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Degradation of polysaccharides is central to numerous bio-
logical and industrial processes. Starch-active polysaccharide
monooxygenases (AA13 PMOs) oxidatively degrade starch and
can potentially be used with industrial amylases to convert
starch into a fermentable carbohydrate. The oxidative activities
of the starch-active PMOs from the fungi Neurospora crassa and
Myceliophthora thermophila, NcAA13 and MtAA13, respec-
tively, on three different starch substrates are reported here.
Using high-performance anion-exchange chromatography cou-
pled with pulsed amperometry detection, we observed that both
enzymes have significantly higher oxidative activity on amylose
than on amylopectin and cornstarch. Analysis of the product
distribution revealed that NcAA13 and MtAA13 more fre-
quently oxidize glycosidic linkages separated by multiples of a
helical turn consisting of six glucose units on the same amylose
helix. Docking studies identified important residues that are
involved in amylose binding and suggest that the shallow groove
that spans the active-site surface of AA13 PMOs favors the bind-
ing of helical amylose substrates over nonhelical substrates.
Truncations of NcAA13 that removed its native carbohydrate-
binding module resulted in diminished binding to amylose, but
truncated NcAA13 still favored amylose oxidation over other
starch substrates. These findings establish that AA13 PMOs
preferentially bind and oxidize the helical starch substrate amy-
lose. Moreover, the product distributions of these two enzymes
suggest a unique interaction with starch substrates.

Polysaccharidemonooxygenases(PMOs)3arecopper-depen-
dent enzymes that use an oxidative mechanism to hydroxylate
the glycosidic bond of polysaccharides, including cellulose (1,
2), hemicellulose (3–6), chitin (7, 8), xylan (9, 10), and starch

(11, 12). They are commonly referred to as lytic polysaccharide
monooxygenases and are classified by the Carbohydrate Ac-
tive Enzyme database as auxiliary activity (AA) enzymes (13).
The Type-2 mononuclear copper active site in PMOs is surface
exposed, allowing the enzyme access to the glycosidic bonds on
the surface of insoluble crystalline substrates. It is unlikely that
PMOs separate single polysaccharide chains from the sub-
strates, an energy-intensive step required by glycoside hydro-
lases (GHs). PMOs regioselectively hydroxylate either the
C1-H or C4-H through co-substrate (O2 or H2O2)– dependent
mechanisms (14 –16), leading to glycosidic bond cleavage. The
new chain ends generated can then be hydrolyzed by GHs. The
synergy between PMOs and GHs increases the overall conver-
sion of recalcitrant polysaccharides to fermentable sugars and
thus has significant potential in the biofuels industry (17–19).

Starch is an �(134) linked glucose biopolymer that serves as
a form of energy storage in plants. The main components of
plant-based starch are amylose (�15%–35%) and amylopectin
(�65%– 85%) (20, 21). Amylose chains typically contain several
hundred to thousands of �(134)-linked D-glucose units that
form both single and double helices (Fig. 1). These double heli-
ces align in a parallel fashion to form crystalline structures (22–
24). In this most common form, A-type, each amylose helix
turn consists of six glucose units. Amylopectin chains contain
several thousands to hundreds of thousands of glucose units
with �(136)-branched linkages approximately every 30 glu-
cose units along the main chain. Past research showed that the
crystalline nature of amylose leads to a dense, insoluble, and
hydrolytically resistant biopolymer (21, 25–27). In contrast,
amylopectin has a lower density and is more accessible for amy-
lase hydrolysis.

Starch-active PMOs (AA13 PMOs) are one of seven families
in the PMO superfamily (28 –30) and represent a small fraction
(�1%) of the total known PMOs. Although these enzymes were
discovered in fungi through the starch-specific carbohydrate
binding module 20 (CBM20), a significant number of AA13
PMOs have now been identified that lack this domain. Carbo-
hydrate binding modules (CBM) are noncatalytic domains that
increase enzyme affinity for specific polysaccharides (31, 32).
PMOs are able to naturally function without a CBM, as only
about 30% of the more than 15,000 putative PMOs are associ-
ated with a CBM. On the other hand, 60% of putative AA13
PMOs contain the starch-specific CBM20 domain, suggesting
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that CBMs play a significant role in this family compared with
other classes of PMOs. Nonetheless, AA13 PMOs generate
malto-aldonic acids via oxidation of the C1 position of �(134)
glycosidic linkages (Fig. 2, top reaction) (11, 12), which resem-
bles the oxidative cleavage of �(134) and �(133) glycans per-
formed by other PMO families (2, 3, 7–9, 33). AA13 PMOs are
currently the only PMOs that hydroxylate �(134) glycosidic
linkages. It is unknown whether AA13 PMOs cleave the
branching �(136) linkages (Fig. 2, bottom reaction). Addition-
ally, AA13 PMOs differ from other PMO families in that they
possess a shallow groove found on the substrate-binding sur-
face, which likely accommodates helical starch substrates (12).

Despite the low occurrence of AA13 PMOs, their unique
ability to oxidize �(134) glycosidic linkages places them in an
important biological niche. Consistent with activity on this sub-
strate, AA13 PMO expression is up-regulated when fungi are

grown on starch (34, 35). Understanding AA13 activity is an
important step toward understanding how organisms utilize
this polysaccharide. In this study, AA13 PMO activity on starch
substrates with varying extents of �(136) branching was inves-
tigated. Two AA13 PMOs, one from Neurospora crassa
(NcAA13) and the other from Myceliophthora thermophila
(MtAA13), were characterized using activity assays, pulldown
assays, and docking models. The data establish that AA13
PMOs preferentially oxidize the nonbranched helical polysac-
charide amylose over �(136)-branched starch polysaccharides
and identify residues within the catalytic domain involved in sub-
strate binding that are conserved among AA13 PMOs. In addition,
AA13 PMOs generate major malto-aldonic acid products with
degrees of polymerization of 6n (n � 1, 2, 3, etc.) via the oxidation
of glycosidic linkages separated by multiples of a helical turn on the
same helix of amylose substrate, which is suggestive of the AA13
mode of action on the crystalline surface of amylose. These
insights contribute to elucidating the mechanism of AA13 PMOs
in particular and the PMO superfamily in general.

Results

Sequence similarity networks of the Pfam PF03067 indicated
that all AA13 PMOs (165 sequences) are closely related (Fig.
3A). The tight clustering of these PMOs suggests that all AA13
likely act on the same type of starch polysaccharide. The
sequences in this cluster are derived from 122 organisms, with
no obvious distinction between the presence or absence of the
starch-specific CBM20 domain (Table S1). Moreover, �40% of
AA13 PMOs do not contain a CBM20 domain, suggesting that
the presence of the CBM is not necessarily associated with
physiological function in all cases. NcAA13, which naturally
contains a CBM20 domain, and MtAA13, which lacks a CBM20
domain, were selected as representative examples of the two
domain architectures associated with AA13 PMOs. To make
direct biochemical comparisons between these two PMOs, trun-
cations removing the linker and CBM20 of NcAA13, as well as a
chimeric protein, MtAA13�CBM, adding the CBM20 of NcAA13
to MtAA13, were recombinantly expressed and purified (Fig. 3B
and supporting information). Following copper reconstitution,
each enzyme bound 0.87–0.93 equivalents of copper.

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party– hosted site.

Figure 1. Structure of A-amylose. A and B, double helix of A-type amylose
(A, AmyA_double.pdb) and typical packing of crystal unit of amylose
based on the file “A-amylose_2009-popov_expanded.pdb” (B) obtained
from http://polysac3db.cermav.cnrs.fr.4

Figure 2. Oxidative cleavage of starch by AA13 PMOs. AA13 PMOs oxidize
the C1 position of �(134) linkage (top arrows). It is unknown whether AA13
PMOs oxidize the �(136) linkage of starch substrates (bottom arrows).

Figure 3. Overview of AA13 PMOs. A, SSN for AA13 PMOs generated using
an E value of 10�80. Nodes are color-coded based on the native AA13 PMO
sequence containing a CBM20 (purple) or only an AA13 catalytic domain
(cyan). B, domain architectures of the AA13 PMO constructs used in this study.
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Substrate preference of AA13 PMOs

The activity of NcAA13 and MtAA13 on amylose, amylopec-
tin, and cornstarch was assessed to investigate specificity with
various starch polysaccharides. HPAEC-PAD was used to ana-
lyze the soluble oxidized products (Fig. 4, A and B). These chro-
matograms exhibit peaks corresponding to malto-aldonic acids
with various degrees of polymerization (DPs), as shown previ-
ously (11). Without malto-aldonic acid standards with DP � 7,
exact product quantification was not possible. Therefore, activ-
ity was calculated as the sum of the areas of all product peaks.
Both AA13 PMOs were significantly more active on amylose
than on the other two starch substrates. NcAA13 produced
�25 and 125 times more soluble oxidized products from amy-
lose than from amylopectin and cornstarch, respectively (Fig.
4A and Fig. S1). Similarly, MtAA13 produced �20 and 90 times
more soluble oxidized products from amylose than from amy-
lopectin and cornstarch, respectively (Fig. 4B and Fig. S1).

Truncations of NcAA13 that lacked the CBM20 domain were
assayed to determine the effect of the CBM on oxidative activ-
ity. NcAA13�CBM and NcAA13cat produced a larger number
of distinct oxidized products from amylose than amylopectin
and cornstarch, but the overall product yield was lower (Figs.
S1–S4). NcAA13�CBM displayed a similar product profile as
NcAA13, generating oxidized malto-aldonic acid products (A)
with a DP from A3 to over A36 (Fig. S2). Smaller soluble oxi-
dized products (A1–A3) were observed for NcAA13cat, sug-
gesting that it is not able to access the more crystalline regions
of amylose.

Closer examination of the HPAEC-PAD chromatograms
revealed that all constructs exhibited a unique product distri-
bution pattern with amylose. The peak corresponding to A6
had the highest intensity. The peak intensity then gradually
decreased, with the lowest intensity for A8 and A9, and then

increased in intensity up to A12. This pattern is repeated for
every pair of A6n and A6(n�1) products, where n is an integer
from 1 to at least 5, as detected within the observable range of
the HPAEC-PAD method. Among these A6n peaks, the inten-
sity decreases with increasing values of n. The peak intensity
progressively decreased from A6 to A5 and A4. Although
A1–A3 products were not observed in the WT chromato-
grams, smaller oxidized products were observed for
NcAA13cat (Fig. S3). The product distribution pattern from
assays on amylose indicated that A6n is the major product
from both NcAA13 and MtAA13. This unique pattern was
not observed in assays with amylopectin and cornstarch,
which contain shorter and less ordered helices. Instead, the
product peaks from these substrates increased up to A6 and
then gradually decreased.

CBM20 contribution to oxidative activity

NcAA13 and MtAA13 are ideal PMOs to explore the role of
CBM20 domains in starch oxidation. NcAA13 contains both
an AA13 catalytic domain and a CBM20 domain, whereas
MtAA13 consists of only a catalytic AA13 domain. The
sequence identity between the two catalytic domains is 77%.
In addition to the full-length enzymes, two truncations of
NcAA13 (NcAA13�CBM and NcAA13cat) and a chimeric
MtAA13 PMO (MtAA13�CBM) were further characterized
for their ability to degrade starch. Because the above results
indicated that amylose was the preferred polysaccharide
substrate for both NcAA13 and MtAA13, assays were per-
formed using this substrate. Low enzyme concentrations
were used to increase enzyme-substrate loading, thereby
minimizing off-pathway oxidations. The reaction progress
of each construct was monitored over 2 h.

Figure 4. HPAEC-PAD chromatograms of NcAA13 and MtAA13. A and B, activity assays of NcAA13 (A) and MtAA13 (B) with amylose (blue lines), amylopectin
(red lines), and cornstarch (green lines) substrates. A chromatogram of malto-aldonic acid standards (yellow lines) has been included for reference. For clarity, the
chromatograms for the amylose assays were scaled down by 10-fold. A1–A30 indicate the malto-aldonic acid products with degrees of polymerization of 1–30.
Chromatograms for NcAA13�CBM, NcAA13cat, and MtAA13�CBM can be found in the supporting information.
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Initial reactions were performed using 25 mg/ml amylose
(Fig. 5A). Both NcAA13 and MtAA13 generated soluble oxi-
dized products, with activity beginning to plateau after approx-
imately 1 h. Both enzymes appeared to retain activity after 2 h,
albeit with significantly lower turnover. Both truncations of
NcAA13 formed nominal amounts of soluble oxidized products
despite an O2 reduction activity similar to that of the WT (Fig.
S5). The chimeric MtAA13�CBM construct was the only
enzyme to display linear rates of oxidized product formation
over the entire time course. In addition, the concentration of
soluble oxidized products was higher compared with all other
constructs, suggesting that the chimeric enzyme can more effi-
ciently utilize amylose than WT MtAA13.

Substrate occupancy at the active site is an important crite-
rion to minimize off-pathway oxidations that lead to enzyme
inactivation (36, 37). In line with this, the observed loss in
activity with 25 mg/ml amylose may have been a result of a
subsaturating amylose concentration. Therefore, the reaction
progress was then monitored using 50 mg/ml amylose (Fig. 5B).
MtAA13�CBM showed a linear formation of oxidized prod-
ucts with similar relative activity to that observed at 25 mg/ml.
Both WT PMOs displayed linear rates of soluble product for-
mation, suggesting that there was no enzyme inactivation via
auto-oxidation. The progress curves of the WT enzymes were
�1.5-fold lower than that of the chimeric enzyme, indicating
that the chimeric enzyme can more efficiently utilize amylose.
Increasing the substrate concentration had little effect on the
oxidative active activity of NcAA13.

Starch binding by AA13 PMOs

To assess the ability of AA13 PMOs to bind starch polysac-
charides and quantify the contribution of the CBM20
domain to substrate binding, pulldown assays were per-
formed using amylose, amylopectin, and cornstarch (Fig. 6).
More than 50% of all constructs were pulled down by corn-
starch and amylopectin except for MtAA13 by amylopectin.
Conversely, amylose binding was strongly influenced by the
presence of the CBM20 domain. Compared with WT
NcAA13, approximately 35% and 50% reductions in amylose
binding were observed for NcAA13�CBM and NcAA13cat,

respectively. Although MtAA13 exhibited poor binding to
amylose (�30%), addition of NcAA13’s CBM20 domain to
MtAA13 (MtAA13�CBM) resulted in a more than 50%
increase in enzyme binding. Together, these results show
that the CBM20 domain has the greatest influence over amy-
lose binding affinity. The favorable binding of cornstarch
and amylopectin, regardless of domain architecture, may be
a result of their more “porous” structure compared with
amylose as well as �(136) branch points, which could pro-
vide additional, nonspecific interactions with the enzyme
surface. However, less than 5% of the total enzyme concen-
tration was found in the supernatant following resuspension
of the polysaccharide pellet.

Amylose docking model

To better understand the substrate preference of AA13
PMOs, the interaction of AoAA13 from Aspergillus oryzae was
examined with structurally defined substrates. AoAA13 is cur-

Figure 5. Formation of oxidized products from amylose. A, product formation with 25 mg/ml amylose. B, product formation with 50 mg/ml amylose. All
assays contained PMO (1 �M), ascorbic acid (2 mM), and amylose (25 or 50 mg/ml) in 50 mM sodium acetate buffer (pH 5.0). Error bars represent one standard
deviation of the mean (n � 3). Some error bars are smaller than the size of the data point.

Figure 6. Starch binding to AA13 PMOs. The ability of each AA13 PMO to
bind cornstarch, amylopectin, and amylose was assessed through pulldown
assays. Assays containing PMO (10 �M) and polysaccharide substrate (25
mg/ml) in 50 mM sodium acetate buffer (pH 5.0) were shaken for 2 h. The
starch substrate was pelleted, and the supernatant containing the unbound
protein was analyzed by SDS-PAGE. Error bars represent one standard devia-
tion of the mean (n � 3).
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rently the only AA13 PMO for which a structure is available
(PDB code 4OPB) (12). AoAA13 shares 72% and 76% sequence
identity with NcAA13 and MtAA13, respectively, thus serving
as a reasonable structural model for these two PMOs. The cop-
per active site of AoAA13 is located midway through a shallow
groove spanning the active-site surface (12). This shallow
groove was proposed to have a role in the interaction of AA13
PMOs with branched-type substrates (12, 28). To test this
hypothesis, molecular docking between the active-site groove
and an amylose random coil, A-type single helix, and A-type
double helix was performed. The docked conformations of
the three types of substrates fit relatively well into the active-
site groove of AoAA13. The optimal binding interactions of
AoAA13 with these substrates are shown in Fig. 7 and Figs. S6
and S7.

In all three models, each substrate was found to dock along
the active-site surface groove, positioning a glycosidic linkage
in proximity (5.1–5.8 Å) to the copper active site (Fig. 7B and
Figs. S6 and S7). As a result, equatorial coordination of the

co-substrate would be favored, but axial coordination cannot
be ruled out. Because different structural analysis tools give
different results in H-bond determination, a range in the num-
ber of H-bonds formed between the AA13 PMO and each sub-
strate is reported, representing the H-bonds identified using a
variety of analyses. A random amylose coil forms 16 –19
H-bonds with 11 residues of AA13 PMOs (Cys25, Ile27, Glu29,
Arg44, Ala52, Arg53, Asn88, Asp90, Pro172, Lys173, and Gln219)
(Fig. S6). Single-helix A-amylose forms six to 12 H-bonds with
six residues of AA13 PMO (Glu29, Arg53, Asn88, Glu167, Gln219,
and Gln222) (Fig. S7). Double-helix A-amylose forms seven to
13 H-bonds with six residues of AA13 PMOs (Glu29, Arg53,
Asn88, Glu167, Lys173, and Gln219) (Fig. 7B). The four residues
Glu29, Arg53, Asn88, and Gln219 are involved in H-bonds with all
three substrates, whereas Glu167 only forms an H-bond with
helical substrates. These H-bonding residues identified in the
docking models are highly conserved (Fig. 7C), suggesting that
these models are likely applicable to all AA13 PMOs.

Figure 7. Docking model of an amylose double helix bound to AoAA13. A, illustration of the amylose double helix bound to the active-site surface. B,
residues identified in the model to make hydrogen bonds (yellow dashed lines) with amylose. This model was generated from a docking experiment using PDB
code 4OPB. C, close-up of the active site. The blue dashed lines indicate the distance from the copper center (brown) to the C1 (5.1 Å) and C4 (5.8 Å) positions of
the glycosidic linkage positioned over the active site. D, sequence logo for the catalytic domain of the putative AA13 PMO family, showing conserved contact
sites for modeled substrates: random (blue dots), single helix (red dots), or double helix (orange dots) amylose. All binding sites predicted in the docking model
involve highly conserved residues in the AA13 family, with the exception of the Glu167/Pro172/Lys173 contact sites, which are found in a highly variable region
of the sequence. Gaps in the logo caused by nonconserved insertions were manually removed for clarity. Numbers do not exactly match the sequence
numbering of NcAA13, as many other sequences in the family have relatively conserved insertions.
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The Gibbs free energies for binding of substrates to the
active-site groove were calculated using Autodoc Vina as
described previously (38). The binding energy to the active-site
groove for the amylose double helix (�11.8 kcal/mol) is slightly
higher than that of the single helix (�10.5 kcal/mol) and almost
2-fold greater than that of the random coil (�6.2 kcal/mol). The
differences in affinities between the amylose random coil and
the amylose helices can be explained through the differences in
their degrees of freedom. The number of degrees of freedom of
the coil conformation is much higher than that of the helical
conformations. It is thus more energetically difficult to adopt
the optimized binding position between the amylose random
coil and the active-site groove. In other words, the conforma-
tional entropy would significantly reduce the binding affinity of
the amylose random coil to the AA13 PMO. Therefore,
although the amylose random coil forms more noncovalent
bond contacts, it a has much lower affinity to the groove com-
pared with that of the helical substrates. This result suggests
that the AA13 PMO surface groove could play a role in the
preference of amylose helical type substrates over random coil
types.

Discussion

AA13 PMOs degrade insoluble starch polysaccharides and,
in the process, generate a fairly wide distribution of products
that can be derived from long soluble fragments or from the
crystalline lattice. The observed substrate selectivity and prod-
uct distributions indicate that AA13 PMOs prefer to act on the
nonbranched �-helical substrate amylose. The lack of A1 and
A2 products and the small amount of A3 and A4 products sug-
gest that AA13 PMOs require at least four glucose units on
either side of the cleavage position, consistent with the docking
models (Fig. 7 and Figs. S6 and S7). Accessibility of the glyco-
sidic linkages in the amylose helix is directly responsible for the
unique product distribution observed for AA13 PMOs. Amy-
lose helices, which have pseudo C6 symmetry, consist of six
glucose units per turn. The packing of amylose helices into
sheets and stacks of sheets (Fig. 1) would make the 6n sites
(corresponding to n helical turns) the most accessible linkages
on the crystalline surface to the PMO active site. This packing
only allows the PMO access to one face of the amylose helix; the
oxidized products corresponding to A6n positions should be
the most abundant, and, indeed, that is the case. Conversely, the
PMO is not restricted to one face of amylopectin because its
shorter, less ordered helices are not as tightly packed. Thus, the
unique pattern is not observed.

A mechanism for AA13 degradation of crystalline amylose
can be proposed based on the product distribution observed
(Fig. 8). AA13 PMOs oxidize the target linkage at the first posi-
tion encountered on the amylose helix (Fig. 8, step 1). This will
release An fragments when this cleavage is near the end of the
chain. Subsequent cleavage at the next accessible glycosidic
linkage along the same helix results in A6 products (Fig. 8, step
2). All additional turnovers of the PMO can then oxidize all
available sites along the crystal face to generate A6 fragments
(Fig. 8, step 3). Cleavage reactions that occur when the PMO has
skipped an available site either through processivity or sub-
strate dissociation and reassociation (Fig. 8, step 4) would yield

A6n products (Fig. 8, step 5); these smaller fragments can be
further processed to generate A6 fragments. The three-dimen-
sional orientation of �(134) glycosidic linkages between A6n
and A12n of the helical substrate are not accessible unless the
enzyme migrates around the helix or the helix unravels to a
random coil.

The accessibility of every sixth glycosidic bond in the amy-
lose helix and the observation that the A6 products are largest
in peak height and area suggest processive action of AA13
PMOs. Single-molecule imaging of AA9 PMOs on cellulosic
substrate indicates that these enzymes are not processive (39),
but the mode of action for AA13 PMOs may differ. Similar
product distributions are observed for only the catalytic
domains (NcAA13cat and MtAA13), ruling out CBM-mediated
processive action of AA13 PMOs. However, processive hydro-
lases do not require a CBM (40), and the tunnel-shaped active
site is a key structural feature promoting processivity (41, 42).
AA13 PMOs have a groove along the substrate-binding surface
that is not observed in other AA PMO families, which could
allow the PMO to move along nonbranched amylose helices;
�(136) branch points would impede PMO action. A metric
commonly used to measure processivity of glycoside hydrolases
is the molar ratio of the major product (disaccharide) to that of
odd-numbered oligosaccharides (monosaccharides and trisac-
charides) (43). The larger the ratio, the higher the degree of
processivity, with ratios for processive hydrolases typically

Figure 8. Proposed mechanism for AA13 PMO action on amylose. The
AA13 PMO binds to the amylose double helix in the active-site surface groove
(dark blue), with the active site positioned above the �(134) linkage. Acces-
sible glycosidic C-H bonds on the amylose sheet are designated with a blue H.
The copper active site is shown in orange. Glucose units are shown as
hexagons. The amylose chain undergoing oxidation is shown in green.
Filled red circles indicate oxygen atoms. H2O release resulting from each
cleavage event is omitted for clarity. Oxidation of the glycosidic linkage
results in the release of an An fragment (n � degree of polymerization)
(step 1). The PMO can then oxidize and cleave the next available bond to
generate an A6 fragment (step 2) and subsequently move along the same
helix to generate additional A6 fragments (step 3). Alternatively, following
the first oxidation event, the PMO can bind a new portion of the amylose
helix to generate A6n fragments (step 5).
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greater than 10 (44 –46). To investigate the possibility of pro-
cessivity in AA13 PMOs, peak areas of soluble product frag-
ments can be used as a proxy for concentrations to generate a
similar ratiometric comparison. Peak area is derived from the
electrochemical detector response and is not a strict quantita-
tive measure of concentration. With that proviso, regardless of
AA13 PMO and the time point chosen (15, 30, or 60 min), the
sum of A6 and A12 peak areas compared with the products in
between (A5–A11) resulted in a ratio of �2. These product
ratios are significantly lower than that of processive glycosyl
hydrolases and are consistent with nonprocessive action by
AA13 PMOs.

The significantly higher activity of NcAA13 and MtAA13 on
amylose over cornstarch and amylopectin has several implica-
tions. Previous studies have shown that the oxidative function
of AA13 PMOs has been shown to confer more efficient hydro-
lase action on cornstarch (12). Because cornstarch is made up of
both amylose and amylopectin, our results are consistent with
AA13 action on the amylose portion of this substrate. The tight
packing of starch in amylose helices naturally makes this form
of starch more resistant to hydrolytic action compared with
amylopectin.

AA13 PMOs acting on crystalline, recalcitrant substrates is
consistent with other AA PMO families; PMOs disrupt the
crystalline lattice to facilitate access of substrate for GHs. AA13
PMOs appear to favor extended amylose chains lacking �(136)
branch points. The lower activity on cornstarch and amylopec-
tin likely arises from the less favorable binding affinity of non-
helical substrates in combination with �(136) branch points.
Although AA13 PMOs can bind starch substrates with �(136)
branch points (Fig. 6), these branch points likely prevent pro-
ductive substrate binding and point to the inability of AA13
PMOs to oxidize these linkages and release soluble products. In
the same way that PMOs increase accessibility of crystalline
substrates to hydrolases, amylases or debranching enzymes
that hydrolyze �(136) branch points (47) may also provide
synergy for PMO-mediated starch degradation. The helical
amylose chains can then bind favorably in the unique substrate-
binding groove found in AA13 PMOs, positioning the glyco-
sidic bond near the active-site copper. Starches with high amy-
lose content are very resistant to hydrolytic amylase action,
which could in part be due to the crystallinity of the polysac-
charide (48). Indeed, AA13 PMO oxidative activity is necessary
to create new chain ends for hydrolases; the AA13 PMO from
Aspergillus nidulans, AnAA13, and �-amylase enhance the
degradation of retrograde starch (12).

Our data support previous findings that CBMs have impor-
tant roles in polysaccharide binding, which leads to protection
from enzyme inactivation (37, 49 –52). Previous work has also
investigated the binding properties of PMOs appended with a
CBM20 domain (53). Our work shows that the CBM20 domain
clearly confers an advantage to binding helical starch substrates
(Fig. 6), although it is not an absolute requirement for catalytic
activity. NcAA13 produced higher quantities of longer oxidized
products compared with MtAA13 (Fig. 4), and removal of the
CBM20 domain from NcAA13 (NcAA13cat) resulted in shorter
oxidized products. MtAA13 appears to have evolved without a
CBM20 to productively oxidize amylose with similar product

distributions to that of NcAA13. Sequence alignments of the
two PMOs point to no obvious residues in the catalytic domain
(e.g. additional aromatic or H-bonding residues) that would
confer such an advantage. Although the NcAA13 truncations
are able to bind starch substrates, the relatively low activity
suggests that the glycosidic linkage cannot be correctly posi-
tioned in the active site, likely leading to oxidative inactivation.
The CBM20 domain may have a role in allowing the PMO to
access crystalline portions of the biomass; such a role has been
proposed for cellulose-active PMOs (50).

Taken together, AA13 PMOs serve an important role oxidiz-
ing �(134) glycosidic bonds in the degradation of starch.
Although the exact physiological role of AA13 PMOs is not
clear, our studies show that AA13 PMOs highly prefer extended
helical amylose chains over other types of starch substrates.
Moreover, AA13 PMOs generate A6n products through the
cleavage of glycosidic linkages separated by multiples of a six-
glucose unit helical turn on the same helix in amylose. Because
plant starch is primarily comprised of �(136)-branched amy-
lopectin, the full mechanism of action between starch-active
PMOs and hydrolases active on starch may be more compli-
cated. However, the tight packing of amylose prevents hydro-
lytic action, and thus the oxidative activity of AA13 PMOs likely
plays a central role in amylose degradation. The residues iden-
tified to be involved in amylose binding are highly conserved,
suggesting that the substrate preference and product distribu-
tion observed here for NcAA13 and MtAA13 constructs are
common features of all AA13 PMOs. This work has provided a
clearer picture of starch degradation and provides useful
insight for future studies of AA13 PMOs. Rigorous single-mol-
ecule imaging techniques and molecular simulations will help
to resolve the molecular mechanism of AA13 PMOs and their
ability to generate the unique product profile observed here.

Experimental procedures

Cloning, expression, and purification

NcAA13 (NCU08746; UniProt KB Q7SCE9) and MtAA13
(Mycth_2313229; UniProt KB G2QP40) were cloned from
conidia of N. crassa and M. thermophila, respectively. Overlap-
ping PCR was used to attach the linker and CBM20 domain of
NcAA13 to MtAA13. All constructs were inserted into the
pCSR1 vector, and the sequences were verified to be correct
(University of California Berkeley Sequencing Facility). The
plasmids were then linearized for transformation via electropo-
ration into N. crassa as described previously (54). Transfor-
mants were screened for protein expression, and the positive
transformant producing the highest level of recombinant pro-
tein was selected for large-scale growths.

AA13 PMOs were expressed in N. crassa following methods
reported previously (11). Cultures (10 liters in 250-ml flasks) of
N. crassa were grown at 30 °C for 3 days. The secretome was
separated from the fungal biomass and then concentrated 100-
fold. All constructs were purified to homogeneity following
methods described previously (11). AA13 PMOs with a CBM20
were purified using an amylose resin column (New England
Biolabs), followed by size exclusion chromatography (Superdex
75 16/600 pg, GE Healthcare). All other constructs were puri-
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fied using anion-exchange chromatography (MonoQ 10/100
GL, GE Healthcare) and size exclusion chromatography (Super-
dex 75 16/600 pg, GE Healthcare). Following purification,
enzymes were treated with EDTA (1 mM) to remove all metals.
Dialysis against buffer A (50 mM sodium acetate (pH 5.0)) contain-
ing CuSO4 (20 �M) was used to reconstitute each PMO. A PD-10
desalting column equilibrated with buffer A was used to remove
excess CuSO4. Reconstitution of each enzyme was confirmed
using the copper-specific chelator bathocuproine disulfonate
(BCS). PMO (50 �M), BCS (1 mM), and ascorbic acid (1 mM) in 50
mM sodium acetate (pH 5.0) were incubated at room temperature
for 30 min. Spectrophotometric determination of [Cu(BCS)2]3�

(�483 � 12,500 M�1 cm�1) was used to determine the copper con-
tent of each PMO (55).

Polysaccharide oxidation assay

Activity assays monitoring oxidized products were carried
out as described previously with slight modifications (11, 56).
Cornstarch (Sigma-Aldrich, S4126), amylopectin (Sigma-
Aldrich, 10120), and potato amylose (Sigma-Aldrich, A0512)
were dispersed in buffer A at 100 mg/ml. Substrates were pel-
leted and resuspended in buffer A three times to thoroughly
wash and remove contaminants. Assays contained Cu(II)PMO
(5 �M), ascorbic acid (2 mM), and polysaccharide substrate
(50 mg/ml) in buffer A. The assay mixtures were incubated at
42 °C with shaking at 1100 rpm for 2 h. In negative controls,
Cu(II)PMO was replaced with CuSO4 (1 or 5 �M). The reac-
tions were quenched by addition of an equal volume of 0.2 M

NaOH. Time point assays were performed to quantify the prod-
ucts formed using Cu(II)PMO (1 �M), ascorbic acid (2 mM), and
amylose (25 mg/ml or 50 mg/ml) in buffer A. Aliquots were
taken from the reaction and quenched with an equal volume of
NaOH (0.2 M) after 10, 30, 60, and 120 min. Product analysis
was carried out with HPAEC-PAD using a Dionex ICS-5000
system (Thermo Fisher) as described previously (56). Activity
was calculated as the sum of the areas of all peaks correspond-
ing to malto-aldonic acids.

Sequence similarity network (SSN) generation

SSN creation has been described previously (57). Pfam
PF03067 was used as the input for the SSN. An alignment score
of 80 (E value � 10�80) was used to generate the SSN, which was
visualized using Cytoscape 3.3.0 (58). The network was created
by selecting the only cluster (171 sequences) that contained
known starch-active PMOs. Six sequences, which did not con-
tain a predicted signal peptide that would be cleaved before a
histidine residue, were left out of the analysis. 100 sequences
contained a C-terminal CBM20 domain and were identified
and colored manually.

Sequence logo

Sequences were curated from the 165 sequences identified
using the SSN. Signal peptides were trimmed from sequences,
and a multiple sequence alignment was made using ClustalO-
mega (59). The multiple sequence alignment was then used as
an input to make a sequence logo using WebLogo (60). Gaps
in the logo because of low conservation of insertions were man-
ually removed for clarity. Sequences corresponding to the

CBM20 domain were removed so that the AA13 domain was
depicted in the sequence logo.

Rates of O2 reduction

O2 reduction for each AA13 PMO construct was determined
by visualizing the rate of hydrogen peroxide formation in the
absence of polysaccharide substrate (61). The PMO (1 �M),
HRP 1.3 �M), and Amplex Red (100 �M) were added to 50 mM

MOPS (pH 7.0) in the presence or absence of superoxide dis-
mutase (250 units/ml) in a 96-well plate. Reactions were initi-
ated by addition of ascorbic acid (2 mM). Formation of resorufin
was then monitored at 560 nm at 30-s intervals for 30 min using
a SpectraMax340 spectrophotometer (Molecular Devices).
Control reactions (without PMO) were carried out in parallel,
and the resulting background rates (0.6 – 0.9 units s�1 �M�1)
were subtracted from the reported experimental values. All
assays were performed in quadruplicate. The activity of each
AA13 PMO was derived from the linear region of resorufin
formation, typically corresponding to the 0- to 10-min time
range.

Polysaccharide binding assays

Each PMO construct’s binding affinity for amylose, amylo-
pectin, or cornstarch (25 or 50 mg/ml) was tested. Binding
assays (100 �l) were carried out in 500-�l EppendorfTM micro-
centrifuge tubes with 5 �M enzyme in buffer A and shaken at
1100 rpm for 120 min at 40 °C. The reaction mixture was then
centrifuged at 13,000 rpm for 5 min to pellet the insoluble sub-
strate. The supernatant was removed, and the pellet was resus-
pended in buffer A (100 �l). The resuspended pellet was shaken
for an additional hour to remove nonspecifically bound PMO
prior to centrifugation. Subsequently, an aliquot (20 �l) of each
sample’s supernatant (containing unbound PMO) as well as an
aliquot containing nonspecifically bound PMO was mixed with
SDS loading dye, boiled, and then resolved on a stain-free SDS-
PAGE gel using a Bio-Rad ChemiDoc MP Imager system. Band
intensities were quantified using Image Lab software (Bio-Rad).
All binding assays were performed in three independent
replicates.

Docking studies

Autodock Vina (62) was employed to model the binding of a
flexible starch coil, an amylose single helix, and an amylose
double helix to the active-site groove of the AA13 PMO from
A. oryzae AoAA13 (PBD code 4OPB (12)). Atomic coordinates
for a random starch coil, an amylose single helix, and an amy-
lose double helix were obtained from the Database of Polysac-
charide 3D structures (http://polysac3db.cermav.cnrs.fr)4 (63).
The substrates were randomly docked to the active-site groove
of AA13 PMO using the Broyden–Fletcher–Goldfarb–Shanno
method (64) for optimization with a 26 	 26 	 60 Å3 grid
covering the entire active-site groove and centered on the cop-
per active site. During the computation, the amylose single
helix, double helix, and receptor were set to be fully rigid,
whereas the random starch coil was fully flexible. Atom types
were treated through the all-atom Chemistry at Harvard Mac-
romolecular Mechanics (CHARMM) force field (65, 66). The
charge of Cu(II) ions was determined from restrained electro-
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static potential analysis with molecular orbital quantum chem-
ical calculation using the B3LYP functional and 6 –31G(d) basis
set. Residues N�-Me-His1, His91, and Tyr224, which coordinate
the Cu(II) ion, were also included in the calculation. These res-
idues were capped by -CO-CH3 and -NH-CH3. The parameter
exhaustiveness, which is associated with the accuracy of the
computation, was set at 400. The noncovalent bond interac-
tions between substrates and AoAA13 were evaluated using
multiple approaches, including Protein-Ligand Interaction
Profiler (67), and manual examination using PyMOL (68).
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