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(57) ABSTRACT 

The present invention relates to crosslinked protein crystals 
characterized by the ability to change from insoluble and 
stable form to soluble and active form upon a change in the 
environment of said crystals, said change being selected 
from the group consisting of change in temperature, change 
in pH, change in chemical composition, change from con 
centrate to dilute form, change in oxidation-reduction poten 
tial of the solution, change in the incident radiation, change 
in transition metal concentration, change in ?ouride concen 
tration, change in free radical concentration, change in metal 
chelater concentration, change in shear force acting upon the 
crystals and combinations thereof. According to one 
embodiment of this invention, such crosslinked protein 
crystals are capable of releasing their protein activity at a 
controlled rate. This invention also provides methods for 
producing such crosslinked protein crystals, methods using 
them for protein delivery and methods using them in clean 
ing agents, including detergents, pharmaceutical composi 
tions, vaccines, personal care compositions, including cos 
metics, veterinary compositions, foods, feeds, diagnostics 
and formulations for decontamination. 
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CONTROLLED DISSOLUTION CROSSLINKED 
PROTEIN CRYSTALS 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention relates to crosslinked protein 
crystals characterized by the ability to change from insoluble 
and stable form to soluble and active form upon a change in 
the environment surrounding said crystals, said change 
being selected from the group consisting of change in 
temperature, change in pH, change in chemical composition, 
change from concentrate to dilute form, change in oxidation 
reduction potential of the solution, change in the incident 
radiation, change in transition metal concentration, change 
in ?ouride concentration, change in free radical concentra 
tion, change in metal chelater concentration, change in shear 
force acting upon the crystals and combinations thereof. 
According to one embodiment of this invention, such 
crosslinked protein crystals are capable of releasing their 
protein activity at a controlled rate. This invention also 
provides methods for producing such crosslinked protein 
crystals, methods using them for protein delivery, methods 
for using them in cleaning agents, including detergents, 
therapeutic formulations, pharmaceutical compositions, 
vaccines, personal care compositions, including cosmetics, 
veterinary compositions, foods, feeds, diagnostics and for 
mulations for decontamination. 

BACKGROUND OF THE INVENTION 

[0002] Proteins are used in a Wide range of applications in 
the ?elds of industrial chemistry, pharmaceuticals, veteri 
nary products, cosmetics and other consumer products, 
foods, feeds, diagnostics and decontamination. At times, 
such uses have been limited by constraints inherent in 
proteins themselves or imposed by the environment or 
media in Which they are used. Such constraints may result in 
poor stability of the proteins, variability of performance or 
high cost. In order for proteins to realiZe their full potential 
in the ?elds in Which they are used, they must be able to 
function Without excessive intervention by their surrounding 
environment. In the past, environmental elements have often 
posed barriers to the Widespread use of proteins. 

[0003] Various approaches have been employed to over 
come these barriers. HoWever, these approaches have 
incurred either loss of protein activity or the additional 
expense of protein stabiliZing carriers or formulations. 

[0004] One unique approach to overcoming barriers to the 
Widespread use of proteins is crosslinked enZyme crystal 
(“CLECTTM) technology [N. L. St. Clair and M. A. Navia, 
J. Am. Chem. Soc., 114, pp. 4314-16 (1992)]. Crosslinked 
enZyme crystals retain their activity in environments that are 
normally incompatible With enZyme function. Such envi 
ronments include prolonged exposure to proteases and other 
protein digestion agents, high temperature or extreme pH. In 
such environments, crosslinked enZyme crystals remain 
insoluble and stable. 

[0005] Protein solubility, leading to controlled release or 
dissolution of protein, is important in many industrial and 
medical ?elds. Such ?elds include those concerning clean 
ing agents, including detergents, pharmaceuticals, including 
therapeutics and vaccines, consumer and personal care prod 
ucts, veterinary products, foods, feeds, diagnostics and 
decontamination. Various approaches to controlled release 
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have been proposed. These include encapsulation, such as 
that described in US. Pat. Nos. 4,579,779 and 5,500,223. 
Other approaches include the use of mechanical or electrical 
feed devices and osmotic pumps. 

[0006] Controlled release in the pharmaceutical ?eld has 
been addressed by various means. US. Pat. No. 5,569,467 
refers to the use of sustained release microparticles com 
prising a biocompatible polymer and a pharmaceutical 
agent, Which is released as the polymer degrades. US. Pat. 
No. 5,603,956 refers to solid, sloW release pharmaceutical 
dosage units comprising crosslinked amylase, alpha amylase 
and a pharmaceutical agent. US. Pat. No. 4,606,909 refers 
to oral, controlled-release multiple unit formulations in 
Which homogeneous cores containing particles of sparingly 
soluble active ingredients are coated With a pH-sensitive 
erodable coating. US. Pat. No. 5,593,697 refers to pharma 
ceutical or veterinary implants comprising a biologically 
active material, an excipient comprising at least one Water 
soluble material and at least one Water insoluble material 
and a polymer ?lm coating adapted to rupture at a prede 
termined period of time after implant. 

[0007] The objective of controlled release of proteins, 
hoWever, must be balanced With the fact that the protein 
itself may not be stable under storage conditions. Protein 
stability may also be adversely affected by other components 
of the formulation in Which it is contained. For example, 
heavy duty liquid detergents constitute hostile environments 
for component enZymes. Such problems have been 
approached through the use of mutant subtilisin proteases, 
Which are said to have improved oxidative stability. See US. 
Pat. No. 4,760,025 and PCT patent application WO89/ 
06279. Proteins, the enZymes most Widely used in deter 
gents, catalyZe their oWn decomposition. Strategies such as 
the addition of protease inhibitors (e.g., borate With glycols) 
or the loWering of Water activity have been only partially 
effective. 

[0008] Another approach, described in US. Pat. No. 
5,385,959, is encapsulation of degradation-sensitive deter 
gent components in capsules of composite emulsion poly 
mers, Which permit dilution release thereof. US. Pat. No. 
5,286,404 refers to a liquid detergent composition said to 
have improved enZyme solubility While preserving enZyme 
activity. The improvement is attributed to chemical modi? 
cation of free primary amino groups in an enZyme solution 
via aldehyde treatment, acylation or alkylation. 

[0009] Despite such progress in protein technology gen 
erally, the need still exists for proteins Which are stable 
under conditions of storage, While active under conditions of 
use. 

DISCLOSURE OF THE INVENTION 

[0010] The present invention relates to crosslinked protein 
crystals characteriZed by the ability to change from an 
insoluble and stable form to a soluble and active form upon 
a change in the environment surrounding said crystals, said 
change being selected from the group consisting of change 
in temperature, change in pH, change in chemical compo 
sition, change from concentrate to dilute form, change in 
oxidation- reduction potential of the solution, change in the 
incident radiation, change in transition metal concentration, 
change in ?ouride concentration, change in free radical 
concentration, change in metal chelater concentration, 
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change in shear force acting upon the crystals and combi 
nations thereof. According to one embodiment of this inven 
tion, such crosslinked protein crystals are capable of releas 
ing their protein activity at a controlled rate. 

[0011] Advantageously, crosslinked protein crystals 
according to this invention are insoluble and stable under 
storage conditions and soluble and active under conditions 
of use. 

[0012] This invention also provides cleaning agents, 
including detergents, therapeutic proteins pharmaceutical 
compositions, vaccines, personal care compositions, includ 
ing cosmetics, veterinary compositions, foods, feeds, diag 
nostics and formulations for decontamination. Additionally, 
this invention includes methods for producing such 
crosslinked protein crystals and methods for protein delivery 
using them. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a graph representing the stability of 
various enZymes in Ciba detergent #16 at 40° C. 

[0014] FIG. 2 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, on fabric soiled With blood, milk and 
carbon black. 

[0015] FIG. 3 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, after storage at 30° C., on fabric soiled 
With cocoa. 

[0016] FIG. 4 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, after storage at 40° C., on fabric soiled 
With cocoa. 

[0017] FIG. 5 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, after storage at 30° C., on fabric soiled 
With blood, milk and carbon black. 

[0018] FIG. 6 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, after storage at 40° C., on fabric soiled 
With blood, milk and carbon black. 

[0019] FIG. 7 is a graph representing the Washing perfor 
mance of liquid detergent formulations, including a formu 
lation containing crosslinked subtilisin crystals according to 
the present invention, after storage at 30° C., on fabric soiled 
With blood. 

[0020] FIG. 8 is a graph representing the solubility of 
crosslinked subtilisin crystals according to the present 
invention at 30° C. 

[0021] FIG. 9 is a graph representing the solubility of 
crosslinked subtilisin crystals according to the present 
invention at 37° C. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] In order that the invention herein described may be 
more fully understood, the folloWing detailed description is 
set forth. In the description, the folloWing terms or phrases 
are employed: 

[0023] Aqueous-organic solvent mixture—a mixture com 
prising n% organic solvent, Where n is betWeen 1 and 99 and 
m% aqueous, Where m is 100-n. 

[0024] Biphasic substrate—A solution of a substrate With 
tWo distinct phases, either liquid/solid or liquid/liquid 
phases, one of Which contains a substrate for a reaction 
catalyZed by the protein constituent of a crosslinked protein 
crystal. An emulsion of olive oil in an aqueous solution 
containing discrete aqueous and organic phases exempli?es 
a substrate for crosslinked crystals of lipase. 

[0025] Catalytically effective amount—an amount of 
crosslinked protein crystals of this invention Which is effec 
tive to treat, protect, repair or detoxify the area to Which they 
are applied over some period of time. 

[0026] Change in chemical composition—any change in 
the chemical components of the environment surrounding 
the crosslinked protein crystals that affects the environment 
or the crosslinker, including addition of chemical reagents, 
chemical changes induced by application of energy in the 
form of light, microWave, or radiation to the environment, 
chemical events that affect the crosslinker and combinations 
thereof. 

[0027] Change in shear force acting upon the crystals— 
any change in factors of the environment surrounding the 
crosslinked protein crystals under conditions of use, such as, 
changes in mechanical pressure, both positive and negative, 
revolution stirring, centrifugation, tumbling, mechanical 
agitation and ?ltration pumping. 

[0028] Controlled dissolution—dissolution of crosslinked 
protein crystals or release of the protein constituent from the 
crystalline state to the soluble state that is (1) triggered by a 
change in the environment surrounding said crystals, said 
change being selected from the group consisting of change 
in temperature, change in pH, change in chemical compo 
sition, change from concentrate to dilute form, change in 
oxidation-reduction potential of the solution, change in the 
incident radiation, change in transition metal concentration, 
change in ?ouride concentration, change in free radical 
concentration, change in metal chelater concentration, 
change in shear force acting upon the crystals and combi 
nations thereof and (2) controlled by a factor selected from 
the group consisting of the folloWing: degree of crosslinking 
of said crosslinked protein crystals, the amino acids residues 
involved in the crosslinks, Whether the crosslinker is homo 
bifunctional or heterobifunctional, the length of time of 
exposure of protein crystals to the crosslinking agent, the 
rate of addition of crosslinking agent to said protein crystals, 
the nature of the crosslinker, the chain length of the 
crosslinker, the surface area of said crosslinked protein 
crystals, the siZe of said crosslinked protein crystals, the 
shape of said crosslinked protein crystals and combinations 
thereof. As used herein, the phrase “controlled dissolution” 
does not include leaching. 

[0029] Controlled dissolution crosslinked protein crys 
tals—crosslinked protein crystals that sloWly dissolve after 
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being exposed a given trigger and release the soluble form 
of the protein into solution. The activity of controlled 
dissolution crosslinked protein crystals arises primarily from 
the soluble form of the protein released from the crystal. 

[0030] Crosslinked crystal form of protein—crosslinked 
protein crystals that remain insoluble and in the solid state 
When added to solution. 

[0031] Enhanced protein activity—activity of the 
crosslinked crystal form of a protein Which is enhanced as 
compared With the soluble form of the protein. According to 
various embodiments of the present invention, enhanced 
protein activity is exhibited by any one of the folloWing: a 
crosslinked crystal form of a protein having activity that is 
200-300 times higher than that of the soluble form of the 
protein; a crosslinked crystal form of a protein having 
activity that is 100-200 times higher than that of the soluble 
form of the protein; a crosslinked crystal form of a protein 
having activity that is 10-100 times higher than that of the 
soluble form of the protein; a crosslinked crystal form of a 
protein having activity that is 20-50 times higher than that of 
the soluble form of the protein; a crosslinked crystal form of 
a protein having activity that is 10-20 times higher than that 
of the soluble form of the protein; a crosslinked crystal form 
of a protein having activity that is 20-30 times higher than 
that of the soluble form of the protein; a crosslinked crystal 
form of a protein having activity that is 5-10 times higher 
than that of the soluble form of the protein; a crosslinked 
crystal form of a protein having activity that is 2-3 times 
higher than that of the soluble form of the protein; a 
crosslinked crystal form of a protein having activity that is 
at least 3 times higher than that of the soluble form of the 
protein; a crosslinked crystal form of a protein having 
activity that is at least 2-times higher than that of the soluble 
form of the protein; a crosslinked crystal form of a protein 
having activity that is at least 25 -99% higher than that of the 
soluble form of the protein; a crosslinked crystal form of a 
protein having activity that is at least 25-30% higher than 
that of the soluble form of the protein; or a crosslinked 
crystal form of a protein having activity that is at least 20% 
higher than that of the soluble form of the protein. 

[0032] Formulations for decontamination—formulations 
selected from the group consisting of: formulations for 
decontamination of chemical Wastes, herbicides, insecti 
cides, pesticides, environmental haZards and chemical War 
fare agents. 

[0033] Insoluble and stable form of a protein—a form of 
a protein Which is insoluble in aqueous solvents, organic 
solvents or aqueous-organic solvent mixtures and Which 
displays greater stability than the soluble form of the protein. 
According to an alternate embodiment of this invention, the 
phrase “insoluble and stable form of a protein” may be a 
protein Which is insoluble in dry formulations but soluble in 
Wet formulations. In any embodiment, the crosslinked pro 
tein crystals may be active in insoluble form. And in one 
embodiment, the crosslinked protein crystals may be active 
in insoluble form, then dissolve or are removed or digested 
once their function is complete. 

[0034] Macromolecular substrate—a large biomolecule, 
such as a protein or a carbohydrate having a molecular 
Weight of at least 600-700 Daltons, Which is also a substrate 
for a reaction catalyZed by the protein constituent of a 
crosslinked protein crystal. 
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[0035] Organic solvents—any solvent of non-aqueous ori 
gin. 
[0036] Pharmaceutically effective amount—an amount of 
crosslinked protein crystals Which is effective to treat a 
condition in an individual to Whom they are administered 
over some period of time. 

[0037] Prophylactically effective amount—an amount of 
crosslinked protein crystals Which is effective to prevent a 
condition in an individual to Whom they are administered 
over some period of time. 

[0038] Protein—a protein or, alternatively, a glycoprotein 
or, alternatively, any peptide having a tertiary structure. 

[0039] The protein constituents of the crosslinked protein 
crystal formulations of this invention may be naturally or 
synthetically modi?ed. They may be glycoproteins, phos 
phoproteins, sulphoproteins, iodoproteins, methylated pro 
teins, unmodi?ed proteins or contain other modi?cations. 

[0040] The protein constituent of the crosslinked protein 
crystal formulations of this invention may be any protein 
including, for example, hormones, such as parathyroid hor 
mone, enZymes, antibodies, viral receptors, viral surface 
glycoproteins, parasite glycoproteins, parasite receptors, 
T-cell receptors, MHC molecules, immune modi?ers, tumor 
antigens, mucins, inhibitors, groWth factors, trophic factors, 
cytokines, lymphokines, cytokines, toxoids, nerve groWth 
hormones, blood clotting factors, adhesion molecules, mul 
tidrug resistance proteins, adenylate cyclases, bone morpho 
genic proteins and lectins. 

[0041] Also included among proteins are glycoprotein 
hormones and cytokines. Examples of hormones include 
follicle stimulating hormone, human chorionic gonadotro 
pin, luteiniZing hormone, thyrotrophin and ovine, bovine, 
porcine, murine and rat alleles of these hormones. Examples 
of cytokine glycoproteins include ot-interferon, lympho 
toxin, and interleukin-2. Also included are glycoprotein 
tumor-associated antigens, for example, carcinoembryonic 
antigen (CEA), human mucins, her-2/neu, and prostate 
speci?c antigen (PSA) [R. A. Henderson and O. J. Finn, 
Advances in Immunology, 62, pp. 217-56 (1996)]. 

[0042] Protein activity—an activity selected from the 
group consisting of binding, catalysis, or activities Which 
generate a functional response Within the environment in 
Which the protein is used, such as the induction of an 
immune response and immunogenicity or hydrolysis of 
lipids in lipase de?cient individuals, or combinations 
thereof. 

[0043] Protein activity release rate—the quantity of pro 
tein dissolved per unit time. 

[0044] Soluble form of protein—individual protein mol 
ecules in solution and dissociated from a crystal lattice. 

[0045] Small molecule substrate—molecules having 
molecular Weights generally less than 600 Daltons Which are 
also substrates for reactions catalyZed by the protein con 
stituents of crosslinked protein crystals. 

[0046] Therapeutic protein—A protein Which is adminis 
tered to a patient in a pharmaceutical formulation and 
manner. Therapeutic proteins include, for example, hor 
mones, enZymes including lipase, antibodies, viral recep 
tors, T-cell receptors, chemokines, chemokine receptors, 
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MHC molecules, tumor antigens, mucins, inhibitors, growth 
factors, trophic factors, cytokines, lymphokines, toxoids, 
nerve groWth hormones, blood clotting factors, adhesion 
molecules, multidrug resistance proteins, adenylate cyclases 
and bone morphogenic proteins. 

[0047] Vaccine antigen—a protein derived from an infec 
tious agent such as a virus, parasite, or tumor antigen. The 
protein activity of such vaccine antigens is to induce pro 
tective immunity against the infectious agent. 

[0048] The crosslinked protein crystals of this invention 
are particularly advantageous because they are stable in 
harsh environments imposed by the formulations or com 
positions in Which they are employed or conditions of their 
storage. At the same time, these crosslinked protein crystals 
are capable of controlled dissolution or release of their 
activity When exposed to one or more triggers in their 
environment. Such triggers may be selected from the group 
consisting of change in temperature, change in pH, change 
in chemical composition, change from concentrate to dilute 
form, change in shear force acting upon the crystals and 
combinations thereof. Controlled dissolution or release of 
activity of crosslinked protein crystals according to this 
invention may also be triggered over a change in time. 

[0049] Speci?c examples of such triggers include an 
increase or decrease in temperature, for example, an increase 
in temperature from a loW temperature betWeen about 0° C. 
and about 20° C. to a high temperature betWeen about 25° 
C. and about 70° C. Other triggers include a change from 
acidic pH to basic pH and a change from basic pH to acidic 
pH. Examples of triggers of change from concentrate to 
dilute form include, for example, a change in solute con 
centration, a change in concentration of all solutes from 
about 2-fold to about 10,000-fold, a change in concentration 
of all solutes from about 2-fold to about 700-fold, an 
increase or decrease in salt concentration, an increase or 
decrease in Water concentration, an increase or decrease in 
organic solvent concentration, a decrease in protein concen 
tration and a decrease in detergent concentration. 

[0050] Additional triggers involve changes in chemical 
composition of the environment surrounding the crosslinked 
protein crystals that affect the environment or the crosslinker 
itself. Such changes include, for example, addition of chemi 
cal reagents, increase or decrease in organic solvent con 
centration, chemical events that affect the crosslinker, 
chemical changes induced by application of energy, includ 
ing light, microWave or radiation. As explained above, any 
of these triggers may act in combination or in sequence With 
one or more of the other triggers. 

[0051] Controlled dissolution of crosslinked protein crys 
tals according to the present invention may also be effected 
by a change in time sufficient to permit a protein activity 
release rate betWeen about 0.1% per day and about 100% per 
day, a change in time sufficient to permit a protein activity 
release rate betWeen about 0.01% per hour and about 100% 
per hour and a change in time sufficient to permit a protein 
activity release rate betWeen about 1% per minute and about 
50% per minute. 

[0052] Crosslinked protein crystals according to this 
invention, therefore, include those capable of releasing their 
protein activity at a controlled rate upon exposure to a 
change in their environment, said change being selected 
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from the group consisting of change in pH, change in solute 
concentration, change in temperature, change in chemical 
composition, change in shear force acting upon the crystals 
and combinations thereof. Said controlled rate of releasing 
protein activity may be determined by a factor selected from 
the group consisting of the folloWing: degree of crosslinking 
of the crosslinked protein crystals, length of time of expo 
sure of protein crystals to the crosslinking agent, the rate of 
addition of crosslinking agent to the protein crystals, the 
nature of the crosslinker, the chain length of the crosslinker, 
the amino acids residues involved in the crosslinks, Whether 
the crosslinker is homobifunctional or heterobifunctional, 
the surface area of the crosslinked protein crystals, the siZe 
of the crosslinked protein crystals, the shape of the 
crosslinked protein crystals and combinations thereof. 

[0053] As a result of their crystalline nature, the 
crosslinked protein crystals of this invention achieve uni 
formity across the entire crosslinked crystal volume. This 
uniformity is maintained by the intermolecular contacts and 
chemical crosslinks betWeen the protein molecules consti 
tuting the crystal lattice. The protein molecules maintain a 
uniform distance from each other, forming Well-de?ned 
stable pores Within the crosslinked protein crystals that 
facilitate access of substrate to the protein, as Well as 
removal of product. In these crosslinked protein crystals, the 
lattice interactions, When ?xed by chemical crosslinks, are 
particularly important in providing stability and preventing 
denaturation, especially in storage, under conditions includ 
ing harsh environments created by components of compo 
sitions in Which the crystals are used. At the same time, the 
protein crystals are crosslinked in such a Way that they 
dissolve or release their protein activity upon exposure to a 
trigger in their environment encountered under conditions of 
use. Thus, they may be substantially insoluble and stable in 
a composition under storage conditions and substantially 
soluble and active under conditions of use of said compo 
sition. 

[0054] Factors contributing to the release rate of protein 
activity of crosslinked protein crystals according to this 
invention include the degree of crosslinking of the 
crosslinked protein crystals, the length of time of exposure 
of protein crystals to the crosslinking agent, the rate of 
addition of crosslinking agent to the protein crystals, the 
length of time of exposure of protein crystals to the 
crosslinking agent, the nature of the crosslinker, the amino 
acids residues involved in the crosslinks, Whether the 
crosslinker is homobifunctional or heterobifunctional, the 
chain length of the crosslinker, the surface area of the 
crosslinked protein crystals, the siZe of the crosslinked 
protein crystals, the shape of the crosslinked protein crystals 
and combinations thereof. 

[0055] In addition to their activity, crosslinked protein 
crystals according to this invention are particularly stable 
and insoluble under storage conditions, including the atten 
dant storage temperature, storage pH, storage time, storage 
concentrate form, storage involving little or no shear force 
acting upon the crystals, or combinations thereof. Advanta 
geously, these crosslinked protein crystals are soluble and 
active under conditions of use, including conditions involv 
ing change in temperature, change in pH, change in chemi 
cal composition, change from concentrate to dilute form, 
change in shear force acting upon the crystals and combi 
nations thereof. Such properties make the crosslinked pro 
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tein crystals of this invention particularly useful for delivery 
of cleaning agents, including detergents, therapeutic pro 
teins, pharmaceuticals, personal care agents or composi 
tions, including cosmetics, vaccines, veterinary composi 
tions, foods, feeds, diagnostics and formulations for 
decontamination. 

[0056] According to one embodiment, the crosslinked 
protein crystals of this invention are characteriZed by a 
half-life of activity under storage conditions Which is greater 
than at least 2 times that of the soluble form of the protein 
that is crystalliZed to form the crystals that are crosslinked 
and activity similar to that of the soluble form of the protein 
under conditions of use. 

[0057] According to one embodiment of this invention, 
crosslinked protein crystals are characteriZed by activity 
Which is similar to that of their soluble or uncrosslinked 
crystalliZed counterparts under conditions of use. Advanta 
geously hoWever, the crosslinked protein crystals of this 
invention display improved stability under storage condi 
tions, as compared to their soluble or uncrosslinked crys 
talliZed counterpart proteins. 

[0058] One advantage of controlled dissolution 
crosslinked protein crystals is that a trigger is required to 
release the soluble form of the protein from the crystal 
lattice. Therefore, controlled dissolution crosslinked protein 
crystals can be prepared and function as crosslinked protein 
crystals With protein activity in the solid crystalline state 
until a trigger is encountered. After the trigger is encoun 
tered, soluble protein is released and protein activity derives 
from both the crosslinked crystal form, as Well as the soluble 
form of the protein. 

[0059] According to one embodiment of this invention, 
advantageous properties are obtained from crosslinked pro 
tein crystals that are prepared as controlled dissolution 
crosslinked protein crystals, but Which are not subsequently 
exposed to a trigger. In particular, in the absence of an 
appropriate trigger to initiate dissolution, such crosslinked 
protein crystals may exhibit enhanced protein activity to 
macromolecular substrates, biphasic substrates or small 
molecule substrates as compared With their soluble coun 
terparts. For example, lipase crystals crosslinked With sul 
fosuccinimidyl-6-[ot-methyl-ot-(2-pyridyldithio)toluamido] 
hexanoate (Sulfo-LC-SMPT), Which are not subsequently 
exposed to a trigger to break the —S—S— bonds of the 
crosslinks, exhibit enhanced hydrolysis activity toWard a 
biphasic olive oil substrate. 

[0060] More particularly, lipase crystals crosslinked With 
sulfo-LC-SMPT, are characteriZed by about a ?ve to ten fold 
higher protein activity for hydrolysis of an olive oil sustrate 
than the soluble form of the protein that is crystalliZed to 
form the crystals that are crosslinked. In addition, lipase 
crystals crosslinked With 1-ethyl-3-[3-dimethylamino 
proplyl]carbodiimide hydrochloride (EDC) are character 
iZed by about almost tWo fold higher protein activity for 
hydrolysis of an olive oil sustrate than the soluble form of 
the protein that is crystalliZed to form the crystals that are 
crosslinked. 

[0061] The protein constituent of the crosslinked protein 
crystals of this invention may be any protein, including, for 
example, therapeutic proteins, prophylactic proteins, includ 
ing antibodies, cleaning agent proteins, including detergent 
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proteins, personal care proteins, including cosmetic proteins, 
veterinary proteins, food proteins, feed proteins, diagnostic 
proteins and decontamination proteins. Included among 
such proteins are enZymes, such as, for example, hydrolases, 
isomerases, lyases, ligases, transferases and oxidoreduc 
tases. Examples of hydrolases include thermolysin, elastase, 
esterase, lipase, nitrilase, amylase, pectinase, subtilinase, 
hydantoinase, asparaginase, urease, subtilisin and other pro 
teases and lysoZyme. Examples of lyases include aldolases 
and hydroxynitrile lyase. Examples of oxidoreductases 
include peroxidase, laccase, glucose oxidase, alcohol dehy 
drogenase and other dehydrogenases. Other enZymes Which 
may be crystalliZed and crosslinked include cellulases and 
oxidases. 

[0062] Examples of therapeutic or prophylactic proteins 
include hormones, enZymes, including lipase, antibodies, 
inhibitors, groWth factors, trophic factors, cytokines, lym 
phokines, toxoids, erythropoietin, Factor VIII, insulin, glu 
cagon like peptide-I (insulinotropin), amylin, TPA, dornase 
0t, ot-l-antitripsin, human groWth hormones, nerve groWth 
hormones, parathyroid hormone, bone morphogenic pro 
teins, urease, toxoids, fertility hormones, FSH, LSH, 
postridical hormones, tetanus toxoid, diptheria toxoid. 

[0063] The crosslinked protein crystals of this invention 
may be used in any of a number of chemical processes. Such 
processes include industrial and research-scale processes, 
such as organic synthesis of specialty chemicals and phar 
maceuticals. EnZymatic conversion processes include oxi 
dations, reductions, additions, including esteri?cations and 
transesteri?cations, hydrolyses, eliminations, rearrange 
ments, and asymmetric conversions, including stereoselec 
tive, stereospeci?c and regioselective reactions. 

[0064] Thus, crosslinked protein crystals according to this 
invention may be advantageously used instead of conven 
tional soluble or immobiliZed proteins in cleaning agents, 
including detergents, pharmaceuticals, therapeutics, veteri 
nary compounds, personal care compositions, including 
cosmetics, foods, feeds, vaccines, pulp, paper and textile 
processing, diagnostics and formulations for decontamina 
tion. 

[0065] Crosslinked protein crystals according to this 
invention may also be used in various environmental appli 
cations. They may be used in place of conventional soluble 
or immobiliZed proteins for environmental purposes, such 
Wide area decontamination of environmental haZards. 

[0066] Alternatively, the crosslinked protein crystals of 
this invention may be used in cleaning agents, selected from 
the group consisting of detergents, such as poWdered deter 
gents and liquid detergents, bleaches, household cleaners, 
hard surface cleaners, industrial cleaners and carpet and 
upholstery shampoos. 

[0067] Cleaning agents containing crosslinked protein 
crystals according to the present invention may also com 
prise compounds conventionally included in such agents. 
See, for example, Soaps and Detergents, A Theoretical and 
Practical Review, Louis SpitZ (Ed.), AOCS Press (Cham 
plain, Ill.) (1996). Such compounds include anionic, non 
ionic, cationic or ZWitterionic surfactants, or mixtures 
thereof. 

[0068] Anionic surfactants are exempli?ed by alkyl sul 
fates, alkyl ether sulfates, alkyl sulfonates, alkylaryl sul 
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fonates, ole?n sulfonates, alkyl ether phosphates, alkyl ether 
phosphates, fatty acid salts, soaps, isothionates and sul 
fonated unsaturated esters and acids. 

[0069] Non-ionic surfactants are exempli?ed by products 
of condensation of an organic aliphatic or alkyl aromatic 
hydrophobic compound With an alkylene oxide, alkyl poly 
glucosides and sugar esters. 

[0070] Cationic surfactants are exempli?ed by quarternary 
ammonium salts of tertiary alkyl amines, amino amides, 
amino esters or imidaZolines containing al least one long 
chain (Cs-C22) aliphatic group or an alkyl-aryl group, 
Wherein alkyl comprises about 4 to 12 carbon atoms and aryl 
is preferably a phenylene group. 

[0071] ZWitterionic surfactants are exempli?ed by deriva 
tives of quarternary ammonium, quarternary phosphonium 
or tertiary sulfonium compounds, derivatives of secondary 
and tertiary amines and derivatives of heterocyclic second 
ary and tertiary amines. 

[0072] And crosslinked protein crystals according to this 
invention may be used as ingredients in personal care 
compositions, including cosmetics, such as creams, lotions, 
emulsions, foams, Washes, compacts, gels, mousses, slur 
ries, poWders, sprays, pastes, ointments, salves, balms, 
drops, shampoos, and sunscreens. In topical creams and 
lotions, for example, they may be used as humectants or for 
skin protection, softening, bleaching, cleaning, deprotein 
iZation, lipid removal, moisturiZing, decoloration, coloration 
or detoxi?cation. They may also be used as anti-oxidants in 
cosmetics. 

[0073] According to this invention, any individual, includ 
ing humans and other mammals, may be treated in a 
pharmaceutically acceptable manner With a pharmaceuti 
cally effective or a catalytically effective amount of 
crosslinked protein crystals for a period of time suf?cient to 
treat a condition in the individual to Whom they are admin 
istered over some period of time. Alternatively, individuals 
may receive a prophylactically effective or a catalytically 
effective amount of crosslinked protein crystals of this 
invention Which is effective to prevent a condition in the 
individual to Whom they are administered over some period 
of time. 

[0074] Such crosslinked protein crystals may be adminis 
tered alone, as part of a pharmaceutical, personal care or 
veterinary preparation or as part of a prophylactic prepara 
tion, such as a vaccine, With or Without adjuvant. They may 
be administered by parenteral or non-parenteral route. For 
example, they may be administered by oral, pulmonary, 
nasal, aural, anal, dermal, ocular, intravenous, intramuscu 
lar, intraarterial, intraperitoneal, mucosal, sublingual, sub 
cutaneous, or intracranial route. In either pharmaceutical, 
personal care or veterinary applications, crosslinked protein 
crystals may be topically administered to any epithelial 
surface. Such epithelial surfaces include oral, ocular, aural, 
anal and nasal surfaces, to treat, protect, repair or detoxify 
the area to Which they are applied. 

[0075] The present invention also includes controlled 
release formulations comprising crosslinked protein crystals 
according to this invention. In such formulations, the 
crosslinked protein crystals are substantially insoluble under 
storage conditions and capable of releasing their protein 
activity in vivo at a controlled rate. For example, a phar 
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maceutical controlled release formulation according to this 
invention, administered by oral route, is characteriZed in that 
the component crosslinked protein crystals are substantially 
insoluble under gastric pH conditions and substantially 
soluble under small intestine pH conditions. Alternatively, 
for these and other uses according to this invention, the 
crosslinked protein crystals may be active in the insoluble 
form and then dissolve and are removed or digested once 
their function is complete. 

[0076] Pharmaceutical, personal care, veterinary or pro 
phylactic compositions comprising crosslinked protein crys 
tals according to this invention may also be selected from the 
group consisting of tablets, liposomes, granules, spheres, 
microparticles, microspheres and capsules. 

[0077] For such uses, as Well as other uses according to 
this invention, crosslinked protein crystals may be formu 
lated into tablets. Such tablets constitute a liquid-free, dust 
free form of crosslinked protein crystal storage Which are 
easily handled and retain acceptable levels of activity. 

[0078] Alternatively, the crosslinked protein crystals may 
be in a variety of conventional depot forms employed for 
administration to provide reactive compositions. These 
include, for example, solid, semi- solid and liquid dosage 
forms, such as liquid solutions or suspensions, gels, creams, 
balms, emulsions, lotions, slurries, poWders, sprays, foams, 
pastes, ointments, salves, balms and drops. 

[0079] Compositions or formulations comprising the 
crosslinked protein crystals of this invention may also 
comprise any conventional carrier or adjuvant used in phar 
maceuticals, personal care compositions or veterinary for 
mulations. These carriers and adjuvants include, for 
example, Freund’s adjuvant, ion exchangers, alumina, alu 
minum stearate, lecithin, buffer substances, such as phos 
phates, glycine, sorbic acid, potassium sorbate, partial glyc 
eride mixtures of saturated vegetable fatty acids, Water, salts 
or electrolytes, such as protamine sulfate, disodium hydro 
gen phosphate, sodium chloride, Zinc salts, colloidal silica, 
magnesium, trisilicate, cellulose-based substances and poly 
ethylene glycol. Adjuvants for topical or gel base forms may 
include, for example, sodium carboxymethylcellulose, poly 
acrylates, polyoxyethylene-polyoxypropylene-block poly 
mers, polyethylene glycol and Wood Wax alcohols. 

[0080] According to one embodiment of this invention, 
crosslinked protein crystals may be combined With any 
conventional materials used for controlled release adminis 
tration. Such materials include, for example, coatings, shells 
and ?lms, such as enteric coatings and polymer coatings and 
?lms. 

[0081] The most effective mode of administration and 
dosage regimen of formulations or compositions comprising 
crosslinked protein crystals of this invention Will depend on 
the effect desired, previous therapy, if any, the individual’s 
health status or status of the condition itself and response to 
the crosslinked protein crystals and the judgment of the 
treating physician or clinician. The crosslinked protein crys 
tals may be administered in any dosage form acceptable for 
pharmaceuticals, personal care compositions or veterinary 
formulations, at one time or over a series of treatments. 

[0082] The amount of the crosslinked protein crystals that 
may be combined With carrier materials to produce a single 
dosage form Will vary depending upon the particular mode 



US 2002/0137156 A1 

of administration, formulation, dose level or dose frequency. 
A typical preparation Will contain betWeen about 0.01% and 
about 99%, preferably betWeen about 1% and about 50%, 
crosslinked protein crystals (W/W). 

[0083] Upon improvement of the individual’s condition, a 
maintenance dose of crosslinked protein crystals may be 
administered, if necessary. Subsequently, the dosage or 
frequency of administration, or both, may be reduced as a 
function of the symptoms, to a level at Which the improved 
condition is retained. When the condition has been alleviated 
to the desired level, treatment should cease. Individuals may, 
hoWever, require intermittent treatment on a long-term basis 
upon any recurrence of the condition or symptoms thereof. 

[0084] An alternate embodiment of the present invention 
includes protein delivery systems comprising the 
crosslinked protein crystals disclosed herein. Such a system 
may be used to deliver proteins such as those included in 
cleaning agents, such as detergents, personal care products, 
such as cosmetics, pharmaceuticals, such as lipase, veteri 
nary compositions, vaccines, foods, feeds, diagnostics and 
formulations for decontamination. Protein delivery systems 
of this invention, Which may be formulations or devices, 
such as implantable devices, may be microparticulate pro 
tein delivery systems, Wherein the crosslinked protein crys 
tals have a longest dimension betWeen about 0.01 pm and 
about 500 pm, alternatively betWeen about 0.1 pm and about 
50 pm. The crosslinked protein crystal components of such 
systems may have a shape selected from the group consist 
ing of: spheres, needles, rods, plates, such as hexagons and 
squares, rhomboids, cubes, bipryamids and prisms. Advan 
tageously, the crosslinked crystal form of the proteins of this 
invention alloW loading of up to betWeen about 50% and 
about 90% protein per unit of Weight. 

[0085] One example of a protected protein system accord 
ing to this invention is suitable for storage in a medium such 
as a liquid detergent, prior to use. The crosslinked protein 
crystal components of such a system are insoluble under 
storage conditions in said medium—Which typically causes 
degradation of the soluble form of the protein that is 
crystalliZed to form said crystal that is crosslinked—and 
soluble under conditions of use. 

[0086] According to the present invention, preparation of 
crosslinked protein crystals includes the steps of crystalliZ 
ing and crosslinking the protein. This may be carried out as 
illustrated beloW. 

[0087] Preparation of Crosslinked Protein Crystals—Pro 
tein Crystallization 

[0088] Protein crystals are groWn by controlled crystalli 
Zation of protein out of aqueous solution or aqueous solu 
tion-containing organic solvents. Conditions to be controlled 
include, for example, the rate of evaporation of solvent, the 
presence of appropriate co-solutes and buffers, pH and 
temperature. A comprehensive revieW of the various factors 
affecting the crystalliZation of proteins has been published 
by McPherson, Methods Enzymol, 114, pp. 112-20 (1985). 

[0089] McPherson and Gilliland, J. Crystal Growth, 90, 
pp. 51-59 (1988) have compiled comprehensive lists of 
proteins and nucleic acids that have been crystalliZed, as 
Well as the conditions under Which they Were crystalliZed. A 
compendium of crystals and crystalliZation recipes, as Well 
as a repository of coordinates of solved protein and nucleic 
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acid structures, is maintained by the Protein Data Bank at the 
Brookhaven National Laboratory [http//WWW. pdb.bnl.gov; 
Bernstein et al., J. Mol. Biol, 112, pp. 535-42 (1977)]. These 
references can be used to determine the conditions necessary 
for crystalliZation of a protein, as a prelude to the formation 
of an appropriate crosslinked protein crystal, and can guide 
the crystalliZation strategy for other proteins. Alternatively, 
an intelligent trial and error search strategy can, in most 
instances, produce suitable crystalliZation conditions for 
many proteins, provided that an acceptable level of purity 
can be achieved for them [see, e.g., C. W. Carter, Jr. and C. 
W. Carter, J. Biol. Chem, 254, pp. 12219-23 (1979)]. 

[0090] For use in crosslinked protein crystals according to 
this invention, the large single crystals Which are needed for 
X-ray diffraction analysis are not required. Microcrystalline 
shoWers are suitable. 

[0091] For example, the crosslinked protein crystals may 
have a longest dimension betWeen about 0.01 pm and about 
500 pm, alternatively, betWeen 0.1 pm and about 50 pm. 
They may also have a shape selected from the group 
consisting of: spheres, needles, rods, plates, such as hexa 
gons and squares, rhomboids, cubes, bipryamids and prisms. 

[0092] In general, crystals are produced by combining the 
protein to be crystalliZed With an appropriate aqueous sol 
vent or aqueous solvent containing appropriate crystalliZa 
tion agents, such as salts or organic solvents. The solvent is 
combined With the protein and may be subjected to agitation 
at a temperature determined experimentally to be appropri 
ate for the induction of crystallization and acceptable for the 
maintenance of protein activity and stability. 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 deter 
mined experimentally to facilitate crystalliZation. 

[0093] In an industrial-scale process, the controlled pre 
cipitation leading to crystalliZation can best be carried out by 
the simple combination of protein, precipitant, co-solutes 
and, optionally, buffers in a batch process. As another option, 
proteins may be crystalliZed by using protein precipitates as 
the starting material. In this case, protein precipitates are 
added to a crystalliZation solution and incubated until crys 
tals form. Alternative laboratory crystalliZation methods, 
such as dialysis or vapor diffusion, can also be adopted. 
McPherson, supra and Gilliland, supra, include a compre 
hensive list of suitable conditions in their revieWs of the 
crystalliZation literature. 

[0094] Occasionally, incompatibility betWeen the 
crosslinking agent and the crystalliZation medium might 
require exchanging the crystals into a more suitable solvent 
system. 

[0095] Many of the proteins for Which crystalliZation 
conditions have already been described, may be used to 
prepare crosslinked protein crystals according to this inven 
tion. It should be noted, hoWever, that the conditions 
reported in most of the above-cited references have been 
optimiZed to yield, in most instances, a feW large, diffraction 
quality crystals. Accordingly, it Will be appreciated by those 
of skill in the art that some degree of adjustment of these 
conditions to provide a high yielding process for the large 
scale production of the smaller crystals used in making 
crosslinked protein crystals may be necessary. 
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[0096] Preparation of Crosslinked Protein Crystals— 
Crosslinking of Protein Crystals 

[0097] Once protein crystals have been groWn in a suitable 
medium they can be crosslinked. Crosslinking results in 
stabiliZation of the crystal lattice by introducing covalent 
links betWeen the constituent protein molecules of the 
crystal. This makes possible transfer of the protein into an 
alternate environment that might otherWise be incompatible 
With the existence of the crystal lattice or even With the 
existence of intact protein. 

[0098] Advantageously, crosslinking according to the 
present invention is carried out in such a Way that, under 
conditions of storage, the crosslinking interactions prevent 
the constituent protein molecules in the crystal from going 
back into solution, effectively insolubiliZing or immobiliZ 
ing the protein molecules into microcrystalline particles. 
Upon eXposure to a trigger in the environment surrounding 
the crosslinked protein crystals, such as under conditions of 
use rather than storage, the protein molecules dissolve, 
releasing their protein activity. The rate of dissolution is 
controlled by one or more of the folloWing factors: the 
degree of crosslinking, the length of time of eXposure of 
protein crystals to the crosslinking agent, the amino acid 
residues involved in the crosslinks, Whether the crosslinker 
is homobifunctional or heterobifunctional, the rate of addi 
tion of crosslinking agent to the protein crystals, the nature 
of the crosslinker, the chain length of the crosslinker, the 
surface area of the crosslinked protein crystals, the siZe of 
the crosslinked protein crystals, the shape of the crosslinked 
protein crystals and combinations thereof. 
[0099] Alternatively, controlled dissolution crosslinked 
protein crystals function as crosslinked protein crystals in 
the absence of the speci?c trigger required for initiating and 
maintaining dissolution. 
[0100] Crosslinking can be achieved using one or a com 
bination of a Wide variety of multifunctional reagents, at the 
same time (in parallel) or in sequence, including bifunc 
tional reagents. Upon eXposure to a trigger in the surround 
ing environment, or over a given period of time, the 
crosslinks betWeen protein crystals crosslinked With such 
multifunctional crosslinking agents lessen or Weaken, lead 
ing to protein dissolution or release of activity. Such 
crosslinking agents include glutaraldehyde, succinaldehyde, 
octanedialdehyde and glyoXal. Additional multifunctional 
crosslinking agents include halo-triaZines, e.g., cyanuric 
chloride; halo-pyrimidines, e.g., 2,4,6-trichloro/bromo-pyri 
midine; anhydrides or halides of aliphatic or aromatic mono 
or di-carboXylic acids, e.g., maleic anhydride, (meth)acry 
loyl chloride, chloroacetyl chloride; N-methylol com 
pounds, e.g., N-methylol-chloro acetamide; di-isocyanates 
or di-isothiocyanates, e.g., phenylene-1,4-di-isocyanate and 
aZiridines. Other crosslinking agents include epoXides, such 
as, for eXample, di-epoXides, tri-epoXides and tetra-ep 
oXides. According to a preferred embodiment of this inven 
tion, the crosslinking agent is glutaraldehyde, used alone or 
in sequence With an epoXide. For a representative listing of 
other available crosslinking reagents see, for eXample, the 
1996 catalog of the Pierce Chemical Company. Such mul 
tifunctional crosslinking agents may also be used, at the 
same time (in parallel) or in sequence, With reversible 
crosslinking agents, such as those described beloW. 

[0101] Crosslinkers useful in various embodiments of this 
invention are (1) those Which create covalent links from one 
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cysteine side chain of a protein to another another cysteine 
side chain, (2) those Which create covalent links from one 
lysine side chain of a protein to another, or (3) those Which 
create covalent links from one cysteine side chain of a 
protein to a lysine side chain. Crosslinking may occur 
through intermolecular and intramolecular covalent 
crosslinks. 

[0102] Protein crystals may be crosslinked With one of the 
folloWing crosslinkers to produce controlled dissolution 
crosslinked protein crystals: dimethyl 3, 3‘-dithiobispropi 
onimidate-HCl (DTBP); dithiobis (succinimidylpropionate) 
(DSP); bismaleimidoheXane (BMH); bis[Sulfosuccinim 
idyl]suberate (BS); 1,5-di?uoro-2,4-dinitrobenZene 
(DFDNB); dimethylsuberimidate-2HCl (DMS); disuccinim 
idyl glutarate (DSG); disulfosuccinimidyl tartarate (Sulfo 
DST); 1-ethyl-3-[3-dimethylaminoproplyl]carbodiimide 
hydrochloride (EDC); ethylene glycolbis [sulfo-succinim 
idylsuccinate] (Sulfo-EGS); N-[y-maleimido-butyryloXy] 
succinimide ester (GMBS); N-hydroXysulfo-succinimidyl 
4-aZidobenZoate (Sulfo-HSAB); sulfosuccinimidyl-6-[ot 
methyl—ot-(2-pyridyldithio)toluamido]heXanoate (Sulfo-LC 
SMPT); bis-[[3-(4-aZidosalicylamido)ethyl]disul?de 
(BASED); and NHS-PEG-Vinylsulfone (NHS-PEG-VS). 
[0103] According to an alternate embodiment of this 
invention, crosslinking may be carried out using reversible 
crosslinkers, in parallel or in sequence. The resulting 
crosslinked protein crystals are characteriZed by a reactive 
multi-functional linker, into Which a trigger is incorporated 
as a separate group. The reactive functionality is involved in 
linking together reactive amino acid side chains in a protein 
and the trigger consists of a bond that can be broken by 
altering one or more conditions in the surrounding environ 
ment (e.g., pH, temperature, or thermodynamic Water activ 
ity). This is illustrated diagrammatically as: 

0105 change in environmentQAA —X+Y—Z— 
1 

AA2 
[0106] Where X and Z are groups With reactive 

functionality 

[0107] 
[0108] Where AA1 and AA2 represent reactive 

amino acid residues on the same protein or on tWo 
different proteins. The bond betWeen the 
crosslinking agent and the protein may be a cova 
lent or ionic bond, or a hydrogen bond. The 
change in surrounding environment results in 
breaking of the trigger bond and dissolution of the 
protein. Thus, the crosslinks betWeen protein crys 
tals crosslinked With such reversible crosslinking 
agents break, leading to protein crystal dissolution 
or release of activity. 

Where Y is a trigger 

[0109] Alternatively, the reactive functionality of the 
crosslinker and the trigger may be the same, as in: 

[0110] 

[0111] 
[0112] The crosslinker may be homofunctional (X=Y) or 
heterofunctional (X is not equal to Y). The reactive func 

change in environmentQAA1+X—Z—AA2. 
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tionality X and Y may be, but not limited to the following 
functional groups (Where R, R‘, R“, and R‘" may be alkyl, 
aryl or hydrogen groups): 

[0113] I. Reactive acyl donors are exempli?ed by: car 
boxylate esters RCOOR‘, amides RCONHR‘, Acyl aZides 
RCON3, carbodiimides R—N=C=N—R‘, N-hydroxyim 
ide esters, RCO—O—NR‘, imidoesters R—C=NH2+ 
(OR‘), anhydrides RCO—O—COR‘, carbonates RO—CO— 
O—R‘, urethanes RNHCONHR‘, acid halides RCOHal 
(Where Hal=a halogen), acyl hydraZides RCONNR‘R“, 
O-acylisoureas RCO—O—C=NR‘ (—NR“R‘"), 
[0114] II. Reactive carbonyl groups are exempli?ed by: 
aldehydes RCHO and ketones RCOR‘, acetals RCO(H2)R‘, 
ketals RR‘COZR‘R“. Reactive carbonyl containing func 
tional groups knoWn to those Well skilled in the art of protein 
immobiliZation and crosslinking are described in the litera 
ture [Pierce Catalog and Handbook, Pierce Chemical Com 
pany, Rockford, Illinois (1994); S. S. Wong, Chemistry of 
Protein Conjugation ana' Cross-Linking, CRC Press, Boca 
Raton, Fla. (1991)]. 
[0115] III. Alkyl or aryl donors are exempli?ed by: alkyl 
or aryl halides R-Hal, aZides R—N3, sulfate esters RSO3R‘, 
phosphate esters RPO(OR‘3), alkyloxonium salts R3O+, 
sulfonium R3S+, nitrate esters RONO2, Michael acceptors 
RCR‘=CR‘"COR“, aryl ?uorides ArF, isonitriles 
RN+=C—, haloamines RzN-Hal, alkenes and alkynes. 

[0116] IV. Sulfur containing groups are exempli?ed by 
disul?des RSSR‘, sulfhydryls RSH, epoxides R2COCR‘2. 
[0117] V. Salts are exempli?ed by alkyl or aryl ammonium 
salts R4N+, carboxylate RCOO—, sulfate ROSO3—, phos 
phate ROPO3“ and amines R3N. 
[0118] The table beloW includes examples of triggers, 
organiZed by release mechanism. In the table, R: is a 
multifunctional crosslinking agent that can be an alkyl, aryl, 
or other chains With activating groups that can react With the 
protein to be crosslinked. Those reactive groups can be any 
variety of groups such as those susceptible to nucleophilic, 
free radical or electrophilic displacement including halides, 
aldehydes, carbonates, urethanes, xanthanes, epoxides 
among others. 

Release 
Trigger Examples Conditions 

H+ or Lewis 

Acidic catalysts 
1. Acid Labile 
Linkers e.g. Thp, MOM, 

Acetal, ketal 
Aldol, Michael 
adducts, esters 
R'OCO2-R' Variety of basic 
Carbonates media 

R'O—CONR2 
Carbamates 

RZ'NCONR2 
Urethanes 
Aldol, Michael 
adducts, esters 
R—OSiR3 
Various Si 
containing 
linkers 

2. Base Labile 
Linkers 

3. Fluoride 
Labile Linkers 

Aqueous F’ 

4. Enzyme RCOOR, RCONR2' Free lipases, 
Labile Linkers amidases, 

esterases 
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-continued 

Release 
Trigger Examples Conditions 

5. Reduction Disul?de H2 catalyst; 
Labile Linkers linkers that Hydrides 

cleave via 
Hydrogenolysis 
Reductive 
Elimination 
R'—S—S—R 

6. Oxidation R—OSiR3 Oxidizing 
Labile Linkers Glycols R— agents: e.g. 

CH(OH)—CH(OH)—R' H202, NaOCl, I04’ 
Metal based 
oxidizers, other 
hypervalent 
oxidents 

7. Thio-labile R'—S—S—R Thiols, e.g., 
linkers Cys, DTT, 

mercaptoethanol 
8. Heavy Metal Various Allyl Transition metal 
Labile Linkers Ethers based reagents 

ROCHZCHICHR (Pd, Ir, Hg, Ag, 
Alkyl, Acyl Cu, Tl, Rh) 
Allyl ester Pd(O) 

catalysts 
9. Photolabile O-nitrobenzyl light (hv) 
Linkers (ONB) 

DESYL groups 
in linker 

10. Free Thiohydroxa- Free radical 
Radical Labile mate ester initiator 

Linkers (Barton ester) 
11. Metal- Iron (III) Metal removal 
chelate linked diphenanthroline e.g. by 

chelation or 

precipitation 
12. Thermally Peroxides Increase in 
Labile Linkers R—OO—R temperature 
13. “Safety Methylthio- Base; amines, 
Catch” Labile ethyl (Mte) others 
Linkers Dithianes 

[0119] The dissolution of the crosslinked protein crystals 
of this invention can be controlled by selecting appropriate 
crosslinkers and the associated triggers. Examples of physi 
cal and chemical triggers available include: change in tem 
perature, change in pH, change in chemical composition, 
change from concentrate to dilute form, change in oxidation 
reduction potential of the solution, change in the incident 
radiation, change in transition metal concentration, change 
in ?ouride concentration, change in free radical concentra 
tion, change in metal chelater concentration, change in shear 
force acting upon the crystal and combinations thereof. 

[0120] Additional examples of reversible crosslinkers are 
described in T. W. Green, Protective Groups in Organic 
Synthesis, John Wiley & Sons (Eds.) (1981). Any variety of 
strategies used for reversible protecting groups can be 
incorporated into a crosslinker suitable for producing 
crosslinked protein crystals capable of reversible, controlled 
solubiliZation. Various approaches are listed, in Waldmann’s 
revieW of this subject, in Angewante Chemie Inl. Ed. Engl., 
35, p. 2056 (1996). 

[0121] Other types of reversible crosslinkers are disul?de 
bond-containing crosslinkers. The trigger breaking 
crosslinks formed by such crosslinkers is the addition of 
reducing agent, such as cysteine, to the environment of the 
crosslinked protein crystals. 
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[0122] Disul?de crosslinkers are described in the Pierce 
Catalog and Handbook (1994-1995). 

[0123] Examples of such crosslinkers include: 

[0124] Homobifunctional (Symmetric) 
[0125] DSP—Dithiobis(succinimidylpropionate), also 
know as Lomant’s Reagent 

[0126] DTSSP—3-3‘-Dithiobis(sulfosuccinimidyl 
propionate), Water soluble version of DSP 

[0127] DTBP—Dimethyl 3,3‘-dithiobispropionimidate 
HCl 

[0128] BASED—Bis-([3-[4-aZidosalicylamido]ethyl)d 
isul?de 

[0129] DPDPB—1,4-Di-(3‘-[2‘-pyridyldithio]-propi 
onamido)butane. 

[0130] Heterobifunctional (Asymmetric) 
[0131] SPDP—N-Succinimidyl-3-(2-pyridyldithio)pro 

pionate 
[0132] LC-SPDP—Succinimidyl-6-(3-[2-py 

ridyldithio]propionate)hexanoate 
[0133] Sulfo-LC-SPDP—Sulfosuccinimidyl-6-(3-[2 

pyridyldlthio]propionate)hexanoate, Water soluble ver 
sion of LC-SPDP 

[0134] APDP—N-(4-[p-aZidosalicylamido]butyl)-3‘ 
(2‘-pyridyldithio) propionamide 

[0135] SADP—N-Succinimidyl(4-aZidophenyl)1,3‘ 
dithiopropionate 

[0136] Sulfo-SADP—Sulfosuccinimidyl(4-aZidophe 
nyl) 1,3‘-dithiopropionate, Water soluble version of 
SADP 

[0137] SAED—Sulfosuccinimidyl-2-(7-aZido-4-me 
thycoumarin-3-acetamide)ethyl-1,3‘dithiopropionate 

[0138] SAND—Sulfosuccinimidyl-2-(m-aZido-o-ni 
trobenZamido)ethyl-1,3‘-dithiopropionate 

[0139] SASD—Sulfosuccinimidyl-2-(p-aZidosalicyla 
mido)ethyl-1,3‘-dithiopropionate 

[0140] SMPB—Succinimidyl-4-(p-maleimidophenyl) 
butyrate 

[0141] Sulfo-SMPB—Sulfosuccinimidyl-4-(p-male 
imidophenyl)butyrate 

[0142] SMPT—4-Succinimidyloxycarbonyl-methyl-ot 
(2-pyridylthio)toluene 

[0143] Sulfo-LC-SMPT—Sulfosuccinimidyl-6-(a-me 
thyl-ot-(2-pyridylthio)toluamido)hexanoate. 

[0144] In order that this invention may be better under 
stood, the following examples are set forth. These examples 
are for the purpose of illustration only and are not to be 
construed as limiting the scope of the invention in any 
manner. 

EXAMPLES 

Example 1 

Preparation of Crosslinked Subtilisin Crystals 

[0145] Crystallization of Subtilisin 

[0146] One volume of Alcalase 2.5L (Novo Nordisk Bio 
industrials, Franklinton, NC.) was added to 2 volumes of a 
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solution of 15% sodium sulfate (pH 5.5) prepared at 30-35° 
C. The crystalliZation solution Was seeded With 1/2,000-1/ 
500 volume seeds (30 mg/ml slurry of crystals in 15% 
sodium sulfate (pH 5.5), pH supported at 5.5 by adding 
NaOH. The seeded crystalliZation solution Was incubated at 
30- 35° C., stirring by magnetic stirrer overnight. This 
yielded 60-80% (by activity) crystal rods, 10-50 pm, in 
length, 1-3 pm in Width, after 24-48 hours. 

Example 2 

Crosslinking of Subtilisin Crystals 

[0147] Subtilisin crystals Were crosslinked using one of a 
variety of crosslinkers, including: glutaraldehyde, glyoxal, 
succinaldehyde, octanedialdehyde and epoxides. 

[0148] Glutaraldehyde Crosslinking 

[0149] Glutaraldehyde (“GA”) (supplied as 50% in aque 
ous by Aldrich Chemical Co Was diluted in deioniZed Water 
at 4° C. in the various amounts listed in Table I beloW. For 
each ml of subtilisin crystals (27 mg/ml) in 15% sodium 
sulfate, 10 pl of the diluted glutaraldehyde Was added to the 
slurry While shaking on a vortex at loW speed (for amounts 
less than 5 ml) or stirring With an overhead stirrer at medium 
speed (for amounts 25 ml-500 ml). After mixing for the 
allotted crosslinking time, the samples Were centrifuged for 
20 seconds at maximum speed, the supernatant Was dis 
carded and replaced With 15% sodium sulfate. This “Wash 
ing” Was repeated a total of 5 times. The ?nal resuspension 
Was effected With 900 pl of 15% sodium sulfate. 

TABLE I 

Glutaraldehyde Crosslinking 

Crosslinking 
% GA-?nal GA (ml) H2O (ml) time (min) 

0.0076 1.0 64.96 60 
0.0189 1.0 25.46 39 
0.02 1.0 24.0 39, 81 
0.05 1.0 9.00 15, 6O, 89 
0.08 1.0 5.25 39, 81 
0.10 1.0 4.00 60, 81 
0.125 1.0 3.00 3, 10, 17, 39 
0.15 1.0 2.33 81, 120 
0.20 1.0 1.50 19, 60, 120 
0.231 1.0 1.16 10, 39, 120 
0.3 1.0 0.67 60 
0.5 1.0 0 60 

[0150] Glyoxal Crosslinking 

[0151] Glyoxal (supplied as 40% in aqueous by Aldrich 
Chemical Co.) (“GY”) Was added to the crystal suspension 
to give a ?nal concentration of 0.01-1.0%. For each ml of 
subtilisin crystals (27 mg/ml) in 15% sodium sulfate 0.25 pl 
to 25 ml (0.01 to 1%) of the glyoxal Was added to the slurry, 
While magnetically stirring at ambient temperature. After 
stirring for 1 hour, the crosslinked crystals Were centrifuged 
and Washed, as described for glutaraldehyde crosslinking. 

[0152] Octanedialdehyde Crosslinking 

[0153] Octanedialdehyde (“OA”) (100% as supplied by 
DSM Chemie LinZ), in the amounts shoWn in Table II beloW, 




















































