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Most fungi and bacteria degrade plant cell walls by secreting free, complementary enzymes that
hydrolyze cellulose; however, some bacteria use large enzymatic assemblies called cellulosomes, which
recruit complementary enzymes to protein scaffolds. The thermophilic bacterium Caldicellulosiruptor
bescii uses an intermediate strategy, secreting many free cellulases that contain multiple catalytic
domains. One of these, CelA, comprises a glycoside hydrolase family 9 and a family 48 catalytic
domain, as well as three type Il cellulose-binding modules. In the saccharification of a common
cellulose standard, Avicel, CelA outperforms mixtures of commercially relevant exo- and endoglucanases.
From transmission electron microscopy studies of cellulose after incubation with CelA, we report
morphological features that suggest that CelA not only exploits the common surface ablation
mechanism driven by general cellulase processivity, but also excavates extensive cavities into the
surface of the substrate. These results suggest that nature’s repertoire of cellulose digestion
paradigms remain only partially discovered and understood.

they did not report the performance of CelA on
biomass and did not propose its mode of action or
the complementarity of the two catalytic domains.

C. bescii can operate at temperatures up to
90°C (5, 6), which may explain the advantage

are of two general types: those with noncom-

plexed cellulases and hemicellulases produced
by aerobic fungi and most bacteria (/), and those
in which polysaccharidases self-assemble onto a
common protein scaffold to form large macro-
molecular assemblies called cellulosomes (2, 3).
Only a few anaerobic bacteria and fungi are known
to produce cellulosomes. In both cases, the en-
zymes secreted are primarily equipped with a single
catalytic domain. An alternate enzymatic system,
in a sense midway between that of the two pre-
vious models, is used by the thermophile Caldi-
cellulosiruptor bescii (previously Anaerocellum
thermophilum) (4—6), and some other bacteria in
which the individual cellulases secreted are mul-
timodular, containing multiple binding and cata-
Iytic domains. The most abundant enzymes secreted
by C. bescii are not only multimodular, but possess
catalytic domains with different activities (multi-
functional). Lochner and co-workers conducted an
extensive characterization of the C. bescii secretome
and concluded that CelA is the dominant cellulase
(5). CelA is a complex, thermally stable enzyme
containing an N-terminal family 9 glycoside hy-
drolase (GH9) endo--1,4-glucanase domain, three
family 3 carbohydrate-binding modules (CBM3),
and a C-terminal GH48 exo-B-1,4-glucanase domain.
family 9 and 48 catalytic domains have been con-
sidered to be highly synergistic (7, 8). CelA was
first isolated and partially characterized in terms
of its activity by Zverlov and co-workers (9), who
reported that CelA demonstrated activity on cel-
lulose, as well as weak activity on xylan. However,
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of several CBMs in counteracting the loss of
binding due to increased temperature. Although
C. bescii has been well studied at the microbial
level, the structural features of its highly thermally
stable enzymes have not been explained owing to
the lack of structural information for enzymes from
the Caldicellulosiruptor clade. Currently, large-
scale biomass saccharification in bioconversion
processes relies exclusively on fungal enzymes
operating at 50° to 55°C. C. bescii CelA may have
several advantages over other fungal and bacterial
cellulases for use in biofuels production, namely,
its high specific activity and stability at elevated
temperatures.

Several recent studies report that the optimal
growth temperature for C. bescii is near 80°C
(5, 6). We examined the cellulolytic performance
of purified CelA [supplementary material (SM)
text S1 and S2] acting on Avicel, a model cel-
lulose substrate that is generally used to evaluate
cellulase action, at 60°, 75°, and 85°C. We com-
pared CelA to a binary mixture containing 7iicho-
derma reesei Cel7A exoglucanase, currently the
most common exoglucanase found in commercial
cellulase preparations (10, 11), and Acidothermus
cellulolyticus Cel5A endoglucanase (/7), which
mimics the two cellulolytic (endo- and exoglucanase)
activities found in CelA. The percentage of glucan
converted over a 7-day digestion study is shown
in Fig. 1A. CelA retained high activity compared
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Fig. 1. Activity of CelA. (A) Avicel conversion by CelA at different temperatures (15 mg of CelA/g glucan
or 14 mg of CelA + 1 mg B-glucosidase/g glucan) compared to Cel7A/E1 (12 mg/g + 3 mg/g glucan,
respectively). (B) CelA conversion of switchgrass at 15 mg/g glucan. (€) Corn stover conversion by CelA at
20 mg/g (AP) or 15mg/g (DA) glucan and improvement of CelA by addition of B-p-glucosidase on DA corn
stover (14 mg CelA + 1 mg B-glucosidase/g glucan). (D) CelA conversion of xylan from native switchgrass
at 15 mg/g glucan. Error bars represent standard deviations from three different experiments.
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to Cel7A at all temperatures tested, converting
60% of glucan at 85°C compared to 28% glucan
conversion by Cel7A at its optimal temperature
of 50°C (Fig. 1A). The extent of conversion ob-
tained in this study for Cel7A is consistent with
those reported by several other research groups
(12—-14). Furthermore, the activity of this enzyme
acting on Avicel, on a molar basis, is seven times
as high as that of the common exo- and endo-
cellulase standard mixture, Cel7A and Cel5A
(SM text S3). This high activity may be due to the
proximity of a chain-end—forming endoglucanase
and an efficient cellobiohydrolase in the same
molecule, thereby increasing the intramolecular
synergy. These results illustrate that when acting
on Avicel, CelA is a far more active single en-
zyme than the dominant enzyme in today’s com-
mercial cellulase formulations, 7. reesei Cel7A.
End-product inhibition of cellulases is a well-
known characteristic (/5), and CelA in particular
is known to produce both cellobiose and glu-
cose. To assess this issue, we tested the sen-
sitivity of CelA to cellobiose by adding low
loadings of a thermally stable B-p-glucosidase
from Thermotoga maritima (16) to the CelA mix.
The addition of B-p-glucosidase markedly im-
proved the performance of CelA acting on Avicel,
producing 100% conversion in 7 days (Fig. 1A).

The performance of CelA acting on biomass
is predictably lower than when acting on Avicel;
CelA performs best on alkaline peroxide (AP)-
(17, 18) pretreated corn stover (~50% conver-
sion) (Fig. 1C). When tested on other substrates,
such as dilute acid—pretreated switchgrass (DA)
(19), native switchgrass (SG), and ammonia fiber
expansion—treated switchgrass (AFEX) (20, 21)
(Fig. 1B), CelA performed better on the untreated
substrate even though the entire rationale of pre-
treatment is to improve enzymatic hydrolysis of
biomass substrates. CelA activity was lowest when
acting on AFEX-pretreated switchgrass, where the
glucan conversion was 20%. Also, the activity of
purified CelA on biomass was similar to that of the
C. bescii purified secretome (ExtP) fraction (fig. S6).
The importance of removing end-product inhibition
when CelA acts on DA-pretreated corn stover is
shown by the results in Fig. 1C, where CelA alone
converts only ~30% of the glucan content to
sugars and the addition of B-p-glucosidase in-
creases this conversion by almost 75%: a notable
improvement, given the relatively low overall en-
zyme loading.

While performing these digestion experiments,
we also observed that CelA could achieve 60%
conversion of xylan in native switchgrass, which
showcases its potential for use in an industrial
process using mild or no pretreatment (Fig. 1D).
We tested both catalytic modules from CelA and
found that the GH48 is largely responsible for
this xylan-degrading activity (SM text S4). To
further examine the xylan-degrading ability of
CelA, we crystallized the two catalytic domains
(GH9 and GH48) of CelA (SM text S5). It is
probable that the additional ability to degrade
xylans as well as glucans is defined by small

changes in the conformational properties of the
active sites of glycoside hydrolases. However,
closer examination of the CelA GH9 and GH48

structures shows no obvious features that
would prevent or favor xylan binding over
cellodextrins.

Fig. 2. TEM micrographs of partially digested small Avicel PH101 particles. Those digested to
~60% conversion by a CTec2 cellulase mixture (primarily comprising T. reesei Cel7A) display tip
sharpening (A and B) on one end and blunted morphology on the other (A" and B’) Particles digested
to ~65% conversion with CelA display slightly narrowed, tapered, blunt ends (C and D) and irregular
blunt or angled ends (C’ and D), as well as cavities of various sizes on the surface [arrows, (E) and (F)].
Occasionally, some of the material being removed to form the cavities appears to remain attached to
the cavity edge (G and H). All scale bars are 500 nm.

Fig. 3. Evidence that CelA fits in the cavities. (A and B) The histograms show dimensions of the
cavities created by CelA (black), extracted from the TEM micrographs in Fig. 2, E and F, and the calculated
dimensions of CelA itself (gray) over the course of a 40-ns molecular dynamics simulation, with the smallest

dimension in () and largest dimension in (B).
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Despite these compelling properties exhibited
by CelA, several limitations may also be attri-
buted to its multimodular architecture. Although
the levels of glucan conversion achieved by CelA
acting on highly crystalline cellulose (Avicel) are
much higher than that of 7. reesei Cel7A, the
overall performance of CelA acting on commer-
cially relevant feedstocks, such as switchgrass
and corn stover, are lower, even with the use of a
B-p-glucosidase (Fig. 1C). There are several im-
portant differences between biomass feedstocks
and Avicel. Biomass is structurally and chemically
more complex than Avicel. Smaller enzymes, such
as Cel7A, may be better able to penetrate into the
plant cell walls, even after pretreatment, whereas
the larger CelA, with its multiple CBMs, may be
too large and be more prone to nonproductive
binding. Some of these characteristics may be
enhanced by pretreatments that markedly change
the structural integrity of the biomass, perhaps re-
flected by our observation that CelA works best
with the AP-pretreated biomass, a pretreatment that
substantially removes lignin (22, 23) (Fig. 1C).

Chemical species other than glucan present in
biomass, such as lignin and hemicelluloses, may
trap CelA in nonproductive binding states. Natu-
rally, all cellulases will experience some level of
nonproductive binding on biomass. However, owing
to the larger molecular weight of CelA and because
enzyme loadings are done on an enzyme weight
basis, the molar enzyme loading of CelA is much
lower than it is for Cel7A. Therefore, the activity
of'a CelA would be affected to a greater extent by
nonproductive adsorption than would an equiv-
alent mixture of cellulases with lower molecular

weights. This might explain the results on AFEX-
pretreated biomass, where lignin-carbohydrate com-
plexes (LCCs) are redeposited on plant cell walls
after such pretreatment (22, 23). LCCs represent
a barrier for all enzymes, but the problem seems
amplified for a complex enzyme such as CelA.

Further comparison of CelA to its fungal coun-
terparts reveals another fascinating aspect of this
cellulase. Transmission electron microscopy (TEM)
imaging results indicate that CelA has a mode of
action distinct from that ascribed to fungal en-
zymes, such as those used in the commercial for-
mulation CTec2 (Novozymes).

We examined changes in the surface and in-
ternal structure of Avicel PH101 particles treated
with CelA. These particles were recovered from
digestions carried out to ~65% cellulose conver-
sion and then compared to Avicel particles di-
gested to ~60% conversion using CTec2 (CTec2
is composed primarily of Cel7A). Our analysis
focused on the most electron-translucent particles
within each sample, where individual cellulose
microfibrils could often be identified within the
particles (Fig. 2). Particles digested by the Cel7A-
containing formulation displayed morphology pre-
viously reported where one end of the particle was
finely tapered to a narrow point (Fig. 2, A and B)
and an opposite end displayed a blunt edge with a
slight angle from the long axis (Fig. 2, A’ and B’)
(24). CelA-digested particles, by contrast, displayed
narrowed, irregular, but not finely tapered morphol-
ogy on one end (Fig. 2, C and D) and an irregular,
scalloped, angled morphology on the opposite end
(Fig. 2, C’ and D). In addition to a surface ablation
activity typical of fungal enzymes that seem to

Fig. 4. Schematic representation of digested cellulose microfibril bundles. The diagrams contrast
the surface ablation and reducing-end oriented mechanism of Cel7A (left) with the surface ablation and
cavity-forming mechanism of CelA (right). This representation suggests how these distinct deconstruction
mechanisms could be synergistic by specializing in different aspects of the nanoscale architecture of

biomass materials and exposing new surfaces.
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work only on the surface of the substrate (Fig. 2, A
and B), CelA appears to excavate down into the
layers of the substrate, generating cavities (Fig. 2,
E to H, and fig. S8). TEM evidence for this exca-
vation mechanism was notable: CelA-digested
Avicel particles displayed surfaces marked by ir-
regularly spaced cavities distributed along the length
of the particles (Fig. 2, E and F). The cavities vary
widely in cross-sectional area at the surface be-
tween 25 and ~1000 nm?. Most cavities are less
than 500 nm?® in cross-sectional area and have
widths of 15 to 20 nm and lengths of 15 to 30 nm
(Fig. 3). No cavities were observed on the surface
of Avicel particles digested by CTec2. Addition-
ally, on the basis of the predicted conformations
that CelA can attain, as inferred by molecular
dynamics simulations, it is clear that CelA fits
into these cavities (Fig. 3). From these simu-
lations, the effective size of CelA is estimated
to be between 10 and 35 nm. These spatial di-
mensions for CelA correlate very well with the
smaller cavity dimensions (diameter) in the range
of 15 to 30 nm (Fig. 3). The schematic in Fig. 4
summarizes the differences in the digestion mecha-
nism of CelA and Cel7A.

To better understand the digestion mechanism
of CelA, we constructed a kinetic model of enzy-
matic digestion of cellulose to test the hypothesis
that CelA has a specific mode of action that leads
to cavity formation, a mode not found in simpler
cellulase enzymes (SM text S6). In the model,
CBMs are designed to bind and unbind from
cellulose; catalytic domains have binding, engag-
ing, and processive digestion functionality, with
enhanced binding when a linker-attached module
is bound. The model reproduces the surface abla-
tion mode of digestion found in the commercial
formulations when applied to enzyme with only a
single CBM linked to a single catalytic domain (fig.
S13C). The same digestion, dominated by single-
layer ablation, is observed if identical functionality
is used with the complex CelA-type model (fig.
S10A). The model shows that the cavity formation
occurs (fig. S10B) when the additional constraint
is put into the complex model so that, once fully
bound, the processive digestion is slowed owing
to competing digestion directions and increased
binding affinity, which inhibits repeated unbind-
ing and rebinding in other locations.

On the basis of these results, it appears that
CelA and multifunctional cellulases represent a
distinct paradigm for cellulose digestion and high
activity created by combining complementary
modules separated by long linker peptides on the
same gene product. We propose that this hy-
drolysis mechanism could synergize with other
cellulases representing the previously known
paradigms—ifree enzymes and cellulosomes—
because they offer distinctive mechanisms. For
example, in nature, enzymes from mesophilic sap-
rophytic fungi are unable to mix with enzymes
secreted into high-temperature environments. We
thus propose that considerable synergism can be
afforded if it is possible to bring together enzymes
from these natural cellulolytic paradigms.
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Assembly and Validation of the
Genome of the Nonmodel Basal
Angiosperm Amborella
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Genome sequencing with next-generation sequence (NGS) technologies can now be applied to
organisms pivotal to addressing fundamental biological questions, but with genomes previously
considered intractable or too expensive to undertake. However, for species with large and
complex genomes, extensive genetic and physical map resources have, until now, been required to
direct the sequencing effort and sequence assembly. As these resources are unavailable for most
species, assembling high-quality genome sequences from NGS data remains challenging. We
describe a strategy that uses NGS, fluorescence in situ hybridization, and whole-genome mapping
to assemble a high-quality genome sequence for Amborella trichopoda, a nonmodel species
crucial to understanding flowering plant evolution. These methods are applicable to many other

organisms with limited genomic resources.

mborella (1, 2) has been identified as

the single sister species to all other living

angiosperms and is a pivotal reference for
comparison to other angiosperms (3). However,
Amborella is not a genetic model and has no exist-
ing genetic map, genetic resources, or genome
sequence. Although next-generation sequencing
(NGS) provides deep genomic sequence cover-
age at low cost, short-read assembly remains
difficult, and assessing assembly accuracy is prob-
lematic without independently derived genomic
maps. We produced a whole-genome assembly
for Amborella from a mixed data set of 454,
[llumina, and Sanger bacterial artificial chromo-
some (BAC)—end sequences, evaluated the as-
sembly using fluorescence in situ hybridization
(FISH), and improved contiguity using whole-
genome mapping. FISH has broad utility (4), but
has not been used in de novo genome assembly.
Likewise, whole-genome mapping has been used

to assemble bacterial genomes (3, 6), but has
only recently been applied to complex genomes
of model organisms (7, 8) to assist with scaf-
folding and correction of well-advanced genome
assemblies.

More than 23 Gb of quality-filtered (9) DNA
sequence comprising single-end (SE) 454-FLX, SE
454-FLX+ reads, 11-kb paired-end (PE) 454-FLX,
3-kb PE Illumina HiSeq, and Sanger-sequenced
BAC-end reads (/0) were combined and assembled
(table S1). Assembly (9) resulted in 5745 scaffolds
totaling 706 Mb (table S5) with a mean scaffold
size of 123 kb and an N50 size of 4.9 Mb, and N90
scaffold metrics that indicate that 90% of our
assembled sequence resides within 155 scaffolds
greater than 1.1 Mb in length (table S5).

Flow cytometry was used to estimate the size
of the Amborella genome at ~870 Mb (11), while
our sequence-based size assessments (9, 10, 12, 13)
suggest that the Amborella genome size is closer

to 748 Mb. Our high-quality sequence represents
an average depth of coverage of ~31x, and the
assembly covers >94% of the genome.

Long contig and scaffold assemblies are re-
quired to understand genome structure, enable gene
identification, and support subsequent comparative,
structural, and population genomics studies. We
sought long continuous stretches of assembled
sequence that represent all, or a major fraction of,
the Amborella genome. Coverage of two finished
BAC contigs (/0) by assembled sequence contigs
suggests that these two regions were faithfully
represented in the assembly (figs. S9 and S10) (9),
and all 155 of our N90 scaffolds incorporate phys-
ically mapped BAC-end sequences.

The accuracy of the genome assembly was
further assessed by FISH analysis (9). BACs as-
sembled in 104 scaffolds containing 430 Mb (68%)
of the genome assembly were cytogenetically lo-
calized by FISH to assess scaffold integrity (Fig. 1,
fig. S11, and table S8). This analysis confirmed
contiguity across major regions (56%) of 66 scaf-
folds containing 306 Mb (44%) of the genome
assembly. Notably, co-assembled BACs that were
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