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Abstract—The processes of the biocatalytic acylation of 1-methyl-5-mercapto-1,2,3,4-tetrazolil-7-amino-
cephalosporanic acid (7-TMCA) and 7-aminocephalosporanic acid (7-ACA) by methyl ester of mandelic
acid (MEMA) were optimized with an immobilized cephalosporin-acid synthetase as the biocatalyst. Under
optimized conditions in water-organic medium containing 43% (vol/vol) of ethylene glycol at 30°С with a spon-
taneous pH gradient in the range of 8.0–6.0, the following yields of biocatalytic transformations were reached:
(80.8 ± 1.9)% for 7-TMCA acylation (at a concentration of 100–120 mМ) resulted in cefamandole (CFM) pro-
duction, and (88.6 ± 2.0)% for 7-ACA acylation of (at concentration of 140–170 mМ) resulted in a semiprod-
uct of CFM (S-p CFM) formation. In the second process, the concentration of the target β-lactam product
in the final reaction mixture is one and a half times higher than that with the first one. In light of the
undoubted environmental benefits of the chemical transformation of S-p CFM to CFM over the process of
the chemical production of 7-TMCA from 7-ACA, we conclude that the second pathway of combined chem-
ical and biocatalytic CFM synthesis is preferable.

Keywords: cefamandole, biocatalytic synthesis, cephalosporin-acid synthetase, acyl transfer synthesis, 7-ami-
nocephalosporanic acid, solubility of key amino acids
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INTRODUCTION
Cefamandol (CFM) is a second-generation, par-

enteral, cephalosporin antibiotic with a broad spec-
trum of action and high resistance to the action of
plasmid β-lactamases, including staphylococcal peni-
cillinases [1]. The advantages of CFM include its high
efficiency against infections caused by Haemophilus
influenzae, as well as the ability to combine this ceph-
alosporin with penicillins and aminoglycosides.

The biocatalytic synthesis of semisynthetic β-lac-
tam antibiotics is a promising direction in the field of
organic synthesis, an alternative to chemical synthesis
in drug production. The biocatalytic synthesis of β-lac-
tams is the subject of numerous studies [2–5], since it
makes it possible to avoid the use of toxic reagents,
large volumes of organic solvents, low reaction tem-
peratures, and the purification of intermediate prod-
ucts in the multistage process of chemical synthesis of
β-lactam antibiotics. Thus, the use of biocatalytic
transformation to obtain β-lactam antibiotics can cer-
tainly reduce the burden on the environment and
reduce production costs [6, 7].

For biocatalytic processes of the transformation of
organic compounds, the used enzymes are not in dis-
solved form but in the form of heterogeneous biocata-
lysts (BCs), immobilized (bound to solid carriers)

enzymes. Due to the high specificity of the enzyme, it is
possible to obtain target products of high purity [8–10].

The biocatalytic synthesis of the antibiotic cefazolin
(CEZ) via the acylation of 7-aminocephalosporanic
acid (7-ACA), as well as the synthesis of the CEZ inter-
mediate (S-p CEZ) via the acylation of 3-[(5-methyl-
1,3,4-thiadiazol-2-yl)-thiomethyl]-7-aminocephalo-
sporanic acid (TDA), was studied and optimized earlier
[11] via comparison of the efficiency of two chemical-
biocatalytic pathways for synthesis. Based on the
results, it was concluded that it is preferable to use the
biocatalytic acylation of 7-ACA to develop a chemical-
biocatalytic technology for CEZ production.

This work compares two biocatalytic pathways for
the synthesis of another β-lactam antibiotic, CFM.
Cefamandole can be synthesized by the two chemi-
cal-biocatalytic routes shown in Fig. 1. The tradi-
tional chemical-biocatalytic approach to CFM syn-
thesis is based on the fact that, first, the necessary
substituent is introduced chemically into the C3-posi-
tion of 7-ACA (Fig. 1, transformation 1), and the
amino group of the resulting 1-methyl-5-mercapto-
1,2,3,4-tetrazolyl-7-aminocephalosporanic acid deriv-
ative (7-TMCA) is then biocatalytically acylated to
form CFM (Fig. 1, transformation 2).
251
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Fig. 1. Ways of chemical-biocatalytic synthesis of CFM. 1, chemical synthesis of 7-TMCA from 7-ACA; 2, biocatalytic synthesis
of CFM from 7-TMCA; 3, biocatalytic synthesis of S-p CFM from 7-ACA; 4, chemical synthesis of CFM from S-p CFM. 
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An alternative chemical-biocatalytic approach is
the use of biocatalysis for the acylation of the amino
group at the C7-position of 7-ACA (Fig. 1, transfor-
mation 3), followed by the chemical transformation of
the intermediate CFM (S-p CFM) into the target
antibiotic (Fig. 1, transformation 4).

The biocatalytic synthesis of CFM and S-p CFM
was carried out with the acyl transfer method (kineti-
cally controlled synthesis) [6, 10, 11], with 7-TMCA
and 7-ACA as the key amino acids (KAs) and mandelic
acid methyl ester (MEMA) as the acylating agent (AA).
Immobilized cephalosporin-acid synthetase (IECASA)
APPLIED BIOCHEMI
was used as a biocatalyst. The enzyme catalyzes three
competitive reactions: the synthesis of CFM or S-p
CFM and two side hydrolytic reactions, namely, hydro-
lysis of the acylating agent MEMA and cleavage of the
acylamide bond of the target product with the forma-
tion of a side product, mandelic acid (MA). The yield of
the β-lactam antibiotic is kinetically controlled, since it
depends on the rate of all occurring reactions.

The enzyme cephalosporin-acid synthetase (CASA
EC 3.5.1.11) is highly specific for cephalosporin-acid
synthesis [6, 12]. It was found [12] that CASA is
encoded by a gene that is a homolog of the broadly spe-
STRY AND MICROBIOLOGY  Vol. 58  No. 3  2022
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cific penicillin acylase (PA) gene from Escherichia coli.
In this work, the CASA enzyme produced by the
recombinant E. coli strain VKPM V-12316 and immo-
bilized via covalent binding to an epoxy-activated
macroporous carrier was used as a BC [5].

The goal of this work is to optimize the key stages
of two chemical-biocatalytic routes for CFM produc-
tion, namely, the processes of biocatalytic acylation of
7-TMCA with the formation of CFM and 7-ACA with
the formation of an intermediate S-p CFM catalyzed
by IECASA. The yield of the target product of biocat-
alytic transformation with respect to KAs and the
achieved concentration of the β-lactam product in the
final reaction mixture were used as optimization crite-
ria. Optimization was carried out according to such
parameters as the initial KA concentration and the
composition of the reaction medium, namely, the con-
centration of dihydric alcohol ethylene glycol (EG),
which is miscible with water. 

MATERIALS AND METHODS

The following materials were used in the work:
commercial samples of 7-ACA from Anhui BBCA
Pharmaceutical Co., LTD (China) with a 93% purity as
determined with high-performance liquid chromatog-
raphy (HPLC); 96.5% pure (determined with HPLC)
7-TMCA, Shandong Sihuan Pharmaceutical Co.,
Ltd., (China); 99% pure MEMA (Sigma-Aldrich,
United States, determined with HPLC); 99% pure
cefamandole sodium salt (Sigma-Aldrich, United
States, determined with HPLC); 99% pure MA
(Sigma-Aldrich, United States, determined with
HPLC); EG (ReaKhimLab, Russia), GOST 19770-83,
99.9% concentrate. A laboratory sample of the S-p
CFM standard (97% purity, determined with HPLC)
was kindly provided by the Sichuan Industrial Insti-
tute of Antibiotics (China).

Preparation of the IECASA biocatalyst. The IECASA
biocatalyst was obtained according to the procedure
described earlier [5, 11] via immobilization of the
CASA enzyme from the recombinant E. coli strain
VKPM V-12316 on a Seplite LX-1000EP micropo-
rous, epoxy-activated support (Sunresin New Materi-
als, China). An IECASA sample with a synthetase
activity of 340 IU/g of wet BC with a solids content of
37% was obtained for work.

The synthetase activity of a heterogeneous IECASA
biocatalyst sample was determined from the initial
reaction rate of CEZ synthesis from TDA and 1(H)-
tetrazolylacetic acid methyl ester (METzAA) with
HPLC control of the CEZ content in the reaction
mixture.

For 1 international unit (IU) of the synthetase activ-
ity of the sample in the CEZ synthesis reaction, we
took the amount of the BC that catalyzes the forma-
tion of 1 μmol CEZ per 1 min in a solution containing
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
60 mM TDA and 240 mM METzAA at a temperature
of 30°C and an initial pH of 7.5 [5, 11].

HPLC analysis. Analysis of the reaction mixtures
obtained during the biocatalytic synthesis of CFM and
S-p CFM, as well as mixtures obtained from the study
of substrate solubility, was carried out by HPLC in iso-
cratic mode on a Gilson chromatograph (United
States) with a Spherisorb ODS chromatographic col-
umn, 250 × 4 mm with a particle size of 7.5 μm. A mix-
ture consisting of 0.05 M ammonium phosphate buf-
fer at a pH of 4.0 and methanol in various ratios
depending on the studied process was used as the
mobile phase (Table 1). The f low rate of the mobile
phase is 1.0 mL/min. Detection of peaks of analytes
was carried out spectrophotometrically at a wave-
length of 218 or 254 nm. Conditions for HPLC analy-
sis and the retention times of the analytes (RT) are
presented in Table 1.

Synthesis of CFM and S-p CFM catalyzed by
IECASA. The biocatalytic synthesis of CFM and
S-p CFM was carried out via acylation of the corre-
sponding KA (7-TMCA or 7-ACA) with mandelic acid
methyl ester. The synthesis process was carried out in
a glass reactor with a capacity of 75 mL equipped with
a paddle mechanical stirrer and systems to maintain
the temperature and pH. To prepare a solution of sub-
strates in a reactor at a temperature of 30 ± 1°C, a
sample of KA was suspended in 0.3 M sodium phos-
phate buffer (PB), pH 8.3, with or without EG. The
KA was dissolved under pH control with constant stir-
ring and portionwise addition of 2 M NaOH until the
complete dissolution of KA. In this case, the pH did not
exceed 8.0. After the dissolution of KA, a portion of
MEMA was added. The solution was stirred for 3–
5 min until the complete or partial dissolution of AA,
and the process of biocatalytic synthesis was started via
the addition of the amount of IECASA necessary to
create the required content of the active enzyme in the
reaction mixture (CE = 10–30 IU/mL). The pH value
decreased in the course of the reaction due to MA for-
mation. The process of CFM or S-p CFM synthesis was
carried out with stirring of the reaction mixture, tem-
perature 30 ± 1°C in a spontaneously established pH
gradient. After a pH value of 6.0 was reached, it was
maintained via the addition of 2.0 M NaOH. The syn-
thesis was stopped via the separation of IECASA with
vacuum filtration on a porous glass filter.

To study the dynamics of the synthesis process, a
sample of the reaction mixture was taken every 5–10 min
and the content of four components was monitored via
HPLC: KA (7-TMCA or 7-ACA), MEMA acylating
agent, target β-lactam product (CFM or S-p CFM)
and MA by-product. The synthesis was carried out
until a stable plateau was reached on the curve of the
dependence of the relative concentration of the target
product on time (the plateau of the maximum concen-
tration of the target product, , mM). The relative
content of the target product (CFM or S-p CFM) at

max
prodС
l. 58  No. 3  2022
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Table 1. Conditions of HPLC analysis

Process Defined 
component

Methanol content in the 
mobile phase, % (vol/vol) Detection, nm RT, min

Biocatalytic synthesis of S-p CFM

7-ACA
1

218

7.8–8.0

MA 5.3–5.8

S-p CFM
35

4.1–4.5

MEMA 6.8–7.3

Biocatalytic synthesis of CFM

7-TMCA
5

218

11.6–12.0

MA 4.5–4.7

MEMA
35

7.0–7.3

CFM 4.5–5.5

Determination of solubility of 7-ACA 7-ACA 5 254 2.8–5.0

Determination of the solubility of 7-TMCA 7-TMCA 8 254 8.0–8.3

Determination of the solubility of MEMA MEMA 35 218 7.0–7.3
the current time was calculated regarding the content
of KA (7-TMCA or 7-ACA) in the reaction mixture at
the initial time (  mM). The maximum degree of
KA transformation into the target product (maximum
yield of the target product,  %) was calculated

with the formula  (average data on

the plateau).

RESULTS AND DISCUSSION

Solubility of substrates for the biocatalytic synthesis
of CFM and S-p CFM. The solubility of KA and AA is
an important tool for the selection of the optimal con-
ditions for the processes of the biocatalytic synthesis of
β-lactams [14]. The solubility of 7-TMCA, 7-ACA,
and MEMA was studied under conditions that simu-
late the parameters of biocatalytic processes: 30°C,
0.3 M PB, and an EG initial concentration (CEG,
% vol/vol) of 0 or 43%. The experiments were carried
out with the saturation method described earlier [5,
14, 16]. The results are presented in Table 2.

The pH-independent solubility of MEMA that is
not an electrolyte, was studied at a pH of 6.5, which
ensured the practical absence of spontaneous hydroly-
sis of this ester during the experiments. Table 2 shows
that the presence of EG significantly affected the
MEMA solubility. Thus, the solubility of MEMA in an
aqueous buffer medium at CEG = 0% vol/vol was
130 mM, and it reached 360 mM at CEG = 43% vol/vol).

The effect of the pH on the solubility of 7-TMCA
and 7-ACA amino acids at slightly acidic, neutral, and
slightly alkaline pH was studied, and the ionization
constants of the carboxyl (рK2) and amino groups (рK1),

o
KAC ,

maxη ,

= ×
max

max prod
о
KA

С
η 100

С

APPLIED BIOCHEMI
as well as the characteristic solubility (S±), were deter-
mined.

For the amino acids 7-TMCA and 7-ACA, the
dependence of solubility (S, mM) on the pH is
described by the equation

(1)

At neutral and alkaline pH values upon complete
deprotonation of the carboxyl group of the amino
acid, the following equation can be used:

(1.1)

At an acidic pH with complete protonation of the
amino group of the amino acid, the applicable equa-
tion is

(1.2)

where [H+] is the concentration of hydrogen ions in
the solution at a given pH, mM; K2 is the ionization
constant of the carboxyl group of the amino acid, mM;
K1 is the ionization constant of the amino group of an
amino acid, mM; and S± is the solubility of an individ-
ual electrically neutral zwitterionic form of an amino
acid (characteristic electrolyte solubility), mM.

Figures 2a and 3a show the linearization of experi-
mental data in the coordinates of the equation (1.1,
S vs. 1/[H+]), which was obtained from the study of the
effect of pH on the solubility of amino acids 7-TMCA
and 7-ACA at neutral and slightly alkaline pH values
at CEG = 0% and CEG = 43% (vol/vol), respectively.
The linearization in the coordinates of equation (1.2,
S vs. [H+]) of the experimental data obtained in the
study of the effect of pH on the solubility of amino
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Table 2. Effect of ethylene glycol on the acid-base properties and solubility of substrates for biocatalytic synthesis of CFM
and S-p CFM

* The characteristic solubility of an electrolyte—the solubility of its electrically neutral form, namely, the zwitterionic form in the case of
the amino acid (S±). The solubility of the nonelectrolyte (S) is independent of the pH.

Compound Structure
Electro-
chemical 

nature

Ionization constants
Characteristic 

solubility, 
mM*

Concentration 
of ethylene 

glycol CEG, % 
(vol/vol)

pK1 pK2

MEMA Electrolyte, 
amino acid _ _

134 ± 4 0

360 ± 11 43

7-TMCA Electrolyte, 
amino acid

2.16 ± 0.03 4.71 ± 0.05 0.22 ± 0.03 0

2.33 ± 0.03 4.72 ± 0.05 0.15 ± 0.03 43

7-ACA Electrolyte, 
amino acid

1.73 ± 0.02 4.70 ± 0.05 [11] 2.78 ± 0.09 0

2.25 ± 0.03 4.58 ± 0.05 1.42 ± 0.14 43
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acids at neutral and slightly acidic pH at CEG = 0% and
CEG = 43% (vol/vol) is shown in Figs. 2b and 3b,
respectively.

The calculated values of the ionization constants
and characteristic solubility for 7-TMCA and 7-ACA
are given in Table 2. Ethylene glycol had practically no
effect on the pK2 value of 7-TMCA and 7-ACA, but it
increased the pK1 value, especially in the case of 7-ACA
(by 0.5 pH units). The characteristic solubilities for
both amino acids decreased in the presence of EG: by
1.5 times for 7-TMCA and by two times for 7-ACA.

According to equation (1) with the constants pre-
sented in Table 2, the theoretical curves of the depen-
dence of the solubility of 7-TMCA and 7-ACA on pH
were calculated at CEG = 0% and CEG = 43% (vol/vol)
(curves 1–4 in Fig. 4). Figure 4 also shows the solubil-
ity of MEMA in an aqueous medium (curve 5) and in
the presence of EG (curve 6).

The effect of EG on the solubility of KAs is differ-
ent: the solubility of 7-TMCA in the presence of EG
decreased (curves 1 and 2, Fig. 4), while the solubility of
7-ACA increased significantly (curves 3 and 4, Fig. 4).
At the same time, in the entire studied pH range, the
solubility of 7-ACA significantly exceeded the solubility
of 7-TMCA, both in an aqueous medium (curves 3
and 1, Fig. 4) and in the presence of EG (curves 4 and 2,
Fig. 4). In a operating pH range of 6.0–7.0, where
CASA is highly active and stable [5], the solubility of
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
7-TMCA in an aqueous medium varied from 4.5 to
43 mM, while the solubility of 7-ACA exceeded it by
more than ten times, ranging from 55 to 570 mM. (cal-
culation according to equation (1)). The presence of
EG in the medium (CEG = 43%, vol/vol) increased the
gap in the KA solubility in a pH range of 6.0–7.0 by up
to 80 times: the solubility of 7-TMCA changed from
3.0 to 30 mM, and the solubility of 7-ACA from 250 to
2500 mM (calculated according to equation (1)). In
the presence of EG (CEG = 43%, vol/vol), the MEMA
solubility increased by 2.8 times as compared to the
aqueous medium (CEG = 0% (vol/vol)) (curves 6 and 5
in Fig. 4, Table 2). In the study of CFM synthesis, in
order to achieve an initial 7-TMCA concentration in
the reaction mixture that exceeds its solubility in a
working range of pH 6.0–7.0, the substrate solution
was prepared at a pH of about 8.0. In the course of
7-TMCA acylation with mandelic acid methyl ester,
the pH decreased due to the formation of MA; how-
ever, 7-TMCA did not precipitate due to the supersat-
uration effect, as previously described for TDA during
the synthesis of CEZ in [5].

Thus, considering the possibility of the creation of
high initial concentrations of KA and AA in the reac-
tion medium, the biocatalytic process of 7-ACA acyla-
tion with the formation of S-p CFM proceeding in a
medium containing EG is preferred.

Optimization of biocatalytic synthesis of CFM and
S-p CFM catalyzed by IECASA. Ethylene glycol can
l. 58  No. 3  2022
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Fig. 2. Dependences of 7-TMCA solubility on pH in
0.3 M PB at 30°C: (a) the coordinates of equation (1.1),
(b) the coordinates of equation (1.2). 1, CEG = 0% (vol/vol);
2, CEG = 43% (vol/vol). 
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be used as a component of an aqueous organic
medium to increase the yield of the target β-lactam in
acyl transfer synthesis. The observed effect is a conse-
quence of a decrease in water activity in the presence
of organic solvents, which entails a decrease in the rate
of unproductive hydrolytic processes. In this case, the
hydrolysis of both the acylating agent and the target
products slows [16, 17]. A number of studies have
demonstrated a significant increase in the yield of
amino-β-lactam antibiotics ampicillin [18–20] and
cephalexin [21–23] during their kinetically controlled
synthesis catalyzed by variously immobilized PA from
E. coli due to the presence of EG in reaction medium. It
was shown that the solvent had no inactivating effect on
PA from E. coli [18, 19]. In this work, EG was used to
APPLIED BIOCHEMI
increase the yield of CFM and S-p CFM, which
belong to the class of β-lactam acids, in the processes
of their biocatalytic synthesis catalyzed by BC based
on the recombinant CASA enzyme, which is homolo-
gous to PA from E. coli [12].

The processes of the biocatalytic acylation of
7-TMCA and 7-ACA with mandelic acid methyl ester
were carried out under the following conditions: 30°C,
0.3 M PB, Хо = 3.3 M/M (molar excess of AA over

KA,  ), spontaneous pH gradient (sponta-

neous decrease in pH from the value at which the sub-
strates are dissolved to pH 6.0, and maintenance of
this pH value until the end of the process).

=
o

o AA
о
КА

СX
С
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Fig. 4. Theoretical curves of the dependence of the substrate
solubility on pH calculated with the constants presented in
Table 2 (30°C, 0.3 M PB). Curves 1–4 were calculated with
equation (1). 1, 7-TMCA at CEG = 0%; 2, 7-TMCA at
CEG = 43%; 3, 7-ACA at CEG = 0%; 4 – 7-ACA at CEG =
43%; 5, MEMA at CEG = 0%; 6, MEMA at CEG = 43%. 
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These conditions were chosen for the IECASA bio-
catalyst during the optimization of the synthesis of
CEZ and S-p CEZ [5, 11]. In this work, two parame-
ters were varied in the optimization of the synthesis of
CFM and Sp CFM: the initial concentration of KA
(  = 60–120 mM or  = 60–170 mM)
and the concentration of EG in the reaction mixture
(СEG = 0–43%, vol/vol). The IECASA biocatalyst was
added in an amount that ensured the content of the active
enzyme in the reaction mixture CE = 10–30 IU/mL, so
that the duration of the process, including the plateau
of the maximum concentration of the product, was
70–90 min.

We note that EG inhibits not only side processes of
hydrolysis that occur during acyl transfer synthesis,
but also (to a lesser extent) the target process of syn-
thesis [17]. It was shown that the initial rate of CFM
accumulation in the course of its biocatalytic synthesis
decreased by two times at СEG = 43% (vol/vol) as
compared to the initial rate of the process in an aque-
ous medium. The processes of biocatalytic synthesis of
CFM and S-p CFM at EG concentrations of more
than 43% have not been studied, since their imple-
mentation for a time not exceeding 90 min requires an
IECASA content in the reaction mixture of more than
100 mg/mL, which hinders mass transfer processes.

In each experiment on β-lactam synthesis, the com-
position of the reaction mixture was dynamically con-
trolled for all components (KA, AA, target product,
MA), and the balances for β-lactam and MA were cal-
culated. The results of two experiments carried out at
СEG = 43% are shown in Figures 5 and 6 for the biocat-
alytic acylation of 7-TMCA and 7-ACA, respectively, at
the maximum KA concentration used for each process:

 = 120 mM (Fig. 5) and = 170 mM
(Fig. 6).

In both processes, a long plateau was observed on
the curves of accumulation of the target product
(Figs. 5 and 6, curves 2). The maximum yields of
CFM and S-p CFM, which were calculated as the
average value at the plateau, were 81.3 ± 2.2 and
88.8 ± 2.3%, respectively, in these experiments. A fea-
ture of the S-p CFM synthesis process, the results of
which are shown in Fig. 6, was the use of AA at an ini-
tial concentration of 560 mM, which exceeds the sol-
ubility of MEMA. Due to the incomplete dissolution
of MEMA during the first 15 min, there was a lack of
balance not only for MA (Fig. 6, curve 6) but also for
β-lactam (Fig. 6, curve 3). This can be explained by
the fact that some of the 7-ACA also precipitated in
the presence of undissolved AA crystals. Further, both
balances reached 100%, i.e., both substrates were
completely dissolved; in addition, there were no side
processes in the system, including those involving the
β-lactam core.

Based on the results of all experiments on the syn-
thesis of CFM and S-p CFM catalyzed by IECASA,

−
о
7 TMCAC −

о
7 ACAC

−
о
7 TMCAC −

о
7 ACAC
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the dependences of the maximum yield of the reaction
product (ƞmax, %) on EG concentration (CEG, %

vol/vol) and the initial KA concentration (  mM)
shown in Fig. 7 and 8, were respectively plotted.

The use of an aqueous organic medium containing
EG made it possible to increase the CFM yield (Fig. 7,

о
КAC ,
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Fig. 6. Changes in the composition of the reaction mixture
(relative concentrations, %) with time during the synthesis
of S-p CFM catalyzed by IECASA (30°C, 0.3 M PB, CE =

30 IU/mL,  = 170 mM,  = 560 mM, Xo =
3.3 M/M, CEG = 43%, vol/vol, spontaneous pH gradient
in the pH range of 8.0–6.0): 1, 7-ACA; 2, S-p CFM calcu-

lated relative to  3, balance (%) for β-lactam, the sum
of the relative concentrations of 7-ACA and S-p CFM;

4, MEMA; 5, MA, calculated in relation to ; 6, bal-
ance (%) by MA, the sum of the relative concentrations of
S-p CFM, MEMA, and MA. 
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Fig. 7. Dependence of the maximum yield of the β-lactam
product (ηmax, %) on the concentration of ethylene glycol
(CEG, % (vol/vol)) in the reaction mixture in the acyl
transfer synthesis catalyzed by IECASA (30°C, 0.3 M PB,
Xo = 3.3 M/M, spontaneous pH gradient): 1, CFM syn-
thesis from 7-TMCA and MEMA at CE = 10–20 IU/mL;

= 60 mM; 2, synthesis of S-p CFM from 7-ACA and

MEMA at CE = 30 IU/mL;  = 150 mM. 
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Curve 1) from 60% (CEG = 0% (vol/vol)) to 70%
(CEG = 43%, vol/vol). With an increase in the EG
concentration from 0 to 43%, the S-p CFM yield
increased from 80 to 88% (Fig. 7, curve 2).

For further studies of the processes of biocatalytic
synthesis of CFM and S-p CFM catalyzed by
IECASA, an aqueous-organic medium containing
EG at a concentration of 43% (vol/vol) was chosen,
since it provided the highest yield of target products.
The dependences of the maximum yield of each of the
processes (ηmax, %) on the initial KA concentration
(  mM) are shown in Fig. 8. The dependence of
the CFM yield on  was studied in the range of 50–
120 mM (Fig. 8, curve 1), since the solubility of
7-TMCA under experimental conditions did not make
it possible to achieve a higher KA concentration than
120 mM in the initial reaction mixture. The depen-
dence of the S-p CFM yield on the initial 7-ACA con-
centration was studied in the range  = 40–170 mM
(Fig. 8, curve 2). The solubility of 7-ACA under exper-
imental conditions at CEG = 43% (vol/vol), pH 6.0–
8.0 is very high (Fig. 4, curve 4); however, the range of
used  at Хо = 3.3 M/M is limited by the solubility
of MEMA.

The dependences of the product yield on  have
the form of curves with saturation (Fig. 8). The CFM
yield increased monotonically with an increase in the
7-TMCA concentration up to  = 100 mM and
reached the average value 80.8 ± 1.9% in the range of
100–120 mM. The highest yield of the product of the
S-p CFM synthesis was achieved in the range 
from 140 to 170 mM, and its average value in this range
was 88.6 ± 2.0%.

Based on the results, the following optimal condi-
tions for the IECASA-catalyzed CFM and S-p CFM
synthesis processes were chosen: 30°C, 0.3 M PB,
СEG = 43% (vol/vol), CE = 30 IU/mL, spontaneous
pH gradient in the pH range from 8.0 to 6.0, Xo =
3.3 M/M,  = 100–120 mM for the 7-TMCA acy-
lation process and  = 140–170 mM for the 7-ACA
acylation process. Under such optimal conditions, the
duration of the acylation processes (the time to reach
the plateau of the maximum concentration of the
product) was 50 and 60 min for the synthesis of CFM
and S-p CFM, respectively.

Table 3 shows the results achieved in the synthesis of
CFM and S-p CFM catalyzed by IECASA under the
chosen optimal conditions that provide a high degree of
KA transformation into β-lactam (ηmax, %) and a high
concentration of the target product in the final reaction
mixture (  mM), which is necessary for develop-
ment of an efficient process for the isolation and purifi-
cation of the antibiotic. The results in this work on the

о
КАC ,

о
КАC

о
КАC

о
КАC

о
КАC

о
КАC

о
КАC

о
КАC

о
КАC

max
prodC ,
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Table 3. Efficiency parameters of CFM and S-p CFM biocatalytic synthesis

Product Biocatalyst

Process conditions Final reaction mixture

, mМ
Xo, 

М/М
Media Tempera-

ture, °C
Time, 
min ηmax, % , mM

CFM

IECASA 100–120 3.3 Single phase system: 0.3 M 
PB, EG (43%) 30 50 80.8 ± 1.9 80–100

PA from E. coli, on 
glyoxyl-agarose 
[21]

50 1.5
Aqueous two-phase system: 
PEG 600 (100%) and 3 М 
(NH4)2SO4

15 90 60.0 30

S-p CFM

IECASA 140–170 3.3 Single phase system: 0.3 M 
FB, EG (43%) 30 60 88.6 ± 2.0 125–150

PA from E. coli, on 
Sepharose [25] 50 3.0

Aqueous two-phase system: 
PEG 600 (80%) and 4 М 
(NH4)2SO4

4 120 88.0 44

o
KAC max

prodC
kinetically controlled synthesis of CFM and S-p CFM
catalyzed by IECASA are compared in Table. 3 with the
best results available in the literature on the biocatalytic
synthesis of these compounds [24, 25].

Comparison of IECASA-catalyzed processes for
the synthesis of CFM from 7-TMCA, and S-p CFM
from 7-ACA (Fig. 1, transformations 2 and 3) indi-
cated the advantages of the second process included
an increase in the yield of the acylation product from
80.8 ± 1.9 to 88.6 ± 2.0% and an increase in the con-
centration of the target β-lactam at the end of the
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo

Fig. 8. Dependence of the maximum yield of the β-lactam

product (ηmax, %) on the initial KA concentration (
mM) in the acyl transfer synthesis catalyzed by IECASA
(30°C, 0.3 M PB, Xo =3.3 M/M, CE = 20–30 IU/mL,
spontaneous pH gradient, CEG = 43%, vol/vol): 1, CFM
synthesis from 7-TMCA and MEMA; 2, synthesis of S-p
CFM from 7-ACA and MEMA. 
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process in the reaction mixture by 1.5 times. It should
be noted that an increase in the concentration of the
S-p CFM product in the final reaction mixture as
compared to the CFM concentration was achieved
due to the both an increase in the yield of the trans-
formation product and the achievement of a higher
initial 7-ACA concentration as compared to the ini-
tial 7-TMCA concentration.

Thus, the biocatalytic acylation of 7-ACA with man-
delic acid methyl ester (Fig. 1, transformation 3) pro-
ceeded more efficiently than the acylation of 7-TMCA
(Fig. 1, transformation 2). It is important that the chem-
ical transformation of S-p CFM into CFM (Fig. 1,
transformation 4) can be carried out without the isola-
tion of S-p CFM from the reaction mixture [11, 25]
and is preferable from an environmental point of view,
since it proceeds under milder conditions than chem-
ical transformation 7-ACA to 7-TMCA (Fig. 1, trans-
formation 1). In this regard, the chemical-biocatalytic
synthesis of CFM through the S-p CFM intermediate
seems to be more promising for the development of a
competitive technology for the production of this anti-
biotic. The similar conclution was done after compar-
ison the chemical-biocatalytic pathways for the syn-
thesis of another cephalosporin antibiotic, CEZ [11].
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