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An alternative broad-specificity pathway for 
glycan breakdown in bacteria

Seyed Amirhossein Nasseri1,2, Aleksander C. Lazarski3,4, Imke L. Lemmer1,2, Chloe Y. Zhang2, 
Eva Brencher2, Hong-Ming Chen1, Lyann Sim2, Deepesh Panwar2, Leo Betschart1, 
Liam J. Worrall3,4, Harry Brumer1,2,3, Natalie C. J. Strynadka3,4 & Stephen G. Withers1,2,3 ✉

The vast majority of glycosidases characterized to date follow one of the variations  
of the ‘Koshland’ mechanisms1 to hydrolyse glycosidic bonds through substitution 
reactions. Here we describe a large-scale screen of a human gut microbiome 
metagenomic library using an assay that selectively identifies non-Koshland 
glycosidase activities2. Using this, we identify a cluster of enzymes with extremely 
broad substrate specificities and thoroughly characterize these, mechanistically  
and structurally. These enzymes not only break glycosidic linkages of both α and β 
stereochemistry and multiple connectivities, but also cleave substrates that are  
not hydrolysed by standard glycosidases. These include thioglycosides, such as the 
glucosinolates from plants, and pseudoglycosidic bonds of pharmaceuticals such as 
acarbose. This is achieved through a distinct mechanism of hydrolysis that involves 
oxidation/reduction and elimination/hydration steps, each catalysed by enzyme 
modules that are in many cases interchangeable between organisms and substrate 
classes. Homologues of these enzymes occur in both Gram-positive and Gram- 
negative bacteria associated with the gut microbiome and other body parts, as well 
as other environments, such as soil and sea. Such alternative step-wise mechanisms 
appear to constitute largely unrecognized but abundant pathways for glycan 
degradation as part of the metabolism of carbohydrates in bacteria.

Most glycosidic bonds are highly stable under typical biological con-
ditions, with half-lives of around 5 million years for the degradation 
of cellulose and starch3. To hydrolyse such substrates on biologically 
useful timescales, glycosidases have evolved to be among the most 
proficient of catalysts3. For the vast majority of cases, hydrolysis of the 
glycosidic bond is achieved by one of two well-characterized Koshland 
mechanisms1 involving acid/base catalysed reactions through oxocar-
benium ion-like transition states (Fig. 1a). Minor variations exist in the 
identities of the catalytic residues4 or the recruitment of intramolecular 
catalysis5. Achievement of such high proficiency in catalysis by these 
enzymes requires the evolution of an enzyme active site that exquisitely 
stabilizes the transition state of the reaction, and this is realised through 
complementary interactions of all types with essentially all parts of 
the substrate on both sides of the scissile bond6. As a consequence, 
glycosidases tend to be quite specific for their natural substrates.

The question then arises as to whether alternative, less-demanding 
and therefore less-specific mechanisms for degradation of glyco-
sides may have evolved that would endow organisms with the ability 
to degrade pools of diverse substrates that would be otherwise inac-
cessible to them. This could include complex O-glycans of unusual 
linkage type that are not cleaved by specific Koshland glycosidases or 
glycosides linked by atoms other than oxygen, such as carbon, nitro-
gen or sulfur.

Intrigued by this idea, we examined its possibility in the bacterial 
world using a functional metagenomic approach. The large number 
of unassigned genes, representing up to 25% of those in known bac-
terial genomes7, certainly allows room for this possibility. As screen-
ing substrates for the identification of new mechanistic classes of 
glycosidases, we used the fluorogenic alkylthioglycosides (Fig. 1b) 
that we had previously2 shown to not be hydrolysed by Koshland 
glycosidases, yet cleaved efficiently by non-Koshland glycosidases 
from CAZy8 families GH4/1099 and GH88/10510. These substrates 
will therefore detect not only thioglycosidases but also other 
possible glycoside-cleaving enzymes that do not use Koshland  
mechanisms.

Here, we applied this strategy to a large-scale screen of a human gut 
microbiome metagenomic library using a diverse set of thioglycoside 
substrates. A total of 12 unique hits was identified, with at least one hit 
for each of the substrates used. Through kinetic, mechanistic and struc-
tural analysis of two of these hits and a homologous system in another 
bacterium, we identified and characterized an operon that carries out 
the hydrolysis of a highly broad set of substrates. Analogues of these 
enzymes are present in a wide variety of organisms and the components 
of this system are, in many cases, interchangeable between organism 
and substrate type. These enzyme systems represent an underappreci-
ated mode of glycan degradation.
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Screen of a human gut metagenome library
We synthesized the seven fluorogenic thioglycoside substrates shown 
in Fig. 2, based on β-glucose, β-galactose, α-mannose, β-glucuronic 
acid, 4,5-unsaturated β-glucuronic acid, β-N-acetylglucosamine and 
β-6-phosphoglucose, as described in Supplementary Schemes 1–4. 
These substrates cover a broad spectrum of commonly occurring gly-
cosides as well as two (5 and 7) as controls because enzymes from GH4 
(6-phospho-β-glucosidase) and/or GH88/105 (α-4-5-ene-glucuronidase) 
were likely to be present in our libraries.

Our 20,000-member human gut metagenomic fosmid library11 
was chosen for the screen, as the vast amount of genome sequences 
available for the human gut microbiome simplifies and enriches the 
downstream analysis. Anticipating few hits, we pooled the substrates 
for our first screen, which led to approximately 120 hits (Supplemen-
tary Fig. 2); a hit rate comparable to those of metagenomic screens for 
well-established enzymatic activities12. Hits were picked and arrayed 
into two 96-well ‘hit plates’, copies of which were then screened sep-
arately with the seven synthesized substrates (Fig. 2), as well as the 
equivalent O-glycosides. A summary of all of the results is provided 
in Supplementary Table 1. At least one hit was found for each thiogly-
coside substrate.

Sequencing of the hit fosmids revealed that many of them were 
derived from the same regions of bacterial genomes. After removal 
of redundant hits, about a dozen candidates remained. A summary of 
these and their most probable source organisms is provided in Sup-
plementary Table 2. The majority of these fosmids contain no known 
glycosidase genes, yet hydrolytic activity was unequivocal. Here, we 
focus on two of the hits for which we have fully characterized the sets 
of proteins responsible for the activity. Detailed investigation of the 
other hits is ongoing.

Investigations of the P1C11 hit
A particularly interesting hit was P1C11, the single clone that was active 
against the α-S-mannoside substrate 3 and the β-S-glucoside substrate 
1, hinting at an unusual mechanism that is able to hydrolyse both α- and 
β-glycosides (Fig. 2 and Supplementary Table 1). Sequencing of this 
fosmid revealed its origin from an Alistipes species with open read-
ing frames (ORFs) encoding many uncharacterized genes along with 
several annotated as carbohydrate-related enzymes, but no known 
glycosidases (Fig. 3a). The closest was a domain of unknown function 
1080 (DUF1080)-containing gene, encoding a protein with structural 
similarity to GH16 endo-1,3-1,4-β glucanases13 along with nearby genes 
encoding a putative sugar phosphate isomerase, two Gfo/Idh/MocA-like 
oxidoreductases and a DUF6377 predicted to be a transcriptional regu-
lator. In silico analysis of these proteins, hereafter called AL1, AL2, AL3, 
AL4 and AL5 (Fig. 3b), predicts that—in addition to AL5, which is mem-
brane associated14—three of the other proteins have signal peptides15: 
AL1 has a general secretory system signal peptide, AL2 has a lipoprotein 
signal peptide and AL3 has a twin-arginine signal peptide suggesting 
periplasmic locations, while AL4 is cytosolic.

Similar genes in Bacteroides species
Notably, a very similar operon (BT2156-2160; Fig. 3b) in another preva-
lent gut commensal bacterium, Bacteroides thetaiotaomicron, was 
recently identified as responsible for metabolism of glucosinolates, 
naturally occurring β-thioglucosides in plants16. At least three out 
of the four enzymes, as well as the SusR-like sensor/regulator17, 
were needed for activity in vivo, while preliminary data suggested 
that only two of the enzymes were required to observe the activity 
in vitro, although the roles of these proteins were not elucidated. The 
same cluster was also identified through a functional genetics study 
on B. thetaiotaomicron18 as being responsible for the degradation 
of several α-linked disaccharides, including α,α-trehalose, leucrose 
and maltitol. Homologues of these enzymes also occur in many other 
human-gut-associated Bacteroides species16. Further details are pro-
vided below.

The similarity of our Alistipes sp. enzymes to those in B. thetaiotaomi-
cron and the limited mechanistic and structural insights into how this  
B. thetaiotaomicron cluster functions to degrade such diverse glycans 
led us to perform parallel structural and mechanistic investigations of 
the two systems. To that end, we cloned each of the enzyme-encoding 
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genes and expressed and purified them from Escherichia coli as 
described in the Supplementary Information.

Kinetic studies of AL and BT enzymes
With all of these proteins in hand, we demonstrated that the four BT 
enzymes, used together, hydrolyse both our fluorogenic β-S-glycoside 
substrate 1 and the α-S-mannoside 3 as well as both the α and β anomers 
of methylumbelliferyl O-glucoside and mannoside, with a decided 
preference for the β-glycosides. The four AL enzymes together likewise 
hydrolyse both anomers of both the glucoside and mannoside, but 
with a preference for the α anomers (Supplementary Information Sec-
tion 2.5.2.3). As implied previously16, neither AL4 or BT4 are essential for 
activity in vitro (Supplementary Information Section 2.5.2.2). Impor-
tantly, we showed (Supplementary Information Section 2.5.1.2) that the 
enzymes AL2 and BT2 (AL/BT2) and AL3 and BT3 (AL/BT3) are largely 
interchangeable between the two systems, suggesting that they have 
similar roles and also that they do not work as obligate multienzyme 
complexes.

While the cloned enzymes were active together in vitro, the overall 
rates under the conditions used were extremely low, as also reported 
previously16, making mechanistic studies challenging and, importantly, 
suggesting a missing component. However, addition of various metal 
ions and varying the buffer salts and ionic strength led to only minor 
rate improvements (Supplementary Information Sections 2.5.1.3 and 
2.5.1.4). By contrast, addition of EDTA ablates the reaction for both 
series of enzymes, indicating important previously bound metals.

Despite the fact that the clusters contain a pair of oxidoreductases, 
addition of NAD(P)(H) had no pronounced effect on the reaction rates, 
nor did any other tested cofactors (Supplementary Information Sec-
tion 2.5.1.5). Assuming that NAD(H) is indeed involved, based on the 
precedent of other Gfo/Idh/MocA oxidoreductases, this would suggest 
a tightly bound cofactor carrying out an oxidation of the substrate 
and getting recycled back into its oxidized form by some means other 
than cofactor exchange, consistent with the periplasmic location. On 
the basis of our previous studies of the GH4 enzyme family19, the most 
likely mechanism involves an initial oxidation by AL/BT3 to generate  
a 3-keto-sugar intermediate, as also suggested previously18. This acidi-
fies the proton at C2, and facilitates glycoside cleavage through an 
elimination reaction, distinct from the nucleophilic substitution reac-
tions of Koshland glycosidases1.

In the absence of NAD(H) exchange in the in vitro system, AL/BT3 
will get stuck in the reduced form, unable to perform another catalytic 
cycle. To bypass this restriction, we added methyl β-3-ketoglucoside 
(synthesized using a site-selective palladium catalyst20) to the reaction 
mixtures of both series of enzymes as a stoichiometric re-oxidant. This 
indeed increases the hydrolysis rates of our fluorogenic substrates 
by more than 100-fold (Supplementary Fig. 9), indicating that this 
was the rate-limiting step and opening up the opportunity of detailed 
mechanistic investigations.

Roles of individual enzymes
Roles of individual enzymes were next identified by 1H nuclear magnetic 
resonance (1H-NMR) analyses of their reactions. We first confirmed the 
roles of AL/BT3 as the initial oxidants by showing that addition of either 
of AL/BT3 to equimolar mixtures of a glucoside and a 3-keto-glucose 
derivative (Glc-α-pNP and 3-keto-1,5-anhydroglucitol in Extended Data 
Fig. 1a) results in oxidation of the glucoside to its 3-ketoglucoside, 
yielding an equilibrium mixture (54:46) of the reduced:oxidized spe-
cies. Performing the same reaction with the reverse reduced/oxidized 
pair of substrates gives the same equilibrium mix (Supplementary 
Information Section 2.7.6).

Roles for the other components were assigned by monitoring 
reactions of chemically synthesized 3-ketoglycoside versions of the 
minimalist substrates, methyl α- and β-glucoside. As seen in Extended 
Data Figs. 1b and 2a, AL/BT1 carry out the elimination reaction on the 
β anomer of 3-keto-GlcOMe, while AL/BT2 do so on the α anomer. 
Hydration of the resultant 3-keto-2-hydroxy-glucal is then performed 
efficiently by AL/BT2, while AL/BT1 do so much more slowly (Sup-
plementary Information Sections 2.7.2–2.7.5). Hydration leads to a 
mixture of isomers of 3-keto-glucose, dominant among which is the 
3-keto-gluco-furanose21 shown in Extended Data Fig. 2a. Thus, the 
enzymes AL/BT1, previously annotated as sugar phosphate isomer-
ases, are in fact 3-keto-β-glucoside-1,2-lyases while AL/BT2, mem-
bers of DUF1080 family, are both 3-keto-α-glucoside-1,2-lyases and 
3-keto-2-hydroxy-glucal hydratases, and not 3-keto-glucoside hydro-
lases as previously suggested18. The dual activity of AL/BT1 and AL/
BT2 is not surprising, considering the very similar transition states 
for the elimination and hydration reactions (Extended Data Fig. 2b). 
Control experiments (Supplementary Figs. 93 and 94) confirm that 
these enzymes alone have no effect on simple glucoside substrates 
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such as the para-nitrophenyl glucosides. Moreover, by manipulating 
enzyme concentrations or by stepwise addition of the enzymes, the 
intermediates of each step in the overall reaction for hydrolysis of both 
anomers of para-nitrophenyl glucosides are detected by NMR (Sup-
plementary Figs. 91, 92 and 95–98). On the basis of these findings, the 
overall pathway for hydrolysis of glycosides by the enzymes AL/BT1–3 
is depicted in Fig. 4a.

X-ray crystallography
To gain further insights into the mechanisms of these enzymes, 
high-resolution models of AL1, AL2, AL3, BT1 and BT2 were determined 
using X-ray crystallography (details are provided in Supplementary 
Information Section 2.8 and Extended Data Table 2). The resulting 
models of AL1 and BT1 displayed a classical overall α/β (TIM) bar-
rel fold, typical of the isomerases that they are related to, with an 
eight-stranded core barrel surrounded by eight helices on the outer 
layer (Fig. 4b). The active site contains a conserved catalytic Glu (272 
and 275 in AL1 and BT1, respectively) for proton extraction (Fig. 4c 
and Extended Data Fig. 3a,b). In agreement with the results of kinetic 
assays (Supplementary Information Section 2.5.4.2), a Cobalt metal 
was observed and confirmed by X-ray fluorescence (XRF) scans of AL1 

and BT1 crystals (Supplementary Fig. 103a,b). This is coordinated by 
His178/182, Asp211/214 and His237/240 as well as the 3-keto group of 
the substrates in the substrate-bound models (Fig. 4c and Extended 
Data Fig. 3c). In addition to this ion, the substrate binds to His103/107, 
Trp214/217 and His180/184, while the predicted catalytic Glu272/275 
side-chain OE2 is positioned 2.7 Å above carbon 2 of the bound sub-
strate analogue, 3-keto-1,5-anhydroglucitol (Fig. 4c and Extended Data 
Fig. 3a).

Apo BT2 and AL2 formed monomers adopting a β jelly roll fold that 
creates a catalytic channel flanked by five finger domains comparable to 
proteins from the GH16 family13 (Fig. 4d and Extended Data Fig. 3d). BT2 
and AL2 displayed highly similar folds with an root mean squared devia-
tion (r.m.s.d.) of 0.5 Å across 229 Cα pairings (Supplementary Fig. 110). 
Notable divergences from GH16 structures were observed within the 
catalytic channel where no homologous E-[ILV]-D-[IVAF]-[VILMF] (0,1)-E 
motif22 was observed, indicating that although the overall fold is similar, 
BT2 contains different catalytic residues. A potassium ion was observed 
in the channel (Supplementary Fig. 103i), which probably replaced 
the functional metal (proposed to be Ca2+ based on the kinetic data; 
Supplementary Information Section 2.5.4.2) during crystallization due 
to its high concentration (Fig. 4e, Extended Data Fig. 3e and Supple-
mentary Table 5). To identify possible catalytic and metal coordinating 
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residues, BT2 crystals were soaked with α,α-trehalose before diffrac-
tion. Soaked crystals contained a glucose-like molecule in the active 
site coordinated at the 2, 3, 4 and 6 OH groups by His275, the metal 
ion, Gln273 and Lys245, respectively (Fig. 4d, Extended Data Fig. 3f 
and Supplementary Fig. 107). Consistent with this, sequence align-
ments confirmed conserved amino acids in the channel where Glu103 
(>95% conserved as Glu/Asp), Asn134, Glu164, Gln166, Tyr190, Lys245, 
Gln273 and His275 were all highly conserved across 3,183 homologous 
sequences and probably comprise the metal-binding and active site of 
BT2 (Fig. 4d, Extended Data Fig. 3e,f and Supplementary Fig. 104b).

AL3 structures crystallized as dimers with an N-terminal 
Rossmann-like fold, and a C-terminal domain containing the active 
site, dimerization interface and a regulatory loop that blocks the 
opposing monomer active site in the dimer pair (Fig. 4f). Both apo 
and trehalose-bound enzymes crystallized with NAD co-factors (Sup-
plementary Fig. 108c); however, despite XRF scans indicating the 
presence of Co2+ (Supplementary Fig. 103e), no Co2+ was observed. 
Trehalose-bound AL3 identified the primary glycoside-binding pocket 
as comprising Gln161 (which mediates the adjacent NAD cofactor), as 
well as Arg192 (coordinating O-5 and OH-6 of the glucose ring), Trp195, 
Asp248, His252 (OH-3) and Tyr349 (OH-2) (Fig. 4g and Extended Data 
Fig. 3g). Numerous additional distinct trehalose binding sites were 
observed beyond that of the active site just described, with some 
arranged in a chain-like configuration. It is tempting to suggest this 
continuous path of sugar binding may show how AL3 and BT3 bind 
to larger oligosaccharides for catalysis (Extended Data Fig. 3h; see 
below for further discussion), but given the high concentration of tre-
halose present in the soaking experiment, non-specific binding may 
be responsible.

Broad substrate specificities
The finding that enzyme systems of this class are able to hydrolyse 
simple non-activated substrates such as methyl glucosides of both 
α and β configurations is unprecedented. We were therefore inter-
ested in exploring whether this broad specificity extends to commonly 
occurring oligosaccharides, as this might illuminate the reasons for the 
parallel evolution of these enzymes in the presence of highly efficient 
Koshland glycosidases.

As an initial screen, using a mixture of all of the enzymes, we assayed 
inhibition of the hydrolysis of our fluorogenic substrates by a series of 
oligosaccharides, as this should detect both competitive substrates and 
competitive inhibitors (Supplementary Information Section 2.5.5). As 
shown in Fig. 4h, with the exception of galactosides, a wide range of 
α- and β-glycosides of varying linkage were inhibitory. Further analysis 
using thin-layer chromatography and 1H-NMR (Supplementary Infor-
mation Sections 2.6.2, 2.7.9 and 2.7.10) reveals that all of the inhibitory 
oligosaccharides are indeed completely hydrolysed. This includes both 
β- and α-glucosides with essentially any glycosidic linkage to the next 
sugar unit. The next sugar unit can be any monosaccharide (examples 
include sucrose (Glcα(1→2)βFruc) and maltose (Glcα(1→4)Glc) or indeed 
larger saccharide units as cello- and malto-oligosaccharides are all 
efficiently hydrolysed. This broad activity also extends to glucosides 
with aglycones such as phenols (salicin, fluorogenic MU-glycosides) as 
well as thio-glycosides such as sinigrin. The enzymes appear to be strict 
exo-glycosidases degrading from the non-reducing end and therefore 
have little effect on polysaccharides in vitro. However, in vivo, they 
would work in concert with suitable endo-glycosidases to degrade 
such substrates.

As the mechanism of action of these enzymes does not require an 
endocyclic oxygen, we hypothesized that they could also cleave pseudo- 
glycosides. Notably, we found that the enzyme systems are able to break 
the C-N bond of the pseudo-oligosaccharide acarbose (Supplementary 
Figs. 70, 72 and 130), a type II diabetes therapeutic, hinting at a possi-
ble degradation pathway for this drug molecule and presumably for 

other compounds of this class in human gut environments that con-
tain these enzymes. This provides another example of how the human 
gut microbiome can metabolize drugs, this time discovered using an 
indirect mechanistic approach. Indeed, essentially any cyclohexyl 
ring with the right configuration of hydroxy groups for oxidation of 
the 3-hydroxy should undergo a subsequent elimination reaction to 
break the (pseudo)glycosidic bonds, provided that the substrate fits 
into the enzyme active sites.

Extension of the inhibition assay on AL/BT3 to monosaccharides 
(Supplementary Information Section 2.5.5) reveals that the only essen-
tial hydroxy groups in the case of AL/BT3 are those at the 3 and 4 posi-
tions. Modifications at other positions are allowed provided that their 
size does not preclude active site binding. Thus, for example, quinovose 
and 6-phospho glucose are inhibitory but not melibiose (Galα(1→6)Glc).

A consequence of this mechanism is that glycosides modified at 
the 3-position are not hydrolysed, because oxidation does not occur. 
Notably, many of the aminoglycoside antibiotics have C-3 modifica-
tions and none of those that we tested are substrates of these enzymes 
(Supplementary Figs. 71 and 72 and Supplementary Information Sec-
tion  2.6.1.3.3). 3-Amino-modified monosaccharides can also be found 
among many other natural products23,24, while 3-O-methylation, deoxy-
genation and branching occurs in some other cases25,26. It therefore 
seems quite likely that modifications at the 3-position have evolved as  
a means of combatting the degradation of glycosylated natural prod-
ucts such as antibiotics through a 3-keto-mediated pathway.

In vivo hydrolysis of α- and β-glycosides
Previous studies have implicated BT1–5 in the hydrolysis of α-glycosides 
such as α,α-trehalose18 and β-thio-glycosides such as glucosinolates16 
by B. thetaiotaomicron. To examine this more fully in light of the 
observed broad specificities, we first investigated whether several 
Bacteroides species could hydrolyse the strictly non-Koshland β- and 
α-thioglycoside substrates 1 and 3. Grown under the same conditions 
in rich medium, B. thetaiotaomicron and the other strains containing 
homologues of this operon (Bacteroides ovatus, Bacteroides uniformis, 
Bacteroides xylanisolvens) can indeed hydrolyse both substrates, 
while species lacking similar genes (Bacteroides fluxus and Bacteroides 
finegoldii) as well as the mutant B. thetaiotaomicron strain lacking the 
oxidoreductase (ΔBT3) show no activity (Extended Data Fig. 4a,b).

However, the observed activities for B. thetaiotaomicron cells grown 
in rich medium are low, prompting us to investigate what conditions 
induce the expression of these proteins. Analogous to a previous 
report18, we observed strong upregulation of BT1–4 transcripts in 
cells grown in minimal medium with α,α-trehalose as the sole car-
bon source (Extended Data Fig. 4c). As expected, these cells also 
hydrolyse 1 and 3 orders-of-magnitude faster than the cells grown in 
minimal medium with glucose or rich medium (Extended Data Fig. 4d 
and Supplementary Fig. 112), establishing that α,α-trehalose can act 
as an inducer. Importantly, although B. thetaiotaomicron cells are 
reported to not grow on substrates such as cellobiose (Glcβ(1→4)Glc) 
under regular laboratory conditions27, we found that the addition of 
small amounts of α,α-trehalose as an inducer results in the consump-
tion of cellobiose and robust growth (Extended Data Fig. 4e). Similar 
results were obtained for the wild-type strain with a suite of other 
glycosides, including the natural products salicin and sinigrin as well 
as methyl manno- and glucosides (Supplementary Figs. 116–120). On 
the other hand, mutant strains lacking the oxidoreductase BT3 or the 
SusR-like regulator BT517 do not grow on trehalose or other similar 
substrates, directly implicating these loci in glycoside utilization (Sup-
plementary Figs. 121–128). Finally, we observed that, in addition to 
trehalose, other α-glucosides such as palatinose and turanose as well 
as β-glucosides such as cellobiose and salicin can also act as inducers 
and eventually lead to growth, but with lag phases of variable length 
(Extended Data Fig. 4f and Supplementary Information Section 2.10.3). 
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Although further experiments are required to fully elucidate the reg-
ulation of this system and the roles of BT4 and BT5—the two other 
proteins essential for activity in vivo16,18—these observations are in 
full accordance with the designation of BT1–5 as a broad-spectrum 
glycoside-utilization operon.

Investigations of the P2B11 hit
Another of our fosmid hits—P2B11, from an unknown Gram-positive 
bacterium—is active on thio-glucuronide substrate 4. This fosmid 
encodes a cluster of four enzymes in which, in contrast to the above 
cases, the two oxidoreductase genes are flanked by two genes that are 
annotated as sugar-phosphate isomerases with no apparent nearby 
regulator (Fig. 5a). While several other genes annotated as glycosidases 
are found in this fosmid, the similarity of this set of four genes to those 
previously studied (Fig. 5b) suggested that they were responsible for 
the activity. Biochemical characterization confirmed this, revealing 
substantial similarity between these proteins and those discussed 
above, despite modest sequence similarity. Here also, Oxido1 proved 
to be the most important for activity, while Iso1 and Iso2 both enhance 
the rate decidedly and Oxido2 has minor effects (Supplementary Infor-
mation Section 2.5.6.5). Catalytic activity is enhanced in the presence 
of Mn2+ and Co2+ ions, while the presence of NAD(P)(H) cofactors 
again has no effect on reaction rate. These four proteins together also 
have a relatively broad substrate specificity, hydrolysing both β- and 
α-glucuronide substrates at similar rates (Supplementary Informa-
tion Section 2.5.6.6). While glucosides are not hydrolysed, glycosides 
bearing negative charges at the 6-position, like 6-PO4, 6-SO4 and sul-
foquinovoside substrates, are all cleaved, albeit slowly compared with 

glucuronides. Some of the components of this cluster can be swapped 
with those found in P1C11, despite different substrate specificities. 
Thus, AL3 can efficiently oxidize glucuronide substrates, and a mix-
ture of AL3 and Iso1 and Iso2 from P2B11 hydrolyses the glucuronide 
substrate (Supplementary Information Section 2.5.6.9), confirming 
the mechanistic parallels.

P2B11–Oxido1 crystallized as a dimer (six dimers in the asymmet-
ric unit of the P21 cell) with the core N-terminal Rossmann domain, 
C-terminal active site region, dimerization interface and inhibitory 
loop for opposing monomers displaying an overall fold comparable to 
that of AL3 (Fig. 5c). XRF scans of the crystals confirmed the presence of 
Co2+ (Supplementary Fig. 103f), suggesting metal binding and specific-
ity; however, as with AL3, no ordered anomalous electron density was 
evident in the active-site maps. Similar predominantly hydrophobic 
interfaces were observed between each inhibitory loop and its regu-
latory partner in both enzymes; however, the relative orientation of 
the fold and disposition of the active sites on opposite faces in the 
P2B11–Oxido1 dimer differed compared with the same faces in AL3 
(Supplementary Fig. 111b). Glycoside-binding pockets appear to contain 
the same core in Asn147 for NAD coordination, while Trp179, Arg181, 
Tyr185, Asn205 and His209 comprise the active-site pocket (Fig. 5d). 
Most residues appeared in similar positions, except for Tyr185 and 
Trp179, which lie on opposite sides of Arg181 relative to the analogous 
residues in AL3 (Fig. 5e).

Discussion and conclusions
The operons described in this study endow the bacteria that har-
bour them with the ability to cleave not only otherwise recalcitrant 
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thioglycosides, but also both the α and β glycosidic bonds of a wide 
range of commonly occurring oligosaccharides. This versatility derives 
from their different chemical mechanism, involving anionic transition 
states rather than the cationic oxocarbenium ion-like transition states 
of the more common8 Koshland glycosidases, as well as the separation 
of the reaction into several steps. We established the functions of the 
individual enzyme components by NMR monitoring of their reactions, 
detected each intermediate in the overall reaction, and identified the 
key residues involved in binding and catalysis by solving the structures 
of the enzymes.

Figure 6 summarizes the proposed mechanism through which the 
enzymes AL/BT1–3 can hydrolyse a diverse range of substrates within 
the periplasm to generate glucose while returning the oxidase AL/BT3 
to its starting oxidation state. Thus, the tightly bound NAD cofactor 
of AL/BT3 is most likely recycled in vivo through reduction of the 
3-ketoglucose generated by AL/BT2. Addition of the 3-ketoglucose 
derivative was necessary for initial rate kinetics in vitro as isomeri-
zation of 3-ketoglucose to its furanose form reduces the concen-
tration of the active form. Reoxidation of the enzyme in vivo might 
also occur through specialized proteins, such as cytochromes28,29, 
or through other small-molecule hydride acceptors. To assess this 
possibility, we screened a range of common carbonyl-containing 
chemicals and found that d-erythrose and dehydroascorbic acid 
can also function as co-substrates (Supplementary Information Sec-
tion 2.5.7). However, the reaction rates are significantly lower than 
with 3-ketosugars, and the relevance of these specific molecules 
in vivo when 3-keto-glucose itself will be generated by AL/BT2 remains  
to be seen.

The substantial differences between this mechanism and that of the 
Koshland glycosidases have several consequences. As the hydroxyl 
at C3, rather than the anomeric centre, is the linchpin of this mecha-
nism, both α- and β-anomers can be accommodated. Indeed, com-
parable pseudo-Michaelis–Menten kinetic parameters are found 
(Extended Data Table 1) for the reactions catalysed by individual or 
collective enzymes with both anomers of simple aryl glycosides. 
Furthermore, by breaking down the reaction coordinate into a series 
of lower-energy steps, less evolutionary optimization is required to 
arrive at useful reaction rates for diverse and challenging substrates. 
Moreover, the interchangeability of these subunits should make 
the evolution of ‘new’ activities more facile. However, this versatil-
ity does come at the cost of expressing multiple proteins to perform 
a reaction that Koshland glycosidases carry out efficiently in one 
step. Our experiments show that the 3-keto pathway is a last-resort 
pathway in B. thetaiotaomicron and, as suggested previously16, these 
enzymes are expressed conditionally, only when the bacteria encoun-
ter carbohydrates for which no specialized glycoside hydrolases  
are encoded.

As shown previously16, close homologues of the BT enzymes are 
present in about half of the assessed human gut microbiome sam-
ples collected worldwide. Moreover, our identification of a divergent 
glucuronide-hydrolysing homologue, P2B11, shows that bacterial break-
down of glycosides through a 3-keto intermediate is not limited to 
glucosides and probably extends well beyond. Using our hit sequences 
as templates, we conducted a search of online genomic databases for 
other bacteria encoding similar operons. As shown in Extended Data 
Figs. 5 and 6 and Supplementary Tables 6 and 7, a wide range of both 
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Gram-positive and Gram-negative bacteria from diverse environments 
(human and animal bodies, soil and marine environments, hot springs 
and opportunistic pathogens) carry similar operons with a variety of 
architectures and often only distant sequence similarities. Specific 
substrates for each operon await identification.

3-Keto glycosides were first discovered in the 1960s, when bacterial 
strains that oxidize disaccharides into 3-keto sugars were reported30. 
The best studied example was the plant pathogen Agrobacterium 
tumefaciens, which converts sucrose, among other disaccharides, to 
3-keto-sucrose31,32. However, the identities of the enzymes responsible 
were not known and no chemical rationale was provided for the oxida-
tion: the enzymes responsible for breaking the glycosidic bonds were 
assumed to be regular glycosidases. More recently, ketosugars have 
been reported as intermediates in the breakdown of anhydrosugars 
such as levoglucosan33,34, as well as C-glycoside-cleaving systems that 
operate through similar oxidation and elimination reactions35–39. As 
mentioned, other glycosidases that transiently oxidize sugar hydroxy 
groups as part of their mechanism have been reported by us and  
others9,40–42. However, no similarly broad specificity was observed in any 
of these cases. While levoglucosan is not a substrate of our enzymes, 
AL/BT3 have the ability to oxidize C-glycosides, but the lyase enzymes 
AL/BT1 do not further degrade the 3-keto-C-glycoside (Supplemen-
tary Information Section 2.6.1.3.2), presumably because they lack the 
required residues for aromatic enolization43.

Our findings consolidate and considerably extend these disparate 
reports, laying out substantial structural and mechanistic support for 
a distinct, widespread and highly flexible alternative pathway that is 
used by bacteria for degrading a wide range of glycans. Glycosidases 
are arguably one of the most extensively studied classes of enzymes. 
Elucidation of a new biochemical pathway for metabolism of one of 
the best-studied class of biomolecules in the well-trodden ground of 
the human gut microbiome serves as a reminder that there remains 
an immense amount to be learned about the chemistry of biological 
systems.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-024-07574-y.

1. Koshland, D. E. Stereochemistry and the mechanism of enzymatic reactions. Biol. Rev. 28, 
416–436 (1953).

2. Nasseri, S. A., Betschart, L., Opaleva, D., Rahfeld, P. & Withers, S. G. A mechanism-based 
approach to screening metagenomic libraries for discovery of unconventional 
glycosidases. Angew. Chem. 130, 11529–11534 (2018).

3. Wolfenden, R., Lu, X. & Young, G. Spontaneous hydrolysis of glycosides. J. Am. Chem. 
Soc. 120, 6814–6815 (1998).

4. Watts, A. G. et al. Trypanosoma cruzi trans-sialidase operates through a covalent 
sialyl-enzyme intermediate: tyrosine is the catalytic nucleophile. J. Am. Chem. Soc. 125, 
7532–7533 (2003).

5. Vocadlo, D. J. & Withers, S. G. Detailed comparative analysis of the catalytic mechanisms 
of β-N-acetylglucosaminidases from families 3 and 20 of glycoside hydrolases. 
Biochemistry 44, 12809–12818 (2005).

6. Namchuk, M. N. & Withers, S. G. Mechanism of Agrobacterium β-glucosidase: kinetic 
analysis of the role of noncovalent enzyme/substrate interactions. Biochemistry 34, 
16194–16202 (1995).

7. Mistry, J. et al. Pfam: the protein families database in 2021. Nucleic Acids Res. 49, D412–D419 
(2021).

8. Drula, E. et al. The carbohydrate-active enzyme database: functions and literature. 
Nucleic Acids Res. 50, D571–D577 (2022).

9. Yip, V. L. Y. & Withers, S. G. Family 4 glycosidases carry out efficient hydrolysis of 
thioglycosides by an α,β-elimination mechanism. Angew. Chem. Int. Ed. 45, 6179–6182 
(2006).

10. Jongkees, S. A. K. & Withers, S. G. Glycoside cleavage by a new mechanism in 
unsaturated glucuronyl hydrolases. J. Am. Chem. Soc. 133, 19334–19337 (2011).

11. Rahfeld, P. et al. An enzymatic pathway in the human gut microbiome that converts A to 
universal O type blood. Nat. Microbiol. 4, 1475–1485 (2019).

12. Lorenz, P. & Eck, J. Metagenomics and industrial applications. Nat. Rev. Microbiol. 3, 
510–516 (2005).

13. Viborg, A. H. et al. A subfamily roadmap of the evolutionarily diverse glycoside hydrolase 
family 16 (GH16). J. Biol. Chem. 294, 15973–15986 (2019).

14. Hallgren, J. et al. DeepTMHMM predicts alpha and beta transmembrane proteins using 
deep neural networks. Preprint at bioRxiv https://doi.org/10.1101/2022.04.08.487609 
(2022).

15. Teufel, F. et al. SignalP 6.0 predicts all five types of signal peptides using protein 
language models. Nat. Biotechnol. 40, 1023–1025 (2022).

16. Liou, C. S. et al. A metabolic pathway for activation of dietary glucosinolates by a human 
gut symbiont. Cell 180, 717–728 (2020).

17. Ravcheev, D. A., Godzik, A., Osterman, A. L. & Rodionov, D. A. Polysaccharides utilization 
in human gut bacterium Bacteroides thetaiotaomicron: comparative genomics 
reconstruction of metabolic and regulatory networks. BMC Genomics 14, 873 (2013).

18. Liu, H. et al. Functional genetics of human gut commensal Bacteroides thetaiotaomicron 
reveals metabolic requirements for growth across environments. Cell Rep. 34, 108789 
(2021).

19. Yip, V. L. Y. et al. An unusual mechanism of glycoside hydrolysis involving redox and 
elimination steps by a family 4 β-glycosidase from Thermotoga maritima. J. Am. Chem. 
Soc. 126, 8354–8355 (2004).

20. Jäger, M., Hartmann, M., de Vries, J. G. & Minnaard, A. J. Catalytic regioselective oxidation 
of glycosides. Angew. Chemie Int. Ed. 52, 7809–7812 (2013).

21. Morris, P. E., Hope, K. D. & Kiely, D. E. The isomeric composition of d-ribo-hexos-3-ulose 
(3-keto-d-glucose) in aqueous solution. J. Carbohydr. Chem. 8, 515–530 (1989).

22. Allouch, J. et al. The three-dimensional structures of two β-agarases. J. Biol. Chem. 278, 
47171–47180 (2003).

23. Lemke, A., Kiderlen, A. F. & Kayser, O. Amphotericin B. Appl. Microbiol. Biotechnol. 68, 
151–162 (2005).

24. Arsic, B. et al. 16-membered macrolide antibiotics: a review. Int. J. Antimicrob. Agents 51, 
283–298 (2018).

25. Zhao, Q. et al. Neriifolin from seeds of Cerbera manghas L. induces cell cycle arrest and 
apoptosis in human hepatocellular carcinoma HepG2 cells. Fitoterapia 82, 735–741 
(2011).

26. Sugawara, K. et al. Elsamicins A and B, new antitumor antibiotics related to chartreusin. 2. 
Structures of elsamicins A and B. J. Org. Chem. 52, 996–1001 (1987).

27. Martens, E. C. et al. Recognition and degradation of plant cell wall polysaccharides by 
two human gut symbionts. PLoS Biol. 9, e1001221 (2011).

28. van Beeumen, J. & de Ley, J. Hexopyranoside: cytochrome c oxidoreductase from 
Agrobacterium tumefaciens. Eur. J. Biochem. 6, 331–343 (1968).

29. Takeuchi, M., Asano, N., Kameda, Y. & Matsui, K. Physiological role of glucoside 
3-dehydrogenase and cytochrome c551 in the sugar oxidizing system of Flavobacterium 
saccharophilum. J. Biochem. 103, 938–943 (1988).

30. Bernaerts, M. J. & De Ley, J. Microbiological formation and preparation of 
3-ketoglycosides from disaccharides. J. Gen. Microbiol. 22, 129–136 (1960).

31. Grebner, E. E. & Feingold, D. S. d-Aldohexopyranoside dehydrogenase of Agrobacterium 
tumefaciens. Biochem. Biophys. Res. Commun. 19, 37–42 (1965).

32. Hayano, K. & Fukui, S. Purification and properties of 3-ketosucrose-forming enzyme from 
the cells of Agrobacterium tumefaciens. J. Biol. Chem. 242, 3655–3672 (1967).

33. Kuritani, Y. et al. Conversion of levoglucosan into glucose by the coordination of four 
enzymes through oxidation, elimination, hydration, and reduction. Sci. Rep. 10, 20066 
(2020).

34. Kaur, A. et al. Identification of levoglucosan degradation pathways in bacteria and 
sequence similarity network analysis. Arch. Microbiol. 205, 155 (2023).

35. Braune, A., Engst, W. & Blaut, M. Identification and functional expression of genes 
encoding flavonoid O- and C-glycosidases in intestinal bacteria. Environ. Microbiol. 18, 
2117–2129 (2016).

36. He, P. et al. Structural mechanism of a dual-functional enzyme DgpA/B/C as both a 
C-glycoside cleaving enzyme and an O- to C-glycoside isomerase. Acta Pharm. Sin. B 13, 
246–255 (2023).

37. Mori, T. et al. C-Glycoside metabolism in the gut and in nature: Identification, 
characterization, structural analyses and distribution of C-C bond-cleaving enzymes. Nat. 
Commun. 12, 6294 (2021).

38. Zheng, S. et al. A newly isolated human intestinal bacterium strain capable of 
deglycosylating flavone C-glycosides and its functional properties. Microb. Cell Fact. 18, 
94 (2019).

39. Taborda, A. et al. Mechanistic insights into glycoside 3-oxidases involved in C-glycoside 
metabolism in soil microorganisms. Nat. Commun. 14, 7289 (2023).

40. Liu, Q. P. et al. Bacterial glycosidases for the production of universal red blood cells. Nat. 
Biotechnol. 25, 454–464 (2007).

41. Bell, A. et al. Uncovering a novel molecular mechanism for scavenging sialic acids in 
bacteria. J. Biol. Chem. 295, 13724–13736 (2020).

42. Kaur, A. et al. Widespread family of NAD-dependent sulfoquinovosidases at the gateway 
to sulfoquinovose catabolism. J. Am. Chem. Soc. 145, 28216–28223 (2023).

43. Bitter, J. et al. Enzymatic β-elimination in natural product O- and C-glycoside 
deglycosylation. Nat. Commun. 14, 7123 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2024

https://doi.org/10.1038/s41586-024-07574-y
https://doi.org/10.1101/2022.04.08.487609


Methods

Chemical synthesis
A detailed description of all of the chemicals synthesized for this study 
is provided in Supplementary Information Section 1.

Metagenomic screen
The screening procedure is based on that reported previously44 
with minor changes. The preparation of the human gut microbiome 
metagenomic library used in this study has been described previously11. 
In brief, this library has been made from bacterial DNA isolated from a 
faecal sample of a healthy, male donor and is expressed in E. coli strain 
EPI300ΔmelA44. Appropriate numbers of 384-well plates (Corning) 
were filled with LB medium (50 μl per well) containing 100 μg ml−1 
l-arabinose and 12.5 μg ml−1 chloramphenicol. These plates were next 
inoculated with bacteria from the metagenomic library storage plates 
using a Qpix2 xt robot (Genetix) and then incubated overnight at 37 °C 
in closed containers to minimize evaporation. Next, 45 μl of screening 
buffer (100 mM phosphate buffer pH 7 with 2% Triton X-100 containing 
60 μM of each of the substrates 1, 3, 5, 6 and 7) was added to each well 
and the plates were again incubated at 37 °C in closed containers. This 
process was repeated for the mixture of compounds 2 and 4 separately.

The fluorescence of each well was measured after initial addition 
of the screening buffer and after 2 and 5 h and overnight incubation 
using a Synergy H1 plate reader (BioTek) with an excitation wavelength 
of 405 nm and an emission wavelength of 454 nm (ref. 45). Hits were 
selected based on z-score values, as described in Supplementary 
Information Section 2.1. These were then picked and arranged into 
two 96-well ‘hit plates’, which were subsequently grown on a larger scale 
and screened individually with the selective substrates 1–7 (Fig. 2) as 
well as multiple common O-glycoside substrates. The results of these 
screens are summarized in Supplementary Table 1.

Sequencing results and analysis
Aliquots from the selected wells, containing E. coli clones carrying 
the fosmids, were plated onto LB/agar plates with chloramphenicol 
(35 mg ml−1) and incubated at 37 °C overnight. Single colonies were 
picked for growth in 10 ml LB medium containing chloramphenicol 
(12.5 μg ml−1) and l-arabinose (100 μg ml−1) at 37 °C with shaking over-
night. The fosmid was then isolated using GeneJET plasmid Miniprep 
Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol 
with the only adjustment being that the samples were incubated at 
65 °C for 3 min with the elution buffer before elution.

Miniprepped fosmids were then further purified for sequencing. 
Thus, 2 μl 25 mM ATP solution, 6 μl 10× Plasmid-Safe Reaction Buffer 
and 2 μl Plasmid-Safe ATP-dependent DNase were added to the fos-
mid sample and incubated at 37 °C for 1 h. Next, the sample was puri-
fied using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. The concentrations of the 
samples were measured using the Nanodrop photometer and the DNA 
was stored at −20 °C before being sent for sequencing (Plasmidsaurus).

The sequencing results were then analysed using the tools avail-
able online from the National Center for Biotechnology Information 
website. The most likely sources of the fosmid hits were identified 
using standard nucleotide Basic Local Alignment Search Tool (BLAST) 
searches. The results for selected verified hits after removal of the 
duplicates are shown in Supplementary Table 2. The ORFs present on 
each fosmid were detected using the Open Reading Frame Finder tool 
(https://www.ncbi.nlm.nih.gov/orffinder/) and each ORF was then ana-
lysed using protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).  
The annotation for each gene was assigned based on the most prev-
alent similar genes found using BLAST searches. The nucleotide 
sequences of the hits described in this paper are included in Sup-
plementary Information Section 5 and a summary of the results is 
reported in Supplementary Table 2.

Cloning
All of the ORFs were cloned into pET28 with a C-terminal His-TAG  
(or N-terminal His-TAG for the clones specified as pET28(a)). Signal pep-
tides were predicted using SignalP15 and, when present, the DNA bases 
for their expression were omitted from the cloned construct. Cloning 
was performed using the polymerase incomplete primer extension 
cloning method46 (the only exception being P1C11-DUF1080, which 
was cloned using the Golden Gate47 method). In brief, separate PCR 
reactions were set up for the vector (v) and the insert (i) using 0.2 μM of 
each primer (F and R for forward and reverse primers, respectively), 5 ng 
of template (pET28 for the vector and the purified fosmid or genomic 
DNA for the insert), 5 μl of GC or HF buffer (Thermo Fisher Scientific), 
120 μM dNTP mix (30 μM each, final concentration), 0.5 μl Phusion 
DNA polymerase (Thermo Fisher Scientific) and double-distilled H2O 
to a final volume of 25 μl. The program was set to initial denaturation 
at 98 °C for 2 min, then 25 cycles of denaturation at 98 °C (30 s each), 
annealing was done at a temperature 5 °C lower than the calculated 
Tm of the primers for 30 s and elongation was at 72 °C for 45 s per kb. 
PCR products were controlled by 1% agarose gel electrophoresis and 
directly transformed into chemically competent DH5α E. coli cells using 
2 μl of each PCR product and 50 μl of chemically competent cells. All 
primers were ordered from Thermo Fisher Scientific and are listed in 
Supplementary Table 3.

Protein purification
All proteins were expressed in E. coli BL21(DE3) cells in either LB medium 
(induced with 0.1 mM IPTG) or in LBE-5052 Auto-induction medium48. 
The specific growth conditions for each protein are provided in Sup-
plementary Table 4. Cells were collected at 4,000 rpm for 30 min and 
stored at −20 °C until further purification. Culture pellets were resus-
pended in lysis buffer (20 ml for 500 ml of culture, lysis buffer: 50 mM 
Tris pH 7.0, 150 mM NaCl, 1% glycerol, 20 mM imidazole, 10 mM MgSO4, 
0.2 μl benzonase, 0.5 mg hen egg white lysozyme, 1 tablet of Pierce 
EDTA-free protease inhibitor per 50 ml of buffer). Cell disruption was 
done by sonication at 35% intensity, 5/10 pulse for 3 min. Insoluble 
fractions were pelleted by centrifugation at 16,000 rpm, 4 °C, 30 min. 
Supernatant was loaded onto Ni-NTA columns, equilibrated in buffer A 
(50 mM Tris pH 7.0, 150 mM NaCl, 1% glycerol). The column was washed 
with an imidazole gradient from 20 mM to 400 mM over 50 ml of eluent. 
The fractions were analysed using SDS–PAGE and fractions contain-
ing the protein of interest were concentrated and buffer exchanged 
into storage buffer, 50 mM Tris pH 7.0, 1% glycerol, using an ultracen-
trifugation device (Amicon). The proteins were further purified using 
size-exclusion chromatography (Sepharose, Superdex 200) using the 
ÄKTA go liquid chromatography system (Cytiva) eluting with Tris buffer 
(50 mM Tris pH 7.0). Fractions showing UV-absorbance were analysed 
using SDS–PAGE, concentrated and directly used for crystallization 
screens. A picture of an SDS–PAGE gel of the proteins is shown in Sup-
plementary Fig. 1.

Enzymatic kinetics
Kinetic studies on enzymatic reactions were monitored using the Syn-
ergy H1 Hybrid plate reader (BioTek). The reactions were all performed 
at room temperature and were done in either black or clear half-area 
flat-bottom 96-well plates (Corning). Unless otherwise stated, the rates 
are reported as the concentration of released aglycone per specified 
unit of time, calculated on the basis of the calibration curve made for 
the fluorophore/chromophore in the assay buffer and under the same 
conditions as in the assay. All of the assays described herein were based 
on initial rates that are calculated for the first 1–10 min of the reactions, 
depending on the time necessary to observe the response, as well as 
the linear response range of the fluorophore/chromophore signal. All 
of the data analysis was performed using GraphPad (Prism). Wherever 
error bars are reported, they represent standard error of the reported 

https://www.ncbi.nlm.nih.gov/orffinder/
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value measured from three (n = 3) distinct samples, while the reported 
values are the mean of these measurements. The specific details for 
each one of the kinetic assays performed for this study are provided 
in Supplementary Information Section 2.5.

LC–MS assays
All of the experiments were performed using the Agilent 1260 Infinity 
HPLC system equipped with a UV detector and an Agilent 6120 Quad-
rupole LC/MS detector. The buffer for these experiments was the same 
buffer used in kinetic experiments, 25 mM NaPi buffer pH 7.0 with the 
appropriate metal ions. In all of the experiments, the reactions were set 
up using 1 mM of the specified substrates and 0.2 μM of enzymes unless 
otherwise specified. After addition of the enzyme(s), reaction mixtures 
were incubated at 37 °C for the specified amount of time. Then, 10 μl of 
the reaction solutions was diluted into 90 μl of acetonitrile to precipi-
tate the enzyme. The solutions were then centrifuged for 3 min, and the 
top soluble portion was used to prepare liquid chromatography–mass 
spectrometry (LC–MS) samples. For each LC–MS run, 5 μl of the sample 
was injected into the column (Agilent Eclipse XBD C-18), which was 
washed with water (solvent A) and acetonitrile (Solvent B) using the 
following steps: 0 to 1 min, 95% A; 1 to 11 min gradual change to 5% A; 
11 to 12 min, 5% A; 12 to 15 min, gradual change to 95% A. The identity of 
the peaks is verified by assessing the MS spectra and, when possible, 
with the use of standard samples assayed under the same conditions. 
Detailed description of all of these experiments can be found in Sup-
plementary Information Section 2.6.1.

Thin-layer chromatography assays
All of the reactions were performed in the same buffer that was used 
in kinetic experiments, 25 mM NaPi buffer pH 7.0, with the appropri-
ate metal ions added for each respective system of enzymes. In all of 
the experiments, the reactions were set up using 5 mM of substrates 
(2 mg ml−1 for polysaccharides), 4 mM of 3-keto-1,5-anhydroglucitol 
and 5 μM of each enzyme. After addition of the enzyme, solutions 
were incubated at 37 °C overnight (16 h). Then, 0.5 μl of the reac-
tion solutions was then spotted onto the thin-layer chromatog-
raphy plates, which were developed using t-butanol:ammonium 
hydroxide:methanol:water with the volumetric ratios of 5:4:4:1 as 
eluent. Controls involved mixtures of the substrates in the assay buffer 
and the standard for the expected product(s) but no enzyme. The plates 
were then stained using Hanessian’s stain (ammonium molybdate 4.8% 
(w/v), ceric ammonium molybdate 0.2% w/v, sulfuric acid 6% (v/v) in 
water). The details for all experiments are provided in Supplementary 
Information Section 2.6.2.

NMR studies
The NMR experiments were performed using a 600 MHz NMR spec-
trometer equipped with TXI 1.7 mm cryoprobe (Bruker), with solvent 
suppression using noesygppr1d pulse sequence with a relaxation delay 
(D1) of 2 s, mixing time (D8) of 0.1 s, acquisition time of 2 s and with 
the number of scans ranging from 16 to 64 and using the software 
TopSpin v.4.2.0. In a typical experiment, all of the reagents except for 
the enzyme(s) were mixed in the buffer with appropriate concentra-
tions (5 mM of each substrate unless otherwise noted) and transferred 
to the NMR tube and this was used to optimize the NMR acquisition 
conditions (lock, tuning and matching, shimming). The sample was 
then removed, mixed with the enzyme(s) (2.5 μM unless otherwise 
stated) and transferred back into the machine to acquire the spectra. 
Typically, the first data were collected about 2 min after the enzymes 
were introduced to the sample and the additional data were acquired 
every 2 to 10 min for the rest of the experiment time and also meas-
ured after overnight incubation. All NMR assays were performed at 
room temperature. The buffer for these experiments was the same 
as that used in kinetic experiments, 25 mM NaPi buffer pH 7.0, which 
was lyophilized and reconstituted in D2O, with the appropriate metals 

(except Mn(ii)49) added for each respective sample before the experi-
ments. The details for each experiment are provided in Supplementary 
Information Section 2.8.

X-Ray crystallography
AL, BT, and P2B11 enzymes were screened for crystals using PACT and 
JCSG+ (Qiagen) crystallization screens using sitting-drop vapour dif-
fusion in INTELLI-PLATE 96-well plates (Art Robbins Instruments) with 
0.2 μl of protein mixed with 0.2 μl of mother liquor. Hits were optimized 
by varying the conditions pH, salt or precipitant. Hits and final condi-
tions are described in Supplementary Table 5. For all crystals, either 
glucose or trehalose at 25% (w/v), glycerol 30% (w/v) or increased PEG 
concentration of 30% (w/v) was used as cryoprotectant before flash 
freezing with cryoprotectants for each of the crystals described in 
Supplementary Table 5.

Screening and collection of diffraction data (Extended Data Table 2) 
was performed at 100 K on beamlines CMCF-BM at the Canadian Light 
Source using MxDC for data collection, or 23-ID-D at the Advanced 
Photon Source using JBluIce for data collection. Diffraction data were 
processed using xia250 and XDS51, with data reduction performed using 
Aimless52 as part of the CCP4 package53. Anisotropic dataset (treha-
lose bound AL3) was corrected using the STARANISO server54. Phas-
ing was carried out using molecular replacement with Alphafold55 
models for all enzymes except BT2, with AlphaFold models pLDDT 
scores converted to b-factors using process predicted models in the 
CCP4 suite, and chain A as the search model in Phaser56, also part of the 
CCP4 package. BT2 phasing was completed using PDB 3OSD. Sequen-
tial rounds of model building and refinement were performed using 
Coot57 and Refmac58. Validation of the final models was performed 
using MolProbity59.

All structure analysis and figure preparation were performed using 
ChimeraX60 and Coot, distributed as part of the CCP4 package. Sugar 
orientations and density fit were checked and analysed using Priva-
teer61, and dimeric interfaces assessed using PISA62. Determination 
of possible catalytic residues was completed by analysing highly con-
served residues in the active site of each enzyme using the ConSurf 
server63 (Supplementary Fig. 104). Metal coordination was checked 
with the check my metal server64. Comparisons of homologous AL, 
BT and CT enzymes were performed using the ChimeraX Matchmaker 
function. Electron density maps for figures were generated by remov-
ing sugars or ligands from the models followed by a subsequent round 
of TLS refinement resetting b-factors to 30 and restrained refinement 
to make omit maps of substrates and co-factors.

Bioinformatic analysis
The nucleotide sequences of the region encoding the studied proteins 
in our hits were used to search against the nucleotide collection (nr/nt) 
available online from the National Center for Biotechnology Informa-
tion website. The search was done using standard nucleotide BLAST 
searches, optimized for finding dissimilar sequences (discontiguous 
megablast). This algorithm was used to find a representative and diverse 
set of bacteria that encode proteins similar to those we have identified 
from our metagenomic screen.

Genomes of a select number of the identified bacteria were then 
inspected to confirm the presence of the corresponding genes for 
several of the proteins in the vicinity of each other. The percentage 
similarities of the encoded proteins to each one of the proteins from 
P1C11 (Alistipes sp.) and P2B11 were next calculated using the pro-
tein BLAST algorithm. Supplementary Tables 6 and 7 summarize the 
results for selected verified bacteria that encode proteins similar to 
those from P1C11 and P2B11, respectively. The results are also shown 
in Extended Data Figs. 5 and 6. Note that the results represent just a 
select few strains picked to showcase the diversity of the bacteria that 
encode similar proteins from various sources. These are by no means 
comprehensive lists.

https://doi.org/10.2210/pdb3OSD/pdb


Bacteroides cultures, hydrolytic activities and transcription 
studies
Bacteroides strains were grown in an anaerobic growth chamber at 37 °C 
using standard microbiology techniques (Supplementary Informa-
tion Section 2.10) and growth was monitored with a multiwell plate 
reader at 600 nm. Hydrolytic activities were assessed by incubating ali-
quots of the bacterial cultures with fluorogenic substrates, monitored 
with a multiwell fluorescence plate reader (BioTek). Transcription was 
assessed using standard quantitative PCR with reverse transcription 
methods. A detailed description of all of the experiments involving 
Bacteroides cultures is provided in Supplementary Information Sec-
tion 2.10.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available within the 
Article and the Supplementary Information. All sequencing data are 
available at the end of the Supplementary Information and also from 
GenBank database with accession numbers PP693324 and PP693325. 
Structural models are deposited at the Protein Data Bank under acces-
sion codes 8TCD, 8TCR, 8TCS, 8TCT, 8TDA, 8TDE, 8TDF, 8TDH, 8TDI 
and 8V31. Source data are provided with this paper.
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Extended Data Fig. 1 | Reactions catalysed by AL/BT3 and AL/BT1. 1H-NMR characterization of the reactions of a) AL3 and b) AL1.



Extended Data Fig. 2 | Reaction catalysed by AL/BT2 and proposed 
transition states for AL/BT 1 and 2. a) 1H-NMR characterization of the reaction 
of BT2 and b) proposed transition states for AL/BT1 (top) and AL/BT2 (bottom), 

B refers to protein residues capable of acid/base catalysis and M refers to the 
metal ions that coordinate the 3-keto groups.
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Extended Data Fig. 3 | Additional structural figures for AL/BT 1-3. a) Active site 
of BT1 bound with substrate analogue 3k-1,5-anhydroglucitol with coordinating 
residues labelled. b) Active site of AL1 bound with glucose with coordinating 
residues labelled. c) Metal binding site of apo AL1 with coordinating residues 
labelled. d) Front view of overall fold of BT2 with jelly roll in orange, fingers 
(purple) labelled F1-F5, and active site denoted with a dashed circle. e) Metal 

binding site of apo BT2 with coordinating residues labelled. f) BT2 active site with 
conserved possible active site residues labelled. g) Active site of AL3 bound with 
trehalose with key residues labelled. h) Binding sites of trehalose observed in AL3 
crystal soaked with trehalose. Active site is labelled as 1 and circled, secondary 
sites are labelled 2–6.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | In vivo hydrolysis of substrates by Bacteroides 
species. a) Homologues of the proteins from Bacteroides thetaiotaomicron in 
some other Bacteroides strains. The percent similarity of each of the encoded 
proteins to the corresponding BT homologue is shown in white. b) The percent 
of hydrolysed selective non-Koshland substrates 1 and 3 by different 
Bacteroides strains. All the strains were grown anaerobically and incubated 
with the substrates overnight. Bars represent the mean and error bars 
represent standard deviations (n = 3 technical replicates, derived from the 
same original culture). c) Transcriptional response of BT genes BT2156-60 to 
trehalose and sucrose as sole carbon sources. Representative genes from the 
fructan utilization locus (BT1759 and BT1763, encoding GH32 and SusC 
homologues, respectively) serve as positive controls for sucrose regulation65. 
Data were acquired at mid-log phase (9 h for trehalose, 5 h for sucrose) and are 
normalized to transcript levels prior to inoculating cells into the respective 

carbohydrate medium. Bars represent the mean and error bars represent 
the standard error of the mean (n = 4 replicates, two technical replicates each 
derived from two separate original cultures). d) Resulting fluorescence from 
hydrolysis of substrates 1 and 3 by B. thetaiotaomicron cells grown in different 
media. Growth on α,α-trehalose results in significantly higher activities while 
growth on glucose represses them, (n = 3 technical replicates, derived from  
the same original pre-culture, data for all replicates are shown.) e) Growth of  
B. thetaiotaomicron cells on cellobiose in absence and presence of trehalose, 
performed in triplicate for all the conditions shown here. f) hydrolysis of 
substrates 1 and 3 by B. thetaiotaomicron cells grown on different glycosides as 
the sole carbon source. Bars represent the mean and error bars represent 
standard deviations (n = 3 technical replicates, derived from the same original 
culture).



Extended Data Fig. 5 | Homologues of the proteins from P1C11 in bacteria 
from different environments. Homologues of the proteins from P1C11 
(Alistipes sp.) identified in bacteria from various environments (the source 
from which each bacterium is isolated is noted in parentheses below the name 
of bacterium). The percent similarity of each of the encoded proteins to the 
corresponding Alistipes homologue is shown in white. Dark blue denotes 
oxidoreductases that are not from the same family as AL3/AL4 and denoted in 

yellow are commonly co-occurring genes annotated as a DoxX-domain- 
containing protein, which is reported to form membrane-associated 
oxidoreductase complexes. Broken lines mean that a few genes are in between 
those shown and light grey shows other genes. The length of the arrows and the 
space between them does not correspond to the actual length of the DNA 
fragments in this figure. This is a representative list not an exhaustive one.



Article

Extended Data Fig. 6 | Homologues of the proteins from P2B11 in bacteria 
from different environments. Homologues of the proteins from P2B11 
identified in bacteria from various environments (the source from which each 
bacterium is isolated is noted in parentheses below the name of bacterium). 
The percent similarity of each of the encoded proteins to the corresponding 

P2B11 homologue is shown in white. Broken lines mean that a few genes are in 
between those shown and light grey shows other genes. The length of the 
arrows and the space between them does not correspond to the actual length 
of the DNA fragments in this figure. This is a representative list not an 
exhaustive one.



Extended Data Table 1 | (Pseudo)-Michaelis-Menten kinetic parameters for enzymes

Note that all kinetic parameters were measured at room temperature. Detailed conditions for the experiments can be found in the S.I., sections 2.5.3., 2.5.4.3., and 2.7.12.  3K- denotes a 3-keto 
group and the chemical structure of all substrates are shown in Scheme S14. Note that all these numbers are approximations, since I) because of the keto-hydrate equilibrium, the actual  
substrate concentrations are less than those presumed for AL/BT1 II) for AL/BT2 the enzyme will catalyse both elimination and hydration reactions, and we only observe the first step III) whenever 
AL/BT3 is present, a co-substrate is used which is also an inhibitor/slow substrate of the other enzymes. Moreover, whenever more than one enzyme is used these numbers do not reflect accurate 
kinetic parameters of any enzyme but rather are ‘observed’ kinetic parameters. IV) for compounds 1 and 3, observation of the fluorophore relies on spontaneous breakdown of the S,O-acetal 
linker, which we have assumed is faster than enzymatic steps and therefore does not affect the observed rates.
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Extended Data Table 2 | Data collection and refinement statistics

Statistics for the highest resolution shell are shown in parentheses. 
‡Anisotropic cut-off applied to merged intensity data54.
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