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Abstract Cellobiohydrolases hydrolyze cellulose
releasing cellobiose units. They are very important
for a number of biotechnological applications, such as,
for example, production of cellulosic ethanol and
cotton fiber processing. The Trichoderma cellobiohy-
drolase I (CBH1 or Cel7A) is an industrially important
exocellulase. It exhibits a typical two domain archi-
tecture, with a small C-terminal cellulose-binding
domain and a large N-terminal catalytic core domain,
connected by an O-glycosylated linker peptide. The
mechanism by which the linker mediates the concerted
action of the two domains remains a conundrum. Here,
we probe the protein shape and domain organization of
the CBH1 of Trichoderma harzianum (ThCel7A) by
small angle X-ray scattering (SAXS) and structural
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modeling. Our SAXS data shows that ThCel7A linker
is partially-extended in solution. Structural modeling
suggests that this linker conformation is stabilized by
inter- and intra-molecular interactions involving the
linker peptide and its O-glycosylations.
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Introduction

Cellulases are important for the conversion of cellu-
lose-containing biomass into glucose, which can be
converted into bioethanol by fermentation (Li et al.
2009). One of the most studied cellulase complexes is
produced by the filamentous fungus Trichoderma
reesei, consisting of several different enzymes (Hayn
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and Esterbauer 1985). Roughly 60 % of total protein
secretion of Trichoderma strains is cellobiohydrolase I
(Cel7A; CBHI; 1.4-B-p-glucan cellobiohydrolase,
E.C. 3.2.1.91), which belongs to family 7 of glycoside
hydrolases, GH7 (Cantarel et al. 2009). This enzyme is
capable of degrading of crystalline cellulose by
splitting of cellobiose units from the non-reducing
end of the substrate (Horn et al. 2012; Serpa and
Polikarpov 2011; Nummi et al. 1983).

Limited proteolysis and structural studies of CBH1
from T. reesei show that it has two domains: a
C-terminal cellulose binding module (CBM), and an
N-terminal core domain (CCD), responsible for the
enzymatic cleavage of the substrates (Vantilbeurgh
et al. 1986). These domains are joined by a flexible,
O-glycosylated and proline/serine/threonine-rich lin-
ker peptide. It has been observed that binding affinity
and enzymatic activity are affected when the linker is
shortened or deleted, suggesting that the length of the
linker is important to ensure flexibility and the
concerted action of the CBM and the CCD (Srisodsuk
et al. 1993; Ting et al. 2009; Beckham et al. 2010).

The first molecular shape of cellobiohydrolases in
solution was obtained from small-angle X-rays scatter-
ing (SAXS) data. Schmuck and colleagues found that
the CBH1 from T. reesei has a tadpole shape consisting
of a rather isotropic head and a long and flexible tail
(Schmuck et al. 1986). The comparison of SAXS data of
the intact enzyme with that of its CCD permitted the
identification of the head of the tadpole as the catalytic
core domain (Abuja et al. 1988; Divine et al. 1994). The
same two-module molecular shape was described for
other cellulases (Pilz et al. 1990) and for T. reesei Cel7A
using high-resolution electron microscopy (Lee and
Brown 1997). Recent SAXS ab initio characterization of
Humicola insolens Cel45 and SANS study of T. reesei
Cel7A (Receveur et al. 2002; Pingali et al. 2011)
significantly improved our comprehension of the
molecular architecture of full-length cellulases.

The cellobiohydrolases are complex multi-domain
proteins which have fundamental importance in the
hydrolysis of crystalline cellulosic substrates and, thus,
have a pivital role in plant biomass depolymerization by
the fungal enzymes and, as a consequence, for second
generation bioethanol production (Horn et al. 2012;
Serpa and Polikarpov 2011). However, many questions
remain about how these enzymes function and a detailed
molecular understanding of their catalytic activity is still
missing. In order to comprehend how these enzymes
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function, we will have not only to gather detailed
knowledge of the hydrolysis mechanism, but also to
obtain an in-depth view of their molecular structure and
to acquire insights about the synergy between the
individual domains of the enzyme in the full-length
settings, their dynamics and their interactions with the
cellulose substrate.

In an effort to extend our knowledge of molecular
organization and conformational dynamics of a full-
length cellulase in solution, we determined the dimen-
sions and molecular shape of Cel7A from T. harzianum
(ThCel7A) (Roussos and Raimbault 1982; Kalra and
Sandhu 1986), its conformational dynamics and energet-
ics, using a combination of SAXS, 2D-3D modeling
based on SAXS data, and computational modeling of the
fully glycosylated ThCel7A. We show that jointly, SAXS
and structural modeling permit one to generate full-length
cellulase atomic model that improves the accuracy with
which experimental X-ray scattering data can be inter-
preted, in particular by providing a range of possible
extensions of the linker. Our study reveals that the
ThCel7A CCD and CBM domains are attached by a
linker which does not assume its maximal possible
elongation, and might contract and distend in lengths of
about one cellobiose unit, thus providing insights into the
possible motions of ThCel7A on the substrate surface.

Materials and methods
Sample preparation

The enzyme production was accomplished in a 7.5 L
bioreactor (BIOFLO 110, New Brunswich Scientific).
Temperature, pH and dissolved oxygen were con-
trolled at 28 °C, pH 5.0 by addition of NaOH or HCI
and dissolved oxygen at 60 % of saturation by aeration
and agitation revolution per minute. After 5 days of
fermentation of 7. harzianum with microcrystaline
cellulose (AVicel®) as inducer of cellulase production,
the extracellular extract was filtered and concentrated
via tangential flow filtration system (TFF) using a
hollow fiber technology (GE Healthcare Life Science).
The CBHI from T. harzianum was purified by ion
exchange chromatography using DEAE-Sephadex
(A-50, Sigma) with 50 mM Tris—HCI buffer, pH 7.0.
The CBHI1 fraction was eluted with 100 mM NacCl in
the same buffer. Fraction of the pure protein was
submitted to partial papain (Sigma) proteolysis at a
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ratio 50:1 (ThCel7A: papain) in 40 mM phosphate
buffer, pH 6.0; 5 mM L-cysteine; 2 mM EDTA,
25 °C, for 60 min. Separation of the domains was
achieved by loading the digested material onto a
Superdex 75 column 10/30 (GE Healthcare) with
50 mM Tris—HCI buffer, pH 7.0 and 300 mM NaCl.

Protein concentration was measured by Bradford
assay (Bradford 1976) with bovine serum albumin as
reference standard. Protein samples were separated
and analyzed by SDS-PAGE (Laemmli 1970) and
stained with Coomassie brilliant blue R-250 (Bio-Rad
Laboratories).

Small-angle X-ray scattering studies

SAXS data for the full ThCel7A and its CCD were
collected at the DO2A-SAXS2 beamline of the Syn-
chrotron Light National Laboratory (Campinas, Brazil),
at 45 and 90 mM, respectively. We used monochro-
matic X-ray with A = 1.488 A. X-ray patterns were
recorded using a two-dimensional charge-coupled
detector (MarResearch, USA). The sample-detector
distance was 1,200 mm, resulting in a scattering vector
range of 0.013-0.27 1&7], where ¢ = 4m/Asin0 (20 is
the scattering angle). The samples, in 50 mM Tris—HCI
buffer (pH = 7.0), were centrifuged for 30 min at
23,500x g, at4 °Ctoremove aggregates and then placed
onice. For SAXS measurements a 1-mm path length cell
with mica windows at 10 °C. Two successive frames of
300 s each were recorded for each sample to monitor
radiation damage and beam stability. Buffer scattering
was recorded prior to sample data collection. SAXS
patterns were individually corrected for detector
response and scaled by the incident beam intensity and
the samples absorption. After buffer scattering subtrac-
tion, protein SAXS patterns were integrated using Fit2D
software (Hammersley et al. 1996, 1997) and scaled by
protein concentration.

SAXS analysis and modeling

The radius of gyration, R, was computed from Guinier
equation (Guinier and Fornet 1995) and by indirect
Fourier transform method using Gnom package (Sver-
gun 1991). The distance distribution function p(7) also
was calculated using Gnom, and the maximum diam-
eter, D,,,. was obtained. Molecular weights were
calculated for all constructions using SAXSMoW
(Fischer et al. 2010). Dummy atom models (DAMs)

were calculated from the SAXS curves of the catalytic
domain of ThCel7A and also of ThCel7A containing
both domains using Dammin (Svergun 1999). Twenty
independent ab initio shape determinations with
different starting conditions and without symmetry
constraints led to consistent results as judged by the
structural similarity of the output models, yielding
nearly identical scattering patterns and fitting statistics
in a stable and self-consistent process. DAMAVER
was used for automated analysis and averaging of
multiple reconstructions, permitting both to analyze
the stability of the reconstruction convergence and to
yield the most probable particle model (Kozin and
Svergun 2001). The CBM and CCD structures were
predicted by Swiss Model Server (Arnold et al. 2006;
Bordoli et al. 2009) using as templates the structures of
the T. reesei CBM (PDB id: 1CBH) (Kraulis et al.
1989) and CCD (PDB id: 2V3I) (Momeni et al. 2013),
which have 80.6 and 81.8 % of sequence identity with
the ThCel7A domains, respectively. The crystal struc-
ture of the CCD of ThCel7A was later obtained (Textor
et al. 2012) and the RMSD between the later crystal-
lographic structure and the one from the T. reesei CCD
is only 0.5 A, thus confirming that the models are
adequate in view of the low resolution of SAXS data.
SASREF (Petoukhov and Svergun 2005) was used to
obtain arigid body model (Sasref-RBM) displaying the
optimal relative positions of the CCD and CBM that
reproduce SAXS data. Crysol (Svergun et al. 1995)
was used to generate the simulated scattering curve
from structural models, and also to evaluate R, and
D, We used Supcomb (Svergun et al. 2001) to
superimpose the CBH1 DAM and the RBM. Figures
were generated with PyMOL (PyMOL Molecular
Graphics System, Version 1.3, Schrédinger, LLC).

Structural models for full-length ThCel7A

Full-length ThCel7A was modeled using the I-TASSER
server (Zhang 2007) with the structure of the two
domains positioned according to the Sasref-RBM as an
user added template, and distance restraints on the CBM
B-sheets and disulfide bonds. The following internal
databank templates were used by the software: T. reesei
CBHI1 CCD (PDB id: 1celA), Hypocrea jecorina Cel7A
(PDB id: 2v3iA), Phanerochaete chrysosporium cello-
biohydrolase (PDB id: 1gpiA), Talaromyces emersoni
cellobiohydrolase (PDB id: 1q9hA)) and Melanocarpus
albomyces cellobiohydrolase (PDB id: 2rfwA). The
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most accurate structure built by I-TASSER had a
C-score value of 0.47, which indicates that a model is
reliable (Zhang 2007; Roy et al. 2010). After this study
was finished, the crystallographic structure of the CCD
of ThCel7A was obtained (Textor et al. 2012) and
revealed that the CCD model produced by I-TASSER
differs from the crystal structure only in fine details
which are not significant for the interpretation of SAXS
data for its low resolution. The reliability of the full-
length model is, therefore, reinforced, and the differ-
ences are not significant to affect the analysis of the
linker extensions which we report.

Glycosilations

The catalytic domain N-glycans and the linker
O-glycans were added using the GLYCAM server
(http://www.glycam.com). The length of the glycoside
at each site was chosen as suggested by previous mass
spectrometry and chromatography studies (Stals et al.
2004; Harrison et al. 2002) of T. reesei Cel7A
(TrCel7A). The ThCel7A linker has two more potential
O-glycosylation sites relative to 7rCel7A. However,
one of the extra threonines in ThCel7A (Thr 470)
belongs to the CBM sequence and interacts with the
core of the CBM in our molecular model build based on
the experimental structure for 7. reesei CBM (Mattinen
et al. 1997). Therefore we chose to under-glycosylate
the ThCel7A linker region rather than risking the
addition of non-existing glycans in a site interacting
with the CBM. One O-linked B-p-mannosyl per serine
and two or three O-linked linear bonded (1 — 4)-B-p-
mannosyl per threonine were added. Similarly, we
added branched segments consisting of the suggested
(Glca)1-(Mana)6-ManB-(Glc3)2 (Stals et al. 2004) N-
linked to the asparagines 126, 283 and 397, of the CCD.
Similar strategies were used in previous computational
studies of full-length T. reesei cellobiohydrolase
(Zhong et al. 2008; Zhong and Xie 2009).

Structural models with variable linker lengths

The modeled structure described above was used as a
starting point for the generation of various conforma-
tions of the glycosylated linker and, thus, of the
relative orientation of the CCD and CBM domains.
Cycles of energy minimization and molecular dynam-
ics simulations were used to generate such an ensem-
ble. AMBER type force fields (Cornell et al. 1996)
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were used. The protein and the ions were modeled
using ff99SB (Hornak et al. 2006), the carbohydrates
with GLYCAMO6 (Kirschner et al. 2008) and water
with the TIP3P force field (Jorgensen et al. 1983).
Topologies were constructed with AmberTools (Case
et al. 2010). Thirty-two sodium and sixteen chloride
ions were added to render the system neutral and to
mimic the ~50 mM NaCl concentration of the SAXS
experiment. 24 cysteine residues were involved in
disulfide bonds. The protein was solvated in a
rectangular box of water with initial dimensions
128.1 A by 100.0 A by 91.0 A. The resulting system
contained 154,152 atoms. MD simulations were
performed with NAMD (Phillips et al. 2005) applying
periodic boundary conditions. A time-step of 2 fs was
used. Non-bonded interactions were cutoff at 14 A.
Covalent bonds involving hydrogens atoms were kept
fixed using SHAKE (Vangunsteren and Berendsen
1977). Temperature and pressure were controlled
using Langevin barostats and thermostats with a
2 ps~! damping coefficient.

The initial model was equilibrated as follows: all
the protein and carbohydrate atoms were harmonically
restrained, and the energy of the system was mini-
mized by 60,000 conjugated gradient (CG) steps,
followed by 72 ps MD at 1 bar and 300 K. Next, the
system was minimized without restraints by 20,000
CG steps, followed by another harmonically restrained
60 ps NPT simulation. The carbohydrates and the side
chains of the glycosylated residues were allowed to
relax for 300 ps. Next, linker residues restraints
(residues 445-472) were removed and a 200 ps MD
was performed. Finally, the linker C-terminal exten-
sion (residues 445-467) was restrained again, and the
linker N-terminal and the CBM (residues 468-505)
relaxed for 52 ps.

In order to generate a series of structural models that
could account for some of the conformational flexibil-
ity of CBHI1 linker, we conducted a series of short
heating/annealing cycles of the structure, by randomly
varying the temperature of the system between 250 and
550 K in approximate 500 ps steps, for a total simu-
lation time of 4 ns. Five structural models were
extracted from this variable temperature simulation
from simulation frames found in plateaus within the
300-310 K temperature range (Supp. Fig. S1). The
interaction energies between different subsets (CCD,
linker, CBM and glycosylations) were evaluated for
these structures as the average energies in the ~300 K
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temperature plateau from which they were extracted.
These conformations were used to refine the SAXS
model. Heating was performing by adjusting the
Langevin thermostat temperature to target tempera-
tures, with a coupling constant of 5 ps~'. The heating
cycles were relatively fast, and given the high disulfide
bond content of the globular domains, their fold
remained mostly unaltered, rendering variable relative
positions between the CCD and CBM, with different
carbohydrate conformations. Ramachandran plots did
not reveal signs of denaturation.

Root mean square deviations (rmsds) were computed
by aligning the CCD residues 16—443 of the annealed
trajectory to the average structure of each set. The rmsds
were used to quantify the structural deviations of each
model relative to the model obtained with I-TASSER,
and reflect essentially the variability of linker lengths, as
the domain structures remained practically unaltered. We
also computed the radius of gyration (R,), the CBM-CCD
distance (dcgm.cop), and energetic parameters as pro-
tein—protein and carbohydrate-protein interactions, linker
hydration energy, linker hydrogen bonds, and the water
density in the vicinities of the linker. The CCD-CBM
distance was computed as the distance between the
geometrical center of the CCD surface which binds the
linker and the center of mass of the CBM. A water
molecule was considered to be in the vicinity of the linker
if found at less than 5 A of any linker amino acid atom.
Energies were calculated with VMD (Humphrey et al.
1996) and NAMD (Phillips et al. 2005) and figures were
generated with VMD and Pymol (PyMOL Molecular
Graphics System, Version 1.3, Schrodinger, LLC). The
rmsd, R, and backbone hydrogen bonds were computed
with Wordom (Seeber et al. 2007). To minimize limited
sampling problems, averages of the major structures and
distance parameters were also computed using linker
non-bonded energies as Boltzmann weighting factors for
a 300 K configuration ensemble.

Results and discussion

SAXS data analysis reveals a partially-extended
ThCel7A linker conformation

Enzyme concentration was varied in SAXS experi-
ments from 45 to 90 mM for the full-length 7hCel7A
as well as its catalytic domain, with no signs of
aggregation, as the scattering curves were unaltered. A

comparison of the scattering curves of full-length
ThCel7A and its isolated CCD at different concentra-
tion are shown in supplementary Material Figure 2
(Supp. Fig. S2). SAXS analyses were performed using
scattering data collected with 45 mM concentration
for both constructs. (Fig. 1a). From Guinier analysis
we computed the radii of gyration (R,) of full-length
ThCel7A and its isolated catalytic domain as 27.39
and 21.27 A, respectively. The linearity of the Guinier
plot in the low g-region shows that the scattered
intensities follow the Guinier law and indicates that
ThCel7A preparations are monodisperse (Fig. la—
insert). Computed (Fischer et al. 2010) molecular
weights of the isolated CCD and full-length ThCel7A
are 43 and 46.7 kDa, respectively, whereas the
theoretical values are 47.30 and 53.00 kDa. The close
match between experimentally determined and theo-
retically calculated molecular weights supports the
fact that both the full-length-ThCel7A and the CCD
are monomeric in solution.

The pair-distance distribution functions p(r) indi-
cate that the full-length ThCel7A has an elongated
form with a D, of 110 A and the CCD is globular
with Dpax = 60 A (Fig. 1b). This 50A difference
derives from 58 additional residues (of the linker and
CBM), relative to 431 residues of the CCD. The linker
has 22 residues, and its maximum possible length is
85 A. Therefore, since the the distance of the CBM
and CCD is, at most, 50 A, the linker is only partially
extended in solution.

A rigid body model of full-length ThCel7A was
generated by using SASREF (Sasref-RBM), display-
ing the optimal relative positions of the CCD and
CBM that reproduce SAXS data. Experimental and
predicted curves from CCD and full-length 7hCel7A
Sasref-RBM are similar and shown in Fig. 2a and b.

Three-dimensional dummy atom models (DAMs) of
the CCD and of the full-length ThCel7A were determined
from the SAXS curves. The DAM of the full-length
ThCel7A is elongated, and clearly reveals two domains,
one considerably larger than the other. The radii of
gyration (Ry) and the maximum diameter (Dyay) for
catalytic domain and for full-length ThCel7A are given in
Table 1. SAXS-derived DAMs of the ThCBH1 CCD
superimposed with the CCD crystal structure is shown in
Fig. 3a. The DAM model for the full-length enzyme
superimposed to the Sasref-RBM is given in Fig. 3b.

The average dimension of the linker in solution was
computed from the relative positions of the CCD and

@ Springer
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Fig. 2 Small-angle X-ray scattering curves and adjustment
procedure. a Small-angle X-ray scattering curves for catalytic
domain of the ThCel7A (black circles with errors bars),
simulated curves from homology model of the ThCel7A

CBM obtained with SASREF, by measuring the
distance from the center of mass of the CBM to the
geometrical center of the catalytic surface of CCD.
The length of the linker is about 49.5A, implying an
extension of 2.25 A per residue. This means that the
linker is only partially extended. Experimental results
obtained for two other cellulases: endoglucanases
Cel5G and Cel45 (from Pseudoalteromonas halo-
planktis (Violot et al. 2005) and Humicola insolens
(Receveur et al. 2002), respectively) revealed average
extensions of 2.0 and 1.4 A per linker residue, which
corresponds to more compact linkers than the one of
ThCel7A.

Structural models for the full-length ThCel7A

The model provided by I-TASSER satisfied the CCD
orientation and the CCD-CBM distance and best fitted
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catalytic domain. b Small-angle X-ray scattering curves for
full-lenth ThCel7A at 45 mM (open black circles with errors
bars), simulated curves from the Sasref-RBM (black solid line)

with the DAM and the Sasref-RBM, confirming the
“tadpole” shape for the enzyme. It presents a linker
with an N-terminal extension (Gly444 to Ala458) bent
over the CCD. This bent portion of the linker contains
four O-glycosylated residues: Thr453, Ser454, Thr455
and Thr456. The linker’s N-terminal part folds in the
partially-extended conformation. Polar interactions
between the linker and the surface of the CCD are
established, particularly through the mannosyl ring
from mono-mannosylated Ser454. This O-glycoside
chain interacts with the side-chains of residues
Aspl143, Thr302 and Asn433 from the CCD B-sheets
in all structural models obtained.

Our short variable-temperature simulation permit-
ted us to obtain a considerable variation of linker
lengths. Representative snapshots of five structures are
depicted in Fig. 4. The linker extension varied roughly
from 48 to 40 A while the CBM and CCD domains
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Table 1 SAXS and model derived structural parameters for the catalytic domain and full-length ThCel7A

Catalytic domain (CCD)

Full-length enzyme

Exp 45 mM Exp 90 mM Hom model Exp 45 mM Exp 90 mM Sasref-RBM
Dpnax/A 60.00 & 0.50 60.00 £ 0.50 68.20 110.00 & 0.50 110.00 + 0.50 116.80
Rg/;% 20.08 £+ 0.05 20.04 £+ 0.05 20.50 27.56 + 0.50 27.30 £ 0.50 32.67
Resolution/A 22.70 22.70 - 29.39 29.39 -
MW/kDa 43.00 - - 46.70 - -
Excluded Vol/A 60337 - - 75699 -

Resolution: (21/qax)
MW SAXS derived molecular weight

Fig. 3 SAXS models. a Three orthogonal views of the SAXS
ab initio envelope for ThCel7A catalytic domain, obtained by
Dammin (shaded spheres), superimposed to the high-resolution
model of the ThCel7A catalytic domain (cartoon). b Three

orthogonal views of the SAXS ab initio envelope for the full-
length ThCel7A, obtained by Dammin (shaded spheres),
superimposed to the rigid-body model obtained with Crysol
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remained mostly unaltered, as expected (the goal of
this short simulation was to provide variable linker
conformations only). The rmsd of the structure relative
to the initial -TASSER model are displayed in Fig. 4
and reflect the linker length distribution. The rmsd
increases from model I to V, indicating a broader
sampling of linker conformations. These conforma-
tions will be referred to as CI (Conformation I) to CV
(Conformation V) according to the order in which they
appeared in the simulation. This order also satisfies a
decreasing scale of average linker extensions and
gyration radius (Fig. 4).

We computed the correlation between the linker
extension and its nonbonded intramolecular interac-
tions. As shown in Fig. 5a, CIV and CV display less
favorable linker nonbonded interactions. Conforma-
tions II and III display the most favorable non-bonded
interactions, and span linker extensions from 41 to
47 A. CI displays the most extended linker and is
higher in energy than CII and CIII. Therefore, linker
conformations displaying lower intramolecular non-
bonded energies are of intermediate length, and the
CCD-CBM distance can vary roughly within 42 and
46A. The favorable non-bonded linker interactions of
CII and CIII result from an intricate energy balance
involving protein—protein interactions and hydration
of the linker and its glycosylations. The CII energy
minimum results from increased solvation (Fig. 5b),
associated with minimum linker-protein interactions.
Linker-protein interactions are generally favored as
the linker is shortened, thus counterbalancing dessol-
vation (Fig. 5c). For CIV and CV, on the other side,
favorable linker-protein interactions (Fig. 5c) do not
fully counterbalance the penalty of dessolvation
(Fig. 5b), and these linker conformations display
higher non-bonded energies (Fig. 5a).

Boltzmann weighting of gyration radii (R,) and
CBM-CCD distances (dCBM-CCD) improved the
correspondence between experiment and models.
Weighted R, and dCBM-CCD were 27.8 and
46.4 A, respectively. The gyration radius is in agree-
ment with the one recovered from Guinier analysis
(27.56 £ 0.50 A) and from the DAM (30.46 A),
respectively) and the dCCD-CBM is close to
495 A, the distance experimentally estimated
using a ThCel7A low-resolution DAM-based model
(Table 1).

The maximum model length was that of CI, roughly
110 + 2 A, which is in excellent agreement with the
Djax computed from p(r) analysis and from the DAM
(110.00 £ 0.50 and 110.70 A, respectively). There-
fore, the protein dimensions recovered from our MD
based models agree well with the experimental SAXS
data, supporting the overall structural analysis.

The average structures of CI-CV were aligned to
the SAXS envelope (Supp. Fig. S3). The minimum ¥
(1.62) was obtained for CII, which has also the most
favorable linker non-bonded interactions (Fig. 5a).
CIV and CV, which display less favorable linker
interaction energies, fit worse to the SAXS data.
Therefore, structural models with partially-extended
linkers (I-IIT) are more consistent with solution data
than contracted-linker structures (IV and V). Thus,
linker solvation is favored relative to linker-
(CBM + CCD) interactions. As interactions with the
protein are not maximized, linker function as a
dynamic spacer is reinforced.

Using the structural models, a maximum likelihood
structure for the linker, the CBM and the carbohy-
drates was built. As CII has smaller linker non-bonded
interactions, the proposed model was composed
predominantly by conformations representative of
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Fig. 4 Overview of the structural models of full-length
ThCel7A obtained by computer modeling. The structural model
obtained by [-TASSER is superimposed to the DAM model
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obtained from SAXS, and has an extended linker. Representa-
tive conformations I to V are shown. The RMSDs are computed
relative to [-TASSER model
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basin II (85 structures of CII for each 10 structures
from CII and CIII). Structural averages from each
subset were used to reproduce the scattering curve,
confirming the greater similarity CII with the exper-
imental model (Supp. Fig. S3). The optimal rigid body
model reduces the 7y curve fitting parameter from 1.62
(for CII only; Supp. Fig. S3) to 1.49 (Fig. 6¢). The
model also displays improved fitting to the DAM
envelope (Fig. 6d). Particularly noteworthy is the
fitting of the carbohydrate extensions at residues
Ser461, Ser462, Thr463 and Ser465 in the bulky linker
region below the CCD. Moreover, the highly mobile
CBM averaged over this set of distinct conformations
is confined around its center of mass, contributing to
the better fit of the DAM density.

The presence of carbohydrate extensions is not
clearly reflected in the volume of the SAXS-derived
DAM (Fig. 6a, b). This might be a consequence of the
high mobility of these side chains in solution.
Figure 6a and b compares the SAXS DAM model
with a volumetric map derived from the mass-
weighted density of ThCel7A, averaged from all
conformations obtained from MD, using a grid
resolution of 5 A (usually considered an upper limit
for the information to be extracted from SAXS data).
A superposition of the average structures of the
glycosylation carbohydrates is also shown. It is clear
that the volume occupied by glycosylations cannot be
associated with the volume of the DAM. The DAM
represents the atomic density of the core of the protein,

that is, the highly globular and rigid CCD, an average
straight linker, and the central region of the CBM. The
heterogeneous binding of N-glycosylations also might
reduce their contribution to X-ray scattering. Indeed,
fully N-glycosylated protein (at three sites) was
previously found only in minimal medium, while
growth in more rich environments resulted in variable
glycosylation number and extension (Stals et al.
2004).

The SAXS and MD data obtained for 7hCel7A in
this work allow us to confirm the tadpole shape of the
enzyme and reveal that its maximum dimension is
significantly smaller than obtained previously for
TrCel7A from SAXS (180 A) (Schmuck et al. 1986)
or electron microscopy (151 £ 13 1&) (Lee and Brown
1997), but close to D, obtained from the recent
SANS studies of the same enzyme (between 90 £ 5
and 110 =+ 5A for different pH values (Pingali et al.
2011). The ThCel7A, highly homologous to TrCel7A
and with a similar size (513 and 505 residues,
respectively), has a D, of 110 A. The R, value of
42.7 A obtained in the early studies for the full-length
TrCel7A is also much larger. Our experimental SAXS
data implies a R, value equal to 27. 6A for the full-
length ThCel7A, which is similar to the R, values
(between 26.1 + 2.1 and 29.7 £ 1.2 A) determlned
for TrCel7A from small-angle neutron scattering
(Pingali et al. 2011).

Receveur et al. (2002) demonstrated by SAXS that
the cellulase linkers are flexible and extended, and
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Fig. 6 Refinement of the structural model using molecular
dynamics simulations: a Dummy atom model (DAM) obtained
from raw SAXS data. b Average volumetric map of conforma-
tions obtained in MD simulations, with glycosylations repre-
sented as stick models that cannot be fitted into the volume

argued that the cellulases move on crystalline cellu-
lose in a caterpillar-like fashion. However, others
suggested that the CCD is the only responsible for
sliding on the substrate, the CBM function being the
enhancement of the concentration of enzyme at the
substrate surface (Igarashi et al. 2009; Stahlberg et al.
1991). Our molecular modeling studies let us to
conclude that the most plausible structure of ThCel7A
has a partially-extended linker conformation, which
can display significant linker length variability, sup-
porting the caterpillar-like model.

Conclusions

Our combined SAXS and molecular modeling
analysis indicate that the most energetically favor-
able and SAXS-compliant conformations (sub-tra-
jectory II) reveal the CCD and CBM relatively
distant from each other, but allow for effective
interactions of the glycosylations of the linker with
the CCD surface. Hence, the linker is long and
flexible, enhancing the probability of the CBM to
bind to the cellulose surface. Another important
detail recovered from MD based structural modeling
is that the glycosylations are mobile, and this might
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defined by the DAM model. ¢ Reproduction of the X-ray
scattering curve by a structural model based on the weighted
average of conformations I-III. d Overlap of the best model
obtained with the DAM envelope

have implications to the attachment of the enzyme
to cellulose. Matthews et al. (2006) suggested that
the first hydration layer of the cellulose surface is
structured, blocking direct interactions of enzymes
with the crystalline substrate. The glycosylations
may accelerate this approximation by a gradual
substitution of water-cellulose interactions with
sugar-cellulose interactions, which should be entro-
pically favored due to the release of water from the
surface. Once the enzyme is attached to the
substrate, the concerted movement of the linker
and the CCD might facilitate driving the substrate
into active site of the catalytic domain.

The small energetic cost in conformational transi-
tions between CI and CIII might account for the
caterpillar-like motion proposed by Receveur et al.
(2002). The range of most easily accessible linker
extensions (Fig. 4) is of roughly 9 A, similar in length
to a cellobiose repeating unit (10.4 10\). This corrob-
orates the idea that the linker movements could span
one cellobiose unit for each cycle of the hydrolysis
process.

These findings might be important for comprehen-
sion of the crystalline cellulose hydrolysis by fungal
cellobiohydrolases in general and their processivity,
and also provide a starting molecular model for a full-
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length fungal Cel7A studies by extensive molecular
dynamics simulations.
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