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STABILIZED ALPHA-GAIACTOSIDASE AND USES THEREOF

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to novel multimeric

protein structureg and, more particularly, but not exclusively, to multimeric protcin

structures of cr-galactosidase and to uses thereof in treating Fabry disease.

The lysosomal enzyme o-galactosidase-A (ü-GAL or s-Gal A; EC 3,2,7,22)

catalyzes the removal of galactose from oligosaccharides, glycoproteins and glycolipids

during the catabolism of macromolecules. Deficiencies in lysosomal enzymes lead to

the accumulation of iheir substrates in the tissues, conditions known as lysosomal

storage diseases, ln humans, the absence of functional a.-galacto.sidase-A leads to the

accumulation of glycolipids containing terminal a-galactose residues þrimarily

globotriaosylceramide, which is also referred to as "ceramide trihexoside"' "CTH" or

,.Gb¡') in the tissues, leading to Fabry disease. Fabry disease is an Xlinked recessive

disorder, first described in 1898, characterized by chronic pain, ocular opacities, liver

and kidney impairment, skin lesions, vascular deterioration and/or cardiac deficiencies.

Recombinant human a-galactosidase-A has the ability to restore enzyme function in

patients, and enzyme replacement therapy (ERT) using o-GAL w.aq approved in the

United States in 2003 as a treatment for Fabry disease. o-GAL became the second

recombinant protein approved for the treatment of a lysosomal storage disorder after p-

glucosidase, a treatment for Gaucher disease.

Endogenous and recombinant a-GAI-s cat"alyze the hydrolysis of terminal

galactosytatecl glycolipids in the lysosomes of cells of organs such as the liver, kidneys,

spleen, heart, etc. This natural action sjte is cha¡aclerized by its low pH, rcaching as

low as 4.5. Lysosomal-erzymes, including a-GAL, are hence designed to exert their

nlaximal activity at these low pH levels'

Current Fabrt ERT treatments are based on marnnralian-cell derived

recombinant 0-GAL which is considered to be a limited efficiency treatment. These

treatments only decelerate .the progress of the disease but are not able to stop its

progress and do not offer a true and cornplete solution. Fu¡lher¡nore, in sonle cases,
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ERT with commercial recombinant c-GAIs must be ceased due to development of an

irnmunogenic response to the treatment and in some cases the treatment cannot be

initiated in ligþt of immunogenicity problems.

- X-ray structure analysis reveals thaf human a-GAL is a homodimeric

glycoprotein with each monomer composed of two domains, a (Ê/o)s domain containing

the active site and a C-terminal domain containing eight antiparallel p strands on two

sheets in a p sandwich [Garman & Garboczi, J Mol Biol20O4,337:3L9135]' The two

monomers are arranged in a head-to-tail assembly and the dimerization is non-covalent.

The two monomers pack with an interface that oxtends the 75 .Ä, width of the dimer and

buries 2200 Å3 of surfäce area. In the dimer interface, 30 residues from each monomer

contribute to the interface. The lwo active sites of the dimer are separated by

approximately 50 Å.

The cr.ystal structure of a-Gal was solved for a non-liganded protein as well as

for a galactoseJiganded protein. These two structures exhibit little change between the

liganded and nonJiganded structures. Neve¡theless, the use of galactose instead of the

natural substrate, globotriaosylceramide (Gb:), the latte¡ characte¡ized by long lipidic

chains able to interact with the hydrophobic domain of one monomer úhile the terminal

galactose interacts with the active site of the second monomcr, may not lead to evidence

of active site cooperativity, Furthermore, biochemical evidence does suggest such

cooperativity, exemplifying the importance of the homodimeric quaternary structure

[Bishop & Desnick, J Biot Chem 198L,256:7307-7316]. Thus, the kinetic properties of

human o-Gal were studied and cooperativity between the monorners of the

homodimeric enzyme, each with an interacting catalytic site, was shown. It was

therefore suggested that enzymatic activity and stability may be dependent on

dimerization.

WO 20091024977,by the present assignee, which is incorporated by reference as

if fully set forth herein, teaches conjugates of a saccharide and a biomolecule,

covalentìy linked therebetween via a non-hydrophobic linker, as well as medical uses

utilizing such conjugates.
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pCT International Patent Application No. PCT[L20101000956, by the present

assignee, teaches methodologies which utiltze c-galactosidase which exhibits a

lysosomal activity at pH levels higher than lysosomal pH.

Additional background art include Bendele et al.lToxicological Sciences 1998,

42:152-L571, U.S. Patent Nos. 5,256804,5,580757 and 5,766,897, International Patent

Application PCT/NL20071050684 þublished as WO 2OO81O75957), and Seely &

Richey P C hromatogr aphy A 2O01, 908:235 -2411.

SUMMARY OF THE INVENTION

According to an aspect. of some embodiments of the present invention there is

provided a multimeric protein structure comprising at least two o-galactosidase

monomefs being covalently linked to one another via a linking moiety, the multimeric

protein structu¡e featuring a characteristic selected from the group consisting of:

(a) an c-galactosidase activity upon subjecting the multimeric protein structure to

human plasma conditions for one hour, which is at least lO Vo higher than an activity of

native c-galactosidase upon subjecting the native a-galactosidase to human plasma

condjtions for one hour;

(b) an o-galactosidase activity which decreases upon subjecting the multimeric

protein structure to human plasma conditions for one hour by a percentage which is at

least l0 o/o less than the percentage by which åur activity of the native a-galactosidase

decreases upon subjecting the native c-galactosidase to human plasma conditions for one

hour;

(") an a-galactosidase activity which remains substantially unchanged upon

subjecting the mullimeric protein structure to human plasma conditions for one hour;

(d) an a-galactosidase activity, upon subjecting the multimeric protein structure

to lysosomal conditions for one week, which is at least 10 7o higher than an activity of

native cr-galactosidase upon subjecting the native a-galactosidase to lysosomal

conditions for one week;

(e) an c-galactosidase activity which decreases upon subjecting the multimeric

protein structure to lysosomal conditions for one day by a percentage which is at least L0
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% less than the percentage by which an activity ofthe native o-galactosidase decreases

upon subjecting the native o-galactosidase to lysosomal conditions for one day;

(Ð an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day;

5 (g) an o-galactosidase activity, immediately upon subjecting the multirneric

protein structure to lysosomal conditions, which is at least 70 % higher than an activity

of native o-galactosidase immediately upon subjecting the native form of the protein to

lysosomal conditions;

(h) an o-galactosidase activily, immediately upon subjecting the multimeric

10 protein structure to an aqueous solution having a pH of 7 and a temperature of 37

oC, which is at least LO lo higher than an activity of native o-galactosidase immediately

upon subjecting the native o-galactosidase to an agueous solution having a pH of 7 and a

temperature of 37 'C; and

(i) a circulating halfJife in a physiological system which is higher by at least 20

15 7o thanthe circulating half-life of the native a-galactosidase.

According to an aspect of some embodirnents of the present invention there is

provided a multimeric protein structure oomprising at least two a-galactosidase

monomers being covalently linked to one another via a tinking moiety, wherein the

linking moiety is not present in native a-galactoùidase.

ze According to an aspect of some embodiments of the present invention there is

provided a pharmaceutical composition comprising a multimeric protein structure as

described herein and a pharmaceutically acceptable carrier.

According to an aspect of some embodiments of the present invention there is

provided a method of treating Fabry disease, the method comprising administering to a

25 subject in need thereof a therapeutically effective amount of a multimeric protein

structure as described herein, thereby treating the Fabry disease'

Accorcling to an aspect of some embodiments of the present invention there is

provided a process of preparing a multimeric protein structure as described herein, the

process cornprising reacting o-galactosidase with a cross-linking agent which comprises

30 the linking moiety described herein and at least two reactive groups.
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According to some embodiments of the invention, the linking moiety described

herein is not present in native o-galactosidase.

According to some embodiments of the invention, the multimeric protein

structure features a characteristic selected from the group consisting of:

(a) an o-galacfosidase activity, upon subjecting the multimeric protein structure

to human plasma conditions for one hour, which is at least 70 % highu than an activity

of native a-galactosidase upon subjecting the native c-galactosidase to human plasma

conditions for one hour;

(b) an a-galactosidase activity which decreases upon subjecting the multimeric

protein structu¡e to human plasma conditions for one hour by a Pefcentage which is at

least l0 0/o less than the percentage by which an activity of thb native a-galactosidase

decreases upon subjecting the native o-galactosidase to human plasma conditions for one

hour;

(c) an a-galactosidase activity which ¡emains substantially unchanged upon

subjecting the multimeric protein structure to human plasma conditions for,one hour;

' (d) an a-galactosidase activity, upon subjecting the multimeric protein structure

to lysosomal conditions for one week, which is at least l0 Vo hi$ter than an activity of

native a-galactosidase upon subjecting the native a-galactosidase to lysosomal

conditions for one week;

(e) an o-galactosidase activity which decreases upon subjecting the multimeric

protein structure to lysosomal conditions for one day by a percentage which is at least 10

0á less than the percentage by'which an activity òf the native a-galactosidase decreases

upon subjecting the native a-galactosidase to lysosomal conditions for one day;

(Ð un cr-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day;

(g) an a-galactosidase activity, inmediately upon subjecting the multimeric

protein structure to lysosomal conditions,which is at least 10%higher than an activity

of natíve g-galactosidase immediately upon subjecting the native a-galaclositlase to

lysosomal conditions;

(h) an u-galactosidase activity, immediately upon subjecting the multimeric

protein structure to an aqueous solution having a pH of 7 and a temperature of 37
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'C, which is at least lO Vo higher than an activity of native o-galactosidase immediately

upon subjecting the native a-galactosidase to an aqueous solution having a pH of 7 anda

temperature of 37 oC; and

(i) a circulating halfJife in a physiological system which is higher than a

5 circulating halfJife of 'the native a-galactosidase'

According to some embodiments of the invention, the o-galactosidase activity of

the multimeric protein structure which remains substantially unchanged upon subjecting

the multimeric protein structure to lysosomal conditions for one day, further remains

substantially unchanged upon subjecting the multimeric protein structure to lysosomal

10 conditions for one week.

According to some embodiments of the invention, the circulating half-life of the

multimeric protein structure which is higher than a circulating l¡alfJife of the native a-

galactosidase, is higher by at least 20 /o tha¡ the circulating half-life of the native a-

galactosidase'

15 According to some embodiments of the invention, the circulating halfJife of the

multimeric protein structufe which is higher than a circulating halflife of the native a-

galactosidase, is higher by at least 5O Vo than the circulating halfJife of the native o-

galactosidase'

According to some embodiments of the invention, the multimeric protein

20 structure is characterized by an c-galactosidase activity in an organ upon administration

of the multimeric protein structure to a ve¡tebrate, the organ being selected from the

group consisting of a spleen, a heart and a kidney'

According to some embodiments of the invention, the multimeric protein

structure comprises two c-galactosidase monomers, the protein structure being a dimeric

25 protein structure.

According to some embodiments of the invention, the o-galactosidase is a human

o-galactosidase. 
t

According to some embo6iments of the invention, the c-galactosidase is a plant

recombinant a-galactosidase'



7

5

According to some embodiments of the invention, the o-galactosidase has an

amino acids sequence selected from the group consisting of SEQ ID NO:1', SEQ ID

NO:2 and SEQ ID NO:3.

According to 'some embodiments of the invention, the c-galactosidase is an

alkaline a-galactosidase.

According to some embodiments of the invention, the o-galactosidase is an acid

a-galactosidase.

According to some embodiments of the invention, the linking moiety comprises

a poly(alkylene glycol).

According to some embodiments of the invention, the poly(alkylene glycol)

comprises at least two functional groups, each functional group forming a covalent bond

with one of the o-galactosidase monomers.

According to some embodiments of the invention, the at least two functional

groups are terminal groups of the poly(alkylene glycol).

According to some embodiments of the invention, the at least one linking moiety
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has a general formula:

-X1 -(CRr&-CR¡Rq-Y)n-Xz-

wherein each of X1 and Xz is a functional group that forms a covalent bond with

at least one a-galactosidase monomer;

Y is O, S or NRs;

n is an integer from 1 to 200; and

each of Rr, Rz, Rr, R+ anctRs is independently selected from the group consisting

of hydrogen, alkyl, cycloalkyl, alkenyl, alkynyl, alkoxy, hydroxy, oxo, thiol and

thioalkoxy,

According to some cmbodiments of the invention, at least one of the functional

groups forms an amide bond with an c-galactosidase monomer.

According to some ernbodiments of the invention, n is an integer from 5 to 150.

According to solne enlbodiments of the invention, n is an integer from 40 to 70.30
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According to some embodiments of the invention, the pharmaceutical

composition further comprises a galactose.

According to some embodiments of the invention, the multirneric protein

structure is for use as a medicament.

5 According to sorne embodiments of the invention, the medicament is for treating

Fabry disease'

According to some embodiments of the invention, .the multimeric proteirt

structure is for use in treating Fabry disease'

According to some embodiments of the invention, the process comprises reacting

10 dimeric a-galactosidase with the crosslinking agent'

According to some e¡nbodiments of the invention, the reactive grolrPs comprise a

leaving group.

According to some embodiments of the invention, the ¡eactive group reacts with

an amine group to form an amide bond'

15 According to some embodiments of the invention, each of the reactive gtoups is

capable of forming a covalent bond between the linking moiety and at least one c-

galactosidase monomir.

According to some embodiments of the invention, a molar ratio of the cross-

linking agent to monomers of o-galactosidase is in a range of from 5:1 to 500:1'

20 According to s'ome embodiments of the invention, the molar ratio is in a range of

from 75:1 to 300:1.

Unless otherwise define{, all technical and/or scientific terms used herein have

the same meaning as commonly understood by one of ordinary skill in the art to which

the invention pertains. Although methods and materials similar or equivalent to those

25 described herein can be used in the practice or tesling of embodiments of the invention'

exemplary methods and/or materials are described below. In case of conflict, the patent

specification, including definitions, will control. In addition, the materials, methods, and

examples are illustrative only and are not intended to be necessarily limiting'
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BRIEF DESçRIPTIOIì{ OF TI-IE DRAWINGS

The patent or application file contains at least one drawing executed in color.

Copies of this patent or patent application publication with color drawing(s) will be

provided by the Office upon request and payment of the necessary fee.

5 Some embodiments of the invention are herein described, by way of example

only, with reference to the accompanying drawings. With speclfic reference now to the

drawings in detail, it is stressed that the particulars shown are by way of example and fo¡

purposes of illustrative discussion of embodiments of the invention. In this regard, the

description takon with the drawings makes apparent to those skilled in the art how

10 embodiments of the invention may be practiced.

In the drawings:

FIG. 1 is a graph showing the activity of Fabrazyme@ o-GAL, Replagal@ a-GAL

and plant recombinant human a-GAL-I, as a fun'ction of incubation time under simulated

lysosomal conditions (citrate phosphate buffer, pH 4,6,37 "C);

15 FlG.zis a graph showing the activity of Fabrazyme@ a-GAL, Replagal@ a-GAL,

plant recombinant human o-GAI-I, and plant recombinmt o,-GALI with galactose (100

mglmL), as a function of incubation time under simulated physiological conditions þH

7.4,37'C);

FIG. 3 is a graph showing the activity of Fabrazymeo a-GAL, Replagal@ o-GAL

z0 and plant recombinant human a-GALI, as a function of incubation time in human

plasma at37 "C;

FlG. 4 is a graph showing the activity of Fabrazyme@ u-GAL, Replagal@ a-GAL,

plant recombinant human a-GAL-I, and plant recombinant a-GAL-I with galactose (100

mglml), as a function of incubation time under simulated lysosomal conditions (citrate

25 phosphate buffer, pH 4.6,37 "C);

FIG. 5 is a scheme depicting the molecular structures of exemplary bis-N-

hydroxysuccinimide-poly(ethylene glycol) (bis'NHS-PEG) cross-linking agents;

FIG. 6 is a scheme depicting a dimeric protein which has been reacted with bis-

NHS-PEG cross-linking agents;

30 FIG. 7 presents a scan of an SDS-PAGE gel showing plant recombinant o-GAL-I

which w¿rs reacted with bis-NHS-PEGs (lanes 1-3), bis-NHS-PEGs (lanes 7-9), and bis-
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NHS-pEG¿s (lanes 4-6), at a molaf latio of 50:1 (lanes 1, 4 and 7), 100:1. (lanes 2, 5 and

8) and 200:L (lanes 3, 6 and 9) bis'NHS-PEG:a-GAL, as well as molecular weight

markers (Mw) and non-reacted plant recombinant 0-GAL-I standard (Std) (affows show

the band comprising an o-GAL dimer);

FIG. 8 presents a scan of an isoelectric focusing gel shdwing plant recombinant

o-GAL-I which was reacted with bis-NHS-PEGs (lanes 1.-3), bis-NHS-PEGs (lanes 7'9),

and bis-NHS-PEG¿s (tanes 4-6), at a molar ratio of 50:1' (lanes l, 4 and 7), L00:1 (lanes

2,5 and 8) and 2o}:7.(lanes 3, 6 and 9) bis-NHS-PEG:a-GAL, as well as pH markers

(M) and non-reacted plant recombinant 0-GAL-I standard (Std) (affows show pH values

for various bands);

FIG. 9 is a MALDI-TOF mass spectroscopy spectrum of plant recombinant a-

GALI crosslinked by bis-NHS-PEGos (x-axis indicates m/z values, and mlz values of

peaks are shown);

FIG. l0 is a MALDI-TOF mass spectroscopy spectrum of plant resombinant o-

GAL-I cross-linked by bis-NHS-PEGa (x-axis indicates m/z values, and mlz values of

peaks are shown);

FIG. 11 presents a photograph showing the o-GAL substrate .tV-dodecanoyl-

nitrobenzoxadiazole-ceramide trihexoside (Gb3-NBD) and the a-GAL reaction product

lactosyl ceramide-nitrobenzoxadiazole (lactosyl ceramide-NBD), as visualized by

iradiation under UV lig¡t (365 nm) following high performance thin layer

chromatography, following incubation of the substrate Gb¡-NBD with plant recombinant

human a-GAL-I cross-linked with bis-NHS-PEG¿s (left lane), Rçplagal@ 
'-GAL 

(middle

lane) and without o.-GAL (right lane);

FIGs. 124, l2B and 72C, ate graphs showing the activity of Fabrazyme@ a-

GAL, Replagal@ cr-GAL, plant recombinant human o-GAL-I, and plant recombinant

human 0-GAL-I cross-linked with bis-NHS-PEGs (F-IG' 124), bis-NHS-PEG8 (FIG.

1213) and bis-NHS-PEG+s (FlG, l2C) at. a molar ratio of 50:1 ("1" in FIG' 12A,"7" in

FlG. l2B and "4" in FIG. 12C), 100:1 ("2" in FIG. l2A, "8" in FIG. 128 and "5" in

FIG. l2c) and 200:1 ("3" in FIG. l2A, "9" in FIG. 128 and"6" in FIG. l2C) bis-NHS-

pEG:a-GAL as a function of incubation time under simulated lysosomal conditions

(citrate phosphate buffer, pH 4.6,37 "C);
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FIG. 13 is a graph showing the pharmacokinetic profile of Replagal@ c-GA!

plant recombinant human cr-GAL-I, and plant recombinant human a-GALI crosslinked

with bis-NHS-PEGas in the plasma of Fabry mice; the residual activity of eaoh a-GAL is

presented as a percentage of the maximal residual activity of each o-GAL, as a function

of time following injection of the o-GAIs;

FIGs. 144 and L4B present a graph (FIG. 144) showing the activity of

Replagal@ d-GAL, plant recombinant human o-GALI þrh'alpha-GAl-I), and plant

recombinant human a-GAL-I crossJinked with bis-NHS-PEGs þrh-alpha'GALI-CL8)

or bis-NHS-PEG¿s þrh-alpha-G AL-!-CIAí ) in the spleens of Fabry mice 2 hours

following injection of ü-GAL, and a photograph of a 'lwestern blot (FIG. 148) showing

Rcplagal@ u-GAL (lanes 10-12 and 15), plant recombinant human a-GAL-I (lanes 7-9

and l3), and plant recombinant human a-GAL-I c¡oss-linked with bis-NHS-PEG3 (lanes

4-6) or bis-NHS-PEGa5 (lanes 1-3 and 14) in the spleens of Fabry mice following

injection of o-GAL (lanes 1-12) or as a standard consisting of 50 ng a-GAL (lanes 13-

1s);

FIGs. 154 and 158 present a graph (FIG. 154) showing the activity of

Replagal@ c-GAL, plant recombinant human a-GALI þrh-alpha-GAl-I), and plant

recombinant human 0-GAL-I cross-linked with bis-NHS-PEGo þrh-alpha-GAl-I-Ct3)

orbis-NHS-PEGlsþrh-alpha-GALl-c1,45)intheliversofFabrymice2hours

following injection of a-GAL, and a photograph of a 
'Western blot (FtG. 15B) showing

Replagal@ a-GAL (lanes L0-12 and 1.5), plant recombinant hurhan a-GALI (lanes 7-9

and 13), and plant recombinant human o-GAL-I cross-linked with bis-NHS-PEGs (lanes

4-6) or bis-NHS-pEGa5 (lanes L-3 and 14) in the livers of Fabry mice following injection

of a-GAL (lanes 1-12) or as a standard consisting of 50 ng a-GAL (lanes 13-1'5);

FIG. 16 is a graph showing the activity of Replagal@ o-GAL, plant recombinant

human a-GALI (prh-alpha-G AI-I), and plant .recombinant human ü-GAL-I cross-

linked wirh bis-NHS-PEGs (prh-alpha-GAl-l-) or bis-NHS-PEG¿s þrh-alpha-GAl-I-

cIAs) in the hearts of Fabry mice 2 hours following injection of 0-GAL;

FIG. 17 is a graph showing the activity of Replagal@ a,-GAL, plant recombinant

human a-GAL-l (prh-alpha-GALl), and plant recombinant human cr-GAL-I cross-

10

15

20

25

30



L2

linked with bis-NHS-PEGg þrh-alpha-GALl-CL8) o¡bis-NHS-PEG¿s þrh-alpha-GAl-

I-CL+s) in the kidneys of Fabry miceZhours following injection of o-GAL;

FIG. 18 is a graph showing the activity of Replalal@ g-GAL and plant

recombinant human a-GAL-I þrh-alpha-GAl-I), and plant recombinant human a-GAL

5 I cross-linked with bis-NHS-PEG¿s þrh-alpha-GAL-I-CI/5) in the spleens of Fabry

mice2 hours,24 hours,3 days and 7 days following injection of u-GAL (endogenous

wild type a-GAL (WT) is shown as a standard);

FIG. 19 is a graph showing the activity of Replagal@ 0-GAL and plant

recombinant human g-GAL-I þrh-alpha-GALl), and plant recombinant human c-GAL

10 I cross-linked with bis-NHS-PEGa5 þrh-alpha-GALl-Cl/5) in the livers of Fabry mice

2 hours, 24 hours, 3 days and 7 days following injection of a-GAL (endogenous wild

type o-GAL (WT) is shown as a standard);

FIG. 20 is a graph showing the activity of Replagato a-GAL and plant

recombinant human a-GALI (prh-alpha-GAl-I), and plant recombinant human a-GAL

ls I cross-linked with bis"NHS-PEGa5 þrh-alpha-GALI-CLz15) in the hearts of Fabry mice

2 hours, 24 hours, 3 days and 7 days following injection of u-GAL (endogenous wild

type c-GAL (WT) is shown as a standard);

FIG. 27 is a graph showing the activity of Replagal@ a-GAL and plant

recombinant human a-GALI þrh-alpha-GALl), and plant recombinant human o-GAL

20 I crossJinked with bis-NHS-PEGa5 þrh-alpha-GAL-I-CL,l5) in the kidneys of Fabry

mice Z hou¡s, 24 hours, 3 days and 7 days following injection of c,-GAL (endogenous

wild type a-GAL (WT) is shown as a standard);

FIG. 22 presents a photograph of an image of an SDS-PAGE gel showing

Replagal@ mammalian recombinant human c-GAL (left lane), and Replagal@

25 mammalian recombinant human o-GAL which was reacted with bis-NHS-PEG¿.s

(middle lane), as well as molecular weight markers (right lane; molecular weights of

markers are indicated in KDa units);

FÍG.23 presents a photograph of an isoelectric focusing gel showing Replagal@

mammalian recombinant human 0-GAL (left lane), and Replagal@ mammalian

30 recombinant human g-GAL which was reacted with bis-NHS-PEGqs (middle lane), as

well as pll markers (rigbt Iane);
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FIGs. 24A and 248 are MALDI-TOF mass spectroscopy sPectra of Replagal@

mammalian recombinant human g-GAL (FIG. ZA), and Replagal@ mammalian

recombinant human g-GAL crossJinked by bis-NHS-PEG¿s (x-axis indicates m/z

values, andmlzvalues (in Daunits) of peaks are shown);

5 FIG. 25 is a Michaelis-Menten plot showing the velocity (V) of hydrolysis ofp-

nitrophenyl-o-D-galactopyranoside (pNP-G) by Replagal@ mammalian recombinant

human a-GAL (Replagal) and Replagal@ mammalian recombinant human o,-GAL cross-

Iinked by bis-NHS-PEG¿s (Replagal CIA'), as'afunction ofpNP-G concentration;

FIGs. 264 and 268 are graphs showing the activity of Replagal@ mammalian

10 recombinant human a-GAL (Replagal) and Replagal@ mammalian recombinant human

a-GAL crossJinked by bis-NHS-PEG¿s (Replagal-Cl-zt5) as a function of incubation

time under simulated lysosomal conditions (citrate phosphate buffer, pH 4.6,37 'C)

(FIC,264) or in human plasma zt37 "C (FIG' 268);

FIGs.27A-27Ð arc graphs showing the activity of Replagal@ c-GAL (R) and

15 Replagal@ c-GAL cross-linked with bis-NHS-PEG¿s ß-CLî5) in the spleens (FIG'

274), livers (FIG. 278), hearts (FIG. 27C) and kidneys @fG. 27D) of Fabry mice 2

hours following injection of o-GAL;

FIGs. 2BA-28D are graphs showing Gfu levels in the hearts (FIG. 2BA), kidneys

(FIG. 2BB), livers (FIG. 2BC) and spleens (FIG, 28D) of Fabry mice, as a function of

20 time following injection of Replagal@ a-GAL (R) or Replagal@ a-GAL crosslinked with

bis-NHS-PEG¿s (R-Cf"t5);

FIGs. 294 and 298 present scans of SDS-PAGE gels showing plant recombinant

human a-GALII (FIGs. 29A and 29B,lane 2), and plant recombinant human a-GALII

which was reacted u/ith bis-NHS-PEGzr (FIG. 294, lane 3), bis-NHS-PEG4s (FIG. 294'

2s lane 4) or bis-NHS-PEGcs (FIG. 2gB,lane 3), as well as molecular weight markers

(FIGs. 29A and2gB,lane 1; rnolecular weights of markers are indicated in KDa units);

FIGs, 304-30c afe MALDI-TOF mass spectroscopy spectra of plant

recombinant human o,-GAL-II (FIG. 304), and plant recombinant human c-GALII

cross-linked by bis-NHS-PEGzr (FIG. 308) or bis-NHS-PEG¿s (FlG. 30C) (x-axis

30 indicates m/z values, and mlz values (in Da units) of peaks are shown);
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FIGs. 314-3LD are graphs showing the activity of Replagal@ mammalian

recombinant human ü-GAL (Replagal), plant recombinant human 0-GALJI þrh-alpha-

GAL-II) and plant recombina¡rt human 0'GALII crosslinked by bis-NHS-PEG21 þrh-
' alpha-G AL-ll-cL2l; FIGs. 314 and 31C), bis-NHS-PEG¡s þrh'alpha-GAL-II-CL'15;

s FIGs. 314-31D) or bis-NHS-PEG63 þrh'atpha-GALII-Ctó8; FIGs' 318 and 31D) as a

function of incubation time under simulated lysosomal conditions (citrate phosphate

buffer, pH 4.6, 37 'c) (FIGs. 314 and 318) orin human plasma at37 oC (FIGs' 31C

and 31D) (data shown in FIGs.31C and 31D are from different experirnents);

FlGs. 324 and 328 are graphs shOwing the pharmacokinetic profiles of

10 Replagal@ 0-GAL (Replagal), plant reoombinant human 0-GAL-II þrh-alpha-GAl-ll),

and plant recombinant human a-GALII crossJinked with bis-NHS-PEG¿s þrh-alpha-

GALII-C[,4S) in the plasma of Fabry mice; concentration of each 0-GAL is ptesented

as a function of time'following injection of a-GAL (FIGs. 32A and 32B present the

same data at different time frames);

15 FIGs. 334-3 3L aregraphs showing the activity of Replagal@ 0-GAL (Replagal),

plant recombinant human g-GALII þrh-alpha-GALII) and plant recombinant human

0-GAL-II cross-linked with bis-NHs-PEG¿s þrh-alpha-GAL-IJ-C[A5; FIGs' 334-33L)

or bis-NHS-PEGzr þrh-alpha-G AL-ll-cløl; FIGs.33E-33L) in the hearts (FIGs. 334,

33E and 33I), kidneys (FIGs. 338,33F and 33J), livers (FIGs. 33C, 33G and 33K) and

20 spleens (FIGs. 33D, 33H and 33L) of Fabry mice 2 hours (FIGs. 334-33H), 7 days

(FIGs.33A-33Dand33I-33L),1.4days(FIGs.33A-33D)and2Sdays(FIGs.33A-33D)

following injection of c-GAL;

FIGs. 34A-3 4C are graphs showing the kinetic parameters v'", GIG. 344), Kv

(FlG. 348) and k,r (FIG. 34C) for plant recombinant human a-GAL-II þrh-alpha-GAl-

25 ll) and plant recombinant human o-GALII crossJinked with l¡is-NHS-PEGa5 (prh-

alpha-GAl--ll-ClAs), as a function of pH;

FlG. 35 presents a scan of an SDS-PAGE gel showing plant recombinant human

q-GAL-l þrh-o-Gal-I), and plant recombinant human C-GAL-I which wa's reacted with

methoxy-capped NHS-PEG having a molecular weight of 2 KDa þrh-u-Gal-I-PEG

30 2000), 5 KDa þrh-o-Gal-I-PEG 5000) or 1,0 KDa þrh-cr-Gal-I-PEG 10000), as well as
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molecular weight markers (left lane; molecular weights of markers are indicated in KDa

units);

FIGs. 36A and 368 are graphs showing the activity of Fabrazyme@ mammalian

recombinant human a-GAL (Fabrazyme), Replagal@ mammalian recombinant human o-

s GAL (Replagal), plant recombinant human a,-GAL-I and plant recombinant human o-

GAL-I which was reacted with methoxy-capped NHS-PEG having a molecular weight

of 2 KDa (a-Gal-I-PEG 2000), 5 KDa (a-GalJ-PEG 5000) or 10 KDa (c-Gal-I-PEG

10000), as a ñ¡nction of incubation time under simulated lysosomal conditions (citrate

phosphate buffer, pH 4.6, 3l"C)(FIG. 364) or in human plasma at37"C (FIG' 368);

l0FIG'3TpresentsascanofanSDS-PAGEgelshowingplantrecombinanta-
GAL-I which was reacted with bis-NHS-PEGz (lanes 1-3), bis-NHS-PEGa (lanes 4-6),

bis-NHS-pBG6s (lanes 7-9), bis-NHS-PEGrso (lanes 10-1.2) and tris-NHS-PEG¿s (Cl/5),

at a molar ratio of 50:1 (lanes 1,4,7 and 10), 100:L (tanes 2,5, B and 1L) and 200:1

(lanes 3, 6, 9 and 12) bis-NHS-PEG:C-GAL, as well as molecular weight markers

15 (Mtùi);

FIG. 38 þresents a scan of an SDS-PAGE gel showing plant recombinant a-

GAL-I which was reacted with bis-COOH-PEGr2 (lanes L-3), bis-COOH-PEG2s (lanes

4-6), bis-cooH-PEG¿s (lanes 7-9), and bis-NHS-PEG¿s (C1,45), at a rnolar ratio of 50:l'

(lanes 1, 4 andT),100:1 Qanes 2,5 and 8) and 200:1. (lanes 3, 6 and 9) bis-NHS-PEG:a-

zO GAL, as well as molecular weight markers (MW), and non-crosslinked plant

recombinant a-GAL-I as a control (con);

FIG. 39 is a graph showing the activity of Replagal@ a-GA! plant recombinant

human a-GALI þrh-o-GAL-l), and plant recombinant human a-GAL-I cross-linked

with bis-NHS-PEG¿s þrh-o-GAL-I-C[A'), bis-NHS-PEGa þrh-a-GAL-I-Ct-21), bis-

2s NHS-PEGz þrh-c-GAL-l-cLz), bis-cooH-PEG+s (prh-o-GAL-I-CI.A45) bis-cooH-

PEGzs þrh-a-GAL-I-CLA2B) or bis-cooH-PEcr2 (prh-c-GAL-I-CLALZ) as a function

of incubation time under simulated lysosomal conditions (citrate phosphate buffer, pH

4.6,37 "C);

FIGs. 40A and +0g are graphs showing the activity of plant recombinant human

30 0-GAL-II cross-linked by bis-NHS-PEG¿s as a function of incubation time under

simulated lysosomal conrlitions (citrate phosphate buffer, pH 4'6, 37'C) (FIG' 404) or
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in human plasma at 37 oC (FIG. 408) (FIG. 408 shows the activity of Replagal@

mammalian recombinant a-GAL and non-cross-linked plant recombinant human o-

GAL-II for comparison);

FIG. 4L presents a scan of an SDS-PAGE gel showing plant recombinant a-

GALII from 3 different batches (lanes 1-3) and plant recombinant a-GALII which was

reacted with bis-NHS-PEG¡s from 5 different batches (lanes 4-8), as well as molecular

weight markers (MW);

FIG, 42presents a scan of an isoelectric focusing gel showing plant recombinant

a-GALII from 3 diffo¡ent batches (lanes 1.-3) and plant recombinant o-GALII which

was reacted with bis-NHS-PEG¿s from 5 different batches (lanes 4-8), as well as pH

markers (M);

FIGs. 43A-4gF are MALDI-TOF mass spectfoscopy spectfa of plant

recombinant human g-GALII (FIG. 434), and plant human a-GALII cross-linked by

bis-NHS-pEG¿s from 5 different batches (FIGs. 438-43F, respectively) (x-axis indicates

m/z values, and mlzvalues (in Da units) of peaks are shown); and

FIG. 44 is a graph showing the catalytic velocity (V) of o-GAL activity exhibited

by plant human a-GALII crossJinked by bis-NHS-PEG¿s from 5 different batches, as a

function of substrate þ-nitrophenyl-c-D'galactopyranoside) concentration.

The present invention, in some embodiments thereof, relates to novel multimeric

protein structures and, more particularly, but'not exclusively, to multimeric protein

structures of cr-galactosidase and to uses thereofin treating Fabry disease-

Before explaining at least one embodiment of the invention in detail, it is to be

undcrstood that the invention is not necessarily limited in its application to the detaiìs set

forth in the following description or exemplified by the Examples. Tlrc invention is

capable of other embodiments or of being practiced or carried out in va¡ious ways.

Deficiencies <if a lysosomal protein (e.g', defects in a lysosomal protein or

absence of a lysosomal protein) can cause considerable harm to the health of a subject

(a lysosomal storage disease). Enzyme replacement thcrapy (ERT), in which the

deficient protein is administered to a patierrt, has been used in attempts lo treat
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lysosomal storage diseases. However, administration of the deficient protein does not

necessarily ¡esult in a considerable and/or persistent increase in the activity of the

protein ín vivo.

Fabry disease is an example of an X-linked recessive (inherited) lysosomal

5 storage disease which can c¿¡use a wide range of systemic symptoms' A deficiency of

the lysosomal enzyme a-galactosidase A due to mutation causes a glycolipid known as

globotriaosylcerarnide (also known as Gbg or ceramide trihexoside) to accumulate

within the blood vessels, other tissues, and organs. This accumulation leads to an

impairment of their proper function. Two enzyme replacement therapies (ERTs) are

t0 available to functionally compensate for c-galactosidase deficiency' Agalsidase alpha

(Rcplagal@,Shire)andagalsidasebeta(Fabrazyme@,Genzyme)arebothrecombinant

forms of the human a-galactosidase A eÎzyme, These enzymes are difficult to

manufacture and as such are expensive. Recently, contamination at Genzyme's Allston,

MA, plant caused a worldwide shortage of agalsidase beta, and supplies were rationed

15 to patients at one'third the recommended dose'

As shown herein, a-galactosidases exert their maximal activity at low pH levels

characteristic of lysosomes, while their activity at higher pH levels is compromised'

Thris, for example, g-galactosidase used in ERT would have little ability to hydrolyze

terminal galactosylateð glycolipids in the serum of Fabry patients'

20 Moreover, as further shown herein, even under lysosomal conditions, the

activity of a-galactosidases is gradually compromised, although at a slower rate than at

higher pH levels'

Motivated by a need to solve the compromised activity of c-galactosidases' the

present inventors have searched for stabilized forms of o-galactosidase (0-GAL)' More

25 specifically, the present inventors have envisiòned that a stabilized form of o-

galactosidase would exhibit longer lasting activity in general, including longer lasting

activity in senrm. The present inventors have thus designed and successfully prepared

and practiccd stabilized fbrms of native c-galactosidase and have indeed shown that

such sfabilized forms exhibit an improved performance, in terms of enhanced activity

30 and/or a longer lasting activity under both lysosomal conditions and in a serum

environment, which allows for an enhanced activity of the protein in vivo,
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The present inventors have demonstrated a formation of stabilized forms of a-

galactosidase which exhibit an improved performance by means of cross-linking native

cr-galactosidase, via formation of new covalent linkage between o-galactosidase

monomers.

Referring now to the drawings, Figures 1 and 4 show the decline of enzyme

activity under lysosomal conditions for plant recombinant human o-GAL I þrh-a-GAL

I) and Fabrazy-e@ and Replagal@ c-GAL. Figures 2 and 3 show the decline of enzyme

activity under simulated physiological conditions or in human plasma, for the same o-

GAL varieties.. Figures 2 a¡d 4 show that galactose decreases the rate of the decline in

a-GAL activity.

Figure 5 shows exemplary PEG þolyethylene glycol) cross-linking agents,

according to optional embodiments of the invention. Figure 6 depicts a crosslinked o-

GAL dimer according to optional embodiments of the invention''

Figures 7-10 and 37 show that prh-cr,-GALI reacted with exemplary cross-

linking agents comprising N-hydroxysuccinimide moieties. Figure 38 shows that prh-a-

GAL-I reacted with exernplary crossJinking agents comprising carboxyl groups,

following ìn situ activation with N-hydroxysuccinimide. Figures 7,37 and 38 show that

the reaction with the crossJinking agent resulted in o-GAL appearing primarily in a

dimeric form rather than a monomeric form under denaturing conditions, indicating that

the quaternary structure of the o-GAL was maintained by cbvalent crossJinking. Figure

11 shows that the crossJinked a-GAL retained its enzymatic activity.

Figures ¡2A-LZC and 39 show that the øoss-linked prh c-GAL-I exhibits a

longer lasting activity than non-crossJinked c-GAL unde¡ simulated lysosomal

conditions. The increase in stability is stronger for PEGza and PEG¡i linkers than for

shorter pEG linkers. , Figure 13 shows that the cross-linked prh-c-GAl-l exhibits a

longer lasting activity than non-crosslinked a-GAL in plasma in vivo' Figures I4A-21

show that cross-linked prh-c-GAL-I exhibits an enhanced activity in vivo in the spleen,

liver, heart and kidneys. The enhancement of a-GAL activity is stronger for PEGqs

linke rs than lor shorter PEG linkers. Figures 154, 158 and L9 show that although cross-

linked prh-a-GA¡--l exhibits an enhanced activity invivo, the enhanced actívity is not as

concentrated in the liver as is Replagal@ c-GAL activity.
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The above results indicate that crosslinlcing plant recornbinært human a-GALJ

rcsutts in a dime¡ with improved stability, which allows for a more effective increase of

u-GAL activity when administered in vivo.

Similarly, Figures 22-28D show that cross-linking mammalian recombinant

5 human a-GAL results in a covalentlyJinked dimer (Figures 22-248), which exhibits

normal enzymatic activity (Figure 25), as well as longer lasting activity under both

lysosomal conditions and in plama (Figures 26A-268), and enhanced activity in vívo in

the spleen, liver, heart and kidneys (Figures n^'28D)'

Similarly, Figures 29A-33Lshow that cross-linking plant recombinant human a-

t0 GAL II results in a covalently-linked dimer (Figures 29-30), which exhibits longer

lasting activity under both lysosomal conditions and in plama (Figures 314-318), and

enhanced activity in vivo in plasma and in the spleen, liver, heärt and kidneys (Figures

32A-33L), As shown in FIGs. 33A-33L, cross-linking with a PEG¿s linker was

particularly effective at enhancing in vivo activity'

15 These results indicate that the advantageous effects of cross-linking are

applicable to a variety of a'GAL proteins.

Figures 34ç-34cshow that cross-linking a-GAL enhances parameters of a-GAL

enzymatic catalysis, broadens the pH range for.c-GAL activity, and allows for g-GAL

activity at a PH of about 7 or more.

20 Figures 35-368 show that PEGylation without cross-linking has no significant

effect on a-GAL activity, indicating that the advantageous effects of crossJinking are

specifically due to cross-linking, rather than to an effect of PEGylation.

Figures 40-44 show that crosslinking of o,-GAL according to embodiments of

the invenrion allows for good reproducibility of the stability (Figures 404-408), degree

25 of covalent cross-linking (Figures 41-43F) and enzymatic properties (Figure 44) of the

cross-linked o-GAL,

The rcsults presented herein show that covalently c¡oss-linked, multimeric

protein structures of c-galactosidase are characterizedby a higher stability and cnhanced

activity under physiologically relevant conditions, as compared to the native forms of a-

30 galactosidase.
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Thus, the covalently-linked multimeric protein structu¡e may exhibit an activity

which is higher than an activity of a native form of o-galactosidase' as a result of the

activity of the native form decaying more rapidly over time than the activity of the cross-

linked multimeric protein structure, which is stabilized by the covalent crossJinking.

The covalently crossJinked multimeric prctein structure may exhibit an activity

which is higher than zin activity of a native form of o-galactosidase, also due to a higher

initial activity (e.g., due to different pafameters of activity), i.e', independently of any

decay of activity over time.

Hence, according to an aspect of some embodiments of the prÊsent invention

there is provided a multimeric protein structure comprising at least two a-galactosidase

monomers being covalently linked to one another via a linking moiety. According to

some embodiments, the multimeric protein structure features a stability higher than that

of native o-galactosidase and/or an initial activity higher than that of native a-

galactosidase, as described in detail below.

Herein, the term "monomer" with respect to o-galactosidase refers to an

individual polypeptide of o-galactosidase. Tho polypeptide may include non-peptidic

substituents (e.g., one or more saccharide moieties).

Herein, lhe term "native" with respect to o-galactosidase encomPasses proteins

comprising an amino acid sequence substantially identical (i.e., at least 95 Vo homology,

optionally at least 99 % homology, and optionally I00 Vo) to an amino acid sequence of

a naturally occurring c-galactosidase.protein. A native a-galactosidâse may be a protein

isolated from a natural source, or a recombinantly produced protein (e'g', derived from

manrmalian cells, plant cells, yeast cells, bacterial cells, insect cells),

The term "native", when used in reference to a quatemary structure Of a-

galactosidase (e,g., an a-galactosidase dimer), further comprises a quaternary structure

substantially identical to that of a naturally occurring protein'

Herein, the phrase "nalurally occuning protein" refers to a protein in a form

which occurs in nature (e.g., in an organism), with respect to the protein's amino acid

sequence, as we ll As the protein's quaternary structure if the protein is in a multimeric

form.
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post-transtational modifications (e.g., glycosylation) of naturally occurring a-

galactosidase proteins (e.g., in an organism which expresses the naturally occurring c'-

galactosidase protein) may be present, absent or modified in the native form of a-

galactosidase referred,to herein. A native form of o-galactosidase (e.g', a recombinantly

5 produced a-galactosidase) may optionally comprise different post-translational

rnodifications than those of the naturally occurring a-galactosidase, provided that the

native form of the c-galactosidase retains a substantially similar amino acid sequence

and structure as the naturally occurring a-galactosidase, as described hereinabove'

Herein, the native form of a protein may refer to a mongmeric structure (e.g., an

10 o-galactosidase monolner) andlor a multimeric stfucture (e'g', an a'galactosidase dimer)'

For example, a dimeric protein can be described as a native form of o-galactosidase, and

a monomeric polypeptide in a dimeric protein can be described as a native form of the a-

galactosidase monomer.

Optionally, the multimeric protein structure described herein is a dímeric

15 structure, as is the native form ofo-galactosidase'

Altematively, the multimeric protein structure comprises more than two (t-

galactosidase monomers. For example, the multimeric protein structure rnay be a

tetramer, a hexamer, of ân octamer comprised of o,-galactOSidaSe monomefs'

The multimeric protein structures described herein comprise covalent bonds

20 which link the a-galactosidase monomers therein, and which arq absent from the native

form of the cr-galactosidase'

Optionally, thè linking moiety which links the c-galactosidase monomers is a

moiety which is not present in a native form of o-galactosidase (e'g., a synthetic linking

moiety),

25 Thus, for example, the linking moiety is optionally a moiety which is covalently

attachcd to a side chain, an N-terrninus or a C-terminus, or a,mOiety related to post-

translational modifications (e.g., a saccharide moiety) of an c-galactosidase monomef' as

well as to a sidc chain, an N-terminus or a c-terminus, or a moiety related to post-

translational modifications (e.g., a saccharide moiety) of another a-galactosidase

30 monomer. Exernplary such linking moieties are described in detail hereinunder'
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Alternatively, the linking moiety forms a part of the c-galaclosidase monomors

being linked (".g., u part of a side chain, N-terminus or C-terminus, or a moiety related

to post-translational modifications (e.g., a saccharide moiety) of an c-galactosidase

monomer, as well as of a side chain, an N-terminus or a C-terminuS, or a moiety related

to post-translational modifications (e.g., a saccharide moiety) of another o-galactosidase

monomer).

Thus, for example, the linking moiety can be a covalent bond (e,g., an amide

bond) between a functional group of a side chain, N-terminus, C-terminus or moiety

related to post-translational modifications of a monomer (e.g., an amine), and a

complementary functional group of a side chain, N-terminus, C-terminus or moiety

related to post-translational modifications of another monomer (e.g., carboxyl), wherein

such a covalent bond is absent from the native form of the c-galactosidase. Other

covalent bonds, such as, for example, an estef bond (betWeen a hydroxy group and ä

carboxyl); a thioester bond; an ether bond þetween two hydroxy groups); a thioether

bond; an anhydride bond (between two carboiyls); a thioamide bond; a carbamate or

thiocarbamate bond, are also contemplated'

Optionally, the linking moiety is devoid of a disulfide bond. However, a linking

moiety which includes a disulfide bond at a position which does not form a link between

monomers (e.g., cleavage of the disulfide bond does not cleave the link between the

monomers) is within the scope of this embodiment of the invention' A potential

advanrage of linking moiety devoid of a disulfide bond is that it is not susceptible to

cleavage by rniklly reducing conditions, as are disulfide bonds'

Optionally, the linking moiety is a non-peptidic moiety (e.g', the linking moiety

does not consist of an amide bond, an amino acid, a dipeptide, a tripeptide, an

oligopeptide or a polYPePtide).

Alternatively, the linking moiety may be, or may comprise, a peptidic moiety

(e.g., an amino acid, a dipeptide, a tripeptide, an oligopeptide or a polypeptide)'

Optionally, the linking moiety is not merely a linear extension of any of the o'-

galactosidase monomers attached thereto (i.e., the N-terminus and C-terminus of the

pepticlic nroiety is not attached directly to the C-terminus or N-terminus of any of the a-

gal actosidasc monomers).
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Alternatively, the linking moiety is formed by direct covalent attachment of an

N-terminus of an a-galactosidase monorner with a C{erminus of another c-galactosidase

monomer, so as to produce a fused polypeptide. Such a polypeptide will not be a native

form of o-galactosidase, although it may comprise two a-galactosidase monomers

5 essentially in iheir native fomt.

However, the covalent tinking of cr-galactosidase monomers described herein is

preferably in a form other than direct linkage of an N-terminus to a C-terminus.

The linking moiety is also referred to herein as a c¡oss-linking moiety. The

linking of u-galactosidase monomers by a linking moiety is refened to herein as "cross-

10 linking".

, The cross-linking moiety can be a covalent bond, a chemical atom or group (e.g.,

a C(=O¡O- gfoup, -O-, -S-,NR-, 'N=N-, -NH-C(=O)-NH', and the iiL"¡ o' a bridging

moiety (composed of a chain of chemical groups).

A bridging moiety can be, for example, a polymeric or oligomeric gfoup'

t5 The bridging moioty is a multifunctional moiety (e.g., biradical, triradical, etc.)

that is attached to side chains, moieties related to post-translational modifications (e.g.,

saccharide moieties) and/or termini (i.e., N-termini, C-termini) of two or more of the

monomers.

As exemplified herein in the Examples section, relatively short linking moieties

20 (e.g., pEGz, pEG¿, pÈCt may be less effective than longer linking moieties (e.g.,

PEGzs, PEGqs) at crossJinking between different c-galactosidase monomels'

Hence, according to some embodiments, the linking moiety is not a covalent

bond, a chemical atom or group' but is rather a bridging moiety'

Hence, according to some embodiments, the linking moiety is at least 10 atoms

25 long, optionally at least 20 atoms long, optionally at least 30 atoms long, optionally at

least 50 atoms long, optionâlly at least 100 atoms long, and optionally at least 200

atoms long.

Hcrein, the length of a linking moiety (when expressed as a number of atoms)

refers to length of the backbone of the linking moiety, i.e., the number atoms forming a

30 linear chain between residues of each of two monomers linked via the linking moiety.
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Optionally, the linking moiety is below a certain size, so as to avoid an

unnecessarily excessive part of the linking moiety in the formed cross-linked protein,

which may interfere with the function of the protein.

Hence, according to some embodiments, each linking moiety is characterizedby

5 a molecular weight of less than 20 KDa, optionally less than L0 KDa, optionally less

than 5 KDa, and optionally less than 3 KDa. '

In order to facilitate cross-linking, the linking moiety is optionally substantially

flexible, wherein the bonds in the backbone of the linking moiety are mostly

rotationally free, for example, single bonds which are not coupled to a double bond

10 (e.g., unlike an amide bond) and whe¡ein rotation is not sterically hindered. Optionally,

at least 7o vo, opjionaily at least B0 vo, and 
_optionally 

at least 90 % (",9.,100 %) of the

bonds in the backbone of the tinking moiety are ¡otationally free.

In some embodiments, the linking moiety comprises a poly(alkylene glycol)

chain,

15 The phrase 'þoly(alkylene glycol)", as used herein, encompasses a family of

polyether polymers which share the following general formula: -o-[(cH2)¡-o-]"-,

wherein rn represents the numbcr of methylene g¡oups present in each alkylene glycol

unit, and n represents the number of repeating units, and therefore represents the size or

length of the polymer. For example, when m = 2, the polymer is referred to as a

20 polyethylene glycol, and when m = 3, the polymer is referred to as a polypropylene

glYcol.

In some embodiments, m is an integer greater than L (".g., - = 2,3,4, e tc.),

optionally, m varies among the units of the poly(alkylene glycol) chain. For

example, a poly(alkylene glycol) chain may comprise both ethylene glycol (m=2) and

25 propylene glycol (m=3) units linked together.

The poly(alkylene glycol) optionally comprises at least two functional groups

(e.g., as clescribecl herein), each functional group forming a covalent bond with one of

the a-galactosidase monomers. The functional groups are optionally terminal groups of

the poly(alkylene glycol), such that the entire length of the poly(alkylene glycol) lies

30 between the two functional groups.
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The phrase "poly(alkylene glycol)" also encompasses analogs thereof, in which

the oxygen atom is replaced by another heteroatom such as' for example, S, -NH- and

the like. This term further encompasses derivatives of the above, in which one or mote

of the methylene groups composing the polymer are substituted. Exemplary

5 substituents on the methylene groups inctude, but are not limitåd to, alkyl, cycloalkyl'

alkenyl, alkynyl, alkoxy, hydroxy, oxo, lhiol and thioalkoxy, and the like.

The pl[ase "alkylene glycol unit", as used herein, encompasses a -(cH2)'-o-

group or an analog thereof, as described hereinabove, which forms the backbone chain

of the poly(alkylene glycol), wherein the (cHz)' (or analog thereof) is bound to a

10 heteroatom belonging to another alkylene glycol unit or to an c-galactosidase monomer

moiety (in cases of a terminal unit), and the O (or heteroatom analog thereof) is bound

to the (CH2), (or analog thereof) of another alkylene glycol unit, or to a functional

group which forms a bond with an a-galactosidase monomel'

An alkylene glycol unit may be branched, such that it is linked to 3 or more

15 neighboring alkylene glycol units, wherein each of the 3 or mofe neighboring alkylene

glycol units are part of a poly(alkylene glycol) chain. Such a branched alkylene glycol

unit is linked via the,heteroatom thereof to one neighboring alkylene glycol unit, and

heteroatoms of the remaining neighboring alkylene glycol units are each linked to a

carbon atom of the branched alkylene glycol unit, In addition, a heteroatom (e.g.,

20 nitrogen) may bind more than one carbon atom of an alkylene glycol unit of which it is

part, thereby forming a branched alkylene glycol unit (e.g., (-cHrm]2N- and the like).

In exemplary embodiments, at least 50 %o of. alkylene gllcol units are identical,

e.g., they comprise the same heteroatoms and the same m' values aS one another'

Optionally, at least 7O 7o, opfionally at least 90 To', and optionally \OO Vo of the alkylene

?S glycol units are identical. In exemplary embodirnents, the heteroatoms bound to the

identical alkylene glycol units are oxygen atoms. In further exemplary embodiments, m

is 2 fo¡ the identical units'

In one embodiment, the linker is a single, straight chain linker, preferably being

polyethylene glYcol (PEG)'

30 As used herein, the term "poly(ethylene glycol)" describes a poly(alkylene

glycol), as defined hereinabove, wherein at least 50 %o, al least ?0 7o, alleas|90 7o, and
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preferably loo %, of the alkylene glycol units are -cHzcHz-o-. similarly, the phrase

"ethylene glycol units" is defined herein as units of -CHzCHzO-'

' According to optional embodiments, the linking 
, 
moiety comprises a

poly(ethylene glycol) or analog thereof, having a general fo¡mula:

-X1 -(CR1 R2-CR3 R"a-Y)n-Xz-

wherein each of Xr and Xz is a functional group (e.g', as described herein) that

forms a covalent bond with at least one c-galactosidase monomer;

10 Y is O, S or NRs (oPtionallY O);

n is an integer, optionally f¡om 1 to 200 (optionally from 5 to 150, and

optionally from 40 to 70), although highèr values of n are also contemplated; and

eachofRl,Rz,R:,R¿,andR5isindependentlyselectedfromthegroup

consisting of hydrogen, alkyl, cycloalkyl, alkenyl, alkynyl, alkoxy, hydroxy, oxo, thiol

15 and thioalkoxY.

In some embodiments, n is at least 5, optionally at least 8, optionally at least 15,

optionatly at least 25, and optionally at least 40'

In some embodiments, n is no more than 200, optionally no more than 150, and

optionallY no more than 70.

20Thepoly(ethyleneglycol)orana,logthereofmayoptionallycomprisea
copolymer,forexample,whereintheCRrRz-CRIR¿-Yunitsintheaboveformulaare

not all identical to one another'

In some embodiments, at least 5O 7o of CRrRz-CR:R¿-Y units are identical'

optionally, at lcast 70 7o, optionally at least 90 7o, and optionally I00 % of the cRlR2-

25 CR3P.4-Y units are identical'

optionally, the linking moiety is branched, for example' such that for one or

more GR1R2-CR¡R¿-Y units in the above formufa, at least of onc of R¡, R2, R3, Ra, and

R5 is -(CR1R2.CR3P.a.Y)0.X3-, wherein Rr-R¿ and Y are as defined hereinabove, p is an

integer as defined herein for n (e.g., from 1 to 200), and X3 is as defined herein for X¡

30 andXz.
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The functional groups may optionally form a bond such as, but not limited to, an

amide bond, an amide bond, an ester bond, and/or an ether bond',

For example, the functional group may optionally comprise a carbonyl group

which forms an amide bond with a nitrogen atom in a polypeptide (e.g., in a lysine

resiclue or N-terminus), or an ester bond with an oxygen atom in a polypeptide (e'g', in a

serine, threonine or tyrosine residue).

Alternatìvely or additionally, the functional group may optionally comprise a

heteroatom (".g., N, s, o) which forms an amide bond, ester bond or thioester bond

with a carbonyl group in a polypeptide (e.g., in'a glutamate or aspartate residue or in a

C-terminus),

Alternative or additionally, the fi¡nctional group may comprise an alkyl or aryl

group attached to a polypeptide (e.g., to a heteroatom in the polypeptide)'

Alternatively or additionally, the functional group may optionally comprise a

nitrogen atom which forms an amine bond with an alkyl group in an ct-galactosidase

monomer, or an a-galactosidase monomelmay optionally comprise a nitrogen atom

which forms an amine bond with an alkyl group in the functional group' Such an amine

bond may be formed by reductive amination (e.g., as described hereinbelow).

In some embodiments, at least one of the ñlnctional groups forms an amide bond

with a polypeptide (e.g., with a lysine residue therein)'

The functional groups may be identical to ono another or'different'

In some embodiments, at least one of the functional groups is attached to one

functionality of a polypeptide (e.g., an amine group of a lysine residue or N-terminus),

and at least one of the functional groups is attached to a different functionality of a

polypeptide (".g., a thiol group of a cysteine residue)'

According to optional embodiments, the multimeric protein structure described

hercin exhibits a high sfability in human plasma conditions and/or in lysosomal

conditions.

As used herein, the phrase "human plasma conditions" refers to human plasma as

a medium, at a temPerature of 37 oC.
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As used herein, the phrase "lysosomal conditions" refers to an aqueous solution

having a pH of 4.6 as a medium (".g., u citrate phosphate buffer described herein), at a

temperature of 37'C.

Enhanced stability under lysosomal conditions is advanlageous because the

5 lysosome is a target for replacement therapy for a-galactosidase, as lysosomes are the

normal location for a-galactosidase activity in a body, and lysosomal conditions (e.g.,

acidic pH) represent optimal conditions for activity of o-galactosidase'

Without being bound by any particulár theory, it is lielieved that enhanced

stability in serumlike conditions (e.g., the human plasma conditions described herein) is

10 also advantageous because stable c-galactosidase in the blood can act on metabolites

(e.g., Gb3) present in the blood due to efflux from cells. A serum-active multimeric

protein structute could optionally be efficient in removing and preventing

glycosphinglipids deposited within blood vessel walls which promote inflammation

[Bodary et al,, TCIvi 17(4):129-133i. For example, in Fabry disease, the major

15 pathogenesis results from the accumulation of Gbg in the vascular endothelium, leading

to vascular occlusion of small vessels, ischemia and infarction of these vessels and

ischemia and infarction of the kidney, heart and brain,[Desnick et al., 2003, Annals of

Inrernal Medicine, 138(a):338-3a61, Additionatly, enhanced. stability in serum can

negate the need for lysosomal trafficking. ERT can thereby become much more

20 accessible, as robust cost-effective host systems e.g., plants, can be emplOyed'

According to optional embodiments, the high stability of the multimeric protein

structure in human plasma conditions is such that the multimeric protein structure

exhibits, upon being subjected to human plasma couditions for one hour' an d-

galactosidase activity which is at least 10 7o highei optionally 20 % higher, optionally

zs 50 % higher, and optionally 100 o/o higher, thän an o-galactosidase activity of native o-

galactosidaso upon subjecting the native a-galactosidase to the human plasma conditions

for one hour.

Alternatively or additionally, the high stability of the multimeric protein structure

in human plasma conditions is such that an a-galactosidase activity of the multimeric

30 protein structure decreases more slowly in human plasma conditions than a

corresponding activity of the native a-galactosidase. Optionally, the multimeric protcin
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structure exhibits an activity which decreases upon subjecting the pfotein structure to

human plasma conditions for one hour by a percentage which is at least 10 % less,

optionally 20 Toless,optionally 50 % less, and optionally 80 7o less, than the percentage

by which a co¡esponding activity of the native c-galactosidase decreases upon

subjecting the native c-galactosidase to human plasma conditions for one hour'

It is to be understood that herein, a decrease which is "10 o/o less" than a decrease

of.50 Torefers to a dEcreass of.45 % (45 being iO % t"tt than 50), and not to a decrease

of.40 7o (5o 7o'IO%).

Alternatively or additionally, the high stability of the multimeric protein structure

in hr¡man plasma conditions is such that an a-galactosidase activity of the multimeric

protein stfucture remains substantially unchanged upon subjecting the multimeric

protein structure to human plasma conditions for one hour, and optionally lor 2, 4 or

even 6 hours.

As used herein, the phrase "substantially unchanged" refers to a level (e'g', of

activity) which remains in a range of from 5O % to 1.50 Vo of the initial level, and

optionally a level which remains at least 60 7o, optionally at least 70%, optionally at

least 80 7o,.and optionally at least 90 Vo of the initial level'

Optionally, the high stability of the multimeric protein structure in lysosomal

conditions is such that the multimeric protein structure exhibits, upon being subjected to

lysosomal conditions for a predetermined time period (e.g', one day, two days, 3 days,

one week), an c-galactosidase activity which is at least l0 Vo higher, optionally 20 7o

higher, optionally 50 To highe1 and optionally 100 7o higher, than an activity of native

o-galactosidase upon subjecting the native o-galactosidase to the lysosomal conditions

for the same predetermined time period.

Alternatively or additionally, the high stability of the multimeric protein structure

in lysosomal conclitions is such that an a-galactosidase activity of the multimeric protein

structure dscreases more slowly in lysosomal conditions than a corresponding activity of

the native cr-galactosidase. Optionally, the multimeric protein structure exhibits an

activity which decreases upon subjecting the protein structure to lysosomal conditions

for a predetermined 
'time period (e.g., one day, 2 days, 3 days, one week)' by a

percentage which is at least L0 Voless, optionally 20 o/oless, optionally 50 % less, and
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optionally 80 % less, than the percentage by which a corresponding activity of the native

c-galactosidase decreases upon subjecting the native a-galactosidase to lysosornal

conditions for the same time period.

Alternatively or additionally, the high stability of the multimeric protein structure

s in lysosomal conditions is such that an a-galactqsidase activity of the multimeric protein

structure remains substantially unchanged upon subjecting the multimeric protein

structure to lysosomal conditions for one day, for 2 days, for 3 days, for one week, for

two weeks, and/or for one month.

As exemplified in the Examples section herein, in addition to exhibiting more

10 stability over time, the multimeric protein structufe may exhibit parameters of g-

galactosidase activity which are different than those of the native a-galactosidase.

Hence, according to optional embodiments, the multimeric protein structure is

characterized as exhibiting, independently of any decay of activity over time, an c-

galactosidase activity which is higher than an o,-galactosidase activity of a native form of

15 the protein. Optionally, the activity is I0 Vo higher, and optionally 20 7o higher, than the

corresponding activity of the native form'

In order to characterize such an activity, the activity is preferably determined

immediately (e.g., within I hour, within 15 minutes) upon subjecting the native a-

galactosidase or multimeric protein structure to conditions (e.g., as described herein) in

zo which the activity decreases substantially, so that the measured activity will reflect the

activity per se, and not a degree of stability.

Optionally, the multimeric protein structure is characterized as exhibiting an o-

galactosidase activity in lysosomal conditions which is higher than a corresponding

activity of native o-galactosi dase.

25 Alternatively or additionally, the multimeric protein structure is characterized as

exhibiting an o-galactosidase activity in simulated physiological conditions at a neutral

pH which is higher than a corresponding activity of native a-galactosidase. The

simulated physiological conditions comprise an aqueous solution (e.g., phosphate buffer

saline) at a temperatu¡e of 37'C. The pH is option ally 7. AJternatively, tbe pH is 7.4.
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The u-galactosidase activity described herein is a biological activity which is

characteristic of o-galactosidase (e.g., a catalytic activity characteristic of u-

galactosidase, such as hydrolysis of a terminal o.-galactosyl moiety of a substrate)'

In some embodiments, a catalytic activitl¡ of o-galactosidase is characterized by a

5 rate of catalysis at saturation (i'e., a V'* value).

Alternatively, the o-galactosidase activity is a therapeutic activity (e.g., an

enzymatic activity having a therapeutic effect), such as a therapeutic activity in the

context of Fabry disease. Optionally, the therapeutic activity is determined in

experimental animals (e.g., Fabry mice), and optionally in human Fabry patients.

10 Techniques for determining an activity of o-galactosidase will be known to a

skilled person. Typicatly, the o-galactosidase (i.e., the native form or a multimeric

protein structure described herein) is contacted with a compound recognized in the art as

a substrate of u.-galactosidase, and the degree of activity is then determined

quantitatively. Compounds which allow for particularly convenient detection of a-

15 galactosidase activity are known in the art and are commercially available.

In some embodiments, o-galactosidase activity is determined by assaying

hydrolysis of 4-methylumbelliferyl-a-D-galactopyranoside (e.g., as described in the

Examples section herein).

In some embodiments, a-galactosi¿ase activity is determined by assaying

20 hydrolysis of p-nitrophenyl-o-D-galactopyranoside (e,g., as described in the Examples

section herein).

When comparing an activity of a multimeric protein structure described he¡ein

with an activity of native cl-galactosidase, the native u-galactosidase preferably

comprises o-galactosidase monomers substantially identical (e.g., with respect to amino

25 aci¿ sequence and glycosylation pattern) to the o-galactosidase monomers of the

multimeric structure'

According to some embodiments, the rnultimeric protein structure is

characterized by a circulating halflife in a physiological system (e'g', blood, serum

and/o¡ plasma of a human or laboratory animal) which is higher (e'g., at least 20 Vo' al'

30 leasr 50 Vo higher, at least 700 7o higher, at least 400 Vo higher, at least 900 ok higher)

than a circulating half-life of nativc o-galactosidase'
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An increased circulating halflife may optionally be associated with a higher in

yitro stability (e.g, as described herein), a higher ìn vìvo stability (e.g, resistanie to

metabolism) and/or with other factors (e.g., reduced renal clearance).

Circulating half-lives can be determined by taking samples (e.g., blood samples,

tissue samples) from physiological systeins (e.g., humans, laboratory animals) at various

intervals, and determining a level of a-galactosidase in the sample, using techniques

known in the art.

Optionally, the half-life is calculated as a terminal halfJife (e.g., as described in

the Examples section), wherein halflife is the time required for a concentration (".9., o

blood concentration) to decrease by 5O Vo after pseudo-equilibrium of distribution has

been reached. The terminal halfJife may be calculated from a terminal linear portion of

a time vs. log concentration, by linear regression of time vs. log concentration (see, for

example, Toutain & Bousquet-Melou I Vet Pharmacol Ther 2004,27:427-39]). Thus,

the terminal halfJife is a measure of the decrease in drug plasma concentration due to

drug elimination and not of decreases due to other reasons, and is not necessarily the

time necessary for the amount of the adrninistered drug to fall by one half.

Determining a level of u-galactosidase (e.g., the multimeric protein structure or

the native c-galactosidase) may comprise detecting the physical presence of c-

galactosidase (e.g., via an antibody against a-galactosidase) and/or detecting a level of

an a-galactosidase activity (e.g', as described herein).

According to some embodiments, the multimeric protein structure is

characterized by an a-galactosidase activity in an organ (e.g., spleen, heart, kidney,

brain, liver) upon administration (e.g., intravenous administration) of the protein

structure to a vertebrate (e.g., a human, a mouse), for example, a vertebrate with an o-

galactosidase deficiency (e.g., a human Fabry disease patient, a Fabry mouse)'

Optionally, the a-galactosidase activity in the organ is higher than an c-galactosidase

activity of native a-galactosi<lase in the organ, upon an equìvalent administration to a

vertebrate.

The activity in an organ may be a function of uptake of the o-galactosidase

andlor retention of a-galactosidase activity following uptake'
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optionally, o-galactosidase activity in the organ is determined 2 hours after

administration, and optionally 24 hours, optiönalty 3 days, optionally 7 days, and

optionally 14 days, after administration.

As increased activity of a-galactosidase in a live¡ may in some cases be

associated with a lower activity in other parts of a body, and hence, with a reduced

biological effect of the a-galactosidase'

Hence, in some embodiments, the multimeric protein structure is characterized

by an enhanced o-galactosidase activity in an organ other than a liver' Exemplary

organs include the spleen, heart and kidneys,

In some embodiments, the multimeric protein structure is characterized by an

enhanced a-galactosidase activity in an organ after administration (as described herein)

which is at least 2O 7o higher, optionalty at least 50 Vo higher' optionally at least 700 7o

higher, and optionally at least 30O Vo higher, than the activity of native a-galactosidase

after an equivalent administration. As noted hereinabove, the present inventors have

devised and successñrlly prepared and practiced stabilizod forms of a-galactosidase by

means of multimeric structures of crOsSlinked a-galactosidase monomers.

optionally, the o-galactosidase is a human o-galactosidase (e.g., a recombinant

human a-galactosidase), for example, in order to facilitate optimal biocompatibility for

administration to human subjects. Human c-galactosidase is commercially available, for

example, as Replagal@ (agalsidase alpha, Shire) and Fabrazyme@ (agalsidase beta,

Genzyme).

Herein, .,humarì a-galactosidase" refers 1o an a-galactosidase comprising an

amino acid sequence substantially identical (e.g', as described hereinabove) to an amino

acid sequence of an n-galactosidase protein which naturally occurs in humans'

In some embodiments, the o-galactosidase is a plant recombinant ü-

galactosidase. Exemplary a-galactosidases- include plant recombinant human o'-

galactosidases,

Examples of g-GAL include, without limitation, a-GAL having an amino acid

sequence selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2, and SEQ

ID NO: 3. Optionally, the a-GAL has an amino acid sequence selected from the group

consisting of SEQ ID NO: 2 and SEQ lD NO: 3'
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As used herein, "c-galactosidase" refärs to any protein which exhibits an

enzymatic activity (e,g., hydrolysis) towards galactose rnoieties in Gb3 (e.9,, a-

galactosidase A). Optionally, "a-galactosidase" refers to E'C' 3'2'l'22'

The a-galactosidase of embodiments of the invention can be purified (e.g', from

5 plants or animal tissue) or generated by recombinant DNA technology.

As described herein, activity of a-galactosidase in serum may be highly

advantageous, for example, for reducing Gb¡ levels in serum'

Hence, in some embodiments, the a-galaotosidase is an alkaline o-galactosidase'

As used he¡ein the phrase "alkaline c-galactosidase" refers to a-GAL

10 chancterized by an ability to hydrolyse terminal-linked c-galactose moieties from

galactose-containing oligosaccharides under neutral to basic pH conditions (e'g., about

p}J7-7.5),particularly at a normal serum pH (e'g., about 7 '35-7 '45)'

It will be appreciated that an alkaline c-GAL of some embodiments of the

invention may be active under neutral to basic pH conditions but may still display

ls activity under acidic pH conditions (i.e., about 4'6).

In a specific emborliment the enzyme is. active under acidic to basic pH

conditions (i.e,, about pH 4.2-7 .5).

In yet another specific embodiment the enzyme is active under pH of ab'out 6.5-

7.5.

zo Specific examples of alkaline u-galactosidases which can be used in accordance

with the present teachings are provided in US Patent Application 20070036883'

WO03lOg7l91, and jn PCTllL2010/000956, each of which is hereby incorporated by

reference in its entiretY.

Thus, alkaline'a-galactosidase can be a rnember of the plant family selected

25 from the group consisting of Cucurbitaceae, Lamiaceae, Piperaceae, Solanaceae,

Iæguminosae, Cruciferae and Gramineae families'

According to a specific embodiment, the alkaline a-galactosidase is from melon.

p,-R. Gaurlreault and J. A. Webb have described in several publications, (such as

,.Alkaline alpha-galactosidase in leaves of Cucurbita PePo", Plant Sci. |'e,tl' 24,281-

30 2gB, lg82, "Partial purification and properties of an alkaline alpha-galactosidase from

mature leaves of Cucurbita pepo", Plant Physiol',71, 662-668, 1983, and "Alkaline
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alpha-galactosidase activity and galactose metabolism in the family Cucurbitaceae",

Plapt Science ,45,7I-75,1986), a novel o-galactosidase purified from young leaves of

Cucurbita pepo, that has an optimal activity at alkaline conditions (pH 7.5). In addition

to the alkaline c-galactosidase, they also reported lhree acid forms of the enzyme, and

distinct substrate preferences were found for the acid and alkaline forms

o-Galactosidase activity at alkaline pH has been observed in other cucurbit

tissue, such as cucumber fruit pedicels, young squash fruit and young melon fruit

(,Melons: Biochemical and Physiological control of sugar Accumulation", In:

Encyclopedia of Agricultural Science, vol. 3, pp. 25-37, Arntzen, c. J., et al., eds.

Academic Press, New York, 1'994)'

Bachmann et al. ("Metabolism of the raffinose family oligosaccharides in leaves

of Ajuga reptens L.", Plant Physiology 105:1335-13 45, t994) that Ajuga reptens plants

(common bugle), a stachyose translocator from the unrelated Lamiaceae family also

contains an alkaline a-galactosidase. This enzyme was partially characterized and found

to have high affinity to stachyose. Also, leaves of the Peperomia camptotricha L' plant,

from the family Piperaceae, show o-galactosídase activity at alkaline pH, suggesting

that they also contain an alkaline a-galactosidas'e enzyme (Madore, M', "Catabolism of

raffinose family oligosaccharides by vegetative sink tissues", In: Carbon Partitioning

and Source-Sink Interactions in Plants, Madore, M. and Lucas, W. J. (eds') pp' 204-2L4'

1995, American Society of Plant Physiologists, Maryland)- Similarly, Gao and Schaffer

(Plant Physi ol. 1999; 119:979-88;which is inco¡porated fully herein by reference) have

reported an u-galactosidase activity with alkaline pH optimum in crude extracts of

tissues from a varieiy of species including members of the Cucurbit and Coleus

(t-amiaceae) famil ies.

Specific examples of plant alkaline a-galactosidase sequences are provided in

SEQ ID NOs: 4, 5 and 13 (Cucumis ntelo), 6 (7. tetrag,onioides),7 and 12 (Cucumis

sativus),8 and 9 (Zea nays), l0 (Oruza saliva), 1J (Pisum sativum) and 14 (Coffea

arabica).

In some embodiments, the a-galactosidase is an acid u-galactosidase.

As used herein, "acid c-galactosidase" refers to a-galactosidase characlerizedby

an ability to hydrolyse tenninal-linkcd o-galactose moieties from galactose-containing
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oligosaccharides under acidic pH conditions (e.g., about pH 4.2'5), such as occur in a

lysosome.

The cl-galactosidase of embodiments of the invention can be of any human,

animal or plant source, provided no excessively adverse immunological reaction is

s induced upon in vdvo administration (e.g., plant to human)'

To reduce immunological reaction, a non-human a-galactosidase preparation

(e.g., of plant a-galactosidase) can be co-administered with a human a-galactosidase

(i.e., acid hurnan o-galactosidase).

optionally, the multimeric protein structure further comprises at least one

10 mannose-6-phosphate (M6P) moiety. The M6P moiety (or moieties) may be linked to

one or more of the u-galactosidase monomers of the multimeric protein structure (e'g.,

via a linker)

Techniques and reagents for introducing M6P-containing moieties to a

biomolecule (*.g., a polypeptide) are desc¡ibed in rwo 20091024977.

t5 As exemplified in the Examples section herein, a multimeric protein structure

described herein rnay be conveniently preparêd by reacting o-galactosidase with a

cross-linking agent.

Hence; according to another aspect of embodiments of the invention, there is

provided a process of preparing a multimeric pfotein structure described herein' The

20 process comprises reacting a-galactosidase, so as to introduce at least one linking

moiety which covalently links at least two a-galactosidase monomers.

optionally, the linking moiety is a bond (e.g., an amide bond, a disulfide bond)

which links one a-galactosidase monomer to another c-galactosidase monomer'

Optionally, the bond is introduced by using suitable conditions and/or reagents' For

25 example, reagents which are suitable for forming an amide bond from a carboxylic acid

group and an amine group are known in the art'

Optionally, the linking moiety is a moiety which is not derived from a part of the

o-galactosidasc' For example, the linking moiety may be an oligorner' a polymer' a

residue of a small molecule (e.g., an amino acid)'
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In some embodiments, the linking moiety is introduced by reacting the o-

galactosidase with a cross-linking agent which comprises the linking moiety (e.g., as

described herein) and at least two reactive groups'

Optionally, the o-galactosidase is ¡eacted under conditions in which the native

o-galactosidase is in a dimeric form.

In some embodiments, the crossJinking agent is reacted with the c-

galactosidase at a molar ratio in a range of from 5:1 to 500:1 (crossJinking agent: c-

galactosidase monomer), optionally in a range of from 50:1 to 400:1' and optionally in a

range of from 75:1 to 30011 (e.g., about 100:1, about 200:1).

The process optionally further comprises purifying the crossJinked protein, for

example, removing excess cross-linking agent. Common purification methods may be

used, such as dialysis and/or ultra-filtration using appropriate cut-off membranes and/or

additional chrornatographic steps, including size exclusion chromatography, ion

exchange chromatography, affinity chromatography, hydrophobic interaction

chromatography, and the like.

The reactive group is selected suitable for undergoing a chemical reaction that

leads to a bond formation with a complementary functionality in the o-galactosidase

monomer. Optionally, each reactive gfoup is capable of forming a covalent bond

between the linking moiety described herein and at least one polypeptide (e.g', so as to

form a fr:nctional group bound to the polypeptide, as described herein).

The reactive groups of a cross-linking agent may be identical to one another or

different.

As used herein, the phrase "reactive group" describes a chemical group that is

capable of undergoing a chemical reaction that typically leads to a bond formation. The

bond, according to the present embodiments, is preferably a qovalent bond (e'g', for

each of the reactive groups). Chenlical reactions that lead to a bond formation include,

for example, nucleophilic and electrophilic substitutions, nucleophilic and electrophilic

addition reactions, alkylations, addition-elimination reactions, cycloaddition reactions,

tearrangement reactions and any other known organic reactions that involve a functional

group, as well as combinations thereof.
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The reactive group may optionally comprise a non-reactive portion (e.g., an

alkyl) which may sefve, for example, to attach a reactive portion of the reactive group to

a linking moiety (e.g., poly(alkylene glycol) or analog thereof) described herein.

The reactive group is pref'erably selected so as to enable its conjugation to a'

galactosidase. Exemplary reactive groups include, but are not limited to, carboxylate

(e.g., -COztf), thiol (-SH), amine (-NHz), halo, azide (-N3)' isocyanate (-NCO)'

isothiocyanate (-N=c=s), hydroxy (-oH), carbonyl (e.g., aldehyde), maleimide, sulfate,

phosphate, sulfonyl (e.g. mesyl, tosyl), etc. as well as activated gfouPs' such as À/-

hydroxysuccinimide (NHs) (e.g. NHs esters), sulfo-N-hydroxysuccinimide, anhydride,

acyl halide (-C(=O)-halogen) etc.

In some embodiments, the reactive gloup comprises a leaving group' such as a

leaving group suscepiiUt" to nucleophilic substitution (e'g,, halo, sulfate, phosphate,

carboxylate, N-hydroxysuccinimide)'

Optionally, the reactive group may be in an activated form thereof'

As used herein, the phrase "activated form" describes a derivative of a chemical

group (e.g., a ¡eactive group) which is more reactive than the chemical gtoup, and

which is thus readily capable of undergoing a chemical reaction that leads to a bond

formation. The activated form may comprise a particularly suitable leaving grouP,

thereby facilitating str.bstitution reactions. For example, a -C(=Q)-NHS group (N-

hydroxysuccinimideester,of-C(=o)-o.succinimide)isawell.knownactivatedformof

-C(=O)OH, as NHS (N-hydroxysuccinimide) can be reacted with a -C(=O)OU to form

-C(=O)-NUS, which readily reacts to form products characteristic of reactions

involving -C(=O)OH groups, such as amides and esters'

The reactive group can be attached to the rest of the'linking moiety (e'9" a

poly(alkyleneglycol)oranalogthereof)viadifferentgroups,atomsorbonds.These

may include an ether bond [e.g., -o-alkyl-], an ester boncl [e'g., -o-c(=6¡-ulkyl-], a

carbamate[e.g.,o-C(=o)-NH-alkyl-],etc.Thus,avarietyofterminalgroupscanbe

employed.

The following are non-limiting examplcs of the different groups that may

constitute a reactive gfoup as dcscrjbed herein: -cHzcozH, -cHzcHzcozH'

-CHzCHzSH, -CHzCHzNHz, -CHzCHzNr, -CHzCHzNCO' -CH2-C(=O)-NHS'

10

15

20

25

30



39

-cHzcHz-c(=o)-Nus, -c(=o)-cHz-c(=o)-NHs, -cHzcHz-NHC(=0¡6¡1rç"r-

maleimide, etc.

The number of methylene groups in each of the above reaclive groups is merely

exemplary, and may be varied.

5 The reactive group may also compiise the heteroatom at the end of a

poly(alkylene glycol) chain (e.g., -OH).

In exemplary embodiments of the present invention, the reactive group

comprises a carboxylate (".g., an activated carboxylate such as an N-

hydroxysuccinimide ester).

10 optionally, the reactive group reacts with an amine group in the o-galactosidase

(e.g., in a lysine residue and/or an N-terminus) to form an amide bond.

In some embodiments, the reaction of the reactive group comprises reductive

amination, wherein an amine group reacts with an aldehyde group to form an imine, and

the imine is reduced (e.g., by addition of a reducing agent, such as sodium

15 cyanoborohydride) to form an amine bond' The reactive goup may be an amine group

which reacts with an aldehyde group of the a-galactosidase (e.g., on a saccharide moiety

attached to the polypeptide of the protein), or the reactive gloup may be an ald'ehyde

group which reacts with an amine group of the o-galactosidase (e.g., on a lysine

' 
residue). Optionally, a saccha¡ide moiety of cr-galactosidase is oxidized by an oxidizing 

"

20 agent to form an aldehyde group, prior to reaction of the reactive group with the o-

galactosidase. For example, reaction of a sacchalide with sodium periodate may be

used to produce a pair of aldehyde groups in a saccharide moiety'

In some embodiments, at least one of the reactive groups is selected so as to

react with one functionality of an o-galactosidase monomer (e'g', an amine grOup of a

25 lysine residue or N-termjnus), and at least one of the reactive groups is selected so as to

react with a different functionality of an a-galactosidase monomer (".g" u thiol group of

a cysteine residue).

Optionally, one or more potypeptides described herein are reacted with a

glycosylation reagent for introducing one or more M6P moieties, in order to obtain an

30 M6P-containing multimeric protein struclure (e'g., as described herein)' Suitable M6P-
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containing glycosylation reagents and their use are described, for example, in WO

20091024977.

. As used herein, the terms "amine" and "amino" refer to either a -NR'R" group,

whèrein R' and R" are selected from the $oup consisting of hydrogen' alkyl,

cycloalkyl, heteroalicyclic (bonded.through a ring carbon), aryl and heteroafyl (bonded

through a ring carbon). R' and R" are bound via a carbon atom thereof' Optionally, R'

and R" are selected from the group consisting of hydrogen and alkyl comprising 1 to 4

carbon atoms. Optionally, R' and R" are hydrogen'

As used herein throughout, the term "alkyl" refers to a saturated aliphatic

hydrocarbon including straight chain and branched chain groups. Preferably, the alkyl

group has I tO 20 carbon atOms. Whenever a'nume¡ical range; e.8., "I'20", is stated

herein, it impìies that the group, in this case the alkyl group, may contain 1 carbon

atom, 2 carbon atoms, 3 carbon atoms, etC., up to and including 20 carbon atoms' More

preferably, the alkyl is a medium size alkyl having 1 to 10 carbon atoms' Most

preferably, unless otherwise indicated, the alkyl is a lowe¡ alkyl having t' to 4 carbon

atoms. The alkyl group may be substituted or unsubstituted. When substituted, the

substituent group can be, for example, cyclOalkyl, alkenyl, alkynyl, aryl, heteroaryl,

heteroalicyclic, halo, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy, thioaryloxy,

sulfinyl, sulfonyl, cyano, nitro, azide, phosphonyl, phosphinyl, oxo, carbonyl'

thiocarbonyl, urea, thiourea, O-carbamyl, N-carbamyl, O-thiocarbamyl, N-

thiocarbamyl, C-amido, N-amido, C-carboxy, O-carboxy, sulfonamido, and amino, as

these terms are defined herein.

A "cycloalkyl" group refers to an all-carbon monocyclic or fused ring (i.e., rings

which share an adjacent pair of carbon atoms) group wherein one of more of the rings

does not have a completely conjugated pi-electron system. Examples, without

limitation, of cycloalkyl groups aÍe cyclopropane, cyclobutane, cyclopentane,

cyclopentene, cyclohexane, cyclohexadiene, cycloheptane, cycloheptatriene, and

adamantane. A cycloalkyl group may be substituted or unsubstituted' When substituted,

the substituent group can be, for example, alkyl, alkenyl, alkynyl, aryl, heteroaryl,

heteroalicyclic, halo, hydroxy, alkoxy, aryloxy, thiohydroxy, thioalkoxy, thioaryloxy,

sulfinyl, sulfonyl, cyano, nitro, azidc, phosphonyl, phosphinyl, oxo' carbonyl,
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thiocarbonyl, urea, thiourea, O-carbamyl, ' N-carbamyl, O-thiocarbamyl' N-

thiocarbamyl, c-amido, N-amido, c-carboxy, o-carboxy, sulfonamido, and amino, as

these terms are defined herein.

An "alkenyl" group refers to an alkyl group which consists of at least two carbon

atoms and at least one carbon-carbon double bond'

An "alkynyl" group refers to an alkyl group which consists of at least two

carbon atoms and at least one carbon-carbon triple bond'

An "aryl" gtoup refers to an all-carbon monocyclic or fused-ring polycyclic (i'e"

rings which share adjacent pairs of carbon atorns) groups having a completely

conjugated pi-electron system. Examples, witho'ut limitation, of aryl gfoups are phenyl,

naphthalenyl and anthracenyl. The aryl group may be substituted or unsubstituted'

When substituted, the substituent group can be, for example, alkyl, alkenyl, alkynyl,

cycloalkyl, aryl, heteroaryl, heteroalicyclic, halo, hydroxy' alkoxy' aryloxy'

thiohydroxy, thioalkoxy, thioaryloxy, sulfinyl, sulfonyl, cyano' nitro, azide,

phosphonyl,phosphinyl,oxo,carbonyl,thiocarbonyl,urea,thiourea'O-carbamyl'N-

carbamyl, O-thiocarbámyl, N-thiocarbamyl, C-amido, N-amido, C-carboxy, O-carboxy,

sulfonamido, and amino, as these terms are defined herein'

A "heteroaryl" group refers to a monocyclic or fusçd ring(i'e', rings which share

an adjacent pair of atoms) group having in the ring(s) one of more atoms, such as, for

example, nitrogen, oxygen and sulfur and, in addition, having a completely conjugated

pi-electron system. Examples, without limitation, of heteroaryl groups include pyrrole,

furane, thiophene, imidazole, oxazole, lhiazole, pyrazole, pyridine, pyrimidine,

quinoline, isoquinoline and purine. The heteroaryl group' may be substituted or

unsubstituted. \When substituted, the substituent group can be, for example, alkyl'

alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl, heteroalicyclic, halo, hydroxy, alkoxy,

aryloxy, thiohydroxy, thioalkoxy, thioaryloxy, sulfinyl' sulfonyl' cyano' nitro' azide'

phosphonyl, phosphinyl, oxo, carbonyl, thiocarbonyl' urea' thiourea' O-carbamyl' N-

carbamyl, o-lhiocarbamyl, N-thiocarbamyl, c-amido, N-amido, c-carboxy, o-carboxy,

sulfonamido, and amino, as these terms are defined herein'

A "heteroalicyclic" group refers to a monocyclic or fused ring group having in

the ring(s) one or more atoms such as nitrogen, oxygen and sulfur. The rings may also
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have one or more double bonds. However, the rings do not have a cornpletely

conjugated pi-electron system, The heteroalicyclic may be substituted or unsubstituted.

When substituted, the substituted group can be, fbr example, lone pair electrons' alkyl,

alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl, heteroalicyclic, halo, hydroxy, alkoxy,

arylo¡y, thiohydroxy, thioalkoxy, thioaryloxy, sulfinyl, sulfonyl, cyano, nitro, azide,

phosphonyl, phosphinyt, oxo, carbonyl, thiocarbonyl, urea, thiourea, O-carbamyl' N-

carbamyt, O-thiocarbamyl, N-thiocarbamyl, C-amido, N-amido, C-carboxy, O-carboxy,

sulfonamido, and amino, as these terms are defined herein. Representative examples are

piperidine, piperazine, tetrahydrofuran, tetrahydiopyran, morpholine and the like.

A "hydroxy" group refers to an -OH group'

An "azide" group refers to a -N=N+=N- group'

An "alkoxy" group refers to both an -O-alkyl and an -O-cycloalkyl group, as

defined herein.

An "aryloxy" gouP refers to both an -O-aryl and an -O-heteroaryl group, as

defined herein.

An "ether" refers to both an alkoxy and an aryloxy group, wherein the group is

linked to an alkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl or heteroalicyclic grouP'

An ether bond desc¡ibes a -O- bond

A "thiohydroxy" or "thiol" gloup refers to a -SH group'

A "thioalkoxy" group refers to both an -S-alkyl group, and an 'S-cycloalkyl

group, as defined herein.

A "thioaryloxy" group refers to both an -S-aryl and an -S-heteroaryl group, as

defined berein.

A ,,thioether" refer's to both a thioalkoxy and a thioaryloxy group, wherein the

group is linked to an alkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl or

heteroalicyclic grouP'

A thioether bond describes a -S- bond'

A ¿,disulfide" group refers to both a -S-thioalkoxy and a -S-thioaryloxy group.

A disulfide bond describes a -S-S- bond'

A "carbonyl" group refers to a -C(=O)-R' group, where R' is defined as

hereinabove.
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A "thiocarbonyl" group refers to a -c(=s)-R' group' rbhere R' is as 'defined

herein.

A "carboxyl" refers to both "C-carboxy" and O'carboxy".

A "C-carboxy" group refers to a -c(=o)-o-R' groups' where R' is as defined

s herein.

An "o-carboxy" group refers to an R'c(:o)-o- group, where R' is as defined

herein.

10

An "oxo" group refers to a =O grouP-

A "carboxylate" Or "carboxyl" encompasses both C-carboxy and O-CarbOxy

groups, as defined herein,

A "carboxylic acid" group refers to a c-carboxy group in which R' is hydrogen,

A "thiocarboxy" or "thiocarboxylate" group refers to both -C(=S)-O-R' and -O'

C(:S)R'groups.

An "ester" refers to a C-carboxy group wherein R' is not hydrogen'

An ester bond refers to a -O-C(=O)- bond.

A thioester bond refers to a -O-C(=S)- bond or to a -S-C(=O¡ 66n¿'

A "halo'r gtoup refers to fluorine, chlo¡ine, bromine or iodine'

A''sulfinyl''groupreferstoan.S(=o)-R'group,wherefi',isasdefinedherein'

A''sulfonyl''grouprefersto'an-S(=o)z-R'group,whereR,isasdefinedherein.

A "sulfonate" group refers to an -S(=o)''o-R' group' where R' is as defined

herein.

A "sulfate" group refers to an -o-S(=o)z-o-R' group' where R' is as defined as

herein.

A "sulfonamide" or "sulfonamido" group encompasses both S-sulfonamido and

N-sulfonamido groups, as defined herein'

An "s-sulfonamido" group refers to a -s(=o)'-NR'R" group' with each of R'

and R" as defined herein,

An "N-sulfonamido" group refers to an R'S(=Q)z-NR" group, where each of R'

and R" is as defined herein.

A¡ "o-carbamyl" group refers to an -oc(=o)-NR'R" group' where each of R'

and R" is as defìned herein.
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An "N-ôarbamyl" group refers to an R'OC(=9)-NR"' group' whsre each of R'

and R" is as defined herein.

A "carbamyl" or "carbamate" group encompasses o-carbamyl and N-carbamyl

grouPs.

A carbamate bond describes a -O-C(=O)-NR'- bond' where R' is as described

herein.

An "o-thiocatbamyl" group refers to an -oc(=s)-NR'R" group' where each of

R' and R" is as defined herein.

An ,.N-thiocarbamyl" group refers to an R'oc(:s)NR"- group,.where each of

R' and R" is as defined herein'

A ,,thiocarbamyl" or "thiocarbamate" group encompasses O-thiocarbamyl and

N-thiocarbamyl groups.

A thiocarbamate bond describcs a -o-C(=s)-NR'' bond' where R' is as

described herein.

A "c-amido" group refers to a -c(=Q)-¡1¡',R" group, where èach of R'and R"

is as defined herein,

A¡ ,'N-amido,'group refers to an R'C(:O)-NR"- gloup" where each of \' -d
R" is as defined herein.

An..amide',groupencompassesbothC-amidoandN-amidogroups.

An amide bond desc¡ibes a -NR'-c(=o)- bond' where R'is as defined herein'

An amine bond describes a bond between a nitrogen atom in an amine group (as

defìned herein) and an R' group in the amine group'

A thioamide bond describes a -NR'-C(=S)- bond' where R'is as defined herein'

A "urea" group refers to an -N(R')-c(=O)-NR"R"' group' whete each of R'

ancl R" is as defined herein, and R"' is defìned as R' and R" are defined herein'

A "nitro" group refers to an -NOz group'

A "cyano" group refers to a -C=N group.

The term ,,phosphonyl" oL "phosphonate" describes a -P(:O)(OR'XOR")

group, with R' and R" as defined hereinabove'

The term "phosphate" describes an -O-P(:OXOR'XOR") group' with each of'

R' and R" as dcfined hercinabove.
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A 'þhosphoric acid" is a phosphate group is which each of R is hydrogen.

The term ,þhosphinyl" describes a -PR'R" group, with each of R' and R" as

defined hereinabove.

The term "thiourea" describes a -N(R')-c(=s)-NR"- gÌoup' with eaoh of R' and

5 R" as defined hereinabove

As described hereìn, multimeric protein st¡uctures described herein may exhibit

improved stability and stronger and/or longer lasting c-galactosidase activity at

therapeutically important sites in yivo. Such multimeric protein structures are therefore

highly beneficial for use in various medical applications in which a-galactosidase

10 activity is desirable, including therapeutic and research applications.

Hence, accorcling to some embodiments, the multimeric protein structure

described herein is for use as a medicament, for example, a medicament for treating

Fabry disease.

According to another aspect of embodiments of the invention, there is provided

15 a method of treating Fabry disease, the method comprising administering to a subject in

need thereof a therapeuticalty effective amount of a multitheric protein structure

described herein.

According to another aspect of embodiments of the invention, thero is providcd

a pharmaceutical composition that comprises a multimeric protein structure as described

20 herein and a pharmaceutically acceptable canier'

As used herein a "pharmaceutical composition" refers to a preparation of orie or

more of the multimeric protein structures described herein, with other chemical

components such as pharmaceutically acceptable and suitable carriers and excipients.

The purpose of a pharmaceutical composition is to facilitate adrninistration of a

25 compound to 4n organism.

Hereinafter, the term "pharmaceutically acceptable calTier" refers to a carrier or

. a diluent that does not cause significant irritation to an organism and does not abrogate

the biological activity and properties of the admìnistered compound. Examples, without

limitations, of carriers are: propylene glycol, saline, emulsions and mixtures of organic

30 solvents with water, as well as solid (e.g., powdered) and gaseous carriers.



5

46

Herein the term "excipient" refers to an inert substance added to 4

pharmaceutical composition to fu¡ther facilitate administration of a compound'

Examples, without limitation, of excipients include calcium carbonate, calcium

phosphate, various.sugars and types of starch, ,cellulose derivatives, gelatin, vegetable

oils and polyethYlene glYcols.

The pharmaceutical composition optionally comprises an additional ingredient

which further stabilizes the c-galactosidase of the multimeric protein stfucture'

Optionally, the additional ingredient is galactose'

Alternatively, a galactose derivative (e.g., a galactose-containing glycoside) may

be used instead of galactose. Optionally, a non-reducing galactose de¡ivative is used'

Techniques for formulation and administ¡ation of drugs may be found in

"Remington's Pharmaceutioal Sciences" Mack Publishing Co', Easton, PA' latest

edition, which is incorporated herein by reference'

Pharmaceutical compositions of the present invention may bé manufactured by

pfocesses wetl known in the art, e.g., by means of conventional mixing, dissolving,

granulating, dragee-making, levigating emulsifying, encapsulating, entrapping or

lyophilizing processes.

Pharmaceutical compositions for use in accordance with the present invention

thus may be formulated in conventional manner using one or more phaÍnaceutically

acceptable carriers comprising excipients ancl auxiliaries, which facilitate processing of

the multimeric protein structure into preparations which can be used pharmaceutically'

Proper formulation is dependent upon the route of administration chosen'

For injection or infusion, the multimeric protein structures of embodiments of

the invention may be formulated in aqueous solutions, preferably in physiologically

compatible buffers such as Hank's solution, Ringer's solution, or physiological saline

buffer with or without organic solvents such as propylene glycol, polyethylene glycol.

For lransmuco5al administration, penetrants are used in the formulation' Such

penetrants are generally known in the art'

For oral administration, the multimeric protein structures of the invention can be

formulated readily by combìning the multimeric protein structures 'with

pharmaceutically acceptable carriers well known in the art. Such carriers enable the
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multimeric protein structures described herein to be formulated as tablets, pills, dragees,

capsules, liquids, gels, syrups, slurries, suspensions, and the like, for oral ingestion by a

patient. pharmacological preparations for oral úse can be made using a solid excipient,

optionally grinding the resulting mixture, and processing the mixture of glanules, after

5 adding suitable auxiliaries if desired, to obtain tablets or dragee cores. Suitable

excipients are, in particular, fillers such as sugats' including lactose, sucrose, mannitol'

or sorbitol; iellulose preparations such as, for example , maize starch, wheat starch, rice

starch, potato starch, gelatin, gum tragacanth, methyl cellulose, hydroxypropylmethyl-

cellulose, sodium caibomethylcellulose; and/of physiologically acceptable polymets

10 such as polyvinylpynolidone (PVP). If desired, disintegrating agents may be added,

such as crossJinked polyvinyl pyrrolidone, agar, or alginic acid or a salt thereof such as

sodium alginate'

Dragee cores are provided with suitable coatings. For this purpose, concentrated

sugar solutions fnay be used which may optionally contain gum arabic, talc, polyvinyl

15 pyrrolidone, carbopol gel, polyethylene glycol, titanium dioxide, lacquer solutions and

suitable organic solvents or solvent mixtures. Dyestuffs or pigments may be added to

the tablets or dragee coatings for identificatioi or to characterize different combinations

of doses of active multimeric protein structure'

Pharmaceutical compositions, which can be used orally, include push'fit

20 capsules made of gelatin as well as soft, sealed capsules made of gelatin and a

plasticizer, such as glycerol or sorbitol. The push-fit capsules may contain the active

ingredients in admixture with fillcr such as lactose, binders such as starches, lubricants

such as talc or magnesium stearate and, optionally, stabilizers' In soft capsules, the

multimeric protein structures may be dissolved or suspended in suitable liquids, such as

25 fatty oils, liquid paraffin, or liquid polyethylene glycols. In addition, stabilizers may be

added. All fbrmulations for o¡al administration should be in dosages suitable for the

chosen route of administration'

For buccal administration, the compositions may take the form of tablets or

lozenges formulated in conventional manner'

30 For administration by inhalation, the multimeric protein structures for use

according to embodiments of the present invention are conveniently delivered in the
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form of an aerosol sptay presentation (which typically includes powdered, liquified

and/or gaseous carriers) from a pressurized pack or a nebulizer, with the use of a

suitable propellant, e,g., dichlorodifluoromethane, trichlo¡ofluoromethane, dichloro-

tetrafluoroethane or carbon dioxide..In the caso of a pressurized aerosol, the dosage unit

5 may be determined by providing a valve to deliver a mete¡ed amount. Capsules and

cartridges of e.g., gelatin for use in an inhaler or insufflator may be formulated

containing a powder mix of the multimeric protein structures and a suitable powder base

such as, but not limited to, lactose or starch.

The multimeric protein structures described herein may be formulated for

10 parenteral administratiorr, a.8., by bolus injection or continuous infusion. Formulations

for injection o¡ infusion may be presented in unit dosage form, e.g., in ampoules or in

multidose containers with optionally, an added preservative. The compositions may be

suspensions, solutions or emulsions in oily or aqueous vehicles, and may contain

formulatory agents such as suspending, stabilizing anðlor dispersing agents.

15 Pharmaceutical compositions for parenteral administration include aqueous

solutions of the multimeric protein structure prepatation in water-soluble form.

Additionally, suspensions of the multimeric protein structures may'be prepared as

appropriate oily injection suspensions and emutsions (e.g., water-in-oil, oil-in-water o¡

water-in-oil in oil emulsions). Suitable lipophilíc solvents or vehicles include fatty oils

z0 such as sesame oil, or synthetic fatty acids esters such as ethyl oleate, triglycerides or

liposomes. Aqueous injection suspensions may contain substances, which increase the

viscosity of the suspension, such as sodium carboxymethyl cellulose, sorbitol or

rìextran. Optionally, the suspension may also contain suitable stabilizers or agents,

which increase the solubility of the multimeric protein structures to allow for the

25 preparationofhighlyconcentrated solutions.

Alternatively, the multimeric protein structures may be in powder form for

constitution with a suitable vehicle, e.g., sterile, pyrogen-frce water, before use.

The multimeric protein structure of ernbodiments of the present invention may

also be formulated in rectal compo.sitions such as suppositories or retention enemas,

30 using, e.g., conventional suppository bases such as cocoa butter or other glycerides.
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The pharmaceutical compositions herein described may also comprise suitable

solid of gel phase carriers or excipients. Examples of such carrie¡s or excipients

include, but are not limited to, calcium carbonate, calcium phosphate, various sugafs,

starches, cellulose derivatives, gelatin and polymers such as polyethylene glycols'

5 Pharmaceutical compositions suitable for use in the context of the present

invention include compositions wherein the active ingredients are contained in an

amount effective to achieve the intended purpose. More specifically, a therapeutically

effective amount means an amount of multimeric protein structures effective to Prevent,

alleviate or ameliorate symptoms of disease or prolong the survival of the subject being

10' treated.

For any multimeric protein structures used in the methods of the invention, the

therapeutically effective amounl or dose can be estimated initially from activity assays

in animals. For example, a dose can be formulated in animal models to achieve a

circulating concentration range that includes the ICso as determined by activity assays

15 (e.g., the concentration of the test protein structures, which achieves a half-maximal

increase in a biological activity of the multimeric protein structure). Such information

can be used to more accurately determine useful doses in humans'

As is demonstrated in the Examples bection that follows, a therapeutically

effective amount for the multimeric protein structures of embodiments of the.present

zo invention may range between about 1 pglkg body weight and about 500 mglkg body

weight.

Toxicity and therapeutic efficacy of the multimeric protein structures desc¡ibed

herein can be detefmined by standard pharmaceutical procedures in experimental

animals, e.E.,by determining the ECso, the ICso and the LD56 (lethal dose causing death

25 in 5O % of the tested animals) for a subject protein structure. The data obtained from

these activity assays and animal studies can be used in formulating arcnge of dosage for

use in human.

The dosage may vary depending upon the dosage form employed and the route

of administration utilized. The exact formulation, route of administration and dosage

30 can be chosen by the individual physician in vicw of the patient's condition' (See e.g.,

Fingl et a1.,I915, in "'Ihe Pharmacological Basis of Therapeutics", ch. 1 p.1),
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Dosage amount and interval may be adjusted individually to provide plasma

levels of the active moiety which are sufficient to maintain the desired effects, termed

the minimal effective concentration (MEC). The MEC will vary for eaôh preparation,

but can be estimated from i¿ vitro data; e.g., the concentration necessary to achieve the

desired level of activity invitro. Dosages necessary to achieve the MEC will depend on

individual characteristics and route of administration. HPLC assays òr bioassays can be

used to determine plasma concentrations.

Dosage intervals can also be determined using the MEC value. Preparations

should be administered using a regimen, which maintains plasma levels above the MEC

for 10-90 o/o of the time, preferable between 30-90 Vo and most preferably 50-90 %,

Depending on, the severity and responsiveness of the condition to be treated,

dosing can also be a single administration of a slow release composition described

hereinabove, with course of treatment lasting from several days to several weeks or

until cure is effected or diminution of the disease state is achieved.

The amount of a composition to be administered will, of course, be dependent

on the subject being treated, the severity of the affliction, the manner of administration,

the jrrdgment of the prescribing physician, etc.

Compositions of the present invention may, if desired, be presented in a pack or

dispenser device, such as an FDA (the U.S, Food and Drug Administration) approved

kit, which may contain one or more unit dosage forms containing the active ingredient.

The pack may, for example, cornprise metal or plastic foil, such as, but not limited to a

blister pack or a pressurized container (for inhalation). The pack or dispenser device

may be accompanied by instructions for administration. The pack or dispenser may

also be accompanied by a notice associated with the container in a form prescribed by a

governmental agency regulating the manufacture, use or sale of pharmaceuticals, which

notice is reflective of approval by the agency of the fo¡m of the compositions for human

or veterinary administration. Such notice, for example, may be of labeling approved by

the U.S. Food and Drug Administration for prescription drugs or of an approved product

insert. Compositions comprising a multimeric protein structure of embodiments of the

invention formulated in a compatible pharmaceutical carrier may also be prepared,

L0
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placed in an appropriate containef, and labeled for treatment of an indicated condition

or diagnosis, as is detailed herein.

Thus, according to an embodiment of the present invention, depending on the

selected multimeric protein structures, the pharmaceutical composition described herein

s is packaged in a packaging material and identified in print, in or on the packaging

material, for use in the treatment of a condition in which the activity of the multimeric

protein structure is beneficial, as described hereinabove.

As used herein the term "about" refers to t' L0 Vo

The terms "COmpriSestt,."COmpriSing", "inClUdeS", "inCluding", "having" and

1.0 their conjugates mean "including bilt not limited to".

The term "consisting of means "including and limited to"'

The word "exemplary" is used herein to mean "serving as an example, instance

or illustration". Any embodiment described as "exemplary" is not necessarily to be

construed as preferred or advantageous over other embodiments and/or to exclude the

L5 incorporation of features from other embodiments.

The word "optionally" is used herein to mean "is provided in some'embodiments

and not provided in other embodiments". Any pafictrlar embodiment of the invention

may include a plurality of "optional" features unless such features conflict.

As used herein, the singular forin "a", "an" and "the" include plural references

z0 unless the context clearly dictates otherwise. For example, the term "a compound" ot

',at least one compound" may include a plurality of compounds, including mixtures

thereof.

Throughout this application, various embodiments of this invention may be

presented in a range format. It should be understood that the description in range format

25 is merely for convenience and brevity and should not be construed as an inflexible

li¡nitation on the scope of the invention. Accordingly, the descriþtion of a range should

be considered to have specifically disclosed all the possible subranges as well as

individual numerical values within that range. For example, description of a range sucb

as from 1 to 6 should be considered to have specifìcally disclosed subranges such as

30 from 1to 3, from 1to 4, tiom 1 to 5, from 2to4,from2 to 6, frorn 3 to 6 etc', as well
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as individual numbers within that range, for example,I,2,3,4,5, and 6. This applies

regardless of the breadth of the range-

Whenever a numerical range is indicated herein, it is meant to include any cited

numeral (fractional or integral) within the indicated range, The phrases "ranging/ranges

5 between" a first indicate number and a second indicate number and "ranging/ranges

from" a first indicate number "1o" a second indicate number are used herein

interchangeably and are meant to include the first and second indicated numbe¡s and all

the fractional and integral numerals therebetween'

As used herein the term "method" refers to manners, means, techniques and

10 procedures for accomplishing a given task including, but not limited to, those manners,

mcans, techniques and procedures either known to, or readily developed f¡om known

manners, means, techniques and procedures by practitioners of the chemical,

pharmacological, biological, biochemical and medical arts'

As used herein, the term "treating" includes abrogating, substantially inhibiting,

15 
.slowing 

or reversing the progression of a condition, substantially ameliorating clinical

or aesthetical symptoms of a condition or substantially preventing the appearance of

clinical or aesthetical symptoms of a condition'

It is appreciated that certain features of the invention, which are, for clarity,

descri6ed in the context of separate embodiments, may also be provided in combination

20 in a single embodimqnt. Conversely, various features of the invention, which are, for

brevity, described in the context of a single embodiment, flâY also be provided

separately or in any suitable subcombination or as suitable in any other described

embodiment of the invention. Certain features described in the context of various

embodiments are not to be considered essential features of those embodiments, unless

25 the embodiment is inoperative without those elements'

Various embodiments and aspects of the present invention as delineated

hereinabove and as claimed in the claims section below fincl cxperimental support in the

following examples.
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EXAMPLES

Reference is nòw made to the following examples, which together with the above

descriptions illustrate some embodiments of the invention in a non limiting fashion.

5 MATERTALS AND METHODS

Materíal*

bis-N-hydroxysuccinimide-poly(ethylene glycol) (bis-NHS-PEG) was obtained

from Iris Biotech GmbH in PEG6 and 2000 Dalton (PEG45) PEG forms, and from Pierce

in PEGs form, and dissolved in dimethyl sulfoxide (DMSO ) at a concentration of 25

10 mglmL;

Citric acid was obtained from Sigma;

Coomassie Blue G250 was obtained from Bio-Rad;

Dimethyt sulfoxide was obtained from Sigma;

D-(+)-galactose was obtained from Sigma;

15 Human plasma (K3 EDTA) was obtained from Bioreclamation Inc.;

4-Methylumbelliferone was obtained from Sigma;

4-Methytumbelliferyl-a-D-galactopyranoside was obtained from sigma;

N-dodecanoyl-nitrobenzoxadiazole-ceramide trihexoside (Gb3-NBD) was

obtained from Matreya;

20 2-(N-mo¡pholino)ethanesulfonic acid was obtained from Merck;

Phosphate buffered saline was obtained from Sigma;

p-Nitrophenyl-o-D-galactopyranoside was obtained from Signa;

primuline was obtained from Sigma; Primuline spray rcagent was prepared by

dissolving I2.5 mgprimuline in 200 rnl acetone:water (B:2 volurirc ratio);

2s Pyridine was obtained from Sigma;

Sinapïnic acid was obtained from Sigma;

Sodium carbonate was obtained from Sigma;

Sodium phosphate was obtainecl from Sigma;

Sodium taurocholate was obtained from Sigma;

30 Trifluoroacetic acid was obtained from Signa'
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Plant recombinanl humøn a'GAL-I:

Plant recombinant human 0,-GAL þrh-o-GAL) having sEQ ID NO: 1, refeÛed

to herein as plant recombinant human a-GAL-I þrh-c-GALI), was prepared as

described in International Patent Application PCT/IL2008/000576 þublished as WO

s 20o8lr3nß).

Transgenic plant material was generated using lficof iana Benthamiana plants

infiltrated with genetic construct containing the expression cassette for d-GALA, for

expressing the human g-GAL-A protei;. This was performed in a growth chamber

under controlled conditions. This was followed by harvest of plant material and

10 extraction of soluble proteins from the plant cells. prh-c,-GAL-A was then purified by a

purification pfocess involving standard methods for protein purification followed by a

chemical modification step to manufacture the cross-linked protein. The current prh-o-

GAL-A was extracted from plant material using homogenizers. The plant debris was

removed by centrifugation and the protein was iurther purified using ammonium sulfate

15 precipitatiOn and acidification steps. The supernatant was filtered and loaded onto a

hydrophobic column, followed by desalting and loading onto a cation exchange column'

The pool of the cation exchange column was concentrated'

Plant recombìfiant humsn a-GAL'II:

Plant recombinant human 0-GAL comprising a mixture of a-GAL having SEQ

20 ID NO: 2 and ü-GAL having sEQ ID NO: 3 (without the N-terminal amino acids EF

present in SEQ lD NO: 1), referred to herein as prh-a-GAL-II, was prepared by a

process similar to that described above for prh-o-GAL-I, using a different genetic

construct.

cDNA encorJing the human o-galactosidase protein (EC 3-2.1-22 GenBank:

2s X05790) was optimized and synthesized by GENEART AG (Regensburg, Germany)'

The codon usage without the leader peptide (endoplasmic reticulum target signal

peptide) was adapted to the codon bias of Nicotiana tohaccum genes' During the

optimization process the following cis-acting sequence motifs were avoided: internal

TATA-boxes, chi-sites and ribosomal entry. sites, AT-rich or GC-rich sequenco

30 stretches, RNA instability elements ("killer motifs"), repeat sequences and RNA

secondary structures, splice donor (cryptic) and acceptor sites' branch points' In
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addition, regions of very high (>80 %) or very low (<30 Vo) GC content has been

avoided.

The nucleotide sequence of the native human a-galactosidase leader peptide

(endoplasmic reticulum target signal peptide) of full length'human c-galactosidase

protein (GenBank: X05790) was replaced with a nucleotide sequence encoding the 33

amino acid endoplasmic reticulum targeting signal peptide (leader peptide) of the

Arabidopsis ABPI protein. This signal peptide pronid", efficient targeting of o'

galactosidase to the secretory pathway and is cleaved from the polypeptide, by signal

peptidase, once the protein has been translocated into the endoplasmic leticulum' A

nucleotide sequence encoding the endoplasmic reticulum retention sigrral SEKDEL was

added to the cDNA sequence at the 3' terminus, allowing retrieval of the expressed

protein from the Gotgi apparatus, effectively maintaining the protein in the endoplasmic

reticulum.

The protein of interest was expfessed from a strong subgenomic viral promoter

of the coat protein. The system relies on transient amplification (by agroinfection) of

viral vectors delivered to a plant by Agrobacterium. In agroinfection, a plant functional

promoter and the oDNA encoding a viral replicon are transferred as T-DNA from

Agrobacteríum into plant cells. The T-DNA is transcribed in-plønta by the plant

promoter to generate biologically active viral RNA that initiates self replication'

For the transient expression a 3 vector recombination system based on the

sysrem previously developed as described [Gleba el al,, vaccine 2005,23:2042-2048]'

One of the vectors was inserted with a-galactosidase cDNA and the two other vectors

containing genes for construction of the whole viral replicon (RdRp and Integtase), thus

generaring the biologically active viral RNA that can initiate self replication

N; Bentharniana planls were germinated and grown in commercial mix soil

(Givaat Ada, IL) supplemented with granular slow release fertilizer (Scott Marysville,

oH) under a long day (16 hours light / 8 hours dark) light regime at24-25 "C.

Agrobacteria were transformed with the pICH20B66-alpha-GAL based replicon

vector system using electropotation (2500 v, 5 milliseconds) [den Dulk-Ra and

Hooykaas, Methods MoI Biol 1995, 55:63-72). Plants werc infiltrated with

Agrobacteria containing the 3 ICON plasmids by vacuum infiltration with standard

10
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methods known in the art. Briefly, N. benthamiana plants, 5-6 week old, were

infiltrated by immersing all aerial plant organs into a bacterial suspension and were

placed in a vacuum chamber. A minus C) 0.S bar vacuum was applied for I minute,

followed by a quick return to atmospheric pressure. Plants were feturned to the

greenhouse for additional 5-7 days under the same growth conditions.

Samples of Nícotiana benlhamiøna leaves were harvested 5 days post infiltration

and extracted in I¿emmli buffer for SDS-PAGE, or in activity assay buffer (20 mM

citric acid, 30 mM sodium phosphate, O.l o/o bovine serum albumin and 0'67 7o elhanol,

pH a.6.) for assay of catalytic activity of the plant expressed protein.

Human o.-galactosidase protein from plant extracts was purified by a two-step

ammonium sutfate differential precipitation ("salting out'': l't step 0.57 M;Zno step2'27

M), follciwed by hydrophobic interaction chromatography (Phenyl 650 M resin) and

cation exchan ge chromatograPhY.

TVo sequences (i.e., sEQ ID NO: 2 and SEQ ID NO: 3), which differ in the

pfesence or absence of an N-terminal glycine' were obtained due to different leader

sequence processing.

4-Methylumbellìferyl-a-D-galactopy ranosíde assay of a'GAL activíty :

0-GAL activity r')vas measured using 4-methylumbelliferyl-a-D-

galactopyranoside as a hydrolysis substrate. The assay was performed in citrate-

phosphato buffer (20 mM citric acid, 30 mM sodium phosphate, pH 4.6). 10 pL of

sample containing the tested a-GAL was incubated with 40 ¡tL assay buffer containing

5 mM 4-methylumbelliferyl-a-D-galactopyranoside, The reaction mixture was

incubated al37 ocfor 60 minutes. 10 pL of the reaction mixture were transferred into a

black 96-well plate (Greincr), 90 pL of stop solution (2 M sodium carbonate) was

added, and fluorescence was measured at an excitatiorl wavelength Of 365 nm and an

emission wavelength of 450 nm. Fluorescencc was translated to product concentration,

and further to activity, using a calibration curve of 4-rnethylumbelliferone, the reaction

product.

5
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N -D odecanoyl-nitrobcnzoxadfuzole - c e ramíde trihexoside (G b rNBD) assay of

a-GAL actívíty 
i

The fluorescently labeled substrate N-dodecanoyl-nitrobenzoxadiazole-ceramide

trihexoside (Gb3-NBD) is less lipophilic than Gb¡, facilitating its use in in-vítro

5 enzymatic reactions.

10 pL of 0.1 pglpl Gb¡-NBD (in water with 10 % ethanol), and 5 ¡rL of.0.2

mg/ml g-GAL *"r" udd"d to 85 pL of citrate-phosphate buffer at a pH of 4.6. The

final g-GAL concentration was 10 púmL. The background or non-catalyzed reaction,

without a-GAL, was composed of 90 pL of citrate-phosphate buffer at a pH of 4'6 with

10 L0 pL of 0.1 ¡rglpl, Gbg-NBD (in water with L0 Vo ethanol). The reaction mixtures were

incubated for 60 minutes at 37 "C. Following the incubation, 50 pL methanol was

added to the reaction mixture, and the solutions were vortexed for 1 minute. 100 pL

chloroform was then added, and the solutions were furthe¡ vortexed for 1 minute.

Water and organic solvents were removed under vacuum using a Speed Vac system.

15 The residues wete dissolved in 80 pL of chloroform:methanol (L:L). 30 pL of each

sample was loaded on HPTLC (high performance thin layer chromatography) Silica Gel

60 plates (Merck) using a Linomat V system (CAMAG). ÍIPTLC plates were

developed using a chloroform:methanol:HzO solution at a ratio of lO042:6 as a solvent

system. Plates were then allowed to dry and the substrate and product spots were :

20 visualized by iradiation under UV light at a wavelength of 365 nm.

p -N ìtroph e ny ¡- 6-þ -galac topy ranos id e ( p -N P - G) a s s ay of a-G AL ac tiv itl :

p-Nitrophenyl-a-D-galactopyranoside was used as a hydrolysis substrate for a-

GAL activity assays. The assay buffer contained 20 mM citric acid, 30 mM sodiurn

phosphate, O.l o/o BSA (bovine serum albumin) and 0.67 Vo ethanol at pH 4.6. The

25 assay was performed in 96 well ELISA plates (Greiner), 50 pL of sample were

incubated with 150 pL assay buffer and 30 pL substrate was added to obtain a final

concentration of 8 mM p-nitrophenyl-o-p-galactopyranoside. The reaction mixture was

incubated aT 37 "C for 90 minutes, Afte¡ 90 minutes, 100 pL of 1.98 M sodium

carbonate was added to each well in order to terminatc the reaction' The amount of

30 reaction product was determined by mcasuring absorbance at 405 nm'
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Measure¡nenf of a-GAL stnbility ín vitro:

The stability of u-GAL from various sources was determined by adding a-GAL

to one of the following conditions:

L) simulated lysosomal conditions: citrate-phosphate buffer (20 mM citric acid,

s 30 mM sodium phosphate), pH4.6,37 "C:

2) simulated physiological conditions: phosphate buffered saline (PBS),pH7.4,

37 "C;

3) human plasma al37 "C.

The cr-GAL was added at a concentration of I pglmL, as determined by the

t0 activity of a-GAL in the solution, and the solution was incubat ed at 37 "C' Samples of

each solution were withdrawn at piedetermined time points and the a-GAL activity was

measured as described hereinabove. The value of the enzymatic activity immediately

after addition of the tested u-GAL to each environment was defined as L00 7o, and

further activity results at the tested time points were calculated as a percentage of that

1s initial activity.

P harm acokin etic s of a' GA L :

Individual Fabry (o-Gal-A -/0) mice were placed in an illuminated plexiglass

restraining device, and the enzyme was injected into the tail vein. Blood samples were

obtained at the indicated times after injection by either tail bleed or retro-orbital eye

20 bleed, using heparinized microhematocrit tubes. Plasma was diluted in 4'

methylumbelliferyl-a-D-galactopyranoside activity buffer. A 4-me thylumbelliferyl-o-

D-galactopyranoside assay was performed as described above.

Terminal elimination half-life (T1p) was calculated based on plasma activity

results. The terminal halflife (elimination half-life) is the time required for the plasma

zs concentration to decrease by 50 Vo allet pseudo-equilibrium of distribution has been

reached. The terminal half-life was calculated from the terminal (loglinear) portion of

the curve, by linear regression of time vs. log concentration [Toutain & Bousquet-

Melou, J Vet Pharmacol Ther 2004,27:427-391.

B io -d ß trib utio n of a'GAL :

30 Fabry (u-Gal-A -/0) mice were injected intravenously (in the tail vein) with a-

GAL at a dose or z mf,Kg. Tissues (livers, kidneys, hearts, and spleens) were
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harvested 2 hours, 24 hours, 3 days, 7 days, 14 days or 28 days post-injection of the

enzyme, ¿-GAL levels in normal control mice and in saline-administered (untreated)

Fabry mice wefe compared with the levels in Fabry mice that received exogenous o-

GAL. To determine the a-GAL activity in tissues, thawed tissue samples were placed

5 in 2mLpolyptopylene tubes containing lysis buffer (28 mM citric acid, 44 mM dibasic

sodium phosphate, O,5 7o sodium taurocholate, pH 4.4) as described in Oshima et al'

IP¡rAS 1997,94:2540-2544]. The samples were homogenized by use of a Tissuelyzer

(Retsch MM400) for 10 minutes. Debris was pelleterl by centrifugation at 4 "C, and the

resulting supernatants were assayed for a-GAL activity by a 4-methylumbelliferyl-cl-D'

10 galactopyranoside assay, as described above. The same samples were also subjected to

Western blot analYsis'

In vivo Gh assay:

15

The end point efficacy of injected a-GAL was measured by assay of Gb¡ levels

of the animal tissues, in order to determine whether Gbs levels were deoreased by o-

GAL activity.

To measure Gbr hydrolysis, neuttal glycosphingolipids were extracted from

target organs (e.g., liver, kidney, heart and spleen)' 100 mg tissue samples were

homogenized in 1 mL of 2:1. (vlv) chloroform:methanol and centrifuged fo¡ 20 minutes

at 13,500 rpm. 62 pL of water was added to 1 mL homogenate to yield a solution of

2}:L}:2chloroform:methanol:water. 10 pL pyridine was added to the homogenate to

give a final pyridine concentration of | %, The sample was agitated for Vl hours at 48

oC. Solvents and water were removed under vacuum using a SpeedVac system' The

sample was fesuspended in 2.5 mLmethanol and 250 ¡rL of 1 M KOH in methanol was

then added. The sample was then shaken for 2 hours at 37 "C. The saponification

reaction was stopped by thc addition of 10 pL of acetic acid. 2.5 mL chloroforn was

then added to the sample, followed by the addition of.2.5 mL cold water' The sample

was vigorously shaken for 5 minutes and was allowed to rest for 5 minutes to allow

phase separation. Thc upper phase, composed of methanol antl water, was discarded,

and the lower phase,. composed of chloroform and methanol, was evaporated under

vacuum (Speedvac), and the residue was fesuspended in 300 pL of l':1 (v/v)

chloroform:methanol for analysis of the glycosphingolipids by HPTLC.

20
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30
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Qualitative and semiquantitative analyses of tissue glycolipids were performed

by high performance thin layer chromatography (HPTLC) (CAMAG, Switzerland).

HPTLC analysis was performed on HPTLC silica gel 60 glass coated plates (Merck).

Samples were loaded on the plates using a Linomat 5 system (CAMAG, Switzerland).

Plates were developed using chloroform-methanol-water (60:35:4) as the solvent

system. Neutral glycosphingolipids were detected with primuline spray reagent. Gbs

was identified using porcine ¡ed blood cell Gb¡ (Matreya) as a standard, and quantified

using a calibration cu¡ve of lf-heptadecanoyl ceramide trihexoside (Matreya), a semi-

synthetic standa¡d. Plates were visualized and relevant spots were quantified using a

TLC Scanner III (CAMAG, Switzerland) supported by winCATS software (CAMAG,

Switzerland)

SDS.PAGE:

SDS-PAGE was caried out under reduced conditions using a Bio-Rad

Criterionru system and in-house casted t2 Vo acrylamide gel. The gel was stained by

Coomassie Blue G250 stain.

IEF (ísoelectric focusìng) :

IEF was carried out using an Invitrogen Novex@ mini-cell and precasted IEF

gels having a pH range o13-7 (Invitrogen). The gel was stained by Coomassie Blue

G250.

Mass spectrornetry (MALDI-TOF) :

MALDI-TOF was perfonned using a Bruker Reflex IV MALDI-ToF Mass-

spectrometer system (Bruker-Franzen Analytik GmbH, Germany) and a sinapinic

acid/trifluoroacetic acid (TFA) (O.L % TFA,/acetonitrile (2:1, v/v)) saturated matrix

solution.

EXAMPLE I
In vítro stabìIíty of recombìnnnt a.GAL

The in yilro stability of recombinant o-GAL was measured in various conditions

as dcscribed hereinabove in the Mate¡ials and Methods Section. Plant recombinant

human g-GAL-I, as well as Fabrazyme@ and Replagal@ commercial recombinant human

u-GAL, were tesled.

2t)
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As shown in Figrre 1, all of the tested types of a-GAL exhibited a loss of

activity under simulated lysosomal conditions'

In arldition, as shown in Figure 2, all of the tested types of 0-GAL exhibited a

. loss of activity under simulated physiological conditions' As further shown therein' the

presence of 100 m{mLgalactose partially protected the activity of plant recombinant

a-GALI under such conditions.

Simildrly, as shown in Figure 3, all of the tested types of cr-GAL exhibited a loss

of activity in human plasma at37 "C.

As shown in Figure 4, the presence of 100 mglmL galactose partially protected

the activity of plant recombinant 0-GAL-I under simulated lysosomal conditions'

Size exclusion chromatography (SEC) experiments at lysosomal and neutral pH

levels demonst¡ated changes in the protein structure (data not shown), while SDS-

PAGE and 'Western blot analyses did not exhibit any degradation of the primary amino

acid sequence (data not shown).

These results indicate that ü-GAL loses activity under lysosomal conditions and

physiological conditions due to alteration of the a-GAL protein structufe, and that

galactose partially prevents this loss of activity'

EXAJI'IPLE II
cross.linking of pturlt recombinant human a,-GAL'I with bís-N'hydrorysuccinimide'

poly(ethylene glycol) (hß'NHS'PEG) age nts

Plant recombinant human o-GAL-I þrh-o-GALI) was cross-linked at 50:L,

100:L and 200:1 molar ratios with bis-N-hydroxysuccinimide-poly(cthylenc glycol)

(bis-NHS-PEG) of various molecular weights, namely bis-NHS-PEGs, bis-NHS-PEGs

orbis-NHS-PEG¿s(bis-NHS-PEGwith2,000DaltonPEG),thestructuresofwhichare

shown in Figure 5.

The bis-NHS-ÞEG may attach to the protein at two sites on a protein (e'g', lysine

residues), thereby forming crossJinking, or at one site on a protein' These two forms of

atlachment are depicted in Figure 6.
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100 pg a-GAL-I in 28,5 pL of 2-(N-morpholino)ethanesulfonic acid (MEs)

buffer (25 mM, pH 6) was added to 13.5 pL of phosphate buffer (100 mM, pH 8)

containing 100 mg/ml galactose.

q-GALI was cross-linked with bis-NHS-PEGs at 1':50, 1:100' and L:200

protein: reagent molar ratios, by adding bis-NHS-PEG5 in 8 pL DMSO to the a-GAL-I

solution (27.4 ¡tgs-GALI solution for a 1:50 molar ratio, 54.8 ¡rg o-GALI solution for

a 1:L00 molar ratio, and 109.7 pg 0-GAL-I solution for a L:200 molar ratio).

0-GAL-I was.cross-linked with bis-NHS-PEGqs at 1:50, L:100, and l:20o

protein: reagent molar ratios, by adding bis-NHS-PEG¿s in 8 pL DMSO to the a-GAL-I

solution (103 pg a-GAL-I solution for a 1:50 molar ratio, 206 ¡tg c-GAL-I solution for

a 1:100 molar ratio, and 4I2 ¡rg a-GAL-I solution for a L:200 molar ratio) u-GALI was

crosslinked with bis-NHS-PEGa at L;50, l.:100, and L:200 protein: reagent molar ratios,

by adding bis-NHs-PEGe in 11,5 pL DMSO to the a-GAL-I solution (3'l pe a-GALI

for a 1:50 molar ratio, 73 W1a-GAL-I solution for a 1:1-00 molar ratio, and 146 ¡rg a-

GALI solution for a l.:200 molar ratio).

After adding the bis-NHS-PEG agent to the g-GALI, the reactions were

pipetted and agitated on an orbital shaker for 2 hours at room temperature.

In all reactions the excess of bis-NHS-PEG crosslinking reagent was ¡emoved

by dialysis against saline (50KDa cut off)'

The yield of dimer increased with increãsing protein concentration and DMSO

concentration, reaching tp to 30 Vo.

The reaction products were analyzed by SDS-PAGE (sodium dodecyl sulfate'

polyacrylamide gel electrophoresis), IEF (isoelectric focusing), 'Western blot, and

MALDI-TOF mass spectrometry, as described hereinabove'

As shown in Figure 7, lhe standarrl native prh-c-GAL-I was observed as a

monomer (having a'molecular weight of 48 KDa) following gel electrophoresis,

whereas following reaction of prh-o-GAL-I with bis-NHS-PEG, prh-a-GAL-l appeared

prirnarily in the form of a dimer (with some monomer present), indicating that the two

monomers were covalently linked by cross-linking with bis-NHS-PEG.

As is further shown in Figure 7, a higher proportion of monomcric prh-a-GAL-I

was observed with the shorter cross-linkers, bis-NHS-PEG5 and bis-NHS-PEGg, than

10
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with the longer cross-linker bis-NHS-PEG¿s.. The bis-NHS-PEGa5 yielded a high

proportion of cross-linked protein. These results indicate that the shorter cross-linkers

are less effective at covalently linking monomers.

As is further shown in Figure 7, for each of the tested cross-linkers, the

5 molecular weight of the monomeric portion of prh-a-GALI increased following

feaction with the cross-linker. The increase in molecular weight was greater when a

higher ratio of cross-linker to protein was used (e.g., 200:1), and when the molecular

weight of the cross-linher was greater (e.g., bis-NHS-PEG¿s). These results indicate

that plotein monomers which \ryere not dime¡ized by cross-linkirrg, were covalently

10 attached to the bis-NHS-PEG cross-linker, i.e., the proteins were PEGylated.

The above results indicate that the use of higher molar excess of crossJinker to

protein yields higher levels of a-GAL modification, including both crosslinking to

form a dimer and PEGylation of the proteins. However, a molar ratio of 100:1 provided

a high level of crossJinking, especially in the rea.ctions using the bis-NHS-PEG¡s

15 reagent, such that a molar ratio of 200:L provided only a marginal addition to the cross-

linking efficiency.

As shown in Figure B, reacting prh-o-GAL-I with bis-NHS-PEG reduced the

isoelectric point (pI) of prh-a-GALI, thereby confirming that the bis-NHS-PEG is

covalently attached to the prh-a-GAL-L Attachment of bis-NHS-PEG to prh-o-GALI

z0 converts basic amine groups in lysine residues to neutral amidc groups, thereby

reducing the pI. The reduction in pI Ìvas more pronounced when a gteater molar excess

(e.g., 200:1) of bis-NHS-PEG was used, confirming the above results obtained with

SDS-PAGE.

As is further shown in Figure 8, the pI is reduced more by bis-NHS-PEGs and

2s bis-NHS-PEGs than Uy Uis-NUS-PEG¿s,

This result indicates that bis-NHS-PEGs and bis-NHS-PEGs are more likely than

bis-NHS-PEG¿s to result in PEGylation in which only one terminus of the cross-linker

is attachcd to a-GAL. A crossJinker attached to c-GAL at only one terminus is mo¡e

effective at reducing the pI because such a cross-linker comprises an acidic carboxylic

30 (-COzH) group at the non-attached terminus, in addition to converting a lysine amine

group to an amide group at tbe attached termlnus.
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As shown in Figure 9, reacting prh-u-GAL-I with bis-NHS-PEG¿s cross-linker

increased the molecular weight of the prh-c-GAL-I dimer from 97 KDa to LL3 KDa, as

determined by MALDI-TOF mass spectrometry. The increase in molecular weight

indicates an addition of approximately 8 molecules of bis-NHS-PEG¿s to the prh-o-

GALI dimer,

As shown in Figure 10, reacting prh-o-GALI with a bis-NHS-PEGg cross-linker

increased the molecular weight of the prh-o-GAL-I dimer from 97 KDa to 104 KDa, as

determined by MALDI-TOF rnass spectrometry. The increase in molecular weight

indicates an addition of approximately 10 mblecules of bis-NHS-PEG8 to the prh-o-

GAL-I dimer.

EXAMPLE III
Activity of cross-línked plant recombinant human a'GAL'I

In order to determine whether the c¡ossJinked plant recombinant a-GAL-I þrh'

a-GALI) described in Example II retained enzymatic activity, the cross-linked prh-o,-

GAL-I was assayed for its enzymatic activity using the 4-methylumbelliferyl-a-D-

galactopyranoside assay described hereinabove.

As shown in Table 1 below, prh-o-GALI which was reacted with bis-NHS-

PEGs, bis-NHS-PEGe or bis-NHS-PEG¿s at molar excesses of 50:1, 100:L and 200:L

bis-NHS-PEG reagent in atl cases exhibited a level of enzymatic activity similar to that

of native prh-o-GAL-I. As shown therein, both moderate decreases and moderate

increases in activity were observed in some cases, which may be a result of formulation

effects. These results indicate that the cross-linking did not reduce the activity of prh-o-

GALI.

Table 1: Activity results of crosslinked plant recombinant human o-GAI- I

Sample Reagent Molar excess
Activity
Mg,Jn¡'L

2

1 Bis-NHS-PEGs 50:1 2.25
a Bis-NHS-PEGs 100:1 1.30

3 Bis-NHS-PEGs 200:1 1.24

4 Bis-NHS-PEG¡s 50:1

5 Bis-NHS-PEGqs 100:1

2.82

10

15

20

25

2.16
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5

Bis-NHS-

The activity of the bis-NHS-PEG¿s cross-linked prh-c-GAL-I was further

verified using the N-dodeôanoyl-NBD-ceramide trihexoside assay described

hereinabove, which assays the activity of 0-GAL towards its natural substrate' ceramide

trihexoside (Gb3). Replagal@ mamrnalian recombinant human cl-GAL was assayed for

comparison,

AsshowninFigurel.l,followingincubationofJhecross-linkedplant

recombinant human 0-GAL-I with the fluorescent substrate, almost all substrate was

converted to the product, N-dodecanoyl-nitroberrzoxadiazole-lactosyl ceramide,

similarly to the reaction catalyzed by the mamrnalian recombinant ø-GAL (Replagal@)'

This result confirms that the crossJinking did not impair the enzymatic hydrolytic

efficiency of trr* prh-o-GAL-I, using a close analog of the natural substrate'

10

EXAMPLE IV

15 In vitro stabiw of cross-Iinkeil plant recombinanl huwan a'GAL'I

The in yilro stability of the cross-linked plant recombinant human 0-GALI

þrh-o,.GALI),obtainedasdescribedinExamplell,\vasmeasuredinvarious
conditions as described hereinabove in the Materials and Methods section' The

stability of Fabrazyme@ and Replagal@ commercial recombinant human a-GA['s was

20 measured for comParison.

As shown in Figures 12A-12c, the stability of plant recombinant human o'

GAL-I under simulated lysosomal conditions was enhanced by cross-linking with bis-

NHS-PEG5 (Figure 124), bis-NHS-PEG¿ (Figure 128) and bis-NHS-PEGa5 (Figure

12C). As further shown therein, the stability of the cross-linked prh-u-GAL-I over the

25 courso of one week comparecl favorably to the stability of the commercial recombinant

human 0-GAL. After a small decrease in residual activity during the first 24 hours, thc

cross-linked prh-o-GAl-l maintained activity, cven after 10 days' The initial decrease

inactivity,observcdduringthefirst24hours,mayreflecttheportionofpladt

recombinant human a-GAI--l that did not undergo cross-Iinking'



66

As further shown in Figures l2y'r-12c, prh-cl-GAL-I crosslinked by bis-NHS-

PEG+s exhibited the highest stability under simulated lysosomal conditions'

The stability of plant recombinant human a-GALI in human plasma at 37 oC

was also enhanced by cross-linking with bis-NHS-PEG¿s (data not shown).

These results indicate that cross-linking c-GAL as described herein can increase

the efficaoy of o-GAL in vivo by increasing the stability of o-GAL in lysosomes,

thereby allowing o-GAL to act for a longer period of time in the lysosomes, and by

increasing the stability of o-GAL in the blood, thereby increasing the circulatory half-

life of a-GAL,

, EXAMPLE V

In vivo pharmacokinetics and bio-dìstrìbutìon of cross-Iinked plant recombbnnt

human a-GAL-I

The pharmacokinetics and bio-distribution of plant recombinant human a-GAL-I

þrh-a-GALI) crossJinked with bis-NHS-PEG¿s or bis-NHS-PEGe as described in

Example II was determined in Fabry mice injected with 2 mglKg of a-GAL, as

described he¡einabove in the Materials and Methods Section. The pharmacokinetics

and bio-distribirtion of non-crossJinked plant recombinant human a-GALI and of

Replagal@ recombinant human a-GAL was determined for comparison. Blood samples

were collected for pharmacokinetic analysis I,3, 5,I0,20,30, 40, ó0 and 120 minutes

post-injection. For each type of o-GAL, the treatment group consisted of six mice,

As shown in Table 2 below, cross-linking prh-a-GAL-I with bis-NHS-PEGs and

with bis-NHS-PEG¿s increased the circulatory terminal half-life of plant recombinant

human a-GAL-I, with the latter exhibiting a more pronounced effect'

Table2: terminal halflives of recombinant

10

20

t¡p (minutes)a-GAL sample

8.1Replagal@ mammalian recombinant human a-GAL

4.8

6.2

Plant recombinant human o-GAL-I

Plant recombinant human a-GAL I cross-linked with

bis-NHS-PEGg

90
Plant recombinant human a-GAL-I cross-linked wi rh

bis-NHS-PEG¿s



5

67

As shown in Figure 13 and in Table 2, the terminal halflife of prh a-GALJ

crosslinked by bis-NHS-PEGqs was considerably greater than the terminal half-life of

Replagal@ a-GAL.

As further shown in Figure 13, the activity of plant ¡ecombinant human a-GAL

I cross-linked with bis-NHS-PEG¿s at 20 minutes was about 4O Vo of the activity at 1

minute. Furthermore, the crosslinked prh-a-GALI exhibited an active plasma

presence even 4 hours post-injection.

These results indicate that the crosslinked prh-a-GALI ¡emains active in vivo

for a relative long time, which can allow the enzyme to reach additional tissues and

organs.

As shown in Figures 144 a¡d 14B, the levels of plant recombinant a-GAL-I

cross-linked with bis-NHS-PEGs and bís-NHS-PEGqs in the spleens of Fabry mice 2

bours post-injection were considerably higher than those of non-crossJinked plant

recombinant a-GAL-I as well those of Replagal@ mammalian recombinant a-GAL. As

further shown therein, levels of prh-o-GAL-I crosslinked with bis-NHS-PEG¿s were

higher than levels of prh-o-GALI cross-linked with bis-NHS-PEGe. Tlìe Western blot

analyses (Figure 148) are consistent with the bio-distribution results obtained by

assaying a-GAL enzymatic activity (Figrrte 144).

As shown in Figure 15A and 158, the levels of plant recombinant a-GAL-I

cross-linked with bis-NHS-PEGa and bis-NHS-PEGa5 in the livers of Fabry mice 2

hours post-injection were considerably higher than those of non-crossJinked plant

recombinant o-GAL-I, but lower thãì levels of Replagal@ mammalian recombinant c-

GAL in the liver. As further shown therein, levels of prh-o-GAL-I crossJinked with

bis-NHS-PEGa5 were slightly higher than levels of prh-o-GALI cross-linked with bis-

NHS-PEG¿. The Western blot analyses (Figure 158) are consistent with the bio-

distrìbution results obtained by assaying o-GAL enzymatic activity (Figure 154).

Lower levels of o-GAL in the liver may be therapeutically advantageous, as

about 95 % of lhe recovered enzyme in enzyme replacement therapy is typically found

in the liver, and hence high levels of recombinant o-GAL in the liver indicate lower

levels ofexogenous a-GAL in target organs' such as heart and kidneys.
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As shown in Figure 16, the levels of plant recombinant u-GALI crosslinked

with bis-NHS-PEGs and bis-NHS-PEG¡s in the hearts of Fabry mice 2 hours post-

injection were higher than those of non-ctoss-linked plant recombinant a-GALI' As

further shown therein, levels of prh-o-GAL-I cross-linked with bis-NHS-PEG45 w€re

5 higher than levels of prh-c-GAL-I ffosslinked with bis-NHS-PEG6, as \vell as levels of

Replagal@ mammalian recombinant o-GAL'

As shown in Figure 17, the levels of plant recombinant o-GALI cross-linked

with bis-NHS-PEGg and bis-NHS-PEG¿s in the kidneys of Fabry mice 2 hours post-

injection were higher than those of non-crossJinked plant recombinant a-GALI' As

10 further shown therein, levels of prh-o-GALI crossJinked with bis-NHS-PEG¿s were

higher than levels of prh-cr-GAL-I cross-linked with bis-NHS-PEG¡, as Well as levels of

Replagal@ mammalian recombinant o-GAL'

Similarly, as shown in Figures L8-21, túe levels of plant lecombinant ü-GAL-I

cross-linked with bis-NHS^pEG¡s were higher than the levels of non-cross-linked plant

ls recombinant a-GALI in the spleen (Figure 18), liver (Figure 19), heart (Figure 20) and

kidneys (Figure 2l) of.Fabry mice, for up to 7 days post-injection. As further shown

therein, the levels of plant recombinant a-GALI cross-linked with bis-NHS-PEG¿s

were higher than the levels of Replagal@ mammalian recombinant ct-GAL in the spleen'

heart and kidneYs.

Z0 These results indicate that 0-GAL cross-linked with bis-NHS-PEG, particularly

bis-NHs-PEGa5, exhibits enhanced uptake into organs, including the kidney and heart,

which are major target organs in the treatment of Fabry disorder' These results are

consistent with the increased circulatory half-life and enhanced stability of crosslinked

o.-GAL.

25

EXAMPLE VI

cross.linking of mam.malian recombìnanl humøn a-GAL with bis'N'

hy droxys ucc in imide'poly( ethylene gly col) (bis-N H S'PDG )

In order to confirm the advantageous effects of cross-linking described

hereinabove, Replagal@ mammalian recombinánt human g-GAL, which is produced

fiom human fibrosarcoma linc H'f-1080, was cross-linked'

30
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333¡lLofphosphatebuffer(100mM,pH8)with100mg/mlD-(+)-galactose

was added to 3.8 mg bis-NHS-PEG+s in 151 pL of DMSO solution (25 mglml) and 1'B

mg of Replagal@ recombinant human a-GAL in 130 pL citrate buffer (25 mM, pH 6)'

Replagal@ a-GAL concentration was determined by an activity assay. The reaction

mixture was agitated using an orbital shaker for 2 hours at room temperature' The

excess of bis-NHS-PEG¿s crossJinking reagent was lemoved by dialysis against saline

using a Vivaspin 6 concentrator with a cut-off of 50 KDa. The a-GAL activity of the

cross-linked Replagal@ a-GAL indicated that the 0-GAL concentration was 3 mglmL'

The reaction products were analyzed by sDS-PAGE (sodium dodecyl sulfate-

polyacrytamide gel electrophoresis), IEF (isoelectric focusing), and MALDI-TOF mass

spectrometry, as described hereinabove.

As shown in Figure 22, the standard native Replagal@ a-GAL was observed as a

monomer following gel electrophoresis, whereas following reaction of Replagal@ u-

GAL with bis-NHS-PEGa5, the ü-GAL appeared in the form of a dimer, indicating that

the two monomers were covalently linked by crossJinkingwith bis-NHS-PEG'

As shown in Figure 23, reacting Replagal@ a-GAL with bis-NFIS-PEG¡s reduced

the isoelectric point (pI) of the 0-GAL, thereby confinñing that the bis-NHS-PEG is

covalently attached toìhe cr-GAL'

As shown in Figure 24, reacringReplagal@ û,-GAL with bis-NHS-PEGqs cfoss-

linker increased the molecular weight of the Replagal@ 0-GAL dimer from 103'0 KDa

to 12'1..3 KDa, as determined by MALDI-TOF mass spectrometry. The increase in

molecular weight indicates an addition of approximately 9-10 molecules of bis-NHS-

PEG¿s to the a-GAL dimer, which is similar to results described hereinabove for prh-a-

GAL-I.

EXAMPLE VII

Activíty of cross'linked mammalian reconúínønl human a-GAL

In order to determine whether the cross-ìinking of mammalian recombinant o-

GAL described in Example VI affected enzymatic activity, the cross-linkccl u-GAL was

assayed for its enzymatic activity using a p-nitrophenyl-c-D-galactopyf anoside (/NP G)

assay, according to the procedures described hereinabove'
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As shown in Figure 25 a¡d in Table 3 below, mammalian recombinant human a-

GAL which was cross-linked with bis-NHS-PEG¿s exhibited parameters of enzymatic

activity which are very similar to those of native mammalian recombinant human a-

GAL. These results indicate that the cross-linking did not'significantly affect the

activity or the catalytic machiner! and mechanism of the mammalian recombinant

human a-GAL.

10

l5

20

25

Table 3: Activity results of cross-linked mammalian recombinant human a-GAL

k""tlKu
(second'l*u,M-l)

4.2010.05' | 67.2+l 0.020910.001
709x1 0.0210t0.001

BXAMPLE WII

In vìtro støbîlíty oJ crossJínlccd mammalian recombínant human a-GAL

The in virro stability of the crossJinked Replagal@ mammalian recombinant

human a-GAL, obtained as described in Example VI, was measured in various

conditions as described hereinabove in the Materials and Methods Section. The

stability of non-cross.linked Replagal@ o-GAL was measured for comparison, in order

to assess the effect of crossJinking. 
,

As shown in Figures 26A ,and 268, the stability of mammalian recombinant

human c-GAL under both simulated lysosomal conditions (Figure 26A) and in human

plasma (Figure 268) was considerably enhanced by cross-linking with bis-NHS-PEG+s.

The cross-linked mamrnalian recombinant human o-GAL exhibited higher stability

under simulated lysosgmal conditions than in plasma.

These results indicate that the crossJinking of o-GAL as described herein can

stabilize recombinant o-GAL from multiple soufccs and expression platforms.
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EXA]IIPLE IX
In vívo pharmacokìnetics and bío-dístribution of cross-linked mammølian

rec o m.bìn a nl h uman a-GAL

5 The pharmacokinetics and bio-.dist¡ibution of the cross-linked mammalian

recombinant human u-GAL described in Example VI was determined by measuring a-

GAL activity in the spleen, liver, heart and kidneys of Fabry mice 2 hours, '7, 'J,4, and 28

days post-injection, as well as Gb¡ levels in these organs, as described hereinabove in

the Materials and Methods section. The bio-distribution of non-cross-linked Replagal@

10 mammalian recombinant human a-GAL was determined for comparison,

As shown in Figures 2'lA-27D, the levels of crosslinked mammalian

recombinant a-GAL in the spleens (Figure 27 A),liver (Figure 2i7B), heart (Figure 27C)

and kidneys (Figure 27D) of Fabry mice were considerably higher than those of non-

cross-linked mammalian recombinant a-GAL,

15 As shown in Figures 28A-28D, crossJinked mammalian recombinant a-GAL

decreased Gb¡ levels in the heart (Figure 284), kidney (Figure 288), Iiver (Figure 28C)

and spleen (Figure 28D) of Fabry mice, over the course of 28 days post-injection.

Cross-linked mammalian recombinant o-GAL decreased Gb3 levels to a greater extent

than did non-cross-linked recombinant a-GAL in the kidney (Figure 288) and spleen

20 (Figure 28D) of Fabry mice, and to about the same exteilt as non-cross-linked

mammalian recombina¡t a-GAL in'the heart (Figure 28A) and liver (Figure 2BC).

These results indicate that cross-linking with bis-NHS-PEG re.sults in

considerably enhanced uptake of recombinant a-GAL f¡om a variety of sources and

expression platforms into organs, including the kidney and heart, which are major target

25 organs in the treatrnent of Fabry disorder. These results further indicate that cross-

linking with bis-NHS-PEG results in a more substantial decrease of Gb3 levels in

organs.
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EXAMPLE X

Cross-lìnkìng of plant recombìnant ltuman a-Cd¡,-it with bís-N-

hydrory succinimide'poly ( ethy le ne gly col) (bis'NH S -P E G)

Plant recombinant human o-GALII þrh-c-GALII), which lacks the amino

acids EF present in the N-terminus of prh-a-GAL-I, was cross-linked with bis-NHS-

PEG¿s, bis-NHS-PEGzr, of bis-NHS-PEGos at a 200:l molar ratio of bis-NHS-PEG to

a-GAL, according to the protocol described in Example II.

The prh-cr-GALII retained its biological activity following crossJinking with

bis-NHS-PEG (data not shown).

The reaction products were analyzed by SDS-PAGE (sodium dodecyl sulfate-

polyacrylamide gel electrophoresis) and MALDI-TOF mass spectrometry, as described

hereinabove.

As shown in Figures 2gA-298, the standard native prh-o-GAL-II was observed

as a monomer following gel electrophoresis, whereas following reaction of prh-c-GAL-

Il with bis-NHS-PEG¿s or bis-NHS-PEG21 (Figure 29A), or with bis-NHS-PEGo¡

(Figure 298), prh-o-GAL-II appeared primarily in the form of a dimer (with some

monomer present), indicating that the two monomers \pere covalently linked by cross-

linking with a bis-NHS-PEG crosslinking agent.

As is further shown in Figures Z9A-298, for each of theiested cross-linkers, the

molecular weight of the monomeric portion of prh-o-GAL-II increased following

reaction with the cross-linker. The increase in molecular weight was greater for bis-

NHS-PEG¿s lhan for bis-NHS-PEG21 (Figure 29A), and was greatest for bis-NHS-

pEGo¡ (compare Figure 294 with Figure 298). These results indicate that the

monomers which were not dimerized by cross-linking, were covalently attached to the

bis-NHS-PEG crossJinker, i.e,, the proteins were PEGylated'

As shown in Figures 304-30c, reacting prh-o-GAL-II with bis-NHS-PEGzr

cross-linker increased the molecular weight of the prh-c-GAL-II dimer from 95 KDa

(Figure 304) to 109 KDa (Figure 308), while reacting prh-a-GAL-II with bis-NHS-

pEG¿s crossJinker incrcased the molecular weight of the prh-u-GAL-lI dimer to 114

KDa (Figure 30C), as determined by MALDI-TOF mass spectrometry. The increase in
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molecular weight indicates an addition of approximately 13 molecules of bis-NHS-

PEG21, or approximately 9 molecules of bis-NHS-PEG¿s, to the prh-o-GAL-II dimer.

EXAMPLE XI
5 In vitro stability of cross-lìnkeil planl recombinant human a-GAL-II

The in vitro stability of the crossJinked plant recombinant human a-GALII

þrh-o-GAL-II) obtained as described in Exaniple X was measured under various

conditions as described hereinabove in the Materials and Methods Section. The

stability of Replagal@ .o*-.r"ial recombinant human a-GAL ìvas measured for

10 comparison.

As shown in Figures 314-31D, the stability of plant recombinant human a-

GAL-II was enhanced by crossJinking with either bis-NHS-PEGoa (Figures 31ts and

31D), bis-NHS-PEG¿j (Figures 314-31D) or bis-NHS-PEGzr (Figures 314 and 31C),

under both simulated lysosomal conditions (Figures 314 and 31B) and in hurnan

15 plasma (Figures 31C and 31D). The different cross-linkers enhanced the stability of

prh-u-GAL-II to comparable extents. As further shown therein, the stability of the

ôross-linked prh-c-GALII was greater than the stability of the Replagal@ recombinant

human c-GAL. The cross-linked prh-a-GAI-II exhibited 
'higher stability undcr

simulated lysosomal conditions as well as unde¡ plasma conditions.

zo As further shown in Figures 314-31D, non-cross-linked prh-a-GAL-II is

considerably more stable than non-cross-linked prh-c-GAL-I (see Figures L and 3 for

comparison), under both simulated lysosomal conditions (Figures 1 and 314-318) and

in human plasma (Figures 3 and 31C-31D), although prh-o.-GAL-II still exhibits some

instability.

2s These results indicate that the crosslinking of a-GAL as described herein can

stabilize different types of o-GAIs.
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EXAII,TPLB XII

In vivo pharmacokinetics and bio'ilistributîon of cross'linked plant recombìnant

human a,'GAL'II

The pharmacokinetics and bio-distribution of the PEG¿s-cross-linked and

pEG21-crosslinked plant recombinant human 0-GAL-II þrh-a-GAL-II), described in

Example X, was determined by measuring ü-GAL activity in plasma and organs as

described hereinabove in the Materials and Methods section. The pharmacokinetics and

bio-distribution of non-cross-linked Replagal@ mammalian recombinant human a-GAL

were determined for comParison'

Blood samples were collected for pharmacokinetic analyses at 7, 5, 10, 30, 60,

I2O,240,480 and 1440 minutes after injection of Fabry mice with 1 mglKg of a-GAL'

Bio-distribution of a-GAL was determined by harvesting the liver, kidneys,

heart and spleen of Fribry mice 2hours, 7 days, 14 days and 28 days post-injection with

2 m{Kg o-GAL.

As shown in Figures 32A, and 328 and in Table 4, crossJinking of prh-a-GAL-

II with bis-NHS-pEGqs considerably increased the circulatory terminal half-life of prh-

o-GALII, yielding a circulatory halflife considerably greater than that of mammalian

recombina¡rt a-GAL or of non-crosslinked prh-a-GAL-II'

Table 4: Circulatory terminal half-life of recombinant a-GAL

o-GAL 13.3

ant 4.8

plant recombinant II cross- 581.6

linked with

As shown in Figures 33A-33L, cross-linking of prh-a-GAL-II with bis-NFIS-

pEG¿s increased the uptake of prh-a-GALII in heart (Figure 334), kidney (Figure

33B), liver (Figure 33C) and spleen (Figure 33D) of Fabry mice, although to a lesser

degree in the liver'

As shown in Figures 338-33L, cross-linking of prh-o-GAL-II with bis-NHS-

pEGzr also increasecl the uptake of prh-o-GAL-II in heart (Figures 33E and 331), kidney

10
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(Figures 33F and 33J), liver (Figures 33G and 33K) and spleen (Figures 33H and 33L)

of Fabry mice, although such an increase was not always evident after only 2 hours,

As further shown therein, the levels of cross-linked prh-a-GAL-II were greater

than the levels of mammalian recombinant a-GAL in the heart (Figures 334, 33E and

5 33D, kidney (Figures 338, 33F and 33J), and spleen (Figures 33D,33H and 33L) of

Fabry mice, and lower than the levels of mammalian recombinant ct-GAL in the liver

(Figures 33C,33G and 33K).

These results indicate that crossJinked prh-c-GALII exhibits considerably

enhanced activity of a-GAL in the plasma and in various organs, particularly in organs

10 othe¡ than the liver.

EXAMPLE XIII
Effect olpV on activìþ otplant recombínant humsn a-GAL

The pH of the environment has a significant effect on the stability and kinetics

15 of lysosomal enzymes such o-GAL. The pH may affect binding of substrate to the

enzyme. The pH can also affect the protonation or deprotonation of catalytic gfoups,

such as carboxyl or amino groups, which are part of the enzyme's active site, and thus

affect the kinetic behavior of the enzyme. The stability of the tertiary or quaternary

structufe of enzymes is also pH-dependent, and affects the velocity of the enzymatic

20 reaction, especially at extremely acidic or alkaline pH values'

The activity of PEG¿s-crosslinked and non-cross-linked plant reiombinant

human a-GAL-II was delermined at various pH values using a pNP-G substrate, in

order to examine the pH-dependence of a-GAL activity, and the effect of cross-linking

thereon. The measurements were performed in solutions of 20 mM citrate and 30 mM

25 sodium phosphate.

The kinetic parameters characterizing c-GAL activity at various pH values are

summarized in Table 5 bclow, and in Figures 344-34C.

As shown in Figures 34A-34C, cross-linking of the o-GAL-II jncreased the 7'u*

(Figure 344) and kol (Figure 34C) parameters, and did not have a significant effect on

30 the Kv parameter (Figure 348).



76

Table 5: Activity results of non-crosslinked plant recombinant human a-GALII þrh-

c-GAL-II) and PEGarlçross-linked plant recombinant human a-GAL II þrh-a-GALJI-

CLAS) at Various

Kru V. * È*, &r.r

2.8 prh-a-GALII
prh-ct-GALII-CIAí

3.2 prh-a-GAL-II
prh-0-GAL-il-CØs

3.6 prh-c-GALII
prh-o-GAL-IJ-CIAí

4.O4 prh-o-GAL-II
prh-c-GAL-IÍ-ClAs

4.4 prh-a-GAL-II
prh-c-GALll-CIAs

4.8 prh-c-GALII
prh-a-GAL-II-CI/5

5.29 prh-c-GALII
prh-u-GALII-CI/5

5.66 prh-a-GALJI
prh-a-GALII-CI-45

6.09 prh-a-GALII
prh-a-GAL-II-CI/s

6.4 prh-o-GALII
prh-a-GAL-ll-ClA5

6!76 prh-o-GALII
prh-cr-GALll-ClAs

7.36 prh-o-GAL-II

15276

13618

11476

8489

rtl47
4699

5709

3207

4596

3I22
4531

3345

6793

3973

10396

4883

11357

8336

2ro46
I6844
25188

18313

o.57

0.90

0.55

I.34
t.76
2.23

1.98

2.74

2.40

3.22
2.32

2.95

2.06

2.78

L.7S

2.70

t.44
1..54

r32
t.46
1,.L2

1.t4

L4.37

B.B5

27.44

28.16

35.68
31.68

43.76

38.40

51.57

37.12
47.23

32,99

44.48

28,05

43.20

23,04

24.59

2',1..r2

23.36

17.92

1.8.24

0.0011

0.0008

0.0025,

0.0025

0.0076

0.0055

0.0136

0.0084

0.0165

0.0082
0:0141

0.0049

0.0L12
o.00n
0.0088

0.0020

0.0030

0.0010

0.0014

0.0007

0.0010

5

-GAL-IT-CI./5 zxgz 0.52 8.37

The enhancement of the V^u* and Ès¡ parâmeters indicates an increase in

catalytic activity. This increase is particularly significant at pH values of at least about

7, where the catalytic activity of non-cross-linked (l-GAL-lI is negligible'

Kv is a kinetic parameter associated with enzymelsubstrate affinity' The

absence of a significant effect of cross-lirking on /(y values indicates that thc cross-

linking has no signifìcant effect on a-GAL affinity to the ¿NP-G substrate.l0
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BXAMPLE XIV

Elfecr of PEGyIøtion on stabílíty of a'GAL

The effect of PEGylatioî per s¿ on o-GAL stability was ascertained, in order to

determine whether the stabilizing effect of PEG cross-linkers is due to the properties of

s PEG or due to the cross-linking.

plant recombinant human u,-GAL-I was reacted with N-hydroxysuccinimide

(NHS)-activated methoxy-capped PEGs with different molecular weights (2, 5, and 10

KDa). Such pEG re4gents have a single NHS group, and consequently PEGylate the

protein without forming crossJinking. The reaction products were analyzed by SDS-

10 PAGE.

As shown in Figure 35, the methoxy-capped PEGylating agents PEGylated the

g-GAL (visible as an increase in molecular weight of the a-GAL), but did not

substantially generate c-GAL dimers, indicating that the a-GAL was not crosslinked-

As shown in Figures 364 and 368, PEGylating plant recombinant human c-

ls GAL-I without forming cross-linking did not substantially increase the stability of the

plant recombinant cr-GAL, under either simulated lysosomal conditions (Figure 364) or

in human plasma (Figure 368).

These results indicate that the stabilizing effect of the cross-linking described

hereinabove is not a result of PEGyla|ion per se.

20
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EXAMPLE XV

Effect of PEG chaín lcngth on activit! of cross-linked a'GAL

In order to assess the effect of the chain length of PEG cross-linkers on o-GAL

activity, plant recombinant human a-GAL-I was cross-linked with bis-NHS-PEGz, bis'

NHS-pEG¿, bis-NHS-PEGos and bis-NHS-PEG150 agents, using essentially the same

procedures as described in Example II (PEGoe and PÈGrso are approximate chain

lengrhs). The a-GAL-I was cross-linked at 50:L, 100:J. and 200:1 bis-NHS-PEG:c-

GAL molar ratios. The reaction products were analyzed by sDS-PAGE, as described

hereinabove. c-GAL-I crosslinked with bis-NlIS-PEG45 as described in Example II

was also analyzed for comParison'30
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As shown in Figure 37, SDS-PAGE analysis showed that all of the bis-NHS-

pEG agents crossJinked the a-GAL so as to result in a covalently cross-linked dimer,

and that cross-linking was mofe efficient when a 200:l' molar ratio was used'

The enzymatic activity of the cross-linked a-GAL-I was then determined as

described in Example III. The results are summarized inTable 6 below.

Table 6: Activiiy results of crossJinked plant recombinant human a-GALI

Molar ratio
(reagent: a-GALI)

bis-NHS-PEGz 2 1.159

100:1, a 1.001

200:L L 0.970

bis-NHS-PEG¿

2 t.399
aþ L.333

2 L.048
o

100:1

50:1 2
2 2.O31

20O:"J. 2 1.825

As shown in Table 6, cross-linking with PEGz and PEG¿ modetately reduced a-

GAL activity (by approximately 30-50 o/o), whereas crossJinking with longer PEG

chains did not significantly affect c-GAL activity'

These results indicate that crosslinking with PEG chains longer than PEG¿ is

advantageous in terms of preserving activity of the cross-linked 0-GAL.

EXAMPLE XVI

C ros s' tin kin g of a'GAL us ing bis -C O O H -P E G. age nts

As an alternative to the above-described cross-linking of a-GAL using pre-

prepared (e.g., commercially available) bis-NIIS-PEG agcnls, a-GAL was cross-linked
20
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with bis-COOH-PEG agents by activating the carboxyl (i.e., COOH) groups in situ

shortly before the cross-linking reaction was effected.

Bis-COOH-PEGrz, bis-COOH'PEGze and bis-COOH-PEG+s were each activated

by being reacted with 1.1. molar equivalents per carboxyl group (i.e., 2.2 molar

equivalents per bis-COOH-PEG) of both NHS (N-hydroxysuccinimide) and EDC (L-

ethyl-3-(3-dimethylaniinopropyl) carbodiimide). The reaction mixture was then shaken

in DMSO for 30 minutes at roorn temperature. The activated bis-COOH-PEG, which is

essentially bis-NHS-PEG, was then reacted with plant recombinant human o-GAL-I at

molar ratios of 50:L, L00:1 and 200'1, as described in Example II. The reaction

products werc analyzed by SDS-PAGE, as described hereinabove. a-GALI cross-

linked with bis-NHS-PEG¿s as described in Example II was also analyzed for

comparison.

As shown in Figure 38, SDS-PAGE analysis showed that all of the bis-COOH-

PEG agents cross-linked the a-GAL to some extent, but, that cross-linking was more

efficient when a 200:1 molar ratio was used.
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The enzymatic activity of the crossJinked a-GALI was then determined as

described in Example III. The results are sumni¡rizedinTable 7 below'

Table 7: results ofcrosslinked recombinant human a-GAL-I
20 Measured

a-GAL
activity
lmglmLì

Molar ratio
(reagent : o-GALJ)

Expected
a-GAL
activity

ÍmslmLl

Reagent

7,236

1.5 1.304100:1

1.5 1.404

Bis-HOOC-PEGrz

200:7

1.5 r.32650:1

1.5 1.371L00:1

1.46020O:7 1.5

Bis-HOOC-PEGza

1.34950:1 1.5

1.5 1.541100:1

t.6281.5

Bis-IIOOC-PEG¿s

200:1
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As shown in Table 7, cross-linking with each of the tested bis-cooH-PEG

agents resulted in c-GAL with about the expected activity.

These results indicate that cross-linking bis'COOH-PEG agents does not reduce

cr-GAL activity in comparison to crossJinking with bis-NHS-PEG agents.

These results further confirm the above-described findings that cross-linking

with pEG chains toáger than PEG¿ does not significantly reduce the activity of the

cross-linked u-GAL.

EXAMPLE, XWI

Effecl of tength and type o! cross-línking agcnt on in vitro stnb¡l¡ty ol crossJinked

planl recombinanl human a'GAL-I

ln order to f¡¡ther characterize the effect of chain length on crosslinked a-GAL

stability, and to compare the stability of a-GAL crosslinked with bis-cooH-PEc

agents (e.g., as described in Example XVt) with that of o-GAL cross-linked with bis-

NHS-PEG agents, the in vitro stability of plant recombinant human a-GAL-I (prh'o-

GAL-I) crosslinked with bis-NHS-PEGz, bis-NHS-PEÇa, bis-COOH-PEGrz, bis-

COOHze, and bis-COOH-PEGa5, obtained as described in Exarnples XV and XVI, was

measured in various conditions as described he¡einabove in the Materials and Methods

Section, and comparecl with the stability of prh-c-GAL-I crossJinked with bis-NHS-

pEG¿s as described in Exarnple II. The stability of Replagal@ commercial recombinant

human a-GAL and non-crosslinked prh-GAL-I was measured for comparison.

As shown in Figure 39, the stability of plant recombinant human u'GAL'I under

simulated lysosomal conditions was enhanced by cross-linking with each of the bis-

NHS-PEG and bis-COOFI-PEG agents.

As further shown therein, the stability of the crosslinked prh-cr-GAL-I was

correlatsd with the length of the cross-linking PEG chain, with bis-NHS-PEG¿s and bis-

COOH-PEGa5 providing the most stability, and bis-NHS-PEGz providing the least

stability. However, cross-tinking with bis-cooH-PEG¿s provided only marginally

more stability than <lid cross-linking with bis-COOH-PEGa5, su$fiesting that above a

certain length, the stability is not affected by PEG chain length'
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As further shown in Figure 39, crossJinking with bis-NIIS-PEG¿s provided

slightty more stability than did cross-linkìng with bis-COOH-PEGa5. This may be a

result of incomplete activation of the bis-COOH-PEG agent. However the difference in

stability was slight.

In addirion, cross-linking with each of the bis-NHS-PEG and bis-cooH-PEG

agents enhanced the stability of the plant recombinant human a-GAL-I in human

plasma 
^t37 

"C (data not shown).

These results provide further evidence that crossJinking c-GAL as described

herein can increase the effrcacy of a-GAL in vivo by increasing the stability of o-GAL

in lysosomes and in the blood, and that PEG chains of about 28-45 units in length are

more effective at stabilizing o,-GALby crossJinking than are shorter PEG chains.

EXAMPI-E XVIil
Kinetic parameters of cross-línked plant recombínant humøn a-GAL-II

The kinetic parameters of cross-linked þlant recombinant human o-GAL-II,

obtained as described in Example X, as well as of non-crossJinked plant recombinant

human a-GALII, were determined using a pNP-G substrate and Michaelis-Menten

analysis, in order to examine the effect of crosslinking thereon. The measurements

were performed in a solution of 20mM citrate, 30 mM sodium phosphate, O.l 7o bovine

scrum albumin and 0.67 Vo ethanol, at a pH of. 4.6. The kinetic Parameters were

calculated using protein content values based on an activity assay'

As shown in Table 8 below, cross-linking of a-GAL-II resulted in improved

kinetic propcrties, as compared with non-cross-linked a-GAL-II. The Michaelis

constant (Ky) was reduced, indicating higher affinity of the enzyme to the substrate.

Furthermore, the lc"6/KM, which signifies the overall catalytic efficiency of the enzyme

with this substrate under the described conditions, was enhanced for the cross-ljnked

species.
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Table 8: Michaelis-Menten parameters of non-cross-linked plant recombinant human o-

GALII þrh-a-GAL-II) and plant recombinant human a-GAL II crosslinked with bis-

NHS-PEG2r þrh-a-GALIi-CL2l),bis-NHS-PEG¿s (p¡h-a-GAL-I-CIAS) or bis-NHS-

PEGos þrh-c-GAL-II-CL68)

K, k*t,lK'.

(sec.r ¡rM-r)

prh-o-GALII 't3,42 0.015

prh-a-GALII-CL?L

prh-a-GAL-II-CIr+5

prh-o-GALII-C1,68 6s.97 o.026

EXAMPLE XIX

Reproducibílity of cross-tinkíng of ptøni recombìnant humøn a'GAL'II

The batch-to-batch reproducibility of cross-linking was assessed after preparing

5 batches of plant recombinant human a-GALII þrh-c-GALII) cross-linked with bis-

NHS-PEG¿s al. a200:7 ratio, using procedures similar to those described in Example II.

In batches 7,2, 4 and 5, 1 mg of prh-o-GAL-II was reacted with 3.98 mg bis-

NHS-PEG.

In batch 3,20.5mg of prh-c-GALII was reacted with 80.7 mg bis-NHS-PEG.

The erøymatic activity of the cross-linked prh-a-GAL-II was determined as

described in Example III. The results are summarized in Table 9 below.

Table 9: Activity results of crossJinked plant recombinant human o-GAL-II from

different batches

Batch no.

Expected
o-GAL
activity
lms/mLl

Measured
cr-GAL
activity

fmg/mLl
I 1,.25 1.38

2 1.25 L.23

J 1.43 t.4
4 7.25 0.85

5 r.25 1.11
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As shown in Table 9, the measured aitivity was close to the expected activity in

all 5 batches. In 4 of the 5 batches, the measured activity differed from the expected

activity by about 10 7o or less.

These results indicate that the obtained activity of the cross-linked prh-o-GAI-II

is relatively predictable and reproducible.

The stability of the crossJinked prh-o-GAL-II under lyscisomal conditions and in

human plasma was determined as dèscribed hereinabove

As shown in Figures 404 and 408, the stability of the cross-linked prh-a-GALII

exhibited good reproducibility under both simulated Iysosomal conditions and in human

plasma.

The cross-linking was also analyzed by SDS-PAGE analysis, IEF (isoelectric

focusing) analysis, and MALDI-TOF mass spectrometry, as described hereinabove.

Non-crossJinked prh-c-GAL-II was analyzed for comparison.

As shown in Figure 41, the crosslinked prh-c-GAL-II from the different batches

exhibited the same degree of covalent dimerization under SDS-PAGE analysis.

As shown in Figure 42, the cross-linked prh-o-GAL-II frorn the different batches

exhibited the same isoelectric points under IEF analysis.

As shown in Figures 43A-43F, the cross-linked prh-o-GAI-II from batches 1-5

(FIGr. 438-43F, respectively) all exhibited an increase of approximately 20-27l(Ja in

the dimer form, as compared to the non-crossJinked prh-c-GAL-II (FIG' 434). Such an

increase corresponds to about 10 PEG molecules per c-GAL dimer. As further shown in

FIGs, 438-43F, the crosslinked prh-u-GAL-II from the different batches exhibited

similar proportions of monomer vs. dimer.

These results further indicate that good reproducibility in cross-linking of cr-

GAL.

The kinetic parameters of the cross-linked prh-o-GAL-II were determined using

a pNP-G substrate and Michaelis-Menten analysis, in order to examine the

reproducibility of enzymatic activity. The measurements were performed in a solution

of 20mM citrale, 30 mM sodium phosphate, 0,1 % bovine serum albumin and 0'61 Vo

ethanol, at a pH of 4.6. The kinetic parameters were calculated using protein content

values based on optical density at 280 nm.
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As shown in Figure 44, the crosslinked prh-a-GAL-II from the different batches

exhibited similar profiles of catalytic velocity vs. substrate concentration.

As shown in Table 10 below, the cross-linked prh-o-GAL-II from the different

batches exhibited good reproducibility of the V,"* and k-¡ parametefs. The K'
parameter varied more between batches, although this may be a'n artifact of the protein

quantification.

The above results indicate good reproducibility in the onzymatic properties of

cross-linked o-GAL.

Table 10: Michaelis-Menten parameters of plant recombinant human o-GAL II cross-

linked with bis-rugS-PEG¡s in different batches

Batch no.
Kn,,

(pM) )
kc¡t

(sec-1¡

&"ut /Kt
(secirFM'

1 | 4e3e 61.92 .0.0125

3.30 52.86 0.0239

3 | 4470 63.12 0.0141

4
I

s9.53

s | 2243 3,97 62.60 0.028

Although the invention hai been described in conjunction with specific

embodiments thereof, it is evident that many alternatives, modifications and variations

will be apparent to those skilled in the art. Accordingly, it is intended to embrace all

such alternatives, modifications and variations that fall within the spirit and broad scope

of the appended claims.

All publications, patents and patent applications mentioned in this specification

are herein incorporatcd in their entirety by reference into the specification, to the salne

extent as if each individual publication, patent or patent application was specifically and

individually indicated to be incorporated herein by reference. In addition, citation or

identification of any rel'erence in this application shall not be construed as an admission

that such reference is available as prior art to the present invention. To the extent that

section headings are used, they should not be construed as necessarily Iimiting.
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CLAIMS

1. A multimeric protein structure for use as a medicament, the multimeric

protein structure comprising at least two o-galactosidase monomers being covalently

linked to one another via a linking moiety, the multimeric protein structure featuring a

characteristic selected from the group consisting of:

(a) an cr-galactosidase activity upon subjecting the multimeric protein structure to

human plasma conditions for one hour, which is at least l0 % higherthan an activity of

native a-galactosidase upon subjecting said native a-galactosidase to said human plasma

conditions for one hour;

(b) an o-galactosidase activity which decreases upon subjecting the multimeric

protein structure to human plasma conditions for one hour by a percentage which is at

least l0 % less than the percentage by which an activity of said native o-galactosidase

decreases upon subjecting said native o-galactosidase to said human plasma conditions for

one hour;

(c) an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to human plasma conditions for one hour;

(d) an cr-galactosidase activity, upon subjecting the multimeric protein structure to

lysosomal conditions for one week, which is at least l0 % higher than an activity of native

o,-galactosidase upon subjecting said native cr-galactosidase to said lysosomal conditions

for one week;

(e) an u,-galactosidase activity which decreases upon subjecting the multimeric

protein structure to lysosomal conditions for one day by a percentage which is at least l0
o/o less than the percentage by which an activity of said native o-galactosidase decreases

upon subjecting said native o-galactosidase to said lysosomal conditions for one day;

(Ð an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day;

(g) an o-galactosidase activity, immediately upon subjecting the multimeric

protein structure to lysosomal conditions, which is at least l0 % higher than an activity of

native o-galactosidase immediately upon subjecting said native form of said protein to

said lysosomal conditions;
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(h) an a-galactosidase activity, immediately upon subjecting the multimeric

protein structure to an aqueous solution having a pH of 7 and a temperature of 37

oC,which is at least l0 % higherthan an activity of native a-galactosidase immediately

upon subjecting said native u-galactosidase to said aqueous solution having a pH of 7 and

a temperature of 37 oC; and

(i) a circulating half-life in a physiological system which is higher by at least 20 o/o

than said circulating half-life of said native o-galactosidase.

2. The multimeric protein structure of claim l, wherein said a-galactosidase

activity of said multimeric protein structure which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day, further

remains substantially unchanged upon subjecting the multimeric protein structure to

lysosomal conditions for one week.

3. The multimeric protein structure of any of claims 1 to 2, wherein said

linking moiety is not present in native o-galactosidase.

4. A multimeric protein structure for use as a medicament, the multimeric

protein structure comprising at least two o-galactosidase monomers being covalently

linked to one another via a linking moiety, wherein said linking moiety is not present in

native o-gal actosidase.

5. The multimeric protein structure of claim 4, featuring a characteristic

selected from the group consisting of:

(a) an cr-galactosidase activity, upon subjecting the multimeric protein structure to

human plasma conditions for one hour,which is at least 10 % higherthan an activity of

native o-galactosidase upon subjecting said native u-galactosidase to said human plasma

conditions for one hour;

(b) an o-galactosidase activity which decreases upon subjecting the multimeric

protein structure to human plasma conditions for one hour by a percentage which is at

least l0 %o less than the percentage by which an activity of said native u-galactosidase
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decreases upon subjecting said native o-galactosidase to said human plasma conditions for

one hour;

(c) an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to human plasma conditions for one hour;

(d) an a-galactosidase activity, upon subjecting the multimeric protein structure to

lysosomal conditions for one week, which is at least l0 % higher than an activity of native

o-galactosidase upon subjecting said native o-galactosidase to said lysosomal conditions

for one week;

(e) an a-galactosidase activity which decreases upon subjecting the multimeric

protein structure to lysosomal conditions for one day by a percentage which is at least 10

7o less than the percentage by which an activity of said native u,-galactosidase decreases

upon subjecting said native o-galactosidase to said lysosomal conditions for one day;

(Ð an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day;

(g) an a-galactosidase activity, immediately upon subjecting the multimeric

protein structure to lysosomal conditions, which is at least l0 % higherthan an activity of

native a-galactosidase immediately upon subjecting said native o-galactosidase to said

lysosomal conditions;

(h) an cr-galactosidase activity, immediately upon subjecting the multimeric

protein structure to an aqueous solution having a pH of 7 and a temperature of 37

"C, which is at least l0 % higherthan an activity of native a-galactosidase immediately

upon subjecting said native u,-galactosidase to said aqueous solution having a pH of 7 and

a temperature of 37 oC; and

(i) a circulating half-life in a physiological system which is higher than a

circulating half-life of said native a-galactosidase.

6. The multimeric protein structure of claim 5, wherein said a-galactosidase

activity of said multimeric protein structure which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day, further

remains substantially unchanged upon subjecting the multimeric protein structure to

lysosomal conditions for one week.
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7. The multimeric protein structure of any of claims 5 and 6, wherein said

circulating half-life of the multimeric protein structure which is higher than a circulating

half-life of said native o-galactosidase, is higher by at least 20 o/o than said circulating

half-life of said native o-galactosidase.

8. The multimeric protein structure of claim 7, wherein said circulating half-

life of the multimeric protein structure which is higher than a circulating half-life of said

native a-galactosidase, is higher by at least 50 Yo than said circulating half-life of said

native o,-galactosidase.

9. The multimeric protein structure of any of claims 1 to 8, characterized by

an o-galactosidase activity in an organ upon administration of said multimeric protein

structure to a vertebrate, said organ being selected from the group consisting of a spleen, a

heart and a kidney.

10. The multimeric protein structure of any of claims I to 9, comprising two o-

galactosidase monomers, the protein structure being a dimeric protein structure.

ll. The multimeric protein structure of any of claims I to 10, wherein said u,-

galactosidase is a human o-galactosidase.

12. The multimeric protein structure of any of claims I to 1 l, wherein said o,-

galactosidase is a recombinant o-galactosidase.

13. The multimeric protein structure of any of claims I to I l, wherein said a,-

galactosidase is a plant recombinant o-galactosidase.

14. The multimeric protein structure of any of claims 1 to 13, wherein said o,-

galactosidase has an amino acids sequence selected from the group consisting of SEQ ID

NO:1, SEQ lD NO:2 and SEQ lD NO:3.
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15. The multimeric protein structure of any of claims I to 13, wherein said o-

galactosidase is an alkaline a-galactosidase.

16. The multimeric protein structure of any of claims 1 to 13, wherein said a-

galactosidase is an acid o,-galactosidase.

17. The multimeric protein structure of of any of claims I to 16, wherein said

linking moiety is at least 20 atoms long.

18. The multimeric protein structure of any of claims I to 17, wherein said

linking moiety comprises a poly(alkylene glycol).

19. The multimeric protein structure of claim 18, wherein said poly(alkylene

glycol) comprises at least two functional groups, each functional group forming a covalent

bond with one of the o-galactosidase monomers.

20. The multimeric protein structure of claim 19, wherein said at least two

functional groups are terminal groups of said poly(alkylene glycol).

21. The multimeric protein structure of any of claims I to 16, wherein said at

least one linking moiety has a general formula:

-X r -(CRr Rz-CR¡Rq-Y)n-Xz-

wherein each of Xl and Xz is a functional group that forms a covalent bond with at

Ieast one o,-galactosidase monomer;

Y is O, S or NR5;

n is an integer from I to 200; and
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each of Rl, Rz, R¡, R+ and R5 is independently selected from the group consisting

of hydrogen, alkyl, cycloalkyl, alkenyl, alkynyl, alkoxy, hydroxy, oxo, thiol and

thioalkoxy.

22. The multimeric protein structure of any of claims 19 to2l, wherein at least

one of said functional groups forms an amide bond with an cr-galactosidase monomer.

^â¿J

5 to 150.

24

40 to 70.

The multimeric protein structure of claim 21, wherein n is an integer from

The multimeric protein structure of claim 21, wherein n is an integer from

25. The multimeric protein structure of claim 21, wherein n is at least 25

26. The multimeric protein structure of claim 21, comprising two ü-

galactosidase monomers, the protein structure being a dimeric protein structure, wherein

said cr-galactosidase has an amino acids sequence selected from the group consisting of

SEQ ID NO:I, SEQ ID NO:2 and SEQ ID NO:3, each of said functional groups forms an

amide bond with an u,-galactosidase monomer, and n is an integer from 40 to 70.

27. The multimeric protein structure of claim 14, comprising two ü-

galactosidase monomers, the protein structure being a dimeric protein structure, wherein

said linking moiety has the formula:

n

wherein a molecular weight of polyethylene glycol in said linking moiety is 2 kDa,

and the terminal groups of said linking moiety each form an amide bond with an o-

gal actosidase monomer.
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28. The multimeric protein structure of any of claims 7 ro 27, wherein said

medicament is for treating Fabry disease.

29. A pharmaceutical composition comprising the multimeric protein structure

of any of claims I to 27 and a pharmaceutically acceptable carrier.

30. The composition of claim 29, further comprising a galactose

31. The composition of any of claims 29 to 30, being for use in treating Fabry

d isease by parenteral administration.

32. The composition of claim 31, wherein said pharmaceutically acceptable

carrier is an aqueous solution comprising saline and a physiologically compatible buffer,

and said multimeric protein structure is water-soluble.

33. The composition of any one of claims 3l and 32, wherein said parenteral

administration is intravenous infusion.

34. The composition of any one of claims 3l to 33, wherein a concentration of

said multimeric protein structure is2 mglml.

35. A multimeric protein structure for use in treating Fabry disease, the

multimeric protein structure comprising at least two a-galactosidase monomers being

covalently linked to one another via a linking moiety, the multimeric protein structure

featuring a characteristic selected from the group consisting of:

(a) an o-galactosidase activity upon subjecting the multimeric protein structure to

human pfasma conditions for one hour, which is at least l0%ohigher than an activity of

native a-galactosidase upon subjecting said native o-galactosidase to said human plasma

conditions for one hour;

(b) an a-galactosidase activity which decreases upon subjecting the multimeric

protein structure to human plasma conditions for one hour by a percentage which is at
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least l0 % less than the percentage by which an activity of said native o-galactosidase

decreases upon subjecting said native a-galactosidase to said human plasma conditions for

one hour;

(c) an a-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to human plasma conditions for one hour;

(d) an o,-galactosidase activity, upon subjecting the multimeric protein structure to

lysosomal conditions for one week, which is at least l0 % higher than an activity of native

u-galactosidase upon subjecting said native o-galactosidase to said lysosomal conditions

for one week;

(e) an o-galactosidase activity which decreases upon subjecting the multimeric

protein structure to lysosomal conditions for one day by apercentage which is at least l0

o/o less than the percentage by which an activity of said native u,-galactosidase decreases

upon subjecting said native o-galactosidase to said lysosomal conditions for one day;

(Ð an o-galactosidase activity which remains substantially unchanged upon

subjecting the multimeric protein structure to lysosomal conditions for one day;

(g) an cr-galactosidase activity, immediately upon subjecting the multimeric

protein structure to lysosomal conditions, which is at least 10 % higher than an activity of

native o-galactosidase immediately upon subjecting said native form of said protein to

said lysosomal conditions;

(h) an o-galactosidase activity, immediately upon subjecting the multimeric

protein structure to an aqueous solution having a pH of 7 and a temperature of 37

oC, which is at least l0 % higher than an activity of native o-galactosidase immediately

upon subjecting said native o-galactosidase to said aqueous solution having a pH of 7 and

a temperatu re of 37 oC; and

(i) a circulating half-life in a physiological system which is higher by atleasf 20 o/o

than said circulating half-life of said native o-galactosidase.

36. A multimeric protein structure for use in treating Fabry disease, the

multimeric protein structure comprising at least two o-galactosidase monomers being

covalently linked to one another via a linking moiety, wherein said linking moiety is not

present in native u-galactosidase.


