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ABSTRACT. The retaining3-1,4-glycanase Cex fror@ellulomonas fimia family 10 glycosyl hydrolase,
hydrolyzes xylan 40-fold more efficiently than cellulose. To gain insight into the nature of its preference
for xylan, we determined the crystal structure of the Cex catalytic domain (Cex-cd) trapped as its covalent
2-deoxy-2-fluoroxylobiosytenzyme intermediate to 1.9 A resolution. Together with the crystal structure

of unliganded Cex-cd [White, A., et al. (1998jochemistry 33 12546-12552] and the previously
determined crystal structure of the covalent 2-deoxy-2-fluorocellobieSgk-cd intermediate [White,

A., et al. (1996)Nat. Struct. Biol. 3149-154], this structure provides a convincing rationale for the
observed substrate specificity in Cex. Two active site residues, GIn87 and Trp281, are found to sterically
hinder the binding of glucosides and must rearrange to accommodate these substrates. Such rearrangements
are not necessary for the binding of xylobiosides. The importance of this observation was tested by
examining the catalytic behavior of the enzyme with GIn87 mutated to Met. This mutation had no
measurable effect on substrate affinity or turnover number relative to the wild type enzyme, indicating
that the Met side chain could accommodate the glucoside moiety as effectively as the wild type Gin
residue. Subsequent mutagenesis studies will address the role of entropic versus enthalpic contributions
to binding by introducing side chains that might be more rigid in the unliganded enzyme.

The 5-1,4-glycanase Céxrom the soil bacteriunCellu- held together by a linker peptide rich in proline and threonine
lomonas fimiis capable of hydrolyzing both cellulose and residues. The domains in Cex retain their respective catalytic
xylan as well as a range of soluble aryl glycosides based and cellulose-binding properties when separated by limited
upon glucose and xyloseThe gene encoding Cex was proteolysis 8, 4).

cloned, expressed iEscherichia coli and subsequently Cex is a retainingg-glycanaseg). Hence, hydrolysis of
sequencedl). When produced irC. fimi, Cex is glycosy-  substrates occurs with retention of anomeric configuration,
lated, but the recombinant form is not. Glycosylation has by a double-displacement mechanism involving formation
no apparent effect on catalytic activity; its main function and hydrolysis of a covalent glycosytnzyme intermediate
appears to be protection against proteoly&)s (Cex is a via oxocarbenium ion-like transition states, as proposed by
47 kDa protein comprising an N-terminal catalytic domain Koshland 6). This mechanism implies the existence of two
(35 kDa) and a C-terminal cellulose binding domain (12 kDa) catalytic residues in the active site of Cex. One, the
nucleophile, is present in the ionized form and stabilizes an

T This work is funded by the Protein Engineering Network of Centres oxocarbenium |0n_ tranSItlo.n St.ate’ subsequently formln_g a
of Excellence (PENCE). glycosyl-enzyme intermediate; the other acts as the-acid

* Coordinates and structure factors for the structure described herebase catalyst, protonating the glycosidic oxygen of the scissile
have been_ deposited with the Brookhaven Protein Data Bank and will hond. The nucleophilic residue was identified as Glu233
be accessible under code 2XYL. by trapping a covalent 2-deoxy-2-fluoroglucosgnzyme

* To whom correspondence should be addressed: Ontario Cancer, . ) e .
Institute, 610 University Ave., Toronto, ON M5G 2M9, Canada. intermediate and then sequencing the purified glycopeptide

Phone: (416) 946-2970. Fax: (416) 946-6529. E-mail: drose@ isolated from proteolytic digest§), The assignment was

OCELS%\?Q:;’&‘;""& Toronto later confirmed by mutationkinetic analysis §). Site-
I Department of Chemistry, University of British Columbia. directed mutation of G.Iu127 yiglded mutants with kinetic
O Department of Microbiology, University of British Columbia. parameters fully consistent with the role of aelthse

| - ﬁﬁbre"iatzig”s;\lg)zxg; er(ijextoglyﬁanalsez; EMQ gi{box%_meth' catalyst for this residued). A detailed kinetic study of Cex
yicellulose; - ,4 -dinitropneny -deoxy-z-Tiuor@-bp- . . . . s
xylobioside: 3,4-DNPC, '34"-dinitrophenyl f-b-cellobioside; 3,4- (10) allowed delineation of the mechanism through identi

DNPG, 3 4-dinitrophenyl-b-glucoside; 3,4-DNPX, ‘3 -dinitropheny! fication of rate-limiting steps, as well as investigation of the
ﬂhD-Xyll%Slde; I?Int_Dl\_lg)é, g’gg”-drl]nItroll%henylf-g_-xy_lgblosﬁg:c th, transition-state structure for each step. Such mechanistic
phenyl 5-p-cellobioside; phenyl -b-xylobioside; ) inai ; - _ _ ineti
nitropheny! 5-p-cellobioside; PNPG, '4nitrophenyl 5-p-glucoside; insights, denv.Ed fro.m pre. Steaf’y and steady-state kinetics,
PNPX, 4-nitrophenyl 5-b-xyloside; PNPX, 4'-nitrophenyl 3-b- Brgnsted relationships, kinetic isotope effect measurements,
xylobioside. inactivation experiments, and pH studies, provide further
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supporting evidence for the double-displacement mechanismbuffer reagents, unless otherwise specified, were also ob-

of Cex and other retainin§-glycosidases.

The determination of the X-ray crystal structure of the Cex
catalytic domain (Cex-cd)1{) provides a structural basis
for explaining the wealth of biochemical information that is

tained from Sigma. Cex and CexQ87M were purified as
described previoush3j. The cellulose binding domain was
removed from Cex by papain digestion, and the Cex-cd was
purified as described previous|2@).

available for Cex and related glycosidases. Cex-cd foldsinto ~Crystallization and Inhibitor Soak.The crystallization

an eight-stranded parallel/3-barrel, with an open cleft at
the carboxyl-terminal end, proposed to be the active site.

conditions for wild type Cex-cd are well establishetB)(
Crystals appear overnight and generally grow to a maximum

The two catalytic glutamates, Glu233 and Glu127, are locatedsize of 1x 0.5 x 0.5 mn? within 3 days. Prior to addition
on either side of the cleft, being separated by a distance ofof the substrate, the crystals were transferred to a larger

5.5 A, consistent with a retaining mechanism. Such a
separation is presumably optimal for the efficient formation
of a glycosyt-enzyme intermediate on Glu233 of Cex-cd,

while at the same time allowing Glul27 to protonate the
aglycone in a concerted manndrj.

Diffusion of the mechanism-based inactivator 2,4-dinitro-
phenyl 2-deoxy-2-fluorocellobioside into crystals of Cex-
cd led to the formation of a covalent 2-deoxy-2-fluorocel-
lobiosyl-enzyme intermediate. The structure of this
glycosyl-enzyme complex was determined by X-ray crystal-
lography (L2) and, together with the structural information
on the catalytic domain alone, provided more insight into
interactions at the active site that are crucial to the catalytic
mechanism and substrate preference of Cex.

On the basis of amino acid sequence alignments, Cex ha
been assigned to family 10 of glycosyl hydrolasés)(
Family 10 members are primarily categorized as endolytic
f-1,4-xylanases, although modest activity against cellobio-
sides has been reported for several of thd#—18). In
addition, low activity against carboxymethylicellulose (CMC)
has been reported in some instancEs).(

Clearly, glycosyl hydrolases of family 10 are largely
xylanolytic but can to a varying degree hydrolyze cellulose
as well, in contrast to the low-molecular weight family 11
enzymes which exclusively hydrolyze xylan. In the case of
Cex, thek.o/Kr, values for the hydrolysis of aryl xylobiosides
are 30-100 times higher than those for the corresponding
aryl cellobiosides19). Since xylan is -1,4-linked polymer
of b-xylose, a saccharide unit similar to glucose but lacking
the hydroxymethyl group on C-5, it seems likely that the
presence of this group is somehow inhibitory to catalysis.
Comparison of the complexed and uncomplexed Cex-cd
structures reveals that upon formation of the 2-deoxy-2-
fluorocellobiosyt-enzyme intermediate, the side chains of
GIn87 and Trp281 reorient from their positions in the native
enzyme to accommodate the C-5 hydroxymethyl groups of
the distal and proximal glucosyl units, respectivel)( The

aim of the study reported here is to assess whether this

reorientation may contribute to the substrate specificity of
Cex. The structure of the xylobiosyenzyme intermediate

addresses whether this reorientation is also required in
binding that substrate and whether there are other structura

explanations for the specificity. An understanding of the
atomic basis for substrate specificity could be achieved by
attempting to modify the Cex active site through site-directed
mutation to improve its specificity for xylan degradation.

MATERIALS AND METHODS

General Methods.Aryl glycoside substrates were syn-
thesized as described previousl¥0( 20—22) or, where
available, were purchased from Sigma Chemical Co. All

volume of artificial mother liquor with a higher poly(ethylene

glycol) concentration (from 10 to 15%) in which they were
found to be most stable. 2,4-Dinitrophenyl 2-deoxy-2-fluoro-
pB-xylobioside (2F-DNPX) was added as a solid to the

mother liquor surrounding the crystal prior to data collection.
A soaking time of 48 h proved to be optimal in terms of
both mergingR-factors and substrate occupancy.

Data Collection and ProcessingX-rays for diffraction
data were generated from a Cultarget on a Rigaku RU200
generator operated at 6 KW (40 kV and 150 mA). Intensities
were measured on a San Diego Multiwire Systems area
detector, and data were indexed and reduced with the
complementary software2q).

Refinement was performed by X-Plor version 3.83%)(

gSeven percent of the data (1898 reflections) were set aside

as an objective test set to monitor the refinement process
and were not used during refinement except for map
calculations where all data were includ@s®), The electron
density map calculated using phases from only the protein
model (unliganded Cex-cd, PDB entry code 2EXO) after 40
cycles of rigid body minimization, followed by simulated
annealing from 3000 to 300 K, showed unambiguously the
2-deoxy-2-fluoroxylobioside moiety covalently bound to the
catalytic nucleophile Glu233. Subsequent refinement in-
volved several cycles of simulated annealing and positional
refinement routines, after each of which electron density was
calculated and carefully inspected. Ordered water molecules
were included in the structure after every cycle of refinement
based on F,| — |F maps contoured at a map standard
deviation ofo and|F,| — |F.| density contoured at3 The
disaccharide was not included in the refinement process until
the last cycle, in an effort to avoid biasing the electron density
surrounding the sugar moiety. X-ray scattering factors for
the fluorine atom were added. Standard X-plor carbohydrate
parameter and topology files (param3.cho and toph3.cho,
respectively) were adjusted to describe the substrate ac-
curately, i.e., including the fluorine atom on the proximal
xylose moiety and the covalentlink between the nucleo-
phile Glu233 and the substrate. Only half of the suggested
energies were used for the sugar restraints, to allow for some
flexibility during refinement and to increase the weight on
|experimental parameters. Dihedral and improper restraints
were not imposed on the disaccharide. IndividBdhctor
refinement was applied after tHe-free value showed no
more convergence during energy minimization routines.
Generation of Cex GIn87MetThe mutation GIn87Met
was made in vitro by overlap extensid?/j, using puC12-
1.1ceXPTIS) 28). Synthetic oligonucleotides used for
mutagenesis were prepared by the UBC Nucleic Acid and
Protein Sequencing Unit (NAPS) with an Applied Biosys-
tems 380A DNA synthesizer. The following primers were
used, with underlining indicating where nucleotides were
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changed: GTATGG CAC TCG ATG CTG CCC GAC TGG reagent was added to each tube and the samples were heated
and CCA GTC GGG CAG CAT CGA GTC CCA TAE. in a boiling water bath for 12 min. When tubes had cooled
coli JM101 was transformed with the mutated plasmid. to room temperaturésonmWas measured and the amount
Transformants were selected on ampicillin, and the identity of reducing sugar released was determined using a glucose
of the plasmid was checked therein by restriction digestion standard curve generated under the same conditions. The
and sequencing of that part of tkexgene containing the  activity is expressed as inverse seconds or nanomoles per
mutation. The 500-base pa&armHI—Not fragment from milliliter of reducing sugars released per second per nano-
an appropriate clone was used to replace the correspondingnoles per milliliter of enzyme. To ensure the validity of
fragment in wild type pUC12-1.1cex(PTIS). After trans- the assays for enzyme activity, concentrations of enzyme
formation of E. coli JIM101 and selection on ampicillin, the  were chosen so that the production of reducing sugar in the
plasmid was sequenced between BsrHI and Notl sites assay fell within the linear response range of the standard
to ensure that only the desired mutation was present. Thecurve. Appropriate controls for background reducing sugar
plasmid, designated pCexQ187M, was used to transformand/or for the presence of chemical reagents that might
variousE. coli strains which were then tested for production interfere with the assay were always included with the assay
of the mutant protein.E. coli Topp5 gave the best yield procedures. Substrate for the xylanase assays was prepared
(data not shown) and was used for enzyme production. by dissolving 6-10 g of birchwood xylan in 108200 mL
Kinetic Analysis of the GIn87Met MutaniThe enzymic of distilled water at room temperature for-@ h with
hydrolysis rates were measured by spectrophotometric detec€ontinuous stirring. Insoluble material was removed by
tion of phenol release or by measuring the amount of centrifugation at 16009in a GSA rotor for 20 min. The
reducing sugars liberated during hydrolysis of sugar poly- clear supernatant was lyophilized, and the dry, water-soluble
mers. Michaelis-Menten parameters for the enzymatic product was used as substrate at a concentration of 0.2%;
hydrolysis of all aryl glycoside substrates, with the exception the release of reducing sugars was determined as described
of PhC and Ph¥ were determined using a continuous assay, above.
by recording changes in absorbance using a UV/Vis Pye-
Unicam 8700 spectrophotometer equipped with a tempera—RESULTS AND DISCUSSION
ture-controlled circulating water bath. Solutions of the  Covalent Cex-cd-2-Deoxy-2-fluoroxylobiosyl Intermedi-
appropriate substrate concentrations in 50 mM citrate or ate Structure. Due to the very poor solubility of the slow
phosphate buffer (pH 5.5 or 7.0, respectively) with 1 mg of substrate 2F-DNPXat the concentration being sought (0.5
BSA mL™! at 25 or 37°C were preincubated within the mM), soaking the Cex-cd crystal in a solution containing a
spectrophotometer until thermally equilibrated; reactions significant amount of solid material proved to be necessary.
were initiated by the addition of enzyme. Hydrolysis was The intent was that the substrate would partition into the
continuously monitored at a wavelength at which there was crystal via the small amount in solution. Successful soaking
a convenient absorbance difference between the initial was indicated by the appearance of yellow 2,4-dinitrophe-
glycoside and the phenol product as previously repo28d ( nolate in the solution overnight as a consequence of the
The concentration of enzyme added was selected so thateaction shown in Scheme 1, in which the covalent 2-deoxy-
less than 10% of the total substrate was converted to produc2-fluoroxylobiosyl-enzyme intermediate is formed. An
during analysis. Substrate concentrations employed rangedadditional indication of reaction occurring was the fact that
from 0.2 to 5 times the&K,, value ultimately determined, the crystal surface appeared to be cracked a few hours after
wherever possible. the addition of 2F-DNPX but these cracks annealed over
Hydrolysis rates for the substrates PhC and Phire time.
determined at 37C using a stopped assay. Substrate at X-ray diffraction data were collected to 1.9 A resolution
different concentrations in 50 mM phosphate buffer, with 1 at room temperature. A single crystal was sufficient for a
mg of BSA mL™* (pH 7.0) (190uL), was prewarmed at 37 complete data set, because of the resilience and high
°C and the reaction initiated by the addition of 40 of symmetry of the tetragonal crystalR4;2;2). After three
enzyme. After an appropriate time, 0.6 mL of 2.0 MsNa  cycles of data reduction, the indexing parameters and
PO, (pH 12.1) was added to stop the reaction. The merging residuals converged to yield the statistics shown in
absorbance of the released phenolate at 288 nm wasTable 1. The unit cell dimensions of the complexed crystal
determined immediately, corrected for the spontaneousdiffered only slightly from those of the nativh@ = Ab =
hydrolysis of substrate and the background absorbance 0f0.05 A, Ac = 0.28 A). Rigid body refinement indicated a
the enzymefe = 2.17 mMt cm™ for phenol at pH 12.1),  slight rotation of the molecule in the unit cell compared to
and used to calculate rates. The program Gr&f) (vas the packing of native Cex-cd. The structure and refinement
used to perform nonlinear regression analysis in the deter-statistics are listed in Table 2. The current model contains
mination of K, and Vimax 2399 non-hydrogen protein atoms, 18 non-hydrogen saccha-
CM-cellulase and xylanase activities were measured by ride atoms, and 123 ordered water molecules. Data between
the p-hydroxybenzoic acid hydrazide (HBAH) metha80f 10 and 1.9 A resolution and with @lo of >2 refined to a
which quantitates the production of reducing sugar. Initial crystallographidR-factor of 0.21 and aM-free of 0.26. Of
rates of CM-cellulose hydrolysis were determined by incu- the non-glycine residues, 91% haweandy angles located
bating 100uL of an enzyme solution with 900L of 2% in the most favored regions, 8% fall in the additional allowed
CM-cellulose in 50 mM citrate buffer at pH 6.8 and 30. regions, and the remaining residue Thr81 assumes the
Aliquots of 100uL were removed at 0, 2, 4, 6, 8, and 10 unusual cis conformation, as described previouly).(
min intervals and added to 1 mL of 5 mM NaOH in glass = The active site of Cex trapped as its 2-deoxy-2-fluoroxy-
test tubes. After all samples were taken, 1 mL of HBAH lobiosyl-enzyme intermediate is shown in Scheme 2,



4754 Biochemistry, Vol. 37, No. 14, 1998 Notenboom et al.

Scheme 1
acid/base catalyst acid/base catalyst
d” ow o~ o,
oH NO, OH o + NO,
HO o Ho o (0] HO NO
F NO, Fo 2
o\ o o=
233
233 nucleophile
nucleophile
Table 1: Data Collection Statistics —2'-OH in the distal sugar. This slight dihedral “flattening”

- is also seen in the crystal structure of the cellobio$x-
Lisrggjetlrogfsrgﬁgctions ‘allggoél;gted data to 1.90 A 225%%%0 A cd covalent intermediate, in which the proximai®droxyl
number of unique 25857 5050 group is retained, formed by a catalytically deficient mutant

reflections of the enzyme (V. Notenboom et al., unpublished experi-
f/ompleteness (%) ) 9?-94 99.90 ments). Therefore, this is likely to be a characteristic of the
Rf 2(06) 86(')39 2'7583 covalent reaction intermediate rather than a consequence of
cell dimensions 88.18, 88.18, 81.29 ' the fluorine substitution. Interestingly, even larger distortion

(a b, o) (A) was observed in the 2-deoxy-2-fluorocellobios@ex-cd

3 Rym = Y n/(00— 1)I/3 (D), summed over all reflectionk, where structure, with a dihedral angle of 2feing fo.und.ﬂ.l). One
[0is the average of all equivalent measurements of that reflection. consequence of, or perhaps reason for, this distortion is the
apparent presence of a hydrogen bond between the fluorine
at C-2 of the 2-fluorocellobiosyl moiety and the side chain

Table 2: Structure and Refinement Statistics

amide nitrogen of Asn126, a highly conserved residue. No

resolution range 101.9A ' S :
number of reflectionsf/o > 2) 25 480 such strong interaction is seen in the structure of the 2—d_eoxy—
R-factol 0.212 2-fluoroxylobiosyCex-cd, the separation of 3.3 A being
R-free _ 0.260 too great. A water molecule is found positioned between
numger 0; Df%tetln ;’ﬂortﬂs 21339 the acid-base catalyst Glu127 (2.9 A) and C-1 (3.6 A) of
numbper of supstrate atoms H H H :
number of solvent molecules 123 the covale_ntly Im_ked prox!n_"nal xylose moiety in the Iatte_r
rms deviations from ideal structure, in an ideal position for attacking the anomeric
bond lengths 0.005 A carbon.
g%l%f;;g'es 212'21;?’ Apart from the slight changes in conformation of the sugar
impropers 1.03 moiety, the significant differences in structure between the
averageB-factor 13.0R free Cex-cd, 2-deoxy-2-fluorocellobiosyCex-cd, and
averageB-factor for substrate 6.64%A 2-deoxy-2-fluoroxylobiosytCex-cd are those seen within
averageB-factor for solvent molecules 23.2¢A

the enzyme active site, specifically in the positions of the
2 R-factor= 3 n(|Fobd — |Fcad)/2nlFond, summed over all reflections  sjde chains of GIng7 and Trp281. These changes are shown
h. in Figure 1b which presents a superposition of the sugar
moieties in the two covalent intermediates and of the
indicating the relevant interactions of the enzyme with the positions of selected side chains for all three proteins. As
sugar moiety. The covalent nature of the glycessthzyme can be seen, the indole side chain of Trp281 is displaced
species is clearly seen in Figure 1a, the contiguous electronsignificantly from its position in the free enzyme upon
density between the carboxyl side chain of Glu233 and the formation of the 2-deoxy-2-fluorocellobiosyl intermediate,
anomeric carbon of the sugar moiety being quite evident. whereas no such change is seen upon formation of the
The electron density displayed is that determined for the 2-deoxy-2-fluoroxylobiosytenzyme intermediate. These
2-deoxy-2-fluoroxylobiosytCex-cd structure described in  conformational changes appear to be caused by repulsive
this paper. The glycosylenzyme bond between C-1 of the steric interactions between the hydroxymethyl group at C-5
proximal sugar and the nucleophilic oxygen of Glu233 is of the glucose of the proximal sugar and the tryptophan side
1.45 A'in length. Table 3 lists a selection of bond angles of chain. Such interactions do not occur when a xylose residue
the final refined conformation of the proximal (covalently is present at this position. Similarly, there appear also to be
linked) 2-deoxy-2-fluoroxylose unit, as compared to sug- repulsive, steric interactions between the hydroxymethyl
gested parameters during refinement. The fluorine substitu-group of the distal sugar and GIn87. In the native enzyme,
ent at C-2 of the proximal saccharide is seen to be only the side chain of GIn87 is somewhat disordered, with side
slightly removed from its expected position in the relaxed chainB-factors refined to an average of 47.%; Apparently,
4C, conformation. The dihedral anglé-@H—C-3—C-2— it is forced outward in the 2-deoxy-2-fluorocellobiosyTex-
2'-F measures 58 as opposed to 8dor 3'-OH—C-3—C-2 cd intermediate. By contrast, the side chain of GIn87 is well
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Scheme 2: Schematic Representation of Interactions in the Active Site Region of the -€2x-Egllobioside Complek

E127
w273 O
o /) -0_2.9
N44—</NH 29 .MN \"I"
2 /, O
~.2.9 HO
< o 36 - OH S>— D235
HO HO 0 X _.H-0
o B0 34.--0, HO$ : [1_45/_,HN N28

WA
) L E233 H205
K47

| -3 Sl -2 |l -1 1

aDistances are measured in angstroms. The distance betWean@the carbonyl oxygen of E233 is 2.6 A (not shown). The boxes below the
diagram roughly indicate the area of the binding subsite. FBesubsite is shown in dashed lines because it is not occupied by substrate.

Ficure 1: (a, top) Stereodiagram off2,| — |F.| electron density for the 2F-xylobiosylCex-cd structure, contoured at &,Zuperposed

on representative atoms of the final refined structure. The density was calculated from all data to 1.9 A resolution and the final protein and
water coordinates. The figure was drawn using the program S&2pr(b, bottom) Stereorepresentation of a superposition of uncomplexed
Cex-cd (1; PDB entry code 2EXO) shown in orange, 2F-cellobiesgex-cd (2; PDB entry code 1EXP) shown in green, and 2F-
xylobiosyl—Cex-cd shown in bulky white, with oxygen atoms shown in red, nitrogens in blue, and the fluorine atom in yellow. Trp281,
flanking the proximal sugar, does not need to reorient to accommodate the hydroxymethylene group as seen in the 2F-celiahinsyl
complex (a 31 rotation around its g-C, bond). GIn87 is disordered in the 2F-cellobiosghzyme structure but is stabilized in the
2F-xylobiosy-enzyme complex through a water molecule and Ser86, which also adopts a different conformation in this interaction. The
figure was drawn with Setoi3@).

defined in the 2-deoxy-2-fluoroxylobiosyCex-cd interme- previously occupied by the C-5 hydroxymethyl side chain
diate (average side chaByfactors of 11.8 &) in a position of glucose; it appears to form a hydrogen bond with the
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Table 3: Comparison of Ideal and Measured Angles Table 4: Kinetic Parameters for the Hydrolysis@®fSlycosides by

Cex and the GIn87Met Mutant at 3T and pH 7.0

N KealKin
substrate enzyme k()  Knm(MmM)  (stmMTY)
PNPG Cex wt 0.024 8.3 29103
GIng7Met  0.024 7.4 3.210°3
OE1 3,4-DNPG  Cexwt 2.9 6.5 0.45
GIng7Met 1.2 6.0 0.20
OE2/)\ PNPC Cex wt 15.8 0.60 26.3
E 233 GIng7Met 9.2 0.34 27.1
3,4-DNPC  Cexwt 9.7 0.14 69
. GIng7Met 8.3 0.065 128
angle (deg) imposed observed PhC Cex wi b = 10x 104
C-1-C-2-C-3 110.4 112.0 GIng7Met  — - 2.3x 10
C-3-C-2-F 109.7 112.6 PNPX Cex wt 2.6 20 0.13
C-5-0-5-C-1 112.0 109.1 GIng7Met 1.2 67 0.018
C-1-C-2-F 109.7 111.7 3,4-DNPX  Cexwt 22 7.9 2.8
C-1-OE-1-C(E) 112.0 116.3 GIng7Met 9.0 7.2 1.2
OE-1-C-1-C-2 109.7 111.3 PNPX, Cex wt 39.8 0.018 2200
OE-1-C(E)—OE-2 123.0 122.5 GIng7Met  57.9 0.12 482
OE-1-C-1-0-5 112.1 109.7 3,4-DNPX  Cexwt 22 0.012 1840
GIng7Met  38.2 0.038 1005
. . PhX, Cex wt 10.4 8.6 1.2
endocyclic oxygen atom (O-5) of the distal sugar. Further- GIn87Met  18.7 21.2 0.9
more, Ser86 assumes a different side chain conformation in 2% CMC Cex wt 0.052 - -
the 2-deoxy-2-fluoroxylobiosytCex-cd intermediate, com- Gng7Met  0.025 - B
pared to that in both crystal structures described previously, 1°>¥1an éﬁ’é}"’,\tﬁet g fg _

now forming a hydrogen bond to a water molecule not seen a Specific activity expressed as inverse seconds or nanomoles per
in the g-deoxy-z-fluorocelIoblosyIC_ex-cd 'ntermed'a_te' In milliliter of reducing sugars liberated per second per nanomoles per
turn, this water molecule forms a fairly close interaction (2.9 miliiliter of protein. ® —, parameter not determined.

A) with GIn87, stabilizing its side chain even more (Figure

1la,b). When the structures are superimposed on other family . . . .
. : as a residue of slightly greater dimensions than GIn, and one
10 crystal structures found in the literature, the only

) ) . . . with which hydrogen bonding possibilities are limited since
differences in the active sites can be found at positions . .
i .~ it cannot donate a hydrogen bond. His was chosen as an
equivalent to Ser86 and GIn87 of Cex. For example, in

XynZ from Cellulomonas thermocellug81: PDB entry code amino acid with a bulkier side chain, but one which retains
1%(2) an Asnh corresponds to Sersé of Cex: anc)j/in VIA most of the hydrogen bonding possibilities, while Tyr is a
from Péeudomonas flugresc cellulosa(32 ’PDB entr y larger residue with some polar character. Unfortunately, all
code 1CLX), aProanda T rcolrr.es ond to Sér86 and (¥In87 attempts to obtain the His and Tyr mutants were unsuccess-
o) y SP - 'ful; workable quantities of either protein could not be
respectively, of Cex. It is possible that these positions, duced | - i, h
though located in the active site, are not as sensitive to produced. Fortunate y, sufficient quantities of the Met
evolutionary pressure as the strictly conserved residues Withmutant were readily generated,

. e : . . Catalytic Properties of the GIn87Met MutantThe
respect to their contribution to the catalytic mechanism. This : : . .
: ; GIn87Met mutant behaved in a manner virtually identical
could therefore result in a more promiscuous enzyme that

recognizes both xylosides and glucosides to that of the wild type enzyme during purification; both
. T ) _enzymes were desorbed from the cellulose affinity column

It should be noted that differences in interactions during by approximately the same volume of eluant, and both ran
binding of the polymers xylan and cellulose at the more 55 g single bands with aM, of 47 kDa on SDSPAGE
remote subsites could play a significant role in substrate (>g504 purity by inspection). The yield of purified enzyme
specificity as well. In addition, the cellulose binding domain ranged from 15 to 25 mg per liter of liquid culture. Mass
at the C-terminal end of Cex possibly affects hydrolysis rates spectrometric analysis confirmed the molecular mass of the
of cellulose polymers. However, it appears that the specific- ytant protein as 47 120 Da, exactly as predicted. Correct
ity for xylan over cellulose substrate arises, at least in part, folding was indicated by the CD spectrum and the thermal
from repulsive steric interactions with GIn87 and Trp281 in stability of the mutant enzyme being virtually identical to
the cellobiosy-Cex-cd complex, as well as from the those of the wild type enzyme.
stabilization of GIn87 in the xylobiosylCex-cd complex. Values ofke;andKoy, for the mutant and wild type enzymes
Attempts to engineer an improved xylan_ase/cclelllullase ratio were determined on a range of glucoside, cellobioside,
should logically focus upon these two residues initially. Our yyioside, and xylobioside substrates (Table 4). Substitution
focus was directed in the first instance upon GIn87 becauseqf g|ng7 by Met in the binding site of Cex did not alter the
Trp281 cannot be replaced with a bulkier amino acid. It K andk. values for the two series of substrates signifi-
may be possible in the future to prevent displacement of cantly. This is best expressed in the form of the linear free
Trp281 from the active S|te.b_y mtroduc_mggbulkler.re&due energy relationship in which values of lég{/Ky), the
behind Trp281, in the position occupied in the wild type gpecificity constant, for each substrate with the GIn87Met
enzyme by phenylalanine. mutant, are plotted against the same parameter for the wild

Our initial intention was to generate mutants in which type enzyme (Figure 2). The excellent correlation coefficient
GIn87 was replaced by Met, His, and Tyr. Met was chosen (p = 0.974) and the slope of unity & 1.03) confirm that
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Ficure 2: Plot of logkea/Km) for hydrolysis of a series of aryl
glycosides by the GIn87Met mutant of Cex versus the same
parameter for the wild type enzyme.

the two enzymes have essentially identical specificities.

The small variations observed are most likely due to
perturbations in the local environment within the protein.
Thus, in contrast to what had been hoped, the GIn87Met
mutant did not show a decreased affinity for cello
oligosaccharide substrates. Presumably, the methionine
residue is still sufficiently flexible to undergo a rearrangement
similar to that observed for GIn87 upon binding the gluco
substrates in the active site. It is possible that the hydrogen
bonding interaction between GIn87 and the endocyclic
oxygen of the distal sugar either does not play a very
important role in specificity or is compensated for in some
way. ltis likely, therefore, that the binding interactions with
the C-5 hydroxymethylene groups in the active site are more
complex than initially thought, and that a single point
mutation in the catalytic domain of Cex may be insufficient
to produce the desired changes in the specificity of the
enzyme. It is significant in this context that the GIn87Ser
mutant of Cex, constructed in a manner similar to that of
the GIn87Met mutant, behaves kinetically like the latter with
the same substrates (A. MacLeod, personal communication).

In conclusion, the crystallographic analysis of the Cex-
cd—2F-xylobiosyl covalent intermediate has provided a
possible structural rationale for the preference of Cex for
xylan over cellulose. The C-5 substituent on the glucose
rings causes the displacement of two side chains relative to
the unliganded enzyme, GIn87 and Trp281, a displacement
that is not necessary for the binding of xylobiose. An
additional component may be the reduced strain of the sugar
ring in the xylobiosyl-enzyme covalent intermediate, as
compared to that of the cellobiosyl complex. A first attempt
to test these conclusions with a GIn87 to Met mutant did
not succeed in altering the cellulose/xylan specificity. A Met
side chain presumably retains enough flexibility to accom-
modate a glucose moiety as well as xylose in-ttgsubsite.
Alternative strategies could include the incorporation of a

Biochemistry, Vol. 37, No. 14, 1998757

bulkier side chain in this position or the substitution by a
smaller side chain, to test for the opposite result, an
improvement in cellulase activity. As the GIn side chain is
disordered in both the wild type and cellobiose intermediate,
but is observed to be well ordered in the xylobiose complex,
there may be an entropic cost to binding that is actually
greater for xylan binding than for cellulose binding. There-
fore, the effects of various side chains at position 87 may
be revealing in terms of the entropic versus the enthalpic
contributions to binding. Structure-based studies along these
lines are underway.
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