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Abstract

Although the enantioselective kinetic resolution edter racemates of the non-
steroidal anti-inflammatory drug naproxen is a cammdemonstration for
biocatalysis, the enantiomeric excess of the reastis usually insufficient to warrant
commercialisation. However, optimised reactionsngsheterologously expressed
carboxylesterase NP provided highly enantioseledtiydrolysis of racemic naproxen
methyl ester. Up to 46.9% conversion was achiendghours in the presence of 10
Units enzyme/ g ester with an ee of 99% and E @r@pmately 500. The final
optimised conditions were found to be 150 g/l obstate in 0.01 M sodium
phosphate buffer pH 8.75 at4bin the presence of 1% Tween 80 and controllirg th
pH with 2.5 M NaOH at 8.75. Additional stabiligati of the enzyme with > 2000
ppm formaldehyde resulted in a volumetric produttiof 21.2 g/l/h substrate at an
enzyme loading of 18 Units enzyme/ g ester. DB&&dufor the racemisation of the
unwanted enantiomer, was recycled with the sulestbat did not influence the
conversion rate. Reaction kinetics revealed thatrniaproxen formed causes product
inhibition, but not enzyme toxicity, and resultedthe decrease in reaction rate with
time. TheR-NME (unwanted enantiomer) did not have a signiftaafluence on the

reaction rate.

Keywords
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I ntroduction

Biological activity and absolute chemical configima are closely related and
therefore often only one enantiomer of a racemigydor agrochemical shows the
desired level of therapeutic or biological activithile the other enantiomer might
have highly undesirable side effects, or no actiat all. The demand for single
enantiomer pharmaceuticals is increasing rapidith 80% of new drugs entering the
market by expected to be chirally pure. Howevepasation of racemic mixtures is
not always simple. As a result of their enanties#Vity and ability to work under
mild conditions, enzymes have become one of theenfavoured methods of

resolution of racemic mixtures [1,2].

Hydrolytic enzymes are the biocatalysts most conlynased in organic synthesis [3
— 5], in particular esterases (including the swssllipases), which catalyse the
hydrolysis and formation of ester bonds. Their igbilo discriminate between the
enantiomers of racemic substrates make them vauabls in the preparation of

optically pure compounds [6].

2-Aryl propionic acids, which include non-steroidanti-inflammatory drugs
(NSAID), are examples of chemical compounds wiih aletivity restricted to one of
the enantiomer. Today the NSAID, naproxen [(+)@2Vethoxy-2-

naphthyl)propionic acid] is administered in the lommiral S-configuration, which is
up to 150 times more active th&mnaproxen [7] and in addition, tHeisomer gives

rise to unwanted gastro-intestinal disorders [8].
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Several research groups have already describednatizyroutes for the production of
Snaproxen [9 — 13]. Some of the recent papersidecthe work by Giorno et al [14]
in which they tested their two phase enzyme mengbraactor by immobilizing
lipase in presence of emulsion and then using tienteoselective hydrolysis of
naproxen ester as a model. The enzyme immobitisiedvay gave an improved ee
from 74 to 97% for the methyl ester and the enaetextivity was raised form 96 to
100% for the butyl ester. The conversion was h@v&ery low. Chen and Tsai [15]
have used &arica papaya lipase and obtained excellent ee values, butuhstsate (
R,S-naproxen 2,2,2-trifluoroethyl ester) concentrasiarsed were low (1 to 4.5mM).
Koul et al [16] used a whole cell microorganisimjchosporon for stereoselective

resolution ofS-naproxen and achieved an ee of >99%, and an ppvbrimately 500

at a volumetric productivity of 0.8 gh.

Researchers at DSM (previously Gist-Brocades)iedl and identified #acillus
subtilis (Thai I-8) strain which produced carboxylesterbi$e[17]. The gene coding
for the esterase was identified and cloned inBo subtilis I-85 organism, resulting in
the recombinant-DNA straiB. subtilis I-85/pNAPT-7. The enzyme expression of
this recombinant-DNA strain was more than 800 tilmgber than the wild type strain
Thai 1-8. At high substrate concentrations, a la€lkstability was encountered and

irreversible inactivation was observed when carlestgrase was incubated with 30
g/! R, S-naproxen ester. the enzyme was inactivagatbproxen formed, possibly

by interacting with the amino groups of basic amamds at the surface of the
enzyme, thereby allowing the hydrophobic bulk & ttaproxen to interfere with the

tertiary protein structure. Therefore the carbestérase was chemically modified
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with formaldehyde and was confirmed to be more stast to the high acid-
denaturing conditions. The enzyme treated witimldehyde concentration of 1%
or higher, proved to be stable on incubation wapnoxen (15 mg/ml) for 1% hours at
40°C; conditions that lead to complete inactivatdrine untreated enzyme. All the
modifying agents (glutaric anhydride, succinic aige, glyoxal, glutaraldehyde or
formaldehyde) showed an improved performance, &t tesults being obtained with

formaldehyde, glutaraldehyde or glyoxal [1].

The present work is concerned with the optimisatibthe carboxylesterase NP
enzyme for the resolution of racemic naproxen (8ehé) to yield the activé-
naproxen with an enantiomeric excess of 97.5% are>200, under reaction

parameters consistent with a viable large scalegas

Materials and M ethods

2.1 Analytical conditions

HPLC: The guantitative naproxen, and naproxen yhegbter (NME) and naproxen
ethyl ester (NEE) analyses were by HPLC using a@3C18 ODS 2 column. The
system was run isocratically using a mixture of 78éetonitrile and 30% aqueous
acidified with 0.1% phosphoric acid. TH&S ratios of all the isomers were
determined on an (S,S)-Whelk/0/25 cm, column rurcrigtically with a mixture of

hexane:ethanol:acetic acid (95:5:0.5).

Substrate: RS and NME were synthesised as described previoydly].

Carboxylesterase NP (165 Ufpwas kindly provided by DSM (the Netherlands)
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Enzyme activity: Standard reactions were performed wherein solidméc substrate
was added to 18 frof a 0.1M Tris buffer (pH 8.75) and 2/mof a 10% v/m Tween 80
solution. The pH was adjusted to and maintained.@ using 1 M NaOH.
Subsequently, 16.nl enzyme was added and the temperature controtietl’e.

Samples of 0.5 were taken at time intervals, and the reactiondpcts were

weighed, filtered through non-absorbent cotton waoll analysed. The units of
enzyme activity were defined as the amount of erzymat hydrolysed 10mol (1

pumole) SNEE per minute.

2.2 Reaction conditions

Initial rates. To determine the initial rates of the reactions doe enzyme
concentration, the reactions were performed usigd@615 mole) of NME in 20
made up of buffer and a final concentration 1% Jween 80 with regard to the
ester. The reactions were run at@5and the pH was maintained at 8.75. The

reactions were initiated with 5.5, 10 and 20 ueigyme/g ester. Samples (0.B)m

were taken at intervals up to 3 hours, weighedian® added (2 M), and analysed

by HPLC.

Reaction Rates. Reactions were performed under standard reactiordibons,
varying only the substrate concentration at 25igflervals between 75 g+ 200 g/.

The enzyme volume was adjusted for each reactiopgptionately to the substrate to

correspond to 10 units of enzyme per gram ester.
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Solid substrate particle size: NME was sieved tee giifferent fractions, one with
particle size greater than %8n and another with particle size smaller tharub8
The standard reaction conditions were used tothestlifferent particle size samples

to determine the effect on the reaction rate.

Volumetric productivity: The enzyme concentratioecassary to give optimal
volumetric productivity was tested, with the rater@action using 100 g/or 150 g/

substrate with 10, 20 or 30 units of enzyme/g ester

2.3 Enzyme stability

Reactant denaturation: Naproxen The enzyme watgated with formaldehyde by
DSM to stabilise the enzyme. The enzyme was prekiated with naproxen for 2, 5
and 20 hours at 48 before addition of the substrate to test theilghalof the
enzyme in the presence of product. An experimead done in which the enzyme
was re-treated with formaldehyde to determine tias an influence on the enzyme
stability. Following the results a statisticallgsigned experiment was done to find
the optimum conditions for re-treating the enzymighwormaldehyde in terms of

formaldehyde concentration, temperature and time.

2.4 Enzymeinhibition

For the inhibition study 0, 10, 20, 30, 40 and 56%n (0 - 0.94 gS-naproxen was

added to the start of the reactions (0.94 g bdwegnmaximumS-naproxen which can
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be formed from 2 g of racemic naproxen). The enzymecentration was 10 units

enzyme/g ester. Samples (0.B)were taken every hour and weighed before addition

of acetone (2 ).

Methanol is a by-product of the resolution reactidexperiments were performed as
described previously using 2 g NME, with 0 - 509%wnethanol added to test the

influence thereof on the resolution rate.

The control reaction was run with NME (3 g), whilé or 3.0 gSNME was used to

test the influence dR-NME on the reaction. The reactions were as desdrfor the

standard reaction at 45 and at pH 8.75. Samples (0.8)were taken every hour for

5 hours, weighed, acetone (2)nadded, and analysed by HPLC.

In the envisaged process diazabicyclo[5.4.0]uritteae (DBU) is used to racemise
the unreactedR-NME to R.SNME for recycling back into the reaction [20]. &h
DBU carries over into the resolution reaction anereéfore the influence thereof was
tested by addition of 0.25, 0.5 and 10% DBU to stendard reaction mixture. In
other experiments, DBU racemised NME containing D&ds used, and in four
further experiments recycled NME isolated from naeti or methanol/water

solutions was used in subsequent resolution et

2.5 Reaction optimisation

Physical Parameters: The interaction of temperatamd pH was tested in a

statistically designed experiment as the 4 poifita square to test the failure of ee
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(set as 97.5%) at various combinations of tempegan pH. The temperatures were
chosen as 3% and 50C (and in a second set as’@%and 57C) and the pH values as
8 and 10. The standard reaction protocol was age€épt where temperatures and pH

were adjusted.

Lower pH values might influence the separation MBENand naproxen as naproxen
starts to precipitate at 7.5, while above pH 1®é&ncical hydrolysis may occur. The
standard reaction conditions were used, changihgtba pH of the reaction either to
7.5, 10.5 or 11.00. Lower temperatures°C35have been found to affect only
conversion and not quality. The higher temperatureay denature the enzyme
(causing a decrease in conversion or ee) or cahemical hydrolysis of NME

(causing a decrease in ee). The temperaturesl wste 43C, 57C and 65C using

the standard reaction conditions. The influenceagitation on conversion was

determined by stirring at 250, 450 and 650 rpm.

Detergents: The effect of different Tween 80 comicdions on the rate of resolution
was examined using 0.1, 5 and 10% v/m Tween 80ffereint reactions. The effect
of methanol was determined on conversion by reptadween 80 with 1, 2 and 5%
v/m methanol. Polyethylene glycol (PEG) 400 is enmater soluble than Tween 80
and might be more efficiently removed from the pratdduring DSP. This was tested

in standard reactions.

Co-solvents: IPA (isopropyl alcohol) or tBAe(t-butyl alcohol) was tested at 1 and
10% concentrations as replacements for Tween 80thag could make the

downstream processing easier.
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2.6 Processintegration

Enzyme: High enzyme load can result in carry-over of prot@nd formaldehyde in
the final product and may also potentially haveirgluence on ee by virtue of the
enzyme action on R-NME. The standard reaction itimmd were used, changing
only the enzyme concentration to 100 and 200 wynéster, from the normal level of

10 units/g ester.

Buffer:
The standard reaction conditions were used, 1801§) units enzyme/g ester, 1%

Tween at 43C or 57C, pH 8.75 or 10, and buffer concentrations wereeda
(0.01 M, 0.5M and 1.0 M). Comparative studiegevandertaken with MOPS or
Tris, as well as titration with base (either NaOHNH,OH). Reactions were also
performed where the pH was controlled at 9.00, 25010.0 to determine the

sensitivity of enzyme enantioselectivity with pH.

Results and Discussion

Resolution of racemic naproxen esters carlhieved by enantioselective hydrolysis
of the Snaproxen ester, yieldin§naproxen and the R-naproxen ester. = However,
for S-naproxen to be pharmaceutically acceptableigh enantiomeric excess (ee)
must be achieved during hydrolysis, yielding er@ngric ratio (E) of greater than
100 [18]. An initial screen [18] determined thabne of a broad selection of

commercial enzymes, could provide an economicalple process for resolution of
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naproxen, either due to insufficient enantioseldgtior due to biocatalyst cost [19].
However, carboxylesterase NP, developed by Gistc@&tes (now DSM)
demonstrated superior enantioselectivity (>97%#&e), [and hence was selected for

further reaction optimisation.

3.1 Reaction conditions

Enzyme activity

Substrate selection: The substrate preferencel, @thgethyl esters of naproxen, was
evaluated in the presence of various buffers (Taplelt was evident from the results
that the methyl ester allowed for better enantexdglty than the analogous longer

carbon chain ethyl substrate. NME was therefolecsed for further experiments.

Initial enzyme to substrate ratio. Experiments using 180 gbf the NME showed

that 10 units of enzyme gave better conversion fhamnits (Table 2).

Reaction Kinetics

Reactions were done using the standard reactiogitemms, varying only the substrate
concentration between 75/gind ending at 200 gAt 25 g/. The enzyme units were
adjusted proportionately for each reaction to gpond to 10 units of enzyme per
gram ester. The conversion results (Fig. 1)caigid that the % conversion
decreased with an increase in substrate concemtrgiossibly due to the limitations

of dissolution of the solid substrate.
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Reaction Productivity and conversion: The resolution reaction was done on a
number of naproxen ester substrates from diffesentrces. The first hour of the

reaction was always relatively fast and then drdpffeg 2). The productivity of the

reaction in the first hour was typically 30 - 3%/g/ in the first hour and then
decreased to approximately 20/g/in the second hour and ended at approximately

9 g/t/h after 5 hours.

Initial reaction rates

The productivity is important from a scale-up pedjpve as the amount of product/
broth/h determines the economics of the resolutsbep. A fixed substrate
concentration of 150 ¢/racemic NME was used but the amount of enzyme was

varied. The initial rates of the reactions wereasuged and results expressed in terms
of productivity (Fig 3). The conversion of the stiate initially was dependent on the
amount of enzyme added and this relationship isosiniinear. The productivity
results were in correlation with the conversiorutess with the productivity in terms
of grams naproxen formed per litre broth per hoeing the highest for 20 units of
enzyme. From all the results a relationship betw&e rate of reaction and amount

of enzyme was evident.

3.2 Enzyme stability

Enzyme Thermal Denaturation

In all the resolution runs, the activity/productyis very high in the first hour and

then drops quite dramatically. It was thought thét could be due to loss of enzyme
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activity at high temperatures. Experiments wereedim which the enzyme was pre-
incubated with naproxen for 2, 5 and 20 hours fee&mldition of the substrate, to test
this theory (Figure 4). From the results we fotimat ageing of the enzyme did lead
to a decrease in the conversion rate, but the s@ne as before was still noticeable,
that is, in the first hour the activity was the tegt and then it dropped quite

significantly. This trend may be due to produdtition.

Reactant Related Denatur ation

Carboxylesterase NP had been stabilised to napmsiag formaldehyde at DSM
laboratories. However, lower than expected coneesswere obtained, and hence the
enzyme was re-treated 2300 ppm formaldehyde faudshat 40C [1] and

comparative resolution reactions were then perfdroseng 265 g/l and 18 units of
enzyme/g ester. After 5 hours, the conversiongwWdr4% for re-treated enzyme
compared to approximately 21% conversion of theaatéd enzyme. This indicates

that the reaction with formaldehyde is reversible.

3.3 Enzymeinhibition

Enzyme inhibition by R-NME: To determine the influence of the unreacted
enantiomeR-NME, which could potentially be a competitive ibhor, experiments
were run withSNME alone. Reactions were performed usss®yME (1.5 g or 3 g)
which would correspond to the normal availab®NME and total NME

concentrations respectively. The results (not st)awdicated thaR-NME did not



303 influence the reaction rate of the resolution,res $-NME reactions preceded at the
304 same rate as the racemic substrate.

305

306 Enzyme product inhibition by S-naproxen: Conversion of racemic NME to an

307 optimum of 50¥R-NME and 50%S-naproxen was calculated on a mass basis. Based

308 on this, 0 - 50% (0 - 47 / Snaproxen was added to the reaction being perforahed

309 100 gf and the results are given in (Fig 5). From thsults it was clear tha®

310 naproxen formed in this reaction was detrimentah®enzyme activity. This could
311 either be due to product inhibition, either revelesior irreversible (enzyme toxicity).
312

313 Enzymeproduct inhibition by methanol

314

315 S-naproxen and methanol are the products of thalutesn reaction. Methanol is
316 formed as a by-product during the reaction wheny thethyl group is eliminated and
317 reacts with water to form methanol. The influem€enethanol was therefore tested
318 on the reaction rate.

319

320 From the results it was clear that methanol shgldivered the reaction rate but this
321 effect was insignificant compared to the effecthd S-naproxen. A 5% decrease in
322 total conversion (45 to 40%) was experienced fraim 0% methanol.

323

324

325 3.4 Reaction Optimisation

326
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Effect of high pH on the enantioselectivity of the enzyme: For the reaction to be a

scalable, it should not be overly sensitive to f@d, localised pH variations are
common at large scale during titration. Reactid®® g/ rac-NME) were controlled

at pH 9, 9.5 and 10 and conversions were 43.4, &1d539% respectively, while the

ee was .99.2% in each case.

Agitation: The influence of agitation on the conversion of shbstrate t&naproxen
was determined by using three different stirringexs, i.e. 250, 450 and 650 rpm.
The reactions were stopped after 5 hours and reddhht there were no differences

in conversion using different rates of agitatioatédnot shown).

Influence of detergents and co-solvents on conversion: As thesubstrate is poorly
soluble, this may limit the reaction kinetics. Téurfactant Tween 80 increases the
solubility of the substrate and might thereforduahce the rate of reaction. Inclusion
of 0, 1, 5 and 10% (v/m) Tween 80 in the reactiad h strong positive influence on
the reaction rate, indicating that substrate sbtybs indeed a limiting factor (Table
3). The main benefit is achieved at relatively llevels of surfactant as there was a

negligible difference for the 1 to 10% Tween 80 camtrations.

Reactions were done with 1 and 10% PEG 400 instédadveen. The reaction with
1% PEG 400 gave a conversion of only 9.9% in figare and the 10% PEG reaction
a conversion of 13.4%, moreover the &l to 97.8 and 98.4 respectively, indicating
that this is not a viable option.  To determihe influence of IPA and tBA on the
reaction rate, 1 and 10% of these solvents wereddid the reactions instead of

Tween 80. The IPA and tBA used in the reactionsevaetrimental to the reaction



352 rate with the highest conversion being 9.1% in Grlavith 1% IPA. Conversions
353 between only 0.8% and 4.6% were recorded with tgkeen IPA concentrations and
354 either concentration of tBA.

355

356 Influence of particle size on theresolution rate: To test the effect of particle size on
357 the reaction rate, the substrate was sieved tofgaetions with a particle size either
358 larger or smaller than 53 um. The particles latban 53 um were visibly coarser
359 and resulted in a 14% slower reaction rate witlomversion of 31.1% compared to
360 36.2% for the smaller particles. Again this indgsathat substrate solubility and
361 dissolution rates are the limiting factor in thacton.

362

363 Determination of the pH and temperature limits: Lower pH values (eg 7.5) may
364 influence down stream processing of the reactasteaproxen precipitates as the free
365 acid at and below this pH value. This would cowgtie its separation from the
366 insoluble NME, reducing product purity. Converséligh pH values may cause
367 chemical hydrolysis of the ester bond, leading tdlezrease in ge Reactions
368 maintained at pH values between 7.5 to 11.0 (&€45 57C) were evaluated (Table
369 4). At45C the ee was not noticeably sensitive to pH andwitisn the limits set,
370 but naproxen yield was decreased at pH 7.5, ettherto reduced enzyme activity or
371 product precipitation. At 5 the pH was critical and caused the ee to faptat
372 10.00, while conversion was less in each case.

373

374 Temperatures of 45, 57 and°@5were tested at the standard pH value of 8.7% Th

375 conversion and ee were both affected negativeiptngase in temperature (Table 4).
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A two factorial Design-Ease model was used to tlst interaction of pH and
temperature and to determine if such an interactidh result in a failure of ee

(minimum specification limits set at 97.5%). Iretfirst set of experiments the pH
was chosen to be 8 and 10 and the temperatti@ d86d 50C with reactions in

duplicate. The response factors were taken asecsion (%) and ee (%). The R-
squared value was 1.00 and the F value (signifep®63.24 revealing that the
interaction between temperature and pH is sigmfieand working at high pH gives

the best conversion at either of the temperatumessiigated (Fig 6A).

The conversion does not directly influence the igpalf the final product, but will

make the DSP more difficult and increase productiosts. However the real effect
on quality is reflected in the ee. The R-squaralde for the interaction of pH and
temperature in terms of ee was 0.89 and the F-vEIL@3. The probability was not
significant compared to the conversion and theufaillimit of 97.5% ee was not

reached. The ee’s of the reactions were betwedéhad@ 98.4 (Fig 6B).

Enzyme Concentration: The standard reaction used 10 units of enzyme @an g
ester. Addition of 10 and 20 times the normal amtomas investigated (Table 5).
The conversion was faster with a 10 fold higheryemz concentration, yielding a
conversion of 47.2% in only 3 hours, and an theok®8%. A 20 fold enzyme
provided only a 0.4% improvement in conversion,le/kiropping the ee to 97.2% as
the enzyme begins to convert increasing amountshefR-enantiomer.as the S-

enantiomer is depleted.



401 Buffer concentration limits: The standard buffer concentration is 0.1 M sodium
402 phosphate at pH 8.75. In the initial set of experits 10 times lower and 5 and 10
403 times higher buffer concentration was used (Tabje WBsing a lower buffer
404 concentration was expected to make pH control déficult, and therefore adversely
405 affect conversion or ge However, reducing the concentration of phosplhae a
406 positive effect on the conversion result and naifigant effect on the ee, while
407 conversely increasing the buffer concentration hadegative effect on conversion
408 and also started to influence the ee at 1.0 M gthen

409

410 3.5Processintegration

411

412 Scale up parameters:

413 The optimised reaction conditions for the resolutstep were set as 150 @f the

414 NME in 0.1 M sodium phosphate buffer at pH 8.75 4Bt in the presence of 10

415  units enzyme in 20 ml.

416

417 A larger scale (600 n reaction was done to determine the ease of sgaleA

418 conversion of 44% was achieved after 5 hours &t 4farting with 150 g/NME and
419 10 units of enzyme. The ee of the product was 99%.

420

421  Substraterecycling:

422 Recycling of the residu@®-NME, is achieved using DBU. However it is antatied
423 that DBU would be carried through to the biocatalytaction, although the exact

424 amount would vary with the final process steps gratameters. Hence we
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investigated the influence of DBU on the biocayalytesolution orrac-NME.
Whether it was the racemised NME or NME spiked vibfBU, inclusion of 0.25%
DBU resulted in the same gand conversion as the control (~ 38%), both &ter
hours. However the racemised NME containing 10%dJDé&aused a decrease in
conversion to only 30.8% and a drop in ee to 96BEME racemisation reactions
indicated that a DBU concentration of 0.5% is sudint for complete racemisation,
and hence DBU does not have to be removed befereegolution of the racemised
material provided that it is not allowed to accuatelin the re-cycle stream. As a
demonstration of this, unreact®BeNME at the end of the resolution reaction run was
isolated and racemised using DBU before for reogclback into a subsequent
resolution reaction. The results (Table 7) iatkd that there were no adverse

effects on the resolution reaction or quality a firoduct.

CONCLUSION

We set out to provide an optimised naproxen regmiutaction with an E of >200
and an egof > 97.5%. This specification was set as it ¥easd to be possible to
recrystalise the product to within the required&89% if the crude product has an

initial ee of 97.5%.

The resolution ofac-naproxen ester with carboxylesterase NP to yieithproxen

acid andR-naproxen ester was optimised. The optimised ¢mmdi were found to be
10 units enzyme per gram ester reacted with1B5@gfer in 0.1 M sodium phosphate
buffer at pH 8.75 at 4& in the presence of 1% Tween 80, and pH maintenaiit

either 2.5 M NaOH or NFDH. Up to 46.9% conversion was achieved in only 5
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hours with an ee of 99% and E of 576, which is oseuble that we previously

attained with CLECs ofandida rugosa lipase [19].

An extra stabilisation of the enzyme with 2000 6@3pm of formaldehyde revealed
that the conversion of 265 g/l ester with 18 umifsenzyme per gram ester was

possible with a conversion in excess of 40% in &reavith a good enantioselectivity.

The water insoluble substrate forms a slurry inrdeection mixture, and particle size
had an influence on reaction rate, with the smadkaticle size providing the faster
conversion rate (36% compared to 31% in 5 hoursy@add be expected. Dispersal
of the substrate was demonstrated using the sanfaciween 80 and several
alternatives (PEG, methanol, IPA, tBTA), but onlwd@en 80 provided acceptable

resolution rates.

The process was validated by determination of thearmpeters which are quality
critical. It was found that temperature is the tno#ical parameter. Increasing the
temperature above 3Z not only decreases the conversion rate but asah effect
on the enantiomeric excess (ee) which determinesgalality of the final product. At
65°C at the normal pH the ee fails the set specibcabf 97.5%. As an isolated
factor, pH does not seem to be critical and evgrtHal 1l the conversion and ee do not
seem to be significantly influenced. At lower pBiQ(and 7.5) the conversion rate is

much lower, but again the quality is not signifitgrthanged.

The hydrolytic enzyme, Carboxylesterase NP has mamd to be more efficient for

the enantioselective production $haproxen than any other reported enzyme. This
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study has demonstrated that the biocatalyst waastodnd performed well under
process conditions. Recycling of tReNME via racemisation with DBU improves
the commercial viability of the process. Sucaodsitegration of the reaction into a
full process depended on the influence of the réasation agent (DBU) that would be
carried in the reaction through substrate recyclingBU was found to have no
significant influence on reaction rate or quality the product during substrate

recycling experiments.

The conclusion therefore is that the enantioseleatesolution of racemic naproxen
through hydrolysis of its ester can be achievedhgusCarboxylesterase NP under
conditions that could be implemented at an indalsstale. Formaldehyde stabilised
Carboxylesterase NP heterologously overpexpress@&l subtilis provides the best

opportunity so far for commercial implementatiortluf biocatalytic process.

Acknowledgements

Over-expressed Carboxylesterase NP was kindly geovby DSM. This work was
supported by AECI with project management by EledPiendegast. We are also
grateful to Neil Wilde for analysis and John Kah{j@stumous) for synthesis of

racemic naproxen and naproxen esters.

References
1. Mutsaers, JHGM, Kooreman, HJ. Preparation gifcally pure 2-aryl- and 2-
aryloxy-propionates by selective enzymatic hydrislysRecl. Trav. Chim. Pays -

Bas. 1991, 110:185 — 188



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

. Battistel, E. Bianchi, D. Cesti, P. Pina, izigmatic resolution of (S)-(+)-

naproxen in a continuous reactor. Biotechnol. Bipd®91, 38:659-664
Kazlauskas RJ, Weissfloch ANE, Rappaport ATedtau LA. A rule to predict
which enantiomer of a secondary alcohol reactsfast reactions catalysed by
cholesterol esterase, lipase frétseudomonas cepacia, and lipase fronCandida

rugosa. J. Org. Chem. 1991, 56: 2656-2665.

. Lalonde JJ, Govardhan C, Khalaf N, Martinez M&uri K, Margolin AL. Cross-

linked crystals of Candida rugosa lipase: Highlyicent catalysts for the

resolution of chiral esters. J. Am. Chem. Soc.1995: 6845-6852.

. Chibata J, Ed. Immobilised Enzymes. Kodanshtstdd Press: Tokyo-New

York, 1978.

. Santaniello E, Ferraboschi P, Grisent P, Martziio&c The Biocatalytic Approach

to the Preparation of Enantiomerically pure ChBailding Blocks. Chem. Reuv.

1992, 92: 1070-1140.

. Jackson MA, Labeda DP, Becker LA. Enantioselectiydrolysis of ethyl 2-

hydroxyalkanoates by an extracellular esterase fmoBacillus sphaericus strain.

Enz. Microb. Technol. 1995, 17: 175 - 179

. Roszkowski, AP, Rooks WH,Tomolonis AJ, MilleML Antiinflammatory and

analgesic properties of d-2-(6’-methoxy-2-naphtydjponic acid (naproxen). J

Pharmacol Exp Ther. 1971, 179: 114 — 123

. Chang C-S, and Tsai S-W. A facile enzymaticess for the preparation of (S)-

naproxen ester prodrug in organic solvents. Enzrdhiol. Technal1997 20:

635 - 639.



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

10. Tsai S-W and Wei H-J, Effect of solvent onrdizselective esterification of
naproxen by lipase with trimethylsilyl methanoloBichnol. Bioengl1994. 43: 64
- 68.

11. Tsai S-W and Wei H-J, Kinetics of enantiostlecesterification of naproxen by
lipase in organic solvents. Biocatalysis 1994.33 : 45.

12. Hernaiz MJ, Sanchez-Montero JM and SinisefraCbmparison of the
enzymatic activity of commercial and semipurifigehse ofCandida cylindracea
in the hydrolysis of the esters of (R, S)-2-ar@gionic acids. Tetrahedron 1994.
50: 10749 - 10760.

13. Wu S-H, Guo Z-W and Sih CJ. Enhancing the goselectivity ofCandida
lipase catalyzed ester hydrolysis via noncovaleayme modification. J. Am.
Chem. Soc1990. 112: 1990 - 1995.

14. Giorno L, D’Amore E, Mazzei R, Piacentini Bhahg J, Driolo E, Cassano R,
Picci N. An innovative approach to improve the parfance of a two separate
phase enzyme membrane reactor by immobilizing dipapresence of emulsion.
J Membrane Sci. 2007. 295: 95 - 101

15. Chen C-C and Tsai S-W. Carica papaya lipasevel biocatalyst for the
enantioselective hydrolysis of (R, S)-naproxen22i@fluoroethyl ester. Enz.
Microb. Technol. 2005, 36: 127 — 132

16. Koul S, Parshad R, Taneja SC, and Qazi GNyratic resolution of naproxen
Tetrahedron : Asymm. 2003, 14: 2459 - 2465

17. Quax WJ, and Broekhuizen CP. DevelopmentreveBacillus carboxyl esterase
for use in the resolution of chiral drugs. Applickbbiol. Biotechnol.1994, 41:

425 - 431



547

548

549

550

551

552

553

554

18. Steenkamp L, and Brady D. Screening of comiaezozymes for the
enantioselective hydrolysis of R, S-naproxen. Btizrob. Technol. 2003, 32:
472 -477.

19. Brady D, Steenkamp L, Skein E , Chaplin JAReddy S. Optimisation of the
enantioselective biocatalytic hydrolysis of napmxthyl ester using ChiroCLEC-
CR. Enz Microb Technol 2004, 34: 283-291

20. Van Zoest et al unpublished results. Citectfarence 17



555

DBU recycle

CH3 |

O
| DOR
_ Biocatalyst. MeO
OO H O (R)-naproxen methylester
MeO +

H

3

+ OH
+ COH,
O
MeO

556 (9-naproxen
557
558 Scheme 1: Enantioselective hydrolysis 9fiiaproxen methyl ester.

Ill@]

(R/'S9-naproxen methyl ester



559 Tablel: Comparison of substrate efficiency and enantextiglity in the presence of

560 different buffer and titration additive

561
Buffer co[r):t-'rol Substrate (%) _ % ee E
Conversion

MOPS NH,OH NEE 49.11 94.2 106
Phosphatg NaOH NEE 45.94.0 77
H.O NaOH NEE 21.8 90.6 26
MOPS NaOH NEE 46.795.0 102
MOPS NHOH NME 49.3]| 99.0 810
TRIS NaOH NME 44.798.8 406
Phosphatg NaOH NME 4099.0 | 397

562



563 | Table2: Results of the reactions performed with the 5.5H0d enzyme

564

565

Reaction | Reaction time Enzyr(nue)conc. Conversion % ee E
A 5 10 39.6 99.0 391
7 43.8 99.0 468
23 46.9 99.0 576
B 5 5.5 25.0 99.2 344
7 30.0 99.2 379
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Figure 2: The instantaneous and total productivities abamal resolution reaction.

The average productivity was calculated from thaltamount of naproxen formed

over a certain period divided by the amount of timbile the real productivity refers

to the exact amount of naproxen formed in a spehiur.
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586 Figure4: Comparison of the conversion results following@sure of the enzyme to

587 naproxen ¢) Control, @) 2 hours exposure &) 5 hours exposure ana)(20 hours
588 exposure.

589
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599 Table3: Results of different Tween concentrations ondbeversion of the substrate
600

% (v/m) Tween 80 % Conversion (5 h)
concentration

0 12.9

1 35.5

5 37.5

10 38.5

601



602 Table4: Influnce of pH and temperature on enantiomerioratuplicate experiments
603

Temp (°C) pH Conv (%) ee (%) E
45 7.5 20.8 98.6 182.7
45 8.75 33.9 99.0 330.6
45 10.5 35.7 98.4 215.1
45 11.0 36 98.8 290.5
57 7.5 15.5 98.4 148.0
57 8.75 234 98.6 190.5
57 10.0 23.3 96.8 82.0
65 8.75 10.0 97.0 73.0

604



605
606

607

Table5: Results of enzyme concentration on the reactionterselectivity.

Unitsenzyme | Conv (%) Time (h) ee (%) E
10 33.9 5 99.0 331
100 47.2 3 98.0 287
200 47.6 3 97.2 208




608 Table6: Results of the effect of buffer concentration onwersion and ee
609

Buffer conc. (M) Conv (%) ee (%) E
0.01 38.7 98.8 315
0.1 33.9 99.0 331
0.5 22.3 98.8 219
1.0 9.7 98.2 122

610



DESIGN-EASE Analysis 611 DESIGN-EASE Analysis

conversion ee
612
A 34.00 B- 3 99.00-
(t: B+
u 31.57 7 f 98.90] B+ B-
? L A
[
c 29.13 P t 98.80-| B-
o R u
a
n B D ]
v 26.70 98.70-|
i / e
— e
s 24.27 3 98.60-
o B+
n —
21.83 T 9 98.50+
19.40 71 B- ) 98.40 B+
~ 7621 ~ z

Interaction of A:pH and B:Tem
P . 622 Interaction of A:pH and B:Temp

623

624 Figure. 6A Figure. 6B

625

626

627 Figure6: Interpretation graph of actual conversion (6A) & (6B) respectively for

628 determination of interaction between (A) pH (8 a@J and temperature (B) (35
629 and 50C)

630



631
632 Table7. Results of the laboratory scale (600) muplicate recycling runs.
633

Enzyme
Recycle No. Conc (U) Conv €ep E
1 14 40.1] 99.2 499
2 14 40.0 99.2 497
3 14 39.8 99.2 494
4 14 37.5 99.4 611
5 14 37.5 99.0 365

634




