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ABSTRACT. The determination of the high-resolution structure ofthermomonospora fusemdocellulase

E2 catalytic domain makes it ideal for exploring cellulase struetfwaction relationships. Here we
present binding parameteis AH°, andAS®) describing the interaction of E2 with 4-methylumbelliferyl
glycosides, determined by titrating the quenching of ligand fluorescence in equilibrium binding experiments.
Quenched MU(GIgJE2 complexes were used as indicators in displacement titrations to measure the binding
of natural glycosides and also of a nonhydrolyzable cellotetraose analogue. Binding of MUHA®Ic)
cellotriose were also determined by titration calorimetry. The results show that E2 binds glycosides
exclusively in its active-site cleft, with high affinity and specificity. The observed patterns of ligand
hydrolysis and the results with MU(Glchs a substrate indicated that ligands bound to E2 with their
nonreducing ends in positior2, consistent with the position of cellobiose in the E2cd structure.
Polymerase chain reaction (PCR) mutagenesis of the conserved residue Tyr 73 (in E2 binding subsite
—1) to Phe and Ser produced enzymes with lower activity but higher binding affinities, indicating that
the volume of the subsite 1 binding pocket is crucial for enzyme function. Similarly, MUXylGlc (with

its xylosy! unit located in positior-1) bound with 100-fold higher affinity than MU(Glg) These results

are similar to those for the relatelfichoderma reeseéexocellulase CBH Il. The binding data were
compared with that previously reported for CBH Il and interpreted in terms of the functional differences
between endo- and exocellulases.

Cellulases are enzymes that degrade insoluble cellulosewell as an unusudl. fuscaendocellulase (E4) but not with
into small glucose oligomers (primarily cellobiose) by otherT. fuscaendocellulases.
hydrolysis of3(1—4) glycosidic bonds. Cellulases are also  The E2 catalytic domain (E2cd) has been crystallized, and
known as polysaccharide hydrolasé$, @n enzyme group its three-dimensional structure has been determined by X-ray
that includes amylases, xylanases, chitinases, and lysozymescrystallography at 1.8 A9), 1.18 A (10), and finally at 1.0
Recently the three-dimensional structures of many polysac-A resolution ((1). E2cd is ano,S-barrel of dimensions 53
charide hydrolases have been determined by X-ray crystal-x 38 x 36 A with a large cleft running across the C-terminal
lography, including those of at least eight cellulases. This end of the barrel. The E2 active site is in the cleft and
expanding collection of high-resolution structural informa- contains binding subsites for at least four glucosyl units
tion permits the identification of specific enzyme regions (labeled—2, —1, +1, and+2 from the nonreducing end).
involved in cellulose binding and catalysis, providing Cellobiose binds to the E2cd crystal in subsitesand—1,
critical information for detailed cellulase mechanistic analy- as shown in Figure 19j.

Sis. E2 hydrolyzes cellulose with inversiod?) at the glyco-
Thermomonospora fusda? is a 43 kDabacterial endo-  sidic bond between the-1 and+1 subsites. Mutagenesis
cellulase with optimal activity at 68C (2). The gene coding  studies have shown that catalysis involves Asp 117 acting
for E2 has been cloned, sequenced, and overexpressed ias a general acid (D. Wolfgang, unpublished results).
Streptomycesdidans(3). E2 contains an N-terminal, 286  Another residue near the site of hydrolysis is Tyr 73, whose
amino acid (34 kDa) family 6 catalytic domai#)(connected OH group is within hydrogen-bonding distance of the O-6

by a~28-residue linker region to a C-terminal, family lla hydroxyl of the glucose residue bound in subsité (10).
cellulose-binding domairgj. Purified E2 has high activity
on a wide range of cellulosic substratés 7). In cellulase ! Abbreviations: kDa, kilodalton; MW, molecular weight; E2cd,
mixtures 6), E2 acts synergistically with both reducing end- catalytic domain of cellulase E2; MUF, 4-methylumbeliiferone; MU,
. . . 4-methylumbelliferyl;Kq, dissociation constankeq, equilibrium con-
directed and nonreducing end-directed exocellula8pag stant; Kn, Michaelis constantk., turnover number; CD, circular

dichroism; Glu, glucose; CB, cellobiose; CTri, cellotriose; S-CTet,
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Ficure 1: Portion of the E2cd active-site cleft showing the interactions with bound cellobiose. This stereoview shows all E2 residues
(open lines) withi 5 A of the cellobiose (solid lines) bound in subsite® and—1 of the E2 cleft. The long dimension of the cleft is
vertical, with—2 at the bottom. Labeled residues are conserved in all members of cellulase family 6. Potential hydrogen bonds (interatom
distance< 3.4 A) are shown (dashed lines). This diagram was drawn with MOLSCR4BT Adapted from Spezio9).

Tyr 73 is strictly conserved among cellulases in family 6, EXPERIMENTAL PROCEDURES

and molecular dynamics calculations have suggested that it ) ] . o .
closely approaches the site of cellulose cleavadg. (In Bacterial Strains and Growth Conditions. Escherichia coli
the family 6 exocellulase CBH Il frorifrichoderma reesei ~ DHSa (19) was used for all routine plasmid isolation and
the residue corresponding to Tyr 73 (Tyr 169) has been cloning procedures. AIE. coli strains harboring plasmids

proposed to assist catalysis by distorting the sugar bound inWere grown in Luria broth (LB) or on LB plates containing
the —1 subsite {4). 100 ug/mL of ampicillin. The protease-negative strein

E2 is a prime candidate for detailed mechanistic analysis. l71dans TKM31 (20) was used as the host cell for protein
Its high activity, thermostability, and synergistic activity €XxPression. Media for the preparation and regeneration of
make it an appealing target for modification by protein S. I!u!dansprotoplasts were as describe2ll). Cultures of
engineering, while its high-resolution structure makes it ideal S- ividanswere grown in tryptone soya broth (TSB) or on
for exploring cellulase structurgfunction relationships | ob Plates ), and strains containing plasmids were grown
through site-directed mutagenesis. This detailed mechanistid" the presence of thiostrepton (TsF-50 ug/mL in broth
analysis requires extensive characterization of the wild-type @nd 50xg/mL in plates).
enzyme, to provide data for comparison with data from the  Creation of E2 Mutants at Position 73Tyr 73 was
mutants. mutated to Phe and Ser by using the PCR overlap extension

A powerful technique for investigating carbohydrate- method as describe@Z, 23. Plasmid pSZ1332) contain-
binding proteins involves measuring the active-site binding ing the wild-type E2 gene was used as template. The
affinities for small, soluble ligands by fluorescence spec- flanking primers were SGGCGAAAGGGGGATGTGC-3
troscopy. Glycosides containing the highly fluorescent (downstream primer) and'&CCGGAAGCATAAAGT-
reporter group 4-methylumbelliferone (MU glycosideEj)( GTA-3' (upstream primer). Degenerate mutagenic primers

have been used extensively to measure binding to lectinswere designed to mutate Tyr 73 to Phe, lle, Ser, and Thr.
such as peanut agglutinii@) and to cellulases such ds The mutagenic primers weré-6GTCGTGWYCAACG-

reeseiCBH Il (14, 17, 18. CACCGGGCC-3 (forward primer) and 5GGCCCGQ-

In this study we investigated the binding of E2 to a series GCGTTGRWCACGACCAGG-3(reverse primer), where W
of MU glycosides by fluorescence titration and to several =T or A, Y =T or C, and R= A or G. The underlined
nonfluorescent glycosides by displacement titration. To bases represent silent mutations introduced to destBoya
explore the importance of Tyr 73 in E2 function, it was Site in pSZ13, to facilitate identification of the mutant
mutated to Phe and Ser and the mutants were characterize@roducts.
by cellulase assays and ligand binding measurements. These Overlap PCR products were digested wisi and Sad,
data provide a basis for structurinction analysis of mutant  cloned into theE. colVS. lividansshuttle vector pPSES2P),
forms of E2 and are compared with the binding data from and transformed int&. coli. Single colonies were purified
the related family 6 exocellulas€, reeseiCBH Il (14, 18. and plasmid DNA was isolated and sequenced (on an ABI
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Model 373A DNA Sequencer at the Cornell Biotechnology b-cellobioside [MU(GIc)oGlc] was prepared enzymatically
Center Sequencing Facility) to identify each mutation. (K. Piens, unpublished results). Concentrations of MU
Mutants E2(Y73F) and E2(Y73S) were identified, shown to glycoside stock solutions were calculated from their absor-
have no extra mutations, and cloned itdivzidansTKM31 bance at 316 nm using the extinction coefficient 13 600

as described??). No E2(Y73l) or E2(Y73T) mutants were M~tcm™ (15).

found. The E2(Y73S) strain gave a very poor yield of  Fluorescence TitrationsFluorescence was measured on
purified enzyme, so it was recloned inf lividansbehind either an Aminco SPF-500 spectrofluorometer connected to
the high-expression pLT1 promote24). To do this, the a recording printer (State University of Ghent), or an Aminco
following three fragments were ligated in®ad/HindllI- SLM 8000C spectrofluorometer interfaced with an IBM
digested pSES1: (1) a 435 Hpanll/HindIll fragment from personal computer (Flow Cytometry and Imaging Facility,
pBW1 (D. Irwin, unpublished result) containing the pLT1 Cornell University Biotechnology Center). Both instruments
promoter; (2) aBanll/SpH fragment from the E2(Y73S) were equipped with thermostated copper cuvette holders
plasmid containing the first 480 bp of the E2 coding connected to circulating water baths. MU glycoside fluo-

sequence; and (3) 8ad/SpH fragment from pSzZ6142) rescence was excited at 316 nm, with the fluorescence
containing the last 900 bp of the E2 coding sequence. Theemission measured at 360 nm. The spectral bandwidths
resulting plasmid (pDW1) was introduced iro coli and varied between experiments, but were generally as follows:
S. lividansas described. excitation= 1 nm and emissior 20 nm for the SPF-500,

Production and Purification of E2 and E2 Mutant Proteins. ang eﬁcn_atmn: 1 nm and emrllssmrg 1h6 nnr": fc;lr the 80020'
S. lividansstrains containing the appropriate plasmids were reliminary experiments showed that the fluorescefge (

grown in TSB+ Tsr at 30°C for at least 60 h, either in 10 of a solution of Ml_J_(GIc) was stron_gly _an_d re_versibly
L cultures in a 14 L fermentor (New Brunswick Scientific) quenched upon addition of E2cd. This binding interaction
orin a 2 Lculture aliquoted into fou3 L flasks. E2, E2- was investigated by direct fluorescence titrations as described

i L for T. reeseiCBH Il (17), in 50 mM sodium acetate, pH
(Y73F), and E2(Y73S) were purified from th& lividans
overexpression strains as describ&)l &énd concentrated 5.5. E2 was known to hydrolyze both MU(Glgnd MU-

using a PTGC 10 000 NMWL membrane (Millipore). A (Glc); at a low rate §). As hydrolysis would interfere with

proteolysis product, E2cd, was generated bySallividans wgr;nergjz:grenégg?x:hn%?fgr;gei;lﬂggecslzear\ze gtrvz\ilggns
strains in varying amounts. It was separated from E2 during yp e 9

! e negligible.
elution from phenyl-Sepharose, and was purified in the same : . -
manner as the intact enzyme. The concentrations of the The quenching of ligand fluorescence upon binding to E2

purified enzymes were determined by measuring their was titrated by continuc_)usly adding a concentrated _soluti_on
absorbance at 280 nm, using the extinction coefficierts of enzyme from a Hamilton modell 1750 gast!ght Syringe in
81800 ML cm * for E2, 57 580 M cm ! for E2cd, and a syringe pump to a cuvette containing a cont|nuou§Iy stirred
78 560 M cm* for E2(Y73F) and E2(Y73S) [calculated §o|ut|0n of MQ glycoside. T_he enzyme concentration used
from the protein sequence as describ@)) Circular in each _experlment was adjusted a(;co_rdlng to .the st.rength
dichroism (CD) spectra of the purified enzymes were of the blnd_lng mteractlon_(weaker binding required _h|gher
determined as describedd), at 37.0+ 0.1 °C in 50 mM concentrations) and was in the range of-#80uM. With

potassium phosphate, pH 7.0. The CD spectra of E2(Y738)the SPF-500 fluorometer, enzyme was added at 4108

UL min to a starting volume of 500L in 0.5 x 0.5 x 4.5 cm
_anq E.Z(Y73F) were In(.jI.StInnghE.ib|e from that of E2, quartz cuvettes, while with the 8000C fluorometer enzyme
indicating that the specified mutations do not cause any

lobal f tional ch in th tant was added at 3.6L/min to a starting volume of 90QL in
global conformational changes In the mutant enzymes. 0.4 x 1.0 x 4.5 cm semimicro quartz cuvettes (Hellma Cells,

Substrates and Ligands for Fluorescence Experiments. Forest Hills, NY). Fluorescence was recorded automatically
Glucose, cellobiose, and lactose were from Sigma (St. Louis, at short intervals (every 6 or 15 s for SPF-500, every 12 s
MO). Cellotriose was from Dr. H. J. Strobel, University of for 8000C) during the course of the titration. For each
Kentucky. Concentrations of stock solutions of these ligands experiment the data were corrected by a blank titration of
were determined by the 2;Ricinchoninate reducing sugar enzyme added to a solution of buffer alone. Several titrations
method £6). A nonhydrolyzable oligosaccharide analogue, were performed on both instruments and gave indistinguish-
methyl 4S-cellobiosyl$-cellobioside (S-CTet), was a gift  able results.
from H. Driguez, CERMAV (Centre de Recherches sur les  Displacement titrationsL{) were used to probe the binding
Macromoleules Animales et Vedales), Grenoble, France.  of nonfluorescent sugars by E2 and the E2(Y73) mutants.
4-Methylumbelliferone (MUF) was from Sigma (St. Louis, The indicator ligand was titrated with enzyme and the
MO). Glycosidic ligands containing MUF (MU glycosides) resulting quenched MU glycoside/enzyme complex was then
were prepared as describekb). These included 4-methy-  disrupted by the continuous addition of an excess of
lumbelliferyl B-p-glucopyranoside (MUGIc), 4-methylum-  competitive ligand from a second syringe. The data were

belliferyl S-cellobioside [MU(GIc)], 4-methylumbelliferyl corrected with a blank titration. Fluorescence emission
p-cellotrioside [MU(GIc}], and 4-methylumbellifery|5-p- spectra were routinely collected upon completion of the
lactoside (MULac). 4-Methylumbelliferyp-(1—4)-xylo- displacement titration to verify that the indicator was not
bioside [MU(Xyl),] and 4-methylumbelliferyl 49-(5-D- degraded. For S-CTet, displacement titrations were per-

glucopyranosyl)3-p-xylopyranoside (MUXylGIc) were  formed by adding 1.QuL aliquots to the quenched MU
prepared by Dr. Wim Nerinckx at the Department of glycoside/E2 complex using disposable glass micropipets
Biochemistry, Physiology, and Microbiology (University of  (Accu-Fill 90, Becton Dickinson-Clay Adams), and manually
Ghent). 4-Methylumbelliferyl 49-(c.-p-glucopyranosyl)3- recording the fluorescence change. The ligand concentra-
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tions used were 2.0 mM S-CTet, 16.8 mM cellotriose, 104.3  For E2cd, seven different concentrations of MU(GIc)
mM cellobiose, 679 mM lactose and 1.047 M glucose. (0.99-19 uM) were incubated with enzyme (0.14M) in

Calculation of kK, AH°, and AS’. The dissociation 50 mM sodium acetate, pH 5.5. The release of MUF was
constants Kq) for MU glycosides were determined from followed by recording the fluorescence at 30 s intervals for
direct plots ofF(corrected) versus volume of enzyme using 30 min. For each concentration the velocityH/min) was
KaleidaGraph version 3.0.8 (Synergy Software). The binding determined from linear curve fits of the data and converted
curves were fitted directly by using the mathematical to activity by use of the MUF standard curve. The data were
treatment (available upon request) of de Boeck eti8, (  plotted as activity vs MU(Glg)concentration, an&,, and
27), which was adapted and input into the General Curve k. were determined from a direct fit of the Michaelis
Fit routine of KaleidaGraph (F. Loontiens, State University Menten equation. For the E2(Y73F) mutant, assays were
of Ghent, Belgium). The data were fitted according to three performed with six concentrations of MU(G}d0.51—-5.13
parametersKy, initial fluorescencekl,), and final fluores- uM) and 0.16uM enzyme. For each concentration, the
cence F.). For displacement experiments, the binding amount of MUF product was measured at four different time
parameters of the indicator ligand were calculated (from points (0, 2, 4, and 6 h), by averaging 12 fluorescence
repeat titrations) using TITrat, version 1.3 (O. Teleman, VTT measurements (collected at 10 s intervals over 2 mig).
Biotechnology, Espoo, Finland). These data were fitted for andk:.: were determined in the same manner as with E2cd.
Kg and AFma« (the maximal fluorescence intensity change),  Titration Calorimetry. Calorimetric measurement of the
and the calculated values were input as constants in theinteractions of MU(Glg)and CTri with E2cd were performed
displacement titrations. For each displacing ligakgywas on a Micro Calorimetry System (MCS) from MicroCal, Inc.
determined from a plot ofF(corrected) vs volume of  (Northampton, MA) R9). Titrations were performed ac-
competitor ligand added using TITrat, again by using the cording to published procedure30f and the manufacturer's
mathematical treatment described by de Boeck etld, (  instructions. In the first experiment 50,8M E2cd was
27). titrated with 15 5.6-6.5 uL injections of 1.49 mM MU-

To determine the thermodynamics of the interaction of (Glc), at 9.6 °C, while in the second experiment 3&/M
MU(GIc), with enzyme, thekq was determined for E2cd at E2cd was titrated with 30 3:04.0 uL injections of 10.06
six temperatures in the range of-23 °C under conditons ~ mM CTri at 10.9°C. For each experiment, the data were
where ligand hydrolysis was negligible. For E2(Y73F) and corrected by a blank titration of ligand added to a solution
E2(Y73S) [which hydrolyze MU(Glg)much more slowly of buffer (50 mM sodium acetate, pH 5.5).
than does E2cd] thK, was determined at six temperatures ~ The titration data were plotted as a thermogram (micro-
in the range from 4 to 30C. The thermodynamic constants calories per second versus time), and analyzed by use of the
AH° and AS* were determined by using KaleidaGraph to ORIGIN software package supplied with the calorimeter. The
fit plots of In Keq versus 1T according to the van't Hoff ~ peaks of the thermogram were integrated, and the resulting
equation, IrKeg= —AH°/RT+ AS’/R(28). The free energy  isotherm (kilocalories per mole versus ligand/protein ratio)
of binding (AG®) at 25°C was then calculated from the was fitted with the ORIGIN data analysis routine. The curve
expressiomMG® = —RTIn K, Using the value for IiKeq at fitting method was comparable to that used to fit the
25 °C derived from the van’t Hoff curve fit. fluorescence binding data, and gave valuesKgy AH®,

Cellulase Assays.The activities of E2(Y73F) and E2- and n (the stoichiometry of binding)AG°® and AS® were
(Y73S) were determined at 5C in 50 mM sodium acetate, then calculated from the standard thermodynamic expres-
pH 5.5, on three substrates: soluble (carboxymethyl)cellulosesions,AG® = —RTIn Keq andAG® = AH® — TAS.
(CMC), amorphous phosphoric acid-swollen cellulose (SC),
and filter paper (FP). Production of reducing sugars was RESULTS
measured with the dinitrosalicylic acid reagent (DNS) as  Suitability of E2 for Fluorescence Binding Studieshe
described, using cellobiose to generate the DNS standardrequirements for quantitative ligand binding analysis are that
curve @). The mutant activities were compared with those MU glycosides undergo a measurable fluorescence change
of wild-type E2 (determined concurrently) and are expressed upon binding to E2, that this change is specific and reversible,
as percentages. The CMC and SC activity of E2(Y73F) were and that ligands are not hydrolyzed during the course of the
assayed fol h using six amounts of enzyme in the range of titrations. Preliminary experiments showed that the fluo-
1.0-16.0ug for E2(Y73F) and 0.21.6 ug for E2 and were rescence emission of MU(Glcjs strongly quenched upon
calculated as describe@d?). For E2(Y73S), the CMC and  binding to E2cd and that quenching is reversed upon addition
SC activities of 20Q«g of E2(Y73S) were compared to those of a saturating amount of cellobiose. Also, fluorescence
of 0.2ug of E2 after 1 h. For both mutants, FP assays were quenching did not cause a shift in the maximum MU(gIc)

run for 24 h with 40ug of enzyme. emission wavelength of 370 nm.

As previously reportedd), E2 slowly degrades MU(Glg) Previously, it has been show8)(that E2 slowly degrades
to MUF + CB. By using the different fluorescence emission MU(GIc), and MU(GIc} at 50°C. At 37°C, HPLC analysis
maxima of MUF @max = 450 nm) and MU(GIG) (Amax = of this activity (as in refl5) showed that E2 cleaves MU-

365 nm), hydrolysis of MU(Glg)was quantitated (at 37C) (Glc)s to MUGIc + CB but is nearly inactive on MU(Glg)

in the SLM 8000C spectrofluorometer. Excitation was at Nevertheless the more sensitive fluorescence assay showed
316 nm (2 nm bandwidth), with the MUF emission measured that E2cd cleaves a significant amount of MU(Glw) MUF

at 455 nm (8 nm bandwidth). Stock solutions of MUF (in + CB after 15 min at 23C, but not afte 1 h at 8.5°C.

50 mM sodium acetate, pH 5.5) were used to generate aSince ligand hydrolysis interferes with data interpretation,
standard curve, which was linear over the rang00 nM all binding titrations were routinely performed at 86 in

MUF. less than 1 h.
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Ficure 2: Continuous binding titration of MU(Glg)with E2cd.

In panel A, 1.49uM MU(GIc), (903 uL) was titrated with 63.4
uM E2cd at 3.25L/min for 15 min. The resulting binding curve
F(corrected) is shown (solid line), along with the curve fit (dashed
line). A graph of the error in the experimental data is shown in
panel B.

Determination of K, and k4 for E2cd on MU(GIc). From
the curve fit, the calculated kinetic constants at°87are
Km=3.124+ 0.27uM andke= 1.39+ 0.05x 106 min~2.
By this method the activity of E2cd on MUXyIGlc was too
low to be accurately measured.
<0.1% of the E2cd activity on MU(Glg) based on a
comparison at a substrate concentration of M

MU Glycoside Fluorescence TitrationsThe binding of

Barr et al.

E2cd, presumably in its active-site cleft. Binding affinities
for MU glycosides varied over 5 orders of magnitude, from
104 M for MUGIc to 107° M for MUXyIGlc. The Ky value

for MUGIc in Table 1 is an estimate, as this interaction was
too weak for the curve fitting program to converge. Nev-
ertheless the program successfully calculatedthier MU-
(Xyl)2 and MULac, even though their binding was only
slightly tighter than that of MUGIc. At the other extreme,
MUXylGlc bound too tightly to permit an accurate deter-
mination of its Kq. A fluorescence titration was also
attempted with MU(GIlgGlc (which has ana-(1—4)
glycosidic bond adjacent to its nonreducing end) but it bound
very weakly.

The data in Table 1 for E2cd shows that the binding
affinity increased with larger MU glycosides, over 500-fold
from MUGIc to MU(GIc), and another 10-fold from MU-
(Glc), to MU(GIc)s. The data for CBH Il showed the same
trend, but the increases were smaller. [Note that the CBH
Il data were collected at a higher temperature {€% than
the E2 data; see Discussion.] For E2cd binding to MU
disaccharides, changing the ligand from MU(Gtg)MULac
(with the nonreducing O-4 hydroxyl now in an axial position)
caused a 300-fold decrease in binding affinity, while chang-
ing it to MU(Xyl) > (removing both C-6 groups) decreased it
350-fold. In contrast, the structurally intermediate ligand
MUXyIGlc had the highest affinity of all ligands studied,
binding over 250-fold tighter than MU(Glgand 16 tighter
than MU(Xyl),. A similar result with MUXyIGIc has been
reported for CBH 11 (7).

Displacement ExperimentsMU(GIc), was used as an
indicator ligand to measure the binding affinities of several
nonfluorescent glycosides. Natural glycosides longer than
cellotriose could not be used in these experiments, since they
are readily hydrolyzed by E27). However the binding

It was estimated to be affinity of the cellotetraose substrate analogue S-CTet was

measured, as this compound is not degraded.
The binding affinities of E2 and E2cd for nonfluorescent
glycosides were calculated from direct curve fits of the

MU glycosides to E2 was determined as described undercorrected displacement titration data with TITrat and are
Experimental Procedures. The rate of mixing was a limiting listed in Table 1. Thé&g values listed for cellobiose, lactose
factor that precluded use of higher rates of enzyme addition.and glucose must be regarded as approximate. The curve
Ligands bound to E2 rapidly, as the quenching for any fit for the cellobiose data contained a large systematic devia-
amount of E2 added was complete as quickly as fluorescencetion. This was most likely due to a complex displacement
could be measured (ca. 2 s). Figure 2 is a sample bindingprocess, since a simple 1:1 displacement is assumed for
curve showing the results from a continuous titration of MU- modeling by the fitting routine while the E2 active-site cleft
(Glc), with E2cd. As seen in Figure 2A, ligand fluorescence contains multiple glucosyl binding sites. This deviation was
was strongly quenched-©5%) upon binding to E2cd. This  also observed with lactose but was not as severe. The CTri
level of quenching was routinely observed in most fluores- and S-CTet data did not show this systematic deviation, con-
cence titrations. The experimental data showed that MU- sistent with these larger ligands having fewer binding modes.
(Glc), bound to E2cd with a high affinityy = 0.54+ 0.019 The uncertainty in the parameter fit for CB, lactose, and
uM). The error value in Figure 2A describes the precision glucose was also large due to difficulties with the fitting
of the parameter fit, which was generally accurate to within program. At competitor ligand concentrations greater than
a few percent. This can be seen in Figure 2B, where the 30 mM, the fitting routine was unstable and unable to
difference between the experimental data and the best-fit lineconverge to a reliable value féf;. To compensate, ligand

is small (<2%) and random. Differences iKy values
between duplicate experiments were generally withir- 10
15%, as was found for CBH 1114).

The binding constants for the interaction of MU glycosides

concentrations were divided by a constant (10 for CB, 25
for lactose, and 40 for glucose). The curve fit was then
applied, and the resulting binding constants were multiplied
by the appropriate factor to determik@. To check the

with E2 are shown in Table 1. The presence of the E2 validity of this approach the CTri data were analyzed in the

cellulose-binding domain had no significant impact on ligand
binding, as E2 and E2cd gave similgg values for several

same manner. The analysis showed that this approach
introduced a systematic error into the calculatgaf CTri.

ligands. This indicates that the ligands are binding only to With a constant of 10 the introduced systematic error was
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Table 1: Binding Constants of E2, E2cd, and CBH Il

Ka (M)
ligand E2 E2cdt CBH II°
MUGIc ~3x 104 (5.0+£0.2) x 10°5
MU(GIc), (4.00+ 0.07)x 1077 ¢ (5.41+ 0.19) x 1077 (5.00+ 0.07) x 107
[(1.644 0.09x 10°9¢
MU(Glc)s (5.33+ 0.43) x 1078 (4.18+ 0.26) x 1078 (1.11+0.01)x 10°6¢
MU(Xyl) » ~1.9% 10
MUXylGlc (3.8 4+ 0.5)x 10°° ~2 x 1079 (2.04+ 0.02) x 1078
MULac ~1.7x 104
S-CTet (4.6+0.2) x 1076
cellotriosé (1.30+ 0.03)x 104 (1.00+ 0.04)x 104 (1.61+0.02)x 10°°
cellobiosé ~4 x 10749 (1.85+0.02)x 1073
lactosé ~5x 10739
glucosé ~8 x 10729 (6.54+0.08)x 1078h

aAt 8.5 °C in 50 mM sodium acetate, pH 5.5At 25 °C in 50 mM sodium acetate, pH 5.0, unless noted otherwise. CBH Il data are from ref
18. ¢ Error values describe the uncertainty in the parameter fit. The total uncertainty for MU glycoside experiments-i&&18nd for CTri and
S-CTet~20%. 9 Determined by titration calorimetry at 9°€. € At 4.8 °C. f From a displacement titration with MU(GIc)? Value is approximate.
For explanation, see ResulfsAt 4.3 °C.

6%, and with a constant of 40 it was 27%. As a result the Table 2: E2cd Binding Constants at Different pH VaRies
data for CB, lactose, and glucose in Table 1 should only be Kq (M)
considered accurate to within a factor of 2.

The data in Table 1 show that both f t and — MU(GtoR cellotriose
€ data in ‘avie & Snow mat bomh Tuorescent an 3.0 (2.45+ 0.04)x 1077 (4.84+0.19)x 10°*
nonfluorescent glycosides display increased binding affinity  g'gs (5.41+ 0.43)x 1077 (1.00+ 0.04) x 10°*
with increasing chain length, although the nonfluorescent 10.¢ (3.86+0.11)x 10°® (1.13+ 0.12) x 10°

ligands bind more weakly than their fluorescent counterparts. ~ = s s 5°c b Froma displacement titration with MU(GICY In 100
These effects were also observed with CBH II. There was mm citrate/phosphate, pH 3.81n 50 mM sodium acetate, pH 5¢5n
a 200-fold increase in binding affinity going from Glu to 100 mM glycine/phosphate, pH 10.0.

CB, a ~4-fold increase from CB to CTri, and a 20-fold
increase from CTri to S-CTet. Thkq for lactose was  in the opposite direction: MU(Glghad its highest affinity
midway between that for Glu and CB. The error values at pH 3.0, while CTri had its highest affinity at pH 10.0.
shown for CTri and S-CTet in Table 1 are for the parameter  Determination oAG®, AH°, andAS® for MU(GIc),. The

fit, as was the case for the MU glycosides. The variation thermodynamic parameters for the interaction of MU(&Ic)
between duplicate experiments was larger than that for thewith E2cd are shown in Table 3, along with the comparable

MU glycosides, and was estimated to be 20%. values for CBH Il. The MU(GIg) binding enthalpy was
Influence of Glucose on BindingThe affinity of CBH Il significantly more favorable (by-35 kJ/mol) for E2cd than

for MU(GIc),, CB, and CTri was enhanced in the presence for CBH Il. While the entropy of MU(GIc) binding for

of near-saturating amounts (0.33 M) of glucod®)( To CBH Il was positive (favorable), for E2cd it was negative

investigate this effect with E2, 54M E2cd was added to a  (unfavorable). The E2cAH°® andAS’ values were used to
cuvette containing 2.&M MU(GIc), in the presence and calculate thely for MU(GIc), at 25°C (1.42uM), which is
absence of 0.33 M-glucose at 24£C. Emission spectra  3.5-fold tighter than that of CBH Il at the same temperature
were recorded prior to and at several time points (0.5, 15, (5.00uM, see Table 1). These binding constants were then
30, and 60 min) after enzyme addition, and compared. In used to calculatAG® of binding at 25°C and are listed in
contrast to CBH I, glucose decreased the extent of fluores- Table 3.
cence quenching by E2cd (from 62% to 42% &f), Titration Calorimetry of E2cd. To confirm the results
indicating a decrease in the MU(Gjcpinding affinity. from the fluorescence titrations, MU(G}d)inding to E2cd
Glucose appeared to exert its effect by acting as a competitivewas independently probed by titration calorimetry. From
inhibitor. This was observed from the 60 min emission the raw data, the calculated binding isotherm fit well to a
spectra, where the height of the MUF emission peak at 450 sigmoidal curve based on a 1:1 binding interaction and
nm (from hydrolysis of MU(GIc)) was nearly 50% smaller  generated values (at 9°€) for Kq andAH® of 1.644 0.09
in the presence of glucose. uM and —35.14+ 0.28 kJ/mol, respectively. This dissocia-
Ligand Binding at Altered pH Values=2 has a very broad  tion constant is 3-fold weaker than that measured by
pH optimum, retaining nearly 100% activity from pH 5.0to fluorescence titration, whileAH® differs by 25%. The
10.0. To determine how the ligand binding affinities vary thermodynamic parameters are summarized in Table 3.
with pH, the E2cd binding constants for MU(GJ@nd CTri Titration calorimetry was also tried to measure the interaction
were determined at pH 3.0, 5.5, and 10.0. The data were ofof E2cd with CTri. Yet, while CTri binding was confirmed,
high quality and are summarized in Table 2. Hgevalues the calorimetric data (not shown) were uninterpretable, as
varied significantly over this pH range, with a 16-fold change the calculated isotherm did not correspond to any standard
for MU(GIc), and a 43-fold change for CTri. For both binding model.
ligands, theKy values at pH 5.5 were intermediate between  Characterization of E2(Y73F) and E2(Y733)futants E2-
those at pH 3.0 and pH 10.0. A major difference between (Y73F) and E2(Y73S) were generated by site-directed
MU(GIc), and CTri was that their binding affinities varied mutagenesis, overexpressed, and characterized by ligand
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Table 3: Thermodynamic and Kinetic Constants for the Interaction of MU§{@Iith E2Cd, CBH II, E2(Y73F), and E2(Y73S)

E2cd CBH IR E2(Y73F) E2(Y73S)
Binding
AG® ® (kJ/mol) —33.4 (-31.1y —30.4 —35.0 —37.8
AH? (kJ/mol) —47.3+ 2.9 (—35.14+ 0.28F -11.6+1.7 —58.0+0.8 —64.6+0.8
AS® [J/(mol-K)] —46.84+ 10.0 (-13.5} 63+6 —77.1+2.8 —89.94+ 2.6
Hydrolysis at 37°C
Kgd (M) 2.96 x 1076 5.66x 1076 1.76x 10°¢ 6.30x 1077
Km (M™1) (3.12+0.27)x 1078 e (1.44+0.46)x 1078 f
Keat (Min~2) (1.39+ 0.05)x 102 e (1.63+0.18)x 104 f
KealKm (M~ min~2) 4450 e 114 f

aData are from refl8. ® At 25 °C. ¢ Determined by titration calorimetry.Calculated by using binding energies from the top of the tefii\o
detectable activity; see rdf0. f Activity too low to permit accurate measurement; see Results.

Table 4: Binding Constants of E2(Y73F), E2(Y73S), and E2cd

Ka (M)
ligand E2cd E2(Y73F) E2(Y73S)
MU(GIc), (5.4140.19) x 107 (2.0740.16) x 107 (5.67+0.18) x 1078
MU(GIc)s (4.1840.26) x 10°® (2.10+0.32) x 1078 (1.6440.18) x 10°®
MUXyIGlc ~2x 107° ~5x 107° (1.384+0.10)x 10°®
cellotriosé (1.00+ 0.04)x 1074 (1.38+ 0.06)x 104 (8.3+0.6) x 10°°

2 From fluorescence titrations at 8°€ in 50 mM sodium acetate, pH 5.5From a displacement titration with MU(Glc)

Table 5: Relative CMC, Swollen Cellulose, and Filter Paper DISCUSSION

Activities of E2(Y73F) and E2(Y738 . . o
ctivities of E2( ) an ( ) These results show that E2 binds glycosides with high

E2 SA [umol of relative SA (% wild-type) affinity and specificity. The MU glycoside binding constants
substrate _ CB/(min-umol)] E2(Y73F) E2(Y73S) shown are among the tightest known for glycosyl hydrolases
CMC 335 8.4 0.022 and are significantly tighter than those for CBH 18].

Eg 6311 " 73-7 12-088 The only reported enzyme/glycoside binding interaction

stronger than that of E2cd and MUXYyIGlIc is the binding of
2 Calculated as described under Experimental ProceduiBta from the pseudotetrasaccharide inhibitor acarbosaspergillus
ref 22 niger glucoamylase, with &y of 1 x 10712 M (31, 32.

For E2 much of this high affinity is due to the MUF group,
binding and activity assays. The ligand binding data are as ligands without it have significantly lower affinities
summarized in Table 4. For MU(Glc)and MU(GIc}, than their labeled counterparts. Yet the sugar portions of
decreasing the size of the residue at position 73 (from Tyr the ligands are essential for strong binding, as ke
to Phe to Ser) progressively increased the binding affinity, for MUGIc is 600-fold weaker than th&y for MU(GIc),.
with the binding of MU(GIc) to E2(Y73S) being nearly 10-  Also, MU glycosides display the same trends in binding
fold tighter than that of the wild type. The thermodynamic affinities as do the glycosides. The large increase in binding
parameters for MU(Glg)binding (Table 3) follow this trend,  affinity seen with the MU compounds probably results from
as bothAH® and AS® became progressively more negative tighter stacking between the MU group and active-site
when going from E2 to E2(Y73F) to E2(Y73S). In contrast, tryptophan residues than between glucosyl groups and
a smaller residue size at position 73 gave weaker binding of tryptophan residues. Furthermore, glucosyl groups interact
MUXyIGlc (Table 4), although all three forms of E2 bound much more with water than does MU, which will also cause
this ligand more tightly than MU(Glg) No trend was  the MU group to bind more tightly to E2 than does a glucose
apparent in the binding data for CTri. residue.

Activity data for the E2 mutants are shown in Table 5.  The strict specificity for theg(1—4) linkage can be seen
E2(Y73F) retained 8.4% of wild-type activity on CMC, 5.7% by comparing the dissociation constant of MU(GI(Ry =
on SC, and 74% on filter paper. In contrast, E2(Y73S) 4.18 x 108 M, Table 1) with that of MU(GIc)aGlc (Kgq =
retained only 0.022% activity on CMC, 0.088% on SC, and 104). TheKyfor MULac (1.7 x 104 M) is 300-fold weaker
14% on FP. Hydrolysis of MU(Glg)was investigated in  than that for MU(GIc) (5.41 x 10°7 M), corresponding to
the fluorometer as described for E2cd. For E2(Y73F) the a AAG of 13.4 kJ/mol. This free energy change is of the
calculated K, was ~50% smaller than that for E2cd, same magnitude as the loss of one enzymel/ligand hydrogen
matching the change iy listed in Table 4. The E2(Y73F)  bond. This would presumably occur as a result of shifting
catalytic constantki.) was reduced nearly 100-fold, while the nonreducing O-4 hydroxyl from an equatorial to an axial
the specificity constantk{,/K.) decreased 40-fold (Table orientation, although unfavorable steric interactions could
3). Hydrolysis of MU(GIc) by E2(Y73S) was too slow to  also play a role (such as with Trp 41; see Figure 1). A
permit measurement of the kinetic constants. It was esti- similar (but smaller) difference irKy is observed for
mated that E2(Y73S) hydrolyzed 8.4%1 MU(GIc), at~1% cellobiose and lactose. Finally, E2 has only weak affinity
of the rate catalyzed by E2(Y73F) (6¥0.01% of the rate  for MU(XyI) ,, consistent with its inability to degrade xylan
catalyzed by E2). (D. Irwin, unpublished results). Thus the affinity of E2 for
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MU glycosides accurately reflects its relative affinity for its
natural substrates and products.

The steady increase in binding affinity for ligands of
greater chain length [MU glycosides up to MU(Gl@nd

Biochemistry, Vol. 37, No. 26, 1998227

be determined, most likely because CTri is binding in two
or more different modes with similar binding affinities. This
disagreement with the fluorescence data is probably due to
the different ways that these two techniques measure CTri

oligosaccharides up to S-CTet] is consistent with the structurebinding. Calorimetry measures CTri binding directly while
of the E2 active-site cleft, which contains binding subsites fluorescence titrations measure the displacement of MU-

for at least four glucosyl unitsl(). Mutation of the active-
site residue Tyr 73 alters ligan&y values (Table 4),

(Glc),, whose presence may limit the binding modes available
to CTri. Alternatively, since MU(Glg) displacement pre-

confirming (since CD spectroscopy shows no evidence of a cedes CTri binding, the fluorescence experiments may be
global conformational change in the mutant) that the ligands unable to distinguish between different CTri binding modes.

are binding directly to the E2 cleft.

T. reeseiexocellulase CBH Il is in the same gene family

Since the E2 cleft contains at least four adjacent glucosyl as E2, and its ligand-binding properties have been extensively
binding subsites, small ligands could bind to it in several characterizedl, 18. A comparison of the results for these
different (overlapping) positions. Small glycosides appear enzymes reveals that E2 binds most MU glycosides with
to bind to the E2 cleft with their non-reducing-end sugars higher affinity than does CBH Il. Yet since the measured

bound preferentially in glucosyl subsite?, as indicated by

Kq values are all strongly temperature-dependent, the size

the observed pattern of MU glycoside hydrolysis. E2 (which of the differences in Table 1 is due in part to the lower

cleaves between-1 and+1) hydrolyzed MU(GIc) to CB
+ MUF and MU(GIc} to CB + MUGIc. This location is

temperatures required for the E2 experiments {&%s 25
°C for CBH Il). Both enzymes bind MUXyIGlc with much

supported by the E2 enzyme structure, where cellobiose ishigher affinity than they bind MU(Glg)

bound to the E2cd cleft in subsite2 and—1 (Figure 1).

E2 has a wider range of affinities for ligands than CBH

Finally, a series of mutations of Glu 263 (a key sugar-binding 1l. The relative affinities of E2 for MUGIc and MUXyIGlc

residue in subsite-2) display greatly (up to 1000-fold)

reduced binding of MU glycosides (B. Barr, unpublished

results). These mutant results indicate that subsRehas

a high specificity for glucose and explains why the binding

of MU(Xyl) ;2 is so much weaker than that of MUXylGlc.
While it is possible that ligands bind in one (productive)

differ by 1%, compared to 10for CBH Il. It is unclear
whether these differences between E2 and CBH Il are due
to differences in active-site accessibility (endocellulase cleft
vs exocellulase tunnel) or to differential binding of the MU
reporter group. The enhancement of CBH Il binding
affinities in the presence of glucos&8j was not observed

mode during hydrolysis and a second (nonproductive) modewith E2.

during the binding titrations, the kinetic characteristics of
MU(Glc), hydrolysis make this unlikely. As shown in Table
3, theK, for hydrolysis of MU(GIc} at 37°C (3.12uM) is
slightly larger than the calculatdd; (2.96u4M). This result

is consistent with<,, andKq4 both describing the same binding

The negative binding entropy of E2cd for MU(GJ63 in
contrast with the positive entropy of CBH Il and is consistent
with a conformational change occurring in E2cd upon ligand
binding. Such a conformational change in the loops sur-
rounding the active site would make the E2 cleft resemble

interaction, as the mathematical relationship between the twothe CBH Il tunnel, where these loops meet to form a roof

constants does not perni, to be less tharKy. This is
also true for E2(Y73F).
A more detailed characterization of the E2cd/MU(GIc)

over the active site. This type of loop movement has been
observed in the structure of a catalytically inactive mutant
of EGV from Humicola insoleng34), where the presence

interaction revealed some interesting features. Thermody-of cellohexaose causes the active-site loops to shift and bury

namically, MU(GIc} binding is driven by a large favorable
binding enthalpy that is partially offset by an unfavorable

the catalytic site. Significantly, E2 mutants with altered loop
flexibility (either more rigid or more flexible) display reduced

decrease in binding entropy (Table 3). Also, the binding of enzymatic activity and wild-type ligand binding affinities

both MU(GIc), and CTri displays a definite pH dependence
(Table 2). The magnitude of this pH effect is larger than
the one observed for lysozym&3), although that study did

(22).
The data reported in this paper show that disruption of
the interactions between Tyr 73 and substrate has strong

not go above pH 8.0. This pH effect is most likely caused effects on binding and hydrolysis. As shown in Figure 1,
by the titration of ionizable groups in the E2 cleft that form this highly conserved residue is tilted at an angle to the bound
close interactions with the ligands. Since binding constants cellobiose, which prevents it from engaging in hydrophobic
for MU(GIc), and CTri (both of which are neutral molecules) stacking interactions with the sugar rings. In the E2cd/
vary in opposite directions, it is likely that the group or cellobiose cocrystal, the OH of Tyr 73 interacts directly with
groups responsible for the change are in subsite where cellobiose by a hydrogen bond to the C-6 hydroxyl of the
the MU group appears to bind. Subsitel includes His glucose in position-1. While Tyr 73 undoubtedly engages
159 and Asp 117. His 159 is most likely responsible for in direct contact with substrate, the catalytic significance of
the observed effects because its [ likely to give the this specific hydrogen bond is unclear as the E2cd crystals
observed changes. are not enzymatically active (9) and a conformational change
The results from titration calorimetry for MU(Glcagree in the E2 cleft could cause structural rearrangements around
fairly well with those from fluorescence titrations, differing  Tyr 73.
only by a factor of 3. The measured values/Aifi° and Mutation of Tyr 73 to Phe and Ser caused progressively
AS’ have an even greater difference in magnitude, althoughtighter binding of MU(GIc) and MU(GIc)} and progressively
both show an unfavorable change in binding entropy. The lower activity on all substrates. Thus increasing the volume
reasons for these differences are not clear. While calorimetryof the subsite-1 sugar binding pocket promotes substrate
confirms that CTri binds to E2cd, the binding constant cannot binding, to the detriment of substrate hydrolysis. The
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complementary experiment (decreasing the size of the move Asp 79 into close proximity with both Tyr 73 and the

substrate) gave the same result. The predicted binding modecatalytic acid.

for MUXYyIGIc places its xylose residue in subsitd., where

it lacks the C-6 CHOH group to interact with Tyr 73. E2 ~ACKNOWLEDGMENT

bound this ligand more tightly than MU(Glcand cleaved

it slowly (<0.1 wt %). The interaction of E2(Y73F) with

MU(GIc), is structurally intermediate (in subsite volume)

between that of E2 with MU(Glg)and E2 with MUXyIGlc,

and likewise itsKg and MU glycoside activity K..) were

intermediate. However, there is apparently a point beyond

which increased volume at subsitd interferes with binding,
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