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ABSTRACT KEYWORDS
Penicillin acylase (PA) from Kluyvera citrophila was employed for the Amoxicillin;
synthesis of amoxicillin under kinetic control. Twelve organic cosolvents Enzymatic synthesis;
were investigated as additives for enzymatic synthesis of amoxicillin. It Ethylene glycol;

indicated that the reaction rate decreased with the increase of solvent’s
LogP. Ethylene glycol was found to be the suitable additive due to its
enhancement of activity of PA and improvement of amoxicillinyield. Then
reaction conditions including ethylene glycol concentration, pH,
temperature, and substrate concentration were studied. Finally, aresponse
surface methodology (RSM) was employed to obtain the optimal reaction
conditions. The model showed that the interaction between temperature,
6-aminopenicillanic acid (6-APA) concentration and the molar ratio of acyl
donor to 6-APA were significant. The highest yield of 92.4 % was achieved
at the optimal conditions: 116 mmol I of 6-APA, 15 °C and the molar ratio
of acyl donor to 6-APA was 3.4. © 2015 Trade ScienceInc. - INDIA

Penicillinacylase;
Response surface
methodology;
Organic cosolvents.

INTRODUCTION trial production of thesedrugs. Becauseit can be per-

formed in mild reaction conditionsand lesswasteis

Amoxicillinisoneof themost important -lactam
antibioticswhich arethemost used pharmaceuticasin
theclinical application. After patented by Beechamin
1972, its production increased rapidly and reached
5,000tonsin 2000, However, theconventiona chemi-
cal processdemands|ow temperatures (lessthan-30
°C), organochloride solvents and protection/
deprotection of Sdegroups, and generategreat amounts
of non-recyclablewastd?l. Thusenzymatic synthesis
of B-lactam antibiotics hasbeen receivingincreasing
attention asagreen-chemistry dternativefor theindus-

produced.

Penicillinacylase (PA, also named penicillin ami-
dase or amidohydrolase, EC 3.5.1.11), is known as
thebiocatalyst for hydrolyzing penicillin G or penicillin
V to manufacture of 6-aminopenicillanicacid (6-APA)
whichisthemost important medica intermediateinthe
[-lactam antibioticsindustry. It wasfirst employedin
the synthetic direction to synthesize penicillin G by
Kaufmann and Bauer™. Sincethen, cefaclor, cephal -
exin, cefazolin, and ampicillin have been successfully
synthesized by enzymatic catalysis in the past few
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yeard®19, Although theenzymatic synthesisof -lactam
antibiotics hasbeen studied in academiaand industry,
thereisonly one company using the enzymatic route™
and there are still morework to do to makethemin-
dudtridization.

Enzymatic synthesisof amoxicillinwasfirst demon-
strated by Marconi et a.*?with an Escherichia coli
PA. Then thismethod wasfollowed by Kato et al .**!
and Mikio et al.™ with PA from Xanthomonascitri,
Pseudomonas melnogenum, respectively. Later,
Diender et d.[*¥ found that a“solid-to-solid” synthesis
under thermodynamically control wasnot feasible, and
they devel oped a suspension-to-suspension synthesis
of amoxicillin*®, Gongalves et al.!*” worked on theki-
netic andys sand modeing of amoxicillinsynthesswith
immobilized PA on highly activated agaroseand proved
that the substrate 6-APA bounded to enzyme before
the synthesig"%8, Chow et a.*found that methanol
was abetter cosol vent than ethyleneglycol for synthe-
ssof amoxicillin. Very recently, one-pot enzymetic syn-
thesisof amoxicillinwascarried out successtully by Wu
et al.?and Zhang et al .M. These researches and the
resultsare good practicesfor enzymatic synthesi s of
amoxidllin.

Themain obgtaclein theenzymatic synthesisisthe
low yield and productivity. Theeffortstoimprovethe
yield of amoxicillinin enzymatic synthes swith PA have
been reported by using several strategiessuch asfro-
zen medium?, substrate supersatuation® and metha-
nol additives'®. Among these strategies, addition of
organic solventsisaconvenient method becauseitis
easy to separate the product, improvethe product yield
and enhance the synthetic activity of PA[102223 The
organi c cosol ventsin the enzymatic synthes scan shift
the thermodynamic equilibrium toward the synthesis
direction by reducing thewater activity, ateringthepK
vauesof thereactant, and control of the substrate speci-
ficity. Withthedeve opment of green chemistry, organic
solventsin theenzymatic synthesisreceivealot of at-
tentiong?!, In the present study, wetried toimprove
theyield of amoxicillin by usngimmobilized PA from
Kluyveracitrophila (KcPA) becauseit hashigher syn-
thesis/hydrolysisratiosthan other organismssuch asE.
coli, Alcaligenesfacaelisand Providencia rettgeri?4.
Thereaction conditionswere optimized with execution
of one-variabl e-at-a-time experiments and response
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surface methodol ogy.
EXPERIMENTAL

Enzymeassay

The immobilized PA from Kluyvera citrophila
(KcPA) wasdonated by Shijiazhuang Pharmaceutical
Co. Ltd. (Shijiazhuang, Chind). Theenzymewasim-
mobilized on oxrianeresin by cova ent attachment and
theactivity was 120 + 10 IU/g. A unit of PA wasde-
fined astheamount of enzyme required to produce 1
umol of 6-APA per minute in 4% solution of penicillin
Gat pH 7.8 and 37 °C. Theenzymeactivity was deter-
mined by a spectrophotometric assay with p-
dimethylamino benza dehyde (PDAB) asacolorimet-
ric substrate?.

Chemicals

Amoxicillin, penicillin G potassum sat and 6-APA
weredonated by Shijiazhuang Pharmaceutica Co. Ltd.
(Shijiazhuang, China). D-p-hydroxyl-phenylglycineme-
thyl ester hydrochol oride (HPGM E) was purchased
fromthe Shanghal Industrid Chemicd Co. Ltd. (Shang-
hai, China). All other reagentswere of analytic grade.

Analysis

Each reactant and product wasidentified and ana
lyzed by HPLC with an Agilent G1311A pump and
Agilent G1315B DAD detector. AnAgilent XDB C-
18 column (250 mm length and 4.6 mm internal diam-
eter, 5 um particle size and 8 nm pore size) was used.
Samplesof 100 ul were taken from the reaction mix-
ture, diluted with 900 pl of eluent and injected. The
sampleswere eluted at 30 °C with 97.5% phosphate
sodium buffer (50 mmol I, pH 5.0) and 2.5 % aceto-
nitrileat 1 ml min™, and monitored at 254 nm. Thecom-
ponentswereeluted inthefollowing order: HPG (3.1
min), 6-APA (3.8 min), amoxicillin (5.3 min), and
HPGME (8.9 min).

Screening of or ganic cosolvent

Enzymatic synthesesof amoxicillinwere performed
inagtirred bioreactor with jacketsfor water circulation
to keep the temperature constant in the presence of
2% organic solvents. A pH controller wasused to moni-
tor pH values during thereaction process. Theinitid
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reaction volume, 6-APA and HPGM E concentrations,
temperature and pH were 100 ml, 50 and 100 mmol |-
1,25°C and 6.0. Theenzymeload and the stirring rate
were 20 IU (mM of 6-APA)* and 120 rpm, respec-
tively. The maximum reaction yield was cal cul ated by
monitoring the concentration of 6-APA concentration.
Enzyme stability in different organic solvents was
checked by incubating immobilized KcPA in 2% or-
ganic solventsat pH 6.0, 25 °C. Aliquotswerewith-
drawn at varioustimeand therel ative activity was de-
termined.

Optimization with RSM

Thefactorssuch as6-APA concentration, pH, tem-
perature, and enzymeloading were studied by one-vari-
able-at-a-time experiments. Based on theseresults, a
central composite design (CCD) of RSM was em-
ployedtoinvestigatethe optimal conditionsandthein-
teraction between thethree most significant factorg?!.
Theresponse surfacemodel can reflect theinfluence
and theinteraction between thefactorssmultaneoudly.
A Box-Behnken design with 3factors (temperature, 6-
APA concentration and theratio of HPGME to 6-APA)
and 3 levels was performed and there were total 15
experiments presented in TABLE 1. Thethreelevels
were assigned values of -1, 0, and +1 respectively.
Satistica7.0 software (StatSoft, Tulsa, USA) wasused

TABLE 1: CCD design and theexperimental results

No. Temperature 6-APA HPGME/6-APA Yield
(°C) (mmol I (mol/mal) (%)
1 -1(15) -1(100) 0(3) 82.65
2 -1 1(140) 0 91.38
3 1(25) 1 0 70.04
4 1 1 0 62.38
5 0(20) -1 1(2.5) 74.89
6 0 1 1 60.75
7 0 1 -1 68.85
8 0 1 1(3.5) 67.15
9 -1 0(120) 1 86.56
10 1 0 1 64.29
11 -1 0 1 77.15
12 1 0 1 61.47
13 0 0 0 74.48
14 0 0 0 75.29
15 0 0 0 74.38

———, FyurL PAPER

for experimenta design and regression anaysisof the
variables as second-order polynomia modelsof the
form:

3 3 2 3
}r:ﬁO+Z[iX+Zﬁvalj+Z Z /B{:XIXJ
i=1 i=1

=1 j=l+1

WhereY isthe predicted response, Xi isthevariable,
B, isconstant, S isthelinear effect and S isthein-
teraction effect. Theregression andysisof experimen-
tal datawas performed using statistical software. The
quality of the polynomia modd equationwaschecked
satisticaly significant by the coefficient of the determi-
nation R?; ap-value <0.05 was considered to indicate
datisticd Sgnificance.

RESULTSAND DISCUSSION

Selection of organic cosolvent

High .concentration of organic solvents does not
enhance the PA-catalyzed reaction rate?”, so we se-
lected 12 organic solventswith different log P values
for theenzymatic synthesisof amoxicillinat 2% (v/v)
solvent concentrations (TABLE 2). Therelativereac-
tionrateof amoxicillin synthesis (v/v,) depended highly
on theproperty of the organic solventswhichisshown
inTABLE 2. Thev/v, roughly correlated withthe sol-
vent hydrophobicity. For example, thereactionratewas
lower in high LogPva ueorganic solventsthan highones.
The maximumyield was d so affected significantly by
the presence of 2% organic cosolvents. Thisissimilar
to the synthesisof ampicillin and pivampicillin{229,
However, therewas no much influence on theactivity
of immobilized penicillin acyl ase beforeand after addi-
tion of organic cosolventsasshownin TABLE 2. Among
these organic solvents, addition of ethyleneglycol and
glyceral would enhancetheyidd of amoxicillin; and the
other solvents decreased theyield. Whenthe 6-APA
concentration was50 mmol I, theyieldsof amoxicillin
were48.4%, 29.4%, 24.0% and 45% in the presence
of 2% ethyleneglycol, methanol, DMF and glyceral,
respectively. It isknown that the active site of PAis
extremely hydrophobic because hydrophobic amino
acdresduessuchasMe, Pheandllelinedinthebinding
pocket™™. The alignment of neucleotide sequence of
PA genesfrom E.coli and K.citrophilareveal ed that
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TABLE 2: Effect of organic solventson the synthesisof amoxicillin, relative activity of PGA and relativereaction rate; data

presented in thetablewer ethe aver age of three experiments.

Solvent (2%) Log P v/vg (%)? YIYo (% )° Relative activity of PA (%)
Glyceral -3.04 102 110 105
Ethylene glycol -1.43 100 118 110
Dimethyl sulfoxide -1.35 78 91 95
Dimethylformamide -1.00 48 87 94
Methanol -0.77 89 102 98
Acetonitrile -0.34 57 88 Q0
Acetone -0.24 32 82 90
2-Propanol 0.27 24 20 96
Ethyl acetate 0.67 30 80 95
1-Butanal 0.79 12 85 94
Ethyl ether 0.85 45 75 92
Triethylamine 1.58 66 89 101

ThelogP valuesof the solventswer e calculated using the hydr ophobic fragment method developed by Rekker and Kort (1979);
aThereactionratewasdeter mined inthepresence of 2% (v/v) solvents(v) and normalized to that obtained in phosphate buffer
(v,=7.6x10 pmol min™ (1U-PA)7).; "Relative maximum yield: maximum yield in water-cosolvent mixture(Y) normalized to

that obtained in phosphatebuffer (Y,=41%).
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Figure 1 : Effect of cosolventson theyield of amoxicillin.

Temperature25°C, pH 6.5, 50 mmol I 6-APA, 100 mmol I

HPGME, enzyme201U per mmol 6-APA.

more than 83% homol ogy and they have common an-
cestrd origin®Y. Thehhydrophobicinteractions between
theactivesteof theenzymeand organic solventsshowed
important rolein the enzymeatic reactions. It was con-
cluded that KcPA had high sdlectivity toamoxicillinin
the presence of ethylene glycol although Chow et
al ."9reported that methanol was better than ethylene
glycol when an E. coli PA was employed.

Enzymestability
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Figure2: Effect of cosolventson thegability of K cPA. Sgaure:
phosphate buffer without solvents; circle: 2% ethylenegly-
col; uptriangle: 2% glycerol; down triangle: 2% methanal;
diamond: 2% DMF. Conditions: 20°C, 100 mmol I pH 6.5
phosphatebuffer.

Theenzymestability isanother important factor for
sel ection of organic cosolvent. Ethyleneglycol, DMF,
methanol and glycerol were chosentotest the stability
of KcPA. There were 91%, 56%, 45% and 92% re-
sidud activity obtained after 24 hoursincubationinthe
2% ethyleneglycol, DMF, methanol and glycerol, re-
spectively (Figure2). Phosphate buffer (0.1 M, pH 6.5)
was used as the control to make a comparison, and
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therewas81% remained activity. Comparedtothe PAs
fromE. coli, A. facadlis, P. rettgeri, KcPA had similar
gability intheethyleneglycal, but higher stability in other
organic solvents'®?"29, Theresults suggested that eth-
yleneglycol and glycerol protected theenzymeagainst
inactivation. Thesolventswith higher logP are stronger
denaturantsthan lower ones. Thus, ethylene glycerol
was chosen as the suitable additive to synthesize
amoxicillin by consideration of amoxicillinyiddandthe
enzymedability.
One-variable-at-a-timeexperiments

Accordingtothepreviousreport, factorsincluding
the concentrations of ethyleneglycol, temperature, pH,
theratio of HPGME to 6-APA, and the substrate con-
centration, wereinvestigated asbel ow.

Effect of ethyleneglycol concentration on thesyn-
thesisof amoxicillin

Severd reportsinvestigated the effect of ethylene
glycol onthesynthesisof 3-lactam antibiotics and found
that the synthesisyieldincreased°20323, Ethylenegly-
col, asasoft solvent, not only stabilizesthe nonionic
substrate whichistheonly acceptableform for PAR,
but al so repressesthe hydrolysisof HPGME. Inthis
study, theyield was varied with the concentrations of
ethyleneglycol asshowninFigure 3. The maximum
yieldsof amoxicillinwere 49%, 51%, 52.3%, 53.9%,

60
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Figure3: Effect of ethyleneglycol concentration on theenzy-
matic synthesis of amoxicillin. Square: 20% ethylene gly-
col; circle: 30% ethyleneglycol; uptriangle: 40% ethylene
glycoal; diamond: 50% ethyleneglycol. Reaction conditions:
50 mmol I'16-APA, 100 mmol I HPGME, 20°C, pH 6.5, en-
zymeloading 201U per mmol 6-APA.
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48.3% and 43.1% in the presence of 5%, 10%, 20%,
30%, 40% and 50% ethylene glycol, respectively. How-
ever, addition of ethyleneglycol will increasethevis-
cosity of thereaction mixture and decreasethereaction
rate because of theincreased diffusiond limitation(®.
Therefore, thetimeto reach maximumyield wasin-
creased when the concentration of ethyleneglycol in-
creased.

Effect of temperatureand pH on the synthesisof
amoxicillin

Temperature and pH areimportant factorsinthe
enzymatic cataysisreactions®!. Theyidd of amoxidillin
at 15, 20, 25, 30 and 35 °C are shown in Figure 4A.
Themaximum yield decreased from 58.7%to 31.2%
with the temperatureincreased from 15 °C to 35°C.
Thisissimilar to the previous resultson synthesis of
cefaclor'®l, The productivity at 20 °C (0.67mM h't)
was 37% higher than that at 15 °C, so we chose20°C
astheoptima. Enzymatic synthesesof amoxicillinwere
performed from apH range from 6.0 to 7.0 (Figure
4B). The highest yield (53.9%) was achieved at pH
6.5, whichissmilar withthesynthesisof cefacl or1022
and cephal exin®-371, Thereason probably isthat the
acetic pH isfavorable for the protonation of the j3-
lactams’ nucleus®.

Effect of substrateconcentration and ratioon the
synthesisof amoxicillin

The concentration of 6-APA varied from 25 mmol
I*to 150 mmol It and theresultsare shownin Figure
4C. Theyidd of amoxicillinwas65%whenthe 6-APA
concentraionwas 125 mmol I andtheratio of HFGME
to 6-APA was 2. When the 6-APA concentration was
higher than 125 mmol I, theyield decreased with the
increase of 6-APA concentration. Thisisprobably be-
cause high concentration of nucleophileshowsanin-
hibitory effect and reduced therate of antibiotic syn-
thesis, smilarly totheampicillin synthesi§”. Whenthe
concentration of 6-APA was 125 mmol |2, theyield of
amoxicillinincreased from 49%to 74.8% withincress-
ing themolar ratio of HPGME to 6-APA from 1to 3
(Figure 4D). The yield decreased with the ratio in-
creased to 3 because the hydrolysis of HPGME was
serious. Therefore, it can be concluded that optimal
HPGM E concentrationimproved the conversion of 6-
APA and theratio of HPGME to 6-APA hasanimpor-
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Ratio (IU/mmol-6APA)
Figure4: Effectsof temperature(A), pH (B), 6-APA concentration (C), ratio of HPGM E to 6-APA (D) and ratio of enzymeto
substrate (E) on the synthesisof amoxicillin. Reaction conditions: (A) 50 mmol I16-APA, 100 mmol ItHPGME, pH 6.5, 30%
ethyleneglycol, enzymeloading 20 1 U per mmol 6-APA; (B) 50 mmol I16-APA, 100 mmol I HPGME, 20°C, 30% ethylene
glycol, enzymeloading 20 1U per mmol 6-APA; (C) ratio of 6-APAto HPGM E was 2, 20°C, pH 6.0 30% ethyleneglycol,
enzymeloading 201U per mmol 6-APA; (D)125 mmol 6-APA, pH 6.0, 25°C, 30% ethyleneglycol, enzymeloading 201U per
mmol 6-APA; (E) 125 mmol I16-APA, 375 mmol It HPGME, 20°C, pH 6.0, 30% ethyleneglycol.All theyieldswerethe
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tant influence onthe synthesisof amoxicillin.

Another important factor influencethe enzymatic
reactionsistheratio of enzymeto substrate. Theen-
zymeloading wasranged from 5to 30 U per mmol of
6-APA and the other conditionswerefixed (Asshown
inFigure4E). When enzymeloading reached 20 U per
mmol of 6-APA, the maximum conversion was ob-
tained. Themaximum yield decreased withtheenzyme
|oading i ncreased when the enzymel oading was higher
than 20 U per mmol 6-APA. Thisisprobably because
the hydrolysisof amoxicillinand HPGME was more
seriousin the presence of excessenzyme.

RSM optimization and validation

According to theabove-mentioned preliminary ex-
periments, temperature, 6-APA concentration and the
ratio of HPGME to 6-APA were chosen asthe vari-
ablestodesign RSM optimization. Thelevelswerecho-
sen based on preliminary experiments, asfollows: tem-
perature (15-25°C), 6-APA (100-140 mmol I%), and
the molar ratio of HPGME to 6-APA (2.5-3.5), as
showninTABLE 1. Themaximumyied of amoxicillin
was 91.38% (No. 2in TABLE 1) and thelowest yield
was 60.75% (No. 6). TheANOVA analysiswas per-
formed go givethequadratic model asbelow:

Y =74.94-9.94X, +3.86 X,— 1.62X,-4.09X X, +2.64 X X,
+2.90 XX, +3.08X,2-7.7 X2 +5.82 X 2

Theva ueof coefficient determination (R?=0.995)
indicated that the modd was significant and adequate
to represent theactud relationship betweentheresponse
and the variables. The ANOVA gave avery low p-
value (p<0.0001) for theregression model, confirm-
ingthemode isappropriatefor amoxicillin production.
Theinteractions between any two factorsweresignifi-
cant (p < 0.05) which suggested that the effects of all
thetested factorson amoxicillin yield were response
surface effectsrather than smplelinear correations. It
will not reflect thetruevaueif wetresat thefactors sepa-
rately. In order to get abetter understanding of thein-
teractions between thevariables, RSM surface plots
weregiveninFigure5. All the 3D plotsexhibited sig-
nificant quadratic surfacerather than linear plane. From
themode, itiseasy tofind that 6-APA concentration,
interaction between temperatureand themolar ratio of
HPGME to 6-APA, temperature and 6-A PA concen-
tration, and the square of molar ratio of 6-APA to acyl
donor have positive effect on the synthesisyield. The

Loy TN

Tof,y AN

Lafay T b

Figure5: 3D response surfaceplot for the effects of tem-
per ature, 6-APA concentration and theratioof HPGM E to 6-
APA on theyidd of amoxicillin. (A) at 6-APA 120 mmal I%; (B)
at 20°C; (C) when HPGM E/6-APAwas3.
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others havethe negative effects. Themodd predicted
the highest yield was 93.1% under the optimal condi-
tions: 116 mmol I 6-APA, temperature 15°C and the
ratio of HPGME to 6-APA was 3.4. Wevalidated the
optimal conditions three times and the yield of
92.4+2.4% was achieved. This is the highest yield in
theenzymatic synthesisof amoxicllinwithPA. Theyidd
ishigher than that previousreports such as88% with
addition of tert-pentanol ™, 91% with supersatuation
solution, and 38%in frozen media®.

ABBREVIATIONSAND NOMENCLATURE

6-APA 6-aminopenicillanicacid

HPG p-Hydroxyphenylglycine

HPGME p-Hydroxyphenylglycinemethyl ester

PA penicillinacylase

v Reactionrate (uM amoxicillin (1U
PAxmin)?)

v, Initid reactionrate (WM amoxicillin (IU
PAxmin)?)

p productivity (mM h{%)

Y Yield=amoxicillin produced/initia 6-
APA (%)

CONCLUSIONS

Immobilized PA from K. citrophilawasemployed
asthebiocata yst to synthesizeamoxicillinunder kinetic
control. Firstly, effect of organic solventson theenzy-
matic synthesisof amoxicillinwasinvestigated. There-
action rate decreased roughly correlated with thein-
creased solvent’s LogP. Ethylene glycol was chosen as
theoptimal cosol vent from 12 organic solventsfor both
theenhancement of amoxicillin production andimprove-
ment of PA activity. After one-variabl e-at-a-time ex-
periments, threefactorsincluding temperature, 6-APA
concentration and theratio of HPGME to 6-APA were
chosen asvariablesfor further optimization by statisti-
ca methodology. The RSM modd gavethehighestyidd
of amoxicillin with 93.1% validated with values as
92.4+2.4% at the optimal conditions: pH 6.5, 15 °C,
116 mmol It 6-APA and the ratio of HPGME to 6-
APA was 3.4. The improved production conditions
described herewill help theindustriali zation of enzy-
maticsynthessamoxidillin.
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