the substrate laminaritriose (BglX-
D286N:LMT) that represents the Michaelis complex. (B) Proposed first high-energy species
and the corresponding X-ray complex of BglX with the transition-state mimic 1-
deoxynojirimycin (green carbon-capped sticks) (BgIX:NOJ). Crystallographic waters are
represented as red spheres. (C) Computational model of the covalent glycosyl species. (D)
Snapshot from MD simulation of the model in panel C showing a water molecule (sphere
representation) between E517 and C1 of the glycosyl species. (E) X-ray structure of two
products bound to the active site (BglX-D286N:BGC:BGC). (F) X-ray structure of S-b-
glucose at the —1 subsite (BglX-D286N:BGC) that represents the state after the departure of
the first product. The completion of catalysis by departure of the g-p-glucose from the —1
subsite leads to the apo state (Figure 3).
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Figureb.
X-ray structures of BglX-D286N in complex with nonsubstrate saccharides. (A) Cellobiose

[Glc-B-(1—4)-Clc], (B) lactose [Gal-B-(1—4)-Glc], and (C) xylotriose [Xyl-5-(1—4),-
Xyl; two saccharide rings were visible], compared to (D) the substrate laminaritriose (LMT).
Relevant residues are labeled. Distances between acid/base residue E517 and the glycosidic
oxygen atom of the disaccharide are labeled and depicted as yellow dashed lines. Cellobiose,
lactose, and xylotriose are weak inhibitors of BglX (Kj > 50 mM).
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