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ABSTRACT: Endo-â-1,4-xylanase 10A (Xyn10A) fromStreptomyces liVidansincludes an N-terminal catalytic
module and a 130-residue C-terminal family 13 carbohydrate-binding module (CBM13). This latter domain
adopts aâ-trefoil structure with three potential binding sites (R, â, andγ) for a variety of small sugars,
xylooligosaccharides, and xylan polymers. To investigate the role of this multivalency in carbohydrate
binding, we have used NMR spectroscopy to characterize the interaction of isolated CBM13 with a series
of sugars. We have assigned resonances from the main chain nuclei of CBM13 using heteronuclear NMR
experiments. Analysis of15N NMR relaxation data using the extended model free formalism reveals that
CBM13 tumbles as an oblate ellipsoid (D|/D⊥ ) 0.80( 0.02) and that its backbone is relatively rigid on
the sub-nanosecond time scale. In particular, the three binding sites show no distinct patterns of increased
internal mobility. Ligand-induced chemical shift changes in the1H-15N HSQC spectra of CBM13 were
monitored as a function of increasing concentrations ofL-arabinose, lactose,D-xylose, xylobiose,
xylotetraose, and xylohexaose. Patterns of shift perturbations for well-resolved resonances demonstrate
that all of these sugars associate independently with the three binding sites of CBM13. On the basis of
the site-specific association constants derived from a quantitative analysis of these titration data, we show
thatL-arabinose, lactose, andD-xylose preferentially bind to theR site of CBM13, xylobiose binds equally
well to all three sites, and xylotetraose and xylohexaose prefer binding to theâ site. Inspection of the
crystallographic structure of CBM13 [Notenboom, V., Boraston, A. B., Williams, S. J., Kilburn, D. G.,
and Rose, D. R. (2002)Biochemistry 41, 4246-4254] provides a rationalization for these results.

Protein-carbohydrate interactions are critical for numerous
major biological processes ranging from synthesis or hy-
drolysis of structural and storage polysaccharides, intercel-
lular trafficking and signaling, carbohydrate-based cellular
recognition, and host-pathogen adhesion. Consequently, it
is important to define the structural, thermodynamic, and
dynamic bases for these macromolecular interactions.

Glycoside hydrolases (GHs),1 for example, are carbohydrate-
active enzymes generally characterized by a composite
structure featuring a catalytic domain combined with one or
more auxiliary carbohydrate-binding modules (CBMs). These
CBMs appear to facilitate binding or targeting of the enzyme
to its substrate, perhaps being augmented by a role in
disrupting this complex material. Currently, 29 families of
CBMs are described in the latest update of the CAZy
database (2). These families have been grouped into three
classes based on their structures, functions, and ligand
specificities. Type A CBMs bind insoluble surfaces, type B
CBMs bind to polysaccharides, and type C CBMs bind to
mono- and disaccharides (3). Within these types, a wide
variation in substrate specificity arises. For example, CBMs
belonging to families 1, 2a, 3, 5, and 10 bind mainly to
crystalline cellulose, while preferences for xylan are exhibited
by members of families 2b, 4, 6, 13, and 22 (4-11). Three-
dimensional structures of members of several CBM families
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are now available from crystallographic as well as NMR
spectroscopic studies (1, 10, 12-19). Most of these modules
are formed exclusively fromâ-strands. Complementary to
their substrates, type A CBMs exhibit a flat binding surface,
whereas those of types B and C have binding grooves.

The first identified family 13 CBMs were plant lectins
such as the ricin toxin B chain (RTB) andRicinus communis
agglutinin, both of which preferentially bind galactose (20).
These modules show a sequential 3-fold internal repeat of
∼42 residues, which assemble into aâ-trefoil structure (21).
Each of these three repeats, denotedR, â, and γ, is a
structurally distinct unit of fourâ-strands with a disulfide
bridge, arranged to form a potential sugar binding site. In
general, these lectin-like CBMs exhibit relatively weak
binding to a range of small sugars (22).

Streptomyces liVidans endo-â-1,4-Xyn10A includes an
N-terminal catalytic domain, a short linker, and a C-terminal
family 13 CBM denoted herein as CBM13. Crystallographic
studies of CBM13 (1) and of the closely related module from
S. oliVaceoViridis E-86 â-xylanase (10) confirm that these
domains adopt a pseudo-3-fold symmetricâ-trefoil structure.
As a lectin-like module, CBM13 exhibits a relatively broad
spectrum of weak binding to a variety of mono-, di-, and
oligosaccharides (22). However, in contrast to the RTB,
CBM13 also exhibits a higher degree of affinity and
specificity for polymeric xylans (22), thereby enhancing the
activity of the holoenzyme toward its substrate (23). Paral-
leling this promiscuous spectrum of binding, crystallographic
studies show that lactose and xylopentaose associate with
CBM13 in distinctively different structural modes (1).

Complementing a crystallographic structural study of
CBM13 (1), we have used NMR spectroscopy to investigate
the solution behavior of thisS. liVidans domain. Spectral
assignments for isolated CBM13 reflect the characteristic
3-fold sequence and secondary structure repeat of the
â-trefoil fold. Analysis of15N relaxation data yields an axially
symmetric diffusion tensor consistent with the oblate el-
lipsoidal shape of CBM13, while also indicating that the
backbone of the protein is relatively rigid on the sub-
nanosecond time scale. Finally, NMR-monitored titrations
of CBM13 with L-arabinose, lactose,D-xylose, and a series
of xylooligosaccharides clearly demonstrate independent
binding of these sugars to each of theR, â, andγ sites of
the protein. Quantitative analysis of these titration data
provides site-specific association constants. Preferential
interaction of the various sugars with the three binding sites
in CBM13 can be rationalized on the basis of the crystal-
lographic analysis of this domain complexed with lactose
and xylopentaose (1).

MATERIALS AND METHODS

Protein Expression and Purification.Samples of isotopi-
cally labeled CBM13 were produced by expression of the
plasmid pTugCBM13 inEscherichia coliJM101 cells (22).
Overnight cultures were diluted in minimal M9 medium
supplemented with kanamycin (35µg/mL) and15NH4Cl (1
g/L), 15NH4Cl (1 g/L) and [13C6]glucose (3 g/L), or15NH4Cl
(1 g/L) and [13C6]glucose (0.3 g/L) and unlabeled glucose
(2.7 g/L) for production of15N-, 15N- and13C-, or 15N- and
10% 13C-labeled CBM13, respectively. After growth at 37
°C to an OD600of 0.6, isopropyl 1-thio-â-D-galactopyranoside

was added to a final concentration of 0.5 mM. The cells were
incubated at 30°C for 30 h, followed by sedimentation
(6000g) for 15 min at 4°C. The protein was harvested from
the periplasmic fraction by resuspension of the cells in 25
mL of osmotic shock buffer [30 mM Tris-HCl (pH 6.8), 20%
sucrose, and 1 mM EDTA], centrifugation (8000g) for 10
min, resuspension of the pellet in 25 mL of 5 mM MgSO4,
and, finally, centrifugation (10000g) for an additional 15 min.
CBM13 was purified from the supernatant by Ni2+ affinity
chromatography using buffers of 50 mM Hepes (pH 7.5),
150 mM NaCl, and 5% (v/v) glycerol with 5, 50, and 500
mM imidazole for binding, washing, and elution, respec-
tively. Protein fractions were analyzed on 20% Phast gels
(Pharmacia). Pure CBM13 fractions were pooled, dialyzed
against a final buffer of 50 mM potassium phosphate (pH
6.1) and 50 mM KCl, and concentrated by ultrafiltration
(Amicon, Beverly, MA). The final product contains the full-
length 130-amino acid CBM13 sequence ofS. liVidans
[residues 348-477 in Xyn10A (24)], with an N-terminal six-
His tag and factor Xa cleavage site. Residues are numbered
from the start of the binding domain (HHHHHHIEGRAS-
Glu1-Pro2-Pro3...). The concentration of CBM13 was de-
termined by absorbance spectroscopy (calculatedε280 )
32 300 M-1 cm-1) (25).

NMR Spectroscopy and Spectral Assignments. Samples for
NMR analysis contained∼1.5 mM uniformly15N-, 15N- and
13C-, or15N- and 10%13C-labeled CBM13. All NMR spectra
were collected on a Varian Unity 500 MHz spectrometer
equipped with a triple-resonance pulse field gradient probe
at 30°C and processed using Felix95 or Felix2000 software
(Molecular Simulations, Inc., San Diego, CA). Experiments
with 1HN detection were recorded using enhanced-sensitivity
pulsed field gradient methods (26, 27). Selective water flip-
back pulses were incorporated to minimize the perturbation
of the bulk water magnetization (28, 29). Chemical shifts
are referenced to external 2,2-dimethyl-2-silapentanesulfonic
acid (30). Assignments of signals from main chain nuclei
were obtained as previously described from1H-15N HSQC,
CBCA(CO)NH, HNCACB, and HNCO spectra (31). Ali-
phatic side chain assignments were achieved using15N-edited
TOCSY-HSQC, H(CC)(CO)NH-TOCSY, and (H)CC(CO)-
NH-TOCSY experiments (32). Stereospecific assignments
of the resonances from side chain amide groups of asparagine
and glutamine were obtained using a quantitativeJ correla-
tion HMQC pulse scheme (33). Stereospecific assignments
of the resonances from the diastereotopic methyls of valine
and leucine were obtained from1H-13C HSQC spectra of
the 10% nonrandomly fractionally13C-labeled CBM13 (31,
34).

Protein Dynamics from15N Relaxation Measurements.15N
NMR relaxation measurements were carried out and the
results analyzed as previously described (35). 15N T1 values
were measured from the spectra recorded with delays of 11.1,
33.3, 55.5, 111, 222, 333, 499.5, 666, and 943.5 ms.T2 values
were determined from spectra recorded with delays of 16.7,
33.4, 50.1, 66.8, 83.5, 100.2, 116.9, 133.6, and 167 ms.
Steady-state heteronuclear{1H}-15N NOE values were
measured by recording HSQC-based spectra with and without
3 s of proton saturation and a total recycle delay of 5 s.T1

andT2 values were obtained by nonlinear least-squares fitting
of the cross-peak heights to the two-parameter equation for
an exponential decay. NOE values were taken from the ratio
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of the peak heights recorded with and without proton
saturation. Uncertainties in all spectra were estimated ac-
cording to the method of Farrow et al. (35). Analysis of the
15N relaxation data to obtain parameters describing the global
tumbling of CBM13 as well as internal dynamics according
to the extended model free formalism of Lipari and Szabo
(36) was carried out with TENSOR2 (37). A value of 1.02
Å was used as the NH bond length, and the axially symmetric
15N chemical shift tensor (σ| - σ⊥ ) -170 ppm) was
assumed to be coaxial with the dipolar tensor (38).

Carbohydrate Titrations Monitored by NMR Spectroscopy.
The binding of soluble sugars (purchased from Megazyme
International Ltd. Ireland) to CBM13 at 30°C and pH 6.1
was measured quantitatively using1H-15N HSQC NMR
spectroscopy. Stock solutions ofL-arabinose, lactose,D-
xylose, xylobiose, xylotetraose, and xylohexaose ranging
from 0.02 to 1.2 M were prepared by weight in a sample
buffer of 50 mM potassium phosphate (pH 6.1) and 50 mM
KCl. Aliquots of these solutions were added directly to
uniformly 15N-labeled CBM13 (starting protein concentration
of 100-725 µM), contained within an NMR tube. As
summarized in Figure 5, 8 to 121H-15N HSQC spectra were
recorded with consecutively increasing sugar concentrations
for each titration series.

Equilibrium association constants were determined for
each of theR, â, and γ binding sites by nonlinear least-
squares fitting of the chemical shift data versus sugar
concentration to the Langmuir isotherm describing the
binding of one ligand molecule to a single protein site. The
program PLOTDATA (TRIUMF, UBC, Vancouver, BC) was
used for this analysis. The methodology follows that of
Johnson et al. (39), with the assumption of three independent
binding sites of approximately equal affinity in order to back-
calculate the concentration of free sugar during the fitting
process. Given the excess of sugar over protein in these
titration series due to their generally weak binding, this
assumption does not significantly alter the derived site-
specificKa values (i.e., values calculated for one site without
correction for changes in sugar concentration due to binding
at the remaining two sites lie within a standard deviation of
those presented in Table 1).

RESULTS

Spectral Assignments.Nearly complete assignments of the
resonances from the main chain1HN, 15N, 13C′, 13CR, and
13Câ nuclei of CBM13 were obtained using a suite of triple-
resonance heteronuclear NMR experiments. The only excep-
tions are Ser88 and the N-terminal six-His tag, the amide

resonances of which were not observed, possibly due to
conformational or solvent exchange broadening. These
assignments, along with those of several additional aliphatic
1H and13C nuclei, have been deposited in the BioMagRes-
Bank database.

Figure 1 shows the assigned1H-15N HSQC spectrum of
CBM13 at pH 6.1 and 30°C. The excellent dispersion of
both amide proton and nitrogen resonances is indicative of
a stable, well-folded protein. Given the availability of a high-
resolution crystallographic structure of CBM13, alone and
in complex with lactose and xylopentaose (1), we did not
pursue a detailed conformational analysis by NMR methods.
However, a brief analysis of the secondary chemical shift
changes (∆δ ) δobserved- δrandom-coil) measured for CBM13
using the CSI method (1HR, 13CR, and 13Câ) (30, 40) and
TALOS (1HR, 13CR, 13Câ, 13C′, and15N) (41) was consistent
with a â-trefoil fold formed by 12 shortâ-strands (1). All
12 strands were identified by TALOS, whereas the first two
strands were not clearly predicted by the CSI algorithm. This
difference may result from the relatively shortâ-strands
present in CBM13, as TALOS provides an estimate of the
main chain (Φ and Ψ) dihedral angles for each residue,
whereas the CSI algorithm uses patterns of secondary
chemical shifts for neighboring residues to define a consensus
secondary structure. More strikingly, inspection of the
secondary chemical shifts of CBM13 revealed a repetitive
pattern matching the tandem sequence repeat of∼42 residues
observed for this protein. An example is shown in Figure
S1 of the Supporting Information for the1HR shifts. This
sequence repeat yields the characteristic pseudo-3-fold sym-
metry of theâ-trefoil structure, and creates the three sugar-
binding sites (R, â, and γ) in CBM13. Finally, the13Câ

chemical shifts of all six Cys residues were between 42.0
and 45.4 ppm, consistent with their formation of disulfide
bridges within each trefoil repeat (42).

Table 1: Average Site-Specific Binding Constants Measured for the
Association of CBM13 with Soluble Sugar Ligandsa

Ka (M-1)

sugar R site â site γ site

L-arabinose 70( 7 3 ( 1 10( 1
lactose 720( 110 20( 7 20( 3
D-xylose 60( 4 10( 1 15( 1
xylobiose 160( 30 130( 20 180( 30
xylotetraose 250( 40 1150( 200 660( 70
xylohexaose 420( 35 1200( 100 700( 70
a Data obtained at 30°C and pH 6.1 in 50 mM potassium chloride,

50 mM potassium phosphate, and a 10% D2O/90% H2O mixture.

FIGURE 1: 1H-15N HSQC spectrum of CBM13 at 30°C and pH
6.1, showing the assignments of the resonances from backbone
amide (black labels) and tryptophan indole15Nε1H groups (gray
labels), as well as those of the observable signals from the side
chain15NδH2 and15NεH2 groups of asparagine and glutamine (lines).
Amino acids, N-terminal to Glu1, that were inserted from the
cloning vector are denoted with asterisks. The peak from Gly79 is
aliased.
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15N Relaxation Measurements.Of the 138 possible cor-
relations involving backbone amide protons, reliableT1, T2,
and heteronuclear NOE relaxation data were obtained for
110 residues in CBM13 (Figure 2). The remaining residues
were not analyzed due to peak overlap (Asp5, Gln8, Gly15,
Leu18, Gln32, Ser38, Asp48, Gly50, Gly64, Gly98, Leu101,
Gly122, Ser123, and Asn124) or due to extremely weak or
missing signals (the N-terminal His-His-His-His-His-His-Ile-
Glu-Gly-Arg-Ala-Ser tag, Glu1, Gly39, and Ser88). For these
110 residues, the averageT1 andT2 values were 467( 29
and 122( 15 ms, respectively. After the data had been
filtered to exclude residues showing a high degree of internal
mobility or 15N line broadening (43), a fit of theseT1/T2 ratios
with TENSOR2 yielded a correlation time (τm) of 6.32 (
0.03 ns for isotropic global tumbling. This value is indicative
of a compact monomeric protein of∼15 kDa (44). Using
the crystallographic structure of CBM13 (1), theT1 andT2

relaxation data could be fit in terms of an axially symmetric
diffusion tensor with aD|/D⊥ ratio of 0.80 ( 0.02. The
unique axis of the diffusion tensor is approximately collinear
with the pseudo-3-fold axis of CBM13. This degree of
anisotropy is consistent with that expected from the oblate
ellipsoidal shape of this molecule, which has calculated
relative moments of inertia of 1.0, 0.81, and 0.78. Use of a

fully anisotropic model of global tumbling did not signifi-
cantly improve the fit of the relaxation data, as judged by
an F test implemented in TENSOR2.

Having defined the global motional parameters of CBM13,
we analyzed the15N T1, T2, and NOE relaxation data using
the model free formalism under conditions of anisotropic
tumbling. This analysis involved fitting of these data to one
of the five standard models of internal mobility, specifically,
S2; S2, andτe; S2 andRex; S2, τe, andRex; andSs

2, Sf
2, andτs

(35, 45). On the basis of the model selection criteria
implemented in TENSOR2, the average value of the general-
ized order parameterS2 for these residues is 0.86( 0.06,
indicative of little backbone mobility on a sub-nanosecond
time scale. With the exception of the N- and C-termini of
CBM13, only Gln30, Ser66, Ser75, Gly79, and Asn87 exhibit
S2 values of<0.8. These latter polar residues are located
within exposed loop regions of the protein. Four residues
(Gly7, Gln30, Gly56, and Thr130) fit to the extended model
(Ss

2, Sf
2, and τs). A limited number of residues, including

Ile9, Trp34, Asp35, Thr65, Ser75, Trp77, Gly79, Gly90,
Val93, Thr108, Arg126, and Thr128, also exhibit reduced
15N T2 values as reflected by the need to includeRex terms
in the model free fit. Although these residues generally lie
in loop regions, it is interesting that Trp34 and Asp35 form
part of theR binding site, whereas Ser75, Trp77, and Gly79
are located in theâ site. SinceRex terms may arise from
motions on a millisecond to microsecond time scale, it is
tempting to ask if this relaxation behavior reflects plasticity
in CBM13 that may relate to its promiscuity in binding a
range of small sugars. However, more detailed studies to
specifically characterize slow time scale motion, such as
field-dependent CPMG relaxation measurements (46), with
and without sugars, are necessary to address this issue.
Overall, however, the15N relaxation study shows that
CBM13 is a compact oblate ellipsoid with relatively uniform
and limited internal backbone mobility.

Identification of Sugar Binding Sites.The interaction of
L-arabinose, lactose,D-xylose, xylobiose, xylotetraose, and
xylohexaose with15N-labeled CBM13 was monitored by
1H-15N HSQC spectroscopy. Chemical shift perturbation
mapping is a highly sensitive method for identifying ligand-
binding sites within a protein. Perturbations of main chain
amide resonances may arise due to the direct interaction with
the ligand or indirectly due to conformational changes
resulting from the formation of the protein-sugar complex.
An overlay of 121H-15N HSQC spectra shows the progres-
sive chemical shift changes of several CBM13 amide
resonances upon addition of xylobiose (Figure 3). These
changes indicate binding under conditions of fast exchange
on the chemical shift time scale. Figure 4 depicts the overall
effect of xylobiose binding by mapping the observed main
chain and side chain15N chemical shift changes (∆δ) on
the crystal structure of CBM13. The largest perturbations
are observed for backbone amides, as well as side chain
amide and indole groups, of residues within or adjacent to
the three binding sites that were identified from crystal-
lographic analysis of CBM13-ligand complexes (1). Fur-
thermore, comparable chemical shift changes are observed
for all three binding sites, and similar patterns of∆δ values
were measured for each titration series (data not shown).
This confirms that, in solution, CBM13 bindsL-arabinose,

FIGURE 2: Plots of the measured15N T1, T2, and{1H}-15N NOE
relaxation parameters and the model free parametersS2, τe, and
Rex as a function of residue number for CBM13. Theτe values,
labeled with a vertical arrow in the histogram, are 1.2, 6.2, 2.9,
and 1.5 ns for Gly7, Gln30, Gly56, and Thr130, respectively. Empty
horizontal arrows indicate the locations of the 12â-strands in
CBM13.
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lactose, and xylooligosaccharides at three homologous sites
within its â-trefoil structure.

Site-Specific Binding Constants Determined by NMR
Spectroscopy.The association constants (Ka) describing the
interactions ofL-arabinose, lactose,D-xylose, xylobiose,

xylotetraose, and xylohexaose with CBM13 were determined
by nonlinear least-squares fitting of the chemical shift
titration data to a simple Langmuir binding isotherm. Figure
5 shows examples of the analyzed experimental15N chemical
shift data for the amides of aromatic residues within each
CBM13 binding site, namely, Trp34 (R site), Tyr74 and
Trp77 (â site), and Tyr117 (γ site). In a similar manner,
association constants were determined from titration curves
measured for main chain and side chain15NH groups of
Asp19, Gln32, Trp34, His37, Asn41, and Gln42 within the
R site, Asp61, Gln72, Tyr74, Trp77, Asn81, and Gln82 in
the â site, and Asp102, Gln115, Tyr117, Ser120, Asn124,
and Gln125 in theγ site. These residues, which exhibited
the most significant perturbations in15N chemical shift upon
sugar binding, all lie within or adjacent to the three binding
sites of CBM13 identified by crystallographic studies (1).
A summary of the average site-specific association constant
measured for each sugar is given in Table 1. These data were
analyzed according to a simple model of each CBM13
binding site interacting with one sugar molecule in an
independent or noncooperative manner. This assumption is
supported by the following evidence. First, main chain and
side chain15NH groups within a given binding site show
monophasic changes in chemical shift upon addition of each
sugar (Figure 3), as well as co-incident nomalized titration
curves. This discounts the possibility of multiple binding
events with differing affinities occurring at any given site.
Second, the chemical shift perturbations are localized to the
approximate regions of the three crystallographically identi-
fied binding sites in CBM13 (Figure 4), indicating that there
is no structural coupling between binding events at each
distinct site (i.e., as would be expected for homotropic
allostery). Third, the titration data follow a hyperbolic
dependence of chemical shift change versus ligand concen-
tration, and thus could be adequately fit to the Langmuir
binding isotherm describing this simple model (Figure 5).
Finally, crystallographic studies (1) reveal that the three
binding sites in CBM13 are relatively small, discounting the
possibility of two or more sugar molecules lying simulta-
neously within any given site.

DISCUSSION

Spectral Assignments and Secondary Structure.We have
assigned the resonances from backbone nuclei of isolated
CBM13 using multidimensional heteronuclear NMR spec-
troscopy. The secondary structure derived from these chemi-
cal shifts using CSI and TALOS is consistent with that
determined crystallographically for CBM13 (1). As shown
in Figure 4, thisâ-trefoil structure is composed of three
tandem repeats of∼42 residues, each containing four
â-strands stabilized by a disulfide bridge.

Backbone Dynamics of CBM13.Consistent with the oblate
ellipsoidal shape of CBM13, the15N relaxation data measured
for this protein are best fit by a model of axially symmetric
global tumbling with aD|/D⊥ ratio of 0.8( 0.02. Further
analysis of these data using the model free formalism in the
context of anisotropic tumbling reveals that more than 88%
of the residues in CBM13 have order parameter (S2) values
of >0.8. This demonstrates that the protein backbone is
relatively rigid on a sub-nanosecond time scale, indicating
that CBM13 is a compact and globular protein with no
unusually flexible regions, besides its termini. Thus, the

FIGURE 3: CBM13 binds xylooligosaccharides at theR (W34), â
(Y74), and γ (Y117) sites as demonstrated by chemical shift
perturbations. Selected regions of 121H-15N HSQC spectra of
uniformly 15N-labeled CBM13 (100µM) in the presence of 0, 0.1,
0.2, 0.3, 0.7, 1.5, 3.4, 7.0, 12.3, 22.0, 43.4, and 86.6 mM total
xylobiose are shown. The arrows indicate the direction of the
chemical shift changes resulting from the addition of sugar to the
protein. For clarity, only peaks from the three conserved aromatic
residues in the binding sites are labeled.

FIGURE 4: Mapping of the 15N chemical shift perturbations,
resulting from addition of excess xylobiose, on a ribbon diagram
of the CBM13 structure indicates binding of the sugar to theR, â,
andγ sites of this domain. Large and small spheres identify residues
for which a change in main chain and side chain15N resonances,
respectively, could be measured due to titration with xylobiose.
The color scale indicates the absolute change in the15N chemical
shift due to saturation of CBM13 with this sugar. Three homologous
residues for each binding site are labeled, as well as Asp22 in the
R site.
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â-trefoil structure appears to be a rigid scaffold upon which
sugar binding sites are grafted.

L-Arabinose,D-Xylose, and Lactose Recognition by CBM13.
As shown previously (22, 47), CBM13 exhibits broad
specificity for mono- and oligosaccharides with pyranose
sugars, as well as a variety of insoluble polymers, including
xylan, holocellulose, pachyman, lichenan, arabinogalactan,
and laminarin. In this study, we investigated the site-specific
binding ofL-arabinose,D-xylose, and lactose to CBM13. In
each case, we observed a significant preference for theR
site, followed by similar affinities for theâ and γ sites.
Macroscopic association constants measured previously for
these sugars by fluorescence spectroscopy are comparable
to the values determined by NMR methods for theR site
(22). Note that this site contains a central tryptophan residue,
whereas theâ and γ sites have corresponding tyrosine
residues. This likely biases the fluorescence data toward
binding events occurring at theR site. Small discrepancies
in theKa values may also originate from the slightly different
experimental conditions, such as temperature, ionic strength,
and pH, that were used for these studies (22).

A rationalization for these site-specific binding constants
is provided by consideration of the crystallographic structures
of CBM13 complexed with lactose and xylopentaose (1).
Lactose is found to bind with its long axis perpendicular to
the surface of CBM13 such that its nonreducing galactose
ring contacts residues in theR andγ sites (see Figure 3 of
ref 1). Surprisingly, the glucose unit of a lactose molecule,

bound to theγ site of CBM13, also binds to theâ site of a
neighboring CBM13 molecule within the crystal lattice.
NMR studies provide no indication, such as line broadening,
of the formation of dimers or oligomers during the titration
of lactose to CBM13. We, therefore, suggest that the cross-
linking of neighboring molecules by lactose is a result of
the appropriate juxtaposition of theirâ and γ sites within
the crystal lattice. We are, however, unable to determine
whether lactose binds to any site in CBM13 exclusively by
its galactose or glucose moiety. Common to these two modes
of interaction is a pair of hydrogen bonds between vicinal
equatorial hydroxyl groups of the pyranose ring (O3 and O4
of galactose and O1 and O2 of glucose) and the carboxylate
oxygens of a conserved aspartic acid (Asp19, -61, or -102)
within the R, â, and γ sites (Figure 4). In contrast to the
perpendicular orientation of lactose, xylopentaose is observed
to bind with its long axis parallel to the surface of CBM13
in clefts along theR and â sites (see Figure 5 of ref1).
Although globally distinct, xylopentaose also exhibits the
common feature of equatorial hydroxyl groups (O2 and O3)
binding to the carboxylate oxygens of the conserved aspartic
acids within these sites. We surmise thatD-xylose binds to
CBM13 in a manner similar to that observed for a single
saccharide unit in xylopentaose, i.e., with its C1-C4 axis
parallel to the protein surface and its equatorial O2 and O3
hydroxyls hydrogen bonding to aspartate side chains. This
is supported by the observation thatL-arabinose andD-xylose,
which share common hydroxyl configurations at the ring 2

FIGURE 5: Association constants (Ka) for the independent, noncooperative binding ofL-arabinose (black), lactose (red),D-xylose (green),
xylobiose (blue), xylotetraose (cyan), and xylohexaose (magenta) to sitesR (Trp34),â (Tyr74 and Trp77), andγ (Tyr117) were determined
by fitting the normalized chemical shift titration data to the Langmuir isotherm.
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and 3 positions, while differing at the 4 position, exhibit
similar Ka values for the corresponding sites in CBM13.
Given that this sugar-aspartic acid hydrogen bonding
interaction is conserved for all three sites in CBM13, we
attribute the higher affinity of theR site for D-xylose and
L-arabinose to two possible causes: (i) the presence of Trp34
in theR site, which likely provides more favorable aromatic
ring-pyranosyl ring stacking than Tyr74 (â site) and Tyr117
(γ site), and (ii) the presence of His37 in theR site, which
provides sugar hydrogen bonding interactions that are not
observed with Trp77 (â site) or Ser120 (γ site) (1).

Conspicuous in Table 1 is the significantly higherKa of
lactose for theR site over that for theâ or γ site, or over
those exhibited byD-xylose andL-arabinose for any site. In
addition to the two features of theR site described above,
crystallographic studies also demonstrate that a nonconserved
Asp22 is positioned in this site to accept a hydrogen bond
from the glucose moiety of the lactose molecule. In sitesâ
andγ, glycine residues occupy this corresponding position.
A similar aspartic acid is also found in one of the two lactose-
binding sites in RTB (48). In support of this argument, we
note that the amide resonances of Asp22 and Trp34, both in
theR site, shift in opposite directions when CBM13 is titrated
with lactose compared to the shift with any other sugar
studied herein. This could reflect the additional distinct
interactions of lactose with Asp22 resulting in tighter binding.
Although this hypothesis provides a reasonable explanation
for the preferential binding of lactose to theR site, the
hydrogen bonding interaction may be relatively weak, as the
glucose ring of lactose bound at this site in crystalline
CBM13 appears to be disordered with very little observable
electron density (1).

Binding of Xylooligosaccharides. Although CBM13 ex-
hibits weak binding to a broad range of mono-, di-, and
oligosaccharides, as a component ofS. liVidans Xyn10A,
its natural target is xylan. To investigate this functionally
relevant interaction, we studied the binding of CBM13 to a
series of xylooligosaccharides. As shown in Table 1, these
sugars bind to all three sites in this module with affinities
increasing in the following order:D-xylose< xylobiose<
xylotetraose∼ xylohexaose. On the basis of this series, each
binding site appear to span approximately four xylosyl units.
This conclusion is consistent with crystallographic results
(1) in which xylopentaose is observed to lie across theR
and â sites of CBM13 with direct intermolecular contacts
involving three to four xylosyl groups. Although these two
xylopentaose molecules bind in opposite chain orientations
with respect to theâ-trefoil repeat, each exhibits the
previously discussed central pair of hydrogen bonds to a
conserved aspartic acid residue (1). Additional interactions
are provided primarily by intermolecular hydrogen bonds
involving polar side chains along the shallow surfaces of
the binding clefts. These include Asp19, Asp22, Gln32,
His37, Asn41, and Gln42 in theR site and Asp61, Gln72,
Asn81, and Gln82 in theâ site. While a xylopentaose
molecule was not observed in theγ site of the crystal
complex with CBM13, NMR spectroscopic data clearly
indicate binding to this site in solution. Potential hydrogen
bonding groups in theγ site include Asp102, Asn106,
Gln115, Ser120, Asn124, and Gln125.

Although primarily involving polar interactions, binding
of sugars to CBM13 also appears to be mediated by van der

Waals stacking between pyranosyl rings and aromatic side
chains. Such hydrophobic ring stacking interactions are a
common feature of protein-carbohydrate complexes and
have been shown to be pivotal for CBMs binding to
crystalline and amorphous cellulose, xylan, and starch (6,
49-52). Central to the three binding sites are the conserved
residues Trp34 (R), Tyr74 (â), and Tyr117 (γ). Importantly,
theâ site also contains a second aromatic ring, Trp77, along
the edge of its binding cleft. Crystallographic studies reveal
that the side chain rings of Tyr74 and Trp77 are oriented in
an approximately perpendicular manner to match the helical
twist of the bound xylopentaose (1). The presence of this
additional nonconserved aromatic residue provides a simple
explanation for the tighter binding of xylotetraose and
xylohexaose to theâ site of CBM13. Verifications of these
arguments could be obtained through detailed calorimetric
studies of the interaction of CBM13 with sugars, as required
to determine the enthalpic and entropic contribution to
binding (50).

Binding of Polymeric Xylan. Previous studies of the
binding of CBM13 to soluble xylan revealed a greater than
additive decrease in affinity due to the combined effect of
mutations in theR andγ sites (22). This led to a proposal
of cooperativity involving the simultaneous binding of a
single xylan chain to two sites on one CBM13 molecule.
However, in light of our current studies, this original
hypothesis does not appear to be correct. Crystallographic
studies (1) reveal that, although corresponding positions on
theR, â, andγ sites of CBM13 are separated by the length
of approximately six xylosyl units, such a mode of binding
is not structurally feasible without a considerable bend in
the xylan chain. In parallel, NMR titration measurements
demonstrate that xylohexaose and xylotetraose exhibit similar
Ka values in each repetitive binding site in CBM13. This
behavior stands in contrast to an expected increase in affinity
if the longer sugar could cooperatively bind two sites on
one protein molecule. Furthermore, both xylooligosaccha-
rides also cause similar chemical shift perturbations in
CBM13 upon titration, indicative of similar modes of binding
(i.e., with no additional protein-sugar contacts, involving
residues located between binding sites, observed for xylo-
hexaose). Unfortunately, defined xylooligosaccharides longer
than xylohexaose are not readily available for further
examination of this hypothesis, and birchwood xylan is of
insufficient solubility to carry out NMR-based titration
measurements. Note, however, using affinity gel electro-
phoresis, Boraston et al. (22) determined an apparent
macroscopic binding constant of 1.13 L/g of soluble birch-
wood xylan or, based on an average degree of polymerization
of 44, a value of 6200 L/mol of polymer chain. In the
simplest interpretation, this corresponds to an average
association constant on the order of 2000 L/mol of polymer
chain for each of the three binding clefts in CBM13. Since
each cleft spans approximately four xylosyl units (1), a xylan
polymer chain could represent 41 potential binding sites for
the first bound protein and 11 sites at saturation; these
numbers would of course be reduced by excluded volume
effects and substitutions or branching of the xylan (52). If
we conservatively assume a lower limit of only four binding
sites per chain, this would translate to an apparent binding
constant with an upper limit of∼500 M-1 for each CBM13
cleft to its target sites on the xylan chain. This value is
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comparable to that measured herein for xylotetraose and
xylohexaose (Table 1), indicating that CMB13 does not bind
xylan with enhanced microscopic or site-specific affinity
relative to these oligosaccharides.

In light of these results, a simple alternative explanation
for the mutational studies of apparent cooperativity in
CBM13 binding to polymeric xylan reported previously (22)
is that one protein molecule can associate simultaneously
with different strands of sugar. In this respect, the apparent
affinity constant measured by electrophoretic methods re-
flects the contribution of all possible bound states of the
protein within the gel matrix, and thus, the effects of multiple
mutations appear to be greater than additive due to the
elimination of simultaneous binding of one CMB13 molecule
to different chains of xylan. This model is clearly supported
by our NMR titration data, demonstrating that xylooligosac-
charides bind independently to all three sites in CBM13
(Figure 4). In parallel, crystallographic analysis of the
CBM13-xylopentaose complex reveals different sugar mol-
ecules bound in theR andâ sites of a single protein molecule.
Interestingly, each xylopentaose is actually bound to theR
site of one CBM13 and theâ site of another CBM13 within
the crystal lattice, indicating that a strand of xylan could be
highly saturated by these binding domains. However, in
solution, we did not observe any evidence of sugar-mediated
oligomerization of CBM13, which could also provide a
potential avenue for cooperative association with polymeric
xylan. In closing, these studies demonstrate a wide variety
of modes by which a multivalent binding module, such as
CBM13, can associate with polysaccharide ligands. Under-
standing the role of these interactions in the degradation of
xylan clearly requires a more detailed description of this
complex carbohydrate in its natural environment.

NOTE ADDED IN PROOF

Fujimoto et al. (54) have recently reported an X-ray
crystallographic analysis of xylose, xylobiose, xylotriose,
glucose, galactose, and lactose bound to theR- andγ-sites
of the homologous family 13 xylan binding domain from
Streptomyces oliVaceoViridis E-86.
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