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Background: A polysaccharide lyase (Smlt1473) from Stenotrophomonas maltophilia degrades multiple anionic
polysaccharides in a pH-regulated manner.
Results: Mutation of predicted substrate-binding residues significantly increased activity and specificity toward
poly-�-D-mannuronic acid or poly-�-D-glucuronic acid.
Conclusion: Substrate specificity is highly sensitive to conserved, charged, and aromatic residues flanking the active
site.
Significance: Smlt1473 may serve as a platform for the design of robust, highly specific polysaccharide lyases.

Anionic polysaccharides are of growing interest in the bio-
technology industry due to their potential pharmaceutical
applications in drug delivery and wound treatment. Chemical
composition and polymer length strongly influence the physical
and biological properties of the polysaccharide and thus its
potential industrial and medical applications. One promising
approach to determining monomer composition and control-
ling the degree of polymerization involves the use of polysaccha-
ride lyases, which catalyze the depolymerization of anionic poly-
saccharides via a �-elimination mechanism. Utilization of these
enzymes for the production of custom-made oligosaccharides
requires a high degree of control over substrate specificity. Pre-
viously, we characterized a polysaccharide lyase (Smlt1473)
from Stenotrophomonas maltophilia k279a, which exhibited
significant activity against hyaluronan (HA), poly-�-D-glucu-
ronic acid (poly-GlcUA), and poly-�-D-mannuronic acid (poly-
ManA) in a pH-regulated manner. Here, we utilize a sequence
structure guided approach based on a homology model of
Smlt1473 to identify nine putative substrate-binding residues
and examine their effect on substrate specificity via site-
directed mutagenesis. Interestingly, single point mutations
H221F and R312L resulted in increased activity and specificity
toward poly-ManA and poly-GlcUA, respectively. Furthermore,
a W171A mutant nearly eliminated HA activity, while increas-
ing poly-ManA and poly-GlcUA activity by at least 35%. The
effect of these mutations was analyzed by comparison with the
high resolution structure of Sphingomonas sp. A1-III alginate
lyase in complex with poly-ManA tetrasaccharide and by taking
into account the structural differences between HA, poly-
GlcUA, and poly-ManA. Overall, our results demonstrate that
even minor changes in active site architecture have a significant
effect on the substrate specificity of Smlt1473, whose structural

plasticity could be applied to the design of highly active and
specific polysaccharide lyases.

Polysaccharide lyases (PLs)2 are a class of carbohydrate-
modifying enzymes that catalyze the degradation of poly-
uronides via a �-elimination mechanism, cleaving the glyco-
sidic bond between two adjacent sugar residues and generating
an unsaturated hexenuronic acid at the nonreducing end of the
oligosaccharide product (1). Three chemical steps occur during
the �-elimination mechanism as follows: (i) neutralization of
the negatively charged C5 carboxylate group on the �1 sugar
ring, reducing the pKa of the C5 proton; (ii) abstraction of the
C5 proton by a Brønsted base; and (iii) electron transfer result-
ing in double bond formation between C4 and C5 of the �1
sugar ring and donation of a proton by a Brønsted acid to the
glycosidic oxygen resulting in the cleavage of the C4 –O-1 gly-
cosidic bond (1). Despite diverse substrate specificity, second-
ary structure content, and tertiary folds, this three-step
mechanism is highly conserved across the 23 different polysac-
charide lyase families (PL-1 to PL-23) (2, 3) and can be divided
into two general categories as follows: metal ion-assisted and
metal ion-independent lyases, the latter of which utilize nearby
arginine, asparagine, or glutamine residues for substrate neu-
tralization with a highly conserved tyrosine or histidine acting
as the base and tyrosine as the acid (3). A consensus has not
been met regarding the specific roles of the catalytic histidine
and tyrosine, namely whether tyrosine acts as proton acceptor
and donor with histidine stabilizing an intermediate, the mech-
anism proposed for alginate lyases (4) and xanthan lyases (5), or
whether histidine acts as the proton acceptor and tyrosine as
the proton donor, the mechanism proposed for hyaluronan
lyases (6, 7). Furthermore, Shaya et al. (8) proposed a third
mechanism for heparinase II in which the residue responsible
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for accepting the C5 proton is dependent on the structure of the
substrate itself. Thus, although the catalytically active residues
of PLs are highly conserved, delineating the individual roles of
each residue in the mechanism of catalysis remains an area of
active research. Additional studies suggest that variations in the
polysaccharide structure itself and interactions between the
substrate and other noncatalytic active site residues are impor-
tant in the precise positioning of the cleavable glycosidic bond
with respect to the catalytic tyrosine and histidine and therefore
may dictate what role each plays (8 –10).

The crystal structures of PLs reveal that despite different sec-
ondary structure and tertiary folds, the lyases contain a long
deep cleft to accommodate at least five sugar rings of the poly-
saccharide substrate (4, 8, 10 –14). Furthermore, the residues
along this cleft form hydrogen bonds, salt bridges, and van der
Waals contacts with not only the �1 and �1 sugar residues
between which cleavage takes place but also the sugar rings
located two or three residues away from the site of cleavage (3).
Instead of participating directly in catalysis, these substrate-
binding residues are thought to initially attract and then pre-
cisely orient the substrate in a geometry that facilitates catalysis
(10, 15). Therefore, substrate specificity is derived from shaping
the active site cleft to precisely fit a given polysaccharide struc-
ture and form the appropriate bonds with the various substitu-
ents of the sugar rings. Given that all PLs utilize the �-elimina-
tion mechanism and yet lyases from different families exhibit
vastly different substrate specificity, understanding how the
substrate-binding residues dictate specificity would allow for
engineering of highly specialized lyases with numerous indus-
trial and medical applications. These applications include poly-
saccharide sequence determination by cleavage with a set of
well characterized lyases and subsequent analysis of oligosac-
charide products (16), saccharification of alginic acid and poly-
�-D-glucuronic acid (poly-GlcUA) found abundantly in brown
and green algae for use in biofuels (17, 18), and utilization of
enzymes highly active against polysaccharides secreted by bac-
teria during biofilm formation as an adjuvant in the treatment
of chronic bacterial infection (19).

Previously, we characterized a putative alginate lyase
(Smlt1473) from the opportunistic pathogen Stenotrophomo-
nas maltophilia strain k279a (9). Smlt1473 exhibited broad, yet
pH-regulated substrate specificity toward both bacterial and
mammalian substrates, including poly-�-D-mannuronic acid
(poly-ManA), poly-GlcUA, and HA, with optimal poly-ManA
activity observed at pH 9, poly-GlcUA at pH 7, and HA at pH 5.
To understand the basis for pH-regulated substrate specificity
of Smlt1473 and to determine roles for noncatalytic residues in
substrate specificity, we identified nine putative substrate-
binding residues (Lys42, Tyr115, Lys162, Arg163, Trp171, Arg218,
His221, Tyr225, and Arg312) and expressed, purified, and charac-
terized nine single mutants (K42L, Y115F, K162L, R163L,
W171A, R218L, H221F, Y225F, and R312L). In particular, we
find several of these mutations play key roles in altering and, in
some cases, increasing both substrate specificity and overall
activity. For example, H221F increases the poly-ManA activity
2-fold and shifts the ratio of poly-ManA/poly-GlcUA turnover
from 0.1 to 2.0. Conversely, R312L increases poly-GlcUA activ-
ity 2.5-fold and shifts the ratio of poly-GlcUA/poly-ManA turn-

over from 9.6 to 340.8. Calculation of enzyme efficiency (kcat/
Km) revealed that mutants H221F and Y225F exhibited a 2.4-
fold higher efficiency toward poly-ManA cleavage compared
with wild-type Smlt1473. Collectively, our results indicate that
the noncovalent interactions between noncatalytic residues
and substrate are critical for not only overall enzymatic activity
but also substrate specificity and optimal reaction conditions,
such as pH, and can be grouped into categories based on their
positioning within the active site cleft. Furthermore, the appar-
ent structural plasticity of Smlt1473 offers possibilities for
selection of lyases with enhanced specificity toward a particular
polysaccharide substrate (9).

EXPERIMENTAL PROCEDURES

Subcloning and Site-directed Mutagenesis—Unless otherwise
stated, standard molecular biology techniques were used for
subcloning and site-directed mutagenesis (20). An Escherichia
coli codon-optimized nucleotide sequence of smlt1473 (corre-
sponding to GenBankTM accession number CAQ45011) was
subcloned into pET28a(�) (Invitrogen) as an NcoI-XhoI insert
with no stop codon, resulting in a C-terminal His6 tag. Muta-
genic primers were designed via PrimerX, and amino acid sub-
stitutions were generated via the QuikChange II site-directed
mutagenesis kit (Agilent Technologies). Nucleotide sequences
containing mutations were confirmed by DNA sequencing
(GeneWiz).

Expression and Purification—For expression and purifica-
tion, methods similar to those described previously (9) were
used with the following modifications. Soluble cell lysate was
passed over a column containing 15 ml of Ni2�-bound chelat-
ing Sepharose Fast Flow resin (GE Healthcare) pre-equilibrated
in IMAC Buffer A (20 mM HEPES, 500 mM NaCl, 10% v/v glyc-
erol, 10 mM imidazole) at a flow rate of 2 ml/min via a BioLogic
LP chromatography system (Bio-Rad) with fraction collector.
The column was washed for 70 min with IMAC Buffer A to
remove any unbound proteins before applying a gradient from
0 to 30% IMAC Buffer B (20 mM HEPES, 500 mM NaCl, 10% v/v
glycerol, 500 mM imidazole) over the course of 80 min to wash
away any nonspecifically bound proteins, and finally Smlt1473
was eluted from the column by running IMAC Buffer B for 20
min. Fractions were assayed for protein content via Bradford
reagent (Bio-Rad), and samples containing purified Smlt1473
were pooled together and dialyzed against 4 liters of 20 mM

HEPES, 100 mM NaCl, 5% v/v glycerol, 20 mM imidazole for 20 h
at 4 °C and then 25 mM sodium phosphate buffer, pH 8, for 40 h
at 4 °C with one buffer exchange. Protein concentration was
determined via absorbance measurements at 280 nm, and
molar extinction coefficients were estimated from primary
amino acid sequences (21).

Polysaccharide Substrates—Sodium alginate, medium vis-
cosity, and hyaluronic acid, potassium salt from human umbil-
ical cord, were obtained from MP Biomedicals. Chondroitin
sulfate and poly-�-D-galacturonic acid (poly-GalA) were
obtained from Alfa Aesar. Heparin and heparan sulfate were
obtained from Sigma and Sagent Pharmaceuticals, respectively.
Poly-GlcUA was prepared from Avicel PH-105 NF (FMC
Biopolymer), and its structure was confirmed by 1H NMR as
described previously (9). Poly-ManA, poly-GulA, and poly-MG
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block structures were prepared from sodium alginate by partial
acid hydrolysis, and its structure was confirmed by 1H NMR as
described previously (9). Poly-GlcUA, poly-ManA, poly-GulA,
and poly-MG samples were dialyzed against 4 liters of double
distilled H2O for 40 h at 4 °C with one buffer exchange and then
lyophilized. The resulting powders were stored at 4 °C until
needed.

Enzyme Activity Assays—The �-elimination mechanism
employed by polysaccharide lyases generates a double bond
between C4 and C5 of the sugar ring at the newly formed nonre-
ducing end that can be monitored as a change in absorbance at
235 nm (22). Absorbance measurements were taken in 1-s
intervals over the course of at least 5 min via an Ultrospec 3300
pro UV-visible spectrophotometer with a detection limit of
0.001 absorbance units at 235 nm/min. One unit of enzyme
activity was defined as an increase in absorbance at 235 nm of
1.0/min at 25 °C (1 unit � 1 �A235 nm min�1) (9, 16). In general,
14 �g of purified wild-type and mutant Smlt1473 was added to
a solution containing 1 mg/ml substrate in a final volume of 350
�l, with the exception of poly-GlcUA, in which 1.4 �g of
enzyme was added to each reaction due to higher activity
against poly-GlcUA. The pH of all reactions was maintained via
specific buffers for a given pH range at a total ionic strength of
30 mM (acetate for pH 4 – 6, phosphate for pH 5– 8, Tris for pH
6 –9, and glycine for pH 9 –10). Additionally, the Michaelis con-
stant (Km) and turnover number (kcat) of wild-type and mutant
Smlt1473 against poly-GlcUA and poly-ManA were deter-
mined by varying polysaccharide concentrations. An extinction
coefficient of 6150 M�1 cm�1 at 235 nm was used to convert
absorbance to product concentration (23). Initial rates (vi) were
fit to the Michaelis-Menten equation, v � kcatE0S/(Km � S), via
the generalized reduced gradient (GRG2) nonlinear optimiza-
tion program (24). The R2 and correlation values for each sub-
strate were greater than 0.943 and 0.944, respectively. All reac-
tions were carried out in triplicate, and error is reported as
standard deviation.

Lyase activity was independently determined via a thiobarbi-
turic acid assay in which the unsaturated product is converted
to a pre-chromogen by oxidation with periodic acid and then
reacted with thiobarbituric acid to form a pink chromogen with
an absorbance maximum of 550 nm (25). For these experi-
ments, 4 �g of purified enzyme (0.4 �g for poly-GlcUA) was
mixed to solutions containing 1 mg/ml substrate in a total reac-
tion volume of 100 �l. Reactions were allowed to proceed for 5
min before heating the samples at 100 °C for 10 min to degrade
the enzyme and stop the reaction.

Sequence Alignment—According to the Carbohydrate Active
Enzymes (CAZy) database, Smlt1473 belongs to polysaccharide
lyase family 5 (PL-5), which currently contains a total of 105
lyases (2). The primary amino acid sequence of each PL-5 lyase
was downloaded and parsed to remove any entry that shared a
greater than 95% pairwise sequence identity with another entry
in an effort to reduce redundancy in the database. The remain-
ing 50 lyases, including Spingomonas sp. A1 (PDB code 1QAZ)
(11), were aligned with Smlt1473 using Clustal Omega (26).

Homology Modeling—A homology model of Smlt1473 was
constructed using Swiss-Model (27–29) based on the alginate
lyase A1-III (PDB code 1QAZ) from Spingomonas sp. (11), as

described previously (9). All images of the resultant model were
generated via PyMOL (30).

RESULTS

Identification of Putative Substrate-binding Residues in
Smlt1473 via Homology Modeling and Sequence Alignment—
As stated previously, high resolution structures of various PLs
have indicated that residues located inside the active site cleft
yet not directly involved in the �-elimination mechanism form
numerous noncovalent bonds with the substrate, including
hydrogen bonds, salt bridges, and van der Waals contacts (4, 8,
10 –14). The types of residues fall into three general categories
as follows: (i) positively charged residues such as arginine or
lysine that facilitate substrate binding and positioning by form-
ing salt bridges with the negatively charged carboxylic acid
groups present in the substrate (4, 14). Additionally, HA lyases
from Streptococcus pneumoniae and Streptococcus agalactiae
contain positive patches at the entrance of the cleft thought to
assist in drawing the substrate into the cleft (6, 31). (ii) Aro-
matic residues such as tryptophan and phenylalanine undergo
C–H/� interactions with the sugar rings of the substrate (32),
thus optimizing its position with respect to the catalytically
active residues to promote enzymatic activity (10). (iii) Polar
residues such as tyrosine and asparagine form hydrogen bonds
with various substituents on the substrate, further assisting in
binding and positioning (4, 12, 14).

In an effort to identify putative residues that participate in
substrate binding, a homology model for Smlt1473 was con-
structed with Swiss-Model using alginate lyase A1-III (PDB
code 1QAZ) from Spingomonas sp. (11). In addition to sharing
the greatest sequence identity with Smlt1473 among all solved
lyase crystal structures (30%), A1-III lyase is the only PL-5
member whose high resolution structure has been determined
(2). From the Smlt1473 model, the predicted catalytic residues
(Asn167, His168, Arg215, and Tyr 222), highlighted in white in Fig.
1A, are clustered in a deep trench-like cleft (9). A cluster of basic
residues (Lys42, Lys162, Arg163, and Arg218) form a positive
patch at the entrance of the active site, highlighted in black in
Fig. 1A, consistent with the HA lyases of S. pneumoniae and S.
agalactiae (6, 31). Additionally, a sequence alignment with
1QAZ (Fig. 1B) revealed that the cleft contained a conserved
tryptophan residue (Trp171) and several conserved polar/
charged residues (Tyr115, His221, Tyr225, and Arg312) that
undergo noncovalent interactions with the alginate substrate in
A1-III lyase (4, 14). Thus, nine putative substrate-binding resi-
dues were identified based on homology modeling and
sequence alignment with 1QAZ (Lys42, Tyr115, Lys162, Arg163,
Trp171, Arg218, His221, Tyr225, and Arg312). The above amino
acids were conservatively mutated in an effort to test specific
properties of the given residue. For example, lysine and arginine
were predicted to interact with the substrate via electrostatic
attraction; therefore, these residues were mutated to leucine to
remove the positive charge while minimizing side chain size
variation. Tyrosine and histidine were predicted to interact
with the substrate via hydrogen bonding; therefore, these resi-
dues were mutated to phenylalanine to remove the polar groups
while maintaining side chain ring structure. Tryptophan was
predicted to interact with the substrate via C–H/� bonds and
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other hydrophobic interactions; therefore, this residue was
mutated to alanine to remove the aromatic ring and reduce its
hydrophobicity. These mutations provide a structural basis for
probing their effects on pH-dependent lyase activity against a
broad range of polysaccharides, including poly-ManA, poly-
GlcUA, and HA.

Enzymatic Activity Screening of Mutant Lyases Revealed
Diverse Substrate Specificity—The lyase activity of purified
wild-type and mutant Smlt1473 was tested against the follow-
ing 10 polyuronides: alginate (MP Biomedicals); poly-ManA,
poly-GulA, poly-MG, poly-GlcUA, poly-GalA (Alfa Aesar); HA
(MP Biomedicals); heparin (Sigma); heparan sulfate (Sagent
Pharmaceuticals); and chondroitin sulfate (Alfa Aesar). The
supplemental Table S1 provides the specific activity of each
mutant lyase against each substrate (1 mg/ml) at the optimal
pH values determined previously for wild-type Smlt1473 (9).

Note that no detectable activity was measured for any of the
mutant lyases against poly-GalA, heparin, and heparan sulfate
at pH 5, 7, and 9. Fig. 2 displays the specific activity of each
mutant against each of the three main substrates (poly-ManA,
poly-GlcUA, and HA). All mutant lyases exhibited diminished
activity toward HA, the most inactive being the W171A mutant
with a specific HA activity of 0.4 � 0.1 units/mg, compared with
wild-type at 41.8 � 1.5 units/mg (Table S1 and Fig. 2).

In contrast to HA, however, the Smlt1473 mutant lyases dis-
played significant changes in activity toward poly-GlcUA at pH
7 and poly-ManA at pH 9 and in some cases with specific
mutants exhibiting opposite effects on activity for poly-ManA
versus poly-GlcUA (supplemental Table S1 and Fig. 2). For
example, the H221F mutant was 2.1 times more active than
wild-type against poly-ManA, yet it retained only 11% activity
toward poly-GlcUA. Conversely, the R312L mutant was 2.2

FIGURE 1. Identification of putative substrate-binding residues in Smlt1473. A, surface homology model of Smlt1473 constructed with Swiss-Model and
Protein Data Bank file 1QAZ as a template. A deep trench-like cleft was identified (black arrow, inset). Catalytically active residues are highlighted in white.
Positively charged residues are highlighted in black. A positive patch was identified at the entrance of the active site, immediately adjacent to the catalytically
active residues. B, sequence alignment of Smlt1473 with Sphingomonas sp. A1-III lyase (PDB code 1QAZ) (11). Identical residues are highlighted in gray.
Residues predicted to be located in the active site cleft and participate in substrate binding are highlighted in black. Residues predicted to participate in the
catalytic mechanism of Smlt1473 are marked by asterisks. Residues located in positive patch are marked by daggers.
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times more active than wild-type against poly-GlcUA, yet it
retained only 7% activity toward poly-ManA (supplemental
Table S1 and Fig. 2). To better organize and understand the
effect each mutation has on lyase activity, the mutants were
subdivided into four groups as follows: mutation of residues
located in the positive patch flanking the active site (K42L,
K162L, R163L, and R218L; Fig. 3, A and E) mutations that
exhibited increased activity and specificity toward poly-ManA
(H221 and Y225F; Fig. 3, B and F); mutations that exhibited
increased activity and specificity toward poly-GlcUA (Y115F
and R312L; Fig. 3, C and G), and mutations that exhibited
increased activity and specificity toward poly-ManA and poly-
GlcUA (W171A; Fig. 3, D and H).

Mutation of Residues Located in Positive Patch—Homology
modeling of Smlt1473 using 1QAZ (11) as a template revealed a

cluster of basic residues (Lys42, Lys162, Arg163, and Arg312)
located near the entrance of the active site and immediately
adjacent to the catalytic residues (Figs. 1A and 3A). Similar pos-
itive patches were observed in the crystal structures of HA
lyases from S. pneumoniae and S. agalactiae. In both structures,
the positive patch residues were predicted to play a role in the
initial drawing of the negatively charged substrate into the
active site via electrostatic attraction (6, 31). Thus, we expected
that mutation of the homologous basic residues located in the
equivalent positive patch of Smlt1473 (Lys42, Lys162, Arg163,
and Arg218) would also result in decreased lyase activity due to
a diminished ability to attract the acidic polysaccharide to the
active site. The loss of activity by removing positive charges
from this patch is also expected to be substrate-independent
due to each substrate containing the negatively charged C5 car-
boxylic acid groups. As shown in Fig. 3E, mutation of each of the
four basic residues to nonpolar leucine (K42L, K162L, R163L,
and R218L) resulted in diminished activity toward HA at pH 5,
poly-GlcUA at pH 7, and poly-ManA at pH 9, with the excep-
tion of K42L, which exhibited a modest (11%) increase in activ-
ity toward poly-ManA compared with wild type. The K42L
mutant also displays decreases of less than 25% in activity
toward HA and poly-GlcUA (Fig. 3E) and is located distal to the
catalytic tetrad and other three basic residues (Fig. 3A), indicat-
ing it may play a less significant role in substrate attraction.
Overall, we see loss of activity against all three main substrates
(poly-ManA, poly-GlcUA, and HA) when replacing positive
charges in the predicted positive patch with hydrophobic resi-
dues (K42L, K162L, R163L, and R218L), which is consistent
with our expected result that these play a general role in initial
substrate binding due to the net negative charge of the
polysaccharides.

Mutations That Exhibited the Greatest Change in Activity
with Respect to Wild Type for Poly-ManA—In contrast to the
cluster of positive residues involved in initial substrate binding,
mutations to predicted substrate-binding residues within the
active site cleft (H221F and Y225F; Fig. 3B) resulted in signifi-
cantly increased activity and specificity toward poly-ManA
(Fig. 3F). The H221F mutant exhibited a 111% increase in poly-
ManA activity, as well as a 96 and 89% decrease in HA and
poly-GlcUA activity, respectively (Fig. 3F), making it highly
selective for poly-ManA. The specific activity ratios of poly-
ManA/poly-GlcUA and poly-ManA/HA were shifted 10- and
50-fold relative to wild type, respectively, indicating a signifi-
cant increase in poly-ManA specificity (supplemental Table S1
and Fig. 2). The Y225F mutant exhibited similar trends to
H221F, with a 139% increase in poly-ManA activity, as well as a
23% increase and 7% decrease in poly-GlcUA and HA activity,
respectively (Fig. 3F). Likewise, the specific activity ratios of
poly-ManA/poly-GlcUA and poly-ManA/HA were both
shifted by more than a factor of 2 in favor of poly-ManA (sup-
plemental Table S1 and Fig. 2). Taken together, the H221F and
Y225F mutants both exhibited significant increases in both
activity and specificity toward poly-ManA (Fig. 3F). Finally,
whereas wild-type Smlt1473 exhibited the highest specific
activity toward poly-GlcUA (898.2 � 3.2 units/mg) versus poly-
ManA (85.0 � 1.7 units/mg) and HA (41.8 � 1.5 units/mg), the
H221F mutant switched to having the highest specific activity

FIGURE 2. Specific activity of wild-type and mutant Smlt1473 against HA
(A), poly-GlcUA (B), and poly-ManA (C). Purified wild-type and mutant
Smlt1473 (14 �g) was mixed with 1 mg/ml HA in 30 mM sodium acetate, pH 5,
or poly-ManA in 30 mM Tris, pH 9, in a total reaction volume of 350 �l. For
poly-GlcUA, the amount of enzyme added to 1 mg/ml poly-GlcUA in 30 mM

Tris, pH 7, was reduced to 1.4 �g due to higher activity. Enzymatic activity was
monitored by absorbance at 235 nm. One unit of activity was defined as an
increase in absorbance at 235 nm of 1.0 per min at 25 °C. Dashed lines indicate
wild-type activity for comparison with other mutants. All reactions were per-
formed in triplicate, and error is reported as standard deviation.
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toward poly-ManA (180.0 � 3.6) versus poly-GlcUA (100.7 �
2.8 units/mg) and HA (1.8 � 1.4 units/mg) (supplemental Table
S1 and Fig. 2). Thus, both predicted substrate-binding residues
(His221 and Tyr225) play key roles in negative regulation of poly-
ManA specificity, with mutations to either causing a significant
increase in selectivity and activity toward poly-ManA.

Mutations That Exhibited the Greatest Change in Activity
with Respect to Wild Type for Poly-GlcUA—As with poly-
ManA-selective point mutations, point mutations to additional
predicted substrate-binding residues (Y115F and R312L; Fig.
3C) resulted in significantly increased activity and specificity
toward poly-GlcUA (Fig. 3G). The R312L mutant exhibited a
121% increase in poly-GlcUA activity, as well as a 45 and 93%
decrease in HA and poly-ManA activity, respectively (Fig. 3G),
making it highly selective for poly-GlcUA. The specific activity
ratios of poly-GlcUA/poly-ManA and poly-GlcUA/HA were
shifted more than 30- and 4-fold in favor of poly-GlcUA,
respectively (supplemental Table S1 and Fig. 2). The Y115F
mutant exhibited similar trends, with the specific activity ratios
shifting nearly 4-fold in favor of poly-GlcUA versus poly-ManA
and more than 2-fold in favor of poly-GlcUA versus HA (sup-
plemental Table S1 and Fig. 2). Taken together, the R312L and
Y115F mutants exhibit increases in both activity and specificity
toward poly-GlcUA (Fig. 3G), indicating these residues play a
key role in negative regulation of poly-GlcUA activity.

Mutations That Exhibited the Greatest Change in Activity
with Respect to Wild Type for Poly-GlcUA and Poly-ManA—
Mutation of the highly conserved Trp171 located in the center of

the active site cleft (Fig. 3D) resulted in significantly increased
activity and specificity toward poly-ManA and poly-GlcUA (Fig.
3H). The W171A mutant exhibited a 49% increase in poly-GlcUA
activity, 35% increase in poly-ManA activity, and was almost inac-
tive against HA, shifting both the poly-GlcUA/HA and poly-
ManA/HA specific activity ratios over 160-fold in favor of poly-
GlcUA and poly-ManA (Fig. 3H).

Changes in Michaelis Constant and Enzyme Efficiency—To
differentiate the effect each mutation had on substrate binding
and product turnover, the Michaelis constant (Km), which
reflects the substrate concentration necessary for catalysis to
occur, and turnover number (kcat) were determined for each
mutant against poly-GlcUA at pH 7 and poly-ManA at pH 9
(Table 1). Kinetic parameters were not determined for HA due
to all nine mutants exhibiting a diminished activity toward that
substrate. Given that required substrate concentration for
catalysis and turnover rate are dependent on one another, the
ratio of the two parameters (kcat/Km) is considered a measure of
enzyme efficiency toward a given substrate (10, 14). Fig. 4
depicts the percent change of enzyme efficiency with respect to
wild type for either poly-GlcUA at pH 7 or poly-ManA at pH 9.
Based on the equation derived by Kelly et al. (33) for polysac-
charide lyase catalysis, a change in kcat/Km indicates the mutant
enzyme is binding the substrate with a different affinity. Fur-
thermore, although Km may approximate substrate affinity, it is
also affected by other rate and equilibrium constants, and
therefore kcat/Km is used as a descriptive parameter for sub-
strate binding (33).

FIGURE 3. Location of putative substrate-binding residues in Smlt1473. A–D, homology model of Smlt1473 built with Swiss-Model and Protein Data Bank
code 1QAZ. Images were generated in PyMOL. Predicted catalytic residues (Asn167, His168, Arg215, and Tyr222) are highlighted in white. Putative substrate-
binding residues of interest are highlighted in black. E–H, percent change in specific activity of mutant lyases from wild-type Smlt1473 for HA at pH 5,
poly-GlcUA at pH 7, and poly-ManA at pH 9. Enzymatic activity was monitored by change in absorbance at 235 nm. All reactions were performed in triplicate,
and error is reported as standard deviation. Residues are organized into four groups as follows: residues located in the positive patch (Lys42, Lys162, Arg163, and
Arg218; A and E) and residues whose mutation favors poly-ManA cleavage (His221, Tyr225; B and F), poly-GlcUA cleavage (Tyr115, Arg312; C and G), and poly-
ManA/poly-GlcUA cleavage (Trp171; D and H).
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In general, mutations of residues in the positive patch (K42L,
K162L, R163L, and R218L) resulted in a decrease in enzyme
efficiency for both substrates, due to either a decrease in kcat, an
increase in Km, or in most cases both (Table 1 and Fig. 4). The
one exception was the K162L mutant against poly-GlcUA,
which displayed a 10% increase in efficiency (Fig. 4) due to the
reduction in Km from 0.17 to 0.10 mM between wild-type and
K162L (Table 1). Although this increase in efficiency is unex-
pected, it is important to recall that the positive patch is only
partially disrupted by the removal of one of the charged groups,
and other subtle changes in active site architecture may result
in more efficient binding of a particular substrate (see under
“Discussion”). Overall, mutations to either arginine (R163L and

R218L) appeared to have a greater detrimental effect on
enzyme efficiency than lysine mutations (K42L and K162L).

For substrate-binding residues H221F and Y225F, both
exhibited a 138% increase in enzyme efficiency toward poly-
ManA, due to significant increases in kcat and decreases in Km
values, indicating greater overall enzyme specificity for poly-
ManA for both mutants. Additionally, the H221F mutant
exhibited a 68% decrease in enzyme efficiency toward poly-
GlcUA, emphasizing its significantly increased activity and
specificity for poly-ManA (Table 1 and Fig. 4). Similarly, the
substrate-binding residues Y115F, W171A, and R312L demon-
strated increases in Km as well as kcat for poly-GlcUA compared
with wild type, and thus none of these mutants exhibited a
significant increase in enzyme efficiency for poly-GlcUA. How-
ever, R312L, the most active mutant toward poly-GlcUA (kcat of
80.7 s�1 versus 31.9 s�1 for wild type), displayed a 95% decrease
in enzyme efficiency for poly-ManA, further indicating this
mutant’s unique and significantly increased activity and speci-
ficity for poly-GlcUA (Table 1 and Fig. 4). Overall, these results
further reinforce the idea that the positive patch residues
(Lys42, Lys162, Arg163, and Arg218) play a general role in sub-
strate binding, as evidenced by uniform decreases in enzyme
efficiency for mutations to any of these residues versus interior
substrate-binding residues, where major increases in enzyme
efficiency are observed for poly-ManA (H221F and Y225F).

Heat Map of Changes in Substrate Specificity Caused by
Mutation of Putative Substrate-binding Residues—In an effort
to summarize the effect of each mutation on substrate specific-
ity, the putative substrate-binding residues were colored
according to the effect of mutating each residue on activity
toward HA, poly-GlcUA, and poly-ManA. More precisely, the
specific activity of each mutant against poly-GlcUA was scaled
to the color green with values ranging from 0, corresponding to
the mutant with the lowest poly-GlcUA activity (H221F), to
255, corresponding to the mutant with the highest specific
activity (R312L). A similar approach was taken for HA with red
and poly-ManA with blue (Fig. 5). Interestingly, mutations with
similar effects on substrate specificity clustered together in the
homology model. For example, H221F and Y225F both favored
poly-ManA cleavage and are localized to the left side of the
active site, whereas Y115F and R312L both favored poly-GlcUA
cleavage and are localized to the right side. Finally, W171A
favored both poly-ManA and poly-GlcUA cleavage and is
located in the middle of the active site (Fig. 5).

Changes in Optimal pH of R312L Mutant—Our previous
work concluded Smlt1473 was a multifunctional lyase that
exhibited broad but pH-regulated substrate specificity, with
optimal HA activity at pH 5, poly-GlcUA activity at pH 7, and
poly-ManA activity at pH 9 (9). Given the highly pH-sensitive
nature of wild-type Smlt1473, it was important to differentiate
whether the nine mutations changed the specific activity or the
optimal pH of the enzyme against a given substrate. To that
end, the pH optimum of each of the nine mutants was deter-
mined by measuring the activity at 1 pH unit above and below
the optimal pH of wild-type Smlt1473 (pH 4 – 6 for HA, pH 6 – 8
for poly-GlcUA, and pH 8 –10 poly-ManA). All mutants were
found to exhibit optimal pH values identical to wild type with
the exception of R312L against poly-GlcUA and poly-ManA,

TABLE 1
Kinetic parameters of Smlt1473 and mutants against poly-GlcA and
poly-ManA
Purified wild-type and mutant Smlt1473 was added to 16 different solutions con-
taining 7.8 to 3000 �g/ml (22.2 to 487.8 mM) of either poly-GlcUA at pH 7 or
poly-ManA at pH 9. Enzymatic activity was monitored by absorbance at 235 nm. All
reactions were preformed in triplicate. Turnover rate (kcat) was calculated using an
extinction coefficient of 6150 M�1 cm�1 for the unsaturated product (23). Km values
are based upon an effective molecular weight of 352 for the disaccharide sugar unit,
the smallest product formed by Smlt1473 during catalysis (9, 44).

Poly-GlcUA
30 mM Tris, pH 7

Poly-ManA
30 mM Tris, pH 9

kcat (s�1) Km (mM) kcat (s�1) Km (mM)

Wild type 31.9 0.17 3.3 0.35
Positive patch

K42L 29.0 0.18 3.7 0.46
K162L 20.3 0.10 2.8 0.33
R163L 21.3 0.18 1.4 0.67
R218L 17.8 0.19 2.8 0.36

Favors ManA
H221F 3.4 0.06 7.0 0.31
Y225F 39.1 0.21 7.9 0.35

Favors GlcUA
Y115F 59.6 0.38 1.3 0.15
R312L 80.7 0.59 0.2 0.52

Favors ManA/GlcUA
W171A 49.4 0.27 4.9 0.67

FIGURE 4. Percent change in enzyme efficiency (kcat/Km) of Smlt1473
mutants from wild type for poly-GlcUA at pH 7 and poly-ManA at pH 9.
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where the optimal pH was 1 unit less than that of wild-type
Smlt1473 (pH 6 for poly-GlcUA and pH 8 for poly-ManA) (data
not shown). Interactions between catalytic residues and nearby
charged residues have been shown to significantly influence the
apparent pKa value of the catalytic residues (34). Based on the
homology model of Smlt1473, the side chain of Arg312 lies �8 Å
from the catalytic His168 and Tyr222 (Figs. 3C and 5), and it lies
3 Å from the hydroxyl group of Tyr225, which in turn lies 3 Å
from the catalytic Tyr222 (Figs. 3B and 5). Disruption of the
interaction between Tyr225 and Arg312 was estimated by
PROPKA 3.1 (35–38) to increase the pKa of Tyr225 by 1.24. A
similar shift of 1.46 was estimated upon mutation of the corre-
sponding arginine in 1QAZ (11). The hydrogen bond between
the side chains of Tyr225 and Arg312 is highlighted in Fig. 5 by a
yellow dashed line. Given the close proximity of Tyr225 to
Arg312 and the catalytic Tyr222, it is possible that Arg312 influ-
ences catalysis indirectly via Tyr225 (Fig. 5).

DISCUSSION

The homology model of Smlt1473 revealed a cluster of basic
residues (Lys42, Lys162, Arg163, and Arg218) located at the
entrance of the active site cleft immediately adjacent to the
catalytic tetrad (Fig. 1). Similar positive patches observed in
the crystal structures of HA lyases from S. pneumoniae and S.
agalactiae are thought to participate in substrate binding by
drawing the negatively charged polysaccharide toward the
active site via electrostatic attraction (6, 31). Therefore, we pre-
dicted that mutation of residues located in the positive patch of
Smlt1473 would result in an overall reduction of enzymatic
activity regardless of substrate. As shown in Fig. 3E, mutants
K42L, K162L, R163L, and R218L resulted in diminished activity
toward each substrate with the exception of K42L, which exhib-
ited a modest (11%) increase in activity toward poly-ManA.
Furthermore, each positive patch mutant displayed reduced
enzymatic efficiency toward poly-GlcUA and poly-ManA, with

the exception of K162L, which exhibited a modest (10%)
increase in efficiency toward poly-GlcUA (Fig. 4). In general,
arginine mutations (R163L and R218L) appeared to have a
greater detrimental effect on activity and enzyme efficiency
than lysine mutations (K42L and K162L), implying the arginine
residues play a more important role in substrate attraction and
neutralization, perhaps due to the ability of the guanidinium
group to interact with the C5 carboxylate of the substrate in
three different orientations and form a larger number of elec-
trostatic interactions, such as salt bridges and hydrogen bonds,
compared with lysine (39, 40).

Multiple sequence alignment of Smlt1473 with the PL-5
lyases listed in the CAZy database (2) revealed that Trp171 was
conserved across all members of this family. Given the high
degree of conservation and predicted location in the center of
the active site cleft (Fig. 3D), we anticipated a significant role for
Trp171 in regulation of enzyme activity. Further evidence in
favor of a role for conserved tryptophan in regulation of lyase
activity comes from previous studies on the effect of mutating
an analogous, conserved tryptophan residue (W292A) in the
PL-8 HA lyase from S. pneumoniae, which retained 4% activity
compared with wild type (10). Interestingly, crystal structures
of the W292A mutant revealed that the HA substrate was still
bound to the active site but was misaligned with respect to the
catalytic residues (10). Consistent with the role of tryptophan
aligning HA substrates within the active site, the analogous
W171A in Smlt1473 resulted in essentially complete elimina-
tion of HA activity (Fig. 3H). However, in unexpected contrast,
W171A exhibited increased activity toward poly-ManA and
poly-GlcUA (Fig. 3H), implying this residue was not essential
for the optimal positioning of these additional substrates, but
rather it was specific to HA. One possible explanation for this
contrast in activities for different substrates is that HA is com-
posed of repeating heterodisaccharide units of GlcUA and

FIGURE 5. Heat map of putative substrate-binding residues with respect to substrate specificity. Surface model (A) and stick model (B) of Smlt1473 built
with Swiss-Model and Protein Data Bank code 1QAZ. Images were generated in PyMOL. Predicted catalytic residues (Asn167, His168, Arg215, and Tyr222) are
highlighted in white. Each putative substrate-binding residue is colored according to the effect of mutating each residue on activity toward HA (red), poly-
GlcUA (green), and poly-ManA (blue). The specific activity of the mutants against each substrate was scaled to the intensity of the corresponding color. The
hydrogen bond between Tyr225 and Arg312 is highlighted by a yellow dashed line.
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N-acetylglucosamine, whereas poly-GlcUA and poly-ManA are
both homopolysaccharides. The �-elimination mechanism of
PLs requires that a uronic acid be present in the �1 subsite;
therefore, the heterodisaccharide repeat of HA could require
additional, unique positioning in the active site conferred by
Trp171. Thus, Trp171 plays a key role in Smlt1473 in conferring
activity for HA and is analogous to other tryptophan residues in
related HA lyases where it is essential for activity by appropri-
ately positioning the heterodisaccharide repeat within the
active site for catalysis.

The remaining four substrate-binding mutants can be split
into two groups with opposite effects on substrate specificity;
H221F and Y225F exhibited increased activity and specificity
for poly-ManA (Fig. 3F), and Y115F and R312L exhibited
increased activity and specificity for poly-GlcUA (Fig. 3G).
Based on the model proposed by Shaya et al. (8), it is interesting
to consider the structural differences between poly-ManA and
poly-GlcUA and how those differences dictate which residues
in the active site undergo substrate binding and effect the over-
all positioning of the substrate with respect to the catalytic res-
idues. In their model for heparinase II, the residue responsible
for proton abstraction during the �-elimination mechanism is
dependent on the structure of the substrate itself. For heparin
cleavage, a histidine residue accepts the proton, whereas for
heparan sulfate cleavage, a tyrosine located on the opposite side
of the substrate accepts the proton. This model is based on the
fact that heparin contains mostly GlcUA, whereas heparan sul-
fate contains mostly iduronic acid, the C5 epimer of GlcUA.
The H5 proton abstracted during catalysis points in opposite
directions for each substrate and therefore can only be
abstracted by the catalytic residue it faces. Similarly, GlcUA and
ManA are C2 epimers of each other, with the second hydroxyl
group pointing down in the equatorial position for GlcUA and
up in the axial position for ManA (Fig. 6, top). Computational
studies and x-ray crystallography have shown that this subtle
difference has a dramatic effect on the polymeric structure (41,
42), namely poly-GlcUA favors a 21 helix (similar to cellulose)
with 180° turns between each subsequent residue, whereas
poly-ManA favors a 32 helix with 120° turns between each res-
idue. This results in poly-GlcUA having a planar shape with the
substituents of every other residue pointing in the same direc-
tion (41). Alternatively, poly-ManA has a more rod-like shape
with the sugar rings of three subsequent residues lying in three
separate planes (Fig. 6, bottom) (42). Crystal structures of poly-
ManA in complex with A1-III alginate lyase from Spingomonas
sp. show that bound substrate retains the 32 confirmation with
minor distortions between the �1 and �1 residues (4, 14).
There is currently no crystal structure of a lyase in complex
with poly-GlcUA, but because poly-ManA retains its native
structure upon binding, one might consider that poly-GlcUA
would do the same and therefore lead to dramatic changes in
relative activity dependent on orientation of the substrates in
the active site due to their unique structures (Fig. 6). These
structural differences likely account for the opposite effects of a
single mutant on poly-ManA and poly-GlcUA activity and
specificity. Further confirmation of this idea will require more
detailed, high resolution structures of poly-GlcUA-specific

lyases with bound substrate to compare against poly-ManA-
specific lyases.

To better understand the effect of mutations H221F, Y225F,
Y115F, and R312L on substrate specificity, the corresponding
residues were located in the solved crystal structure of A1-III
alginate lyase in complex with poly-ManA tetrasaccharide
(PDB code 4F13) (14) and analyzed for protein-protein and
ligand/protein interactions (43) in an effort to explain the
increased or decreased poly-ManA activity exhibited by the
above mutants. However, these interactions must be evaluated
with caution, because most mutations will lead to subtle struc-
tural changes that are difficult to predict. As stated previously,
there are currently no solved crystal structures of a lyase in
complex with poly-GlcUA; therefore, an equivalent analysis for
poly-GlcUA activity could not be performed. The H221F
mutant exhibited increased poly-ManA activity (Fig. 3F) and
substrate affinity (Table 1). The equivalent His245 forms a
hydrogen bond with O3 of the �1 sugar ring. Although muta-
tion to phenylalanine results in the loss of that hydrogen bond,
the larger six-carbon ring was predicted to double the surface
area between this residue and the �1 sugar ring (43), perhaps
resulting in a stronger C–H/� interaction and therefore
increased substrate binding. Interestingly, the N�2 group of
His245 lies 3.2 Å away from the C2 equatorial position of the �1
sugar ring, which is where the C2 hydroxyl group of poly-
GlcUA would be located, implying the histidine would be capa-
ble of hydrogen bonding with both O3 and O2 of poly-GlcUA.

FIGURE 6. Structural differences between poly-ManA and poly-GlcUA.
Top, chair diagram of GlcUA and ManA, which are C2 epimers of each other.
The C2 hydroxyl group is pointing down in the equatorial position for GlcUA
and pointing up in the axial position for ManA. Bottom, three-dimensional
structure of poly-GlcUA in a 21 helix (41) and poly-ManA in 32 helix (42). Struc-
tures were downloaded from PolySac3Db and rendered in PyMOL.
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The loss of this additional hydrogen bond may account for the
decrease in poly-GlcUA activity observed for the H221F
mutant. The Y225F mutant exhibited increased poly-ManA
activity (Fig. 3F) with little change in Km (Table 1), implying this
mutation influences catalytic activity instead of substrate bind-
ing. The equivalent Tyr249 forms a partially stacked interaction
with the �1 ManA sugar ring and a hydrogen bound with the
side chain of Arg342 (equivalent to Arg312 in Smlt1473). Muta-
tion to phenylalanine would preserve the C–H/� interaction
with the substrate but eliminate the hydrogen bond with argi-
nine. Disruption of the interaction between Tyr225 and Arg312

in R312L also influenced the optimal pH of Smlt1473 (see
“Results”), implying this bond plays an indirect role in catalysis.

The Y115F mutant exhibited reduced poly-ManA activity
(Fig. 3G), yet increased substrate affinity (Table 1). The equiv-
alent Tyr137 forms a partially stacked interaction with the �1
sugar ring. Mutation to phenylalanine may increase the C–H/�
interaction between the residue and sugar ring and prevent
release of the unsaturated product, therefore resulting in a
decrease in overall activity but an increase in substrate affinity.
The R312L mutant exhibited reduced poly-ManA activity (Fig.
3G) and reduced substrate affinity (Table 1). The equivalent
Arg342 forms a salt bridge with the carboxylic acid group of the
�1 sugar ring. Electrostatic attraction between positively
charged amino acids and the negatively charged substrate is a
key factor in polysaccharide binding, and therefore it is not
surprising that a mutation to leucine results in a decrease in
substrate binding and activity. With regard to the increased
poly-GlcUA activity of R312L, Arg312 may not be involved in
neutralizing the carboxyl group of the �1 GlcUA sugar ring due
to the structural differences between poly-ManA and poly-
GlcUA (Fig. 6). Removal of the arginine side chain may trigger a
conformational change in the active site cleft that facilitates
poly-GlcUA cleavage. Clearly, further structural analysis of
Smlt1473 is required to fully elucidate the effect of each muta-
tion on enzymatic activity and substrate specificity.

Overall, our results also point to the utility of a sequence
structure guided approach in the identification of key residues
responsible for regulating poly-ManA, poly-GlcUA, and HA
activity in Smlt1473. By utilizing a homology model based on
1QAZ (Fig. 1), we were able to identify nine key residues within
the predicted active site, and we found point mutations that led
to dramatic increases in activity as well as selectivity for poly-
GlcUA and poly-ManA. The ability to engineer a high degree of
selectivity yet retain potent activity for a given substrate is of
increasing interest in processing naturally occurring polysac-
charides such as alginate and glucuronan for a diverse array of
applications, including biomass pre-processing for fermenta-
tion-based biofuel production and generating defined chemical
compositions and sizes of polysaccharides as drug delivery sys-
tems. Previous studies have used random mutagenesis coupled
to selection to identify poly-�-L-guluronic (poly-GulA)-specific
alginate lyases by randomly mutating AlyA from Klebsiella
pneumoniae, which natively exhibited both high poly-MG and
poly-GulA activity. Although effective in identifying poly-
GulA-specific lyases, the increase in selectivity came at the
expense of significantly reduced overall activity (16). In con-
trast, our sequence-structure guided approach was able to focus

our initial search to a narrow set of nine conserved residues,
with point mutations giving rise to highly active and specific
poly-ManA and poly-GlcUA lyases. Moreover, our results
highlight the structural plasticity of the Smlt1473 active site,
with key residues important for conferring activity to HA
(Trp171), poly-GlcUA (His221 and Tyr225), and poly-ManA
(Tyr115 and Arg312), enabling engineering of selectivity for a
particular substrate. Future studies are focused on probing the
structural specificity responsible for poly-GlcUA, which will
enable comparison of substrate structure with active site bind-
ing and catalysis to determine what role substrate structure
plays in enzyme activity, selectivity, and catalysis.
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