














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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