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ABSTRACT: In glycosyltransferase-catalyzed reactions a new carbohydcatbohydrate bond is formed
between a carbohydrate acceptor and the carbohydrate moiety of either a sugar nucleotide donor or lipid-
linked saccharide donor. It is currently believed that most glycosyltransferase-catalyzed reactions occur
via an electrophilic activation mechanism with the formation of an oxocarbenium ion-like transition state,

a hypothesis that makes clear predictions regarding the charge development on the donor (strong positive
charge) and acceptor (minimal negative charge) substrates. To better understand the mechanism of these
enzyme-catalyzed reactions, we have introduced a strongly electron-withdrawing group (fluorine) at C-5
of both donor and acceptor substrates in order to explore its effect on catalysis. In particular, we have
investigated the effects of the 5-fluoro analogues on the kinetics of two glycosyltransferase-catalyzed
reactions mediated by UDP-GIcNAc:GIcNAc-P-P-Dglacetylglucosaminyltransferase (chitobiosyl-P-
P-lipid synthase, CLS) angtN-acetylglucosaminyp-1,4 galactosyltransferase (GalT). The 5-fluoro group

has a marked effect on catalysis when inserted into the UDP-GIcNAc donor, with the UDP(5-F)-GIcNAc
serving as a competitive inhibitor of CLS rather than a substrate. The (5-F)-GlgN#styl glycoside
acceptor, however, is an excellent substrate for GalT. Both of these results support a weakly associative
transition state for glycosyltransferase-catalyzed reactions that proceed with inversion of configuration.

Glycosyltransferases are involved in a wide variety of A number of studies using substrate analogie®j have
biological processes ranging from the processiny-tihked suggested that inverting glycosyltransferase-catalyzed reac-
glycan structuresl) to signal transduction2j to bacterial tions, like those of glycosidases, proceeéd an oxocarbe-
cell wall (3) and natural product synthesi)(A thorough nium ion-like (“exploded §2” (10)) transition state X1).
understanding of these enzyme-catalyzed reactions will be This hypothesis suggests a reaction coordinate in which the
important for the design of molecular therapeutics targeting bond between C-1 of the glycosyl donor and the pyrophos-
these enzymes. Based on sequence homology, glycosyltransPhate leaving group is broken in the transition state, yet little
ferases have been classified into an expanding list of familiesbond formation between the glycosyl acceptor and the
(5) (89 as of April 2007; available at http:/afmb.cnrs-mrs.fr/ 0xocarbenium center has occurred (Figure 1).

CAZY). Despite this sequence diversity, glycosyltransferases One clear implication of this hypothesis is that during
can be classified into three superfamilies based on currentcatalysis the glycosyl donor substrate develops a partial
crystal structures@). Although there are likely to be some positive charge at C-1 and O-5 due to the formation of the
subtle differences between the superfamilies, the mechanism®xocarbenium ion. The amount of negative charge develop-
of glycosyltransferase-catalyzed reactions fall into two ment on the glycosyl acceptor, on the other hand, would be
categories: retaining, where the product glycoside has theexpected to be small, since little deprotonation or bond
same stereochemistry as the activated leaving group, andormation (and thereby stabilization of the developing
inverting, where the reaction proceeds with inversion of oxocarbenium ion) occurs in the transition state.
stereochemistry at C-1. We rationalized that both of these tenets could be
investigated through the introduction of a charge-altering
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Ficure 1: Proposed weakly associative transition state for glyco-
syltransferases involving a UDP-GIcNAc donor and various
GIcNAc-containing acceptor substrates.

An efficient route for the synthesis of potential glycosyl-
transferase acceptors and donors containing 5-fludro
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analogues on these enzyme-catalyzed reactions support a
weakly associative transition state for inverting glycosyl-
transferase-catalyzed reactions.

acetylglucosamine ((5-F)-GIcNAc) has now been developed EXPERIMENTAL PROCEDURES

in our laboratory {3). Because of our ongoing interest in
N-linked glycosylation {4—16) and the biosynthesis of the
oligosaccharyl donor, GiManyGIcNAc,-P-P-dolichol (7),

we chose UDP-GIcNAc:GIcNAc-P-P-Ddl-acetylglucosami-
nyl transferase (chitobiosyl-P-P-lipid synthase, CLBC
2.4.1.141) as an initial target for our mechanistic investiga-

Materials.Unless otherwise indicated, all chemicals were
purchased from Aldrich or Sigma and were used without
further purification. Pyridine and GJ®H were distilled from
CaH, prior to use. H]Ac.0 (100 mCi/mmol, lot #011126)
and UDP-[63H]galactose @H]UDP-Gal, 46-60 Ci/mmol)

tions (Scheme 1). CLS has been shown recently to exist aswere purchased from American Radiolabeled Chemicals Inc.

a heterodimeric complex in yeast consisting of Alg13p and
Alg14p in which Alg14p functions as an ER binding partner
for the catalytic subunit Alg13p18—20). It remains to be

(St. Louis, MO). GalT from bovine milk (10 1U, MW 44,-
000) was purchased from Sigma, dissolved in water, and
divided so as to provide aliquots containing 0.5 unit. These

established conclusively if the mammalian enzyme exists asaliquots were lyophilized and stored-a80 °C prior to use.

a similar dimeric complex. In this regard, Gao et al. have
reported that although the human ALG13 and ALG14

5-Fluoro-glucosamine 1-phosphate, UDP-(5-F)-GIcNAc, and
octyl 5-fluoro-2-deoxy-2-acetamide-p-glucopyranoside ((5-

orthologues apparently do not pair with their respective yeast F)-GICNAc S-octyl glycoside) were synthesized as previously

counterparts, they are able to functionally complement for
the loss of either ALG13 or ALG14 when coexpressed in
yeast (9). This multi-subunit structure is reminiscent of

described 13). GIcNAc -octyl glycoside was synthesized
as described in the literature2d). Pyridinium acetate
solutions were prepared by adding the requisite amount of

dolichylphosphomannose synthase (DPM) which has threeacetic acid followed by addition of pyridine to pH 4.5 and

subunits, DPM1, DPM2, and DPM2Y). In this manno-

dilution with water to provide the desired concentration.

syltransferase, the catalytic subunit, DPM1, is associated withBaker Si250 thin layer plates were from VWR Scientific

the ER via its interaction with DPM3.

The mammalian CLS has the added advantage that both

the donor and acceptor contain GIcNAc, allowing the

investigation of charge buildup in both substrates for a single
enzyme-catalyzed reaction. However, only limited quantities

of the CLS acceptor substrates, GIcNAc-P-P-Dol (and
5-fluoro GlcNAc-P-P-Dol), are availableia biosynthesis.

Therefore, to corroborate the tentative conclusions reached )
cgenerously provided by Dr. Mark Lehrman (UT-Southwest-

with the biosynthetic CLS acceptor substrates, we also chos
to study -1,4-galactosyltransferase (GalT, EC 2.4.1.38,
family GT7) which utilizes synthetically accessible GIcNAc-

Products (Willard, OH). Analytical HPLC was carried out
on a Waters 996 photodiode array system running Mille-
nium®? software. Econo-safe biodegradable scintillation
counting mixture is a product of Research Products Inter-
national (Mount Prospect, IL). EDTA-free protease inhibitor
cocktail was purchased from Roche. Reactive Blue 4
immobilized on cross-linked 4% agarose was from Sigma
Chemical Co. (St. Louis, MO). Tn-10 CHO cells were

ern, Dallas, TX).
Synthesis of UDP-(5-F)*H]GIcNAc. Et;N (11 ul,

containing acceptors. The effects of the 5-fluoro substrate 0.080 mmol) was added to a stirred suspension of crude

1 Abbreviations: BME,-mercaptoethanol; CHAPS, 3-[(3-chola-
midopropyl)dimethylamonio]-1-propanesulfonate; CLS, UDP-GIcNAc:
GlcNAc-P-P-DolN-acetylglucosaminyltransferase (EC 2.4.1.141); Dol,
dolichyl; Dol-P, dolichyl phosphate; GalTi-N-acetylglucosaminyl-
glycopeptides-1,4-galactosyltransferase (EC 2.4.1.38); GIcNAc-P-P-
Dol, GlcNAc-P-P-dolichol; GIcNAc-P-P-Undec, GIcNAc-P-P-undeca-
prenol; GlgManyGIcNAc,-P-P-Dol, GlgMansGIcNAc,-P-P-dolichol;
GPT, UDP-GIcNAc:Dol-P-GIcNAc 1-phosphate transferase (EC 2.7.8.15);
octyl GIcNAc or GIcNAc-octyl glycoside, octyl 2-deoxy-2-acetamido-
[-D-glucopyranoside; octyl (5-F)-GIcNAc or (5-F)-GIcNAg-octyl
glycoside, octyl 5-fluoro-2-deoxy-2-acetamigien-glucopyranoside;
P-P, pyrophosphoryl linkage-O—P(O)(OH)-O—P(O)(OH)-0-);
Undec, undecaprenyl; Undec-P, undecaprenyl phosphate.

5-fluoro glucosamine 1-phosphate (0.010 mmol) in drysCH
OH (100uL) in a sealable glass tube. The supplied vial with
[®H]Ac20 (5 mCi, 100 mCi/mmol) was cooled te78 °C

to prevent any escape of volatil€H]Ac,0, and 50uL
CH;OH was added. This solution was added to the 5-fluoro
glucosamine 1-phosphate-containing tube to initiate the
reaction; quantitative transfer was ensured by rinsing the vial
containing residual®H]Ac,0 with an additional 5QL of
CH30H. The tube was sealed and stirred at room temperature
for 4 h. The reaction vessel was opened and the mixture
was evaporated under high vacuwia a line that contained

a series of four traps to prevent radioactive contamination
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(dry ice/acetone (2), liquid N(1), and KCO; (1)). The
resulting brown oil was dissolved in GABH (1 mL) and
cooled to—10 °C. NH; was bubbled through the solution,

Hartman et al.

was dried by a stream of Nind the radiolabeled glycolipid
substrate was dispersed in 1% Triton X-100 (20Gor [3H]-
GIcNAc-P-P-Undec or 2L for (5-F)-[*H]GIcNAc)-P-P-

and the flow out of the flask was passed through a check Undec to be tested as substrates in CLS reactions.

valve (to prevent reverse flow) and two aqueous NaHCO

Biosynthesis of3H]GIcNAc-P-P-Dol. [*H]GIcNAc-P-P-

traps. After 1 h, the solvent was removed under a stream of Dol was synthesized enzymatically and purified as described
N2 (passing through the same traps). The resulting brown elsewhere Z4) except microsomes from Tn-10 CHO cells

residue was dissolved in water{0 mL) and passed through
a Bio-Rad AG 1x 8 anion exchange column (¢ 6 cm,

overexpressing GPT12b) were used.
Solubilization and Partial Purification of UDP-GIcNAC:

acetate form). The column was washed with water (20 mL) GIcNAc-P-P-Dol N-Acetylglucosaminyltransferase (Chito-
followed by elution of the desired product with 500 mM  biosyl-P-P-lipid Synthase, CLS) from CHO Ce(#10 cells
pyridinium acetate (40 mL). The pyridinium acetate effluent were grown to confluence in F-12 media with 9% bovine
was collected as a single fraction and evaporated using aserum and suspended in 0.9% NaCl, 3 mM EDTA (pH 8).
Speed-Vac vacuum centrifuge to provide (5-FGIcNAc The suspended cells were homogenized by sonication
1-phosphate pyridinium salt. The resulting oil was passed (15 s), and a crude particulate fraction was obtained by
through a cation exchange column (Dowex 50WX8-208, Et centrifugation (3,000 rpm, 4C, 15 min). Crude microsomes
NH* form), eluting with several column volumes of @GH  were sedimented from the low-speed supernatant fluid by
OH. The fractions with significant radioactivity were pooled centrifugation (60,000 rpm, 4C, 40 min) in a Beckman
and evaporated leaving (5-PH]GICNAc 1-phosphate tri-  TL-100 ultracentrifuge. The membranous pellet was washed
ethylammonium salt as an oil (248Ci). To this oil were and resuspended in 1 mL of sonication buffer. CLS activity
added UMP-morpholidate (4.9 mg, 0.0072 mmol) and was solubilized by extraction of the membrane fraction (2
pyridine (200 u4L). The resulting yellow solution was  mg/mL protein) in 10% glycerol, 25 mM Tris-HCI (pH 8.0),
evaporated and then coevaporated with pyridine<(200 0.65% Triton X-100, 5 mMpg-mercaptoethanol, and 1x
uL). To this yellow oil were addedH-tetrazole (0.33 mg,  proteinase inhibitor cocktail (EDTA-free) for 60 min on ice
0.0047 mmol) and pyridine (20@L). The reaction was  with stirring. The solubilized CLS activity was recovered in
monitored by TLC analysis (3:1 GE&N:H,0). After 8 days the supernatant fluid after centrifugation of the detergent-
the reaction was quenched by addition of 50 mM aqueous extract (46,000 g, 40 min, 2C).
pyridinium acetate (10@L) and evaporated. The resulting The solubilized CLS activity (specific activity: 5,400
yellow oil was purified by chromatography on Bio Gel P-2  cpm/min/mg) was then partially purified by ion-exchange
(80 cm x 1.5 cm) with 50 mM pyridinium acetate as the chromatography on a TSK-Gel Toyopearl DEAE-650M
eluant. Fractions (100 drops) were collected and analyzedcolumn (4G-90 microns) washed by 15 vol of 25 mM Tris-
by TLC (UV absorbance). Fractions that contained the HCI (pH 8.0) and equilibrated with 5 vol of 20% glycerol,
desired product were pooled, giving the title compound 25 mM Tris-HCI (pH 8.0), 0.05% Triton X-100, and 5 mM
contaminated with3H]acetate. The acetate was removed by p-mercaptoethanol. Approximately 6 mg of membrane
HPLC purification in several portions on a;fVarian protein was appliedota 1 mLcolumn at a rate of 30 mL/h.
Microsorb-MV 300 A column (4 mmx 25 cm) eluting with The column was then washed with 2 vol of 20% glycerol,
400 mM aqueous hexafluoro-2-propanol adjusted to pH 7.8 25 mM Tris-HCI (pH 8.0), 0.05% Triton X-100, 0.2 mM
with EtzN at 1 mL/min. The fractions containing the desired PMSF, 2 ug/mL leupeptin, 1x proteinase cocktail for
product were pooled and evaporated on a Speed-Vac vacuunmammalian tissues (Sigma), and 5 nfiMnercaptoethanol.
centrifuge yielding 5«Ci of UDP-(5-F)-PH]GIcNAc. The TSK-Gel Toyopearl DEAE-650M column was eluted
Each reaction in the synthesis of UDP-(5-FiGIcNAc with a linear NaCl gradient (60.3 M NaCl in the equilibra-
(Scheme 2) was first examined on an identical small scale tion buffer), eluting at a rate of 35 mL/hr. The fractions from
using unlabeled precursors. The purity and chemical iden- a single peak of CLS activity were pooled and then desalted
tification of each intermediate were ascertained using and concentrated using an Amicon filtration cell fitted with
standard methods (TLC, NMR, MS). The final product, a YM100 membrane. The desalted fraction was applied to a
UDP-(5-F)-PH]GIcNAc, was chromatographically identical  butyl-Sepharose column and eluted with a decreasing linear
to unlabeled UDP-(5-F)-GIcNAc by both size exclusion salt gradient (1.0 M-0.0 M NaCl). Fractions corresponding
chromatography and HPLC. In addition, this product was to the peak of CLS activity were pooled and applied to a
shown to be a WecA substrate in the biosynthesis of (5-F)- second TSK-Gel Toyopearl DEAE-650M column. The
[®H]GIcNAc-P-P-Undec which, in turn, is a CLS substrate column was eluted with a linear NaEDTA gradient—0
(vide infra). 5 mM). The fractions containing CLS activity were pooled
Biosynthesis of3H]GIcNAc-P-P-Undec and (5-F)2H]- and concentrated as above, applied to a Reactive Blue
GlcNAc-P-P-Undec for Use as Chitobiosyl-P-P-lipid Syn- 4-agarose column, and eluted with a linear NaCl gradient
thase (CLS) Acceptor Substratdsach reaction solution  (0—0.8 M). Although it was estimated that this fraction was
containedEscherichia colimembranes (&g total protein) 730-fold purified relative to the crude microsomes, 10
prepared as described by Rush et 28)( UDP-(5-F)-fH]- polypeptide bands were still visualized by SBIRAGE. CLS
GIcNAc (215,000 cpm, 97 cpm/pmol) or UDPH]GIcNACc activity is based on the conversion of exogenous acceptor
(858,000 cpm, 58,500 cpm/pmol), 52 mM Tris-HCI (pH 8), substrate, H]GIcNAc-P-P-Dol, to PH](GIcNAc-S-(1-4)-
11 mM sucrose, 7.4 mM 2-mercaptoethanol, 0.5 mM EDTA, GIcNAc)-P-P-Dol (cpm/mg protein) in the standard assay
40 mM MgCh, and 0.58% CHAPS in a total volume of described below. It is not possible to determine the specific
50 uL. The reactions were incubated for 30 min at 7. activity of biosynthetic H]GIcNAc-P-P-Dol because of the
After extraction with CHG:CH;OH (2:1), the organic layer ~ presence of an unknown amount of endogenous GIcNAc-
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P-P-Dol in the substrate preparation. The highly purified water (500uL) or ice-cold 100 mM EDTA (50Q:L). The
fractions from the Reactive Blue 4-agarose column were usedassay solution was passed through a Sep-Pak cartridge either
for the enzymatic studies described in the Results Section.immediately (water quench) or after storage on ice (EDTA
Enzyme Assays. Chitobiosyl-P-P-lipid Synth&s®.rou- quench). The assay tube was rinsed with waterx(2
tine assay during purification of CLS, each reaction mixture 500 L), and each aqueous rinse was applied to the same
contained partially purified fractions of CLS (34§ protein), Sep-Pak cartridge. The Sep-Pak was washed with 20 mL of
55 mM Tris-HCI (pH 8), 0.25 mM sucrose, 4% glycerol, 1 HO followed by 4x 2.5 mL of CHfOH. The CHOH eluant
mM 2-mercaptoethanol, 8 mM NaCl, 5 mM EDTA, 5 mM was analyzedia liquid scintillation counting. Background
AMP, 0.5% Triton X-100, 0.1 mM UDP-GIcNAc, andH)]- values were determined by addition of DMSO without any
GlcNAc-P-P-Dol (4,000 cpm) in a total volume of 10Q. acceptor.
This assay method is a slight modification of that described The assays for (5-F)-GlcNAg-octyl glycoside were
previously @4). After incubation for 20 min at 37C unless completed in the identical manner as above, except (5-F)-
indicated otherwise, the reactions were terminated by the GIcNAc-3-octyl glycoside was added after the preincubation
addition of 20 vol of CHGJ:CH3;0H (2:1) and washed with  step, 30 s prior to the addition of enzyme. The assay solutions
0.9% NaCl (0.4 mL). The lower phase was washed once were incubated for 9 min at 3C, and were passed through
with an equal volume of CH@GICH;OH:0.9% NacCl, (3:48: the Sep-Pak immediately after quenching to minimize
47), and the lower organic layer was removed. Brain decomposition of the disaccharide prodict.
phosphatidylcholine (7%g), was added and the organic Gal T. Steady-State Kinetic Analysi$ie assays followed
solvent was evaporated under a stream efal ambient the general procedure with UDP-Gal (19, 24, andu38)
temperature. The resulting residue was redissolved in @HCI and GIcNAc -octyl glycoside (0, 17, 21, 30, 50, and
CH3;OH (2:1) (12uL) and loaded onto a Baker Si250 TLC 75uM). The reactions were performed on the same day and
plate eluting with CHG.CHs;OH:H,O (65:25:4). The radio-  were quenched with ice-cold 100 mM EDTA. For (5-F)-
active zones corresponding Yd-labeled GIcNAc-P-P-Dol GIcNAc-f-octyl glycoside, the assays followed the general
substrate and GIcNAG-(1,4)-GlcNAc-P-P-Dol product were  procedure with UDP-Gal (27.3, 33.3, 42.8, 60, 100, and
located using a BioScan System 200 imaging scanner (1 h300uM) and GIcNAc#-octyl glycoside (0, 100, 129, 180,
scan/lane), and the percentage of the glycolipid substrate300, and 90Q:M). The 100uM UDP-Gal assay utilized a
converted to the chitobiosyl-P-P-lipid product was deter- 2x enzyme stock, and the 3@ UDP-Gal assay utilized
mined. a 5x enzyme stock prepared from a fresh enzyme aliquot
To compare the ability of CLS to catalyze the reaction of (see General Procedure).
fluorinated vs non-fluorinated substrates, partially purified Data Collection and Analyseblinless indicated otherwise
CLS (600 ng protein) was assayed with either 0.5 mM UDP- each assay was performed in duplicate and the error bars
GIcNAc or UDP-(5-F)-GIcNAc as the nucleotide sugar donor signify the range of the data collected (varied time or
substrate and®H]GIcNAc-P-P-Undec (7,000 cpm, 58,500 concentration). The kinetic constants were determined by
cpm/pmol) or (5-F)-fH]GIcNAc-P-P-Undec (7,000 cpm, 97  least-squares fitting to either the Michaellglenten equation
cpm/pmol) as the glycolipid acceptor substrate in a total using Kaleidagraph (CLS) (Synergy Software) or eq 1 using
volume of 254L. Reaction conditions and product analysis the Leonora program2{), and the errors reported are
were carried out as described above. standard deviations. The standard errorddgrandK, were
p-1,4-Galactosyltransferase. General Procedurer as- not propagated in thk../Kncalculations.
says, a concentrated (162.pstock solution (25 munitsL)
of GalT containing 20 mM Tris-HCI, 2 mM BME, 2 mM  RESULTS

EDTA, 0.5 mg/mL BSA, pH 7.5 was prepared and stored at gy nhesis of UDP-(5-F)2H]GIcNAc. To facilitate bio-
—20°Cin 4ul aliquots. In this form the enzyme was stable  chemical assays with UDP-(5-F)-GIcNAc, a tritium label
for several months. GlcNAg-octyl glycoside and (5-F)-  yepresented by *) was incorporated in the penultimate
GIcNAc -octyl glycoside solutions were prepared in DMSO acetylation step (Scheme 2). Precuréowas prepared as
and stored at-20 °C. (5-F)-GIcNAc f-octyl glycoside — evigusly described1@). The acetate and trifluoroacetyl
solutions decomposed over several weeks at rtin DMSO (TFA) groups were removed with methanolic ammonia, and
and were prepared fresh weekly. UDP-Gal (Sigma) was e radiolabel was then introduced usidgJAc;O. Follow-
prepared as a 10 mM stock solution (determined gravimetri- ing nucleotide sugar formation with UMP-morpholida2s
cally) and stored at-20 °C. UDP-PH]Gal was purchased  iification by HPLC provided the desired produgtin

as a 1 mCi/mL solution in 70% ag. EtOH and was diluted radiochemically pure form.

40-fold with water to prepare a 20solution for assays. This Synthesis of (5-F)-GIcNAc-P-P-lipidnitially, synthesis

solution was stored at 20 °C. _ of a (5-F)-GIcNAc-containing acceptor substrate for CLS was
Each enzyme assay (1Q@) contained 100 mM Na  4iempted using methods described in the literature for the
cacodylate (pH 7.5),. 10 m_M Mngl 0.5 mg/m!_ BSA, synthesis of substituted pyrophosphates. Two routes were
GIcNAc S-octyl glycoside (various concentrations in DMSO),
]}00#:)\/' L.JDP'(.?El’l;JgP'EH].GaI (ca. O.4,uC|),I a':_ndﬁ-Ge;I'l_' . 2The experiment in which GIcNAg-octyl glycoside was used as
rom bovine milk (11.3 ng), in an agueous solution containing e acceptor substrate was completed using a single stock solution of
5% DMSO. The assay solutions were preincubated for 9 min, reagents for all of the experiments, and all of the assays were quenched
at 37°C prior to addition of the enzyme (&L in a stock in a single day. However, assays with (5-F)-GlcNAoctyl glycoside

; e were completed over several days from separate, freshly prepared
solution of 20 mM Tris-HCI, 2 mM BME, 2 mM EDTA, reagent stock solutions. This precautionary method was employed due

0.5 mg/mL BSA, pH 7.5). After 5 min incubation at 3T, to concerns about the stability of (5-F)-GlcN/Seectyl glycoside, and
the reaction was stopped by dilution with ice-cold deionized perhaps the disaccharide product, in aqueous buffer.
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Scheme 2 Table 1: Partial Purification of CLS Activity from CHO
OAc 1. NHy OH Microsomes
AcO Q 2. PHIACO o Q protein  enzyme
HO~ _ _Et3N HO-—~ _ recovered activité/ specific fold
F:F,\,IA\O\F{OO_ MeOH OF=|-/'\'\I \Pgo— purification step (mg) (x107°) activity?  purification
o « 0 microsomes 192 4.6 2,396 1
1 2 detergent extracts 120 4.3 3,583 15
UMP-morpholidate Toyo-DEAE-I 9.1 4.0 43,956 18.3
1-Tetrazole butyl-agarose 2.0 3.9 195,000 814
OH o Toyo-DEAE-II 1.2 3.85 320,833 134
Reactive Blue 4-agarose 0.12 2.1 1,750,000 730.4
Q - .
H%O ! ~ 'j\)ﬁ a Specific activity is based on the amount 8f[GIcNAc-P-P-Dol
FHNO\ 90 o O“ >N converted to H]GIcNAc,-P-P-Dol (cpm/mg protein) as described in
o e ‘ﬁ’o o Experimental Procedures.
O O
3 OH OH i isuali - ini
tides as visualized by Coomassie blue staining of SDS
. ) . ) ) ) . o PAGE gels. Additional studies will clearly be required to
investigated involving reacting eithdr or 2 with a lipid identify the polypeptide(s) that constitute the active enzyme

morpholidate £8, 29) or imidazolide 80) intermediate. The  (18_20). The partially purified preparation of CLS exhibited
latter method has been used in our 18, @1) and by others 3 hr534 pH optimum between 8.0 and 8.5. Partially purified
(32-35) for the synthesis of (GIcNA@-(1-4)GIcNAC)-P- CLS also does not appear to have a divalent cation require-
P-Dol and lipid analogues. Unfortunately, neither method ment atypical of mosN-acetylglucosaminy! transferases,
was effective in yielding the (5-F)-GIcNAc-containing  4nq was actually stimulated by 10 mM EDTA. The partially
analogue §6). Given these difficulties, a biosynthetic route  ified fractions from the Reactive Blue 4-agarose column
to (5-F)-GleNAc-P-P-lipid was pursued using UDP-GICNAC:  \yere ysed for the enzymology studies described below. It is
Dol-P-GIcNAc 1-phosphate transferase (GPT). Enzymatic 1ot known if these partially purified fractions contained the
synthesis of the 5-fluoro substrate, (5-F)-GIcNAc-P-P-Dol, ammalian homologues of both Alg13 and Alg18£20).
containing the lipid found in mammalian cells, is not possible Analysis of UDP-(5-F)-GIcNAc as a Donor Substrate for
because UDP-(5-F)-GIcNAc is not a substrate for the ¢) g The first enzyme of interest, CL®8), was partially
mammalian GPTs (data not shown). Thus, an alternate, rifieq from CHO cells as described above and used to
strategy using a truncated, unsaturated lipid, undecaprenole, qyate the effect of a 5-F substituent in either the nucleotide
to afford (5-F)-GIcNAc-P-P-Undec was undertaken. This q,qar donor or the GlcNAc-lipid acceptor substrate. Using
strategy appeared promising because CLS had been showgy e natyral acceptor substrat#]GlcNAc-P-P-Dol, typical
previously to accept a completely unsaturated GICNAC-P- ga4ration kinetics data were obtained with the natural donor
P-lipid substrate37), and it was determined that UDP-(5- substrate, UDP-GICNAC to provide K, of 392 + 83 uM
F)-GIcNAc is a substrate for a bacterial GPT, WecA (data 5.q aVimax Of 27.5+ 1.9 cpm/minkg protein (Figure S1

not shqwn). Fortunately, this approach allowed for the Supporting Information). In contrast, UDP-(5-F)-GIcNAc
synthesis ofH]GIcNAc-P-P-Undec and (5-FJAH]GIcNAc- was completely inactive as a glycosyl donor for CLS even
P-P-Undec by WecA-catalyzed-acetylglucosaminylphos- \,hqer extended incubation conditions that led to complete
pho transfer. Each product was isolated and then tested as 3,nversion of H]GIcNAc-PP-Dol to a disaccharide product
CLS acceptor substrate. using UDP-GIcNAC as the donor substrate (data not shown).

Solubilization, Partial Purification, and Properties of CLS Moreover, UDP-(5-F)-GIcNAc apparently bound to the
Associated with CHO Microsome$o resolve CLS from  enzyme based on its ability to inhibit catalysis. Increasing
other membrane-associated GIcNAc-transferases, the enzymene concentration of UDP-(5-F)-GIcNAc at a constant
was solubilized and partially purified from CHO membranes. concentration of UDP-GIcNAc (30@M, ~K) led to a
A preliminary screen of detergents revealed that stable marked reduction in rate with an §€of approximately
fractions could be effectively solubilized by extraction with  1.25 mM for UDP-(5-F)-GIcNAc (data not shown). As
Triton X-100. Approximately 56% of the membrane protein - shown in Figure 2, inhibition at two different concentrations
and 80% of the enzyme activity were solubilized by of UDP-(5-F)-GIcNAc could be overcome by increasing the
extraction of CHO microsomes with 0.5% Triton X-100. The amount of UDP-GIcNAc, thus indicating that UDP-(5-F)-
activity was also fairly stable in Nonidet P-40 extracts, but GIcNAc acts as a competitive or mixed inhibitor of the CLS-
Tween 20, Tween 80, CHAPS, sodium taurocholate, and catalyzed reaction. Limited availability of biosynthetic
sodium deoxycholate markedly inhibited the activity. The [3H]GIcNAc-P-P-Dol acceptor substrate prevented more
effects of the detergents on CLS activity were virtually the extensive kinetic analysis of the inhibition of CLS by UDP-
same for microsomal fractions from both CHO cells and (5-F)-GIcNAc and a precise determination of the concentra-
bovine brain. tion of the glycolipid substrate used in these studies.

A highly purified fraction of CLS (730-fold relative to 5-Fluoro GIcNAc Lipid Pyrophosphate as a CLS Acceptor
CHO microsomes) was obtained by a combination of Substrate.CLS-catalyzed glycosylation of (5-F)-GIcNAc-
chromatographic steps using TSK-Gel Toyopearl-DEAE P-P-Undec (2.&M) acceptor substrate by UDP-GIcNAc for
650M, butyl-agarose, and Reactive Blue 4-agarose as thea period of 20 min led to acid-labile products (characteristic
chromatographic supports (Table 1). Although the CLS of the polyisoprenol phosphate linkage), which were chro-
activity was enriched 730-fold relative to CHO microsomes, matographically identical to (GIcNAGS-(1,4)-GIcNAc)-P-
the pooled fractions still contained approximately 10 polypep- P-lipids (data not shown). Thus, the presence of a 5-fluoro
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1/[UDP-GIcNAC] (1/mM) shown in Figure 3A and 3B. In a similar way, the fluorinated

FIGURE 2: Inhibition of CLS by UDP-(5-F)-GIcNAc. Each assay ~ dlycoside, octyl (5-F)-GIcNAc, was evaluated with UDP-
was carried out for 5 min as described in Experimental ProceduresGal as the donor, and double reciprocal plots of the resulting
using partially purified CLS (3.6ug), UDP-(5-F)-GlcNAc data are shown in Figure 3C and 3D. Using these data, kinetic
(0.25 mM or 1 mM), and UDP-GIcNAc (165 mM-1.5 mM). constants were calculated for both acceptors based on least-
squares fitting to eq 1, the rate equation for a steady-state
ordered bi bi mechanism that has been demonstrated for a
number of glycosyltransferases, including G&tv,(39). The
parameterd/mas KiaKs, Kg, andKa, derived from this fit,
were inserted into eq 1, and the predicted double reciprocal
linear transforms were obtained (Figure-3B, solid lines).

substituent does not interfere with the ability of (5-F)-
GlcNAc-P-P-Undec to act as a glycosyl acceptor. Unfortu-
nately, limited availability of the radiolabeled acceptors,
[®H]GIcNAc-P-P-Undec and (5-FH]GIcNAc-P-P-Undec,
available onlyvia biosynthesis, prevented further kinetic
analysis. UDP-(5-F)-GIcNAc was also tested as a glycosyl
donor with the acceptor, (5-FFH]GIcNAc-P-P-Undec. As V.. JAIB]
expected, UDP-(5-F)-GIcNAc did not serve as a glycosyl rate= ma @)
donor under these conditions (data not shown). KiaKg 1 Ka[B] + Kg[A] + [A][B]

5-Fluoro GIcNAcS3-Octyl Glycoside as a GalT Acceptor ) ) o ]
SubstrateBecause?H]GIcNAc-P-P-Undec and (5-F)4H]- Visual inspection |n_d|cates that the data obtained for
GIcNAc-P-P-Undec were available in only small quantities, GICNAc-octyl glycoside as the acceptor substrate result
full kinetic analysis of (5-F)-GIcNAc-P-P-Undec as a CLS N @ better f|t. to the equation than data for the 5—f|uo.ro
acceptor was not feasible. Thus, another enzyfag,4- analogge. This is presumably due to an apparent slight
galactosyltansferase (GalT, EC 2.4.1.389441), that instability of_ the fluorinated acceptor substrate and/o_r product
catalyzes a mechanistically similar reaction with readily (S€€ Experimental Procedures). Based on analysis of these
available substrates, was investigated. To measure rates oflat@, the value dk./Ksg for octyl (5-F)-GIcNAc is 4.3-fold
the GalT-catalyzed reaction, a Sep-Pak aséayWas used less thaq t.he value for octyl GIcNAc (Table 2), due primarily
with both GIcNAcS-octyl glycoside 22) and (5-F)-GIcNAc toa S|gr)|f|cant effect_or!KB (5-fold increase) rather thaga
p-octyl glycoside as glycosyl acceptors (Scheme 3). A (~20% increase). Within err_or,_tﬂeatvalues for these two
preliminary comparison of octyl GIcNAc and octyl (5-F)- subs'grates are the same, S|gn|fy|ng that the 5-fluoro group
GIcNAc at near saturating concentrations of UDP-Gal has little effect on the chemical step of the GalT reaction.

(100 uM) was reported in a previous publication from this
laboratory (3). These data indicated that tKg for the octyl DISCUSSION
(5-F)-GIcNAc was increased, whereas thgy: slightly In order to investigate the effect of fluorine substitution
decreased, thus leading to a ca. 8-fold decreade.ikm. in glycosyltransferase donor and acceptor substrates, an
Here we report a full kinetic analysis of the GalT-catalyzed isotopically labeled donor, UDP-(5-FJH]GIcNAc, has been
reactions with octyl GIcNAc and octyl (5-F)-GIcNAc as synthesizedvia acetylation of 5-fluoro glucosamine-1-
acceptor substrates. phosphate with®H]Ac,O to provide a radiolabeled 5-fluoro
Saturation with both octyl-GIcNAc and octyl (5-F)- GIcNAc-1-phosphate2, which was converted to UDP-(5-
GIcNAc could not be achieved due to pronounced substrateF)-[?H]GIcNAc, 3, by standard methods available for the
inhibition. Double reciprocal plots at constant UDP-Gal synthesis of nucleotide sugars. (5-F)-GIcNA®ctyl gly-
concentrations (71.4M for octyl GIcNAc and 41uM for coside (3) was employed as the fluorinated acceptor
octyl (5-F)-GlcNAc) show upward curvature at high substrate substrate. The glycosyltransferases used in this study were
concentrations (see Supporting Information for details). UDP-GIcNAc:GIcNAc-P-P-DoN-acetylglucosaminyl trans-
Therefore, for determination of the kinetic parameters, both ferase (EC 2.4.1.141, chitobiosyl-P-P-lipid synthase, CLS),
acceptor and donor substrates were varied in a noninhibitorypartially purified as described herein, and commercially
range. The non-fluorinated glycoside, octyl GIcNAc, was availableN-acetyllactosamine synthase (galactosyltransferase,
evaluated as a GalT acceptor substrate with UDP-Gal as theGalT, EC 2.4.1.38). It is not clear if the partially purified
donor, and double reciprocal plots of the resulting data are fractions of CLS contained mammalian homologues to the
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Ficure 3: Double reciprocal plots of GalT-catalyzed glycosylation of GlcNAaetyl glycoside (3A, 3B) and (5-F)-GlcNAB-octyl glycoside
(3C, 3D). The data were fit to eq 1 (see text for details), and the lines shown are derived from inserting the fitted parameters into eq 1.

Table 2: GalT Kinetics Data: GIlcNAgG-octyl Glycoside vs (5-F)-GlcNA@-octyl Glycoside

acceptor substrate KiaKg («M)? Ka (uM) (donor) Kg (uM) (acceptor) Keat (S71) kealKg (LO* M~1s7Y)
octyl GIcNAc 2500+ 290 6.5+ 6.6 110+ 34 6.1+ 1.3 5.7+ 0.6
octyl (5-F)-GIcNAc 22006t 3600 46+ 20 560+ 156 7.3+ 1.5 1.31+0.13

Alg13 and Alg14 subunits of the heterodimeric complex of 5-fluoro GIcNAc is clearly a good substrate, wika./Kg
the yeast enzymel8—20). decreased by only 4.4-fold relative to the non-fluorinated

5-Fluorinated GIcNAc Carbohydrates as Donor Sub- substrate (Figure 3). Moreover, the modest reduction in
strates.Studies of CLS with UDP-(5-F)-GIcNAc as a donor catalytic efficiency results almost entirely from a higiigy;
clearly show that it serves as a competitive inhibitor of UDP- the values ok, for the two substrates are within experi-
GIcNAc (Figure 2) rather than a substrate. Thus, a very mental error (Table 2).
strong inactivating effect is exerted simply by addition of = There are several possible explanations for why the values
the small but strongly electron-withdrawing 5-fluoro group. of k¢, for the non-fluorinated and fluorinated substrates are
The simplest explanation of the magnitude of this effect is nearly the same. First, if the bond-forming step of the GalT-
that the enzyme-catalyzed reaction proceeds through ancatalyzed reaction is not rate limiting, the effect of the
oxocarbenium ion-like transition state which is destabilized 5-fluoro group will be masked. Among many earlier studies
by the presence of the electron-withdrawing fluorine at the on the kinetics of GalT-catalyzed glycosylation, a significant
neighboring 5-position. This type of mechanism has been secondary isotope effect at C-1 was obsern®bh{/"Vmax
supported by other studies of glycosyltransferage®j, but = 1.21) @3). A secondary isotope effect of this magnitude
the experiments described herein provide the first evidenceprovides strong support for a reaction mechanism in which
in support of an oxocarbenium ion-like transition state in a the chemical step of disaccharide formation, and not substrate
glycosyltransferase utilizing UDP-GICNAc as a donor. binding or product release, is rate limiting.

5-Fluorinated GIcNAc Glycans as Acceptor Substrates. A second possibility is that the 5-fluoro group is too distal
Analogues with 5-fluoro substituents are competent acceptorto exert an electronic effect on the 4-OH. By analogy with
substrates for both CLS and GalT. Due to limitations in the the effect of g3-fluoro group on 2-fluoroethanol, we expect
quantity of biosynthetic substrates, GIcNAc-P-P-lipid, or the that the K, of octyl-(5-F)-GlcNAc should be reduced by
5-fluoro analogue, a full kinetic study of the CLS-catalyzed 1.6 units relative to octyl GICNAc44, 45). Electronic effects
reaction could not be undertaken. With GalT, however, octyl on general base-catalyzed nucleophilic substitution reactions
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can be expressed using Hammett plots to give a nucleophilicREFERENCES

correlation constantfgu) which estimates the amount of
charge build up on the nucleophilic atom in the transition
state of the reactiord). Due to the complexity in synthesiz-
ing the required fluorinated substrates, it was not feasible to
do a full analysis ofjn, for the GalT reaction to verify that
the expected linear free energy relationship holds. Therefore,
we cannot be certain that the transition state remains the same
when the [K; of the acceptor is altered over a wide range.
However, there is precedent that a linear free energy
relationship holds for mechanistically similar enzyme-
catalyzed reactions. For example, the deglycosylation of the
galactosyl enzyme intermediatefirgalactosidase, a general
base-catalyzed reaction with an oxocarbenium-like transition
state, was shown to have a small and slightly negaiive
(—0.06) @7). Assuming the linear free energy relationship
holds for GalT, even a reaction with a smgal,. of 0.2, a
change in K, of —1.6 units would predict decrease in rate
of 2-fold. This clearly was not observed in our experiments
(Table 2). Our kinetics data are consistent with other studies
suggesting that the GalT reaction proceeds via an oxocar-
benium ion-like transition state consistent with a srfall.
First, the significant secondary isotope effect observed for
the GalT-catalyzed reactionifle suprg led Raushel and
co-workers to conclude that “substantial2spharacter
develops on the anomeric carbon in the transition state.”
Second, the fact that UDP-(2-F)-Gal acts as a competitive
inhibitor of UDP-Gal and not an alternate substrate is
consistent with an oxocarbenium ion-like transition state that
is destabilized by the adjacent electron-withdrawing fluorine
substituent at C-24@).

Taken together, the data for the 5-fluoro acceptors and
donors support a transition state with significant bond
breaking of the anomeric sugaDP bond yet little bond
formation with the GIcNAc acceptor for the CLS and GalT-
catalyzed reactions. Through the use of 5-fluoro glycosyl-
transferase donors and acceptors, the involvement of such a
weakly associative transition state can be investigated for
both substrates. The usefulness of nucleotide 5-fluoro sugars
should extend well beyond the current study. In particular,

other GIcNAc-transferases which catalyze reactions with 17,

retention of configuration, for which mechanistic data is fairly
unclear, would be particularly amenable to this nondisruptive
approach11). 5-Fluoro nucleotide sugars could be used for
many other carbohydrate processing enzymes that catalyze
chemistry at or near the C-5 position including enzymes
involved in nucleotide sugar epimerization and dehydration
(13). Similarly, we envision 5-fluoro glycosides as useful
tools for the investigation of glycosyltransferases that form
bonds at the C-3 or C-6 OH positions.
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