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Abstract: Several enzymes immobilized on thermo-
responsive polyacrylamide polymers are nearly as
active as their soluble forms, and can be recovered
for reuse after gentle heating and precipitation. Car-
bohydrates attached to these polymers have been
used for enzymatic glycosylation, and the products

have been isolated by thermal precipitation followed
by release from the polymer, thus greatly simplify-
ing product purification in water.
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Introduction

Insoluble polymer resins have been commonly uti-
lized as supports for organic synthesis since the reac-
tion intermediates and products can be easily isolated
and purified.!'! Despite these advantages, however,
the heterogeneity of a solid phase can lead to poten-
tial complications, e.g., low reactivity, non-linear Ki-
netics, stereochemical complexity and analytical dif-
ficulty.”’! In addition, a number of reactions in
solution are not applicable to solid phase. Soluble
polymers can potentially combine the advantages of
both solid-phase and solution-phase chemistry by
providing a homogeneous stage for synthesis with fa-
cile isolation of products during work-up through
precipitation and filtration.?! There are many forms
of soluble polymers, including the commonly used
poly(ethylene glycol) (PEG) and polyacrylamide.!"
The copolymers of N-i-propylacrylamide (NIPAm)
and functionalized monomers have been shown to
be thermo-responsive and exhibit inverse tempera-
ture-dependent solubility in water.>%! These poly-
mers are soluble in cold water, but become insoluble
and precipitate out of the solution once the tempera-
ture is higher than their lower critical solution tem-
peratures (LLCST), presumably due to the enhance-
ment of hydrophobic interactions between the side
chains at higher temperatures./®” The LCST of these
polymers can thus be readily tailored by modifying
the side chain, as well as the ratio of NIPAm to the
functionalized monomer. These thermo-responsive
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polymers have been utilized in the design of smart
chemical catalysts, the catalytic activities of which
can be switched on and off depending on the solution
temperature.®°! They have also been used for immo-
bilization of proteins!'”! but no synthetic application
has been exploited. The potential of NIPAm polymers
and copolymers as well as other functionally similar
peptides in purification of biological macromolecules
has been described.!'"! Herein, we present our studies
of enzymes attached to such polymers as recyclable
biocatalysts and enzymatic carbohydrate synthesis
with glycosyl acceptors immobilized on the polymer
through a cleavable linker. Due to the high solubility
of oligosaccharides in water and the high cost of en-
zymes, it is desirable to carry out enzymatic synthesis
in such systems, which would allow the recovery of
enzymes and products by gentle heating after the re-
action.

Results and Discussion

Four different thermo-responsive polymers, which
have LCST’s between 20 and 30 °C (Figure 1), were
investigated for use as supports for enzymes.[5’9] Near
or sub-ambient LCST values of these selected poly-
mers are essential for maintaining high enzymatic ac-
tivities after recycling of the enzymes. Enzymes are
immobilized through amide linkages by reaction with
the N-acrylylsuccinamide (NASI) groups. In order to
find the optimum conditions for enzyme immobiliza-
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tion and recovery, different temperatures for cou-
pling and precipitation were evaluated utilizing subti-
lisin BPN’ as the test enzyme and succinyl-Ala-Ala-
Pro-Phe-p-nitroanilide as the substrate. While subtili-
sin immobilized on polymer A (NIPAm:NASI = 10:1)
had very low activities (data not shown), it showed
the highest activity (about 70% of that of the soluble
enzyme) when immobilized on polymer D (NI-
PAmM:NTBAmM:NASI = 20:5:2) with a coupling tempera-
ture of 5°C and precipitation temperature of 21 °C
(Figure 2). Precipitation of the polymer under higher
temperatures led to decreased enzymatic activity.
Polymer B (NIPAm:NASI = 20:1) also showed good re-
sults with a coupling temperature of 14 °C and preci-
pitation temperature of 30 °C. Polymers B and D and
their respective optimized coupling and precipitation
temperatures were thus used for the studies of other
enzymes. The effect of precipitation pH on the en-
zyme activities was also studied by measuring the ac-
tivity of subtilisin immobilized on polymer D. The
highest activity of immobilized subtilisin was ob-
tained when it was precipitated at pH 4.5. To investi-
gate the general utility of these polymers, other en-
zymes, including bovine liver -galactosidase, bovine
milk galactosyl transferase, papain, and glucose 6-
phosphate dehydrogenase V from baker’s yeast, were
also immobilized on polymers B and D under the
same conditions, and it was found that these enzymes
were efficiently immobilized and retained most of
their activities (data not shown).

The activity of the immobilized subtilisin was ana-
lyzed after precipitation and re-solubilization. Subtili-
sin retained about 50% of its activity after three
rounds of precipitation and re-solubilization. The de-

Enzo

crease of enzymatic activities was not due to the re-
lease of enzymes from the polymer support, as the
supernatant after filtration did not show any enzy-
matic activity. Interestingly, the catalytic activity of
the immobilized enzyme increased slowly over time
as the polymer was re-solubilized at low temperature,
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Figure 1. Structure and LCST of the polymers studied.
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Figure 2. Effects of immobilization temperature and preci-
pitation temperature on immobilized subtilisin activity. The
immobilization yield was estimated based on the activity of
enzyme used in loading and the activity of unloaded enzyme.
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Figure 3. Limited proteolysis of GIcNAc-RNase by immobilized subtilisin BPI\’.
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probably because the enzyme in the re-solubilized
polymer is slowly restored to its fully active confor-
mation.

With the immobilized subtilisin in hand, we carried
out the proteolysis of a modified form of the glycopro-
tein ribonuclease (RNase) B. The glycan of RNase B
was removed by the glycosidase Endo H to give a
monoglycosylated protein, which was proteolytically
cleaved to give two fragments, peptideS and
GlcNAc-protein S (Figure 3). Due to the easy removal
of the immobilized protease after limited proteolysis,
the possible complication of undesired degradation
caused by protease contamination was avoided. A
precipitation is all that is required to isolate GIcNAc-
protein S. If subtilisin not bound to a polymer were
used, however, the resulting GlcNAc-protein S had to
be isolated after proteolysis by column chromatogra-
phy.""?! After removal of the subtilisin-polymer conju-
gate, the GlcNAc-protein S was glycosylated to gener-
ate a re-modeled glycoprotein bearing a well-defined
sugar moiety.'?!

These thermo-responsive polymers are also useful
supports in oligosaccharide synthesis. To show this, a
glycosyl acceptor was attached to the polymer
through linker 1, 2, or 3 (Figure 4), and enzymatic
glycosylation of the immobilized glycosyl acceptor
was carried out. With linker 1, the immobilized
GlcNAc was converted to LAcNAc in low yield (~ 30%)
by B-1,4-galactosyl transferase while in the case of
linker 2, the polymer was insoluble in water. There-
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fore, studies were focused on the more hydrophilic
linker 3. The fourteen-atom chain between the poly-
mer and the acceptor (linker 3) was selected so that
the immobilized acceptors have the dynamics and
mobility like their low molecular weight analogues,
which would allow us to monitor the progress of the
reaction by NMR spectroscopy.!®®!

Linker 3 was prepared by reacting bromoacetic
acid with N-Boc-aminoethylethylene glycol (4) to give
carboxylic acid 5 in 40% yield. Coupling of acid 5 with
4-aminomethylphenol,'*® followed by glycosylation
with 2-acetamido-2-deoxy-o-D-glucopyranosyl chlo-
ride 3,4,6-triacetate!'! under phase-transfer condi-
tions and acid deprotection gave amine 6 in 78% yield
for the three steps. Amine 6 was immobilized on poly-
mer A to provide the N-acetylglucosamine (GlcNAc)
bearing polymer 7. Galactosylation of the immobi-
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Figure 4. Linkers 1 - 3.
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Scheme 1. (a) NaH, DMF, bromoacetic acid, rt, 3 h; (b) 4-aminomethylphenol, BOP, N,N-diisopropylethylamine (DIPEA),
THE, rt, 3 h; (c) 2-acetamido-2-deoxy-o-D-glucopyranosyl chloride 3,4,6-triacetate, CsoCO3, tetrabutylammonium hydrogen
sulfate, CHzClp:H,O (3:1), pH 9.5, rt, 12 h; (d) 4 M HCI in dioxane, CHyClg, rt, 0.5 h, 100%; (e) polymer A, DIPEA, BOP,
THF:CH;CN (1:1), rt, 12 h; (f) MeOH, NaOH, rt, 5 min; (g) 1.2 equiv. UDP-gal, 0.25% Triton X-100, 100 mM MnCly, $-1,4-GalT
from bovine milk (12.5 mU/mL), alkaline phosphatase (0.5 U/mL) in HEPES pH 7.4 buffer, rt, 1 day; (h) EDTA, 55 °C, centri-
fuge; (i) 1.2 equiv. GDP-fuc, 0.25% Triton X-100, 100 mM MnCl,, FucT V (30 mU/mL), alkaline phosphatase (0.5 U/mL) in

MES pH 6.0 buffer, rt, 1 day; (j) CAN, CH;CN:H,0 (3:1), rt, 1 h.
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Figure 5. (a) 'H NMR of polymer 8 in D;0 (600 MHz); (b) >*C NMR of polymer 8 in D,0 (150 MHz); (¢) Comparison between
expanded "H NMR of polymer 7 (upper trace) and polymer 8 (lower trace). The coupling constant of H-1’ of polymer 8 (7.4 Hz)

is indicative of the B linkage between galactose and GlcNAc.

lized GlcNAc 7 was attempted with 100 mU bovine
milk B-1,4-galactosyltransferase with 1 equivalent of
donor UDP-galactose in N-(2-hydroxyethyl)-pipera-
zine-V’-(2-ethanesulfonic acid) (HEPES) buffer at
pH 7.4 (Scheme 1). Greater than 95% of the polymer
was recovered after reaction by heating the solution
to 55 °C followed by centrifugation. About 70% of the
GlcNAc was galactosylated as determined by "H NMR
without cleaving the sugars off the polymer. Polymer
7 was fully galactosylated to give the N-acetyllactosa-
mine (LacNAc) bearing polymer 8 with one more
round of galactosylation.(Figure 5) The LacNAc poly-
mer 8 was further fucosylated using bovine o-1,3-fu-
cosyl transferase and GDP-fucose as donor, and the
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Le* bearing polymer 9 was isolated by heating the so-
lution to 55 °C. Fucosylation was estimated to be com-
plete based on the 'H NMR spectrum of the polymer-
bound product. The improvement on the extent of
glycosylation is presumably due to the more hydro-
philic nature of LacNAc polymer 8 compared to the
GlcNAc polymer 7. The Le* trisaccharide was oxida-
tively released from the polymer 9 using ceric ammo-
nium nitrate (CAN) to yield Le* glycoside 10 bearing
an aldehyde functionality, which can be potentially
utilized for conjugation with proteins or amine-con-
taining supports through reductive amination.!*!
The LacNAc bearing polymer 8 was also sialylated
using o-2,3-sialyltransferase (Scheme 2). Due to the
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Scheme 2. (a) 1.2 equiv. CMP-sialic acid, 0.25% Triton X-100, 100 mM MnCly, -2,3-sialT (100 mU/mL), alkaline phospha-
tase (0.5 U/mL) in HEPES pH 7.4 buffer, rt, 1 day; (b) i. pyridine, Acy0; ii. centrifuge; iii. 0.1 N NaOHj; (c) 1.2 equiv. GDP-fuc,
0.25% Triton X-100, 100 mM MnCly, FucT V (30 mU/mlL), alkaline phosphatase (0.5 U/mL) in MES pH 6.0 buffer, rt, 1 day.
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highly hydrophilic nature of the sialyl-LacNAc, the
LCST of the polymer becomes higher than 90 °C so
that the polymer cannot be recovered by raising the
temperature of the solution. In order to solve this prob-
lem, the crude mixture after sialylation was subject to
peracetylation using pyridine and acetic anhydride.
Although soluble at 0 °C, the polymer was insoluble
in water at room temperature after peracetylation
and separated from the reaction mixture. After deace-
tylation, pure polymer 11 bearing sialyl-LacNAc was
obtained. The extent of sialylation was higher than
90% after only one round of sialylation. Polymer 11
was subjected to fucosylation with fucosyl transferase
(Scheme 2). After peracetylation, centrifugation, and
deacetylation, polymer 12 containing sialyl Lewis X
(SLe™) tetrasaccharide was obtained with the extent
of fucosylation higher than 90%. Polymers 11 and 12
may be useful for studying their multivalent interac-
tion with selectins!'® as well as with influenza he-
magglutinin and neuraminidase.!'”!

Conclusions

In summary, we have demonstrated that a number of
enzymes can be immobilized onto thermo-responsive
polyacrylamide polymers and recovered for reuse
after gentle heating. The immobilized enzymes
showed comparable activities as their soluble forms.
Oligosaccharides have also been synthesized on the
polymer through enzymatic glycosylation and the
progress of glycosylation has been followed by NMR.
The trisaccharide Le* was synthesized in 60% yield
for the three steps from polymer 7 with no chromato-
graphic purification of intermediates. Compared to
other solution-phase!'®! and solid-phase!'®! oligosac-
charide syntheses, this new method of oligosacchar-
ide synthesis greatly simplifies product purification
and eliminates the need of size exclusion chromato-
graphy to separate the desired product from the reac-
tion mixture.

Experimental Section

Materials

All enzymes were purchased from Sigma and Calbiochem.
All polymers were synthesized as described previously and
have typical M values of ca. 8.5 x 10°.1%!

General Procedures for Immobilization of Enzyme

Stock solutions were made for the polymer (50 mg/mL in
DMF) and the enzyme to be immobilized (10 mg/mL in
0.1 M borate, 0.2 M NaCl, pH 8.5). All solutions were chilled
to 0°C. Aliquots of enzyme (100 pL) and polymer (100 pL)
were added to 800 pL. buffer (0.1 M borate, 0.2 M NaCl) in
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Eppendorf tubes at 0 °C. The reaction mixture was mixed
well and kept at the coupling temperature for ten to twelve
hours, after which the solution was adjusted to pH 4.5 with
10% acetic acid. The solution was gently warmed to the pre-
cipitation temperature for 20 min and the precipitate was
isolated by centrifugation and vigorously washed with ali-
quots of warmed acetate buffer (100 mM pH 4.5). The immo-
bilized enzyme was then re-dissolved in an appropriate buf-
fer at 4 °C for future use.

Assay of Subtilisin BPIN’

Assays were performed at 4 °C with prechilled solution. To a
solution of succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (4 mM)
in 100 mM of tris buffer (120 pL, pH 8.0) in a UV cuvette, an
aliquot of the immobilized enzyme solution (20 pL) was
added. The change of absorbance at 410 nm was monitored
for the next 30 sec and the rate of hydrolysis was deter-
mined.

Limited Proteolysis of GlIcNAc-RNase with
Immobilized Subtilisin BPN’

An aliquot of immobilized subtilisin (100 pL) in 100 mM of
MES buffer (pH 6.0) was added to a solution of GIcNAc-
BNase (900 puL, 3.3 mg/mL) in 100 mM of HEPES buffer
(pH 8.0) at 4 °C. After 4 h at 4 °C, the solution was adjusted
to pH 4.5 with 10% acetic acid and warmed to 21 °C. The im-
mobilized subtilisin was removed by centrifugation to give
the pure GlcNAc-protein S as shown by the 20% SDS-tricine
gel.

Procedures for Immobilization of Glycosyl
Acceptor 6

To a solution of amine 6 (100 pmol) in THF:acetonitrile (1:1,
10 mL) was added a polymer, DIPEA, and BOP. The reaction
mixture was kept at room temperature for 12 h, after which
the solvent was evaporated on a rotary evaporator. Dichloro-
methane (10 mL) was added to generate a solution. Upon
addition of water (10 mL), a white precipitate immediately
formed. The solution was decanted and the precipitate was
washed with dichloromethane (10 mL) and water (10 mL).
The precipitate was re-dissolved in methanol (5 mL) and a
solution of 0.2 N NaOH (500 pL)) was added. After 30 min at
room temperature, the solution was adjusted to pH 2 and
the solvent was evaporated by rotary evaporator. The result-
ing solid was re-dissolved in water at 0 °C. Gentle heating to
57 °C precipitated the polymer-bound 6. The polymer preci-
pitate was isolated by centrifugation, re-dissolved in water,
and analyzed by solution-state NMR spectroscopy.

General Procedures for Glycosylation

The immobilized glycosyl acceptor (1 equiv.) and sugar nu-
cleotide (1.2 equiv.) were dissolved in an appropriate buffer
(256 mM) containing 0.25% Triton X-100 and MnCl, (20 mM).
Glycosyltransferase (25 mU/mL) and alkaline phosphatase
(0.5 U/mL) were added to the reaction. The mixture was
gently stirred at room temperature for 1 d and a white preci-
pitate was formed. The precipitate was filtered off and EDTA
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(8 mg) was added. The solution was heated to 55 °C, centri-
fuged and the supernatant was decanted. The precipitate ob-
tained was washed with hot water (55 °C) and re-dissolved
in cold water. In the cases where the polymer LCST became
greater than 90 °C, the solvent was evaporated after glycosy-
lation. Pyridine (1 mL) and acetic anhydride (1 mL) were
added. After stirring at room temperature for 3 h, all sol-
vents were evaporated and the mixture was washed with
0.1 N hydrochloric acid (10 mL x 3). The solid was collected
by centrifugation and re-dissolved in methanol (5 mL). A so-
lution of 0.01 N NaOH (0.5 mL) was added and the mixture
was stirred at room temperature for 1 h. The solution was
adjusted to pH 4 with 0.1 N hydrochloric acid and the solvent
was evaporated.

Buffers, Enzymes and Sugar Nucleotides used for
each Glycosylation

Galactosylaton: 100 mM HEPES buffer, pH 7.4, p-1,4-galac-
tosyltransferase, UDP-galactose.

Fucosylation: 100 mM 4-morpholineethanesulfonic acid
(MES) buffer, pH 6.0, o-1,3-fucosyltransferase V, GDP-fu-
cose.

Sialylation: 100 mM HEPES buffer, pH 7.4, o-2,3-sialyl-
transferase, CMP-sialic acid.

LeX Trisaccharide 10

To a solution of polymer 9 (10 mg) in CH5CN/Ho0 (3:1,
1 mL) was added CAN (20 mg). The mixture was stirred at
room temperature for 1 hour and the solvent was evapo-
rated. Le* trisaccharide 10 was purified by C-18 reverse
phase silica gel chromatography (eluent 20% MeOH in
Hy0).

Polymer 9: 'HNMR (500 MHz, CD50D): & = 7.27 (d, J =
7.5 Hz, 1H), 6.97 (d, J = 7.5 Hz, 1H), 5.05 - 5.18 (m, 2H), 4.49
(d, J = 7.8 Hz, 1H), 4.38 (s, 2H); '>*C NMR (500 MHz, CD50D):
& = 175.95, 158.32, 134.16, 128.20, 114.89, 103.90, 100.57,
100.43.

Le* 10: "H NMR (600 MHz, D,0): 6 = 9.78 (s, 1H), 7.91 (d,
J=8.4Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 5.30 (d, J = 8.2 Hz,
1H), 5.10 (d, J = 4.0 Hz, 1H), 4.42 (d, J = 7.8 Hz, 1H), 3.40 -
4.32 (m, 16H), 1.95 (s, 3H), 1.15 (d, J = 6.6 Hz, 1H); HRMS
(MALDI-FTMS Cg7H59NOgNa): calcd.: 656.2161, found:
656.2176.

Polymer 11: 'H NMR (600 MHz, CD;0D): § = 7.25 (d, J =
7.2 Hz, 1H), 6.97 (d, J = 7.2 Hz, 1H), 5.04 (d, J = 8.4 Hz, 1H),
447 (d, J = 72 Hz, 1H), 4.37 (s, 2H), 2.70 (dd, J = 4.8,
12.2 Hz, 1H).

Polymer 12: '"H NMR (500 MHz, CD50D): 8 = 7.25 (d, J =
7.2 Hz, 1H), 6.97 (d, J = 7.2 Hz, 1H), 5.05 - 5.15 (m, 2H), 4.52
(d,J=17.2Hz, 1H), 4.38 (s, 2H), 2.75 (dd, /= 4.8, 12.2 Hz, 1H).
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