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Abstract

Glycoside Hydrolase family 65 (GH65) is a unique family of carbohydrate-active enzymes. It is the first protein family to
bring together glycoside hydrolases, glycoside phosphorylases and glycosyltransferases, thereby spanning a broad range of
reaction types. These enzymes catalyze the hydrolysis, reversible phosphorolysis or synthesis of various a-glucosides, typi-
cally a-glucobioses or their derivatives. In this review, we present a comprehensive overview of the diverse reaction types
and substrate specificities found in family GH65. We describe the determinants that control this remarkable diversity, as

well as the applications of GH65 enzymes for carbohydrate synthesis.

Key points

o GHOS5 is the first CAZy family to contain hydrolases, phosphorylases and transferases
e Distinct residues and loops are determinants of substrate specificity in family GH65
e GH65 enzymes hold strong potential for carbohydrate synthesis via coupled reactions

Keywords Glycoside Hydrolase family 65 - Carbohydrate-active enzymes - Glycoside hydrolases - Glycoside
phosphorylases - Glycosyltransferases - Specificity determinants - One-pot cascade reactions

Introduction

Glycoside Hydrolase family 65 (GH65) is an enzyme fam-
ily in the carbohydrate-active enzymes database (CAZy,
www.cazy.org) (Drula et al. 2022) and contains several
a-glycoside hydrolases (GHs), phosphorylases (GPs) and
a-glycosyltransferases (GTs) (Fig. la; Table 1) (De Beul
et al. 2021; Sato et al. 2024). Currently, over 12,000 protein
sequences are classified within family GH65. In vivo, GH65
enzymes are typically involved in breakdown reactions in
the carbohydrate metabolism (D’Enfert and Fontaine 1997;
Andersson et al. 2001; Pedreqio et al. 2004; Mokhtari et al.
2013; Jung et al. 2014; Sanchez-Fresneda et al. 2014, 2015;
Kabisch et al. 2014; Zilli et al. 2015; Andersen et al. 2020;
Kido et al. 2021; Miyazaki et al. 2022; Nakamura et al.
2024), but they also play a role in antibiotic biosynthesis
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(Sato et al. 2024) or the modification of collagen glycosyla-
tion (Hamazaki and Hamazaki 2016).

All members of the GH65 family share great similarities
in both their catalytic mechanism and structure. They all
break or form a-glucosidic bonds through a single displace-
ment mechanism which inverts the anomeric configuration
of the substrate (Fig. 1b) (Sun and You 2021; Li et al. 2022).
In a one-step reaction the glucosyl acceptor performs a direct
nucleophilic attack on the anomeric carbon of the glucosyl
donor (Nakai et al. 2010b; Nakamura et al. 2021). The transi-
tion state has an oxocarbenium ion character, with a partially
positive charge at the anomeric carbon that is resonance-
stabilized by the ring-oxygen (Desmet and Soetaert 2011).
For many GPs in the GH65 family, it has been demonstrated
that the reaction proceeds via a sequential bi-bi mechanism,
which requires both substrates to bind before the reaction
takes place and the products are released (Andersson et al.
2001; Nihira et al. 2012a, c, 2013, 2014b, c; Taguchi et al.
2017; Gao et al. 2019; Bi et al. 2022).

GH65 enzymes share a common structure that consists
of four regions: an N-terminal B-sandwich domain, a heli-
cal linker region, an (a/a)4-barrel catalytic domain and
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Fig.1 a Reactions catalyzed by glycoside hydrolases (GHs), gly-
coside phosphorylases (GPs) and glycosyltransferases (GTs) in
Glycoside Hydrolase family 65 (GH65). b Reaction scheme for the
inverting single displacement mechanism of GH65 enzymes. For
GHs: ROH=a carbohydrate derivative and R’OH = water; for GPs:

a C-terminal p-sheet domain (Fig. 2) (Egloff et al. 2001;
Okada et al. 2014; Touhara et al. 2014; Nakamura et al.
2021). Family GH65 is a member of clan GH-L, together
with families GH15, GH125 and GH178 (Drula et al. 2022),
and there are also structural similarities to enzymes from
families GH94 (Hidaka et al. 2004) and GH95 (Curiel et al.
2021). Most described GH65 enzymes are present as dimers
in solution (D’Enfert and Fontaine 1997; Hiiwel et al. 1997,
Chaen et al. 1999a; Egloff et al. 2001; Inoue et al. 2002a;
Hidaka et al. 2005; Nakai et al. 2009, 2010b; Van Hoore-
beke et al. 2010; Yamamoto et al. 2011; Van der Borght
et al. 2011; Nihira et al. 2012a, 2013, 2014b, c; Okada
et al. 2014; Touhara et al. 2014; Zilli et al. 2015; Taguchi
et al. 2017; Gao et al. 2019). Two distinct types of dimers
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ROH=a carbohydrate derivative and R’OH=inorganic phosphate;
for GTs: ROH =an acceptor group, R’OH =a nucleoside diphosphate
(NDP). pGliclP B-glucose 1-phosphate, NDP-Glc NDP-B-glucose,
NDP-4a4d-pGlc NDP-4-amino-4-deoxy-p-glucose

have been observed in crystal structures: a ‘head-to-head’
dimer formed by interactions in the catalytic domain (Egloff
et al. 2001; Touhara et al. 2014) and a dimer stabilized by
a disulfide bridge in the N-terminal domain (Okada et al.
2014). There are also two reports of GH65 enzymes that
adopt a hexameric form (Chaen et al. 1999b; Nakamura et al.
2021).

Although all GH65 enzymes operate with a similar mech-
anism and share the same three-dimensional fold, family
GHBO65 is also a very diverse enzyme family, especially with
respect to the many enzymatic functions that it harbors. This
review provides an overview of the remarkable functional
diversity within family GH65, with a special focus on the
determinants that dictate these differences and how this
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Fig.2 Overall structure of
GHG65 enzymes illustrated by
ribbon diagram of one monomer
of the kojibiose phosphory-
lase of Caldicellulosiruptor
saccharolyticus (CsKP) in
complex with glucose (green)
and phosphate (orange) (PDB
ID: 3WIR). The four structural
regions are: an N-terminal
B-sandwich domain (residues
1-256, blue), a helical linker
region (residues 257-294,
cyan), an (o/ar)g-barrel catalytic
domain (residues 300-691, yel-
low) and a C-terminal p-sheet
domain (residues 295-299 and
692-756, red)

variety of activities can be exploited for glycoside synthe-
sis. While some recent reviews about glycoside phosphory-
lases or trehalases discuss selected aspects of certain GH65
enzymes (Sakaguchi 2020; Awad 2021; Sun and You 2021,
Li et al. 2022; Shrestha et al. 2023), this work presents the
first comprehensive discussion of this intriguing protein
family.

Diversity of reaction types in GH65

The most common reaction type found in family GH65
is the reversible phosphorolysis of glycosidic bonds, with
eight different GP specificities known to date. However, fam-
ily GH65 also contains various enzymes that catalyze the
hydrolytic degradation of glycosidic bonds. It has previously
been hypothesized that many of the GPs found in nature
may have evolved from GHs, and the occurrence of both
reaction types in this family reflects their close evolution-
ary relatedness (Fig. 3) (Franceus et al. 2021, 2022). For the
substrates trehalose and kojibiose, family GH65 even con-
tains a dedicated GH as well as a dedicated GP. Other exam-
ples of co-existing GHs and GPs that recognize the same
substrate can be found in CAZy families GH3 (N-acetyl-
B-glucosaminides) (Franceus et al. 2021), GH13 (sucrose)
(Franceus and Desmet 2020; Miyazaki and Park 2020) and
GH130 (B-1,2-mannosides) (Li et al. 2020). Together, these
enzyme pairs are attractive case studies for future research
to further elucidate the adaptations that are required to turn
hydrolases into phosphorylases (Franceus et al. 2022).

@ Springer

linker region

C-domain

For a long time, all characterized GPs in GH65 originated
from bacteria, whereas all eukaryotic family members were
GHs. However, this changed when two bacterial representatives
of a recently discovered GH specificity, an a-1,2-glucosidase,
were simultaneously described by our group (De Beul et al.
2021) and by Nakamura et al. (2021). Later, an additional bac-
terial GH, active on a-1,2-glucosidic branch points in dextran,
was identified (Miyazaki et al. 2022).

Very recently, a third reaction type was identified in fam-
ily GH65. When reconstructing the biosynthetic pathway
of apramycin in Streptoalloteichus tenebrarius, Sato et al.
(2024) discovered that an enzyme from family GH65 acts
as a GT that performs the final glycosylation step in the
synthesis route of this antibiotic. It catalyzes the transfer of
a glycosyl moiety from NDP-f-glucose or NDP-4-amino-4-
deoxy-p-glucose to the precursor aprosamine 5-phosphate.
This was a remarkable finding in two respects. Firstly, it
is the first example of a natural glycosylation reaction that
uses an NDP-f-p-hexose as glycosyl donor, in contrast to
conventional Leloir-type GT reactions that exclusively use
either NDP-a-p-hexoses or NDP-f-L-hexoses as glycosyl
donor. Secondly, the discovery makes GH65 the first and
only CAZy family known to harbor GHs, GPs and GTs. A
similar evolutionary link between GH, GP and GT activi-
ties had already been described, albeit for enzymes that are
more distantly related and belong to two different CAZy
families: GH130 and GT108. GH130 contains GHs and
GPs active on f-1,2-mannosides, while GT108 consists of
strict GTs and dual-activity GP-GT enzymes for the same
substrate. Despite their low sequence similarity, enzymes in
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glycoside phosphorylases
o (GPs)

glycoside
hydrolases (GHs)

Fig.3 Phylogenetic tree of GH65 enzymes with the characterized
representatives indicated with colored circles. The legend specifies
the colors used for each specificity. Glycoside phosphorylases (GPs)
and glycoside hydrolases (GHs) are found in two separate clades
of the tree, while the glycosyltransferase (GT) specificity is located
within a branch of archaeal kojibiose phosphorylases. The tree was
constructed by extracting all sequences from the CAZy database (10

both families share the same three-dimensional scaffold and
active site architecture and are thought to have a common
evolutionary origin (Sernee et al. 2019; Li et al. 2020). In
analogy to a recent study of ancestral sequences in GT108
that showed how subtle distal mutations form the evolution-
ary link between GP and GT activity in GT108 (Franceus
et al. 2024), it would be highly intriguing to uncover whether
similar processes were involved in the emergence of the GH,
GP and GT activities in GH65.

The diversity of reaction types in GH65 enzymes is also
reflected in the slight variations in their reaction mechanism
and active site architecture. GHs require two catalytic resi-
dues: a catalytic base that deprotonates a water molecule to
facilitate a direct nucleophilic attack, and a catalytic acid
that protonates the leaving group. Contrastingly, GPs and
GTs operate with only one catalytic residue, since the phos-
phate or nucleotide group is already ionized under physi-
ological conditions and the catalytic base is therefore no
longer required (Desmet and Soetaert 2011). The catalytic
acid (E483 in the kojibiose phosphorylase of Caldicellulo-
siruptor saccharolyticus (CsKP), Fig. 4; Table 2, Fig. S1) is
conserved in all GH65 enzymes and was first identified by

TP trehalose phosphorylase
ONP a-1,3-oligoglucan phosphorylase
MP maltose phosphorylase

KP kojibiose phosphorylase

~RD 3-O-a-glucosyl-L-rhamnose
GF phosphorylase

2-0-a-glucosylglycerol
phosphorylase
nigerose phosphorylase

ASPS apramycin-5-phosphate synthase

trehalose-6-phosphate
T6PP phosphory\age P

protein-u-glucosyl-1,2-B;§alactosy|-
L-hydroxylysine a-glucosidase
kojibiose hydrolase

DDE dextran a-1,2-debranching enzyme

0000000 O0OOGOOOS

TH trehalase

glycosyltransferase
(GT)

June 2024) (Drula et al. 2022), clustering them at 90% sequence iden-
tity with CD-HIT (Huang et al. 2010) and removing fragments of less
than 400 amino acids, followed by alignment with MAFFT (Katoh
et al. 2019) and tree inference with FastTree (Price et al. 2010)
using default parameters. Tree visualization with iTOL (Letunic and
Bork 2021)

Egloff et al. (2001) by comparing the crystal structure of the
maltose phosphorylase of Lactobacillus brevis (LDMP) with
that of a related GH15 glucoamylase. For a long time, the
identity of the catalytic base in GHs remained elusive, but
Hamazaki and Hamazaki (2016) were the first to propose a
candidate in human protein-a-glucosyl-1,2-p-galactosyl-L-
hydroxylysine a-glucosidase based on mutational analysis of
conserved carboxyl residues. Their hypothesis was later con-
firmed when the crystal structure of the a-1,2-glucosidase of
Flavobacterium johnsoniae (FjKH) was solved and Glu616
was pinpointed as catalytic base (Fig. 4; Table 2, Fig. S1)
(Nakamura et al. 2021). For several GH65 representatives
it has been demonstrated experimentally that they become
catalytically inactive when the catalytic acid or the cata-
lytic base is mutated (Egloff et al. 2001; Hidaka et al. 2005;
Nihira et al. 2014¢; Hamazaki and Hamazaki 2016; Naka-
mura et al. 2021).

In GPs the catalytic base is replaced by a highly conserved
phosphate binding site formed by a lysine or arginine, two
consecutive serines and a histidine residue (K330, S631,
S632 and H675 in CsKP). Additionally, in the recently dis-
covered GT, a tyrosine that is completely conserved in both

@ Springer
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H675/F625

$632/A576

5 56163 K330/M330
% Y337/Y337

WS
$631/P575 §)

E483/E472

Fig.4 The active site of glycosides phosphorylases (GPs) and gly-
coside hydrolases (GHs) in GH65. The catalytic acid is conserved
for all GH65 enzymes, but the catalytic base of GHs is replaced by
a phosphate binding site in GPs. Stick representation of important
residues in the kojibiose phosphorylase of Caldicellulosiruptor sac-
charolyticus (CsKP, teal, PDB ID: 3WIR) and the kojibiose hydro-
lase of Flavobacterium johnsoniae (FjKH, grey, PDB ID: 7FE4).
Phosphate (orange) and glucose molecules in the —1 and + 1 subsites
(green) originate from the structure of CsKP (PDB ID: 3WIR)

GHs and GPs (Y337 in CsKP), is mutated to a histidine. In
GPs and GHs, this tyrosine forms a hydrogen bond with the
phosphate molecule or with the catalytic base, respectively
(Fig. 4; Table 2, Fig. S1) (Egloff et al. 2001; Okada et al.
2014; Touhara et al. 2014; Nakamura et al. 2021). The tyros-
ine-to-histidine mutation in the GT is hypothesized to broaden
the phosphate-binding site and allow recognition of a sugar
nucleotide as glycosyl donor (Fig. S2) (Sato et al. 2024).

Diversity of substrate specificities in GH65
Overview of substrate specificities

GHS65 is also a particularly diverse family on the level of
substrate preference, with currently 13 characterized enzyme
specificities (Fig. 3; Tables 1, S1, S2), of which eight are
GPs, four are GHs and one is a GT. Especially the number
of different phosphorylase specificities is remarkable. Of all
ten GP-containing CAZy families, only family GH94 harbors
more different GP specificities within one family than GH65
(Awad 2021; Li et al. 2022; Drula et al. 2022).
a-Glucobioses are the typical substrates of GH65
enzymes. The reversible phosphorolysis of trehalose

@ Springer

(a-1,1-a-glucobiose), kojibiose (a-1,2-glucobiose),
nigerose (a-1,3-glucobiose) and maltose (a-1,4-
glucobiose) is catalyzed by trehalose phosphorylase (TP),
kojibiose phosphorylase (KP), nigerose phosphorylase
(NP) and maltose phosphorylase (MP), respectively. MPs,
TPs and NPs have a strict preference for the phosphoroly-
sis of the disaccharide (Table S1). On the other hand, all
characterized KPs, except for the KP from Escherichia
coli K-12, are also active on a-1,2-oligoglucans with a
higher degree of polymerization (DP) (Table S1). The
chain length preference of those KPs can vary between
enzymes. For example, when comparing the synthetic
capabilities of the KPs from Caldicellulosiruptor saccha-
rolyticus (CsKP) and Thermoanaerobacter brockii (TDKP)
in reverse phosphorolysis mode, the former had the ten-
dency to produce kojioligosaccharides with a higher DP
than the latter (Yamamoto et al. 2011).

Not all phosphorylases in the family are active on glu-
cobioses. a-1,3-Oligoglucan phosphorylases (ONPs) phos-
phorolyze a-1,3-oligosaccharides starting from a DP of 3
and show no activity on the disaccharide nigerose. ONPs
are often located up- or downstream of genes encoding
an NP, suggesting that the ONP first breaks down a-1,3-
glucosidic chains to p-glucose 1-phosphate (BGlc1P)
and nigerose, which is subsequently used as substrate of
the NP (Nihira et al. 2014b). Similar combinations of a
strict disaccharide phosphorylase with a phosphorylase
only active on longer chains are found in certain bacte-
rial metabolic pathways for cellooligosaccharides (Liu
et al. 2019), B-1,3-glucans (Kuhaudomlarp et al. 2019)
and f-1,4-mannooligosaccharides (La Rosa et al. 2019).

Besides those a-glucobiose and a-oligoglucan phos-
phorylases, GPs active on the phosphate sugar trehalose
6-phosphate, the disaccharide 3-O-a-glucosyl-L-thamnose
and the osmolyte 2-0O-a-glucosylglycerol are also classi-
fied within GH65. The latter was the first report of a GP
that prefers a polyol instead of a carbohydrate as glycosyl
acceptor in reverse phosphorolysis reactions (Nihira et al.
2014c). Remarkably, an enzyme from family GH13 was
later found to also catalyze the phosphorolysis of 2-O-a-
glucosylglycerol, but via a retaining mechanism, releas-
ing aGlc1P instead of pGlc1P (Franceus et al. 2018). The
inverting trehalose phosphorylase in GH65 also has such
a retaining counterpart in family GT4. Together, 2-0-a-
glucosylglycerol and trehalose are the only two substrates
for which both an inverting and retaining phosphorylase
have been described.

Next to this variety of GPs, also four GH specificities
are found in GH65. Many fungal trehalases, which hydro-
lyze the a-1,1-a-bond in trehalose, have been described.
To make the distinction with other trehalases classified in
families GH15 and GH37, GH65 trehalases are sometimes
also termed acid trehalases, due to their optimal activity
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Table 2 Function of active site residues in GH65 enzymes

Enzyme Residue (Potential) function Ref.
All F342 (CsKP) —1 subsite: hydrophobic platform, transition state stabilization ~ Van der Borght et al. (2011)
‘W343 (CsKP) —1 subsite: H-bond with OH3 and OH4 Nakai et al. 2010b); Okada et al. (2014); Touhara et al. (2014);
Nakamura et al. (2021)
D344 (CsKP) —1 subsite: H-bond with OH4 and OH6 Nakai et al. 2010b); Okada et al. (2014); Touhara et al. (2014);
Nakamura et al. (2021)
E483 (CsKP) Catalytic acid Egloff et al. (2001); Hidaka et al. (2005); Nakai et al. 2010b);

Van der Borght et al. (2011); Okada et al. (2014); Touhara
et al. (2014); Nakamura et al. (2021)

H-bonds with substrate in both — 1 and + 1 subsite Nakai et al. 2010b); Okada et al. (2014); Touhara et al. (2014);
Nakamura et al. (2021)
K596 (CsKP) —1 subsite: H-bond with OH1 and OH2 Okada et al. (2014); Touhara et al. (2014); Nakamura et al.
(2021)
Q597(CsKP) —1 subsite: H-bond with OH2 and OH3 Nakai et al. 2010b); Okada et al. (2014); Touhara et al. (2014);
Nakamura et al. (2021)
GH Y337 (FjKH) H-bond with catalytic base Nakamura et al. (2021)
E616 (FjKH) Catalytic base Nakamura et al. (2021)
GP, GT K330 (CsKP) Phosphate binding site: H-bond with phosphate Okada et al. (2014); Touhara et al. (2014)
S631 (CsKP) Phosphate binding site: H-bond with phosphate Egloff et al. (2001); Hidaka et al. (2005); Okada et al. (2014)
S632 (CsKP) Phosphate binding site: H-bond with phosphate Egloff et al. (2001); Hidaka et al. (2005); Okada et al. (2014)
H675 (CsKP) Phosphate binding site: H-bond with phosphate Okada et al. (2014)
GP Y337 (CsKP) Phosphate binding site: H-bond with phosphate Egloft et al. (2001); Hidaka et al. (2005); Okada et al. (2014)
GT H348 (StA5PS) Create space for binding of nucleoside diphosphate Sato et al. (2024)
MP H413 (LaMP) + 1 subsite: H-bond with OH1 Nakai et al. (2010b)
E415 (LaMP) + 1 subsite: H-bond with OH1 Nakai et al. (2010b)
K588 (LaMP) + 1 subsite: H-bond with OH3 Nakai et al. (2010b)
KP, KH W391 (CsKP) + 1 subsite: H-bond with OH3 Okada et al. (2014); Nakamura et al. (2021)
E392 (CsKP) + 1 subsite: H-bond with OH4 and OH6 Okada et al. (2014); Nakamura et al. (2021)
T417 (CsKP) + 1 subsite: H-bond with OH4 Okada et al. (2014); Nakamura et al. (2021)
KH R74 (FjKH) + 1 subsite: H-bond with OH6 Miyazaki et al. (2022)
W473 (FjKH) +2 subsite: H-bond with OH6 and ring oxygen Nakamura et al. (2021)
GGP Y327 (BsGGP) + 1 subsite: H-bond with OH1 Touhara et al. (2014)
W381 (BsGGP) + 1 subsite: H-bond with OH3 Touhara et al. (2014)
F395 (BsGGP) + 1 subsite: hydrophobic interaction with glycerol Touhara et al. (2014)
F396 (BsGGP) + 1 subsite: hydrophobic interaction with glycerol Touhara et al. (2014)
F409 (BsGGP) + 1 subsite: hydrophobic interaction with glycerol Touhara et al. (2014)
Y572 (BsGGP) + 1 subsite: indirect water-mediated H-bond with OH2 Touhara et al. (2014)
K587 (BsGGP) + 1 subsite: indirect water-mediated H-bond with OH2 and OH3 Touhara et al. (2014)
TP E79 (CsTP) + 1 subsite: H-bond with OH3 and OH4 Van der Borght et al. (2011)
W419 (CsTP) + 1 subsite: H-bond with OH2 and OH3 Van der Borght et al. (2011)
R420 (CsTP) + 1 subsite: H-bond with OH2 Van der Borght et al. (2011)
A433 (CsTP) + 1 subsite: H-bond with OH3 Van der Borght et al. (2011)
Y602 (CsTP) + 1 subsite: H-bond with OH4 Van der Borght et al. (2011)
DDE W586 (MdDDE) + 1 subsite: H-bond Miyazaki et al. (2022)
E587 (MdDDE) + 1 subsite: H-bond Miyazaki et al. (2022)
F601 (MdDDE) + 1 subsite Miyazaki et al. (2022)

Residue numbers are from the sequence of the Caldicellulosiruptor saccharolyticus KP (CsKP), Flavobacterium johnsoniae KH (FjKH), Strep-
toalloteichus tenebrarius ASPS (StASPS), Lactobacillus acidophilus MP (LaMP), Bacillus selenitireducens GPP (BsGGP), Caldanaerobacter
subterraneus TP (CsTP) or Microbacterium dextranolyticum DDE (MdDDE). GH glycoside hydrolase, GP glycoside phosphorylase, GT glyco-
syltransferase, MP maltose phosphorylase, KP kojibiose phosphorylase, KH kojibiose hydrolase, GGP 2-O-a-glucosylglycerol phosphorylase,
TP trehalose phosphorylase, DDE dextran a-1,2-debranching enzyme

under acidic conditions (Sakaguchi 2020). The other three =~ (KHs) perform the hydrolysis of kojibiose and longer lin-
GH specificities in GH65 are all active on a-1,2-glucosidic  ear kojioligosaccharides like kojitriose, kojitetraose and
bonds, but prefer different substrates. Kojibiose hydrolases ~ kojipentaose (De Beul et al. 2021; Nakamura et al. 2021).
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Fig.5 Substrate recognition motifs in the active site of a the maltose
phosphorylase of Lactobacillus acidophilus (LaMP), b the kojibi-
ose phosphorylase of Caldicellulosiruptor saccharolyticus (CsKP)
and ¢ the 2-O-a-glucosylglycerol phosphorylase of Bacillus sel-
enitireducens (BsGGP). Conserved amino acids that recognize the
glucose unit in the —1 subsite and the catalytic acid are shown in
gray. Hydrogen bonds are shown as dashed lines. a The maltose-like
moiety of acarbose (green) was positioned in the AlphaFold2 model
of LaMP according to the method of Nakai et al. (2010b). The glu-
cose unit in the +1 subsite forms hydrogen bonds with His413 and
Glu415 (magenta) of the HNE motif. b CsKP (PDB ID: 3WIQ) is

Nakamura et al. (2021) reported that the KH from Flavo-
bacterium johnsoniae (FjKH) also has weak activity on
a-1,2-branched dextran. Dextran a-1,2-debranching enzyme
(DDE) has exactly the opposite substrate preference: its
main activity is the release of glucose from a-1,2-glucosidic
branchpoints in dextran, while it only shows minor activ-
ity on kojibiose and kojitriose (Miyazaki et al. 2022). The
third a-1,2-active GH specificity in GH65 is the protein-o-
glucosyl-1,2-p-galactosyl-L-hydroxylysine a-glucosidase.
This enzyme hydrolyzes the disaccharide unit that decorates
L-hydroxylysine residues of collagen and related proteins,
releasing free glucose (Hamazaki and Hotta 1979; Hamazaki
and Hamazaki 2016).

Lastly, GH65 also contains one GT specificity, the
apramycin-5-phosphate synthase (A5PS) (Sato et al. 2024),
which was discussed above.

Almost all GH65 enzymes strictly bind only their native
substrate in the breakdown direction (Table S1). Promiscu-
ous activity on the preferred substrates of other enzymes
in the family is rarely observed. The only exception is the
overlapping activity of KHs, KPs and NPs on nigerose and
kojibiose. Both KHs and KPs have been reported to also
hydrolyze or phosphorolyze nigerose (0.2-5.5% compared
to their activity on kojibiose) (Yamamoto et al. 2011; Okada
et al. 2014; Jung et al. 2014; De Beul et al. 2021; Naka-
mura et al. 2021), whereas NPs are also able to degrade
kojibiose (0.5-8.4% compared to their activity on nigerose)
(Nihira et al. 2012a; Bi et al. 2022). In contrast to the strict
specificity for the glucosyl group in subsite — 1 and for the
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shown in complex with kojibiose (green). The WET motif that recog-
nizes the non-reducing end of the substrate is shown in teal. ¢ BsGGP
(PDB ID: 4KTR) is shown in complex with glycerol (green). The
glucose unit in subsite —1 (green) originates from another structure
of the same enzyme (PDB ID: 4KTP). Residues that form (in)direct
hydrogen bonds with glycerol are shown in orange. Three phenyla-
lanine residues that form hydrophobic interactions with glycerol
are shown as thin orange lines. Two water molecules involved in
the water-mediated hydrogen bond network are shown as pale blue
spheres

glycosidic linkage type of their native substrate, GH65
enzymes are more flexible when it comes to the identity of
the substrate in subsite + 1. Most GPs tolerate a variety of
alternative carbohydrates as glycosyl acceptor in the syn-
thesis direction of their reversible phosphorolysis reaction
(Table S2).

Determinants of substrate specificity

Although our understanding of what controls substrate
specificity in family GH6S5 is not entirely complete, several
important aspects of it have been described over the last two
decades. Those insights can be grouped in three main topics,
which will be discussed in more detail below: (1) specific
substrate recognition motifs in the active site, (2) residues
involved in a specificity-determining correlation network,
and (3) distinctive larger structural elements.

Active site motifs for substrate recognition

Conservation patterns for residues in the active site of GH65
enzymes are strongly dependent on the subsite. While the
— 1 subsite of all GH65 enzymes is largely conserved, the
+ 1 subsite is highly divergent between enzymes with dif-
ferent substrate preferences (subsite nomenclature accord-
ing to Davies et al. (1997)). The — 1 subsite strictly binds a
glucosyl group, except for the S. tenebrarius A5PS, which
also binds 4-amino-4-deoxy-p-glucose. Fully conserved
tryptophan, aspartate, lysine and glutamine residues (W343,
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Fig.6 Correlated positions as specificity determinants in family
GHO65. a Correlation network of the GH65 family alignment. Nodes
represent the alignment positions, numbering according to the kojibi-
ose phosphorylase of Caldicellulosiruptor saccharolyticus (CsKP).
Node size indicates the number of edges. Edge thickness indicates the
strength of pair-wise correlation. The six selected positions are high-

D344, K596 and Q597 in CsKP) shape this binding pocket
and form hydrogen bonds with all hydroxyl groups of the
glucosyl moiety in subsite — 1 (Fig. 5; Table 2, Fig. S1)
(Okada et al. 2014). In contrast, different GH65 enzymes
have evolved to bind different substrate moieties in sub-
site + 1, and the residues in that subsite are adapted accord-
ingly. Based on structural analyses and mutational studies,
several authors have successfully identified such substrate
binding motifs within a number of GH65 specificities.
Based on a homology model of the MP of Lactobacil-
lus acidophilus (LaMP), Nakai et al. (2010b) identified two
distinctive residues that form hydrogen bonds with the glu-
cose moiety of maltose in the + 1 subsite of LaMP: His413
and Glu415 (Fig. 5a; Table 2, Fig. S1). Those amino acids
are very conserved for all MPs, while other enzymes show
different motifs at the corresponding positions. The impor-
tance of these residues for maltose binding was confirmed
by replacing His413, Asn414 and Glu415 (HNE motif) by
the corresponding residues in the KP (TPK) or TP (SAY)
of Thermoanaerobacter brockii (TbKP or ThTP). The cata-
lytic efficiency of those mutants for the phosphorolysis of
maltose decreased dramatically by 3 to 4 orders of magni-
tude, caused by both a decrease of &, and increase of K.

b

Subgroup and specificity Se?:ge: =

TP trehalose phosphorylase THLAEﬂ TRIAPH

4 ONP a-1,3-oligoglucan phosphorylase CAIQQS FAIDQS

MP maltose phosphorylase (MBS wvmnes

10.1 KP kojibiose phosphorylase EAP@% EEAPAS

10.2 KP kojibiose phosphorylase EEAPyﬁ EEAPWG
GRP TSR rhamnose

Dhostaryaseveere! ExcPlp EIGPHP

nigerose phosphorylase Eaﬂﬁ EEQTYG

22 TePP s daeposphate )3 DQGQDE

DGO e SLalicoyacs o EP: -EAPI-

kojibiose hydrolase fEél FEAT--

dextran a-1,2-debranching enzyme Qléwﬂ ATAWH-

20 TH trehalase vIer VTGT--

lighted in yellow. b Sequence logo and consensus motif at those six
selected positions (left to right: positions 64, 392, 394, 402, 416 and
585; CsKP numbering) for each subgroup that contains characterized
GHG65 enzymes. A sequence logo for subgroup 7 is not shown, as this
subgroup contained only one sequence. Adapted from De Beul et al.
(2021)

Those findings confirmed that the HNE motif is involved in
key interactions with maltose. The mutants also obtained a
low activity on kojibiose or trehalose (~3.5% compared to
the activity of wild-type LaMP on maltose), depending on
whether the KP or TP motif was introduced. This suggests
that those residues participate at least to some extent in the
accommodation of the glucose unit of kojibiose or trehalose
in the + 1 subsite.

However, when Okada et al. (2014) solved the crystal
structure of CsKP a few years later, they found that the side
chains of the TPK motif point away from kojibiose, or are
too small to interact with the substrate. Instead, the resi-
dues forming hydrogen bonds with kojibiose in subsite + 1
of CsKP were found to be Trp391, Glu392 and Thr417
(Fig. 5b; Table 2, Fig. S1). This WET motif is highly con-
served for all KPs, and was later also shown to be present in
KHs, which is the other GH65 specificity with activity on
kojibiose (Nakamura et al. 2021). Other conserved amino
acids are present in other enzyme specificities: MVI in
MPs, WRA in TPs and WEF in NPs. Trp391 and Glu392,
especially the latter, were shown to be crucial for kojibiose
recognition in CsKP via mutational studies. Mutants with
other amino acids at positions 391 and 392 had a severely
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Table 3 Loop length of four loops that are indicative of specificity in
GHG65 enzymes (Nakai et al. 2010b; Okada et al. 2014; Touhara et al.
2014; Nakamura et al. 2021)

N-loop Loop3  Loop7  Loopll
Positions (CsKP) 59-63 398421 577-587 668-672
Enzyme MP long short short short
TP - short short short
ONP - short short short
KP short long long short
T6PP — long long short
GGP - long long long
NP - long long long
KH short - - -

Residue numbers from the sequence of the kojibiose phosphorylase
of Caldicellulosiruptor saccharolyticus (CsKP)

— no information available, MP maltose phosphorylase, TP trehalose
phosphorylase, ONP a-1,3-oligoglucan phosphorylase, KP kojibi-
ose phosphorylase, T6PP trehalose-6-phosphate  phosphory-
lase, GGP 2-0O-a-glucosylglycerol phosphorylase, NP nigerose phos-
phorylase, KH kojibiose hydrolase

impaired kojibiose-activity (<2.1% of the activity of wild-
type CsKP on kojibiose), whereas mutating Thr417 had a
less dramatic impact (> 14% retained activity). While it is
clear that the WET motif is important for kojibiose bind-
ing, it was not possible to induce MP, TP or NP activity by
replacing it with the corresponding patterns of MPs, TPs or
NPs (Okada et al. 2014). It is probably not a coincidence that
NPs and DDEs, which are both promiscuous towards kojibi-
ose, also possess the tryptophan and glutamate residues in
their + 1 subsite (Miyazaki et al. 2022).

Remarkably, 2-O-a-glucosylglycerol phosphorylase
(GGP) is the only GH65 specificity that strictly recognizes
a polyol instead of a carbohydrate group in its + 1 subsite.
Since the glycerol group is more flexible than a sugar ring,
more extensive interactions are necessary in order to cor-
rectly position it in the active site (Fig. 5c; Table 2, Fig. S1).
In the GGP of Bacillus selenitireducens (BsGGP), the hydro-
phobic atoms of the glycerol molecule interact with three
phenylalanine residues (Phe395, Phe396 and Phe409). The
O1 and O3 hydroxyl groups of glycerol form direct hydrogen
bonds with Tyr327 and Trp381. On the other hand, the O2
atom of glycerol is kept in place by an extensive water-medi-
ated hydrogen bond network formed by Tyr327, Tyr572 and
Lys587. The authors postulate that this hydrogen-bonded
water network can also position a water molecule instead
of glycerol for nucleophilic attack, explaining the ability of
BsGGP to hydrolyze pGIc1P. Tyr327 and Lys587 are con-
served positions in GH65, but all other residues involved in
glycerol recognition are specific for GGP. Mutating positions
Tyr327, Trp381, Tyr572 or Lys587 removes or drastically
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decreases the reverse phosphorolysis activity of BsGGP
(<2% catalytic efficiency compared to wild-type BsGGP).
Mutations at Tyr327, Tyr572 or Lys587 also largely abol-
ish the hydrolysis of BGIlc1P, while the mutant W381F
still hydrolyzes BGIc1P, albeit with a 4 times lower affin-
ity. Mutating Trp381 probably has less impact on fGIc1P
hydrolysis because it is not involved in the network that
keeps the water molecule in place (Touhara et al. 2014).

While the substrate recognition motifs of MPs, KPs, KHs
and GGPs have been described in detail based on the avail-
able crystal structures of LbMP, CsKP, FjKH and BsGGP,
the active site patterns responsible for binding the native
substrates of other family members remain more elusive.
Van der Borght et al. (2011) and Miyazaki et al. (2022)
briefly mention amino acids involved in substrate binding
in TPs and DDEs, based on a homology model or Alpha-
Fold2 model, resp. (results summarized in Table 2, Fig. S1).
More thorough investigation is required in the future to com-
prehensively map the determinants of specificity in family
GH65.

Correlated positions as specificity determinants

Studying the active site of enzymes via elucidation of their
crystal structure and mutational experiments is a time-con-
suming and case-by-case approach. Moreover, non-obvious
positions outside of the active site are usually overlooked,
while in reality distant positions can actually have a sig-
nificant impact on enzyme activity and specificity (Wild-
ing et al. 2019; Osuna 2021; Gu et al. 2023; Franceus et al.
2024). In an attempt to study potential specificity determi-
nants for the entire GH65 family at once in a more system-
atic manner, we recently used correlated mutations analysis
(CMA) to uncover a specificity-based correlation network
in GH65 (De Beul et al. 2021). Essentially, CMA detects
co-evolving positions in a multiple sequence alignment
(MSA). At those positions, only certain amino acid com-
binations are observed in the MSA, suggesting that other
combinations are deleterious and thus purged by selective
pressures. It is assumed that positions that are critical to a
certain substrate specificity show this behavior. Indeed, such
positions are typically highly conserved, but when they do
mutate to accommodate a different substrate, they tend to
mutate together. Those co-evolution patterns can be detected
with CMA and visualized in a correlation network (Franceus
et al. 2017).

In GH65, we unveiled a network of 24 correlated posi-
tions, of which positions 64, 392, 394, 402, 416 and 585
(CsKP numbering) showed the strongest evolutionary cor-
relation (Fig. 6a, Fig. S1). Based on this analysis, 22 putative
specificity subgroups could be defined. The amino acids at
the correlated positions show distinct patterns within one
subgroup but vary between subgroups (Fig. 6b). It has been
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Fig.7 Ribbon representation of four loops around the active site of
GHG65 enzymes: N-loop (green), loop 3 (magenta), loop 7 (blue), loop
11 (orange). a Maltose phosphorylase of Lactobacillus brevis (LbMP,
PDB ID: 1H54) in complex with phosphate (orange). b Kojibi-
ose phosphorylase of Caldicellulosiruptor saccharolyticus (CsKP,
PDB ID: 3WIR) in complex with glucose (green) and phosphate

demonstrated that those sequence patterns can be used
to annotate the substrate specificity of unknown GH65
enzymes, leading to annotation of a large part of the phy-
logenetic tree. For example, subgroup 5 contains all MPs
and has a highly conserved KV[MF]NES motif, while the
EEAPxx motif is characteristic of KPs. However, some sub-
groups display motifs at the correlated positions that do not
match those of already characterized representatives, sug-
gesting that they may harbor enzymes with novel specifici-
ties. A targeted search within those clades previously led
to the discovery of the KH specificity in subgroup 18 (De
Beul et al. 2021).

While the amino acids at the correlated positions are
undoubtedly somehow involved in specificity control, it
remains unclear how they really affect substrate binding,
especially since some residues are up to 27 A away from the
active site. In any case, one should be careful when substitut-
ing amino acids that are part of the correlation network, to
avoid disrupting the intricate interactions between those resi-
dues. Introducing a mutation at one position might require
compensatory mutations at other positions in the network to
maintain enzyme activity.

Loops around the active site differ between substrate
specificities

Larger structural elements can be indicative of the sub-
strate preference of GH65 enzymes as well. Especially sev-
eral loops around the active site were suggested by multi-
ple authors to be related to specificity. Already in 2006b,
Yamamoto et al. hypothesized the importance of the loop

NQ
e
o

(orange). ¢ 2-0-a-Glucosylglycerol phosphorylase from Bacillus sel-
enitireducens (BsGGP, PDB ID: 4KTR) in complex with the glucose
analogue isofagomine and glycerol (green). d Kojibiose hydrolase
from Flavobacterium johnsoniae (FjKH, PDB ID: 7FE4) in complex
with glucose (green)

that connects a-helices a3 and a4 of the catalytic (o/at)¢-
barrel domain, termed loop 3. They constructed several chi-
meric enzymes of ThKP and THTP. Surprisingly, a certain
chimera of 785 amino acids contained only one segment
of 125 residues originating from the KP (Met384-Thr512)
but still exhibited KP activity. This region, ranging from o3
to a6 of the (a,a)q-barrel catalytic domain, was therefore
suspected to contain crucial residues for substrate recogni-
tion. Via inspection of a multiple sequence alignment, they
pinpointed loop 3 as a potential specificity determinant. This
loop is highly divergent between different specificities, both
in length and amino acid sequence (Yamamoto et al. 2006b;
Nakai et al. 2010b).

This suggestion was further investigated by Nakai et al.
(2010b) and Okada et al. (2014), who both identified a motif
for substrate recognition within or close to this loop 3 in
LaMP and CsKP, resp. (see above). Okada et al. (2014)
also described a second loop that shows significant differ-
ences between specificities, namely a loop that connects two
[-strands in the N-domain, termed the N-loop. In LbMP, this
N-loop is long and helps shape the active site, while loop
3 is shorter. This is in contrast with the structure of CsKP,
that has a shorter N-loop that is not involved in formation
of the active site, and longer loop 3, which forms an anti-
parallel B-sheet and covers the active site (Table 3; Figs. 7,
S1). However, this longer loop 3 does not seem to be a strict
requirement for KP activity, since exchanging the entire loop
3 of LaMP for its longer equivalent of ThKP resulted in a
lower activity on kojibiose than when only the three residues
of the HNE motif were swapped with the corresponding KP-
conserved residues (TPK) (Nakai et al. 2010b).
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Table 4 Carbohydrate synthesis with GH65 enzymes via coupled reactions with in-situ generation of sugar 1-phosphates

Product(s) Reagents Enzyme(s) Yield® Reaction conditions Ref.
Trehalose 250 mM maltose TP Euglena gracilis 58% pH 6.0, 40 °C, 12h Murao et al. (1985)
25 mM phosphate MP Lactobacillus brevis
Trehalose 877 mM maltose TP Plesiomonas (immo-  60% pH 6.2, 50°C, 30h Yoshida et al. (1998)
10 mM phosphate bilized)
MP Plesiomonas (immo-
bilized)
Trehalose analogue 146 mM trehalose TP Thermoanaerobacter — 45% pH 5.0, 60 °C, 7 days Chaen et al. (2001a)
(lactotrehalose, 147 mM galactose brockii
Glcal—>1aGal) 2.5 mM phosphate
Kojioligosaccharides 200 mM maltose TP Thermoanaerobacter ~ 68.5%° pH 6.0, 50 °C, 48h Chaen et al. (2001b)
(mixture of kojibiose, 10 mM phosphate brockii
kojitriose, kojitetraose, MP Enterococcus hirae
Glcal—>2Glcal —>4Glc
and longer kojioligosac-
charides)
Various maltose analogues: 100 mM maltose MP Lactobacillus acido- pH 6.2, 45 °C, 60 min Nakai et al. (2010a)
200 mM phosphate philus
- N-acetyl maltosamine - 500 mM N-acetyl - 91%
glucosamine
- maltosamine - 100 mM glucosa- - 89%
mine
- Glcal—>4Man - 100 mM mannose - 88%
- Glcal—4L-Fuc - 1 M r-fucose - 86%
- Glcal—>4Xyl - 500 mM xylose - 84%
Nigerose 500 mM maltose NP Clostridium phytofer- 62% pH 7.0, 30 °C, 72h Nihira et al. (2014a)
1-100 mM phosphate mentans
MP (unspecified bacterial
source)
250 mM cellobiose NP Clostridium phytofer- 52% pH 7.0, 30 °C, 168h Nihira et al. (2014a)
25 mM phosphate mentans
10 mM MgCl, cellobiose phosphorylase
41 uM a-glucose 1,6-bis- Cellvibrio gilvus
phosphate a-phosphoglucomutase
Thermococcus kodaka-
rensis
B-phosphoglucomutase
Lactococcus sp.
500 mM sucrose NP Clostridium phytofer- 67% pH 7.0, 30 °C, 72h Nihira et al. (2014a)
25 mM phosphate mentans
10 mM MgCl, sucrose phosphorylase
41 uM a-glucose 1,6-bis- Bifidobacterium longum
phosphate a-phosphoglucomutase
Thermococcus kodaka-
rensis
B-phosphoglucomutase
Lactococcus sp.
xylose isomerase Strepto-
myces rubiginosus
100 mg/mL starch NP Clostridium phytofer- 52% pH 7.0, 30 °C, 192h Nihira et al. (2014a)
500 mM glucose mentans
75 mM phosphate glycogen phosphorylase
10 mM MgCl, Thermotoga maritima

41 uM a-glucose 1,6-bis-
phosphate

isoamylase Pseudomonas
sp.

a-phosphoglucomutase
Thermococcus kodaka-
rensis

B-phosphoglucomutase
Lactococcus sp.
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Table 4 (continued)

Product(s) Reagents Enzyme(s) Yield® Reaction conditions Ref.
Nigerose analogue 100 mg/mL starch NP Clostridium phytofer- 56% pH 7.0, 30 °C, 168h Nihira et al. (2014a)
(Glcal—>3Gal) 500 mM galactose mentans
75 mM phosphate glycogen phosphorylase
10 mM MgCl, Thermotoga maritima
41 uM a-glucose 1,6-bis-  isoamylase Pseudomonas
phosphate sp.
a-phosphoglucomutase
Thermococcus kodaka-
rensis
B-phosphoglucomutase
Lactococcus sp.
Trehalose 6-phosphate 100 mM maltose T6PP Lactococcus lactis  65% pH 6.8, 30 °C, 28h Taguchi et al. (2020)
100 mM glucose 6-phos- subsp. lactis
phate MP Bacillus sp.
20 mM phosphate AHU2001
120 mM maltose T6PP Lactococcus lactis  55% pH unknown, 30 °C, 48h Taguchi et al. (2020)
54 mM phosphate subsp. lactis

2-0-a-Glucosylglycerol

Nigerose

1 mM magnesium acetate
0.1 uM a-glucose 1,6-bis-
phosphate

1 M maltose

600 mM phosphate

1 mM magnesium acetate
1 w/v% baker’s yeast

200 mM maltose
200 mM glycerol
50 mM phosphate

584 mM maltose
10 mM phosphate

MP Bacillus sp.
AHU2001

B-phosphoglucomutase
(unspecified source)

T6PP Lactococcus lactis
subsp. lactis

MP Bacillus sp.
AHU2001

B-phosphoglucomutase
Lactococcus lactis
subsp. lactis

GGP Bacillus selenitire-
ducens

MP Lactobacillus acido-
philus

NP Anaerosporobacter
mobilis

MP Lactobacillus brevis

75-80% pH 7.0, 30 °C, 5 days

60%

66.3%

pH 6.5,30 °C, 12h

pH 7.0, 40 °C, 48h

Taguchi et al. (2020)

Zhang et al. (2020)

Bi et al. (2022)

%Yield is the molar conversion of the limiting substrate

bYield is g kojioligosaccharides per g maltose

Gal galactose, GGP 2-0O-a-glucosylglycerol phosphorylase, Glc glucose, r-Fuc L-fucose, Man mannose, MP maltose phosphorylase, NP
nigerose phosphorylase, T6 PP trehalose-6-phosphate phosphorylase, TP trehalose phosphorylase, Xyl xylose

The crystal structure of BsGGP was determined shortly
after that of CsKP. Again, the importance of certain
loops around the active site was highlighted: loop 3, loop
7 (between a-helices a7 and a8) and loop 11 (between
a-helices al1 and a12) (termed loop 1, 2 and 3 in the paper,
resp.) completely cover the active site in the crystal struc-
ture of BsGGP. Therefore, one or more loops should flex-
ibly move to allow the substrates and products to enter and
leave the active site. As loop 11 has an average B-factor
that is slightly higher than the overall average value and
it is not located at the dimer interface, this loop is most
likely the one that opens and allows the substrates to reach
the active site. Again, these three loops vary in length and
sequence between different specificities (Table 3; Figs. 7,

S1). In LbMP, loops 3, 7 and 11 are short, which results in
a relatively open active site, whereas a long loop 3 in CsKP
partially covers the active site. Loop 7 is long in CsKP but
is in an open configuration, while loop 11 is shorter than in
BsGGP. Based on a multiple-sequence alignment, NPs have
similar loop lengths than BsGGP, while trehalose-6-phos-
phate phosphorylases (T6PPs) have a long loop 3 and 7 and
short loop 11 like CsKP. ONPs and TPs have three short
loops like LWMP (Touhara et al. 2014).

In summary, several authors have already discussed
the importance of four different loops in and around the
active site for specificity: the N-loop (Thr59-Thr63 in
CsKP), loop 3 (Glu398-Glu421 in CsKP), loop 7 (Met577-
Asp587 in CsKP) and loop 11 (Gly668-Leu672 in CsKP).
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However, much more research is required to fully under-
stand how they contribute to substrate specificity and how
they may be engineered to change the substrate preference
of these enzymes.

Finally, it should be noted that there is substantial over-
lap among the findings from efforts to identify specificity
determinants through the analysis of active site residues,
correlation networks and structural elements. Many of the
mentioned active site positions or correlated positions are
located in or near the N-loop or loop 3, 7 or 11. Moreover,
three residues from the active site motifs are also part of the
correlation network, i.e. Trp392 and Thr417 of the WET
motif in CsKP, and Asn414 of the HNE motif in LaMP (cor-
responding to Pro402 in the TPK motif of CsKP).

Carbohydrate synthesis with GH65
phosphorylases

The broad portfolio of reactions catalyzed by GH65 enzymes
can be exploited for carbohydrate synthesis. Especially GPs
are interesting in this respect due to the reversible nature
of the phosphorolysis reaction they catalyze. In the phos-
phorolysis direction, GPs can be applied to produce sugar
1-phosphates, while their reverse phosphorolysis reaction
allows synthesis of valuable carbohydrates or glycosides.

Synthesis of sugar phosphates

The most straightforward use case of GH65 phosphorylases
is the production of BGlc1P. This sugar phosphate is not only
the preferred donor of all GPs in CAZy families GH3 (Fran-
ceus et al. 2021) and GH65 (Awad 2021; Li et al. 2022), but it
can also serve as a chemical glycosylation agent (Plante et al.
1999; Luley-Goedl and Nidetzky 2010) or NDP-sugar precur-
sor (Yang et al. 2004). Moreover, sugar phosphates can also
have nutritional or pharmaceutical applications, for example
as stimulant of intestinal active calcium transport (Fujinaka
et al. 2007), phosphate source in parenteral nutrition (Ron-
chera-Oms et al. 1995), anti-inflammatory drug (Parish et al.
1992), immunosuppressant (Parish et al. 1992) or building
block for a vitamin D-like medicine (Fujinaka et al. 2004).
In theory, all GPs in GH65 can be used to generate
BGIc1P, but the most convenient ones are those that can
start from a cheap substrate such as trehalose or maltose.
Since industrial carbohydrate conversions are preferably car-
ried out at high temperatures and no MPs are available that
remain active after several hours at elevated temperatures,
Van der Borght et al. (2010) produced BGIc1P from treha-
lose with the thermostable 76TP. However, BGlclP is an
activated sugar with a high energy content, whereas the sub-
strate trehalose is very stable and low-energetic. Therefore,
the unfavorable thermodynamic equilibrium of the reaction

@ Springer

limits the theoretical maximum yield to 26%. Despite this
limitation, BGlc1P was successfully produced from 200 mM
trehalose in 200 mM phosphate buffer on 2-L scale, after
which two different purification methods were compared. In
the first method, anion exchange chromatography was used
to separate fGlc1P from the remaining substrates and from
glucose, which is a by-product of the reaction. Alternatively,
the combined action of baker’s yeast (Saccharomyces cerevi-
siae) and a trehalase treatment removed all unwanted sugars,
whereas phosphate was precipitated as struvite. Although
the product could be recovered almost completely (>99%)
and with high purity (>99%) via both purification methods,
efforts to obtain a crystalline product were either unsuccess-
ful or inefficient. A similar reported process was based on
the phosphorolysis of maltose with the MP of Bacillus sp.
AHU?2001 (Taguchi et al. 2017; Gao et al. 2019). The con-
version rate of maltose into pGlc1P (30%) was comparable
to the TP-based method. After purification, 40-57% of the
product could be recovered with 96% purity. Due to the low
thermostability of the MP, the reaction was carried out at
37 °C, which is much lower than the process temperature
that was used in the reaction with 7bTP (60 °C).
Interestingly, TP can also be used for the production of
another sugar 1-phosphate, namely -galactose 1-phosphate
(BGal1P). Due to their relatively broad acceptor specific-
ity, TPs are able to synthesize trehalose analogues such as
lactotrehalose (a-glucopyranosyl-(1,1)-a-galactopyranoside)
from PGIc1P and an alternative acceptor like galactose (see
below). Due to the non-reducing, symmetric bond in lac-
totrehalose, the phosphorolysis of this compound can yield
both fGIc1P and fGallP, depending on whether the glucose
or the galactose moiety was bound in the — 1 subsite of the
enzyme. However, the wild-type TP from Caldanaerobac-
ter subterraneus (CsTP) produces 23 times more Glc1P
than fGallP. Via iterative saturation mutagenesis of three
hotspots in the donor subsite, Chen et al. (2014) identified a
triple mutant of CsTP (W371Y/L649G/A693Q) with a com-
pletely switched donor preference. This mutant produced
94 times more fGallP than pGlc1P, with a specific activity
that was 1.5 times higher than that of the wild-type enzyme.
After further optimizing the reaction conditions, 50% of the
valuable compound lactotrehalose could be converted into
BGallP. The product was obtained in high purity (>99%) via
chemical phosphate precipitation and anion exchange chro-
matography. However, the purification process was less effi-
cient than for fGlc1P, with just 29% of the produced pGal1P
being recovered. This strategy should be generally applica-
ble to the synthesis of other 3-glycosyl 1-phosphates, as long
as the corresponding trehalose analogues can be produced
as intermediate. This taps into the concept of glycodiversi-
fication, where sugar entities in natural small molecules are
changed to alter their biological or pharmacokinetic proper-
ties (Yang et al. 2004; Thibodeaux et al. 2008). Access to
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BGlc1P

o
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P‘ BGlClP baker’s
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Glc6P
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lactotrehalose \ ™ / Gal

Fig.8 Examples of coupled reactions of GH65 phosphorylases for
the production of carbohydrates. Synthesis of a, e-g nigerose, b-c¢ tre-
halose 6-phosphate, and d lactotrehalose, the galactose-containing
trehalose analogue (Glcal—>1aGal). CBP cellobiose phosphory-
lase, Glc glucose, Glc6P glucose 6-phosphate, GP glycogen phos-
phorylase, IJAm isoamylase, MP maltose phosphorylase, NP nigerose

more diverse sugar phosphates would make GPs interesting
biocatalytic tools for this concept.

Coupled reactions for carbohydrate synthesis

The functional diversity of GH65 phosphorylases holds
great potential for the synthesis of various glycosides when
operating them in reverse phosphorolysis mode. However,
they require BGlc1P as sugar donor. Even with the attempts
to produce BGIc1P in a pure manner on lab-scale, it remains
a very costly compound (~€30/mg) and is hardly commer-
cially available. This issue can be circumvented using one-
pot coupled reactions where the glycosyl donor, i.e. BGIc1P,
is generated and consumed continuously (Table 4). This in-
situ production of BGlc1P is much more practical, as there
is no longer a need for isolation of reaction intermediates.

@ cellobiose

CBP \ \

aGlclP Glc
lu-PGM

TN

Glc6P
l B-PGM
BGlc1P

NP /

nigerose

f sucrose / SP \ \

aGlclP Fru
lu—PGM lx|

Glc6P Glc
l B-PGM
BGlc1P
NP /
7
P

o

nigerose

g starch

GP+ IAM\

aGlclP
lu—PGM
Glc6P
l B-PGM
BGlc1P

NP J Glc

nigerose

phosphorylase, P; inorganic phosphate, SP sucrose phosphorylase,
T6PP trehalose-6-phosphate phosphorylase, TP trehalose phosphory-
lase, XI xylose isomerase, a-PGM o-phosphoglucomutase, aGlclP
a-glucose 1-phosphate, p-PGM f-phosphoglucomutase, SGlciP
B-glucose 1-phosphate

Phosphate is recycled in the reaction, so only catalytic
amounts must be added, which also facilitates downstream
processing. When smartly selecting enzymes so that one
can start from cheap bulk sugars to produce more valuable
glycosides, this process is economically far more attractive.
However, multi-step processes can quickly become more
complex, especially in terms of selecting optimal process
parameters (Sigg et al. 2024).

In the most obvious set-up, two GH65 GPs are com-
bined. One of them operates in the phosphorolysis direc-
tion to provide fGlclP and glucose, which are subse-
quently used as substrates for the other GP that works in
synthesis direction. Trehalose, nigerose and kojioligosac-
charides have been produced from maltose in that man-
ner by combining an MP with a TP, NP and KP, respec-
tively (Fig. 8a) (Murao et al. 1985; Yoshida et al. 1998;
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Chaen et al. 2001b; Nihira et al. 2014a; Bi et al. 2022).
For the synthesis of trehalose 6-phosphate or 2-0-a-
glucosylglycerol from maltose by the coupled reaction of
an MP and a T6PP or GGP, it was necessary to add glu-
cose 6-phosphate (Glc6P) or glycerol as external accep-
tors (Fig. 8b) (Taguchi et al. 2020; Zhang et al. 2020).
In the case of trehalose 6-phosphate, it was possible to
avoid the addition of Glc6P and instead produce it in situ
from PGIc1P by including a p-phosphoglucomutase as a
third enzyme in the reaction mix. Adding baker’s yeast
to remove the glucose that otherwise accumulates as by-
product also sped up the reaction (Fig. 8c).

Since many GH65 GPs have a rather relaxed acceptor
scope, coupled reactions can also be employed for the pro-
duction of various analogues of a-glucobioses, in which
one of the glucose moieties is replaced by another monosac-
charide. Nakai et al. (2010a) demonstrated the synthesis of
various maltose analogues using N-acetyl glucosamine, glu-
cosamine, mannose, L-fucose or xylose as acceptors, while
Chaen et al. (2001a) produced a galactose-containing tre-
halose analogue, also referred to as lactotrehalose (Fig. 8d).
Unfortunately, the activity of GH65 phosphorylases on
alternative acceptors is typically lower than their activity
on their preferred acceptor. However, this problem can be
tackled via enzyme engineering, as demonstrated in a study
of THTP for the synthesis of lactotrehalose (Van der Borght
et al. 2012). Semi-rational engineering of three hotspots
in the acceptor subsite did not result in any improved vari-
ants, but via random mutagenesis using error-prone PCR
three positions (A440, R448, N657) were identified that
influenced the affinity for galactose. Mutating those posi-
tions decreased the K, value of ThTP for galactose two- to
threefold, but the effects were non-additive. Combining the
beneficial mutations even decreased the catalytic activity
and thermostability. Mutant R448S was therefore consid-
ered the best option for the synthesis of lactotrehalose.

Although maltose and trehalose are relatively affordable
and easily available sugars, it is also interesting to set up
coupled reactions starting from other cheap sugar resources
like cellobiose, sucrose or starch (Fig. 8e-g). Unfortunately,
the GPs active on those substrates (cellobiose phosphory-
lase, sucrose phosphorylase and glycogen phosphorylase,
resp.) produce aGlc1P and cannot be employed directly in
a one-pot two-enzyme system with a pGlc1P-active GH65
phosphorylase. This hurdle can be overcome by including
an a-phosphoglucomutase and a -phosphoglucomutase,
which can work together to convert aGlc1P and fGlc1P
with Glc6P as intermediate. This strategy has been suc-
cessfully employed for the synthesis of nigerose and its
galactose-containing analogue (Nihira et al. 2014a). In the
case of the sucrose-based system, a xylose isomerase was
added to convert the released fructose into glucose, increas-
ing the atom efficiency of the coupled reaction.
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Concluding remarks

The extensive diversity of function among carbohydrate-
active enzymes in the GH65 family presents great opportu-
nities for further research. Some members of family GH65
are particularly appealing targets for evolutionary studies.
A thorough investigation into the structure-function rela-
tionships in kojibiose phosphorylases, trehalose phosphor-
ylases, and the corresponding hydrolases would shed light
on how enzymes can switch from performing hydrolysis to
catalyzing phosphorolysis, and vice versa. Similarly, muta-
tional studies in the peculiar apramycin-5-phosphate syn-
thase and its most closely related GP homologues could
enhance our understanding of how the glycosyl donor pre-
ferred by GTs can be changed from expensive nucleotide-
activated sugars to the corresponding glycosyl phosphates,
which tend to be more easily available. Such studies could
benefit from the use of ancestral protein reconstruction and
resurrection, a technique that has proven useful for trac-
ing the historical evolution of function in protein families.

Despite considerable efforts to identify the residues and
structural elements responsible for the functional adap-
tations in this family’s evolution, success in leveraging
this knowledge to exchange or engineer function between
enzymes has been limited. Clearly, there is a lot left to
learn. For instance, little is known about the dynamics
of the four loops in and around the active site that appear
to be indicative of substrate specificity, i.e. loops 3, 7,
11 and the N-loop. Similarly, the residues present in the
network of evolutionarily correlated positions have been
shown to be predictive of specificity, but it is currently
unclear how those positions are involved in substrate bind-
ing or catalysis. A better understanding of those putative
specificity determinants would enable protein engineers to
design smarter libraries with a higher hit rate, focusing on
the most appropriate mutational hotspots.

Finally, it is unlikely that we have uncovered the full
functional diversity present in natural enzymes from the
GHG65 family. Novel substrate specificities continue to
be discovered regularly, and the vast majority of family
GH65 members are yet to be characterized experimentally.
In particular, the specificity subgroups defined through
analysis of the family’s correlation network should be a
promising source of novel enzyme candidates. Indeed, the
function of enzymes from ten of these subgroups is still
unknown today.

The many phosphorolytic activities in family GH65 pre-
sent substantial opportunities for their use in carbohydrate
synthesis. However, the limited availability of thermosta-
ble GPs and the high cost of the glycosyl donor fGIc1P are
critical bottlenecks that currently hamper their application
on an industrial scale. Further expansion of the toolbox
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of useful GH65 enzymes through enzyme discovery and
engineering would broaden the range of valuable carbohy-
drates and glycosides that can be obtained efficiently from
affordable substrates.
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