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Hyaluronate lyases are a class of endoglycosaminidase enzymes with a high
level of complexity and heterogeneity. The main function of the Streptococ-
cus pyogenes bacteriophage protein hyaluronate lyase, HylP2, is to degrade
hyaluronan into unsaturated disaccharide units. HylP2 was cloned, over-
expressed and purified to homogeneity. The recombinant HylP2 exists as a
homotrimer with a molecular mass of approximately 110 kDa under physi-
ological conditions. The HylP2 was crystallized and the crystals were
soaked in two separate reservoir solutions containing ascorbic acid and
lactose, respectively. The crystal structures of native HylP2 and its two
complexes with ascorbic acid and lactose have been determined. HylP2
folds into four distinct domains with a central core consisting of 16 anti-
parallel B-strands forming an irregular triangular tube designated as triple-
stranded B-helix. The structures of complexes show that three molecules
each of ascorbic acid and lactose bind to protein at the sugar binding
groove in the triple-stranded B-helix domain. Both ascorbic acid and lac-
tose molecules occupy almost identical subsites in the long saccharide bind-
ing groove. Both ligands are involved in several hydrogen bonded
interactions at each subsite. The binding characteristics and stereochemical
properties indicate that Tyr264 may be involved in the catalytic activity of
HylP2. The mutation of Tyr264 to Phe264 supports this observation.

Hyaluronidases are produced by a variety of organ-
isms, including mammals, insects, leeches and bacteria.
Besides these well-known sources, phage-encoded
hyaluronidases from Streptococcus pyogenes and Strep-
tococcus equi have also been identified [1,2]. Function-
ally, hyaluronidases degrade high molecular weight
polysaccharides of the glycosaminoglycans family
either by hydrolysis (eukaryotic) or by a B-elimination
(bacterial hyaluranidases) mechanism. The bacterial

Abbreviations
HA, hyaluronic acid; HyIP, hyaluronate lyase.
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hyaluronidases, better known as lyases, recognize
mainly hyaluronic acid (HA) and chondroitin sulfates
and, to a smaller extent, dermatan sulfates of the host
connective tissue, the degradation of which leads to
spreading of the bacterial infection. S. pyogenes is an
HA-encapsulated group A Streptococci that is known
to have bacteriophage sequences in its genome [3]. The
hyaluronate lyase, HylP2, is the bacteriophage hyal-
uronidase present in the S. pyogenes strain 10403 [4].
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Another hyaluronidase, HylP1, has been isolated and
characterized from the prophage sequences of S. pyog-
enes strain SF370.1 [5]. Hyaluronate lyases from vari-
ous species indicate different specificities towards
polysaccharide substrates [6]. These bacteriophage hya-
luranidases are lyases, catalyzing through a B-elimina-
tion mechanism similar to the bacterial hyaluranidases.
As opposed to the bacterial lyases, however, the phage
hyaluronidase recognizes hyaluronan as its only sub-
strate [7]. The bound hyaluronidase produced by the
bacteriophage is not secreted from the cell and is a
part of the bacteriophage particle. Its main function is
to assist the phage in the penetration of the HA cap-
sule that surrounds the host cells of this phage and
hence gain access to the cell surface of the host Strep-
tococcus [4]. Apart from this, an indirect role of the
bacteriophage-encoded hyaluronidase in streptococcal
disease has also been indicated where it transforms the
nonvirulent streptococcal strains into virulent strains.
The enzyme, which is not associated with the phage
particles, may be involved in degrading HA of the
human connective tissue, thereby allowing dissemina-
tion of the phage-encoded erythrogenic toxin, which
is responsible at least in part for the visible rash in
scarlet fever [8].

The crystal structures of three differently organized
hyaluronidases have been reported from bee venom,
Streptococcus pneumoniae and Streptococcus agalacti-
ae, which are monomeric proteins with distinct o
and B domains. The structure of a group A strepto-
coccal phage-encoded native protein hyaluronate
lyase (HylP1) has been described [5]. It is a triple-
stranded structure containing three copies of the
active centre on the triple fibre itself without the
need for any additional accessory catalytic domain.
The unusual structural features of HylPl have been
described briefly, although the polysaccharide binding
regions and associated structural changes upon
ligand binding have not been characterized so far.
To understand the structure and function relation-
ship of unusually structured triple-stranded hyaluro-
nate lyases, we have cloned the S. pyogenes
bacteriophage protein hyaluronate lyase (HylP2) and
have shown biochemically that ascorbic acid inhibits
the activity of HylP2. We report the detailed crystal
structures of native protein HylP2 and two of its
complexes with an inhibitor ascorbic acid (Fig. 1A)
and a substrate product disaccharide analogue lac-
tose (Fig. 1B). These are the first reports concerning
the structures of complexes of hyaluronate lyase with
ligands. These structures have revealed considerable
detail with respect to the saccharide binding groove
in hyaluronate lyase and useful information has been

Structures of hyaluronate lyase and its complexes
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Fig. 1. Chemical structures of (A) ascorbic acid and (B) lactose.

obtained about subsite structures. The amino acid
residues involved in the interactions with ligands, as
well as those involved in the catalysis, have been
identified.

Results

Overall structure

The parameters of refined final models of native pro-
tein HylP2 and its two complexes with ascorbic acid
and lactose are summarized in Table 1. The polypep-
tide chain of HyIP2 is well defined from residues
7-338. The final |2F, — F;| electron density map is
continuous and well defined for both the backbone
and side chains of the protein. The structure determi-
nation revealed excellent electron densities for the
ligands, ascorbic acid (Fig. 2) and lactose (Fig. 3), in
the respective complex structures. The overall folding
of the protein chain of HylP2 (Fig. 4A) is similar to
that of HylPl with an rmsd shift of 0.6 A for the
Ca atoms. The view from the top shows the locations
of the two ligands at overlapping positions, which are
related by three-fold symmetry (Fig. 4B). All the
figures were constructed using pymoL [9]. The Rama-
chandran plots for the main chain torsion angles
(@, ) [10] of all three structures show that more
than 88% of the residues in the native and lactose
structures and more than 84% of the residues in the
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Table 1. Summary of data collection and refinement statistics.

Ascorbic
Parameter Native acid Lactose
Protein Data Bank ID 2YWO0 3EKA 2YW
Data collection
Space group H32 H32 H32
Unit cell dimensions (A)
a=>b 58.8 58.5 59.1
c 586.1 583.5 588.8
Number of unique 12713 6874 12827
reflections
Resolution range (A) 50.0-2.6 50.0-3.1  50.0-2.6
Highest resolution 2.64-2.60 3.15-3.10 2.64-2.60
shell (A)
Redundancy? 9.7 (9.7) 6.2 (6.2) 8.8(8.8)
Completeness (%) 99.8 (100.0) 90.0 (92.0) 99.0 (100.0)
Rsym (%) 3.8(32.4) 11.0 (43.4) 6.4 (22.4)
I/ 6.3 (2.2) 11.7(2.6) 6.7 (2.3)
Refinement
Reryst (for all data) (%)° 19.1 19.7 19.1
Riree (5% data) (%) 21.9 23.3 22.6
Number of non-hydrogen atoms
Protein 2515 2515 2515
Water 108 68 110
Ligand - 36 69
rmsd®
Bond lengths (A) 0.01 0.02 0.01
Bond angles (°) 1.6 2.3 1.6
Dihedral angles (°) 18.2 20.8 18.4
Overall G-factor 0.01 -0.3 0.01
Average B-factor (A%)
All atoms 48.0 51.7 471
Protein atoms 48.0 50.8 47.3
Water atoms 47.9 58.5 51.1
Ligand atoms - 53.1 35.3
From Wilson plot 64.7 69.6 66.9
Ramachandran plot statistics
Residues in the most 88.4 84.3 88.4
favoured regions (%)
Residues in the additionally 11.6 15.0 11.6
allowed regions (%)
Residues in the generously — 0.7 -

allowed regions (%)

?Values in parentheses refer to the highest resolution shell.
bRcrysl:ZHFobsl_‘Fcach/ZlFobs‘ where Fobs and Fcalc are the
observed and calculated structure factors, respectively. € Root
mean square deviation.

structure of the complex with ascorbic acid are in the
most favoured regions, as defined using the software
PROCHECK [11]. The N-terminal domain consisting of
residues 7-56 adopts a mixed o/f conformation,
forming a globular capping. It is followed by a
stretch of coiled coils with segmented a-helical regions
to residue 108. This is followed by the central core
consisting of 16 antiparallel B-strands with flexible
loops between strands. This generates an irregular
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Fig. 2. The difference Fourier (|F, — F|) map showing electron den-
sities at a cut-off of 2.0 o for three ascorbic acid molecules (A), (B)
and (C) at three distantly spaced regions of the concave polysac-
charide binding site in HylP2. The conformational changes observed
in the side chains of Glu167 and Lys179 upon binding to ascorbic
acid are shown by superimposing their binding regions of native
structure (cyan) and that of complexed structure with ascorbic acid
(yellow) at subsites (A), (B) and (C), respectively. The dotted lines
indicate hydrogen bonds between protein and ligand atoms.
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Fig. 3. The difference Fourier (|F, — F|) map showing electron den-
sities at a cut-off of 2.0 o for three lactose molecules (A), (B) and
(C) at three distantly spaced regions of the concave polysaccharide
binding site in HylP2. The interactions between protein residues
and ligand molecules are indicated by dotted lines.

Fig. 4. (A) The 3D structure of HylP2 showing each monomer
chain in three different colours. Four different regions are indicated
from residues 7-56, 57-108, 109-309 and 320-334. Ascorbic acid
and lactose molecule binds at three subsites in the polysaccharide
binding site of the TSBH domain of HylP2. The positions of ligands
are indicated at the substrate binding groove. (B) The view from
the top shows the subsites of ascorbic acid and lactose binding in
HylP2.
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triangular tube designated as triple-stranded [-helix
(TSBH), similar to that reported in HylP1 [5]. This
region extends over residues 109-309 and is approxi-
mately 80 A in length. It is separated by a sharp loop
(residues 310-319) from the o-helical C-terminal
region (residues 320-334). The right-handed TSBH
forms a triangular tube where three faces are made
by alternating B-strands from each of the polypep-
tides. The B-strands are orthogonal to the long helical
axis. There are three sides on the molecular tube
where carbohydrate chains become attached. These
sides adopt concave shapes to promote a more spe-
cific binding. The activity of the enzyme was shown
to be lost in the structure of HylP1 [5] when Aspl37
was mutated to Alal37 and Tyrl49 was mutated to
Phel49. Therefore, the roles of Aspl137 and Tyrl149 in
the activity of the enzyme were postulated. It is note-
worthy that the segment Alal22-Ser129, which is in
the proximity of Tyrl49, was not observed in the
structure of HylPl. Accordingly, the effects of its
interactions on Tyrl49 could not be analysed. In the
present structure of HylP2, the loop Alal22-Ser129
has been modelled satisfactorily in the electron den-
sity. The examination of this part of the structure
shows that TyrB149 OH is at a distance of 3.1 A from
SerA129 O. SerAl129 is part of the loop AlaA122-
SerA129 and is also the central residue of a tight inverse
v-turn (¢ = =87, ¥ = 41) in which SerAl128 O is
hydrogen bonded to ThrA130 NH (O-NH = 3.0 A).
The additional intra-loop interactions include a hydro-
gen bond, and several hydrophobic interactions. A num-
ber of interactions have also been observed between
the loop AlaA122-SerA129 and neighbouring pro-
tein residues, including AlaAl121 NH-ThrC113 O,
ThrA130 O-GInC115 N, GlyA131 O-GInC115 N*
and GlyA132 O-GInC115 N*. TyrB149-OH is involved
in the interactions with AspC137 O®' and AsnC135 0°'.
As a result, Tyr149 appears to be a poor candidate for
enzymatic catalysis. However, further studies with vari-
ous substrate analogues and other longer ligands are
required to establish the mechanism of ligand binding
and product formation.

Ascorbic acid inhibits the functional activity
of HylP2

Ascorbic acid has previously been shown to be a com-
petitive inhibitor of hyaluronidases [12-14]. On the
basis of this information, we performed an enzyme
activity assay confirming that ascorbic acid inhibits the
degradation of hyaluronan by HylP2. Under our
experimental conditions, the ICso of this inhibition was
found to be approximately 1 mm.

P. Mishra et al.

The inhibition data of enzyme HylP2 with ascorbic
acid, together with its chemical and structural similari-
ties with hyaluronan polysaccharide, suggest that
ascorbic acid may bind at the saccharide binding site.
Therefore, it may act as a protective factor for the host
tissue hyaluronan because these tissues are not
degraded by the hyaluronate lyase in the presence of
ascorbic acid. In host tissue matrix, the ascorbic acid
exists at concentrations in the range 0.2-8 mm [15],
which are within the range of the ICsy of ascorbic acid
against HylP2. For the first time, the present study
provides insight into the inhibitor binding sites in
HylP2 and postulates the substrate binding regions in
the bacteriophage enzyme as a result of ascorbic acid
being structurally similar to the glucuronate residues in
hyaluronan polysaccharide.

Ligand binding in HylP2

To define the binding surface with residues that are
important in recognition, two complexes of HylP2 with
ascorbic acid and lactose were prepared. As noted
above, ascorbic acid was found to inhibit the activity
of HylP2, whereas lactose was used as a substrate
product analogue ligand. The crystals of the native
protein were soaked in solutions containing ascorbic
acid and lactose separately for 48 h and the crystal
structures of the two complexes were determined and
refined at resolutions of 3.1 and 2.6 A respectively.
The structures of the complexes revealed that both the
ligands occupy three subsites on the three concave sur-
faces covering almost the full length of the TSBH
domain. The protein residues that constitute the poly-
saccharide binding site belong to all three polypeptide
chains (Tables 2 and 3). Although residues AspC137
and TyrB149 do not interact directly with these two
ligands, they lie on the same side of the surface in
close proximity to the interacting residues and were
interacting with the actual substrate.

Ascorbic acid binding

Ascorbic acid (Fig. 1A) inhibits the activity of HylP2.
The structure of the complex of HylP2 with ascorbic
acid shows that three molecules of ascorbic acid bind
to HylP2 trimer at each one of the three concave
surfaces (Fig. 4). At site 1, ascorbic acid is involved in
the interactions primarily with GluB167 and LysC179
(Table 2). GluB167 O interacts with ascorbic acid
O2H with a hydrogen bond at a distance of 2.5 A,
whereas LysC179 N® forms two bifurcated hydrogen
bonds with the Ol and O4 atoms of ascorbic acid.
It is interesting to note that the side chains of both
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Table 2. Hydrogen bonded interactions between HylP2 and ascor-
bic acid at three binding regions in the polysaccharide binding
groove.

Atoms of ascorbic acid Protein/water atoms Distance (A)
Molecule 1
01 Lys C179 N& 3.1
02 Glu B167 O%? 2.6
04 Lys C179 N© 25
Molecule 2
01 Gln C214 N*2 2.5
02 Arg C216 N* 3.3
04 Asn B202 N2 3.1
06 Asn A183 N%2 2.7
Molecule 3
01 Gln C261 N*2 3.2
02 Asn B241 O 2.9
03 W C1? 2.8
W C19 — Ser B246 O 3.3
W C1?7 - Gly A223 N 2.8
05 Tyr C264 OH 2.8
06 Asn C266 N°2 3.2

? The water molecule forms a bridge between ascorbic acid atom
and protein atoms.

GluB167 and LysC179 at this subsite undergo signifi-
cant conformational changes upon binding to ascorbic
acid (Fig. 2). The second molecule of ascorbic acid
interacts with AsnA183, AsnB202, GInC214 and
ArgC216 (Table 2). At this subsite, the ascorbic acid
molecule is buried in the protein, forming at least four
hydrogen bonds. As a result of binding, the conforma-
tions of side chains of AsnA183 and AsnB202 remain
unperturbed, whereas those of GInC214 and ArgC216
undergo minor conformational changes (Fig. 2B). The
third molecule of ascorbic acid interacts most exten-
sively with the protein atoms (Table 2). The residues
GlyA223, AsnB241, SerB246, GInC261, TyrC264 and
AsnC266 participate in the interactions with various
atoms of the ascorbic acid and stabilize its binding at
this site. However, by contrast to positions 1 and 2,
the protein residues do not undergo appreciable con-
formational variation (Fig. 2C).

Lactose binding

As observed in the case of ascorbic acid, lactose
(galactose 1B — 4 glucose) (Fig. 1B) also binds to
the protein at three positions on the single substrate
binding site of the triple assembly (Fig. 4A). The view
from the top shows the lactose binding on three faces
(Fig. 4B). Position 1 is observed near the B-strands, p4
and PB5, and the interactions involve residues AspAl51,
GlyB165 and LysB166. At least six hydrogen bonds

Structures of hyaluronate lyase and its complexes

Table 3. Hydrogen bonded interactions between HylP2 and lactose
at three binding regions in the polysaccharide binding groove.

Atoms of lactose Protein/water atoms Distance (A)
Molecule 1
o W A16 2.6
02 Gly B165 O 25
03 Gly B165 O 2.7
Lys B166 N© 2.8
02 Lys B166 N° 33
06 Asp A151 0% 2.9
Molecule 2
o Gln C214 N*2 2.5
02 W C73? 2.9
W A737 — W A1037 3.0
W A1037 - Thr A228 O 2.8
W A1037 - Leu C215 O 3.0
06’ W A1017 2.7
W A1012 = Phe B197 O 25
Ser B198 O 3.3
Asn A183 0% 3.3
04 Asn A186 N%2 2.9
06 Asn A186 0% 3.0
Thr B204 O 3.2
Molecule 3
o1’ Arg A277 NH2 25
02 Arg A279 NH1 33
W A105 25
06’ W A82 3.2
Asn B241 0% 3.0
Arg A277 NH1 25
GIn C261 N*2 3.2
Gln C261 O 3.1
01 Tyr C264 OH 3.2
02 Asn B241 O 25
GIn C261 0% 3.2
04 Ser B246 O 2.5
W A1107 2.7
W A110? — Ser B246 O 3.1
W A1107 - Gly A223 N 3.2

? The water molecule forms a bridge between lactose atom and
protein atoms.

have been observed between the protein and the ligand
(Table 3). The second lactose molecule is held near
B-strands PB7, P8 and B9 (Table 3). At this position,
lactose forms several hydrogen bonds involving various
protein  residues, AsnAl183, AsnAl186, PheB197,
SerB198, ThrB204, GInC214 and ThrA228, and water
molecules, W73, W101 and W103. The third lactose
molecule is located near the B-strands P11, f12 and
B13 (Table 3). It interacts with GlyA223, AsnB241,
GInC261, TyrC264, ArgA277 and ArgA279. The water
molecule W110 is also a part of the hydrogen bonded
network formed between protein residues and lactose.
Although the complexes of lactose with protein are
involved in extensive interactions, the conformational
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perturbations in the protein do not occur. The super-
impositions of two complexes formed with ascorbic
acid and lactose indicate that both ligands bind to pro-
tein almost at the same regions of the concave sub-
strate binding sites (Fig. 4). In the case of position 1
only, ascorbic acid binds at a position that is approxi-
mately 4 A away from that of lactose binding site.
This is a result of the presence of AspAl51 at the posi-
tion of the lactose binding site, which does not create
favourable conditions for the binding of ascorbic acid.

Catalytic site

The structures of native protein HylP2 and its com-
plexes with ascorbic acid and lactose revealed the
presence of three long concave surfaces on the
triple-stranded B-helix domain. One of these surfaces
containing the residues shown in Tables 2 and 3 indi-
cates a typical saccharide binding environment [16].
The structures of the complexes further show that three
molecules of each ascorbic acid and lactose are present
at each of the three grooves on the protein surface.
Mutation studies, together with observed interactions
between the residues of HylP2 and the ligands, indicate
that the catalytic site appears to be centred in the prox-
imity of Tyr264 (Fig. 5). Indeed, the orientations and
spacing of GIn261, Tyr264 and Arg279 (Fig. 5B) sug-
gest that these three residues form the most appropriate
combination for a catalytic role. The stereochemical
arrangement indicates that GIn261 may act as a partial
electron sink, whereas Arg279 acts as a base. At the
same time, Tyr264 acts as an acid and donates hydro-
gen to the glycosidic oxygen, leading to the cleavage of
the B-1,4 covalent glycosidic bond [16].

Discussion

We have not yet obtained the crystals of HylP2 com-
plex with the HA substrate or its analogue. However,
with the help of the structures of the native protein
and its two complexes with ascorbic acid and lactose,
we were able to obtain insight into the regions that are
critical for ligand binding. The substrate of this
enzyme is a polysaccharide consisting of repeating
units of 2-acetamino-2-deoxy-B-D-glucose and B-D-glu-
curonic acid, which is highly negatively charged
because the pK, of the glucuronic acid moiety in the
substrate is approximately 3.2 [17]. Hence, the positive
charges in the groove will be essential for attachment
in the substrate binding site of the HylP2 molecule for
the negatively charged substrate molecules.

The concave substrate binding site of HyIP2 is of
approximately 60 A long. Its binding surface consists
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Fig. 5. Schematic diagram showing the interactions between the
protein and ligand atoms at subsite 3 for (A) ascorbic acid and (B)
lactose.

of predominantly charged and polar residues, which
are distributed in patches. There are three major sites
of concentration, with a spacing of 11 A between sub-
sites 1 and 2 and 14 A between subsites 2 and 3, respec-
tively. The first molecule of ascorbic acid is held at the
lower-most subsite consisting of residues LysC179 and
GluB167. LysC179 forms two hydrogen bonds involv-
ing Ol and O4 atoms of ascorbic acid, whereas
GluB167 O* interacts with ascorbic acid via O2H. This
site is specific for the binding because of the unique
positions of LysC179 and GluB167 and the scope of
conformational changes of their side chains (Fig. 2A).
On moving further from the N-terminus and towards
the C-terminus, there is another cluster of residues con-
sisting of GInC214, ArgC216, AsnB202 and AsnA183,
where a second molecule of ascorbic acid is held firmly.
As shown in Fig. 2B, the hydrogen bond acceptors O2,
O1, O4 and O6 from one side of ascorbic acid interact
with ArgC216 N° GInC214 N°2, AsnB202 N and
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AsnA183 N°? and hold ascorbic acid firmly at this posi-
tion. On moving further in the same direction, another
potential subsite consisting of residues GIlyA223,
AsnB241, SerB246, GInC261, TyrC264 and AsnC266 is
present. As shown in Fig. 2C, four out of six oxygen
atoms are involved in the interactions with pro-
tein/water atoms. This is one of the most firmly held
ascorbic acid molecules, indicating the strong nature of
the binding of ascorbic acid to proteins. Although
ascorbic acid is a small molecule, it blocks the most
attractive binding subsites in the protein, leading to the
inhibition of the enzyme action.

Similarly, three molecules of lactose also bind in an
almost identical manner and with subsites similar to
those of ascorbic acid. The first molecule of lactose
interacts with AspAl151, GlyB165 and LysB166 and
forms at least six hydrogen bonds and several van der
Waals interactions. Most of these distances (Table 3)
are less than 3 A in length, indicating tight binding.
Lactose is a product that has excellent complementar-
ity. It is noteworthy that the interacting residues in
lactose are slightly different from those observed in the
first position with ascorbic acid. Although both are in
close proximity, the binding position is not compatible
to ascorbic acid as a result of the unfavourable orien-
tation of the side chain of AspAl151. The second lac-
tose binding site involves residues AsnA183, AsnAl186
and GInC214 (Table 3). As shown in Fig. 3B, lactose
oxygen atoms O4, 06, O1, O6” and O1’ are aligned to
interact with protein atoms. The third position of lac-
tose binding consists of residues, TyrC264, GInC261,
ArgA277, ArgA279 and AsnB241. As shown in
Fig. 3C and Table 3, this subsite also generates a num-
ber of interactions, including hydrogen bonds and van
der Waals forces. The subsite appears to be involved
in the catalytic activity because residues GIn261,
Tyr264 and Arg279 provide a favourable stereochemi-
cal environment. The enzyme did not show activity
when Tyr264 was mutated to Phe264. These binding
sites with lactose clearly indicate the complementarity
of the protein concave binding surface to a disaccha-
ride product such as lactose.

Both ascorbic acid and lactose occupy three subsites
at the long polysaccharide binding site. However, it is
intriguing to observe long blank spaces of 11 A in
length and 14 A in length between subsites 1 and 2
and 2 and 3, respectively. An examination of these
regions indicates that PheC175 protrudes into the sub-
strate binding area between subsites 1 and 2. Thus, it
hampers the attachment of ligand at this subsite. Simi-
larly, the space between subsites 2 and 3 is occupied
by hydrophobic residues LeuA222 and PheB197. Even
though substrate anchoring residues are also present in

FEBS Journal 276 (2009) 3392-3402 © 2009 The Authors Journal compilation © 2009 FEBS
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the vicinity, the ligands are unable to bind because of
steric factors that are a result of the hydrophobic resi-
dues. It suggests that the polysaccharide substrate is
anchored at three regions that can be identified by
ligand binding and are loosely held in the middle
regions. This would help the product to be easily
dissociated.

Conclusions

The structure of hyaluronate lyase HyIP2 is essentially
similar to the structure of hyaluronate lyase HyIP1. In
HylP1, residues Aspl137 and Tyr149 were predicted to
comprise part of the active site and a loop Alal22—
Ser129 was not observed in the structure because it
was considered to be disordered. In the structure of
HylP2, the loop Alal22-Ser129 is observed and it
appears that it has a stable conformation with a num-
ber of interactions within the loop, as well as with
other parts of the protein. It is important to note that
Ser129 interacts with Tyr149, thus making it inaccessi-
ble for interactions with the polysaccharide substrate,
indicating that the residue Tyr149 may not be involved
in the catalysis. On the other hand, Tyr264 is fully
exposed and is involved in the interactions with ascor-
bic acid, as well as with lactose, indicating its suitabil-
ity for a catalytic role. Its positioning together with
GIn261 and Arg277 with respect to the lactose mole-
cule suggests a functional role for Tyr264. Further-
more, kinetic studies indicate a loss of activity when
Tyr264 is mutated to Phe264. The structures of the
complexes of HylP2 indicate the existence of three sub-
sites in the long concave binding site of the enzyme
where lactose and ascorbic acid are located. The bind-
ing characteristics of these subsites can be exploited
for the design of inhibitors of HylP2.

Experimental procedures

Cloning, expression, and purification

The full-length gene for HylP2 of 1014 nucleotides was
cloned into pET21d (+) vector with Nhel and Xhol restric-
tion sites. Recombinant HylP2 containing a C-terminal
His6 tag was over-expressed in Escherichia coli BL21
expression cells and purified in its enzymatically active form
by Ni®" chelate chromatography and size exclusion chro-
matography, as described previously [6]. The size exclusion
chromatography and glutaraldehyde cross-linking experi-
ments suggested the existence of a catalytically active HylP2
trimer. The complete nucleotide and deduced amino acid
sequences are available in the sequence data base with
accession number AAA86895.
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Activity assay

The in vitro activity assay for HylP2 was performed using
HA as substrate and ascorbic acid as an inhibitor. The
activity of the enzyme was determined by measuring its
ability to breakdown HA to unsaturated disaccharide units
[18]. One millilitre of solution with increasing concentra-
tions of ascorbic acid was added to buffer containing
50 mM sodium acetate, 20 mM calcium chloride (pH 6.0)
and 2 pg of full-length native HylP2 at pH 7.0 (diluted just
before taking the measurement) and incubated at 4 °C for
3 h. Then 0.3 mg'mL™" HA was added to the reaction mix-
ture just before taking the reading. The kinetic parameters
were calculated wusing an extinction coefficient of
5.5 107*M™" for the disaccharide products.

Crystallization

The purified HylP2 was dissolved in 10 mm Hepes, 100 mm
NaCl, pH 7.2, to a final concentration of 10 mg-mL™". The
protein was crystallized using the sitting drop vapour diffu-
sion method at 293 °K in 24-well Linbro plates (ICN Bio-
medical Division, Carson, CA, USA). Droplets containing
a mixture of 5 pL of protein solution and 5 pL of reservoir
solution were equilibrated against the reservoir containing
3.25 M sodium formate. The crystals of native protein were
soaked in the two sets of reservoir solutions containing
ascorbic acid and lactose separately at a concentration of
100 mgmL™". The crystals of the complexes were prepared
by soaking the crystals of native protein in the reservoir
solutions containing ascorbic acid and lactose at a concen-
tration of 100 mg-mL™" for 48 h.

Detection of ascorbic acid in crystals

Ascorbic acid detection was carried out using the solution
of an organic compound 2,6-dichlorophenolindophenol
[19]. The test solution was added dropwise to 2.5 mL of the
indicator solution until the blue colour of the solution
cleared, indicating the presence of ascorbic acid.

Detection of lactose in crystals

To confirm the presence of lactose in the crystals, the crys-
tals were picked up from the crystallization plates, washed
thoroughly with reservoir solution and then dissolved in
triple distilled water. NaCl was added to the protein solu-
tion. It was ultrafiltered using a 1 kDa cut-off membrane.
The ultrafiltered samples were lyophilized and dissolved in
water at a concentration in excess of than 0.5 mgmL™.
Benedict’s reagent [20], consisting of sodium bicarbonate,
sodium citrate and copper sulfate, was added to this solu-
tion. The solution was heated on a water bath and
the change of colour indicated the presence of lactose in
solution.
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X-ray intensity data collection

The crystals of HylP2 were transferred into reservoir solu-
tion containing 35% methanepentandiol as a cryo-protec-
tant for data collection at 100 °K. The X-ray intensity data
were collected using synchrotron beam line X13 radiation,
at DESY (Hamburg, Germany), with a wavelength of
0.803 A using a MAR345 imaging plate scanner (Marre-
search GmbH, Norderstedt, Germany). All three data sets
were processed and scaled using DENzZO and SCALEPACK
software [21]. The data collection and data processing
statistics for the three data sets are provided in Table 1.

Structure determination and refinement

The structure was determined with molecular replacement
method using AMORE [22] from the ccp4 software suite [23].
The coordinates of hyaluronidase HylP1, which has a
sequence identity of more than 90% (Protein Data Bank
code: 2C3F) [5], were used as the search model. Both rota-
tion and translation searches resulted in unique solutions
that were well above the noise levels. Further positional
and B-factor refinements were performed wusing the
REFMACS software suite [24]. The refinement calculations
were interleaved with several rounds of model building with
the software o [25]. The omit maps were calculated for
segments Alal22-Ser129 and GIn191-Ser199 and the
protein chains were adjusted into electron densities with a
lower cut-off (0.7 o) (Fig. 6). The difference electron den-
sity |F, — F¢| maps computed when Ry was 0.264 for the
two data sets obtained from soaked crystals indicated extra
electron densities at three sites on each face of the triple-
stranded assembly. The ascorbic acid and lactose molecules
were modelled into these electron densities as shown in
Figs 2 and 3, respectively. These were also included in fur-
ther cycles of refinements. Numerous water molecules were
also clearly visible in the difference Fourier maps. They
were easily picked and were added to the subsequent refine-
ment cycles. Several further rounds of refinement with REF-
MACS [23] interspersed with model building using |2F, — F|
and |F, — F.| Fourier maps converged the refinement to
Reryst (Rpree) factors of 0.191 (0.219), 0.197 (0.233) and
0.191 (0.226) for the structures of native protein and its
complexes with ascorbic acid and lactose, respectively. The
positions of only those water molecules were retained in the
final model if they met the criteria of peaks greater than
2.5 o in the final |2F, — F;| maps, had hydrogen bond part-
ners at appropriate distances with proper angle geometry,
and the B-factor values were less than 75 A2 in the final
refinement cycle. A summary of the refinement statistics is
provided in Table 1.

The atomic coordinates for the refined structures of
native HylP2 and its complexes with ascorbic acid and lac-
tose have been deposited in the Protein Data Bank with
accession codes 2YWO0, 3EKA and 2YVYV, respectively.

FEBS Journal 276 (2009) 3392-3402 © 2009 The Authors Journal compilation © 2009 FEBS
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Fig. 6. Fourier (|2F, — F|) map calculated by omitting segments (A)

Ala122-Ser129 and (B) GIn191-Ser199 at a cut-off of 1 ©.
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