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(Background: Scaffoldin structure is critical for cellulosome assembly and function.
Results: A multimodular scaffoldin fragment displays conformational flexibility and oligomerization properties and reveals a

Conclusion: The C terminus of the scaffoldin has unrestrained linker flexibility and may participate in higher order cellulosome

Significance: Scaffoldin structure and dynamics will inform the generation of designer cellulosomes.
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Cellulosomes are multienzyme complexes responsible for
efficient degradation of plant cell wall polysaccharides. The
nonenzymatic scaffoldin subunit provides a platform for cellu-
lolytic enzyme binding that enhances the overall activity of the
bound enzymes. Understanding the unique quaternary struc-
tural elements responsible for the enzymatic synergy of the cel-
lulosome is hindered by the large size and inherent flexibility of
these multiprotein complexes. Herein, we have used x-ray crys-
tallography and small angle x-ray scattering to structurally char-
acterize a ternary protein complex from the Clostridium ther-
mocellum cellulosome that comprises a C-terminal trimodular
fragment of the CipA scaffoldin bound to the SdbA type II cohe-
sin module and the type I dockerin module from the Cel9D gly-
coside hydrolase. This complex represents the largest fragment
of the cellulosome solved by x-ray crystallography to date and
reveals two rigid domains formed by the type I cohesin-dockerin
complex and by the X module-type II cohesin‘dockerin com-
plex, which are separated by a 13-residue linker in an extended
conformation. The type I dockerin modules of the four struc-
tural models found in the asymmetric unit are in an alternate
orientation to that previously observed that provides further
direct support for the dual mode of binding. Conserved inter-
molecular contacts between symmetry-related complexes were

* This work was supported by research grants from the Israel Science Foun-
dation (to E. A.B.), the Natural Science and Engineering Research Council of
Canada (to S.P.S.), and the Canadian Institutes of Health Research (to Z.J.).

1 This article contains supplemental Tables S1 and S2 and Figs. S1 and S2.

The atomic coordinates and structure factors (code 4FL4) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

" Maynard and Elaine Wishner Chair of Bioorganic Chemistry.

2 Canada Research Chair in Structural Biology. Killam Research Fellow. To
whom correspondence may be addressed: Dept. of Biomedical and Molec-
ular Sciences, Queen’s University, Botterell Hall, 18 Stuart St., Kingston, ON
K7L 3N6, Canada. Tel.: 613-533-6277; Fax: 613-533-2497; E-mail: jia@
queensu.ca.

3To whom correspondence may be addressed: Dept. of Biomedical and
Molecular Sciences, Queen’s University, Botterell Hall, 18 Stuart St.,
Kingston, ON K7L 3N6, Canada. Tel.: 613-533-3188; Fax: 613-533-2497;
E-mail: steven.smith@queensu.ca.

AUGUST 3,2012+VOLUME 287+NUMBER 32

also observed and may play a role in higher order cellulosome
structure. SAXS analysis of the ternary complex revealed that
the 13-residue intermodular linker of the scaffoldin subunit is
highly dynamic in solution. These studies provide fundamental
insights into modular positioning, linker flexibility, and higher
order organization of the cellulosome.

Plant cell wall polysaccharides are the most abundant renew-
able carbon source on Earth. However, the composite hetero-
geneous structure of the plant cell wall makes it a recalcitrant
substrate and an obstacle for exploiting this rich carbon source
(1). Several anaerobic microorganisms have developed a spe-
cialized nanomachine, dubbed the cellulosome, capable of effi-
ciently degrading the plant cell wall through the synergistic
activity of various secreted cellulases, hemicellulases, and
related hydrolytic enzymes (2-6).

The cellulosome from the thermophilic anaerobic bacterium
Clostridium thermocellum was the first to be discovered, is the
most thoroughly characterized, and represents the prototypical
example of a cellulose-degrading multienzyme complex (2,
7-10). The central component of the cellulosome is the multi-
modular noncatalytic scaffoldin protein subunit, CipA, which
serves as a binding platform for secreted cellulolytic enzymes
while at the same time tethering the entire complex to the sub-
strate and the bacterial cell surface (11). A family 3 cellulose-
specific carbohydrate-binding module in CipA targets the mul-
tienzyme complex to its substrate (12, 13), whereas the
integration of the various enzymes into the cellulosome is
mediated through high affinity noncovalent interactions
between the nine type I cohesin modules (CohlI)* of the scaffol-
din subunit and the enzyme-borne type I dockerin modules
(Docl) (14-16). An analogous interaction involving the C-ter-

*The abbreviations used are: Cohl, type | cohesin; Cohll, type Il cohesin, Docl,
type | dockerin; Docll, type Il dockerin; MD, molecular dynamics; SAXS,
small angle x-ray scattering; MES, minimal ensemble search; rmsd, root
mean square deviation.
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minal type II dockerin module (Docll) of CipA and the type II
cohesin modules (Cohll) of cell surface proteins, SdbA, Orf2p,
and OlpB, fixes the entire complex to the peptidoglycan layer of
the bacterium (17-21).

The concentration of cellulolytic enzymes with complemen-
tary functions into a single complex, mediated by the CipA
scaffoldin subunit, promotes synergy among the enzymes that
results in enhanced activity relative to enzymes free in solution
(22, 23). To achieve this synergy, the structural organization of
the cellulosome must offer a balance among modularity, diver-
sity, and plasticity. Insights into these structural features have
begun to emerge over the last decade. Electron microscopy
imaging studies of cellulolytic bacteria revealed dynamic struc-
tures on the bacterial cell surface that house cellulosomes,
which in the absence of cellulose appear as bulbous protuber-
ances that extend and attach to substrate when it is introduced
(24, 25). X-ray crystal structures of several C. thermocellum cel-
lulosomal catalytic modules (26 —28), isolated CipA scaffoldin
modules (13,29 -31), and type I and type II Coh-Doc complexes
have been solved (14, 15, 17). Despite these successes, a com-
prehensive understanding of the unique quaternary structural
elements that contribute to the highly efficient cellulose-de-
grading properties of the cellulosome has been hindered by the
large size, the heterogeneity in enzyme content, and the inher-
ent conformational flexibility of these multiprotein complexes,
all of which preclude crystallographic determination of the
intact native cellulosome.

To circumvent these issues, lower resolution experimental
methods and computational biology have recently been
employed. Small angle x-ray scattering (SAXS) studies of cata-
lytic subunits complexed to CipA Cohl modules, either as an
isolated complex or a tandem repeat and with scaffoldin linkers
of varying lengths, have indicated that a conformational change
occurs in the linker region connecting the catalytic domain and
Docl upon binding Cohl. Moreover, these studies suggest that
although synergy arising from the proximity of the enzymes
requires some conformational freedom in the intermodular
linker regions separating the Cohl modules, it is not affected by
differences in linker length or sequences (32-34). Recently,
cryo-electron microscopy studies of a minicellulosome com-
prising three consecutive cohesin modules from the C. thermo-
cellum CipA scaffoldin bound to Cel8A enzymes revealed a
mostly compact conformation with the enzymes projected
away from the scaffoldin in opposite directions (35), whereas
computational simulations suggested that cellulosome assem-
bly is driven predominantly by the shape and modularity of the
cellulosome components (36).

Herein, we combine x-ray crystallography and SAXS to
describe the structure and dynamics of a multimodular ternary
cellulosomal complex comprising the SdbA Cohll, the Docl
module of Cel9D (family 9 glycoside hydrolase), and the Cohl,—
X-Docll trimodular fragment of the CipA scaffoldin from
C. thermocellum, which represents the largest fragment of the
cellulosome solved by x-ray crystallography. Interscaffoldin
interactions were observed between the X module of one mol-
ecule and the Cohl, module of symmetrically related scaffoldin
fragment in the crystal lattice; interactions identical to those
observed in the Cohly—X-DoclI:Cohll binary complex struc-
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ture (37). However, SAXS analysis indicated that the ternary
complex is monomeric in solution, which suggests a role for
Docl binding in the regulation of interscaffoldin interactions.
Moreover, our crystallographic and SAXS data indicate that the
scaffoldin linker connecting the X module to the Cohl, is highly
dynamic in solution. The Docl in all four structural models are
in the same orientation and opposite to that previously
reported for native Docl, lending further support for the dual
mode of DocI binding to Cohl. Ultimately, the work described
herein has implications for understanding cellulosome assem-
bly, higher order structure, and dynamics.

EXPERIMENTAL PROCEDURES

Crystallization and Structure Determination—Cloning, pro-
tein expression, purification, and crystallization of the Cel9D
Docl-CipA Cohl,—X-DoclI:SdbA Cohll ternary complex, along
with diffraction data collection and indexing, were performed
as previously described (38). The structure was solved by
molecular replacement using PHASER (39). Manual fitting of
the model was carried out using COOT and XFIT and refined
with Phenix (40, 41). The rmsd values were calculated using
DALILITE (42). The atomic coordinates for the ternary com-
plex have been deposited in the Protein Data Bank with acces-
sion code 4FLA4.

SAXS—Protein samples used for SAXS experiments were
prepared as previously described (38); however, the S69A/S70A
double mutation was made in the Docl module to lock the
enzyme in the orientation present in the crystal structure to
minimize sample heterogeneity. BSA standards were used to
calibrate the 7/(0) values and to assess potential aggregation of
samples. Protein concentrations were determined using A,g,
from relative molecular mass and Abs, ;4 ( = 1 g/liter) param-
eters calculated using ProtParam (43). A5, measurements were
made using a NanoDrop ND-1000 spectrometer (NanoDrop
Technologies). SAXS data were measured at the F2 station at
Cornell High Energy Synchrotron Source (Ithaca, NY). All of
the samples were centrifuged at 14,000 rpm for 30 min prior to
data collection. The scattering intensities from each protein
sample and its final dialysate were recorded for 180 s at 24 °C
using an ADSC Quantum-210 CCD detector. The samples
were oscillated continuously throughout measurements. Nor-
malization for beam intensity, buffer subtraction, and merging
of data were performed with Bioxtas Raw and Primus (44, 45).
GNOM was used to calculate the pair distribution function and
the D,,.. Theoretical SAXS data were calculated for the ternary
complex using Crysol. Low resolution ab initio shapes were
generated with GNOM output files and DAMMIN (46). Rigid
body modeling was performed using BILBOMD (47). Molecu-
lar dynamics (MD) was used to explore the conformational
space adopted by the Docl-Cohl,—X-DoclI*Cohll complex. A
minimal ensemble search (MES) was used to identify the min-
imal ensemble of conformations required to best fit the exper-
imental data (47). Structural figures were prepared using
PyMOL (48).

RESULTS

Crystal Structure of the Ternary Complex—The crystal struc-
ture of the Docl-:Cohl,—X-DoclI:Cohll ternary complex was
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TABLE 1
Data collection and refinement statistics

Data collection

Wavelength 0.9792
Resolution (A)* 20-2.8 (2.9-2.8)
Space group P2,2,2,

Cell dimensions 4, b, ¢ (A)
Total reflections

Unique reflections
Redundancy

119.37, 186.31, 191.17
399,189 (40,808)
104,697 (10,403)

3.8 (3.9)

Completeness (%) 99.3 (100)
1ol 22.3(2.1)
R,perge (%)” ) 4.3 (64.3)
Wilson B-factor (A?) 74.04
Refinement
R, o/ Riee (%) 19.1/23.6%
No. atoms
Total 16,313
Protein 15,980
Average B-factors (A?)
Overall 71.8
Protein 71.9
Water 64.7
Root mean square deviations
Bond lengths (A) 0.009
Bond angles (°) 1.189
Ramachandran plot statistics®
Favored (%) 94.2
Disallowed (%) 0.3

“ High resolution shell is shown in parentheses.

P Rierge = (SHKIZilTi(hkl) — i(hkD)|} {ShkIZi|Ti(hkD)|}, where i(hkl) is the average
value of the intensity of reflection (/1ki) in the data set, and fi(kkl) is the intensity
of the ith observation of that reflection.

¢ Statistics calculated with MolProbity (56).

4 The free R factor is calculated for a “test” set of reflections, which were not in-
cluded in the refinement (5%).

solved by molecular replacement using complex structures of
X-DoclI-CohlI (Protein Data Bank accession code 3KCP) and
S45A/S46A Docl-Cohl (Protein Data Bank accession code
2CCL) as search probes (14, 17). Notably, an initial molecular
replacement strategy involving the wild-type DocI-Cohl com-
plex structure (Protein Data Bank accession code 10HZ) as a
probe proved unsuccessful (15). The structure was refined to
2.8 A resolution, and the final statistics are summarized in
Table 1. Four molecules of the DocI-:Cohl,—X-DocII*CohlI ter-
nary complex were found in the asymmetric unit, with each
displaying two well ordered regions connected by a 13-residue
scaffoldin linker (Val*®®”’—Lys'®*®) (Fig. 1). One region com-
prises the CipA X-Docll modular pair bound to SdbA Cohll,
and the other contains Cel9D Docl in complex with CipA
Cohl,. The four complex structures are also all in extended
conformations spanning ~150 A in their longest dimension.

The X-Docll-:Cohll region, defined by residues 31-195 of
SdbA CohlI and residues 1697-1851 of the CipA scaffoldin
subunit, of the four ternary complex structures are very similar
to one another (backbone rmsd of 0.23 *+ 0.05 A), to the previ-
ously reported X-DoclI‘Cohll structure (backbone rmsd of
0.53 = 0.14 A) (17), and to the analogous region in the CohlI,—
X-DoclI‘Cohll heterodimeric complex (backbone rmsd of
0.39 =+ 0.04 A) (37). SdbA Cohll forms the typical elongated
nine-stranded B-sandwich Cohll fold with a crowning helix
and B-flaps intervening strands 4 and 8 (17, 49 -51). The CipA
Docll is composed of two calcium-binding F-hand loop-helix
motifs separated by a 14-residue linker. The X module adopts
an Ig-like fold with two antiparallel B-sheets composed of
strands 1, 4, and 7 and strands 2, 3, 5, and 6 with a short a-helix
connecting strands 1 and 2 (Fig. 1).
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The CipA Cohl, has the typical fold seen in other Cohl mod-
ules (30, 31, 52). Similar to the CipA Docll, Cel9D Docl com-
prises two F-hand motifs that structurally coordinate two Ca>”*
ions similar to the EF-hand family of Ca®>"-binding proteins
(15, 53). Comparison of the DocI-Cohl, interaction in the four
ternary structural models shows that each Cel9D Docl module
interacts with the expected 8-3-6-5 face of Cohl in an orienta-
tion (backbone rmsd of 0.22 + 0.04 A) that is 180° opposite to
that previously reported for Docl modules on the surface of
Cohl modules (Fig. 2) (15, 54). Rather, the positioning is similar
to those of the S45A/S46A Xyn10B and A47S/F48T Cel5A Docl
mutants when in complex with their respective Cohl partners
(14, 54). Indeed, residues at the Cel9D DoclI-CipA Cohl, inter-
face, which participate in hydrogen bonding and van der Waals
contacts (supplemental Table S1), are consistent with those
residues previously identified as contributing to the S45A/S46A
Xyn10B Docl-CipA Cohl, interface (14).

Linker Flexibility and Scaffoldin Dimerization—The 13-res-
idue intermodular linker (Val'®®”—Lys'®®) connecting Cohl,
and the X module of the CipA scaffoldin, which could be fully
modeled from electron density for all four molecules in the
asymmetric unit, displays elevated temperature factors sugges-
tive of a high degree of flexibility. Alignment of the
X-DoclI:CohlI region from the four molecules of the complex,
as well as the Cohl,—X-DoclI‘Cohll complex, reveals slightly
different orientations of the DocI-Cohl, region, illustrating the
dynamic properties of the scaffoldin linker (Fig. 3). However,
considering the potential conformational variability of a
dynamic 13-residue linker, the extent of flexibility observed
appears to be restrained potentially by crystal packing.

An intermolecular interface, involving residues within the
linker connecting strands 4 and 5 of the X module of one ter-
nary complex molecule and residues in strands 4 and 5 of Cohl,
module from a symmetrically related complex molecule, is
observed in the crystal lattice (Fig. 4 and supplemental Table
S2). The resulting homodimer of the ternary complex displays
symmetrical contacts between the two sets of X modules and
Cohl, modules that results in an intertwining of the two com-
plexes, similar to that observed in the Cohl,—X-DoclI-:CohlI
heterodimer (37). Notably, the presence of Cel9D Docl does
not disrupt the intertwined homodimer. When compared with
the Cohly—X-Docll*Cohll homodimer, there is a molecular
rearrangement of the Cohl,—X intermodular linker, which
acts like a hinge to allow for positional flexibility of the
X-DoclI:CohllI region while maintaining the intermolecular
CohI-X interface (Fig. 4). However, the impact of this confor-
mational flexibility within the linker is restrained by crystal
packing. For this reason and to provide insight into the behavior
of the ternary complex in solution, we complemented our crys-
tallographic work with solution scattering studies.

SAXS Studies—SAXS was used to investigate the structure of
the Docl-Cohl,—X-DoclII:CohlI ternary complex in solution,
including the dynamic properties of the Cohl,—X module inter-
modular linker. To decrease any potential heterogeneity in
solution that could arise from the DocI dual mode of binding to
Cohl, mutations were made in positions 10 and 11 of the second
repeat in the Docl (S69A/S70A) to preferentially select for the
type I interaction in the same orientation seen in our crystal
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FIGURE 1. Crystal structure of the Docl-Cohl,-X-Docll-Cohll ternary cellulosomal complex. One representative molecule of the Docl- Cohl,—X-Docll- Cohll
ternary complex crystal structure is shown. The backbone ribbon representation depicts SdbA Cohll in blue, the CipA Docll in green, X module in rose, Cohlg in

yellow, and the Cel9D Docl in orange. Calcium ions are shown as gray spheres.
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FIGURE 2. The Docl modules in the Docl-Cohly,-X Docll-Cohll structure dis-
play a single orientation opposite to what has been seen previously. A
displays an alignment of the four CohlyDocl from the Docl-Cohly-X
Docll-Cohll crystal structure (Protein Data Bank code 4FL4). The Cohl module
is shown in yellow, and the Docl modules from molecules 1, 2, 3,and 4 are red,
green, blue, and orange, respectively. B shows a representative CohlsDocl
orientation from the Docl-Cohl,-X Docll-Cohll crystal structure with the Cohl,
and Docl modules shown in yellow and orange, respectively. Cand D show the
Xyn10B Docl-Cohl (Protein Data Bank code 10HZ) and the Xyn10B S54A/T46
Docl-Cohl (2CCL) structures, respectively (14, 15). In both, the Cohl modules
are yellow. The wild-type Docl module is red, and the S54A/T46 mutant is
shown in brown.

structure. Ttle SAXS profile and linear radius of gyration (R, =
42.6 = 0.7 A) of the DocI(S69A/S70A)-Cohl,—X-DoclI:CohlIl
complex indicate that the complex is well behaved, monomeric,
and aggregation-free in solution over a range of concentrations
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(1-4 mg/ml) (Fig. 5A4). The maximal dimension (D,,,,) of the
ternary complex in solution is 146 A. This is consistent with the
extended length of the four DocI*Cohly—X-DoclI-CohlI ternary
complexes in our crystal structure. The four ternary complexes
from the asymmetric unit fit the experimental SAXS data with
an average x> = 2.81 = 0.19. Ten SAXS envelopes were gener-
ated by ab initio methods (supplemental Fig. S1), each revealing
two domains separated by a thin connecting segment. The
Docl-Cohl, and X-DoclII‘CohlI rigid domains were manually
placed within the envelope that best fit the experimental curve
based on the x* values calculated by DAMMIN (Fig. 5B) (46).
The structures fit within the two domains of the SAXS envelope
with room remaining to accommodate the 13-residue linker in
the thin connecting segment. This architecture suggests that
the structure may be flexible in solution. Analysis of the pair
distribution function and the Kratky plot are also consistent
with a flexible multimodular structure (supplemental Fig. S2).

To more robustly investigate the extent of flexibility of the
Cohl,—X module linker in solution, we utilized the BILBOMD
rigid body modeling strategy, which employs MD simulations
to generate thousands of different conformers, from which
SAXS curves can be calculated and compared against experi-
mental data (47). We defined regions that were resolved in our
crystal structure as rigid domains, and the X-DocII-CohlI posi-
tions were fixed in our analysis. The 13-residue linker connect-
ing the X module and the Cohl, module, which displayed ele-
vated temperature factors relative to the rest of the structure,
was defined as flexible in the MD simulations along with
stretches that did not show clear electron density in our crystal
structure. I{litial analysis was performed over R, values between
25 and 65 A centering around our experimentally determined
R, value of about 43 A. However, only conformers with R, val-
ues between 31 and 50 A were selected based on our experi-
mental SAXS data, which suggests that this range depicts the
physical limitations of the ternary complex in solution. Conse-
quently, subsequent MD simulations were performed using a
range of 3050 A to better sample the conformers within this
range. The best fit model (x* = 1.50) from the pool of approx-
imately 10,000 calculated conformers shows an extended con-
formation consistent with the crystal structure and the ab initio
SAXS envelope (Fig. 5C). Because flexible multimodular pro-
tein systems are not always well represented by a single model,
we employed a genetic algorithm-based MES to identify con-
former ensembles that optimally fit our data (47). Here, we
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FIGURE 3. Alignment of the X-Docll-Cohll region of the four Docl-Cohl,—X-Docll-Cohll complexes from the asymmetric unit. The Docl and Cohl, from
the first molecule in the asymmetric unit are shown in orange and yellow, respectively, whereas the same modules from the other three molecules of the
complex are colored gray. The X module is depicted in rose, Docll is in green, and Cohll is in blue.

FIGURE 4. Interscaffoldin interactions observed in the Docl-Cohly,-X
Docll-Cohll cellulosomal complex. A and B display the two homodimers of
the Docl-Cohly—X Docll-Cohll heterotrimeric complexes that were observed in
the crystal structure. The Docl, Cohl, X, Docll, and Cohll are shown in orange,
yellow, rose, green, and blue, respectively. Symmetry-related molecules are
shown in gray.

AUGUST 3,2012+VOLUME 287+NUMBER 32

selected for conformers that likely exist in the population
and would better represent the conformational variability of
the DocI(S69A/S70A)-Cohl,—X-DoclI-Cohll ternary com-
plex than a single model. Ensembles of two, three, four, and five
conformers were generated, each showing an improvement in
the fit to the experimental data with x> values of 1.46, 1.45, 1.44,
and 1.44, respectively (Fig. 5D). Therefore, an ensemble of con-
formers better explains the behavior of the ternary complex in
solution than a single conformer. Overall, the experimental
SAXS data provide direct evidence of conformational flexibility
of the Cohl,—X module linker that would otherwise not be pos-
sible from the crystallographic structural studies.

DISCUSSION

The crystal structure and SAXS analysis of the Docl-:Cohl,—
X-DoclI-CohllI ternary cellulosomal complex presented here
illustrates the ability of a native Docl to interact with Cohl using
the alternative binding mode and provides insight into higher
order cellulosome structure and scaffoldin linker flexibility.
The signature duplicated sequence of Docl modules creates a
symmetrical structure with two equivalent Cohl binding sur-
faces, and therefore two potential binding modes that would
allow for organizational plasticity during cellulosomal assem-
bly. Carvalho et al. (14) observed that mutation of the Ser/Thr
Cohl recognition residues in one of the duplicated sequences
resulted in preferential binding to Cohl in an orientation 180°
opposite to that of the native Docl. In the ternary complex
presented here, all four Cohl,Docl interactions in the asym-
metric unit bind in the same orientation and surprisingly in the
opposite orientation to those seen in previous wild-type struc-
tures. The N-terminal region of the Docl construct, which
includes a hexahistidine tag, is accommodated by a large cavity
within the crystal lattice, whereas the side opposite to the ter-
mini of Docl is packed against the X-DoclI region of a symme-
try-related molecule. Accommodation of the Docl in the oppo-
site orientation would therefore not be possible, because the
N-terminal hexahistidine tag would very likely sterically clash
with the X-Docll region of the neighboring complex molecule
in the crystal. It is interesting to note that the preferential selec-
tion of this orientation during crystallization also represents the
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FIGURE 5. SAXS analysis of the Docl(S69A/S70A)-Cohl,-X-Docll-Cohll ternary complex. A, raw SAXS data for the ternary complex (black) and theoretical
SAXS curve for MES calculated minimal ensemble (red) are shown on the left, and the Guinier plots at protein concentrations of 1 and 4 mg/ml are shown on
the right. B, best fit ab initio structure of Docl(S69A/S70A)-Cohl,—X-Docll-Cohll ternary complex and 90° rotation shown with the crystal structure colored as in
Fig. 1A and manually placed within the envelope. C, best fit model of the ternary complex calculated using BILBOMD and MES. D, MES calculated minimal

ensemble for the ternary complex.

initial observation of a native Docl module that binds in an
alternative orientation and thus strengthens the dual mode of
binding proposed by Carvalho et al. (14).

An intermolecular interface was observed between the 4-7-
2-1-9 face of Cohl, and two loops of an X module from a second
complex molecule in the crystal lattice of the ternary complex.
Interestingly, the same interface was observed in the heterodi-
meric structure, which lacks the Docl despite being crystallized
under completely different crystallization conditions (37).
Notably, the proximity of the X module does not inhibit DocI
binding or disrupt its orientation on the 8-3-6-5 face of Cohl,,
Furthermore, the Cohly—X-DoclI-:Cohll complex is in equilib-
rium between the monomeric and dimeric forms in solution,
indicating that this phenomenon is more than a result of the
local concentration effect of crystallization and may in fact
occur in vivo (37).

Our solution scattering studies indicate that the Docl:Cohl,—
X-DoclI*CohllI ternary complex is monomeric in solution under
buffering conditions and at concentrations at which homodimers
of the Cohly—X-DoclI*‘Cohll complex form (37). However, the
Cohl,—X modular interface contacts still exist at much higher
concentrations in the crystal lattice. This suggests that Docl bind-
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ing does not prevent, but may weaken, the interscaffoldin interac-
tion such that it is not apparent at lower concentrations. Because
the Docl modules only contact the 8-3-6-5 face of the Cohl, mod-
ules in the crystal structure, it is unclear how Docl binding could
affect interscaffoldin interactions. Cohl,—X-mediated interscaf-
foldin interactions could play a role in cellulosome assembly
whereby the intertwined scaffoldin structure ensures access to the
8-3-6-5 face of the enzyme-free Cohl, modules. Enzyme binding
instigates rearrangement of scaffoldin interactions, which allow
optimal positioning of enzymes on the substrate. The interscaffol-
din interactions observed in the Cohl,—X-Docll‘Cohll het-
erodimer and the Docl:Cohl,—X-Docll‘Cohll heterotrimer
crystal structures may indicate an important role for scaffoldin-
scaffoldin interactions in cellulosome function. Indeed, in nature,
the cellulosomes of this bacterium are housed in a highly concen-
trated state in cell surface protuberance-like structures (24, 25),
and their native microenvironment likely emulates a condition
somewhere between the crystalline and the solution states
observed here. Some cell surface subunits, such as Orf2p and
OlpB, comprise multiple CohIl modules and thus have the ability
to bind multiple scaffoldin subunits (18). In such an environment,
the local concentration of the scaffoldin subunits near the bacterial

VOLUME 287 +NUMBER 32-AUGUST 3, 2012



cell surface may be sufficient to induce homodimerization, which
may contribute to the stability of higher order cellulosome
arrangements.

Cellulosomes are dynamic assemblies with structural flexi-
bility attributed primarily to intermodular linkers of scaffoldin
subunits. As a result, most structural characterization of cellu-
losome complexes has focused on the well structured modules.
To date, only six structural studies have been published on cel-
lulosome components that contained linkers: the Cohl,—X-
DoclII-Cohll heterodimer (37) and the type II CohB1:CohB2
dyad crystal structures (55), engineered scaffoldins studied by
SAXS both bound to and free of enzymatic subunits with link-
ers of varying length and sequence (32—34), a MD study of cel-
lulosome assembly (36), and a cryo-EM structure of a minicel-
lulosome complex (35). The Cohl,—X-Docll-Cohll crystal
structure provided a static view of the linker between the Cohl
and the X module because only a single conformation was
trapped within the crystals. However, both the type II
CohB1-CohB2 dyad crystal structure and the Docl-Cohl,—X-
DoclII‘Cohll ternary crystal structure presented here reveal
multiple conformations. Within the type II CohB1-CohB2 dyad
crystal structure, two different conformations of the linker con-
necting the two Cohll modules were resolved (55). Our ternary
complex reveals four unique conformations of the Cohly—X
linker, each one distinct from the conformation shown in the
Cohly,—X-DocII*Cohll structure. The position of the Cohl
modules rotates in one axis relative to the X-DocII-CohlI rigid
domain. However, the linker positions are not simply shifted;
each linker from each molecule takes on different conforma-
tions, which suggests that this linker region is both flexible and
unstructured in solution.

Although these studies have revealed flexible regions of the
cellulosome, the molecules are constrained within the crystal
through crystal packing contacts and therefore do not provide
an accurate view of linker flexibility. To overcome these con-
straints, we and others have used SAXS or EM analysis on cel-
lulosomal complexes to investigate the cellulosome structure in
a more natural environment (33, 34). SAXS studies of engi-
neered minicellulosomes determined that the scaffoldin linker
was the primary source of flexibility within the complex (32—
34). Linkers between Docl and the catalytic domains contrib-
uted only small amounts of flexibility to the system (32—34). EM
studies of a minicellulosome complex reveal that the inherent
flexibility of the intermodular linkers of the minicellulosome
allows the complex to take on a variety of different conforma-
tions where the linkers between the neighboring Cohl modules
are extended (35).

Here, we have established that the linker between the X mod-
ule and Cohl, cohesin is the first region of flexibility of the
cellulosomal scaffoldin extending from the cell surface. Other
studies described above using engineered cellulosome scaffol-
dins have also shown that the scaffoldin linkers display unre-
strained flexibility and exhibit only coincidental contacts with
neighboring Coh modules. However, this is only the first study
to show this using endogenous linkers and modules from a cel-
lulosome. These studies suggest that the role of the scaffoldin
linker is to provide maximal flexibility to optimally position the
enzymes on the substrate. The linkers that connect the enzy-
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matic module and its Docl module, on the other hand, have
been shown to display only limited flexibility, which has been
suggested to be involved in the “fine-tuning” of enzyme
position.

Overall, our combined structural approach, incorporating
both solution studies with a crystal structure, provides novel
insight into dynamic modulation of cellulosome higher order
structure assembly by Docl binding as well as a view of scaffol-
din linker flexibility. The intricately regulated plasticity of cel-
lulosome components likely reflects the heterogeneity and ever
changing nature of its plant cell wall-derived cellulosic sub-
strate during cellulosome-mediated degradation under differ-
ent conditions.
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