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Introduction

Racemization-free and scalable amidation of
L-proline in organic media using ammonia and a
biocatalyst only+t

Julia Pitzer,? Kerstin Steiner,? Christian Schmid,? Viktor K. Schein,”

Christoph Prause,® Claudia Kniely,” Michaela Reif,© Martina Geier,? Elena Pietrich,?
Tamara Reiter,>® Philipp Selig,® Clemens Stiickler, Peter Péchlauer,®

Georg Steinkellner,€ Karl Gruber,® Helmut Schwab,“ Anton Glieder*“ and
Wolfgang Kroutil € *®

Efficient amide formation is of high importance for the chemical and pharmaceutical industry. The direct
biocatalytic one-pot transformation of acids into amides without substrate activation is a highly desirable
but highly challenging reaction; this is why in general the acid is activated using additional reagents
before amide formation occurs. In particular, amidation of a-amino acids is challenging and in general
requires protection strategies for the amino functionality. A further challenge is the low solubility of the
unprotected amino acids in organic solvents. Furthermore, the amidation process is prone to racemisation
as observed for the acyl chloride derivative. These three challenges may be addressed using biocatalysis.
Here the enzyme catalyzed, racemization-free amidation of unprotected L-proline with ammonia in an
organic solvent is described. Comprehensive reaction, solvent and enzyme engineering allowed obtaining
high L-prolinamide concentrations. For instance at 145 mM substrate concentration, 80% conversion was
achieved employing an immobilized CalB variant and ammonia in 2-methyl-2-butanol at 70 °C. A two-
fold increase in L-prolinamide formation was achieved employing the immobilized and engineered
enzyme variant CalBopt-24 T245S compared to wild type CalB. In contrast to chemical processes, race-
mization, halogenated solvents and waste are avoided/minimized and atom efficiency is significantly
improved from 45.5% to 86.4%. The excellent optical purity of the obtained product (ee >99%) and the
stability of immobilized CalB pave the way for an innovative industrial process to produce L-prolinamide, a
key intermediate in drug synthesis.

ive success in selected cases, the scalability of biocatalytic
amide synthesis for small molecules for industrial applications

The amide moiety constitutes an essential functional group of
numerous natural as well as synthetic structures including pro-
teins, pharmaceuticals and polymers; consequently, it rep-
resents an important target for the development of chemical
as well as biocatalytic synthetic methods. Numerous strategies
for amide synthesis have been described.'° Despite impress-
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is still limited.'® The importance and the requirement for
improvements of amide formation processes were underlined
in a voting of the ACS GCI Pharmaceutical Roundtable: ‘Amide
formation avoiding poor atom economy reagents’ was selected
as the reaction with the highest interest of pharmaceutical
companies for better and greener reagents.'*

Previous biocatalytic amidation efforts mostly employed
lipases as catalyst transforming activated carboxylic acid
derivatives, e.g. esters’*™*® and anhydrides,'® or lipophilic sub-
strates, such as long chain fatty acids, with amines.’” ' For
instance the amidation of octanoic acid was performed via the
ester intermediate, since direct ammonolysis led to the for-
mation of salts instead of the desired octanamide."® As an
alternative, selective enzymatic kinetic resolution of various
primary amines was reported for long chain carboxylic esters
and acids with Candida antarctica lipase B (CalB) in hexane.??
Solvent free systems for biocatalytic amidation of aliphatic
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acids with rac-2-ethylhexyl amine®® and continuous flow
systems for amidation of esters'®> and oleic acid** have been
developed. The most straightforward way - the reaction of car-
boxylic acids with ammonia - has been rarely achieved.”***

Most recently, amide formation was accomplished in an
aqueous environment using acyltransferases”*®® or car-
boxylic acid reductases (CARs).>**° In an alternative approach
an engineered peptide amidase has been applied for the ami-
dation of the C-terminal end of peptides in organic (co-)sol-
vents.’ The enantioselective amidation of mandelic acid with
different immobilized lipases and aqueous ammonium bicar-
bonate was reported in biphasic systems.>?

Cbz-protected amino acids and peptides have been success-
fully converted to the amide with Alcalase CLEA and CalB using
ammonium salts or ammonia.*®* Considering the principles of
green chemistry, thus, avoiding derivatization steps, like introdu-
cing protecting groups, is highly desirable.® Yet, amidation of
underivatized amino acids has not been accomplished yet, prob-
ably due to the low solubility of unprotected amino acids in
organic solvents; consequently their direct amidation was not
expected to be feasible.?® For instance, -prolinamide is an impor-
tant raw material and intermediate for pharmaceuticals, e.g. for
antidiabetic drugs such as vildagliptin,**?” and agrochemicals
and is also used as an organocatalyst.**>°

Currently amidation of L-proline is performed chemically
with thionyl chloride,®®*® which leads to the formation of
hazardous waste (e.g. SO,, HCI) and results in partial racemiza-
tion of the a-chiral centre. Consequently, a racemisation free
and a minimum-reagent method is needed.

Results and discussion

In an ideal case the biocatalytic transformation of amino acid
L-proline to the corresponding primary amide would require
just ammonia, producing only water as a by-product and may
be performed in one step (Scheme 1). To circumvent and avoid
hydrolysis of the formed amide, the reaction is expected to be
performed best in an organic solvent with the minimum water
content. Thus, one of the challenges is the low solubility of the
highly polar substrate proline in lipophilic solvents.

Selection of the enzyme

Various hydrolases, including lipases, esterases, proteases and
amidases, might be expected to catalyse the target reaction, as
they are in general able to perform the reverse reaction, the
hydrolysis. Reports in the literature describe successful amida-

NH,

Biocatalyst NH
HH Organic solvent
70°C

L-proline L-prolinamide

Scheme 1 Enzymatic amidation of L-proline in the organic solvent with
ammonia forming L-prolinamide and water.
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tion of carboxylic esters'® and acids®**" with lipases, e.g. from
Candida rugosa, Pseudomonas sp.,>> Rhizopus arrhizus"® and
Rhizomucor miehei'>"' and proteases, e.g. subtilisin A.>** For
initial experiments, a panel of enzymes obtainable from com-
mercial suppliers was selected (e.g. Hydrolase Enzyme
Screening Kit from Almac) or prepared by expression in E. coli
or Pichia pastoris (Komagataella phaffii). Testing these prep-
arations for the target reaction in 2-methyl-2-butanol (2M2B)
with ammonia (0.5 M) led in most cases only to traces of
product formation as observed e.g. with Lipolase 100T,
Lipozyme TL IM and a lipase from Alcaligenes sp. (in this case
1,4-dioxane was used as the solvent) (ESIf). Out of the broad
spectrum of hydrolases tested, immobilized CalB seemed to be
promising and was therefore chosen for further tests.

Selection of the solvent

The choice of the solvent is crucial influencing the solubility
of the substrate, the product, and the stability of the enzyme
preparation. The solubility of L-proline was found to be the
highest in water (162 w% at 25 °C), followed by methanol (17.5
w% at 21 °C) and short chain alcohols (ESIf). However, as
water enables the reverse hydrolysis reaction and competes
with ammonia as a nucleophile, it was omitted. Amidation
activity in methanol was very low, which seemed to be due to
deactivating effects of methanol on CalB by partial unfolding
or inhibition of lipase.***?

The substrate solubility of r-proline in primary alcohols
such as n-butanol (3.1 w% at 21 °C) was significantly higher
than in iso-butanol (0.4 w% at 21 °C), a secondary alcohol, or
the tertiary alcohol 2-methyl-2-butanol (2M2B, 0.02 w% at
21 °C) (ESI{). It has to be noted, that the solubility increased
upon the addition of NH; or the reaction product,
t-prolinamide. Although this might suggest primary alcohols
as suitable solvents, they were omitted due to observed ester
formation (~10%) as undesired side products. Previous experi-
ments with N-Cbz-L-proline suggested the use of toluene or
tBuOH/DMF.** Consequently selected organic solvents not
prone to ester formation were tested as solvents for the trans-
formation of r-proline into r-prolinamide (Fig. 1). Most sol-
vents tested, including 1,4-dioxane, tetrahydrofuran (THF),
2-methyl-THF, toluene and ¢-BuOH, resulted in the conver-
sions of around 10-30% at 33 mM substrate concentration.

Despite the low solubility of L-proline in 2M2B, this solvent
led to 60% conversion without any observable ester formation.
2M2B has previously been described for amidation reactions
with CalB for fatty acids with N-methyl-glucamine,"® hydroxy
fatty acids®*>" and for the synthesis of oleamide in continuous
flow.?* In contrast to the well-soluble substrate oleic acid, the
solubility of r-proline in 2M2B was very low (1.2 mM at 21 °C,
3.5 mM at 70 °C, see the ESIf). However, it can be fairly
assumed that the solid substrate r-proline (33 mM apparent
concentration) was gradually dissolved during the course of
the reaction allowing high product concentrations. Alcohols
are ranked as one of the ‘greenest’ solvent classes in solvent
selection guides, clearly superior to hydrocarbons, ethers or
halogenated solvents.”*™*® Therefore, 2M2B was preferred

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc00783e

Open Access Article. Published on 25 May 2022. Downloaded on 4/3/2026 5:49:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

w A O O N
S O © © o
H

H
H

N
o
—

conversion [%]

Vv solvents

Fig. 1 Transformation of L-proline (33 mM) in different solvents with
0.5 M NHs in general (0.5 mL total volume). In 2-methyl-THF ~0.2 M
NH3z was dissolved. The reactions were performed with Novozym 435
(8.3 mg) for 16 h at 700 rpm and 70 °C and analyzed by HPLC-MS.

based on the high conversions obtained as well as due to the
environmental aspects concerning its sustainability.

Effect of the water content

As even trace quantities of water in the organic solvent can
cause hydrolysis of the acyl donor in lipase-catalysed amino-
lysis,”” the effect of the water concentration (addition of
0.5-2.5 v/v% H,0) in 2M2B was investigated (Fig. 2). The water
content in the solvent before reaction was <0.1% v/v as deter-
mined by the Karl-Fischer titration. The experiment showed
that low water concentrations (max 0.6% v/v) were essential for
efficient amidation. A decrease in amide formation was seen
when the water concentration was increased further. These
results are relevant for long-term production on a larger scale,
e.g. indicating how much water needs to be removed from the
media in case of solvent recycling.

Effect of temperature

The reaction temperature influences (i) the substrate solubility,
(ii) the reaction rate as well as (iii) the enzyme stability and
thus represents a key parameter. Increasing the temperature
from 50 °C to 70 °C when using Novozym 435 improved con-
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Fig. 2 Effect of the water content on the amidation of L-proline.
L-Proline (33 mM) with 0.5 M NH3 (Vior = 500 pL) in 2M2B. The reactions
were performed at varied water contents (0.1 to 2.6 v/v%) with Novozym
435 (8.3 mg) for 16 h at 700 rpm and 70 °C and analysed by HPLC-MS.
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versions substantially (Fig. 3). Raising the temperature further
was not beneficial. This was not surprising considering that it
is usually accompanied by a decrease in enzyme stability,*®*°
especially for long-term reactions. Additionally, loss of NH;
from the solution is expected at elevated temperatures.>
Consequently, 70 °C was selected as the preferred temperature,
although in this reaction set-up also a reduction in the
ammonia concentration was observed in 1,4-dioxane by 80%
after 20 h at 70 °C. Gratifyingly, neither racemization nor
dimerization of r-proline into diketopiperazine occurred at
this temperature.

Enzyme preparation

For efficient amide formation in an organic solvent, the
enzyme had to be stabilized by immobilization. The commer-
cial wild type CalB preparation Novozym 435 was included in
all experiments as a reference. That preparation was reported
to be made by immobilization via adsorption. In this work,
two complementary methods of immobilization were applied.
Immobilization on resin ECR8806 was achieved via adsorp-
tion, while immobilization on resin ECR8285 (both obtained
from Purolite) was achieved via covalent binding. The self-
made preparations of wild type CalB (CalB WT) were obtained
by employing the enzyme produced by secretion employing
the host P. pastoris and immobilized on the two resins. Higher
product formation was obtained with resin ECR8806 compared
to ECR8285 (see the ESIT), suggesting the use of adsorption
resin for scale-up.

To evaluate the recyclability of the immobilized enzymes,
the same enzyme preparation was reused for 20 days for several
amidation reactions at 70 °C in 2M2B and NH;. The immobilized
beads were washed between each use with 2M2B. After 20 days in
2M2B/70 °C, the reused Novozym 435 enzyme preparation led to
slightly reduced conversion in comparison to a fresh Novozym
435 preparation. In contrast, the variant CalBopt-24 (see below,
immobilized on resin 8806) was still performing better than
fresh Novozym 435 (see Fig. S6 in the ESIT).

In order to evaluate the mechanical stability of the beads,**
the beads were examined by transmitted-light microscopy (see
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Fig. 3 Effect of temperature on the amidation of L-proline.
Transformation of L-proline (33 mM) in 0.5 M NHz in 2M2B (Viox =
500 pL) and Novozym 435 (8.3 mg) for 16 h at 700 rpm and 50-80 °C;
analyzed by HPLC-MS.
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the ESI}) after the amidation reaction in 2M2B, whereby no
mechanical destruction was detected, which is in accordance
with previous reports.”*

Furthermore, different drying strategies were compared for
the removal of water from the beads after enzyme immobilis-
ation. The enzyme preparations used in this work were dried
by freezing the beads for 1 h at —80 °C followed by lyophiliza-
tion for 24 h.

Enzyme engineering

To check for even better suited variants, promising amino acid
residues with general beneficial effects were selected from the
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Fig. 4 Model of complex of L-proline as a covalent tetrahedral acyl
enzyme intermediate (energy minimization with a YASARA Structure uti-
lizing the AMBERO3 Force Field and the standard YASARA minimization
protocol).
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literature (see the ESIt). In these studies various objectives
were pursued, which ranged from improving the solvent->*">*
or thermostability>®™” to altering substrate access by modify-
ing the water tunnel towards the active site.>®

By modelling r-proline into the active site of CalB consider-
ing the tetrahedral intermediate of the acyl-enzyme intermedi-
ate with Ser105 and ammonia, residues possibly involved in
substrate binding (T40, D134, T138, Q157, 1189, V190) were
selected and mutated (Fig. 4). One idea was to reduce the
rather spacy active site to possibly tighter binding of the sub-
strate. The intermediate structure is stabilized via neighbour-
ing residues His224 and Asp187.

All the variants (see ESIf) were prepared by individual site
directed single-point mutagenesis, expressed in P. pastoris,
concentrated by filtration, immobilized and then tested for the
synthesis of L-prolinamide. Amino acid exchanges derived from
the docking study in the active site (V190F, V190P, V190H,
V1904, T40V, Q157L, 1189P, I189F, T138L, T318H, T138F, etc.) sig-
nificantly reduced amide formation (Fig. 5). However, increased
t-prolinamide formation was observed e.g. for solvent- and ther-
motolerant variants® ™’ leading overall to the identification of
several amino acid exchanges (N264Q, A251E, T245S, N97Q, AST,
Q46A/S47L, K308C, T57A/A89T/G226R/R168K, etc.) with ben-
eficial effects. The reduced conversion observed with Novozym
435 in Fig. 5 and 6 compared to Fig. 1-3 was due to the reduced
amount of enzyme preparation used in these reactions (2 mg
compared to 8.3 mg).

In an initial screening with 1,4-dioxane as the solvent, the
thermostabilized variant T57A/A89T/G226R/R168K,>” which
was named CalBopt-24, performed the best and was selected
for further investigations. In contrast to the CalB wild type
protein sequence (NCBI accession number: P41365) from the
strain used in this work (CBS 214.83 Candida antarctica, also

70 ~
60 -
=
50 1
N ITTY
£
e z .
g =
2 30 -
S III
2 =
20 - iz
III:
10 4 &
E =
I:
0 — T T T T — T
O & 9 0 A A U A & oy & Ay T 20 OO O KR A& R QO KK R DX R A QR K
LTI AR O SRR R SR IR R LR I S I DR S SR AN S S S
FPFe Ry @\0‘5‘&&@ @v"g\% »W«é& \'1‘}7%(0/\\\\"’4009@’0\@ PIFIFEFTEP Y I
\ > gV o XN >
o © $°A 4\?’\<<'0’ éﬂ’
o S
% o
e\\’}’ NG
Q,\’\jb CalB variants

Fig. 5 Evaluation of rationally designed CalB variants and variants described in the literature. Transformations of L-proline (33 mM) were performed
in 2M2B with 0.5 M NH3 (500 pL) for 16 h at 700 rpm and 70 °C. The reactions were catalyzed by different CalB variants (all produced by P. pastoris
with similar enzyme titers as the wild type) immobilized by covalent binding on resin ECR8285 from Purolite and lyophilized (2 mg). Original
Novozym 435, immobilized by adsorption on a different carrier by Novozymes was used for comparison. Analysis was performed by HPLC-MS and
the results were normalized to the amount of protein bound on the beads.

5174 | Green Chem., 2022, 24, 5171-5180

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc00783e

Open Access Article. Published on 25 May 2022. Downloaded on 4/3/2026 5:49:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

conversion [%]
8 &
=
i
H
i
=

25 I
20 =
15 BB 1 i
10
5
0
& & O O F & A LSO P
NG AT S O o5
S FITF L S EFEE S
MY '1?‘\ %%\e N Ky & & & & &£ P
¥ 3 N ™ SRR R N A Q' &
& ®°Q PR /\@/ & b‘\g RS i
< o’b\ ,’]:" N R W \?’ ‘9\@ q’\\
KR F 2
O'§> ¢ P& £ @
&
& »
J (SN
&
>

CalB variants O

Fig. 6 Evaluation of combined amino acid exchanges. Transformation
of L-proline (33 mM) in 2M2B with 0.5 M NHz (500 pL). The reactions
were performed with different variants of CalB (all resulting in similar
enzyme titers as the wild type) immobilized on resin ECR8806 by
adsorption and lyophilized (2 mg) for 16 h at 700 rpm and 70 °C;
addition of MeOH and HPLC-MS analysis of the reactions. The results
were normalized to the protein loading on the beads.

named Pseudozyma antarctica, ATCC 34888),°° another CalB

homologue from ATCC 32657 Pseudozyma aphidis already con-
tains the two amino acid exchanges T57A and A89T. The latter
one was, e.g., used as a template for mutagenesis in circular
permutation studies.®® Therefore, depending on the wild type
sequence used as a reference, CalBopt-24 represents either a
double or quadruple variant. In 2M2B, some variants led to
conversions similar to or even higher than that of CalBopt-24,
e.g. the solvent stabilized variants T2455** and N264Q>* and
the thermostabilized variant A251E.°*®! Furthermore, variant
Q46A/S47L,°® having a modified water tunnel leading to the
active site, enabled high conversion. A detailed list of the
selected amino acid exchanges, the intention behind it, the
references and the obtained conversions in the amidation reac-
tion is provided in the ESL.{

Random mutagenesis

To investigate the potential to improve the stability and activity of
CalBopt-24 further, random mutagenesis by error-prone PCR,
combined with screening for improved solvent- and thermo-
stability was performed. A shortened protocol based on an ARS
(autonomous replicating sequence) plasmid and homologous
recombination by P. pastoris was applied without sub-cloning
into E. coli.%® The remaining hydrolytic activity after incubation at
60 °C in 1,4-dioxane (which was seen as the best solvent at the
time when these experiments were performed) was determined
using p-nitrophenyl butyrate as a surrogate substrate. In most
cases, increased hydrolytic activity in the screening correlated
with increased or at least retained amidation activity in the target
reaction compared to the starting protein (Table 1).

Interestingly, several of the subsequently identified amino
acid residues have already been described as hot spots for
engineering efforts (L278P,°° Leu278,°*% 11e285°*°° and
Thr158%"). Nevertheless, in addition to the already reported

This journal is © The Royal Society of Chemistry 2022
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Table 1 Conversions determined for variants obtained by random
mutagenesis using CalBopt-24 as the parental starting point

Conv. [%], Conv. [%],
Exchange in 1,4-dioxane” in 2M2B*
CalBopt-24 A284V 26.2 33.9
CalBopt-24 A284T 28.5 33.6
CalBopt-24 1285T 28.9 29.3
CalBopt-24 V154A 10.1 19.2
CalBopt-24 L278P 21.9 28.2
CalBopt-24 T158A/Q291R 18.6 37.3
CalBopt-24 20.2 30.2
Novozym 435 9.0 22.9

“Transformation of r-proline (33 mM) in 2M2B and 1,4-dioxane with
0.5 M NHj; (500 pL). The reactions were performed with different CalB
variants immobilized by adsorption on resin ECR8806 and lyophilized
(3 mg) for 16 h at 700 rpm and 70 °C; conversions were determined by
HPLC-MS. For all variants, the results were normalized to the amount
of protein bound on the beads.

amino acid exchanges, several new ones were found, namely
A284V/T, V154A and Q291R. Best results concerning the tar-
geted r-proline amidation in 2M2B were obtained with
CalBopt-24 T158A/Q219R and CalBopt-24 A284V.

Combining amino acid exchanges

In the next step the amino acid exchanges of interesting var-
iants identified by random and rational engineering were com-
bined. The introduction of A251E for improved
thermostability>*®' or T245S for enhanced solvent stability®*
into CalBopt-24 turned out to be beneficial. Furthermore, the
contribution of T57A and A89T to the beneficial effect of
CalBopt-24 (T57A/A89T/G226R/R168K) was investigated. The
results indicated that T57A was not contributing to the positive
effect of CalBopt-24. When CalBopt-24 was combined with the
amino acid exchanges Q46A/S47L, Q46A/S47L/T245S and
Q46A/S47L/A251E no CalB activity was measured in the super-
natant after 96-well DWP cultivation. Therefore, combinations
with Q46A/S47L were not pursued further.

In the transformation with 33 mM proline (Fig. 6) CalBopt-
24 T245S led to 20% higher amide formation than CalBopt-24
and was superior to other variants at 200 mM substrate
loading (see Fig. S1}). Furthermore, CalBopt-24 T245S led to
two-fold higher r-prolinamide formation compared to immobi-
lized CalB WT, thus representing the best CalB variant found
in this work for the amidation of r-proline.

Preparative scale

While enzyme engineering to identify improved enzyme variants
was still ongoing, scale up experiments were performed to evalu-
ate the feasibility of preparative scale amide formation.
Performing the reaction of suspended L-proline (250 mg, apparent
conc.: 145 mM) in 2M2B containing NH; (0.5 M) with immobi-
lized enzymes at 15 mL scale led to a product concentration of up
to 117 mM using CalBopt-24 immobilized on ECR8806 (Table 2).
This corresponds to a conversion of 80%. For product isolation,
the reaction mixture was filtered and r-prolinamide was isolated

Green Chem., 2022, 24, 5171-5180 | 5175
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Table 2 Transformation of L-proline in the solid/liquid mixture in 2M2B
(15 mL) at the preparative scale

L-Prolinamide®? [mM]

Novozym 435 101.5
CalBopt-24 117.2
CalBWT 107.2

“The reactions were performed with Novozym 435 as well as CalB WT
and CalBopt-24 immobilized on resin ECR8806 (250 mg) at 95 rpm
shaking speed and 70 °C in a shaking incubator for 4.5 days (112 h). A
substrate loading of 250 mg r-proline (corresponding to a max. concen-
tration of 145 mM, partly present in solid form) in 2M2B (15 mL) with
0.5 M NH, was used. ? Concentrations in soluble phase determined by
HPLC-MS analysis after filtration of the reaction solution.

by fractionated crystallization from 2M2B/n-heptane (128 mg iso-
lated from the reaction with CalB WT immobilized on resin
ECR8806 in Table 2; see "H-NMR in the ESIY).

Assessment of chemical and biocatalytic methods

By following the principles of green chemistry it is possible to
achieve two goals at the same time, namely, to develop econ-
omically profitable as well as environmentally compatible pro-
cesses.”® A comparison of established chemical strategies for
t-prolinamide synthesis with the present study showed that
when using thionyl chloride (either via the methyl ester or the
chloride)*®*® and the amidation on a cationic ion exchange
resin,”' two steps are required (Table 3). The process via
proline chloride requires dichloromethane as the solvent,
which is ranked as hazardous,”” and generates SO, and HCI as
waste. The biocatalytic process with a recyclable alcohol as the
solvent does not produce waste apart from water. After the
removal of formed water, e.g. by distillation, the solvent can be
recycled. Due to the impressive long-term stability of immobi-
lized CalB, the biocatalyst can be reused as well.

The chemical method via activation with thionyl chloride
leads to an atom economy of 45.5% and considerable amounts
of hazardous waste and requires two process steps. The enzy-
matic reaction, on the other hand, achieves an atom economy
of 86.4% and requires only one process step. No racemization
of the substrate and product was observed under the reaction
conditions, thus enantiomerically pure r-prolinamide (ee
>99%) was obtained.
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Conclusions

A scalable, efficient biocatalytic one-pot reaction for the ami-
dation of L-proline with ammonia was developed. By employ-
ing a tert-alcohol (2-methyl-2-butanol) as the solvent and
ammonia as the only stoichiometric reagent, the amount of
required chemicals and waste produced can be kept to a
minimum. Water, which is here formed as a by-product, can
be removed by distillation. Consequently, the dry solvent can
be reused and the process costs and environmental impact
are reduced. Strongly corrosive chemicals, toxic off-gases like
SO, and HCI and expensive reagents are avoided, which are
common side products in amide formation when using
thionyl chloride as the activating reagent. Increased conver-
sions were achieved with optimized variants of CalB. This
enzyme is easily well expressible in P. pastoris, and immobil-
ization by adsorption provides a very stable enzyme prepa-
ration. The reaction system represents an innovative new
approach for r-prolinamide production in optically pure form
on a large scale. Preparative scale conversions so far were per-
formed either with immobilized CalB WT or CalBopt-24
reaching up to 117 mM product concentration. The evalu-
ation of further identified improved enzyme variants after
enzyme engineering experiments in analytical biotransform-
ations on the mg scale indicated the feasibility of further
process improvements for example by using variants such as
CalBopt-24 T245S.

Experimental
General materials and methods

Reagents and organic solvents were obtained from chemical
suppliers in reagent grade quality and applied without further
purification. 1-Proline and r-prolinamide were obtained from
Thermo Fisher Scientific (Linz, Austria). Novozym 435 was
obtained from Novozymes (Bagsvaerd, Denmark).

NH; quantification

The NH; concentration in organic solvents, e.g. 2M2B, was
determined after bubbling NH; through the solvent in an
open round bottom flask while stirring with a magnetic stir
bar for a few hours. The Ammonia Assay Kit from Sigma-

Table 3 Comparison of methods for L-prolinamide formation starting from L-proline

Reaction Solvents work- Optical Atom
Reference Catalyst Reagents solvents up Waste® purity Steps efficiency [%]
CN102180823B, via — NH;, SOCl,, MeOH CH,Cl,, EtOAc  SO,, KCI Racemization 2 37.2°
methylester KOH
CN102491928A, via — NH3;, SOCl, CH,Cl, CH,Cl, S0O,, HCI Racemization 2 45.5
chloride
US6271394B1 Amberlyst NH; MeOH  MeOH Toluene, Up to 4% side  Not given 2 86.4%°
n-heptane product
This study Biocatalyst NH; 2M2B 2M2B, — >99% 1 86.4°
n-heptane

“H,0 not considered. ? Assuming that MeOH can be recycled. ¢ Represents the maximum.
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Aldrich (MAK310) was used according to the manufacturer’s
instructions. The samples were diluted with dH,O (1:700) to
obtain concentrations in the linear range of the kit of
0.012-1 mM. After the addition of the reaction mix, the plate
was incubated in the dark at 21 °C for 15 min and the fluo-
rescence intensity was measured (4ex = 360 nm, Aey, = 450 nm).

Amidation of L-proline

L-Proline (1.9 mg, 33 mM) and immobilized CalB (8.3 mg),
Novozym 435 or self-immobilized CalB variants, were used
(unless otherwise stated). The reactions were performed in 0.5
M NH; in an organic solvent (2M2B, 500 pL) in small glass
vials sealed with a cap and a septum and shaken for 16 h at
700 rpm and 70 °C in an Eppendorf Thermoshaker Comfort.

After the reaction, MeOH (500 pL) was added to dissolve all
substrates and products. The samples were diluted to 1 mM
substrate concentration (1:33) with MeOH. As an internal
standard p,L-norvaline (0.5 mM in MeOH) was added and the
samples were vortexed, centrifuged (20 000g, 2 min), filtered
through cotton wool and analyzed by HPLC-MS.

Reactions at the preparative scale

The reactions were performed by shaking in a thermo incubator
with 0.5 M NH; in 2M2B (15 mL) using t-proline (250 mg,
2.18 mmol, 145 mM) as the substrate and immobilized CalB
(250 mg). Novozym 435, as well as CalB WT and CalBopt-24,
immobilized on resin ECR8806 were investigated at 95 rpm
shaking speed and 70 °C for 4.5 days (112 h). After filtration of
the reaction solution, r-prolinamide was isolated by fractionated
crystallization from 2M2B/n-heptane and analysed by NMR.

'H-NMR (300 MHz, MeOD): § [ppm] = 1.76 (m, 2H, C4H,),
2.12 (m 2H, C3H,), 2.15 (s, 1H, NH), 2.88 (m, 1H, C5H), 2.99
(m, 1H, C5H), 3.31 (MeOD), 3.61 (m, 1H, C2H), 4.82 (br s 2H,
NH,).

BC-NMR (75 MHz, MeOD): § [ppm] = 26.0 (C4), 31.3 (C3),
48.05 (C5), 60.4 (C2), 179.0 (CO). The NMR results were in
accordance with the data from the literature.”

HPLC-MS analysis

For HPLC-MS analysis an Agilent 1200 Infinity system was
equipped with a Zorbax 300-SCX 4.6 x 250 mm 5 Micron
column from Agilent. Analysis was performed by isocratic
elution using 90% H,O + 0.1% formic acid and 10% MeOH +
0.1% formic acid for ~20 min. The flow rate was set to 1 mL
min~" and the maximal pressure limit to 400 bar. Analysis was
performed in positive SCAN (114.5-300 m/z) and SIM modes
(115 m/z for r-prolinamide, 116 m/z for L-proline, and 118 m/z
for p,i.-norvaline as the internal standard). A sample volume of
2 L was injected.
t-Proline and i-prolinamide calibration
obtained with reference solutions from 0.03-4 mM in MeOH
containing pr-norvaline (0.5 mM) as internal standards.

curves were

Analysis of optical purity

For analysis derivatization was required using chloroformate
and DMAP.”* The solvent was removed by air, then the residue

This journal is © The Royal Society of Chemistry 2022
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was dissolved in MeOH (500 pL, containing 5% DMAP) and
ethyl chloroformate (100 pL) was added. The derivatization
reaction was performed for 1 h at 50 °C and 700 rpm. MeOH
was removed by air and 2% HCI (500 pL) was added before
extraction with EtOAc (2 times with 500 pL). The combined
organic phases were dried over Na,SO,, and after centrifu-
gation and filtration 5 pL of the sample solution were injected
for GC analysis. A CP Chiralsil Dex CB column was used for
analysis with a flow rate of 1 mL min™", injection temperature
of 250 °C and detection temperature of 250 °C. A temperature
gradient starting at 60 °C (5 min hold) and increasing at 3 °C
min~" to 180 °C (5 min hold) was used.

Cloning, enzyme expression and engineering

Cloning, primer sequences, random and rational mutagenesis
and enzyme expression in P. pastoris are described in detail in
the ESI.T For the production of the integrative Zeocin selection
vector pBSY3S1Z (from Bisy, Austria) with an optimized Da
signal sequence was used, based on the pPpT4_S plasmid
described previously.”> Cloning was performed by Gibson
assembly”’® or overlap extension PCR.”” Enzymes, chemicals,
cloning kits and cultivation of E. coli were used and performed
as detailed before.”® Transformation of P. pastoris BSY BG11
(from Bisy, Austria) for genomic integration was
performed with Swal linearized DNA (1 pg) according to the
protocol.”® Cultivation of transformants in 96-deep-well plates
were performed by growth on glycerol containing media
(buffered minimal medium with 1% w/v glycerol, BMG1%) fol-
lowed by methanol induction, based on a published
protocol.®°

The hydrolytic activity of CalB and its variants was deter-
mined using p-nitrophenyl butyrate as the substrate according
to the literature.®' Transformants with the highest activity were
selected, streaked for single colonies and their uniform
expression level was verified by rescreening, before they were
cultivated in 2.5 L Ultra Yield™ flasks (from Thomson
Instrument Company, CA, USA). After inoculation of BMG1%
(450 mL), the flasks were incubated at 28 °C and 105 rpm for
60 h. Methanol was added daily to induce and maintain the
expression of CalB. First BMM5% (50 mL) was added followed
by addition of pure MeOH (5 mL) every 12 h. After 72 h of
protein expression, the cultures were harvested by centrifu-
gation at 6000g and 4 °C for 20 minutes. The supernatant was
filtered through a membrane with a minimum pore size dia-
meter of 0.45 um by vacuum filtration and concentrated by
centrifugation using Vivaspin 20, 10000 MW CO centrifu-
gation tubes from Sartorius at full speed and 8 °C.

Immobilization of CalB

Buffer exchange. PD10 desalting columns from GE
Healthcare Life Sciences were used for buffer exchange on a
small scale according to the recommendations of the supplier.
The obtained protein solutions were again concentrated by
centrifugation.

The protein concentration in the samples was determined
using the Bradford Assay (Bio-Rad).
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Immobilization

Immobilization on ECR8285 by covalent binding. The beads
(100 mg, wet weight) were filled into a 1.5 mL tube and
washed four times with the washing buffer (100 pL, 10 mM
Na-phosphate buffer, pH 7.5). Protein solution (5 mg protein
in 600 pL immobilization buffer 0.5 M Na-phosphate buffer,
pH 7.5) was added to the washed beads and incubated for
18 hours at 50 rpm on a spinning wheel and for 20 h on the
bench at 21 °C. After washing the beads two times with
washing buffer (100 pL, 10 mM Na-phosphate buffer, pH 7.5)
and once with washing buffer containing 0.5 M NaCl (100 pL)
for desorption of non-covalently bound proteins, the enzyme
beads were frozen at —80 °C for 1 h. The tubes were opened
and placed in a lyophilisator for 24 h at —40 °C with 50 pbar
vacuum. Subsequently, they were stored at 4 °C and tested for
the target amidation reaction with r-proline.

Immobilization on ECR8806 by adsorption. The beads
(100 mg, wet weight) were filled into a 1.5 mL tube and
washed twice with the washing buffer (120 pL, 10 mM Na-
phosphate buffer, pH 7.5). Protein solution (5 mg protein in
600 pL immobilization buffer, 20 mM Na-phosphate bulffer,
pH 7.5) was added to the washed beads and incubated for
24 hours at 50 rpm at 21 °C on a spinning wheel. After
washing the beads once with washing buffer (150 pL, 10 mM
Na-phosphate buffer, pH 7.5), the enzyme beads were frozen at
—80 °C for 1 h. The tubes were opened and placed in a lyophi-
lisator for 24 h at —40 °C with 50 pbar vacuum. Subsequently,
they were stored in the fridge at 4 °C and tested for the target
amidation reaction with r-proline.

The immobilization supernatant and the wash fractions
were collected and the remaining protein concentration was
measured, to determine the immobilization efficiency.

Structural modelling

The structure of CalB with the PDB ID 5A71, chain A in the
‘open’ form (which is identical to the CalB WT sequence P41365
used in this study) was used for the modelling. CalB has a homo-
dimer structure and contains a glycosylation site and disulfide
bridges. Chain A represents the ‘open’ form and Chain B the
closed form of this particular CalB. Alternates were removed
using PyMOL. CASoX analysis of the active site pocket was per-
formed. The tetrahedral intermediate was modelled into the
open form. Both chains (chain A and chain B) are very similar
regarding the active site arrangement and space. The modelled
acetamide complex was prepared for energy minimization using
YASARA structure using AMBERO3 Force Field and the standard
YASARA minimization protocol. Based on this tetrahedral inter-
mediate the r-proline substrate was modelled into a structure
and minimized using the above protocol. Pictures of the final
complex were obtained using PyMOL 1.7, Pymol BNI-Tools 0.31.
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