Biochemistry2004,43, 15633-15642 15633

o-Glucan Recognition by a New Family of Carbohydrate-Binding Modules Found
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ABSTRACT. TmPull3, a family 13 glycoside hydrolase frathermotoga maritimas a four-module protein
having pullulanase activity; the three N-terminal modules are of unknown function while the large
C-terminal module is likely the catalytic module. Dissection of the functions of the three unknown modules
revealed that the 100 amino acid module at the extreme N-terminlisifil13 comprises a new family

of carbohydrate-binding modules (CBM) that a bioinformatic analysis shows are most frequently found
in pullulanase-like sequences from bacterial pathogens. Detailed binding studies of this isolated CBM,
here calledTmCBMA41, reveals a preference for-(1,4)-linked glucans, but occasionat(1,6)-linked
glucose residues, such as those found in pullulan, are tolerated. UV difference, isothermal titration
calorimetry, and analytical ultracentrifugation binding studies suggest that maltooligosaccharides longer
than four glucose residues are able to bind fIWwsCBM41 molecules per oligosaccharide when sugar
concentrations are below the CBM concentration. This is explained in terms of an equilibrium expression
involving the formation of bdt a 1 to 1sugar to CBM complex aha 1 to 2sugar to CBM complex (i.e.,

a CBM dimer ligated by an oligosaccharide). The presence of-él-6) linkage in the oligosaccharide
appears to prevent this phenomenon.

o-Glucans are a structurally diverse group of polysaccha- Glycoside hydrolase family 13 is, based on the number
rides found in a number of biological settings. Starch and of amino acid sequence entries, one of the largest glycoside
glycogen are the prevalent storage polysaccharides in plantdydrolase families (http://afmb.cnrs-mrs.fr/CAZY/index.
and animals, respectively. Starch is a composite of amylosehtml). This family comprises a number ofglucan active
[linear a-(1,4)-linked glucose] and amylopectin [linear enzymes, including amylases, pullulanases, cyclomaltodextrin
a-(1,4)-linked glucose wittw-(1,6) branch points occurring  transferases, dextranases, amdjlucosidases, which are
approximately every 2430 glucose residues]. Glycogen is found in a number of biological locales where they are
similar in structure to starch but is more extensively involved in the depolymerization, modification, or synthesis
branched, witl-(1,6) branch points occurring approximately of a-glucans. These enzymes are usually highly modular,
every 8-12 residues. Thex-(1,4) linkages cause these comprising a catalytic module along with accessory modules,
polysaccharides to form tight helical structures, resulting in most frequently noncatalytic carbohydrate-binding modules
dense granules which function as highly effective storage (CBM)* that mediate the tight association of the enzymes
systems. Pullulan is a structural polysaccharide, the mainwith their substrates. Currently, there are 40 families of
source of which is the fungusureobasidium pullulanél). CBMs defined on the basis of sequence similarity. Members
This polysaccharide is composed of repeatind.,6)-linked of four of these families have been observed to bind to
maltotriose [trisaccharide af-(1,4)-linked glucose] units  granular starch and/om-glucooligosaccharides; however,
with occasional maltotetraose [tetrasacchariden€(fL,4)- only one fungal member of one family has been studied in
linked glucose] units present within the structu2g Purified detail 6, 7).
pullulan, like the othera-glucans, has many practical Thermotoga maritimas a hyperthermophilic eubacteria
applications from dietary supplements to the production of first discovered in geothermal heated marine sedim@&nt (

biodegradable plastics3). Dextran is a polysaccharide
entirely comprisingx-(1,6)-linked glucose found mainly as

It has an optimal growth temperature of 8D and is one of
the most thermophilic bacteria known. It produces a number

a bacterial extracellular polysaccharide. Bacteria can employof thermostable enzymes for polysaccharide depolymeriza-

this polysaccharide coat in biofilm formatiod)(or protec-

tion. One of these is a pullulanasgnPull3, encoded by

tion, in the case of pathogenic bacteria, from host phago- pulA, whose enzymatic activity has previously been studied

cytes 6).
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(9, 10). This enzyme appears to be specific for th€1,6)-
glycosidic linkage in pullulan; however, it is not able to
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cleave thex-(1—6) bonds in amylopectin ax-(1—4) bonds

in a-glucans. TmPull3 is a relatively large enzyme (843
amino acids) and likely comprises of number of modules.
In this study, we dissect the modular structureTafPull3

by heterologous production of its individual modular com-
ponents irEscherichia coliWe report thex-glucan binding
affinity and specificity of these modules and, on the basis
of this information, propose a new CBM family, family 41.
In addition, we dissect the kinetic and thermodynamic
mechanism(s) of ligand recognition by this new CBM. This
is the first study of a CBM from a bacterial pullulanase,
which is made more unique by its hyperthermophilic source.
Furthermore, examination of this new family of CBMs
reveals its distribution in primarily pathogenic bacteria and

Lammerts van Bueren et al.

and incubation continued fer16 h. The addition of IPTG
was not necessary. The cells were harvested by centrifugation
at 5000 rpm for 10 min, resuspended in 90 mL of 20 mM
Tris, pH 8.0, containing 0.5 M NaCl, and lysed by French
press. The pET150-Pull3 cells were resuspended in Bug-
Buster protein extraction reagent (Novagen, Madison, WI)
and lysed according to manufacturer’'s protocols. After
centrifugation at 15000 rpm for 45 min, the supernatant was
collected, and the polypeptides were purified by immobilized
metal affinity chromatography (IMAC) with HIS-Select
nickel affinity gel (Sigma, St. Louis, MO) according to
manufacturer’s protocols. Purified polypeptides were con-
centrated in a stirred ultrafiltration unit on a 5K molecular
weight cutoff filter and dialyzed extensively against 50 mM

suggests a carbohydrate-binding function for these modulesTris, pH 7.5, using regenerated cellulose dialysis tubing with

in pathogenic microbes.

MATERIALS AND METHODS

Carbohydrates and Polysaccharide§3-a-p-Glucosyl-
maltotriose (GM3) and ®a-pD-glucosylmaltotriosylmalto-
triose (GM3M3) were purchased from Megazyme Ltd. (Bray,
C. Wicklow, Ireland). Maltose (M2), maltotriose (M3),
maltotetraose (M4), maltopentaose (M5), maltohexaose (M6),

isomaltose, isomaltotriose, panose, pullulan, and amylopectin

(starch) were from Sigma (St. Louis, MO).

Cloning, Expression, and Purification of CBMhe DNA
fragments encoding the modules X28, X45, X20, X28/45/
20, andTmPul13 (see Figure 1) were amplified by PCR from
T. maritimagenomic DNA (strain MS8B, ATCC 43589D)
by a procedure described previoushyi). The 5 oligonucle-
otide primers were'sCACCGAAACCACCATCGTAGTC-

3 (X28, X28/45/20, and Pull3),'52ACCGACACATCT-
CCCAGAATC-3 (X45), and 5CACCGGAGAGCTCG-
GAGCCGTA-3 (X20). The 3 oligonucleotide primers were
5-CTTTTATGGTTTTTCGTAGAAAAA-3' (X28), 5-
CTTTTAATCGTAATAGTAGTCGTC-3 (X45), 5-CTT-
TTATTCGTATCCTTCGATTTT-3 (X20 and X28/45/20),
and 3-CTTTTACTCTCTGTACAGAACGTA-3 (Pull3)
(the stop codon is in bold). These allowed for the amplifica-
tion of nucleotide sequences frqmalA encoding amino acids
20—120 (X28), 121222 (X45), 223-339 (X20), 26-339
(X28/45/20), and 26843 (Pul13) ofTmPul13. The 5CACC

in the B oligonucleotide primers was essential for inserting
purified fragments into pET Directional TOPO Expression
Kits (Invitrogen, Carlsbad, CA) using pET150 to give
pPET150-X28 and pET150-Pull3 and using pET100 to give
pPET100-X45, pET100-X20, and pET100-X28/45/20. They
were transformed int&. coli BL21(DE3) for polypeptide
production. All polypeptides comprised a kltag fused to

the N-terminus by an enterokinase cleavage site. The fidelity

of the cloned inserts was confirmed by bidirectional DNA
sequencing.

Six liters of LB medium inoculated witl. coli BL21/

a 3K MWCO. Purity was greater than 95%, as assessed by
SDS-PAGE. Yields were typically 50 mg/L of culture or
more.

Determination of Protein Concentratiomhe concentration
of purified proteins was determined by UV absorbance at
280 nm using the following calculated extinction coefficients
(12): 34850 Mt cm™ for TMCBM41 (X28), 7680 M1
cm ! for X45, 35560 Mt cm™! for X20, 76810 M* cm™
'for X28/45/20, and 155730 M cm™* for TmPul13.

Affinity ElectrophoresisThe binding of all polypeptides
was assessed by affinity electrophoredid) (n 10% native
polyacrylamide gels polymerized without polysaccharide or
in the presence of 0.5% amylopectin, pullulan, amylose, or
dextran. Electrophoresis was performed #h at room
temperature with native running buffer (25 mM Tribase,

0.2 M glycine) in an XCell SureLock Mini-Cell system
(Invitrogen, Carlsbad, CA) at a constant voltage of 100.

Macroarrays. BSA, CcCBM17, TmCBM4-2, and Tm-
CBM41 were labeled with Alexa Fluor 680 succinimidyl
ester (Molecular Probes, Eugene, OR) according to the
manufacturer’s recommendations. Free label removal and
buffer exhange were achieved by gel filtration using Sepha-
dex G-25 (Amersham Biosciences). Macroarrays were
prepared by spotting AL of a 10 or 1ug/uL solution of
polysaccharide onto a nitrocellulose membrane. The mem-
branes were allowed to dry for at least 2 h. Membranes were
then blocked fo 1 h at 10°C with a solution of PBS
containing 1% BSA and 0.05% Tween 20. These were
probed by incubation at 10C overnight with 10 mL of
blocking buffer containing~10 ug/mL Alexa Fluor 680
labeled protein. Probed membranes were briefly washed
twice with PBS and then laser scanned with an excitation
wavelength of 700 nm using a LICOR Odyssey infrared
scanner (LICOR, Lincoln, NE). Binding was visualized by
the presence of fluorescence.

Isothermal Titration Calorimetry.lsothermal titration
calorimetry (ITC) was performed as described previously
(12) using an VP-ITC (MicroCal, Northampton, MA). All
polypeptides were dialyzed into 50 mM Tris buffer (pH 7.5).

DE3* harboring each expression vector was incubated at 37 Carbohydrate solutions were prepared by mass using dialy-

°C in shaking flasks to an Qfgynm 0f ~0.6. Isopropyls-p-

thiogalactopyranoside (IPTG) was added to a final concen-

tration of 0.1 mM for pET150-Pul13 and incubation con-
tinued for ~4 h. For pET150-X28, pET100-X28/45/20,
pET100-X45, and pET100-X20, the flasks were incubated
at 37°C with shaking to an OBonm0f ~0.6, at which point
the temperature was cooled to room temperatt21(°C)

sate buffer saved from the protein dialysis. Protein and
carbohydrate solutions were filtered (&) and degassed
prior to use. Experiments were performed af 5 Titrations
were performed by injecting 10L samples of oligosaccha-
ride solutions at +5 mM into the ITC sample cell containing
50—150uM TmCBM41. The concentrations of protein were
chosen such they were in 5-fold or greater excess of the
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dissociation constants. Heats of dilution upon titration of e T 120 222 3“—‘3
buffer into carbohydrate or buffer into buffer were negligible. x8 | xa8 | x20

Reverse titrations were performed by injecting ¥ uL x28

samples of concentrat&dnCBM41 (1.385-2.22 mM) into %45 [ xas |
solutions containing M4, M5, M6, pullulan, or amylopectin.
These binding data were corrected for the heats of dilution X2°

determined by titratingTmCBM41 into buffer. Binding x28/45/20) x28 | xa5 | x20 |

stoichiometries, enthalpies, and equilibrium association ggyre1: Modular organization 6fmPul13. Amino acid numbers
constants were determined by fitting the corrected data to corresponding to the module boundaries are shown above the
the appropriate binding model (see text) with MicroCal schematic. The individual module constructs used in this study are
Origin 7. In the cases of pullulan and amylopectin, the &S0 shown.

carbohydrate concentrations were expressed as equivalents d dard deviati £ four ind q .
of a tetrasaccharide in all of the calculations. Using a method fi\(\)/tra];ages and standard deviations of four independent fitra-
adapted from Sigurskjold et atl4), the acceptor concentra- . . . . . _

tion (i.e., the concentration of binding sites in the polysac- Analytical UltracentrifugationSedimentation equilibrium

charides in terms of tetrasaccharide equivalents) was aexperiments were carr led out using a_B?Ckma” XL analyti-
aal ultracentrifuge using an An-60 Ti (titanium) rotor. The

regressed parameter. All data show the average and standar . )
deviation of three independent titrations. samples were loaded on _slx—hole charcoal-filled Epon 12 mm
] o ) o cells. All runs were carried out at 20C. The scans were
UV Difference TitrationsHigh-precision, automated UV analyzed using XL-A UltraScan Il version 6.0 sedimentation
difference titrations were performed using equipment es- gata analysis software (Borries Demeler, Missoula, MT)
sentially the same as that described previoudl§, 16).  ysing a global nonlinear, least squares, curve fittitf 19).
Protein and carbohydrate samples were prepared identicallyThe protein samples at different concentrations ranging from
to those for ITC, filtered, and degassed prior to use. All an ODy,0f 0.3-0.8 to an OBs,0f 0.3-0.8 were extensively
experiments were held at Z& in a Peltier thermostated  djalyzed against 50 mM Tris-HCI (pH 7.5) buffer and were
cuvette holder. Samples of carbohydrate (1 mM) were addedanalyzed for equilibrium conditions achieved at different
to 2 mL of protein (-33 M) and allowed to equilibrate for  rotor speeds (see legend to Figure 6 for more details).The
80 s with stirring. One thousand scans (10 ms integration partial specific volume of th&fmCBM41 protein (0.740
time) collected from 225 to 380 nm were averaged for each cmi-g~%) was calculated from its amino acid composition
carbohydrate addition. The protein concentration used for according to ref20 using the partial specific volumes
each titration was calculated from the absorbance at 280 nmprovided in ref21.
extracted from the spectrum at zero carbohydrate concentra-
tion. Each spectrum was corrected for dilution due to the RESULTS AND DISCUSSION
addition of ligand, and the difference spectra were calculated Modular Properties of TmPul13 and Identification of Its

by subtraction of the absorbance spectrum at zero carbohy-c4rhohydrate-Binding Modul@ullulanase activity has been
drate concentration. Difference spectra were examined for yomonstrated foFmPul13, but the modular arrangement and
peak and trough wavelengths and values at the appropriatgpe functions of the accessory modules have not been
wavelengths extracted for further analysis. The peak-t0- rgported. On the basis of PSI-BLAST amino acid sequence
trough heights at the wavelength pairs 292.72/288.82 nm, glignments 22) of the entireTmPul13 sequence, this protein
285.06/288.82 nm, and 285.06/278.24 nm were calculatedapneared to comprise four modules (Figure 1). The three
by subtraction of the trough values from the peak values N.terminal modules have undetermined function and fall into
and the data plotted against total carbohydrate concentrationihe X-module families X28, X45, and X2@3®). The large
The resulting isotherms were analyzed with DynaBif)(  C-terminal module shows sequence homology to glycoside
using the model equilibria as discussed in the text. Data for hydrolases from family 13, so it is therefore highly likely
the three wavelength pairs were fit simultaneously to improve that this is the catalytic module responsible TorPul13’s

the precision of the regressed parameters. The parametergyjlulanase activity. To determine if any of these accessory
determined were th&, and molar difference absorbance modules are CBMs, each individual module (called X28,
response AA). Though the CBM concentration ([M]) was  x45, and X20, respectively), a triple module consisting of
measured during the experiment, because the experimentgy| the X domains (called X28/45/20), and the full-length
were performed under pseudo-first-order conditions (acceptorenzyme TrmPul13) were cloned and produced independently
concentratior~10-fold in excess oKq), this parameter was  in E. coli (see Figure 1). All of the polypeptides could be
also allowed to float in the analysis to give a regressed value produced at high levels in the cytoplasm and purified to
of [M] (called [My]). Under these conditions, [i¥ actually homogeneity by IMAC.

represents an experimental estimate of the concentration of X28, X28/45/20, andTmPul1l3 bound to amylopectin,
total binding sites, rather than just the macromolecule pullulan, and amylose but not to dextran [linea(1,6)-
concentration. Assuming that the ligand concentration is linked glucose] as assessed by affinity gel electrophoresis
known with accuracy as it is prepared by mass from pure (AGE) binding experimentsl@) (Table 1). Neither, X45 nor
lyophilized material, the ratio [M]/[M] (i.e., the experi- X20 bound to any of these polysaccharides. These results
mentally determined concentration of total binding sites clearly indicated that X28 is a CBM having affinity for
divided by the known concentration of CBM) gives an a-glucans witha-(1,4) or mixeda-(1,4)(1,6) linkages but
estimate of the number of ligand binding sites on M, i.e., has no affinity fora-glucans ofo-(1,6)-linked glucose. On
the stoichiometry om value. The data reported are the the basis of amino acid sequence comparisons, X28 and its
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Table 1: Qualitative Assessment of Binding BfPul13 and Its CBMA41 resulted in relatively large changes in the UV spectra
Modules toa-Glucans Determined by Affinity Electrophoresis as shown in the UV difference spectra (not shown). Large
protein amylopectin__amylose _ pullulan _ dextran  P€aKS at~293, 285, and 275 nm and troughs~a289 and

278 nm are distinctive of the involvement of tryptophan side

e 20 - . - -~ chains in binding 15, 24). The lack of the distinctive tyrosine
TMCBM41 (X28) + + + _ peak at 286.5 nm suggested no involvement of tyrosine
X45 - - - - residues in binding; however, any tyrosine signal may have
X20 - - - - been masked by the large tryptophan signal.

2 (4) indicates binding® (=) indicates no binding. The peak-to-trough heights at wavelength pairs 292.72/

288.82 nm, 285.06/288.82 nm, and 285.06/278.24 nm were
dependent on the concentration of added carbohydrate and
were used to quantitatively assess the binding interactions
(Figure 3). Preliminary fitting of the binding isotherms to a
binding model assuming 1:1 interactions (equilibrium 1 in
Figure 4) yielded two observations. First, the affinities for
= H maltotriose (M3) up to maltoheptaose (M7) were in the
vicinity of 5 x 1P to 2 x 10° M~L. Second, the stoichiometry
; ' of binding appeared to steadily decrease from a 1:1 carbo-
hydrate:protein ratio in the case of M3 and M4+®.5:1
; for M7. Because the concentration of protein used for these
§ experiments was 1670-fold in excess of the dissociation
5 e . constants, the binding isotherms at total ligand concentrations
less than the CBM concentration~83 «M) should ap-
proximate pseudo-first-order reactions. Thus, the change in
stoichiometry with ligand length was visually evident in the
i different initial slopes of the binding isotherms (Figure 3).

) Lo . This indicated that some of the interactions were not simple
FiGURE 2: Polysaccharide macroarray binding analysis of Alexa 1:1 int ti The 1:2 bohvdrate-protein stoichi t
Fluor 680 labeledTmCBMA41. (A) BSA (negative control), (B) -L1n er"_"c ',ons_' € carbohyadra e.prc_) ein stoichiometry
CcCBM17 (positive control), (C)TmCBM4-2 (positive control), for M7 binding is reminiscent of observations made for the
and (D)TmCBM4L1. Proteins were fluorescently labeled, and blots family 27 CBM fromT. maritimabinding to mannohexaose
were prepared and probed as described in Materials and Methods(25) and a mutant of the family 29 CBM froyromyces
Polysaccharides tested include (la) 1% amylopectin, (1b) 1% equi binding to cellohexaose26). In both cases the hexa-
pullulan, (1c) 1% glucomannan, (1d) 1% galactomannan, (1e) 1% - ; .
pectic galactan, (1f) 1% arabinogalactan, (1g) 1% wheat arabi- sacchgpd_es were ablg to function as divalent acceptors, as
noxylan, (1h) 1% xyloglucan; (2e2h) polysaccharides in the same  in equilibrium 2 (see Figure 4). Such a model could explain
order except at 0.1%; (3a) blank, (3b) 1% dextran, (3c) 1% the interaction ofTmMCBM41 with maltooligosaccharides.
gﬁgm\/“(:ggfx(:’;gz] 1(03/0 )'af&n?ﬁ ic?fh (|3cee)||&|?s?g#)c%ni%3f)l 1c0§rol' Another possibility is thaTmCBM41 preassociates to form
(4a—-49) poly)gacéhaﬁdes in the )s(ame order except at gi/% (4’h)a d_'m?r prior to b'.r?d'T‘g cark_)ohydrate, resultlng in a 1:2
blank. Both positive controls displayed the expected binding Stoichiometry (equilibrium 3 in Figure 4). The fits of the
specificity based on previous studies5( 24) except thatTm- data to three binding models (equilibria-2 in Figure 4)
CBM4-2 did not appear to bind laminarin, s_ugge_sting thqt this short were evaluated with the program DynaFif7) in order to
and soluble polysaccharide was not effectively immobilized on the (iscriminate between the possible binding mechanisms.
membrane. . . S

The fits of all of the data using equilibrium 3 were

homologues comprise a new family of CBMs now classified extremely poor, and the model was immediately rejected on
as CBM family 41. Thus, the X28 module frofimmPull3 a statistical basis (large sum-of-squares values and clear
will be referred to hereafter &anCBM41. The functions of  systematic deviations between the model data and the
the X45 and X20 modules remain to be determined. experimental data; not shown). The data féw&p-gluco-

A more complete analysis GfmCBM41’s specificity to sylmaltotriose [GM3; glucose linked-(1—4) to maltotriose],
polysaccharides was performed by a macroarray binding 6%-o-p-glucosylmaltotriosylmaltotriose [GM3M3; maltotriose
assay (Figure 2). This confirmed binding to amylopectin and linked a-(1—4) to GM3], maltose (M2), maltotriose (M3),
pullulan and the lack of binding to dextrahmCBM41 also and M4 were adequately described by the bimolecular model
displayed binding to pectin galactan, wheat arabinoxylan, of equilibrium 1. Trial of equilibrium 2 failed to reduce the
and birchwood xylan, revealing cross-specificity for other sum of the squares of the fits. Furthermdpeyalues of fit
polysaccharides. However, the binding to these polysaccha-comparisons indicated a greater than 99% chance that the
rides was sufficiently weak to be unquantifiable by ITC. single binding site model (equilibrium 1) was more appropti-
Thus, TMCBM41 has a clear preference for-glucans. ate for these carbohydrate ligands. The near unitary stoichi-
Curiously, TmCBM4-2 did not appear to bind to laminarin  ometries obtained from the fits were consistent with this
[a -(1,3)-glucan], for whichTmCBM4-2 has a very high  (Table 2). In contrast, the M5M7 isotherms were not well
affinity, unfortunately suggesting that this relatively short modeled by equilibrium 1. The application of equilibrium 2
and soluble polysaccharide was not effectively immobilized greatly reduced the sum of the squares of the fits. The
on the membrane. residuals of the fits to equilibrium 2 (Figure 3C) and

A Kinetic Model of Oligosaccharide Recognition by equilibrium 1 (Figure 3D) show random scatter for equilib-
TmCBM41 The addition of maltooligosaccharides Ton- rium 2 but large systematic deviations for equilibrium 1.
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Ficure 3: Quantitative UV difference analysis GmCBM41 binding toa-glucooligosaccharides. Panel A: Isotherms of M3 (closed
triangles), M4 (open circles), M5 (closed circles), M6 (open squares), and M7 (closed squares) titrafeddBid41. The absorbance
difference shown is the peak to trough height at 292.72 and 288.82 nm, respectively. Panel B: Isotherm of M7 titrate@BiMd 1. The

curves show the data at the wavelength pairs of 292.72/288.82 nm (closed circles), 285.06/288.82 nm (open circles), and 285.06/278.24 nm
(closed squares). Solid lines show the fits resulting from the application of equilibrium 2 (see Figure 4). Panels C and D show the residuals
resulting from the fits of equilibrium 2 and equilibrium 1, respectively.

e e m TmMCBMA41 as having a single binding site and the carbo-
S hydrate as having two different and independent binding sites
M+L=1LM (i.e., equilibrium 2) gave good agreement between the model
LM + M =—= LM, and the data. Thus, the ITC results were in accord with the
quilibrium 3: UV difference binding studies. The binding@fcyclodextrin
M+ M=—= M, (cycloheptaamylose), however, was a more ambiguous case.
Mo + L =— LM: B-Cyclodextrin clearly presented two binding sites, each
Ficure 4: Equilibria used to model the interactionsTahCBM41 accommodating a single CBM. However, these binding sites

with a-glucooligosaccharides. M represeiitsCBM41 and L the A - - Lot
a-glucooligosaccharide. LM represents the 1:1 compleX ok appeared to be so similar in affinity that the individual

CBM41 and thex-glucooligosaccharide while Lirepresents the ~ parameters for binding these sites could not be resolved in
a-glucooligosaccharide with two boufdnCBM41 molecules. M these experiments. Thus, the two binding sites were treated

represents &mCBM41 dimer. as independent but, unlike with M37, identical in the
analysis.

The recognition of all of the oligosaccharides tested, other

equilibrium 1 was the more appropriate model. Thus, than M5-M7, appears to adhere to equilibrium 1 whereas

equilibrium 2 was deemed the best description of the thﬁ rel(;;org];_nitgonhM5M7 arp])pears t% go by .equilibrium 2'.
interaction of TMCBMA41 with M5, M6, and M7. Should this be the case, then at subsaturating concentrations

Experiments performed by isothermal titration calorimetry OT M5—M7 t_here should be a detectable concentration of
(ITC) yielded the same conclusions. Titrations performed d|mer.|c SPECIEs, but at excess Ml 7 concentrations, where
by titrating GM3, GM3M3, M2, M3, and M4 intd mCBM41 the singly I|gat¢d h!gh-afflr_uty species |s_preferred, there
gave isotherms of the expected sigmoidal shape (Figure 5A).Should be no dimeric species. Likewise, in the absence of
These isotherms could be analyzed in a symmetrical manner.“ga”d or with any concentration of the othgr oligosaccharides
That is, when the same isotherm was fitted using a one-site(l-€-» M2~-M4, GM3, and GM3M3) no dimers should be
binding model (equilibrium 1, Figure 4), the same results formed. Sedimentation equilibrium analytical ultracentrifu-
were obtained if the protein was treated as the macromoleculed@tion analysis offmCBMA41 revealed only monomeric
(M) and the carbohydrate as the ligand (L) and when SPecies in the apsence of Ilgand,.wnh al2 molar_ ratio of
reversing these assignments (results not shown). FurthermoreM3 to protein, with a 5:1 molar ratio of M3 to protein, and
a reverse titration ofmMCBM41 into M4 gave essentially ~ With a 5:1 molar ratio of M6 to protein (Figure 6). The
the same results as the titration of M4 into protein (Table 2, determined molecular masses were 15670, 15780, 16310,
Figure 5B), confirming the symmetry of the system and the and 16700 Da for these species, respectively. These values
suitability of using a single binding site model (equilibrium are in reasonably good agreement with the expected molec-
1). As would be expected, analysis of the experiments usingular mass of 15391 Da for monomeifenCBM41, 15895
these ligands gave stoichiometries near unity (Table 3). TheDa for monomericTmCBMA41 + M3, and 16382 Da for
isotherms of M5, M6, and M7 titrated infbmCBM41 were monomericTmCBM41 + M6. In contrast, the experiments
not sigmoidal (Figure 5C), and analyses using equilibrium performed with a 1:2 molar ratio of M6 to protein yielded
1 gave extremely pooP-values 0.005) from run test data that was inconsistent with the presence of a single
analysis of the residuals, indicating strong systematic devia- monomeric molecular species. These data could be satisfac-
tions between the data and model. The reverse titrations oftorily modeled using a two-component system representing
TmCBM41 into M5 (Figure 5D) and M6 were essentially amonomet-dimer equilibrium of a 16370 Da species (32740
sigmoidal but also did not fit a single site binding model as Da for the dimer), suggesting an association constant of
judged by the same statistical tests. Analyses that treateddimerization estimated to be{2) x 10* M1, in acceptable

Statistical comparison of equilibrium 1 vs equilibrium 2
indicated an insignificantly small probability<(Ll%) that
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Table 2: Parameters GimMCBM41 Binding to Maltooligosaccharides Determined by UV Difference Titrations &t 50 mM Tris, pH 7.5

species AA® (x 10 units
ligand® formed Ka(x10° MY AG (kcal/mol) umol~tL™) nd

M2 LM 0.53 (+0.01) —6.45 (£0.03) 1.15 £0.02) 1.00

M3 LM 4.26 (+0.20) —7.68 (-0.03) 1.23 £0.03) 1.00 £0.02)

M4 LM 11.18 (+1.36) —8.25 (£0.07) 1.24 {-0.05) 0.92 £0.02)

M5 LM 22.72 (£4.56) —8.40 (0.12) 1.25 £0.07) 1.02 £0.05)
LM 0.25 (£0.13) —6.02 (£0.33) 1.26 0. 77)

M6 LM 22.59 (6.81) —8.29 (£0.41) 1.20 £-0.04) 1.05 £0.03)
LM 0.49 (+0.21) —6.35 (+0.40) 1.68 £0.51)

M7 LM 14.58 (+12.99) —8.01 (-0.47) 1.25 £:0.04) 1.02 £:0.05)
LM, 1.22 (¢-0.07) —6.73 (£0.04) 1.64 £0.11)

GM3 LM 0.27 (+0.01) —6.04 (£0.01) 1.25 £-0.03) 1.00

GM3M3 LM 1.79 (£0.14) —7.16 (0.05) 1.20 £0.02) 0.85 £0.01)

2 Abbreviations: M2, maltose; M3, maltotriose; M4, maltotetraose; M5, maltopentaose; M6, maltohexaose; M7, maltoheptaosé&iv3, 6
glucosylmaltotriose; GM3M3, %a-D-glucosylmaltotriosyl maltotriose. GM3, GM3M3, and M2-M4 were fit to a one-site binding model (see
equilibrium 1 in Figure 4); M5-M7 were fit to a binding model treating the carbohydrate as divalent (see equilibrium 2 in Figure 4). Notation
corresponds to the species shown in the schemes representing the respective equilbrramolar UV difference response using the peak-to-
trough height at 292 and 289 nthBinding stoichiometry. Where no error is reported, the value was fixed as a constant during the nonlinear fitting.
The values for M5-M7 represent the number of binding sites per CBM.

agreement with the association constants estimated by UVnew binding site of greater affinity for another CBM, either
difference and ITC for the formation of the maltohexaose by presentation of a sugar with an optimal binding confor-
ligated dimeric species [i.e.;>6—10) x 10* M~ %; Tables 1 mation or by the formation of additional CBMCBM
and 2]. Thus, these results are entirely consistent with theinteractions.
proposed kinetic model of maltooligosaccharide binding. The potential biological significance of these dimerization
On the basis of the dependencea<@fon the length of the  events is unclealTmCBM41 does not appear to dimerize
oligosaccharidesmCBM41 requires four to five sugars for  upon binding to complex sugars that more accurately
maximal binding. Thus, M5, M6, and M7 must comprise represent the biological substrate TfPull3 (see below),
up to two, three, and four overlapping and identical binding leaving the potential function of this phenomenon ambiguous.
sites, respectively. Initial occupation of the first of these However, manipulation of this occurrence may lead to
overlapping binding sites is likely to be the high-affinity applications that require tunable dimerization.
interaction. The second binding site must then be some Recognition of Complex Oligosaccharid€sullulan is a
fragment of the maximal four to five sugar binding site, most repeating unit ofa-(1,6)-linked M3. To assess the impact
likely an overhang at a terminus of the oligosaccharide. In of the a-(1,6) linkages on the ability ofmCBM41 to bind
strict terms, the two binding sites on the oligosaccharides a-glucans, we studied the interaction BmMCBM41 with
are nonidentical but dependent: formation of the low-affinity GM3, GM3M3, isomaltose [disaccharide af(1,6)-linked
site first depends on occupation of the high-affinity site and glucose], isomaltotriose [trisaccharide of-(1,6)-linked
possible rearrangement to accommodate binding of theglucose], and panose [a trisaccharide of glucose with an
second CBM. The discrepancy between the-Nib/ data o-(1,6) linkage followed by an-(1,4) linkage]. TMCBM41
obtained in both titration modes likely reflects the inability did not bind to the latter three sugars. The affinity of
to account for negative cooperativity. In the reverse titration TmCBM41 for GM3 was similar to that of M2 and an order
mode (i.e., protein titrated into sugar) the occupation of the of magnitude weaker than for M3 and longer maltooligosac-
binding sites is sequential due to the initial occupation of charides (Tables 2 and 3). GM3M3 was only bound as tightly
the highly favored high-affinity sites, and thus, the approach as M3 and comprised a single binding site, unlike similarly
that we employed to analyze the reverse titration data, whichsized maltooligosaccharides. These results indicate that
assumed nonidentical but independent binding sites, still TMCBMA41 tolerateso-(1,6) linkages, but not particularly
provides reasonable approximations. However, at low sugarwell, and only in the context of a sufficient number of
to protein molar ratios when sugar was titrated into protein, a-(1,4)-linked glucose residues. Given the four to five sugar
both high-affinity and low-affinity interactions would occur  footprint of TMCBM41, this CBM must likely accommodate
simultaneously, resulting in possibly large negatively coop- an internalo-(1,6) linkage givingTmCBM41 the ability to
erative effects. Failure to account for this would cause bind to pullulan. However, its preference fo#(1,4) linkages
inaccuracies in determining the binding parameters. This would targetTmCBMA41 to regions rich in this linkage,
mechanism of binding maltooligosaccharides longer than M4 possibly leaving thet-(1,6) linkages, the preferred substrate
is the same as the mechanism proposed ToCBM27 for TmPull13, exposed and susceptible to cleavage.
binding to mannohexaos2y). A similar mechanism likely Recognition of PolysaccharideBullulan and amylopectin
also explains the ligand-mediated dimerization of a mutant ITC binding isotherms were obtained by titration -
of PeCBM29 (26). However, in the case of thieeCBM29 CBM41 into the polysaccharide (not shown). The data for
mutant, the formation of the species with one CBM bound both polysaccharides could be suitably fit using a bimolecular
to one sugar occurs with a low affinity. Binding of the second interaction model (equilibrium 1 in Figure 4) where the
CBM to this complex occurs with a high affinity and concentration of the polysaccharide was expressed as equiva-
stabilizes the doubly ligated species of two CBMs per sugar. lents of M4 (see Materials and Methods). Furthermore,
Unlike the TMCBM41 scenario, this must involve positive  Scatchard plots of the data were linear (not shown), further
cooperativity whereby binding of the first CBM creates a indicating a simple mode of interaction with a single class
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FiIGURE 5: Isotherms ofMCBM41 binding too-glucooligosaccharides produced by ITC. Panels A and B show the isothefimsC&M41

interacting with M4; panels C and D show the isothermsTofCBM41 interacting with M5. The isotherms in panels A and C were
produced by titrating M4 or M5, respectively, infoanCBM41. The isotherms in panels B and D were produced by titratmgBM41 into

M4 or M5, respectively. The solid lines in the lower panes of panels A and B show the fits of a one-site binding model (equilibrium 1).
The solid lines in the lower panes of panels C and D show the fits of a two-site binding model where the carbohydrate was treated as the
divalent species (equilibrium 2). Insets in panels C and D show plots of the residuals for the model of equilibrium 1 (open circles) and
equilibrium 2 (closed circles).

of binding site. The stoichiometry obtained for pullulan that approximately every seven sugars in pullulan should
(Table 3) equated to oiemMCBM41 module binding every  constitute a binding site. Since the tertiary structure of
~17 glucose residues, supporting the idea of well-spaced,pullulan in solution is not known, perhaps the decreased
independent binding sites. This was curiously at odds with number of binding sites in pullulan is due to a conformation
the results obtained with GM3M3. One GM3M3 molecule adopted by the polysaccharide that prevents binding of
accommodates a single CBM (Tables 2 and 3), suggestingTmCBM41 to some of the theoretical binding sites on the
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Table 3: Parameters GimCBM41 Binding a-Glucans Determined by Isothermal Titration Calorimetry at’@5in 50 mM Tris, pH 7.5

species
ligandt formed Ka (x10° M) AG (kcal/mol) AH (kcal/mol) AS(cal molt K™%) ne

M2 LM 0.33 (0.00) —5.97 ¢0.01) —13.07 ¢-0.03) —23.15 ¢-0.07) 1.06 £0.01)
M3 LM 2.76 (4:0.04) —7.20 (:0.01) —14.80 (£0.23) —24.75 (£0.78) 0.94 {-0.01)
M4 LM 5.42 (+0.08) —7.59 (0.01) —13.73 (£0.44) —19.80 (£1.41) 1.00 £0.05)
M4 (rev) LM 7.46 (0.19) —7.77 ¢-0.01) —13.42 (£0.17) —18.15 (£0.49) 0.83 {:0.00)
M5 LM 15.75 (+2.62) —8.20 (£0.10) —14.76 (-0.18) —21.15 (0.92) 1.06 £0.10)

LM, 0.40 0.11) —6.08 (£0.16) —7.58 (0.25) —4.41 (-1.41) 1.16 £:0.04)
M5 (rev) LM 5.32 (-0.32) —7.57 ¢0.03) —15.99 ¢-0.32) —27.40 (-0.57) 0.98 {:0.04)

LM, 0.14 &0.01) —5.47 (0.01) —8.77 (:2.59) —10.49 (£8.92) 1.00 £0.23)
M6 LM 10.80 (£0.73) —7.98 (£0.06) —13.70 ¢-0.05) —18.20 (-0.26) 1.07 £0.05)

LM, 0.70 0.03) —6.41 (0.04) —11.30 (£0.86) —15.70 {£2.90) 1.10 £0.01)
M6 (rev) LM 20.70 (-1.84) —8.35 (+0.05) —14.39 (+0.03) —19.35 (£0.07) 0.76 {:0.00)

LM, 1.04 (0.04) —6.63 (£0.02) —11.61 (£0.13) —15.95 (£0.50) 0.77 £0.01)
M7 LM 9.24 (4:2.50) —7.87 (£0.23) —14.00 (£0.16) —19.60 (£0.94) 1.15 £:0.08)

LM, 0.69 (0.18) —6.38 (£0.22) —6.65 (:4.33) —0.18 (-14.50) 0.67 £0.22)
GM3 LM 0.26 (£0.01) —6.02 (+0.01) —12.40 (£0.20) —21.50 {£0.71) 1.11 £:0.04)
GM3M3 LM 1.50 (+0.07) —7.06 (0.00) —17.2 (-0.38) —34.1 ¢-1.27) 1.05 £0.01)
B-CD LM + LM, 4.20 (:0.13) —7.44 (+0.03) —12.70 (£0.04) —16.70 (£0.17) 1.90 £:0.05)
B-CD (rev) LM+ LM, 3.46 (-0.00) —7.33 (:0.00) —10.71 €-0.05) —10.55 (-0.21) 1.94 £:0.05)
AmPec (rev) LM 1.2940.37) —6.75 (£0.17) —15.17 (£1.48) —27.50 (£4.38) 0.3%(£0.04)
pullulan (rev) LM 1.01 £0.05) —6.62 (-0.27) —16.66 (-0.12) —32.95 (-0.33) 0.28(+0.01)

a Abbreviations: M2, maltose; M3, maltotriose; M4, maltotetraose; M5, maltopentaose; M6, maltohexaose; M7, maltoheptaoséo&ivi3, 6
glucosylmaltotriose; GM3M3,%0.-D-glucosylmaltotriosyl maltotriosed-CD, 5-cylodextrin; AmPec, amylopectin. Experiments performed by titrating
protein into carbohydrate (reverse titrations) are indicated by (Pe®M3, GM3M3, AmPec, pullulan3-CD, and M2-M4 were fit to a one-site
binding model (see equilibrium 1 in Figure 4); MBA7 were fit to a binding model treating the carbohydrate as divalent (see equilibrium 2 in
Figure 4). Notation corresponds to the species shown in the schemes representing the respective é@iilitirig.stoichiometry. The values for
M5 and M6 represent the number of binding sites per CBMmylopectin and pullulan are polysaccharides of unknown length. These stoichiometries
are expressed as moles of CBM per tetraose equivalent (see Materials and Methods).
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Ficure 6: Sedimentation equilibrium analysis BMCBMA41 (4.3uM) in the absence (A) and in the presence of either 2¥5maltotriose

(B) or 2.15uM maltohexose (C). The upper plots show the absorbance at 280 nm as a function of the square of the radial distance of the
sample at any position within the cetl) (minus the square of the radial position at a reference pdirgf]) (r2 — r4ref]). The continuous

lines in the upper plots were obtained by fitting the experimental data (circles) to a single ideal component nvhdEB@&70 (A), to a

single ideal component ¥, 16310 (B), and to a monomedimer model of monomel; 16370 (C). The lower plots shoy? residuals

as a function of? — rq? for the best fit (solid line). The rotor speed of the equilibrium plots shown in this figure was taken at 45000 rpm

at 20°C. The buffer composition was 50 mM Tris-HCI (pH 7.5). TAgy of the starting sample was approximately 0.3.

Residuals (OD2g) Absorbance (ODzs0)

polysaccharide. The stoichiometry for amylopectin equated may be due to a conformation adopted by amylopectin in
to one TMCBM41 molecule binding every-13 glucose  solution that is nonoptimal fofmCBM41 binding.

residues (Table 3). The association constants for pullulan Thermodynamic Mechanism of-Glucan Binding. All

and amylopectin were-10° M~* (Table 3), similar to that  pinding reactions betweeMmCBM41 ando-glucan sub-

of M3 and GM3M3 binding. Considering the composition strates reported were favored by a negative change in
of pullulan, the similarity in affinities is, perhaps, expected. enthalpy AH) (Table 3). In contrast, all changes in entropy
However, amylopectin contains infrequeri(1,6) branches  (AS) were unfavorable. This signature is common to
and, therefore, contains longer stretches of linedd,4)- protein—carbohydrate interactions, CBMs in particular.
linked glucose, leading one to expect affinities upward of Though Gibb’s free energy of bindingAG) generally
those found for M4&M7. Again, this decrease in affinity  increased with oligosaccharide length, there was no correla-
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Table 4: Proteins Containing Modules SimilarTaXCBM41

GenPept no. of % identity with

organism protein accession number modules TmCBM41
Thermotoga maritima pullulanase NP_229641 1 100
Fervidobacterium penniorans pullulanase type | AAD30387 1 72
Bacillus cereus pullulanase NP_832487 1 49
Bacillus anthracis pullulanase NP_845079 1 46
Bacillussp. alkaline amylopullulanase BAA11332 3 30, 21, 35
Streptomyces coelicolor o-amylase/dextrinase NP_626477 2 39,32
Micrococcussp. o-amylase A60999 2 23,24
Bacillus halodurans alkaline amylopullulanase NP_244564 2 33,27
Streptomyces:grmitilis pullulanase NP_827159 2 28,22
Streptococcus agalactiae pullulanase NP_687867 1 31
Streptococcus agalactiae unknown NP_735320 1 31
Actinoplanessp. o-amylase CAC02970 2 31,32
Bacillussp. KSM-1876 alkaline pullulanase BAB47586 2 24,22
Streptomycesdidans 1,4-0-p-glucan glucanohydrolase, Q05884 2 31, 40

o-amylase precursor

Streptococcus pneumoniae pullulanase AAG33958 2 21,23
Streptococcus pneumoniaéGR4 alkaline amylopullulanase NP_344806 2 21,23
Streptococcus pneumonigs alkaline amylopullulanase NP_357841 2 21,23
Streptococcus pyogenes pullulanase NP_269940 2 15, 20
Streptococcus pyogenes pullulanase CAD32942 2 15,20
Streptococcus pyogenes pullulanase NP_665498 2 15, 20
Streptococcus pyogenes pullulanase NP_608014 2 15, 20
Streptococcus agalactiae unknown NP_735732 2 12,18
Streptococcus agalactiae pullulanase NP_688225 2 11, 17
Microbulbifer degradans hypothetical protein ZP_00065715 1 22
Vibrio parahaemolyticus pullulanase precursor NP_801148 1 19
Streptococcus mutans pullulanase NP_721884 1 30
Streptococcus pneumoniae thermostable pullulanase NP_358619 1 23
Klebsiella pneumoniae o-dextrin endo-1,6x-glucosidase P07811 1 22
Klebsiella pneumoniae pullulanase precursor P07206 1 19
Vibrio vulnificus type Il secretory pathway protein NP_763140 2 22,13
Klebsiella aerogenes pullulanase precursor AAA25124 1 21
Microbulbifer degradans hypothetical protein ZP_00065687 1 16
Klebsiella pneumoniae pullulanase precursor S38801 1 20
Deinococcus radiodurans o-dextran endo-1,6a-glucosidase NP_294128 1 24

tion between oligosaccharide length and changésHrand apparently diversely functioning family of carbohydrate-
AS suggesting different contributions to the thermodynamics binding modules. This family has now been classified as
from interactions at the different subsites in the CBM binding CBM family 41 (carbohydrate-active enzyme families and
site. CBM families can be accessed through the CAZy server at
The interaction offmCBM41 with GM3M3 was enthal-  http://afmb.cnrs-mrs.fr/CAZY/index.html).
pically more favorable than with other maltooligosaccharides
(Table 3); however, the change in entropy for this interaction ACKNOWLEDGMENT
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