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Bacterial cell-surface attachment of macromolecular complexes
maintains the microorganism in close proximity to extracellular
substrates and allows for optimal uptake of hydrolytic byproducts.
The cellulosome is a large multienzyme complex used by many
anaerobic bacteria for the efficient degradation of plant cell-wall
polysaccharides. The mechanism of cellulosome retention to the
bacterial cell surface involves a calcium-mediated protein—-protein
interaction between the dockerin (Doc) module from the cellulo-
somal scaffold and a cohesin (Coh) module of cell-surface proteins
located within the proteoglycan layer. Here, we report the struc-
ture of an ultra-high-affinity (K. = 1.44 x 107 M~") complex
between type Il Doc, together with its neighboring X module from
the cellulosome scaffold of Clostridium thermocellum, and a type
Il Coh module associated with the bacterial cell surface. Identifi-
cation of X module-Doc and X module-Coh contacts reveal roles
for the X module in Doc stability and enhanced Coh recognition.
This extremely tight interaction involves one face of the Coh and
both helices of the Doc and comprises significant hydrophobic
character and a complementary extensive hydrogen-bond net-
work. This structure represents a unique mechanism for cell-
surface attachment in anaerobic bacteria and provides a rationale
for discriminating between type | and type Il Coh modules.
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Anaerobic bacteria rely on secreted hydrolytic enzymes for
the breakdown of extracellular polysaccharides into carbon
sources, which are readily taken up by the microbe and metab-
olized. Attachment of these enzymes to the bacterial cell surface,
either as independent entities or components of multienzyme
complexes, is a key mechanism for the optimal uptake of
byproducts and, thus the viability of the microbe, through
maintaining its close proximity to extracellular substrates and
byproducts. One such complex is the cellulosome, which is
responsible for the degradation of crystalline cellulose and
associated plant cell-wall polysaccharides (1-6). The cellulo-
some from Clostridium thermocellum has been the most exten-
sively studied of those identified to date and comprises various
cellulases and hemicellulases anchored to a large, multimodular,
noncatalytic scaffoldin subunit (CipA). An enzyme-associated
calcium (Ca?")-binding module termed type I Doc mediates
enzyme attachment to the scaffoldin subunit through high
affinity noncovalent interactions with its nine highly conserved
type I cohesin (Coh) modules yet displays very little preference
for particular CipA Coh modules (7, 8). The balance of the
scaffoldin modular architecture includes a cellulose-binding
domain, an X module of unknown function, and a C-terminal
type II dockerin (Doc) module. Type II Doc tethers the cellu-
losome to the proteoglycan layer of the bacterial cell surface
through high-affinity interactions with type II Coh modules of
the surface-layer homology-containing cell-surface proteins
SdbA, OlpB, and Orf2p (9-11). The specificity displayed be-
tween the type I and type II Coh—-Doc interactions is thus critical
to cellulosome assembly and attachment.

www.pnas.org/cgi/doi/10.1073/pnas.0507109103

Identification of the molecular determinants dictating Coh
binding and specificity for the Coh-Doc interaction has been
aided by extensive structural and mutagenesis studies primarily
focused on the type I interaction. The crystal structures of type
I Coh modules from C. thermocellum (12, 13) and Clostridium
cellulolyticum (14) display elongated B-barrel jellyroll topologies,
whereas the NMR solution structure of type I Doc revealed a
unique fold comprising two EF-hand-like Ca?*-binding motifs
(15). Both Ca?*-binding segments of type I Doc are required for
Coh recognition. Mutation of the conserved hydroxyl-
containing residues at positions 10 and 11 in both Ca?*-binding
loops resulted in a significant decrease in affinity (16-20). The
type I complex structure showed that the hydroxyl groups of the
serine and threonine residues in the second Ca?*-binding loop
are part of an extensive hydrogen-bond network with a face of
the Coh module comprising B-strands 8, 3, 6, and 5 (21). A
structural rationale for mutations within the Coh module that
affected Doc binding (22, 23) was also provided by the type I
complex structure.

Biophysical and structural studies have begun to provide
insight into the type II Coh-Doc interaction. Binding and
Doc-mutagenesis studies have revealed an association constant
(Ka) of 5.6 X 108 M~! and the importance of positions 10 and 11
in the second Ca?*-binding loop for recognition of type II Coh
(20, 24). Type II Doc undergoes a Ca?*-induced exposure of a
hydrophobic surface and homodimerization of the X module—
type II Doc modular pair (XDoc) (25). Addition of the type II
Coh causes dissociation of the XDoc homodimer and formation
of astable 1:1 heterodimeric type II Coh—-XDoc complex. Crystal
structures of type II Coh modules from C. thermocellum (26),
Acetivibrio cellulolyticus (27), and Bacteroides cellulosolvens (28)
exhibit the B-jellyroll topology common to the type I Coh
modules. A unique crowning a-helix, first identified by solution
NMR studies (29), and two regions disrupting strands 4 and 8,
termed“B-flaps,” were also observed and have been proposed to
play roles in the type II interaction and specificity (26, 28).
However, to unambiguously identify the underlying structural
elements responsible for the type II interaction and type I-type
IT specificity, a type II Coh-Doc complex is needed.

Here, we describe the 2.1-A resolution crystal structure of the
heterodimeric SdbA type II Coh-XDoc complex from the
cellulosome of C. thermocellum. This structure of an ultra-high-
affinity type II Coh—-Doc complex reveals intimate hydrophobic
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Fig. 1. Structure of the type Il Coh-XDoc complex. Ribbon representation of
the complex with the type Il Coh module in blue, type Il Doc in green, and X
module in magenta. The B-strands of the X module and type Il Coh are
numbered inyellow. The N and Ctermini are labeled accordingly, and the Ca2*
ions are depicted as orange spheres.

interface between type II Doc and the Ig-like X-module fold,
giving the C-terminal region of the CipA scaffoldin subunit a
rigid, elongated conformation. The complex interface has sig-
nificant hydrophobic character and an extensive hydrogen-
bonding network that involves residues from the X module, both
Doc helices, and the 8-3-6-5 face of the Coh module. A
structural rationale for type I-type II specificity is revealed by
observed differences in Doc orientation, the physiochemical
surface properties of the type I and II interfaces, and the role of
the X module in the type II interaction. The type II Coh—-XDoc
structure also serves as a structural model for a unique mech-
anism of bacterial cell-surface attachment.

Results and Discussion

The crystal structure of the 1:1 type II Coh—-XDoc complex was
solved by using single-wavelength anomalous diffraction (SAD)
data from a single selenomethionyl crystal (30). The atomic
model refined at 2.1-A resolution and the final statistics are
summarized in Table 1, which is published as supporting infor-
mation on the PNAS web site. The complex structure has overall
dimensions of 88 A x 45 A x 31 A and includes residues 17-182
from SdbA type II Coh (residues 28-193 from SWISSPROT
accession P71143), the 163 C-terminal residues of the C. ther-
mocellum CipA scaffoldin subunit (XDoc modular pair; residues
1697-1852 from SWISSPROT accession Q06851), 309 water
molecules, and two Ca?* ions (Fig. 1).

Type Il Coh Structure in the Complex. The type II Coh module in the
complex forms an elongated nine-stranded B-sandwich in a
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classical jellyroll topology with an extensive hydrophobic core
(Fig. 1, blue). The two faces of the p-sandwich comprise strands
8,3,6,and 5 (8-3-6-5 face) and 9, 1, 2, 7, and 4 (9-1-2-7-4 face),
respectively, all of which are aligned in an antiparallel arrange-
ment, with the exception of strands 1 and 9, which are parallel
to one another. The unique crowning a-helix between strands 6
and 7 and two B-flaps, regions that disrupt the normal course of
strands 4 and 8 recently identified in the isolated type II Coh
modules from A. cellulolyticus (27), B. cellulosolvens (27, 28) and
C. thermocellum (26), are maintained in the complex. Compar-
ison of the SdbA type II Coh structure in the absence and
presence of the XDoc modular pair indicates that this module
undergoes very little conformational change upon binding to the
Doc module (backbone root mean square deviation (rmsd) of
0.99 A), an observation that can be extended to all type II Coh
modules, given the structural similarities of SdbA type II Coh
from the complex and the type II Coh modules from A.
cellulolyticus (backbone rmsd of 0.91 A) and B. cellulosolvens
(backbone rmsd of 0.96 A).

Type Il XDoc Modular Pair Structure in the Complex. The C-terminal
construct from the scaffoldin subunit of the C. thermocellum
cellulosome comprises an X module from the X60 family with
unknown function and a type II Doc module (XDoc). The X
module (residues 1-98) contains seven -strands arranged in two
sheets and a short a-helical region connecting strands 1 and 2.
Strands 1, 4, and 7 and 2, 3, 5, and 6 form the two sheets of the
B-sandwich, which is stabilized by a hydrophobic core and is
reminiscent of an Ig-like fold (Fig. 1, magenta). The B-strand
topology and overall fold of the X module is most similar to the
Ig-like module of avian carboxypeptidase D domain 1II (31),
displaying a backbone rmsd value of 1.64 A to this module. The
structure of the type II Doc module (residues 99-163) consti-
tutes two loop-helix motifs, termed F-hand motifs (16), sepa-
rated by a 14-residue linker region (Fig. 1, green). The 12-residue
Ca?*-binding loop of each motif coordinates one Ca>* ion in the
typical pentagonal bipyramid configuration of EF-hand Ca?*-
binding proteins (32, 33). Positions 1 (Asp-102; Asp-135), 3
(Asn-137), 5 (Asp-106; Asn-139), and 12 (Asp-113; Asp-146)
provide side-chain carboxylate oxygen ligands to the Ca?" ion.
The backbone carbonyl oxygen of Val-104 at position 3 of the
first loop directly coordinates the Ca?", thereby compensating
for the lack of the traditional Asn/Asp side-chain Ca?*-
coordinating group at this position. The backbone carbonyl
oxygen from residues at position 7 (Ser-108; Ala-141) and a
bridged water molecule at position 9 (Asn-110; Asn-143) provide
the final two coordinating ligands in both loops.

The two helices of the Doc module (I, Leu-111-Cys-120; II,
Met-144-His-153) are arranged in an antiparallel orientation and
form a large planar surface on one face of the XDoc structure.
Because of this antiparallel organization, the two Ca?*-binding
sites are located at opposite ends of the type II Doc module,
similar to that observed for the type I Doc module (Fig. 2 a—)
(15, 21) yet dramatically different from typical EF-hand proteins,
such as calmodulin, troponin C, and the S100 family (32, 34). In
these latter cases, the Ca?"-binding loops of sequentially adja-
cent EF-hands form intimate contacts with one another, includ-
ing a short antiparallel B-sheet. Short, extended interacting
regions do exist between each Ca?*-binding loop and the exiting
loop regions of the adjacent helices in type II Doc. These
interactions were not observed in the type I-Doc structure and
lead to notably different loop conformations at both ends of the
helices (Fig. 2 a—c). The linker region is less structured than that
of the Doc in the type I complex structure (21), comprising only
a single helical turn (Glu-132-Ile-136), as opposed to the three
turns of helix in the type I Doc, whereas the C-terminal region
(Phe-154-Ala-163) is well ordered and folds back to form
contacts with the X module.
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Fig. 2. Doc conformations and XDoc interface. The structures of type Il Doc
from the type Il Coh-XDoc complex (a); type | Doc from the type | Coh-Doc
complex (21) (b); and isolated type | Doc (15) (c) illustrate the differences in
loop conformations. Coordinating residues at position 1 and 12 of each
CaZ*-binding loop as stick models, with the Asp at position 12 in each loop of
the type ll-Doc structure labeled with one-letter code and the corresponding
residue number. (d) The XDocillustration shows the module-module contacts.
Interface residues from the X module and type Il Doc are depicted as magenta
and green stick models, respectively, on the backbone ribbon representation
of the XDoc structure.

The structure of the XDoc modular pair within the complex
has an elongated conformation, consistent with previous sedi-
mentation velocity studies of isolated Ca?*-XDoc (25) and due
to an intimate interface between the X module and type II Doc.
The interface is primarily hydrophobic in nature and involves
Phe-19, Val-25, Val-29, Thr-72, Tyr-73, and Leu-74 from the X
module and Gly-101, Ile-103, Ile-109, Ile-136, Arg-138, Ile-149,
Ala-156, and Tyr-161 from type II Doc (Fig. 2d). Additional
ionic- and hydrogen-bonding contacts stabilize the interface and
include residues Asp-18, Asp-75, and Arg-76 and Asp-102,
Lys-105, Glu-133, His-153, Ser-158, and Asp-162 from the X
module and type II Doc, respectively.

The Complex Interface. The type II Coh-Doc interface in the
complex structure is located on the 8-3-6-5 face and the loop
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Fig. 3.

region leading into the helix between B-strands 6 and 7 of type
II Coh and the planar surface formed by both loop-helix motifs
of type II Doc. Residues Ile-93, Ile-95, Ala-108, Ala-110, Ser-
112, Tyr-113, Ile-114, Pro-153, and Phe-162 from the type II Coh
(Fig. 3a) and Leu-111, Val-114, Ile-118, Phe-121, Thr-124,
Ala-141, Met-144, GlIn-145, Ile-147, Met-148, and Phe-154 of the
type II Doc (Fig. 3b) contribute to the pronounced hydrophobic
character of the type II interaction. A significant hydrogen-
bonding network also exists at the interface and includes both
direct and water-mediated contacts between charged and polar,
uncharged residues from the cognate modules (Fig. 3c; and see
Table 2, which is published as supporting information on the
PNAS web site). Interestingly, the X module also directly
contributes to the complex interaction, where two hydrogen
bonds were identified between Ser-20 of the X module and
Glu-167 of type II Coh (Fig. 3c).

Comparison of Doc sequences has suggested that residues at
positions 10 and 11 of the two Ca?*-binding loops play a role in
type I-type II specificity. The side chain of Leu-111 at position
10 of the first Ca®*-binding loop in the type IT Doc contributes
to the hydrophobic content of the interaction through nonpolar
van der Waals contacts with Ile-93 of type II Coh. Met-144 at
position 10 of the second Ca?*-binding loop is hydrogen-bonded
to GIn-52 (Oe2) and makes nonpolar contacts with the side
chains of Ala-108, Ala-110, and Phe-162, whereas GIn-145 at
position 11 forms hydrogen bonds with GIn-52 (Oe2) and
Pro-153 (backbone O) and nonpolar contacts with Phe-162.
These observations provide an explanation for the results of a
recent site-directed mutagenesis study, which observed that
mutating residues at both positions 10 and 11 (Met — Ser and
GIn — Ser) in the second Ca?*-binding loop in type II Doc
abrogates Coh recognition (20). Mutating the Met and Gln
residues at sites 10 and 11 in the second loop would have a
dramatic effect, because these residues are both located directly
within the interface and form numerous nonpolar and hydrogen-
bonding contacts with type II Coh.

Affinity of the Type Il Coh-XDoc Interaction. Isothermal titration
calorimetry and differential scanning calorimetry (DSC) were used
to assess the binding affinity of the type II Coh—XDoc interaction
in solution (see Supporting Methods, which is published as support-
ing information on the PNAS web site). Titration of XDoc into type
IT Coh at both 30°C and 55°C (see Fig. Sa, which is published as
supporting information on the PNAS web site) showed that these
proteins bind with a 1:1 stiochiometry and AH values of —21.7 and
—25.5 kecal'mol™!, respectively. Given Wiseman’s rule (35), the
detection limits of this technique, and the very high affinity of the
interaction, an accurate K, could not be determined, and only a
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Type Il Coh-XDoc complex interface contacts. (a) Ribbon representation of type Il Coh, displaying hydrophobic interface residues as stick models on the

molecular-surface representation of XDoc. (b) Ribbon representation of XDoc, displaying hydrophobicinterface residues as stick models on the molecular-surface
representation of type Il Coh. (c) Interface hydrogen-bond network, with water molecules shown as red X and hydrogen-bond contacts as yellow dashed lines.
Type Il Coh, Doc, and X module are colored blue, green, and magenta, respectively. Residues depicted as stick models are labeled accordingly.
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qualitative value of =10° M~! could be assigned at both temper-
atures. DSC thermograms of the isolated type II Coh and XDoc
constructs and the Coh—-XDoc complex showed single transitions
with melting temperatures of 80.37°C, 80.26°C, and 94.77°C, re-
spectively (see Fig. 5b). By using these melting temperatures, the
derived AH and ACp thermodynamic parameters for the individual
type II Coh (54.1 kJmol~!; 2.1 kI'-K~mol~') and XDoc (83.2
kJ-mol~% 5.9 kJ-K 'mol~') constructs and an equation for a
high-affinity protein—protein interaction that takes into account the
temperature shift of both transitions (36), a K, of 1.44 x 101-M~!
for the type II Coh—XDoc interaction was determined. The affinity
of this interaction is markedly higher than that for type II Doc
lacking the X module, which was reported to have a K, of 5.6 X
105-M~1 (24).

A Role for the X Module in Doc Stability and Cell-Surface Attachment.
The elongated conformation of the C-terminal region of the C.
thermocellum scaffoldin subunit, comprising the X module and
type II Doc, would allow the cellulosome to extend away from
the bacterial envelope when in contact with type II Coh. Roles
in structural stability and enhanced solubility of cellulosomal
components have been proposed for X modules (25, 37-39).
Indeed, the interface between the X module and type II Doc
provides a structural rationale for both of these functions in the
CipA scaffoldin structure. Sequence analysis has also identified
X modules directly adjacent to type II Doc modules in the A.
cellulolyticus ScaA scaffoldin subunit and a putative secreted
gene product from C. thermocellum (see Fig. 6, which is pub-
lished as supporting information on the PNAS web site), which
suggests that the intimate X module—Doc pairing is not reserved
to the C. thermocellum CipA scaffoldin subunit but, rather, is a
more common modular association in anaerobic bacteria.

The reported difference in affinity of type II Coh for the XDoc
modular pair versus that for the isolated type II Doc also suggests
a role for the X module in enhanced Coh recognition. Based on
structural data presented here and conformational differences
observed for type I Doc in the absence (15) and presence (21) of
type I Coh, we propose that the increased affinity of the type II
interaction is due to the X-module-mediated stabilization of the
type II Doc structure in solution combined with the hydrogen-bond
contacts that exist directly between the X module and type II Coh.
A more rigid type II Doc structure in solution would lessen the
entropic cost that would arise from a tightening of the isolated type
II Doc structure upon type II Coh binding, as seen for the type I
Coh-Doc interaction (15, 21). Furthermore, the increased hydro-
phobic character of the type II interaction would also suggest that
desolvation of the binding surfaces upon complex formation will
lead to a larger gain in entropy when compared with the type I
interaction. The functional enhancement of adjacent modules also
appears to be a more general role of the Ig-like X modules, because
these modules conferred increased catalytic activity on endoglu-
canase CelD and cellobiohydrolase CbhA from C. thermocellum
(38-40).

Structural Rationale for Specificity Among Coh-Doc Pairs. The spec-
ificity of the type I and type II Coh-Doc interactions is critical to
the precise assembly of a functional cellulosome and its attachment
to the bacterial surface. The type II Coh—XDoc complex structure
allows for identification of structural elements dictating specificity
through direct comparison with the type I complex. The Doc
modules on the surfaces of type I and type II Coh have markedly
distinct orientations. Type II Doc is in a parallel/antiparallel
arrangement with the Coh module, whereas the orientation of the
type I Doc is rotated clockwise ~20° on the surface of type I Coh
(Fig. 4 a and e). Furthermore, in the type II complex, both Doc
helices contact the Coh surface over their entire length, whereas the
Coh in the type I complex comes into contact with the entire length
of helix II but only the C terminus of helix I from the type I Doc
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(Fig. 4 b and f). The N terminus of helix I from the type I Doc is
diverted away from the Coh surface such that the analogous region
of the type II Doc is 4 A closer to the Coh surface. These
orientational differences increase the occluded surface area of the
interface from 1,612 A2 in the type I complex to 1,696 A2 in the type
II complex. In their analysis of the type I Coh-Doc complex
structure, Carvalho et al. (21) suggested the possibility of two type
I Coh modules binding simultaneously to type I Doc, given the
orientation of the Doc on the Coh surface and the two-fold
symmetry that exists within the type I Doc structure. A similar
mechanism for the type II Coh-Doc interaction can be discounted
based on the multiple contacts made with the Coh module by both
helices of the type II Doc and the lack of symmetry of type II Doc
interface residues.

Comparison of the electrostatic surface potentials of the recog-
nition surfaces also reveals conspicuous differences between the
type I and II interactions. The interacting surfaces in the type II
complex are less charged than the analogous surfaces from the type
I complex. Type II Coh has more bulky aliphatic side-chain groups,
such as branched Ile, a cyclic Pro ring, and Phe and Tyr phenyl rings
exposed at the Doc-recognition site, whereas the Doc-binding site
on type I Coh is primarily negatively charged (Fig. 4 c and g). Several
contacts with type I Doc occur in the C-terminal region of 8-strand
8 (GIn-160; Phe-162; Asp-165, Gly-166, Glu-167) and the preceding
type I-specific B-flap (Ser-151; Pro-153), whereas only a single
contact is made to the C terminus of the Coh module (Glu-131) in
the type I complex (21). The Coh-recognition site on type II Doc
displays pronounced hydrophobic character, whereas the analogous
surface on the type I Doc is more positively charged, made
necessary by the negatively charged type I Coh (Fig. 4 d and /). This
observation is prompted by the larger number of aliphatic side
chains from both helices of type II Doc making direct contacts with
type II Coh. The prominent positively charged residue Lys-18,
which is located at the center of the Coh-recognition site of the type
I Doc and makes a water-mediated hydrogen bond with Thr-66
from type I Coh (21), is highly conserved throughout the docu-
mented type I Doc sequences (12). In contrast, an Ile occupies the
analogous position in the CipA type II Doc, leading to a contiguous
aliphatic Coh-recognition surface and suggests that this residue has
a role in type I-type II specificity.

Given the involvement of both Doc helices at the interface with
type II Coh and the extent of the hydrophobic and hydrogen bond
contacts identified in this study, we propose that, unlike the type I
interaction, mutation of a small number of residues will not have as
dramatic an effect on the affinity of the type II interaction.
Size-exclusion chromatography and isothermal titration calorime-
try (ITC) studies of the type II Coh-XDoc interaction, where
mutations at positions 10 and 11 in either Ca?*-binding loop of
XDoc (LL — ST and MQ — SS) or in both, have indicated that
these mutants did not have an observable effect on the affinity of
the interaction (data not shown). However, we cannot rule out that
these mutations do, in fact, significantly decrease the affinity of
Coh-XDoc interaction, although not to an extent that would be
accurately detected by ITC or size-exclusion chromatography.
These results are also in contrast to those of Schaeffer et al., where
nondenaturing gel electrophoresis showed that the MQ — SS
mutations in the second Ca?*-binding site abrogated the type II
recognition (20). This discrepancy can be accounted for by the
presence of the X module in the current study, which we have
suggested imparts structural stability on type II Doc and enhances
binding to type II Coh.

Carvalho et al. recently used amino acid sequence and structural
comparisons of the Coh module from the type I Coh-Doc complex
with type II Coh modules from C. thermocellum, A. cellulolyticus,
and B. cellulosolvens to predict residues that would play a role in
type II Doc recognition (26). The structure of the type II complex
presented here reveals that, whereas several of the Coh-interface
residues were correctly predicted, others were not (Asn-54, Ile-104,

Adams et al.



Fig. 4. Interaction surfaces of type I- and type Il Coh-Doc complexes. Ribbon representations of type Il Doc (green) (a) on the molecular surface of the type
1l Coh (blue) and type | Doc (red) (e) on the molecular surface of type | Coh (yellow) (21). Representations in b and f have been rotated clockwise 90° around the
x axis, followed by a 180° clockwise rotation around the z axis. Electrostatic surface potential representations of C. thermocellum type Il Coh (c), C. thermocellum
type Il Doc (d), C. thermocellum type | Coh (21) (g), and C. thermocellum type | Doc (21) (h). Positive regions are shown in blue and negative regionsin red. Residues
contributing to the hydrophobic surface character of C. thermocellum type Il Coh are labeled accordingly. The location of Ile-118 on the surface of the type Il
Doc and the analogous residue in the type | Doc (Lys-18) are identified. The electrostatic surface potentials were calculated in Grasp (47) and are contoured from

—14 (red) to +14 (blue). Ca?* ions are shown as orange spheres.

and Thr-149). These later residues are located at the C terminus of
strand 3 (Asn-54), at the N terminus of strand 6 (Ile-104), and at the
beginning of the p-flap preceding strand 8 (Thr-149) and form a
contiguous surface adjacent to the Doc-binding site on the 8-3-6—-5
face. Only a conformational reorientation of the B-flap or a
complete shift of the type II Doc would put these residues in a
position to take part in intermolecular contacts. Furthermore, these
structural comparisons were not able to predict the increased
number of contacts at the type II Coh-XDoc interface, or the
unique orientation of the type II Doc on the Coh surface. Given
these discrepancies, sequence- and structural-based models of
Coh-Doc complexes are, at best, limited, and only x-ray or NMR
structures of such complexes from various species will provide
unambiguous structural insight into species-specificity.

The crystal structure of the type II Coh—XDoc complex has
provided insight into the role of the X module in the interaction
and identified the structural and physiochemical elements dic-
tating this high-affinity interaction and their implications for
type I-II specificity. The high affinity and specificity of the
Coh-Doc interaction also suggests that this mechanism for
cell-surface attachment might be conserved within anaerobic
bacterial species. The identification of these modules in recently
completed bacterial genomes, such as the pathogenic anaerobe
Clostridium perfringens (41), indicate that this is, in fact, the case
and that the type II Coh-XDoc structure serves as a general
structural model for bacterial cell-surface attachment.

Adams et al.

Methods

Crystallization and Structure Determination. Cloning, protein expres-
sion, and crystallization of the SdbA type II Coh-type II-XDoc
module modular-pair complex and the collection, indexing, and
scaling of diffraction data sets were performed as described in ref.
42. The positions of six selenium sites of a possible eight sites were
identified and refined by the program SOLVE (43). Phase calculation
and density modification were carried out by using the program
RESOLVE (31). The resulting map was readily interpretable, with a
single molecule of type II Coh—XDoc complex in the asymmetric
unit. The model was built by using the program XFIT (44) and
refined by using the program CNs (45) (see Table 1). The N-
terminal His tag, the first three residues (Arg-14, Ala-15, and
Asp-16), and the five C-terminal residues (Gly-183, Asp-184, Glu-
185, Pro-186, and Phe-187) of the Coh module are disordered and,
hence, not observed. Disordered residues in the XDoc structure
include the first seven residues (Met-1, Asn-2, Lys-3, Pro-4, Val-5,
Ile-6, and Glu-7), the final residue (Gln-164), and the C-terminal
His tag. Structural figures were prepared by using the programs
XFIT (44), PYMOL, (46) and GRASP (47). Sequence alignments were
created by using the program CLUSTALX (48). Rmsd of the various
structures were determined by using PYMOL (46). Molecular surface
areas were calculated by using AREAIMOL from the Collaborative
Computing Project (CCP)4 crystallography suite (49).
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