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FIG. 4. LC-MS TIC profiles of UPLC separation of samples with a BEH amide column. (Top) PASC, 5 g/liter, treated with 50 mg TaGH61A
per gram cellulose and 5 mg HiCDH per gram cellulose in 20 mM ammonium acetate at pH 5, 0.1 mM MnSO,, for 4 days at 50°C. (Bottom) PASC,
5 glliter, treated with 50 mg TaGH61A per gram cellulose, 5 mg HiCDH per gram cellulose, and 5 mg AfBG per gram cellulose in 20 mM
ammonium acetate at pH 5, 0.1 mM MnSQO,, for 4 days at 50°C. Note that all cellodextrins in this sample set were observed as cellodextrin acids;

e.g., DP4 marks cellotetraonic acid.

ternary combination of TaGH61A, HiCDH, and AfBG. This
data set shows that the combination of TaGH61A and HiICDH
cleaves PASC, resulting in the release of soluble oligosaccha-
ride. Elution times for these oligosaccharides corresponded
with those of cellodextrin aldonic acid standards (not shown),
which would be expected in the presence of CDH which oxi-
dizes the reducing end of cellodextrins. AfBG-treated samples
show the conversion of most oligosaccharides to glucose and
some quantity of gluconic acid (GIcA), though a minority of
oligosaccharides are resistant to BG cleavage.

Figure 5A shows the mass spectra for the degree of glucose
polymerization 2 (DP2) time window of the elution profile, and
Fig. 5B shows the mass spectra for the DP3 region of the
elution profile. In the cases of both DP2 and DP3 oligomers,
three masses were detected: a +16-Da mass predicted for a
reducing-end C-1-oxidized cellodextrin aldonic acid which was
BG labile and also +14-Da and +32-Da species which were
both BG resistant. This pattern of +14 Da, +16 Da, and +32
Da repeats itself at all oligosaccharide lengths (not shown). BG
cleaves the terminal glucose from the nonreducing end of
cellodextrin (7), as such a BG-resistant oligosaccharide popu-
lation may result from modification of a cellodextrin at any
point other than the reducing end.

MS/MS analysis, shown in Fig. S1 in the supplemental ma-
terial, confirmed that the +16-Da species were reducing-end
C-1 oxidized (gluconic acid equivalent at the reducing end) for
both DP2 and DP3, based on a comparison to gluconic acid
and cellobionic acid standards. We were unable to unambigu-

ously identify the +14-Da and +32-Da species based on this
MS/MS datum set, though reducing-end C-1 oxidation coupled
with a non-reducing-end modification is consistent with the
observed fragmentation pattern and BG resistance of these
species.

Cellulose cleaving activity by GH61 and CDH from T. ter-
restrisand synergy with T. terrestriscellulose hydrolases. Re-
combinant TtCDH was tested for activity with recombinant
TtGHO1E in a PASC cleavage assay, with AfBG present in order
to allow monosaccharide quantification. Shown in Fig. 6, the
ternary combination of TtGH61E, TtCDH, and AfBG resulted in
substantial, dose-dependent conversion of PASC, while the bi-
nary combinations of either TtGH61E or TtCDH with AfBG did
not result in significant monosaccharide release.

In order to investigate the effect that the interaction of
TtGH61E and TtCDH may have on the canonical cellulose
hydrolase enzyme system, several purified recombinant 7. ter-
restris cellulose hydrolases, including TtCBH-II, TtEG, TtBG,
and combinations thereof, were assayed for microcrystalline
cellulose-degrading activity in the presence of TtGH6I1E,
TtCDH, and the combination of TtGH61E and TtCDH.
Shown in Fig. 7, the addition of both TtCDH and TtGH61E to
TtBG resulted in an increase in the conversion of microcrys-
talline cellulose, relative to TtBG alone or TtBG with either
TtGH61E or TtCDH alone, of ~2%. The addition of
TtGH61E and TtCDH to TtCBH-II, TtEG, or the combina-
tion of TtCBH-II and TtEG, all in the presence of TtBG,
resulted in increases in microcrystalline cellulose conversion of
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FIG. 5. (A) MS-1 spectra of cellobionic acid (DP2) region of LC elution profile. (Top) PASC, 5 g/liter, treated with TaGH61A and HiCDH.
(Bottom) PASC, 5 g/liter, treated with TaGH61A, HiCDH, and AfBG. (B) MS-1 spectra of cellotrionic acid (DP3) region of LC elution profile.
(Top) PASC, 5 glliter, treated with TaGH61A and HiCDH. (Bottom) PASC, 5 g/liter, treated with TaGH61A, HiCDH, and AfBG.

~12%, ~6%, and ~14%. Compared to the addition of the
binary combination of TtGH61E and TtCDH, the addition of
either TtGH61E or TtCDH individually did not result in an
increase of microcrystalline cellulose conversion by 7. terrestris

cellulose hydrolases under these assay conditions. Similar re-
sults, that the addition of both TtGH61E and TtCDH enhance
cellulose conversion by T. terrestris cellulose hydrolases, were
seen in the absence of TtBG (not shown).
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FIG. 6. PASC conversion to monosaccharide by TtCDH, TtGH61E, and AfBG. Reactions were carried out with 5 g/liter PASC in 100 mM
sodium acetate at pH 5.0 with 1 mM CacCl, for 3 days at 50°C, using single enzymes as well as binary and ternary combinations. Enzyme loadings
at highest concentrations (high) were (in mg protein per gram cellulose) 5 mg TtCDH per gram cellulose, 50 mg TtGH61E per gram cellulose,
and 5 mg AfBG per gram cellulose. Medium protein loadings (medium) were 2.5 mg TtCDH per gram cellulose, 25 mg TtGH61E per gram
cellulose, and 5 mg AfBG per gram cellulose. Low protein loadings (low) were 1 mg TtCDH per gram cellulose, 10 mg TtGH61E per gram
cellulose, and 5 mg AfBG per gram cellulose. Error bars are for triplicate cellulose cleavage reactions, each measured once.

DISCUSSION

We have shown that, in the absence of hydrolytic cellulases,
the binary combination of TaGH61A and HiCDH catalyzes
cellulose cleavage into soluble oligosaccharides and that this
activity is highly synergistic with cellulose breakdown by ca-
nonical cellulose hydrolases. Soluble cellulose cleavage prod-
ucts of TaGH61A and HiCDH are further shown to have a
length that extends from DP2 to DP10 and are mixed species,
including reducing-end oxidized species as well as non-reduc-
ing-end modified species.

The ascomycete T. terrestris secretes a number of canonical
cellulose hydrolases when grown in the presence of cellulose
(8, 20); formerly, these cellulases have been presumed to ac-
count for the majority of cellulose-degrading activity by this
fungus. However, cellulose-induced secretion of GH61 and
CDH by T. terrestris results in an additional cellulose-degrading
enzyme activity. The combined increases in conversion, which
are significantly greater than the simple addition of conver-
sions from TtGH61E and TtCDH with canonical 7. terrestris
hydrolases, indicate synergy between the canonical cellulose
hydrolase components and the cellulose cleavage system of
GH61 and CDH. A very recent report also reveals coproduc-
tion of CDH and GH61 by the distantly related basidiomycete

Phanerochaete chrysosporium in response to cellulose and xy-
lan, indicating that a GH61-CDH-based oxidative carbohy-
drate depolymerization system may not be uncommon (12).
The synergy of the GH61-CDH activity with canonical
cellulose hydrolase activities argues for a lack of redundancy
in the substrates and activities of these systems and suggests
that the combination of GH61 and CDH may be opening up
new sites for hydrolase action. One possibility is that they
act by attacking highly crystalline surfaces, upon which ca-
nonical cellulose hydrolases show low activity (28, 31). Ca-
nonical hydrolytic endocellulases (endoglucanases) show
high activity on amorphous, cellodextrin-like strands of cel-
lulose, while canonical hydrolytic exocellulases (cellobiohy-
drolases) processively degrade crystalline cellulose but re-
quire a cellodextrin chain end to initiate attack. GH61 and
CDH may be hypothesized to have an endocrystalline cel-
lulose cleaving activity, unknown with canonical cellulose
hydrolases, accounting for the observed degree of synergy
with canonical endo- and exocellulose hydrolases. This hy-
pothesis is consistent with the persistence of long oligosac-
charide products in the presence of both TaGH61A and
HiCDH and is supported by the inability of TaGH61A and
HiCDH to cleave DP2 to DPS5 soluble cellodextrin standards
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FIG. 7. Microcrystalline cellulose conversion assay by combinations of TtGH61E, TtCDH, TtBG, TtCel6A, and TtCel7E. Reactions were
carried out with 25 g/liter microcrystalline cellulose (Avicel) in 100 mM sodium acetate at pH 5.0 with 1 mM CaCl, for 3 days at 50°C, using single
enzymes as well as enzyme combinations. Enzyme loadings were 5 mg TtGH61E per gram cellulose, 0.5 mg TtCDH per gram cellulose, 1 mg TtBG
per gram cellulose, 5 mg TtCel6A per gram cellulose, and 0.75 mg TtCel7E per gram cellulose. Error bars are for triplicate cellulose cleavage

reactions, each measured once.

(data not shown). The structure of GH61, which has one flat
surface bearing a metal binding site and putative carbohy-
drate binding tyrosyl residues, but no active site cleft that
could accommodate a cellodextrin strand, is consistent with
this hypothesis (8, 16). If the crystalline surface is the target
of GH61-CDH activity, two potential modes of cellulose
attack would be indicated: most likely is a random nicking of
the surface that opens new sites for hydrolase attack, but
also possible is a semiprocessive attack either parallel with
or perpendicular to the grain of the cellulose fibril.

The specific biochemical mechanism by which GH61A
and CDH cleave cellulose remains unknown. GH61 homol-
ogy to the chitin oxygenase CBP-21 (36) and cellulose cleav-
ing CelS2 (6) suggests that GH61 is the species responsible
for cellulose cleavage and that CDH is somehow supporting
GH61 activity. Indeed, in the absence of CDH and upon
addition of ascorbate, TaGH61A has been show to have
cellulose cleaving activity (13), though the specific details of
the mechanism by which GH61 cleaves cellulose are beyond
the scope of this study and are being actively pursued by
ongoing studies. Mixed-product species argue for radical
involvement, possibly from cleavage by diffusive Fenton-
type radical species (e.g., hydroxyl radical). Arguing against
diffusive, unshielded, radical species is the observation that

hydroxyl radical quenching agents only slightly inhibit the
reaction; further, no cross-ring cleavage products are de-
tected, and no cleavage of noncellulose carbohydrates is
observed (data not shown). The analysis of TaGH61A and
HiCDH cellulose cleavage products is complicated by CDH
cellodextrin oxidase activity on possible cleavage products,
making it unclear if oligosaccharide products are reducing-
end C-1 oxidized prior to, during, or subsequent of cleavage.
However, if deprived of C-1-reduced oligosaccharide sub-
strate as an electron donor, CDH activity in this system
would be dissimilar to any function shown in the previous
literature (5, 9, 43), presenting the possibility that some
reduced cellodextrin may be produced in this cleavage re-
action, as seen in the products of CelS2 (6), which later
serves as a CDH donor. In addition to CBP21, CelS2, and
GHB61, oxidoreductive carbohydrate cleavage has also been
shown in the NAD " -dependent mechanisms of the GH4 and
GH109 families (21, 24, 30, 42). GH4 activity is divalent
cation dependent, similar to results shown for GH61, CelS2,
and CBP21 (6, 8, 36), but it is unclear if further similarities
exist within these enzyme systems. Further study will be
required to answer these questions and allow full mechanis-
tic elucidation as well as industrial exploitation of this mi-
crobial oxidative cellulose depolymerization enzyme system.
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