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ABSTRACT. The chemical mechanism of a retainifgmannosidase fronCellulomonas fimihas been
characterized through steady-state kinetic analyses with a range of substrates, coupled with chemical rescue
studies on both the wild-type enzyme and mutants in which active site carboxyl groups have been replaced.
Studies with a series of argFmannosides of vastly different reactivitieky = 4—10) allowed kinetic
isolation of the glycosylation and deglycosylation steps. Substrate inhibition was observed for all but the
least reactive of these substrates. Brgnsted analysisqakvealed a downward breaking pl@i( =

—0.544 0.05) that is consistent with a change in rate-determining step (glycosylation to deglycosylation),
and this was confirmed by partitioning studies with ethylene glycol. The pH dependédngé<affollows

an apparent single ionization of a group &f,p= 7.65 that must be protonated for catalysis. The tentative
assignment of E429 as the aciblase catalyst of Man2A on the basis of sequence alignments with other
family 2 glycosidases was confirmed by the increased turnover rate observed for the mutant E429A in
the presence of azide and fluoride, leading to the productighrodnnosyl azide ang-mannosyl fluoride,
respectively. A pH-dependent chemical rescue of E429A activity is also observed with citrate. Substantial
oxocarbenium ion character at the transition state was demonstrated ayd#ngerium kinetic isotope

effect for Man2A E429A ofa-DM = 1.12 4+ 0.01. Surprisingly, this isotope effect was substantially
greater in the presence of azideP™ = 1.1664 0.009). Likely involvement of acid/base catalysis was
revealed by the pH dependencekgf. for Man2A E429A, which follows a bell-shaped profile described

by pKa values of 6.1 and 8.4, substantially different from that of the wild-type enzyme. The glycosidic
bond cleaving activity of Man2A E519A and E519S nucleophile mutants is restored with azide and fluoride
and appears to correlate with the corresponding “glycosynthase” activities. The contribution of the substrate
2-hydroxyl to stabilization of the Man2A glycosylation transition state\G* = 5.1 kcal mot?) was

probed using a 2-deoxymannose substrate. This value, surprisingly, is comparable to that found from
equivalent studies witl#-glucosidases despite the geometric differences at C-2 and the importance of
hydrogen bonding at that position. Modes of stabilizing the mannosidase transition state are discussed.

A significant component of enzymatic catalysis is derived glycosides with equatorial 2-hydroxyls (e.g-glucosidases,
from noncovalent enzymesubstrate interactions that are j-galactosidases, cellulases). The 2-hydroxyl typically con-
optimized in the transition state. Therefore, to understand tributes 5-10 kcal mof?! to catalysis in these enzymes,
enzyme catalysis, it is important to quantify contributions whereas the other sugar ring hydroxyls contribute2 kcall
from this source. Good enzyme systems for such studies aremol~* (1—4). Furthermore, close interaction2.5 A) of the
glycosidases, which act upon polyhydroxylated substrates.nucleophile carboxyl oxygen and the 2-hydroxyl (or fluorine)
Interactions with the hydroxyls must be important and can has been observed by crystallographic analysis of trapped
be probed, individually, by measuring kinetic parameters for covalent intermediate$(6). From these observations it is
a series of substrates that have been, individually, deoxy-believed that a strong hydrogen bond forms between the
genated at each position. Of particular interest in this regard 2-hydroxyl and the nonreacting oxygen of the nucleophilic
are interactions with the hydroxyl group adjacent to the carboxylate in the oxocarbenium ion transition state (Figure
anomeric carbon (the 2-hydroxyl), which appear to be 1a). The close approach of the 2-hydroxyl and nucleophile
universally strong in retaining-glycosidases that act upon would be encouraged in such a transition state as the
pyranose ring adopts a flattened half-chéitg) conformation
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a 5-0R T+ P s-or - consumpti_on of the substra.te. Subgtratg concentrgtions were
v ' OH varied typically from one-fifth to five times the findp,
:5%30/!-!—0.4 ! )5F"~OH OH value, whenever p0§3|ble, for Michaelian kinetics. ng_her _

,O‘Hgt;/ /O\A/_ o substrate concentrations were assayed when substrate inhibi-
R 3 5 H\O 250 ~ tion was observed. Steady-state kinetic parameters were
ojLO l derived by fits of the data to the Michaetidenten equation
L - L _ or the substrate inhibition equation (eq 1) using GraE2) (
“Hy Bzs
: o _ Vi Kead S]
Ficure 1: Comparison of pyranoside ring conformations and Q)

interaction of the catalytic nucleophile with the substrate 2-hydroxyl E K.+ [S]+ [8]2/Ki
in a hypotheticas-glucosidase transition state (a) ghtdnannosi-
dase transition state (b).

The wavelengths and extinction coefficients used for

It would appear that the opposite stereochemical config- assays of aryB-mannosides and calculation kf; are the
uration at C-2 in g3-mannoside substrate would exclude same as those reported previousy3)( The substrate
B-mannosidases anfmannanases from utilizing the cata- 4-methylumbelliferyl3-mannoside was assayed at 365 nm
lytic nucleophile in this fashion. Nevertheless, a recent (Ae = 5136 M *cm™?) (14).
crystallographic description of g@-mannanase reaction Assays with 4-chlorophenyl and pherifmannoside were
coordinate suggests that a uniquesBmannoside ring  performed in quartz cuvettes (5@ total volume). Stock
conformation may in fact allow close approach of the sojutions of 2,4ADNPMan were prepared immediately before
mannose 2-hydroxy! to the nucleophile (Figure #)) These  yse in an acidic buffer (pH-56), and concentrated aliquots
observations have prompted us to explore the reaction(s5-50 4L) of the substrate were used to initiate reaction
mechanism of a family #-mannosidase fror@ellulomonas  with Man2A in pH 7 buffer. In neutral solutions, 2,4ADNP-
fimi (Man2A)' (10). The active site nucleophile has previ- - pan slowly rearranges to a new species, presumably through
ously been identified as E519 by labeling with a mechanism- 4 migration of the 2,4-dinitrophenyl group to the 2-hydroxyl.
based inactivatorl(l), and sequence homology with other s migration is very rapid above pH 7. The rearranged
family 2 glycosidases suggests that E429 is the generatacid gpecies can be observed by TLC (UV and acid charring):
base catalystl(). In this study the reaction mechanism of p ¢4 2 ADNPMan (7:2:1 EtOAC/MeOH/¥D) = 0.65; R
Man2A has been characterized by Brgnsted correlations,sq, the migration product= 0.74.

kinetic isotope effects, site-directed mutagenesis, and chemi- i
P g Concentrations of Man2A and Man2A E429A stock

cal rescue with fluoride and azide. The contribution of the : ) _
2-hydroxyl to catalysis has also been examined. solutions were determined by absorbance at 280 nm using
the extinction coefficient 2120000 M-cm™* (calculated from

MATERIALS AND METHODS the amino acid sequence)q).

General. The synthesis and characterization of the aryl PH—Rate StudiesThe pH dependence &fa/Kr for wild-

mannoside substrates used in this study will be publishedYPe Man2A was determined by generating first-order rate

elsewhere. Syntheses of other substrates are provided in th&U"Ves at low substrate concentrations ((Km). Cuvettes

Supplementary Information. The cloning, expression, and Were charged with the appropriate buffer, 1 mg/mL BSA,

purification of C. fimi B-mannosidase have been described and a concentratlpn of substrate that was one-tenth or less

previously 0). of the correspondmg(m v_alue (9.3uM 4N_PMan, 205uM
Steady-State Kinetic Analyses of Man2A and Man2AE429A.PhMan). After equilibration at 28C an aliquot of Man2A

Steady-state kinetic analyses were performed on Unicam(104L) was added to afford a final concentration of enzyme

UV-4 or Unicam 8700 UV-vis spectrometers equipped with sqfﬂqent to generate a first-order rate of phenol release

thermoequilibrated cell blocks. All reactions were performed Within 10—-20 min (0.12uM Man2A for 4ANPMan, 2.1uM

at 25°C, pH 7, in acrylic cuvettes unless otherwise noted. Man2A for PhMan). Phenol release was monitored continu-

A typical reaction cuvette contained substrate, 50 mM sodium Ously on a Unicam UV-4 spectrometet & 400 nm for

phosphate (pH 7)’ and 1 mg/mL BSA in a total volume of 4ANPMan, 280 nm for PhMan) until a IImItlng absorbance

750 uL. After the cuvette was preequilibrated at 25, a was reached. The first-order rate curves generated at each

small aliquot of appropriately diluted Man2A 30 uL in pH value were fit using GraFit to the first-order rate equation

1 mg/mL BSA) was added and mixed briefly. Release of (€q 2) to determine the rate const&nthich corresponds

the phenol was monitored continuously at the appropriate

wavelength. Initial rates\{) were determined from linear A=A, (1—e™ + offset (2)

fits of these plots in regions corresponding te-1%%

to0 Vma/Km. The following buffers (50 mM) were used for
! Abbreviations: Man2AgCellulomonas fimj3-mannosidase; BSA, the following pH ranges: citric acid, pH-65.8; sodium

bovine serum albumin; PE, petroleum ether{80 °C); EtOAc, ethyl . 0 .
acetate; MES, 2N-morpholino)ethanesulfonic acid; AMPSO, 3-[(1,1- phosphate, pH 6:88.4. Man2A retained at least 90% activity

dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acie)- in these buffers at each pH over a period of 30 min. Rates
KIE, o deuterium kinetic isotope effecti-D™), o deuterium kinetic were obtained at overlapping buffer pH values, and buffer
isotope effect orVmax 2,4ADNPMan, 2,4-dinitrophenys-mannoside; — concentrations were varied to reveal buffer effects, none of

2,5DNPMan, 2,5-dinitrophenyl-mannoside; 4NPMan, 4-nitrophenyl . .
B-mannoside; 4NPC, 4-nitrophenyi-cellobioside; PhMan, phenyl ~ Which were observed. Thea/Kn values determined at each

B-mannosidep-manF,a-mannosy! fluoride. pH were fit with a function describing a single ionization
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using GraFit (eq 3). Fluorination reactions with Man2A nucleophile mutants
were performedn 2 M KF, 1 mg/mL BSA, and 100 mM
limit, + limit,, x 10PHPKa citrate, pH 6, at 25C. Because concentrated solutions of
Keal Kiy = HpK (3) fluoride destroy pH electrodes, the pH value was determined
10 +1 with precision litmus paper (Merck). Data points prior to

the onset of transglycosylation in plots of reaction velocity

In the case of Man2A E429A the pH dependencécef versus substrate concentration were fit with the Michaelis

Km for the reaction with 2,5DNPMan could not be deter- Menten equation to derivie.. and Ky values.

mined owing to the very loKn value (=1 uM) with this Synthesis of5-p-Mannopyranosyl Azide with Man2A
substrate. Thereforde, was determined from initial rates  £459a 2 sDNPMan (10.5 mg) was dissolved in 150 mM
at various pH values using a single_ saturating concentrationammoniu’m bicarbonate (1 mL, pH 7.9) containing 64 mM
of721,5D[\|1PMan (2 mM). An extinction coefﬁculant of 4288 sodium azide. Man2A was added to afford a final enzyme
M~-cm™* (1 = 440 nm) for 2,5-dinitrophenol (x°=5.15)  oncentration of 3.9M and the reaction incubated at room
was useld foilpH values between 6 and 9, and a value ofiemnerature overnight. TLC analysis indicated reasonably
2290 M™-cm ™ for pH 5.5, to determinéc,. The following  ¢jean conversion to a new product that was not UV active.
buffers (50 mM) were used: MES, pH 5:8.9; sodium  1hq reaction mixture was concentrated in vacuo and purified
phosphate, pH 6.758.2; AMPSO, pH 8.859.1. Adramatic gjjica gel chromatography (17:2:1 to 7:2:1 EtOAc/MeOH/

buffer effect was observed for 50 mM citric acid between H,0). Evaporation of the solvent affordgemannosy! azide
pH 5.5 and pH 7 that was dependent on the concentration,q 4 white film.

of citrate. Thek., values at each pH were fit with a function Kinetic Isotope Effects with Man2A E4294:DKIE’s

describing a bell-shaped pH profile (eq 4) using GraFit.  \yere determined okes for Man2A E429A using virtually
o HepKay identical and saturating concentrations of 2,5-DNPMan and
Koo = limit x 10° (4) 2,5-DNP $-[1-°H]mannoside (2 mM). A stock solution
A g PPHPKarPKaz 4 q oPH-PRar 4 containing 1.1uM Man2A E429A, 1 mg/mL BSA, and 50
mM sodium phosphate, pH 7, was prepared. Aliquots (700
Azide and Fluoride Rescue of Man2A E42%Astock uL) of the stock solution were then measured into quartz
solution of sodium azide (0.5 M) in 50 mM sodium cuvettes and individually weighed on an analytical balance.
phosphate, pH 7, was prepared within a day of use and storedAfter preequilibration at 28C, reaction was initiated by the
at 0—4 °C. Initially, Man2A E429A was assayed under addition of substrate (5@L of a 30 mM stock solution),
standard conditions (1 mg/mL BSA, pH 7, 2E) with a also preequilibrated at 28C. The reaction was monitored
single saturating concentration of 2,5DNPMan (2 mM) while spectrophotometrically, as described above. A total of six
varying the concentration of azide{200 mM). Apparent  to eight measurements were made with each substrate,
k.atandK, values were obtained by fixing azide at 100 mM alternating between each to eliminate bias. All initial rates
and varying the concentration of 2,5DNPMan from one-fifth (protio and deuterio) were corrected according to the
to five times the finakK,, value. Spontaneous hydrolysis of corresponding masses of the reaction solutions. Measure-
2,5DNPMan was negligible at all concentrations. ments with 100 mM sodium azide or 100 mM NaCl were
The fluorination of 2,5DNPMan with Man2A E429A was performed in the same fashion, with the corresponding stock
performed wih 1 M KF, 1 mg/mL BSA, and 100 mM  solutions containing these salts.
sodium phosphate, pH 7, at 2&. Reactions with NaCl, Enzymatic Synthesis af-pD-Mannopyranosyl Fluoride.
KCI, or NaBr were performed under the same conditions. Man2A E519S or E519A (1 mg/mL) was reacted with
The release of 2,5-dinitrophenol was monitored spectropho-2,4ADNPMan (19 mM) ad 2 M KF in 100 mMcitrate, pH
tometrically at 440 nmAe = 4288 M t-cm™3). 6, in a total volume of 1.5 mL. Afte6 h atroom temperature
Azide and Fluoride Rescue of Man2A Nucleophile Mu- the reaction mixture was diluted 3-fold with acetonitrile,
tants. Solutions of 2,4ADNPMan and azide, buffered at pH applied to a plug of silica gel, and eluted with 1 column
6, were prepared immediately prior to use. The pH depen- volume of acetonitrile. The desalted sample was then dried
dence of azide rescue with Man2A E519S was initially in vacuo and analyzed by TLC (7:2:1 EtOAc/MeOH®).
examined (data not shown). A marked increase in rate wasThe remaining reaction mixture was subsequently acetylated
observed with decreasing pH, which continued beyond the with 3:2 pyridine/acetic anhydride and purified by silica gel
range of stability of the mutant (pH 5). For this reason all chromatography (3:1 PE/EtOAc) to yietdmannopyranosyl
chemical rescue studies were performed at pH 6 (1 M azide, fluoride perO-acetate as a clear gum. An analogous reaction
100 mM citrate, 1 mg/mL BSA, pH 6, 25C). The release  with wild-type Man2A (0.12 mg/mL) monitored ByF NMR
of 2,4-dinitrophenol was monitored spectrophotometrically (282 MHz, 300 K) did not show any signals corresponding
(A 400 nm, Ae = 10900 Ml-cm™) and corrected for to the formation ofo- or f-mannosyl fluoride.
spontaneous hydrolysis of the substrate, which was generally $-D-Mannopyranosyl FluorideMan2A E429A (0.38 mg/
negligible at the concentrations of substrate used. Final mL, 4 uM) was reacted with 2,5DNPMan (23 mM) in 1 M
enzyme concentrations of 184 nM E519A and 71 nM E519S KF, 100 mM sodium phosphate, and 10%@ pH 7 (total
were used. Man2A E519S displayed transglycosylation reaction volume of 0.6 mL). The reaction was monitored by
behavior at high substrate concentrations; therefore, kinetic'®F NMR (282 MHz) for 26-30 min at 300 K.
parameters were derived from a fit of the data at low substrate
concentrations to the Michaetidlenten equation using RESULTS
GraFit. Man2A E519A displayed substrate inhibition; thus  Substrate Reaetity and Brgnsted Analysis of Man2Fhe
the whole data set was fit to the substrate inhibition equation. steady-state rate behavior of Man2A displayed pronounced
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Ficure 2: Plots of reaction velocity (/E;) versus substrate
concentration for Man2A-catalyzed hydrolyses of 4ANPMan and

PhMan.

Table 1: Kinetic Parameters for the Reaction of Man2A with
Substituted Aryl3-Mannosides (pH 7, 28C) Determined with

Zechel et al.

A Brgnsted plot of logk..: versus the K, of the leaving
group reveals an apparent downward break in the correlation
occurring at K, ~7 (Figure 3a). The slope of the leaving
group-dependent section of the Brgnsted plot yielg;a
value of —0.54 4+ 0.05. The corresponding Brgnsted plot
for keafKm also shows a nonlinear, downward breaking
correlation (Figure 3b).

A complementary experiment to the Brgnsted analysis
above is to examine the effect of an external neutral
nucleophile on the steady-state raté)( The rate of reaction
of Man2A with the reactive substrate 2,5DNPMan increased
linearly with the addition of ethylene glycol (Figure 4a). In
contrast, ethylene glycol had essentially no effect on the rate
of reaction with PhMan (Figure 4b). The slope of the plot

Equation 2 for the 2,5DNPMan data yields an apparent second-order
ket Ko rate constant&? = 0.0203 @0.0005) s* mM~* for the
aglycon Kd? keat(s?) Km(mM) Ki(mM) (smM™ reaction with ethylene glycol, whereag"? = 0.0009
2,4-dinitrophenyl  3.96 119(6)  0.27 (0.02) 1.02 (0.09) 440 (40.0003) st mM~* for the reaction with PhMan. A similar
2,5-dinitrophenyl  5.15 150 (20)  0.42(0.08) 0.24 (0.04) 364 apparent increase in reaction rate has been observed for the
4'%}']%(5’);'2‘““'0' 6.45 230(50) 0.8(02) 019(005) 290 analogous reaction witBscherichia colilacZ) S-galactosi-
4-nitrophenyl 7.18 179(9)  0.78 (0.05) 0.16 (0.01) 230 dase 17, 18).
methylumbeliiferyl 7.6 ~ 61 (4) ~ 0.19(0.02) 0.47(0.05) 320 pH—Rate Dependence of ManZFhe pH dependence of
i:gglrgf(’)hpi”eﬂyl %.ig 33 8 8:26(%1.2)8) 2‘%5((()9;))4) (158 Keal K for the reacti(_)n of ManZA with two different
phenyl 9.99 7.9(0.4) 2.7(0.2) 8.8(0.8) 3 substrates was examined (Figure 5). In each ¢ag&n

shows an apparent dependence on a single ionization event.
Essentially identical I§; values were observed with ANPMan
(pKa = 7.6 £ 0.1) and PhMan (g, = 7.7 = 0.1). The pH

aValues in parentheses correspond to error limits of the curve fit.

T T T b 3 T T T T . -
a 22 i | * o 4.0 behavior of Man2A below pH 5 could not be examined due
5 '2 22 * . J to instability of the enzyme in this pH range.
E’ i | 3 . Identification of the General AcitBase Catalyst in
15 1 91 1 Man2A and Chemical Rescualignment of the sequence
Tr 1 ° of Man2A with those of other family 2 glycosidases,
05 0 1 1 1 1

including two for which three-dimensional structures are
available, indicated that E429 was most likely the acid
base catalyst (Figure 6). The corresponding mutant E429A
was found to hydrolyze only the most reactive of substrates
(2,ADNPMan and 2,5DNPMan). Kinetic parameterskgf
=12 mint andK, < 1 uM were determined for the reaction
substrate inhibition with virtually all ary3-mannosides with 2,5DNPMan. Saturating kinetic behavior was observed
(Figure 2a). An exception was observed for the least reactivefor the reaction of 2,5DNPMan with Man2A E429A,
of the series, PhMan K9 = 9.99), which followed normal  although at high substrate concentrations-43mM) very
saturation behavior within the same concentration range asweak substrate inhibition was perceptible (data not shown).
the other substrates, although at higher concentratios ( This contrasts sharply with the severe substrate inhibition
mM) modest inhibition was observed (Figure 2b). Table 1 observed with the wild-type enzyme (Figure 2a).

lists the kinetic parameters determined for the reaction of The dependence &, on pH for the reaction of 2,5DNP-
Man2A with aryl f-mannosides using eq 1. Man with Man2A E429A was described by two ionizations

PKa

Ficure 3: Dependence of ok, (a) and logk.a/Km) (b) on K9
for wild-type Man2A-catalyzed hydrolyses of ar§imannosides.
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Ficure 4: Dependence of the reaction rate of Man2A wt with saturating substrate and added ethylene glycol: (a) 2,5-dinitrophenyl
B-mannoside (3.8 mM); (b) pheny-mannoside (10.6 mM). Lines are linear regressions of the data.
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Table 2: Kinetic Parameters for Glycosylation Reactions Catalyzed by Man2A Nucleophile Mutants

KealKm
Keat (Min—1) Km (MM) (min~t-mM~1) behavior at high [S]
Man2A we 27000 0.6 45000 substrate inhibitid,= 0.31+ 0.06 mM
+2 M KF? 7900 0.22 36000 substrate inhibition
Man2A E519A2 <0.008
+1 M azide 174 0.193 901 substrate inhibitiok, = 42 + 4 mM
+2 M KF?2 20.7 0.131 158 transglycosylation
-+a-manF (20 mM 4NPC) 0.33 0.57 0.56 saturation
+4NPC (50 mMo-manF¥y 0.013 linear
Man2A E5198 0.0015
+1 M azide 25.2 0.044 573 transglycosylation
+2 M KF? 14.0 0.036 389 transglycosylation
“+a-manF (29 mM 4NPQ) 12 0.70 17 saturation
+4NPC (50 mMo-manFy 0.35 linear
Man2A E4294 12 <0.001 saturation
+0.1 M azidé 221 0.025 8840 saturation
+1 M KF¢ 87 0.0077 11300 saturation

2 Reaction with 2,4DNPMan (pH 6, 2%C). Fluoride data from re20. ® Mannosynthase-catalyzed reaction (pH 6,°29 reported in reR21.

¢ Reaction with 2,5DNPMan (pH 7, 2%C) (20).

a 100 T T T T

80

| pK.=7.6(0.1) [ pK.=7.7(0.1)

Keatl K (8" mM™)
(2]
o

6 65 7

N
o

05 1 1 1 1
75 8 65 7 75 8
pH pH

8.5

Ficure 5: Dependence d&../K, on pH for the reaction of ANPMan
(a) and PhMan (b) with Man2A (2%C).
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Man2A (AF126472)
Human B-mannosidase (U60337)

E. coli (lacZ) B-galactosidase (J01636)
Human B-glucuronidase (M15182)

with 2,5DNPMan in the presence of “saturating” azide (100
mM) produced an-18-fold increase itk.;:and the substrate
Km also increased to 2aM (Table 2). The azide rescue
reaction was performed on a preparative scale to \iald
mannopyranosyl azide as the major produ€¥ (7:2:1
EtOAc/MeOH/HO) = 0.61;*H NMR (200 MHz, C;OD)
0458 (d, 1 HJ = 1.0 Hz, H-1), 3.91 (dd, 1 HJ = 2.3,
12.0 Hz, H-6a), 3.86 (dd, 1 HI = 1.0, 3.1 Hz, H-2), 3.73
(dd,J = 6.0, 11.9 Hz, H-6b), 3.58 (dd, 1 H,= 9.3, 9.3
Hz, H-4), 3.45 (dd, 1 HJ) = 3.0, 9.3 Hz, H-3), 3.32 (ddd,
1H,J= 2.3, 6.0, 9.3 Hz, H-5).

The turnover of Man2A E429A was also facilitated by
fluoride, reaching a maximum rate¢ & M KF (data not
shown). An approximately 7-fold increase ik, was
observed wih 1 M fluoride, and theKy, increased to~8

FIGURE 6: Alignment of a section of the amino acid sequence of #M (Table 2), whereas lesser but notable enhancements were
Man2A with those of selected family 2 glycosidases. Conserved observed with chloride (55%) and bromide10%). When

residues are shown in bold. The aelohse catalyst is indicated
with an arrow. The Asn that interacts with the 2-hydroxyl is
indicated with an asterisk. GenBank codes are in parentheses.

50 —5T——T——T——T—
40 | pKa1 =6.1(0.1)
T30 [ O pKe=84(0.1) .
E - -
= 20 [ ° &
\\(3 n 4
10 F .

O -- 1 1 1 1 1 1 ]

5 6 7 8 9 10

pH
Ficure 7: Dependence df.,;on pH for the reaction of 2,5DNPMan
with Man2A E429A (25°C). Open circles represent rates obtained
in citric acid buffer. The curve is a fit of the data (filled circles) by
a double ionization function. The calculatepvalues are
indicated.

corresponding tolg,'s of 6.1 and 8.4 (Figure 7). Intriguingly,

the reaction was monitored directly BF NMR spectro-
scopy (Figure 8a), a resonance corresponding to a low steady-
state concentration gi-mannosyl fluoride was observed (
—146.7 ppm, apparent doublet,= 49 Hz, referenced to
CFCk). This resonance matched tHE NMR spectrum of
an authentic sample ¢@-p-mannosyl fluoride (Figure 8b)
(19), which is clearly distinct from the spectrum ofp-
mannosyl fluoride (Figure 8cy —139.0 ppm, apparent
doublet,J = 49 Hz, referenced to CFg)l

Kinetic Isotope Effecthe o-DKIE value onkg, (a-DM)
was measured with the mutant E429A using the substrate
2,5-dinitrophenyj3-[1-°H]mannoside and the protio analogue
under saturating conditions (2 mM). A significaatD™
value of 1.12+ 0.01 was observed (average of seven
measurements). Doubling the concentration of deuterio and
protio substrates afforded the sad™ value, indicating
that this effect is not the result of a contaminant in either
substrate. Surprisingly,-DM increased substantially to 1.166

citric acid activates the mutant in a pH-dependent manner 1. 0.009 (six determinations) in the presence of 100 mM
(Figure 7, open circles), an effect that was not observed with azide. This is an effect that is specific to the nucleophilicity
the wild-type enzyme. of azide and not a nonspecific salt effect, because the same

A major enhancement of activity is observed for the measurement in 100 mM NaCl afforded arD™ value of
reaction of 2,5DNPMan with Man2A E429A in the presence 1.111+ 0.007 (three determinations).

of azide. Saturating kinetic behavior is observedikgras a
function of azide concentration with an appar&pt value

Azide and Fluoride Rescue of Man2A E519A and E519S.
As observed previously for nucleophile mutants of retaining

of 0.56 mM (data not shown). The reaction of Man2A E429A glycosidases, substantial glycosidic bond cleaving activity
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Ficure 8: (a)1°F NMR spectrum (282 MHz, referenced to CE)XQdf the reaction of Man2A E429A with 2,5DNPMan in the presence of
1 M KF (pH 7, 300 K, 30 min). (b) Spectrum @i -p-mannosyl fluoride. (c) Spectrum of-b-mannosyl fluoride.
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Ficure 9: Reaction rate versus 2,4DNPMan concentration for the
reaction with Man2A E519S (a) and E519A (b) in the presence of
azide (1 M NaN, pH 6, 25°C). The curves in (a) and (b) are fits
of the data to the MichaeksMenten and substrate inhibition
equations, respectively.
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Ficure 10: Plots of reaction velocity versus substrate concentration
for the reaction of Man2A E519S (closed circles) and E519A (open
circles) with 2,4ADNPMan and fluoride (2 M KF, pH 6, 2E).

could be restored to Man2A nucleophile mutants with azide
(Table 2). Virtually no activity could be detected with
Man2A E519A or E519S in the absence of azide, even with

= 0.53;'H NMR (200 MHz, CDC}) 6 5.55 (dd, 1 HJ =
48.3, 1.7 Hz, H-1), 5.465.30 (m, 3 H, H-2,3,4), 4.29 (dd,
1H,J=12.7,5.4 Hz, H-6a), 4.14 (m, 2 H, H-5, H-6BYF
NMR (188 MHz, CDC}, referenced to C£O,H) 6 —62.5
(d, J = 49.2 Hz).

Evaluating the Role of the 2-Hydroxyl in Catalysia.
linear relationship of reaction velocity versus substrate
concentration was observed for the reaction of Man2A with
the 2-deoxy analogue 4-nitrophenyl 2-degsep-arabino-
hexopyranoside. While the lack of saturation behavior
precluded determination of individual valueskaf; andK,,
it did allow a value ok../Kn to be determined. A comparison
of keafKi values for ANPMan (230$ mM~1) and 4-nitro-
phenyl 2-deoxys3-p-arabino-hexopyranoside (0.039smM2)
indicates a 5900-fold reduction in this parameter as a result
of the removal of the 2-hydroxyl or AAG* value of 5.1
kcal mol 2.

DISCUSSION

Substrate Inhibition and Brgnsted Analysis of ManZhe
steady-state rate behavior of Man2A displayed substrate
inhibition with all aryl 3-mannosides except the least reactive
of the series, PhMan (Figure 2). Substrate inhibition occurs
when a second molecule of substrate binds to the Michaelis
complex of the enzyme, resulting in a ternary complex that
has reduced activity (Figure 11). This is not an unknown
behavior for glycosidased4, 22, 23), which frequently have
long active site clefts to accommodate multiple monosac-
charide units of a polysaccharide chain and, thus, have the

the reactive substrate 2,4DNPMan. The addition of azide (1 potential to bind two substrate molecules simultaneously in

M NaNs, pH 6, 25 °C), however, increase#i., values
17000-22000-fold. Transglycosylation behavior was ob-

an unproductive fashion. In the case of a retaining glycosi-
dase a second type of ternary complex may arise from a

served at high substrate concentrations with the E519Ssubstrate-inhibited covalent intermediate (Figure 11b). In
mutant (Figure 9a), whereas substrate inhibition was observedorder for this to occur at a kinetically significant level the

with E519A (Figure 9b). As reported previousI2Q 21),

covalent intermediate species must be sufficiently abundant

fluoride also serves as a nucleophile with these mutantsto receive a second substrate molecule. The resulting ternary

(Table 2), enhancing activity 266®000-fold (2 M fluoride,
pH 6, 25°C). Transglycosylation behavior was observed with

complex may be a true dead-end spec3 Or possibly a
transglycosylation complex in which the subsequent trans-

both mutants at high substrate concentrations (Figure 10).glycosylation step Kand is slower than the hydrolysis

This is consistent with the in situ formation afmannosyl

pathway knyaro) (24, 25). This latter model is a possibility

fluoride that is subsequently used to glycosylate a secondwith Man2A because the wild-type enzyme does catalyze
equivalent of substrate. Indeed, TLC analysis of the reaction transglycosylation with the substrate 4NPMan (data not

mixture indicated the formation af-p-mannosyl fluoride
as the major produc (7:2:1 EtOAc/MeOH/HO) = 0.58].

1H and ®F NMR spectra of the isolated, per-O-acetylated
product agreed with those of an authentic samplet-of
mannopyranosyl fluoride ped-acetate:R; (2:1 PE/EtOAC)

shown). This may explain why the least reactive substrate,
PhMan, elicits weak substrate inhibition and possibly why
the acid-base mutant E429A does not display substrate
inhibition (see below). If the Michaelis and covalent inter-
mediate enzyme species in Figure 11b are combined, as well
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a ESS was arrived at previously for these other enzymes, though
s“x,. the most probable explanation is that the rate of release of
Ky k., the phenol drops substantially as the pheng] grops, quite
E+S ES T> E+P2 likely because of the formation of a strong hydrogen bond

with the acid catalyst. In other words, the phenolate anion
is “sticky”, as had been proposed previously for a family 1

b ESS P Furans B+ 73 ﬂ—glucosid_ase 2{8)._ The kinetic consequence is .that the
glycosylation step is no longer functionally irreversible; thus
§ 'Kf S HK/’“"‘ the deglycosylation step becomes reflecteddK, and,
K k Ky, i i
Bas =t ES ——2—» E.g* hdro b pa hence, a partial flattening of the plot. S
L ) J pH—Rate Dependence of Man2Ahe ionizations of the
Pl

general acie-base catalyst and the nucleophile have been
Ficure 11: (a) Simplified kinetic scheme for substrate inhibition. observed to dominate the pHate profiles of some other
(b) Proposed kinetic scheme for substrate inhibition of Man2A (E) retaining glycosidases, such Bssaccharolyticung-xylosi-

during the hydrolysis of an arfl-mannoside (S). ES Michaelis ; ; .
complex; E-S* = covalent intermediate; ESS substrate-inhibited dase g9), Bacillus circulansxylanase §0), and C. fimi

Michaelis complex; E-S*S = substrate-inhibited covalent inter- e)_(oglycanaseql, 32. The KealKm value Qf Man2A varies
mediate or transglycosylation compld&;andK;asare inhibition with pH according to a singlel of 7.6 (Figure 5). Because
(dissociation) constants for the second substrate molecule; P1 kK, reflects ionizations in the free enzyme and the free
phenol; P2= mannose; P3= disaccharide transglycosylation  gypstrate, the ionization described by thi&, value may
product. originate from the acigtbase catalyst of the free enzyme.
as the corresponding innibition patfways, the standard ouic S0 fhe required ionzation state of the adise
equation for substrate inhibition may be used (eq 1). residue to perform acid catalysis in the glycosylation step,
The Bransted plot of logc. versus the [, of the leaving  though caution is necessary in the interpretation of these data,
group (Figure 3a) displays a concave downward break thatas k_./K,, does not approach zero at high pH with either
implies a change in rate-determining step. This plot is sypstrate30). An ionization with a low K. (<5), as might
consistent with the double displacement mechanism of ape expected from the nucleophile, could not be observed with
retaining glycosidase and reports on the deglycosylation stepman2A due to the instability of the enzyme below pH 5.5.
with the reactive substratesi(g < 7) and the glycosylation Identification of the General AcigBase Catalyst in
step with the less reactive substrateKdp> 7). Support  Man2A.An effective approach toward the identification of
fOI‘ th|S assertion comes from the ab|||ty to partition the the genera' acidbase Cata'yst of a retaining g|ycosidase
covalent intermediate with an exogenous neutral nucleophile.jnyolves deletion of the predicted residue by site-directed
Because the COValent intermediate will react faSter W|th an mutagenesis fo”owed by assessment of the resu'ting mutant
acceptor more nucleophilic than water, an increase in ratepy kinetic analysis and chemical resc@3)( Alignment of
can be expected for substrates for which deglycosylation isthe amino acid sequence of Man2A with those of other
rate limiting. Accordingly, the rate of reaction of Man2A  famjly 2 glycosidases indicated that E429 was strictly
with 2,5DNPMan is increased by added ethylene glycol conserved and matched the known adidse catalyst ifE.
(Figure 4a) but not the rate of reaction with PhMan (Figure g (lac2) B-galactosidase (Figure 634).
4b). Thefiy value (-0.54 4 0.05) obtained from the slope The corresponding mutant Man2A E429A was assayed
of the leaving group-dependent section of the Bransted plot ith aryl 8-mannoside substrates of varying reactivity. Only
reflects a glycosylation transition state with approximately the substrates 2,4DNPMan and 2,5DNPMan were cleaved.
50% negative charge development on the departing glyco-These substrates possess good leaving grotfs @ 5.15)
sidic oxygen. This value is notably less than values obtained that do not require acid catalysis in the glycosylation step.
for other retaining glycosidases, which typically hasig In contrast, no reaction was observed with 4-nitrophenyl or
values of around-0.8 [3i; = —0.7 for Agrobacteriumsp. 3-nitrophenyl3-mannoside, consistent with an important role
p-glucosidaseX3) andfi; = —1 for C. fimi endoglycanase  for E429 in the cleavage of substrates that need acid catalytic
(26)]. This. suggests .that significant differences exist_in the gssistance (phenoKgp > 7). Unlike the wild-type enzyme,
glycosylation transition state for Man2A, such as in the satyrating kinetic behavior was observed with Man2A E429A
degree of glycosidic bond cleavage and protonation of the across a similar substrate concentration range. A plausible
glycosidic oxygen. reason for this is that the wild-type substrate inhibition arises
The corresponding Bragnsted plot fioe/Kn, also shows a  from a slow transglycosylation pathway (Figure 11b) that
nonlinear, downward breaking correlation (Figure 3b). A requires base-catalyzed deprotonation of an acceptor hy-
similar concave-down correlation has been observe# fér droxyl group.
Km in @ number of other cases, includiAgrobacteriumsp. Since base catalysis in the deglycosylation step is not
p-glucosidase X3) and Thermoanaerobacterium saccharo- possible for a mutant missing the aeidase catalyst, the
lyticum S-xylosidase 27). Since this parameter represents deglycosylation step will also be very slow, and this will be
the second-order rate constant for the first irreversible step,true for all substrates, regardless of their aglycons. If the
which is generally agreed to be the glycosylation step, a breakglycosylation step is accelerated sufficiently by use of a
in the correlation is not expected unless substrate bindingsubstrate with a reactive leaving group, then deglycosylation
reaches diffusion control (8G™* M~1). However, thekea/ will be rate limiting for this substrate and the glycosyl-
Km values determined here are well below the diffusion limit. enzyme will accumulate. This was indeed evident from the
No satisfactory resolution to this anomalous kinetic behavior low ke (12 mint) and Ky, (<1 uM) values observed for
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the reaction of Man2A E429A with 2,5DNPMan. Lo, dependence observed may therefore reflect this ionization.
values arise in this case because the accumulation of theSuch rescue behavior is quite common with mutants of the
glycosyl-enzyme increases the denominator in the generalacid—base catalyst (vide infra) and has also been seen in a

expression for &, value: natural system wherein the family 1 plant myrosinases lack
an acid-base catalyst but bind ascorbate to carry out this
Ky = [E][S]/Z[ES] role (36).

We previously reported that the turnover of Man2A E429A
where E is free enzyme, S is the substrate, and ES representwas also dramatically enhanced with fluoridte = 87 mirr?

all enzyme-substrate species. and Kn, = 7.7 uM, 1 M KF) (20). Substantially greater
The pH dependence &, for the reaction of the mutant  concentrations of fluoride than of azide were required to
with 2,5DNPMan follows a bell-shaped profile withKgs promote turnover, consistent with the lesser nucleophilicity

of 6.1 and 8.4 (Figure 7). Ak reports on the deglycosyl-  of fluoride relative to azide. This enhancement is specific to
ation step for this mutant and because the mutant is the nucleophilicity of fluoride and is not merely a salt effect,
supposedly missing the aeidhase catalyst, these ionizations because equivalent concentrations of NaCl, KCI, and KBr
cannot be readily assigned. Direct ionization of the nucleo- increased rates only modestly%5% with 1 M chloride,
phile is impossible during deglycosylation, and chemical ~10% increase wit1 M bromide). It is possible that chloride
rescue studies (described below) confirm that the-abake and perhaps bromide also function as weak nucleophiles with
catalyst is absent in the E429A mutant. Therefore, the the E429A mutant, as such chemical rescue has been
ionizations must arise from other groups in the active site, observed with nucleophile mutants égrobacteriumsp.
such as those that interact with the nucleophile, or groups $-glucosidase 20). In this case the3-mannosyl fluoride
that assume the role of the base catalyst. product could not be directly isolated for it is also a good
A characteristic of acigtbase mutants of retaining gly- substrate for Man2A1(l). Nevertheless, @ NMR spectrum
cosidases is the enhancement of catalytic activity observedof the reaction mixture revealed a resonance that matched
with activated substrates when the mutant is provided a smallthat of an authentic sample gfmannosyl fluoride (Figure
anionic nucleophile such as azid&8J. Unlike water, a small 8).
anion does not require general base catalysis to function as The energetic contribution of the aeitbase catalyst to
a nucleophile in the deglycosylation step and thus can reacttransition state stabilization can be calculated from the kinetic
with the glycosyl-enzyme in mutants missing the adidse parameters measured with and without azide. Comparison
catalyst, thereby increasing the turnover rate. Such enhanceof the k../{Kn value observed for Man2A E429A in the
ment of activity is observed for the reaction of 2,5DNPMan presence of 100 mM azide (8840 minmM~1) with that
with Man2A E429A in the presence of azide. Saturation- for the wild-type enzymekia/Km = 21840 mimt mM~1)
like kinetic behavior is observed fég,;as a function of azide  reveals a mere 2.5-fold rate difference. Because this param-
concentration with an appareHt, value of 0.56 mM. By eter presumably reports on the glycosylation step in each
analogy to rescue studies @h fimi exoglycanase32) and case, the minimal reduction in rate as a result of eliminating
E. coli (lac2) p-galactosidase acitbhase mutants3g), the acid catalysis is consistent with the good leaving group ability
saturation observed with azide does not represent true bindingof 2,5-dinitrophenol, which requires minimal, if any, protonic
of the anion in the active site. Instead, this reflects the changeassistance to depart. However, the deglycosylation rate,
in rate-determining step as azide concentration is raised, suctreflected by the correspondinig,: values (12 min?® for
that eventually glycosylation becomes rate limiting. The E429A in the absence of azide, 9000 miifor the wild type),
kinetic parameters determined for E429A with 2,5DNPMan is reduced 750-foldXAG* = 3.9 kcal mot™), reflecting the
in the presence of saturating azide (100 mM) revealed anconsiderably greater need of base catalysis for the attack of
18-fold increase in turnover numbeg4 = 2214+ 8 min1) water on the mannosyl-enzyme intermediate. This energetic
and a dramatic increase in thg, value (254 3 uM). The cost is approximately half of that observed for the E461G
increase in both parameters is consistent with azide facilitat- acid—base mutant oE. coli (lac2) 5-galactosidase (Mg
ing turnover of the covalent intermediate. This mechanism form) using deglycosylation rate-limiting substrates (1300
for azide rescue was confirmed by performing the reaction 1700-fold reduction irkca, AAG* = 4.2—4.4 kcal mot?)
on a preparative scale and isolatifigp-mannopyranosyl (35, 37).
azide as the major product. Kinetic Isotope Effects on Reactions of E42BAlike the
Intriguingly, citric acid activates the mutant in a pH- wild-type enzyme, the saturation kinetic behavior observed
dependent manner (Figure 7, open circles), an effect that waswith the E429A mutant of Man2A allows facile measurement
not observed with the wild-type enzyme. The activation by of the a-DKIE value onk..: The rate-limiting step for the
citric acid was also concentration-dependent, which suggestsE429A mutant with the reactive substrate 2,5-DNPMan is
that this is a form of chemical rescue of the achhse clearly deglycosylation. The significant value @fD™ =
mutant. It is possible that citric acid could function as a 1.12+ 0.01 observed for E429A indicates that this transition
general base catalyst or as a nucleophile in the deglycosyl-state has considerable oxocarbenium ion character. Accord-
ation step. The increase in rate as a function of decreasingingly, there must be only modest association of the substrate
pH at first appears to be inconsistent with both possibilities, anomeric carbon with the incoming nucleophilic water and
since protonation of the carboxylates of citric acid would departing E519 carboxylate. Surprisingly, teD™ value
be expected to be deleterious to both roles. It is possible,increased substantially to 1.166 0.009 with the strong
however, that protonation of one of the other carboxyl groups nucleophile azide. This is initially surprising since a better
of citric acid may be needed to allow it to bind in the Man2A nucleophile might have been expected to make the reaction
E429A active site and perform chemical rescue. The pH more $2-like and thus have a lower kinetic isotope effect.
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However, it must be remembered that the presence of azide As expected, considerable activity is also regained with
changes the rate-determining step from deglycosylation to azide (Table 2). However, unlike the case with fluoride, the
glycosylation for Man2A E429A. Therefore, the largeD™ E519S mutant has significantly lower azide rescue activity
value measured with azide reports on the glycosylation (kea/Km = 573 mirmt mM—1) relative to that of E519AK../
transition state, which is itself not expected to involve azide. K, = 901 mint mM~1). Although a hydrogen-bonding
Having said this, a larger kinetic isotope effect for the interaction between azide and serine may occur as proposed
glycosylation step than for the deglycosylation is also for fluoride, steric effects between azide and the serine side
surprising since in othef-glycosidases the glycosylation chain are most likely greater than for alanine. Steric effects
transition state hatess Sy1 character (i.e., has a smaller are not likely to be crucial for the smaller fluoride anion
o-DKIE) than the deglycosylation transition statE3( 26, with either mutant.

38). The difference may have its root in the fact that the  Ewvaluating the Role of the Substrate 2-Hydroxyl in
acid—base catalyst is missing in E429A, thereby affecting Catalysis. The 2-deoxy substrate analogue 4-nitrophenyl
the amount of oxocarbenium ion character at each step. In2-deoxy$-p-arabino-hexopyranoside proved to be a slow
the deglycosylation step, the absence of base catalysis willsubstrate with wild-type Man2A, and unlike the parent
demand greater preassociation of the attacking water, thussubstrate 4NPMan, saturating kinetic behavior was not
producing the smallex-D™ value. In contrast, the presence observed, even up to high substrate concentrations. The
of a very good leaving group such as 2,5-dinitrophenol allows absence of a measuralig, value also implies that glyco-
negative charge development on the phenol oxygen in thesylation is rate limiting with this substrate. A comparison of
absence of acid catalysis and thus promotes substantial bonthe k:./K, values for 4ANPMan (2304 mM~1) and 4-ni-
cleavage to the anomeric carbon of the substrate. This wouldtrophenyl 2-deoxy3-p-arabino-hexopyranoside (0.039°5
produce the largex-D™ value observed for the glycosylation mM~1), which presumably report on the glycosylation step
step. Alternatively, it is possible that azide is present in the in both cases, indicates a 5900-fold reduction in this
active site during the glycosylation step, thus introducing parameter as a result of the removal of the 2-hydrax\G*
negative charge that will favor a more oxocarbenium ion- = 5.1 kcal mot?). This is likely a minimum estimate of the
like transition state. Similar increasesdarDKIE values have underlying effect, given the electron-withdrawing properties
also been observed for the reaction Bbtryodiplodia of the hydroxyl group, which tend to make glucosides
theobromaes-glucosidase with glycerol when using sub- inherently less reactive than their 2-deoxy counterparts.

strates for which deglycosylation is rate-determinidg @nd The energetic contribution of the 2-hydroxyl in Man2A
for the reaction of an acetal (bearing a good leaving group) is comparable to that observed for the familAdrobacter-
with different nucleophiles40). iumsp.S-glucosidase (4.5 kcal mdl) (2) but is significantly

Rescue of E519A and E519S with Fluoride and Azide. less than the value obtained for the familfg2 coli (lac2)
second form of chemical rescue that is common with S-galactosidase~8 kcal mol?) (3) and the family 10C.
retaining glycosidases is replacement of the catalytic nu- fimi exoglycanase~10 kcal mof?) (1). Nevertheless, the
cleophile carboxylate with small anions such as azide and contribution of the substrate 2-hydroxyl to Man2A catalysis
formate @3). We have reported in previous publications that is substantial and indicates that key enzyrasabstrate
the virtually inactive nucleophile mutants E519S and E519A interactions are formed at this position in the transition state.
also regained impressive activity in the presence of fluoride Although it may at first appear geometrically impossible that
(Table 2) @0, 21). Intriguingly, the chemical rescue behavior a strong interaction between the enzyme nucleophile and the
of these mutants appears to correlate with their “mannosyn-2-hydroxyl could form in g8-mannosidase, a recent crystal-
thase” activity. As reported previously, Man2A E519S is a lographic analysis of reaction intermediates on a family 26
superior mannosynthasgl, with ~27-fold greatek../Kn B-mannanase suggests otherwi®. (n this enzyme the
value than E519A for the reaction ofmannosyl fluoride B-mannoside substrate adopts nol&|and®S, pyranoside
and 4-nitrophenylj-cellobioside (Table 2), and this is ring conformations in the Michaelis and covalent intermedi-
tentatively attributed to a hydrogen-bonding interaction ates, respectively, flanking what is likely a Bglycosylation
between the serine side chain of E519S and the departingtransition state. These conformations maintain the 2-sub-
fluoride of o-mannosyl fluoride 41). Likewise, a modestly  stituent in a pseudoequatorial position that appears to allow
greaterk.Ky, value is observed for E519S (389 min close approach to the nucleophile carbonyl oxygen (Figure
mM~1) relative to E519A (158 mint mM™1) for the reaction 1b), as has been observed in glucosidases and cellulases
of fluoride with 2,4ADNPMan (Table 2). Moreover, both (Figure 1a). The observation here of comparable interaction
nucleophile mutants exhibit nonsaturating reaction kinetics energies with those of other Clan GH-A glycosidases is
at high concentrations of 2,4ADNPMan (Figure 10). Similar consistent with a similar distorted conformation for Man2A.
non-Michaelian plots have been observed in wild-type However, alternative substrate conformations and interactions
glycosidases that catalyze transglycosylation at high substratevith other residues in the Man2A active site cannot be
concentrations 13, 27). As with the kinetic parameters excluded. An excellent candidate for a group that could take
derived from the Michaelian regions of these curves, the part in such interactions is N428, a fully conserved residue
relative slopes of the linear regions appear to correlate with that is equivalent to N460 d&. coli (lacZ) S-galactosidase
the mannosynthase activity of the mutants. Kag value (Figure 6). This residue is located near the adidse catalyst
for Man2A E519S (12 min') for the glycosylation of and has been observed crystallographically to form a
4-nitrophenyl g-cellobioside witha-mannosyl fluoride is hydrogen bond to the sugar 2-substituent in both the covalent
considerably greater than that for E519A (0.33 mjnand intermediate and transition state analogue comple34s (
this is indeed reflected in the relative slopes of the trans- As discussed above, it may well be geometrically possible
glycosylation regions of the plots in Figure 10. for N428 of Man2A to form a similar interaction with the
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2-hydroxyl of amanneconfigured substrate. A similarly 7.
located Asn residue interacts with the 2-hydroxyl of gluco-
sides in family 1 glycosidases. Interestingly, one of the key
differences between family 1 mannosidases and family 1 o,
glucosidases is the fact that this residue is an Asp in the
mannosidases, and mutation of this Asp residue to Asn
switches the substrate specificity of family 1 mannosidases

toward glucosides4@).

8.

CONCLUSIONS 12.
13.
14,
15.

This study describes a detailed reactivity and mutational
analysis of the retaining-mannosidase fror@. fimi, Man2A.
A stunning feature of Man2A and its corresponding mutants
is the range of chemistries that are catalyzed. Reactions
ranging from hydrolysis of mannosides to the mannosylation
of glycosides, azide, and fluoride are possible. In the latter
case, “fluorination” of mannosides can be accomplished with
both stereochemical outcomes. This behavior is not unique
to Man2A as similar promiscuity has been observed with
the retainingAgrobacteriumsp. S-glucosidase 20). The
rational engineering of fluorinase activity within a well-
defined glycosidase may inform strategies to engineer such
activity in completely different enzymes, which is particularly
valuable when mechanistic information from natural fluo-
rinases is lacking43). The contribution of th¢g-mannoside
2-hydroxyl to Man2A catalysisXAG* = 5.3 kcal mof?) is

16.

17.

18.

20.

21.

22.

comparable to that observed for glucosidases and cellulases?3-

that act on substrates with oppositely configured 2-hydroxyls. 5,
This is contrary to previous expectatioBl and suggests
that the 2-hydroxyl is universally important to retaining
p-glycosidase catalysis, regardless of the stereochemical
configuration at C-2. This conclusion is reinforced by the
fact that residues that appear to interact with the 2-hydroxyl
are conserved in family 2. As suggested previou8)y this

is consistent with the idea that interactions with the 2-hy-
droxyl as well as its orientation in the enzyme active site
are conserved in glucosidase and mannosidase active siteszo.
simply by using different pyranoside conformations in each
case, such asJ8 and“Hs (Figure 1). This implies that a
part of the enzymatic recognition of mannosides versus
glucosides may occur at hydroxyl groups that are farther from
the reaction center, yet have very different orientations in
space due to the conformations depicted in Figure 1.

25.

26.
27.

28.

31.
32.
33.

34.
SUPPORTING INFORMATION AVAILABLE

Details of the synthesis and characterization of 4-nitro- 35,
phenyl 2-deoxys-p-arabino-hexopyranoside anf-manno-
syl fluoride. This material is available free of charge via the

Internet at http://pubs.acs.org.

36.
37.
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