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ABSTRACT Alginate is a linear polysaccharide produced mainly by brown algae in ma-
rine environments. Alginate consists of a linear block copolymer made up of two mono-
meric units, �-D-mannuronate (M) and its C-5 epimer �-L-guluronate (G). Alginate lyases
are polysaccharide lyases (PL) that degrade alginate via a �-elimination reaction. These
enzymes play an important role in marine carbon recycling and also have widespread
industrial applications. So far, more than 1,774 alginate lyase sequences have been iden-
tified and are distributed into 7 PL families. In this review, the folds, conformational
changes during catalysis, and catalytic mechanisms of alginate lyases are described. Thus
far, structures for 15 alginate lyases have been solved and are divided into 3 fold classes:
the �-jelly roll class (PL7, -14, and -18), the (�/�)n toroid class (PL5, -15, and -17), and
the �-helix fold (PL6). These enzymes adopt two different mechanisms for catalysis, and
three kinds of conformational changes occur during this process. Moreover, common
features in the structures, conformational changes, and catalytic mechanisms are sum-
marized, providing a comprehensive understanding on alginate lyases.
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Alginate is a linear polysaccharide present in the cell walls and intracellular
material of brown algae and accounts for �40% of their dry weight (1). It is also

produced by some bacteria belonging to the Pseudomonas and Azotobacter genera
(2). Alginate consists of two monomeric units, �-D-mannuronate (M) and its C-5
epimer �-L-guluronate (G). These units are arranged in three kinds of blocks:
homopolymeric G blocks (PG), homopolymeric M blocks (PM), and heteropolymeric
blocks of alternating M and G units (PMG) (3, 4). Alginate is an important source of
fixed carbon in marine ecosystems and has been used as a viscosifier, a stabilizer,
and a gelling agent in the food, printing, and biomaterials industries. Furthermore,
alginate oligosaccharides have widespread applications in agriculture and pharma-
cology.

Alginate lyases are polysaccharide lyases (PL) that degrade alginate by � elimination
of the glycosidic 1-4 O-linkages between sugar monomers, producing unsaturated
oligosaccharides containing a 4-deoxy-L-erythro-hex-4-enopyranosyluronic acid at the
new nonreducing terminus (4). Alginate lyases have been isolated from various sources,
including a variety of bacteria and fungi, as well as viruses, marine algae, and marine
mollusks (4). Based on amino acid sequence analysis, alginate lyases fall into seven PL
families (PL5, -6, -7, -14, -15, -17, and -18) in the Carbohydrate-Active enZYmes (CAZY)
database (5). Further, they have been also classified into three distinct groups based
on their substrate specificities: PM-specific lyases (EC 4.2.2.3), PG-specific lyases (EC
4.2.2.11), and bifunctional lyases that can degrade both PM and PG (EC 4.2.2.-).
According to their modes of action, alginate lyases have been further divided into two
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classes. Endolytic alginate lyases degrade long alginate chains, releasing oligosaccha-
rides as the main products (6, 7), whereas exolytic alginate lyases degrade small
oligosaccharides into monomers and/or dimers from the ends of the chains (8–10).
Endolytic alginate lyases have been successfully utilized in industry for the preparation
of protoplasts and the production of biologically relevant oligosaccharides (11–13).

In recent years, research on alginate lyases has made rapid and remarkable prog-
ress, especially in structures and catalytic mechanisms (14–17). A number of
three-dimensional structures of alginate lyases from various PL families have been
determined, and the catalytic mechanisms of alginate lyases from all seven PL families
have now been revealed. Two recent reviews on alginate lyases were published in 2011
and 2015 (18, 19) but did not introduce the structures and catalytic mechanisms of
alginate lyases in detail and, more importantly, did not include the structures and
catalytic mechanisms of alginate lyases reported after 2015 (16, 17). Thus, in this review,
we discuss the different structures and catalytic mechanisms of alginate lyases in detail.

STRUCTURAL DIVERSITY OF ALGINATE LYASES

Great progress has been made in the structural determination of alginate lyases in
the past several years. Currently, 15 alginate lyase structures have been solved, with at
least one representative structure from each family, including two members in PL5, one
in PL6, six in PL7, two in PL14, one in PL15, one in PL17, and two in PL18. These
structures have shown that alginate lyases from different families may adopt similar
folds. Based on the classification of polysaccharide lyases proposed by Garron and
Cygler (20), alginate lyases can be classified into 3 fold classes: �-jelly roll (PL7, -14, and
-18), (�/�)n toroid (PL5, -15, and -17), and right-handed �-helix (PL6).

�-Jelly roll class. The �-jelly roll is the most common fold among alginate lyases.
The �-jelly roll class contains 10 alginate lyase structures at the time of this publication,
including 6 from PL7, 2 from PL14, and 2 from PL18 (Fig. 1). In general, this fold consists
mainly of two curved antiparallel �-sheets (SA and SB) that are bent in the middle by
nearly 90°, coming together to form a globular shape. The inner concave sheet (SA)
shapes a cleft that harbors the catalytic site, and the alginate substrates enter the cleft
and interact with the active-site residues. Loops linking the inner (SA) and outer (SB)
sheets are variable in length and sequence (20). Three adjacent �-strands in the center
of the SA sheet of PL7 lyases are well ordered, and the conserved residues on these
strands play important roles in the catalytic reaction (21).

Nearly one-half of all known alginate lyase sequences have been classified into the
PL7 family, and structural information is available for six of them, including PA1167
from Pseudomonas aeruginosa PAO1 (PDB code 1VAV) (22), AlyA from Klebsiella pneu-
moniae (PDB code 4OZX), alyPG from Corynebacterium sp. ALY-1 (PDB code 1UAI) (23),
AlyA1 (PDB code 3ZPY), and AlyA5 (PDB code 4BE3) from Zobellia galactanivorans (24),
and A1-II= from Sphingomonas sp. A1 (PDB code 2CWS) (21) (Fig. 1A). Among these
enzymes, PA1167, alyPG, AlyA1, and A1-II= are endolytic, while AlyA5 is exolytic (24),

FIG 1 Alginate lyase structures adopting the �-jelly roll fold. (A and B) Structural representatives of the PL7 (A) and
PL18 (B) families. Representation of the aly-SJ02 structure includes both the P-CATD (pink) and r-CATD (deep teal).
(C) Structures of alginate lyases in PL14.
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and AlyA has not been characterized. PA1167 represents the first solved alginate lyase
structure that adopts this fold (22). PA1167 consists of three short �-helices and two
antiparallel �-sheets, SA and SB, that consist of eight and seven �-strands, respectively.
A1-II= is the best-studied enzyme in PL7 due to detailed analysis of the structures of
mutant variants complexed with alginate tri- or tetrasaccharides (21, 25). Similar to the
structure of PA1167, the overall structure of A1-II= is composed of four helices and two
�-sheets, including nine �-strands in SA and seven in SB. The overall structures of the
other four enzymes (AlyA, AlyA5, alyPG, and AlyA1) resemble the two above. Except for
the exolytic enzyme AlyA5, the architectures of the active-site centers of the PL7
alginate lyases are all wide open, corresponding to the endolytic character of PA1167,
A1-II=, alyPG, and AlyA1, which also suggests that AlyA is most likely an endolytic
enzyme. The structural determinant of the exolytic activity of AlyA5 was determined to
be a long loop (residues 304 to 318) that blocks the catalytic groove at one end, leading
to a pocket-like architecture.

Most PL18 alginate lyases contain an N-terminal extension that is excised during
protein maturation. Thus far, all of the alginate lyases characterized from PL18 (AlyA,
alyPEEC, and aly-SJ02) have been bifunctional and endolytic. The structures of two PL18
alginate lyases from Pseudoalteromonas, Aly272 and aly-SJ02, have been solved (Fig.
1B). Aly272 (PDB code 1J1T) was the first PL18 structure deposited in the PDB;
unfortunately, no further research on this enzyme has been reported. Structural and
functional analyses of aly-SJ02 were reported in 2014 (14). The mature aly-SJ02 enzyme
exhibits the typical �-jelly roll fold. Akin to the active-site architectures of endolytic
alginate lyases in PL7, three adjacent �-strands in aly-SJ02, i.e., SA2, SA3, and SA4, form
a catalytic groove that is wide open at both ends. aly-SJ02 shows two main structural
differences compared with alginate lyases from the PL7 family. First, according to the
structures of the recombinant catalytic domain (r-CATD; PDB code 4Q8L) and the
catalytic domain of the precursor (P-CATD, PDB code 4Q8K) of aly-SJ02, the unique
N-terminal extension present in PL18 alginate lyase precursors functions as an intra-
molecular chaperone that mediates the correct folding of the catalytic domain. Second,
a structural divalent metal ion, Ca2�, observed in both Aly272 and aly-SJ02, is far away
from the active centers, which is important for maintaining the enzymatic activity of
aly-SJ02, but does not directly participate in the catalytic reaction (14).

The PL14 family is the only family that contains alginate lyases from bacteria,
eukaryotes, and viruses. In this family, four gastropod alginate lyases (AkAly30, LbAly28,
HdAly, and HdAlex) and three PLs from the Chlorella virus (CL2, A215L, and vAL-1) have
been characterized, but no data regarding the bacterial enzymes are available. At this
time, the structures of two PL14 alginate lyases have been solved, including vAL-1 from
Paramecium bursaria Chlorella virus CVK2 (PDB code 3GNE) (26) and AkAly30 from
Aplysia kurodai (PDB code 5GMT) (16) (Fig. 1C). Among the eukaryotic enzymes,
AkAly30, LbAly28, and HdAly are M specific and endolytic while HdAlex is exolytic. Most
of the eukaryotic enzymes optimally degrade alginate under mesophilic conditions at
neutral pH. Interestingly, two PLs of viral origin (CL2 and vAL-1) can function at alkaline
pH. Wild-type (WT) vAL-1 prefers to exhibit alginate lyase activity at alkaline pH;
however, at neutral pH, its activity on alginate decreases and the enzyme shows a
preference for glucuronic acid containing polymers such as pectin. WT vAL-1 is com-
prised of two domains, an N-terminal domain (NTD) for cell wall attachment and a
C-terminal catalytic domain. It is also reported that the N-terminal domain hinders the
alginate lyase activity of WT vAL-1 at neutral pH (26). For vAL-1, only the structure of
the C-terminal catalytic domain, vAL-1(S), has been solved, and it adopts a �-jelly roll
fold. Although structurally similar to PL7 and -18 family lyases, vAL-1(S) has two
additional small �-sheets, SC and SD, both of which consist of two �-strands. Interest-
ingly, vAL-1(S) shows two pH-dependent modes of action toward alginate, functioning
endolytically at pH 7.0 and exolytically at pH 10.0. These two modes of action of
vAL-1(S) are greatly influenced by the electric charges in the active site at different pH
levels. AkAly30 is an endotype alginate lyase and shares only 23% sequence identity
with vAL-1. Despite the structural similarities with vAL-1(S), AkAly30 shows some
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differences in the conformations of two loops surrounding subsite �1, resulting in their
different modes of action. A �4 loop in AkAly30 leads to the closed special arrangement
of subsite �1, distinct from the corresponding loop in vAL-1(S). Moreover, the �2 loop
of AkAly30 is cross-linked by a disulfide bond, which is not conserved in vAL-1(S). On
this �2 loop, a Gly that is important for AkAly30 activity is replaced by Tyr in vAL-1(S)
(16). The residues forming the catalytic clefts in PL14 enzymes are distinct from those
in PL7 and PL18, including amino acids in both the loops and the �-strands (16).
Particularly, conserved amino acids that are known to be crucial for catalysis in PL7 and
PL18 lyases, including Arg, Gln, His, and Tyr, are replaced with Gly, Gly, Phe, and Phe,
respectively, in vAL-1 and AkAly30 (26).

(�/�)n toroid class. The alginate lyases in families PL5, -15, and -17 contain a
common catalytic domain that adopts a barrel architecture formed by several antipa-
rallel �-helices (helical hairpins). The hairpins are arranged counterclockwise (looking
from the top of the hairpin), and their number, n, varies from three to seven. Hence, we
classified these folds into the (�/�)n toroid class. There are four solved alginate lyase
structures in this class, including two from PL5, one from PL15, and one from PL17.
Among these enzymes, those in PL5 are single-domain proteins that have only a barrel
catalytic domain (27) whereas those in PL15 and PL17 are multidomain proteins
containing one or two other domains in addition to the catalytic domain (10, 15) (Fig.
2). The �-helices in the catalytic domain are divided into two layers, the inner and the
outer helices, which form a deep tunnel-like cleft to accommodate the substrate. The
inner helices run in approximately the same direction around the core of the barrel,
whereas the outer ones are oriented in the opposite direction (27).

All PL5 alginate lyases characterized to date are endolytic and M-specific enzymes
from bacteria. It is worth noting that Smlt1473 is the sole PL5 enzyme that is promis-
cuous and is able to use alginate, poly-D-glucuronic acid (GlcA), and hyaluronan as the
substrates (28). The structures of two PL5 alginate lyases have been solved: A1-III from
Sphingomonas sp. (PDB code 1QAZ) and PA3547 from Pseudomonas aeruginosa PAO1
(PDB code 4OZV) (Fig. 2A). A1-III is the most studied enzyme in the PL5 family and was
the first alginate lyase shown to adopt an (�/�)n toroid fold (27, 29, 30). A1-III is
comprised of 12 �-helices, six inners and five outers, which form an �6/�5 barrel
consisting of four hairpin repetitions. Alginate molecules penetrate into the tunnel-like
cleft, surrounded by the inner helices, to interact with residues of the catalytic site.
PA3547 is structurally similar to A1-III with a root mean square deviation of 2.7 Å, and
the main differences occur in the N- and C-terminal regions of these two enzymes.
Although its structure has been determined and released, biochemical characterization
of PA3547 has not been reported.

FIG 2 Spatial arrangements of alginate lyase structures adopting the (�/�)n toroid fold. (A) The structures of A1-III
and PA3547 from the PL5 family are depicted in rainbow colors from blue in the N-terminal region to red in the
C-terminal region. (B) Structure of Atu3025 from the PL15 family. The C-terminal, central, and N-terminal domains
are colored in orange, cyan, and green, respectively. (C) Representative structures of the Alg17c monomer (left) and
dimer (right) from the PL17 family. The N- and C-terminal domains of the upper monomer are colored in wheat and
hot pink, respectively. The N- and C-terminal domains of the second monomer are colored in sand and purple,
respectively.
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The PL15 family contains exolytic bacterial alginate lyases. Exotype alginate lyase
Atu3025 (PDB code 3A0O) from Agrobacterium tumefaciens, the only solved structure in
this family, is comprised of an N-terminal small �-sheet domain (residues 11 to 116), a
central �/�-barrel domain (residues 128 to 491), and a C-terminal antiparallel �-sheet
domain (residues 495 to 773) (Fig. 2B) (10). The N-terminal small �-sheet domain, whose
function remains enigmatic, is made up of two antiparallel �-sheets consisting of seven
�-strands. The central barrel domain is composed of 15 �-helices, 12 of which, including
six inners and six outers, contribute to the formation of the (�/�)6-barrel catalytic
domain. The C-terminal domain (CTD) is comprised of 18 �-strands, forming a three-
layered antiparallel �-sheet sandwich structure. In contrast to the tunnel-like catalytic
centers of PL5 alginate lyases, the active-site center of Atu3025 is located between the
�/�-barrel and the C-terminal �-sheet domains, forming a deep pocket to accommo-
date alginate. The substrate is bound across the two domains, interacting predomi-
nantly with residues of the barrel domain but also with several residues of the
C-terminal domain. Its exolytic mode action is related to the location of the bound
substrates, which are introduced in more detail in “Conformational Changes during
Catalysis” below.

Alginate lyases of the PL17 family are oligoalginate lyases that can degrade alginate
and alginate oligosaccharides into monosaccharides by an exotypic mode of action.
Alg17c (PDB code 4NEI) from Saccharophagus degradans 2-40 is the only PL17 alginate
lyase for which a crystal structure has been determined (Fig. 2C) (15). Alg17c (PL17) and
Atu3025 (PL15) are both exolytic enzymes; however, their structures are significantly
different. Atu3025 is a three-domain monomeric protein, while Alg17c consists of only
two domains and forms homodimers. Compared with Atu3025, Alg17c is also com-
prised of an �6/�6-barrel (residues 30 to 365) joined to a C-terminal antiparallel �-sheet
(residues 370 to 735) but lacks the N-terminal �-sheet domain. The barrel domain of
Alg17c is composed of 13 helices, 12 that form the �6/�6-barrel and 1 additional helix
that is shored up against the side of the barrel, maintaining its rigidity. The C-terminal
domain displays a three-layered antiparallel �-sheet structure and has four small helices
near the top layer, interjecting between the two domains. Similar to what is seen in
Atu3025, the substrate is also bound between the barrel and the �-sheet domains of
the Alg17c monomer. Alg17c homodimerization results from the insertion of a �-turn
(residues 660 to 672) from the �-sheet domain of one monomer into the barrel domain
of the other monomer. In addition, a Zn2� in Alg17c is located at the interface of the
two domains, likely establishing the orientation of the residues interacting with the
substrate (15).

�-Helix class. The PL6 family contains various PLs, including two dermatan sulfate
lyases and alginate lyases with diverse substrate specificities and modes of action (17,
31–33). AlyGC from the PL6 family is an exotype G-specific alginate lyase and is now the
first and only known alginate lyase that adopts a right-handed �-helix fold (Fig. 3) (21).
The right-handed �-helix fold was first observed in a pectate lyase (pectate lyase C)

FIG 3 Structures of AlyGC depicting the �-helix fold. (A) The AlyGC monomer depicted with rainbow colors
from blue in the N-terminal region to red in the C-terminal region. (B) Structure of the AlyGC dimer.
Monomer 1 and monomer 2 are colored in light blue and wheat, respectively.
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from Erwinia chrysanthemi in 1993 (34) and has now been shown to be common among
enzymes from PL1, -3, and -9 (35–37). AlyGC forms dimers in solution, and there is only
a 2-fold rotation axis between the individual monomers. Each monomer of AlyGC is
comprised of two domains, the N-terminal domain and the C-terminal domain, both of
which adopt the �-helix fold. This is distinct from other reported proteins that share this
fold but contain only a single �-helix domain, including proteins in PL1, -3, and -9 and
chondroitinase B from PL6 (35–38). The architecture of the �-helix fold is composed of
three �-sheets: PB1, PB2, and PB3. The turns (T) or loops between the two �-sheets are
referred to as T1 (between PB1 and PB2), T2 (between PB2 and PB3), and T3 (between
PB3 and PB1), and the arrangement of one coil of the �-helix is PB1-T1-PB2-T2-PB3-T3.
PB1 and PB2 are nearly antiparallel, and PB3 is almost perpendicular to PB2 (38). The
NTD of AlyGC consists of 12 PB1 strands, 14 PB2 strands, and 14 PB3 strands. The CTD
consists of 9 PB1 strands, 11 PB2 strands, and 9 PB3 strands (17). Interestingly, the active
site of AlyGC is located in the NTD but the CTD is also indispensable for the activity of
AlyGC. The active-site center is a long cleft localized on the surface of the NTD,
surrounded by loops and �-strands from the NTD and one loop (residues 627 to 638)
from the CTD. One end of the cleft is blocked, leading to the exolytic mode of action
of the enzyme (17). In addition, a Ca2� ion is located at the catalytic center of each
molecule, and its role in catalysis of PL6 enzymes is introduced in “Diversity in Catalytic
Mechanisms” below.

CONFORMATIONAL CHANGES DURING CATALYSIS

During the cleavage of alginate glycosidic bonds via �-elimination, conformational
changes of the enzymes have been shown to always occur, such as lid loop move-
ments, domain rotation movements, and subunit rotation movements. Some changes
are specific, and others are common to the degradation of alginates and other
polysaccharides.

Lid loop movements. Lid loop movement during catalysis is a common feature in
alginate lyases from PL5, -7, and -18. For PL5 alginate lyases, this movement occurs in
just one loop, which is akin to a lid above the active-site center (29). This is in contrast
to lyases in the PL7 and -18 families, which have two lid loops over their active-site
centers (14, 25) (Fig. 4).

The lid loop present in the PL5 alginate lyase A1-III (residues 64 to 85) consists of 16
residues (residues 64 to 79) from loop2 (residues 44 to 79), connecting helix2 and
helix3, and 6 residues (residues 80 to 85) from helix3 (residues 80 to 105). The A1-III lid
loop is able to migrate about 14 Å from an open form (apoenzyme, H192A) to a closed
form (holoenzyme, H192A and Y246F). The loop of the apoenzyme protrudes into the
solvent and bends at the middle of loop2 and in the front of helix3 when the enzyme
binds a substrate (Fig. 4A). The conformational change of the lid loop from the open to
the closed position results in coverage of the active-site cleft. This lid loop movement
is a near-rigid-body motion with hinges around Ile64 and residues 82 to 85 (for details
about the mechanism of this motion, see Gerstein and Krebs [39]). In the holoenzyme
(H192A and Y246A), the closed lid loop interacts with the bound substrate, and the
Tyr68 residue on this loop activates the catalytic residue Tyr246 through the formation
of a hydrogen bond (Fig. 4A). Despite structural conservation, the amino acid sequence
of the lid loop region is not strictly conserved among PL5 alginate lyases, and conser-
vative replacements are found for Arg67 (Lys), Asn72 (Asp), Gly74 (Ala/Ser), and Val76
(Leu) (Fig. 4B).

Similar lid loop movements are observed in A1-II= from PL7 (25) and aly-SJ02 from
PL18 (14); however, each of these enzymes contains two mobile loops. The function of
these two flexible loops was first identified in A1-II= because the loops were found to
be in different positions (open and closed forms) in two different ligand-free structures
of the same protein (PDB codes 2CWS and 2Z42, respectively). Mobile loops L1 and L2
are located over the active-site cleft and interact through a hydrogen bond formed by
two asparagine residues, Asn141 on L1 and Asn199 on L2. A double mutant, A1-II=
N141C/N199C, has a disulfide bond between two cysteine residues and retains little
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enzymatic activity, demonstrating that the flexibility of these loops is essential for
access of the substrate to the active site and the concomitant release of products after
the reaction (Fig. 4C). Almost all enzymes in PL7 have two loops corresponding to L1
and L2 of A1-II=, suggesting that lid loop movement during catalysis is a mechanism
shared by PL7 enzymes (22–24). Similarly, two mobile loops over the substrate-binding
pocket are present in the PL18 family lyase aly-SJ02 (14), and a hydrogen bond is
formed between Asn214 on L1 and Thr263 on L2 (Fig. 4D). Molecular dynamic simu-
lations indicated that the distance between the side chains of Asn214 and Thr263
increases from 3.2 Å in the closed state to 11.5 Å in the open state, making it possible
for an alginate molecule to enter the substrate-binding pocket (14). The enlargement
of space between the loops of A1-II= and aly-SJ02 is predominantly caused by confor-
mational changes in the side chains of the loop residues, which is distinct from the
nearly-rigid-body motion of the A1-III lid loop. In addition, chondroitin and hyaluronate
lyases in PL8 (40, 41) have also been shown to possess flexible loops involved in
substrate binding and/or catalysis, indicating that flexible lid loops, as well as their
movements, are a common mechanism more broadly shared by several PL families.

Domain rotation movements. Domain rotation movements occur on the C-terminal
�-sheet domains of alginate lyases from PL15 and PL17 during catalysis (Fig. 5A, B, C,
and D). In the presence of substrate, the C-terminal �-sheet domain of Atu3025 (PL15)
can rigidly rotate �10° compared with the apoenzyme (Fig. 5A). During the course of
this hinge bending motion, the oligosaccharide substrate is embedded into the pock-
etlike active-site center. Phe462, located on one side of the pocket, then rotates to
interact with Ser418 positioned at the opposite side of the active pocket (Fig. 5B and
C) (10). Similarly, the �-sheet domain of Alg17c (PL17) undergoes a rigid body rotation
of �12° upon ligand binding (Fig. 5D), leading to the rearrangement of residues around
the active center to interact with the bound substrate (15).

Similar domain movement has also been reported in a PL8 hyaluronate lyase that
adopts a similar modular architecture with an �/�-barrel linked to a �-sheet domain
(40). Therefore, such domain movement during catalysis may be a common feature of
enzymes that belong to the multidomain (�/�)n toroid class of PLs, despite the fact that
enzymes from different PL families do not share a high degree of sequence similarity.

FIG 4 Conformational changes of lid loops identified in alginate lyases. (A) Lid loop (residues 64 to 85) of
PL5 A1-III. A structural representation of the apoenzyme (H192A; PDB 4E1Y) is shown in green. The two
holoenzymes, Holo H192A (PDB 4F10) and Holo Y246F (PDB 4F13), are shown in blue and pink, respectively.
The bound substrates are depicted by red/yellow sticks. (B) Residues of the loop region in PL5 alginate
lyases. The GenBank accession numbers of the protein sequences are BAB03312.1 (A1-III), AAG06935.1
(PA3547), AEW23144.1 (Aly1), and AIY22644.1 (AlgA). (C) Flexible loops (loop1, residues 133 to 145, and
loop2, residues 193 to 203) of PL7 A1-II=. Two ligand-free structures, 2CWS and 2Z42, are shown in green
and blue, respectively. The mutant (N199C/N141C; PDB 2ZA9), shown in pink, has a disulfide bond linking
the two flexible loops. (D) The flexible loops (loop1, Ala208-Gly217, and loop2, Ala260-Thr265) of PL18
aly-SJ02, with the P-CATD (PDB 4Q8K) and r-CATD (PDB 4Q8L), are depicted in green and blue, respectively.
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Subunit rotation movements. Among all the alginate lyases, subunit rotation has
been found only in the PL6 AlyGC (17). The two dimer subunits of AlyGC have a 2-fold
rotation axis, and there are two identical active centers in each dimer. However,
conformational alignment of WT AlyGC with a catalytically inactive mutant structure
complexed with tetramannuronate showed that rotation occurs in one subunit of the
dimer when a substrate is bound. This subunit rotation movement results in the
enlargement of the entrance of one active-site center that binds the substrate, while
the other remains small, indicating that only one monomer of dimeric AlyGC may bind
substrate at any given time (Fig. 5E). The entrance state that shifts from “open” to
“closed” may be related to the formation of a hydrogen bond between His192 from the
NTD of one subunit and Asp526 from the CTD of the other. However, it is still unknown
why AlyGC functions as a dimer but binds alginate substrates asynchronously.

DIVERSITY IN CATALYTIC MECHANISMS

The �-elimination reaction that alginate lyases utilize to degrade alginate occurs in
three steps: (i) the removal of the negative charge on the carboxylate anion to reduce
the pKa of the H-5 proton; (ii) a general base-catalyzed abstraction of the proton on C-5
leading to an enolate intermediate; (iii) electron transfer from the carboxyl group
resulting in the formation of a double bond between C-4 and C-5 (4, 42) and finally
cleavage of the O-glycosidic bond (43, 44). This reaction requires the participation of a
Brønsted base to accept the H-5 proton and a Brønsted acid as a proton donor (20).
Based on the configurations at C-4 and C-5, the abstracted proton and the C-4 bridging
oxygen can be either on the same side (syn configuration) or on opposite sides (anti
configuration) of the uronic acid ring (20). For M residues, the C-5 proton and the
departing oxygen on C-4 lie syn relative to each other. This is in contrast to G residues,
where they lie anti relative to one another (43) (Fig. 6). The catalytic mechanisms of
alginate lyases can be divided into two groups based on differences in the mechanism
utilized for neutralization of the C-5 carboxyl and in the Brønsted bases and acids: (i) His
(or Tyr)/Tyr � elimination and (ii) metal (Ca2�)-assisted � elimination. Available data
indicate that the type of enzymatic mechanism used by PLs is conserved within each
family.

FIG 5 Domain and subunit rotation movements of alginate lyases from PL15, PL17, and PL6. (A) Structural
alignment of the wild-type (WT) Atu3025 (PDB 3A0O; orange) from the PL15 family and its complex with an
unsaturated trisaccharide, ΔGGG (PDB 3AFL; gray). Structures were aligned using the N-terminal domains. The
ΔGGG substrate is shown as red spheres. (B and C) Conformational changes of the residues around the active
centers in the WT structure (B) and the Atu3025-ΔGGG complex (C). (D) Structural alignment of WT Alg17c (PDB
4NEI; green) and its complex with ΔMMG (PDB 4OJZ; purple) from the PL17 family. Structures were aligned by the
N-terminal domains. (E) Structural alignment of the dimers of the WT AlyGC (PDB 5GKD; brown) and its complex
with the saturated tetrasaccharide MMMM (PDB 5GKQ; olive) from the PL6 family. Structures were aligned using
one subunit. MMMM is shown as blue spheres.
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His (or Tyr)/Tyr � elimination. His (or Tyr)/Tyr � elimination has been widely
adopted by alginate lyases, with the exception of members in the PL6 family. For these
alginate lyases, the negative charge of the carboxylate anion is predominantly neutral-
ized by Glu, His, Arg, or Asn, which forms a hydrogen bond with the acidic group to
shift the equilibrium toward the enolate tautomeric form (43). In this case, a conserved
Tyr serves as the general acid. Enzymes that utilize this mechanism can be subdivided
based on their preferred catalytic base. Tyr/Tyr � elimination uses the same Tyr to serve
as the general base, while enzymes that employ His (Tyr=)/Tyr � elimination utilize a His
residue or another Tyr as the base.

(i) Tyr/Tyr � elimination. All PL5 family alginate lyases are M specific. The catalytic
mechanism of A1-III was reported in 2001 (29, 30) and was the first reported catalytic
mechanism for alginate lyases. Based on the structure of A1-III complexed with a
trisaccharide cleavage product (ΔMMM, where ΔM is the unsaturated sugar residue)
bound at subsites �3 to �1 from the nonreducing end, Tyr246 was predicted to act as
both the catalytic base and the proton donor in a syn elimination mechanism. In this
proposed mechanism, the negative charge on the C-5 carboxylate group is first
neutralized by Arg239 and Asn191 so that the C-5 proton can be more easily removed.
Next, Tyr246 extracts a proton from C-5 of mannuronic acid, forming a carboxylate
dianion intermediate. Finally, Tyr246 donates a proton to the oxygen of the glycosidic
bond, forming a double bond between C-4 and C-5. Similar to that of A1-III, aly-SJ02 is
predicted to use the Tyr353 residue both as the catalytic acid and as the base, and the
conserved residues in the active center, including Arg219, Lys223, Gln257, His259,
Tyr347, and Lys349, recognize and stabilize the carboxyl group of the substrate (14).

(ii) His (Tyr=)/Tyr � elimination. In the five structured PL7 alginate lyases, AlyA1
and alyPG are G specific, and PA1167 is MG specific. A1-II= and AlyA5 are bifunctional,
and both prefer to degrade PG. The first PL7 alginate lyase structure (PA1167) was
reported in 2004 (22); however, the molecular mechanism of catalysis was not deter-
mined until a structure of an A1-II= mutant complexed with an alginate tetrasaccharide
was obtained in 2008 (25). Analysis of the structure of an A1-II= mutant (H191N/Y284F)
complexed with an alginate tetrasaccharide (GGMG) suggested that Gln189 functions

FIG 6 Catalytic mechanisms and amino acid conservation of catalytic residues of alginate lyases. (A and B)
Elimination from D-mannuronate (A) and L-guluronate (B) via syn and anti pathways, respectively. The positively
charged neutralizer (ball) can be either a metal ion or several amino acid residues. In the syn elimination reaction,
the catalytic base and acid can be the same amino acid residue; however, in the anti reaction, the base and acid
are two different residues. (C) The strictly conserved Tyr residue is used for catalysis in the PL5, -7, -15, -17, and -18
families. Tyr acts as the general catalytic acid in these enzymes. Four sequences of characterized alginate lyases in
each family are aligned. The conserved Tyr is boxed in red.
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as a neutralizer for the carboxyl group, His191 acts as the general base, and Tyr284 acts
as the general acid. In addition, the His/Tyr � elimination mechanism has been widely
adopted by polysaccharide lyases utilizing anti elimination, such as heparin lyase in the
PL13 family (45). Atu3025, an exolytic and bifunctional alginate lyase, is the only PL15
alginate lyase whose catalytic mechanism has been clarified. Atu3025 uses His311 and
Tyr365 as the catalytic base and acid, respectively, based on analysis of the structure of
a mutant variant (H531A) in complex with an unsaturated alginate trisaccharide
(ΔGGG). Positively charged residues, such as Arg199, Arg314, and His531, are proposed
to play a role in stabilizing or neutralizing the negative charge on the carboxylate anion
(10).

The molecular mechanism utilized by Alg17c from PL17 is slightly distinct from the
typical His/Tyr � elimination. This exolytic bifunctional enzyme uses Tyr=/Tyr � elimi-
nation. Analysis of the structure of a catalytic mutant variant (Y258A) complexed with
ΔMMG bound at subsites �1 to �2 indicated that Tyr450 is the general base that
abstracts the proton at C-5, Tyr258 functions as the general acid, and Asn201 and
His202 stabilize the negative charge of the carboxylate.

The catalytic mechanism(s) utilized by PL14 alginate lyases remains enigmatic. The
viral enzyme, vAL-1, degrades alginate and poly-GlcA in a pH-dependent manner, and
Lys197 and Ser219 are supposed to be crucial for vAL-1 activity at both pH 7.0 and 10.0,
based on both structural and mutational analyses (16, 26, 46). For the M-specific
eukaryotic enzyme, AkAly30, its substrate-binding models showed that Lys99 forms
ionic bonds with the M residue at the �1 subsite, and Tyr140 and Tyr142 are coupled
together and form a hydrogen bond network with the glycosidic bond (16, 26, 46).
Although the molecular details are still unclear, these data implied that the catalytic
mechanisms of vAL-1and AkAly30 are likely to be significantly different.

Despite significant variation in the protein folds of alginate lyases, the His (Tyr=)/Tyr
mechanism is well adapted to both syn and anti types of elimination. The reaction can
adopt a syn (Fig. 6A) or an anti (Fig. 6B) elimination depending on the identity of the
sugar residue at the �1 subsite. Therefore, in the case of bifunctional alginate lyases,
they can undertake both syn and anti elimination of the substrate (Fig. 6A and B).
However, G-specific lyases can carry out only anti elimination (Fig. 6B), while M-specific
lyases can perform only syn elimination (Fig. 6A). In this mechanism, Glx (Glu and Gln)
and/or Asx (Asp and Asn) usually act as neutralizers that neutralize the carboxylic group
of the uronate at the �1 subsite. Further, some positively charged residues, including
His and Arg, assist the neutralizer(s) through a network of hydrogen bonds between the
enzyme and the substrate. A Tyr residue, which is strictly conserved in alginate lyases
utilizing this mechanism, functions as the Brønsted acid (Fig. 6C). In syn elimination,
typified by A1-III from PL5, the enzymes prefer to use the same Tyr as the Brønsted
base; however, enzymes that perform anti elimination prefer to utilize a His residue as
the Brønsted base.

Metal-assisted � elimination. Metal-assisted � elimination was first described for
the PL6 AlyMG, which uses Ca2�-assisted � elimination for alginate degradation (33).
Structural analysis of AlyGC indicated that a Ca2� ion is coordinated by Asn181, Glu213,
Glu215, and Glu184 in the active-site center, which are conserved in all characterized
PL6 alginate lyases. Ca2� is suggested to neutralize the carboxylic group of an alginate
residue at the �1 subsite, similar to the role of Glx and Asx in enzymes using the His
(Tyr)/Tyr mechanism (Fig. 6B). The interaction between Ca2� and the carboxylic group
likely enhances the reactivity of the C-5 proton (47). In this reaction, Lys220 and Arg241
function as the Brønsted base and acid, respectively (Fig. 6B). This metal-assisted �

elimination mechanism is universal in enzymes adopting the �-helix fold (48).
Interestingly, by combining knowledge of the catalytic mechanisms, i.e., His (Tyr)/Tyr

versus the metal-assisted mechanism, and the complexity of the three-dimensional
(3-D) structures, we found that most of the reported PL enzymes utilizing a single
residue as both the acid and base have a preference for M residues, such as A1-III from
PL5 and aly-SJ02 from PL18. On the other hand, enzymes utilizing two different amino
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acid residues for catalysis, such as A1-II= from PL7 and AlyGC from PL6, prefer G
residues. M and G are epimeric; therefore, there may be some relevance between the
catalytic residues and the sugar residue present at the �1 subsite for more-efficient
electron transfer. However, due to the limited number of available structures and
the paucity of experimental data, this hypothesis will require further data for
confirmation.

FUTURE PROSPECTS

Despite great progress toward elucidating the structures and catalytic mechanisms
of alginate lyases, much work on these complex enzymes is still required. For example,
Aly is an alginate lyase that remains unclassified in the CAZY database due to low
sequence similarity with known PL families (49). Therefore, the structure and catalytic
mechanism of this enzyme need to be defined to determine whether it represents
another distinct family of PLs. As more novel alginate lyases are being reported, more
information regarding the structures and catalytic mechanisms of these enzymes are
anticipated. In addition, many alginate lyases are promiscuous and are able to degrade
other polysaccharides beyond alginate. For example, Smlt1473 from PL5 can degrade
poly-GlcA, hyaluronan, and PM. However, the molecular basis of this observed poly-
specificity needs further exploration. Moreover, heparinase I from PL13, which has a
�-jelly roll fold, is structurally similar to PL7 and PL18 alginate lyases. The PL6 family
contains both alginate lyases and chondroitinase B lyases that share structural similar-
ities. These similarities may indicate possible evolutionary relationships between poly-
saccharide lyases. Undisputedly, further research on these topics will broaden our
understanding of alginate lyases and offer a better basis for their application.
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