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(57) ABSTRACT 

The invention relates to heparinase III and mutants thereof. 
Modified forms of heparinase II having reduced enzymatic 
activity which are useful for a variety of purposes, including 
Sequencing of heparin-like glycosaminoglycans (HLGAGS), 
removing active heparan Sulfate from a Solution, inhibition 
of angiogenesis, etc. have been discovered according to the 
invention. The invention in other aspects relates to methods 
of treating cancer and inhibiting tumor cell growth and/or 
metastasis using heparinase III, or products produced by 
enzymatic cleavage by heparinase III of HLGAGs. 
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HEPARNASE III AND USES THEREOF 

RELATED APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
Application Serial No. 60/187.846 filed Mar. 8, 2000, the 
entire contents of which are incorporated herein by refer 
CCC. 

GOVERNMENT SUPPORT 

0002 Some aspects of the invention were made with 
government support under NIH Contract No. GM57073. 
The government may have certain rights in the invention. 

FIELD OF THE INVENTION 

0003. The invention relates to heparinase III and mutants 
thereof. In particular, the invention relates to modified forms 
of heparinase III having reduced enzymatic activity which 
are useful for a variety of purposes, including Sequencing of 
heparin-like glycosaminoglycans (HLGAGS), removing 
HLGAGS from a Solution, inhibition of angiogenesis, inhib 
iting coagulation, etc. The invention in other aspects relates 
to methods of treating cancer and inhibiting tumor cell 
growth and/or metastasis using heparinase III, or HLGAG 
products produced by enzymatic cleavage with heparinase 
III. 

BACKGROUND OF THE INVENTION 

0004 Heparin like glycosaminoglycans (HLGAGs) are 
important components of the extracellular matrix that are 
believed to regulate a wide variety of cellular activities 
including invasion, migration proliferation and adhesion. 
Khodapkar, et al. 1998; Woods, et al., 1998) HLGAGs 
accomplish Some of these functions by binding to and 
regulating the biological activities of diverse molecules, 
including growth factors, morphogens, enzymes, extracel 
lular proteins. HLGAGS are linear polysaccharides charac 
terized by a disaccharide-repeat unit of a uronic acid C-L- 
iduronic acid (1) or f3-D-gluconic acid (G) linked 1, 4 to 
C-B-hexosamine (H). (1) These polymers of 20-100 disac 
charide units can be additionally modified through N- and 
O-Sulfation, epimerization at the C5 position of the uronic 
acid moiety, adding an additional micro-heterogenecity to 
these information dense molecules (1.5). 
0005 Although the structure and chemistry of HLGAGs 
are fairly well understood, information on how specific 
HLGAG Sequences modulate different biological processes 
has proven harder to obtain. The inventors have recently 
developed a rapid Sequencing methodology for polysaccha 
rides using chemical and enzymatic tools to modify or 
degrade an unknown HLGAG polymer in a Sequence 
Specific manner. (Venkataraman, G., et al., Science, 286, 
537-542 (1999), and U.S. patent applications Ser. Nos. 
09/557,997 and 09/558,137, both filed on Apr. 24, 2000). An 
important enzymatic tool in this Sequencing process is the 
heparinases, including heparinases I, II and III. The three 
heparinases are HLGAG degrading enzymes which can be 
produced by Flavobacterium heparinum. Each of the hepa 
rinases has its own unique HLGAG Sequence at which it 
cleaves, making these enzymes Valuable tools in obtaining 
Sequence Specific information. Heparinase I primarily 
cleaves HLGAGs at the HNs ex-Is-linkage found prima 
rily in heparin-like regions (Ernst, S., et al., Crit, Rev. 
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Biochem. Mol. Biol., 30,387-444 (1995)). Desai, U., et al., 
Biochemistry, 32, 8140-8145 (1993)), and Jandik, K., et al., 
Glycobiology, 4, 289-296 (1994)). Heparinase III cleaves at 
the HNA-I and HNox-G linkages which are the major 
disaccharides found in heparan sulfate (Ernst, et al., (1995), 
Supra, and Linhardt, R., et al., Biochemistry, 29, 2611-2617 
(1990)). Heparinase II is capable of recognizing and cleav 
ing both sets of substrate linkages (Ernst, et al., (1995), 
supra). We have recently identified several residues which 
are critical to the activity of heparinase I and heparinase II. 
Cysteine 135 and histidine 203, as well as lysines 198, 199, 
and 132 of heparinase I were found to be critical to the 
enzymatic activity of the molecule. Cysteine 348 and his 
tidines 238,451, and 579 were determined to be crucial for 
heparinase II activity. (Pending U.S. patent application Ser. 
No. 09/394.959; Sasisekharan, R., et al., Biochemistry, 34, 
14441-14448 (1995), Godavarti, R., et al., Biochemistry, 35, 
6846-6852 (1996); Godavarti, R., and Sasisekharan, R., J. 
Biol. Chem. 273, 248-255 (1998); Shriver, Z., et al., J. Biol. 
Chem., 273,22904-22912 (1998); and Shriver, Z., J. Biol. 
Chem., 273, 10160-10167 (1998)). 
0006 Heparinase III is unique in that it is the only 
member of the heparinase family that recognizes and pref 
erentially cleaves heparan Sulfate. Heparinase III also con 
tains no cysteines in its amino acid Sequence. 
0007 Tumor metastasis involves the spread of tumor 
cells primarily via the vasculature to remote Sites in the 
body. It is believed that as the extracellular matrix is 
degraded, the tumor cell-extracellular matrix interactions are 
disassembled, freeing the tumor cell to extravagate through 
the capillary bed. Extraordinary progreSS has been made to 
elucidate the roles of collagen and related proteins, enzymes 
(collagenases and others) that degrade the extracellular 
matrix proteins to regulate tumor angiogenesis and/or tumor 
cell invasion. It has also recently been hypothesized that 
HLGAG degrading enzymes, heparinases, assist in the 
breakdown of the extracellular matrix to regulate tumor 
growth, angiogenesis and metastasis. It has been Suggested 
that the expression of heparinases in association with tumor 
development, represents a Switch from a metastatic tumor to 
a non-metastatic tumor and plays a role in initiating the 
process of metastasis. The hypothesis was reaffirmed by 
recent cloning of a human heparinase gene and by the 
demonstration of enhanced malignancy of cancer cells by 
over-expression of the gene product for heparinase. (Hulett, 
et al., 1999 and Vlodavsky, et al., 1999). 

SUMMARY OF THE INVENTION 

0008. It has been discovered, according to one aspect of 
the invention, that expression of heparinases does not nec 
essarily represent a Switch from a primary tumor to a 
metastatic diseased State. Consistent with the current para 
digm, heparinase I activity was found to accelerate tumor 
growth and correlate with increased metastasis. Surpris 
ingly, heparinase III, however, was found to inhibit primary 
tumor growth and Significantly reduce metastasis. Thus, in 
one aspect the invention is a method for preventing growth 
of a tumor by exposing a tumor cell to an effective amount 
of heparinase III for preventing proliferation of the tumor 
cells in order to prevent growth of the tumor. In other 
aspects, the invention is a method for preventing tumor cell 
metastasis by exposing a tumor cell to an effective amount 
of heparinase III for preventing invasion of the tumor cell 
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acroSS a barrier. The heparinase III may be a native hepa 
rinase III molecule or a modified heparinase III molecule. 
Native heparinase III may be synthesized or isolated. 
0009 Additionally, it has been discovered according to 
the invention that therapeutic HLGAG fragments can be 
used to treat cancer. These fragments are useful for prevent 
ing the growth of a tumor as well as preventing metastasis. 
These fragments can be generated by heparinase III treat 
ment of cancer cells. The fragments generated from the 
heparinase III treatment of a cancer cell can be used to 
prevent or treat cancer from the Same or different cancer 
cells than are used to generate the fragments. Additionally, 
they can be used to treat or prevent cancer in the Same or a 
different Subject than was used to generate the fragments. 
0.010 The tumor cell can be exposed to the heparinase III 
by any method known in the art. For instance, when the 
tumor cell is a tumor cell in vitro, heparinase III may be 
added to the in vitro culture. When the tumor cell is in vivo, 
the heparinase III may be administered by any method for 
delivering the heparinase III to the tumor. For instance, in 
Some embodiments the heparinase III may be administered 
Systemically, Such as by oral delivery, injection, etc. or 
locally, Such as by direct injection into the tumor or tumor 
Site or by direct application during Surgical manipulation, 
etc. 

0.011 The heparinase III may be administered alone or in 
conjunction with other therapies Such as an anti-cancer drug. 
In Some embodiments, the tumor is a prostate tumor or a 
melanoma. 

0012. In other aspects, the invention is a method for 
preparing therapeutic agents for the treatment of a tumor. 
The method involves isolating at least a portion of a tumor, 
treating the portion of the tumor with heparinase III to 
produce HLGAG fragments, and isolating the HLGAG 
fragments, wherein the HLGAG fragments are the thera 
peutic agent. In Some embodiments, the method may also 
include the Step of determining the Sequence of the HLGAG 
fragments. 
0013 In other aspects of the invention, a method for 
treating a Subject having a tumor is provided. The method 
involves administering to the subject therapeutic HLGAG 
fragments to treat the tumor. Optionally the method may 
involve identifying a therapeutic HLGAG fragment by iden 
tifying an HLGAG produced when the tumor is contacted 
with heparinase III. In Some embodiments, the therapeutic 
HLGAG fragment is a synthetic HLGAG fragment gener 
ated based on the Sequence of the HLGAG fragment iden 
tified when the tumor is contacted with heparinase III. In 
other embodiments, the HLGAG fragment administered to 
the subject is an isolated HLGAG fragment produced when 
the tumor is contacted with the henarinase III. 

0.014. In another aspect the invention is a method for 
treating or preventing a Subject having a cancer or at risk of 
developing a cancer by administering to the Subject a 
therapeutic HLGAG fragment. In some embodiments the 
therapeutic HLGAG fragment is a composition of HLGAG 
fragments wherein at least 50%, 75%, or 90% of the 
HLGAG fragments are di- or tri-sulfated disaccharides. In 
other embodiments the therapeutic HLGAG fragment is free 
of mono- or un- Sulfated disaccharides. 

0.015 According to another aspect of the invention, a 
composition is provided. The composition includes hepari 
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nase III or a therapeutic HLGAG fragment in an effective 
amount for preventing metastasis of a tumor cell, and a 
targeting molecule for targeting the heparinase III to the 
tumor, in a pharmaceutically-acceptable carrier. In Some 
embodiments the heparinase III is a modified heparinase III 
and in other embodiments it is a native heparinase III. The 
targeting molecule may be, for instance, a compound which 
binds Specifically to an antigen on the Surface of a tumor 
cell. 

0016. The invention in another aspect is a composition of 
a heparinase III or a therapeutic HLGAG fragment in an 
effective amount for preventing metastasis of a tumor cell, 
and an anti-cancer compound in a pharmaceutically-accept 
able carrier. 

0017. The invention in other aspects is based on the 
identification of important residues within the heparinase III 
molecule. It has been discovered according to the invention 
that modification of certain histidine residues within the 
heparinase III molecule causes changes in the enzymatic rate 
of the enzyme as well as the product profile produced by the 
enzyme. In particular, it was discovered that histidine 295 
and histidine 510 are important for enzymatic degradation of 
heparan sulfate by heparinase III. When these two histidines 
were changed to other amino acids, all of the activity of the 
enzyme was lost. Modification of the other histidine residues 
resulted in changes in kinetic constants of the enzyme, but 
the enzyme Still retained activity. Thus, in another aspect the 
invention is a Substantially pure heparinase III comprising a 
polypeptide having the amino acid Sequence of the mature 
peptide of SEQ ID NO:2 or having conservative substitu 
tions thereof within residues non-essential to enzymatic 
function, wherein at least one histidine residue Selected from 
the group consisting of His 36, His 105, His 110, His 139, 
His 152, His 225, His 234, His 241, His 424, His 469, and 
His 539 has been Substituted with a residue selected from the 
group consisting of alanine, Serine, tyrosine, threonine, and 
lysine. In Some embodiments the polypeptide has a Substi 
tution at His 110 or His 241. In other aspects, the invention 
is a Substantially pure heparinase III comprising a polypep 
tide having the amino acid Sequence of the mature peptide 
of SEQ ID NO:2 or having conservative substitutions 
thereof within residues non-essential to enzymatic function, 
wherein at least one histidine residue Selected from the 
group consisting of His 295 and His 510 has been substituted 
with any other amino acid. 
0018. In another aspect, the invention is a substantially 
pure heparinase III which is a modified heparinase III having 
a modified product profile, wherein the modified product 
profile of the modified heparinase III is at least 10% different 
than a native product profile of a native heparinase III. 
0019. In another aspect, the invention is a substantially 
pure heparinase III that is a modified heparinase III that can 
cleave a HLGAG substrate having a modified heparinase III 
k value, wherein the modified heparinase III k value is 
at least 10% different than a native heparinase IIIk Value. 
The invention also encompasses pharmaceutical prepara 
tions of any of the Substantially pure heparinase III mol 
ecules with a pharmaceutically-acceptable carrier. The 
invention also encompasses the modified heparinase III of 
the invention immobilized on a Solid Support membrane. 
0020. A method of specifically cleaving a HLGAG is 
provided according to another aspect of the invention. The 
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method of Specifically cleaving a HLGAG includes the Step 
of contacting an HLGAG with the modified heparinase III of 
the invention. In Some embodiments, the method is a method 
for preventing tumor cell proliferation or metastasis, as 
described above. In other embodiments, the method is a 
method for Sequencing HLGAGS. In yet other embodiments, 
the method is a method for removing active HLGAGs from 
an HLGAG-containing fluid, a method for inhibiting angio 
genesis, a method for inhibiting neovascularization, e.g., 
Such as that associated with eye disease, a method for 
treating psoriasis, or a method for inhibiting coagulation. 

0021. The invention also includes a method for preparing 
LMWH by contacting an HLGAG sample with a modified 
heparinase III molecule to produce LMWH. In other aspects 
the invention is a composition of the LMWH produced by 
this method. In yet another aspect the invention is also a 
method for treating or preventing a disorder associated with 
coagulation, tumor, pSoriasis, or neovascularization, by 
administering to a Subject an effective amount of this com 
position to treat or prevent a disorder associated with 
coagulation, tumor, psoriasis, or neovascularization. 

0022. Each of the limitations of the invention can encom 
pass various embodiments of the invention. It is, therefore, 
anticipated that each of the limitations of the invention 
involving any one element or combinations of elements can 
be included in each aspect of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 FIG. 1 is a graph depicting the effect of DEPC 
inactivation of heparinase III on rate constant. 
0024 FIG. 2 is a graph depicting the pH dependence of 
the Second order rate constant of inactivation upon incuba 
tion of heparinase III with varying concentrations of DEPC. 
0.025 FIG. 3 is a graph depicting the quantification of 
DEPC-modified histidine residues in heparinase III over a 
period of time. 

0.026 FIG. 4 is a graph depicting the substrate protection 
of heparinase III inactivation by DEPC III. 

0027 FIG. 5 is a reverse phase HPLC profile of a lys-C 
digest of heparinase III which was not exposed to DEPC (top 
panel) and a peptide profile of heparinase III labeled with 
DEPC (bottom panel). 
0028 FIG. 6 is a series of graphs depicting SAX analysis 
of exhaustive heparinase III digests of heparan Sulfate. 
Heparan Sulfate was digested with either heparinase III from 
F. heparinum (panel A), recombinant heparinase III (panel 
B), H295A mutant enzyme (panel C), H510A mutant 
enzyme (panel D), or the H105A mutant enzyme (panel E). 

0029 FIG. 7 depicts a circular dichroism analysis of 
recombinant heparinase III and the H295A mutant enzyme, 
and the H510A mutant enzyme. 

0030 FIG. 8 is a graph depicting tumor volume in mice, 
as well as mice treated with heparinase I. 

0.031 FIG. 9 is a bar graph depicting number of lung 
nodules that developed 13 days after tail vein injection of 
B16 BL6 cells. The cells were either treated with PBS, 
heparinase I, or heparinase III. 
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0032 FIG. 10, panel A, depicts the tumor volume of 
mice that were treated with GAG fragments generated from 
treatment of B16 BL6 cells with either heparinase I, hepa 
rinase III, or PBS or fragments generated from heparinase I 
treatment of LLC cells. Tumor volume was measured over 
time between 7 and 15 days post-injection of the tumor cells. 
0033 FIG. 10, panel B is a bar graph which quantitates 
the number of lung nodules of the mice described in panel 
A. 

0034 FIG. 11 is a bar graph depicting the effect on B16 
cellular migration and invasion of transfection with anti 
sense 20ST in pcDNA3.1. 
0035 FIG. 12 shows bar graphs depicting the ability of 
the transfected cells of FIG. 12 to develop into primary 
tumors as assessed by mean tumor volume (12a) and tumor 
weight (12b). 
0036 FIG. 13 depicts the results of compositional analy 
sis of HLGAG saccharide fragments released from B16BL6 
cells. 

0037 FIG. 14 is a bar graph depicting FGF2 signaling 
modulated by HLGAG fragments 
0.038 FIG. 15 is a table (15a) and a schematic depicting 
the modulation of FGF2 activity in vivo by B16BL6 frag 
ments (15b). 

BRIEF DESCRIPTION OF THE SEQUENCES 

0039 Sequence ID No. 1 is the nucleic acid sequence of 
heparinase III from F bacterium. 
0040 Sequence ID No. 2 is the amino acid sequence of 
heparinase III from F bacterium. 
0041) Sequence ID No. 3 is a peptide fragment. 

DETAILED DESCRIPTION 

0042. The invention in some aspects relates to heparinase 
III, modified forms thereof and uses thereof. The invention 
arose from Several Scientific findings which expand the field 
of heparinase biology. In particular the invention is based in 
part on tile discovery of new modified forms of heparinase 
that have varying enzymatic activity and produce differing 
product profiles. The invention is also based on the finding 
that native heparinase III, modified forms of heparinase III, 
and modified forms of heparinase II having heparinase III 
like activity are useful for the treatment and prevention of 
tumor cell growth and metastasis. 
0043. The present invention provides a series of new 
modified heparinase III molecules. In particular, based upon 
a detailed Structural and functional characterization of hepa 
rinase III, new heparinases with altered Stability, activity and 
Specificity are provided. The modified heparinases of the 
invention have many in Vivo, in vitro and eX Vivo utilities. 
For instance, they have great value in generating low 
molecular weight HLGAGS, heparan Sulfate, or heparan 
Sulfate fragments for clinical use. Additionally they can be 
used to neutralize the function of heparan Sulfate containing 
HLGAGs or they can be used to identify the sequence of 
HLGAGS. Other uses are described herein. 

0044) Heparinase III is unique in that it is the only 
member of the heparinase family that recognizes and cleaves 



US 2003/0099628A1 

heparan Sulfate as its only Substrate. Heparinase III is also 
unique among its heparin-degrading family members in that 
it contains no cysteines in its primary amino acid Sequence 
(Su, H., Blain, F., Musil, R. A., Zimmermann, J. J., Gu, K., 
and Bennett, D.C. (1996) Appl. Environ. Micro. 62,2723-34 
and Godavarti, R., Davis, M., Venkataraman, G., Cooney, C. 
L., Langer, R., and Sasisekharan, R. (1996) Biochem. and 
Biophys. Res. Comm. 225,751-58). Heparinase III, however, 
does contain thirteen histidines of which one or Several 
might be involved in the activity of the enzyme. Through a 
combination of chemical modification, peptide mapping, 
and Site-directed mutagenesis Studies, the role of histidines 
in the catalytic activity of heparinase III has been identified, 
according to the invention. 

004.5 The nucleotide and amino acid sequences of hepa 
rinase III are provided in SEQ ID NO: 1 and SEQ ID NO: 
2. The Sequence of heparinase III has been reported in Su, 
H., Blain, F., Musil, R. A., Zimmermann, J. J., Gu, K., and 
Bennett, D. C. (1996) Appl. Environ. Micro. 62,2723-34. 
and Godavarti, R., Davis, M., Venkataraman, G., Cooney, C. 
L., Langer, R., and Sasisekharan, R. (1996) Biochem. and 
Biophys. Res. Comm. 225,751-58, U.S. Pat. Nos. 5,919,693 
and 5,681,733, and is listed in Accession number I71365. 
These Sequences have provided the first insight into the 
primary structure of the native heparinase III of F. hepari 

lift. 

0046) The present disclosure provides additional infor 
mation about the Secondary and tertiary Structure of the 
heparinase III, as well as, information relating to the func 
tional roles of the various regions of the enzyme. This 
information is based upon detailed biochemical mapping of 
the important sites within the enzyme and characterization 
of these sites through kinetic Studies, characterization of 
mutants created by Site-directed mutagenesis, etc. The result 
is a detailed picture of the primary, Secondary, and tertiary 
Structures of heparinase III and the functional roles of 
various regions of the enzyme as well as the functions of 
Specific mutants thereof. 

0047 The invention is based on several scientific find 
ings. It was discovered according to the invention that 
various amino acid residues within heparinase III are essen 
tial to the catalytic function of these enzymes and can be 
modified to alter the enzymatic activity of these compounds. 
It was also discovered that other amino acid residues are 
absolutely critical to the function of heparinase III and if 
they are substituted or modified the activity of these com 
pounds is lost completely. In particular, it has been shown 
according to the invention through a combination of chemi 
cal modification, peptide mapping, and Site-directed 
mutagenesis experiments that two histidines, histidine 295 
and histidine 510, are critical for the enzymatic degradation 
of HLGAGs by heparinase III. 

0.048. As shown in the Examples section, DEPC was used 
in the first step of the analysis of heparinase III. DEPC is 
extremely useful in elucidating the role of histidines in 
enzymatic function. Care has to be taken, though, to ensure 
that DEPC doesn't modify other nucleophilic amino acids 
Such as tyrosine, lysine or cysteine (Godavarti, R., Cooney, 
C. L., Langer, R., and Sasisekharan, R. (1996) Biochemistry 
35, 6846-52 and Shriver, Z., Hu, Y., and Sasisekharan, R. 
(1998) J. Biol. Chem. 273, 10160-67). In the case of 
heparinase III, there are no cysteine residues in the primary 
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amino acid Sequence, eliminating this amino acid as a 
potential confounding factor in the chemical modification 
Studies. Also, no decrease in the absorbance at 278 nm was 
observed after heparinase III was incubated with DEPC, 
indicating that tyrosine residues were not modified. An 
increase in the inactivation kinetics without a change in the 
order of the reaction was observed from pH 6.0–7.5 upon 
DEPC treatment. Furthermore, the DEPC modification was 
90% reversible upon incubation with 300 mM hydroxy 
lamine. Above pH 8.0, the inactivation kinetics were no 
longer first order for DEPC and the modification could not 
be reversed by hydroxylamine, indicating that residues other 
than histidines (i.e. lysines) were being modified at those 
pHs. However, at neutral pH, the data indicates that DEPC 
Specifically modifies the histidine residues of heparinase III. 
0049 Consistent with the observation that DEPC is 
modifying a histidine residue, there was an increase in the 
absorbance at 240 nm as a function of time. This is indica 
tive of formation of an N-carbethoxyhistidyl derivative, the 
product of a reaction between DEPC and a histidine residue. 
Over the course of ten minutes, 1.8 histidine residues were 
modified and the enzymatic activity was decreased by 90%. 
Also, pre-incubation with heparan Sulfate resulted in lower 
inactivation kinetics of heparinase III by DEPC. These data 
indicated that DEPC specifically modified a critical histidine 
residue proximate to the Substrate binding/active site of 
heparinase III, inactivating the enzyme. 
0050. An apparent discrepancy arose from these results in 
that the reaction of DEPC with heparinase III follows 
pseudo-first order kinetics, yet two histidines appeared to be 
independently modified, Suggesting that two Surface acces 
sible histidines react with DEPC at identical rates. It could 
be the case that either one or both of the modified residues 
is responsible for inactivating the enzyme. Site-directed 
mutagenesis experiments were performed to determine if 
two histidines were essential for heparinase III's catalytic 
activity. The results from the Site-directed mutagenesis 
experiments confirmed and expanded upon the chemical 
modification data in that Surface accessible histidine are 
critical for heparinase III activity. These results identify 
histidine 295 and histidine 510 as the primary histidines 
involved in the degradation of HLGAGs by heparinase III. 
When these residues are replaced with alanines, the enzyme 
loses all activity towards its substrate. None of the other 
histidine residues when mutated to alanine show a complete 
loSS of activity. The results from the peptide mapping Studies 
confirm the importance of the Surface accessibility of histi 
dine 295. 

0051) The loss of activity with the H295A and H510A 
enzymes can be explained in Several ways. It may be that 
these histidines are necessary for proper folding of hepari 
nase III. However, the CD spectrum of H295A, H510A, and 
recombinant heparinase III were nearly identical, Strongly 
indicating that this is not the case. It is more likely that 
histidine 295 and histidine 510 play a direct role in the 
binding of HLGAGs to the enzyme or that histidine 295 and 
histidine 510 are critical active site residues directly 
involved in the catalytic degradation of HLGAGs. Modified 
heparinase III molecules having a change in amino acid at 
His 295 or 510 can be useful for a variety of purposes, e.g., 
as a competitive inhibitor to functional heparinase III. 
0052 The studies described in the Examples section also 
identified several heparinase III mutants which had altered 
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levels of activity but which were still active. These mutants 
include heparinase III molecules having the following resi 
dues mutated or substituted: His36, His 105, His110, His139, 
His 152, His225, His234, His241, His424, His469, and 
His539. Thus, the present invention provides for novel 
modified heparinases rationally designed on the basis of the 
Sequence of the heparinase III of F. heparinum and the 
Structural and functional characterizations disclosed herein. 

0053. In the description herein, reference is made to the 
amino acid residues and residue positions of native hepari 
nase III disclosed in SEQ ID NO 2. In particular, residues 
and residue positions are referred to as "corresponding to a 
particular residue or residue position of heparinase III. AS 
will be obvious to one of ordinary skill in the art, these 
positions are relative and, therefore, insertions or deletions 
of one or more residues would have the effect of altering the 
numbering of downstream residues. In particular, N-termi 
nal insertions or deletions would alter the numbering of all 
Subsequent residues. Therefore, as used herein, a residue in 
a recombinant modified heparinase will be referred to as 
“corresponding to a residue of the full heparinase III if, 
using Standard Sequence comparison programs, they would 
be aligned. Many Such Sequence alignment programs are 
now available to one of ordinary skill in the art and their use 
in Sequence comparisons has become Standard. AS used 
herein, this convention of referring to the positions of 
residues of the recombinant modified heparinases by their 
corresponding heparinase III residues shall extend not only 
to embodiments including N-terminal insertions or deletions 
but also to internal insertions or deletions (e.g., insertions or 
deletions in "loop” regions). 
0054. In addition, in the description herein, certain Sub 
Stitutions of one amino acid residue for another in a recom 
binant modified heparinase are referred to as "conservative 
Substitutions.” AS used herein, a “conservative amino acid 
Substitution' or “conservative Substitution” refers to an 
amino acid Substitution in which the Substituted amino acid 
residue is of Similar charge as the replaced residue and is of 
Similar or Smaller Size than the replaced residue. Conserva 
tive Substitutions of amino acids include Substitutions made 
amongst amino acids within the following groups: (a) the 
Small non-polar amino acids, A, M., I, L, and V; (b) the Small 
polar amino acids, G, S, T and C; (c) the amidoamino acids, 
Q and N; (d) the aromatic amino acids, F, Y and W; (e) the 
basic amino acids, K, R and H; and (f) the acidic amino 
acids, E and D. Substitutions which are charge neutral and 
which replace a residue with a Smaller residue may also be 
considered “conservative Substitutions' even if the residues 
are in different groups (e.g., replacement of phenylalanine 
with the smaller isoleucine). The term “conservative amino 
acid Substitution' also refers to the use of amino acid 
analogs or variants. 
0.055 Methods for making amino acid substitutions, 
additions or deletions are well known in the art and are 
described in detail in the Examples below. The terms “con 
servative Substitution”, “non-conservative Substitutions', 
“non-polar amino acids”, “polar amino acids”, and "acidic 
amino acids' are all used consistently with the prior art 
terminology. Each of these terms is well-known in the art 
and has been extensively described in numerous publica 
tions, including Standard biochemistry text books, Such as 
“Biochemistry” by Geoffrey Zubay, Addison-Wesley Pub 
lishing Co., 1986 edition, which describes conservative and 
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non-conservative Substitutions, and properties of amino 
acids which lead to their definition as polar, non-polar or 
acidic. 

0056. Even when it is difficult to predict the exact effect 
of a Substitution in advance of doing So, one skilled in the 
art will appreciate that the effect can be evaluated by routine 
Screening assays, preferably the biological assays described 
herein. Modifications of peptide properties including ther 
mal Stability, hydrophobicity, Susceptibility to proteolytic 
degradation or the tendency to aggregate with carriers or 
into multimers are assayed by methods well known to the 
ordinarily Skilled artisan. For additional detailed description 
of protein chemistry and Structure, See Schulz, G. E. et al., 
Principles of Protein Structure, Springer-Verlag, New York, 
1979, and Creighton, T. E., Proteins: Structure and Molecu 
lar Principles, W. H. Freeman & Co., San Francisco, 1984. 
0057 Additionally, some of the amino acid substitutions 
are non-conservative Substitutions. In certain embodiments 
where the substitution is remote from the active or binding 
Sites, the non-conservative Substitutions are easily tolerated 
provided that they preserve the tertiary Structure character 
istic of native heparinase, thereby preserving the active and 
binding sites. Non-conservative Substitutions, Such as 
between, rather than within, the above groups (or two other 
amino acid groups not shown above), which will differ more 
Significantly in their effect on maintaining (a) the structure 
of the peptide backbone in the area of the substitution (b) the 
charge or hydrophobicity of the molecule at the target Site, 
or (c) the bulk of the side chain. 
0058. In one aspect, the invention is a substantially pure 
heparinase which is a modified heparinase III having a 
modified heparinase III k value, wherein the modified 
heparinase III k value is at least 10% different than a 
native heparinase III k value. In a preferred embodiment, 
the modified heparinase III k value is at least 20% differ 
ent than a native heparinase III k value. In another 
preferred embodiment the modified heparinase IIIk Value 
is at least 50% different than a native heparinase III k. 
value. A "modified heparinase III k value” as used herein 
is a measurement of the catalytic activity of the modified 
heparinase III enzyme with respect to a heparan Sulfate-like 
glycosaminoglycan Substrate. 
0059. The k value may be determined using any enzy 
matic activity assay which is useful for assessing the activity 
of a heparinase enzyme, Such as the assays Set forth in the 
Examples below. Several Such assays are well-known in the 
art. For instance, an assay for measuring k is described in 
(Ernst, S. E., Venkataraman, G., Winkler, S., Godavarti, R., 
Langer, R., Cooney, C. and Sasisekharan. R. (1996) Bio 
chem. J.315,589-597. The “native heparinase III k value” 
is the measure of enzymatic activity of the native heparinase 
III. 

0060. The modified heparinase may have a reduced enzy 
matic activity with respect to HLGAGs. A “reduced enzy 
matic activity” is assessed by comparing the k value of the 
modified heparinase with that of native heparinase. Prefer 
ably the k value of the modified heparinase III will be less 
than or equal to 75% of the native heparinase III k value. 
A modified heparinase having reduced enzymatic activity 
with respect to HLGAGs is one which has modifications in 
the residues essential for catalytic activity. For instance, 
mutation of His' or His' causes the heparinase III to have 
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a reduced enzymatic activity. A modified heparinase III 
which has a increased enzymatic activity is one which has 
altered residues which produce an enzyme with greater 
enzymatic activity. For instance, mutation of His' pro 
duces modified heparinase III molecules having increased 
enzymatic activity. Additionally, when His’ is mutated in 
heparinase III, a modified heparinase III is produced which 
displays nearly the same enzymatic activity as native hepa 
rinase III. These enzymes are also useful. 
0061 AS used herein, with respect to heparinases, the 
term “Substantially pure” means that the heparinases are 
essentially free of other substances with which they may be 
found in nature or in Vivo Systems to an extent practical and 
appropriate for their intended use. In particular, the hepari 
nases are Sufficiently free from other biological constituents 
of their hosts cells So as to be useful in, for example, 
producing pharmaceutical preparations or Sequencing. 
Because the heparinases of the invention may be admixed 
with a pharmaceutically acceptable carrier in a pharmaceu 
tical preparation, the heparinase may comprise only a Small 
percentage by weight of the preparation. The heparinase is 
nonetheless Substantially pure in that it has been Substan 
tially separated from the substances with which it may be 
asSociated in living Systems. 

0.062 Based on the disclosure provided herein, those of 
ordinary skill in the art will be able to identify other 
modified heparinase III molecules having altered enzymatic 
activity with respect to the native heparinase III molecule. 

0.063. In another aspect, the invention is a substantially 
pure heparinase which is a modified heparinase III having a 
modified product profile, wherein the modified product 
profile of the modified heparinase III is at least 10% different 
than a native product profile of a native heparinase III. 
Preferably it is at least 20% or even at least 50%. A 
"modified product profile' as used herein is a Set of degra 
dation products produced by a modified heparinase which 
differ from the degradation products which are produced by 
a native heparinase under identical enzymatic conditions. 
The difference in the product profile may be due to the 
presence of different enzymatic products or simply in the 
number of enzymatic products formed by the modified 
heparinase compared to the native heparinase, or a combi 
nation of the two. For instance, the formation of different 
enzymatic products by a modified heparinase as opposed to 
the native heparinase, would constitute a modified product 
profile. Additionally, the production of the Same types of 
enzymatic products but in a lesser or greater amount by the 
modified heparinase as opposed to the native heparinase, 
would also constitute a modified product profile. 
0064. The product profile produced by a modified hepa 
rinase or a native heparinase may be determined by any 
method known in the art for examining the type or quantity 
of degradation product produced by heparinase. One pre 
ferred method for determining the type and quantity of 
product is described in Rhomberg, A. J. et al., PNAS, v. 95, 
p. 4176-4181 (April 1998), which is hereby incorporated in 
its entirety by reference. The method disclosed in the 
Rhomberg reference utilizes a combination of mass Spec 
trometry and capillary electrophoretic techniques to identify 
the enzymatic products produced by heparinase. The 
Rhomberg Study utilizes heparinase to degrade HLGAGS to 
produce HLGAG oligosaccharides. MALDI (Matrix-AS 

May 29, 2003 

Sisted Laser Desorption Ionization) mass spectrometry can 
be used for the identification and Semiquantitative measure 
ment of Substrates, enzymes, and end products in the enzy 
matic reaction. The capillary electrophoresis technique Sepa 
rates the products to resolve even Small differences amongst 
the products and is applied in combination with mass 
Spectrometry to quantitate the products produced. Capillary 
electrophoresis may even resolve the difference between a 
disaccharide and its Semicarbazone derivative. Detailed 
methods for Sequencing polysaccharides and other polymers 
are disclosed in co-pending U.S. Pat. applications Ser. NoS. 
09/557,997 and 09/558,137, both filed on Apr. 24, 2000 and 
having common inventorship. The entire contents of both 
applications are hereby incorporated by reference. 
0065 Briefly, the method is performed by enzymatic 
digestion, followed by mass spectrometry and capillary 
electrophoresis. The enzymatic assays can be performed in 
a variety of manners, as long as the assays are performed 
identically on the modified heparinase and the native hepa 
rinase, So that the results may be compared. In the example 
described in the Rhomberg reference, enzymatic reactions 
are performed by adding 1 mL of enzyme Solution to 5 mL 
of Substrate Solution. The digestion is then carried out at 
room temperature (22 C.), and the reaction is stopped at 
various time points by removing 0.5 mL of the reaction 
mixture and adding it to 4.5 mL of a MALDI matrix 
Solution, Such as caffeic acid (approximately 12 mg/mL) and 
70% acetonitrile/water. The reaction mixture is then Sub 
jected to MALDI mass spectrometry. The MALDI surface is 
prepared by the method of Xiang and Beavis (Xiang and 
Beavis (1994) Rapid. Commun. Mass. Spectrom. 8, 199 
204). A two-fold lower access of basic peptide (Arg/Gly) 
is premixed with matrix before being added to the oligosac 
charide Solution. A 1 mL aliquot of Sample/matrix mixture 
containing 1-3 picomoles of oligosaccharide is deposited on 
the surface. After crystallization occurs (typically within 60 
seconds), excess liquid is rinsed off with water. MALDI 
mass spectrometry Spectra is then acquired in the linear 
mode by using a PerSeptive BioSystems (Framingham, 
Mass.) Voyager Elite reflectron time-of-flight instrument 
fitted with a 337 nanometer nitrogen laser. Delayed extrac 
tion is used to increase resolution (22 kV, grid at 93%, 
guidewire at 0.15%, pulse delay 150 ns, low mass gate at 
1,000, 128 shots averaged). Mass spectra are calibrated 
externally by using the Signals for proteinated (Arg/Gly) 
and its complex with the oligosaccharide. 

0066) Capillary electrophoresis is then performed on a 
Hewlett-Packard CE unit by using uncoated fused silica 
capillaries (internal diameter 75 micrometers, outer diameter 
363 micrometers, 172.1 cm, and 185 cm). Analytes are 
monitored by using UV detection at 230 nm and an extended 
light path cell (Hewlett-Packard). The electrolyte is a solu 
tion of 10 mL dextran Sulfate and 50 millimolar Tris/ 
phosphoric acid (pH2.5). Dextran Sulfate is used to Suppress 
nonspecific interactions of the heparin oligosaccharides with 
a silica wall. Separations are carried out at 30 kV with the 
anode at the detector side (reversed polarity). A mixture of 
a 1/5-naphtalenedisulfonic acid and 2-maphtaleneSulfonic 
acid (10 micromolar each) is used as an internal Standard. 
0067. Other methods for assessing the product profile 
may also be utilized. For instance, other methods include 
methods which rely on parameters Such as Viscosity (Jandik, 
K. A., Gu, K. and Linhardt, R. J., (1994), Glycobiology, 
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4:284-296) or total UV absorbance (Ernst, S. et al., (1996), 
Biochem. J., 315:589-597) or mass spectrometry or capillary 
electrophoresis alone. 

0068 The modified heparinases of the invention may be 
used for any of the same purposes as native heparinase III. 
For instance, the modified heparinase III molecules can be 
used to specifically cleave a HLGAG by contacting the 
HLGAG substrate with one of the modified heparinases of 
the invention. The invention is useful in a variety of in vitro, 
in vivo and ex vivo methods in which it is useful to cleave 
HLGAGS. 

0069. The modified heparinase III may be used, for 
instance, in a method or inhibiting angiogenesis. In this 
method an effective amount for inhibiting angiogenesis of 
the heparinase III is administered to a Subject in need of 
treatment thereof. Angiogenesis as used herein is the inap 
propriate formation of new blood vessels. "Angiogenesis' 
often occurs in tumors when endothelial cells Secrete a 
group of growth factors that are mitogenic for endothelium 
causing the elongation and proliferation of endothelial cells 
which results in a generation of new blood vessels. Several 
of the angiogenic mitogens are heparin or heparan Sulfate 
binding peptides which are related to endothelial cell growth 
factors. 

0070 The modified heparinases are also useful for treat 
ing or preventing cancer cell growth or metastasis. This 
aspect of the invention is discussed in more detail below, 
with respect to both native and modified heparinase III. 

0071. The modified lieparinases are also useful for inhib 
iting neovascularization associated with disease Such as eye 
disease. Neovascularization, or angiogenesis, is the growth 
and development of new arteries. It is critical to the normal 
development of the vascular System, including injury-repair. 
There are, however, conditions characterized by abnormal 
neovascularization, including diabetic retinopathy, neovas 
cular glaucoma, rheumatoid arthritis, and certain cancers. 
For example, diabetic retinopathy is a leading cause of 
blindness. There are two types of diabetic retinopathy, 
simple and proliferative. Proliferative retinopathy is char 
acterized by neovascularization and Scarring. About one-half 
of those patients with proliferative retinopathy progreSS to 
blindness within about five years. 
0.072 Another example of abnormal neovascularization 
is that associated with Solid tumors. It is now established that 
unrestricted growth of tumors is dependant upon angiogen 
esis, and that induction of angiogenesis by liberation of 
angiogenic factors can be an important Step in carcinogen 
esis. For example, basic fibroblast growth factor (bFGF) is 
liberated by Several cancer cells and plays a crucial role in 
cancer angiogenesis. AS used herein, an angiogenic condi 
tion means a disease or undesirable medical condition 
having a pathology including neovascularization. Such dis 
eases or conditions include diabetic retinopathy, neovascular 
glaucoma and rheumatoid arthritis (non-cancer angiogenic 
conditions). Cancer angiogenic conditions are Solid tumors 
and cancers or tumors otherwise associated with neovascu 
larization Such as hemangioendotheliomas, he mangiomas 
and Kaposi's Sarcoma. 

0.073 Proliferation of endothelial and vascular smooth 
muscle cells is the main feature of neovascularization. Thus 
the modified heparinase III of the invention is useful for 
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preventing proliferation and, therefore, inhibiting or arrest 
ing altogether the progression of the angiogenic condition 
which depends in whole or in part upon Such neovascular 
ization. 

0074 Neovascularization and angiogenesis are also 
important in a number of other pathological processes, 
including arthritis, psoriasis, diabetic retinopathy, chronic 
inflammation, Scleroderma, hemangioma, retrolental fibro 
plasia and abnormal capillary proliferation in hemophiliac 
joints, prolonged menstruation and bleeding, and other dis 
orders of the female reproductive System (J. Folkman, 
Nature Medicine, Vol 1, p. 27-31, (1995); J. W. Miller, et al., 
J. Pathol, Vol. 145, pp. 574-584 (1994); A. P. Adamid, et al., 
Amer. J. Ophthal.., Vol. 118, pp. 445-450 (1994); K. Taka 
hashi, at al., J. Clin. Invest., Vol. 93, pp. 2357-2364 (1994); 
D. J. Peacock, et al., J. Exp. Med., Vol. 175, pp. 1135-1138 
(1992); B. J. Nickoloff, et al., Amer. J. Pathol, Vol. 44, pp. 
820-828 (1994); J. Folkman, Steroid Hormones and Uterine 
Bleeding, N.J. Alexander and C. d’Arcangues, Eds., Ameri 
can ASSociation for the Advancement of Science PreSS, 
Washington, D.C., U.S.A., pp. 144-158 (1992)). Thus, in 
another embodiment, the modified heparinase is adminis 
tered to treat diseases Such as pSoriasis. Psoriasis is a 
common dermatological disease caused by chronic inflam 
mation. 

0075) The H295A and H510A modified heparinases are 
also useful according to the invention as inhibitors of 
heparinase III activity. These modified heparinases have a 
minimum one base pair modification from native heparinase 
but have no enzymatic activity. Thus, modified heparinases 
having a H295A or H510A modification can be used as 
competitive inhibitors of native or functional modified forms 
of heparinase III. These compounds are useful any time it is 
desirable to block heparinase III activity, e.g., when cell 
proliferation and migration is desirable or to block the 
activity of heparinase III in a Solution. 
0076. The modified heparinases of the invention are also 
useful as tools for sequencing HLGAGs. Detailed methods 
for Sequencing polysaccharides and other polymers are 
disclosed in co-pending U.S. patent applications Ser. Nos. 
09/557,997 and 09/558,137, both filed on Apr. 24, 2000 and 
having common inventorship. These methods utilize tools 
Such as heparinases in the Sequencing process. The modified 
heparinase III of the invention is useful as Such a tool. 
0077. The modified heparinases of the invention may also 
be used to remove active HLGAGs from a HLGAG con 
taining fluid. A HLGAG containing fluid is contacted with 
the modified heparinase III of the invention to degrade the 
HLGAG. The method is particularly useful for the ex vivo 
removal of HLGAGs from blood. In one embodiment of the 
invention the modified heparinase is immobilized on a Solid 
Support as is conventional in the art. The Solid Support 
containing the immobilized modified heparinase may be 
used in extracorporeal medical devices (e.g. hemodialyzer, 
pump-oxygenator) for Systemic heparinization to prevent 
the blood in the device from clotting. The support membrane 
containing immobilized heparinase III is positioned at the 
end of the device to neutralize the HLGAG before the blood 
is returned to the body. 
0078. In another aspect, the invention is an immobilized 
Substantially pure heparinase of the invention. The hepari 
nase may be immobilized to any type of Support but if the 
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support is to be used in vivo or ex vivo it is desired that the 
Support is Sterile and biocompatible. A biocompatible Sup 
port is one which would not cause an immune or other type 
of damaging reaction when used in a Subject. The heparinase 
may be immobilized by any method known in the art. Many 
methods are known for immobilizing proteins to Supports. 

0079 The heparinase III is, in some embodiments, immo 
bilized on a Solid Support. A “Solid Support' as used herein 
refers to any Solid material to which a protein can be 
immobilized. Solid Supports, for example, include but are 
not limited to membranes, e.g., natural and modified cellu 
loses Such as nitrocellulose or nylon, Sepharose, Agarose, 
glass, polystyrene, polypropylene, polyethylene, dextran, 
amylases, polyacrylamides, polyvinylidene difluoride, other 
agaroses, and magnetite, including magnetic beads. The 
carrier can be totally insoluble or partially Soluble and may 
have any possible Structural configuration. Thus, the Support 
may be spherical, as in a bead, or cylindrical, as in the inside 
Surface of a test tube or microplate well, or the external 
Surface of a rod. Alternatively, the Surface may be flat Such 
as a sheet, test Strip, bottom Surface of a microplate well, etc. 

0080. The modified heparinase III molecules are also 
useful for generating LMWHs which have manly therapeu 
tic utilities. The modified heparinase III molecules and 
LMWH can be used for the treatment of any type of 
condition in which LMWH therapy has been identified as a 
useful therapy, e.g., preventing coagulation, preventing pSO 
ISS. 

0081. Thus, the modified heparinase molecules are useful 
for treating or preventing disorders associated with coagul 
lation. A “disease associated with coagulation” as used 
herein refers to a condition characterized by local inflam 
mation resulting from an interruption in the blood Supply to 
a tissue due to a blockage of the blood vessel responsible for 
Supplying blood to the tissue Such as is seen for myocardial 
or cerebral infarction. A cerebral ischemic attack or cerebral 
ischemia is a form of ischemic condition in which the blood 
supply to the brain is blocked. This interruption in the blood 
Supply to the brain may result from a variety of causes, 
including an intrinsic blockage or occlusion of the blood 
vessel itself, a remotely originated Source of occlusion, 
decreased perfusion pressure or increased blood Viscosity 
resulting in inadequate cerebral blood flow, or a ruptured 
blood vessel in the Subarachnoid space or intracerebral 
tissue. 

0082 The methods of the invention are useful also for 
treating cerebral ischemia. Cerebral ischemia may result in 
either transient or permanent deficits and the Seriousness of 
the neurological damage in a patient who has experienced 
cerebral ischemia depends on the intensity and duration of 
the ischemic event. A transient ischemic attack is one in 
which the blood flow to the brain is interrupted only briefly 
and causes temporary neurological deficits, which often are 
clear in less than 24 hours. Symptoms of TIA include 
numbness or weakness of face or limbs, loss of the ability to 
Speak clearly and/or to understand the Speech of others, a 
loSS of vision or dimneSS of vision, and a feeling of dizzi 
neSS. Permanent cerebral ischemic attacks, also called 
Stroke, are caused by a longer interruption in blood flow to 
the brain resulting from either a thromboembolism. Astroke 
causes a loSS of neurons typically resulting in a neurologic 
deficit that may improve but that does not entirely resolve. 
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Thromboembolic stroke is due to the occlusion of an extrac 
ranial or intracranial blood vessel by a thrombus or embolus. 
Because it is often difficult to discern whether a stroke is 
caused by a thrombosis or an embolism, the term “throm 
boembolism' is used to cover strokes caused by either of 
these mechanisms. 

0083. The methods of the invention in some embodi 
ments are directed to the treatment of acute thromboembolic 
stroke using modified heparinase III other LMVHs gener 
ated therewith. An acute Stroke is a medical Syndrome 
involving neurological injury resulting from an ischemic 
event, which is an interruption in the blood Supply to the 
brain. 

0084. An effective amount of a modified heparinase III or 
the LMWHs generated therewith alone or in combination 
with another therapeutic for the treatment of stroke is that 
amount Sufficient to reduce in Vivo brain injury resulting 
from the Stroke. A reduction of brain injury is any prevention 
of injury to the brain which otherwise would have occurred 
in a Subject experiencing a thromboembolic Stroke absent 
the treatment of the invention. Several physiological param 
eters may be used to assess reduction of brain injury, 
including Smaller infarct size, improved regional cerebral 
blood flow, and decreased intracranial pressure, for example, 
as compared to pretreatment patient parameters, untreated 
Stroke patients or Stroke patients treated with thrombolytic 
agents alone. 

0085. The modified heparinase III or the LMWHs gen 
erated therewith may be used alone or in combination with 
a therapeutic agent for treating a disease associated with 
coagulation. Examples of therapeutics useful in the treat 
ment of diseases associated with coagulation include anti 
coagulation agents, antiplatelet agents, and thrombolytic 
agents. 

0086 Anticoagulation agents prevent the coagulation of 
blood components and thus prevent clot formation. Antico 
agulants include, but are not limited to, heparin, warfarin, 
coumadin, dicumarol, phenprocoumon, acenocoumarol, 
ethyl biscotimacetate, and indandione derivatives. 
0087 Antiplatelet agents inhibit platelet aggregation and 
are often used to prevent thromboembolic Stroke in patients 
who have experienced a transient ischemic attack or Stroke. 
Antiplatelet agents include, but are not limited to, aspirin, 
thienopyridine derivatives Such as ticlopodine and clopi 
dogrel, dipyridamole and Sulfinpyrazone, as well as RGD 
mimetics and also antithrombin agents Such as, but not 
limited to, hirudin. 

0088. Thrombolytic agents lyse clots which cause the 
thromboembolic stroke. Thrombolytic agents have been 
used in the treatment of acute venous thromboembolism and 
pulmonary emboli and are well known in the art (e.g. See 
Hennekens et al., J Am Coll Cardiol. v. 25 (7 Supp), p. 
18S-22S (1995); Holmes, et al., J Am Coll Cardiol. v.25 (7 
suppl), p. 10S-17S(1995)). Thrombolytic agents include, but 
are not limited to, plasminogen, a-antiplasmin, Streptoki 
nase, antistreplase, tissue plasminogen activator (tPA), and 
urokinase. “tpA' as used herein includes native tRA and 
recombinant tBA, as well as modified forms oftBA that retain 
the enzymatic or fibrinolytic activities of native tRA. The 
enzymatic activity of tRA can be measured by assessing the 
ability of the molecule to convert plasminogen to plasmin. 
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The fibrinolytic activity of tRA may be determined by any in 
Vitro clot lysis activity known in the art, Such as the purified 
clot lysis assay described by Carlson, et. al., Anal. Biochem. 
168, 428-435 (1988) and its modified form described by 
Bennett, W. F. Et al., 1991, Supra, the entire contents of 
which are hereby incorporated by reference. 

0089. The invention also relates to the discovery that 
heparinase III, modified forms thereof, modified forms of 
heparinase II and degradation products of heparinases 
(HLGAG fragments) actually are useful for treating and 
preventing cancer cell proliferation and metastasis. Thus, 
according to another aspect of the invention, there is pro 
Vided methods for treating Subjects having or at risk of 
having cancer. 

0090 Heparinases degrade HLGAGs, which are linear 
polysaccharides characterized by a disaccharide-repeat unit 
of a uronic acid C-L-iduronic acid (I) or f3-D-glucuronic 
acid (G) linked 14 to C-D-hexosamine (H). HLGAGs are 
the most acidic, heterogeneous and information dense 
biopolymer found in nature due to the highly variable 
chemical modification of the disaccharide repeat unit 
primarily in the form of sulfation at the N-, 3O and 6O 
positions of H, and the 20 of the uronic acids. Critically, 
HLGAGS (along with collagen) are key components of the 
cell surface-extracellular matrix (ECM) interface. While 
collagen-like proteins provide the necessary extracellular 
Scaffold for cells to attach and form tissues, the complex 
polysaccharides fill the Space created by the Scaffold and act 
as a molecular Sponge by Specifically binding and regulating 
the biological activities of numerous Signaling molecules 
like growth factors, cytokines etc. It has recently been 
recognized that cells Synthesize distinct HLGAG Sequences 
and decorate themselves with these Sequences, using the 
extraordinary information content present in the Sequences 
to bind Specifically to many signaling molecules and thereby 
regulate various biological processes. 

0.091 Tumor metastasis involves the spread of tumor 
cells primarily via the vasculature following the disassembly 
of tumor cell-ECM interactions through the degradation of 
the ECM, and tumor cell extravasation through the capillary 
bed. Recent evidence has Suggested that collagen (and 
related proteins), enzymes (collagenases and others) that 
degrade the proteinaceous component of the ECM may play 
roles in the regulation of tumor angiogenesis or tumor cell 
invasion of the ECM. However, the chemical heterogeneity 
of complex polysaccharides and lack of effective tools, has 
seriously limited investigations into the roles of HLGAGs in 
tumor growth and metastasis. Interestingly, however, in 
parallel with collagen and the proteases, it has been hypoth 
eSized that HLGAG degrading enzymes (heparinases) assist 
in the breakdown of ECM to promote tumor growth, angio 
genesis and metastasis. Other evidence Such as the recent 
cloning of tumor heparinase genes has led to the paradigm 
that, the expression of HLGAG degrading enzymes repre 
Sents a Switch from a primary tumor to a metastatic disease 
State. 

0092. In surprising contrast to the findings of the prior art, 
it has now been discovered according to the invention that 
not only is the prior art incorrect in Stating that HLGAG 
degrading enzymes may contribute to tumor growth and 
metastasis, but in fact that certain HLGAG degrading 
enzymes and HLGAG fragments (including LMWH com 
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positions generated by heparinase III), actually, are very 
effective in inhibiting cancer cell growth and metastasis. In 
particular, it has been discovered that heparinases having 
Similar functional activity to native heparinase III prevent in 
Vivo tumor growth and metastasis. It has also been discov 
ered that the enzymatic products of heparinase III (HLGAG 
fragments and LMWH) are useful for preventing tumor 
growth and metastasis. 
0093. The Examples section provides in vitro and in vivo 
data demonstrating the effectiveness of the heparinases in 
preventing tumor growth and metastasis. Using two different 
animal models of cancer, B16BL6 and LLC, strikingly 
Similar data was obtained, indicating an important role for 
HLGAGs in tumor growth and metastasis. The data also 
demonstrated the differential effects of heparinases I and III, 
and the HLGAG fragments generated by these heparinases 
on physiological processes. Heparinase I was unable to 
prevent cancer cell proliferation or metastasis, indicating 
that the effects are Specific to heparinase III and functional 
variants thereof. These results are consistent with the unique 
Specificities of heparinases, and hence the distinct oligosac 
charide products they generate. Additionally, the data dem 
onstrated that HLGAG fragments for one cell type were able 
to influence effects on another cell type, Strongly indicating 
the involvement of specific sequences of HLGAG in modu 
lating effects on tumor growth and metastasis. 

0094. Thus, the invention includes methods for treating 
or preventing tumor formation and/or metastasis by admin 
istering to a Subject a heparinase III molecule (native or 
modified) and/or therapeutic HLGAG fragments (including 
LMWH). 
0095 The heparinases useful in this aspect of the inven 
tion include native heparinase III, modified heparinase III 
and modified heparinases having the functional activity of 
heparinase III. “Native heparinase III' as used herein refers 
to the naturally occurring heparinase III molecule in an 
isolated form. The Sequence of the naturally occurring 
molecule from F. heparinum is provided as SEQ ID NO.: 1 
(nucleic acid Sequence) and 2 (amino acid sequence), and 
has been extensively described in art including in issued 
patents. An isolated molecule is a molecule that is Substan 
tially pure and is free of other substances with which it is 
ordinarily found in nature or in Vivo Systems to an extent 
practical and appropriate for its intended use. In particular, 
the molecular species are Sufficiently pure and are Suffi 
ciently free from other biological constituents of host cells 
So as to be useful in, for example, producing pharmaceutical 
preparations or Sequencing if the molecular species is a 
nucleic acid, peptide, or polysaccharide. Because an isolated 
molecular species of the invention may be admixed with a 
pharmaceutically-acceptable carrier in a pharmaceutical 
preparation, the molecular species may comprise only a 
Small percentage by weight of the preparation. The molecu 
lar species is nonetheless Substantially pure in that it has 
been substantially separated from the substances with which 
it may be associated in living Systems. 

0096. A “modified heparinase III' as used herein is any 
heparinase III molecule which has at least one mutation, 
deletion or Substitution, compared to native heparinase III 
but which retains the ability to enzymatically cleave heparan 
Sulfate. These include the particular modified heparinases 
described herein as well as any other modified heparinase 
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having the appropriate function. These can be identified by 
those of ordinary skill in the art using the methods described 
above or in the examples Section. For instance, the modified 
heparinase III may have a simple conservative Substitution 
within a region of the molecule which is not critical for 
enzymatic activity or folding and thus which has no effect on 
the ability of the heparinase to cleave the substrate. Addi 
tionally, Substitutions Such as the histidine Substitutions 
described herein which influence the enzymatic activity or 
product profile of the heparinase but which still retain Some 
enzymatic activity are also useful for this aspect of the 
invention because they are Still able to cleave heparan 
sulfate. The two histidine mutations (His 295 and His 510) 
which lost all activity, however, are not useful in this aspect 
of the invention. (These two mutants have other utilities, 
Such as competitive inhibitors.) 
0097. The term “modified heparinases having functional 
activity of heparinase III' as used herein refers to hepari 
nases other than heparinase III which have been modified 
Such that they are enzymatically active towards heparan 
Sulfate but only have minimal or no activity towards heparin. 
For instance, mutation of Cys of heparinase II, a residue 
which is involved in heparin binding, causes the heparinase 
II to have a reduced enzymatic activity with respect to 
heparin. This modification produces a modified heparinase 
II which becomes exclusively a heparan Sulfate degrading 
enzyme. Additionally, when histidine 440 is mutated in 
heparinase III, a modified heparinase III is produced which 
has reduced enzymatic activity with respect to heparin but 
which displays nearly the same enzymatic activity as native 
heparinase III when heparan Sulfate is used as the Substrate. 
Mutation of histidines 451, 238, and 579 of heparinase II 
produces modified heparinase II molecules having reduced 
enzymatic activity with respect to heparan Sulfate. Thus 
modified heparinase II molecules in which the Cys' or 
His is mutated are “modified heparinases having functional 
activity of heparinase III' according to the invention, 
whereas heparinases in which histidines 451, 238, or 579 
have been mutated are not within this class of molecules. 

0098. The invention also contemplates the use of thera 
peutic HLGAGs for the treatment and prevention of tumor 
cell proliferation and metastasis. A therapeutic HLGAG 
fragment as used herein refers to a molecule or molecules 
which are pieces or fragments of an HLGAG that have been 
identified through the use of the native heparinase III, 
modified heparinase III and modified heparinases having the 
functional activity of heparinase III described above. 
HLGAG fragments also include low molecular weight hep 
arins (LMWHs). The compositional analysis of some thera 
peutic HLGAGS is described below in the Examples section. 
0099. The invention also encompasses screening assays 
for identifying therapeutic HLGAG fragments for the treat 
ment of a tumor and for preventing metastasis. The assays 
are accomplished by treating a tumor or isolated tumor cells 
with heparinase III, native or modified and isolating the 
resultant HLGAG fragments. Surprisingly, these HLGAG 
fragments have therapeutic activity in the prevention of 
tumor cell proliferation and metastasis. AS described in more 
detail in the Examples Section, these HLGAG fragments are 
useful as therapeutic agents for the treatment of the tumor 
cells from which they were generated as well as other 
tumors. Thus the invention encompasses individualized 
therapies, in which a tumor or portion of a tumor is isolated 
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from a Subject and used to prepare the therapeutic HLGAG 
fragments. These therapeutic fragments can be re-adminis 
tered to the subject to protect the subject from further tumor 
cell proliferation or metastasis or from the initiation of 
metastasis if the tumor is not yet metastatic. Alternatively 
the fragments can be used in a different Subject having the 
Same type or tumor or a different type of tumor. 
0100. The term “therapeutic HLGAG fragment” as used 
herein refers to an HLGAG which has therapeutic activity in 
that it prevents the proliferation and/or metastasis of a tumor 
cell. Such compounds can be generated using heparinase III 
to produce therapeutic fragments or they can be Synthesized 
de novo. Putative HLGAG fragments can be tested for 
therapeutic activity using any of the assays described herein 
or known in the art. Thus the therapeutic HLGAG fragment 
may be a Synthetic HLGAG fragment generated based on 
the sequence of the HLGAG fragment identified when the 
tumor is contacted with heparinase III, or having minor 
variations which do not interfere with the activity of the 
compound. Alternatively the therapeutic HLGAG fragment 
may be an isolated HLGAG fragment produced when the 
tumor is contacted with heparinase III. 
0101 The invention is useful for treating and/or prevent 
ing tumor cell proliferation or metastasis in a Subject. The 
terms “prevent” and “preventing” as used herein refer to 
inhibiting completely or partially the proliferation or 
metastasis of a cancer or tumor cell, as well as inhibiting any 
increase in the proliferation or metastasis of a cancer or 
tumor cell. 

0102) A “subject having a cancer' is a subject that has 
detectable cancerous cells. The cancer may be a malignant 
or non-malignant cancel. Cancers or tumors include but are 
not limited to biliary tract cancer; brain cancer, breast 
cancer; cerVical cancer, choriocarcinoma; colon cancer, 
endometrial cancer, esophageal cancer, gastric cancer, 
intraepithelial neoplasms, lymphomas, liver cancer; lung 
cancer (e.g. Small cell and non-Small cell); melanoma; 
neuroblastomas, oral cancer; ovarian cancer; pancreas can 
cer, prostate cancer, rectal cancer, Sarcomas, skin cancer, 
testicular cancer, thyroid cancer; and renal cancer, as well as 
other carcinomas and Sarcomas. 

0103) A “subject at risk of having a cancer” as used 
herein is a Subject who has a high probability of developing 
cancer. These Subjects include, for instance, Subjects having 
a genetic abnormality, the presence of which has been 
demonstrated to have a correlative relation to a higher 
likelihood of developing a cancer and Subjects exposed to 
cancer causing agents Such as tobacco, asbestos, or other 
chemical toxins, or a Subject who has previously been 
treated for cancer and is in apparent remission. When a 
Subject at risk of developing a cancer is treated with a 
heparinase III the subject may be able to kill the cancer cells 
as they develop. 

0.104) Effective amounts of the native heparinase III, 
modified heparinases, or therapeutic HLGAGs of the inven 
tion are administered to Subjects in need of Such treatment. 
Effective amounts are those amounts which will result in a 
desired reduction in cellular proliferation or metastasis with 
out causing other medically unacceptable side effects. Such 
amounts can be determined with no more than routine 
experimentation. It is believed that doses ranging from 1 
nanogram/kilogram to 100 milligrams/kilogram, depending 
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upon the mode of administration, will be effective. The 
absolute amount will depend upon a variety of factors 
(including whether the administration is in conjunction with 
other methods of treatment, the number of doses and indi 
vidual patient parameters including age, physical condition, 
Size and weight) and can be determined with routine experi 
mentation. It is preferred generally that a maximum dose be 
used, that is, the highest Safe dose according to Sound 
medical judgment. The mode of administration may be any 
medically acceptable mode including oral, Subcutaneous, 
intravenous, etc. 

0105. In some aspects of the invention the effective 
amount of heparinase III is that amount effective to prevent 
invasion of a tumor cell across a barrier. The invasion and 
metastasis of cancer is a complex proceSS which involves 
changes in cell adhesion properties which allow a trans 
formed cell to invade and migrate through the extracellular 
matrix (ECM) and acquire anchorage-independent growth 
properties. Liotta, L. A., et al., Cell 64:327-336 (1991). 
Some of these changes occur at focal adhesions, which are 
cell/ECM contact points containing membrane-associated, 
cytoskeletal, and intracellular Signaling molecules. Meta 
Static disease occurs when the disseminated foci of tumor 
cells Seed a tissue which Supports their growth and propa 
gation, and this Secondary Spread of tumor cells is respon 
sible for the morbidity and mortality associated with the 
majority of cancers. Thus the term “metastasis' as used 
herein refers to the invasion and migration of tumor cells 
away from the primary tumor Site. 

0106 The barrier for the tumor cells may be an artificial 
barrier in vitro or a natural barrier in vivo. In vitro barriers 
include e but are not limited to extracellular matrix coated 
membranes, Such as Matrigel. Thus the heparinase compo 
sitions can be tested for their ability to inhibit tumor cell 
invasion in a Matrigel invasion assay System as described in 
detail by Parish, C. R., et al., “A Basement-Membrane 
Permeability Assay which Correlates with the Metastatic 
Potential of Tumour Cells,” Int. J. Cancer (1992) 52:378 
383. Matrigel is a reconstituted basement membrane con 
taining type IV collagen, laminin, heparan Sulfate proteogly 
cans Such as perlecan, which bind to and localize bFGF, 
vitronectin as well as transforming growth factor-B (TGF-B), 
urokinase-type plasminogen activator (uPA), tissue plasmi 
nogen activator (tPA), and the Serpin known as plasminogen 
activator inhibitor type 1 (PAI-1). Other in vitro and in vivo 
assays for metastasis have been described in the prior art, 
see, e.g., U.S. Pat. No. 5,935,850, issued on Aug. 10, 1999, 
which is incorporated by reference. An in vivo barrier refers 
to a cellular barrier present in the body of a Subject. 

0107. In general, when administered for therapeutic pur 
poses, the formulations of the invention are applied in 
pharmaceutically acceptable Solutions. Such preparations 
may routinely contain pharmaceutically acceptable concen 
trations of Salt, buffering agents, preservatives, compatible 
carriers, adjuvants, and optionally other therapeutic ingre 
dients. 

0108. The compositions of the invention may be admin 
istered per Se (neat) or in the form of a pharmaceutically 
acceptable salt. When used in medicine the salts should be 
pharmaceutically acceptable, but non-pharmaceutically 
acceptable Salts may conveniently be used to prepare phar 
maceutically acceptable Salts thereof and are not excluded 
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from the Scope of the invention. Such pharmacologically 
and pharmaceutically acceptable Salts include, but are not 
limited to, those prepared from the following acids: hydro 
chloric, hydrobromic, Sulphuric, nitric, phosphoric, maleic, 
acetic, Salicylic, p-toluene Sulphonic, tartaric, citric, meth 
ane Sulphonic, formic, malonic, Succinic, naphthalene-2- 
Sulphonic, and benzene Sulphonic. Also, pharmaceutically 
acceptable Salts can be prepared as alkaline metal or alkaline 
earth Salts, Such as Sodium, potassium or calcium Salts of the 
carboxylic acid group. 

0109 Suitable buffering agents include: acetic acid and a 
salt (1-2% W/V); citric acid and a salt (1-3% W/V); boric 
acid and a salt (0.5-2.5% W/V); and phosphoric acid and a 
salt (0.8-2% W/V). Suitable preservatives include benzalko 
nium chloride (0.003-0.03% W/V); chlorobutanol (0.3-0.9% 
W/V); parabens (0.01-0.25% W/V) and thimerosal (0.004 
0.02% W/V). 
0110. The present invention provides pharmaceutical 
compositions, for medical use, which comprise native hepa 
rinase III, modified heparinases of the invention, or thera 
peutic HLGAG fragments together with one or more phar 
maceutically acceptable carriers and optionally other 
therapeutic ingredients. The term “pharmaceutically-accept 
able carrier” as used herein, and described more fully below, 
means one or more compatible Solid or liquid filler, dilutants 
or encapsulating Substances which are Suitable for admin 
istration to a human or other animal. In the present inven 
tion, the term “carrier denotes an organic or inorganic 
ingredient, natural or Synthetic, with which the active ingre 
dient is combined to facilitate the application. The compo 
nents of the pharmaceutical compositions also are capable of 
being commingled with the modified heparinases of the 
present invention, and with each other, in a manner Such that 
there is no interaction which would Substantially impair the 
desired pharmaceutical efficiency. 

0.111) A variety of administration routes are available. 
The particular mode Selected will depend, of course, upon 
the particular modified heparinase Selected, the particular 
condition being treated and the dosage required for thera 
peutic efficacy. The methods of this invention, generally 
Speaking, may be practiced using any mode of administra 
tion that is medically acceptable, meaning any mode that 
produces effective levels of an immune response without 
causing clinically unacceptable adverse effects. A preferred 
mode of administration is a parenteral route. The term 
"parenteral' includes Subcutaneous injections, intravenouls, 
intramuscular, intraperitoneal, intra Sternal injection or infu 
Sion techniques. Other modes of administration include oral, 
mucosal, rectal, vaginal, Sublingual, intranasal, intratra 
cheal, inhalation, ocular, transdermal, etc. 

0112 For oral administration, the compounds can be 
formulated readily by combining the active compound(s) 
with pharmaceutically acceptable carriers well known in the 
art. Such carriers enable the compounds of the invention to 
be formulated as tablets, pills, dragees, capsules, liquids, 
gels, Syrups, slurries, Suspensions and the like, for oral 
ingestion by a Subject to be treated. Pharmaceutical prepa 
rations for oral use can be obtained as Solid excipient, 
optionally grinding a resulting mixture, and processing the 
mixture of granules, after adding Suitable auxiliaries, if 
desired, to obtain tablets or dragee cores. Suitable excipients 
are, in particular, fillerS Such as Sugars, including lactose, 
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Sucrose, mannitol, or Sorbitol, cellulose preparations Such 
as, for example, maize Starch, wheat Starch, rice Starch, 
potato Starch, gelatin, gum tragacanth, methyl cellulose, 
hydroxypropylmethyl-cellulose, Sodium carboxymethylcel 
lulose, and/or polyvinylpyrrollidone (PVP). If desired, dis 
integrating agents may be added, Such as the croSS-linked 
polyvinyl pyrrollidone, agar, or alginic acid or a Salt thereof 
Such as Sodium alginate. Optionally the oral formulations 
may also be formulated in Saline or buffers for neutralizing 
internal acid conditions or may be administered without any 
carriers. 

0113 Dragee cores are provided with suitable coatings. 
For this purpose, concentrated Sugar Solutions may be used, 
which may optionally contain gum arabic, talc, polyvinyl 
pyrrollidone, carbopol gel, polyethylene glycol, and/or tita 
nium dioxide, lacquer Solutions, and Suitable organic Sol 
vents or Solvent mixtures. Dyestuffs or pigments may be 
added to the tablets or dragee coatings for identification or 
to characterize different combinations of active compound 
doses. 

0114 Pharmaceutical preparations which can be used 
orally include push-fit 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 can contain the 
active ingredients in admixture with filler Such as lactose, 
binderS Such as Starches, and/or lubricants Such as talc or 
magnesium Stearate and, optionally, Stabilizers. In Soft cap 
Sules, the active compounds may be dissolved or Suspended 
in Suitable liquids, Such as fatty oils, liquid paraffin, or liquid 
polyethylene glycols. In addition, Stabilizers may be added. 
Microspheres formulated for oral administration may also be 
used. Such microspheres have been well defined in the art. 
All formulations for oral administration should be in dos 
ages Suitable for Such administration. 
0115 For buccal administration, the compositions may 
take the form of tablets or lozenges formulated in conven 
tional manner. 

0116 For administration by inhalation, the compounds 
for use according to the present invention may be conve 
niently delivered in the form of an aeroSol Spray presentation 
from preSSurized packs or a nebulizer, with the use of a 
Suitable propellant, e.g., dichlorodifluoromethane, trichlo 
rofluoromethane, dichlorotetrafluoroethane, carbon dioxide 
or other Suitable gas. In the case of a pressurized aerosol the 
dosage unit may be determined by providing a valve to 
deliver a metered amount. Capsules and cartridges of e.g. 
gelatin for use in an inhaler or insufflator may be formulated 
containing a powder mix of the compound and a Suitable 
powder base Such as lactose or Starch. 
0117 The compounds, when it is desirable to deliver 
them Systemically, may be formulated for parenteral admin 
istration by injection, e.g., by bolus injection or continuous 
infusion. Formulations for injection may be presented in unit 
dosage form, e.g., in ampoules or in multi-dose containers, 
with an added preservative. The compositions may take Such 
forms as Suspensions, Solutions or emulsions in oily or 
aqueous vehicles, and may contain formulatory agents Such 
as Suspending, Stabilizing and/or dispersing agents. 

0118 Pharmaceutical formulations for parenteral admin 
istration include aqueous Solutions of the active compounds 
in water-Soluble form. Additionally, Suspensions of the 
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active compounds may be prepared as appropriate oily 
injection Suspensions. Suitable lipophilic Solvents or 
vehicles include fatty oils Such as Sesame oil, or Synthetic 
fatty acid esters, Such as ethyl oleate or triglycerides, or 
liposomes. Aqueous injection Suspensions may contain Sub 
stances which increase the Viscosity of the Suspension, Such 
as Sodium carboxymethyl cellulose, Sorbitol, or dextran. 
Optionally, the Suspension may also contain Suitable Stabi 
lizers or agents which increase the Solubility of the com 
pounds to allow for the preparation of highly concentrated 
Solutions. 

0119) Alternatively, the active compounds may be in 
powder form for constitution with a Suitable vehicle, e.g., 
Sterile pyrogen-free water, before use. 
0120) The compounds may also be formulated in rectal or 
vaginal compositions Such as Suppositories or retention 
enemas, e.g., containing conventional Suppository bases 
Such as cocoa butter or other glycerides. 
0121. In addition to the formulations described previ 
ously, the compounds may also be formulated as a depot 
preparation. Such long acting formulations may be formu 
lated with suitable polymeric or hydrophobic materials (for 
example as an emulsion in an acceptable oil) or ion 
eXchange resins, or as sparingly Soluble derivatives, for 
example, as a sparingly Soluble Salt. 
0122) The pharmaceutical compositions also may com 
prise Suitable Solid or gel phase carriers or excipients. 
Examples of Such carriers or excipients include but are not 
limited to calcium carbonate, calcium phosphate, various 
Sugars, Starches, cellulose derivatives, gelatin, and polymers 
Such as polyethylene glycols. 
0123 Suitable liquid or solid pharmaceutical preparation 
forms are, for example, aqueous or Saline Solutions for 
inhalation, microencapsulated, encochleated, coated onto 
microscopic gold particles, contained in liposomes, nebu 
lized, aerosols, pellets for implantation into the skin, or dried 
onto a sharp object to be Scratched into the skin. The 
pharmaceutical compositions also include granules, pow 
ders, tablets, coated tablets, (micro)capsules, Suppositories, 
Syrups, emulsions, Suspensions, creams, drops or prepara 
tions with protracted release of active compounds, in whose 
preparation excipients and additives and/or auxiliaries Such 
as disintegrants, binders, coating agents, SWelling agents, 
lubricants, flavorings, SweetenerS or Solubilizers are custom 
arily used as described above. The pharmaceutical compo 
Sitions are Suitable for use in a variety of drug delivery 
systems. For a brief review of methods for drug delivery, see 
Langer, Science 249:1527-1533, 1990, which is incorpo 
rated herein by reference. 
0.124. The compositions may conveniently be presented 
in unit dosage form aloud may be prepared by any of the 
methods well known in the art of pharmacy. All methods 
include the Step of bringing the active modified heparinase 
into association with a carrier which constitutes one or more 
accessory ingredients. In general, the compositions are pre 
pared by uniformly and intimately bringing the polymer into 
asSociation with a liquid carrier, a finely divided Solid 
carrier, or both, and then, if necessary, Shaping the product. 
The polymer may be stored lyophilized. 
0.125 Other delivery systems can include time-release, 
delayed release or Sustained release delivery Systems. Such 
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Systems can avoid repeated administrations of the hepari 
nases of the invention, increasing convenience to the Subject 
and the physician. Many types of release delivery Systems 
are available and known to those of ordinary skill in the art. 
They include polymer based Systems. Such as polylactic and 
polyglycolic acid, polyanhydrides and polycaprolactone; 
nonpolymer Systems that are lipids including Sterols Such as 
cholesterol, cholesterol esters and fatty acids or neutral fats 
Such as mono-, di and triglycerides, hydrogel release SyS 
tems, Silastic Systems, peptide based Systems, wax coatings, 
compressed tablets using conventional binders and excipi 
ents, partially fused implants and the like. Specific examples 
include, but are not limited to: (a) erosional Systems in 
which the polysaccharide is contained in a form within a 
matrix, found in U.S. Pat. No. 4,452,775 (Kent); U.S. Pat. 
No. 4,667,014 (Nestor et al.); and U.S. Pat. Nos. 4,748,034 
and 5,239,660 (Leonard) and (b) diffisional systems in 
which an active component permeates at a controlled rate 
through a polymer, found in U.S. Patent Nos. 3,832,253 
(Higuchi et al.) and U.S. Pat. No. 3,854,480 (Zaffaroni). In 
addition, a pump-based hardware delivery System can be 
used, Some of which are adapted for implantation. 
0126. A subject is any human or non-human vertebrate, 
e.g., dog, cat, horse, cow, pig. 
0127. When administered to a patient undergoing cancer 
treatment, the heparinase III compounds may be adminis 
tered in cocktails containing other anti-cancer agents. The 
compounds may also be administered in cocktails containing 
agents that treat the Side-effects of radiation therapy, Such as 
anti-emetics, radiation protectants, etc. 
0128 Anti-cancer drugs that can be co-administered with 
the compounds of the invention include, but are not limited 
to Acivicin; Aclarubicin; Acodazole Hydrochloride; Acro 
nine; Adriamycin, Adozelesin; Aldesleukin; Altretamine; 
Ambomycin; Ametantrone Acetate; Aminoglutethimide; 
Amsacrine; Anastrozole; Anthramycin; Asparaginase; 
ASperlin, AZacitidine, AZetepa, AZOtomycin; Batimastat; 
Benzodepa; Bicalutamide; Bisantrene Hydrochloride; 
Bisnafide Dimesylate; Bizelesin; Bleomycin Sulfate; Bre 
quinar Sodium; Bropirimine; BuSulfan; Cactinomycin; 
Calusterone; Caracemide, Carbetimer; Carboplatin; Car 
mustine; Carubicin Hydrochloride; Carzelesin; Cedefingol; 
Chlorambucil; Cirolemycin; Cisplatin; Cladribine; Crisinatol 
MeSylate; Cyclophosphamide, Cytarabine; Dacarbazine; 
Dactinomycin; Daunorubicin Hydrochloride; Decitabine; 
DeXormaplatin, DeZaguanine, DeZaguanine MeSylate; 
Diaziquone; Docetaxel; Doxorubicin; Doxorubicin Hydro 
chloride; Droloxifene; Droloxifene Citrate; Dromostanolone 
Propionate; Duazomycin; Edatrexate, Eflornithine Hydro 
chloride; Elsamitrucin; Enloplatin, Enpromate; Epipropi 
dine; Epirubicin Hydrochloride; Erbulozole; Esorubicin 
Hydrochloride; Estramustine; Estramustine Phosphate 
Sodium; Etanidazole; Etoposide; Etoposide Phosphate; Eto 
prine; Fadrozole Hydrochloride, Fazarabine; Fenretinide; 
Floxuridine, Fludarabine Phosphate; Fluorouracil; Flurocit 
abine; Fosquidone; Fostriecin Sodium; Gemcitabine; Gem 
citabine Hydrochloride; Hydroxyurea; Idarubicin Hydro 
chloride; Ifosfamide; Ilmofosine; Interferon Alfa-2a, 
Interferon Alfa-2b; Interferon Alfa-n1; Interferon Alfa-n3; 
Interferon Beta-I a; Interferon Gamma-Ib, Iproplatin; Irino 
tecan Hydrochloride; Lanreotide Acetate; Letrozole; Leu 
prolide Acetate, Liarozole Hydrochloride; Lometrexol 
Sodium; Lomustine; Losoxantrone Hydrochloride; Maso 
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procol; Maytansine; Mechloretharnine Hydrochloride; 
Megestrol Acetate; Melengestrol Acetate; Melphalan; 
Menogaril; Mercaptopurine; Methotrexate; Methotrexate 
Sodium; Metoprine; Meturedepa; Mitindomide; Mitocarcin; 
Mitocromin; Mitogillin; Mitomalcin; Mitomycin; Mitosper; 
Mitotane; Mitoxantrone Hydrochloride; Mycophenolic 
Acid, Nocodazole; Nogalamycin; Ormaplatin, Oxisuran; 
Paclitaxel, Pegaspargase, Peliomycin; Pentamustine, Peplo 
mycin Sulfate; Perfosfamide; Pipobroman; Piposulfan; 
Piroxantrone Hydrochloride; Plicamycin; Plomestane; Por 
fimer Sodium; Porfiromycin; Prednimustine; Procarbazine 
Hydrochloride; Puromycin; Puromycin Hydrochloride; 
Pyrazofurin; Riboprine; Rogletimide; Safingol; Safingol 
Hydrochloride; Semustine; SimtraZene; Sparfosate Sodium; 
SparSomycin; Spirogermanium Hydrochloride; Spiromus 
tine, Spiroplatin; Streptonigrin, Streptozocin, Sulofenur; 
Talisomycin; Tecogalan Sodium, Tegafur, Teloxantrone 
Hydrochloride; Temoporfin; Teniposide; Teroxirone; Testo 
lactone; Thiamiprine; Thioguanine; Thiotepa; Tiazofurin; 
Tirapazamine; Topotecan Hydrochloride; Toremifene Cit 
rate; Trestolone Acetate; Triciribine Phosphate; Trimetrex 
ate; Trimetrexate Glucuronate; Triptorelin; Tubulozole 
Hydrochloride; Uracil Mustard; Uredepa; Vapreotide; Verte 
porfin; Vinblastine Sulfate; Vincristine Sulfate; Vindesine; 
Vindesine Sulfate; Vinepidine Sulfate; Vinglycinate Sulfate; 
Vinleurosine Sulfate; Vinorelbine Tartrate; Vinrosidine Sul 
fate; Vinzolidine Sulfate; Vorozole; Zeniplatin; Zinostatin; 
Zorubicin Hydrochloride. 
0129. The heparinase III compounds may also be linked 
to a targeting molecule. A targeting molecule is any mol 
ecule or compound which is Specific for a particular cell or 
tissue and which can be used to direct the heparinase III to 
the cell or tissue. Preferably the targeting molecule is a 
molecule which specifically interacts with a cancer cell or a 
tumor. For instance, the targeting molecule may be a protein 
or other type of molecule that recognizes and Specifically 
interacts with a tumor antigen. 
0.130 Tumor-antigens include Melan-A/M A RT-1, 
Dipeptidyl peptidase IV (DPPIV), adenosine deaminase 
binding protein (ADAbp), cyclophilin b, Colorectal associ 
ated antigen (CRC)--C017-1A/GAT33, Carcinoembryonic 
Antigen (CEA) and its immunogenic epitopes CAP-1 and 
CAP-2, etv6, am11, Prostate Specific Antigen (PSA) and its 
immunogenic epitopes PSA-1, PSA-2, and PSA-3, prostate 
specific membrane antigen (PSMA), T-cell receptor/CD3 
Zeta chain, MAGE-family of tumor antigens (e.g., MAGE 
A1, MAGE-A2, MAGE-A3, MAGE-A4, MAGE-A5, 
MAGE-A6, MAGE-A7, MAGE-A8, MAGE-A9, MAGE 
A10, MAGE-A11, MAGE-A12, MAGE-Xp2 (MAGE-B2), 
MAGE-Xp3 (MAGE-B3), MAGE-Xp4 (MAGE-B4), 
MAGE-C1, MAGE-C2, MAGE-C3, MAGE-C4, MAGE 
C5), GAGE-family of tumor antigens (e.g., GAGE-1, 
GAGE-2, GAGE-3, GAGE-4, GAGE-5, GAGE-6, GAGE 
7, GAGE-8, GAGE-9), BAGE, RAGE, LAGE-1, NAG, 
GnTV, MUM-1, CDK4, tyrosinase, p53, MUC family, 
HER2/neu, p21 ras, RCAS1, C-fetoprotein, E-cadherin, 
C-catenin, B-catenin and Y-catenin, p120ctin, gp100"'''', 
PRAME, NY-ESO-1, brain glycogen phosphorylase, SSX-1, 
SSX-2 (HOM-MEL-40), SSX-1, SSX-4, SSX-5, SCP-1, 
CT-7, cdc27, adenomatous polyposis coli protein (APC), 
fodrin, P1A, Connexin 37, Ig-idiotype, p15, gp75, GM2 and 
GD2 gangloisides, Viral products Such as papilloma virus 
proteins, Smad family of tumor antigens, limp-1, EBV 
encoded nuclear antigen (EBNA)-1, and c-erbB-2. 
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0131 Examples of tumor antigens which bind to either or 
both MHC class I and MHC class II molecules, see the 
following references: Coulie, Stem Cells 13:393-403, 1995; 
Traversariet al., J. Exp. Med. 176:1453-1457, 1992; Chaux 
et al., J. Immunol. 163:2928-2936, 1999; Fujie et al., Int. J. 
Cancer 80:169-172, 1999; Tanzarella et al., Cancer Res. 
59:2668-2674, 1999; van der Bruggen et al., Eur: J. Immu 
nol. 24:2134-2140, 1994; Chaux et al., J. Exp. Med. 
189: 767-778, 1999; Kawashima et al, Hum. Immunol. 59:1- 
14, 1998; Tahara et al., Clin. Cancer Res. 5:2236-2241, 
1999; Gaugler et al., J. Exp. Med 179:921-930, 1994; van 
der Bruggen et al., Eur: J. Immunol. 24:3038–3043, 1994; 
Tanaka et al., Cancer ReS. 57:4465-4468, 1997; Oiso et al., 
Int. J. Cancer 81:387-394, 1999; Herman et al., Immuno 
genetics 43:377-383, 1996; Manici et al., J. Exp. Med. 
189:871-876, 1999; Duffour et al., Eur: A Immunol. 29:3329 
3337, 1999; Zorn et al., Eur: J. Immunol. 29:602-607, 1999; 
Huang et al., J. Immunol. 162.6849-6854, 1999; Boél et al., 
Immunity 2:167-175, 1995; Van den Eynde et al., J. Exp. 
Med. 182:689-698, 1995; De Backer et al., Cancer Res. 
59:3157-3165, 1999; Jäger et al., J. Exp. Med. 187:265-270, 
1998; Wang et al., J. Immunol. 161:3596-3606, 1998; Aar 
moudse et al., Int. J. Cancer 82:442-448, 1999; Guilloux et 
al., J. Exp. Med 183:1173-1183, 1996; Lupetti et al., J. Exp. 
Med. 188: 1005-1016, 1998; Wölfel et al., Eur: J. Immunol. 
24:759-764, 1994; Skipper et al., J. Exp. Med 183:527-534, 
1996; Kang et al., J. Immunol. 155:1343-1348, 1995; Morel 
et al., Int. J. Cancer 83:755-759, 1999; Brichard et al., Eur: 
J. Immunol. 26:224-230, 1996; Kittlesen et al., J. Immunol. 
160:2099-2106, 1998; Kawakami et al., J. Immunol. 
161:6985-6992, 1998; Topalian et al., J. Exp. Med. 
183:1965-1971, 1996; Kobayashi et al., Cancer Research 
58:296-301, 1998; Kawakami et al., J. Immunol. 154:3961 
3968, 1995; Tsai et al., J. Immunol. 158:1796-1802, 1997; 
Cox et al., Science 264:716-719, 1994, Kawakami et al., 
Proc. Natl. Acad. Sci. USA 91:6458-6462, 1994; Skipper et 
al., J. Immunol. 157:5027-5033, 1996; Robbins et al., J. 
Immunol. 159:303-308, 1997; Castelli et al., J. Immunol. 
162:1739-1748, 1999; Kawakami et al., J. Exp. Med. 
180:347-352, 1994; Castelli et al., J. Exp. Med. 181:363 
368, 1995; Schneider et al., Int. J. Cancer 75:451-458, 1998; 
Wang et al., J. Exp. Med. 183:1131-1140, 1996; Wang et al., 
J. Exp. Med. 184:2207-2216, 1996; Parkhurst et al., Cancer 
Research 58:4895-4901, 1998; Tsang et al., J. Natl Cancer 
Inst 87:982-990, 1995; Correale et al., J Natl Cancer Inst 
89:293-300, 1997; Coulie et al., Proc. Natl. Acad. Sci. USA 
92:7976-7980, 1995; Wölfel et al., Science 269:1281-1284, 
1995; Robbins et al., J. Exp. Med. 183: 1185-1192, 1996; 
Brändle et al., J. Exp. Med. 183:2501-2508, 1996; ten Bosch 
et al., Blood 88:3522-3527, 1996; Mandruzzato et al., J. Exp. 
Med. 186:785-793, 1997; Guéguen et al., J. Immunol. 
160:6188-6194, 1998; Gjertsen et al., Int. J. Cancer 72:784 
790, 1997; Gaudin et al., J. Immunol. 162:1730-1738, 1999; 
Chiariet al., Cancer Res. 59:5785-5792, 1999; Hogan et al., 
Cancer Res. 58:5144-5150, 1998; Pieper et al., J. Exp. Med. 
189:757-765, 1999; Wang et al., Science 284:1351-1354, 
1999; Fisk et al., J. Exp. Med. 181:2109-2117, 1995; Bros 
sart et al., Cancer Res. 58:732-736, 1998; Röpke et al., Proc. 
Natl. Acad. Sci. USA 93:14704-14707, 1996; Ikeda et al., 
Immunity 6:199-208, 1997; Ronsin et al., J. Immunol. 
163:483-490, 1999; Vonderheide et al., Immunity 10:673 
679, 1999. These antigens as well as others are disclosed in 
PCT Application PCT/US98/18601. 
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0.132. One of ordinary skill in the art, in light of the 
present disclosure, is enabled to produce Substantially pure 
preparations of any of the native or modified heparinases by 
Standard technology, including recombinant technology, 
direct Synthesis, mutagenesis, etc. For instance, using 
recombinant technology one may Substitute appropriate 
codons in SEQ ID NO: 1 to produce the desired amino acid 
Substitutions by Standard Site-directed mutagenesis tech 
niques. Obviously, one may also use any Sequence which 
differs from SEQID NO: 1 only due to the degeneracy of the 
genetic code as the Starting point for Site directed mutagen 
esis. The mutated nucleic acid Sequence may then be ligated 
into an appropriate expression vector and expressed in a host 
such as F. heparinum or E. coli. The resultant modified 
heparinase may then be purified by techniques well known 
in the art, including those disclosed below and in Sasisekha 
ran, et al. (1993). As used herein, the term “substantially 
pure” means that the proteins are essentially free of other 
Substances to an extent practical and appropriate for their 
intended use. In particular, the proteins are Sufficiently pure 
and are Sufficiently free from other biological constituents of 
their hosts cells So as to be useful in, for example, protein 
Sequencing, or producing pharmaceutical preparations. 

0133. In another set of emibodiments an isolated nucleic 
acid encoding the Substantially pure modified heparinase of 
the invention is provided. AS used herein with respect to 
nucleic acids, the term "isolated” means: (i) amplified in 
vitro by, for example, polymerase chain reaction (PCR); (ii) 
recombinantly produced by cloning; (iii) purified, as by 
cleavage and gel separation; or (iv) synthesized by, for 
example, chemical Synthesis. An isolated nucleic acid is one 
which is readily manipulable by recombinant DNA tech 
niques well known in the art. Thus, a nucleotide Sequence 
contained in a vector in which 5' and 3' restriction sites are 
known or for which polymerase chain reaction (PCR) primer 
Sequences have been disclosed is considered isolated but a 
nucleic acid Sequence existing in its native State in its natural 
host is not. An isolated nucleic acid may be Substantially 
purified, but need not be. For example, a nucleic acid that is 
isolated within a cloning or expression vector is not pure in 
that it may comprise only a tiny percentage of the material 
in the cell in which it resides. Such a nucleic acid is isolated, 
however, as the term is used herein because it is readily 
manipulable by Standard techniques known to those of 
ordinary skill in the art. 

0.134 AS used herein, a coding sequence and regulatory 
Sequences are Said to be “operably joined” when they are 
covalently linked in Such a way as to place the expression or 
transcription of the coding Sequence under the influence or 
control of the regulatory Sequences. If it is desired that the 
coding Sequences be translated into a functional protein the 
coding Sequences are operably joined to regulatory 
Sequences. Two DNA sequences are Said to be operably 
joined if induction of a promoter in the 5' regulatory 
Sequences results in the transcription of the coding Sequence 
and if the nature of the linkage between the two DNA 
Sequences does not (1) result in the introduction of a 
frame-shift mutation, (2) interfere with the ability of the 
promoter region to direct the transcription of the coding 
Sequences, or (3) interfere with the ability of the correspond 
ing RNA transcript to be translated into a protein. Thus, a 
promoter region would be operably joined to a coding 
Sequence if the promoter region were capable of effecting 



US 2003/0099628A1 

transcription of that DNA sequence Such that the resulting 
transcript might be translated into the desired protein or 
polypeptide. 
0135 The precise nature of the regulatory sequences 
needed for gene expression may vary between Species or cell 
types, but shall in general include, as necessary, 5' non 
transcribing and 5' non-translating Sequences involved with 
initiation of transcription and translation respectively, Such 
as a TATA box, capping Sequence, CAAT Sequence, and the 
like. Especially, Such 5' non-transcribing regulatory 
Sequences will include a promoter region which includes a 
promoter Sequence for transcriptional control of the oper 
ably joined gene. Promoters may be constitutive or induc 
ible. Regulatory Sequences may also include enhancer 
Sequences or upstream activator Sequences, as desired. 

0.136 AS used herein, a “vector” may be any of a number 
of nucleic acids into which a desired Sequence may be 
inserted by restriction and ligation for transport between 
different genetic environments or for expression in a host 
cell. Vectors are typically composed of DNA although RNA 
vectors are also available. Vectors include, but are not 
limited to, plasmids and phagemids. A cloning vector is one 
which is able to replicate in a host cell, and which is further 
characterized by one or more endonuclease restriction Sites 
at which the vector may be cut in a determinable fashion and 
into which a desired DNA sequence may be ligated Such that 
the new recombinant vector retains its ability to replicate in 
the host cell. In the case of plasmids, replication of the 
desired Sequence may occur many times as the plasmid 
increases in copy number within the host bacterium, or just 
a single time per host as the host reproduces by mitosis. In 
the case of phage, replication may occur actively during a 
lytic phase or passively during a lysogenic phasec. Anl 
expression vector is one into which a desired DNA sequence 
may be inserted by restriction and ligation Such that it is 
operably joined to regulatory Sequences and may be 
expressed as an RNA transcript. Vectors may further contain 
one or more marker Sequences Suitable for use in the 
identification of cells which have or have not been trans 
formed or transfected with the vector. Markers include, for 
example, genes encoding proteins which increase or 
decrease either resistance or Sensitivity to antibiotics or 
other compounds, genes which encode enzymes whose 
activities are detectable by Standard assays known in the art 
(e.g., f:-galactosidase or alkaline phosphatase), and genes 
which visibly affect the phenotype of transformed or trans 
fected cells, hosts, colonies or plaques. Preferred vectors are 
those capable of autonomous replication and expression of 
the Structural gene products present in the DNA segments to 
which they are operably joined. 

0.137 AS used herein, the term “stringent conditions” 
refers to parameters known to those skilled in the art. One 
example of stringent conditions is hybridization at 65 C. in 
hybridization buffer (3.5xSSC, 0.02% Ficoll, 0.02% poly 
vinyl pyrolidone, 0.02% bovine serum albumin (BSA), 25 
mM NaHPO (pH7), 0.5% SDS, 2 mM EDTA). SSC is 
0.15M sodium chloride/0.15M sodium citrate, pH7; SDS is 
Sodium dodecylsulphate; and EDTA is ethylene diamine 
tetra acetic acid. There are other conditions, reagents, and So 
forth which can be used, which result in the same degree of 
Stringency. A skilled artisan will be familiar with Such 
conditions, and thus they are not given here. The skilled 
artisan also is familiar with the methodology for Screening 
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cells for expression of Such molecules, which then are 
routinely isolated, followed by isolation of the pertinent 
nucleic acid. Thus, homologs and alleles of the Substantially 
pure modified heparinases of the invention, as well as 
nucleic acids encoding the Same, may be obtained routinely, 
and the invention is not intended to be limited to the specific 
Sequences disclosed. 
0.138 For prokaryotic systems, plasmid vectors that con 
tain replication Sites and control Sequences derived from a 
Species compatible with the host may be used. Examples of 
suitable plasmid vectors include pBR322, p OC18, puC19 
and the like; Suitable phage or bacteriophage vectors include 
2gt10, 2gt11 and the like; and Suitable virus vectors include 
pMAM-neo, pKRC and the like. Preferably, the selected 
vector of the present invention has the capacity to autono 
mously replicate in the Selected host cell. Useful prokaryotic 
hosts include bacteria Such as E. coli, Flavobacterium 
heparinum, Bacillus, Streptomyces, Pseudomonas, Salmo 
nella, Serratia, and the like. 
0.139. To express the Substantially pure modified hepari 
nases of the invention in a prokaryotic cell, it is necessary to 
operably join the nucleic acid Sequence of a Substantially 
pure modified heparinase of the invention to a functional 
prokaryotic promoter. Such promoter may be either consti 
tutive or, more preferably, regulatable (i.e., inducible or 
derepressible). Examples of constitutive promoters include 
the int promoter of bacteriophage 2, the bla promoter of the 
B-lactamase gene Sequence of p3R322, and the CAT pro 
moter of the chloramphenicol acetyl transferase gene 
sequence of pPR325, and the like. Examples of inducible 
prokaryotic promoters include the major right and left 
promoters of bacteriophage 2 (PL and Ps), the trp, recA, 
lac7, lacI, and gal promoters of E. coli, the C-amylase 
(Ulmanen et al., J. Bacteriol. 162:176-182 (1985)) and the 
-28-specific promoters of B. Subtilis (Gilman et al., Gene 

sequence 32:11-20 (1984)), the promoters of the bacterioph 
ages of Bacillus (Gryczan, In: The Molecular Biology of the 
Bacilli, Academic Press, Inc., NY (1982)), and Streptomy 
ces promoters (Ward et al., Mol. Gen. Genet. 203:468-478 
(1986)). 
0140 Prokaryotic promoters are reviewed by Glick (J. 
Ind. Microbiol. 1:277-282 (1987)); Cenatiempo (Biochimie 
68:505-516 (1986)); and Gottesman (Ann. Rev. Genet. 
18:415-442 (1984)). 
0141 Proper expression in a prokaryotic cell also 
requires the presence of a ribosome binding site upstream of 
the encoding Sequence. Such ribosome binding Sites are 
disclosed, for example, by Gold et al. (Ann. Rev. Microbiol. 
35:365-404 (1981)). 
0.142 Because prokaryotic cells will not produce the 
modified heparinases of the invention with normal eukary 
otic glycosylation, expression of the modified heparinases of 
the invention of the invention by eukaryotic hosts is possible 
when glycosylation is desired. Preferred eukaryotic hosts 
include, for example, yeast, fungi, insect cells, and mam 
malian cells, either in Vivo or in tissue culture. Mammalian 
cells which may be useful as hosts include HeLa cells, cells 
of fibroblast origin such as VERO or CHO-K1, or cells of 
lymphoid origin, such as the hybridoma SP2/0-AG14 or the 
myeloma P3x63Sg8, and their derivatives. Preferred mam 
malian host cells include SP2/0 and J558L, as well as 
neuroblastoma cell lines such as IMR 332 that may provide 
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better capacities for correct post-translational processing. 
Embryonic cells and mature cells of a transplantable organ 
also are useful according to Some aspects of the invention. 
0143. In addition, plant cells are also available as hosts, 
and control Sequences compatible with plant cells are avail 
able, Such as the nopaline Synthase promoter and polyade 
nylation signal Sequences. 
0144. Another preferred host is an insect cell, for 
example in Drosophila larvae. Using insect cells as hosts, 
the Drosophila alcohol dehydrogenase promoter can be used 
(Rubin, Science 240: 1453-1459 (1988)). Alternatively, 
baculovirus vectors can be engineered to express large 
amounts of the modified heparinases of the invention in 
insects cells (Jasny, Science 238:1653 (1987); Miller et al., 
In: Genetic Engineering (1986), Setlow, J. K., et al., eds., 
Plenum, Vol. 8, pp. 277-297). 
0145 Any of a series of yeast gene Sequence expression 
Systems which incorporate promoter and termination ele 
ments from the genes coding for glycolytic enzymes and 
which are produced in large quantities when the yeast are 
grown in media rich in glucose may also be utilized. Known 
glycolytic gene Sequences can also provide very efficient 
transcriptional control Signals. Yeast provide Substantial 
advantages in that they can also carry out post-translational 
peptide modifications. A number of recombinant DNA strat 
egies exist which utilize Strong promoter Sequences and high 
copy number plasmids which can be utilized for production 
of the desired proteins in yeast. Yeast recognize leader 
Sequences on cloned mammalian gene Sequence products 
and Secrete peptides bearing leader Sequences (i.e., pre 
peptides). 
0146 A wide variety of transcriptional and translational 
regulatory Sequences may be employed, depending upon the 
nature of the host. The transcriptional and translational 
regulatory Signals may be derived from Viral Sources, Such 
as adenovirus, bovine papilloma virus, Simian virus, or the 
like, where the regulatory Signals are associated with a 
particular gene Sequence which has a high level of expres 
Sion. Alternatively, promoters from mammalian expression 
products, Such as actin, collagen, myosin, and the like, may 
be employed. Transcriptional initiation regulatory Signals 
may be Selected which allow for repression or activation, So 
that expression of the gene Sequences can be modulated. Of 
interest are regulatory Signals which are temperature-Sensi 
tive So that by varying the temperature, expression can be 
repressed or initiated, or which are Subject to chemical (Such 
as metabolite) regulation. 
0147 As discussed above, expression of the modified 
heparinases of the invention in eukaryotic hosts requires the 
use of eukaryotic regulatory regions. Such regions will, in 
general, include a promoter region Sufficient to direct the 
initiation of RNA synthesis. Preferred eukaryotic promoters 
include, for example, the promoter of the mouse metal 
lothionein I gene sequence (Hamer et al., J. Mol. Appl. Gen. 
1:273-288 (1982)); the TK promoter of Herpesvirus: (McK 
night, Cell 31:355-365 (1982)); the SV40 early promoter 
(Benoist et al., Nature (London) 290:304-310 (1981)); the 
yeast gal4 gene sequence promoter (Johnston et al., Proc. 
Natl. Acad. Sci. (USA) 79:6971-6975 (1982); Silver et al., 
Proc. Natl. Acad. Sci. (USA) 81:5951-5955 (1984)). 
0148 AS is widely known, translation of eukaryotic 
mRNA is initiated at the codon which encodes the first 
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methionine. For this reason, it is preferable to ensure that the 
linkage between a eukaryotic promoter and a DNA sequence 
which encodes the modified heparinases of the invention 
does not contain any intervening codons which are capable 
of encoding a methionine (i.e., AUG). The presence of Such 
codons results either in the formation of a fusion protein (if 
the AUG codon is in the same reading frame as the modified 
heparinases of the invention coding sequence) or a frame 
shift mutation (if the AUG codon is not in the same reading 
frame as the modified heparinases of the invention coding 
Sequence). 
0149. In one embodiment, a vector is employed which is 
capable of integrating the desired gene Sequences into the 
host cell chromosome. Cells which have stably integrated 
the introduced DNA into their chromosomes can be selected 
by also introducing one or more markers which allow for 
Selection of host cells which contain the expression vector. 
The marker may, for example, provide for prototrophy to an 
auxotrophic host or may confer biocide resistance to, e.g., 
antibiotics, heavy metals, or the like. The Selectable marker 
gene Sequence can either be directly linked to the DNA gene 
Sequences to be expressed, or introduced into the same cell 
by co-transfection. Additional elements may also be needed 
for optimal Synthesis of the modified heparinases of the 
invention mRNA. These elements may include Splice Sig 
nals, as well as transcription promoters, enhancers, and 
termination Signals. cDNA expression vectors incorporating 
such elements include those described by Okayama, Molec. 
Cell. Biol. 3:280 (1983). 
0150. In a preferred embodiment, the introduced 
Sequence will be incorporated into a plasmid or viral vector 
capable of autonomous replication in the recipient host. Any 
of a wide variety of vectors may be employed for this 
purpose. Factors of importance in Selecting a particular 
plasmid or viral vector include: the ease with which recipi 
ent cells that contain the vector may be recognized and 
Selected from those recipient cells which do not contain the 
vector; the number of copies of the vector which are desired 
in a particular host; and whether it is desirable to be able to 
“shuttle” the vector between host cells of different species. 
Preferred prokaryotic vectors include plasmids Such as those 
capable of replication in E. coli (Such as, for example, 
pBR322, ColE1, pSC101, p.ACYC 184, and tVX. Such 
plasmids are, for example, disclosed by Sambrook, et al. 
(Molecular Cloning: A Laboratory Manual, second edition, 
edited by Sambrook, Fritsch, & Maniatis, Cold Spring 
Harbor Laboratory, 1989)). Bacillus plasmids include 
pC194, pC221, pT127, and the like. Such plasmids are 
disclosed by Gryczan (In: The Molecular Biology of the 
Bacilli, Academic Press, NY (1982), pp. 307-329). Suitable 
Streptomyces plasmids include plJ101 (Kendall et al., J. 
Bacteriol. 169:4177-4183 (1987)), and streptomyces bacte 
riophages such as (pC31 (Chater et al., In: Sixth International 
Symposium On Actinomycetales Biology, Akademiai Kaido, 
Budapest, Hungary (1986), pp. 45-54). Pseudomonas plas 
mids are reviewed by John et al. (Rev. Infect. Dis. 8:693-704 
(1986)), and Izaki (Jpn. J. Bacteriol. 33:729-742 (1978)). 
0151. Preferred eukaryotic plasmids include, for 
example, BPV, EBV, SV40, 2-micron circle, and the like, or 
their derivatives. Such plasmids are well known in the art 
(Botstein et al., Miami Wntr. Symp. 19:265-274 (1982); 
Broach, In: The Molecular Biology of the Yeast Saccharo 
myces. Life Cycle and Inheritance, Cold Spring Harbor 
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Laboratory, Cold Spring Harbor, N.Y., p. 445-470 (1981); 
Broach, Cell 28:203-204 (1982); Bollon et al., J. Clin. 
Hematol. Oncol. 10:39-48 (1980); Maniatis, In: Cell Biol 
ogy: A Comprehensive Treatise, Vol. 3, Gene Sequence 
Expression, Academic Press, NY, pp. 563-608 (1980)). 
Other preferred eukaryotic vectors are viral vectors. For 
example, and not by way of limitation, the pox virus, herpes 
Virus, adenovirus and various retroviruses may be employed. 
The viral vectors may include either DNA or RNA viruses 
to cause expression of the insert DNA or insert RNA. 
Additionally, DNA or RNA encoding the modified hepari 
nases of the invention polypeptides may be directly injected 
into cells or may be impelled through cell membranes after 
being adhered to microparticles. 
0152 Once the vector or DNA sequence containing the 
construct(s) has been prepared for expression, the DNA 
construct(s) may be introduced into an appropriate host cell 
by any of a variety of Suitable means, i.e., transformation, 
transfection, conjugation, protoplast fusion, electroporation, 
calcium phosphate-precipitation, direct microinjection, and 
the like. After the introduction of the vector, recipient cells 
are grown in a Selective medium, which Selects for the 
growth of vector-containing cells. Expression of the cloned 
gene sequence(s) results in the production of the modified 
heparillases of the invention. This can take place in the 
transformed cells as Such, or following the induction of these 
cells to differentiate (for example, by administration of 
bromodeoxyuracil to neuroblastoma cells or the like). 
0153. The present invention is further illustrated by the 
following Examples, which in no way should be construed 
as further limiting. The entire contents of all of the refer 
ences (including literature references, issued patents, pub 
lished patent applications, and co-pending patent applica 
tions) cited throughout this application are hereby expressly 
incorporated by reference. 

EXAMPLES 

0154) Materials and Methods: 
O155 Chemicals and Materials. Hydroxylamine hydro 
chloride and urea were from EM Science (Gibbstown, N.J.). 
The chemical modification reagent diethylpyrocarbonate 
(DEPC) was purchased from Sigma and used as received 
(Milwaukee, Wis.). Heparan sulfate was purchased from 
Celsus Laboratories (Cincinnati, Ohio). Lys-C from Lyso 
bacter enzymogenes (EC 3.4.21.50) was from Roche 
Molecular Biochemicals (Indianapolis, Ind.). Heparinase III 
from Flavobacterium heparinum (EC 4.2.2.8) was purified 
as described previously (Godavarti, R., Cooney, C. L., 
Langer, R., and Sasisekharan, R. (1996) Biochemistry 35, 
6846-52 and Lohse, D. and Linhardt, R. J. (1992) J. Biol. 
Chem. 267,781-87) and was a gift from IBEXTechnologies 
(Montreal, Canada). 
0156 Heparinase III Activity Assay 
O157 The activity of heparinase III was measured using 
a UV 232 nm assay similar to those reported for heparinase 
I and heparinase II (Godavarti, R., Cooney, C. L., Langer, R., 
and Sasisekharan, R. (1996) Biochemistry 35, 6846-52; 
Shriver, Z., Hu, Y., and Sasisekharan, R. (1998) J. Biol. 
Chem. 273, 10160-67; and Lohse, D. and Linhardt, R. J. 
(1992) J. Biol. Chem. 267, 781-87). Briefly, the increase in 
absorbance at 232 nm as a function of time was monitored 
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under Saturating Substrate conditions. All assays were per 
formed with heparan Sulfate at a concentration of 2 mg/ml 
in 50 mM sodium phosphate, pH 7.6. The temperature for 
enzymatic activity measurements was kept constant at 35 
C. 

0158 Chemical Modification of Heparinase III with 
DEPC 

0159) (A) DEPC Inactivation of Heparinase III. At pH 
values ranging from 6.0 to 8.0, heparinase III (50 ug/mL) 
was incubated with DEPC in 50 mM sodium. phosphate 
buffer at 25° C. The DEPC stock solution (6.9 M) was 
diluted with ethanol. Control reactions contained an equiva 
lent amount of ethanol instead of DEPC and were found to 
not affect enzymatic activity over the experimental time 
range. At each pH, three reactions were run using different 
concentrations of DEPC, ranging from 50 uM to 2.5 mM. At 
fixed time intervals, 25 till aliquots were withdrawn from the 
reaction mixtures for the UV 232 nm activity assay. 
0160 The kinetics of DEPC inactivation of heparinase III 
was determined by plotting the natural log of percent 
activity versus an adjusted time term (to account for the 
decomposition of DEPC). Briefly, this adjusted time term (t') 
was calculated according to the following equation: 

0.161 In this equation, k" is the first order rate constant for 
DEPC hydrolysis and t is the measured time after addition 
of DEPC to the heparinase III solution. At each pH, the order 
of the reaction in DEPC was determined by plotting the 
observed rate constants of inactivation at each pH VS. log 
DEPC). The slope of this graph is n, the order of the 
reaction with respect to DEPC (Lundblad, R. (1995) Tech 
niques in Protein Modification, CRC Press, Boca Raton). 
0162 (B) Reactivation of DEPC-Modified Enzyme with 
Hydroxylamine. Similar to what was completed with hepa 
rinase I and II (Godavarti, R., Cooney, C. L., Langer, R., and 
Sasisekharan, R. (1996) Biochemistry 35, 6846-52 and 
Shriver, Z., Hu, Y., and Sasisekharan, R. (1998) J. Biol. 
Chem. 273, 10160-67), heparinase III (50 ug/mL) was 
incubated with 0.97 mM DEPC, pH 6.5 until its enzymatic 
activity was reduced to 50% of its initial value. Hydroxy 
lamine was then immediately added to the reaction mixture 
to a final concentration of 0.5M. The reaction was incubated 
at room temperature for 6 hours. Aliquots were withdrawn 
every hour for the activity assay. The control mixture 
contained no DEPC but the same concentration of hydroxy 
lamine to account for the loSS of nonspecific activity. The 
ratio of the activity of the reaction mixture over the activity 
of the control was calculated to determine recovery of 
enzymatic activity. 

0163) (C) Substrate Protection of Heparinase III against 
DEPC Inactivation. Heparinase III (50 ug/mL) was pre 
incubated with 2 mg/mL heparan sulfate in 50 mM sodium 
phosphate, pH 7.6 for 30 minutes prior to the addition of 1.5 
mM DEPC. A control reaction with no prior incubation of 
Substrate was also completed. The time course of inactiva 
tion for both was determined using the heparinase III 
activity assay. 
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0164 (D) Quantification of the Number of Histidines 
Modified by DEPC. The extent of modification of an 
enzyme by DEPC can be determined by monitoring the 
formation of the N-carbethoxylhistidyl adduct at 240 nm. At 
time Zero, 1.5 mM DEPC was added to 30 the cuvette 
containing heparinase III in Sodium phosphate buffer, pH 
7.0. The change in absorbance at 240 nm was monitored 
every minute for 10 min. The number of modified residues 
was determined using a molar extinction coefficient of 3,200 
Mcm Lundblad, R. (1995) Techniques in Protein Modi 
fication, CRC Press, Boca Raton). 
0165 Peptide Mapping Studies 
0166 To determine which histidine residues were modi 
fied by DEPC, mapping Studies using the protease LyS-C 
were completed. Heparinase III (1 nmole) was incubated 
with 4 mM DEPC for fifteen minutes, denatured with 6.5 M 
urea at 55 C. and diluted with water. Subsequently, the 
denatured, modified heparinase III was digested with LyS-C. 
0167 Peptides derived from heparinase III digestion 
were Separated by reverse phase high performance liquid 
chromatography (RPHPLC) and monitored at 210, 277, and 
240 nm. Peptide peaks not present in the control digest were 
collected and Sequenced using an Applied BioSystems 
Sequencer model 477 with an on-line model 120 PTH amino 
acid analyzer (Biopolymers Laboratory, MIT). 
0168 Site-directed Mutagenesis 
01.69 Each of the thirteen histidine residues of heparinase 

III was mutated to alanine using overlap extension PCR for 
15 cycles (Higuchi, R. (1990) in PCR Protocols: A Guide to 
Methods and Applications (Innis, M., Gelfand, D. H., Snin 
sky, J. J., and White, T.J., Ed.) pp 177-83, Academic Press, 
San Diego). The PCR reactions were separated on a low 
melt Agarose gel and the band corresponding to the proper 
molecular weight was excised. The DNA was extracted from 
the gel using a Gel Purification Kit (QIAGEN, Valencia, 
Calif.) and the insert was subcloned into pCR 2.1 (Invitro 
gen, Carlsbad, Calif.). The validity of all the point mutations 
and the integrity of the rest of the gene were verified by 
Sequencing. The thirteen mutant heparinase III Sequences 
were prepared in pCR2.1 using a Miniprep kit (QIAGEN, 
Valencia, Calif.) and cloned using Nde I/BamH I (New 
England Biolabs, Beverly, Mass.) into pET-15b (Novagen, 
Madison, Wis.) for expression. The pET-15b plasmid con 
tains a NH2-terminal His-Tag for Ni"-column purification. 
Recombinant heparinase III was also expressed and com 
pared to the native heparinase III isolated directly from 
Flavobacterium heparinum. 
0170 Expression, Isolation, and Purification of r-hepari 
nase III and Mutants in E. coli 

0171 Overnight cultures of Luria-Bertani (LB) broth (5 
ml) containing 0.02 mg/ml amplicillin (amp) were used to 
inoculate 500 ml LB/amp cultures at an initial ODoo of 0.1. 
The cultures were induced with 1 mM isopropyl-B-D- 
thiogalactopyranoside (IPTG) in mid-log phase (ODoo 0.7- 
0.9) and incubated for another hour at 37°C. To harvest the 
cells, the cultures were Spun at 5,000 rpm and the Superna 
tant was discarded. 

0172 The cell pellet was re-suspended in 20 mM Tris, 
500 mM NaCl, 5 mM immidazole-HCl, pH 7.9 (1/50 of the 
initial culture volume). The re-Suspended cells were placed 
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on ice and Sonicated as described previously (Ernst, S., 
Venkataraman, G., Winkler, S., Godavarti, R., Langer, R., 
Cooney, C. L., and Sasisekharan, R. (1996) Biochem. J. 315, 
589-97). The soluble protein of the cell lysate was isolated 
by centrifugation at 12,000 rpm for 20 min. at 4 C. The 
Supernant was filtered through a 0.45 um filter and loaded 
onto a nickel column using a Biocad Perfusion Chromatog 
raphy System (PerSeptive BioSystems, Framingham, Mass.). 
The column was washed and the protein was Subsequently 
eluted in 20 mM Tris, 500 mM NaCl, 500 mM immidazole 
HCl, pH 7.9. SDS-polyacrylamide gel electroploresis analy 
sis using precast 12% gels, the Mini-Protean II apparatus, 
and the Silver Stain Pus kit (Bio-Rad, Hercules, Calif.) was 
performed to determine the concentration and purity of the 
individual proteins. 
0173 HPLC Analysis of Saccharide Products of Hepari 
nase III Activity 
0.174 Exhaustive digests of 3 mg/ml heparan Sulfate in 
50 mM sodium phosphate buffer, pH 7.6 were performed 
overnight at 37° C. for each of the mutants (20 ug protein). 
The reactions were loaded onto a Spherisorb S5 SAX 
column (Waters) and eluted using a linear gradient of 0.2-1.0 
M NaCl, pH 3.5. The products were monitored at 232 nm 
and each of the major peaks was collected. To determine 
their composition, the collected fractions were analyzed by 
capillary electrophoresis and identified by comigration with 
known Standards. 

0175 Circular Dichroism (CD) 
0176 Recombinantly expressed heparinase III and the 
heparinase III mutants, H295A and H510A were concen 
trated and buffer-exchanged into 50 mM sodium phosphate, 
pH 7.0 using a Centricon 30 Filter (Millipore, Watertown, 
Mass.). CD spectra were collected on an Aviv 62DS spec 
tropolarimeter equipped with a thermostatic temperature 
controller and interlaced to an IBM microcomputer. Mea 
Surements were performed in a quartz cell with a 1 mm path 
length. Spectra were recorded at 25 C., in an average of 10 
scans between 205 and 260 nn, with a 1.0 nm bandwidth and 
a Scan rate of 3 nm/min. CD and intensities are expressed as 
molar expressed as molar ellipticities, OM, in 
degrees cm-dmol'. 
0177 Transfection of B16 Cells: 
0178 B16BL6 melanoma cells were transfected with 
antisense 20ST in pcDNA3.1. Stable transfectant clones 
were Selected with G418 and propagated. The Success of 
transfection was confirmed with PCR screening of trans 
fected cells. 

0179 
0180 10 of B16BL6 and B16BL6 transfectant were 
loaded onto inserts coated with 15 ug of Matrigel. MEM-C. 
with 40 ng/ml of bFGF was used as chemoattractant. After 
20 hours incubation at 37 C., inserts were fixed and stained. 
Unmigrated cells were removed and migrated cells were 
counted under light microScope. 
0181) 
0182) 4x10 B16BL6, transfected and untransfected 
respectively, were inoculated Subcutaneously to the flank of 
nude mice. Measurement of tumor size Started on day 10 
after tumor cell injection. and mice were euthanized on day 
16 after the injection. 

In vitro Invasion ASSay: 

In vivo Primary Tumor Growth: 
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0183) 
0184] 2x10 B16BL6 in 0.2 ml PBS, transfected and 
untransfected respectively, were injected via tail vein of 
C57BL6 mice. 13 days later, the mice were cuthanized, 
lungs harvested and analyzed. 
0185. Compositional Analysis of HLGAGs Resulting 
from Heparinase Treatment of B16 Cells: 
0186 B16 cells were treated with either heparinase I, III 
or PBS. The Supernatant was collected, boiled, and filtered 
through a 0.45 um filter. This sample was then subjected to 
fractionation using a centricon Spin column with a nominal 
molecular weight cutoff of 5 kDa. The retentate was 
eXchanged into water and concentrated 50-fold by lyo 
philization. 

In vivo Lung Metastasis: 

0187 Compositional analysis of oligosaccharides was 
completed by exhaustive digest of the high molecular weight 
fraction with heparinases I-III. To 9 till of aqueous oligosac 
charide was added 1 m U of heparinases I-III in 25 mM 
Sodium acetate, 2 mM calcium chloride buffer at pH 7.0. The 
reaction was allowed to proceed at 37 C. overnight after 
which CE analysis was completed. 
0188 Compositional analysis was completed on a 
Hewlett Packard 3D CE unit by using uncoated fused silica 
capillaries (i.d. 75 uM). Analytes were measured using an 
extended path length capillary. The electrolyte was 50 mM 
tris/phosphate pH 2.5. Separations were carried out at 30 kV 
with reverse polarity. ASSignments and quantification of 
disaccharides were made by comparison with known stan 
dards. 

0189 Results: 

Example 1 

0190. DEPC Inactivates Heparinase III. 
0191). As a first step towards identifying histidines that 
are critical for the enzymatic activity of heparinase III, the 
effect of the modification reagent DEPC on the enzymatic 
activity of heparinase III was determined. DEPC is a com 
mon reagent used for the determination of catalytically 
critical histidines in enzymes. AS Stated in early publications 
(Godavarti, R., Cooney, C. L., Langer, R., and Sasisekharan, 
R. (1996) Biochemistry 35, 6846-52 and Shriver, Z., Hu, Y., 
and Sasisekharan, R. (1998).J. Biol. Chem. 273, 10160-67), 
DEPC is useful for the determination of catalytically critical 
histidines, however care needs to be taken to ensure that 
other nucleophilic residues, namely tyrosines, lysines, and 
cysteines are not modified. 
0192 Heparinase III was incubated with 0.31 (O), 0.54 
(O), 0.97 (o), 1.5 (A), 1.9 (A)mM DEPC at pH 6.5 and at 
25 C. (shown in inset of FIG. 1). The natural log of the 
percent activity remaining was plotted versus an adjusted 
time term (t') to account for the decomposition of DEPC. 
The slope of each of the lines at the various DEPC concen 
trations represents the pseudo-first order rate constants of 
inactivation. Plotting these pseudo-first order rate constants 
versus the respective DEPC concentrations yields a second 
order rate constant of inactivation of 0.20+0.04 mM'min'. 

0193 For heparinase III, similar to heparinase I and II, 
DEPC was found to inhibit in a dose-dependent fashion. A 
measured second order rate constant of 0.20+0.04 min 
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1mM' is obtained by varying the concentration of the 
inhibitor. Consistent with this reaction being first order in 
both heparinase III and DEPC, a plot of k vs. log DEPC) 
yielded a line with a slope of 1 (FIG. 1). 
0194 The fact that DEPC inactivates heparinase III in a 
pseudo-first order, dose-dependent manner Suggests that 
DEPC is directly modifying a residue involved in the 
catalytic degradation of heparan Sulfate. The Second-order 
rate constant of inactivation (0.20+0.04 minimM) also 
suggests that DEPC is a potent inhibitor of heparinase III 
function. 

0195 To ensure that the interaction of DEPC with hepa 
rinase III is through histidine modification, we investigated 
whether other nucleophilic amino acids of heparinase III 
interact with DEPC. First, unlike with heparinase I or II, 
there is no possibility for cysteine modification Since hepa 
rinase III contains no cysteines in its primary amino acid 
Sequence. Furthermore, there was no loSS of absorbance at 
278 nm upon incubation of DEPC with heparinase III as 
would be expected if tyrosines were modified. Finally, 
addition of hydroxylamine to DEPC-modified heparinase III 
reversed most of the inactivation indicating that Strongly 
nucleophilic residues, Such as lysine, were not modified by 
DEPC (Table 1). 

TABLE 1. 

Hydroxylamine Reversibility of DEPC Inactivation. 

Time (min) Activity (%) 
O 51 
3O 60 
60 66 
90 72 
18O 76 
240 78 
360 8O 

0196. In an attempt to further define the interaction of 
DEPC with the histidines of heparinase III, the effect of the 
pH on the inactivation kinetics was examined. Examination 
of the rate of inactivation as a function of pH has been used 
to derive a pKa for a modified residue, Since, in the case of 
histidine, the unprotonated form is much more readily 
modified than is the protonated form. The pH dependence of 
the Second-order rate constant of inactivation is shown in 
FIG. 2. (Heparinase III was incubated with 50 uM to 2.5 
mM DEPC at pH's 6.0-8.0 at 25° C. and the second-order 
rate constant of inactivation was calculated for each pH). 
With heparinase III, increasing the pH of the reaction from 
6.0-7.5 results in an increase in the inactivation kinetics 
without changing the order of the reaction (FIG. 2). How 
ever, at pH 8.0 and higher, the reaction is no longer first 
order in DEPC, indicating other residues (possibly lysines) 
are interacting with DEPC at this pH. Consistent with this 
interpretation, hydroxylamine is no longer able to reverse 
inaction at pH 8.0. Therefore, the mapping Studies and 
Substrate protection experiments discussed below were con 
ducted at pH 7.0 which maximized the reactivity while 
ensuring that only histidines were the target of DEPC 
modification. 

0197) DEPC-modified histidine residues in heparinase III 
were quantified (shown in FIG. 3). At time Zero, 1.5 mM 
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DEPC was added to a cuvette containing heparinase III (540 
Aug/mL) in Sodium phosphate buffer, pH 7.0. The change in 
absorbance at 240 nm was monitored at time intervals for 10 
min. The number of modified histidines was calculated using 
a e=3200 M'cm'. At the beginning and end of the experi 
ment, aliquots of heparinase III were withdrawn and tested 
for activity. Less than 5% of initial activity remained after 10 
minutes incubation with DEPC. 

0198 Consistent with the idea that DEPC is interacting 
with a histidine residue in heparinase III, there is an increase 
in absorbance at 240 nm as a finction of time, resulting from 
N-carbethoxylhistclyl derivatives. FIG. 3 shows the quanti 
tation of the number of modified histidines. Over the course 
of 10 minutes, 1.8 histidines were modified per enzyme 
molecule resulting in a loSS of greater than 90% activity. 
Thus, it appears that one or possibly two histidines, modified 
by DEPC, result in loss of enzymatic activity for heparinase 
III. 

0199 Substrate protection of heparinase III inactivation 
by DEPC was also assessed (FIG. 4). Heparinase III (50 
Aug/mL) was incubated with 2 mg/mL heparan Sulfate for 30 
min. 1.5 mM DEPC was added to the reaction and time 
course of inactivation was completed using the heparinase 
III activity assay (o). A control reaction without pre-incu 
bation with heparan Sulfate was also done (D). 
0200 Preincubation of heparinase III with heparan Sul 
fate Substrate before addition of DEPC resulted in lower 
inactivation kinetics (FIG. 4) Suggesting that the histidine(s) 
modified by DEPC are proximate to the Substrate binding 
and/or active site of heparinase III, Similar to what was 
observed for heparinase I and II (Godavarti, R., Cooney, C. 
L., Langer, R., and Sasisekharan, R. (1996) Biochemistry 35, 
6846-52 AND Shriver, Z., Hu, Y., and Sasisekharan, R. 
(1998) J. Biol. Chem. 273, 10160-67). 

Example 2 

0201 Peptide Mapping of the Histidine Modified by 
DEPC. 

0202) To identify the histidine(s) modified by DEPC that 
resulted in the loss of enzymatic activity, DEPC-modified 
heparinase III was digested with Lys-C. Peptides that had 
altered retention times and an increased in absorbance at 240 
nm as compared to a control digest were collected and 
sequenced (FIG. 5). Three peptides had altered retention 
times and increased absorbance at 240 nm were isolated and 
sequenced. Two of the peptides contained histidine 295 and 
one contained no modified histidine residues. 

0203 Labeling of the DEPC-reactive histidines was com 
pleted by first reacting heparinase III with DEPC, then 
denaturing the protein in urea. Following an overnight digest 
with LyS-C, the resultant peptides were Separated by using 
a 1.6%-78.4% acetonitrile gradient over 120 minutes, which 
included a 5 min isocratic phase (1.6% acetonitrile, 0.1% 
trifluoroacetic acid) at the beginning of the run. LyS-C 
peptides were monitored at 210, 240, and 277 nm. New 
peptide peaks, not present in the control digest and with a 
marked absorbance at 277 nm were collected and Sequenced. 
These peptides are marked with an asterisk in the chromato 
gram. The peptides migrating at 62 and 71 min. contained 
the sequence QVYADGMQFELSPIYHVAAIDIFLK (SEQ 
ID NO.:3) including histidine 295. The other consistently 
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labeled peptide did not contain a histidine. FIG. 5A shows 
C4RPHLPLC profile of the Lys-C digest of heparinase III 
which was not exposed to DEPC and FIGS. 5B shows the 
peptide profile of heparinase III labeled with DEPC. 

Example 3 

0204 Site-directed Mutagenesis of Heparinase III. 

0205. In parallel to the mapping studies and to confirm 
the results of the chemical modification experiments, each of 
the thirteen histidine residues present in heparinase III was 
mutated to alanine. The recombinant heparinase III mutant 
proteins were expressed, purified, and assessed for enzy 
matic activity towards heparan Sulfate (Table 2). 

TABLE 2 

Kinetic Constants for r-heparinase III and the Histidine Mutants. 

Enzyme KM (uM) keat (s') 
wild-type 8O 78 
r-heparinase III 

H36A 98 86 
H105A NDb NDb 
U110A 9 37 
H139A 191 68 
H152A 58 83 
H225A 8O 22 
H234A 75 23 
H241A 16 5 
H295A ND ND 
H424A 59 24 
H469A 71 1OO 
HS1OA ND ND 
HS39A 92 132 

"Calculated assuming a molecular weight for heparan sulfate of 15 kDa. 
Protein expression levels were too low for heparinase III kinetic assay. 

0206. As a control, the r-heparinase III construct without 
its putative signal Sequence was expressed. The concentra 
tion and purity of all recombinant enzyme preparations were 
determined using SDS-PAGE. The recombinantly expressed 
heparinase III was also compared to the heparinase III 
isolated from F. heparinum to ensure that they were the same 
molecular weight. SAX analysis of exhaustive heparinase III 
digests of heparan sulfate is shown in FIG. 6. Heparinase III 
(20 ug/mL) was incubated with a 4 mg/mL of heparan 
sulfate overnight at 37 C. The reaction was loaded onto a 
SAX column and the Saccharide products were eluted using 
a gradient of 0.2-1.0 M NaCl, pH 3.5 over 30 min. and 
monitored at 232 nm. (A) Heparan sulfate digested with 
heparinase III from F. heparinum. (B) Heparan sulfate 
digested with recombinant heparinase III. (C) Heparan Sul 
fate digested with the H295A mutant enzyme. (D) Heparan 
sulfate digested with the H510A mutant enzyme. (E) Hepa 
ran sulfate digested with the H105A mutant enzyme. 

0207 Both enzymes displayed similar kinetic activity 
towards heparan Sulfate and yielded the same degradation 
profiles as determined by SAX-HPLC (FIG. 6). The prod 
ucts of the exhaustive digests were then analyzed using 
capillarv electrophoresis. The first major peak (5 min) 
observed in the SAX-HPLC chromatograms has a migration 
time that is identical to AU-HNA. The Second peak (7.5 min) 
has a migration time that is identical to AU-HNs (data not 
shown). Thus, the heparan Sulfate degradation by recombi 
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nant heparinase III produces an identical product profile to 
that of wild type heparinase III indicating that, at least 
functionally, these enzymes are the same. 

0208. The replacement of histidine 295 and histidine 510 
with alanine residues completely eliminated the activity of 
heparinase III towards heparan sulfate (Table 2). The H295A 
and H510A mutant enzyme showed no differences in terms 
of expression level or molecular weight. However, both the 
kinetic data and the exhaustive digest profile for H295A and 
H510A Suggest that the enzymes are completely inactive 
(FIG. 6). Nine of the histidine mutants (H36A, H152A, 
H225A, H234A, H241A, H469A, H424A, H510A and 
H539A) showed no significant changes in recombinant 
protein yield, enzyme activity, or kinetic parameters when 
compared with r-heparinase III. Interestingly enough, three 
(H105A, H110A, and H139A) of the thirteen histidine 
mutants yielded much less recombinant protein than either 
recombinant heparinase III or the other mutants. Despite 
lower protein levels, the H110A and H139A mutant proteins 
were amenable to kinetic analysis whereas the H105A 
mutant protein was not. However, SAX-HPLC analysis of 
overnight heparan Sulfate digests confirmed that despite 
lower levels of recombinant expression, all three of these 
under-expressed enzymes retain their catalytic activity 
(FIG. 6). 
0209 The recombinantly expressed heparinase III, the 
H295A mutant, and the H510A mutant were compared using 
circular dichroism (CD). Circular dichroism analysis of 
recombinant heparinase III and the H295A mutant enzyme 
is shown in FIG. 7. The recombinant heparinase III (O), the 
H295A mutant enzyme (o), and the H510A mutant enzyme 
() were concentrated and buffer exchanged into 50 mM 
Sodium phosphate buffer, pH 7.0. Readings were taken using 
a quartz cell with a 1 mm path length at 25 C. Spectra were 
recorded between 205 and 260 nm with an average of 10 
Scans, the bandwidth was 1.0 nm, and the Scan rate was 3 
nm/min. The CD. band intensities are expressed as molar 
ellipticities, 0M, in degrees cm-dmol'. 
0210. The possibility remained that the histidine 295 
and/or histidine 510 were somehow responsible for the 
folding or the tertiary Structure of the enzyme and not 
directly involved in catalysis. However, the CD spectrum for 
H295A and H510A were nearly identical to that of recom 
binant heparinase III (FIG. 7). While the near identity of the 
CD profiles does not preclude the possibility that there are 
perturbations in the local environment Surrounding histidine 
295 and histidine 510 that are not represented in the CD 
profile, it does Suggest there are no groSS conformational 
changes induced by mutating histidine 295 and histidine 510 
to alanine. 

Example 4 

0211 Comparison of the Heparinase I and III re Tumor 
Growth and Metastasis. 

0212 Heparinases I and III, which have very distinct 
Substrate Specificities for cleaving HLGAGS, were 
employed as tools to investigate the role of HLGAGs in 
tumor growth and metastasis. While heparinase I cleaves at 
the highly sulfated regions of HLGAGs, heparinase III only 
cleaves at the under-Sulfated regions of the polysaccharide 
chain, thereby rendering these enzymes powerful tools to 
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investigate in vivo and in vitro roles of HLGAGs, in 
development, morphogenesis, angiogenesis etc. To examine 
the roles of HLGAGs in tumor growth and metastasis, we 
used B16BL6 melanoma as a model system and treated 
tumor-bearing mice with either heparinases I or III to 
investigate both primary tumor growth as well as tumor 
metastasis. Consistent with the current paradigm, heparinase 
I accelerated tumor growth (FIG. 8). At a dosage of 0.5 
mg/kg/day of heparinase I, tumor growth was increased by 
about 39%. However and most surprisingly, heparinase III 
inhibited primary tumor growth (FIG. 8). The inhibition of 
melanoma growth by heparinase III was shown to be dose 
dependent. Inhibition of primary tumor growth by hepari 
nase III was first observed at 2 mg/kg per day. Tumor growth 
was inhibited by 73% at 12 mg/kg per day, the maximum 
dosage tested in the study (FIG. 8). Control mice treated 
with heat inactivated heparinase III exhibited comparable 
growth curves with that of mice treated with PBS (FIG. 8), 
Suggesting that the catalytic activity of heparinase III was 
responsible for heparinase III's ability to inhibit primary 
tumor growth. Histological examination of tumor Samples 
revealed increased apoptosis in heparinase III treated 
tumors, while heparinase I treated tumors revealed reduced 
apoptosis. 
0213 Mice, 15 days after tumor implantation with 
B16BL6 melanoma, were examined. 4x10 log growth 
phase B16BL6 melanoma cells in 0.1 ml PBS were injected 
to the flank of C57BL/6 mice on day 1. Daily injection of 0.1 
ml of PBS, heat inactivated hep III or active heparinase III 
(2 mg/ml, recombinantly expressed, purified, buffer 
exchanged with PBS, and concentrated) started at the day 4 
and continued throughout the experiment. At day 7, OSmotic 
pumps (100 ul capacity delivering at 0.5 ul per hour) 
containing PBS or 3 mg/ml hep III were implanted subcu 
taneously at a place remote from the tumor site. Mice were 
Sacrificed at day 15. Upon visual inspection, the control the 
mice treated with PBS or inactive Hep III had significantly 
larger tumor masses than the mice treated with active Hep 
III. 

0214 FIG. 8 depicts the tumor volume of the tumors 
isolated from the mice described above. Tumor volume was 
measured daily after day 7 with a caliper and calculated with 
the formula volume=0.52x(width) x(length). The data was 
depicted as growth curves of mice bearing melanoma treated 
with PBS, inactive hep III and active hep III. 
0215. To ensure that these observations were not limited 
to the tumor model chosen, hep III was used to treat mice 
bearing Lewis lung carcinoma (LLC) tumors. Growth 
curves of primary tumor growth for LLC tumor in C57BL/6 
mice treated with either PBS or heparinase III were plotted. 
4x10' log phase LLC cells were injected subcutaneously to 
the flank of mice on 1. Daily injection of 0.1 ml of either 
PBS or 2 mg/ml recombinantly expressed heparinase III 
Started at the day 4 and continued throughout the experi 
ment. At day 8, osmotic pumps (100 ul capacity delivering 
at 0.5ul per hour) containing PBS or 3 mg/ml hep III were 
implanted Subcutaneously at a place remote from the tumor 
Site. Mice were Sacrificed at day 20. Lung metastasis of LLC 
cells injected through tail vein were quantitated as number 
of lung nodules. Log growth LLC cells were trypsinized for 
30 seconds and resuspended in PBS to a final concentration 
of 1x10" per ml. For experimental group, cells were incu 
bated with 200 nm hep III for 30 minutes at 37° C. before 
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injecting 0.2 ml of cell Suspension via tail vein. Mice were 
euthanized 12 days after tail vein injections, lungs were 
harvested, rinsed in tap water and fixed overnight in Bouin’s 
Solution. The number of nodules on lung Surface was 
counted with the aid of a dissection microScope. 

0216) Similar to the B16BL6, heparinase III treatment of 
mice-bearing LLC tumor at 12 mg/kg per day showed 
inhibition in tumor growth. In addition, removal of the 
HLGAG coat present on the LLC cells upon heparinase III 
treatment (and the presence of HLGAG fragments) inhibited 
the LLC cells to colonize in the lungs similar to the B16BL6 
experiment. We investigated the ability of HLGAG frag 
ments derived from LLC cells to either support or inhibit 
B16BL6 tumor growth and metastasis. Both, heparinase I 
and III generated HLGAG fragments from the LLC cells 
were isolated, harvested in PBS. Consistent with the 
B16BL6 results, heparinase I generated LLC HLGAG frag 
ments promoted growth of B16BL6 tumor cells, while 
heparinase III generated LLC HLGAG fragments showed 
minimal effect on growth of B16BL6 cells. Similarly, when 
B16BL6 cells were incubated with the heparinase derived 
LLC HLGAG fragments prior to injection into mice, hepa 
rinase III derived LLC HLGAG fragments inhibited 
B16BL6 metastasis to the lungs. Thus, the in vivo studies, 
along with in vitro cell culture experiments points to the 
enzymatic action of hep III reducing the tumorigenicity of a 
variety of tumor cell types. 

0217. There are two possible mechanisms by which hepa 
rinase may be acting on tumor cells. For instance, heparinase 
III treatment of cells may result in cells losing their unique 
surface HLGAG coat and this directly or indirectly may 
impinge on their ability to grow or metastasize. On the other 
hand heparinase III treatment of cells may also result in the 
generation of distinct HLGAG fragments, and these frag 
ments could then directly or indirectly modulate tumor cell 
function. It was thought that heparinase III may function 
though either one of these mechanisms or through Some 
combination of these mechanisms. To investigate the mecha 
nisms of action further, we treated B16BL6 cells with either 
heparinases I or III, to remove the HLGAG coat on the 
tumor cell Surface. Interestingly, the removal of the HLGAG 
coat, either by heparinase I or III, had no effect on the ability 
of these cells to grow in mice compared to untreated cells. 
As shown below, we also found that HLGAG fragments 
were capable of modulating tumor cell function, Suggesting 
that this is the mechanism through which heparinase III 
exerts its anti-tumor and anti-metastasis functions. 

0218. We next investigated the ability of heparinase 
treated B16BL6 melanoma cells to metastasize to the lungs. 
Lung metastasis of B16BL6 melanoma 13 days after tail 
vein injection of B16BL6 cells is shown in FIG. 9. B16BL6 
cells in log growth phase were briefly trypsinized and 
resuspended in PBS to a final concentration of 1x10° per ml. 
Prior to injection, cells were treated with either PBS, hep I 
(200 nm) or hep III (200 nm) for 30 min. at 37° C. 0.2 ml 
cell suspensions (2x10 cells) were injected slowly via tail 
vein. Mice were Sacrificed 13 days later and lungs were 
harvested, rinsed with tap water. The number of nodules on 
lung Surface were counted with the assistance of a dissection 
microscope. * indicates p<0.05 (Mann-Whitney test). 
0219 B16BL6 cells were treated with either heparinases 

I or III and then injected via tail vein of Syngeneic mice. 
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Interestingly, heparinase III treated B16BL6 cells were 
Significantly less able to metastasize to the lungs, while 
heparinase I treated cells were marginally effected, if any, in 
their ability to metastasize to the lungs when compared to 
the control PBS treated cells (FIG. 9). Thus, the removal of 
specific HLGAG coat present on the B16BL6 tumor cells 
Significantly affected the ability of the tumor cells to metas 
tasize but had no effect on the growth of B16BL6 tumor 
cells. It should be pointed out that heparinase treatment of 
cells would generate HLGAG fragments that might still bind 
to specific proteins on the B16BL6 surface to inhibit tumor 
metastasis. 

0220. In order to investigate a plausible role in tumor 
growth and metastasis for the HLGAG fragments generated 
upon heparinase treatment of the B16BL6 HLGAG coat, 
both the heparinase I and III generated HLGAG fragments 
from the B16BL6 cells were isolated, harvested in PBS and 
tested (FIG. 10). B16BL6 melanoma were treated with 
GAG fragments generated from treatment of B16BL6 cells 
with hep I and III. Briefly, 80-90% confluent cells were 
washed with PBS once. 1.5 ml of PBS containing 200 nm of 
heparinase I or III were added to the flasks, incubated at 37 
C. on a shaker for 2 h. Supernatant was pooled into a tube, 
centrifuged for 5 minutes at 3000 rpm, boiled for 15 minutes 
and filtered. The solution was finally incubated with Chon 
droitinase ABC for 2 h at 37 C., the reaction was stopped 
by boiling for 1 min. 4x10 B16BL6 cells were injected 
subcutaneously as described in FIG. 8 on day 1. Osmotic 
pumps (200 ul capacity delivering 0.5 ul per hour) were 
implanted Subcutaneously on day 2. Daily injection of 0.1 
ml GAG fragment solution and PBS was started on day 5 
and continued throughout the experiment. The mice were 
euthanized on day 15. Tumor volume is shown in FIG. 10A. 
Lung metastasis of B16BL6 melanoma were examined. 
2x10 of B16BL6 resuspended in PBS, heparinase I gener 
ated fragment and heparinase III generated fragment Solu 
tions were injected via tail vein of mice (n=7 or 8). Lungs 
were harvested 13 days after injection, treated and counted 
as described earlier. * indicates p<0.05 (Mann-Whitney 
test). The number of lung nodules was calculated. 
0221) Interestingly, heparinase I generated HLGAG frag 
ments Significantly promoted primary tumor growth, while 
heparinase III generated fragments showed did not (FIG. 
10). Consistent with the enhanced tumor growth, histologi 
cal examination of tumor Samples revealed reduced apop 
tosis for heparinase I generated HLGAG fragment treat 
ment. On the other hand and most intriguingly, when 
B16BL6 cells were suspended in the PBS containing hepa 
rinase III generated HLGAG fragments prior to injection via 
tail vein of mice, these fragments inhibited lung metastasis 
of B16BL6 cells, while heparinase I generated fragments 
showed marginal effect, if any. Thus, the HLGAG fragments 
generated from B16BL6 cells by heparinase treatment also 
appear to play a role in tumor growth and metastasis. 

0222. In further support of this conclusion ex vivo diges 
tion of the HLGAG coat present on tumor cells with either 
heparinase, followed by centrifugation and resuspension in 
PBS to remove the enzyme and HLGAG fragments released 
from the cell Surface, prior to in Vivo injection results in the 
cells being functionally identical to controls. Thus the 
released tumor cell HLGAG fragments appear to play the 
key role in modulating tumor growth and metastasis. 
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0223 Immunohistochemistry was done as described 
(Parangi et al., 1996; O'Reilly et al., 1994) with minor 
modifications. Briefly, tumor tissues were fixed in either 4% 
(vol/vol) formaldehyde overnight for von Willebrand factor 
(vWF) staining and terminal deoxynucleotide transferase 
(TdT) labeling or in Glyo-Fixx solution overnight for Ki-67 
nuclear antigen Staining. Tissues were embedded in paraffin 
according to standard histological procedures. For VWF 
staining, sections (5 um thick) were incubated with 0.2 N 
HCl for 10 min. autoclaved in a Coplin jar immersed with 
Target retrieval Solution (Dako) for 15 min. and permeabi 
lized with 2 tug/ml proteinase K at 37 C. for 15 min. 
Sections were incubated with rabbit anti-human VWF anti 
body coupled with horseradish peroxidase (HRP) (Dako). 
Positive staining was detected by Substrate reaction with 
diaminobenzidine. Sections were counter stained with Gill’s 
hematoxylin and mounted in Permount (Fisher). Ki-67 anti 
gen staining (rabbit anti-human Ki-67 antigen antibody 
coupled with HRP, Dako) and TdT labeling (DeadEnd 
Colorimetric Apoptosis Detection System, Promega) were 
done essentially according to manufacture's protocol. Cap 
illary density was determined by counting the number of 
vWF-positive capillaries per high power field (HPF, x200). 
The proliferative and apoptotic indices of tumor cells within 
areas of viable tumor were estimated from the percentage of 
cells Scored under a light microScope at 400-fold magnifi 
cation. A minimum of 2000 cells were counted in each 
animal. if indicates Standard error. 

0224. The overall similarity of data for the B16BL6 and 
the LLC animal models Suggests an important role for 
HLGAGs in tumor growth and metastasis. The differential 
effects of heparinases I and III, and the HLGAG fragments 
generated by heparinases are consistent with the unique 
Specificities of heparinases, and hence the distinct oligosac 
charide products they generate. Moreover, HLGAG frag 
ments for one cell type is able to influence effects on another 
cell type, Strongly Suggesting the involvement of Specific 
Sequences of HLGAG in modulating effects on tumor 
growth and metastasis. 

0225 B16BL6 melanoma cells were transfected with 
antisense 20ST in pcDNA3.1 and tested in an in vitro 
invasion assay. The cells that migrated were removed and 
counted. The number of cells migrated per high power field 
(x400) for antisense 20ST transfected cells was twice as 
much as that of untransfected B16BL6 cells. The results are 
shown in the bar graph of FIG. 11. 

0226. The ability of the transfected cells to develop into 
primary tumors was assessed by Subcutaneous inoculation of 
4x10 B16BL6, transfected and untransfected respectively 
into the flank of nude mice. The mean tumor volume and 
tumor weight of transfected group was more than two fold 
greater than that of the untransfected control group, as 
shown in FIG. 12a and b respectively. 

0227. The ability of the transfected cells to metastasize 
was determined by injection of 2x10 B16BL6 in 0.2 ml 
PBS, of transfected and untransfected cells via tail vein of 
C57BL6 mice. The number of metastatic nodules on the 
lung Surface for the transfected group was more than three 
fold greater than that of the untransfected control. Thus the 
2OT antisense transfected B16BL6 appear to be more inva 
Sive with higher metastatic potential and growth rate. 
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Example 5 

0228 HLGAG Fragments with Distinct Composition are 
Potent Inhibitors of Tumor Growth and Metastasis. 

0229) Methods: B16BL6 cells were treated with eithera, 
hep I; b, hep III; or c, a PBS control and the released 
HLGAG fragments harvested. Saccharide fragments were 
collected in PBS, and subjected to purification and fraction 
ation. First, samples were bound to an Ultarafree-DEAE 
membrane, which had been equilibrated with pH 6.0 sodium 
phosphate, 0.15 M NaCl. They were washed with the same 
buffer and eluted with 0.1 M sodium phosphate buffer pH 
6.0 that contained 1.0 M NaCl. The fragments were then 
concentrated and buffer eXchanged into ultrapure water by 
application to a microcon column (MWCO=3,000 Da). The 
Sample was digested overnight with a cocktail of hep I-III (1 
mu each) in 25 mM sodium acetate 1 mM calcium acetate, 
pH 7.0. Analysis was completed by capillary electrophoresis 
using a high Sensitivity flow cell under reverse polarity with 
a running buffer of 50 mM tris/phosphate pH 2.5. Disac 
charide identification was made by comigration with known 
Standards, identity of peaks is enumerated in a and b. d, 
Table showing the relative percentage of the HLGAG dis 
accharides in hep I and hep III-generated fragments. The 
percentage was obtained based on the normalized peak areas 
of the different disaccharides in a and b. Note that the 
relative composition of the hep I and hep III-generated 
fragments are very different. The alphanumeric assignment 
of each disaccharide is also listed as outlined previously 
(Venkataraman, G., Shriver, Z., Raman, R. & Sasisekharan, 
R. Sequencing complex polysaccharides. Science 286,537 
42 (1999).). Saccharide analysis of the B16BL6 cells that 
were transfected with the 20T(-) indicated that there was an 
absence of 2-O Sulfate-containing Saccharides, Specifically 
the trisulfated disaccharide AUes-HNss. Mass spectromet 
ric oligosaccharide mapping of hep I (e) and hep III (f) 
derived HLGAG saccharide fragments. Hep I or hep III 
derived HLGAG saccharide fragments were subjected to 
partial enzymatic cleavage by 100 nM (8 ug/ml) heparinase 
II in 10 mM ethylenediamine, 10 uM ovalbumin, 1 uM 
dextran sulfate pH 7.0 for one hour. Resulting digests were 
complexed with the basic peptide (RG) oR and Subjected to 
matrix-assisted laser desorption ionization mass spectrom 
etry. The HLGAG fragment fingerprint is different for the 
hep I VS hep III generated fragments consistent with each 
being Structurally distinct. 

0230 Results: Compositional studies of the HLGAG 
Saccharide fragments generated upon heparinase treatment 
confirmed that the HLGAG fragments released from 
B16BL6 cells by hep I or hep III are compositionally 
different and structurally distinct (FIGS. 13a-f). Capillary 
electrophoresis, in combination with exhaustive enzymatic 
digest, was used to derive compositional information on the 
saccharide fragments (FIG. 13). The saccharide fragments 
derived from hep III treatment had more of tri and di 
sulfated disaccharides while the hep I-treated HLGAGs had 
more mono and un-sulfated disaccharides (FIGS. 13a, b). 
This is consistent with the known substrate specificities of 
the heparinases. In addition, mass spectrometric investiga 
tion of HLGAGs, yielded a “fingerprint” of oligosaccharides 
generated from each of the treatments and proved that the 
Saccharide fragments generated from the different treat 
ments are structurally distinct (FIGS. 13e, f). 
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0231. The compositional analysis of the 2-OST antisense 
construct, demonstrating the deficiency that these mutants 
have in Sulfated HLGAGS specifically 2-O sulfation. Com 
parison between the composition of the cell Surface 
HLGAGs for this mutant and those for hep I and hep III 
generated fragments from non-transfected B16BL6 cells 
indicates that the HLGAGs of the mutant are chemically 
cioser in comparison to hep I generated fragments than of 
hep III generated fragments. 

Example 6 
0232 Mechanism of Action: HLGAGS Impinge on the 
Biological Activity of Specific Signaling Molecules. 
0233. Having observed the marked and opposite effects 
that distinct HLGAG fragments have on both the tumor and 
vascular compartments, we Sought to elucidate the under 
lying molecular mechanism of HLGAGS in tumor progres 
Sion. AS many HLGAG binding proteins are growth factors 
and cytokines, we therefore Systematically explored 
HLGAG-binding growth factors that play key roles in tumor 
pathobiology to identify an immediate target of the HLGAG 
fragments generated from the surface of tumor cells. FGF2 
Signaling has been shown to be a prerequisite for melanoma 
progression promoting tumor growth in an autocrine fash 
ion, and the interruption of the FGF2 autocrine loop by 
interfering with either FGF2 or FGF receptor (FGFR) activ 
ity results in inhibition of melanoma progression (Rodeck, 
U. et al. Constitutive expression of multiple growth factor 
genes by melanoma cells but not normal melanocytes. J 
Invest Dermatol 97, 20-6 (1991). Becker, D., Meier, C. B. & 
Herlyn, M. Proliferation of human malignant melanomas is 
inhibited by antisense oligodeoxynucleotides targeted 
against basic fibroblast growth factor. Embo J 8, 3685-91 
(1989). Becker, D., Lee, P. L., Rodeck, U. & Herlyn, M. 
Inhibition of the fibroblast growth factor receptor 1 (FGFR 
1) gene in human melanocytes and malignant melanomas 
leads to inhibition of proliferation and Signs indicative of 
differentiation. Oncogene 7, 2303-13 (1992). Torcia, M. et 
al. Interferon-alpha-induced inhibition of B16 melanoma 
cell proliferation: interference with the bFGF autocrine 
growth circuit. Biochem BiophyS Res Commun 262,838-44 
(1999).). On the other hand, upregulation of the expression 
of FGF2 in normal melanocytes result in their malignant 
transformation (Nesbit, M. et al. Basic fibroblast growth 
factor induces a transformed phenotype in normal human 
melanocytes. Oncogene 18, 64.69-76 (1999).). Furthermore, 
FGF2 is a potent and essential angiogenic factor regulating 
melanoma neovascularization (Wang, Y. & Becker, D. Anti 
Sense targeting of basic fibroblast growth factor and fibro 
blast growth factor receptor-1 in human melanomas blockS 
intratumoral angiogenesis and tumor growth. Nat Med 3, 
887-93 (1997). Birck, A., Kirkin, A. F., Zeuthen, J. & 
Hou-Jensen, K. Expression of basic fibroblast growth factor 
and vascular endothelial growth factor in primary and meta 
Static melanoma from the same patients. Melanoma ReS 9, 
375-81 (1999).) Most importantly, specific HLGAG struc 
tures are known to bind and modulate FGF2 activity, and 
there is increasing evidence that, HLGAG Sequences, 
depending on their structure, can either promote or inhibit 
FGF2 activity (Guimond, S. E. & Turnbull, J. E. Fibroblast 
growth factor receptor Signaling is dictated by Specific 
heparan sulphate saccharides. Curr Biol 9, 1343-6 (1999).). 
Given the multiple lines of evidence implicating FGF2 as a 
key Switch in melanoma progression, taken together with 

24 
May 29, 2003 

FGF's strict dependence on HLGAGs for its activity, we 
Sought to determine whether the immediate target of tumor 
derived HLG AG fragments is indeed FGF2. 
0234) To test whether hep I and hep III-derived fragments 
bind to FGF2 and affect its activity, we first established that 
hep III treatment inhibit FGF-induced proliferation of 
B16BL6 cells in vitro, and additionally and directly con 
firmed this by examining FGF-mediated downstream Sig 
naling pathways, viz., the MAP kinase pathway (ie., Erk-1, 
2), the principle signal transduction pathway of FGF2 lead 
ing to cell proliferation and differentiation (Seger, R. & 
Krebs, E. G. The MAPK signaling cascade. Faseb J 9, 
726-35 (1995).). 
0235 Methods: B16BL6 cells in 10 cm culture dishes 
were serum starved for 48 hours before stimulation with 50 
ng/ml FGF2. Cells were stimulated for 20 minutes before 
whole cell lysates were prepared with 1 ml modified RIPA 
buffer containing various enzyme inhibitors (50 mM Tris 
HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM 
NaCl, 1 mM EDTA, 1 mM PMSF, 1 lug/ml aprotinin, 
leupeptin, and pepstatin, 1 mM activated NaVO, 1 mM 
NaF). Protein concentration in the lysate was determined 
using the Bio-Rad protein assay kit (BioPad) and adjusted 
accordingly for electrophoresis analysis. For the heparinase 
treated groups, cells were treated with either hep I or hep III 
(200 nM) for 30 min at 37° C. prior to addition of FGF2. The 
immunoblot was probed with anti-Erk-1, 2 or anti-phospho 
Erk-1, 2 antibody (New England Biolabs; MA) and detected 
by anti-rabbit IgG conjugated to HRP using SuperSignal 
West Pico Chemiluminescent substrate (Pierce, Ill.). 
0236 b. FGF-mediated proliferation of BaF3 cells with 
transfected FGFR in the presence of HLGAG fragments 
generated with either hep I or III. BaF3 cells expressing 
FGFR were grown in the following fashion. The initial cell 
number was counted by Coulter counter, and resuspended to 
a density of 1x10 cells/ml into 12 samples of 6 ml. Each 
Sample of cells was centrifuged 3 min at room temperature 
at 1085xg, and resuspended in HLGAG preparations in 
PBS, producing two sets of cells in the same media. One of 
each set was supplemented with 50 ng/ml FGF2 (R) while 
the other was unsupplemented (). 1 ml from each set was 
added to each of 3 wells on a 24-well tissue culture plate. 
The cells were incubated for 72 hr at 37° C./5% CO. Whole 
cell number was counted at the experimental endpoint by 
Coulter counter. This procedure was repeated three times. 
Collected data was normalized using a proliferative indeX 
(PI), as previously described (Padera, R., Venkataraman, G., 
Berry, D., Godavarti, R. & Sasisekharan, R. FGF-2/fibro 
blast growth factor receptor/heparin-like glycosaminogly 
can interactions: a compenstion model for FGF-2. Signaling. 
Faseb J 13, 1677-87 (1999).). The index is defined as the 
increase in cell number for the experimental case divided by 
the increase in cell number for the positive control. The 
positive control was cells in DMEM with 10% BCS, 2 mM 
L-glutamine, 100 U/mi penicillin, 100 lug/ml Streptomycin, 
500 ng/ml heparin, and 50 ng/ml FGF2. The negative control 
was cells in DMEM with 10% BCS, 2 mM L-glutamine, 100 
U/ml penicillin, 100 tug/ml streptomycin, and 500 ng/ml 
heparin. 

0237 c, Effect of treatment of tumor with hep I and hep 
III in FGFRI activation compared to PBS. Level of phos 
phorylated FGFR1 in tumor samples was assessed by stan 
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dard immunoprecipitation followed by Westernblotting with 
phosphotyrosine specific antibody. Primary B16BL6 tumors 
were grown and treated as described earlier and at day 15 the 
tumor was harvested in cold modified RIPA buffer contain 
ing enzyme inhibitors and homogenized. The homogenates 
were past through 25-gauge needle 3 times and centrifuged. 
The Supernatant was adjusted for protein concentration 
using the Bio-Rad protein assay kit (Bio-Rad). FGFR1 was 
immunoprecipitated with poly-clonal anti-FGFR1 antibody 
(Santa Cruz, Biotechnology, Inc., CA). Samples were then 
pelleted, washed, and eluted from the beads by addition of 
sample buffer and boiled for 3 minutes (Kapila, Y. L., Wang, 
S. & Johnson, P. W. Mutations in the heparin binding domain 
of fibronectin in cooperation with the V region induce 
decreases in pp 125(FAK) levels plus proteoglycan-mediated 
apoptosis via caspases. J Biol Chem 274, 30906-13 (1999).). 
After electrophoresis, the gel was transferred to nitrocellu 
lose membrane by standard methods. The immunoblot was 
probed with phosphotyrosine Specific antibody conjugated 
to HRP (RC20; Transduction Laboratories, Lexington, Ky.) 
and developed with SuperSignal West Pico Chemilumines 
cent substrate. The molecular weight of FGFR1 is 120 KDa. 
0238 d, Effect of heparinase treatment on activation of 
FAK in B16BL6 tumor. The FAK protein was immunopre 
cipitated with mouse anti-FAK monoclonal antibody (Trans 
duction Laboratories, Lexington, Ky.) according to the pro 
cedures described above. The phosphorylated FAK was 
detected using phosphotyrosine Specific antibody RC20. 
0239 e, Level of total and phosphorylated Erk-1, 2 in 
heparinase-treated B16BL6 tumor. Tumor homogenates 
were prepared and processed as described in c. The Super 
natant was used for total protein concentration assay and 
immunoblotting. The immunoblot was detected as described 

a. 

0240 f, Effect of heparinase treatment on Akt activation. 
The primary tumor was treated and processed as described 
above. Akt antibody and phospho-Akt antibody from New 
England Biolabs were used to probe the immunoblot. 
0241 Results: Upon FGF2 stimulation, decreased Erk-1, 
2 activation was seen in hep III treated cells while increased 
Erk-1, 2 activation was seen with cells treated with hep I. the 
in vitro data was further confirmed using F32 cells, a 
pre-lymphocyte cell line that has been transfected with 
FGFR, and that often has been used as a model system to 
study FGF-mediated signaling in cell culture unfettered by 
complications associated with Signaling events initiated by 
other growth factors and/or receptors (Omitz, D. M. et al. 
Receptor specificity of the fibroblast growth factor family. J 
Biol Chem 271, 15292-7 (1996).). Similar to what was 
observed in B16BL6 cells, hep I fragments promote, 
whereas hep III fragments inhibited FGF2-mediated cellular 
proliferation in these cells (FIG. 14). Together, the in vitro 
findings point to the fact that HLGAG fragments derived 
from the cell Surface can Substantially and Specifically affect 
FGF2 signaling. 

0242 Consistent with the in vitro observations, we find 
that hep I and hep III-derived B16BL6 fragments signifi 
cantly affect FGF signaling pathways in vivo. Within the 
tumor in the animals, we examined both FGFR phosphory 
lation in hep I and hep III-treated animals as well as Erk-1 
and 2 Signaling. Treatment of the primary tumor with hep III 
(or its generated fragments) inhibited phosphorylation of 
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FGFR1 while hep I treatment had the opposite effect on the 
phosphorylation of FGFR1. Consistently, treatment of the 
primary tumor with hep III resulted in a lower level of 
activated Erk-1, 2. Additional intracellular Signaling events 
Such as focal adhesion kinase (FAK) activity, which is 
implicated in cell adhesion and migration processes (Rod 
riguez-Fernandez, J. L. Why do So many Stimuli induce 
tyrosine phosphorylation of FAK2Bioessays 21, 1069–75 
(1999). Schlaepfer, D. D., Hauck, C. R. & Sieg, D. J. 
Signaling through focal adhesion kinase. Prog BiophyS Mol 
Biol 71,435-78 (1999).), was similarly modulated by hep I 
and III treatment of the tumor. Consistent with these find 
ings, hep III treatment inhibited FAK activation. Notably 
there was no change in activation of Akt with either hep I or 
hep III treatment, indicating that the changes in phosphory 
lation were specific and resulted from down-regulation of 
only certain Signaling pathways. Together, these results 
Suggest that HLGAG fragments mediate FGF2 signaling 
with hep I-derived fragments promoting FGF2 activity and 
hep III-generated fragments inhibiting it. This effect was 
observed in key Steps of FGF-mediated Signaling, from the 
cell Surface receptor (FGFR) through downstream signaling 
eVentS. 

Example 7 

0243 Modulation of FGF2 Activity 
B16BL6Fragments 

0244 Methods: a-c, Assessment of FGF2 signaling in 
Vivo with the rat corneal pocket assay. Representative slit 
lamp photographs of rat corneas on day 6 after implantation 
with Hydron pellets containing FGF2, hep I fragments with 
FGF2, and hep III fragments with FGF2. The amount of 
FGF2 loaded into each pellet was ~120 ng, and the amount 
of HLGAG fragments was approximately 1 ng. The pellets 
were prepared and implanted essentially as described 
(Kenyon, B. M. et al. A model of angiogenesis in the mouse 
cornea. Invest Ophthalmol Vis Sci 37, 1625-32 (1996)). On 
day 6 after the implantation into the cornea of Sprague 
Dawley rats (n=5), the corneal neovascularization was pho 
tographed with a slit lamp and the extent of neovascular 
ization was expressed as linear length and circumferential 
clock hours as described (Kenyon, B. M. et al. A model of 
angiogenesis in the mouse cornea. Invest Ophthalmol Vis Sci 
37, 1625-32 (1996)). Results are summarized in the table. 
Control pellets containing no FGF2 failed to induce neovas 
cularization. It was noted that the inhibition of neovascu 
larization by hep III derived fragments are dose dependent, 
with initial inhibition observed at about 0.02 ng/pellet. In 
addition, the inhibition of neovascularization by hep III 
derived fragments was found to be independent of the site of 
implantation, with similar inhibition observed when hep III 
derived fragments was implanted as a Second pellet in 
between the FGF2 only pellet and the limbus. # Indicates 
mean and SE. 

0245 b, Model of the formation of cryptic HLGAG 
modulators of FGF2 signaling. Interaction of HLGAGs (as 
part of proteoglycans) with the heparin-binding domains of 
FGF2 and FGFR allows the formation of a ternary complex 
at the cell surface that forms the basis of FGF2 signaling. 
Digestion of the cell HLGAG coat with hep I releases 
fragments with an appropriate Spatial display of 2 O-, 6 O 
and N-sulfated groups that would allow an optimal “fit” to 
both FGF2 and FGFR, leading to signaling through tyrosine 

in vivo by 
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kinase activation. Conversely, hep III-generated HLGAG 
fragments display another pattern of Sulfated groups are still 
able to bind FGF2 but fail to form a constructive signaling 
complex at the cell Surface, thus inhibiting FGF2 activity. 
0246 Results: To demonstrate a direct interaction 
between B16BL6 HLGAG fragments and their immediate 
target FGF2 in vivo, we evaluated the ability of B16BL6 
HLGAG fragments to modulate FGF2-induced responses 
leading to cell migration, proliferation, and differentiation in 
vivo using corneal neovascularization assay (FIG. 15a 
table). In this model, hep I-generated fragments mixed with 
FGF2 bound to the growth factor and promoted the in vivo 
neovascularization response to FGF2 (FIG. 15a table) 
whereas hep III-generated fragments, mixed with FGF2, 
bound to the growth factor but dramatically inhibited its 
activity (FIG. 15a table). This result is consistent with the 
changes in neovascularization observed in the immunohis 
tological Study of tumor. Taken together, the above results 
indicate that a direct in vivo target of the HLGAG fragments 
released by heparinase treatment is FGF2. Thus, it can be 
concluded that hep I-generated fragments act to bridge 
FGF2 to its cognate receptor activating intracellular Signal 
ing pathways, while hep III-derived fragments are antago 
nists, preventing the formation of a Signaling complex at the 
cell Surface. Thus, by either directly activating or inhibiting 
FGF2 signaling, these bioactive fragments are potent modu 
lators of tumor growth and metastasis. The results presented 
here do not preclude a direct or indirect effect of HLGAG 
fragments on other HLGAG binding growth factors playing 
a role in tumor pathophysiology. However, based on the 
many lines of evidence presented here, it appears that FGF2 
is indeed an immediate target for enzymatically derived 
HLGAG fragments. 
0247 The results presented herein demonstrate that by 
impinging on the, biological activity of Specific Signaling 
molecules, HLGAGS play a direct role in tumor growth and 
metastasis. Most importantly, HLGAGs at the cell surface of 
tumor cells contain both activatory and inhibitory 
HLGAG sequences that are in balance (FIG. 15b). The 
Specific degradation of one set of Sequences (e.g., by hep I) 
results in the release of fragments that promote the biologi 
cal activity of HLGAG-binding Signaling molecules, and 
thus act as a Switch for tumor growth and metastasis. 
Conversely, degradation by an enzyme with an orthogonal 
Substrate specificity (e.g., hep III) tips the balance in the 
opposite direction, releasing fragments that antagonize 
HLGAG-binding Signaling molecules, leading to the inhi 
bition of tumor growth and metastasis. Thus, we have 
demonstrated here for the first time that chemically complex 
HLGAGs at the cell surface are “cryptic” promoters or 
inhibitors of tumor growth and metastasis that become 
biologically active upon their release from the cell Surface 
by Specific HLGAG degrading enzymes. 
0248 Just as collagenases clip the proteinaceous com 
partment of the ECM, Serving either to increase tumor 
growth (e.g., breakdown of the basement membrane) or to 
inhibit tumors (e.g., the formation of endostatin from col 
lagen XVIII), the polysaccharide compartment exhibits a 
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Similar phenomenon. Importantly, like the proteolytically 
cleaved collagen fragment endostatin, distinct HLGAG oli 
gosaccharides upon release by enzymatic cleavage from the 
tumor cell Surface can Serve as potent inhibitors of tumor 
progression. Thus, the present Study not only allows a new 
paradigm of how the polysaccharides modulate tumor 
growth and metastasis, but it identifies a novel therapeutic 
target by providing a framework towards the development of 
HLGAG-based novel anti-cancer molecules. 

0249. The data presented herein demonstrate important 
findings relating to the possible mechanisms and physiologi 
cal implications of how HLGAGS regulate tumor growth 
and metastasis. HLGAG fragments may exert their effects 
through many pathways including autocrine growth and 
angiogenic factors, or through interactions with ECM mol 
ecules. Additionally, the Sources of the endogenous 
HLGAG-degrading enzymes and it Substrate specificity also 
become important. Production of HLGAG-degrading 
enzyme, presumably by the tumor cells, with Substrate 
Specificity Similar to heparinase I will be advantageous to 
tumor cells. Secretion of HLGAG-degrading enzyme by a 
tumor cell would lead to the production of specific HLGAG 
sequences (from it own coat or the tumor bed ECM) which 
might exert effects via autocrine and angiogenic growth 
factors, or through other signaling pathways to Support 
tumor growth and metastasis. On the other hand production 
of an HLGAG-degrading enzyme with Substrate Specificity 
similar to heparinase III would be extremely beneficial to the 
host. For instance, the endothelial cells in the vicinity of a 
tumor or macrophages can Secrete an enzyme with Substrate 
Specificity of heparinase III leading to the production of 
Specific HLGAG Sequences that inhibit tumor growth and 
metastasis. Consistent with Such a model priming the animal 
with heparinase III does significantly inhibit tumor growth, 
Suggesting a tumor-SuppreSSor property of heparinase III. A 
balance in the regulation of the bioavailability of unique 
HLGAG Sequences through HLGAG-degrading enzymes or 
through other mechanisms may play a key Switch to either 
Support or inhibit tumor growth and metastasis. 

0250) As described above, hep III treatment caused a 
Significant inhibition in primary tumor growth both in nude 
mice and C57BL/6 mice with subcutaneous injections of hep 
III. These results indicate that the response to hep III 
treatment is not dependent on route of administration nor is 
it immune mediated. 

0251 Each of the foregoing patents, patent applications 
and references that are recited in this application are herein 
incorporated in their entirety by reference. Having described 
the presently preferred embodiments, and in accordance 
with the present invention, it is believed that other modifi 
cations, variations and changes will be Suggested to those 
skilled in the art in view of the teachings set forth herein. It 
is, therefore, to be understood that all Such variations, 
modifications, and changes are believed to fall within the 
Scope of the present invention as defined by the appended 
claims. 
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SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 3 

<210> SEQ ID NO 1 
&2 11s LENGTH 1379 
&212> TYPE DNA 

<213> ORGANISM: Pedobacter heparinus 

<400 SEQUENCE: 1 

ccttittggga 

cagdaattica 

tittc.cc.ttitc. 

acalaatticta 

aaaaaaatcc 

ggcgattatt 

tgacgataaa 

caattc.gctt 

citatgcaacc 

gctaaaaacc 

taccttitt.ca 

atgg catggit 

gag catagaa 

tgataaagtt 

tggctggaag 

tittitta catc 

tgccaatccc 

cattgccitat 

cgc.catagac 

ggatgtgatg 

gcaggaaatc 

Cagggtcggit 

cagatagdaa 

gCalaaggcag 

tocgctittca 

ag.cgtactitt 

tatctgattg 

ggtaac atcc 

gacaacaaat 

ctg.cgctitta 

gaaggittatg 

accaatgatt 

gtttatcatt 

gtgtacatac 

gcacccagoa 

gagtttittgg 

gaaaaaaaag 

gtagaacaag 

aaggcaaact 

gagaatagtg 

aaaatgcc ct 

tggacgaaat 

atgactitata 

citgatcggac 

aacago acgg 

aagcc.ctaag 

<210> SEQ ID NO 2 
&2 11s LENGTH 384 
&212> TYPE PRT 

aac catctoc 

accaaagtga 

ttgggtaaat 

tactitcagoa 

cittaccgggit 

gggtggCagt 

atggaaaacc 

Ctgcaggaga 

ttaagaaatt 

acggcaaagg 

ccitccitcott 

gaacgcttgt 

ccittatacga 

atalaggacgg 

gtggittatcc 

cc gaccggca 

aagtaatgaa 

ttgcc.cagtt 

atggaaaaga 

ccaagaataa 

gtaac gatga 

toccggittac 

cgcatcc.gat 

gaacaaaggc 

aag catttaa 

alaccalataaa. 

actgttccto 

aaatgtgcag 

agg catcaat 

atcctatogc 

aacaaagggc 

toccccaag.c 

gatttgttgaa 

ccc.cgacaat 

agctacacca 

cc.gcatgatc 

aaaaattact 

cacgctggcc 

gtggcttacc 

gcc ctattoc 

ccctaaagat 

ggccaataca 

gaalaccacaa 

cgatggctat 

ttata acctg 

agggcttittc 

<213> ORGANISM: Pedobacter heparinus 

<400 SEQUENCE: 2 

Met Lys Lys Glin Ile Leu Tyr Lieu 
1 5 

Cys Ser Ala Tyr Ala Glin Gln Lys 

Val Asn Val Glin Ala Asp Ser Ala 
35 40 

Lys Trp Val Ala Val Gly Ile Asn 

Ile Wall Leu 
10 

Lys Ser Gly 
25 

Lys Gln Lys 

Lys Pro Tyr 

agaaccago c 

tacaatacca 

aactaaagac 

tgttcggctt 

gcc gaCagtg 

aaaccittatg 

tittgagctta 

cgtacagaat 

gtataccalaa 

Caggggagct 

gcqac tact a 

gagggagaaa 

ttcaaaaaaa. 

tatgtag cog 

tittggitttitt 

gacaaag.ccg. 

toggaataca 

tgctggatta 

attittgaaac 

aaag.cgcata 

tactitcaaat 

agcgggtaca 

ttatatttac 

Glin Glin Leu 

Asn Ile Pro 
30 

Ala Ile Ile 
45 

Ala Leu Glin 

tgtaalacaga 

gaatgtc.gca 

ggatgaaaaa 

acgcc.ca.gca 

citaag cagaa 

cattacalata 

aagcc galaga 

tgtcgtacag 

atgc.gcaaaa 

ccc.gcagcta 

tttittgccca 

ttaaaac act 

atato.gc.cca 

gaaag.ccaaa 

citaaagg gta 

accgtaacaa 

aaactitcaiac 

cittittgatgt 

cc.ggtaagct 

togtaalacca 

ttggaattta 

gcqaaacto c 

aataaaatt 

Phe Leu 
15 

Asp Asn 

60 

120 

18O 

240 

360 

420 

480 

540 

600 

660 

720 

840 

9 OO 

96.O 

1020 

1080 

1140 

1200 

1260 

1320 

1379 
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-continued 

50 55 60 

Asp Llys Lieu Arg Phe Asn Gly Lys Pro Ser Tyr Arg Phe Glu Lieu Lys 
65 70 75 8O 

Ala Glu Asp Asn. Ser Lieu Glu Gly Tyr Ala Ala Gly Glu Thir Lys Gly 
85 90 95 

Arg Thr Glu Leu Ser Tyr Ser Tyr Ala Thr Thr Asn Asp Phe Lys Lys 
100 105 110 

Phe Pro Pro Ser Val Tyr Glin Asn Ala Glin Lys Leu Lys Thr Val Tyr 
115 120 125 

His Tyr Gly Lys Gly Ile Cys Glu Gln Gly Ser Ser Arg Ser Tyr Thr 
130 135 1 4 0 

Phe Ser Val Tyr Ile Pro Ser Ser Phe Pro Asp Asn Ala Thr Thr Ile 
145 15 O 155 160 

Phe Ala Gln Trp His Gly Ala Pro Ser Arg Thr Leu Val Ala Thr Pro 
1.65 170 175 

Glu Gly Glu Ile Lys Thr Lieu Ser Ile Glu Glu Phe Lieu Ala Leu Tyr 
18O 185 190 

Asp Arg Met Ile Phe Lys Lys Asn. Ile Ala His Asp Llys Val Glu Lys 
195 200 2O5 

Lys Asp Lys Asp Gly Lys Ile Thr Tyr Val Ala Gly Lys Pro Asn Gly 
210 215 220 

Trp Llys Val Glu Gln Gly Gly Tyr Pro Thr Leu Ala Phe Gly Phe Ser 
225 230 235 240 

Lys Gly Tyr Phe Tyr Ile Lys Ala Asn. Ser Asp Arg Glin Trp Lieu. Thr 
245 250 255 

Asp Lys Ala Asp Arg Asn. Asn Ala Asn Pro Glu Asn. Ser Glu Wal Met 
260 265 27 O 

Lys Pro Tyr Ser Ser Glu Tyr Lys Thr Ser Thr Ile Ala Tyr Lys Met 
275 280 285 

Pro Phe Ala Glin Phe Pro Lys Asp Cys Trp Ile Thr Phe Asp Val Ala 
29 O 295 3OO 

Ile Asp Trp Thir Lys Tyr Gly Lys Glu Ala Asn. Thir Ile Leu Lys Pro 
305 310 315 320 

Gly Lys Lieu. Asp Wal Met Met Thr Tyr Thr Lys Asn Lys Llys Pro Glin 
325 330 335 

Lys Ala His Ile Val Asn Glin Glin Glu Ile Lieu. Ile Gly Arg Asn Asp 
340 345 350 

Asp Asp Gly Tyr Tyr Phe Lys Phe Gly Ile Tyr Arg Val Gly Asn. Ser 
355 360 365 

Thr Val Pro Val Thr Tyr Asn Leu Ser Gly Tyr Ser Glu Thr Ala Arg 
370 375 38O 

<210> SEQ ID NO 3 
&2 11s LENGTH 25 
&212> TYPE PRT 
<213> ORGANISM: Flavobacterium heparinum 

<400 SEQUENCE: 3 

Glin Val Tyr Ala Asp Gly Met Glin Phe Glu Leu Ser Pro Ile Tyr His 
1 5 10 15 

Val Ala Ala Ile Asp Ile Phe Lieu Lys 
2O 25 
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We claim: 
1. A method for preventing proliferation of a tumor, 

comprising: 
exposing a tumor cell to an effective amount of heparinase 

III for preventing proliferation of the tumor cells in 
order to prevent growth of the tumor. 

2. The method of claim 1, wherein the heparinase III is a 
modified heparinase III. 

3. The method of claim 1, wherein the heparinase III is a 
native heparinase III. 

4. The method of claim 1, wherein the heparinase III is 
injected into the tumor in Vivo. 

5. The method of claim 1, wherein the heparinase III is 
administered Systemically to a Subject having a tumor. 

6. The method of claim 1, wherein the heparinase III is 
administered orally to a Subject having a tumor. 

7. The method of claim 1, wherein the tumor cell is 
administered the heparinase III in vitro. 

8. The method of claim 1, wherein the heparinase III is 
administered in conjunction with an anti-cancer drug. 

9. The method of claim 1, wherein the heparinase III is 
administered to a Subject having a non-metastatic tumor in 
order to prevent the tumor from becoming metastatic. 

10. The method of claim 1, wherein the tumor is selected 
from the group consisting of a prostate tumor and mela 
Oa. 

11. The method of claim 1, wherein the heparinase III is 
administered to a Subject without any additional anti-cancer 
drugs. 

12. A method for preventing tumor cell metastasis, com 
prising: 

exposing a tumor cell to an effective amount of heparinase 
III for preventing invasion of the tumor cell acroSS a 
barrier. 

13. The method of claim 12, wherein the heparinase III is 
a modified heparinase III. 

14. The method of claim 12, wherein the heparinase III is 
a native heparinase III. 

15. The method of claim 12, wherein the heparinase III is 
administered in Vivo in conjunction with an anti-cancer 
drug. 

16. The method of claim 12, wherein the barrier is an in 
vivo cell barrier. 

17. The method of claim 12, wherein the barrier is an in 
Vitro barrier of an extracellular matrix coated membrane. 

18. A method for preparing therapeutic agents for the 
treatment for a tumor, comprising: 

isolating at least a portion of a tumor, 
treating the portion of the tumor with heparinase III to 

produce HLGAG fragments, and 
isolating the HLGAG fragments, wherein the HLGAG 

fragment is the therapeutic agent. 
19. The method of claim 18, further comprising deter 

mining the Sequence of the HLGAG fragments. 
20. A method for treating a Subject having a tumor, 

comprising, administering to the Subject a therapeutic 
HLGAG fragment to treat the tumor. 

21. The method of 20, wherein the therapeutic HLGAG 
fragment administered to the subject is a synthetic HLGAG 
fragment generated based on the Sequence of the HLGAG 
fragment identified when the tumor is contacted with hepa 
rinase III. 
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22. The method of 20, wherein the therapeutic HLGAG 
fragment administered to the subject is an isolated HLGAG 
fragment produced when the tumor is contacted with hepa 
rinase III. 

23. A composition, comprising: 
heparinase III or a therapeutic HLGAG fragment in an 

effective amount for preventing metastasis of a tumor 
cell and a targeting molecule for targeting the hepari 
nase III to the tumor, in a pharmaceutically acceptable 
carrier. 

24. The composition of claim 23, wherein the heparinase 
III is a modified heparinase III. 

25. The composition of claim 23, wherein the heparinase 
III is a native heparinase III. 

26. The composition of claim 23, wherein the targeting 
molecule is a compound which binds Specifically to an 
antigen on the Surface of a tumor cell. 

27. A composition, comprising: 
heparinase III or a therapeutic HLGAG fragment in an 

effective amount for preventing metastasis of a tumor 
cell and an anti-cancer compound in a pharmaceutically 
acceptable carrier. 

28. A Substantially pure heparinase III, comprising: 
a polypeptide having the amino acid Sequence of the 

mature peptide of SEQ ID NO: 2 or having conserva 
tive Substitutions thereof within residues non-essential 
to enzymatic function, wherein at least one histidine 
residue Selected from the group consisting of His36, 
His 105, His110, His139, His 152, His225, His234, 
His241, His424, His469, and His539 has been substi 
tuted with a residue Selected from the group consisting 
of alanine, Serine, tyrosine, threonine, and lysine. 

29. The substantially pure heparinase III of claim 28, 
wherein the polypeptide has at least one Substitution within 
a histidine residue Selected from the group consisting of 
His 110 and His241. 

30. The substantially pure heparinase III of claim 28, 
wherein the polypeptide has a substitution at His110. 

31. The substantially pure heparinase III of claim 29, 
wherein the polypeptide has a substitution at His241. 

32. A Substantially pure heparinase III comprising: 
a modified heparinase III having a modified product 

profile, wherein the modified product profile of the 
modified heparinase III is at least 10% different than a 
native product profile of a native heparinase III. 

33. A Substantially pure heparinase III comprising: 

a modified heparinase III that can cleave a heparan Sulfate 
Substrate having a modified heparinase III ka Value, 
wherein the modified heparinase III k value is at least 
10% different than a native heparinase III k value. 

34. A pharmaceutical preparation comprising a Sterile 
formulation of the Substantially pure heparinase III of any 
one of claims 28-33 and a pharmaceutically acceptable 
carrier. 

35. An immobilized substantially pure modified hepari 
nase III comprising: 

a modified heparinase III as in any one of claims 28-33, 
and 

a Solid Support, wherein the modified heparinase III is 
immobilized on the Solid Support. 
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36. A method of Specifically cleaving a heparin-like 
glycosaminoglycan, comprising: 

contacting a heparin-like glycosaminoglycan with the 
modified heparinase III of any one of claims 28, 32, or 
33. 

37. The method of claim 36, wherein the method is a 
method of removing active HLGAG fragments from a 
HLGAG fragment containing fluid. 

38. The method of claim 36, wherein the heparinase III is 
immobilized on a Solid Support. 

39. The method of claim 36, wherein the method is a 
method for inhibiting angiogenesis and wherein an effective 
amount for inhibiting angiogenesis of the heparinase III is 
administered to a Subject in need of treatment thereof. 

40. The method of claim 36, wherein the heparinase III is 
administered to a tumor. 

41. The method of claim 36, wherein the heparinase III is 
administered in a biodegradable, biocompatible polymeric 
delivery device. 

42. The method of claim 36, wherein the heparinase III is 
administered in a pharmaceutically acceptable vehicle for 
injection. 

43. The method of claim 42, wherein the heparinase III is 
administered in an effective amount for diminishing the 
number of blood vessels growing into a tumor. 

44. The method of claim 36, wherein the heparinase III is 
administered in a pharmaceutically acceptable vehicle for 
topical application to the eye. 

45. The method of claim 44, wherein the heparinase III is 
administered in an effective amount for diminishing the 
Symptoms of an eye disease characterized by abnormal 
neovascularization. 

46. The method of claim 36, wherein the heparinase III is 
administered in a pharmaceutical vehicle Suitable for topical 
application. 

47. The method of claim 36, wherein the heparinase III is 
administered in an effective amount for diminishing the 
Symptoms of psoriasis. 

48. The method of claim 36, wherein the method is a 
method for inhibiting cellular proliferation. 

49. The method of claim 36, wherein the method is a 
method for Sequencing HLGAG fragments. 

50. A method comprising treating or preventing a Subject 
having a cancer or at risk of developing a cancer by 
administering to the Subject a therapeutic HLGAG fragment. 
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51. The method of claim 50, wherein the therapeutic 
HLGAG fragment is a composition of HLGAG fragments 
wherein at least 50% of the HLGAG fragments are di- or 
tri-Sulfated disaccharides. 

52. The method of claim 50, wherein the therapeutic 
HLGAG fragment is a composition of HLGAG fragments 
wherein at least 75% of the HLGAG fragments are di- or 
tri-Sulfated disaccharides. 

53. The method of claim 50, wherein the therapeutic 
HLGAG fragment is a composition of HLGAG fragments 
wherein at least 90% of the HLGAG fragments are di- or 
tri-Sulfated disaccharides. 

54. The method of claim 50, wherein the therapeutic 
HLGAG fragment is free of mono- or un-sulfated disaccha 
rides. 

55. A method for preparing LMWH, comprising: 
contacting an HLGAGSample with a modified heparinase 

III molecule to produce LMWH. 
56. A composition, comprising, the LMWH produced by 

the method of claim 55. 
57. A method for treating or preventing a disorder asso 

ciated with coagulation, comprising: 
administering to a Subject an effective amount of the 

composition of claim 56 to treat or prevent a disorder 
asSociated with coagulation. 

58. A method for treating or preventing a tumor, com 
prising: 

administering to a Subject an effective amount of the 
composition of claim 56 to treat or prevent a tumor in 
the Subject. 

59. A method for treating or preventing psoriasis, com 
prising: 

administering to a Subject an effective amount of the 
composition of claim 56 to treat or prevent psoriasis in 
the Subject. 

60. A method for treating or preventing neovasculariza 
tion, comprising: 

administering to a Subject an effective amount of the 
composition of claim 56 to treat or prevent neovascu 
larization in the Subject. 

k k k k k 


