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The structure of A1-III from a Sphingomonas species A1 complexed with
a trisaccharide product (4-deoxy-L-erythro-hex-4-enepyranosyluronate-
mannuronate-mannuronic acid) was determined by X-ray crystallography
at 2.0 AÊ with an R-factor of 0.16. The ®nal model of the complex form
comprising 351 amino acid residues, 245 water molecules, one sulfate ion
and one trisaccharide product exhibited a Ca r.m.s.d. value of 0.154 AÊ

with the reported apo form of the enzyme. The trisaccharide was bound
in the active cleft at subsites ÿ3 � ÿ 1 from the non-reducing end by
forming several hydrogen bonds and van der Waals interactions with
protein atoms. The catalytic residue was estimated to be Tyr246, which
existed between subsites ÿ1 and �1 based on a mannuronic acid model
oriented at subsite �1.
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The Sphingomonas species A1 intracellularly pro-
duces three kinds of alginate lyase A1-I, -II and
-III. Alginate lyase A1-I is believed to be autocata-
lytically processed to form A1-II and -III.1 Though
they are derived from the same gene product, the
substrate speci®cities of the latter two lyases differ;
that is, A1-II is an a-L-guluronosyl linkage-speci®c
(G-G speci®c) lyase and preferentially acts on non-
acetylated alginates produced by brown seaweed,
whereas A1-III is a b-D-mannuronosyl linkage-
speci®c (M-M speci®c) lyase and ef®ciently lique-
®es acetylated alginates produced by bacteria.2

Among the ten families of polysaccharide lyase
classi®ed based on the sequence homology by
Henrissat & Davies,3 A1-III was classi®ed to the
family 5, but A1-II was classi®ed as non-classi®ed
family. This ®nding supports the view that the two
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lyases have different structure and mechanisms of
lyase action.4 Alginate lyase A1-III consists of 364
amino acid residues with a molecular mass of
40 kDa. A1-III acts on alginate-tetrasaccharide as
the minimum substrate and produces di- and tri-
saccharide from alginate.2,4-6

It has been suggested that the action of alginate
lyase proceeds by the extraction of a hydrogen
from a C-5 atom followed by the donation of a
proton to the oxygen of the glycosidic bond to be
cleaved, resulting in the formation of a product
with a double bond between C-4 and C-5.4,7,8

Though several authors assume that the histidine
residue is a proton acceptor,4,7 there is no direct
evidence that the residue involves a catalytic step.

Among the ten families of polysaccharide lyase,
the structures of the enzymes from family PE 1, PE
5, PE 7, and PE 8 have been determined. It is
necessary to determine the structure of a complex
of the enzyme with a substrate, inhibitor or pro-
duct in order to identify important residues for cat-
alysis. Recently, the complexes have been reported
for a mutant pectate lyase C (family PE 1) with a
plant cell wall fragment,9 a chondroitinase B
(family PE 6) with a disaccharide product10 and a
hyaluronate lyase (family PE 8) with a disaccharide
product.11

We have determined the structure of the A1-III
crystal at 1.78 AÊ resolution as a ®rst report of a
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Table 1. Statistics of data collection and re®nement of
A1-III with complex

Crystal system Monoclinic
Space group C2
Unit cell (AÊ ) b (deg.) a � 48.76, b � 92.92, c � 82.22,

b � 104.11
Molecules/asym. unit 1
Vm (AÊ 3/Da) 2.10
Data collection

X-ray source Cu-Ka
Detector Bruker Hi-Star
Crystal-detector distance (cm) 15
Number of crystals used 1
Resolution limit (AÊ ) 1.96
Scan width (deg.) 0.25
Scan rate (deg./minute) 0.25
Measured reflections 62,008
Unique reflections 23,455
Completeness (jIj > 1sjIj, %) 92.5
Rsym (%) 5.2

Final model 351 residues, 245 water
molecules, 1 sulfate ion, 1

trisaccharide
Resolution for refinement (AÊ ) 10.0-2.0

Completeness (jFj > 2sjFj, %) 87.5
Average B-factor Protein (AÊ 2) 22.67

Water (AÊ 2) 38.01
Sulfate (AÊ 2) 84.02

trisaccharide (AÊ 2) 39.23
R-factor (%) 15.8
Rfree (%) 19.7
r.m.s.

Bond lengths (AÊ ) 0.007
Bond angles (deg.) 1.2
Dihedral angles (deg.) 21.0
Improper angles (deg.) 0.98
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family PE 5 enzyme.12 The three-dimensional struc-
ture of A1-III was abundant in helices and had a
deep tunnel-like cleft in a novel (a6/a5)-barrel
structure, which was similar to the (a6/a6)-barrel
found in glucoamylase and cellulase. This structure
presented the possibility that alginate molecules
might penetrate into the cleft to interact with the
catalytic site of A1-III. Though several residues
important for the interaction with substrate were
found in the presumed active site, without a
bound substrate model catalytic residues have not
been identi®ed.

Here, in order to elucidate the catalytic site of
A1-III, we describe the three-dimensional structure
on of A1-III in complex with a trisaccharide
product determined by X-ray crystallography at
2.0 AÊ resolution.

Structure determination

The diffraction data of a crystal of A1-III
complexed with a trisaccharide product (4-deoxy-
L-erythro-hex-4-enepyranosyluronate-mann-uro-
nate-mannuronic acid; Figure 1) up to a 1.96 AÊ res-
olution was collected and re®ned to 2.0 AÊ

resolution by X-PLOR13 and CNS14 using the
model of re®ned A1-III (PDB, 1QAZ) determined
previously.12 Results of the X-ray data collection
and re®nement are summarized in Table 1.

The re®ned model of A1-III comprises 351
amino acid residues (residues from 4 to 354), 245
water molecules, one sulfate ion and one
trisaccharide product. The stereo diagram of the
Figure 1. (a) The trisaccharide product (4-deoxy-L-ery-
thro-hex-4-enepyranosyluronate-mannuronate-mannuro-
nic acid). �M ÿ 3, M ÿ 2 and M ÿ 1 designate 4-deoxy-
L-erythro-hex-4-enepyranosyluronic acid at the non-redu-
cing end and two mannuronic acid residues at the
middle and reducing end, respectively. The trisaccharide
product was prepared by gel ®ltration from the digest
of the polymannuronate with alginate lyase A1-III as
described Y.H.-J. et al.6 (b) The binding mode of the pro-
ducts after: 1) ®rst enzymatic attack, 2) ®nal attack and
3) the possible binding mode of the trisaccharide pro-
duct.
ribbon representation of A1-III in complex with the
trisaccharide product is shown in Figure 2(a). The
N-terminal sequence from residue numbers 1 to 3
and the C-terminal sequence from 354 to 364 were
not included in the present model because the
2jFoj ÿ jFcj and jFoj ÿ jFcj maps were too weak
to trace the correct sequence. The ®nal overall
R-factor for the re®ned model was 15.8 % (free
R-factor, 19.8 %) using the data from 10.0 to 2.0 AÊ

resolution (23,455 re¯ections). The ®nal 2jFoj ÿ jFcj
map contoured at 1s showed no discontinuity in
the electron density of the main-chain, and in gen-
eral, the electron density of the side-chains was
very well de®ned. The ®nal root-mean-square
deviations from the standard geometry
were 0.007 AÊ for bond lengths, 1.21 � for bond
angles, 21.03 � for dihedral angles and 0.982 � for
improper angles.

Based on theoretical curves in the plot calculated
by Luzzati,15 the average positional standard devi-
ation was estimated as close to 0.20 AÊ , between
5.0-2.0 AÊ resolution. Most of the residues fall in or
near the energetically preferred regions in a Rama-
chandran plot16 as they were observed in the
native A1-III.12

Figure 2(b) shows an omit map of A1-III without
the model of trisaccharide product. The difference
Fourier map contoured at a 3s level calculated
with 10-2.0 AÊ resolution data had the highest



Figure 2. (a) Overall structure of the A1-III with trisaccharide product (ribbon stereo-diagram). The Figure shows
loops (blue), 12 a-helices (yellow), one sulfate ion (green), and two S-S bridges, Cys49-Cys112, Cys188-Cys189
(yellow) and a trisaccharide product (red). The bound trisaccharide product, sulfate ions and the cystine residues are
represented as ball-and-sticks. This ®gure was prepared using the programs MOLSCRIPT19 and Raster3d.20 (b) Stereo
diagram of the omit map of A1-III without trisaccharide product. The omit map and trisaccharide molecule are
shown as thin and thick lines. This Figure was prepared using the programs TURBO-FRODO (Bio-Graphics) on an
Silicon Graphics INDY computer and Adobe Illustrator 5.5. Methods: A1-III was overexpressed in Bacillus subtilis and
puri®ed using a method described by Hisano et al.1 The A1-III was crystallized by using the hanging-drop vapor-dif-
fusion method in 0.1 M Hepes buffer (pH 7.5) conatining 48 % (w/v) saturated ammonium sulfate with a protein
concentration of 8 mg/ml.12 The crystals obtained were soaked in bottom solution containing 290 mM of the trisac-
charide product of A1-III for one hour at 20 �C. The diffraction data of the A1-III crystal in complex with products up
to 2.0 AÊ were collected with a Bruker Hi-Star multiwire area detector at 20 �C, using CuKa radiation generated by a
MAC Science M18XHF rotating anode generator, and were processed with the SADIE and SAINT software packages
(Bruker). The structure was re®ned by X-PLOR13 and CNS14 using the native A1-III model. Construct ion of the
model was performed using the program TURBO-FRODO (Bio-Graphics) on an Silicon Graphics INDY computer.
The stereo quality of the model was assessed using the programs PROCHECK21 and WHAT-CHECK.22
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densities in the trisaccharide region. The mono-
saccharide units of the product were designated as
�M ÿ 3, M ÿ 2 and M ÿ 1 from the non-reducing
end according to the de®nition of Davies et al.17 as
shown in Figure 1. The displacement of the trisac-
charide from the product position (subsites
�1 � �3) to the observed position (subsites
ÿ3 � ÿ1) is derived from the endo-type action of
A1-III (Figure 1(b)). After the ®rst cleavage the
double-bonded non-reducing end should bind sub-
site less than ÿ2, because the major product is
known to be di- and triasaccharide.2 The model of
the trisaccharide product in the electron density
was very well de®ned at M ÿ 2 and M ÿ 1 but
slightly thin at �M ÿ 3. The average B-factors for
�M ÿ 3, M ÿ 2 and M ÿ 1 were 44.5, 40.2 and
33.9 AÊ 2, respectively.

Carbohydrate-binding site

A1-III is composed of 12 a-helices that form a
barrel structure with a deep tunnel-like cleft that is
believed to be an active site. As anticipated, the tri-
saccharide product was positioned at the center of
the deep cleft (Figure 2(a)). The con®gration of the
trisaccharide was such that the non-reducing end
(�M ÿ 3, residue 401) was outside and the redu-
cing end (M ÿ 1, residue 403) was inside of the
cleft. The bound trisaccharide product in the active
site was in the 4C1 -pyranosid forms except for the
double-bonded sugar at the reducing end
(Figure 2(b)). The torsion angles of the glycosidic
bond de®ned as O-50ÐC-10ÐO-4ÐC-4 (f) and
C-10ÐO-4ÐC-4ÐC-5 (c) between �M ÿ 3 and
Table 2. Interactions between bound sugar atoms and protei

Hydrogen bond

Sugar atom Protein atom Distance

�M ÿ 3 O-61 Gly313 N 2.9
M ÿ 2 O-62 Arg306 Ne 3.2
M ÿ 2 O-62 Arg306 NZ2 3.0
M ÿ 2 O-62 Arg312 NZ2 2.8
M ÿ 2 O-2 Wat634 O 2.6
M ÿ 2 O-2 Wat636 O 3.1
M ÿ 2 O-2 Wat635 O 3.0
M ÿ 2 O-3 Wat636 O 3.2
M ÿ 2 O-4 Wat688 O 3.2
M ÿ 2 O-5 Wat635 O 2.9
M ÿ 2 O-61 Wat744 O 2.5
M ÿ 2 O-62 Wat635 O 3.0
M ÿ 2 O-62 Wat744 O 3.1
M ÿ 1 O-1 Tyr246 OZ 3.2
M ÿ 1 O-2 Tyr246 OZ 3.1
M ÿ 1 O-3 His245 Ne2 3.1
M ÿ 1 O-62 Arg88 NZ2 3.2
M ÿ 1 O-62 Arg342 NZ1 3.0
M ÿ 1 O-1 Wat731 O 3.2
M ÿ 1 O-3 Wat635 O 2.8
M ÿ 1 O-4 Wat634 O 3.2
M ÿ 1 O-5 Wat641 O 2.9
M ÿ 1 O-61 Wat641 O 3.1
M ÿ 1 O-61 Wat655 O 2.8
M ÿ 1 O-61 Wat717 O 3.0
M ÿ 1 O-62 Wat640 O 2.9
M ÿ 2 were ÿ68.3 � and ÿ109.6 �, and between
M ÿ 2 and M ÿ 1 they were ÿ63.3 � and ÿ177.2 �,
respectively. The b-anomer con®gurations were
assigned to �M ÿ 3-M ÿ 2 and M ÿ 2-M ÿ 1. The
trisaccharide molecule in the active site has been
shown to have f and c torsion angles in the lowest
energy region of the isoenergy map.18

Figure 3(a) shows the bound trisaccharide mol-
ecule and the surrounding amino acid residues
and water molecules interacting with the trisac-
charide. The data listed in Table 2 represent the
interactions of protein atoms with the bound trisac-
charide molecule in the A1-III/trisaccharide com-
plex. There are three and ®ve direct hydrogen
bonds between protein atoms and sugar residues
of M ÿ 2 and M ÿ 1, respectively. Ne and NZ2 of
Arg306 and NZ2 of Arg312 form three hydrogen
bonds with O-62 of M ÿ 2. The side-chain OZ of
Tyr246 forms two hydrogen bonds with O-1 and
O-2 of M ÿ 1. Ne2 of His245, NZ2 of Arg88 and NZ1

of Arg342 form three hydrogen bonds with O-3, O-
62 and O-62 of M ÿ 1, respectively. The carboxyl
groups of M ÿ 2 and M ÿ 1 are therefore neutral-
ized by Arg306 and Arg312, and by Arg88 and
Arg 342, respectively. In contrast to M ÿ 2 and
M ÿ 1, �M ÿ 3 forms only one hydrogen bond
between O-61 and the main-chain N of Gly313.
The weak interaction of �M ÿ 3 with protein
groups implies that this trisaccharide product acts
as a substrate analog based on the conformation of
M ÿ 2 and M ÿ 1.

Besides the direct hydrogen bonds with protein
atoms, M ÿ 2 and M ÿ 1 form nine and eight
hydrogen bonds with surrounding water mol-
n atoms

van der Waals contact

(AÊ ) Sugar residue Protein residue

Mÿ2 Arg306

Mÿ1 Trp141
Mÿ1 Tyr246
Mÿ1 Tyr249



Figure 3. (a) The bound trisaccharide molecule on the active site of A1-III. The Figure shows the bound trisacchar-
ide molecule and the surrounding amino acid residues and water molecules interacting with the trisaccharide. The
trisaccharide molecule is represented by means of an orange ball-and-stick model. The side-chains of Tyr and Trp,
Asn and Gln, Asp, Arg, and His residues are colored yellow, green, red, cyan and purple, respectively. The water
molecules are shown as a ®lled circle (*). The hydrogen bonds between trisaccharide and protein residues or water
molecules less than 3.25 AÊ are shown as dotted lines. This Figure was drawn using the program GRASP.23 (b) The
conformational change of A1-III induced by the binding of trisaccharide products. A1-III and A1-III with trisaccharide
structures are represented as thin and thick lines, respectively. The water molecules are shown as a ®lled circle (*).
The hydrogen bonds in trisaccharide, protein residues or water molecules less than 3.25 AÊ are shown as dotted lines.
This Figure was prepared using the programs TURBO-FRODO (Bio-Graphics) on a Silicon Graphics INDY computer
and Adobe Illustrator 5.5.
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ecules, respectively. There are ®ve water-mediated
hydrogen bonds between M ÿ 2 and protein
residues: O 2 . . . Wat634 . . . Tyr249 O (2.8 AÊ ), O 2
. . . Wat634 . . . Arg342 NZ1 (2.9 AÊ ), O 2 . . . Wat635
. . . Asp314 Odÿ1 (2.7 AÊ ), O 2 . . . Wat636 . . . Asp314
Od2 (3.1 AÊ ) and O 61 (O 62) . . . Wat744 . . . Arg312
NZ1 (2.9 AÊ ). Ten water-mediated hydrogen bonds
are also found between M ÿ 1 and protein
residues: O-1 . . . Wat731 . . . Asn191 Od1 (2.9 AÊ ),
O-1 . . . Wat731 . . . His 192 Ne2 (3.2 AÊ ), O-3 . . .
Wat635 . . . Asp314 Od2 (3.1 AÊ ), O-5 (O-61) . . .
Wat641 . . . Gln134 Oe1 (3.0 AÊ ), O-62 . . . Wat640
. . . Arg88 NZ2 (3.1 AÊ ), O-62 . . . Wat640
. . . Arg88 NZ2 (2.9 AÊ ), O-62 . . . Wat640 . . . Arg88 Ne

(3.1 AÊ ), O-61 . . . Wat655 . . . Tyr80 O (2.9 AÊ ), O-62
. . . Wat640 . . . Gln138 Ne2 (3.1 AÊ ) and O-62 . . .
Wat640 . . . Arg342 NZ2 (2.9 AÊ ). In contrast to the
abundance of hydrogen bonds, a few van der
Waals contacts were found between the side-chain
of Arg306 and M ÿ 2, and between the side-chains
of Trp141, Tyr246 and Tyr249 and M ÿ 1 (Table 2).
Tyr 249 forms a partially stacked interaction with a
sugar ring of M ÿ 2 with a distance of 3.4 AÊ

between Cz and C-3. There are vacant spaces
around O-2 and O-3 of �M ÿ 3 and M ÿ 2 and
around O-2 of M ÿ 1, which can accommodate
acetyl groups in accordance with the speci®city of
this enzyme.

Conformational changes of A1-III induced
by trisaccharide

Figure 3(b) shows the conformational changes of
A1-III induced by the binding of the trisaccharide
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products. A1-III and A1-III complexed with the
trisaccharide were superimposed by a ®tting
program implemented in TURBO-FRODO
(Bio-Graphics). The r.m.s.d. value was 0.154 AÊ for
351 common Ca atoms. The trisaccharide molecules
replaced ®ve water molecules present in the active
site of A1-III. No signi®cant conformational change
was found in the protein structure except for in the
side-chain of Arg88. Cz of Arg88 migrated 2.2 AÊ

toward the COOH group of M ÿ 1, while its Ca

moved only 0.36 AÊ . The water 640 located near the
Arg88 NZ2 of native A1-III played an important
role in water-mediated hydrogen bonds between
M ÿ 1 O-62 and Arg88 NZ2 and between M ÿ 1
O-62 and Gln138 Ne2.

Possible catalytic mechanism of A1-III

The catalytic site of A1-III should be located
between subsites ÿ1 and �1 as estimated from the
native A1-III structure.12 The M � 1 mannouronic
acid residue was manually constructed from the
M ÿ 1 residue by a small adjustment of the f and j
torsion angles. Figure 4(a) shows the constructed
model of M � 1 together with M ÿ 1 and the sur-
Figure 4. (a) Stereo diagram showing the spatial orientatio
duct with manually constructed M � 1 in the catalytic site o
acid degradation mechanism. (1) Arg239 interacts with the c
negative charge of the ionized side-chain. His192 is hydroge
to O-4 and C-5. (2) Tyr246 extracts the proton of C-5, resultin
(3) Tyr246 donates a proton to the glycosidic oxygen, res
formation of a double bond between the C-4 and C-5 atoms.
rounding protein residues. The (f, c) torsion
angles between M ÿ 1 and M � 1, found to be
ÿ78.3 � and ÿ149.1 �, respectively, are in the lowest
energy region.18 The carboxyl groups of M � 1 can
interact with the side-chain of Arg239 and possibly
with that of Asn191, and O-5 can interact with the
side-chain of His192, which is located at the oppo-
site side of a hydrogen of the C-5 atom. In this
model, His192 cannot act as a base to extract a
hydrogen from the C-5 atom. It is most likely that
the base is Tyr246, which is located near the O-1
and O-2 of M ÿ 1 (Table 2). The negative charge of
ionized Tyr246 is stabilized by the positive charge
of Arg239 because the distance between the OZ of
Tyr246 and the NZ2 of Arg239 is only 3.5 AÊ . The
distance between the OZ of Tyr246 and the C-5 of
M � 1 was estimated to be 3.6 AÊ based on the
model. The ionized Tyr246 can extract the hydro-
gen from C-5 and it can also act as a hydrogen
donor to the oxygen of the glycosidic linkage to be
cleaved. Figure 4(b) shows the predicted mechan-
ism of A1-III action. The reaction follows the mech-
anism of lyase speci®c for the substrate with an
axial-equatorial relationship as proposed by Lin-
hardt et al.3,4 except that the base residue and the
n of M ÿ 1, reducing end of the bound trisaccharide pro-
f A1-III. (b) Schematic representation of polymannuronic
arboxyl group of M � 1 and with Tyr246 to stabilize the
n-bonded to O-5 of the sugar. Tyr246 is positioned close
g in the formation of a carboxylate dianion intermediate.
ulting in the cleavage of the glycosidic bond and the
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proton donor is the same Tyr residue. First, the
negative charge on the C-5 carboxylate group is
neutralized by Arg239 and Asn191. Subsequently,
the C-5 proton can more easily be removed and in
the next step, Tyr246 extracts a proton from C-5 of
the mannuronic acid, resulting in the formation of
a carboxylate dianion intermediate. It seems inevi-
table that His192 stabilizes the intermediate. Then,
Tyr246 donates a proton to the oxygen of the
glycosidic bond, resulting in the formation of a
double bond between C-4 and C-5 and the clea-
vage of the glycosidic bond. Our hypothesis that
the side-chain of Tyr acts as both a proton acceptor
and donor is quite different from previously
reported ideas concerning the mechanism of poly-
saccharide lyases. Greiling et al. proposed that the
mechanism of hyaluronate lyase action was based
on a single histidine residue which could act suc-
cessively as a proton acceptor and proton donor.7

Gacesa also proposed a three-step mechanism of
alginate lyase.8 Based on a manually reoriented
substrate model of hyaluronate lyase determined
by X-ray crystallographic analysis, Ponnuraj et al.11

proposed a mechanism involving three residues
His399, Tyr408 and Asn349, in which His399 and
Tyr408 act as a proton acceptor and a proton
donor, respectively. These authors assume that His
residues act as a proton acceptor. Our hypothesis
that Tyr246 acts as a proton acceptor and a proton
doner is based on the structure of an extended
mannuronic acid residue from a bound trisacchar-
ide. In order to prove the present hypothesis, we
are now trying to construct the mutants of A1-III
in which Tyr246 and His192 are converted to
Phe246 and Ala192, respectively. The structural
analysis of the mutant enzymes/substrate complex
will clarify the details of the mechanism of this
enzyme.

Protein Data Bank accession codes

Coordinates of the A1-III with the trisaccharide
product have been deposited in the RCSB Protein
Data Bank operated by Research Collaboratory for
Structural Bioinformatics under the accession num-
ber 1HV6.
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