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Specificity and Affinity of Substrate Binding by a Family 17 Carbohydrate-Binding
Module from Clostridium cellulaorans Cellulase 5A
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ABSTRACT. The C-terminal carbohydrate-binding module (CBM17) frGhostridium cellulaoranscellulase

5A is a5-1,4-glucan binding module with a preference for soluble chains. CBM17 binds to phosphoric
acid swollen Avicel (PASA) and Avicel with association constants of 20.2) x 10° and 1.6 {-0.2)

x 10°P M~1, respectively. The capacity values for PASA and Avicel were 11.9 andrgl/g of cellulose,
respectively. CBM17 did not bind to crystalline cellulose. CBM17 bound tightly to soluble hautgycan

and the derivatized celluloses HEC, EHEC, and CMC. The association constants for binding to barley
p-glucan, HEC, and EHEC were approximately 2@ 0 M~1. Significant binding affinities were found

for cello-oligosaccharides greater than three glucose units in length. The affinities for cellotriose,
cellotetraose, cellopentaose, and cellohexaose werefDB)Y x 10°, 4.3 (0.4) x 1, 3.8 0.1) x

104 and 1.5 £0.0) x 10° M1, respectively. Fluorescence quenching studiesNddomosuccinimide
modification indicate the participation of tryptophan residues in ligand binding. The possible architecture
of the ligand-binding site is discussed in terms of its binding specificity, affinity, and the participation of
tryptophan residues.

Many organisms have evolved diverse polysaccharolytic and soluble cellooligosacchariddsl). It is the only currently
enzyme systems to take advantage of the abundance of plantharacterized CBM to have such a specificity.
biomass as an energy sourdg (Most of these enzymes are Clostridium cellul@oranshydrolyzes cellulose through the
modular, comprising one or more catalytic modules and, action of cellulosomal cellulases and free celluladé&s17).
often, one to several accessory moduBs@ne of the best-  One such free cellulase is Cellulase 5A, or Cel5A, formerly
studied kinds of accessory modules is the carbohydrate-known as endoglucanase F, which has maximal activity on
binding modules (CBMs), previously called cellulose-  soluble glucansi@). This enzyme has a C-terminal module
binding domains (CBDs). The CBMs have been classified with cellulose-binding activity comprising approximately the
into ~20 families based on amino acid similarity, with at last 200 amino acids of Cel5AL8). This module, which
least 1 member of each family having demonstrated function shows no similarity to previously defined CBM families, has
(3—5). Examples from families 25 have been extensively recently been classified as a new family of CBM, family 17
functionally characterized and their structures determined (5).
(6—10). All bind to f1—4-linked glucose polymers (cel- A complete understanding of the substrate-binding proper-
lulose), and some bind to chitit{—15). The examples from ties of its CBM provides insight into the target and mode of
families 1, 2a, 3, and 5 bind most effectively to crystalline action of the complete enzyme. In this study, we examine
cellulose. The N-terminal family 4 CBM from Cellulase 9B the specificity and affinity of substrate binding by isolated
of Cellulomonas fimiformerly referred to as CBf but now CBM17, the CBM of Cel5A. Based on these results, a
called CBM4-1, binds preferentially to amorphous cellulose putative model of the substrate-binding site of CBM17 is
suggested and the possible role of CBM17 in substrate
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ethylhydroxyethyl-cellulose; HEC, hydroxyethyl-cellulose; IPTG, iso-  phoric acid treatment of Avicel as reported previoudg)(
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dextran, and arabinogalactan were purchased from Sigmaprotein was removed by washing the column with 10 column
Chemical Co. Hydroxyethyl-cellulose (HEC) was purchased volumes of binding buffer containgnl M NacCl followed
from Aldrich Chemical Co. Maltose was obtained from Baker by 10 column volumes of binding buffer. The adsorbed
Chemical Corp. Barleys-glucan and pectic galactan were proteins were recovered by desorption with distilled water.
purchased from MegaZyme Ltd. (North Rocks, N.S.W., Protein fractions were analyzed for purity on 16% SDS
Australia). Cello-oligosaccharides were obtained from Seika- PA gels. Pure CBM17 fractions were pooled and further
gaku (Tokyo, Japan). Birchwood Xylan (Roth 7500; MW exchanged into distilled water and concentrated in a stirred
~25000) was obtained from Carl Roth RG (Karlsruhe, ultrafiltration unit (Amicon, Beverly, MA) on a 1K cutoff
Germany). Water-soluble xylan was prepared according tofilter (Filtron, Northborough, MA).

previously described procedureX).
DNA Amplification and CloningA gene fragment encod-

Determination of Protein Concentratiomhe concentration
of purified protein was determined by UV absorbance (280

ing 208 amino acid residues, 204 of which are the C-terminal nm) using a calculated molar extinction coefficieBR) of

substrate-binding domain CBM17 fro@lostridium cellu-
lovoransCellulase 5A (GenBank accession number U37056),

31010 Mtcm™
Fluorescence Analysis of Substrate BindiAd) fluores-

was obtained and amplified by PCR from pEF 3B)(
Appropriate restriction sites were introduced at thexsd

3 ends of theCBM17 gene fragment for cloning into the
pET28a expression vector (Novagen, Milwaukee, MI). Each
PCR mixture (5QuL total) contained 2550 ng of pEF 32,
25—-50 pmol of primers, 10% DMSO, 0.4 mM'-2leoxy-
nucleoside 5triphosphates, and 1 unit &fwo DNA poly-
merase in buffer (Boehringer-Mannheim, Laval, Quebec).
A protocol of 20 successive cycles of denaturation at©@6
for 1 min, annealing at 58C for 30 s, and primer extension
at 72°C for 1.5 min was followed. AiNcd site (underlined)
was introduced at the' ®nd of theCBM17gene fragment,
using the oligonucleotide: ' $SATATACCATGGGCGCTA-
GCGGTCAATATGTACGTGCTCG-3as primer. AHindlll
(underlined) restriction site was introduced at theRd of
the CBM17 sequence using the oligonucleotidé:TG-
CAGTGCGGCCGCAAGCTTTTATTATTTAGTAAACT-

cence measurements were performed on a Perkin-Elmer LS-
50 luminescence spectrometer (Perkin-Elmer, Norwalk, CT)
with a four-sample cuvette holder thermostated by a recir-
culating heating/cooling bath (Forma Scientific, Marieta,
OH).

Emission scans were performed usingd CBM17 in
the presence or absence of 1 mM ligand in 25 mM Tris-
HCI buffer, pH 7.5. The excitation wavelength was 280 nm.
Emission intensities were collected over the wavelength
range of 306-400 nm. The excitation and emission slit
widths were 5 nm. Five scans were averaged.

Quantitative binding experiments were performed by
titration of the appropriate carbohydrate in 25 mM Tris-HCI
buffer, pH 7.5, into 2.0 mL of CBM17 (M in the same
buffer) under continuous stirring. The temperature of the
experiment was controlled by adjusting the recirculating
water bath, and the temperature of the sample was monitored
TTATA-3' as primer. The resulting 0.6 kb PCR fragment in the cuvette with a 0.8 mm thermistor temperature probe
was digested witiNcd andHindlll and ligated into pET28a  (Cole-Parmer, Vernon Hills, IL) connected to an external
previously digested with the same restriction enzymes, to display. Amounts of ligand were delivered from Hamilton
give pET-CBM17. DNA was sequenced by the NAPS Unit syringes by a computer-controlled micrometer driven syringe
(Biotechnology Laboratory, University of British Columbia) pump. After each ligand addition, the incubation mixture was
using the AmpliTaq dye termination cycle sequencing stirred for 90 s to allow the reaction to reach equilibrium.
protocol and an Applied Biosystems Model 377 sequencer. The fluorescence intensity was measured using an excitation

Protein Purification Overnight cultures oE. coli strain wavelength of 280 nm and emission wavelengths of 335 and
BL21/pET-CBM17 were diluted 100-fold in tryptorgeast 350 nm. Emission and excitation slit widths were 4 nm.
extract-phosphate medium (TYPRQ supplemented with  Quadruplicate readings wit2 s integration periods were
50ug of kanamycin/mL, and grown at 3C to a cell density averaged for each data point. The emission intensities were
(Asoo nm) of ~0.3. Isopropyl-1-thig3-p-galactopyranoside  corrected for background fluorescence caused by buffer and
(IPTG) was added to a final concentration of 0.3 mM. carbohydrates, for dilution, and for inner filter effec&3)
Incubation was continued for a furthé h at 30°C. The as required. Plots of relative fluorescenEé#;) against total
cells were harvested by centrifugation (8§P@or 10 min carbohydrate concentration were constructed. The association
at 4 °C and resuspended to about 1/50th of the original binding constants{;) and the maximal fluorescence change
culture volume by gentle mixing in 50 mM potassium (Fmay in the protein upon full complexation with sugar ligand
phosphate, pH 7.0. Cells were ruptured by two passageswere derived by a nonlinear least-squares fit of the corrected
through a French pressure cell (21 000 IB/iand cell debris  data to a one-site binding model with ligand depleti@B)(
was removed by centrifugation for 30 min at 279Ghd 4 using Origin v.5.0 (Microcal, Northhampton, MA) software.
°C. CBM17 was purified from the clarified cell extract by UV Analysis of Substrate Binding\bsorbance spectra
cellulose affinity chromatography as described below. were collected on a Cary 100e UWis spectrophotometer

A column (2.5x 10 cm) was packed with 40 mL of a with a thermostated sample block (Varian, Melbourne,
50% slurry of Perloza MT 500 resin (Novochemie, Czech Australia). All spectra were collected with integration times
Republic) to give a final bed volume of 20 mL. All of 0.5 s per reading and an acquisition interval of 0.5 nm
subsequent operations were done at room temperature anérom 250 to 320 nm. Experiments were conducted atQ0
at flow-rates of 5 mL min' using a BioLogic LP system in 25 mM Tris-HCI, pH 7.5.

(BioRad, Mississauga, Ontario). The column was equilibrated Difference spectra were obtained by first collecting a
with 100 mL of binding buffer (50 mM potassium phosphate, baseline spectrum on 80Q. of 20 uM CBM17. A second
pH 7.0). Fifty milliliters of clarified cell extract, diluted 1:2  scan of 80QuL of 20 uM CBM17 plus 1 mM ligand was
in binding buffer, was loaded on the column. Unbound acquired. Quantitative binding experiments were performed
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by collecting scans of CBM17 after the sequential addition the gels. Interaction of CBM17 with low molecular weight
of ligand to 40uM CBMZ17 under continuous stirring. The ligands was assessed by competitive affinity electrophoresis
samples were allowed to equilibrate for 1 min after addition (25) in gels containing both barle§-glucan (0.25 g/L) and

of the ligand. The baseline was collected using 25 mM Tris- a competing mono- or disaccharide (0.1 M).

HCI, pH 7.5. Each scan was corrected for dilution by  Adsorption Assays on Insoluble Polysaccharidiading
multiplying with a correction factor {Vi + V))/Vi, where  constants were determined by depletion isotherb2sZ6).

V. is the titration volume and; is the initial volume]. Scans Duplicate samples of CBM at concentrations ranging from
were normalized by subtraction of the scan at zero ligand 0.5 to 154M were incubated in 1.5 mL tubes with-1.0
concentration. The trough to peak heightsA#eo—AAzes mg of insoluble cellulose in a final volume of 1 mL.
nm andAAgs—AAxg; nm were plotted versus the total ligand  puplicate control tubes contained no cellulose. Samples were
concentration. Association constants were derived by non-rotated fo 4 h at 4°C. The cellulose was removed from
linear regression of the data using a one-site model taking solution by centrifugation at 13 000 rpm for 20 min at@

into account ligand depletion as described above. ~in a drum rotor. Supernatants containing unbound material
Stoichiometries of binding were determined by plotting were transferred to a UV-transparent 96 well plate and
the trough to peak heights AtAxe— AAzes NM andAAzge— absorbance measurements taken at 280 and 350 nm in a

AAgg; nm against the molar ratio of ligand added to total SpectraMax Plus UV plate reader with path length correction
CBM ([L)/[CBM17]). Each titration extended well into the  (Molecular Devices, Sunnyvale, CA). The mefo (Asso —
saturation region of the binding curve. Linear regression was Ag; whereAgs, was used to approximate scattering due to
used to fit lines to the initial linear portion of the binding  particulates) was used to calculate the free CBM concentra-
curves and the linear portion of the curves at saturation. Thetion. The equilibrium association constanks)(were deter-
value corresponding to the point on the abscissa at themined by nonlinear regression as described previo@ly (

intersection of these lines was taken as the stoichiometric  N.Terminal Sequencing and MALDI-TOF Mass Spectrom-
limit of the binding reaction. etry. N-Terminal sequencing of purified CBM17 was per-
N-Bromosuccinimide Modificatiorthe rate ofN-bromo-  formed by the Nucleic Acid and Protein Services Unit
succinimide (NBS) modification was monitored by the loss (Biotechnology Laboratory, University of British Columbia).
of absorbance at 280 nm using stopped-flow UV absorbanceThe mass of purified CBM17 was determined by matrix-
spectroscopy. An S2000 CCD array spectrometer with 8 10005ssisted laser-desorption time-of-flight (MALDI-TOF) mass
kHz data acquisition card (Ocean Optics, Dunedin, FL) was gpectrometry. Purified CBM17, drop-dialyzed overnight into
used for data collection. Stopped-flow experiments were Gistilled water using a 0.026m vs-membrane (Millipore,
performed with an SFA-20 stopped-flow accessory (Hi-Tech pedford, MA), was diluted in distilled water to 40 pmol/
Scientific, Salisbury, U.K.). A molar ratio of 2:1 NBS 10 and mixed 1:1 with a saturated matrix solution of sinapinic
CBM17 was used with both reagents in 50 mM sodium acig in 70% acetonitrile/0.1% trifluoroacetic acid. One
acetate, pH 5.2. Experiments were performed without ligand microliter was spotted onto the MALDI target and allowed
present or with excess cellohexaose (a80). Ten data sets g dry. The mass was obtained by positive ion MALDI-TOF
were collected and fit simultaneously using nonlinear regres- 555 spectrometry on a SELDI-MassPhoresis system (Ci-
sion to a two-phase exponential decay function to obtain phergen, Palo-Alto, CA)3-Lactoglobulin (18 363.3 Da) and

apparent rate constantgy). . . horseradish peroxidase (42 240.0 Da) were used to calibrate
Solute QuenchingSolute quenching experiments were the machine.

performed using potassium iodide (KI) and:®1 CBM17.
lonic strength was kept constant by the addition of NaCl to RESULTS
samples such that the final concentration of salt (total Kl
and NacCl concentration) was 1 M. Samples were buffered Polypeptide ProductionCBM17 could be purified to
with 25 mM Tris-HCI buffer, pH 7.5. The excitation homogeneity from cleared. coli extracts by cellulose
wavelength was 295 nm. Emission intensities were collected affinity chromatography using distilled water to desorb the
at 350 nm with integration times of 2 s. The excitation and polypeptide. The polypeptide was judged by SEFAGE
emission slit widths were 5 nm. Four readings were averaged.to be greater than 95% pure (results not shown). MALDI-
Data were plotted aBy/(F, — F) against 1/[KI] @4). The TOF mass spectrometry showed a homogeneous population
quenching constant&g,) and fractions of accessible fluo-  of polypeptide with a mass of 20 287.6 daltons (results not
rophore {) were calculated as the inverse of the slopes and shown). N-Terminal sequencing determined that the N-
ordinate-intercepts, respectively. Samples containing ligandterminus of the polypeptide was truncated beginning with
contained 80Q:M cellopentaose or 500M cellohexaose.  tyrosine 16 (corresponding to residue 1 in Figure 6), giving
Affinity ElectrophoresisQualitative binding of CBM17 & polypeptide of 192 amino acids. The mass of CBM17 with
(5 ug) to soluble polysaccharides was evaluated by affinity this N-terminus is predicted to be 20 364.3 daltons, within
electrophoresisl4, 25) in 10% polyacrylamide gels polym- ~ 0.4% of the mass determined by mass spectrometry.
erized in the absence or presence of various polysaccharides. Saccharide BindingThe soluble polysaccharide binding
Soybean trypsin inhibitor (1@g) was used as an internal characteristics of CBM17 were initially assessed by affinity
standard. To prevent it from running off the gel, the standard electrophoresis. CBM17 bound tightly to barlgyglucan,
was loaded after 45 min of electrophoresis. Electrophoresishydroxyethyl-cellulose (HEC), ethylhydroxyethyl-cellulose
was for 1.5 h onice, pH 8.8 and 150 V, in a Mini PROTEAN (EHEC), and weakly to carboxymethyl-cellulose (results not
Il system (BioRad). After electrophoresis, the gels were shown). It did not bind to birchwood xylan, arabinogalactan,
stained with Coomassie blue. The migration distances of pectic-galactan, galactomannan (locust-bean gum), or dextran
CBML17 and reference proteins were measured directly on(T-70).
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Ficure 1. UV difference spectrum of CBM17 complexed with

cellohexaose. Panel A: difference spectrum of CBM17 with 122 was used. The stoichiometric limit of the binding reaction

,llM cellohexaose relative to uncomplexed CBM17. Panel B: was then determined as moles of CBM17 per mass of

difference spectrum oN-acetyltryptophan (solid line) and\- ; ; PR ;

acetyltyrosine (dotted line) perturbed in 20% DMSO. Samples po:ysaccﬂar!ge (l'eh’ moles of t_)lndlnfg s:te perh 9?3"“ of

containing 5:M N-acetyltryptophan or 100M N-acetyltyrosine  Polysaccharide). The concentration of polysaccharide was

in 25 mM Tris-HCI, pH 7.5, were used to collect baseline spectra. converted to reflect this value, and the data were fit to a

Samples of the same concentrations but containing 20% DMSO one-site binding model with ligand depletion using nonlinear

were used to collect difference spectra. regression. The association constants of CBM17 binding to

» - . ) barley-glucan, HEC, and EHEC were all found to b&

Competition aff|n|_ty ellectrophoreS|s using bar]@yglucar_] _ x 10° M~ (Table 1). Based on an average bareglucan

as the polysacchan_de ligand was used to screen the binding.4in length of 95 glucose unitd4), the stoichiometry of

of CBM17 to a variety of mono- and disaccharides. None binding was estimated to be 3 mol of CBM17 per mole of

of the sugars tested, which included xylose, glucose, ey s giucan, similar to the 4:1 stoichiometry of CBM4-1
galactose, mannosi;acetylglucosamine, fructose, sucrose, binding to barleys-glucan (4).

lactose, maltose, and cellobiose, inhibited the interaction of
CBM17 with barleys-glucan when included in the affinity
gels at concentrations of 0.1 M.

The complexation of oligosaccharides with CBM17 re-
sulted in perturbations in both the intrinsic fluorescence
emission spectrum and the UV difference absorption spec-

trum of CBM17. The binding of cellohexaose to CBM17 ) o
caused a slight blue-shift in the fluorescence emission of 11.9 and 0.4umol/g of cellulose, respectively. Binding

maximum and a reduction in the emission intensity (result to these substrates was reversible (results not shown).

not shown). The change in the UV absorption spectrum of ~ The change in Gibbs free energk@) varied linearly,
CBM17 was quite pronounced upon cellohexaose binding becoming more favorable, with polysaccharide chain length
as indicated by large changes in the difference spectrumincreasing up to six glucose units (Figure 3). TA€ did
(relative to uncomplexed CBM17) at 295, 290, 287, and 280 Not change with the longer soluble or insoluble polysaccha-
nm (Figure 1). rides.

Both fluorescence and UV spectroscopy could be used to Involvement of Aromatic Residues in Substrate Binding.
monitor the binding of CBM17 upon titration of soluble Solute quenching studies of CBM17 were performed using
sugars (Figure 2). CBM17 bound to cello-oligosaccharides an excitation wavelength of 295 nm to selectively excite
with a 1:1 stoichiometry, indicating a single binding site on tryptophan residues. Plots B§/(F, — F) versus 1/[KI] were
CBML17. Subsequently, both the fluorescence and UV datalinear (Figure 4). The quenching constarits,f were 3.9,
were used to fit a one-site binding model with ligand 3.0, and 2.7 M?! for buffer-only, plus cellopentaose, and
depletion using nonlinear regression. The association con-plus cellohexaose, respectively. The fractions of Kl-acces-
stants increased from 1.2:0.3) x 10° M~ for cellotriose sible fluorophoref] also decreased in the presence of cello-
to 1.5 @&0.0) x 10® M~ for cellohexaose (Table 1). No oligosaccharide from 0.9 for buffer-only to 0.7 and 0.7 for
binding to glucose or cellobiose could be detected. For plus cellopentaose and plus cellohexaose, respectively. The
determining the stoichiometries of binding to polysaccha- errors forKs, andf values were less than 2%. Because of
rides, the chain sizes of which are often difficult to obtain, the large size of hydrated Kl, it is limited to quenching
the concentration unit of weight/volume of polysaccharide exposed aromatic residue24j. The reductions in thé&s,

Depletion binding isotherms were used to characterize the
binding of CBM17 to insolublgg1—4 glucans. CBM17 did
not bind to highly crystalline cellulose (bacterial microcrys-
talline cellulose, BMCC) or to chitin. CBM17 had relatively
high affinities for amorphous cellulose (PASA) and micro-
crystalline cellulose (Avicel) (Table 1), with capacitid)
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Table 1: Specificity and Affinity of Sugar Binding by CBM17

method
fluorescence uv
substrate Ka(M™1) AG (kJ/mol) Ka(M™1) AG (kJ/mol)
cellotriose 1.240.3) x 10° —17.3 - -
cellotetraose 4.3%0.4) x 10° —20.4 - -
cellopentaose 3.840.1) x 10* —25.7 3.4 0.2) x 10* —25.4
cellohexaose 1.540.0) x 10° —-29.0 1.6 £0.1) x 10° —29.2
barleyf-glucan 1.840.0) x 10° —29.5 1.6 £0.1) x 1 —29.2
HEC 0.8 ¢-0.0) x 10° —275 1.0 £0.1) x 10° -28.1
EHEC 0.6 ¢0.0) x 1C® —26.8 2.140.4)x 1P —29.9
PASA - - 2.9 (£0.2) x 10°P -30.7
Avicel - - 1.6 (+0.2) x 106P —-29.2

2 All binding experiments were performed at 26 (298 K).? Determined by depletion isotherms.
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Ficure 3: Change in Gibb's free energikG) with substrate length. FIGURE 4: Solute quenching of CBM17 in the absen® and

The left portion of the separatédaxis shows the number of glucose  presence of cellopentaose (80@) (®) or cellohexaose (500M)

units in the cello-oligosaccharid@®). The dotted line shows the  (¥). Fluorescence emission intensities at 350 nm, with an excitation
linear trend inAG with oligosaccharide length. The right portion ~ wavelength of 295 nm, were collected for @ CBM17 in

of the X-axis shows substrates with larger and undefined chain increasing concentrations of Kl. Straight lines show best-fit lines
lengths. BBG, barelyf-glucan @); HEC, hydroxyethyl-cellulose determined by linear regression of the data. The inverse of the slopes
(v); EHEC, ethylhydroxyethyl-cellulose®); PASA, phosphoric and ordinate-intercepts give th&, andf values, respectively (see
acid swollen Avicel ®); Avicel, microcrystalline cellulose). text).

Error bars show the standard error of values determined by
fluorescence and UV for substrates where both techniques wererapje 2: Kinetics of CBM17 Tryptophan Modification by NBS

used.

Klapp(s™")  tlu2(s) K2app(S™") 1212(5)
values and values indicate that exposed tryptophan residues cgm17 16.92+1.09 004 085 003 081
become less accessible to quencher in the presence of celloeBM17+200uM G6*  7.274+1.24 0.09 0.450.03 1.53
oligosaccharide. 2G6, cellohexaose.

The rate of tryptophan modification Hy-bromosuccin-
imide (NBS) was monitored by stopped-flow spectroscopy solvent exposure of tyrosine residues, as examined by
in the presence and absence of cellohexaose. A two-phasesecond-derivative UV spectroscopg8], was unchanged
exponential decay function was required to adequately fit upon ligand binding (results not shown). These results
the reaction traces, indicating at least two classes of implicate the involvement of tryptophans in cello-oligosac-
tryptophan with different reactivity toward NBS. The two charide binding by CBM17 with likely little or no involve-
apparent rate constants,{, s ) in the presence of cello- ment of tyrosines. Furthermore, the maximum change in
hexaose were half of the values calculated in the absence ofluorescence intensity (equal to 180[(1 — F.,)/Fo], where
cellohexaose (Table 2). This shows that the presence ofF. is the relative fluorescence at saturating ligand concentra-
ligand slows the reactivity of one or more tryptophans toward tion) in the presence of ligand increased with chain length:
NBS. These results suggest that one or more tryptophans i2% for cellotriose, 9% for cellotetraose, 12% for cellopen-
(are) shielded by the bound ligand, which is consistent with taose, and 14% for cellohexaose, barfeglucan, EHEC,
the fluorescence quenching results. and HEC. This indicates greater involvement of aromatic

The UV difference spectrum of CBM17 complexed with residues in the binding of CBM17 to longer oligosaccharides.
cellohexaose resembles the UV difference spectrum of Effects of Salt on Oligosaccharide Bindinthe binding
solvent-perturbedll-acetyltryptophan much more closely than of CBM17 to cellopentaose and cellohexaose was enhanced
that of solvent-perturbetll-acetyltyrosine (Figure 1). The by the presence of NaCl, but binding to cellotetraose was
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Table 3: Effects of NaCl Concentration on Oligosaccharide Binding by CBM17

buffer only 0.5 M NacCl 1.0 M NaCl 2.0 M NacCl
Kax 1073 AG Kax 1073 AG Kax 1078 AG Ka x 1073 AG
MY (kJ/mol) MY (kJ/mol) MY (kJ/mol) (M (kJ/mol)
cellotetraose 3.3#0.1) —20.1 ND ND ND ND 4.3 ¢0.2) —20.8
cellopentaose 84.8H0.4) —28.1 119.8£0.5) —-29 148.2 £0.9) —29.5 200.841.0) —-30.3
cellohexaose 113.240.2) —28.8 143.2£0.3) —29.4 189.7 £0.5) —30.1 228.8£0.5) —30.6

a All samples were buffered in 25 mM Tris-HCI, pH 7.5. Experiments were performed &€2398 K). ND, not determined.

2.0 L ! ' ' L L tryptophan residues are also involved in cello-oligosaccharide

1 i binding by CBM17. This was indicated by the shielding of
tryptophans from Kl fluorescence quenching and NBS
modification in the presence of ligand and by the tryptophan
domination of the UV difference signal upon ligand binding.
Of the five tryptophans in CBM17, four are conserved in
family 17 (Figure 6) and are thus the likely candidates to
participate in binding. Only two tyrosine residues are
conserved, and there is no evidence for their involvement in
substrate binding.

CBM17 and CBM4-1 have very similar binding specifici-

8] ties. Both bind cello-oligosaccharides, derivatized cellulose,
0.4 mixed (1-3,4 glucans (barleys-glucan), and insoluble
02 cellulose with amorphous content (Avicel and PASA). Like

CBM4-1, which also does not bind BMCC (highly crystalline
0.0 T T

cellulose), it appears that CBM17 binds only the amorphous
regions of Avicel, a heterogeneous allomorph of cellulose.
The binding capacity of Avicel for CBM17, which is low in
Ficure 5: pH dependence of CBM17 binding to cellohexaose. comparison to the binding capacity of family 2a CBMs that
Fluorescence titration binding experiments were performed in 25 pind highly crystalline cellulosel@, 26), also suggests that
mM citrate (white bars), 25 mM potassium phosphate (light gray j; pings the amorphous regions of Avicel. Despite the
bars), and 25 mM Tris (dark gray bars). Lo e s
similarities in binding specificity, the association constants

of CBM17 hinding to cello-oligosaccharides are almost an
order of magnitude greater than those for CBM4t4, 33).
CBM4-1 binds substrate in a shallow cleft, which could
accommodate a glucan chain five sugars in lengjhThe
full length of this cleft is lined with hydrophobic amino acid
residues and flanked by polar residues. As predicted by the
. . - physical length of the cleft~25 A), cellopentaose is the

Effects of pH on Oligosaccharide Bindin@he Kas for o timay jigand for CBM4-1 3). Cellohexaose was the
ceIIohgxaose were r.ela}tlvely constant between pH 6.0 a”doptimal ligand for CBM17, suggesting a binding site on
8.5 (Figure 5). No binding was detected at pHs below 4.0. cgy\17 that best accommodates a cellooligosaccharide of

The Ko improved by~50% at pH 9.2. TheK, values for g, o ,c0se units length. Cellohexaose is approximately 31
titrations performed in the two buffer systems at the transition g long, implying that the binding site of CBM17 is

regions were nearly identical, indicating no effects on binding approximately this size

due to the buffer composition. This ability to function at
- N posH ! 1ty unct Cellotriose was the minimum ligand for CBM17. The

relatively high pH is consistent with the frequent occurrence q . h ol haride | hi g f
of family 17 CBMs in alkalophilicBacillus species (Figure ~ decrease IAG with oligosaccharide length increasing from

less affected (Table 3). This is consistent with tryptophan
residues contributing a hydrophobic component to substrate
binding although a counterion effect cannot be ruled out.
This shift in the equilibrium at lower ionic strength may
explain the ability to desorb CBM17 from cellulose with
water.

6) cellotriose to cellohexaose was linear, changing-b4.2
' (£0.4) kJ mot? (glucose unit)l. The maximum change in
DISCUSSION the spectroscopic signal upon binding did not vary linearly

with increasing length but was more profound with the longer

The participation of aromatic amino acid residues in ligands. Based on these results, a schematic model of the
substrate binding by lectins is nearly univers@p)( In CBML17 binding site is shown in Figure 7. The presence of
particular, tryptophans are most common. Structural studiesNaCl & 2 M improved the binding of CBM17 to cellopen-
have shown these residues to interact directly with the taose and cellohexaose by approximatel®.0 kJ/mol. In
pyranose ring in what has been described as a ‘stacking’ contrast, binding to cellotetraose was improved by enly6
interaction, although the relative angles of the aromatic kJ/mol. The increased interaction of longer cello-oligosac-
residue to the pyranose ring vary from°lf 52°, rather charides with aromatic amino acids (e.g., tryptophan) may
than parallel 29). Aromatic amino acid residues have also lend a more hydrophobic character to the association of these
been shown to be important in the interactions of CBMs with ligands. Thus, dehydration effects are predicted to play a
cellulose 80, 31) and xylans 82). Typically, these residues  more important role in the association of cellopentaose and
are conserved among family membe8. (It appears that  cellohexaose than they do for cellotriose and possibly
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CBM17
CBM_C.3.
CBM_1139
CBM_KSM-64
CBM_B.sp.
CBM_KSM-635

—

CBM_KSM-64
CBM_B.sp.
CBM_KSM-635
CBM_N-4

CBM17
CBM_C.J.
CBM_1139
CBM_KSM-64
CBM_B.sp.
CBM_KSM-635
CBM_N-4

CBM17
CBM_C.7J.
CBM_1139
CBM_KSM-64
CBM_B.sp.
CBM_KSM-635
CBM_N-4

e ¢ =

Ficure 6: Amino acid alignment of the family 17 CBMs. Abbreviations are as follows: CBM17, f@roellulaworansCel5A (GenBank
U37056); CBM_C.j., fromClostridium josuiCel5A (GenBank D85526); CBM_1139, froBacillus sp, strain 1139, Cel5A (GenBank
D00066); CBM_KSM-64, fronBacillus sp, strain KSM-64, Cel5A (GenBank M84963); CBM_B.sp., fr@acillus sp Cel5A (GenBank
D85236); CBM_KSM-635, fronBacillus sp, strain KSM-635, Cel5A (GenBank M27420): CBM_N-4, frdBacillus sp, strain N-4,
Cel5A (GenBank M25500).

31A crystalline cellulose. Cel9A (formerly CenB) and Cel5A
(formerly CenD) fromC. fimi are efficient at hydrolyzing
crystalline cellulose, and both have family 2a CBMs, which
have high affinities for crystalline cellulosé&Z, 26). Cel9B
(formerly CenC) fromC. fimiis most efficient at hydrolyzing
amorphous or soluble cellulose and has tandem family 4
CBMs that bind strictly to amorphous or soluble cellulose
(14). We have shown previously that by substituting the

v

<
<+

AG=-17.3 D AAG=-42 ¢ AAG=-42 AAG =-4.2

kJimole kJ/male kJimole ky/mole N-terminal family 4 CBM for the family 2a CBM of Cel6A
AFec= 2% AFup=%  AFun=12% A 14% (formerly CenA) fromC. fimi its preference for amorphous

FIGURE 7: Schematic representation of the CBM17 substrate cellulose is increased3(). It would appear that CBM17,
binding site AG is for cellotriose. TheAAG values are relative to ik is shown here to bind only amorphous and soluble
the next smallest cello-oligosaccharides (e.84Gcelotetraose —
AGeeliotiosd. AFuiax are the maximum relative changes in fluores- Cellulose, serves the same purpose of targe@ngellulo-
cence at saturation. The depiction of two tryptophan residues is voransCel5A to amorphous cellulose, the substrate on which
for the purposes of the schematic only. Up to five tryptophans may it is most active. Thus, in some cases, the specificity of the

be present; however, it was estimated that two tryptophan residuescBM contained within an enzyme may aid in targeting the

would be sufficient to span the length of the last three glucose units : -
of cellohexaose, which gives the largest change in the spectroscopicﬁnzyme to regions of Cgllulose that are most efficiently
signal upon binding. ydrolyzed by the catalytic module.

cellotetraose. Structural and mutagenic studies are currentyACKNOWLEDGMENT
underway to further investigate the architecture of the We thank Dr. Roy H. Doi for providing the pEF 32

CBML1Y7 binding site. plasmid from which the CBM17 gene fragment was ampli-
Carbohydrate-binding modules appear to serve the Pimarysed. we also thank Angela Das and Jeanette Beatty for

function of increasing the local concentration of enzyme on . .
. . - technical assistance.
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