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ABSTRACT. The 20 kDa xylanase frorBacillus circulanscarries out hydrolysis of xylan via a two-step
mechanism involving a covalent glycosygénzyme intermediate. In this double-displacement reaction,
Glu78 functions as a nucleophile to form the intermediate, while Glul72 acts as a general acid catalyst
during glycosylation, protonating the departing aglycone, and then as a general base during deglycosylation,
deprotonating the attacking water. The dual role of Glul72 places specific demands upon its ionization
states and henceKp values. 3C-NMR titrations of xylanase, labeled witld{-*C]glutamic acid, have
revealed g, values of 4.6 and 6.7 for Glu78 and Glul72, respectively. These agree well with the apparent
pKa values obtained from a study of the pH dependende#K, and demonstrate that, at the enzyme’s

pH optimum of 5.7, the nucleophile Glu78 is deprotonated and the general acid Glu172 initially protonated.
Remarkably, the I§; for Glul72 drops to 4.2 in a trapped covalent glycessthzyme intermediate, formed

by reaction with 24'-dinitrophenyl 2-deoxy-2-fluorg-xylobioside [Miaoet al. (1994)Biochemistry 33
7027-7032]. A similar K, is measured for Glul72 when a glutamine is present at position 78. This
large decrease ink of ~2.5 units is consistent with the role of Glul72 as a general base catalyst in the
deglycosylation step and appears to be a consequence of both reduced electrostatic repulsion due to
neutralization of Glu78 and a conformational change in the protein. Su¢hcyzling” during catalysis

is likely to be a common phenomenon in glycosidases.

Hydrolysis of glycosidic bonds by glycosidases typically involved, but in this case, one of these residues serves as a
follows one of two possible mechanisms, distinguished by nucleophile in the first step, the formation of the intermediate,
the observed stereochemical outcome (Koshland, 1953;and then as a leaving group in the second hydrolysis step.
Sinnott, 1990; McCarter & Withers, 1994). Inverting The other carboxyl group is required to play a dual role,
glycosidases hydrolyze the bond with net inversion of fynctioning as a general acid in the glycosylation reaction,
anomeric configuration via a mechanism involving general 5, then as a general base to facilitate deglycosylation. Such
base-catalyzed attack of water on the anomeric center of they 4,41 role places specific demands upon the enzyme to
substrate,_c_oupled with gen_eral ?C'd'C?‘ta'yzed Clea\{age Ofcontrol the ionization state of the general acid/base residue
the glycosidic bond. The active site residues responsible forat each step in catalvsis. An understandina of how this
this acid/base catalysis have proven to be a pair of Carboxyliccontrol is effF()ected is eiseﬁtial for a com Iete%escri tion of
acids (Glu or Asp) in essentially all cases investigated to h hani ¢ retaini | ” P P
date (Svensson, 1994; Davies & Henrissat, 1995; Withers € mechanism of retaining glycosidases.
& Aebersold, 1995). Retaining glycosidases employ a Studies of the pH dependence of the kinetic parameters
double-displacement mechanism in which a covalent gly- of the double-displacement enzymatic reaction provide some
cosyl-enzyme intermediate is formed and hydrolyzed via insights into this question, and indeed, a considerable number
oxocarbenium ion-like transition states, as shown for a gf sych analyses have been reported (Kempton & Withers,
xylanase in Figure 1. Again, a pair of carboxylic acids is 1992: Tull & Withers, 1994). However, interpretation of
: : —  kinetic data on its own is not trivial, having many pitfalls as
T This work was supported by grants from the Protein Engineering qaccribed elsewhere (Knowles, 1976; Brocklehurst, 1994)
Network of Centres of Excellence and the Natural Sciences and o . ] ’ ! ’
Engineering Research Council of Canada. Thus, it is critical to measure directly thé&pvalues of the
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Ficure 1: (Left) Molscript ribbon diagram of BCX showing the positions of the nucleophile Glu78 and acid/base catalyst Glu172, as well
as the five glutamine residues (Kraulis, 1991). For clarity, the only protons drawn are?tbéthie glutamine side chain amides. (Right)
Double-displacement mechanism of retaining glycosidases. The nucleophilic carboxylate attacks the glycosidic bofd @flihked

xylose polymer to form a covalent glycosyenzyme intermediate, while the second carboxyl group serves as a general acid/base catalyst.
The postulated oxocarbenium transition statgsf@r the glycosylation and deglycosylation reactions are indicated with square brackets.

& Raftery, 1972a,b; Inouet al,, 1992; Bartiket al., 1994). acid residues in the enzyme and mutation of either severely
However, in the investigations of retaining glycosidases disrupts catalysis. Chemical modification studies with the
reported to date, ki, values have only been obtained for the homologousSchizophyllum communelanase A indicated
active site nucleophile and general acid in the free enzymethat a glutamic acid residue is the nucleophile (Bray & Clark,
and or noncovalent enzymeubstrate/inhibitor complexes. 1994) and that one of the essential acidic residues has an
No study has been performed to measure the ionizationelevated [, suggestive of it being the acid catalyst in the
constant of the general base in the glycessmzyme reaction (Bray & Clarke, 1990). Similar results have been
intermediate species. . . N reported foiBacillus pumilisxylanase (Keet al,, 1992). The
The xylanases frorBacillus circulans(BCX) andsubtilis  specific assignment of the Glu78 as the nucleophile in BCX
(BSX) provide an ideal system to address this key question. was substantiated by kinetic analyses of site-directed mutants
These highly related enzymes are small (20 kDa) retaining modified at this position (Wakarchukt al, 1994) and
glycos!dases, responsible for the degradation of xylan, aconfirmed by detection of a trapped glycos@nzyme
f-1,4-linked polymer of xylose (Geblest al, 1992). The intermediate by electrospray mass spectroscopy, followed by
kinetic properties of the wild type and numerous S|te—d|recte(_:i sequencing of the purified glycopeptide (Miabal., 1994).
mt;)tants ofhtheseb xylanaﬁesh toward n%tu(ral Ifnlm Sl;/tmhe“CTherefore, Glu172 functions as the acid/base catalyst in BCX.
substrates have been well-characterized (Wakar , . . .
1992, 1994). The three-dimensional structures of both native T_rapplng of the glycosytenzyme mterm_ed!ate was
. X . achieved by the use of a 2-deoxy-2-flugtoeylobioside with
BCX and a catalytically inactive mutant enzymsubstrate . gl
. a good leaving group, 2,4-dinitrophenolate. The presence
complex have been determined by X-ray crystallography . ; ) I
. X i of the fluorine substituent results in destabilization of the
(Figure 1; Campbelet al, 1993; Wakarchulet al, 1994). transition states for glycosylation and deglycosylation on two
Furthermore, the NMR spectrum of tBecirculansenzyme accounts. First thg f rea)t/ electrone ag\%t o)li the fluorine
has been assigned extensively (Plesmitkl, 1996). The : L e g gativity of "
inductively destabilizes the oxocarbenium ion-like transition

active site of BCX contains two glutamic acid residues, at tat Second. the limited hvdroaen-bondin bilit
positions 78 and 172, that are suitably disposed for catalysisS ates. second, the ed nydrogen-bo g capabiliies
of the fluorine ensure that full transition state stabilization

(6.5 A from C to C°; McCarter & Withers, 1994; Davies & . : _ ;
Henri 1  Fortui v th h v al . is not achieved (Streedt al, 1992; Namchuck & Withers,
enrissat, 1995). Fortuitously, these are the only glutamic 1995; Withers & Aebersold, 1995). In this way, both the

1 Abbreviations: Ad, the change in chemical shift upon titration from formation and the hydrolysis of the intermediate are com-
high to low pH; BCX, Bacillus circulansxylanase; BSX Bacillus promised. However, the presence of the 2,4-dinitrophenolate
subtilis xylanase; DNP2FXb, '2'-dinitrophenyl 2-deoxy-2-fluorg- leaving group ensures that the formation of the intermediate
xylobioside; DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate; E72Q s faster {y> ~ 1 min) than its hydrolysist{, ~ days), and

and E172Q, the substitution of glutamine for glutamic acid 72 or 172,
respectively; 2FXb, 2-fluorg-xylobioside; HEPES, 4-(2-hydroxy- thus, the glycosytenzyme intermediate accumulates.

ethyl)-1-piperazineethanesulfonic acid; MES Neffiorpholino)ethane- This study describes the use BC-NMR spectrometry

sulfonic acid; NMR, nuclear magnetic resonance; ONRXbitrophen- combined with selectivé®C labeling to determine theki
yl B-xylobioside; pH*, the measured pH without correction for isotope . . . . . . .
effects: SDS-PAGE, sodium dodecyl sulfateolyacrylamide gel ~ values of the two active site glutamic acid residues in wild

electrophoresis; Xyl, xylose. type and mutanB. circulans and subtilis xylanases and in
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the trapped glycosytlenzyme intermediate. The results are
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8.5 (20 mM HEPES). The Michaelidvienten parameters

discussed in light of the pH dependence of the enzymatic and apparentk, values describing the dependencekaf
reaction of retaining glucosidases and the dual role of the K, upon pH were determined with the program GraFit

general acid/base carboxyl residue in catalysis.

MATERIALS AND METHODS

Protein Expression and Isotopic LabelingThe genes
encoding BCX and BSX were cloned into the pCW plasmid
system under control of an inducible tac promoter (Seihg
al., 1993; Wakarchulet al., 1994). BCX and BSX differ

only through the replacement of threonine 147 by serine.
These side chains are exposed on the surface of the protei
and the substitution has no effect on the activities or stabilities

of the two proteins (Wakarchuit al., 1992). Although the
crystal structure of BCX was solved recently (Campletl

al., 1993), the clones for the xylanase mutants E78Q and

E172Q were available in the BSX background. Accordingly,

for these NMR and enzymological studies, the two xylanases

are viewed as equivalent.

(Leatherbarrow, 1990).

13C-NMR The *C-enriched xylanase samples were
dialyzed into 25 mM sodium phosphate, 3 mM Naknd
10% D,O/90% HO, at pH*~7.5. The samples contained
0.5-0.75 mM protein in 1.72.5 mL of buffer. One-
dimensional*C-NMR spectra were recorded at 26 with
a Varian UNITY spectrometer using a 10 mm broad-band
probe operating at 125.7 MHz for carbon. The appafent
lifetimes of the glutamate and glutamidecarbonyls in wild

pe BCX ranged from 2.3 to 3.7 s, as measured with a fast
inversion recovery experiment (not shown). For comparison,
the T, of the 0-1°C of free glutamate is 11.5 s at pH* 2.15
and 25°C. On the basis of these lifetimes, tH€ spectra
of the proteins were recorded using an 88(55) pulse,
and collecting 1024 complex points over a spectral width of
4000 Hz, with an acquisition time of 0.256 s and a recycle
delay of 1.0 s. Broad-band WALTZ-1%1 decoupling, at a

Unlabeled xylanase was produced as described previouslye|q strength of 840 Hz and centered a2.5 ppm for

(Sunget al,, 1993). XylanasedC-enriched in the side chain

protons, was applied during the acquisition period only.

o-carboxyl and -amides of the glutamate and glutamine Generally, 506-3000 transients were collected per spectrum.
residues, respectively, were prepared using the generalrhe gata were processed with FELIX 2.3 (Biosym Inc.) using

transaminase-deficiefischerichia colistrain DL39autA::

mild exponential line broadening and 16-fold zero-filling.

TnS (LeMaster & Richards, 1988). The bacteria were grown chemical shifts were referenced to an external sample of

at 30 or 37°C in a synthetic medium (Muchmoret al.,
1990; Andersort al., 1993) containing 300 mg/L 99%|[J-
13C]glutamate (Tracer Technology, Cambridge, MA). This
auxotrophicE. coli strain was utilized to reduce the pos-
sibility of dilution of the glutamate label by transamination
reactions. Since suitablE. coli strains with lesions to

DSS at 0.00 ppm.

The3C-NMR spectra of wild type BCX and E172Q BSX
modified with DNP2FXb were recorded as outlined above.
The3C-labeled wild type BCX was initially 0.8 mM in 1.7
mL of 25 mM sodium phosphate, 3 mM NaNand 10%
D,0, at pH* 5.81 at 25°C. Solid DNP2FXb (1.7 mg, or

prevent the metabolic interconversion of glutamate and 7 > m final) was added directly to the protein sample. Upon
glutamine are unavailable, unlabeled glutamine (400 mg/L) mixing, the solution turned yellow due to the released 2,4-

was also added to the growth media for the preparation of ginitrophenol group. The covalent modification of BCX was

wild type BCX protein. Unfortunately, this did not prevent
the conversion of thedf**Clglutamate to §-°C]glutamine,
and thus, glutamine was omitted from the media in all
subsequent protein preparations.

Protein Characterization The xylanases were90% pure
as judged by SDSPAGE and Coomassie staining. Wild

complete within approximately 15 min, as judged Bg¢-
NMR measurements, and was stable for a period of several
days. The inhibition of the enzyme was confirmed-b8§9%

loss of activity toward the substrate analog ONPXb, by mass
spectrometry (observed 20 6421.8 Da, expected 20 669
Da) and by*F-NMR. A similar procedure was used with

type and mutant xylanases, E78Q and E172Q, were screenedC-|abeled E172Q BSX, except that the protein was initially
by proteolytic digestion using V-8 protease, which cleaves 1.3 mM at pH* 7.51.

at carboxyl-containing residues, to confirm the number and pKa Measurements The K, values of the glutamic acid
positions of the glutamate residues in each protein. The residues were determined by measuring'#@eNMR spectra
molecular masses of the proteins were measured usingof the [0-13C]Glu- and -Gln-labeled proteins as a function
electrospray mass spectroscopy, and the following results,of pH* at 25°C. The pH* of the sample was recorded in

with standard deviations, were obtained: wild type BCX,
observed 20 395 3.4 Da, expected 20 396 Daj-[3C]Glu-
and -Gln-labeled wild type BCX, observed 20 4802.3
Da, expected 20 403 Da (assumind00%*C enrichment
of seven residues)df'3C]Glu- and -GIn-labeled E78Q BSX,
observed 20 38% 3.6 Da, expected 20 388 Da; ard'FC]-
Glu- and -GlIn-labeled E172Q BSX, observed 20 382.8

the 10 mm NMR tube using a microelectrode (Ingold). The
pH was decreased by the addition of microliter aliquots of
0.2 N HCI and, if necessary, raised by dialysis against
alkaline sample buffer to avoid possible aggregation resulting
from the direct addition of base. TheKpvalues were
determined by a nonlinear least squares fitting of the
observed chemical shifts as a function of pH to the equations

Da, expected 20388 Da. The deviations between thefor titrations involving one or two ionizable groups (Shrager
observed and expected molecular masses of the labelect al, 1972) using the programs PlotData (Triumf, University

proteins may reflect isotopic dilution of thé-{*C]glutamate.
Enzymatic CharacterizationKinetic parameters for the

hydrolysis of ONPXb by wild type BCX were measured as

a function of pH at 25C, as outlined previously (Lawson

of British Columbia) and NonLin (Johnson, 1994). The
reported standard errors reflect the precision of the data fitting
and do not include the possible errors in the sample pH that
are estimated to b£0.1 unit. A detailed discussion of the

etal, 1996). Three different buffer systems, each containing data analysis will be provided elsewhere. In this manuscript,

50 mM NacCl, were used to cover the pH ranges of-&®
(20 mM succinic acid), 5687.0 (20 mM MES), and 70

the term “apparent K8 or simply “pKy’ refers to the
phenomenological ionization constant describing the depen-
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dence of enzyme activity or chemical shift upon pH, whereas Glu78 shifts upfield by an additional 0.33 ppm with an
“microscopic” and “macroscopic” i, refer to explicit apparent or midpointk, of 6.5+ 0.2, while Glu172 shows
models such as the deprotonation of a single or two coupleda comparable upfield shift of 0.44 ppm corresponding to an

acidic groups (Edsell & Wyman, 1958). apparent g, of 4.6 £ 0.1. The reciprocal correlation of
the two apparent i, values determined for Glu78 and
RESULTS Glu172 suggests strongly that the chemical shifts of these

residues are coupled to one another in a pH-dependent
manner. Consistent with this conclusion, monophasic titra-

tions are observed in the BSX variants with single glutamate

residues (Figure 2E,F).

As discussed by Shrageral (1972), two ionizable groups
may show coupled or biphasic spectral changes during a pH
tiration if (i) the chemical shift or (ii) the microscopidq
of one group is dependent upon the ionization state of the
other. In the first case, the chemical shift of the carboxyl
may be influenced directly by electric fields that perturb the
shielding of the'*C nucleus or indirectly through conforma-
tion changes that, for example, alter hydrogen-bonding
. interactions. In the absence of detailed structural informa-
al., 1992, 1994; Miacet al, 1994). tion, the expected magnitudes and directions of these possible

C-NMR Spectra of XylanaseThe *C-NMR spectrum pH-dependent chemical shift perturbations are difficult to
of labeled wild type BCX is shown in Figure 2B. Seven pregict (Batcheloet al, 1975; Guet al., 1994). However,

*3C peaks are observed, arising from thearbonyls of the jngpection of the crystallographic structure of BCX reveals

two glutamate (Glu78 and -172) and five glutamine (GIn7, 4t thed-carbons of the two catalytic residues are separated
-127, -133, -167, and -175) residues in the protein. The p,y g5 A and thus, these glutamates should interact
peaks were assigned specifically using a variation of the gjectrostatically, as in the classical example of a dibasic acid
three-dimensional CBCACO(CA)HA experiment that pro- (Eqsell & Wyman, 1958). This corresponds to case (ii), in

vided correlations between the’/C7, C°, and H" reso-  \yhich the microscopic i of one glutamic residue is

nances OI each Glu and GIn residue in the .sarnple of dependent upon the ionization state of the other, such that
uniformly ?C—enrlched BCX (supporting information; Kay,  the full chemical shift change due to protonation occurs only
1993). This allowed us to classify the side chain carbonyl ;50 the neutralization of both groups.

peaks using the previously determintd- and *C-NMR An analysis of the pH dependence of #8-NMR spectra
assignments of BCX (Plesniai al, 1996). These assign-  of the wild type enzyme using a model of two coupled
ments were confirmed by the selective substitutions of GIn jynization equilibria, yet independent chemical shifts for

for Glu78 or Glu172 (Figure 2E,F). Glu78 and Glul72 (Schrageet al, 1972), yields the
pH Dependence of tHEC-NMR Spectrum of BCXThe microscopic [, values summarized in Scheme 1. From a
pKa values of Glu78 and Glul72 in wild type BCX were  simultaneous fit of the two titration curves, thiégof Glu78
determined from the pH dependence of tHE€-NMR is 4.63+ 0.03 when Glul72 is neutral and 5.790.08 when
spectrum of this labeled protein (Figure 2B,D). With it is negatively charged. Similarly, thekp of Glu172 is
decreasing pH, the peaks assigned to these two glutamat&.50+ 0.10 when Glu78 is neutral and 6.860.04 when it
side chains shift upfield by~2.8 ppm (tabulated in the ischarged. Therefore, by this model, the mutual electrostatic
supporting information). This upfield shift is consistent with repulsion between the carboxylate groups elevates dégh p
that expected for the protonation of a carboxylate group by ~1.2 units. The lower ionization pathway in Scheme 1
(Batcheloret al, 1975; Rabenstein & Sayer, 1976; @u s favored significantly, and thus, the microscopi¢,palues
al., 1994). Also, as noted previously, the chemical shifts of of 4.63 (Glu78) and 6.66 (Glu172) are essentially equal to
ionized Glu carboxylates are generally downfield from those the macroscopic or apparerpvalues assignable to these
of the GIn carbonyls, while the protonated carboxylic acids two groups (Edsell & Wyman, 1958).
have chemical shifts similar to those of the amides (Anderson  Covalent Modification of Wild Type BCX with DNP2FXb
etal, 1993). The pronounced pH-dependent chemical shifts The mechanism-based inhibitor (or “slow substrate”)
of the two glutamates undoubtedly reflect the protonation/ DpNP2FXb forms a long-lived covalent glycosynzyme
deprotonation of their own side chain carboxylates, as intermediate with Glu78 in wild type BCX (Miaet al.,
opposed to indirect effects arising from the ionization of 1994). Such covalent modification of xylanase is evident
adjacent residues. Therefore, the apparefy yalues of  py the marked change in tH8C-NMR spectrum of the
Glu78 and Glul72 are 4.6t 0.02 and 6.7+ 0.02, isotopically enriched protein upon reaction with this com-
respectively (Figure 3). The resonance from Glul72 is also pound. As illustrated in Figure 2, tHéC chemical shifts of
exchange broadened at pH conditions nearfts hismay  Glu78 and -172 and GIn7, -127, and -175 all differ relative
result from retarded kinetics of protonation of the side chain to those in the native protein. A new upfield-shifted peak
due to its structural environment within the protein or from gt 175.3 ppm is attributed to the covalently modified Glu78.
a conformational change coupled to ionization that occurs Even after extensive dialysis to remove unreacted inhibitor,
on a time scale of intermediate chemical exchange. the 13C-NMR spectrum of the modified BCX remained
Closer inspection of the data in panels B and D of Figure unchanged. However, consistent with previous kinetic
2 reveals that both Glu78 and Glul72 follow biphasic studies of the reactivation process, slow hydrolysis of the
titrations. In addition to the major change o22.8 ppm, glycosyl-enzyme adduct did occur over a period of several

Enzymatic Analysis The enzymatic activity of wild type
BCX against the soluble substrate analog ONPXb was
measured as a function of pH at 25. As shown in Figure
2A, keof Kn, follows a classic bell-shaped curve with maximal
activity near pH 5.7. The pH dependencekgf/Kn, can be
fit adequately to a model involving two ionizable catalytic
residues with apparentp values of 4.6 and 6.7 in the free
enzyme. On the basis of previous studies of BCX and
retaining glycosidases in general, we attribute the lowar p
to Glu78, which must be deprotonated to function as a
nucleophile, and the higherkp to Glul72, which must
remain protonated to act as a general acid (Wakaratuk
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FiIGure 2: (A) Dependence df../Kn upon pH for hydrolysis of ONPXb by BCX at 28, fit to the kinetic expression for two ionizable
groups with apparentiy, values of 4.6 and 6.7 (line). (BfC-NMR spectra of wild type BCX recorded as a function of pH af@5The
peaks corresponding to Glu78 and Glul72 are highlighted in black to emphasize the titrations of these two resid8@sNM®) spectra

of wild type BCX covalently modified with DNP2FXb at position 78. The assignments of the spectra of the modified protein are extrapolated
from the those in panel B, and E78* denotes the resonance from the glycosylated Glu78. The peaks corresponding to Glu172 are shown

in solid black to emphasize the titration of this residue. (D) The appatemalues describing the pH dependence of dREC chemical
shifts of the two Glu and five GIn residues in native BCX (circles) and Glul172 in the glyeesyglyme intermediate (triangles; labeled

E172*) were determined by fitting the data from the spectra in panels A and B to the equations for titrations involving one or two ionizable

groups. (E and F)3C-NMR spectra of E172Q and E78Q BSX, respectively, recorded as a function of pH &t Zbhe assignments are

extrapolated from those determined for the wild type protein, and the peaks from Glu78 and Glul72 are shown in solid black. In E78Q
BSX, although Glul72 appears to deviate from a monophasic titration, curve fitting to the equation for a biphasic titration does not yield

a reliable second apparerip
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FiIGure 3: Summary of the ¥, values of Glu78 and Glul72 in
the wild type, mutant, and glycosylated forms of BCX and BSX.
The predominant protonation states at the optimum pH of 5.7 for
enzymatic activity are indicated. In the case of the wild type
protein, the numbers listed in bold beside Glu78 and Glul72
correspond to the macroscopi&pvalues describing the major

chemical shift change exhibited by these residues. For the mutantpKa of Glul72.

and glycosylated proteins, the Glu residues show monophasic
titrations, and thus, the numbers correspond to microscopic ioniza-
tion constants.

Scheme 1
5.50 Ey 5.79
COOH / \
172 H
E E E
78 H
COOH \ /
4.63 gH ‘6

days (Miaoet al.,, 1994). To confirm further the presence
of the covalently bonded inhibitor, the mass spectrum (see
Materials and Methods) an#’F-NMR spectrum of the
modified BCX were recorded after dialysis. A single broad
resonance, split b3dy—r = 47 Hz, was detected at205.6
ppm relative to CFGl This resonance is assigned to the
19F nucleus of the 2-deoxy-2-fluor@-xylobiosyl—enzyme
complex.

The3C-NMR spectrum of the covalently modified protein
was recorded as a function of pH (Figure 2C). In contrast
to the native protein, only a single peak shows a distinct
upfield shift of 1.59 ppm with decreasing pH. This peak is
assigned to Glul72, as Glu78 is involved in a glycosidic
linkage and thus is no longer titratable. In addition, as
observed with native BCX, the resonance of Glul72 is
exchange broadened during its titration. However, in contrast
to the unmodified protein, the chemical shift of Glu172 now
follows a monophasic titration curve with &pof 4.2 +
0.02 (Figure 2D). Remarkably, theKp of this catalytic
residue is reduced by2.5 units due to the formation of the
glycosyl-enzyme intermediate.

pKa Values of BSX Mutants with Single Glutamic Acid
Residues The*C-NMR spectra oB. subtilisxylanases with
either Glu78 or Glu172 mutated to glutamine were recorded
as a function of pH. This served both to confirm the
assignments of thé-carbonyl resonances in the wild type
protein and to examine the interactions between these
catalytic groups. These substitutions, involving isosteric side
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in the spectrum of the mutant xylanase, while a new peak,
arising from the introduced glutamine side chain, was
detected (Figure 2E,F). In addition, the resonances of GIn7,
-127, and -175 were perturbed by the mutations, as expected
due to their sensitivity to the ionization states of Glu78 and
-172 in the wild type protein.

The chemical shift of Glu78 in the E172Q protein, with
Glul72 mutated to glutamine, follows a monophasic titration
with a pK; of 5.0 & 0.01 A6 = —3.93 ppm). The K, of
this catalytic residue is thus elevated ©¥.4 unit relative
to wild type xylanase. This result is unexpected if Glu78
and Glul72 are coupled solely by electrostatic interactions,
because, by Scheme 1, th€mf Glu78 should remain near
4.6 in the presence of a neutral side chain at position 172.
Therefore, the introduction of GIn172 may perturb the
environment of Glu78. In a reciprocal manner, the resonance
of GIn172 shifts downfield by 0.5 ppm with an apparektp
of 5.1 & 0.02, indicating that it$)-3C chemical shift is
dependent upon the ionization state of Glu78.

The substitution of Glu78 to Gln dramatically alters the
In the mutant E78Q, Glul72 follows a
titration curve with a ; of 4.2+ 0.02 A6 = —3.81 ppm).
Again, exchange broadening of th®3C resonance of
Glul72 is observed. Thisqyis essentially identical to that
measured for Glul72 in BCX covalently modified with
DNP2FXb. Therefore, amidation or glycosylation of Glu78
has the same net effect on the ionization equilibrium of
Glul72. Both of these modifications eliminate the negative
charge on Glu78 and thus are expected to lead to a reduction
in the K, of Glul72. However, on the basis of Scheme 1,
the microscopic i, of Glul72 in the presence of a neutral
protonated Glu78 in wild type BCX is 5.50. This is
significantly higher than thelfy, of ~4.2 in either the mutant
or covalently modified wild type xylanase, suggesting that
the coupling between the two catalytic glutamic acids is not
purely electrostatic. Conformational changes in the active
site may also help dictate the ionization behavior of Glu172.
Note that the resonance of GIn78 shifts downfiekb (=
+0.51 ppm) with an apparentg of 4.2+ 0.04, indicating
that itso-13C chemical shift is sensitive to the ionization state
of Glul172.

Covalent Modification of E172Q Xylanase with DNP2FEXb
The inhibitor DNP2FXb will also react with E172Q BSX.
This mutated xylanase contains only the nucleophilic residue
Glu78 yet will form a covalent intermediate with the inhibitor
since the activated 2,4-dinitrophenol leaving group does not
require general acid-catalyzed assistance. T™eNMR
spectrum of E172Q shows changes upon complex formation
with DNP2FXb similar to those observed for the wild type
protein (supporting information). However, this modified
protein has no titratable glutamate residues, and thu$Qits
NMR spectrum is essentially independent of pH. This
important control measurement confirms the assignment of
the single titrating peak in the covalently modified wild type
protein to the general base catalyst Glu172. Furthermore, it
demonstrates that the pH dependence of the chemical shifts
of the glutamine residues in the wild type and mutant proteins
(vide infra) results from the ionization of the catalytic
glutamic acids and not from other unidentified residues.

pH-Dependent Chemical Shifts of the Glutamine Residues

chains, were chosen to have minimal effects on the structuresThe 3C-NMR chemical shifts of several nonionizable
of the proteins. In each case, a single peak, correspondingglutamine residues in BCX are pH-dependent, providing

to that of the eliminated glutamate side chain, was missing

confirmation of the [, values assigned to Glu78 and
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Glul72, as well as insights into possible conformational DISCUSSION

changes associated with the ionization of the xylanase (Figure . ) ) )

2). Most strikingly, in the wild type BCX, GIn7 shifts Correlating pk; Values with the Enzymatic Mechanism
downfield by over 2.5 ppm with decreasing pH, reportinga  Using selective isotopic labeling ad#C-NMR, we have
biphasic titration with apparentk values of 4.5+ 0.02 measured directly theky values of the catalytic glutamic
(A6 = +2.09 ppm) and 6.6t 0.08 A6 = +0.47 ppm). acid residues in wild type and mutaBitcirculansandsubtilis
Similar behavior is seen with the mutants E172Q and E78Q, xylanases, and in a trapped glycosghzyme intermediate

as well as the covalently modified wild type protein, (Figure 3). Combined with a kinetic analysis of the pH
corresponding to apparent monophadiG palues of 5.0+ dependence of the activity of BCX, these measurements
0.01 A6 = +2.71 ppm), 4.0+ 0.04 Ao = +0.88 ppm), provide key insights into the enzymatic mechanism of
and 4.2+ 0.08 A6 = +0.19 ppm), respectively. On the xylanases and glycosidases in general. As summarized
basis of the similarity of these apparertalues to those  schematically in Figure 1, the double-displacement reaction
measured for the glutamate residues in the given proteins, itof BCX can be broken into two consecutive steps involving
is likely that the chemical shift of thé-carbonyl of GIn7 is  glycosylation to produce a covalent glycosgnzyme in-
dependent on the ionization states of Glu78 and Glu172. termediate followed by deglycosylation to regenerate the
However, this glutamine is-10 A (C°—C?%) removed from native enzyme. The distinct catalytic roles played by the
either catalytic glutamic acid carbonyl and is at least 12 A active site glutamic acid residues in each of these steps
away from they-carboxyls of any of the seven aspartic acids depend intimately upon their ionization states and hetce p
in BCX. Thus, it is unlikely that the pH dependence of the Vvalues.

chemical shift of GIn7 is due to a direct electric field effect (i) Glycosylation and General Acid Catalysisin the
with any titratable group in the protein that haskg, pelow ~ absence of bound substrate, the apparent or macrosdépic p
~8. Inspection of the crystal structure of BCX reveals that values of Glu78 and Glu172 in wild type BCX are 4.6 and
the side chain of GIn7 is stacked over the plane of the 6.7, respectively. The latter value supports tl pf 6.8
aromatic ring of Tyr166 on the edge of the active site cleft reported for Glu172 on the basis of a FT-IR spectroscopic
of BCX and is also hydrogen-bonded to the phenolic oxygen analysis of wild type and mutant BCX (Davocetial, 1995).

of Tyr5. Furthermore, Tyrl66 may be weakly hydrogen- Similarly, in the homologous xylanase A frothizophyllum
bonded to Tyr69, which in turn is strongly hydrogen-bonded commune Bray and Clark (1990) identified by chemical
to Glu78. Therefore, we postulate that the unusual upfield modification an ionizable group with an appareitjpf 6.6

shift of GIn7 is due to an aromatic ring current effect and thatis critical to the activity of the enzyme. Th&jpvalues
that its striking pH dependence may reflect changes in this measured with*C-NMR for the two catalytic glutamic acids
effect associated with conformational perturbations of the in BCX also agree closely with those characterizing the pH
active site coupled to the protonation of Glu78 and, to a lesserdependence d.{Ky for this xylanase. By standard kinetic
extent, Glu172. Less dramatically, the resonance of GIn175 formalisms describing enzymatically catalyzed reactieng,

is also slightly dependent upon the ionizations of two groups Km is the s_,econd-order rate constant for the reaction of fr_ee
with apparent K, values of 4.5+ 0.3 (A6 = +0.04 ppm) enzyme with subs_trate. Therefore, the simplest interpretation
and 6.6+ 0.07 (A6 = +0.18 ppm) in wild type BCX. This of th_ese resu_lts is that near pH 5.7, \_/vhere fthe enzyme is
residue, located on the sanfestrand as Glul72, may be maxw_nally active, Glu78 exists prgdomlnantly in the |on|zeq
sensitive to the ionization states of the catalytic glutamic state in order to act as a nucleophile, whereas Glu172 remains

acids, possibly through conformational perturbations similar Protonated to serve as a general acid or proton donor.
to those postulated for GIn7. At this time, we have not measured thi€;values of the

. . . . catalytic residues in the Michaelis complex. However, at
The d6-carbonyl of GIn127 shifts upfield with decreasing 40 g the pH dependence of the first-grder rate constant

pH (Figure 2). In the wild type xylanase, GIn127 follows a for the turnover of the enzymesubstrate complexkea

titration V\gtg %pipf(i)rigt Na(;/a_lue_soo;g.&t 0'04%]6 - _%76 ¢ roughly parallels that of../Km (apparent K, values of 4.0
ppm) and . 10 Ao = e ppm). € amide o ~ and 7.4, and 4.6 and 6.4, respectively; not shown). Since
GIn127 is hydrogen-bonded directly to the carboxyl of Glu78, glycosylation is the rate-limiting step for hydrolysis of
and thus, it is expected that the glutamine would be sensitiveONPXb by BCX, the apparent values characterizins

to the lonization of Glu78. Consistent W't_h t_h|s,_|n th_e correspond to ionization events in the noncovalent enzyme
E172Q variant, GIn127 reports a monophasic titration with substrate complex (Lawsat al, 1996). This comparison
an apparenti, of 5.0+ 0.01 A0 = —1.01 ppm), which i g;4qests that theiq values of the active site glutamic acids
_equal to the K, of Glu78 in the same_protem. Furthermore, are perturbed only slightly by substrate binding.

in E78Q BSX or the covalently modified xylanases, both of (ii) Deglycosylation and General Base Catalysisly-
which lack a glutamic acid at position 78, the chemical shift drolysis of the glycosytenzyme intermediate requires

of GIn127 is essentially pH-independent. Thus, ¢h&C general base catalysis from the same group that functions
resonance frequency of GInl27 would appear to dependinisia|ly as the general acid catalyst during the glycosylation
directly on the ionization of Glu78 and may show an apparent reaction (Figure 1). This implies an important shift in the
pKa of ~6.6 in the wild type protein due to the interaction i of the carboxyl group during the catalytic cycle in order
of Glu78 with Glu172. that it may serve more effectively as a proton donor and

Finally, the 6-°C chemical shift of GIn167 changes then acceptor. Experimental access to tkggf Glu172 in
slightly with an apparentlf, of 3.0, whereas that of GIn133 its general base form was provided through the availability
is essentially independent of pH over the range studied. of a stable, yet catalytically competent, glycosghzyme
Neither of these glutamines is close to the catalytic glutamic intermediate formed by the reaction of BCX with DNP2FXb
acids (Figure 1). (Miao et al., 1994).
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As shown unambiguously in Figure 2, thEgof Glu172 also contribute to the highKy of this catalytic residue
drops by~2.5 units from 6.7 to 4.2 in wild type BCX upon  (Spassowt al., 1989; Inoueet al,, 1992).
glycosylation of Glu78. We postulate that, under optimal A key question prompted by this study is what features
pH conditions for the activity of BCX, thiska, change allows ~ of BCX establish the K, values of Glu78 and Glul72 in
Glul72 to remain deprotonated after serving as a generalthe free and glycosylenzyme form of this protein? On the
acid catalyst until the deglycosylation step of the hydrolysis basis of the analysis of Scheme 1, the microscofdiovalues
reaction is initiated. During this step, the glutamate then of Glu78 and Glul72 are 4.63 and 5.50, respectively, in the
acts as a general base to abstract a proton from water angbresence of a neutral catalytic partner. Inspection of the
facilitate nucleophilic attack on the bound xylobiosyl moiety. crystal structure of the protein, determined at pH 7.2, reveals
If the pK, of Glul72 had been fixed near 6.7, protonation no simple reason as to why th&pof Glul72 is elevated
would occur rapidly after glycosylation to regenerate the by ~1 unit relative to that of Glu78 (Campbaeit al., 1993).
neutral glutamic acid, which could not function effectively Both Glu78 and -172 are essentially buried in the protein,
as a general base catalyst. This study therefore provides cleawith only their side chain carboxyl groups exposed to the
experimental evidence that during catalysis tHeqf Glu172 solvent (each having15 A2 of accessible surface area), and
“cycles” about the pH optimum of BCX in order to match both are hydrogen-bonded to a tyrosine ring and a primary
its dual role as a general acid and then general base. amide group. As pointed out previously, the side chain of

Such [Ka values are well-precedented for acid/base- GlU78 does lie 7.0 A from the guanido group of Arg112
catalyzed hydrolysis of glycosides. In bacteriophage T4 (C°—C%) (Wakarchuket al, 1994; Davoodiet al, 1995);
lysozyme, an inverting glycosidase that cleaves peptidogly- h.owever', at8.4 A, the distance from Glu172 to this cationic
can via a single-displacement mechanism (Kurekial., side chain is essentially the same. Regardless of the reason,
1995), the [, of the catalytic Asp20 is 3.6 while that of the fact remains that thekp of Glu78 is lower than that of
Glull is 5.4 (Andersomt al, 1993). In this mechanism, Glul72, and thus, the former group is preferentially ionized
Asp20 functions as a general base to assist the nucleophilicVith increasing pH. On the basis of Scheme 1, the
attack of water on the glycosidic bond, while the general Microscopic Ko 0f Glul72 is elevated to 6.7 in the presence
acid Glul1 concomitantly donates a proton to the aglycone of the negatively charged Glu78. Therefore, the electrostatic
leaving group. Thus, in both T4 lysozyme and BCX, the interaction between GIlu78 and Glul72 may raise the
general base carboxylates haw palues of approximately ~ effective p<, of the general acid group by-1.2 units,

4 and the general acids about 2 units higher. Thdge p Ccorresponding to an energetic coupling of 2.R0BAPK,)
values are clearly insufficient for independent protonation = ~1.6 kcal/mol at 25°C. By this same argument,
of an acetal or deprotonation of water, respectively. They €limination of the negative charge at position 78 due to the
are, however, consistent with concerted events of proton formation of the glycosytenzyme intermediate must reduce
transfer and bond rearrangements, since tgvalues at  the [Ka of Glul72. Thus, cycling of thek, of the acid/
the transition statescould be shifted enormously. These Dase catalystis in pamtrinsic to the double-displacement
enzymes have apparently selected acid/base groups for whicinechanism, paralleling the cycling of the nucleophilic group
pKa values can be adjusted around the desired optimum pHPetween its ionized and glycosylated states.

for activity and which can assist in the stabilization of an _Further inspection of the data in Figure 2 reveals that the
oxocarbenium ion-like transition state by providing partial Simplified Scheme 1 does not fully account for the effects

negative charge as bond cleavage occurs. of mutations or covalent modification of BCX on th&p
values of the catalytic carboxyls. Specifically, mutation of

Structural and Electrostatic Determinants of the pK Glul72 to a neutral Gin results in a slight elevation of the

Values of the Catalytic Glutamic Acids pKa of Glu78 to 5.0. More dramatically, mutation of Glu78

to GIn or the glycosylation of this residue leads to the
Structural and enzymatic analyses of numerous retainingdramatic reduction of theky of Glu172 to~4.2. Solely

glycosidases have clearly revealed a common feature of twoon the basis of the electrostatic interactions implied by
active site aspartic or glutamic acid residues involved in Scheme 1, the expecteKpof Glul72 in the latter two
catalysis. In the prototypical retaining glycosidase, hen egg proteins is 5.5. Thus, the neutralization of the charge on
white lysozyme, Asp52, with alfy of ~3.7, is negatively ~ Glu78 is only partially responsible for the reduction of the
charged to stabilize the oxocarbenium ion electrostatically pK, of Glu172, as required for its activity as a general base.
or possibly covalently, while the general acid Glu35 has a What additional factors help establish th&,pof this
pKa of ~6.2 (Parsons & Raftery, 1972a; Inoaeal.,, 1992; glutamate in the glycosylenzyme intermediate?
Bartik et al, 1994). The K, of Glu35 may be elevated to It appears likely that changes in the structure of the active
~6.5 in the presence of noncovalent inhibitors, while Asp52 site of the enzyme accompany the mutation or chemical
remains unperturbed (Parsons & Raftery, 1972b). Numerousmodification of Glu78, as well as the protonation of Glu78
studies have focused on dissecting the factors that establistand/or Glu172. Evidence for this conclusion is provided by
the K, values of the two catalytic residues in this protein. the pH-dependent chemical shifts of GIn7 and GIn175,
In the presence of ethylated Asp52 or the mutation of Asp52 residues that are located within the active site of BCX, yet
to Asn, the K, of Glu35 is reported to be 5.2 and 5.5, do not directly interact with either catalytic group. In
respectively (Parsons & Raftery, 1972a; In@ial., 1992). addition, the'H and**N chemical shifts of an unusually large
Thus, the electrostatic repulsion of Asp52 carboxylate number of amides in BCX also change markedly near pH
elevates the effective microscopi&pof Glu35 by~1 unit 6.5, indicating that the backbone structure of the protein is
in the native enzyme. Several groups have concluded thatperturbed by the protonation of Glul72 (A. Hedberg, L. A.
the hydrophobic environment of Glu35, combined with Plesniak, and L. P. Mcintosh, unpublished data). The
unfavorable interactions with the macrodipole ofcethelix, exchange broadening of tlde'3C resonance of Glu172 near
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the midpoint of its titration may also result from this Davies, G., & Henrissat, B. (199%tructure 3 853-859.
postulated conformational transition. Furthermore, as seenDaé/OOdil_J-x VV\\//a%rC;‘ggsW- V\G gamhpbe"ésR' Iéégciagrf%" P.R., &
in Figure 2, the chemical shifts of the glutamic acid and Edsglrl,ey%z.,’&\)vyfngn, J.)(Elugéaéioé?wisﬁ:rgl Chzémistr,)Academic
glutamine groups at high and low pH, and the changes in ~ press New York.

these shifts upon protonation of BCX, also differ between Gebler, J., Gilkes, N. R., Claeyssens, M., Wilson, D. B., Beguin,
the wild type, mutant, and covalently modified xylanases. P., Wakarchuk, W., Kilburn, D. G., Miller, R. C. J., Warren, R.

This implies differences in the environments of the side chain _ A-J., & Withers, S. G. (1992). Biol. Chem 267, 12259-12262.
P Gu, Z., Zambrano, R., & McDermott, A. (1994) Am Chem Soc

carbonyls in the various proteins. Finally; ffanenet al.

; 116 6368-6372.
(1994, 1995) have reported the crystallographic structures|noye, M., Yamada, H., Yasukochi, T., Kuroki, R., Miki, T.,
of the homologousTrichoderma reesekylanase Il at pH Horiuchi, T., & Imoto, T. (1992Biochemistry 315545-5553.

5.0 and 6.5. A striking conclusion of their thorough study iOhnioné Mié_éé{lggﬁm%noﬁgnzﬁngzdfoqsé—_zzozﬁ

is that the position of the side chain of the general amd/basngﬁptom J( B, é)’LWithers,eS. G.OE:19923iochemistry 319961
glutamate differs markedly under the two pH conditions and " “gggq

that the overall structure of the active site of the enzyme is knowles, J. R. (1976LRC Crit Rev. Biochem 4, 165-173.
perturbed due to changes in an extensive network of Ko, E. P., Akatsuka, H., Moriyama, H., Shinmyo, A., Hata, Y.,
hydrogen-bonded residues. It is reasonable to suggest that ﬁ;sulbzei Y., Urabe, I., & Okada, H. (199Bjochem J. 288
similar structural pgrturbatlons occur in BCX with changing Koshland, D. E. (1953Biol. Rev. 28, 416-436.

of the pH or the amidation or glycosylation of Glu78. These ,qjis, P. J. (1091). Appl. Crystallogr. 24, 946-950.
conformational perturbations, combined with the effect of kuroki, R., Weaver, L. H., & Matthews, B. W. (1995)at Struct
the electrostatic interaction between Glu78 and Glul72, may Biol. 2, 1007~1011.

serve to establish the precis&of the general acid/base '—a\é\’_sogv S. L., Wakarchuk, W. W., & Withers, S. G. (1996)
residug durir\g the hydr'olysis of Xylan. We.are currently Lea;ggrt()aer\?rg;},(lr}le.prg.ss()i%OGra-Fit, Version 2.0, Erithacus
exploring this hypothesis by studying experimentally and  software Ltd., Staines, U.K.

theoretically the effects of the mutation of residues adjacent LeMaster, D. M., & Richards, F. M. (198®iochemistry 27142—

to positions 78 and 172 on the structure, activity, aklkd p 50.

values of BCX. McCarter, J. D., & Withers, S. G. (199Qurr. Opin. Struct Biol.
4, 885-892.
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