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ABSTRACT

Glycoside hydrolase family 7 (GH7) cellobiohydrolases (CBHs) are enzymes commonly employed in plant cell wall degradation
across eukaryotic kingdoms of life, as they provide significant hydrolytic potential in cellulose turnover. To date, many fungal
GH7 CBHs have been examined, yet many questions regarding structure-activity relationships in these important natural and
commercial enzymes remain. Here, we present the crystal structures and a biochemical analysis of two GH7 CBHs from social
amoeba: Dictyostelium discoideum Cel7A (DdiCel7A) and Dictyostelium purpureum Cel7A (DpuCel7A). DdiCel7A and
DpuCel7A natively consist of a catalytic domain and do not exhibit a carbohydrate-binding module (CBM). The structures of
DdiCel7A and DpuCel7A, resolved to 2.1 Å and 2.7 Å, respectively, are homologous to those of other GH7 CBHs with an enclosed
active-site tunnel. Two primary differences between the Dictyostelium CBHs and the archetypal model GH7 CBH, Trichoderma
reesei Cel7A (TreCel7A), occur near the hydrolytic active site and the product-binding sites. To compare the activities of these
enzymes with the activity of TreCel7A, the family 1 TreCel7A CBM and linker were added to the C terminus of each of the Dic-
tyostelium enzymes, creating DdiCel7ACBM and DpuCel7ACBM, which were recombinantly expressed in T. reesei. DdiCel7ACBM

and DpuCel7ACBM hydrolyzed Avicel, pretreated corn stover, and phosphoric acid-swollen cellulose as efficiently as TreCel7A when
hydrolysis was compared at their temperature optima. The Ki of cellobiose was significantly higher for DdiCel7ACBM and
DpuCel7ACBM than for TreCel7A: 205, 130, and 29 �M, respectively. Taken together, the present study highlights the remarkable de-
gree of conservation of the activity of these key natural and industrial enzymes across quite distant phylogenetic trees of life.

IMPORTANCE

GH7 CBHs are among the most important cellulolytic enzymes both in nature and for emerging industrial applications for cellu-
lose breakdown. Understanding the diversity of these key industrial enzymes is critical to engineering them for higher levels of
activity and greater stability. The present work demonstrates that two GH7 CBHs from social amoeba are surprisingly quite sim-
ilar in structure and activity to the canonical GH7 CBH from the model biomass-degrading fungus T. reesei when tested under
equivalent conditions (with added CBM-linker domains) on an industrially relevant substrate.

Dictyostelia are a class of social amoebae (historically known as
slime molds) containing four different groups of terrestrial

bacterivores from the kingdom Amoebozoa. During vegetative
growth, dictyostelia exist as single-celled organisms; upon starva-
tion, a lack of nutrients becomes preventive for vegetative growth
and the cells aggregate into a multicellular slug. Slugs have a de-
fined posterior and anterior, have the ability to migrate, are sen-
sitive to light and temperature, and exhibit an innate immune
system. When conditions are sufficiently severe, the slug can form
a fruiting body, where cells differentiate into a spore and stalk.
During the formation of the slug and fruiting body, proteins and
cellulose are deposited as an extracellular matrix, providing the
organism with environmental protection and structural rigidity
(1–4). Cellulose is also found in the sheath that surrounds the cell
aggregates and is deposited in the stalk, stalk cell walls, and spore
coats (2, 5). Thus, the deposition and reorganization of cellulose
upon morphogenesis into the fruiting body are crucial to the de-
velopment and propagation of the organism.

Cellulose is the homopolymer of �-(1,4)-D-glucose, and indi-
vidual cellulose chains pack into dense, recalcitrant crystalline mi-
crofibrils in plant cell walls and other biological tissues (6). In
nature, the intrinsic crystallinity and recalcitrance of cellulose are

of significant benefit to plants and other organisms that employ it
as a structural material, such as those in the genus Dictyostelium.
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Besides providing a structural framework for biological tissues,
cellulose also provides significant protection from physical, chem-
ical, and biological damage. The genomes of Dictyostelium discoi-
deum and Dictyostelium purpureum exhibit �40 genes related to
cellulose synthesis and hydrolysis, including glycoside hydrolase
(GH) family 3 (GH3) �-glucosidases, glycoside hydrolase family 5
(GH5) and 9 (GH9) endoglucanases, and a single gene with se-
quence homology to the gene for a GH family 7 (GH7) cellobio-
hydrolase (CBH) (7). GH7 CBHs are of particular interest, in that
they exhibit significant hydrolytic potential and are commonly
used by fungi and other biomass-degrading eukaryotes for cellu-
lose hydrolysis (8). GH7 CBHs also form the basis of most indus-
trial cellulase cocktails for industrial lignocellulosic biomass con-
version (8–10). The D. discoideum GH7 CBH, Cel7A (DdiCel7A;
previously CbhA) (7, 11), is a developmentally regulated enzyme,
with the highest levels of expression occurring during formation
of the fruiting body (11). The deletion of DdiCel7A results in
normal phenotypes but delayed morphogenesis from slug to fruit-
ing body (11), suggesting that DdiCel7A is required for the break-
down and rearrangement of cellulose during these phases of de-
velopment. Given the similarities in organism development
between D. discoideum and D. purpureum, it is likely that D. pur-
pureum Cel7A (DpuCel7A) serves a similar function.

Structural and biochemical data for GH7s obtained over the
last several decades have revealed that they have similar overall
folds and catalytic arrangements (8). The structures of GH7 cata-
lytic domains are known from 10 CBHs, Trichoderma reesei Cel7A
(TreCel7A) (12–14), Heterobasidion irregulare Cel7A (HirCel7A)
(15), Phanerochaete chrysosporium Cel7D (PchCel7D) (16), Tala-
romyces emersonii Cel7A (RemCel7A) (17), Trichoderma harzia-
num Cel7A (ThaCel7A) (18), Melanocarpus albomyces Cel7B
(MalCel7B) (19), Aspergillus fumigatus Cel7A (AfuCel7A) (20),
Humicola grisea var. thermoidea Cel7A (HgtCel7A) (21) Limnoria
quadripunctata Cel7B (LquCel7B) (22), and Geotrichum candi-
dum Cel7A (23), and three endoglucanases (EGs), T. reesei Cel7B
(24), Humicola insolens Cel7B (25), and Fusarium oxysporum
Cel7B (26). All GH7s share a �-jelly roll fold, with two antiparallel
�-sheets packing face to face to form a curved �-sandwich. Long
loops extend the edges of the �-sandwich and form an �45-Å-
long binding groove along the entire length of the enzyme. In
CBHs, loops A1 to A4 and B1 to B4 (the nomenclature is defined
in reference 8) are further elongated and enclose the cellulose
chain in a tunnel using a threading-like mechanism, whereas EGs
exhibit a more open cleft. Many GH7 enzymes are bimodular in
nature, having a family 1 carbohydrate-binding module (CBM)
connected to the catalytic domain (CD) by a glycosylated, flexible
linker comprised of about 30 amino acids (27–29).

Deconstruction of cellulose by GH7 CBHs is a multistep pro-
cess that includes substrate binding, formation of the catalytically
active complex, hydrolysis, product release, and processive trans-
lation along the substrate chain (8, 9, 30, 31). These cellulases act
from the reducing end of cellulose chains and perform multiple,
processive hydrolytic events before disassociating from a cellulose
chain (32). For cellulases, such as the model GH7 CBH from T.
reesei (TreCel7A), this process continues until the enzyme either
runs into an obstruction where the enzyme is stalled and eventu-
ally releases the substrate or the end of the cellulose chain is
reached (33–35). TreCel7A exhibits the most extensively enclosed
tunnel among known GH7 CBH structures, while PchCel7D dis-
plays the most open active site due to several loop deletions and

residue size reductions on the tips of tunnel-enclosing loops (36).
It has been suggested that this more open active site can have
increased activity on microcrystalline cellulose by increasing the
rate of endoinitiation while decreasing the effect of product inhi-
bition (34, 36).

While the posthydrolysis release of cellobiose is important for
processivity, it also has an undesired consequence of becoming a
strong inhibitor of hydrolysis. Product inhibition slows the overall
conversion rate of cellulose to glucose, particularly when substrate
concentrations are high (�10%) (37, 38). In commercial cellulase
cocktails and natural organismal secretomes, this product inhibi-
tion is relieved by the action of �-glucosidases, glycoside hydro-
lases that cleave cellobiose into two glucose molecules. As GH7
CBHs comprise the majority of industrial cellulase mixtures and
are significantly inhibited by cellobiose, overcoming product in-
hibition in GH7 CBHs is of paramount importance for achieving
high product yields in the enzymatic hydrolysis of biomass.

Although the study of GH7 CBHs has now spanned several
decades, our collective understanding of their action is still being
revealed (8). The development of accurate structure-activity rela-
tionships of these enzymes, especially given their significant soci-
etal importance in the renewable fuels industry as well as their
natural importance in the turnover of the most abundant biolog-
ical material on Earth, warrants concerted efforts to elucidate,
understand, and improve their function. With the wealth of new
genomics and metagenomics data, new GH7 CBHs have recently
been revealed, as described above, outside the fungal kingdom (7,
39, 40), thus presenting new opportunities to study these key en-
zymes in branches of life phylogenetically distant from fungi (41).
To that end, we present here the structures of two GH7 CBHs
from the social amoebas D. discoideum and D. purpureum from
the Amoebozoa kingdom and a corresponding biochemical char-
acterization of these CBHs. We also constructed and expressed
chimeras of these GH7 CBHs in an industrially relevant fungal
host, T. reesei, with the family 1 CBM and linker from TreCel7A
such that performance characterizations could be conducted on
the basis of equivalence to the full-length model GH7 CBH
TreCel7A. Approaches such as this, wherein full-length enzymes
are produced in the same expression host to ensure similar glyco-
sylation patterns (42), will be essential to conduct comparisons of
cellulase activities on a consistent basis (43). Using this approach,
we demonstrate that both Dictyostelium GH7 CBHs are equally as
efficient as TreCel7A in the hydrolysis of crystalline cellulose at
their relative temperature and pH optima and also exhibit in-
creased tolerance to product inhibition.

MATERIALS AND METHODS
Cloning and protein expression. The genomes of D. discoideum and D.
purpureum have been fully sequenced (7, 40), and each has been shown to
contain one GH7 CBH (Cel7A, previously CbhA) (7, 11), herein referred
to as DdiCel7A and DpuCel7A, respectively, to conform with current no-
menclature (8). The DdiCel7A and DpuCel7A sequences were obtained
from the Joint Genome Institute genome database (44, 45). Dictyostelium
GH7 CBH genes were codon optimized and synthesized (GeneArt) with-
out introns and cloned into and expressed in the linearized pTrEno plas-
mid, and plasmid pTrEno was transformed into T. reesei strain QM6a
from which cbh1 was deleted as described previously (46). In nature,
DdiCel7A and DpuCel7A do not exhibit a CBM; thus, the TreCel7A linker,
which connects the CD and family 1 CBM, was added to the 3= end to
generate a chimeric Cel7A, referred to here as DdiCel7ACBM and
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DpuCel7ACBM, respectively. The linker sequence starts at the GNPPG
GNPP motif from the TreCel7A linker.

Expression medium was inoculated with spores from transformed
spore stocks, and the production volume was scaled up stepwise from 0.1
liter to a final volume of 8 liters in a 14-liter bioreactor (BioFlo3000; New
Brunswick) as previously described (46).

Protein purification. Prior to protein purification, expression of the
Dictyostelium GH7 CBHs with and without the TreCel7A CBM-linker
domain was verified by determination of their activity on p-nitrophenyl-
�-D-lactopyranoside (pNPL; Sigma-Aldrich, St. Louis, MO) and visual-
ization on SDS-polyacrylamide gels (see Fig. S1 in the supplemental ma-
terial) and Western blots with rabbit anti-Cel7A polyclonal IgG.

For protein purification, fermentation broths were filtered through a
0.45-�m-pore-size filter, concentrated �40 times, and exchanged into 20
mM bis-Tris buffer, pH 6.5, by ultrafiltration through a hollow fiber with
a 10,000-Da-molecular-mass cutoff. The filtrate was adjusted to 1.5 M
(NH4)2SO4 by the addition of 4.0 M (NH4)2SO4 in 20 mM bis-Tris buffer,
pH 6.5, and filtered through a 0.2-�m-pore-size polyethersulfone mem-
brane prior to hydrophobic interaction chromatography on a 26/10 phe-
nyl Sepharose fast-flow column eluted with a 1.5 M to 0.0 M (NH4)2SO4

gradient in 20 mM bis-Tris buffer, pH 6.5, over 8 column volumes. Frac-
tions containing Cel7s, identified by activity on pNPL, were pooled, de-
salted, and separated on a Source 15Q 10/100 Tricorn anion-exchange
column with a gradient of 0 to 500 mM NaCl in 20 mM bis-Tris buffer, pH
6.5, for 30 column volumes. Purity was assessed by SDS-PAGE and West-
ern blotting. The anion-exchange chromatography was completed twice
for the native recombinant DdiCel7A and DpuCel7A enzymes only. Fi-
nally, the enzymes were size separated and buffer exchanged over a 26/60
Superdex 75 size exclusion column in 20 mM acetate buffer, pH 5.0, 100
mM NaCl containing 0.02% NaN3. Purity was determined by SDS-PAGE.
Trypsin digestion, followed by liquid chromatography-mass spectrome-
try (MS) and peptide mapping, confirmed the protein identities.

DSC. Thermal stability was evaluated by differential scanning micro-
calorimetry (DSC) using a MicroCal model VP-DSC calorimeter (Micro-
Cal, Inc., Northampton, MA). Data were collected by Origin for DSC
software (MicroCal). Samples contained 50 �g/ml protein at pH 5.0 in 20
mM acetate buffer, 100 mM NaCl. The calorimeter scan rate was 60°C/h
over a temperature range of from 30°C to 110°C.

pH and temperature optima. pH profiles for enzymatic activity were
generated in duplicate by incubating 1.6 mM pNPL with 0.66 �M the
indicated enzyme in 150 �l of MacIlvaine buffer (citrate, phosphate,
NaCl) with a constant conductivity of between 19 and 21 mS/cm in a
96-well plate at pH 2.9, 3.9, 5.0, 6.1, 7.1, and 8.3 at 30°C for 0, 1, 5, 10, 20,
and 30 min. The reaction was stopped by the addition of 25 �l of 1.0 M
sodium carbonate, and the A405 was determined by use of a colorimetric
microtiter plate reader. The absorbance values were correlated to the p-
nitrophenol (pNP) concentration by the use of pNP standards, and the pH
profile graphs were generated by plotting the linear rate of pNP produc-
tion as a function of pH.

Temperature profiles were generated in duplicate by incubating 1.6
mM pNPL with 0.66 �M enzyme in 2.0 ml of 20 mM sodium acetate
buffer, pH 5.0, 100 mM NaCl, and 0.02% NaN3. Reaction mixtures were
incubated at 30, 35, 40, 45, 50, 55, 60, and 65°C in a water bath. At 0, 1, 5,
10, 20, and 30 min, 150 �l was removed from the reaction vial and placed
in a 96-well plate containing 25 �l of 1.0 M sodium carbonate. The absor-
bance values were determined as described above for pH, and temperature
profile graphs were generated by plotting the linear rate of pNPL turnover
as a function of temperature.

Enzyme kinetics. Vmax and apparent Km (Km
app) values were deter-

mined in pNPL solutions of 0.0, 0.8, 1.6, 2.5, 4.2, 5.8 6.6, and 8.3 mM.
pNPL was incubated with 0.66 �M CBH at 40°C or 45°C in 20 mM acetate
buffer, pH 5.0, 100 mM NaCl in 96-well microtiter plates. The reactions
were quenched by the addition of 25 �l of 1.0 M sodium carbonate at 0, 1,
5, 10, 15, 20, and 30 min. The absorbance values were converted to molar
product concentrations using pNP standard curves. The data were fit to

the Michaelis-Menten expression. Fitting and plots were generated using
Kaleidagraph software (Synergy Software).

Inhibition experiments were completed with 0, 0.16.6, 41.6, 75.0, 91.6,
and 108.3 �M cellobiose and 0.0, 0.8, 1.7, 2.5, and 4.2 mM pNPL incu-
bated with 0.6 �M Cel7A for 0, 5, 10, 15, and 20 min. The reactions were
quenched by the addition of 25 �l of 1.0 M sodium carbonate, and the
A405 was recorded. To fit kinetic parameters, theoretical rates were calcu-
lated from starting input values of Vmax, Km

app, and Ki using the Michae-
lis-Menten expression for competitive enzyme inhibition. Data were also
evaluated for noncompetitive, uncompetitive, and mixed inhibition.

Nonlinear regression fitting was accomplished using the Excel Solver
add-in (Microsoft, Redmond WA). Weighted squared residuals were cal-
culated for each data point using three different weighting schemes—
simple, (�obs � �calc)

2; proportional, [(�obs � �calc)/�calc]
2; and statistical,

[(�obs � �calc)
2/�calc)], where �obs is the observed value of � and �calc is the

calculated value of �—and the sum of residuals was minimized. The best
fit to the experimental data obtained was used for the reported kinetic
parameters derived.

Hydrolysis of crystalline and amorphous cellulose. Hydrolysis reac-
tion mixtures contained 5.0 mg/ml of the following cellulose substrates:
Avicel (Sigma-Aldrich PH-101), pretreated corn stover (PCS; NREL di-
lute acid-pretreated corn stover [P050921]), or phosphoric acid-swollen
cellulose (PASC; from cotton linter). The substrates were incubated with
20 mg CBH per gram of glucan, 1.0 mg �-glucosidase (Aspergillus niger;
Novozymes 188) per gram of glucan, and 1.0 mg Cel5A CD with a Y245G
substitution (Acidothermus cellulolyticus) per gram of glucan in 20 mM
sodium acetate buffer, pH 5.0, 100 mM NaCl, and 0.02% NaN3. Reactions
were conducted in triplicate in 1.8-ml sealed cryogenic vials with contin-
uous mixing by rotational inversion at �10 rpm and incubation at 50°C
or 40°C, as specified below. At the time points indicated below, 100-�l
samples were removed from the reaction vials and diluted in water, and
the mixture was boiled for 5 min to quench the reaction. Boiled samples
were filtered through a 0.22-�m-pore-size syringe filter into glass high-
performance liquid chromatography (HPLC) vials. Glucose and cellobi-
ose were determined by HPLC analysis on an Aminex HPX-87P column
operated at 65°C with water as the mobile phase.

Crystallization and X-ray data collection. The purified DdiCel7A and
DpuCel7A proteins (without CBM) were desalted to 20 mM sodium ace-
tate buffer, pH 5.0, prior to crystallization. Initial screens for crystalliza-
tion conditions were performed by sitting-drop vapor diffusion in 96-well
plates and were set up using a Mosquito crystallization robot (TTP
Labtech, Cambridge, United Kingdom). Equal amounts of protein (12
mg/ml) and well solution were mixed in 0.3-�l crystallization drops. The
most promising crystallization hits for DdiCel7A and DpuCel7A were
obtained with the Morpheus (Molecular Dimensions) and PEG Ion II
(Hampton Research) screens, respectively.

Crystals used for data collection were grown at 20°C by the hanging-
drop vapor diffusion method (47) by mixing protein (7 mg/ml in 20 mM
sodium acetate, pH 5.0) and precipitant solutions at a 1:1 ratio, as follows:
DdiCel7A with 12.5% (wt/vol) polyethylene glycol (PEG) 1000, 12.5%
(wt/vol) PEG 3350, 12.5% (vol/vol) MPD (2-methyl-2,4-pentanediol),
0.1 M sodium HEPES-MOPS (morpholinepropanesulfonic acid), pH 7.5,
0.03 M MgCl2, and 0.03 M CaCl2 and DpuCel7A with 0.1 M sodium
malonate, pH 7.0, and 12% (wt/vol) PEG 3350.

Data collection and processing and structure solution. X-ray diffrac-
tion data were collected at 100 K from single crystals of DdiCel7A and
DpuCel7A at the MAX-Lab I911-3 (Lund, Sweden) and the European
Synchrotron Radiation Facility (ESRF) ID23-1 (Grenoble, France)
beam lines, respectively. The data were indexed and integrated using
the IMOSFLM2 program and scaled with the SCALA3 tool in the CCP4
program suite (48). Five percent of the reflections were set aside for cal-
culation of Rfree factors. The crystal structures were solved by molecular
replacement using the Phaser program (49) in the CCP4 package. A struc-
ture of TreCel7A (Protein Data Bank [PDB] accession number 4D5J) (50)
was used as the search model for DdiCel7A, which was then used as the
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model for DpuCel7A. The DdiCel7A structure was solved in space group
P212121 with a single molecule in the asymmetric unit, and the DpuCel7A
structure was solved in space group P212121 with two molecules in the
asymmetric unit. Both structures were refined by alternating cycles of
maximum likelihood refinement with the REFMAC5 program (51) and
manual rebuilding using the Coot program (52). Statistics from diffrac-
tion data processing and structure refinement are summarized in Results.

Sequence alignments and analyses. A structure-based sequence
alignment was first generated using the Swiss-PdbViewer (v. 4.1) applica-
tion (53; http://www.expasy.org/spdbv/) by superimposing the structures
of DdiCel7A (PDB accession number 4ZZQ), DpuCel7A (PDB accession
number 4ZZP), and GH7 CBHs from PDB (TreCel7A, PDB accession
number 4C4C; ThaCel7A, PDB accession number 2YOK; AfuCel7A, PDB
accession number 4V20; RemCel7A, PDB accession number 3PL3;
HgtCel7A, PDB accession number 4CSI; MalCel7B, PDB accession num-
ber 2RFZ; HirCel7A, PDB accession number 2XSP; PchCel7D, PDB ac-
cession number 1Z3V; LquCel7B, PDB accession number 4IPM). This
alignment was opened in the Jalview (v. 2.9.0b2) program (54), and full-
length sequences corresponding to the PDB entries and a collection of 38
nonfungal GH7 sequences were added, followed by multiple-sequence
alignment using the MUSCLE web service with default settings (55). Re-
gions flanking the GH7 domain (e.g., the signal peptide, CBM, linker)
were trimmed off. The sequences selected for use in Fig. 7 and Table 4 were
realigned with the MUSCLE web service, and the program Indonesia (D.
Madsen, P. Johansson, N. Johansson, S. Arent, M. Harris, and G. Kley-
wegt, unpublished) was used to calculate pairwise sequence identities and
similarities using the Gonnet substitution matrix (56). Phylogenetic anal-
yses of an extended set of 113 GH7 protein sequences were conducted with
the program MEGA (v. 7) (57). Sequences were collected by a pBLAST
search of the sequence of each nonfungal GH7 against the sequences in the
NCBI and UniProt databases, and a selection of taxonomically diverse hits
among the many fungal entries was retrieved. The sequences were aligned
by use of MUSCLE (55), and regions flanking the GH7 domain were
trimmed off. A 90% identity threshold was applied to remove redun-
dancy, and endoglucanases lacking the B4 loop (marked in Fig. 1 and Fig.
4A) were excluded. The evolutionary history was inferred using the min-
imum evolution method (58) and bootstrap phylogeny testing with 700
replicates (59). The optimal tree with the sum of the branch length of 19.8
is shown below. Branch lengths are drawn to scale, with evolutionary
distances, computed using the Dayhoff matrix-based method (60), being
in units of number of amino acid substitutions per site. The minimum
evolution tree was searched using the close-neighbor-interchange (CNI)
algorithm (61) at a search level of 1. The neighbor-joining algorithm (62)
was used to generate the initial tree. All ambiguous positions were re-
moved for each sequence pair. There were a total of 520 positions in the
final data set.

Protein structure accession numbers. The coordinates and structure
factors for the DdiCel7A and DpuCel7A structures have been deposited in
PDB under accession numbers 4ZZQ and 4ZZP, respectively.

RESULTS
Expression and purification of enzymes. DdiCel7A, DdiCel7ACBM,
DpuCel7A, DpuCel7ACBM, and TreCel7A were recombinantly ex-
pressed in a newly developed T. reesei eno expression system (46).
The constitutive eno promoter drives expression of Cel7A to allow
growth on glucose, which represses the native cellulase system.
Coupling of this system with the �cbh strain of T. reesei ensures
that only the recombinant Cel7A protein is expressed, as previ-
ously described (46). For evaluation of cellulose digestion on var-
ious solid substrates, we added the family 1 CBM from TreCel7A
to the CD of native DdiCel7A and DpuCel7A (dubbed DdiCel7CBM

and DpuCel7ACBM, respectively). Fed-batch fermentations typi-
cally yielded 5 to 25 mg/liter recombinant protein after processing
and purification. All proteins were purified to electrophoretic ho-

mogeneity, with the exception of DpuCel7A, which exhibited a
doublet band by SDS-PAGE (see Fig. S1 in the supplemental ma-
terial). Sequencing mass spectrometry identified both bands to be
native DpuCelA, and it is thus unclear why there were two popu-
lations. However, as we were not able to separate the two popula-
tions, the mixed population was provided for crystallization.

Temperature, pH, and thermostability profiles. The depen-
dence of activity on temperature and pH for DdiCel7ACBM,
DpuCel7ACBM, and, for comparison, TreCel7A was determined
using pNPL as the substrate. Activities were measured at eight
temperatures at pH 5.0, and the data point with the highest
activity was recorded as the temperature optimum in Table 1.
DdiCel7ACBM exhibited a lower temperature optimum, 45°C,
than DpuCel7ACBM and TreCel7A, which exhibited optimal activ-
ity at about 55°C, as shown in Fig. 2. For consistency, the optimal
pH was determined in MacIlvaine buffer with a constant ionic
strength. Activity was evaluated at 40°C for DdiCel7ACBM and
45°C for DpuCel7ACBM and TreCel7A to account for the differ-
ence in temperature optima. The pH of maximum pNPL turnover
for DpuCel7A and DdiCel7A, pH 5, was higher than that of
TreCel7A, pH 4, as shown in Fig. 2.

The denaturation temperature was measured by DSC in
the absence of substrate. The melting temperatures (Tms) of
DdiCel7ACBM, DpuCel7ACBM, and TreCel7A were 53°C, 62°C, and
64°C, respectively, as shown in Table 1 and Fig. 2.

Enzyme kinetics on pNPL. The kinetic properties of
DdiCel7ACBM, DpuCel7ACBM, and TreCel7A on pNPL were com-
pared (Table 1). Vmax and Km

app were determined by plotting the
turnover rate on pNPL for increasing substrate concentrations
and evaluated by use of the Michaelis-Menten model, as shown in
Fig. 2. The catalytic rate constant (kcat) of DpuCel7ACBM was sig-
nificantly higher at 36.2 min�1 than the kcats of DdiCel7ACBM and
TreCel7A, which were nearly equal at 16.2 and 15.9 min�1, respec-
tively. However, the Km

app values of both DpuCel7ACBM and
DdiCel7ACBM were 3.4 mM, which was higher than the Km

app

value of TreCel7A, 1.2 mM, indicating a lower binding affinity for
pNPL.

Cellulose hydrolysis. Enzymatic activity comparisons were
conducted on 0.5% Avicel, pretreated corn stover (PCS), and
phosphoric acid-swollen cellulose (PASC) substrates. The en-
zyme cocktails comprised �-glucosidase from Novozymes 188,
the E1 endoglucanase from A. cellulolyticus, and DpuCel7ACBM,
DdiCel7ACBM, or TreCel7A (63). Assays were completed near
the previously determined pH and temperature optima for
DpuCel7ACBM and DdiCel7ACBM, at pH 5.0 and 50°C and 40°C,
respectively. Glucose and cellobiose concentrations were deter-
mined by HPLC and plotted as a function of time. Curves were fit
to a single exponential; the time constant (	) for cellulose hydro-
lysis is reported in Table 2 and indicates that cocktails with both
DpuCel7ACBM and DdiCel7ACBM convert cellulose to glucose in
a manner equivalent to that for TreCel7A on all three cellulose
substrates. All hydrolysis profiles were strikingly similar
(Fig. 3), with only one minor difference in the hydrolysis of Avicel
by DpuCel7ACBM being seen (Fig. 3), where the enzyme reached a
lower maximum conversion than TreCel7A but did so faster than
TreCel7A.

DdiCel7A and DpuCel7A structures. After extensive screen-
ing, crystals of the T. reesei-expressed DdiCel7A and DpuCel7A
proteins that could be used for synchrotron radiation diffraction
data collection were obtained. However, in both cases the crystals
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FIG 1 Sequence alignment of the GH7 CBHs that have been structurally characterized to date. The regions highlighted in blue denote N-glycosylation motifs,
the residues in red (EXDXXE motif) denote the catalytic residues, and the residues enclosed in boxes represent the A1 to A4 and B1 to B4 loops enclosing the
active-site tunnel.
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were small and the diffraction data were notoriously weak and
suffered from twinning and high degrees of mosaicity. This is re-
flected by high R and Rfree factors of 0.25 and 0.35, respectively, for
the DdiCel7A structure and 0.23 and 0.31, respectively, for the
DpuCel7A structure, which were refined at resolutions of 2.1 and
2.7 Å, respectively, and a rather high average temperature factor (B
factor) of 28.5 Å2 for DdiCel7A. Nevertheless, almost the entire
backbone could be traced with confidence. All amino acid side
chains were placed and refined, apart from Lys-438 of DdiCel7A
and Asn-438 and Asn-439 of DpuCel7A, which were not visible in
the electron density and thus excluded from the final models. The
DdiCel7A structure was solved in space group P212121 with a sin-
gle protein chain in the asymmetric unit, and DpuCel7A was
solved in space group P212121 with two chains, A and B, in the
asymmetric unit. In both structures, the N-terminal glutamine
residue is cyclized to pyroglutamate (PCA1), Pro-388 is cis-pro-

line, all 18 cysteines form disulfide bonds, N-glycosylation is evi-
dent at Asn-269 with density for one N-acetylglucosamine unit,
and Lys437 is the last visible residue. In DpuCel7A, an additional
GlcNAc is attached to Asn-112. Statistics for diffraction data pro-
cessing and structure refinement are summarized in Table 3.

Structural alignments and analysis. As expected from the
high degree of amino acid sequence identity (Fig. 1), the folds of
DdiCel7A and DpuCel7A were very similar to one another (80%
identity; root mean square deviation [RMSD], 0.45 Å) as well as to
the fold of the catalytic module of TreCel7A (59% identity; RMSD,
0.66 and 0.62 Å, respectively) (Fig. 4). The catalytic residues for

TABLE 1 Biochemical and kinetic characterization on pNPL

Enzyme
Optimum
temp (°C)

Optimum
pH

Tm

(°C)
kcat

(min�1)
Km

app

(mM)
Ki

(�M)

DdiCel7ACBM 45 5 53 16.1 
 2.8 3.4 
 0.1 205
DpuCel7ACBM 55 5 63 36.0 
 6.7 3.4 
 0.3 130
TreCel7A 55 4 64 16.1 
 3.0 1.2 
 0.1 29

FIG 2 Biochemical and kinetic characterization of DdiCel7ACBM, DpuCel7ACBM, and TreCel7A. (A) Comparison of activity on 2 mM pNPL at 40°C and at
various pH values; (B) comparison of activity on 2 mM pNPL at pH 5 and various temperatures; (C) DSC traces comparing the denaturation temperature (Tms)
of all three enzymes; (D) Michaelis-Menten plot for comparison of activities with various concentrations of pNPL at 45°C and pH 5.

TABLE 2 Cellulose hydrolysis kinetic parameters determined by use of a
single exponential curvea

Enzyme Temp (°C)

	 (h)

Avicel PCS PASC

DdiCel7ACBM 40 23 
 7 36 
 5 34 
 6
TreCel7A 40 35 
 13 35 
 5 33 
 6
DpuCel7ACBM 50 26 
 5 25 
 2 11 
 2
TreCel7A 50 25 
 5 24 
 2 13 
 1
a The equation for the exponential curve was A · (1 � exp�t/	) � C, where A is the
amplitude, t is time, 	 is the time constant for cellulose hydrolysis, and C is the baseline
offset.
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the Dictyostelium Cel7A structures (Glu211, Asp213, and Glu216,
corresponding to TreCel7A Glu212, Asp214, and Glu217, respec-
tively) and aromatic residues that stack on the binding sites at
positions �7, �4, �2, and �1 (W40, W38, W373, and W382,
respectively) overlap the positions of the analogous residues in
TreCel7A (PDB accession number 4C4C). Figures 4A and B show
the superposition of DdiCel7A and DpuCel7A with the cellonon-
aose Michaelis complex of TreCel7A (PDB accession number
4C4C), where surface loops of interest and glucoside-binding sub-
sites are indicated (14). The corresponding loop regions are also
highlighted in the structure-based sequence alignment of the
catalytic modules of the GH7 CBH structures available in PDB
(Fig. 1).

Alignments of the structures of DdiCel7A and DpuCel7A to the
known structures of other GH7 CBHs showed that the eight major
binding tunnel loops (A1 to A4 and B1 to B4) of DdiCel7A and
DpuCel7A are exceptionally similar to each other and to those of
TreCel7A, revealing a highly enclosed active site (Fig. 5). Loops A3
and B3 of DdiCel7A and DpuCel7A lack at their tips the Tyr resi-
dues that are present in TreCel7A. However, the Dictyostelium
Cel7A enzymes have a tyrosine (Tyr202) that protrudes from the
base of the B2 loop whose side chain resides in the same general
space as the B3 tyrosine in the other GH7 structures (Tyr247 in
TreCel7A) (Fig. 6). The opposing residue on loop A3 (Tyr371 in
TreCel7A) is Gln377 in DdiCel7A and Leu377 in DpuCel7A. Glu-

tamine at this position is a rare motif among GH7 CBHs and is
found only in another protist, Pseudotrichonympha grassii, a para-
basilian symbiont in the gut of termites. A few distantly related
basidiomycetes have glutamate at this position; e.g., in HirCel7A,
molecular dynamics simulations showed that the glutamate side
chain can interact with a bound cellulose chain (15). DpuCel7A
and DdiCel7A also possess on the A1 loop two glutamine residues
(Q97 and Q99) that would be in direct contact with the cellulose
surface when the enzyme is adsorbed (64); TreCel7A possesses
only the former of these. Near the entrance to the tunnel, an aro-
matic residue in DpuCel7A (Phe6) may potentially provide an
additional subsite at position �8 and help to guide a cellulose
chain into the tunnel. Leucine is found at the corresponding po-
sition in DdiCel7A and TreCel7A.

TreCel7A has four attachment sites on the CD for N-glycosy-
lation: N45, N64, N270, and N384. Only the N270 glycan site is
maintained (at N269) in DpuCel7A and DdiCel7A, where one
attached N-acetylglucosamine is visible in both structures. At the
position analogous to TreCel7A N45, both DdiCel7A and
DpuCel7A have a 1-residue deletion, and TreCel7A N384 is re-
placed by a threonine. Instead, the Dictyostelium sequences exhibit
an N-glycosylation site at N112, which is also found in ThaCel7A
and where GlcNAc is seen in the DpuCel7A structure, and at an
additional site in DpuCel7A, N433, although there is not clear
electron density to observe glycan attachment. We also note that

FIG 3 Cellulose hydrolysis on Avicel (A, D), PCS (B, E), and PASC (C, F) in a three-enzyme cocktail consisting of the experimental CBH, endoglucanase (E1),
and �-glucosidase. (A to C) Comparison of DpuCel7ACBM and TreCel7A at 40°C and pH 5.0; (D to F) comparison of DdiCel7ACBM and TreCel7A at 50°C and
pH 5.0. All digestions were evaluated against a no-CBH control.
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TreCel7A has 10 disulfide bridges, whereas the Dictyostelium
Cel7A enzymes have only 9. The more common scenario in GH7
cellulases is for them to lack this extra disulfide bridge between
Cys4 and Cys72 (TreCel7A numbering). In fact, TreCel7A and T.
harzianum Cel7A are the only GH7 members with a solved struc-
ture that possess the 10th disulfide bridge.

Lastly, the product-binding sites of DdiCel7A and DpuCel7A
are quite similar to those of TreCel7A, with the exception of a few
notable differences among residues that have been extensively
studied and discussed in past GH7 studies (8). Thr246 at the tip of
loop B3 in TreCel7A is replaced by Ala245 in DdiCel7A and

DpuCel7A, resulting in the loss of a hydrogen bond to the sub-
strate at the subsite at position �1 (Fig. 6A). At the same time, the
side chain of Asp345 in loop B4 of DdiCel7A and DpuCel7A is
suitably positioned for H bonding to OH1 of the glucosyl unit at
position �2 of the reducing end. Actually, most GH7 CBHs have
aspartate at the corresponding position, but TreCel7A and other
Trichoderma species lack this interaction due to a 1-residue dele-
tion in loop B4 (15, 50, 65).

Cellobiose inhibition. In light of the structural differences
found in the product-binding site, Ki studies for product inhibi-
tion were carried out using pNPL as the substrate. Simultaneous
nonlinear regression was used to evaluate the events for compet-
itive, uncompetitive, noncompetitive, and mixed inhibition. The
data collected suggest that these enzymes are competitively inhib-
ited by cellobiose, and the Kis for competitive inhibition are re-
ported in Table 1. Cellobiose is 5 to 7 times less inhibitory to
DdiCel7ACBM and DpuCel7ACBM than to TreCel7A, with Ki values
of 205, 130, and 29 �M, respectively. This is consistent with
the findings of previous studies investigating similar structural
changes in the GH7 CBH active site (36).

DISCUSSION

GH7 CBHs are complex, important enzymes in both nature and
the growing biofuels industry. Continued structural and bio-
chemical studies of these enzymes are essential to developing de-
tailed structure-function relationships, given their importance.
The GH7 CBHs from D. discoideum and D. purpureum are now
the second and third known nonfungal GH7 enzyme structures,
with the first one being from a salt water-inhabiting, wood-boring
isopod, L. quadripunctata (22).

Although many GH7 CBHs are bimodular, exhibiting a cata-
lytic domain (CD) connected to a carbohydrate-binding module
(CBM) by an �30-amino-acid flexible linker, the native se-
quences of DdiCel7A and DpuCel7A do not exhibit a CBM-linker
domain. It has long been known that the CBM aids the enzyme by
increasing the binding to its crystalline cellulose substrate (66);
however, it is likely that there are evolutionary reasons for the lack
of a CBM, such as environments of high cellulose density where
the substrate concentration greatly surpasses the Km of the CBM
or CD. Indeed, a recent study by Varnai et al. demonstrated that

TABLE 3 Data collection and refinement statistics for DdiCel7A and
DpuCel7A

Parameter

Value(s) fora:

DdiCel7A DpuCel7A

Data collection statistics
PDB accession no. 4ZZQ 4ZZP
Beam line I911-3, MAX-Lab ID23-1, ESRF
Space group P212121 P212121

a, b, c (Å) unit cell
dimensions

44.2, 62.9, 132.9 55.6, 85.2, 168.5

Wavelength (Å) 1.0 0.87
Resolution (Å) 45.7–2.10 (2.21–2.10) 46.9–2.70 (2.85–2.70)
No. of unique reflections 22,434 22,787
Multiplicity 8.3 (8.3) 6.6 (6.3)
Completeness (%) 100 (100) 99.9 (99.9)
I/�I 5.5 (1.3) 5.3 (3.2)
Rmerge

b 0.33 (1.6) 0.25 (0.5)

Refinement statistics
Rwork/Rfree (%) 25.6/35.1 23.5/31.4
Mean B factor (Å2) 28.5 15.16
No. of amino acids 437 437
Completeness (%) 99.9 99.8
RMSD

Bond angle (°) 1.26 1.27
Bond length (Å) 0.0073 0.0058

a Numbers in parentheses correspond to the highest-resolution bins.
b Rmerge 
 �h�i|I(h)i � �I(h)�|/�h�i I(h)i, where I(h)i is the intensity (I) of reflection h
and �I(h)� is the average value over multiple measurements.

FIG 4 Superposition of the structures of DpuCel7A (A) and DdiCel7A (B) with the structure of the cellononaose Michaelis complex of TreCel7A (PDB accession
number 4C4C). The key substrate-binding loops are labeled in panel A, and the substrate-binding sites are labeled in panel B.
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TreCel7A without the CBM-linker is able to achieve the same ex-
tent of conversion on Avicel and pretreated wheat straw at a high
level (20%) of solids loadings, while at a lower level of solids load-
ing, such as the 0.5% used here, the CBM-linker aids in conversion
by binding crystalline cellulose and increasing the local concen-
tration (67). Consequently, for biochemical studies, we have
added the family 1 CBM and linker from TreCel7A to the CD of
native DdiCel7A and DpuCel7A (DdiCel7CBM and DpuCel7ACBM,
respectively) to be able to compare more directly GH7 CBH con-
version at low levels of solids loadings. Going forward, self-con-
sistent comparisons of GH7 CBHs with (or without) CBM-link-
ers, enabled by the development of a T. reesei expression host from
which Cel7A is deleted (46), will be important to the continued
development of structure-activity relationships and the develop-
ment of the baseline activity of GH7 CBHs from natural diversity
in the context of a background enzyme cocktail on process-rele-
vant substrates.

Since T. reesei is known to be one of the most cellulolytic or-
ganisms, it is surprising that both Dictyostelium GH7s were
equally active on biomass and crystalline cellulose at their respec-
tive temperature optima (Table 1). However, previous investiga-
tions of the cellulose synthase in D. discoideum have shown that
the cellulose deposited in the sheath is highly crystalline cellulose I
(68) and that the high crystallinity is positively correlated with an
increased strength and rigidity of the stalk (69). Thus, it is not
unreasonable to surmise that the Dictyostelium Cel7s have evolved
a highly efficient mechanism for rearrangement of crystalline cel-
lulose I to resourcefully modify the cell wall and sheath structure
and potentially recycle glucose during formation of the stalk and
fruiting body. Additionally, Eichinger et al. speculate that dictyo-
stelia may also utilize the cellulose- and hemicellulose-degrading
enzymes in their genomes to degrade plant tissue for food (40).
Immunolabeling of GH7 CBHs is a well-known technique to vi-
sualize these enzymes (70) and could potentially be used to exam-
ine the distribution of these enzymes when they are expressed in
the presence and absence of either self-generated cellulose or ex-
ogenous sources to determine the function of GH7 CBHs in the
life cycle of dictyostelia.

In a previous report, following the in vivo expression of GH7
CBH in D. discoideum, the enzyme was found to be highly con-

FIG 5 Space-fill GH7 structures comparing the substrate tunnel enclosures of CBHs from T. reesei (PDB accession number 4C4C), D. discoideum, D. purpureum,
H. irregulare (PDB accession number 2YG1), P. chrysosporium (PDB accession number 1GPI), and the endoglucanase (EG) Cel7B from T. reesei (PDB accession
number 1EG1). In all frames, the cellononaose ligand from the TreCel7A Michaelis complex is shown as gray sticks.

FIG 6 Alignments of the structures of DdiCel7A and DpuCel7A with the
known structures of other GH7 CBHs. (A) Alignment around the active site
illustrating the interactions of the B2, B3, and A3 loops discussed in the text.
(B) Product-binding sites illustrating the relative positioning of the commonly
found aspartate residue that interacts with the glucosyl unit at position �2 but
which is replaced by glycine in TreCel7A and ThaCel7A. Both the Michaelis
(PDB accession number 4C4C) and primed glycosyl-enzyme intermediate
(GEI; PDB accession number 3CEL) ligands are from the TreCel7A structure.
The aspartic acid side chains of PchCel7D, HirCel7A, RemCel7A, AfuCel7A,
and LquCel7B essentially overlay those of DpuCel7A and DdiCel7A and are not
shown for clarity.
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trolled by the developmental phase of the organism (11). While
the actual quantity of GH7 CBH at each stage was not reported, it
may be that this organism expresses only a small amount of Cel7 at
critical developmental phases and that the expression of large
quantities, like those secreted by T. reesei during biomass degra-
dation, could perhaps be detrimental to the organism. It is also
possible that the hydrolytic ability of these enzymes is advanta-
geous, in that it enables the organism to progress through mor-
phogenesis quickly, therefore allowing it to rapidly escape ill-fated
environments. Given this tight regulation of expression, it would
also be interesting to investigate the regulation of the GH7 CBH
promoter during morphogenesis to better understand the process
of morphogenesis or the mechanism of transcription regulation,
as well as for its potential use in future GH7 expression systems for
industrial applications.

The crystal structures of native DdiCel7A and DpuCel7A are
exceptionally similar to each other and to the crystal structure of
TreCel7A (Fig. 4). Indeed, the degree of binding tunnel closure of
native DdiCel7A and DpuCel7A is the closest to that of TreCel7A
to have been observed among GH7 structures to date (Fig. 5).
Functionally, this suggests increased processivity and a reduced dis-
sociation constant that are perhaps similar to those of TreCel7A. Of
particular significance is the lack of tyrosine in the B3 and A3
loops, whose side chains maintain some degree of flexibility (ex-
emplified by their different positions in the TreCel7A structures
with PDB accession numbers 1CEL and 4C4C) and partially en-
close the binding tunnel at the catalytic center (8). To compensate,
the Dictyostelium Cel7A enzymes have a unique tyrosine (Y202)
that protrudes from the base of the B2 loop, whose side chain
resides in the same general space as the side chains of the A3 and
B3 tyrosines in the other GH7 structures (Fig. 6A). The result is
that the degree of binding tunnel enclosure in DpuCel7A and
DdiCel7A in this region is comparable to or greater than that in
the other GH7 CBHs. In addition to the aforementioned implica-
tions for processivity and the dissociation constant, this may sug-
gest that the Dictyostelium Cel7A enzymes may have elevated
probabilities of endoinitiation compared with the probability for
TreCel7A (34).

The product-binding sites of DdiCel7A and DpuCel7A are sim-
ilar to those of TreCel7A with a few notable, potentially important
differences, namely, T246 (TreCel7A numbering) and D345
(DpuCel7A and DdiCel7A numbering) (Fig. 6A). Ståhlberg et al.
(71) speculated on the flexibility of the T246 side chain, as evi-
denced by elevated temperature factors and weaker electron den-
sity when the binding site at position �1 was vacant. However,
when the binding site at position �1 was filled, the position of
T246 was as stable as the rest of the protein, thus providing further
evidence for the importance of this hydrogen bond. von Ossowski
et al. (36) discussed the impact of this residue’s absence in
PchCel7D, as did Ubhayasekera et al. (65). Ubhayasekera et al.
(65) concluded that the two most significant differences in ligand
binding between TreCel7A and PchCel7D are the direct hydrogen
bond with T246 (which is absent in PchCel7D) and the D336
interaction at the binding tunnel exit, in which the interaction is
present in PchCel7D but in which D336 is replaced by glycine in
TreCel7A. Like PchCel7D, both Dictyostelium structures possess
an aspartate at this position (D345 in DdiCel7A and DpuCel7A),
as illustrated in Fig. 6B. The conservation of this interaction in
GH7 cellulases has been discussed (65); as mentioned in Results,
the aspartate residue here is rather well conserved in all GH7
CBHs except those in the Trichoderma genus and a few others,
where the B4 loop is 1 residue shorter. This aspartate is addition-
ally absent in GH7 EGs due to deletion of the B4 loop, implying
that this residue may play a role in cellulose chain processivity in
some GH7 CBHs.

To verify the functional significance of the unique product site
motif, we investigated the biochemical characteristics and activi-
ties of DdiCel7ACBM and DpuCel7ACBM on soluble (Table 1) and
insoluble (Table 2) substrates. We found that on the soluble sub-
strate pNPL, DpuCel7ACBM has a higher specific activity than ei-
ther DdiCel7ACBM or TreCel7A. Interestingly, we could find no
structural difference between the CDs of DdiCel7A and DpuCel7A
to fully explain the differences in activities. Evolutionarily, it is
unclear why the Dictyostelium Cel7s are more cellobiose tolerant.
Perhaps the high viscosity of the extracellular matrix amplifies the
effective cellobiose concentration due to limited diffusion. Both

FIG 7 Eukaryote evolution timeline of branches where GH7 genes have been found and the percent identities (ID%) and similarities (Sim%) of the protein
sequences within the GH7 domain to the D. discoideum Cel7A sequence. Branch names and time points of divergence are from reference 72. Only points of early
divergence (�600 million years ago) are included; the later divergence among stramenopiles, amoebozoa, and metazoans is not resolved here. The multiple-
sequence alignment of selected GH7 sequences was done with the MUSCLE web service, and flanking regions (e.g., the signal peptide, CBM) were trimmed off
before calculation of pairwise sequence identities and similarities using the Gonnet substitution matrix. UniProt accession numbers are provided, except in the
case of Schizochytrium aggregatum, for which the U.S. patent number is indicated (76). *, the Aureococcus anophagefferens GH7 sequence (UniProt accession
number F0YSW7) appears to be a fragment containing only 135 residues of the C-terminal part of the GH7 domain in the alignment.
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Dictyostelium organisms studied here contain multiple genes pre-
dicted to have �-glucosidase activity (seven for D. discoideum and
eight for D. purpureum) (7); however, to our knowledge, it has not
been reported if the organism utilizes the glucose for energy or for
some other purpose, such as feeding a bacterial symbiote, as has
been suggested previously (40). The cosecretion of �-glucosidases
alongside the GH7 CBHs has also not been examined, to our
knowledge.

GH7 genes occur in branches of the eukaryotic tree of life that
diverged over 1 billion years ago (Fig. 7) (72), suggesting either an
ancient ancestral GH7 gene or gene uptake via horizontal gene
transfer (HGT). These genes have been well characterized and
identified in many cellulolytic fungi and, more recently, in ani-
mals, such as marine wood borers (Crustacea, e.g., the gribble
[Limnoria quadripunctata]) (39). Moreover, they have been found
in additional eukaryote branches, such as amoeba (40), oomycetes
(stramenopiles, e.g., the potato blight pathogen Phytophthora in-
festans), haptophytes (e.g., the phytoplankton Emiliania huxleyi),
and parabasilids (Excavata, e.g., the termite hindgut symbiont
Pseudotrichonympha grassii) (39, 73). Compared to other GH
families, GH7 CBHs are noteworthy in how conserved they are in
terms of sequence identity (�40%; Fig. 7; Table 4). If GH7 cellu-
lases were derived from a single ancestor before the earliest point
of divergence in the eukaryotic tree of life, the sequence conserva-
tion is remarkable, given the early event of divergence. If this is
indeed the case, these findings suggest that GH7 CBHs cannot
accommodate a broad sequence space for primary function. How-
ever, we cannot rule out the possibility that HGT occurred on a
more recent time scale, thus limiting the extent of sequence diver-
gence. We performed a phylogenetic analysis of taxonomically
diverse GH7 protein sequences to construct an evolutionary tree
on the basis of the sequence of the GH7 domain alone. A simpli-
fied tree is shown in Fig. 8, and the complete tree with all sequence
names is shown in Fig. S2 in the supplemental material. The amoe-
bae are placed among ascomycete sequences, indeed suggesting
HGT from an early ascomycete to a dictyostelial ancestor. The
event should then have occurred after the separation of the Asco-
mycota and Basidiomycota (�600 million years ago) but before
the divergence of D. discoideum and D. purpureum, which is esti-
mated to have been about 400 million years ago (7), and suppos-
edly much earlier, as indicated by additional nodes further down
in the Amoebozoa subtree and the high degree of similarity be-
tween DdiCel7A and DpuCel7A (Fig. 8). HGT has been hypothe-
sized to be a primary means of genome evolution in D. discoideum
(40). Given the lifestyle of dictyostelia, which inhabit forest soil, it
seems plausible that HGT of the genes for GH7 CBHs from fungi
may have been the primary mechanism for the presence of these
enzymes present in slime mold genomes (or vice versa). Similar
arguments have been made for HGT into wood-boring crusta-
ceans, such as L. quadripunctata (39). We note, however, that all
the genes in dictyostelia that are strongly supported to have been
acquired by HGT are genes of bacterial origin (7) and prokaryote-
eukaryote HGT is generally easier to detect than HGT of nuclear
genes between eukaryotes (74). For oomycetes, extensive whole-
genome, gene-to-gene phylogenetic analysis has been applied to
detect putative HGT between fungi and plant-pathogenic oomy-
cetes, and the results indicate that HGT has been fundamental to
the evolution of plant-parasitic traits within the oomycetes (75).
Interestingly, though, the GH7 gene was not present among the 34
candidate genes acquired by HGT identified in the analysis, sug-

gesting that it does not show strong signs of being acquired by
HGT in oomycetes [while a GH10 gene annotated as a �(1,4)-
xylanase is], which is also consistent with the findings of our phy-
logenetic analysis (Fig. 8). Regardless of the gene transfer mecha-
nism or ancestry, we find it remarkable that, despite a distant
phylogenetic and temporal relationship between dictyostelial
GH7 CBHs and their more well-studied fungal counterparts, such
high degrees of homology and similarity in activity and structure
are preserved.

In conclusion, this study presents the crystal structures of the
GH7 CBHs of two social amoebae and shows that they are struc-
turally and functionally very similar to the crystal structure of the
well-studied TreCel7A, revealing a remarkable degree of conser-
vation in these important cellulose-degrading enzymes across dis-
tant phylogenetic branches on the eukaryotic tree of life (39). Sev-
eral key differences in the makeup of the binding tunnel loops and
the product-binding sites likely give rise to the observed differ-
ences in kinetics on the small-molecule substrate pNPL and the
reduction in product inhibition by cellobiose compared to the
results for TreCel7A. Lastly, this study presents an approach to
append a CBM-linker on GH7 CBHs to produce chimeric cellu-
lases for direct comparison on insoluble cellulose-rich substrates.
This approach will be essential to building a large collection of
self-consistent results in the study of GH7 CBH activities and for
determining accurate structure-function relationships for these
important enzymes (8). The functional relevance of the GH7

FIG 8 Phylogenetic tree of 113 GH7 CBH protein sequences. The evolution-
ary history was inferred using the minimum evolution method (58) with 700
bootstrap replicates in MEGA (v. 7) software (57) from a multiple-sequence
alignment of the GH7 domain by MUSCLE, as described in Materials and
Methods. Branch lengths are drawn to scale, with evolutionary distances,
which were computed using the Dayhoff matrix-based method, being given in
units of number of amino acid substitutions per site. Gray numbers are boot-
strap values (in percent). A key to the colors and symbols is provided. Se-
quences listed in Figure 7 and Table 4 are indicated with the following abbre-
viations (UniProt accession numbers within parentheses): Ddi, Dictyostelium
discoideum Cel7A (Q55FE6); Dpu, Dictyostelium purpureum Cel7A (F0ZJZ1);
Tre, Trichoderma reesei Cel7A (P62694); Sag, Schizochytrium aggregatum (se-
quence from reference 76); Pch, Phanerochaete chrysosporium Cel7D (Q7LIJ0);
Pgr, Pseudotrichonympha grassii (Q95YH1); Dap, Daphnia pulex Cel7A
(E9G5J5); Aqu, Amphimedon queenslandica (I1FU52); Toc, Thalassiosira oce-
anica (K0T5R6); Ehu, Emiliania huxleyi (R1C7R5); Plu, Pyrocystis lunula
(D8UXL6); Pin, Phytophthora infestans (D0N841). The complete tree with all
sequence names is provided in Fig. S2 in the supplemental material.
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CBHs in dictyostelia, likely intimately related to the reshaping of
the extracellular matrix important to the slime mold life cycle in its
morphogenesis from slug to fruiting body (11) or in its ability to
digest cellulose-containing organisms in the forest soil (40), re-
mains a question of particular interest to understand the evolu-
tionary pressures on the activities of slime mold GH7 CBHs.
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