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Immobilization of Phenylalanine Ammonia-Lyase on
Single-Walled Carbon Nanotubes for Stereoselective
Biotransformations in Batch and Continuous-Flow Modes
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Carboxylated single-walled carbon nanotubes (SWCNTcsop)
were used as a support for the covalent immobilization of phe-
nylalanine ammonia-lyase (PAL) from parsley by two different
methods. The nanostructured biocatalysts (SWCNT¢oo-PAL' and
SWCNTcoo-PAL") with low diffusional limitation were tested in
the batch-mode kinetic resolution of racemic 2-amino-3-(thio-
phen-2-yl)propanoic acid (1) to yield a mixture of (R)-1 and (E)-
3-(thiophen-2-yl)acrylic acid (2) and in ammonia addition to 2
to yield enantiopure (S)-1. SWCNT¢oo-PAL" was a stable biocat-

Introduction

New biocatalytic methods are gaining ever more importance
in organic synthesis on a laboratory and industrial scale as bio-
catalysts are selective, easy-to-handle, and environmentally
friendly.™ Catalytic activity, substrate, specificity, selectivity, and
enzyme stability are key factors that affect the usefulness of
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alyst (>90% of the original activity remained after six cycles
with 1 and after three cycles in 6 m NH; with 2). The study of
ammonia addition to 2 in a continuous-flow microreactor filled
with SWCNToou-PAL" (2M NH,, pH 10.0, 15 bar) between 30-
80°C indicated no significant loss of activity over 72 h up to
60°C. SWCNTcoou-PAL" in the continuous-flow system at 30°C
was more productive (specific reaction rate, rgo, =2.39 pmolm-
in~'g™") than in the batch reaction (f,,,=1.34 umolmin—"'g™").

biocatalysts."? Immobilization can often modify and improve
the properties of enzymes and may also enable their recovery
and reuse.** Immobilization may improve enzyme properties
in several ways. It can provide a favorable environment for the
enzyme, may increase its rigidity, or prevent subunit dissocia-
tion by multipoint, multi-subunit immobilization.** Immobili-
zation may also modify thermal and operational stability, diffu-
sion features, mechanical, and other properties of the native
enzyme.”* The covalent immobilization of enzymes is applied
frequently to prepare carrier-bound biocatalysts.” The nature
of the functionalities and linker length on the carrier surface
can influence the properties of the resulting immobilized
enzyme preparations.”

The nano-sized diameter of carbon nanotubes (CNTs) with
micron-sized length offers a support with a large available sur-
face, low diffusion limitation, and easy recovery. Thus, CNTs are
used widely for the immobilization of bio-macromolecules,
which exploits their mechanical, thermal, and electrical proper-
ties and general biocompatibility.” Covalent and noncovalent
immobilization of enzymes on CNTs is often a key step in their
biological applications.” However, claims of covalent attach-
ment have often been unfounded and immobilization was
only caused by adsorption.

Although noncovalent immobilization preserves the struc-
ture of both the nanomaterial and the enzyme well, a gradual
leak of the enzyme from the CNT cannot be excluded.”” Immo-
bilization by physical adsorption on CNTs can be effected by
hydrophobic interactions,"” electrostatic interactions,"" or hy-
drogen bonding"? and can be modulated by surfactants (such
as Triton-X100"* or sodium cholate™) or adsorbed polymer

1122 © 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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layers™'® (such as chitosan,"” sulfonated polyaniline,"® and

poly(sodium 4-styrenesulfonate)”).

The direct covalent linking of an enzyme onto CNTs results
in more stable immobilization but may reduce enzyme activity.
Covalent immobilization onto carboxylated CNTs has been per-
formed by diimide-activated amidation with the surface-ex-
posed amino groups of the proteins.?>?" Lipases®**! and
other enzymes have been immobilized in this way.?**"

The immobilization of enzymes onto CNTs has also been
performed using linker molecules such as N-succinimidyl 1-pyr-
enebutanoate for horseradish peroxidase® and glucose ox-
idase,”® 1-aminopyrene for laccase®”’ or polyethylene glycol
for perhydrolase,” and glutardialdehyde was applied as
a crosslinking agent for lipases and esterases.®

In the past decades several so-called enabling technologies
have been developed that have transformed the methodology
of organic synthesis.”?” The development of heterogenized ho-
mogeneous catalysts and the use of new reactor designs such
as continuous-flow micro- and minireactors are important
trends in enabling technologies.” Although continuous-flow
systems allow the rapid preparation of compounds with mini-
mum workup and are often superior to batch reactions, 3
microreactor technology using immobilized biocatalysts em-
bedded in a structured flow-through reactor is still a rather un-
explored platform for biotransformations.*" Various enzyme-
catalyzed biotransformations have been performed in different
continuous-flow mini- and microreactors,®"” but the usefulness
of packed-bed continuous-flow bioreactors to study the effects
of temperature, pressure, and flow rate have been mainly dem-
onstrated for lipase-catalyzed kinetic resolutions.

Phenylalanine ammonia-lyases (PAL; EC 4.3.1.24 and EC
4.3.1.25) are homotetrameric enzymes that perform the nonox-
idative deamination of L-phenylalanine into (E)-cinnamic
acid.***% In plants PALs play a key role as the starting point of
the phenylpropanoid pathway.®* PAL is also present in fungi®®
and in some bacteria.®” In medical applications PAL has shown
potential in the enzyme-replacement therapy of phenylketonu-
ria (PKU)®® and may be a therapeutic enzyme in cancer treat-
ment.? PALs of plant and yeast origin are also useful as bio-
catalysts in the preparation of various unnatural - and bp-o-
amino acids.?**” The synthetic potential of PAL as a biocatalyst
has been utilized in the production of L-phenylalanine (L-Phe)
and (S)-2-chlorophenylanine by the addition of ammonia to
(E)-cinnamic acid®" and (E)-2-chlorocinnamic acid,*? respec-
tively. Although immobilized whole cells that contain PAL were
applied in the continuous-flow mode for the production of L-
Phe,”¥ the behavior of an immobilized PAL in a continuous-
flow microreactor has never been explored. This may be be-
cause native PALs were immobilized by entrapment in micro-
capsules,™ as cross-linked enzyme aggregates (CLEAs)“? as
bovine serum albumin (BSA) co-CLEAs,"**” and cross-linked
films.”® None of these systems could be used in continuous-
flow packed-bed columns because of their inappropriate
shape, particle size, and mechanical properties. Mesoporous
silica gel as a support material for cross-linked PAL (MSG-CLEA)
improved this situation,*” but this form still suffered from dif-
fusion limitations. Nanofibrous single-walled carbon nanotubes
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(SWCNTs) with micron-sized length, however, are ideal supports
in a packed-bed microreactor because of their large available
surface with quite low diffusion limitation and low hydrostatic
resistance.

In this study our aim was the covalent immobilization of PAL
from Petroselinum crispum (Pc) on carboxylated single-walled
carbon nanotubes (SWCNTqyoy) to prepare PAL biocatalysts
with improved properties for continuous-flow applications.
This study demonstrates for the first time the usefulness of
SWCNT-PALs as a convenient biocatalyst for stereoselective bio-
transformations both in batch mode and in continuous-flow
reactors. Moreover, the temperature-dependent properties and
durability of SWCNT-PALs were also characterized.

Results and Discussion

The aim of this study was to immobilize PAL covalently on
functionalized SWCNTs and to test the activity and reusability
of the resulting immobilized PAL in reactions performed in
both batch and continuous-flow modes.

For this purpose SWCNTs functionalized with carboxy groups
were tested (SWCNTcqon; Scheme 1 and Schemes S1 and S2).
The immobilized SWCNT-PALs obtained in this way were tested
in ammonia elimination and addition reactions using racemic
2-amino-3-(thiophen-2-yl) propanoic acid (1) and 3-(thiophen-
2-ylacrylic acid (2) as substrates (Scheme 2 and Table 1).

SWCNTcooH

SWCNT¢oou-PAL' o])
(o] X
(X=NH, O, S) /\o’?\

SWCNTcoon-PAL"

Scheme 1. Covalent immobilization of PcPAL on SWCNT¢oo. See Schemes S1
and S2 in the Supporting Information for details.
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Scheme 2. SWCNT-PALs for ammonia elimination from 1 and ammonia addi-
tion to 2.
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After the PAL adsorbed on SWCNTqoy Was washed with dis-
tilled water, no PcPAL activity remained (Section 2.1 and Fig-
ure S2 in the Supporting Information), which is indirect sup-
port for the presence of a durable bond in SWCNTg,-PAL".

Biocatalytic behavior of SWCNT-PALs in stereoselective bio-
transformations of 1 and 2 in batch mode

Next, the SWCNT-PALs (Scheme 1) were tested as biocatalysts
in ammonia elimination from 1 and ammonia addition to 2
(Scheme 2) in batch mode at room temperature.
SWCNTqo-PALs showed high conversions (in the kinetic res-
olution from racemic 1 close to the theoretically possible 50%
conversion) and could be reused several times with-

lized on SWCNTq0y (25°C, 17 h).

Run Elimination from 1 Addition to 2
(pH 8.8, Tris buffer)
Conversion [%]

SWCNTeoon-PAL SWCNTeoou-PAL"  SWCNTpo-PAL

Table 1. Conversion of the reactions catalyzed by the two forms of PcPAL immobi-

(4.5 mm in 6 M NH;, pH 10.0)
Conversion [%]
SWCNToon-PAL"

out significant loss of their initial activity (Table 1).
Not surprisingly, under the much harsher conditions
required for ammonia addition to 2 (6 M ammonia, at
pH 10) the SwCNT-PALs were much less durable
(Table 1). Among the two forms, SWCNToo4-PAL" ena-
bled the most recycling and retained more than 85%

1 48.4 49.2 36.9 36.7
2 49.2 48.5 24.2 37.2
3 49.0 48.8 3.8 36.2
4 49.3 47.4 N 34.2
5 45.6 46.3 - 17.5
6 43.7 424 - 57
7 425 423 N 22

of the initial activity even after four cycles (Table 1
and Figure 1).

The initial conditions of ammonia addition to 2
(6 M ammonia, at pH 10) were too harsh even for the
durable SWCNToo-PAL". As earlier studies indicated
that ammonia addition can be performed at lower

Covalent immobilization of PAL on SWCNT oy

In our first attempt, 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDAC-HCI) was used for the activation
of carboxylic groups on the surface of SWCNTyo4 (Scheme 1
and Scheme S1). Although the immobilization yield was quite
high (89.5% of the PcPAL was bound to SWCNTq0y), the prod-
uct obtained by the diimide-activation approach (SWCNToou-
PAL") was not stable under the harsh conditions (6 M NH,) of
the ammonia addition reaction to 2. A TEM investigation re-
vealed the almost complete removal of PAL from the surface
after only two cycles (Figure S1). These results may be rational-
ized by assuming that in the “direct” immobilization that leads
to SWCNToou-PAL' the durable amide bonds were formed only
as a minor fraction besides other weaker bonds.

Recently, glycerol diglycidyl ether (GDE) has been applied as
a cross-linker to prepare PAL CLEAs superior to those cross-
linked with glutardialdehyde."® Thus, with the aim to create
more stable SwCNT-PAL immobilized covalently with only
amide bonds from the carboxylic acids on SwWCNToo,, GDE
was used as the linker to attach PcPAL onto the surface of pro-
pane-1,3-diamine-functionalized SwWCNTcooy (Scheme 1 and
Scheme S2). Fortunately, a reproducible and high immobiliza-
tion yield (95.5+1.5% of the PcPAL bound to SwWCNToon),
a high activity yield (61+1.3%, determined by L-Phe at 30°C,
for 10 min in Tris buffer at pH 8.8%), and stable covalent
bonds (see TEM data after recycling in Figure S2) were charac-
teristic of this product (SWCNTcoon-PAL").
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ammonia concentrations,***" the concentration was
decreased to 3 and 2M. SWCNT.oou-PAL" exhibited
a significantly higher stability at lower ammonia con-
centrations. In 2 M ammonia more than 80% of the initial activ-
ity was retained even after 12 cycles (Figure 1).

In contrast to non-immobilized PcPAL, the activity of which
in ammonia addition to 2 in 2m NH; was approximately 50%
of that in 6 M ammonia solution, a significantly lower decrease
of activity (only to 77 %) was observed with SWCNT¢qo,-PAL" if
the ammonia concentration was decreased from 6 to 2m. As
the conversion of 2 into enantiopure (S)-1 in the reaction with
2M ammonia (23 % conversion, after 6 h) was comparable with
that in 6 M ammonia (30% conversion, after 6 h), further stud-
ies were conducted in 2 M ammonia.

—&— 3M

6m

Conversion | %

0 5 10 15
Cycles

Figure 1. Recyclability of SWCNTo0-PAL" in batch-mode ammonia addition
to 2 (4.5 mm) at various ammonia concentrations (2, 3, and 6 M; pH 10.0;
25°C; 17 h).
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Investigation of the ammonia addition reaction to 2 cata-
lyzed by SWCNTo04-PAL" in a continuous-flow packed-bed
microreactor

Continuous-flow ammonia addition to 2 was studied in a mi-
croreactor system (SynBioCart) that included a biocompatible
packed-bed polytetrafluoroethylene (PTFE) column filled with
SWCNToou-PAL". The bioreactor unit was placed in the thermo-
statted column compartment of an HPLC system with full con-
trol of pressure and temperature (Figure 2).

T
S Z COOH pH 10.0 w i S COOH

2 (SH

Figure 2. Ammonia addition to 2 (4.5 mm) catalyzed by SWCNT¢oo-PAL" in
a continuous-flow packed-bed microreactor (column: 30 mmx3 mm ID;
flow rate: 0.1 mLmin™").

Our first goal was to compare the specific reaction rate of
ammonia addition to 2 with our most durable SWCNTqo,-PAL"
biocatalyst at 30 °C in batch and continuous-flow modes.

Initial studies on ammonia addition to 2 in continuous-flow
mode without backpressure indicated a rapid apparent deacti-
vation of the enzyme (probably because of bubble formation),
which could be restored by washing the reactor with distilled
water (Figure S3). This could be avoided by using backpressure
in further experiments (15 bar, no apparent PAL deactivation
was observed as a result of the pressure).

In a continuous-flow reactor the specific reaction rate (rg,,)
is a possible measure of the biocatalyst productivity. This can
be calculated from the product concentration ([P], umolml™),
the flow rate (f, mLmin™"), and the mass of the biocatalyst (m,,
g) according to rg,, = ([P1x )/m %

A stirred (or shake flask) batch reaction can also be charac-
terized by the specific reaction rate (r,,.) that can be calculat-
ed from the amount of product (n,, umol), the reaction time (t,
min), and the mass of the biocatalyst (m,, g) according to
Foatch = N/ (txm).5?

Although these specific reaction rates can be calculated at
any degree of conversion (c), rigorous comparisons between
the productivity of an immobilized biocatalyst in continuous-
flow reaction and its batch-mode counterpart using their r
values can only be made at the same degree of conversion be-
cause the rate of product formation is not a linear function of
c in many cases.’ Thus, the batch- and continuous-flow-
mode reactions in 2mM ammonia (pH 10, at 30°C) were com-
pared at 58% conversion (which is far enough from the >90%
equilibrium conversion of the ammonia addition to 2% if the
ammonia concentration is above 1 Mm). As expected, the specific
reaction rate with SWCNToo-PAL" in the continuous-flow reac-
tor (frow=2.39 pmolmin~'g™") was significantly higher than
that in the batch reaction (fyyn=1.34 umolmin~'g™"). If we
take the known protein content of SWCNT.oou-PAL" into ac-
count, the productivity of PcPAL (in 2m ammonia, pH 10.0,
30°C, 58% conversion) was 27.5 umolmin~'g™" in continuous-
flow mode and 15.4 pmolmin~'g™" in batch mode. As a result
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of the beneficial mass transfer situation, the productivity of
PAL in SWCNTcoo-PAL" in the continuous-flow system was
even higher than the specific activity of the native PcPAL
(25.8 umolmin~'g™") with the same substrate (2) in batch
mode under the same conditions.

Next, the influence of the temperature on ammonia addition
to 2 was investigated in the temperature range of 30-80°C
(Figure 3).

a) 100
x
T 80
9
c 60 ¢
8
40
20
0
30 40 50 60 70 80
Temperature / °C
b)

100 —8—30°C —4&—40C —e—50°C
- 60°C 70°C —@— 80°C
T 80
2
2
= 60
<
]

40

20

0
0 20 40 60 80

Time /h

Figure 3. Effect of temperature between 30-80 °C on a) the initial conversion
(stationary state, 2 h after starting the run) and b) the long-term stability in
ammonia addition to 2 (4.5 mm) catalyzed by SWCNTcy-PAL" in a continu-
ous-flow microreactor (2m ammonia, pH 10, 30°C, under 15 bar backpres-
sure).

Notably, also in a continuous-flow reactor, the conversion re-
mained constant even after 72 h of operation and at tempera-
tures up to 60°C, which indicates the remarkably improved du-
rability of SWCNTo-PAL" in 2M ammonia (Figure 3b).

As the conversions depend primarily on the activity of the
biocatalyst, a maximum value of the conversions at a so-called
“optimum temperature” was expected. Accordingly, the activity
of immobilized PAL increased if the temperature of the contin-
uous-flow system was increased from 30 to 40°C (Figure 3a).
Unexpectedly, if the temperature was increased beyond 40°C,
a local minimum of the initial conversion was observed at
around 50°C (Figure 3a). This is why the conversion was signif-
icantly lower at 50°C than at 40 or 30°C (Figure 3b). This ap-
parent decrease of PAL activity at 50°C cannot be attributed
to irreversible thermal inactivation because the level of activity
at 50°C remained stable over 72 h. This was also indicated by
the run at 60°C in which the conversion remained stable over
72 h and was higher than that observed in runs between 30

1125 © 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and 50°C. At 70 and 80°C, however, although the initial activi-
ty of the biocatalyst increased with temperature, the enzyme
was deactivated rapidly and irreversibly over time.

To correlate temperature-dependent activity changes with
the conformational behavior of PcPAL, the soluble form of
PcPAL was investigated by circular dichroism (CD) spectroscopy
(Figure 4).

-
(]

a
) 10

6 x 103 / deg cm2dmol-!

-10
-15

200 210 220 230 240 250
Al nm

b) =8
10
1
12
13
14
A5
16
A7
18

6 x 103 / deg cm2dmol-’!

20 30 40 50 60 70 80
T/°C
Figure 4. a) CD spectrum of PcPAL at 25°C and b) temperature dependence

of the signal at 210 nm, which is sensitive to the a-helical structure between
30 and 80°C.

A temperature-dependent CD study revealed a change of
conformation between 45 and 50°C (Figure 4b). This change
can be related to the decreased reaction rate of SWCNT ooy~
PAL" in the continuous-flow reactions at around 50°C
(Figure 3). However, if we take into account the fact that the
activity of PcPAL was stable over several days at 50°C or even
at 60°C in continuous-flow mode, the slight conformational
change in PcPAL between 45 and 50°C is not detrimental to
the stability.

Differential scanning fluorimetry (DSF, also known as Ther-
mofluor) measurements of native PcPAL in the absence (melt-
ing temperature, T,,=73.5°C) and presence of 2 (T,,=75.0°C;
Figure S4) were in agreement with the CD results, which indi-
cate that the native enzyme is thermally stable up to 60 °C.
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Conclusions

Our study demonstrated that carboxy-functionalized single-
walled carbon nanotubes (SWCNTsoqy) can be applied effi-
ciently as a nanostructured support for the covalent immobili-
zation of phenylalanine ammonia-lyase (PAL) from Petroselinum
crispum. The most durable biocatalysts were obtained using
carboxy-functionalized SWCNT as the support and glycerol di-
glycidyl ether as a linker molecule for PAL immobilization. The
biocatalyst prepared in this way (SWCNToon-PAL") was efficient
in the preparation of (R)-2-amino-3-(thiophen-2-yl)propanoic
acid [(R)-1] by the kinetic resolution of racemic 1 or its enantio-
mer (5)-1 by the enantioselective ammonia addition to (E)-3-
(thiophen-2-yl)acrylic acid (2). Recycling studies revealed that
SWCNToo-PAL" retained more than 80% of its original activity
after seven cycles in ammonia elimination from 1 and 12
cycles in ammonia addition to 2 (in 2m NH;). Studies with
a SWCNTcoo-PAL"-filled packed-bed continuous-flow micro-
reactor in the 30-80°C temperature range showed an appar-
ent decrease of PAL activity at 50 °C, which could be rational-
ized by a conformational change of PAL. Unaltered PAL activity
for ammonia addition to 2 could be maintained for at least
72 h and at up to 60°C in 2M NH; in a packed-bed continu-
ous-flow microreactor. The major advantage of this new type
of immobilization is not a large enhancement of the thermo-
stability of native PAL but the easy recovery of the PAL biocata-
lyst from batch reactions and the usefulness of this form as
a biocatalyst packing in columns for biotransformations in the
continuous-flow mode.

Experimental Section

The sources of materials and enzymes and details for PAL immobili-
zation on SWCNTyoy are provided as Supporting Information.

Ammonia elimination from 1 with SWCNT-PALs in batch
mode

SWCNToo4-PAL (6 mg) was added to a solution of racemic
1 (0.8 mg, 4.7 mm) in Tris buffer (0.1 m, pH 8.8, 1 mL). The resulting
mixture was shaken (1250 rpm) at RT for 17 h. The conversion of
the reactions was calculated from the 'H NMR spectra of the resi-
due after the removal of the solvent. After 17 h, the product was
filtered, the filtrate was concentrated, and the immobilized enzyme
was washed with aqueous buffer and reused under the same con-
ditions.

Ammonia addition to 2 with SWCNT-PALs in batch mode

SWCNT-PAL (6 mg) was added to a solution of 2 (0.7 mg, 4.5 mm)
in ammonia solution (6 M, 1 mL, pH set to 10 with CO,), and the
mixture shaken (1350 rpm) for 17 h at RT. The conversion of the re-
actions was calculated from the 'H NMR spectra of the residue
after the removal of the solvent. After 17 h, the product was fil-
tered, the filtrate was concentrated, and the immobilized enzyme
was washed with aqueous buffer and reused under the same con-
ditions.
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Reactions with the SWCNT-PALs in 3 and 2mM ammonia solutions
(1 mL, pH set to 10 with CO,) were performed similarly.

Ammonia addition to 2 with SWCNTo,-PAL" in continuous-
flow packed-bed microreactor

Continuous-flow experiments were performed in a thermostatted
SynBioCart system (30 mmx3 mm ID PTFE SynBioCart columns
filled with 110 mg of SWCNTcoo-PAL" in a polyether ether ketone
(PEEK) SynBioCart column holder). The SynBioCart system was at-
tached to the pump module of an Agilent LC 1150 HPLC system
and a backpressure regulator valve (VICI AG, JR-BPR1). Before the
reaction, the columns were washed with 2mM ammonia solution
(pH set to 10 with CO,) at 0.5 mLmin~" for 20 min.

A solution of 2 (4.5 mm) in 2M ammonia solution (pH set to 10
with CO,) was pumped through the SWCNTo,-PAL"-filled column
at various temperatures (25-80°C) at a flow rate of 0.1 mLmin".
After reaching a stationary state (usually 30 min), 10 uL samples
were withdrawn every 10 min and analyzed by using a UV spectro-
photometer (in 990 uL 2m ammonia solution, at 290 nm). In the
first series of experiments at RT (25°C), no backpressure was ap-
plied. In the temperature effect studies between 30 and 80°C, the
backpressure was set to 15 bar.

After the experiments between 25-60°C, the SWCNToo-PAL"-filled
column was washed with distilled water (0.5 mLmin~", 30 min) and
stored at 4°C. For the experiments at 70 and 80°C, a separate
SWCNToon-PAL"-filled column was applied at each temperature.
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