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ABSTRACT. The inclusion of botl-b-xylosidases and-L-iduronidases within the same sequence-related
family (family 39), despite the considerable difference in substrate structures and poor sequence conservation
around the putative nucleophile, raises concerns about whether a common mechanism is followed by the
two enzymes. A novel anchimeric assistance mechanism for iduronidases involving a lactone intermediate
is one possibility. NMR analysis of the methanolysis reaction catalyzed by hornaduronidase reveals

that, as with thg8-p-xylosidasesg-L-iduronidase is a retaining glycosidase. Using two different mechanism-
based inactivators, 5-fluora@-L-iduronyl fluoride and 2-deoxy-2-fluora-L-iduronyl fluoride, the active

site nucleophile in the humaa-L-iduronidase was identified as Glu299 within thglYNDEAD 301
sequence. The equivalent, though loosely predicted, glutamic acid was identified as the nucleophile in
the family 39-p-xylosidase fromBacillus sp. [Vocadlo, D.et al. (1998)Biochem. J335 449-455];

thus, a common mechanism involving a covalent glycegylzyme intermediate that adopts the rather
uncommor?®B conformation is predicted.

Mucopolysaccharidosis type | (MPS' s caused by the into the use of enzyme replacement therapy, including the
lack of the lysosomal enzyneL-iduronidase (IDUA). This use of a knockout mouse modé) @nd a naturally occurring
85 kDa enzyme is responsible for cleavimg-iduronic acid canine model Z), culminating in the very recent approval
(IdoA) from the nonreducing ends of the glycosaminoglycan of this approach by the U.S. Federal Drug Administration.

polymers heparin, heparan sulfate, and dermatan sulfate. powever, despite the push toward the use of iduronidase
Possible clinical outcomes include Hurler syndrome, for g 4 therapeutic agent, very little is known about the activity
which symptoms include mental retardation, organomegaly, of iquronidase on a mechanistic level. One of the first clues
corneal opacity, and skeletal deformities (dwarfism). Those g6t the mechanism of a glycosidase is derived from its

afflicted usually do not survive beyond 10 years of age. ggsignment to a glycosidase family. On the basis of amino
Another possible clinical outcome is Scheie syndrome, which 4.4 sequence homology, Henrissat has divided all known

is less severe; patients have normal mental capacity and "feglycosidases into a set of families, (4), and enzymes

expectancy but still display the symptoms of skeletal 4.4 ned together usually share a common mechanism. In
deformities and corneal opacity. Until very recently, the only 1990 the iduronidase gene was mapped to chromosome
available treatment for the disease was allogenic bo”e4p16.,3(5 6), and in 1991, the cDNA was isolated and cloned
marrow transplantation, but this treatment is limited by the (7). On the basis of its s’equence iduronidase was assigned
availability of donors. Considerable research has been doneto glycosyl hydrolase family 39, 'vvhich is a small family,

TWe thank the Natural Sciences and Engineering Research CouncilCurrently comprlsmg onlya-l_—lduropldases "?‘”d a small
of Canada and the Canadian Institutes of Health Research for NUMber Ofﬂ_'D_'Xy_lOS]daseS- Interestlngl_y, a hlgh degree of
fellowships (to C.E.N. and A.W.W., respectively). We also thank these sequence similarity is found among the iduronidases and also

agencies and the Protein Engineering Network of Centres of Excellence gmaong the xvlosidases. with only a lower level of similari
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+ University of British Columbia. between the two groups of enzymes, making this family
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Health. : ;
'Centre for Medical Genetics at the Women's and Children’s The stereochemical course of the reaction catalyzed by

Hospital. glycosidases is a primary criterion of the mechanism that is
1 Abbreviations: 5IFIdoAF, 5-fluorax-L-idopyranosyluronic acid followed, and is generally expected to be the same for all

fluoride; 2FIdoAF, 2-fluoroet-L-idopyranosyluronic acid fluoride; IdoA, ; i i ; inati
o-L-iduronic acid: IDUA, human lysosomal-_-iduronidase: MPS I, glycosidases within a family. The first determination of such

mucopolysaccharidosis type I; MUI, 4-methylumbelliferyt-idu- a stereochemical outcome for a family 39 enzyme was carried
ronide; pNPIdoA, 4-nitrophenyd-L-idopyranosiduronate. out in 1996 by Armanctt al. (8) on af-xylosidase isolated
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Scheme 1: Classical Covalent Mechanism for a Retainiglduronidase
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from Thermoanaerobacterium saccharolyticufimey found the nucleophile, forming an oxazoline intermedi&g Which
that the reaction proceeds with net retention of anomeric then undergoes hydrolysis (Scheme 2a). The iduronidase
configuration. Because it is assigned to the same family, this substrate also contains a potential nucleophile: the C6
implies, but does not prove, that iduronidase is also a carboxylate of iduronic acid. The presence of this functional-
retaining glycosidase. However, the low level of sequence ity and the poor sequence alignment around the proposed
similarity in the region encompassing the predicted nucleo- nucleophiles of iduronidases and xylosidases make an
phile and the substantial difference in substrate structure bringanchimeric assistance mechanism, in which a transient
this hypothesis into question. lactone intermediate is formed, an alternate possibility for
Retaining glycosidases employ a two-step catalytic mech- the mechanism of this enzyme (Scheme 2b). To distinguish
anism, as shown in Scheme 1. In the first step, a nucleophilebetween these possibilities, it would be useful to trap the
in the enzyme active site (an aspartate or glutamate residue)ntermediate that is formed and determine whether it is a
attacks the anomeric center, displacing the aglycone andglycosyl-enzyme or a lactone species.
forming a covalent glycosytenzyme intermediate. In the Among the best tools for achieving this end are activated
second step, water attacks the anomeric center, displacin@2-deoxy-2-fluoro- and 5-fluoroglycosides. The substitution
the enzyme nucleophile, regenerating the enzyme andof fluorine for hydrogen or hydroxyl adjacent to either the
producing the free sugar. A second conserved Asp or Gluanomeric center or the endocyclic oxygen inductively
residue acts as a general acid catalyst in the first step ofdestabilizes the positively charged transition states of the
hydrolysis, protonating the leaving aglycone, and as a generalretaining mechanism, thereby slowing both the glycosylation
base catalyst in the second step, deprotonating the waterand deglycosylation steps. However, placing a very good
thus enhancing its nucleophilicity. Both steps proceed via leaving group (fluoride or 2,4-dinitrophenol) at the anomeric
oxocarbenium ion-like transition states. center accelerates the glycosylation step, without affecting
Although most retaining glycosidases use an enzyme activethe rate of the deglycosylation step. The net result is
site nucleophile, there are a few exceptions. For example,accumulation of the reaction intermediate. In this paper, we
N-acetyl5-hexosaminidases from family 20, along with describe the use of such approaches to trap the intermediate
family 18 chitinases, employ an anchimeric assistance formed on IDUA and to subsequently identify the catalytic
mechanism in which the C2 acetamido functionality acts as nucleophile.
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Scheme 2: (a) Neighboring Group Participation Mechanism for a Retaining Hexosaminidase and (b) Possible Participation

Mechanism for Humam-L-lduronidase
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MATERIALS AND METHODS that less than 10% of the total substrate was hydrolyzed.
Humana-L-iduronidase (IDUA) was purified as described
previously and stored in pH 7.0 phosphate buffer containing

0.5 M NaCl (L0).

Materials

Buffer chemicals and reagents for kinetic measurements
were obtained from BDH, Boehringer Mannheim, or Sigma-
Aldrich. All kinetic studies were carried out on a UNICAM
8700 UV-visible spectrophotometer equipped with a cir- For the 'H NMR-monitored determination of reaction
culating water bath. Quartz or plastic cuvettes with a path stereochemistry, the assay buffer consisted of 20 mM 3,3-
length of 1 cm were used. A continuous spectrophotometric dimethylglutarate buffer, made up in,O. The desired pD
assay based on the hydrolysis of an appropriate nitrophenylof 4.5 was obtained by titration such that the reading on the
glycoside was used to monitor enzyme activity by measure- pH meter was 4.1 (based on the equationppH + 0.4,
ment of the rate of nitrophenolate release upon hydrolysis. where pH is the reading on a pH meter). MUI (1 mg) was
Enzyme concentrations and reaction times were chosen salissolved in a portion of the deuterated buffer, and the

Determination of the Stereochemical Course of Hydrolysis
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solution was repeatedly lyophilized from 99.96%@ The
final lyophilization was from 99.996% {, into which the

Biochemistry, Vol. 42, No. 26, 2008057

Iduronidase, which had been preincubated at’G7 was
added, and fluoride release was monitored as a function of

residue was also redissolved. The enzyme was transferredime. Kinetic parameters determined using this method were
to the deuterated buffer using a 50 kDa molecular mass cutoffcorrected to account for the ultimate release of two fluoride

centrifugal concentrator (Amicon Microcon-50). The hy-
drolysis experiments were performed at’Z5using a Varian
UNITY spectrometer, operating at 500 MHz. A spectrum
of the substrate was first obtained, and following enzyme
addition, spectra were obtained at approximately 1 min
intervals.

ions for each enzyme-catalyzed hydrolysis event.

Kinetic Studies with 2FIdoAF

The enzyme was incubated with various concentrations
of the inhibitor. Aliquots (5 or 1QuL) were removed at
different time intervals and diluted into assay cells containing

Substrate methanolysis was first tested on a small scale.3 |arge volume (70QuL) of p-nitrophenyl o-L-iduronate
The products were separated by TLC on aluminum-backedgypstrate (at saturating concentrations, 0.35 mWKy,). The

silica plates, using a 3:1:1 butanol/acetic acid/water mixture
The plates were dried and visualized first with UV light,
and then by staining with ammonium molybdate. For the
NMR-scale reaction, the reaction was carried out in 20 mM
3,3-dimethylglutarate (pH 4.5) containing 3.0 M methanol,
1 mM MUI, and 0.016ug iduronidase in a total volume of
600uL. The reaction mixture was incubated at 37 for 60
min, and the enzyme was removed by centrifugation throug
a 50 kDa cutoff centrifugal concentrator (Amicon Microcon-
50). The filtrate was lyophilized and redissolved in 99.96%
D,0 several times. The final lyophilization was done from
99.996% DO, into which the residue was redissolved. The
IH NMR spectrum of the resulting solution was obtained
on a Bruker WH-400 spectrometer at 400 MHz at room
temperature.

Sequence Alignments

Sequence alignments for the family 39 members were

performed using the Clustal alignment program (found at

http:/iwww2.ebi.ac.uk/clustalw/), sponsored by the European

Bioinformatics Institute. Each of the four available matrices

(id, pam, blosum, and md) was tested at both the highest

and lowest stringencies. The id matrix, at the lowest
stringency settings, was used to generate Figure 3. The m

matrix was not successful at aligning the sequences, and onl

reported error messages.

Kinetic Studies with 5FIdoAF

When tested as an inactivator, 5SFIdoAF (0.2 and 1 mM)
was incubated in buffer A [100 mM 3,3-dimethylglutarate
(pH 4.5) containing 0.1% BSA] with 0.07gg of iduronidase
(total volume of 10Q«L) at 37°C. Residual enzyme activity
was tested periodically by diluting 10L aliquots of the
inactivation mix into 9QuL of substrate mix (containing 50
mM MUI in buffer A). This effectively stops the inactivation
both by dilution of the inhibitor and by competition with an
excess of substrate. Five minutes following the addition of
the aliquot of the inhibitor mix to the substrate mix, an 80
uL aliquot of the assay was diluted into 1.4 mL of stop buffer

residual enzymatic activity was determined from the rate of
hydrolysis of substrate, which is directly proportional to the
amount of active enzyme.

Determination of Apparent KValues

ApparentK;' values for inhibitors were determined by

h assaying the appropriate enzyme in the presence of substrate

and various concentrations of inhibitors. InitiallyVa and

Km determination for this particular dilution of enzyme was
performed. Then the same amount of enzyme was added to
cells each containing the same substrate concentratikp)(

and varying inhibitor concentrations. The steady state
enzymatic rates were determined by monitoring nitrophe-
nolate or methylumbelliferone release. A plot of Yiersus
inhibitor concentration intersects a line given byl at —K;.

Labeling and Mass Spectrometric Analysis

5FIdoAF.Iduronidase (3@&g) was transferred into sodium
acetate buffer (100 mM, pH 4.5) using a 50 kDa molecular
mass cutoff centrifugal concentrator (Amicon Microcon-50).
5FIdoAF was added to a concentration of 12.5 mM, and the
mixture was incubated at room temperature for 30 s. The

cPH was brought to approximately 2 by the addition gil4

of phosphate buffer (pH 1.68, 2 M), and pepsin (k&

Ywas added immediately. Aftel h at 37°C, the digestion

mixture was frozen. An unlabeled control was also estab-
lished using 1Qug of iduronidase and 0.bg of pepsin in
the absence of 5FIdoAF.

The peptide fragments were purified by reverse-phase
high-pressure liquid chromatography on an Ultrafast micro-
protein analyzer (Michrom BioResources Inc., Pleasanton,
CA) which was directly interfaced with the mass spectrom-
eter [PE-Sciex API 300 triple-quadrupole instrument, equipped
with an lonspray ion source (Sciex, Thornhill, ON)]. The
pepsin digests were loaded directly onto a C-18 column
(Reliasil, 1 mmx 150 mm), which had been equilibrated
with solvent A [0.05% trifluoroacetic acid (TFA) and 2%
acetonitrile in water]. The peptides were eluted with a 60
min gradient to 100% solvent B (0.045% TFA and 80%

[100 mM glycine carbonate (pH 10.7)], and the fluorescence acetonitrile in water), followed by 100% solvent B for 2 min.

was measured.

The solvents were pumped at a constant flow rate gil50

To test 5FIdOAF as a substrate, fluoride release was min.

monitored using an Orion 96-09 combination fluoride ion-
selective electrode fitted to a signal amplifier box, which

In the single-quadrupole mode (E®1S), the quadrupole
was scanned over am/z range of 406-1800 Da, with a

was connected to a personal computer. Data were collectedstep size of 1.5 Da, and a dwell time of 0.5 ms. The orifice

using Logger Pro (Vernier Software Inc.). All measurements
were taken at 37C. Buffer A containing 1 mM 5FIdoAF
was incubated at 37C for 10 min, for monitoring fluoride

energy was 45 V, and the ion source voltage was 5.5 kV. In
the tandem MS daughter-ion scan mode, the spectrum was
obtained by selectively introducing the parent ioMz893)

release to determine the rate of spontaneous hydrolysisfrom the first quadrupole (Q1) into the collision cell (Q2)
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and then observing the product ions in the third quadrupole. stirred for 30 min. The solution was then concentraited

The scan range for Q3 was 50806 Da, the step size 0.5 wvacua The crude material was purified by flash chroma-

Da, and the dwell time 1 ms. The ion source voltage was 5 tography using a 17:2:1 ethyl acetate/methanol/water mixture

kV, and the orifice energy was 45 V; the QO voltage was to yield a gum. This was then dissolved in minimal d@H

—10 V, and the 1Q2 voltage was48 V. To increase the  and eluted through a column of Bio-Rad AG 1X-8 resirn (H

extent of fragmentation of the parent ion, the voltage form) using ddHO as the eluant. Fractions obtained were

difference between Q2 and QO was altered. Aminolysis of lyophilized to yield a white powder (0.133 g, 85%3} NMR

the labeled peptide was carried out by the addition gt.5 (D20, 400 MHz)6 5.70 (ddd, 1 HJ1>, = 4.0 Hz,J1 1 =

of concentrated ammonium hydroxide to 4B of peptide 55.0 Hz,J; rs= 1.6 Hz, H-1), 3.98 (ddd, 1 Hl; .= 1.0 Hz,

sample, incubating for 15 min at 5@, neutralizing with Jaz = 7.5 Hz,J4rs = 13.2 Hz, H-4), 3.92 (m, 1 H, H-2),

50% TFA, and then analyzing by ESIMS as described above.3.82 (t, 1 H, H-3);*®F NMR (DO, 188 MHz)d —26.09 (t,
2FIdoAF. The protocol for the 5FIdoAF labeling and 1 F,Jrspa= 13.2 Hz,Jrs 1 = 12.7 Hz, F-5),—-48.59 (dt, 1

analysis was followed, with the following exceptions. IDUA  F, Jrin1= 55.0 HZ,Jr1 2 = 9.1 HZ,Jp1 s = 12.7 Hz, F-1).

(40 uL, 2.7 mg/mL) was incubated with 2FIdoAF (& of Anal. Calcd for GHoOsF3'H,O: C, 31.04; H, 4.34. Found:

a 200 mM stock) at 37°C for 15 min in 100 mM C, 31.01; H, 4.32.

3,3-dimethylglutarate (pH 4.5). This mixture was immedi- ) ] )

ately subjected to peptic digestian-lduronidase (1L of Synthesis of 2-Deoxy-2-fluoxo-.-idopyranosyluronic

native or 43ul of 2F-iduronyl-enzyme, 2.7 mg/mL) was  Acid Fluoride

mixed with pepsin [7 or 3@L, respectively, 0.3 mg/mL in

2.1 M sodium phosphate buffer (pH 1.6)] and 2.1 M sodium ranosyl fluoride)uronatePhenacyl (2-deoxy-2-fluorg-p-

phosphate buffer (pH 1.6) (7 or 30, respectively). glucopyranosy! fluoride)uronate (1.49 g, 4.71 mmdip)(
Mass spectrometric conditions were as described for the,.55 dissolved in dry dichloromethane (15 mL). To the

SFIdoAF labeling, with the following modifications. In the  gq  tion was added acetyl chloride (1.0 mL, 14.1 mmol, 3
single-quadrupole mode (L€MS), the quadrupole mass  gqyiv) followed by triethylamine (1.4 mL, 9.89 mmol, 2.1
analyzer was scanned over a mass-to-charge rarange gquiv). After being stirred at room temperature for 3 h, the
of 300-2200 Da with a step size of 0.5 Da and a dwell g4|1i0n was washed wit1l N HCI followed by saturated
time of 1.0 ms per step. The ion source voltage (ISV) was gogjym bicarbonate, dried over magnesium sulfate, and
set at 5.5 kV, and the orifice energy (OR) was 45 V. Inthe concentratedin vacua Silica gel chromatography (2:1
tandem MS daughter-ion scan mode, the spectrum waspergleum ether/ethyl acetate mixture) yielded a white foam
obtained by selectively introducing the parent iamZ885) (1.51 g, 80%): 1H NMR (400 MHz, CDC}) 6 7.83-7.88
from the first quadrupole (Q1) into the collision cell (Q2) (m, 2 H, H-2, H-6), 7.57-7.64 (m, 1 H, H-4), 7.43-7.48
and observing the product ions in the third quadrupole (Q3). (m, 2 H, H-3, H-5), 5.55 (dt, 1 H,J1» = 5.3 Hz, Jip1 =
Thus, Q1 was locked om/z 885. The Q3 scan range was g1 o Hz, H-1), 5.45 (tJas = 9.1 HZ,j45 =85 Hz, ’H-4),
m/z 50—-1100. The step size was 0.5. The dwell time was 5 345 42 (m, 3H, X OYCH-H, H-3), 458 (dddd, 1 Hj»1

1.0 ms. The ion source voltage (ISV) was 5 kV. The orifice — g 3 Hz,Jor = 10.3 HZ,dos = 7.2 Hz, Jop» = 49.2 Hi,

energy (OR) was 45 V. The QO VOltage wago V, and the H'Z), 4.48 (d, 1 Hy\]5,4 =85 HZ, H'5), 2.16-2.30 [2 s, 6

Phenacyl (3,4-Di-O-acetyl-2-deoxy-2-flugfep-glucopy-

IQ2 voltage was-50 V. H, 2x (CO)CH: 1F NMR (188 MHz, CDC}) 6 —61.92
. . . . (dt, 1 F,JF,Hl =51.2 HZ,JF,HZ =10.3 HZ,J|:1'|:2= 14.2 HZ,
Em}tngzls of 5-Fluore=L-idopyranosyluronic Acid F-1), —123.65 (m, 1 F, F-2).

Phenacyl (5-Bromo-3,4-di-O-acetyl-2-deoxy-2-flugro-
(5-Fluoro-2,3,4-tri-O-acetyk-L-idopyranosy! fluoride)- glucopyranosyl fluoride)uronat@®henacyl (3,4-dB-acetyl-
uronic Acid.Phenacyl (2,3,4-trD-acetyl-5-fluoroet-L-idopy- 2-deoxy-2-fluorog-p-glucopyranosyl fluoride)uronate (1.51
ranosyl fluoride)uronatel() (0.086 g, 0.188 mmol) was g, 3.77 mmol) was dissolved in dry GGHO mL), recrystal-
dissolved in a 4:1 methanol/water mixture (5 mL). To this lized N-bromosuccinimide (1.00 g, 1.5 equiv) added, and
solution was added a spatula tip of 10% Pd/C. The mixture the mixture irradiated with two 200 W light bulbs. After 45
was stirred under an atmosphere of hydrogen gas at roommin, the resulting orange mixture was filtered through glass
temperature for 1 h. The suspension was then filtered throughwool and the solvent evaporated. The crude material was
a plug of Celite 545 and the filtrate concentratedacua purified by flash chromatography using a 1:3 ethyl acetate:
The crude material was purified by flash chromatography petroleum ether mixture to yield a gum (0.93 g, 51%it
using a 27:2:1 ethyl acetate/methanol/water mixture to yield NMR (400 MHz, CDC}) 6 7.83-7.90 (m, 2 H, H-2 H-6),
a gum (0.057 g, 90%)*H NMR (CD;OD, 400 MHz)6 5.83 7.58-7.64 (m, 1 H, H-4), 7.43-7.50 (m, 2 H, H-3 H-5),
(dd, 1 H,lez =2.8 HZ,\]]_,F =524 HZ, H-l), 5.58 (t, 1 H, 5.84 (ddd, 1 H,lez =7.2 HZ,\]]_,F]_: 51.3 HZ,Jl,Fzz 4.7
ngz =6.8 HZ,J3V4= 8.8 Hz, H-3), 5.49 (dd, 1 HJ4V3 = 8.8 Hz, H-l), 5.65 (dd,]3,2= 9.3 HZ,J3V4= 9.3 HZ,J3’|:2= 23.0
Hz, Jyrs= 11.1 Hz, H-4), 5.24 (ddd, 1 Hp1 = 2.8 Hz,J, 3 Hz, H-3), 5.39-5.49 (m, 2 H, 2 OCH-H, H-4), 4.63 (dddd,
= 6.8 Hz,Jo ;1= 12.3 Hz, H-2), 2.06-2.10 (3 s, 9 H, OAC). 1H,J1=72Hz,Jrn=139Hz,)bs;= 93 Hz,brn=
(5-Fluoro-o-L-idopyranosyl fluoride)uronic Acid.(5- 50.6 Hz, H-2), 2.09 [s, 6 H, 2 (CO)CHy; **F NMR (188
Fluoro-2,3,4-tri0-acetylo-L-idopyranosyl fluoride)uronic ~ MHz, CDCL) 6 —75.01 (dt, 1 FJeny = 51.3 HZ,Jp 12 =
acid (0.249 g, 0.732 mmol) was dissolved in 10 mL of dry 13.9 Hz,Jr1r2= 15.1 Hz, F-1),—118.35 (m, 1 F, F-2).
methanol and cooled to OC. Anhydrous ammonia was Phenacyl (3,4-Di-O-acetyl-2-deoxy-2-fluocet-idopyra-
bubbled through the solution until it was saturated. The nosyl fluoride)uronatePhenacyl (5-bromo-3,4-db-acetyl-
solution was allowed to warm to room temperature and 2-deoxy-2-fluorog-p-glucopyranosyl fluoride)uronatd 1
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(0.93 g, 1.9 mmol) was dissolved in dry toluene (20 mL),
tributyltin hydride added (1.0 mL, 3.9 mmol, 2 equiv), and
the solution boiled at reflux for 2 h. The solvent was then
removedin vacug 20 mL of acetonitrile added, and the
mixture extracted with petroleum ether ¢4 20 mL). The
acetonitrile layer was concentratiedvacuq and the residue
was purified by flash chromatography using a 1:3 ethyl

Biochemistry, Vol. 42, No. 26, 20038059

acetate (2 mL). After being stirred overnight, the mixture
was washed with water, dried over magnesium sulfate, and
concentratedn vacua The crude material was purified by
flash chromatography using a 1:1 ethyl acetate/petroleum
ether mixture to yield a white solid (0.037 g, 33%). The ester
was then dissolved in ethyl acetate (5 mL) and methanol (5
mL), 10% Pd-C (0.020 g, 0.18 equiv) added, and the

acetate/petroleum ether mixture to yield white needles (0.235suspension stirred at room temperature under an atmosphere

g, 30%). Also, theglucoepimer was obtained (0.226 g, 29%).

of hydrogen gas for 2.5 h. The suspension was then filtered

Both products were rechromatographed to remove residualthrough a plug of Celite 545 and the filtrate concentrated

tributyltin compounds. Thédo product was recrystallized

from an ethyl acetate/petroleum ether mixture to yield white

needles that were suitable for X-ray crystallographiz

NMR (300 MHz, CDC¥}) ¢ 7.83-7.89 (m, 2 H, H-2 H-6),

7.57-7.62 (m, 1 H, H-4), 7.45-7.52 (m, 2 H, H-3 H-5),

5.87 (dd, 1 HJy po= 7.2 Hz,J; ;1 = 47.4 Hz, H-1), 5.53 (d,

1 H, OCHH), 5.34 (d, 1 H, OCHH), 5.33 (m, 1 H, H-4),

5.20-5.28 (m, 1 H, H-3), 5.11 (d, 1 Hls 4 = 1.7 Hz, H-5),

4.44-4.64 (m, 1 H, H-2), 2.20 [s, 3 H, (CO)GH 2.14 [s,

1 H, (CO)CH; *F NMR (282 MHz, CDC}) 6 —62.89 (dd,

1 F,JF’H;[: 47.4 HZ,J|:1'|:2= 14.0 HZ, F-l),_11808 (dddd,

1 FaJFZ,HlZ 7.2 HZ,JF21H3= 9.6 HZ,JF]_YFz: 14.0 HZ,J|:2YH2

= 42.8 Hz, F-2).
3,4-Di-O-acetyl-2-deoxy-2-fluora-L-idopyranosiduron-

ic Acid Fluoride. Phenacyl (3,4-dD-acetyl-2-deoxy-2-

fluoro-a-L-idopyranosyl fluoride)uronate (0.216 g, 0.540

mmol) was dissolved in a 1:1 ethyl acetate/methanol mixture
(8 mL), 10% Pd-C (0.060 g, 0.1 equiv) added, and the

vacua The crude material was purified by flash chroma-
tography using initially ethyl acetate, followed by a 1:1 ethyl
acetate/methanol mixture, then a 1:2 ethyl acetate/methanol
mixture, and finally a 1:3 ethyl acetate/methanol mixture.
Fractions containing the desired product were concentrated,
redissolved in ddkD, filtered through a 0.22m filter, and
passed through a column of Bio-Rad AG 50WX-8 resin (H
form) using ddHO as the eluant. The fractions that were
obtained were lyophilized to yield a white foam (0.019 g,
95%): 'H NMR (300 MHz, D,O) 6 5.75 (dd, 1 HJy 2 =

8.6 Hz,J; r1 = 48.0 Hz, H-1), 4.78 (s, 1 H, H-5), 452 (d, 1
H, Jor2= 43.0 Hz, H-2), 4.06-4.10 (m, 2 H, H-3, H-4)1%F
NMR (282 MHz, D;0) 6 —61.50 (dd, 1 FJg 1 = 48.0 Hz,
Jr1,p2= 10.0 Hz, F-1),—117.22 (m, 1 F, F-2). Anal. Calcd
for CsHgOsF2-%,H,0: C, 34.79; H, 4.38. Found: C, 35.16;
H, 4.32.

RESULTS AND DISCUSSION

suspension stirred at room temperature under an atmosphere Stereochemical Outcome of Iduronidase Cataly$ise
of hydrogen gas for 3 h. The suspension was then filtered stereochemical outcome of glycosidase-catalyzed reactions

through a plug of Celite 545 and the filtrate concentrated
vacua The crude material was purified by flash chroma-
tography using initially ethyl acetate, followed by a 1:1 ethyl
acetate/methanol mixture, to yield a white solid (0.134 g,
88%): 'H NMR (400 MHz, CQyOD) ¢ 5.58 (dd, 1 H,J; 2
= 8.3 Hz,J;F; = 48.6 Hz, H-1), 5.25 (s, 1 H, H-4), 5.21 (d,
1H, J3r2= 10.5 Hz, H-3), 4.70 (s, 1 H, H-5), 4.60 (d, 1 H,
Jop2=43.3 Hz, H-2), 2.12 [s, 3 H, (CO)GHH 2.03 [s, 1 H,
(CO)CHy].

2-Deoxy-2-fluoroei-L-idopyranosyluronic Acid Fluoride.
3,4-Di-O-acetyl-2-deoxy-2-fluor@-L-idopyranosyluronic acid
fluoride 13 (0.134 g, 0.48 mmol) was dissolved in dry
methanol (10 mL) and cooled to OC under argon.

is generally best determined by diréet NMR analysis of
the enzyme-catalyzed reaction. Real time monitoring of the
chemical shift of the anomeric proton and of its coupling
constant with H2 allows the determination of the stereo-
chemistry of the initial product formed in the reaction. A
limiting factor in such an approach is the rate of mutarotation
of the product sugar. However, at neutral pH and with
sufficient enzyme, the desired result can generally be
obtained. In contrast to many other glycosidases investigated
using this technique, the pH optimum of the IDUA-catalyzed
reaction is quite low £4.5 (13)]. At such a low pH, the
acid-catalyzed mutarotation reaction is sufficiently rapid to
minimize the accumulation of the initial product, thus making

Anhydrous ammonia was then bubbled through the solution its characterization b{H NMR impossible, despite extensive
until it was saturated. After the mixture had been stirred at efforts to accumulate data as quickly as possible. Even when
room temperature for 2 h, the reaction was still incomplete data were collected within minutes of enzyme addition, the

so 10 drops of a 0.1 M NaOMe/MeOH mixture was added
and the reaction mixture stirred for a further 30 min. Silica

anomeric protons of both the- and g-anomers of the
product were visible at similar intensity, and by 5 min, in

gel (230-400 mesh) was added to the solution, the solvent addition to thea- and S-pyranose products, the- and

removedin vacug and the silica gel layered atop a flash

p-furanose products also appeared. The substrate was

column. Ethyl acetate was used as the initial eluant, followed completely consumed after approximately 20 min, at which
by a 7:2:1 ethyl acetate/methanol/water mixture, and finally time an equilibrium mixture of the four aforementioned

a 5:2:1 ethyl acetate/methanol/water mixture. Fractions products also existed (Figure 1). Such rapid mutarotation of
containing the desired product were concentrated, redissolveddoA is not too surprising given that uronic acids undergo

in ddH,O, filtered through a 0.22«m filter, and passed
through a column of Bio-Rad AG 50WX-8 resin {Horm)

relatively rapid anomeric interconversions, presumably via
intramolecular general acid catalysis, and given the relatively

using ddHO as the eluant. The fractions that were obtained strained nature aofi-L-iduronic acid. The appearance of the

were lyophilized to yield an impure white foam (0.070 g,
74%) which was dissolved in dimethylformamide (0.5 mL)

furanose forms of IdoA after only 5 min confirms that
reaction via the acyclic form of the sugar has occurred

and ethyl acetate (1 mL). To the stirring solution was added (Scheme 3). Attempts to carry out the reaction at a higher
phenacyl bromide (0.141 g, 2 equiv), followed by a solution pH were unsuccessful. Success was ultimately achieved by
of triethylamine (59uL, 1.2 equiv) predissolved in ethyl carrying out a methanolysis reaction through inclusion of
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0.27), which was only very slightly less polar than the free
iduronic acid. As with the free iduronic acid, this spot was
neither UV active nor fluorescent, as expected for the methyl
substrate glycoside of iduronic acid. At higher concentrations of
methanol, the intensity of this spot increased, with a
concurrent decrease in intensity of the spot from free iduronic
acid. At 3 M methanol, the methanolysis product appeared
to be approximately 50% of the product formed, but when
the methanol concentration was further increased to 6 M,

HS—S

His

1.4 minutes . ) -
Hyw only a moderate further increase in the proportion of
Hig, |° methanolysis product was observed.
Using 3 M methanol, the above experiment was repeated
S minutes on a larger scale, and the products were analyzetiiyMR

(Figure 2). Shown in gray is the spectrum from the mixture

of the a/B-L-idopyranuronic acid and/f3-L-idofuranuronic
2 acid. The anomeric protons clearly correspond with the

minutes . . S . "

Higr o anomeric pro'Fons observed in the earlier r_egl time” hy-
A "n*f‘ M / k " d drolysis experiment. However, clearly, an additional product
was observed, in approximately 50% yield (shown in black).
5_5 5.0 4.5 The chemical shifts and coupling constants of this product
ppm are in agreement with those published for the sodium salt of

Ficure 1: H NMR analysis of iduronidase-catalyzed hydrolysis methyl a-L-idopyranosiduronic acid 1¢). None of the

of methylumbelliferyl iduronide. Spectra were recorded at the S-glycoside was observed. The iduronidase is therefore a

indicated times. ks is substrate H1, K. substrate H5, retaining enzyme, consistent with its assignment to glycosi-
H1 of a-idopyranuronic acid, i 4, H1 of s-idopyranuronic acid, dase family 39

Hi-of H1 of a-idofuranuronic acid, and Hg H1 of S-idofuranu-
ronic acid. Identification of the Nucleophileia Sequence Alignments.

As shown in Figure 3a, alignment of the sequences of
methanol in the buffer, since the resulting methyl glycoside selected family 39 enzymes around the proposed acid/base
does not undergo mutarotation. Fortunately, IDUA, being a residue shows a very high degree of similarity, and there is
robust lysosomal enzyme, is quite stable in the presence ofa very high probability that the prediction of E178 as the
molar concentrations of methanol. catalytic acid/base residue of human iduronidase is correct.

Methanolysis reactions were initially monitored by thin- The case is quite different, however, for the sequence
layer chromatography. The substrate [methylumbelliferyl alignment surrounding the proposed catalytic nucleophiles
o-L-iduronide (MUI)] was incubated with IDUA in the (Figure 3b). Upon examination of the amino acid sequences
presence of varying concentrations of methanol (from 0 to in this section, it appears as though family 39 could be broken
6 M). In the absence of methanol, the reaction goes nearlydown into two subfamilies: the xylosidases and the idu-
to completion, leaving a small amount of intact substrate ronidases. In fact, only one of the four sequence alignment
(R = 0.39) along with 4-methylumbelliferond’(= 0.79) matrices within the ClustalW sequence alignment program
and free iduronic acid® = 0.21). The addition of methanol  will align the xylosidase nucleophiles with the iduronidase
to the reaction mixture caused a fourth spot to appRar( nucleophiles proposed by Henrissab) (Figure 3b), and

Scheme 3: Mechanisms for Mutarotation and Isomerization of Iduronic®Acid

H
0 *o OH
a) H(?-Im OH —— H%m OH =—— H(?-IO = 6H
O)\OHO H OAOHO W N 0" Nolf"

OH H 0
b) Hcg,o mV/H — %%/H

rotatlon about ol OA 0
OH H  C1-C2bond OH OH

Q OH OH
/@ ; HO” y=H
+
H(?_IO OH HO o
rotatlon about OH
bond

aThis scheme is illustrative of the bond breaking and forming steps, but is not intended to indicate a specific acid-catalyzed process. Indeed,
some form of intramolecular general acid-catalyzed process is most probable.
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OCH3
methyl a-L-idopyranosiduronate
0]
HO
Hmocm
H_O/KO OH
H1 H3

H4 H2

Bp | \M\

o-f /
52 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 34

ppm
Ficure 2: H NMR analysis of iduronidase-catalyzed cleavage of methylumbelliferyl iduronide in the predeBidé¢ methanol.

a)

Thermoanaerobacterium saccharolyticum (xyl) 139 HHFIS RYGIE EVLKW PFEIW NEPNL KEFWK DADEK EYFKL YKVTA
Thermoanaerobacterium sp. (xyl) 139 SHFIS RYGID EVAKW PFEIW NEPNL KEFWK DADEK EYFKL YKITA
Caldicellulosiruptor saccharoylticus (xyl-D) 145 KHFID RYGEK EVVQW PFEIW NEPNL NVFWK DANQA EYFKL YEVTA
Bacillus stearothermophilus (xyl) 139 SHFIE RYGIE EVRTW LFEVW NEPNL VNFWK DANKQ EYFKL YEVTA
Caldicellulosiruptor saccharoylticus (xyl-B) 142 RHLIS RYGKN EVREW FFEVW NEPNL KDFFW AGTME EYFKL YKYAA
Canis familiaris (idua) 160 RRYIG RYGLS YVSKW NFETW NEPDH HDFDN VTMTL QGFLN YYDAC
Mus musculus (idua) 151 RRYIG RYGLT HVSKW NFETW NEPDH HDFDN VSMTT QGFLN YYDAC
Homo sapiens (idua) 161 RRYIG RYGLA HVSKW NFETW NEPDH HDFDN VSMTM QGFLN YYDAC
Lok kA ® ok Kk Kk AkK, * . o* *
0

b)

Thermoanaerobacterium saccharolyticum (xyl) 266 SH--F PNLPF HITEY NTSY- -SPON PVHDT PFNAA YIARI LSEGG
Thermoanaerobacterium sp. (xyl) 266 SH--F PNLPF HITEY NTSY- -SPQN PVHDT PFNAA YIARI LSEGG
Caldicellulosiruptor saccharoylticus (xyl-D) 272 SP--F PDLPI HITEF NSSY- -HPLC PIHDT PFNAA YLARV LSEAG
Bacillus stearothermophilus (xyl) 269 SP--F PHLPL HITEY NTSY- -SPIN PVHDT ALNAA YIARI
Caldicellulosiruptor saccharoylticus (xyl-B) 269 ----- -- LPV YYTEW NNSP- -SPRD PYHDI PYDAA FIVKT IIDII
Canis familiaris (idua) 286 LFPKF ADTPV YNDEA DPLVG WALPQ PWRAD VTYAA MVVKV VAQHQ
Mus musculus (idua) 276 LFPEF KDTPI YNDEA DPLVG WSLPQ PWRAD VTYAA LVVKV IAQHQ
Homo sapiens (idua) 286 LFPKF ADTPI YNDEA DPLVG WSLPQ PWRAD VTYAA MVVKV IAQHQ

x. . x . % . % .. .
(]

Ficure 3: Sequence alignments of the family 39 glycosidases in the regions flanking the predicted nucleophiles and acid/base catalysts.
xyl represents xylosidase and idua iduronidase) 4cid/base residue and] nucleophile.

this alignment requires the lowest-stringency settings within over quickly relative to the time scale of the assay, rather
the program. The other alignment matrices place aspartatethan true, tight, reversible binding. This was confirmed by
301 or alanine 314 in this position; some even suggest thattesting the 5FIdoAF as a substrate by monitoring fluoride
there is no catalytic nucleophile in the iduronidases, aligning release with a fluoride specific electrode, allowing the
the xylosidase nucleophiles with a gap in the iduronidase measurement of & value of 0.83 s!. This value is
sequences. This raises some doubt about whether theherefore the deglycosylation rate constant, and clearly
prediction of E299 as the human iduronidase nucleophile is indicates that reactivation of the trapped fluoroglycesyl
correct. enzyme intermediate formed in the inactivation mixture
Trapping an Intermediate Using SFldoAfFo resolve this  would turn over during the assay time. Thus, the observed
mechanistic controversy, 5-fluom-L-idopyranosyluronic inhibition is that arising from the steady state accumulation
acid fluoride (S5FIdoAF) (Figure 4a) was synthesized and of the level of intermediate formed from the low concentra-
tested as a potential inactivator of IDUA. The synthesis tion of 5FIdoAF carried over into the assay mixture. A
largely followed a published procedurglf, with the final  getermination oK, was not possible given the (in)sensitivity

deprotection steps involving hydrogenation of the phenacyl of the electrode and the low anticipatiég (=K', 1.2 4M)
protecting group and deacetylation with ammonia in metha- 5 e.

nol. No time-dependent inactivation was observed when
aliquots were sampled and assayed. However, the observe
enzyme activity decreased with increasing concentrations of
5FIdoAF, indicating the apparent reversible inhibition by the

d These lowKn, (K') and ke values are consistent with
accumulation of some intermediate along the reaction
pathway: either the glycosylated enzyme or a tightly bound
material carried over into the assay mix, rather than time- noncovalent species such as the lactone illustrated in Scheme

dependent inactivation (Figure 4b). 5FIdoAF was therefore 2b.

tested as a reversible competitive inhibitor of IDUA using  Labeling IDUA with S5FIdoAF.Distinction between the
MUI (Vmax = 12 umol min~! mg™?, K, = 15 uM) as the two mechanisms was achieved by mass spectrometric means.
substrate. Dixon plot analysis of the inhibition data (Figure Unfortunately, heterogeneous glycosylation of the enzyme
4c) revealed &' value of 1.2uM. This apparently tight  rendered direct detection of the modified enzyme impossible;
binding inhibition is highly indicative of the accumulation thus, a search was initiated for a glycosylated peptide in
of an enzyme-bound 5-fluoroiduronyl intermediate that turns proteolytic digests.
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= 04 Al
% | 400
Y & —e 00— ———— 0 miz, amu
02 |- 1 mM 5F-IdoAF FiGURE 5: Tandem MS analysis of daughter ions from fragmenta-
L tion of the 5-fluoroiduronyl-labeled peptide.
1 | 1 | 1 | 1
0 Table B
0 2 ) 4_ 6 8 fragment (/2) ion type corresponding sequence
time (minutes)
855 B ADTPIYNDEADPLV*
175 Y VG
C) 288 BorY ADT or LVG, respectively
08 L 386 B ADTP
3 498 B ADTPI
€ B 661 B ADTPIY
=06 749 B ADTPIYNDEADP*
g’ B 855 B ADTPIYNDEADPLV*
< 892 parention ADTPIYNDEADPLVG*
€ 04 - 1123 Y NDEADPLVG*
i - 1286 B ADTPIYNDEA*
& 02 L 140F B ADTPIYNDEAD*
< 7 =1 161G B ADTPIYNDEADPL*
- B y max
0 e | Ty a Asterisks denote peptide fragments containing the label. A super-

script s denotes a singly charged fragment and the supemdeigoubly
2 0 2 4 6 8 10 12 14 16 charged fragment.
[Inhibitor] (uM)

FiGURe 4: Kinetic analysis of the interaction of iduronidase with would produce a triply charged species. An ester-linked
5-fluoro-a-L-iduronyl fluoride. (a) Structure of 5-fluora-L-idu- intermediate is also indicated by the ammonium hydroxide

ronyl fluoride. (b) Time dependence of the interaction of 5-fluoro- ; ; _
o-L-iduronyl fluoride with iduronidase. (c) Dixon plot of the cleavage. The candidate peptides wesRENQLLPG

inhibition of iduronidase by 5-fluoraL-iduronyl fluoride. MUI FELMGSi35, 24sTNFFTGEAGVRLDY256, 20/ADTPIYN-

(50 uM) was used as the substrate. DEADPLVG3ps, 293TPIYNDEADPLVGWS30p6, 401L WAE-

VSQAGTVLDSNyg0, andeosFVFSPDTGAVSGSYRy o The

IDUA was incubated with 5FIdoAF, then denatured at low peptide was _then unambiguously_ identified by peptide
H. and digested with pepsin. Comparison of the-IMIS sequencing via tandem MS anaIyS|§ of the labeled peptlde

b 9 bep P d of interest (n/z 893) in the daughter-ion scan mode (Figure

profile of this digest with that from an equivalently treate . , . : : .
but unlabeled, control sample revealed the presence of a5)' Peaks resulting from'Yand B ions are described in detail

labeled peptide having an'z of 893+ 1 that was found at in Table 1. This infqrmation, in conj'unction with the mass
33.5 min in the total ion current chromatogram of the labeled of the Iabeled. p_ephdg_ anq the primary sequence of the
peptide digest, this fragment being absent in the unlabelegd€nZyme, permits |de_nt|f|cat|on of the peptide containing the
digest. Treatment of this peptide with ammonium hydroxide 2ctive site nucleophile agADTPIYNDEADPLY Gaos
caused itsw/z to decrease by 97, corresponding to the loss The observed B ions containing the label were ADT-
of a label from a doubly charged peptide with a molecular PIYNDEA (n/z 1286), ADTPIYNDEAD (wz 1401), ADT-
mass of 194 g/mol, consistent with the loss of the 5-fluor- PIYNDEADP (Wz 749), ADTPIYNDEADPL (nz 1610),
oiduronyl label. and ADTPIYNDEADPLV (nz 855). These data indicate
The parent peptide fragment (minus the sugar) thus has athat the label is located within the ADTPIYNDEA section
molecular mass of 1590 Da. Seventeen candidate peptide®f the peptide. Only one 'Yion containing the label was
with a mass of 159& 1 Da were identified by inspecting observed (NDEADPLVG). Together with the B ion data,
the amino acid sequence of the enzyme and searching forthis indicates that the label had to be localized to the
all possible peptides with this mass. Of these, all but six tetrapeptide NDEA. Alanine 300 can be ruled out, as it does
were provisionally eliminated, either because their sequencesnot have a functional group capable of acting in a nucleo-
did not contain an aspartate or a glutamate residue or becausghilic manner, and asparagine 297 can most likely be ruled
the peptides contained more than one basic residue, whichout on the basis of the aforementioned precedent. We can
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Table 2
fragment (n/2) ion type corresponding sequence
175 Y VG
288 BorY ADT or LVG, respectively
385 BorY ADTP or PLVG, respectively
498 B ADTPI
500 Y DPLVG
571 Y ADPLVG
663 B ADTPIY
775 B ADTPIYN
876 Y EADPLVG*
885 parent ion (doubly charged) ADTPIYNDEADPLVG*
890 B ADTPIYND
993 Y DEADPLVG*
1108 Y NDEADPLVG*
1198 B ADTPIYNDE*
1270 Y YNDEADPLVG*
1383 BorY ADTPIYNDEAD* or YNDEADPLVG*, respectively
1480 BorY ADTPIYNDEADP* or PIYNDEADPLVG*, respectively
1593 B ADTPIYNDEADPL*

a Asterisks denote peptide fragments containing the label; bold type denotes peptides key in determining the location of the label.

385 885 1270
100 A 49

175

1383
661

relative intensity (%)

1480

500 1000 1500

m/z, amu
Ficure 6: Tandem MS analysis of daughter ions from fragmentation of the 2-deoxy-2-fluoroiduronyl-labeled peptide.

therefore conclude that the label is localized to either the labeled peptide (EADPLVG*) should also have an ion
aspartate 298 or glutamate 299. atm/z 878, which should be well separated from the intense
Unfortunately, it was not possible to show conclusively Signal arising from the parent ion etz 885.
whether D298 or E299 carries the label, since to do so, the Synthesis of 2FIdoAF was achieved from a protected
labeled fragment *EADPLVG, havingvz 895, would have 2-fluoro5-p-glucuronyl fluoride precursovia radical bro-
to be observed. As luck would have it, the intact, labeled mination at C5, reaction with tm-butyltin hydride to
peptide appears as a strong signah&t893; thus, the peak  displace the bromide with net inversion of configuration and
sought Wz 895) could quite easily be lost in the shoulder then deprotection, as described in Materials and Methods.
of the more intense peak of the intact, doubly charged parent2FIdoAF was tested as a time-dependent inactivator of
peptide. Attempts to more aggressively fragment this peptide IDUA, and as with 5FIdoAF, no time-dependent inactivation
resulted in excessive noise in the data. Attention thereforewas found. Instead, enzyme activity dropped immediately
turned to the use of a second label to provide additional to a constant level, with the extent of inhibition varying with
insights. the concentration of 2FIdoAF. When 2FIdoAF was tested
Trapping the Intermediate with 2FIdoARVhile 5-fluoro as an apparent reversible competitive inhibitor of IDUA using
sugar derivatives have been used in labeling loth and ~ 4-nitrophenylo-L-idopyranosiduronate (pNPIdoAKg = 53
B-p-glycosidases, 2-deoxy-2-fluoro sugars have previously 4M, Vmax = 4.4 umol min™* mg™) as the substrate, &/’
been useful only fop-p-glycosidases. Because it could not value of 4.6uM was found.
be predicted whethex-L-iduronidase would act more like IDUA inactivated by 2FIdoAF was then proteolytically
ano-b- or af-p-glycosidase, we felt that the 2-fluoo-- digested and the resultant peptide mixture analyzed by LC
idopyranosyluronic acid fluoride (2FIdoAF) (Figure 6a) was MS. Comparative mapping revealed a peptidentf 1769
worth pursuing as a potential labeling agent; not only would present only in the labeled sample, along withralz 885
this provide independent confirmation of the identity, but peptide fragment corresponding to the doubly charged



8064 Biochemistry, Vol. 42, No. 26, 2003 Nieman et al.

847 885
100
e
X
N’
£
‘2 798
=
W
N
g
o 50 -
>
=
= 993
5]
@ 876
890
¥ T
800 850 900 950 1000
m/z, amu

Ficure 7: Expansion of the region in Figure 6 arouméz 900.

a) b) C)
COOH|(H H H H H
H é):l-l H é)|_l|-| HOOC OH
OH
HO O—f=H HO O—f=H HO O—f=H
H H H
H OH H OH H OH
3-D-glucuronic acid -D-xylose o-L-iduronic acid

Ficure 8: Comparison of-“B conformations of3-p-glucuronic acid 8-p-xylose, anda-L-iduronic acid.

species. Given that this label has a mass of 179 Da, thethe rather uncommon bo&t®8) conformation 17, 18). Such
peptide in question must have an ionmaiz 1590, as seen  a geometry places O5, C5, C1, and C2 in a plane, as would
before. Sequencing by MS/MS identified the peptide as be required to stabilize positive charge at the anomeric center.
20iADTPIYNDEADPLVG30s, a peptide identical to that It was therefore suggested that the transition state for these
isolated following labeling with 5FIdoAF (Figure 6). In this  enzymes adopts a similar geometry, rather than the half-chair
case, expansion of the region around the parent peptidethat is generally expected. The reason this conformation is
revealed a fragment at/z 876 (Figure 7), consistent, within ~ so seldom observed, or even considered, as a reasonable
an error of +2, with the expected mass for the labeled transition state geometry is that most common sugars
fragment EADPLVG*. Further, the observed peakrét 890 (glucose, galactose, mannose, and glucuronic acid) possess
corresponds to the unlabeled peptide fragment ADTPIYND; an equatorial C5 hydroxymethyl or carboxylate group. In a
no evidence for the labeled version of this peptiaéz(L068) 258 conformation, this substituent would be forced into a
was found in the mass spectrum, nor was this peptide pseudoaxial orientation causing destabilizing flagpole inter-
observed in digests of the 5FIdoAF-labeled enzyme. On the actions with the C2 hydrogen (Figure 8a). In contrast, xylose
basis of these arguments, in conjunction with the data from does not have a C5 substituent, and therefore, there is no
the 5FIdoAF labeling, we conclude that Glu299 is, indeed, such highly unfavorable interaction, allowing the xylanase
the labeled residue, and hence the catalytic nucleophile insubstrate to readily adopt this conformation in the enzyme
humana-L-iduronidase. These results are consistent with active site (Figure 8b). While no crystal structures are yet
those of a mutational analysis performed on human idu- available for any of the family 39 enzymes, it is quite
ronidase in which the proposed acid/base (E182) andpossible that the xylosidases in this family also carry out
nucleophile (E299) were each, individually, mutated to catalysis via & conformation since they have no bulky
alanine (6). No significant activity could be detected in cell C5 substituent. Interestingly, while iduronic acid does contain
extracts, or in immunoprecipitates, supporting the assignmenta C5 substituent, its configuration is the opposite of that of
of important roles to these residues. However, kinetic studiesglucose. Thus, in thé®B conformation, the carboxylate is
on purified and characterized mutants were not performed. pseudoequatorial, and does not contribute to destabilizing
These results therefore demonstrate that both the xylosi-flagpole interactions, making thé®B conformation as
dases and iduronidases carry out catalyg@sa covalent accessible to iduronic acid as it is to xylose (Figure 8c). It
glycosytenzyme intermediate formed at the same location, is possible that the ability of both xylosides and iduronides
thereby confirming the (weak) predicted alignments around to adopt this conformation is the basis for the homology
the catalytic nucleophile. A likely rationale for the presence between the xylosidases and iduronidases, and therefore their
of 5-p-xylosidases and-L-iduronidases in the same family assignment to the same glycosidase family.
comes from a consideration of the possible sugar conforma-
tions adopted during catalysis. The crystal structures of the'A‘CK'\IOV\/LEDGME'\IT
intermediates formed on two family 11 xylanases reveal a We thank Dr. Lawrence Mcintosh for assistance with the
2-deoxy-2-fluoroxylosyl moiety bound at thel subsite in NMR analysis.
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