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Abstract

Alginate lyases, which are important in both basic and applied sciences, fall into ten polysaccharide lyase (PL)
families. PL36 is a newly established family that includes 39 bacterial sequences and one eukaryotic
sequence. Till now, the structures or catalytic mechanisms of PL36 alginate lyases have yet to be revealed.
Here, we characterized a novel PL36 alginate lyase, Aly36B, from Chitinophaga sp. MD30. Aly36B is a
polymannuronate specific endolytic alginate lyase. To probe the catalytic mechanism of Aly36B, the
structures of wild-type Aly36B and its mutants (K143A/Y185A in complex with alginate tetrasaccharide and
K143A/M171A with trisaccharide) were solved. The overall structure of Aly36B belongs to the B-jelly roll
scaffold, adopting a typical B-sandwich fold. Aly36B contains a Ca®", which is far away from the active center
and plays an important role in stabilizing the structure of Aly36B. Based on structural and mutational analyses,
the catalytic mechanism of Aly36B for alginate degradation was explained. During catalysis, Arg'9 Tyr18s,
and Tyr'®” are responsible for neutralizing the negative charge of the substrate, and Lys '*® acts as both the
catalytic base and the catalytic acid, which represents a new kind of catalytic mechanism of alginate lyases.
Sequence alignment shows that these four residues involved in catalysis are highly conserved in all PL36
sequences, suggesting that PL36 alginate lyases may adopt a similar catalytic mechanism. Taken together,
this study reveals the molecular structure and catalytic mechanism of a PL36 alginate lyase, broadening our
knowledge on alginate lyases and facilitating future biotechnological applications of PL36 alginate lyases.
© 2019 Elsevier Ltd. All rights reserved.

Introduction

Brown algae are abundant in the sea, especially in
coastal environments, which are an important
nutrient source for heterotrophic organisms. Alginate
is a linear polysaccharide present in the cell walls
and intercellular material of brown algae, accounting
for ~40% of their dry weight [1—3]. Alginate consists

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

of two monomeric units, B-pD-mannuronate (M) and
its C5 epimer a-L-guluronate (G). These two units
may be arranged following three patterns: polygulur-
onate (PG), polymannuronate (PM), and heteropo-
lymeric random sequences (PMG) [4,5]. Some
bacteria belonging to the Pseudomonas and Azoto-
bacter genera also produce alginate. Bacterial
alginates differ from those produced by brown
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algae in that they have little or no G-blocks and can
be O-acetylated at some of the C-2 and C-3 carbons
of the mannuronic acid residues [6—8].

Alginate lyases catalyze the degradation of algi-
nate, targeting the glycosidic 1, 4 O-linkage via acid-
base catalysis of -elimination [9]. Alginate lyases
are grouped into a-L-guluronosyl linkage-specific
lyases (EC 4.2.2.11, G-specific), f-D-mannuronosyl
linkage-specific lyases (EC 4.2.2.3, M-specific) and
bifunctional lyases according to their different sub-
strate specificities. In the Carbohydrate-Active
enZYmes (CAZY) database, alginate lyases fall
into ten polysaccharide lyase (PL) families (PL5, 6,
7, 14, 15, 17, 18, 32, 34, and 36) [10—12], among
which families PL32, 34, and 36 were established
just recently according to the research of Helbert
et al.[12]. The three-dimensional structures of some
alginate lyases have been solved, which can be
grouped into three scaffolds: B-jelly rolls (PL7, 14,
and 18), right-handed -helix fold (PL6) and (a/a)n
toroid fold (PL5, 15, and 17) [13—22]. Based on
structural and biochemical analyses, the catalytic
mechanisms of some alginate lyases have been
revealed. Generally, alginate lyases adopt two types
of catalytic mechanisms: the alginate lyases from
families PL5, 7, 14, 15, 17, and 18 adopt the His (or
Tyr)/Tyr elimination mechanism [11,13,14,16—22],
and the alginate lyase AlyGC from family PL6 adopts
the metal-assisted elimination mechanism [15]. In
addition to their ecological role in natural alginate
degradation, alginate lyases have been shown to be
important in biotechnological applications [23,24].
For examples, alginate lyases are used to prepare
alginate oligomers and to assist the treatment of
chronic bacterial infection via their effective degra-
dation of the exopolysaccharides in bacterial biofilm
[25,26]. In recent years, it has been shown that
alginate lyases have promising potential in commer-
cial-scale fuel ethanol production from brown algal
alginate [27].

To date, the newly established family PL36
includes 40 amino acid sequences that are anno-
tated as PL36 alginate lyases in the CAZy database,
which all but one eukaryotic sequence
(ABS82817.1) originate from bacteria. The endo-
mannuronan lyase (H600DRAFT_04136) from Fla-
vobacterium denitrificans DSM 15936 is an M-
specific endolytic alginate lyase [12], and is the
only characterized enzyme of this family. Till now,
the structures or the catalytic mechanisms of PL36
alginate lyases have yet to be revealed.

In this study, the characteristics, structure and
catalytic mechanism of a PL36 alginate lyase was
studied. The aly36B gene (GenBank accession No.
NZ_CP023254.1) from the bacterium Chitinophaga
sp. MD30 was predicted to encode a PL36 alginate
lyase. The aly36B gene was overexpressed in
Escherichia coli and the recombinant enzyme
Aly36B was characterized to be an endotype M-

specific alginate lyase, mainly producing disacchar-
ides from PM. Moreover, the structures of wild-type
(WT) Aly36B (2.3 A resolution) and its mutants
K143A/Y185A in complex with M4 (2.3 A resolution)
and K143A/M171A with M3 (2.8 A resolution) were
solved. Based on structural and mutational ana-
lyses, the endolytic reaction mechanism of Aly36B
for substrate catalysis was explained, which showed
that Aly36B adopts a new kind of catalytic mechan-
ism different from those reported on the other
alginate lyases. The results provide a foremost
insight into the characteristics, structure, and cata-
lytic mechanism of a PL36 alginate lyase, offering a
better understanding of the catalytic mechanisms of
alginate lyases for alginate depolymerization.

Results and Discussion

Characterization of Aly36B

The aly36B gene from Chitinophaga sp. MD30 is
882 bp in length and predicted to encode a PL36
alginate lyase (Aly36B) of 293 amino acid residues.
Aly36B contains a 34-residue signal peptide (pre-
dicted by SignalP 4.0) and a catalytic domain (Ala>®-
Arg29%). Aly36B shares 49% identity with the
endomannuronan lyase (H600DRAFT_04136) from
Flavobacterium denitrificans, the only characterized
alginate lyase in family PL36 [12]. In addition, Aly36B
shares low identities to some PL14 alginate lyases.
For example, Aly36B shares 26% identity to vAL-1
(covering 55% of the Aly36B sequence) and 26%
identity to AkAly30 (covering 55% of the Aly36B
sequence). VAL-1 and AkAly30 are two PL14
alginate lyases whose structures were solved.

To characterize Aly36B, it was overexpressed in
E. coli BL21 (DE3) without the signal peptide and
purified. The recombinant Aly36B with a predicted
molecular mass of 28.45 kDa showed the maximal
activity toward sodium alginate at 35 °C (Fig. 1a) and
pH 9.0 (Fig. 1b). The salt-tolerant ability of Aly36B is
quite low, displaying the highest activity in 0 M NaCl
and losing almost 100% activity in 2 M NaCl (Fig. 1c).
Among sodium alginate, PM and PG, Aly36B
showed the highest activity toward PM but little
activity toward PG, indicating that Aly36B is an M-
specific enzyme (Fig. 1d), similar to the PL36
endomannuronan lyase (H600DRAFT_04136) and
the PL14 alginate lyases AkAIly30, LbAly28, and
HdAly[11,12]. The K}, values of Aly36B were 0.46 +
0.08 mg/ml towards sodium alginate, and 0.30 +
0.10 mg/ml toward PM (Table 1), which are similar to
those of AkAIly30 [18]. Thin-layer chromatography
(TLC) analysis showed that the products released
from PM degradation by Aly36B were mainly
disaccharides (Fig. 1e) and a minority of mono-
saccharides and oligosaccharides with degree of
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Fig. 1. Biochemical characterization of Aly36B. (a) The effect of temperature on Aly36B activity. (b) The effect of pH on
Aly36B activity. Experiments were performed at 35 °C in 50 mM Britton-Robinson buffer ranging from pH 5 to 12. (c) The
effect of NaCl on Aly36B activity. Assays in A, B, and C were carried out with sodium alginate as the substrate. (d)
Substrate specificities of Aly36B toward sodium alginate (SA), polymannuronate (PM), and polyguluronate (PG).
Experiments were conducted in a 200 pl mixture containing 100 pg/ml enzyme and 2 mg/ml substrate in 50 mM Tris-HCI
(pH 9.0) at 35 °C for 10 min. (e) TLC analysis of the degradation products of Aly36B on PM. A 200 pl reaction mixture
containing 50 pg/ml enzyme and 2 mg/ml PM was incubated at 35 °C for 12 h. Lane 1, PM. Lane 2, monomannuronic acid,
dimannuronic acid, trimannuronic acid and tetramannuronic acid standards. Lane 3, the degradation products from PM by
Aly36B. The data shown in (a)—(d) are from triplicate experiments (mean + standard deviation [SD]). The figure shown in

(e) is a representative of triplicate experiments.

polymerization >2, indicating that Aly36B is an
endolytic alginate lyase, similar to the PL36 endo-
mannuronan lyase (H600DRAFT_04136) [12].

Overall structure of Aly36B

To study the catalytic mechanism of Aly36B for
alginate cleavage, we solved the crystal structure of
WT Aly36B by single-wavelength anomalous dis-
persion method using a selenomethionine derivative
(Se derivative). The crystal of WT Aly36B belongs to
the P 2 21 21 space group and the structure was
determined to a 2.3 A resolution (Table 2). Structure
data show that each asymmetric unit contains one
Aly36B molecule of 241 residues (Ala®?—Arg?%)
(the N-terminal 18 residues are disordered in the
structure probably because of flexibility) (Fig. 2a).
Gel filtration result suggests that Aly36B presents as
a monomer in solution (Fig. 2b). Aly36B adopts a
typical B-sandwich fold structure that is composed of
an a-helix, two large B-sheets (sheet A and sheet B)
and four short loops (L1, L2, L3, L4) (Fig. 2a). Sheet
A and sheet B consist of five and eight -strands,
respectively (Fig. 2a). Among the three scaffolds that

alginate lyases adopt [11], the three-dimensional
structure of Aly36B belongs to the B-jelly roll scaffold.
This scaffold is also adopted by alginate lyases from
families PL7, 14 and 18, such as the PL7 enzymes
A1-1I' (PDB code:2ZAB) [16], the PL14 enzymes
AkAly30 (PDB code: 5GMT) [18] and vAL-1 (PDB
code: 3GNE) [19], and the PL18 enzyme Aly SJ02
(PDB code: 5GMT) [22].

Among alginate lyase structures, the topological
structure of Aly36B is most similar to those of vAL-1
and AkAly30 from family PL14 [18,19] (Fig. 3a).
There is a positively charged groove in the middle of
Aly36B. It is surrounded by two Loops (L1, L2) and
three B-strands of sheet A (A2, A4, A5). Tyr'%® on L1
and Ser?”° on L2 are located at the top of the groove
and their interaction makes the subsite —1 closed
(Fig. 3b), which is similar to AkAly30 but different
from vAL-1 whose groove is open (Fig. 3b). One
phosphate (PO3 ") ion from the crystallization buffer
is accommodated in the positively charged groove
and interacts with the residues Lys'*3, Arg'®®,
Tyr' and Tyr'® (Fig. 2a).

Structural analysis shows that there is a metal ion-
binding site in the structure of WT Aly36B, which is
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Table 1. Kinetic parameters of Aly36B and its mutants.®

Enzyme Substrate Km (mg/ml) Vi (U/mg)

WT PM 0.30 + 0.10 24.90 +2.79
WT alginate 0.46 + 0.08 18.69 + 1.33
R140A PM 11.69 + 0.96 13.24 + 0.88
Y173A PM 3.21 +0.87 14.89 + 2.07

@ The kinetic parameters of the mutants with an activity <5% activity of WT Aly36B (Fig. 6a) could not be determined

due to their low activity.

Table 2. Diffraction data and refinement statistics of WT Aly36B, SeMet Aly36B, K143A/Y185A-M4, and K143A/M171A-

M3.
Parameters WT Aly36B SeMet Aly36B K143A/Y185A-M4 K143A/M171A-M3
Data collection
Space group P22121 P1211 c2221 c2221
Unit cell
a, b, c (A)? 53.77 55.02 105.58 105.77

89.49 96.73 187.53 188.32

46.86 63.53 91.69 91.11
o, B,y (°) 90.00 90.00 90.00 90.00

90.00 93.60 90.00 90.00

. 90.00 90.00 90.00 90.00

Wavelength (A) 0.9791 0.9791 0.9791 0.9791
Resolution (A) 46.86—2.28 (2.28—2.38) 47.76—2.30 (2.3—2.38) 93.77—2.28 (2.38—2.28) 40.84—2.79 (2.89—2.79)
Redundancy 5.3(5.2) 6.8 (6.7) 10.1 (9.9) 4.5 (4.9)
Completeness (%) 97.0 (99.1) 99.9 (99.9) 98.0 (99.9) 97.2 (98.6)
F{merg,eb 0.137 (0.339) 0.139 (0.309) 0.120 (0.250) 0.183 (0.395)
I/sigma 25.06 (8.33) 30.50 (11.77) 37.45 (13.38) 15.20 (5.71)

Refinement statistics

Resolution (A) 46.86—2.28 (2.28—2.38)

Rwork (%) 19.64 (26.14)
Riree (%) 23.36 (43.03)
B-factor (A?)

Protein 43.22
Solvent 40.67
Ligands 48.68

Rmsd from ideal geometry

Rmsd length (A) 0.008
Rmsd angles (°) 1.20
Ramachandran Plot (%)°
Favored 95.04%
Allowed 4.96%

35.34—2.28 (2.28—2.36)
16.60 (17.48)
20.06 (26.00)

40.84—2.79 (2.89—2.79)
19.76 (22.68)
27.10 (31.44)

28.75 22.72
34.11 28.25
35.94 20.30
0.012 0.0015
1.02 1.35
95.87% 93%
3.44% 6.4%

2 Numbers in parentheses refer to data in the highest resolution shell.

b Rmerge = Ehk|2i||(hkl)i—<I(hk|)>l/2hk|2i<|(hk|)i>.

¢ The Ramachandran plot was calculated by PROCHECK program in CCP4i program package.

chelated by residues Asn®, Asn® Gly®, and
Asp?88 as well as two water molecules (Fig. 4a).
The coordination geometry and electron density
intensity suggest that the ion is likely Ca®".
Inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis also showed that ~1.0
Ca®" was present per Aly36B molecule. Thus, the
ion-binding site is assigned as Ca®". The Ca®"
binding site is far away from the active center of
Aly36B (Fig. 2a). Consequently, removing the Ca®"
from Aly36B by ethylenediaminetetraacetic acid
(EDTA) had little effect on the enzymatic activity
(Fig. 4b). However, apo-Aly36B without Ca®"
showed significant decreases in the enzyme thermo-

stability at 25 °C and 30 °C compared with the WT
(Fig. 4c), suggesting that Ca®" plays an important
role in the stabilization of the protein structure of
Aly36B. Sequence alignment suggests that some
PL36 alginate lyases have a similar metal ion
binding site as Aly36B and the Ca®" binding
residues are partly conserved in these alginate
lyases (Fig. 4d). This suggests that these PL36
alginate lyases may contain a metal ion, similar to
Aly36B. However, in the reported structures of the
PL14 alginate lyases, neither vAL-1 nor AkAly30
contains a metal ion (Supplementary Fig. S1)
[18,19].
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Fig. 2. The overall structure of AIy36B (a) The overall structure of WT Aly36B. 2Fo-Fc omit electron density (2.0 o) of
the ions. The 2Fo-Fc densities for PO~ are contoured in brown at 1.50. (b) Gel filtration analysis of Aly36B in solution.

Carbonic anhydrase (29 kDa) was used as the size standard.

Important residues for substrate recognition and
catalysis in Aly36B

To solve the structure of Aly36B in complex with a
substrate molecule, we performed mutations to
inactivate Aly36B and obtained three inactive
mutants, K143A, K143A/M171A, and K143A/
Y185A. These mutants were tried to cocrystallize
with M oligosaccharides. Finally, the crystal struc-
tures of K143A/Y185A in complex with an M4
molecule (K143A/Y185A-M4, 2.3 A resolution) and
K143A/M171A in complex W|th an M3 molecule
(K143A/M171A-M3, 2.8 A resolution) were solved,
whereas the quality of the crystals of K143A with the
substrate was not good enough for data collection
and structural analysis.

The structures of K143A/M171A-M3 and K143A/
Y185A-M4 show root mean square deviations of
0.41 Aand 0.35 A, respectively, to that of WT Aly36B
(Fig. 5a and b). The structures of K143A/Y185A-M4
and K143A/M171A-M3 show a root mean square
deviation of only 0.28 A. Structural alignment of the
three structures shows that the positions of the
residues in the active center are similar in these
structures and that the conformations of the M3
molecule in K143A/M171A-M3 and the M4 molecule
in K143A/Y185A-M4 are the same (Fig. 5a and b).

The M3/M4 chain is labeled with -n to represent
the nonreducing terminus and +n to respect the
reducing terminus (Fig. 5a and b). As shown in
Fig. 5¢, the M4 molecule is bound in the positively
charged tunnel of Aly36B. The catalytic tunnel is
open at two ends, which is corresponding to its
endolytic character (Fig. 5¢). The positive charge of
the tunnel is beneficial for the binding of the
negatively charged alginate chain.

Alginate tetrasaccharide was mainly cleaved into
dimers by Aly36B (Fig. 5d), suggesting that the
cleavage mainly occurs between the —1 and +1 site
of the M4 molecule. Alginate cleavage is a typical
acid-base catalysis of B-elimination reaction. The f3-
elimination catalytic mechanism requires neutraliza-
tion of the negative charge on the +1 site carboxylic
group [11]. Around the +1 subsite, three residues,
Arg™® Tyr'8% and Tyr'®’, are conserved in the
PL36 alglnate lyases (Fig. 7b). These residues
interact with the carboxyl group of the +1 site
mannose molecule (Fig. 5a). When Arg'®®, Tyr'8°,
or Tyr'®” was mutated to alanine, the mutants lost
the activity toward PM (Flg 6a and b). These results
suggest that Arg'®®, Tyr'®® and Tyr are respon-
sible for neutrahzmg the negat|ve charge on the +1
site carboxylic group, just as the role of Arg®*® and
Asn'®! in alginate lyase A1-Il [13,14].

Catalytic acid and catalytic base are essential for
alginate lyases in the alginate B-elimination [11].
Structural alignment of WT Aly36B, K143A/M171A-
M3, and K143A/Y185A- M4 suggests that only one
hydrophilic residue, Lys'*®, which is conserved in
PL36 alginate lyases, is close to both the +1 site Cs
and -1 site O4 of the M4/M3 molecule (Fig. 5a).
Mutation of Lys '*® to Ala (K143A) inactivated Aly36B
(Fig. 6a and b). When Lys'*® was modeled into the
active site of K143A/M171A-M3 according to |ts
position in WT Aly36B, the distance between Lys'
and the +1 site Cs of M3 is 2.88 A, and the
interactions of Lys'*® with Gly2®® and Met '"' may
reduce the pK, of Lys'*® (Figs. 5d and 6a). There-
fore, Lys'*®is likely to act as the catalytic base in the
acid-base catalysis of Aly36B for alginate de Zg;lrada-
tion. In addition, the distance between Lys'* and
the +1 site O, of M3 is 2.65 A, making it possible for
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Fig. 3. Structure comparison of Aly36B, AkAly30, and vAL-1(s). (a) Structure alignment of alginate lyases Aly36B,
AkAIly30, and vAL-1(s). AkAly30 is in silver, Aly36B in pink, and vAL-1(s) in blue. (b) Comparison of the positively charged

grooves of Aly36B, AkAly30, and vAL-1(s).

Lys '3 to act as the catalytic acid. In K143A/M171A-
M3, Tyr '8, whose position is the same as thatin WT
Aly36B, also points toward the +1 site Cs. However,
the distance between the hydroxyl of Tyr'® and
the +1 site Cs of M3 is more than 4.0 A and the
distance between Tyr'® and the +1 site O, of M3 is
more than 3.0 A (Fig. 5a). Therefore, though Tyr '8
has the potential to participate in proton transfer,
Lys '3 is more likely to be the catalytic base and acid
owing to its closer distances to the +1 site Cs and -1
site O4. Thus, Lys '*®in Aly36B likely plays the same
role as the catalytic residue tyrosine (acting as both
the catalytic base and the catalytic acid) in the PL5
alginate lyase A1-lll [13,14] and the PL18 alginate
lyase aly-SJ02 [22]. The lysine residue has been
reported to function as a catalytic base in the
polysaccharide lyases from PL3, 6, 9, 11, and 28
(Supplementary Fig. S2) [15,28—31] and is also
suggested to be the catalytic acid in the PL3 pectin
lyase Pell [28].

We also studied the functions of other residues
that interact with the M3/M4 molecule by mutational
and biochemical analyses. When residues Arg'#°
and Tyr'”®, which interact with the —2 site carboxyl
group of the M3/M4 molecule, were mutated to Ala,
the K, values of the mutants were all significantly
increased (Fig. 6a and b, Table 1), suggesting that

these residues are responsible for substrate
recognition.

Catalytic mechanism of the PL36 alginate lyase
Aly36B

Based on the above structural and biochemical
results, the catalytic mechanism of Aly36B for
alginate degradation was proposed. Aly36B depoly-
merizes alginate through a f-elimination reaction
between the subsites —1 and +1 sites. Four
residues in the active center of Aly36B, Lys'*
Arg'®® Tyr'® and Tyr'®, which are highly con-
served in family PL36, are key residues involved in
catalysis (Fig. 5a, Supplementary Fig. S3). When the
substrate enters the active center, Arg'6®, Tyr'85
and Tyr'®” interact with the carboxyl group of the +1
site mannuronic acid to neutralize the negative
charge and activate the Cs proton (Fig. 7a). Lys 43
functions as a catalytic base to attack the Cs proton
of the +1 site mannuronic acid, leading to the
formation of an enolate intermediate. Subsequently,
the redundant electron is transferred back to Lys'**
from the glycoside bond, leading to the cleavage of
the O-glycosidic bond and the formation of the
C4=C5 double bond. Finally, the oligosaccharide
products are released from the catalytic site, and
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Aly36B is ready to catalyze the cleavage of another
substrate (Fig. 7a).

Alignment of all the sequences that have been
assigned to family PL36 in the CAZy database
shows that the catalytic key residue Lys '*3, and the
essential residues involved in negative charge
neutralization (Arg'®®, Tyr'8 and Tyr'®") in
Aly36B are highly conserved in the PL36 alginate
lyases (Fig. 7b). This result suggests that the
catalytic mechanism of Aly36B revealed in this
study is likely a common catalytic mechanism
adopted by the PL36 alginate lyases.

Comparison of the catalytic mechanism of
Aly36B with those of the other alginate lyases

Among alginate lyases of the other families, the
PL36 Aly36B has the highest similarity to those in
PL14. The catalytic mechanism of the PL14 alginate
lyase AkAly30 has been explained based on a
molecular docking model with a M4 molecule. The
overall structures of Aly36B and AkAIly30 are similar
(Fig. 3a), and the spatial arrangement of the four key
residues Lys'*® Arg'®® Tyr'® and Tyr'®" of

Aly36B are also similar to those of AkAly30, with a
root mean square deviation of 0.17 A (Fig. 8).
However, we noticed that the binding mode of the
substrate molecule in Aly36B is different from that in
the AkAly30 model (Fig. 8), the substrate molecule
being bound in the opposite direction in Aly36B and
AkAly30. In the AkAly30 model with M4, Lys®
interacts with the carboxyl group at subsite +1 and
Tyr'*° locates near both the C5 atom at subsite —1
and the glycosidic O atom between subsite —1
and +1. Therefore, Tyr'° and Lys®® were predicted
as the key residues for the reaction, Tyr'* was
proposed as the general base and proton donor, and
Lys®® was suggested to neutralize the negative
charge [24]. In Aly36B complexed with M3/M4,
Lys143 (equivalent to Lys®® in AkAly30) locates
near both the Cs atom at subsite —1 and the
glycosidic O atom between subsite —1 and +1,
and Tyr'® (equivalent to Tyr'*° in AkAly30) points
towards the carboxyl group at subsite +1. Thus,
Lys'*® is most likely to act as the general base and
proton donor, and Tyr185 may assist the proton
transfer in Aly36B. Therefore, the difference in
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Fig. 5. Analyses of the important amino acid residues in the active center of Aly36B. (a) Structural alignment of active
center of WT Aly36B, K143A/Y185A-M4, and K143A/M171A-M3. The residues in the WT structure are presented as
yellow sticks. The residues and the M3 molecule in the K143A/M171A-M3 complex are presented as green sticks. The
residues and the bound M4 from —2 to +2 subsites in the K143A/Y185A-M4 complex are presented as purple sticks. (b)
Fo-Fc omit maps of the M4 molecule in the K143A/Y185A-M4 complex and the M3 molecule in the K143A/M171A-M3
complex. The simulated annealing Fo-Fc omit maps were generated using the Phenix program by omitting the M3 and M4
molecules. The resulting electron density maps were contoured at 3 sigma and superimposed with the final M3 and M4
models. (c) Electrostatic surface view of the K143A/Y185A-M4 complex. The M4 molecule is shown as yellow sticks. (d)
Thin-layer chromatography (TLC) analysis of the degradation products of Aly36B on tetramannuronic acid. A 200 pl
reaction mixture containing 50 ng/ml enzyme and 2 mg/ml tetramannuronic acid was incubated at 35 °C. Lane 1, 5 min;
Lane 2, 30 min; Lane 3, 60 min; Lane 4, 120 min; Lane 5, monomannuronic acid, dimannuronic acid, trimannuronic acid,
and tetramannuronic acid standards; Lane 6, tetramannuronic acid standard. The main products released from PM
degradation by Aly36B were disaccharides. The figure shows a representative of triplicate experiments. (e) The hydrogen
bonds between Lys'*® and Met'”", Gly?%8, and the M4 molecule. The hydrogen bonds are represented by dotted lines.

substrate binding mode may lead to the different 18), right-handed B-helix fold (PL6), and (a/a)n toroid
catalytic mechanisms of Aly36B and AkAly30. fold (PL5, 15, and 17) [13—22]. Moreover, the

Alginate lyases from different PL families adopt  arrangements of the catalytic residues in the active
three different scaffolds: B-jelly rolls (PL7, 14, and  centers of alginate lyases from different PL families
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——K143A —R140A ——M171A
——R169A —— K143A/Y185A
—Y173A —— K143A/M171A
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Fig. 6. Mutational analysis of important residues in the active site of Aly36B. (a) Enzymatic activities of Aly36B mutants
toward polymannuronate (PM). The dotted line shows 5% activity of WT Aly36B. (b) CD spectra of Aly36B and its mutants.
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alginate lyases. Residues are numbered according to Aly36B. Sequence logos were made using WebLogo (http://
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Y185/Y 140

R169/R128
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Fig. 8. The active center comparison of Aly36B and
AkAIly30. The catalytic residues in Aly36B are presented
as purple sticks, and the bound M4 from +2 to —2 subsites
is shown as yellow sticks. The catalytic residues in
AKAly30 are presented as cyan sticks, and the bound M4
from —3 to +1 subsites is shown as green sticks [24].

are quite different (Fig. 9a), which may lead to the
diversity of the catalytic mechanisms of alginate
lyases. The catalytic mechanisms of alginate lyases
have been generally divided into two types [11,32]:

The first type uses a metal ion to neutralize the acidic
group. This metal-assisted B elimination is so far
adopted by only the PL6 family alginate lyase
AlyGC, in which Ca®" neutralizes the C-5 carboxyl
negative charge, a Lys residue functions as the base
and an Arg residue functions as the acid [15]. The
second type uses residues (Glu, His, Arg, or Asn) to
neutralize the acidic group, in which Tyr acts as the
catalytic base and Tyr or His as the catalytic acid
[11,32]. Except AlyGC, all the other alginate lyases
adopt the second type of catalytic mechanism. This
type is further divided into two kinds: the first kind
uses the same one residue to serve as both the
general base and the general acid, and the second
kind uses two residues to serve as the general base
and the general acid, respectively [32]. The alginate
lyases from families PL5, 14, and 18 adopt the first
kind, all using a Tyr residue for both the proton
acceptor and proton donor [13,14,22]. The alginate
lyases from PL7, 15, and 17 adopt the second kind:
the alginate lyases from PL7 and 15 use His as the
proton acceptor and Tyr as the proton donor [1 6 20]
and the PL17 alginate lyase Alg17c uses Tyr*®

the catalytic base and Tyr?®® as the catalytic aC|d
[21]. Thus, alginate lyases with the same scaffold
may adopt different kinds of catalytic mechanism,
and vice versa. Consistently, although the PL36
Aly36B has a similar B-jelly roll scaffold as the


http://weblogo.threeplusone.com
http://weblogo.threeplusone.com

4906

Alginate Lyase Aly36B is a New Bacterial Member

(a)

(b)

First kind Second kind

~ v RPIES,

Tyr246.. |
/ ﬁ Asn191
,Hfs’EZ

L

R PL14

i]jyr14;k
J i yArg128

' ‘Arg14g v

" Arg239 His191

PL7

ATyr284 ﬁ\w

@z : Gin189

¥
4 '

\ Ayr365 //';
' / His311 -

Tyr140 Ly‘s%}\ 2 / ﬂ

Acid Tyr

Lys220

OH
; RNRE
= Tyr353 H'\ M+1
GIn257 *.
@NHZ @O eN=
Arg219 o His259 ‘ ~
Metal-assisted Lys
Tyr187 PL36 : PL6 His
< \ o A
A Fr9169 Arg241
4 7P )
Tyr185 @ L5143 A Tyr Base
|

Fig. 9. Comparison of the arrangement of catalytic residues and the catalytic mechanisms of alginate lyases. (a)
Conformational comparison of the catalytic residues in the alginate lyase active centers. PL5 alginate lyase A1-Ill (1HV6)
is in pink, PL6 alginate lyase AlyGC (5GKD) in silver, PL 7 alginate lyase A1-II’ (2ZAB) in yellow, PL14 alginate lyase
AkAly30 (5GMT) in blue, PL15 alginate lyase Atu3025 (3A00) in wheat, PL17 alginate lyase Alg17c (4NEI) in purple, PL18
alginate lyase aly-SJ02 (4Q8K) in cyan, and PL36 alginate lyase Aly36B (6KCV) in green. (b) Schematic diagram of the
catalytic mechanisms adopted by alginate lyases. Tyr/Arg/Lys functions as a catalytic acid, and Tyr/His/Lys functions as a

catalytic base.

alginate lyases from PL7 and 18 [16,22], the
arrangement of the catalytic residues of Aly36B is
quite different from those of the PL7 and 18 alginate
lyases (Fig. 9a), which may result in the different
catalytic mechanisms of these alginate lyases. The
PL36 Aly36B uses a Lys residue as both the catalytic
base and the catalytic acid, different from the
alginate lyases from families PL7 and 18. Therefore,
the Lys/Lys elimination adopted by Aly36B is a new
catalytic mechanism in the first kind of the second f3
elimination type of alginate lyases (Fig. 9a and b).
Although PL36 is a newly established family, the
number of alginate lyase sequences in this family
has reached 40, which would be increasing in the
future due to the discovery of new alginate lyase
sequences. Undoubtedly, the PL36 alginate lyases
play a role in environmental alginate degradation
and recycling. In this study, our results reveal the
characteristics, structure, and catalytic mechanism
of a PL36 alginate lyase and indicate that the PL36
alginate lyase adopts a new kind of catalytic
mechanism for alginate degradation. This study
sheds new light on the structures and catalytic

mechanisms of alginate lyases. The results will also
facilitate the development and biotechnological
applications of PL36 alginate lyases in the future.

Experimental Procedures

Gene synthesis and site-directed mutagenesis

The aly36B gene from the genome of Chitinophaga sp.
MD30 was synthesized by the Beijing Genomics Institute
(China). The aly36B gene without the 34-residue signal
peptide sequence was cloned into the vector pET-22b for
protein expression. Site-directed mutations were carried
out by a modified QuikChange TM site-directed mutagen-
esis method using plasmid pET22b-aly36B as the template
[33]. All recombinant plasmids were verified by
sequencing.

Protein expression and purification

Recombinant proteins of WT Aly36B and its mutants
were overexpressed in E. coli BL21 (DE3), which were
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induced by 0.3 mM isopropy! B-D-1-thiogalactopyranoside
(IPTG) at 15 °C for 16 h. Selenomethionine (SeMet)-
labeled protein was produced by inhibiting the methionine
biosynthesis in E. coli BL21 (DE3). Cells grown overnight
in the LB medium were collected by centrifugation and the
pellet was resuspended in the M9 medium supplemented
with 100 mg/l of lysine, phenylalanine, and threonine,
50 mg/l of isoleucine, leucine, and valine, 5.2% (w/v)
glucose, and 0.65% (w/v) yeast nitrogen base (YNB).
When cell growth reached ~0.6 of ODgoo at 37 °C, the
culture was cooled to 15 °C and 50 mg/l L-selenomethio-
nine was added [34]. Then, protein expression was
induced at 15 °C for 16 h by adding 0.4 mM IPTG to the
medium.

To purify the recombinant proteins, the E. coli cells were
collected and disrupted by sonication in 50 mM Tris-HCI
buffer (pH 8.0) containing 100 mM NaCl. The recombinant
proteins were first purified by nickel-nitrilotriacetic acid
resin (Qiagen) and then by gel filtration chromatography on
a Superdex 200 column (GE Healthcare) eluted with
10 mM Tris-HCI (pH 8.0) containing 100 mM NacCl.
Carbonic anhydrase (29 kDa) from GE Healthcare, which
was used as a protein size standard, was calibrated in the
same buffer on the column.

Bioinformatics

Multiple sequence alignment was carried out using
MUSCLE [35]. SignalP 4.0 was used to identify the
potential signal peptide sequence [36].

Biochemical characterization of Aly36B and its mu-
tants

The concentrations of Aly36B and its mutants were
determined by a BCA protein assay kit (Thermo Fisher
Scientific, America). The activity of Aly36B and its mutants
was measured by the ultraviolet absorption spectrometry
method [37]. The reaction system (200 pl) contained
50 mM Tris-HCI buffer (pH 9.0), 2 mg/ml of the substrate,
and 100 ug/ml of enzyme. The mixture was incubated at
35 °C for 10 min. The reaction was terminated by boiling for
10 min. The alginate lyase activity was measured by
monitoring the absorbance of the reaction solution at
235 nm (A235), indicating the production of unsaturated
uronic acids as the lyase cleaves the glycosidic bonds in
the polymer chain. One unit of enzyme activity was defined
as the amount of enzyme which was required for an
increase of A235 by 0.1 per min. The optimum temperature
for Aly36B activity was determined in a range of 20—45 °C
at pH 9.0. The optimum pH for Aly36B activity was
determined at 35 °C in 50 mM Britton-Robinson buffer
ranging from pH 5.0 to 12.0. The effect of NaCl on Aly36B
activity was determined at NaCl concentrations ranging
from 0 to 2.0 M. Substrate specificity of Aly36B was tested
by measuring its activities toward PM, PG, and sodium
alginate. The products released from PM by Aly36B were
assayed using TLC. Standards consisted of mono-, di-, tri-,
and tetramannuronic acids. The reaction products were
separated using a solvent system of n-butyl alcohol: formic
acid: water (4:6:1, v/v/v) and visualized by incubating the
TLC plates at 90 °C for 15 min after spraying with 10% (v/v)
sulfuric acid in ethanol.

Enzyme kinetics assays were carried out in 50 mM Tris-
HCI buffer (pH 9.0) at 35 °C using PM or sodium alginate at
concentrations from 0.05 to 48 mg/ml. Kinetic parameters
were calculated by nonlinear regression fit directly to the
Michaelis-Menten equation using the Origin8 software.
The metal ions in Aly36B were quantified using ICP-OES
[38]. Apo-Aly36B was prepared by the addition of 5 mM
EDTA followed by desalination. For the thermal stability
assay, the enzyme was preincubated at 25 °C and 30 °C
for 0—150 min, and the residual activity was measured at
35 °C.

The overall secondary structures of WT Aly36B and its
mutants at a concentration of 0.5 mg/ml in 50 mM Tris-HCI
buffer (pH 8.0) were monitored at 25 °C on a J-810 circular
dichroism (CD) spectropolarimeter (JASCO, Japan). CD
spectra were collected from 200 to 250 nm at a scanning
rate of 200 nm/min with a path length of 0.1 cm.

All experiments were performed in triplicate, and error
was reported as the standard deviation.

Crystallization and data collection

The purified Aly36B protein was concentrated to
~10 mg/ml in 10 mM Tris-HCI (pH 8.0) containing
100 mM NacCl. Crystals of WT Aly36B were obtained at
18 °C using the sitting drop method in the buffer
containing 100 mM potassium phosphate monobasic/
sodium phosphate dibasic (pH 6.2), 10% (w/v) polyethy-
lene glycol (PEG) 8,000, and 200 mM sodium chloride.
Crystals of SeMet-Aly36B were obtained at 18 °C in the
buffer containing 100 mM HEPES-NaOH (pH 7.0) and
15% (w/v) PEG 20000. The inactive mutants K143A/
Y185A mixed with tetramannuronic acids (1:10) and
K143A/M171A mixed with trimannuronic acids (1:10)
were crystallized at 18 °C by the hanging drop method
in the buffer containing 200 mM potassium phosphate
dibasic, 20% (w/v) PEG 3350 after 2 weeks’ incubation.
All the X-ray diffraction data were collected on the
BL17U1 Beam line at Shanghai Synchrotron Radiation
Facility using Area Detector Systems Corporation Quan-
tum 315r. The initial diffraction data sets were processed
by the HKL2000 program. Relevant data collection is
shown in Table 2.

Structure determination, and refinement

The structure of WT Aly36B was determined by single-
wavelength anomalous dispersion phasing using a sele-
nomethionine derivative (Se derivative). Heavy atoms
were searched by SHELXD [39]. The phase problems
were solved by single-wavelength anomalous diffraction
(SAD) method using Phenix program Autosol[40]. Initial
model building was finished by Phenix program AutoBuild
[40]. Refinement of the WT Aly36B structure was done by
Phenix program Refine [40] and Coot [41] alternately. The
crystal structures of the K143A/Y185A-M4 complex and
K143A/M171A-M3 complex were determined by molecular
replacement using the CCP4 program Phaser with the
structure of WT Aly36B as the search model. The
refinement of the structure was performed using Coot
and Phenix. The quality of the final model was summarized
in Table 2. All structure figures were generated using the
PyMOL software [40,41].
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Accession codes

The atomic coordinates and structure factors of
Aly36B (codes 6KCV, 6KZK, and 6KCW) have been
deposited in the Protein Data Bank (PDB) (http://
wwpdb.org/).
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