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p-Mannosynthase: Synthesis of f-Mannosides
with a Mutant f-Mannosidase**
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The f-pD-mannopyranoside linkage is found in a number of
biological structures, most notably in the core trisaccharide of
N-linked glycoproteins,!! as well as within the antigenic
polysaccharides of yeasts,? Salmonella,?! and glycolipids.[*
This is arguably the most difficult glycosidic bond to
synthesize chemically and has inspired numerous ap-
proaches.’) Despite these successes, each method requires a
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number of protection and activation steps prior to glycosyla-
tion, and few methods can achieve complete anomeric
stereoselectivity.H

Enzymatic synthesis of f-mannosides avoids both of these
problems.’l Successful transfer of S-mannosyl residues to a
variety of acceptor sugars has been achieved with retaining (-
glycosidases,[”! which function through the mechanism shown
in Scheme 1a (R’ = glycoside acceptor). However, the yields

a) Glu429 Glu429 Glua29
Co o -oi ;O HO: ;O

; C,

HO OH oF HO OH
ol 2T o
e

CA:‘OEO -0._0

Glu519 Glus19 Glu519
b)
Glu429 Glu429
o-ManF + R'OH

- (? 6} HO™ ~O

HO— OH O—R' HO—, OH

o} —_ o}

Glu429 HO&Q' D) Hﬂo’&‘\pon'

C? K i
H (@] (el
HO OH(' L L
Hﬂ&&ODNP DNP  Glu519Ser Glu519Ser
@
H
-
Glu519Ser

Scheme 1. a) Hydrolysis (R'=H) and transglycosylation (R’=glycoside
acceptor) mechanisms of the retaining Cellulomonas fimi f-mannosidase
(Man2a). b) Mechanism of the Man2a Glu519Ser mutant acting as a
mannosynthase (upper pathway) and catalyzing the in situ generation of a-
mannosyl fluoride (a-ManF; lower pathway). R'OH = glycoside acceptor.
DNP =2 4-dinitrophenyl.

of these transglycosylation reactions are inherently modest as
the product formed is a substrate for the glycosidase used,
resulting in hydrolysis. Further, the approach requires the
preparation of a f-mannoside as a glycosyl donor, thereby
minimizing advantages. Substantially better yields have been
obtained with recombinant yeast and Salmonella -manno-
syltransferases (60 —90 % ),1¥ but these enzymes are limited by
their requirement for a complex acceptor. In contrast to the
above, glycosynthases”) are new enzymatic catalysts for
oligosaccharide synthesis that are derived by mutating the
catalytic nucleophiles of retaining glycosidases.'”) Here we
report the successful construction of a mannosynthase from a
retaining S-mannosidase and its use in the synthesis of (-
mannosides with the readily accessible donor, a-D-mannosyl
fluoride (Scheme 1b, upper pathway).
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The retaining S-mannosidase Man2a was cloned from
Cellulomonas fimi and overexpressed in E. coli. to yield a
95 kDa monomeric enzyme belonging to family 2 of the
glycosyl hydrolases.''l The active site nucleophile was iden-
tified as Glu519 by trapping the covalent mannosyl —enzyme
intermediate with the mechanism-based inactivator 2-deoxy-
2-fluoro -p-mannosyl fluoride, followed by proteolysis and
sequencing of the labeled peptide by ESI-MS/MS.[2 13
Mutation of the nucleophile to alanine (Glu519 Ala) pro-
duced an enzyme that was inactive as a hydrolase. However,
Man2a Glu519 Ala also proved to be a poor mannosynthase,

would not function as an acceptors.'¥l Reaction times varied
from 24 hours for disaccharide acceptors to several days for
the poorer monosaccharide acceptors. HPLC analyses of the
reaction mixtures and 'H/"*C NMR spectroscopic analyses of
the per-O-acetylated products indicated that the oligosac-
charide products contained a mixture of $(1,3) and £(1,4)
linkages (Table 1).' A notable example was the mixture
derived from PNP f-gentiobioside, which afforded branched
tri- and tetrasaccharide products 6a and 6b, respectively, in
which mannose residues are $(1,3) linked to the PNP-bearing
glucose residues (Scheme 2).11°!

from which only an 8% yield of di- and trisac-
charides was obtained upon the reaction of a-D-
mannosyl fluoride (a-ManF) with para-nitro-
phenyl A-pD-mannopyranoside (PNP [-manno-
side).

Based upon recent successes with a family 1
glycosynthase in which a much more effective
catalyst was obtained by replacing the catalytic
nucleophile with serine,’ the Glu519 Ser mutant
of Man2a was made. This mutant proved to be a
much more effective glycosynthase affording a
99% overall yield (determined by HPLC) of
oligosaccharides from the reaction of a-ManF
with PNP -p-cellobioside (Table 1). A number of
other sugars also acted as viable acceptors, with
oligosaccharide yields typically in excess of 70 %
(Table 1). Benzyl pS-p-N-acetylglucosaminide,
PNP pj-p-N-acetylglucosaminide, or chitobiose

OH Man2a HO/&J&/ OH
HO O oPNP HO
HO Glu519 Ser

6b  49%
Scheme 2. Branched oligosaccharide products derived from the reaction of PNP }-
gentiobioside with a-mannosyl fluoride in the presence of Man2a Glu519Ser. PNP =
para-nitrophenyl.

Table 1. Product yields for the reaction of a-mannosyl fluoride with various acceptors, catalyzed by Man2a Glu519 Ser.

Acceptor Yield of oligosaccharide [% ]!
di tri tetra penta hexa Total
PNP -mannoside 21 32 19 2 - 74
1a 1b (5) 1d (5)
B(14) B(1.4),5(1.4) all B(1,4)
1c (2) le (1)
B(1.4),6(1.3) B(1.4).5(1.4),6(1,3)
2,4-DNP 2-deoxy-2-fluoro-f-mannoside 7 39 15 8 1 70
2a (1)
B(1.4).5(1.4)
2b (1)
B(1.4),(1.3)
PNP S-glucoside 22 36 13 - - 71
3a 3b (1) 3d
B(1.3) B(1.4).6(1.4) B(1.4).6(1.4),5(1.3)
3c (15)
B(1.4).6(1.3)
PNP f-xylobioside 8 64 19 3 - 94
4a (1) 4c (1) d4e (1)
B(1.4) B(1.4).(1.4) all f(1.4)
4b (1) 4d (2) 4f (1)
B(1.3) B(1.4).(1.3) B(1.4).(1.4),6(1.3)
PNP pS-cellobioside - 27 56 5 1 99
5a (8) 5c(4) Se
B(1.3) B(1.4).6(1.4) all f(1.4)
5b (5) 5d (1)
B(1.4) B(1.4),(1.3)
PNP f-gentiobioside - 34 49 8 0.5 91
6a 6b
B(1.3) B(1.4),(1.3)

[a] Yields were determined by HPLC and are based on remaining acceptor. The relative ratios of products are indicated in parentheses. The sequence of
linkages formed in each product is indicated. Spectroscopic data are provided in the Supporting Information.
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Kinetic parameters for transglycosylation by the Man2a
Glu519 Ala and Ser mutants were determined by use of a
fluoride electrode to monitor fluoride release during the
coupling of a-ManF with PNP fS-cellobioside. The reaction
was first studied in the presence of a fixed concentration of
acceptor. In this way apparent k., values of 12 min~' (at
29 mMm PNP f-cellobioside) and 0.33 min~! (at 20 mm PNP S-
cellobioside) were obtained for the Glu519Ser and
Glu519 Ala mutants, respectively. The apparent K, values
for a-ManF determined under the same conditions were very
similar: 0.70 mM for Glu519 Ser and 0.57 mm for Glu519 Ala.
The reaction was then studied in the presence of a fixed,
saturating concentration of a-ManF (50 mMm), but saturation
with PNP fS-cellobioside could not be obtained with either
mutant. Thus, the apparent k/K,, values of 0.35 min~!mm~!
and 0.013 min"mm~! for Glu519 Ser and Glu519Ala, respec-
tively, were determined from the slope of the plot of rate
versus PNP fS-cellobioside concentration. This corresponds to
a 27-fold transglycosylation rate enhancement for the
Glu519Ser mutant relative to the Ala mutant and is
remarkably similar to the 24-fold increase obtained previously
with the family 1 glycosynthase, Abg Glu358Ser.”! The
mechanistic origins of this rate increase are uncertain, but
may arise from a stabilizing interaction between the departing
fluoride ion and the serine side-chain hydroxyl in the trans-
glycosylation transition state (Scheme 1b). Transglycosyla-
tion rates were also studied as a function of pH, and the
Man2a Glu519Ser mutant was found to be most active
between pHS5 and 6 (data not shown). This is fortunate
because a-ManF undergoes rapid spontaneous hydrolysis
above pH 7, presumably through the base-catalyzed forma-
tion of a 1,2 epoxide.['”

A characteristic feature of nucleophile mutants of retaining
glycosidases is their ability to recover glycosidic bond cleaving
activity when provided with anionic nucleophiles such as
acetate, formate, and azide.l's] To our surprise, fluoride ions
(2™ KF) also rescued significant bond-cleaving activity when
2" 4'-dinitrophenyl -D-mannopyranoside (2,4-DNPMan) was
used as a substrate for both the Man2a Glu519Ala (k. =
21 min~!, K,=0.13mmMm) and Glu519Ser (k. =14 min~},
K,,=0.036 mM) mutants. Despite the poor nucleophilicity of
fluoride ions in aqueous solution, this chemical rescue
corresponds to at least a 10*fold increase in rate, since the
nucleophile mutants are essentially inactive in the absence of
fluoride ions.'’l This appears to be an exceedingly rare form of
chemical rescue and to our knowledge is the first example of
the fluoride ion acting as a substitute nucleophile in a mutant
enzyme system.?! The reaction of a fluoride ion with 24-
DNPMan will result in the in situ generation of a-ManF,
which may then be used as a mannosyl donor to a second
molecule of 2,4-DNPMan acting as an acceptor (Scheme 1b,
lower pathway).”] Accordingly, thin layer chromatographic
and 'H NMR spectroscopic analyses of a preparative rescue
reaction carried out with Man2a Glu519Ser confirmed the
formation of the donor, a-ManF.

The existing glycosynthase methodology has been success-
fully extended to include the enzymatic synthesis of f-
mannoside linkages. In what may be a general feature of
these catalysts,™ the serine nucleophile mutant of Man2a
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proved to be a dramatically better glycosynthase than the
corresponding alanine mutant. Finally, we report here the first
instance of the fluoride ion acting as a nucleophile in the
chemical rescue of mutant-enzyme activity.

Experimental Section

Mutagenesis, expression, and purification of Man2a Glu519Ser: The
plasmid pETMan2aGlu519Ser carrying the Glu519Ser mutation was
introduced by modification of a “megaprimer” procedure (details provided
in the Supporting Information).”?! Recombinant Man2A Glu519Ser was
purified from isopropyl-3-p-thiogalactopyranoside (IPTG)-induced cul-
tures of E. coli BL21(DE3) electrocompetent cells carrying the plasmid
pETMan2aGlu519Ser. Harvested cells were twice passed through a French
press at 4°C, then centrifuged at 15000 ¢ for 30 min. Man2a Glu519 Ser was
isolated from the supernatant by Ni**-chelation chromatography (His-bind
resin, Novagen). The yield of Man2a Glu519Ser was 350 mgL~! culture.

Rescue and transglycosylation kinetics: Mutant Man2a concentrations
were determined by absorbance at 280 nm using the extinction coefficient
E% =2.2cm™!, estimated from the corresponding amino acid sequen-
ces.?l Rescue kinetics with the substrate 2,4-DNPMan?* were performed
at 25°C in 100 mM citrate (pH 6.0) supplemented with bovine serum
albumin (BSA; 1 mgmL~!) and 2M potassium fluoride (750 pL total
volume). Reactions were initiated with the addition of Man2a Glu519 Ser
or Glu519 Ala (5-10 pL, 0.1-0.4 pvm final concentrations) and the result-
ing liberation of 2,4-dinitrophenol was monitored spectrometrically at
400 nm (Ae=10900m'cm~'). Observed rates were corrected for the
spontaneous hydrolysis of 2,4-DNPMan. Transglycosylation kinetics were
performed at 25°C in 100 mm citrate and 150 mm NaCl (pH 6.0; 400 pL
total volume) using a-ManF as a donor and PNP f-cellobioside as an
acceptor. Transglycosylation was initiated with the addition of Man2a
Glu519Ser or Glu519 Ala (20-50 pL, 5.5 to 70 uMm final concentrations).
The reactions were then stirred while monitoring fluoride release (until 5-
20% donor had been consumed) using an Orion fluoride electrode (model
96-09BN) interfaced with Logger-Pro software.”? For pH studies, trans-
glycosylation rates were measured using 5.5 pm Man2a Glu519 Ser, 6 mm
a-ManF, 5 mMm PNP f-cellobioside, and 1 mgmL~! of BSA in the following
buffers: 100 mm citrate/150 mm NaCl (pH 5.0-6.5), 100 mm NaPi/150 mm
NaCl (pH 6.5-8.0), and 100 mM 2-hydroxy-3-[(2-hydroxy-1,1-dimethyl-
ethyl)amino]1-propanesulfonic acid (AMPs0)/150 mm NaCl (pH 8.0-9.0).
Kinetic parameters for rescue and transglycosylation Kkinetics were
calculated from the initial rates using GraFit.1]

Oligosaccharide synthesis, purification, and characterization: In a typical
reaction, acceptor glycoside (20—40 mg) was dissolved in 150 mm citrate
buffer (2 to 3 mL, pH 6.0) to afford a 30-50 mm solution. a-ManF (1.5-
3equiv) was added as a concentrated solution, followed by Man2a
Glu519Ser (1-2 mgmL™"). The reaction mixture was maintained at room
temperature and monitored by thin layer chromatography (Kieselgel 60
F,ss (Merck), ethyl acetate/methanol/water (7/2/1)). Chromatographic
plates were visualized under UV light and by exposure to 10 % ammonium
molybdate in 2m H,SO,, followed by charring. Reaction times ranged from
one to five days. Upon completion of the reaction the products were
purified by preparative HPLC with UV detection.’) Masses of product
fractions were confirmed by ESI-MS. Product fractions were evaporated,
dried, and acetylated with acetic anhydride/pyridine (1/2), then purified by
flash chromatography on silica gel (230-400 mesh) prior to NMR
spectroscopic analysis.
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6-Aminofulvene-1-aldimine: A Model
Molecule for the Study of Intramolecular
Hydrogen Bonds**

Rosa Maria Claramunt,* Dionisia Sanz,
Sergio Hugo Alarcon, Marta Pérez Torralba,
José Elguero, Concepcién Foces-Foces,
Mariusz Pietrzak, Uwe Langer, and Hans-
Heinrich Limbach

The search for new systems that sustain phenomena such as
intramolecular hydrogen bonds (IMHB),!» 2 proton transfer
along hydrogen bonds,>4 and coupling constants through
hydrogen bonds,> ¢! led us to select 6-aminofulvene-1-aldi-
mines. These compounds were reported in the 1970s by
Miiller-Westerhoff and Ammon, who determined the X-ray
structure of 1 and its NMR spectroscopic properties in
solution.[®
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