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ABSTRACT: Calcium binding to carbohydrate binding module CBM4-2 of xylanase 10A (Xyn10A) from
Rhodothermus marinusas explored using calorimetry, NMR, fluorescence, and absorbance spectroscopy.
CBM4-2 binds two calcium ions, one with moderate affinity and one with extremely high affinity. The
moderate-affinity site has an association constant of 1®83) x 10° M~! and a binding enthalp$H,

of —9.3 & 0.4 kJ mot?, while the high-affinity site has an association constant of approximatéfy 10
M~1 and a binding enthalpyiH, of —40.54- 0.5 kJ mot™. The locations of the binding sites have been
identified by NMR and structural homology, and were verified by site-directed mutagenesis. The high-
affinity site consists of the side chains of E11 and D160 and backbone carbonyls of E52 and K55, while
the moderate-affinity site comprises the side chain of D29 and backbone carbonyls of L21, A22, V25,
and W28. The high-affinity site is in a position analogous to the calcium site in CBM4 structures and in
a recent CBM22 structure. Binding of calcium increases the unfolding temperature of the pFajddy (
approximately 23°C at pH 7.5. No correlation between binding affinity aind change was noted, as
each of the two calcium ions contributes almost equally to the increase in unfolding temperature.

Calcium ions play a key role in a diversity of biological of this consortium and its ability to degrade crystalline
processes. Proteins exhibit a wide range of affinities for cellulose is dependent on the presence of calciGnb).
calcium, with affinity constantsK() typically in the range Calcium binding is essential for the folding of dockerin
of 10°—10® M~ C&* plays a major role in signaling domains that bind tightly to the cohesin domains of the
processes]) as well as in stabilizing extracellular proteins scaffoldin protein anchoring cellulosomal proteins to7t (
such as glycoside hydrolases. For example, the vast majority8). Binding of C&" not only is confined to dockerin domains
of a-amylases which have an/3)s fold are known to bind but also extends to other components such as the endoglu-
at least one calcium ior2( 3). A recent study showed that canase CelD, where calcium is believed to stabilize the active
calcium ions stabilize this group of enzymes by bridging the site conformation of the enzyme and enhance its actigity (
two domains constituting the catalytic module, and thus 10). In addition to these roles, €aions are reported to alter
maintaining the conformation of the active sit§.(Another the bond cleavage preference Rdeudomonas fluorescens
system where calcium ions are intimately associated with xylanasel0A (formerly XYLA), as well as protecting the
the function of glycoside hydrolases is the cellulosome, enzyme from proteolytic attack {, 12). Calcium ions have
which is an efficient multienzyme complex responsible for also been found in glycoside hydrolases that have folds
cellulose degradation in anaerobic clostridia. The integrity distinct from the (/f)s barrel. Thus, endoglucanases with
an o/o barrel fold (L3—15) and others with & jellyroll
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Table 1: Primers Used To Introduce Mutatidns

E11A
F5-AGTCATACATATGCTTGTCGCCAACATCAACGGTGGATTCEATCGACG-3
R5-TACGATAAGCTAGCAATGGCCAGGCCATCAATGTAGATGG-3

D160A
FS-ACGTCATACATATGCTTGTCGCCAACATCAACGGTGG-3
R5-CAGTACGCTAGCAATGGCCAGGCCACAATGTAGATGG-3

E11A/D160A
F5-AGTCATACATATGCTTGTCGCCAACATCAACGGTGGATTCEATCGACG-3
R5-CAGTACGCTAGCAATGGCCAGGCCACAATGTAGATGG-3

E23A
F5-ACGGATCTGGCCEGGGTGTGGAGGGC-3
R5-GCCCTCCACACECGCGGCCAGATCCGT-3

E26A
FS-GCCGAAGGTGTGEAGGCTGGGATCTG-3
R5-CAGATCCCAGCCIGCCACACCTTCGGC-3

D29A
F5-GTGGAGGGCTGGE&GCTGAACGTGGGC-3
R5-GCCCACGTTCAGCGCCCAGCCCTCCAC-3

a Restriction sites are underlined, and the altered bases are in bold. Prefixes F and R denote the forward and reverse primers, respectively.

activity of the catalytic modules by mediating prolonged (Sigma, St. Louis, MO) to remove the histidine tag as
enzyme-substrate proximityZ1). CBMs have been classi- previously outlined 27). Protein concentrations were deter-
fied into 28 families based primarily on primary sequence mined by acid hydrolysis in a commercial laboratory (BMC,
similarities, according to the latest update of the CAZy Uppsala, Sweden), and the values that were obtained were
database (http://afmb.cnrs-mrs:fpedro/CAZY/db.html) 22). used to estimate the extinction coefficient of CBM4-2 at 280
Three-dimensional structures of CBM representatives from nm (29 340 M cm™1) which was in good agreement with
different families have revealed that calcium binding is a the theoretically estimated value (29 160-Mecm™1). The
widespread property within some familiex3( 24), and there same analysis verified that the five C-terminal histidine
is some evidence that €aconfers thermostability on a  residues were lacking after the protease treatment. To remove
cellulose binding CBM belonging to family £5). metal ions from buffers, the solutions, all prepared using
The thermophilic bacteriurRhodothermus marinysro- ultrapure Millipore water, were passed through a column
duces a thermostable modular family 10 xylanase (Xyn10A) packed with Chelex-100 beads (Bio-Rad, Hercules, CA).
(26). In a previous study, the properties of the two N-terminal Plastic containers and vessels were used throughout for
family 4 CBMs of Xyn10A from R. marinushave been preparation and storage of buffers and protein samples,
investigated in our laborator27), and calcium ions seemed except for quartz cuvettes used in fluorescence and quin2
to enhance the binding of these modules to insoluble chelator titrations. To remove calcium from the proteins,
substrates, although the role of €an maintaining the samples were dialyzed extensively against equilibrated
structural integrity of the protein remains to be established. Chelex-100 beads. Determination of the amount of residual
In the study presented here, we report that CBM4-2 indeed C&" in protein samples, buffers, and CaGitocks was
binds two calcium ions, a novel property among family 4 carried out with plasma mass spectrometry. The 10 mM Tris-
CBMs. The binding constants of both sites are estimated andHCI buffer (pH 7.5) which was used for the dilution of
the locations of the sites identified by NMR and structural protein and calcium stocks and for titrations contairéd5
homology, and verified by site-directed mutagenesis. Finally, uM Ca?*.
the effects of calcium binding on thermostability are evalu-  |sothermal Titration Calorimetry (ITC)Titrations were

ated. performed with an OMEGA microcalorimeter (MicroCal,
Inc., Northampton, MA). The stirred cell contained 600
MATERIALS AND METHODS 950 uM CBM4-2 in 10 mM Tris-HCI buffer (pH 7.5), and

Cloning of CBM4-2 Mutants and Sample Preparation. the syringe contained 10 mM CaGh the same buffer. A
Escherichia colistrains BL21(DE3) and XL1-Blue, expres- titration experiment consisted of 280 injections of 5 or
sion vector pET25bf) encoding CBM4-2, media, growth 10 uL with a 10 s duration and 600 s intervals each. The
conditions, protein production, and purification were as titration data were corrected for the small heat changes
previously described(). To probe the locations of the two ~ observed in control titrations of the CaCdolution into
calcium binding sites, five different single-site mutations and buffer. Data were fitted to a two-site model using Origin
a double mutation were introduced either by conventional (version 2.9, MicroCal, Inc.).

PCR or using the Stratagene Quik-Change Kit (Stratagene, NMR Spectroscop]NMR measurements were taken using
La Jolla, CA). The amino acid substitutions introduced into Bruker DRX 500 and 600 spectrometers. Chemical shifts
CBM4-2 were as follows: E11A, D160A, E11A/D160A, were measured using both unlabeled &hdlabeled protein
E23A, E26A, and D29A. Plasmids encoding CBM4-2 were [produced from growth in minimal medium containing-(
used as templates in the mutation procedure. A set of primersNH,),SO, as the sole nitrogen source]. Most measurements
was used to introduce the mutations (Table 1), and standardon unlabeled protein were taken using one-dimensional
molecular biology procedures were used throughout. Re-spectra, while labeled protein was measured using HSQC
combinant protein production was verified by SPIRAGE, (heteronuclear single-quantum coherence) spectrosédpy.
and the samples were treated with carboxypeptidase Achemical shifts were referenced to internal trimethylsilyl-
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propionate (0.00 ppm), anéPN shifts were referenced
indirectly to*H using the ratio of gyromagnetic ratioa8g).

Abou-Hachem et al.

Differential Scanning Calorimetry (DSCPSC measure-
ments were performed on a differential scanning calorimeter

All spectra were processed and analyzed using FELIX 2000 (MicroCal, Inc.) with a cell volume of 0.5072 mL, at a

(Accelrys Inc., San Diego, CA). The moderate-affinity

scanning rate of 2C/min. Prior to the measurements, the

binding constant was determined by following chemical shift samples were degassed for 15 min at room temperature.
changes in the NMR spectrum on titration with CaCl Background scans, collected with buffer in the reference and
Chemical shift changes were fitted to a binding constant sample cells, were subtracted from sample scans. The
using a standard equation for a saturation isotherm in EXCEL reversibility of the thermal transitions was assessed by

version 5.0 (Microsoft Corp., Seattle, WA).

Fluorescence Spectroscoplfluorescence spectra were
recorded at 28C using a Perkin-Elmer LS 50B fluorescence
spectrometer with an excitation wavelength of 295 nm.
Excitation and emission slits were 3 and 3.5 nm, respectively.
Emission spectra (326360 nm) were recorded, and each

checking the reproducibility of the scan upon immediate
cooling and rescanning and by varying the scan rate. The
effect of pH on the stability of wild-type CBM4-2 in the
presence of different calcium loads was explored. The buffers
that were used were acetate buffer (pH 4.3 and 5), 2,2-bis-
(hydroxymethyl)-2,22""-nitrilotriethanol (pH 6 and 6.5),

spectrum was an average of five scans. CBM4-2 solutions Tris-HCI buffer (pH 7.5), glycine-NaOH (pH 10), and CAPS

(2.5 mL of a 3uM solution) were titrated with LL aliquots
of a CaC} solution ranging in concentration from OuM
to 100 mM in 10 mM Tris-HCI (pH 7.5). A nonlinear least-
squares fitting procedure was employed to fit d&@),(using
the equation

F=Fo+ Feu[CaT/([Ca] + Ky ) +
Feg[Ca([Ca'] +Kp)

where Fo, Fca, and Fe,, are the fluorescence of the apo

species and singly and doubly loaded species, respectively

Kp, andKp, are the dissociation constants of the two sites,
and the model assumes two sites with vastly different
affinities. The free C& concentration was determined using
the Newton-Raphson method3(Q) from the equation

Cea=[C&'] + CHC&)/([Ca™"] + Kp) +
ClcaJ/([Ca’] + Kp)

where Cc, and Cp are the total calcium and total protein
concentrations, respectively.

Chelator MethodTo estimate the binding constant of the
high-affinity site, C&" titrations of the proteins were
performed in the presence of the fluorescent'Gzhelator
quin2 31, 32). The Ca&" affinity of this chelator [logk =
8.022 B2)] is substantially higher than that of the moderate-
affinity site, and consequently, competition for®Céy that

[3-(cyclohexylamino)-1-propanesulfonic acid] (pH 11). Mu-
tant proteins were only analyzed at pH 7.5 in 10 mM Tris-
HCI. Protein samples with initial calcium loads of 6.5
molar equiv were analyzed (i) in buffer only, (ii) in the
presence of 0.5 mM Caglor (iii) in the presence of 1 mM
EDTA. All buffers used for the DSC experiments were 10
mM with respect to the buffering agent, and protein
concentrations were approximately A®.

RESULTS

Determination of C&" Binding Constants

Samples of wild-type CBM4-2, which were prepared
following brief Chelex treatment and/or extensive dialysis
against Tris buffer, were shown by plasma mass spectrometry
to contain between 0.9 and 0.95 mol of calcium/mol of
protein, indicating a very high-affinity site. Various efforts
to obtain the protein in the completely apo form, including
urea denaturation and refolding, were unsuccessful. Exhaus-
tive dialysis against an excess of Chelex still resulted in a
protein that contained approximately 0.5 mol of?@eol
of protein. EDTA was avoided in these preparations, as
preliminary fluorescence titrations with this chelator showed
emission spectra indicating unspecific interaction with the
CBM (data not shown).

Calcium titrations of samples (containing approximately
0.9-0.95 mol of C&"/mol of protein) using fluorescence
emission spectroscopy were consistent with the presence of
at least two calcium binding sites (Figure 1B). Tryptophan

site is negligible. The quin2 concentration was determined fluorescence changé{.x = 338 nm) was measured, which

by measuring the absorbance at 240 rmo(= 4.2 x 10*
M~1cm™Y), and the initial calcium concentration in the stock
was determined as described previoud$)( The titrations
were performed using a quartz cuvette containing 1 mL of
20 uM quin2 (Fluka, Buchs, Switzerland) and 1M
CBM4-2 in 10 mM Tris-HCI (pH 7.5). Calcium aliquots (1
mM CaCk in the same buffer) of uL were added; the

is consistent with the presence of tryptophan side chains
reasonably close to both calcium binding sites. A rapid
decrease in the emission maximum (with essentially no
change in the wavelength) was observed during the first few
additions of calcium (up to 1 molar equiv of €3,

suggesting the saturation of a high-affinity site, which was

followed by a smooth decrease in emission arising from

solution was mixed thoroughly, and the absorbance at 263titrating calcium into the lower-affinity site (Figure 1).

was measured after equilibration for 30 s. The binding Calcium binding analyzed by isothermal titration calorimetry
constant was obtained from a least-squares fit of the (ITC) established unambiguously the presence of two calcium
absorbance as a function of the total calcium concentrationbinding sites (Figure 2). Using CBM4-2 with 0.5 mol of
as described previouslg4). Corrections were made for the Ca&*/mol of protein, the association constant of the high-
initial Ca?" concentration and for dilutions due to €a  affinity site was estimated to be10° M1, with a large
additions. The protein concentration was multiplied by a enthalpy of binding 0f-40.54- 0.5 kJ mot™. NMR titrations
correction factor, which was varied during the minimization of the high-affinity site using a sample containing 0.5 mol
procedure, and was in the range of ©®95. The reported  of Ca&"/mol of protein showed that the unloaded and singly
results are the average of three independent titrations. loaded forms of the protein are in slow exchange on the
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Ficure 1: Fluorescence Catitrations of wild-type CBM4-2 and
the E26A and D29A mutants at 2&, low salt buffer, and pH 7.5.
(A) The empty circles®) represent wild-type CBM4-2, and the
fit of the data is represented by a solid lirng, & 3.3 x 1P M),
The filled circles ®) represent the E26A mutant, with the solid
line representing a fit of the data to a binding affinity 5-fold lower
than that of the wild-type protein. The trianglea)(represent
titration of the D29A mutant. The binding affinity of the latter is "‘"'} B
too low to permit data fitting, and the initial rapid drop in intensity -8 . e — ]
can be attributed to the saturation of the high-affinity site. The 0.0 05 1.0 1.5 2.0 2.5
markedly diminished affinity of D29A for Ca supports the Molar Ratio
postulated location of the binding site and the ligand status of the } ) )
D29 side chain. (B) Lower region of the titration curve of wild- FIGURE 2: Results from ITC experiments (A and B). Calorimetric
type CBM4-2 shown in panel A. To illustrate the presence of the fitration of 948uM CBM4-2 with 10 mM CaC} at 28°C. Panel A

high-affinity site, the log(emission maximum) is plotted vs calcium shows the measured heat change vs time and panel B the titration
concentration for the first 10 additions of calcium. curve normalized to molar concentrations. The best fit of the data

to a model with two sets of binding sites obtained by nonlinear
regression is shown as a solid line in panel B.

kecal/mol of injectant

chemical shift time scale, implying a sub-micromolar affinity,
and confirming the results given above. A more accurate
measurement of the association constant for the high-affinity
site (again using the sample with 0.5 mol of?Ganol of
protein) was made using the chelator method, which makes
use of a competition for calcium binding between the protein
and quin2 (Figure 3). The binding constant for binding of
quin2 to C&" at low salt concentration was previously
determined 32), and was used to estimate the binding

number of amide groups, of which the largest shifts were
(in order) for residues E23, D29, E26, and A22, with a
number of other residues in the loop containing amino acids
25—30 also showing significant shifts. Calcium ions are
normally coordinated by a mixture of side chain carboxyls
and backbone carbonyls. Binding of calcium to a carbonyl
influences the chemical shift of the amide group in the same
peptide bond, which is the residue following the carbonyl.
con§tar1t of CBM4-2 (log< =,19'1_i 0.5). The NMR data therefore suggest that the ligands could be
Binding at the moderate-affinity site was measured by ITC, e hackhone carbonyls of residues A22, possibly residues
using CBM4-2 batches containing either 0.5 or 1 molar equiv W28, V25, and L21, and possibly the D29, E26, and E23
of calcium, and yielded an association constépof (1.3 side chains. Comparison with the solution structure of the

+ 0.3) x 195 M~* and a binding enthalppH, of —9.3 + protein in ref35 shows that all of these amino acids, except
0.4 kJ mof* for the same site. Measurements by NMR under 23 ang £26, are well oriented to act as ligands. The D29

the same conditions (10 mM Tris-HCI, pH 7.5, and°Z§ side chain could well coordinate the calcium via both

gave essentially the same resil, & 1.8 x 10° M™). At oxygens, but the E26 and the E23 side chains appear to be

pH 6.0, 50 mM acetate, and 37C, the affinity was 4 far from the calcium to act as ligands. The structure of
approximately 10 times weaker. The fluorescence emission,q proposed binding site is shown in Figure 4C. NMR

spectroscopy data (from the titrations mentioned above, usmgprovides no evidence for water ligands, but it is likely that
0.9-0.95 mol of C&"/mol of CBM4-2 in 10 mM Tris-HCI water forms at least one additional ligand.
atpH 7.5 and 28C) were fitted to obtain a binding constant To confirm the proposed location of the moderate-affinity

fo(;th%[noderate-aff|nlty site in the same rangfe € 3.3 x calcium binding site, the mutants D29A, E23A, and E26A

16°M79. were produced, purified, and subjected to 5% (w/v) Chelex

treatment, which resulted in proteins with 89 mol of C&*/

mol of protein. After the high-affinity site had been filled
(1) The Moderate-Affinity SiteNMR titrations of the (displayed as a very slight decrease in the emission maximum

moderate-affinity site, using CBM4-2 with 1 molar equiv in conjunction with the first additions of €8), the D29A

of calcium, revealed large chemical shift perturbations to a mutant displayed a very low affinity that was not possible

Identification of the Calcium Binding Sites
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Ficure 3: Titrations of quin2 with C& in the absence (control
experiment) or presence of CBM4-2, E11A, D160A, or E11A/
D160A. The normalized absorbance at 263 nm is plotted vs the
total C&" concentration. Protein and quin2 concentrations for this
data set are 10.0 and 2Qu, respectively, and the initial residual
Ca* concentration is &M for wild-type CBM4-2. The best fits

of three independent sets of data were averaged to estimate the
binding constant of the wild-type CBM (log = 10.1+ 0.5). All
three mutants fail to exhibit high-affinity binding as titration curves
of the mutants are similar to that of the quin2 titration in the absence
of protein.

to quantify either with fluorescence titration (Figure 1) or
by ITC. By contrast, the E26A mutant had an affinity for
the second calcium ion only-5L0 times lower than that of
the wild type (Figure 1). Thermostability results (see Table
3 below) suggest that both the E23A and E26A mutants are
still able to bind two calcium ions. These results are
consistent with the only side chain ligand being D29; the
limited affinity change of the E26A mutant is presumably
due to electrostatic effects on the protein rather than direct
ligand interactions.

(2) The High-Affinity SiteAs it proved to be impossible
to completely remove calcium from the high-affinity site,
and because partial occupancy of the high-affinity site only
causes intensity changes rather than gradual frequency
changes in NMR spectra, NMR failed to provide experi-
mental evidence for the location of the site. Comparison of
the structure of CBM4-2 with other CBMs did, however,
lead to some interesting observations. There is a calcium
binding loop on the side opposite the binding cleft in a family
22 CBM, which is in the same superfamily as CBM43B), FiIGURE 4: Structures of the high- and moderate-affinity sites. The
and whose structure has recently been determined by X-raycoordinates are those described in 88f (A) Overview of the
crystallography 18). Comparison of the structures (Figure Protein. The binding site cleft is at the top of the figufesheets
5) shows that CBM4-2 in this region is very similar to g!re in green, andk helical turns are in blue. The two calcium

o . . . . inding sites are indicated; the one nearer the binding site cleft is

CBM22 (35), with liganding groups in corresponding posi-  the moderate-affinity site. (B) Closeup of the high-affinity site.
tions. From the comparison, the calcium ligands are expectedresidues identified as ligands are shown in ball-and-stick format,
to be the main chain carbonyls of E52 and K55 (K39 and with likely hydrogen bonds shown as dotted lines. Residues mutated
E42, respectively, in CBM22) and the side chain carboxyls in this study are shown in yellow. (C) Closeup of the moderate-
of E11 and D160 (E16 and D149, respectively, in CBM22). afinity site, with labeling as described above.
Hence, these latter residues were chosen as targets for sitemutant proteins have closely similar patterns of upfield shifts,
directed mutagenesis. The two single mutants (E11A andindicating that the mutations have caused only local structural
D160A) and the double mutant (E11A/D160A) were pro- changes (data not shown). Wild-type CBM4-2 (0.5 molar
duced, purified, and subjected to Chelex treatment asequiv of calcium) and the three mutants (apo form) were
previously described, resulting in three mutant proteins, all titrated with quin2 under the same conditions. No calcium
essentially in the apo form. NMR spectra of wild-type and binding could be detected for any of the three mutants in
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Ficure 5: Structures of CBM4-2 (B1) and CBM22 (A1), shown oriented for the best fit of secondary structure elements. Calcium ions in
the high-affinity site (bottom of B1) and moderate-affinity site (top of B1) of CBM4 and the CBM22 calcium site are indicated by balls,
and the ligand binding residues are shown in ball-and-stick representation. Sheets and termini are labeled. In the bottom half of the figures,
the analogous binding sites [high-affinity site in CBM4-2 (B2) and CBM22 (A2)] are displayed in expanded form, to show the calcium
ligands.

the quin2 affinity range (Figure 3). ITC titrations with cal- The high-affinity site identified here is in a position similar
cium carried out on E11A and D160A verified that the high- to that of the calcium site observed @ellulomonas fimi
affinity binding was eliminated. The total calcium affinity N-terminal CBM4-1 (formerly CBR:) (25). The latter site

of D160A was approximately 2-fold lower than the affinity ~was identified by homology tBacillus1,3:1,48-glucanases,

of the moderate affinity site in wild-type CBM4-2 (data not and contained calcium ligands from the N- and C-terminal
shown). The total affinity of the E11A mutant was too low strands, in addition to a backbone carbonyl from a loop
to allow a reasonable fitting of the data, suggesting a binding between strands2 and$3. These are in positions analogous
affinity in the low millimolar range. In light of these findings, to those of the ligands seen here. In CBM4-1 fr@mfimi,

we conclude that the E11 and D160 side chains are indeedboth the interstrand loop and the N-terminal segment are
calcium ligands, with the backbone carbonyls of E52 and considerably shorter than those seen here and there is no
K55 as other likely ligands. From the structure, it is likely direct structural homology, but it is clear that the sites are
that D160 binds in a bidentate manner (Figure 4B). topologically equivalent.
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Table 2: Summary of DSC Data on CBM4-2 Thermal Unfolding at
Different pH Values and Calcium Contents

pH Tml("C) Tm2(°C) Tm3(°C) pH Tm1(°C) ng("C) Tm3(°C)

43 ND 652 75.1 75 751 87.4 97.5
50 ND 74.87% 879 10 72.1 87.5 100.6
6.0 774 821 88.4 11 70.9 86.5 99.5
6.5 76.6 85.6 94.0

a2 DSC analysis carried out in low salt buffer at a wild-type CBM4-2
concentration of approximately @M. ND, not determinedTmi, Tm
in the presence of 1 mM EDTATm2 Tm in the presence of
approximately 1 mol of Ca/mol of protein;Tms, T in the presence
of excess C& (0.5 mM).? Two thermal transitions were observed at
pH 5.

Apparent heat capacity

analyzed in the presence of 1 mM EDTA, a single thermal
transition was observedi{ = 75.1°C), corresponding to
the T, of the suggested apo form. Under these conditions,
the high-affinity site will be approximately 17% saturated.
;l(;;JSint?]: %‘f’gﬂ%m?‘{?ﬂﬁﬁ; ngi'\é'fga\iA”;r? d”;'\"s(g:]sr;mdrgt’e” We believe that the observation of a single peak at this
of 1 K/miﬁ. The dotted line shows unfoﬁiing in the preser?ce of 1 tempgrature is explained by the fact that the scanning
mM EDTA (T, = 75.1°C); the solid line represents unfolding ~calorimeter changes the temperature at a slow ratc(1
with only the high-affinity calcium binding site saturated (1 molar min) compared to the off rate of €afrom the protein (on
equiv of calcium,T, = 87.4°C), and the dashed line represents the order of inverse seconds). Thus, when the temperature
the protein with both sites saturated (0.5 mM GaGl, = 97.5 approachesTy, the apo form is denatured first and re-

50 60 70 80 90 100 110 120
Temperature (degrees Centigrade)

<) equilibration between the calcium-loaded and apo form takes
- place sufficiently fast that the apo form is replenished,
Thermal Stability resulting in only the melting of the apo form being visible.
(1) Dependence of the Unfolding Temperaturg)(@n pH Calcium ion addition to CBM4-2 solutions (starting with

and Calcium ContenfThe stability of CBM4-2 at different 0.5 molar equiv) caused a significant increasd inunder
pH values and calcium contents was analyzed by differential all the tested conditions (Table 2). In the presence of 1 mM
scanning calorimetry (DSC). The calorimetric traces were EDTA, there was no major difference in unfolding temper-
completely irreversible at pH6 and 11, and clearly visible  ature {T,) between pH 6 and 8, whereas higher pH values
aggregates were observed following the scanning analysisled to a slight decrease . In contrast, the calcium forms
in the former case. Thermal unfolding was partially reversible of the protein (one site and two sites saturated) exhibited a
between pH 6.5 and 10 with the best reversibility at pH 7.5. clear trend of decreasdg, values with decreased pH values,
This buffering condition [10 mM Tris-HCI (pH 7.5)] was  at pH <6. At higher pH values, th&; of CBM4-2 with one
subsequently used for further analysis of the protein and its or two bound calcium ions was not greatly affected by pH
mutants. Moreover, an evident correlation between the variations, and the module exhibited good stability up to pH
reversibility of thermal transitions and calcium load was 11. Calcium binding was specific as ffgand Cd" had
noted, as higher calcium loads led to a substantial decreasdittle effect on theT,, of CBM4-2.
in reversibility at all pH values. The irreversibility of (2) Stability of CBM4-2 Mutants with Different &a
unfolding (especially when considering the differing revers- Contents.In contrast to the wild-type protein, the mutants
ibilities at different pH values and calcium loads) implies E11A, D160A, and E11A/D160A could be obtained in the
that a full thermodynamic treatment is not possible, and completely C&" free form, and no difference ifi,, could
hence, we report here only a comparison of unfolding be observed in the presence or absence of EDTA (data not
temperaturesT(,). shown) after Chelex treatment. The E11A was the least
In line with the calcium binding results, three different thermostable of the mutants that were produced (Table 3).
thermal transitions related to the three different forms of the These results are consistent with the proposed role of the
protein (apo, one site saturated, and both sites saturatedff11 and D160 side chains as high-affinity site calcium
could be detected. The thermogram of CBM4-2 containing ligands. The apo form of the double mutant (E11A/D160A)
0.5 molar equiv of calcium [in 10 mM Tris-HCI (pH 7.5)]  had aTy similar to that of the apo form of D160A but higher
exhibited two thermal transitions wiffi, values of 74.2 and  than those of wild-type CBM and the E11A mutant (Table
86.7 °C for the first and second peaks, respectively (data 3). It seems that the D160A mutation stabilizes the apo form
not shown), indicating the presence of two forms of the of the CBM while resulting in a reduction of the calcium

protein (apo form and the form containing®an the high- affinity of the _moderatg-affinity binding site as _observed
affinity site). In the thermogram of CBM4-2 with 1 molar When the calcium affinity of the mutant was estimated by
equiv of calcium, only one transition was observad & ITC.

87.5°C) (Figure 6), while in the presence of excess calcium  The increase i, due to calcium addition to the D29A
(0.5 mM), a single thermal transition at a higher temperature mutant AT, = 6.5 °C) was much lower than the corre-
was observedT, = 97.5°C), indicative of a form with both  sponding increase noted due to filling the moderate-affinity
calcium binding sites occupied. Interestingly, when the site in the wild-type module or the two control mutants,
sample of 10uM CBM4-2 containing 5uM Ca&" was E23A and E26A (in all case&\T,, = 10.1°C, Tables 2 and
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Table 3: Thermal Unfolding As Determined by DSC of CBM4-2 site is in a position similar to that seen in the well-
Mutants with Different Calcium Conterits characterizedC. fimi CBM4-1 module 25), as recently
T (°C) predicted 41). Deletion of the site in mutants E11A and

D160A has no obvious effect on stability against digestion
: by proteases (data not shown). In contrast, Spurway et al.
wild type 74.2 87.4 97.5 (12) found that the calcium binding site iRseudomonas

E11A 75.3 82.5 . ; .
D160A 80.4 825 fluorescensxylanase 10A stabilized the protein against

sample 0 equiv of C& 1 equiv of C&" saturated with Ca

E11A/D160A 80.5 86.1 proteases.

E23A 85.9 96.1 The locations of both sites have been confirmed using
E26A 85.1 97.8 mutants. Calcium titrations conducted on mutants E11A and
D29A 87.7 94.2

D160A demonstrated the loss of high-affinity binding.
a2 The calorimetric traces were determined under conditi_ons similar Interestingly, the double mutant E11A/D160A seems to be
to those used for the wild-type CBM. The fifB listed (0 equiv) was 416 stable than either of the single mutants at simil&t Ca
measured in the presence of 1 mM EDTA (for the wild-type module, . . o .
Tm Was determined from thermograms with partial calcium occupancy), Concent_rat'ons’ possibly due t_O the elimination of a buried
while the second (saturated), was measured in the presence of 0.5 charge in the double mutant with subsequent structural rear-
mM calcium chloride. For the high-affinity site mutants (E11A, D160A, rangement. A similar conclusion was reached in the case of
and E11A/D160A), this corresponds to a singly loaded form, while  xyn10A from P. fluorescensvhere replacing three aliga-
gr rg‘sep 3’:’1'315 2’;’; O?(Prg a{g{ytge a";zﬁ;‘l;sl :; dt:c? f(l)or"n‘f]'aﬁ'”'ty site, It ting residues with alanine yielded a protein that matches the
' Ca&"-saturated wild-type enzyme in its thermostabilit2)
o ] The only side chain ligand of the moderate-affinity site is
3). This is in line with the proposed role of D29 as part of hat of D29 (Figure 4). The mutation causes changes in
the moderate-affinity site, but suggests that mutation of D29 stapjlity which are qualitatively in line with its ligating role.
may not completely abolish the low-affinity site. Mutations  gypstituting the D29 side chain still leaves four main chain
at E23 and E26 were intended as controls in the context of c5icjum ligands, and it is reasonable to expect the retention
identifying the ligands of the calcium ions since they are of some calcium affinity. Indeed, the elevation®f in the
located within 10 A of the calcium binding sites. The DSC DSC analysis in the presence of excess (0.5 mM3*Ca
data show only a small reduction in tfig, of the singly suggests that binding is still occurring.
occupied and saturated forms of these mutants compared t0 |t is of interest that we observed a 3-fold lower affinity in

that of the wild type (Table 3), confirming that the stability |Tc measurements when quantifying the moderate-affinity
and probably the calcium affinity differences between these pinding site (using protein concentrations of approximately
mutants and the wild-type CBM at different calcium loads 950 M) than in fluorescent emission measurements (using
are marginal. protein concentrations of 8M). This can be rationalized in
that proteins are polyampholytes with multiple surface
DISCUSSION charges, and thus, protein concentration has an effect on the
In this study, calcium binding to the thermostable CBM4-2 calcium binding affinity. The screening of electrostatic
of Xyn10A from R. marinuswas investigated. The data interactions at either a high salt or high protein concentration
established the presence of two specific binding sites for may reduce the calcium affinity severalfoldd.
C&", one with moderate affinity and one with extremely  The two sites of CBM4-2 differ appreciably not only in
high affinity. The affinity of the moderate-affinity site was their affinity but also in their architecture, type of ligands,
obtained independently by three methods with good agree-and their position in the sequence. Despite these differences,
ment, while the affinity of the stronger site was beyond the saturation of each site seems to make a similar contribution
range of most techniques. To estimate the binding constantto the thermostability of the protein as judged by the elevation
of the high-affinity site, it proved to be necessary to use a of its unfolding temperature. A thermodynamic treatment was
method based on competition for calcium between CBM4-2 not possible, because of irreversible unfolding and aggrega-
and a chromophoric chelator with high affinity for €aThis tion. Aggregation is typically accelerated at higher temper-
has been successfully employed for calcium binding studiesatures, and similar effects were reported from studies on
on proteins with multiple calcium binding sites wit values hybrid glucanases with the capacity to bind calciu®)(
in the range of 19-10° M~ (32, 34, 37). The value of the Nonetheless, comparison ©f, values under different condi-
high-affinity binding constant is one of the highest calcium tions and between different mutants of the protein gave a
affinities reported, and comparable to those in amylases [log good indication of the stability of the module. The difference
K = 11.3 @8)] and thermitase (lok = 10) and other  of ~23 °C in unfolding temperature between the apo and
subtilases 39, 40). Interestingly, CBM4-2, subtilase AK1, saturated forms of CBM4-2 at pH 7.5 is remarkable, and
and thermitase possess some common features in thean be compared to an increase of only@in the T,, of
architecture of the sites. The calcium ion is totally buried, CBM4-1 of Cel9B fromC. fimi.
and its ligands include two acidic side chains and no water The higherT,, values of CBM4-2 at higher pH values,
molecules. The ligands, which come from three different with either one or both calcium binding sites saturated, are
locations on the polypeptide, are stabilized by a network of in line with the activity profile of the catalytic module which
hydrogen bonds where €ais the sole positively charged exhibited an optimum at pH 7.5 and higher activity on the
group in the network. It appears that by ligating residues alkaline side of the pH rangé3®). Both R. marinusCBM4
that are distant in sequence, the tightly bound"Gaidges modules have low pl values between 4.3 and 4.5, and in the
the different parts of the protein together, including both case of CBM4-2, many of the acidic side chains are located
termini, and stabilizes the fold. The high-affinity calcium at the surface of the module. Low pH values cause the
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protonation of carboxylates, and therefore, the affinity for
calcium is expected to be lower at these conditions. The two
R. marinusXyn10A CBMs are homologous, sharing 88%
sequence identity, with all the identified calcium ligands
conserved in CBM4-1, except for D29 which was replaced
by a valine in CBM4-1. Despite this substitution, we have
evidence from DSC and fluorescence titrations that CBM4-1
binds two C&" ions, although preliminary data suggest that
the binding affinity and effects on thermostability differ
between both modules (data not shown). The high level of
identity between both modules implies conservation of fold
and overall structure. It seems that subtle steric differences
rather than a gross change in structure modulate these

differences in calcium affinity and stability.
A survey of available CBM X-ray structure&§, 44, 45)

in addition to other studie26) reveals that representatives
of families 3, 4, and 22, and the recently determined family
9, bind calcium ions. Family 3 CBMs contain a conserved 12.
C&* binding site, which is solvent inaccessible and in which

the ion is suggested to stabilize the protein f@d)( although

no studies have been performed to explore this hypothesis.
In contrast, the Cd bound to CBM4-1 (previously termed
CBDy;) of Cel9B from C. fimi is suggested to be solvent

accessibleZ25). Even though Cd enhances the stability of

CBM4-1, other roles cannot be ruled out, especially bearing

in mind that the homologous CBM4-2 (termed CgPof

the same enzyme which binds no calcium has a higher
unfolding temperature than both the apo and calcium forms 17.

of CBM4-1 (CBD\1). CBM9-2 of Xyn10A fromThermotoga
maritima is the only module besides the investigated
marinus modules that binds more than one?CaThree

octahedrally coordinated metal ions in loop regions on the
sides and on the opposite face of a shallow substrate binding
groove were identified as calcium ions. None of these metal

binding sites resembles the ones in CBM4-2. The CBM22 5(1)

from the thermostabl€lostridium thermocellunxylanase

Xyn10B has a calcium site very similar to the high-affinity
site of CBM4-2 (Figure 5). This module belongs to a group 9.
that has been termed the thermostabilizing domains (TD),

as their sole function was believed to be to enhance the
thermostability of the catalytic modules to which they are
fused. However, some members of this group have recently 23.

4.

been shown to bind xylarl8, 46). Recently, CBM families

4,16, 17, and 22, and the newly identified family 27, were
proposed to constitute a superfamily on the basis of a

common motif, and other structural similaritie36f. The

results presented here support claims for similarity within

the superfamily.

A striking observation is that the moderate-affinity site is
located at the edge of the substrate binding groove (Figure
4), which is unique among calcium binding CBMs with
known structures. This location for calcium may explain the
observation 27) that addition of calcium causes a large
increase in the level of adsorption of the module to insoluble
xylan. Further work is necessary to reach a detailed

understanding of this phenomenon.
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