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ABSTRACT. The assembly of a functional cellulose-degrading complex termed the cellulosome involves
two specific calcium-dependent cohesiiockerin interactions: type | and type Il. Extensive structural
and mutagenesis studies have been performed on the type | modules and their interaction in an attempt
to identify the underlying molecular determinants responsible for this specificity. However, very little
structural information exists for the type Il interaction. We have performed a variety of biophysical studies
on the type Il dockerinrX-module modular pair (DocX), which comprises the C-terminal region of
cellulosomal scaffoldin subunit froi@lostridium thermocellupto determine the effect of calcium on its
structure and interaction with type Il cohesin. Our results indicate that calcium binding to type 1l dockerin
occurs with an apparent dissociation const&g} 6f 7 uM, induces stable secondary and tertiary structure,
and leads to the exposure of a hydrophobic surface. Calcium binding also results in the homodimerization
of DocX. Analytical ultracentrifugation experiments indicate that the DocX homodimer has an elongated
shape and &4 of approximately 4Q«:M. However, addition of the SdbA type Il cohesin binding partner

led to the dissociation of the DocX homodimer and to the formation of a 1:1 heterodimer. We propose
that the exposed hydrophobic surface forms, at least in part, the type Il cohesin-binding site, which in the
absence of cohesin results in the dimerization of DocX

Cellulosomes are large, surface-bound, extracellular mul- TheC. thermocellunscaffoldin subunit, CipA, comprises
tienzyme complexes responsible for the degradation of a carbohydrate-binding domain (CBBb)ine highly con-
crystalline cellulose and associated plant cell wall polysac- served cohesin modules (C), a hydrophilic X module of
charides. First identified in the thermophilic anaerobe unknown function (X), and a C-terminal dockerin module
Clostridium thermocellun{l, 2), cellulosomes have now (D), which is divergent in sequence from the catalytic
been characterized in a variety of other anaerobic bacteria,dockerin modules (Figure 118, 19). The cohesin modules
including Clostridium celluloyticum(3, 4), Clostridium form noncovalent interactions with the dockerin modules of
cellulovorans (5), Clostridium josui(6), Acetiibrio cellu- the catalytic subunits, designated type I, though there appears
lolyticus (7, 8), and Bacteroides cellulosokns(9, 10), as to be very little discrimination between the various enzyme-
well as ruminal bacterial@) and anaerobic fungil@). The associated dockerin module20¢24). Contrary to this
general quaternary architecture of cellulosomes includespromiscuity, the specific interaction between the CipA
numerous catalytic subunits constituting a variety of cellu- C-terminal dockerin module and the cohesin modules of cell
lases and hemicellulases, which are organized on a large surface subunits, designated type Il, tethers the cellulosome
multimodular, noncatalytic scaffoldin subunit to form a single to the bacterial cell surface2l, 25, 26). Despite their
macromolecular machine able to efficiently and synergisti- specificity, both types of cohesirdockerin interactions have
cally breakdown crystalline cellulosel, 14). A highly a strong requirement for calcium that can be sequentially
conserved noncatalytic module, termed dockerin, of the

catalytic subunits is responsible for anchoring each enzyme ! Abbreviations: ANS, 8-anilino-1-naphthalenesulfonate; AUC, ana-

to the scaffoldin subunitl6—17). lytical ultracentrifugation; CBD, cellulose-binding domain; CipA,
Clostridium thermocellunscaffoldin subunit; CD, circular dichroism:;
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Ficure 1: Schematic representations of (A) the CipA scaffoldin subun@lostridium thermocellugnwhere C= type | cohesin, CBB=
carbohydrate-binding domain; ¥ X-module of unknown function, and B type Il dockerin module; and (B) X-moduteddoc modular

pair construct. (C) Protein sequence of type Il dockerin. Underlined regions depict the two EF-hand calcium-binding motifs, and the shaded
regions define the residues involved in calcium coordination. The single tryptophan residue used in intrinsic fluorescence studies of CipA
DocX is shown in boldface type; asterisks identify residues located on the cohesin-binding surface of type | dockerin whose physical
properties are significantly different in the type Il dockerin.

ascribed to the two EF-hand calcium-binding motifs of the MATERIALS AND METHODS

dockerin modules22, 26, 27). Subcloning of the DocX Modular Pair of the CipA
Identification of the molecular determinants dictating Scaffoldin SubunitThe upstream and downstream primers
cohesin binding and specificity for the cohesuhockerin GGAATTCCATATGAATAAACCTGTAATAGAAG and
interaction has been aided by recent structural and mutagenCCGCTCGAGCTGTGCGTCGTAATCAC, respectively, were
esis studies, which have primarily focused the on the type | used in a polymerase chain reaction (PCR) amplification with
interaction. Type | dockerin undergoes a calcium-induced pCip102 @6) to generate a 510 bp fragment encoding the
folding event that stabilizes a tertiary structu8), and  C-terminal region of CipA comprising the DocX modular
recent structures of CelS type | docker29)( and the Xyn- pair, which also containedd and Xhd sites (underlined).
10B type | dockerir-CipA type | cohesin complex3(Q) TheNdd —Xhd digested fragment was inserted into thied
indicate that the dockerin structure becomes more compactandXhd sites of the cloning region of a pET-21b expression
upon binding to type | cohesin. Both calcium-binding Vector (Stratagene) by use of T4 DNA ligase (Invitrogen).
segments of type | dockerin are required for cohesin The sequence of the insert was confirmed by DNA sequenc-
recognition, and mutation of the conserved hydroxyl-contain- ing and the plasmid was transformed into tBscherichia
ing residues at positions 10 and 11 of each calcium-binding c0li BL21 (DE3) strain for expression. The SdbA type |I
motif in type | dockerin identified a role for them in type | ~ cohesin expression plasmid pCT1836, described in Smith et
cohesin binding and species specifici®7( 31—34). The al. (37), was used . o _
type | complex structure showed the hydroxyl groups of the Protein Expression and PurificatioExpression of D_ocX
serine and threonine residues in the second calcium-bindinginvolved the growth of transformed celis L L of Luria—

loop formed interface hydrogen bonds with the cohesin Bertani (LB) medium supplemented with 169/L ampicillin

module @0). In contrast, very few studies on the type II N @2.8 L Fembach flask at 3T with shaking to an ORo
interaction have been reported. Binding and dockerin mu- ©f 0-6. IPTG was added to a final concentration of 1 mM

tagenesis studies have revealed a dissociation congignt ( and growth was contmuc_ed for. an additional 4 h.‘ The cells
of 1.8 x 10-° M as well as the importance of positions 10 were harvested by centrifugation, resuspended in a volume

and 11 in the second calcium-binding loop for recognition of buffer A (25 mM Tris-HCI, pH 7.4, 250 mM NaCl, and

- 8 M urea) equal to 10 times their packed weight, and
of type Il cohesin 84, 35). However, a structural charac- : o
terization of the type Il dockerin module has not been disrupted by sonication (2 30 s) at room temperature. Cell

reported debris was removed by centrifugatiorr fbh at 40 000 rpm
o ) in a Beckman Ti70 ultracentrifuge rotor. The supernatant

In this study, we have generated a modular pair construct, so|ution was collected and applied to a column packed with
comprising the C-terminal type Il dockerin and the adjacent 2 mL of Ni2*-chelating Sepharose beads (Amersham Phar-
X-module from CipA of theC. thermocelluntellulosome  macia Biotech) equilibrated with buffer A. The column was
(DocX), which is soluble at concentrations (millimolar) washed with 20 mL of buffer A containing 20 mM imidazole,
necessary for detailed biophysical and structural analyses.and bound protein was eluted with buffer A containing 300
Using a combination of biochemical and biophysical tech- mM imidazole in 1 mL fractions. Fractions containing protein
niques, we have demonstrated that upon calcium-inducedwere determined by SDSPAGE and subsequently pooled
folding of the dockerin module, recombinant DocX forms a and dialyzed in buffer B (25 mM Tris-HCI, pH 7.4, 50 mM
noncovalent dimer, which dissociates to form a 1:1 complex NaCl, and 10 mM EDTA). The refolded protein sample was
with its biological ligand, SdbA type Il cohesin module. applied to a Hi-Load 16/60 Superdex 75 size-exclusion
Implications of these observations are made in relation to column (Amersham Pharmacia Biosciences) equilibrated with
the type | dockerin, the architecture of CipA, and the buffer B and was eluted in 2 mL fractions with the same
specificity of the type | and type Il dockerirtohesin buffer. Fractions containing protein were pooled and con-
interactions. centrated on a Millipore Amicon 10 kDa centrifugal device
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to a final volume of 5 mL and stored at20 °C. Uniformly gradient triple-resonance probe at 25. The experiments
15N-labeled DocX was expressed and purified in a manner used the enhanced sensitivity pulsed-field gradient approach
similar to that of the unlabeled protein, with the exception by Kay et al. 89) and comprised a 1024 128 real data
that 10 mL of LB overnight subculture was used to inoculate matrix, which was zero-filled once in each dimension. The
1 L of M9 minimal medium containing 1 g/E5NH,CI and proton chemical shifts were referenced to 0.0 ppm by use
10 mL of >N-Bio-Express-1000 medium (Cambridge Isotope of the trimethylsilyl resonance of the DSS signal in the one-
Laboratories), and growth was continued for 14 h after IPTG dimensional spectrum. The buffer conditions were 10 mM
induction. SdbA type Il cohesin purification was performed HEPES, 50 mM NaCl, 5 mM DTT (pH 7.0), 90%,8/10%
in a manner similar to that reported previousBr), with D,0, and either 5 mM EDTA or 5 mM CaglSpectra were
the exception that a final size-exclusion step was performed,processed and analyzed by use of NMRPigé) (and
similar to that described above for DocX. NMRview (41), respectively.

Circular Dichroism.Circular dichroism (CD) spectra were Molar Mass Determination by Multiangle Light Scattering.
acquired on a rapid-scanning monochromator fitted with a Purified protein constructs at concentrations of 480were
CD module (RSM 1000, Olis Inc., Bogart GA). All far-UV  eluted from a 50 mL S-200 Sephacryl size-exclusion column
spectra were recorded with a cuvette of 0.1 mm path lengthin 25 mM HEPES, pH 7.0, 25 mM NaCl, 5 mM DTT, 0.1%
on samples containing 4oM DocX in 2.5 mM HEPES, 1 Tween 20, and either 10 mM EDTA or 10 mM CaG@ind
mM f-mercaptoethanol, pH 7.0, and either 5 mM EDTA or passed directly through an absorbance monitor (LC-75
5 mM CaC}. Spectra were recorded from 260 to 185 nm Perkin-Elmer) set at 280 nm and a DAWN-DSP multiangle
and signal-averaged from nine scans recorded 4C20 he light scattering detector (Wyatt Technology, Santa Barbara,
baseline was corrected by subtracting the spectra of theCA), which were linked in tandem. Measurements of the
respective buffers collected under identical conditions. mass concentration (grams per milliliter) from the absorbance

Percentage of secondary structure was calculated by use ofmonitor and the laser light scattered at' 186°, 35°, 43,

the web-based program CDNIS8). Near-UV spectra were

52°, 60°, 69, 8C°, 9C°, 1007, 117°, 121°, 132, 142, 152,

recorded in a 1.0 cm path length cylindrical quartz cuvette and 163 angles were collected every 8.0 s by use of the

with a volume of 3 mL on samples of 150 Doc-X in 2.5
mM HEPES, 1 mMB-mercaptoethanol, pH 7.0, and either
5 mM EDTA or 5 mM CaC}. These spectra were averaged

Astra program (Wyatt Technology). The weight-averaged
molecular weight§,,) of the eluted proteins were calculated
at any given point by regression analysis of the Debye plot

over eight scans. No smoothing was performed so that the(42), which involves a plot of K*c)/Ry versus sif (0/2),
fine structure of the spectra would be maintained. Molar whereK* is an optical constant is the weight concentration

ellipticity [6] was calculated according to the formul@] [
= 6 x 100/(nlc), whered represents ellipticityn represents
the number of amino acids in the protelnepresents the
path length in centimeters, amdrepresents the millimolar
concentration.

Fluorescence Spectroscogl spectra were measured on

of the sample in grams per milliliteRy is the Rayleigh ratio

at a given angle [the ratio of the intensity of the light scattered
by the solution (in excess over the solvent alone) to the
intensity of the incident laser light], anfl is the angle of
scattering. The molar mass is found from the regression of
the Debye plot wherd/l, = Rg/(K*c) at 6 = 0 [i.e., sirf

a Perkin-Elmer LS50B luminescence spectrometer with 37 (6/2) = 0]. TheM,, was calculated by the Astra 4.5 software

uM DocX in 25 mM HEPES, 25 mM NaCl, and 5 mM DTT,

pH 7.0, at room temperature in a 1.5 mL 10 mm cuvette.

by use of the following parameterssonm= 0.847; refractive
index gradient for proteindf/oc) = 0.192 mL/g; refractive

The tryptophan fluorescence emission spectra and intensityindex for solvent= 1.3333;A; (second virial coefficienty=

changes were measured in the presence oftdMEDTA

or 370uM CaCl with excitation and emission wavelengths
of 295 nm and 308450 nm, respectively, and slit widths
of 4 nm. The calcium titration of DocX used exctitation and

0. The DAWN-DSP instrument was fitted with a K5 flow
cell and a He-Ne laser (632.8 nm) and was calibrated with
0.02-nm-filtered toluene, and the detectors were normalized
for the experiments on the monomer peak of bovine serum

emission wavelengths of 295 and 350 nm, respectively, andalbumin (~98% monomeric bovine serum albumin; Sigma)

a slit width of 15 nm. Incremental additions of calcium were
added to 1.5 mL of M DocX and the emission intensities

gel-filtered on Sephacryl S-1000 in degassed Or2filtered
20 mM HEPES, 500 mM NacCl, and 0.001% Tween 80 as

were averaged over 100 s/titration point, normalized to the per manufacturer’s instructions. The differences in the
zero titration point, and plotted against ligand concentration. refractive indexes of the different buffer systems used were
The calcium binding curve was subjected to nonlinear assumed to be negligible.

regression analysis by use of the following hyperbolic
equation: y = (Bna)(X)/Kg + X, where Bmax represents
maximal fluorescence chandg; is the calcium concentration
at which DocX exhibits half-maximal binding, and X is the
calcium concentration.

Size-Exclusion Chromatograpmalytical size-exclusion
chromatography of purified constructs was carried out at 20
°C on a Superdex 75 (16/60) column connected to KA
fast protein liquid chromatographic (FPLC) system (Amer-
sham Pharmacia Biosciences). The running buffer was

8-Anilino-1-naphthalenesulfonate (ANS) fluorescence spec- composed of 25 mM HEPES, 25 mM NaCl, 5 mM DTT,

troscopic studies were performed with 3Z® ANS in the
presence of 5 mM EDTA or 5 mM Cagand recorded with
excitation and emission wavelengths of 380 and-4600
nm, respectively, and slit widths of 15 nm.

NMR SpectroscopyH—°N HSQC NMR spectra of 0.5
mM uniformly *>N-labeled DocX were recorded on a Varian
INOVA 600 MHz spectrometer equipped with a pulse field

pH 7.0, and either 5 mM EDTA or 5 mM Cag£lIProtein
constructs at concentrations of 534 were eluted at a flow
rate of 1 mL/min with 2 mL fractions being collected and
the optical density of the eluent being monitored at 280 nm.
Molecular masses\{) were determined from a plot of log

M vs Vd/Vy (Ve = elution volume and/y = void volume).
The standard curve was generated from the following protein
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standardsNl): bovine serum albumin (68 kDayvalbumin 1 2 3 4
(45 kDa), and myoglobin (17 kDa). 75 (—
Analytical UltracentrifugationSamples used in analytical
ultracentrifugation (AUC) were dialyzed extensively against 50—
25 mM HEPES, 25 mM NacCl, 5 mM DTT (pH 7.0), and 37
either 10 mM EDTA or 10 mM CagG] and dialysis buffer
was saved and used in the reference sector for all runs. Prior
to sedimentation analysis, samples were supplemented with 25
10 mM DTT to ensure full reduction of the single cysteine 20
present in DocX. All AUC experiments were preformed at —— - -
20 °C. Sedimentation equilibrium analysis was preformed
with a Beckman XL-I analytical ultracentrifuge with a four- 15

hole An-60Ti rotor with 6-sector Epon charcoal center pieces.
Data were collected at 280 nm at three rOto.r speeds (15 _OOO’FIGURE 2: Expression and purification of recombinant fragments
18 000, and 21 000 rpm) and at three protein concentrationsfrom the CipA scaffoldin subunit o€. thermocellummonitored
(0.2, 0.4, and 0.6 mg/mL). Absorbance measurements wereby SDS-PAGE. Lane 1, molecular weight markers; lane 2, cell
taken at 0.002 cm radial steps and averaged over 10Qlysate from DocX induction (37C, 3 h); lane 3, supernatant after
observations. Data sets were collected after equilibrium wasNi?'-affinity chromatography and dialysis into native conditions;
obtained, as judged by the successive overlay of scans at iane 4, size-exclusion chromatography fraction.
hintervals. The partial specific volume and solution density of calcium, far- and near-UV CD spectroscopy were carried
were calculated by SEDNTERP (version 1.05, John Philo, out at room temperature. A broad negative band in the far-
2000). The molecular weight for both a single ideal species UV CD spectrum of apo-DocX extended from 225 to 200
and a monomerdimer interaction were obtained from XL-  nm, indicating that in the absence of calcium this protein
A/XL-I data analysis software (version 6.03, Bechman/ construct comprised primaril§ and random coil structure
Microcal). (Figure 3A). Furthermore, the lack of a large positive band
The sedimentation velocity analyses were carried out ataround 190 nm also suggested that apo-DocX contained
20 °C in cells containing double-sector Epon charcoal regions of high flexibility or random coil structure. Decon-
centerpieces. Velocity runs for DocX were conducted at volution of the data by use of CDNN softwar@g] predicted
50 000 rpm by use of Rayleigh interference optics. Interfer- 33% g-sheet, 23%3-turn, and 8%o-helix, which is quite
ence scans were taken at intervals of 1 min for 400 scans.similar to the elements of secondary structure predicted from
Best-fit profiles according to the continuous distribut{) CD and NMR studies of the isolated X-moduld4.
Lamm equation model from SEDFIR8) were overlaid on  Addition of calcium to saturating levels led to a dramatic
the experimental data by use of every second scan. change in the far-UV CD spectrum of DocX (Figure 3A). A
significant decrease in ellipticity between 230 and 203 nm,
RESULTS a crossover at 200 nm, and the appearance of a large positive
Expression and Purification of Type Il Dockerin-Contain- band below 200 nm with a maximum of 191 nm all
ing ConstructsA clone expressing the isolated CipA type suggested that there was an increase in helical content.
Il dockerin module produced the 9 kDa N-terminal (l#is)  Deconvolution of the data suggested an approximate 2-fold
tagged polypeptide in the insoluble form. All attempts to increase in helical content (from 8% to 19%), a correspond-
renature the protein were unsuccessful (data not shown).ing decrease in random coil angiturn character, and a
Therefore, we constructed a clone encoding a C-terminal similar content ofs-structure and turns to that of apo-DocX.
(His)s-tagged modular pair comprising Doc and the adjacent  The sensitivity of the near-UV CD signal to the environ-
hydrophilic X-module from CipA (Figure 1B), hereafter ment of aromatic amino side chains provides an excellent
termed DocX, in an effort to counterbalance the insolubility probe to monitor changes in tertiary structure of proteins.
of isolated Doc. Expression and purification of DocX were DocX has a total of six phenylalanine residues, one tryp-
monitored by SDSPAGE (Figure 2). Solubilized cell extract  tophan residue, and eight tyrosine residues, and near-UVvV CD
contained an intense band migrating at the approximate sizespectroscopy was used to assess the effects of calcium
of the DocX constructNl, 18 816.1 Da; Figure 2, lane 2). binding on the tertiary structure of DocX (Figure 3B). In
Cell fractionation experiments showed that, similar to isolated the absence of calcium, a broad positive band extending from
Doc, DocX was localized primarily to the inclusion body 244 to 268 nm and a negative band in the region between
fraction of E. coli. Denaturation of the whole cell lysate in 270 and 295 nm was observed, illustrating the presence of
8 M urea was followed by a Ri affinity chromatography  defined tertiary structure involving phenylalanine and ty-
purification step and refolding via dialysis in the absence of rosine residues. Upon addition of calcium, a pronounced
calcium (Figure 2, lane 3). Unlike Doc, apo-DocX remained broad positive band extended from 243 to 283 nm and the
soluble under native conditions, and a final size-exclusion signal intensity was markedly greater than that of apo-DocX,
chromatography step was performed that purified the proteinindicative of a change in the tertiary structure for DocX in
to homogeneity (Figure 2, lane 4). Electrospray mass the calcium-bound state. Furthermore, the observation of a
spectrometry verified the size and purity apo-DocX (observed slight positive band centered at 295 nm and extending to
molecular mass of 18 815.1 Da; theoretical molecular mass300 nm, not seen for apo-DocX, alluded to an altered
of 18 816.2 Da). environment of the single tryptophan residue (Figure 1C).
Circular Dichroism Spectroscopyo assess the secondary Overall, the changes observed in the CD spectrum can be
and tertiary structure of DocX in the absence and presenceattributed to a calcium-induced change in the structure of
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Ficure 3: Calcium-induced conformational effects on DocX monitored by circular dichroism and intrinsic tryptophan fluorescence
spectroscopy at pH 7.0 and room temperature. (A) Far-UV CD spectradfid&po-DocX (- - -) and 4Q«M Ca-DocX (—). (B) Near-UV
CD spectra of 15&M apo-DocX (- - -) and 15«tM Ca-DocX ().
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Ficure 4: Calcium-induced conformational changes of DocX monitored by fluorescence spectroscopy. (A) Intrinsic tryptophan fluorescence
emission spectra of 37ZM DocX in the absence (---) and presenee) f calcium. (B) DocX dose-dependent binding to calciua). ((C)

ANS fluorescence emission spectra used to monitor the exposed hydrophobic surface of apo-DocX (---), Ca-Dac ANS in the
absence of DocX-(:). They-axis represents fluorescence emission intensity in arbitrary units

the dockerin module of the DocX modular pair, given that  Several EF-hand calcium-binding proteins, including
calcium does not alter the CD spectrum of the isolated calmodulin é5), troponin C @6), and the S100 protein family
X-module (data not shown), that the dockerin module (47, 48), have been shown to undergo calcium-induced
comprises two EF-hand calcium-binding motifs (Figure 1D), conformational changes that expose hydrophobic surfaces
and that the sole tryptophan is located within the N-terminal which are involved in target protein recognition. To probe
sequence of the dockerin module (Figure 1D). these types of structural alterations, ANS, a hydrophobic
Intrinsic Tryptophan and ANS Fluorescence Spectroscopy.compound, is commonly used due to characteristic changes
To further probe the effect of calcium on the conformation in its fluorescence emission profile, including a blue shift
of DocX, and in particular on the lone tryptophan residue and intensity increase. ANS fluorescence was therefore used
(Figure 1C), intrinsic tryptophan fluorescence spectroscopy to determine whether DocX undergoes a calcium-induced
was employed. As shown in Figure 4A, upon excitation at exposure of a hydrophobic region. As shown in Figure 4C,
295 nm, both apo- and Ca-DocX displayed broad emissiona blue shift (from 516 to 495 nm) in ANS fluorescence
spectra with a maximum of 350 nm, indicative of the occurred in the presence of apo-DocX with a relatively
tryptophan side chain occupying a solvent-accessible envi-modest 1.5-fold increase in intensity, while Ca-DocX caused
ronment. However, a calcium-induced quenching of the a blue shift from 516 to 482 nm and a 2.8-fold increase in
tryptophan fluorescence was observed, with the emissionintensity, when compared to the emission spectrum of ANS
intensity of DocX decreasing by 63% in the presence of alone. These results suggest that a region comprising
calcium. This suggested either that a minor localized hydrophobic residues is exposed in apo-DocX and that either
structural perturbation occurred in the region occupied by this region becomes more exposed in the presence of calcium
the tryptophan side chain or that the protein undergoes aor additional hydrophobic regions become accessible upon
major conformation transition. Furthermore, a calcium ti- calcium binding.
tration monitored by intrinsic tryptophan fluorescence de- NMR SpectroscopyTo obtain greater insight into the
termined the dissociation constamtyf of DocX—calcium extent of calcium-induced structural changes in DocX, we
interaction to be M (Figure 4B). used 2D'H—'5N heteronuclear NMR spectroscopy to moni-
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Ficure 5: Two-dimensionatH—1N HSQC NMR spectra of (A) 0.5 mM uniformlifN-labeled CipA-X in the presence of 5 mM EDTA,

(B) 0.5 mM uniformly*N-labeled DocX in the presence of 5 mM EDTA, (C) 5 mM Ca@nd (D) same as (C) at 2.5 times lower vertical
scale. All spectra were recorded at pH 7.0,°25 and 11.7 T. The dashed boxes enclose the side-cHaieddnances, while the solid box

encloses a backboneVHesonance corresponding to G140 from the second EF-hand of the dockerin module.

tor calcium binding to uniformly*N-labeled DocX. AtH— Two additional differences between the apo- and Ca-DocX
15N HSQC spectrum of the 172-residue apo-DocX construct, spectra can be correlated to the EF-hand calcium-binding
shown in Figure 5B, displayed overall good chemical shift loops of DocX. The appearance of a backbofeésonance
dispersion of tH—1°N correlation resonances, with the at 10.3 ppm in théH dimension and 112.5 ppm in theN
approximate number of resonances expected, including adimension is located in a region typical of backbon& H
large number of well-resolved resonances withddemical resonances of the invariant glycine residue at position 6 of
shifts > 8.5 ppm. Comparison with théH—N HSQC the EF-hand calcium-binding loop when in the calcium-
spectrum of the isolated X module, displayed in Figure 5A, bound form. Triple-resonance HNCA data confirmed the
suggest that these resonances correspond primarily toidentity of this H' resonance as a backbon® &f a glycine
backbone M groups of the X module, which has a stable residue (data not shown), further suggesting that it is the
tertiary structure in solutiondd). A clustering of intense  dockerin module of the DocX construct that is undergoing
resonances with Mchemical shifts in the random coil region  a structural change. Increased dispersion of the side-chain
of 8.0-8.5 ppm was also observed. These data are consistenHN resonances was also observed in the spectra of Ca-DocX
with the CD studies and are indicative of a well-ordered (Figure 5C,D). Nine of the total 14 side-chain Nebntaining
protein comprising significant extended @structure and residues in DocX reside in the dockerin module, six of which
unstructured regions of high flexibility. The narrow line are found in the EF-hand calcium-binding loops (Figure 1D).
widths further suggested that apo-DocX was in a monomeric Structural studies of other EF-hand calcium-binding protein
state in solution at a concentration of 0.5 mM. have shown these loops to be quite flexible in the absence

Addition of calcium to saturating concentrations resulted ©Of calcium and are consistent with the lack of dispersion of
in extensive broadening of most backbon¥ tésonances  the intense side-chain'Hesonances in the spectrum of apo-
(Figure 5C). A small number of intense resonances betweenP0CX (Figure 5A). An increase in the dispersion of NH
7.8 and 8.2 ppm remained visible, suggestive that a mobile Side-chain resonances of Ca-DocX is consistent with the
region in the calcium-bound form exists, as were several side-increased rigidity of the calcium-binding loops due to
chain H' resonances (Figure 5C, dashed box). Only upon coordination of the calcium ion. In contrast, there were no
adjustment of the vertical scale were many more resonances?bservable changes in thel—"*N HSQC NMR spectrum
visible (Figure 5D). Calcium-binding to DocX resulted in ©f DocX upon addition of magnesium (data not shown). This
an increase in the dispersion of backborfé rdsonances, ~ Observation indicates that the conformational change caused
particularly in the 8.6-8.5 ppm region, and indicated that a Py calcium binding is specific and that the aspartate amino
region comprising residues primarily from the dockerin &cids located at position 12 of each EF-hand calcium-binding
module underwent a calcium-induced folding event that 100P in type Il dockerin do not alter their specificity for
stabilized secondary and tertiary structure. Not only do these calcium.
results corroborate our CD studies but also they are similar Oligomeric State of Ca-DocX.he extensive broadening
to results from the NMR calcium-binding studies of the type of NMR resonances in th#H—N HSQC spectrum of Ca-
| CelS dockerin module of. thermocellun{28), where the DocX signified a potential calcium-induced change in the
type | dockerin underwent calcium-induced folding. How- oligomeric state of DocX. Size-exclusion chromatography,
ever, in contrast to our present observations, there was nomultiangle light scattering, and analytical ultracentrifugation
change in oligomeric state of the type | dockerin upon were employed to determine the oligomeric state of apo- and
calcium binding. Ca-DocX in solution (Table 1). As shown in Figure 6A, the
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Table 1: Molecular Masses of DocX in the Absence and Presence Formation of a 1:1 Type Il DockerinCohesin Complex.

of Calcium as Determined by SEC, MALS and AUC The calcium-dependent type 1l dockefioohesin interaction,
method  Apo-DocX (10Da)  Ca-DocX (10Da)  Ka (M) which mediates the_ attachment of CipA to the geII surface
‘heoretical 1886 1886 of C. thermocellumis expected to have a stoichiometry of
e 33 1:1, on the basis of biochemical, biophysical, and structural
MALSP 20.43+ 0.63 43.72+ 4.30 studies of the type | interactior3Q, 32—34, 49), yet in the
AucCe 20 31 38 present study we observed that DocX homodimerizes in the
a Size-exclusion chromatograptyMultiangle light scatterings An- presence of Fa|9|um- To address the p|0|09|c?-| significance
alytical ultracentrifugation. of this dimerization, the type Il dockerircohesin complex

was formed in the presence of excess cohesin and purified
chromatogram of apo-DocX comprised a symmetric peak by size-exclusion chromatography. As shown in Figure 7,
eluting at 68 mL corresponding to a molecular mass of 28 two symmetrical peaks, eluting at 60.4 and 71.9 mL, were
kDa while Ca-DocX eluted at 64 mL, equivalent to a observed (labeled 2 and 3) and corresponded to molecular
molecular mass of 33 kDa. The predicted molecular massesmasses of 36 and 21.8 kDa, respectively. Analysis by-SDS
of apo- and Ca-DocX are both larger than the theoretical PAGE showed two bands of equal intensity for the first
monomeric mass of 18.8 kDa, and the Ca-DocX elution elution peak, migrating with molecular masses of 20 and 17
profile had a noticeable tail superseding the main elution kDa, respectively, while a single band migrating at 20 kDa
peak, suggesting that in the presence of calcium DocX is in was observed for the second elution peak (Figure 7 inset).
an equilibrium of various oligomeric states. However, the The 20 kDa band in both the elution peaks corresponds well
elution volume of a protein from size exclusion is dependent with the molecular mass of cohesin, while the 17 kDa band
on both molecular shape and mass. from the first elution peak migrates at the same molecular
To eliminate this shape effect and attain a more accuratemass as that of purified recombinant DocX (lane 4, Figure
molecular mass, as well as gain more comprehensive? inset). The molecular mass of the complex, determined
knowledge of the oligomeric state of DocX in solution, we from elution volume, and the equal intensity of the two bands
used a size-exclusiermultiangle light scattering (MALS)  in SDS-PAGE, is indicative of a 1:1 Ca-DocXSdbA type
tandem system and sedimentation equilibrium analytical Il cohesin complex.
ultracentrifugation (AUC). In the MALS experiment, mo-
lecular mass was calculated from the refractive index DISCUSSION
measurement, which is highly dependent on molecular mass To identify the underlying structural elements dictating
and much less dependent on shafi® (Table 1). Apo-DocX the specificity of the type | and type Il dockeriitohesin
had a refractive index corresponding to a molecular mass ofinteractions in the cellulosome @f. thermocellumwe have
20.43 kDa, or to a monomeric species in solution, while the generated and characterized a type Il dockerin module
refractive index for Ca-DocX suggested a dimeric molecular construct, comprising the C-terminal Doc module and the
mass of 43.7 kDa. By fitting of the sedimentation equilibrium adjacent hydrophilic X-module from CipA of th€. ther-
AUC data to a single-species model, the apparent weight-mocellumcellulosome (DocX). Our observations have been
average molecular masses of the apo- and Ca-DocX wererationalized on the basis of comparisons with CelS type |
approximately 20 and 31 kDa (Table 1, Figure 6B,C), dockerin module, other typical EF-hand containing proteins,
respectively, which suggests that DocX self-associates in theand the type | dockerincohesin crystal structure.
presence of calcium. This was further corroborated by The insolubility of the isolated Doc module construct
molecular weight vs concentration analysis, which showed across a range of concentrations (micromolar to millimolar)
a concentration-dependent association of Ca-DocX (data notled to the design of the DocX modular pair construct (Figure
shown). Calculation of dissociation constaritg)(used the 1), which is soluble at millimolar concentrations in both the
monomeric molecular mass of 18 900 Da (Table 1) and a absence and presence of calcium. We attribute this increased
molar extinction coefficient of 15930 M cm™* and solubility to the high content of acidic/basic residues in the
estimated the monomedimer dissociation constant for Ca- hydrophilic X-module, which has been shown to be highly
DocX to be approximately 40M. soluble and folded in native conditiond4). The use of
Sedimentation velocity experiments were also performed chimeric constructs to increase the solubility of proteins of
to examine the hydrodynamic properties of Ca-DocX (data interest has become a common practice and frequently
not shown). Sedimentation profiles were evaluated by a involves the use of thioredoxin, GST, and MBP fusion
continuous distributiore(S) Lamm equation model. When  expression systems. Recombinant fusion proteins have also
the sedimentation coefficient distribution was determined, a been previously used in the study of cellulosomal protein
major peak at 2.49 S, = 2.56 S) with minor peaks at modules. A family 2a cellulose-binding domain (CBBJ
both 1.26 S &ow = 1.30 S) and 4.47 SSw = 4.60 S) was used to enhance the soluble expression of EngB
were revealed. These peaks corresponded to molecularcellulase; the first two studies characterizing the type Il
masses of approximately 40.1, 14.4, and 86.0 kDa, respec-dockerin-cohesin interaction used chimeric protein con-
tively, consistent with a predominantly monomelimer structs comprising the Doc module fused to the CelC
interaction for Ca-DocX but also showing the formation of endoglucanase&(, 25); and isothermal titration calorimetry
higher order oligomers. The velocity data were also exploited studies carried out to support the recent type | cohesin
to crudely model the shape of the Ca-DocX. A frictional dockerin crystal structure used a type | docketityn 10B
ratio, f/fo, of 1.65 was calculated for Ca-DocX, implying that family 22 carbohydrate-binding module chimera. In these
Ca-DocX takes on a more elongated or asymmetric shapelatter studies, the authors suggest that the fusion construct
in solution. provided protection from proteases, including via localization
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Ficure 6: Analysis of the oligomeric solution state of Ca-DocX by size-exclusion chromatography and sedimentation equilibrium analysis.
(A) Elution profile of purified apo-DocX (---) and Ca-DocX~) from a Superdex 75 (16/60) size exclusion column. Panels B and C show
residual and absorbance plots, respectively, from a sedimentation equilibrium run of Ca-DptiX/ &bsorbance gradient in the centrifuge

cell. The data were fitted to a monometimer equilibrium and the solid line denotes the fitted curve calculated from three rotor speeds
and multiple protein concentrations. Residuals show the difference in the fitted and experimental values as a function of radial position.
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4 to that observed in the NMR structural studies of CelS type
| dockerin £8) and indicate that calcium is required to
maintain a globular fold for both CelS type | dockerin and
CipA type 1l dockerin. Furthermore, the #ZM calcium
dissociation constant we have determined for type Il dockerin
corresponds well with the slow exchange observed in NMR
calcium binding studies of type | dockeri28). A single
downfield-shifted resonance in the spectrum of Ca-DocX,
corresponding to a glycine, has a backbone amide chemical
shift (10.3 ppm) very similar to those observed for glycine
residues at position 6 of EF-hand calcium-binding loops in
Ca-TnC (10.3-10.8 ppm) b1), Ca-CaM (10.3-10.7 ppm)
(52), S100B (10.1 ppm)53, 54), and CelS type | dockerin
(10.0-10.2 ppm) 28). These glycine residues form a central
hinge in the calcium-binding loop, resulting in a unique
downfield-shifted position of their backboné'esonance.
However, we cannot rule out the possibility that the calcium-
to inclusion bodies, which is where the Doc and Docx induced conformational changes in the dockerin module may

constructs in the present study were found. On the basis ofPropagate into the X module.
the results presented here, the CelC endoglucanase subunit MALS and AUC experiments show that DocX undergoes
likely also played a significant role in the solubility of the calcium-induced homodimerization. The notion is supported
Doc upon refolding. Importantly, DocX represents the in vivo by the observation that calcium binding to DocX caused
structural architecture of the C-terminal region of CipA. significant line broadening of several resonances in the NMR
Using a variety of biophysical techniques, we have shown spectrum, suggesting a change in thestate of oligomerization.
that the type Il dockerin module in the DocX modular pair Other EF-hand proteins, including troponin C and S100B
undergoes a calcium-induced folding event. The CD spec- (53, 55) display similar behavior, which has been associated
trum and the well-dispersed resonances, including the largewith a calcium-dependent conformational change that ex-
number of downfield-shifted resonances3(5 ppm), in the poses a hydrophobic region necessary for interactions with
IH—15N HSQC spectrum of apo-DocX (Figure 5A), have hydrophobic elements of a target protein. Our ANS results

Absorbance (mAU)

50

60 70

Elution volume (mL)

Ficure 7: Formation of a 1:1 type Il dockerircohesin complex:
size-exclusion chromatographic profile of a 1.5:1 mixture of SdbA
type Il cohesin and Ca-DocX from a Superdex 75 (16/60) column
in the presence of 25 mM HEPES, pH 7.0, 25 mM NaCl, 5 mM
DTT, 5 mM CacC}. (Inset) SDS-PAGE analysis of size-exclusion
profile. Lane 1, molecular weight markers; lane 2, sample from
elution fraction of peak 2; lane 3, sample from elution fraction of
peak 3; lane 4, purified recombinant DocX.

similar spectral features to those of isolated CipA X-module
(44). Because the CD and NMR spectra of isolated CipA
X-module are not affected by the addition of calcium (data

support the increased exposure of a hydrophobic region in
the type Il dockerin module upon calcium binding and leads
to the possibility that homodimerization may be mediated,

not shown), the calcium-induced increasethelical content at least in part, by hydrophobic interactions. Interestingly,
and change in tertiary structure can be attributed to calciumthe presence of SdbA type Il cohesin results in the dissocia-
binding to the type Il dockerin module. This suggestion is tion of the DocX dimer and the formation of a 1:1
further substantiated by comparisons with structural studies Ca-DocX—SdbA type Il cohesin complex. The ability of
of the type | dockerin module. The calcium-mediated increase SdbA type Il cohesin to break up the Ca-DocX dimer through
in NMR spectral dispersion we observed for DocX is similar a noncovalent interaction with Ca-DocX suggests that the
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area involved in the homodimeric interface may be part of,
or at least in close proximity to, the type Il cohesin-binding
site. Parallel behavior is observed for type | cohesin
modules: type | cohesin modules 6f thermocellumand

the cohesin modules @. cellulolyticumself-associate, and
this association is disrupted upon formation of the cohesin
dockerin complex. Structural analysis and mutation studies
confirmed the overlap between the regions involved in
homodimer formation and binding of the dockerin module
(30, 56—60). The elongated shape of Ca-DocX, suggested
by sedimentation velocity data, may arise from the formation
of a dockerin-X-module interface in the presence of calcium,
or the dimerization event, or from a combination of the
previous two situations. Detailed structural analysis will be
required to definitively identify the origin of the elongated
shape.

The homodimerization of Ca-DocX is in direct contrast
to calcium-bound CelS type | dockerin, which remained
monomeric in solution Z9). However, despite strong se-
quence similarities, there are five significant substitutions
in DocX that would increase the hydrophobic nature of the
exposed surface (Figure 1C): Leu, rather than Ser and Thr,
is at positions 17 and 18 in DocX; an lle resides at position
24 that is a Lys in the type | dockerin sequence; and the Ser
and Thr at positions 49 and 50 are Met and GIn at the
corresponding positions in DocX. Furthermore, the coincid-
ing loss of hydrogen-bonding (Ser/ Thr -OH) and electrostatic
character (Lys Nki) would decrease the ability of the
dockerin module to favorably interact with the solvent and
remain monomeric in solution, as seen for CelS type |
dockerin @9). Thus, some or all of these residues may
contribute to the enhanced tendency of DocX to form dimers.
They could also include residues involved in the formation
of the cohesirdockerin complex and in determining the
specificity of the interaction. Determination of a type Il
dockerin—cohesin complex is currently underway to identify
the structural differences driving the specificity of the type
| and type Il interactions.
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