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Cross-Linked Enzyme Crystals as Highly Active form of CLEC catalysts which combines high activity and
Catalysts in Organic Solvents productivity in neat organic solvents.

Enzyme activity in organic solvents is intimately related to
Nazer Khalaf, Chandrika P. Govardhan, Jim J. Lalonde, water content} the size and morphology of the catalyst particles,
Rose A. Persichetti, Yi-Fong Wang, and and the enzyme microenvironment. These parameters can be
Alexey L. Margolin* adjusted by preparing lyophilized complexes of enzymes with

carbohydrate¥ organic bufferd? and salt$* However, despite
Altus Biologics Inc., 40 Allston Street the wide use of lyophilization for preparation of enzymes for
Cambridge, Massachusetts 02139-4211 catalysis in organic solvents, the process is not fully understood
] and may cause significant reversible denaturation of enzyfes.
Receied January 10, 1996 Since CLECs are solid crystalline particles insoluble in both
water and organic solvents, their drying can be achieved by
washing them with solutions of different surfactants in organic
solvents, thus completely avoiding lyophilization. A number
of anionic!® cationic!® and nonioni&’ surfactants were used
in the initial screening. The activity was measured after drying
and then repeated after 12 days storage at room tempetéture.
On the basis of this screening, the best surfactants were chosen
and dry CLECs were prepared on a large scale. In a typical
experiment CLECS of LPS (30 g protein) suspended in 10
mM Tris, 10 mM CaC4, pH 7.0, were transferred to a sintered
glass funnel (porosity~5 um). The buffer above the CLECs
was decanted or removed by suction. The equal volume of
2-butanone containing 30 g of the detergémiN',N'-poly-
(oxyethylene(10)N-tallow-1,3-diaminopropane was added to
the CLEC cake. The solvent and surfactant were removed by
gentle suction. The mixture was transferred to a fritted pressure
filter funnel after breaking up any lumps and dried in a stream
of nitrogen to a water content of about-2 % as determined
by Karl Fisher titration.

The activities of the resulting CLEESin the resolution of
alcohols, acids, and amines are presented in Table 1. Not only
are the CLECs of three different enzymes (two lipases and
subtilisin) much more active than their crude counterparts on a
weight basis (columns 4 and 5), but in all of the reactions shown
in the table their specific activity per milligram of protein is
higher as well (column 6). Thus, in order to achieve the same
|activity in the resolution of menthol or sulcatol, for example,

The low activity of enzymes in organic solvents limits their
impressive synthetic potentiillt is not unusual to see processes
employing more enzyme than substrate by wefgim.the case
of lipases, this low efficiency can be explained, at least in part,
by the low purity of commercial preparations. For example,
the commercial preparations of two of the most synthetically
useful lipases-from Candida rugosdCRL) andPseudomonas
cepacia(LPS)—contain less than-56% and 1% of the lipase,
respectively. The large amount of impurities makes the
downstream processing difficult and expensive, and complicates
our understanding of the mechanistic aspects of enzymatic
catalysis in organic solvents.

One would think that by using lipases in purified form much
higher activity could be achieved. In addition, recent pulbica-
tions have indicated that purified lipases exhibit higher enan-
tioselectivity in hydrolytic resolutions, simply by eliminating
contaminating enzymes with opposite enantioselectivity.
Surprisingly, the potential synthetic benefits of purified lipases
in organic solvents have not been realized to 8&téNot only
is the cost of purified lipases higher, but their stability and
activity in organic solvents are lower than those of their crude
counterpartg:8

Recent work on cross-linked enzyme crystals (CLE®s)s
demonstrated that enzymes in this form acquire high stability
while preserving their activity in high-water mixturés. By
definition, CLECs are highly purified since their preparation
includes crystallization of the enzymes. Subsequent chemical
cross-linking locks the enzymes in the crystalline form, thus ™ (11 Kiibanov, A. M. Trends BiochemSci 1989 14, 141—144. It is
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Table 1. Enzyme-Catalyzed Resolutions in Organic Solvents (Ratesue inumol/min-mg at 25°C)

VeredV crude;

compound actylating agerand solvent  enzymie Veiec® x 10° Venad x 10 equal protein  EECLEC  E crude
menthol (449 mM) VA (449 mM); toluene CRL 1220 4 62 >100 16
Ibuprofen (97 mM) n-amyl alcohol (460 mM) CRL 57.5 0.13 90 >100° 7.2

isooctane

hydroxyhexanoic acid (532 mM)  BuOH (1060 mM) toluene CRL 85 2.2 7.9 955 29
secphenethyl alcohol (200 mM) VA (200 mM) toluene LPS 15000 90 1.7 >100 >100
sulcatol (80 mM) VA (120 mM) toluene LPS 6700 20 3.4 28 35
2-octanol (80 mM) VA (120 mM) toluene LPS 11700 44.5 2.6 9.8 9.9
methyltryptamine (200 mM) TFB (400 mM)BUOH ABL 12.5 2.9 3.6 41 46

aVA, vinyl acetate; TFB, trifluoroethyl butyraté. The water contents of crude enzyme preparations were 9.3%, 2.5%, and 5% for CRL, LPS,
and ABL, respectively¢ The water contents for CLEC were 13.3%, 2.3%, and 2.5% for CRL, LPS, and ABL, respectively. CLEC concentrations
were 4, 1, 10, 1.2, 0.4, 0.4, and 16 mg/mL. The amounts of the surfactants in the final preparations of CLECs were 16%, 40%, and 50% (w/w)
for CRL, LPS, and ABL, respectively.Crude enzyme concentrations were 20, 15, 50, 8.3, 40, 40, and 28 mg/mL, respetfivaytotal protein
contents in crude commercial preparations of CRL, LPS and ABL were 10%, 0.7%, and 7%, respectively. The protein content of crude lyophilized
ABL was 50% (w/w)." Reactions rates and enantioselectivities were assayed by capillary gas chromatography on Cyclodex B, (alcohols) (R,R)Whelk-
OH (lbuprofen) GC, and Chiracel OJ HPLC (methyltryptamine) columBavas calculated according to ref 20. For discussion on applicability
of E for reactions affected by inhibition or catalyzed by crude enzymes see ¥&,¢,was calculated as in an irreversible case on the basis of the
ee of the product at low conversion.

one will need to use about 300-fold less catalyst. The striking lipids, celite, and other proteins. In addition, surfactants may
difference in activities between crude enzyme preparations andsimply facilitate the transfer of hydrophobic substrate molecules
CLECs cannot be explained by differences in water content in through the layer of tightly bound water to the binding site of
the case of CRL and ABL (Table 1, footnotes b and ¢). When an enzyme. While much more work is necessary to elucidate
crude CRL and ABL preparations were dried to the same water the exact mechanism of the effects of surfactants on CLEC
contents as those of CLECs (13.3% for CRL and 2.5% for activity,25 the practical consequences of this phenomenon are
ABL), the activities changed by less than 12%. immediately clear: the high specific activity, purity, and stability

To the best of our knowledge, this is the first demonstration of CLECs result in the high catalyst productivity in neat organic
that pure lipases can be extremely active in organic solv@nts. solvents.

In addition, CRL=CLECs exhibit much higher enantioselectivity
than crude CRL preparation (Table 1, entries3). In this case
the increased enantioselectivity of CRCLECs is clearly due
to the removal of competing hydrolases.

In order to demonstrate the productivity of CLECs in organic
solvents on a preparative scale, we chose the resolutisacof
phenethyl alcohol (50 mmol; 6.1 g) with vinyl acetate (50 mmol;
4.3 g) in toluene (100 mL) catalyzed by LPELECs (1.3 mg

In addition to the surfactants chosen for the preparative solid; 1 mg protein). The reaction mixture was allowed to stir
procedures, several others (Tritons and AOT for CRL and AOT at room temperature for 16 h at which time the conversion
and Brij 30 for ALB) exhibited high activity after storage. The reached 50%. The isolated yield of phenethyl acetate was 4.5
combination of several effects may account for this dramatic g (98.5% ee) giving the volumetric productivity of 30 g/L and
increase in activity of pure lipases in CLEC form. All of our 3 substrate to catalyst ratio of 4780.The high productivity
data indicate that surfactants play a crucial role in the activity of low molecular weight synthetic catalysts is thought to be
enhancement. Indeed, when CLECs were dried to a similar their key advantage over high molecular weight enzy#@#is
water content without surfactants, their activity was 19 (ABL), example clearly demonstrates that despite the high molecular
79 (LPS), and more than 100 (CRL)-fold lower than that weight and nonaqueous reaction medium, CLECs can be highly
reported in Table 23 The presence of amphiphilic surfactants productive and compare favorably even with the best of
may help to maintain a better water balance or the native synthetic asymmetric catalysts.

conformation of amphiphilic lipasé&éwhich in crude prepara-

tions can in part be achieved by different contaminants such as
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