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ABSTRACT: The C-terminal 155 amino acids of the putative laminarinase, Lam16A, fromaritima
comprise a highly thermostable family 4 CBM that binid,3- ands-(1,3)(1,4)-glucans. Laminarin, a
pB-1,3-glucan, presented two classes of binding sites for TMCBM4-2, one with a very high affinity (3.5

10’ M~1 and one with a 100-fold lower affinity (2.4 10® M~1). The affinities for laminarioligosaccharides

and 3-(1,3)(1,4)-glucans ranged from2 x 10° to ~2.5 x 10° M~1. Cellooligosaccharides and
laminariobiose were bound only very weakk$ ~5 x 10° M~1). Spectroscopic and mutagenic studies
implicated the involvement of three tryptophan residues (W28, W58, and W99) and one tyrosine residue
(Y23) in ligand binding. Binding was enthalpically driven and associated with large negative changes in
heat capacity. Temperature and osmotic conditions profoundly influenced binding. For the first time in
solution, the direct uptake and release of water in CBM binding are demonstrated.

Carbohydrate-binding modules (CBMsjre contiguous Thermotoga maritimgroduces an extracellular enzyme
amino acid sequences within carbohydrate-active enzymeshaving laminarinase activitygf. ORF TM0024 identified
most often glycoside hydrolases, which have discrete folds by theT. maritimasequencing projecj encodes a putative
and carbohydrate-binding activity. Their biological role 642 amino acid polypeptide comprising N- and C-terminal
appears to be to mediate the association of glycoside modules with similarity to family 4 CBMs flanking a larger
hydrolases with polysaccharides, thereby enhancing themodule with similarity to family 16 glycoside hydrolases.
degradative procesq)( There are currently 28 families of  This putative enzyme, which has 87% amino acid sequence
CBMs grouped by amino acid similarit), In total, these identity with a confirmed laminarinase frof neopolitana
families show great variation in specificity including binding (8), presumably accounts for the laminarinase activityl of
to cellulose, chitin, xylan, mannan, galactan, and starch. Thus,maritima We show here that the C-terminal module,
CBMs are excellent models for studies on the mechanismsTmCBM4-2, from thisT. maritima enzyme, here called
of polysaccharide recognition by polypeptides. Lam16A, is a carbohydrate-binding module. We present the

CBM family 4 contains modules with varied polysaccha- first detailed binding studies of a CBM with specificity for
ride binding specificity. C[CBM4-1 and CfCBM4-2 from  f-1,3- andp-(1,3)(1,4)-glucans and extend these studies to
Cellulomonas fimiCel9B are specific for amorphous cel- include the effects of temperature and osmotic conditions.
lulose, cellooligosaccharides, and mixgd1,3)(1,4)-glucans  Furthermore, the role of aromatic amino acids in the binding
(3); RMCBM4-1 and RmCBM4-2 fronRhodothermus mari-  activity of TmCBM4-2 is investigated by UV absorbance
nusXyn10A bind xylan and xylooligosaccharides in addition spectroscopy and site-directed mutagenesis.
to amorphous cellulose, cellooligosaccharides, and mixed
B-(1,3)(1,4)-glucans4). Family 4 CBMs are also found in ~ MATERIALS AND METHODS
af-1,3-glucanase (laminarinase) from the hyperthermophilic
marine eubacterifhermotoga neopolitanalhese CBMs
appear to be specific fgi-1,3- ands-(1,3)(1,4)-glucansy).

Materials. Restriction endonucleases were from New
England Biolabs (Mississauga, ON, Canada). T4-DNA ligase
was from Gibco-BRL (Burlington, ON, Canad®woDNA
polymerase was from Boehringer Mannheim (Laval, PQ,
T This work was supported by grants from the Protein Engineering Canada). IsopropyB-p-thiogalactoside (IPTG), arabino-
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Engineering Research Coundil of Canada (D.G.K.). galactan (larch), xylan (larch), laminarin [frotraminaria

*To whom correspondence should be addressed. digitata; average degree of polymerizatien 25 (9)], and
# Protein Engineering Network of Centres of Excellence. cellobiose were from Sigma (St. Louis, MO). Glucose was
® The Biotechnology Laboratory. from Fischer Scientific (Nepean, ON, Canada). Pectic-
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Heslington, York, United Kingdom YO10 5DD. Phone: 44 1904 gaIaCtan (p0tato)’ oaﬂ-glucan (DP 41 determined by

434529; Fax: 44 1904 410519; E-mail: boraston@ysbl.york.ac.uk. reducing sugar analysis), barlggglucan (MW 44 000;
U Department of Microbiology and Immunology. information provided by manufacturer), arabinan, xyloglucan

1 Abbreviations: AE, affinity electrophoresis; CBM, carbohydrate- ; ;
binding module; CBD, cellulose-binding domain; CBM, carbohydrate- (tamarind), and arabinoxylan (from wheat and rye) were from

binding module; GuHCI, guanidine hydrochloride; IPTG, isopropyl- Megazyme (Dublin, U.K.). Birch wood X)/|an was frf)m Carl
1-thio3-p-galactopyranosides,, association constant. Roth AG (Karlsruhe, Germany). Cellooligosaccharides were
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obtained from Seikagaku America Inc. (Falmouth, MA). and purification procedures recommended by the resin
Laminarioligosaccharides were from Dextra Laboratories Ltd. supplier (Novagen, Madison, WI) were used. Protein frac-
(Reading, Berkshire, U.K.). tions were analyzed for purity by SBAGE (16% gels).
Bacterial Strains, Plasmids, Media, and Growth Condi- Pure TmCBM4-2 fractions were pooled and exchanged into
tions. Thermotoga maritimatrain MSB8 was from the  the water buffer and concentrated in a stirred ultra-filtration

ATCC. TheEscherichia colstrains used were TOPP10 and Unit (Amicon, Beverly, MA) with a 1K cutoff filter (Filtron,
BL21(DE3). The plasmid used was pET28a (Novagen, Northborough, MA).

Madison, WI).E. coli cultures were grown routinely in TYP Determination of Protein Concentratiofhe concentration
medium (@0) at 37°C, or at 30°C for production of protein.  of purified protein was determined by UV absorbance (280
The medium contained 5@y of kanamycin mL? for strains nm) using a calculated molar extinction coefficieh8) of
carrying pET28 plasmids. 45660 Mt cm

DNA ManipulationsBacterial transformations and agarose  Affinity ElectrophoresisAffinity gel electrophoresis (AE)
gel electrophoresis were done as described previoGly ( (14) was performed using a Mini-Proteanll system (Bio-Rad,
Restriction endonucleases were used as recommended by thRichmond, CA) with 0.75 mm spacers. The separating gels
suppliers. Small-scale plasmid preparation was done using(7.5% polyacrylamide) contained 0.5% polysaccharide. Tm-
the Qiaprep Spin Mini-prep kits (Qiagen, Valencia, CA). CBM4-2 was applied (510ug each lane) in native loading
DNA fragments were purified from the agarose gels with puffer (200 g of glycerol 2, 1 g ofbromophenol blue t2,
the Qiaex Il DNA purification kit. Oligodeoxynucleotide in 125 mM TrisHCI, pH 8.8). Then 5g of Native gel
primers were synthesized by the Nucleic Acid and Protein electrophoresis standards (Sigma) was used as a reference.
Service (NAPS) Unit (Biotechnology Laboratory, University Electrophoresis was at®€ and 150 V for 1 h. Proteins were
of British Columbia) using an Applied Biosystems model visualized by staining with Coomassie brilliant blue. Data
380A DNA synthesizer, and purified by extraction with were collected and analyzed as described previousty: (
1—butan0_|. DNA was s_eqqenced by the NA.PS Unit, using UV Difference Scans and Destive SpectroscopyUV
the AmpliTaq dye termination cycle sequencing protocol and scans were collected using a Varian Cary 100e—Wé

an Applied Biosystems model 377 sequencer. spectrophotometer at wavelengths from 260 to 310 nm with
Cloning of the DNA Fragment Encoding TmCBM4fRe a spectral bandwidth of 0.5 nm, an average integration time
DNA fragment encoding TmCBM4-2 was amplified by PCR  of 0.2 s, and a data interval of 0.2 nm. One milliliter of 20.6
from lysed Thermotoga maritima(MS8B) cells using a ;M TMCBM4-2 was scanned and corrected for a buffer-
procedure described previousl§lf. The oligonucleotide  only baseline. A saturating amount of ligand—(B00-fold
primers used were 'BCGGTCCCATGGGCTAGCAT-  mpolar excess) was added, and the sample was allowed to

AAATAACGGCACTTTC 3’ (an Nhd site is underlined)  equilibrate and rescanned. The latter scan was then corrected
and 3 CGACCGAAGCTITCATTGAGGGCTCACCGT 3 oy dilution and a difference scan calculated by subtracting

allowing amplification of nucleotides 14641929 oflam16/ Second-derivative spectra of the absorbance spectra were
encoding amino acids 48%43 of Lam16A (see GenBank . SP . P
calculated using Origin v.6.0 (MicroCal, Northhampton,

accession no. AE001690; ORF TM0024). The purified

fragment was digested with restriction endonucleasied !{\/IC) S.Cin?lef den.adt_urec:]T(;nCill\/lél.-dZ anGd (}:_'fngMf'?%;Nere

and Hindlll. It was ligated into pET28a that had been aken n guanidine hydrochiorl e (GuHCI) a '
Tyrosine exposure in native and ligand-bound forms was

digested with the same enzymes to give pET-TmCBM4-2. . .
Tr?e construct was verifieg by DNgA sgquencing after calculated using the method established by Ragone df5l. (

transformation intc. coli TOPP10. It was transformed into Quantitatve UV Analysis of Substrate Bindingbsor-

E. coli BL21(DE3) for production of TmCBM4-2. The bance spectra were collected on a S2000 CCD array fiber

polypeptide encoded by PET-TmCBM4-2 comprises g His optic spectrometer with a MINI-D2 deuterium UV light

tag fused to the N-terminus of TMCBM4-2 by a thrombin source and water-thermostated cuvette holder (Ocean Optics,

cleavage site. Site-directed mutations were introduced usingDunedin, FL). The temperature was controlled by a recir-

a “mega-primer” PCR method as described previousB).( culating heating/cooling bath (Forma Scientific, Marietta,
Production and Purification of TMCBM4-2 and Mutants. ©OH). and the temperature of the sample was monitored in

Six 2 L Erlenmeyer flasks containing 0.5 L of TYP medium, the cuvette with a 0.8 mm thermistor temperature probe

inoculated withE. coli BL21(DE3)/pET-TmCBM4-2, were (C.tole-Par.mer, Vernon !—|i|ls, IL) connect.ed to an external
grown at 30°C to an ORgo nmOf ~0.8. IPTG was added to display. Ligand was delivered from Hamilton syringes by a

0.3 mM, and incubation was continued for 15 h. The cells KDS200 computer-controlled micrometer driven syringe
were harvested by centrifugation (8%)Gor 10 min at 4 pump (KD Scientific, New Hope, PA). Data _collectlon and
°C and resuspended to about 1/50 of the original culture PUMP contrpl were automated and synchronized by software
volume in 20 mM TrisHCI buffer, pH 7.9, containing 0.5 M  developed in-house.

NaCl. Cells were ruptured by two passages through a French Absorbance data from titration experiments were processed
pressure cell (144.9 MPa; 21 000 IbAnand cell debris was  as described previously §). The trough to peak heights at
removed by centrifugation for 45 min at 27@pand 4°C. AAyg7.5-AAzgz 1M (for laminaroligosaccharides, laminarin,
TmCBMA4-2 was purified from the clarified cell extract by and oat -glucan) and AAg;i—AAzes hm (for glucose,
immobilized metal affinity chromatography (IMAC) using laminariobiose, and cellooligosaccharides) were plotted
a column containing 70 mL (packed volume) of His-Bind versus total ligand concentration. Binding parameters were
resin (Novagen, Madison, WI). Standard column preparation determined as described below.
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The general binding equilibrium including a stoichiometric
parameter is derived as follows:

P+ L < PLn @

_ [PLn]
=PI @)
Pr= [P] + [PLN] 3)
Ly = [L] + n[PLn] (@)

where P and L represent free protein and free ligand,
respectively.Pr and Ly are the total protein and ligand,
respectively. Ph represents the proteitigand complex
wheren mol of ligand is bound to 1 mol of protein. The UV
difference signal upon binding can be derived as

CAA L x K x L

AR="174 K, x L ©)
whereAA is the UV difference signakK, is the association
constantAAp, is the maximal UV difference signal of the
complexed protein, and is the free ligand concentratiob.

is unknown but can be solved for by substituting eqs 3 and
4 into eq 2 and solving the quadratic equationlfdo give

L=05x [(L; — 1/K,— nx Py) +
Jn x Pr— Ly 4+ 1K) + 4 x L/K] (6)

The binding parameters, K, and AAp, can then be
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Osmotic StressOsmotic stress experiments were per-
formed and analyzed as described previou$k; (L§ using
association constants determined by UV difference binding
experiments. Glycerol solutions of the desired osmolality
were prepared by weight in 25 mM TrisHCI, pH 7.0.

Thermal Melts.Samples of 20uM TmCBM4-2 were
prepared in 25 mM TrisHCI, pH 7.0, in concentrations of
guanidine hydrochloride (GuHCI) ranging from 0 to 4.5 M.
Additional sets of samples contained, in addition to buffer
and GuHCI, either 10 mM Cagbr 10 mM EDTA. Thermal
melts with these samples were performed and analyzed as
described previouslyl@) using a wavelength of 285 nm to
monitor unfolding. T, values were plotted vs GuHCI
concentration, and linear regression was used to extrapolate
the T, at zero GUHCI concentratiori 9).

RESULTS AND DISCUSSION

Polysaccharide Binding Assessed by Affinity Electrophore-
sis. TmMCBM4-2 bound tightly tg3-1,3-glucan (laminarin)
andg-(1,3)(1,4)-glucan (oagt-glucan), but weakly to xylans
(birchwood, wheat, rye, and oat spelt) and xyloglucan (from
tamarind)(results not shown). It did not bind to dextran,
arabinan, arabino-galactan (larch), pectic-galactan (potato),
or galactan (gum arabicJ.. maritimais a marine bacterium;
thus, it is most likely thais-1,3-glucans, such as those
commonly found as structural polysaccharides in marine
algae, are the bhiological ligands for TMCBM4-2 and the
substrates for Lam16A. However, information available
about the extreme environments this bacterium is found in
is sparse, making it difficult to confidently discuss the true

determined by simultaneous nonlinear regression of the databiological sources of polysaccharides that come in contact

to egs 5 and 6. For ligands where experimental stoichiom-

etries are reported; values C = K, x A x n, whereK, is
the association constam,is the acceptor concentration (i.e.,

with T. maritima

UV Difference Spectroscopyhe UV absorbance spectrum
of TmMCBMA4-2 was significantly perturbed in the presence

TmCBM4-2), andn is the number of binding sites on the  of ligand (Figure 1). The difference spectra with glucose,
acceptor] were always greater than 4 and usually greater tharcellooligosaccharides, and laminaribiose as ligands were very
10, in which case binding approximated a pseudo-first-order similar to the DMSO-perturbed difference spectrum of
reaction. For binding experiments using laminarin, the data N-acetyltryptophan (Figure 1), suggesting the involvement
were converted to a molar change in UV difference per mole of only tryptophan in the interaction of these ligands with

of laminarin injected, effectively the derivative data, and
plotted versus the molar ratio of laminarin to TmCBM4-2.

TmCBM4-2. The difference spectra with laminarin, lami-
narioligosaccharides (three glucose units or greater), and

These data were analyzed with MicroCal MCS Origin 4-(1,3)(1,4)-glucans as ligands resembled the difference

(MicroCal, Northhampton, MA) using a two binding site

spectrum of perturbeN-acetyltryptophan; however, the 293

model and treating the laminarin as the macromolecule andnm peak and 289 nm trough Nfacetyltryptophan are shifted

the CBM as the ligand.

Calculation of Thermodynamic ParametefSibbs free
energy AG) was calculated from th&, values using the
fundamental equation:

AG = —RTIn(K,) @)

Enthalpy AH), entropy AS), and heat capacityAC,)
changes were calculated by nonlinear regression &f)n(
vs temperature data with the following equation:

T
AH — TAS+ AC|T - T* —TInT—*

—— (

In(K,) =

where T is the experimental temperature afd is an

to slightly shorter wavelengths, probably due to contribution
from a 286.5 nm tyrosine peak. The 279-n&81 nm peak
trough pair found in the DMSO-perturbed difference spec-
trum of N-acetyltyrosine appears in the difference spectra
of TMCBM4-2 with these ligands. This suggests that these
interactions involve both tryptophans and tyrosines.
Second-derivative UV absorption analysis of tyrosine
exposure in native TMCBM4-2 indicated that five of the nine
tyrosine residues are solvent-exposed (not shown). In the
presence of laminarin, laminarioligosaccharides (three glu-
cose units or greater), arft4(1,3)(1,4)-glucan, the number
of exposed tyrosines decreases to approximately 3.3. This
is consistent with the involvement of tyrosines in binding
these ligands and suggests that one or two tyrosine residues
are involved in laminarin, laminarioligosaccharide, and

arbitrary reference temperature kept as a constant (e.g.5-(1,3)(1,4)-glucan binding by TmCBM4-2. In contrast,

298.15 K) in the analysis.

laminaribiose and cellooligosaccharides, regardless of length,
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Ficure 2: Titration of laminarin (2 mg/mL; 491.6:M) into
TmCBM4-2 (16.7uM). The right axis shows unmodified cumula-
tive UV difference data using wavelengths at 297.8 and 292.1 nm
(O). Error bars on the cumulative data represent the standard
deviations of triplicate experiments. The left axis shows the UV
difference data as derivative da®)@nd the best-fit line determined
by nonlinear least-squares analysis to a two binding-site model.
Samples were buffered in 25 mM Tris, pH 7.0.

0.0 25

Table 1: Binding Parameters at 28 for the Association of
TmCBM4-2 with Soluble Ligands

T T
270 280 290 300

Wavelength (nm)

Ficure 1: UV difference spectra of TmMCBM4-2 complexed with
soluble ligands. Panel A: Difference spectrum Nxacetyltryp-
tophan (solid line) andN-acetyltyrosine (dashed line) perturbed in
20% DMSO. Samples containing 201 N-acetyltryptophan or 100

uM N-acetyltyrosine in 25 mM TrisHCI, pH 7.5, were used to
collect baseline spectra. Samples of the same concentrations bu
containing 20% DMSO were used to collect difference spectra. Peak
and trough wavelengths are labeled in boldface and italics for
N-acetyltryptophan andN-acetyltyrosine, respectively. Panel B:
Difference spectrum of TmMCBM4-2 with laminarin (solid line) and
laminariobiose (dashed line). Peak and trough wavelengths are
labeled in boldface and italics for laminariobiose and laminarin,
respectively.

do not affect the tyrosine exposure in TMCBM4-2, support-
ing the lack of tyrosine involvement in their binding.
Polysaccharide BindingLaminarin is a solublg3-1,3-
glucan with an average degree of polymerization of 25,
approximately 15-1,6-linked glucose branch for every 20
backbone residues, and terminal mannitol resid@gsThe
UV difference titration of this polysaccharide into Tm-

Ka
(x10°8M™) AG (kJ/mol) nP
barly g-glucan 298+ 055 —36.90+ 0.44 0.043t 0.005
(DP 271)

laminariheptaose 0.720.03 —33.59+0.09 0.97+0.15
laminarihexaose 1.1+ 0.08 —34.50+ 0.16 1.144+ 0.07
laminaripentaose 246036 —36.46+ 0.37 1.03+0.04
‘aminaritetraose 0.820.09 —33.94+0.25 1.36+0.07
aminaritriose 0.18:0.03 —30.03+0.36 1.784+0.01
laminaribiose 0.004% 0.0007 —21.02+0.35 1

glucose 0.0074- 0.0003 —22.094+0.10 1
cellohexaose 0.0058 0.001 —21.214+0.48 1
cellopentaose 0.0048 0.0003 —20.72+0.18 1
cellotetraose 0.005& 0.0003 —21.11+£0.16 1
cellotriose 0.0034: 0.0001 —20.17+0.09 1
cellobiose 0.0034- 0.0007 —20.15+0.50 1

aErrors represent the standard deviations-o64epeated titrations.
5 n, number of sugar molecules per TMCBM4-2 molecule. Values for
laminariobiose, glucose, and cellooligosaccharides could not be ex-
perimentally determined and were assumed to be 1.

by laminarin is not responsible for the multiple classes of
binding sites. It is unknown if thes-1,6-linked glucose
branches or terminal mannitol residuéy play a role in

CBM4-2 gave binding curves that suggested multiple classeslaminarin recognition, but at this point it appears likely.

of binding sites (Figure 2). When converted to derivative
data, the binding curves fit a binding model with two classes
of sites. The high-affinity site had an association constant
of 3.5 @&1.6) x 10’/ M~*and occurred on average 1:80.1)
times per laminarin molecule (i.e., 1 binding site per 20
backbone sugar residues). The low-affinity site had an
association constant of 2.4:0.8) x 10° M~ and also
occurred on average 1.30.2) times per laminarin molecule.
These values were determined from the analysis of titrations
performed in triplicate using three different concentrations
of TMCBM4-2 (i.e., nine titrations). Laminarin forms tertiary
and quaternary structures of single and triple helices,
respectively 20). The results of binding experiments to
NaOH-denatured laminarir2Q) were qualitatively similar

to native laminarin, suggesting that the conformation adopted

TmCBM4-2 also bound very tightly to barle§-glucan
(Table 1), a mixed-linkage glucan consisting, on average,
of cellotriose and cellotetraose units separatedfty-3
glycosidic bonds. Binding sites for TmCBM4-2 on barley
B-glucan were much more frequent1 site per 12 glucoses)
than for CfCBM4-1 (1 site per 25) §) or CBM17 (~1
site per 30) 16), which aref1,4-glucan-binding modules.
TmCBM4-2 did not bind well to oligosaccharides consisting
solely of 5-1,4-linked glucose, suggesting that th&—3
linkages in barleyj-glucan are highly important in its
recognition. Based on the frequency of binding sites and the
probable number of sugar residues that occupy the binding
site (5-6; see below), TMCBM4-2 could span one or two
p1—3 linkages. Clearly, TmMCBM4-2 must also be able to
accommodate somg-1,4-linked glucose residues while
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Ficure 3: Melting temperature of TmCBM4-2 versus GuHCI
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shown for clarity. Error bars are well within the sizes of the data
points.
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maintaining a high-affinity interaction. In contrast, the low
frequency of binding sites for CfCBM4-2 and CBM17
suggests a more specific requirement for binding, probably
extended stretches @F1,4-linked glucose.

Oligosaccharide BindingAt 25 °C, TmCBM4-2 bound
with association constants ef10°—10° M~ to laminari-
oligosaccharides>2 glucose units in length) (Table 1).
Laminaribiose and cellooligosaccharides were bound very
weakly. With most CBMs, increases in oligosaccharide
length correlate with increases in binding affinity until the
saccharide is of sufficient length to occupy the entire binding
site, at which point the affinity ceases to impro& (.6,

21, 22. The affinity of TmMCBM4-2 clearly peaks at an
oligosaccharide length of 5, beyond which the affinity

Biochemistry, Vol. 40, No. 48, 200114683
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Ficure 4: In(Kj) versus temperature plots of TmMCBM4-2 binding

to laminaritetroase ), laminariopentaose®), and laminari-

ohexaoseMl). Errors calculated as the standard deviation ©64

titrations were well within the size of the symbols. Solid lines

represent best-fit lines determined by nonlinear regression of the

data to eq 8.

Table 2: van't Hoff Thermodynamic Parameters Calculated at 25
°C (298.15 K) for the Association of TmCBM4-2 with Soluble
Ligands

AH (kd/mol) AS(J/mol/K) —AC, (I moFF1K~2)
laminarihexaose —59.4+ 2.6 —78.5+8.8 1100+ 350
laminaripentaose —64.9+ 2.1 —93.5+7.1 1170+ 430
laminaritetraose —47.7+ 1.7 —46.6+5.8 1060+ 280

aErrors represent the standard errors of regressed data.

The van't Hoff thermodynamic values for TmCBM4-2

unexpectedly decreases. The reason for this is unknown. Thebinding to laminarioligosaccharides were determined by

affinity of TmCBM4-2 for laminarioligosaccharides>@
glucose units in length) and mix¢t(1,3)(1,4)-glucans was
on the order of 16100-fold greater than the affinity of
CfCBM4-1 for cellooligosaccharides and mixgd1,3)(1,4)-
glucans 8, 23.

Within experimental error, the binding stoichiometries of

fitting eq 8 to the natural logarithm df.s determined at
several different temperatures (Figure 23)( At 25 °C, all

of the interactions had favorable changes in enthalyy)(
with partially compensating unfavorable changes in entropy
(TAS (Table 2). This observation is highly common for
carbohydrate-binding proteins, including CBNg (L1, 22,

laminaripentaose, laminarihexaose, and laminariheptaose t@®5).

TmCBM4-2 were 1:1 (Table 1). The binding stoichiometries
to laminaritriose and laminaritetraose deviated significantly
from the expected 1:1 ratio. The values greater than unity

Within experimental error, the\C, values for laminar-
itetraose, laminaripentaose, and laminarihexaose were the
same (Table 2)AC, is postulated to depend on the change

suggest that on average more than one ligand molecule isin polar and apolar solvent-accessible surface area upon

bound to a TmMCBM4-2 molecule. Interestingly, when these
values are converted to moles of glucose per mole of
TmCBM4-2, the stoichiometries were 5.30.3) and 5.4
(£0.3) for laminaritriose and laminaritetraose, respectively.
These results suggest that on averag® §lucose residues
occupy the TmCBM4-2-binding site.

Thermal Stability of TmCBM4-2 and Binding at k#ted
TemperaturesTmMCBM4-2 is extremely thermostable with
aTny of 103.0 (-0.4) °C (Figure 3). Thel,, was not affected
by the presence of 10 mM CadIT, of 102.1 &2.0) °C]
but was reduced to 96.4:0.9) °C in the presence of 10
mM EDTA (not shown). The~7 °C reduction inTy, in the
presence of EDTA suggests that TmCBM4-2 contains one
or more metal-binding sites that contribute to the thermo-
stability of the polypeptide. The lack of effect of Ca@in
the T, suggests that the untreated preparation of TmCBM4-2
was fully saturated with calcium or that the bound metal is
not calcium. These results also show that TmCBM4-2

ligand binding 26). This suggests the burial of similar and
predominantly apolar surface areas with the accompanying
solvent rearrangement upon binding of these ligaB@dsZ9.
Thus, the binding site of TMCBM4-2 is predicted to contain
a relatively high proportion of amino acids with apolar side
chains.

Most protein-carbohydrate interactions give relatively
small changes iMAG over a temperature range. However,
the fundamental relationshipG = —RTIn(K,) dictates that
these small changes give dramatic decreaseK,invith
increasing temperature, especially AlC, is significantly
negative. Assuming that one of the basic biological functions
of CBMs is to enhance the association of the catalytic module
with the substrate, the above thermodynamic condition is
detrimental for CBMs found if. maritima The affinity of
TmCBM4-2 for laminarioligosaccharides decreased ap-
proximately 15-fold when going from 25 to 4% (Figure
4). As this CBM is stable to temperatures above boiling, the

remains fully folded at temperatures exceeding those at whichK,s can be extrapolated to 9 using the determined

T. maritimais viable.

thermodynamic values. At this temperature, g are
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Table 3: Binding of TMCBM4-2 Mutants to Laminariohexaose at 7o I
25°C? 6.84 L
Ka(x106M™1) AAG (kJ/moly 6.6l [
wild-type 1.11+0.08 - —_
W24A 0.007+ 0.001 12.66+ 0.70 4 6.4 r
W58A 0.019+ 0.002 10.08+ 0.30 4
W99A 0.0374+ 0.001 8.45+-0.19 = 621 r
Y29A 0.037+ 0.008 8.72+ 0.60
Y45A 1.24+0.1 -0.27+0.15 807 r
Y4TA 1.29+ 0.03 —0.37+ 0.06 . i
aErrors represent the standard deviations-e82epeated titrations.
5.6

b Calculated relative to wild-type. i o " e "

Solute Osmolality, Os. (kg.HZO)'1

Ficure 5: Osmotic sensitivity of the association constant for the
binding of TmCBM4-2. Only data for laminarihexaos®)(
laminariopentaosed), and laminarin M) as a function of neutral
solute osmolality at 28C are shown for clarity. Titration data for
laminarin were fit to a single binding-site model Kg [and log-

(K3)] values approximate the average affinity of TmCBM4-2 for
binding sites on laminarin. Straight lines were obtained by linear
regression. Error bars represent the standard deviations of four
titrations.

predicted to decrease approximately 1000-fold. This may in
part explain why this module has evolved to have an affinity
for soluble ligands that is approximately 100-fold higher or,
in the case of binding to the high-affinity site of laminarin,
1000-fold higher than the affinity of mesophilic CBMs for
their respective soluble ligand8,(16, 22, 23.

Role of Aromatics in Ligand BindingrmCBM4-2 has
approximately 20% identity and 35% similarity with C[CBM4-
1, the well-characterized N-terminal family 4 CBM from
Cellulomonas fimiCel9B @3, 23, 30, 31 The three binding
site aromatic amino acids of CFCBM4-1, Y19, Y43, and Y85,
are conserved with W24, W58, and W99 of TmCBM4-2,

Table 4: Changes in the Number of Solute-Excluding Water
Molecules @An,) Coupled to the Binding of Sugars to TmCBM4-2
as a Function of Osmotic Stréss

suggesting these tryptophans play a role in ligand binding Ay

by TmCBM4-2. The comparison of conserved residues does laminarin (DP 25) 7.01+ 0.04
not give any clue as to the identity of the tyrosine residue(s) laminariheptaose 0.08 0.45
involved in binding. However, based on the structure of :gm:z:ﬂggﬁ?:jfe 2‘% 8:?2
CfCBM4-1 (30), Y29, Y45, and Y47 of TmCBM4-2 are laminaritetraose 5.0% 0.41
predicted to be near the putative binding site. laminaritriose 484 0.74

The involvement of W24, W58, W99, Y29, Y45, and YA7  aErrors represent the standard errors of regressed tRigpresents
in ligand binding was probed by site-directed mutagenesis. the approximate average number of water molecules coupled to binding
The W24A, W58A, W99A, and Y29A mutants had a at both the high- and low-affinity sites of laminarin.
markedly lower affinity for laminariohexaose than wild-type
TmCBM4-2 (Table 3), suggesting their involvement in

average of~7 water molecules are taken up upon binding
binding. The Y39A, Y45A, and Y47A mutants had un- of laminarin. The strong need for water during binding of
changed affinity. Th@ s of the mutantsi4 M GuHClwere  this polysaccharide may relate to its triple helical structure
unchanged relative to wild-type, suggesting that the mutationsor possibly to the potential role of thg-1,6-glucose
did not grossly perturb the polypeptide fold (not shown). substitutions, though it is not clear how. Previously, the
Unlike all of the other mutants, UV difference and second- requirement of water in ligand binding would only have
derivative analysis of the Y29A mutant in the presence of become evident in high-resolution structural studies. This is
laminariohexaose did not indicate any participation of the first demonstration of the direct participation of water
tyrosines in ligand binding and suggest that Y29 is the sole in ligand binding by a CBM and one that shows requirements
tyrosine participating in ligand binding. These four aromatic for the uptake and release of water by different portions of
amino acid side chains would provide a considerable apolarthe ligand.

surface area in the binding site and contribute to the large  ConclusionsTmMCBM4-2 has amino acid similarity with
negativeAC,s of binding. The large effect on binding of family 4 CBMs and is -1,3-glucan-binding module that
removing of these aromatic amino acid side chains from the can also accommodatg-(1,3)(1,4)-glucans. This is in
interaction is consistent with the results found for many keeping with its presence in a putative laminaringsé.3-

CBMs (31-34).

Role of Water in Ligand BindingThe participation of
water in ligand binding by TmCBM4-2 was investigated by
osmotic stress1(7, 395. The K,s decreased with increasing
osmolyte concentration (Figure 5), indicating the net uptake
of ~5 water molecules for laminaritriose to laminaripentaose
(Table 4). In contrast, there was a net-d water molecules
involved in laminarihexaose and laminariheptaose binding.
This indicates the release of5 water molecules resulting

glucanase) and the presence of closely related modules in
other laminarinases or lichenas&s 6. Thus, as with other
CBMs, it can be hypothesized that this module functions to
target the enzyme to the substrate on which it is most active.
The environmental conditions that a glycoside hydrolase
functions in are important not only to the catalytic module
but also to the CBM. The effect of temperature on ligand
binding is well-known for carbohydrate-binding proteins that
bind small sugars but, except in one cadd)( this is

from binding the sixth sugar in laminarihexaose. In apparent considered over a relatively narrow temperature range. This
contradiction to the net requirement of no water molecules is the first demonstration of the temperature dependence of
in the binding of longer laminariooligosaccharides, an the association constant over a broad temperature range for
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a true polysaccharide-binding CBM. It shows that for
thermostable CBMs, especially ones such as TmCBM4-2
where theACys of binding are large and negative, the
temperature at which it functions profoundly influences the
equilibrium. While the impact of this phenomenon on the
hydrolytic activity of polysaccharidases is currently unknown,
it is clearly a factor that cannot be overlooked. The
requirement for the uptake and/or release of water upon CBM

11.

12.

13.

14.

binding is also an important consideration. The osmotic 15

conditions of an environment are influenced by the presence

of osmolytes, such as minerals, salts, or even carbohydrates, 16.

or simply by the lack of water. This osmotic state can
influence association constants positively or negatively by

17.

severalfold and is a previously overlooked aspect in the 1g.

biological function of CBMs and glycoside hydrolases.
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