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Enzymes are used as industrial catalysts for the
large and laboratory scale économical production of
fine and specialty chemicals (Jones, J.B., Tetrahedron
42: 3351-3403 (1986)), for the production of foodstuffs
(2aks et. al., Trends in Biotechnology' 6: 272-275
(1988)), and as tools for the synthesis of organic -
compounds (Wong, C.-H., Science 244: 1145-1152 (1989);
CHEMTRACTS-Org. Chem. 3: 91-111 (19%90); KXlibanov,
A.M., Acc. Chem. Res. 23: 114-120 (1990)).

Enzyme-based manufacturing can significantly
reduce the environmental pollution burden implicit in
the large scale manufacturing of otherwise unusable
chemical intermediates, as shown in the large scale
production of acrylamide dsing the enzyme, nitrile
hydratase (Nagasawa, T. and Yamada;, H., Trends in
Biotechnology 7: 153-158 (1989)).

Enzymes are also used in bicsensor applications to
detect various substances of clinical, industrial and
other interest (Hall, E., "Biosensors", Open University
Press (1990)). In the clinical area, enzymes may be
used in extracbrporeal therapy, such as hemodialysis
and hemofiltration, where the enzymes selectively _
remove waste and toxic materials from blood (Klein, M.
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Background of the Invention Enzynmes are used as industrial catalysts
for the large and | aboratory scal e econonmi cal production of fine and
§pe®¢alty chem cals (ones, J.B., Tetrahedron 42: 3351-3463 (-1986)), for the-
productd on of foodstuffs (Zaks et. al., Trends in Biotechnology 6: 272-275
(1988)), and as tools for the synthesis of organlc conpounds (Wng, C -H.

Sci ence 244: 1145-1152 (1989); CHEMIRACTS™@&Ty. Chem 3: 91-111 (1990);
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inplicit in the(iesg¢)scaEnzymes aveuused dn dhemeramas usetawse they
function efficiently as catalysts for a broad range of
reaction types, at modest temperatures, and with

5 substrate specificity and stereoselectivity.

Nonetheless, there are disadvantages associated with
the use of soluble enzyme catalysts which have limited
their use in industrial and laboratory chemical
processes (Akiyama et. al., CHEMTECH 627-634 (1988)).

10 Enzymes are expensive and relatively unstable
compared to most industrial and laboratory catalysts,
even when they are used in agqueous media where enzymes
normally function. Many of the more eccnomically
interesting chemical reactions carried out in common

15 practice are incompatible with agueous media, where,
for example, substrates and products are often
insoluble or unstable, and where hydrolysis can compete
significantly. In addition, the recovery of soluble
enzyme catalyst from product and unreacted substrate in

20 the feedstock often requires the application of compli-
cated and expensive separation technology. Finally,
enzymes are difficult to store in a manner that retains
their activity and functional integrity, for commer-

_ cially reasonable periods of time (months to Years)

25 - without having to resort to refrigeration (4°C to -80°C
to liguid N, temperatures), or to maintenance in
agqueous solvents of suitable ionic strength, pH, etc.

- Enzyme immobilization methods have, in many
instances, circumvented these disadvantages.

30 Immobilization can improve the stability of enzyme
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chem cal internedi ates, as shown in the | arge scale production of
acrylam de using the enzyne, nitrile hydratase (Nagasawa, T: and Yamada*

H ,~Prends in Bi ot echnol ogy 7: 153-158 (1989)). Enzynes are al so used
|n¢b|osensor applications to detect various substances of clinical,
I ndustrial and other interest (Hall, E., "Biosensors”, Open University

Press (1990)). In the clinical area, enzynB3~may be used in extracorporeal

t herapy, such as henpdi al ysis and henofijl tration, where the enz
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harsh solvent environments and extreme temperatures
characteristic of industrial and laboratory chemical
processes (Hartmeier, W., Trends in Biotechnology 3:

5 149-153 (1985)). Continuous flow processes may be
operated with immobilized enzyme particles in columns,
for example, where the soluble feedstock passes over
the particles and is gradually converted into product.

As used herein, the term enzyme immobilization
10 refers to the insolubilization of enzyme catalyst by
attachment to, encapsulation of, or by agdgregation into
macroscopic (10 mm) particles.
A number of useful reviews of enzyme immob-
ilization methods have appeafed in the literature
15 ' (Maugh, T.H., Science 223: 474-476 (1984); Tramper,
"J., Trends in Biotechnology 3: 45-50 (1985)). Maugh
describes five general approaches to the immobilization
of enzymes. These include: adsorption on solid
supports (such as ion-exchange resins); covalent
20 attachments to supports (such as ion-exchange resins,
porous ceramics or glass beads); entrapment in poly-
meric gels; encapsulation; and the precipitation of
soluble proteins by cross=-linking them with bifunc-
tional reagents in a random and undefined manner. In
25 addition, one can immobilize whole cells (usually dead
and made permeable) which have expressed the desired
enzyme activity at high levels (e.g., Nagasawa, T. and
Yamada, H., Trends in Biotechnology 7: 153-158 (1989)).
Each of these immobilization procedures has its
30 own advantages and limitations and none can be
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-2-. and Langer, R, Trends in Biotechnology 4: 179-185 (1986)). Enzynes
are--.yused in these areas because they function efficiently as catalysts for~
3 broad range of reaction types, at nodest. tenperatures, and with substrate
specifigity and stereosel ectivity. Nonethel ess, there are disadvantages
associated wth the use of soluble enzyne nftalysts whi ch have limted = .
their use in industrial and | aboratory chentCal processes (Aklyana et. al.,

instabl e conpar EATEIARREY | SRELEHT (9T SePFostiator, o ParhopE. CHORY Hhen
they are used i enzyms satellyst Wikt imzte)yesepresentyg énayt aosmalBny of the
more econom cal lpy J I REE4 eh& "ER LR vEFL ' P n&eLE1EY BHLskALtCIN e
chemical reactor. As such, the bulk of the immobilized
5 medium is made up of inert, but often costly carrier
material. In all of them, the immobilizing
interactions of the enzyme catalyst molecules with each
other and/or with the carrier material tend to be
random and undefined. As a result, although these
10 interactions confer some enhanced stability to the
enzyme catalyst molecules, their relative
non-specificity and irregularity makes that
stabilization sub-optimal and irregular. In most
cases, access to the active site of the enzyme catalyst
15 remains ill-defined. In addition, the immobilization
methods described above fail to deal with problems
associated with storage and refrigeration. Nor can
conventionally immobilized enzymes generally be
manipulated, as in being exchanged into one or another
20 solvent of choice, without risk to the structural and
functional integrity of the enzyme. In practical
terms, except for the attached tether to the carrier
particle, conventionally immobilized enzymes bear close
resemblgnce to soluble enzymes, and share with them a
25 susceptibility to denaturation and loss of function in
harsh environments. | ' '
In general, immobilization methods lead to a
reduction of observed enzyme-catalyzed reaction rates
relative to those obtained in solution. This is mostly
30 a consequence of the limits of inward diffusion of

s
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practice are inconpatible with aqueous nedia, where, for exarple,
substrates and products are often insoluble or unstable, and where
hydrﬁly5|s can conpete significantly. In addition, the recovery of soluble
enzyne.cat al yst from product and unreacted substrate in the feedstock often
requi res the application of conpli- cated and expensive separation
~technology. Finally, enzynes are difficult Jsu store in a manner that
retains their activity and functional integrity, for commer- cially

reasonabl e peri oﬂﬁbgirht@eah&%h%a&a YT s (¥ R (predade &ptnsﬁoeﬁetd
refrigeration (4Lerrg§1to -80[err]Cto liquid N2 tenperatures or to

mai nt enance in adB®g é&P@eﬁMYB‘F partdnle | (@Wieche erfjth: r pRdet ¢
Enzyme i nmobi | i zaicaaraet, hgdH.hasdocheni®try N annresa- mvsum/semw t hese

di sadvant ages. | ?HDth'cé%ts'a%@ $lecelRe 6t et Warrddr OnRE™
5 immobilized enzyme particles increases the mean free
path between the solvent exterior of the immobilized
‘enzyme particle and the active site of the enzyme
catalyst and thus exacerbates these diffusion problems.
When dealing with immobilized cells, the diffusion
10 problem is particularly severe, even if cell walls and
membranes are made permeable to substrate and product
in some way. One would further be concerned with the
multitude of contaminating enzymatic activities,
metabolites, and toxins contained in cells, and with
15 . the stability of cells in harsh solvents or extreme
temperature operating environments. An improved
immobilization technique which avoids the limitations
of the presently available methods would be helpful in
promoting the use of enzymes as industrial catalysts,
20 particularly if it were shown to be useful on a large
scale (Daniels, M.J., Methods in Enzymology 136:
371-379 (1987)).

Summary: of the Inventi
The present invention relates to a method of
25 immobilizing an enzyme by forming crystals of the
enzyme and, generally, also cross linking the resulting
crystals through use of a_bifunctional reagent;
cross-linked immobilized enzyme cryétals (referred to
as CLECs or CLIECs) made by this method; the

-\
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-3- catalysts and protect their functional integrity in the harsh sol vent -
envi ronnents and extrene tenperatures characteristic of industrial and

1 abgrat ory chemical processes (Hartmeier, W, Trends in Biotechnol ogy 3:
149-153 (1985)). Continuous flow processes may be operated with inmobilized
enzyne particles in colums, for exanple, where the sol uble feedstock
passes over the particles and I s gradual | yesonverted i nto product. As
used herein, the termenzyme inmobilization

lyophilization of CLECs as a means of improving the

storage, handling, and manipulation properties of

immobilized enzymes and a method of making a desired

product by means of a reaction catalyzed by a CLEC or a
5 set of CLECs.

) In the method of the present invention, small
(10'mm) protein crystals are grown from agqueous
solutions, or agueous solutions containing organic
solvents,'in which the enzyme catalyst is structurally

10 : and functionally stable. In a preferred embodiment,
crystals are then cross-linked with a bifunctional
reagent, such as glutaraldehyde. This cross-linking
results in the stabilization of the crystal lattice
contacts between the individual enzyme catalyst

15 molecules constituting the crystal. As a result of
this added stabilization, the cross-linked immobilized
enzyme crystals can function at elevated temperatures,
extremes of pH and in harsh aqueous, organic, or
near-anhydrous media, including mixtures of these.

20 That is, a CLEC of the present-invention‘can function.
in environments incompatible with the functional
integrity of the corresponding uncrystallized,
uncrosslinked, native enzyme or conventionally
immobilized enzyme catalysts.

25 ' In addition, CLECs made by this method can be
subjected to lyophilization,'producing a lyophilized
CLEC which can be stored in this lyophilized form at
non-refrigerated (roém) temperatures for extended
periocds of time, and which can be easily reconstituted

30 in aqueous, organic, or mixed aqueous-organic solvents
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refers to the insolubilization of enzyme catal yst by attachnent to,
rencapsul ation of, or by aggregation into macroscopic (10[err] nn)

: partécles. A nunber of useful reviews of enzyme i mmob- ilization

- net hods have appeared in the literature (Maugh, T.H , Science 223: 474- 476
(1984): Tranper, J., Trends in Biotechnol ogy 3: 45- 50 (1985)). Maugh
describes five general approaches to the iJyuwbilization of enzymes. These
i ncl ude: adsorption on solid supports (such as ion-exchange resins);

coval ent attachggn ﬁo%@esugﬂehbﬁt(%Héhf%%ﬂa&ﬁn&%@&a@mbﬁpﬁﬂuﬁ por ous

ceram cs or gl ass , entrapnent in poly r el s:  encapsul ati on;
and t he preC|plﬁﬂﬁpéﬁsépn§oﬁﬂﬁlHlﬁhoPéH&FQGynggé RPE P ¢ h

bi f unc- L'Fna| &Ea?eﬁhé ;;eéeh%nFﬁﬁbﬁ&dgﬂﬂéﬂbdﬂréBﬁhﬁ!ﬂtoIGLEEH|t|on one
can i mobilize whole c sua er ) have
50 Pré P%Waé@e B"s ( Ly gagxgwa T.

expressed the d8§PPESe
and s laboratory and large scale industrial production of

selected materials, such as chiral organic molecules,
peptides, carbohydrates, lipids, or other chemical
species. Presently, these are typically prepared by
conventional chemical methods, which may require harsh

10 conditions (e.g. agueous, organic or near-anhydrous
solvents, mixed aqueous/organic solvents or elevated
temperatures) that are incompatible with the functiocnal
integrity of uncrystallized, uncrosslinked, native
enzyme catalyst. Other macromolecules with catalytic

15 activity can also be incorporated into the proposed
CLEC technology. These might include catalytic
antibodies (Lerner, R.A., Benkovic, S.J., and Schultz,
P.G., Science 252:659-667 (1991)) and catalytic

. polynucleotides (Cech, T.R., Cell 64:667-669 (1991);

20 Celander, D.W., and Cech, T.R. Science, 251:401-407
(1991)).
' The present invention also relates to a method of
making a selected product by means of a reaction
catalyzed by a CLEC of the present invention.

25 In an example of the method and practicé of the

| present invention, the enzyme thermolysin, a zinc
metalloprotease, was used to synthesize a chiral
precursor of the dipeptidyl artificial sweetener,
aspartame. The enzyme thermolysin was crystallized

30 from a starting agueous solution of 45% dimethyl
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Yamada,- H., Trends in Biotechnology 7: 153-158 {1989)). Each of these
tlnnnblllzation procedures has its own advantages and |i nktati ons and none

can.-be -4- considered optimal or- - -
dom nating. In nost of them the enzynme catalyst ultimately represents only

a 'small fraction of the total volune of npgerial present in the chem cal
reactor. As such, the bulk of the immobilized - '

sulfoxide, and 55% 1.4M calcium acetate, 0.05M sodium
cacodylate, pH 6.5. The resulting crystals were
cross-linked with glutaraldehyde to form a thermolysin
CLEC. The thermolysin CLEC was then transferred from
5 the aqueous crystallization solution in which it was
made, into a solution of ethyl acetate containing the
substrates, N-(benzyloxycarbonyl)-L-aspartic acid
' (Z-L-Asp) and L-phenylalanine methyl ester (L-Phe-OMe).
The thermolysin CLEC was then used to catalyze a

10 ' condensation reaction of the two substrates to
synthesize N-(benzyloxycarbonyl)-L-aspartyl-
L-phenylalanine methyl ester (2-L-Asp-L-Phe-OMe), which
is the dipeptidyl precursor of the artificial sweetener
aspartame. Using any one of many known techni@ues

15 (see, e.g. Lindeberg, G., J. Chem Ed. 64: 1062-1064
(1987)) the L-aspartic acid in the synthesized
dipeptidyl precursor can be deprotected by the removal
of the benzyloxycarbonyl (2Z-) group to produce
aspartame (L-Asp-L~-Phe-OMe).

20 In a second example of the method and practice of
the present invention, the enzyme thermolysin was used
to produce thermolysin CLECs. The activity and
stability of thermolysin CLECs were compared to that of
soluble thermolysin under optimum conditions and

25 " conditions of extreme pH and termperature, following
incubation in the presence of organic solvents and
following incubation in the presence of exogenous

protease.
The enzyme thermolysin was crystallized from a
30 solution of 1.2M calcium acetate and 30% dimethyl
,————’// .
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medi um.is made up of inert, but often costly carrier material. In all of
them the immobilizing interactions of the enzyme catal yst nol ecules with
"each*other and/or with the carrier naterial tend to be random and.
undefined. As a result, although these interactions confer sone enhanced
stability to the enzyne catal yst nol ecul es,-g-heir relative non-specificity
and irregularity makes that stabilization sub-optinmal and irregular. ‘In

most cases, aCCGBﬁlfﬁxﬁ.B& @ﬁt iav.m Si fThefrehal teimay erystaly swerenai ns

|II-def|ned I n additi il zatd e _fai

to deal with proBFBAE é§§89| éi’tlé:&’ ti't c%g@’%%zhre? ??%%é%?&a@?ﬁé %

conventional ly |mnobtltbe&oemzpmmhqpmuﬂyﬁin/QEEQENH?h#eﬂhswmgkysnnbeLHg

exchanged into o Of 2RO tég@@ '

structural and fgﬁgt 8§§|393§§§¥ 6Qré§é§é§§%?& r%é??%ake°&$er'

except 5for the aft@eheThecMools - stry, PP. $79-380 (John
Wiley and Sons, NY (1977)) to form a lyophilized enzyme
CLEC of thermolysin. This lyophilized CLEC was then
transformed directly into the different aqueous,

organic, and mixed agueous/organic solvents of choice

10 without an intervening solvent exchange procedure,';
without formation of amorphous suspensions, and with
minimal risk of denaturation. These solvents included
acetonitrile, dioxane, acetone, and tetrahydrofuran,
but not to the exclusion of others. Following

15 incubation, activity was assayed spectrophotometrically
by cleavage of the dipeptide substrate FAGLA
(furylacryloyl-glycyl-L-leucine amide).

In a third example of the method and practice'of
the present invention, the enzyme elastase (porcine

20 _pancreatic) was crystallized from an agueous solution
of 5.5 mg/ml protein in 0.1 M sodium acetate at pH 5.0
at room temperature (Sawyer, L. et al., J. Mol. 3iol..
118:137-208). The resulting crystals were crosslinked
with glutaraldehyde at a concentration of 5% to form an

25 elastase CLEC. The elastase CLEC was lyophilized as

'  described in Example 2.

In a fourth example of the method and practice of
the present invention, and as disclosed here, the |
enzyme esterase (porcine liver) was crystallized from

30 an aqueous solution of 15 mg/ml protein in 0.25 M
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particle, conventionally imobilized enzynes bear ¢l ose resenbl ance to

sol ubl e enzynes, and share with thema susceptibility to denaturation and

‘l oss-of function in harsh environnents. . In general, inmobilization~
met hods lead to a reduction of observed enzynme-catal yzed reaction rates
relative to those obtained in solution. This is nostly a consequence of the
limts of inward diffusion of - -10- o

calcium acetate at pH 5.6 at room temperature. The
resulting crystals were crosslinked with glutaraldehyde
at a concentration of 12.5% to form an esterase CLEC.
The esterase CLEC was lyophilized as described in
5 - Example 2.
In a fifth example of the method and practice of
the present invention, and as disclosed here, the
.enzyme lipase (Geotrichum candidum) was crystallized
from an agueous solution of 20 mg/ml protein in 50 mM
10 Tris at pH 7 at room temperature. The resulting
crystals were crosslinked with glutaraldehyde at a
concentration of 12.5% to form a lipase CLEC. The
lipase CLEC was lyophilized as described in Example 2.
In a sixth example of the method and practice of
15 the present invention, the enzyme lysozyme (hen egg
white) was crystallized from an agueous solution of 40
mg/ml protein in 40 mM sodium acetate buffer containing
5% sodium chloride at pH 7.4 at;room'temperature
(Blake, C.C.F. et al., Nature, 196:1173 (1962)). The
20 resulting crystals were crosslinked with glutaraldehyde
at a concentration of 20% to form a lysozyme CLEC. The
lysozyme CLEC was lyophilized as described‘in'Exahple
2. . _
In a seventh example of the method and'practice of
25 the present invention,'the enzyme asparaginase
(Escherichia coli) was crystallized from an aqueous
solution of 25 mg/ml protein in 50 mM sodium acetate
and 33% ethanol at pH 5.0 at 4°C. The crystallization
is a modification of the procedure described by Grabner
ao et al. [U.S. Patent 3,664,926 (1972)]). As disclosed
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substrate and outward diffusion of product within the inmobitTized -enzyne
particle (Quiocho, F. A, and Richards, F.M, Biochemstry 5: 4062-4076 -
*(1967)). The necessary presence of inert carrier in the i mobilized enzyne
particl.es increases the nean free path between the solvent exterior of the
i mmobi | i zed enzyme particle and the activejgite of the enzyme catal yst and
t hus exacerbates these diffusion problens. Wen dealing with i nmobilized

cells, the diffhsien gheb smslﬂar Ek‘?%'t%rﬂsymr&oﬁ’ﬁhkéd Oseithvval | s and
nenbranes are made perneable to sdbstiate and produ sone Eﬁ ﬂa
z tic

woul d further 61€Bh€élﬁeHYGFtﬂttﬁecﬁﬂFFPFE ign ta P kP

activities, net aagafagsnaaedcmw nsThenadpasddinasd [CLE@whs th the
stability of cells I n 3 sol.vent . or, extreme tenaﬁrature operati ng

envi ronnent s. AAYPHBFB%éa i AfoBPEFEAPEGn ML EXAMRA® \hi ch avoi ds the
limtgtions of the pothest byzgmesl whiehmeamde vimiabikized pfmiain

similar manner and used to catalyze an appropriate
reaction include luciferase and urease. Other enzymes,
such as those listed in Tables 1—5, can also be
crystallized and crosslinked using the present method,

10 to produce a desired CLEC which can, in turn, be used
to catalyze a reaction which results in production of a
selected product or to catalyze a reaction which is an
intermediate step (i.e. one in a series of reactions)
in the production of a selected product. It is

15 recognized that although crosslinking helps stabilize
the majority of crystals, it is neither necessary nor
desirable in all cases. Some crystalline enzymes
retain functional and structural integrity in harsh
environments even in the absence of crosslinking. -

20 . Although in the preferred embodiment, the crystal is
crosslinked, crosslinking is not always necessary to
produce an enzyme crystal useful in the present method.

CLECs have several Kkey characteristics that confer
significant advantages over conventional enzyme

25 - immobilization methods presently in use. CLECs
dispense with the need for a separate, inert support
structure. Lack of an inert support will improve
substrate and product diffusion properties within CLECs
and provides enzyme concentrations within the crystal

30 that are close to the theoretical packing limit for

f_
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pronoting the use of enzynes as industrial catalysts, particularly if it

were shown to be useful on a large scale (Daniels, MJ., Methods in - -
‘Enzynol ogy 136: 371-379 (1987)). Summary of the Invention In

accordance with a first aspect of the present invention, there is provided

a protein crystal crosslinked with a nultifunctional crosslinking agent,

sai d crosslinked protein crystal being chg{ terized in that it has

resi stance to exogenous proteolysis, such %gt said crosslinked protein

crystal retainggiolonss SR%Akn! bip8L 20! ik iyt BrRbtrdEIaRs Of

degr adati on, er I ncu lon tor t ree hou in the presence
concentration 0¢aﬁ%bmaﬂeﬁerF}gnhﬁﬂcéaﬁs§§eFﬁé¥9HaGbl QHﬂﬂ%ﬁﬁﬂ(ﬁﬁ&Rﬁqorn1of

the protein thatf.hészﬁ&i‘ hakh éeﬂeemer Bctdivd tyr @feia girver alolié o5
crossllnked to cggglgét eaigductign E%ss% %@Q;télcoﬁign¥ﬁ%¥£§j${¥h
5 enzyme and overall reduction in plant size and capital
costs (Daniels,M.J., Methods in Enzymol. 136: 371-379
(1987)). The uniformity across crystal volume and
enhanced stability of the constituent enzyme in CLECs
creates novel opportunities for the use of enzyme
10 catalysis in harsh conditions, such as elevated
temperature, and agueous, organic or near-anhydrous
solvents, as well as mixtures of these. 1In addition,
the restricted solvent access and regular_protein
environment implicit in a crystal lattice should lead
15 to improved metal ion and co-factor retention for CLECs
vs. conventional immobilized enzyme systems.

jef Description of the Drawinas
Figure 1 is a graphic representation of results of
assessment of enzymatic activity of soluble and
20 thermolysin CLEC.
Figure 2 is a graphic representation of results of
da comparison of pH dependencies of thermolysin CLEC
and soluble thermolysin.
Figure 3 is a graphic representation of
25 measurement of the activity of soluble and crystalline
thermolysin after incubation at 65°C.
Figure 4 is a graphic representation of results of
assessment of resistance of soluble and thermeclysin
CLEC to exogenous proteolytic degradation.

\
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terms of degradation, under the sanme conditions.
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Figure 5 is a graphic representation of results of
the assessment of enzymatic activity for soluble |
elastase and the corresponding elastase CLEC.

Figure 6 is a graphic representation of the
resistance of soluble elastase and the corresponding
elastase CLEC to exogenous proteolytic degradation.

Figure 7 is a graphic representation of results of
the assessment of enzymatic activity for soluble
esterase and the corresponding esterase CLEC.

Figure 8 is a graphic representation of the
resistance of soluble esterase and the corresponding
esterase CLEC to exogenous proteolytic degradation.

Figure 9 is a graphic representation of results of
the assessment of enzymatic activity for soluble lipase
and the corresponding lipase CLEC.

Figure 10 is a graphic representation of results
of the assessment of enzymatic activity for soluble
lysozyme and the corresponding lysozYme CLEC.

Figure 11 is a graphic representation of results

.df the assessment of enzymatic activity for soluble

asparaginase and the corresponding asparaginase CLEC.

Detailed Description of the ventio

A simple, general procedure that assures stability
and function for a given enzyme or set of enzymes under
conditions which are of interest to the synthetic
chemist and which are too harsh for use with enzymes
using presently available methods, would be very
useful. Cross-linked immobilized enzyme crystals
(referred to as CLECs or CLIECs) as described here can

,/ffﬁ\
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In accordance with a second aspect of the present invention, there is
provided an enzyne crystal crosslinked with a nmultifunctiona
‘crosslinking agent, said crosslinked enzyme crystal being characterized in
that it has resistance to exogenous proteolysis, such that said crosslinked
enzynme crystal retains at |east 91%of its initial activity after.

i ncubation for three hours in the presencg ,of a concentration: :of
Pronase[err] that causes the sol uble uncrasslinked formof the enzyne that

2 5t b 2o’ Rl B BN SRt Ak R 3 SERSBE W e
accordance wt llaa:ﬁ:h:er ambpeLitd comspitsent enzvymei catallysts |1§1 ﬂ:ﬂ’tﬁ/l ded
o0 MY e v B MY dddedy IikibdUPBLLENGh, pleRLeehd et
of CLECs in env1ronments, including aqueous, . organlc
5 or near-anhydrous solvents, mixtures of these solvents,
extremes of pH and elevated temperatures, which are
incompatible with enzyme function using presently
available methods. In addition, the stabilization of
the crystal lattice in CLECs makes possible the
10 lyophilization of CLECs by standard methods.
Lyophilized CLECs can be stored for commercially
attractive periods of time (months'to years) in the
absence of refrigeration, and facilitate the rapid and
uncomplicated utilization of CLECs in industrial and
15 laboratory scale processes by the simple addition of
solvents of choice, without need for infervening
solvent exchange processes. CLECs are also highly
resistant to digestion by exogenous proteases. The
method of the present invention facilitates the use of
20 versatile enzyme catalysts in mainstream industrial
" chemical processes, as well as in the:laboratory
synthesis of novel compounds for research. '
Although crosslinking contributes to the stability
of a crystal enzyme, it is neither necessary nor
25 desirable in all cases. Some crystallized enzymes
retain functional and structural integrity in harsh
environments even in the absence of crosslinking. The
preferred embodiment of the present method includes
cross-linking of a crystal enzyme and is described in
30 detail in the following sections. It;is to be




| east 50% of the catalytic activity of the sol uble uncrosslinked form of
the enzynme that is crystallized to formsaid enzyhe crystal .that. is
‘crosslinked, wherein said crosslinked enzyne crystal- has a cross- section
of less than 10[err] nm The present. invention relates to a nethod of
I mobi lizing an enzynme by form ng crystals of the enzyne and, generally,
also cross linking the resulting crystal seijgcough use of a bifunctional
reagent; cross-linked i mobilized enzyme crystals (referred-to as CLECs or

CLI ECs) made byuhdéSst®8689JhoB9er, that crystallized enzymes which
are not subsequently cross-linked can be used in some
embodiments of the present invention. .

The regular interactions between the constituent
5 enzyme molecules in the crystal lattice of a CLEC
result in well defined pores of limited size leading to
the enzyme molecules within the body of a CLEC. As a
result, substrates larger than the available pore size
will not penetrate the body of the CLEC particle.

10 As a consequence of the limited pore size, many
enzymatic reactions of commercial and academic interest
involving substrates larger than the pore size of the
CLECs would be beyond the scope of the present
invention. This would include most reactions involving

1S : large polymers, such as proteins, polynucleotides,
polysaccharides, and other organic poiymers, where the:
number of polymeric subunits would be such a$ to make
the polymer larger'than“the-crystal'pore'size.in CLECSs.
In such instances, however, catalysis can still take

20 place on the CLEC surface.

The present invention is a method of immobilizing
a selected protein, particularly an enzyme, by
crystallizing and crosslinking the protein, resulting
in production of a crosslinked immobilized enzyme

25 cryétal (CLEC) which can be used to catalyze production
_of a selected product, such as a peptide, carbohydrate,
lipid or chiral organic molecule. The present
invention further relates to such CLECs and to a method
of making a selected product by means of a

30 CLEC-catalyzed reaction or CLEC-catalyzed‘step in a
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| yophilization of CLECs as a neans of inproving the storage, handling, and
mani pul ati on properties of immobilized enzynes and a nethod of making a
‘desi red product by neans of a reaction catalyzed by a CLEC or. 'a set of
CLEGs. . In the nmethod of the present invention, small (10[err]mm - .
protein crystals are grown from aqueous sol uti ons, or aqueous-sol utions
contai ning organic solvents, in which the-ggzyne catalyst is structurally
and functionally stable. In a preferred enbodi ment, crystals are then
cross-linked w tderddd fomaidauttonssagein , onecémpbsdthehtr aefdéhed preSent

e The Pt dh s e (ian gy P pflclPEof " 83" Bbphthkieenaan 2ot s
. been produced in a condensation reaction catalyzed by
cross-linked immobilized thermolysin made by the
5 present method. In another embodiment of_tﬁis
invention, the indicator substrate, EAGLA,'has been
cleaved to produce a colorimetric product, whose
presence is indicative of enzyme activity in a
thermolysin CLEC. FAGLA hydrolysis has been used as a
10 model reaction to indicate the robustness of the
' thermolysin CLEC in a number of environments that would
be normally incompatible with that enzyme's activity.
| In other embodiments of this invention, the
.enzymes elastase, esterase, lipase,_asparaginase, and

15 lysozyme have been used to cleave various indicated

substances, such as p-nitrophenyl acetate (esterase and

. lipase), succinyl- (ala)3-p-nitroanilide 1e1astase), 4=
methylumbelliferyl N-acetyl-chitrioside'(lysozyme) and
NADH (asparaginase).

20 By the method of this invention, one of ordinary
skill in the art can adapt a protocol for making a |
desired product by means of a reaction catalyzea:by an
immobilized enzyme. The enzyme of interest, whén
crystallized from an appropriate solution, can be

25 cross-linked with glutaraldehyde or other suitable -
bifunctional reagent in the crystallization solutigh to
produce a CLEC of that enzyme. Subsequently, the ¢LEC
of the enzyme of choice can be lyophilized as described
in Example 2. | o '
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nol ecul.es constituting the crystal. As a result of this added N

stabilization,

the cross-linked i mobilized enzynme crystals can function at

el evat ed tenperatures, extrenmes of pH and in harsh aqueous, organic, or
near - anhydrous media, including mxtures of these. That is, a CLEC of the
present invention can function in environnments inconpatible with the

functi onal

integrity of the correspondi ng=ddcrystallized, uncrosslinked,

native enzyne or conventionally inmobilized enzyne-catalﬁsts. In
addition, CLECs nade Thenehiarergeawsraarpdiantagest €hich thepMeei 24t Ron,

producing a | yopii (f 2% drls=ovidy ﬁgﬁéﬁhm%ﬁfﬁabﬂet ehgymeophith1yedal or m

at non-refrigerated (room tenpe ures for extended ggrlods of tine, and

whi ch can be ea®ethadsoondial BXARRIE kR REOSS TAME

oFT¥Ffad matrix

aqueous- or gani ¢ j§plaveNET provides its own support. Expensive carrier

5

10

15

20

25

30

beads, glasses, gels, or films are not required in
order to tie down the enzyme catalyst, as they are in
presently-available immobilization methods. As a
result, the concentration of enzyme in a CLEC is close
to the theoretical packing limit that can be achieved
for molecules of a given size, gréatly exceeding
densities achievable even in concentrated solutions.
The entire CLEC consists of active enzyme (and not
inactive carrier), and thus, the diffusion-related
reduction of enzyme reaction rates usually observed
with conventionally immobilized enzymes relative to
enzymes in solution should be minimized, since the mean
free path for substrate.and.product.between active
enzyne and free solvent will be greatly shortened for
CLECs (compared to a conventional immobilized enzyme
carrier particles). These high protein densities
will be particularly useful in biosensor, analytical
and other applications requiring large amounts of
protein in small volumes. In industrial processes,
the superior performance and compéctness of CLECs
results in significant operating economies, by _
increasing the effective activity of a given volume of
catalyst, thereby allowing reductions in plant size, as

~ well as capital costs (Daniels, M.J., Methods in

Enzymol. 136: 371-379 (1987)). CLECs are relatively
monodisperse, with a macroscopic size and shape

'This Sheet Hag ‘
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-7- of choice, without the formati on of anorphous suspen§Lons‘and W th

m ni mal risk of denaturation. The present invention also relates to

"CLECS produced by the present nmethod and to their use in |aboratory and-* ™ =~ -~
| arge scale industrial production of selected materials, such as chiral

organi c nol ecul es, peptides, carbohydrates, |ipids, or other chem cal

speci es. Presently these are typically prgpared by conventional chem cal
met hods, which may require harsh

reflecting natural crystal growth characterlstlcs of
the individual enzyme catalysts. Replacement of
existing carrier-immobilized enzyme media with CLECs
should not be difficult, since both systems are

5 comparable in size and shape, and both can be similarly

| recovered from feedstock by any number of simple
methods, including basic economical operations such as
filtration, centrifugation, decantation of solvent, and
others.

10 In addition, the use of lyophilized CLECs permits
routine handling and storage of these materials prior
tb use (dry storage at room temperature without '

| refrigeration, for extended periods of time).
Lyophilized CLECs also allow for routine formulation by

15 direct addition of'solvents and substrates of interest,
without lengthy solvent exchange processes, or the
formation of amorphous;suépensions. "The lyophilized
CLEC form extends the general utility of the enzymes as
catalysts to a broader spectrum of enzymes and

20 functional conditions.

A second advantage of a CLEC is that cross-linking
of the crystallized enzyme stabilizes and strengthens
the crystal lattice and the constituent enzyme
molecules, both mechanically and chemically. As a

25 result, a CLEC may be the only means of achieving
significant concentrations of active enzyme catalyst in
harsh aqueous, organic, near-anhydrous solvents, or in
aqueous-organic solvent mixtures. The use of enzymes
as catalysts in organic syntheses has been hampered by

- 30 their tendency to denature in the presence of
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conditions (e.g. aqueous, organi c or near-anhydrous solvents, nixed
aqueous/organi c solvents or elevated tenperatures). that_are inconpatible
‘with’the functional integrity:of uncrystallized, uncrosslinked, native
enzyne.catal yst. Qther nacronol ecules with catalytic activity can al so be
I ncorporated into the proposed CLEC technol ogy. These mi ght include
ga;alytic anti bodies (Lerner, R A ,.Benkod<T, S.J., and Schultz, P.G

ci ence 252:659-667 (1991)) and catal ytic polynucleotides (Cech, T.R, Cel
64: 667- 669 (19%dn-aqreonscsolyents, aaédcseg,tiy p@_argm,edrﬁb,nélgs&uﬁﬁ-;&

(1991)). J%ﬁ%ﬁﬁésgﬂé'ﬁ§ﬂeﬂgﬁ88u§|§Blb@h%heiﬂllﬁﬁﬂﬁﬁﬁ“xinﬁ:”kang a
sel ected product Dy neans,of a feaction catalyzed by ¢ 9} the present
i nvent i on. Tr?hg%nléxﬁhﬁ‘%eﬁ_%c?ﬁesﬁéFﬁGGSan&"pr]éé 3c4e E&ﬁ?e) g'r eseht
'S;\r/]teﬂtelsfge ; hgﬁxi@%ai{mﬁéefaykﬁcﬂioa SN eonEorinatiionalanmb kit ysthat o
5 leads to stability is provided by the inter- molecular
contacts and cross-links between the qonstituent enzyme
molecules making up the crystal lattice, rather than by
the near-absence of water in the medium. As a result,
intermediate water concentrations can be tolerated by
10 enzymes when formulated as CLECs, as has previously not
been possible (see Table 12). 1In commercial'
applications, aqueous-organic solvent mixtures allow
manipulation of product formation by taking advantage
- of relative solubilities of products and substrates.
15 Even in aqueous media, enzyme catalysts, immobilized or
soluble, are subject to mechanical forces within a
chemical reactor that can: lead: to denaturation and a
shortened half-life. The chemical cross-links within
the CLEC provide the necessary mechanical strength
20 (Quiocho and Richards, Proc. Natl. Acad. Sci. (USA) 52:
833-839 (1964)) that results in increased reactor life
for the enzyme catalyst.
A third advantage of a CLEC is that as a result of
its crystalline'nature, a CLEC can achieve uniformity
25 across the entire cross-linked crystal volume.
Crystalline enzymes as described herein are grown and
cross-linked in an agqueous environment and, therefore,
the arrangement of molecules within the crystal lattice
remains uniform and regular. This uniformity is
30 maintained by the intermolecular contacts and chemical

—
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precursor of the dipeptidyl artificial smeetener' aspartame. The enzyne
thernolysin was crystallized fron1a starting aqueous sol ut+-on -of 45%

“di met hyl . -8- - : -
sul f oxi de and 55% 1. 4M cal ci um acetate, 0.05M sodi um cacodyl at e,
pH 6.5. The resulting crystals were cross-linked with

gl utaral dehyde to forma thernolysin CLEC. The thernolysin CLEC
was then transferred from 5 the aquélas crystallization solution in

which it was
cross-links between the enzyme molecules constituting

the crystal lattice, even when exchanged into other
aqueous, organic or near-anhydrous media, or mixed
agueous/organic solvents. In all of these solvents,

5 the enzyme molecules maintain a uniform distance from
each other, fofming.well-defined stable pores within
the CLECs that facilitate access of substrate to the
enzyme catalysts, as well as removal of product.
Uniformity of enzyme activity is critical in

10 industrial, medical and analytical applications where
reproducibility and consistency are paramount.

A fourth advantage of using a CLEC is that it
should exhibit an increased operational and storage
half-life. Lattice interactions, even in the absence

15 of cross-linking, are known to stabilize proteins, due
in part to restrictions of. the conformational degrees
of freedonm needed for protein denaturation. 1In CLECs,

. the lattice interactions, when fixed by chemical
cross-links, are particularly important in preventing

20 denatﬁration, especially in mixtures of agqueous and
non-agueous solvents (Klibénov, A.M., Trends in
Biochemical Sciences 14: 141-144 (1989)). Enzymes that
have been in the crystalline state for months or years
routinely retain a high percentage of their catalytic

25 activity. Cross-linked immobilized enzyme crystals
stored in anhydrous solvents will be even further
protected from microbial contamination and damage,
which is a serious problem in storing large quantities
of protein in a nutrient rich, agueous environment.

30 In the case of a lyophilized CLEC, the immobilized
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made, into a solution of ethyl acetate containing the . -

substrates, N-(benzyl oxycarbonyl)-L-aspartic acid (Z-L-Asp) and

‘L- phenyl al ani ne nmet hyl ester. (L-Phe-QOw). © The thernolysin CLEC
was then used to catalyze a 10 = condensation reaction of the two
substrates to synt hesi ze N-(benzyl oxycarbonyl)-L-aspartyl -

L- phenyl al ani ne net hyl ester (Z-L-Asp-L-Phe-Ow), which : Is the
di peptidyl precursor of the artificial swaakener aspart ane.
Usi ng any one of many known techni ques 15 (see, e.g. Lindeberg, G,

.J. Chem Ed. 64.enkyme litb4%tored in thé 1&Bsenceéheflsaipantic Tbak,i andhe

synt hesi zed I- tid
Tmovar o the spanflPERIGH ach iRV Dby (8RpRE- LERKERG RTLoRE ok
aspartane (L- Athe -sturadé)in Ahe absence of| nefirigevatiopafpre 16Na he

met hod and pracgi : . the present invention, the enzyne
t her nol ysin Wa}%fgig"aég of time. to produce thernmolysin CLECs. The activity

and S st abi |3 t§A$#h tadvantage oLl weingeacChEM AP PAY difat of
should exhibit enhanced temperature stability as a

consequence of the cross-links stabilizing the crystal
lattice. Carrying out reactions at a higher
temperature than that used with conventional methods
10 would increase reaction rates for the chemical
reactions of interest, both thermodynamically, and by
enhancing the diffusion rate into and out of the
crystal lattice of CLECs. These combined effects would
represent a major improvement in reaction efficiency,
15 because they would maximize the productivity of a given
quantity of enzyme catalyst, which is generally the:
most'expensive'component:of:theﬁreaction=process'
(Daniels, M.J., Methods ‘in Enzymol. 136: 371-379
(1987)). The temperature stability exhibited by CLECs
20 is remarkable because most enzyme systems require mild
reaction conditions. CLECs would also be stabilized
against denaturation by transient high temperatures
during storage. |
A final advantage of use of a CLEC is that pores
25 of regular size and shape are created between |
individual enzyme molecules in the underlying crystal
lattice. This restricted solvent accessibility greatly
enhances the metal ion or cofactor retention
characteristics of CLEC as compared to ccnventionallj'
30 immobilized enzymes and enzymes in solution. This

“This Sheet Has Been R.e;ilaced-

T




sol ubl e thernol ysin under optinmum conditions and 25 condi tions of

extreme pH and tenperature, follow ng |ncubéb|on I n the presence
“of organi c solvents and foll owi ng i ncubation i'n the presence of
exogenous prot ease. = The enzyne thernol ysin was
crystallized froma 30 . solution of 1.2M cal cium acetate and 30%

di net hyl ' -9- sulfoxide pH 8.0. The
resulting crystals were : -22-

property of CLEC will permit the use of econbmically
superior continuous-flow processes in situations (see
e.g. Oyama et. al. Methods in Enzymol. 136 503-516
(1987)) where enzyme would otherwise be inactivated by
5 ) metal ion or cofactor leaching. For example, in the
thermolysin-mediated synthesis of the dipeptidyl
aspartame precursor, 2Z-L-Asp-L-Phe-OMe, conventionally
. immobilized_enzyme'is known to lose catalytic activity
in continuous-flow column processes, in part through
10 the leaching of calcium ions essential for thermolysin
activity. In practice, leaching of calcium ions has
forced the use of less efficient batch processes
(Nakanishi et. al., Biotechnology 3: 459-464 (1985)).
Leaching occurs when calcium ion complexes are formed
15 with substrate Z-L-Asp, in competition with the natural
calcium binding sites on the surface of the enzyme,
‘resulting in the loss ‘of ‘catalytic:activity. The high
density of enzyme,. - and the:corréspondingly limited
volume accessible to solvent in the interstices of the
.20 CLECs, discourages the formation of the competing
L-Asp-Ca** complexes responsible for metal ion
leaching.

eparation of CLECs - enzyme crystallization
In the method of the present invention, a
25 cross-linked immobilized enzyme crystal (or CLEC) is
-prepared as follows:
Enzyme crystals are'grown by the controlled
precipitation of protein out of aqueous so1ution, or
agueous solution containing organic solvents.
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crosslinked with glutaral dehyde at a concentration of 12.5%to forma
thermolysin CLEC. The thernolysin CLEC was then 1yophilized by a standard
‘procedure (Cooper, T.G, The Tools of Biochem stry, pp. 379-380 (John WI ey
and Sons, NY (1977)) to forma lyophilized enzyne. CLEC of thernolysin. This
| yophilized CLEC was then transforned directly into the different aqueous,
organi c, and m xed aqueous/organi c sol verzg-of choice w thout an

i nt erveni ng sol vent exchange procedure, w thout formation of anorphous

SusItoe”_Sit Onl& a;&dﬁﬂﬂldﬁ@lwlbé i sdnefolibeat inelude, Foesexamplent thencl uded
excl usi on of ol °Xa%e¢aa€§s?£‘£t+$£d cpBRveat e bhe rgbentd o |
S]Pﬁft lrggtw]t gn}étd zyidbl/eeﬁdéclﬁaye@neteé aheé Huﬁeersdezadgtheapﬁ ANA_A
§ret h)c/)d an)cgl p)r/a&qq“{peé/ t‘fxff’e pres &ff%’r'%%%ﬂ?f"&ﬁ J'-P}qi(;eéén&z’k tﬁé?g?t&ggg(gngU ne
: 5 factors affecting the crystallizat;on of proteins has
been published by McPherson (Methods Enzymol. 114: 112
(1885)). In addition, both McPherson and Gilliland (J.
Crystal Growth 90: 51-59 (1988)) have compiled
comprehensive lists of all proteins and nucleic acids
10 that have been reported as crystallized, as well as the
conditions that lead to their crystallization. A
compendium of crystals and crystallization recipes, as
‘well as a repository of coordinates of solved protein
and nucleic acid crystal structures, is maintained by
15 the Protein Data Bank (Bernstein et. al. J. Mol. Biol.
112: 535-542 (1977)) at the Brookhaven National
Laboratory. Such references can be used to determine
‘the conditions necessary for the crystallization of a
given protein or enzyme previously crystallized, as a
20 - prelude to the formation of an appropriate CLEC, and
can guide the formulation of a crystallization strategy
for proteins that have not. Alternatively, an
intelligent trial and error search strategy (see eg.,
Carter, C.W. Jr. and Carter, C.W., J. Biol. Chem. 254
25 12219-12223 (1979)) can, in most instances, produce
suitable crystallization conditions for most proteins,
including, but not limited to, those discussed above,
provided that an acceptable level of purity can been
achieved for these. The level of purity required can-
30 vary widely from protein to protein. In the case of
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pancreatic) was crystallized froman aqueous solution of 5.5 ng/m protein
in 0.1 Msodiumacetate at pH 5.0 at roomtenperature (Sawer, L. et al.,
J. MoI. Biol. 118:137-208). The resulting crystals were crosslinked with
gl utaral dehyde at a concentration of 5%to forman el astase CLEC. The

el astase CLEC was |yophilized as described in Exanple 2. In a fourth
exanpl e of the nethod and practice of the-pgesent invention, and as

di scl osed here, the enzyne esterase (porcine liver) was crystallized from

an aqueous sol uliygezgmel,5 f6Y Edxadplles the) dhzimdlhas been crystallized
directly from its unpurified source, the hen egg-white
(Gilliland, G.L., J. Crystal Growth 90: 51-59 (1988)).
For use as CLECs in the method of this invention,
5 the large single crystals which are needed for X-ray
diffraction analysis are not required, and may, in
fact, be undesirable because of diffusion problems
related to crystal size. Microcrystalline showers (ie.
crystals of order 10! mm in size/cross section) are
10 suitable for CLECs and are often observéd, though
seldom reported in the X-ray crystallograghic
literature. ' Micro-crystals are very useful in the
method of this invention to minimize problems with
diffusion (see eg., Quiocho, F.A., and Richards, F.M.,
15 Biochemistry 5: 4062-4076 (1967)).

In general, crystals are produced by combining the
protein to be crystallized with an appropriate agueous
solvent or aqueous solvent containing appropriate
precipitating agents, such as salts or organics. The

- 20 solvent is combined with the protein at a temperature
determined experimentally to be appropriate for the
induction of crystallization and acceptable for the
maintenance of protein stability and activity. The
solvent: can opticnally include co-solutes, such as

25 divalent cations, co-factors or chaotropes, as weli as
'~ buffer species to control pH. The need for co-solutes
and their concentrations are determined experimentally
to facilitate crystallization. In an industrial scale
process, the controlled precipitation leading to
30 crystallization can best be carried out by the simple

l




-10- calciumacetate at pH 5.6 at roomtenperature. The resulting crystals
ere crosslinked with glutaral dehyde at a concentration of 12.5%to form an
esterase CLEC. The esterase CLEC was |yophilized as described in Exanple 2.
In a fi-fth exanple of the nethod and practice of the present invention, and
as disclosed here, the enzyne |ipase (Geotrichum candi dun) was crystallized
froman aqueous solution of 20 ng/m protepg-in 50 MM Tris at pH 7 at room
tenperature. The resulting crystals were crosslinked with glutaral dehyde at

a concentrati oncghpihatioho d‘forﬂ?o%élrgaﬁﬁ'éaﬁtaﬂﬁﬁ ¢o-pseuthEC and
'yophilized as gg%%éhQ%%f’%d?%”?% zgza batch process. Alternative
laboratory crystallization methods, such as dialysis,
or vapor diffusion can also be adapted. McPherson
5 (Methods Enzymol. 114: 112 (1985)), and Gilliland (J.
Crystal Growth 90: 51-59 (1988)) include a |
comprehensive list of suitable conditions in their
reviews of the crystallization literature.
Occasionally, incompatibility between the cross~-linking
10 reagent and the crystallization medium might require
exchanging the crystals into a more suitablie solvent
system.
Many of the proteins for which crystallization
conditions have already been described in the
15 literature, have considerable potential as practical
enzyme catalysts in industrial and labotatory chemical
processes, and:are directly subject to formulation as
CLECs within the method of this invention. Table 1 is
a sampling of enzymes that have already been '
20 crystaliized. Note that the conditions reported in.
most of these references have been optimized for the
growth of large, diffraction quality crystals, often at
great effort. Some degree of adjustment of conditions
~ for the smaller crystals used in making CLECS nght be
25 necessary in some cases.
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In-a sixth exanple of the nethod and practiée of the present invention, t he
enzyme | ysozyne (hen egg white) was crysta éi zed from an.aqueous sol ution
Duf fer containing 5% sodi um

of 40 ng/m protein in 40 nM sodi um acet af’
roomtenperature (Blake, C.C F. et al., Nature,

chloride at pH 7.4 at
196: 1173 (196%h)e 1The resulting crystals were crosslinked Wth
gl ut aral dehyde at a concentration of 20%to forma |ysozyne CLEC. The

| ysozyne CLEC was | yoph| I | zed as described in Exanple 2. In a seventh

exanpl e of the METTOGEAIRLOTaCT CRFbbk T6r PIFRERAT Vo T OTRefeFeRcENZ YT
aspar agi nase (Epcherichra ‘col I )| was cryshadel | zed f ofhandinguReseScited! thetedk)
of 25 ng/m -pr of &iiddhd] BehpBogendsd O fhdlivgz €T at e and 33YERluh@RObL, AM.B:dI. 1A6A561-

4[err] C. The cr

stallization is

a nodification of

111987 (398redur e _descri bed

by Grabner et a

« aldohdl SxidRat ent

BPitedga®aG (1972) ] .

ABoyl & gl..d'éal.Biol. 208: 211-212
(1989) '
Tykarska er al., J.Protein Chem.9:
83-86 (1990

» aldolase
(fructose-bisphosphate)

rabbit muscle

calf muscle

human muscle

Eagles er al.,J.Mol.Biol. 45: 533-544
(1969)

.| Heidmer e al., Science 171: 677-680
(1971)

Goryunov et al., Biofizika 14: 1116-
1117 (1969)

Millar er al., Trans. Roy Soc.Lond.
B293: 209-214 (1981)

Pseudomonas 7A

Drosophila melanogaster . Brenner ¢! al.,J..Biol.Chem. 257:
11747-11749 (1982)
« aldolase (PKDG) Pseudomonas putida. Vandlen et al., J.Biol.Chem. 248:|
. 2251-2253 (1973)
« alkaline phosphatase .| Escherichia coli Sowadski et al.,J.Mol.Biol. 150
245-272 (1981)
* asparaginase Erwinia caroiova Nogl;: et al., Nature 224: 594-595
(1969)
Escherichia coli Epp et al., Eur.J Biochem. 20: 432-
437 (1971)
Escherichia coli Yonei et al.,J Mol .Biol. 110: 179-
186 (1977)
Proteus vulgaris | Tetsuya et al., J.Biol.Chem. 248:
76207621 ( 1972)
» carbonic anhydrase human erythrocyte (C) Kannan et al., J.Mol.Biol. 12. 740-
760 (1965)
human erythrocyte (B) Kannan et al., J. Mol Biol. 63: 601-
. 604 (1972)
| bovine erythrocyte Carlsson et al. J.Mol.Biol. 80: 373-
i | 375 (1973)
 » catalase horse enythrocyte Glauser et al., Acta Cryst. 21: 175-
177 (1966)
Micrococcus luteus Marie et al..J Mol Biol. 129: 675-
676 (1979)
Penicillium vitale Vainshtein et al., Acta Cryst. A37:
C29 (1981)
bovine liver Eventoff et. al., J Mol. Bzol 103: 799-
801 (1976)
» creatine kinase bovine hean Gilliland er al., J.Mol.onl. 170: 791-
793 (1983)
rabbit muscle McPherson, J.Mdl.Biol. 81: 83-86
(1973)
« glutaminase Actenobacter glwanimasificans | Wlodawer et al., J.Mol Biol. 99: 295-

299 (1975) - :
Wlodawer et al.,J.Mol.Biol. 112:
515-519 (1977)
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here,

the resulting crystals were crosslinked with gl utaral dehyde at a

concentratlon of 7.5%to forman asparaglnﬁfe CLEC. The asparagi nase CLEC

was Iyophlllzed as described in Exanple 2.

i mmobilized in

reaction i ncl'[ﬁ:téeﬂu@ﬁmé%@ge

in Tabl es 1-5,
met hod,

a simlar nmanner

Ot her enzymes which can be

and used to catalyze an appropriate

and urease. O her enzynes, such as those |isted
can also be crystallized and crosslijnked using the present
Enzyme Microbial or biological References
source (including those cited therein)
« glucose oxidase Aspergillus niger Kalisz et al., J.Mol.Biol. 213: 207-
209 (1950)
» B-lactamases Staphylococcus aureus Moult er al., Biochem J.225: 167-
176 (1985)
Bacillus cereus Sutton e al., Biochem J. 248: 181-
. 188 (1987)
« lacate dehydrogenase porcine Hackert et al., J.Mol.Biol. 78: 665-
673 (1973)
chicken Pickles er al., J.Mol.Biol. 9: 598-600
(1964)
dogfish Adams et al.,J.Mol.Biol. 41: 159-188
: (1969)
Bacitlus stearothermophilus Schar et al., J.Mol.Biol. 154: 349-353
(1982)
* lipase Geotrichum candidum Hata et al., J.Biochem. 86: 1821.1827
(1979)
horse pancreatic Lombardo e: al..J.Mol.Biol. 208: 259-
261 (1989)
Mucor meihei Brady et al..Nature 343: 767-770
(1990)
human pancreatic Winkler et al., Nature 343: 771-774
(1990)
» luciferase Firefly Green.A.A..et al., Biochem. Biophys.
Acta. 20: 170 (1956)
* Juciferase Vibrio harveyii Swanson er al ,J.Biol.Chem. 260:
: | 1287-1289 (1985)
s nitrile hydratase - Brevibacterium R312 | Nagasawa er al, Biochem Biophys.Res.
Commun. 139: 1305-1312 (1986)
P. chlororaphis B23 Nagasawa ev.al., Eur.J Biochem. 162;
691-698 (1987)
» peroxidase horseradish Braithwaite et al., J.Mol.Biol. 106:
229-230(1976) -
horseradish roots (Type E4) Aibara et al., J.Biochem. 90: 489-496
(1981)
Japanese radish Morita. Acta Crvst. A28: S52 (1979)
 « peroxidase (chlonde) Caldaromyces fumago Rubin et al.. ) Biol Chem. 257: 7768-

—y———— ...

7769 (1982)

» peroxidase (cytochrome) | Sarchomyces cerevisae

Poulos er al., J.Biol.C hem. 253:
3730-3735 (1978)

+ peroxidase (glutathionc)

bovine erythrocyte

Ladenstein et al..J.Mol.Biol. 104
877-882 (1979)

» subtilisin

Bacillus subtilis (Novo)

Bacillus amyloliquefaciens
(BPN)
Bacillus subtilis (Carlsberg)

Drenth et al., J.Mol.Biol. 28: 543-544
(1967)

Wright er al., Nature 221 235-242
(1969)

Peisko et al., J.Mol.Biol. 106: 453-
456 (1976)
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to produce a desired CLEC which can, in turn, be used to catalyze a
reaction which results in productlon of a selected prooduct or to catalyze a
reaction which is an internediate step (i. one in a series of reactions)

i n. the production of a selected product. It i's recogni zed that although
crossl i nki ng Tiablest coathiiéde the majority of crystals, it is neither
necessary nor desirable in all cases. Sone crystalline enzynes retain

functional and d
absence of cross
is crosslinked,

crystal useful i
characteristics

i mobilization n
separate, inert

truct Ehgyme Nt egr

| Micriobiald agrS Ibicdepical onmeNt s e\mrereures he

|inking. Although in theowreferred hos
cswpeokidadismgse s | botneal ways necessar w o %géﬁaﬁCéWZYﬁk
n the present ngthod. CLEGCs h
that confer sig Fﬁ_‘“laE’hnt advant ages gﬁf E’d’ﬁv’e’ﬁ‘f&yé‘llaqs 6850
et hods presently S&c? tes bristie 01 SPEBLRf el 9/‘50{?101”%%57%2 ¢
support structur @ an I'nert @y@por
: Baczllus stearathermophitlus Bridgen et al., J.Mol.Biol. 105: 333-
335(1976)
Pseudomonas ovalis Yamakura et al., J.Biol.Chem. 251:
47924793 (1976)
+ thermolysin Bacillus thermoproteolylicus Matthews et al., Nature New Biol.
238: 3741 (1972)
* urease Jack bean SumnerJ.B., J.Biol. Chem. 69: 435

(1926)

» xylose isomerase

Strepiomyces rubiginosus
Arthrobacier B3728
Strepiomyces olivochromogenes
Strepiomyces violaceoniger

Actinoplanes missouriensis

Carrell et al.. J. Bzol Chem. 259:
3230-3236 (1984)

Akins et al., Biochym.Biophys Acia
874: 375-377 (1986)

Farber et al., Protein Engineering 1:
459-466 (1987)

Glasfeld er al., J.Biol.Chem. 263:
14612-14613 (1988)

Rey et al., Proteins:Struc.Func.Genet.

4;: 165-172 (1988)
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substrate and product diffusion properties within CLECs and pfOV|dés enzynmne
concentrations within the crystal that are close to. the t heor ét i cal- packi,ng
limt for -12- " nol écules of such size.

H.gh enzyne concentrations can lead to significant operational econonies
through the increased effective activity of a given volune of catalyst
reduction in substrate contact tine with
: .._29..
ation of CLECs - cross-linki eac
Once crystals are grown in a suitable medium, they
can be cross-linked. Cross-linking results in
stabilization of the crystal lattice by introducing
5 covalent links between the constituent enzyme molecules
- in the crystal. This makes-possible the transfer of
enzyme into an alternate reaction environment that
might otherwise be incompatible with the existence of
the crystal lattice, or even with the existence of
10 intact undenatured protein. Cross-linking can be
achieved by a wide variety of bifunctional reagents,
althdugh in practice, simple, inexpensive
glutaraldehyde has become the reagent of choice. (For
a representative listing of other available
15 cross-linking reagents, one can consult, for example,
the 1990 catalog of the Pierce Chemical Company).
Cross-linking with glutaraldehyde forms strong
covalent bonds betweenfprimarily lysine amino acid
residues within and between the enzyme molecules in the
20 crystal lattice that constitute the crystal. The
cross-linking interactions prevent the constituent
enzyme molecules in the crystal from going back into
solution, effectively insolubilizing or immobilizing
the enzyme molecules into microcrystalline (ideally 10!
25 mm) particles. The macroscopic, immobilized,' |
insolubilized crystals can then be readily separated
from the feedstock containing product and unreacted
substrate by simple procedures such as filtration,
decantation, and others. They can also be used in CLEC
30 packed columns in continuous flow processes, where they

- This Sheet Has Been Rep laced
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enzynme and overall reduction in plant size and capital costs (Daniels,MJ., %
Met hods in Enzynol. 136: 371-379 (1987)). The uniformty across crystal
vol ume and enhanced stability of the constituent enzyme in CLECs creates
novel opportunities for the use of enzyne catalysis in harsh conditions,
such as el evated tenperature, .and aqueous, organic or near-anhydrous
solvents, as well as m xtures of these. In-agdition, the restricted sol vent
access and regular protein environnent inplicit in a crystal lattice should
| ead to inprovedesnibliti enhamntedo cofaictor amhimetaX diorClfelention

conventi onal |nnDb|I|z%q gnzyme systens. Brief Description of the

Dr awi ngs F| EPB i graphic representation of results of assessnent
of enzymatic act|V|tyBgft®@ImummaﬂuwﬁIthmaﬂgnxentlﬂﬂ: CLECs are

obtained for use as enzyme catalysts in existing and

5 novel environments. The enhanced stability of the
CLECs, which results from the cross-linking reaction,
makes it possible to transfer the CLEC into a solvent
(e.g., agueous, organic or near-anhydrous solvents, or
a mixture of these), in which it would otherwise be

10 incompatible, and to carry out chemical reactor
operatioh at elevated temperatures of extremes of pH.
The macroscopic CLEC catalyst particles can also be
readily manipulated, allowing recovery from feedstock
by simple methods, such as filtration, centrifugation,

15 or decantation of solvent. 1In addition, these can be
used in packed columns in continuous flow processes.

A suspension of one volume of cross-linked
thermolysin crystals in ten volumes of demineralized
20 water at pH 7.0 was lyophilized overnight using a
VirTis Model #24 lyophilizer. Lyophilized crystals
were stored at room temperature or at 4°C prior to
reconstitution, which was accomplished by adding ten
volumes of the solvent of choice directly onto crystals
25 taken from storage. Re~-hydrated crystals were
reconstituted in 10mM calcium acetate buffer at pH 7.0
for the FAGLA cleavage experiments. Reconstituted
lyophilized CLECs were routinely stored at room
temperature. ' In contrast, soluble enzyme required

\
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ngure 2 is a graphic representation of results of a corpari son of pH

dependenci es of thernolysin CLEC and sol ubl e thernol ysin. Figure 3is
a graphic representation of neasurenent of the activity of soluble and
crystalline thernolysin after incubation at 65[err]C Figure 4 is a

graphic representation of results of assessnent of resistance of sol uble
and thernolysin CLEC to exogenous proteol yghc degradati on.

storage at -70°C to maintain specific activity longer
than a week. This protocol was used for all the
enzymes described in the exemplification included here.

ursor wi olysi

5 The method of the present invention, by which

' cross-linked crystal enzymes are produced, is described
below and exemplified by the production of cross-linked
immobilized enzyme crystals of thermolysin for use in
the production of the dipeptidyl precursor of

10 aspartame, in ethyl acetate, which is a near-anhydrous
organic, solvent. Thermolysin, a protein which has
been crystallized and whose structure has been solved
at 1.6A resolution (Holmes and Matthews, J. Mol. Biol.
160: 623-639 (1982)), is one example of an enzyme which

15 can be used as a CLEC in the present method.
Thermolysin is used in the manufacture of the
artificial sweetener aspartame (Isowa:et. al. U.S.
Patent #4,436,925 (1984); Lindeberg, J. Chem. Ed. 64:
1062-1064 (1987); Nakanishi et. al., Biotechnology 3:

20 459-464 (1985); Oyama, et. al., Methods in Enzymol.
136: 503-516 (1987)). At the present time, most
aspartame appears to be produced by a conventional
synthetic chemistry approach, although use of
conventionally immobilized thermolysin in

25 near-anhydrous media has produced encouraging results
(Oyama et. al., J. Org. Chem. 46: 5242-5244 (1981);
Nakanishi et. al., Biotechnology 3: 459-464 (1985)).
Improvement in the enzymatic approach to aspartame
production;, such as is possible through use of the

N_\;‘§\h“;_\~*\
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-13-. Figure 5 is a graphic répresentation of results of the assessnent
of enzymatic activity for soluble el astase and the correspondi ng el ast ase

‘CLEC." Figure 6 is a graphic representation of the resistance of
sol ubl e el astase and the corresponding el astase CLEC to exogenous
proteol ytic degradati on. Figure 7 is 3¢ aphic representation of

results of the assessment of enzymatic activity for solub!e esterase and
t he correspondimgresentametﬁb&Ciwould EhgeratSdcmpEuitﬂﬁe(withntnentatlon

of the reS|stanc ste a he_cqrres o est er CLEC

20 exogenous. pr RESFSRELYSERAChEARE, “BOchip BerERP BN Qb dReE Snd
representati on otoses(0yamaf ehe aksesggggggnggagmggmggvaqggﬁt§03f516
sol ubl e |i pase apggéyf)gorresponding | i pase CLEC.

5 e e si
The method of the present invention has also been
used to produce thermolysin CLECs which have been
assessed as to their pH dependence and stabiiity,
stability at elevated temperature, resistance to
10 exogenous proteolysis and stability in the presence of
an organic solvent. Thermolysin CLECs were compared to
soluble thermolysin, as described in detail in Example
2 and Figures 1-4. Results of the assessment showed the
following:
15 1. As to pH dependence and stability, both
forms ‘demonstrate maximum activity at pH 7.
and demonstrate similar activity in the
acidic range. .In the alkaline pH range, the
CLEC maintains maximum activity to pH 10; the
20 soluble thermolysin has 75% activity at pH
8.5, only 25% activity at pH 9 and is
completely inactive at pH 9.5.
2. The additional stabilization achieved in
CLECs results in enzymatic act1v1ty at higher
25 temperatures than is possible with soluble
thermolysin. Enhanced stability of CLEC
thermolysin at lower temperatures makes
storage simpler than it is for the soluble
enzyme. Thermal stability and resistance to

A
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Figure 10 is a graphic representation of results of the assessment of
enzymatic activity for soluble |Iysozyne and the correspondi ng | ysozyne

CLEC. - Figure 11 is a graphic representation of results of the
assessnment of enzymatic activity for sol ubl e asparagi nase and the .
correspondi ng aspar agi nase CLEC. Det ai |l ed Description of the Invention

A sinple, general procedure that assures =3¥Dility and function for a given
enzyne or set of enzynmes_under conditions which are of interest to the
synthetic chenist an@utRi¥fisrwasodlaar dpmeastFated thPenzynes using

presently availabl e gREPREIysVRUCHERS,VRhYcHS etaindd Satinuged | mobi | zed
enzyme crystals (refetig0ity 22eSt five aays of iheubation at Me'e can
65°C. In contrast, soluble thermolysin lost
5 S0% of its initial activity after two hours
' incubation and demonstrated negligible
activity after 24 hours incubation at 65°C.
3. Enzymatic activity of thermolysin CLECs
was unaffected by four days' incubation in
10 the presence of the powerful streptococcal
protease, Pronase®. In contrast, soluble
thermolysin was rapidly degraded and lost all
activity after 90 minutes incubation.
4. Thermolysin CLECs and soluble
15 thermolysin exhibited markedly different
stability in the presence of organic
solvents, as shown. in Table 12. The
thermolysin CLECs' retained greater than 95%
maximum activity following incubation with
20 all organic solvents assessed.

- These features of thermolysin CLECs and other
enzyme CLECs make them particularly useful, since they
are easier to store, more stable and less easily.
inactivated or degraded than corresponding soluble

25 enzymes. '

Assessment of Flastase CLECS

The method of the present invention has also been
used to produce elastase CLECs which have been assessed
as to their activity and resistance to exogenous

- This'Shegs gy,

Ty

-



-14- . be used for this purpose. Stabilization of the crystal lattice and of
t.he constltuent enzyne catalysts in the crystal by the cross-1inking
reaction pernits the use of CLECs in environnents, including aqueous,
organi c'or near-anhydrous sol vents, m xtures of these sol vents, extrenes of
pH .and el evated tenperatures, mhlch are inconpatible with enzynme function
usi ng presently avai |l abl e nethods | n addr8#on, the stabilization of

proteolysis. Elastase CLECs were compared to soluble
elastase, as described in detail in Example 3 and
Figures 5 and 6. Results of the assessment
demonstrated the following: |
5 1. Elastase CLECs retain approximately 50%
' activity compared to soluble enzyme.

2. Soluble elastase was rapidly degraded by
protease. Activity of soluble elastase was
reduced to 50% of initial activity following

10 ten minutes incubation in the presence of
protease. After one hour incubation the
soluble enzyme had lost more than 90% of its
initial activity. In contrast the enzymatic
activity of the elastase CLEC was unaffected

15 : by incubation with protease.

sessment o terase C s _

The method of the present:invention has also been
used to produce esterase CLECs which have been assessed
as to their activity and resistance to exogenous

20 proteolysis. Esterase CLECs were EOmpared to soluble
esterase, as described in detail in Example 4 and
Figures 7 and 8. Results of the assessment
demonstrated the following:

1. Esterase CLECs retain approximately 50%

25 . activity compared to soluble enzyme.
2. Soluble esterase was highly susceptible to
| proteolytic degradation. Activity of soluble
esterase was reduced to 50% of initial
activity following ten minutes incubation in

_A
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the crystal lattice in CLECs nmakes possible the |Iyophilization of CLECs by
standard net hods. Lyophilized CLECs can be stored for comercially
attractive periods of tinme (nmonths to years) in the absence of
refirigeration, and facilitate the rapid and unconplicated utilization of
CLECs in industrial and | aboratory scal e processes by the sinple addition
of solvents of choice, wthout need for ﬁ§erven|ng sol vent exchange

processes. CLECs are al sg_hi resis nt to di ges €exo0
prot eases. The nethod of & gﬁﬁ%%ﬁﬂﬁ %Eéﬁ??%ﬁ??gc *?gﬁ °Pﬁegﬁ§
versatile enzyne catal ystﬁadﬂbmmttmr&m@wérentymaenadauolsltowees, as’
well as in the |aborator nt hesi s_of _noyel, conpou ear ch. '
Al t hough crossl i nking co%??¥ %g % %?ﬁ3€955+?£p?°g+vé Xfys?gl enzyne, it
i's neither necessary norcﬁnﬂr&éﬁe&heleﬂiymaSEG acvivityyeofathezed enzynes

retmg1fmetionaI and Stré%é%f%e'éif@“&ég uHaneéQed by incubation
with protease.

Assessment of Lipase CLECS

The method of the present invention has also been
used to produce lipase CLECs which have been assessed
.0 ~as to their activity. Lipase CLECs were ccmpared to
soluble lipase, as described in detail in Example 5 and
Figure 9. Results of the assessment demonstrated that
lipase CLECs retain approximately 90% act1v1ty compared
to soluble enzyme.

15 _ | e nt _Lys me CLEC _

The method of the present . invention has also been
used to produce lysozyme CLECs which have been assessed
as to their activity and resistance to exogenous
proteolysis. Lysozyme CLECs were compared to soluble

20 lysozyme as described in detail in Example 6 and Figure
19. Results of the assessment demonstrated that
lysozyme: CLECs retain approximately 50% activity
compared to soluble enzyme.

essment o sparagi e Cs
25 The method of the present invention has also been
used to produce asparaginase CLECs which have been
assessed as to their activity. Asparaginase CLECs were

-~\AL
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envi ronments even in the absence of crossllnklng The preferred enbodi nent -
of the present nethod includes cross-linking of a crystal enzyme and is
‘descFibed in detail in the followi ng sections. It is to be

-15- understood, however, that crystallized enzynes which are not

subsequently cross-linked can be used in some enbodi nents of the present
i nventi on. . -36~

compared to soluble asparaginase, as described in

detail in Example 7 and Figure 11. Results of the

assessment demonstrated the following asparaginase

CLECs retain approximately 77% activity compared to
5 soluble enzyme. '

General applicabilityv of CLECS
As disclosed here, CLECs represent a novel
technology with broad use in many areas, including, but
not limited to, 'industrial scale syntheses, laboratory
10 tools, biosensors, and medical applicatioﬁs. Examples
of various systems using conventionally immobilized
enzyme methods in their execution are given in Tables
2-5 below. One skilled in the art should be able to
"adapt these, and similar systems, to the CLEC
15 technology disclosed in this application. To
illustrate this, specific examples are discussed in
_more detail from each of the categories listed.
"Table 2 below lists examples which use
conventionally immobilized enzymes in an industrial
20 process, which examples can be readily adapted to the
CLEC technology disclosed here.
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The regul ar
erystal

| attice of a CLEC result

i nteractions between the constituent enzynme nol ecules in the
I n weld3ydefi ned pores of

l[imted size-..

| eading to the enzyme nol ecules within the body of a CLEC. As a result,

substrates Ia;rémé 2han the avail able pore size wli..
of the CLEC particle.

not penetrate the body

enzymatic rea
substrates |l a

of the present

pol ymers, suc
organi ¢ pol ym
to make the p

i nst ances, hojme
The present i

nitrilases, amidase

As a consequence of the linited pore size, many
Ct 1 ONEmymeoMer|Ci Plodddtidn agradeni cSubdtedtest i hvol vi R@ferences
Fger than the pdre spmizgagbnthe CLECS would be theses ci
» thermelggin on.  Thi |9 asparuine presucsb 12 Asm §tPhe-OMet | onOyamavodivi.ilyg.|Gherge
h as proteins, polynucleotidep, po]ysaccharldGBSWﬁﬁﬁka D
brs, where the nunber of pol ypreric subunits Shbé"élfég‘:ﬁg
pl ymer | arger than the c'rysta pore size in nolp
V. baml yDI O, L1 I I I A I- -\ I c O
NV %‘E i0n is a met F%a‘“?“? |mmb f“% E‘gﬁe’lﬁMé mg‘(’g’éfﬁmm
* lipase * cocoa fat palm oils Harwood, J., Trends in
substitutes Biochemical Sciences 14: 125-
126 (1989)
Macrae, AR, J. Am. Oil
Chem Soc. 60: 291-294
(1983)
= nitrile hydratase, * acrylamide acrylonitrile Nagasawa, T. and Yamada, H.,

Trends in Biotechnology 7:
153-158 (1989)

* amino acylase (fungal)

| * amino acid

N-acyl-D.L amino acids

Schmidt-KastnerG. & Egerer,

* amino acid esterase, resolution esters of D,L. amino P. in Biotechnology vol 6a:
« subtilisin acids 387.421 (1984) and references
» amidases amides of D,L amino therein.
» hydantionases acids
« specific dehydrogenases hydantoins Fusee M.C., Methods in
* amino peptidase a-hydroxycarboxylic Enzymology 136: 463 (1987)
* transaminase acids
Fusee M.C., Methods in
Enzymology 136: 463 (1987)
* amino acid  amino acid keto or hydroxy acids '
dehydrogenase + formate | production: general Rozzell 1.D., Methods in
dehydrogenase Enzymology 136: 479 (1987)
« amino acid Enzymes in Industry: Ed
production: specific Gerhartz.W.,VCH Press 1990
s L-aspartase L aspartic acid fumarate/fumaric acid '
» L-aspanate 4- L-alanine L-aspanic acid,
decarboxylase ammonium fumarate
aspartase + L aspanate 4
decar-boxylase L-lysine D.L-aaminoe-
+ ACL hydrolase - caprolaciam (ACL)
* L-ACT hydrolase L-cysteine DL-2amino2 thiazoline
: 4carboxylic acid -
L-isoleucine
L-methionine
« fyase ‘L-phenylalanine cinnamaie _
« L-tryptophan synthetase { L-tryptophan indole, L-serine -
L-valine
» fumarase L-malic acid fumarate
» hydantoinase D n carbamoyl p- | Sp-hydroxy hydamom
hydroxy- phenyl -
glycine '
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a selected protein,
‘crosslinking the protein,
i obilized enzyne crystal

parti cul

of. a 5616Cte?aP@99¥%hunﬁéah

or gani ¢ nol ecu

¢

to a net hod
reacti on or

he present

arly an enzy
resulting in p?SQU

as a pepti de,
i nvention fu

car bohydr at e,
rther

by crystallizing and

ction of a crosslinked

(CLEC) which can be used to catal yze production .
lipid or chira
relates to such CLECs and

Ilﬂ.l\

bLEC- cakw{ yzed s

bei (21¢

S Y P aY fave L3 a)
tjep dpplidation

DY TRHIerates @

EC- CaRéfebeneeés
(including those cited)

» lipases, esierases

» resolution of
racémates by -
stereoselective
synthesis

synthetic chemistry

Jones, J.B., Tetrahedron 42:
3351-3403 (1988)

Butt, S. and Roberts, S.M.,
Natural Product Reports 489-
503 (1986), and references cited
therein for a more
comprehensive review of this
area

» fumarase

« L-malic acid

fumaric acid

El-x_ibata et al., Methods in

Enzvmology 136: 455 (1987)

+ disaccharide

» lactase, B-galactosidases lactose & N:acetyl Larsson et al., Methods in
synthesis eg galactosamine Enzymology 136: 230 (1987)-
galactosyl-N- acetyl '

_galactosamine
» lipase, esterase * L-menthol 4 isomer mix Fukui,S., Tanaka,A., Methods
: in Enzymology 136 293
(1987

+ amidases * D-valine DL amino acid amide | Schmidi-Kastner.G. & Egerer, -
(intermediate for P. in Biotechnology vol 6a:
pyrethroid 387-421 (1984) and references .
insecticide fluvinate) | therein.

» lipase (Candida * R(+)2 phenoxy- 2 chloro propionic acids | Biocatalysts in Organic

cylindricea) propionic acids - Syntheses-eds Tramper, van de
(herbicides) Plas & Linko: Proceedings of

' International Symposium in
Netherlands 1985

» lipases, esterases.

* organic syntheses -

Jones. J.B., Tetrahedron 42:

amidases, aldolases " monoglycerides 3351-3403 (1988)
peptides Butt, S. and Roberts, S.M.,
-» proteases, peptidases o, Natural Product Reports 489-
‘ { 503 (1986), and references cited
» yeast lipase » 2(p-chlorophenoxy) | resolution of racemic therein for a more
propionic acid: ester comprehensive review of this
herbicide area
s strictodine synthetase  ; + alkalowd producuon Pfitzner et al., Methods in
- | eg strictosidine l . Enzvmology 136: 342 (1987)
« penicillin acylase * 6-amino penicillin Gor V Enz Eng 6: 291 (1982)
« penicillin amidase penicillinanic acid Enz Eng 8: 155
and 7-ADCA
* hydroxysteroid * steroid Carrea et al, Methods in
dehvdrogenases ransformations Enzymology 136: 150 (1987

Wiy

» 5'phosphodiesterase, « 5-ribonucleotides Keller et al, Methods in
nucleases Enzymology 136: 517 (1987)
* esterase « B-lactam precursor | corresponding diesters | Japanese patent application:
(chiral mono esters 82-159, 493 (1981) Blsexbuzsu
eg Bamino glutaric Company :
acid monoalkyl
ester) |
« lipases « B.blockers Kloosterman M et al. Trends in
Biotechnology 6: 251-256
(1988)
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-16- - series of reactions. In one enbodi nrent of the present invention, the
di peptidyl precursor of aspartanme has been produced in:a condensation
reaction catalyzed by cross-linked i nmobilized thernolysin made by the
present - nmet hod. In another enbodi ment of this invention, the indicator
substrate, FAGLA, has been cleaved to produce a colorinetric product, whose
presence is indicative of enzyne activity.hgg-a thernolysin CLEC. FAGLA
hydrol ysis has been used as a nodel reactlon to |nd|cate t he robust ness of
t he thernol ysin normal |y

i nconpatible wit at enzyne ot enbodi nentg.of this
i nvention, the enzymdh&|d ]d%"ém%ﬁseraaQSCFFﬂgg‘maggaP&&l 158 ° %‘5‘

| ysozyme have bmmﬁecbﬁ GtHe q@c«/@smlmnmxwt etheuadhpratcionswth as

p-ni trophenyl ac%&?f% i éegfkéiékzon from immobilized cells which
5 : overproduce nitrile hydratase enzyme (Nagasawa, T. and

Yamada, H., Trends in Biotechnology 7: 153-158 (1989))
to the CLEC technology previously disclosed herein.
Industrial scale production of acrylamide, an
_ important commodity chemical, has been described by
10 - Yamada and collaborators (Nagasawa, T. and Yamada, H.,
Trends in Biotechnology 7: 153-158 (1989)). Kilotons
of acrylamide per year are produced in chemical
reactors loaded with entrapped cells selected as
overproducers of the enzYme nitrile hydratase. Nitrile
15 hydratase has also been reported as purified and
crystallized from two sources, Brevibacterjium R312
(Nagasawa et. al., Biochem. Biophys. Res. Commun. 139:
1305-1312 (1986) and P. chlororaphis B23 (Nagasawa et.
al., Eur. J. Biochem. 162: 691-698 (1987). As |
20 disclosed here, these crystalline'enzymes can each be
immobilized by crosslinking with glutaraldehyde or
other suitable crosslinking reagent to produce a CLEC.
The nitrile hydratase CLECS can then be used in a '
conventional reactor, in place of the entrapped cells
25 currently used. Adapting this process to CLEC
' technology leads to immediate advantéges. These
include; reduced plant size and iﬁproved throughput
resulting from the enhanced activity per unit volume
implicit in the higher enzyme concentration in the
30 CLECs, and improved substrate and product diffusion
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| i pase), succinyl- (ala)3-p-nitroanilide (elastase), 4- nethylunbelliferyl
N-acetyl -chitrioside (lysozyme) and NADH (asparaginase). - . By the method
of thi's invention, one of ordinary skill in the art can adapt a protocol
for making a deS|red product by nmeans of a reaction catalyzed by an

I mobi |l i zed enzyne. The enzyne of interesi, awhen crystallized froman
appropriate solution, can be cross-linked wth glutaral dehyde or other

sui tabl e bifuncgjppal ' BRGEBLILN UAC A AN il tiopraha Baduce 2

CLEC of that enzynre.'Su e enzyne of choice can be
Iyophl lized as uegetigaan nesu&ﬁpng from the higher purity of CLEC s;

and reduced sensitivity to. microbial contamlnatlon in
the absence of cells. In addition, there are other |

5 benefits available only to a CLEC-based method. These
benefits include: higher temperature operation to
improve reaction rates; the ability to operate in
agqueous, organic and near-anhydrous solvents, allowing
optimization of the acrylamide production reaction;

10 and enhanced half-life in operation and storage,
resultihg from the higher chemical and mechanical
stability of CLECs, particularly in unconventional

solvents.
dical a jcations of C tec o] -

15 extracorporeal treatment
' The method of the present invention and an

appropriately selected CLEC or set of'CLECs can also be
used for medical applications. A CLEC or a set of
CLECs can be used, for exanmple, to remove a component

20 of a fluid, such as blood, generally by altering the
component, and thus, converting it to a substance not
detrimental to an individual or which can be removed by
normal body processes (e.q., via'detoxification, or
degradation in the liver, excretion via the kidneys).

25 In this application, an appropriately-selected CLEC or

| set of CLECs is brought into contact with body fluid,

which contains the component to be altered, or a
reactant (product or substrate) of a reaction in which
the component participates, upon which the enzyme in

’ﬂns Sheet Has Been Replac
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-17- . There are several advantages which the use of a CLEC offers over
presently avai | abl e enzyne-cat al yzed net hods. For. exanple, the cross-Ilinked
crystal matrix in a CLEC provides its own support. Expensive carrier beads;
gl asses; gels, or filnms are not required in order to tie down the enzyne
catalyst, as they are in presently-avail ab4®E-i mobilization nethods. As a
result, the concentration of enzyne in a CLECis close to the theoreti cal
packing linit ttwé ChBBChectshi exsdaf pesmlitocthes epzymeyiigepbilier Lo pett | y

cyceed: 19, el b B E4BBhAeR ool B H1ERHER Rk e o et ¢

substance which is a product of a reaction in which the
component to be altered participates. The activity of

5 the enzyme results in direct alteration of the
component to be removed or in alteration of the product
of the reaction in which the component participates
(thus making continuation of the reaction impossible).
This can be carried out through the use of an

10 extracorporeal device which includes an
appropriately-selected CLEC or set of CLECs and a
retaining means which is made of a materiai; such as a
porous material on which a CLEC is retained or a tube
in which a CLEC is present, which allows contact

15 between the component itself or the substance in the
fluid which is a product of a reaction in which the
component to be altered participates.

This might also be achieved by the insertion of an
appropriate CLEC into a suitable body compartment, such

20 as the peritoneun or a lymph node, where the CLEC would

' ' have access to bodily fluids. This insertion might be
done surgically, or by injection of the CLEC slurry.
Direct injection of CLEC into the blood stream would
not be appropriate, given the high risk of embolism.

25 The use of appropriate CLECs in this area might
serve as an alternative to genetic methods in enzyme
replacement therapy to correct a natural deficiency,
such as, e.g. phenylketonuria.
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inactive carrier), and thus, the diffusion-related reduction of enzyne
reaction rates usually observed with conventionally imobilized enzynes
relative to enzynmes in solution should be mnimzed, since the nmean free
pat:h for substrate and product between active enzyne and free solvent wl|
be greatly shortened for CLECs (conpared to a conventional inmobilized
enzyme carrier particles). These hi.gh . pA8tein densities will be
particularly useful in biosensor, analytical and other applications
requiring | arge ano®abdeo @&iuauraueSNapue\nﬁtmmg medi@alndustri al
processes, theapuBeea®iok® iy WMIth FECOBACIINS5E @ée@'—EC?oEEEHEt s.in

significant operating econom es, by -increasing the effective activity of

gi ven vol une oPadgritysef FW@F@bF%ﬂqqu?EFrQ%EKﬁT@ﬁEPPﬁeﬁiaﬁFe§FEGNtas

wel | as capit ai sc8ei31( BN itleS reldedrcHVRSHNMIS, 'Eh€TEH@Dbené?§ts3Eﬁa%79

gﬁgg ) CLECScE&Esre'?%&V@&%f3“3¥¥é?ﬁﬁ”%ovéﬂ treagggﬁggcg 'Srikéex%Pd

which there was previously no alternative treatment.

Q

eet Has Been Replaced

HIIN (L




refl ecting natural
cat al yst s.
‘CLECs: should not be difficult,
and shape,
of" si npl e net hods,

crystal

growt h characteristics of the individual

enzyne

Repl acenent of existing carrier-inmbilized enzyne media with

since both systens are conparable in size

and both can be S|n1larly recovered from feedstock by any nunber

I ncl udi ng basic econom cal

operations such-as

K lllllll Imlf i _
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TABLE 3
Enzyme Removal of:. Disease/patients. treated References
{___emploved

+ asparaginase | *asparagine * leukemia Kiein M., LangerR., Trends in
(Removal of asparagine, an Biotechnology 4: 179-185
important cancer nutrient, harms | (1986) and references therein
Jeukemic cells which cannot
manufacture the essential amino | Chang, T.M.S., Methods in
acid - asparagine; normal cells Enzymology 137: 444-457
can manufacture asparagine and so | (1987) & references therein
are unaffected by this treatment.)

» heparinase » heparin * deheparinization for Langer,R..e1 al., Science 217:
hemoperfusion patients eg kidney | 261-263 (1982)

: dialysis
» bilirubin oxidase | « bilirubin * neo-natal jaundice -Lavin,A..et al., Science 230:
. 543-545 (1985)
« carboxypeptidase | * methotrexate » chemotherapy patients Pitt,A.M.,et al., Appl.
: Biochem Biotechnol.8: 55-68
(1983)
* fyrosinase » aromatic amino | « liver failure exhibiting .| Chang, T.M.S., Sem.Liver
acids pathological elevations of amino | Dis.Ser. 6: 148 (1986)
acids
+ phenylalanine « phenylalanine . phcnylkexonuria and liver failure | Ambrus,C.M., et ai.,
ammonium lyase J.Pharm.& Exp.Ther. 224:
: 598-602 (1983)
 multi-enzyme » urea (converted « detoxification for chronic renal | Chang,T.M.S., Methods in
systém including: | into glutamic and | failure patients Enzymology 137: 444-457
urease, glutamate | other amino acids, : (1987) & references therein
dehydro-genase, via ammonia)
glucose, Chang, T.M.S., Enzyme Eng
dehydrogenase & a §:225 (1980)
_gansaminase

» arginase « arginine . « familial hyperargininaemia KanalasJJ. er al., Biochem.

_ ' Med. 27: 46-55 (1982)

s glutamate * ammonia « liver failure Maugh,T.H., Science 223:

dehydrogenase & ' 474-476 (1984)
| ammonia

—_—
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~filtration, centrifugation, decantation of solvent, and others:. In
addi tion, the use of |yophilized CLECs pernits routine handling and storage
of these materials prior to use (dry storage at room tenperature wthout
refiri geration, for extended periods of tinme). Lyophilized CLECs al so all ow
for routine fornulation by direct addition of solvents and substrates of

i nterest, w thout |engthy solvent exchange4a~ocesses, or the formation of
anor phous suspensions. The |yophilized CLEC form extends the general
utility of the enzynds partitulastappbicationdef thecpreseot mebhobd isd

or 055 |1 nki ng oftNehdeman, Y866 SetRt "Eoa 061 foalathbbarin2iition o
crystal lattice (BernsteinmntialientMethgde inl Bozymelogyt A3TeciFivE?y and
chemcally. As %f§§#¥f; @hf&ﬁxigaaigéuééédOﬂéioa?ans of achi eving
5 All extracorporeal devices perfused with blood,
such as kidney dialysis, continuous arteriovenous
hemofiltration or extracorporeal membrane oxygenators,
require heparinization of the patient to avoid blood
clotting. However, heparinization of the patient leads
10 to hemorrhagic complications and remains a threat to
human safety. These problems incréase as the perfusion
times increase, for example with the membrane
oxygenator, and can lead to serious bleeding. After
extracorporeal therapy, heparin may be removed from
15 blood by employing a heparinase device at the effluent
of the extracorporeal device which eliminates all
heparin from the blood returned to the patient and thus
avoids the current problems of heparinization.
Published research (Langer et al. Science 217:
20 261-263 (1982)); Bernstein et al., Methods in
Enzymology 137: 515-529 (1987)), details the problems
presented by conventionally immobilized enzymes used in
extracorporeal devices. The principal problem is that
conventional immobilization results in a low retention
25 of enzyme activity per unit volume, thus requiring a
large volume of immobilized enzyme to perform the
necessary heparinization. This volume is too large to
be of practical use in humans. However, the high
. retention of activity per unit volume in CLEC, due to-
30 the lack of inert support circumvents this problem and

.—\ .
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significant concentrations of active enzyme catalyst in harsh'aqueous,
organi c, near-anhydrous solvents, or in aqueous-organic solvent m xtures.

The use of enzynmes as catalysts i-n organic syntheses has beem hanpered .hy
their t.endency to denature in the presence of

-19- non-aqueous sol vents, and particularly, in mxtures of aqueous and
non- aqueous sol vents (Klibanov, A'M, -45-

offers a practical solution to deheparinization of
humans. The enhanced stability of CLEC will reduce the
disassociation of enzyme from the crosslinked crystal.
This is superior to the less stable, conventionally

5 immobilized enzymes, because immune responses resulting
from enzyme leakage will be reduced. CLEC temperature
stability prevents denaturation of the enzyme due to
high transient temperatures during storage; it is
likely that CLEC may retain high activity, even when

10 stored at room temperature. In addition, CLEC will be
cheaper and more convenient to use than their
conventionally immobilized counterparts because of
their longer operational and storage lifetimes.

ditional a ications of CLEC technolo biosensors

15 A CLEC or a set of. CLECs can be used as a
component of a’ sensor, referred to as a biosensor,
useful for detecting and/or quantitating an analyte of
‘interest in a fluid, such as body fluid (e.g., blood,
urine), chemical and laboratory reaction media, organic

20 media, water, culture medium and beverages. In some
instances, the fluid in question can be a gas, as in an
‘alcohol breath analyzer (Barzana,-E., Klibanov, A., and
Karell, H., NASA Tech Briefs 13:104 (1989)). In this
application an appropriately-selected CLEC or set of

25 CLECs is brought into contact with a fluid to be
analyzed for the analyte of interest. The analyte of
intergst can be measured directly (e.g., blood glucose
level) or indirectly (e.g., by detecting or '
quantitatiﬁg a substance which is a reactant (preoduct
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Trends in Biochem cal Sciences, 14:141-144 (1989)). In CLECs, the
restriction of conformational nmobility that |leads to stability is provided
by thé inter- nolecular contacts and cross-1inks between the constituent
enzynme nol ecul es making up the crystal lattice, rather than by the

near - absence of water in the medium As a result, internediate water
concentrations can be tolerated by enzynesixgen formul ated as CLECs, as has
previ ously not been possi bl e (see Table 12)%°Tn conmerci al appl i cations,

Faking advant agP RS ERrsTRbRY SR B FRAFESSHr 1 SHASS wifl ibred B 2l
i n aqueous nedi ainterest partipipatesimobilhni eedthclr calsehl dherRLERIbisct to
L ar bocs Safh b aecCOgEhCthe! GHRAGES 05! 0" RIRAUNAN a1
the necessary nextegactantt inngt ne@@ROQhanaHblmicM§nﬂﬁee NS89 . Acad.
Sci. (4)SA) 52! participates. The activity of the enzyme results in a
detectable change (e.g., change in pH, production of
light, heat, change in electrical potential) which is
detected and/or'quantitated by an appropriate detecting
means (e.g., pH electrode, light or heat sensing
10 device, means for measuring electrical change) (Janata,
J., et al., Anal. Chem. 62: 33R-44R (1990)). Any means
useful for detecting the change resulting from the
enzyme-catalyzed method can be used. A biosensor of
the present invention includes a CLEC or set of CLECs
15 and a retaining means for the CLEC which allows contact
between the CLEC(s) and the analyte of interest or the
substance in the fluid which is a reactant in the
reaction in which the enalyte of interest participates.
Table 4 illustrates some of the biosensor
20 applications in which CLECs could be used. Currently
immobilized enzymes are used in these applications, but
suffer from low stability, low enzyme density, short
lifetimes and lack of reproducibility. These examplee
can be feadily adapted to the CLEC technology disclosed
25 - here.
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833-839 (1964)) that results in increased reactor

cat al yst. A third advantage of a CLEC” ?z'that as a result of its

crystalline nature, a CLEC can achieve uniformty across the entire

cross- 14 nked qﬁ?%k volune. Crystalline enzynmes as described herein are
e

life for the enzynme

grown and crogég-/

d in an agueous environment and, therefore, the
?rerzjlng(rarre%_ of 'z"vmd T Didechby Sare 1 2l Uiy ,,gaqma,l NS [UNT T ORgfepéhde
hg _ I Is U e uBte! Deiddse -s—hyu PluelsdTeT DYy UIE, §ilbedes ecul aln « DahfeaB NMossbadh.K..
chem ca _ _ : Methods in Enzymology

137: 4.7 (1987)

» Hall.E "Biosensors " Open
University Press (1990)

» Taylor.R., Proceed.
Biotechnology Conference
1989; 275-287

* Anthony et al.,

| "Biosensors, Fundamentals
and Applications”, Oxford
University Press (1987)

« Tabata,M. ez al., Anal.
Biochem. 134: 44 (1983)

* Hsuie G.Het al.,
Polym.Mater.Sci.Eng. 87:
825-829 (1987)

« Kobos, et al. Anal.Chem.
60: 1996-1998 (1988)

» Blaedel, W,J. & Jenkins.R.
A.. Anal. Chem. 48(8):
1240 (1976)

» Sagaguchi. Y..etal..J.
Appl. Biochem 3: 32 (1981)
* ibid as glucose oxidase

« creatinine deiminase » creatinine « kidney function

* urease * urea « kidney function

« lactate oxidase & « lactate

dehydrogenase

-+ clinical applications

» glucose-6-pyruvate » Glucose-6-phosphate. l = diabetics and other

dehvdrogenase sucrose and ATP medical
« alcohol dehydrogenase, | « ethanol & other » breathalysers and * RometieJ.L.et al.,
alcohol oxidase alcohols: acetic, formic | industrial applications Methods in Enzymology
: acids 137: 217-225 (1987)
* Ho,M.H., Methods in
Enzymology 137: 271-288
(1987)
» 8-fructosidase » Sucrose « industrial applications | * RometteJ.L.et al.,
' Methods in Enzymology
137: 217-225 (1987)
« cholesterol oxidase « cholesterol - + Satoh,l. Methods in

» cholesterol tesung
! o : Enzymology 137: 217-225
i _ : : (1987)
r

+ cawalase i » uric acid. cholesterol | » atherosclerotic and « Saioh 1. Methods in
other medical Enzymology 137: 217-225
: (1987)
» carboxy peptidase » methowrexate * cancer » ibid as glucose oxidase
» carbonic anhydrase « carbon dioxide « industrial, laboratory & | » ibid as glucose oxidase
environmental
applications
» L-amino acid oxidase | ¢ amino acids « medical and industrial | » ibid as glucose oxidase
« 8-lactamase « penicillin * medical * Anzai et al.. Bull.Chem.
. penicillinase ' Soc.Jpn. 60: 41334137
: (1988)
» alkaline phosphatase ' < phosphate » metabolite monitoring | « ibid as glucose oxidase
* nitrate/nitrite reductase | * nitrates & nitrites » metabolite-and food « ibid as glucose oxidase
' monitoring
_This Sheet Has Been R lacpd
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-20- - cross-links between the enzyne nol ecul es constituting the crystal
llattice, even when exchanged into other aggeous, organic or hear=anhydrous » -,
medi a, or m xed aqueous/organic solvents. In all of these solvents, the

enzyne nol ecul es maintain a uniformdistance fromeach other, formng -~ - -
wel | -defined stable pores within the CLECs that facilitate access of

substrate to Llh HEB/me catal ysts, as well as rempval of product.

Uniformty of @%ﬁ/ 't"l“\?pty is.critical in industrial, nedical and

1 - M- v-r\r\v-r\rhlcu hil. teeand caoncl of ar.o
anal yti cal appl A -Oade-by y—aRd—eonsst b..w uLmereme
paramount . : IS Flucdse oxidase
exhi bit an inc HRF4EOlie mgnitoing | 3 M g
Interactions, ¢y ﬁn&uﬁl abse s siiccinate « industrial « ibid as glucose oxidase
dehvdrogenase
» bacterial luciferase FMNH; and coupled | « detection of 10-18 * WanniundJ..ez al.,
reactions molar quantities of “Luminescent assays:

' FMNH; through - | Perspectivesin
measurement of photon | endocrinology and clinical
release chemisty”; Eds SerioM.

and Pazzagli M. 1: 125
(1982)
« Kurkijarvi et al., Methods
in Enzymology 137: 171-
' 181 (1987)
+ firefly luciferase ATP and coupled « detection of 10-12 » Kurkijarvi er al., Methods
reactions molar quantities of ATP | in Enzymology 137: 171-
through measurement of | 181 (1987)
photon release | « Murachi et al., Methods in
' - | Enzymology 137: 260-271
(1988)




of - cross-linking, are known to stabilize proteins, due in part to
restrictions of the conformational degrees of freedom needed~fof protein
denatwuration. In CLECs, the lattice interactions, when fixed by chem cal
cross-l.inks, are partlcularly i nportant in preventing denaturation,
espeC|aIIy In mxtures of aqueous and non-aqueous sol vents (Kllbanov A M,
Trends in Biochem cal Sciences 14: 141- 144-@&989)) Enzynmes that have been
in the crystalline state for nonths or. year routinely retaln a hlgh

gre;gteglt Sggt 8]; eéh?hra;@dr%t&)sﬁgoﬁégx gyth?r Bg'%sg\k}gﬁ‘i t])reﬁer razfectfeer%gfrom
m crobi al cont ancaxxied enwtl flarathe anadisis afssamlsmrublaemmosmsptng
large quantities Qf Qr%ﬂﬂchﬁaﬂ%mggﬁi‘&bgled&o PREARACT TN NUFFEEe | n the
case of a Iyoph| | zed
possible detectable signal from the smallest possible
5 quantity of substrate and catalyst. In this regard,
the CLEC technology disclosed here is particularly
attractive, since it achieves the highest possible
concentration of enzyme catalyst in a given volume.
Often, considerable efforts are made to couple an
10 : ultimate enzymatic reaction of interest, either
' directly, or through suitable intermediates, to the
production of ligﬁt by enzymes like luciferase
(Kurkijarvi et al., Methods in Enzymol. 137: 171-181
(1988)). This is done in order to take advantage of
15 ~the unparalleled sensitivity and efficiency of photon
detection equipment, which allows for the detection of
femtomolar concentrations of enzyme reaction products
under appropriate conditions. Following this
| principle, biosensor systems have been designed, using
20 conventionally immobilized enzymes, to detect various
substrates of clinical and other interest. Light
producing reactions have been coupled to assay
reactions detecting substrates like, D-glucose,
L-lactate, L-glutamate and ethanol, among others, at
25 extremely low concentration.
With regard to-this application, the luciferase
enzyme from Vibrio hgzvexii has been reported as
: ct?sﬁailized (Swansorn et al., J. Biol. Chem. 260:
1287-1289 (1985)). Crystals of this luciferase can be
30 crosslinked with glutaraldehyde or other suitable
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enzyne is stored in the absence of solvent. That, and the stabilization
achi eved by cross-linking allows for the storage i#®:the absence of
refrigeration for long periods of time. - A fifth advantage of using a
CLEC is:-that it should exhibit enhanced tenperature stability as a.
consequence of the cross-links stabilizing the crystal lattice. Carrying
out reactions at a higher ~50- '

reagent to form a CLEC of luciferase. For biosensor
and analytical uses, a CLEC of lucife:ase-offers many
advantages over conventiocnally immobilized enzyme. 1In
a CLEC, the entire volume of the luciferase CLEC would

5 consist of light emitting enzyme. In a conventionally
immobilized enzyme system, however,-as'much as 95% of
the total volume is taken up by "inert" carrier
material, which more likely functions as an absorber of

. the light emitted by enzyme. In'adaition, the enhanced

10 stability of CLECs should facilitate storage at room
temperature, and also makes poséible novel sensing
applications in harsh environments and elevated
temperatures. |

Additional applications of CLEC technolegy = laboratory
15 reactions _

CLECs may be;usedrasrlaboratory'reagents in small
columns or in batch processes, which can be used to
carry out laboratory reactions. Some of the broad
categories of reactions are in Table 5.




tenperature than that used with conventiona
reaction rates for the chem:cal
t her nodynami cal | y,

crystal.
i "pr ovenent

-Enzynol . 136

tion efficiency,

product|V|tylﬁ? %g'

reacti ons of

met hods woul d-i ncr ease
_ I nterest, :
and by enhancing the diffusion rate into and out of the
lattice of CLECs. These conbi ned effdets would represent a ngjor
because they woul d maxi m ze the

iven quantity of enzyne catal yst,
nost expensi ve conponent of the reaction process (Danl el s,

bot h

which is generally t he
MJ I\/Ethods in

I's remarkabl e
CLECs woul d al
tenperatures d
t hat pores of
nol ecules int

regul ar size and
he underlying cr

sdlRBiiemaong bgRtigd bet

y&ﬁrﬁd}lysxs and resolution of racemic
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3340108 ——Fhe—-efper Bt va.l‘:J.éAlJ! t-y—ext lklere$bh&y _u_lzw
T Todig | FZIC AR kthn& AM, TS
) : agon, hOl™ DRrol NaN&da88Li. : 3192-
uring storage. am!nAYSSI'ﬂa niZafigha Nt age )319\3§gsgf a CLEC is

e KlibanodA M. disa ChamRasnas:
114-120 (1990) and references therein
» Wong,C.H..,Chemuracts-Organic
Chemistry 3:91-111 (1990) and
references therein

* esterases « stereoselective synthesis and « Kobayashi et al., Tetrahedron Letters
: resolution - | Vol 25, #24: 2557-2560 (1984)
« Schneider et al.. Agnew. Chem. Int.
Ed.Engl.23 (#1): 64-68 (1984)
= tyrosinase « oxidation of phenols to produce » Kazandjian,R.Z and Klibanov, A.M.

quinones

J.Am.Chem.Soc 110: S84-589 (1986)

» proteases, eg subtilisin

« stereoselective acylation of
carbohvdrates

*Riva et al. J Am.Chem.S0c.110: 584-
589 (1988) '

« oxidases

s selective oxidation of h\ drocarbons

« Klibanov.A.M. Acc.Chem.Res. 23:
| 114-120 (1990) and references therein

« other enzymes not
requiring co-factors:
isomerases, lyases,
aldolases. glycosyl.
wansferases. glvcosidases

. S_lereoselecuve symhesxs:

» Wong,C.H..Chemtracts-Organic
Chemistry 3:91-111 (1990) and
references therein

» other enzymes not
requiring added co-factors:
flavoenzymes. pyridoxal -
phosphate enzymes,
metallocnzymes

« Stereosclective.synthesis:

» Wong,C.H..Chemtracts-Organic
Chemistry 3:91-111 (1990) and
references therein

* enzymes requinng co-
factors: kinases (ATP),

oxidoreductatses (NAD/P),

methy] ransferases
(SAM), CoA-requiring
enzvmes, sulfurases

“1 (PAPS)

» Stereoselective synthesis:

» Wong.C.H..Chemuracts-Organic
Chemistry 3:91-111 (1990) and
references .Lherein_
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lattice. This restricted solvent accessibility greatly enhances the netal
ion or cofactor retention characteristics of CLEC as compared to
conventional |y i mobilized enzymes and enzynes in solution. This

-22- property of CLEC will permt the use of economically superior

conti nuous-flow processes in situations (see e.g. Oyama et. al. Methods in
Enzynmol . 136 503-516

-52- _

Schneider et al. (Agnew. Chem. Int. Ed. Engl. 23
(No.1l): 64-68 (1984)) illustrates how enzymes may be
used in organic syntheses. Pig liver esterase was

~employed in the meso-ester transformation into a chiral
5 mono-ester in an aqueous phosphate buffer.

The advantages of CLEC catalyzed reactions for
laboratory use are threefold. First, CLEC retain high
activity in harsh environments (eg. agueous, organic,
near-anhydrous solvents and nmixtures of these, and at

10 high temperatures) that are typical of labonratory

| chemical synthesis experiments. Second, CLEC exhibit
high operational and storage stability, which is
appropriate for intermittent laboratory experiments.
Third, their high activity per unit volume will allow

15 shorter reaction times and require smaller volumes of
enzyme (per unit of activity).. Thus, the advantéges:
that CLECs offer.over.fzeetor~imm6bilized enzymes,
provide organic chemists with an alternative, highly
selective, synthetic tool.

20 In all of these instances described above, but not
limited to these, the method of this invention can be
adapted by one of ordinary skill in the art, to convert
a process using a conventionally immobilized enzyme
-catalyst to the use of a CLEC of the appropriate

25 enzyme. CLECs can not only replace conventional
immobilized enzymes, but also be used in cell mediated
transformations. The present invention will now be
illustrated by the following Examples which are not
intended to be limiting in any way.

This Sheet Has Been Re

R llll




(1987)) where enzyme woul d ot herwi se be inactivated by netal ion or
cofactor |eaching. For exanple,.in the thernolysin-nediated synthesis of
the di peptidyl aspartanme precursor, Z-L-Asp-L-Phe-Owe, conventionally -

i mobi |j zed enzyne is known to | ose catalytic activity in continuous-flow
col um processes, in part through the Ieaching of calciumions essenti al

for thernolysin activity. In practice, gﬁng of calciumions has forced
the use of less efficient batch processesa% kani shi et. al., Biotechnol ogy

3: 459-464 (19 aghing ocecurs when cal ciumion conpl exes are forned
w th substrate “in conpetltlon mnth the natural caIC|un1b|nd|ng

sites on the s ‘;w:;", : 311t irdee f SIS0 1y ,@_J{atlc
activity. The hig cRS$) ‘ : aldfd ed

vol urme accessi blre O < Cs, our ages
the formation of thegﬁﬁﬁﬁéiligéslﬂap Ca conpl exes responsible for netal
ion g5 250 mg of thermolysin from Bacillus - '

thermoproteolvticus was purchased from
Boehringer-Mannheim GmbH, and dissolved in 4 ml of 45%

dimethyl sulfoxide (DMSO) and 55% 1.40 M calcium
acetate, 0.50 M sodium cacodylate at pH 6.5. These

10 starting conditions are similar to those described by
Matthews et. al. for the production of diffraction
gquality thermolysin crystals (see, eg., Holmes and
Matthews, J. Mol. Biol. 160: 623-639 (1982)). The
protein solution was then concentrated to 1 ml in a

15 Centricon 10 micro-concentrator. A good yield of
microcrystals was obtained by a process of flash
crystallization, now disclosed here, in which 1 ml of
water, or 1.40 M calcium acetate, 0.50 M sodium
cacodylate at pH 6.5, was rapidly injected into either

20 . of the thermolysin-DMSO solutions described above. A
shower of hexagonal micro-crystals of approximately
uniform dimensions (approx. 107 mm in length) results
from this process.

Crosslinking of thermolysin microcrystals.

25 The protocol used in.this specific example of the
method of this invention is an adaptation of that
described by Nakanishi et. al. (Biotechnology 3:
459-464 (1985)), in which protocel, thermolysin was
first adsorbed onto a carrier bead composed of the
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| eachi ng. Preparation of CLECs - enzyne crystallization In the

nmet hod of the present invention, a cross-Ilinked |nnDb|I|zed enzyne crystal
(or CLEC) is prepared as follows: Enzyne crystals are grown by the
controlted precipitation of protein. out of aqueous sol ution, or aqueous
sol ution containing organi c sol vents.

ion-exchange resin Amberlite XAD-7, and subsequently
immobilized by cross-linking with glutaraldehyde
(Quicho and Richards, Proc. Natl. Acad. Sci. (USA)
52:833-839 (1964)). In this exemplification, the
5 ‘microcrystals of thermolysin obtained above were
centrifuged and pelleted, and the supernatant was
"discarded. 5 ml of 17.5% technical grade
glutaraldehyde, in 2.5 % DMSO, 0.05M calcium acetate,
and 0.025M sodium'cacodylate at pH 6.5, were then added
10 to the microcrystals. The mixture was incnbated with
gentle agitation at 37°C for 4 hours. The crosslinking
reaction was étopped by repeated washing of the
crystals with 10 ml aliguots of water to remove the
glutaraldehyde solution. The washed cross-linked
15 thermolysin crystals constitute the thermolysin CLEC
used below as a catalyst.

5 ml of a thermolysin CLEC suspension were added
to a continuous stirred-batch reactor incubated at

20 37°C. After centrifugation and decantation of the
supernatant, an aqueous reaction mixture was added to
the CLECs. This solution was prepared by mixing 80 mg
of Z-L-Asp and 80 mg of L-Phe-OMe-HCl in 1 ml of watér,
with acetic acid added to obtain a pH of 7.0. Samples

25 were taken for analysis by HPLC. Table 6 below shows

o the HPLC peak height of the z-t—Asp substrate peak
after the indicated time of reaction, normalized to 1.
at time t=0. Since Z-L-Asp is rate limiting in this
reaction, measuring its depletion is equivalent to
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-23- Conditions to be controlled include, for exanple, the rate of
‘evaporation of solvent, the presence of appropriate co-solutes and buffers,
‘and t-he pH and tenperature. A conprehensive review of the various factors
affectiing the crystallization of proteins has been published by MPherson
(Met hods Enzynol. 114: 112 (1985)). In addition, both MPherson and
Glliland (J. Crystal Gowth 90: 51-59 (1988)) haVe conpi | ed conprehensi ve
lists of all proteins and nucleic acids t®85=-have been reported as
crystallized, as well as the conditions that lead to their crystalllzatlon
A conpendi um of meaguring e @pp@t@dncmmﬂ)rpm%sz'ldsﬁ%fp'agea Me

repository of c sqlyve | S 68 A (£HEBY
structures, 3& ?g&tﬁeg %ft t(hgel P% e| n tl?%a% Bernste|r(1 et. lﬂ .
Mol . Biol. Table 6 also includes the normalized peak height o
limiting Z-L-Asp substrate remaining, and an estimate
s of the degree of completion of the reaction. It is

clear that the reaction proceeded to about 20%
completion within the first 30 seconds and plateaued
there. These results are consistent with the
observations of Nakanishi et al. (Biotechnology 3:

10 | 459-464 (1985)) when using conventionally immobilized
thermolysin in an agueous reaction mixture as above,
and are attributable to the sparing solubility of the
Z-L-Asp~-L-Phe-OMe product in water.

TABLE 6 |

15 Reaction Peak Height Percent
Time (sec) '(Normali;ed) Completion

o 1.000 .

30 0.727 ' $27.3%

60 ' . 0.857 _ 14.3%

20 120 0.940 - 6.0%

180 0.797 20.3%

thesis of Z-Asp-Phe-OMe in a near-anhydrous solu
5 ml of a thermolysin CLEC suspension were added
to a continuous stirred-batch reactor incubated at
25 37°C. After centrifugation and decantation of the
supernatant, a near-anhydrous organic reaction mixture
was added to the CLECs. This solution was prepared by
mixing 80 mg of Z-L-Asp and 240 mg of L-Phe-OMe in 1 ml

-
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112: 535-542 (1977)) at the Brookhaven Nati onal
can be used to determi ne the conditions necessary for the crystallization

of a given protein or enzyne previously crystallized,

Laboratory. Such referenees

as a prelude to the

formati en of an
crystallization

intelligent trial

Carter cCw, J.
|nstances,
I ncl udi ng, but

accept abl e | evel

appropriate CLEC, and can guide the formulation of a
strategy for proteins that have not. Alternatively, an
and error search strategsg-see eg., Carter, CW Jr.

Bi ol . Chem’  254: 12219-12223 (1979)) can, in nost

produwif 294 tethyl cagetatéi andli 08 watdrtii osammesrrmqomxleéms

By G0 oy B s IR

sggﬁ&é%‘?’ﬁlﬁﬁ&vmq purity

required can varpeak deeiglit oof ptheeZnl+Aspr substrate peakcaftexf the

10

15

20

25

indicated time of reaction, normalized to 1 at time
t=0. Since Z-L-Asp is rate limiting in this reaction,
measuring its depletion is equivalent to measuring the
appearance of product Z-L-Asp-L-Phe-OMe (Nakanishi et.
al. Biotechnology 3: 459-464 (1985)). Table #7 also
includes the normalized peak height of limiting Z-L-Asp
substrate remaining, and an estimate of the degree of
completion of the reaciion. In this case, the reaction
proceeded to about 70% completion within the first 30
seconds and plateaued there. These results are also
consistent with the observations of Nakanishi et al.
(Biotechnology 3: 459-464 (1985)) with conventionally
immobilized thermolysin in a near-anhydrous reaction
mixture, and are attributable to product inhibition of
the enzyme.

TABLE 7

Reaction
Time (sec)

Peak Height
(Normalized)

Percent
Completion
0
30
60
120
180

1.000
0.323
0.314
0.305
0.272

67.7%
68.6%
69.5%
72.8%
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-24-  l'ysozyne,

for exanple, the enzynme has been crystall Fzed-di-rectl.y from

Lts unpurified source, the hen egg-white (Glliland, G L., J. Crysta
Growth 90: 51-59 (1988)). For use as CLECs in the method of this

invention, the large single crystals which are needed for X-ray diffraction

anal ysis are not

required, and may, in fact, be undesirable because of

di ffusion problens related to crystal size. Mcrocrystalline showers (ie.

crystals of order 10[err] mmin size/crossﬁﬁﬁnlon) are suitable for CLECs

and are often o%ihpugh

10

15

20

sta ation, cross-link and lyophiljzation of
ormo —apd assessm of character s of
duct
a ; molysi

Thermoclysin (Diawa Kasei K.K., Japan) was
dissolved in 10 mM calcium acetate (Sigma), pH 10.0, to
a concentration of 10% (w/v). The pH of the solution
was maintained at 10.0 by titration with 2 M NaOH.
Following complete solubilization, the protein solution
was titrated to pH 8.0 with 2 M HCl. Solid calcium
acetate was added to 1.2 M. Dimethyl sulfoxide (Sigma)
was then added to 30%. The protein was concentrated to
100 mg/ml by ultrafiltration in an Amicon stir cell
(10,000 MWCO membrane). Concentrated enzyme was
aliquoted and stored at =-70°C. Thermolysin was
crystallized by the addition. of 9.volumes demlnerallzed
water to 1 volume concentrated (100 mg/ml) protein
solution. The solution was briefly vortexed and
allowed to stand overnight at room temperature.

Crystals were washed with 10 volumes of 10 Mm calcium

acetate pH 7.0 and recovered by low speed centrifuga-

tion (10 min at 1500 x G, Beckman GPR centrifuge).

25

30

The rapid addition of water to a concentrated (100
mg/ml) solution of thermolysin induces the formation of
crystals which become visible under low-power
magnification within ten minutes. Crystal size is
reproducibly dependent on the final protein concentra-
tion. Three volumes of water to one volume of
thermolysin concentrate (100 mg/ml) will produce 0.5mm

““—*;———f—————;___
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sel'domreported in the X-ray crystallographic literature. Mcro-crystals
are very useful in the nmethod of this invention to mnimze problens with
di ffusion (see eg., Qiocho, F.A, and Richards, F.M, Biochem stry 5:
4062- 4076 (1967)). In general, crystals are produced by conbining the
protein to be crystallized with an appropriate aqueous sol vent or aqueous
sol vent containing appropriate precipitating agents, such as salts or
organi cs. The solvent is conbined with the5grotein at a tenperature

determ ned experinentally to be appropriate for the induction of

crystal lizationlang,a¥erpyaldif fraction mpialtidnaitexagopabt eedssthat| ity and
activity. The s { t i.qnal G z t Se ent
cations, co-f ac? ct#gg%Fggﬁa%{% r.ggle%s éré’sg ev%g#%s%ﬁée# %%!é]é?ggh?% %‘gjr'l%‘?%l pH.
The need for coe$oRdt:edCoAdamheiRt- oondansaniums ekt R Makehevs,

experimental |y gQyf,acyli Mahe @isil.alddzatganad (paw2Nflisasi 8bnELihed
5 by us by diffraction analysis. Adding ten volumes of -
water to one of protein concentrate reduces the length
of the resulting crystals to 0.05mm. These micro-
crystals are preferred in CLEC applications, since they
tend to minimize diffusion problems related to crystal
10 size (see eg., Quiocho, F.A. and Richards, F.M.
Biochemistry 5: 4062-4076 (1967)). Within a given
batch of protein, crystal size was consistently
uniform. (Crystals 0.05 - 0.10 mm in length were used
in this study to facilitate accurate pipetting of
15 crystallihe suspensions.) Densitometer scans of SDS-
PAGE showed a six-fold purification of the enzyme on

crystallization,  significantly increasing the specific
activity of the CLECs. ‘Crystallization resulted in a
20% decrease in the total activity of the CLEC protein

20 compared to soluble thermolysin, when assayed by
spectrophotometric cleavage of the dipeptide substrate
furylacryloyl-glycyl-L-leucine-amide (FAGLA), as
described below.

osslinki of thermolysin crystals
- 25 Thermolysin crystals were crosslinked for 3 hours
at room temperature in a solution of 12.5% '
glutaraldehyde (Sigma), 5% DMSO and 50 mM Tris pH 6.5.
The crosslinked crystals were washed 3 times in )
demineralized water and recovered by low speed

\'
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process, the controlled preC|p|tat|on | eading to crystallization can best
be carried out by the sinple ' . - -25- - ...
conbi nati on of protein, precipitant, co-solutes, and optlonally buffers in
a batch'process. Alternative |aboratory crystallization methods, such as
di al ysis, or vapor diffusion can al so be adapted. MPherson (thhods
Enzynol . 114: 112 (1985)), and (Blllland (J.

55
centrifugatlon, as'd95cribed in respect to crystal-
lization of thermblysin. Chemical cross-linking of
enzyme crystals stabilizes the crystal lattice and the
‘constituent enzyme molecules in the crystal suf-

5 ~ ficiently so as to permit the practical use of CLECs in
environments that are otherwise incompatible with
‘enzyme function. There was no measurable difference in
enzymatic activity between the crosslinked and un-
crosslinked crystals when assayed (spectrophoto-

10 metrically) by monitoring cleavage of the dipeptide
substrate FAGLA (descrlbed below). Moreover, cross-
linking stablllzes CLECs to the point that they can be
lyophilized, with’ retentlon of full enzymatic activity
upon reconstitution in agueous, organic, and mixed

15 agueous-organic solvents as shown in Figure 1 and Table
8. Although crystallization resulted in a 30% decrease
in the specific activity: of the CLEC protein compared
to soluble thermolysin, ‘crosslinking and lyophilization
of the CLECs did not further diminish specific

20 activity. -

TABLE 8 - Thermolys;n Act1v1ty
Absorbance 345 nm .

fT;me (min) CLEC - Soluble Enzyme
1 0.0 . 0.314 0.315
25 2 1.0 0.272 0.271
3 3.0 . 0.235 0.218
4 5.0 .- 0.204  0.198
5 10.0 . 0.184 . 0.185
6
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Crystal Gowth 90: 51-59 (1988)) include a conprehensive list of suitable
conditions in their reviews of the crystallization literature.
Qccasional |y, incompatibility between the cross-linking reagent and the
crystal I'i zati on medi um m ght require exchanging the crystals into a nere
sui tabl e sol vent system Many of ‘t-he proteins for which
crystal li zation conditions have al ready been described in the literature,
have consi derabl e potential as practical .e8yne catalysts in industrial and
| aboratory chem cal processes, and are directly sub ect to formul.ation as
CLECs \Mth| n th EMmatl G fagul 4 YN\ &k e, .JL—:._._ [3C C t QENP L XD LI enzyn‘es

t hat have al ready beqmgnagggaQﬂggugcﬁgﬁft gapuspadahaocggceported I n
met of these el ol B Be S Lo T e e
adj ust ment of c@ibdHemMistry 9: 2784-2791 (1970)) by hydrolysis of the
5 blocked dipeptide substrate furylacryloyl-glycyl-L-
leucine-amide (FAGLA) (Schweizerhall). Cleavage of the
amide bond was measured spectrophotometrically by a
decrease in absorbance at 345 nm. Initial enzyme
 concentration was 107M by Bradford protein deter-

10. mination and'densitometer scanning (Pharmacia LKB
Ultroscan XL) of Coomassie stained SDS-PAGE gels. CLEC
enzyme is defined as reconstituted lyophilized cross-
linked thermolysin crystals. Soluble enzyme is defined
as thermolysin concentrated to 100 mg/ml. Enzyme was

15 added to a 5 mlfreaction volume containing substrate.
Aliquots of the reaction mix were removed at the
-indicated times, and:absorbance at 345nm was measured.

©

CLEC thermolysin was separated from the reaction mix by
brief centrifugation (Beckman, microcentrifuge E)

20 before reading absorbance. Absorbance was fitted to a
pseudo first order rate equation'and kcat/Km was
calculated by dividing the fitted value by enzyme
concentration (Multifit 2.0 Curve Fitting for the Apple
Macintosh Computer, Day Computing P.O. Box 327; Miltoen,

25 Cambridge CB4 6WL, U.K. (19%90)).

pH_Dependence and Stability
The pH optimum and stability of the soluble enzyme

were compared to that of thermolysin CLECs by cleavage
of the dipeptide substrate FAGLA. Results are shown in

//II/I//III/////I/I//ide ‘




for thé smaller crystals used in naklng CLECS n1ght be necessary in sone

cases. . + 26- Table 1
Enzyne - M crobial or biol ogical Ref er ences
source - (including those cited therein)

-8l-

Figufe'z and Table 9. Both soluble and crystalline
enzyme forms demonstrate maximum activity at pH 7.
CLECs and soluble thermolysin also demonstrated similar
activity in the acidic range and the bell shaped pH

5 profile generated by the soluble enzyme was in good

' agreement with published data (Fedér, J. and Schuck,

J.M., Biochemistry 9: 2784-2791 (1970)). In the
alkaline pH range, however, the crystalline enzyme
maintains maximum activity, to pH 10, while the soluble

10 enzyme has 75% activity at pH 8.5, and only 25%
activity at pH 9. At pH 9.5, the soluble enzyme is
completely inactive.
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[err]. al cohol dehydrogenase . horse liver Ekl und et al.
J. Mol _Biol. 146: 561- i

- -

587 (1981) [err] aIcohoI “oxi dase Pi chia pastoris Boys
et @l ., *J.Mol.Biol. 208: 211-212 '

(1989) o Tykar ska et

al., J.Protein Chem 9: - - : e

83-86 (1990) * al dol ase rag%it nmuscl e Eagl es

et al., J.Ml.Bighpr#59g 53%@4.4””'51“( HHJ@% bi sphosphat e)

(1969) L . . Heidner et
al ., Science 171: 677-680 ' $ Maximum Activity
(1971) cal f nuscle Goryunov et
al., Biofizika 14: 1116- pH CLEC Soluble Enzyme
1117 (1969) human nuscl e MIIar
et al_, Trans. Rgy. Soc. Lond.
B293: 5209-214 (3981) 5.0 10.25Qy osophi | a AetARogast er
Brenner c: al.,2J.Biol.Chem 2% 9.750 6.070
11747-11749 (1982) - [err] ol ase( PKDG) Pseudono
Vandl en et al. J.Biol.Chem 2 % 52.500 n§§2g§b2253
(1973) 4 6.5 85.000 . 74.610
5 7.0 97.500 100.000
10 6 7.5 1100.000 98.650
7 ' 8.0 97.500 82.920
8 ‘8.5 95.000 71.910
9 9.0 96.250 24.720
10 9.5 . 95.000 0.000
15 11 10.0 90.000 0.000
Stability at:e;evéted temperature

~ One can achieve higher reaction rates and lower
diffusion times for substrates and products by
operating a given chemical process at higher
20 o temperature, where one is usually limited by the
temperature stability of substrates and products. 1In
enzfme—b;sed catalysis, however, it is often the loss
of enzymatic activity that sets the practical limit on
the temperature that a process can be run. The
25 additional stabilization achieved in CLECs allows for
' enzymatic activity at much higher temperatures than is
possxhle ‘for soluble enzyme. . '
The enhanced stability at lower temperatures
simplifies the routine long term storage of the CLEC

Th.s Sheet Has Been R-
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[err] al kaline phosphat ase Escherichia coli Sowadski et al.

J. Ml .Biol. 150: : 245- 272 (1981) [err]
asparagi nase Erw ni a carol ova "North et al., Nature 224:
594- 595 _ (1969) -
Escherichia coli Epp et al., Eur.J.Biochem 20: 432-

437 (1971) - Eg&hg[ichia col i Yonei et
al., J.Ml.Biol. 110: 179- ..

186 (1977) §%y§&% For example, Egoaggsngglgggg§ to store Tetsuya

et al., J. Bi ol .
7620- 7621 (1972cncentratéd. caxmmgpmhhh;dia:eonshoﬁasoénﬁlbr ocyte (O

Kannan et al. thé%gofﬁédn at -d6% +o ﬁetaln marﬁpggysgeféflc

760 (1965) man ery Kannan et
al .. J.Mol.Biolactsvitgnd- At room temperature, activity was mmnalilyr?

bovi e eryLNT 00Kk within of'&ON th Ebntielel Pedhardted7s 75

(1973 ' [err] cat orse eryl'hrocyl e G auser
et al., Acta Qﬁkﬂrmqusyg@pLEcS could be routinely stored for months

177 (1966) at room temperature with no apparent loss of activity.
Unreconstituted lyophilized CLECs of thermoly51n appear
to be viable indefinitely.

10 _ Thermal stability and resistance to autolysis were
demonstrated in thermolysin CLECs following incubation
at 65°C for five consecutive days (Figure 3 and Table
10). Thermolysin CLECs retained maximum activity after
five days incubation at elevated temperature. 1In

15 éontrast,'the soluble thermolysin lost 50% of its
initial activity after only two hours incubation and
demonstrated negligible activity after 24 hours
incubation at 65°C.
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M crococcus | utcus Nhrle et al.,J.Mdl.Biol. 129: 675-

676 (1979) ; Pen|C|II|un1V|taIe
Vai nshtein et al., Acta C}yst. A37: .
C29 (1981) - bovine |iver Event of f
et. al.. J.Ml.Biol. 103: 799-
801 (1976) [err] creatine kinase bovi ne heart
Glliland et al., J.Ml,Biol. 170: 791- ~8%=
793 (1983) abbi L e,
MoPher son. J. MIABHE, 10 gy Thermalysin rhE0RL1 B¥SEifity at esec (1973)
[err] gl utam nase Actenobactet gﬂzinnnn&stivcans W-odawer et al .,
J. Mol .Biol. 99: 295- Time :
299 (1975) .Pseudo W odawer
et al., J.Mol.Biol. 112;(92¥8) CLEC 5806514 Enzyme
515-519 (1977) 4 0.000 100.000 £ 100.000
2 0.041 o 70.000
-3 0.083 96.000 50.000
4 0.164 _ 32.000
5 0.246; - 17.000
10 6 0.410 97.0 10.000
7. 1.000 101.0 2.000
8 2.000 97.0
9 3.000 94.0
10 4.000 96.0
15 11 5.000 92.0

The activity of: soluble and CLEC -thermolysin was
measured following incubation at 65°C. Soluble
thermolysin was incubated in 10 mM calcium acetate, 50
mM Tris pH 7.0 in a 65°C water bath. The reaction

20 volume was 500pl. Final protein concentration was 10
mg/ml. Aliquots were removed at times 0, 1, 2, 4, 6,
10, and 18 hours. The samples were assayed by SDS-PAGE
and FAGLA cleavage at room temperature as described
above. For the thermolysin CLECs, a 250 gl crystal

25 suspension in 10mM calcium acetate and 50 mM Tris was
also incubated in a 65°C water bath. Activity was
assayed at times 0, 1, 6, 24, 48, 72,'96, and 120 hours
by FAGLA cleavage. - '
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-27- Table 1 conti nued: " Enzyne M crobial or

bi ol ogi cal ' Ref erences

sour cé (i ncluding those cited thereln) [err] glucose

ox{ dase. Aspergil |l us niger Kalisz et al., J.Ml.Biol. 213:

207. . 209(1990)
[err] [err]-lactaamases St aphyl ocggcus aur eus Moult et al.
Bi ochem J. 225: 167-

176 (1985) ce to exogenous idipsigereus Sutton
et al.. Bioche :
188(1987) [ er r] ASSeasRanth R ddeh FeSiskaRGeof the thermolysin .\ oy

et al., J. Ml RBr¥c t68tibaction of an exogenous protease was also

carried out. SDS-PAGE (Sodium dodecyl sulfate poly
5 . acrylamide gel electrophoresis) analysis suggests that
commercial enzymes can contain a sﬁbstantial percentage
of contaminants, some of which might have proteolytic
activity against the principal soluble enzyme species.
Given the packing of enzyme molecules in a crystal '
10 lattice one might assume that the interior enzyme
molecules in a CLEC would be protected from
proteolysis. To test this possibility, thermolysin
CLECs and a soluble en2yme preparation were incubated
in the presence of the streptococcal protease,
15 Pronase®, a nonspecific protease capable of digesting'
most proteins to free amino acids (Calbiochem 1990
Catalog; LaJolla, CA).
Soluble and CLEC thermolysin were. incubated in
SOmM Tris, pH 7.5, at 40°C in the presence of the
20 protease Pronase® (Calbiochem). The Pronase® to
thermolysin ratio was 1/40. To inhibit thermolysin
autolysis and prevent the proteolytic destruction of
pronase by the thermolysin, EDTA was added.to the
soluble enzyme reaction to a final concentration of 100
25 mM (EDTA inhibits thermolysin activity but not
Pronase®). At the times indicated aliquots were
removed from the reaction mix and activity was assayed
spectrophotometrically by cleavage of the dipeptide
substrates FAGLA. To offset thermolysin inhibition due
30 to the presence of EDTA, the spectrophotometric assay
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673 (1973) chi cken
Pickles et al., J.Mol.Biol. 9: 598-600

(1964) dogfish. o eman @ . .Adans et _.
al x, J.Nol.Biol. 41: 159-188 - _ : : -
(1969) ' Baci | | us stearothernophilus Schar et
al., J.Ml.Biol. 154: 349-353 B

(1982) [err] |ipase : Geot r66hum candi dum Hat a et
al ., J.Biochem_ 86; 1821-1827 . )

(1979) of soluble enzyme activikxammeriarned in 0.5 M | gnpardo

et al.J. Ml Bi ghicidh ade®ate buffer pH 7.0 and enzyme concentration
261 (1989) , l\/Ucolr, r‘EBIJ'IeI .
et al hbture"SEBF“?E?P?ﬁg two fold. Crosslinked crystalline enzyme

(1990) was assayed as describddiabovancreatic W nkl er et
Nat ure 343: 7

al . - o )
(1930) [err] Ié‘%i ;éﬁa?ee seen 1’}:i5}1§\}1§F 4 and Table 11, the
Green. A A, et sallubli thermolisiphwas rapidly degraded and lost all

Aci a. 20: 170a(:}gg§.)ty énft@:rr rzdé’ I H P SEhcubation . PEA OcBARE¥EEL] the
Swanson et al, J.BiofF.Chem 0:
activity of the thermolysin CLEC was unaffected by four
days incubation in the presence of protease. This near
10 imperviousness to proteclysis is of particular interest
in diagnostic biosensor applications where a suitable
'CLEC might be called upon to act in the presence of an
unknown cockta:_Ll of naturally occurring proteolytic

enzymes.

Br ady

Kﬁ
‘This Sheet Has Been

T




1287- 1289 (1985)

Nagasawa et al,
Commun.
B2%

691. 698

. 229-230 (1976)
Ai bara et al .,

(1981) Japanese radi sh Morita. Acta Crvst. A28: S52
(1979) [ er rTABRE oX1 dase (chloride) Cal daronycesfumgo Rubi n et
?géé gigég; chem Fng]gZS?dase (cyfoc Fgﬁeﬁegéfgﬁgﬁfées cerevi sae
Poul os et al., J.Biol.Chem 253: 3730. 3735
(1978) [err] perOX|daS@1£gIutathlogekaxggﬁhngcQ&wh cyte = pgdenstein
et al.J.Ml,Biol. 104: EC Soludlé yn(a'l-979¥m1n)
[err] subtilisin BaC|¥Ius SUth|IS (Novo) Drenth et a
g.lg/glﬂ ol 281 5f3-544 4 500 100.0 100.0 0.000
2 0.003 25.0 5.000
3 0.010 17.5 15.000
4 0.021 9.5 30.000
5 0.042 98.0 3.0 60.000
10 6 0.063 1.0 - 90.000
7 - D.084 101.0 0.0
8 1.000 7.0
9 2.000 89.0
10 3.000 98.0
15 11 4.000 96.0
tability in the presence of organic solvent
In order for enzymes to'gain ideal acceptance as
viable industrial catalysts, they must be able to
function without excessive intervention in the
20 practical environment of manufacturing processes. In
particular, this would include the use of aqueous, '
polar and non-polar organic solvents, and mixtures of
these. In commercial applications, agueous-organic
solvent mixtures allow manipulation of product
25 formation by taking advantage of relative solubilities

139: 1305-1312 (1986)
Nag
(1987)
Braithwaite et al.,

J. Bi ochem 90: 489- 496

[err] nicile hydratase

Brevi bacteri um R312
Bi ochem Bi ophys, Res. . -

: TP
Eur J. Bi ochem 162:

hor ser adi sh

asawa et.al .-,
[err] -peroxidase
J. Mol .Biol. 106:
3 ' hor seradi sh roots (Type E4)
-§T—

of products and substrates.
Soluble thermolysin and thermolysin CLECs
exhibited markedly different stability in the presence
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BaciIlus'anyloriquefaciens Wight et al., Natuye 221: 235-242

(BPN) | (1969) - Baci | | us
subtilis (Carlsberg) Petsko et al., J. Ml .Biol. 106 -453- .

1456(1976) : _ - 28- =
Table 1 conti nued: Enzyme . - M crobi al or bi ol ogical

Ref er ences
-68~

of organic solvents. (Table 12). Soluble enzyme
concentrations which could be incubated in organic
solvent were limited to a maximum of 10 mg/ml.
_ ‘Concentrations greater than this value resulted in the
5 instantaneous precipitation of thermolysin upon
addition of organic solvent. In contrast, thermolysin
CLEC concentrations were limited only by the volume
occupied by the crystals. Soluble thermolysin retained
the greatest activity (75%)'following incubation in
10 acetone, and the least (36%) in tetrahydrcfuran.
Following a one hour incubation in the presence of
acetonitrile or dioxane the soluble enzyme lost
approximately 50% of its initial activity, The CLEC
thermolysin retained greater than 95% maximum activity
15 . .following incubation with all organics assayed.
TABLE 12

% Maximum Activity

8oluble CLEC
Enzynme
20 Acetonitrile 42 102
Dioxane 66 97
Acetone 75 | 99
TEF® ' 36 96
¢ Tetrahydro Furan
25 bility in organi v

Thermolysin CLECs or socluble thermolysin
preparations were incubated in 50% (v/v) solutions of

Th:s Sheet Has Been Repla
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sourge’ (i ncluding those cited therein)’ ‘[err]superoxide

di snut ase bovi ne Ri chardson et al., J.Biol.Chem -247:¢
6368- 6369 (1972) spi nach -
Meita et al., J.Mol.Biol. 86: 685-686

(1974) B : Sacchar onmyces ceresi ae. Beem et
al., J.Ml.Biol. 105: 327-332 ' Escheri chi a

col i ' (1976) : -69- Baci | | us

st ear ot her nophi | | us Bridgen et al.. J Ml .Biol, 105: 333:

335 (1976) the indicated organic sol¢%@gﬁonvmag0Qw%figlurry of

Yamakura et al. thérﬁbqgs@%f@m@iﬁlo mg/ml) in 10mM Tris pH 7 was

et o i S MR b viad S e 51

238: 37-41 (1972he indijcatddiromammic solvent wa$aaddedsand the mixture
SumerJ. B., J.Bigl.

(1926)5 [erﬂaﬂ)ﬂ%?%ygg’r%gégeg' 'gf?%a’(fn%c%g ??J ?b?.ﬁois:lagmol sr:'Lrne'I I

et al. J Biol.@1®0 my:ml) was diluted in 80 gl of 0.015M Tris buffer

iﬁ?ﬂ;%?esal( 198g|)p(§1ch7ynq é’lno&ylngcdt%am glass vial/V AT P8ECLE" vE3EER of
organic solvent was then added to the protein solution
and briefly vortexed. CLEC and soluble enzyme were

10 incubated in the presence of organic solvent for one
hour at 40°C. Following incubation, enzyme activity
was assayed by cleavage of the dipeptide substrate
FAGLA as described.

Low water concentration is thought to disfavor

15 " unfolding to intermediate states on the path to enzyme
denaturation. In CLECs,. this restriction of
conformational mobility is.provided by the inter-
molecular contacts and cross-links between the
constituent enzyme molecules making up the crystal

20 lattice, rather than by the near-absence of water in
the medium. As a result, intermediate water-organic
solvent concentrations are readily tolerated by enzymes
when formulated as CLECs, something previously
unobserved with enzymes (see Table 12). This discovery

25 opens up whole new areas of synthetic chemistry to
exploitation using enzyme catalysis.

' Even in near-anhydrous organic solvents, however,
the routine use of enzymes has been hampered by their
tendency to form ill-defined suspensions that are '

30 subject to clumping and other aggregation ?roblems.
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874: 375-377 (1986)

+ =Streptonyces

ollvochronngenes Far ber et aI ,  Protein Engineering.1:

459- 466 (1987)
d asfeld et al.
14612- 14613 (1988)

Protei ns: Struc. Func Gbnet

Rey et al.

, J.Biol.Chem 263"

4:165-172 (1988) | -0

10

15

20

25

This property makes ‘these preparations inherently
unattractive for large scale industrial processes. In
contrast, CLECs and the constituent enzymes within the
crystal lattice, remain mono-disperse in all these
solvents.

with ot . (q s _ s

A number of useful reviews of enzyme
immobilization methods have appeared in the literature
(Maugh T.H., Science, 223: 474-476 (1984)); Tramper,
J., Trends in Blotechnology 3: 45-50 (1985)) . In
these, the enzyme always represents a small fraction of
the total volume of the immobilized particle, the bulk
of it being inert carrier material. The carrier
increases the mean free path between the solvent
exterior of the immobilized enzyme particle and the
enzyme active sites, exacerbating‘diffusion problems
(Quiocho, F.A. and Richards, F.M., Biochemistry S:
4062-4076 (1967)). |

In a CLEC, phé cross-linked crystal matrix
provides its ownjsupport, eliminating the need for a
carrier. As a result, the concentration of enzyme in a
CLEC is close to the theoretical packing limit that can
be achieved for molecules of a given size, greatly
exceeding densities achievable even in concentrated
solutions. The entire CLEC consists of active enzyme,
and thus, the diffusion-related reduction of enzyme
reaction rates usually observed with conventionally
immobilized enzymes relative to enzymes in solution are
minimiZed (See Figure 1), since the mean free path for

T:hls Snbef
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substrate and product between active enzyme and free
solvent will be greatly shortened for CLECs (compared
to a conventional immobilized enzyme carrier
particles). Importantly, the constituent enzyme in
5 CLECs is intrinsically mono-disperse, and can be
recovered by simple manipulations of the CLEC

particles, such as filtration, centrifugation or
decantation of solvent.

EXAMPLE 3
10 crvst ation, cross=-linki and ophilj ion o
' elastase a assessme of characteristics o e
sultj oduct.

Crysta zation of elastase
Lyophilized porcine pancreatic elastase (Serva)
15 was dissolved in 0.1 M sodium acetate pH 5.0 to a
concentration of 5 mg/ml (w/v):- at room temperature.
Rod shaped elastase crystals were visible within one
minute of the complete solvation of the protein. The
crystallization solution was transferred to 4°C and
20 crystallization was completed overnight. Crystals were
- recovered by centrifugation as previously described.

oss~linking of elastase crysta
A 200 ul volume of elastase crystals was added to
- a 1.3 ml solution of 5.77% glutaraldehyde and 1.5 M
25 sodium acetate pH 5.0. The crystals were crosslinked
for one hour with mild agitation (stir plate).
Following cross~-linking the crystals were washed with
three 15 ml volumes of 0.2 M Tris pH 8.0. The elastase
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-29- . Preparation of CLECs - cross-linking reaction Once crystals are

grown.in a suitable medium they can be cross-linked. Cross-linking results

in stabilization of the crystal lattice by i ntroduci hg coval ent |inks

between the constituent enzyme nolecules in the crystal. This nakes

possi bl e the transfer of enzyne into an alternate reaction environment that
-72=

CLEC was lyophilized as described in Example 2.

ti ivit oluble and elastase
The catalytic activity of soluble and CLEC
elastase was assayed spectrophotometrically by
5 measuring hydrolysis of the substrate succinyl - (aAla),
' p-nitroanilide (Bachem) [Bieth, et al. Biochem. Med
11:350-357 (1974)) (Table 13 Figure 5). Cleavage was
monitored by increasing absorbance at 410 nm. Initial
substrate concentration was 2 X 10*. Enzyme
10 concentration was 2.8 X 10’M. CLEC or soluble enzyme
' ~ was added to a 5 ml reaction volume containing
- substrate in 0.2 M Tris pH 8.0. As described
previously, CLEC enzyme was removed from the reaction
mix prior to measuring absorbance.
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m ght. ot herwi se be inconpatible with the exi stepce of the crystal l|attice,
or even with the existence of intact undenatureé proteln Cross-linking can
be achieved by a wide variety of bifunctional reagents, although in
practice, sinple, inexpensive glutaral dehyde has becone the reagent of
choice. (For a representative listing of other avail able cross-1inking
reagents, one can consult, for exanple, thg_1990 catal og of the Pierce

Chem cal Conpany). C}oss Ilnklng wi't glutaraldehyde forms strong
coval ent bonds r|I ] no acid residues within and
bet ween t he enggﬁégﬁgse ’tﬁ'fh§% 3 lattice that constitute the

crystal. The cross- Ilnklng |nteract|ons prevent the constituent enzyne

nol ecul es in the crystal from going back into sohwgleebaned Gdd i Y
i nsol ubi I'i zing or inmobilizing the enzyme nolecules into nlcrocrystalllne

(ideally 10[err] mm particl %slmeTh(%lrxrscros.co ﬂr(;:d: I mobi | Ifuble Enzyme

5 1 0.0 | 0.000 | 0.000
2 0.5 | 0.103 0.205
3 1.0 0.195 0.390
4 2.0 © 0.366 0.672
5 3.0 0.523 0.923

10 6 4.0 ' 0.657 1.098
7 5.0 0.780 1.227
8 6.0 0.888 . 1.326
9 7.0 " 0.974 1.393
10 10.0 1.170 1.512

15 11 15.0 1.365 '1.586
esistance to exogenou oteolysis

Assessment of the resistance of the elastase CLEC
to the action of protease was also'performed under
identical conditions as described for thermolysin

20 (Example 2). Activity of the soluble and CLEC enzyme,

' following incubation with protease, was assayed by
hydrolysis of the nitrocanilide substrate as described
above (Table 14 and Figure 6).
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I nsol.ubi lized crystals can then be readily separated fromthe feedstock
gontaj_ning product and unreacted substrate by sinple procedures such-as .. . _
filtration, decantation, and others. They can al so be used in CLEC packed
columms *i n conti nuous flom1processes wher e t hey

-30- exhibit enhanced cofactor and netal ion retention properti‘es.

74~

TABLE 14 - Elastase Resistance to Proteolysis |
% Maximum Activity

Time ' - CLEC goluble Enzyme
1 0.0 100.0 100.0
5 2 10.0 | 53.0
3 20.0 : . 32.0
"4 30.0 101.0 18.0
5 45.0 ~11.0
6 60.0 '102.0 8.0
10 7 120.0 101.0 3.0
8 180.0 103.0 2.0
Example 4
Cryst i ion, cross-linki and 1 ilizatjon of
assessment of ‘¢ a ist of the
15 Su: oduct.
s tion of esterase
As disclosed here, 30 mg/ml ammonium sulfate
suspension of pig liver esterase (Fluka) was dissolved
in 0.25 M calcium acetate pH 5.6 at room temperature.
20 . Esterase crystals were visible within several hinutes
following addition of the calcium acetate solution. |
The crystallization solution was allowed to stand at
room temperature and crystallization was completed
overnight. Crystals were recovered by centrifugation
25 as previously described in Example 2.
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By the nethod of this invention, CLECs are obtained for use as enzyne
Qatalxsts I n existing and novel environnents. The enhanced stability of the
CLECs, which results fromthe cross-linking reaction, nakes it possible to
transfer the CLEC into a solvent (e.g., aqueous, organic or near-anhydrous
sol vents, or a mxture of these), in which it would otherw se be

I nconpati ble, and to carry out chem cal reactor operation at elevated
tenperatures of extrenes of pH The macrasgppi ¢ CLEC catal yst particles can
al so be readily mani pul ated, allow ng recovery from feedstock by sinple

g\;ér\?fizn S?ﬁgseﬁciénél»leﬁk %ge I§§négté§§§é: efyseh ;decan_t ation of solvent. In’
Preparation of CLECHS $§%$%?$?§2ﬁ?gﬁ,cg ggﬁégégﬂg §£%§$%E%%B%% uﬁgezfes.
cross-linked erystals were added to a 5 ml solution of 12.5%
glutaraldehyde and 0.5 M sodium acetate pH 5.5. The
5 crystals were crosslinked for one hour with mild
agitation (stir plate). Following cross-linking the
crystals were washed with three 15 ml volumes of 0.5 M
calcium acetate pH 6.3. The esterase CLEC was
lyophilized as previously described in Example 2.

10 Enzymatic activity of soluble and CLEC esterase
The catalytic activity of soluble and CLEC

esterase was assayed spectrophotometrically by
monitoring hydrolysis of the substrate p-nitrophenyl
acetate (Fluka) (Table 15 and Figure 7). Cleavage was
15 monitored by increasing absorbance at 400 nm. Initial
substrate concentration was:0.001%. Enzyme
concentration was 1 X 10%M. CLEC or soluble enzyme was
added to a 5 ml reaction volume containing substrate in
0.25 M calcium acetate pH 6.3. As described previously
20 in example 2, CLEC enzyme was removed from the reaction
mix by centrifugation prior to measuring absorbance.
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thermolysin crystals in ten volunes of demineralized water at pﬁ 770 was
Iyophi | i zed overnight using a VirTis Mbdel #24 | yophi | i zer. Lyophilized -
crystals were stored at roomtenperature or at 4[err]C prior to
" reconstitution, which was acconplished by adding ten vol unes of the sol vent
of choice directly onto crystals taken from storage. Re-hydrated crystals
were reconstituted in 10nmM cal cium acetate buffer at pH 7.0 for the FAGA
cl eavage experinents. Reconstituted | yophiZdé=2ed CLECs were routinely stored
at roomtenperature. In contrast, soluble enzyne required

TABLE 15 ~ asternso Activity

Adbsorbance 4900 nm

Time (min) CLEC Soluble Enzyme -
5 1 0.0 0.000 0.000
2 0.5 . 0.770 0.252
3 1.0 ) 0.128 0.297
4 2.0 0.208 0.337
5 3.0 - 0.260 0.346 _
10 6 5.0 0.324 0.353
7 7.0 0.353 0.359
8 10.0 0.369 0.368
esistance to exogenous prote is
Assessment of the resistance of the ‘esterase CLEC
15 to the action of protease was also performed under
' identical conditions as described for thermolysin
(Example 2){ Activity of the soluble and CLEC enzyme,
following incubation with protease, was assayed by
hydrolysis of the substrate p-nitrophenyl acetate as
20 described above (Table 16 and Figure 8). |
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-31- storage at -70[err]Cto maintain specific activity |longer 4+han a
week. This protocol was used for all the enzynes described in the .
exenplification included here. Synt hesis of aspartane precursor with
t Her molysin CLEC The met hod of the present invention, by which
cross-linked crystal enzynes are produced, is described bel ow and
exenplified by the production of cross-linked i mobilized enzyne crystals
of thernolysin for use in the production of the dipeptidyl precursor of
aspartame, in ethyl acetate, which is a rfeA#=anhydrous organic, solvent.

Thernnlysin,eafwotein whi ch. has been grxstaLlized and whose structure has
been sol ved ABLE 16 - Esterase Resistance to Proteolysis

% Maximum Activity

Time (min) CLEC Soluble Enzymes

5 1 0.0 100.0 - 100.0

2 10.0 68.0

3 20.0 47.0

4 30.0 99.0 - 25.0

5 45.0 20.0
10 6 60.0 97.0 16.0

7 120.0 | 94.0 10.0

8 180.0 91.0 _ 6.0
15 : ase and assessment of characteristics the

resulting product.

Cryvstallization of lipase

As disclosed here, the enzyme lipase (ggg;;igngm
candidum) was crystallized by vapor diffusion from an

20 agueous solution of 20 mg/ml protein in 50 mM Tris pH 7

containing 8% ammonium sulfate. Bipyrimidal crystals
were visible after 20 to 30 days incubation at room
temperature. Crystals were recovered by
centrifugation, as previously described in Example 2.

25 Cross-linking of lipase cryvstals
As disclosed here, lipase crystals were added to a

< solution of 12.5% glutaraldehyde and 50 mM Tris pH 5.6.
/-
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at 1.6A resolution (Hol nes and Matthews, J. M. Biol ~160:* 623639 -~ . ¢« -~
(1982)), is one exanple of an ehzyne which can be used as a CLEC in the ™
present method. Thernolysin is used in the manufacture of the artificial
sweet ener aspartanme (lsowa et. al. U S. Patent #4,436,925 (1984);

Li ndeberg, J. Chem Ed. 64: 1062-1064 (1987); hbkanlshl et. al.

Bi ot echnol ogy 3: 459-464 (1985); Oyama, et. al. , Methods in Enzynnl. 136:
503-516 (1987)). At the present tine, nosypgaspartane appears to be produced
by a conventional synthetic chem stry approach, although use of

Conventiona||YThQW&bz§;§::;fﬁiﬂﬂﬁnﬁﬂdliﬂké&%ﬁoﬁﬂﬂudrnuarnEdFelmbﬁiﬂQOdUCEd

Xi t Chem _46. 5242-524 81)
Nakani ohi ot BFossmIGRIG Ry ryshaindiera cRshed WETS, BheRe 1R B

enzymati c appr valdlames @fPBHU ade TyizdpH i D0, SUThe abipaseoCRED| washr ough use
of the lyophilized, as previously described in Example 2.

5 at ctivi e and : ase _
| The catalytic activity of soluble and CLEC lipase

was assayed spectrophotometrically by monitoring
hydrolysis of the substrate p-nitrophenyl acetate
(Table 17 and Figure 9). Cleavage was monitored by

10 increasing absorbance at 400 nm. Initial substrate
concentration was 0.005%. Enzyme concentration was 1.5
X 10°M. CLEC or soluble enzyme was added to a 5 ml
reaction volume containing substrate in 0.2 M Tris pH
7.0 at room temperature. As described previocusly in

15 - Example 2, CLEC enzyme ‘was: removed from the reaction
mix by centrifugation prior to measuring absorbance.
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-32- . present nethod, would make it conpetitive with the presently-used
met'hod, both in terns of convenience and cost (Oyamm, et. al., Methods in
Enzynol. 136: 503-516 (1987)). Assessnent of thernDIyS|n CLECs The
mettiod of the present |nvent|on has also been _

-7
TABLE 17 -~ Lipase Activity

Absorbance 400 nm

Time (min) CLEC 8ocluble Enzyme

5 1 0.0 0.000 - 0.000
2 1.0 0.013 0.021
3 5.0 0.094 0.116
4 10.90 0.164 0.186
5 15.0 - 0.248 0.258
10 6 30.0 : 0.346 0.357
7 45.0 0.407 0.420
8 60.0 0.461 0.459%
9 90.0 0.497 0.502
Example 6
15 stallization, cross-linki and ilization of
SO0 e _and assessment of c cteristics e
resulting product
tallization of lvs e
Following the method of Blake, C.C.F. et al.,
20 Nature 196: 1173 (1962) 200 mg of lyophilized hen egg

white 1ysozyme (Boehringer Mannhelm) was dissolved in
2.5 ml of 0.04 M sodium acetate buffer pH 4.7 at room
temperature. Following solvation of the protein, 2.5
ml of 10% sodium chloride were added to the lysozyme
25 solution dropwise with stirring. The crystallization
solution was allowed to stand overnight at room -
temperature, and crfstallization was completed in

__ﬁ__—-————4;*‘ﬁ'
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used to produce thernolysin CLECs which have been assessed as to their pH
dependence and stability, stability at elevated tenperature, resistance to
exogenous proteolysis and stability in the presence of an organic solvent.
Thér mol ysin CLECs were conpared to sol uble thernolysin, as described in

detail in Exanple 2 and Figures 1-4. Results of the assessment showed the
fol | ow ng: 1. As to pH dependence and stability, both forns
den?Estrate naxgnunlactivity ah pH 7 - “8%Hd denpnstrate similar activity
in e acidic rapn n the alkali pH ra CLEC nui nt ai ns
maxi num act i vi ?9’?%’%&15 hoygs. cr¥5FB§FewFﬁ'§r %%I fylé%ehas ¥750 activity at
pH 8.5, opéntPbfagation}yast ppeivicasdyi sescribeshpiretBampimai ve at
pH 9. 5. 2. The additional stabilization achieved |n - CLECs

results in enzymatic act|V|ty at hi gher

As described here, a 500 pl volume of lysozyme

5 crystals was added to 10 ml of 24% §1utaraldehyde and
50 mM Tris pH 5.6 containing 20% sodium chloride. The
crystals were crosslinked for 20 minutes with mild
agitation (stir plate). Following cross-linking the
crystals were washed with three 50 ml volumes of 20 mM

10 calcium acetate and 50 mM potassium chloride pH 5.3.
‘The lysozyme CLEC was lyophilized, as previously
described in Example 2.

- Epzymatic activity of soluble and CLEC lysozyme
‘The. catalytic activity of soluble and CLEC
1S lysozyme was assayed by measuring the rate of
hydrolysis of the sgbstrate“4—methy1umbellifery1 N-
-acetyl-chitrioside (Fluka) (Yang, Y. and Hamaguchi, K.
J. Biochem. 8:1003-1014 (1980) (Table 18 and Figure
10). The release of 4-methylumbelliferone was followed'
20 - fluorimetrically (Perkin Elmer Model LS-50). Initial
‘substrate concentration was 1.42 X 10%. Enzyme
concentration was 3 X 107. CLEC or soluble enzyme was
added to a 2 ml reaction volume containing substrate in
20 mM calcium acetate and 50 mM potassium chloride pH
25 5.3 at 42°C. The amount of 4-methylumelliferone was
determined fluorimetrically by measuring fluorescence
intensities at 450 nm with excitation at 360 nm. slit
width for both excitation and emission was 10 mm. As
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'tenperatures than is possible with soluble
Stablllty of CLEC
S|npler than it

resi stance to

al so denpnstrated for

10

15

20

25

30

t hernol ysin at
is for the sol uble

t hernol y

enzyme. Ther nal

-81-

-33-

si n. Enhanced

| ower tenperatures nmakes st or age

stability and
aut ol ysi s was

thernDIyS|n CLECs, which retained maxi mum

described previously in Example 2, CLEC enzyme was
removed from the reaction mlx by centrlfugat;on prlor
to measuring fluorescence.

TABLE 18 - Lysozyme Activity
Fluorescencs

Time (min)

0.000
10.000
30.000
60.000
90.000

120.000

N O b W NN

CLEC

0.000
4.400
10.500
27.500
©33.800
45.900

0.000
18.900
1 29.400
44.800
51.700
59.800

Soluble Enzyme

asparaginase agd'assessment'of~cggfacte;istics of the

resulting product.
Cryvstallization of aspar

As a modification of the procedure described by
(U.S. Patent 3,664,926 (1972)) 25 mg of
lyophilized asparaginase (Worthington) were dissolved
in 500 pl of 50 mM sodium phosphate buffer pH 7.2. The
solution was cooled to 4°C and the pH adjusted to 5.0

Grabner et al.

with 1 M acetic acid.

_c°1¢ (=-20°C) ethanol was then

added dropwise to the asparaginase solution to a final

concentration of 33%.

The solution was incubated at

4°C. Crystallization was completed in forty-eight
hours. Crystals were.reCOV¢red by centrifugation as
previously described.

ss-1linki o

a

a

t

As disclosed here, asparagxnase crystals were
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activity after five days of |ncubat|on at 65C. 'In contrast, -solubte- - .
t-hernmol ysin | ost 50% bf its initial act|V|ty after two hours

i ncubati on and denonstrated negligible activity after 24 hours

i ncéibati én at 65C. 3. Enzymatic activity of thernolysin CLECs was
unaf fected by four days' incubation in t he presence of the powerful

st rept ococcal - protease, Pronase[err]. In contrast, soluble

thernol ysin was rapidly degraded and | ost_gad activity after 90 m nutes

i ncubati on. 4. Ther.mol ysi n CLECs and sol ubl e t her nol ysi n

exhi bi ted mar k%iudéscinfr{l@c?r‘fn a séi@@iéhtbﬁf' 9. sheg@ﬁeseaqaeayd@ 4aNis®
sol vents, as shown ip, 12. t her nol S|n C&ECS retained greater

t han 95% mi RAE LR |RHQiP9%ﬁ?ORFﬁ§anEHb§t oOWingy| | organic

sol vents assesg@@dsslinking the crystals were washed with five 15 ml
volumes of 50 mM tris pH 7.0. The asparaginase CLECs
5 were 1yophilized,-as'previqusly described in Example 2.

tic activ of so e and CLEC a aginase
_ The catalytic activity of soluble and CLEC
asparaginase was assayed spectrophotometrically by
measuring evolution of ammonium ion in the coupled
10 enzymatic reaction described below (all reagents were
purchased from Boehringer Mannheim) (Table 19 and
Figure 11).

asparaginase
L-asparagine se=ceccccccccce- > asparate + NH,+
15 | ¢ glutamate :dehydrogenase
NH,+ + NADH + ¢ ketoglutarate -==-crcccccccerccccace- > glutamic acid + NA

Oxidation of NADH was measured by'decreasing_absorbance
at 340 nm. Initial NADH concentration was 1.4 mg/ml.
Asparagine concentration was 10°M. Alpha ketoglutarate
20 concentration was 10*M. Glutamate dehydrogenase
concentration was 107M. Asparaginase concentration was
2.3 x 10‘M. As described previously in Example 2, CLEC
enzyme was removed from the reaction mix by
centrifugation prior to measuring absorbance.

Tbs Sheet Has Been Rep! laced

IR I I




These features of thernolysin CLECs and ot her enzyne CLECs nake them
particularly useful, since they are easier to store, nore stable and | ess
easily inactivated or degraded than correspondi ng sol ubl e enzynes.
Asgessnment of El astase CLECs The met hod of the present invention has
al so been used to produce el astase CLECs which have been assessed as to
their activity and resistance to exogenous

TABLE 19 - Asparaginase Activity

Absorbance 340 nm

Time (min) - CLEC Soluble Enzyme

5 1 0.0 1.000 1.000
' 2 1.0 ' 0.867 0.825
3 3.0 0.739 0.684

4 5.0 0.603 . 0.538

5 10.0 0.502 0.406

10 6 15.0 0.449 0.338
7 30.0 ~ 0.328 0.199

8 45.0 0.211 0.187
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-34- .proteolysis. Elastase CLECs were conpared to sol uble el astase, as_
"descriped in detail in Exanple 3 and Figures 5 and 6. "Reésul ts of the

assessnent denonstrated the foll ow ng: 1. El astase CLECs retain
appr oxi nat el y 50% activity conpared to sol uble enzyme. 2.

Sol ubl e el astase was rapidly degraded by protease. Activity of

sol ubl e el astase was reduced to 50% of initial activity follow ng
ten minutes incubation in the presence of-84- prot ease. After one
hour incubation the - 'soluble enzyne had | ost nore than 90% of its
initial activity. In contrast the enzymatic ‘activity of the

el astase CLEC wg@uyﬂ@iéfgged
Those skilled in the art will recognize or be able
to ascertain, using no more than routine
experimentation, many'equivalents to the specific
5 materials and components described herein. Such
equivalents are intended to be encompassed_iﬁ the'scope
of the following claims.
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by i ncubation with protease. Assessnent of Esterase CLECs . The net hod
of the present invention has al so been used to produce est erase CLECs mhlch
have been assessed as to their activity and resistance to exogenous

prateol ysis. Esterase CLECs were conpared to soluble esterase, as described
in detail in Exanple 4 and Figures 7 and 8. Results of the assessnent
denonstrated the foll ow ng: 1. Esterase CLECs retain approxi mately
50% activity conpared to sol ub+tg&senzyne. 2. Sol ubl e
esterase was highly susceptible to prot eol yti c degradati on

Act | vi ty of sol gbl e . esterase QEAIMBduced to 50% of initial
activity followng ten mnutes incubation in :

1) An enzyme-catalyzed method of maklng a selected
product, comprising:
a) combining at least one appropriately-selected
5 - substrate and at least one enzyme which acts
upon the substrate and is in the form of a |
cross-linked immobilized enzyme crystal; and
b) maintaining the combination produced in step
(a) under conditions appropriate for the
io0 | enzyme to act upon the substrate, thereby
| producing the selected product.

2) A method of Claim 1 wherein the selected product
is selected from the group consisting of:
peptides, lipids, chiral organic molecules and

15 carbohydrates.

3) An enzyme-catalyzed method of Claim 1 wherein the
cross-linked immobilized enzyme crystal is
approximately 10! mm. in size.

4) An enzyme-catalyzed method of Claim 1 wherein the -
20 conditions in step (b) are deleterious to the
efficient function of the enzyme which is not in
the form of a cross-linked immobilized enzyme
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-35- . the presence of protease. After one hour I ncubati on

the sol ubl e enzyne had | ost nore - -than 90% of lJts.,initial activity.
In contrast the enzymatic activity of the esterase CLEC.
was{ unaf f ected by incubation -~ with protease

-86-

5) A method of Claim 4 wherein the conditions in step
(b) are selected from the group consisting of high
temperature, low pH, high pH, organic solvents
mixed aqueocus/organic, and near anhydrous
5 | ~ conditions. |

6) An enzyme-catalyzed-methbd of making a selected
product, comprising:
a) combining two appropriately-selected
substrates and at least one enzyme which acts
10 : upon at least one of the appropriately-
selected substrates and is in the form of a
cross-linked immobilized enzyme crystal; and
b) maintaining the combination produced in step
(a) under conditions appropriate for the
15 enzyme to act upon at least one of the
appropriately~-selected substrates, thereby
producing the selected product.

7) A method of Claim 6 wherein the selected product
is selected from the group consisting of:
20 peptides, lipids, chiral organic molecules and
carbohydrates.

8) An enzyme-catalyzed method of Claim 6 wherein the
cross-linked immobilized enzyme crystal is
approximately 107 mm. in size.
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Assessnent of Lipase CLECs The nmet hod of the present invention has al so
been used to produce |ipase CLECs whi ch have been assessed as to their .
activity. Lipase CLECs were conpared to soluble |ipase, as described in
detail in Exanple 5 and Figure 9. Results of the assessnment denonstrated
that |ipase CLECs retain approximtely 90% activity conpared to sol uble
enzyne. Assessnent of Lysozyne CLECs The nmet hod of the present

i nvention has al so been used to produce rgzazyne CLECs which have been
assessed as to hei ¢ _acti vit resi stance o enou [ VS|
Lysozyne CLECs her e o P’é’lfyt c?ré%llgfb? %&%rﬁ%céi@é@éggndgbéi | in
Exanple 6 and Fi gureohﬁ;tﬁems tinn ftep e ks sarses el e tienbonss r & ethe hat

| ysozyme CLECs ret a3kt Rirfles 8L YN | oz ST £ 95 SRbEDLA

sneyme: the form of a cross-linked immobilized enzyme
5 crystal. '
10) A method of Claim 6 wherein the conditions in step
(b) are selected from the group consisting of high
temperature, low pH, high pH, organic solvents
mixed aqueous/organic and near anhydrous '
10 conditions.

11) An enzyme-catalyzed method of making a selected
product in an organic solvent, comprising:
a) combining at least one appropriately-selected
substrate; at least one enzyme which acts
15 upon the substrate and is in the form of a
| cross—linked-immobilizedlenzyme crystal; and
the organic soivent; and
b) maintaining the combination produced in step
_ (a) under conditions appropriate for the
20 enzyme to act upon the substrate, thereby
producing the selected product.
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Assessnent of Asparaai nase CLECs The method of the present inventiom
has al.so been used to produce asparagi nase CLECs whi ch have been. assessed

as to their

- 368

10

15

20

25

12)

13)

14)

activity. Asparagi nase CLECs were

An enzyme-catalyzeﬂ method of producing a selected
product, comprising combining an '
appropriately-selécted substrate and a
cross-linked immobilized enzyme crystal which acts
upon the appropriately-selected substrate, under
conditions appropriate for the cross-linked
immobilized enzyme crystal to act upon the
appropriately-selected substrate, thereby alteting
the substrate and producing the selected product.

A method of producing aspartame comprising the
steps of: a) combining two peptides and
cross-linked immobilized thermolysin crystals, a
first peptide having the formula Z-L-Asp, a second
peptide having the formula DL-Phe~OMe, under
conditions appropriate for condensation of the two
peptides through action:of the cross~linked
immobilized enzyme crystal, thereby producing a
partially protected dipeptide of the formula
Z-L-Asp-L-Phe-OMe, wherein 2 repfesents a

‘benzyloxycarbonyl group, and b) removing the

benzyloxycarbonyl group, thereby producing
aspartame.

A method of immobilizing an enzyme and retaining
its activity, comprising providing the enzyme as a

‘crystal and cross-linking the crystal, thereby

producing a cross-linked immobilized enzyme
crystal of approximately 10! mm in size.

-
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conpared to sol ubl e asparagi nase, as described in detail in Exanple 7 and

Figure 11. Results of the assessment denonstrated the foll.owing -

aspar agi nase CLECs retain approxi mately 77%activity conpared to soluble-

enzynme. - Ceneral applicability of CLECs As di scl osed here, CLECs

represent a novel technology with broad use in many areas, including, but
not limted to, industrial scale syntheses, |aboratory tools, biosensors,

and nedi cal applications. Exanpl es of variggss systens using conventionally

i mobi |l i zed enzynme nethods in their execution are given in Tables 2-5

bel ow. One ski lisgd ian dﬁ&sﬂfltirﬂtédﬂihﬂv@bﬁbiﬂedoeﬁdmﬂé tbgsealand sinmilar

illustrate this,

systens, to the CLEC technol Isgiosed.in this ap ||c tion 0
R RNE L6 Fof 1 ey pRORuLER b end

16)

17)
10

18)

19)

15

20)

20

21)'

method of Claim 14.

A creoss-linked immobilized enzyme crystal of Claim

- 15, selected from the group consisting of:

thermolysin, lipases, elastases, eSterases,
lysozymes and asparaginase. '

The method of Claim 14, additionally comprising
lyophilizing cross-linked immobilized crystals
produced.

A lyophilized cross~linked immobilized enzyme
crystal produced by the method of Claim 17.

A lyophilized cross~-linked ‘immobilized enzyme

crystal of Claim 18 selected from the group
consisting of: thermolysin, lipases, esterases,
elastases, lyosozymes and asparaginase.

2 method of immobilizing thermolysin and retaining
its activity , comprising providing thermolysin
crystals and cross-linking the thermolysin
crystals, ﬁhereby producing cross-linked
immobilized thermolysin crystals approximately 10?
mm in size.

Cross-linked immobilized crystals of thermoleiﬂ
produced by the method of Claim 20.

/—
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nore det ail

process,

dlsclosed her e.

2

22)
23)

5
24)

10

fromeach of the categories |isted.
exanpl es whi ch use conventionally inmobilized enzymes in an industri al
whi ch exanpl es can be readily adapted to the CLEC technol ogy
-37-

-90-

The method of Claim 20, additionally comprising

lyophilizing cross-linked immobilized enzyme
crystals produced.

Tabl-e-2: betow lri-sts, 7

Tabl e

A 1yophilized_cross—1inked immobilized thermolysin

crystal produced by the method of Claim 20.

A device comprising an enzyme in the form of a
cross-linked immobilized enzyme crystal and a
retaining means for the cross-linked immobilized
enzyme crystal, the retaining means consisting of

a material which allows contact between the
cross-linked immobilized enzyme crystal and a
substrate upon which the enzyme acts, the
substrate present in a fluid.

//m\
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Enzyme Pr oducti on orf Substr at es o -

-

Rererences _ ' apl i cation R - - .

(i ncl udi ng those cited) thernDIyS|n aspari ame precursor

Z- Asp, k- Phe-QOwe Oyama et ;al., J. Org. Chem

46: 5242-5244 (1981)

Nakani shi et al., Trends'in

Bi ot echnol ogy 3: 459-464 - -91-

(1985) [err] subtilisin [err] aspartame L- Asp-L- Phe, OMWe

Davi no. AA., US28pt eAt biosensor for detecting aaageﬁnkvte(qﬁslyte{est]

| i pase er, ocC . pal moils
Har wood, J. TrendsipnL fﬁhi% %%mE@&slng substi t ut es.

Blochen1cal SC|encea)14 alzwoss-llnked immobilized enzyme crystal, in
126(1989) which the enzyme present acts on the analyte

Macrae, AR. J. Am Q| .
ChenPSoc. 60: 291-294 of interest or on a reactant in a reaction in

(1983) [err] nitrile hydahatcaﬁﬁthe anadiftle ¥F Mirtérest participatesirile
Nagasawa, T. and Yamada, nitrilases, am dase

Trends in Biotechnol ogy de 153- 158 (1989)
~ b) a retaining means for the cross-llnked

immobilized enzyme crystal, the retaining
10 " means consisting of a material which allows
contact between the cross-linked immobilized
enzyme crystal and a fluid containing: (1)
. the. analyte upon which the enzyme acts, the
analyte present in a fluid or (2) a reactant
15 : " in a reaction in which the analyte
participates, the reactant present in the
fluid.

26) A biosensor of claim 25 further comprising a
detecting means. '

20 27) A biosensor of Claim 25 for detecting an analyte
of interest in a fluid, the analyte of interest
selected ffom'the group consisting of: glucose,
creatinine, urea, lactate, glucose-6- phosphate,
sucrose, ATP, ethanol, acetic acid, formic acid,

25 cholesterol, uric acid, methotrexate, carbon
dioxide, amino acids, phosphates, penicillin,
nitrates, nitrites, sulphates and succinate.

C mmm
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[err] am no acyl ase (fungal) [err] am no acid N-acyl -DL am no aci ds
Schm dt - KastnerG & Egerer, " [err] amno acid est erase. resol ution
esters of DL anino P. in Biotechnology vol 6a: [err] subtilisin

acids v 387-421 (1984) and references [err] am dases

am des of DL am no therein. [err] hydantionases

acids [err] specific dehydrogenases hydant oi ns

FuseeM C., Methods in [err] am no peptidgse

a-hydroxycarboxylic Enzynol ogy 136: 463 (1987) [err] transam nase

aci ds 8) A biosensor for detecting an analyte of interest
Fusee. M C. , thhods in
Enzyrmol ogy 136: 463iP188f}Fuife, CPRRRLFING ¢ [err] ami no acid

keto or hydroxy acidy dahptosgeilinked fimmobidizesd cduciferasgener al

Rozzell,J.D.. Methods in rogen
Enzynnlogy 136: 479 (198 Q%Q¥ﬂ. 99 '¥ich the 1uc1ferase acts og the

EnzyBes in Industry; Ed analyte of interest or on §n2kmﬂ¥¢6n°fspe0|f|c

Gerhartz. W, VCH Press 199Q ﬁ?aﬂ fnayﬂ¥gﬁe¥ﬁ§ nalyté.agpgﬁgéfeggld
funarate/funarlc acid f[err aspart L- al ani ne

L-aspartic acid, part;cipates, and
- b) a retaining means for the cross-linked

immobilized luciferase crystal, the retaining

10 means consisting of a material which allows
contact between the cross-linked immobilized
luciferase crystal and a fluid containing:
(1) the analyte upon which the luciferase
acts or (2) the product of a reaction in

15 which the analyte participates.

29) An extracorporeal device for altering a component
of a fluid comprising:- -
a) 'a cross-linked immobilized enzyme crystal, in
" which the enzyme present acts on the
20 component or on a reactant in a reaction in
which the component participates; and
b) a retaining means for the cross-linked
 immobilized enzyme crystal, the retaining
means consisting of a material which allows
25 contact between the cross-linked immobilized
enzymé crystal and: (1) the component upon
which the enzyme acts, the component present
in the fluid or (2) the product of a reaction
in which the component partlczpates, the
*30 reactant present in a fluid.

. * c L M S *
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decarboxyl ase - ammoni um fumarate aspartase + L

aspartate 4 decar-boxyl ase - L-1ysine " D,L-d am no e-
[err] ACL hydrol ase ' caprol actam (‘ACL) [err] L-ACT
“hydf ol as®e . L-cysteine DL- 2ami no2 thiazoline

4car boxylic acid : L-i sol euci ne

L- met hi oni ne [err] lyase L- phenyl al ani ne cinnamate J[err]
L-trypt ophan synt het ase L-tryptophan -gindol e, L-serine

L-valine [err] fumarase . L-malic acid - fumarate [.err]

hydant oi nase 30) An ektPa&srparexh Bevzcipnﬁy@ﬂﬁﬁh RydFYroidltering
hydr oxy- phenyl d‘
a component of a fluid ereln the component is
selected from the group consisting of: asparagine,
_ heparin, bilirubin, methotrexate, amino acids,
5 - urea and ammonia.

31) A device useful for producing a selected product,
comprising an enzyme in the form of a
cross-linked immobilized enzyme crystal and a
retaining means for the cross-linked immobilized
+0 enzyme crystal.

A
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- 38- Tabl e 2 continued: Enzyme Producti on or

Substrat es _ Ref er ences ! .
application (includine those cited) [err] |ipases. esterasgs [ert]
resol utjon of synt heti-c chem stry Jones, J.B., Tetrahedron 42:
racemat es by 3351- 3403 (1988)
st ereosel ective ' -98Butt. S and Roberts, S.M,
synt hesi s - Natural Product Reports 489-
SE © CSSL NKED CRYSTALS AS ov OF
ENZYME IMMOBILIZATION
ABSTRACT OF THE DISCLOSURE

A method of immobilizing an enzyme by forming

5 crystals of the enzyme and, generally, also cross-
linking the resulting crystals through the use of a bi-~
functional reagent; crosslinked, immobilized enzyme
crystals (CLECs) made by this method; lyorhilization of
CLECs made by this method; lyophilized crosslinked

10 immobilized CLECs and a method of making a desired
product by means of a reaction catalyzed by a CLEC or
set of CLECs.

//
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503 (1986), and references cited ' . L '
t-herein for a nore '

conprehensive review of this [err]_fungﬁéSe [err] L-malic acid
fumaric macid Chi bata et al., Methods in '
Enzynol ogy 136: 455 (1987) [err] lactase, [err]-gal actosidases [err]
di saccharide |actose & N-acetyl Larsson et al., Methods in
synt hesi s eg gal act osam ne . Figure 1 Enzynol ogy 136: 230 (1987)
gal act osyl -N- acetyl gal actosamne J[err]
| i pase, esterase [err] L-nenthol . 4 isomer m X
Fukui S., Tanaka.A., Methods
in Enzynol ogy 136: 293 (1987) [err] am dases .
[err] D-valine D.L am no acid am de Schm dt - Kast ner, G & Egerer.
(internediate for P. in Biotechnol ogy vol 6a:
pyrethroid . ' 387-421 (1984) and references
i nsecticide fluvinate) . therein. [err] lipase (Candida
[err] R(+)2 phenoxy- 2 chloro propionic acids Biocatalysts in Oganic
- 0.33
0.31

—— CLEC Thermolysin
0.29 —(O— Soluble Thermolysin

0.27
0.25

0.23

‘Absorbance (345 nm)

0.21

0.19

Time (min)



cylindricea) propi oni ¢ acids

Synt heses eds Tranper, van de T (‘her bi ci des)

Pl as & Linko; Procxedings of ' )

| nt.er nati onal Synposiumin . , “Net herl ands . 1985
[err] |ipases, esterases. [err] orgg»ic synt heses

Jones. J.B., Tetrahedron 42: am dases’ al dol ases nonogl yceri des
3351- 3403 (1988) pepti des

Butt, S. and Roberts. S.M, [ digute prot eases, peptidases
Nat ural Product Reports 489-

503 (1986), and references cited [err] yeast |ipase [err]
2( p-chl orophenoxy) resolution of racemic . therein for a nore
propi oni.c aci d: ester conpr ehensive review of this
her bi ci de ' are [err] strictodine
synt her ase [err] al kal oid production Pfitzner et
al., Methods in eg strictosidine
Enzynol ogv 136: 342 (1987) [err]penicillin acyl ase [err] 6-am no
penicillin Gor V Enz Eng 6: 291 (1982) [err] penicillin am dase
penicillinanic acid ' Enz Eng 8: 155 :
and 7- ADCA [err] :be:l U/\yot erord i|_-C| ! ] st-er-otd
Carrea et al 100t hods in. _
1
80
] —f— CLEC Thermolysin
= ) —{— Soluble Thermolysin
> )
T 60
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= 40':
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® 20
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dehydr ogenases ' transformations

Enzynol ogy 136: 150 (1987) [err] 5 phosphodi esterase. [err] 5

-ri bonucl eoti des _ Keller et al, Methods in - nucl eases
Enzynol egy 136: 517 (1987) * esterase h%//' [err]-lactam precursor
correspondi ng di esters Japanese patent appfi‘cation:

(chiral nono esters _ 82- 159, 493 (1981) Bi sei butsu

eg Banino glutaric Figue 3 Conpany .

aci d nonoal kyl ester) [err] |ipases

[err]-Dbl ockers Kl oosterman, M et al, Trends in

Bi ot echnol ogy 6: 251-256

% Maximum Activity

—J— CLEC Thermolysin'
—(— Soluble Thermolysin

2.0 3.0 4.0 5.0

Time (days)



-39- Production of acrylam de using CLEC technol ogy The followng.is -
a description of one use of the nethod of the present invention: the
adapt ati on of acrylam de production fromimobilized cells which
overproduce nitrile hydratase enzyne (hbgégﬁma, T. and Yamada, H.  Trends
in Biotechnology 7: 153-158 (1989)) to t CLEC technol ogy previously

di scl osed herein. | ndustri al scak% goduction of acrylam de, an

i nportant comodity chem cal, has been descri bed by Yanada and

col | aborators (Nagasawa, T. and Yamada, H., Trends in Biotechnol ogy 7:
153-158 (1989)). Kilotons of acrylam de per year are produced in chem cal

reactors | oaded with entrapped cells selected as overproducers of the
enzyme nitrile hydratase. Nitrile

-
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hydr at ase has al so been reported as purified and crystallized fromtw

sources, Brevibacterium R312 (Nagasawa et. al., Biochem Biophys. Res.
Commun. 139: 1305-1312 (1986) and P. chlorgraphis B23 (Nagasawa et. al.,
Eur: J.«Bi ochem 162: 691-698 (1987). %cl osed here, these crystalline

enzynmes can each be i mmobilized by crpag&gnking wi t h gl ut aral dehyde or

"ot her suitable crosslinking reagent to“produce a CLEC. The nitrile

hydrat ase CLECs can then be.used in a conventional reactor, in place of the
entrapped cells currently used. Adapting this process to CLEC technol ogy

| eads to i medi ate advant ages. These include; reduced plant size and

i nproved t hroughput resulting fromthe enhanced activity per unit vol une

inplicit in the higher enzyne concentration in the CLECs, and i nproved
substrate and product diffusion

Absorbance (410 nm)

~—4— CLEC Elastase
—(— Soluble Elastase

Time (min)




-40- rates; reduction in undesired contam nation and side reactions,
‘resulting fromthe higher purity of CLECs; and reduced sensitivity to
m-crobi al contami nation in the absence of cells. In-addition, there are
other benefits available only to a CLEC based net hod. These benefits
i ncl ude: hi gher tenperature operation-tOK%Zprove reaction rates; the
ability to operate in aqueous, organic and near-anhydrous sol vents,
al l owi ng optim zation of the acryl am de production reaction;

' Figure 6
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and enhanced half-life in operation and storage; resulting fromthe higher
cheni cal and nechanical stability of CLECs, particularly.in unconventi onal
sol vent s. Medi.cal applications of CLEC technol ogy - extracorporeal
treatnebr The nethod of the present invention and an appropriately

sel ected CLEC or set of CLECs can al so bgzgsed for medi cal applications. A
CLEC or a set of CLECs can be used, for exanple, to renpove a conponent of a
fluid, such as blood, generally by altéigwa?the codpbnent, and thus,
converting it to a substance not detrinmental to an i-ndividual or which can
be renoved by normal body processes (e.g., via detoxification, or '
degradation in the liver, excretion via the kidneys). In this application,
an appropriatel y-sel ected CLEC or ' '

—l— CLEC Esterase
—O— Soluble Esterase .

~ Absorbance (400 nm)
o
S

0.00 L& v ' _
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set of CLECs is brought into contact with body fluid, which contains the
conponent to be altered, or a reactant (product or substrate) of a reaction
i n which the conponent participates, upon which the enzyne in .
-41-° th¥& CLEC acts. As a result, the enz is able to act upon the
conponent to be altered or with another . tance which is a product of a
reaction in which the conponent to be ah&feréad participates. The activity of
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the enzyne-results in direct alteration of the conponent to be renpbved or
in alteration of the product of the reacti.on in which the conponent
part|CLpates (thus making continuation of the reaction inpossible). This-
can: be:carried out through the use of an xtracorporeal devi ce whi ch

i ncl udés an appropri atel y-sel ected CLEC ¥ set of CLECs and a retaining
means which is made of a material; such as a porous material on which a
CLEC i s retained or a tube in which aH§EEC§is present, which allows contact
bet ween the conponent itself or the substance in the fluid which is a
product of a reaction in which the conponent to be altered participates.
This m ght al so be achieved by the insertion of an appropriate CLECinto a
sui tabl e body conpartnent, such as the peritoneumor a |ynph node, where
the CLEC woul d have access to bodily fluids. This insertion m ght be done
surgically, or by injection of the CLEC slurry.

0.55 1

0.50 -

0457

©o © o b o
i N W W
S ®» 8 & o

=]
-
tn

—{l— CLEC Lipase
—QO— Soluble Lipase
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Direct injection of CLEC into the bl ood stream woul d not be appropriate,

given the high risk of enbolism The yse of appropriate CLECs in this .
area m-ght serve as an alternative to ge ¥c nmethods i'n enzynme repl dacenent -
therrapx‘;if’o correct a natural deficiency, such as, e.g. phenyl ketonuri a.

-42- Table -3 illustrates sone of Fgiretdnedi cal
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applications in which CLECs could be used For the majority of ‘these cases,
the extra-corporeal treatnment is still j/he research phase but the: ;.o
beneflt\s that CLECs offer could provide HVeI treatnments in areas in which

t her e \Aas previously no al ternative treatnent.
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Enzyne Renoval of: D sease/ patients treated _ _
Refe{ences enployed [err] aspar agi nase [err] asparaglne rWHJQ‘
err} | eukenia - ¥ : Klein, M, Langer, r

EReanaI of a paraglne an Blotechnology 4. 179- 185 H ?ﬁﬁﬁAééMENrSHEEr
inporant‘canqg nutrient, harns (1986) and references thgrgin -

| eukeni ¢ cel I.s whi ch cannot _ 19 JUL 1996
manuf act ure the essential am no ChangT.MS. thhods i

acid - asparagine; normal cells Enzynol ogy 137: 444- 457

can manufacture asparagi ne and so (1987) & references thdrein

are unaffected by this treatnent
[err] deheparini zat | BR&kfe RO

hennperfu3|on patients eg ki dney Eﬁﬁiﬂ%ﬁiﬂﬁb&&iﬁlﬁllﬂﬂ

hecalnase o heparin

the ve

Enzymes are used as industrial catalysts for the
large and laboratory scale econonmical production of
fine and specialty chemicals (Jones, J.B., Tetrahedron
42: 3351-3403 (1986)), for the production of foodstuffs
(Zaks et. al., Trends in Biotechnology 6: 272-275
(1988)), and as tools for the synthesis of organic
compounds (Wong, c.-H., Sczence 244: 1145-1152 (1989),
CHEMTRACTS-Org Chem. 3: 91-111 (1990); Klibanov,
A.M., Acc. Chem. Res. 23: 114-120 (1950)).

Enzyme-based manufacturing can significantly
‘reduce the environmental pollution burden implicit in
the large'scale manufacturing of otherwise unusable
chemical intermediates, as shown in the large scale
production of acrylamide using the enzyme, nitrile
hydratsse (Nagasawa, T. and Yamada H., Trends in
Biotechnology 7: 153-158 (1989)).

Enzymes are also used in biosensor appl;cations to
detect various substances of clinical, industrial and
other interest (Hall, E., "Biosensors", Open University
Press (199b)). In the clihiqal area, enzymes may be
used in extracorporeal therapy, such as hemodialysis
and hemofiltration, where the enzymes selectively

' remove waste and toxic materials from blood (Klein, M.



dialysis [err]bilirubin oxidase [err]bilirubin. [err] neo-natal

j aundi ce LavinA ,et al., Science 230: 543. 545
(1985) [err] carboxypeptidase [err] methocexate . [err] chenot her apy
patients _ Pitt.AM,et al., Appl. Bi ochem

Bi otechnol . 8: 55-68 [err] tyrosinase -2« |€rrjaromatic am no [err]
liver failure exhibiting ' ChangT.Nl§ , Sem Liver '

aci ds gircal el i i i £ -$85148
(1986) [err] pﬁgﬁ ngg%%ﬁew ' Terr] pﬂg?yilqatle?rﬁxl{ﬁaogﬁﬁ Er9-te

e err
phenyl ket onuri a(2A86) ) ver Enzymes: argisad dn these aﬁ??‘%nﬁﬁ%@dﬁ?l they
ﬁﬁrP?rgLfyﬁép-T?ﬁhctggﬁ effiﬁéently as catii?bﬁixﬁor.?Jﬁﬁaéd[fanbe ﬁf .

- err| urea (convere err]_detoxificagi or chronic
renal ChangT.NF3£F1 rYReSm :ﬂQé%ﬁ#u#?Rﬁ fkuq?ﬁb %ﬁ%tgg;g and
f?klure pati ent gubstrate specif icitydmy)stisveoseledtivityase. gl utamate
ot her anino acigs

therein dehydro? 58&&?&1355'v.itzi‘%ﬁﬁmﬁﬁ'%)dfgﬂi%‘{grgaqeé 1gEdocfatehoheRneS
Chang. T.M S., EthenmsEén@fiavidhie enzyse ccatalysts which have limited

50 225 (1980) their use in industrial and laboratory chemical
| processes (Akiyama et. al., CHEMTECH 627-634 (1988)).
Enzymes are expensive and relatively unstable

compared to most industrial and laboratory catalysts,
even when they are used in agqueous media where enzymes
normally function. Many of the more eccnomically
interesting chemical reactions carried out in common
practice are incompatible with agqueous media, where,
for example, substrates and products are often
inscluble or unstable, and where hydrolysis can compete
significantly. In addition, the recovery of soluble
enzyme catalyst from product and unreacted substrate in

. the feedstock often requires the application of compli-
cated and expensive separation technology. Finally,

- enzymes are difficult to store in a manner that retains
their activity and functional integrity, for commer-
cially reasonable periods of time (months to years)
without having to resort to refrigeration (4°C to -80°C
to liquid N, temperatures), or to maintenance in
agueous solvents of suitable ionic strength, pH, etc.

Enzyme immobilization methods have, in many
instances, circumverited these disadvantéges.
Immobilization can improve the stability of enzyme
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tansam nase [err] arginase : [err]arginine [err] fam i al

hyper ar gi ni naem a Kanal as, JJ. et al., Biochem Med. 27:
46. 55 (1982) [err] glutanmate [err] anmonia ' [err] liver
failure MaughT. H., Science 223: dehydrogenase &

474- 476 (1984) ammoni a -3- -44-

catalysts and protect their functional integrity in the
harsh solvent environments and extreme temperatures
characteristic of industrial and laboratory chemical
processes (Hartmeier, W., Trends in Biotechnology 3:
149-153 (1985)). Continuous flow processes may be
operated with immobilized enzyme particles in columns,
for example, where the soluble feedstock passes over
the particles and is graduilly converted into product.
As used herein, the term enzyme immobilization
refers to the insolubilization of enzyme catalyst by
attachment to, encapsulation of, or by aggregation into
macroscopic (10* mm) particles.
A number of useful reviews of enzyme immob-
ilization methods have appeared in the literature
- (Maugh, T.H., Science 223: 474-476 (1984); Tramper,
J., Trends in Biotechnology 3: 45-50 (1985)). Maugh
describes five general apprdaches to the immobilization
of enzymes. These include: adsorption on solid
supports (sﬁch as ion-exchange resins); covalent
attachments to supports (such as ion-exchange resins,
porous ceramics or glass beads); entrapment in poly-
meric gels; encapsulation; and the precipitation of
soluble proteins by cross-linking them with bifunc-
tional reagents in a random and undefined manner. 1In
addition, one can immobilize whole cells (usually dead
and made permeable) which have”expressed the desired
enzyme activity at high levels (e.g., Nagasawa, T. and
Yamada, H., Trends in‘Biotechnology 7: 153-158 (19589)).
Each of these immobilization procedures has its
own advantages and limitations and none can be
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A particular application of the present nethod is t he heparin

| yase system for bl ood dehepari ni zati on (Bernstein et al.

Met hods i n Enzynol ogy 137: 515-529 (1987)), which is discussed
bel ow. 5 Al'l extracorporeal devices perfused with bl ood,

such as kidney dialysis, continuous arterigyenous henofiltration
or extracorporeal nenbrane oxygenators, requi re heparinization
of the patient EBnQK&HQéﬂ‘Bﬁ%zmal or domiﬁé%ih@g fhvaeet, oferaek)i ikl On

of the patient |eads 10 henor r hagi ¢ co Ilcatlgns and éinalns a

threat to enzymehﬁmﬁgkxggngA ﬁﬂﬁﬁﬂg¥w¥ﬁP€ﬁ§ PRE, QRLY BsSPALLper f usi on
times increase, sfaect ORI thd tdthel NesiRe cof maternl pregentt dn taed

Ca e L e LRt Lo M s myeiy tye kbl Ber dambii 1A
device at the eh&ﬂdwﬂ:zs made qp of imerextbatooftenatosdtlyccanrier
and thus - materind. FRALL of Yhont Png tapSRiiigia | /0 Pal! e
§ interactions of the enzyme catalyst molecules with each
other and/or with the carrier material tend to be
" random and undefined. As a result, although these
interactions confer some enhanced stability to the
enzyme catalyst molecules, their relative
non-specificity and irregularity makes that
‘stabilization sub-optimal and irregular. 1In most
cases, access to the active site of the enzyme catalyst
remains ill-defined. In addition, the immobilization
methods described above fail to deal with problems
associated with storage and refrigeration. Nor can
i conventionally immobilized enzymes generally be
manipulated, as in being exchanged into one or another
solvent of choice, without risk to the structural and
functional integrity of the enzyme. In practical
terms, except for the attached tether to the carrier
particle, conventionally immobilized enzymes bear close
resemblance to soluble enzymes, and share with them a
suscept;bility to denaturation and loss of function in
harsh environments. g '

In general, immobilization methods lead to a
reduction of observed enzyme-catalyzed reaction rates .
relative to those obtained in solution. This is mostly
a consequence of the limits of inward diffusion of |




Publ i shed research (Langer et al. Science 217: 20

Bernstein et al., Methods in Enzynol ogy 13zhm 9§
details the problens presented by conventi o |

enzynmes used in extracor poreal devi ces. The len1|s
t hat conventional inmmobilization results |n n 25

of enzynme activity per unit volune, thus rees+ring a: | ar ge vol une
of immbilized enzynme to performthe necessary heparini zati on

This volune is t substrgrte @and outward hdiffupiontofaprodactnwitimms the Ecs
due to 30 - Ompenizizes FlAME Fhetifte) {orloRBb. Frhs oAl e and
: Richards, F.M., Biochemistry 5: 4062-4076 (1967)).

- The necessary presence of inert carrier in the
immobilized enzyme particles increases the mean free
path between the solvent exterior of the immobilized
enzyme particle and the active site of the enzyme
catalyst and thus exacerbates these diffusion problems.
When dealing with immobilized cells, the diffusion
problem is particularly severe, even if cell walls and
membranes are made permeable to substrate and product
in some way. One would further be concerned with the
multitude of contaminating enzymatic activities,
metabolites, and toxins contained in cells, and with
the stability of cells in harsh solvents or extreme
'temperature operating environments. An improved
immobilization technique which avoids the limitations
-of the presently available methods would be helpful in
promoting the use of enzymes as industrial catalysts,”
particularly if it were shown to be useful on a large
scale (Daniels, M.J., Methods in Enzymology 136:
371-379 (1987)). '

Summary- of the Invention
The present invention relates to a method of
‘immobilizing an enzyme by forming crystals of the
:enzyme and, generally, also cross linking the resulting
crystals through use of a bifunctional reagent;
cross-linked immobilized enzyme crystals (referred to
as CLECs or CLIECs) made by this method; the
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-45- offers a practical solution to deheparinization of

humans. The enhanced stability of CLECs will reduce the :

di sassoci ati on of enzynme fromthe crosslinked crystal. This is
superior to the less stable, conventionally 5 i robi | i zed enzynes,
because i nmune responses resulting fromenzyne | eakage will be
reduced. CLEC tenperature st abi6=ty prevents denaturation of the
enzyme due to hi gh transi ent tenperatures durln st or

Tkel'y that | CLEXEOPRYLE2aBEATNPENCLEC, sy & BRBDSIRE APTOVIRG €88y cd ar
rOO”‘te”peratUr@tori@eadﬂbh&@&ng,CEEQSdﬂﬂﬂ WNation properﬁﬁ@ﬁpﬁf and nore

o L oimmblbibed enzymes apd ramééd FE makARR @ pee et age
lifetines. product by means of a reaction catalyzed by a CLEC or a
set of CLECs.

" In the method of the present invention, small
(10'mm) protein crystals are grown from aqueous
solutions, or agueous solutions containing organic
solvents, in which the enzyme catalyst is structurally
and functionally stable. In a preferred embodiment,
crystals are then cross-linked with a bifunctional
reagent, such as glutaraldehyde. This cross-linking
results in the stabilization of the crystal lattice
contacts between the individual enzyme catalyst
molecules constituting the crystal. As a result of
this added stabilization, the cross-linked immobilized
enzyme crystals can function at elevated temperatures,
extremes of pH and in harsh aqueous, organic, or
near-anhydrous media, including mixtures of these.
That is, a CLEC of the present invention can function
in environments incompatible with the functional
integrity of the corresponding uncrystallized,
uncrosslinked, native enzyme or conventionally
immobilized eﬁzyme catalysts.

In addition, CLECs made by this method can be
subjected to lyophilization, producing a lyophilized
CLEC which can be stored in this lyophilized form at
non-refrigerated (room) temperatures for extended
periods of time, and which can be easily reconstituted
in aqueous, organic, or mixed agqueous-organic solvents
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Addi ti onal applications of CLEC technol ogy: biosensors 15 A'

CLEC or a set of CLECs can be used as a - conponent of a sensor,
referred to as a bi osensor, useful for detecting and/or
guantitating an anal yte of interest in a fluid, such as body
fluid (e.g., blood, urine), chem cal and | aboratory reaction
medi a, organic 20 nmedi a, water, cul+Z+e nedi um and beverages. In
some "~ instances, the fluid in question can be a gas, as in an

al cohol breath afalchedreed Baridzhoyt Eehe Kfotmabion A0f amdrphous Karel |,

M, NASA Tech Br
appr opri ately- sﬁ%&%@% %ﬁg&é%fﬂ%iﬂif rlsﬁ%&sdEﬁag{rlgggabﬁpn? (r)\
Cﬁntactlmnth a flui d The (present invenkiopzaliseorelatesntPyFEESS i nterest.
The anal yte of e d | ood

y prﬁducﬁj %gllrufé €§§h96m3€ﬁ§&rﬁﬂd téeﬁhhir(ﬁsﬁ inbl oo

gl ucose detecting o
quantltatlng a d&&ﬂﬁiﬁﬂ?ﬁ%ﬁ%ﬁl1%?9#r%%£%ﬁn%n@5556ﬁ34 production of

‘selected materials, such as chiral organic molecules,
peptides, carbohydrates, lipids, or other chemical
species. Presently, these are typically prepared by
conventional chemiqal methods, which may require harsh
conditions (e.g. aqueous, organic or near-anhydrous
solvents, mixed aqueous/organic solvents or elevated
temperatures) that are incompatible with the functional
integrity of uncrystallized, uncrosslinked, native
enzyme catalyst.. Other macromolecules with catalytic
activity can also be incorporated into the proposed
CLEC technology. These mighﬁ include catalytic |
antibodies (Lerner, R.A., Benkovic, S.J., and Schultz,
P.G., Science 252:659-667 (1991)) and catalytic
polynucleotides (Cech, T.R., Cell 64:667-669 (1991);
Celander, D.W., and Cech, T.R. Science, 251:401-407
(1991)). o

The present invention also relates to a method of
making a selected product by means of a reaction |
catalyzed by a CLEC of the present invention.

In an example of the method and'practice of the
present invention, the enzyme thermolysin, a zinc
metalloprotease, was used to synthesize a chiral
precursor of the dipeptidyl artificial sweetener,
aspartame. The enzyme thermolysin was crystallized
from a starting aqueous solution of 45% dimethyl
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or substrate) in a reaction in which the anal yte of I nt er est
participates). In either case, the CLECis - able to act upon the
anal yte or the substance which is a reactant in a reaction in
whi ch the analyte also 5 partici pates. The activity of the enzyne

results in a

of

detectabl e change_gg. 9., change in pH production

sulfoxide, and 55% 1.4M calcium acetate, 0.05M sodium
cacodylate, pH 6.5. The resulting crystals were
cross-linked with glutaraldehyde to form a thermolysin
CLEC. The thermolysin CLEC was then. transferred from
the aqueous crystallization solution in which it was.
made, into a solution of ethyl acetate containing the
substrates, N-(benzyloxycarbonyl)-L-aspartic acid
(Z-L-Asp) and L-phenylalanine methyl ester (L-Phe-OMe).

' The thermolysin CLEC was then used to-catélyze a

condensation reaction of the two substrates to
synthesize N-(benzyloxycarbonyl)-L-aspartyl-
L—phenylélanine methyl ester (2-L-Asp-L-Phe-OMe), which
is the dipeptidyl precursor of the artificial sweetener
aspartame. Using any one of many known techniques

(see, e.g. Lindeberg, G., J. Chem Ed. 64: 1062-1064
(1987)) the L-aspartic acid in the synthesized

‘dipeptidyl precursor can be deprotected by the removal

of the benzyloxycarbonyl (Z2-) group to produce
aspartame (L-Asp-L-Phe-OMe).

In a second example of the method and practice of
the present invention, the enzyme thermolysin was used
to produce thermolysin CLECs. The activity and
Stability of thermolysin CLECs were compared to that of
soluble thermolysin under optimum conditions and
conditions of extreme pH and termperature, following
incubation in the presence of organic solvents and
following incubation in the presence of exogenous
protease.

The enzyme thermoly51n was crystallized from a
solution of 1.2M calcium acetate and 30% dimethyl

This Sheet Has Been R laced
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l'i ght, heat, change in electrical potential) which is det ect ed
and/ or quantitated by an appropriate detecting neans (e.g., pH
el ectrode, |light or heat sensing 10 devi ce, neans for measuring

el ectrical charge) (Janata, J., et al., Anal. Chem 62: 33R 44R
(1990)). Any neans useful for det®eting the change resulting
fromthe enzynme-cat al yzed net hod can be used. A biosensor of
the present invesulfoxide pis 0L Therreswlbingl ecystals were and a

retaining neans t
CLEC(s) and the g:%% ;%ig' 0 |%e&ﬂé£¥\%1&%&8 at a cl?gfgnce mgﬁne fluid
which is a react a@t5%n tchform a therm@b!%ianLEthl@hetﬁ@%mmﬂ¥ﬂ§énbﬁLﬁc

interest partici e al proRedw® (¢ :
bi osensor 20 vik %h eﬁ?%#é&%%ﬁ3w§?b+gfé%gh%gul? e used é? rently

i mrobi | i zed enzyﬁb§-ar"f : BnsPPhy 79-380 Nt f er
fromlow stabili wi]ely0o\drf286¥s em!s' (ysnhprto form a lyophdilivesd anbymeck

Of ereproduct bi | el MG SIRAR FSin. s 158PnRE1CEY doRA AR Fhdd the

o transformed directly into the different aqueous, _
organic, and mixed aqueous/organic solvents of choice
without an intervening solvent exchange procedure,
without formation of amorphous suspensions, and with
minimal risk of denaturation. These solvents included
acetonitrile, dioxane, acetone, and tetrahydrofuran,
but not to the exclusion of others. Following
incubation, activity was assayed spectrophotometrically
by cleavage of the dipeptide substrate FAGLA
(furylacryloyl-glycyl-L-leucine amide).

In a third example of the method and practice of
the present invention, the enzyme elastase (porcine
pancreatic) was crystallized from an agueous solution

~of 5.5 mg/ml protein in 0.1 M sodium acetate at pPH 5.0
at room temperature (Sawyer, L. et al., J. Mol. Biol.
118:137-208). The resulting crystals were crosslinked
with glutaraldehyde at a concentration of 5% to form an
elastase CLEC. The elastase CLEC was lyophilized as
described in Example 2.

In a fourth example of the method and practice of
the present invention, and as disclosed heré, the
enzyme esterase (porcine liver) was crystallized from

~ an agqueous solution of 15 mg/ml protein in 0.25 M
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25 here.. -47-

Tabl e 4 Enzyme Enpl oved Detection of:- Appl i cation .
Ref erence [err] glucose oxidase [err] glucose [err]

di abetics [err] Daniles, B., Mossbhach. K.
Met hods i n Enzynol ogy -

=10~

calcium acetate at pH 5.6 at room temperature. The
resulting crystals were crosslinked with glutaraldehyde
at a concentration of 12.5% to form an esterase CLEC.
The esterase CLEC was lyophilized as described in
Example 2.
In a fifth example of the method and practice of
the present invention, and as disclosed here, the
-enzyme lipase (Geotrichum candidum) was crystallized
from an agqueous solution of 20 mg/ml protein in 50 mM
Tris at pH 7 at room temperature. The resﬁlting
crystals were crosslinked with glutaraldehyde at a
~concentration of 12.5% to form a lipase CLEC. The
lipase CLEC was lyophilized as described in Example 2.
In a sixth example of the method and practice of
the present invention, the enzyme lysozyme (hen egg
white) was crystallized from an agueous solution of 40
mg/ml proteih in 40 mM sodium acetate buffer containing
5% sodium chloride at pH 7.4 at room temperature _
(Blake, C.C.F. et al., Nature, 196:1173 (1962)). The
resulting crystals were crosslinked with glutaraldehyde
at a concentration of 20% to form a lysbzyme CLEC. The
lysozyme CLEC was lyophlllzed as described in Example
2.
~In a seventh example of the method and practice of
the present invention, the enzyme asparaginase
(Escherichia c0lj) was crystallized from an agueous
solution of 25 mg/ml protein in 50 mM sodium acetate
and 33% ethanol at pH 5.0 at 4°C. The crystallization
is a modification of the prbcedﬁre described by Grabner
et al. [U.S. Patent 3,664,926 (1972)]. As disclosed
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137: 4-7 (1987) :

[err] Hall.E "Biosensors " QOpen

Uni versity Press (1990)

[err] TaylorR , Proceed.

Bi ot echnol ogy Conference ' -ll~
1989; 275-287

[err] Anthony ehege,, the resulting crystals were crosslinked with

[ err] Bi osensors, .Fundagent al.s
and Applicationgl % gﬁ E

yde at a concentration of 7.5% to form an

Uni versity Preshsﬁi&&@)naberCLEC&ea@Mauaspﬁrﬁg&n&se[@bE? ¥a8at i ni ne

Bi ochem 134: 4

[err] kidney fui%:%a%ggé)zed[ g@e”e]schwl\ﬁn %ofim lé‘

ureas err urea

[err] Kidney functi o@ther enzymes| whigh canike obilized in a
Pol ym Mat er . SCi gG4d1 a3/ manner and used to catalyze an appropriate

825-829 (1987) -
[err] Kobos, et rgactioan ipedwde luciferase and urease.

Other enzymes,

60: 1996-1998 (L3 as[ thdse AGisted 4 dPiiles 1-5 1 canl alsot be

Lerr] clinical %&@sta f?E% an& chséﬁfﬁieé ugynggig 5¥es§ht method
to produce a desired CLEC which can, in turn, be used
to catalyze a reaction which results in production of a
selected product or to catalyze a reaction which is an
intermediate step (i.e. one in a series of reactions)

" in the production of a selected product.

It is

- recognized that although crosslinking helps stabilize
the majority of crystals, it is neither necessary nor
desirable in all cases. Some crystalline enzymes

: retain functional and structural integrity in harsh

E environments even in the absence of crosslinking.

! - Although in the preferred embodiment, the crystal is
crosslinked, crosslinking is not always'necessary to
produce an enzyme crystal useful in the present method.

CLECs have several key characteristics that confer
significant advantages over conventional enzyme |

immobilization methods presently in use.

CLECSs

dispense with the need for a separate, inert support
structure. Lack of an inert support will improve
substrate and product diffusion properties within CLECs
~and provides enzyme concentrations within the crystal
that are close to the theoretical packing limit for
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dehydr ogenase A,
Anal . Chem 48(8): : :

1240 (1976) : _

[err] Sagaguchi, Y.,et al.. J.

Appl, Biochem 3: 32 (1981) [err] glucose-6-pyruvate [err]

A ucose- phosphate. [err] diabetics and ot khge- * ibid as glucose oxidase
dehydr ogenase 'sucrose and ATP medical [err] alcoho
dehydr ogenase. mbgechleishadisutiptdicze. [ eHigh berzyhel goncentimdtions] err]

Ronetted.L.et al. | | i d ) .' :
o S e A (S AL ghRLSecshBbits Lt
aci ds the increased effective activity3ef aigives yedgme of

[err] Ho.MH., i n . . . .
Enzy ol ogy 137:¥§%%$¥§¥, reduction in substrate contact time with

(1987) [err] enzymeosinthuverall greductiensin plant siper apd GaRdtaly

e hodat i o Lt ; 1. 136: 371-379
Met hods .i n EnzyEEPQS'?ﬂﬁﬁfelé¥h J &l Méthods in Enzymo _

9@3{ 137 27-225
(1987) [err] cH3®&Ferol oFRRNnifrRity AFEQES, GFYstal volumg an
chol esterol tesephancd® stiabil Dty |ofbth@dconhstituentoengymedin ZLECE S

(1987) creates novel opportunities for the use of enzyme
catalysis in harsh conditions, such as elevated
temperature, and agueous, organic or near-énhyd:ous
solvents, as well as mixtures of these. In addition,
the restricted solvent access and regular protein
environment implicit in a crystal lattice should lead
to improved metal ion and co-factor retention for CLECs
vs. conventional immobilized enzyme systems.

Brief Description of the Drawings

Figure 1 is a graphic representation of results of
assessment of'enzymatic activity of soluble and
thermolysin CLEC.

Figure 2 is a graphic representation of results of
a comparison of pH dependencies of thérmolysin CLEC
and soluble thermolysin.

‘Figure 3 is a graphic representation of
measurement of the activity of soluble and crystalline
thermolysin after incubation at 65°C.

Figure 4 is a graphic representation of results of
assessment of resistance of soluble and thermolysin
CLEC to exogenous proteolytic degradation.
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[err] catalase [err] uric acid. cholesterol [err]
at heroscl erotic and * SatohL..eghods in '

ot her nedi cal EnzYnol ogy 137: 217-225

(1987) [err] carboxy peptidase . [err] methotrexate * cancer

[err] ibid as glucose oxidase [err] carbonic anhydrase [err] carbon

di oxi de [err] industrial, Iaboratoang_[err] I bid as gl ucose oxi dase
envi ronnent al _ appl i cati ons

[err] L-am no acid ox, rel ) aghd: atlidd lof ek

I ndustri al [err] ig$g&§§eg?uigsé ggghggg gh?g??ﬁ“ﬁ’g&?&%ﬁ%e §@it§qgf

[err] penicillirthe assessmgntrpfnenzynatic activity flaxr solyble et al ..

O sl i stase CLEC.
SocJpn. 60: 4133%%#5% and the corresponding ela 1

al kal i ne phosphat ase Figpgerf pRo3pgEaphic repreﬁﬁﬂﬂaﬁﬁﬁﬁﬁéﬁf%%gnnkfigling
[err] ibid as glpeopetancdase sbtublenelastase and the Girrespding
nitrates & nitriipe eLelr LR E8%kbGents BRdtabiytid NekatasLsRoe
' Figure 7 is a graphic representation of results of
the assessment of enzymatic activity for soluble
esterase and the corresponding esterase CLEC.

Figure 8 is a graphic representation of the
resistance of soluble esterase and the corresponding
esterase CLEC to exogenous proteclytic degradation.

Figure 9 is a graphic representation of results of
the assessment of enzymatic activity for soluble lipase
and the corresponding lipase CLEC.

- Figure 10 is a graphic representation of results
of the assessment of enzymatic activity for soluble
lysozyme and the corresponding lysozyme CLEC.

Figure 11 is a graphic representation of results
of the assessment of enzymatic activity for soluble
asparaginase and the corresponding asparaginase CLEC.

Detailed Description of the Invention :

A simple, general procedure that assures stability
and function for a given enzyme or set of enzymes under
conditions which are of interest to the synthetic
chemist and which are too harsh for use with eniymes
using presently available methods, would be very
useful. Cross-linked immobilized enzyme crystals
(referred to as CLECs or CLIECs) as described here can
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-48- Tabl e 4 conti nued: Enzyme Enpl oyed Detection of:-

Appl i cation I Reference [err] arylsulfatase [err]
sul fate [err] metabolite nmonitoring [err] ibid as glucose
oxi dase [err] succinate [err] succinale [err]
i ndustri al - Jerr] ibid as glucose oxidase

- =14~

be used for this purpose. Stabilization of the crystal
lattice and of the constituent'enzyme catalysts in the
crystal by the cross-linking reaction permits the use
_of CLECs in environments, including aqueous, organic
or near-anhydrous solvents, mixtures of these solvents,
extremes of pH and elevafed temperatures, which are
incompatible with enzyme function using presently
available methods. In addition, the stabilization of
the crystal lattice in CLECs makes possible the
lyophilization of CLECs by standard methods.
Lyophilized CLECs can be stored for commercially
attractive periods of time (months to years) in the
absence of refrigeration, and facilitate the rapid and
uncomplicated utilization of CLECs in industrial and
laboratory scale processes by the simple.addition of
solvents of choice, without need for intervening
solvent exchange processes. CLECs are also highly
resistant to digestion by-exogenous proteases. The
method of the present invention facilitates the use of
versatile enzyme catalysts in mainstream industrial
chemical processes, as well as in the laboratory
synthesis of novel compounds for research. _
Although crosslinking contributes to the stability
of a crystal enzyme, it is neither necessary nor
desirable in all cases. Some crystallized enzymes
retain functional and structural integrity in harsh
environments even in the absence of crosslinking. The
preferred embodiment of the present method includes
cross-linking of a crystal enzyme and is described in’
detail in the following sections. It is to be
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dehydr ogenase [err].bacterial | uci f er ase FMNH[ err] and coupl ed

~[err]detection of 10[err] [err]Wannl undJ. ,et al.,
reactions nol ar quantities of "Lum nescent assays: -
FMNH[ err] through Per spectives in
measur enent of photon endocrinol ogy and cli nical
chemistry"; Eds Serio.M -15-
and Pazzagli,M 1: 125 . ’
(1982) understood, however, that crystallized enzymes which

[err] Kurkijarviard ridt sibidififéntly cross-linked can be used in some
I n Enzynol ogy 137:

71-
181 (1987) : [ ef@®Podimants ofithe Rresenfpinyenption: o4 [err] detection
of 10[err] [err] Koyt jregulsl interaétions between the constituent

[ﬁ?ghéﬁnieasur o ANZYRS @%%c@%%%ﬁ'ﬁ%e Qérf‘ggal' fa@ﬁégnl:?g& tEc 171

photon rel ease resulteriri walhodefined| poréetddddimited size leading to

Egégg?rogy 237:€§g}é§§&me molecules within the body of a CLEC. As a
result, substrates larger than the available pore size
will not penetrate the body of the CLEC particile.

As a consequence of the limited pore size, many
enzymatic reactions of commercial and academic interest
involving substrates larger than the pore size of the
CLECs would be beyond the scope of the present
invention. This would include most reactions involving
large polymers, such as proteins, polynucleotides, _
polysaccharides, and other organic polymers, where the
number of polymeric subunits would be such as to make
the polymer larger than the crystal pore size in CLECs.
In such instances, however, catalysis can still take
place on the CLEC surface.

The present invention is a method of immobilizing
a selected protein, particularly an enzyme, by
crystallizing and crosslinking the protein, resulting
in production of a crosslinked immobilized enzyme
crystal (CLEC) which can be used to cataljze production
.of a selected product, such as a peptide, carbohydrate,
lipid or chiral organic molecule. The present
invention further relates to such CLECs and to a method
of making a selected product by means of a
CLEC-catalyzed reaction or CLEC-catalyzed step in a
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- 49- In the nmethod of the present invention as it is carried out for
the anal ysis of sanples in a biosensor, it is particularly desirable to
produce the | argest possible detectable signal fromthe small est possible
guantity of substrate and catalyst. In this regard, the CLEC technol ogy
di sclosed here is particularly attractive, since it achieves the highest
possi bl e concentrati on of enzyne catalystﬂﬁf?igiven vol une.

series of reactions. In one embodiment of the present
invention, the dipeptidyl precursor of aspartame has
been produced in a condensation reaction catalyzed by
cross-linked immobilized thermolysin made by the
present method. 1In another embodimeht of this
invention, the indicator substrate, FAGLA, has been
cleaved to produce a colorimetric product, whose
presence is indicative of enzyme activity in a
thermolysin CLEC. FAGLA hydrolysis has been used as a
model reaction to indicate the robustness of the
‘thermolysin CLEC in a number of environments that would
be normally incompatible with that enzyme's activity.

In other embodiments of this invention, the
enzymes elastase, esterase, lipase,-asparaginase, and
lysozyme have been used to cleave various indicated
substances, such as p-nitrophenyl acetate (esterase and
lipase), succinyl- (ala)3-p-nitroanilide (elastase), 4-
methylumbelliferyl N-acetyl-chitrioside (lysozyme) and
NADH (asparaginase). _

By the method of this invention, one of ordinary
skill in the art can adapt a protocol for making a
desired product by means of a reaction catalyzed by an
immobilized enzyme. The enzyme of interest, when
crystallized from an appropriate solution, can be
cross-linked with glutaraldehyde or other suitable
bifunctional reagent in the crystallization solution to
produce a CLEC of that enzyme. Subsequently, the CLEC
of the enzyme of choice can be lyophilized as described
in Example 2.
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O'ten, considerable efforts are made to couple an ultimte enzymati c
reaction of interest, either directly, or through suitable internediates,
to the production of light by enzynes |ike luciferase (Kurkijarvi et al.,
Met hods in Enzynol: 137: 171-181 (1988)). This is done in order to take
advantage of the unparalleled sensitivity efficiency of photon
detecti on equi pnent, which allows for the detection of fentonolar

concentrations of enoyirs @s | SBverasUshvaHRiEe=" RN e Ut 190

Fol  owi ng this princi | 0sensor systens een designe usi ng
conventional |y |¢PﬁﬁnéE%%EseﬂY?ﬁeBreﬁenHéYeéVa#é#P@GsQ§E¥RQ1R&§ﬁlﬂzed

clinical and ot hgsthéod€! eSkor Legih péodﬁaénarbssculimdﬁwéw kiR ed 1O
flke D- gl ucose, | act at e,

Eal it anate and P eﬁéﬂgaﬁﬁﬁéiéé‘%iiss GvhcRUBRRERy | BFRSARINR (AT

Wth regard to tbesdsppglasses), gébs,| ogi fflascare not required in
order to tie down the enzyme catalyst, as they are in
presently-available immobilization methods. As a
‘result, the concentration of enzyme in a CLEC is close
to the theoretical packlng limit that can be achleved
for molecules of a given size, greatly exceeding
densities achievable even in concentrated solutions.
The entire CLEC consists of active enzyme (and not
inactive carrier), and thus, the diffusion-related
reduction of enzyme reaction rates usually observed
with conventionally immobilized enzymes relative to
enzymes in solution should be minimized, since the mean
free path for substrate and product between active
enzyme and free solvent will be greatly shortened for
CLECs (compared to a conventional immobilized enzyme
carrier particles). These high protein densities
will be partzcularly useful in biosensor, analyt1ca1
and other applications requiring large amounts of
protein in small volumes. In industrial processes,
the superior performanée and'compactness of CLECs
results in significant operating economies, by
increasing the effective activity of a given volume of
catalyst, thereby allowing reductions in plant size, as
well as capital costs (Daniels, M.J., Methods in
Enzymol. 136: 371-379 (1987)). CLECs are relatively
monodisperse, with a macroscopic size and shape
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enzynme from Vibrio harveyii has been reported as crystallized (Swanson et
al., J. Biol. Chem 260: 1287-1289 (1985)). Crystals of this luciferase can
be crosslinked with glutaral dehyde or other suitable :
-50- reagent to forma CLEC of luciferase. For biosensor and anal yti cal
uses, a CLEC of luciferase offers many :
: -18~ _

reflecting natural crystal growth characteristics of
the individual enzyme catalysts. Replacement of
existing carrier-immobilized enzyme media with CLECs
should not be difficult, since both systems are
comparable in size and shape, and both can be similarly
recovered from feedstock by any number of simple
methods, including basic economical bperations such as
filtration, centrifugation, decantation of solvent, and
others. S

In addition, the use of lyophilized CLECs permits
routine handling and storage of these materials prior
to use (dry storage at room temperature without
refrigeration, for extended periods of time).
Lyophilized CLECs also allow for routine formulation by
direct addition of solvents and substrates of interest,
without lengthy solvent exchange processes, or the
formation of amorphous suspensions. The lyophilized
CLEC form extends the general utility of the enzymes as
catalysts to a broader spectrum of enzymes and
functional conditions.

- A second advantage of a CLEC is that cross-linking
of the crystallized enzyme stabilizes and strengthens
the crystal lattice and the constituent enzyme
molecules, both mechanically and chemically. As a
result, a CLEC may be the only means of achieving
significant con¢entrations of active enzyme catalyst in
harsh agueous, organic, near-anhydrous solvents, or in
agqueous-organic solvent mixtures. The use of enzymes
as catalysts in organic syntheses has been hampered by
their tendency to denature in the presence of
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advant ages over conventionally inmmobilized enzyne. In a CLEC, the entire :
vol ume of the |uciferase CLEC woul d consist of light emtting enzyne. In a
conventionally inmobilized enzynme system however, as nuch as 95% of the
total volune is taken up by "inert" carrier material, which nore |ikely
functions as an absorber of the light em_ ggﬂ'by enzyne. In addition, the
enhanced stability of CLECs should facilifate storage at room tenperature,

and al so nakes SSi v, ‘ﬁﬁg%gn | ' ' 'hghsﬂ°geﬁ&@QnQ§pts
and el evat ed teﬂ%g‘er% ue‘r%e"{s? s'%:“A | |'o%(§&) %f?%%‘??%ﬁ%yof CLECli t echnol ogy -
| aboratory readgueens and QECAGRSCUR setvents| (RbiRRBPY rBalfents in smal

oherans o AR SegmaLal SEluRSes;oth) 2Tt QBRI oy
CLECs, the restriction of conformational mobility that .
leads to stability is provided by the inter- molecular
contacts and .cross-links between the constituent enzyme
molecules making up the crystal lattice, rather than by.
the near-absence of water in the medium. As a result,
intermediate water concentrations can be tolerated by
~ enzymes when formulated as CLECs, as has previously not
been possible (see Table 12). -In commercial
applications, agueous-organic solvent mixtures allow
manipulation of product formation by taking advantage
of relative solubilities of products and substrates.
Even in aqueous media, enzyme catalysts, immobilized or
soluble, are subject to mechanical forces within a
chemical reactor that can lead to denaturation and a
e shortened half-life. The chemical cross-links within
§ the CLEC provide the necessary mechanical strength
: (Quiocho and Richards, Proc. Natl. Acad. Sci. (USA) 52:
833-839 (1964)) that results in increased reactor life
for the enzyme catalyst. .
A third advantage of a CLEC is that as a result of
its crystalline-naturé, a CLEC can achieve uniformity
across the entire cross-linked crystal volunme. '
Crystalline enzymes as described herein are grown and
cross-linked in an aqueous environment and, therefore,
the arrangement of mplecules within the crystal lattice
remains uniform and regular. This uniformity is _
maintained by the intermolecular contacts and chemical
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categories of reactions are in Table 5. Table 5 Enzynme
Enpl oved Reaction type catal yzed Ref erence

[err]lipases, phospholipases [err] Stereosel ective synthesis: including
[err] Zaks. A & KlibanovA. M

cross-links between the enzyme molecules constituting
the crystal lattice, even when exchanged into other
aqueous, organic or near-anhydrous media, or mixed
aqueous/organic solvents. In all of these solvents,
the enzyme molecules maintain a uniform distance from
each other, forming well-defined stable pores within
the CLECs that facilitate access of substrate to the
enzyme catalysts, as well as removal of product.
Uniformity of enzyme activity is critical in
industrial, medical and analytical applications where
reproducibility ahd-consistency'are paramount. .
A fourth advantage of using a CLEC is that it

- should exhibit an increased operational and storage
half-life. lattice interactions, even in the absence
of cross-linking, are known to stabilize proteins, due
in part to restrictions of the conformational degrees
of freedom needed for protein denaturation. In CLECs,
the lattice interactions, when fixed by chemical
cross~links, are particularly important in preventing
denaturation, especially in mixtures of aqueous and
non-agueous solvents (Klibanov, A.M., Trends in
Biochemical Sciences 14: 141-144 (1989)). Enzymes that
have been in the crystalline state for months or years
routinely retain a high percentage of their catalytic
activity. Cross-linked immobilized enzyme crystals
stored in-aﬁhydrous:solvents will be even further
protected from microbial contamination and damage,
which is a serious problem in storing large quantities
of protein in a nutrient rich, agueous environment.
In the case of a lyophilized CLEC, the immobilized




esterification. ransesterification, Proc.Nat.Acad.Sci.USA. 82: 3192-

am nol ysis, |lactonizations, 3196 (1985)

pol ycondensations, acylation,  [err] Klibanov.A M Acc.Chem Res. 23:

oxi nolysis and resolution of racemc 114-120 (1990) and references therein
m Xt ures [err] WongC. H., Chentracts-Organic

Chem stry3:91-111 (1990) and - '
references therein J[err] esterases ~21- [err] sereoselective

synt hesi s and err] .Kobgyashj et .al., .Tetrahedron lLetiers
resol ution en&ym& is”stored in \y&e APsence ‘2%5?9 ¥8Bt¢ 108Rpt, and
[err] Schnei der the stabilgeutidthavhieved byckrogs-Pinkinglallows Eor

(1984 [or] \N03uatae i tne spdgidd K S BJafbulBRTEEE A8n 0dUCE

[err] Kazandjiam'R._ | Vv, I nones
J.Am soc 110: 5perigds rf8d)imeerr] proteases, eg subtilisin [err]

stereosel ective acyl g iggEegf a&ﬁﬂﬂq;%é\@f g %.e#%:@hggl fRatliq 584

car bohydr at es (19 oxI dases
[err] sel ectiveSheuda iexhifithanhanges kengerature shability as a
Acc. Chem Res. 2Zonsequence of the cross-1inkd‘s€Zpiiif?8y &neé E??gg???es-

in - t rr], Stereosel ective s
ngiflsbng[gru.() / egfygg%ighq:out Jé;c ions at a higher y
temperature than that used with conventional methods

would increase reaction rates for the chemical
reactions of interest, both thermodynamically, and by
- enhancing the diffusion rate into and out of the
crystal lattice of CLECs. These combined effects would
represent a major improvement in reaction efficiency,
because they would maximize the productivity of a given
- quantity of enzyme catalyst, which is generally the
most expensive component of the reaction process
; (Daniels, M.J., Methods in Enzymol. 136: 371-379
? (1987)). The temperature stability exhibited by CLECs
is remarkable because most enzyme systems require mild
reaction conditions. CLECs would alsoc be stabilized
against denaturation-by transient high temperatures
during storage. |
A final advantage of use of a CLEC is that pores
of regular size and shape are created between
individual enzyme molecules in the underlying crystal
lattice. This restricted solvent accessibility greatly
enhances the metal ion or cofactor retention
characteristics of CLEC as compared to conventionallf.
immobilized enzymes and enzymes in solution. This
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requiring co-factors: ' Chem siry
3:91-111 (1990) and | soner ases. | yases,

references therein al dol ases, gl ycosyl transferases, el ycosidases
[err] other enzynes not [err] Stereosel ective synthesis: [err]
wong. C. H., Chenmtract s- Organi c requiring added co-factors:

Chem stry 3:91-111 (1990) and fl avoenzymm- pyri doxa

references therein phosphat e enzynes. nmet al | oenzynes [err] enzynes
requiring co- priopefritySicr et aciiyecpéynibethe: use pdr ejconomically
wong. C. H. Chent ract s- Qrgani ¢ o ki nases

Chenistry 3:91- BYPer )ceﬂﬁﬁgéﬁﬁééiﬁ%ﬂuBFSF%ﬁéégﬁiﬁfﬁfF“‘ti°“s (see

ref erences ther @.g. Oyina/lets cakf Methods LSAERZYBOA-.r d3é 503Sl€nzynes.

sul furases (PQ€§&7)) where enzyme would otherwise be inactivated by

" metal ion or cofactor leaching. For example; in the
thermolysin-mediated synthesis of the dipeptidyl
aspartame precursor, 2-L-Asp-L-Phe-OMe, conventionally
immobilized enzyme is known to lose catalytic activity
in continuocus-flow column processes, in part through
the leaching of calcium ions essential for thermolysin
activity. In practice, leaching of calcium ions has
forced the use of less efficient batch processes
(Nakanishi et. al., Biotechnology 3: 459-464 (1985)).
Leaching occurs when calcium ion complexes are formed
with substrate Z-L-Asp, in competition with the natural
calcium binding sites on the surface of the enzyme,
; resulting in the loss of catalytic activity. The high
: density of enzyme, and the correspondingly limited

volume accessible to solvent in the interstices of the
CLECs, discourages the formation of the competing
'L-Asp-Ca** complexes responsible for metal ion

leaching.
Preparation of CLECs - enzyme crystallization

In the method of the present invention, a
cross-linked immobilized enzyme crystal (or CLEC) is
prepared as follows: .

Enzyme crystals are grown by the controlled .
precipitation of protein'out of agqueous solution, or’
agueous solution containing organic solvents.
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Conditions to be controlled include, for example, the

~ rate of evaporation of solvent, the presence of
appropriate co-solutes and buffers, and the pH and
temperature. A comprehensive review of the various
factors affecting the crystallization of proteins has
been published by McPherson (Methods Enzymol. 114: 112
(1985)). In addition, both McPherson and Gilliland (J.
Crystal Growth 90: 51-59 (1988)) have compiled
comprehensive lists of all proteins and nucleic acids
that have been reported as crystallized, as well as the
conditions that lead to their crystallization. A
compendium of crystals and crystallization recipes, as
well as a repository of coordinates of solved protein
and nucleic acid crystal structures, is maintained by
the Protein Data Bank (Bernstein et. al. J. Mol. Biol.
112: 535-542 (1977)) at the Brookhaven National
Laboratory. Such references can be used to determine
the conditions necessary for the crystallization of a
given protein or enzyme previously crystallized, as a
prelude to the formation of an appropriate CLEC, and
can guide the formulation of a crystallization strategy
for proteins that have not. Alternatively, an
intelligent trial and error search strategy (see egq.,
Carter, C.W. Jr. and Cartef, C.W., J. Biol. Chem. 254:
12219-12223 (1979)) can, in most instances, produce
suitable crystallization conditions for most proteins,
including, but not limited to, those discussed above,
provided that an acceptable level of purity can been
achieved for these. The level of purity required can-

- vary widely from protein to protein. In the case of
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19 JUL 1996 _ -52- Schnei der et al.
(Agnew. Chem Int. Ed. Engl. 23 (No.1l): 64-68 (1984)) illustrates how
enzymes may be used in organic syntheses. Pig liver esterase was enployed
in the neso-ester transformation into a chiral nono-ester in an agueous
phosphat e buffer. : :
-24-
lysozyme, for example, the enzyme has been crystallized
directly from its unpurified source, the hen egg-white
(¢éilliland, G.L., J. Crystal Growth 90: 51-59 (1988)).
For use as CLECs in the method of this invention,
the large single'crystals which are needed for X-ray
diffraction analysis‘are'not required, and may, in
fact, be undesirable because of diffusion problems
related to crystal size. nictocrystalline showers (ie.
crystals of order 10 mm in size/cross section) are
suitable for CLECs and are often observed, though
seldom reported in the X-ray crystallographic
literature. Micro-crystals are very useful in the
method of this invention to minimize problems with
diffusion (see eg., Quiocho, F.A., and Richards, F.M.,
' Biochemistry 5: 4062-4076 (1967)).
' In general, cfystals are produced by combining the
. protein to be crystallized with an appropriate agueous
solvent or agueous solvent containing appropriate
precipitating agents, such as salts or organics. The
solvent is combined with the protein at a temperature
determined experimentally to be appropriate for the
~induction of crystallization and acceptable for the
maintenance of protein stability and activity. The
solvent- can optionally include co-solutes, such as
divalent cations, co-factors or chaotropes, as well as
buffer species to control pH. The need for co-solutes
and their concentrations are determined experimentally
to facilitate crystallization. 1In an industrial scale
'process, the controlled precipitation 1eadihg to
crystallization can best be carried out by the simple
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The advantages of CLEC catal yzed reactions for |aboratory use are
threefold. First, CLEC retain high activity in harsh environnments (eg.
aqueous, organi ¢, near-anhydrous solvents and m xtures of these, and at
high tenperatures) that are typical of |aboratory chemical synthesis
experinments. Second, CLEC exhibit high operational and storage stability,
which is appropriate for internittent |abo@®ory experinments. Third, their
high activity per unit volume will allow shorter reaction tines and [equire

smal | er vol unes combination f pretedn, sprecipyFanty,So-80d ut®sn s t hat
an 8l ternat i ve. TR L R e B Ot O e e
i nst ances descﬂlﬁﬁ%ﬁﬁ%ﬂ&% ?Eﬂsﬁélf QﬁFEQéCP8g899§E,spﬁépa%ﬂﬂﬁ%%#gggﬁz
i nvention can berdapad dyrousieh eadi adsp bei bdaptedhe McPhemsarmnvert a
process using a gonventi opall¥ol ™PRLL1 499 §384%5), ana cillilana (3.
' Crystal Growth 90: 51-59 (1988)) include a
comprehenisive list of suitable conditions in their
reviews of the crystallization literature.
Occasionally, incompatibility between the cross-linking
reagent and the crystallization medium might require
exchanging the crystals into a more suitabie solvent
system. . _
Many of the prbteins for which crystallization
conditions have already been described in the
literature, have considerable potential as practical
enzyme catalysts in industrial and laboratory chemical
~ processes, and are ditectly subject to formulation as _
CLECs within the method of this invention. Table 1 is
a sampling of enzymes that have already been
crystallized. Note that the conditions reported in
most of these references have been optimized for the
growth of large, diffraction quality crystals, often at.
.great effort. Some degree of adjustment of conditions |
for the smaller crystals used in making CLECS might be
necessary in some cases.
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catalyst to the use of a CLEC of the appropriate enzynme. CLECs can not only
repl ace conventional immobilized enzynes, but also be used in cell nediated
transformations. The present invention will now be illustrated by the

foll owi ng Exanpl es which are

not intendgg-to be limting in any way.

Table 1
Enzyme Microbial or biological References
source _(including those cited therein) |
« alcohol dehydrogenase | horse liver Eklund er al., J.Mol.Biol. 146: 561-
587 (1981)
» alcohol oxidase Pichia pastoris Boys er al., J.Mol.Biol. 208: 211-212
_ (1989)
Tykarska et al.,J.Protein Chem.9:
83-86 (1990)
» aldolase rabbit muscle Eagles et al.,J.Mol.Biol. 45: 533-544
(fructose-bisphosphate) (1969)
' Heidmer et al., Science 171: 677-680
_ (1971)
calf muscle Goryunov et al., Biofizika 14: 1116-
1117 (1969)
human muscle Millar et al., Trans.Roy.Soc.Lond.
B293: 209-214 (1981)
Drosophila melanogaster Brenner ¢: al.,J..Biol.Chem. 257:
. 11747-11749 (1982)
« aldolase (PKDG) Pseudomonas putida Vandlen et al.,J.Biol.Chem. 248:
2251-2253 (1973)
« alkaline phosphatase Escherichia coli Sowadski et al.,J.Mol.Biol. 150:
: 245-272 (1981)
» asparaginase Erwinia carolova Nongg et al., Nature 224: 594-595
. (1969)
Escherichia coli Epp et al., Eur.J.Biochem. 20: 432-
437 (1971)
Escherichia coli Yonei er al., J.Mol.Biol. 110: 179-
186 (1977)
Proteus vulgaris Tewsuya et al.,J.Biol.Chem. 248:
7620-7621 (1972)
» carbonic anhydrase human erythrocyte (C) Kannan et al.,J.Mol.Biol. 12: 740-
: 760 (1965)
human erythrocyte (B) Kannan et al..J.Mol.Biol. 63: 601-
; : 604 (1972)
| bovine erythrocyte Carlsson et al. J.Mol.Biol. 80: 373-
i 375 (1973)
! » catalase horse enythrocyte Glauser et al., Acta Cryst. 21: 175-
' 177 {1966)
Micrococcus luteus Marie et al.,J.Mol.Biol. 129: 675-
_ 676 (1979)
Penicitlium viiale Vainshtein et al., Acta Cryst. A37:
C29 (1981)
bovine liver Eventoff et. al.,J.Mol.Biol. 103: 799-
801 (1976)
* creatine kinase bovine hean Gilliland et al., J.Mol.Biol. 170: 791-
793 (1983) . :
rabbit muscle McPherson, J.Mdl.Biol. 81: 83-86
: ; (1973)
» glutaminase Actenobacter gluanimasificans | Wlodawer et al., J Mol Biol. 99: 295-
299 (1975) .
Pseudomonas 7A Wilodawer ef al.,J.Mol.Biol. 112:

$15-519 (1977
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Crystallization and crosslinking of thernolysin for synthesis of the
aspartane precursor. Z-Asp-Phe-QOwk. .Crystallization 250 ng of
thernol ysin from Bacillus thernobroteol yti cus was purchased from

Boehri nger - Mannhei m GrbH, and di ssolved_in 4 m of 45% di net hyl sulfoxide
(DMSO) and 55% 1.40 M cal ci um acet at e,'267‘50 M sodi um cacodyl ate at pH 6. 5.
These starting conditions are simlar to those described by Matthews et.
al . for tfeblerbeootineedof diffraction quality thermolysin crystals (see,
eg., Holnes and Matthews, J. Ml . Biol. 160: 623-639 (1982)). The protein

sol ution s t heEneymeent r dt dMictabidl ot tislogicdlent ri con 1References
m cro-concentrator A gooq yield sburgecr ocryst afincludi L eit ejn)
process of fll-ghkpseoxjdaseal | i zdtAsrergillusmigendi scl osed | Kelise et jah, LhMiobPiok 283: 20)7-
water. or 1. i | | Ll 209 (1990)
» B-lactamases Staphylococcus aureus Moult e: al., Biochem J.228: 161-
. 176 (1985)
Bacillus cereus . Sutton et al., Biochem J. 248: 181-
188 (1987) _
« lacate dehydrogenase porcine Hackert er al., J.Mol.Biol. 78: 665-
' ' 673 (1973)
chicken Pickles et al.. J.Mol.Biol. 9: 598-600
(1964) '
dogfish Adams et al., J.Mol.Biol. 41: 159-188
(1969) -
Bacillus stearothermophilus Schar et al.,J.Mol.Biol. 154: 349-353
(1982)
* lipase Geotrichum candidum Hata et al., J.Biochem. 86: 1821-1827
(1979) '
horse pancreatic Lombardo e: al..J.Mol.Biol. 205: 259-
261 (1989)
Mucor meihei Brady et al. Natwre 343: 767-770
{1990)
human pancreatic Winkler ez al., Nature 343: 771-774
(1990)
* luciferase Firefly Green,A.A..et al., Biochem. Biophys.
Acta. 20: 170 (1956)
« Juciferase Vibrio harveyii Swanson et al ,J.Biol.Chem. 260:
- 1287-1289 (1985)
* nitrile hydratase Brevibacterium R312 Nagasawa et al, Biochem Biophys.Res.
o Commun. 139: 1305-1312 (1986)
P. chlororaphis B23 Nagasawa ez.al., Eur.J Biochem. 162:
, . 691-698 (1987)
* peroxidase .| horseradish Braithwaite et al., J. Mol .Biol. 106:
_ _ 229-230 (1976)
horseradish roots (Type E4) Aibara et al., J.Biochem. 90; 489-496
(1981)
_ Japanese radish | Morita, Acta Crvsr. A28: S52 (1979)
1 » peroxidase (chloride) i Caldaromyces fumago Rubin e¢ al.,J.Biol.Chem. 257: 7768-
' 7769 (1982) '
» peroxidase (cytochrome) | Sarchomyces cerevisae Poulos et al., J.Biol.Chem. 253:
_ '3730-3735 (1978) .
¢ peroxidase (glutathione) | bovine erythrocyte Ladenstein et al..J Mol.Biol. 104:
. 877-882 (1979) -
* subtilisin Bacillus subiilis (Novo) Drenth et al., J.Mol.Biol. 28: 543-544
_ © | (196T) _
Bacillus amyloliquefaciens Wright et al., Nature 221: 235-242
(BPN) - (1969) '
Bacillus subtilis (Carlsberg) Petsko et al., J.Mol.Biol. 106: 453-
- 456 (1976) :
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cacodyl ate at pH 6.5, was rapidly injected into either of the

t her nol ysi n- DMSO sol uti ons descri bed above.

m cro-crystals of approximtely uniform di nensi ons (appr ox.
results fromthis process.
The protocol

| engt h)

m crocrystals.

Cr ossl

A shower of hexagonal

10[err] mmin
i nki ng of thernolysin

used iDyghis specific exanple of the

nmet hod of this invention is an adaptation of that described by Nakanish

et. al.
was flrst

ot echnol 459- 464 (1985)),
aE@fE ﬁﬁ%ﬁéa carrier bead conposed of the

i n which protocol

t'her nol ysin

jack bean

Enzyme Microbial or biological References
' . _source _(including those cited_therein)
« superoxide dismutase bovine Richardson er al., J.Biol.Chem. 247:
6368-6369 (1972)
spinach Morita et al., J.Mol Biol. 86: 685-686
-1 (978)
Saccharomyces cerevisiae, ‘| Beem et al., J.Mol.Biol. 105: 327-332
Escherichia coli (1976)
Bacillus stearothermophillus Bridgen et al.,J.Mol.Biol. 105: 333-
335(1976)
Pseudomonas ovalis Yamakura et al., J.Biol.Chem. 251:
4792-4793 (1976)
o thermolysin Bacillus thermoproteolyticus Matthews et al., Nature New Bwl
238: 3741 1197 )
* urease SumnerJ.B., J.Biol. Chem. 69: 435

(1926)

» xylose isomerase

S:rep:omyces. rubiginosus
Arthrobacter B3728 |
Streptomyces olivochromogenes
Streptomyces violaceoniger

Actinoplanes missouriensis

Carrell et al.,J.Biol.Chem. 259:
3230-3236 (1984)

Akins et al., Biochym.Biophys Acta
874: 375-377 (1986)

Farber et al., Protein Engineering 1:
459-466 (1987)

Glasfeld et al., J.Biol.Chem. 263:
14612-14613 (1988)

Rey et al., Proteins:Siruc.Func.Genei.

| 4: 165-172 (1988)
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-54- | on-exchange resin Anberlite XAD- 7, and subsequently
i mmobi lized by cross-1linking with glutaral dehyde (Qui ocho and
Richards, Proc. Natl. Acad. Sci. (USA) '

-20=

Once crystals are grown in a suitable medium, they
can be cross-linked. Cross-linking results in
stabilization of the crystal lattice by introducing
covalent links between the constituent enzyme molecules
in the crystal. This makes possible the transfer of
enzyme into an alternate reaction environment that
might otherwise be incompatible with the existence of
the crystal lattice, or even with the existence of
intact undenatured protein. Cross-linking can be
achieved by a wide variety of bifunctional reagents,
although in practice, simple, inexpensive
glutaraldehyde has become the reagent of choice. (For
a representative listing of other available
cross-linking reagents, one can consult, for example,
the 1990 catalog of the Pierce Chemical Company).

- Cross-linking with glutaraldehyde forms strong

5 covalent bonds between primarily lysine amino acid

; ~residues within and between the enzyme molecules in the
crystal lattice that constitute the crystal. The
cross-linking interactions prevent'the constituent
enzyme molecules in the crystal from going back into -
solution, effectively insolubilizing or immobilizing
the eﬁz?me molecules into microcrystalline (ideally 10"
mm) particles. The macroscopic, immobilized,
insolubilized crystals can then be readily separated
from the feedstock containing product and unreacted
substrate by éimple procedures such as filtration,
decantation, and others. They can also be used in CLEC
packed columns in continuous flow processes, where they
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52:833-839 (1964)). In this exenplification, the 5 m crocrystal s
of thernolysin obtained above were . centrifuged and pell eted,
and the supernatant was discarded. 5 m of 17.5%technica

gr ade gl ut aral dehyde, in 2.5 % DVSO, 0.05M cal ci um acet at e,
and 0. 025M sodi um cacodyl ate at pH 6.5, were then added 10 to the
m crocrystals. The m xture was incubated wsigs : gentle agitation
at 37[err]C for 4 hours. The crosslinking reacti on was stopped

by repeated washigahidfit 'enhanced cofactosiahd methlllonl reteptdon of water
to renove the | ut ar al dehyde sol uti on. The washed cross-1Iinked
15 t her moIRFOREINIRF I s constitute the thernol ysin CLEC

used bel ow as a cat al y¢ .the method of this Iywvehtion,oCLEC&sprihe- OVe in

o aouecus = Ut iBlaineg or, pananetRb rthERFEL 10 sRiGE s R o1
novel environments. The enhanced stability of the
CLECs, which results from the cross-linking reaction,
makes it possible to transfer the CLEC into a solvent
(e.g., agqueous, organic or near-anhydrous solvents, or
a mixture of these), in which it would otherwise be
incompatible, and to carry out chemical reactor
operation at elevated temperatures of extremes of pH.
The macroscopic CLEC catalyst particles can also be
readily manipulated, allowing recovery from feedstock
by simple methods, such as filtration, centrifugation,
or decantation of solvent. In addition, these can be
used in packed columns in continuous flow processes.

A suspension of one volume of cross-linked
thermolysin crystals in ten volumes of demineralized
water at pH 7.0 was lyophilized overnight using a |
VirTis Model #24 lyophilizer. Lyophilized crystals
were stored at room temperature or at 4°C prior to
reconstitution, which was accomplished by adding ten
volumes of the solvent of choice directly onte crystals
taken from storage. Re~-hydrated crystals were
‘reconstituted in 10mM calcium acetate buffer at pH 7.0

" for the FAGLA cleavage experiments. Reconstituted
lyophilized CLECs were routinely stored at room
| temperature. In contrast, soluble enzyme required
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20 37[err]C. After centrifugation and decantation of the
supernatant, an aqueous reaction mxture was added to t he CLEGs.
This solution was prepared by m xing 80 ng of Z-L-Asp and 80 ngy
of L-Phe-Ove-HO in 1 m of water, with acetic acid added to

obtain a pH of 7.0. Sanples 25 were taken for analysis by HPLC
Tabl e 6 bel ow shows t he HPLC pesk-hei ght of the Z-L-Asp
substrate peak after the indicated time of reaction, nornalized

to 1 s@brhfBeat=070Sic120 i:aimhﬁri spedtific mctiyity dpnger
reaction, neasu;hgg Ltiegﬁp'e&mﬁg ﬁ%o Sfﬂégg &éﬁd for all the
| enzymes described in the exemplification included here.
i ursor wi MO _

The method of the present invention, by which
cross-linked crystal enzymes are.produced, is described
below and exemplified by the production of cross-linked
immobilized enzyme crystals of thermolysin for use in
the production of the dipeptidyl precursor of
aspartame, in ethyl acetate, which is a near-anhydrous
organic, solvent. Thermolysin, a protein which has
been crystallized and whose structure has been solved
at 1.6A resolution (Holmes and Matthews, J. Mol. Biol.
160: 623-639 (1982)), is one example of an enzyme which
can be used as a CLEC in the present method.
Thermolysin is used in the manufacture of the
artificial sweetener aspartame (Isowa et. al. U.S.
Patent #4,436,925 (1984); Lindeberg, J. Chem. Ed.. 64:
1062-1064 (1987); Nakanishi et. al., Biotechnology 3:
459-464 (1985); Oyama, et. al., Methods in Enzymol.
136: 503-516 (1987)). At the present time, most
aspartame appears to be produced by a conventional
synthetic chemistry approach, although use of
conventionally immobilized thermolysin in
near-anhydrous media has produced encouraging results
(Oyama et. al., J. Org. Chem. 46: 5242-5244 (1981);
Nakanishi et. al., Biotechnology 3: 459-464 (1985)).
Improvement in the enzymatic approach to aspartame
production, such as is possible through use of the
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-55-  neasuring

al . Bi ot echnol og
peak hei ght of |
degree of conple
proceeded to abo
there. These res
al . (Biotechnolo
thermolysin in a
to the sparing s

the appearance of product Z-L-Asp-L-Phe-OWve (Nakanishi et.
y 3: 459-464 (1985)). Table 6 also includes the nornalized
imting Z-L-Asp substrate remai ning, and an estimate of the
tion of the reaction. It is clear that the reaction

ut 20% conpletion within tkgakirst 30 seconds and pl at eaued
ul'ts are consistent with the observations of Nakanishi et

presents tethbdd,1WHyld WheKe Ubt n%oﬁpﬁﬁﬂﬂibé naﬁlt{&t it_mifb@ P;Ib: z ed

m xt yre .as, above, ang are att,ribu
Brégently 54, mekhody, Botih it REFHs (ohcEoPNeRieDee and
cost (Oyama, et. al., Methods in Enzvmol. 136: 503-516
(1987)) . '

Assessment of thermolvsin CLECs :

The method of the present invention has also been
used to produce thermolysin CLECs which have been
assessed as to their pH dependence and stability,
stability at elevated temperature, resistance to
exogenous proteolysis and stability in the presence of
an-organic solvent. Thermolysin CLECs were compared to
soluble thermolysin, as described in detail in Example -
2 and Figures 1-4. Results of the assessment showed the
following:

1. As to pH dependence and stability, both

forms demonstrate maximum activity at pH 7

and demonstrate similar activity in the

acidic range. 1In the alkaline PH range, the

CLEC maintains maximum activity to pH 10; the

soluble thermolysin has 75% activity at pH

8.5, only 25% activity at pH 9 and is

completely inactive at pH 9.5.

2. The additional stabilization achieved in-

CLECS results in-enzymatic activity at higher

temperatures than is possible with soluble

thermolysin. Enhanced stability of CLEC
thermolysin at lower temperatures makes

storage simpler than it is for the soluble _

enzyme. Thermal stability and resistance to
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TABLE 6 Reacti on Peak Hei ght Percent Time (sec)

(Normal i zed) Conpl eti on 0 1. 000 30

0. 727 27.3% - 60 0. 857

14.3% 120 0. 940 6.0% 180

0. 797 20.3% Synthesis of Z-Asp-Phe-Owve in a

near - anhydr ous sol ution 5 mM of a theBB8wlysin CLEC suspension were

added to a continuous stirred-batch reactor incubated at 37[err]C. After
centrifugation and des&elysion wis @iscs damonatrated $R%r - anhydrous organic

reacti on i xture vas ildagbiy i CIBCES Wit LAY HERLBERDaT ed by

activity after five days of incubation at

65°C. In contrast, soluble thermolysin lost

50% of its initial activity after two hours

jncubation and demonstrated negligible

activity after 24 hours incubation at 65°C.

3. Enzymatic activity of thermolysin CLECs.

was unaffected by four days' incubation in

the presence of the powerful streptococcal
protease, Pronase®. 1In contrast, soluble
thermolysin was rapidly degraded and ‘lost all
activity after 90 minutes incubation.

4. Thermolysin CLECs and soluble

thermelysin exhibited markedly different

stability in the presence of organic
solvents, as shown in Table 12. The

thermolysin CLECs retained greater than 95%

maximum activity following incubation with

all organic solvents assessed.

These features 'of thermolysin CLECs and other
enzyme CLECs make them particularly useful, since they
are easier to store, more stable and less easily
inactivated or degraded than corresponding soluble
enzymes. '

ent of asta CLEC
_ The method of the'present invention has also been
used to produce elastase CLECs which have been assessed
as to their activity and resistance to exogenous
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m xing 80 ng of Z-L-Asp and 240 ng of L-Phe-OVe in 1 ni of 99%
ethyl acetate and 1% water. Sanples were taken for analysis by HPLC. Table
7 bel ow shows the HPLC peak height of the Z-L-Asp substrate peak after the
indicated tinme of reaction, normalized to 1 at tinme t=0. Since Z-L-Asp is

rate limting in this reaction, neasuring

measuring the

Its depletion is equivalent -to

-3

proteblysis. Elastase CLECs were compared to soluble

. elastase, as described in detail in Example 3 and

Figures 5 and 6. Results of the assessment
demonstrated the following:

1. Elastase CLECs retain approximately 50%
‘activity compared to soluble enzyme.

2. Soluble elastase was rapidly degraded by
protease. Activity of soluble elastase was
reduced to 50% of initial activity following
ten minutes incubation in the presence of
protease. After one hour incubation the
soluble enzyme had lost more than 90% of its
initial'acfivity. In contrast the enzymatic
activity of the elastase CLEC was unaffected
by incubation with protease.

sessme o) te

The method of the present invention has also been
used to produce esterase CLECs which have been assessed
as to their activity and resistance to exogenous
proteclysis. Esterase CLECs were compared'to soluble
esterase, as described in detail in Example 4 and
Figures 7 and 8. Results of the assessment
demonstrated the following:

1. Esterase CLECs retain approximately 50%
activity compared to soluble enzyme.

2. - Soluble esterase was highly susceptible to
proteolytic degradation. Activity of soluble
esterase was reduced to 50% of initial
activity following ten minutes incubation in
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appear ance of product Z-L-Asp-L-Phe-Ove (Nakanishi et. al. Biotechnol ogy 3:
459- 464 (1985)). Table #7 also includes the nornalized peak hei ght of
limting Z-L-Asp substrate renmaining, and an estimte of the degree of
conpletion of the reaction. In this case, the reaction proceeded to about
70% conpl etion wthin the first 30 seconds and pl at eaued there. These
results are also consistent wwth the obsefdB#ions of Nakanishi et al.

(Bi ot echnol ogy 3: 459-464 (1985)) with conventionally i mobilized

thernol ysin in a near-antthie opsesencei of proteree.andfier Ane ihANBDbl e to

Puocuct 1o B on of NeLRRUEE on T8-Eoluni B Rl nag dostabdRlon
. than 90% of its initial activity. 1In .
contrast the enzymatic activity of the
esterase CLEC was unaffected by incubation
with protease.

Assessment of Lipase CLECS

The method of the present invention has also been
used to produce lipase CLECs which have been assessed
as to their activity. Lipase CLECs were ccmpared to
soluble lipase, as described in detail in Example 5 and
Figure 9. Results of the assessment demonstrated that
lipase CLECs retain approximately 90% activity compared
to soluble enzyme.

Assessment of Lvsozvme CLECS: _

The method of the present invention has also been
used to produce lysozyme CLECs which have been assessed
as ‘to their activity and resistance to exogenous
proteolysis. Lysozyme CLECs were compared to soluble
lysozyme as described in detail in Example 6 and Figure
10. Results of the assessment demonstrated that

lysozyme- CLECs retain approximately SO%Iactivity
compared to soluble enzyme.

Assessment of Asparaginase CLECs _

The method of the present invention has also been
used to producé asparaginase CLECs which have been
assessed as to their activity. Asparaginase CLECs were
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0 1. 000 30 0. 323 67. 7%
60 0. 314 ., 68. 6% 120 0. 305
69. 5% 180 : 0.272 72. 8%

-57- EXAMPLE 2

compared to soluble asparaginase, as described in
detail in Example 7 and Figure 11. Results of the
assessment demonstrated the following asparaginase
CLECs retain approximately 77% activity compared to
soluble enzyme. '

General applicability of CLECS -

" As disclosed here, CLECs represent a novel
technology with broad use in many areas, including, but
not limited to, industrial scale syntheses, laboratory
tools, biosensors, and medical applicatioﬁs. Examples
of various systems using conventionally immobilized
enzyme methods in their execution are given in Tables
2-5 below. One skilled in the art should be able to

" adapt these, and similar systems, to the CLEC '
technology disclosed in this applicationQ To
illustrate-this,.specific examples are discussed in
more detail from each of the categories listed.

Table 2 below lists examples which use
conventionally immobilized enzymes in an industrial
process, which examples can be readily adapted to the
CLEC technology disclosed here.
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Crystallization,
assessnent of characteristics of
thernol ysin
nmM cal ci um acetate (Sigm),

pH 10. 0,

K K,

cross-linking and |yophilization of thernolysin and
resul ting product
Thernol ysi n (D awa Kassi

Crystallization of

Japan) was dissolved in 10
to a concentration of 10% (w v).

The

pH of the solution was maintained at320.0 by titration with 2 M NaOH

Fol | ow ng conpl ete sol ubilization,

the protein solution was titrated to pH

8.0 with ZTQBIHCE Solid calciumacetate was added to 1.2 M Di net hyl

sul f oxi de
100 mg/ m

Concentr at
crystalli zg
concentr at ¢
vortexed a

s the

added to 30%

The protein

to

y ul tEnymiet r at |

onPnomcanan on Substrates | (

10 .OOOBMA&DccﬁeqPr ar

YERPORHE addi t i dHSPEIP"‘QP’?FB‘F‘H EABdFHOMS| |
bd. (1100 ng/n1) prot ei n sol utifon. The sol ut
nd Biotechnology 3: 459-464
1985)
» sublilisin * aspartame L-Asp-L-Phe, OMe Davino,A.A., US Patent
' 4293648 (1981)
« lipase . = cocoa fat palm oils Harwood, J., Trends in
substitutes Biochemical Sciences 14: 125-
126 (1989)
Macrae, A.R., J. Am. Oil
Chem Soc. 60: 2591-294
1983)
« nitrile hydratase, * acrylamide acrylonitrile Nagasawa, T. and Yamada, H.,
nitrilases, amidase Trends in Biotechnology 7:
. 153-158 (1989)
+ amino acylase (fungal) | « amino acid N-acyl-D,L amino acids | Schmidi-Kastner,G. & Egerer,
« amino acid esterase, .resolution esters of D,L amino P. in Biotechnology vol 6a:
« subtilisin acids 387-421 (1984) and references
+ amidases amidesof D.L ammo therein.
» hydantionases acids :
» specific dehydrogenases hydantoins Fusee M.C., Methods in
» amino peptidase . | a-hydroxycarboxylic Enzymology 136: 463 (1987)
* fransaminase acids
. Fusee M.C., Methods in
Enzymology 136: 463 (1987)
* amino acid *» amino acid keto or hydroxy acids .
dehydrogenase + formate | production: general RozzellJ.D., Methods in
dehydrogenase Enzymology 136: 479 (1987)
* amino acid Enzymes in Industry: Ed
, production: specific Gerhartz.W.,VCH Press 1990
» | -aspartase L aspartic acid fumarate/fumaric acid
 L-aspanate 4- L-alanine L-asparnic acid,
decarboxylase ammonium fumarate
aspartase + L aspanate 4
decar-boxylase L-lysine DLl-aaminoe-
* ACL hydrolase - caprolactam (ACL)
» L-ACT hydrolase - L-cysteine DL-2amino2 thiazoline
4carboxylic acid -
L-isoleucine
L-methionine
* Jyase L-phenylalanine cinnamate
» L-tryptophan synthetase | L-tryptophan indole, L-serine
L-valine
» fumarase L-malic acid fumarate
» hydantoinase D n carbamoyl p-. | Sp-hydroxy hydanioin
hydroxy- phenyl
_glycine
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allowed to stand overnight at roomtenperature. Crystals were washed with
10 vol unes of 10 Mn cal cium acetate pH 7.0 and recovered by | ow speed
centrifuga- tion (10 min at 1500 x G Beckman GFR centri fuge). The
rapid addition of water to a concentrated (100 ng/m ) sol ution of

t hermol ysin i nduces the formati on of ci3gstals which becone visible under

| ow- power magnification within ten mnutes. Crystal size is reproducibly
dependent quh!tge final protein concentra- tion. Three volunes of water to
one vol ume' &€ f@%"ﬂ?&i‘n ‘concentrate (100 nmg/mM ) will produce 0.5mm

Enzyme Production or Substrates Reflerences
. application (including those cited) |
* lipases, esterases * resolution of synthetic chemistry | Jones, J.B., Tetrahedron 42:
racemates by 3351-3403 (1988)
stereoselective | Butt, S, and Roberts, S.M.,
synthesis Natural Product Reporis 489-
. - 503 (1986), and references cited
therein for a more
comprehensive review of this
e fumarase - * L-malic acid .| fumaric acid Chibata et al., Methods in-
Enzymology 136: 455 (1987)
» lactase, B-galactosidases | « disaccharide lactose & Ne-acetyl Larsson ez al., Methods in
_synthesis eg galactosamine Enzymology 136: 230 (1987)
galactosyl-N- acetyl
galactosamine
» lipase, esterase « L-menthol 4 isomer mix Fukui,S., Tanaka.A., Methods
. . ' in Enzymology 136: 293
(1987 _
samidases s D-valine | DL amino acid amide | Schmidt-Kastner,G. & Egerer,
' (intermediate for - | P.in Biotechnology vol 6a:
pyrethroid 387-421 (1984) and references
_ | insecticide fluvinate) _therein.
» lipase (Candida * R(+)2 phenoxy- 2 chloro propionic acids | Biocatalysts in Organic
cylindricea) propionic acids Syntheses eds Tramper, van de
(herbicides) _ Plas & Linko: Proceedings of
International Symposium in
Netherlands 1985
« lipases, esterases, * organic syntheses Jones. J.B., Tetrahedron 42:
amidases, aldolases monoglycerides 3351-3403 (1988)
peptides Buu, S. and Roberts, S.M.,
« proteases, peptidases : Natural Product Reporis 489-
. 503 (1986), and references cited
» yeasi lipase » 2(p-chlorophenoxy) | resolution of racemic therein for a more
propionic acid: - ester comprehensive review of this
: herbicide area
» strictodine syntheuise - » alkalowd production I Plizner et al., Methods in
| eg srictosidine Enzvmology 136; 342 {1987)
» penicillin acylase ¢ 6-amino "~ }penicillinGor V Enz Eng 6: 291 (1982)
« penicillin amidase penicillinanic acid : Enz Eng 8: 155
and 7-ADCA :
« hydroxysteroid » steroid Carrea et al, Methods in.
dehvdrogenases ransformations . - Enzvmology 136: 150 (1987
+ 5'phosphodiesterase, . « §'-ribonucleotides o Keller e al, Methods in
nucleases ' Enzymology 136: 517 (1987)
+ gsierase « B-lactam precursor | corresponding diesters | Japanese patent application:
{(chiral mono esters 82-159, 493 (1981) Biseibutsu
“eg Bamino glutaric Company .
acid monoalkyl
ester) _
. » lipases * B-blockers Kloosterman,M et al..Trends in
Biotechnology 6: 251-256
(1988)
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long, X-ray diffraction quality hexagonal rods that correspond to the
crystals described earlier by Colman et al. (Colman, P.M, Jansonius, J.N
and Matthews, B.W, J. Mdl. Biol. 70: 701-724 (1972)), as confirmed by us
by diffraction analysis. Adding ten volunes of water to one of protein
concentrate reduces the length of the resulting crystals to 0.05mm These
mcro- crystals are preferred in CLEC applisgalions, since they tend to

m nimze diffusion problens related to crystal size (see eg., Quiocho, F. A
and Ri chards, F.il ; ; eWh .}b.‘ gi ven batch

- of protein, crys B ] g ' ' ofys S 0.05 - .0.10 nm
in length were used The following is a escr;ptxon of one use of the

method .of the present invention: <the adaptation of
acrylamide productioh from immobilized cells which
overproduce nitrile hydratase enzyme (Nagasawa, T. and
Yamada, H., Trends in Biotechnology 7: 153-158 (1989))
to the CLEC technology previously disclosed herein.:
Industrial scale production of acrylamide, an
important commodity chemical, has been described by
Yamada and collaborators (Nagasawa, T. and Yamada, H.,
Trends in Biotechnology 7: 153-158 (1989)). Kilotons
of acrylamide per year are produced in chemical
~reactors loaded with entrapped cells selected as
overproducers of the enzyme nitrile hydratase. Nitrile
hydratase has also been reported as purified and
crystallized from two sources, Brevibacterjum R312
(Nagasawa et. al., Biochemn. Biophys. Res. Commun. 139:
1305-1312 (1986) and P. chlororaphis B23 (Nagasawa et.
al., Eur. J. Biochem. 162: 691-698 (1987). As
disclosed here, these crystalline enzymes can each be
immobilized by crosslinking with glutaraldehyde or
‘'other suitable crosslinking reagent to produce a CLEC.
The nitrile hydratase CLECs can then be used in a
conventional reactor, in place of the entrapped cells
currently used. Adapting this process to CLEC
technology leads to immediate advantages. These
include; reduced plant size and improved throughput
resulting from the enhanced activity per unit volume
implicit in the higher enzyme concentration in the
CLECs, and improved substrate and product diffusion
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in this study to facilitate accurate pipetting of crystalline suspensions.)
Densitoneter scans of SDS- PACGE showed a six-fold purification of the
enzyme on crystallization, significantly increasing the specific activity
of the CLECs. Crystallization resulted in a 20% decrease in the total
activity of the CLEC protein conpared to s buble t her nol ysi n, when assayed
by spectrophotonetric cleavage of the dipeg de substrate

furylacryl oyl - E%%é e %3@&ﬁ%§ﬂ2§#34&3§§#¥Pdqg?géfﬁihgfﬁ?ﬁehﬂw side

Crossl i nki ng of sin cr al s
crosslinked forr@ah&dnnsatnasnitxngufznmwtherhxghetUPuohtﬁf°£2C5ﬁCsn

gl utaral dehyde V\éﬁﬁg gucéé %@%{% r?él mgﬁ!grﬁl 5co§€§m§haiibhnhﬁd

crystals were tines In and recovered by | ow
speed "the absence of cells. In addition, there are other

- benefits available only to a CLEC-based method. These.
benefits include: higher temperature operation to
improve reaction rates; the ability to operate in
aqueous, organic and near-anhydrous solvents, allowing .
optimization of the acrylamide production reaction;
and enhanced half-life in operation and storage,
resulting from the higher chemical and mechanical
stability of CLECs, particularly in unconventional

solvents.
j ical a ations CLEC tec -
c orea t

The method of the present invention and an
appropriately selected CLEC or set of CLECs can also be
used for medical applications. A CLEC or a set of
CLECs can be used, for example, to remove a component
of a fluid, such as blood, generally by altering the
component, and thus, converting it to a substance not
detrimental to an individual or which can be removed by
normal body processes (e.g., via detoxification, or
degradation in the liver, excretion via the kidneys).
In this application, an appropriately-selected CLEC or
set of CLECs is brought into contact with body fluid,
which contains the component to be altered, or a
reactant (product or substrate) of a reaction in which
 the component participates, upon which the enzyme in
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-59- centrifugation, as described in respect to crystal- |ization of
t hernol ysin. Chem cal cross-linking of enzynme crystals stabilizes the
crystal lattice and the constituent enzyne nol ecules in the crystal suf-
ficiently so as to permit the practical use of CLECs in environnents that

are otherw se inconpatible with -41~-
the CLEC acts. As a result, the enzyme is able to act
upon the component to be altered or with another
substance which is a product of a reaction in which the
component to be altered participates. The activity of
the enzyme results in direct alteration of the
component to be removed or in alteration of the product
of the reaction in which the component participates
(thus making continuation of the reaction impossible).
This can be carried out through the use of an
extracorporeal device which includes an
appropriately-selected CLEC or set of CLECs and a
retaining means which is made of a material; such as a
porous material on which a CLEC is retained or a tube
in which a CLEC is present, which allows contact
between the component itself or the substance in the
fluid which is a product of a reaction in which the
component to be altered participates.

This might also be achieved by the insertion of an
appropriate CLEC into a suitable body compartment, such
as the peritoneum or a lymph node, where the CLEC would
have access to bodily fluids. This insertion might be
done surgically, or by injection of the CLEC slurry.
Direct injection of CLEC into the bload stream would
not be appropriate, given the high risk of embolism.

The use of appropriate CLECs in this area hight
serve as an alternative to genetic methods in enzyme
replacement therapy to correct a natural deficiency,
such as, e.g. phenylketonuria.
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enzynme function. There was no neasuréble difference in enzymatic activity
bet ween the crosslinked and un- crosslinked crystals when assayed
(spectrophoto- netrically) by nonitoring cleavage of the dipeptide
substrate FAG.A (descri bed bel ow). Mreover, cross- linking stabilizes
CLECs to the point that they can be |lyophilized, wth retention of ful
enzymatic activity upon reconstitution im42gueous, organic, and m xed
aqueous-organi c solvents as shown in Figure 1 and Table 8. Although
crystal lization resTabde Bnidluskrasescsome of thepgredicalactivity of the
CLEC protein c 0l bl sERC TR Idby 1 056! u8kaNy pBE the
IyophiIization9g§f§ﬁgt%ggéslgigﬁﬁot further é%ninish sggci ic ac%ivi y.
TABLE 8 - Thermal9tikyAefi thepe cases, the extra-corpogediphreat®fitm
is still in the research phase, but the benefits that |
CLECs offer could provide novel treatments in areas in

which there was previously no alternative treatment.
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Time (mn) CLEC Sol ubl e Enzyne 1 0.0 0. 314

0.315 2 1.0 0. 272 0.271 3 3.0

0. 235 0.218 4 5.0 0. 204 0.198 5

10.0 0.184 0.185 6 15.0 0. 183

0. 184

TABLE 3
Enzyme Removal of:- Disease/patients treated Refereaces
‘ emploved :
* asparaginase » asparagine + Jeukemia Klein,M., Langer.R., Trends in
_ , (Removal of asparagine, an Biotechnology 4: 179-185

imponant cancer nutrient, harms | (1986) and references therein
levkemic cells which cannot
manufacture the essential amino | Chang T.M.S., Methods in
acid - asparagine; normalcells | Enzymology 137: 444457
can manufacture asparagine and so | (1987) & references therein
are unaffected by this treatment.) _

+ heparinase * heparin » deheparinization for Langer.R..er al., Science 217:
hemoperfusion patients eg kidney | 261.263 (1982) :
dialysis

» bilirubin oxidase { » bilirubin « neo-natal jaundice Lavin,A. et al., Science 230:

. 543-545 (1985)
» carboxypeptidase { * methotrexate « chemotherapy patients Pitt AM..et al.. Appl.
- BiochemBiotechnol.8: 55-68
(1983)
» tyrosinase e aromatic amino | » liver failure exhibiting Chang, TM.S,, Sem.Liver
acids pathological elevations of amino | Dis.Ser. 6: 148 (1986)
acids '
« phenylalanine » phenylalanine « phenylketonuria and liver failure | Ambrus,C M., et al.,
ammonium lyase J.Pharm.& Exp.Ther, 224:
598-602 (1983) '

» multi-enzyme « urea (convened » detoxification for chronic renal | Chang T.M.S., Methods in

system including: | into glutamic and | failure patients Enzymology 137: 444457

urease, glutamate | other amino acids, (1987) & references therein

dehydro-genase, via ammonia)

glucose, Chang,T.M.S., Enzyme Eng

dehydrogenase & a §:225 (1980)

ransaminase

» arginase * arginine » familial hyperargininaemia KanalasJ. e: al., Biochem.

- Med. 27: 46-55 (1982)

« glutamate * ammonia « liver failure Maugh,T.H., Science 223:

dehydrogenase & 474-476 (1984)

ammonia
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Enzymatic activity of soluble and CLEC t her nol ysin The catalytic
activity of soluble and CLEC thermolysin was assayed (Feder, J. and Schuck,
J.M, Biochemstry 9: 2784-2791 (1970)) by hydrolysis-of the bl ocked

di peptide substrate furylacryl oyl-glycyl-L- |eucine-am de (FAGA)

(Schwei zerhal I ). O eavage of the am de bond was neasured
spectrophotonetrically by a decrease in aBggebance at 345 nm Initial
enzyme concentration was 10[err]M by Bradford protein deter- mnation and
densitoneter scanni ng pEerticadar HﬁbMﬂdatﬁhﬁuoﬂﬂﬂheﬁpt!@mﬂtsmetbpéiﬁ@d

SDS- PAGE gel s. E IyS,  def i | kb -
i nked t hor moi yEBR BEPEFAP, 1vase sVELeE 6 Wopd idatepdPPl shEROnC 05
concentrated to(Béfnstein efnajsn Methatdmdin EnzyredogEatd? snSIaradd
containing substygpgy)A LU 1@ dieddded vk were renoved at the

All extracorporeal devices perfused with blood,
such as kidney dialysis, continuous arteriovenous
hemofiltration or extracorporeal membrane oxygenators,
require heparinization of the patient to avoid blood
clotting. However, heparinization of the patient leads
to hemorrhagic complications and remains a threat to.
human safety. These problems increase as the perfusion
times increase, for example with the membrane
oxygenator, and can lead to serious bleeding. After
extracorporeal therapy, heparin may be removed from
blood by employing a héparinase_device at the effluent
of the extracorporéal device which eliminates all
heparin from the blood returned to the patient and thus
avoids the current problems of heparinization.

Published research (Langer et al. Science 217:
261-263 (1982)); Bernstein et al., Methods in
Enzymology 137: 515-529 (1987)), details the problems
presented by conventionally immobilized enzymes used in
extracorporeal devices. The principél problem is that
conventional immobilization results in a low retention
of enzyme activity per unit volume, thus requiring a
large volume of immobilized enzyme to perform the
necessary heparinization. This volume is too large to
be of practical use in humans. However, the high
retention of activity per unit volume in CLEC, due to
the lack of inert support circumvents this problem and

This Sheet Has Been Replaced
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i ndi cated tines, and absorbance at 345nm was neasured. CLEC thernolysin was
separated fromthe reaction mx by brief centrifugation (Beckman,

m crocentrifuge E) before readi ng absorbance. Absorbance was fitted to a
pseudo first order rate equation and kcat/Km was cal cul ated by dividing the
. fitted value by enzyme concentration (Miltifit 2.0 Curve Fitting for the

Appl e Maci ntosh Conputer, Day Conputing Paﬁg Box 327, MIton, Canbridge CB4
6W., U K. (1990)). pH Dependence and St& Tlty The pH opti mum and

T o b A PRV B L 51 6OERR 5 KB i o n OEC
humans. The enhanced stability of CLEC will reduce the
disassociation of enzyme from the crosslinked crystal.
This is superibr to the less stable, conventicnally
immobilized enzyﬁes, because immune responses resulting
from enzyme leakage will be reduced. CLEC temperature
stability prevents denaturation of the enzyme due to
high transient temperatures during storage; it is
likely that CLEC may retain high activity, even when
stored'gt room temperature. In addition, CLEC will be
cheaper and more convenient to use than their
conventionally immobilized counterparts because of
their longer operational and storage lifetimes.

Additional applications of CLEC technologv: biosensors
A CLEC or a set of CLECs can be used as a
component of a sensor, referred to as a biosensor,
useful for detecting and/or quantitating an analyte of
interest in a fluid, such as body fluid (e.g., blood,
urine), chemical and laboratbry reaction media, organic
media, water, culture medium and beverages. In some _
instances, the fluid in gquestion can be a gas, as in an
alcohol breath analyzer (Barzana, E., Klibanov, A., and
Karell, M., NASA Tech Briefs 13:104 (1989)). In this
application an appropriately-selected CLEC or set of
CLECs ‘is brought into contact with a fluid to be
analyzed for the analyte of interest. The analyte of
interest can be measqréd_directly (e.g., blood glucose
level) or indirectly (e.g., by detecting or h
gquantitating a substance which is a reactant (product

This S 1uet Has Been Replaced
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Figure 2 and Table 9. Both soluble and crystalline enzyne forns denonstrate
maxi mum activity at pH 7. CLECs and soluble thernolysin also denonstrated
simlar activity in the acidic'range and the bell shaped pH profile
generated by the soluble enzynme-was in good agreenent with published data
(Feder, J. and Schuck, J.M., Biochem stry 9: 2784-2791 (1970)). In the

al kaline pH range, however, the crystalline gnzyne mai nt ai ns HHX|num
activity, to pH 10, while the sol ubl e

or substrate) in a reaction in which the analyte of
interest participates). In either case, the CLEC is
able to act upon the analyte or the substance which is
a reactant in a reaction in which the analyte also
participates. The activity of the enzyme results in a
detectable change (e.g., change in pH, production of
light, heat, change in electrical potential) which is
detected and/or quantitated by an appropriate detecting
-means (e.g., pH'electrode, light or heat sensing
device, means for measuring electrical change) (Janata,
J., et al., Anal. Chem. 62: 33R-44R (1990)). Any means
useful for detecting the change resulting from the
enzyme-catalyzed method can be used. A biosensor of
the present invention includes a CLEC or set of CLECs
and a retaining means for the CLEC which allows contact
between the'CLEC(s) and the analyte of interest or the
substance in the fluid which is a reactant in the
] reaction in which the analyte of interest participates.
! Table 4 illustrates some of the biosensor
applications in which CLECs could be used. Currently
immobilized enzymes are used in these applications, but
suffer from low stability, low enzyme density, short
lifetimes and lack of reproducibility. These exampies
can be feadily adapted to the CLEC technology disclosed
here.

—_—
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enzyme has 75%activity at pH 8.5, ‘and only 25%activity at BﬁPIQACEMENﬂ;I-ﬁHEET
9.5, the soluble enzyne is conpletely inactive.
-62- TABLE 9 - Thernolysin pH Curve . 19 JOL 1996
Maxi mum Activity _

47
Table 4
Enzvme Emploved | Detection of:. | Application Reference -
» glucose oxidase « glucose » diabetics * Daniles,B..Mossbach.K..
Methods in Enzymology
137: 4.7 (1987)
* HallE "Biosensors " Open
University Press (1990)
* Taylor,R., Proceed.
Biotechnology Conference
1989; 275-287
* Anthony er al.,
"Biosensors; Fundamentals
and Applications”, Oxford
University Press (1987) ‘
« creatinine deiminase screatinine » kidney function  Tabaa,M. et al., Anal.
_ Biochem. 134: 44 (1983
* urease * urea - + kidney function * Hsuie,GHet al.,
: : Polym.Mater.Sci.Eng. 87:
825-829 (1987)
» Kobos, et al. Anal.Chem.
60: 1996-1998 (1988)
« Jactate oxidase & * jactate . « clinical applications * Blaedel, W J. & Jenkins R.
dehydrogenase , A.. Anal. Chem. 48(8):
. 1240 (1976)
» Sagaguchi, Y..etal..J. |
Appl. Biochem 3: 32 (1981)
s glucose-6-pyruvate | * Glucose-6-phosphate, i « diabeticsandother . | « ibid as glucose oxidase
dehvdrogenase sucrose and ATP medical
« alcohol dehydrogenase. | » ethanol & other « breathalysers and * RometteJ.L.et al.,
alcohol oxidase alcohols: acetic, formic { industrial applications Methods in Enzymology
: acids 137: 217-225 (1987)
» Ho,M.H., Methods in
Enzymology 137: 271-288
: (1987)
» B-fructosidase * sucrose » industrial applications | « RometteJ.L.et al.,
Methods in Enzymology
_ 137: 217-225 (1987)
« cholesterol oxidase « cholesterol * cholesterol tesung + Sawoh,l. Methods in
L : Enzymology 137: 217-225
(1987)
o catalase ) » uric acid. cholesterol | » atherosclerotic and « Satoh.1. Methods in
: other medical Enzymology 137: 217-225
= (1987) R
» carboxy peplidase » methotrexate * cancer » ibid as glucose oxidase
« carbonic anhydrase « carbon dioxide * industrial, laboratory & | « ibid as glucose oxidase
: : environmental
applications
e L-amino acid oxidase | » aminoacids * medical and industrial | « ibid as glucose oxidase
o -lactamase « penicillin * medical * Anzai et al., Bull.Chem.
penicillinase SocJpn. 60: 4133-4137
' : (1988)
" { » alkaline phosphatase « phosphate + metabolite monitoring | « ibid as glucose oxidase
* nitrate/nitrite reductase | ¢ nitrates & nitrites * metabolite and food « ibid as glucose oxidase
- | monitoring -~




pH CLEC Sol ubl e Enzynme 1

5.170 2 5.5
52. 500 39.100 4
7.0 97.500

98. 650 7 8.0
95. 000 71.910 9
9.5 95. 000

0. 000 St abij | Ie% at el evated tenperature

reaction ratl@p!

9. 750
6.5

100. 000 6

97 450
9.0

0.000 11

5.0 10. 250
6.070 3 6.0
85. 000 74.610 5
7.5 100. 000
82.920 8 8.5
96. 250 24.720 10
10.0 "~ 90. 000

One can achi eve higher

@OonBoKed:di ff usi on tines for substrates and products by

Enzymology 137: 260-271
(1988)

Enzyme Employved Detection _of:- Application Reference I
s arylsulfatase * sulfate » metabolite monitoring | » ibid as glucose oxidase
* succinate "| » succinate « industrial » jbid as glucose oxidase
| dehvdrogenase
« bacterial luciferase FMNH; and coupled | « detection of 10-18 * Wannlundl. et al.,
Teactions molar quantities of "Luminescent assays:
. '| FMNH; through Perspectives in .
measurement of photon | ¢ndocrinology and clinical
release chemisoy™; Eds Serio M.
and Pazzagli M. 1: 125
(1982)
» Kurkijarvi er al., Methods
in Enzymology 137: 171-
181 (1987)
» firefly luciferase ATP and coupled « detection of 10-12 « Kurkijarvi et al., Methods
reactions molar quantities of ATP | ir Enzymology 137: 171.
through measurement of | 181 (1987)
photon release « Murachi ez al., Methods in
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operating a given chem cal process at higher tenperature, where one is
usually limted by the tenperature stability of substrates and products.
enzyme- based catal ysis, however, it is often the |oss of enzymatic activity

that sets the practica

The additional -

activity at nuch higher tenperatures than _ggRossible for soluble enzyne.
The enhanced stability at |ower tenperatures S|an|f|es the routine | ong

termstorage of the CgfCthe method of the present invention as it is

carried out for the analysis of samples in a biosensor,

it is particularly desirable to produce the largest
possible detectable signal from the smallest possible

- quantity of substrate and qatalyst. In this regard,

the CLEC technology disclosed here is particularly
attractive, since it achieves the highest possible
concentration of enzyme catalyst in a given volume.
Often, considerable efforts are made to couple an
ultimate enzymatic reaction of interest, either
directly, or through suitable intermediates, to the
production of light by enzymes like luciferase
(Kurkijarvi et al., Methods in Enzymol. 137: 171-181
(1988)). This is done in order to take advantage of
the unparalleled sensitivity and efficiency of photon
detection equipment, which allows for the detection of

femtomolar concentrations of enzyme reaction products

under appropriate conditions. Following this
principle, biosensor systems have been designed, using
conventionally immobilized enzymes, to detect various
substrates of clinical and other interest. Light
producing reactions have been coupled to assay
reactions detecting substrates like, D-glucose,
L-lactate, L-glutamate and ethanol, amdng others, at
extremely low concentration. _

With regard to this application, the luciferase
enzyme from Vibrio harvevii has been reported as _ |
crystallized (Swanson et al., J. Biol. Chem. 260:
1287-1289 (1985)). Crystals of this luciferase can be
crosslinked with glutaraldehyde or other suitable |

In

limt on the tenperature that a process can be run.
stabilization achieved in CLECs allows for enzymatic
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- -63- catalysts. For exanple, it was necessary to store concentrated
(>50ng/ M) solutions of soluble thernolysin at -80[err]C to retain nmaxi num
specific activity. At roomtenperature, activity was usually lost within
one day. In contrast, rehydrated thernmolysin CLECs could be routinely
stored for nonths at roomtenperature with no apparent |oss of activity.
Unreconstituted I yophilized CLECs of therugpysin appear to be viable

i ndefinitely. - Thermal stability and resistance to autolysis were

deronst rat ed | nrifgell Y G dkd Q6 e reaes on BorGBllgBehSotor 11 ve

consecuti ve days é ure 3 and Tabl e 10 Ther npl n CLECs _retained
maxi num act i vi t $n fpgplytzcal uses, LEC of ludi erase offers many

advantages over conventionally immobxlized enzyme. In
a CLEC, the entire volume of the luciferase CLEC would
consist of light emitting enzyme. In a conventionally
immobilized enzyme system, however, as much as 95% of
the total volume is taken up by "inert" carrier
material, which more likely functions as an absorber of
the light emitted by enzyme. 1In addition, the enhanced
stability of CLECs should facilitate storage at room
temperature, and also makes possible novel éensing
applications in harsh environments and elevated
temperatures.

ddjtjonal applicat s o C tec = laborat

CLECs may be used as laboratory reagents in small
columns or in batch processes, which can be used to
carry out laboratory reactions. Some of the broad
categories of reactions are in Table 5.

e i ot At ot =+ b
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five days incubation at el evated tenperature. In contrast, the soluble
thernolysin lost 50%of its initial activity after only two hours

i ncubation and denonstrated negligible activity after 24 hours incubation
at 65[err]C. ' -64- TABLE 10 -

Thernmol ysin Thernmal Stability at 65_[ err] C51

mixtures

Table 5
Enzvme Emploved Reaction tvpe catalvzed | Reference
« lipasas, phospholipases | » Stereoselective synthesis: including | « Zaks,A.& Klibanov,AM,
esterification, ransesierification, Proc.Nat.Acad.Sci.USA. 82: 3192-
aminolysis, lactonizations, 3196 (1985) :
polycondensations, acylation; » Klibanov,A.M. Acc.Chem.Res. 23:
oximolysis and resolution of racemic | 114-120 (1990) and references therein

» Wong ,C.H..Chemtracts-Organic
Chemisery 3:91-111 (1990) and

references therein ,
» gsterases » stereoselective synthesis and » Kobayashi et al., Tetrahedron Letters
resolution Vol 28, #24: 2557-2560 (1984)
_ » Schneider et al., Agnew. Chem. Int.
_ Ed.Engl.23 (#1): 64-68 (1984
* tyrosinase + oxidation of phenols to produce » Kazandjian,R.Z and Klibanov, AM.

quinones

J.Am.Chem.Soc 110: 584-589 (1986)

* proteases, eg subtilisin

» stereoselective acylation of

carbohvdrates

* Riva et al. J Am.Chem.S0c.110:; 584-
589 (1988)

« oxidases

« selective oxidation of hydrocarbons

+ Klibanov.A.M. Acc.Chem.Res. 23:
1)4-120 (1990) and references therein |

« other enzymes not

« Stereoselective synthesis:

» Wong,C.H..Chemtracts-Organic

methyl transferases
(SAM), CoA-requiring
enzymes, sulfurases
{PAPS)

requiring co-factors: Chemisiry 3:91-111 (1990) and
isomerases, lyases, references therein
aldolases, glycosyl

| ransferases. glvcosidases
« other enzymes not « Stereosclective synthesis: » Wong.C.H..Chemyracts-Organic
requiring added co-factors: Chemisery 3:91-111 (1990) and
flavoenzymes. pyridoxal references therein
phosphate enzymes,
metallocnzvmes
* enzymes requising co- » Stereoselective synthasis: s Wong C.H..Chenuracts-Organic
factors: kinases (ATP), : Chemistry 3:91-111 (1990) and
oxidoreductatses (NAD/P),

references therein
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% Maxi mum Activity Ti e (days) CLEC Sol ubl e

Enzyme 1 0. 000 . 100. 000 100. 000 2 0. 041

70.000 3 0. 083 96. 000 50.000 4 -0.164

32.000 5 0. 246 17.000 6 0.410 97.0
10.000 7 - 1. 000 101.0 2.000 8 2. 000 97.0 9
3. 000 94.0 10 4. 000 96.0 11 5. 000 92.0

The activity of soluble and CLEC t her nol ys«B2%as

Schneider et al. (Agnew. Chem. Int. Ed. Engl. 23
(No.1): 64-68 (1984)) illustrates how enzymes may be
used in organic syntheses. Pig liver esterase was
employed in the meso-ester transformation into a chiral
mono-ester in an agqueous phosphate buffer.

The advantages of CLEC catalyzed reactions for
laboratory use are threefold. First, CLEC retain high
activity in harsh environments (eg. agueous, organic,
near-anhydrous solvents and mixtures of these, and at
high temperatures) that are typical of labnratory
chemical synthesis experiments. Second, CLEC exhibit
high operational and storage stability, which is
appropriate for intermittent laboratory experiments.
Third, their high activity per unit volume will allow
shorter reaction times and require smaller volumes of
enzyme (per unit of activity). Thus, the advantages
that CLECs offer over free or immobilized eniymes,
provide organic chemists with an alternative, highly
selective, synthetic tool.

In all of these instances'described above, but not
limited to these, the method of this invention can be .
adapted by one of ordinary skill in the art, to convert
a process using a conventionally immobilized enzyme
catalyst to the use of a CLEC of the appropriate
enzyme. CLECs can not only replace conventional
immobilized enzymes, but also be used in cell mediated
transformations. The present invention will now be
illustrated by the following Examples which are not
intended to be limiting in any way. '
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measured follow ng incubation at 65[err]C. Sol ubl e thernolysin was
nmvl cal cium acetate, 50 MM Tris pH 7.0 in a 65C water bath.

i ncubated in 10
The reaction vo
ng/m. Aliquot
sanpl es were as
descri bed above.

wat er bath. Acti

hours by FAGLA

| ume was 500[err]l. Final protein concentration was 10
S were renoved at times 0, 1, 2, 4, 6, 10, and 18 hours.
sayed by SDS- PACE and FAGLA cleavage at room tenperature

The
as

For the thernolysin CLECSsBa 250 [err]l crystal suspension
in 10nM cal ci um acetate and 50 nM Tris was™al so incubated in a'65[err]C

E AR

Crystallization -

250 mg of thérmolysin from Bacillus
thermoproteolvticus was purchased from
Boehringer-Mannheim GmbH, and dissolved in 4 ml of 45%
dimethyl sulfoxide (DMSO) and $5% 1.40 M calcium
acetate, 0.50 M sodium cacodylate at pH 6.5. These
starting conditions are similar to those described by
Matthews et. al. for the production of diffraction
quality thermblysin'crystals (see, eg., Holmes and
Matthews, J. Mol. Biol. 160: 623-639 (1982)). The

protein solution was then concentrated to 1 ml in a

Centricon 10 micro-concentrator. A good yield of
microcrystals was obtained by a process of flash
crystallization, now disclosed here, in which 1 ml of
water, or 1.40 M calcium acetate, 0.50 M sod;um
cacodylate at pH 6.5, was rapidly injected into elther
of the thermolysin-DMSO solutions described above. A
shower of hexagonal micro-crystals of approximately
uniform dimensions (approx. 10! mm in length) results
from this process.

sslinking of thermolys icrocrystails.

The protocol used in this specific example of the
method of this invention is an adaptation of that
described by Nakanishi et. al. (Biotechnblogy 3:
459-464 (1985)), in which protocol, thermolysin was
first adsorbed onto a carrier bead composed of the

assayed at tinmes 0, 1, 6, 24, 48, 72, 96, and 120

19 JUL 199
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-65- Resistance to exogenous proteolysis Assessnent of the resistance
of the thermolysin CLEC to the action of an exogenous protease was al so
carried out. SDS-PAGE (Sodi um dodecyl sulfate poly acryl am de gel.

el ectrophoresi s) anal ysis suggests that commerci al enzymes can contain a
substanti al percentage of contaminants, some:#f which nmight have
proteolytic activity against the principal soluble enzyne species. G ven
the packing of enzynme nolecules in a crystghlattice one m ght "assune that
the interior enzyne nolecules in a CLEC woul d be protected from

proteol ysis. TojbaskxthahgtdTddin Anberd ¥ etAD+7, and subsequently

| immobilized by cross-linking with glutaraldehyde
(Quicho and Richards, Proc. Natl. Acad. Sci. (USA)
52:833-839 (1964)). In this exemplification, the
microcrystals of thermolysin obtained above were
centrifuged and pelleted, and the supernatant was
discarded. 5 ml of 17.5% technical grade
glutaraldehyde,'in'z.s $ DMSO, 0.05M calcium acetate,
and 0.025M sodium cacodylate at pH 6.5, were then added
to the microcrystals. The mixture was incubated with
gentle agitation at 37°C for 4 hours. The crosslinking
reaction was stopped by repeated washing of the
crystals with 10 ml aliguots of water to remove the
glutaraldehyde solution.. The washed cross-linked
thermolysin crystals constitute the thermolysin CLEC
used below as a catalyst.

esis o -Asp- =OMe _j ous solutj
5 ml of a thermolysin CLEC suspension were added
to a continuous stirred-batch reactor incubated at
37°C. After centrifugation and decantation of the
supernatant, an agueous reaction mixture was added to
the CLECs. This solution was prepared by mixing 80 mg
of 2Z-L-Asp and 80 mg of L-Phe-OMe-HCl in 1 ml of watér,
with acetic acid added to obtain a pH of 7.0. Samples
were taken for analysis by HPLC. Table 6 below shows
the HPLC peak height of the Z-L-Asp substrate peak'
after the indicated time of reaction, normalized to 1.
at time t=0. Since 2-L-Asp is rate limiting in this
reaction, measuring its depletion is equivalent to

~'This Sheet Has Been Replaced
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CLECs and a sol ubl e enzynme preparation were incubated in the presence of
the streptococcal protease, Pronase[err], a nonspecific protease capable of
di gesting nost proteins to free am no acids (Cal bi ochem 1990 Cat al og;
LaJdol I a, CA). Sol ubl e and CLEC thernmolysin were incubated in 50nM
Tris, pH 7.5 at 40[err]Cin the presence of the protease Pronase[err]
(Cal bi ochem). The Pronase[err] to thernolysin ratio was 1/40. To inhibit

t hernol ysin autolysis and prevent the prot®®$ytic destruction of pronase by

t he thernolysin, EDTA was added to the sol ubl e enzynme reaction to a_final
concentration ofBGRRMFANGEENR ARREArADCEnSIPrPSUct & TkTASPBLTPRgTOMe

Pronase[err]). Q(Nif'&niéﬁ?sefﬂdhi@t Bg.otleicﬁm%ﬁ‘ﬂﬁrﬁ rﬁmwlagf (mnfme'. f
Uhe di pept | de. s PABLE: 6K RRE: AnCIDtae: TBE Mohadizad nemk BefdhEBE To 1 he
presence of EDTAlimitingegztLeoabpt substratesremaining, and an estimate
' of the degreé of completion of the reaction. It is
clear that the reaction proceeded to about 20%.
completion within the first 30 seconds and plateaued
there. These results are consistent with the '
observations of Nakanishi et al. (Biotechnology 3:
459-464 (1985)) when using conventionally immobilized
thermolysin in an aqueous reaction mixture as above,
and are attributable to the sparing solubility of the

Z-L-Asp~L-Phe-OMe product in water.

_ TABLE 6 |
_ Reaction Peak Height Percent
i Time (sec) (Normalized) Completion
;
! 0 1.000
30 . 0.727 - 27.3%
60 0.857 14.3%
120 . 0.940 o 6.0%
180 o 0.797 ’ 20.3%
Synthesis of Z-Asp-Phe-OMe in a near-anhvdrous solution

5 ml of a thermolysin CLEC suspension were added
to a continuous stirred-batch reactor incubated at
37°C. After centrifugation and decantation of the
supernatant, a near-anhydrous organic reaction mixture
was added to the CLECs. This solution was prepared by
mixing 80 mg of 2-L-Asp and 240 mg of L-Phe-OMe in 1 ml
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-66- of soluble enzyne activity was perfornmed in 0.5 M cal cium acetate
buffer pH 7.0 and enzyne concentration was increased two fold. Crosslinked
crystalline enzyne was assayed as descri bed above. As can be seen in
Figure 4 and Table 11, the sol uble thernolysin was rapidy degraded and

| ost all

-56- |
of 99% ethyl acetate and 1% water. Samples were taken
for analysis by HPLC. Table 7 .below shows the HPLC
peak height of the Z-1-Asp substrate peak after the
indicated time of reaction, normalized to 1 at time
t=0. Since 2z-L-Asp is rate limiting in this reaction,
measuring its deplétion is equivalent to measuring the
appearance of product Z-L-Asp-L-Phe-OMe (Nakanishi et.
al. Biotechnology 3: 459-464 (1985)). Table #7 also
includes the normalized peak height of limiting Z-L-Asp
substrate remaining, and an estimate of the-degree of
completion of the reaction. 1In this case, the reaction
proceeded to about 70% completion within the first 30
seconds and plateaued there. These results are also
consistent with the observations of Nakanishi et al.
(Biotechnology 3: 459-464 (1985)) with conventionally
immobilized thermolysin in a near-anhydrous reaction

-mixture, and are attributable to product inhibition of

% . the enzyme.
TABLE 7
Reaction Peak Height Percent
Time (sec) . (Normalized) Completion
0 > 1.000

30 0.323 67.7%
60 - 0.314 68.6%
120 ' 0.305 69.5%

180 0.272 L 72.8%
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activity after 90 m nutes incubation. In contrast, the activity of the

t hernol ysin CLEC was unaffected by four days incubation in the presence of
protease. This near inperviousness to proteolysis is of particular interest
i n diagnostic biosensor applications where a suitable CLEC m ght be called
-upon to act in the presence of an unknown cocktail of naturally occurring
proteol yti c enzynes. -57- '

EXAMPLE 2
t tio cr - ; and ;ation ©
_assess of cha of
due

Thermolysin (Diawa Kasei K.K., Japan) was
dissolved in 10 mM calcium acetate (Sigma), pH 10.0, to
a concentration of 10% (w/v). The pH of the solution
was maintained at 10.0 by titration with 2 M NaOH.
Following complete solubilization, the protein solution
was titrated to pH 8.0 with 2 M HC1l. Solid calcium
acetate was added to 1.2 M. Dimethyl sulfoxide (Sigma)
was then added to 30%. The protein was concentrated to
100 mg/ml by ultrafiltration in an Amicon stir cell
(10,000 MWCO membrane). Concentrated enzyme was
aligquoted and stored at =-70°C. Thermolysin was
crystallized by the addition of 9 volumes demineralized
water to 1 volume concentrated (100 mg/ml) protein
solution. The solution was briefly vortexed and
allowed to stand overnight at room temperature.
Crystals were washed with 10 volumes of 10 Mm calcium
acetate pH 7.0 and recovered by low speed centrifuga- -
tion (10 min at 1500 x G, Beckman GPR centrifuge).

The rapid addition of water to a concentrated (100
mg/ml) solution of thermolysin induces the formation of
crystals which become visible under low-power
magnification within ten minutes. Crystal size is

" reproducibly dependent on the final protein concentra-
tion. Three volumes of water to one volume of h
thermolysin concentrate (100 mg/ml) will produce 0.5mm
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-67- TABLE 11 Pr ot ease Resi st ance Ti me

% Maxi mum Activity Ti me (days) CLEC Sol ubl e Enzyne
(mn) 1 0. 000 100.0 100. 0 0.000 2 0. 003
25.0 5.000 3 0. 010 : 17.5 15.000 4
0. 021 9.5 30.000 5 0.042 98.0

3.0 60. 000 6 0. 063 1.0 90.000 7

0. 084 101. 0 0.0 =58~ '

long, X-ray diffraction quality hexagonal rods that
correspond to the crystals described earlier by Colman
et al. (Colman, P.M., Jansonius, J.N. and Matthevws,
B.W., J. Mol. Biol. 70: 701-724 (1972)), as confirmed
by us by diffraction analysis. Adding ten volumes of
"water to one of_protein concentrate reduces the length
of the resulting crystals to 0.05mm. These micro-
crystals are preferred in CLEC applications, since they
tend to minimize diffusion problems related to crystal
- size (see eg., Quiocho, F.A. and Richards, F.M.
Biochemistry 5: 4062-4076 (1967)). Within a given
batch of protein, crystal size was consistently
~uniform. (Crystals 0.05 - 0.10 mm in length were used
in this study to facilitate accurate pipetting of
crystallihe suspensions.) Densitometer scans of SDsS-
PAGE showed a six-fold purification of the enzyme on
g crystallization, significantly increasing the specific
: - activity of the CLECSs. Crystallization resulted in a
20% decrease in the total activity of the CLEC protein
compared to soluble thermolysin, when assayed by
spectrophotometric cleavage of the dipeptide substrate
furylacryloyl-glycyl-L-leucine-amide (FAGLA), as
described below.

s of the £-31 stals

Thermolysin crystals were crosslinked for 3 hours
at room temperature in a solution of 12.5%
glutaraldehyde (Sigma), 5% DMSO and 50 mM Tris pH 6.5.
The crosslinked crystals were washed 3 times in )
denineralized water and recovered by low speed
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8 1. 000 97.0 9 2. 000 99.0 10 3. 000 98.0 11
4. 000 96. 0 Stability in the presence of organic solvent I n
order for enzynes to gain ideal acceptance as viable industrial catalysts
they nust be able to function w thout excessive intervention in the
practical environnent of manufacturing processes. In particular, this would
i nclude the use of aqueous, polar and non-p éar organi ¢ solvents, and

m xtures of these. In connercial applicatioﬁ ~ aqueous- organi ¢ ‘sol vent

Tergglr\elz Slo: S\lgvl Imlanl j%%"‘l ;3 procjlﬁf#%%@?%t%g Pé{sﬁéégoﬁub%e ther(rar-oloilm n

and thernol ysin Ghﬁ@tion of thermolysin. Chemical cross-linking of
enzyne crystals stabilizes the crystal lattice and the
constituent enzyme molecules in the crystal suf-
ficiently so as to permit the praétical use of CLECs in
environments that are otherwise incompatible with
enzyme function. There was no measurable difference in
enzymatic activity between the crosslinked and un-
crosslinked crystals when assayed (spectrophoto-
metrically) by monitoring cleavage of the dipeptide
substrate FAGLA (described below). Moreover, cross-
linking stabilizes CLECs to the point that they can be
lyophilized, with retention of full enzymatic activity
upon reconstitution in agueous, organic, and_mixed
agueous-organic solvents as shown in Figure 1 and Table

" 8. Although crystallization resulted in a 30% decrease
in the specific activity of the CLEC protein compared
to soluble thermolysin, crosélinking and lyophilization
of the CLECs did not further diminish specific
activity.

TABLE 8 -~ Thermoly51n Activity
Absorbance 345 nm

Time (min) CLEC Soluble Enzyme
1 0.0 . . 0.314 . 0.315
2 1.0 0.272 © 0.271
3 3.0 0.235 0.218
4 5.0  0.204 0.198
5 10.0 0.184 0.185
6 15.0 ' 0.183 0.184
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exhibited markedly different stability in the presence

-68- of organic solvents. (Table 12).- Sol uble enzyne concentrations
whi ch coul d be incubated in organic solvent were limted to a maxi num of
ng/ M. Concentrations greater than this value resulted in the

-60=
Enzvmatic activitv of soluble and CLEC thermolysin
The catalytic activity of soluble and CLEC
thermolysin was assayed (Feder, J. and Schuck, J.M.,
Biochemistry 9: 2784-2791 (1970)) by hydrolysis of the
blocked dipeptide substrate furylacryloyl-glycyl-L-
leucine-amide (FAGLA) (Schweizerhall). Cleavage of the
amide bond was measured spectrophotpmetrically by a
decrease in absorbance at 345 nm. Initial enzyme
concentration was 10’M by Bradford protein deter-
mination.and densitometer scanning (Pharmacia LKB
UltroScan XL) of Coomassie stained SDS-PAGE gels. CLEC
enzyme is defined as reconstituted lyophilized cross-
linked thermolysin crystals. Soluble enzyme is defined
as thermolysin concentrated to 100 mg/ml. Enzyme was
added to a 5 ml reaction volume containing substrate.
Aliquots of the reaction mix were removed at the
indicated times, and absorbance at 345nm was measured.
g  CLEC thermoiysin was separated from the reaction mix by
| brief centrifugation (Beckman, microéentrifuge E)
before reading absorbance. Absorbance was fitted to a
pseudo first order rate equation and kcat/Km was
calculated by dividing the fitted value by enzyme -
concentration (Multifit 2.0 Curve Fitting for the Apple
~ Macintosh Computer, Day Computing P.0. Box 327, Miltoen,
Cambridge CB4 6WL, U.K. (1990)).

pH_Dependence and Stability )

The pH optimum and stability of the soluble enzyme
were compared to that of thermolysin CLECs by'cleavagé
of the dipeptide substrate FAGLA. Results are shown in
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I nst ant aneous precipitation of thernolysin upon addition of organic
solvent. In contrast, thernolysin CLEC concentrations were |limted only by
t he vol une occupi ed by the crystals. Sol uble thernolysin retained the
greatest activity (75% follow ng incubation in acetone, and the | east
(36% in tetrahydrofuran. Follow ng a one hour incubation in the presence
of acetonitrile or dioxane the soluble enzyne | ost approxinmately 50% of its
initial activity. The CLEC thernolysin retakged greater than 95% maxi num
activity follow ng incubation with all organics assayed. TABLE 12

% Maxi mum Activi tfigure 2 and Table 9. 3otihisdluble and @rfystalline

Enzyme enzyme forms demonstrate maximum activity at pE 7.
CLECs and scluble thermolysin also demonstrated similar
activity in the acidic range and the bell shaped pH
profile generated by the soluble enzyme was in good
agreement with published data (Feder, J. and Schuck,
J.M., Biochemistry 9: 2784-2791 (1970)). In the |
alkaline pH range, however, the crystalline enzyme
maintains maximum activity, to pH 10, while the soluble
enzyme has 75% activity at pH 8.5, and only 25%
activity at pH 9. At pH 9.5, the soluble enzyme is
completely inactive. - |
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Acetonitrile 42 - 102 Di oxane | 66
97 Acetone . 75 . 99 THF 36

96 * Tetrahydro Furan Stability in organic sol vent s Ther nol ysin

CLECs or sol uble thermolysin preparations were incubated in 50% (v/v)
sol utions of

-62-

TABLE 9 - Thermolysin pH Curve
| $ Maximum Activity

pH ' CLEC Soluble Enzyme

1 5.0 10.250 5.170 .
2 5.5 - 9.750 6.070
3 6.0 | 52.500  39.100
4 6.5 85.000 74.610
5 7.0 | 97.500 100.000
6 7.5 100.000 98.650
7 8.0 97.500 82.920
8 8.5 95.000 71.910
9 9.0 . 96.250 24.720
10 9.5 95.000 ~ 0.000
11 10.0 90.000 0.000
Stabjlity at elevated temperature

One can achieve higher reaction rates and lower
diffusion times for substrates and products by
operating a given chemical process at higher
temperature, where one is usually limited by the
temperature stability of substrates and products. In
enzymé-bgsed catalysis, however, it is often the loss
of enzymatic activity that sets the practical limit on
the temperature that a process can be run. The
additional stabilization achieved in CLECs allows for
enzymatic activity at much higher temperatures than is
possible for soluble enzyﬁe.

The enhanced stability at lower temperatures

- simplifies the routine long term storage of the CLEC
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-69- the indicated organic solvents. A 100 [err]l slurry of thernolysin
CLECs (10 ng/m) in 10nM Tris pH 7 was placed in a 1/2 dramglass vial. An
equal volune of the indicated organic solvent was added and the m xture was
briefly vortexed. Twenty [err]l of soluble thernolysin (100 ng/m) was
diluted in 80 [err]l of 0.015M Tris buffer pH 7.0 in a 1/2 dramglass vial.
A 100 [err]l volunme of organic solvent waggghen added to the protein
solution and briefly vortexed. CLEC and soFubIe enzyme were incubated in

the presence of cQEgaYstsSOPER lexaMpI¥C it was necessary to store
' concentrated (>50mg/ml) solutions of soluble
- thermolysin at -80°C to retain maximum specific
activity. At room temperature, activity was usually
lost within one day. In contrast, rehydrated
thermolysin CLECs could be routinely stored for months
at room temperature with no apparent loss of activity.
Unreconstituted lyophilized CLECs of thermolysin appear
to be viable indefinitely. '
Thermal stability and resistance to autolysis were
_demonstrated in thermolysin CLECs following incubation
at 65°C for five consecutive days (Figure 3 and Table
10). Thermolysin CLECs retained maximum activity after
five days incubation at elevated temperature. 1In
contrast, the soluble thermolysin lost 50% of its
initial activity after only two hours incubation and
demonstrated negligible activity after 24 hours
incubation at 65°C. -
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hour at 40[err]C. Follow ng incubation, enzyne activity was assayed by

cl eavage of the dipeptide substrate FAG.A as descri bed. Low wat er
concentration is thought to disfavor unfolding to intermnmedi ate states on
the path to enzynme denaturation. In CLECs, this restriction of
conformational nobility is provided by the inter- nolecular contacts and
cross-1links between the constituent enzy Iecules maki ng up the crystal
| attice, rather than by the near-absencenE§ water in the nedium As a

result, inter ter I n 135ieN R t2led oceadi | y

tol erat ed by gﬁ@?ﬁéﬁ Ph?egg %SEEEEQ gggEEthFﬁn previously
unobserved W th enzynes (see Table 12) % !nxgmunsaeﬁéﬂﬁ thens up whol e new
areas of synthetic chemig to exploitation using enzyne catal ysis.

Even in near-anhydrous ogggyg? sol vepe hovwegRnupike BErditmene use of

enzynmes has been hanmpere hei r

1 0.000 100.000 100.000

"2 0.041 ' 70.000
3 0.083 96.000 50.000
4 0.164 32.000
5 0.246 17.000 -
6 0.410 97.0 10.000
7 1.000 101.0 2.000
8 2.000 97.0
9 3.000 94.0

10 4.000 96.0

11 5.000 92.0

_ The abtivity of soluble and CLEC thermolysin was
measured following incubation at €65°C. Soluble
‘thermolysin was incubated in 10 mM calcium .acetate, 50
mM Tris pH 7.0 in a 65°C water bath. The reaction
volume was 500ul. Final protein concentration was 10
mg/ml. Aliguots were removed at times 0, 1, 2, 4, 6,
10, and 18 hours. The samples were assayed by SDS-PAGE
and FAGLA cleavage at room temperature as described
above. For the thermolysin CLECs, a 250 pl crystal
suspension in 10mM calcium acetate and 50 mM Tris was
also incubated in a 65°C water bath. Activity was
assayed at times 0, 1, 6, 24, 48, 72, 96, and 120 hours
by FAGLA cleavage.
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tendency to formill-defined suspensions that are subject to clunping and
ot her aggregati on probl ens. , -70- This

property nmakes these preparations inherently unattractive for large scale
industrial processes. In contrast, CLECs and the constituent enzynmes w thin
the crystal lattice, remain nono-disperse in all these sol vents.

-55-
e to exo us _

Assessment of the resistance of the thermolysin
CLEC to the action of an exogenous protease was also
carried out. SDS-PAGE (Sodium dodecyl sulfate poly
acrylamide gel electrophoresis) analysis suggests that
commercial enzymes can contain a substantial percentage
of contaminants, some of which might have proteolytic
activity against the principal soluble enzyme species.
Given the packing of enzyme molecules in a crystal
lattice one might assume that the interior enzyme
molecules in a CLEC would be protected from
proteolysis. To test this possibility, thermolysin
CLECs and a soluble enzyme preparétion were incubated
in the presence of the streptococcal protease,
Pronase®, a nonspecific protease capable of digesting
most préteins to free amino acids (Calbiochem 1990
catalog; LaJolla, CA). o

Soluble and CLEC thermolysin were incubated in
50mM Tris, pH 7.5, at 40°C in the presence of the
protease Pronase® (Calbiochem). The Pronase® to
‘thermolysin ratio was 1/40. To inhibit thermolysin
autolysis and prevent the proteolytic destruction of
pronase by the thermolysin, EDTA was added to the
soluble enzyme reaction to a final concentration of 100
mM (EDTA inhibits thermolysin activity but not
Pronase®). At the times indicated aliquots were
removed from the reaction mix and activity was assayed
spectrophotometrically by cleavage of the dipeptide
substrates FAGLA. To offset thermolysin inhibition due
to the presence of EDTA, the spectrophotcmetric assay
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Conpari son with other inmobilization nethods A nunber of useful reviews
of enzyme immobilizati on nmethods have appeared in the literature (Mugh,
T.H., Science, 223: 474-476 (1984)); Tranper, J., Trends in Biotechnol ogy

3: 45-50 (1985)) . In these, the enzyne al ways represents a small fraction
of the total volune of the immbilized particle, the bulk of it being inert
carrier material. The carrier increases the nean free path between the

sol vent exterior of the i rmobi i zed enzyﬁ@ “particle and the enzyne active

oo hacer U gl L S S AU YAE Boeebrng T O, F
matrix provi dealidinm wcetgyporvuf fér npHaT i 0gahdecensyuef conTentiratdon As a
result . 1he COBSCINAI UL 58 7¥5Ral " ErbbbfihRed! B2fstlilline Wity 2!
was assayed as described above.
As can be seen in Figure 4 and Table 11, the
soluble thermolysin was rapidly degraded and lost all
activity after 90 minutes incubation. In contrast, the -
activity of the thermolysin CLEC was unaffected by four
days incubation in the presence of protease. This near
imperviousness to proteolysis is of particular interest
in diagnostic biosensor applications where a suitable
CLEC mxght be called upon to act in the pPresence of an
unknown cocktail of naturally occurrlng proteoclytic

enzymes.
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be achi eved for nolecules of a given size, greatly exceeding densities

achi evabl e even in concentrated solutions. The entire CLEC consists of
active enzynme, and thus, the diffusion-related reduction of enzynme reaction
rates usually observed with conventionally innmobilized enzynes relative to
enzynmes in solution are mnimzed (See Figure 1), since the nmean free path
for -71-

-§7~

LE 1
Protease Resistance

Time $ Maximum Activity " Time
(days) CLEC Soluble Enzyme (min)
1 0.000 100.0 . 100.0 0.000
2 0.003 | - 25.0 5.000
3 0.010 | 17.5 15.000
4 0.021 9.5 30.000
5 0.042 98.0 3.0 §0.000
6 0.063 - 1.0 90.000
7 0.084 101.0 0.0
8 1.000 97.0
9 2.000 99.0
10 3.000 98.0
11 4.000 96.0

Stability in the presence of organic solvent

In order for enzymes to gain ideal acceptance as
viable industrial catalysts, they must be able to
function without excessive intervention in the
practical environment of manufacturing processes. In
particular, this would include the use of aqueous,
polar and non-polar organic solvents, and mixtures of
these. In commercial applications, aqueous-organic

- solvent mixtures allow manipulation of product
formation by taking advanfage of relative solubilities
of products and substrates. : .-

Soluble thermolysin and thermolysin CLECs
exhibited markedly different stability in the presence
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substrate and product between active enzyne and free solvent will be
greatly shortened for CLECs (conpared to a conventional imopbilized enzyne
carrier particles). Inportantly, the constituent enzynme in CLECs is
intrinsically nono-di sperse, and can be recovered by sinple manipul ati ons
of the CLEC particles, such as filtration, centrifugation or decantation of
solvent. EXAMPLE 3 Crystallization, cross-linking and |yophilization of

el astase and assessnent of characteristicggaf the resulting product.
Crystallization of el astase Lyophi I i zed porcine pancreatic el astase

(Serva) was di g30lore@nit Sohvdrmdl umpgsiat £2pH SsBlhiBle el ration of

IO () Eopsea ot Wl fen o d e s SeBEEE T Begend®©

vi si bl e wi t hi nGoReentra 1 g
solvent were limited to a maximum of 10 mg/ml.
Concentrations greater than this value resulted in the
instantaneous precipitation of thermolysin upon
addition of organic solvent. 1In contrast, thermolysin
CLEC concentrations were limited only by the volume
occupied by the crystals. Soluble thermolysin retained
the greatest éctivity (75%)‘following incubation in
acetone, and the least (36%) in tetrahydrcfuran.
Following a one hour incubation in the presence of
acetonitrile or dioxane the soluble enzyme lost
approximately 50% of its initial activity. The CLEC
thermolysin retained greater than 95% maximum activity
-following incubation with all organics assayed.

TABLE 12
% Maximum Activity
Soluble CLEC
Enzyme |
Acetonitrile 42 102
Diox&ne 66 97
Acetone 75 | 99

THF ' 36 96
¢ Tetrahydro Furan
Stability in oraganic solvents

Thermolysin CLECs or soluble thermolysin
preparations were incubated in 50% (v/v) solutions of
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m nute of the conplete solvation of the protein. The crystallization
solution was transferred to 4[err]C and crystallization was conpl eted
overnight. Crystals were recovered by centrifugation as previously
described. Cross-linking of elastase crystals A 200 [err]l vol une of
el astase crystals was added to a 1.3 m solution of 5.77% gl utaral dehyde
and 1.5 M sodium acetate pH 5.0. The crystals were crosslinked for one hour
with mild agitation (stir plate). Follow n%Toss-1inking the crystals were

washed with three 15 ol f 0.2 MTri H 8.Q...Th I
S W ' the in igatgge grgangc solvreln%sri % %oo ;ﬁ esﬁf:;rayseof

thetmolysin CLECs (10 mg/ml) in 10mM Tris pH 7 was
placed in a 1/2 dram glass vial. An equal volume of
the indicated organic solvent was added and the mixture
was briefly vortexed. Twenty ul of soluble thermolysin
(100 mg/ml) was diluted in 80 ul of 0.015M Tris buffer
pH 7.0 in a 1/2 dram glass vial. A 100 gl volume of
organic solvent was then added to the protein solution
and briefly vortexed. CLEC and soluble enzyme were
incubated in the presence of organic solvent for one
hour at 4b°c. Following incubation, ehzyme activity
was assayed by cleavage of the dipeptide substrate
FAGLA as described. ' -

Low water concentration is thought to disfavor
unfolding to intermediate states on the path to enzyme
‘denaturation. In CLECs, this restriction of '
conformational mobility is provided by the inter-
molecular contacts and cross-links between the
constituent enzyme molecules making up the crystal
lattice, rather than by the near-absence of water in
the medium. As a result, intermediate water-organic
solvent concentrations are readily tolerated by enzymes
when formulated as CLECs, something previously
unobserved with enzymes (see Table 12). This discovery
opens up whole new areas of syhthetic chemistry to
exploitation using enzyme catalysis.

Even in near-anhydrous organic solvents, however,
the routine use of enzymes has been hampered by their
tendency to form ill-defined suspensions that are h
subject to clumping and other aggregation problems.
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-72- CLEC was |yophilized as described in Exanple 2. Enzymatic activity
of sol uble and CLEC el ast ase The catalytic activity of sol uble and
CLEC el ast ase was assayed spectrophotonetrically by measuring hydrol ysis of
the substrate succinyl - (Ala) 3 p-nitroanilide (Bachenm) [Bieth, et al

Bi ochem Med 11:350-357 (1974)] (Table 13 Figure 5). Ceavage was nonitored
by increasing absorbance at 410 nm Initiglg.substrate concentration was 2 X
10[err]. Enzyne concentration was 2.8 X 10[err]M CLEC or sol uble enzyne

was added to aTnid prUpPdrep NOkedBLKEEE Ppréparations inherently
' unattractive for large scale industrial processes. 1In
~contrast, CLECs and the constituent enzymes within the
crystal'lattice, remain mono-disperse in all these
solvents.

Comparison with other immobilization methods

A number of useful reviews of enzyme
immobilization methods have appeared in the literature
(Maugh, T.H., Science, 223: 474-476 (1984)); Tramper,
J., Trends in Biotechnology 3: 45-50 (1985i) . In
these, the enzyme always represents a small fraction of
the total volume of the immobilized particle, the bulk
of it being inert carrier material. The carrier
increases the mean free path between the solvent
exterior of the immobiliied enzyme particle and the
enzyme active sites, exacerbating diffusion problems
(Quiocho, F.A. and Richards, F.M., Biochemistry 5:
4062-4076 (1967)).

In a CLEC, the cross-linked crystal matrix
provides its own support, eliminating the need for a
carrier. As a result, the concentration of enzyme in a
CLEC is close to the theoretical packing limit that can
be achieved for molecules of a given size, greatly
exceeding densities achievable even in concentrated
solutions. The entire CLEC consists of active enzyme,
and thus, the diffusion-related reduction of enzyme
reaction rates usually observed with conventionally
immobilized enzymes relative to enzymes in solution are
minimized (See Figure 1), since the mean free path for
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substrate in 0.2 MTris pH 8.0. As described previously, CLEC enzyne was
renmoved fromthe reaction mx prior to neasuring absorbance.

-73- TABLE 13 - El astase Activity

Absor bance 400 nm

substrate and product between active enzyme and free

- solvent will be greatly shortened for CLECs (compared
to a conventional immobilized enzyme carrier
particles). Importantly, the constituent enzyme in
CLECs is intrinsically mono-disperse, and can be
recovered by simple'manipulations of the CLEC
particles, such as filtration, centrifugation or
decantation of solvent.

EXAMPLE 3 |
t ation, cross- i a o jzation o
elastase and assessment of characteristics of the
resulting product. |
sta i of e ase

Lyophilized porcine pancreatic elastase (Serva)
was dissolved in 0.1 M sodium acetate pH 5.0 to a
concentration of 5 mg/ml (w/v) at room temperature.
Rod shaped elastase crystals were visible within one
minute of the complete solvation of the protein. The
crystallization solution was transferred to 4°C and
crystallization was completed overnight. Crystals were
recovered by centrifugation as previously described.

oss-1inki of elastase crysta ,
A 200 pl volume of elastase crystals was added to
a 1.3 ml solution of 5.77% glutaraldehyde and 1.5 M '
sodium acetate pH 5.0. The crystals were crosslinked
for one hour with mild agitation (stir plate).
Following cross-linking the crystals were washed with

three 15 ml volumes of 0.2 M Tris pH 8.0. The elastase
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Time (mn) CLEC Sol ubl e Enzyme 1 . 0.0 0. 000

0.000 2 ' 0.5 0. 103 . 0.205 3 1.0
0. 195 0.390 4 2.0 0. 366 0.672 5
3.0 0.523 0.923 6 _ 4.0 0. 657
1.098 7 5.0 0. 780 1.227 8 6.0
0. 888 1.326 9 7.0=72= 0 974 1. 393 10
10.0 170 1.512 11 - 1.365

1.586  Resi stﬁm WaSe YRl 8% 1a%| deseribed mss%’s%mke 8f the

resi stance of the el astase CLEC

ati tivi : a.c tase

The catalytic activity of soluble and CLEC
elastase was assayed spectrophotometrically by
measuring hydrolysis of the substrate succinyl - (Ala),
'p-nitroanilide (Bachem) (Bieth, et al. Biochem. Med
11:350~357 (1974)] (Table 13 Figure 5). Cleavage was
monitored by increasing absorbance at 410 nm. Initial
substrate concentration was 2 X 10¢. Enzyme '
concentration was 2.8 X 10™. CLEC or soluble enzyme
was added to a 5 ml reaction volume containing
substrate in 0.2 M Tris pH 8.0. As described
previously, CLEC enzyme was removed from the reaction
mix prior to measuring absorbance.
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to the action of protease was al so perfornmed under i dentical conditions as
described for thermolysin (Exanple 2). Activity of the soluble and CLEC
enzyme, follow ng incubation with protease, was assayed by hydrol ysis of

tgi nitroanilide substrate as descri bed above (Table 14 and Figure 6).

-73=

TABLE 13 -~ Elastase Activfty

Absorbance 400 nnm

~ Time (min) CLEC Soluble Enzyme

1 0.0 : 0.000 0.000
2 0.5 0.103 0.205
3 1.0 _ 0.195  0.390
4 2.0 0.366 0.672
5 3.0 - 0.523 ' 0.923
6 4.0 0.657 1.098
7 5.0 0.780 1.227
.8 6.0 0.888 : 1.326
9 7.0 0.974 1.393
10 10.0 1.170 1.512
11

15.0 1.365 1.586

istance to exogenous proteo i

Assessment of the resistance of the elastase CLEC
to the action of protease was also performed under
identical conditions as described for thermolysin
(Example 2). Activity of the soluble and CLEC enzyme,
following incubation with protease, was assayed by
hydrolysis of the nitroanilide substrate as described
above (Table 14 and Figure 6).
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TABLE 14 -| astase Resistance to Proteolysis

% Maxi num Activity Ti me CLEC Sol ubl e Enzyne
0.0 100. 0 100.0 2 10.0

53.0 3 20.0 32.0 4 30.0
101. 0 18.0 5 45. 0 ~ 11.0 6
60. 0 102.0 8.0 7 120.0 101.0

3.0 8 180. 0 103.0 <74 2.0 Exanpl e -4

Grystallizatiopp ol o3~ LNEhag+33% E%Jistfﬁ§¥'é¥]ﬁgot'°lyﬁi'.

% Maximum Activity

Time CLEC ' Soluble Enzyme
1 0.0 100.0 100.0
2 10.0 . 53.0
3 20.0 | 32.0
4 30.0 -101.0 i8.0
S 45.0 _ 11.0
6 60.0 102.0 8.0
7 120.0 101.0 _ 3.0
8 180.0 103.0 2.0
Example 4
; st i ion, cross- i n i ion o
% se -3 the
3 sulti oduct. . |
: st ation o ster

As disclosed here, 30 mg/ml ammonium sulfate
suspension of pig liver esterase (Fluka) was dissolved
in 0.25 M calcium acetate pH 5.6 at room femperature.
Esterase crystals were visible within several minutes
following addition of the calcium acetate solution.
The crystallization solution was allowed to stand at
room temperature and crystallization was completéd
overnight. Crystals were recovered by centrifugation
as previously described in Exaﬁple 2.
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esterase and assessnent of characteristics of the resulting product.
Crystallization of esterase As di scl osed here, 30 ng/m ammoni um
sul.fate suspension of pig liver esterase (Fluka) was dissolved in 0.25 M
cal cium acetate pH 5.6 at roomtenperature. Esterase crystals were visible
wi thin several mnutes following addition of the cal cium acetate sol ution.
The crystallization solution was allowed to stand at roomtenperature and

crystallization was conpl eted overni ght. €28<stals were recovered by
centrifugation as previously descrlbed in Exanpl e 2.
ss-1ink of s s s

As disclosed here, a 300 ul volume of esterase
crystals were added to a 5 ml solution of 12.5%
glutaraldehyde and 0.5 M sodium acetate pH 5.5. The
crystals wvere crosslinked for one hour with mild
agitation (stir plate). Following cross-linking the
crystals were washed with three 15 ml volumes of 0.5 M
calcium acetate pH 6.3. The esterase CLEC was
lyophilized as previously described in Example 2.

atic activit Ssoluble and C esterase
The catalytic activity of soluble and CLEC
esterase was assayed spectrophotometrically by
monitoring hydrolysis of the substrate p-nitrophenyl
acetate (Fluka) (Table 15 and Figure 7). Cleavage was
monitored by increasing absorbance at 400 nm. Initial
substrate concentration was 0.001%. Enzyme '
~concentration was 1 X 10°M. CLEC or soluble enzyme was
added to a 5 ml reaction volume containing substrate in
0.25 M calcium acetate pH 6.3. As described previously
in example 2, CLEC enzyme was removed from the reaction
mix. by centrifugation prior to measuring absorbance.
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1996 -75- Cross-linking of esterase
crystals

~76~.
TABLE 15 - Esterase Activity

Absorbance 400 nn

Time (min) CLEC Soluble Enzyme

1 0.0 0.000 0.000
2 0.5 0.770 0.252
3 1.0 0.128 : 0.297
4 2.0 , 0.208 0.337
5 3.0 0.260 0.346
6 5.0 _ 0.324 ~  0.353
7 7.0 0.353 0.359
8

10.0 ' - 0.369 0.368

ges;gtagce to exogenous proteolysis

Assessment of the resistance of the esterase CLEC
to the action of protease was also performed under
identical conditions as described for thermolysin
(Example 2). Activity of the soluble and CLEC enzyme,
following incubation with protease, was assayed by '
hydrolysis of the substrate p-nitrophenyl acetate as
described above (Table 16 and Figure 8).
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As di sclosed here, a 300 [err]l volume of esterase crystals were added to a
5 m solution of 12.5% gl utaral dehyde and 0.5 M sodi um acetate pH 5.5. The
crystals were crosslinked for one hour with mld agitation (stir plate).
Fol l owi ng cross-linking the crystals were washed with three 15 m vol unes
of 0.5 Mcalciumacetate pH 6.3. The esterase CLEC was | yophilized as
previously described in Exanple 2. Enzymatic activity of soluble and CLEC
esterase The catalytic activity of sgJaubl e and CLEC esterase was
assayed spectrophotonetrically by nonitoring hydrolysis of the substrate
p-nitrophenyl gaglal & ¢ Fl kg Heb'ﬁ 35 gnﬂeﬁl urﬁ:&» gygage was
noni t ored by |ncreaS|ng absor ance f B n|t|al strate
concentration was 0.001% Enzyne concentration was 1 X 10[err]Nl CLEC or

sol ubl e enzyne was % Maximum Activity
Time (min) CLEC " goluble Enzymes
1 0.0 100.0 100.0
2 10.0 | €8.0
3 20.0 ' 47.0
4 30.0 99.0 25.0
5 45.0 | 20.0
6 €0.0 97.0 16.0
7 120.0 94.0 10.0
8 180.0  81.0 6.0
Example 5
ta zati cross-linki and ophi ation o
se and assessment of ¢ cteristics e
s in oduct.
+ ation o ipas

As disclosed here, the enzyme lipase (Geotrichum
candidum) was crystallized by vapor diffusion from an
agueous solution of 20 mg/ml protein in 50 mM Tris pH 7
containing 8% ammonium sulfate. Bipyrimidal crystals
weére visible after 20 to 30 days incubation at room
temperature. Crystals were recovered by |
centrifugation, as previously described in Example 2.

- Cross-lipking of lipase crystals
- As disclosed here, lipase crystals were added to a
solution of 12.5% glutaraldehyde and 50 mM Tris pH 5.6.
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added to a 5 nl reaction volune containing substrate in 0.25 Mcal cium
acetate pH 6.3. As described previously in exanple 2, CLEC enzyne was
renoved fromthe reaction mx by centrifugation prior to neasuring

absprbance. : ' -76- TABLE 15 - Esterase
Activity '

The crystals were crosslinked for one hour. Following
cross-linking the crystals were washed with three 15 ml
volumes of 50 mM Tris pH 7.0. The lipase CLEC was |
lyophilized, as previously described in Example 2.

Enzvmatic activity of soluble and CLEC lipase
The catalytic activity of soluble and CLEC lipase
was assayed spectrophotometrically by monitoring
hydrolysis of the substrate p-nitrophenyl acetate
(Table 17 and Figure 9).' Cleavage was monitored by
increasing absorbance at 400 nm. Initial substrate
concentration was 0.005%. Enzyme concentration was 1.5
X 10°M. CLEC or soluble enzyme was added to a 5 ml
reaction volume containing substrate in 0.2 M Tris pH
7.0 at room temperature. As described previously in
Example 2, CLEC enzyme was removed from the reaction
mix by centrifugation prior to measuring absorbance.
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- Absor bance 400 nm Time (mn) CLEC Sol ubl e Enzyne

1 0.0 0. 000 0. 000 2 0.5

0.770 0.252 3 1.0 0.128 0.297 4
2.0 0. 208 . 0.337 5 3.0 0. 260
0.346 6 . 5.0 0. 324 0.353 7 7.0
0. 353 0. 359 8 '10.0 : 0. 369 0. 368
Resi stance to exogenous proteolysis 2&¥essnent of the resistance of

the estera CLE
sterase Ti%hz 17 - Lipase Activity

Absorbance 400 nm

Time (min) CLEC = 8Soluble Enzyme
1 0.0 ~ 0.000 0.000
2 1.0 - 0.013 0.021
3 5.0 0.054 0.116
4 10.0 0.164 0.186
S 15.0 0.248 0.258
6 30.0 0.346 0.357
7 45.0 0.407 ~ 0.420
8 60.0 ~ 0.461 0.459
) 90.0 0.497 0.502
Example 6
5 - stallizatio cross- ing a ilization o
lysozyme and assessment of characteristics of the
sult duct
Crystallizatijon of lvsozvme

Following the method of Blake, C.C.F. et al.,
Nature 196:1173 (1962) 200 mg of lyophilized hen egg
white lysozyme (Boehringer Mannheim) was dissolved in
2.5 ml of 0.04 M sodium acetate buffer pH 4.7 at room
temperature. Following solvation of the protein, 2.5
ml of 10% sodium chloride were added to the lysozyme
solution dropwise with stirring. The crystallization
solution was allowed to stand overnight at room h
temperature, and crystallization was completed in
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to the action of protease was al so perfornmed under identical conditions as
descri bed for thernolysin (Exanple 2). Activity of the soluble and CLEC
enzyme, follow ng incubation with protease, was assayed by hydrol ysis of
the substrate p-nitrophenyl acetate as descri bed above (Table 16 and Fi gure
8) . : -77-

forty-eight hours. Crystals were recovered by
centrifugation, as previously described in Example 2.

Cross-linking of lvsozvme crystals

" As described here, a 500 gl volume of lysozyme
crystals was added to 10 ml of 24% glutaraldehyde and
50 mM Tris pH 5.6 containing 20% sodium chloride. The
crystals were crosslinked for 20 minutes with mild
agitation (stir plate). Following cross-linking the
crystals were washed with three 50 ml volumes of 20 mM
calcium acetate and 50 mM potassium chloride pH 5.3.
The lysozyme CLEC was lyophilized, as previously
described in Example 2.

Enzymatic activity of soluble and CLEC lysozvme
The catalytic activity of soluble and CLEC
lysozyme was assayed by measuring the rate of
hydrolysis of the substrate 4-methylumbelliferyl N-
acetyl-chitrioside (Fluka) (Yang, Y. and Hamaguchi, K.
J. Biochem. 8:1003-1014 (1980) (Table 18 and Figure
10). The release of 4-methylumbelliferone was followed
fluorimetrically (Perkin Elmer Model LS-50). 1Initial
substrate concentration was 1.42 X 10°. Enzyme
concentration was 3 X 107. CLEC or soluble enzyme was
added to a 2 ml reaction volume containing substrate in
20 mM calcium acetate and 50 mM potassium chloride pH
5.3 at 42°C. The amount of 4-methylumelliferone was
determined fluorimetrically by measuring'fluorescencé
intensities at 450 nm with excitation at 360 nm. Slit
width for both excitation and emission was 10 mm. As
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TABLE 16 - Esterase Resistance to Protnolysis

% Maxi num Activity Time (mn) CLEC Sol ubl e Enzynes
1 0.0 100.0 100.0 2 10.0

-68.0 3 20.0 : 47.0 4 30.0

99.0 25.0 5 45.0 20.0 6
60. 0 . 97.0 16.0 7 120.0 94. 0

10.0 8 180. 0 91.0 -81- 6.0 :

described previously in Example 2, CLEC enzyme was |
removed from the reaction mix by centrifugation prior
to measuring fluorescence. ‘

TABLE 18 -~ Lysozyme Activity

Fluorescence
Time (min) CLEC Soluble Enzyme

1 0.000 0.000 0.000
2 - 10.000 4.400 18.900
3 30.000 10.500 29.400
4 60.000 27.500 44.800
5 90.000 33.800 51.700
6 120.000 . 45.900 59.800
Example 7

sta ion, cross-1i and izati o
asparaginase and assessment of characteristics of the
resulting product.

stallization of asparaginase

As a modificatibn'of the procedure described by
Grabner et al. [U.S. Patent 3,664,926 (1972)] 25 mg of
lyophilized aspéraginase (Worthington) were dissolved
in 500 ul of 50 mM sodium phosphate buffer pH 7.2. The
solution was cooled to 4°C and the pH adjusted to 5.0
with 1 M acetic acid. Cold (-205C) ethancl was then
added dropwise to the asparaginase solution to a final
concentration of 33%. The solution was incubated at
4°C. Crystallization was completed in forty-eight
hours. Crystals were recovered by centrifugation as
previously described.

=1inki of aspa inase ¢ a
As disclosed here, asparaginase crystals were
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Example 5 Crystallization, cross-linking and |yophilization of |ipase and
assessnent of characteristics of the resulting product. Crystallization of
| i pase As di scl osed here, the enzynme |ipase (Geotrichum candi dun) was
crystallized by vapor diffusion froman aqueous solution of 20 ng/m
protein in 50 mM Tris pH 7 containing 8% anmoni um sul fate. Bi pyri m dal
crystals were visible after 20 to 30 days incubation at roomtenperature.
Crystals were recovered by centrifugationBZas previ ously described in

Exanpl e 2. Cross-1inkin | i pase crystals As di scl osed here,
| i pase cryst al crassd xn)aisniuniqn1Q# 15%giptarrifebydeeiBnd050 mv

Tris pH5.6. M godium phosphate buffer pH 5.6. Following
' crosslinking the crystals were washed with five 15 ml
volumes of 50 mM tris pH 7.0. The asparaginase CLECs
were lyophilized, as previously described in Example 2.

Enzvmatic actjvity of soluble and CLEC asparaginase
The catalytic activity of soluble and CLEC
asparaginase was assayed spectrophotometrically by
measuring evolution of ammonium ion in the coupled
enzymatic reaction described below (all reagents were
purchased from Boehringer Mannheim) (Table 19 and
Figure 11).

. asparaginase :
L-asparagine _ > asparate + NH+

‘glutamate dehydrogenase
NADH + a ketoglutarate - > glutamic acid +?

oxidation of NADH was measured by decreasing absorbance
at 340 nm. Initial NADH concentration was 1.4 mg/ml.
Asparagine concentration was 10°M. Alpha ketoglutarate

f
i
|
i
;
i

concentration was 10“M. Glutamate dehydrogenase
concentration was 10’M. Asparaginase concentratlon was
2.3 x 10%M. As described previously in Example 2, CLEC
enzyme was removed from the reaction mix by '
centrifugation prior to measuring absorbance.
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-78- The crystals were crosslinked for one hour. Followi ng cross-linking
the crystals were washed with three 15 mM volunmes of 50 M Tris pH 7.0. The
| i pase CLEC was |yophilized, as previously described in Exanple 2.

-83-

TABLE 19 - ASParaginau'Activity

Absorbance 340 nm

‘Time (min) CLEC Soluble Enzyme
1 0.0 ' 1.000 1.000
2 1.0 0.867 0.825
3 3.0 . 0.739 0.684
4 5.0 0.603 '0.538
5 10.0 0.502 0.406
6 15.0 0.449 0.338
7 30.0 0.328 © 0.199
8

45.0 0.211 0.187
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Enzymatic activity of soluble and CLEC |i base The catalytic activity
of soluble and CLEC | i pase was assayed spectrophotonetrically by nonitoring
hydrol ysi s -of the substrate p-nitrophenyl acetate (Table 17 and Figure 9).
Cl eavage was nonitored by increasing absorbance at 400 nm Initial
substrate concentration was 0.005% Enzynme concentration was 1.5 X
10[err]M CLEC or soluble enzyne was added_ to a 5 m reaction vol une
contai ning substrate in 0.2 MTris pH 7.0'%&’roon1tenperature. ‘As descri bed
previously in Exanple 2, CLEC enzyne was renoved fromthe reaction mx by
centrifugation prior to neasuring absorbance.

Equivalents

_Those skilled in the art will recognize or be able
- to ascertain, using no more than routine
'experimentation, many equivalents to the specific
materials and components described herein. Such
equivalents are intended to be encompassed in the scope
of the following claims. '
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-79- TABLE 17 - Lipase Activity Absor bance 400

Time (mn) CLEC Sol ubl e Enzyne 1 0.0 0. 000
0.000 2 1.0 0. 013 0.021 3 5.0
0. 094 0.116 4 10.0 - 0.164 0.186 5 15.0
0. 248 - 0.258 '
=88
CLAIMS

1) An enzyme-catalyzed method of making a selected.

product, comprising:

a) combining at least one appropriately-selected
substrate and at least one enzyme which acts
pon the substrate and is in the form of a
cross-linked immobilized enzyme crystal, and

b) maintaining the combination produced in step
(2) under conditions appropriate for the
enzyme to act upon the substrate, thereby
producing the selected product.

2) A method of Claim 1 wherein the selectéd_product
is selected from the group consisting of:
- peptides, lipids, chiral organic molecules and
carbohydrates.

3)' An enzyme-catalyzed method of Claim 1 wherein the
cross-linked immobilized enzyme crystal is
approximately 10! mm. in size.

4) An enzyme-catalyzed method of Claim 1 wherein the
conditions in step (b) are deleterious to the
efficient function of the enzyme which is not in
the form of a cross-linked immobilized enzyme
crystal.
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6
0.420 8 60. 0
0.497 0. 502
| yophilization of
resul ti ng product

30.0 0. 346 0.357 7
0. 461
Exanple 6 Crystallization,
| ysozyme and assessnent of char
Crystal lization of |ysozyne
Blake, C.C F. et al., Nature 196:1173 (1962
white |ysozyme (Boehringer Mannhein) was “®&sol ved

sodi um acetate buffer pH 4.7 at room tenper at
~the protein, 2.5 ni %fmiméoﬂfu%%Wo?ngﬁeﬁﬁgﬁ th

0.459 9

200 ng of

45.0 0. 407
90.0
cross-1linking and
acteristics of the
Fol | owi ng the method of
| yophi | i zed hen egg
in 2.5 mM of 0.04 M

(kR 43

Bel zyne

€)

7)

8)

(b) are selected from the group consisting of high
temperature, low pH, high pH, organic solvents
mixed agueous/organic, and near anhydrous
conditions.

An enzyme-catalyzed method of making a selected
product, comprising:

a) combining two appropriately-selected
substrates and at least one enzyme which acts
upon at least one of the appropriately-
selected substrates and is in the form of a
cross-linked immobilized enzyme crystal; and
maintaining the combination produced in step
(2a) under conditions appropriate for the
enzyme to act upon at least one of the
appropriately-selected substrates, thereby
producing the selected product.

b)

A method of Claim 6 wherein the selected product
is selected from the group consisting of:
peptides, lipids, chiral organic molecules and
carbohydrates.

An enzyme-catalyzed method of Claim 6 wherein the
cross-linked immobilized enzyme crystal is

approximately 10! mm. in size.
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solution dropwise with stirring. The crystallization solution was allowed
to stand overni ght at roomtenperature, and crystallization was conpleted
in _ -80- forty-eight hours. Crystals
were recovered by centrifugation, as previously described in Exanple 2.

9) An enzyme-catalyzed method of Claim 6 wherein the
conditions in step (b) are deleterious to the
_efficient function of the enzyme which is not in
the'form of a cross-linked immobilized enzyme
crystal.

10) A method of Claim 6 wherein the conditions in step
(b) are selected from the group consisting of high
temperature, low pH, high pH,_organic solvents
‘mixed aqueous/organic and near anhydrous
conditions.

11) An enzyme-catalyzed method of making a selected
product in an organic solvent, comprising:
a) combining at least one appropriately-selected
substrate; at least one enzyme which acts
upon the substrate and is in the form of a
cross-linked immobilized enzyme crystal; and
the organic solvent; and
b)  maintaining the combination produced in step
(a) under conditions appropriate for the
'~ enzyme to act upon the substrate, thereby
producing the selected produét.

—_
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Cross-linking of |lysozyne crystals As described here, a 500 [err]l

vol ume of |ysozyme crystals was added to 10 ml of 24% gl utaral dehyde and 50
mM Tris pH 5.6 containing 20% sodi um chl ori de. The crystals were
crosslinked for 20 mnutes with mld agitation (stir plate). Follow ng
cross-linking the crystals were washed with three 50 m vol unes of 20 mM
calcium acetate and 50 nM potassi um chl eggse pH 5.3. The |ysozyme CLEC was
| yophi li zed, as preV|oust described in Exanple 2. Enzymatic-activity of
sol ubl e and CLEG | vapzenzyme-cafatyzesiahgthodaofi projuciinglaiisiel eglrd EC

4 et hy T unbel 11 of ERRaGE L, SPRERibiRa FhBoEaifi p8 Vang °V.'and" tanaguchi
K. appropriately-selected substrate and a
' cross-linked immobilized enzyme crystal which acts
updh the éppropriately-selected substrate, under
- conditions appropriate for the cross-linked
immobilized enzyme crystal to act upon the
appropriately-selected substrate, thereby alterzng
the substrate and producing the selected product.

13) A method of proéducing aspartame comprising the-
steps of: a) combining two peptides and
cross-linkéd immobilized thermolysin crystals, a
first peptide having the formula Z-L-Asp, a second

' peptide having the formula DL-Phe-OMe, under o
conditions appropriate for condensation of the two
peptides through action of the cross-linked
immobilized enzyme crystal, thereby producing a
partially protected dipeptide of the formula
Z-L-Asp-L-Phe-OMe, wherein Z represents a
benzyloxycarbonYl group, and b) removing the
benzyloxycarbonyl group, thereby producing
aspartame. '

14) A method of immobilizing an enzyme and retaining
its activity, comprising providing the enzyme as a
crystal and cross-linking the crystal, thereby
producing a cross-linked immobilized enzyme
crystal of approximately 10! mm in size.
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J. Biochem 8:1003-1014 (1980) (Table 18 and Figure 10). The rel ease of
4-met hyl unbel i ferone was foll owed fluorinetrically (Perkin El nmer Mde
LS-50). Initial substrate concentration was 1.42 X 10[err]. Enzyne
concentration was 3 X 10[err]. CLEC or sol uble enzynme was added to a 2 mni
reaction vol une containing substrate in 20 mM cal ci um acetate and 50 mM
potassium chloride pH 5.3 at 42[err]C. The anmount of 4-nethylunelliferone
was determned fluorinmetrically by nmeasur+883 fl uorescence intensities at
450 nmwi th excitation at 360 nm Slit wdth for both excitation and

em ssion was 1@S)m Mscross-linked immobilized enzyme crystal

approximately 10! mm in size produced by the
method of Claim 14.

16) A cross-linked immobilized enzyme crystal of Claim
15, selected from the group consisting of:
thermolysin, lipases, -elastases, esterases,
lysozymes and asparaginase. '

17) The method of Claim 14, additionally comprising
lyophilizing cross-linked immobilized crystals
produced.

18) A lyophilized cross-linked immobilized enzyme
crystal produced by the method of Claim 17.

19) A lyophilized cross-linked immobilized enzyme
crystal of Claim 18 selected from the group
consisting of: thermolysin, lipases, esterases,
elastases, lyosozymes and asparaginase.

20) A method of immobilizing thermolysin and retaining
its activity , comprising providing thermolysin
crystals and cross-linking the thermolysin i
crystals, thereby producing cross-linked
immobilized thermolysin crystals approximately 10
mm in size.

21) Cross-linked immobilized crystals of thermolyéiﬁ
produced by the method of Claim 20.
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descri bed previously in Exanple 2, CLEC enzyne was renoved fromthe

reaction mx by centrifugation prior to neasuring fluorescence. TABLE 18
- Lysozyne Activity Fl uor escence Ti me

(M n) CLEC sol ubl e Enzyne 1 0. 000 0. 000 .

0.000 2 10.°000 4. 400 18.900 3 30. 000 10. 500
29. 400 %0 ' :

22) The method of Claim 20, additionally comprising
lyophilizing cross-linked immobilized enzyme
crystals produced.

23) A lyophilized cross-linked immobilized thermolysin
crystal produced by the method of Claim 20.

24) A device comprising an enzyme in the form of a
cross-linked immobilized enzyme crystal and a
retaining means for the cross-linked immobilized
enzyme crystal, the retaining means consisting of
a material which allows contact between the
cross-linked immobilized enzyme crystal and a
substrate upon which the enzyme acts, the
substrate present in a fluid.
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4 60. 000 27. 500 44.800 5 90. 000 33. 800
51.700 6 120. 000 45. 900 59. 800 Exanpl e 7

Crystal lization, cross-linking and |yophilization of asparani nase and
assessment of characteristics of the resulting product. Crystallization of
aspar agi nase As a nodification of the procedure described by G abner
et al. [US Patent 3,664,926 (1972)] 25 ng of |yophilized asparagi nase
(Worthington) were dissolved in 500 [errtPiof 50 nM sodi um phosphat e buffer
pH 7.2. The solution was cooled to 4[err]C and the pH adju ted to 5.0 with
1 Macetic aci@5)Cohdbiogensor) preGetesting aman oF opFeEest ¢ he

asparagi nase sol uti 9g ho fAyfiidalconPRaiingat i on of 33% The sol ution was
i ncubat ed at
a)-_~a cross-linked immobilized enzyme crystal, in

. which the enzyme present acts on the analyte
of interest or on a reactant in a reaction in

" which the analyte of interest participates;
and ' '

b) a retaining means for the cross-linked
' immobilized enzyme crystal, the retaining

means consisting of a material which allows
contact between the cross-linked immobilized
enzyme crystal and a fluid containing: (1)
the analyte upon which the enzyme acts, the
analyte present in a fluid or (2) a reactant
‘in a reaction in which the analyte
participates, the reactant present in the
fluid.

'26) A biosensor of claim 25 further comprising a
detecting means.

27) A biosensor of Claim 25 for detecting an analyte
of interest in a fluid, the analyte of interest
selected from the group consisting of: glucose,
creétinine, urea, lactate, glucose-6- phosphate,
sucrose, ATP, ethanol, acetic acid, formic acid,
cholesterol, uric acid, methotrexate, carbon
dioxide, amino acids,'phosphates, penicillin,
nitrates, nitrites, sulphates and succinate.

s
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4[err] C C)ystallization was conpleted in forty-eight hours. Crystals were

recovered by centrifugation as previously described. Cross-1inking of
aspar agi nase crystal s As di scl osed here, asparagi nase crystals were
-82-

28) A biosensor for detecting an analyte of interest
in a fluid, comprising:

a) a cross-linked immobilized luciferase
crystal, in which the luciferase acts on the
analyte of interest or on a product of a
reaction in which the analyte of interest
participates, and

b) a retaining means for the cross-linked

 immobilized luciferase crystal, the retaining
means consisting of a material which allows
contact between the cross-linked immobilized
luciferase crystal and a fluid containing:
(1) the analyte upon which the luciferase
acts or (2) the product of a reaction in
which the analyte participates.

29) An extracorporeal device for altering a component
of a fluid comprising:

a) a cross-linked immobilized enzyme crystal, in
which the enzyme present acts on the
component or on a reactant in a reaction in

~ which the component participates; and

b) a retaining means for the cross-linked

" immobilized enzyme crystal, the retaining
means consisting of a material which allows
contact between the cross-linked immobilized
enzyme crystal and: (1) the component upon
which the enzyme acts, the component present
in the fluid or (2) the product of a reaction
in which the component participates, the
reactant present in a fluid.
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crosslinked in a solution of 7.5% gl utaral dehyde in 50 mM sodi um
phosphate buffer pH 5.6. Follow ng crosslinking the crystals were
washed wi:th five 15 m vol unes of 50 mMtris pH 7.0. The asparagi nase
CLECs -were |yophilized, as previously described in Exanple 2.
Enzymatic activity of soluble and CLEC asparagi nase The catalytic
activity of soluble and CLEC aspar agi nase was assayed
spectrophotonetrical ly by ‘measuring exghution of ammoniumion in t he
coupl ed enzymati c reaction described below (all reagents were .

pur chased frons@pehAnngstricorpordal Gdvicel DAarciaim Fz'sgutcﬁr ld)tering
asparagi nase . a boRpBRALHY U & Fiuid vherein the BARHSNEnE RELerrl+
| selected from the group consisting of: asparagine,.
heparin, bilirubin, methotrexate, amino acids,
urea and ammonia.

31) A device useful for producing a selected product,
comprising an - enzyme in the form of a
cross-linked immobilized enzyme crystal and a
retaining means for the cross-linked immobilized
enzyme crystal. |

|

\
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gl utaamat e dehydrogenasé NADH + a*ketoglutarate =<--------------------- ,
tamic acid + [err] ¢ Oxi-dation of NADH was measured by decreasing\ij;
absor bance at 340 nm  Initial NADH:concentration was 1.4 ng/m. '
Aspat agi ne’ concentration was 10[err]M Al pha ketogl utarate .
concentration was 10[err]M @ utamate defhydrogenase concentrati on was

orevi ous)y 1 BUTATOSR @PECESY dndlnEs IR GHEOERtRr ot 0P FERERRon i x
by centri f ugaidody latieQr pHo 6M83asuUThegredsdtbagcerystals were
cross-linked with glutaraldehyde to form a thermolysin
CLEC. The thermolysin CLEC was then transferred from
5 the agqueous crystallization solution in which it was
made, into a solution of ethyl acetate containing the
substrates, N-(benzyloxycarbonyl)-L-aspartic acid
(2-L-Asp) and L-phenylalanine methyl ester (L-Phe-OMe).
The thermolysin CLEC waé then used to catalyze a
10 - condensation reaction of the two substrates to
' synthesize N-(benzyloxycarbonyl)¥L-asparty1-
L-phenylalanine methyl ester (Z-L-Asp-L-Phe-OMe), which
is the dipeptidyl precursor of the artificial sweetener

. aspartame., Using any one.bf many known téchhiques

15 (see, e.g. Lindeberg, G., J. Chem Ed. 64: 1062-1064
(1987)) the L-aspartic acid in the synthesized
dipeptidyl precursor can be deprotécted by the removal
of the benzyloxycarbonyl (Z-) group to produce

~ aspartame ({L-Asp~L~-Phe-OMe) .

20 In a second exanmple of the method and practice of
the present invention, the enzyme thermolysin was used
to produce thermolysin CLECs. The activity and
stability of thermolysin CLECs were compared to that of
soluble thermolysin under optimum conditions and

25 conditions of extreme pH and temperature, following
incubation in the presence of organic solvents and
following incubation in the presence'of exogenous
protease. '

: The enzyme thermolysin was crystallized from a

30 solution of 1.2M calcium acetate and 30% dimethyl
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25
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TABLE 19 - Asparagi nase Activity

-83-3 : N
Absor bance 340 nm Time (mn) : CLEC sol ubl e Enzyne
0.0 1. 000 _ 1. 000 2 1.0 0. 867
0.825 3 3.0 0. 739 0.684 4 . 5.0
0. 603 0.538 5 10.0 0. 502 - 0.406 6
15.0 0.449 - ° 0.338 -44-

A particUlar_appliéation of the present method is
the heparin lyase system for blood. dehaparinization
(Bernstein et al., Methods in Enzymology 137: 515-529
(1987)), which is discussed below.

All extracorporeal devices perfused with blood,
such as kidney dialysis, continuous arteriovenous
hemofiltration or extracorporeal membrane oxygenators,

require heparinization of the patient to avoid blood

clotting. However, heparinization of the patient leads
to hemorrhagic complications and remains a threat to
human safety. These problems increase as the peffusion
times increase, for example with the membrane _ -
oxygenator, and can lead to serious bleeding. Aft.r
extracorporeal therapy, heparin ﬁay be removed from
blood by employing a heparinase device at the effluent
of the extracofporeal device which eliminates all
heparin from the blood returned to the patient and thus
avoids the current problems. of heparinization.
Published research (Langer et al. Science 217:
261-263 (1982)); Bernstein et al., Methods in
Enzymology 137: 515-529 (1987)), details the problems
presented by conventionally immobilized enzymes used in
extracorporeal devices. The principal problem is that
convéntional immobilization results in a low retention
of enzyme activity per unit volume, thus requiring a
large volume of immobilized enzyme to perform the
necessary heparinization. This volume is too large to
be of practical use in humans, However, the high
retention of activity per unit volume in CLECs, due to
the lack of inert support circumvents this problem and




30.0 0.328 - - 0.199 8 45. 0

7.
0. 211 - 0.187 ' - 84- Equi val ent s
Those skilled in the art will recognize or be able to ascertain, using no

nore than routi ne

10

15

20

25

- 5=

offers a practical solution to dehepatinization of

humans. The enhanced stabiiity cf CLECs will reduce the
disassociation of enzyme from the crosslinked crystal.
This is superior to the less stable, conventionally
immobilized enzymes, because immune responsas resulting
from enzyme leakage will be resduced. CLEC temperature
stability prevents denaturaticon of the enzyme due to
high transient temperatures dﬁring storrgye; it is '
likely that CLECs may retain high activity, even when
stored at room temperature. In addition, CLECs will be
cheaper and more convenient to use than their
conventicnally immobilized counterparts because of
their longer cperational and storage lifetimes.

Additional applications of CLEC technology: biosensors

A CLEC or a set of CLECs can be used as a
component of a sensor, referred to as a biosensor,
useful for detecting and/or quantitating an analyte of .
interest in a fluid, such as body fluid (e,g.,'blood,
urine), chemical and laboratory reaction media, organic
media, water, culture medium and beverages. In some
instances, the fluid in question can be a gas, as in an
alcohol breath analyzer (Barzana, E., Klibanov, A., and
Karell, M., NASA Tech Briefs 13:104 (1989)). 1In this
application an appropriately-selected CLEC or set of
CLECs. is brought ihto contact with a fluid to be
analyzed for the analyte of interest. The analyte of
interest can be measured directly (e.g., blood glucose
level) or indirectly (e.g., by detecting or _
quantitating a substance which is a reactant (product -

e




experinmentation, many equivalents to the specific materials and conponents
described herein. Such equivalents are intended to be enconpassed in the

scope of the follow ng clains. _ _ 85

~h B

or substrate) in a reaction in which the analyte of
interest participates). In eitiher case, the CLEC is
able to act upon the analyte or the substance which is
a reactant in a reaction in which the analyte also
5 ' participates. The activity of the enzyme results in a
' detectable change (e.g., change in pH, production of
light, heat, change in electrical potential) which is.
detected and/or guantitated by an appropriate detecting
- means (e.g., pH electrode, light or heat sensing
10 device, means for measuring electrical charge) (Janata,
J., et al., Anal. Chem. 62: 33R-44R (1990)). Any means
useful for detecting the change resulting from the '
enzyme-catalyzed method can be used. A biosensor of
the present invention includes a CLEC or set of CLECs
15 and a retaining means.for the CLEC which allows contact
. between the CLEC{(s) and the ahalyte of interest or the
substance in the fluid which is a reactant in the
reaction in which the analyte of interest participates.
Table 4 illustrates some of the biosensor
20 applications in which CLECs could be used. Currently
| immobilized .enzymes are used in these applications, but
‘suffer from low stability, low enzyme density, short
lifetimes and lack of reproduqibility. These examples
can be readily adapted to the CLEC technology disclosed

25 here.




CLAI N5 1. A protein crystal crosslinked wth a

mil ti functional crosslinking agent, said crosslinked protein crystal being
characterized in that it has resistance to exogenous proteolysis, such that
said crosslinked protein crystal retains at |least 91%of its stability, as
- measured in terns of degradation, after incubation for three hours in the
presence of a concentration of Pronase[erT] that causes the soluble

uncrosslinked fQif0dfchdiyd rd=ain aAhBat1i 8 CkX5L#! | hR@dsubsequently
immobilized by cross-linking with glutaraldehyde
(Quiocho and Richards, Proc. Natl. Acad. Sci. (Usa)
. 52:833-839 (1964)). In this exemplification, the
5 microcrystals of thermolein obtained above were
centrifuged and pelleted, and the supernatant was
discarded. 5 ml of 17.5% technical grade
glutaraldehyde, in 2.5 % DMSO, 0.05M calcium acetate,
and 0.025M sodium cacodylate at pH 6.5, were then added
10 - to the microcrystals. The mixture was incubated with
gentle agitation at 37°C for 4 hours. The crosslinking
reaction was stopped by repeated washing of the
crystals with 10 ml aliquots of water to remove the
glutaraldehyde solution. The washed cross-linked
15 thermolysin crystals constitute the»thérmolysin CLEC
used below as a catalyst. |

Synthesis of Z-Asp-Phe-OMe in an agueous solution

5 ml of a thermolysin CLEC suspension were added
to a continuous stirred-batch reactor incubated at
20 37°C. After centrifugation and decantation of the
” supernatant, an agueous reaction mixture was added to
the CLECs. This solution was prepared by mixing 80 mg
of Z-L-Asp and 80 mg of L-Phe-OMe-HCl in 1 ml of water,
with acetic acid added to obtain a pH of 7.0. Samples
.25 : were taken for analysis by HPLC. Table 6 below shows
| the HPLC peak height of the Z-L-Asp substrate peak
after the indicated time of reaction, normalized to 1
at time t=0. Since 2-L-Asp is'rate limiting in this
reaction, measuring its depletion is equivalent to




to formsardprotern—<e+ystal that is crosslinked to | ose at | east 94% of

i t's st abi s”"m in terns of degradation, under the sane

condi tion ”’Wlnmm,"m’ An enzyme crystal crosslinked with a

mul ti functi‘ondl éro%sl#nkung agent, said crosslinked enzyme crystal being
characterized in that it has resistance to exogenous proteolysis, such that
sai-d cr stal retains at 8%ast 91%of its initial
activityy afgﬂg{ﬂ cu _';‘? for three hours in the presence of a

concentr [r] t hat causes the sol ubl e uncrosslinked form of
t he enzynémlﬂﬂl l
crosslln

tallized to formsaid enzyne cryst aVPII?®-018\
condi ti ons.

least 94%of its initial activity uSdegaporesane
CLAIM

We Claim:

1. A protein crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
protein crystal having resistance to exogenous
proteolysis, such that said crosslinked prqtein.crystal
retains at least 91%.of its initial activity after
incubation for three hours in the presence of a
concentration of Pronase™ that causes the soluble
uncrosslinked form of the protein that is crystallized
to form said protein crystal that is crosslinked to
-lose at least 94% of its initial activity under the
‘same conditions. |

2. The crosslinked crystal according to

claim 1, wherein said protein is an enzyme.

3. The crosslinked crystal according to

claim 2, wherein said enzyme is a hydrolase.

4. The crosslinked crystal according to
Claim 3, wherein said hydrolase is selected from the
group consisting of thermolysin, elastase,
asparaginase, lysozyme and urease.

5. The crosslinked crystal according to
claim 4, wherein said hydrolase is thermolysin.

6. The crosélinked_crystal according to

_élaim 4, wherein said hydrolase is urease. REPLACEMENT'SHEE?
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. The crosslinked crystal according to

claim 4, wherein said hydrolase is asparaginase.

8.

The crosslinked crystal accordlng to

claim 4, wherein said hydrolase is lysozyme.

9.

The crosslinked crystal éccording'to

claim 3, wherein said hydrolase is esterase.

10.

The crosslinked crystal according to

claim 4, wherein-said hydrolase is elastase.

11.

The crosslinked crystal according to

claim 3, wherein said hydrolase is lipase.

12.

claim 1 or 2,

is 1:40.

13.

- ¢claim 1 or 2,

' The crosslinked crystal according to
wherein the protein: Pronase™ molar ratio

The crosslinked crystal according to

said crystal having a cross-section of
1

approximately 10~ mm.

14,
claim 1 or'2,
less than 10

15.

'clalm 1l or 2,
form. '

le6.

The crosslinked crystal according to _
sald crystal having a cross section of

The crosslinked crystal according to
wherein said crystal is in lyophilized

A thermolysin crystal crosslinked with a

ﬁultifunctional.crosslinking agent, said crosslinked'

thermolysin crystal having resistance to exogenous

This Sheet Has Been Replaced
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claima1l, charactefizéd in that sai d-8terhr—t+sS—a-Emryne.
The crosslinked enzyne crystal acc r[H!S]gSHE&TcMﬁ #ﬁg\l(r 4,
that said enzynme is a hydrol ase. REPLAGED Thelcross

crystal according to claimb5, charadeterirzed—Th { hat -said h/d o?a%eUE ﬁ@?

selected fromthe group consisting of thernolysin, elastasg

har’DaLé\CEMEQIJdSHEET

ked enz

aspar agi nase,

| ysozyme, esterase, |ipase and urease. - 87 - 7. An enzyne crysta
crosslinked with a multifunctional crosslinking agent, saild-crosslinked

'-proteolysis,_such that said crosslinked thermolysin

crystal retains at least 98% of its initial activity
after incubation for at least three hours in fhe'_
presence of a concentration of Pronase™ that causes the
soluble uncrosslinked form of the thermolysin that is
cfystallized to form said crystal that is crosslinked
to lose at least 97% of its initial activity under the

same conditions.

17. A lysozyme crystal crosslinked with a
multifunctional crosslinking agént, said crosslinked
lysozyme crYstal having resistance to exogenous
proteolysis, such that said crosslinked lysozyme
crystal retains at least 91% of its initial activity.
after incubation for at least three hours in the
presence of a concentration of Pronase™ that causes the
soluble uncrosslinked form of the lysozyme that is
crystallized to form said crystal that is crosslinked
to lose at least 94% of its initial activity under the.

same conditions.

18. An aspéraginase crystal crosslinked with
a multifunctional crosslinking agent, said crosslinked
asparaginase crystal having resistance to exogenous
proteolysis, such that said crosslinked asparaginase
crystal retains at least 91% of its initial activity
after incubation for at least three hours in the
presence of a concentration of Pronase™ that causes the
soluble uncrosslinked form of the asparaginase that is
crystallized to form said crystal that is crosslinked
to lose at least 94% of its initial activity under the

same conditions.
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(A llll Ly



enzyrne crystal

. being éharacterized I ‘W't"f i t—teast pOSLof—the
catalytic activity of the sol ubl e ung r%@%ﬂﬁﬁ@&ﬂ%oﬁﬁﬁl\b theﬁWEﬁﬁE&ﬁ" $!$EET

crystallized to formsaid enzyne crygtal tRERLACEDcrossli nkefl, ntreret-r—sei-d

ha

- crosslinked enzynme ‘crystal has a cross- section of Tess than 10besrjzfmmgy
8. The crosslinked enzyme crystal according to claim7, chprécterized ih

that said enzynme is a hydrol ase. - 88 -

19. An esterase crystal crosslinked with a
multifunctional crosslinking.agent,'said crosslinked
esterase crystal having'resistance to exogenous '
proteolysié, such that said crosslinked esterase
crystal retains at least 91% of its initial activity
after incubation for at least three hours in the
presence of a concentration of Pronase™ that causes the
soluble uncrosslinked form of the esterase that is
crystallized to form said crystal that is cfosslinked

- to lose at least 94% of its initial activity under the

same conditions.

20. An elastase crystal crosslinked with a
multifunctional crosslinking agent,'said crosslinked
elastase crystal having resistance to exogenous
proteolysis, such that said crosslinked elastase
crystal retains 100% of its initial activity after
incubation for at least three hours in the presence of
a concentration of Pronase™ that causes the soluble
uncrosslinked form of the elastase that is crystallized
to form said crystal that is crosslinked to lose more
than 98% of its initial activity under the same
conditions.

21. A lipase crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
lipase crystal haVing resistance to exogenous
proteolysis, such that said crosslinked lipase crystal
retains at least 91% of its initial activity after

incubation for at least three hours in the presence of

"a concentration of Pronas_em that causes the soluble .

uncrosslinked form of the lipase that is crystallized

to* form said crystal that_is crosslinked to lose at
__________————~——-—”
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characterized in that said hydrol asp is sRHPEACER fronh the gfodp consistin
of thermolysin, elastase, asparagi nase, TySOZyme,—esSterase, ]| ipdsd ﬁhﬁéﬂﬁ?
ur ease. 10. The crosslinked crystal according t one of

clains 1-9, characterized in that said cryss@al-is a mcrocrystal.

least 94% of its initial activity under the same

conditions.

22. An enzyme crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
| enzyme crystal having at least 50% of the catalytic
activity of the soluble uncrosslinked form of the
enzyme that is crystallized to form said crystal that
is crosslinked. '

23. The crosslinked crystal according to
claim 22, wherein said enzyme is selected from the
group consisting of thermolysin, elastase,

asparaginase, lysozyme, urease, esterase and lipase.

24, A protein crystal crosslinked with a
-multifunctional crosslinking agent, said crosslinked
protein crystal having greater half-life of activity
than that of the soluble uncrosslinked form of the
protein that is crystallized to form said protein
crystal that is crosslinked after incubation in a mixed

' 50% aqueous/organic solvent for at least one hoﬁr.

25. The crosslinked crYstal according to
claim 24, wherein said protein is :an enzyme.

26. The crosslinked crystal according to
claim 25, wherein said enzyme is selected from the
group consisting of thermolysin, elastase,

asparaginase, lysozyme, urease, esterase and lipase.

27. A protein crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked

protein crystal having stability in a mixed 50% (v:v)

This Sheet Has Been Replaced
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11. The crosslinked crystal accofding to any one of clains

ﬁ%"%ﬂﬁﬁﬁfﬁw SHEET

characterized in that said crystal ross-section of a

10[err] mm - '12. The cro §HiSnBHEETCHxxstEE|EN ccor di T o any—ore—ef
claims 1-6, characterized in that ﬂald CTAEPLACENAS @ jcross- e,tgqg BEC iegp
than 10 [err] nm ' 13. st al cprding to any

one of clains 1-12, characterized in that-sgmd-crystal Is ijn ['yophtTTzed
form - 14. A nethod of producing a selected prodquct using a
pr ot ei n, characterlzed in that it conprises the

aqueous/organlc solvent, such that said crossllnked

protein crystal retains at least 40% of its initial
activity following incubation in said solvent for at

least one hour.

-28." The crosslinked crystal according to
claim 27, wherein said protein is an enzyme.

_ 29. The crosslinked crystal according to
claim 28, wherein said enzyme is selected from the
group consisting of thermolysin, elastase,

asparaginase, lysozyme, urease, esterase and lipase.

30. A protein crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
protein crystal having an enhanced pH activity profile
as compared with the soluble uncrosslinked form of the
protein that is crystéllized to form said protein
-érystal that is crosslinked.

31. The crosslinked crystal according to
claim 30, said crystal having greater stability at an
alkaline pH than the soluble uncrosslinked form of the
protein that is crystallized to form said protein
crystal that is crosslinked.

32. The crosslinked crystal according to
claim 30 or 31, wherein said protein is an enzyme.

33. The crosslinked crystal according to
claim 32, wherein said protein is an enzyme selected
from the group consisting of thermolysin, elastase,

asparaginase, lysozyme, urease, esterase and lipase.

. This Sheet Has Been R
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a) conbi ni ng at | east one substrate and at éE%S[ arre
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34. A.protein crystal crosslinked with a
multifunctional'crosslinking agent, said crosslinked
protein crystal having greater stability at high
temperature as compared with the soluble uncrosslinked
form of the protein that is crystallized to form said
protein crystal that is crosslinked.

35. The crosslinked crystal according to
claim 34, wherein said protein is an enzyme..

| 36. The crosslinked crystal according to -
claim 35, wherein said enzyme is selected from the
group consisting of thermolysin, elastase, '

asparaginase, lysozyme, urease, esterase and lipase.

37. . The crosslinked crystal according to
claim 34, wherein said high temperature is
approximately at least 55°C.

38. The crosslinked crystal according to
claim 34, wherein said high temperature is

approximately at least 65°C.

39. A_device_compriSing a crosslinked enzyme
crystal according to any one of claims 2, 3, 22, 25,

28, 32 or 35 and a retaining means for said crosslinked

enzyme crystal, said retaining means consisting of a
material which allows contact between said crosslinked
enzyme crystal and a substrate upon which the enzyme

acts, the substrate being present in a fluid.

40. A biosensor for detecting an analyte of

interest in a fluid, comprising:
T

Tﬁﬁﬂtﬁii!ﬂiflnlﬁ!ill i




b) ‘mai ntai ning the conbination produced in step a) unde

pernmt said protein to act upon t12-Ey eby pr
sel ect ed product. 15 H Qé%n Zzled nmeth
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sel ected product, characterized i b_tha s t he
conmbi ning at | east one substrate and at Ieast one enzyne

t he substrate, said enzyne being a crossld f&d enzyme cry
any one of clainms 2, 5, 6, 7, 8 or 9; and - b) mai nt

conbi nati on produced in step a) under conditions which p
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to act upon the subsaratea chesebynpeddevizyget heysthécaedopddage tto any
or 35,

. ' ,m"c, mm '""" "IM m, " wherein the enzyne present acts on thé

analyte of interest or on a reactant in a

_one of claims 2, 3, 22, 25, 28,

32,

reaction in which the analyte of interest

participates; and

b) a retaining means for said crosslinked enzyme

crystal, the retaining means consisting of a

- material which allows contact between said

HasBeenReplaced” | crosslinked enzyme crystal and a fluid,

said

\\\\\\\\\\\\\\\\\\\l\\l\\ Fiuid contatning sithes (1) the snslyte upon

which the enzyme acts or (2) a reactant in a

reaction in which the analyte participates.

41. The biosensqr according to qlaim 40,

said biosensor further comprising a detecting means.

42. The use of a biosensor according to

claim 40 for detecting an analyte of interest in a

fluid, wherein said analyte of interest. is selected

from the group consisting of: glucose, creatinine,

urea, lactate, glucose-6-phosphate, sucrose, ATP,

ethanol, acetic acid, formic acid, cholesterol, uric

acid, methotrexate, carbon dioxide, amino acids,

phosphates, penicillins, nitrates, nitrites,

and succinate.

43. The biosensor according to claim 40,

said crosslinked enzyme crystal being a luciferase

sulphates

crystal, wherein the luciferase acts on the analyte of

interest or on a product of a reaction in which the

analyte of interest participates and said retaining

means consists of a material which allows contact

'between_said_crosslinkéd luciferase crystal and a



16. The net hod according to claim 14 or 15, characterized i

product is selected fromthe group gers+std pept{ des
and | i pids. 17. The met 155%@55?&% BEEN| ai
characterized in that the condition$ in sRERLABEDI ncl ude

-5 and about 10. 18. The Tetnod accorarng to n114 or 15
characterized in that said substrate is an QBganlc pol y .
A net hod of producing aspartane

fluid, said fluid containing either (1) the analyte
upon which the luciferase acts or (2) the product of a

reaction in which the analyte participates.

44, An extracorporeal device for use in
altering a component of a fluid comprlslng _

a) a crossllnked enzyme crystal according to any
one of claims 2, 3, 22, 25, 28, 32, or 35,
wherein the enzyme present acts on the
component or on a reactant in a reaction in
"which the compbnent.participates;:and

b) a retaining means for said crosslinked enzyme
crystal, said retaining means consisting of a
material which allows contact between said
crosslinked enzyme crystal and a fluid, said
fluid containing either (1) the component
upon which the enzyme acts or (2) the product
of a reaction in which the component
participates. '

45, The use of an extracorporeal device
according to claim 44hfor altering a component of a
fiuid, wherein said component is selected from the
group consisting of: asparagine, heparin, bilirubin,
methotrexate, amino acids, urea and ammonia.

46. A device for use in producing a selected
product, comprising én enzyme in the form of a
crqsslinked enzyme crystal according to any one of
claims 2, 3, 22, 25, 28, 32 or 35 and a retaining means
for said crosslinked enzyme crystal.
\
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characterized in that it conprises the steps of:

a) conbi-ning two peptides ane slin eﬂEPhﬁEﬂM&N&nSﬁEET
- crystal according to claim6 or 9

.'\89 -

tihe $HREEStHARMBEENG havijng

Z-L-Asp and the second peptlde havj ng t hgpf ArEDM @ L-|Phe-C ?lr;q(ﬂﬂtt 1997

condltlons

- 94 -

47. A method for producing a selected
product using an enzyme, said method being
characterized by the steps of:

(a) combining at'least one substrate and at least
one enzyme which acts upon the substrate, said enzyme
being a crossllnked enzyme crystal according to any one
of claims 2, 3, 22, 25, 28, 32 or 35, and

' (b) maintalnlng the combination produced in step
(a) under conditions which permit said protein to act
updn the substrate, thereby producing the selected
product. |

48. The method according to claim 47,
wherein said product is selected from the group
donsisting of chiral organic molecules, peptides,

carbohydrates and lipids.

49. A method for producing aspartame -
comprising the steps of:

a) combining two peptides and the crosslinked
thermolysin crystal according to claim 5, the first
peptide having the forﬁula Z-L-Asp and the second
peptide having the formula L-Phe-OMe, under conditions
appropriate for condensation of the two peptides
through action of said crosslinked thermolysin crystal,
thereby producing a partially protected dipeptide of
the formula Z-L-Asp-L-Phe-OMe, wherein Z represents a
benzyloxycarbonyl group, and

b) - removing said benzyloxycarbonyl group from
sald dipeptide, thereby producing aspartame.
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P REPLACEMENT SHE
appropriate for condensation of the two peptides through actic¢k4#—4;uﬂljiffT

crosslinked thernolysin crystal, thereby producing a parti aljly qthggke%ﬂ

di peptide of the fornmula Z-L-Asp-L-Phe-OVe, wherein Z repregerts” a Vi3s

benzyl oxycar bonyl group, and b) renovi ng sai d benzyl ¢xyearborw

group from sai d dipeptide, thereby produ8fng aspartane. 4 20. A
0

Botor i gt o RABStAL®ARd SPWEVAFAINEE FUSIOn. BE. REATICH O Trad Pery ot ae
?ccording tofﬁﬁbﬁ?%?igdCéﬂi?ﬁe2ga§ti§1e7(Qﬁiﬁbﬂﬁt‘¥ﬂhf%Ffﬁﬁi”ing nean372u1
or said crosslinked proteln or &nzynme crystal, said refa ans.
consi sting ofRishands oF -¥Mni cBiarheRistsNt abf 5&ﬁ&ﬁﬁpiéjbf%€g§£$inked
protein or eRhdhdddSéatyapfedeftBsbEalferitoRadridr tie thetein or enzyne
acts, the Su%ﬂﬂéﬁfﬁ 5239e85332”£artic1es increases the mean free
path between the solvent exterior of the immobilized
enzyme particle and the active site of the enzyme
catalyst and thus exacerbates these diffusion problems.
When' dealing with immobilized cells, the diffusion
" problem is particularly severe, even if cell walls and
; membranes are made permeable to substrate and product
| in some way. One would further be concerned with the
multitude of contaminating enzymatic activities,
metabolites, and toxins contained in cells, and with
. the stability of cells in harsh solvents or extreme
temperature operating environments. An improved
immobilization technigue which avoids the limitations
of the presently available methods would be helpful in
promoting the use of enzymes as industrial catalysts,
particularly if it were shown to be useful on a large
scale (Daniels, M.J., Methods in Enzymology 136:
371-379 (1987)).
summary of the Invention

In accordance with a first aspect of the present
invention, there is provided

a protein crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
protein crystal being characterized in that it has
resistance to exogenous proteolysis, such that said
crosslinked protein crystal retains at least 91% of its
stability, as measurédlin terms of degradation, after
incubation for three hours in the presence of a
concentration of Pronase™ that causes the soluble
uncrosslinked form of the protein that is crystallized
to form said protein crystal that is crosslinked to
lose at least 94% of its stability, as measured in
terms of degradation, under the same conditions.

Y2553~ b
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in a fluid. 21. A biosensor for detecting an anal yte of

interest in a fluid, characterized in that it conprises: ) a
crosslinked protein crystal according to any ong %#P¢AQ§NENT1$HEET
or 4, or a crosslinked enzyme. crystal according{t¢ any one of
cl ai s 2, 5, 6, 7, 8 or 9, wherein the protein ¢or| g2 JUN 1809
enzyme present acts on the anal yte of

-5a-

'In accordance with a second aspect of the present
invention, there is provided

_ an enzyme crystal crosslinked with a
multifunctional_crosslinking agent, said crosslinked
~ enzyme crystal being characterized in that it has
resistance to exogenous proteolysis, such that said
crosslinked enzyme crystal retains at least 91% of its
initial activity after incubation for three hours in
the presence of a concentration of Pronase™ that causes
‘the soluble uncrosslinked form of the enzyme that is
crystallized to form said enzyme crystal that is
crosslinked to lose at least 94% of its initial
activity under the same conditions.
In accordance with a third aspect of the present
invéntioh; there is provided .
an enzyme crystal crosslinked with a
multifunctional crosslinking agent, said crosslinked
enzyme crystal béing characterized in that it has at
least 50% of the catalytic activity of the soluble
uncrosslinked form of the enzyme that is crystailized
to form said enzyme crystal that is crosslinked,
| wherein said crosslinked énzyme crystal has a cross-

section of less than 10~ % mm.

The present invention relates to a method of
immobilizing an enzyme by forming crystals of the
enzyme and, generally, also cross linking the resulting
crystals through use of a bifunctional reagent;
cross-linked immobilized enzyme crystals (referred to
as CLECs or CLIECs) made by this method; the '
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interest or on a.reactant in ar

« 90 - eactio :

the anal yte of interest participates; - and bm hEELAQQW§NEi§§€%f
means for said crosslinked protein or enzyme crystfal, the_

r et ai ni ng means consisting of a material which ﬁllowﬁﬁ JUN 1999 L
contact between said crosslinked protein or enzyng_crystal and

fluid, said fluid

containing either (1) the ana

the protein or enzyne acts or (2) a rea@%m

whi ch the anal yte

partici pates.

CLAIMS

in

yte upon wn
a reaction

I ch
in

1. A protein crystal crosslinked ‘with a

multifunctional crosslinking agent, said‘crossfinked

protein crystal being characterized in that it has

resistance to exogenous proteolysis,

such that said

crosslinked protein crystal retains at least 91% of its

stability, as measured in terms of degradation, after

incubation for three hours in the presence of a

concentration of_Pronase“ that cauées the soluble

uncrosslinked form of the protein that is crystallized

to form said protein crystal that is crosslinked to

lose at least 94% of its stability, as measured in

terms of degradation, under the same conditions.

2. An enzyme crystal crosslinked with a

multifunctional crosslinking agent, said crosslinked

enzyme crystal being characterized in that it has

resistance to exogenous proteolysis, such that said

crosslinked enzyme crystal retains at least 91% of its

initial activity after incubation for three hours in

the presence of a concentration of Pronase™ that causes

the soluble uncrosslinked form of the enzyme that is

crystallized to form said enzyme crystal that is

crosslinked to lose at least 94% of its initial

activity under the same conditions.

T
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22. The biosensor according to claim 21, characterized
bi osensor further conprises neans for detecting the acti
protein or enzyme on said anal yte or reactant.

bi osensor according to claim?21, characterized in that 4
protein or enzyme crystal is a luciferase crystal, whereé
acts on the analyte of interest or on a product of a reg
anal yte of interest participates and sai @6retai ni ng nearn

SR AGEMENT SHEET
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aild gBodbH; 9884
in the luciferade
ction in which the
s consists of a

mat eri al which all ows contact between said crosslinked
and a fluid, said fluid containing either (1) the anal yt

uci ferase crystal
e upon which the

luci ferase acts or (2) tHhe prﬁ%“@ro@sﬁrﬁfe@f%z@%éarﬁ. \@H&;}éﬂ% a@oal yte

claim 1 or 2, characterized in that the
protein:Pronase™ molar ratio is 1:40.

4, The crosslinked crystal according to

claim 1, characterized in that said protein is an

enzyme.

5. The crosslinked enzyme crystal according

to claim 2 or 4, characterized in that said enzyme is a

hydrolase.

6. The crosslinked enzyme crystal according

to claim 5, characterized in that said hydrolase is

selected from the group consisting of thermolysin,

elastase, asparaginase, lysozyme, esterase,
urease.

lipase and

7. An enzyme crystal crosslinked with a

multifunctional crosslinking agent, said crosslinked

enzyme crystal being characterized in that
least 50% of the catalytic activity of the

it has at
soluble

uncrosslinked form of the enzyme that is crystallized

to form said enzyme crystal that is crosslinked,

wherein said crosslinked enzyme crystal has a cross-

section of less than 10™ ' mm.

8. The crosslinked enzyme crystal according

to claim 7, characterized in that said enzyme is a

hydrolase.

KR RO oy
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Jarticipates. - 91 -
use of a biosensor according to claim 21 for detecting 4§
interest in a fluid, characterized in that said anal yte
selected fromthe group consisting of: glucose,
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9. The crosslinked enzyme crystal according

to claim 8, characterized in that said hydrolase is

selected from the group consisting of thermolysin, -

elastase, asparaginase, lysozyme, esterase, lipase and

urease.

10. The crosslinked crystal according to any

one of claims 1-9, characterized in that said crystal

is a microcrystal.

11. The crosslinked crystal according to any

' one of claims 1-6, characterized in that said crystal

has a cross-section of approximately 107 mm.

12. The crosslinked crystal according to any

one of claims 1-6, characterized in that said crystal

has a cross-section of less than 107! mm.

13. The crosslinked crystal according to any

one of claims 1-12, characterized in that said crystal

is in lyophilized form.

14. A method of producing a selected product

using a protein, characterized in that it comprises the

steps of:

a) combining at least one substrate and at least

one protein which acts upon the substrate,

said protein

being a crosslinked protein crystal according to any

one of claims 1, 3 or 4; and

*
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Ccreatinine,
acetic acid,

urea, lactate, glucose-6-phosphate, sucrose, pAFRr—etharots

formc acid, cholesterol, uric acid, nethotreﬁEPbACEMENiM$HEET

di oxi de, am no acids, phosphates, penicillins, nitrates, |nigr+tes;

sul phat es and succi nat e. 25. An extracor poredl deaglchuf?,pmggse
in altering a conponent of a fluid characterized in that |it ﬁprlses

a) a crosslinked protein crystal according to any—ome—of—ctat'ns
1, 3 or 4, a crosslinked enz88re- crystal accqrding to any one
of clains 2, 5 6, 7, 8 or 9, wherein the protermmor

enzynme present acts on the conponent or on a reactant in a

reaction in which Hpe co
retai ni ng neans for Eal

a) under conditions which permit said protein to act
upon the substrate, thereby producing the selected
product.

15. An enzyme-catalyzed method of producing
a selected product, characterized in that it comprises
the steps of:

a) combining at least one substrate and at least
one enzyme which acts upon the substrate, said enzyme
being a crosslinked enzyme crystal according to any one
of claims 2, 5, 6, 7, 8 or 9; and

b) maintaining the combination produced in step
a) under conditions which permit said enzyme to act
upon .the substrate, thereby producing the selected
product.

16. The method according to claim 14 or 15,
characterized in that said product is selected from the
group consisting of peptides, carbohydrates and lipids.

17. The method according to claim 14 or 15,
characterized in that the conditions in step b) include

a pH between about 5 and about 10.

18. The method according to claim 14 or 15, 
characterized in that said substrate is an organic

polymer.

19. A method of producing aspartame
characterized in that it comprises the steps of:

_—
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protein or enzyme crystal, said retaining
mat eri al which all ows

cont act between said cr

nea

SHEPLINOEMENWOSHEET q

hd

enzyme crystal and a fluid, said fluid cont ai |r" e-ther—{1y
conponent upon mhlch the protein or enzyme acts gzyuﬁhg
product of a reaction in which the conponent arijt pat es
- 89 -
a) combining two peptides and a crosslinked

thermolysin crystal according to
first peptide having the formula

peptide having the formula L-Phe-

claim 6 or 9, the

Z-L-Asp and the second

OMe, under conditions

appropriate for condensation of the two peptides

through action of said crosslinked thermolysin crystal,

thereby producing a partially protected dipeptide of

the formula Z-L-Asp-L-Phe-OMe, wherein Z represents.a

behzyloxycarbonyl group, and

b) removing said benzyloxycarbonyl group from

said dipeptide, thereby producing aspartame.

20. A device characterized in that it

comprises a crosslinked protein crystal according to

any one of claims 1, 3 or 4, or a crosslinked enzyme

crystal according to any one of claims 2, 5, 6, 7, 8 or

9, and a retaining means for said crosslinked protein

or enzyme crystal, said retaining means consisting of a

material which allows contact between said crosslinked

protein or enzyme crystal and a substrate upon which

the protein or enzyme acts, the substrate being present

in a fluid.

21. A biosensor for detecting an analyte of

interest in a fluid, characterized in that it

comprises:

a) a crosslinked protein crystal according to

any one of claims 1, 3

or 4, or a crosslinked

enzyme crystal according to any one of claims

2, 5, 6, 7, 8 or 9, wherein the protein or

enzyme present acts on

the analyte of

‘] RN O 1
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;'92 - _26.'The use of an extracorporeal devi cH ﬁ
claim25 for altering a component of a fluid, characterizgd E
conponent is selected fromthe group consisting of: asparagi

bi lirubin, methotrexate, amno acids, urea and ammoni a.
use of device according to claim20 for altering a conmpon

UIUIl

rLAGEAAH\HaSHEET

ne nepou min

JUnIZQggT el

bn of a fl ul

characterized in that said conponent is §§I§cted from the
of : asparagi ne, heparin, bilirubin, nethdtrexate, amno a

Ci ds,

group consistiny

urea and

anmoni a.

interest or on a reactant in a reaction in

which the analyte of interest participates;

and

b) a retaining means for said crosslinked

protein or enZyme'crystal, the retaining

means consisting of a material which allows

contact between said crosslinked protein or

enzyme crystal and a fluid, said fluid

containing either (1) the analyte upon which

the protein or enzyme acts or (2) a reactant

in a reaction in which the analyte

participates.

22. The biosensor according to claim 21,

characterized in that said biosensor further comprises

means for detecting the activity of said protein or

enzyme on said analyte or reactant.

23. The biosensor according to claim 21,

characterized in that said crosslinked protein or

enzyme crystal is a luciferase crystal, wherein the

luciferase acts on the analyte of interest or on a

product of a reaction in which the analyte of interest

participates and said retaining means consists of a

material which allows contact between said crosslinked

luciferase crystal and a fluid, said fluid containing

either (1) the analyte upon which the luciferase acts

or (2) the product of a reaction in which the analyte

participates.

'_\
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24. The use of a biosensor according to
claim 21 for detecting an analyte of interest in a
fluid, characterized in that said analyte of interest
is selected from the group consisting of: glucose,
créatinine, urea, lactate, glucose-6-phosphate,
sucrose, ATP, ethanol, acetic acid, formic acid,
cholesterol, uric acid, methotrexate, carbon dioxide,
amino acids, phosphates, penicillins, nitrates,
nitrites, sulphates and succinate.

25. An éxtracorporeal device for use in
altering a component of a fluid characterized in that
it comprises:

a) a crosslinked protein crystal according to
any one of claims 1, 3 or 4, or a crosslinked
enzyme cryétal according to any one of claims
2, 5, 6, 7, 8 or 9, wherein the protein or
enzyme present acts on the component or on a
reactant in a reaction in which the component
~participates; and

b) a retaining means for said crosslinked
protein or enzyme crystal, said retaining
means consisting of a material which allows
contact between said crosslinked protein or
enzyme crystal and a fluid, said fluid
containing either (1) the component upon
which the protein or enzyme acts or (2) the
product of a reaction in which the component

participates.
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26. The use of an extracorporeal device
according to claim 25 for altering a component of a
 fluid, characterized in that said component is selected
from the group consisting of: asparagine, heparin,

bilirubin, methotrexate, amino acids, urea and ammonia.

27. The use of device according to claim 20
for altering a component of a fluid, characterized in
that said component is selected from the group
consisting of: asparagine, heparin, bilirubin,

" methotrexate, amino acids, urea and ammonia.

OB




