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O-GIcNAcase by Functional Analysis of Site-Directed Mutdnts

Naniye (etinbast Matthew S. Macauley,Keith A. Stubbs, Robert Drapala, and David J. Vocadlo*
Department of Chemistry, Simon Fraser eisity, 8888 Uniersity Drive, Burnaby, British Columbia, Canada, V5A 1S6
Receied Naember 20, 2005; Résed Manuscript Recegéd January 18, 2006

ABSTRACT. O-GIcNAcase is a family 84-N-acetylglucosaminidase catalyzing the hydrolytic cleavage of
B-O-linked 2-acetamido-2-deoxy-glycopyranose @-GIcNAc) from serine and threonine residues of
posttranslationally modified protein®-GlcNAcases use a double-displacement mechanism involving
formation and breakdown of a transient bicyclic oxazoline intermediate. The key catalytic residues of any
family 84 enzyme facilitating this reaction, however, are unknown. Two mutants of h@a@icNAcase,

D174A and D175A, were generated since these residues are highly conserved among family 84 glycoside
hydrolases. Structurereactivity studies of the D174A mutant enzyme reveals severely impaired catalytic
activity across a broad range of substrates alongside-aagtivity profile consistent with deletion of a

key catalytic residue. The D175A mutant enzyme shows a significant decrease in catalytic efficiency
with substrates bearing poor leaving groups (up to 3000-fold), while for substates bearing good leading
groups the difference is much smaller (7-fold). This mutant enzyme also cleaves thioglycosides with
essentially the same catalytic efficiency as the wild-type enzyme. As well, addition of azide as an exogenous
nucleophile increases the activity of this enzyme toward a substrate bearing an excellent leaving group.
Together, these results allow unambiguous assignment éf¥sspthe residue that polarizes the 2-acetamido
group for attack on the anomeric center and A3ps the residue that functions as the general acid/base
catalyst. Therefore, the family 84 glycoside hydrolases use a DD catalytic pair to effect catalysis.

O-GIcNAcase, a member of the family 84 glycoside reaction proceeds in two ordered steps each involving
hydrolases), acts to hydrolyze 2-acetamido-2-deg¥yp- inversion of stereochemistry at the anomeric center such that
glucopyranose@-GlcNAc)! residues from posttranslationally  the reaction proceeds with overall retention of stereochem-
modified serine and threonine residues of nucleocytoplasmicistry (Figure 1). To effect this reaction, glycosidases from
proteins 2—4). Consistent with the important cellular role families 18, 20, and 56, which all use substrate-assisted
that this modification plays, a number of diseases have beencatalysis, have evolved active sites in which two strategically
associated with its dysregulation, including diabet&%y, positioned carboxyl residuesly 15, 16, 18) play key
Alzheimer (/—9), and cancerl(0). Indeed, disruption of the  catalytic roles 20—24). In the first step catalyzed by these
gene responsible for additiorOGTase) or removal @- enzymes, the cyclization step, one carboxyl residue within
GlcNAcase) ofO-GlcNAc has been associated with diseased the enzyme active site assists in formation of an oxazoline
states {1, 12). We have previously determined that, in a intermediate by polarizing the 2-acetamido group of the
fashion similar to members of families 183 14), 20 (15— substrate to increase its nucleophilicity, thereby promoting
17), and 56 .8) of glycoside hydrolase§)-GIcNAcase 19) attack of the carbonyl oxygen at the anomeric center. The
uses a catalytic mechanism involving anchimeric assistanceother carboxyl group concomitantly facilitates departure of
from the 2-acetamido group of the substrate. The overall the aglycone leaving group by providing general acid
catalysis. The second step, ring opening of the bicyclic
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2-deoxyp-b-glucopyranose-GIcNAc, polypeptidyl 2-acetamido-2- - -
deoxy$-D-glucopyranoside; pNB-GIcNAc, 4-nitrophenyl 2-acetamido- For the families 18, 20, and 56 glycoside hydrolases that

2-deoxyp-p-glucopyranoside; pNB-GIcNAc, 4-nitrophenyl 2-acetamido- all use a catalytic mechanism involving anchimeric assistance
2-deoxy-1-thios-D-glucopyranoside; 3,4-DNP-GICNAC, 3,4-dinitrophenyl  from the 2-acetamido group of GIcNAc, the two key catalytic

G'C’\A'lACEtmNE ‘G"f’\(';ﬁ‘cf\&”'"zp&ed‘%f;'ﬁx'“c?pr’\iE'f'C'\t'JAﬁzf‘f"f‘ residues have, in each case, been identified previously by
oro-4-nitropnenyl-Gic C, - -Glc C, -me umbpeliireryi- . . . .. .
GlcNAC: p&p_g’lcNAc, 4-chlorophenyl-GIcNAC; pN|¥|ACp_G|CNXC’ both structural and kinetic studies. Chitinases from family

N-acetyl-4-aminophenyl-GIcNAc; P-GlcNAc, phen@-GIcNAC. 18 (13, 14, 24) and hyaluronidases from family 56§, 22)
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Ficure 1: O-GlcNAcase uses a catalytic mechanism involving substrate-assisted catalysis. The first step of the reaction, cyclization, proceeds
via attack of the 2-acetamido carbonyl oxygen on the anomeric center to form a covalent bicyclic oxazoline intermediate. This step is
facilitated by polarization of the 2-acetamido moiety by an enzymic carboxyl group most likely acting as a general base catalyst. Departure
of the aglycone is facilitated by general acid catalysis provided by another carboxyl group in the enzyme active site. In the second step, ring
opening, the oxazoline intermediate is broken open by the general base-catalyzed attack of a water molecule on the anomeric center and
general acid catalysis to the departing amide group. Both steps occur with inversion of stereochemistry at the anomeric center such that the
overall reaction proceeds with net retention of stereochemistry.

D174
O

use a DXE motif to effect catalysis where the aspartate site containing the conservec?¥D?°¢ pair can apparently
operates as the polarizing residue and the glutamate servebe structurally aligned with the active site of family 20
the role of general acid/base catalyst. The family 20 glycoside 3-hexosaminidases containing a DE catalytic paB, (16,
hydrolases, which cleave terminal GIcNAc residues from a 30). To resolve the ambiguities between these two bioinfor-
wide variety of glycoconjugates, employ a DE catalytic pair matics studies and to identify the key catalytic residues of
where the aspartate and glutamate residues are immediatel{D-GIcNAcase and by extension all family 84 glycoside
adjacent to each other in sequentb, (L6, 20—23). Similar hydrolases, we have subcloned the N- and C-terminal
to the family 18 and 56 enzymes, the aspartate acts as thelomains and have generated site-directed mutants of two
polarizing residue and the glutamate acts as the general acidhighly conserved residues hypothesized by Rigden et al. to
base catalyst. Given that we have shown the family 84 be in the glycoside hydrolase domain of hun@GIcNA-
glycoside hydrolases also use a catalytic mechanism involv-case 80) (Figure 2). Detailed kinetic studies encompassing
ing anchimeric assistance, we previously proposed this comparative analyses of pH activity profiles, Brgnsted
enzyme would also employ two key catalytic carboxyl dependence, nucleophile effects, and thioglycosidase activi-
residues 19). Nevertheless, the identities of these putative ties of WT and mutant enzymes permit unambiguous
catalytic residues i@-GlcNAcase or any family 84 glycoside  assignment of As@* as the polarizing residue and Agp
hydrolase remain unknown. as the general acid/base catalyst.

Human O-GIcNAcase is a 916-amino-acid protein with
distinct N- and C-terminal domains that are apparent from MATERIALS AND METHODS
sequence alignment&@). In one case, a region correspond- Reagents, Enzymes, and Bacterial StraiA. media
ing to amino acids 63283 in the amino terminus was components were obtained from Bioshopfu DNA poly-
hypothesized to contain the catalytic glycoside hydrolase merase, deoxynucleoside triphosphates, and restriction en-
domain ofO-GIcNAcase 4). Others have suggested that the donucleases were obtained from Fermentas. T4 DNA ligase
C-terminal domain is essential f@-GIcNAcase activity was purchased from New England BiolaBscherichia coli
(26—28). Siill, other data indicate that the C-terminal domain ultracompetent XL-10 Gold cells were purchased from
has histone acetyl transferase activity in vit?8)( Neverthe- StratagenekE. coli Tuner@ DE3) cells were purchased from
less, to date no experimental data clearly indicates which Novagen. HisTrap FF columns were purchased from Am-
domain has the molecular machinery responsible for cata-ersham Biosciences. DNA fragment purification and plasmid
lyzing glycoside hydrolysis in any family 84 glycoside purification kits were obtained from Qiagen. Synthesis of
hydrolase. oligonugleotide primers and DNA sequencing were per-

Using a fold recognition bioinformatics approach in formed by the Nucleic Acids and Peptide Service (NAPS)
conjunction with modeling, Rigden et al. have predicted that facility, University of British Columbia. The synthesis of
family 84 glycosidases along with families 29, 44, 50, 71, aryl 2-acetamido-2-deoxg-p-glucosides is described else-
85, and 89 all haveo(f)s TIM barrel structures30). This where 82, 33).
bioinformatics study also suggested that A8pnd Asj3°® Cloning of the N- and C-Terminal Domain of Human
within the bacterialXanthomonas axonopodfamily 84 O-GlcNAcaseSubcloning of the DNA encoding full-length
enzyme are the key catalytic residu@§)( These residues  humanO-GIcNAcase into pET28a and conditions used were
correspond to conserved residues within the human enzymedescribed previously3@). Similar conditions were used to
that are found in the N-terminal domain, consistent with an subclone the N- and C-terminal domain of hum@n
earlier proposal by Hanover that this region comprises the GlcNAcase into the pET28a expression vector. Primers used
glycosyl hydrolase domaird). This contrasts with another  to carry out the subcloning for the N-terminal domain were
bioinformatics study by Schultz and Pils that predicted the as follows: 5>GCCGCGATATG GTGCAGAAGGAGAGT-
C-terminal domain contain®-GlcNAcase catalytic machin- CAAGCG-3 and 3-GCCGCCGTCGAGCTAATCTTCACT-
ery (31), as well as experimental data indicating the necessity GTCAGTCATCA-3. Primers used to carry out the subclon-
of the C-terminal domain for catalytic activit2@). On the ing of the C-terminal domain were as follows:-GCCGC-
basis of a hypotheticab{)s TIM barrel structure of the. CCATATG AGTACTGTGTCCATCCAGATAAAATTAG-3
axonopodisnzyme, a small portion of the family 84 active and 3-GCCGCCGCTCGAGCTACAGGCTCCGACCAA-
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FiGurRE 2: Sequence alignment of family 84 glycoside hydrolases show that%#spl Asp’® from humanO-GlcNAcase are fully conserved.
The top half of the alignment shows members of family 84 glycoside hydrolases from eukaryotes, while the bottom half shows those of
prokaryotes. The data bank accession humbers are as folldassio sapiens (GenBank identifier AF036144¥lus musculugGenBank
identifier AF132214);Rattus noregicus(GenBank identifier AY039679)Anaopheles gambia@senBank identifier AAAB01008799);
Drosophila melanogastgiGenBank identifier AEO03734);aenorhabditis elegan&enBank identifier U28742)Streptococcus pyogenes
(GenBank identifier AE006591)Bacteroides fragilis(GenBank identifier CR626927)Xanthomonas axonopod{§&enBank identifier
AE012042); Xanthomonas campestr{&enBank identifier CP000050 lostridium perfringengGenBank identifier AP003185); and
Mycoplasma alligatorigGenBank identifier AY515698). Fully conserved (*), semi-conserved () and partially consejvwediflues are
shown for the eukaryotic sequences and for all sequences. The sequence alignment was carried out using the prograné@lasthiW (
BOXSHADE

GTATAACC-3'. Bold lettering represents the restriction sites RESULTS

(Ndel and Xhol), and the italics represents an inserted stop |4entification of the Glycoside Hydrolase Domain of

codon. O-GlIcNAcaseTo clearly establish which domain harbors
Mutagenesis of Full-Length O-GlcNAcaskhe pET28a  O-GIcNacase activity, we generated two deletion constructs

plasmid Containing fU”'IEﬂQﬂO'GlCNAcase was used to Comprising amino acids 4350 and 353916 of human
create the site-directed mutants D174A and D175A. The O-GIcNAcase. Recombinant proteins were express@_in

primers used for the mutagenesis were as follows: D174A ¢l and purified by N¢*-affinity chromatography. Purified

forward: 3-GCAGATCATTTGCTTTGCTTTTTGCAGA- proteins were tested for activity toward pNRGICNAC as
TATAGACCATAATATGTGTGC-3; D174A reverse: 5 a substrate. Only the N-terminal domain showed catalytic
GCACACATATTATGGTCTATATCTGCAAAAAGCAAA- activity (Vma/[E]o = 0.002umol min~t mg%, Ky = 1.5 mM,
GCAAATGATCT-GC3; D175A forward: 3-CAGATC- Vial[EloKn = 0.0013umol mint mgt mM-1).
ATTTGCTTTGCTTTTTGATGCAATAGACCATAA-TAT- Production and Purification of Mutant Enzyme%$o
GTGTGCAGC-3, D175A reverse: SGCTGCACACATAT- identify the catalytic residues of hum@rGIlcNAcase within
TATGGTCTATTGCATC-AAAAAGCAAAGCAAATGAT- the N-terminal domain, a completely conserved DD pair

CTG-3 (mutated nucleotides are shown in bold case). Double (Asp'74 and Asp™) found in all members of family 84

base pair substitutions were made to reduce low levels Ofglycoside hydrolases (Figure 2) were mutated to alanine
translational misincorporation by the ribosome during protein resjdues in the full-length protein. Successful site-directed
SyntheSiS in the host cell. MutageneSiS conditions were mutagenesis was Verified by DNA Sequencing_ The two
described previously3Q). mutantO-GlcNAcases as well as the WT enzyme were then
Overexpression and Purification of Proteingll full- overexpressed and purified by2¥iaffinity chromatography.
length proteins as well as the N-terminal domain were Purity of the proteins was verified using SBBAGE, and
overexpressed and purified byA¥iaffinity chromotography it confirmed that the enzymes used in this study we@5%
as described previousl3®). Great care was taken to avoid pure of contaminatinge. coli proteins (see Supporting
cross contamination by using separate nickel columns for Information).
each protein. pH-Dependence Aciity Profiles. Full Michaelis—Menten
Kinetic Analyses.Conditions at which the Brgnsted parameters were measured at pH values ranging from 4.5 to
analyses and pH-dependent catalysi©daBIcNAcase were 9.0, in which the enzyme was stable over the assay time (30
carried out were described previousBg). Effects of adding min). Shown in Figure 3 are plots of the logarithm of the
endogenous nucleophiles on enzyme catalyzed hydrolysis ofsecond-order rate constant.(/[E]oKm) for WT O-GIcNA-
3,4-DNP-GIcNAc were determined by following the reaction case and the two mutants as a function of pH. As both others
progress spectrophotometrically in a continuous assay at 37and ourselves have shown previous3y32), the pH activity
°C using a 96-well plate (Sarstedt) and 96-well plate reader profile for the WT-catalyzed hydrolysis of pNE-GIcNAc
(Molecular Devices). A carefully pH adjusted solution resembles a bell-shaped curve with the maximal catalytic
containirg 1 M sodium azide in PBS buffer (pH 7.4) was efficiency at a pH of 6.5 (Figure 3). The hydrolysis of pNP-
added to the appropriate amount of PBS buffer (pH 7.4) to O-GIcNAc catalyzed by the D174A mutant is extremely
achieve the desired final concentration of azide in the assaysslow; therefore, a more reactive substrate (3,4-DNP-GIcNAc)
The pH of the resulting solution was verified in all cases to was used for determining its pH profile. Strikingly, the pH
be 7.40+ 0.05. In addition, a parallel set of assays were profile for the D174A mutant did not show a bell-shaped
carried out as described above, except sodium chloride wascurve but rather increasing activity at lower pH values
used to estimate changes in the rates that might arise from(Figure 3). Analysis of the pH profile of the D175A mutant
variation in the ionic strength of the reaction mixture. using pNPO-GIcNAc showed behavior similar to that of
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] Brgnsted plots relating the logarithm of the first-order rate
1 . " "t constant Yma?[E]o) to the K, value of the corresponding
;:‘ 1 = "o . phenol leaving group (Figure 4C,D) show that for WT
o 0 Lt *t ., O-GIcNAcase there is no dependency on the leaving group.
S | . The situation changes, however, for the mutant enzymes. For
N ° the D175A mutant, a similar pattern for plots of the first-
§ 7 ° . order (Figure 4D) and second-order (Figure 4B) rate
- ° ° constants is obtained. With good leaving groups, there is no
-2 —T 7T dependency on the leaving groypy(V) ~ 0.00), whereas
4 5 6 7 8 9 with poor leaving groups there is a clear dependeifigy (
pH (V) = —0.77). For the D174A mutant, there is also a trend

FiIGURE 3: The pH activity profiles of wild-typ@®-GlcNAcase and ~ but once again it is pH-dependent (Figure 4C). At pH 7.4,
the two mutants strongly suggests that Xéps the polarizing the slope of the Brensted plot is stegfy(V) = —0.71),

residue and hints at A$ff being the general acid/base catalyst. \yhereas at pH 5.0 the slope is much more shall
The second-order rate constant for WH)(and D175A @) = -0.31) P ' P 0400

O-GlIcNAcase catalyzed hydrolysis of pNB-GICNAc and D174A
(O) catalyzed hydrolysis of 3,4-DNP-GIcNAc as a function of pH ~ Competitie Nucleophile Effect3he effect of competitive

of the reaction mixture. nucleophiles on the rates of hydrolysis of 3,4-DNP-GIcNAc
catalyzed by the WT enzyme and the two mutants was also
investigated. For the WT enzyme as well as the D174A
mutant, addition of 600 mM azide did not result in any rate

the enzyme-catalyzed hydrolysis of a series of substituted €nhancement. A greater than 5-fold increase, however, was

aryl glycosides were determined with both mutant enzymes observed for _the activity of the D175A mutant. Nucleophile
and compared to those previously obtained with the WT F€SCU€ experiments were also attempted using gfieer-
enzyme 82) (Table 1). The resulting Brensted plots of log- captoethanol or formate, but the results were not as striking
(Vimad[E]oKw) Versus [ of the aryl leaving group for the @S those seen with azide (data not shown). In addition, the
WT and mutant enzymes are shown in Figure 4A,B. As we azide effect is not observed when a substrate bearing a poor
described previously for WD-GIcNAcase 82), the Sio(V/ leaving group (MNP-GIcNAc) is used (data not shown). A
K) value is—0.11. In contrast, #4(V/K) value of—0.95 is more detailed kinetic analysis of the effect of azide on the
obtained for the D174A mutant. When measured at pH 5.0, D175A mutant enzyme was performed. The first- and
however, theyy value was much less negativig(V/IK) = second-order rate constants, as well as the Michaelis
—0.39). For the D175A mutant enzyme, a curved plot with constants determined as a function of azide concentration
a defined linear region was obtained (Figure 4B). For good for the D175A mutant, are shown in Figure 5. Botha/
substrates, with ¢, values of the corresponding phenol [EJo andKy values increase as a function of azide concentra-
leaving groups< 7.2, the plot unexpectedly deviates from tion, with the overall result tha¥ma/[E]oKw only slightly
linearity with a decreasing negative slope. For poor sub- increases. Further, by comparison to a synthetic standard
strates, having phenol leaving groups witk,walues>7.2, using TLC analysis, the D175A-catalyzed formation of
a steep negative slopgif(V/K) = —1.0) is observed. 2-acetamido-2-deoxg-p-glucopyranosyl azide could be

the WT enzyme with the exception that the activity did not
drop as much at higher pH values (Figure 3).
Bransted Analyse3he Michaelis-Menten parameters for

Table 1: Kinetic Parameters for the Hydrolysis a Series of Ahdlycosides with WTO-GIcNAcase and the D174A and D175A Mutants

substrate K2 enzyme Vima'[E]o® (wmol min-t mg1) Km¢ (mM) Vimad[E]oKm (emol min~t mg=t mM~1)
3,4-DNP-GIcNAc 5.42 WT 2.4 0.21 12
D174A (pH 7.4) 0.02 0.56 0.041
D174A (pH 5.0) 0.02 0.36 0.35
D175A 0.36 0.22 1.7
3FpNP-GIcNAc 6.42 WT 2.3 0.33 7.1
D174A (pH 7.4) 0.003 0.38 0.0072
D174A (pH 5.0) 0.03 0.73 0.21
D175A 0.45 0.31 1.5
pNP-O-GIcNAc 7.18 WT 1.5 0.21 7.4
D174A (pH 7.4) 0.002 1.4 0.0011
D174A (pH 5.0) 0.01 0.46 0.071
D175A 0.23 0.23 1.0
4-MU-GIcNAc 7.5 WT 1.2 0.2 6.2
D174A (pH 7.4) 0.0006 1.4 0.0004
D175A 0.05 0.2 0.24
mNP-GIcNAc 8.39 WT 2.3 0.47 5.0
D175A 0.03 0.95 0.028
pCIP-GIcNAc 9.47 WT 2.2 0.56 3.9
pNHACcP-GIcNAc 9.5 WT 3.1 0.84 3.7
P-GIcNAc 9.99 WT 2.1 0.62 34
D175A 0.001 0.95 0.0012

aValues were determined previous§3-65). ® Errors were between 2 and 5% except those for the D174A mutant enzyme for which the errors
are between 5 and 10%Errors were between 10 and 15% except those for the D174A mutant enzyme for which the errors are between 10 and
25%.
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Ficure 4: Brensted analyses of the WT and mut@iGIcNAcase catalyzed hydrolysis of a series of substrates bearing substituted aryl
leaving groups. (A and B) Brgnsted plots of the logarithm of the second-order rate constants for the (A) D174A mutant aOplit4 (

pH 5.0 (1), and (B) the D175A mutan®) compared to those for the WT enzynig)( (C and D) Brgnsted plots of the logarithm of the
first-order rate constant for (C) the D174A mutant at pH 0¥ &nd pH 5.0 4), and (D) the D175A mutan®) compared to those for the

WT enzyme [J). Data for the WT enzyme were taken from ref 32.

5 the other hand, the D174A mutant shows essentially no
. o © activity toward pNPS-GIcNAC.
S 4 o
I o
® © DISCUSSION
5 3 °
O o 5 oo 8 B Family 84 glycoside hydrolases cleave the glycosidic
?_.=~ 2+ o R B A A2 aa linkage of N-acetylglucosaminides by a two-step catalytic
s 3 4 mechanism that likely involves two key catalytic residues
@ 1 Jf‘ (19) (Figure 1). In this study, we sought to determine the
8 0 domain ofO-GIcNAcase that contains the glycoside hydro-
< LI T LI | L L . . . . .

0 40 80 120 160 200 240 lase domain as well as identify the two important residues

by determining the kinetic consequences of deleting these
catalytic groups. Conflicting suggestions in the literature
contend whether the domain with@-GlcNAcase bearing

[Azide] (mM)

Ficure 5: Adding azide as an exogenous nucleophile partially

rescues the activity of the D175A mutant toward 3,4-DNP-GIcNAc. N tvlal inid tivit ides in the either the N
The first-order rate constant¥mad[E]o (O), Michaelis constants, -acetylgiucosaminidase activity resides in the either the N-

Kw (0), and second-order rate constaga/[E]o Ku (), for the (4, 29, 30) or the C-terminusZ6—28, 31). We find that only
D175A mutant plotted as a function of azide concentration. All the N-terminal domain (amino acids-B50) has glycoside
values are corrected for the effect of salt concentration on the hydrolase activity. Nevertheless, its activity was dramatically
activity of the D175A mutant enzyme. lower (~1000-fold) than that of full-length enzyme. We
observed when azide was included in the reaction (Support-speculate that this decreased activity may be a consequence
ing Information). of either a structural perturbation in the N-terminal domain
Cleavage of an S-Glycosid@reviously, we have shown stemming from absence of the C-terminal domain or that
that O-GIcNAcase has an unusual property among glycosi- the C-terminal may play some role in catalysis. Regardless,
dases of being able to catalyze the hydrolysiS-gfycosides this finding supports the prediction of Rigden et &0)and
with reasonable catalytic efficienc®?). The enzyme was  disagrees with the predictions of Schultz and PBY)(
shown to effect cleavage &glycosides without general acid  Furthermore, these findings are consistent with the absence
catalysis 82). Accordingly, the two mutant enzymes were of the C-terminal domain in prokaryotic family 84 glycoside
tested for thioglycosidase activity toward pMNFFGICcNAC, hydrolases. We therefore centered our attention on the
and the rate constants governing hydrolysis were comparedprediction by Rigden et al, which used a fold recognition
to those obtained for pPNB-GIcNAc. The D175A mutant  approach in conjunction with modeling to postulate a DD
shows significant activity toward pNB-GIcNAc that is pair within the N-terminal domain of family 84 glycoside
similar to its activity toward pNR3-GIcNAc (Table 2). On hydrolases to be the two essential catalytic resid3&. (
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Table 2: The D175A Mutant of Huma®-GIcNAcase Catalyzes the Cleavage of&lycoside with Comparable Catalytic Efficiency as an
O-Glycoside

(Vmax[E] 0_1 KM_l)O (Vmax[E] 0_1 KM_l)S (Vmax[E] 0_1 KM_l)S/ (Vmax[E] 0_1 KM_l)S(MT)/

enzyme (umol min~t mg~tmM™1) (umol min~t mg~tmM1) (Vmax[E]o *Kn ™Yo (Vmax[Elo * Km™Hswm)
WT 7.4 0.31 0.041 N.A.
D174A 0.0011 N.A2 N.Ab N.Ab
D175A 1.0 0.46 0.45 1.5

aNo detectable activity? Not applicable.

The two predicted aspartate residues correspond td’Asp the polarizing residue of the family 20 humarhexosamini-
and Asp’ of humanO-GIcNAcase. Indeed, these residues dase 20) and a bacterial homologue fro®treptomyces
are completely conserved throughout all predicted membersplicatus (21). Interestingly, the apparent kineti&pvalue
of family 84 glycoside hydrolases (Figure 2). Accordingly, of the general acid/base catalytic residue in the D174A
D174A and D175A mutants were prepared of full-length mutant decreases by at least 2.5 units as compared to the
humanO-GlcNAcase where the carboxyl group was deleted WT enzyme. This observation is consistent with deletion of
by replacing each aspartate with the nonionizable amino acida negative charge within the vicinity of the acid/base residue.
alanine. The consequences of these mutations were deterShifts in the K, values of ionizing groups within the active
mined by obtaining the kinetic parameters for these mutant site of other glycosidases have been observed previously in
enzymes acting on a range of different substrates andseveral case0, 37, 40, 41). The pH profile of the D175A
comparing them to those obtained for the WT enzyme. mutant was more ambiguous. Nevertheless, the observation
Preliminary assays of the two mutant enzymes using pNP-that the basic limb is attenuated at high pH suggests that
O-GIcNAc as a substrate revealed that the catalytic efficiency Asp'’® may be the general acid/base catalytic residue. The
of both mutants were compromised (Table 1). The D174A basis for the unexpected decrease in activity at higher pH
mutant, in particular, showed a dramatic 7000-fold decreasevalues for this mutant is unknown but may stem from
in its second-order rate constai,/[E]oKu) as compared ionization of another group within the enzyme active site.
to the WT enzyme. The D175A mutant, however, showed  |n addition to analysis of pH profiles of mutant enzymes,
only a modest 7-fold decrease. Encouraged by our prelimi- Brgnsted analyses of the enzyme-catalyzed cleavage of
nary results, we decided to study the pH activity profiles as substrates bearing different leaving groups can be a powerful
well as to carry out detailed functional analyses of both tool for identification of the acid/base catalyst of glycosidases
mutant enzymes. (34). Replacement of the acid/base catalytic residue with a
Glycosidases typically exhibit bell-shaped pH profiles nonionizable residue should substantially reduce the catalytic
reflecting the ionizations of two important active site efficiency of the mutant enzyme toward substrates bearing

carboxyl groups34, 35). Deletion of one of these carboxyl

poor leaving groups but should have a less pronounced effect

groups often results in the disappearance of one of thefor substrates bearing good leaving groups that do not benefit

corresponding limbs in the profile, leaving an asymmetric
pH profile stemming from titration of the remaining residue
(20, 34, 36—38). As reported previouslyO-GIcNAcase
exhibits a bell-shaped pH profile showing maximal activity
at a pH value of 6.53, 26, 32, 39). The kinetic X, values

of the two critical catalytic residues appear to be ap-
proximately 5.0 and 7.5 (Figure 3). Most likely, the ap-
propriate ionization state of the enzyme to initiate the
catalytic cycle is for the acid/base catalytic residue to be in
its protonated form and the polarizing residue to be in its
deprotonated form (Figure 1). Accordingly, the acidic limb
likely stems from ionization of the polarizing residue, while
the basic limb stems from ionization of the general acid/
base catalytic residue.

Analysis of pH profiles of mutant enzymes in which the

significantly from general acid catalysis. These effects are a
consequence of the structure of the transition state. For
mutants in which the general acid/base catalytic group has
been deleted, there is considerable negative charge develop-
ment on the glycosidic oxygen since proton donation is not
possible. The net result is that markedly negafiéV/K)
values of~ —1.0 are expected for such mutant enzymes
(34). For WT enzymes that are efficient at proton donation
and accordingly havégy(V/K) values that are small and
negative there is a dramatic and diagnostic difference
between the WT and corresponding general acid/base
catalytic mutants34, 37, 41—43). Indeed, such a case holds
for the D175A mutanO-GIcNAcase: the Brgnsted plot of
the logarithm of the second-order rate constant shofis a
(VIK) value of —1.0 for substrates bearing leaving groups

key carboxyl groups have been deleted by site-directed with pK, values greater than 7.2 (Figure 4B). This value is
mutagenesis can, however, be complicated by the alteredin marked contrast to thg,(V/K) value of —0.11 that we

electrostatic environment within the active site, which can
affect the microscopick, value of the remaining catalytic

previously reported for the WT enzym®&3). For substrates
bearing leaving groups with Ky values less than 7.2,

side chain. Indeed, in our study the D174A mutant displayed however, deviation from a linear correlation occurs. As

only the basic limb shifted dramatically to lower pH, showing
increasing catalytic efficiency at lower pH values (Figure
3). Accordingly, the remaining titratable group most likely
represents the general acid/base catalytic residue and*Asp

previously suggested for other enzymég, @4), this break
from linearity likely arises from the first step becoming
reversible as thel, value of the leaving group decreases.
A possible explanation is that the rate of internal return of

is therefore a candidate to be the polarizing residue. Suchthe liberated phenol to reform the substrate competes

an assignment for this residue (A%) is entirely consistent
with the deleterious effect on catalytic efficiency of mutating

effectively with diffusion of the phenol from the enzyme
active site. Under such conditions, the cyclization step
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becomes reversible, and accordingly the ring-opening stepenzymes using a catalytic mechanism involving substrate-
influences the second-order rate constant since this parameteassisted catalysis. The basis for this strategy is that general
is a reflection of firsirre versiblechemical step in a reaction acid catalysis is no longer operational for glycosidases in
mechanism. Brgnsted plots showing such curvature havewhich the acid/base residue has been mute@dd Further,
been obtained for a range of WT glycosidases. For example,in the ring-opening step of the reaction catalyzed by
those from families 145—47), 3 (44, 48), 11 (49), and 39 O-GIcNAcase, water is activated by the same residue that
(50) all show such behavior. Regardless, these data stronglyacted as the general acid catalyst in the cyclization step
supports assignment of ASp as the general acid/base (Figure 1). Consequently, when using a good substrate
catalyst, consistent with the tentative assignment based onbearing an excellent leaving group that does not benefit from
the pH profile as described above. general acid catalysis, the general acid/base catalytic residue
For the D174A mutant enzyme, initial studies at pH 7.4 facilitates the overall reactionnly by acting as a general
revealed a similar scenario as seen for the D175A mutantbase to promote attack of a water molecule in the ring-
with a Big(V/K) value of —0.95 (Figure 4A). The data from  opening step. So, on addition of an exogenous nucleophile
the pH profile of this mutant indicates, however, that the to a reaction mixture containing the mutant enzyme, a rate
remaining catalytic residue, presumably the putative generalacceleration is often seen because the nucleophile can
acid/base catalytic residue Agpwould not be in the optimal  intercept the intermediate, obviating the need for the general
ionization state to effect catalysis at pH 7.4. Therefore, the acid/base residue. The kinetic consequences of adding an
studies were repeated at pH 5.0. Gratifyingly, the slope exogenous nucleophile is often an increask.irvalues for
decreased significantlysg(V/K) = —0.39), suggesting that  the acid/base mutant enzyme as well as an increasg in
general acid/base catalysis was at least partially operativevalues due to a change in the rate-limiting step of the reaction
for the D174A mutant enzyme at this pH value. from the second to first steBT, 38, 41, 48, 52). The net
The Bransted analyses of the logarithm of the first-order result is a minimal change in the second-order rate constant
rate constants also reveal several interesting features. Firstfor the reaction, which is consistent with the expectation that
for WT O-GIcNAcase, there is no dependency on leaving the exogenous nucleophile would have no effect on the first
group ability Bi4(V) ~ 0.0) as defined by thelfa value of step of the reaction. Consistent with these expectations, we
the phenol leaving group (Figure 4C). The absence of any observe that increasing the concentration of azide in the
dependency on the leaving group ability strongly indicates reaction mixture results in an almost 5-fold increase in the
that the ring-opening step is rate-determining for the WT value of Vina/[E]o and an almost 3-fold increase in thg
enzyme. Interestingly, similar behavior was recently shown value of the D175A mutant enzyme. This 5-fold increase in
for the family 20 S-hexosaminidase fronBtreptomyces  Vmal/[E]ois close to the expected limit, which must be 6-fold
plicatus(44). For the D175A mutan®-GIcNAcase, a steep  since this is the difference between the first-order rate
negative slopefy(V) = —0.77) is observed for substrates constants of the WT and D175A mutant enzyme catalyzed
having poor leaving groups with{a values greater than 7.2,  hydrolysis of 3,4-DNP-GIcNAc. As wellVma/[E]oKu re-
indicating that the rate-limiting step for these substrates hasmained relatively unchanged over the range of azide
changed to the cyclization step. Conversely, for substratesconcentrations tested (Figure 5). Significantly, no consider-
with good leaving groups th&g(V) value~ 0.0 (Figure 4D), able change in the kinetic parameters of WT and the D174A
indicating that for these substrates the ring-opening step ismutant enzyme were observed over a wide range of azide
rate-determining, as is found for all substrates with the WT concentrations that could not be accounted for by changes
enzyme. These observations are consistent with the expectain ionic strength of the reaction mixture. Further, analysis
tion that substrates bearing very good leaving groups cannotof the reaction mixture containing the D175A mutant enzyme
benefit from acid catalysis, and only when the leaving group incubated in the presence of azide and 3,4-DNP-GIcNAc
is poor does general acid catalysis play an important role. reveals the formation of a 2-acetamido-2-de@xy-glyco-
For the D174A mutant assayed at pH 7.4, the rate- pyranosyl azide product. These azide effects therefore
determining step is the cyclization step as evidenced by theprovide further support for the assignment of Ams the
steep negative slopg§(V) = —0.72) (Figure 4C). At pH  general acid/base catalytic residue.
5, however, thgs, value appears to still have, at least, a A key final piece of evidence supporting the identity of
moderately large negative valygy(V) = —0.31), indicating the general acid/base catalytic residue as'&spas obtained
that the cyclization step is rate-determining with this mutant by assaying the catalytic efficiency of the WT and mutant
at both pH values. These observations are consistent withO-GlcNAcases toward a thioglycoside. We recently showed
the view that Asp’* plays the critical role of promoting the  that O-GIcNAcase cleaves thioglycosides without general
cyclization step by polarizing the 2-acetamido group for acid catalysis 2). As in the nonenzymatic breakdown of
attack on the anomeric center. O,Sthioacetals%3—55), it was shown that th®-GIcNAcase
Together, the Brgnsted analyses and pH profiles of the catalyzed hydrolysis o&-glycosides benefits little, if at all,
D175A mutant provide good evidence for ASpbeing the from general acid catalysis to facilitate departure of the
general acid/base catalyst. To further support this hypothesis)eaving group. We therefore speculated that a mutant
the method of nucleophile rescue was used. This method isO-GlcNAcase in which the general acid/base catalytic group
among the most reliable approaches for identifying the has been deleted should have two unique properties that may
general acid/base catalytic residue of glycosidases and haselp us distinguish it. First, if AS@® is indeed the general
been used for identifying the general acid/base catalytic acid/base catalytic residue, nearly identical rates of cleavage
residue of severgi-retaining glycosidases that proceed via of a S-glycoside should be observed for both the WT and
a covalent glycosyl-enzyme intermedia,(36—38, 41, D175A mutant enzymes. Second, the D175A mutant should
51, 52). Nevertheless, this approach has not been applied tohave comparable catalytic efficiencies toward both fP-
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GlcNAc and pNPO-GIcNAc. Consistent with our expecta- the second step then, this same residue is in the correct
tions, not only did the D175A mutant cleave pMRsIcNAc protonation state to act as a general acid to transfer a proton
with comparable catalytic efficiency as the WT enzyme, but to the departing amide group and thereby facilitate ring
its second-order rate constant was approximately 2-fold opening of the oxazoline intermediate. Such a mechanism
higher (Table 2). Given that sulfur is a larger atom than involving two concomitant proton transfers may be operative
oxygen and likely departs from the enzyme active site as anin the other families of enzymes using anchimeric assistance.
anion due to its inability to significantly benefit from general Interestingly, such a two-proton-transfer mechanism was first
acid catalysis, it is not entirely surprisingly that replacement proposed for hen egg white lysozyme over 40 years &6 (

of the aspartate side chain with that of the less bulky and In the case of lysozyme, however, such a mechanism does
polar alanine residue results in a slight 2-fold increase in not hold since it has recently been shown that lysozyme uses
catalytic efficiency. Support for this view comes from studies an enzymic nucleophile and proceeds through a covalent
on the only other unambiguously identifi€iglycosidases  glycosyl enzyme intermediat&Q).

known as myrosinases. Structural and functional studies of Thjs study also provides conclusive experimental evidence
thesef-retaining glycosidases clearly show that the general jndicating that the N-terminal domain of hum@aGIcNA-
acid/base catalytic residue normally present in closely relatedcase contains the catalytic machinery responsible for gly-
glycosidases employing a two-step double-displacementcoside hydrolysis, supporting previous suggestiohs29,
mechanism has been replaced by a glutaneg7). Also 30). A structure of a family 84 glycosidase will be most
consistent with our expectations, the D175A mutant enzyme yajuable in gaining insight into the molecular architecture
shows only a small 2-fold difference in catalytic efficiency of the active site of this important class of enzymes and

toward pNPS-GIcNAc relative to pNPO-GIcNAc (Table  would provide a structural rationale for some of the effects
2). This small difference is in marked contrast to the gpserved here.

approximate 20-fold difference observed for the WT enzyme.
Interestingly, the D174A mutant shows virtually no catalytic CONCLUSION
activity toward pNPS-GIcNAc. This last result is consistent
with our previous observation that nucleophilic participation ~ In summary, we show for the first time that members of
by the 2-acetamido group of the substrate is more importantthe family 84 glycoside hydrolases employ a catalytic
for O-GIcNAcase catalyzed hydrolysis 8fglycosides than mechanism involving a DD catalytic unit. This is in marked
O-glycosides 32). contrast to glycoside hydrolases using anchimeric assistance
Together, all of these results provide conclusive experi- from families 18 and 56 that use a DXE motif3 18, 22)
mental data that Adf acts as the catalytic residue that and those from family 20 that use a DE palb(16, 20—
po|arizes the 2-acetamido group of the substrate and that23) |ntereSting|y, the Ca.ta.lytiC motif is related to the pOSition
Aspl’s acts as the general acid/base catalyst. Our previousOf the bond being cleaved. For instance, in families 18 and
studies showed that th®-GIcNAcase catalyzed reaction 56, which hydrolyze endoglycosidic bonds, the catalytic
proceeds via highly dissociative transition states as deter-motifs are identical, having one amino acid between the two
mined by Very |arge(1_deuterium kinetic isotope effects CatalytiC residues. This motif is distinct however from that
measured for the hydrolysis of pNB-GIcNAC (ku/ko = 1.14 found for enzymes from families 20 and 84, which hydrolyze
+ 0.02) 2. The very small negativg,(V/K) value exoglycosidic bonds and do not have an intervening residue.
measured for the WTO-GIcNAcase indicates very little ~ Furthermore, family 84 glycoside hydrolases are the first
negative charge accumulates on the glycosidic oxygen in thefamily of glycoside hydrolases, using anchimeric assistance,
transition state. The net consequence of these two resultghat do not use a glutamate as the general acid/base catalytic
strongly suggests that proton transfer by A8go the residue bqt rgther_ use an aspartate residue. Whether there is
departing aglycone must be significantly advanced in the first @ mechanistic rationale for the existence of three different
transition state. Furthermore, we have shown that for Sets of catalytic machinery giving rise to the same overall
substrates that do not benefit from acid catalysis, the catalytic mechanisms in four distinct families of glycoside
2-acetamido group of the substrate participates as a nucleohydrolases remains unknown.
phile to a greater exten8®). We propose that A$p most With the large number of diseases associated with the
likely functions as a general acid/base catalyst and not simply O-GIcNAc posttranslational modification, a key question
to stabilize an oxazolinium ion intermediate by Coulombic remaining in many cases is the degree to which this
interactions. Therefore, in the first step, this residue would modification is involved in the etiology of these illnesses.
act as a general base, facilitating attack of the carbonyl Artificially disrupting the natural levels oO-GIcNAc can
oxygen of the amide moiety. Proton transfer from the amide provide insight to these questions. The level©eGIcNAC
group to this residue is likely complete on reaching the can be influenced within a cellular environment by addition
intermediate, which is therefore most likely an oxazoline and of potent inhibitors ofO-GlcNAcase 19, 61) that results in
not an oxazolinium ion (Figure 1). This hypothesis is increasedO-GIcNAc levels. Alternatively, transfection of
consistent with the dramatic change iR of the protonated  cells with either plasma-born®-GIcNAcase 28) or an
nitrogen as the subtrate structure changes from an amide tdO-GlcNAcase-expressing adenovir@@) are viable options
an oxazoline. Indeed, in solution, th& of the amide must  for diminishing levels of0-GIcNAc. We speculate that using
be fairly close to 15, while that of the oxazolinium ion must the catalytically impaired D174A or a D174A/D175A double
be significantly less than the value of 5.5 reported for mutant ofO-GIcNAcase in transfections would be useful in
2-methylA?-oxazoline £8). The kinetic K, value that we functional studies to control for histone acetylase activity
measure for the Adf residue is approximately 5.0, entirely  (29) or any additional, as yet undiscovered, roles that this
consistent with its likely role as a general base catalyst. In large protein may play in the cellular environment.
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